
Program Evolution 
Processes of Software Change 



,4cademic Press Rapid hlanuscript Reproduction 

This is volirme 27 in A.P.I.C. Studies in Data Processing 
General Editors: Fraser Duncan and M. J .  R. Shave 
A list of recent titles in this series appears at the end of' this volume 







We dedicate this book to our wives Chava and Gizella and our children Machla, 
Benny, Jonathan, Rafi, Christian, Esti and Petra. Without their continuing interest 
and support, their patient forbearing of our involvement in our work and our 
continuous travel, we could never have underta~en the work or achieved the 
results that have made this work possible and, we hope, worthwhile. 





Contents 

Preface 

1. Introduction 

2. Program Evolution 

M. M. Lehman 

3. The Programming Process 

M. M. Lehman 

4. Natural Selection as Applied to Computers and Programs 85 

G. M. Weinberg 

5. Programming System Dynamics or The Metadynamics of 
Systems in Maintenance and Growth 99 

L. A. Belady and M. M. Lehman 

6. An Introduction to Growth Dynamics 

L. A. Belady and M. M. Lehman 

7 .  Programs, Cities, Students-Limits to Growth 

M. M. Lehman 

8. A Model of Large Program Development 

L. A. Belady and M. M. Lehman 

vii 



9. Program Evolution and its Impact on Software Engineering 201 

M. M. Lehman and I? N. Parr 

10. Evolving Parts and Relations-A Model of System Families 221 

L. A. Belady and I? M. Merlin 

11. Human Thought and Action as an Ingredient of System 
Behaviour 23 7 

M. M. Lehman 

12. Laws of Program Evolution-Rules and Tools for 
Programming Management 

M. M. Lehman 

13. Staffing Problems in Large Scale Programming 

L. A. Belady 

14. The Characteristics of Large Systems 

L. A. Belady and M. M. Lehman 

15. On Software Complexity 

L. A. Belady 

16. A Mathematical Model for the Evolution of Software 

C M. Woodside 

17. Modifiability of Large Software Systems 

L. A. Belady 

18. On Understanding Laws, Evolution and Conservation in 
the Large-Program Life Cycle 

M. M. Lehman 

19. Programs, Life Cycles and Laws of Software Evolution 

M. M. Lehman 



20. The Environment of Program Development and 
Maintenance Programs, Programming and Programming 
Support 

M. M. Lehman 

21. Programming Productivity-A Life Cycle Concept 

M. M. Lehman 

22. The Role of Systems and Software Technology in the Fifth 
Generation 

M. M. Lehman 

References 
Index 





Preface 

Laymen and professionals alike tend to  perceive programs as 'mechanisms' 
that are conceived, designed and then simply constructed, that is, 'written', to 
solve some problem or to implement an  application on a digital computer. It 
is generally accepted that  the program as first visualised and eventually written 
will not be error free, that  it wiIl have to undergo a debugging process before 
entering serious service. But once bug-free it should be available forever to fulfill 
its purpose. 

The facts are somewhat different. For one thing, with current programming 
methods there generally does not exist any way in which a program can be shown, 
known or  made to be fault-free. Bugs will continue to  surface as long as a 
program continues to be used, and some of these, at least, will have been in 
the program from its inception. Moreover, it has been the universal experience 
that quite apart from the discovery, during commissioning and afterwards, of 
errors in design or  implementation, computer users come u p  with a continuing 
demand for performance improvements, functional enhancement and new 
capabilities. This occurs both before the program has been installed and after 
it has entered into service. The consequent continuing program maintenance (as 
it has come to be known) typically absorbs as much as 70% of the total activity 
expended on the program during its initial development and subsequent service 
life. 

For a long time it was thought that the occurrence of such never-ending 
maintenance activity was mainly due to lack of foresight on the part of planners. 
designers, programmers and managers. Factors such as rapidly advancing 
technology, the relative ineffectiveness of the software engineering process and 
the demands of an ever widening market place were, however, also recognised. 

None of these factors is, however, the prime cause of the problem. The work 
of the editors of this book and of other people since the late 1970s has shown 
that all these factors contributed to the development of a 'Software Crisis', the 
universal experience that software systems are rarely completed on time, contain 
a seemingly inexhaustable stock of faults and are excessively costly to create 
and maintain. It is, however, now recognised that the problems stem from a more 
fundamental source. Evolution is intrinsic to the very nature of computer usage 
and of the associated programs (LEH80), that is, programs that are used and 



that exceed some minimal capability. As a consequence, programs must be 
continuously adapted. They evolve in a manner that is reminiscent of the 
evolution of biological organisms and of social groupings (LEHSO, 82b). 

The evolutionary pressures on programs arise in several different ways. 
Evolution first appears during the development process, the human activity, that 
transforms a computer application concept into a n  operational system. The 
concepts, algorithms and techniques that are to be used to implement the program 
evolve as the design proceeds, as insight into the problem to  be solved and 
understanding of methods for its solution are gradually developed. Evolution 
is also present in the continuing process that maintains system and cost- 
effectiveness, adapting it to  the needs of a changing environment through the 
periodic release of modified versions of the code and documentation. Finally, 
the entire system evolves. It is re-defined, re-designed, re-implemented and 
replaced as it becomes too complex to  maintain, or out of step with evolving 
application needs and implementation technologies. It is continually being 
adapted to  the continuously changing environment. 

By reproducing under one cover some of the key publications in this field 
as produced over their gestation period, this book traces the gradual evolution 
of the ideas and insights summarised above and of  associated technologies. This 
historical approach will facilitate the achievement of real understanding of the 
concepts and issues that are revealed. One does not often have the opportunity 
to document the history of a technology whilst it is in the making. This book 
seeks to achieve this. 

The book, however, is not aimed primarily at the historian. The collection 
is important for all who develop or  use software. It should also be of interest 
to  the general reader, who, as he follows the book, will be able to  achieve the 
understanding reached by the editors over an  extended period as they developed 
the subject. 

The articles constituting this book have mostly been available for a number 
of years. We hope, nevertheless, that their collection in a single volume will 
encourage research and development in an area of computing science that is likely 
to prove of increasing importance as mankind becomes more and more dependant 
o n  correct and up-to-date software for operation and survival. As the world relies 
ever more on computers it becomes vital that all those concerned with computer- 
based systems, their design, construction, operation, exploitation or management, 
fully understand the issues raised, the dangers that arise from failing t o  take 
appropriate action and the opportunities offered by software engineering. We 
hope that the readers of this volume will achieve these insights, discover at least 
scme of the answers and follow up appropriate pointers to  fundamental topics 
in this emerging discipline. 

Issues discussed are presented almost exclusively in the context of software. 
They are, however, also likely to  prove relevant, following change of terminology, 
t o  other artificial systems-even, with different time scale, t o  biological, social 
or economic systems. Such wider significance must be further investigated. 



Increasing societal dependence on  computers and the need for the software that 
controls them to evolve in response to environmental changes and opportunities 
make extension and generalisation of these concepts an urgent necessity. 

In assembling these articles we have restricted harmonisation of content and 
style to a unification of the reference listings originally printed at the end of 
each. We have not sought to eliminate repetition, avoid redundancy or to remove 
inconsistencies or  contradiction between papers written at quite different times. 
To have done so would have obscured the progress in our underlying 
understanding and concept formation. At most we have added the occasional 
footnote to draw the reader's attention to some significant change. Such editorial 
comments, made in 1984 and 1985, are distinguished by '(eds)' from original 
footnotes, indicated by '(orig)'. 

The final comment on our editorial policy relates to the acknowledgement 
section at the end of each article. We have been associated with many colleagues 
over the years as the subject matter has developed. Their individual and collective 
contributions and their support have contributed significantly to the progress 
made. They continue to deserve our grateful acknowledgement. The sections 
have therefore been retained intact. It is appropriate at this point to add our 
grateful and sincere thanks to Mrs. Jane Spurr for her patient typing, willing 
amendment, layout planning and re-creation of plots and diagrams to provide 
uniformity for the manuscript. 

This book provides an historical record of developing insight and under- 
standing. As insight and understanding increase, viewpoints and interpretations 
change. The reader who follows the same intellectual evolution, albeit in much 
less time than it has taken us, will surely benefit from the experience. 

May we be permitted one final introductory remark. Preparation of this book 
has caused us to re-read articles not looked at  for many years. We cannot refrain 
from expressing our surprise in finding so much of the material at least as relevant 
today as it was at the time of writing. How little has changed since each of the 
articles was first published. There clearly has been progress. The informed reader 
will note that, for example, there is no reference to notions of verification and 
program proving in the earlier articles. The emergence and wide acceptance of 
such concepts exemplifies the progress that has been made. But, in general, the 
observations reflected here and made in a period extending over more than a 
decade continue to apply and to deserve urgent attention. We mention this, not 
in a spirit of 'We told you so', but to urge the reader to take the entire book 
seriously and not to treat i t  as of only historic interest. It is to be hoped that 
republication of the material will, in conjunction with the many other initiatives 
currently underway, help finally change the situation once and for all. 





I n  l a t e  1 9 6 8 ,  one  o f  t h e  e d i t o r s  o f  t h i s  book (MML) was a s k e d  
by D r  A Ande r son ,  t h e n  D i r e c t o r  o f  IBM1s R e s e a r c h  D i v i s i o n  t o  
" u n d e r t a k e  a  s t u d y  o f  programming i n  DM a n d  t o  p r o p o s e  
r e s e a r c h  p r o j e c t s  t h a t  c o u l d  s e e k  ways  t o  improve  t h e  
C o r p o r a t i o n 1  s c a p a b i l i t y  i n  t h a t  a r ea l1 .  The i m m e d i a t e  
t r i g g e r  f o r  t h i s  s t u d y  was  a n  i n t e r n a l  B e l l  Te l ephone  
L a b o r a t o r i e s  r e p o r t .  T h i s  h a d  i n d i c a t e d  t h a t  i n t r o d u c t i o n  o f  
t h e  IBM TSS/360 s y s t e m  a s  a n  i n t e r a c t i v e  programming s u p p o r t  
s y s t e m  - t o  u s e  modern t e r m i n o l o g y  - had  p r o d u c e d  a  t h r e e f o l d  
improvement  i n  programmer p r o d u c t i v i t y  i n  t h e  E l e c t r o n i c  
S w i t c h i n g  S y s t e m s  d i v i s i o n  o f  t h e  L a b o r a t o r i e s .  

Lehman a c c e p t e d  t h e  a s s i g n m e n t .  H i s  i m m e d i a t e l y  p r e c e e d i n g  
e x p e r i e n c e  i n  P r o j e c t  IMP [LEH66], had  a l r e a d y  r e s u l t e d  i n  a  
d i r e c t ,  p e r s o n a l  i n t e r e s t  i n  t h e  me thodo logy  a n d  
e f f e c t i v e n e s s  o f  p rogram d e s i g n  and  programming a n d  p r o v i d e d  
s t r o n g  m o t i v a t i o n .  It p r o b a b l y  a l s o  i n f l u e n c e d  t h e  d i r e c t i o n  
and  outcome o f  t h e  s u b s e q u e n t  s t u d y .  

P r o j e c t  IMP, a n  a t t e m p t  t o  d e v e l o p  a  l a r g e  m u l t i  a n d  p a r a l l e l  
p r o c e s s i n g  s y s t e m  had  b e e n  i n i t i a t e d  i n  1 9 6 4 ,  p a s s i n g  
s u b s e q u e n t l y  t h r o u g h  t h r e e  d i s t i n c t i v e  p h a s e s  i n  a  f o u r  y e a r  
h i s t o r y .  The f i r s t  s o u g h t  t o  d e v e l o p  a  m u l t i p r o c e s s o r  
h a r d w a r e  s y s t e m  a n d  t o  i n v e s t i g a t e  i t s  p o t e n t i a l  p e r f o r m a n c e  
[LEH68b]. A t  t h e  end  o f  t h e  f i r s t  y e a r  a n s w e r s  had  b e e n  f o u n d  
t o  many o f  t h e  q u e s t i o n s  t h a t  f a c e d  t h e  d e s i g n  team a n d  
a p p a r e n t l y  a d e q u a t e  s o l u t i o n s  t o  many o f  t h e  i d e n t i f i e d  
p rob l ems .  The team became c o n v i n c e d ,  howeve r ,  t h a t  t h e y  h a d  
a t t a c k e d  t h e  wrong p rob l em.  The m a i n  p rob l em was  n o t  t h e  
a c h i e v e m e n t  o f  a  s a t i s f a c t o r y  d e s i g n  f o r  t h e  h a r d w a r e  
c o n f i g u r a t i o n  a n d  e l e m e n t s  b u t  how t o  c o n t r o l  and  f u l l y  
e x p l o i t  t h e  w o r k l o a d ,  i n p u t ,  o u t p u t  a n d  s y s t e m  r e s o u r c e s  
d u r i n g  s y s t e m  o p e r a t i o n .  One s h o u l d  e s t a b l i s h  d e s i g n  
c r i t e r i a  and  s e r i o u s l y  b e g i n  t o  deve lopmen t  o f  h a r d w a r e  
f a c i l i t i e s  o n l y  a f t e r  c o n c e p t i o n  a n d  d e s i g n  o f  a n  e x e c u t i v e  
s y s t e m  t h a t  p r o v i d e d  t h e  s y s t e m  management s t r a t e g i e s  a n d  
mechanisms .  

Phase  two o f  t h e  p r o j e c t  w a s  t h e r e f o r e  i n i t i a t e d .  T h i s  w a s  
t o  s t u d y  e x e c u t i v e  n e e d s  a n d  s t r a t e g i e s ;  t o  d e r i v e  a n d  
d e v e l o p  t h e  d e s i g n  o f  a n  e x e c u t i v e  s y s t e m .  Work o n  t h i s  
a s p e c t  o f  t h e  p r o j e c t  p r o c e e d e d  f o r  a  f u r t h e r  y e a r  by which  
t i m e  a  p r e l i m i n a r y  a r c h i t e c t u r e  a n d  d e s i g n  f o r  t h e  IllP 
E x e c u t i v e  had  b e e n  p r e p a r e d .  However o n c e  a g a i n  t h e  g r o u p  
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f e l t  t h a t  o n l y  t h e  r e l a t i v e l y  s i m p l e  problem had been  s o l v e d .  
The r ea l  problem l a y  n o t  i n  t h e  d e s i g n  o f  a  s p e c i f i c  sys tem 
b u t  i n  t h e  methods and methodology o f  d e s i g n .  S o f t w a r e  and 
sys tem d e s i g n s  were  u n l i k e l y  e v e r  t o  be optimum o r  comple t e .  
System a p p l i c a t i o n  and s y s t e m  p o t e n t i a l  evo l ve  ( though t h a t  
term was n o t  u s e d ) .  The p r i n c i p l e  p rob lems  w e r e  t h e r e f o r e  how 
t o  approach sys t em s p e c i f i c a t i o n  and d e s i g n ;  how o n e  m i g h t  
l i m i t  t h e  t i m e  o r  number o f  i t e r a t i o n s  r e q u i r e d  t o  a c h i e v e  a  
s a t i s f a c t o r y  s y s t e m ;  how, i n  a  c l i m a t e  of  r a p i d l y  a d v a n c i n g  
t e c h n o l o g y ,  one m i g h t  t e a c h  d e s i g n  and t r a n s f e r  e x p e r i e n c e  
f rom one s y s t e m  t o  t h e  n e x t ,  f rom one  team t o  t h e  n e x t ,  t o  
f a c i l i t a t e  s u b s e q u e n t  a d a p t a t i o n  o f  t h e  s y s t e m  t o  c h a n g i n g  
needs  and p o t e n t i a l .  The p r ime  need was  f o r  t h e  
i d e n t i f i c a t i o n  o r  development  o f  d e s i g n  me thods  and 
methodology.  

So P r o j e c t  IMP - phase  t h r e e ,  a  s t u d y  o f  sys t em d e s i g n  and 
programming methodology was  i n i t i a t e d .  It s o o n  l e d  t o  a  
number o f  r e p o r t s  and p u b l i c a t i o n s  i n c l u d i n g  a  v e r y  
f u n d a m e n t a l  c o n t r i b u t i o n  [ZUR67] t h a t  wen t  l a r g e l y  
u n r e c o g n i s e d  a t  t h e  t ime .  The t i m e  was c l e a r l y  n o t  r i p e  f o r  
m e t h o d o l o g i c a l  s t u d i e s .  The work  o f  t h e  g r o u p  was  n e i t h e r  
r e c o g n i s e d  nor  a p p r e c i a t e d ,  b a s i c a l l y  i t  was n o t  u n d e r s t o o d ,  
and  p r o j e c t  IMP was  d i s b a n d e d .  

The s t u d y  o f  programming t h a t  f o l l o w e d  made no a p p a r e n t  
i m p a c t  w i t h i n  IBM. It had f o c u s s e d  m a i n l y  o n  IBM i n t e r n a l  
p r a c t i c e s ,  a c h i e v e m e n t s  and p r o b l e m s  b u t  a l s o  i n c l u d e d  
o b s e r v a t i o n  o f  e x p e r i e n c e  o u t s i d e  t h e  c o r p o r a t i o n .  Its 
f i n d i n g s  w e r e  summarised i n  a  c o n f i d e n t i a l  r e p o r t  [LEH69], i n  
a  s e r i e s  of  p r e s e n t a t i o n s  a t  v a r i o u s  IBM l o c a t i o n s  and  i n  a  
p r o p o s a l  t o  t h e  IBM D i r e c t o r  o f  Resea rch  f o r  s e v e r a l  r e s e a r c h  
p r o j e c t s  t h a t  would a d d r e s s  some of  t h e  problem a r e a s  
i d e n t i f i e d  and e x p l o r e  p o t e n t i a l  s o l u t i o n s .  And t h a t  was 
t h a t .  

T h i s  i s  n o t  t h e  p l a c e  t o  s p e c u l a t e  o n  t h e  f a i l u r e  of  t h e  
s t u d y  t o  g e n e r a t e  a c t i o n  w i t h i n  IBM, o r  t o  a s k  w h e t h e r  i n  a  
d i f f e r e n t  env i ronmen t  t h e r e  m i g h t  have  been  a  more p o s i t i v e  
r e s p o n s e ,  o r  e v e n  t o  s p e c u l a t e  i n  d e t a i l  o n  t h e  r e l e v a n c e  o r  
s i g n i f i c a n c e ,  t h e n  and now, o f  t h e  c o n c l u s i o n s  p r e s e n t e d .  I n  
t h e  p r e f a c e  we h a v e  a l r e a d y  s a i d  t h a t  i n  o u r  view mos t  o f  o u r  
o b s e r v a t i o n s  a r e  a s  r e l e v a n t  t o d a y  a s  when f i r s t  made. The 
r e a d e r  may wi sh  t o  make h i s  own judgement  a f t e r  r e a d i n g  t h e ,  
now d e c l a s s i f i e d ,  r e p o r t  r e p u b l i s h e d  f o r  t h e  f i r s t  t i m e  a s  
C h a p t e r  3 of  t h i s  book. I n  d o i n g  s o  h e  s h o u l d  b e a r  i n  mind 
t h a t  t h e  r e p o r t  was g e n e r a t e d  b e f o r e  t h e  Garmisch  r e p o r t  
[NAU69] had become w i d e l y  known, b e f o r e  e s t a b l i s h m e r , t  of  t h e  
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I F I P  w o r k i n g  g r o u p  WG 2 . 3  o n  programming methodology and l o n g  
b e f o r e  t h e  c o n c e p t s  o f  S t r u c t u r e d  Programming, C h i e f  
Programmer Teams, S o f t w a r e  E n g i n e e r i n g  a n d  o t h e r  u n i v e r s a l  
panacea ,  had  become p o p u l a r .  

Comple t ion  o f  t h e  s t u d y  may n o t  h a v e  made a n  i m p a c t  w i t h i n  
I B M  o r  o n  t h e  w i d e r  community. It d i d ,  however ,  have  
s i g n i f i c a n t  c o n s e q u e n c e s  f o r  t h e  a u t h o r  and ,  s u b s e q u e n t l y ,  o n  
a  s m a l l  number of  c o l l e a g u e s .  I n  p a r t i c u l a r ,  i t  y i e l d e d  
o b s e r v a t i o n s  which  became t h e  s e e d  f rom which  t h e  s t u d y  o f  
program e v o l u t i o n  and t h e  programming p r o c e s s  deve loped .  The 
r e p o r t  had i n c l u d e d  a  b r i e f  a n a l y s i s  o f  t h e  p rog rammat i c  
c h a r a c t e r i s t i c s  o f  OS/360, t h e n  i n  i t s  1 6 t h  r e l e a s e .  The 
r e s u l t s  summarised  i n  i t s  s e c t i o n  1  .3 ( s e e  c h . 3 1 ,  l e d  t o  t h e  
r e c o g n i t i o n  o f  phenomena whose a n a l y s i s  l e d  s l o w l y  b u t  s u r e l y  
t o  t h e  c o n c e p t s  o f  Program E v o l u t i o n  Dynamics. The i n t e n t  o f  
t h i s  book i s  t o  t r a c e  t h e  deve lopmen t  o f  b o t h  t h e  
i n t e r p r e t a t i o n  o f  t h e  o b s e r v e d  phenomena and  o f  t h e  c o n c e p t s ,  

A y e a r  o r  s o  b e f o r e  Lehman u n d e r t o o k  t h e  s t u d y  r e f e r r e d  t o o  
i n  t h e  p r e v i o u s  p a r a g r a p h s ,  G e r a l d  Weinberg  had  w r i t t e n  a  
p a p e r  w h i c h  w a s ,  however ,  n o t  p u b l i s h e d  t i l l  1970 [WE1701 and  
t h e n  i n  a  r e l a t i v e l y  o b s c u r e  j o u r n a l .  The p r e s e n t  e d i t o r s  
d i d  n o t  s e e  t h e  p a p e r  till many y e a r s  l a t e r ,  s o  t h a t  i t  d i d  
n o t  i n f l u e n c e  t h e i r  c ~ o r k .  N e v e r t h e l e s s  i t  i s ,  p r o b a b l y ,  t h e  
f i r s t  p a p e r  t o  s e r i o u s l y  d i s c u s s  e v o l u t i o n  a s  a p p l y i n g  t o  
individuaz a r t i f i c i a l  s y s t e m s .  A s  s u c h  i t  c l e a r l y  d e s e r v e s  a 
p l a c e  i n  t h i s  volume and  i s  r e p r o d u c e d  a s  c h a p t e r  4 .  We 
s t r e s s  e v o l u t i o n  of  i n d v i d u a l  s y s t e m s  b e c a u s e  S imon ' s  Compton 
l e c t u r e s  ( 1  968) p u b l i s h e d  i n  h i s  ' S c i e n c e s  o f  t h e  A r t i f i c i a l t  
[ s I M ~ ~ ]  d i d  c o n s i d e r  e v o l u t i o n  a s  i t  a p p l i e s  t o  successive 
generations o f  a r t i f i c i a l  s y s t e m s .  He d o e s  n o t  a p p e a r  t o  
have  c o n s i d e r e d  e v o l u t i o n  o f  o p e r a t i o n a l  s y s t e m s  a s  t r e a t e d  
by Weinberg  and  o u r s e l v e s .  

A f t e r  c o m p l e t i o n  o f  t h e  ' tProgramming P roces s 1'  r e p o r t ,  i t s  
a u t h o r  s u g g e s t e d  t o  L  A Be lady  t h a t  one  m i g h t  be a b l e  t o  
model  some of  t h e  o b s e r v a t i o n s ,  by t h e i r  a n a l y s i s  advance  
b a s i c  u n d e r s t a n d i n g  o f  t h e  p r o c e s s  and  a p p l y  t h e  r e s u l t a n t  
i n s i g h t  t o  a c h i e v e  improved p r o c e s s e s .  S u b s e q u e n t  r e s u l t s  
undoub tab ly  c o n f i r m e d  t h i s  c o n v i c t i o n  t h a t  f u r t h e r  
i n v e s t i g a t i o n  was  bo th  r e q u i r e d  a n d  j u s t i f i e d .  I ts  p u r s u i t  
p roduced  a  p r o d u c t i v e  and  c o n t i n u i n g  p a r t n e r s h i p  t h a t  h a s  
a l r e a d y  e x t e n d e d  o v e r  one and  a  h a l f  d e c a d e s ;  a  p a r t n e r s h i p  
t h a t  f i r s t  r e c o g n i s e d  t h e  i n t r i n s i c  e v o l u t i o n a r y  n a t u r e  of  
s o f t w a r e  and t h a t  s u b s e q u e n t l y  c o n c e i v e d  a n d  d e v e l o p e d  many 
o f  t h e  i n t e r p r e t a t i o n s  and i m p l i c a t i o n s  o f  s o f t w a r e  l i f e  
c y c l e  phenomena t h a t  h a v e  o n l y  r e c e n t l y  become more w i d e l y  
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r e c o g n i s e d  and  a c c e p t e d .  I n  due c o u r s e  t h a t  s t u d y  l e d  t o  t h e  
p u b l i c a t i o n  o f  a  f i r s t  r e p o r t  [BELTI]. 

Tha t  r e p o r t ,  i n c l u d e d  h e r e  a s  C h a p t e r  5 ,  i s  n o t  o n l y  of 
h i s t o r i c a l  i n t e r e s t .  The phenomeno log ica l  o b s e r v a t i o n s  made 
a r e  s t i l l  h i g h l y  r e l e v a n t  e v e n  w i t h  t o d a y ' s  much advanced 
t e c h n o l o g y .  I n  f a c t ,  t h e  d e v e l o p m e n t s  o f  VLSI and  t h e  
m i c r o p r o c e s s o r ,  and t h e  c o n s e q u e n t  i n c r e a s e  i n  demand f o r  
r e l i a b l e  and  e f f e c t i v e  VLSI d e s i g n s  and  f o r  e v e r  i n c r e a s i n g  
numbers o f  programs,  w i l l  a g a i n  b r i n g  i n t o  t h e  f o r e g r o u n d ,  
many o f  t h e  i s s u e s  and  p rob lems  i d e n t i f i e d  i n  t h e  r e p o r t ;  
i s s u e s  which  some ( m i s t a k e n l y )  c o n s i d e r  t o  h a v e  been  l a r g e l y  
s o l v e d  by r e c e n t  a d v a n c e s  i n  programming methodology and  
programming l a n g u a g e s .  The emergence  and  w i d e s p r e a d  
a p p l i c a t i o n  o f  v e r y  l a r g e  d a t a  b a s e s ,  o f  non p r o c e d u r a l  
l a n g u a g e s  ( o f  v a r i o u s  c l a s s e s )  and  o f  a r t i f i c i a l  i n t e l l i g e n c e  
t e c h n i q u e s  a s  a p p l i e d ,  f o r  example ,  i n  i n t e l l i g e n t  knowledge 
based  s y s t e m s  (IKBS) w i l l  r e s u l t  i n  a  r e p e t i t i o n  o f  t h e  
p rob lems  and  h i s t o r y  o f  t h e  p a s t  twen ty  y e a r s ,  a l b e i t  i n  a  
new fo rm,  u n l e s s  p r i n c i p l e s  and l e s s o n s  t h a t  c o u l d  and 
s h o u l d  have  b e e n  l e a r n e d  f rom t h e  s o f t w a r e  e x p e r i e n c e  o f  t h e  
p a s t  a r e  a b s o r b e d  and a p p l i e d  [ldEH82b]. 

The macro and m i c r o  m o d e l s  o f  t h e  programming p r o c e s s  t h a t  
a r e  d i s c u s s e d  i n  t h i s  r e p o r t  a r e  a l s o  s t i l l  r e l e v a n t .  T h e i r  
i n v e s t i g a t i o n  and  e x t e n s i o n  h a s ,  however ,  been  n e g l e c t e d  i n  
r e c e n t  y e a r s .  They a r e  r e f e r e d  t o  a g a i n  i n  o u r  s u b s e q u e n t  
p u b l i c a t i o n s  b u t  no f u r t h e r  s i g n i f i c a n t  p r o g r e s s  c a n  be 
r e p o r t e d .  The v e r y  r e a l  p r o g r e s s  t h a t  h a s  b e e n  made i n  
s t r e n g t h e n i n g ,  e x t e n d i n g  and i n t e r p r e t i n g  t h e  o r i g i n a l  
o b s e r v a t i o n s  s u g g e s t s ,  however ,  t h a t  t h e  t i m e  may now be r i p e  
t o  f o l l o w  up of  some o f  t h i s  e a r l y  work.  

Chap te r  6 i s  a  r e p r i n t  o f  a  p a p e r  p r e s e n t e d  l a t e  i n  1971 a t  a  
c o n f e r e n c e  on  S t a t i s t i c a l  Computer Pe r fo rmance  E v a l u a t i o n  
[BEL72]. It a d d s  o b s e r v a t i o n s  and  c o n c l u s i o n s  a d d i t i o n a l  t o  
t h o s e  r e p o r t e d  i n  c h a p t e r  5 and  r e f l e c t s  d e f i n i t e ,  i f  s m a l l ,  
p r o g r e s s  i n  some of  t h e  n o t i o n s .  It i s  i n c l u d e d  h e r e  because  
i t  was  t h e  f i r s t  p u b l i c  ( n o n  D M )  e x p o s u r e  o f  E v o l u t i o n  
Dynamics . 

E a r l y  i n  1972 t h e  c l o s e  p a r t n e r s h i p  be tween t h e  two e d i t o r s  
was  r e l a x e d  when one (MML) was a p p o i n t e d  t o  t h e  C h a i r  of  
Computing S c i e n c e  a t  London U n i v e r s i t y '  s I m p e r i a l  C o l l e g e  o f  
S c i e n c e  and Technology.  Long d i s t a n c e  c o l l a b o r a t i o n  
c o n t i n u e d  however ,  and i n t e n s i f i e d  when t h e  o t h e r  (LAB) came 
t o  London on  a  S c i e n c e  Resea rch  Counc i l  S e n i o r  V i s i t i n g  
F e l l o w s h i p .  It was d u r i n g  t h i s  p e r i o d ,  t h a t  t h e  c o n c e p t  of 
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c o n t i n u i n g  e v o l u t i o n  w a s  f i r s t  v e r b a l i s e d ;  when t h e  t e r m  
Program Growth  Dynamics u s e d  u n t i l  t h e n  w a s  r e p l a c e d  by 
Program E v o l u t i o n  Dynamics.  

D u r i n g  t h i s  p e r i o d  a l s o ,  P r o f e s s o r  Lehman d e l i v e r e d  h i s  
I n a u g u r a l  L e c t u r e  c h o s i n g  a s  h i s  theme a  g e n e r a l i s a t i o n  o f  
some a s p e c t s  a n d  c o n c e p t s  o f  E v o l u t i o n  Dynamics.  The t e x t  of 
t h a t  l e c t u r e  [LEH74] i s  r e p r o d u c e d  h e r e  a s  c h a p t e r  7 .  The 
p a p e r  i n c l u d e d  t h e  f i r s t  p u b l i s h e d  r e f e r e n c e  t o  ' L a w s 1 ,  
p r e s e n t i n g  t h r e e  i n  some d e t a i l .  After a  b r i e f  d i s c u s s i o n  o f  
t h e ,  t h e n ,  c u r r e n t  n o t i o n s ,  c o n c e p t s  a n d  m o d e l s  o f  p rogram 
g r o w t h ,  t h e  l e c t u r e  i d e n t i f i e d  o n e  s p e c i f i c  phenomenon,  
n e g l e c t  o f  a n t i - r e g r e s s i v e  a c t i v i t y ,  a n d  e x p l o r e d  t h e  
c o n s e q u e n c e s  o f  t h e  same human a t t i t u d e s  i n  e c o n o m i c ,  
s o c i o l o g i c a l  and  e d u c a t i o n a l  a c t i v i t i e s .  

T h i s  s i x  month  London i n t e r l u d e  w a s  t h e  o n l y  t i m e  d u r i n g  t h e  
e n t i r e  p e r i o d  o f  t h e  c o n t i n u i n g  e x p l o r a t i o n  o f  t h e  s o f t w a r e  
e v o l u t i o n  phenomena a n d  i t s  d y n a m i c s ,  t h a t  e i t h e r  o f  t h e  
p r e s e n t  e d i t o r s  (LAB) was  a b l e  t o  d e v o t e  h i m s e l f  e x c l u s i v e l y  
t o  t h e  s t u d y .  T h r o u g h o u t  t h e  r e m a i n d e r  o f  t h e  c o l l a b o r a t i o n  
a n d  t o  t h i s  v e r y  d a y ,  t h e  s t u d y  c o u l d  be g i v e n  o n l y  low 
p r i o r i t y ,  i n  r e l a t i o n  t o  o t h e r ,  a s s i g n e d ,  d u t i e s .  The 
r e s u l t s  o f  t h e  - a l l  t o o  few - d i s c u s s i o n s  o f  t h i s  p e r i o d  w e r e  
s u m m a r i s e d  i n  a  r e p o r t  p u b l i s h e d  i n  1 9 7 5  [BELTS], a n d  i n  a  
r e v i s e d  a n d  e d i t e d  v e r s i o n  i n  1976  [BELT6 1 .  It i s  t h e  l a t t e r  
v e r s i o n  t h a t  i s  i n c l u d e d  h e r e  a s  c h a p t e r  8 a n d  t h a t  
r e p r e s e n t s  t h e  f i rs t  r e a s o n a b l y  c o m p l e t e  p u b l i s h e d  d i s c u s s i o n  
o f  t h e  p rogram e v o l u t i o n  phenomenon a s  d e v e l o p e d  a t  t h a t  
t i m e .  

The S e c o n d  I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o f t w a r e  E n g i n e e r i n g  
m a r k e d  a  f u r t h e r  m i l e s t o n e  i n  t h e  d e v e l o p m e n t  o f  t h e  s u b j e c t .  
A p a p e r  ILEH76bI p r e s e n t e d  a t  t h a t  m e e t i n g  e x p r e s s e d  f o r  t h e  
f i r s t  t i m e ,  t h e  l i n k  b e t w e e n  e v o l u t i o n ,  t h e  p rogramming  
p r o c e s s  a n d  s o f t w a r e  e n g i n e e r i n g .  The p a p e r ,  r e p r o d u c e d  h e r e  
a s  c h a p t e r  9 ,  i n c l u d e s  t h e  s e e d s  o f  c o n c e p t s  t h a t  a r e  
d e v e l o p e d  m o r e  c l e a r l y  i n  l a t t e r  c h a p t e r s  o f  t h i s  book .  It 
a l s o  i n c l u d e s  t h e  f i r s t  e m p i r i c a l  d a t a  a n d  d a t a  a n a l y s i s  o f  
s y s t e m s  o t h e r  t h a n  IBM' s OS/360. 

The n e x t  two c h a p t e r s  p r e s e n t  m a t e r i a l  t h a t  i s  n o t  i n  t h e  
m a i n  s t r e a m  o f  t h e  d e v e l o p m e n t  o f  E v o l u t i o n  Dynamics a s  a n  
e v o l v i n g  d i s c i p l i n e .  They a r e  i n t e l l e c t u a l  o f f  s h o o t s  o f  t h e  
m a i n  s t u d y ,  w i t h  p r a c t i c a l  i m p l i c a t i o n s .  C h a p t e r  1 0  [BEL77b] 
d i s c u s s e s  p r o b l e m s  i n  t h e  o r g a n i s a t i o n  a n d  management  o f  
s o f t w a r e  e v o l u t i o n  a n d ,  i n  p a r t i c u l a r ,  t h e  ' P a r t s  Number'  and  
' C o n f i g u r a t i o n  Management1 p r o b l e m s .  
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Chapt.er  11 i s  a  more p h i l o s o p h i c a l  work LEH761 t a k e n  from t h e  
E n c y c l o p e d i a  o f  I g n o r a n c e  [DUN771 t h a t ,  by i m p l i c a t i o n ,  
d i s c u s s e s  t h e  v e r y  n a t u r e  of  t h e  emerg ing  d i s c i p l i n e .  It 
i d e n t i f i e s  t h e  i n t r i n s i c  i n s t a b i l i t y  o f  any  t h e o r y  t h a t  
c l a i m s  t o  d e s c r i b e  o r  e x p l a i n  t h e  b e h a v i o u r  of  a  sys tem t h a t  
i n c l u d e s  t h i n k i n g  p e o p l e  amomgst i t s  c o n s t i t u e n t  e l e m e n t s .  
The p a p e r  t h e r e f o r e  r e p o r t s  p e r c e p t i o n s  f i r s t  men t ioned  i n  
c h a p t e r  9 ,  t h a t  l e d  t o  t h e  d e f i n i t i o n  o f  E- type programs,  a s  
r e p r o d u c e d  i n  c h a p t e r  19  [ L M 8 0 b l .  

With  c h a p t e r  12 we r e t u r n  t o  t h e  c o n s i d e r a t i o n  o f  program 
e v o l u t i o n  phenomena. The p a p e r  [LEH78] e x t e n d e d  t h e  
phenomeno log ica l  d a t a  b a s e  b o t h  i n  t e r m s  o f  t h e  number o f  
s y s t e m s  c o v e r e d  and  o f  t h e  amount o f  d a t a  a v a i l a b l e .  These 
e x t e n s i o n s  p e r m i t t e d  s i g n i f i c a n t  a d v a n c e s  i n  t h e  
u n d e r s t a n d i n g  o f  t h e  n a t u r e  and t h e  p r o c e s s  o f  e v o l u t i o n ;  
a d v a n c e s  r e f l e c t e d  i n  t h i s  p a p e r  by ,  f o r  example ,  t h e  
a d d i t i o n  o f  two f u r t h e r  laws. The s t r e s s  o n  t h e  s i g n i f i c a n c e  
o f  t h e  p r o c e s s ,  i t s  s t r u c t u r e ,  c o n t e n t  a n d  e v o l u t i o n ,  a s  
d i s t i n c t  from t h a t  o f  t h e  p r o d u c t  o f  t h a t  p r o c e s s ,  a l s o  
becomes more a p p a r e n t  i n  t h i s  p a p e r .  

The p r o c e s s  i s  l a r g e l y  p u r s u e d  by p e o p l e .  I n  t h e  e a r l y  and 
mid s e v e n t i e s ,  methodology - more c o r r e c t l y  ' m e t h o d s '  - was 
a l r e a d y  a p o p u l a r  word i n  t h e  programming f r a t e r n i t y ,  b u t  t h e  
r o l e  and i m p o r t a n c e  o f  t o o l s  and  o f  i n t e g r a t e d  t o o l - k i t s  was 
n o t  w i d e l y  a p p r e c i a t e d .  C h a p t e r  1 3  r e f l e c t s  t h i s  p o s i t i o n  
w i t h  a  d i s c u s s i o n  o f  manning p rob lems  i n  l a r g e  s c a l e  
programming [BEL78b]. 

I n  l a t e  1977 a  m e e t i n g  a t  Brown U n i v e r s i t y  d i s c u s s e d  
Resea rch  Trends  i n  S o f t w a r e  'Technology1.  The e d i t o r s '  

c o n t r i b u t i o n  t o  t h a t  m e e t i n g  i s  r e p r o d u c e d  h e r e  i n  c h a p t e r  1 4  
[BEL78]. The p a p e r  p r e s e n t s  f u r t h e r  s i g n i f i c a n t  a d v a n c e s  i n  
t h e i r  u n d e r s t a n d i n g ,  w i t h  e m p h a s i s  o n  t h e  b r e a d t h  r a t h e r  t h a n  
t h e  d e p t h  o f  t h e  t o p i c .  The s t r e s s  o n  e v o l u t i o n  i n  l a r g e  
s y s t e m s  i n d i c a t e s  t h a t ,  e v e n  a t  t h a t  s t a g e ,  t hey  s t i l l  
t h o u g h t  o f  t h e  phenomenon a s  one  s temming,  p r i m a r i l y ,  f rom 
t h e  c o m p l e x i t y  o f  t h e  a p p l i c a t i o n s  t h a t  such  s y s t e m s  a d d r e s s  
and of t h e  r e s u l t i n g  sys tem.  It i s  t h e r e f o r e  v e r y  n a t u r a l  
t h a t  t h e  f o l l o w i n g  c h a p t e r  1 5  a d d r e s s e s  t h a t  v e r y  i s s u e .  
Tha t  p a p e r  [BEL79c],  however,  was  i n  t h e  n a t u r e  of  a  s u r v e y  
p a p e r  and i s  i n c l u d e d  h e r e  t o  p r o v i d e  p o i n t e r s  t o  o t h e r  
d i s c u s s i o n s  t h e n  a v a i l a b l e .  The r e a d e r  who w i s h e s  t o  o b t a i n  
a n  up- to- da te  p i c t u r e  i s  r e f e r r s d  t o  a  more r e c e n t  pape r  
[BEN83]. 
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C h a p t e r  16 [W0079a] r e p r e s e n t s  a  v a r i a t i o n  o n  t h e  m a i n  s t r e a m  
d e v e l o p m e n t s  d e s c r i b e d  i n  t h e  e a r l i e r  c h a p t e r s .  It s t e m s  
f r o m  v i s i t s  t o  I m p e r i a l  C o l l e g e  by P r o f e s s o r  J S R i o r d e n  and  
s u b s e q u e n t l y  by h i s  c o l l e a g u e  P r o f e s s o r  C M 'vioodside. T h e i r ,  
t h e n ,  m a i n  r e s e a r c h  i n t e r e s t s  l a y  i n  c o n t r o l  t h e o r y  and  i t s  
a p p l i c a t i o n s  a n d  t h e y  e x p r e s s e d  a d e s i r e  t o  s t u d y  program 
e v o l u t i o n  f r o m  t h a t  v i e w p o i n t .  T h e i r  o b s e r v a t i o n s  a n d  
g e n e r a l i s a t i o n s  s u g g e s t  t h a t  f u r t h e r  a p p l i c a t i o n  o f  c o n t r o l  
t h e o r e t i c  c o n c e p t s  t o  t h e  s t u d y  o f  program e v o l u t i o n  c o u l d  
p r o v e  b e n e f i c i a l  t o  a n  u n d e r s t a n d i n g  o f  t h e  e v o l u t i o n  o f  
a r t i f i c i a l  s y s t e m s  i n  g e n e r a l ;  a c o n c l u s i o n  t o  be e x p e c t e d  
s i n c e ,  a t  t h e  v e r y  l e a s t ,  e x p e r i e n c e  b a s e d  f e e d b a c k  p l a y s  a 
f u n d a m e n t a l  r o l e  i n  t h e  e v o l u t i o n  o f  s u c h  s y s t e m s .  

C h a p t e r  17 [BEL80] d e v e l o p s  t h e  i n s i g h t  g a i n e d  i n  t h e  
E v o l u t i o n  Dynamics s t u d i e s ,  t o  d i s c u s s  t h e  problem o f  
m o d i f i a b i l i t y .  It s e r v e s ,  t h e r e f o r e ,  a s  a  n a t u r a l  t r a n s i t i o n  
p a t h  t o  t h e  f i n a l  f o u r  c h a p t e r s  t h a t  r e f l e c t  a  r e d i r e c t i o n  o f  
o u r  i n v e s t i g a t i o n s  f rom c o n s i d e r a t i o n  o f  t h e  dynamics o f  
e v o l u t i o n  t o  i t s  nature. T h i s  r e d i r e c t i o n  i s  s e e n  i n  c h a p t e r  
1 8  [LEH80b] wh ich  d i s c u s s e s  t h e  u n d e r l y i n g  mean ing  a n d  
s i g n i f i c a n c e  o f  t h e  f i v e  l a w s .  It c o n t i n u e s  i n  c h a p t e r  19  
[LEH80c] w i t h  a f i n a l  summary o f  t h e  o b s e r v e d  c o n s e q u e n c e s  o f  
t h e  d y n a m i c s ,  a n  example  o f  t h e i r  a p p l i c a t i o n  a n d  a  b r i e f  
i n t r o d u c t i o n  t o  t h e  n a t u r e  o f  p rog rams ,  t h e  programming 
p r o c e s s  and  t h e  s o f t w a r e  l i f e - c y c l e .  

The n e x t  c h a p t e r  [LEH811 c o n t i n u e s  t h i s  t heme ,  d e v e l o p i n g ,  i n  
p a r t i c u l a r ,  d i s c u s s i o n  o f  t h e  s o f t w a r e  d e v e l o p m e n t  a n d  
a d a p t a t i o n  p r o c e s s  and  o f  t h e  c o n s e q u e n t  d e s i r a b l e  p r o p e r t i e s  
o f  p rogramming s u p p o r t  e n v i r o n m e n t s .  T h i s  i s  f o l l o w e d  i n  
c h a p t e r  21 [LEH8lb]  by a n  e x p l o r a t i o n  o f  t h e  c h a r a c t e r i s t i c s  
o f  t h e  s o f t w a r e  l i f e  c y c l e ,  t h e  p r o c e s s  o f  s o f t w a r e  
e v o l u t i o n ,  and  t h e  c h a l l e n g e s  a n d  o p p o r t u n i t i e s  t h a t  a r i s e  
f r om t h e  deve lopmen t  o f  a  s o f t w a r e  p r o c e s s  s e e k i n g  t o  m a s t e r  
i t .  

F i n a l l y ,  c h a p t e r  2 2  [LEH82b] a t t e m p t s  a n  a s s e s s m e n t  o f  t h e  
s o c i e t a l  s i g n i f i c a n c e  o f  t h e  n o t i o n s ,  c o n c e p t s  a n d  d i s c i p l i n e  
o f  s o f t w a r e  e n g i n e e r i n g ,  s u c h  a s  t h o s e  p r e s e n t e d  i n  t h i s  
vo lume.  Mankind r e l i e s  i n c r e a s i n g l y  o n  t h e  c o r r e c t  and  
t i m e l y  o p e r a t i o n  o f  c o m p u t e r s .  The v e r y  f a t e  o f  mankind a n d  
i t s  s u r v i v a l  may, i n  t h e  e n d ,  depend  o n  t h e  dynamic 
c h a r a c t e r i s t i c s  o f  some program o r  o t h e r ,  o n  i t s  h a v i n g  been  
u p d a t e d  i n  t ime .  The w a r n i n g s  i m p l i c i t  i n  t h i s  c h a p t e r  
r e p r e s e n t  a n  a p p r o p r i a t e  c o n c l u s i o n  t o  t h e  book. 
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But  t h a t  i s  n o t  t h e  e n d  o f  t h i s  s u r v e y .  The o b s e r v a n t  
r e a d e r  w i l l  h a v e  n o t i c e d  t h a t  i n  t h i s  b r i e f  o v e r v i e w  no 
r e f e r e n c e  h a s  b e e n  made t o  c h a p t e r  2 .  T h a t  c h a p t e r  i s ,  i n  
f a c t ,  t h e  m o s t  r e c e n t  [LEH82c] o f  t h e  p u b l i c a t i o n s  i n c l u d e d  
i n  t h i s  vo lume.  H a v i n g ,  s o  f a r ,  a p p e a r e d  o n l y  i n  r e l a t i v e l y  
o b s c u r e  p r o c e e d i n g s ,  i t s  i n c l u s i o n  p r o v i d e s  t h e  f i r s t  w i d e  
d i s s e m i n a t i o n  o f  i t s  c o n t e n t s .  It t r u l y  r e p r e s e n t s  t h e  
s u m m a t i o n  o f  t h e  e v o l u t i o n  d y n a m i c s  s t u d i e s ;  t h e  f o u n d a t i o n  
o f  t h e o r i e s  o f  Program E v o l u t i o n  a n d  o f  t h e  p rogramming  o r  
s o f t w a r e  d e v e l o p m e n t  a n d  e v o l u t i o n  p r o c e s s e s .  The c h a p t e r  
h a s  b e e n  d e l i b e r a t e l y  p l a c e d  a t  t h e  b e g i n n i n g  o f  t h e  book 
r a t h e r  t h a n  i n  i t s  h i s t o r i c a l  s e q u e n c e  a t  t h e  e n d ,  t o  p r o v i d e  
t h e  r e a d e r  w i t h  m o t i v a t i o n  f o r  f o l l o w i n g  t h e  h i s t o r i c a l  
d e v e l o p m e n t .  

We b e l i e v e  t h a t  t h e  n o t i o n s  a n d  c o n c e p t s  p r e s e n t e d  i n  t h i s  
book r e p r e s e n t  t h e  b e g i n n i n g  o f  a  new a n d  s y s t e m a t i c  a p p r o a c h  
t o  t h e  s o l u t i o n  o f  t h e  s o f t w a r e  e n g i n e e r i n g  p r o b l e m ,  by 
r e d i r e c t i n g  a t t e n t i o n  t o  t h e  t o t a l  process o f  s o f t w a r e  
d e v e l o p m e n t ;  a n d  by p r o v i d i n g  t h e  c o n c e p t u a l  b a s e  a n d  
i n t e l l e c t u a l  f r a m e w o r k  t o  m o t i v a t e  a n d  f a c i l i t a t e  t h e  t o p -  
down d e s i g n  o f  s o f t w a r e  processes a n d  t h e i r  in tegrated  
s u p p o r t .  Even i f  t h e  r e a d e r  p r o c e e d s  no f u r t h e r  t h a n  t h e  e n d  
o f  t h e  n e x t  c h a p t e r ,  b u t  a b s o r b s  a n d  b u i l d s  o n  t h e  n o t i o n s  
p r e s e n t e d  t h e r e ,  t h e  book w i l l  h a v e  s e r v e d  a  u s e f u l  p u r p o s e .  



1  Program E v o l u t i o n  

1  .1 H i s t o r i c a l  Summary 

Program e v o l u t i o n  i s  now w i d e l y  a c c e p t e d  as  a  f a c t  o f  l i f e .  
The phenomenon w a s  f i r s t  r e c o g n i s e d  i n  t h e  l a t e  1 9 6 0 s  a s  
c o n t i n u i n g  p r o g r a m  growth [LEH69]. The g r o w t h  t h e n  d i s c u s s e d  
r e l a t e d  t o  i m p r o v e m e n t  i n  f u n c t i o n a l  c a p a b i l i t y .  F o r  t h e  
s e q u e n c e  o f  r e l e a s e s  o f  a g i v e n  s y s t e m  a t  l e a s t ,  t h i s  w a s  
assumed t o  be r e l a t e d  t o  p r o g r a m  s i z e  a s  d e t e r m i n e d  by c o u n t s  
o f  p r o g r a m  m o d u l e s ,  l i n e s  o f  c o d e  o r  s t o r a g e  r e q u i r e m e n t s .  

C o l l e c t i o n  o f  r e l e v a n t  d a t a  a n d  t h e i r  i n t e r p r e t a t i o n  
s u b s e q u e n t l y  s u g g e s t e d  t h e  c o n c e p t  o f  Program Growth Dynanics 
[BEL71,72] .  Its r e f i n e m e n t  l e d  t o  t h e  r e a l i s a t i o n  t h a t  
o b s e r v e d  phenomena s h o u l d  be  i n t e r p r e t e d  as program 
evolution. T h i s  r e p r e s e n t e d  m o r e  t h a n  a  c h a n g e  o f  name. It 
p r o d u c e d ,  f o r  e x a m p l e ,  t h e  h y p o t h e s e s  t h a t  w e r e  l a t e r  
f o r m u l a t e d  a s  Laws of Program Evolution [LEHTQ], [BEL76]. 
C o n t i n u i n g  i n v e s t i g a t i o n  h a s  g i v e n  r i s e  t o  t h e  b e g i n n i n g s  o f  
a  d i s c i p l i n e ,  Program Evolution Dynamics; y i e l d i n g  i n s i g h t  
[BEL791, [LEH80ab I ,  p r a c t i c a l  t o o l s  a n d  management  g u i d e l i n e s  
[LEP76] ,  [LEH78,80b]  a n d  m o s t  r e c e n t l y  a  new v i e w  o f  t h e  
p rogramming  p r o c e s s  i t s e l f  [LEH8l a ,  b  I .  

I t  m u s t  now be  a c c e p t e d  t h a t  e v o l u t i o n  i s ,  u l t i m a t e l y ,  n o t  
due t o  s h o r t c o m i n g s  i n  c u r r e n t  p rogramming  p r o c e s s e s .  It i s  
i n t r i n s i c  t o  t h e  v e r y  n a t u r e  o f  c o m p u t e r  u s a g e ;  c o m p u t i n g  
a p p l i c a t i o n s  a n d  t h e  s y s t e m s  t h a t  i m p l e m e n t  them. T h i s  
p e r c e p t i o n  h a s  l e d  t o  t h e  sPE program c l a s s i f i c a t i o n  [LEH80b] 
and  t h e n c e  t o  t h e  c o n c e p t  o f  continuous programming processes 
s u p p o r t e d  by vertically integrated support environments. 

1 . 2  The SPE C l a s s i f i c a t i o n  

Ir, t h e  SPE c l a s s i f i c a t i o n  a n  S- t y p e  program o r  s y s t e m  i s  
defined a s  o n e  f o r  w h i c h  t h e  only c r i t e r i o n  o f  s u c c e s s  i n  i t s  
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c r e a t i o n  i s  e q u i v a l e n c e ,  i n  some s e n s e ,  t o  a  s p e c i f i c a t i o n .  
The P- type i s  n o t  c o n s i d e r e d  h e r e .  An E- type  i s  o n e  embedded 
i n  i t s  o p e r a t i o n a l  e n v i r o n m e n t ,  i m p l e m e n t i n g  a n  a p p l i c a t i o n  
i n  t h a t  e n v i r o n m e n t ,  as  s u g g e s t e d  by f i g u r e  1 .  

CHANGE 

REQUIREMENTS I (PR:A:%vE)J 

F i g u r e  1 E- Type P rog rams  
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E-type s y s t e m s  h a v e  no i n t r i n s i c  b o u n d a r i e s .  The p rog rams  
t h a t  implement  them c a n n o t  have  permanent  a n d  d e m o n s t r a b l y  
satisfactory s p e c i f i c a t i o n s  si nce t h e  variety o f  f e a t u r e s  
t h a t  c a n  be b u i l t  i n t o  s u c h  s y s t e m s  i s  u n l i m i t e d ,  m e a n i n g f u l  
p e r m u t a t i o n s  unbounded.  S e l e c t i o n  o f  f e a t u r e s  m u s t  t a k e  i n t o  
a c c o u n t  t h e  p e r c e i v e d  n e e d ,  i n t e r - r e l a t e d  p r o p e r t i e s  s u c h  as  
pe r fo rmance  a n d  c o s t  a n d  t h e  n a t u r e  of t h e  o p e r a t i o n a l  
e n v i r o n m e n t  once  t h e  s y s t e m  i s  i n s t a l l e d .  Moreover t h e  v e r y  
a c t  o f  s y s t e m  installation c h a n g e s  t h a t  e n v i r o n m e n t .  And a s  
o p e r a t i o n a l  e x p e r i e n c e  i s  g a i n e d ,  p e r c e p t i o n  o f  t h e  problem 
and of p o s s i b l e  s o l u t i o n s  c o n t i n u o u s l y  a d v a n c e ,  w h i l s t  
exogenous  p r e s s u r e s  o p e r a t e  a t  a l l  t i m e s  t o  modi fy  t h e  
e n v i r o n m e n t ,  t h e  problem a n d  s o l u t i o n  t e c h n o l o g y  s t i l l  
f u r t h e r .  

Now t h e  a c c e p t a b i l i t y  o f  a n  E- type program r e l a t e s  t o  
s a t i s f a c t i o n  i n  usage a n d  i t  f o l l o w s  t h a t  t h e  l e v e l  o f  
s a t i s f a c t i o n  w i l l  change  w i t h  t i m e .  The r e a l  t e s t  o f  
s a t i s f a c t i o n  o c c u r s  after installation, o n  t h e  b a s i s  of  
sy s t em u s a b i l i t y ,  p e r f o r m a n c e  and  a d a p t a b i l i t y .  But  
s a t i s f a c t i o n  of i n i t i a l  s p e c i f i c a t i o n s  i s ,  a t  m o s t ,  r e l e v a n t  
f o r  a  l i m i t e d  p e r i o d  whose d u r a t i o n  w i l l  d epend  o n  t h e  
f o r e s i g h t  o f  t h e  d e s i g n  team a n d  t h e  r a t e  o f  change  i n  t h e  
o p e r a t i o n a l  e n v i r o n m e n t .  C i e a r l y  , a s p e c i f i c a t i o n  t h a t  
d e f i n e s  t h e  ultimate E- t y p e  s y s t e m  c a n n o t  be c o n c e i v e d .  

1 .3  E v o l u t i o n a r y  T r a i  t s  

E-program c o r r e c t n e s s  i s  d e t e r m i n e d  by u s e r - s a t i s f a c t i o n  
r a t h e r  t h a n  by e q u i v a l e n c e  t o  a  s p e c i f i c a t i o n .  I f  i t  c a n  be 
d e m o n s t r a t e d  e q u i v a l e n c e  i s ,  t h e r e f o r e ,  m e r e l y  a means  t o  a n  
end .  It i n d i c a t e s  a  h i g h  l i k e l i h o o d  of  i n i t i a l  s a t i s f a c t i o n .  
Con t inued  s a t i s f a c t i o n  demands c o n t i n u i n g  change .  The s y s t e m  
w i l l  h ave  t be a d a p t e d  t o  a c h a n g i n g  e n v i r o n m e n t ,  c h a n g i n g  
needs ,  d e v e l o p i n g  c o n c e p t s  a n d  a d v a n c i n g  t e c h n o l o g i e s .  The 
a p p l i c a t i o n  a n d  t h e  s y s t e m  s h o u l d  e v o l v e .  The human e f f o r t  
t o  a c h i e v e  t h i s  may, however ,  be w i t h e l d .  Thus e i t h e r  t h e  
sy s t em e v o l v e s  o r  i t s  e f f e c t i v e n e s s  and  t h a t  o f  t h e  
a p p l i c a t i o n  i t  s u p p o r t s  w i l l ,  i n e v i t a b l y ,  d e c l i n e  [LEH74 - 
f i r s t  l a w ] .  

A s  a  s y s t e m  e v o l v e s  i t s  c o m p l e x i t y  i n c r e a s e s  u n l e s s  s p e c i f i c  
c o m p l e x i t y- c o n t r o l  e f f o r t  i s  a p p l i e d  [LEH74 - s e c o n d  l a w ] .  
Complexi ty  g rowth  o c c u r s  b e c a u s e  m a n a g e r i a l  g u i d e l i n e s  se ldom 
i n c l u d e  i t s  c o n t r o l  a s  a n  o b j e c t i v e .  I n s t e a d  t h e y  t e n d  t o  
f o c u s  o n  d e a d l i n e s  a n d  o n  t h e  c o s t - e f f e c t i v e n e s s  o f  t h e  locat 
p r o c e s s  o r  of t h e  r e s u l t a n t  s y s t e m .  No r e a l  cost i s  a t t a c h e d  
t o  s t r u c t u r a l  d e t e r i o r a t i o n  f o r  which  t h e  p e n a l t y  l i e s  i n  t h e  
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f u t u r e .  Complex i t y  g r o w t h  i s  t h e r e f o r e  i n  p a r t  a  consequence  
o f  w e a k n e s s e s  i n  c u r r e n t  p rocess- management  p r a c t i c e .  
Advances i n  t h e  p r o c e s s  a n d  i n  process- management  c a n  
overcome t h i s .  

When, however ,  s y s t e m  change  r e f l e c t s  e x t e n s i o n  o f  a n  
a p p l i c a t i o n ,  i t  g e n e r a l l y  i m p l i e s  a n  i n c r e a s e  i n  t h e  
c o m p l e x i t y  o f  what i s  be ing  done [BEN82]. It l e a d s ,  
i n e v i t a b l y ,  t o  i n c r e a s e d  s y s t e m  c o m p l e x i t y ;  t hough  s u c h  
i n c r e a s e  may be  h i d d e n  by t h e  u s e  o f  h i g h e r  l e v e l  ( i n t e r n a l l y  
more complex )  p r i m i t i v e s ,  VLSI componen t s  f o r  example .  

The p r e c e d i n g  p a r a g r a p h s  h a v e  d e s c r i b e d  e v o l u t i o n  a s  a  
phenomenon o f  f u n c t i o n a l  and c o m p l e x i t y  g r o w t h .  C u r r e n t  
p rogramming p r a c t i c e  a c t u a l l y  eccploi ts  e v o l u t i o n  t o  a c h i e v e  
s a t i s f a c t o r y  l e v e l s  o f  s y s t e m  a t t r i b u t e s .  C o r r e c t n e s s ,  
r e l i a b i l i t y ,  p e r f o r m a n c e ,  c a p a c i t y  a r e  a l l  a c h i e v e d  
i t e r a t i v e l y .  To t h e  e x t e n t  t h a t  t h e i r  improvement  r e f l e c t s  
d e v e l o p i n g  human p e r c e p t i o n  a n d  a m b i t i o n  t r i g g e r e d  by u s e  o f  
t h e  s y s t e m  o r  by c h a n g e  i n  t h e  o p e r a t i o n a l  e n v i r o n m e n t ,  
e v o l u t i o n a r y  deve lopmen t  i s  i n e s c a p a b l e .  The l a c k  o f  
a d e q u a t e  d e v e l o p m e n t  t e c h n o l o g y ,  s u p p o r t i n g  e n g i n e e r i n g  
s c i e n c e  a n d  o f  e v a l u a t i o n  c a l c u l i  i s ,  h o ~ e v e r ,  a  s t r o n g  
c o n t r i b u t i n g  f a c t o r ;  i n  f a c t  t h e  u l t i m a t e  c a u s e .  The 
knowledge ,  u n d e r s t a n d i n g  and  t e c h n i q u e s  t o  p e r m i t  a b  i n i t i o  
d e s i g n  and  c o n s t r u c t i o n  o f  a  s y s t e m  w i t h ,  a t  l e a s t ,  a n  
i n i t i a l l y  s a t i s f a c t o r y  l e v e l  o f  a l l  a t t r i b u t e s ,  s i m p l y  d o  n o t  
e x i s t .  T h e i r  d e v e l o p m e n t ,  t h e  emergence  o f  a  s o f t w a r e  
e n g i n e e r i n g  d i s c i p l i n e ,  c o u l d  s i g n i f i c a n t l y  r e d u c e  r e l i a n c e  
o n  i t e r a t i v e  e v o l u t i o n  o f  s u c h  f u n c t i o n  a n d  q u a l i t y  f a c t o r s .  

No te  t h a t  o n c e  t h e  e s s e n t i a l  e v o l u t i o n a r y  n a t u r e  o f  s o f t w a r e  
i s  a p p r e c i a t e d  one  need  n o t ,  i n d e e d  s h o u l d  n o t ,  d i s t i n g u i s h  
be tween  i n i t i a l  development o f  a  s y s t e m  and  i t s  s u b s e q u e n t  
enhancement  o r  e x t e n s i o n  i n  a  maintenance p r o c e s s .  S o f t w a r e  
d o e s  n o t ,  o f  i t s e l f ,  d e t e r i o r a t e  and  s o  need  n o t  be 
' m a i n t a i n e d '  i n  t h e  t r a d i t i o n a l  e n g i n e e r i n g  s e n s e .  A t  m o s t ,  
a s y s t e m  i s  s e e n  a s  no l o n g e r  a c h i e v i n g  i t s  f u l l ,  p e r h a p s  
newly r e c o g n i s e d ,  p o t e n t i a l .  Whe the r  o n e  b e g i n s  w i t h  a n  
a p p l i c a t i o n  c o n c e p t  o r  w i t h  a n  e x i s t i n g  s y s t e m ,  a l l  work 
u n d e r t a k e n  t o  p r o d u c e  a s y s t e m  w i t h  more ,  l e s s  o r  d i f f e r e n t  
a t t r i b u t e s  o r  c h a r a c t e r i s t i c s ,  c o n s t i t u t e s  e v o l u t i o n a r y  
deve lopmen t .  The t e rm  maintenance i s ,  t h e r e f o r e ,  
i n a p p r o p r i a t e  i n  t h e  c o n t e x t  o f  s o f t w a r e .  Use o f  t h e  t e rm  
s h o u l d  be  a b a n d o n e d ;  r e p l a c e d  by e v o l u t i o n .  
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1 . 4  P r o c e s s  Dependant  a n d  I n t r i n s i c  E v o l u t i o n  

The above  summary o f  some a s p e c t s  o f  p rogram e v o l u t i o n  
s u g g e s t s  t h a t  i t  i s ,  i n  p a r t ,  a  c o n s e q u e n c e  o f  t h e  process o f  
programming.  Thus i t s  r a t e  may p e r h a p s  be r e d u c e d  t h r o u g h  
t h e  deve lopmen t  a n d  a p p l i c a t i o n  o f  more  a d v a n c e d  d e s i g n  a n d  
i m p l e m e n t a t i o n  t e c h n o l o g i e s .  S i g n i f i c a n t  e v o l u t i o n a r y  
p r e s s u r e  a l s o  a r i s e s ,  howeve r ,  f r om t h e  v e r y  n a t u r e  o f  
compu te r  a p p l i c a t i o n  a n d  t h e r e f o r e  o f  c o m p u t i n g  s y s t e m s  a n d  
programs [LEHgOb]. Intrinsic e v o l u t i o n  m u s t  be a c c e p t e d  a s  a 
f a c t  o f  l i f e .  

With c u r r e n t  p r a c t i c e ,  a n  a v e r a g e  o f  a b o u t  70% o f  t h e  l i f e -  
t i m e  e x p e n d i t u r e  o n  a  program i s  i n c u r r e d  a f t e r  i n i t i a l  
i n t a l l a t i o n .  The m a i n  c o s t  o f  a  prograrn i s  n o t  i n c u r r e d  i n  
i t s  c r e a t i o n  b u t  i n  i t s  s u b s e q u e n t  e v o l u t i o n .  To a c h i e v e  a n  
a p p r o p r i a t e  b a l a n c e  be tween  i n i t i a l  p r o d u c t  q u a l i t y ,  
c o n t i n u i n g  s a t i s f a c t i o n  a n d  some d e s i r e d  l i f e - t i m e  
e x p e n d i t u r e  d i s t r i b u t i o n ,  r e q u i r e s  improved  u n d e r s t a n d i n g  o f  
b o t h  i n t r i n s i c  a n d  p r o c e s s  d e p e n d e n t  modes o f  e v o l u t i o n ;  t h a t  
i s ,  a c l e a r e r  i n s i g h t  i n t o  t h e  b a s i c  n a t u r e  a n d  dynamics  o f  
t h e  a c t  o f  c r e a t i o n  o f  a  c o m p u t i n g  a p p l i c a t i o n  t h r o u g h  t h e  
deve lopmen t  or modification o f  sy s t em c o n s t i t u e n t s .  The 
r e m a i n d e r  o f  t h i s  p a p e r  a n a l y s e s  t h e  e v o l u t i o n  p r o c e s s e s  t o  
l a y  t h e  f o u n d a t i o n s  f o r  t h e  s y s t e m a t i c  deve lopmen t  o f  a  
s y s t e m a t i c  a p p l i c a t i o n  a n d  program d e v e l o p n e n t  p r o c e s s ;  t h e  
software technology process. 

It s h o u l d  be s t r e s s e d  t h a t  t h e  a n a l y s i s  t o  f o l l o w  i s  a s  
r e l e v a n t  t o  VLSI ' h a r d w a r e '  as  i t  i s  t o  s o f t w a r e .  A s  e l e m e n t  
numbers p e r  c h i p  i n c r e a s e ,  t h e  l a t t e r  w i l l  d i s p l a y  a l l  t h e  
c h a r a c t e r i s t i c s  o f  c o m p l e x i t y ,  i n v i s i b i l i t y ,  e v o l u t i o n  a n d  
u n c e r t a i n t y  t h a t  h a v e  p l a g u e d  s o f t w a r e  f o r  o v e r  two d e c a d e s .  
The r e s u l t a n t  p r o b l e m s  a d d ,  o f  c o u r s e ,  t o  t h o s e  a r i s i n g  f r o m  
t h e  t e c h n o 1  ogy i t s e l f .  Moreove r ,  a s  t h e  m a n u f a c t u r i n g  
p r o c e s s  becomes a u t o m a t e d ,  c h i p  f u n c t i o n a l i t y  w i l l  be d e f i n e d  
by i t s  f o r m a l  i n p u t s  a s  t r a n s f o r m e d  by t h a t  p r o c e s s .  It may 
e v e n  be  a  d e s i g n  o p t i o n  w h e t h e r  a  c h i p  f u n c t i o n a l -  
s p e c i f i c a t i o n  i s  u s e d  t o  c o n t r o l  a  m a n u f a c t u r i n g  p r o c e s s  o r  
a s  s o u r c e  c o d e  f o r  a  p r o g r m  s u b s e q u e n t l y  t o  be s t o r e d  i n  a n d  
e x e c u t e d  by a  s i m p l e r  c h i p .  VLSI a n d  s o f t w a r e  t e c h n o l o g i e s  
c a n ,  t h e r e f o r e ,  be  e x p e c t e d  t o  h a v e  much i n  common. Thus i n  
t h e  r e m a i n d e r  o f  t h i s  p a p e r  ' p r o g r a m f  i s  t o  be i n t e r p r e t e d  a s  
i n c l u d i n g  b o t h  s o f t  a n d  VLSI i m p l e m e n t a t i o n s .  
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2 Systems E v o l u t i o n  

It i s  a  t r u i s m  t o  a s s e r t  t h a t  a l l  n a t u r a l  and a r t i f i c i a l  
[SIM691 sys tems  e v o l v e .  It  may t h e r e f o r e  be a s k e d  why t h e  
dynamics o f  program e v o l u t i o n  ( a s  d i s t i n c t  from i t s  
mechan ics )  s h o u l d  p r o v e  o f  i n t e r e s t  when s i m i l a r  c o n c e r n  h a s  
not  deve loped  t o  any s i g n i f i c a n t  d e g r e e  i n  t h e  s t u d y  o f  o t h e r  
sys t ems .  The answer  t o  t h i s  q u e s t i o n  i s  bo th  s i m p l e  and 
r e v e a l i n g .  

The t ime  s c a l e  o v e r  which n a t u r a l  sys tems  e v o l v e  i s  such t h a t  
s i g n i f i c a n t  change i s  o b s e r v a b l e  o n l y  ove r  many human 
g e n e r a t i o n s .  The n a t u r a l  s c i e n t i s t  c a n n o t ,  t h e r e f o r e ,  
o b s e r v e  change and development  a s  it o c c u r s .  He o p e r a t e s  a s  
a n  a r c h a e o l o g i s t  and h i s t o r i a n ,  deduc ing  t h e  occurance ,  
mechan ics  and n a t u r e  o f  e v o l u t i o n  from s t a t i c  r e m a i n s ,  r e l i c s  
and r e c o r d s  o f  p a s t  e v e n t s .  

A r t i f i c i a l  s y s t e m s  f a l l  i n t o  s e v e r a l  c l a s s e s  t h a t  v a r y  w i d e l y  
i n  t h e i r  c h a r a c t e r i s t i c s .  Cons ide r  f i r s t  socio-economic 
s y s t e m s  s u c h  a s  c i t i e s .  These t o o  e v o l v e .  N o t i c e a b l e  change 
may o c c u r  i n  a  m a t t e r  o f  months,  bu t  developments  t h a t  change 
t h e  s t r u c t u r e  and c h a r a c t e r  o f  a  c i t y  e x t e n d  o v e r  a  human 
g e n e r a t i o n  o r  more. The s o c i o l g i s t ,  by and  l a r g e ,  does  n o t  
m o n i t o r  c o n t i n u i n g  change and e v o l u t i o n .  He deduces  i t  by 
compar ing h i s  o b s e r v a t i o n s  w i t h  h i s t o r i c  r e c o r d s .  Because  
t h e  r a t e  o f  g l o b a l  change i s  r e l a t i v e l y  s low,  i t s  dynamics 
a r e  a t  most deduced,  no t  e x p e r i e n c e d .  

Engineer ing  a r t i f  a c t s  e v o l v e  more r a p i d l y .  The motor c a r  
and t h e  a e r o p l a n e ,  f o r  example,  have each  s e e n  e i g h t  t o  t e n  
g e n e r a t i o n s  i n  a s  many decades .  New models  i n c o r p o r a t i n g  
minor improvements a r e  r e l e a s e d  p e r i o d i c a l l y .  M o d i f i c a t i o n s  
may be i n t r o d u c e d  a t  any t ime  and even  r e t r o - f i t t e d  t o  
i n s t a n c e s  a l r e a d y  o p e r a t i o n a l .  But t h e  c o s t  o f  t o t a l  r e-  
d e s i g n  and r e - t o o l i n g  i s  s u c h  t h a t  a n  e s s e n t i a l l y  new sys tem 
o n l y  a p p e a r s  once  i n  t e n  y e a r s  o r  so .  Thus d u r i n g  h i s  c a r e e r  
t h e  a v e r a g e  a e r o n a u t i c a l  e n g i n e e r  w i l l ,  f o r  example,  be 
i n v o l v e d  w i t h  no more t h a n  t h r e e  o r  f o u r  g e n e r a t i o n s  o f  
a i r c r a f t .  And i f  h e  e x p e r i e n c e s  t h a t  many, he d o e s  s o  a s  
a p p r e n t i c e ,  a s  m a t u r e  e n g i n e e r  and a s  s e n i o r  manager 
r e s p e c t i v e l y ,  s ay .  H i s  v i e w p o i n t ,  i nvo lvement  and 
r e s p o n s i b i l i t y  i s  d i f f e r e n t  f o r  each  g e n e r a t i o n .  He 
e x p e r i e n c e s  and v iews  s u c c e s s i v e  g e n e r a t i o n s  a s  a  sequence  o f  
s t a t i c  i n s t a n c e s ,  a l b e i t  o f  e v e r  more advanced 
c h a r a c t e r i s t i c s .  
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F i n a l l y ,  c o n s i d e r  programs. These  c o n s t i t u t e  t h e  ' f r u i t  f l y 1  

o f  a r t i f i c i a l  s y s t e m s ,  u n d e r g o i n g  c o n t i n u i n g  c h a n g e  a n d  r a p i d  
e v o l u t i o n .  The r e a s o n s  a r e  m a n i f o l d  [LEH80b]. The f r e q u e n c y  
and  s p e e d  w i t h  w h i c h  p rog rams  a r e  e x e c u t e d ,  d r a w s  a l m o s t  
immed ia t e  a t t e n t i o n  t o  any  s h o r t c o m i n g s  o r  m i sma tch  and  t o  
d e v e l o p i n g  o r  e m e r g i n g  o p p o r t u n i t i e s .  T h i s  l e a d s  t o  a  
c o n s t a n t  s t r e a m  o f  p r o p o s a l s  f o r  e n h a n c e m e n t s .  T h a t  is,  
change  p r o p o s a l s  emerge  r a p i d l y  b e c a u s e  o f  t h e  i n t i m a t e  
c o u p l i n g  b e t w e e n  t h e  c o m p u t i n g  s y s t e m  i n  e x e c u t i o n ,  
o p e r a t i o n a l  p e r s o n n e l  a n d  t h e  a p p l i c a t i o n  e n v i r o n m e n t .  Once 
made,  p r o p o s a l s  f o r  c h a n g e  a r e  t o o  e a s i l y  a c c e p t e d  s i n c e  
t h e i r  i m p l e m e n t a t i o n  i n v o l v e s  l i t t l e  p h y s i c a l  e f f o r t .  The 
i n t e l l e c t u a l  e f f o r t  r e q u i r e d  i s ,  i n  g e n e r a l ,  u n d e r - e s t i m a t e d  
a nd  u n d e r- r a t e d .  It t a k e s  much b i t t e r  e x p e r i e n c e  t o  
d e m o n s t r a t e  t h e  c o s t  o f  t h e  e f f o r t  s u b s e q u e n t l y  r e q u i r e d  t o  
imp lemen t  t h e  a s s o c i a t e d  c h a n g e s .  

I n  p r a c t i c e  t h e r e f o r e ,  i t  h a s  become g e n e r a l l y  a c c e p t e d  t h a t  
s o f t w a r e  s y s t e m s  e v o l v e  t h r o u g h  t h e  r e l e a s e  o f  new v e r s i o n s  
a t  i n t e r v a l s  r a n g i n g  f rom l e s s  t h a n  o n e  month t o  some two 
y e a r s .  M i n i - r e l e a s e s  c o n t a i n i n g  c o r r e c t i o n s  a n d  m i n o r  
m o d i f i c a t i o n s  may a l s o  be  i n t e r s p e r s e d  b e t w e e n  t h e s e .  U s e r s ,  
s a l e s m e n ,  e x e c u t i v e s  a n d  d e v e l o p e r s  a r e  a l l  e x p o s e d  t o  t h e  
s t r e a m  o f  r e l e a s e s .  A t  e v e r y  s t a g e  o f  t h e i r  c a r e e r  t h e y  a r e  
a c t i v e l y  e x p o s e d  t o  a s e q u e n c e  o f  s y s t e m  r e l e a s e s .  They 
experience s y s t e m  e v o l u t i o n  as  a  dynamicprocess i n f l u e n c e d  
by a n d  i n  t u r n  i n f l u e n c i n g  t h e  e n v i r o n m e n t s  i n  wh ich  i t  
e x i s t s .  The Program Evolu t ion  Dynamics s t u d i e s  o f  t h e  l a s t  
t e n  y e a r s  h a v e  shown t h a t  t h e  d y n a m i c s  o f  t h a t  p r o c e s s  may be  
m o d e l l e d ;  t h e  models r e f l e c t i n g  t h e  d i s c i p l i n e  t h a t  u n d e r l i e s  
and r e g u l a t e s  human s o c i e t y  and t he  e f f o r t  t h a t  implements 
change. 

3 The C u r r e n t  Programming P r o c e s s  and  t h e  I d e a l  

The s o f t w a r e  e n g i n e e r i n g  and  programming p r o c e s s e s  a s  
c u r r e n t l y  p r a c t i c e d  h a v e  t h e m s e l v e s  e v o l v e d  o v e r  some t h r e e  
d e c a d e s .  A s  t h e  s t a t e  o f  t h e  a r t  i n  e l e c t r o n i c  c o m p u t i n g  
a d v a n c e d ,  m e t h o d s ,  t e c h n i q u e s  a n d  t o o l s  were c o n c e i v e d ,  
d e v e l o p e d ,  imp lemen ted  a n d  u s e d  t o  s o l v e  s p e c i f i c  p r o b l e m s  a s  
t h e s e  a r o s e  i n  s p e c i f i c  e n v i r o n m e n t s .  T o g e t h e r  t h e s e  form a n  
e v e r- g r o w i n g  s e t  o f  p r o c e s s  p r i m i t i v e s ,  f r om w h i c h  t o t a l  
p r o c e s s e s  h a v e  b e e n  c r e a t e d  by ad hoc a s s o c i a t i o n .  These  
s e r v e  t h e  n e e d s  o f  e a c h  i n d i v i d u a l  p r o d u c t i o n  e n v i r o n m e n t ;  
a d d i t i o n a l  e l e m e n t s  b e i n g  c r e a t e d  a s  n e c e s s a r y  t o  a c h i e v e  
l o c a l  e f f i c i e n c y ,  e f f e c t i v e n e s s  a n d  c o s t - e f f e c t i v e n e s s .  
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C u r r e n t  p rogramming p r o c e s s e s  d e v e l o p e d  d u r i n g  t h e  f o r m a t i v e  
y e a r s  o f  a  new t e c h n o l o g y .  They had  t h e r e f o r e  t o  b e  a s s e m b l e d  
by ad- hoc a s s o c i a t i o n  o f  s u c h  m e t h o d s ,  p r o c e d u r e s  and  t o o l s  
a s  we re  a v a i l a b l e  a t  any  g i v e n  t ime .  Such  bot tom- up 
deve lopmen t  i n e v i t a b l y  l e a d s ,  f o r  e x a m p l e ,  t o  p r o c e s s  
d i s c o n t i n u i t i e s  a n d  t o  l o c a l  r a t h e r  t h a n  g l o b a l  o p t i m i s a t i o n .  
Once a n  a d e q u a t e  p r i m i t i v e  s e t  o f  m e t h o d s ,  t e c h n i q u e s ,  
p r o c e d u r e s  and  t o o l s  e x i s t s ,  o n e  may, howeve r ,  d e s i g n  a  
p r o c e s s  top-down by d e c o m p o s i t i o n  and  s u c c e s s i v e  r e f i n e m e n t  
g u i d e d  by w h a t e v e r  c r i t e r i a  one  c h o o s e s  t o  a d o p t .  One may, 
f o r  examp le ,  t r y  t o  s y n t h e s i z e  a  p r o c e s s  u s i n g  o n l y  a v a i l a b l e  
p r i m i t i v e s .  A l t e r n a t i v e l y  one  may s e e k  t o  p r o d u c e  a n  i d e a l  
p r o c e s s  wh ich  i s  t h e n  a p p r o a c h e d  a s  c l o s e l y  a s  p o s s i b l e .  
P r i m i t i v e s  may h a v e  t o  be d e f i n e d  a n d  d e v e l o p e d  t o  f i t  n e e d s  
n o t  o t h e r w i s e  s a t i s f i a b l e ,  o r  t o  a c h i e v e  s i g n i f i c a n t  g a i n s  i n  
p r o d u c t  q u a l i t y  o r  i n  p r o c e s s  e f f e c t i v e n e s s  o r  
r e s p o n s i v e n e s s .  The l a t t e r  a p p r o a c h  h a s  b e e n  a d o p t e d  h e r e .  
The p a p e r  s e e k s  t o  i d e n t i f y  a n  i d e a l  p r o c e s s  t o  s e r v e  a s  a  
ba se  f rom wh ich  p r a c t i c a l  p r o c e s s e s  may s u b s e q u e n t l y  be 
c o n s t r u c  t e d .  

4 L e v e l s  o f  E v o l u t i o n  

4. I The Feedback  C o n t r o l l e d  E v o l u t i o n a r y  Sys tem 

It  h a s  been  a r g u e d  t h a t  c h a n g e s  i n  t h e  o p e r a t i o n a l  
e n v i r o n m e n t  c o n s t i t u t e  a  s i g n i f i c a n t  s o u r c e  o f  e v o l u t i o n a r y  
p r e s s u r e .  I n  p a r t  s u c h  c h a n g e s  a r e  due  t o  e v o l u t i o n  o f  t h e  
e n v i r o n m e n t  i t s e l f  i n  r e s p o n s e  t o  f o r c e s  u n r e l a t e d  t o  t h e  
a p p l i c a t i o n  a d d r e s s e d  by t h e  s y s t e m .  I n  p a r t  t h e y  a r e  due  t o  
e x p e r i e n c e  w i t h  sy s t em o p e r a t i o n  w h i c h ,  o f  i t s e l f ,  s u g g e s t s  
c o r r e c t i o n s  and  enhancemen t s  t o ,  o r  e n l a r g e m e n t  o f  t h e  s c o p e  
o f ,  t h e  a p p l i c a t i o n .  Tha t  is ,  i n s t a l l a t i o n  and  o p e r a t i o n  o f  
a  s y s t e m  m o d i f i e s  t h e  o p e r a t i o n a l  e n v i r o n m e n t .  E- type  
p rog rams ,  a s  t h e y  h a v e  b e e n  t e r m e d ,  t h e r e f o r e  i n c l u d e  a n  
i m p l i c i t  model  o f  t h e i r  own o p e r a t i o n .  They mus t  be d e s i g n e d  
from a  v i e w p o i n t  o f  t h e  a p p l i c a t i o n  u n i v e r s e  as i t  w i l l  b e  
when t h e  s y s t e m  i s  i n s t a l l e d .  The p r o c e s s  o f  s p e c i f y i n g  a n d  
d e s i g n i n g  them i s  e s s e n t i a l l y  p r e d i c t i v e .  It mus t  be b a s e d  
o n  f o r e s e e i n g  t h e  new p e r c e p t i o n s  o f  a p p l i c a t i o n  need a n d  
s y s t e m  p o t e n t i a l  t h a t  w i l l  d e v e l o p  a s  a  c o n s e q u e n c e  of  s y s t e m  
u s a g e .  However good  t h a t  f o r e s i g h t  i t  mus t  be i m p r e c i s e  
[LEH77 1 a n d  p r e s s u r e  f o r  c o r r e c t i v e  a d a p t a t i o n  w i l l  
i n e v i t a b l y  d e v e l o p .  

Computing s y s t e m s ,  howeve r ,  a r e  n o t  s e l f - a d a p t i v e .  S e l e c t i o n  
a n d  management o f  c h a n g e  i s  t h e  r e s p o n s i b i l i t y  o f  m a n a g e r s ,  
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who may w e l l  r e s i s t  p r e s s u r e s  and  o p p o r t u n i t i e s .  But i f  a  
s y s t e m  i s  n o t  a d a p t e d  t o  i t s  e v o l v i n g  c o n c e p t u a l  a n d  p h y s i c a l  
e n v i r o n m e n t  i t  becomes e v e r  l e s s  s a t i s f a c t o r y  i n  t h e  u s e r s '  
e y e s .  U l t i m a t e l y  i t  mus t  b e  abandoned  a n d  r e p l a c e d .  Thus 
w h e t h e r  change  i s  imp lemen ted  c o n t i n u o u s l y ,  by s u c c e s s i v e  
m o d i f i c a t i o n ,  change  upon change  upon c h a n g e ,  o r  w h e t h e r  i t  
i s  r e v o l u t i o n a r y ,  a n  o u t d a t e d  s y s t e m  b e i n g  e n t i r e l y  r e p l a c e d ,  
o r  w h e t h e r  t h e s e  modes a l t e r n a t e ,  t h e  s y s t e m  w i l l  e v o l v e  o n  
t h e  b a s i s  o f  f e e d b a c k  p r o v i d e d ,  f o r  examp le ,  by a c c u m u l a t e d  
l e a r n i n g  e x p e r i e n c e .  

The s y s t e m  c o m p r i s i n g  t h e  a p p l i c a t i o n  and  c o m p u t i n g  s y s t e m s  
i n  t h e i r  o p e r a t i o n a l  a n d  s y s t e m- i m p l e m e n t a t i o n  e n v i r o n m e n t s  
c o n s t i t u t e s  a  m u l t i - l o o p  f e e d b a c k  s y s t e m  w i t h  b o t h  change  
r e i n f o r c i n g  ( p o s i t i v e )  a n d  change  o p p o s i n g  ( n e g a t i v e )  
f e e d b a c k  p a t h s .  A t  w o r s t ,  t h e  f e e d b a c k  l e a d s  t o  i n s t a b i l i t y ;  
a l w a y s  t o  c o n t i n u i n g  p r e s s u r e f o r  change .  The r a t e  of  
e v o l u t i o n ,  e v e n  t hough  s u b j e c t  t o  management d e c i s i o n ,  w i l l  
depend  o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  f e e d b a c k  p a t h s .  \*Ji th 
c u r r e n t  p r a c t i c e ,  f o u r  m a j o r  p a t h s  a n d  h e n c e  f o u r  l e v e l s  o f  
e v o l u t i o n  may b e  i d e n t i f i e d .  It w i l l  be shown t h a t ,  o f  
t h e s e ,  t h e  two h i g h e r  l e v e l s  ( s l o w e L ,  r a t e s )  a r e  l a r g e l y  
i n t r i n s i c  a n d  u n a v o i d a b l e ,  t hough  e f f e c t i v e  p r o g n o s i s  a n d  
p r e d i c t i o n  c a n  r e d u c e  t h e  r a t e  of  c h a n g e .  The two l o w e r  
l e v e l s  a r e  l a r g e l y  p r o c e s s  J e p e n d e n t .  The deve lopmen t  o f  
improved ,  s y s t e m a t i c ,  s o f t w a r e  e n g i n e e r i n g  p r a c t i c e s  b a s e d  o n  
f u l l  u n d e r s t a n d i n g  o f  why a n d  how compu t ing  a p p l i c a t i o n s  a n d  
s o f t w a r e  e v o l v e ,  c a n  m i n i m i s e  t h e  e v o l u t i o n a r y  e l e m e n t .  

4 . 2  E v o l u t i o n  Over G e n e r a t i o n s  

The h i g h e s t  o f  t h e  f o u r  f s e d b a c k  l e v e l s ,  t h a t  c u r r e n t l y  d r i v e  
program evolution, a r i s e t  f r c m  p r e s s u r e s  t h a t  r e f l e c t  c h a n g e s  
i n  t h e  o p e r a t i o n a l  anu  t e c ~ l n o l o g i c a l  e n v i r o n m e n t .  The 
mechanism i s  s i m i l a r  t o  t h a t  wh ich  d r i v e s  t h e  e v o l u t i o n  o f  
s c c i o - e c o n o m i c  s y s t e m s  a n d  e n g i n e e r i n g  a r t i f a c t s .  A s  
s u g g e s t e d  i.n s e c t i o n  2 t h e s e  e v o l v e  a t  a  r a t e  e x p r e s s a b l e  i n  
t e r m s  o f  d e c a d e s  o r  human g e n e r a t i o n s .  The i n c r e a s i n g  u s e  o f  
c o m p u t e r s  may t e n d  t o  a c c e 1 e r a t . e  t h e  p r o c e s s ,  b u t  w i l l  be 
c o u n t e r b a l a n c e d  by an  i n c r e a s i n g  need  f o r  s t a b i l i t y  and  
i n c r e a s i n g  s y s t e m  m a l l e a b i l i t y .  R e l e v a n t  t i m e  s c a l e s  a r e  
t h e r e f o r e  u n l i k e l y  t o  change  d r a m a t i c a l l y .  Sys tem l i f e - t i m e  
w i l l  c o n t i n u e  t o  s p a n  t e n  t o  t w e n t y  y e a r s .  

A s  i n d i c a t e d  i n  s e c t i o n  2 ,  e v o l u t i o n  o f  a  s y s t e m  o v e r  
s u c c e s s i v e  g e n e r a t i o n s  a l s o  c o v e r s  s u c c e s s i v e  g e n e r a t i o n s  o f  
t h e  p e r s o n n e l  a s s o c i a t e d  w i t h  t h a t  s y s t e m .  The i n d i v i d u a l  
t h u s  e x p e r i e n c e s  e v o l u t i o n  a s  a  s t a t i c  phenomenon 
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r e c o g n i s a b l e  f r o m  s e p a r a t e  i n s t a n c e s  o f  t h e  s y s t e m .  Its 
d y n a m i c s  a r e  o n l y  o b s e r v a b l e  by t h e  h i s t o r i a n .  The i m p a c t  o f  
t h i s  mode o f  e v o l u t i o n  o n  p r o c e s s  t e c h n o l o g y  i s  t h e r e f o r e  
m i  n i m a l  . 
4 .3  E v o l u t i o n  T h r o u g h  S u c c e s s i v e  R e l e a s e s  

D u r i n g  t h e  l i fe- t ime o f  e a c h  g e n e r a t i o n ,  t h e  p r o g r a m  p e t e a s e ,  
a t  p r e s e n t ,  p r o v i d e s  a  m e c h a n i s m  f o r  t h e  c o n t r o l l e d  
i m p l e m e n t a t i o n  o f  c h a n g e s  a n d  t h e i r  t r a n s m i s s i o n  t o  many 
u s e r s .  T h a t  m e c h a n i s m  h a s  b e e n  e v o l v e d  a n d  r e f i n e d  t o  a  f o r m  
p e c u l i a r  t o  t h e  s o f t w a r e  i n d u s t r y .  Its s p e c i a l  n a t u r e  i s  d u e  
t o  t h e  f a c t  t h a t  s o f t w a r e  r e q u i r e s  i n t e l l e c t u a l ,  r a t h e r  t h a n  
p h y s i c a l ,  e f f o r t  t o  c h a n g e .  S o f t w a r e  r e l e a s e s  a r e  t h e r e f o r e  
c r e a t e d  by m o d i f i c a t i o n  a n d  c h a n g e  t o  t h e  i m p l e m e n t a t i o n  
i t s e l f ,  t h a t  i s  t h e  c o d e  a n d  t h e  d o c u m e n t a t i o n ,  r a t h e r  t h a n  
by t h e  c r e a t i o n  o f  new i n s t a n c e s  a s  i s  t h e  c a s e  f o r  o t h e r  
a r t i f i c i a l  s y s t e m s .  A r e l e a s e  may c o n s i s t  o f  a  s i n g l e  c h a n g e  
o r  o f  a  number o f  u n r e l a t e d  c o r r e c t i o n s ,  e n h a n c e m e n t s  a n d  
a d d i t i o n s .  W h a t e v e r  t h e  m i x ,  o b s e r v a t i o n  s u g g e s t s  t h a t  t h e  
a v e r a g e  work  c o n t e n t  o f  a  s e q u e n c e  o f  r e l e a s e s ,  s t a b i l i s e s  t o  
a  c o n s t a n t  l e v e l .  T h i s  c o n s e q u e n c e  o f  t h e  f e e d b a c k  n a t u r e  o f  
s y s t e m  e v o l u t i o n  i s  l i n k e d  t o  t h e  e f f o r t  r e q u i r e d  f o r  each 
i n v o l v e d  i n d i v i d u a l  t o  r e g a i n  a n d  r e t a i n  f a m i l i a r i t y  w i t h  t h e  
s y s t e m  [LEH80a - f i f t h  l a w ] .  

When s e t t i n g  r e l e a s e  c o n t e n t  a n d  i n t e r v a l  o b j e c t i v e s ,  
m a n a g e r s  c a n  a p p l y  a 1  t e r n a t i v e  s t r a t e g i e s  CLEH80bI. B u t  
i n c r e a s i n g  s o c i e t a l  d e p e n d e n c e  o n  c o m p u t e r s  i m p 1  i e s  a  n e e d  
f o r  f a s t  r e s p o n s e  t o  e r r o r  r e p o r t s  a n d  d e s i g n  d e f i c i e n c i e s .  
I n  t h e  e a r l y  o p e r a t i o n a l  l i f e  o f  a  s y s t e m ,  r e l e a s e  i n t e r v a l s  
o f  o r d e r  o n e  month  a r e  common. A s  t h e  s y s t e m  a g e s ,  
c o m p l e x i t y  a n d  c o m p l e x i t y  c o n t r o l  e f f o r t  i n c r e a s e  a n d  w i t h  
a v e r a g e  r e l e a s e  c o n t e n t  c o n s t a n t ,  t h e  r e l e a s e  i n t e r v a l  
e v e n t u a l l y  s t r e t c h e s  t o  two  o r  t h r e e  y e a r s .  The d e t e r m i n a n t s  
i n c l u d e  t h e  w o r k  t o  b e  a c h i e v e d ,  u s e r  r e s i s t a n c e  t o  
i n s t a l l a t i o n  o f  a  new s y s t e m  and  d e l a y s  i n  t h e i r  m a s t e r i n g  
a n d  a p p r a i s i n g  i t s  new c h a r a c t e r i s t i c s .  I n  a n y  e v e n t ,  t h e  
l o o p - d e l a y  i n  r e l e a s e - b a s e d  e v o l u t i o n  i s  c o n v e n i e n t l y  
e x p r e s s e d  i n  m o n t h s .  

T h i s  s e c o n d  l e v e l  o f  t h e  c u r r e n t  modes  o f  e v o l u t i o n  h a s  b e e n  
e x t e n s i v e l y  s t u d i e d ,  m e a s u r e d  a n d  m o d e l l e d  [LEH80b]. It i s  
n o t  f u r t h e r  c o n s i d e r e d  i n  t h e  p r e s e n t  p a p e r .  
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4 4 Decimal  o r  S u b - r e l e a s e s  

S u b - r e l e a s e s  a r e  some t imes  i n t e r p o s e d  be tween  m a i n  r e l e a s e s  
t o  a c h i e v e  f a s t  r e s p o n s e  f o r  t h e  f i x i n g  o f  m i n o r  f a u l t s  o r  
b l e m i s h e s  o r  t o  p r o v i d e  u r g e n t l y  d e s i r e d  e n h a n c e m e n t s .  T h i s  
p r a c t i c e  h a s  some i m p a c t  o n  t h e  e v o l u t i o n  dynamics  o f  t h e  
s y s t e m  t o  wh ich  i t  i s  a p p l i e d  and  t o  t h e  p a r a m e t e r s  o f  t h e  
r e s u l t a n t  p r o c e s s .  The l a t t e r  i s ,  howeve r ,  n o t  q u a l i t a t i v e l y  
d i f f e r e n t  t o  one  i n  wh ich  r e l e a s e s  o f  t h i s  c a t e g o r y  a r e  n o t  
u s e d .  Nor i s  a s u b - r e l e a s e  s e q u e n c e  e v e r  l o n g  enough t o  
d e f i n e  a n  e v o l u t i o n a r y  l e v e l .  S u b - r e l e a s e s  may t h e r e f o r e ,  i n  
g e n e r a l ,  be t r e a t e d  a s  p a r t  o f  t h e  r e l e a s e  p r o c e s s .  

4 .5  Deve lopmen ta l  E v o l u t i o n  

4 . 5 . 1  Tne I d e a l  P r o c e s s  

C o n s i d e r  t h e  Process whereby  a n  i s o l a t e d  c h a n g e ,  a  s u b-  
r e l e a s e  o r  e v e n  t h e  r e l e a s e  o f  a  c o m p l e t e l y  new v e r s i o n  i s  
t a k e n  f rom c o n c e p t i o n  t o  e v e n t u a l  o p e r a t i o n .  P r e s e n t  
i n d u s t r i a l  p r a c t i c e  i s  t h e  ou tcome o f  ad hoe e v o l u t i o n  d r i v e n  
by e x p a n d i n g  demand f o r  compu te r  a p p l i c a t i o n s ,  and  f o r  t h e  
p rog ra ms  t o  imp lemen t  them. Its l i m i t a t i o n s  p r o v i d e  t h e  
m o t i v a t i o n  a n d  j u s t i f i c a t i o n  f o r  s e e k i n g  t o  u n i f y  and  a d v a n c e  
s o f t w a r e  t e c h n o l o g y  s o  a s  t o  a c h i e v e  a n  e c o n o m i c a l  p r o c e s s  
t h a t  c a n  be pkmned and  controZZed. 

A t  i n i t i a t i o n  o f  a n  E- type  deve lopmen t  p r o j e c t ,  t h e  p i c t u r e  
o f  what i s  t o  b e  a c h i e v e d  a n d  how, i s ,  a t  b e s t ,  f u z z y .  
S p e c i f i c a t i o n  a n d  d e s i g n  e v o l v e  i t e r a t i v e l y  a s  a  c o n s e q u e n c e  
o f  f e e d b a c k  v i a  v a r i o u s  p a t h s .  The l a t t e r  a r e  o f t e n  a d  h o c  
and  p o o r l y  d e f i n e d ,  making  a n a l y s i s  d i f f i c u l t  i f  n o t  
i m p o s s i b l e .  To be  amenab l e  t o  a n a l y s i s ,  t h e  p r o c e s s  s h o u l d  
have  w e l l  d e f i n e d  s t r u c t u r e .  T h i s  may be o b t a i n e d  by f i r s t  
i d e n t i f y i n g  a n  Ideal p r o c e s s ;  a c o n t i g u o u s  a n d  c o h e r e n t ,  non- 
i t e r s t i v e ,  s e q u e n c e  o f  o r t h o g o n a l  s u b- p r o c e s s e s ,  a s e t  o f  
sub-  t r a n s f  o m a t i o n s ,  n e c e s s a r y  a n d  s u f f i c i e n t  f o r  t h e  
t r a n s f o r m a t i o n  o f  a  compu te r  a p p l i c a t i o n  c o n c e p t  i n t o  a n  
o p e r a t i o n a l  s y s t e m .  An a n a l y s i s  i n  t e r m s  o f  c u r r e n t  p r o c e s s  
c o n c e p t s ,  e x e m p l i f i e d  by f i g u r e  2 a ,  t h a t  y i e l d s  s u c h  a  
p r o c e s s ,  h a s  b e e n  g i v e n  e l s e w h e r e  [LEH8la ,b ] .  The t i m e  
r e q u i r e d  f o r  e a c h  o f  t h e  a c t i v i t i e s  i n d i c a t e d  w i l l  t y p i c a l l y  
be  i n  t h e  o r d e r  o f  weeks  a n d  t h e  p r o c e s s  i s  t h i r d  i n  t h e  
schema p r o p o s e d  i n  s e c t i o n  2 . 1 .  

The programming p r o c e s s ,  i l l u s t r a t e d  by f i g u r e  2 a ,  i s  
e x p r e s s e d  i n  t e r m s  o f  a c t i v i t i e s  t h a t  a r e  w i d e l y  r e c o g n i s e d  
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a n d  p u r s u e d  i n  t h e  c u r r e n t  i n d u s t r i a l  p r o c e s s .  More 
g e n e r a l l y ,  one  s h o u l d  v iew t h e  p r o c e s s  a s  a  s e q u e n c e  o f  
l i n g u i s t i c  t r a n s f o r m a t i o n s  [TUR82] w i t h  e a c h  model  a  
r e p r e s e n t a t i o n  o f  b o t h  t h e  p rob l em t o  be s o l v e d  a n d  o f  t h e  
sy s t em t o  be c o n s t r u c t e d .  T h i s  i s  i l l u s t r a t e d  by f i g u r e  2b .  

From e i t h e r  v i e w p o i n t  ( 2 . 1  ) t h e  p r o c e s s  may be d e s c r i b e d  a s  
t h e  t r a n ~ f ~ ~ m a t i ~ n  o f  a  compu te r  a p p l i c a t i o n  Concept i n t o  a n  
operational system a n d  i t s  c o n t i n u i n g  adaptation t o  e v o l u t i o n  
o f  t h e  o p e r a t i o n a l  e n v i r o n m e n t .  T h i s  t r a n s f o r m a t i o n  i s  
complex.  To a c h i e v e  a  p r a c t i c a l  p r o c e s s  i t  mus t  be decomposed 
i n t o  a  s e r i e s  o f  s u b - t r a n s f o r m a t i o n s .  These  d e f i n e  a  
s t r u c t u r e  o f  s u b - p r o c e s s e s ,  e x e c u t i o n  o f  wh ich  d e f i n e s  a  
s y s t e m  i m p l e m e n t i n g  t h e  a p p l i c a t i o n  c o n c e p t .  The s y s t e m  i s  
r e p r e s e n t e d  a s  'a model of a model of . . . . . . a model of a 
computer application concept in its operational environment'. 
Each o f  t h e  c o n s t i t u e n t  m o d e l s  r e p r e s e n t s  a n  a b s t r a c t i o n  o f  
b o t h  t h e  a p p l i c a t i o n  c o n c e p t  from w h i c h  i t  d e r i v e s  and o f  t h e  
s y s t e m  $0 which  i t  i s  a d v a n c i n g  by a  p r o c e s s  o f  r e i f i c a t i o n .  
The m o d e l s  a r e  double a b s t r a c t i o n s ,  a  f a c t  t h a t  h a s  i m p o r t a n t  
b e a r i n g  o n  t h e  c o n c e p t  o f  a  c o h e r e n t  s o f t w a r e  p r o c e s s  
s u p p o r t e d  by a n  i n t e g r a t e d  s u p p o r t  e n v i r o n m e n t .  

The a b o v e  r e f l e c t s  t h e  dynamic  v i e w  o f  t h e  p r o c e s s .  Its 
s t a t i c  c o u n t e r p a r t  r e g a r d s  e a c h  s t e p  o f  t h e  deve lopmen t  
p r o c e s s  a s  p r o d u c i n g  a  t h e o r y  f o r  wh ich  t h e  n e i g h b o u r i n g  
s t e p s  p r o v i d e  mode l s .  I n  p a r t i c u l a r ,  t h e  r e a l  w o r l d  a t  one  
e x t r e m e  and  t h e  o p e r a t i o n a l  s y s t e m  a t  t h e  o t h e r  a r e  e a c h  
m o d e l s  o f  t h e  t h e o r i e s  p r o v i d e d  by t h e  i n t e r m e d i a t e  s t e p s  
[TUR81]. 

Note  t h a t  t h e  te rm ' i d e a l '  must  be u n d e r s t o o d  i n  t h e  s e n s e  o f  
t h e  t h e r m o - d y n a m i c i s t ' s  ' i d e a l  c y c l e ' ,  i n  t h a t  i t  i s  b e l i e v e d  
n o t  t o  be a t t a i n a b l e  i n  p r a c t i c e .  Exogenous  change  i n  t h e  
o p e r a t i o n a l  e n v i r o n m e n t  a n d  t h e  c o n s e q u e n t  p r e s s u r e  f o r  
s o f t w a r e  a d a p t a t i o n  i s  e s s e n t i a l l y  unpredictable and  c a n n o t  
be accomoda t e d  w i t h o u t  i t e r a t i o n .  The f o l l o w i n g  s e c t i o n s  
w i l l  s u g g e s t  t h a t  i t e r a t i o n  i s  a l s o  i n e s c a p a b l e  i n  s p e c i f i c  
s o f t w a r e  deve lopmen t .  F o r  e x a m p l e ,  t o t a l  u n d e r s t a n d i n g  o f  a  
p rob l em and  c r e a t i v e  deve lopmen t  o f  t h e  b e s t ,  i n  some s e n s e ,  
d e s i g n  f o r  a  compu t ing- based  s o l u t i o n  c a n ,  i n  g e n e r a l ,  o n l y  
be a c h i e v e d  i t e r a t i v e l y  [LEH77]. A 1 i ; i e a r  p r o c e s s  w i t h  o n l y  
o r t h o g o n a l  a c t i v i t y  c a n p o t  b e  a c h i e v e d .  

2.1 (Eds) For more recent viewpoints see rLEH831, rLEH841, 
CPSP841, rPSP851. 
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4 .5 .2  I t e r a t i o n  

Even t h e  l i n e a r  i d e a l  p r o c e s s  s u g g e s t e d  by f i g u r e s  2 i s  n o t  
un ique .  Any o r t h o g o n a l  s e t  of  s t e p s  t h a t  t o g e t h e r  c o v e r  t h e  
n e c e s s a r y  and s u f f i c i e n t  a c t i v i t y  r e q u i r e d  t o  produce  t h e  
t a r g e t  sys t em s e r v e s  t h e  same p u r p o s e .  Bu t  t h e  s e q u e n t i a l  
p r o c e s s  i s  a n  i d e a l i s a t i o n  t h a t ,  i n  p r a c t i c e ,  c a n n o t  a c t u a l l y  
be a c h i e v e d .  Thus t h e  d e t a i l e d  r o l e  of  e a c h  s t e p  i s  n o t  
s i g n i f i c a n t .  It i s  t h e  s t r u c t u r e  t h a t  p r o v i d e s  t h e  s t a r t i n g  
p o i n t  f o r  t h e  development  of  a  p r a c t i c a l  p r o c e s s .  

The d e s i r e  f o r  a  programming p r o c e s s  t h a t  i s  l i n e a r  i s  n o t  
new. Such a n  o b j e c t i v e  h a s  been  i m p l i c i t  i n  t h e  s e a r c h  s i n c e  
programmed compu te r s  were  f i r s t  i n v e n t e d  f o r  improved 
programming methods .  The development  o f  h i g h- l e v e l  
l a n g u a g e s ,  f o r  example ,  c o u l d  be i n t e r p r e t e d  i n  t h o s e  t e rms .  
The t r e n d  t o w a r d s  f o r m a l  s p e c i f i c a t i o n  and  t h e  s e a r c h  f o r  
t e c h n i q u e s  t h a t  a u t o m a t e  t h e  t r a n s f o r m a t i o n  r e q u i r e d  t o  
c o n v e r t  a  program s p e c i f i c a t i o n  i n t o  a n  o p e r a t i o n a l  p r o g r a n  
[DART9 1 ,  [KOW79] c o n t a i n s  s i m i l a r  i m p l i c i t  o b j e c t i v e s .  

The s p e c i f i c a t i o n  o f  any  sys t em embedded i n  a n  a p p l i c a t i o n  
env i ronmen t  i s ,  however ,  i n h e r e n t l y  i n c o m p l e t e .  A l i n e a r  
p r o c e s s  w i t h o u t  e v a l u a t i o n  based  human d e c i s i o n  i s ,  t h u s  a t  
b e s t ,  o n l y  p o s s i b l e  when t h e  stTUctUTa2 mode2 h a s  been  
d e f i n e d ;  t h a t  i s ,  when t h e  e v o l v i n g  E- type d e s i g n  h a s  been  
decomposed i n t o  a  s t r u c t u r e  of  S- type  e l e m e n t s .  It h a s  been  
h y p o t h e s i s e d  t h a t  t h e  l a t t e r  d e c o m p o s i t i o n  i s  a lways  p o s s i b l e  
[LEHaOb]; i n  f a c t  a  programmer s h o u l d  n e v e r  be r e q u i r e d  t o  
commence a  programming t a s k  u n t i l  e l e m e n t s  t o  be c r e a t e d  have  
been  f u l l y  s p e c i f i e d ,  N e v e r t h e l e s s ,  t h e  f a c t  t h a t  a  
s e l e c t i o n  mus t  be  made be tween m e a n i n g f u l  a l t e r n a t i v e s  
i n d i c a t e s  t h a t ,  t o  some e x t e n t  a t  l e a s t ,  i t e r a t i o n  must  be 
used .  I n  f a c t ,  w i t h  p r e s e n t l y  a v a i l a b l e  s o f t w a r e  p r o c e s s  
t e c h n o l o g y ,  i t  w i l l  o c c u r  a t  t h r e e  d i s t i n c t  l e v e l s  i n  any 
p r a c t i c a l  i m p l e m e n t a t i o n  o f  p r o c e s s e s  based  o n  t h e  i d e a l  
i l l u s t r a t e d  by f i g u r e s  2 .  These l e v e l s  c o r r e s p o n d  t o  t h e  
t h r e e  l o w e s t  o f  t h e  l e v e l s  of  e v o l u t i o n  i d e n t i f i e d  above .  
From t h e  o u t l i n e s  t h a t  f o l l o w  i t  w i l l  be s e e n  t h a t  t hey  
r e f l e c t  t h e  o r g a n i s a t i o n a l  f e e d b a c k  p a t h s  i n v o l v e d  i n  t h e  
v a r i o u s  a c t i v i t i e s .  

S e c t i o n  4 . 3  d i s c u s s e d  sys tem e v o l u t i o n  v i a  t h e  r e l e a s e  
mechanism. The p r e s s u r e s  t h a t  d r i v e  t h i s  p r o c e s s ,  and  t h e  
j u s t i f i c a t i o n  o f  any changes  u n d e r t a k e n ,  a r i s e  from 
c o n t i n u i n g  i n f o r m a t i o n  exchange  amongst  t e c h n i c a l  p e r s o n n e l ,  
from s i m i l a r  e x c h a n g e s  w i t h  u s e r s  and f rom exogenous  change .  
T h i s  may be r e f l e c t e d  i n  a  model d e r i v e d  f rom t h a t  o f  f i g u r e  
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2 a ,  by means o f  a  f e e d b a c k  c o n n e c t i o n  o v e r  t h e  e n t i r e  p r o c e s s  
a s  shown i n  f i g u r e  3  by t h e  o u t e r  l o o p .  The i n f o r m a t i o n  f e d  
b a c k  r e f l e c t s  t h e  e x p e r i e n c e  a n d  i n s i g h t  a c c u m u l a t e d  d u r i n g  
d e v e l o p m e n t ,  i m p l e m e n t a t i o n ,  i n s t a l l a t i o n  a n d  usage of t h e  
s y s t e m .  

No c a l c u l u s  i s  r e a d i l y  a v a i l a b l e  t o  s u p p o r t  l i n e a r  
p r o g r e s s i o n  f r o m  model  t o  model  o v e r  t h e  s t e p s  t h a t  d e r i v e  
t h e  s u c c e s s i o n  o f  m o d e l s  t h a t  c o l l e c t i v e l y  c a p t u r e  a n d  embody 
t h e  o u t p u t  o f  t h e  s o f t w a r e  p r o c e s s  i n  t h e  f o r m  o f  e v o l v i n g  
d e s i g n  d e t a i l .  Nor i s  t h e r e  a  c a l c u l u s  t h a t  p e r m i t s  f o r w a r d  
e v a l u a t i o n  o f  a  d e s i g n  o v e r  t h a t  p r o c e s s .  VaZidat ion o f  
d e s i g n  d e c i s i o n s  a t  e a c h  s t e p ,  b a s e d  o n  a s s u m p t i o n s  a b o u t  t h e  
r e m a i n i n g  p r o c e s s  a n d  a b o u t  t h e  p r i m i t i v e s  a v a i l a b l e  t o  
i m p l e m e n t o r s ,  i s  a d  h o c  [LEH82]. I n  t h e  a b s e n c e  o f  a d e q u a t e  
m e t h o d s ,  e r r o r s ,  w e a k n e s s e s  a n d  o m m i s s i o n s  a r e  u n c o v e r e d  o n l y  
a s  t h e  p r o c e s s  p r o c e e d s .  Thus e v e r y  now a n d  a g a i n  e a r l i e r  
d e c i s i o n s  m u s t  b e  r e v i e w e d ;  t h e  m o d e l s  t h a t  embody them 
r e v i s e d .  Such r e v i e w  i s  c u r r e n t l y ,  a n d  i n  g e n e r a l ,  c a s u a l  
l i t t l e  a t t e m p t  b e i n g  made t o  u p d a t e  a n y  b u t  t h e  m o s t  r e c e n t  
d o c u m e n t a t i o n .  I n  t h e  f u t u r e ,  i n c r e a s i n g  e m p h a s i s  w i l l  h a v e  
t o  be  p l a c e d  o n  e x p l i c i t  r e v i e w  o f  a l l  m o d e l s  a f f e c t e d  by a  
c h a n g e ,  by e x p l i c i t  b a c k t r a c k i n g  o v e r  t h e  f e e d b a c k  p a t h s  
e n c o m p a s s i n g  o n e  o r  more  s t e p s ,  a s  i n d i c a t e d  i n  f i g u r e  3 ,  

The t h i r d  l e v e l  o f  i t e r a t i o n  occurs  i n  t h a t  p o r t i o n  o f  e a c h  
s u b-  t r a n s f  o r m a t i o n  c o n c e r n e d  w i t h  d e s i g n  o f  t h e  new f e a t u r e s  
t o  b e  a d d e d  t o  t h e  model  a t  e a c h  s t a g e .  It a r i s e s  b e c a u s e  no 
a n a l y t i c a l  d e s i g n  m e t h o d  i s  a v a i l a b l e .  An i t e r a t i v e  a p p r o a c h  
b a s e d  o n  i n t u i t i v e  t r i a l  a n d  e v a l u a t i o n  m u s t  t h e r e f o r e  be 
u s e d .  T h i s  i s  d i s c u s s e d  f u r t h e r  i n  s e c t i o n  4 . 8 .  

The a b o v e  d i s c u s s i o n  h a s  s u g g e s t e d  t h a t  i t e r a t i v e  d e s i g n  a n d  
i m p l e m e n t a t i o n  ( t h e  e v o l u t i o n a r y  programming  p r o c e s s  b a s e d ,  
a t  l e a s t  i n  p a r t ,  o n  t r i a l  a n d  e r r o r )  i s  t h e  c o n s e q u e n c e  o f  
i n a d e q u a t e  d e s i g n  t h e o r y .  An a d e q u a t e  t h e o r y  i s  e s s e n t i a l  if 
a  s y s t e m a t i c  t e c h n o l o g y  t o  c o v e r  t h e  t o t a l  s o f t w a r e  p r o c e s s  
i s  e v e r  t o  b e  a c h i e v e d .  T h e r e  e x i s t s ,  h o w e v e r ,  a  f u n d a m e n t a l  
d i lemma t h a t  c o m p l i c a t e s  t h e  d e v e l o p m e n t  o f  s u c h  a t h e o r y  a n d  
may w e l l  f r u s t r a t e  i t .  It s t e m s  f r o m  t h e  f a c t  t h a t  s y s t e m  
d e s i g n  i s  two d i m e n s i o n a l  ; c r e a t i v e  d e s i g n  m u s t  be  e x p l o ~ e d  
i n ,  a t  l e a s t  two d i r e c t i o n s .  

On t h e  b a s i s  o f  f i g u r e s  2  a n d  3 ,  o n e  may h y p o t h e s i s e  
p r o c e s s e s  i n  w h i c h  e a c h  model  i n  t h e  s e q u e n c e  i s  c o m p l e t e d  
b e f o r e  p r o c e e d i n g  t o  t h e  n e x t ,  A s p e c i f i c a t i o n ,  f o r  e x a m p l e ,  
c a n  be  c o n s i d e r e d  a s  b e i n g  d e v e l o p e d  by a  q u e s t i o n  a n d  a n s w e r  
p r o c e s s  t h a t  p r o d u c e s  a  t r e e - l i k e  s t r u c t u r e .  When t h e  t r e e  
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h a s  b e e n  d e v e l o p e d  down t o  l e a v e s  a b o u t  w h i c h  a l l  q u e s t i o n s  
h a v e  b e e n  d i r e c t l y  a n d  u n i q u e l y  a n s w e r e d ,  s p e c i f i c a l l y  o r  by 
' d o n ' t  c a r e ' ,  t h e  s p e c i f i c a t i o n  i s  c o m p l e t e  a n d  p r o v i d e s  t h e  
i n p u t  t o  t h e  n e x t  t r a n s f o r m a t i o n .  Were s u c h  a  p r o c e s s  
p o s s i b l e  a t  e a c h  s t a g e  o f  t h e  o v e r a l l  p r o c e s s ,  i f  t h e  human 
q u e s t i o n e r s  a n d  d e c i s i o n  t a k e r s  w e r e  a l l - w i s e ,  t h e n  t h i s  
p r o c e d u r e  c o u l d  d e f i n e  a  s e q u e n t i a l  m a c r o- p r o c e s s ,  b u t  w i t h  
i t e r a t i v e  l o o p s  f o r  t r e e  d e v e l o p m e n t .  

A l t e r n a t i v e l y  o n e  may v i s u a l i s e  a  p r o c e d u r e  t h a t  l i m i t s  t h e  
d e s c e n t  a t  e a c h  s t e p  t o  o n e  l e v e l  o f  r e f i n e m e n t ;  i t  b e i n g  
r e c o g n i s e d  t h a t  t h e  optimum d e c o m p o s i t i o n  may w e l l  be  a  
f u n c t i o n  o f  d e c i s i o n s  s t i l l  t o  b e  t a k e n  i n  f u t u r e  s t e p s .  One 
p r o c e e d s ,  t h e r e f  o r e ,  a l o n g  s e v e r a l  s t e p s  o f  t h e  
t r a n s f o r m a t i o n  s e q u e n c e ,  b e f o r e  r e t u r n i n g  t o  a d v a n c e  t h e  
d e s i g n  f u r t h e r  by a d d i t i o n a l  d e c o m p o s i t i o n .  

4 . 5 . 3  A P r a c t i c a l  P r o c e s s  

A t  t h e  p r e s e n t  t i m e  t h e r e  d o e s  n o t  e x i s t  a  m e t h o d  o f  
programming b a s e d  e x c l u s i v e l y  o n  o n e  o r  o t h e r  o f  t h e s e  
a l t e r n a t i v e  a p p r o a c h e s .  Whether  e i t h e r  c a n  y i e l d  s u c h  a  
method  r e m a i n s  a n  o p e n  q u e s t i o n  [ L E H 7 7 ] .  S t r o n g  g r o u n d s  
e x i s t ,  h o w e v e r ,  f o r  b e l i e v i n g  t h a t  t h e y  do n o t ;  t h a t  a  non- 
i t e r a t i v e ,  l i n e a r ,  p r o c e s s  c a n n o t  b e  a c h i e v e d .  Any p r a c t i c a l  
p r o c e s s  m u s t  r e p r e s e n t  a  compromise  b e t w e e n  t h e  two e x t r e m e  
m e t h o d s ,  a  d e v e l o p m e n t  f r o m  t h e  a b s t r a c t  i d e a l  i n c l u d i n g ,  a t  
t h e  v e r y  l e a s t ,  s e v e r a l  l e v e l s  o f  i t e r a t i o n .  

Which d i r e c t i o n  t o  p u r s u e ,  a n d  how f a r  t o  p r o c e e d  i n  t h e  
r e f i n e m e n t  p r o c e s s  a t  a n y  g i v e n  s t a g e  o f  t h e  d e v e l o p m e n t ,  i s  
p r o b a b l y  o n e  o f  t h e  m o s t  d i f f i c u l t  a n d  c r i t i c a l  d e c i s i o n s  o f  
t h e  s o f t w a r e  d e s i g n  p r o c e s s .  The s o f t w a r e  e n g i n e e r  m u s t  
d e c i d e  when t o  b a c l t r a c l .  t o  w h i c h  model  i n  t h e  s e q u e n c e  o f  
p r o c e s s  m o d e l s  t o  r e t u r n  a n d  w h i c h  o f  many a l t e r n a t i v e  d e s i g n  
p a t h s  t o  e x p l o r e .  The d e c i s i o n s  t a k e n  d e t e r m i n e  t h e  f u t u r e  
c o u r s e  o f  t h e  p r o c e s s .  Process design i s  t h u s  i t s e l f  a  
c r i t i c a l  p r o c e s s  a c t i v i t y ,  a n  a c t i v i t y  t h a t  c a n n o t  be 
c o n c e n t r a t e d  i n  a n  i n i t i a l ,  o r  a n y ,  p r o c e s s  s t e p .  It m u s t  be  
a c c e p t e d  a s  a n  o n g o i n g  c o n s i d e r a t i o n  d i s t r i b u t e d  o v e r  t h e  
e n t i r e  l i f e  o f  t h e  s o f t w a r e .  

I n  summary, t h e  t o t a l  p rogramming  p r o c e s s  i s  i n h e r e n t l y  a n  
i t e r a t i o n  o f  i t e r a t i v e  s t e p s .  T h e i r  e x e c u t i o n  i m p l e m e n t s  
e v o l u t i o n a r y  d e v e l o p m e n t ,  p r o g r e s s  t o w a r d s  t h e  f i n a l  g o a l  by 
r e f i n e m e n t  a n d  by r e s o l u t i o n  o f  i m p r e c i s i o n  o r  i n c o m p l e t e n e s s  
i n  o r i g i n a l  c o n c e p t s  a n d  i n  i n d i v i d u a l  d e s i g n  a n d  
i m p l e m e n t a t i o n  d e c i s i o n s ,  by g r a d u a l  s e l e c t i o n  f r o m  t h e  



2. Program Evolution 27 

v a r i e t y  o f  o p t i o n s  t h a t  a r e  o p e n  t o  t h e  d e s i g n e r ;  by 
e x p l o i t a t i o n  o f  s y s t e m  p e r m i s s i v e n e s s  [MAI841. A s  p r o g r e s s  
i s  made t h r o u g h  t h e  p r o c e s s ,  t h e  f u l l  s e t  o f  m o d e l s  which  
c o l l e c t i v e l y  c o n s t i t u t e  t h e  s y s t e m  model  mus t  be  m a i n t a i n e d  
c o n s i s t e n t  e a c h  i n  i t s e l f  and  w i t h  one a n o t h e r  [BEN82]. 

4 . 6  The Role  o f  t h e  I d e a l - P r o c e s s  Concep t  i n  a  Theory  o f  
Program E v o l u t i o n  

D e s p i t e  t h e  f a c t  t h a t  t h e  ' i d e a l  p r o c e s s '  i s  a l m o s t  c e r t a i n l y  
n o t  a t t a i n a b l e  i n  p r a c t i c e ,  t h e  s e a r c h  f o r  a n  i n t e g r a t e d ,  
m a x i m a l l y  mechan i s ed  ( t o o l  s u p p o r t e d ) ,  s o f t w a r e  deve lopmen t  
p r o c e s s  c a n  s t i l l  b e n e f i t  f r om t h e  c o n c e p t  ; i d e n t i f i c a t i o n  o f  
i t s  s t r u c t u r e ,  componen t s  a n d  p r o p e r t i e s .  The c o n c e p t  
c o n s t i t u t e s  a  u s e f u l  a b s t r a c t i o n  t o  a i d  f o r m u l a t i o n  o f  a  
t h e o r y  of program e v o l u t i o n .  Such a  t h e o r y  i s  r e g a r d e d  a s  
e s s e n t i a l  a s  a  p r e c u r s o r  t o  t h e  e s t a b l i s h m e n t  o f  a coherent  
process  f o r  s o f t w a r e  deve lopmen t .  The c o n c e p t  o f  a  c o h e r e n t  
p r o c e s s  i s ,  i n  i t s  t u r n ,  v i t a l  i f  t h e m u c h  u s e d  te rm o f  
' i n t e g r a t e d  programming s u p p o r t  e n v i r o n m e n t '  i s  t o  a s sume  
r e a l  m e a n i n g ;  i f  s u c h  s y s t e m s  a r e  t o  be c o n s t r u c t e d .  It 
s h o u l d  be n o t e d  t h a t  t h e  t e r m  ' d e v e l o p m e n t '  i s  h e r e  u s e d  i n  
i t s  f u l l e s t  s e n s e  t o  i n c l u d e  c o n t i n u i n g  e v o l u t i o n  o f  t h e  
s o f t w a r e  t o  a d a p t  i t  t o  t h e  n e e d s  and  o p p o r t u n i t i e s  o f  a  
c h a n g i n g  o p e r a t i o n a l  e n v i r o n m e n t .  P rog rams  mus t  n o t  o n l y  be  
good i n  t h e  f i r s t  p l a c e ,  t h e y  mus t  be a d a p t e d  t o  r e m a i n  good 
d e s p i t e  e x o g e n o u s  c h a n g e s .  

Is i t  m e a n i n g f u l  t o  s e e k  t o  d e v e l o p  a  t h e o r y  o f  p rogram 
e v o l u t i o n ?  The f a c t  t h a t  p rogramming p r o c e s s e s  ' y i e l d  
de ve lopmen t  v i a  a  s e r i e s  o f  changed  s t e p s 1 ,  s a t i s f i e s  b o t h  
t h e  Oxford  [OXF33] a n d  C iebs t e r  [WEB591 d e f i n i t i o n s  o f  
' e v o l u t i o n 1 .  But  i s  t h i s  a l l ?  Can s i m i l a r i t i e s  w i t h  o t h e r  
e v o l u t i o n a r y  phenomena be  i d e n t i f i e d  a n d  p r o v e  h e l p f u l  i n  
a c h i e v i n g  u n d e r s t a n d i n g  o f  t h a t  p r o c e s s  o r  c o n v e r s e l y  o f  t h e  
e v o l u t i o n  o f  o t h e r  f  o m s  of  complex  s y s t e m s ?  

C o n s i d e r  t h e  s t e p s  o f  a n  E- type  a p p l i c a t i o n  deve lopmen t .  
The se  i n v o l v e  s e l e c t i o n  be tween  a l t e r n a t i v e s ,  n a t u r a l  
s e l e c t i o n  w i t h  s u r v i v a l  o f  t h e  b e s t .  The p r o c e s s  r e l i e s  
h e a v i l y  o n  human p e r c e p t i o n  f o r  i n j e c t i o n  o f  t h e  c o n s e q u e n c e s  
o f  exogenous  change  a n a l o g o u s  t o  m u t a t i o n .  Adaptat ion t o  
e n v i r o n m e n t a l  c h a n g e s  p l a y s  a key r o l e .  These  f a c t s  s u g g e s t  
t h a t  s o f t w a r e  e v o l u t i o n  may h a v e  much i n  common w i t h  t h a t  
o c c u r i n g  i n  o t h e r  a r t i f i c i a l  a n d  i n  b i o l o g i c a l  s y s t e m s .  The 
s i g n i f i c a n t  d i f f e r e n c e  may l i e ,  p r i m a r i l y ,  i n  i t s  r e l i a n c e  o n  
i t e r a t i o n  r a t h e r  t h a n  o n  p a r a l l e l  deve lopmen t  a n d  h e n c e  o n  
t h e  r a t e  o f  e v o l u t i o n .  
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I n  a n y  e v e n t  o n e  may c o n c l u d e  t h a t  t h e  o v e r a l l  t h e o r e t i c a l  
s t r u c t u r e ,  r e g a r d e d  a s  k e y  t o  s i g n i f i c a n t  a d v a n c e s  i n  t h e  
e m e r g e n c e  o f  a  d i s c i p l i n e  o f  s o f t w a r e  e n g i n e e r i n g ,  may be 
d e v e l o p e d  f r o m  t h e  p o s t u l a t e  of a n  ' i d e a l  p r o c e s s '  a n d  i t s  
i n s t a n t i a t i o n  a s  i n  f i g u r e s  2 .  

Its p r a c t i c a l  a p p r o x i m a t i o n s  w i l l  be b a s e d  o n  i t e r a t i o n .  
However, w i t h  a d v a n c e s  i n  t e c h n o l o g y ,  t h e  d e p e n d e n c e  o n  
i t e r a t i v e  d e v e l o p m e n t  f o r  t h e  l o w e r  l e v e l s  o f  t h e  t o t a l  
p r o c e s s  w i l l  d e c r e a s e  a s  a n a l y t i c  d e s i g n  a n d  v a l i d a t i o n  
t e c h n i q u e s  a r e  d e v e l o p e d  f o r  g u i d i n g  a n d  c o n t r o l l i n g  t h e  
s e l e c t i o n  p r o c e s s .  E x a m i n a t i o n  o f  t h e  p r o c e s s  s t e p ,  l o w e s t  i n  
t h e  l e v e l s ,  o f  t h e  e v o l u t i o n a r y  h i e r a r c h y  w i l l  f u r t h e r  
c l a r i f y  t h i s  i s s u e  a n d  p r o v i d e  a d d i t i o n a l  i n s i g h t  i n t o  
p r o g r a m  e v o l u t i o n .  

4 . 7  The S t e p  P a r a d i g m  ( 2 . 2 )  

4 . 7 . 1  Its C o r e  

A r e c e n t  p u b l i c a t i o n  [ L M 8 ' l b ]  p r e s e n t e d  a  p a r a d i g m  d e s c r i b i n g  
t h e  a c t i v i t y  r e q u i r e d  i n  e a c h  o f  t h e  s t e p s  t h a t  t o g e t h e r  
r e a l i s e  t h e  r e l e a s e  d e v e l o p m e n t  p r o c e s s .  A f t e r  a  b r i e f  
d i s c u s s i o n  o f  t h e  p a r a d i g m ,  t h e  p r e s e n t  p a p e r  w i l l  i s o l a t e  
i t s  e v o l u t i o n a r y  component  t o  d e t e r m i n e  t h e  d e g r e e  t o  w h i c h  
s u c h  e v o l u t i o n  i s  i n t r i n s i c  o r  t e c h n o l o g y  d e p e n d e n t .  

The c o r e  a c t i v i t y  o f  a n  e l e m e n t a r y  s t e p  i s  i l l u s t r a t e d  by 
f i g u r e  4 .  A t  t h e  h i g h e s t  l e v e l  o f  a b s t r a c t i o n  i t  r e p r e s e n t s  
a  t rans format ion  o f  a n  Input  ( m o d e l )  i n t o  a n  output  ( m o d e l ) .  
The t r a n s f o r m a t i o n  may i m p l e m e n t  c h a n g e s  i n  r e p r e s e n t a t i o n  
b u t  i s  p r i m a r i l y  d i r e c t e d  a t  a c h i e v i n g  some r e f i n e m e n t  t o  
a d v a n c e  t r a n s i t i o n  t o  t h e  o b j e c t  s y s t e m .  The p r o c e s s  o f  
n o t a t i o n a l  c h a n g e ,  r e s t r u c t u r i n g  a n d  r e f i n i n g  o f  t h e  i n p u t  
m o d e l ,  i n  w a y s  t o  be d i s c u s s e d  i n  s e c t i o n  4 . 7 . 3 ,  i s  t e r m e d  
des ign .  

I n p u t  a n d  o u t p u t  m o d e l s  a l s o  p r o v i d e  a  m e a n s  o f  c o m m u n i c a t i o n  
b e t w e e n  d e s i g n e r s  a n d  b e t w e e n  them a n d  t h e i r  c l i e n t s .  The 
m o d e l s  m u s t  t h e r e f o r e  be  a c c e s s i b l e  i n  a  s t r u c t u r e  a n d  
n o t a t i o n  t h a t  m a k e s  them c o m p r e h e n d a b l e  t o  humans,  who h a v e  
t o  b a s e  d e c i s i o n s  o n  t h e i r  u n d e r s t a n d i n g  a n d  a p p r e c i a t i o n  o f  
them. A s u i t a b l e  r e p r e s e n t a t i o n  f o r  human c o m p r e h e n s i o n  may, 
h o w e v e r ,  n o t  be  t h e  m o s t  a p p r o p r i a t e  f o r  optimum 
d e c o m p o s i t i o n  a n d  r e f i n e m e n t .  It i s  t h e r e f o r e  a p p r o p r i a t e  t o  

2 .2  ( E d s )  For more r ecen t  work t h a t  de sc r ibe s  t he  canonicaZ 
s t ep  paradigm, see CLEH831. 
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p r e s e n t  t h e  f i r s t  l e v e l  d e s c r i p t i o n  o f  t h e  c o r e  of t h e  
paradigm a s  a  s equence  of  t h r e e  s u b- s t e p s .  The f i r s t  
t r a n s f o r m s  a  communica t ion  o r i e n t e d  r e p r e s e n t a t i o n  t o  a n  
i n t e r n a l ,  m a n i p u l a t i o n  o r i e n t e d ,  form. The t h i r d ,  i f  needed,  
p r o d u c e s  a  form a p p r o p r i a t e  f o r  t h e  o u t p u t  i n t e r f a c e .  I n  
be tween t h e r e  i s  t h e  Design s t e p .  

Des ign  i s  a c h i e v e d  by t h e  a p p l i c a t i o n  o f  human judgement and 
d e c i s i o n ,  o n  t h e  b a s i s  o f  d e f i n e d  immedia te  o b j e c t i v e s  and 
l o n g- r a n g e  g o a l s .  It must  c o n s i d e r  a l l  p o t e n t i a l  i n p u t s  t o  
and t h e  d e s i r e d  o u t p u t  from t h e  c u r r e n t  s t e p  and t h e  t o t a l  
p r o c e s s ,  t h e  c o n s t r u c t s  o r  p r i m i t i v e  e l e m e n t s  a v a i l a b l e  f o r  
t h e  c u r r e n t  s t e p ,  t h e  n a t u r e  and  power o f  t h e  r e m a i n i n g  
p r o c e s s  and t h e  p r i m i t i v e s  a v a i l a b l e  t o  i t .  

S t r u c t u r i n g  a t  e a c h  s t e p  f a c i l i t a t e s  i n t e l l e c t u a l  m a s t e r y  o f  
t h e  t o t a l  complex.  I f  i n t e r f a c e s  and i n t e r c o n n e c t i o n s  
be tween t h e  i d e n t i f i e d  p a r t s  c a n  be c o m p l e t e l y  s p e c i f i e d ,  i t  
a l s o  p e r m i t s  d i v i s i o n  o f  f u r t h e r  d e s i g n  a c t i v i t y ,  amongst  
p a r t i c i p a n t s  o r  g r o u p s ,  f o r  t h a t  s t e p  o r  f o r  t h e  r e m a i n i n g  
p r o c e s s .  The p o t e n t i a l  a c t i v i t y  s p l i t  i s  i n d i c a t e d  i n  f i g u r e  
4  by t h e  d o t t e d  l i n e s  o u t  of  t h e  d e s i g n  box. 

The p r e c e e d i n g  d i s c u s s i o n  h a s  i n d i c a t e d  t h e  r o l e  o f  t h e  
d e s i g n  s t e p .  Its own d e s i g n ,  t.o p roduce  a  p r a c t i c a l  p r o c e s s  
i n  a  s p e c i f i c  c o n t e x t  f o r  example ,  r e q u i r e s  s y s t e m a t i c  
d e c o m p o s i t i o n ,  s t r u c t u r i n g  and r e f i n e m e n t  of  t h e  b a s i c  
c o n c e p t  ; t h a t  e x p r e s s e d  above  f o r  example .  A p r e l i m i n a r y  
a n l y s i s  a imed a t  d e t e r m i n i n g  a  l o w e r  l e v e l  paradigm,  i s  
o u t l i n e d  i n  s e c t i o n  4 .7 .3 .  D i s c u s s i o n  o f  t h e  s t e p  paradigm 
m u s t ,  however,  f i r s t  be comple t ed .  

4 .7 .2  The Complete Paradigm ( 2 . 2 )  

I n  t h e  a b s e n c e  o f  p r e c i s e  d e s i g n  c a l c u l i ,  t h e  a c t i v i t y  
o u t l i n e d  by f i g u r e  4  must  be s u p p o r t e d  by a c t i v i t i e s  t h a t  
a d d r e s s  q u e s t i o n s  such  a s ,  ' a r e  we b u i l d i n g  t h e  sys t em 
r i g h t ? ' ,  and  ' a r e  we b u i l d i n g  t h e  r i g h t  s y s t e m ? '  [BOE811. 
I d e a l l y ,  e a c h  s t e p  o f  t h e  d e s i g n  p r o c e s s  m u s t ,  i n  t h e  most  
g e n e r a l  s e n s e ,  be v a l i d a t e d .  The comple t e  f i r s t  l e v e l  
d e s c r i p t i o n  o f  t h e  s t e p  paradigm,  i l l u s t r a t e d  by f i g u r e  5 ,  
i n d i c a t e s  how t h i s  migh t  be a c h i e v e d .  

Each s t e p-  t r a n s f  o r m a t i o n  p r o d u c e s  a  model  t h a t ,  if 
s a t i s f a c t o r y ,  r e p r e s e n t s  t h e  i n p u t  t o  t h e  n e x t  s t e p  of t h e  
development  p r o c e s s .  What i s  ' s a t i f a c t o r y '  i n  t h i s  c o n t e x t ?  
The i n p u t  and  o u t p u t  t r a n s f o r m a t i o n s  a r e  p u r e l y  
r e p r e s e n t a t i o n a l  i n  n a t u r e .  They i n v o l v e  no changes  a r i s i n g  
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from d e s i g n  d e c i  s i o n s .  Hence t h e  r e q u i r e m e n t  i s  e q u i v a l e n c e ,  
i n  some s e n s e ,  b e t w e e n  e a c h  p a i r  o f  i n p u t s  a n d  o u t p u t s .  

D e m o n s t r a t i o n  o f  s u c h  e q u i v a l e n c e  i s ,  h e r e ,  t e rmed  V e r t i c a l  
V e r i f i c a t i o n .  One c o u l d  a c h i e v e  i t  by proving e q u i v a l e n c e ,  by 
a  d e m o n s t r a t i o n  t h a t  e a c h  c o n s t i t u e n t  s u b - s t e p  o f  t h e  
t r a n s f o r m a t i o n  i s  c o r r e c t  ( c o n s t r u c t i v e  co r rec tne s s  [ D I J 6 8 ] )  
o r  by d e m o n s t r a t i n g  o n c e  and  f o r  a l l  t h a t  t h e  t rans former  i s  
c o r r e c t ,  a l l  i n  t h e  c o n t e x t  o f  t h e  c u r r e n t  s t e p  a n d  i t s  
p r i m i t i v e s .  

On c o m p l e t i n g  a  d e s i g n  s t e p  ( 2 . 3 )  i t  m u s t  be shown t h a t  t h e  
r e s u l t a n t  model  i s ,  i t s e l f ,  c o n s i s t e n t  a n d  t h a t  i t  i s  
c o m p l e t e  i n  r e l a t i o n  t o  t h e  f e a t u r e s  t h a t  w e r e  t o  h a v e  b e e n  
a d d e d  o r  t h e  p r o b l e m s  t h a t  w e r e  t o  h a v e  b e e n  r e s o l v e d  i n  t h e  
c u r r e n t  s t e p .  Such  a  d e m o n s t r a t i o n  i s ,  h e r e ,  t e rmed  
Horizontal  V e r i f i c a t i o n .  

When a n  a c c e p t a b l e  mode l ,  i n  t h i s  s e n s e ,  h a s  b e e n  a c h i e v e d  i t  
s h o u l d  be d e t e r m i n e d  w h e t h e r  t h a t  mode l ,  a s  an in termedia te  
s t e p  i n  t h e  t o t a l  de s ign  process ,  i s  l i k e l y  t o  l e a d  t o  a n  
a c c e p t a b l e ,  o r  e v e n  optimum, o p e r a t i o n a l  s y s t e m .  I n  t h e  
a b s e n c e  o f  a p p r o p r i a t e  c a l c u l i i ,  t h i s  j udgemen t  i s  i m p r e c i s e ,  
b u t  s h o u l d  be b a s e d  o n  a n  a s s e s s m e n t  o f  t h e  c u r r e n t  mode l ,  o n  
w h e r e  a d d i t i o n a l  d e t a i l  i s  r e q u i r e d  a n d  how i t  m i g h t  be 
d e v e l o p e d ,  o n  i m p l i c a t i o n s  o f  p r e c u r s o r  m o d e l s  a s  t o  f u r t h e r  
g e n e r a l i s a t i o n s  o r  f e a t u r e s  t h a t  mus t  be a c h i e v e d ,  o n  t h e  
c a p a b i l i t y  o f  t h e  r e m a i n i n g  p r o c e s s  a n d  o n  t h e  p r i m i t i v e s  
a v a i l a b l e  f o r  i m p l e m e n t a t i o n  o f  t h e  r e m a i n i n g  s t e p s  a n d  t h e  
f i n a l  s y s t e m .  The p r o c e s s  o f  d e v e l o p i n g  t h i s  a s s e s s m e n t  i s  
t e r m e d  V a l i d a t i o n .  I n  t h e  a b s e n c e  o f  me thodo logy  t h a t  l e a d s  
t o  a  s a t i s f a c t o r y  d e s i g n  i n  a  s i n g l e  s t e p ,  t h e  d e s i g n  s t e p  
becomes i t e r a t i v e .  Each i t e r a t i o n  r e q u i r e s  v a l i d a t i o n  t o  
d e t e r m i n e  c o m p l e t i o n  o f  t h e  sub-  p r o c e s s .  H o r i z o n t a l  
v e r i f i c a t i o n  i s ,  o f  c o u r s e ,  a l s o  d e s i r a b l e ,  o b l i g a t o r y  i n  
f a c t ,  i n  e a c h  i t e r a t i o n .  

The a b o v e  d i s c u s s i o n  h a s  o u t l i n e d  t h e  d i r e c t ,  f i r s t - l e v e l ,  
e l e m e n t s  o f  a  pa r ad igm c o v e r i n g  t h e  many s t e p s  o f  a  p r a c t i c a l  
s o f t w a r e  p r o c e s s .  Though t h e  i s s u e  c a n n o t  be e x p l o r e d  h e r e ,  
i t  w i l l  be s e l f - e v i d e n t  t h a t  t h e  p r o c e s s  a s  d e s c r i b e d ,  
demands s i m p l e  a c c e s s  t o  e x t e n s i v e  r e c o r d s  t h a t  c o n t a i n  t h e  
s t a t e  and  h i s t o r i e s  o f  t h e  v a r i o u s  m o d e l s  a n d  o f  t h e  
p r o c e s s e s  t h a t  p r o d u c e d  them. P e r c e p t i o n s  a n d  d e c i s i o n s  t h a t  
u n d e r l i e  d e s i g n  d e c i s i o n s ,  a n d  t h e  r e a s o n i n g  t h a t  p roduced  

2 . 3  ( E d s )  Horizontal  v e r i f i c a t i o n  w i l l ,  o f  cour se ,  normally  
precede v e r t i c a l  v e r i f i c a t i o n .  
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them,  m u s t  a l s o  b e  p r e s e r v e d .  F i n a l l y  i n f o r m a t i o n  r e l e v a n t  
t o  t h e  p l a n n i n g ,  management  a n d  e v a l u a t i o n  o f  t h e  e n t i r e  
p r o c e s s  a n d  i t s  r e l a t i o n s h i p s  t o  t h e  e n v i r o n m e n t s  i n  w h i c h  i t  
i s  e x e c u t e d ,  m u s t  a l s o  b e  r e c o r d e d .  The w h o l e  o f  t h i s  
r e q u i r e m e n t  i s  i n d i c a t e d  i n  F i g u r e  5 by t h e  l i n e s  c o n v e r g i n g  
o n  ' R e p o s i t o r y ' .  

4.7.3 A P r e l i m i n a r y  D e s i g n  S u b - s t e p  P a r a d i g m  

The p r e s e n t  p a p e r  i s  i n t e n d e d  t o  a d d r e s s  t h e  i s s u e  o f  
e v o l u t i o n  i n  t h e  p rogramming  p r o c e s s  a n d  t o  d e v e l o p ,  a t  
l e a s t ,  t h e  o u t l i n e s  o f  a t h e o r y  o f  p r o g r a m  e v o l u t i o n .  It i s  
t h e r e f o r e  a p p r o p r i a t e  t o  p u r s u e  f u r t h e r  r e f i n e m e n t  o f  t h e  
s t e p  p a r a d i g m  o n l y  t o  t h e  e x t e n t  t h a t  i d e n t i f i c a t i o n  o f  
f u r t h e r  d e t a i l  a s s i s t s  i t s  d e v e l o p m e n t .  The s p e c i f i c  
o b j e c t i v e  m u s t  b e  t o  p i n  down a n d  t o  c l a r i f y  m o r e  p r e c i s e l y  
t h e  o r i g i n  o f  t r u e  e v o l u t i o n ,  as d i s t i n c t  f r o m  t e c h n o l o g y  
d e p e n d e n t  e v o l u t i o n ,  i n  t h e  d e s i g n  p r o c e s s .  

The d i s c u s s i o n  o f  e a r l i e r  s e c t i o n s  p r e s e n t e d  t h e  p r o c e s s  o f  
p r o g r a m  d e s i g n  o r  d e v e l o p m e n t  a s  a s e q u e n c e  o f  t r a n s f o r -  
m a t i o n s .  T h i s  v i e w  i s  p a r t i c u l a r l y  a p p r o p r i a t e  when  c o n s i d e r -  
i n g  t h e  m e c h a n i s t i c  a s p e c t s  o f  t h e  p r o c e s s .  However ,  i n  s o  
f a r  a s  t h e  t r a n s f o r m a t i o n s  i n c l u d e  a  c r e a t i v e  e l e m e n t  t h a t  
r e q u i r e s  human i n v o l v e m e n t ,  i t  i s  m o r e  a p p r o p r i a t e  t o  d e c r i b e  
i t  a s  o n e  o f  r e f i n e m e n t ,  as i n  s e c t i o n  4 . 7 . 1 .  The d e v e l o p-  
m e n t  o f  a  l o w e r  l e v e l  d e s i g n  p a r a d i g m  may t h e r e f o r e  be b a s e d  
o n  d e c o m p o s i  t i o n  a n d  r e f i n e m e n t  o f  t h e  r e f i n e m e n t  process .  

I n  h i s  o r i g i n a l  p a p e r  [WIR71], W i r t h  d e f i n e d  r e f i n e m e n t  a s  
t h e  a d d i t i o n  of d e t a i l .  I n  h i s  i n t r o d u c t i o n  h e  s t a t e s  t h a t  
I . .  . t h e  p r o g r a m  i s  r e f i n e d  i n  a  s e q u e n c e  o f  r e f i n e m e n t  s t e p s .  
I n  e a c h  s t e p ,  o n e  o r  s e v e r a l  i n s t r u c t i o n s  o f  t h e  g i v e n  
p r o g r a m  a r e  decomposed  i n t o  m o r e  d e t a i l e d  i n s t r u c t i o n s ' .  I n  
h i s  c o n c l u s i o n  t h i s  i s  e x p r e s s e d  a s  ' I n  e a c h  s t e p  a  g i v e n  
t a s k  i s  b r o k e n  up i n t o  a  number o f  s u b t a s k s ' .  A s  W i r t h  
c l e a r l y  r e c o g n i s e d ,  t h i s  p r o c e s s  r e q u i r e s  human d e c i s i o n .  
The way i n  w h i c h  a n  e l e m e n t  i s  decomposed  w i l l  a f f e c t ,  a t  
l e a s t  some,  a t t r i b u t e s  o f  t h e  f i n a l  p r o d u c t  o f  t h e  r e f i n e m e n t  
p r o c e s s .  

W i r t h  a l s o  d i s c u s s e d  t h e  n e e d  t o  d e f i n e  a n d  S t ~ e t ~ P e  
a s s o c i a t e d  d a t a .  More g e n e r a l l y ,  s t r u c t u r i n g  i s ,  i n  f a c t ,  a n  
i n t e g r a l  p a r t  o f  t h e  r e f i n e m e n t  p r o c e s s .  A s  d e t a i l  i s  a d d e d ,  
t h e  i n t e r n a l  e l e m e n t a l  s t r u c t u r e  w i l l  e x p a n d  i n  a  way t h a t  i s  
d e p e n d e n t  b o t h  o n  t h e  o r i g i n a l  o r  h i g h e r  l e v e l  s t r u c t u r e  a n d  
o n  t h e  p r o c e s s  o f  r e f i n e m e n t .  A t  some s t a g e ,  i t  may be 
a d v a n t a g e o u s  t o  r e s t r u c t u r e  t h e  e m e r g i n g  e l e m e n t ,  by 
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a s s o c i a t i n g  i t s  p r i m i t i v e s  i n  a  d i f f e r e n t  p a t t e r n  w i t h o u t  
cha i ig ing  i t s  i n t e r n a l  s e m a n t i c s .  Such r e s t r u c t u r i n g  may, f o r  
example ,  improve  r e p r e s e n t a t i o n a l  c l a r i t y  and pave  t h e  way 
f o r  f u r t h e r  r e f i n e m e n t ,  though i t  d o e s  n o t  add  d e t a i l  i n  t h e  
W i r t h i a n  s e n s e .  Whatever  t h e  r e a s o n  f o r  u n d e r t a k i n g  i t ,  
r e f i n e m e n t  by r e s t r u c t u r i n g  i s  a  f u t h e r  e l e m e n t  o f  t h e  d e s i g n  
p r  oce  ss . 

A s  t h e  p r o c e s s  i s  f o l l o w e d ,  i t  w i l l  be c o n v e n i e n t ,  o c c a s i o n-  
a l l y ,  t o  f o c u s  o n  a n  a s p e c t  o f  t h e  emerg ing  d e s i g n ,  e v e n  t o  
t h e  e x c l u s i o n  o f  o t h e r s .  A s p e c t s  t h a t  a r e  t h e n  t e m p o r a r i l y  
i g n o r e d  w i l l  s u b s e q u e n t l y  have  t o  be r e - i n t r o d u c e d .  T h i s  t o o  
i s  a n  e l e m e n t  of  t h e  r e f i n e m e n t  p r o c e s s .  

The above  f o r m s  of  r e f i n e m e n t  i n v o l v e  e v o l u t i o n  b e c a u s e  no 
c a l c u l u s  e x i s t s  t o  implement  them w i t h o u t  i t e r a t i o n .  T h e i r  
e v o l u t i o n a r y  c o n t e n t  i s  s t r i c t l y  p r o c e s s  d e p e n d e n t .  However, 
a s  r e f i n e m e n t  p r o c e e d s ,  new i n s i g h t s  w i l l  i n e v i t a b l y  d e v e l o p  
i n t o  t h e  n a t u r e  o f  t h e  a p p l i c a t i o n ,  t h e  p r o p e r t i e s  of 
p o s s i b l e  s o l u t i o n s  and p o t e n t i a l  e x t e n s i o n s  o f  b o t h .  T h i s  
d e v e l o p i n g  i n s i g h t  may l e a d  t o  a c t u a l  change  o f  one  o r  more 
o f  t h e  mode l s ,  o r  e v e n  t o  change  of  t h e  o r i g i n a l  a p p l i c a t i o n  
c o n c e p t .  It i s  a  mode o f  r e f i n e m e n t  t h a t  r e p r e s e n t s  
e v o l u t i o n  i n  t h e  f u l l e s t  s e n s e  of  t h e  te rm.  

4.8 E v o l u t i o n  i n  t h e  P r o c e s s  S t e p  

The p r e v i o u s  s e c t i o n  o u t l i n e d  a  s t a n d a r d  p a r a d i e  t h a t  
d e s c r i b e s  t h e  s t e p p e d  a c t i v i t i e s  t h a t ,  t o g e t h e r ,  a c h i e v e  t h e  
t r a n s f o r m a t i o n  o f  a n  a p p l i c a t i o n  concep t  i n t o  a n  o p e r a t i o n a l  
sys tem.  The key e l e m e n t s  o f  t h e  c o n s t i t u e n t  s t e p s  a r e  t h e  
t r a n s f o r m a t i o n s  t h a t ,  j o i n t l y ,  a c h i e v e  a b s t r a c t i o n  o f  t h e  
a p p l i c a t i o n  c o n c e p t  a n d  i t s  r e i f i c a t i o n  i n t o  a n  o p e r a t i o n a l  
sys t em.  They r e f l e c t  t h e  design a c t i v i t y  t h a t  s u c c e s s i v e l y  
r e f i n e s  i n d i v i d u a l  mode l s  t o  a c h i e v e  t h e  incremental 
development t h a t  t h e  s t e p  i s  t o  p r o v i d e .  

A f t e r ,  a t  m o s t ,  a r e p r e s e n t a t i o n a l  t r a n s f o r m a t i o n  of  t h e  
o u t p u t  of  t h e  p r e v i o u s  s t a g e ,  e a c h  i n p u t  model i s  m o d i f i e d  
and e x t e n d e d  by r e f i n e m e n t  t o  add d e t a i l ,  mod i fy  s t r u c t u r e  o r  
impose  change .  T h i s  y i e l d s  a  new model s e q u e n c e ,  w i t h  
c o n s i s t e n t  and  c o m p a t i b l e  e l e m e n t s ,  t h a t  r e p r e s e n t s  p r o g r e s s  
t owards  t h e  t a r g e t  sys t em.  The p r o c e s s  i s  g u i d e d  by t h e  
o b j e c t i v e s  of  t h e  c u r r e n t  s t e p  and by knowledge of  t h e  
r e m a i n i n g  deve lopmen t  p r o c e s s  and t h e  p r i m i t i v e s  i n  t e r m s  o f  
wh ich  i t  i s  t o  be a c c o m p l i s h e d .  I t  i n v o l v e s  c r e a t i v e  
t h i n k i n g ;  j udgemen t s  and d e c i s i o n s  based  o n  knowledge ,  
u n d e r s t a n d i n g ,  e x p e r i e n c e  and  i n t u i t i o n .  
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It i s  t h e  des ign  s u b - s t e p  w h i c h  d r i v e s  s y s t e m  e v o l u t i o n .  
Re f inemen t  d e c i s i o n s  impose  v e r i f i c a t i o n  o b l i g a t i o n s .  They 
mus t  a l s o  i n c l u d e  c o n s i d e r a t i o n  o f  t h e  r e m a i n i n g  p r o c e s s  a n d  
i t s  p r i m i t i v e s ,  t h a t  i s  e v a l u a t e d  by ~ a Z i d a t i o n  p r o c e d u r e s .  
I d e a l l y ,  t h e s e  s h o u l d  p r o v i d e  t h e  b e s t  a s s e s s m e n t  p o s s i b l e ,  
a t  t he  curren t  s t a g e ,  o f  t h e  d e g r e e  o f  s a t i s f a c t i o n  t h a t  c a n  
be e x p e c t e d  f rom t h e  s y s t e m  ZikeZy t o  emerge .  Because  o f  t h e  
i m p r e c i s e  n a t u r e  o f  c u r r e n t  t e c h n o l o g y ,  p r o g r e s s  i s  
i t e r a t i v e .  T h a t  i s ,  t h e r e  e x i s t s ,  i n  g e n e r a l ,  no p r e c i s e  
method  f o r  s e l e c t i n g  t h e  f o r m  o r  c o n t e n t  o f  r e f i n e m e n t  t o  be 
a p p l i e d .  T h e r e  i s  no  s y s t e m a t i c  l i n e a r  t e c h n i q u e  f o r  
s e l e c t i o n  b e t w e e n  a l t e r n a t i v e  s t r u c t u r e s ,  a l g o r i t h m s  a n d  
p r i m i t i v e s .  I n  t h e  a b s e n c e  of  a p p r o p r i a t e  m e t h o d s ,  o r  i f  
i n s i g h t  d e v e l o p s  i n  a  way t h a t  s u g g e s t s  b e n e f i t  c a n  be  
d e r i v e d  by a  change  p r o p a g a t e d  a c r o s s  t h e  s e q u e n c e  o f  m o d e l s ,  
i t e r a t i v e  r e f i n e m e n t  m u s t  be  a p p l i e d  p o s s i b l y  a c r o s s  s e v e r a l  
s t e p s .  

I n  summary, w h e r e  a p p r o p r i a t e  ( f o r m a l  o r  a n a l y t i c )  t e c h n i q u e s  
e x i s t ,  a  s i n g l e  a p p l i c a t i o n  o f  t h e  d e s i g n  s u b - s t e p  c a n  
p roduce  a n  a c c e p t a b l e  o u t p u t  model .  I n  t h e  a b s e n c e  o f  s u c h  
t e c h n i q u e s ,  t h e  d e s i g n  w i l l  e v o l v e  o v e r  s e v e r a l  p a s s e s  
t h r o u g h  a  d e s i g n  a n d  v a l i d a t i o n  l o o p .  Where v a l i d a t i o n  
m e t h o d s  a r e  a d e q u a t e ,  i t e r a t i o n  a n d  l o w e s t  l e v e l  e v o l u t i o n  
may be  c o n f i n e d  t o  t h e  i n t e r n a l  s t e p  c o n c e r n e d .  Where t h e y  
a r e  i n s u f f i c i e n t l y  r e f i n e d  o r  when changes a f f e c t i n g  h i g h e r  
l e v e l  m o d e l s  a r e  i n t r o d u c e d  s o  t h a t  t r u e  e v o l u t i o n  o c c u r s ,  
i t e r a t i o n  m u s t  s p a n  s e v e r a l  s t e p s  o r  e x t e n d  e v o l u t i o n  o v e r  
two o r  more  r e l e a s e s .  

I n  afiy e v e n t ,  e v o l u t i o n  c l e a r l y  f e a t u r e s  a t  t h e  s t e p  l e v e l  o f  
t h e  programming p r o c e s s .  A t  t h i s  l o w e s t  l e v e l  t h e  r e a l  t i m e s  
i n v o l v e d  are  o f  t h e  o r d e r  o f  d a y s  o r  weeks .  It r e p r e s e n t s  a  
l o w e r  l e v e l  o f  e v o l u t i o n  t h a n  t h a t  o f  t h e  r e l e a s e- d e v e l o p m e n t  
p r o c e s s .  A t  b o t h  t h e s e  l e v e l s ,  however ,  e v o l u t i o n  a r i s e s  
f rom p r o c e s s e s  t e n d i n g  t o  o n e  o r  o t h e r  o f  t h e  a l t e r n a t i v e s  
i d e n t i f i e d  a t  t h e  e n d  o f  s e c t i o n  4 .5 .2 .  T h e r e  i s  some hope  
t h a t  i n  t h e  f u t u r e ,  d e v e l o p m e n t  o f  a d e q u a t e  d e s i g n  a n d  
v a l i d a t i o n  t e c h n i q u e s  w i l l  p e r m i t  r e f i n e m e n t  o f  t h e  d e s i g n  
p r o c e s s  t o  reduce r e l i a n c e  o n  e v o l u t i o n  a t  t h e  l o w e s t  l e v e l s .  
Whether  t h e y  c a n  e v e r  be made s u f f i c i e n t l y  p r e c i s e  t o  c o n f i n e  
e v o l u t i o n  t o  t h e  R e l e a s e  Sequence  a n d  G e n e r a t i o n  l e v e l s  
r e m a i n s  t o  be s e e n .  
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5 The S t r u c t u r e  o f  t h e  E v o l u t i o n  P r o c e s s  

The a b o v e  d i s c u s s i o n  h a s  b r i e f l y  i n t r o d u c e d  a  c o n c e p t  o f  
h i e r a r c h i c a l  e v o l u t i o n  a n d  i d e n t i f i e d  n a t u r a l  l e v e l s  o f  a  
p r o c e s s  i m p l e m e n t i n g  i t .  T a b l e  1 s u m m a r i s e s  f a c t s  r e l e v a n t  
t o  a n  a s s o c i a t e d  t h e o r y  o f  s o f t w a r e  e v o l u t i o n .  

T a b l e  1 L e v e l s  o f  E v o l u t i o n  

I I I I I I 
1 - - - - - - - - - - -  

! L e v e l  1 I nvo lvemen t  1 Feedback  v i a  ! Time Unit ! Mai n l y  I 
1___________1______------IIIIIIIIIIIIIIl---------l---------l l______------IIIIIIIIIIIIIIl---------l----_----l 

! S t e p - l o c a l  ! I n d i v i d u a l  ! D e s i g n e r ' s  ! Days t o  1 P r o c e s s  ! 
1 D e s i g n  I I ! P e r c e p t i o n  !Weeks !Dependen t  ! 
I I I I I 
I----------- 1------------1-------------111--------11------- 

! R e l e a s e  : P r o j e c t  ! S u b s e q u e n t  :Weeks t o  ; P r o c e s s  
I 
I 1 Group ! P r o c e s s  S t e p  1 Months Dependent  1 
I I I I I I 
I----------- I--------- ! - - - - - - - - - I  

! R e l e a s e  ! O r g a n i s a t i o n  ! U s e r s  a n d  !Months  t o  1 I n t r i n s i c  ! 
;Se quence  I I D e v e l o p e r s  1 Years I I I 

I I I I I I 
1-----------1------------1------------- I--------- 1- - - - -- --- I 

! G e n e r a t i o n s  ! S o c i e t y  a t  ! R e a l  World !Years t o  [ I n t r i n s i c  l 
I I 
I ! Large  1 Env i ronmen t  ! Decades  I 

I I I I I I 1 - - - - - - - - - - - 1 - - - - - - - - - - - - 1 - 1 - - - - - - 1 - - - -  

Urgency may, o c c a s i o n a l l y ,  f o r c e  a n  a d  hoc  s y s t e m  change  t o  
be i m p l e m e n t e d  o u t s i d e  t h e  e s t a b l i s h e d  p r o c e s s .  I n  g e n e r a l ,  
however,  s y s t e m  e v o l u t i o n  w i l l  be c o n s t r a i n e d ,  s o  t h a t  c h a n g e  
i s  a c h i e v e d  w i t h i n  p r o c e s s e s  set  up a t  e a c h  l e v e l .  T a b l e  1 
s u g g e s t s  o r d e r l y  p r o g r e s s i o n ,  a  p r o p e r t y  t h a t  i s  h i g h l y  
d e s i r a b l e  i f  a  r e l a t e d  t h e o r y  i s  t o  be p a l a t a b l e .  

The p a t t e r n  h a s  a s i m p l e  i n t e r p r e t a t i o n .  I t  r e f l e c t s  t h e  
f a c t  t h a t  e v o l u t i o n  i s  a c h i e v e d  by human a c t i o n  i n  a  s o c i e t a l  
f ramework.  I n t e r v a l s  t h a t  r e p r e s e n t  n a t u r a l  time c o n s t a n t s  
i n  t h a t  f r a m e w o r k ,  i n  t h e  l i f e  a n d  a c t i v i t y  o f  i n d i v i d u a l s ,  
g r o u p s ,  o r g a n i s a t i o n s  a n d  s o c i e t y  a t  l a r g e ,  m u s t  h a v e  a n  
i m p a c t  o n  t h e  p r o g r a m m i n g  p r o c e s s .  The p a p e r  d e m o n s t r a t e s  
t h a t  t h e y  a p p e a r  n a t u r a l l y  f r o m  a n  a n a l y s i s  o f  t h a t  p r o c e s s ,  
b o t h  c u r r e n t  a n d  a b s t r a c t .  T h e i r  n p p e a r a n c e  i s  a  h o p e f u l  
s i g n  t h a t  t h a t  a n a l y s i s  may b e a r  f u r t h e r  f r u i t .  What  a r e  t h e  
i m m e d i a t e  i m p l i c a t i o n s ,  p a r t i c u l a r l y  o n  t h e  p r o c e s s  a n d  i t s  
s u p p o r t ?  
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6  S o f t w a r e  P r o c e s s  S u p p o r t  

One o f  t h e  i m p o r t a n t  c o n c l u s i o n s  o f  t h i s  s t u d y  f o l l o w s  from 
t h e  d e m o n s t r a t i o n  t h a t  t h e  s o f t w a r e  p r o c e s s  i s  a  phenomenon 
t h a t  c a n  be s t u d i e d  s y s t e m a t i c a l l y  i n  t h e  c o n t e x t  of  t h e  
e n v i r o n m e n t s  w i t h i n  wh ich  i t  i s  pu r sued .  T h i s  v iew h a s  
a l w a y s  been  i m p l i c i t  i n  Be lady  and Lehmans' E v o l u t i o n  
Dynamics s t u d i e s .  It r e f l e c t s  t h e  t i g h t  l i n k a g e  w i t h  t h e  
s o c i e t y  w i t h i n  and  f o r  which compu te r s  o p e r a t e .  Many o f  i t s  
p r o p e r t i e s  a r e  a  consequence  of t h a t  r e l a t i o n s h i p .  We i g n o r e  
t h e  r e l a t i o n s h i p  a t  o u r  p e r i l  [ ~ E ~ 7 8 , 8 0  - t h i r d  l a w ] .  

The n o t i o n  o f  s o f t w a r e  e v o l u t i o n  a s  a  p a r t i a l l y  n a t u r a l  
phenomenon l e a d s  t o  t h e  c o n c e p t  o f  a n  i d e a l  coheren t  process  
e x t e n d i n g  o v e r  t h e  sys t em l i f e - c y c l e .  Dur ing  t h e  l a s t  twenty  
y e a r s ,  a d  h o c  p r o c e s s e s  have  e v o l v e d ,  a s s e m b l e d  f rom e q u a l l y  
ad  h o c  methods  and t o o l s .  Each p r o c e s s  h a s  been  a d a p t e d  t o  
t h e  development  env i ronmen t  i n  which  i t  i s  t o  o p e r a t e .  What 
i s  now known and a v a i l a b l e  a s  a  r e s u l t  of  t h i s  p r o c e s s  
e v o l u t i o n  p r o v i d e s  a  r i c h  s e t  o f  p r i m i t i v e s .  These ,  i n  
c o n j u n c t i o n  w i t h  t h e  u n d e r s t a n d i n g  a c h i e v e d ,  y i e l d  t h e  t a r g e t  
i m p l e m e n t a t i o n  p r i m i t i v e s  f o r  a  top-down a n a l y s i s  t h a t  c a n  
d e t e r m i n e  a  s t r u c t u r e d  p r o c e s s  a p p r o a c h i n g  t h e  i d e a l ;  and  a  
b a s i s  f o r  i t s  p r a c t i c a l  i m p l e m e n t a t i o n .  

It i s  now w i d e l y  r e a l i s e d  t h a t  a n  e f f e c t i v e  programming 
p r o c e s s  must  be s u p p o r t e d  by a n  a d e q u a t e  s e t  o f  t o o l s .  Such 
a  t o o l  k i t  must  be c o h e r e n t  and  i n t e g r a t e d .  The c o h e r e n t  
view o f  t h e  t o t a l  programming p r o c e s s  b a s e d  o n  a  t h e o r y  of  
program e v o l u t i o n ,  p r o v i d e s  a  c o n c e p t u a l  framework f o r  t h e  
development  and  i m p l e m e n t a t i o n  o f  a  methodology,  a  s e t  of 
compa tab le  methods  and a n  i n t e g r a t e d  t o o l  k i t  f o r  t h e i r  
s u p p o r t .  Space  c o n s t r a i n t s  p r e v e n t  f u r t h e r  e x p l o r a t i o n  h e r e .  
P r e l i m i n a r y  d i s c u s s i o n  may be found  w i t h  r a p i d l y  i n c r e a s i n g  
f r e q u e n c y  i n  t h e  l i t e r a t u r e  [DOL76], [HUTTg], [BUX80], 
[RID8O], [LEH80,81]. The re  i s  c l e a r l y  much t o  be done.  The 
p r e s e n t  p a p e r  t o g e t h e r  w i t h  t h e  r e f e r e n c e d  l i t e r a t u r e  
p r o v i d e s  t h e  c o n c e p t s  and  a  s y s t e m a t i c  and  u n i f i e d  base  f o r  
such  a n  e f f o r t .  The p r a c t i c a l  i m p l e m e n t a t i o n  o f  t h e s e  
c o n c e p t s  c o u l d  r a p i d l y  f o l l o w .  
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1 Growth 

1 .1  E x p e n d i t u r e  

Any view of  t h e  IBM ( 3 . 1 )  o r  o f  t h e  US programming s c e n e  
t o d a y  l e a v e s  a n  ove rwhe lming  i m p r e s s i o n  o f  g rowth .  Thus ,  f o r  
e xa mp le ,  i n  t h e  l a s t  d e c a d e  t h e  IBM Sys tem Development  
D i v i  s i o n l  s ( SDD) a n n u a l  e x p e n d i t u r e  f o r  programming 
de ve lopmen t  h a s  i n c r e a s e d  more  t h a n  a n  o r d e r  o f  magn i t ude .  
Up t o  1964 /65  SDD programming e x p e n d i t u r e  w a s  i n  f a c t  g r o w i n g  
e x p o n e n t i a l l y  a t  a  r a t e  a v e r a g i n g  a  d o u b l i n g  e v e r y  one  and  a  
h a l f  y e a r s .  S i n c e  t h a t  t i m e  t h e  r a t e  o f  i n c r e a s e  h a s  b e e n  
l i n e a r i s e d  by h o l d i n g  i t s  programming deve lopmen t  b u d g e t  a t  a  
f i x e d  p e r c e n t a g e  o f  a  l i n e a r l y  i n c r e a s i n g  d i v i s i o n a l  b u d g e t .  

E x p e n d i t u r e  p a t t e r n s  i n  o t h e r  DM d i v i s i o n s  c o r r e s p o n d  t o  
t h o s e  o f  SDD. F i g u r e  1 s u m m a r i s e s  a n n u a l  e x p e n d i t u r e s  f o r  DP 
Marke t  Development  a n d  SDD Type 1 programming.  It i s  
e s t i m a t e d  t h a t  t h e  t o t a l  IBM e x p e n d i t u r e  o n  programming i s  
s e v e r a l  t i m e s  more  t h a n  t h a t  o f  SDD a l o n e .  

P r o j e c t i o n s  s e e  SDD programming deve lopmen t  b u d g e t s  
c o n t i n u i n g  t o  grow,  a s  w i l l  t h e  t o t a l  IBM programming 
e x p e n d i t u r e .  Thus  e v e n  s m a l l  improvemen t s  i n  t h e  programming 
p r o c e s s  c a n  make s u b s t a n t i a l  c o n t r i b u t i o n s  t o  IBM's 
p r o f i t a b i l i t y .  On t h e  o t h e r  hand ,  f a i l u r e  t o  c o n t r o l  g rowth  
c a n  l e a d  t o  e x p e n d i t u r e  l e v e l s  t h a t  w i l l  s t r a i n  o r  e v e n  
e x c e e d  IBM r e s o u r c e s .  

1  .2 Manpower 

L e v e l  o f  s t a f f i n g  i s  m a i n l y  c o n t r o l l e d  by t h e  a v a i l a b i l i t y  o f  
f u n d s .  Thus t h e  g r o w t h  o f  programming manpower i n  IBM h a s  

3 . 1  ( E d s )  T h i s  paper was w r i t t e n  whi le  t h e  author was an 
employee of I B M .  Hence t h e  cons tan t  r e f e rences  t o  I B M .  
One must s t r e s s  t h a t  p r e c i s e l y  t h e  same comments t h a t  
appear h e r e ,  could have e q u a l l y  been made about he 
programming a c t i v i t i e s  of any of t h e  manufacturers  or 
software houses .  



M. M. Lehrnan and L. A. Belady 

SDD - Type 1 

DP - Development 

Year 

F i g u r e  1 SDD and DP Programming Development E x p e n d i t u r e  
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f o l l o w e d  a  p a t t e r n  s i m i l a r  t o  t h a t  of e x p e n d i t u r e  g r o w t h ,  a s  
i n  F i g u r e  2. E s t i m a t e s  o f  IBM1s p r e s e n t  p r o g r a m m i n g  
p o p u l a t i o n  v a r y ,  a s  d o  t h e  p r e d i c t i o n s  o f  i t s  g r o w t h .  
C l e a r l y  t h i s  g r o w t h  r e p r e s e n t s  a  m a j o r  s o u r c e  o f  i n c r e a s i n g  
e x p e n d i t u r e  f o r  t h e  C o r p o r a t i o n .  S i n c e  i t  must  be a c h i e v e d  
i n  t h e  f a c e  o f  i n c r e a s i n g  d e m a n d  f o r  p r o g r a m m e r s  o n  a  
n a t i o n a l  s c a l e ,  i t  w i l l  a l s o  i n c r e a s i n g l y  c r e a t e  p r o b l e m s  o f  
s u p p l y ,  e d u c a t i o n  and  t r a i n i n g .  

The  n a t i o n a l  p i c t u r e  i s  c l o u d e d  by a n  a b s e n c e  o f  r e l i a b l e  
s t a t i s t i c s .  The US Bureau  o f  Labor  h a s  e s t i m a t e d  t h a t  t h e  
yea r- end  1968 f i g u r e  w a s  i n  e x c e s s  o f  100,000 s y s t e m  a n a l y s t s  
and 280,000 programmers .  V a r i o u s  e s t i m a t e s  h a v e  a s s e s ~ e d  t h e  
a n n u a l  i n c r e a s e  and t r a i n i n g  n e e d s  o f  t h e  i n d u s t r y .  These 
a r e  n o t  e x a m i n e d  h e r e  b u t  t h e  y e a r l y  i n t a k e  a n d  t r a i n i n g  
needs  o f  p e r s o n n e l  by t h e  EDP i n d u s t r y  i s  a p p r o a c h i n g  100,000 
p e o p l e  and  i n c r e a s i n g  a s  i n  F i g u r e  3. E q u a l l y  s i g n i f i c a n t  i s  
t h e  g a p  b e t w e e n  d e m a n d  a n d  s u p p l y  o f  p e r s o n n e l .  A 1 9 6 8  
e s t i m a t e  [BRA68],  f o r  e x a m p l e ,  p r e d i c t e d  a  s h o r t a g e  o f  
100,000 p rog rammers  by 1970. T h i s  p e o p l e- s h o r t a g e  d o e s  n o t  
y e t  a p p e a r  t o  h a v e  a f f e c t e d  I B M - i n t e r n a l  r e c r u i t m e n t  o f  
u n t r a i n e d  p e r s o n n e l .  D i f f i c u l t i e s  i n  t h e  r e c r u i t m e n t  o f  
e x p e r i e n c e d  p rog rammers  a r e ,  howeve r ,  a l r e a d y  a p p a r e n t .  

T h e r e  i s  a l s o  a n o t h e r  i m p a c t  o n  t h e  C o r p o r a t i o n .  I n  a  r e c e n t  
s u r v e y ,  [AMM69], o n e- t h i r d  o f  EDP u s e r s  s t a t e d  t h a t  t h e i r  
number one  p rob lem was  a  s h o r t a g e  o f  p rog rammers ;  f o r  more 
t h a n  h a l f ,  i t  was  one  o f  t h r e e  m a j o r  p rob lems .  S h o r t a g e  o f  
programming c a p a b i l i t y  r e s t r i c t s  c u s t o m e r  s a t i s f a c t i o n  and  
t h e r e f o r e  i m p a c t s  IBM s a l e s  and  expans ion .  Tha t  i s  t h e s e  
c u s t o m e r  s h o r t a g e s  must  be r e g a r d e d  a s  a n  IBM s h o r t a g e .  

The re  may be no need  f o r  a l a r m  a t  t h e  p r e s e n t  time w i t h i n  IBM 
a b o u t  t h e  s u p p l y  o f  manpower. The re  i s  c e r t a i n l y  no room f o r  
complacency.  The p r o b l e m s  need t o  be  v i ewed  f r o m  s e v e r a l  
p o i n t s  o f  v iew.  Those p a r t i c u l a r l y  r e l e v a n t  t o  t h e  p r e s e n t  
r e p o r t  r e l a t e  t o  t h e  s e l e c t i o n ,  t r a i n i n g  and  u t i l i s a t i o n  o f  
programming s t a f f .  We r e t u r n  t o  t h e s e  q u e s t i o n s  a g a i n  i n  
d i s c u s s i n g  p r o d u c t i v i t y  and e d u c a t i o n .  

1.3 Sys t ems  

The c a u s e  o f  t h e  g r o w t h  d i s c u s s e d  i n  t h e  p r e c e d i n g  s e c t i o n s  
i s  n o t  a  P a r k i n s o n  e f f e c t .  It o r i g i n a t e s  i n  t h e  deve lopmen t  
o f  new a p p l i c a t i o n s ,  demand f o r  new s y s t e m s  and  new f u n c t i o n ,  
and  t h e  s u p p o r t  o f  new ha rdware .  I n  a d d i t i o n  programming 
p e r s o n n e l  h a v e  a l s o  t o  d e a l  w i t h  c l e a n - u p  p r o b l e m s  o f  
e x i s t i n g  s y s t e m s  and  p r o d u c t s .  
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The o v e r a l l  g r o w t h  i n  demand i s ,  o f  c o u r s e ,  i n  t h e  i n d u s t r y ' s  
b e s t  i n t e r e s t s .  It i s  l a r g e l y  c r e a t e d  by a g g r e s s i v e  s a l e s  
e f f o r t s ,  and  i s  a  s i g n  o f  a  h e a l t h y ,  e x p a n d i n g  i n d u s t r y .  The 
r e s u l t a n t  e x p a n d i n g  w o r k l o a d  h a s ,  howeve r ,  t o  be  h a n d l e d  i n  
t h e  f a c e  o f  d e c r e a s i n g  r e t u r n s  f r om t h e  i n d i v i d u a l  a s  s y s t e m s  
become more  a n d  more complex .  T h i s  c o m p l e x i t y  is  p a r t l y  due  
t o  t h e  i n c r e a s i n g  s i z e  o f  p rogramming s y s t e m s ,  t h e  i n c r e a s e  
i n  f u n c t i o n a l  c o n t e n t  and  c a p a b i l i t y .  E q u a l l y  i t  i s  r e l a t e d  
t o  a  need  f o r  g e n e r a l i t y ,  s y s t e m s  t h a t  mus t  r u n  o n  many 
c o n f i g u r a t i o n s  o f  t h e  same b a s i c  e q u i p m e n t ,  o n  a  g r o w i n g  
r a n g e  o f  m a c h i n e s ;  s y s t e m s  t h a t  mus t  be  u p w a ~ d  c o m p a t i b l e  
o v e r  g e n e r a t i o n s  o f  e q u i p m e n t ,  o f  l a n g u a g e s  and  o f  
programming s y s t e m s .  

OS/360 r e p r e s e n t s  a n  example  o f  i n c r e a s i n g  s i z e  and  
c o m p l e x i t y  a s  i n  F i g u r e  4 .  R e l e a s e  1  o f  March 1966 ,  
c o n s i s t e d  o f  1 4  componen t s ,  d i v i d e d  i n t o  1152  modu le s  and 
4 0 0 , 3 5 9  s o u r c e  s t a t e m e n t s .  R e l e a s e  16 o f  S e p t e m b e r  1968  
c o n s i s t e d  o f  40 componen t s ,  3819  modu le s  and  some 1 , 7 4 0 , 3 6 4  
s o u r c e  s t a t e m e n t s .  N o t i c e  t h a t  a  l e s s  t h a n  t h r e e - f o l d  g r o w t h  
i n  t h e  number o f  modu le s ,  h a s  r e q u i r e d  a  more t h a n  f o u r - f o l d  
g r o w t h  i n  t h e  number o f  s o u r c e  s t a t e m e n t s .  S i m i l a r  g r o w t h  
r a t e s  a r e  p r o j e c t e d  f o r  f u t u r e  r e l e a s e s .  R e l e a s e  20  f o r  
examp le  s c h e d u l e d  f o r  s h i p m e n t  December 1970 ,  i s  e x p e c t e d  t o  
c o n t a i n  o v e r  53 componen t s ,  4635  modu le s  and  2 , 2 0 0 , 0 0 0  
i n s t r u c t i o n s .  

The c l e a r e s t  i n d i c a t o r  o f  t h e  r a p i d  g r o w t h  i n  t h e  c o m p l e x i t y  
o f  OS/360, howeve r ,  i s  t h e  number o f  modu le s  t h a t  h a v e  
r e q u i r e d  some c h a n g e  be tween  s u c c e s s i v e  r e l e a s e s .  I n c r e a s e  
i n  s i z e  a s s o c i a t e d  w i t h  t h e  p r o g r e s s i v e  e l i m i n a t i o n  o f  b u g s ,  
s h o u l d  r e l a t e  t h e  number o f  modu le s  h a n d l e d  p e r  r e l e a s e  t o  
t h e  number changed  i n  s e v e r a l  p r e v i o u s  r e l e a s e s .  Thus i t  
s h o u l d  r e m a i n  a p p r o x i m a t e l y  c o n s t a n t ,  d e c r e a s i n g  a s  a  
p e r c e n t a g e  o f  t h e  t o t a l  number o f  members i n  t h e  s y s t e m .  
Compar i son  o f  i n d i v i d u a l  n e i g h b o u r i n g  r e l e a s e s  shows l a r g e  
f l u c t u a t i o n s  b u t  t h e  t r e n d  i s  c l e a r .  S u c c e s s i v e  r e l e a s e s  
t e n d  t o  r e q u i r e  e v e r  more m o d i f i c a t i o n  o f  a n  e v e r  l a r g e r  
s y s t e m  a s  i n  T a b l e  1  and F i g u r e  5 .  

The a v e r a g e  number o f  m o d u l e s  h a n d l e d  p e r  r e l e a s e  i s  
i n c r e a s i n g  r a p i d l y  b o t h  a b s o l u t e l y  and  a s  a  f r a c t i o n  o f  t h e  
s y s t e m .  The i n s t r u c t i o n  g r o w t h  p e r  module  h a n d l e d  i s  
d e c r e a s i n g  r a p i d l y .  T h e r e  i s  no  a  p r i o r i  r e a s o n  t o  s u p p o s e  
t h a t  p rog rammers  a r e  making  more s m a l l ,  module  i n t e r n a l ,  
e r r o r s  t h a t  r e q u i r e  m ino r  c o r r e c t i o n s  i n  s u b s e q u e n t  r e l e a s e s .  
Hence t h e s e  t r e n d s  a r e  i n d i c a t o r s  o f  g r o w i n g  c o m p l e x i t y .  The 
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T a b l e  1  Growing Complex i t y  o f  OS/360 

R e l e a s e s  
- 

2  t h r u  6  7 t h r u  11 12  t h r u  16 

No o f  
Modules  1451 2450 3752 

I n s t r u c t i o n s /  
Modules  406 

No o f  Modules  
Hand l ed  220 

$ o f  E4odules 
Changed 1 4 . 6  2 2 . 5  

I n s t r u c t i o n  
Growth/Mod 
Hand l ed  3 56 

e f f e c t s  o f  e r r o r  a n d  o f  c h a n g e  a r e  s p r e a d i n g  e v e r  f u r t h e r  
t h r o u g h  t h e  s y s t e m .  It  i s  t h i s  i n c r e a s i n g  d i f f i c u l t y  o f  
c h a n g e  t h a t  w i l l  s o o n  f o r c e  t h e  i n i t i a t i o n  o f  a n  OS /360  
s u c c e s s o r .  

By e x t r a p o l a t i o n  i t  h a s  b e e n  e s t i m a t e d  t h a t  t h e  s u c c e s s o r  
w i l l  c o n t a i n  o v e r  3 0  m i l l i o n  l i n e s  o f  c o d e  a n d  w i l l  c o s t  
a c c o r d i n g l y .  S u c c e s s o r s  t o  o t h e r  p rog ramming  s y s t e m s  w i l l  be 
r e q u i r e d  a n d  w i l l  g row  i n  s i m i l a r  f a s h i o n .  These  p r e d i c t i o n s  
a r e  b a s e d  o n  a  f u n d a m e n t a l  a s s u m p t i o n  t h a t  t h e  p rog ramming  
p r o c e s s  w i l l  c o n t i n u e  t o  be  b a s e d  o n  t h e  same p r o c e d u r e s  as  
i n  t h e  p a s t .  They suggest  t h a t  t h e  t i m e  has come t o  develop 
a new approach t o  t h e  e n t i r e  process ,  t o  change t h e  way of 
seeing and doing t h i n g s  ( 3 . 2 ) .  It i s  t h i s  p o s s i b i l i t y  t h a t  
w a s  e x a m i n e d  i n  t h e  p r e s e n t  s t u d y ,  t h a t  f o r m e d  t h e  b a s i s  o f  
p r o j e c t  p r o p o s a l s  t h a t  w e r e  made,  a n d  t h a t  c o n s t i t u t e s  t h e  
m a i n  t o p i c  o f  d i s c u s s i o n  i n  t h e  l a t t e r  s e c t i o n s  o f  t h i s  
r e p o r t .  
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1.4 Cost 

P a s t  p a t t e r n s  c l e a r l y  p o i n t  t o  a  c o n t i n u e d  g r o w t h  i n  
C o r p o r a t e  e x p e n d i t u r e  on t h e  p r o d u c t i o n  o f  new programming 
sys tems.  I n  t e r m s  o f  t h e  p r e s e n t  way o f  programming, we a l s o  
e x p e c t  s i g n i f i c a n t  i n c r e a s e s  i n  t h e  c o s t  o f  each  i n d i v i d u a l  
programming sys tem.  For p r e s e n t  day s y s t e m s  which a r e ,  a t  
b e s t ,  o n l y  s u p e r f i c i a l l y  s t r u c t u r e d ,  c o s t  w i l l  t e n d  t o  
i n c r e a s e  m o r e  r a p i d l y  t h a n  l i n e a r  - s i n c e  c o m p l e x i t y  a n d  
hence d i f f i c u l t i e s  o f  d e s i g n ,  i m p l e m e n t a t i o n ,  i n t e g r a t i o n  and 
t e s t i n g  a l l  i n c r e a s e  r a p i d l y  w i t h  s i z e .  F o r  e x a m p l e  t h e  
number  o f  p o t e n t i a l l y  i n t e r a c t i n g  m o d u l e s  i n  a n  n -modu le  
sys t em i s  ( l / 2 n ( n - I ) ) .  The number o f  p o t e n t i a l  i n t e r a c t i o n s  
and t h e i r  i n t e r d e p e n d e n c e  i s  much l a r g e r .  The d e s i g n e r ,  t h e  
t e s t  and t h e  m o d i f i c a t i o n  p r o c e d u r e s  must a l l  c o n s i d e r  t h e  
need o r  t h e  p r e s e n c e  o f  s u c h  i n t e r a c t i o n s .  

The number o f  u s e r s  o f  a  p a r t i c u l a r  sys t em w i l l  t e n d  t o  grow 
l i n e a r l y  w i t h  t h e  g r o w t h  o f  t h e  s a l e s  f o r c e .  Thus a c c o r d i n g  
t o  t h e  p r e s e n t  p a t t e r n ,  we may e x p e c t  t h e  c o s t  o f  programming 
p r o d u c t s  per u s e r  t o  i n c r e a s e  w i t h  t ime.  T h i s  o c c u r s  a t  a  
t i m e  when t h e  g r a d u a l  i n t r o d u c t i o n  o f  LSI t e c h n o l o g i e s  h a s  
l e d  t o  p r e d i c t i o n s  o f  s i g n i f i c a n t  d e c r e a s e s  i n  t h e  c o s t  o f  
h a r d w a r e .  I t  h a s  b e e n  s u g g e s t e d  t h a t  i n  t h e  f a c e  o f  t h e s e  
t r e n d s  i t  w i l l  become p r o f i t a b l e  t o  implemen t  more s o f t w a r e  
f u n c t i o n s  i n  hardware .  T h i s  argument  i s ,  however,  m i s l e a d i n g .  

The d i f f e r e n c e  i n  c o s t  t r e n d s  i s  p a r t l y  due t o  d i f f e r e n c e s  i n  
t h e  t e c h n o l o g i e s  o f  h a r d w a r e  a n d  s o f t w a r e  d e s i g n  a n d  
p r o d u c t i o n .  I n  p a r t i c u l a r  t h e r e  i s  a n  o r d e r  o f  m a g n i t u d e  
d i f f e r e n c e  i n  t h e  m e c h a n i s a t i o n  and t o o l  s u p p o r t  p rov ided  i n  
t h e  t w o  a r e a s .  B u t  t h e  u n d e r l y i n g  c a u s e  o f  s o f t w a r e  c o s t  
t r e n d s  i s  i n c r e a s i n g  c o m p l e x i t y .  The p r o b l e m s  t h a t  a r e  
encoun te red  a r e  due  t o  t h e  d i f f i c u l t i e s  o f  sys tem behaviour .  

I n  t h e  absence  o f  any r e a l  u n d e r s t a n d i n g  o f  complex s y s t e m s ,  
t r a n s f e r r i n g  i m p l e m e n t a t i o n s  f rom s o f t  t o  h a r d  t e c h n o l o g i e s  
w i l l  mere ly  t r a n s f o r m  t h e  h a r d w a r e  s y s t e m s  f rom r e l a t i v e l y  
s i m p l e  s t r u c t u r e s  i n t o  t h e  a m o r p h o u s  a s s e m b l i e s  t h a t  a r e  
found i n  t h e  programming a r e a .  The ma in  problem o f  l a r g e  
s y s t e m s  i s  u n i n t e n t i o n a l  i n t e r a c t i o n  between components,  t h a t  
r e q u i r e  c h a n g e s  t o  t h e  c o m p o n e n t s  f o r  t h e i r  e l i m i n a t i o n .  
H a r d w a r e  c h a n g e s  i n  LSI  t e c h n o l o g y  a r e  f a r  c o s t l i e r  t o  
implemen t  t h a n  s o f t w a r e  changes.  Thus t h e  n e t  r e s u l t  o f  a  
change from s o f t  t o  h a r d  i m p l e m e n t a t i o n ,  t h a t  proceeds a t  a  
pace more r a p i d  t h a n  a n  i m p r o v e d  u n d e r s t a n d i n g  o f  s y s t e m  
s t r u c t u r e  and performance w i l l  be  t o  c a u s e  s t i l l  f u r t h e r  
i n c r e a s e s  i n  c o s t .  
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1 .5  Cost  D i s t r i b u t i o n  

The c o s t  o f  d e v e l o p i n g ,  i m p l e m e n t i n g  a n d  m a r k e t i n g  a  
programming sys tem i s  s p r e a d  o v e r  many d i f f e r e n t  a c t i v i t i e s  
a n d  c o m p o n e n t s  a s  i n  T a b l e  2. T h e r e  i s  no c l e a r - c u t  
b o r d e r l i n e  be tween  many o f  t h e s e  a c t i v i t i e s  and t h e  p r e c i s e  
c o s t  d i s t r i b u t i o n s  a r e  n o t  known. I m p l e m e n t a t i o n  a n d  
t e s t i n g ,  however,  each  r e p r e s e n t  m a j o r  e l e m e n t s  i n  t h e  t o t a l  
p r o c e s s ;  manpower and machine  c o s t s  r e a c h  e q u a l  o r d e r s  o f  
magni tude .  

1 .6  Lead Times 

The c o s t  and t h e  c o s t  g r o w t h  o f  programming s y s t e m s  s h o u l d  be 
o f  c o n c e r n  t o  t h e  C o r p o r a t i o n  d e s p i t e  a n  accompanying revenue  
g r o w t h  s i n c e  t h e  l a r g e  sums i n v o l v e d  i m p l y  t h a t  any s a v i n g s  
t h a t  can  be a c h i e v e d  c a n  make s i g n i f i c a n t  c o n t r i b u t i o n s  t o  
C o r p o r a t e  p r o f i t a b i l i t y .  

E q u a l l y  s i g n i f i c a n t ,  o r  pe rhaps  e v e n  more s o ,  i s  t h e  t o t a l  
t i m e  t h a t  i t  t a k e s  t o  i m p l e m e n t  a n d  d e l i v e r  a  r e l i a b l e  
sys tem.  T h i s  t i m e  t o o  c a n  be e x p e c t e d  t o  i n c r e a s e  w i t h  s i z e  
and complex i ty .  I f  t h i s  g r o w t h  i s  n o t  c o n t r o l l e d ,  i n d i v i d u a l  
c u s t o m e r s  may p r e f e r  and f i n d  i t  p r o f i t a b l e ,  t o  s a t i s f y  t h e i r  
programming r e q u i r e m e n t s  by means o f  t a i l o r e d  o r  l e s s  g e n e r a l  
purpose  s y s t e m s  t h a n  t h o s e  t h a t  IBM must produce. I e ,  w h i l e  
IBM c a n n o t  d i s c o n t i n u e  i t s  p r o d u c t i o n  o f  g e n e r a l  p u r p o s e  
s o f t w a r e  s y s t e m s  a n  i n c r e a s i n g  number o f  c u s t o m e r s  w i l l  u s e  
t h e i r  own r e s o u r c e s  o r  u t i l i s e  t h e  many s o f t w a r e  f i r m s  now 
o f f e r i n g  s e r v i c e s ,  f o r c i n g  p r i c e  i n c r e a s e s  on IBM s o f t w a r e .  

The c a u s e s  o f  l o n g  l e a d  t i m e  canno t  be a c c u r a t e l y  a s c r i b e d  
amongst t h e  i n d i v i d u a l  a c t i v i l L e s .  It i s  c l e a r  however t h a t  
c o n t r o l  and improvement  demands improvement s  i n  a l l  p h a s e s  o f  
t h e  programming p rocess .  

1 .7  The Programming P r o c e s s  

T h e  p r o g r a m m i n g  p r o c e s s  i s  t h e  t o t a l  c o l l e c t i o n  o f  
t e c h n o l o g i e s  and a c t i v i t i e s  t h a t  'Transform t h e  germ o f  a n  
i d e a  i n t o  a  b i n a r y  program t a p e '  (3.3). A t  t h e  p r e s e n t  time 
t h e r e  i s  l i t t l e  q u a n t i t a t i v e  knowledge how c o s t s ,  time d e l a y s  
a n d  d i f f i c u l t i e s  a r e  d i s t r i b u t e d  o v e r  t h a t  p r o c e s s .  I f  
improvements  a r e  t o  be made, t h e  f i r s t  p r i o r i t y  must be t h e  
c o l l e c t i o n ,  a s s i m i l a t i o n ,  a n a l y s i s ,  c o r r e l a t i o n  a n d  
i n t e r p r e t a t i o n  o f  d a t a  s o  a s  t o  a c h i e v e  a  b e t t e r  u n d e r -  

3.3 (Eds) R Bevier's definition of Programming Methodology 
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T a b l e  2 C o s t  S t r u c t u r e  

A c t i v i t i e s  Deve lopment  J u s t i f i c a t i o n  
P l a n n i n g  
A r c h i t e c t u r e  
S p e c i f i c a t i o n  
D e s i g n  
I m p l e m e n t a t i o n  

T e s t  Module Debugging  
I n t e g r a t i o n  
S y s t e m  Debugging  
Measurement  

D o c u m e n t i n g  D e s i g n  Data 
U s e r  Manuals  
M a i n t e n a n c e  M a n u a l s  

R e p r o d u c t i o n  Program 
Documents  

D i s t r i b u t i o n  Program 
Documents  
Changes  

M a i n t e n a n c e  I d e n t i f i c a t i o n  
I s o l a t i o n  
R e p a i r  
D i s s e m i n a t i o n  

Components  Manpower 

Machine  Time 

Documents t i o n  M a t e r i a l s  
R e p r o d u c t i o n  P r o c e s s  

C o m m u n i c a t i o n s  

O v e r h e a d s  

s t a n d i n g  o f  t h e  p r o c e s s  i t s e l f .  T h i s  w i l l  i n  t u r n ,  i n d i c a t e  
w h e r e  t h e  p o t e n t i a l  p a y- o f f s  f r o m  i m p r o v e m e n t s  i n  t e c h n o l o g y ,  
p r o c e d u r e s  a n d  s u p p o r t  l i e .  
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H o w e v e r ,  t h e  p r o c e s s  i s  i t s e l f  a  t s y s t e m t  i n v o l v i n g  many  
p e o p l e ,  many p h a s e s ,  many c o m p o n e n t s  and  many r e q u i r e m e n t s .  
4. c h a r a c t e r i s t i c  f e a t u r e  o f  s y s t e m s  i s  t h a t  l o c a l  s u b s y s t e m  
o p t i m i s a t i o n  d o e s  n o t  l e a d  t o  s y s t e m  o p t i m i s a t i o n .  T h u s  
i n v e s t i g a t i o n  a n d  i m p r o v e m e n t  o f  a  p a r t  o f  t h e  p r o c e s s  
w i t h o u t  c o n s i d e r a t i o n  o f  t h e  p r o c e s s  a s  a  w h o l e  d e m a n d s  
e x t r e m e  c a r e .  

An e x t r e m e  e x a m p l e  i n d i c a t e s  t h e  d a n g e r s .  S k i l l e d  
p r o g r a m m e r s  a r e  i n  s h o r t  s u p p l y .  Thus  i t  m i g h t  be  a r g u e d  
t h a t  s u c h  p e r s o n n e l  s h o u l d  s p e n d  t h e i r  t i m e  t p r o g r a m m i n g l ,  t o  
i n c r e a s e  t h e i r  p r o d u c t i v i t y  o f  c o d e .  If t h i s  i s  u s e d  t o  
e x c l u d e  them f rom a c t i v e  p a r t i c i p a t i o n  i n  d o c u m e n t a t i o n ,  t h e  
n e t  e f f e c t  may be e n t i r e l y  t h e  o p p o s i t e  t o  t h a t  i n t e n d e d .  
The t o t a l  p r o c e s s  w i l l  b e  r e t a r d e d  when c l e a r  d e s c r i p t i o n s  o f  
t h e  c o d e  are n o t  a v a i l a b l e ,  o r  r e f l e c t  m i s u n d e r s t a n d i n g  o f  
v e r b a l  d e s c r i p t i o n s  g i v e n  i n  h a s t e .  

1 .8  Programmer P r o d u c t i v i t y  

F r o m  t h e  p r e c e d i n g  d i s c u s s i o n  i t  w i l l  b e  a p p a r e n t  t h a t  
i n c r e a s i n g  p rog rammer  p r o d u c t i v i t y  a l o n e  w i l l  n o t  s u f f i c e  t o  
s o l v e  t h e  p r o b l e m s  t h a t  IBM a n d  o t h e r  p r o g r a m m i n g  
o r g a n i s a t i o n s  a r e  g o i n g  t o  f a c e  i n  t h e  coming  decade .  I t  i s  
n o t  e v e n  c l e a r  j u s t  w h a t  i s  m e a n t  by  f P r o g r a m m i n g ' ,  w h a t  
a c t i v i t i e s  t h e  p r o g r a m m e r  s h o u l d  e n g a g e  i n  a n d  how 
p r o d u c t i v i t y  s h o u l d  b e  m e a s u r e d .  P u b l i s h e d  f i g u r e s  h a v e  
e x p r e s s e d  p rog rammer  p e r f o r m a n c e  i n  terms o f  l i n e s  o f  c o d e  
g e n e r a t e d  i n  u n i t  t i m e .  T y p i c a l  o u t p u t s  h a v e  r a n g e d  f r o m  500 
t o  3000  s t a t e m e n t s  p e r  m a n - y e a r ,  w i t h  a r e c e n t  J a p a n e s e  
r e p o r t  [KEN691 q u o t i n g ,  a  c o m p a r a t i v e l y  h i g h ,  n i n e  program-  
s t e p s  p e r  man-day. 

P e r f o r m a n c e  f i g u r e s  m e a s u r e d  i n  t h e s e  terms h a v e  r e m a i n e d  
r e m a r k a b l y  c o n s t a n t  o v e r  t h e  l a s t  y e a r s  [HER69]. The s i m p l e  
i n t e r p r e t a t i o n  o f  t h i s  i n v a r i a n c e  i s  t h a t  no  r ea l  c h a n g e  h a s  
t a k e n  p l a c e  i n  t h e  s k i l l s  o f  p e r s o n n e l  a c t u a l l y  i m p l e m e n t i n g  
programs.  It is, h o w e v e r ,  j u s t  a s  l i k e l y  t h a t  t h e  i n v a r i a n c e  
i n d i c a t e s  t h a t  r a t e  o f  c o d e- g e n e r a t i o n  i s  n o t  a  t r u e  m e a s u r e  
o f  p r o d u c t i v i t y .  I n  f a c t  c o d e - g e n e r a t i o n  i s  a  s m a l l  p a r t  o f  
t h e  t o t a l  p r o c e s s .  Thus  i n c r e a s e d  p r o f i c i e n c y  i n  l a n g u a g e ,  
i n c r e a s e d  p rog ramming  a n d  mznagment  e x p e r i e n c e ,  a  d e c r e a s i n g  
i n c l i n a t i o n  t o  e v a l u a t e  a l t e r n a t i v e  a l g o r i t h m s ,  i n c r e a s e d  
e f f e c t i v e n e s s  i n  t h e  t r a i n i n g  o f  p rog rammers ,  e a c h  i m p a c t  
o n l y  a smal l  p a r t  o f  t h e  t o t a l  p r o c e s s .  To a c h i e v e  
s i g n i f i c a n t  a d v a n c e s  i n  p r o d u c t i v i t y  may r e q u i r e  a n  a t t a c k  o n  
t h e  p r o c e s s  as a  whole.  
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The a p p a r e n t  i n e f f e c t i v e n e s s  o f  r a t e  o f  c o d e- g e n e r a t i o n  a s  a 
measure  o f  p r o d u c t i v i t y  may a l s o  be v iewed f rom a s l i g h t l y  
d i f f e r e n t  p o i n t  o f  v i e w .  A r e c e n t  s u r v e y  o f  v a r i o u s  IBM 
programming l o c a t i o n s  h a s  r e v e a l e d  t h a t  programmers  s p r e a d  
t h e i r  a c t i o n  o v e r  m o r e  t h a n  t w e n t y  c l a s s e s  o f  a c t i v i t y  
s p e n d i n g  no m o r e  t h a n  s o m e  25% t o  33% o f  t h e i r  t i m e  
lProgrammingl.  The n a t u r e  o f  t h e  s u r v e y  r a i s e s  q u e s t i o n s  
a b o u t  t h e  p r e c i s e  v a l u e  of t h i s  r e s u l t .  There  i s ,  however,  a 
s t r o n g  c o r r e l a t i o n  w i t h  B a r d a i n ls  e s t i m a t e  [BAR641 t h a t  a 
programmer lP rograms l  27% o f  h i s  t i m e ,  w h e r e a s  a n  e n g i n e e r  
'Engineers1 45% o f  h i s  t ime .  Thus t h e  s u r v e y  s u g g e s t s  t h a t  
t h e  programmer i s  used  a s  a ' J ack-o f -a l l - t r ades ' .  I n c r e a s e d  
e f f e c t i v e n e s s  o f  t h e  programming p r o c e s s  may w e l l  be o b t a i n e d  
th rough  more e f f e c t i v e  u t i l i s a t i o n  o f  p r o f e s s i o n a l s ,  a i d e d  by 
s u p p o r t  f rom programming t e c h n i c i a n s  and machines.  

I n  summary i t  a p p e a r s  t h a t  q u e s t i o n s  o f  p r o d u c t i v i t y  r e q u i r e  
i n v e s t i g a t i o n  o f  t h r e e  r e l a t e d  a r e a s ,  t h e  e f f e c t i v e n e s s  o f  
t h e  t o t a l  p r o c e s s  i t s e l f ,  t h e  u t i l i s a t i o n  o f  human a n d  
machine  c a p a b i l i t y  and r e s o u r c e s  i n  t h a t  p r o c e s s ,  and t h e  
p r o d u c t i v i t y  o f  t h e  p r o g r a m m e r  when h e  i s  a c t u a l l y  
programming. A l l  t h e s e  q u e s t i o n s  a r e  d i s c u s s e d  b r i e f l y  l a t e r  
i n  t h i s  r e p o r t .  

1.9 Educa t ion  

The EDP-education needs  o f  t h e  C o r p o r a t i o n  and o f  t h e  c o u n t r y  
a r e  a l s o  g rowing  a t  a n  a l a r m i n g  pace. That  g r o w t h  i s  needed 
t o  s u p p o r t  r e c r u i t m e n t  and r e t r a i n i n g  a s  new s o f t  and h a r d  
s y s t e m s  become  a v a i l a b l e  a n d  a s  t o o l s  a n d  s u p p o r t  a r e  
deve loped  f o r  t h e  programming p rocess .  

I t  h a s  been c l a i m e d  t h a t  IBM t r a i n s  h a l f  a m i l l i o n  p e o p l e  a 
yea r .  O the r  e s t i m a t e s  s u g g e s t  a t r a i n i n g  need f o r  o v e r  one- 
hundred thousand raw r e c r u i t s  a n n u a l l y  on a n a t i o n a l  s c a l e .  
A h i g h  p e r c e n t a g e  o f  t h e s e  r e c e i v e  some o f  t h e i r  e d u c a t i o n  
f rom IBM. Thus e d u c a t i o n  f o r m s  a ma jo r  a c t i v i t y  w i t h i n  IBM, 
o n e  t h a t  a p p e a r s  a s  a n  i n c r e a s i n g  d r a i n  o n  r e s o u r c e s .  It 
may, however,  a l s o  be v iewed a s  p o s s e s s i n g  p r o f i t  p o t e n t i a l  
a n d  a s  o f f e r i n g  h o p e  f o r  i m p r o v e d  p r o d u c t i v i t y  a n d  
e f f e c t i v e n e s s  t h r o u g h  more d i s c r i m i n a t i n g  t r a i n i n g .  

The a p p a r e n t  a b s e n c e  o f  programming t e c h n i c i a n s  d rawn  from 
h igh  s c h o o l  and two- year  c o l l e g e  g r a d u a t e s  i s  r e l a t e d  i n  p a r t  
t o  t h e  f o r m  o f  t h e  p r o g r a m m i n g  p r o c e s s  a n d  t h e  l a c k  o f  
m a n a g e m e n t  e x p e r i e n c e  i n  t h e  u s e  o f  t h i s  l a b o u r  s o u r c e .  
E q u a l l y ,  h o w e v e r ,  i t  may b e  r e l a t e d  t o  t h e  p r o g r a m m e r  
e d u c a t i o a l  p rocess .  That  p r o c e s s  i s  d i s c u s s e d  i n  a l a t t e r  
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s e c t i o n .  A t  t h i s  p o i n t  t h e  a v a i l a b i l i t y ,  c o n t e n t  and q u a l i t y  
o f  EDP e d u c a t i o n  c o u r s e s  i s  r e c o g n i s e d  a s  a  m a j o r  f a c t o r  i n  
t h e  e f f e c t i v e n e s s  o f  t h e  p r o g r a m m i n g  p r o c e s s  a n d  i n  
s u p p o r t i n g  t h e  g rowing  market .  

1 .10 The New World 

The p r e c e d i n g  d i s c u s s i o n  h a s  been i n  t h e  most g e n e r a l  t e rms .  
The d a t a  on which i t  was based was a l l  d e r i v e d  i n  t h e  o l d ,  
pre- unbundl ing,  World. It is,  o f  c o u r s e  t o o  e a r l y  t o  measure  
t h e  e f f e c t s  o f  t h e  New-World ( 3 . 4 )  e n v i r o n m e n t  o n  g r o w t h  
r a t e s .  However ,  i t  may w e l l  a c c e n t u a t e  t h e  e f f e c t s  o f  
growth.  

When a  cus tomer  pays  f o r  a  p roduc t  o r  a  s e r v i c e  he  i s  l i k e l y  
t o  a t t e m p t  a n  a s s e s s m e n t  of i t s  v a l u e  t o  h i m s e l f .  Some 
program p r o d u c t s  w i l l  q u i c k l y  d e m o n s t r a t e  and j u s t i f y  t h e i r  
c o s t .  Thus  e n c o u r a g e d  by p r o g r a m  c h a r g e s  t o  e v a l u a t e  
programs,  c u s t o m e r s  w i l l  d i s c o v e r  t h e i r  p r o f  i t a b i l i t y  and 
w i l l  be encouraged t o  a s k  f o r  more. That  i s  t h e  New World 
w i l l  t e n d  t o  i n c r e a s e  demand, and hence  g r o w t h  i n  a l l  t h e  
a r e a s  we have cons ide red .  

Moreover,  t o  t h e  e x t e n t  t h a t  t h e r e  i s  a  r e l a t i o n s h i p  be tween  
c o s t  and p r i c e  and i n  v iew o f  emerg ing  c o m p e t i t i o n ,  i t  w i l l  
be more t h a n  e v e r  i m p o r t a n t  t o  know and c o n t r o l  programming 
c o s t s  i n  IBM. I n  t h i s  s e n s e  t h e  New Wor ld  p o s t u r e  w i l l  
encourage  deve lopment  o f  a p p r o p r i a t e  e v a l u a t i o n  and v a l u a t i o n  
t echn iques .  The r e s u l t a n t  p r e s s u r e s  can  o n l y  be b e n e f i c i a l  
t o  t h e  e f f e c t i v e n e s s  o f  t h e  programming p rocess .  

1 . l l  Summary 

I n  t h e  p r e c e d i n g  s e c t i o n s  we have concluded t h a t  t h e r e  i s  a  
h i g h  r a t e  o f  g r o w t h  i n  p r o g r a m m i n g  demand ,  m a n p o w e r ,  
e x p e n d i t u r e ,  c o m p l e x i t y  a n d  c o s t .  Manpower  i s  a l r e a d y  a  
l i m i t i n g  r e s o u r c e  f o r  IBM c u s t o m e r s  and t h e r e f  o r e  f o r  IBM. 

T h e  g r o w t h - c o n t r o l  p r o b l e m s  r e l a t e  n o t  o n l y  t o  t h e  
p r o d u c t i v i t y  o f  programming p e r s o n n e l  bu t  t o  improv ing  t h e  
e f f e c t i v e n e s s  o f  t h e  e n t i r e  programming p rocess .  Examina t ion  
o f  t h e  p r o d u c t i v i t y  q u e s t i o n  i n  i s o l a t i o n  c a n  e v e n  be  
m i s l e a d i n g .  It c o u l d  l e a d  t o  t h e  i n e f f e c t i v e  t r a n s f e r  o f  

3.4 (Eds)  t h e  t e rms  unbundling and New-World were i n  common 
u s e  i n  IBM i n  t h e  l a t e  1 9 6 0 s  i n  r e l a t i o n  t o  t h e  IBM 
p o t i c y  d e c i s i o n  t o  charge  f o r  s o f t w a r e ,  and i t s  
implementation. 
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a c t i v i t i e s  n o t  d i r e c t l y  r e l a t e d  t o  p rog ramming ,  b u t  e s s e n t i a l  
t o  t h e  r e l e a s e  o f  a  r e l i a b l e  p r o d u c t .  S i m i l a r l y ,  a  t o o l  
d e v e l o p e d  t o  s u p p o r t  t h e  p rog rammer  r a t h e r  t h a n  t h e  p r o c e s s ,  
may r e n d e r  h im i m m e d i a t e l y  more  e f f e c t i v e ,  b u t  may be l e s s  
t h a n  e f f i c i e n t  o r  e v e n  h a r m f u l  when v i a w e d  i n  r e l a t i o n  t o  t h e  
t o t a l  p r o c e s s  

Thus, a f t e r  a  b r i e f  d i s c u s s i o n  o n  t h e  c o n t r o l  o f  g r o w t h ,  t h i s  
p a p e r  w i l l  e x a m i n e  t h e  t o t a l  p r o g r a m m i n g  p r o c e s s ;  t h e  
f u n c t i o n  o f  s t r u c t u r e ,  o f  men a n d  o f  m a c h i n e s  w i t h i n  t h a t  
p r o c e s s .  I m p r o v e m e n t s  m u s t  b r i n g  a b o u t  r e d u c t i o n  i n  
e x p e n d i t u r e s ,  c o s t ,  human e f f o r t ,  and  t h e  l e a d - t i m e  b e t w e e n  
s t a t e m e n t  o f  a  r e q u i r e m e n t  a n d  d e l i v e r y  o f  a  r e l i a b l e  
porogram.  I n  e s s e n c e  t h i s  m u s t  be a c h i e v e d  t h r o u g h  i n c r e a s e d  
e f f e c t i v e n e s s ,  and  i n t e r a c t i o n  f o r  a l l  t h o s e  i n v o l v e d  i n  t h e  
p r o c e s s .  

2 C o n t r o l  o f  Growth 

2 .1  Form o f  Growth 

The p r e v i o u s  s e c t i o n  h a s  i n d i c a t e d  t h e  u n a b a t e d  g r o w t h  o f  t h e  
programming a r e a .  T h i s  g r o w t h  w i l l  c o n t i n u e  i n t o  t h e  f u t u r e .  
I n  f a c t ,  a n  e x a m i n a t i o n  o f  t h e  p r o g r a m m i n g  e n v i r o n m e n t  
r e v e a l s  a l l  t h e  i n g r e d i e n t s  o f  e x p o n e n t i a l  g r o w t h .  Thus ,  f o r  
e xa mp le ,  new f u n c t i o n  a n d  new s y s t e m  demand,  t h e  m a i n t e n a n c e  
r e q u i r e m e n t  a n d  t h e  i m p a c t  o f  c o m p l e x i t y  a l l  i n c r e a s e  a s  a  
f u n c t i o n  o f  b o t h  t h e  n u m b e r  o f  s y s t e m s  a n d  t h e  n u m b e r  o f  
c o p i e s  o f  t h e s e  s y s t e m s  i n  t h e  f i e l d .  

E x a m i n a t i o n  o f  IBM p rog ramming  p o p u l a t i o n  a n d  e x p e n d i t u r e  
d a t a  c l e a r l y  r e v e a l s  s u c h  e x p o n e n t i a l  g r o w t h  f o r  t h e  p e r i o d  
up  t o  a b o u t  1966.  Beyond t h a t  t i m e ,  howeve r ,  f u r t h e r  g r o w t h  
t e n d s  t o  b e  l i n e a r .  I t  i s  t h e  p u r p o s e  o f  t h i s  s e c t i o n  t o  
d i s c u s s  t h e  m e c h a n i s m s  t h a t  h a v e  c o n t r o l l e d  t h e  n a t u r a l  
t e n d e n c y  f o r  u n a b a t e d  g r o w t h  i n  t h e  p a s t  a n d  t o  p r o p o s e  
a l t e r n a t i v e s  f o r  t h e  f u t u r e .  

2 . 2  E n v i r o n m e n t a l  C o n t r o l  

Any i n c r e a s e  o f  e x p e n d i t u r e  i n  a p a r t i c u l a r  a r e a  o f  I B M f s  
a c t i v i t y  m u s t  c o m p e t e  f o r  f u n d s  w i t h i n  t h e  t o t a l i t y  o f  IBMfs 
e x p e n d i t u r e .  Thus,  o n c e  t h e  r a t e  o f  g r o w t h  o f  e x p e n d i t u r e  i n  
p r o g r a m m i n g  e x c e e d s  t h e  r a t e  o f  b u d g e t  g r o w t h  o f  t h e  
e n v i r o n m e n t ,  s u c h  g r o w t h  c a n  o c c u r  o n l y  be r e s t r i c t i n g  g r o w t h  
o r  e v e n  d e c r e a s i n g  e x p e n d i t u r e s  i n  o t h e r  a r e a s .  
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As a  b u s i n e s s ,  w i t h  a n  a l m o s t  i n f i n i t e  p o t e n t i a l  market  f o r  
i t s  p r o d u c t ,  IBM i t s e l f  cou ld  a l s o  grow e x p o n e n t i a l l y .  I n  
f a c t ,  however,  i t  i s  c o n t r o l l e d  i n  i t s  g r o w t h  by t h e  n a t i o n a l  
e c o n o m y  a n d  i t s  own f i n a n c i a l  r e s o u r c e s .  T h u s  t h e  
C o r p o r a t i o n  h a s  h a d  t o  c o n t r o l ,  t o  l i n e a r i s e ,  b u d g e t a r y  
a l l o c a t i o n s  t o  e a c h  d i v i s i o n .  T h e s e  i n  t u r n ,  h a v e  b e e n  
u n a b l e  t o  g i v e  f r e e  r e i n  t o  v a r i o u s  g r o w t h  a r e a s .  Thus  
d e s p i t e  l o n g  queues  o f  work a w a i t i n g  t h e  a l l o c a t i o n s  o f  f u n d s  
a s  t y p i f i e d  by SDD's lou tp lan '  and DP's 'Development Beyond 
T a r g e t 1 ,  e a c h  d i v i s i o n  h a s  a p p l i e d  a  l i n e a r i s a t i o n  t o  i t s  
programming deve lopment  a c t i v i t y .  

I n  SDD, f o r  e x a m p l e ,  t h e  e x p e n d i t u r e  on p r o g r a m m i n g  
development  was s e t  a t  a  f i x e d  p e r c e n t a g e  o f  t h e  d i v i s i o n a l  
budget some y e a r s  ago. T h i s  r a t e  was c o n s i d e r e d  r e a s o n a b l e  
i n  r e l a t i o n  t o  o t h e r  c a l l s  on  d i v i s i o n a l  r e s o u r c e s  and was 
not  based on a n  e s t i m a t e  o f  va lue .  Nor cou ld  i t  be,  s i n c e  
r e l i a b l e  f o r e c a s t i n g  t e c h n i q u e s  were  no t  a v a i l a b l e  i n  t h e  
s o f t w a r e  a rea .  

2 . 3  Open-Loop C o n t r o l  

I n  summary t h e n ,  t h e  g r o w t h  c o n t r o l  n e c e s s i t a t e d  by r e s o u r c e  
l i m i t a t i o n s  h a s  been a p p l i e d  t o  programming e x p e n d i t u r e  and 
manpower  g r o w t h  t h r o u g h  t h e  medium o f  o p e n- l o o p ,  b u d g e t ,  
c o n t r o l .  I n  t h e  Old World t h e  concep t  o f  p r o f i t a b i l i t y  d i d  
no t  e x i s t .  Budget a l l o c a t i o n s  d i d  n o t  and c o u l d  n o t  r e f l e c t  
t h e  q u a l i t y ,  v a l u e  o r  p r o f i t  p o t e n t i a l  o f  a  p r o g r a m  o r  
programming sys tem.  Market  needs  and demands a s  d e t e r m i n e d  
by f o r e c a s t i n g  a c t i v i t i e s ,  w e r e  e x p r e s s e d  e x c l u s i v e l y  i n  
t e r m s  o f  i m p a c t  o n  h a r d w a r e  s a l e s .  t h e  c o n c e p t s ,  
t e c h n o l o g i e s  and t o o l s  r e q u i r e d  t o  e s t a b l i s h  s o f t w a r e  ' va lue 1 

and hence  t o  c o n t r o l  t h e  programming p r o c e s s  by means o f  a  
s e l f - r e g u l a t i n g  f eedback  p rocedure  d i d  n o t  e x i s t .  Nor was  
t h e r e  any i n c e n t i v e  f o r  t h e i r  development  i n  a n  env i ronment  
where b u s i n e s s  p o l i c y  r e g a r d e d  i n v e s t m e n t  i n  s o f t w a r e  a s  a n  
overhead c o s t .  

2 . 4  Closed-Loop C o n t r o l  

The New- World p r e s s u r e s  f o l l o w i n g  unbund l ing  c r e a t e  a  v i s i b l e  
need and t h e  s t a t e - o f - t h e - a r t  s h o u l d  now p r o g r e s s ,  p e r m i t t i n g  
a  g r a d u a l  t r a n s i t i o n  t o  c l o s e d - l o o p  c o n t r o l .  Under  s u c h  
c o n t r o l ,  f e e d b a c k  d e r i v e d ,  f o r  example ,  f rom t h e  p o t e n t i a l  
l va lue l  o f  a  program must  p l a y  a  ma jo r  p a r t  i n  t h e  d e c i s i o n  
p rocedure  t h a t  d e t e r m i n e s  i t s  i n i t i a t i o n  and managment o f  i t s  
development.  I n  t h i s  c o n t e x t  l v a l u e l  i s  u l t i m a t e l y  measured 
by t h e  d i r e c t  and i n d i r e c t  p r o f i t  p o t e n t i a l  o f  t h e  program. 
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I t  w i l l  b e  r e l a t e d  t o  f u n c t i o n a l  c o n t e n t ,  i m p l e m e n t a t i o n  
c o s t ,  p e r f o r m a n c e ,  f l e x i b i l i t y ,  c h a n g e a b i l i t y ,  r e l i a b i l i t y  
and  t h e  m a r k e t  needs  t h a t  e x i s t  o r  c a n  be c r e a t e d .  

The i n c e n t i v e  comes f rom t h e  new r e q u i r e m e n t  f o r  c o n t r o l l e d  
c o s t s  o f  programming p r o d u c t s .  Thus c o n t r o l  must  c a u s e  more  
s e l e c t i v e  a n d  p r o f i t a b l e  d e v e l o p m e n t ,  t h e  a b a n d o n m e n t  o f  
u n s u c c e s s f u l  programming e f f o r t s .  T h i s  r e p r e s e n t s  a m a j o r  
s t e p  f o r w a r d  o v e r  a c o n t r o l  t e c h n i q u e  dependen t  p r i m a r i l y  o n  
human i n t u i t i o n  and v i e w p o i n t .  These  may be o b j e c t i v e  b u t  
e q u a l l y  o f t e n  w i l l  b e  p a r o c h i a l ;  c o l o u r e d  b y  l o c a l  n e e d s ,  
p r e j u d i c e s  and i n t e r e s t s .  

2 .5  Base C o n t r o l  

Applying  l v a l u e l  f e e d b a c k  w i l l  n o t  s i g n i f i c a n t l y  i m p a c t  t h a t  
p a r t  o f  t h e  o v e r a l l  t r e n d  t o  g r o w t h  c a u s e d  by  j u s t i f i a b l e  
demand and  i n c r e a s e d  c o m p l e x i t y .  An a d d i t i o n a l  mechanism i s  
t h e r e f o r e  r e q u i r e d .  T h i s  l e t s  t h e  output o f  t h e  programming 
p r o c e s s  grow a t  i t s  n a t u r a l  pace ,  w h i l e  l i m i t i n g  e x c e s s i v e  
g r o w t h  i n  e x p e n d i t u r e ,  m a n p o w e r  a n d  c o s t .  I t  r e q u i r e s  a  
change  i n  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  i n p u t  and o u t p u t  o f  
t h e  programming p r o c e s s .  I n  terms o f  a m a t h e m a t i c a l  model ,  
t h e  a l t e r n a t i v e  t o  f o r c i b l y  c h a n g i n g  t h e  fo rm o f  a t r a n s f e r  
f u n c t i o n  by  c o n s t r a i n t s  a n d  f e e d b a c k  i s  t o  r e t a i n  t h e  
e x p o n e n t i a l  form b u t  t o  change  i t s  c o e f f i c i e n t s .  T h i s  may be 
a c h i e v e d  by changes  i n  t h e  e n v i r o n m e n t  and  i n  t h e  l e v e l  and  
t r a i n i n g  o f  p e r s o n n e l  ( l a b o u r  c o s t s ) ,  changes  i n  e d u c a t i o n ,  
t r a i n i n g  and management ( i n d i v i d u a l  and g r o u p  p r o d u c t i v t y )  
and  changes  i n  me thodo logy  and s u p p o r t  ( p r o c e s s  s t r u c t u r e ,  
t o o l i n g ,  and m e c h a n i s a t i o n ) .  

T h i s  p o t e n t i a l  h a s  been  r e c o g n i s e d  w i t h i n  IBM. The l e v e l  o f  
e x p e n d i t u r e  d e d i c a t e d  t o  programming s u p p o r t ,  however ,  f a l l s  
f a r  below t h e  s u p p o r t  l e v e l  p r o v i d e d  i n  o t h e r  a r e a s .  Thus 
t e c h n i q u e s  a n d  t o o l s  d e v e l o p m e n t  i n  t h e  C o m p o n e n t s  a n d  
M a n u f a c t u r i n g  D i v i s i o n s  a r e  funded  a t  a l e v e l  and o r d e r  o f  
m a g n i t u d e  l a r g e r  i n  r e l a t i o n  t o  t h e  r e s p e c t i v e  d i v s i o n a l  
deve lopmen t  b u d g e t s ,  t h a n  t h e  C o r p o r a t e  p rog ramming- suppor t  
s t r a t e g y  budge t  i n  r e l a t i o n  t o  SDD programming deve lopmen t  
e x p e n d i t u r e  i n  1 9 6 9 .  I n  f a c t  C o r p o r a t e  e x p e n d i t u r e  o n  
p r o g r a m m i n g  m e t h o d o l o g y  a n d  s u p p o r t  r e p r e s e n t s  a m i n u t e  
f r a c t i o n  o f  e x p e n d i t u r e  i n  t h e  programming area as  a whole.  
T h i s  a l r e a d y  low r e l a t i v e  e x p e n d i t u r e  i s  t o  be s t i l l  f u r t h e r  
r e d u c e d  as i n  F i g u r e  6. 

A t  t h i s  l ow  l e v e l  o f  e x p e n d i t u r e ,  t h e  ma in  t h r u s t  h a s ,  i n  t h e  
p a s t ,  b e e n  d i r e c t e d  t o  t h e  s o l u t i o n  o f  l o c a l  p r o b l e m s  o f  
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F i g u r e  6 IBM Programming Development S u p p o r t  
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i m m e d i a t e  u r g e n c y .  A t t e m p t s  t o  s t r u c t u r e ,  m e c h a n i s e  a n d  
s u p p o r t  t h e  t o t a l  p r o c e s s ,  u s i n g  compu te r  t e c h n o l o g y  whereve r  
a p p r o p r i a t e ,  have  n o t  been  c a r r i e d  th rough .  No e x a m i n a t i o n  
h a s  b e e n  made o f  t h e  p r o g r a m m i n g  p r o c e s s  i t s e l f  s o  t h a t  
m o d e r n  t e c h n o l o g i e s  o f  d a t a  t r a n s l a t i o n ,  m a n i p u l a t i o n ,  
s t o r a g e ,  d i s p l a y  and communica t ion ,  c a n  be e x p l o i t e d  t o  t h e  
f u l l e s t  e x t e n t .  (3 .5)  

The  p r e s e n t  p r o g r a m m i n g  p r o c e s s  i s  a  l i n e a r  s e q u e n c e  o f  
e v e n t s ,  s o m e  o f  w h i c h  h a v e  b e e n  i n d i v i d u a l l y  i m p r o v e d .  
Improv ing  some o f  t h e s e  however ,  need  have ,  and  h a s  had ,  no 
d r a m a t i c  i m p a c t  on  t h e  l e v e l  o f  a c t i v i t y  o r  r a t e  o f  growth .  
Hence e x t e r n a l  c o n t r o l s  have  had t o  be invoked.  

2 . 6  The P r e s e n t  S t u d y  

I n  t h e  p r e c e d i n g  s e c t i o n s  we have  o u t l i n e d  t h r e e  a p p r o a c h e s  
t h a t  i n d i v i d u a l l y  o r  i n  c o m b i n a t i o n  c a n  c o n t r o l  t h e  
programming e n v i r o n m e n t  and r e n d e r  t h e  programming p r o c e s s  
more e f f e c t i v e .  The f i r s t  two f o r c e  t h e  l i n e a r i s a t i o n  o f  a  
g r o w t h  p o t e n t i a l  t h a t  i s  n a t u r a l l y  e x p o n e n t i a l .  

A t  t h e  p r e s e n t  t i m e  c o n t r o l  i s  e s s e n t i a l l y  open- loop w i t h  
b u d g e t  a l l o c a t i o n s  a n d  m a n a g e r i a l  n e g o t i a t i o n  t h e  m a i n  
f o r c e s .  I t  w o u l d  c l e a r l y  b e  d e s i r a b l e  t o  r e p l a c e  s u c h  
p r o c e d u r e s  by a  s e l f - r e g u l a t i n g  economic  mechanism. T h i s  
r e q u i r e s  t h e  d e v e l o p m e n t  o f  i n s i g h t  i n t o  t h e  p r o g r a m m i n g  
p r o c e s s  and m a r k e t  needs  and t h e  deve lopmen t  o f  f o r e c a s t i n g ,  
e v a l - u a t i o n ,  m e a s u r e m e n t ,  a n d  m a n a g e m e n t  p r o c e d u r e s ,  
t e c h n i q u e s  and t o o l s .  

These v e r y  p r o b l e m s  must  h a v e  been  w i d e l y  d i s c u s s e d  o v e r  t h e  
p a s t  few mon ths  i n  c o n n e c t i o n  w i t h  t h e  u n b u n d l i n g  p r o c e s s .  
T h e i r  s o l u t i o n  c a n  make  a  f u n d a m e n t a l  c o n t r i b u t i o n  j t o  
i m p r o v i n g  t h e  e f f e c t i v e n e s s  a n d  p r o f i t a b i l i t y  o f  t h e  
programming p r o c e s s .  C o n s i d e r a b l e  e f f o r t  w i l l ,  however ,  be 
r e q u i r e d  t o  c o l l e c t ,  a n a l y s e .  c o r r e l a t e  and  i n t e r p r e t  d a t a  
a n d  t o  l e a r n  how t o  u s e  t h e  r e s u l t a n t  i n s i g h t  t o  t h e  b e s t  
a d v a n t a g e .  

U l t i m a t e l y ,  however ,  s a t i s f a c t i o n  o f  t h e  demand t h a t  e x i s t s  
o r  t h a t  can  be c r e a t e d  f o r  IBM s o f t w a r e  s y s t e m s  and p r o d u c t s ,  
d e m a n d s  m o d i f i c a t i o n  r a t h e r  t h a n  l i n e a r i s a t i o n  o f  t h e  

3 . 5  ( E d s )  We emphasise  once aga in  t h a t  t h i s  paragraph ( t h a t  
i s ,  t h e  e n t i r e  p a p e r )  was  w r i t t e n  i n  1970.  O n l y  now 
( 1 9 8 4 )  a r e  t h e s e  p o i n t s  b e g i n n i n g  t o  b e  w i d e l y  
understood and accep ted .  
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e x p o n e n t i a l  g r o w t h ,  d e s p i t e  i t s  e x p l o s i v e  t r e n d .  S u c h  
m o d i f i c a t i o n  w i l l  r e s u l t  f rom a n  a c c e l e r a t e d  i n t r o d u c t i o n  o f  
s t r u c t u r e d  m e c h a n i s a t i o n  t o  t h e  t o t a l  programming p r o c e s s .  
I n  t h e  p a s t  t h e  a p p r o a c h  t o  m e c h a n i s a t i o n  h a s  been  p i e c e m e a l .  
To d e t e r m i n e  w h e t h e r  t h e r e  e x i s t s  a n  a l t e r n a t i v e ,  wha t  s u c h  
a n  a l t e r n a t i v e  m i g h t  r e q u i r e  and  wha t  p r o j e c t s  and  a c t i v i t i e s  
m i g h t  b e  i n i t i a t e d  a t  t h e  p r e s e n t  t i m e ,  we now c h o o s e  t o  
d i s c u s s  t h e  programming p r o c e s s  unde r  t h e  f i v e  h e a d i n g s  o f  
m e t h o d o l o g y  ( 3 . 6 ) ,  t o o l s ,  l a n g u a g e s ,  m a n a g e m e n t  a n d  
e d u c a t i o n .  

3 Methodology 

3.1 The B a s i c  Need 

Methodology i s  r e q u i r e d  w h e r e v e r  t h e r e  i s  a n  i n v o l v e m e n t  w i t h  
t h e  d e s i g n  o r  c o n t r o l  o f  i n t e r a c t i n g  s y s t e m s .  I n  t h e  c a s e  o f  
s o f t w a r e  p r o d u c t s ,  s y s t e m s  o f  p e o p l e  i n t e r a c t  o v e r  a n  
e x t e n d e d  p e r i o d  o f  time, w i t h i n  a b u s i n e s s  s y s t e m ,  t o  p roduce  
a  compu te r  s y s t e m  based  on  a h a r d w a r e  subsys t em.  The t o t a l  
s y s t e m  w i l l  be  judged i n  t h e  r e a l  w o r l d  by c o m p a r i s o n  w i t h  
p r e - s e t  o b j e c t i v e s  and c o m p e t i t i v e  p r o d u c t s .  The me thodo logy  
m u s t  a i m  t o  p r o d u c e  d e c i s i o n  t a k i n g  a n d  o p t i m i s a t i o n  
p r o c e d u r e s  t h a t  a r e  s y s t e m - o r i e n t e d .  T h i s  d e s p i t e  t h e i r  
l o c a l i s a t i o n  i n  s p a c e ,  t i m e  and  p e o p l e ;  d e s p i t e  t h e  l a c k  o f  a  
s o l i d  t h e o r e t i c a l  base .  

An a p p r o p r i a t e  me thodo logy  w i l l  a l s o  y i e l d  a l l  t h e  a d v a n t a g e s  
of  s t r u c t u r e  f o r  t h e  p r o c e s s  and  f o r  t h e  r e s u l t a n t  sys t em.  
I n  p a r t i c u l a r  i t  y i e l d s  u n d e r s t a n d i n g  and hence  c o n t r o l  o f  
t h e  deve lopmen t  p r o c e s s  i t s e l f .  Only t h r o u g h  s u c h  i n s i g h t  
c a n  o n e  h o p e  t o  t r a n s f e r  e x p e r i e n c e  e f f e c t i v e l y  f r o m  o n e  
s y s t e m- i m p l e m e n t a t i o n  t o  t h e  next .  

3.2 Ext remes  i n  Methodology 

3 .2 .1  S imple  Programming Methodology 

The re  i s  no s i n g l e  me thodo logy  o f  programming.  C l e a r l y  t h e r e  
i s  a d i s t i n c t i o n  b e t w e e n  t h e  p r o c e d u r e  f o r  w r i t i n g  a s i m p l e  
program f u l f i l l i n g  a s p e c i f i c  need  and  t h a t  needed t o  p roduce  
a  p r o g r a m m i n g  s y s t e m s  t h a t  i s  t o  a d d r e s s  t h e  p o t e n t i a l  
r e q u i r e m e n t  o f  a n  e n t i r e  a p p l i c a t i o n  a r e a .  

3.6  ( E d s )  T h e  c o r r e c t  word h e r e  and i n  a l l  t h a t  f o l l o w s  
s h o u l d  b e  ' M e t h o d s ' .  M e t h o d o l o g y  i s  ' t h e  s c i e n c e  o f  
me thods ' .  
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The  f o r m e r  c a s e  i s  t y p i f i e d  by a w e l l - d e f i n e d  p r o b l e m ,  
l i m i t e d  o b j e c t i v e s ,  a n  o b v i o u s  a l g o r i t h m ,  s e l f - e v i d e n t  
program s t r u c t u r e ,  a n  a p p r o p r i a t e  l a n g u a g e ,  and a  one-man o r  
s m a l l  g r o u p  e f f o r t .  These  c o n d i t i o n s  a r e  r e a l i s e d  b e c a u s e  o f  
t h e  n a t u r e  o f  t h e  p rob lem and b e c a u s e  o f  l i m i t e d  e x p e c t e d  
u s a g e  and l i f e .  Thus, t h e  methodology i s  s t r a i g h t f o r w a r d .  
S e l e c t  a n  a l g o r i t h m  f o r  t h e  s o l u t i o n  a n d  a n  a p p r o p r i a t e  
programming l anguage .  T h i s  w i l l  p r o b a b l y  be h i g h  l e v e l  and  
m a c h i n e  i n d e p e n d e n t .  I f  t h e  c h o i c e  i s  a v a i l a b l e ,  d e c i d e  
w h e t h e r  t o  p r o c e e d  i n t e r a c t i v e l y  u s i n g  a  c o n v e r s a t i o n a l  
s y s t e m  o r  unde r  b a t c h  mode. W r i t e ,  debug  a n d  r u n  t h e  program 
a c c o r d i n g  t o  t h e  s i m p l e s t  p o s s i b l e  f l o w  d i a g r a m  and u s i n g  t h e  
most  r e a d i l y  a v a i l a b l e  c o m p i l e r ,  

3 .2 .2  The Rea l  World Problem-Sy stems 

T h i s  s i m p l e  p i c t u r e  c h a n g e s  w i t h  t h e  i n t r u s i o n  o f  r e a l - w o r l d  
c o m p l e x i t i e s .  The o b j e c t i v e s  o f  a programming e f f o r t  t h a t  i s  
t o  s e r v e  a  g e n e r a l  p u r p o s e  f u n c t i o n  c a n n o t  b e  u n i q u e l y  
d e t e r m i n e d .  Even when a  p a r t i c u l a r  set  h a s  been  a d o p t e d  t h e y  
a r e  n o t  u s u a l l y  f o r m a l l y  d e f i n e d .  O v e r  t h e  p e r i o d  o f  
deve lopmen t  and i m p l e m e n t a t i o n  t h e y  a r e  l i k e l y  t o  change  ( i n  
p a r t i c u l a r  t o  i n c r e a s e  i n  n u m b e r  a n d  c o m p l e x i t y ) .  T h u s  
p rog rammers  a r e  e s s e n t i a l l y  a i m i n g  a t  a  moving t a r g e t .  

The  s i z e  o f  t h e  e f f o r t  a n d  t h e  l e a d  t i m e  t h a t  c a n  be 
p e r m i t t e d  a r e  t o o  l a r g e  f o r  o n e  i n d i v i d u a l  a l o n e  t o  b e  
a s s i g n e d .  The work becomes  a  team e f f o r t  wh ich  b r i n g s  w i t h  
i t  p r o b l e m  o f  i n t e r f a c e s ,  c o m m u n i c a t i o n ,  s t a n d a r d s  a n d  
management. Program s t r u c t u r e ,  sub- sys t em a s s i g n m e n t s ,  and 
a l g o r i t h m s  w i l l  h ave  t o  be s e l e c t e d .  Many o f  t h e  d e t a i l s  
w i l l  n o t  b e  p r e - p l a n n e d  b u t  w i l l  b e  l e f t  t o  b i l a t e r a l  
n e g o t i a t i o n  o r  t o  i n d i v i d u a l  i m p l e m e n t o r s .  S i n c e  t h e  p rog ram 
i s  e x p e c t e d  t o  be  l o n g- l i v e d ,  i t s  o p e r a t i n g  e n v i r o n m e n t  and  
t h e  demands on  t h e  program w i l l  i n e v i t a b l y  change. Thus t h e  
program w i l l  a im  a t  a  g e n e r a l  p u r p o s e  s t r u c t u r e .  F o r e s i g h t  
i s ,  however ,  a l w a y s  i n a d e q u a t e  and t h u s  t h e  p rog ram must  be 
c h a n g e a b l e  and e x p a n d a b l e ,  o f t e n  by o t h e r s  t h a n  t h e  o r i g i n a l  
p r o g r a

m m

e r s  ( 3 . 7 ) .  

The  s y s t e m  w i l l  b e  r e q u i r e d  t o  b e  e f f i c i e n t  i n  terms o f  
r u n n i n g  t i m e  and  s t o r a g e  s p a c e ,  s i n c e  i t  i s  e x p e c t e d  t o  be  
l a r g e  a n d  w i l l  h o p e f u l l y  b e  i n  f r e q u e n t  u s e  o v e r  a  l o n g  
p e r i o d  o f  t ime. T h u s  a  d e c i s i o n  may b e  made  t o  c o d e  i n  

3.7 (Eds )  Not ice  here a l ready  t h e  f i r s t  r o o t s  of t h e  1 9 8 1  
SPE c Z a s s i f i c a t i o n  and of Evo lu t i on ,  concepts  t h a t  &rninate 
t h e  much l a t e r  papers.  
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a s s e n b l y  l a n g u a g e ,  m i s t a k e n l y  i n  t h i s  a u t h o r ' s  judgement .  
The l a n g u a g e  p r o b l e m  i s  d i s c u s s e d  i n  a  l a t t e r  s e c t i o n .  We 
r e m a r k  h e r e  s i m p l y  t h a t  u s i n g  a n  a s s e m b l y  l a n g u a g e  r e m o v e s  
s t r u c t u r e ,  d i s c i p l i n e ,  c l a r i t y  and  r e a d a b i l i t y ,  compounding  
t h e  o p p o r t u n i t y  f o r  e r r o r  and  t h e  d i f f i c u l t y  o f  change.  

The p r o b l e m s  o u t l i n e d  are r e a l l y  t y p i c a l  o f  t h e s e  t h a t  a r i s e  
i n  t h e  d e s i g n  o f  a n y  l a r g e  s y s t e m .  A s y s t e m  a s s e m b l e d  f r o m  
i t s  c o n s t i t u e n t  p a r t s  a c h i e v e s  a p e r f o r m a n c e  d e t e r m i n e d  b o t h  
by  t h e  p e r f o r m a n c e  o f  i n d i v i d u a l  s u b s y s t e m s  a n d  b y  t h e  
i n t e r a c t i o n s  b e t w e e n  t h e m .  L o c a l  o p t i m i s a t i o n  o f  e a c h  
s u b s y s t e m  c a n n o t  e n s u r e  s y s t e m  o p t i m i s a t i o n .  I n  f a c t  
' M u r p h y ' s  Law 1 (3 .8 )  a p p e a r s  t o  g u a r a n t e e  t h a t  t h e  f i n a l  
s y s t e m ,  when a s s e m b l e d ,  w i l l  be f a r  f r o m  optimum. 

I n  g e n e r a l  a s y s t e m  i s  d e s i g n e d  by  s t a r t i n g  w i t h  t h e  b a s i c  
r e q u i r e m e n t s  a n d  a p p l y i n g  a b r eakdown  o r  o u t s i d e - i n  p r o c e s s  
t h a t  u l t i m a t e l y  y i e l d s  a b l u e p r i n t  i n  terms o f  s t a n d a r d  
c o m p o n e n t s .  Once  t h e  d e s i g n  h a s  b e e n  c o m p l e t e d ,  t h e  
i m p l e m e n t a t i o n ,  w h i c h  p r o c e s s e s  a n d  a s s e m b l e s  m a t e r i a l s  and  
componen t s  i n  i n s i d e - o u t  f a s h i o n ,  c a n  commence. T h i s  s y s t e m  
d e s i g n  p r o c e d u r e  c a n n o t  b e  p r e s e n t l y  a p p l i e d  t o  p rog ramming  
s y s t e m s  f o r  t w o  m a i n  r e a s o n s .  F i r s t ,  a n a l y s i s ,  measu remen t  
and  e v a l u a t i o n  t e c h n i q u e s  t h a t  p e r m i t  s u c h  a d e s i g n  p r o c e s s  
t o  b e  u n d e r t a k e n  a r e  o n l y  now b e g i n n i n g  t o  b e  a v a i l a b l e .  
Second,  s t a n d a r d  c o m p o n e r ~ t s  o f  a s u f f i c i e n t l y  h i g h - l e v e l  t o  
make  t h e  c o n c e p t  m e a n i n g f u l ,  a r e  n o t  a v a i l a b l e .  I n  
p r o g r a m m i n g ,  t h e  d e s i g n  p r o c e s s  c a r r i e s  t h r o u g h  t o  t h e  
c o m p o s i t i o n  o f  i n s t r u c t i o n  s e q u e n c e s ,  c o a l e s c i n g  t h e  d e s i g n ,  
i m p l e m e n t a t i o n ,  a n d  t e s t i n g  p h a s e s .  

The s e q u e n c e  o f  a c t i v i t i e s  t h a t  t a k e  t h e  o r i g i n a l  c o n c e p t  o f  
a p r o g r a m  d o w n  t o  i t s  f i n a l  t e s t e d  a n d  e v a l u a t e d  
i m p l e m e n t a t i o n  i s  t h u s ,  by i t s  v e r y  n a t u r e ,  c o n t i n u o u s .  I f  
t h e  p r o c e s s  i s  t o  b e  i m p r o v e d  i t  m u s t  b e  a n a l y s e d  a n d  
s t r u c t u r e s  a s  a whole . O n l y  t h e n  may  i t  b e  d i v i d e d  i n t o  
s u b a c t i v i t i e s  f o r  t h e  d e v e l o p m e n t  o f  s p e c i a l i s e d  s u p p o r t  
t o o l s ,  p r o c e s s e s  a n d  management  s t r u c t u r e .  

3.8 (Orig)  We do not  r e a l l y  need t o  appeal t o  Murphy's Law. 
I f  each subsystem has been i n d i v i d u a l l y  opt imised ,  by 
d e f i n i t i o n  it can perform no b e t t e r  than when operating 
i n  i s o l a t i o n .  Thus i n t e r a c t i o n s  can  o n l y  degrade 
performance. Many subsystems degrading simultaneously 
i n  pseudo-random fashion cannot be expected t o  produce a 
near opt imised  system. 
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3.3 P r e s e n t  Methodology 

3 .3 .1  The Phase  Review 

Any programming me thodo logy  now e x i s t i n g  h a s  d e v e l o p e d  i n  ad  
hoc  f a s h i o n  o v e r  t h e  y e a r s .  The s i m p l e  c a s e  o f  S e c t i o n  3.2.1 
i n  wh ich  an  i n f o r m a l  problem s t a t e m e n t  i s  d i r e c t l y  t r a n s l a t e d  
i n t o ,  s a y ,  a f l o w  d i a g r a m  and a  FORTRAN o r  COBOL program and 
t h e n  c o m p i l e d  o n  a mach ine- independen t  c o m p i l e r ,  w i l l  n o t  be 
f u r t h e r  d i s c u s s e d .  We m e r e l y  n o t e  t h e  c o n t i n u i n g  need t o  
d e v e l o p  mach ine  i n d e p e n d e n t ,  e x p a n d a b l e  l a n g u a g e s  and t h e i r  
p r o c e s s o r s ,  f o r  r e a d y  a d a p t a t i o n  t o  t h e  n e e d s  o f  p a r t i c u l a r  
a p p l i c a t i o n s .  

The me thodo logy  o f  s y s t e m s  programming i n  t h e  more  r e a l i s t i c  
e n v i r o n m e n t  o u t l i n e d  i n  3.2.2 i s  c o n v e n i e n t l y  d i s c u s s e d  i n  
r e l a t i o n  t o  SDD's d e v e l o p m e n t  g u i d e .  T h i s  l i n e a r  s e t  o f  
p r o c e d u r e s  i s  b a s e d  o n  a  s e r i e s  o f  t e c h n o l o g i e s ;  
a r c h i t e c t u r e ,  d e s i g n ,  i m p l e m e n t a t i o n ,  t e s t ,  and s o  on. I n  
p a r t i c u l a r  t h e  g u i d e  d e f i n e s  t h e  d e t a i l s  o f  t h e  Phase  Reviews 
t h a t  g o v e r n s  t h e  deve lopmen t ,  t e s t ,  announcement  and r e l e a s e  
of  q u a l i t y  ha rdware .  The phase- rev iew p r o c e d u r e  h a s  however  
f a i l e d  t o  f u l f i l l  t h e  same f u n c t i o n  i n  t h e  s o f t w a r e  a r e a .  

P a r t  o f  t h i s  f a i l u r e  i s  u n d o u b t e d l y  d u e  t o  t h e  i n t r i n s i c  
f u s i o n  o f  t h e  d e s i g n ,  i m p l e m e n t a t i o n  and t e s t i n g  p r o c e s s e s  i n  
programming.  E q u a l l y ,  i t  i s  due t o  t h e  a b s e n c e  o f  t e c h n i q u e s  
a n d  t o o l s  t h a t  w o u l d  p e r m i t  t e c h n i c a l  e v a l u a t i o n  o f  w o r k  
c o m p l e t e d ,  i n  terms o f  p e r f o r m a n c e  and c o s t  f o r e c a s t s ,  and  
a c c u r a t e  a s s e s s m e n t s  o f  f u t u r e  r e s o u r c e  r e q u i r e m e n t  f o r  
c o m p l e t i o n  o f  a  p a r t i c u l a r  programming e f f o r t .  

I n  t h e  a b s e n c e  o f  s u c h  s k i l l s  t h e  R e v i e w s  c a n n o t  l e a d  t o  
m e a n i n g f u l  t e c h n i c a l  j u d g e m e n t  o f  a p r o g r a m m i n g  p r o j e c t .  
P e r f o r c e  t h e y  b e c o m e  a m a n a g e m e n t  t o o l  t h a t  r e c o r d s  p a s t  
r e s o u r c e  i n v e s t m e n t s  and  d e t e r m i n e s  a compromise  b e t w e e n  t h e  
f u n c t i o n a l  c o n t e n t ,  c o r e  r e q u i r e m e n t ,  a n n o u n c e m e n t  a n d  
r e l e a s e  d a t e s ,  and  t h e  amount o f  r e s o u r c e s  t o  be c o m m i t t e d  t o  
a program a t  t h a t  j u n c t u r e .  

3 . 3 . 2  Methodology and S t r u c t u r e  

T h e  p r e c e d i n g  i m p l i e s  t h e  n e e d  t o  r e p l a c e  e x i s t i n g  
u n s t r u c t u r e d  t e c h n o l o g y- o r i e n t e d  programming me thodo logy  by 
a n  o v e r a l l  t o t a l - p r o c e s s - o r i e n t e d  methodology.  T h i s  i s  s e e n  
a s  p r o v i d i n g  a s t r u c t u r e  t o  t h e  p r o c e s s .  T h i s  s t r u c t u r e  mus t  
be d e s i g n e d  t o  g u i d e  t h e  programming p r o c e s s  and e n a b l e  i t  t o  
a c h i e v e  any  d e s i r e d  c o m b i n a t i o n  o f  p e r f o r m a n c e ,  r e l i a b i l i t y  
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and c o s t  f o r  a  minimum i n  human e f f o r t  and maximum machine  
s u p p o r t .  A f t e r  a l l  t h e  c o s t  o f  human  e f f o r t  i s  o n  t h e  
i n c r e a s e ,  t h e  s u p p l y  o f  human e f f o r t  i s  l i m i t e d  a n d  t h e  
c o n t r a r y  i s  t r u e  f o r  machines .  

By c r e a t i n g  a n  a p p r o p r i a t e  s t r u c t u r e  f o r  t h e  p r o c e s s  i t s e l f ,  
c o m p l e x i t y  a n d  c o s t  a r e  r e d u c e d ,  a n d  human  a n d  m a c h i n e  
e f f e c t i v e n e s s  s i m u l t a n e o u s l y  i n c r e a s e d .  These  b e n e f i t s  a r e  
i m p o r t a n t  i n  t h e i r  own r i g h t .  They c a n  a l s o  be e x p e c t e d  t o  
l e a d  t o  s i g n i f i c a n t  i m p r o v e m e n t s  i n  s y s t e m  r e l i a b i l i t y .  

The re  i s  a l s o  a s t r o n g  r e l a t i o n s h i p  be tween  t h e  s t r u c t u r e  o f  
a  p r o c e s s  and t h e  s t r u c t u r e  o f  t h e  s y s t e m  i t  produces .  The 
i m p a c t  o f  s y s t e m  s t r u c t u r e  o n  p e r f o r m a n c e ,  c o s t ,  
c h a n g e a b i l i t y  a n d  r e l i a b i l i t y  i s  b e i n g  i n c r e a s i n g l y  
r e c o g n i s e d .  It  i s  t o o  l a r g e  t o  be l e f t  t o  chance.  The need 
f o r  r e s t r u c t u r i n g  t h e  t o t a l  m a n u f a c t u r i n g  p r o c e s s  f o l l o w s ,  i f  
t h e  s y s t e m  s t r u c t u r e  a t  a l l  l e v e l s  o f  d e t a i l  i s  t o  be  a p r i m e  
a t t r i b u t e  a n d  n o t  a n  u n c o n t r o l l e d  c o n s e q u e n c e  o f  
e n v i r o n m e n t a l  c o n d i t i o n s .  A t  t h e  p r e s e n t  t i m e  and f o r  t h e  
s i m p l e  c a s e  o f  s e c t i o n  3.2.1, program s t r u c t u r e  i s  imposed  by 
t h e  l a n g u a g e  used ,  a n y  a n c i l l a r y  c o n v e n t i o n s ,  t h e  a l g o r i t h m s  
e m p l o y e d  a n d  t h e  c o m p i l e r .  F o r  t h e  l a r g e r  p r o g r a m m i n g  
s y s t e m ,  a n y  s t r u c t u r e  t h a t  e x i s t s  i s  l a r g e l y  a r e f l e c t i o n  o f  
t h e  ~ a n a g e m e n t  h i e r a r c h y  t h a t  produced it .  

3 . 3 - 3  S u p p o r t  A c t i v i t y  

I n  d i s c u s s i n g  me thodo logy ,  r e f e r e n c e  mus t  be made t o  c u r r e n t  
programming s u p p o r t  a c t i v i t y .  Examples  o f  s u p p o r t  a v a i l a b l e  
o r  u n d e r  d e v e l o p m e n t  a r e  d i s c u s s e d  i n  S e c t i o n  4.2. I n  
g e n e r a l ,  u n d e r  p r e s s u r e s  o f  l o c a l  p r i o r i t i e s  a n d  b u d g e t  
r e s t r i c t i o n ,  t h e s e  d e v e l o p  i n t o  s u p p o r t  f o r  t h e  s t a t u s  quo ,  
s e r v i n g  l o c a l  n e e d s  w i t h i n  t h e  f r a m e w o r k  o f  c u r r e n t  
p rocedures .  I n  t h e  f u t u r e ,  s u p p o r t  a c t i v i t i e s  w i l l  have  t o  
be be s y s t e m  and  t o t a l  p r o c e s s - o r i e n t e d ,  s u p p o r t  p r e- p lanned  
s y s t e m  s t r u c t u r e  a n d  p r o v i d e  maximum o p p o r t u n i t y  f o r  
m e c h a n i s a t i o n .  

3 -4 Embryonic M e t h o d o l o g i e s  

The p r e v i o u s  s e c t i o n  h a s  o u t l i n e d  t h e  c a s e  f o r  t h e  deve lop-  
ment  o f  a  p r o c e s s- o r i e n t e d  programming methodology.  Fundam- 
e n t a l l y  t h a t  p r o c e s s  may be v i ewed  a s  t h e  t r a n s l a t i o n  of an 
a p p l i c a t i o n  or  f unc t i on  concept i n t o  a  working program ( 3 . 9 ) .  

3 . 9  (Eds )  1984 I t a l .  Note t h e  c l o s e  correspondence between 
t h i s  d e f t n i t i o n  and t h e  p r e s e n t  day  v i e w .  C u r r e n t  
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The u r g e n t  need  f o r  a n  i n t e g r a t e d  set  o f  t e c h n o l o g i e s  t h a t  
w i l l  h e l p  i n  t h e  s o l u t i o n  o f  t h e  p r o b l e m s  p o s e d  by t h i s  
t r a n s l a t i o n  h a s  b e e n  w i d e l y  r e c o g n i s e d .  The  v a r i o u s  
a p p r o a c h e s  t h a t  have been  p roposed  c a n n o t  be d e t a i l e d  here .  
T a b l e  3 l i s t s  some e x a m p l e s ,  and  p r e l i m i n a r y  s t u d y  o f  t h e s e  
e x p l o r a t o r y  p r o c e s s e s  p r o v i d e s  t h e  c o n v i c t i o n  t h a t  i t  i s  
m e a n i n g f u l  t o  d i s c u s s  a  t o t a l  s y s t e m  p r o c e s s .  

Management i t s e l f  h a s  t a k e n  a  s i g n i f i c a n t  f i r s t  s t e p  i n  t h e  
d e v e l o p m e n t  o f  a  t o t a l  p r o c e s s  by  t h e  b r e a k d o w n  o f  t h e  
deve lopmen t  p r o c e s s  i n t o  a  s e r i e s  o f  m i s s i o n s .  However, i t  
mus t  be r e c o g n i s e d  t h a t  t h i s  by i t s e l f  i s  i n s u f f i c i e n t .  The 
real  p r o b l e m  l i e s  p a r t l y  i n  t h e  f o r m a l  a n d  m e a n i n g f u l  
d e f i n i t i o n  o f  m i s s i o n s  and m i s s i o n  i n t e r f a c e s .  Even more ,  
t h e  p r o b l e m s  l i e  i n  t h e i r  c o n t a i n m e n t  and  management and i n  
t h e  s u b s e q u e n t  b r e a k d o w n  o f  m i s s i o n s  s o  d e f i n e d  i n t o  
s u b m i s s i o n s ,  s u b - s u b m i s s i o n s  a n d  s o  on .  T h i s  b r e a k d o w n  
p r o c e s s  i n t o  a  t r e e - l i k e  s t r u c t u r e  c a n  be  g e n e r a l i s e d  a t  
h i g h e r  l e v e l s  b u t  m u s t  a l s o  b e  p a r t i c u l a r i s e d  f o r  e a c h  
i n d i v i d u a l  sys t em.  Thus t h e  m i s s i o n- c o n c e p t  i n i t i a t e s  a n  
o u t s i d e - i n  d e s i g n  p r o c e s s ;  i t  b e g i n s  t o  d e v e l o p  b o t h  a  
s t r u c t u r e d  p r o c e s s  and t h e  s t r u c t u r e d  s y s t e m  t h a t  i t  c a n  h e l p  
t o  produce.  T h i s  c o n c e p t  o f  a  t r e e - l i k e  s t r u c t u r e  f o r  b o t h  
p r o c e s s  a n d  s y s t e m ,  a r i s i n g  f r o m  a n  o u t s i d e - i n  d e s i g n  
p r o c e d u r e  u n d e r l i e s  mos t  o f  t h e  o t h e r  s y s t e m- o r i e n t e d  d e s i g n  
c o n c e p t s  o f  T a b l e  3. 

A n o t h e r  e x a m p l e  o f  a n  e m b r y o n i c  s o f t w a r e  d e v e l o p m e n t  
methodology i s  t h e  m u l t i - l e v e l  m o d e l l i n g  c o n c e p t  deve loped  by 
Z u r c h e r  a n d  R a n d e l l  o f  t h e  IBM R e s e a r c h  D i v i s i o n  [ZUR671. 
T h e i r  work  h a s  a l r e a d y  been  r e p e a t e d  and expended [PAR67,69]. 
The  b a s i c  a p p r o a c h  r e c o g n i s e s  t h e  f u t i l i t y  o f  s e p a r a t i n g ,  
d e s i g n ,  e v a l u a t i o n  and d o c u m e n t a t i o n  p r o c e s s e s  i n  s o f t w a r e-  
s y s t e m  d e s i g n .  The  d e s i g n  p r o c e s s  i s  s t r u c t u r e d  by  a n  
expand ing  model  s eeded  by a  f o r m a l  d e f i n i t i o n  o f  t h e  s y s t e m ,  
wh ich  p r o v i d e s  a  f i r s t ,  e x e c u t a b l e ,  f u n c t i o n a l  model. It i s  
t e s t e d  a n d  f u r t h e r  e x p a n d e d  t h r o u g h  a  s e q u e n c e  o f  m o d e l s ,  
t h a t  d e v e l o p  a n  i n c r e a s i n g  a m o u n t  o f  f u n c t i o n  a n d  a n  
i n c r e a s i n g  amount  o f  d e t a i l  a s  t o  how t h a t  f u n c t i o n  i s  t o  be 
execu ted .  U l t i m a t e l y ,  t h e  model  becomes t h e  sys t em.  

An e v e n  more s i g n i f i c a n t  c o n t r i b u t i o n  made by t h e  Zurche r-  
R a n d e l l  c o n c e p t  w a s  t h a t  s u c h  a  m o d e l  c a n  s i m u l t a n e o u s l y  
c o n t a i n  s e v e r a l  r e p r e s e n t a t i o n s  o f  t h e  same f u n c t i o n  o r  s e t  
of  f u n c t i o n s  o f  a  s y s t e m  a t  d i f f e r e n t  l e v e l s  o f  a b s t r a c t i o n .  

terminol  ogy would, how ever ,  use ' t rans f  ormation' ra ther  
than ' t r a n s l a t i o n ' .  
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T h e r e  a r e  a  n u m b e r  o f  a d v a n t a g e s  t o  s u c h  m u l t i p l e  
r e p r e s e n t a t i o n ,  and  i t  i s  t h e y  t h a t  r e a l l y  d e m o n s t r a t e  t h e  
m a j o r  a d v a n c e  r e p r e s e n t e d  b y  t h e  p r o p o s e d  m e t h o d o l o g y .  
S u f f i c e  i t  h e r e  t o  s a y  t h a t  t h e  m u l t i - l e v e l  m o d e l l i n g  c o n c e p t  
o n c e  a g a i n  i n t e g r a t e s  t h e  v a r i o u s  a c t i v i t i e s  t h a t  make up  t h e  
s o f t w a r e  s y s t e m  d e v e l o p m e n t  p r o c e s s .  E v a l u a t i o n  m u s t  p r o c e e d  
s t e p  by s t e p  w i t h  d e s i g n  and  d o c u m e n t a t i o n  and  t h e  v a r i o u s  
s t a g e s  o f  d e s i g n  a n d  i m p l e m e n t a t i o n  a r e  r e p l a c e a b l e  a n d  
r e p e a t a b l e .  

O u t s i d e  IBM t h e r e  h a s  b e e n  w i d e s p r e a d  r e c o g n i t i o n  o f  t h e  n e e d  
f o r  a  new d i s c i p l i n e  t e r m e d  ' S o f t w a r e  E n g i n e e r i n g '  [NAT68], 
s t r o n g l y  r e l a t e d  t o  s y s t e m s  e n g i n e e r i n g .  The p o t e n t i a l  f o r  
t h e  d e v e l o p m e n t  o f  s u c h  a d i s c i p l i n e  e x i s t s  b u t  a w a i t s  
i n t e n s i v e ,  d i r e c t e d  r e s e a r c h  and  d e v e l o p m e n t  e f f o r t .  

3 .5  F u r t h e r  Work i n  Me thodo logy  

The common e l e m e n t  o f  t h e  e m b r y o n i c  m e t h o d o l o g i e s  l i s t e d  i n  
T a b l e  3, i s  i n t e g r a t i o n  o f  t h e  t e c h n o l o g i e s  c u r r e n t l y  
emp loyed  i n  t h e  p r o g r a m m i n g  p r o c e s s .  They r e g a r d  a p rog ram 
a s  a  s y s t e m  r e q u i r i n g  t o  be  d e v e l o p e d  f r o m  a formal s t a t e m e n t  
o f  i t s  o b j e c t i v e s  a n d  show a s t r o n g  t e n d e n c y  t o  u s e  m o d e l l i n g  
a n d  s i m u l a t i o n  as  t h e  m a i n  t o o l  f o r  a c h i e v i n g  t h i s  end. 
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I n  f a c t  i t  i s  b e c o m i n g  r e c o g n i s e d  t h a t  t h e  p r o g r a m m i n g  
p r o c e s s  n e e d s  t o  b e c o m e  m o r e  a n d  m o r e  l i k e  s y s t e m  d e s i g n  
a c t i v i t i e s  i n  o t h e r  f i e l d s .  Thus t h e r e  i s  a p r i m a  f a c i e  c a s e  
f o r  s u p p o r t i n g  a s t u d y  o f  g e n e r a l  d e s i g n  p r o c e d u r e s  a n d  
r e l a t i n g  t h e s e  t o  t h e  p a r t i c u l a r  r e q u i r e m e n t s  o f  t h e  
p rog ramming  p r o c e s s .  I n  t h e  s e t  o f  p r o j e c t  p r o p o s a l s  a r i s i n g  
o u t  o f  t h e  p r e s e n t  s t u d y  i t  was  s u g g e s t e d  t h a t  a n  a t t e m p t  a t  
f o r m a l  d e s c r i p t i o n  o f  t h e  p r o c e s s ,  f o r  e x a m p l e ,  c o u l d  l e a d  t o  
t h e  i m p r o v e m e n t  o f  t h e  p r o c e s s .  I n  a d d i t i o n  many  o f  t h e  
l i s t e d  m e t h o d o l o g i e s  and  p r o b a b l y  o t h e r s  a v a i l a b l e  w i t h i n  and  
o u t s i d e  IBM, a r e  w o r t h y  o f  f u r t h e r  d e v e l o p m e n t  and  e x p o s u r e  
i n  r e a l  d e v e l o p m e n t  p r o j e c t s .  

I n  v i e w  o f  t h e  t i m e  p e r i o d  t h a t  m u s t  e l a p s e  b e f o r e  t o t a l -  
p r o c e s s  o r i e n t e d  p r o c e d u r e s  c o u l d  b e  i n t r o d u c e d  i t  s e e m s  
i m p o r t a n t  t o  i m p r o v e  p r e s e n t  p h a s e  r e v i e w  p r o c e d u r e s  a s  
a p p l i e d  t o  p rog rams .  I n  p a r t i c u l a r  a s  a n a l y s i s ,  m e a s u r e m e n t  
a n d  s i m u l a t i o n  t e c h n i q u e s  f o r  t h e  s o f t w a r e  a rea  b e c o m e  
p r o g r e s s i v e l y  a v a i l a b l e ,  i t  mus t  become a  r e q u i r e m e n t  t h a t  
t h e  p r o c e d u r e  i n c l u d e s  n o t  o n l y  r e s o u r c e - o r i e n t e d  d a t a  a n d  
a s s e s s m e n t .  It  m u s t  a l s o  p r o d u c e  j u d g e m e n t s  o n  t h e  t e c h n i c a l  
a t t r i b u t e s  and  e x p e c t e d  p e r f o r m a n c e  o f  p rog ramming  p r o d u c t s  
( 3 . 1 0 ) .  C l e a r l y  t h e  i n i t i a l  s p e c i f i c a t i o n  m u s t  t h u s  a l s o  
i n c l u d e  p e r f o r m a n c e  a n d  t e s t  o r i e n t e d  d a t a .  

The need  f o r  d e v e l o p m e n t  and  s t a n d a r d i s a t i o n  o f  m e a s u r e m e n t ,  
a n a l y s i s ,  e v a l u a t i o n ,  t e s t i n g  and  f o r e c a s t i n g  t e c h n i q u e s  a n d  
t h e i r  a s s o c i a t e d  t o o l s  c a n n o t  be  o v e r  s t r e s s e d .  A l l  p l a y  a  
f u n d a m e n t a l  p a r t  b o t h  i n  t h e  f e e d b a c k  c o n t r o l  d i s c u s s e d  i n  
s e c t i o n  2 ,  a n d  i n  t h e  d e v e l o p m e n t  o f  a m e a n i n g f u l  s y s t e m -  
o r i e n t e d  m e t h o d o l o g y .  I n  a d d i t i o n  t h e  a v a i l a b i l i t y  o f  
s t a n d a r d  c o m p o n e n t s  ( o r  t h e  l o g i c a l l y  e q u i v a l e n t  s y s t e m s  
p rog ramming  l a n g u a g e )  a t  a s u f f i c i e n t l y  h i g h  l e v e l  w i l l  be  a  
s i g n i f i c a n t  e l e m e n t  i n  t h e  s t r u c t u r i n g  o f  a n  e f f e c t i v e  
me thodo logy .  

4  T o o l s  

4 .1  T o o l- O r i e n t e d  P r o c e s s e s  and  P r o c e s s- O r i e n t e d  T o o l s  

When f i r s t  i n t r o d u c e d  c o m p u t e r s  d i d  n o t  make a  s i g n i f i c a n t  
i m p a c t  i n  t h e  c o m m e r c i a l  wor ld .  The r e a l  b r e a k t h r o u g h  came 
o n l y  l a t e  i n  t h e  1 9 5 0 ' s  w h e n  i n s t i t u t i o n s  s t o p p e d  a s k i n g ,  
'Where c a n  we  u s e  c o m p u t e r s ? '  and  s t a r t e d  a s k i n g ,  'How s h a l l  
we c o n d u c t  o u r  b u s i n e s s  now t h a t  c o m p u t e r s  a r e  a v a i l a b l e ? '  

3 . l o  (Eds N m  termed ' vaZidationl . 
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I n  s e e k i n g  t o  a u t o m a t e  t h e  p rog rammi ng  p r o c e s s  t h e  s ame  e r r o r  
h a s  b e e n  c o m m i t t e d .  The a p p r o a c h  h a s  b e e n  t o  s e e k  p o s s i b l e  
a p p l i c a t i o n s  o f  c o m p u t e r s  w i t h i n  t h e  p r o c e s s  a s  now 
p r a c t i c e d .  The C l e a r - C a s t e r  p r o j e c t  w h i c h  i n i t i a l l y  w a s  a n  
e x c e p t i o n ,  h a s  i n  t h e  c o u r s e  o f  t i m e ,  had  t o  d e v e l o p  i n  t h e  
same f a s h i o n  d u e  t o  t h e  day- to- day p r e s s u r e s  e n c o u n t e r e d  i n  
t h e  p r o g r a m m i n g  e f f o r t .  T h u s  t h e  p r o b l e m  o f  i n c r e a s i n g  
p rog ramming  e f f e c t i v e n e s s ,  t h r o u g h  m e c h a n i s a t i o n  a n d  t o o l i n g  
i s  c l o s e l y  a s s o c i a t e d  w i t h  t h e  o v e r a l l  p rob l em me thodo logy .  
Its s o l u t i o n  c a l l s  f o r  a  r e v i e w  o f  t h e  p r o c e s s  i t s e l f  s o  t h a t  
maximum b e n e f i t  c a n  be  had  f r o m  t h e  u s e  o f  c o m p u t e r s .  

4 . 2  P r e s e n t  T o o l s  

A t  p r e s e n t  t h e r e  e x i s t  many  u n c o o r d i n a t e d  t o o l s  i n  many  
d i f f e r e n t  a r e a s .  W i t h i n  IBM t h e  C l e a r - C a s t e r  s y s t e m  
m a i n t a i n s  t h e  m a i n  t h r u s t .  It h a s  c o n c e r n e d  i t s e l f  p r i m a r i l y  
w i t h  p r o b l e m s  o f  c o m m u n c i a t i o n  a n d  o f  p rog ramming- da t a  e n t r y ,  
s t o r a g e ,  r e t r i e v a l  and d i s p l a y .  

O t h e r  s y s t e m s  m o d e l l i n g ,  a n a l y s i s  and  e v a l u a t i o n  t o o l s  a r e  
a l s o  a v a i l a b l e  o r  u n d e r  d e v e l o p m e n t  [SIM68] ,  [LAC68]. I n  
a d d i t i o n  t h e r e  e x i s t  v a r i o u s  t e s t i n g ,  d o c u m e n t a t i o n ,  
management  a n d  s u p p o r t  s y s t e m s  w h i c h  c a n  make s i g n i f i c a n t  
c o n t r i b u t i o n s  t o  t h e  p r o c e s s  a s  now p r a c t i c e d .  The t e s t  c a s e  
g e n e r a t o r s  u n d e r  d e v e l o p m e n t  a t  H u r s l e y ,  f o r  e x a m p l e ,  s e e k  t o  
a d d r e s s  t h e  p r o b l e m  posed  by t h e  need  t o  e x h a u s t i v e l y  test  
e v e r y  l a r g e  s y s t e m .  

T h e s e  m a n y  t o o l s  s u p p o r t  e a c h  o t h e r  f u n c t i o n a l l y .  
U n f o r t u n a t e l y ,  h o w e v e r ,  t h e i r  s p e c i f i c a t i o n  and  d e v e l o p m e n t  
h a s  b e e n  e s s e n t i a l l y  u n c o o r d i n a t e d  s o  t h a t  t h e y  c a n n o t  
c o m m u n i c a t e  o r  p a s s  d a t a  t o  e a c h  o t h e r .  O f t e n  t h e  d a t a  
g e n e r a t e d  by them c a n n o t  e v e n  be  c o r r e l a t e d .  Moreove r ,  u s e  
o f  t h e s e  t o o l s  i s  n o t  u n i v e r s a l  b u t  d e p e n d s  o n  t h e  i n i t i a t i v e  
o f  l o c a l  o r  s u b - p r o j e c t  management .  

4 . 3  Too l  Development  

4 . 3 . 1  I n t e g r a t e d  F a m i l i e s  o f  T o o l s  

S p e c i f i c a t i o n  and  d e v e l o p m e n t  o f  a  c o o r d i n a t e d  s e t  o f  t o o l s  
s u p p o r t i n g  t h e  t o t a l  p rog ramming  p r o c e s s  m u s t ,  a s  had  b e e n  
s e e n ,  c o n s i d e r  t h e  s t r u c t u r e  o f  t h a t  p r o c e s s .  The p r e s e n t  
v i e w p o i n t  o f  a l o n g- r a n g e  g o a l  v i s u a l i s e s  a  g r o w i n g  mode l ,  
t h a t  s e r v e s  a s  i t s  o w n  p r o g r e s s i v e  d o c u m e n t a t i o n .  I t  i s  
s e e d e d  by a f o r m a l  s p e c i f i c a t i o n  t h a t  d e v e l o p s  a s  a  r e s u l t  o f  
human a n d  m a c h i n e  m a n i p u l a t i o n ,  i n t o  a n  e v a l u a t e d  s y s t e m ,  
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p o s s i b l y  e x e c u t i n g  on  a  model  o f  f u t u r e  h a r d w a r e ,  and r u n n i n g  
unde r  a n  i n t e r a c t i v e ,  c o n v e r s a t i o n a l  s y s t e m  a c c e s s e d  v i a  a  
communica t ion  ne twork .  

The p r e s e n t  r e p o r t  must  o f  n e c e s s i t y  be more modes t  i n  i t s  
a i m s .  I t  s e e k s  n o  m o r e  t h a n  t o  p r o v i d e  a  p r e l i m i n a r y  
judgement o f  wha t  s u c h  a  f a m i l y  c o u l d  i n c l u d e  and on  w h a t  
t e c h n o l o g i e s  i t  would  be based.  

4 . 3 . 2  I n t e r a c t i v e  Programming 

Even  w i t h o u t  h a v i n g  c l e a r l y  f i x e d  t h e  m e t h o d o l o g y ,  a n d  
s t r u c t u r e  o f  t h e  t o t a l  programming p r o c e s s ,  i n t u i t i o n  and  
p r a c t i c a l  e x p e r i e n c e  b o t h  s u g g e s t  t h a t  a  m a j o r  c l a s s  o f  t o o l s  
a r i s e  f rom t h e  u s e  o f  a  compu te r  t o  p r o v i d e  o r  s u p p o r t  t h e  
f u n c t i o n s  t h a t  t h e  p r o c e s s  r e q u i r e s .  Moreover ,  s i n c e  i n  o n e  
f a s h i o n  o r  a n o t h e r ,  t h e  s y s t e m  w i l l  have  t o  communica te  w i t h  
a l l  t h e  p a r t i c i p a n t s  i n  t h e  programming p r o c e s s ,  i t  i s  h i g h l y  
p r o b a b l e  t h a t  a n  i n t e r a c t i v e  c a p a b i l i t y  w i l l  i n c r e a s e  
e f f e c t i v e n e s s .  Thus t h e  programming t o o l  i n c l u d e s  h a r d w a r e  
s u c h  a s  a l p h a- n u m e r i c  t e r m i n a l s ,  p r i n t e r s  and  d i s p l a y  u n i t s  
and t h e  s o f t w a r e  t h a t  l i n k s  them t o  t h e  compu te r ,  p r o v i d e s  
a p p r o p r i a t e  f u n c t i o n  and i n t e g r a t e s  them i n t o  a  t o t a l  s u p p o r t  
sy s t em.  

The  s y s t e m  w i l l  b e  u s e d  by  many p e o p l e  s h a r i n g  t h e  
i n f o r m a t i o n  t h a t  r e p r e s e n t s  t h e  d e v e l o p i n g  d e s i g n  a n d  
i m p l e m e t a t i o n .  These  p e o p l e  w i l l  o f t e n  be w o r k i n g  i n  and  
a c c e s s i n g  t h e  r e s u l t a n t  d a t a - b a s e  f r o m  w i d e l y  s e p a r a t e d  
l o c a t i o n s  a n d  c o n n e c t i o n s  i n  t h e  s y s t e m  m u s t  be  v i a  a  
communica t ion  ne twork .  Thus t h e  programming t o o l  v i s u a l i s e d  
b e l o n g s  t o  t h e  f a m i l y  o f  d a t a- b a s e d ,  communica t ion  based ,  
c o n v e r s a t i o n a l  s y s t e m s  r e c o g n i s e d  w i d e l y  a s  t h e  s y s t e m s  o f  
t h e  s e v e n t i e s  and  e i g h t i e s .  

A t o t a l - p r o g r a m m i n g - p r o c e s s - o r i e n t e d  s y s t e m  w i l l  i n c l u d e  
f a c i l i t i e s  f o r  s p e c i f i c a t i o n ,  s t r u c t u r i n g ,  d e v e l o p m e n t ,  
e n t r y ,  f i l i n g  and debugg ing  o f  t h e  program m a t e r i a l  (3.11). 
I t  w i l l  p r o v i d e  f o r  e x e c u t i o n  o f  program m a t e r i a l  and  f o r  
m o n i t o r i n g ,  m e a s u r e m e n t  a n d  a n a l y s i s  o f  i t s  p e r f o r m a n c e .  
E x e c u t i o n  o f  program e l e m e n t s  must  be p o s s i b l e  i n  i s o l a t i o n  

3.11 ( E d s )  The reader  w i l l  n o t i c e  t h e  t o t a l  absence here  or  
a n y w h e r e  i n  t h e  p a p e r ,  o f  a n y  r e f e r e n c e  t o  
' v e r i f  i c a t i o n ;  o r  ' c o r r e c t n e s s  p r o v i n g ' .  C l e a r 2  y  t h e  
a u t h o r  had n o t  encountered t h e  concept  anywhere i n  h i s  
s t u d y ,  a l t h o u g h  D i  j k s t r a ' s  paper  on c o n s t r u c t i v e  
c o r r e c t n e s s  had a l r e a d y  been publ ished CDIJ681. 



3. Programming Process 69 

o r  l i n k e d  t o  o t h e r  a v a i l a b l e  e l e m e n t s  and p o s s i b l y  r u n n i n g  
under  some sys tem o t h e r  t h a n  i t s  i n t e n d e d  hos t .  I n  a d d i t i o n  
t h e  sys t em must p r o v i d e ,  communica t ion  between members o f  t h e  
programming team,  c o n t r o l  by i t s  management, d e t e c t i o n  o f  
d e v i a t i o n  f rom s p e c i f i c a t i o n s ,  c o n v e n t i o n s  o r  pe r fo rmance  
o b j e c t i v e s ,  a n d  d i s s e m i n a t i o n  o f  t h e  m a t e r i a l  w i t h i n  a n d  
o u t s i d e  t h e  p r o g r a m m i n g  g r o u p  i s  p r o v i d e d  by t h e  s y s t e m .  
T h a t  i s  t h e  m a c h i n e  h a s  become  t h e  c o m p o s i n g ,  e d i t i n g ,  
documenta t ion ,  d i s p l a y ,  c o n t r o l  and communica t ion  c e n t r e  o f  
t h e  e n t i r e  a c t i v i t y  (3.1 2). 

4 .3 .3  Languages 

The l a n g u a g e s  used  by t h e  programmer d u r i n g  t h e  programming 
p r o c e s s  c a n  be c o n s i d e r e d  a s  h i s  m o s t  f u n d a m e n t a l  t o o l .  
S p e c i f i c a t i o n ,  s t r u c t u r a l  deve lopment  and c o d i n g  o f  program, 
f u n c t i o n  and d a t a  sequences  c a n  a l l  be c o n s i d e r a b l y  a i d e d  by 
t h e  p r o v i s i o n  o f  a p p r o p r i a t e  languages .  

The t o p i c  o f  l a n g u a g e  d e v e l o p m e n t  a n d  i t s  p l a c e  i n  t h e  
programming p r o c e s s  i s  r e a l l y  t h e  s u b j e c t  f o r  a n  independen t  
s t u d y .  Some a s p e c t s  o f  t h e  t o p i c  a r e  t r e a t e d  i n  t h e  n e x t  
s e c t i o n .  We n o t e  h e r e  m e r e l y  t h a t  t h e  p r o v i s i o n  of t o o l s  and 
s u p p o r t  i s  c l o s e l y  r e l a t e d  t o  t h e  p r o v i s i o n  o f  l a n g u a g e s .  
Thus, f o r  example ,  any c o m p u t e r i s e d  t o o l  r e q u i r e s  a t  l e a s t  a  
s e t  o f  commands f o r  i t s  use. 

4.3.4 P r o d u c t i v i t y  Ga ins  

The c o n c e p t  o f  a n  i n t e r a c t i v e  p r o g r a m m i n g  s y s t e m  i s ,  o f  
c o u r s e ,  no t  new. Such s y s t e m s  e x i s t  a l r e a d y  and have been 
u s e d .  Most o f  t h e  e x p e r i m e n t a l  d a t a  t h a t  i s  a v a i l a b l e  
[GOL69] r e f e r s  t o  one- man e f f o r t s  i n  w h i c h  c o m m u n i c a t i o n  
be tween  p e o p l e  and management c o n t r o l  a r e  no t  p r i m e  f a c t o r s .  
A l l  t h e  p u b l i s h e d  s t u d i e s  a p p e a r  t o  i n d i c a t e  t h a t  i n  t h i s  
env i ronment ,  v a r i a t i o n s  be tween  programmers  a r e  o f  f a r  more 
consequence t o  p r o d u c t i v i t y  t h a n  a n y  improvement  due t o  t h e  
u s e  o f  a n  i n t e r a c t i v e  p r o g r a m m i n g  s y s t e m .  However  t h e s e  
c o n c l u s i o n s  a r e  n o t  r e l e v a n t  t o  t h e  m o r e  c o m p l e x  s y s t e m s  
programming e f f o r t .  I n  t h e  l a t t e r  s p h e r e ,  t h e  o n l y  a v a i l a b l e  
n u m e r i c a l  d a t a  c o m e s  f r o m  B e l l  T e l e p h o n e  L a b o r a t o r y  
o b s e r v a t i o n s  o n  t h e i r  u s e  o f  TSS/360. They c l a i m  t h a t  o v e r  a  
n u m b e r  o f  p r o j e c t s  t h e y  h a v e  b e e n  a b l e  t o  o b s e r v e  g a i n  
f a c t o r s  o f  t w o  t o  t h r e e  i n  l i n e s - o f - c o d e  g e n e r a t e d  a n d  
debugged by programmers  i n  u n i t  t ime.  

3.12 ( E d s )  'Programming Suppor t  Environment '  i n  t o d a y ' s  
terminology. 
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The  p a r t i c u l a r  g a i n s  t h a t  BTL c l a i m  may b e  d i s p u t e d  f o r  a  
number o f  r e a s o n s .  We r e s t r i c t  o u r s e l v e s ,  however ,  t o  two 
comments. On t h e  d e b i t  s i d e  one o b s e r v e s  t h a t  t h e  f a c t o r  o f  
t w o  o r  t h r e e  i s  d i s a p p o i n t i n g .  What  i s  n e e d e d  i s  a n  
improvemen t  o f  one  o r  t w o  o r d e r s  o f  magni tude .  On t h e  c r e d i t  
s i d e  however ,  we n o t e  t h a t  BTL have  r e a l l y  been u s i n g  TSS/360 
i n  r a t h e r  p r i m i t i v e  f a s h i o n .  Thus t h e i r  r e s u l t s  s u g g e s t  t h a t  
a  c o n s i d e r a b l y  g r e a t e r  improvemen t  cou1.d be o b t a i n e d  f r o m  t h e  
deve lopmen t  o f  a  s y s t e m  s p e c i f i c a l l y  o r i e n t e d  t o w a r d s  t h e  
programming p r o c e s s .  

4.4 T o o l s  - C o n c l u s i o n  

I n  t h e  l o n g  r u n  t h e r e  i s  much t o  b e  g a i n e d  f r o m  t h e  
deve lopmen t  o f  a  p r o c e s s- o r i e n t e d  programming s y s t e m  which  
s u p p o r t s  a n d  i s  s u p p o r t e d  by a  c e n t r a l  p r o c e s s o r ,  f i l i n g  
f a c i l i t i e s ,  t e r m i n a l s ,  communica t ion  and d i s p l a y  ha rdware .  
Fo r  t h e  moment u s e  c a n  a l s o  be made o f  e x i s t i n g  programming 
s y s t e m s  s u c h  a s  C l e a r- C a s t e r ,  TSS/360 o r  APL/360. Any s u c h  
e f f o r t s  s h o u l d  be m o n i t o r e d  and measu red  s o  a s  t o  o b t a i n  
much more d a t a  a b o u t  b o t h  e f f e c t i v e n e s s  and a b o u t  t h e  ways  
t h a t  p e o p l e  u se  s u c h  sys t ems .  

I n  a d d i t i o n  t o  a  d e t e r m i n a t i o n  o f  t h e  d i r e c t  i m p a c t  o f  
i n t e r a c t i v e  p r o g r a m m i n g  o n  p r o d u c t i v i t y ,  i t  i s  o f  
c o n s i d e r a b l e  i n t e r e s t  t o  q u a l i f y  a n d  s i z e  i t s  i n d i r e c t  
e f f e c t .  F o r  e x a m p l e ,  t o  w h a t  e x t e n t  d o e s  u s e  o f  a n  
i n t e r a c t i v e  p rog ramming  s y s t e m  l e a d  t o  a  t e n d e n c y  t o  r e p l a c e  
a n a l y s i s  by e x p e r i m e n t ?  Does  i t  c a u s e  t h e  p r o g r a m m e r  t o  
p l u n g e  i n t o  c o m p o s i t i o n  and debugg ing  r a t h e r  t h a n  t o  a d o p t  a  
more  c a r e f u l l y  p l a n n e d  a p p r o a c h  t o  t h e s e  a c t i v i t i e s ?  

E q u a l l y  s i g n i f i c a n t  i s  t h e  e f f e c t ,  b o t h  p o s i t i v e  a n d  
n e g a t i v e ,  o f  t i m e  and o f  f a m i l i a r i t y .  A s  t h e  n o v e l t y  o f  t h e  
t e r m i n a l  w e a r s  o f f  how d o e s  t h e  u s a g e  p a t t e r n  and u t i l i t y  
c h a n g e ?  O b s e r v a t i o n ,  m e a s u r e m e n t  a n d  a n a l y s i s  o f  human  
b e h a v i o u r  i n  t h e  p r o g r a m m i n g  p r o c e s s  w i l l  e n a b l e  
d e t e r m i n a t i o n  o f  t h e s e  f a c t o r s .  Feedback c a n  t h e n  be  a p p l i e d  
t o  i m p r o v e  bo th  t.he s u p p o r t  t o o l s  and t h e  p r o c e s s .  

A m a j o r  f u n c t i o n  o f  t h e  i n t e r a c t i v e  s y s t e m  i s  t h e  c a p a b i l i t y  
i t  g i v e s  f o r  communica t ion  and management c o n t r o l .  Thus any  
c o n t r o l l e d  e x p e r i m e n t  wh ich  would  a t t e m p t  t o  measu re  t h e  
e f f e c t i v e n e s s  o f  programming s u p p o r t  s y s t e m s ,  must  be c a r r i e d  
o u t  o n  a l a r g e  s c a l e .  T h a t  i s  i t  m u s t  b e  l a r g e  e n o u g h  t o  
e n s u r e  a r e q u i r e m e n t  f o r  c o m m u n i c a t i o n  a t ,  a t  l e a s t ,  t w o  
l e v e l s  o f  management c o n t r o l .  Such a n  e x p e r i m e n t  c o u l d ,  f o r  
e x a m p l e ,  s e e k  t o  i m p l e m e n t  t h e  same s y s t e m  t w i c e  i n  t w o  
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d i f f e r e n t  g r o u p s  each  c o n s i s t i n g  p e r h a p s  o f  30 t o  50 people .  
One g roup  would employ t r a d i t i o n a l  b a t c h  method o f  computer  
usage ,  t h e  o t h e r  would a c c e s s  t h e  computer  i n t e r a c t i v e l y  and 
have f u n c t i o n a l  s u p p o r t  a v a i l a b l e .  

We n o t e  h e r e  t h a t  t h e r e  can  be no doub t  t h a t  mach ines  w i l l  be 
i n c r e a s i n g l y  used  i n  t h e  programming p rocess .  The q u e s t i o n  
t h a t  r e a l l y  n e e d s  t o  be  d e c i d e d  a t  t h e  p r e s e n t  t i m e  i s  
w h e t h e r  t h e  s u p p o r t  sys t em i s  m e r e l y  a  management i n f o r m a t i o n  
sys t em used i n  b a t c h  p r o c e s s i n g  mode w i t h  r e m o t e  j o b  e n t r y .  
The a l t e r n a t i v e ,  o f  c o u r s e ,  i s  t o  l e t  t h e  i n d i v i d u a l  
p r o g r a m m e r  s p e n d  a l l  o r  m o s t  o f  h i s  t i m e  a t  a  c o m p u t e r  
t e r m i n a l .  

The a n s w e r s  t o  s o m e  o f  t h e s e  p r e l i m i n a r y  q u e s t i o n s  w i l l  
d e t e r m i n e  t h e  m a g n i t u d e  a n d  n a t u r e  o f  t h e  r e s o u r c e s  t h a t  
cou ld  and s h o u l d  be a p p l i e d  t o  t h e  development  o f  a  t o t a l -  
p r o c e s s- o r i e n t e d  programming s u p p o r t  sys t em.  

5  Language 

5.1 The Aspec t s  D i s c u s s e d  

T h i s  s e c t i o n  a d d r e s s e s  b r i e f l y  t h r e e  f u r t h e r  a s p e c t s  o f  t h e  
r e l a t i o n s h i p  b e t w e e n  t h e  p r o g r a m m i n g  p r o c e s s  a n d  t h e  
l a n g u a g e s  u s e d  i n  t h a t  p r o c e s s .  It  d i s c u s s e s  i n  g e n e r a l  
f a s h i o n  t h e  l a n g u a g e- l e v e l  a t  which sys tem- programmers  c a n  
work and t h e  f o r m a l  s p e c i f i c a t i o n  o f  programming sys tems .  It 
a l s o  comments on t h e  s e m a n t i c  w e a l t h  o f  most  f o r m a l  l a n g u a g e s  
and t h e  i m p a c t  t h i s  h a s  on t h e  s t r u c t u r e  and a c t i v i t i e s  o f  
t h e  programmer p o p u l a t i o n .  

The m e r i t s  a n d  d e m e r i t s  o f  s p e c i f i c  l a n g u a g e s  a n d  t h e  
r e l a t i o n s h i p  be tween  programming, command and j o b  c o n t r o l  
l a n g u a g e s  a r e  n o t  c o n s i d e r e d  h e r e .  Nor d o  we d i s c u s s  t h e  
s i n g l e  v e r s u s  m u l t i p l e  l anguage  concep t  o r  t h e  p r o p e r t i e s  o f  
e x p a n d a b i l i t y  and c h a n g e a b i l i t y .  It i s  c l e a r ,  however ,  t h a t  
i n  a  r a p i d l y  chang ing  and g rowing  env i ronment  t h e  l a t t e r  mus t  
be  a t t r i b u t e s  o f  a n y  f o r m a l  l a n g u a g e ,  much a s  t h e y  a r e  
a t t r i b u t e s  o f  a l l  n a t u r a l  l anguages .  

5.2 Language Leve l  

5.2.1 P r e s e n t  P r a c t i c e  and E x p e r i e n c e  

Up t o  t h e  p r e s e n t  t i m e  most  s y s t e m s  programming h a s  been done 
i n  a s sembly  l anguage ,  though t h e  u s e  of BSL [MEL67] h a s  begun 
t o  s p r e a d  i n  IBM. T h i s  i s  c o n t r a r y  t o  t h e  t r e n d  i n  
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a p p l i c a t i o n s  p r o g r a m m i n g  w h e r e  FORTRAN, COBOL a n d ,  t o  a  
l e s s e r  e x t e n t ,  PL/1 have  e f f e c t i v e l y  t a k e n  o v e r  t h e  f i e l d .  
O u t s i d e  o f  IBM some h i g h - l e v e l  s y s t e m s  programming e x p e r i e n c e  
h a s  b e e n  o b t a i n e d  b o t h  i n  u n i v e r s i t i e s  a n d  i n  i n d u s t r y .  
O u t s t a n d i n g  among t h o s e  a r e  M u l t i c s  a t  MIT u s i n g  PL/1, and 
t h e  o p e r a t i n g  s y s t e m s  f o r  t h e  B5500 and B8500 computer .  The 
l a t t e r  w e r e  e n t i r e l y  b a s e d  o n  t h e  u s e  o f  a B u r r o u g h s  
d e r i v a t i v e  o f  ALGOL. 

S u c c e s s  i n  t h e  MIT e x p e r i m e n t  was l i m i t e d  l a r g e l y  because  
PL/1 was  s e l e c t e d  a t  a  t i m e  when a p p r o p r i a t e  p r o c e s s o r s  were  
n o t  y e t  a v a i l a b l e .  The  p a r t i c i p a n t s  i n  t h e  M u l t i c s  
e x p e r i m e n t  a r e  n e v e r t h e l e s s  c o n v i n c e d  t h a t  a n y  f u t u r e  s y s t e m  
would  a g a i n  u s e  PL/1 [COR691. 

The  B u r r o u g h s  e x p e r i e n c e  i n  t h e  u s e  o f  ALGOL f o r  s y s t e m s  
programming was  a n  u n q u a l i f i e d  s u c c e s s .  Some o f  t h i s  may be 
a t t r i b u t a b l e  t o  t h e  f a c t  t h a t  t h e i r  h a r d w a r e  a r c h i t e c t u r e  was 
r e l a t e d  t o  t h e  s t r u c t u r e  o f  ALGOL. On t h e  o t h e r  hand,  t h a t  
a rgumen t  may be r e v e r s e d .  A c c e p t i n g  t h e  d e s i r a b i l i t y  and 
i n e v i t a b i l i t y  o f  u s i n g  h i g h  l e v e l  l a n g u a g e s  f o r  s y s t e m s  
programming s u g g e s t s  c h a n g e s  i n  h a r d w a r e  a r c h i t e c t u r e  and 
d e s i g n  s o  a s  t o  e x p e d i t e  t h o s e  h i g h  l e v e l  i n s t r u c t i o n s  o r  
i n s t r u c t i o n  s e q u e n c e s  t h a t  a r e  f r e q u e n t l y  execu ted .  T h i s  i s  
a  t r e n d  wh ich  i s  complemen ta ry  t o  and i n  a c c o r d a n c e  w i t h  t h e  
t r e n d  t o w a r d  s y s t e m s - p r o g r a m m i n g  l a n g u a g e s ,  s t a n d a r d  
components  and  LSI t echno logy .  

5 -2.2 Advan tages  and D i s a d v a n t a g e s  

O p p o s i t i o n  t o  t h e  u s e  o f  h i g h- l e v e l  l a n g u a g e s  h a s  been  based  
on  t h e  p r i n c i p l e  o f  c o n s e r v a t i o n  o f  e x e c u t i o n  s p a c e / t i m e .  It 
h a s  been  a r g u e d  t h a t  p r o g r a m s  w r i t t e n  i n  o t h e r  t h a n  a s s e m b l y  
l a n g u a g e  r e q u i r e  more  c o r e- s p a c e  and r u n  more  s l o w l y .  But 
s t o r a g e  and h a r d w a r e  c o s t s  a r e  g o i n g  down, mach ine  s p e e d s  a r e  
g o i n g  up, and t h e  p o s s i b i l i t i e s  o f  h a r d w a r e  i m p l e m e n t a t i o n s  
o f  s y s t e m  f u n c t i o n  h a s  become v e r y  r e a l .  I n  a d d i t i o n  s k i l l e d  
human r e s o u r c e s  a r e  b e c o m i n g  s c a r c e r  a n d  m o r e  e x p e n s i v e .  
Thus t h i s  a r g u e m n t  a p p e a r s  f a t u o u s .  

T a b l e  4 p r e s e n t s  some p o t e n t i a l  a d v a n t a g e s  t o  be e x p e c t e d  
f r o m  t h e  u s e  o f  h i g h e r  l e v e l  l anguages .  Many o f  t h e s e  have  
been  d e m o n s t r a t e d  i n  p r a c t i c e .  
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T a b l e  4 A d v a n t a g e s  o f  H i g h- l e v e l  Sys t ems- prog ramming  
( s e e  n o t e  3 .10)  

PRODUCTIVITY R a t e  o f  c o d e  g e n e r a t i o n  
s u b s t a n t i a l l y  i n d e p e n d e n t  
o f  l a n g u a g e  l e v e l .  

SIMPLICITY OF LEARNING A t  l e a s t  o f  u s a b l e  s u b s e t  

IMPOSITION OF STRUCTURE 

CONFORMITY OF STYLE Through l a n g u a g e  conven- 
t i o n s  

READABILITY C o n s c i s e n e s s ,  c l a r i t y ,  
s t a n d a r d i s a t i o n  o f  s t y l e .  

DEBUGGABILITY T h r o u g h  s t r u c t u r e  a n d  
r e a d a b i l i t y  

ERROR GENERATION W h o l e  c l a s s e s  o f  e r r o r  
removed 

ERROR DETECTION D u r i n g  p r e p r o c e s s i n g  

CHANGEABILITY R e a d a b i l i t y ,  s p r e a d i n g  
change ,  s t r u c t u r e .  

HARDWARE INDEPENDENCE I n- r a n g e  c o m p a t i b i l i t y  

ARCHITECTURAL INDEPENDENCE G e n e r a t i o n  c o m p a t i b i l i t y  

SELF DOCUMENTATION T h r o u g h  i n c r e a s e d  
r e a d a b i l i t y  

RELIABILITY C o n s e q u e n c e  o f  a l l  t h e  
a b o v e .  
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5 .2 .3  BSL 

W i t h i n  IBM v a r i o u s  i n d e p e n d e n t  e f f o r t s  h a v e  s o u g h t  t o  d e v e l o p  
and i n t r o d u c e  h i g h  l e v e l  o r  s y s t e m s - p r o g r a m m i n g - o r i e n t e d  
l anguages .  I n  p a r t i c u l a r  BSL [MEL67], h a s  now been  i n  u s e  
f o r  some two  y e a r s  i n  a number o f  g r o u p s ,  whe re  i t  h a s  been  
e n t h u s i a s t i c a l l y  r e c e i v e d  and e f f e c t i v e l y  u s e d  by t h o s e  who 
have  made t h e  e f f o r t  t o  l e a r n  and u s e  it. Thus t h e  l a n g u a g e  
c o u l d  r e p r e s e n t  a  s i g n i f i c a n t  s t e p  f o r w a r d  f o r  IBM. 
C o n c e p t u a l l y  i n t e n d e d  as  a s y s t e m s  programming d e r i v a t i v e  o f  
P L / 1 ,  i t  h a s ,  h o w e v e r ,  d e v e l o p e d  m o r e  i n t o  a s u p e r s e t  o f  
a s s e m b l y  l a n u a g e  w i t h  PL/1- l ike  Macros. I n  p a r t i c u l a r  t h e  
l a n g u a g e  f a c i l i t a t e s  t h e  d e s c e n t  i n t o  a s s e m b l y  l a n g u a g e  and 
t h e r e b y  o b v i a t e s  many o f  i t s  p o t e n t i a l  a d v a n t a g e s .  

BSL h a s  n o t  y e t  b e e n  w i d e l y  a c c e p t e d  w i t h i n  IBM. The  
p r i n c i p l e  o b j e c t i o n s  a r e  s e e n  a s  e s s e n t i a l l y  i n v a l i d  a t  a 
t i m e  w h e n  human r e s o u r c e s ,  t h e  l e a d  t i m e  o f  p r o g r a m  
p r o d u c t i o n ,  a n d  t h e  g r o w t h  o f  e x p e n d i t u r e ,  c o s t s  a n d  
programming l o a d  a r e  c r i t i c a l  p r o b l e m s  o f  IBM programming 
a c t i v i t y .  Thus a s  a f i r s t  s t e p  i t  would  seem t h a t  t h e  u s e  o f  
BSL as t h e  ma in  s y s t e m  programming l a n g u a g e  s h o u l d  be made 
manda to ry  f o r  a l l  programming a c t i v i t y  a s  q u i c k l y  as  a d e q u a t e  
s u p p o r t  c a n  be  p r o v i d e d  a n d  a s  q u i c k l y  a s  t h e  n e c e s s a r y  
e d u c a t i o n a l  t r a i n i n g  f a c i l i t i e s  make i t s  g e n e r a l  a d o p t i o n  
f e a s i b l e .  

5.2.4 Advanced Sy st ems-Programming Language 

BSL i s  n o t  t h e  b e - a l l  a n d  e n d - a l l  o f  s y s t e m s  p r o g r a m m i n g  
l a n g u a g e s .  T h e r e  i s  room f o r  t h e  d e v e l o p m e n t  o f  m a c h i n e  
i n d e p e n d e n t  l a n g u a g e s  a t  a h i g h e r  l e v e l  t h a n  BSL, p o s s i b l y  i n  
a s s o c i a t i o n  w i t h  d e v e l o p m e n t s  i n  mach ine  a r c h i t e c t u r e .  Such 
l a n g u a g e s  a r e  b e i n g  d e v e l o p e d  i n  v a r i o u s  p l a c e s .  F o r  
example ,  s e v e n  s u c h  l a n g u a g e s  are b e i n g  d e v e l o p e d  i n  J a p a n  
[KEN69]. S i x  o f  t h e s e  are a u g m e n t e d- s u b s e t s  o f  PL/1, some 
w i t h ,  some w i t h o u t ,  t h e  f a c i l i t y  f o r  d e s c e n t  i n t o  a s s e m b l y  
l a n g u a g e  segemen t s .  

Once a g a i n  t h e r e  e x i s t s  t h e  a l t e r n a t i v e s  o f  a  s p e c i f i c  
s y s t e m s- o r i e n t e d  l a n g u a g e ,  o r  t h e  u s e  o f  a g e n e r a l  l a n g u a g e  
l i k e  PL/1. A s  a f i r s t  s t e p  i n  t h i s  d e t e r m i n a t i o n  m o r e  
i n s i g h t  i s  r e q u i r e d  i n t o  t h e  c o n t e n t  a n d  s t r u c t u r e  o f  
o p e r a t i n g  s y s t e m s  s o  as  t o  d e t e r m i n e  wha t  t h e  o f t  r e c u r r i n g  
e l e m e n t s  are, how t h e y  a r e  r e l a t e d ,  and  t h e i r  i n t e r c o n n e c t i o n  
a n d  c o m m u n i c a t i o n  p a t t e r n s .  T h u s  o n e  n e e d s  t o  a n a l y s e  
e x i s t i n g  programming s y s t e s m  f u n c t i o n a l l y  and s t r u c t u r a l l y .  
T h i s  c a n  h e l p  d e t e r m i n e  t h e  s e m a n t i c  and s y n t a c t i c  f a c i l i t i e s  
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t h a t  a r e  r e q u i r e d  o f  a sys t ems- programming  l a n g u a g e  and t h e i r  
f u n c t i o n a l  and p r i m i t i v e  c o n t e n t .  

The i somorph i sm t h a t  a p p e a r s  b e t w e e n  p rog ramming  l a n g u a g e s ,  
s t a n d a r d  components  and  h a r d w a r e  mechan i sms  h a s  a l r e a d y  been  
ment ioned.  It i s  i n  f a c t  m e r e l y  a r e f l e c t i o n  o f  t h e  d e s i g n  
c h o i c e  wh ich  h a s  a l w a y s  been  r e c o g n i s e d  as b e i n g  p o s s i b l e  
i n p r i n c i p l e ,  a n d  w h i c h ,  i n  t h i s  a g e  o f  L S I ,  i s  b e c o m i n g  a  
p r a c t i c a l  r e a l i t y .  T h i s  makes i m p l e m e n t a t i o n  o f  a l m o s t  a n y  
f u n c t i o n  f e a s i b l e ,  t h o u g h  n o t  n e c e s s a r i l y  e c o n o m i c a l ,  i n  
s o f t w a r e ,  h a r d w a r e  o r  i n  s o m e  i n t e r m e d i a t e  f i r m w a r e  
t e c h n o l o g y .  H a r d w a r e  r e a l i s a t i o n  i s  e s s e n t i a l l y  
i n t e r p r e t a t i v e .  T h u s  t h e  i s o m o r p h i s m  y i e l d s  t h e  f u r t h e r  
i n s i g h t  t h a t  s o f t w a r e  r e a l i s a t i o n  m a y  b e  e x e c u t e d  
i n t e r p r e t i v e l y  o r  by means o f  a c o m p i l a t i o n  a c t i v i t y .  

5 .3  L i n g u i s t i c  Weal th  

From g e n e r a t i o n  o f  a  f u n c t i o n a l  c o n c e p t  t h r o u g h  t o  t h e  
p r o d u c t i o n  o f  m a c h i n e - c o n t r o l l i n g  c o d e ,  t h e  p r o g r a m m i n g  
p r o c e s s  c o n s i s t s  o f  a s e q u e n c e  o f  t e x t  c o m p o s i t i o n s ,  
i n t e r p r e t a t i o n s  and t r a n s l a t i o n s .  A d e s i g n  d e c i s i o n  i s  t a k e n  
w h e n e v e r  o r  w h e r e v e r  i n  t h i s  p r o c e s s ,  a c h o i c e  i s  made  
be tween  a l t e r n a t i v e s .  T h i s  c h o i c e  may be  made e x p l i c i t l y  by 
a human d e s i g n e r ,  b u t  c a n  e q u a l l y  b e  i m p l i c i t  i n ,  f o r  
e x a m p l e ,  t h e  s e l e c t i o n  o f  a  c o m p i l e r .  S u c h  a l t e r n a t i v e s  
o c c u r  i n  t h e  s e l e c t i o n  o f  l a n g u a g e s ,  p r i m i t i v e s ,  n a m e s ,  
s t r u c t u r e s ,  s e q u e n c e s ,  a l g o r i t h m s  and s o  o n  wh ich ,  i n  v a r i o u s  
c o m b i n a  t i o n s ,  m a y  d y n a m i c a l l y  a c h i e v e  s u p e r f i c i a l l y  
i d e n t i c a l  f u n c t i o n a l  c a p a b i l i t y  c o n f i r m i n g  t o  t h e  s t a t e d  
o b j e c t i v e s .  Cos t- pe r fo rmance- wise ,  and e v e n  f u n c t i o n a l l y ,  
t h e  r e s u l t a n t  i m p l e m e r i t a t i o n s  may,  h o w e v e r ,  b e  v e r y  
d i f f e r e n t ,  f o r  example ,  i n  t h e  i n t e r p r e t a t i o n  o f  u n s t a t e d  o r  
ambiguous  o b j e c t i v e s .  

R i c h n e s s  i s  a  f e a t u r e  o f  p r e s e n t  l anguages .  They a l l  p o s s e s s  
many s y n o n y m s ,  n e a r  s y n o n y m s  a n d  s y n o n y m i c  s y n t a c t i c  
s t r u c t u r e s . .  It i s  t h e  w e a l t h  i n  t h i s  and  t h e  a l g o r i t h m i c  
a r e a  t h a t  makes a u t o m a t i o n  o f  t h e  s o f t w a r e  d e s i g n  p r o c e s s  s o  
d i f f i c u l t .  E q u a l l y  i t  t u r n s  e a c h  p a r t i c i p a n t  i n  t h e  p r o c e s s  
i n t o  a  d e s i g n e r .  

H e n c e  t h e  r e d u c t i o n  o f  l i n g u s i t i c  r e d u n d a n c y  i s  a  
p r e r e q u i s i t e  t o  t h e  e x t e n s i o n  o f  a u t o m a t i o n  i n  t h e  
p r o g r a m m i n g  p r o c e s s .  E q u a l l y  i t  i s  r e q u i r e d  f o r  t h e  
deve lopmen t  and u t i l i s a t i o n  o f  t e c h n i c i a n - l i k e  s k i l l s  i n  a n  
a r e a  now a l m o s t  e x c l u s i v e l y  p o p u l a t e d  by p r o f e s s i o n a l s .  
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I n  s u m m a r y  t h e  t o t a l  p r o g r a m m i n g  p r o c e s s  i s  r i c h  a n d  
redundan t .  There  a r e  a l t e r n a t i v e  f o r m u l a t i o n s ,  l anguages ,  
a l g o r i t h m s ,  p r o c e s s o r s ,  i m p l e m e n t a t i o n s ,  s t r u c t u r e s ,  
s e q u e n c e s  a n d  e x p r e s s i o n s .  F u n c t i o n a l  a n d  p e r f o r m a n c e  
o b j e c t i v e s  a r e  r a r e l y  s e l f  e v i d e n t ,  u n i q u e  o r  c o m p l e t e l y  
de f ined .  Thus e v e r y  programmer becomes a  coder  and e v e r y  
c o d e r  a  d e s i g n e r .  T h i s  i s  a n  encumberance when t h e  p r i m e  
need i s  t o  g e t  a n  a c c e p t a b l e  program r u n n i n g  and o u t  i n t o  t h e  
f i e l d .  I m p o s i t i o n  o f  l i n g u i s t i c  c o n v e n t i o n s  and r e s t r i c t i o n s  
i s  one o f  t h e  s t e p s  t h a t  c a n  improve t h e  s i t u a t i o n .  

5.4 Formal  S p e c i f i c a t i o n  (3.1 3 )  

The t h i r d  t o p i c  t o  be a d d r e s s e d  i n  t h e  l a n g u a g e  a r e a  i s  t h a t  
o f  f o r m a l  s p e c i f i c a t i o n  languages .  T h i s  t o o  i s  a  t o p i c  which 
h a s  been w i d e l y  d i s c u s s e d  o v e r  t h e  p a s t  few y e a r s  [COD671 
though p r o g r e s s  h a s  been d i s a p p o i n t i n g .  It would a p p e a r  t h a t  
o n e  o f  t h e  m a i n  r e s o n s  f o r  t h e  r e l a t i v e  f a i l u r e s  h a s  b e e n  
t h a t  t h e  s p e c i f i c a t i o n s  s o  p r o d u c e d  w e r e  n o t ,  i n  g e n e r a l ,  
machine p r o c e s s a b l e .  I n  o t h e r  words  f o r m a l  s p e c i f i c a t i o n  was  
v iewed  a s  means f o r  communicat ion between humans r a t h e r  t h a n  
a s  a n  i n p u t  t o  a  machine p rocess .  

A s p e c i f i c a t i o n  must a d d r e s s  f u n c t i o n ,  perfomance,  s t r u c t u r e ,  
a l g o r i t h m ,  t e s t  p r o c e d u r e s  and t e s t - c a s e s .  Development i s  
n e e d e d  i n  a l l  t h e s e  a r e a s .  L a n g u a g e s  s u c h  a s  PL/1 a n d  
APL/360, and t e c h n i q u e s  s u c h  a s  d e c i s i o n - t a b l e  f u n c t i o n a l  
d e f i n i t i o n  [DRI68] and program a l g o r i t h m  s p e c i f i c a t i o n s  must 
be e v a l u a t e d  i n  r e l a t i o n  t o  t h e  s p e c i f i c a t i o n  and i n i t i a t i o n  
o f  a  programming a c t i v i t y  and i t s  u l t i m a t e  o b j e c t i v e .  I n  
t e r m s  o f  t h e  t o t a l  automated process ,  formal s p e c i f i c a t i o n  i s  
t h e  f i r s t  s t e p  (3.14) and r e p r e s e n t s  a n  a r e a  f o r  r e s e a r c h  and 
development  a c t i v i t y .  

5.5 Languages - Summary 

The l i n g u i s t i c  a r e a  i s  c l e a r l y  one t h a t  p l a y s  a  ma jo r  p a r t  i n  
t h e  development  o f  t h e  programming p rocess .  Many a r e a s  o f  
p o t e n t i a l  r e s e a r c h  a n d  d e v e l o p m e n t  a c t i v i t y  h a v e  b e e n  
c o n s i d e r e d  i n  t h e  c o u r s e  o f  t h i s  s tudy .  A common s t a r t i n g  
p o i n t  f o r  a l l  a r e a s  o f  d e v e l o p m e n t  i s  t h e  c r e a t i o n  o f  
program- system-models t h a t  aim t o  r e v e a l  t h e  s e m a n t i c  and 

3.13 ( E d s )  Formal s p e c i f i c a t i o n  i s  one of t h e  buzz-words of 
today ' s  search f o r  advance i n  I n f o r m a t i o n  Technology. 
Y e t  t h e  need  and p o t e n t i a l  t h o u g h  n o t  i t s  r o l e  i n  
v e r i f i c a t i o n  was recognised over  15 years  ago. 

3 -14  ( E d s )  I t a l i c i s e d  1984.  
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s y n t a c t i c  s t r u c t u r e  a n d  p r i m i t i v e  c o n t e n t  o f  e x i s t i n g  
programming s y s t e m s  a t  v a r i o u s  l e v e l s .  The a n a l y s i s  would 
a im t o  i d e n t i f y  p r i m i t i v e  e l e m e n t s  and s y n t a x  f o r  programming 
s y s t e m s  a n d  l a n g u a g e s  a n d  f u t u r e  h a r d w a r e  s t r u c t u r e s ,  
components and t h e i r  i n t e r f a c e s .  

A s  a n  i n t e r i m  measure  i t  a l s o  a p p e a r s  d e s i r a b l e  t o  d e f i n e  
r e s t r i c t e d  s u b - s e t s  o f  e x i s t i n g  l a n g u g e s ,  f o r  u s e  by  h i g h  
s c h o o l  g r a d u a t e s  a n d  n o n - p r o f e s s i o n a l  p e r s o n n e l .  The 
o b j e c t i v e  h e r e  i s  t h e  development  o f  a  c l a s s  o f  s p e c i a l i s t  
s k i l l s  i d e n t i f i e d  w i t h  programming t e c h n i c i a n s  and s u p p o r t  
p e r s o n n e l .  

There  e x i s t s  a l s o  a  need t o  d e v e l o p  m a n i p u l a t a b l e ,  machine  
e x e c u t a b l e ,  s p e c i f i c a t i o n  l a n g u a g e s  t h a t  p e r m i t  t h e  comple te ,  
f o r m a l ,  s p e c i f i c a t i o n  o f  programming s y s t e m s ,  pe r fo rmance  
o b j e c t i v e s ,  t e s t  p r o c e d u r e s ,  and t e s t  cases .  

The  p r o c e s s o r s  t h a t  c o m p i l e  a n d  o t h e r w i s e  m a n i p u l a t e  t h e  
p r o g r a m m i n g  t e x t s  a r e  t h e m s e l v e s  a n  i n t i m a t e  p a r t  o f  t h e  
a r e a .  Thus  o n e  m u s t  a l s o  i n c l u d e  t h e  d e v e l o p m e n t  o f  
t r a n s l a t i o n  t e c h n i q u e s  and t h e  r e l a t i o n s h i p  be tween  l a n g u a g e s  
a n d  t h e  h a r d w a r e  o n  w h i c h  t h e y  r u n  a s  a n  a r e a  o f  c o n c e r n  
w i t h i n  t h e  p r e s e n t  framework.  I n  p a r t i c u l a r  w i t h  t h e  e v e r  
g r o w i n g  t r e n d  away from u s i n g  machine  ( a s sembly)  l a n g u g e s  f o r  
program c o m p o s i t i o n ,  a  p r i m a  f a c i e  c a s e  c a n  be deve loped  f o r  
a  t o t a l  r e- examina t ion  o f  machine  l anguage  a t t r i b u t e s .  

P r e s e n t  machine  l a n g u a g e s  a r e  r e l i c s  o f  a n  a g e  when t h e  main  
r e q u i r e m e n t  w a s  r e l a t e d  t o  u s a b i l i t y .  I n  t h e  f u t u r e  t h e  
f u n d a m e n t a l  q u a l i t i e s  o f  machine l a n g u a g e s  w i l l  r e l a t e  t o  t h e  
e a s e  and r e l i a b i l i t y  o f  d e s i g n  and change o f  bo th  l a n g u a g e s  
a n d  c o m p i l e r s  o r  o t h e r  p r o c e s s o r s ,  t h e  e f f i c i e n c y  o f  
e x e c u t i o n  o f  t h e  p r o c e s s o r s ,  and run- t ime  e f f i c i e n c y .  A t  t h e  
o t h e r  e x t r e m e  m a c h i n e  l a n g u a g e  d e s i g n e r s  m u s t  c o n s i d e r  
i m p l e m e n t a t i o n  t e c h n o l o g i e s  s u c h  a s  LSI w i t h i n  a  t o t a l  sys t em 
environment .  The l a t t e r  makes table- look- up f o r  example ,  a s  
p r i m i t i v e  and v i t a l  a  f u n c t i o n  a s  d i v i s i o n ,  s a y ,  and hence  a  
c a n d i d a t e  f o r  i m p l e m e n t a t i o n  a s  a  machine  i n s t r u c t i o n .  

6 Management 

6 .1  P r e s e n t  P r a c t i c e  

I n  v iew o f  t h e  magn i tude ,  c o m p l e x i t y ,  d u r a t i o n  and chang ing  
o b j e c t i v e s  o f  l a r g e  s c a l e  p r o g r a m m i n g  a c t i v i t i e s ,  
h i e r a r c h i c a l  p r o j e c t  managment p l a y s  a  v i t a l  r o l e .  The f i rs t  
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a t t r i b u t e  o f  t h e  p r e s e n t  p r o c e d u r e  i s  i t s  l i n e a r i s a t i o n .  The 
s e q u e n c e  i n l u d e s  m a r k e t  j u s t i f i c a t i o n ,  a r c h i t e c t u r e ,  
s p e c i f i c a t i o n ,  d e s i g n ,  i m p l e m e n t a t i o n ,  i n t e g r a t i o n ,  t e s t  a n d  
s o  on .  E a c h  o f  t h e  s u b - p r o c e s s e s  h a s  a s s i g n e d  t o  i t  a 
manager  o r  management  g r o u p  w h i c h  t a k e s  o v e r  f r o m  p r e c e d i n g  
g r o u p s ,  i n i t i a t i n g  a c t i v i t y  w h i c h  a t  t h a t  s t a g e  becomes  t h e i r  
r e s p o n s i b i l i t y .  O v e r l a p p i n g  r e s p o n s i b i l i t i e s  do  o c c u r  and  
t h e  need  f o r  c o m m u n i c a t i o n  b e t w e e n  g r o u p s  i s  r e c o g n i s e d  b u t ,  
e v e n  s o ,  o f t e n  l e f t  t o  c h a n c e  c o n t a c t s .  

When a  new s y s t e m  i s  b e i n g  p l a n n e d ,  t h e  f irst  s t e p  t e n d s  t o  
be  t h e  a s s i g n m e n t  o f  p r i m e  management  r e s p o n s i b i l i t y  t o  one  
i n d i v i d u a l .  I n  t h e  c a s e  o f  a  l a r g e  s y s t e m ,  a n  i n i t i a l  
b r e a k d o w n  i n t o  a  n u m b e r  o f  p a r t i t i o n s  o r  s u b s y s t e m s  i s  
f o l l o w e d  by  t h e  a p p o i n t m e n t  o f  m a n a g e r s  t o  e a c h  o f  t h e s e .  
T h i s  i s  f o l l o w e d  by t h e  a l l o c a t i o n  a n d  s t r u c t u r i n g  o f  t h e  
t o t a l  r e s o u r c e s  t o  be  a p p l i e d  t o  t h e  p r o j e c t  i n  a c c o r d a n c e  
w i t h  t h e  j u d g e m e n t  o f  t h e  management  h e i r a r c h y  t h a t  h a s  b e e n  
c r e a t e d .  

I n  t h i s  p r o c e d u r e  t h e  e m p h a s i s  i s  o n  t h e  c r e a t i o n  o f  a 
management  s y s t e m  s t r u c t u r e  and  o f  s u b s y s t e m  i n t e r f a c e s .  The 
c o n t e n t  and  b o u n d a r i e s  o f  t h e  a c t i v i t i e s  o f  a g r o u p  w i l l  be 
c o n t r o l l e d  by t h e  manage r ' s  i n t e r p r e t a t i o n  a n d  j u d g e m e n t ,  and  
a s  a  d i r e c t  c o n s e q u e n c e  o f  h i s  n e g o t i a t i o n  w i t h  t h e  
management  h i e r a r c h y  a n d  h i s  p e e r s .  Moreove r  as  t h e  v a r i o u s  
p h a s e s  o f  a t o t a l  a c t i v i t y  a r e  c o m p l e t e d ,  t h e  management  node 
r e s p o n s i b l e  f o r  e a c h  p a r t i c u l a r  p h a s e  i s  d i s s o l v e d  and  i t s  
p e r s o n n e l  r e a s s i g n e d .  T h i s  r e m o v e s  c o n t i n u i t y  and  a s s i g n a b l e  
r e s p o n s i b i l i t y  f r o m  t h e  p r o c e s s .  

T h e  c o n s e q u e n c e s  o f  t h i s  p r o c e d u r e  a r e  a p p a r e n t .  
Commun ica t i ons  w i t h i n  a g r o u p ,  a n d  more  i m p o r t a n t l y ,  b e t w e e n  
d i f f e r e n t  g r o u p s ,  t e n d  t o  be  random and  a m a t t e r  o f  chance .  
P e r s o n a l  r e l a t i o n s h i p s  b e t w e e n  i n d i v i d u a l s  e x e r t  a  s t r o n g  
i n f l u e n c e  o n  f i n a l  s y s t e m  s t r u c t u r e ,  d i s t r i b u t i o n  a n d  
c o n t e n t .  O p t i m i s a t i o n ,  i f  a n y ,  i s  l o c a l  w i t h i n  e a c h  group .  
Thus t h e  s y s t e m  becomes  a n  a s s e m b l y  o f  i t s  p a r t s ,  amorphous ,  
r e d u n d a n t  a n d  w i t h  random,  l a r g e l y  i n v i s i b l e ,  commun ica t i on .  
A t t e m p t s  t o  debug,  i m p r o v e  o r  e n l a r g e  t h e  s y s t e m  become v e r y  
d i f f i c u l t  t e n d i n g  t o  c a u s e  i t s  c o l l a p s e .  M o r e o v e r ,  s i n c e  
r e a s o n s  f o r  d e c i s i o n  a r e  n o t  n o r m a l l y  d o c u m e n t e d  a n d  t h e  
o r g a n i s a t i o n a l  s t r u c t u r e  i s  c o n s t a n t l y  c h a n g i n g ,  c o r r e c t i v e  
a c t i o n  f o l l o w i n g  t h e  a p p e a r a n c e  o f  w e a k n e s s e s  o r  f a u l t s  i s  a  
m a j o r  o r g a n i s a t i o n a l  and  t e c h n i c a l  p rob l em.  A l l  d e c i s i o n s  
w i l l  b e  p r i m a r i l y  b a s e d  o n  t i m e  a n d  s p a c e - l o c a l  
c o n s i d e r a t i o n s .  
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T h e  p r e c e d i n g  a n a l y s i s  m a y  a p p e a r  p e s s i m i s t i c  a n d  
e x a g g e r a t e d .  Some d e t a i l s  may be  wrong ,  o t h e r s  o m i t t e d .  The 
h i s t o r y  o f  IBM s o f t w a r e  p r o j e c t s ,  t h e  f a c t  t h a t  s y s t e m s  h a v e  
h a d  t o  b e  m a s s a g e d  i n t o  s h a p e  o v e r  a  s e r i e s  o f  r e l e a s e s ,  
r a t h e r  t h a n  d e s i g n e d  and  i m p l e m e n t e d  a s  a  f i n i s h e d  p r o j e c t ,  
s u g g e s t s  t h a t  i n  o v e r a l l  e f f e c t  t h e  a n a l y s i s  i s  r e a s o n a b l y  
a c c u r a t e .  

6.2 Dynamic Management  S t r u c t u r e  

T h e r e  e x i s t s  a n  a l t e r n a t i v e  t o  t h e  above  p r o c e d u r e .  W i t h i n  
t h e  f r a m e w o r k  o f  t h e  t o t a l  p r o g r a m m i n g  p r o c e s s  t h e  
r e s p o n s i b i l i t y  f o r  a t o t a l  s y s t e m  t h r o u g h  a l l  t h e  p h a s e s  o f  
i t s  s p e c i f i c a t i o n ,  p r o d u c t i o n  a n d  t e s t s  may be g i v e n  t o  o n e  
m a n a g e m e n t  n o d e .  I n i t i a l l y  i t  w i l l  b e  g i v e n  t o  o n e  
i n d i v i d u a l  who i n i t i a t e s  a  d y n a m i c  b r eakdown  p r o c e d u r e  t h a t  
i d e n t i f i e s ,  d e v e l o p s  a n d  e v a l u a t e s  s y s t e m  f u n c t i o n  a n d  
i m p l e m e n t a t i o n s  a t  e v e r  g r e a t e r  d e t a i l .  A s  t h e  c o n t e n t  and  
p e o t e n t i a l  a c t i v i t y  i n c r e a s e s ,  p e r s o n n e l  a r e  a d d e d .  A s  
s y s t e m  s t r u c t u r e  i s  c r e a t e d ,  m a n a g e r s  t a k e  o v e r  t h e  
r e p o n s i b i l i t y  f o r  s u b s y s t e m s ,  s u b- s u b s y s t e m s  a n d  s o  on. 

A s  e a c h  g r o u p  c o m p l e t e s  i t s  a s s i g n m e n t ,  c o n t i n u a t i o n  o f  t h e  
a c t i v i t y  i s  a s s i g n e d  t o  t h e  s a m e  g r o u p  o r  t o  o t h e r s  m o r e  
e x p e r t  i n  t h a t  p a r t i c u l a r  a r e a .  T h e  p r o c e s s  b e c o m e s  t h e  
d r i v i n g  f o r c e  w i t h  m a n a g e r s  a l l o c a t e d  t o  t h e  n o d e s  o f  a  t r e e -  
l i k e  s t r u c t u r e  a s  t h e  p o s s i b i l i t y  and  need  a r i s e s .  Thus a l l  
human a n d  a u t o m a t i o n  r e s o u r c e s ,  i n c l u d i n g  t h e  m a n a g e r s ,  a r e  
s e e n  a s  a c t i v e  e l e m e n t s  o f  t h e  p r o c e s s .  They a r e  a l l o c a t e d  
s p e c i f i c  t a s k s  a n d  a t  t h e  a p p r o p r i a t e  t ime l e a v e  t h e  
o p e r a t i o n  o r  r e c e i v e  new a s s i g n m e n t s .  N o t i c e  t h a t  t h e  t r e e  
s t r u c t u r e  g r o w s  a n d  s h r i n k s  o n l y  b y  c h a n g e s  a t  i t s  
e x t r e m i t i e s .  Thus  w h i l e  i n d i v i d u a l s  w i l l  j o i n  a n d  l e a v e  t h e  
p r o j e c t ,  s t r u c t u r a l  c o n t i n u i t y  w i t h  t h e  p a s t  i s  m a i n t a i n e d .  

T h i s  i d e a l i s e d  d e s c r i p t i o n  o f  d y n a m i c  management  r e m a i n s  t o  
be  d e v e l o p e d  a n d  d e m o n s t r a t e d  i n  p r a c t i c e .  We b e l i e v e  t h a t  
i t  c a n  l e a d  t o  a  s t r u c t u r e d  s y s t e m  whose  e l e m e n t s  a n d  sub -  
e l e m e n t s  a r e  l i k e w i s e  s t r u c t u r e d .  I n t e r f a c e s  c a n  b e  
s t a n d a r d i s e d  and  c o m m u n i c a t i o n s  be  t w e e n  t h e  s u b s y s t e m s  a n d  
s u b- s u b s y s t e m s  f o r c e d  i n t o  t h e  g e n e r a l  s t r u c t u r e  t h r o u g h  t h e  
a d o p t i o n  o f  a p p r o p r i a t e  c o n v e n t i o n s .  The c o n s e q u e n t  s y s t e m  
may b e  r e d u n d a n t  s i n c e  a n y  s t r u c t u r e  r e q u i r e s  a d d i t i o n a l  
c o m p o n e n t s  t o  s h a p e  a n d  s u p p o r t  i t .  T h i s  r e d u n d a n c y ,  
h o w e v e r ,  i s  t h e  p r i c e  p a i d  f o r  t h e  a d v a n t a g e s  o f  s t r u c t u r e ,  
p a r t i c u l a r l y  i n  t h e  a r e a s  o f  c o n t i n u i t y ,  c h a n g e a b i l i t y ,  
g r o w t h  power ,  t e a c h a b i l i t y  a n d  r e l i a b i l i t y .  
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T h i s  approach t o  management depends f o r  i t s  i m p l e m e n t a t i o n  on 
t h e  development  o f  a  t o t a l - s y s t e m  o r i e n t e d  methodology. A 
r e l a t e d  problem i s  t h e  development  o f  a  s u p e r s t r u c t u r e  t h a t  
c o r r e l a t e s  t h e  management h i e r a r c h y  of a  p a r t i c u l a r  p r o j e c t  
w i t h  o t h e r  p r o j e c t s  g o i n g  on s i m u l t a n e o u s l y  w i t h i n  t h e  same 
o r g a n i s a t i o n .  D i r e c t  e x t e n s i o n  o f  t h e  d y n a m i c  c o n c e p t  
a p p e a r s  p o s s i b l e .  C l e a r l y ,  however,  t h e  p r e s e n t  d i s c u s s i o n  
r e p r e s e n t s  a n  i n i t i a l  i n d i c a t i o n  o f  t h e  p r e f e r r e d  d i r e c t i o n  
o f  t h r u s t  i n  d e v e l o p i n g  sys tems- development  management. It 
d o e s  n o t  i n  i t s e l f  p r e s e n t  a  s o l u t i o n  t o  a l l  t h e  p r o b l e m s  
w h i c h  w i l l  be  e n c o u n t e r e d  a n d  r e s o l v e d  t h r o u g h  p r a c t i c a l  
e x p e r i e n c e .  

7 Educat ion 

The c o n c e p t s  and p rob lems  o f  e d u c a t i o n  pe rmea te  t h i s  e n t i r e  
r e p o r t .  The f i r s t  s e c t i o n  s u g g e s t e d  t h a t  s h o r t a g e s  o f  bo th  
manpower and e d u c a t i o n a l  r e s o u r c e s  a r e  i m p o r t a n t  consequences  
i n  IBM cus tomer  o f f i c e s  and,  t h e r e f o r e ,  by IBM. Thus IBM 
must examine t h e  p o s s i b i l i t y  and consequences  o f  expanding 
i t s  e d u c a t i o n a l  f a c i l i t i e s  and t h e  r e s e r v o i r  of peop le  f rom 
w h i c h  i t  d r a w s  i t s  s u p p l y  o f  p r o g r a m m i n g  a s s o c i a t e d  
personnel .  E q u a l l y  i t  r e q u i r e s  a n  e x a m i n a t i o n  o f  s t u d e n t  
s e l e c t i o n  m e c h a n i s m s ,  t o  e n s u r e  a  much h i g h e r  l e v e l  o f  
s u c c e s s  i n  b a s i c  programming courses .  C u r r e n t l y  t h e  d ropou t  
r a t e  may be a s  h i g h  a s  33%. An e x a m i n a t i o n  o f  c o u r s e  c o n t e n t  
i s  n e e d e d  b o t h  t o  a c h i e v e  a  h i g h e r  p e r c e n t a g e  o f  s t u d e n t  
s u r v i v a l  a n d  s o  t h a t  s t u d e n t s  may i n  t h e i r  s u b s e q u e n t  
a c t i v i t y  a p p l y  a  f a r  h i g h e r  p r o p o r t i o n  o f  t h a t  con ten t .  The 
l a s t  comment r e f e r s  t o  a n  o b s e r v a t i o n  i n  r e a l  l i f e  t h a t  many 
p r o g r a m m e r s  u s e  no  m o r e  t h a n ,  s a y  1 0 %  o f  t h e  t o t a l  
c a p a b i l i t i e s  o f  t h e  s y s t e m s  o r  l anguages  t o  which t h e y  have 
been exposed. Moreover t h e i r  c o l l e a g u e s  and management have 
no way o f  knowing o r  c o n t r o l l i n g  which 10% t h e y  use. 

The p r a c t i c a l  absence  o f  programming t e c h n i c i a n s  i s  c l o s e l y  
r e l a t e d  t o  t h e s e  e d u c a t i o n a l  p r o b l e m s .  The r e c r u i t i n g ,  
e d u c a t i o n  and a b s o r p t i o n  o f  peop le  who may n o t  have had t h e  
same b r e a d t h  o f  e d u c a t i o n  a t  t h e  c o l l e g e  l e v e l  bu t  who, a s  
d e m o n s t r a t e d  i n  p r a c t i c e  can a c q u i r e  programming s k i l l s ,  h a s  
a  v e r y  d e f i n i t e  p l a c e  i n  t h e  p r o c e s s  a s  now p r a c t i c e d .  It 
w i l l  f i n d  m o r e  a p p l i c a t i o n  i n  t h e  m o r e  d e v e l o p e d  p r o c e s s  
v i s u a l i s e d  i n  t h i s  r e p o r t .  Reference h a s  been made i n  t h e  
l anguage  s e c t i o n  t o  t h e  need t o  deve lop  s u b s e t s  o f  e x i s t i n g  
languages .  T h i s  t o o  i s  i m p l i e d  by t h e  need t o  r e c r u i t ,  t r a i n  
and s u c c e s s f u l l y  employ programming t e c h n i c i a n s .  
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T h i s  r e p o r t  w i l l  n o t  d i s c u s s  t h e  n a t u r e  o r  c o n t e n t  o f  
s y l l a b u s e s ,  t h e  p r o b l e m  o f  r e c r u i t i n g  a n d  s e l e c t i o n ,  t h e  
t r a n s i t i o n  f rom t r a i n i n g  t o  p r o d u c t i v e  a c t i v i t y ,  c o n t i n u e d  
on- the- job t r a i n i n g  and e d u c a t i o n ,  m o r a l e  problems,  and s o  
on. However a  d i s c u s s i o n  o f  t h e  programming p r o c e s s  would be 
i n c o m p l e t e  w i t h o u t  r e f e r e n c e  t o  t h e  v e r y  f u n d a m e n t a l  p a r t  
t h a t  e d u c a t i o n  p l a y s  b o t h  i n  s o l v i n g  p r e s e n t  p rob lems  and i n  
f u t u r e  p l a n n i n g  and development.  

8 Conc lus ion  

The p r e c e d i n g  s e c t i o n s  h a v e  r a n g e d  f a r  a n d  w i d e  o v e r  t h e  
p rob lems  and t h e  p o t e n t i a l  o f  t h e  programming p rocess .  The 
d i s c u s s i o n  h a s  been i n  t e r m s  o f  IBMVs i n t e r n a l  p o s i t i o n  and 
h a s  t e n d e d  t o  c o n c e n t r a t e  o n  t h o s e  a r e a s  i n  w h i c h ,  i n  t h e  
a u t h o r ' s  j u d g e m e n t ,  t h e  R e s e a r c h  D i v i s i o n  m i g h t  make a  
c o n t r i b u t i o n  i n  t h e  f u t u r e .  It can,  however,  be g e n e r a l i s e d  
f o r  t h e  w o r l d  a t  l a r g e .  

The programming a r e a  i s  c l e a r l y  one o f  g r o w t h  i n  t e r m s  o f  
complex i ty ,  t h e  r e s o u r c e s  i t  a b s o r b s ,  t h e  amount and n a t u r e  
o f  t h e  work t h a t  needs  t o  be done,  t h e  c r i t i c a l  pe r fo rmance  
judgement a p p l i e d  t o  p r o d u c t s  and t h e  i n c r e a s i n g  r e l i a n c e  
t h a t  s o c i e t y  p l a c e s  o n  i t s  o u t p u t .  The p r o b l e m  h a s  b e e n  
b r o u g h t  t o  t h e  f o r e  by a  r a p i d  i n c r e a s e  i n  e x p e n d i t u r e s ,  
manpower r e q u i r e m e n t s ,  and i n  t h e  c o s t  o f  p roduc ing  programs. 
The g r o w t h  which  i s  p o t e n t i a l l y  e x p o n e n t i a l  i n  n a t u r e  h a s  s o  
f a r  been c o n t r o l l e d  e s s e n t i a l l y  by b r u t e  f o r c e .  

A s  one  i n d i c a t o r  o f  g rowth ,  T a b l e  1 i n  s e c t i o n  1.3 r e f e r r e d  
t o  t h e  g r o w t h  o f  OS/360. F i g u r e  5  r e p r e s e n t s  a  p l o t  o f  t h i s  
d a t a  e x t r a p o l a t e d  o v e r  t h e  n e x t  f i v e  r e l e a s e s  (3.15). Th i s  
p r o j e c t i o n  s u g g e s t s  t h a t  OS/3b0 w i l l  r e a c h  5000 modules by 
r e l e a s e  21. F o r t y- t h r e e  p e r c e n t  o f  t h e s e  modules  w i l l  be 
changed, on t h e  a v e r a g e ,  i n  e a c h  o f  t h e s e  f i v e  r e l e a s e s  s o  
t h a t  i n  g o i n g  f rom r e l e a s e  20 t o  21, f o r  example ,  a  t o t a l  o f  
o v e r  2200  m o d u l e s  w i l l  h a v e  t o  b e  h a n d l e d .  More p r e c i s e  
p r e d i c t i o n  i s  n o t  p o s s i b l e  s i n c e  l i n e a r ,  e y e b a l l  a n d  
q u a d r a t i c  e x t r a p o l a t i o n  y i e l d  d i f f e r e n t  t r e n d s .  However we 
may e x p e c t  t h i s  i n d i c a t o r  o f  c o m p l e x i t y  n o t  t o  f u r t h e r  
d e c r e a s e  s i g n i f i c a n t l y .  

3.15 ( E d s )  The r e a d e r  may w i s h  t o  compare  t h e s e  1 9 6 9  
f o r e c a s t s  w i t h  a c t u a l  o b s e r v a t i o n s  r e p o r t e d  
s u b s e q u e n t l y ,  a s  r e p r o d u c e d  i n  l a t e r  c h a p t e r s  and i n  
par t i cu la r  i n  Chapter 18.  
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The  s o l u t i o n  o f  t h e  p r o g r a m m i n g  p r o b l e m  i s  s e e n  i n  t h e  
deve lopmen t  o f  a  t o t a l  s y s t e m- o r i e n t e d  me thodo logy  and t h e  
a s s o c i a t e d  s u p p o r t  t e c h n o l o g i e s  and t o o l s .  The r e a l i t y  o f  
t o d a y ' s  s i t u a t i o n  i s  t h a t  s u p p o r t  a c t i v i t y  i n  t h e  programming 
a r e a  i s  w o e f u l l y  l a c k i n g  a s  i n  F i g u r e  6 ,  d e s p i t e  t h e  
Company's t r a d i t i o n a l  encouragemen t  o f  s u c h  a c t i v i t y  i n  o t h e r  
a r e a s .  To s o m e  e x t e n t  t h i s  may be  d u e  t o  a  l a c k  o f  
c o n v i c t i o n  t h a t  s u c c e s s  i s  a r o u n d  t h e  c o r n e r .  E q u a l l y ,  
h o w e v e r ,  l a c k  o f  s u p p o r t  i s  a l s o  d u e  t o  a  f a i l u r e  t o  
a p p r e c i a t e  t h e  v e r y  r e a l  need f o r  r e s e a r c h  and deve lopmen t  i n  
t h i s  a r e a ,  t h e  v e r y  r e a l  p o t e n t i a l  t h a t  e x i s t s ,  and  t h e  v e r y  
r e a l  p a y o f f s  t h a t  w i l l  r e s u l t  when  t h e  w o r k  m e e t s  w i t h  
s u c c e s s .  

The p r e s e n t  s t u d y  h a s  r e s u l t e d  i n  some p r a c t i c a l  p r o p o s a l s  
f o r  programming p r o c e s s  o r i e n t e d  R and  D p r o j e c t s  and  some 
r ecommenda t ions  f o r  f u r t h e r  a c t i o n .  T h e i r  i m p l e m e n t a t i o n  
w i l l  r e q u i r e  a c t i v e  m a n a g e m e n t  r e c o g n i t i o n  o f  t h e  n e e d s ,  
p o t e n t i a l  and p o s s i b i l i t i e s  t h a t  now e x i s t .  

The i m p a c t  and  p r o f i t a b i l i t y  o f  s u p p o r t  a c t i v i t i e s  i s  a l w a y s  
h a r d e r  t o  a p p r e c i a t e  t h a n  d e v e l o p m e n t  w o r k  e x p e n d e d  o n  a  
m a r k e t a b l e  p r o d u c t .  The  m a n a g e r  f a c e d  w i t h  t h e  d a i l y  
p r o b l e a s  o f  m e e t i n g  a  d e a d l i n e  w i l l  a l w a y s  f i r s t  a b a n d o n  
methodology and s y s t e m a t i c s .  It t h u s  r e q u i r e s  a  v e r y  r e a l  
a n d  d e m o n s t r a t e d  c o n v i c t i o n  by m a n a g e m e n t  t o  a c h i e v e  a n  
' i n d u s t r i a l  r e v o l u t i o n f  i n  t h e  programming a r e a .  

Moreover,  w e  s h o u l d  comment t h a t  any  work i n  t h e  methodology,  
t o o l  a n d  l a n g u a g e  a r e a  h a s  a  d i r e c t  i m p a c t  o n  t h e  m a r k e t  
p l ace .  We have  i m p l i e d  t h a t  r e d u c t i o n  o f  c o s t s  and o f  l e a d -  
t i m e s ,  and i n c r e a s e d  f u n c t i o n a l  c a p a b i l i t i e s  a r e  t h e  u s e r -  
o b s e r v a b l e  c o n s e q u e n c e s  o f  a c t i v i t y  i n  t h e  s u p p o r t  a r e a s .  
More d i r e c t l y  IBM m u s t  be c o n c e r n e d  w i t h  e v a l u a t i o n  o f  o t h e r  
o r g a n i s a t i o n s f  m e a s u r e m e n t s  o n  IBM p r o d u c t s  a n d  
c o n f i g u r a t i o n s ,  and  t h e  p r o v i s i o n s  o f  i t s  own d a t a  . It mus t  
r e f i n e  i t s  a b i l i t y  t o  a c c u r a t e l y  p r e d i c t  t h e  u s e r  o b s e r v a b l e  
p e r f o r m a n c e  o f  announced p r o d u c t s .  F i n a l l y ,  i t  h a s  a l r e a d y  
been d e m o n s t r a t e d  t h a t  t h e  t o o l s  t h e m s e l v e s  a r e  m a r k e t a b l e ,  
and  t h a t  t h e s e  i n  t u r n  open  up l a r g e  new i n d u s t r y  a r e a s  f o r  
h a r d w a r e  p r o d u c t s .  

The e n t i r e  computer- communi ty  and t h e  n a t i o n  a s  a  who le  h a s  
a s  d e e p  a n  i n t e r e s t  a s  IBM, i n  p r o g r e s s ,  i n  s y s t e m s  a n d  
programming e n g i n e e r i n g  (3.16;). However, t h e  p r o b l e m s  Lhat  
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a r i s e  are o f  i n d i v i d u a l  s y s t e m s ,  t h e  c o n c u r r e n t  d e v e l o p m e n t  
o f  s e v e r a l  l a r g e  s y s t e m s ,  o r  t h e  m a t c h i n g  o f  much s o f t w a r e  
w i t h  much h a r d w a r e ,  IBMts p r o b l e m s  a r e  by far t h e  l a r g e s t .  
Thus  i t  i s  o n l y  r i g h t ,  a s  w e l l  a s  b e i n g  i n  t h e  C o r p o r a t i o n ' s  
s e l f  i n t e r e s t ,  t h a t  IBM make a m a j o r  a t t e m p t  t o  a c h i e v e  a  
b r e a k t h r o u g h  i n  t h e  t e c h n o l o g y  t o  w h i c h  t h e  Company o w e s  i t s  
p r o s p e r i t y .  I n  t h e  l o n g  r u n  c o m p u t e r s  w i t h o u t  s o f t w a r e  a r e  
p r a c t i c a l l y  u s e l e s s  o u t s i d e  t h e  u n i v e r s i t i e s .  Only  a m a j o r  
b r e a k t h r o u g h  w i l l  p e r m i t  t h i s  company t o  c o n t i n u e  t o  o f f e r  
a n d  e x p a n d  t h e  f u n c t i o n a l  a n d  s o f t w a r e  s u p p o r t  t o  i t s  
h a r d w a r e  p r o d u c t s .  T h e r e  a r e  s t r o n g  i n d i c a t i o n s  f r o m  t h e  
s t a t e - o f - t h e - a r t  t h a t  t h e  a r e a  i s  r i p e  f o r  s u c h  a  b r e a k -  
t h r o u g h .  What i s  now r e q u i r e d  a r e  r e s o u r c e s  and  d e d i c a t i o n .  
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CHAPTER 4 

NATURAL SELECTION 
A S  APPLIED TO COMPUTERS AND P ROGRAMS*  (4 .1 )  

0 I n t r o d u c t i o n  

From t i m e  t o  t i m e ,  a  p rog rammer  d e c i d e s  t o  r e r u n  a n  o l d  j o b  
a n d  f i n d s  i t  w i l l  no l o n g e r  r un .  Comput ing  c e n t e r s  s o m e t i m e s  
d i s c o v e r  t h a t  t h e  o l d e r  i t s  c o m p u t e r  g e t s ,  t h e  more  d i f f i c u l t  
i t  i s  t o  g e t  new j o b s  t o  r u n  p r o p e r l y .  One p e r s o n  t r i e s  t o  
r u n  a n o t h e r ' s  p r o g r a m s  a n d  f i n d 2  t h a t  t h e y  j u s t  do  n o t  work  
i n  a  d i f f e r e n t  i n s t a l l a t i o n .  A l l  o f  t h e s e  w e l l - k n o w n  
d i f f i c u l t i e s ,  a n d  many l e s s e r  k n o w n  o n e s ,  s p r i n g  f r o m  a 
s i n g l e  s o u r c e  - N a t u r a l  S e l e c t i o n  t a k i n g  i t s  u n s w e r v i n g  a n d  
i r r e s i s t i b l e  c o u r s e ,  j u s t  a s  i t  d o e s  i n  t h e  kingdom o f  l i v i n g  
t h i n g s .  I n  t h i s  p a p e r ,  I p r o p o s e  t o  s h o w  how N a t u r a l  
S e l e c t i o n  p r o d u c e s  t h e s e  u n d e s i r a b l e  e f f e c t s  a n d  t o  s u g g e s t  
w h a t  c a n  be done  t o  d i m i n i s h  some o f  them. 

1 C o n d i t i o n s  f o r  N a t u r a l  S e l e c t i o n  

I n  1859 C h a r l e s  Da rwin  s t a r t e d  a s c i e n t i f i c  e a r t h q u a k e  whose  
a f t e r  t r e m o r s  a r e  s t i l l  b e i n g  f e l t  t oday .  I n  'On t h e  O r i g i n  
o f  S p e c i e s ' ,  h e  s e t  f o r t h  t h e  c o n d i t i o n s  u n d e r  w h i c h  l i v i n g  
s y s t e m s  u n d e r g o  c h a n g e s  w h i c h  a d a p t  them t o  a n  e x t r a o r d i n a r y  
d i v e r s i t y  o f  e n v i r o n m e n t s .  To q u o t e  h i s  w o r d s  [DAR64], 

'Owing t o  t h i s  s t r u g g l e  f o r  l i f e ,  any  v a r i a t i o n ,  howeve r  
s l i g h t  a n d  f r o m  w h a t e v e r  c a u s e  p r e c e e d i n g ,  i f  i t  be  i n  
a n y  d e g r e e  p r o f i t a b l e  t o  a n  i n d i v i d u a l  o f  any  s p e c i e s ,  
i n  i t s  i n f i n i t e l y  c o m p l e x  r e l a t i o n s  t o  o t h e r  o r g a n i c  
b e i n g s  a n d  t o  e x t e r n a l  n a t u r e ,  w i l l  t e n d  t o  t h e  
p r e s e r v a t i o n  o f  t h a t  i n d i v i d u a l ,  and  w i l l  g e n e r a l l y  be  
i n h e r i t e d  by i t s  o f f s p r i n g .  The o f f s p r i n g ,  a l s o ,  w i l l  
t h u s  h a v e  a  b e t t e r  c h a n c e  o f  s u r v i v i n g ,  f o r ,  o f  t h e  many 
i n d i v i d u a l s  o f  any  s p e c i e s  w h i c h  a r e  p e r i o d i c a l l y  bo rn ,  

4 . 1  ( o r i g )  T h i s  a r t i c l e  was s u b m i t t e d  f o r  p u b l i c a t i o n  i n  
1 9 6 7 ,  was l o s t ,  and r e d i s c o v e r e d  t w o  years  l a t e r .  The 
a u t h o r  h a s  s t a t e d  t h a t  he  w a s  a b l e  t o  r e s i s t  t h e  
t e m p t a t i o n  t o  m o d i f y  what he sa id  a  few years  ago. - The 
E d i t o r s .  

l < e p ~ - ~ ~ l ~ c d  w ~ t l i  perrnls5io11 f luin  Lcl~el-a l  S y s t c ~ n s .  \ /o lumc 15. 1070. Copylight O lC170 
pp 
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b u t  a  smal l  n u m b e r  c a n  s u r v i v e .  I h a v e  c a l l e d  t h i s  
p r i n c i p l e ,  by which each s l i g h t  v a r i a t i o n ,  i f  u s e f u l ,  i s  
preserved,  by t h e  t e r m  o f  N a t u r a l  S e l e c t i o n ,  i n  o r d e r  t o  
m a r k  i t s  r e l a t i o n  t o  m a n ' s  p o w e r  o f  s e l e c t i o n '  ( p  6 1 ;  
e m p h a s i s  a d d e d ) .  

I n  t h e  t u m u l t u o u s  d e v e l o p m e n t  o f  D a r w i n ' s  i d e a s  i n  t h e  
f o l l o w i n g  c e n t u r y ,  N a t u r a l  S e l e c t i o n  h a s  b e e n  r e v e a l e d  a s  a 
phenomena n o t  c o n f i n e d  t o  ' l i v i n g '  s y s t e m s ,  b u t  e x p l a i n a b l e  
i n  p u r e l y  a b s t r a c t  t e r m s .  A l l  t h a t  i s  n e c e s s a r y  i s  t h a t  a 
p o p u l a t i o n  e x i s t s  u n d e r  t h e  f o l l o w i n g  t h r e e  c o n d i t i o n s :  

( 1 )  I ts i n d i v i d u a l s  a r e  c a p a b l e  o f  mak ing  r e a s o n a b l y  e x a c t  
c o p i e s  o f  t h e m s e l v e s ,  

( 2 )  A c e r t a i n  a m o u n t  o f  i n e x a c t i t u d e  i s  p r e s e n t  i n  t h e  
c o p y i n g  p r o c e s s .  

( 3 )  An e n v i r o n m e n t  e x i s t s  w h i c h  s e l e c t i v e l y  f a v o u r s  c e r t a i n  
v a r i a t i o n s .  

R e q u i r e m e n t  ( 1 )  i s  c a l l e d  ' r e p r o d u c t i o n ' ;  ( 2 )  i s  c a l l e d  
' v a r i a t i o n ' ;  (31, ' s e l e c t i o n f .  A l l  t h r e e  m u s t  be  p r e s e n t  f o r  
N a t u r a l  S e l e c t i o n  t o  t a k e  p l a c e ;  a n d  w h e n  a l l  t h r e e  a r e  
p r e s e n t ,  N a t u r a l  S e l e c t i o n  m u s t  t a k e  p l a c e .  The p o p u l a t i o n  
m u s t  i n c r e a s e  i n  ' f i t n e s s '  - a n d  a t  a r a t e  w h i c h  c a n  b e  
d e t e r m i n e d  m a t h e m a t i c a l l y  i f  t h e  p a r a m e t e r s  a r e  known. T h a t  
v a r i a t i o n  i s  a ' chance '  p r o c e s s  h a s  n o t h i n g  t o  do  w i t h  t h e  
i n e v i t a b i l i t y  o f  N a t u r a l  S e l e c t i o n .  A s  R A F i s h e r  [F IS58 ]  s o  
a b l y  p u t  i t :  

'The i n c o m e  d e r i v e d  f r o m  a C a s i n o  by i t s  p r o p r i e t o r  may, 
i n  o n e  s e n s e ,  b e  s a i d  t o  d e p e n d  u p o n  a  s u c c e s s i o n  o f  
f a v o r a b l e  c h a n c e s ,  a l t h o u g h  t h e  p h r a s e  c o n t a i n s  a  
s u g g e s t i o n  o f  i m p r o b a b i l i t y  m o r e  a p p r o p r i a t e  t o  t h e  
h o p e s  o f  t h e  p a t r o n s  o f  h i s  e s t a b l i s h m e n t .  It i s  e a s y  
w i t h o u t  a n y  p r o f o u n d  l o g i c a l  a n a l y s i s  t o  p e r c e i v e  t h e  
d i f  f e r n c e  b e t w e e n  a s u c c e s s i o n  o f  f a v o r a b l e  d e v i a t i o n s  
f r o m  t h e  l a w s  o f  c h a n c e ,  a n d  o n  t h e  o t h e r  h a n d ,  t h e  
c o n t i n u o u s  and  c u m u l a t i v e  a c t i o n  o f  t h e s e  l a w s .  It is  
o n  t h e  l a t t e r  t h a t  t h e  p r i n c i p l e  o f  N a t u r a l  S e l e c t i o n  
r e l i e s 1  ( p  4 0 ) .  

We m u s t  n o t e ,  h o w e v e r ,  t h a t  i n c r e a s e  o f  f i t n e s s  o f  a  
p o p u l a t i o n  i s  n o t  a l w a y s  a ' g o o d '  t h i n g  f o r  Man. T h e  r a t  
p o p u l a t i o n  is  c o n s t a n t l y  i n c r e a s i n g  i t s  f i t n e s s  w i t h  r e s p e c t  
t o  a l a r g e l y  h u m a n  e n v i r o n m e n t ,  a n d  t h e  p r o g r e s s i v e  
a d a p t a t i o n  o f  c e r t a i n  b a c t e r i a  t o  p e n i c i l l i n  and  o t h e r  d r u g s  
i s  a n  u n e n d i n g  s o u r c e  o f  p o t e n t i a l  d i s a s t e r  t o  Man. Thus,  
a l t h o u g h  Man p a r t i c i p a t e s  i n  N a t u r a l  S e l e c t i o n  of ra ts  and  
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b a c t e r i a ,  h e  d o e s  n o t ,  i n  a c e r t a i n  s e n s e ,  ' d i r e c t '  t h e  
p r o c e s s .  I n  o r d e r  t o  d i s t i n g u i s h  t h i s  p r o c e s s  f r o m  t h e  
p r o c e s s  d i r e c t e d  b y  Man f o r  h i s  o w n  b e n e f i t  ( S e l e c t i v e  
B r e e d i n g  o r  A r t i f i c i a l  S e l e c t i o n ) ,  Da rwin  c o i n e d  t h e  t e r m  
' N a t u r a l '  S e l e c t i o n .  A b o u t  t h e  r e l a t i v e  p o w e r  o f  t w o  
me thods ,  D a r w i n  w e n t  o n  t o  s a y :  

'But N a t u r a l  S e l e c t i o n ,  a s  we s h a l l  h e r e a f t e r  s e e ,  i s  a 
p o w e r  i n c e s s a n t l y  r e a d y  f o r  a c t i o n ,  a n d  i s  a s  
i m m e a s u r a b l y  s u p e r i o r  t o  man's f e e b l e  e f f o r t s ,  a s  t h e  
w o r k s  o f  N a t u r e  a r e  t o  t h o s e  o f  A r t 1  (Da rwin ,  p  61) .  

We c a n  a b s t r a c t  f r o m  t h e  l i t e r a t u r e  o n  N a t u r a l  S e l e c t i o n  t w o  
laws w h i c h  w e  c a n  u s e  i n  t h e i r  q u a l i t a t i v e  forrn t o  p r e d i c t  
c e r t a i n  c o n s e q u e n c e s  o f  t h e  ways  w e  u s e  o u r  c o m p u t e r s .  The 
f i r s t  o f  t h e s e  l a w s  i s  t h e  e x i s t e n c e  t h e o r e m  o f  N a t u r a l  
S e l e c t i o n :  

'Given t h e  c o n d i t i o n s  o f  N a t u r a l  S e l e c t i o n ,  t h e  f i t n e s s  
o f  t h e  p o p u l a t i o n  w i l l  i n c r e a s e  w i t h  t ime . '  

The s e c o n d  l a w  comes  u n d e r  v a r i o u s  names ,  b u t  we s h a l l  r e f e r  
t o  i t  a s  t h e  Law o f  E v o l u t i o n a r y  P o t e n t i a l .  B e c a u s e  a  
p o p u l a t i o n  m u s t  show v a r i a t i o n  i n  o r d e r  t o  u n d e r g o  N a t u r a l  
S e l e c t i o n  w h i l e  a t  t h e  s ame  t i m e  i t  m u s t  r e d u c e  v a r i a t i o n  i n  
o r d e r  t o  b e  w e l l  a d a p t e d  t o  p a r t i c u l a r  e n v i r o n m e n t ,  t h e  
s e c o n d  law r e s u l t s :  

'The more  a d a p t e d  a  p o p u l a t i o n  becomes  t o  a  p a r t i c u l a r  
e n v i r o n m e n t ,  t h e  less a d a p t a b l e  i t  i s  when f a c e d  w i t h  
o t h e r  e n v i r o n m e n t s . '  

2 The Computer  a s  t h e  A d a p t i v e  P o p u l a t i o n  

F o r  o u r  f i r s t  c a s e ,  t h e  p o p u l a t i o n  u n d e r g o i n g  N a t u r a l  
S e l e c t i o n  w i l l  b e  t h e  p o p u l a t i o n  o f  c o m p o n e n t s  i n  a  s i n g l e  
compu te r .  'Components '  c a n  be  t a k e n  t o  mean t h e  l o w e s t  l e v e l  
u n i t s  wh ich  are s u b j e c t  t o  r e p l a c e m e n t .  I n  some c a s e s  t h e s e  
m i g h t  b e  i n d i v i d u a l  r e l a y s ,  v a c u u m  t u b e s ,  r e s i s t o r s ,  
c a p a c i t o r s ,  o r  t r a n s i s t o r s ;  w h i l e  i n  o t h e r  c a s e s  t h e y  may b e  
c o o r d i n a t e d  s e t s  o f  s u c h  p a r t s ,  a s  a r e  f ound  i n  c i r c u i t  c a r d s  
and i n t e g r a t e d  c i r c u i t s  g e n e r a l l y .  

The  f i r s t  d i f f i c u l t y  we f a c e  i n  a p p l y i n g  t h e  t h e o r y  o f  
N a t u r a l  S e l e c t i o n  t o  t h i s  l p o p u l a t i o n l  i s  t h a t  i t  d o e s  n o t  
' r e p r o d u c e 1  i n  t h e  o r d i n a r y  b i o l o g i c a l  s e n s e  o f  t h a t  word. 
We ove rcome  t h i s  d i f f i c u l t y  i n  t h e  f o l l o w i n g  way. 
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1 We p i c k  a n  a r b i t r a r y  t i m e  i n t e r v a l ,  T, w h i c h  w i l l  b e  
t h o u g h t  o f  a s  t h e  g e n e r a t i o n  t i m e  o f  t h e  p o p u l a t i o n .  

2 A t  t h e  e n d  o f  e a c h  i n t e r v a l ,  T, e a c h  e l e m e n t  o f  t h e  
p o p u l a t i o n  i s  i m a g i n e d  t o  ' r e p r o d u c e t .  I f  T  i s  s h o r t ,  
v i r t u a l l y  a l l  o f  t h e  ' o f f s p r i n g 1  w i l l  b e  i d e n t i c a l  w i t h  
t h e i r  ' p a r e n t s '  - f o r ,  i n d e e d ,  t h e y  w i l l  b e  t h e  s a m e  
component .  

3  The o t h e r  way,  i n  w h i c h  a n  o f f s p r i n g  may d i f f e r  f r o m  i t s  
p a r e n t ,  i s  by ' s p o n t a n e o u s '  c h a n g e  i n  t h e  p e r f o r m a n c e  o f  
a  component .  T h i s  c h a n g e  may be e n t i r e l y  u n d e t e c t a b l e  
f r o m  o u t s i d e  t h e  c o m p u t e r ,  b u t  we know t h a t  s u c h  c h a n g e s  
a r e  a l w a y s  t a k i n g  p l a c e .  

4 S e l e c t i o n  t a k e s  p l a c e  b e c a u s e  n o t  a l l  c h a n g e s  i n  t h e  
c o m p o n e n t s  ( p o i n t  3 )  a r e  e q u a l l y  d e t e c t a b l e  by t h e  
e n g i n e e r s  who a r e  t r y i n g  t o  ' m a i n t a i n t  t h e  m a c h i n e .  
When a c o m p o n e n t  p a s s e s  i n t o  a s t a t e  ( ' p r o d u c e s  a n  
o f f s p r i n g v )  w h i c h  i s  b o t h  d e t e c t a b l e  and  u n d e s i r a b l e ,  i t  
i s  r e p l a c e d  ( ' d i e s ' ) .  T h u s ,  t h e  e n g i n e e r s  a n d  t h e i r  
d i a g n o s t i c  p r o g r a m s  p r o v i d e  a  s e l e c t i v e  e n v i r o n m e n t  
w h i c h  i s  c o n s t a n t l y  a t  work  t o  r emove  c e r t a i n  t y p e s  o f  
i n d i v i d u a l s  f r o m  t h e  p o p u l a t i o n .  The e n v i r o n m e n t  is,  
i n d e e d ,  s e l e c t i v e ,  b e c a u s e  a l l  c h a n g e s  i n  s t a t e s  o f  
c o m p o n e n t s  a r e  n o t  e q u a l l y  d e t e c t a b l e  by t h e  d i a g n o s t i c  
p r o c e d u r e s  o f  t h e  e n g i n e e r s .  

V i e w e d  i n  t h i s  w a y ,  t h e  e v o l u t i o n  o f  t h e  p o p u l a t i o n  o f  
c o m p o n e n t s  i n  a  c o m p u t e r  i s  t r u l y  g o v e r n e d  b y  N a t u r a l  
S e l e c t i o n  - ' N a t u r a l t  b e c a u s e  t h e  e n g i n e e r  i s  n o t  t r y i n g  t o  
f a v o u r  t h e  e r r o r s  h i s  d i a g n o s t i c  p r o g r a m s  d o  n o t  d e t e c t  a n y  
more  t h a n  t h e  d o c t o r s  a r e  t r y i n g  t o  f a v o u r  c e r t a i n  b a c t e r i a l  
v a r i e t i e s  o v e r  o t h e r s  t h r o u g h  t h e  u s e  o f  p e n i c i l l i n .  

Once m o d e l l e d  i n  t h i s  way,  t h e  q u a l i t i t i v e  b e h a v i o u r  o f  t h e  
s y s t e m  is  e n t i r e l y  p r e d i c t a b l e  by o u r  f i r s t  l a w :  

' F i t n e s s  o f  t h e  p o p u l a t i o n  w i l l  i n c r e a s e  w i t h  t ime . '  

I n  t h i s  c a s e ,  h o w e v e r ,  f i t n e s s  o f  t h e  p o p u l a t i o n  is  m e a s u r e d  
by  t h e  a b i l i t y  t o  e s c a p e  t h e  p r o b i n g s  o f  t h e  d i a g n o s t i c  
p r o c e d u r e s .  From o n e  p o i n t  o f  v i e w ,  t h i s  r e s u l t  s a y s  t h a t  
t h e  c o m p u t e r  w i l l  r e m a i n  f i t  - i n s o f a r  a s  f i t n e s s  o f  t h e  
w h o l e  i s  r e l a t e d  t o  t h e  f i t n e s s  o f  t h e  p a r t s  - t o  p e r f o r m  t h e  
d i a g n o s t i c  p r o g r a m s  c o r r e c t l y .  Our s e c o n d  l a w  o f  N a t u r a l  
S e l e c t i o n ,  h o w e v e r ,  s a y s  t h a t  t h e  c o m p u t e r  w i l l  b e c o m e  
i n c r e a s i n g l y  a d a p t e d  t o  j u s t  t h a t  e n v i r o n m e n t ,  t h r o u g h  t h e  
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a c c u m u l a t i o n  o f  u n d i s c o v e r e d  s t a t e s  wh ich  w i l l  n o t  a f f e c t  t h e  
c u r r e n t  s e t  o f  p rograms  b u t  wh ich  m i g h t  a f f e c t  some o t h e r  
set .  

Some s p e c i f i c  i n s t a n c e s  w i l l  be u s e f u l  he re .  The f i r s t  c a s e  
of t h i s  t y p e  w i t h  which  I e v e r  became i n v o l v e d  i s  t y p i c a l  o f  
many s i t u a t i o n s  r e p o r t e d  t o  me by my s t u d e n t s .  A c e r t a i n  
p e t r o l e u m  company had been u s i n g  a  compute r  f o r  a p p r o x i m a t e l y  
f o u r  y e a r s  on  one r a t h e r  complex a p p l i c a t i o n  - o i l  r o y a l t y  
a c c o u n t i n g .  A t  t h a t  t i m e ,  a  g roup  o f  c h e m i c a l  e n g i n e e r s  i n  
t h e i r  l a b o r a t o r y  became i n t e r e s t e d  i n  u s i n g  t h e  compute r  f o r  
m a t r i x  c a l c u l a t i o n s .  A f t e r  s t u d y i n g  t h e  manua l s ,  t h e y  w r o t e  
t h e i r  p rog rams ,  punched t h e i r  c a r d s ,  and w i r e d  t h e i r  c o n t r o l  
p a n e l s  ( a s  was n e c e s s a r y  on  t h i s  machine) .  Nobody was t o o  
s u r p r i s e d  when t h e i r  p rog rams  d i d  n o t  work i m m e d i a t e l y ,  f o r  
e v e n  i n  t h o s e  d a y s  i t  w a s  known t h a t  p r o g r a m s  c o u l d  h a v e  
b u g s .  E v e n t u a l l y ,  h o w e v e r ,  t h e  e n g i n e e r s  w e r e  a b l e  t o  
d e m o n s t r a t e  t h a t  t h e  r e a s o n  t h e i r  p rog rams  w e r e  n o t  w o r k i n g  
was t h a t  c e r t a i n  r e l a y s  i n  t h e  compute r  w e r e  n o t  p e r f o r m i n g  
a c c o r d i n g  t o  t h e  s p e c i f i c a t i o n s  i n  t h e  manual. They were  
proved c o r r e c t  when, a f t e r  t h e  c u s t o m e r  e n g i n e e r s  s p e n t  two  
d a y s  b r i n g i n g  t h e  m a c h i n e  up  t o  s p e c i f i c a t i o n s ,  t h e i r  
p rog rams  r a n  c o r r e c t l y .  

Another  example  o f  t h i s  t y p e  o f  t r o u b l e  was t h e  c a s e  o f  a n  
i n s t a l l a t i o n  (A) w h i c h  w a s  e n d e a v o u r i n g  t o  u s e  a  s y s t e m  
s u p p l i e d  by a n o t h e r  i n s t a l l a t i o n  (B).  A s  commonly happens  i n  
such  c a s e s ,  t h e  new s y s t e m  would  n o t  r u n  s u c c e s s f u l l y  i n  t h e  
new i n s t a l l a t i o n .  I n  most  c a s e s  l i k e  t h i s  a  modest  amount of 
e f f o r t  i s  made t o  f i n d  t h e  t r o u b l e ,  a f t e r  wh ich  t h e  who le  
p r o j e c t  i s  d r o p p e d  w i t h  s o m e  m u m b l i n g  a b o u t  ' b u g s  i n  t h e  
program1. I n  t h i s  c a s e  however one  programmer  was  d e t e r m i n e d  
t o  f i n d  o u t  e x p l i c i t l y  w h e r e  t h e  t r o u b l e  w a s  a n d  by much 
d i l i g e n t  e f f o r t  e v e n t u a l l y  d i s c o v e r e d  a  number of  machine 
e r ror s  which had a c c u m u l a t e d  i n  t h e  compute r  o v e r  t h e  y e a r s .  

I t  may h e l p  c l a r i f y  m a t t e r s  i f  t w o  o f  t h e s e  e r r o r s  a r e  
examined i n  d e t a i l ,  The f i r s t  i n v o l v e d  t h e  m a g n e t i c  t a p e  
e r r o r  r o u t i n e s .  A t  i n s t a l l a t i o n  B, t h e  common p r o c e d u r e  i n  
t h e  c a s e  o f  t a p e  r e a d i n g  e r r o r s  w a s  t o  make 2 0  r e t r i a l s ,  
w h i l e  i n  i n s t a l l a t i o n  A o n l y  3 r e t r i a l s  were  o r d i n a r i l y  made. 
Over t h e  y e a r s ,  t h e  t a p e  u n i t s  i n  A had n o t  been s u b j e c t  t o  
a s  s t r i n g e n t  a d i a g n o s t i c  e n v i r o n m e n t  a s  h a d  B's .  
C o n s e q u e n t l y  t h e y  b e h a v e d  i n  u n p r e d i c t a b l e  w a y s  when  B's 
s y s t e m  a t t e m p t e d  t o  b a c k s p a c e  a n d  r e r e a d  t h e m  20 t i m e s  
i n s t e a d  o f  t h e  accus tomed  3. A more c a r e f u l  a d j u s t m e n t  o f  
t h e  t a p e  u n i t s  m i g h t  have  s o l v e d  t h i s  p rob lem,  though i t  was  
a c t u a l l y  done by m o d i f y i n g  B's e r r o r  r o u t i n e s .  
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E r r o r s  i n  t a p e  u n i t s ,  l i k e  e r r o r s  i n  r e l a y s ,  a r e  e s s e n t i a l l y  
' m e c h a n i c a l '  e r r o r s .  It m i g h t  be  t e m p t i n g  t o  i m a g i n e  t h a t  
t h e  e l e c t r o n i c  c o m p o n e n t s  o f  c o m p u t e r s  a r e  n o t  s u b j e c t  t o  
N a t u r a l  S e l e c t i o n  i n  t h e  s a m e  w a y ,  b e c a u s e  t h e y  a r e  
i n t r i n s i c a l l y  m o r e  r e l i a b l e .  U n f o r t u n a t e l y ,  N a t u r a l  
S e l e c t i o n  i s  a u n i v e r s a l  l a w ,  and  a p p l i e s  wheneve r  t h e  t h r e e  
c o n d i t i o n s  a r e  m e t .  To b e  s u r e ,  t h e  r a t e  o f  N a t u r a l  
S e l e c t i o n  may be  a l t e r e d  - as i n  t h i s  c a s e  when t h e  r a t e  of  
v a r i a t i o n  i s  r e d u c e d  - b u t  t h e  p r o c e s s  i n e v i t a b l y  t a k e s  
p l a c e .  I n d e e d ,  e v e n  t h o u g h  t h e  v a r i a t i o n  i n  i n d i v i d u a l  
c o m p o n e n t s  may b e  l e s s  w i t h  e l e c t r o n i c  c o m p o n e n t s ,  t h e  
s i t u a t i o n  i n  g e n e r a l  c o u l d  be  w e l l  w o r s e  s i n c e  t h e r e  a r e  many 
more  components .  T h i s  i n c r e a s e  i n  t h e  number  o f  componen t s  
n o t  o n l y  i n c r e a s e s  t h e  t o t a l  a m o u n t  o f  v a r i a t i o n ,  b u t  i t  
i n c r e a s e s  t h e  t o t a l  amount  o f  v a r i a t i o n ,  b u t  i t  i n c r e a s e s  t h e  
number  o f  c o m p o n e n t s  w h i c h  a r e  n o t  e f f e c t i v e l y  t e s t e d  by t h e  
d i a g n o s t i c  p rog rams .  

The s e c o n d  e r r o r  f ound  by t h i s  e n t e r p r i s i n g  p rog rammer  w i l l  
i l l u s t r a t e  t h a t  e l e c t r o n i c  c o m p o n e n t s  a r e  e q u a l l y  s u b j e c t  t o  
N a t u r a l  S e l e c t i o n .  I n  t h i s  c a s e ,  t h e  e r r o r  i n v o l v e d  t h e  
f a i l u r e  o f  t h e  c i r c u i t  d r i v i n g  o n e  b i t  o f  a l l  t h e  w o r d s  i n  a 
p a r t i c u l a r  p o r t i o n  o f  memory .  I n  a l l  o f  t h e  p r o g r a m s  o f  
I n s t a l l a t i o n  A - i n c l u d i n g  t h e  d i a g n o s t i c  p r o g r a m s  - t h i s  
s e g m e n t  o f  memory was  n e v e r  o c c u p i e d  by a n y t h i n g  f o r  w h i c h  
t h i s  f a i l u r e  m a d e  a n o t i c e a b l e  d i f f e r e n c e .  I n  m o s t  
i n s t r u c t i o n s ,  t h i s  b i t  was a l w a y s  z e r o  anyway,  a n d ,  i n  f i x e d  
p o i n t  n u m b e r s ,  i t  w a s  a h i g h  o r d e r ,  n o n - s i g n i f i c a n t  z e r o .  
T h e  new s y s t e m ,  h o w e v e r ,  h a p p e n e d  t o  h a v e  o n e  n u m b e r  f o r  
w h i c h  t h i s  b i t  c o u l d  b e  s i g n i f i c a n t  a n d  w h i c h  l a y  i n  t h e  
e r r o n e o u s  s e g m e n t  o f  memory. Consequen ly ,  wheneve r  t h a t  b i t  
of  t h e  c r i t i c a l  number  was  s u p p o s e d  t o  be  a o n e  - w h i c h  w a s  
f a i r l y  r a r e  - a n  e r r o r  r e s u l t e d .  

We are u s u a l l y  n o t  as a w a r e  o f  N a t u r a l  S e l e c t i o n  i n  c o m p u t e r s  
as we m i g h t  be ,  f o r  t h e  t r o u b l e s  i t  g e t s  u s  i n t o  are o f t e n  s o  
d i f f c u l t  t h a t  we n e v e r  t r a c e  them down. I n  t h i s  l a s t  c a s e ,  
f o r  i n s t a n c e ,  i n s t a l l a t i o n  A had  b e e n  e x p e r i e n c i n g ,  a s  m o s t  
i n s t a l l a t i o n s  do,  u n e x p l a i n e d  d i f f i c u l t i e s  when m o d i f y i n g  
c e r t a i n  l a r g e  p rog rams .  We c a n  see t h a t  a n  e r r o r  s u c h  as t h e  
one  b i t  memory f a i l u r e  c o u l d  c a u s e  i n e x p l i c a b l e  p r o b l e m s  i f  
a n  i n s t r u c t i o n  i n  a c o m p l e t e l y  d i f f e r e n t  s e c t i o n  o f  memory 
w e r e  a d d e d  o r  d e l e t e d ,  t h e r b y  b r i n g i n g  a c r i t i c a l  i n s t r u c t i o n  
o r  number  i n t o  t h e  damaged r e g i o n .  I n  a l l  l i k e l i h o o d ,  s u c h  
a n  e r r o r  w o u l d  n o t  b e  f o u n d  d i r e c t l y ,  b u t  r a t h e r  e l i m i n a t e d  
by a n  e q u a l l y  a c c i d e n t a l  c o m p e n s a t i n g  m o d i f i c a t i o n  i n  t h e  
c o u r s e  of  t r y i n g  t o  f i n d  it. Such  a n  e r r o r  r e m a i n s  i n  t h e  
m a c h i n e  b u t  n o t  i n  t h e  p rog rams .  
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Through t h e  l i f e t i m e  o f  a  p a r t i c u l a r  c o m p u t e r ,  s u c h  e r r o r s  
c o n t i n u e  t o  a c c u m u l a t e .  A s  l o n g  a s  n o  new p r o g r a m s  a r e  
t r i e d ,  t h i n g s  may f u n c t i o n  w e l l .  E v e n t u a l l y ,  howeve r ,  e v e n  
s l i g h t  m o d i f i c a t i o n s  t o  e x i s t i n g  p r o g r a m s  become i n c r e a s i n g l y  
d i f f i c u l t  t o  make. F u r t h e r m o r e ,  n e w l y  i n t r o d u c e d  e r r o r s ,  
b e c a u s e  t h e r e  a r e  now s o  many  r e s i d u a l  e r r o r s  t o  c o m b i n e  
w i t h ,  b e c o m e  i n c r e a s i n g l y  d i f f i c u l t  f o r  t h e  e n g i n e e r s  t o  
f i n d .  F i n a l l y ,  t h e  c o s t s  a n d  i r r i t a t i o n s  o f  u s i n g  t h e  
m a c h i n e s  g row  t o  t h e  p o i n t  w h e r e  i t  i s  s i m p l e r  t o  r e p l a c e  
w i t h  a f r e s h ,  u n a d a p t e d  m a c h i n e  - t h e r e b y  p u s h i n g  t h e  
p r o b l e m s  o f  N a t u r a l  S e l e c t i o n  a f e w  m o r e  y e a r s  i n t o  t h e  
f u t u r e .  

3 The Program a s  t h e  A d a p t i v e  P o p u l a t i o n  a n d  t h e  Computer  
a s  E n v i r o n m e n t  

Whenever t w o  d i f f e r e n t  p o p u l a t i o n s  a r e  i n  i n t e r a c t i o n  s o  t h a t  
e a c h  f o r m s  a  p a r t  o f  t h e  e n v i r o n m e n t  o f  t h e  o t h e r ,  t h e y  
p a r t i c i p a t e  i n  a  f o r m  o f  m u t u a l  N a t u r a l  S e l e c t i o n .  B a t s ,  f o r  
e x a m p l e ,  d e v e l o p  t h e i r  h e a r i n g  b e s t  a t  t h e  f r e q u e n c i e s  m o s t  
commonly e m i t t e d  by t h e  s p e c i e s  o f  m o t h s  on  wh ich  t h e y  f e e d ;  
w h i l e  t h e  m o t h s  d e v e l o p  r e c e p t o r s  w h i c h  a r e  s e n s i t i v e  t o  t h e  
e c h o l o c a t i o n  f r e q u e n c i e s  o f  t h e  b a t s  w h i c h  f e e d  upon them. 
Nor  i s  i t  n e c e s s a r y  f o r  t h e  r e l a t i o n s h i p  t o  b e  o n e  o f  
p r e d a t o r  and  p r e y ;  s y m b i o t i c  and  p a r a s i t i c  r e l a t i o n s h i p  show 
p r e c i s e l y  t h e  same t y p e  o f  m u t u a l  a d a p t a t i o n .  F o r m a l l y ,  i t  
i s  e a s y  t o  s e e  t h a t  t h i s  m u s t  be s o ,  f o r  i n  s u c h  c a s e s ,  i t  i s  
e n t i r e l y  a  m a t t e r  o f  a r b i t r a r y  c h o i c e  a s  t o  w h i c h  p o p u l a t i o n  
i s  s y s t e m  and w h i c h  i s  e n v i r o n m e n t .  

W i t h  c o m p u t e r s ,  i t  i s  p r o b a b l y  more  c o n v e n t i o n a l  t o  t h i n k  o f  
t h e  mach ine  a s  t h e  e n v i r o n m e n t  i n  w h i c h  t h e  p rog ram is r u n ,  
r a t h e r  t h a n  c o n s i d e r i n g  t h e  p r o g r a m s  a s  t h e  e n v i r o n m e n t  i n  
w h i c h  t h e  m a c h i n e  e v o l v e s ,  a s  w e  d i d  i n  t h e  l a s t  s e c t i o n .  
C o n s i d e r i n g  t h e  m a c h i n e  a s  t h e  e n v i r o n m e n t  o f  t h e  p r o g r a m s ,  
i n  t h e  c o n v e n t i o n a l  way, we g e t  some a d d i t i o n a l  i n s i g h t s .  

I n  t h i s  c a s e ,  we may c o n s i d e r  e a c h  p rog ram a s  a  p o p u l a t i o n  o f  
i n s t r u c t i o n s  - o r  m i c r o i n s t r u c t i o n s .  

H e r e ,  r e p r o d u c t i o n  i s  t a k e n  c a r e  o f  by t h e  s u c c e s s i v e  
v e r s i o n s  o f  t h e  p r o g r a m s ,  and v a r i a t i o n  i s  i n t r o d u c e d  e i t h e r  
by i n t e n t i o n a l  o r  u n i n t e n t i o n a l  p rog ram m o d i f i c a t i o n s .  A s  we 
~ a v e  j u s t  s e e n ,  t h e  c o m p u t e r  i t s e l f  p r o v i d e s  a s  e n v i r o n m e n t  
i n  w h i c h  t h e  p r o g r a m s  a r e  d e v e l o p e d  and  w h i c h  t e n d s  t o  s e l e c t  
a g a i n s t  p rog ram v a r i a n t s  w h i c h  e n c o u n t e r  some o f  t h e  more  
s u b t l e  m a c h i n e  e r r o r s  p r e s e n t .  I f  t h e  p rog ram d o e s  n o t  work ,  
we make some changes .  If t h e  t r o u b l e  t h e n  g o e s  away ,  we may 
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n o t  q u e s t i o n  f u r t h e r ;  t h u s ,  t h e  p r o g r a m  g e t s  e v e n  b e t t e r  
a d a p t e d  t o  t h e  mach ine  on  wh ich  i t  i s  run .  

It m i g h t  seem t h a t  no harm c a n  come f rom t h i s  t y p e  o f  N a t u r a l  
S e l e c t i o n  because  t h e  p r o g r a m s  w i l l  a l w a y s  be a b l e  t o  r u n  o n  
a  machine  wh ich  d o e s  n o t  have  a n  a c c u m u l a t i o n  o f  e r r o r s .  An 
i n t e r e s t i n g  c o n t r a d i c t i o n  t o  t h i s  a rgumen t  i s  p r o v i d e d  by o u r  
e a r l i e r  example  o f  t h e  p e t r o l e u m  company. A f t e r  t h e  compu te r  
was b r o u g h t  up t o  s p e c i f i c a t i o n s ,  t h e  m a t r i x  c a l c u l a t i o n s  
w o r k e d  p e r f e c t l y ,  b u t  t h e  o i l  r o y a l t y  p r o g r a m s  n o  l o n g e r  
worked a t  a l l !  F u r t h e r m o r e ,  a l l  t h e  k i n g ' s  p rog rammers  and 
a l l  t h e  k i n g ' s  e n g i n e e r s  n e v e r  d i d  s u c c e e d  i n  g e t t i n g  t h a t  
Humpty Dumpty s e t  o f  p rog rams  w o r k i n g  a g a i n !  The e v e n t u a l  
r e s u l t  was t h e  r e p l a c e m e n t  o f  t h e  mach ine  by a  new model. 

Such e x t r e m e  c a s e s  a r e  n o t  a s  r a r e  a s  one  m i g h t  imag ine .  The 
m o s t  t y p i c a l  s i t u a t i o n ,  r e p o r t e d  by  many o f  my s t u d e n t s ,  
o c c u r s  w h e n  s o m e  new p i e c e  o f  p e r i p h e r a l  e q u i p m e n t  i s  
i n s t a l l e d  o n  a n  e x i s t i n g  computer .  The e n s u i n g  d i f f i c u l t i e s  
a r e  i n e v i t a b l y  a t t r i b u t e d  t o  t h e  new equ ipmen t ,  b u t  i n  t h o s e  
c a s e s  w h e r e  t h e  a c t u a l  c a u s e  i s  t r a c k e d  down, i t  i s  e q u a l l y  
l i k e l y  t o  b e  s o m e  e r r o r  r e s i d i n g  i n  t h e  m a c h i n e  w h i c h  
p r e v i o u s  p r o g r a m s  had avo ided .  

4 The Program a s  t h e  A d a p t i v e  P o p u l a t i o n  and t h e  Da ta  a s  
Envi ronment  

P rog rams  a d a p t  n o t  o n l y  t o  t h e  c o m p u t e r s  o n  wh ich  t h e y  a r e  
r u n ,  b u t  t o  t h e  d a t a  w h i c h  i s  g i v e n  t o  them. I do n o t  mean, 
o f  c o u r s e ,  t h e  A r t i f i c i a l  S e l e c t i o n  c a u s e d  when m o d i f i c a t i o n s  
a r e  made t o  t a k e  c a r e  o f  new d a t a  c a s e s  wh ich  a r i s e ,  b u t  t h e  
N a t u r a l  S e l e c t i o n  wh ich  t a k e s  p l a c e  b e c a u s e  o f  t h e  d a t a  c a s e s  
wh ich  do n o t  a r i s e .  

Al though p rog ram- to- da ta  a d a p t a t i o n  t a k e s  p l a c e  i n  o r d i n a r y  
d a t a  p r o c e s s i n g  p rog rams ,  t h e  m o s t  i n t e r e s t i n g  - and mos t  
t r o u b l e s o m e  - c a s e s  o c c u r  i n  p r o g r a m s  w h i c h  u s e  o t h e r  
p rog rams  a s  d a t a .  Such p r o g r a m s  - c o m p i l e r s ,  f o r  i n s t a n c e  - 
o r d i n a r i l y  e n c o u n t e r  a  d a t a  e n v i r o n m e n t  wh ich  i s  p o t e n t i a l l y  
s e v e r a l  o r d e r s  o f  m a g n i t u d e  m o r e  c o m p l e x  t h a n  t h a t  o f  
o r d i n a r y  programs.  Thus,  t h e r e  a r e  many more u n e x p l o r e d  d a t a  
c a s e s  - c a s e s  wh ich  have  n e v e r  been  t r i e d  by t h e  program,  and 
many more complex  c a s e s  - c a s e s  which  a r e  c i r c u m v e n t e d  r a t h e r  
t h a n  a n a l y s e d  and e l i m i n a t e d .  

Le t  u s  l o o k  a t  some examples .  A l l  p rog rammers  h a v e  had  t h e  
e x p e r i e n c e  of t r y i n g  t o  r u n  a  program t h a t  o n c e  r a n  and now 
d o e s  n o t  b e c a u s e  o f  a  new b u g  i n  t h e  o p e r a t i n g  s y s t e m .  I 
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r e c a l l  o n e  o c c a s i o n  i n  w h i c h  t h e  i n t e r v a l  w a s  s i x  mon ths ,  and  
w h e r e  a n  e r r o r  h a d  b e e n  i n t r o d u c e d  i n t o  o n e  o f  t h e  t h r e e  
b i n a r y  c a r d  l o a d i n g  r o u t i n e s  a v a i l a b l e  i n  t h e  s y s t e m .  By t h e  
t i m e  I e n c o u n t e r e d  t h e  t r o u b l e ,  nobody i n  t h e  i n s t a l l a t i o n  
c o u l d  r e c a l l  t h a t  t h i s  c h a n g e  had  b e e n  made. F u r t h e r m o r e ,  
w h e n  I h a d  n a r r o w e d  d o w n  t h e  t r o u b l e  t o  t h i s  p a r t i c u l a r  
r o u t i n e ,  I was  r e p e a t e d l y  a d v i s e d  n o t  t o  t r y  t o  f i n d  a n y t h i n g  
w r o n g  w i t h  t h e  r o u t i n e  b u t  r a t h e r  t o  s w i t c h  t o  o n e  o f  t h e  
o t h e r  t w o  r o u t i n e s .  U n f o r t u n a t e l y  ( o r  f o r t u n a t e l y )  I c o u l d  
n o t  u s e  t h e  o t h e r  r o u t i n e s  b e c a u s e  my d a t a  c a r d s  w e r e  n o t  i n  
a c c e p t a b l e  f o r m a t s ;  t h u s ,  I had  t o  i n v e s t i g a t e  t h e  l o a d i n g  
r o u t i n e  i t se l f .  

Wha t  I f o u n d  w a s  q u i t e  s i m p l e .  S i n c e  t h e  t h r e e  r o u t i n e s  
s h a r e d  s o m e  common p a r t s ,  c e r t a i n  s w i t c h e s  w e r e  s e t  u p o n  
e n t r y  t o  d i s c r i m i n a t e  a m o n g  t h e m .  F o r  t h e  o p t i o n  I w a s  
u s i n g ,  o n e  o f  t h e  s w i t c h e s  w a s  n e v e r  s e t ,  a n d  t h e  p r o g r a m  
t h u s  made a  w i l d  t r a n s f e r  o f  c o n t r o l  wheneve r  t h a t  e n t r y  was 
used .  The e x i s t e n c e  o f  s u c h  a bug  i n  t h e  s y s t e m  c o u l d  o n l y  
m e a n  o n e  o f  t w o  t h i n g s :  e i t h e r  n o b o d y  e l se  h a d  u s e d  t h i s  
r o u t i n e  i n  s i x  m o n t h s  ( t h i s  i n s t a l l a t i o n  c l a i m e d  t o  h a v e  3000 
u s e r s )  o r  t h o s e  who had  u s e d  i t  had  b e e n  s u c c e s s f u l l y  s t e e r e d  
away f r o m  i t  by  h e l p f u l  a d v i c e .  

How many o t h e r  s u c h  b u g s  w e r e  a c c u m u l a t i n g  i n  t h i s  s y s t e m  I 
h a v e  no way t o  e s t i m a t e .  P r o g r a m m e r s  who h a v e  worked  w i t h  
l a r g e  s y s t e m s ,  h o w e v e r ,  w i l l  r e c o g n i s e  t h e  e x p e r i e n c e  o f  
t r a c i n g  t h r o u g h  t h e  w i l d  e x e c u t i o n  p a t h  o f  o n e  b u g  a n d  
f i n d i n g  o n e  o r  m o r e  o t h e r  b u g s  t h a t  h a d  n e v e r  b e e n  m a d e  
m a n i f e s t  b e f o r e .  T h i s  k i n d  o f  e x p e r i e n c e  t e n d s  t o  v e r i f y  t h e  
f o r c e  o f  t h e  N a t u r a l  S e l e c t i o n  p r o c e s s e s  o n  p r o g r a m s ,  a n d  
l o n g  a g o  l e d  me t o  f o r m u l a t e  t h e  l a w  g o v e r n i n g  t h e  number  o f  
e r r o r s ,  n, r e m a i n i n g  i n  a  l a r g e  p rog ram a t  t i m e  t: 

' F o r  a l l  t ,  n  = 1 '  

o r ,  i n f o r m a l l y ,  n  e o u a l s  ' o n e  m o r e ' .  

C o m p i l e r s ,  o f  c o u r s e ,  a r e  p a r t i c u l a r l y  s u s c e p t i b l e  t o  t h e  
a c c u m u l a t i o n  o f  s p e c i a l  c a s e s  w h i c h  t h e y  c a n n o t  h a n d l e  
c o r r e c t l y .  I e s p e c i a l l y  r e c a l l  o n e  a s s e m b l y  l a n g u a g e  s y s t e m  
we w e r e  u s i n g  f o r  w r i t i n g  a l a r g e  r e a l - t i m e  s y s t e m .  Eve ry  
week  we wou ld  c o l l e c t  a l ist  o f  t h e  t h i n g s  t h a t  d i d  n o t  seem 
t o  b e  a s s e m b l i n g  p r o p e r l y  a n d  s e n d  i t  t o  t h e  m a i n t e n a n c e  
c rew.  Eve ry  week we wou ld  g e t  back  a  r e p l y  w h i c h  s a i d  i n  
e f f e c t  t h a t  nobody e l s e  s eemed  t o  b e  h a v i n g  t h i s  p a r t i c u l a r  
t r o u b l e  s o  i t  was  n o t  w o r t h  i n v e s t i g a t i n g .  They w e r e  a l w a y s  
h e l p f u l ,  h o w e v e r ,  i n  s u g g e s t i n g  w a y s  o f  avoiding d i f f i c u l t y  - 
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g e n e r a l l y  by n o t  u s i n g  t h e  a v a i l a b l e  l a n g u a g e  i n  i t s  f u l l  
p o w e r .  E v e n t u a l l y ,  t h e  a c c u m u l a t i o n  o f  s u c h  c a s e s  t o  b e  
a v o i d e d  became u n b e a r a b l e ,  and we u n d e r t o o k  t h e  m a i n t e n a n c e  
o f  t h e  s y s t e m  o u r s e l v e s .  The s t r a w  t h a t  b r o k e  o u r  backs ,  I 
r e c a l l ,  was a  m o d i f i c a t i o n  w h i c h  u n w i t t i n g l y  p l a c e d  a  l i m i t  

15 o n  t h e  number o f  c h a r a c t e r s  o f  comments a t  6  x  2  . S i n c e  w e  
had a l r e a d y  f a r  s u r p a s s e d  t h a t  number,  o u r  s y s t e m  would  no 
l o n g e r  c o m p i l e ,  though 'nobody e l s e  seemed t o  be h a v i n g  t h a t  
t r o u b l e t .  We q u i c k l y  l e a r n e d  t h a t  by k e e p i n g  t h e  s i z e  o f  t h e  
sy t em down we c o u l d  a v o i d  t r o u b l e ,  b u t  i t  took  t w o  months  t o  
d i s c o v e r  t h e  s o u r c e  o f  d i f f i c u l t y  s o  t h a t  we  c o u l d  r e a l l y  
p r o c e e d  w i t h  o u r  work. If w e  had n o t  p e r s e v e r e d ,  i t  m i g h t  
have  been  y e a r s  b e f o r e  somebody e l s e  e n c o u n t e r e d  t h e  t r o u b l e ;  
and a t  t h a t  time t h e y  would  no l o n g e r  have  had t h e  s l i g h t e s t  
c l u e  a b o u t  whe re  t o  look.  

5  S p e c i a t i o n  

Al though Darwin ' s  g r e a t  work was e n t i t l e d  'On t h e  O r i g i n  o f  
Spec i e s ' ,  Mayr [MAY631 h a s  p o i n t e d  o u t  t h a t :  

' I t  i s  a f a m i l i a r  a n d  o f t e n - t o l d  s t o r y  how D a r w i n  
succeeded  i n  c o n v i n c i n g  t h e  w o r l d  o f  t h e  o c c u r r e n c e  o f  
e v o l u t i o n  and how - i n  n a t u r a l  s e l e c t i o n  - h e  found t h e  
mechanism t h a t  i s  r e s p o n s i b l e  f o r  e v o l u t i o n a r y  change  
and deve lopmen t .  It i s  n o t  n e a r l y  s o  w i d e l y  r e c o g n i s e d  
t h a t  Darwin  f a i l e d  t o  s o l v e  t h e  p rob lem i n d i c a t e d  by t h e  
t i t l e  o f  h i s  workt  ( p  12).  

T h i s  i s  n o t  t h e  p l a c e  t o  p r e s e n t  t h e  m o d e r n  v i e w  o f  t h e  
o r i g i n  of  s p e c i e s ,  b u t  i t  i s  i n t e r e s t i n g  t o  u s  t o  n o t e  t h a t  
t h e  w e i g h t  o f  e v i d e n c e  now p o i n t s  t o  t h e  s p l i t t i n g  o f  o n e  
s p e c i e s  i n t o  t w o  o r  m o r e  n o n - b r e e d i n g  p a r t s  ( u s u a l l y  
g e o g r a p h i c  a c c i d e n t )  as t h e  i n i t l - a 1  e v e n t  i n  s p e c i a t i o n .  The 
p a r t s  t h e n  p r o c e e d  t o  e v o l v e  i n  t h e i r  own ( s o m e w h a t  
d i f f e r e n t )  e n v i r o n m e n t s  u n t i l  t h e y  a r e  s u f f i c i e n t l y  
d i f f e r e n t i a t e d  t h a t  t h e y  w i l l  no l o n g e r  i n t e r b r e e d  e v e n  if 
t h e y  a r e  b r o u g h t  t o g e t h e r  a g a i n .  

S i n c e  we have  no p r o c e s s  a n a l o g o u s  t o  s e x u a l  r e p r o d u c t i o n  i n  
o u r  e v o l u t i o n a r y  mode l s  o f  c o m p u t e r s  and t h e i r  p rog rams ,  we 
c a n n o t  e x t e n d  t h e  modern s p e c i e s  c o n c e p t  d i r e c t l y .  We may, 
however ,  u t i l i s e  t h e  i d e a  o f  i s o l a t i n g  mechan i sms ,  l e a d i n g  t o  
p r o g r e s s i v e l y  more d i f f e r e n t i a t e d  p o p u l a t i o n s .  Thus, w e  may 
p r e d i c t  t h a t  d i f f e r e n t  v e r s i o n s  o f  t h e  same s y s t e m  - a 
FORTRAN o p e r a t i n g  s y s t e m ,  f o r  i n s t a n c e  - used  i n  d i f f e r e n t  
i n s t a l l a t i o n s  n o t  e x c h a n g i n g  p r o g r a m s  w i t h  one  a n o t h e r  w i l l  
become more  and more  w i d e l y  s e p a r a t e d  a s  t i m e  p a s s e s .  The 
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s e p a r a t i o n  w i l l  b e  b o t h  e x p l i c i t  ( t h r o u g h  t h e  a d d i t i o n  o f  new 
f e a t u r e s  a n d  t h e  d e l e t , i o n  o f  o l d )  a n d  i m p l i c i t  ( t h r o u g h  t h e  
e v o l u t i o n a r y  m e c h a n i s m s  we h a v e  d i s c u s s e d ) .  T h u s ,  t h e  
c h a n c e s  t h a t  o n e  s y s t e m  w i l l  r u n  o n  t h e  o t h e r ' s  c o m p u t e r ,  o r  
t h a t  b o t h  s y s t e m s  w i l l  c o m p i l e  t h e  s ame  p rog ram t o  do  t h e  
s ame  t h i n g s ,  d i m i n i s h  w i t h  t i m e .  R a t h e r  t h a n  moving  t o w a r d  
s t a n d a r d i s a t i o n ,  t h e n ,  we a r e  mov ing  t o w a r d  t h e  s t a t e  w h e r e  
e v e r y  c o m p u t e r  i n s t a l l a t i o n  w i l l  b e  a n  i s o l a t e d  s p e c i e s  - 
u n l e s s ,  t h a t  i s ,  some i n t e l l i g e n t  e f f o r t s  a r e  expended .  

6 R e t a r d i n g  t h e  R a t e  o f  N a t u r a l  S e l e c t i o n  

The f o r e g o i n g  a r g u m e n t s  and  e x a m p l e s  h a v e  shown how t h e  f o r c e  
o f  N a t u r a l  S e l e c t i o n  c a n  w o r k  a g a i n s t  t h e  s u c c e s s f u l  
o p e r a t i o n  o f  a c o m p u t e r  i n s t a l l a t i o n .  (We d o  n o t  c o n c e r n  
o u r s e l v e s  w i t h  a d v a n t a g e o u s  a p p l i c a t i o n s . )  We c a n n o t  
e l i m i n a t e  N a t u r a l  S e l e c t i o n  e n t i r e l y  i n  a n y  o f  t h e s e  c a s e s ,  
b e c a u s e  we c a n n o t  e l i m i n a t e  t h e  n e c e s s a r y  c o n d i t i o n s  w h i c h  
i n e v i t a b l y  b r i n g  i t  a b o u t .  We c a n ,  h o w e v e r ,  do  a number o f  
t h i n g s  t o  s l o w  t h e  r a t e  a t  w h i c h  N a t u r a l  S e l e c t i o n  d e s t r o y s  
t h e  u s e f u l n e s s  o f  a c o m p u t e r  o r  s y s t e m  o f  program.  

Some o f  t h e  t h i n g s  we c a n  d o  a r e  q u i t e  o b v i o u s .  I n  t h e  c a s e  
o f  m a c h i n e  e r r o r s ,  w e  c a n  r e d u c e  t h e  r a t e  o f  v a r i a t i o n  b y  
r e d u c i n g  t h e  f a i l u r e  o r  d e g r a d a t i o n  r a t e  o f  t h e  components .  
We c a n  o n l y  g o  s o  far i n  t h i s ,  howeve r ,  f o r ,  as we h a v e  s e e n ,  
t h i s  v a r i a t i o n  is  c o n s t a n t l y  b e i n g  r e i n t r o d u c e d  by i n c r e a s i n g  
t h e  number o f  c o m p o n e n t s  i n  o u r  mach ine s .  F u r t h e r m o r e ,  w i t h  
m o r e  r e l i a b l e  c o m p o n e n t s  we g e t  a c h a n g e  i n  t h e  ' e n v i r o n -  
ment ' ,  f o r  t h e  m a i n t e n a n c e  e n g i n e e r s  h a v e  more  d i f f i c u l t y  
g e t t i n g  e x p e r i e n c e  i n  f i n d i n g  p a r t i c u l a r  bugs ,  and  d i a g n o s t i c  
p r o g r a m s  h a v e  t o  be  much more  c o m p l i c a t e d  j u s t  t o  k e e p  up. 
C o n s e q u e n t l y ,  i t  becomes  more  and  more  t e m p t i n g  t o  m o d i f y  t h e  
p r o g r a m s  s o  t h a t  t h e y  w i l l  a v o i d  t h e  b u g s  r a t h e r  t h a n  
e l i m i n a t e  them. t h i s  a m o u n t s  t o  b u y i n g  p r e s e n t  c o n v e n i e n c e  
f o r  f u t u r e  d i s a s t e r  - a  s o r t  o f  a n t i - i n s u r a n c e  p o l i c y .  

A n o t h e r  p o l i c y  w h i c h  c a n  b e  a d o p t e d  t o  r e t a r d  t h e  r a t e  o f  
u n d e s i r e d  N a t u r a l  S e l e c t i o n  i s  t o  r e f e r  t o  e x t e r n a l  
s t a n d a r d s .  F o r  i n s t a n c e ,  r a t h e r  t h a n  u s i n g  t a p e s  w r i t t e n  i n  
t h e  i n s t a l l a t i o n  t o  test  t h e  t a p e  r e a d i n g  mechan i sm ,  t a p e s  
f r o m  a  s t a n d a r d  o u t s i d e  s o u r c e  s h o u l d  be  used .  If t h i s  is  
n o t  d o n e ,  t h e  i n s t a l l a t i o n  i s  i n  d a n g e r  o f  h a v i n g  i t s  t a p e  
r e a d e r s  a d a p t  t o  i t s  t a p e  w r i t e r s  - d r i f t i n g  f u r t h e r  a n d  
f u r t h e r  away f r o m  c o m p a t i b i l i t y  w i t h  any  o t h e r  i n s t a l l a t i o n .  

The  e x t e r n a l  s t a n d a r d s ,  o f  c o u r s e ,  a r e  n o t  l i m i t e d  t o  
m e c h a n i c a l  ones .  Fo r  c o m p i l e r s ,  f o r  i n s t a n c e ,  t h e r e  s h o u l d  
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be a  l a r g e  set  o f  s t a n d a r d  p r o g r a m s  wh ich  t h e y  must  c o m p i l e  
and e x e c u t e  t o  p r o d u c e  s t a n d a r d  r e s u l t s .  The mere  e x i s t e n c e  
o f  s u c h  s t a n d a r d  p r o g r a m s  i s  n o t  enough,  however ,  f o r  a s  l o n g  
a s  t h e y  a r e  n o t  t h e  i n s t a l l a t i o n ' s  own p rog rams ,  e r r o r s  t h e y  
r e v e a l  a r e  n o t  l i k e l y  t o  be t r e a t e d  w i t h  t h e  p r o p e r  r e s p e c t .  
G e t t i n g  t h e  d a y ' s  w o r k  d o n e  a l w a y s  t a k e s  p r e c e d e n c e  o v e r  
k e e p i n g  t h e  ' e q u i p m e n t '  i n  g o o d  w o r k i n g  o r d e r .  O n l y  by 
d e t e r m i n e d  i n c u l c a t i o n  o f  c e r t a i n  v a l u e s  can  p rog rammers  come 
t o  t h e  s t a t e  w h e r e  t h e y  v i ew  e r r o r s  i n  t e s t  p r o g r a m s  w i t h  t h e  
s a m e  p a n i c  t h e y  now u s e  f o r  e r r o r s  w h i c h  h a l t  d a i l y  
p r o d u c t i o n .  

Another way i n  wh ich  t h e  p r o g r e s s  o f  N a t u r a l  S e l e c t i o n  may be 
r e t a r d e d  i s  by making t h e  d i a g n o s t i c  programming a  c o n t i n u i n g  
p r o c e s s ,  n o t  m e r e l y  a o n e - s h o t  j o b  t o  b e  d o n e  b e f o r e  a 
m a c h i n e  i s  f i rs t  d e l i v e r e d .  A c o n t i n u i n g  stream o f  new 
d i a g n o s t i c s  w i l l  h ave  t h e  e f f e c t  o f  c o n s t a n t l y  s h i f t i n g  t h e  
e n v i r o n m e n t  i n  w h i c h  t h e  c o m p o n e n t s  h a v e  b e e n  e v o l v i n g ,  
e n s u r i n g  o n  a  dynamic  b a s i s  t h a t  e a c h  mach ine  r e m a i n s  r a t h e r  
c l o s e  t o  t h e  ' s t a n d a r d '  mach ine  i n  t h e  d i a g n o s t i c  programming 
shop.  Again, however ,  t h e  m a i n t e n a n c e  e n g i n e e r s  a r e  l i k e l y  
t o  r e v e r t  t o  t h e  o l d  d i a g n o s t i c s  i f  t h e  new o n e s  c a n n o t  be  
made t o  r u n  w i t h o u t  undue d i f f i c u l t y .  

The  a v o i d a n c e  o f  d i a g n o s t i c s  may b e  p r e v e n t e d ,  i n  s o m e  
s i t u a t i o n s ,  by p u s h i n g  t h e  d i a g n o s t i c  p r o g r a m m i n g  t o  a  
m i c r o p r o g r a m m e d  l e v e l ,  w h i c h  c a n n o t  b e  r e a c h e d  by  t h e  
o r d i n a r y  problem p r o g r a m s  a t  a n  i n s t a l l a t i o n .  I n  t h i s  way, 
e r r o r  s t a t e s  o f  t h e  s y s t e m  w i t h  r e s p e c t  t o  t h e  d i a g n o s t i c  
p rog rams  a r e  a u t o m a t i c a l l y  more numerous t h a n  e r r o r  s tates  
w i t h  r e s p e c t  t o  t h e  p rob lem programs.  Thus many e r r o r s  may 
be d e t e c t e d  b e f o r e  t h e y  r e a c h  t h e  p r o b l e m  p r o g r a m  l e v e l .  
Such e r r o r s  may be  removed b e f o r e  t h e y  become p a r t  o f  t h e  
e n v i r o n m e n t  t o  w h i c h  t h e  p r o b l e m  p r o g r a m s  a d a p t .  F o r  
i n s t a n c e ,  i f  t h e  s t o r a g e  d e v i c e s  o f  t h e  mach ine  have b u i l t - i n  
e r r o r - c o r r e c t i n g  c o d e s ,  t h e  e n g i n e e r s  b e c o m e  a w a r e  o f  
component f a i l u r e s  b e f o r e  t h e y  c a n  a f f e c t  t h e  p r o g r a m s  o f  t h e  
i n s t a l l a t i o n .  Unde r  s u c h  a  s y s t e m ,  a n d  u n d e t e c t e d  b i t  
f a i l u r e  i n  some  sma l l  s e c t i o n  o f  memory  c o u l d  n e v e r  b e  
r e t a i n e d .  

One modern t r e n d  i n  compu te r  u s e  s h o u l d  h a v e  a  b e n e f i c i a l  
e f f e c t  o n  r e d u c i n g  t h e  r a t e  o f  a c c u m u l a t i o n  o f  d e l e t e r i o u s  
states i n  bo th  s o f t w a r e  and h a r d w a r e ,  namely ,  t h e  t r e n d  t o  
m u l t i p r o g r a m m i n g  and m u l t i p r o c e s s i n g .  F o r  i n s t a n c e ,  i n  a  
mu1 t i p r o g r a m m i n g  e n v i r o n m e n t  u s i n g  dynamic  r e l o c a t i o n ,  a  
p rob lem p rog ram would  n o t  a l w a y s  occupy  t h e  same l o c a t i o n s  i n  
memory.  Thus  a  p o r t i o n  o f  memory  w o u l d  n o t  b e  l i k e l y  t o  
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become p a r t l y  i n o p e r a t i v e  f o r  a  l o n g  t i m e  w i t h o u t  d e t e c t i o n  
by some program o r  o t h e r .  The same a r g u m e n t  wou ld  a p p l y  t o  
t h e  u s e  o f  p e r i p h e r a l  componen t s ,  wh ich  would  be d y n a m i c a l l y  
a s s i g n e d  b y  t h e  s u p e r v i s o r y  p r o g r a m  a n d  t h u s  s u b j e c t  t o  a  
w i d e r  v a r i e t y  o f  e n v i r o n m e n t s  i n  a  g i v e n  p e r i o d  o f  t i m e .  

T h e s e  o b s e r v a t i o n s  l e a d  u s  t o  o n e  f i n a l  s u g g e s t i o n  f o r  
s l o w i n g  down t h e  r a t e  o f  N a t u r a l  S e l e c t i o n .  T h i s  s u g g e s t i o n  
h a s  a  p a r a d o x i c a l  a s p e c t  w h i c h  i s  f a m i l i a r  e n o u g h  t o  
b i o l o g i s t s ,  b u t  wh ich  m i g h t  g i v e  c o m p u t e r  s p e c i a l i s t s  a  h a r d  
t ime .  N a t u r a l  S e l e c t i o n  c a u s e s  m o s t  d i f f i c u l t y  i n  c o m p u t e r  
i n s t a l l a t i o n s  b e c a u s e  t h e  c o m p u t e r  and  i t s  p r o g r a m s  become 
a d a p t e d  t o  a n a r r o w  e n v i r o n m e n t .  Thus ,  when some new t h i n g  
i s  f i n a l l y  i n t r o d u c e d ,  t h e  i n s t a l l a t i o n  i s  u n l i k e l y  t o  b e  
a d e q u a t e l y  p r e p a r e d .  I n d e e d ,  i t  h a s  m o s t  l i k e l y  b e e n  
a c c u m u l a t i n g  d e b i l i t i e s  w h i c h  w i l l  s u d e e n t l y  a l l  b e c o m e  
m a n i f e s t  at; o n c e  - p e r h a p s  t o  t h e  d e s t r u c t i o n  o f  t h e  
i n s t a l l a t i o n .  The l e s s o n  h e r e  is  t h e  l e s s o n  o f  t h e  Law of 
E v o l u t i o n a r y  P o t e n t i a l .  

But  t h e  Law o f  E v o l u t i o n a r y  P o t e n t i a l  g i v e s  u s  a n o t h e r  way of 
d e l a y i n g  t h e  v e r y  d e a t h  i t  p r e d i c t s .  By k e e p i n g  u p  t h e  
v a r i a t i o n  i n  t h e  s y s t e m ' s  e n v i r o n m e n t ,  we make i t  less l i k e l y  
t h a t  i t  w i l l  g e t  l o c k e d  o n t o  t o o  n a r r o w  a n  e n v i r o n m e n t .  T h i s  
o b s e r v a t i o n  l e a d s  u s  t o  e x p e c t  t h a t  i n  t h o s e  i n s t a l l a t i o n s  
s u p p o r t i n g  t h e  m o s t  d i v e r s e  u s e s  o f  t h e  c o m p u t e r  ( n o t  j u s t  
t h o s e  w i t h  t h e  m o s t  u s e r s ,  who may be  d o i n g  t h e  s ame  t y p e  o f  
t h i n g )  t h e  b u i l d u p  o f  N a t u r a l  S e l e c t i o n  d i f f i c u l t i e s  w i l l  be  
l e s s  s e v e r e  t h a n  i n  t h o s e  wh ich  s u p p o r t  o n l y  a  f e w  r e l a t i v e l y  
s t a b l e  a p p l i c a t i o n s .  F u r t h e r m o r e ,  i t  even  s u g g s t s  t h a t  t h o s e  
f r o l i c k s o m e  p r o g r a m m e r s  who s n e a k  i n  and  t r y  i n s a n e  t h i n g s  
w i t h  t h e  c o m p u t e r  a t  n i g h t  a r e  r e a l l y  d o i n g  t h e  i n s t a l l a t i o n  
a  g r e a t  s e r v i c e .  P e r h a p s  t h e y  s h o u l d  b e  e n c o u r a g e d  - if 
e n c o u r a g e m e n t  w i l l  n o t  d i s c o u r a g e  t hem.  P e r h a p s  w i t h  
c o m p u t e r s  - a s  w i t h  p e o p l e  - t h e  way t o  s t a y  young i s  t h r o u g h  
PI ay .  





PROGRAMMING S YSTEM D Y N A M I C S  
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THE META-DY NAM I c s  OF S YSTEMS 
I N  M A IN T E N A N C E  A N D  GRO WTH*  

1 Growth Dynamics 

Any l a r g e  and complex s y s t e m  p o s s e s s e s  two s e p a r a t e  and  
d i s t i n c t  dynamics .  Tha t  most  commonly s t u d i e d  i s  A c t i v i t y  
Dynamics. I n  t h e  c o n t e x t  o f  programming s y s t e m s  t h i s  
r e p r e s e n t s  t h e  b e h a v i o u r  o f  t h e  p rog rams  i n  execution.  We 
s h a l l  d e m o n s t r a t e  t h a t  one  may a l s o  u s e f u l l y  c o n s i d e r  t h e  
Growth Dynamics o f  a  s y s t e m ,  i t s  change  w i t h  t ime .  For a  
programming s y s t e m ,  t h i s  meta- dynamics  s t u d i e s  t h e  body of 
code w i t h  i t s  s t a t e m e n t s ,  v a r i a b l e s  and s t r u c t u r e ,  and t h e  
p e o p l e  and o r g a n i s a t i o n  m a i n t a i n i n g  i t .  Note t h a t  i n  g rowth  
dynamics ,  t h e  c o d e ,  which i n  a c t i v i t y  dynamics  i s  viewed a s  
t h e  a c t i v e  component and  t h e  s o u r c e  o f  change ,  becomes s t a t i c  
w i t h  t h e  a c t i v e  r o l e  b e i n g  t a k e n  o v e r  by t h e  (human) 
e n v i r o n m e n t .  

It i s  common e x p e r i e n c e  t h a t  l a r g e  programming s y s t e m s  
c o n t i n u e  t o  need c o r r e c t i o n  and t o  grow. R e p a i r s  a r e  made, 
e x i s t i n g  f u n c t i o n  i s  m o d i f i e d ,  new f u n c t i o n  d e f i n e d  and 
a d d e d ,  i m p l e m e n t a t i o n  changed t o  improve  pe r fo rmance  and 
r e d u c e  r e s o u r c e  r e q u i r e m e n t s .  I n  g e n e r a l ,  such  s y s t e m s  n e v e r  
a c h i e v e  s t a b i l i t y ,  c e r t a i n  f r eedom o f  bugs  and  o f  t h e  need 
f o r  a d d i t i o n  o r  change .  

F a u l t s  t h a t  a r e  uncove red  i n  s u c c e s s i v e  g e n e r a t i o n s  f a l l  i n t o  
v a r i o u s  c l a s s e s .  The re  w i l l  b e  f a u l t s  o r  w e a k n e s s e s  t h a t  
have  been  i n  t h e  s y s t e m  s i n c e  t i m e  immemorial  b u t  have  
r ema ined  u n d e t e c t e d  b e c a u s e  t h e  p a r t i c u l a r  c i r c u m s t a n c e  
r e q u i r e d  f o r  t h e i r  a c t i v a t i o n  h a v e  n o t  o c c u r r e d .  The re  a r e  
t h o s e  i n  t h e  most  r e c e n t  a d d i t i o n s  i n  t h e  code .  The re  a r e  
bugs i n  a l l  p a r t s  o f  t h e  sys t em due t o  changes  ( o r  o m l s s l o n  
of c h a n g e s )  l i e c e s s i t a t e d  by r e p a i r s  o r  by a d d i t i o n s  t o  t h e  
code  

The re  w i l l  be e r r o r s  t h a t  r e m a i n  u n d e t e c t e d  b e c a u s e  t h e y  have  
been  h i d d e n  ( e g  a  f a u l t  i n  a  s e c t i o n  o f  code  t h a t  c o u l d  n o t  
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be e n t e r e d  a s  a  consequence  o f  a  bug t h a t  p r e v e n t e d  b r a n c h i n g  
t o  t h a t  s e c t i o n  o f  c o d e ) .  F a u l t s  w i l l  a p p e a r  when new sys t em 
c o n f i g u r a t i o n s  a r e  u s e d ,  new ha rdware  c o n n e c t e d  o r  new 
a p p l i c a t i o n s  a r e  r u n .  F i n a l l y ,  f o r  e a c h  o f  t h e s e  c l a s s e s  
t h e r e  w i l l  be d e s c e n d a n t  f a u l t s  a r i s i n g  f rom m i s t a k e s  i n  t h e  
e a r l i e r  r e - d e f i  n i  t i o n s ,  f i x e s  and  changes .  

The term ' f a u l t 7  and i t s  v a r i o u s  synonyms a r e  u s e d  h e r e  i n  
t h e i r  w i d e s t  s e n s e  t o  i n c l u d e  anything that causes the system 
to deviate from what is required or desired for acceptable 
performance. F a u l t s  may be due  t o  a  s e m a n t i c  o r  s y n t a c t i c  
e r r o r s  i n  t h e  c o d e ,  m i s i n t e r p r e t a t i o n  o f  ha rdware  o r  sys t em 
s p e c i f i c a t i o n s ,  l o g i c a l l y  i n c o n s i s t e n t  s p e c i f i c a t i o n s ,  poor 
d e s i g n  o r  i m p l e m e n t a t i o n ,  e n v i r o n m e n t a l  mismatch ,  c h a n g e s  i n  
u s a g e  o r  e n v i r o n m e n t a l  o b j e c t i v e s ,  o p e r a t i o n a l  i n e x p e r i e n c e  
and s o  on .  Each f a u l t  w i l l  i n  g e n e r a l  be  a  c a u s e ,  a t  some 
l a t e r  d a t e ,  f o r  c o r r e c t i v e  e f f o r t .  Thus t h e  number and  r a t e  
o f  a p p e a r a n c e  o f  f a u l t s  and  t h e  amount o f  work r e q u i r e d  t o  
m a i n t a i n  a  s y s t e m  a r e  d i r e c t l y  r e l a t e d .  

The p r e s e n t  p a p e r  a s sumes  t h e s e  f a c t s  o f  l i f e  t o  d e v e l o p  a  
model o f  sys t em change ,  a  macro-model i n  t h e  thermodynamic 
o r  economic s e n s e .  It r e p r e s e n t s  t h e  sys t em a s  a  g rowing  
body o f  code  w i t h i n  t h e  human env i ronmen t  t h a t  c h a n g e s  i t .  
The model p o r t r a y s  t h e  g rowth  t r e n d s  o f  sys t em m e a s u r e s  o f  
s i z e  and c o m p l e x i t y  a s  f u n c t i o n s  o f  t h e  e f f o r t  o r  work t h a t  
must  go i n t o  t h e  sys t em f o r  i t s  m a i n t e n a n c e  and f u r t h e r  
deve lopmen t .  We s h a l l  a l s o  o u t l i n e ,  b u t  n o t  f o r m a l i s e  h e r e ,  
a  micro-model t h a t  i s  t o  r e l a t e  work r e q u i r e d  f o r  sys t em 
m a i n t e n a n c e  t o  i t s  c o n t e n t ,  s t r u c t u r e  and c o m p l e x i t y .  

The models  d i s c u s s e d  have  a l r e a d y  been  r e l a t e d  t o  t h e  
o b s e r v e d  g r o w t h  s t a t i s t i c s  o f  some p r e s e n t  s y s t e m s .  They may 
t h u s  be u s e d  a s  a  p l a n n i n g  t o o l  and  t o  test  t h e  v i a b i l i t y  o f  
m a i n t e n a n c e  and deve lopmen t  s t r a t e g i e s .  They a l s o  y i e l d  
c o n s i d e r a b l e  i n s i g h t  i n t o  t h e  way t h a t  t h e  c o n s e q u e n c e s  o f  
change  s p r e a d  t h r o u g h  t h e  s y s t e m ,  s o  a s  t o  u l t i m a t e l y  c a u s e  
a n  e v e r  i n c r e a s i n g  amount o f  work t o  be r e q u i r e d  f o r  sys t em 
m a i n t e n a n c e .  The m a i n t e n a n c e  work load  a p p e a r s  a s  one  t h a t  
d e c r e a s e s  d u r i n g  e a r l y  r e l e a s e s  b u t  t h e n  s u d d e n l y  i n c r e a s e s  
e x p l o s i v e l y .  I n t e r p r e t a t i o n  o f  t h e  models  s u g g e s t s  how t h i s  
phenomenon may be b r o u g h t  u n d e r  c o n t r o l .  I n  p a r t i c u l a r ,  
a p p r o p r i a t e  structuring o f  t h e  s y s t e m ,  i t s  d o c u m e n t a t i o n ,  t h e  
p r o j e c t ,  i t s  management and a l l  communica t ion  would g r e a t l y  
enhance  m a i n t a i n a b i l i t y  and g rowth  p r o p e r t i e s  and  e x t e n d  t h e  
l i f e t i m e  o f  l a r g e ,  complex programming s y s t e m s .  
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Most o f  t h e  d i s c u s s i o n  i n  t h i s  p a p e r  d o e s  n o t  make any  u s e  o f  
c o n c e p t s  s p e c i f i c a l l y  r e l a t e d  t o  programming sys t ems .  Thus 
t h e  phenomena d i s c u s s e d  and t h e  models  d e v e l o p e d ,  when r e-  
i n t e r p r e t e d ,  a p p l y  e q u a l l y  t o  o t h e r  l a r g e  s y s t e m s  o f  p e o p l e  
and /o r  mach ines ,  u n d e r l y i n g  t h e  p r o g r e s s i v e  decay  t h a t  may be 
o b s e r v e d  i n  many a r e a s .  

2 The Axiom o f  D i s t r i b u t e d  E f f o r t  

When a  s y s t e m  i s  f i r s t  implemented ,  i t  a l r e a d y  c o n t a i n s  many 
o f  t h e  s e e d s  o f  f u t u r e  e f f o r t  ( a n d  u l t i m a t e  d e c a y ) .  A s  
s t a t e d  i n  s e c t i o n  1 ,  t h e  need  f o r  c o n t i n u o u s  e f f o r t  ar ises i n  
many d i f f e r e n t  ways. F a u l t s  w i l l  a p p e a r  and r e q u i r e  r e p a i r .  
Re- des ign  o r  improved i m p l e m e n t a t i o n  w i l l  be r e q u i r e d  t o  
remove o p e r a t i o n a l  i n e f f i c i e n c y .  Shor t comings  t h a t  make t h e  
sys t em d i f f i c u l t  t o  l e a r n  o r  clumsy t o  u s e  must  be overcome. 

The need  f o r  t h e  n e c e s s a r y  c o r r e c t i v e  a c t i o n  w i l l  n o t  a p p e a r  
a t  once .  I n t r i n s i c a l l y  i t  c a n n o t  a l l  be d e t e c t e d  and 
c o r r e c t e d  i n  t h e  f i r s t  p e r i o d  o f  sys t em development  and 
u s a g e ,  i f  o n l y  b e c a u s e  c e r t a i n  f a u l t s  s h i e l d  one  a n o t h e r .  
O t h e r s  become a p p a r e n t  o n l y  a s  t h e  s o p h i s t i c a t i o n  o f  sys t em 
usage  i n c r e a s e s  w i t h  time o r  a s  ha rdware  changes .  Hence w e  
s t a t e  t h a t  f rom t h e  o r i g i n a l  i m p l e m e n t a t i o n  o f  any  sys t em 
t h e r e  a r i s e s  t h e  need f o r  a  ( p a r t i a l l y  o r d e r e d )  s e q u e n c e  o f  
a c t i v i t i e s  t h a t  c a n  o n l y  be c a r r i e d  o u t  o v e r  a l o n g ,  p e r h a p s  
i n f i n i t e ,  p e r i o d  o f  t ime .  T h a t  i s ,  a s o f t w a r e  s y s t e m  w i l l  
a g e ,  w i t h  new f a u l t s  a p p e a r i n g ,  a p p a r e n t l y  as a  f u n c t i o n  o f  
time. 

The r e s u l t a n t  a c t i v i t y  s equence  t o  r e p a i r  t h e  f a u l t s  w i l l ,  i n  
p r a c t i c e ,  be p a r t i t i o n e d  s o  as  t o  p roduce  a  s e r i e s  o f  
r e l e a s e s  o r  sys t em g e n e r a t i o n s .  Each r e l e a s e  d e f i n e s  t h e  end 
o f  a  t i m e  p e r i o d  d u r i n g  which a  manageable  amount o f  
c o r r e c t i v e  a c t i v i t y  h a s  been d e s i g n e d ,  implemented ,  t e s t e d  
and documented.  

We r e p r e s e n t  t h e  c o n t e n t s  o f  t h e  s y s t e m  and t h e  e f f o r t  
i n v o l v e d  i n  i t s  o r i g i n a l  i m p l e m e n t a t i o n  ( r e l e a s e  o n e )  by S1 
and d e f i n e  t h e  c o r r e c t i v e  a c t i o n ,  t h e  amount o f  work e x e c u t e d  
on  t h e  f irst  r e l e a s e  d u r i n g  t h e  f irst  time i n t e r v a l  t o  
a c h i e v e  r e l e a s e  two,  by:  

t h a t  i s  some f r a c t i o n  f l l  o f  t h e  o r i g i n a l  e f f o r t .  T h i s  i s  
i n d i c a t e d  i n  f i g u r e  l a  and l b  by t h e  o r d i n a t e  a t  one .  The 
a s s u m p t i o n  h e r e  i s  t h a t  t h e  amount o f  a c t i v i t y  u n d e r t a k e n  i s  
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p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  undebugged p o r t i o n  o f  t h e  
sys tem,  y i e l d i n g  a  g e o m e t r i c  d i s t r i b u t i o n  o f  e f f o r t .  Hence, 
t h e  amount o f  work o r  e f f o r t  between r e l e a s e s  2 and 3 t o  
c o r r e c t  f o r  t h e  work S1 originally undertaken in release 1 
is: 

b e i n g  p r o p o r t i o n a l  t o  t h e  s i z e  and c o n t e n t  o f  t h e  sys tem 
remain ing  f a u l t y  i n  r e l e a s e  2 .  S i m i l a r l y ,  f o r  r e l e a s e  4 ,  t h e  
amount o f  work due t o  t h e  o r i g i n a l  implementa t ion ,  S1,  c a n  be 
r e p r e s e n t e d  a s :  

a n d ,  i n  g e n e r a l ,  t h e  work execu ted  i n  t h e  i t h  i n t e r v a l  is: 

Wli+1 = f l i  ( l - f l k )  S1 f o r  i > l  
k= 1  

T h i s  p r o c e s s  may be p i c t u r e d  a s  i n  f i g u r e s  l a  and 1b. The 
convex down c u r v e  o f  1b c o n s t r u c t e d  a s  i n  f i g u r e  l a  
r e p r e s e n t s  t h e  d e c r e a s i n g  amount o f  work p e r  r e l e a s e  
r e s u l t i n g  from c o r r e c t i n g  and amending t h e  original 
implementation. The v e r t i c a l  l i n e s  i n d i c a t e  t h e  a r b i t r a r y  
r e l e a s e  p o i n t s  and t h e  a r e a  under  t h e  c u r v e  measures  t h e  
e f f o r t  o r  work r e q u i r e d  i n  t h e  f o l l o w i n g  r e l e a s e  i n t e r v a l .  
The concave down curve  o f  1b on  t h e  o t h e r  hand, i s  
i n t e r p r e t e d  a s  r e p r e s e n t i n g  t h e  h e a l t h  o f  t h e  sys tem;  t h e  
e x t e n t  t o  which i t s  c o n t e n t s  a r e  f a u l t  f r e e  and do n o t  
r e q u i r e  change r e l a t i v e  t o  t h e  original definition of the 
system. Without l o s s  o f  g e n e r a l i t y  we have ,  f o r  t h e  moment, 
assumed t h a t  r e l e a s e s  a r e  equ i spaced .  

From s e c t i o n  5 i t  w i l l  become a p p a r e n t  t h a t  i t  i s  r e a s o n a b l e  
t o  c o n s i d e r  t h e  f r a c t i o n  f l i  t h a t  d e t e r m i n e s  t h e  work i n  t h e  
i t h  r e l e a s e  p e r i o d  t o  be c o n s t a n t ,  t h a t  is: 

f o r  i l l  

Hence, i n  t h e  ith i n t e r v a l  from t h e  ith t o  t h e  ( i + l l s t  
r e l e a s e , t h e  work t o  be done due t o  t h e  upgrad ing  of t h e  
original implementation S1 is: 

f o r  i l l  
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Geometric decay 

1 2 3 4 5  . . . . . . . . . . ,  t ( Release 
sequence number) 

Figure  l a  Geometric Decay 

F ibure  I b  Cor r ec t i ve  A c t i v i t y  on Release 1 
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Recursive decay 

s . . . . . . . . .  

F i g u r e  2 Binary Ac t iv i ty- Tree  
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Each \ I l i  r e p r e s e n t s  a  p rogramming e f f o r t  o f  t h e  same n a t u r e  
a s  t h e  o r i g i n a l  e f f o r t  S1 ,  t hough  s m a l l e r  i n  m a g n i t u d e .  
Hence i t  t o o  c o n t a i n s  f a u l t s  and  t h e r e f o r e  g e n e r a t e s  a  new 
s e q u e n c e  o f  c o r r e c t i v e  a c t i v i t y .  T h i s  w i l l  be  t r u e  f o r  a l l  
a c t i v i t y  on  t h e  s y s t e m .  Thus t h e r e  a r i s e s  a  b i n a r y  a c t i v i t y  
t r e e  a s  i n  F i g u r e  2 .  I n  g e n e r a l  i n  t h e  ith r e l e a s e  i n t e r v a l  
t h e r e  w i l l  be 2i-1 i n d e p e n d e n t l y  r o o t e d  a c t i v i t i e s .  We 
d e f i n e  a  m e a s u r e  Wi o f  t o t a l  a c t i v i t y  r e q u i r e d  i n  t h e  i t h  

i n t e r v a l  t o  r e p r e s e n t  t h e  sum o f  t h e s e  t e r m s .  A p p l y i n g  
a s s u m p t i o n  ( 5 )  t o  ( 6 )  and  summing we o b t a i n :  

s i n c e  t h e  v a l u e  o f  t h e  b i n o m i a l  sum i s  ' o n e f  f o r  a l l  v a l u e s  
o f  f  a s  f rom T a b l e  1 .  

F i g u r e  3 i l l u s t r a t e s  t h e  f a c t  t h a t  t h e  a c t i v i t y  i s  composed 
o f  r a p i d l y  i n c r e a s i n g  number o f  a c t i v i t i e s  w i t h  d i s t r i b u t e d  
p a t h s  and  r o o t s .  We s h a l l  r e t u r n  i n  s e c t i o n  6 t o  c o n s i d e r  
t h e  e f f e c t s  o f  t h e  r e s u l t a n t  s t r a t i f i c a t i o n  o f  what  h a s  been  
shown h e r e  t o  c o m p r i s e  a  c o n s t a n t  l e v e l  o f  a c t i v i t y  fS1.  

3 The E f f e c t s  o f  E x p e r i e n c e  

I n  p r a c t i c e  t h e  p e o p l e  i m p l e m e n t i n g  a n d  m a i n t a i n i n g  a  s y s t e m  
c o n t i n u o u s l y  improve  t h e i r  s k i l l s  and  t h e i r  f a m i l i a r i t y  w i t h  
t h e  s y s t e m .  T h e r e  w i l l  t h e r e f o r e ,  be  some g a i n  i n  e f f i c i e n c y  
o v e r  a  s e r i e s  o f  r e l e a s e s ,  a  r e d u c t i o n  i n  t h e  e f f o r t  r e q u i r e d  
t o  c o m p l e t e  t h e  r e p a i r  work s e l e c t e d  f o r  e a c h  r e l e a s e  
i n t e r v a l .  I f ,  d e s p i t e  t h e  r e s u l t i n g  g r e a t e r  p r o d u c t i v i t y ,  
t h e  amount o f  r e p a i r  a c t i v i t y  ( a r b i t r a r i l y )  s e l e c t e d  f o r  a  
g i v e n  r e l e a s e ,  i s  n o t  i n c r e a s e d ,  t h e  s e q u e n c e  o f  f l i  i n  
e q u a t i o n  ( 4 )  would t h e n  be m o n o t o n i c a l l y  d e c r e a s i n g .  The 
c o n s e q u e n c e s  o f  e x p e r i e n c e  may, howeve r ,  e q u a l l y  b e  imposed  
o n  t h e  t o t a l  work d e f i n e d  by ( 7 )  by  means o f  a  n e g a t i v e  
e x p o n e n t i a l ,  two p a r a m e t e r ,  m u l t i p l i e r ,  s o  t h a t  ( 7 )  becomes:  

a s  i n  F i g u r e  4 .  V a l u e s  f o r  t h e  p a r a m e t e r s  w i l l  be d e t e r m i n e d  
by t h e  a v e r a g e  r a t e  a t  wh ich  e x p e r i e n c e  and f a m i l i a r i t y  w i t h  
t h e  s y s t e m  i s  a c q u i r e d  ( L ) ,  by t h e  d e g r e e  and  a n y  c h a n g e s  i n  
t o o l i n g  and  o t h e r  a u t o m a t i o n  (A)  and  by t h e  f a c t  t h a t  we a r e  
d e a l i n g  n o t  w i t h  a  con t i nuum b u t  w i t h  d i s c r e t e  a c t i v i t i e s .  



Table 1 

Sum W i / S l  

i-1 1 - 1  
= f [ X  ( k ) f k ( l - f Y - l - k  

k - 0  

= f 
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' = Constant 
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F i g u r e  3 C o n s t a n t  bu t  S t r a t i f i e d  A c t i v i t y  

f = Monoton~cal ly  decreastng 
I l l  i 

F i g u r e  4 Decay due  t o  E x p e r i e n c e  
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F i g u r e  3 Cons tan t  but  S t r a t i f i e d  A c t i v i t y  

F i g u r e  4 Decay due t o  Exper ience  
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Thus e f f o r t  f r a g m e n t s  f a l l i n g  be low  some a c t i v i t y  t h r e s h o l d  
d i s a p p e a r ,  and  t h e  number o f  s t r a t a  i s  r e d u c e d  be low 2i-1. 

4  New F u n c t i o n  

The r e p a i r  a c t i v i t y  c o n s i d e r e d  s o  f a r  h a s  a l l  b een  a  
c o n s e q u e n c e  o f  t h e  o r i g i n a l  i m p l e m e n t a t i o n  S1 and  s u b s e q u e n t  
r e p a i r s .  I n  p r a c t i c e  one  i n v a r i a b l y  a l s o  w i s h e s  t o  add  
a d d i t i o n a l  c a p a b i l i t y  t o  t h e  s y s t e m  a s  i t  a g e s .  The 
r e s u l t a n t  p rogramming a c t i v i t y  i s  o f  t h e  same n a t u r e  a s  t h e  
o r i g i n a l  and  c a n  b e  r e p r e s e n t e d  by a  s e r i e s  o f  c u r v e s  s i m i l a r  
t o  F i g u r e  4 ,  b u t  o f  r e d u c e d  a m p l i t u d e ,  s u p e r i m p o s e d  t o  y i e l d  
t h e  a c t i v i t y  p a t t e r n  s u g g e s t e d  by F i g u r e  5 .  Thus  we now 
redefine Wi t o  r e p r e s e n t  t h e  t o t a l  a c t i v i t y  i n  t h e  i t h  

i n t e r v a l  i n c l u d i n g  t h a t  r e q u i r e d  f o r  t h e  a d d i t i o n  o f  new 
f u n c t i o n  a n d  t h e  r e p a i r  o f  a l l  f u n c t i o n  c r e a t e d  i n  t h e  f i r s t  
i r e l e a s e s .  T h a t  i s :  

It  i s  a s i l y  s e e n  t h a t  t h i s  t o t a l  a c t i v i t y  i s  s t r a t i f i e d  i n t o  
22(1-19 e l e m e n t s .  

5 The Management Env i ronmen t  

I n  t h e  r e a l  w o r l d  t h e  work r e q u i r e m e n t  o u t l i n e d  i n  t h e  
p r e v i o ~ 1 . s  s e c  t i o n  i s  pe r fo rmed  u n d e r  manpower and  b u d g e t  
c o n s t r a i n t s .  The w o r k l o a d  o f  a  s u c c e s s i o n  o f  r e l e a s e s ,  
i n c l u d i n g  b o t h  f i x e s  and  a d d i t i o n  o f  new f u n c t i o n ,  i s  p l a n n e d  
t o  f u l l y  and  c o n t i n u o u s l y  u t i l i s e  a n t i c i p a t e d  a v a i l a b l e  
r e s o u r c e s ,  human a n d  mach ine .  T h i s  e f f e c t  smoo ths  t h e  
s a w t o o t h  r e p r e s e n t a t i o n  ( F i g u r e  5) a n d  p r o d u c e s  a work c u r v e  
w h i c h  w i l l  e i t h e r  s t a y  c o n s t a n t  o r  change  t o  f o l l o w  t h e  
c o n t o u r s  d e f i n e d  by  b u d g e t  a l l o c a t i o n s  B ( i )  ( F i g u r e  6 ) .  

The t i m e  i n t e g r a l  o f  F i g u r e  6  c a n  now be i n t e r p r e t e d  as t h e  
expended  e f f o r t  o r  c o s t  ( o f  p e o p l e  p l u s  c o m p u t e r s )  w i t h  t h e  
a r e a  u n d e r  t h e  c u r v e  be tween  o r d i n a t e  p a i r s  r e p r e s e n t i n g  t h e  
c o s t  ( e g  i n  d o l l a r s )  o f  t h e  r e l e a s e .  F u r t h e r m o r e ,  t h e  
a b s c i s s a  o r  t i m e  a x i s  d o e s  n o t  r e p r e s e n t  r e a l  t i m e ,  s i n c e  
e f f o r t s  o n  v a r i o u s  r e l e a s e s  ( u n f o r t u n a t e l y )  o v e r l a p ,  
r e s o u r c e s  may be  moved a r o u n d  t o  c o p e  w i t h  t h e  mos t  u r g e n t  
t a s k s  i r r e s p e c t i v e  o f  t h e i r  r e l e a s e  a s s s o c i a t i o n  and  r e l e a s e s  
a r e  i n t e n t i o n a l l y  n o t  e q u i- s p a c e d .  Thus we r e l a x  t h e  
p r e v i o u s  a s s u m p t i o n  o f  e q u a l l y  s p a c e d  r e l e a s e s .  I n  f a c t ,  i t  
i s  w e l l  known f r o m  p r a c t i c a l  e x p e r i e n c e  t h a t  r e l e a s e  d a t e s  
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c a n n o t ,  i n  g e n e r a l ,  b e  p r e c i s e l y  p r e d e t e r m i n e d  b e c a u s e  o f  t h e  
u n p r e d i c t a b i l i t y  o f  a  r a p i d l y  g r o w i n g  work- load .  

6 The E f f e c t  o f  C o m p l e x i t y  

The p r e v i o u s  s e c t i o n s  h a v e  d e v e l o p e d  a  model  o f  t h e  p r i m a r y  
e f f o r t  r e q u i r e d  t o  d e v e l o p  a n d  m a i n t a i n  a  s y s t e m .  I t  i s  
d e t e r m i n e d  by t h e  need  t o  f i x  f a u l t s  and  p r o v i d e  new f u n c t i o n  
t h a t  w i l l  e n h a n c e  t h e  s y s t e m .  I n  p r a c t i c e  t h e  l e v e l  o f  
e f f o r t  t h a t  c a n  be a p p l i e d  i s  d e t e r m i n e d  by a v a i l a b l e  
manpower and  b u d g e t  a p p r o p r i a t i o n s .  The l a t t e r  mus t  c o v e r  
t h e  c o s t  o f  p e o p l e  and  o f  t h e i r  s u p p o r t ,  i n c l u d i n g  compu te r  
c o s t s  f o r  t e s t i n g ,  f o r  programming s u p p o r t  a n d  f o r  
d o c u m e n t a t i o n .  S i n c e  a  s i n g l e  b u d g e t  c o v e r s  t h e  c o s t  o f  b o t h  
r e p a i r  and  enhancemen t ,  u n f o r s e e n  g r o w t h  o f  t h e  f o r m e r  mus t  
l e a d  t o  r e t r e n c h m e n t  i n  t h e  l a t t e r .  

The t o t a l  e f f o r t  r e q u i r e d  i s  s t r a t i f i e d .  The r o o t s  a n d  r o o t  
p a t h s  o f  t h e  v a r i o u s  a c t i v i t i e s  u n d e r t a k e n  i n  a n y  r e l e a s e  a r e  
d i s p e r s e d  i n  t i m e  o v e r  p r e v i o u s  r e l e a s e s ,  i n  s p a c e  o v e r  t h e  
s y s t e m ,  m a n a g e r i a l l y  o v e r  many d i f f e r e n t  g r o u p s  a n d  
i n d i v i d u a l s  and  g e o g r a p h i c a l l y  o v e r  d i f f e r e n t  l o c a t i o n s .  T h a t  
i s ,  t h e  g e n e r a t i o n s  o f  people t h a t  imp lemen ted  t h e  s y s t e m  and  
t h e  r e c o r d s  t h a t  document  t h e  o r i g i n a l  d e s i g n ,  i t s  s u b s e q u e n t  
h i s t o r y ,  i t s  f u n c t i o n a l  c o n t e n t  a n d  u n d e r l y i n g  s t r u c t u r e ,  t h e  
n a t u r e  of  e a c h  f a u l t ,  t h e  p r o p o s e d  r e p a i r  and  s o  o n ,  a r e  a l s o  
s c a t t e r e d  g e o g r a p h i c a l l y  and  o v e r  t h e  l i f e t i m e  o f  t h e  s y s t e m .  
N e v e r t h e l e s s ,  f o r  e a c h  s e p a r a t e  a c t i v i t y ,  a n y  r e l a t i o n s h i p  t o  
o t h e r  a c t i v i t i e s  mus t  be  n o t e d  and  a c t e d  upon .  T h i s  
c o r r e l a t i o n  r e q u i r e s  commun ica t i on  be tween  t h e  p e o p l e  
e x e c u t i n g  t h e  v a r i o u s  p i e c e s  o f  work wherever a n d  whenever 
t h e y  do  i t .  I n  a d d i t i o n ,  i t  r e q u i r e s  e a c h  g r o u p  t o  c h e c k  
m a j o r  p o r t i o n s  o f  t h e  s y s t e m ,  i t s  d o c u m e n t a t i o n  and  i t s  
p l a n s .  T h a t  i s ,  i t  i n t r o d u c e s  e f f o r t  a d d i t i o n a l  t o  t h a t  
c o n s i d e r e d  s o  f a r ,  t o  a v o i d  t h e  i n t r o d u c t i o n  o f  new f a u l t s  
due  t o  i n t e r f e r e n c e  e f f e c t s  be tween  d i f f e r e n t  r e p a i r  and  
g r o w t h  a c t i v i t i e s .  I f  t h i s  c r o s s  c o r r e l a t i o n  work i s  n o t  
e x e c u t e d ,  new s e q u e n c e s  o f  f a u l t s  and  c o r r e c t i o n  a c t i v i t y  
w i l l  b e  s t a r t e d  up d u e  t o  t h e  f a c t  t h a t  c h a n g e s ,  r e q u i r e d  i n  
one  a c t i v i t y  o r  a r e a  o f  t h e  s y s t e m  a s  a  c o n s e q u e n c e  of 
a c t i v i t y  e x e c u t e d  i n  a n o t h e r  a r e a ,  a r e  n o t  b e i n g  c a r r i e d  
t h r o u g h .  

The e x t r a  e f f o r t  r e q u i r e d  f o r  t h i s  c r o s s - c o r r e l a t i o n  r e l a t e s  
a t  l e a s t  t o  t h e  l e v e l  o  s t  a t l f i c a t l o n  o f  t o t a l  a c t i v i t  
We h a v e  r e c o g n i s e d  22ri-1r a c t i v i t i - e l e m e n t s  i n  t h e  i 
i n t e r v a l .  The a d d i t i o n a l  work l o a d  w i l l  be p r o p o r t i o n a l  t o  
t h e  number o f  i n t e r c o n n e c t i o n s  be tween  t h e  v a r i o u s  r e c o r d s ,  
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t h a t  i s  a p p r o x i m a t e l y  24(i-1 ) ( 5 . 1  ) .  Thus t h e  t o t a l  e f f o r t  
Wi i n  t h e  i th r e l e a s e  i n t e r v a l  c o n t a i n s  a n  a d d i t i o n a l  t e r m  
which  we s h a l l  r e f e r  t o  a s  t h e  s e c o n d a r y  o r  e x p o n e n t i a l  t e r m  
Ei a n d  wh ich  may b e  r e p r e s e n t e d  by:  

C r e p r e s e n t s  t h e  a v e r a g e  m a g n i t u d e  o f  t h e  e f f o r t  r e q u i r e d  f o r  
c r o s s - c o r r e l a t i o n  be tween  two a c t i v i t i e s .  I ts v a l u e  i s  a  
f u n c t i o n  o f  t h e  a v e r a g e  c o n t e n t  o f  a n  a c t i v i t y ,  t h e  s t r u c t u r e  
and  c o n t e n t  o f  t h e  s y s t e m  and  t h e  e x t e n t  t o  wh ich  t o o l s  t o  
a u t o m a t e  t h e  c o r r e l a t i o n  a c t i v i t y  a r e  a v a i l a b l e .  D ( i )  
r e p r e s e n t s  t h e  f a c t  t h a t  i n d i v i d u a l  s e q u e n c e s  c a n  i n  f a c t  
d e c a y  t o  z e r o .  More s p e c i f i c a l l y  i t  e x p r e s s e s  t h e  e x t e n t  t o  
which  t h e  t o t a l  a c t i v i t y  ( p a r t i c u l a r l y  t h e  d o c u m e n t a t i o n )  o f  
t h e  i t h  r e l e a s e  i s  a c c u r a t e  a n d  c o m p l e t e  i n  t e r m s  o f  t h e  
t o t a l  s t a t e  or con t en t  of  t h e  system a t  t h a t  t i m e ,  and n o t  
m e r e l y  a  r e f l e c t i o n  o f  t h e  c h a n g e s  and  a d d i t i o n s  c o m p l e t e d  
d u r i n g  t h e  p r e c e d i n g  r e l e a s e  i n t e r v a l .  

The p r e c e d i n g  d e r i v a t i o n  h a s  a s sumed  t h a t  t h e  a c t i v i t y  
r e q u i r e d  i n  o n e  s t r a t u m  d u r i n g  o n e  r e l e a s e  i n t e r v a l  i s  
homogeneous i n  t e r m s  o f  t h e  f u n c t i o n  and  r e g i o n  o f  t h e  s y s t e m  
t o  wh ich  i t  r e l a t e s .  I n  p r a c t i c e  a c t i v i t i e s  w i l l  c o n s i s t  o f  
s u b a c t i v i t i e s ,  r e l a t i n g  t o  s e p a r a t e  f a u l t  r e p o r t s ,  f u n c t i o n a l  
s p e c i f i c a t i o n s ,  s y s t e m  componen t s  and  s o  on .  The micro- model  
w i l l  show how t h i s  s u b - s t r a t i f i c a t i o n  f u r t h e r  i n c r e a s e s  t h e  
ma gn i tude  and  r a t e  o f  g r o w t h  o f  t h e  s e c o n d a r y  e x p o n e n t i a l  
t e rm .  T h a t  i s  ( 1 0 )  r e p r e s e n t s  a  l o w e r  bound o n  t h e  r e q u i r e d  
c o r r e l a t i o n  e f f o r t ,  more g e n e r a l l y  r e p r e s e n t e d  by:  

whe re  G i s  r e l a t e d  t o  t h e  a v e r a g e  number o f  s u b s t r a t a  i n  e a c h  
a c t i v i t y .  D h a s  b e e n  m o d i f i e d  f o r  s i m p l i c i t y .  Combining 
e x  r e s s i o n s  ( 8 )  w i t h  ( 1  I ) ,  we o b t a i n  t h e  t o t a l  e f f o r t  i n  t h e  
itg i n t e r v a l  a s :  

5.1 ( Orig The number eve s  o f  a c t i v i t y  
w i Z Z  actuaZZy be 2 2(i-4'( 22'z-1'-l  1 corresponding 
t o  t h e  number of  edges i n  a  complete d i r e c t e d  graph 
o f  222-1 nodes. 
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as  a measu re  o f  t h e  work r e q u i r e d  t o  m a i n t a i n  and grow t h e  
sys t em.  Assuming t h a t  e x p e r i e n c e  g a i n e d  o n  one  s y s t e m  change  
a p p l i e s  t o  a l l  a c t i v i t y ,  and t h a t  we may i g n o r e  d i f f e r e n c e s  
be tween i n d i v i d u a l  c h a n g e s  and f u n c t i o n a l  a d d i t i o n s ,  ( 1 2 )  
r e d u c e s  t o :  

App ly ing  t h e  e n v i r o n m e n t a l  (management and b u d g e t )  
c o n s t r a i n t s ,  ( 1 3 )  r e d u c e s  t o :  

~ ( i )  may be  f u r t h e r  expanded t o  r e p r e s e n t  t h e  c o m p l e t e n e s s  
and c o r r e c t n e s s  o f  d o c u m e n t a t i o n  ( D ) ,  i t s  a c c e s s i b i l i t y  ( A ) ,  
and t h e  c o n s e q u e n c e s  o f  i n c r e a s i n g  e x p e r i e n c e  and f a m i l i a r i t y  
w i t h  t h e  sys t em ( L ) ,  y i e l d i n g :  

W(B(i )  ) r e p r e s e n t s  a n  a p p r o p r i a t e  f u n c t i o n  o f  t h e  r e l e a s e  
b u d g e t  a l l o c a t i o n  ( p l u s  s u p p l e m e n t a r y  a p p r o p r i a t i o n s )  B( i )  
t h a t  c o v e r s  t h e  c o s t  o f  a l l  a c t i v i t y  e x c e p t  t h a t  i n c l u d e d  i n  
t h e  s econd  ( e x p o n e n t i a l )  t e rm.  

The term W ( B ( i ) )  r e p r e s e n t s  t h e  c o s t  o f  primary a c t i v i t y ,  
t h a t  i s  a c t i v i t y  u n d e r t a k e n  t o  improve  t h e  c o s t ,  pe r fo rmance  
and o t h e r  r a t i o s  o f  t h e  sys t em.  The s e c o n d a r y  term Ei o n  t h e  
o t h e r  hand r e p r e s e n t s  t h e  c o s t  o f  communica t ion ,  c o r r e l a t i o n  
and secondary r e p a i r s .  Tha t  i s  i t  a c c o u n t s  f o r  a c t i v i t y  t h a t  
must  be u n d e r t a k e n  as  a  consequence  o f  t h e  p r i m a r y  c h a n g e ,  
b e c a u s e  o f  s u b s y s t e m  i n t e r a c t i o n s ,  t h e  s h a r i n g  o f  v a r i a b l e s  
and s o  o n ,  bu t  t h a t  d o e s  not d i r e c t l y  r e l a t e  t o  t h e  
f u n c t i o n a l  enhancement  o f  t h e  sys t em.  

We o b s e r v e  p a r e n t h e t i c a l l y  t h a t  t h e s e  two terms, and t h e  
b e h a v i o u r  o f  o u r  model  conform c l o s e l y  t o  a model s u g g e s t e d  
by Baumol i n  a  r e c e n t  p a p e r  [BAU67]. Tha t  i s ,  a c t i v i t y  
r e p r e s e n t e d  by W ( B ( i ) )  i s  p r o g r e s s i v e  ( i n  Baumol 's  s e n s e )  i n  
t h a t  i t s  c o s t  may be  e x p e c t e d  t o  be  m o r t i s e d  i n  c o s t  and  
pe r fo rmance  improvements .  The a c t i v i t y  r e p r e s e n t e d  by Ei on  
t h e  o t h e r  hand i s  n o n- p r o g r e s s i v e  and a p p e a r s  a s  a  n e c e s s a r y  
e v i l .  Much o f  t h e  communica t ion  and c o r r e l a t i o n  e f f o r t ,  f o r  
example ,  w i l l  l e a d  t o  t h e  c o n c l u s i o n  t h a t  c e r t a i n  s e c t i o n s  o f  
t h e  s y s t e m  need not  be changed.  On t h e  o t h e r  hand,  i f  t h e  
work i s  n o t  u n d e r t a k e n ,  f a u l t s  w i l l  s u b s e q u e n t l y  a p p e a r  and 
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l e a d  t o  a l l  t h e  e f f o r t  a s s o c i a t e d  w i t h  f a u l t  d e t e c t i o n ,  
a n a l y s i s  a n d  r e p a i r .  I n  t h e  f o l l o w i n g  s e c t i o n s  we show t h a t  
d e s p i t e  i t s  t e n d e n c y  t o  u n m i t i g a t e d  g r o w t h ,  p r o d u c t i v i t y  
improvemen t s  a r e  p o s s i b l e  f o r  t h e  n o n- p r o g r e s s i v e  a c t i v i t y .  
T h i s  s u p p o r t s  c o u n t e r  a r g u m e n t s  by C S B e l l  and  o t h e r s  
[BEL67] i n  t h e i r  comments o n  Baumol ' s  h y p o t h e s i s .  

The p r e s e n t  t h e o r y  h a s  been  d e v e l o p e d  o n l y  f o r  a  s y s t e m  a f t e r  
i t s  f i r s t  i m p l e m e n t a t i o n ,  t h a t  i s  f o r  i 2 1 .  The s p e c i a l  
c a s e  o f  i = 0 h a s  n o t  b e e n  c o n s i d e r e d  t h r o u g h  i t  i s  c l e a r  
t h a t  a model  c o u l d  a l s o  be  d e v e l o p e d  f o r  t h a t  c a s e ,  t h a t  i s  
t o  a  s y s t e m  d u r i n g  i t s  i n i t i a l  d e v e l o p m e n t .  F o r  i > 0 t h e  
e x p o n e n t i a l  t e r m  o f  [ l o ]  and  [ I 5 1  c a n  n e v e r t h e l e s s  a s sume ,  
a l g e b r a i c a l l y ,  any  v a l u e  be tween  i n f i n i t y  and  z e r o .  

A p e r f e c t l y  s t r u c t u r e d  s y s t e m ,  f o r  examp le ,  i n  wh ich  a n y  
c h a n g e s  w e r e  c o m p l e t e l y  l o c a l i s e d  wou ld  h a v e  G e q u a l  z e r o  a n d  
h e n c e  a n e g a t i v e  e x p o n e n t .  We a s s e r t ,  howeve r ,  t h a t  G d o e s  
n o t  r e m a i n  z e r o  a s  t h e  s y s t e m  g rows .  The a d d i t i o n  o f  a n y  
f u n c t i o n  n o t  v i s u a l i s e d  i n  t h e  o r i g i n a l  d e s i g n  w i l l  
i n e v i t a b l y  d e g e n e r a t e  s t r u c t u r e .  R e p a i r s  a l s o ,  w i l l  t e n d  t o  
c a u s e  d e v i a t i o n  f rom s t r u c t u r a l  r e g u l a r i t y  s i n c e ,  e x c e p t  
u n d e r  c o n d i t i o n s  o f  s t r i c t e s t  c o n t r o l ,  any  r e p a i r  o r  p a t c h  
w i l l  b e  made i n  t h e  s i m p l e s t  a n d  q u i c k e s t  way. No s e a r c h  
w i l l  b e  made f o r  a  f i x  t h a t  m a i n t a i n s  s t r u c t u r a l  i n t e g r i t y .  

The p a r a m e t e r s  D ( i )  A ( i )  L ( i )  r e a l l y  q u a n t i f y  t h e s e  e f f e c t s ,  
t h e  a c c u r a c y  and  a c c e s s a b i l i t y  o f  d o c u m e n t a t i o n ,  t h e  
c o n s e q u e n c e  o f  i n c r e a s i n g  e x p e r i e n c e  a n d  f a m i l i a r i t y  w i t h  t h e  
s y s t e m  ( i e  d o c u m e n t a t i o n  and  i t s  a c c u r a c y  l e s s  v i t a l )  and  t h e  
d e g r e e  t o  wh ich  s e p a r a t e  a c t i v i t i e s  have  been  c o a l e s c e d  o r  
merged .  Thus we may v i s u a l i s e  a s y s t e m  i n  i t s  e a r l y  l i f e  i n  
wh ich  t h e  s t r u c t u r e  i s  jtill r e l a t i v e l y  p u r e  (G s m a l l )  and  
d o c u m e n t a t i o n  i s  r e l a t i v e l y  c o m p l e t e .  As f a m i l i a r i t y  w i t h  
t h e  s y s t e m  i n c r e a s e s  D ( i )  may be  l a r g e r  a n d  i n c r e a s i n g  f a s t e r  
t h a n  G ' i  w i t h  t h e  r e s u l t  t h a t  t h e  e x p o n e n t  a c t u a l l y  becomes 
more n e g a t i v e  a n d  t h e  c o r r e l a t i o n  ( m a i n t e n a n c e )  e f f o r t  
a p p e a r s  t o  d e c r e a s e  w i t h  t i m e .  

However, a s  a l r e a d y  o b s e r v e d ,  G w i l l  u l t i m a t e l y  i n c r e a s e  a s  
d o e s  i. It i s  a l s o  common e x p e r i e n c e  t h a t  d o c u m e n t a t i o n  
i n e v i t a b l y  l a g s  t h e  m a i n t e n a n c e  e f f o r t ,  t h a t  i s ,  i t  becomes 
i n c o m p l e t e  a n d / o r  i n c o n s i s t e n t .  As t h e  s y s t e m  grows  and  
p e r s o n n e l  c h a n g e ,  f a m i l i a r i t y  w i t h  t h e  s y s t e m  a l s o  d e c r e a s e s .  
Thus we a s s e r t  i n  p r a c t i c e ,  D ( i )  u l t i m a t e l y  d e c r e a s e s  
r e l a t i v e  t o  G ' i ,  t h e  e x p o n e n t  c a n n o t  be h e l d  n e g a t i v e  o r  
s m a l l  and  t h e  e x p o n e n t i a l  term grows  r a p i d l y .  T h i s  
c o r r e s p o n d s  t o  t h e  a l g e b r a i c  t r u t h  t h a t  t h e  d i f f e r e n c e  
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be tween  two l a r g e  numbers  c a n n o t  i n d e f i n i t e l y  be  h e l d  
a b s o l u t e l y  s m a l l  a s  t h e  numbers  grow.  E q u a l l y  i t  r e l a t e s  t o  
t h e  o b s e r v e d  phenomena t h a t  s y s t e m  c o m p l e x i t y  g rows  w i t h  t i m e  
w h i l e  a c c u r a c y  o f  d o c u m e n t a t i o n  a n d  f a m i l i a r i t y  w i t h  t h e  
total s y s t e m  d e c r e a s e  w i t h  t i m e .  

T h a t  i s ,  t h e  t o t a l  work p l a n n e d  a n d  u n d e r t a k e n  t o  m a i n t a i n  
and  expand  t h e  s y s t e m  w i l l  be  s u p p l e m e n t e d  by  a n  amount  which  
i s  i n i t i a l l y  s m a l l  r e l a t i v e  t o  t h e  o v e r a l l  l e v e l  o f  a c t i v i t y .  
Thus  i t  w i l l  n o t  be s e p a r a t e l y  i d e n t i f i e d  and  t h e  s y s t e m  w i l l  
g i v e  a l l  a p p e a r a n c e s  o f  s e t t l i n g  down, b e i n g m a n a g e a b l e  and  
s t a b l e .  However,  a t  some t i m e ,  t h e  e f f e c t s  o f  c o m p l e x i t y  
w i l l  b e g i n  t o  be  f e l t ,  u l t i m a t e l y  becoming  d o m i n a n t .  

The e x p o n e n t i a l  g r o w t h  i n  e f f o r t  wh ich  w i l l  b e  r e q u i r e d  t o  
m a i n t a i n  and  grow t h e  s y s t e m  c a n  e x p r e s s  i t s e l f  i n  a  need  t o  
a p p l y  more  a n d  more  r e s o u r c e s  t o  s y s t e m  m a i n t e n a n c e  and  
deve iopmen t  . A 1  t e r n a t i v e l y  , o r  i n  g e n e r a l  s i m u l t a n e o u s l y ,  i t  
w i l l  b e  r e f l e c t e d  i n  i n c r e a s i n g  difficulty i n  mak ing  c h a n g e s ,  
i n  k e e p i n g  s c h e d u l e s ,  i n  g e t t i n g  i t e m s  o f  work c o m p l e t e d  o n  
t i m e .  T h a t  i s ,  we may r e p r e s e n t  t h e  e f f e c t  a s  i n  F i g u r e  7 a  
o n  a  c o n s t a n t  t i m e - i n t e r v a l  b a s e  by a  r a p i d l y  and  
e x p o n e n t i a l l y  i n c r e a s i n g  work  r e q u i r e m e n t .  T h i s  i s  h e l d  
w i t h i n  b u d g e t  l i m i t s  o n l y  by a b a n d o n i n g  o r  d e l a y i n g  t h e  
a d d i t i o n  o f  p l a n n e d  f u n c t i o n .  More o f t e n  t h e  w o r k l o a d  i s  
m a i n t a i n e d  a t  a n  a p p r o x i m a t e l y  c o n s t a n t  l e v e l  a s  i n  F i g u r e  
7 b ,  b u t  w i t h  r e l e a s e s  s p r e a d  a t  i n c r e a s i n g l y  l a r g e  and  
u n p r e d i c t a b l e  i n t e r v a l s  o f  t i m e .  I n  e i t h e r  c a s e  t h e  
e x p o n e n t i a l  g r o w t h  i s  d e v a s t a t i n g  t o  p l a n s  f o r  f u r t h e r  s y s t e m  
g r o w t h .  S o o n e r  o r  l a t e r  i t  w i l l  d o m i n a t e  and  u l t i m a t e l y  
d e s t r o y  s y s t e m  s t a b i l i t y .  

Note  t h a t ,  i n  p a r t  a t  l e a s t ,  t h e r e  e x i s t s  a  c h o i c e  i n  t h e  
i m p l e m e n t a t i o n  o f  a n y  change .  One may ( i n  t h e o r y  and given 
sufficient documentation) make a n  e x h a u s t i v e  c h e c k  o n  t h e  
e n t i r e  s y s t e m  t o  u n c o v e r  a l l  t h e  r e l a t i o n s h i p s  a n d  c o n s e q u e n t  
c h a n g e s  a r i s i n g  f r o m  any  l o c a l  change  t h a t  i s  made. If t h i s  
i s  done  s u c c e s s f u l l y  r e d u n d a n t  e f f o r t  w i l l ,  a s  i n d i c a t e d  
a b o v e ,  be  expended .  However t h e  e f f e c t s  o f  t h e  c h a n g e s  h a v e  
b e e n  l o c a l i s e d  i n  t i m e .  A l t e r n a t i v e l y ,  o n e  may make a  more  
c u r s o r y  d e t e r m i n a t i o n  b u t  mus t  t h e n  e x p e c t  t o  s e t  up  a  
p r i m a r y  and  s u b s e q u e n t  s e c o n d a r y  f a u l t  s e q u e n c e s  whose  i m p a c t  
( o n  p e r f o r m a n c e  and  s c h e d u l e s )  w i l l  be  f e l t  d u r i n g  l a t e r  
r e l e a s e s .  Wha teve r  compromise  i s  made be tween  t h e  e x t r e m e  
l i m i t i n g  s t r a t e g i e s ,  t h e  u l t i m a t e  c o n s e q u e n c e s  o f  c o m p l e x i t y ,  
s o o n e r  o r  l a t e r ,  w i l l  b e  a n  e x p l o s i v e  i n c r e a s e  i n  r e q u i r e d  
e f f o r t .  
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Figure 7 Inc reas ing  Complexity 
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7 D e d u c t i o n s  f r o m  t h e  Macro-model 

From t h e  s t r u c t u r e  o f  t h e  macro- model  ( 1 5 )  o n e  may draw 
c o n c l u s i o n s  a b o u t  c e r t a i n  a s p e c t s  o f  p rogramming me thodo logy  
and  s y s t e m  s t r u c t u r e .  To p r e v e n t  t h e  e f f o r t  r e p r e s e n t e d  by 
t h e  e x p o n e n t i a l  t e r m  f r o m  g r o w i n g  t o o  r a p i d l y  t h e  i n t e r v a l  
be tween  r e l e a s e s  s h o u l d ,  p a r a d o x i c a l l y ,  e i t h e r  be s t r e t c h e d  
t o  t h e  maximum o r  r e d u c e d  t o  a  minimum. The f o r m e r  s t r a t e g y  
h o l d s  down t h e  r a t e  o f  g rowth  o f  i. By comple t ing  a  g i v e n  
amount  o f  r e p a i r  and  f u n c t i o n a l  enhancemen t  and  r e l e a s i n g  i t  
t o  t h e  u s e r  i n  t h e  s m a l l e s t  numbers  o f  r e l e a s e s ,  o n e  o b t a i n s  
more c o m p l e t e  c o r r e l a t i o n  be tween  d o c u m e n t a t i o n  a n d  c o d e  and  
d e c r e a s e s  t h e  p r o b a b l e  number o f  e r r o r s  r e l e a s e d .  One may 
c o n j e c t u r e  t h a t  s o f t w a r e  d e v e l o p m e n t  f o r  t h e  A p o l l o  s p a c e  
p rog ram was  i n  f a c t  f o r c e d  i n t o  t h i s  mode o f  o p e r a t i o n  w i t h  
r e l e a s e s  d e f i n e d  by t h e  i n d i v i d u a l  f l i g h t s .  T h e r e ,  a  p r i o r i ,  
e x i s t e d  w i d e l y  spaced a n d  w e l l  d e f i n e d  p o i n t s  i n  t h e  
deve lopmen t  p rog ram a t  which  t h e  e n t i r e  s y s t e m  and  i t s  
d o c u m e n t a t i o n  had  t o  be s t a b i l i s e d  and  c h e c k e d  f o r  
c o m p l e t e n e s s  a n d  c o n s i s t e n c y .  Each f l i g h t - r e l e a s e  
e s t a b l i s h e s  a  new, w e l l  t e s t e d ,  base s y s t e m  f r o m  wh ich  o n e  
may move f o r w a r d ,  almos t  i g n o r i n g  a l l  p r e v i o u s  r e l e a s e s .  

A l t e r n a t i v e l y ,  one  may make t h e  r e l e a s e  i n t e r v a l  s o  s m a l l  
t h a t  t h e  quantum o f  a c t i v i t y  i n  e a c h  i s  r e d u c e d  t o  t h e  l e v e l  
w h e r e  i t  c a n  b e  mos t  c o m p l e t e l y  d e f i n e d ,  i m p l e m e n t e d ,  
documented  and  d i s t r i b u t e d .  T h a t  i s  D ( i )  i n c r e a s e s  a s  
r a p i d l y  a s  4Gi a n d  t h e i r  d i f f e r e n c e  r e m a i n s  s m a l l .  To be 
s u c c e s s f u l  t h i s  s t r a t e g y  mus t  howeve r ,  i n c l u d e  a  h i g h  d e g r e e  
of a u t o m a t i o n  t o  k e e p  d o c u m e n t a t i o n ,  c o d e  c h a n g e s  and  
f u n c t i o n a l  c h a n g e s  i n  s t e p  ( 5 . 2  I n t u i t i v e l y  one  may 
s u p p o s e  t h a t  i t  w i l l  work  b e s t  f o r  a  s y s t e m  o f  w h i c h  o n l y  o n e  
copy  i s  e x t a n t ,  wh i ch  i s  b e i n g  w r i t t e n  i n  a  s u f f i c i e n t l y  h i g h  
l e v e l  l a n g u a g e ,  and  i s  i n  a  w e l l  s t r u c t u r e d  form.  Thus  t h e  
c o d e  i t s e l f  c a n  be d i r e c t l y  r e a d  a n d  t h e r e f o r e  compose t h e  
p r i m a r y  s y s t e m  d o c u m e n t a t i o n ;  t h e  a u t h o r i t a t i v e  s o u r c e  o f  
s y s t e m  d e f i n i t i o n .  

T h i s  s t r a t e g y  r e l i e s  o n  t h e  d i f f e r e n c e  4 G i - D ( i ) A ( i ) L ( i )  
r e m a i n i n g  s m a l l .  Thus  o n e  would  e x p e c t  t h e  smooth  g r o w t h  o f  
t h e  s y s t e m  t o  be d i s r u p t e d  e v e r y  now and  t h e n  by i n s t a b i l i t y  
( 4 G i  a n d  D ( i ) A ( i ) L ( i )  g r o w t h  o u t  o f  s t e p ) .  T h e r e  i s  s t o r n g  
c o r r o b o r a t i v e  e v i d e n c e ,  which  must  however  be f u r t h e r  
i n v e s t i g a t e d ,  t h a t  t h i s  i s  p r e c i s e l y  wha t  h a s  happened  i n  t h e  

5 .2  ( E d s )  A concep t  t h a t  must have been cons idered  far-  
f e t c h e d  when w r i t t e n  becomes p l a u s i b l e  now t h a t  t h e  r o l e  
und importance of  IPSES has  been r e c o g n i s e d .  
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p a s t  i n  a t  l e a s t  two m a j o r  s y s t e m  p r o j e c t s  t h a t  f o l l o w e d  a 
s t r a t e g y  of a l m o s t  d a i l y  r e l e a s e s .  

S m a l l  G w i l l  a l s o  d e l a y  t h e  o n s e t  o f  s e r i o u s  e x p o n e n t i a l  
g r o w t h  p rob l ems .  G i s  a  measu re  of s y s t e m  s i z e ,  s t r u c t u r e ,  
and  c o m p l e x i t y ,  i n  s h o r t ,  o f  s y s t e m  e n t r o p y .  I ts d e t a i l e d  
a n a l y s i s  must  a w a i t  more  c o m p l e t e  deve lopmen t  of  t h e  mic ro-  
model  t o  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  It i s  however 
a b u n d a n t l y  c l e a r  t h a t  i t  may b e  k e p t  s m a l l  by s y s t e m  
s t r u c t u r i n g ,  a p p r o p r i a t e  p a r t i t i o n i n g  o f  f u n c t i o n  and  c o d e  
amongst  s u b- e l e m e n t s  o f  t h e  s y s t e m ,  t h e  d e f i n i t i o n  and  
c o n t r o l  o f  i n t e r f a c e s  be tween  t h e s e  s u b- e l e m e n t s ,  t h e  
c o m p l e t e  t e s t i n g  o f  s u b- e l e m e n t s  b e f o r e  i n t e g r a t i o n ,  and  
r e d u c t i o n  o f  f r e e  s y s t e m- i n t e r n a l  communica t i on  v i a  g l o b a l  
o b j e c t s .  We h a v e  a l r e a d y  r e c o g n i s e d ,  howeve r ,  t h a t  however  
w e l l  s t r u c t u r e d  a  s y s t e m  i s  i n  i t s  i n i t i a l  i m p l e m e n t a t i o n s ,  
t h e  s t r u c t u r e  w i l l  i n e v i t a b l y  d e g r a d e  as new f u n c t i o n  i s  
added .  Thus G w i l l  t e n d  t o  i n c r e a s e  w i t h  t i m e .  We n o t e  t h a t  
t h e  problem o f  i n i t i a l l y  s m a l l  G i s ,  i n  p a r t  a t  l e a s t ,  
s t r o n g l y  r e l a t e d  t o  h a r d w a r e  p a r t i t i o n i n g  p rob l em t h a t  s e e k s  
t o  d i s t r i b u t e  l o g i c  c i r c u i t s  on  c h o p s  and  c h i p s  o n  c a r d s  s o  
a s  t o  m i n i m i s e  p i n  and  i n t e r c o n n e c t i o n  r e q u i r e m e n t s .  

F i n a l l y  t h e  c o e f f i c i e n t  C r e l a t e s  t h e  t o t a l  a c t i v i t y  r e q u i r e d  
t o  human and  mach ine  e f f o r t .  The m a g n i t u d e  o f  t h e  
e x p o n e n t i a l  t e rm  a s  i t  r e l a t e s  t o  t o t a l  d o l l a r  c o s t s ,  man- 
d a y s  and compu te r  h o u r s ,  c an  be r e d u c e d  t h r o u g h  t h e  
a p p l i c a t i o n  o f  a  t o t a l  s y s t e m  deve lopmen t  me thodo logy  b a s e d  
on  a n  i n t e g r a t e d  f a m i l y  o f  t o o l s  f o r  s p e c i f i c a t i o n ,  d e s i g n ,  
d o c u m e n t a t i o n ,  t e s t i n g ,  measu remen t ,  a c t i v i t y  and  s y s t e m  
g rowth  m o n i t o r i n g  and  p r o j e c t  management [LEH691 ( 5 . 3 ) .  From 
t h e  model  it fol tows d i r e c t l y  ( 5 . 4 )  t h a t ,  f o r  e x t e n d e d  
programming p r o j e c t s ,  t h e  main  e m p h a s i s  f o r  t o o l i n g  and  
a u t o m a t i o n  s h o u l d  b e  i n  t h e  a r e a  o f  p r o j e c t  communica t i on  and  
d o c u m e n t a t i o n .  

8 The B a s i s  f o r  a  Micro-model 

I n  t h e  p r e c e d i n g  s e c t i o n s  we h a v e  d e v e l o p e d  a n  i n t u i t i v e l y  
a p p e a l i n g ,  b u t  n e v e r t h e l e s s  h e u r i s t i c ,  macro-model. 
S u p e r f i c i a l l y  a t  l e a s t ,  i t s  f u n c t i o n a l  c h a r a c t e r i s t i c s  a p p e a r  
t o  e x p l a i n  t h e  l o n g  t e r m  b e h a v i o u r  o f  some l a r g e  programming 
p r o j e c t s .  S p e c i f i c a l l y ,  e x p o n e n t i a l  g rowth  t r e n d s  i n  some 

5.3 ( E d s )  Another example of f o r e s i g h t .  I t  has t aken  
t i l l  now f o r  t h i s  concept ,  now termed an IPSE, t o  have 
become generaZly recognised and accepted .  

5.4 ( E d s )  I t a l i c s  i n s e r t e d  1 9 8 4 .  
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m e a s u r e s  o f  s y s t e m  m a i n t e n a n c e  e f f o r t  h a v e  r e c e n t l y  b e e n  
o b s e r v e d  f o r  a number o f  s y s t e m s .  The o b s e r v a t i o n s  a n d  t h e i r  
i n t e r p r , e t a t i o n  w i l l  be  s e p a r a t e l y  d o c u m e n t e d .  

It i s  h o w e v e r  common e x p e r i e n c e  t h a t  n o t  a l l  l a r g e  
.p rogramming  p r o j e c t s  a r e  e q u a l l y  s e n s i t i v e  t o  t h e s e  g r o w i n g  
p a i n s .  To some d e g r e e  a t  l e a s t  t h i s  may b e  d u e  t o  a l l  
a s p e c t s  o f  t h e  r e s p e c t i v e  p r o j e c t s ;  t o  a l l  o f  t h e  f a c t o r s  o r  
p a r a m e t e r s  i n  o u r  macro-model .  But  i t  i s  g e n e r a l l y  a g r e e d  
t h a t  s p e c i f i c  a t t r i b u t e s  o f  t h e  s y s t e m s  t h e m s e l v e s  p l a y  a 
s t r o n g  r o l e  i n  t h e  r a t e  o f  e x p o n e n t i a l  g r o w t h .  T h u s  a  m i c r o -  
t h e o r y  i s  r e q u i r e d  t h a t  e x p l a i n s  t h e  r e l a t i o n s h i p  b e t w e e n  a  
s y s t e m ' s  c o n t e n t  a n d  s t r u c t u r e  a n d  i t s  Growth Dynamics .  The 
p r e s e n t  s e c t i o n s  o u t l i n e s  s u c h  a  m i c r o t h o e r y ,  o n  a. 
p h e n o m e n o l o g i c a l  b a s i s .  When e x p r e s s e d  a n a l y t i c a l l y  t h e  
t h e o r y  s h o u l d  p r o v i d e  u n d e r p i n n i n g  f o r  t h e  macro- model ;  
s t r u c t u r e  a n d  m a g n i t u d e  f o r  t h e  p a r a m e t e r  G o f  ( 1 4 ) .  

A p rogramming  s y s t e m  may b e  v i e w e d  a s  a  s p a c e  i n  w h i c h  
o b j e c t s  s u c h  a s  v a r i a b l e s ,  c o n t r o l  b l o c k s ,  t a b l e s ,  q u e u e s  a n d  
s o  o n  a r e  d e f i n e d .  The o b j e c t s  a c t  a s  c o m m u n i c a t i o n  l i n k s  
b e t w e e n  t h e  d i f f e r e n t  e l e m e n t s  o f  t h e  s y s t e m .  T h e i r  number 
a n d  i n d i v i d u a l  s t r u c t u r e s  a r e  a  m e a s u r e  o f  t h e  l m a s s 1  o f  t h e  
s y s t e m ,  i t s  r e s i s t a n c e  t o  c h a n g e .  T h i s  i s  i n v a r i a n t  i n  a  
s t a t i c  s y s t e m ,  t h a t  i s  o n e  t h a t  i s  n o t  being changed. 

Any c h a n g e  i n  t h e  s y s t e m  r e p r e s e n t s  a t  l e a s t  a  c h a n g e  i n  t h e  
s t a t u s  o r  d e f i n i t i o n  ( m e a n i n g )  o f  o n e  e x i s t i n g  o b j e c t  o r  t h e  
c r e a t i o n  o f  a  new o n e .  A c h a n g e  may a l s o  i m p a c t  t h e  m e a n i n g ,  
s i g n i f i c a n c e  o r  s t r u c t u r e  o f  o t h e r  o b j e c t s  i n  t h e  s y s t e m  n o t  
d i r e c t l y  i n v o l v e d  t h e  c h a n g e .  Whenever a  c h a n g e  i s  made 
l o c a l l y  i n  some p a r t  o f  t h e  s y s t e m ,  i t  i s  n e c e s s a r y  t o  l o c a t e  
a22 o f  t h e  o t h e r  p l a c e s  i n  t h e  s y s t e m  i n  w h i c h  t h e  v a l u e  o r  
t h e  f o r m  o f  a  r e l a t e d  o b j e c t  o r  i t s  d e p e n d e n t s  a r e  s p e c i f i e d ,  
r e - s p e c i f i e d  o r  u s e d .  Then o n e  may d e t e r m i n e  w h e t h e r  t h e  
c h a n g e  t h a t  h a s  a l r e a d y  b e e n  p l a n n e d ,  demands some c h a n g e  i n  
t h e s e  o t h e r  r e g i o n s  o f  t h e  s y s t e m .  To compound t h e  e f f o r t  
r e q u i r e d ,  t h e  p r o c e d u r e  f o r  t h i s  may h a v e  t o  be  i t e r a t i v e .  
Thus  work  m u s t  be  p e r f o r m e d  o n  t h e  s y s t e m  t o  a c h i e v e  c h a n g e  
a n d  i t s  m a g n i t u d e  i s  r e l a t e d  t o  s y s t e m  m a s s  a n d  t o  t h e  d e g r e e  
o f  i n t e r c o n n e c t i v i t y  b e t w e e n  t h e  e l e m e n t s  o f  t h e  s y s t e m .  
T h a t  i s ,  t h e  number a n d  p a t t e r n  o f  t h e  c o m m u n i c a t i o n  l i n k s  
( a n d  h e n c e  t h e  p r o b a b i l i t y  o f  s p r e a d i n g  c h a n g e  o r  f a u l t s )  
d e t e r m i n e  t h e  c o m p l - e x i t y  o f  t h e  s y s t e m .  A s  t h e y  i n c r e a s e  t h e  
e n t r o p y  o r  d i s o r d e r  o f  t h e  s y s t e m  a l s o  i n c r e a s e s  a n d  c h a n g e s  
a r e  i n c r e a s i n g l y  a r d u o u s  t o  i m p l e m e n t .  T h e s e  c o n c e p t s  
r e f l e c t  t h e  a c c e p t e d  v i e w p o i n t  t h a t  a  w e l l  s t r u c t u r e d  
s y s t e m ,  o n e  i n  w h i c h  c o m m u n i c a t i o n  i s  p a s s e d  v i a  p a r a m e t e r s  
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th rough  d e f i n e d  i n t e r f a c e s ,  i s  l i k e l y  t o  be mre g r o w a b l e  and  
r e q u i r e  l e s s  e f f o r t  t o  m a i n t a i n  t h a n  one  making e x t e n s i v e  u s e  
of  g l o b a l  o r  s h a r e d  v a r i a b l e s .  

The t o t a l  f u n c t i o n a l  c a p a b i l i t y  o f  a  s t a t i c  sys t em i n  a  
s t a t i c  e n v i r o n m e n t ,  i t s  ' f r e e  e n e r g y ' ,  i s  a l s o  i n v a r i a n t .  It 
i s  a  d i r e c t  outcome of  t h e  f u n c t i o n a l  r e l a t i o n s h i p  between 
t h e  o b j e c t s  a s  d e f i n e d  by t h e  sys t em code.  The t o t a l  f r e e  
e n e r g y ,  i t s  power t o  do work i n  o r  on i t s  env i ronmen t ,  w i l l  
grow i f  work i s  performed on t h e  sys tem t o  add o r  improve 
f u n c t i o n  o r  t o  r e p a i r  f a u l t s .  It w i l l  d i m i n i s h  t h r o u g h  t h e  
a p p e a r a n c e  o f  f a u l t s  f rom wha teve r  c a u s e .  The work needed t o  
m a i n t a i n  and grow t h e  sys t em i s  a l s o  c l e a r l y  r e l a t e d  t o  t h e  
t o t a l  f u n c t i o n  o r  e n e r g y  o f  t h e  sys t em s i n c e  t h e  number and 
a v e r a g e  number o f  i n s t a n c e s  o f  o b j e c t s  w i l l  be r e l a t e d  t o  t h e  
t o t a l  amount o f  code  i n  t h e  sys t em.  

F i n a l l y  we may c o n s i d e r  t h e  ( a v e r a g e )  p r o b a b i l i t i e s  Pijk t h a t  
t h e  i n t e r c o n n e c t i o n  between r e g i o n s  i and k ,  a s  determined by 
a  s h a r e d  o b j e c t  j ,  i s  o v e r l o o k e d  o r  m i s i n t e r p r e t e d ,  o r  t h a t  a 
r e q u i r e d  change i s  i n c o r r e c t l y  implemented.  The number o f  
f a u l t s  i n i t i a t e d  i s  p r o p o r t i o n a l  t o  t h e s e  p r o b a b i l i t i e s ,  and 
t o  t h e  number o f  s y s t e m- i n t e r n a l  i n t e r c o n n e c t i o n s ,  t h e  
i n t e r n a l  communicat ion  o f  t h e  sys t em.  For  a  sys t em i n  which 
t h e  a v e r a g e  number o f  i t e r c o n n e c t i o n s  p e r  o b j e c t  i n v o l v e d  i n  
a  change exceeds  t h e  r e c i p r o c a l  o f  t h e  p r o b a b i l i t y  o f  e r r o r  
Pijk, any change i n  t h e  s y s t e m  c a u s e s ,  o n  t h e  a v e r a g e ,  ( 1  + t )  

f u r t h e r  f a u l t s .  Tha t  i s  t h e  sys tem h a s  r e a c h e d  a  c r i t i c a l  
mass and may have  become u n s t a b l e .  On p u r e l y  t h e o r e t i c a l  
g rounds  s t a b i l i t y  c a n n o t  be r e s t o r e d  w i t h o u t  a  fundamen ta l  
change i n  methodology.  One migh t  a r g u e  t h a t  because  o f  t h e  
d i s c r e t e  n a t u r e  o f  t h e  phenomena, a n  env i ronmen t  cou ld  be 
c r e a t e d  i n  which  by h a l t i n g  a l l  f u r t h e r  sys t em e x p a n s i o n  and 
by t h e  e x p e n d i t u r e  o f  a  l a r g e  amount o f  e f f o r t ,  t h e  s i t u a t i o n  
c o u l d  be b r o u g h t  u n d e r  c o n t r o l .  However, we s u g g e s t  t h a t  
t h i s  i s  l i k e l y  t o  p rove  a n  unsound s t r a t e g y  w h e t h e r  f rom a  
t e c h n i c a l  o r  b u s i n e s s  p o i n t  o f  view. 

9 Summary 

It h a s  been  shown t h a t  programming s y s t e m s  change w i t h  t ime .  
A s  a  consequence  o f  t h e i r  s i z e  and c o m p l e x i t y ,  and t h a t  of  t h e  
o r g a n i s a t i o n s  t h a t  produce  them, such  s y s t e m s  a r e  a lways  
l i m i t e d  i n  t h e i r  u l t i m a t e  growth p o t e n t i a l .  U l t i m a t e l y  t h e  
ma in tenance  e f f o r t  r e q u i r e d  must i n c r e a s e  e x p o n e n t i a l l y .  A t  
t h a t  s t a g e  t h e  sys t em becomes, a t  b e s t ,  u n p r o f i t a b l e  t o  
m a i n t a i n  o r  expand ,  and a t  w o r s t ,  u n s t a b l e .  
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The m a g n i t u d e  o f  t h e  e f f o r t  a r i s e s  f r o m  t h e  need  f o r  t h o s t  
t h a t  i m p l e m e n t  t h e  c h a n g e s  t o  b e  a w a r e  o f  t h e  t o t a l  i n t e r n a l  
s t a t e  of t h e  s y s t e m  a t  a l l  t i m e s ,  a n d  f o r  numerous 
i m p l e m e n t o r s  w o r k i n g  i n  p a r a l l e l  t o  c o m m u n i c a t e  w i t h  o n e  
a n o t h e r .  It i s  a l s o  r e l a t e d  t o  t h e  number o f  s h a r e d  o r  
g l o b a l  o b j e c t s  i n  t h e  s y s t e m  o r  t o  t h e  e x t e n t  a n d  t o p o l o g y  o f  
c o m m u n i c a t i o n  b e t w e e n  them. Thus t h e  l a t t e r  r e p r e s e n t s  a  
m e a s u r e  o f  t h e  d i s o r d e r  o r  e n t r o p y  o f  t h e  s y s t e m ;  t h e  d e g r e e  
t o  w h i c h  t h e  s y s t e m  a n d / o r  i t s  d o c u m e n t a t i o n  i s  u n s t r u c t u r e d .  
I n  s h o r t ,  t h e  e x p o n e n t i a l  i n c r e a s e  i n  m a i n t e n a n c e  a n d  
d e v e l o p m e n t  e f f o r t  t h a t  a p p e a r s  i n  a g e i n g  s y s t e m s  ( a f t e r  t h e y  
a p p e a r  t o  h a v e  s e t t l e d  down t o  c o m f o r t a b l e  m i d d l e- a g e d  
m a t u r i t y )  i s  a  c o n s e q u e n c e  o f  t h e  n e e d  f o r  i n c r e a s i n g  
c o m m u n i c a t i o n ,  b o t h  t h a t  i n t e r n a l  t o  t h e  s y s t e m  a n d  t h a t  
b e t w e e n  t h e  p e o p l e  a n d  g r o u p s  ( o v e r  s p a t i a l  and  t e m p o r a l  
g a p s )  i m p l e m e n t i n g ,  m a i n t a i n i n g  a n d  u s i n g  t h e  s y s t e m .  

F u r t h e r  d e v e l o p m e n t  o f  t h e s e  m o d e l s  s h o u l d  y i e l d  more  i n s i g h t  
i n t o  t h e  phenomena t h e y  r e p r e s e n t .  Thus i t  w i l l  be  p o s s i b l e  
t o  p r o v i d e  a  f o r m a l  t h e o r e t i c a l  b a s i s  o n  w h i c h  t o  d e v e l o p  
p r o j e c t  a n d  s y s t e m  s t r u c t u r a l  r a t i o n a l e .  t h i s  m u s t  be  done  
f o r  t h e  s y s t e m ' s  i n t e r n a l  s t r u c t u r e ,  f o r  s y s t e m  
c o m m u n i c a t i o n ,  f o r  p r o j e c t  a n d  programming  p r o c e s s  s t r u c t u r e  
a n d  f o r  d o c u m e n t a t i o n  a n d  o t h e r  t o o l s  w h i c h  a r e  r e q u i r e d  t o  
i m p l e m e n t  a n d  c o n t r o l  t h e  d e v e l o p m e n t  a n d  g r o w t h  o f  t h e  
s y s t e m .  T h a t  i s  d e v e l o p m e n t  o f  t h e  m o d e l s  r e l a t e s  d i r e c t l y  
t o  t h e  d e v e l o p m e n t  o f  a  programming system development 
methodology. T h i s  s h o u l d  a n d  would  s t r u c t u r e  a  s y s t e m  
p r o j e c t ,  s o  a s  t o  e x e n d  t h e  v i a b l e  l i f e t i m e  o f  t h e  r e s u l t a n t  
s y s t e m  and  d e l a y  t h e  p o s s i b l e  o n s e t  o f  mass c r i t i c a l i t y .  

T h e r e  w i l l ,  h o w e v e r ,  a l w a y s  b e  g r o w t h  a n d  a n  e c o n o m i c  l i m i t  
t o  p e r m i s s i b l e  g r o w t h .  We c o n j e c t u r e  t h a t  t h e  e x p o n e n t i a l  
t e r m  i n  o u r  model  m u s t  a l w a y s  e x i s t  a n d  u l t i m a t e l y  d o m i n a t e .  
Thus  t h e  o b j e c t i v e  c a n  o n l y  b e  t o  d e l a y  e x p l o s i v e  c o s t  g r o w t h  
a n d / o r  t h e  c r i t i c a l  m a s s  s i t u a t i o n  beyond  t h e  o t h e r  e c o n o m i c  
a n d  t e c h n i c a l  l i f e - t i m e  l i m i t s  f o r  t h e  s y s t e m .  The p r e s n t  
p r i m a r y  r e q u i r e m e n t  m u s t  however  be  t o  q u a n t i f y  complexity of 
growth m e a s u r e s .  Then o n e  w i l l  be a b l e  t o  p l a n  p r e c i s e l y  f o r  
t h e  d e v e l o p m e n t ,  m a i n t e n a n c e ,  g r o w t h  a n d  u l t i m a t e  t e r m i n a t i o n  
o f  a  s y s t e m ,  and  i t s  r e p l a c e m e n t  by a  s u c c e s s o r  b u i l t  up  f r o m  
g r o u n d  l e v e l .  

F i n a l l y  i t  may b e  o b s e r v e d  t h a t  t h e  phenomena d i s c u s s e d  h e r e  
a r e  l a r g e l y  i n d e p e n d e n t  o f  t h e  s p e c i f i c  f u n c t i o n  a n d  
s t r u c t u r e  o f  p r o g r a m m i n g  s y s t e m s .  t h u s  t h e  m o d e l s  w i l l  a l s o  
f i n d  more  g e n e r a l  i n t e r p r e t a t i o n  i n  o t h e r  l a r g e  s y s t e m  a r e a s .  
We h a v e  a l r e a d y  i n d i c a t e d  t h e  c l o s e  r e l a t i o n s h i p  b e t w e e n  o u r  
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model  and  t h e  macro- economic model  o f  Baumol [BAU67]. We a r e  
a l s o  a b l e  t o  d e m o n s t r a t e  s u c h  a  r e l a t i o n s h i p  i n  a t  l e a s t  o n e  
s o c i o l o g i c a l  s i t u a t i o n  r e l a t i n g  t o  t h e  i n c r e a s i n g  dominance  
o f  m i i d d l e  management  i n  i n d u s t r i a l  o r g a n i s a t i o n s  [LEH681. 
Thus t h e  phenomena d i s c u s s e d  h e r e  a p p e a r  t o  r e p r e s e n t  a  
f u n d a m e n t a l  g r o w t h  a t t r i b u t e  o f  s y s t e m s  and  s o c i e t y .  
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t h e  m a t e r i a l  i t  d o e s  seem t h a t  i t  i s  w o r t h y  o f  f u r t h e r  
i n v e s t i g a t i o n  and d e v e l o p m e n t ,  now t h a t  more and  more  p e o p l e  
a r e  r e c o g n i s i n g  t h e  c e n t r a l  i m p o r t a n c e  o f  u n d e r s t a n d i n g  and  
c o n t r o l l i n g  t h e  Programming P r o c e s s  [SWP84]. 





CHAPTER 6 

1 P r o j e c t  S t a t i s t i c  

The l i f e t i m e  o f  any  l a r g e  programming s y s t e m  n o r m a l l y  e x t e n d s  
o v e r  a  s e r i e s  o f  r e l e a s e s .  Each s u c h  r e l e a s e  r e p r e s e n t s  a n  
improvement on  i t s  p r e d e c e s s o r s  a s  r e g a r d s  f a u l t s  t h a t  h a v e  
been  r e p a i r e d ,  p e r f o r m a n c e  w e a k n e s s e s  t h a t  have  been  removed,  
f u n c t i o n a l  c a p a b i l i t y  t h a t  h a s  been  improved and  new f u n c t i o n  
t h a t  h a s  been  added .  

The h i s t o r y  o f  a  programming p r o j e c t  i s ,  i n  p a r t ,  c o n t a i n e d  
i n  t h e  s t a t i s t i c s  ( i f  r e c o r d e d )  o f  t h e s e  r e l e a s e s .  Thus 
t y p i c a l l y  t h e r e  c o u l d  be d a t a  a v a i l a b l e  o n  t h e  number o f  
i n s t r u c t i o n s  a n d / o r  components  ( m o d u l e s )  a d d e d ,  removed and  
m o d i f i e d  d u r i n g  t h e  r e l e a s e ,  t h e  number and  r e p o r t i n g  r a t e  o f  
p r e v i o u s  r e p a i r  work ,  t h e  man-days, mach ine  h o u r s  and  d o l l a r  
c o s t  o f  e a c h  r e l e a s e ,  t h e  t i m e  i n t e r v a l  be tween  r e l e a s e s  and  
SO on .  

Examples o f  s u c h  d a t a  f o r  a  ma jo r  sy s t em a r e  g i v e n  i n  f i g u r e s  
1 - 3. F i g u r e  1  i s  a  p l o t  o f  t h e  number o f  i n s t r u c t i o n s  i n  
t h e  sy s t em a s  a  f u n c t i o n  o f  r e l e a s e  number. I t  d i s p l a y s  
c l e a r l y  t h e  l i n e a r  g rowth  o f  t h e  s y s t e m .  I n  t h e  p r e s e n t  
p a p e r  we s h a l l  n o t  a n a l y s e  t h e  d e v i a t i o n s  f rom l i n e a r i t y ,  
e x c e p t  t o  o b s e r v e  t h a t  t h e  r i p p l e s  o n  t h e  d a t a  a r e  t y p i c a l  o f  
a  s e l f - s t a b i l i s i n g  p r o c e s s  w i t h  b o t h  p o s i t i v e  and  n e g a t i v e  
f e e d b a c k  l o o p s  ( 6 . 1 ) .  T h a t  i s ,  f rom a  l o n g- r a n g e  p o i n t  o f  
v i ew  t h e  r a t e  o f  s y s t e m  g rowth  i s  s e l f - r e g u l a t o r y ,  d e s p i t e  
t h e  f a c t  t h a t  many d i f f e r e n t  c a u s e s  c o n t r o l  t h e  s e l e c t i o n  o f  
work imp lemen ted  i n  e a c h  r e l e a s e ,  w i t h  v a r y i n g  b u d g e t s ,  
i n c r e a s i n g  number o f  u s e r s  d e s i r i n g  new f u n c t i o n s  o r  
r e p o r t i n g  f a u l t s ,  v a r y i n g  management a t t i t u d e s  t o w a r d s  s y s t e m  
enhancemen t ,  c h a n g i n g  r e l e a s e  i n t e r v a l s  and  improv ing  
me thodo logy .  

F i g u r e  2 shows,  a s  a  f u r t h e r  example ,  a  p l o t  o f  t h e  n e t  
i n s t r u c t i o n  g r o w t h  o f  t h e  s y s t e m  p e r  r e l e a s e - i n t e r v a l  day .  
The p o i n t s  a r e  f a i r l y  w i d e l y  d i s p e r s e d  a s  would  b e  e x p e c t e d  
f o r  a n y  p r o j e c t  s t r e t c h i n g  o v e r  s e v e r a l  y e a r s .  S u r p r i s i n g l y ,  

6.1 ( O r i g )  T h i s  o b s e r v a t i o n  was suggested t o  u s  by G Prada. 
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H <- CHN'[B;4] 
A FPLOT (H VS B)WITH(BS LIN H LSQ2 B)VS BS 

w 

Release sequence number 
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F i g u r e  1.  Normalised component growth p e r  r e l e a s e  
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H <- (CHN[B;7]-CHN[B-~;~])+CHN[B;~O] 
A FPLOT H V S  B 

" - 7 

Release sequence number 

DEC. 14 1971/104 

F i g u r e  2 .  Normalised n e t  i n s t r u c t i o n  growth p e r  day. 
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however,  i f  t h e s e  same d a t a  a r e  smoothed,  f o r  example  by 
a v e r a g i n g  a s  i n  f i g u r e  3 ,  t h e  r e s u l t a n t  p o i n t s  l i e  o n  a  v e r y  
smooth c u r v e .  The p o i n t s  o f  f i g u r e  3  c a n  i n  f a c t  be l e a s t -  
s q u a r e  f i t t e d  t o  a  s t r a i g h t  l i n e  and t h e  l o g a r i t h m  o f  t h e  
p o i n t s  t o  t h e  exponen t  o f  a n  e x p o n e n t i a l ,  w i t h  a  chance  
p r o b a b i l i t y  o f  l e s s  t h a n  0 .1% and 0 .01% r e s p e c t i v e l y .  

An e x t e n s i v e  s t u d y  o f  t h e  t o t a l  p r o j e c t  s t a t i s t i c s  f o r  t h i s  
s y s t e m  h a s  c o n s i s t e n t l y  d i s p l a y e d  t h e  same phenomenon. That  
i s ,  i n  m ~ s t  c a s e s ,  t h e  raw d a t a  showed l a r g e  v a r i a t i o n s  from 
r e l e a s e  t o  r e l e a s e .  Smoothing o r  a v e r a g i n g ,  however,  
r e s u l t e d  i n  p o i n t s  t h a t  c l e a r l y  l i e  on  v e r y  smooth c u r v e s .  
I n  g e n e r a l  t h e s e  c u r v e s  were  o f  t h r e e  c l a s s e s  - l i n e a r ,  
e x p o n e n t i a l  and b e l l- s h a p e d .  L i n e a r  f i t s  a p p e a r e d  f o r  
m e a s u r e s  r e f l e c t i n g  t h e  g rowth  i n  s i z e  o f  t h e  sys t em.  
E x p o n e n t i a l s  a p p e a r e d  t o  f i t  w e l l  t o  p o i n t s  r e l a t e d  t o  
m e a s u r e s  o f  s y s t e m  c o m p l e x i t y .  Da ta  which r e f l e c t e d  t h e  
e f f o r t  (men, machine- power,  c o s t ,  e t c )  g o i n g  i n t o  s u c c e s s i v e  
r e l e a s e s  a p p e a r e d  t o  l i e  o n  a  b e l l - s h a p e d  c u r v e  t h a t  
r e p r e s e n t e d  a n  e f f o r t  a t  f i r s t  d e c r e a s i n g  and s u b s e q u e n t l y  
i n c r e a s i n g  c o n t i n u a l l y .  T h i s  l a s t  o b s e r v a t i o n  c o r r e s p o n d s  t o  
t h e  common e x p e r i e n c e  o f  many p r o j e c t s  t h a t  a  s e t t l i n g - i n  
p e r i o d  d u r i n g  wh ich  m a i n t e n a n c e  becomes p r o g r e s s i v e l y  e a s i e r  
i s  f o l l o w e d  by i n c r e a s i n g  ma in t enance  p rob lems  t h a t  
u l t i m a t e l y  c a u s e  t h e  r e p l a c e m e n t  o f  t h e  sys t em.  

2 Growth Dynamics 

The b e h a v i o u r  o f  smoothed d a t a ,  a s  d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n ,  s u g g e s t s  t h a t  t h e r e  i s  a  s e l f - r e g u l a t i n g  dynamics  
t h a t  u n d e r l i e s  t h e  g rowth  o f  t h e  sys t em.  Tha t  i s ,  we may 
c o n s i d e r  a  s y s t e m  t h a t  c o m p r i s e s  t h e  body o f  code ( c o n s t i -  
t u t i n g  t h e  programming s y s t e m )  t o g e t h e r  w i t h  t h e  programmers 
t h a t  implement  change  and enhancement ,  t h e i r  manage r s  and 
e x e c u t i v e s  and t h e  u s e r  p o p u l a t i o n .  The dynamics  o f  t h i s  
sys t em ( t h e  code ,  t h e  programmer p o p u l a t i o n ,  t h e  
a p p l i c a t i o n s ,  t h e  h a r d w a r e )  a s  i t s  i n t e r n a l  s t a t e  changes  
w i t h  t i m e  i s  gove rned  by l a w s  t h a t  c a u s e  i t  t o  be s e l f -  
r e g u l a t o r y .  I n  S imon ' s  t e r m s  [SIM69] we may view t h i s  t o t a l  
s y s t e m  a s  a n  a r t i f i c i a l  s y s t e m  and  s e a r c h  f o r  t h e  l a w s  t h a t  
g o v e r n  i t s  b e h a v i o u r  . 

3 The Macro-model 

I n  two r e c e n t  p a p e r s  lLEH691, LBEL711, t h e  p r e s e n t  a u t h o r s  
p r e s e n t e d  s t u d i e s  o f  t h e  programming p r o c e s s .  They showed 
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t h a t  t h e  e f f o r t  r e q u i r e d  t o  t a k e  a  s y s t e m  f rom t h e  ith t o  t h e  
( i + l  ) s t  r e l e a s e  c o u l d  b e  r e p r e s e n t e d  by 

I n  t h i s  e x p r e s i o n  W ( B ( i ) )  i s  a  f u n c t i o n  o f  t h e  budge t  
a l l o c a t e d  t o  t h e  ith r e l e a s e .  G ( i )  m e a s u r e s  t h e  l a c k  o f  
s t r u c t u r e  i n  t h e  s y s t e m .  T h a t  i s ,  a  programmig s y s t e m  
p e r f e c t l y  s t r u c t u r e d  would  h a v e  G ( i )  e q u a l  t o  z e r o  w h i l e  f o r  
a  s y s t e m  t o t a l l y  u n s t r u c t u r e d  ( e v e r y  e l e m e n t  c o n n e c t e d  t o  
e v e r y  o t h e r  e l e m e n t )  G ( i )  would a p p r o a c h  i n f i n i t y .  The two 
p a r a m e t e r s  D ( i )  a n d  A ( i )  m e a s u r e  t h e  d e g r e e  o f  knowledge  t h a t  
e x i s t s  and  i s  a v i a l a b l e  a b o u t  t h e  i n t e r n a l  s t a t e  o f  t h e  
programming s y s t e m .  T h a t  i s ,  D ( i )  r e p r e s e n t s  t h e  
c o m p l e t e n e s s  and  a c c u r a c y  o f  b o t h  p r e s e n t  and  a r c h i v a l  s y s t e m  
d o c u m e n t a t i o n ,  w h i l e  A ( i )  m e a s u r e s  t h e  a c c e s s i b i l i t y  o f  t h a t  
d o c u m e n t a t i o n .  L( i )  , o n  t h e  o t h e r  h a n d ,  r e p r e s e n t s  t h e  
e x p e r i e n c e  and  knowledge  a b o u t  t h e  s y s t e m ,  o f  t h e  programmers  
w o r k i n g  o n  t h e  s y s t e m  i n  t h e  ith r e l e a s e .  The g r e a t e r  t h e  
a w a r e n e s s ,  t h e  l e s s  i m p o r t a n t  i s  t h e  e x i s t e n c e  a n d / o r  
a c c e s s i b i l i t y  o f  t h e  d o c u m e n t a t i o n .  

We h a v e  n o t  a t  t h i s  t i m e  e x h a u s t i v e l y  v a l i d a t e d  t h i s  macro-  
model ,  no r  a r e  we a b l e  t o  a s s i g n  n u m e r i c a l  v a l u e s  t o  t h e  
p a r a m e t e r s .  Q u a l i t a t i v e  and  c o r r o b o r a t i v e  e v i d e n c e  o f  t h e  
g e n e r a l  form o f  t h e  model  is ,  howeve r ,  s e e n  i n  t h e  b e l l -  
s h a p e d  c u r v e s  p r e v i o u s l y  m e n t i o n e d .  F i g u r e  4 r e p r e s e n t s  a n  
example  f rom t h e  same s y s t e m  r e f e r r e d  t o  a b o v e ,  m e a s u r i n g  
components  h a n d l e d  p e r  d a y  ( smoo thed  d a t a ) .  The i n c r e a s e d  
p r o d u c t i v i t y  i n d i c a t e d  d u r i n g  t h e  e a r l y  d a y s  o f  t h e  r e l e a s e  
r e s u l t e d  f r o m  t h e  dominance  o f  t h e  f i r s t  t e r m  o f  ( 1 ) .  T h u s ,  
d u r i n g  t h i s  p e r i o d ,  b u d g e t  and  manpower a l l o c a t e d  t o  t h e  
p r o j e c t  was  i n c r e a s i n g ,  a s  w e r e  f a m i l i a r i t y  and  e x p e r i e n c e  
w i t h  t h e  s y s t e m .  A t  a  l a t e r  p o i n t  i n  t i m e ,  however ,  
e x c e s s i v e  r a t e s  o f  raw g r o w t h  w e r e  a t t e m p t e d ,  d o c u m e n t a t i o n  
( a s  i s  q u i t e  u s u a l )  s l i p p e d  b e h i n d ,  f a u l t s  f rom e a r l i e r  
r e l e a s e s  w e r e  r e p o r t e d  a s  t h e  number o f  u s e r s  i n c r e a s e d ,  new 
programmers  w e r e  i n t r o d u c e d  and  t h e  s e c o n d  t e r m  began  t o  
d o m i n a t e ,  l e a d i n g  t o  a  f a l l i n g - o f f  o f  p r o d u c t i v i t y .  

I n t e r p r e t a t i o n  o f  t h e  model  a l s o  f i t s  many o f  t h e  c o n c e p t s  
f o r  improved  programming e f f e c t i v e n e s s  and  q u a l i t y  t h a t  h a v e  
e v o l v e d  h e u r i s t i c a l l y  o v e r  t h e  p a s t  few y e a r s .  Thus ,  we s e e  
t h e  macro  model  a s  a  c o n c e p t u a l  f r amework  t h a t  e x p l a i n s  many 
p r ev ious ly- known  o b s e r v a t i o n s .  G ( i )  , f o r  examp le ,  
c o r r e s p o n d s  t o  D i j k s t r a ' s  c o n c e p t  o f  s t r u c t u r e d  programming 
[DIJTO]. S i m i l a r l y ,  t h e  n a t u r e  o f  t h e  e x p o n e n t  a s  t h e  
d i f f e r e n c e  o f  two numbers  shows why t h e  u s e  o f  h i g h - l e v e l ,  
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s e l f - d o c u m e n t i n g ,  e r r o r - a v o i d i n g  programming l a n g u a g e s  makes 
a s y s t e m  more l o n g - l i v e d .  It t e n d s  t o  k e e p  t h e  d i f f e r e n c e  
be tween  t h e  two t e r m s  o f  t h e  e x p o n e n t  small, however l a r g e  
t h e  t e r m s  may b e  i n d i v i d u a l l y .  

A s  a n o t h e r  e x a m p l e ,  we n o t e  t h a t  t h e  e x p o n e n t ,  as a  
d i f f e r e n c e  be tween  two numbers ,  would  t e n d  t o  grow w i t h  t i m e  
e v e n  i f  i t  was i n i t i a l l y  small o r  e v e n  n e g a t i v e .  However,  a t  
a n y  t i m e  i t  c a n  b e  made small a g a i n  by s p e n d i n g  s u f f i c i e n t  
e f f o r t  ( a s i d e  f rom t h e  ma in  e n h a n c e m e n t / r e p a i r  e f f o r t  
r e p r e s e n t e d  by  W( E( i )  ) ) t o  u p d a t e  t h e  d o c u m e n t a t i o n ,  t o  make 
i t  more a c c e s s i b l e  ( i n c r e a s e  D ( i ) ,  A ( i ) )  a n d / o r  i m p o r v e  t h e  
s t r u c t u r e  o f  t h e  s y s t e m  ( r e d u c e  G( i )  ) . 
T h i s  l a s t  o b s e r v a t i o n  s u g g e s t s  t h a t  we may p o s t u a l t e  a 
' s e c o n d  l a w 1  a n a l o g o u s  t o  t h e  s e c o n d  l a w  o f  t he rmodynamics .  
T h i s  would s t a t e  t h a t  t h e  c o m p l e x i t y  o r  u n s t r u c t u r e d n e s s  - 
t h e  e n t r o p y  - o f  a  programming s y s t e m  i n c r e a s e s  w i t h  t i m e  
u n l e s s  more e f f o r t  s p e c i f i c a l l y  d i r e c t e d  t o  i t s  r e d u c t i o n  i s  
e x e c u t e d .  T h a t  i s ,  i n  o u r  model  G ( i )  g rows  w i t h  t i m e .  

4 The Micro-Model 

We h a v e  a l s o  p r o p o s e d  a  p h e n o m e n o l o g i c a l  micro- model  o f  
p rogramming s y s t e m s  [BELTI]. T h i s  r e l a t e s  t o  t h e  p r o p e n s i t y  
o f  t h e  s y s t e m  t o  s p r e a d  c h a n g e  a n d  f a u l t s .  G ( i )  i s  i n  f a c t  
a n  a b s t r a c t i o n  o f  t h e  micro- model  w h i c h  a t t e m p t s  t o  r e p r e s e n t  
t h e  l a c k  o f  s t r u c t u r e ,  t h e  e n t r o p y ,  o f  a  p rogramming s y s t e m  
by m e a s u r i n g  t h e  t o p o l o g y  o f  i n t e r c o n n e c t i o n  be tween  i t s  
e l e m e n t s .  These  i n t e r c o n n e c t i o n s  r e l a t e  t o  t h e  s h a r i n g  o f  
o b j e c t s  ( v a r i a b l e s ,  p a r a m e t e r s ,  t a b l e s ,  e t c )  by  t h e  
e l e m e n t s .  

We d o  n o t  h e r e  e l a b o r a t e  o n  t h i s  model .  It w i l l ,  however ,  be 
o b s e r v e d  t h a t  i t  a l s o  con fo rm s  t o  h e u r i s t i c  o b s e r v a t i o n s .  
F o r  examp le ,  i t  c o n f i r m s  t h a t  p a r a m e t e r - s h a r i n g  t h r o u g h  
d e f i n e d  programming- element  i n t e r f a c e s  i s  t o  be  p r e f e r r e d  t o  
s h a r i n g  o f  g l o b a l  v a r i a b l e s ,  t h a t  g o t o  s t a t e m e n t s  (wh ich  
r e p r e s e n t  s p u r i o u s  l i n k a g e s  be tween  e l e m e n t s )  s h o u l d  be  
a v o i d e d  [ D I J 6 8 ] .  The micro- model  i s  a l s o  c o n s i s t e n t  w i t h  t h e  
p o s t u l a t e d  ' s e c o n d  l a w 1  i n  t h a t  U Z ~ O S ~  a n y  change  t o  a  s y s t e m  
w i l l  i n c r e a s e  t h e  number o f  e l e m e n t a l  i n t e r c o n n e c t i o n s ,  by 
i n c r e a s e d  s h a r i n g  o f  o b j e c t s  o r  a d d i n g  b r a n c h  i n s t r u c t i o n s  t o  
i n s e r t e d  c o d e  s e q u e n c e s .  
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5 C i t i e s  a n d  o t h e r  S y s t e m s  

I n  a  r e c e n t  p a p e r  [BAU67] Baumol d i s c u s s e d  t h e  i m p l i c a t i o n s  
o f  u n b a l a n c e d  p r o d u c t i v i t y  g r o w t h  o n  t h e  mac roeconomics  o f  
c i t i e s .  The p r e s e n t  a u t h o r s  s u g g e s t  t h a t  t h e r e  i s  a  s t r o n g  
l i n k  be tween  Bau rno l t s  model  e x p l a i n i n g  c i t y  d e c a y  a n d  t h e  
d e c a y  o f  p rog rams  a s  s u g g e s t e d  by o u r  macro-model  ( 1 ) .  They 
h a v e  f u r t h e r  s u g g e s t e d  t h a t  a  s i m i l a r  phenomenon c a n  e x p l a i n  
t h e  i n c r e a s e  o f  b u r e a u c r a c y  i n  g o v e r n m e n t ,  t h e  r i s e  o f  m i d d l e  
management i n  l a r g e  c o r p o r a t i o n s  a n d  h e n c e  t h e  d e c a y  t r e n d s  
i n  s u c h  i n s t i t u t i o n s  [LEH68]. 

These  t o p i c s  r e m a i n  t o  be more f u l l y  s t u d i e d .  The a u t h o r s ,  
howeve r ,  do  n o t  c o n s i d e r  i t  p r e m a t u r e  t o  s u g g e s t  t h a t  a  
common mechanism u n d e r l i e s  a l l  t h e  a b o v e  phenomena. They 
s u g g e s t  t h a t  t h e  o b s e r v a t i o n s  r e f l e c t  a  d e c a y  t r e n d  p r e s e n t  
i n  a l l  l a r g e  s y s t e m s .  Thus ,  i f  t h e  s y s t e m s  a r e  l e f t  t o  
f o l l o w  t h e i r  own d y n a m i c s  t h e y  w i l l  t e n d  t o  d e c a y .  Under-  
s t a n d i n g  t h e  p r o c e s s  c a n ,  however ,  l e a d  t o  c o n t r o l  o f  t h i s  
d e c a y  p r o c e s s .  Thus t h e  a u t h o r s  recommend t h e  s t u d y  o f  t h i s  
new and i n t r i n s i c a l l y  s t a t i s t i c a l  t o p i c  o f  g r o w t h  d y n a m i c s  t o  
t h e  p a r t i c i p a n t s  i n  t h i s  c o n f e r e n c e .  





1 The B a t t l e f i e l d  o f  Programming 

I n  a n  i n v i t e d  l e c t u r e  t o  t h e  1971 I F I P  C o n g r e s s ,  [RAN711 
P r o f e s s o r  B r i a n  R a n d e l l  o f  t h e  U n i v e r s i t y  o f  N e w c a s t l e  
t y p i f i e d  t h e  s i t u a t i o n  c u r r e n t  i n  t h e  d e s i g n ,  i m p l e m e n t a t i o n  
a n d  m a i n t e n a n c e  o f  compu te r  s o f t w a r e  s y s t e m s  by showing  a  
s l i d e  ( P l a t e  I )  ( 7 . 1 )  o f  a  m e d i e v a l  b a t t l e f i e l d  w i t h  r a n k s  
a 1  i g n e d  b u t  c a r n a g e  a b o u n d i n g  a n d  d e v a s t a t i o n  e v e r y w h e r e .  

The s i t u a t i o n  t o d a y  i s  r e a l l y  v e r y  l i t t l e  d i f f e r e n t .  The 
programming s y s t e m s  w o r l d  i s  a  l i t t l e  o l d e r .  p e r h a p s  a l i t t l e  
w i s e r ,  b u t  h a s  i n  i t s  p r a c t i c e  n o t  l e a r n t  much f rom t h e  
e x p e r i e n c e s  o f  t h e  l a s t  t e n  y e a r s .  Many s t i l l  r i d e  b r a v e l y  
i n t o  b a t t l e  ( P l a t e  I I a )  d e t e r m i n e d  t o  m a s t e r  t h e  s y s t e m  t h a t  
t h e y  w i s h  t o  c r e a t e  o r  m a i n t a i n .  Most i n  one  way o r  a n o t h e r  
f a l l  by t h e  w a y s i d e  ( P l a t e  I I b ) .  And programming e x p e n d i t u r e  
g o e s  up  and  up  and  up .  

The t o t a l  p i c t u r e  i s  however  n o t  c o m p l e t e l y  b l e a k .  Some 
d r a g o n s  have  been  s l a i n  ( P l a t e  1 1 1 ) .  The need f o r  a 
d i s c i p l i n e  o f  s o f t w a r e  e n g i n e e r i n g  i s  r e c o g n i s e d  [NAU69]. 
The f o r m u l a t i o n  o f  c o n c e p t s  o f  p rogramming me thodo logy  
e x e m p l i f i e d  by D i  j k s t r a '  s c o n c e p t  o f  s t r u c t u r e d  programming 
[DI J72 ]  s t r i k e s  a t  t h e  r o o t s  o f  t h e  problem.  The r e a l i s a t i o n  
t h a t  a  p rogram,  much a s  a  m a t h e m a t i c a l  t heo rem,  s h o u l d  and  
c a n  be p r o v a b l e  a n d  p r o v e n  c o r r e c t  a s  i t  i s  d e v e l o p e d  a n d  
m a i n t a i n e d  [DI J68 ]  and  b e f o r e  i t s  r e s u l t s  a r e  u s e d  w i l l  
u l t i m a t e l y  change  t h e  n a t u r e  o f  t h e  programming t a s k  a n d  t h e  
f a c e  o f  t h e  programming w o r l d .  

7.1  ( O r i g )  My thanks  are due t o  t h e  management of  t h e  A l t e  
Pinakothek Musewn i n  Munich f o r  permission and 
f a c i l i t i e s  t o  produce t h e  f i r s t  t h r e e  s l i d e s ,  M r  P  Young 
of  t h e  V i c t o r i a  and A lbe r t  Musewn for  t h e  loan  of  s l i d e  
f our  and t o  t h e  Direc tors  of  bo th  museums for  permission 
t o  reproduce t h e  s l i d e s  i n  t h e  publ ished v e r s i o n s  o f  t h e  
l e c t u r e .  Also t o  Pro fessor  G Seegmuller for  h i s  
a s s i s t a n c e  i n  t h e  preparat ion of  t h e  s l i d e s .  
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Plate 1 :   ande ell's depiction of the software crisis. (Detail 
from I :e Ai~sar~dtr ;eh7 ,ach- ,  Albercht Altdorfer, by courtesy of 
the Alte Pinakothek Museum, Munich). 
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P l a t e  I Ia :  Ride i n t o  B a t t l e .  ( D e t a i l  from Die Alezander- 
s ch lach t ,  Albrech t  A l t d o r f e r ,  by c o u r t e s y  of t h e  A l t e  P inako thek  
Museum, Munich). 
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P l a t e  111: Some Dragons S l a i n .  ( P a n e l  from Altar- piece w i t h  
scenes from th l i f e  o f  S t  George a t t r i b u t e d  t o  Marza l  d e  Sas ,  
by c o u r t e s y  of t h e  V i c t o r i a  and A l b e r t  Museum,  ond don). 



Plate IV: left: The Top-down Approach. (Photo-montage on Die AZexanderschZacht, Albert 
Altdorfer,by courtesy of the Alte Pinakothek Museum,Munich).right:The Anti-regressive Ant. 



7. Limits to Growth 139 

C l e a r l y ,  t h e s e  d e v e l o p m e n t s  a r e  o f  f u n d a m e n t a l  i m p o r t a n c e .  
They o f f e r  t h e  o n l y  l o n g- t e r m  s o l u t i o n  t o  t h e  c r e a t i o n  o f  t h e  
m a s s e s  of  programming m a t e r i a l  t h a t  t h e  w o r l d  a p p e a r s  t o  
r e q u i r e ;  o r  a t  l e a s t  t h a t  compu te r  m a n u f a c t u r e r s  and  s o f t w a r e  
h o u s e s  t h i n k  t h e  w o r l d  r e q u i r e s .  N e v e r t h e l e s s ,  we mus t  f a c e  
t h e  f a c t  t h a t  p r o g r e s s  i n  m a s t e r i n g  t h e  s c i e n c e  o f  p rogram 
c r e a t i o n ,  m a i n t e n a n c e  and  e x p a n s i o n  w i l l  be  p a i n f u l  and  s l o w .  

2 The S y s t e m s  Approach  

Such p r o g r e s s  a s  i s  c u r r e n t l y  b e i n g  made s t e m s  p r i m a r i l y  f rom 
t h e  p e r s o n a l  i n v o l v e m e n t  o f  t h e  r e s e a r c h e r s  a n d  t h e  
d e v e l o p e r s  i n  t h e  programming p r o c e s s  a t  a  d e t a i l e d  l e v e l .  
O f t e n  t h e y  o n l y  t a c k l e  o n e  p rob l em a r e a :  a l g o r i t h m  
d e v e l o p m e n t ,  l a n g u a g e ,  s t r u c t u r e ,  c o r r e c t n e s s  p r o v i n g ,  code  
g e n e r a t i o n ,  d o c u m e n t a t i o n ,  t e s t i n g .  O t h e r s  v i ew  t h e  p r o c e s s  
a s  a who le  b u t  a r e  s t i l l  p r i m a r i l y  c o n c e r n e d  w i t h  t h e  
i n d i v i d u a l  s t e p s  t h a t ,  t o g e t h e r ,  t a k e  o n e  f rom c o n c e p t  t o  
c o m p u t a t i o n .  And t h i s  t y p e  o f  s t u d y  is  c l e a r l y  e s s e n t i a l  if 
r e a l  i n s i g h t  i s  t o  be g a i n e d  and  p r o g r e s s  made. 

But a p p l i c a t i o n  o f  t h e  s c i e n t i f i c  method h a s  a c h i e v e d  
p r o g r e s s  i n  r e v e a l i n g  t h e  n a t u r e  o f  t h e  p h y s i c a l  w o r l d  by 
a l s o  p u r s u i n g  a  c o u r s e  o t h e r  t h a n  s t u d y i n g  i n d i v i d u a l  
phenomena i n  e x q u i s i t e d e t a i l .  A s y s t e m ,  a  p r o c e s s ,  a 
phenomenon, may be  v i ewed  i n  t h e  f i r s t  p l a c e  f rom t h e  
o u t s i d e ,  o b s e r v i n g ,  c l a r i f y i n g ,  m e a s u r i n g  and  m o d e l l i n g  
i d e n t i f i a b l e  a t t r i b u t e s ,  p a t t e r n s  and  t r e n d s .  From s u c h  
a c t i v i t i e s  one  o b t a i n s  i n c r e a s i n g  knowledge  and  u n d e r s t a n d i n g  
b a s e d  o n  t h e  b e h a v i o u r  of b o t h  t h e  s y s t e m  and  i t s  sub-  
s y s t e m s ,  t h e  p r o c e s s  and  i t s  s u b- p r o c e s s e s .  F o l l o w i n g  
t h r o u g h  d e v e l o p i n g  i n s i g h t  i n  s t r u c t u r e d  f a s h i o n ,  t h i s  
o u t s i d e - i n  a p p r o a c h  i n  due  c o u r s e  l e a d s  t o  a n  u n d e r s t a n d i n g  
o f ,  and a n  a b i l i t y  t o  c o n t r o l ,  t h e  i n d i v i d u a l  phenomena b u t  
i n  t h e  c o n t e x t  o f  t h e i r  t o t a l  e n v i r o n m e n t s .  

I n  t e r m s  o f  t h e  p r e v i o u s  a n a l o g y  o n e  may o v e r f l y  ( p l a t e  IV) a  
b a t t l e ,  s t u d y  i t  u s i n g  a l l  a v a i l a b l e  o b s e r v a t i o n a l  t o o l s .  
The reby  one  would o b s e r v e  i t s  e b b  and  f l o w  i d e n t i f y i n g  t h e  
l o c a t i o n ,  g l o b a l  c h a r a c t e r i s t i c s  a n d ,  o n  c l o s e r  and  c l o s e r  
i n s p e c t i o n ,  n a t u r e  o f  t h e  main  p o i n t s  o f  a d v a n c e ,  o r  o f  c h a o s  
and d e s t r u c t i o n .  Having  s u c c e e d e d  i n  t h i s ,  o n e  may hope  
b e t t e r  t o  u n d e r s t a n d ,  and h e n c e  m o d i f y  and  c o n t r o l  wha t  i s  
g o i n g  on.  

I n  my p r e s e n t  a r e a  o f  i n t e r e s t  and  c o n c e r n  I h a v e  a d o p t e d  
s u c h  a  s t r u c t u r e d  a n a l y s i s  a p p r o a c h  t o  s t u d y  t h e  programming 
p r o c e s s .  I s h a l l  be  showing  you s a m p l e s  o f  d a t a  t h a t  s u p p o r t  
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t h i s  sys tems  approach t o  t h e  s t u d y  o f  t h e  p rocess .  One need 
n o t  s e a r c h  t o o  ha rd  f o r  i t s  c o n c e p t u a l  j u s t i f i c a t i o n .  A 
programming p r o j e c t  can i n v o l v e  many hundreds  o f  peop le  and 
many t e n s  o f  managers. Many m i l l i o n s  o f  pounds o r  d o l l a r s  
may be s p e n t  on i t .  Thus i n d i v i d u a l  d e c i s i o n s  o f  a lmost  any  
k ind  make v e r y  l i t t l e  impact on t h e  o v e r a l l  t r e n d .  It i s  
r e a l l y  t h e  i n e r t i a  o f  peop le  and h a b i t s ,  t h e  momentum o f  
p r a c t i c e s  and budge t s ,  t h e  g e n e r a l  smoothing e f f e c t  o f  
o r g a n i s a t i o n s ,  t h a t  de te rmine  t h e  r a t e  o f  p r o g r e s s  and t h e  
f a t e  o f  a p r o j e c t .  

3  The Roots o f  t h e  Study 

Some y e a r s  ago  I under took  a  s t u d y  o f  t h e  programming p r o c e s s  
i n  one p a r t i c u l a r  environment ( s e e  Chapter3) .  A s  p a r t  of  t h e  
s t u d y  I o b t a i n e d  p r o j e c t  s t a t i s t i c s  o f  a  programming system 
which had a l r e a d y  s u r v i v e d  a number o f  v e r s i o n s  o r  r e l e a s e s .  
The d a t a  f o r  each  r e l e a s e  o f  t h e  system i n c l u d e d  measures  o f  
t h e  s i z e  o f  t h e  system,  t h e  number o f  modules added, d e l e t e d  
o r  changed, t h e  r e l e a s e  d a t e s ,  i n f o r m a t i o n  on manpower and 
machine t ime used and c o s t s  i n v o l v e d  i n  each r e l e a s e .  I n  
g e n e r a l  t h e r e  were l a r g e ,  a p p a r e n t l y  s t o c h a s t i c ,  v a r i a t i o n s  
i n  t h e  i n d i v i d u a l  d a t a  items from r e l e a s e  t o  r e l e a s e .  b u t  
o v e r a l l  t h e  d a t a  i n d i c a t e d  a  g e n e r a l  upward t r e n d  i n  t h e  
s i z e ,  complex i ty  and c o s t  o f  t h e  system and t h e  maintenance 
p r o c e s s  ( F i g u r e  1 ) .  

F i g u r e  1 E a r l y  Data 
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A s  a  f i r s t  s t e p  i n  my s tudy  of  t h i s  d a t a  I averaged t h e  
var ious  parameters.  The i n t e n t  was of course t o  expose any 
s p e c i f i c  t rends .  And expose them i t  did.  When t h e  averaged 
d a t a  was p l o t t e d  t he  previous ly  e r r a t i c  d a t a  had become 
s t r i k i n g l y  smooth (F igure  2 ) .  

Some time l a t e r  a d d i t i o n a l  d a t a  (F igure  3)  confirmed previous 
susp i c ions  of non- linear ,  pos s ib ly  exponent ia l ,  complexity 
growth. Moreover, e x t r a p o l a t i o n  of  t h e  p l o t s  suggested 
f u r t h e r  growth t r ends  s i g n i f i c a n t l y  a t  odds wi th  t h e  then 
cu r r en t  p ro j ec t  plans.  The da t a  was a l s o  h igh ly  e r r a t i c  
(F igure  4 )  with  major but apparent ly  s e r i a l l y  c o r r e l a t e d  
(F igure  5 )  f l u c t u a t i o n s  from r e l e a s e  t o  r e l e a s e .  Never- 
t h e l e s s  almost any form of  averaging l e d  t o  t h e  d i sp l ay  of  
very  c l e a r  t r ends  (F igure  6 ) .  Thus i t  was n a t u r a l  t o  apply 
uni-  and mu1 t i - v a r i a t e  r eg re s s ion  and au to- cor re l a t i on  
techniques t o  f i t  a p p r o r i a t e  r eg re s s ion  and t ime- ser ies  
models t o  r ep re sen t  t he  process f o r  purposes of planning, 
f o r e c a s t i n g  and improving it i n  p a r t  o r  a s  a  whole. I n  
gene ra l  t he  d a t a  suggested t h a t  one might consider  a  software 
maintenance and enhancement p r o j e c t  a s  a  s e l f- regu la t i ng  
organism sub jec t  t o  appa ren t ly  random shocks, but o v e r a l l  
obeying i ts  own s p e c i f i c  conserva t ion  laws and i n t e r n a l  
dynamics. 

A l l  i n  a l l ,  these  f i r s t  observa t ions  encouraged me t o  search  
f o r  laws t h a t  governed the  behaviour, t he  dynamics, of t h e  
meta-system of o rgan i sa t i on ,  people and program ma te r i a l  
involved i n  t h e  c r e a t i o n  and maintenance process,  i n  t h e  
evolu t ion  of  programming systems. 

I I 
R E L E A S E  - GROUP 

LEGEND SEQUFNCE NUMBER 
0 SIZE I N  MOOULES 
X MODULES H A N D L E 0  
+RELEASE INTERVAL 

RELEASE-GROUP 

LEGEND: 
SEQUENCE NUMBER 

0 SIZE IN MODULES 
x MODULES HANDLED 
+RELEASE INTERVAL 

Figure  2 I n i t i a l  Data Figure 3 La te r  Data 
Averaged 
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* 
Release sequence number 

F i g u r e  4 S c a t t e r e d  Data  
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Release Sequence Number 

30/82 

F i g u r e  5 S e r i a l  C o r r e l a t i o n  

50 
Release-group sequence number 

F i g u r e  6 O v e r a l l  Smoothness 
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4 Laws o f  Programming- sys tem L i f e  Dynamics 

It i s  p e r h a p s  n e c e s s a r y  t o  e x p l a i n  h e r e  why I r e p e a t e d l y  
r e f e r  t o  t h e  c o n t i n u o u s  c r e a t i o n ,  m a i n t e n a n c e  and  enhancemen t  
o f  programming s y s t e m s ,  I t  i s  t h e  a c t u a l  e x p e r i e n c e  o f  a l l  
who h a v e  been  i n v o l v e d  i n  t h e  u t i l i s a t i o n  o f  c o m p u t i n g  
e qu ipmen t  and  t h e  r u n n i n g  o f  l a r g e  m u l t i p l e - f u n c t i o n  p rog rams  
t h e  t h e  l a t t e r  demand c o n t i n u o u s  r e p a i r  and  improvement .  
Thus I p o s t u l a t e  a s  a  First Law ( F i g u r e  7) o f  Program 
E v o l u t i o n  Dynamics : 

THE LAN OF CONT l IUUOUS CHANGE 

S o f t w a r e  d o e s  n o t  f a c e  t h e  p h y s i c a l  d e c a y  p r o b l e m s  t h a t  
h a r d w a r e  f a c e s .  But  t h e  power a n d  l o g i c a l  f l e x i b i l i t y  o f  
c ompu t ing  s y s t e m s ,  t h e  e x t e n d i n g  t e c h n o l o g y  o f  compu te r  
a p p l i c a t i o n ,  e v e r - e v o l v i n g  h a r d w a r e  a n d  t h e  p r e s s u r e s  f o r  t h e  
e x p l o i t a t i o n  o f  new a p p l i c a t i o n  a r e a s  a l l  make u s e r s  demand, 
and  m a n u f a c t u r e r s  e n c o u r a g e ,  c o n t i n u o u s  a d a p t a t i o n  o f  
p rog rams  t o  k e e p  i n  s t e p  w i t h  i n c r e a s i n g  s k i l l ,  i n s i g h t ,  
a m b i t i o n  and  o p p o r t u n i t y .  Thus  a  programming s y s t e m  
u n d e r g o e s  n e v e r- e n d i n g  m a i n t e n a n c e  and  d e v e l o p m e n t ,  d r i v e n  by 
t h e  p o t e n t i a l  d i f f e r e n c e  be tween  c u r r e n t  c a p a b i l i t y  and  t h e  
demands o f  t h e  e n v i r o n m e n t .  

A s  a  s y s t e m  i s  changed  i t  i n e v i t a b l y  becomes more  complex  a n d  
unmanageab l e .  Hence I a l s o  p o s t u l a t e  a  Second L a w :  

THE LAN OF INCREASING ENTROPY 

T h i s  l aw  t o o  i s  s u p p o r t e d  by  u n i v e r s a l  e x p e r i e n c e  and  i n  
c o n j u n c t i o n  w i t h  e v i d e n c e  deduced  f rom s u c h  p r o g r a m i n g  
p r o j e c t  d a t a  a s  h a s  b e e n  a v a i l a b l e  a n d  s t u d i e d ,  h a s  l e d  me t o  
t h e  f o r m u l a t i o n  o f  a  Third Lau: 

THE L A 4  OF STAT l ST l CALLY SMOOTH GRWTH 

The s y s t e m  and  i t s  m e t a s y s t e m ,  t h e  p r o j e c t  o r g a n i s a t i o n  
d e v e l o p i n g  i t ,  c o n s t i t u t e  a n  o r g a n i s m  c o n s t r a i n e d  by 
c o n s e r v a t i o n  l a w s .  These  may be  l o c a l l y  ove rcome ,  b u t  t h e y  
d i r e c t ,  c o n s t r a i n  and  c o n t r o l  t h e  l o n g- t e r m  g r o w t h  and  
de ve lopmen t  p a t t e r n s  and  r a t e s .  It i s  t h e  s t u d y  o f  one  
a s p e c t  o f  t h i s  t h i r d  l a w ,  a n d  i t s  g e n e r a l i s a t i o n ,  t h a t  f o r m s  
t h e  u n d e r l y i n g  theme o f  t h e  r e m a i n d e r  o f  my t a l k .  
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I Law o f  c o n t i n u i n g  change 
A sys t em t h a t  i s  used  undergoes  c o n t i n u i n g  change u n t i l  
i t  becomes more economical  t o  r e p l a c e  i t  by a  new o r  
r e s t r u c t u r e d  sys tem.  

11 Law o f  i n c r e a s i n g  en t ropy  
The e n t r o p y  o f  a  sys tem i n c r e a s e s  w i t h  t ime  u n l e s s  
s p e c i f i c  work i s  e x e c u t e d  t o  m a i n t a i n  o r  r e d u c e  i t .  

111 Law of s t a t i s t i c a Z Z y  smooth growth 
Growth t r e n d  measures  o f  g l o b a l  sys tem a t t r i b u t e s  may 
a p p e a r  s t o c h a s i t c  l o c a l l y  i n  t i m e  and s p a c e  b u t  a r e  
s e l f - r e g u l a t i n g  and s t a t i s t i c a l l y  smooth.  

F i g u r e  7  Laws o f  Program E v o l u t i o n  Dynamics 

5 S t a t i s t i c a l  Models o f  System Growth 

These l aws ,  a s  f o r m u a l t e d  now, have g r a d u a l l y  evo lved  a s  we 
have pursued o u r  s t u d y  o f  t h e  programming t a s k .  I n  t h e  f i r s t  
i n s t a n c e  my o b s e r v a t i o n s  s i m p l y  l e d  t o  t h e  c o n c e p t i o n  o f  a n  
a r e a  o f  s t u d y  which,  a t  t h e  t i m e ,  we termed Programming 
Systems Growth Dynamics [BEL71], b u t  which we now p r e f e r  t o  
r e f e r  t o  a s  ' E v o l u t i o n  Dynamics ' .  I n  c l o s e  a s s o c i a t i o n  w i t h  
a  c o l l e a g u e ,  L  Be lady  (who I am happy t o  s a y  i s  h e r e  t h i s  
even ing  a s  a n  SRC-sponsored S e n i o r  V i s i t i n g  Research Fe l low)  
i t  h a s  a l s o  l e d  t o  t h e  development o f  s t a t i s t i c a l  and 
t h e o r e t i c a l  models ,  such  a s  t h o s e  t h a t  I s h a l l  d i s c u s s ,  and 
t o  a n  e v e r - i n c r e a s i n g  u n d e r s t a n d i n g  o f  t h e  n a t u r e  and 
dynamics o f  t h e  programming p r o c e s s .  

Le t  me g i v e  j u s t  one ,  v e r y  s i g n i f i c a n t ,  i l l u s t r a t i o n  o f  t h e  
s t a t i s t i c a l  models.  F i g u r e  8 p l o t s  t h e  s i z e  o f  t h e  sys tem a s  
measured i n  modules.  C l e a r l y  t h e  growth measured a s  a  
f u n c t i o n  o f  r e l e a s e  numbers h a s  been s t r i c t l y  l i n e a r .  T h i s  
growth i s  r e a l l y  v e r y  s t e a d y .  However c l o s e r  e x a m i n a t i o n  o f  
t h e  p l o t  r e v e a l s  a  super imposed r i p p l e  ( F i g u r e  9 ) .  To 
c o n t r o l  e n g i n e e r s  t h i s  may s u g g e s t  a  s e l f  s t a b i l i s i n g  m u l t i -  
l o o p ,  f eedback  sys tem.  P o s i t i v e  f eedback  a r i s e s ,  f o r  
example ,  from t h e  d e s i r e  o f  u s e r s  t o  g e t  more f u n c t i o n ,  more 
q u i c k l y .  T h i s  c r e a t e s  t h e  p r e s s u r e s  t h a t  c a u s e  t h e  r a t e  of 
sys t ems  growth t o  i n c r e a s e .  

But a  compensa t ing  n e g a t i v e  f e e d b a c k  e v e r y  now and a g a i n  
c a u s e s  a  d e c l i n e  ( F i g u r e  10).  A s  a t t e m p t s  a r e  made t o  s p e e d  
up t h e  growth p r o c e s s ,  d e s i g n  and i m p l e m e n t a t i o n  may become 
s l o p p y ,  s h o r t  c u t s  a r e  a d o p t e d ,  t e s t i n g  i s  a b b r e v i a t e d ,  
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documenta t ion  f a l l s  beh ind ,  e r r o r s  a r e  made and t h e  f a u l t  
r a t e  b u i l d s  up. Changes t o  t h e  code become p r o g r e s s i v e l y  
more d i f f i c u l t  . P r o j e c t  and sys tem e n t r o p i e s  h a v e  become 
l a r g e ,  t h e i r  s t r u c t u r e s  have  become hazy.  The n e t  r e s u l t  i s  
t h a t  t h e  growth r a t e  d e c l i n e s .  Both s y s t e m s  must be c l e a n e d  
up,  t h e i r  s t r u c t u r e s  improved, t h e i r  e n t r o p y  r e d u c e d ,  b e f o r e  
enhancement o f  t h e  program c a n  be resumed. 

I I I I I 
Release Sequence Number Release Sequence Number 

17/1 17/1 

F i g u r e  8 L i n e a r  Growth F i g u r e  9 Growth C y c l e s  

I I I I I 
Release Sequence Number 

17/1 

Days 

F i g u r e  10 Clean-up P o i n t s  F i g u r e  11 L i m i t  t o  Growth? 
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I n c i d e n t a l l y  i t  may a p p e a r  s t r a n g e  t h a t  a p p a r e n t l y  v a l i d  
s t a t i s t i c a l  models  a r e  o b t a i n e d  u s i n g  a n  a r b i t r a r i l y  a s s i g n e d  
!Re lease  Number1 a s  one o f  t h e  v a r i a b l e s .  Its u s e  a s  a  
lpseudo- t ime1 v a r i b l e  can  be j u s t i f i e d  by t h e  ' P r i n c i p l e  o f  
Parsimony1 [BOX70], t h e  s i m p l i c i t y  and r e g u l a r i t y  o f  t h e  
models t h a t  i t s  u s e  y i e l d s .  A more fundamenta l  j u s t i f i c a t i o n  
f o l l o w s  from a  f u l l e r  u n d e r s t a n d i n g  o f  t h e  r o l e  o f  t h e  sys tem 
r e l e a s e  p o i n t  a s  a  s t a b i l i s i n g  o r  anchor  p o i n t  i n  t h e  
programming p r o c e s s  and f o r  t h e  programming o r g a n i s a t i o n .  I n  
f a c t  what we have termed t h e  ? r e l e a s e  number1 must  r e a l l y  be 
viewed a s  t h e  r e l e a s e  l s e q u e n c e l  number, which may w e l l  
d i f f e r  from t h e  fo rmer  and which,  q u i t e  n a t u r a l l y ,  fo rms  a  
b a s i s  f o r  t h e  time series t y p e  o f  a n a l y s i s  [COX661. And 
t h e r e  can  be no q u e s t i o n  t h a t  r e s u l t s  t o  d a t e  f u l l y  
s u b s t a n t i a t e  t h e  c l a i m  t h a t  r e l e a s e- b a s e d  p r o j e c t  d a t a  
p r o v i d e s  a  u s e f u l  and powerful  p l a n n i n g  t o o l .  Used i n  
c o n j u n c t i o n  w i t h  r e a l- t i m e  based models  ( F i g u r e s  1 1  and 12) 
i t  i s  a l s o  b e g i n n i n g  t o  y i e l d  i n s i g h t  i n t o  t h e  programming 
p r o c e s s ,  i n s i g h t  t h a t  w i l l  e v e n t u a l l y  pe rmi t  i ts  improvement. 

Days 

F i g u r e  12 Cons tan t  r a t e  o f  work- output 
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6  The Macro Models 

The Yorktown Mode2 

The s t a t i s t i c a l  a n a l y s i s  r e p r e s e n t s ,  a t  m o s t ,  a  t o o l  t o  g u i d e  
o u r  u n d e r s t a n d i n g  and  hence  m a s t e r y  o f  t h e  i n t e l l e c t u a l  and  
o r g a n i s a t i o n a l  e f f o r t  t h a t  r e a l l y  u n d e r l i e s  t h e  programming 
p r o c e s s .  I n  p a r a l l e l  w i t h  t h a t  a n a l y s i s ,  Be lady  and  I l o o k e d  
a t  f u n d a m e n t a l  a s p e c t s  o f  t h e  programming p r o c e s s ,  s e a r c h i n g  
f o r  r e p r e s e n t a t i v e  t h e o r e t i c a l  models .  I t  i s  n o t  p o s s i b l e  t o  
e l a b o r a t e  on  t h e  d e t a i l s  o f  t h e  r e s u l t a n t  s e q u e n c e  o f  models  
i n  t h e  p r e s e n t  l e c t u r e .  I w i l l  n e v e r t h e l e s s  show you t h e  
fo rms  o f  two o f  t h e  e a r l i e r  o n e s ,  w i t h o u t  however 
i n t e r p r e t i n g  a l l  t h e i r  t e r m s ,  t o  g i v e  some i d e a  o f  t h e  
a p p r o a c h  t a k e n .  

A t  f i r s t  a p p r o a c h  [BEL67] w e  d e v e l o p e d  a  model t o  r e p r e s e n t  
t h e  communica t ion  c o s t  o f  s u c h  a  p r o j e c t .  We showed [BELT21 
t h a t  i n  g e n e r a l  t h e  c o s t  W. o f  t a k i n g  a  programming sys t em 

t'l 
f rom r e l e a s e  1 t o  r e l e a s e  1+1) c a n  be r e p r e s e n t e d  a s :  

B r i e f l y  t h e  c o e f f i c i e n t  H r e p r e s e n t s  t h e  e r t r o p y ,  t h e  d e g r e e  
of  u n s t r u c t u r e d n e s s ,  o f  t h e  program i t s e l f .  G r e p r e s e n t s  t h e  
e n t r o p y  o f  t h e  p r o j e c t .  It m e a s u r e s  t h e  communica t ion  e f f o r t  
r e q u i r e d  a t  a l l  t i m e s  f o r  c o o r d i n a t i o n  be tween t h e  g r o u p s  and  
i n d i v i d u a l s  m a i n t a i n i n g  and  u p d a t i n g  t h e  sys t em.  F i n a l l y  t h e  
f a c t o r  DAL r e p r e s e n t s  t h e  s t a t e  o f  knowledge o f  s y s t e m s  and  
meta- system c a p a b i l i t y ,  s t r u c t u r e  and c o n t e n t ,  t h e  
c o r r e c t n e s s ,  c o m p l e t e n e s s  and  a c c e s s a b i l i t y  o f  s y s t e m  and  
p r o j e c t  documen ta t ion .  

T h i s  macro model  i s  s t a t i c  and  d o e s  n o t  e x p r e s s  any  
c o n t r o l l i n g  f e e d b a c k  r e l a t i o n s h i p s .  It m e r e l y  i n d i c a t e s  t h a t  
one  s o u r c e  o f  e x p o n e n t i a l  c o s t  g rowth  i s  t h e  e v e r  i n c r e a s i n g  
d i f f i c u l t y  o f  e n s u r i n g  t h a t  changes  t o  t h e  code  a r e  
c o m p a t i b l e  w i t h  i t s  p a s t  d e f i n i t i o n  and b e h a v i o u r .  Changes 
t o  t h e  s y s t e m  t o d a y  must  n o t  undo y e s t e r d a y ' s  work o r  p r e v e n t  
a  r e p e a t  o f  y e t e r d a y t s  u sage .  Nor must  t h e y  c o n f l i c t  w i t h  
a c t i v i t i e s  o c c u r r i n g  e l s e w h e r e  i n  t h e  o r g a n i s a t i o n ,  t o d a y .  

Any t endency  t o  d i v e r g e  may be  min imised  and  c o n t r o l l e d  by 
c r e a t i n g  and  m a i n t a i n i n g  a  w e l l - s t r u c t u r e d  s y s t e m  (H s m a l l )  
a n d / o r  by h a v i n g  a w e l - s t r u c t u r e d ,  s t r o n g l y  communica t ing ,  
p r o j e c t  o r g a n i s a t i o n  (G s m a l l ) .  A d d i t i o n a l l y ,  s p e c i f i c a t i o n  
and  d o c u m e n t a t i o n  a c c u r a c y  and program c l a r i t y  must be 
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m a i n t a i n e d ,  s o  a s  t o  e n s u r e  t h a t  a l l  q u e s t i o n s  a b o u t  t h e  
meaning ,  i n t e n t i o n  o r  e f f e c t  o f  code  c a n  e a s i l y  and 
unambiguous ly  be answered  a n d ,  i d e a l l y ,  s o  t h a t  t h e  code  c a n  
be p roven  c o r r e c t .  The e x p o n e n t i a l  growth  t r e n d  would be 
s u p p r e s s e d  g i v e n  p e r f e c t  sys t em s t r u c t u r e ,  p e r f e c t  p r o j e c t  
s t r u c t u r e  o r  p e r f e c t  d o c u m e n t a t i o n  b u t  i n  p r a c t i c e  t h e s e  
c a n n o t  be a c h i e v e d  o r  m a i n t a i n e d .  

The Berkeley Model 
We now l e a v e  t h i s  p r i m i t i v e  model and t u r n  t o  one  t h a t  
d i s p l a y s  t h e  dynamics  o f  t h e  p r o c e s s .  A dynamic macro  model 
may be d e v e l o p e d  d i r e c t l y  [BEL76b], a p p l y i n g  t h e  t e c h n i q u e s  
o f  s t r u c t u r e d  a n a l y s i s ,  t o  y i e l d  a s  a  s i m p l e  example  a t  t h e  
h i g h e t  l e v e l  and where  a l l  p a r a m e t e r s  a r e  assumed t o  be 
f u n c t i o n s  o f  t i m e :  

I n  a n y  p r o g r a m i n g  p r o j e c t  t h e r e  w i l l  be a c t i v i t y  r e l a t e d  t o  
t h e  d e s i g n  and c r e a t i o n  o f  new code  and t h e  m o d i f i c a t i o n  o f  
e x i s i t i n g  code .  T h i s  i s  r e p r e s e n t e d  i n  ( 2 )  by a  f a c t o r  o f  F. 
A l l  s u c h  a c t i v i t y  must be accompanied  by a d d i t i o n a l  a c t i v i t y ,  
K.F, t o  document and r e c o r d  i t ,  and b o t h  a c t i v i t y  m e a s u r e s  
must  be  m u l t i p l i e d  by e x p e n d i t u r e  r a t e s  o r  f a c t o r s ,  u ,  v  s a y ,  
t o  y i e l d  t h e  a c t u a l  c o s t  r a t e  o r  c o s t  t e rms .  

The re  i s  a l s o  t h e  a c i t i v i t y  r e p r e s e n t e d  by t h e  e x p o n e n t i a l  
t e rm i n  t h e  p r e v i o u s  model  and  now a b b r e v i a t e d  t o  E ,  y i e l d i n g  
a  model t e rm w.E. F i n a l l y ,  i n  any  p r o j e c t  t h e r e  s h o u l d  be 
c o n c e r n  t o  improve  t h e  q u a l i t y  o f  t h e  p r o d u c t  and  t h e  
p r o d u c t i v i t y  o f  i t s  p a r t i c i p a n t s .  The e x p e n d i t u r e  r a t e  o r  
e x p e n d i t u r e  o f  s u c h  a c t i v i t y  i s  mode l l ed  by a  term x.R. T h i s  
t h e r e f o r e  r e p r e s e n t s  t h a t  p a r t  o f  t h e  budge t  a p p l i e d  t o  
methodology improvement and  t o o l  deve lopmen t .  

We o b s e r v e  t h a t  t h e  l e v e l  o f  p r o d u c t i v e  a c t i v i t y  F  and i t s  
d i v i s i o n  be tween,  f o r  example ,  r e p a i r  ( F , ) ,  f u n c t i o n a l  
improvement (F2) and  t h e  c r e a t i o n  o f  new c a p a b i l i t i e s  ( F  ) i s  3 a management judgement based  on  f a u l t  r a t e s ,  b u s l n e s s  
c o n s i d e r a t i o n s ,  and  p r e s s u r e s  f rom u s e r s .  But once  t h e i r  
a v e r a g e  r a t e  o r  l e v e l  h a s  been  s e t ,  t h e  n e c e s s a r y  a c t i v i t i e s  
r e p r e s e n t e d  by t h e  o t h e r  terms t o  m a i n t a i n  t h e  s y s t e m  h e a l t h  
- t h a t  i s ,  u s a b l e ,  m a i n t a i n a b l e  and  e n h a n c e a b l e  - i s  
p r e d e t e r m i n e d .  

I n  p r a c t i c e ,  however ,  unde r  t h e  p r e s s u r e s  o f  c o n t i n u o u s  
demand and  imminent  c o m p l e t i o n  d a t e s ,  t h e  work whose n e g l e c t  
h a s  no immed ia t e  consequence  i s  pushed a s i d e .  Thus t h e  
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a v e r a g e  l e v e l  o f  a c t i v i t i e s  r e p r e s e n t e d  by t h e  l a s t  t h r e e  
t e r m s  w i l l  o f t e n  f a l l  below t h e  l e v e l  r e q u i r e d  t o  ma t ch  
program c r e a t i o n  a n d  m o d i f i c a t i o n .  T h i s  r e d u c t i o n ,  a  
c o n s e a u e n c e  o f  c o n s c i o u s  o r  u n c o n s c i o u s  management d e c i s i o n s ,  
i s  r e f l e c t e d  i n  t h e  model  by t h e  a d d i t i o n  o f  management 
f a c t o r s  M ,  N ,  P  t h a t  a r e ,  i n  g e n e r a l ,  less t h a n  1 .  

The inter-parameter relationships 
We h a v e  n o t e d  t h a t  a l l  t h e  v a r i a b l e s  and  p a r a m e t e r s  i n  (2) 
a r e  t h e m s e l v e s  t i m e  d e p e n d e n t .  A d d i t i o n a l l y  t h e r e  w i l l  be  
t ime- dependen t  r e l a t i o n s h i p s  be tween  them. A c o m p l e t e  model  
m u s t  e x p r e s s  t h e s e  r e l a t i o n s h i p s .  Thus ,  a s  a n  example ,  i f  
d o c u m e n t a t i o n  i s  n e g l e c t e d  ( M < I ) ,  t h e  c o s t  t e r m  u  w i l l  
i n c r e a s e  i n  t h e  f u t u r e  a s  knowledge  o f  t h e  s t a t e  o f  t h e  
s y s t e m  d e c l i n e s  and  i t  becomes i n c r e a s i n g l y  d i f f i c u l t  t o  
u n d e r s t a n d  t h e  c o n t e n t ,  i n t e n t i o n  o r  mean ing  o f  a  p i e c e  o f  
c o d e .  Moreover  e r r o r s  o r  d e f e c t s  i n  t h e  s y s t e m  w i l l  
i n c r e a s e ,  t h a t  i s  t h e  r a t i o  o f  r e p a i r  a c t i v i t y  ( F 1  ) t o  
enhancement  ( F  and  F3 )  w i l l  i n c r e a s e ,  a n  e f f e c t  which  i s  
c r i t i c a l  ( a n d  ' o b s e r v a b l e )  i n  t h e  dynamics  o f  t h e  p r o c e s s .  
P o s s i b l e  s e t s  o f  r e l a t i o n s h i p s ,  t h e  f a m i l i e s  o f  d i f f e r e n t i a l  
e q u a t i o n s  t h e y  l e a d  t o  and  t h e  r e l a t i o n s h i p s  be tween  t h e  
s o l u t i o n s  o f  t h e s e  e q u a t i o n s ,  a v a i l a b l e  p r o j e c t  and  program 
d a t a  a n d  o u r  u n d e r s t a n d i n g  o f  t h e  programming p r o c e s s ,  a r e  
now b e i n g  s t u d i e d  i n  o u r  SRC s u p p o r t e d  r e s e a r c h  p r o j e c t  u n d e r  
t h e  t i t l e  S y s t e m s  E n g i n e e r i n g  (Growth  Dynamics ) ,  and  i n  a  
p r o j e c t  ' P rog ram E v o l u t i o n  Dynamics '  l e d  by L B e l a d y  a t  t h e  
IBM Yorktown H e i g h t s  R e s e a r c h  L a b o r a t o r i e s .  

Progressive activities 
Much more c o u l d  b e  s a i d  a b o u t  t h i s  f a m i l y  o f  mode l s .  F o r  
now, howeve r ,  I draw a t t e n t i o n  t o  j u s t  one  o f  i t s  
c h a r a c t e r i s t i c s .  I f  we examine  t h e  f o u r  t e r m s  o f  ( 2 )  we f i n d  
t h a t  t h e  f i r s t  i s  c o n c e r n e d  w i t h  a c t i v i t y  u n d e r t a k e n  b e c a u s e  
o f  i t s  a s s e s s a b l e  v a l u e  t o  t h e  o r g a n i s a t i o n  a n d  t h e  u s e r .  It 
p r o d u c e s  c o d e ,  h o p e f u l l y  u s a b l e  c o d e  We have  a d d e d  a s  i t  
w e r e  t o  t h e  s t o r e  o f  p o t e n t i a l  e n e r g y  i n  t h e  s y s t e m ,  t o  i t s  
power.  We h a v e  i n c r e a s e d  t h e  v a l u e  o f  t h e  s y s t e m .  I t e r m  
a c t i v i t y  o f  t h i s  t y p e  progressive. 

Anti-regressive activities 
The o t h e r  t h r e e  terms o n  t h e  o t h e r  hand d o  n o t ,  by and  l a r g e  
have  a  d i r e c t  o r  i m m e d i a t e  e f f e c t  o n  t h e  power o r  v a l u e  o f  
t h e  s y s t e m .  Sys tem d o c u m e n t a t i o n ,  f o r  examp le ,  must  be  
u n d e r t a k e n  w h i l e  t h e  work i s  b e i n g  done  o r  s h o r t l y  
t h e r e a f t e r .  But i t  w i l l  be u s e d  o n l y  a t  some f u t u r e  t i m e  
when i t  becomes n e c e s s a r y  t o  m o d i f y  t h e  s y s t e m .  I f  i t  i s  
t h e r e ,  w e l l  and  good .  I f  n o t  t r o u b l e  l i e s  a h e a d .  The s y s t e m  
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w i l l  be d i f f i c u l t  t o r e p a i r ,  t o  c h a n g e .  I t m a y  n o t  be 
p o s s i b l e  t o  k e e p  t h e  s y s t e m  i n  harmony w i t h  a  c h a n g i n g  
e n v i r o n m e n t .  R e l a t i v e  t o  i t s  environment ,  i t  w i l l  h a v e  begun 
t o  d e c a y .  

The p r i m e  p u r p o s e  o f  t h e  e x p e n d i t u r e  r e p r e s e n t e d  by t h e  E 
t e r m  i s  t o  p r e v e n t  t h e  i n s e r t i o n  o r  p e r p e t u a t i o n  o f  a  f a u l t  
i n  t h e  s y s t e m  t h a t  w i l l ,  a t  some f u tu re  t i m e ,  r e s u l t  i n  
u n d e s i r a b l e  o r  i n c o r r e c t  o p e r a t i o n .  I d e a l l y  i t  r e l a t e s  t o  
t h e  a c t i v i t y  t h a t  would  b e  r e q u i r e d  t o  r e - p r o v e  c o r r e c t n e s s  
o f  t h e  s y s t e m  e a c h  t i m e  i t  i s  changed .  S i n c e  i n  t h e  p r e s e n t  
s t a t e  o f  t h e  a r t  t h i s  c a n n o t ,  i n  g e n e r a l ,  be d o n e ,  t h e  t e r m  
c a n  e q u a l l y  be i n t e r p r e t e d  t o  r e p r e s e n t  t e s t i n g  a c t i v i t y  
wh ich  s e r v e s  a s  a  p o o r ,  b u t  a s  y e t  e s s e n t i a l ,  s u b s t i t u t e .  
Thus a l l  i n  a l l  t h e  t e r m  m o d e l s  t h e  e f f o r t  t o  m i n i m i s e  t h e  
number o f  u n d i s c o v e r e d  f a u l t s  i n  t h e  s y s t e m .  It t o o  
r e p r e s e n t s  a n  i n v e s t m e n t  i n  t h e  f u t u r e .  

F i n a l l y  t h e  f o u r t h  t e r m ,  m o d e l l i n g  t h e  c o s t  o f  m e t h o d o l o g y  
and  t o o l  d e v e l o p m e n t ,  a l s o  r e p r e s e n t s  a  l o n g- r a n g e  
i n v e s t m e n t .  It i s  c o n c e r n e d  w i t h  m a i n t a i n i n g  a  c a p a b i l t i y  t o  
cope  w i t h  s y s t e m  deve lopmen t  and  m a i n t e n a n c e  d e s p i t e  
i n c r e a s i n g  s i z e  and  c o m p l e x i t y .  

I n  g e n e r a l ,  t h e s e  t h r e e  e l e m e n t s  o f  t h e  model  r e p r e s e n t  t h e  
c o s t  o f  e f f o r t  t h a t  I t e r m  a n t i - r e g r e s s i v e .  They a r e  
c o n c e r n e d  n o t  w i t h  i m m e d i a t e l y  i n c r e a s i n g  t h e  v a l u e  o f  t h e  
s y s t e m  b u t  w i t h  t h e  i n v e s t m e n t  o f  a c t i v i t y  t o d a y  t o  p r e v e n t  
s y s t e m  u n m a i n t a i n a b i l i t y ,  and  h e n c e  d e c a y  i n  t h e  f u t u r e .  

7  Unba l anced  P r o d u c t i v i t y  Growth 

BaumoZ's P r i n c i p l e  and i t s  Generat ion 
It i s  my t h e s i s  t h a t  t h e  c o m p l e m e n t a r i t y  o f  p r o g r e s s i v e  a n d  
a n t i - r e g r e s s i v e  a c t i v i t y  i s  f u n d a m e n t a l  t o  a l l  human 
a c t i v i t y .  

I n  1967 Baumol [BAU67] d i s c u s s s e d  t h e  c o n s e q u e n c e s  o f  
u n b a l a n c e d  p r o d u c t i v i t y  g r o w t h .  H i s  p r i n c i p l e  c o n c l u s i o n  was  
t h a t  human a c t i v i t i e s  i n  a r e a s  w h e r e  t h e r e  i s  a n  i n t r i n s i c  
b a r r i e r  t o  p r o d u c t i v i t y  i n c r e a s e s  mus t  u l t i m a t e l y  be p r i c e d  
o u t  o f  commerc i a l  e x i s t e n c e .  But i s  t h i s  e f f e c t  l i m i t e d  t o  
i n s t a n c e s  whe re  t h e  o b s t a c l e  t o  p r o d u c t i v i t y  i n c r e a s e s  i s  
i n t r i n s i c ?  Any p o l i t i c i a n ,  a d m i n i s t r a t o r ,  manage r ,  o r  e v e n  
i n d i v i d u a l  w i l l  be  p r e p a r e d  t o  make a n  i n v e s t m e n t  o r  a n  
e f f o r t  now, i f  t h e  r e t u r n  i s  immed ia t e  o r  a t  l e a s t  
d e m o n s t r a b l e .  However t o  i n v e s t  now s o  t h a t  i n  t h e  f u t u r e  
d e c a y  c a n  be  a v o i d e d  o r  some o t h e r  a c t i v i t y  w i l l  be more 
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e f f i c i e n t  i s  q u i t e  a  d i f f e r e n t  m a t t e r .  Thus t h e r e  i s  
i n h e r e n t  p s y c h o l o g i c a l  p r e s s u r e  f o r  p r o d u c t i v i t y  t o  i n c r e a s e  
f a s t e r  i n  p r o g r e s s i v e  t h a n  i n  t h e  a n t i - r e g r e s s i v e  a r e a s .  I 
s u g g e s t  now t h a t  a  Baumol- l ike  e f f e c t  w i l l  o c c u r  a l s o  i n  t h i s  
c a s e  d e s p i t e  t h e  f a c t  t h a t  t h e r e  i s  no i n t r i n s i c  b a r r i e r  t o  
p r o d u c t i v i t y  g r o w t h .  

What i s  t h e  c o n s e q u e n c e  o f  t h i s ?  1 n . g e n e r a l  a l l  p r o g r e s s i v e  
a c t i v i t y  mus t  be  accompan ied  by some a n t i - r e g r e s s i v e  
a c t i v i t y .  A s  p r o g r e s s i v e  a c t i v i t y  and  p r o d u c t i v i t y  grow s o  
d o e s  t h e  need  a n d  demand f o r  a n t i - r e g r e s s i v e  a c t i v i t y .  But  s o  
d o e s  t h e  c o s t  of  l a b o u r  i n  b o t h  a r e a s .  T h e r e f o r e  more and  
more a n t i - r e g r e s s i v e  a c t i v i t y ,  c o s t i n g  more and  more ,  i s  
r e q u i r e d  a n d  u n t i l  s o m e t h i n g  i s  done  a b o u t  p r o d u c t i v i t y  i n  
t h e  a n t i - r e g r e s s i v e  a r e a  o n e  o f  two t h i n g s  may happen .  
E i t h e r  r e s o u r c e s  may be d i p e r t e d  f rom t h e  p r o g r e s s i v e  t o  a n t i  
r e g r e s s i v e  a r e a .  P r o g r e s s i v e  a c t i v i t y  mus t  t h e n  f a l l ,  g r o w t h  
r a t e s  d e c l i n e  and  u l t i m a t e l y  a c t u a l  r e c e s s i o n  may s e t  i n .  

A l t e r n a t i v e l y  a n t i - r e g r e s s i v e  a c t i v i t y  may be  n e g l e c t e d .  I n  
t h a t  e v e n t ,  i n e v i t a b i l i t y  s o o n e r  o r  l a t e r  f u r t h e r  g r o w t h  
g r i n d s  t o  a  h a l t .  I n  a  programming s y s t e m ,  f o r  e x a m p l e ,  t h i s  
o c c u r s  when t h e  f a u l t  r a t e  becomes s o  h i g h  t h a t  t h e  s y s t e m  
m u s t  be c l e a n e d  u p  b e f o r e  f u r t h e r  d e v e l o p m e n t s  c a n  p r o c e e d ,  
a n  e f f e c t  c l e a r l y  v i s i b l e  i n  F i g u r e s  1 0  and  1 1 .  

The London Mode2 
The p r e c e d i n g  d i s c u s s i o n  s u g g e s t s  a  f u r t h e r  a b s t r a c t i o n  o f  
o u r  dynamic  model .  We may i n  f a c t  model  t h e  dynamics  o f  t h e  
programming p r o c e s s  a s  a  f u n c t i o n  o f  t h e  i n t e r a c t i o n  be tween  
p r o g r e s s i v e  a n d  a n t i - r e g r e s s i v e  a c t i v i t y ,  work  o u t p u t  a n d  
s y s t e m  g r o w t h  o r  e v o l u t i o n .  By p r e s e n t i n g  a  h i g h e r  l e v e l  
v iew o f  t h e  p r o c e s s ,  s u c h  a  model  may p r o v i d e  a more. c o n c i s e  
summary o f  i t s  t i m e- b e h a v i o u r .  

A l s o  by a b s t r a c t i n g  i n  a p p r o p r i a t e  t e r m s ,  t h e  model  may y i e l d  
a  w i d e r  i n t e r p r e t a i o n ,  a n d  t h e r e f o r e  be  u s e d  t o  d e s c r i b e  a  
more u n i v e r s a l  phenomenon. 

It i s  u n f o r t u n a t e l y  n o t  p o s s i b l e  t o  p r e s e n t  h e r e  a  p r e c i s e  
d e f i n i t i o n  o f  t h e  c o n c e p t s  o f  P r o g r e s s i v e  (P) a n d  An t i -  
r e g r e s s i v e  (AR) a c t i v i t i e s ,  a s  would  be  r e q u i r e d  t o  d e v e l o p  
s u c h  a  model .  I n s t e a d  I s h a l l  s i m p l y  o u t l n e ,  i n  t e r m s  o f  
more p r i m i t i v e  c o n c e p t s ,  a  model  t h a t  r e s u l t s  f rom some 
s i m p l e  a s s u m p t i o n s  a b o u t  t h e  r e l a t i o n s h i p s  be tween  them and  
s u g g e s t  one  c o n s e q u e n c e  t h a t  a p p e a r s  t o  r e l a t e  t o  Growth and  
t h e  L i m i t s  t o  Growth.  



152 M. M. Lehman and L. A. Belady 

The p r imary  a s sumpt ion  w i l l  be  t h a t  p r o d u c t i v i t y  i n c r e a s e s  
more r a p i d l y  i n  t h e  p r o g r e s s i v e  a r e a s  t h a n  i t  d o e s  i n  t h e  
a n t i - r e g r e s s i v e .  

With a n  a d d i t i o n a l  a s sumpt ion  o f  l i n e a r  p r o d u c t i v i t y  g rowth ,  
t h e  r e s u l t a n t  models  o f  manpower a l l o c a t i o n  and work o u t p u t  
t a k e  t h e  form o f  r a t i o n a l  polynomial  f u n c t i o n s  i n  t h e  t i m e  
v a r i a b l e  t ( F i g u r e  13) .  We c a n n o t  examine t h e s e  models  f u l l y  
h e r e ,  b u t  a  sample  sys t em o u t p u t  shows c l e a r l y  t h a t ,  a t  b e s t ,  
under  a  s e t  o f  r a t h e r  u n l i k e l y  c o n d i t i o n s ,  t h e  o u t p u t  grows 
t o  a n  a s y m p t o t i c  l i m i t .  I n  p r a c t i c e  however o u t p u t  c a n  
u l t i m a t e l y  be  e x p e c t e d  t o  d e c l i n e .  T h i s  i s  e n t i r e l y  due t o  
t h e  p r o g r e s s i v e  and a n t i - r e g r e s s i v e  p r o d u c t i v i t y  imbalance  
and c a n  t h e r e f o r e  o n l y  be  mas te red  by c a r e f u l  c o n t r o l  o f  t h a t  
b a l a n c e .  And t h i s  e f f e c t  i s  v e r y  r e a l ,  as c a n  be s e e n  from 
t h e  b e h a v i o u r  o f  a d e r i v e d  ra te- of- work measure t a k e n  from 
a c t u a l  programming p r o j e c t  d a t a  ( F i g u r e  1 4 ) .  

Effort 

I Time 

F i g u r e  13 
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Figu re  1 4  Average work-output r a t e s  

8 Gene ra l i z a t i on  

Progressive and anti-regressive activities in city Zife 
The h igh- leve l  model t h a t  ha s  been o u t l i n e d  was suggested by 
t h e  e a r l i e r  model of t h e  programming process .  I now sugges t  
t h a t  i t  may a l s o  be i n t e r p r e t e d  w i t h i n  t h e  contex t  of 
s o c i o l o g i c a l  and economic systems. I n  a c i t y ,  f o r  example, 
we may i d e n t i f y  a s  p rog re s s ive  ( a s  p r ev ious ly  d e f i n e d )  work 
ou tpu t  t h a t  c o n t r i b u t e s  p o s i t i v e l y  t o  t h e  growth of  t h e  
s t anda rd  of  l i v i n g  and t h e  q u a l i t y  of l i f e  o f  t h e  community. 

But a community a l s o  under takes  a n t i - r e g r e s s i v e  a c t i v i t i e s .  
C o l l e c t i n g  garbage,  f o r  example, does no t  i n c r e a s e  t h e  va lue  
of  l i f e  i n  t h e  c i t y ,  i t  merely maintains t h e  s t a t u s  quo. It 
i s  t h e  neglect of  t h a t  a c t i v i t y  t h a t  l e a d s  t o  decay. 
S i m i l a r l y  p o l i c e  a c t i o n  i s  p r ima r i l y  d i r e c t e d  t o  t h e  
prevent ion  of d e t e r i o r a t i o n  of  l i f e  i n  t h e  c i t y  a s  a  r e s u l t  
of i n c r e a s i n g l y  d i so rde r ed  t r a f f i c ,  breakdown i n  communi- 
c a t i o n ,  c r im ina l  a c t i v i t y .  It i s  s t r i c t l y  a n t i - r e g r e s s i v e .  

Unless t h e  problem of  p r o d u c t i v i t y  imbalance between t h e s e  
p rog re s s ive  and a n t i - r e g r e s s i v e  a c t i v i t i e s  i s  mastered,  t h e  
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p r e v i o u s  model  s u g g e s t s  t h a t  s o o n e r  o r  l a t e r  t h e  economics  o f  
a  c i t y  w i l l  be dominated  by t h e  c o s t  o f  t h e  l a t t e r .  And o n c e  
a g a i n  t h e  u n d e r l y i n g ,  p s y c h o l o g i c a l ,  c a u s e  f o r  t h e  r e s u l t a n t  
consequences  i s  c l e a r l y  u n d e r s t a n d a b l e .  U n l e s s  a n  e l e c t o r a t e  
i s  v e r y  f a r - s i g h t e d ,  v e r y  s o p h i s t i c a t e d ,  t h e  c i t y  f a t h e r s ,  
t h e  p o l i t i c i a n s  who f a c e  r e - e l e c t i o n ,  t h e  manage r s  who s e e k  
p romot ion  a r e  c o n c e r n e d  w i t h  s h o r t - r a n g e  p r o f i t a b i l i t y ,  n o t  
l o n g- r a n g e  p r e s e r v a t i o n .  They w i l l ,  i n  g e n e r a l ,  t e n d  t o  
f a v o u r  p r o g r e s s i v e  e x p e n d i t u r e  and i n v e s t m e n t  o v e r  t h e  a n t i -  
r e g r e s s i v e .  But  a n y  s u c h  c o n s i s t e n t  b i a s  w i l l  u l t i m a t e l y  b u t  
i n e v i t a b l y  l e a d  t o  s lowed g rowth  and t h e n  t o  d e c a y .  I n d e e d ,  
a s  we have s o  r e c e n t l y  s e e n ,  o n l y  immed ia t e  c h a o s  and d e c a y  
f o r c e s  t h e  a d o p t i o n  o f  a d e q u a t e  l e v e l s  o f  a n t i - r e g r e s s i v e  
measu re s .  

Non-uniqueness of the P and AR assignation 
To a v o i d  c o n f u s i o n  I s h o u l d  p e r h a p s  s t r e s s  h e r e  t h a t  t h e  
d i s t i n c t i o n  be tween  p r o g r e s s i v e  and a n t i - r e g r e s s i v e  a c t i v i t y  
i s  n o t  a l w a y s  c l e a r  c u t .  

D e- p o l l u t i o n  a c t i v i t y ,  f o r  example ,  i s  p r o g r e s s i v e  and 
o f f i c i a l s  c a n  s u p p o r t ,  e v e n  e n c o u r a g e ,  i t  w i t h o u t  f e a r  o f  
l o s i n g  t h e i r  o f f i c e  i n  t h e  n e x t  e l e c t i o n  o r  t h e  n e x t  s h a r e-  
h o l d e r s  m e e t i n g .  The c o n t r o l  and  p r e v e n t i o n  o f  p o l l u t i o n  
however before i t s  e f f e c t s  a r e  f e l t  ( o r ,  I f e a r ,  when i t s  
e f f e c t s  a r e  no l o n g e r  f e l t )  i s  a  v e r y  d i f f e r e n t  m a t t e r .  T h i s  
i s  some th ing  f o r  n e x t  y e a r ,  f o r  t h e  n e x t  g e n e r a t i o n ,  t o  w o r r y  
a b o u t .  T h i s  i s  s o m e t h i n g  f o r  t h e  f u t u r e .  The same a c t i v i t y  
i s  p r o g r e s s i v e  when i t  c l e a n s  up some th ing  t h a t  h a s  a l r e a d y  
o c c u r r e d  and a c c u m u l a t e d  b u t  i s  s t r i c t l y  a n t i - r e g r e s s i v e  when 
i t  i s  d i r e c t e d  t o w a r d s  p r e v e n t i n g  t h e  same t h i n g  f rom 
o c c u r r i n g .  

Progressive-Anti-regressive conflict and balance 
The p r e c e d i n g  d i s c u s s i o n  c a n  have  g i v e n  o n l y  t h e  b a r e s t  
o u t l i n e  o f  t h e  c o n c e p t s  and  phenomena wb a r e  i n v e s t i g a t i n g .  
I n  f a c t  we h y p o t h e s i z e  t h a t  t h e  l i f e  c y c l e  o f  any  complex,  
dynamic s y s t e m  i s ,  a t  l e a s t  i n  p a r t ,  gove rned  by t h e  
c o n f l i c t i n g  r e s o u r c e  demands o f  p r o g r e s s i v e  and a n t i -  
r e g r e s s i v e  a c t i v i t i e s .  The re  w i l l  be a n  e v e r - i n c r e a s i n g  
demand f o r  t h e  l a t t e r  a t  a  c o s t  p e r  u n i t  o f  work t h a t  
i n c r e a s e s  r e l a t i v e  t o  t h e  c o s t  o f  t h e  f o r m e r .  

The re  a r e  t h r e e  c l a s s i c a l  ways t o  d e a l  w i t h  t h i s  problem. 
One may b r i n g  i n  r e s o u r c e s  f rom o u t s i d e .  I n  t h e  U n i t e d  
S t a t e s ,  f o r  example ,  a n  i n c r e a s i n g  number o f  S t a t e  and  C i t y  
p r e s e r v a t i o n  p r o j e c t s  a r e  r e q u e s t i n g  and r e c e i v i n g  F e d e r a l  
a i d .  But t h e n  t h e  e x t e r n a l  s o u r c e  and t h e  o l d  s y s t e m  become 
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o n e ,  e n l a r g e d  s y s t e m ,  which  t o o  mus t  u l t i m a t e l y  l i m i t ,  
p o s s i b l y  d e c l i n e .  A l t e r n a t i v e l y  o n e  may d i v e r t  r e s o u r c e s  
f r o m  t h e  p r o g r e s s i v e  t o  t h e  a n t i - r e g r e s s i v e .  T h i s  t o o  
i m p l i e s  a  c o n s t r a i n t  o n  g r o w t h .  A t h i r d  a l t e r n a t i v e  s i m p l y  
i g n o r e s  t h e  n e e d  f o r  ~ n t i - r e g r e s s i v e  a c t i v i t y .  But t h i s  is  
d e c a y ,  e v e n  i f  i t  i s  n o t  i m m e d i a t e l y  v i s i b l e .  Thus  
i n d i v i d u a l l y  o r  i n  c o m b i n a t i o n  t h e s e  a p p r o a c h e s  a l l  
i n e v i t a b l y  l e a d  t o  a  l i m i t a t i o n  t o  g r o w t h  and  h e n c e  t o  d e c a y .  

The way o u t  e x i s t s .  We must  r e c o g i z e  t h a t  s y s t e m s  h a v e  
c o n t e n t ,  s t r u c t u r e  and  c o m p l e x i t y .  Consequen t  i n e r t i a l  a n d  
momentum e f f e c t s  r e s u l t  i n  l i m i t s  o n  t h e  r a t e  o f  g r o w t h  and  
of  c h a n g e ,  b u t  n o t  n e c e s s a r i l y  t o  grsowth i t s e l f .  I f  o n e  p a r t  
o f  a  s y s t e m  i s  c a u s e d  t o  grow t o o  f a s t  a n o t h e r  mus t  grow more 
s l o w l y  o r  e v e n  d e c l i n e .  I f  a t  one  t i m e  a  s y s t e m  g rows  t o o  
f a s t ,  t h a t  mus t  be  f o l l o w e d  by a  s t a n d s t i l l  o r  e v e n  a  
d e c l i n e .  So  t h e  a v e r a g e  g r o w t h  r a t e  i s  b e s t  r e s t r i c t e d  t o  
i t s  ' n a t u r a l '  v a l u e .  Even more  i m p o r t a n t l y  t h e  i n t e g r a l s  o f  
P a n d  A R  a c t i v i t y  a n d  t h e i r  p r o d u c t i v i t y  g r o w t h  m u s t ,  o n  t h e  
a v e r a g e ,  be  r e l a t i v e l y  b a l a n c e d ,  however t e m p t i n g  i t  may be  
t o  l e a v e  t h e  l a t t e r  f o r  f u t u r e  g e n e r a t i o n s .  

Ant i - regre s s i ve  a c t i v i t y  i n  o rgan i za t i ons  
B e f o r e  p a s s i n g  t o  t h e  f i n a l  theme o f  t h i s  e v e n i n g ' s  t a l k  I 
would  b r i e f l y  m e n t i o n  two f u r t h e r  p o i n t s .  F i r s t  l e t  me 
d e s c r i b e  t h i s  same c o n f l i c t  a s  s e e n  i n  t h e  l i f e  o f  a l m o s t  any  
o r g a n i z a t i o n .  I n  a  l a r g e  b u s i n e s s ,  f o r  e x a m p l e ,  t h e r e  a r e  
b a s i c a l l y  t h r e e  l e v e l s  o f  a c t i v i t y .  The p r o g r e s s i v e  r a n k  a n d  
f i l e  e n g a g e  i n  t h e  a c t i v i t y  t h a t  y i e l d s  t h e  r e v e n u e  t h a t  
e n a b l e s  t h e  b u s i n e s s  t o  e x i s t  a n d  grow. E x e c u t i v e  management 
d e v e l o p s  and  i n i t i a t e s  t h e  p o l i c i e s  and  s t r a t e g i e s  t h a t  
e n a b l e  t h e  b u s i n e s s  t o  p r o s p e r .  T h i s  i s  a l s o  p r o g r e s s i v e .  
F i n a l l y  o n e  h a s  m i d d l e  management .  The f u n c t i o n  o f  m i d d l e  
managment i s  t o  a c t  a s  a  commun ica t i on  l i n k ,  v e r t i c a l l y  and  
h o r i z o n t a l l y .  They t r a n s m i t ,  i n t e r p r e t ,  c o o r d i n a t e ,  p r o t e c t  
and  g e n e r a l l y  p r e v e n t  t h e  deve lopmen t  o f  m i s u n d e r s t a n d i n g s ,  
h a r m f u l  c o m p e t i t i o n  a n d  i n t e r n a l  c o n f l i c t s  be tween  d i f f e r e n t  
s u b - o r g a n i s a t i o n s  and  p r o d u c t s .  

Midd l e  management i s  a  s t r i c t l y  a n t i - r e g r e s s i v e ,  
c o m m u n i c a t i o n s ,  r e s p o n s i b i l i t y .  As s u c h  i t  w i l l  t e n d  t o  grow 
more  r a p i d l y  t h a n  t h e  p r o g r e s s i v e  s e c t o r s  o f  t h e  o ~ g a n s i a t i o n  
i n  b o t h  a c t i v i t y  a n d  u n i t  c o s t .  Moreover  f e e d b a c k  a n a l y s i s  
o f  t h e  mechanisms  o f  p r o m o t i o n ,  d e m o t i o n  a n d  r e s i g n a t i o n  
f rom a n  o r g a n i s a t i o n  shows t h a t  t h e  a v e r a g e  l e v e l  o f  
compe t ence  i n  t h e  m i d d l e  management r a n k s  o f  a n  o r g a n i s a t i o n  
may be  e x p e c t e d  t o  d e c l i n e  w i t h  t i m z  [LEH68]. U n l e s s  
c a r e f u l l y  and c o n s c i o u s l y  c o n t r o l l e d ,  m i d d l e  management w i l l  
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t e n d  t o  be a  g r o w i n g  b u t  i n c r e a s i n g l y  m e d i o c r e  o r g a n i s m .  Thus 
a  b u s i n e s s ,  a  gove rnmen t ,  e v e n  a n  e d u c a t i o n a l  i n s t i t u t i o n ,  
w i l l  g e t  choked  by i t s  b u r e a u c r a c y ,  t h e  a n t i - r e g r e s s i v e  
m i d d l e  management ,  u n l e s s  s t r u c t u r e ,  f u n c t i o n  a n d  
p r o d u c t i v i t y  a r e  c a r e f u l l y  b a l a n c e d .  I n  p a r t i c u l a r  i t  i s  
v i t a l  t h a t  a d e q u a t e  r e s o u r c e s  f o r  p r o d u c t i v i t y  deve lopmen t  
a r e  c o r r e c t l y  a l l o c a t e d  o v e r  t h e  o r g a n i s a t i o n ,  s o  t h a t  a t  a l l  
t i m e s  p r o d u c t i v i t y  i n  t h e  m i d d l e  management a r e a  b a l a n c e s  
t h a t  of t h e  r e m a i n d e r  o f  t h e  o r g a n i s a t i o n .  

The Club o f  Rome 
L e t  me a l s o  make v e r y  b r i e f  r e f e r e n c e  t o  t h e  C l u b  o f  Rome 
r e p o r t  o n  t h e  L i m i t s  t o  Growth [MEA2]. I n  t h e i r  summary 
( F i g u r e  1 5 )  o f  t h e  p rob l ems  whose s o l u t i o n  would  h e l p  c o n q u e r  
t h e  p r o b l e m s  o f  g r o w t h  l i m i t a t i o n ,  a l l  e x c e p t  o n e  would be  
c l a s s i f i e d  by me a s  a n t i - r e g r e s s i v e .  The f u n d a m e n t a l  
o v e r s i g h t  o f  t h e  t e am w a s ,  p e r h a p s ,  i d e n t i f i c a t i o n  o f  
r e s o u r c e  e x h a u s t i o n  a s  t h e  t h e  p r imay  c a u s e  o f  t h e  i m m e d i a t e  
d a n g e r .  I n  my judgement  i t  i s ,  i n  f a c t ,  p r i m a r i l y  a  symptom. 
The phenomena wh ich  t h e y  d i s c u s s  a p p e a r  t o  r e p r e s e n t  j u s t  
a n o t h e r  s p e c i a l  c a s e  o f  my g e n e r a l  r u l e .  

The p rob l em i n  t h i s  i n s t a n c e  i s  t h a t  mankind h a s ,  by and  
l a r g e ,  n o t  b e e n  w i l l i n g  t o  i n v e s t  s u f f i c i e n t l y  i n  t h e  a n t i  
r e g r e s s i v e  a c t i v i t y  o f  l o n g- r a n g e  r e s e a r c h  a n d  d e v e l o p m e n t ,  
t o  f i n d  m a t e r i a l s  and  t e c h n i q u e s  t o  r e p l a c e  c u r e n t l y  
c o n v e n t i o n a l  s o u r c e s  o f  e n e r g y  and  raw m a t e r i a l s  when t h e s e  
a r e  e x h a u s t e d .  The d i s a s t e r o u s  c o n s e q u e n c e s  o f  t h e  e x h a u s t i o n  
o f  s p e c i f i c  r e s o u r c e s  i s  a  d i r e c t  c o n s e q u e n c e  o f  t h e  
u n i v e r s a l  t e n d e n c y  t o  n e g l e c t  a p p a r e n t l y  u n p r o f i t a b l e  a n t i -  
r e g r e s s i v e  a c t i v i t y ,  t o  p r e f e r  i m m e d i a t e  p r o f i t  t o  l o n g- t e r m  
s e c u r i t y .  

The s u n ,  t h e  a t m o s p h e r e ,  t h e  t i d e s ,  f o r  e x a m p l e ,  fo rm a n  
a l m o s t  i n e x h a u s t i b l e  b u t  a s  y e t  b a r e l y  e x p l o i t a b l e  e n e r g y  
s o u r c e .  And g i v e n  e n e r g y  and m a n k i n d ' s  i n g e n u i t y  and  
c r e a t i v e n e s s ,  m a t e r i a l  s h o r t a g e s  c a n  a l w a y s  be ove rcome ,  
p r o v i d e d  t h a t  t h e r e  i s  no p r a c t i c a l  l i m i t  t o  t h e  g r o w t h  o f  
m a n k i n d ' s  c o l l e c t i v e  i n t e l l e c t .  And t h a t  i s  t h e  t o p i c  t o  
wh ich  we now t u r n .  
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The S t a t e  o f  Globa l  E q u i l i b r i u m  

T e c h n o l o g i c a l  advance would be bo th  
n e c e s a r y  and welcome i n  t h e  e q u i l i b r i u m  
s t a t e .  A few obv ious  examples o f  t h e  
k i n d s  o f  p r a c t i c a l  d i s c o v e r i e s  t h a t  
would enhance t h e  workings  o f  a  s t e a d y  
s t a t e  s o c i e t y  i n c l u d e  : 

* new methods o f  was te  c o l l e c t i o n ,  t o  
ANTIREGRESSIVE d e c r e a s e  p o l l u t i o n  and make d i s-  

carded  m a t e r i a l  a v a i l a b l e  f o r  r e-  
c y c l i n g ;  

* more e f f i c i e n t  t e c h n i q u e s  f o r  r e-  
c y c l i n g ,  t o  r e d u c e  r a t e s  o f  r e s o u r c e  
d e p l e t i o n ;  

b e t t e r  p roduc t  d e s i g n  t o  i n c r e a s e  
p roduc t  l i f e t i m e  and promote e a s y  
r e p a i r ,  s o  t h a t  t h e  c a p t i a l  de- 
p r e c i a t i o n  r a t e  would be minimised ; 

h a r n e s s i n g  o f  i n c i d e n t  s o l a r  ene rgy ,  
t h e  most p o l l u t i o n- f r e e  power 
s o u r c e  ; 

* methods o f  n a t u r a l  p e s t  c o n t r o l ,  
based on more complete  u n d e r s t a n d i n g  
o f  e c o l o g i c a l  i n t e r r e l a t i o n s h i p s ;  

\ * medica l  advances  t h a t  would d e c r e a s e  
? \, t h e  d e a t h  r a t e ;  

\ 

\ *  c o n t r a c e  t i v e  advances  t h a t  would 
facl l i ta!e  t h e  e q u a l i s a t l o n  o f  t h e  
b i r t h  r a t e  w i t h  t h e  d e c r e a s i n g  d e a t h  
r a t e .  

F i g u r e 1 5  The t r u e  l i m i t e r o f g r o w t h  
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9 L i m i t s  t o  g rowth  t h r o u g h  t h e  e d u c a t i o n a l  p r o c e s s  

Knozjledge or understanding ( 7 . 2 )  
I n  e d u c a t i o n  t o o  t h e r e  i s  t h e  p r o g r e s s i v e  and  t h e  a n t i -  
r e g r e s s i v e .  And, i n  my judgemen t ,  t h e  same e r r o r ,  t h e  
a n a l a g o u s  u n b a l a n c e  e x i s t s  and  u n f o r t u n a t e l y  i n c r e a s i n g l y  s o .  

But  l e t  me e x p l a i n .  The g l o b a l  o b j e c t i v e s  o f  a n  e d u c a t i o n a l  
sy s t em a r e  r a r e l y  s t a t e d  o r  e v e n  r e c o g n i s e d .  One may h e a r  
t a l k  o f  l o c a l  o r  immed ia t e  o b j e c t i v e s  b u t  t h e  r e a l l y  
f u n d a m e n t a l  g o a l  i s  n o t  d i s c u s s e d .  I n  my w a n d e r i n g s  t h r o u g h  
t h e  wor ld  I h a v e  e x p e r i e n c e d  v a r i o u s  e d u c a t i o n a l  s y s t e m s ,  a s  
a  s t u d e n t ,  a s  a  p a r e n t ,  a s  a  manage r ,  a s  a  t e a c h e r .  Some 
have  s t r e s s e d  knowledge ,  o t h e r s  u n d e r s t a n d i n g .  The 
i m p l i c a t i o n s  o f  t h i s  d i f f e r e n c e  r e a c h  down i n t o  t h e  v e r y  
s t r u c t u r e  and  h e a r t  o f  t h e  s o c i e t y  i n  which  t h e s e  s y s t e m s  
o p e r a t e .  E d u c a t i o n a l  s y s t e m s  may, i n  f a c t ,  be c l a s s i f i e d  by 
t h e  e x t e n t  o f  t h e i r  o r i e n t a t i o n  t o  knowledge and  t o  
unders tand ing .  

I n  t h e  l i m i t ,  t h e  o b j e c t i v e s  i m p l i e d  by  t h e s e  o r i e n t a t i o n s  
a r e  o r t h o g o n a l ,  2 . t  t i m e s  e v e n  c o n t r a d i c t o r y ,  i n  t e r m s  o f  t h e  
me thodo logy  t h e y  imp ly  and  t h e  r e s u l t s  t h a t  t h e y  y i e l d .  
O r t h o g o n a l i t y  d o e s  n o t ,  o f  c o u r s e ,  imp ly  e x c l u s i o n .  Most 
s y s t e m s  c o n t a i n ,  and need  t o  c o n t a i n ,  e l e m e n t s  o r i e n t e d  t o  
and  s u p p o r t i n g  b o t h  knowledge  and  u n d e r s t a n d i n g .  But  wha t  we 
a r e  s e 2 k i n g  h e r e  i s  c o r r e c t  b a l a n c e  be tween them,  f o r  t h e  
i n d i v i d u a l  and  f o r  s o c i e t y .  

Know2 edge 
An e d u c a t i o n a l  s y s t e m  may p r i m a r i l y  s e e k  t o  t r a c s f e r  t o  i t s  
s t u d e n t s  some s e l e c t e d  p o r t i o n  o f  t h e  r e s e r v o i r  o f  human 
knowledge ,  a s  w e l l  a s  t h e  means whereby t h i s  r e s e r v o i r  may be 
f u r t h e r  a c c e s s e d .  Thus t h e  knowlege  which h a s  been  
a c c u m u l a t e d  o v e r  m i l l e n i a  w i l l  be  e x p l i c i t l y  c a r r i e d  f o r w a r d  
i n t o  t h e  f u t u r e .  

7.2 ( E d s )  These few paragraphs provide an i n d i c a t i o n  of one 
reason why we a r e  concerned about t h e  c u r r e n t  ( 1 9 8 3 )  
t r e n d  t o  t h e  e x p l o i t a t i o n  of Expert Sys tems .  As t h e i r  
a l t e r n a t i v e  name, ' I n t e l l i g e n t  Knowledge Based S y s t e m s ' ,  
i n d i c a t e s ,  such sys tems  exp2oi.t  t h e  i n f o r m a t i o n  
(knowledge)  i n  a  d a t a  base and - a t  Zeast  w i t h  c u r r e n t  
a r t i f i c i a l  i n t e l l i g e n c e  i n f e r e n c e  t e c h n i q u e s  - cannot 
demonstrate  o r  e x p l o i t  ' unders tand ing '  - t h e  c r e a t i o n  of 
new i n s i g h t .  E x c e s s i v e  r e l i a n c e  on such systems 
r e p r e s e n t s  a  r e a l  t h r e a t  t o  s o c i e t y .  See Chapter 22 f o r  
f u r t h e r  comment. 
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The d r i f t  t o  k n o w l e g e- o r i e n t e d  e d u c a t i o n  o c c u r s  b e c a u s e  i t s  
pay- of f  i s  immed ia t e .  The c h i l d  comes o u t  o f  k i n d e r g a r t e n ,  
i s  r e a d y  t o  g o  i n t o  s c h o o l  t o  a b s o r b  more knowlege  t h e r e .  It 
comes o u t  o f  s c h o o l  a n d  i s  a b l e  e i t h e r  t o  t a k e  a  j o b  a n d  e a r n  
i t s  l i v i n g  o r  t o  g o  f o r w a r d  t o  h i g h e r  e d u c a t i o n  a n d  t h e n  e a r n  
i t s  l i v i n g .  T h i s  i s  p r o g r e s s i v e .  Each  quantum o f  knowledge  
t h a t  i s  g a i n e d  becomes t h e  b a s i s  f o r  f u r t h e r  l e a r n i n g  o r  f o r  
o t h e r  a c t i v i t i e s  a s  r e q u i r e d  by s o c i e t y .  Moreover  i n  t h i s  
e r a  o f  democ racy  and human e q u a l i t y  a  common s t a n d a r d  o f  
knowledge  a c t s  a s  t h e  g r e a t  l e v e l l e r ;  i t  p r o v i d e s  a  d e f i n a b l e  
s t a n d a r d  a g a i n s t  wh ich  e g a l i t a r i a n i s m  c a n  m e a s u r e  i t s  
s u c c e s s .  

UnderstandGzg 
A t  t h e  o t h e r  e x t r e m e ,  t h e  p u r e  u n d e r s t a n d i n g - o r i e n t e d  s y s t e m  
s e e k s  t o  i n s t i l  i n s i g h t ;  n o t  s o  much t h e  f a c t s  t h e m s e l v e s  a s  
t h e  r e l a t i o n s h i p s  be tween  t h e  f a c t s ,  v a l i d  a n a l o g i e s ,  c a u s e  
and  e f f e c t .  An e s s e n t i a l  i n g r e d i e n t  o f  t h i s  e d u c a t i o n a l  
p r o c e s s  i s  t h e  deve lopmen t  o f  a n a l y t i c  power s ,  s e l f -  
e x p r e s s i o n  a n d  c r e a t i v e  t h i n k i n g ,  w i t h  t h e  a b i l i t y  t o  s e e k  
o u t  and  e l u c i d a t e  new knowledge  a s  r e q u i r e d .  Asse s smen t  o f  
t h e  d e g r e e  o f  s u c c e s s  a c h i e v e d  i n  t h e  p r o c e s s  i s  a  m a t t e r  o f  
j udgemen t ,  e v e n  v i e w p o i n t  and  o p i n i o n .  

An u n d e r s t a n d i n g - o r i e n t e d  s y s t e m  i s  p r i m a r i l y  a n t i -  
r e g r e s s i v e .  I ts g r a d u a t e s  c a n n o t  n o r m a l l y  a p p l y  t h e i r  
i n s i g h t  and  c r e a t i v e  s k i l l s  d i r e c t l y .  R e a l  l i f e  r e q u i r e s  
f a c t s .  But o n l y  a  p e r s o n  w i t h  u n d e r s t a n d i n g  c a n  d i s c a r d  
s u r p l u s  o r  o u t d a t e d  knowledge .  Only  h e  o r  s h e  c a n  r e p l a c e  
l a r g e  r e p o s i t o r i e s  o f  knowledge  by a l g o r i t h m s  f o r  t h e i r  
r e t r i e v a l .  It r e q u i r e s  t r u e  u n d e r s t a n d i n g  t o  d e v e l o p  new 
m e t h o d o l o g i e s  a n d  t o  g u i d e  t h e  k n o w l e d g a b l e  t o  new h o r i z o n s  
when t h e  o l d  o n e s  become o u t d a t e d  o r  e x h a u s t e d .  

A t t r i b u t e s  of t h e  two systems 
What a r e  t h e  a t t r i b u t e s  and  h a l l m a r k s  o f  t h e s e  a l t e r n a t i v e  
e d u c a t i o n a l  s y s t e m s ?  How d o e s  o n e  d e t e r m i n e  i n  wh ich  
d i r e c t i o n  a  p a r t i c u l a r  s y s t e m  i s  o r i e n t e d ?  How c a n  o n e  
s t r u c t u r e  a  s y s t e m  and  a d o p t  a p p r o p r i a t e  m e t h o d o l o g i e s  t o  
a c h i e v e  a  b e s t  b a l a n c e  be tween  u n d e r s t a n d i n g  and  knowledge  
f o r  t h e  i n d i v i d u a l ,  f o r  a  community a n d  f o r  mankind  a t  l a r g e ?  

The k n o w l e d g e- o r i e n t e d  s y s t e m  i s  t y p i f i e d  by e x c e s s i v e  
e m p h a s i s  o n  s e l f - ] . e a r n i n g  a n d  homework, g r a d e s  and  c r e d i t s .  
It r e l i e s  h e a v i l y  on  f r e q u e n t  e x a m i c a t i o n s  t h a t  t e s t  t h e  
e x t e n t  o f  a  s t u d e n t ' s  knowledge  o n  t h e  c o m p l e t i o n  o f  e a c h  
quantum o f  s t u d y .  High pa.ss-marks and  h i g h  s c o r e s  r e s u l t  
f r om a  p r e c i s e  d e f i n i t i o n  o f  wha t  was  t o  have  been  l e a r n e d ,  
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and  f rom t h e  s t a t i s t i c a l  r e l i a b i l i t y  o f  l a r g e  numbers o f  
m u l t i p l e  c h o i c e  q u e s t i o n s .  

I n  t h e  u n d e r s t a n d i n g - o r i e n t e d  s y s t e m  o n  t h e  o t h e r  hand 
e m p h a s i s  mus t  b e  q u i t e  d i f f e r e n t .  S e l f - s t u d y  a n d  home 
l e a r n i n g  s tar t  much l a t e r  and  t h e  e m p h a s i s  i n  m a r k i n g  w i l l  be 
o n  haw a  complex  q u e s t i o n  was a p p r o a c h e d ,  p o t  o n l y  o n  t h e  
c o r r e c t n e s s  o f  t h e  f i n a l  s o l u t i o n .  The award  o f  a  d e g r e e  i s  
n o t  t h e  sum o f  a  l a r g e  number o f  c r e d i t s  i n  d i f f e r e n t  
s u b j e c t s  e a c h  o f  wh ich  h a s  been  o b t a i n e d  i m m e d i a t e l y  a f t e r  a  
c o u r s e  h a s  b e e n  t a u g h t .  I t  f o l l o w s  f rom t h e  c o m p l e t i o n  o f  a  
c o u r s e  o f  s t u d y ,  f o r  a  d e m o n s t r a t i o n  o f  t h e  n a t u r e  and  e x t e n t  
o f  t h e  u n d e r s t a n d i n g  t h a t  h a s  been  g a i n e d ,  o f  t h e  mean ing  a n d  
t h e  s i g n i f i c a n c e  o f  what  h a s  been  l e a r n t .  M u l t i p l e  c h o i c e  
q u e s t i o n s  a r e  o f  no u s e  a t  a l l  h e r e .  A s t u d e n t  c a n n o t  
e x p r e s s  h i s  u n d e r s t a n d i n g  by m a r k i n g  a  s q u a r e  b l a c k .  H i s  
i n s i g h t  a n d  a b i l i t y  is  r e v e a l e d  by h i s  c h o i c e  o f  w o r d s ,  by 
t h e  way i n  wh ich  h e  a p p r o a c h e s  a  problem.  We a r e  i n t e r e s t e d  
t o  s e e  how h e  h a s  u n d e r s t o o d  t h e  f a c t s  and  t h e  c o n c e p t s  t o  
w h i c h  h e  h a s  been  e x p o s e d ,  what  h e  c a n  do w i t h  them,  n o t  s o  
much i n  h i s  a b i l i t y  t o  r e p r o d u c e  them. 

Consequences of  knoz,?Zedge o r i e n t a t i o n  
I n  a  s o c i e t y  i n  wh ich  e d u c a t i o n  i s  k n o w l e d g e- o r e i n t e d  t h e  
t e a c h e r  a d j u s t s  h i s  r a t e  o f  t e a c h i n g  t o  t h e  a v e r a g e  
a b s o r p t i v e  c a p a b i l i t y  o f  t h e  c l a s s .  Thus t h e r e  w i l l  emerge  a  
g r o u p  o f  p e o p l e  c l u s t e r e d  a r o u n d  a  l e v e l  o f  knowledge  
d e t e r m i n e d  by t h e i r  a v e r a g e  a b s o r p t i v e  c a p a c i t y .  The weake r  
o n e s  w i l l  h a v e  b e e n  h e l p e d  f o r w a r d  a n d  t h i s  i n d e e d  i s  a  good  
f e a t u r e  o f  t h e  s y s t e m .  Those  w i t h  more p o w e r f u l  i n t e l l e c t s ,  
a  g r e a t e r  p o t e n t i a l  f o r  c r e a t i v e  t h i n k i n g ,  w i l l  have  been  
h e l d  back .  They w i l l  n o t  h a v e  b e e n  t a u g h t  t o  e x p r e s s  t h e i r  
own i d e a s  b u t  m e r e l y  t o  r e p e a t  wha t  t h e y  h a v e  h e a r d  f rom 
t h e i r  t e a c h e r s .  

The c o n s e q u e n c e s  w i l l  be  a  s o c i e t y  i n  wh ich  a c h i e v e m e n t  must  
be  o b t a i n e d  t h r o u g h  teamwork.  A k n o w l e d g e- o r i e n t e d  s o c i e t y  
w i l l  be a  t e c h n o l o g y- b a s e d  s o c i e t y  i n  wh ich  known f a c t s  a r e  
p r o d u c e d  f rom t h e  j o i n t  e n c y c l o p a e d i c  memor i e s  o f  a  t eam a n d  
a p p l i e d  t o  a c h i e v e  s p e c i f i e d  a n d  known t o  be a c h i e v a b l e  
o b j e c t i v e s ,  g r e a t  w o r k s  o f  t e c h n o l o g y .  I n  t h e m s e l v e s  t h e s e  
works  do  n o t  f o s t e r  c r e a t i v e  i n v e n t i v e n e s s  o r  t h e  d e v e l o p m e n t  
o f  new c o n c e p t s  o r  d e e p e r  i n s i g h t s .  

Such  a  s o c i e t y  must  p o s s e s s  t h e  c a p a b i l i t y  t o  g e t  p e o p l e  t o  
work  t o g e t h e r ,  t h e  a b i l i t y  t o  manage t e ams  o f  p e o p l e  a n d  
g u i d e  them t o w a r d s  a  common o b j e c t i v e .  It i s  knowledge  
o r i e n t a t i o n  t h a t  l e a d s  t o  t h e  need  f o r  management  s c i e n c e .  
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Thus i t  i s  n o t  i n  t h e  l e a s t  s u p r i s i n g  t h a t  t h e  USA w i t h  i t s  
' m e l t i n g- p o t '  s o c i e t y  a n d ,  a s  a  consequence ,  i t s  knowledge- 
b a s e d ,  m a t e r i a l i s t i c ,  o r i e n t a t i o n  i s  t h e  undoub ted  wor ld  
l e a d e r  i n  Technology and i n  Management. 

And those of understanding 
When we now c o n s i d e r  t h e  u n d e r s t a n d i n g- o r i e n t e d  s y s t e m ,  t h e  
f i r s t  t h i n g  t o  be n o t i c e d  i s  t h a t  o n e  n e e d s  more g i f t e d  
t e a c h e r s .  Each s t u d e n t  w i l l  i n t e r p r e t  t h e  t e a c h e r  somewhat 
d i f f e r e n t l y .  I f  t h e  t e a c h e r  i n  t u r n  u n d e r s t a n d s  t h e  
e d u c a t i o n a l  p r o c e s s ,  he can  t a k e  e a c h  s t u d e n t  t o  t h e  l i m i t s  
o f  h i s  i n d i v i d u a l  a b i l i t y .  I n e v i t a b l y  some p e o p l e  w i l l  be 
l e f t  beh ind  b e c a u s e  t h e y  do n o t  h a v e  t h e  m o t i v a t i o n  o r  t h e  
a b i l i t y  t o  u n d e r s t a n d .  H i g h e r  e d u c a t i o n  w i l l  be more 
r e s t r i c t e d  and  i n  t h e  o u t p u t  o f  t h e  o v e r a l l  e d u c a t i o n a l  
sys t em one  f i n d s  a  w ide  s p e c t r u m  o f  knowledge ,  s k i l l s  and  
c r e a t i v e  a b i l i t y ,  r a t h e r  t h a n  t h e  c l u s t e r  produced by t h e  
knowledge- or i en t ed  sys t em.  

A t  one  end o f  t h e  s p e c t r u m  w i l l  be h i g h l y  m o t i v a t e d ,  
c r e a t i v e ,  t h o u g h t f u l  i n d i v i d u a l s  a b l e  t o  e x p r e s s  t h e m s e l v e s ,  
t o  d e v e l o p  and  t o  e x p l o i t  new c o n c e p t s .  They w i l l  n o t  
r e q u i r e  t o  i n t e r a c t  s t r o n g l y  and  i n t i m a t e l y  w i t h  o t h e r s  t o  
a c h i e v e  t h e i r  i n s p i r a t i o n  because  t h e y  have  l e a r n t  t o  a c h i e v e  
r e s u l t s  o n  t h e i r  own o r  i n  v e r y  s m a l l  g r o u p s .  The demand f o r  
s t r o n g ,  e f f e c t i v e  management, and  t h e  a b i l i t y  t o  p r o v i d e  i t ,  
w i l l  n o t  be s o  w e l l  d e v e l o p e d  and  u l t i m a t e l y  t h a t  may p rove  
t o  be t o  t h e  d e t r i m e n t  o f  t h a t  s o c i e t y .  It w i l l ,  f o r  
example ,  t e n d  t o  be s c i e n t i f i c a l l y  c r e a t i v e  r a t h e r  t h a n  
t e c h n o l o g i c a l l y  p r o d u c t i v e :  a b l e  t o  p roduce  c o n c e p t s ,  f r e s h  
v i e w p o i n t s ,  new i n v e n t i o n s  and  m e t h o d o l o g i e s ,  b u t  l e s s  a b l e  
t o  d e v e l o p  and  c o n t r o l  t h e i r  mass e x p l o i t a t i o n .  

Mankind's inteZZectuaZ growth 
I s h o u l d  n o t  l i k e  t h e s e  r emarks  t o  be i n  any  way 
m i s u n d e r s t o o d .  Mankind needs  b o t h  s y s t e m s .  The c h a l l e n g e  
t o d a y  i s  n o t  which  way t o  go  bu t  how t o  p r o v i d e  t h e  c o r r e c t  
b a l a n c e  be tween t h e  p r o g r e s s i v e  and  a n t i - r e g r e s s i v e  i n  
e d u c a t i o n ,  a s  e l s e w h e r e .  Knowledge a l o n e  w i l l  n o t  s u f f i c e  t o  
e n s u r e  s u r v i v a l  o f  humani ty .  Nor c a n  we hope  t o  r e t a i n  a l l  
t h e  knowledge t h a t  humani ty  h a s  g a t h e r e d  o v e r  t h e  l a s t  f i v e  
t housand  y e a r s .  What must  be done  i s  t o  e n s u r e  t h a t  
f o r g o t t e n  knowledge c a n  be r e p r o d u c e d  when r e q u i r e s .  New 
i d e a s  must  be produced f a s t e r  t h a n  t h e  o l d e r  o n e s  may be 
f o r g o t t e n .  U n d e r s t a n d i n g- o r i e n t e d  e d u c a t i o n  i s  a n  i n v e s t m e n t  
i n  t h e  f u t u r e .  It e n s u r e s  t h a t  t h e r e  w i l l  a l w a y s  e x i s t  t h o s e  
c r e a t i v e  minds t h a t  c a n  t h i n k  f o r  t h e m s e l v e s ,  t h a t  p roduce  
and e x p l o r e  new c o n c e p t s ,  t h a t  p r o v i d e  a  s e n s e  o f  d i r e c t i o n ,  
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c r e a t i v e  i n s p i r a t i o n  and a c t i o n ,  p o s s i b l y  e v e n  a  l i t t l e  b i t  
o f  s a n i t y ,  i n  t h i s  f a c t - o r i e n t e d ,  t e c h n o l o g y- b a s e d ,  p r o f i t -  
s e e k i n g  w o r l d .  But knowledge i s  a l s o  r e q u i r e d .  A t  any  g i v e n  
moment i n  t i m e  ony a  knowledge- ore i en t ed  t e c h n o l o g i c a l  
s o c i e t y  c a n  s o l v e  t h e  immed ia t e  p rob lems  t h a t  f a c e  a  
community, a  n a t i o n  and mankind a s  a  who le .  

We have  a n a l y s e d  e d u c a t i o n  i n  t e r m s  o f  t h e  p r o g r e s s i v e  and 
a n t i - r e g r e s s i v e  sys t em c o n c e p t s .  I f  t h e  same l a w s  o f  g rowth  
a p p l y ,  we c a n  e n s u r e  c o n t i n u e d  g rowth  o n l y  by a c h i e v i n g  t h e  
c o r r e c t  b a l a n c e  be tween p r o g r e s s i v e  and a n t i - r e g r e s s v e  
e d u c a t i o n .  Thus I would l i k e  t o  t h i n k  t h a t  we h e r e  a t  
I m p e r i a l  C o l l e g e  w i l l  h e l p  c o u n t e r- b a l a n c e  a  wor ldwide  t r e n d  
t o  k n o w l e d g e- o r i e n t e d  e d u c a t i o n ,  by m a i n t a i n i n g  and 
e m p h a s i s i n g  t h e  t r a d i t i o n a l  u n d e r s t a n d i n g- o r i e n t a t i o n  o f  
B r i t i s h  e d u c a t i o n .  The new Computer S c i e n c e  c o u r s e  t h a t  we 
have  s e t  up h a s  been  c a r e f u l l y  d e s i g n e d  and s t r u c t u r e d  t o  
y i e l d  a  s t u d e n t  who understands and n o t  j u s t  knows h i s  
s u b j e c t .  Thus I t r u s t  t h a t  we s h a l l  be p l a y i n g  o u r  p a r t  i n  
e n s u r i n g  t h e  c o n t i n u e d  i n t e l l e c t u a l  g rowth  o f  mankind and 
t h r o u g h  t h a t  a l s o  i t s  p h y s i c a l  p r o g r e s s  - p r o g r e s s  i n  which 
computer  s y s t e m s  and computer  s c i e n c e  w i l l  p l a y  a  ma jo r  r o l e .  

10 C o n c l u s i o n  

F i n a l l y  may I be p e r m i t t e d  t o  f o l l o w  a n c i e n t  J e w i s h  p r a c t i c e  
and c o n c l u d e  my t a l k  w i t h  a  b i b l i c a i  v i e w p o i n t  o f  t h e  
c o n c e p t s  I have  p r e s e n t e d .  The a u t h o r  o f  P r o v e r b s  a l s o  
r e c o g n i s e d  t h e  p o t e n t i a l  c o n f l i c t  be tween p r o g r e s s i v e  
t e m p t a t i o n  and a n t i - r e g r e s s i v e  n e e d s  [ P r o v e r b s  6-81 ( P l a t e  
IVb) : 

'Go t o  t h e  a n t ,  t h o u  s l u g g a r d ,  c o n s i d e r  h e r  ways and  be 
w i s e .  Though h a v i n g  no o f f i c e r ,  o v e r s e e r  o r  r u l e ,  s h e  
p r e p a r e t h  h e r  b r e a d  i n  t h e  summer, g a t h e r e t h  h e r  food  i n  
t h e  h a r v e s t . '  

One might  a s k  why t h e  a u t h o r  h e r e  p l a c e s  b r e a d  p r e p a r a t i o n  i n  
summer b e f o r e  food  g a t h e r i n g  i n  t h e  h a r v e s t  when i n  f a c t  i n  
t h e  Midd le  E a s t  t h e  h a r v e s t  i s  g a t h e r e d  i n  s p r i n g .  The 
Malbim, a  1 9 t h  C e n t u r y  comment,ator, r e m a r k s  t h a t  t h e  meaning 
o f  t h i s  t e x t  i s  t h a t  t h e  a n t  e a t s  i n  t h e  w i n t e r  because s h e  
h a s  p r e v i o u s l y  p r e p a r e d  h e r  food  i n  t h e  summer. T h i s  s h e  c a n  
do  b e c a u s e  d u r i n g  t h e  s p r i n g  h a r v e s t  s h e  i s  w i l l i n g  t o  s t o r e  
h e r  c o l l e c t i o n  r a t h e r  t h a n  t o  e a t  i t  a l l .  She works  f o r  a 
f u t u r e  t h a t  s h e  may n e v e r  l i v e  t o  s e e  and t h i s  v o l u n t a r y  
a c t i o n  o c c u r s  d e s p i t e  t h e  a b s e n c e  o f  p r e s s u r e  f rom r u l e r s  o r  
o v e r s e e r s .  The a n t i - r e g r e s s i v e  i s  s o  i n t e g r a t e d  i n t o  t h e  
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p r o g r e s s i v e  t h a t  t h e  two r e m a i n  b a l a n c e d  a n d  i n  s t e p  a t  a l l  
t i m e s .  

T h e r e  i s  c l e a r l y  no need  t o  add  a n y t h i n g  f u r t h e r  t o  t h e s e  
a n c i e n t  words  o f  wisdom e x c e p t  a  f i n a l  o v e r a l l  summary: 

P rog rams  a n d  C i t i e s  and  S t u d e n t s  
A l l  h a v e  t h e  p o t e n t i a l  t o  grow. 
Wi th  P a n d  A R  a c t i o n  b a l a n c e d  
T h e r e  need  be  no L i m i t  t o  Growth.  
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Be l ady  who, b u t  f o r  t h e  n a t u r e  o f  t h i s  p a p e r ,  would s u r e l y  
h a v e  b e e n  a c o- a u t h o r .  L a s t ,  b u t  c e r t a i n l y  n o t  l e a s t ,  I wan t  
t o  t h a n k  my w i f e  Chava f o r  h e r  a r t i s t i c  c o n t r i b u t i o n s  t o  t h i s  
l e c t u r e  and  f o r  h e r  c o n s t a n t  a n d  c o n t i n u i n g  s u p p o r t  and  
encou ragemen t  wh ich  h a v e  made my work and  t h i s  l e c t u r e  
p o s s i b l e .  





1 The P r o c e s s  o f  Programming ( 8 . 1  ) 

1 . I  I n t r o d u c t i o n  

A s  a  need  f o r  a  d i s c i p l i n e  o f  s o f t w a r e  e n g i n e e r i n g  h a s  become 
r e c o g n i s e d ,  t h e  d e s i g n ,  i m p l e m e n t a t i o n ,  a n d  m a i n t e n a n c e  o f  
c ompu te r  s o f t w a r e  h a s  come i n t o  t h e  f o r e f r o n t .  The 
f o r m u l a t i o n  o f  c o n c e p t s  o f  p r o g r a m i n g  m e t h o d o l o g y ,  
e x e m p l i f i e d  by D i  j k s t r a '  s s t r u c t u r e d  programming [D1372] 
s t r i k e s  a t  t h e  r o o t s  o f  t h e  problem.  The r e a l i s a t i o n  i s  t h a t  
a  p rog ram,  much a s  a  m a t h e m a t i c a l  t heo rem,  s i ~ o u l d  a n d  c a n  be 
p r o v a b l e .  R e c o g n i t i o n  t h a t  a  p rogram c a n  be p roved  c o r r e c t  
a s  i t  i s  d e v e l o p e d  a n d  m a i n t a i n e d  [DI J68b ] ,  and  b e f o r e  i t s  
r e s u l t s  a r e  u s e d ,  may u l t i m a t e l y  change  t h e  n a t u r e  o f  t h e  
programming w o r l d .  C l e a r l y ,  t h e s e  d e v e l o p m e n t s  a r e  o f  
f  undamen ta l  i m p o r t a n c e .  They a p p e a r  t o  p o i n t  t o  l o n g-  t e r m  
s o l u t i o n s  t o  p r o b l e m s  t h a t  w i l l  be e n c o u n t e r e d  i n  c r e a t i n g  
t h e  g r e a t  amount  o f  p rogram t e x t  t h a t  t h e  w o r l d  a p p e a r s  t o  
r e q u i r e .  But  e v e n  t hough  p r o g r e s s  i n  m a s t e r i n g  t h e  s c i e n c e  
of p rogram c r e a t i o n ,  m a i n t e n a n c e  a n d  e x p a n s i o n  h a s  a l s o  b e e n  
made,  t h e r e  i s  s t i l l  a  l o n g  way t o  go. 

1 .2 The Sys tem Approach  

Such  p r o g r e s s  a s  i s  c u r r e n t l y  b e i n g  made s t e m s  p r i m a r i l y  from 
t h e  p e r s o n a l  i n v o l v e m e n t  o f  r e s e a r c h e r s  a n d  d e v e l o p e r s  i n  t h e  
programming p r o c e s s  a t  a  d e t a i l e d  l e v e l .  O f t e n  t h e y  t a c k l e  a  
s i n g l e  problem a r e a :  d l g o r i  thm d e v e l o p m e n t ,  l a n g u a g e ,  
s t r u c t u r e .  c o r r e c t n e s s  p r o v i n g ,  c o d e  g e n e r a t i o n ,  
d o c u m e n t a t i o n ,  o r  t e s t i n g .  O t h e r s  v iew t h e  p r o c e s s  a s  a  
w h o l e ,  y e t  t h e y  a r e  p r i m a r i l y  c o n c e r n e d  w i t h  t h e  i n d i v i d u a l  
s t e p s  t h a t ,  t o g e t h e r ,  t a k e  o n e  f rom c o n c e p t  t o  c o m p u t a t i o n .  
S t i l l  t h i s  t y p e  o f  s t u d y  i s  e s s e n t i a l  i f  r e a l  i n s i g h t  i s  t o  
be g a i n e d  and  p r o g r e s s  made. 

The s c i e n t i f i c  method  h a s  made p r o g r e s s  i n  r e v e a l i n g  t h e  
n a t u r e  o f  t h e  p h y s i c a l  w o r l d  by p u r s u i n g  c o u r s e s  o t h e r  t h a n  

8,l ( E d s )  The originaZ paper d id  no t  con ta in  numbered 
s e c t i o n s  and subsec t i ons .  We have added numbers and,  
where nece s say ,  t i t l e s  t o  correspond t o  t h e  standard 
format i n  t h i s  book. 
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s t u d y i n g  i n d i v i d u a l  phenomena i n  e x q u i s i t e  d e t a i l .  
S i m i l a r l y ,  a system,  a p r o c e s s  o r  a phenomenon may be viewed 
from t h e  o u t s i d e ,  by a c t s  o f  o b s e r v i n g ;  c l a r i f y i n g ;  and by 
measur ing and .mode l l ing  i d e n t i f i a b l e  a t t r i b u t e s ,  p a t t e r n s  and 
t r e n d s .  From such  a c t i v i t i e s  one o b t a j n s  i n c r e a s i n g  
knowledge and u n d e r s t a n d i n g ,  based on  t h e  behaviour  of  bo th  
t h e  system and i t s  subsystems,  t h e  p r o c e s s  and i t s  
subprocesses .  

S t a r t i n g  w i t h  t h e  i n i t i a l  r e l e a s e  of  OW360 as a base ,  w e  
have s t u d i e d  t h e  i n t e r a c t i o n  between management and t h e  
e v o l u t i o n  o f  OW360 by u s i n g  c e r t a i n  independen t  v a r i a b l e s  o f  
t h e  improvement and enhancement ( i e  maintenance)  p rocess .  We 
cannot  s a y  a t  t h i s  t ime  t h a t  we have used a l l  t h e  key 
independen t  v a r i a b l e s .  There i s  undoubtedly much more t o  be 
l e a r n e d  abou t  t h e  v a r i a b l e s  and t h e  d a t a  t h a t  c h a r a c t e r i s e  
t h e  programming process .  Our method of  s t u d y  h a s  been t h a t  
o f  r e g r e s s i o n  - o u t s i d e  i n  - which we have termed ' s t r u c t u r e d  
a n a l y s i s ' .  S t a r t i n g  w i t h  t h e  a v a i l a b l e  d a t a ,  w e  have 
a t t e m p t e d  t o  deduce t h e  n a t u r e  o f  c o n s e c u t i v e  r e l e a s e s  of  
0S/360. We g i v e  examples o f  t h e  d a t a  t h a t  s u p p o r t  t h i s  
s y s t e m a t i c  s t u d y  of  t h e  programming p r o c e s s .  Again, however, 
we wish t o  emphasise t h a t  t h i s  s t u d y  is  bu t  t h e  beg inn ing  of  
a new approach t o  a n a l y s i n g  man-made systems. 

F i g u r e  1 Growth Trends o f  System A t t r i b u t e  Counts w i t h  Time 
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1 . 3  The Programming P r o c e s s  

The a u t h o r s  have  s t u d i e d  t h e  programming p r o c e s s  [LEH69] as 
i t  p e r t a i n s  t o  t h e  development  o f  OS/360, and now g i v e  a 
p r e l i m i n a r y  a n a l y s i s  o f  some p r o j e c t  s t a t i s t i c s  o f  t h i s  
programming sys tem,  which had a l r e a d y  s u r v i v e d  a number of 
v e r s i o n s  o r  r e l e a s e s  when t h e  s t u d y  began. The d a t a  f o r  e a c h  
r e l e a s e  i n c l u d e d  measures  o f  t h e  s i z e  o f  t h e  sys t em,  t h e  
number o f  modules added,  d e l e t e d  o r  changed, t h e  r e l e a s e  
d a t e ,  i n f o r m a t i o n  on  manpower and machine  time used and c o s t s  
i n v o l v e d  i n  e a c h  r e l e a s e .  I n  g e n e r a l  t h e r e  were  l a r g e ,  
a p p a r e n t l y  s t o c h a s t i c ,  v a r i a t i o n s  i n  t h e  i n d i v i d u a l  d a t a  
items from release t o  release. 

A l l  i n  a l l ,  t h e  d a t a  i n d i c a t e d  a g e n e r a l  upward t r e n d  i n  
s i z e ,  complex i ty  and c o s t  o f  t h e  sys t em and t h e  ma in tenance  
p r o c e s s ,  a s  i n d i c a t e d  by components,  modules,  s t a t e m e n t s ,  
i n s t r u c t i o n s ,  and  modules hand led  i n  F i g u r e  1.  The v a r i o u s  
p a r a m e t e r s  wree  a v e r a g e d  t o  expose  t r e n d s .  When t h e  ave raged  
d a t a  were  p l o t t e d  a s  shown i n  F i g u r e  2 ,  t h e  p r e v i o u s l y  
e r r a t i c  d a t a  had become s t r i k i n g l y  smooth. 

F i g u r e  2 Average Growth F i g u r e  3 Average Growth 
Trends  of System A t t r i b u t e s  Trends  o f  System A t t r i b u t e s  

Compared w i t h  Planned Growth 
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Some t ime  l a t e r ,  a d d i t i o n a l  d a t a  were p l o t t e d  as shown i n  
F i g u r e  3 and conf i rmed s u s p i c i o n s  o f  n o n l i n e a r  - p o s s i b l y  
e x p o n e n t i a l  - growth and complexi ty .  E x t r a p o l a t i o n  sugges ted  
f u r t h e r  growth t r e n d s  t h a t  were s i g n i f i c a n t l y  a t  odds w i t h  
t h e  t h e n  c u r r e n t  p r o j e c t  p l a n s .  The d a t a  were a l s o  h i g h l y  
e r r a t i c  w i t h  major ,  b u t  a p p a r e n t l y  s e r i a l l y  c o r r e l a t e d ,  
f l u c t u a t i o n s  shown i n  F i g u r e  4 by t h e  borken l i n e s  from 
r e l e a s e  t o  r e l e a s e .  N e v e r t h e l e s s ,  a lmos t  any form of  
a v e r a g i n g  l e d  t o  t h e  d i s p l a y  of  v e r y  c l e a r  t r e n d s  as shown by 
t h e  dashed l i n e  i n  F i g u r e  4. Thus i t  was n a t u r a l  t o  a p p l y  
uni-  and m u l t i v a r i a t e  r e g r e s s i o n  and t i m e- s e r i e s  models t o  
r e p r e s e n t  t h e  p r o c e s s  f o r  purposes  o f  p lann ing ,  f o r e c a s t i n g  
and i a p r o v i n g  i t  i n  p a r t  o r  a s  a whole. A s  t h e  s t u d y  
p rogressed ,  e v i d e n c e  accumulated t h a t  one might c o n s i d e r  a  
s o f t w a r e  maintenance and enhancement p r o j e c t  as a  s e l f -  
r e g u l a t i n g  organism,  s u b j e c t  t o  a p p a r e n t l y  random shocks ,  b u t  
- o v e r a l l  - obeying i t s  own s p e c i f i c  c o n s e r v a t i o n  laws and 
i n t e r n a l  dynamics. 

Thus t h e s e  f i rst  o b s e r v a t i o n s  encouraged t h e  s e a r c h  f o r  
models t h a t  r e p r e s e n t e d  laws t h a t  governed t h e  dynamic 
behav iour  o f  t h e  metasystem o f  o r g a n i s a t i o n ,  people ,  and 
program m a t e r i a l  i n v o l v e d  i n  t h e  c r e a t i o n  and maintenance 
p r o c e s s ,  i n  t h e  e v o l u t i o n  o f  programming systems.  

TREND 
AVERAGE 

. 
RELEASE SEQUENCE NUMBER 

F i g u r e  4 S e r i a l  and Average 
Growth Trends o f  a  P a r t i c u l a r  

A t t r i b u t e  
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1.4 Laws o f  Program E v o l u t i o n  

It i s  p e r h a p s  necessa i -y  t o  e x p l a i n  h e r e  why we a l l e g e  
c o n t i n u o u s  c r e a t i o n ,  m a i n t e n a n c e ,  and  enhancement  o f  
programming s y s t e m s .  It i s  t h e  a c t u a l  e x p e r i e n c e  o f  a l l  who 
have  . b e e n  i n v o l v e d  i n  t h e  u t i l i s a t i o n  o f  comput ing  equipment  
and t h e  r u n n i n g  o f  l a r g e  m u l t i p l e - f u n c t i o n  p rog rams ,  t h a t  
s u c h  s y s t e m s  demand c o n t i n u o u s  r e p a i r  and  improvement.  Thus 
we may p o s t u l a t e  t h e  F i r s t  Law o f  Program E v o l u t i o n  Dynamics 
[LEH74 I .  

I Law of Continuing Change 
A sys t em t h a t  i s  u s e d  u n d e r g o e s  c o n t i n u i n g  change  u n t i l  i t  i s  
judged more c o s t  e f f e c t i v e  t o  f r e e z e  and  r e c r e a t e  i t .  

S o f t w a r e  d o e s  n o t  f a c e  t h e  p h y s i c a l  decay  p rob lems  t h a t  
ha rdware  f a c e s .  But t h e  power and  l o g i c a l  f l e x i b i l i t y  o f  
comput ing  s y s t e m s ,  t h e  e x t e n d i n g  t e c h n o l o g y  o f  computer  
a p p l i c a t i o n s ,  t h e  e v e r - e v o l v i n g  ha rdware  and t h e  p r e s s u r e s  
f o r  t h e  e x p l o i t a t i o n  o f  new b u s i n e s s  o p p o r t u n i t i e s  a l l  make 
demands. M a n u f a c t u r e r s ,  t h e r e f o r e ,  e n c o u r a g e  t h e  c o n t i n u o u s  
a d a p t a t i o n  o f  p rog rams  t o  keep  i n  s t e p  w i t h  i n c r e a s i n g  s k i l l ,  
i n s i g h t ,  a m b i t i o n ,  and  o p p o r t u n i t y .  I n  a d d i t i o n  t o  s u c h  
e x t e r n a l  p r e s s u r e s  f o r  change ,  t h e r e  i s  t h e  c o n s t a n t  need  t o  
r e p a i r  sys t em f a u l t s ,  w h e t h e r  t h e y  a r e  e r r o r s  t h a t  s t em f rom 
f a u l t y  i m p l e m e n t a t i o n  o r  d e f e c t s  t h a t  r e l a t e  t o  weaknesses  i n  
d e s i g n  o r  b e h a v i o u r .  t h u s  a  programming sys t em u n d e r g o e s  
c o n t i n u i n g  m a i n t e n a n c e  and deve lopmen t ,  d r i v e n  by m u t u a l l y  
s t i m u l a t i n g  c h a n g e s  i n  sys t em c a p a b i l i t y  and  e n v i r o n m e n t a l  
u s a g e .  I n  f a c t ,  t h e  e v o l u t i o n  p a t t e r n  o f  a l a r g e  program i s  
similar t o  t h a t  o f  any  o t h e r  complex sys t em i n  t h a t  i t  s t e m s  
f rom t h e  c l o s e d- l o o p  c y c l i c  a d a p t a t i o n  o f  env i ronmen t  t o  
sys t em c h a n g e s  and v i c e  v e r s a .  

A s  a  sys t em i s  changed ,  i t s  s t r u c t u r e  i n e v i t a b l y  d e g e n e r a t e s .  
The r e s u l t i n g  s y s t e m  c o m p l e x i t y  and  r e d u c t i o n  o f  
m a n a g e a b i l i t y  are e x p r e s s e d  by t h e  Second Law o f  Program 
E v o l u t i o n  Dynamics. 

11 Law of increas ing  entropy 
The e n t r o p y  o f  a sys t em ( i t s  u n - s t r u c t u r e d n e s s )  i n c r e a s e s  
w i t h  time, u n l e s s  s p e c i f i c  work i s  e x e c u t e d  t o  m a i n t a i n  o r  
r e d u c e  i t .  

T h i s  l aw  t o o  a b s t r a c t s  v a s t  e x p e r i e n c e ,  i n  p a r t  r e f l e c t e d  by 
d a t a  t o  be p r e s e n t e d  l a t e r  i n  t h i s  p a p e r .  T h i s ,  i n  t u r n ,  
l e a d s  t o  t h e  f o r m u l a t i o n  o f  t h e  T h i r d  Law o f  E v o l u t i o n  
Dynamics. 



170 M. M. Lehman and L. A. Belady 

111 Law o f  s t a t i s t i c a Z Z y  smooth growth 
Growth t r e n d  m e a s u r e s  o f  g l o b a l  s y s t e m  a t t r i b u t e s  may a p p e a r  
t o  be s t o c h a s t i c  l o c a l l y  i n  t i m e  a n d  s p a c e ,  b u t ,  
s t a t i s t i c a l l y ,  t h e y  a r e  c y c l i c a l l y  s e l f - r e g u l a t i n g ,  w i t h  
w e l l - d e f i n e d  l o n g- r a n g e  t r e n d s .  

The s y s t e m  and  t h e  m e t a s y s t e m  - t h e  p r o j e c t  o r g a n i s a t i o n  t h a t  
i s  d e v e l o p i n g  i t  - c o n s t i t u t e  a n  o r g a n i s m  t h a t  i s  c o n s t r a i n e d  
by c o n s e r v a t i o n  l a w s .  These  l a w s  may be l o c a l l y  v i o l a t e d ,  
b u t  t h e y  d i r e c t ,  c o n s t r a i n ,  c o n t r o l ,  a n d  t h e r e b y  r e g u l a t e  a n d  
smoo th ,  t h e  l o n g- t e r m  g r o w t h  a n d  deve lopmen t  p a t t e r n s  a n d  
r a t e s .  O b s e r v a t i o n ,  measu remen t ,  a n d  i n t e r p r e t a t i o n  o f  t h e  
l a t t e r  c a n  t h u s  be u s e d  t o  p l a n ,  c o n t r o l ,  and  more  p r e c i s e l y  
f o r e c a s t  t h e  p r o d u c t  o f  a n  e x i s t i n g  p r o c e s s  a n d  t o  improve  
t h e  p r o c e s s  s o  a s  t o  o b t a i n  d e s i r e d  o r  d e s i r a b l e  
c h a r a c t e r i s t i c s .  

The ' l a w s 1  t h a t  we a r e  e x p o u n d i n g  u p o n  h a v e  g r a d u a l l y  e v o l v e d  
a s  we h a v e  p u r s u e d  o u r  s t u d y  o f  t h e  programming t a s k .  When 
we b e g a n  o u r  s t u d i e s ,  o b s e r v a t i o n s  l e d  t o  t h e  c o n c e p t  t h a t  we 
t e rmed  ' p rog ramming  s y s t e m s  g r o w t h  dynamics 1  [BELTI]. We 
h a v e  now renamed t h i s  s u b d i s c i p l i n e  ' p rog ramming  e v o l u t i o n  
dy n a m i c s l .  

The r e m a i n d e r  o f  t h i s  p a p e r  d e s c r i b e s  some o f  t h e  s t a t i s t i c a l  
a n d  f o r m a l  m o d e l s  o f  t h e  programming p r o c e s s  t h a t  we h a v e  
b e e n  a b l e  t o  d e v e l o p  by p u r s u i n g  t h e  c o n s e q u e n c e s  o f  t h e  l a w s  
o f  programming e v o l u t i o n  dynamics .  It i s  o u r  c o n v i c t i o n  t h a t  
t h e  e x t e n s i o n  o f  t h e s e  s t u d i e s  c a n  l e a d  t o  a n  i n c r e a s i n g  
u n d e r s t a n d i n g  o f  t h e  n a t u r e  a n d  d y n a m i c s  o f  t h e  programming 
p r o c e s s .  Hence ,  s t u d i e s  s u c h  a s  t h e s e  may y i e l d  s i g n i f i c a n t  
a d v a n c e s  i n  t h e  a b i l i t y  t o  e n g i n e e r  s o f t w a r e ,  i e ,  t o  p l a n  a n d  
c o n t r o l  p rogram c r e a t i o n  a n d  m a i n t e n a n c e .  

2  The P r o c e s s  Obse rved  - A S t a t i s t i c a l  Model 

2 . 1  The B a s i s  o f  t h e  S tudy  

The b a s i c  a s s u m p t i o n s  o f  p rogramming e v o l u t i o n  dynamics  
s p r i n g  f rom v i e w i n g  t h e  program b e i n g  i m p l e m e n t e d ,  e n h a ~ c e d ,  
a n d  m a i n t a i n e d  a n d  i t s  m e t a s y s t e m  - t h e  o r g a n i s a t i o n  t h a t  
g e n e r a t e d  a n d  u n d e r t o o k  t h e  deve lopmen t  o f  OS/360 - a s  
i n t e r a c t i n g  s y s t e m s .  The e v o l u t i o n a r y  p r o c e s s  a n d  l i f e  c y c l e  
o f  a  p rogram a r e  a t  l e a s t  p a r t i a l l y  g o v e r n e d  by t h e  
s t r u c t u r a l  and  f u n c t i o n a l  a t t r i b u t e s  o f  b o t h  t h e  program and  
t h e  human o r g a n i s a t i o n .  T h e i r  s i z e ,  c o m p l e x i t y ,  a n d  numerous  
i n t e r n a l  i n t e r a c t i o n s  s u g g e s t  t h e  u s e  o f  s t a t i s t i c a l  
t e c h n i q u e s  f o r  i n t e r p r e t i n g  o b s e r v e d  b e h a v i o u r .  
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D e t a i l e d  s t u d i e s  o f  a v a i l a b l e  d a t a  i n  c o n j u n c t i o n  w i t h  t h e  
a l m o s t  u n i v e r s a l  e x p e r i e n c e  of t h e  programming community 
i n d i c a t e  t h a t  a  l a r g e  programming p r o j e c t  h a s  many of  t h e  
p r o p e r t i e s  o f  a m u l t i p l e  l o o p ,  s e l f - s t a b i l i z i n g  f e e d b a c k  
sys tem.  The o v e r a l l  t r e n d  h a s  been summarised i n  t h e  
p r e v i o u s l y  d i s c u s s e d  t h r e e  l a w s  t h a t  u n d e r l i e  t h e  dynamics  o f  
e v o l u t i o n  o f  l a r g e  programs. The p r e s e n t  s e c t i o n  p r e s e n t s  
some o f  t h e  accumula t ed  numer i ca l  e v i d e n c e  d e r i v e d  from 
e x p e r i e n c e  w i t h  OW360 - one model of one sys tem from one 
env i ronmen t .  

2 . 2  A v a i l a b l e  Data 

The p r o j e c t  d a t a  p r e s e n t e d  h e r e  o r i g i n a t e  from OS/360, which 
i s  now some t w e l v e  y e a r s  o l d .  T h i s  sys t em h a s  been  made 
a v a i l a b l e  t o  a n  i n c r e a s i n g  number o f  u s e r s  i n  a  s e r i e s  o f  
o v e r  twenty  u s e r- o r i e n t e d  r e l e a s e s .  These r e l e a s e s  have  
e x t e n d e d  t h e  c a p a b i l i t y  of  t h e  o p e r a t i n g  sys t em by c o r r e c t i n g  
f a u l t s ,  improv ing  pe r fo rmance ,  s u p p o r t i n g  new ha rdware ,  and 
by a d d i n g  newly c o n c e i v e d  f u n c t i o n s .  

These and o t h e r  i n t e r m e d i a t e  r e l e a s e s  were  a s s i g n e d  nardes o r  
numbers as i d e n t i f i e r s .  Each r e l e a s e  may, however,  a l s o  be 
i d e n t i f i e d  a s  a  program t h a t  - w i t h  i t s  documen ta t ion  - f o r m s  
a n  i d e n t i f i a b l e  and s t a b l e  t e x t  i n  a n  o t h e r w i s e  c o n t i n u o u s l y  
chang ing  env i ronmen t .  A s s i g n i n g  Release Sequence Numbers 
(RSNs) t o  v e r s i o n s  r e c e i v i n g  t h e  same d e g r e e  o f  e x p o s u r e ,  
y i e l d s  a  s equence  o f  i n t e g e r s  t h a t  f o r m s  a pseudo t i m e  
measure  i n  t h e  s e n s e  of Cox and  Lewis ,  [COX66], t h a t  may 
be used  t o  d e s c r i b e  t h e  t ime- dependent  b e h a v i o u r  o f  program 
e v o l u t i o n .  

Of t h e  r e l e a s e s  c o n s i d e r e d ,  t h e  f i r s t  r e p r e s e n t s  t h e  
c u l m i n a t i o n  o f  t h e  b a s i c  d e s i g n  and b u i l d  ( i e ,  sys tem 
i n t e g r a t i o n )  p r o c e s s .  The i t e r a t i v e  p r o c e s s  t h a t  y i e l d s  t h e  
s p e c i f i c a t i o n ,  a r c h i t e c t u r e ,  d e s i g n  and t h e  f i r s t  
i m p l e m e n t a t i o n  o f  a l a r g e  program sys tem d i f f e r s  
s i g n i f i c a n t l y  f rom s u b s e q u e n t  ma in tenance  and enhancement 
a c t i v i t y .  I n  p a r t i c u l a r ,  t h e r e  i s  a t  t h i s  s t a g e  no f e e d b a c k  
of  f a u l t  r e p o r t i n g  o r  pe r fo rmance  a s s e s s m e n t  by i n d e p e n d e n t  
u s e r s .  Hence d a t a  r e l a t i n g  t o  t h a t  f i r s t  r e l e a s e  are n o t  
i n c l u d e d  i n  t h i s  a n a l y s i s .  The b u i l d  p r o c e s s  i t s e l f  may, 
however,  be s t u d i e d  by u s i n g  d a t a  o b t a i n e d  p e r i o d i c a l l y  
d u r i n g  t h e  development  a c t i v i t y .  

Data from a  second  r e l e a s e  were a l s o  unused because  t h e y  were  
shown t o  r e p r e s e n t  a  component development  somewhat o f f  t h e  
main  s t r eam.  I n  t h e  f i n a l  a n a l y s i s ,  t h e  model and t h e  p l o t s  
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t o  be p r e s e n t e d  a r e  b a s e d  o n  twen ty- one  s e t s  o f  o b s e r v a t i o n s .  
T h i s  r e l a t i v e l y  s m a l l  number o f  d a t a  p o i n t s  i m p l i e s  t h a t  
e x t r e m e  c a r e  mus t  be e x e r c i s e d  i n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  
t h e  s t a t i s t i c a l  a n a l y s i s .  S u b s e q u e n t  d a t a  f r om t h e  
OS/36O e n v i r o n m e n t ,  augmen ted  by d a t a  f r om o t h e r  
e n v i r o n m e n t s ,  h a v e  g e n e r a l l y  c o n f i r m e d  o u r  o b s e r v a t i o n s  a n d  
c o n c l u s i o n s .  

2 . 3  O b s e r v a b l e s  o f  Sys tem E v o l u t i o n  

The r e l e a s e  s e q u e n c e  number (RSN) i s  t a k e n  a s  t h e  f i r s t  o f  
t h e  s y s t e m  e v o l u t i o n  p a r a m e t e r s .  The s e c o n d  i s  t h e  a g e  o f  t h e  
s y s t e m  D R  a t  r e l e a s e  w i t h  RSN = R. E q u i v a l e n t l y ,  D R  i s  t h e  
i n t e r - r e l e a s e  i n t e r v a l  IR; i n  o t h e r  w o r d s ,  t h e  i n t e r v a l  i n  
d a y s  be tween  r e l e a s e s  w i t h  RSN = R-I  a n d  R ,  r e s p e c t i v e l y .  A 
t h i r d  a v a i l a b l e  p a r a m e t e r  MR m e a s u r e s  t h e  s i z e  o f  t h e  s y s t e m  
i n  modu le s .  We p r e s e n t  t h e  r e s u l t s  o f  o u r  a n a l y s i s  i n  t e r m s  
o f  m o d u l e s ,  t hough  o t h e r  s i z e  m e a s u r e s  - s u c h  as numbers  o f  
componen t s  o r  i n s t r u c t i o n s  i n  t h e  s y s t e m  - c o u l d  a l s o  h a v e  
been  u s e d .  The s u i t a b i l i t y  o f  t h e  module  s t e m s  f rom t h e  f a c t  
t h a t  i n  OS/360 t h e  c o n c e p t  o f  modu le  - t hough  i m p r e c i s e l y  
d e f i n e d  - r e p r e s e n t s  a t  one  a n d  t h e  same t i m e  a  f u n c t i o n  and  
i m p l e m e n t a t i o n  e n t i t y  a n d ,  f o r  e x e c u t i o n ,  a  u n i t  o f  s y s t e m  
g e n e r a t i o n  a n d  s t o r a g e  a l l o c a t i o n .  A f o u r t h  p a r a m e t e r  MHR 
r e c o r d s  t h e  number o f  s y s t e m  m o d u l e s  t h a t  h a v e  r e c e i v e d  
a t t e n t i o n ,  i e ,  t h o s e  t h a t  h a v e  b e e n  h a n d l e d  d u r i n g  t h e  
r e l e a s e  i n t e r v a l  a n d ,  more s p e c i f i c a l l y ,  d u r i n g  t h e  
i n t e g r a t i o n  p r o c e s s .  We h a v e  u s e d  t h i s  as a n  i n i t i a l  
e s t i m a t o r  o f  t h e  amount  o f  a c t i v i t y  u n d e r t a k e n  i n  e a c h  
r e l e a s e .  The m e a s u r e  i s  i m p r e c i s e ,  b u t  r e p r e s e n t s  t h e  b e s t  
a v a i l a b l e  i n f o r m a t i o n  o v e r  t h e  e n t i r e  s e q u e n c e .  From MHR 
and  IR, i n  t u r n ,  we d e t e r m i n e  a n  e s t i m a t e  o f  t h e  h a n d l e  
r a t e  H R R  f o r  t h e  a c t i v i t y  t h a t  p r o d u c e d  t h e  r e l e a s e  
w i t h  RSN = R. 

From t h e  v e r y  f irst  b e g i n n i n g s  o f  t h i s  s t u d y  o f  t h e  
programming p r o c e s s  [BELTlb],  i t  h a s  been  c l e a r  t h a t  t h e  
c h a n g i n g  c o m p l e x i t y  o f  a  s y s t e m ,  as i t  i s  m o d i f i e d ,  p l a y s  a  
v i t a l  r o l e  i n  t h e  a g i n g  p r o c e s s .  U n f o r t u n a t e l y ,  t h e r e  i s  no  
c l e a r  o r  u n i q u e  u n d e r s t a n d i n g  o f  w h a t  c o m p l e x i t y  i s  and  how 
i t  c a n  be d e f i n e d  a n d  measu red .  The c h o i c e  o f  c o m p l e x i t y  
d e f i n i t i o n  c a n n o t ,  i n  f a c t ,  be d i s a s s o c i a t e d  f rom t h e  u s e  t o  
w h i c h  i t  i s  t o  be  p u t .  Bu t  c o m p l e x i t y  o f  t h e  s y s t e m ,  o f  t h e  
o r g a n i s a t i o n ,  and  o f  e a c h  p a r t i c u l a r  s e r i e s  o f  c h a n g e s  i s  
f u n d a m e n t a l  t o  t h e  m a i n t e n a n c e  and  t o  t h e  r e s u l t a n t  a g i n g  
p r o c e s s .  Hence some m e a s u r e s  o f  c o m p l e x i t y  mus t  be 
e s t a b l i s h e d .  
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For  t h e  p u r p o s e  o f  t h e  p r e s e n t  a n a l y s i s ,  complexity CR h a s  
b e e n  d e f i n e d  a s  t h e  f r a c t i o n  o f  t h e  r e l e a s e d  s y s t e m  modu le s  
t h a t  w e r e  h a n d l e d  d u r i n g  t h e  c o u r s e  o f  t h e  r e l e a s e  w i t h  
RSN = R. T h i s  d e f i n i t i o n  i s  c l e a r l y  i n a d e q u a t e .  It 
d o e s  n o t  s e p a r a t e l y  m e a s u r e  t h e  v a r i o u s  i n d e p e n d e n t  
c o m p l e x i t y  f a c t o r s  i n v o l v e d .  It d o e s  n o t  d i s c r i m i n a t e  
be tween  s y s t e m  o r g a n i s a t i o n  a n d  t h e  n a t u r e  o f  t h e  work  
u n d e r t a k e n .  Nor d o e s  i t  m e a s u r e  t h e  amount  o f  a c t i v i t y  
i n v o l v e d .  B u t  a t  l e a s t  i t  i s  a m e a s u r e  f o r  wh ich  r e a l  d a t a  
e x i s t .  Moreover  t h e  d a t a  g i v e  i n t e r p r e t a b l e  r e s u l t s .  Hence 
C R  = MHR/MR w i l l  s u f f i c e  u n t i l  b e t t e r  m e a s u r e s  become 
a v a i l a b l e  ( 8 . 2 ) .  

2 . 4  The P r e s e n t  Model 

We h a v e  j u s t  i d e n t i f i e d  f i v e  o b s e r v a b l e  a n d  m e a s u r e a b l e  
p a r a m e t e r s  o f  t h e  programming p r o c e s s .  Our h y p o t h e s i s  
i m p l i e s  t h a t  t h e s e  p a r a m e t e r s  do n o t  v a r y  i n d e p e n d e n t l y ,  a t  
l e a s t  when v i ewed  o v e r  a  r e l a t i v e l y  l o n g  p e r i o d  o f  t i m e .  I n  
f a c t ,  we h a v e  b e e n  a b l e  t o  d e t e r m i n e ,  f o r  examp le ,  f o u r  
b i v a r i a t e  r e l a t i o n s h i p s  among them. The c o m p l e x i t y  
p a r a m e t e r ,  howeve r ,  is  d e r i v e d  f rom two o f  t h e  o t h e r s .  
h e n c e ,  o n  t h e  b a s i s  o f  p r e s e n t  d a t a ,  we a r e  e n t i t l e d  t o  f i t  
o n l y  t h r e e  i n d e p e n d e n t  f u n c t i o n s .  The f o u r t h  r e l a t i o n s h i p ,  
t h e n ,  m u s t  be d e r i v e d  f rom t h e  o t h e r  t h r e e  a n d  t e s t e d  f o r  
f i t .  A s  i n  a l l  d a t a  f i t t i n g ,  t h e  f o r m s  s e l e c t e d  m u s t  a l s o  
p a s s  a  t e s t  f o r  c o n c e p t u a l  r e a s o n a b l e n e s s .  

IrJe s t r e s s  t h a t ,  i n  g e n e r a l ,  any  s t a t i s t i c a l  g o o d n e s s  o f  f i t  
t e s t  i s  i n s u f f i c i e n t  t o  e s t a b l i s h  a n y  r e l a t i o n s h i p  a s  a n  
e l e m e n t  o f  t h e  t o t a l  model  - a s  a n  e x p r e s s i o n  o f  c a u s a l  
r e l a t i o n s h i p s  - u n l e s s  i t  c a n  be c o n v i n c i n g l y  i n t e r p r e t e d  i n  
t h e  l i g h t  o f  o n e ' s  i n s i g h t  i n t o  t h e  p r o c e s s .  U l t i m a t e l y ,  i t  
i s  o n l y  t h r o u g h  t h e  i n t e r p l a y  a n d  i t e r a t i o n  o f  o b s e r v a t i o n ,  
m o d e l l i n g ,  and  i n t e r p r e t a t i o n  t h a t  r e a l  p r o g r e s s  c a n  be made 
i n  u n d e r s t a n d i n g  and  m a s t e r i n g  t h e  l a r g e - s c a l e  programming 
p r o c e s s  ( 8 . 3 ) .  

8.2 (Eds) We note that even now, in 1984, no real 
progress has been reported on defining adequate 
software complexity measures. A full discussion will 
appear in CBEN841. 

8.3 (Eds) It is perhaps this realisation of the essential 
role of interpretation in terms of more fundamental 
phenomena that distinguishs this study from other 
phenomenological studies Software Physics, for example. 
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2.5 N a t u r e  o f  t h e  R e l a t i o n s h i p s  

The s t a t i s t i c a l l y  d e r i v e d  r e l a t i o n s h i p s  t o  be p r e s e n t e d  h e r e  
c o m p r i s e  a  model  o f  t h e  programming p r o c e s s  w i t h  r e s p e c t  t o  
t h i s  s y s t e m ' s  l i f e  c y c l e .  The r e l a t i o n s h i p s  r e p r e s e n t  a  
s i m p l e ,  b u t  r e c o g n i s a b l y  i n c o m p l e t e ,  model  o f  wha t  i s  
h a p p e n i n g .  I n  p r a c t i c e ,  t h e  s t a t i s t i c a l  model  h a s  been  u s e d  
t o  improve  t h e  p l a n n i n g  f o r  t h i s  p a r t i c u l a r  s y s t e m .  With t h e  
i n s i g h t  g a i n e d  f rom t h e  m o d e l ' s  d e v e l o p m e n t ,  f u r t h e r  
s t a t i s t i c a l  and  a n a l y t i c  m o d e l s  h a v e  been  a n d  w i l l  c o n t i n u e  
t o  be d e v e l o p e d  t h a t  may e x p l a i n  t h e  p r o c e s s  a n d  e v e n t u a l l y  
l e a d  t o  t h e  i n s i g h t  t h a t  p e r m i t s  improvement  o f  p r o c e s s  
p l a n n i n g ,  c o n t r o l  a n d  c o s t / e f f e c t i v e n e s s .  

I n  t h e  f i r s t  i n s t a n c e ,  we mus t  i d e n t i f y  t h e  g l o b a l  n a t u r e  o f  
t h e  p r o c e s s  a s  e x p r e s s e d  i n  t h e  r e l a t i o n s h i p s  t o  be ,  o r  t h a t  
h a v e  b e e n ,  d e v e l o p e d .  The p r e v i o u s l y  s t a t e d  T h i r d  Law 
s u g g e s t s  t h a t  smooth  l o n g - t e r m  t r e n d s  c a n  be s e e n  i n  t h e  
m e a s u r e s  e v e n  i f  s h o r t - t e r m  b e h a v i o u r  t e n d s  t o  be e r r a t i c .  
T h i s  i s  s u p p o r t e d  by t h e  f a c t  t h a t  we have  been  a b l e  t o  
c o n s t r u c t  s t a t i s t i c a l l y  s i g n i f i c a n t  r e l a t i o n s h i p s  c o n s i s t i n g  
o f  t h r e e  p a r t s  ; t h e  f i r s t  e x p r e s s e s  t h e  l o n g-  t e r m ,  
d e t e r m i n i s t i c  t r e n d ;  t h e  s e c o n d  d e s c r i b e s  s h o r t - t e r m  c y c l i c  
e f f e c t s ;  a n d  t h e  t h i r d  p a r t  e x p r e s s e s  any  s y s t e m - r e l a t i v e  
s t o c h a s t i c  i n f l u e n c e s  o n  t h e  p r o c e s s .  

The s t o c h a s t i c  i n f l u e n c e s  a r i s e ,  i n  p a r t ,  f r o m  a c e r t a i n  
a r b i t r a r i n e s s  i n  t h e  s e l e c t i o n  o f  t h e  new f u n c t i o n  a n d ,  
t h e r e f o r e ,  new code  t o  be  i n c l u d e d  i n  any  g i v e n  r e l e a s e .  i t  
i s  i n f l u e n c e d  t o  a s i g n i f i c a n t  d e g r e e  by t h e  u s e r  a n d  
management p r e s s u r e ,  t h e  a v a i l a b l i l i  t y  o f  new h a r d w a r e  
d e v i c e s ,  and  by b u s i n e s s  c o n s i d e r a t i o n s  t h a t  a r e  n o t  d i r e c t l y  
r e l a t e d  t o  t h e  i n t e r n a l  dynamics  o f  t h e  p r o c e s s .  E q u a l l y ,  
t h e  r e l e a s e  t a r g e t  d a t e ,  and  h e n c e  t h e  a g e  o f  t h e  s y s t e m  a t  
t h e  r e l e a s e  p o i n t ,  i s  s t r o n g l y  i n f l u e n c e d  by f a c t o r s  e x t e r n a l  
t o  t h e  programming p r o c e s s .  

The c y c l i c  t r e n d s  t h a t  we h a v e  o b s e r v e d  i n  t h e  d a t a ,  a n d  t h a t  
h a v e  l o n g  been  a c c e p t e d  o n  a h e u r i s t i c  b a s i s  by m a n a g e r s  a n d  
o b s e r v e r s  o f  p rogramming p r a c t i c e ,  may w e l l  c o n t a i n  t h e  c l u e  
t o  c u r r e n t  l i m i t a t i o n s o f  t h e  p r o c e s s .  I n  p a r t ,  a t l e a s t ,  
i n t e r - r e l e a s e  e f f e c t s  a r i s e  f r om t h e  i n t e r a c t i o n  o f  r e p a i r  
a n d  enhancemen t  a c t i v i t y ,  p a r t i c u l a r l y  when t h e y  s h a r e  common 
r e s o u r c e s  a n d  a r e  u n d e r t a k e n  i n  p a r a l l e l .  It i s  p r o b a b l y  t h e  
i n t e r p l a y  b e t w e e n  t h e  l e v e l s  a n d  r a t e s  o f  t h e  v a r i o u s  
a c t i v i t i e s  a n d ,  i n  p a r t i c u l a r ,  t h e i r  d i v i s i o n s  a t  any  g i v e n  
t ime  be tween  r e p a i r ,  f u n c t i o n a l  improvemen t s  and  new 
c a p a b i l i t y  a d d i t i o n s  t h a t  c h a r t s  t h e  f a t e  o f  a  p rogramming 
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sys t em.  Long- term t r e n d s ,  however  a r e  p e r h a p s  o f  g r e a t e s t  
s i g n i f i c a n c e  i n  u n d e r s t a n d i n g  t h e  p r o c e s s  a n d  i n  f o r e s e e i n g  
a n d  i n f l u e n c i n g  t h e  f u t u r e .  It i s  t h i s  e f f e c t  t h a t  we s h a l l  
m a i n l y  s t r e s s  i n  o u r  a n a l y s i s .  

F i g u r e  5 s h o w s  t h e  s i z e  o f  OS/360 i n  m o d u l e s  p l - o t t e d  w i t h  
r e s p e c t  t o  r e l e a s e  s e q u e n c e  numbers.  R e l a t i v e  t o  t h e  non- 
u n i f o r m  t i m e  m e a s u r e ,  g r o w t h  i n  s i z e  i s  more  o r  l e s s  l i n e a r .  
I n d i c a t e d  by a r r o w s  a r o u n d  t h e  l i n e a r  t r e n d  l i n e  i s  a  v i s i b l e  
r i p p l e .  T h i s  c y c l i c  e f f e c t  c a n  be u n d e r s t o o d  i f  t h e  t o t a i  
o r g a n i s a t i o n i s  v i e w e d  a s  a  s e l f - s t a b i l i s i n g  f e e d b a c k  s y s t e m .  
T h a t  is ,  t h e  design-programming-distri bu t i o n- u s a g e  s y s t e m  h a s  
a  f  e e d b a c k - d r i v e n  a n d  c o n t r o l l e d  t r a n s f e r  f u n c t i o n  a n d  i n p u t -  
o u t p u t  r e l a t i o n s h i p .  

Some f e e d b a c k  r e s u l t s ,  f o r  examp le ,  f r om c o n s t a n t  p r e s s u r e  t o  
s u p p l e m e n t  s y s t e m  c a p a b i l i t y  a n d  power. A s  t h e  g r o w t h  r a t e  
a n d  w o r k  p r e s s u r e s  b u i l d  up,  t h e r e b y  i n c r e a s i n g  t h e  s i z e  and  
c o m p l e x i t y  o f  t h e  o p e r a t i n g  s y s t e m ,  r e d u c e d  q u a l i t y  o f  
d e s i g n ,  c o d i n g  a n d  t e s t i n g ,  l a g g i n g  d o c u m e n t a t i o n ,  a n d  o t h e r  
f a c t o r s  emerge  t o  c o u n t e r  t h e  i n c r e a s i n g  g r o w t h  r a t e .  S o o n e r  
o r  l a t e r ,  a s  i n d i c a t e d  by t h e  s e g m e n t s  ma rked  C ,  t h e s e  l e a d ,  
a t  b e s t ,  t o  a need  f o r  a  s y s t e m  c o n s o l i d a t i o n ,  a  r e l e a s e  t h a t  
c o n t a i n s  l i t t l e  o r  no f u n c t i o n a l  enhancemen t  a n d  i n  w h i c h  
c o r r e c t i o n ,  r e s t r u c t u r i n g ,  a n d  r e w r i t i n g  a c t i v i t i e s  
p r e d o m i n a t e .  A s  a  r e s u l t ,  t h e  s y s t e m  s i z e  d o e s  n o t  g r o w  
s i g n i f i c a n t l y  d u r i n g  s u c h  a  r e l e a s e  a n d  may e v e n  s h r i n k .  A t  
t h e  w o r s t  a  f i s s i o n  e f f e c t  F  may o c c u r ,  a s  a t  RSN = 20 t o  21 
w h e r e  e x c e s s i v e  p r i o r  g r o w t h  h a s  a p p a r e n t l y  l e d  t o  a  b r e a k  up 
o f  t h e  sy s t em.  

F i g u r e  6  p r e s e n t s  t h e  n e t  g r o w t h  of  OS/360 i n  e a c h  r e l e a s e .  
A n a l y s i s  c o n f i r m s  t h e  c y c l i c i t y  o f  t h e  g r o w t h  p r o c e s s  a s  
i n d i c a t e d  i n  t h e  F i g u r e .  A s e c o n d  o b s e r v a t i o n  may, howeve r ,  
be o f  e v e n  g r e a t e r  s i g n i f i c a n c e  i n  e s t i m a t i n g  t h e  l i m i t s  o f  
g r o w t h .  Wi th  t h r e e  e x c e p t i o n s ,  t h e  n e t  g r o w t h  p o i n t s  may be 
s e e n  t o  l i e  i n  a  band bounded a t  a b o u t  t h e  400- module l e v e l ,  
a  l e v e l  t h a t  d o e s  n o t  a p p e a r  t o  h a v e  changed  s i g n i f i c a n t l y  i n  
s i z e  d u r i n g  t h e  l i f e t i m e  o f  t h e  s y s t e m .  M o r e o v e r ,  i n  t h e  
t h r e e  i n s t a n c e s  w h e r e  t h i s  g r o w t h  l e v e l  o f  OS /360  w a s  
e x c e e d e d ,  t h e  r e c o r d  s h o w s  t h a t ,  i n  t h e  f i r s t  c a s e ,  t h e  
r e l e a s e  w a s  o f  s u c h  q u a l i t y  t h a t  i t  h a d  t o  be f o l l o w e d  by a n  
u n p l a n n e d  c l e a n- u p  r e l e a s e .  The l a t e r  two c a s e s  had  e q u a l l y  
u n p l a n n e d  c o n s e q u e n c e s ,  s i g n i f i c a n t  s c h e d u l e  s l i p p a g e s ,  
r e l a t i v e l y  d i s a p p o i n t i n g  p e r f o r m a n c e ,  and  - i n  t h e  c a s e  o f  
r e l e a s e  20  - t h e  p r e v i o u s l y  u n p l a n n e d  d i v i s i o n  o f  t h e  
o p e r a t i n g  s y s t e m  i n t o  a t  l e a s t  t w o  i n d e p e n d e n t  s y s t e m s .  
M o r e o v e r ,  n o t e  t h a t  r e l e a s e s  w i t h  n e t  g r o w t h  n e a r  o r  i n  
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RELEASE SEQUENCE 
NUMBER 

UNPLANNED 

i i 
I I 

RELEASE SEQUENCE NUMBER 

F i g u r e  5 H i s t o r y  of  Growth F i g u r e  6 C y c l i c  N a t u r e  of 
i n  Number of  Modules. Net Growth o f  O p e r a t i n g  

C: C o n s o l i d a t i o n  e f f e c t ;  System R e l e a s e s  
F: F i s s i o n  E f f e c t  

e x c e s s  o f  t h e  i n d i c a t e d  bound t e n d  be f o l l o w d  by one o r  more  
r e l e a s e s  w i t h  a  much r e d u c e d  n e t  growth.  

I f  w e  may g e n e r a l i s e  o u r  c o n c l u s i o n ,  i t  i s  t h a t  a  a  l a r g e  
sys t em grows  t h r o u g h  t h e  a d d i t i o n  of  new a n d  m o d i f i e d  code,  
t h e  sys t em r e q u i r e s  t h e  r e g u l a r  e s t a b l i s h m e n t  o f  a  un ique  
b a s e  r e f e r e n c e  t o  b o t h  c o d e  a n d  d o c u m e n t a t i o n ,  s u c h  a s  i s  
a t t a i n e d  when t h e  sys t em i s  t o  be r e l e a s e d  f o r  s i g n i f i c a n t  
usage  o u t s i d e  t h e  development  a n d  ma in tenance  group. 

A l s o  i n  t h e  p r e s e n t  s t a t e  o f  t h e  a r t ,  c o m p l e t e  a n d  
unambiguous s p e c i f i c a t i o n s  of  changes  o r  a d d i t i o n s  t o  be  
made a r e  n o t  n o r m a l l y  a c h i e v e d  o r  e v e n  a c h i e v a b l e .  Nor i s  i t  
p o s s i b l e  t o  c o n t i n u o u s l y  p r o v e  t h e  s p e c i f i c a t i o n s  t o  b e  
c o n s i s t e n t ,  and t h e i r  s u b s e q u e n t  i m p l e m e n t a t i o n  t o  be c o r r e c t  
w i t h  r e s p e c t  t o  t h e  new program behav iour  d e s i r e d  ( o r  even  
w i t h  r e s p e c t  t o  p r e v i o u s  program behav iour ) .  Hence t h e  code 
a n d  t h e  s y s t e m  a r e  t e s t e d .  B u t  t e s t s  c a n  r e v e a l  o n l y  
d e v i a t i o n s  from d e s i r e d  o r  e x e p e c t e d  behav iour  [DIJ72b] ,  t h e y  
d o  n o t  d e m o n s t r a t e  a b s o l u t e l y  c o r r e c t  b e h a v i o u r  o r  t h e  
absence  of  f a u l t s .  Fur the rmore ,  t h e  e x t e n t  t o  w h i c h  t e s t i n g  
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r e v e a l s  d e v i a t i o n s  o r  f a u l t s  i s  l i m i t e d  by b o t h  t h e  r e s o u r c e s  
t h a t  c a n  be  consumed t o  c o n d u c t  them and  by t h e  v i ew  t h a t  
test d e s i g n e r s  a n d  i n t e r p r e t e r s  h a v e  o f  t h e  t o t a l  p rogram,  
t h e  c h a n g e s ,  a n d  t h e  i n t e n d e d  b e h a v i o u r  o f  b o t h .  

Thus ,  a  f u r t h e r  i n t r i n s i c  c o n s e q u e n c e  o f  a s y s t e m  r e l e a s e  i s  
t h a t  t h e  program i s  s u d d e n l y  e x p o s e d  t o  a n  e n v i r o n m e n t  i n  
wh ich  b o t h  t h e  e x p e c t e d  b e h a v i o u r  a n d  t h e  a c t u a l  u s a g e  may - 
a n d  u s u a l l y  do  - d i f f e r  f r o m  t h a t  t o  w h i c h  t h e  s y s t e m  w a s  
e x p o s e d  i n  t h e  d e v e l o p m e n t ,  m a i n t e n a n c e ,  and  test  
e n v i r o n m e n t s .  I n e v i  t a b l e y ,  t h e r e f  o r e ,  r e l e a s e  o f  t h e  c o d e  
r e s u l t s  i n  t h e  d i s c o v e r y  o f  new f a u l t s .  We c o n c l u d e  t h a t  
s u f f i c i e n t l y  e a r l y  r e l e a s e  t o  u s e r s  o f  s t a b i l i s e d  c o d e  a n d  
d o c u m e n t a t i o n  p r e v e n t s  a  b u i l d- u p  o f  u n d i s c o v e r e d  f a u l t s .  On 
t h e  o t h e r  h a n d ,  t o o  many code  c h a n g e s  t h a t  a r e  u n d e r t a k e n  
w i t h o u t  e x p o s u r e  t o  a  w i d e r u s a g e  p a t t e r n  t h a n  c a n  be  
g e n e r a t e d  i n  a n y  t e s t  s h o p  c a u s e s  a n  a c c u m u l a t i o n  of  
i n t e r r e l a t e d  f a u l t s  a n d  s y s t e m  w e a k n e s s e s ,  s u c h  as poor  
p e r f o r m a n c e ,  t h a t  are f a r  more complex  t o  u n r a v e l .  The d a t a  
o n  wh ich  F i g u r e  6  i s  b a s e d  s u g g e s t  t h a t  t h e r e  e x i s t e d  a 
n o n l i n e a r  e f f e c t  w i t h  a c r i t i c a l  g r o w t h  m a s s  i n  t h e  o p e r a t i n g  
sy s t em we a r e  d i s c u s s i n g  o f  some f o u r  h u n d r e d  m o d u l e s .  

T h i s  c r i t i c a l  g r o w t h  m a s s  had  b e e n  e s s e n t i a l l y  i n v a r i a n t  i n  
a l m o s t  a  d e c a d e  o f  OW360 p r o j e c t  a n d  s y s t e m  l i f e ,  d e s p i t e  
me t h o d o l o g i c a l  a n d  t e c h n o l o g i c a l  improvemen t s  : i n c r e a s i n g  
u s e  o f  h i g h - l e v e l  l a n g u a g e s  a n d  programming s u p p o r t  t o o l s ;  
a nd  i n c r e a s i n g  e x p e r i e n c e  o f  d e s i g n e r s ,  i m p l e m e n t o r s ,  a n d  
management .  Thus t h e  c h a r a c t e r i s t i c  i s  l i k e l y  t o  be  a n  
a t t r i b u t e  o f  t h e  e n + . i r e  o r g a n i s a t i o n  t h a t  r e l a t e s  t o  t h i s  
s y s t e m .  T h a t  i s ,  we a p p e a r  t o  h a v e  i d e n t i f i e d  a combined  
s y s t e m  a n d  m e t a s y s t e m  i n v a r i a n c e .  I n  v i e w  o f  t h e  p o s i t e d  
m u l t i l o o p  f e e d b a c k  n a t u r e  o f  ~ , l e  p r o c e s s ,  one  c a n  e x p e c t  t o  
c h a n g e  a n d  improve  t h i s  c h a r a c t e r i s t i c  g r o w t h  r a t e  o n l y  when 
o n e  b e g i n s  t o  u n d e r s t a n d  t h e  s t r u c t u r e  o f  t h e  p r o c e s s  a n d  i t s  
r e l a t i o n s h i p  t o  t h e  o r g a n i s a t i o n  a n d  t o  t h e  s y s t e m .  

Wi thou t  s p e c u l a t i n g  f u r t h e r  a b o u t  t h e  n a t u r e  o f  t h e  p r o c e s s ,  
we may r e p r e s e n t  i t s  i n v a r i a n c e  a s  o b s e r v e d  i n  t h e  p r e s e n t  
d a t a  by t h e  f o l l o w i n g  r e l a t i o n s h i p :  

H e r e ,  *MR r e p r e s e n t s  t h e  n e t  g r o w t h  o f  t h e  s y s t e m  be tween  
(RSN) = (R - 1) a n d  (RSN) = R. A l e a s t - s q u a r e s  f i t  t o  t h e  
a v a i l a b l e  d a t a  y i e l d s  v a l u e s  o f  760 and  200 f o r  K10 a n d  K I 1 ,  
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r e s p e c t i v e l y .  The S  and Z t e r m s  r e p r e s e n t  t h e  c y c l i c  and  
s t o c h a s t i c  components  whose n a t u r e  and magn i tude  c a n  be 
d e t e r m i n e d  u s i n g  s t a t i s t i c a l  t e c h n i q u e s ,  such  a s  t h o s e  
d e s c r i b e d  i n  t h e  l i t e r a t u r e  [BOX70]. The small number of  
a v a i l a b l e  d a t a  p o i n t s ,  however ,  r e s t r i c t s  t h e  p o s s i b l e  
s i g n i f i c a n c e .  We n o t e  t h a t  E q u a t i o n s  ( 1 )  and  ( 2 )  r e f l e c t  
d i r e c t l y  t h e  F i r s t  and  T h i r d  Laws p roposed  i n  t h e  
i n t r o d u c t i o n  o f  t h i s  p a p e r .  

I n  t h e  a b s e n c e  o f  a  more s a t i s f a c t o r y  measu re ,  w e  r e p r e s e n t  
t h e  c o m p l e x i t y  o f  t h e  a c t i v i t y  r e q u i r e d  d u r i n g  t h e  i n t e r v a l  
p r e c e d i n g  r e l e a s e  R by t h e  f r a c t i o n  C R  ( o f  modu le s  o f  t h e  
t o t a l  sy s t em)  h a n d l e d .  F i g u r e  7  shows t h i s  measu re  p l o t t e d  
a g a i n s t  RSN . 
One p o s s i b l e  ( a n d  l e a s t  s q u a r e- w i s e  s i g n i f i c a n t )  f i t  i s  by a  
q u a d r a t i c  i n  R .  O t h e r  f u n c t i o n a l  f o r m s  ( p a r t i c u l a r l y  a n  
e x p o n e n t i a l  f i t )  a r e  a l s o  s i g n i f i c a n t .  Both t h e  q u a d r a t i c  and  
e x p o n e n t i a l  r e p r e s e n t a t i o n s  a p p e a l  t o  o u r  need f o r  mode l s  and 
l i m i t a t i o n s  o n  t h e  program development  p r o c e s s ,  b u t  more d a t a  
w i l l  h ave  t o  be  o b t a i n e d  t o  d e t e r m i n e  t h e  one  t h a t  more 
c l o s e l y  r e f l e c t s a  p a r t i c u l a r  p r o c e s s .  On t h e  b a s i s o f  t h e  
p r i n c i p l e  o f  pa r s imony  [BOX701 s e l e c t  t h e  f o l l o w i n g  q u a d r a t i c  
form f o r  t h e  c u r r e n t  model:  

Fo r  t h e  p r e s e n t  d a t a ,  K 2 0 ,  K21  and  K 2 2  a r e  r e s p e c t i v e l y  
0 . 1 4 ,  0 ,  and 0.0012.  

We n o t e  i m m e d i a t e l y  t h a t  t h e  mono ton ic  g rowth  t r e n d  i m p l i e d  
by E q u a t i o n  3 s u p p o r t s  t h e  Second o f  o u r  t h r e e  Laws. The 
T h i r d  Law i s  once  a g a i n  s u p p o r t e d  by t h e  i d e n t i f i c a t i o n  o f  a 
s i g n i f i c a n t  t r e n d .  

N o t i c e  t h a t  t h e  r e s i d u a l s  f o r  t h i s  q u a d r a t i c  f i t ,  and e q u a l l y  
t h o s e  f o r  a n  e x p o n e n t i a l  f i t ,  a r e  g e n e r a l l y  r a t h e r  l a r g e  f o r  
R = 2  t h r o u g h ,  s a y ,  R = 1 4 .  T h i s  v a r i a t i o n  i s ,  o f  c o u r s e ,  
a b s o r b e d  by t h e  c y c l i c  and  s t o c h a s t i c  t e r m s ,  b u t  i n  f a c t  t h e  
r e s i d u a l s  c o r r e l a t e  v e r y  s t r o n g l y  w i t h  t h e  h a n d l e  r a t e  H R R .  
T h i s  c o r r e l a t i o n  i s  n o t  s t a t i s t i c a l l y  c o n c l u s i v e ,  s i n c e  b o t h  
m e a s u r e s  a r e  i n  t h e  p r e s e n t  i n s t a n c e  d e r i v e d  f rom r e l a t e d  
p a r a m e t e r s .  N e v e r t h e l e s s ,  i t  s u g g e s t s  a  more comple t e  
r e p r e s e n t a t i o n  o f  t h e  f o l l o w i n g  form. 

where  a least  s q u a r e s  f i t  t o  t h e  p r e s e n t  d a t a  y i e l d s  t h e  
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v a l u e s  0 .037,  0 ,  0 .0013 ,  a n d  0.008 r e s p e c t i v e l y ,  f o r  
c o e f f i c i e n t s  K&,, K 5 1 ,  K&,, a n d  K 5 3 .  

An i n t e r p r e t a t i o n  o f  t h i s  model s u g g e s t s  t h a t  more  r a p i d  work 
l e a d s  t o  g r e a t e r  p r e s s u r e s  o n  t h e  t e a m ,  a n d  h e n c e  t o  m o r e  
e r r o r s  - w h i c h ,  i n  t u r n ,  r e q u i r e  g r e a t e r  r e p a i r  a c t i v i t y .  
The d a t a  i n d i c a t e  t h a t  t h i s  i s  m a i n l y  i n c u r r e d  i n  t h e  same 
r e l e a s e  r a t h e r  t h a n  d i s c o v e r e d  a n d  u n d e r t a k e n  t h e r e a f t e r .  
Fur the rmore ,  s i n c e  i t  a p p e a r s  t o  l e a d  t o  a n  i n c r e a s e  i n  t h e  
f r a c t i o n  o f  t h e  s y s t e m  h a n d l e d ,  i t  s u g g e s t s  t h a t  t h e  
m a i n t e n a n c e  t e a m s  t e n d  t o  r e m o v e  t h e  s y m p t o m s  o f  a f a u l t  
r a t h e r  t h a n  t o  l o c a t e  and  r e p a i r  i t s  cause.  T h i s  d e d u c t i o n  
h a s  been c o n f i r m e d  i n d e p e n d e n t l y  by a number of  o b s e r v e r s  o f  
- and p a r t i c i p a n t s  i n  - t h e  p r o c e s s ,  a f a c t  t h a t  s t r e n g t h e n s  
o n e ' s  c o n f i d e n c e  i n  E q u a t i o n  4 a s  a m o r e  c o m p l e t e  
r e p r e s e n t a t i o n  o f  one  a s p e c t  of  t h e  process .  

SYSTEM AGE IN DAYS 
RELEASE SEQUENCE NUMBER 

F i g u r e  7 Complexi ty  Growth F i g u r e  8  Handle Rate  o f  
d u r i n g  t h e  i n t e r v a l  p r i o r  Modules o v e r  System L i f e t i m e  

t o  each  r e l e a s e  
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3.6 Work R a t e  

The work  a s s o c i a t e d  w i t h  e a c h  r e l e a s e  i s  m e a s u r e d  i n  t h i s  
i n s t a n c e  by m o d u l e s  h a n d l e d  MHR: T h i s  m e a s u r e  is ,  i n  
e a c h  c a s e ,  a s s o c i a t e d  w i t h  a  particular r e l e a s e  a n d  a l s o  
w i t h  t h e  r e l e a s e  i n t e r v a l  t h a t  s e p a r a t e s  t h e  r e l e a s e  f r o m  i t s  
p r e d e c e s s o r .  However,  many r e l e a s e s  o v e r l a p  - p a r t i c u l a r l y  
t h o s e  r e l e a s e s  t h a t  i n c l u d e  m a j o r  f u n c t i o n a l  g r o w t h  - 
a n d  a  new release may be i n t e g r a t e d  s u c c e s s i v e l y  a g a i n s t  t w o  
o r  e v e n  more  p r e d e c e s s o r  r e l e a s e s .  

Data  o n  t h e  d e g r e e  o f  o v e r l a p  b e t w e e n  t h e  v a r i o u s  r e l e a s e s  
w e r e  n o t  a v a i l a b l e  t o  us. T h e r e f o r e  we  f i r s t  e x a m i n e  t h e  
c u m u l a t i v e  sum of  m o d u l e s  h a n d l e d  (CMH) a s  compared  w i t h  t h e  
a g e  o f  t h e  s y s t e m ,  i n  a n  a t t e m p t  t o  n e u t r a l i s e  t h e  o v e r l a p  
e f f e c t  i n  d e t e r m i n i n g  t h e  h a n d l e  r a t e .  F i g u r e  8 s h o w s  
t h e s e  d a t a  f i t t e d ,  a s  a f i r s t  a p p r o x i m a t i o n ,  by a s t r a i g h t  
l i n e .  Such  a f i t  s u g g e s t s  t h a t  t h e  m a j o r  c h a n g e s  t h a t  h a v e  
o c c u r r e d  d u r i n g  t h e  l i f e t i m e  o f  t h e  o p e r a t i n g  s y s t e m  i n  
m e t h o d o l o g y ,  t o o l i n g ,  a n d  s t a f f i n g  l e v e l s  h a v e  h a d  n o  
s i g n i f i c a n t  i m p a c t  o n  h a n d l e  r a t e ,  T h i s  h a s  s t a y e d  
e s s e n t i a l l y  c o n s t a n t  o v e r  t h e  p e r i o d  a t  some e l e v e n  m o d u l e s  
p e r  day. 

T h e  d a t a  a t  t h e  e x t r e m e s  o f  F i g u r e  8 s u g g e s t  t h a t  i n  t h e  
e a r l y  l i f e  o f  t h e  s y s t e m ,  a n d  i n  t h e  m o s t  r e c e n t  t w o  
r e l e a s e s ,  t h e  h a n d l e  rate  may have  b e e n  a l i t t l e  l o w e r .  T h i s  
c a n  no  l o n g e r  b e  c o n f i r m e d  f o r  t h e  o l d e r  d a t a .  As f a r  a s  
p r e s e n t  t r e n d s  a r e  c o n c e r n e d ,  how e v e r ,  s i n c e  t h e  h a n d l e  
f r a c t i o n  i s  a p p r o a c h i n g  u n i t y ,  we  e x p e c t  t h e  s c o p e  o f  t h e  
c u m u l a t i v e  h a n d l e  p l o t  v e r s u s  s y s t e m  a g e  t o  d r o p  o f f  
f r o m  i t s  p r e v i o u s l y  c o n s t a n t  v a l u e .  I t  a p p e a r s  t h a t  e v e n  
t hough  t h e  s t r a i g h t  l i n e  f i t  i s  a d o p t e d  a s  a n  i n i t i a l  
mode l ,  a n  S- cu rve  p r o v i d e s  a m o r e  f a i t h f u l  r e p r e s e n t a t i o n  
o v e r  t h e  l i f e  t o  d a t e  o f  t h e  o p e r a t i n g  s y s t e m .  

We may now u s e f u l l y  e x a m i n e  t h e  h a n d l e  r a t e  H R R  as  d e t e r m i n e d  
by t h e  r a t i o  o f  t h e  h a n d l e - t o - r e l e a s e  i n t e r v a l  f o r  e a c h  
r e l e a s e ,  a s  s h o w n  i n  F i g u r e  9. B e c a u s e  o f  t h e  e f f e c t  o f  
r e l e a s e  o v e r l a p ,  t h e  r a n g e  o f  rates a c h i e v e d  i s  e x a g g e r a t e d ,  
b u t  i t  i s  i n d e e d  c e n t e r e d  a r o u n d  a n  a v e r a g e  o f  a b o u t  e l e v e n  
m o d u l e s  p e r  day. A l so  n o t e  t h a t  w h e r e  t h e  r e l e a s e  r a t e  h a s  
e x c e e d e d  t h i s  a v e r a g e  t h e  f i g u r e  f o r  t h e  n e x t  r e l e a s e  i s  
l o w e r .  We c o n c l u d e  f r o m  t h e  d a t a  f o r  F i g u r e s  8 and  9 t h a t  
t h e  h a n d l e  r a t e  i s  s t a t i o n a r y  w i t h  c y c l i c  a n d  s t o c h a s t i c  
c o m p o n e n t s  t h a t  a r e  c o n f i r m e d  by a n a l y s i s  t o  be s i g n i f i c a n t  
a n d  h a v e  a t h r e e - r e l e a s e  c y c l e .  
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Thus we a d o p t  as o u r  t h i r d  r e l a t i o n s h i p  a n  e x p r e s s i o n  o f  t h e  
f o l l o w i n g  f o m  : 

CMHD c o u n t s  t h e  t o t a l  number o f  modules  h a n d l e d  be tween  t h e  
first r e l e a s e  o f  t h e  sys t em and day D, t h a t  is ,  when i t s  a g e  
f rom r e l e a s e  1  i s  D days.  H R R  r e p r e s e n t s  t h e  module  h a n d l e  
r a t e  i n  t h e  R t h  r e l e a s e  i n t e r v a l .  The S a n d  Z t e r m s  o n c e  
a g a i n  r e p r e s e n t  t h e  c y c l i c  a n d  s t o c h a s t i c  components. For  
t h e  p r e s e n t  sys t em,  K3P and K31 a r e  1100 and 11 r e s p e c t i v e l y .  
The s t a t i s t i c a l l y  significant d e t e r m i n a t i o n  of  a long- range  
t r e n d  w i t h  c y c l i c  a n d  s t o c h a s t i c  c o m p o n e n t s  o n c e  a g a i n  
c o n f i r m s  t h e  p roposed  T h i r d  Law. 

RELEASE SEQUENCE 
NUMBER 

SYSTEM AGE IN DAYS 

F i g u r e  9 Handle  R a t e  F i g u r e  1 0  System S i z e  
as a f u n c t i o n  o f  as a n  i n d i c a t i o n  of  

R e l e a s e  Number D e c l i n i n g  Growth Rate  
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2.7 System S i z e  

We must  now c o n s i d e r  t h e  d a t a  o f  F i g u r e  5  which we have  
p r e s e n t e d  a s a f u n c t i o n o f  sys t em a g e  i n  days .  A s i n d i c a t e d  
e a r l i e r  i n  t h i s  p a p e r ,  t h e  r e l a t i o n s h i p  d e v e l o p e d  t o  
r e p r e s e n t  t h i s  t h r d  t r e n d m u s t  be c o m p a t i b l e  w i t h  t h o s e  
a l r e a d y  e x p r e s s e d  i n  E q u a t i o n s  1  t h r o u g h  6 .  Of t h e  
a 1  t e r n a t i v e  f o r m s  t h a t  c a n  be s i g n i f i c a n t l y  f i t t e d  w e  have  
s e l e c t e d  t h e  f o l l o w i n g  e x p r e s s i o n :  

M D  = K Q O  = K Q 1  l o g  ( l+D/KQ2) +S4 + Z4 

Here ,  a  l e a s t  s q u a r e s  f i t  y i e l d s  K Q O ,  K Q 1 ,  and  K Q 2  a s  89 ,  
1350 and 51 r e s p e c t i v e l y .  The v a l u e  of  t h e  i n t e r c e p t  i s  n o t  
s i g n i f i c a n t  b e c a u s e  t h e  r e p r e s e n t a t i o n  i s  n o t  m e a n i n g f u l  
whe re  D a p p r o a c h e s  z e r o .  I n  r e a l i t y ,  of  c o u r s e ,  sy s t em age  
was n o t  z e r o  a t  t h e  time o f  R = 1 ,  which  i s  t h e  assumed 
o r i g i n  o f  o u r  t i m e  s c a l e .  Nor,  i n  v iew o f  t h e  a s s u m p t i o n  
t h a t  t h e  b u i l d  and  m a i n t e n a n c e  p r o c e s s e s  a r e  i n t r i n s i c a l l y  
d i f f e r e n t ,  may we e x p e c t  t o  e x p r e s s  t h e  a c t u a l  sys t em age  a t  
f i r s t  r e l e a s e  i n  t h e  same t e r m s ,  e v e n  i f  t h i s  w e r e  known. 

We n o t e  t h a t  t h e  l o g a r i t h m i c  r e p r e s e n t a t i o n  i s  n o t  
a s y m p t o t i c .  N e v e r t h e l e s s ,  i t  s u g g e s t s  u n l i m i t e d  growth  
p o t e n t i a l ,  though a t  a  d e c r e a s i n g  r a t e .  T h i s  c o r r e s p o n d s  t o  
o u r  i n t u i t i v e  u n d e r s t a n d i n g  t h a t ,  a s  a sys t em a g e s ,  i t  i s  
a l w a y s  p o s s i b l e  t o  change  a n o t h e r  i n s t r u c t i o n  o r  add a n o t h e r  
module.  However, t h e  time r e q u i r e d  t o  do  t h i s  t e n d s  t o  
i n c r e a s e ,  u n l e s s  t h e  sys t em i s  r e s t r u c t u r e d  and  c l e a n e d  up.  

One f u r t h e r  o b s e r v a t i o n  o f  i n t e r e s t  f o l l o w s  f rom t h e  
l o g a r i t h m i c  r e p r e s e n t a t i o n  s e l e c t e d .  T h i s  r e p r e s e n t a t i o n  i s  
c o m p a t i b l e  w i t h  t h e  c o n s t a n t  i n c r e m e n t a l  g rowth  i m p l i e d  by 
E q u a t i o n  1  p r o v i d e d  t h a t  t h e  r e l e a s e  i n t e r v a l  i s  g rowing  
p o l y n o m i a l l y  o r ,  i n  t h e  l i m i t ,  e x p o n e n t i a l l y .  Bu t  t h i s  i s  
p r e c i s e l y  t h e  b e h a v i o u r  o f  i n t e r v a l  g rowth ,  a s  shown i n  
F i g u r e  11.  A s  i t  s o  happened,  t h e  e a r l i e s t  and  v e r y  
s u c c e s s f u l  f o r e c a s t i n g  u n d e r t a k e n  by u s  was  b a s e d  o n  t h i s  
v e r y  o b s e r v a t i o n  and  o n  t h e  r e s u l t a n t  e x p o n e n t i a l  f i t s  t o  t h e  
d a t a  . 
2.8  Summary 

E q u a t i o n s  1  t h r o u g h  7  p r o v i d e  a  model o f  t h e  m a i n t e n a n c e  
p r o c e s s  f o r  t h e  o p e r a t i n g  sys t em,  OS/360, based  o n  f i v e  
p a r a m e t r i c  c o n c e p t s ,  b u t  w i t h  o n l y  f o u r  a v a i l a b l e  measu re s .  
The model  would be c o m p l e t e  w i t h  t h e  d e t e r m i n a t i o n  o f  t h e  
s t a t i s t i c a l  p a r a m e t e r s  o f  t h e  c y c l i c  and  s t o c h a s t i c  terms. 
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The smal l  number of  d a t a  p o i n t s ,  however, p r e c l u d e s  t h e  
d e t e r m i n a t i o n  of s i g n i f i c a n t  v a l u e s .  

Recognis i  ng t h e  e s s e n t i a l  in te rdependence  of  t h e  v a r i o u s  
pa ramete r s ,  one c a n  a l s o  g a i n  i n  d e s c r i p t i v e  power by 
de te rmin ing  c o m p a t i b l e  m u l t i v a r i a t e  r e l a t i o n s h i p s  such as a r e  
shown i n  Equa t ion  4. These r e l a t i o n s h i p s  cou ld ,  of  c o u r s e ,  
i n v o l v e  a d d i t i o n a l  o r  lower- leve l  breakdowns o f  e x i s t i n g  
parameters .  

The number of  b a s i c  r e l a t i o n s h i p s  p r e s e n t e d  h a s  been 
d e l i b e r a t e l y  r e s t r i c t e d  t o  t h e  number t h a t  i s  n e c e s s a r y  and 
s u f f i c i e n t  w i t h  r e s p e c t  t o  t h e  e x i s t i n g  d e g r e e s  o f  freedom. 
Equa t ions  ( 1 ) th rough  ( 4) have been s e l e c t e d  because t h e y  
b r i n g  o u t  a p p a r e n t  i n v a r i a n t s  o f  t h e  porcess .  The 
r e c o g n i t i o n  of i n v a r i a n c e s  i s  fundamental  t o  t h e  a p p l i c a t i o n  
of  t h e  s c i e n t i f i c  method. A s  such i n v a r i a n t  d e t e c t i o n  i n  a n  
a n a l y s i s  o f  t h e  programming p r o c e s s  no t  o n l y  s t r e n g t h e n s  o u r  
b a s i c  assumpt ion  o f  r e g u l a r i t y  i n  t h e  p r o c e s s  development,  
b u t  i t  a l s o  p r o v i d e s  hope t h a t  t h e  a n a l y s i s  c a n  be f u r t h e r  
developed and e v e n t u a l l y  pe rmi t  improvement of  t h e  p rocess .  

RELEASE SEQUENCE NUMBER SYSTEM AGE IN DAYS 

F i g u r e  1 1  I n c r e a s i n g  F i g u r e  12 Cons tan t  Growth 
Re lease  I n t e r v a l  Rate E x h i b i t e d  by a  

Second O p e r a t i n g  System 
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Although t h e  p r e s e n t  model represents t h e  observed behaviour  
i t  d o e s ,  how e v e r ,  n o t  explain i t .  M o r e o v e r ,  t h e  
r e p r e s e n t a t i o n s  b reak  down a t  t h e  e x t r e m a  of o b s e r v a t i o n  We 
h a v e  commented o n  t h i s  i n  t h e  c a s e  o f  E q u a t i o n  8 when D 
approaches  z e r o  from above. S i m i l a r l y ,  Equa t ions  3  through 6 
a r e  s e e n  t o  be  i n v a l i d  r e p r e s e n t a t i o n s  a s  t h e  f r a c t i o n  
hand led  approaches  i t s  i n t r i n s i c  l i m i t  of one. I n  f a c t ,  t h e  
e x p e c t e d  n o n l i n e a r  t r e n d  i s  v i s i b l e  i n  F i g u r e  8. Good 
r e a s o n s  have been g iven ,  how e v e r ,  f o r  e x p e c t i n g  a c o n s t a n t  
h a n d l e  r a te  t o  b e  v a l i d  o v e r  t h e  m a j o r  p o r t i o n  o f  t h e  
i n t e r v a l  c o n s i d e r e d .  Thus i t  i s  n o t  s u r p r i s i n g  t h a t  
f o r e c a s t i n g  a n d  p l a n n i n g  t e c h n i q u e s  b a s e d  o n  t h e s e  
r e p r e s e n t a t i o n s  have  been u s e f u l  i n  p r o v i d i n g  a c c u r a t e  d a t a  
t o  improve p l a n n i n g  i n  t h i s  p a r t i c u l a r  environment .  

It now a p p e a r s  t h a t  f u r t h e r  d e v e l o p m e n t  o f  s t a t i s t i c a l  
p r o c e s s  models  shou ld  be d i r e c t e d  toward a n  e x a m i n a t i o n  of 
t h e  behaviour  of o t h e r  s y s t e m s  from both IBM and from o t h e r  
program development o r g a n i s a t i o n s ,  s o  as t o  d e t e r m i n e  t h e  
r a n g e  o f  a p p l i c a b i l i t y  o f  t h e  o b s e r v e d  phenomena.  F i r s t  
c o n f i r m a t i o n  h a s  come from d a t a  on a second though s m a l l e r  
o p e r a t i n g  system t h a t  o r i g i n a t e d  i n  t h e  same o r g a n i s a t i o n .  
Wi th  minor d i f f e r e n c e s ,  this o p e r a t i n g  system shows t h e  same 
c h a r a c t e r i s t i c s  and t r e n d s ,  though w i t h  markedly d i f f e r e n t  
p a r a m e t e r s .  P r e l i m i n a r y  d a t a  f r o m  a t o t a l l y  d i f f e r e n t  
o r g a n i s a t i o n a l  environment  have  a l s o  been examined [M00751. 
A s  i n d i c a t e d  i n  F i g u r e s  12 th rough  14, t h e  s m a l l e r  o p e r a t i n g  
system c o n f i r m s  t h e  b a s i c  o b s e r v a t i o n s  o f  c o n s t a n t  growth 

RELEASE SEQUENCE NUMBER 
SYSTEM AGE IN DAYS 

F i g u r e  13 Number of F i g u r e  14 D e c l i n i n g  Work 
Changes as a F u n c t i o n  of  Rate E x h i b i t e d  by a  Second 

Re lease  Number of a Second O p e r a t i n g  System 
Opera t ing  System 
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t r e n d s ,  c y c l i c i t y ,  o v e r a l l  s m o o t h n e s s ,  and  d e c l i n i n g  work  
r a t e s .  The c o n f i r m a t i o n  t h a t  t h i s  i m p l i e s  i s  o f  p a r t i c u l a r  
i n t e r e s t  b e c a u s e  t h e  s o u r c e  i s  a programming o r g a n i s a t i o n  
o u t s i d e  IBM t h a t  c r e a t e d  s t r u c t u r e d  p rog rams  i n  ALGOL f o r  
e x e c u t i o n  o n  non-IBM m a c h i n e s .  Thus t h e  o r g a n i s a t i o n a l  
e n v i r o n m e n t  i s  q u i t e  d i f f e r e n t ,  b u t  t h e  phenomena are v i s i b l y  
p r e s e n t .  

C l e a r l y ,  t h e s e  d a t a  - e s p e c i a l l y  t h e  i n v a r i a n t s  - s h o u l d  be 
s t u d i e d  f u r t h e r ,  f o r  examp le  by e x a m i n i n g  a c t u a l  work  r a t e s  
w i t h i n  a  r e l e a s e  i n t e r v a l .  With f u r t h e r  s t u d y ,  one  h o p e s  t o  
d i s c o v e r  t h e  r e a s o n s  f o r  t h e  phenomena a n d  u l t i m a t e l y  t o  
remove  t h e  l i m i t a t i o n s  t h a t  t h e y  imp ly .  

I n  p a r a l l e l  w i t h  t h e  s t u d y  o f  i n v a r i a n t s ,  one  s h o u l d  a l s o  
p r o c e e d  w i t h  t h e  deve lopmen t  o f  a b s t r a c t  m o d e l s  t h a t  
r e p r e s e n t  a n d  f  o r m a l i  s e  o u r  p e r c e p t i o n  a n d  u n d e r  s t a n d i n g  o f  
t h e  l a r g e- p r o g r a m  deve lopmen t  p r o c e s s  i t s e l f  o r  o f  a s p e c t s  o f  
t h e  p r o c e s s .  We d e s c r i b e  e x a m p l e s  o f  o u r  e a r l i e s t  a p p r o a c h e s  
t o  t h i s  p roblem i n  t h e  f o l l o w i n g  s e c t i o n .  

3 Formal  M o d e l l i n g  o f  t h e  Program Development  P r o c e s s  

3.1 Program F a u l t s  

S i n c e  o u r  g o a l  i s  t o  u n d e r s t a n d  a n d  t o  l e a r n  t o  c o n t r o l  t h e  
programming p r o c e s s ,  o n e  v i ew  of  t h e  p r o c e s s  i s  t o  s e e  i t  a s  
t h e  i n t e r a c t i o n  b e t w e e n  two e n t i t i e s .  On t h e  o n e  hand ,  t h e  
l a r g e  program i n  a l l  i t s  r e p r e s e n t a t i o n s  a n d  w i t h  i t s  
d o c u m e n t a t i o n  we c a l l  t h e  ' o b j e c t f .  On t h e  o t h e r  hand ,  t h e  
human o r g a n i s a t i o n  t h a t  i m p l e m e n t s  t h e  p r o c e s s  i n  i t s  
m a n i p u l a t i o n  o f  t h e  o b j e c t  i s  t e r m e d  t h e  t e am ' .  The 
f u n c t i o n  o f  t h e  team i s  t o  e x e c u t e  c h a n g e s  i n  t h e  o b j e c t .  

I n  c o n j u n c t i o n  w i t h  u s e r - p r o v i d e d  d a t a ,  t h e  o b j e c t  e n a b l e s  a  
cor , lpu t ing  m a c h i n e  t o  pe r fo rm  u s e f u l  work .  n u r i n g  i t s  
l i f e t i m e ,  a l l  k i n d s  o f  c h a n g e s  t o  t h e  o b j e c t  a r e  n e c e s s a r y .  
The ( h a r d w a r e )  m a c h i n e ,  o r  some of  i t s  componen t s  may be  
changed  o r  r e p l a c e d .  New d e v i c e s  may be added .  Comput ing  
r e q u i r e m e n t s  may be  r e d e f i n e d  t o  s e r v e  new u s e r s .  New ways  
o f  u s i n g  t h e  s y s t e m  may be d e v i s e d .  I n  g e n e r a l ,  t h e  b e h a v i o u r  
o f  t h e  s y s t e m  d e v i a t e s  f r om t h a t  a n t i c i p a t e d  o r  d e s i r e d  
b e c a u s e  o f  f a u Z t s  i n  t h e  sy s t em.  We t e rm  f a u l t s  r e l a t e d  t o  
c h a n g e s  i n  t h e  e n v i r o n m e n t  d e f e c t s ,  w h e r e a s  a n  e r r o r  r e l a t e s  
t o  t n e  d i f f e r e n c e  b e t w e e n  a c t u a l  and  a n t i c i p a t e d  b e h a v i o u r .  
When f a u l t s  m a n i f e s t  t h e m s e l v e s ,  t h e  team i s  r e q u i r e d  t o  
u n d e r t a k e  c o r r e c t i v e  a c t i o n ,  t o  p e r f o r m  c h a n g e s  0'1 t h e  
o b j e c t .  
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O b s e r v a t i o n s  r e l a t e d  t o  t h o s e  d i s c u s s e d  i n  t h e  p r e v i o u s  
s e c t i o n  s u g g e s t  t h a t  s y s t e m  e v o l u t i o n  i s  t o  s o m e  
c o n s i d e r a b l e  e x t e n t  i n f l u e n c e d  by f a u l t  r e p a i r  a c t i v i t y .  
Our  e a r l i e s t  f o r m a l  m o d e l s ,  t h e r e f  o r e ,  h a v e  b e e n  
d e s i g n e d  t o  examine  f a u l t  d i s t r i b u t i o n  i n  t h e  sys t em.  
These  m o d e l s  w e r e  based  o n  t h e  f o l l o w i n g  a s s u m p t i o n s :  

* C h a n g e s ,  t h a t  i s ,  o b j e c t  h a n d l i n g s ,  a r e ,  i n  g e n e r a l ,  
i m p e r f e c t .  When c h a n g e s  a r e  p e r f o r m e d ,  e r r o r s  a r e  
i n j e c t e d  by t h e  team w i t h  p r o b a b i l i t y  g r e a t e r  t h a n  z e r o .  
T h i s  by i t s e l f  wou ld  i m p l y  a  c o n t i n u o u s  need  f o r  change ,  
e v e n  i f  t h e  env i ronmen t  w e r e  f i x e d .  

* There  i s  a  d e l a y  b e t w e e n  t h e  i n j e c t i o n  o f  a n  e r r o r  and  
i t s  f i r s t  d e t e c t i o n  a n d  r e c o r d i n g ,  a n d  a n o t h e r  d e l a y  
e x i s t s  b e t w e e n  r e c o r d i n g  t h e  e r r o r  a n d  i t s  f i n a l  
e l i m i n a t i o n .  

* Some e r r o r s  a r e  o r d e r e d  i n  t h a t  o n e  o f  t hem m u s t  b e  
r e p a i r e d  b e f o r e  t h e  o t h e r  c a n  b e  d e t e c t e d .  T h a t  i s ,  
t h e r e  i s  a  l a y e r i n g  o f  e r r o r s  i n  t h e  o b j e c t  t h a t  i s  
r e p r e s e n t a b l e  by a  d i r e c t e d  g raph .  

* The team c r e a t e s  and  u s e s  documents ,  wh ich  a r e  k i n d s  o f  
r e p r e s e n t a t i o n s  o f  t h e  o b j e c t ,  t o  s t u d y  f a u l t s  a n d  
p o s s i b l e  c o u r s e s  o f  a c t i o n  The d o c u m e n t a t i o n  may be 
v iewed a s  a n  i n t e g r a l  p a r t  o f  t h e  o b j e c t .  

* Team members,  w h i l e  i n v o l v e d  w i t h  changes ,  communica t e  
w i t h  e a c h  o t h e r  i n  t h e  l a n g u a g e  o f  t h e s e  documents.  

* Team members  h a v e  t o  be e d u c a t e d  i n  t h e  d o c u m e n t a t i o n ;  
moreove r ,  t h e  team h a s  t h e  a d d i t i o n a l  t a s k  of  u p d a t i n g  
t h e  d o c u m e n t a t i o n  t o  r e f l e c t  c h a n g e s  p e r f o r m e d  o n  t h e  
r e m a i n d e r  o f  t h e  o b j e c t .  

* D e f i c i e n c i e s  i n  d o c u m e n t a t i o n  i n f l u e n c e  t h e  
e f f e c t i v e n e s s  o f  t h e  p r o c e s s  a n d ,  t h e r e f o r e ,  c a u s e  
d e f i c i e n c i e s  i n  t h e  o b j e c t .  

From t h e s e  a s s u m p t i o n s ,  w e  h a v e  d e v e l o p e d  t w o  c l a s s e s  o f  
models .  The f i rst  e m p h a s i s e s  t h e  i n t e r n a l  d i s t r i b u t i o n  and  
p r o p a g a t i o n  o f  e r r o r s  i n  t h e  o b j e c t .  The r o l e  o f  t h e  team i s  
s i m p l y  t o  e l i m i n a t e  o b s e r v e d  f a u l t s .  

The second  c l a s s  o f  m o d e l s  g i v e s  t h e  team a  more  a c t i v e  r o l e .  
Management i s  f r e e  t o  make d e c i s i o n s  a s  t o  t h o s e  p a r t i c u l a r  
t a s k s ,  e r r o r  r e p a i r ,  d o c u m e n t a t i o n ,  o r  o t h e r  a c t i v i t i e s  
t o  wh ich  t h e  team s h o u l d  t u r n  The o b j e c t  r e s p o n d s  t o  
t h e s e  a c t i o n s  by m a n i f e s t i n g  d i f f e r e n t  e r r o r  g e n e r a t i o n  
r a t e s .  
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3.2 Model of  F a u l t  P e n e t r a t i o n  

The m o d e l  o f  f a u l t  p e n e t r a t i o n  t h a t  we now d i s c u s s  i s  a  
measure of  complex i ty  due t o  aging.  Consider  a n  e l e m e n t a r y  
c h a n g e  a c t i v i t y  i n  t h e  t i m e  i n t e r v a l  ( i , i + l ) .  T h i s  i s  
d e p i c t e d  i n  F i g u r e  15, where  t h e  w i d t h  of  each  arrow band may 
be i n t e r p r e t e d  t o  be p r o p o r t i o n a l  t o  t h e  number of  f a u l t s  i t  
r e p r e s e n t s .  

A t  t i m e  i, a  number  o f  f a u l t s  i s  a s s u m e d  t o  e x i s t .  A s  a  
r e s u l t  o f  t e a m  a c t i v i t i e s ,  t h e  f o l l o w i n g  o c c u r e n c e s  a r e  
1 i k e l y  : 

* A f r a c t i o n  E o f  t h e  t o t a l  f a u l t s  i s  removed ( e x t r a c t e d ) .  
* New f a u l t s  G a r e  i n j e c t e d  ( g e n e r a t e d )  d u e  t o  

i m p e r f e c t i o n  i n  t h e  a c t i v i t y .  

Thus a t  time i + l  a  new c o m p o s i t i o n  of  f a u l t s  a p p e a r s  t h a t  
c o n s i s t s  of  r e s i d u a l  R and newly g e n e r a t e d  e r r o r s .  

P r e s e r v i n g  t h e  d i s t i n c t i o n  b e  t w e e n  r e s i d u a l  a n d  n e w l y  
g e n e r a t e d  e r r o r s  i s  fundamenta l  t o  a n  u n d e r s t a n d i n g  o f  t h e  
e v o l u t i o n a r y  p r o c e s s .  A s y s t e m  c a n n o t  b e  e f f e c t i v e l y  
m a i n t a i n e d  i f  t h a t  d i s t i n c t i o n  i s  n o t  u n d e r s t o o d .  And 
complete  u n d e r s t a n d i n g  demands a  knowledge of t h e  h i s t o r y  a s  
w e l l  a s  o f  t h e  s t a t e  of t h e  o b j e c t  a t  a l l  times. 

EXTRACTED 

' 4 I REsyouE 

I (GENERATED 

F i g u r e  15 P r i m i t i v e  Model of F a u l t  Pene t r a t i o n  
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The p r i m i t i v e  c h a n g e  a c t i v i t y  o f  F i g u r e  1 5  s p a n s  t h e  n e t w o r k  
o f  F i g u r e  1 6 ,  w h e r e  i i s  a d i s c r e t e  m e a s u r e  o f  a g e  ( o r  
r e l e a s e  number)  a n d  j i s  a v a r i a b l e  u s e d  t o  i n t r o d u c e  t h e  
t r e e  s t r u c t u r e .  F o r  e a c h  n o d e ,  t h e  r e s i d u a l  d e s i g n  f a u l t s  R 
a n d  t h e  g e n e r a t e d  f a u l t s  G may be  e x p r e s s e d  a s  f o l l o w s :  

a n d  G i , 2  j-l a n d  G i  , 2 j  a r e  t o  b e  d e f i n e d  f o r  e a c h  node by t h e  
following a d d i t i o n a l  a s s u m p t i o n s :  

* G i ,  > 0 ( i m p e r f e c t i o n  h y p o t h e s i s )  

* We d e f i n e  Ci = 2 l - l f a u ~ t  c t a s s e s  f o r  e v e r y  i. Each 
c l a s s  h a s  a u n i q u e  l a b e l  t h a t  c o n s i s t s  o f  a  t w o- v a l u e d  
{R,G} c h a r a c t e r  s t r i n g  o f  l e n g t h  i, w i t h  t h e  f i r s t  
e l e m e n t  a l w a y s  R ,  m e a n i n g  r e s i d u a l  d e s i g n  f a u l t s .  F o r  
e x a m p l e ,  R R G R G G R r e p r e s e n t s  a  node o r  f a u l t  c l a s s  
a t  i = 7 .  More s p e c i f i c a l l y ,  f a u l t s  i n  t h i s  c l a s s  a r e  
t h e  : - 

r e s i d u e  ( .  . . R) o f  
f a u l t s  g e n e r a t e d  ( . . . G R) 

w h i l e  e x t r a c t i n g  f a u l t s  g e n e r a t e d  ( . .  . G G R )  
w h i l e  e x t r a c t i n g  t h e  r e s i d u e  ( .  . . R G G R) o f  

f a u l t s  g e n e r a t e d  (.. G R G G R) 
w h i l e  e x t r a c t i n g  t h e  r e s i d u e  ( . R  G R G G R) o f  

f a u l t s  i n  t h e  o r i g i n a i  d e s i g n  (R R G R G G R) 

The model  a s  d e s c r i b e d  r e p r e s e n t s  a n  i n c r e a s i n g l y  l a r g e  a n d  
complex  n e t w o r k  o f  f a u l t  t r a j e c t o r i e s  o r  h i s t o r i e s ,  e v e n  
t h o u g h  t h e  t o t a l  number o f  f a u l t s  p r e s e n t  may h a v e  b e e n  
s t a b l e  o r  e v e n  d e c l i n i n g  a s  a  c o n s e q u e n c e  o f  n o n- z e r o  Es .  
F a u l t s  a r e  i d e n t i f i e d  i n  t e r m s  o f  u n e x p e c t e d  o r  u n d e s i r e d  
s y s t e m  b e h a v i o u r  i n  e x e c u t i o n .  Thus we h a v e  e x c l u d e d  f r o m  
c o n s i d e r a t i o n  h e r e  s i m p l e  f a u l t s  t h a t  m a n i f e s t  t h e m s e l v e s  
l o c a l l y  i n  a  s i n g l e  e l e m e n t  o f  t h e  s y s t e m .  T h a t  i s ,  we may 
o m i t  f r o m  c o n s i d e r a t i o n  t h o s e  f a u l t s  t h a t  may be d e t e c t e d  o r  
removed  by o p e r a t i n g  w i t h  o r  o n  a n y  o n e  e l e m e n t  a l o n e ,  a n d  
c o n s i d e r  t h o s e  s i t u a t i o n s  w h e r e  r e c t i f i c a t i o n  o f  a  f a u l t  
r e q u i r e s  c o o r d i n a t e d  c h a n g e s  i n  two o r  m o r e  s y s t e m  e l e m e n t s  
a n d  i n  t h e i r  i n t e r f a c e s .  I n t e r a c t i o n s  among i n t e r - e l e m e n t  
a n d  i n t e r - g e n e r a t i o n  e f f e c t s  r e p r e s e n t  t h e  c o n c e p t u a l  
c o m p l e x i t y  o f  t h e  f a u l t  p a t t e r n .  And i t  i s  t h e  i n c r e a s i n g l y  
complex  f a u l t  s t r u c t u r e  t h a t  u n d e r l i e s  i n c r e a s i n g  o b j e c t  
c o m p l e x i t y .  
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F i g u r e  16 Network Showing F a u l t s  E x t r a c t e d  
and F a u l t s  Generated 

Thus p e r i o d i c  r e s t r u c t u r i n g  o f  t h e  o b j e c t  i s  n e c e s s a r y  t o  
reduce  complexi ty  because i n c r e a s i n g  o b j e c t  complexi ty  i s  
i t s e l f  a f a u l t  t h a t  impinges  on  t h e  m a i n t a i n a b i l i t y  of t h e  
system. 

The c o n n e c t i o n  between t h e  r e l a t i o n a l  complexi ty  of e r r o r s  
and t h e  s t r u c t u r a l  complexi ty  of  t h e  system i m p l i e s  t h a t  
r e l a t i o n a l  c o ~ p l e x i  t y  may be a measure of  communication 
r e q u i r e m e n t s  f o r  t h e  team and t h e  u n d e r l y i n g  cause  of f a u l t  
e x t r a c t i o n  and g e n e r a t i o n  over  t h e  e n t i r e  l i f e t i m e  of t h e  
o b j e c t .  

We now g i v e  a q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e  f a u l t  
p e n e t r a t i o n  model,  which i s  a  s i m p l i f i e d  view of s t r u c t u r a l  
ag ing .  To a n a l y s e  t h e  above f a u l t  g e n e r a t i o n  model s o  as t o  
o b t a i n  even a  s i m p l i f i e d  view of  t h e  r e s u l t a n t  age ing ,  
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a d d i t i o n a l  a s s u m p t i o n s  must  be made a b o u t  t h e  f a u l t  
e x t r a c t i o n  and g e n e r a t i o n  v a r i a b l e s  E  and  G.  

The s i m p l e s t  h y p o t h e s i s  i s  t h a t ,  f o r  each  node,  

t h a t  i s ,  a s  many f a u l t s  a r e  e x t r a c t e d  a s  a r e  g e n e r a t e d .  
Under this  a s s u m p t i o n  t h e  sys t em a p p e a r s  t o  be i n  a  s t e a d y  
s t a t e .  

L e t  u s  c o n s i d e r  t h e  number of  f a u l t  c l a s s e s  Ci a s  a  measu re  
o f  c o m p l e x i t y  o f  t h e  sys t em.  A n a l y s i s  h a s  shown t h a t  
c o m p l e x i t y  i n c r e a s e s  e v e n  i n  s t e a d y  s t a t e ,  t h a t  i s ,  when t h e  
number o f  f a u l t s  i n  t h e  sys t em r e m a i n s  c o n s t a n t .  

A d e g r e e  o f  f reedom c a n  be e l i m i n a t e d  by e s t a b l i s h i n g  a  
r e l a t i o n  be tween f a u l t  e x t r a c t i o n  and t h e  f a u l t  c o n t e n t  o f  a  
g i v e n  c l a s s .  A r e a s o n a b l e  a s s u m p t i o n  c o u l d  be t a h t  EiY2 j-l 
i s  i n  f i x e d  p r o p o r t i o n  t o  Riml  j ,  and  no new e r r o r s  a r e  
g e n e r a t e d .  Thus we h a v e  t h e  f o l i o w i n g  f a u l t  e l i m i n a t i o n- t o-  
f a u l t  r e s i d u e  r a t i o :  

and  f a u l t  decay  f o l l o w s  a  g e o m e t r i c  d i s t r i b u t i o n  w i t h  
pa rame te r  p  w h i c h  i s  c o n s t a n t  s u c h  t h a t  0 < p  < 1 .  A f t e r  i 
i n t e r v a l s ,  and h a v i n g  s t a r t e d  w i t h  a  g i v e n  c o l l e c t i o n  o f  
f a u l t s  S ,  t h e  r e m ~ n i n g  number o f  f a u l t s  i n  t h e  o r i g i n a l  
c o l l e c t i o n  i s  S(  I - ~ ) ' ,  w h e r e a s  S (  1-( 1-p)') f a u l t s  must  have  
been  e x t r a c t e d .  S i n c e  G i  : 0 f o r  a l l  nodes ,  t h e  sys t em 
a p p r o a c h e s  a n  e r r o r - f r e e  s t a t e  a s y m p t o t i c a l l y  ( a p p r o x i m a t e l y  
e x p o n e n t i a l l y ) .  Thus i n  a l l  c a s e s  c o n s i d e r e d ,  t h e  g e o m e t r i c  
d i s t r i b u t i o n  r e f l e c t s  t h e  r e a s o n a b l e  a s s u m p t i o n  t h a t  t h e  
s m a l l e r  t h e  f a u l t  c o n t e n t  t h e  f e w e r  t h e  f a u l t s  t h e r e  a r e  t o  
be d i s c o v e r e d  and  e x t r a c t e d .  T h i s ,  however,  s t i l l  i m p l i e s  a  
m o n o t o n i c a l l y  i n c r e a s i n g  Ci u n t i l ,  i f  e v e r ,  a  f a u l t - f r e e  
s t a t e  i s  r e a c h e d .  

More e l a b o r a t e  r e l a t i o n s  be tween E  and  G may be r e q u i r e d ,  s o  
a s  t o  r e p r e s e n t  c u r r e n t l y  o b s e r v e d  s i t u a t i o n s .  

It i s  i m p o r t a n t  t o  n o t e  t h a t  E and G a t  e a c h  node a r e  n o t  
i n d e p e n d e n t ,  b u t  a r e  c o u p l e d  v i a  t h e  team and t h e  
p r o c e s s  . 
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3 .3  Q u a l i t i a t i v e  I n t e r p r e t a t i o n  o f  F a u l t  P e n e t r a t i o n  

A s  a l r e a d y  i n d i c a t e d ,  e v e n  w i t h  d e c r e a s i n g  f a u l t  c o n t e n t  
(E  > G) , t h e  c o m p l e x i t y  m e a s u r e  C i n c r e a s e s  m o n o t o n i c a l l y .  
T h i s  r e s u l t s  f r om a n d  r e f l e c t s  t h e  i n c r e a s i n g  s t r a t i f i c a t i o n  
o f  t h e  s y s t e m  b e c a u s e  o f  t h e  i n c r e a s i n g  h e t r o g e n e i t y  o f  
f a u l t s .  

The r e s u l t a n t  s t r u c t u r a l  d e t e r i o r a t i o n  e x p e r i e n c e d  a s  a n  
i n c r e a s i n g  d i f f i c u l t y  i n  e x e c u t i n g  change  a l e r t s  t h e  team t o  
t h e  need  t o  c o u n t e r a c t  t h e  a g i n g  p r o c e s s .  On t h e  b a s i s  o f  
o u r  p r e v i o u s  assum t ' o n s ,  t h e  l a t t e r  may be c o n s i d e r e d  
p r o p o r t i o n a l  t o  ZGPif, w h e r e  G ( i )  i s  a  m o n o t o n i c a l l y  
i n c r e a s i n g  f u n c t i o n  of  i t h a t  r e f l e c t s  h i g h e r - o r d e r  
v a r i a t i o n s  n o t  c o n s i d e r e d  h e r e ,  a s  w e l l  a s  t h e  complex  
r e l a t i o n s h i p  be tween  f a u l t  a n d  s y s t e m  s t r u c t u r e .  

To cope  w i t h  t h e  s i t u a t i o n ,  t h e  s t a t e  o f  t h e  s y s t e m  h a s  t o  be 
p r e c i s e l y  d e f i n e d .  D o c u m e n t a t i o n  m u s t  be  a c c u r a t e ,  c o m p l e t e  
a n d  a c c e s s i b l e .  I n  a d d i t i o n ,  t h e  a d m i n i s t r a t i v e  o r g a n i s a t i o n  
o r  r e s p o n s i b i l i t y  o f  team members mus t  be  w e l l  d e f i n e d .  
F i n a l l y ,  team members mus t  be  a w a r e  o f  t h e  s t a t e  o f  t h e  
s y s t e m  by l e a r n i n g .  F u l f i l l m e n t  o f  t h e s e  n e e d s  c a n  
e f f e c t i v e l y  r e d u c e  t h e  e f f e c t  o f  g r o w i n g  c o m p l e x i t y ,  and  c a n  
be  r e p r e s e n t e d  s y m b o l i c a l l y  a s  f o l l o w s :  

whe re  DAL means  'Documents t i o n ,  A c c e s s a b i l i t y  , a n d  
L e a r n a b i l i t y '  w h i c h  a r e  c o n s t r u c t i v e  f a c t o r s .  E q u a t i o n  1 2  i s  
a  q u a l i t a t i v e  o n e ,  and  o n e  t h a t  i s  c l o s e l y  r e l a t e d  t o  
o u r  e a r l i e r  f a u l t  p e n e t r a t i o n  mode l  [BEL76], [LEH74]. Rea l -  
l i f e  s i t u a t i o n s  a r e  much more  complex.  Communica t ion  
c o m p l e x i t y  r e q u i r e d  t o  overcome s y s t e m  s t r a t i f i c a t i o n  may, 
f o r  examp le ,  be  f u r t h e r  i n c r e a s e d  by g e o g r a p h i c  s c a t t e r i n g  o f  
t h e  team a c t i v i t y .  N e v e r t h e l e s s ,  t h e  model  e n a b l e s  one  t o  
a d d r e s s  some v e r y  r e a l  q u e s t i o n s  a b o u t  t h e  program 
m a i n t e n a n c e  p r o c e s s .  F o r  examp le ,  s i n c e  t h e  model  m i r r o r s  a  
domain  t h a t  i s  d i s c r e t e  ( i n d e x e d  w i t h  i ) ,  t h e  model  s u g g e s t s  
t h a t  p e r h a p s  i n c r e a s i n g  t h e  number o f  i n t e r v a l s  i ( i e ,  
d e c r e a s i n g  t h e  i n t e r - r e l e a s e  t i m e )  s h o u l d  p e r m i t  f a s t e r  
e x t r a c t i o n  o f  f a u l t s .  T h i s  wou ld  o c c u r  i f  s u c h  a n  i n c r e a s e  
we re  t o  i m p l y  a n  i n c r e a s e  i n  t h e  f r e q u e n c y  o f  r e s t r u c t u r i n g  
and  o f  p r o v i d i n g  a d e q u a t e  team knowledge  o f  t h e  s t a t e  o f  t h e  
s y s t e m .  T h a t  i s ,  G ( i )  a n d  DAL(i) mus t  be k e p t  i n  s t e p .  



192 M. M. Lehrnan and L. A. Belady 

by no m e a n s  c l e a r .  A s  a  c o n s e q u e n c e  o f  o n e  o f  o u r  e a r l y  
a s s u m p t i o n s ,  namely,  t h a t  f a u l t s  a r e  l a y e r e d  and m a n i f e s t  
t h e m s e l v e s  i n  a  p a r t i a l l y  o r d e r e d  f a s h i o n ,  o n e  h a s  t o  g o  
t h r o u g h  t h e  p r o c e s s  o f  g r a d u a l l y  r e p a i r i n g  t h e  s y s t e m ,  w i t h  
t h e  i n e v i t a b l e  r e s u l t  o f  g e n e r a t i n g  c o m p l e x i t y .  I n  a d d i t i o n ,  
s h o r t  i n t e r v a l s  p r o v i d e  l e s s  o p p o r t u n i t y  t o  e x e r c i s e  t h e  
s y s t e m  i n  a c t u a l  u s e  f o r  f a u l t  m a n i f e s t a t i o n ,  t h u s  r e d u c i n g  
t h e  number o f  f a u l t s  t h a t  c a n  be e x t r a c t e d .  The s i z e  o f  t h e  
optimum i n t e r v a l  is,  t h e r e f  o r e ,  undecided .  A more  d e t a i l e d  
model  i s  r e q u i r e d  i f  t h i s  i s  t o  be f o r m a l l y  e x p l o r e d  w i t h  t h e  
o b j e c t i v e  o f  h e l p i n g  s o l v e  a  p r o b l e m  t h a t  a r i s e s  i n  r e a l  
sys t em deve lopmen t .  

3.4 Management D e c i s i o n  Model 

We now d i s c u s s  o u r  management d e c i s i o n  model ,  wh ich  r e f l e c t s  
o u r  e a r l i e r  f o r m u l a t i o n  [BEL72, 7 2 b ] ,  [LEHTQ] and  wh ich  i s  
based  on  t h e  f o l l o w i n g  a s s u m p t i o n s  

Budget B, t h e  a v a i l a b l e  budge t ,  bounds t h e  t o t a l  a c t i v i t y .  
D u r i n g  t h e  c h a n g e  p r o c e s s ,  e v e r y  u n i t  o f  f a u l t  e x t r a c t i o n  
( t e r m e d  ' p r o g r e s s i v e '  P )  a c t i v i t y ,  m e a s u r e d  by G ( i )  i n  t h e  
m o d e l  g i v e n  by E q u a t i o n  1 2 ,  i s  a s s o c i a t e d  w i t h  a  c e r t a i n  
amount o f  d o c u m e n t a t i o n ,  a d m i n i s t r a t i o n ,  communica t ion ,  and  
l e a r n i n g  a c t i v i t y  ( t e r m e d  ' a n t i r e g r e s s i v e '  A )  a s  measu red  by 
DAL(i) i n  E q u a t i o n  12 .  

Neglect of A a c t i v i t y  r e s u l t s  i n  t h e  a c c u m u l a t i o n  o f  
a d d i t i o n a l  work  demand t o  cope  w i t h  i n c r e a s i n g  c o m p l e x i t y  C. 
T h i s  c u m u l a t i v e  demand c a n  be removed o n l y  by a  ( t e m p o r a r y )  
i n c r e a s e  i n  t h e  i n t e n s i s t y  o f  A,  wh ich ,  a s  a  r e s u l t  o f  t h e  
l i m i t e d  b u d g e t  B,  c a u s e s  a  ( t e m p o r a r y )  d e c r e a s e  i n  
p r o g r e s s i v e  a c t i v i t y  P. 

Management i s  as sumed  t o  h a v e  f u l l  c o n t r o l  of  t h e  a l l o c a t i o n  
of i t s  r e s o u r c e s  and t h e  d i v i s i o n  o f  e f f o r t  b e t w e e n  P- and A- 
t y p e  a c t i v i t i e s .  M a n a g e m e n t  c a n n o t ,  h o w e v e r ,  d i r e c t l y  
c o n t r o l  t h e  g r o w t h  i n  c o m p l e x i t y  t h a t  a c c u m u l a t e s ,  e x c e p t  by 
u t t e r  c o n c e n t r a t i o n  o n  c o m p l e x i t y  c o n t r o l  t h r o u g h  
r e s t r u c t u r i n g .  T h i s  i s  a n  a c t i v i t y  t h a t  i s  s t r i c t l y  
a n t i r e g r e s s i v e  and ,  a s  s u c h ,  i s  p s y c h o l o g i c a l l y  d i f f i c u l t  t o  
i n s p i r e ,  s i n c e  i t  y i e l d s  no  d i r e c t ,  s h o r t - t e r m  b e n e f i t s  
[LEH74]. 

To e x a m i n e  t h e s e  c o n c e p t s  f u r t h e r ,  we now p r e s e n t  a n  
a l t e r n a t i v e  f o r m u l a t i o n  o f  t h e  m o d e l .  I n  a  s o m e w h a t  
s i m p l i f i e d  f a s h i o n ,  we a s sume  t h a t  r e s o u r c e s  a r e  f i x e d  (by 
b u d g e t )  and  t h a t  t h e y  a r e  e q u a l l y  a p p l i c a b l e  t o  e i t h e r  P  o r  A 
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a c t i v i t y .  B a n d  a c t i v i t i e s  P, A a n d  C c a n  b e  m e a s u r e d  i n  
c o s t  pe r  u n i t  o f  t i m e ,  w h i c h  e x p r e s s  t h e  budge t  r a t e  and  i t s  
e x p e n d i t u r e  r a t e  o n  p r o g r e s s i v e ,  a n t i r e g r e s s i v e ,  and  complex  
c o n t r o l  a c t i v i t i e s ,  r e s p e c t i v e l y .  I n  a d d i t i o n ,  w e  u s e  t h e  
f o l l o w i n g  r e l a t i o n s h i p s :  

k  = A/P r e p r e s e n t s  t h e  i n h e r e n t  A a c t i v i t y  r e q u i r e d  f o r  e a c h  
u n i t  of P  a c t i v i t y  s o  t h a t  c o m p l e x i t y  d o e s  n o t  grow. 

m = management f a c t o r ,  which  i s  t h e  f r a c t i o n  o f  p r o g r e s  kP 
t h a t  i s  actuaZZy d e d i c a t e d  by management t o  A a c t i v i t y  

A t  any  time, t h e  t o t a l  e x p e n d i t u r e  on  a l l  a c t i v i t i e s  m u s t  be 
e q u a l  t o  t h e  b u d g e t ,  h e n c e  t h e  f o r m u l a  f o r  t h e  b u d g e t  i s  
g i v e n  a s  f o l l o w s  

The f o r m u l a  f o r  a n t i r e g r e s s i v e  a c t i v i t i e s  i s  

and 

where  

The e x p r e s s i o n  C A  o r  c o m p l e x i t y  r e f l e c t s  t h e  c u m u l a t i v e  d e c a y  
c a u s e d  by t h e  n e g l e c t  o f  A a c t i v i t y .  

S i n c e  t h e  v a l u e s  k  a n d  m a r e  l e f t  f r e e  t o  v a r y  w i t h  t i m e ,  t h e  
model  c a n  be u s e d  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  consequences  
o f  v a r i o u s  p o s s i b l e  managment s t r a t e g i e s  i n  c o n t r o l l i n g  t h e  
m a i n t e n a n c e  p r o c e s s .  F u r t h e r  f r eedom c a n  be i n t r o d u c e d  by 
i n s e r t i n g  v a r i a b l e - l e n g t h  d e l a y s  among  t h e  t h r e e  m a j o r  
e x p e n d i t u r e  components.  A l a r g e  problem s p a c e  t h u s  r e s u l t s  
t h a t  c a n  be e x p l o r e d  by i n t e r a c t i v e  m o d e l l i n g  f o r  i n c r e a s e d  
i n s i g h t .  I n  t h i s  e n v i r o n m e n t ,  r e a l - l i f e  o b s e r v e d  phenomena 
c a n  b e  a p p r o a c h e d  i n  t h e  model  by s t e p w i s e  changes  i n  model  
p a r a m e t e r s .  

3 .5  Management S i m u l a t i o n  

A g r a p h i c  m o d e l l i n g  f a c i l i t y  h a s  been  u s e d  by t h e  a u t h o r s .  
T h i s  s y s t e m  w a s  e s s e n t i a l l y  a n  a n a l o g  c o m p u t e r  t h a t  w a s  
i m p l e m e n t e d  o n  a  d i g i t a l  m a c h i n e  s u c h  t h a t  t h e  a n a l o g  
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c o m p o n e n t s  ( d e l a y s ,  a d d e r s ,  i n t e g r a t o r s ,  e t c )  c o u l d  be  
c o n n e c t e d  i n t o  a  n e t w o r k  o n  a  c a t h o d e  r a y  t u b e  by t h e  u s e  of  
a  l i g h t p e n .  Upon r e q u e s t ,  t h e  compu te r  a c c e p t e d  t h e  ne twork  
and n u m e r i c a l  p a r a m e t e r s  a s  i n p u t s  f o r  a s t o r e d  program. The 
s y s t e m  t h e n  computed  t h e  r e s p o n s e ,  a s  d e s c r i b e d  i n  [BAS681 
and [DM 1. 

Dur ing  t h e  numerous e x p e r i m e n t a l  s e s s i o n s  w i t h  t h i s  f a c i l i t y ,  
many r e a l - 1  i f  e  phenomena w e r e  s u c c e s s f u l l y  r ep roduced .  One 
e x a m p l e  w a s  t h e  c y c l i c  p a t t e r n  o f  o b j e c t  g r o w t h  f o r  t h e  
s t a t i s t i c a l  model  d i s c u s s e d  e a r l i e r .  The n e t w o r k  c o n s i s t e d  
o f  a n e s t e d  t w o - l o o p  f e e d b a c k  s y s t e m ;  p r e s e n t  t h r e s h o l d  
v a l u e s  f o r  k  s i m u l a t e d  t h e  management d e c i s i o n s .  

More p r e c i s e l y ,  i n  o u r  s i m u l a t i o n ,  a f t e r  a  p e r i o d  o f  
p e r s i s t e n t  n e g l e c t  o f  A - a c t i v i t i e s  ( m  < I ) ,  m a n a g e m e n t  
becomes a l a r m e d  by t h e  r a p i d  r e d u c t i o n  o f  P due  t o  i n c r e a s i n g  
C. C o n s e q u e n t l y ,  a n  i n c r e a s e  i n  A i s  s c h e d u l e d  (m > 1 )  u n t i l  
t h e  s i t u a t i o n  n o t i c e a b l y  improves .  A t  t h i s  p o i n t ,  managment 
a g a i n  becomes  o p t i m i s t i c  and  r e l a x e s  k  t o  a  l o w e r  l e v e l .  I n  
t h e  l o n g  r u n  however ,  C g r o w s  m o n o t o n i c a l l y .  A s a m p l e  o u t p u t  
o f  a  r u n  i s  p r e s e n t e d  i n  F i g u r e  17. 

The  a u t h o r s  a r e  c o n v i n c e d  t h a t  t h i s  t y p e  o f  i n t e r a c t i v e  
m o d e l l i n g  i s  p e r h a p s  t h e  m o s t  f e r t i l e ,  a n d  c e r t a i n l y  t h e  
f a s t e s t ,  way o f  d e v e l o p i n g  a f e e l  f o r  t h e  i n t e r a c t i o n s  
i n v o l v e d ,  and  g r a d u a l l y  d e v e l o p i n g  a  more complex  model  t h a t  
h a s  t h e  power of p r e d i c t i n g  r e a l - l i f e  behav iou r .  

I n  c o n t r a s t  t o  p r e v i o u s  mode l s ,  management d e c i s i o n  m o d e l l i n g  
y i e l d s  a n  o p t i m i s t i c  p r o g n o s i s ,  s i n c e  i t  i n c l u d e s  p a r a m e t e r s  
t h a t  r e f l e c t  m a n a g e m e n t  d i s c r e t i o n .  T h u s  i t  p e r m i t s  t h e  
c o u n t e r a c t i o n  t o  r e m o v e  t h e  c o n s e q u e n c e s  o f  g r o w i n g  
c o m p l e x i t y ,  a c t i o n  t h a t  o c c u r s  i n  r e a l - l i f e  s i t u a t i o n s .  
On t h e  o t h e r  h a n d ,  o f  c o u r s e ,  t h e  m o d e l  d o e s  n o t  
r e f l e c t  t h e  i n t e r n a l  s t r u c t u r e  o f  t h e  o b j e c t .  I n  o u r  e a r l i e r  
m o d e l s ,  i n t e r n a l  s t r u c t u r e  w a s  m o d e l l e d  by c o m b i n i n g  t h e  
management mode l  w i t h  a n  e x t e n s i o n  o f  t h e  f a u l t  p e n e t r a t i o n  
model .  

3.6 Model o f  L i m i t e d  Growth 

Suppose  t h a t  management i s  f r e e  t o  a l l o c a t e  r e s o u r c e s  t o  grow 
t h e  o b j e c t ,  as  w e l l  a s  t o  e x t r a c t  f a u l t s  as  i n  t h e  p r e v i o u s  
m o d e l .  Of c o u r s e ,  b o t h  a c t i v i t y  c l a s s e s  a1.e e s s e n t i a l l y  
i m p e r f e c t  i n  t h a t ,  w h i l e  p e r f o r m i n g  them, e r r o r s  a r e  i n j e c t e d  
i n t o  t h e  o b j e c t .  
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h (TEAM EFFORT SIZE 
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(FAULT (WORK 
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- TIME 

Figure 17 Example Output F igure  18 Model of Growth 
of a  Budgeting Simulat ion i n  t h e  Presence of Er ror  

Generat ion t h a t  i s  
Propor t iona l  t o  E f f o r t  

A s  the  s imp le s t  case,  we would l i k e  t o  show how the  s i z e  m of 
t h e  ob j ec t ,  measured, f o r  example, by t h e  number of modules 
i t  c o n t a i n s ,  d e v e l o p s  i n  t h e  p r e s e n c e  of  e r r o r  g e n e r a t i o n  
t h a t  i s  p ropor t i ona l  t o  growth a c t i v i t y .  I n  s ignal- flow-  
graph form, t h e  l i n e a r  r e l a t i o n s  can be represented  by Figure 
18. Here E and R c o n v e r t  g r o w t h  r a t e  and e r r o r  r e p a i r  t o  
work demand (measu red  i n  man-hours).  F  i s  t h e  e r r o r  
genera t ion  r a t e  ( t h e  number of e r r o r s  per man hour) and r i s  
the number of e r r o r s .  

The corresponding equat ions  a r e  

Assuming a cons tan t  work f o r c e  h, t h e  s o l u t i o n  i s  g iven  a s  
f  o l l a r s  : 

where growth i s  a  l i n e a r  f u n c t i o n  of time. The g r e a t e r  t h e  
work f o r c e  and t h e  sma l l e r  t h e  e r r o r  genera t ion ,  t he  more 
r ap id  i s  t h e  growth, which is ,  i n  p r inc ip l e ,  unl imited.  The 
reason i s  t h a t ,  on t h e  b a s i s  of our previous assumptions, t h e  
e f f o r t  not used f o r  r e p a i r  i s  a v a i l a b l e  t o  grow the  o b j e c t  a t  
a  r a t e  t h a t  i s  independent of i ts  s i z e .  
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Observat ions on our  previous models, however, have suggested 
t h a t  l a r g e r  and o lde r  o b j e c t s  a r e  more complex and r ece ive  
more  e r r o r s  a s  t h e y  e v o l v e ,  a s  a  r e s u l t  o f  g r o w t h  and o f  
f a u l t  removal .  R e t a i n i n g  t h e  l i n e a r  c h a r a c t e r  of  t h e  
r e l a t i o n s h i p s ,  t h e  f low graph g iven  i n  F igure  19 r ep re sen te s  
t h e  modif ied assumption, namely, t h a t  i n c r e a s i n g  s i z e  causes 
more e r r o r s  t o  be generated,  w i th  g a i n  D per  u n i t  s ize .  The 
somewhat modif ied equat ions  appear  a s  fo l lows:  

and 

where Equation 19 r e p r e s e n t s  a  nega t ive  feedback t o  c o n t r o l  
s i z e .  The s o l u t i o n  now becomes t h e  following: 

h(1  - FR) 
- --------- 

mer  - 
RD 

Equations 19 through 22 i n d i c a t e  t h a t  under t h e  assumptions 
of t h i s  s e c t i o n  growth is  l i m i t e d  t o  me,. This  c r i t i c a l  s i z e  
can only be reached asymptot ica l ly .  The r eade r  may be w i se  
t o  compare t h i s  r e s u l t  w i t h  t h e  r e a l - l i f  e  o b s e r v a t i o n s  
previous ly  repor ted .  

Figure 19 Model of Limited Growth i n  which Increas ing  S i z e  
Generates  Inc reas ing  Er ro r s  
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The c r i t i c a l  s i z e  c a n  be i n c r e a s e d  by i n c r e a s i n g  t h e  s i z e  o f  
t h e  work f o r c e .  However,  t h i s  means  t h a t  a  s u b s e q u e n t  
r e d u c t i o n  o f  t h e  work f o r c e  c a n  c r e a t e  a new c r i t i c a l  s i z e  
t h a t  i s  s m a l l e r  t h a n  t h e  o n e  a l r e a d y  r e a c h e d .  Thus a 
s i t u a t i o n  o f  m o n o t o n i c a l l y  i n c r e a s i n g  e r r o r  c o n t e n t  i s  
c r e a t e d .  

T h i s  model  h a s  b e e n  s t u d i e d  u n d e r  d i f f e r i n g  a s s u m p t i o n s .  The 
ma in  c o n c l u s i o n  r e m a i n s ,  howeve r ,  t h a t  o b j e c t  s i z e  i s  l i m i t e d  
w i t h  e v e n  t h e  s l i g h t e s t  n e g a t i v e  f e e d b a c k  o f  s i z e .  

T h i s  s e c t i o n  h a s  p r e s e n t e d  s e v e r a l  m o d e l s  e a c h  t h r o w i n g  a 
d i f f e r e n t ,  t hough  r e l a t e d ,  l i g h t  o n  t h e  program m a i n t e n a n c e  
o r  enhancemen t  p r o c e s s .  Our aim h a s  n o t  b e e n  t o  p r e s e n t  
c o m p l e t e d  m o d e l s .  R a t h e r ,  we h a v e  w i s h e d  t o  i l l u s t r a t e  how 
t h e  m o d e l l i n g  may be  a p p r o a c h e d ,  a n d  how i n t e r p r e t a t i o n  o f  
t h e  may be u s e d  t o  s t u d y  and  t o  i m p r o v e  t h e  programming 
p r o c e s s .  

4 C o n c l u d i n g  Remarks 

C u r r e n t l y ,  t h e  p r o c e s s  o f  l a r g e - s c a l e  program deve lopmen t  a n d  
m a i n t e n a n c e  a p p e a r s  t o  be  u n p r e d i c t a b l e ;  i t s  c o s t s  a r e  h i g h  
a n d  i t s  o u t p u t  i s  a  f r a g i l e  p r o d u c t .  C l e a r l y ,  one  s h o u l d  t r y  
t o  r e a c h  beyond u n d e r s t a n d i n g  a n d  a t t e m p t  t o  change  t h e  
p r o c e s s  f o r  t h e  b e t t e r .  

A s  a  f i r s t  s t e p  t o w a r d  u l t i m a t e  improvemen t ,  we a r e  s t u d y i n g  
t h e  p r o c e s s  a s  i t  i s ,  a n d  a s  i t  i s  e v o l v i n g ,  much a s  t h e  
p h y s i c i s t  s t u d i e s  n a t u r e .  Our i m m e d i a t e  g o a l  i s  a n  o r g a n i s e d  
q u a n t i s e d  r e c o r d  o f  o b s e r v a t i o n s  t h a t  f o r m a l i s e s  t h e  
p e r c e p t i o n  o f  w h a t  i s  h a p p e n i n g  a n d  w h a t  i s  b e i n g  done .  With 
s u c h  g l o b a l  s t u d i e s ,  o n e  may hope  t o  i d e n t i f y  s p e c i f i c  p o i n t s  
o r  s o u r c e s  o f  t r o u b l e  a n d  p e r h a p s  i d e n t i f y  a r e a s  o f  t h e  
p r o c e s s  t h a t  a r e  m a j o r  c a u s e s  o f  c o n c e r n .  When what i s  
h a p p e n i n g  i s  u n d e r s t o o d  i n  t h e  c o n t e x t  o f  t h e  p r o c e s s  a s  a 
w h o l e ,  o n e  may a t t e m p t  t o  u n d e r s t a n d  why i t  i s  h a p p e n i n g .  
Only t h e n  s h o u l d  o n e  a t t e m p t  t o  change  t h e  p r o c e s s  w i t h o u t  
r i s k i n g  l o c a l  o p t i m i s a t i o n  t h a t  i s  v e r y  l i k e l y  t o  r e d u c e  
s i g n i f i c a n t l y  t h e  d e g r e e  o f  g l o b a l  o p t i m i s a t i o n .  A t  t h e  
p r e s e n t  time, f o r  e x a m p l e ,  i t  i s  n o t  c l e a r  t o  w h a t  e x t e n t  
improvemen t s  s h o u l d  be s o u g h t  by a t t e n t i o n  t o  t h e  human 
o r g a n i s a t i o n ,  management ,  o r  by e m p h a s i s  o n  t h e  p r o d u c t  s i d e  
o f  t h e  p r o c e s s ,  i n  o r d e r  t o  a c h i e v e  t h e  mos t  s i g n i f i c a n t  g a i n  
i n  a n d  f r o m  t h e  p r o c e s s .  

We do s p e c u l a t e  t h a t  commun ica t i on  i s  a m a j o r  problem.  If 
this c a n  be c o n f i r m e d  t h e n ,  f o r  e x a m p l e ,  a  d e s i g n  me thodo logy  
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t h a t  e x p r e s s e s  t h e  u n d e r s t a n d i n g  a n d  i n t e n t i o n  o f  t h e  
d e s i g n e r  unambiguous ly  and  c o m p l e t e l y  m i g h t  e l i m i n a t e  many 
d i f f i c u l t i e s  (8.4). One may a l s o  hope t o  a v o i d  p r o b l e m s  i n  
t h e  p e r f o m a n c e  area as  a consequence  o f  o v e r s p e c i f i c a t i o n  
t h u s  one  m i g h t  e q u a l l y  c o n s i d e r  t h a t  a r e d u c t i o n  i n  p r o d u c t  
c o m p l e x i t y ,  by b e t t e r  p a r t i t i o n i n g ,  f o r  example ,  c o u l d  l e s s e n  
t h e  need f o r  communica t ion  and,  a t  t h e  same time, i m p r o v e  
p e r f o r m a n c e  p o t e n t i a l .  To do  t h i s  e f f e c t i v e l y ,  how e v e r , ,  w e  
mus t  be a b l e  t o  i d e n t i f y  t h o s e  p a r t s  o f  t h e  p r o d u c t  t h a t  are  
mos t  i n t e r l a c e d  i n  t h e i r  l o g i c a l  s t r u c t u r e .  

Our d a t a  s o  f a r  h a v e  been  l a r g e l y  l i m i t e d  t o  t h a t  o f  a f ew  
r a t h e r  l a r g e  o p e r a t i n g  s y s t e m s  t h a t  were produced w i t h i n  t h e  
same l a r g e  a d m i n i s t r a t i v e  o r g a n i s a t i o n  Even t h e s e  d a t a  are 
meagre.  S i n c e  t h e  i n i t i a l  d e s i g n  phase ,  no o n e  a n t i c i p a t e d  
t h e  l o n g  s e r i e s  o f  c h a g e s  t h a t  was t o  f o l l o w  t h e  i n i t i a l  
development .  We now know much b e t t e r  and  are a b l e  t o  s p e c i f y  
t h e  k i n d s  o f  d a t a  t h a t  are n e c e s s a r y  f o r  f u t u r e  a n a l y s i s  o f  
t h e  deve lopmen t ,  i m p l e m e n t a t i o n  and  m a i n t e n a n c e  p r o c e s s e s .  

We a r e  a l s o  e n l a r g i n g  o u r  s c o p e  b e y o n d  t h e  e n v i r o n m e n t s  
s t u d i e d  s o  f a r .  It  i s  a l r e a d y  c l e a r  t h a t  q u a l i t a t i v e  
o b s e r v a t i o n s  s imilar  t o  o u r s  h a v e  been  made a t  o t h e r  p l a c e s  
w h e r e  l a r g e - s c a l e  p r o g r a m m i n g  h a s  b e e n  u n d e r t a k e n .  T h i s  
s u g g e s t s  a n  u r g e n t  n e e d  f o r  t h e  d e f i n i t i o n  a n d  
s t a n d a r d i s a t i o n  of  p r o c e s s  m e a s u r e s  t o  f a c i l i t a t e  m e a n i n g f u l  
c o m p a r i s o n s  b e t w e e n  d i s s i m i l a r  s y s t e m s ,  p r o c e s s e s  a n d  
o r g a n i s a t i o n s .  

C l e a r l y ,  we s t i l l  must  t e s t  t h e  g e n e r a l i t y  t h e  h y p o t h e s e s  
p r e s e n t e d  i n  t h i s  paper .  It w i l l ,  f o r  example ,  be of m a j o r  
i n t e r e s t  t o  d e t e r m i n e  t h e  d e g r e e  o f  g e n e r a l i t y  and t h e  r a n g e  
o f  v a l i d i t y  o f  t h e  v a r i o u s  i n v a r i a n t s  d i s c o v e r e d  s o  f a r ,  
a f t e r  f i l t e r i n g  new d a t a  t o  remove n o i s e  due t o  e n v i r o n m e n t a l  
f a c t o r s .  T h i s  s h o u l d  i m p r o v e  t h e  u s a b i l i t y  o f  p r o g r a m  
e v o l u t i o n  dynamics  c o n c e p t s  and  t e c h n i q u e s  as  p l a n n i n g  t o o l s ,  
a n  improvemen t  much needed by manager  who a r e ,  i n  g e n e r a l ,  
n o t  v e r y  s u c c e s s f u l  i n  a s s e s s i n g ,  p r e d i c t i n g  and  c o n t r o l l i n g  
s c h e d u l e s  a n d  r e s o u r c e s  i n  t h e  s o f t w a r e  p r o c e s s .  

It i s  i m p o r t a n t  f o r  a n  e m e r g i n g  d i s c i p l i n e ,  such  as  program 
e v o l u t i o n  dynamics ,  t o  s u m m a r i s e  i t s  m o s t  e s s e n t i a l  c o n c p e t s  
i n t o  unambiguous ly  d e f i n e d  and  m e a s u r e a b l e  q u a n t i t i e s  a t  e a c h  
s t a g e  i n  i t s  d e v e l o p m e n t .  T h i s  m a k e s  i t  p o s s i b l e  t o  u s e  

8.4 ( E d s )  Recogni t ion  of t h i s  po in t  has ,  i n  r e c e n t  years 
Zed t o  a d v o c a t i n g  t h e  g e n e r a 2  a d o p t i o n  o f  f o r m a t  
s p e c i f i c a t i o n  
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a p p r o p r i a t e  t e c h n i q u e s  and  t o o l s  f rom e s t a b l i s h e d  
d i s c i p l i n e s .  Ma thema t i c s ,  f o r  example ,  f a c i l i t a t i e s  
compar i sons  be tween d e r i v e d  r e s u l t s  and  real  l i f e ,  and  may 
e v e n  h e l p  t h e  deve lopmen t  a n d  communica t ion  o f  new i d e a s .  

One o f  t h e  most  f r e q u e n t l y  u s e d  - b u t  as  y e t  u n d e f i n e d  - 
c o n c e p t s  e n c o u n t e r e d  i n  o u r  s t u d i e s  i s  t h a t  o f  c o m p l e x i t y .  
P a r t i c u l a r  d e f i n i t i o n s  t h a t  h a v e  been  e s t a b l i s h e d  i n  t h e  
somewhat narrow c o n t e n t  o f  c o m p u t a t i o n a l  magn i tude  do n o t  
a p p e a r  t o  be u s e f u l  o r  a p p l i c a b l e  f o r  t h e  s t u d y  o f  s t r u c t u r e  
and  i n t e r a c t i o n .  A f t e r  some p r e l i m i n a r y  s t u d i e s ,  we h a v e  
conc luded  t h a t  a measu re  o f  c o m p l e x i t y ,  a p p l i c a b l e  t o  t h e  
l a r g e  s c a l e  programming e n v i r o n m e n t ,  c o u l d  be deve loped  by 
u s i n g  e s t a b l i s h e d  c o n c e p t s  t h a t  a r e  r e l a t e d  t o  i n f o r m a t i o n ,  
u n c e r t a i n t y ,  and  e n t r o p y .  F u r t h e r  i n v e s t i g a t i o n  i n  t h i s  
d i r e c t i o n  f o r m s  a n  o n g o i n g  a c t i v i t y  i n  t h e  a u t h o r s 1  g r o u p s .  

G iven  a measu re  o f  c o m p l e x i t y  e x p r e s s e d  i n  terms o f  s i m p l e  
s t r u c t u r a l  p r o p e r t i e s  - such  as t h e  number o f  i n t e r a c t i o n s  
be tween p r o d u c t  o r  o r g a n i s a t i o n a l  e l e m e n t s  - n o r m a l i s e d  
m e a s u r e s  f o r  programming e f f o r t ,  p r o d u c t i v i t y ,  sy s t em 
r e l i a b i l i t y ,  and  s e c u r i t y  c a n  be d e r i v e d  and  compar i sons  
be tween d i f f e r e n t  p r o d u c t s  o r  m e t h o d o l o g i e s  made m e a n i n g f u l .  
Wi thou t  such  a measu re ,  many o f  t h e  e s s e n t i a l  p a r t s  o f  t h e  
d e v e l o p i n g  d i s c i p l i n e  r e m a i n  unconnec ted  and  phenomena are 
e a s i l y  m i s u n d e r s t o o d .  An e a r l y  r e s u l t  i n t h e  s t u d y ,  f o r  
example ,  s u g g e s t s  t h e  c o n s i d e r a t i o n  o f  c o m p l e x i t y  o f  s o f t w a r e  
and i t s  d o c u m e n t a t i o n  i n  a u n i f i e d  f a s h i o n .  I n  t h i s  c a s e ,  
t h e  t o t a l  p r o j e c t  work load  c a n  be b e t t e r  q u a n t i f i e d ,  and 
p l a n s  and  s c h e d u l e s  made more a c c u r a t e ,  p r o v i d e d  t h a t  t h e  
manpower need i s  s t r o n g l y  r e l a t e d  t o  c o m p l e x i t y .  

Many t h e  d i r e c t i o n s  p u r s u e d  i n  o u r  e x p l o r a t i o n  o f  e v o l u t i o n  
dynamics  a p p e a r  t o  r e l a t e  t o  t h e  g l o b a l  p r o p e r t i e s  o f  complex 
s y s t e m s  r a t h e r  t h a n  t o  p r o p e r t i e s  t h a t  r e s u l t  s p e c i f i c a l l y  
f rom t h e  s o f t w a r e  env i ronmen t .  

Thus we assume t h a t  t h e  r e s u l t s  o f  o u r  s t u d i e s  may be 
g e n e r a l i s a b l e  t o  o t h e r  complex t e c h n o l o g i c a l  p r o j e c t s ,  and  t o  
t h e  s t u d y  o f  s o c i o l o g i c a l ,  economic ,  and b i o l o g i c a l  s y s t e m s  
o r  o rgan i sms .  I n  t h e  immed ia t e  f u t u r e ,  however ,  we s h a l l  
c o n c e n t r a t e  o u r  s t u d i e s  o n  t h e  e v o l u t i o n  o f  l a r g e  programs,  
s i n c e  i n  t h i s  a r e a  change  i s  o b s e r v a b l e  o v e r  a r e l a t i v e l y  
s h o r t  p e r i o d  o f  time, and e x p e r i m e n t a t i o n  i s  p o s s i b l e  w i t h o u t  
t h e  s e r i o u s  p e n a l t i e s  t h a t  c o u l d  be  i n c u r r e d  i n  o t h e r  f i e l d s .  
Thus program e v o l u t i o n  dynamics  may be i n t e r p r e t e d  as  a 
s u i t a b l e  p r o t o t y p e  o r  t e s t  bed f o r  t h e  s t u d y  o f  more g e n e r a l  
sys t em e v o l u t i o n  dynamics .  
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1 I n t r o d u c t i c n  

Re c e n t  i n t e r n a t i o n a l  c o n f e r e n c e s  o n  S o f t w a r e  E n g i n e e r i n g  
[ ICSE1 ] a n d  R e l i a b l e  S o f t w a r e  [CRS75] c o n s i d e r e d  many o f  t h e  
funda men ta l  i s s u e s  f a c i n g  t h e  programming communi t y .  
La ngua ges  a n d  s p e c i f i c a t i o n ,  d e s i g n  a n d  i m p l e m e n t a t i o n  
t e c h n i q u e s ,  c o r r e c t n e s s  a n d  program v a l i d a t i o n ,  o p e r a t i o n a l  
r e l i a b i l i t y ,  p rogramming team o r g a n i s a t i o n  a n d  management  a l l  
r e c e i v e d  a t t e n t i o n .  

One c a n n o t  q u e s t i o n  t h e  i m m e d i a t e  r e l e v a n c e  o f  t h e s e  t o p i c s  
o r  t h e  v a l i d i t y  o f  t h i s  b a s i c  e m p h a s i s .  The a b s e n c e  however  
o f  any c o n s i d e r a t i o n  o f  t h e  e v e r  c h a n g i n g  e n v i r o n m e n t  w i t h i n  
w h i c h  a l l  p r a c t i c a l  p rogramming a c t i v i t y  i s  u n d e r t a k e n  a n d  
i t s  i m p a c t  s e e m s  a n  u n f o r t u n a t e  o m i s s i o n .  Wi th  p e r h a p s  o n l y  
one  e x c e p t i o n  [CIC75] ,  t h e  p a p e r s  p r e s e n t e d  a t  t h e s e  
c o n f e r e n c e s  a p p e a r  t o  h a v e  i g n o r e d  t h e  s a d  b u t  i n d i s p u t a b l e  
f a c t  t h a t  u n l e s s  a  program r e m a i n s  u n u s e d ,  i t  w i l l  u n d e r g o  a  
c o n t i n u i n g  s e q u e n c e  of  c h a n g e s ,  a d d i  t i o n s  a n d  d e l e t i o n s .  And 
u n l e s s  t h e  g r e a t e s t  c a r e  i s  e x e r c i s e d  t h e s e  w i l l  i n e v i t a b l y  
a d v e r s e l y  a f f e c t  i t s  s t r u c t u r e ,  i t s  c o r r e c t n e s s  a n d  a l l  o t h e r  
program q u a l i t y  a t t r i b u t e s .  A p r o o f  o f  c o r r e c t n e s s ,  o r  a n y  
o t h e r  means  o f  p rogram v a l i d a t i o n ,  i s  releuant o n l y  a s  l o n g  
a s  t h e  e n v i r o n m e n t  i t  a s s u m e s  a n d  t h e  c o d e  i t  e x a m i n e s  r e m a i n  
unchanged .  S i m i l a r l y  a program mus t  remain w e l l  s t r u c t u r e d  
t h r o u g h  mos t  o f  i t s  l i f e  t ime .  Hav ing  a  sound  s t r u c t u r e  
i n i t i a l l y  i s  c l e a r l y  n e c e s s a r y .  B u t  i t  i s  i n s u f f i c i e n t  i f  
t h e  program i s  t o  be e c o n o m i c a l l y  m a i n t a i n a b l e  t o  r e m a i n  
f u n c t i o n a l l y  e f f e c t i v e  t h r o u g h o u t  i t s  o p e r a t i o n a l  l i f e .  The 
i n e v i t a b l e  s t r u c t u r a l  d e c a y  d u r i n g  t h e  normal  m a i n t e n a n c e  and  
enhancement  p r o c e s s  m u s t  t h e r e f o r e  be compensa t ed  by 
r e s t o r a t i o n  a c t i v i t y .  But  s u c h  work  y i e l d s ,  i n  g e n e r a l ,  no 
imme d ia t e  p e r f o r m a n c e  o r  f u n c t i o n a l  improvemen t s .  It m e r e l y  
prevents f u n c t i o n a l ,  p e r f o r m a n c e ,  reliability a n d  
m a i n t a i n a b i l i  t y  d e g r a d a t i o n .  A s  a  c o n s e q u e n c e ,  i t  a t t r a c t s  
no h i g h  management  p r i o r i t y  when r e s o u r c e s  a r e  l i m i t e d  a n d  
t h e  e m p h a s i s  i s  o n  q u i c k  economic  r e t u r n s .  

C o i l r i g l ~ r  ? 1976 ILEE. I?ep:inted \\ .~tll  ~lcr tniss ior~ fl.orn Proc. 2nd l r l t  C o n f  011 Sol'~warr 
F~~: i r i cc~ i r~g .  Sail F ~ : I I I C I > C C I ,  Octol~?r 1976. IELE Pro11 I)(> .  7c>('il 1125 4C. p p .  .350--357. 
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The f a c t  r e m a i n s  h o w e v e r  t h a t  a  p r o g r a m  a n d  t h e  e n v i r o n m e n t  
w i t h i n  w h i c h  i t  o p e r a t e s  b o t h  u n d e r g o  c o n t i n u i n g  c h a n g e  a n d  
e v o l u t i o n .  This phenomena i s  i n  p r a c t i c e  s o  i n e s c a p a b l e  t h a t  
a f t e r  r e l i a b i l i t y ,  c h a n g e a b i l i t y  i s  p e r h a p s  t h e  m o s t  
d e s i r a b l e  a t t r i b u t e  o f  l a r g e ,  w i d e l y  u s e d ,  m u l t i - f u n c t i o n  
p r o g r a m s  1 The p r o f e s s i o n  a n d  t h e  l i t e r a t u r e  h a s  
however  l a r g e l y  i g n o r e d ,  o r  a t  l e a s t  u n d e r p l a y e d ,  t h e  n a t u r e  
a n d  s i g n i f i c a n c e  o f  t h e  c o n t i n u i n g  e v o l u t i o n a r y  m a i n t e n a n c e  
p r o c e s s .  Thus t h e  f i r s t  o b j e c t i v e  of t h e  p r e s e n t  p a p e r  i s  t o  
p r o v i d e  q u a n t i t a t i v e  e v i d e n c e  t h a t  t h r o w s  some l i g h t  o n  
e v o l u t i o n a r y  p a t t e r n s ;  o n  program evolut ion  dynamics. The 
p r e s e n t a t i o n  i n c l u d e s  a b r i e f  d i s c u s s i o n  o f  t h e  n a t u r e  a n d  
some a t t r i b u t e s  o f  t h e  g r o w t h  p r o c e s s .  We s h a l l  t h e n  
i n d i c a t e  how a n  u n d e r s t a n d i n g  o f  t h e  p r o c e s s  c a n  be  e x p l o i t e d  
i n  p rogramming  p r o j e c t  management ,  a n d  why i t  i s  i m p o r t a n t  
f o r  a n d  i n  t h e  f u t u r e  d e v e l o p m e n t  of s o f t w a r e  e n g i n e e r i n g .  

2 Program E v o l u t i o n  

E v o l u t i o n a r y  g r o w t h  of f u n c t i o n a l  c a p a b i l i t y ,  i n  p a r t i c u l a r ,  
i s  i n t r i n s i c  t o  t h e  l i f e  c y c l e  o f  l a r g e ,  w i d e l y  u s e d  p r o g r a m s  
s u c h  as o p e r a t i n g  s y s t e m s .  The c o n t i n u i n g  g r o w t h  r e f l e c t s  a  
c o n t i n u o u s  i n c r e a s e  i n  t h e  p o t e n t i a l  power of a s y s t e m .  It 
may be a p p r o x i m a t e l y  m e a s u r e d  by ,  f o r  e x a m p l e ,  t h e  q u a n t i t y  
of i t s  c o d e  a n d  d o c u m e n t a t i o n .  

I n  i t s  m o s t  g e n e r a l  t e r m s ,  t h e  u n e n d i n g  d e v e l o p m e n t  o f  
p r o g r a m s  i s  e x a c t l y  a n a l o g o u s  t o  t h e  e v o l u t i o n a r y  p r o c e s s  
t h a t  g o v e r n s  t h e  l i f e  c y c l e  o f  any  c o m p l e x  s y s t e m  [LEH76]. 
The s y s t e m  i n t e r a c t s  a n d  i n t e r p l a y s  w i t h  i t s  e n v i r o n m e n t  i n  
m u t u a l  r e i n f o r c e m e n t  a p p r o a c h i n g ,  r a t h e r  t h a n  b e i n g  i n i t i a l l y  
i m p l e m e n t e d  w i t h ,  t h e  d e s i r e d  c h a r a c t e r i s t i c s .  One c a u s e  o f  
t h i s  i s  t h e  f a c t  t h a t  t h e  s t a t e  of t h e  a r t  d o e s  n o t ,  i n  
g e n e r a l ,  f a c i l i t a t e  a p r e c i s e ,  u n i q u e  a n d  c o m p l e t e  
s p e c i f i c a t i o n  of a s y s t e m  a n d  i t s  f u n c t i o n a l  c a p a b i l i t y .  
Hence t h e  programming  p r o c e s s  c a n n o t  y i e l d  a f i rs t  v e r s i o n  
t h a t  i s  p e r f e c t  f o r  t h e  i n t e n d e d  a p p l i c a t i o n .  S u b s e q u e n t l y  
a s  u s e r s  e x p l o i t  t h e  c a p a b i l i t y  of a s y s t e m  t h e y  d i s c o v e r  o r  
i n v e n t  new w a y s  of u s i n g  i t  a n d  new a p p l i c a t i o n s .  T h i s  i n  
t u r n  s u g g e s t s  a n d  e n c o u r a g e s  t h e  p r o v i s i o n  o f  s t i l l  newer 
f a c i l i t i e s .  When t h e s e  are i m p l e m e n t e d ,  t h e i r  u s e ,  i n  t u r n ,  
s u g g e s t s  sti 11 o t h e r  a p p l i c a t i o n s  a n d  s u a g e  p a t  t e r n s .  I n  
a d d i t i o n ,  a d v a n c e s  i n  a p p l i c a t i o n  a n d  u s a g e  t e c h n o l o g y  

9 .1  ( E d s )  These two concepts a r e ,  i n  f a c t ,  un i f i ed  by a 
concept of 'Dynamic R e l i a b i l i t y ' :  a system must not  only 
be correct  i n  t h e  f i r s t  i n s tance ,  but must be maintained 
correct  as the  operational environment changes. 
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e n c o u r a g e  and  s u p p o r t  h a r d w a r e  deve lopmen t  and  make i t  
e c o n o m i c a l l y  v i a b l e .  Advances  i n  h a r d w a r e  t e c h n o l o g y ,  i n  
t u r n ,  b r i n g  w i t h  them new d e v i c e s  a n d  a d v a n c e d ,  more c o s t  
e f f e c t i v e  v e r s i o n s ,  o f  o l d  d e v i c e s .  A l l  t h i s  l e a d s ,  o n c e  
a g a i n ,  t o  u s a g e  a d v a n c e  and  e x p a n s i o n .  And a l l  t h e s e  
d e v e l o p m e n t s  b r i n g  c a l l s  f o r  c o n t i n u i n g  r e v i s i o n  a n d  
de ve lopmen t  of s o f t w a r e  s u p p o r t  ( 9 . 2 )  . 
I n  g e n e r a l  s y s t e m s  ( i e ,  n o t  s o f t w a r e )  t h e  e v o l u t i o n a r y  t r e n d  
o f  n e c e s s i t y  e f f e c t s  s u c c e s s i v e  genera t ions  of s y s t e m  
e l e m e n t s .  T h a t  i s  d u r i n g  e a c h  r e d e s i g n  p h a s e ,  c h a n g e s  
a r e  made t o  t h e  s p e c i f i c a t i o n  a n d  d e s i g n  of w h a t  wou ld  
o t h e r w i s e  h a v e  b e e n  a  s t r a i g h t  r e p r o d u c t i o n  of a n c e s t o r  
s y s t e m s .  These  c h a n g e s  a r e  t h e n  imp lemen ted  i n  a  new 
in s tance  o f  t h e  s y s t e m  o r  e l e m e n t .  I n  program s y s t e m s  o n  t h e  
o t h e r  hand  t h e  i r r e s i s t i b l e  t e m p t a t i o n  i s  t o  m o d i f y  a n d  
augment  e x i s t i n g  code  r a t h e r  t h a n  t o  r e s t r u c t u r e ,  r e c o d e  and  
h e n c e  r e c r e a t e  e n t i r e  s e c t i o n s  o f  t h e  s y s t e m .  T h i s  d e s p i t e  
t h e  f a c t  t h a t  p rog rams  i n  e x e c u t i o n  a r e  m o s t  comp lex ;  t o t a l l y  
u n f o r g i v i n g  i n  t h e  f a c e  of s l o p p i n e s s  o r  any  l o g i c a l  
i n e x a c t i t u d e  o v e r  t h e  c o m b i n a t o r i a l l y  l a r g e  number o f  
a l t e r n a t i v e  i n p u t  c o n d i t i o n s  a n d  e x e c u t i o n  s e q u e n c e s  t o  wh ich  
i t s  s e g m e n t s  a r e  r e p e a t e d l y  e x p o s e d  a t  h i g h  s p e e d .  The need  
f o r  p rogram c o r r e c t n e s s ,  however d e f i n e d ,  i s  a b s o l u t e ,  y e t  we 
p e r t u r b ,  c h a n g e  and  g e n e r a l l y  maul  p rog rams  a n d  code  w i t h  
r e c k l e s s  abandon .  

The a b o v e  b r o a d  o u t l i n e  i d e n t i f i e s  t h e  phenomenon. Its 
c o n s e q u e n c e s  a r e  f a m i l i a r  t o  a n y o n e  who h a s  h a d  program 
d e v e l o p m e n t ,  m a i n t e n a n c e ,  m a r k e t i n g  o r  u s a g e  r e s p o n s i b i l i t y  
o r  e x p e r i e n c e .  

3 Program E v o l u t i o n  Da t a  

For  some y e a r s  t h e  p r e s e n t  a u t h o r s  and  t h e i r  c o l l e a g u e s  h a v e  
been  m e a s u r i n g  a n d  s t u d y i n g  t h e  e v o l u t i o n a r y  p a t t e r n  o f  o n e  
l a r g e  o p e r a t i n g  s y s t e m ,  h e r e  i d e n t i f i e d  a s  s y s t e m  T ( 9 . 3 1 ,  
[BEL7 lb l ,  [BEL72], [BEL761, [LEH76bl. Sys tem T  i s  t y p i f i e d  
by i t s  s i z e ,  by t h e  r i c h n e s s  o f  i t s  f u n c t i o n ,  by t h e  v a r i e t y  
of h a r d w a r e  d e v i c e s  a n d  s y s t e m  c o n f i g u r a t i o n s  s u p p o r t e d ,  by 
t h e  enormous  v a r i e t y  of u s e r s  a n d  a p p l i c a t i o n  e n v i r o n m e n t s  
w h i c h  i t  s e r v e s ,  by i t s  m a j o r  u s e  o f  a s s e m b l y  l e v e l  l a n g u a g e  

9.2 ( E d s )  AZZ t h e  i n s i g h t s  which Zater Zed t o  t h e  program 
c Z a s s i f i c a t i o n  t h a t  i d e n t i f i e d  E- type programs CLEH80cl 
are aZready present  i n  t h i s  paragraph. 

9.3 ( E d s )  I d e n t i f i e d  i n  LBEL761 a s  IBM opera t ing  system 
OS/360. 



and  by t h e  s i z e  and  g e o g r a p h i c  d i s p e r s i o n  o f  i t s  deve lopmen t  
and  m a i n t e n a n c e  teams.  

A s  r e p o r t e d  i n  t h e  a b o v e  r e f e r e n c e s  a n d  e l s e w h e r e ,  t h i s  
s y s t e m  h a s  d i s p l a y e d  a n  a l m o s t  c o n t i n u o u s  g r o w t h  i n  
f u n c t i o n a l  c a p a b i l i t y ,  i n  s i z e  a n d  i n  c o m p l e x i t y .  But  
d e s p i t e  t h e  f a c t  t h a t  t h e r e  i s  a  c o n t i n u i n g  p r e s s u r e  f o r  t h e  
a d d i t i o n  o f  new c a p a b i l i t i e s  t o  t h e  s y s t e m ,  i t s  r a t e  of  
g r o w t h  h a s  shown a n  e q u a l l y  p e r s i s t e n t  d e c l i n e .  

The q u e s t i o n  h a s  b e e n  r a i s e d  a s  t o  w h e t h e r  t h e s e  o b s e r v a t i o n s  
th row l i g h t  o n  t h e  programming p r o c e s s  i t s e l f ,  o r  w h e t h e r  
t h e y  r e f l e c t  a p e c u l i a r i t y  o f  t h e  p a r t i c u l a r  p rogram s t u d i e d  
a n d  t h e  e n v i r o n m e n t  i n  wh ich  i t  was d e v e l o p e d .  More r e c e n t l y  
d a t a  h a s  become a v a i l a b l e  f r om q u i t e  d i f f e r e n t  o r g a n i s a t i o n a l  
e n v i r o n m e n t s  wh ich  r e i n f o r c e s  t h e  v i ew  t h a t  many o f  t h e  
phenomena o b s e r v e d  i n  t h e  deve lopmen t  o f  s y s t e m  T  d o  o c c u r  
more g e n e r a l l y .  

One new s o u r c e  of d a t a  [HOOT51 comes f rom t h e  e x e c u t i v e  
s y s t e m  h e r e  i d e n t i f i e d  a s  s y s t e m  P. T h i s  s y s t e m  i s  a n  o r d e r  
o f  m a g n i t u d e  s m a l l e r  t h a n  T, is w r i t t e n  a s  a  s t r u c t u r e d  
program i n  a n  A l g o l - l i k e  l a n g u a g e  a n d  i s  b e i n g  d e v e l o p e d  by a  
small, h i g h l y  d i s c i p l i n e d  a n d  w e l l  managed g r o u p  u n d e r  t h e  
e x e c u t i v e  d i r e c t i o n  o f  t h e  o r g a n i s a t i o n  wh ich  i s  t h e  s o l e  
u s e r  o f  t h e  program.  O p e r a t i o n  i s  c o n f i n e d  t o  two 
i n s t a l l a t i o n s  f o r  b a s i c a l l y  a  s i n g l e  p u r p o s e .  I n  summary, 
t h e  program and  t h e  e n v i r o n m e n t  i n  wh ich  i t  i s  b e i n g  u s e d  a n d  
m a i n t a i n e d  a r e  i n  a l m o s t  a l l  r e s p e c t s  t h e  t o t a l  a n t i t h e s i s  o f  
T  and  i t s  e n v i r o n m e n t .  

S i m i l a r  phenomena may a l s o  be o b s e r v e d  i n  d a t a  r e l a t i n g  t o  
t r a n s a c t i o n  s y s t e m  A.  T h i s  s y s t e m ,  t o g e t h e r  w i t h  i t s  
m a i n t e n a n c e  a n d  u s a g e  e n v i r o n m e n t s ,  l i e s  midway be tween  t h e  
o t h e r  two i n  s i z e a n d  d i v e r s i t y  o f  p u r p o s e .  Sys tem A i s  
b e i n g  d e v e l o p e d  by a  m a j o r  compu te r  m a n u f a c t u r e r  and  i s  u s e d  
by o n l y  a  l i m i t e d  number o f  c u s t o m e r s .  Most s i g n i f i c a n t l y ,  
d a t a  o n  t h i s  s y s t e m  was  a v a i l a b l e  o n l y  f o r  a  p h a s e  o f  t h e  
p r o j e c t  d u r i n g  w h i c h  t i m e ,  a c c o r d i n g  t o  t h e  p r o j e c t  m a n a g e r s ,  
no  ' m a j o r  e n h a n c e m e n t s f  o f  t h e  s y s t e m  w e r e  u n d e r t a k e n .  Thus 
t h e  a l l e g e d  m a i n t e n a n c e  p h a s e  f o r  w h i c h  q u a n t i t a t i v e  d a t a  i s  
a v a i l a b l e  was  p r e c e d e d  by a  d e v e l o p m e n t  phase  d u r i n g  wh ich  
t h e  s y s t e m  was  d e s i g n e d  a n d  imp lemen ted  by a d i f f e r e n t  team 
a t  a  d i f f e r e n t  s i t e .  System A l i k e  s y s t e m  T i s  coded  i n  a n  
a s s e m b l y  l a n g u a g e .  

The d a t a  c o l l e c t e d  f rom s y s t e m s  A a n d  P i s  r a t h e r  l i m i t e d  
i n  e x t e n t .  N e i t h e r  s e t  o f  i n fo rma i ; i on  p r e s e n t e d  o n  i t s  own 
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would p r o v i d e  a  v e r y  sound b a s i s  f o r  q u a n t i t a t i v e  t h e o r i e s  
a b o u t  t h e  development  p r o c e s s  o f  s o f t w a r e  sys t ems .  But  
compared and  c o n t r a s t e d  w i t h  t h e  d a t a  from sys tem T a  g e n e r a l  
p i c t u r e  o f  s o f t w a r e  e v o l u t i o n  b e g i n s  t o  emerge i n  wh ich  
p e t u r b a t i o n s  from a b a s i c  p a t t e r n  c o r r e s p o n d  v e r y  n a t u r a l l y  
t o  p a r t i c u l a r  f e a t u r e s  o f  t h e  i n d i v i d u a l  s y s t e m s  ( 9 . 4 ) .  

4 S y s t e m s i z e  

The most  d i r e c t l y  u s e f u l  ( a n d  o f  t e n  most  e a s i l y  a v a i l a b l e )  
s o u r c e  o f  q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  development of  a  
s o f t w a r e  p r o j e c t  i s  a  r e c o r d  o f  how sys tem s i z e  h a s  changed 
o v e r  time. C l e a r l y  t h e r e  i s  a  c h o i c e  o f  m e a s u r e s  of s i z e  - 
l i n e s  o f  code ,  b i t s  o f  s t o r e ,  numbers o f  modules  o r  
components.  I n  p r a c t i c e ,  i t  was  no t  p o s s i b l e  t o  p r e s e n t  t h e  
d a t a  i n  t e r m s  o f  a s t a n d a r d  s i z e  u n i t  a p p r o p r i a t e  t o  a l l  
t h r e e  s y s t e m s  s t u d i e d .  However, t h i s  f a i l u r e  d i d  no t  seem 
c r i t i c a l  s i n c e ,  ( i )  p r o b a b l y  a l l  s i z e  m e t r i c e  a p p e a r  s t r o n g l y  
c o r r e l a t e d ,  ( i i )  i t  i s  t h e  p a t t e r n  of  s i z e  change  which  i s  o f  
pr ime i n t e r e s t  i n  t h i s  c o n t e x t  r a t h e r  t h a n  c o n s i d e r a t i o n o f  
t h e  a b s o l u t e  s i z e  of  t h e  s y s t e m s  and p r o j e c t s .  

P l o t s  1 ( a ) ,  ( b ) ,  ( c )  i l l u s t r a t e  t h e  s i z e  h i s t o r i e s  o f  t h e  
t h r e e  sys t ems .  A l l  t h r e e  s y s t e m s  d i s p l a y  a  c l e a r  t endency  t o  
i n c r e a s e  i n  s i z e ;  more s i g n i f i c a n t l y  growth h a s  o c c u r r e d  i n  
each c a s e  l o n g  a f t e r  t h e  sys t em was f i r s t  r e l e a s e d  f o r  u s e  by 
i t s  cus tomers .  The p r o p o r t i o n a l  sys tem growth ' a f t e r  
r e l e a s e '  i s  smallest i n  t h e  c a s e  o f  sys t em A. Bu t  even  t h e r e  
t h e  number of components making up t h e  sys tem h a s  i n c r e a s e d  
by 1 6 %  o v e r  t h e  p e r i o d  o b s e r v e d ;  a n d  t h a t  a t  a  t i m e  when bo th  
management and t h e  p a r t i c i p a n t s  v iewed t h e i r  a c t i v i t i e s  a s  
ma in tenance  w i t h  o n l y  minor  enhancements .  

9.4 ( E d s )  Note here the  asswnption,  underlying much of t he  
development of t he  evo lu t ion  dynamics theory  t h a t  t h e  
search for bas ic  phenomena and supporting theory may be 
guided by observed data and s t a t i s t i c a l  a n a l y s i s  even i f  
t he  former i s  sparse and the  l a t t e r  does not  yei ld 
s ta t i s t i caZZy  s i g n i f i c a n t  r e suZ t s .  I t  i s  t he  re su l tan t  
theory t h a t  must s a t i s f y  t h e  accepted t e s t s  of any 
s c i e n t i f i c  t heory .  I t  i s ,  we b e l i e v e ,  f a i lu re  t o  
appreciate t h i s  viewpoint t h a t  has generated and 
under l ies  c r i t i c i s m  such as  t h a t  found i n  [CH0801 and 
CLAW821. 
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Figure 1 a,  b, c  System S i z e  as  a func t ion  of Age 



9. Program Evolution and its Impact 207 

This record  of  p e r s i s t e n t  growth provides f u r t h e r  support  f o r  
one of t h e  most fundamental p o s t u l a t e s  [LEH74]  of a  study of 
software evolu t ion:  t h a t  t h e  cons t ruc t ion  of a  l a r g e  s o f t -  
ware system cannot be a  s t r a igh t fo rward  implementation of 
some preconceived design.  Rather i t  i s  of neces s i t y  a  
process  t h a t  continuously modi f ies  and improves p a r t s  of t h e  
code t o  r e f l e c t  changes i n  t h e  e n v i r o w e n t ,  s h i f t s  i n  ob j ec t-  
i v e s  and advances i n  technology. 

Passing over  t he  b a s i c  growth t r ends  d isp layed  by these  
systems one may go on t o  consider  t he  ra te  of grouth. Both 
systems P and T show a  very c l e a r  f a l l i n g  o f f  of t he  r a t e  of 
growth a s  the  system evolves.  System T, f o r  which the  long- 
e s t  sequence of da t a  i s  a v a i l a b l e ,  has a  s i z e  which i n c r e a s e s  
approximately l o g a r i t h m i c a l l y  w i th  age. 

Several  explana t ions  f o r  t h i s  slowing down of t he  growth 
process present  themselves. F i r s t l y  i t  might be caused by a  
r educ t ion  i n  t h e  l e v e l  of demand f o r  enhancements t o  t h e  
system. This  exp lana t ion  seems untenable  i n  view of t he  f a c t  
t h a t  t h e  managers of both systems P and T were adamant i n  
a s s e r t i n g  t h a t  t h e r e  was no s i g n i f i c a n t  r educ t ion  i n  t he  pool 
of wa i t i ng  r e q u e s t s  f o r  new c a p a b i l i t i e s .  A second 
p o s s i b i l i t y  i s  t h a t  the  reduced r a t e  of system growth 
r ep re sen t s  a  r educ t ion  i n  t h e  r e sou rces  made a v a i l a b l e  f o r  
system development. It i s  known t h a t  the  peak manpower and 
budgetary a l l o c a t i o n s  f o r  t h e  development of system T 
occurred some time a f t e r  t he  r educ t ion  i n  growth r a t e  becomes 
apparent .  Hence i t  was concluded t h a t  t h e  d iminish ing  growth 
r a t e  could not be accounted f o r  by a  r educ t ion  i n  t h e  resou-  
r c e s  appl ied .  Rather t h e  system must be becoming i n n a t e l y  
more d i f f i c u l t  t o  en large .  System P cor robora tes  this obser-  
v a t i o n  by showing a  diminishing r a t e  of growth dur ing  a  
period of obse rva t ion  f o r  which a  weighted manpower index  of 
team s i z e  f l u c t u a t e d  wi thout  any d e f i n i t e  t rend  (F ig  2 ) .  

2 1, 'k Z h C  ' 4hC  ' bAC Bd0 13CO 
3 0 ~ 5  

s,.s,ern P 

Figure  2 System P Resources 
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System A a p p e a r s  t o  f a l l  o u t s i d e  t h i s  p a t t e r n ,  showing a  
s l i g h t l y  i n c r e a s i n g  g rowth  r a t e  o v e r  t h e  r e c o r d e d  p e r i o d .  
T h i s  i s  o f  i t s e l f  r a t h e r  anomalous  s i n c e  t h e  sys t em was 
s p e c i f i c a l l y  a v o i d i n g  m a j o r  enhancemen t s  and a l s o  had 
e x p e r i e n c e d  a  s t e a d y  a t t r i t i o n  i n  t h e  s i z e  o f  t h e  m a i n t e n a n c e  
team. However, a  s a t i s f a c t o r i l y  s i m p l e  i n t e r p r e t a t i o n  o f  t h e  
e f f e c t  i s  t h a t  i t  i s  a  p e t u r b a t i o n  o f  t h e  same t y p e  t h a t  c a n  
be c l e a r l y  d i s c e r n e d  i n  sys t em T  g rowth  ( F i g  l c )  [BEL76]; 
rLEH76bI ( 9 . 6 ) .  It i s  known t h a t  t h e  ' m a i n t e n a n c e  phase 1  o f  
t h e  p r o j e c t  f o r  wh ich  w e  have  p r e s e n t e d  d a t a  was  p receded  by 
a  ' deve lopmen t  p h a s e ' .  Al though s a d l y  no q u a n t i t a t i v e  
i n f o r m a t i o n  was  a v a i l a b l e  f o r  t h i s  p h a s e ,  g r o w t h  must  h a v e  
been  f a s t e r  i n  view of  t h e  s i z e  of  t h e  sys t em a t  t h e  
b e g i n n i n g  o f  t h e  o b s e r v a t i o n a l  p e r i o d  and  t h e  i n d i c a t e d  l i f e  
time of  t h e  sys t em.  So i t  d o e s  a p p e a r  t h a t  t h e  n e t  r a t e  o f  
growth  h a s  been  s l o w i n g  down i n  a c c o r d a n c e  w i t h  t h e  
i n t e n t i o n s  o f  t h e  p r o j e c t ' s  managers .  We n o t e  t h a t  i n  t h e  
c a s e  o f  A a n d  a l s o ,  t h e  r a t e  o f  growth  h a s  n o t  r e d u c e d  a s  a  
consequence  o f  t h e  f a c t  t h a t  t h e  m a i n t e n a n c e  team was r e d u c e d  
i n  s i z e  by a b o u t  h a l f  o v e r  t h e  p e r i o d  o f  o b s e r v a t i o n .  One 
m i g h t  e v e n  c o n j e c t u r e  a s  o t h e r s  h a v e  done b e f o r e  u s  [BR0751 
t h a t  a  r e d u c t i o n  i n  team s i z e  a c t u a l l y  l e a d s  t o  a n  i n c r e a s e d  
g rowth  r a t e ,  a n  improvement i n  programming e f f e c t i v e n e s s .  

To summarize t h i s  s e c t i o n :  The combined e v i d e n c e  e x t r a c t e d  
from s y s t e m s  A ,  P and  T, s u p p o r t  t h e  c o n c l u s i o n  t h a t  t h e  
p r o d u c t s  o f  t h e  s o f t w a r e  p r o j e c t s  unde rgo  a  s t e a d y  e x p a n s i o n  
o v e r  t h e i r  l i f e t i m e .  The r a t e  of  growth  f a l l s  o f f  i n  a  way 
which  c a n n o t  be  f u l l y  exp laTned  by a  l a c k  o f  demand f o r  
f u r t h e r  enhancemen t s  o r  by r e d u c t i o n s  i n  t h e  r e s o u r c e s  
a v a i l a b l e  f o r  deve lopmen t .  The i m p l i c a t i o n  i s  t h a t  a s  a  
s o f t w a r e  sys tem e v o l v e s  i t  becomes i n c r e a s i n g l y  d i f f i c u l t  t o  
mod i fy  o r  t o  a d d  new f u n c t i o n s  t o  i t ;  i t s  c o m p l e x i t y ,  i n  some 
s e n s e ,  i n c r e a s e s .  

5  The E f f e c t i v e  R a t e  o f  Work 

I n  t h e  p r e c e d i n g  s e c t i o n  i t  was a r g u e d  on  r a t h e r  q u a l i t a t i v e  
g r o u n d s  t h a t  f l u c t u a t i o n s  i n  t h e  l e v e l  o f  r e s o u r c e s  a v a i l a b l e  
f o r  development  and m a i n t e n a n c e  p l a y  o n l y  a  minor  r o l e  i n  
d e t e r m i n i n g  t h e  l o n g  term r a t e  o f  growth  o f  a  s o f t w a r e  

9.6 (Orig) It may be due to increasing familiarity with the 
system and a sense of urgency on the part of both 
maintenance personnel and userslcustomers, to attach 
additional capability to the system before supplier 
support is finally withdrawn and the system is 
effectively frozen. 
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sys t em.  I n  t h i s  s e c t i o n  we b o l s t e r  t h i s  c l a i m  w i t h  more 
q u a n t i t a t i v e  e v i d e n c e  t h a t  t h e  e f f e c t i v e  r a t e  o f  work on  s u c h  
s y s t e m s  i s  much more s t a b l e  t h a n  a  s u p e r f i c i a l  i n s p e c t i o n  o f  
changes  i n  p r o j e c t  team s i z e  and budge t  would i n d i c a t e .  

For  s y s t e m s  A and  T  a  c o u n t  had  been  k e p t  o f  t h e  number of 
t h e i r  e l e m e n t s  which  had been  worked on  d u r i n g  each  r e l e a s e  - 
we s h a l l  r e f e r  t o  t h i s  a s  'modu le s  h a n d l e d '  d a t a .  T h i s  c o u n t  
may be i n t e r p r e t e d  a s  p r o v i d i n g  a  measu re  o f  t h e  d i f f i c u l t y  
i n  a c h i e v i n g  a  g i v e n  r e l e a s e .  F o r ,  n a i v e l y  s p e a k i n g ,  
m o d i f i c a t i o n  o f  s a y  10% o f  a  sys t em i s  l i k e l y  t o  be a  more 
s t r a i g h t f o r w a r d  t a s k  t h a n  c o o r d i n a t i n g  c h a n g e s ,  i n e v i t a b l y  
i n t e r a c t i n g ,  t o  s a y  30% o f  t h e  s y s t e m  e l e m e n t s .  

For sys t em P, module h a n d l i n g  d a t a  was  n o t  a p p r o p r i a t e  i n  
view o f  t h a t  sys t em '  s t a b l e  d r i v e n  d e s i g n  and  h i g h e r  l e v e l  
l a n g u a g e  i m p l e m e n t a t i o n .  The most  comparab le  i n f o r m a t i o n  
a v a i l a b l e  was  a  r e c o r d  o f  ' c h a n g e s  made' .  Each s u c h  change  
c o r r e s p o n d s  t o  a  u n i t  enhancement  of  t h e  sys t em r a t h e r  t h a n  
t o  a n  amendment o f  a p a r t i c u l a r  code  e l e m e n t .  I n  u s i n g  s u c h  
a measure  one  must  a l s o  t h e n  assume t h a t  t h e r e  h a s  been  no 
g r o s s  change  i n  t h e  programming t e a m ' s  u n d e r s t a n d i n g  o f  wha t  
c o n s t i t u t e s  a  u n i t  change  o v e r  t h e  sys t em l i f e t i m e .  

F i g u r e s  3 a ,  3 b ,  and  3c  a r e  c u m u l a t i v e  p l o t s  o f  t h e  work 
a c h i e v e d  ( a s  r e p r e s e n t e d  by modules  h a n d l e d  o r  c h a n g e s  made) 
on  s y s t e m s  A ,  P  and  T  r e s p e c t i v e l y .  The p r imary  o b s e r v a t i o n  
t o  be drawn f rom t h e s e  g r a p h s  i s  t h a t  i n  a l l  t h r e e  c a a s e s  
t h e s e  c u m u l a t i v e  p l o t s  c l o s e l y  c o r r e s p o n d  t o  p o i n t s  l y i n g  o n  
a  s t r a i g h t  l i n e .  I n  o t h e r  words ,  t h e  d a t a  from a l l  t h r e e  
s y s t e m s  c o n f i r m s  t h e  c o n j e c t u r e  o f  t h e  o p e n i n g  p a r a g r a p h  o f  
t h i s  s e c t i o n ,  t h a t  t h e  o r g a n i s a t i c n  i s  c o m p l e t i n g  work a t  a n  
a p p r o x i m a t e l y  c o n s t a n t  r a t e .  

Some j u s t i f i c a t i o n  i s  p e r h a p s  r e q u i r e d  f o r  c o n s i d e r i n g  
c o m u l a t i v e  m e a s u r e s  o f  t h e  amount o f  work  a c h i e v e d .  F i g u r e s  
& a ,  4 b ,  and  4 c  i l l u s t r a t e  t h e  a c t u a l  work r a t e s  p e r  day  
computed f rom t h e  same d a t a  a s  F i g u r e  3. The ' r a t e  o f  making 
changes '  i n f o r m a t i o n  f rom sys tem P  shows no o b v i o u s  p a t t e r n .  
However, t h e  o t h e r  measu re  o f  work r a t e  - modules  h a n d l e d  p e r  
day - shows c o n s i d e r a b l e  f l u c t u a t i o n s  i n  bo th  s y s t e m s  A and  
T. More p a r t i c u l a r l y  b o t h  g r a p h s  have  a  z i g z a g  s h a p e  w i t h  
peaks  b e i n g  s h o r t l y  f o l l o w e d  by t r o u g h s .  U n f o r t u n a t e l y  t h e r e  
i s  i n s u f f i c i e n t  d a t a  t o  s u p p o r t  t h i s  q u a l i t a t i v e  a p p r a i s a l  
w i t h  a  n e g a t i v e  a u t o c o r r e l a t i o n  measure .  On t h e  a v a i l a b l e  
e v i d e n c e ,  i t  a p p e a r s  t h a t ,  d e s p i t e  t h i s ,  t h e  a p p a r e n t l y  
s t e a d y  work r a t e  i m p l i e d  by t h e  c u m u l a t i v e  d a t a  c o n c e a l s  
s h o r t  t e rm f l u c t u a t i o n s  a b o u t  a  w e l l  d e f i n e d ,  a v e r a g e  t r e n d .  
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T h i s  i s  e n t i r e l y  c o n s i s t e n t  w i t h  t h e  a u t h o r s f  b a s i c  view of 
t h e  programming p r o c e s s  a s  a  s e l f  s t a b i l i s i n g  f e e d b a c k  sys t em 
b e i n g  c o n s t a n t l y  p e r t u r b e d  by management d e c i s i o n s  a f f e c t i n g  
t h e  l e v e l  of  i n p u t s  d r i v i n g  t h e  sys tem.  

We must a l s o  n o t e  t h a t  t o  some e x t e n t  t h e  f l u c t u a t i o n s  a s  
o b s e r v e d ,  p a r t i c u l a r l y  i n  4 c ,  e x a g g e r a t e  t h e  d i f f e r e n c e s  
be tween h a n d l e  r a t e s  a c h i e v e d  i n  d i f f e r e n t  r e l e a s e s .  The 
r a t e s  p l o t t e d  h e r e  a r e  computed from t h e  i n t e r - r e l e a s e  
i n t e r v a l  whereas  t h e y  s h o u l d  h a v e  been  b a s e d  o n  t h e  p e r i o d  of  
t h e  t ime o v e r  which t h e  work was e x e c u t e d .  T h i s  r e l e a s e -  
o v e r l a p  e f f e c t  i s  o f  c o u r s e  l a r g e l y  removed when c u m u l a t i v e  
d a t a  i s  p l o t t e d .  

6 The D i s t r i b u t i o n  o f  Development Work 

The two p r e c e d i n g  s e c t i o n s  d i s c u s s e d  p r o j e c t  s i z e  h i s t o r i e s  
and work r a t e s  a c h e i v e d  r e s p e c t i v e l y .  I n  p a r t i c u l a r  t h e  
c u m u l a t i v e  coun t  o f  work a c h i e v e d  was shown t o  be a l k i n e a r  
f u n c t i o n  o f  sys t em a g e  d e s p i t e  r e l e a s e  by r e l e a s e  v a r i a t i o n s  
i n  t h e  a c t u a l  amount. I n  this s e c t i o n  we r e l a t e  t h e s e  two 
s e t s  o f  measurements  and u s e  them t o  s t u d y  t h e  d i s t r i b u t i o n  
of  dvelopment  work though t h e  sys t em,  i n  p a r t i c u l a r  w h e t h e r  
i t  i s  l o c a l i s e d  o r  w i d e l y  s c a t t e r e d .  It i s  i n t e n d e d  t h a t  
t h i s  s h o u l d  ( i )  c l a r i f y  and j u s t i f y  t h e  u s e  of  f m o d u l e s  
h a n d l e d f  r e c o r d s ,  ( i i )  d i s p l a y  a  r e l a t i o n  between sys tem 
s i z e ,  r e l e a s e  i n t e r v a l  and modules  h a n d l e d  coun t  which  
r e f i n e s  t h e  p r e v i o u s  h y p o t h e s i s  o f  c o n s t a n t  modules  h a n d l e d  
r a t e ,  and ( i i i )  i n t r o d u c e  a  h y p o t h e s i s  a b o u t  t h e  d i s t r i b u t i o n  
of development  work which p r o v i d e s  a  b a s i c  framework f o r  
d i r e c t  measu remen t s  of  sys tem complex i ty .  

A measure  o f  sys tem complex i ty  u s e f u l  t o  s o f t w a r e  p r o j e c t  
management s h o u l d  b e  a b l e  t o  i n d i c a t e  when s t r u c t u r a l  
r e d e s i g n  h a s  become e s s e n t i a l  i n  o r d e r  t o  f a c i l i t a t e  f u r t h e r  
deve lopmen to r  t o  f o r e s t a l l  u l t i m a t e  u n m a n a g e a b i l i t y .  Such a  
measure  i s  e x p e c t e d  t o  r e l a t e  c l o s e l y  t o  t h e  way i n  which 
m a i n t e n a n c e  and development  work i s  s c a t t e r e d  th rough  t h e  
program t e x t  r a t h e r  t h a n  b e i n g  l o c a l i s e d  i n  p a r t i c u l a r  
s e c t i o n s .  The j u s t i f i c a t i o n  i s  t h a t  t h e  p r o c e s s  o f  
r e p e a t e d l y  m o d i f y i n g  a sys tem w i t h o u t  r e d e s i g n  w i l l  t e n d  t o  
o b s c u r e  i t s  c a n c e p t u a l  s t r u c t u r e  and  i n t r o d u c e  l o g i c a l l y  
r e d u n d a n t  e n t i t i e s  w i t h  s c a t t e r e d  i n t e r c o n n e c t i o n s .  
Consequen t ly ,  l o g i c a l l y  s i m p l e  a l t e r a t i o n s  t o  t h e  sys t em may 
r e q u i r e  p h y s i c a l l y  s c a t t e r e d  c h a n g e s  t o  t h e  program t e x t ,  
making enhancement d i f f i c u l t ,  e r r o r  p rone  s n d  e v e r  more 
l i k e l y  t o  i n c r e a s e  t h e  d e s t r u c t i n g  e f f e c t .  
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The f a c t  t h a t  sys t em P i s  w r i t t e n  i n  a  h i g h  l e v e l  l a n g u a g e ,  
i s  t a b l e  d r i v e n  a n d  i s  o n l y  c o a r s e l y  d i v i d e d  i n t o  components ,  
makes i t  d i f f i c u l t  t o  d e t e r m i n e  from a v a i l a b l e  d a t a  t h e  
e x t e n t  t o  which t h e  work done f o r  each  r e l e a s e  was o c a l i s e d .  
Eowever, f o r  s y s t e m s  A and T, s i n c e  sys tem s i z e  i n  modules  
and t h e  number o f  modules  h a n d l e d  a r e  b o t h  known, a s i m p l e  
c a l c u l a t i o n  d e t e r m i n e s  t h e  f r a c t i o n  o f  t h e  sys tem a c t i v e l y  
i n v o l v e d  i n  e a c h  r e l e a s e .  T h i s  i s  p l o t t e d  i n  F i g u r e s  5 a  and  
5b.  Although bo th  t h e s e  g r a p h s  e x h i b i t  a n  upward t r e n d ,  t h i s  
s h o u l d  n o t  be i n t e r p r e t e d  a s  a d i r e c t  i n d i c a t i o n  o f  
i n c r e a s i n g  sys t em complex i ty .  It w i l l  be shown t h a t  i t  i s  
more c o m p l e t e l y  e x p l a i n e d  i n  t e r m s  o f  a  s t a t i c  a s s u m p t i o n ,  
i t s e l f  of some i n t e r e s t ,  a b o u t  t h e  s c a t t e r  o f  ma in tenance  and 
development  work. 

The main  r e a s o n  f o r  n o t  u s i n g  ' f r a c t i o n  o f  sys t em a c t i v e '  i n  
each r e l e a s e  a s  a  measure  of sys t em complex i ty  i s  t h a t  t h i s  
s t a t i s t i c  i s  r a t h e r  s e n s i t i v e  t o  t h e  l e n g t h  of t h e  r e l e a s e  
i n t e r v a l .  Now i n  t h i s  s t u d y  w e  have  assumed t h a t  a l t h o u g h  
t h e  r a t e  of  sys tem growth i s  r e g u l a t e d  by e v o l u t i o n a r y  
e f f e c t s ,  t h e  a c t u a l  c h o i c e  of  r e l e a s e  p o i n t s  i s  made by 
management t o  conform t o  b u s i n e s s  r e q u i r e m e n t s .  Thus r e l e a s e  
d a t e s  r e f l e c t  i n f o r m a t i o n  a b o u t  t h e  s t a t e  o f  t h e  s o f t w a r e  
b e i n g  d e v e l o p e d  o n l y  i n d i r e c t l y ,  b e i n g  s t r o n g l y  i n f l u e n c e d  by 
f a c t o r s  r a t h e r  o u t s i d e  t h e  scope  o f  t h i s  r e p o r t .  So ,  w i t h o u t  
f u r t h e r  d i s c u s s i o n ,  w e  c a n  o b s e r v e  e m p i r i c a l l y  t h a t  t h e  
r e l e a s e  i n t e r v a l s  have  l e n g t h e n e d  i n  b o t h  s y s t e m s  A and T  
( a n d  a l s o  i n  sys t em P ) .  S i n c e  t h e  r e l e a s e  t i m e  r e p r e s e n t s  a n  
exogenous ly  chosen  p o i n t  a t  which  t h e  s t a t e  o f  t h e  sys tem c a n  
be sampled,  i t  c a n  be a r g u e d  t h a t  l o n g e r  r e l e a s e  i n t e r v a l s  
w i l l  i n v o l v e  work o n  a  l a r g e r  f r a c t i o n  of  t h e  sys t em even  f o r  
a  program which h a s  m a i n t a i n e d  p e r f e c t l y  c l e a n  s t r u c t u r e .  

I n  o r d e r  t o  a n a l y s e  q u a n t i t a t i v e l y  t h e  e f f e c t  o f  l e n g t h e n i n g  
r e l e a s e  i n t e r v a l s ,  we must  r e f i n e  o u r  model of  t h e  sys t em 
enhancement p r o c e s s .  Our p r e v i o u s  a s s u m p t i o n  was t h a t  t h e  
e f f e c t i v e  work a c h i e v e d  o n  s y s t e m s  A an6  T  was measured  by 
t h e  number o f  modu les  handled. T h i s  i s  a n  a p p r o x i m a t i o n  and 
i s  e f f e c t i v e  o n l y  when t h e  f r a c t i o n  o f  t h e  sys tem a c t i v e  i n  
e a c h  r e l e a s e  r e m a i n s  s m a l l .  A more a c c u r a t e  d e s c r i p t i o n  i s  
t h a t  t h e  s t a n d a r d  u n i t  of work i s  a  module handling. One 
module may r e c e i v e  s e v e r a l  h a n d l i n g s  i n  t h e  c o u r s e  of one  
r e l e a s e  ( e a c h  f o r  a n  e s s e n t i a l l y  d i f f e r e n t  r e a s 3 n ) .  The 
p o s t u l a t e  of  c o n s t a n t  modules  handled r a t e ,  a r g u e d  f o r  i n  
S e c t i o n  4 c a n  now be r e p l a c e d  w i t h  i t s  r e f i n e m e n t :  t h e  
number of module  handlings i n  a  r e l e a s e  i s  a  l i n e a r  f u n c t i o n  
o f  t h e  r e l e a s e  i n t e r v a l .  F i n a l l y ,  i f  one makes t h e  s i m p l e  
and m a t h e m a t i c a l l y  c o n v e n i e n t  a s s u m p t i o n  t h a t  t h e s e  h a n d l i n g s  
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a r e  u n i f o r m l y  i n d e p e n d e n t l y  d i s t r i b u t e d  among a l l  t h e  m o d u l e s  
i n  t h e  s y s t e m ,  t h e n  i t  becomes p o s s i b l e  t o  p r e d i c t  t h e  
e x p e c t e d  f r a c t i o n  o f  t h e  s y s t e m  h a n d l e d  i n  e a c h  r e l e a s e  a n d  
h e n c e  t o  v a l i d a t e  o u r  a s s u m p t i o n s .  The a c t u a l  p r e d i c t i o n  
r e l i e s  o n  t h e  c o m b i n a t o r i a l  r e s u l t  t h a t  i f  m h a n d l i n g s  a r e  
u n i f  o rmly  i n d e p e n d e n t l y  d i s t r i b u t e d  among n  m o d u l e s ,  t h e  
e x p e c t e d  f r a c t i o n  o f  t h e  m o d u l e s  r e c e i v i n g  a t  least  one  
h a n d l i n g  i s  1  - ( 1  - ~ / n ) ~ .  

T h i s  v a l i d a t i o n  p r o c e d u r e  h a s  b e e n  c a r r i e d  o u t  f o r  s y s t e m  T. 
I n  t h a t  c a s e  i t  i s  known t h a t  o n  a v e r a g e  e l e v e n  m o d u l e s  w e r e  
handled p e r  day .  A l l o w i n g  f o r  m u l t i p l e  h a n d l i n g s ,  t h e  a v e r a g e  
h a n d l i n g  r a t e  m u s t  have  b e e n  somewhat  l a r g e r  t h a n  t h i s .  
F i g u r e  6 compa re s  t h e  p r e d i c t e d  f r a c t i o n  h a n d l e d  w i t h  t h a t  
o b s e r v e d ,  o n  t h e  b a s i s  o f  e l e v e n  h a n d l i n g s  p e r  day  a n d  u s i n g  
a c t u a l  s y s t e m  s i z e s  a n d  r e l e a s e  i n t e r v a l s .  The e s t i m a t e  i s  
i n  g e n e r a l  l o w  ( a  handling r a t e  of a b o u t  f i f t e e n  p e r  day  i s  
p r o b a b l y  more r e a l i s t i c ) ,  b u t  d e s p i t e  t h i s  f o l l o w e d  t h e  
a c t u a l  o b s e r v a t i o n s  q u i t e  c l o s e l y .  So  t h i s  model  i s  b o t h  
c o n c e p t u a l l y  c l e a r e r  and  more  a c c u r a t e  t h a n  t h a t  f o l l o w i n g  
f rom o u r  e a r l i e r  h y p o t h e s i s  t h a t  t h e  number o f  modu le s  
h a n d l e d  i n  a  r e l e a s e  was  p r o p o r t i o n a l  o n l y  t o  t h e  r e l e a s e  
i n t e r v a l .  

D u r i n g  t h i s  v a l i d a t i o n  p r o c e d u r e  we made,  o n  g r o u n d s  o f  
s i m p l i c i t y ,  t h e  h y p o t h e s i s  t h a t  work  was u n i f o r m l y  
i n d e p e n d e n t l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  s y s t e m .  Now i n  
f a c t  t h i s  c o r r e s p o n d s  t o  a  s y s t e m  whose d e v e l o p m e n t  i s  
c o m p l e t e l y  u n o r g a n i s e d  a n d  u n c o n t r o l l e d .  P u t  a n o t h e r  way,  
t h i s  d i s t r i b u t i o n  o f  work  would  b e  a c h i e v e d  i f  management  
m e r e l y  t o l d  e a c h  programmer t o  g o  away and  work  o n  t h e  modu le  
o f  h i s  c h o i c e .  Now i t  i s  t h e  mark  o f  a  w e l l  s t r u c t u r e d  
s y s t e m  t h a t  management  c a n  c h o o s e  t o  c o n c e n t r a t e  deve lopmen t  
i n  c e r t a i n  s e c t i o n s  o f  t h e  program l e a v i n g  t h e  r e m a i n d e r  
u n a l t e r e d .  T h i s  wou ld  c o r r e s p o n d  t o  a  more c o n c e n t r a t e d  non- 
i n d e p e n d e n t  d i s t r i b u t i o n  o f  work  a r o u n d  t h e  s y s t e m ,  e g  2 / 3  
h a n d l i n g s  a r e  c o n c e n t r a t e d  o n  1 / 3  modules .  I n  p r i n c i p l e  i t  
s h o u l d  be  p o s s i b l e  t o  a d j u s t  t h e  ' d e g r e e  o f  c o n c e n t r a t i o n '  o f  
t h e  d i s t r i b u t i o n  a n d  t h e  a v e r a g e  r a t e  o f  module  h a n d l i n g s  t o  
o b t a i n  a  b e s t  f i t  t o  t h e  o b s e r v e d  f r a c t i o n  o f  s y s t e m  h a n d l e d .  
The i n d i c a t e d  d e g r e e  o f  c o n c e n t r a t i o n  wou ld  t h e n  be  a  u s e f u l  
m e a s u r e  o f  t h e  q u a l i t y  o f  s y s t e m  o r g a n i s a t i o n .  

T e c h n i c a l l y ,  t h i s  c u r v e  f i t t i n g  p r o c e d u r e  s eems  r a t h e r  
d i f f i c u l t  w i t h o u t  a r b i t r a r i l y  s e l e c t i n g  p a r t i c u l a r  f a m i l i e s  
o f  c o n c e n t r a t e d  work  d i s t r i b u t i o n s .  The a u t h o r s  h a v e n o t  y e t  
a t t e m p t e d  t o  o b t a i n  a  d e f i n i t i v e  b e s t  f i t  t o  t h e  s y s t e m  T  
d a t a .  N e v e r t h e l e s s ,  i t  s eems  t h a t  t h e  p r e s e n t  d i s c u s s i o n s  
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p rov ide  one u s e f u l  v iewpoin t  of  complexi ty  and how ( w i t h  
i n c r e a s i n g  e x p e r i e n c e )  one cou ld  hope t o  measure i t  more 
d i r e c t l y .  We s h a l l  propose a  f u r t h e r  v iewpoin t  and measure  
i n  a  l a t e r  s e c t i o n .  

7  F u r t h e r  Comments on System T 

Of t h e  t h r e e  systems c o n s i d e r e d  i n  t h i s  paper  i t  i s  system T 
which h a s  been under  s t u d y  f o r  t h e  l o n g e s t  t ime  and on  which 
t h e  r i c h e s t  r e c o r d s  a r e  a v a i l a b l e .  It i s  t h e r e f o r e  
r e a s o n a b l e  t o  examine t h e  growth p a t t e r n  o f  t h a t  system i n  
c o n s i d e r a b l y  more d e t a i l .  T h i s  h a s  been done i n  r e f e r n e c e s  
[BEL7lbl th rough  [BEL74]. 

It w i l l  s u f f i c e  h e r e  t o  no te  t h a t  t h e  most d e f i n i t i v e  f e a t u r e  
of  T, not  d i r e c t l y  obse rved  i n  sys tems  A o r  P, i s  t h e  
o s c i l l a t o r y  n a t u r e  of i ts  s i z e  growth. I n  T e v e r y  s p u r t  of  
growth was fo l lowed  by a  p e r i o d  of  r e t renchment  i n  which t h e  
system grew o n l y  s lowly  o r ,  i n  s e v e r a l  c a s e s ,  was a c t u a l l y  
reduced i n  s i z e .  These r e c o v e r y  p e r i o d s  were t h e  r e s u l t  
e i t h e r  of  a major  r e d e s i g n  o r  of  complete sub- systems b e i n g  
d i s c a r d e d  as they  became i n c o m p a t i b l e  w i t h  f u r t h e r  
development.  

1 0  
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The r e s u l t a n t  r i p p l e  e f f e c t  h a s  b e e n  u s e d  by R io rdon  [RI076] ,  
f o l l o w i n g  work i n i t i a t e d  by Be lady  ( d o n e  i n  1971 ,  r e p o r t e d  i n  
[BEL76]) t o  d e v e l o p  c o n t i n u o u s  sys t em mode l s  o f  t h e  growth  o f  
a l l  t h r e e  s y s t e m s .  R io rdon l  s a n a l y s i s  shows t h a t  t h e  
o b s e r v e d  growth  p a t t e r n s  o f  a l l  t h r e e  s y s t e m s  a r e  i n  f a c t  
c o m p a t i b l e  w i t h  a  s i n g l e  c o n t i n u o u s  model .  T h i s  d e s p i t e  t h e  
f a c t  n e i t h e r  sys t em A n o r  P show any o f  t h e  o s c i l l a t o r y  
t r e n d s  o r  have  unde rgone  a n  a b s o l u t e  r e d u c t i o n  i n  s i z e .  I n  
f a c t  t h e  d i f f e r e n t  p a t t e r n  o f  b e h a v i o u r  c a n  be o b s e r v e d  i n  a  
s i n g l e  n o n- l i n e a r  model a c c o r d i n g  t o  t h e  v a l u e s  o f  one  o r  
o t h e r  o f  i t s  p a r a m e t e r s .  Thus f u r t h e r  a n a l y s i s  o f  t h i s  t y p e  
c o u l d  throw c o n s i d e r a b l e  l i g h t  o n  t h e  n a t u r e  o f  e a c h  
programming p r o c e s s  and  c o u l d  i n d i c a t e  how t h e s e  m i g h t  be 
m o d i f i e d  t o  change  t h e i r  c h a r a c t e r i s t i c s .  

8 The A p p l i c a t i o n  o f  E v o l u t i o n  Dynamics S t u d i e s  

I n  t h e  p a s t  t h e  i m p l i c a t i o n s  o f  t h e  o b s e r v e d  t r e n d s  p a t t e r n s  
a n d  i n v a r i a n c e s  h a v e  b e e n  u s e d  p r i m a r i l y  f o r  f o r e c a s t i n g  
p u r p o s e s .  The r e s u l t a n t  p r e d i c t i o n  a b o u t  t h e  e x p e c t e d  f a t e  
o f  s p e c i f i c  p r o j e c t s  o r  t h e  l o n g  r a n g e  t r e n d s  i n  a  s y s t e m ' s  
g rowth  h a v e ,  i n  g e n e r a l ,  been  u n e x p e c t e l y  a c c u r a t e .  Thus 
t h e y  h a v e  s e r v e d  a s  a  v e r i f i c a t i o n  o f  t h e  b a s i c  c o n c e p t s  and  
t h e  g e n e r a l  c o n c l u s i o n s  drawn f rom t h e  o v e r a l l  o b s e r v a t i o n s .  
Ca re  must  however be e x e r c i s e d  s i n c e  u n d e r  c e r t a i n  
c i r c u m s t a n c e s  s u c h  f o r e c a s t s  become s e l f  f u l f i l l i n g  o r  s e l f  
n e g a t i n g  p r o p h e c i e s .  

O b j e c t i v e  f e c a s t i n g  i n  t h e  s o f t w a r e  a r e a  i s  m o s t l y  a n  
u n r e w a r d i n g  p a s t i m e  n o r  i s  i t  v e r y  o f t e n  s e e n  a s  
c o n s t r u c t i v e .  The 'Gloom a n d  Doom' nickname a c q u i r e d  by one  
o f  t h e  a u t h o r s  i s  p e r h a p s  i n d i c a t i v e  o f  t h e  f o r c e d  r o l e  when 
one c o n t r a s t s  t h e  l i n e a r  e x t r a p o l a t i o n s  o f  t h e  p l a n n e r s  w i t h  
t h e  n o n- l i n e a r  t r e n d s  o f  r e a l i t y .  

A f a r  more c o n s t r u c t i v e  r o l e  f o l l o w s  from t h e  a p p l i c a t i o n  o f  
e v e r  i n c r e a s i n g  i n s i g h t  and  knowledge t o  t h e  p l a n n i n g  
p r o c e s s .  Tak ing  i n t o  a c c o u n t  a l l  t h r e e  f a c t o r s ,  t r e n d s ,  
c y c l i c i t y  a n d  i n v a r i a n c e s  p l u s  some s p e c i f i c  knowledge a b o u t  
t h e  p a r t i c u l a r  s y s t e m ,  p a s t  r e l e a s e s  and  work  r e q u i r i n g  t o  be 
done ,  one  c a n  come up w i t h  a  v e r y  p r e c i s e  a s s e s s m e n t  o f  e 
t i m e  r e q u i r e d  t o  a c h i e v e  t h e  e n h a n c e m e n t / r e p a i r  no rma l ly  
i n c o r p o r a t e d  i n t o  a s i n g l e  r e l e a s e .  S i m i l a r l y ,  t h e  p a s t  
p a t t e r n s  s u g g e s t ,  i n d e p e n d e n t l y  o f  b u s i n e s s  c o n s i d e r a t i o n s ,  
how much work s h o u l d  b e  i n c o r p o r a t e d  i n t o  a  f u t u r e  r e l e a s e ,  
by how much one  s h o u l d  p l a n  t o  grow i n  a p a r t i c u l a r  time 
i n t e r v a l  i f  q u a l i t y  and d e l i v e r y  p rob lems  a r e  t o  be  a v o i d e d .  
From e x t r a p o l a t i o n  o f  t h e  f r a c t i o n  o f  modules  h a n d l e d  t r e n d ,  
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a s  m o d i f i e d  by o t h e r  knowledge  a b o u t  t h e  s y s t e m  and  work 
p l a n n e d ,  o n e  c a n  a s s e s s  t h e  v a l i d i t y  of  p l a n s  i n  r e l a t i o n  t o  
t h e  amount  o f  r ework  r e q u i r e d .  A s  a  f i n a l  e x a m p l e ,  we may 
c i t e  t h e  u s e  o f  t h e  d a t a  t o  i n d i c a t e  when a  s y s t e m  
r e s t r u c t u r i n g  i s  d e s i r a b l e ;  i s  l i k e l y  t o  p r o v e  a d v a n t a g e o u s  
i n  t he  long run .  

The a b o v e  r e p r e s e n t  e x a m p l e s  o f  how management c a n  u s e  ( a n d  
h a s  u s e d )  s u c h  d a t a  a s  was  a v a i l a b l e  i n  t h e  t h r e e  
e n v i r o n m e n t s  d i s c u s s e d .  E q u a l l y  o u r  e x p e r i e n c e  h a s  s u g g e  t e d  
o t h e r  p a r a m e t e r s  w h i c h  i f  m o n i t o r e d  o v e r  a  l o n g  p e r i o d  c o u l d ,  
p e r h a p s ,  p e r m i t  e v e n  more p r e c i s e  a n a l y s i s  o f  p r o g r e s s ,  
p o t e n t i a l  and  t r e n d s .  To g i v e  j u s t  one  example  w h e r e  we h a v e  
b e e n  unsuccess fu l  w i t h  p r e s e n t l y  a v a i l a b l e  d a t a ,  we m e n t i o n  
deve lopmen t  a n d  m a i n t e n a n c e  c o m p l e x i t y  m e a s u r e s  a s  d e t e r m i n e d  
by t h e  a v e r a g e  number o f  o l d  modu le  h a n d l i n g s  p e r  new module  
a d d e d T  and  ' p e r  f a u l t  f i x e d T  r e s p e c t i v e l y .  On t h e  b a s i s  o f  
o u r  e x p e r i e n c e  we s u g g e s t  t h a t  s u c h  d e f i n i t i v e  t r e n d s  a r e  
l i k e l y  t o  e x i s t .  I f  s u c h  a v e r a g e  r a t i o s  c a n  be d e t e r m i n e d ,  
t h e i r  v a l u e  o v e r  any  o n e  p e r i o d ,  t h e  l o n g  r a n g e  t r e n d ,  
a n d d e v i a t i o n s  f rom i t ,  a l l  p r o v i d e  v e r y  c l e a r l y  i n d i c a t o r s  
a n d  w a r n i g n s  o f  d e v e l o p i n g  t r o u b l e ,  o f  l o c a l  d i f f i c u l t i e s  a n d  
o f  t h e  s u c c e s s e s  a n d  a c h i e v e m e n t s  o f  a  p rogramming p r o j e c t ,  
g r o u p  o r  s y s t e m .  

F i n a l l y ,  t hough  we h a v e  n o t  d i s c u s s e d  t h i s  i n  t h e  p r e s e n t  
p e r ,  t h e r e  i s  no d o u b t  i n  t h e  m i n d s  o f  t h o s e  who h a v e  a c t i v e l y  
p u r s u e d  t h e s e  e v o l u t i o n  dynamics  s t u d i e s ,  t h a t  t h e y  have  
y i e l d e d  s i g n i f i c a n t  i n s i g h t  i n t o  t h e  programming p r o c e s s ,  i t s  
management a n d  p l a n n i n g .  A s  t h e s e  s t u d i e s  are  p u r s u e d ,  t h e y  
w i l l  make f u r t h e r  s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  a b i l i t y  t o  
u n d e r  t a k e ,  manage and  c o n t r o l  l a r g e  s c a l e  programming ; t o  
p roduce  t i m e l y  code  o f  b e t t e r  q u a l i t y ,  more e f f i c i e n t l y  a n d  
more e c o n o m i c a l l y .  ( 9 . 6 )  The t e c h n i q u e s  do  n o t  a n d  c a n n o t  
r e p l a c e  t h e  more d i r e c t  s t u d i e s  o f  p rogramming a n d  o f  
s o f t w a r e  e n g i n e e r i n g  a n d  t h e  i m p r o v e m e n t s  t h a t  s u c h  s t u d i e s  
p r o d u c e .  B u t  t h e y  do  compl imen t  them a n d  p r o v i d e  a  y a r d s t i c k  
whereby  t h e i r  e f f e c t  a n d  l o n g  r a n g e  e f f e c t i v e n e s s  may be 
measu red .  

9 . 6  ( E d s )  The experience of t he  l a s t  s i x  years s ince  the  
above was w r i t t e n ,  and the  progress made has evidenced,  
for  example, by subsequent papers as reproduced i n  t h i s  
book prov ide ,  we b e l i e v e ,  evidence t o  support t h i s  
c la im.  
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9 E p i l o g u e  

Resea rch  and Development t i m e  and r e s o u r c e s  d e v o t e d  t o  t h e  
s t u d y  o f  program e v o l u t i o n  have been  s m a l l .  We b e l i e v e  t h a t  
i n c r e a s e d  p a r t i c i p a t i o n  i n  t h i s  t y p e  o f  work ,  more w i d e s p r e a d  
r e c o g n i t i o n  o f  t h e  s y s t e m- l i k e  b e h a v i o u r  o f  l a r g e  programs 
and o f  programming o r g a n i s a t i o n s  c a n  make a  p o s i t i v e  
c o n t r i b u t i o n  t o  t h e  a d v a n c e  of  s o f t w a r e  e n g i n e e r i n g  and l a r g e  
s c a l e  programming management. 

E q u a l l y  however i t  a p p e a r s  t h a t  t h e  s t y l e  of  measurement and 
a n a l y s i s  h e r e  a d o p t e d  c a n  throw s i g n i f i c a n t  l i g h t  o n  t h e  
n a t u r e  of  p rog rams  and o f  programming. By q u a n t i f y i n g  such  
c o n c e p t s  a s  s i z e  and c o m p l e x i t y ,  by a d d r e s s i n g  t h e  meaning  
and measurement  o f  program power and q u a l i t y  and by s t u d y i n g  
t h e  programming p r o c e s s ,  i t s  n a t u r e  a n d  i t s  o u t p u t ,  we have  
a l r e a d y  a c h i e v e d  and e x p e c t  t o  c o n t i n u e  t o  a c h i e v e  a d e e p e r  
u n d e r s t a n d i n g  o f  communica t ion  w i t h  and  t h e  c o n t r o l l e d  u s e  of 
c o m p u t e r s ;  s u r e l y  t h e  c e n t r a l  theme of Computing S c i e n c e .  

One l a s t  word mus t  be  added.  E v o l u t i o n  dynamics  f o l l o w s  o n e  
o f  t h e  a p p r o a c h e s  t o  modern s t u d y  of  t h e  p h y s i c a l  w o r l d ,  by 
s t u d y i n g  programming and  t h e  programming p r o c e s s  as  t h e y  a r e .  
G iven  t h i s ,  t h e n  t h a t  f o l l o w s .  P a r t i c u l a r l y  i n  v iew o f  o u r  
i d e n t i f i c a t i o n  o f  p r o c e s s  i n v a r i a n c e s  and  program s i z e  
bounds,  one may c o n c l u d e  t h a t  p e r h a p s  t h e  man problem i s  t h a t  
t h e  l a r g e ,  g e n e r a l  p u r p o s e  s o f t w a r e  w e  have  s t u d i e d  s h o u l d  
n o t  be a l l o w e d  t o e x i s t .  Maybe one s h o u l d  a d o p t  q u i t e  
d i f f e r e n t  a p p r o a c h e s  t o  t h e  p r o v i s i o n  o f  mu1 t i p l e  f u n c t i o n  
s y s t e m s .  We h a v e  n o t  a d d r e s s e d  t h i s  p o i n t  h e r e  though we 
have  o u r  own judgemen t s  and v i e w p o i n t s .  Bu t  o u r  p r e s e n t a t i o n  
o f  wha t  happens  when s u c h  s y s t e m s  a r e  c r e a t e d ,  u s e d  and 
m a i n t a i n e d ,  may p e r h a p s  h e l p  t o  r e s o l v e  t h i s  more f u n d a m e n t a l  
q u e s t i o n  i n  t h e  f u t u r e ,  o r  a t  l e a s t  c a u s e  i t  t o  be s e r i o u s l y  
c o n s i d e r e d .  
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a n d  f u n c t i o n a l  enhancemen t  s o f t w a r e  s y s t e m s  c o n t i n u o u s l y  
e v o l v e  [BEL76]. T h i s  e v o l u t i o n  i s  c h a r a c t e r i s e d  by change  o f  
c o d e ,  a d d i t i o n  o f  new m o d u l e s ,  a n d  s o m e t i m e s  r e s t r u c t u r i n g  o f  
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p rog rams :  d e s i g n  m e t h o d o l o g i e s  p r o p o s e d  [ F R E ~ ~ ] ,  s u p p o r t i n g  
t o o l s  d e v i s e d  [ D E J ~ ~ ]  [ K E R ~ ~ ] .  Most o f  t h e s e  e f f o r t s  a r e  
m a i n l y  d i r e c t e d  t o w a r d s  t h e  c o n s t r u c t i o n  o f  p r o g r a m s  - f rom 
c o n c e p t i o n  t o  d e l i v e r y  o f  t h e  s o f t w a r e  p r o d u c t .  I n  c o n t r a s t ,  
t h i s  p a p e r  i s  c o n c e r n e d  w i t h  a  more g e n e r a l  v i ew  o f  t h e  
s o f t w a r e  d e v e l o p m e n t  p r o c e s s ,  i n  t h a t  i t  f o c u s s e s  o n  t h e  
a s p e c t s  o f  c o n t r o l l i n g  t h e  e v o l u t i o n  o f  l a r g e  s o f t w a r e  
f a m i l i e s .  ( F a m i l y  a s  d e f i n e d  h e r e  somewhat  d i f f e r s  f r om t h a t  
o f  P a r n z s ) .  A p a r t i c u l a r  model  o f  a  c l a s s  o f  s o f t w a r e  
f a m i l i e s  i s  p r e s e n t e d ,  some o f  t h e  d i f f i c u l t i e s  i n  
c o n t r o l l i n g  t h e  e v o l u t i o n  o f  f a m i l i e s  a r e  d e s c r i b e d ,  a n d  
p o s s i b l e  s o l u t i o n s  o f f e r e d .  We a l s o  d i s c u s s  me thods  of 
e x p r e s s i n g  t h e  r e l a t i o n s  wh ich  e x i s t  be tween  t h e  p a r t s  o f  a  
s y s t e m ,  and  how t h e s e  m e t h o d s  i n f l u e n c e  t h e  amount  o f  o  r k  
r e q u i r e d  t o  m a i n t a i n ,  e n h a n c e  a n d  i n s t a l l  s u c h  a  sy s t em.  We 
d o  n o t  d e a l  w i t h  p r o g r a m s  i n  d e t a i l ,  b u t  s t u d y  t h e  p rob l em a t  
t h e  l e v e l  o f  p a r t s :  u n i t s  a n d  modu le s .  T h i s  p a p e r  o p e n s  a 
w ide  r e s e a r c h  a r e a  a n d  we hope  o t h e r s  w i l l  be m o t i v a t e d  t o  
c o n t i n u e  i n v e s t i g a t i o n s .  

2 A s y s t e m  o f  u n i t s  

L e t  u s  a s sume  t h a t  a  s o f t w a r e  f a m i l y  i s  s p a n n e d  by a s e t  o f  
u n i t s  UB, U1, U 2 ,  . . . , U n  o f  i n s t r u c t i o n s  a n d  d a t a .  A 
c o n f i g u r a t i o n  i s  a s u b s e t  of t h e  u n i t s  w h i c h  i n c l u d e s  UB. 

lB\1 Ilcscal-cli Rcpol-t l lCb677 .  1077 .  reprinted b y  kind perinissioll o f  Internat io~lal  
Busiilcri Mncl~incs Cur poratioll 
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The u n i t  UB i s  c a l l e d  t h e  bas i s  o f  t h e  f a m i l y ,  i e  i t  i n c l u d e s  
all t h a t  i s  common t o  a l l  f a m i l y  members. Each u n i t  Ui  may 
implement some f u n c t i o n  a n d / o r  r e p a i r  o t h e r  u n i t s .  D i f f e r e n t  
c o n f i g u r a t i o n s  c a n  be c h o s e n  t o  mee t  d i f f e r e n t  ( a n d  somet imes  
c o n t r a d i c t o r y )  o p e r a t i o n a l  r e q u i r e m e n t s .  F o r  i l l u s t r a t i o n ,  
l e t  u s  assume t h a t  U1 and U 2  a r e  d i f f e r e n t  i m p l e m e n t a t i o n s  
o f ,  s a y ,  memory management and U3 i s  a  f i x  t o  e r r o r s  i n  U2. 
Then UBUl c o u l d  be a c o n f i g u r a t i o n  p a r t i c u l a r l y  s u i t e d  f o r  
g e n e r a l  p u r p o s e  a p p l i c a t i o n s  and  UBU2 f o r  a  p i c t u r e  
p r o c e s s i n g  a p p l i c a t i o n ,  w h i l e  U U U i s  slmilar t o  t h e  l a t t e r  
b u t  r e p a i r e d  by U3. 

B  2  3 

C l e a r l y ,  n o t  a l l  c o m b i n a t i o n s  o f  u n i t s  are p e r m i t t e d .  I n  t h e  
p r e v i o u s  example ,  a c o n f i g u r a t i o n  h a v i n g  U3 makes s e n s e  o n l y  
i f  a l s o  U2 i s  i n c l u d e d ,  and s i m i l a r l y ,  U1 and  U 2  c o u l d  be 
m u t u a l l y  e x c l u s i v e .  I n  g e n e r a l ,  we c a l l  c o m b i n a t i o n s  which  
a r e  u s e a b l e  as  r e a l  s y s t e m s  ' p e r m i t t e d  c o n f i g u r a t i o n s f .  

The set o f  p e r m i t t e d  c o n f i g u r a t i o n s  c a n  be r e p r e s e n t e d  i n  
c a n o n i c a l  form a s  a r e l a t i o n  o v e r  t h e  se t  o f  u n i t s .  F i g u r e  1  
shows s u c h  a  r e l a t i o n  -- e a c h  row c o r r e s p o n d s  t o  a p e r m i t t e d  
c o n f i g u r a t i o n ,  '1 d e n o t e s  t h e  p r e s e n c e  o f  t h e  u n i t  i n  t h e  
c o n f i g u r a t i o n  a n d  ' 0 '  i t s  a b s e n c e .  S i n c e  UB i s  assumed t o  be 
i n c l u d e d  i n  a l l  c o n f i g u r a t i o n s ,  i t s  column i s  o m i t t e d  f o r  t h e  
s a k e  o f  s i m p l i c i t y .  The r e l a t i o n a l  n o t a t i o n  a l l o w s  any  
a r b i t r a r y  set o f  c o n f i g u r a t i o n s  t o  be p e r m i t t e d ,  i e ,  t h e  
n o t a t i o n  i s  u n i v e r s a l  i n  t h e  s e n s e  t h a t  i t  d o e s  n o t  c o n s t r a i n  
t h e  e x p r e s s i o n  o f  p e r m i t t e d  c o n f i g u r a t i o n s .  

F i g u r e  1 : R e l a t i o n a l  r e p r e s e n t a t i o n  
o f  P e r m i t t e d  C o n f i g u r a t i o n s  

There  a r e  p r a c t i c a l  examples  o f  c o n f i g u r a b l e  f a m i l i e s  of  
s y s t e m s  a s  d e f i n e d  above .  Fo r  example ,  t h e  m a i n t e n a n c e  o f  
OW360 and 370 [DM731 i s  e f f e c t e d  by a p p l y i n g  Program 
Temporary Fixes ( P T F )  t o  t h e  s y s t e m ,  i e ,  a  p e r m i t t e d  
c o n f i g u r a t i o n  i n c l u d e s  a system re lease  a s  b a s i s  a n d  a  s u b s e t  
o f  PTF fs .  I n  o r d e r  t o  r e d u c e  t h e  f r e q u e n c y  of  somet imes  
u n n e c e s s a r y  c h a n g e s  o f  i n s t a l l e d  s y s t e m s ,  t h e  u s e r  i s  n o t  
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r e q u i r e d  t o  i n s t a l l  a l l  PTF1s  a n d  h e  may c h o o s e  a  s u b s e t  o f  
them. O b v i o u s l y ,  n o t  a l l  s u b s e t s  o f  PTF1 s f o r m  p e r m i t t e d  
c o n f i g u r a t i o n s .  T h i s  i s  b e c a u s e  some PTF's  a s sume  t h e  
e x i s t e n c e  o f  o t h e r  PTF1s i n  t h e  c o n f i g u r a t i o n .  I n  o u r  
n o t a t i o n  a  s y s t e m  r e l e a s e  c o r r e s p o n d s  t o  UB and  e a c h  PTF t o  a  
u n i t  Ui.  

A s e cond  example  i s  p r o v i d e d  by t h e  r e c e n t l y  announced  
OS370/MVS S e Z e c t a b Z e  U n i t s  (SU) [NEW76]. I n  t h i s  s y s t e m ,  
t h e r e  i s  a  b a s i c  MVS ( a  m a s t e r  r e l e a s e )  t o  wh ich  d i f f e r e n t  
SU1s c a n  b e  a d d e d .  Each  SU c o r r e s p o n d s  t o  some f u n c t i o n a l  
a d d i t i o n  o r  enhancemen t .  I n  o r d e r  t o  accommodate 
m a i n t e n a n c e ,  PTF1s a r e  a l s o  i n c l u d e d  i n  t h e  scheme.  T h a t  i s ,  
e a c h  SU a s  well a s  e a c h  PTF c o r r e s p o n d s  t o  a  u n i t  Ui o f  o u r  
n o t a t i o n .  A s  f a r  a s  we know, s i m i l a r  s chemes  a r e  b e i n g  u s e d  
t o  u p d a t e  o t h e r  l a r g e  s o f t w a r e  s y s t e m s .  

The number o f  r ows  i n  t h e  r e l a t i o n a l  r e p r e s e n t a t i o n  o f  t h e  
p e r m i t t e d  c o n f i g u r a t i o n s  ( i e ,  t h e  number o f  p e r m i t t e d  
c o n f i g u r a t i o n )  c a n  grow e x p o n e n t i a l l y  w i t h  t h e  number of  
u n i t s .  T h e r e f o r e ,  a  f a m i l y  o f  s e v e r a l  d o z e n s  o r  h u n d r e d s  o f  
u n i t s  ( o r d e r s  o f  m a g n i t u d e  f o r  PTF1s o r  S U ' s )  may l e a d  t o  a  
r e l a t i o n  s p a n n i n g  many m i l l i o n s  o f  rows.  Thus ,  t h e r e  a r e  
p r a c t i c a l  c a s e s  i n  w h i c h  t h e  c a n o n i c a l  r e p r e s e n t a t i o n  i s  
i m p r a c t i c a l .  

The s i z e  o f  t h e  r e l a t i o n  i s  r e d u c e d  by t r e a t i n g  e a c h  u n i t  a s  
a  B o o l e a n  v a r i a b l e  ( i e ,  g i v e n  a c o n f i g u r a t i o n  S ,  Ui  = 0  if Ui 
i s  n o t  i n c l u d e d  i n  S  a n d  Ui = 1  i f  Ui i s  i n c l u d e d  i n  S )  a n d  
e x p r e s s i n g  t h e  w h o l e  r e l a t i o n  a s  a  B o o l e a n  f u n c t i o n  

h a v i n g  v a l u e  'TRUE1 ( o r  ' 1  I )  i f  and  o n l y  i f  t h e  v a l u e s  o f  U 1 ,  

U 2 ,  . . . U n  c o r r e s p o n d  t o  a  p e r m i t t e d  c o n f i g u r a t i o n .  F u n c t i o n  
f c o u l d  be  e x p r e s s e d  u s i n g  t h e  u s u a l  A N D ,  O R ,  NOT o p e r a t i o n s  
a n d  m i n i m i s e d  by a p p l y i n g  w e l l  e s t a b l i s h e d  t e c h n i q u e s  f o r  
h a r d w a r e  CMIL651. 

U s u a l l y ,  howeve r ,  AND, O R ,  NOT do  n o t  s u i t  b e s t  t h e  n a t u r e  o f  
e v o l t i o n a r y  c o n f i g u r a b l e  s o f t w a r e .  I n  s u c h  a  f a m i l y  t h e r e  i s  
a  c o n s t a n t  c r e a t i o n  o f  new u n i t s  (new f u n c t i o n  o r  
m a i n t e n a n c e ) ,  a n d  when a  u n i t  i s  c r e a t e d  f u n c t i o n  f  s h o u l d  be  
u p d a t e d  t o  r e f l e c t  t h e  p e r m i t t e d  c o n f i g u r a t i o n s  wh ich  i n c l u d e  
t h e  new u n i t .  The u s u a l  c o n s t r a i n t  o f  t h e s e  c o n f i g u r a t i o n s  
i s  t h a t  a  new u n i t  r e q u i r e s  t h e  p r e s e n c e  o f  some o l d e r  u n i t s  
a nd  p r e c l u d e s  t h e  p r e s e n c e  o f  o t h e r s .  I n  t h i s  c a s e ,  a  
n a t u r a l  B o o l e a n  o p e r a t i o n  wou ld  be 
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I F  Ui THEN ( U a ,  Ub, . . . , Uc) AND NOT ( U d ,  Ue,  . , Uf) 
( a ,  b, c ,  . . . denote  a r b i t r a r y  i n d i c e s )  

which i s  '1 l i f  and on ly  i f  

where + i s  l o g i c a l  OR and . i s  l o g i c a l  AND. 

S i m i l a r l y ,  t h e r e  may be d i f f e r e n t  c o n s t r u c t s  which a r e  
advantageous i n  r e p r e s e n t i n g  t h e  r e l a t i o n s  e x i s t i n g  i n  o t h e r  
fami ly  types .  

I n  p r a c t i c e ,  t h e  r e l a t i o n s  which d e f i n e  t h e  c o l l e c t i o n  of 
permi t ted  c o n f i g u r a t i o n s  ( i e ,  f u n c t i o n  f )  i s  c o n s t a n t l y  used. 
A t  d i f f e r e n t  computer c e n t r e s ,  u n i t s  a r e  added t o  ( o r  removed 
from) a  c o n f i g u r a t i o n  t o  meet changing f u n c t i o n a l  and 
maintenance requirements .  I n  t y p i c a l  i n s t a l l a t i o n s  PTF1 s a r e  
added a lmos t  every day. For each change, f u n c t i o n  f should 
be checked t o  i n s u r e  t h a t  t h e  r e s u l t i n g  c o n f i g u r a t i o n  i s  
permi t ted .  A t  t h e  sof tware  f a c t o r y  ( t h e  development shop) ,  
new u n i t s  a r e  c o n s t a n t l y  designed and cons t ruc t ed  t o  respond 
t o  d e t e c t e d  e r r o r s a n d  new f u n c t i o n a l  requirements .  I n  t h i s  
p roce s s  t oo ,  f u n c t i o n  f i s  c o n s t a n t l y  consu l t ed  and updated. 
It i s  t h e r e f o r e  impor tan t  t h a t  f u n c t i o n  f be expressed  i n  a  
way which makes du r ing  mod i f i c a t i on  work l o c a l  r e l a t i o n s h i p s  
between u n i t s  easy t o  understand.  Furthermore,  s i n c e  f may 
be a  ve ry  complex r e l a t i o n  ( i n  p r a c t i c a l  c a se s  f may have 
thousands o r  m i l l i o n s  of b a s i c  o p e r a t i o n s ) ,  i t  i s  impor tan t  
t h a t  t h e  u s e r  understand t h e  s t r u c t u r e  of f such t h a t  
man ipu l a t i ons  on f can be done r o u t i n e l y .  This  i s  ach ieved  
by r e p r e s e n t i n g  f i n  a  fixed format. 

For i l l u s t r a t i v e  purposes ,  t he  PTF system u s e s  t h e  fo l l owing  
f i x e d  format  r e p r e s e n t a t i o n  of f :  

i n  which 

where ---- s t a n d s  f o r  a r b i t r a r y  u n i t s .  
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That  i s ,  each  f i  s t a t e s  t h e  s e t  o f  a l l  p o s s i b l e  a l t e r n a t i v e s  
o f  r e q u i r e d  and p r e c l u d e d  u n i t s  f o r  c o n f i g u r a t i o n s  t h a t  
i n c l u d e  Ui.  T h i s  f o r m a t  h a s  t h e  advan tage  t h a t ,  i n  o r d e r  t o  
check whe the r  a  c o n f i g u r a t i o n  i s  p e r m i t t e d ,  i t  i s  n e c e s s a r y  
t o .  check o n l y  t h e  f i t s  o f  u n i t s  p a r t i c i p a t i n g  i n  t h e  
c o n f i g u r a t i o n .  T h i s  f o r m a t  a l s o  n e a t l y  d i s t r i b u t e s  t h e  
r e l a t i o n s  among t h e  u n i t ,  by p a i r w i s e  a s s o c i a t i n g  each  f i  and 
Ui ( p o s s i b l y  a s  a  heade? of t h e  program c o d e ) ,  t h u s  making 
easy  t h e  shipment  o f  new u n i t s ,  a l o n g  w i t h  t h e  c o r r e s p o n d i n g  
u p d a t e  o f  f ,  t o  u s e r  i n s t a l l a t i o n s .  

C l e a r l y ,  when a  f i x e d  f o r m a t  r e p r e s e n t a t i o n  o f  f  i s  used ,  t h e  
f o r m a t  s h o u l d  be chosen  a s  t o  f i t  t h e  n a t u r e  o f  t h e  program 
f a m i l y  a t  hand. For example,  l e t  u s  assume a  f a m i l y  hav ing  
many l a r g e  g r o u p s  of u n i t s  s u c h  t h a t  a t  l e a s t  one u n i t  of  
each group i s  r e q u i r e d  i n  any p e r m i t t e d  c o n f i g u r a t i o n .  I f  
such a  r e l a t i o n s h i p  i s  e x p r e s s e d  i n  t h e  f o r m a t  used by t h e  
PTF s y s t e m ,  t h e n  f u n c t i o n  f  w i l l  be e x t r e m e l y  complex and t h e  
b a s i c  l o c a l  r e l a t i o n s h i p s  between u n i t s  w i l l  be d i f f i c u l t  t o  
f i n d  and g r a s p .  On t h e  o t h e r  hand, i f  t h e  f o r m a t  i n c l u d e s  
t h e  c o n s t r u c t  

t h e  r e l a t i o n s h i p s  a r e  much more c l e a r  and c o n c i s e .  

The f i x e d  f o r m a t  used  f o r  t h e  PTF sys tem i s  l o g i c a l l y  
u n i v e r s a l :  any Boolean f u n c t i o n  f  i s  r e p r e s e n t a b l e .  S i n c e  
i n  e v o l u t i o n a r y  f a m i l i e s  t h e r e  i s  a  f a i r  d e g r e e  of 
u n p r e d i c t a b i l i t y  of t h e  s t r u c t u r e  which t h e  sys tem may t a k e  
by s u c c e s s i v e  m o d i f i c a t i o n s ,  a  l o g i c a l l y  u n i v e r s a l  f o r m a t  i s  
s u p e r i o r ,  e v e n  i f  i n i t i a l l y  unnecessa ry .  T h i s  w i l l  
accommodate p o s s i b l e  e x c e p t i o n  c a s e s  and a v o i d  d r a m a t i c  
m o d i f i c a t i o n  of t h e  d a t a  b a s e  t h a t  s t o r e s  t h e  f u n c t i o n  f  o r  
t h e  a c c e s s i n g  programs.  

3 A sys tem of  module v e r s i o n s  

A u n i t  may implement a  f a i r l y  l a r g e  and complex subsystem.  
T h e r e f o r e ,  each  u n i t  i s  u s u a l l y  s u b d i v i d e d  i n t o  s e v e r a l  sub-  
u n i t s  c a l l e d  modules. The module i s  c o n s i d e r e d  t h e  b a s i c  
a tomic  e n t i t y  and i t  i s  u s u a l l y  of such a  s i z e  t h a t  i t  c a n  be 
f u l l y  g r a s p e d  and hand led  by a  s i n g l e  programmer. I n  
p r a c t i c a l  s y s t e m s  t h e  s i z e  o f  u n i t s  i n  number o f  modules may 
v a r y  g r e a t l y .  For example ,  a  PTF u s u a l l y  c o m p r i s e s  a  s i n g l e  
module o r  j u s t  a  f ew;  a  s e l e c t a b l e  u n i t  may have a  few dozens  
o r  hundreds  o f  modules ;  w h i l e  a  b a s e  u n i t  o f t e n  s p a n s  s e v e r a l  
t housands .  
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There may be modules which a r e  r e q u i r e d  t o  behave d i f f e r e n t l y  
w h i l e  p a r t i c i p a t i n g  i n  d i f f e r e n t  c o n f i g u r a t i o n s .  Thi s 
r e s u l t s  i n  hav ing  d i f f e r e n t  vers ions  of  t h e  module. A s  a n  
i l l u s t r a t i o n ,  l e t  Ma be a  module o f  U 1 ,  w i t h  two v e r s i o n s  
Ma(l)  and Ma(2). We may assume t h a t  U1 u s e s  ~ ~ ( 1 )  whenever 
U o r  U6 a r e  i n c l u d e d  i n  t h e  c o n f i g u r a t i o n ,  b u t  u s e s  Ma(2) 
o3herwise.  

Some u n i t s  ( e g  PTF's) a r e  c r e a t e d  f o r  t h e  s o l e  purpose of  
u p d a t i n g  o t h e r  u n i t s .  These c a s e s  c r e a t e  overzapping modules 
o f  d i f f e r e n t  u n i t s .  For example,  l e t  

and U2 be  c r e a t e d  a s  a  PTF t o  r e p a i r  e r r o r s  i n  Mb and Mc;  
t hen  

Thus t h e  module v e r s i o n s  used by c o n f i g u r a t i o n  (10 .1 )  ( U 1 U 2 )  
w i l l  become: 

I n  o t h e r  c a s e s  a  more s u b t l e  o v e r l a p  between u n i t s  may e x i s t .  
For example, a  new u n i t ,  U3, cou ld  be c r e a t e d  such  t h a t ,  when 
U3 i s  r u n n i n g  w i t h  U 1 ,  a  change t o  ~ ~ ( 1 )  i s  r e q u i r e d  
r e s u l t i n g  i n  a  new v e r s i o n :  

Thus, f o r  c o n f i g u r a t i o n  ( U1 U3)  t h e  f o l l o w i n g  module v e r s i o n s  
a r e  t o  be used:  

I n  p r a c t i c e  t h e  s i z e  o f  o v e r l a p  may v a r y  g r e a t l y .  A l l  PTF 
modules a l s o  be long  t o  o t h e r  u n i t s ,  w h i l e  S e l e c t a b l e  U n i t s  
o v e r l a p  e a r l i e r  modules and add new ( g e n e r i c )  modules. 
Most of t h e  u n i t s  have o n l y  a  s i n g l e  v e r s i o n  o f  each of  t h e i r  
modules. However, t h e r e  a r e  u n i t s  w i t h  s e v e r a l  v e r s i o n s  of  
some of  t h e i r  modules,  i n t r o d u c e d  by d i f f e r e n c e s  i n  
c o n f i g u r a t i o n s  i n  which they  p a r t i c i p a t e .  The number of  
t h e s e  u n i t s  may i n c r e a s e  w i t h  t h e  i n c r e a s i n g  v a r i e t y  of  
f u n c t i o n s  performed and env i ronments  suppor ted .  

10.1 (Or ig )  S t r i c t Z y  speaking each configuration must 
contain UB a s  weZZ. 
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Formal ly ,  a  model of  t h e  s o f t w a r e  f a m i l y  can  be d e f i n e d  a s  
f o l l o w s :  

1  T h e f a m i Z y i s a s e t o f m + l  u n i t s :  

( a  s e t  i s  i n d i c a t e d  by a  l i s t  between <>) 

2 A s u b s e t  of  F  c o n t a i n i n g  UB i s  c a l l e d  a  c o n f i g u r a t i o n .  

3 Each u n i t  c o n s i s t s  o f  a  s e t  of g e n e r i c  modutes: 

where i l ,  i 2 ,  ..., i k  < I ,  2 ,  ..., q>,  assuming t h a t  
t h e  f a m i l y  has  q  g e n e r i c  modules. 

4 The s e t  of g e n e r i c  modules o f  a  c o n f i g u r a t i o n  i s  t h e  
un ion  o f  t h e  ( g e n e r i c )  modules o f  each u n i t  i n  t h e  
c o n f i g u r a t i o n :  

5 Each u n i t  a c t u a l l y  h a s  a  s e t  of  modute v e r s i o n s  f o r  each  
one of  i t s  g e n e r i c  modules 

where Mil ( d ) ,  Mil ( e ) ,  . . . a r e  d i s t i n c t  v e r s i o n s  of  
g e n e r i c  module M . l  ( u s u a l l y ,  most g e n e r i c  modules have 
a  s i n g l e  ve rs ion$ .  

6 The t o t a l i t y  of  module v e r s i o n s  o f  a  c o n f i g u r a t i o n  UaUb 
. . . Uc i s  

a  s e t  i n  which each  e lement  i s  t h e  un ion  of t h o s e  
e lements  of VER(Ua) VER(Ub) ... VER(U,) which cor respond  
t o  t h e  same g e n e r i c  module. C l e a r l y ,  f o r  any s e t  Q of 
u n i t s ,  t h e  number of  e l e m e n t s  i n  MOD(Q)  and VER(Q) i s  
t h e  same, and t h e r e  i s  a  one t o  one correspondence 
between them. 
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7 An actual system of  a  g i v e n  c o n f i g u r a t i o n  <UaUb . . . Uc> 
i s  t h e  s e t  o f  unique module v e r s i o n s ,  one from each 
e lement  o f  VER(Uaub . .. Uc>.  Again, t h e r e  i s  a  one t o  
one cor respondence  between t h e  e l e m e n t s  of  a n  a c t u a l  
s y s t e m e t s  o f  MOD( .) of t h e  same c o n f i g u r a t i o n .  The set 
of actual systems ( i e ,  t h e  s e t  o f  all p o s s i b l e  a c t u a l  
sys tems  f o r  a  g i v e n  c o n f i g u r a t i o n )  i s  denoted by 

and i t  i s  a c t u a l l y  t h e  c ross- produc t  o f  t h e  e l e m e n t s  of  
VER(UaUb.. .Uc) 

8 I f  <UaUb..  . U > i s  a  p e r m i t t e d  c o n f i g u r a t i o n ,  t h e n  t h e  
s e t  of pemniEted actual systems f o r  t h i s  c o n f i g u r a t i o n  
i s  a  s u b s e t  o f  i t s  s e t  of  a c t u a l  sys tems:  

I n  p r a c t i c e  t h i s  i s  a  p roper  s u b s e t  and u s u a l l y  much s m a l l e r  
t h a n  t h e  t o t a l i t y  o f  a c t u a l  sys tems.  I n  many c a s e s  o n l y  one 
a c t u a l  system i s  p e r m i t t e d  f o r  each c o n f i g u r a t i o n .  

I n  t h e  nex t  s e c t i o n  we t u r n  o u r  a t t e n t i o n  t o  t h e  problem of  
r e p r e s e n t i n g  PSYS. 

4  P e r m i t t e d  a c t u a l  sys tems  

4.1 D e f i n i t i o n  

The s e t  of p e r m i t t e d  a c t u a l  sys tems  c a n  be d e s c r i b e d  i n  a  
c a n o n i c a l  form by a  r e l a t i o n  s i m i l a r y  t t h e  r e l a t i o n  of 
F i g u r e  1 .  Such a  d e s c r i p t i o n  i s  e x e m p l i f i e d  i n  F i g u r e  2 .  
The l e f t m o s t  columns s t a n d  f o r  t h e  u n i t s  and,  a s  i n  F i g u r e  1 ,  
they  d e s c r i b e  t h e  p e r m i t t e d  c o n f i g u r a t i o n s .  One o r  more rows 
e x i s t  f o r  each p e r m i t t e d  c o n f i g u r a t i o n ,  and each row 
d e s c r i b e s  a  unique p e r m i t t e d  a c t u a l  system a s  a  r e a l i z a t i o n  
o f  a  c o n f i g u r a t i o n  a p p e a r i n g  i n  t h e  same row. I n  t h e  columns 
f o r  modules,  ' 0 '  means t h a t  t h e  module i s  n o t  i n c l u d e d  i n  t h e  
c o n f i g u r a t i o n  w h i l e  a  non-zero i n t e g e r  i d e n t i f i e s  t h e  
c o r r e s p o n d i n g  module v e r s i o n .  

I n  t h e  example, t h e r e  a r e  two ( o p t i o n a l )  p e r m i t t e d  a c t u a l  
sys tems  f o r  c o n f i g u r a t i o n  U1 U2U3: 

and 
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F i g u r e  2: R e l a t i o n a l  D e s c r i p t i o n  of  P e r m i t t e d  Ac tua l  Systems 

4.2 Universa l  F ixed  Formats 

The p r e v i o u s  r e p r e s e n t a t i o n  h a s  problems o f  enormous 
dimensions ,  s i m i l a r  t o  t h a t  of F i g u r e  1 ,  b u t  a m p l i f i e d .  The 
a l r e a d y  m i l l i o n s  o f  rows f o r  p e r m i t t e d  c o n f i g u r a t i o n s  o f  
p r a c t i c a l  sys tems  a r e  f u r t h e r  i n c r e a s e d  by t h e  o f t e n  m u l t i p l e  
o c c u r r e n c e  o f  p e r m i t t e d  a c t u a l  systems.  T h i s  mu1 t i p l i c i  t y  
a r i s e s  because o f  Idon1 t c a r e 1  s i t u a t i o n s ,  a s  M5( 1 )  o r  M5(2) 
f o r  c o n f i g u r a t i o n  U1 U2U of F i g u r e  2 .  The r e l a t i o n a l  
d e s c r i p t i o n  of  p e r m i t t e a  a c t u a l  systems can  be t r ans formed  
i n t o  a  f u n c t i o n a l  form i n  t h e  same way a s  F i g u r e  1  c a n  be 
expressed  by f u n c t i o n  f .  Here t o o ,  f o r  c l a r i t y  o f  s t r u c t u r e ,  
a  f i x e d  f o r m a t  r e p r e s e n t a t i o n  i s  p r e f e r a b l e .  The t a b l e  of  
F i g u r e  2 can  be  f u n c t i o n a l l y  r e p r e s e n t e d  by 

w i t h  Ui = 1  o r  Ui = 0 a c c o r d i n g  t o  whe ther  Ui i s  o r  i s  no t  a  
member of t h e  c o n f i g u r a t i o n ;  a l s o  Mi = j i f  v e r s i o n  j of Mi 
i s  i n  t h e  a c t u a l  system and Mi = 0 i f  Mi i s  n o t  i n  t h e  a c t u a l  
system. 
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H = 1  if and o n l y  i f  t h e  v a l u e s  o f  U1U2 ... Un co r respond  t o  
a  p e r m i t t e d  c o n f i g u r a t i o n  f o r  which t h e  v a l u e s  of M1M2 . . . Mk 
a r e  a  p e r m i t t e d  a c t u a l  system,  o t h e r w i s e  H = 0. F u n c t i o n  H 
can be decomposed i n t o  

i n  which f  i s  t h e  same f u n c t i o n  a s  d i s c u s s e d  i n  S e c t i o n  2 ,  g  
1  i f  and o n l y  i f  t h e  v a l u e s  of  M1 . . .Mk co r respond  t o  a n  

a c t u a l  system f o r  t h i s  c o n f i g u r a t i o n F i e ,  a r e  i n c l u d e d  i n  t h e  
SYS(VER) o f  t h i s  c o n f i g u r a t i o n ) ,  and h  i s  'don1 t c a r e 1  f o r  
nonpermit ted c o n f i g u r a t i o n s  o f  u n i t s .  Usua l ly  f  i s  g i v e n  i n  
one o f  t h e  forms d i s c u s s e d  i n  S e c t i o n  2 ,  and g  i s  e a s y  t o  
check from t h e  t o t a l  s e t  o f  modules of  t h e  c o n f i g u r a t i o n .  
Thus, we c o n c e n t r a t e  next  on t h e  problems o f  r e p r e s e n t i n g  h. 

The f o l l o w i n g  f o r m a t  of  h  cou ld  be u s e f u l  i n  some p r a c t i c a l  
ca se s 

i n  which 

where ui i s  a  Boolean f u n c t i o n  of  u n i t s  U 1 ,  U 2 , .  . . , U n  and  v  J (j.1 , 2 , .  . . ki) i s  a  set of  module v e r s i o n s  c o l l e c t e d  from 
d i s t i n c t  g e n e r i c  modules. I f  t h e  c o n f i g u r a t i o n  makes ui t o  
be 1  t h e n  hi=l  ( o r  TRUE) i f  and o n l y  i f  a t  l e a s t  one of  
t h e  v S 1 s  i s  i n c l u d e d  i n  t h e  a c t u a l  system. I n  t h i s  f o r m a t ,  

3 t h e  example of  f i g u r e  2  w i l l  be 

h  = ( IF U THEN M3(2)) . ( I F  U 2  THEN % ( 2 )  . ( I F  U1 THEN 
~ ~ ( 2 )  . ( 3 ~  u1 .u3  THEN M ~ (  1 ) )  

C l e a r l y ,  t h i s  f o r m a t  i s  l o g i c a l l y  u n i v e r s a l ,  f o r  any r e l a t i o n  
be tween c o n f i g u r a t i o n s  and a c t u a l  systems can be expressed .  
However, i n  a  h i g h l y  e v o l u t i o n a r y  f a m i l y ,  i t  i s  e x p e c t e d  t h a t  
new u n i t s  w i l l  be c o n t i n u a l l y  c r e a t e d  and o f t e n  new u n i t s  
w i l l  have new module v e r s i o n s  which w i l l  r e p l a c e  o l d  o n e s  i n  
o v e r l a p p i n g  a r e a s .  I f ,  when a d d i n g  a  new u n i t ,  p r e v i o u s l y  
p e r m i t t e d  a c t u a l  sys tems  must remain p e r m i t t e d ,  hi

1 s 
d e s c r i b i n g  modules i n  t h e  a r e a  of o v e r l a p  must be changed, a s  
w e l l  a s  new h i t s  g e n e r a t e d  f o r  t h e  new c o n f i g u r a t i o n s .  For 
i l l u s t r a t i o n ,  suppose t t  a  PTF, U 4 ,  i s  added t o  t h e  system i n  
F i g u r e  2 ,  such t h a t  i t  w i l l  r e p l a c e  Y ( 1 )  o r  M5(2) o f  U2 by a  
new v e r s i o n  of M5(3) i n  a l l  c o n f i g u r a t i o n s  i n  which U4 i s  
i n c l u d e d .  T h i s  r e q u i r e s :  
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1 T h e a d d i t i o n t o h o f  

h5 = I F  U4 THEN Mg(3) 

and a l s o ,  i n  o r d e r  t o  keep p r e v i o u s l y  p e r m i t t e d  a c t u a l  
systems,  

2  T h e c h a n g i n g o f  h3 a n d h 4  i n t o  

h3 = I F  U1 .& THEN Y(2) 
- 

h4 = I F  U, . U3. U4 THEN M5( 1  ) . 
Changing p a r t s  of  h  can  be v e r y  t e d i o u s ,  e s p e c i a l l y  w i t h  
complex f a m i l i e s  o f  l o n g  s t a n d i n g  and w i t h  t h o s e  hav ing  a  
h igh  r a t e  of  a d d i t i o n s  of  t h i s  type .  The PTF system p r o v i d e s  
a n  example of  a  r e a l  l i f e  f a m i l y  of t h i s  type.  F requen t  
changes  o f  h i t s  c a n  be avo ided  by a  s m a l l  m o d i f i c a t i o n  t o  t h e  
fo rmula  of  hi a s  f o l l o w s :  

hi = I F  ui NOT ( v l  + v2 +...+ v j  +...+ vki),  

i n  which, i f  t h e  c o n f i g u r a t i o n  makes ui t o  be '1 $ ,  t h e n  
hi = 1  i f  and o n l y  i f  a l l  c i t e d  v j l  s a r e  exc luded  from t h e  
c o n f i g u r a t i o n s .  The v  . ' s  a r e  c o l l e c t i o n s  of module v e r s i o n s  

3 prec luded  by configuration ui. I n  t h i s  f o r m a t  t h e  h  f u n c t i o n  
f o r  t h e  example of F i g u r e  2  is: 

h  = ( I F  U3 NOT M3(l) )  . ( I F  Up  NOT M2(1)) ( I F  U1 NOT % ( I ) )  

and t h e  a d d i t i o n  o f  PTF U 4 ,  d e s c r i b e d  above w i l l  o n l y  r e q u i r e  
t h e  a d d i t i o n  o f  

h5 = I F  U4 NOT (M5(l) + Mg(2)).  

4.3 Non-Universal, More E f f i c i e n t  C o n s t r u c t s  

C l e a r l y ,  f a m i l i e s  w i t h  d i f f e r e n t  s t r u c t u r e s  o r  w i t h  d i f f e r e n t  
' i d i o s y n c r a s i e s '  o f  e v o l u t i o n  may have d i f f e r e n t  b e s t  f o r m a t s  
of  f u n c t i o n  h. We d e s c r i b e  below two a d d i t i o n a l  c o n t r u c t s  
which a r e  u s e f u l  i n  many p r a c t i c a l  s i t u a t i o n s .  These 
c o n s t r u c t s  a r e  no t  l o g i c a l l y  u n i v e r s a l  by themselves ,  b u t  
they can  be used e i t h e r  i n  c o n j u n c t i o n  w i t h  one o f  t h e  
f o r m a t s  p r e v i o u s l y  d e s c r i b e d  o r  i n  f a m i l i e s  hav ing  c e r t a i n  
r e s t r i c t i o n s  i n  p e r m i t t e d  a c t u a l  systems.  I f  i n  a l l  
c o n f i g u r a t i o n s  h a v i n g  u n i t s  Ui and U . and i n  which t h e  module 
v e r s i o n s  o f  3 

U j  i n  t h e  o v e r l a p p i n g  a r e a  o f  Ui and U j  a r e  
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exc luded  from t h e  a c t u a l  sys tem,  t h e  p r e v i o u s  f o r m a t  y i e l d s  
t h e  f o l l o w i n g  : 

hi = I F  U I  NOT vq 

where v  i s  a n  enumera t ion  o f  a l l  module v e r s i o n s  o f  U i n  
j t h e  overyap. T h i s  s i t u a t i o n  a p p e a r s  v e r y  f r e q u e n t l y  i n  r e a l  

sys tems ( e g ,  t h e  PTF s y s t e m ) ,  and  wherever  t h e  o v e r l a p  i s  
v e r y  l a r g e  ( i n  some p r a c t i c a l  c a s e s  t h e r e  may be hundreds  o f  
modules) .  Thus i t  i s  conven ien t  t o  e x p r e s s  t h i s  s i t u a t i o n  by 
t h e  c o n s t r u c t  below which i s  s h o r t h a n d  f o r  t h e  p r e v i o u s  
e x p r e s s i o n  : 

Ui PREVAIL-ON U j  

o r ,  if Ui p r e v a i l s  on  more t h a n  one u n i t ,  by 

ui PREVAIL-ON (Ujl U j 2  ... Ujm). 

Using this c o n s t r u c t ,  t h e  example of f i g u r e  3 w i l l  be  

h  = ( U  PREVAIL-ON U1) . (U2 PREVAIL-ON U1) . ( I F U 1  
NOT % ( I ? )  . (IF U1.U3 NOT M5(2)).  

A s  shown by t h i s  example,  t h e  PREVAIL-ON c o n s t r u c t  d o e s  n o t  
d i f f e r e n t i a t e  be tween c h o i c e s  o f  module v e r s i o n s  s u p p l i e d  by 
t h e  same u n i t .  N e v e r t h e l e s s ,  t h i s  c o n s t r u c t  i s  u s e f u l  i n  
many p r a c t i c a l  s i t u a t i o n s .  

The f o l l o w i n g  c o n s t r u c t  i s  based o n  PREVAIL-ON, bu t  t h e  
r e l a t i o n  i s  i m p l i c i t l y  g i v e n  by a  naming scheme. Suppose 
f i r s t  t h a t  a  f a m i l y  i s  e v o l v i n g  i n  such a  way t h a t  u n i t s  a r e  
added comple te ly  o r d e r e d  and t h a t  t h e  module v e r s i o n s  o f  a  
newer u n i t  a l w a y s  p r e v a i l s  o n  t h o s e  o f  o l d  ones .  I n  o t h e r  
words ,  f o r  a l l  i, j 

i > j  -> Ui PREVAIL-ON U j .  ( ->  meaning ' i m p l i e s ' )  

I n  such  a  f a m i l y  i t  i s  no t  n e c e s s a r y  t o  s t a t e  e x p l i c i t l y  t h e  
r e l a t i o n ,  s i n c e  t h i s  i s  i m p l i e d  by t h e  o r d e r e d  names ( i e  t h e  
i n d i c e s )  of t h e  u n i t s .  T h i s  c a n  be ex tended  t o  t h e  c a s e  i n  
which g roups  o f  u n i t s  a r e  added s i m u l t a n e o u s l y ,  and t h e  u n i t s  
of new groups  PREVAIL-ON t h o s e  o f  o l d e r  g roups ,  b u t  i n s i d e  
t h e  group t h e  u n i t s  a r e  u n r e l a t e d  by t h e  scheme ( o r  t h e y  c a n  
be e x p l i c i t l y  r e l a t e d  by one o f  t h e  methods e x p l a i n e d  
e a r l i e r ) .  I n  t h i s  c a s e  we c o u l d  u s e  a  two- dimensional 
i n d e x i n g  scheme a s  f o l l o w s :  
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i n w h i c h  f o r  a l l  i, j, as,  and a, 

i > j  -> U ( i , a s )  PREVAIL-ON U( j , a r )  

I n  o t h e r  words,  t h e  first i n d e x  g i v e s  t h e  o r d e r i n g ,  w h i l e  t h e  
second h a s  no o r d e r i n g  i m p l i c a t i o n s ,  i t  j u s t  p r o v i d e s  a  
d i s t i n g u i s h i n g  l a b e l .  T h i s  scheme can  be f u r t h e r  g e n e r a l i s e d  
t o  t h e  c a s e  i n  which each group t h e r e  a r e  o r d e r e d  subgroups.  
T h i s  w i l l  be done by a  t h r e e  dimensional  i n d e x i n g  scheme 

I n  t h i s  c a s e  t h e  first and t h i r d  i n d i c e s  a r e  used  t o  imply 
o r d e r i n g ,  w h i l e  t h e  second i s  used  a s  a n  a r b i t r a r y  l a b e l  
which on ly  i m p l i e s  grouping.  For a l l  i, j, 1, m ,  as  and a r  

i> j -> U ( i , a s , l )  PREVAIL-ON U( j, ar,m) 

and f o r  a l l  i, j, 1, as ,  

i j - ( 1 ,  a ,  i PREVAIL-ON U( 1, as, j) 

I n  t h e  same way, t h i s  method can  be g e n e r a l i s e d  t o  a 
l a b e l l i n g  scheme of  a r b i t r a r y  dimension. It c a n  be shown 
t h a t  o r d e r i n g  and  nonorder ing  i n d i c e s  s t r i c t l y  a l t e r n a t e .  
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Then, t h e  s t r u c t u r e  of a  l a b e l  w i l l  be 

where t h e  i t s  d e s c r i b e  t h e  g r o u p i n g  o f  u n i t s  a t  t h e  same 
l e v e l  i n t o  subgroups .  I n  g e n e r a l ,  t h e s e  schemes c r e a t e  a  
n e s t e d  p a r t i a l  o r d e r i n g  o v e r  t h e  u n i t s .  I n  p r a c t i c a l  c a s e s  
o f  t h i s  n a t u r e ,  t h e  above i m p l i c i t  method w i l l  g i v e  t h e  
r e l a t i o n s  i n  a  c l e a r  form, and may s a v e  hundreds  o f  e x p l i c i t  
r e l a t i o n s .  Many p r a c t i c a l  sys t ems  a r e  decomposable by a  
n e s t e d  p a r t i a l  o r d e r ;  f o r  example ,  t h e  combined SU and PTF 
sys tem c a n  be viewed a s  a  two d imens iona l  scheme o f  t h i s  
t y p e .  Other  s y s t e m s  c o u l d  be ' near ly-decomposable '  [SIM691 
i n t o  a  n e s t e d  p a r t i a l  o r d e r .  I n  t h i s  c a s e ,  t h e  i m p l i c i t  
method c o u l d  be used  i n  c o n j u n c t i o n  w i t h  one of t h e  f o r m a t s  
d e s c r i b e d  e a r l i e r ,  o r  w i t h  any o t h e r  r e p r e s e n t a t i o n  of t h e  
e x c e p t i o n s ,  wh ichever  i s  a  most e f f i c i e n t  f o r  a  p a r t i c u l a r  
s i t u a t i o n .  

5 D i s c u s s i o n  

I n  t h e  c o n f i g u r a b l e  f a m i l y  model t h e r e  a r e  two l e v e l s  o f  
r e l a t i o n s  between e n t i t i e s .  The f i r s t  l e v e l  ( g i v e n  by 
f u n c t i o n  f  o f  S e c t i o n  2 )  d e f i n e s  t h e  s e t  o f  p e r m i t t e d  
c o n f i g u r a t i o n s  o f  u n i t s  and t h e  second l e v e l  ( f u n c t i o n  H of 
S e c t i o n  4) s p a n s  t h e  s e t  o f  a c t u a l  modules ( i e  t h e  module 
v e r s i o n s )  which implement s u c h  a  c o n f i g u r a t i o n .  Program 
p a r t s  - code and d a t a  fo rming  t h e  u n i t s  - become u s e f u l  on ly  
i f  m e a n i n g f u l l y  i n t e r c o n n e c t e d  by r e l a t i o n s .  Fur the rmore ,  a t  
t h e  sys tem l e v e l ,  t h e r e  i s  a  d u a l i t y  between t h e  concep t  o f  
e v o l v i n g  program p a r t s  and t h e  concep t  o f  t h e i r  r e l a t i o n s .  
Whenever a n  a d d i t i o n ,  a  r e p a i r  o r  any o t h e r  m o d i f i c a t i o n  i s  
made t o  t h e  program, a  c o r r e s p o n d i n g  change must be made on 
t h e  r e l a t i o n s .  A s  i l l u s t r a t e d  by t h e  examples  g i v e n  i n  t h i s  
p a p e r ,  f o r  l a r g e  and h i g h l y  e v o l u t i o n a r y  f a m i l i e s  t h e  
r e l a t i o n s  a s  w e l l  a s  t h e  m a n i p u l a t i o n  o f  t h e s e  r e l a t i o n s  
c o u l d  be o f  s i g n i f i c a n t  complex i ty .  Indeed ,  we hope t o  have 
shown t h a t  t h e  predominant  and  most c h a l l e n g i n g  d e s i g n  
problems p r e s e n t e d  by a n  e v o l v i n g  l a r g e  sys tem a r e  t h o s e  of 
maintaining the  i n t e r n a l  cons is tency  of i t s  numerous 
vers ions .  It,  t h e r e f o r e ,  pays  t o  g i v e  s p e c i a l  a t t e n t i o n  t o  
u n d e r s t a n d a b i l i t y  and  c o n c i s e n e s s .  

The r e l a t i o n s  a r e  r e g u l a r l y  used  a t  many l o c a t i o n s .  
I n s t a l l a t i o n s  a t  each  d i s t i n c t  s i t e  shou ld  check t h e  
r e l a t i o n s  b e f o r e  a  new sys tem c o n f i g u r a t i o n  i s  loaded .  
Q u e s t i o n s  l i k e  ' i s  t h i s  a  p e r m i t t e d  c o n f i g u r a t i o n ? '  o r  ' i f  we 
want c e r t a i n  f u n c t i o n  ( i e  u n i t )  what o t h e r  u n i t s  a r e  
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r e q u i r e d ? ;  wh ich  a l t e r n a t i v e s  do  we h a v e ? ' ,  e t c ,  s h o u l d  be  
a nswered .  T h e r e f o r e ,  e a s y  ways  t o  a c c e s s  t h e  r e l a t i o n s  
s h o u l d  be  p r o v i d e d .  F o r  examp le ,  i n  t h e  PTF s y s t e m ,  
r e l a t i o n s  c o u l d  be  d i s t r i b u t e d  a s  h e a d e r s  t o  PTFs a n d  a t  e a c h  
i n s t a l l a t i o n  a  program c a l l e d  SMP (Sys t em M o d i f i c a t i o n  
Program)  [IBM73], u s e  t h e  r e l a t i o n s  f o r  a p p l y i n g  t h e  f i x e s .  

I n  a  b r o a d  s e n s e  t h e  r e l a t i o n s ,  t o g e t h e r  w i t h  t h e  program 
u t i l i t i e s  u s i n g  them, a c t  a s  a  Sys t em G e n e r a t o r  (SYSGEN). I n  
a  t r a d i t i o n a l  SYSGEN p rog ram,  r e l a t i o n s  a r e  imbedded  i n  t h e  
program.  I n  c o n t r a s t ,  t h e  a b o v e  scheme o f f e r s  a  c l e a n  
s e p a r a t i o n  o f  r e l a t i o n s  a n d  t h e  program t h a t  u s e s  them. This 
i s  a n o t e w o r t h y  a d v a n t a g e ,  e s p e c i a l l y  i n  s i t u a t i o n s  o f  
f r e q u e n t  and  c o n t i n u o u s  change .  

R e l a t i o n s  a r e  a l s o  u s e d  i n  t h e  deve lopmen t  s h o p  w h i l e  
m a n i p u l a t i n g  ( d e s i g n i n g ,  t e s t i n g ,  m a i n t a i n i n g )  t h e  f a m i l y ,  
and t h e y  a r e  u p d a t e d  wheneve r  a  change  i s  made. T h i s  
m a n i p u l a t i o n  i s  p re sumab ly  done  by a  team o f  programmers ,  
where  commun ica t i on  and  s y  n c h r o n i s a t i o n  o f  human a c t i v i t i e s  
a r e  r e q u i r e d .  A s  a l r e a d y  s t a t e d ,  t h e r e  may b e  h u n d r e d s  o f  
u n i t s ,  t h o u s a n d s  o f  c o n f i g u r a t i o n s  a n d  many t h o u s a n d s  o f  
module  v e r s i o n s .  A l l  t h e s e  p o i n t  t o  t h e  need  f o r  a n  
i n t e g r a t e d  ( c o m p u t e r i s e d )  f a c i l i t y ,  s i m i l a r  t o  t h e  program 
de ve lopmen t  a i d s  [HAN76] a l r e a d y  p r o p o s e d ,  b u t  a l s o  i n c l u d i n g  
t h e  e v o l u t i o n a r y  a s p e c t s  o f  c o n f i g u r a b l e  f a m i l i e s .  

A s  a l r e a d y  n o t e d ,  new u n i t s  a n d  m o d u l e s  a r e  c o n s t a n t l y  
c r e a t e d  t o  r e s p o n d  t o  m a i n t e n a n c e  and  f u r t h e r  f u n c t i o n a l  
needs .  T h i s  v a r i e t y  e x p l o s i o n  c a n  b e  r e d u c e d ,  i n  p a r t ,  by 
two t y p e s  o f  c o u n t e r a c t i o n s .  U n i t s  wh ich  a r e  s e ldom u s e d ,  o r  
which  h a v e  a  p r o p e r  r e p l a c e m e n t ,  c a n  be  d i s c o n t i n u e d ,  a n d  
c o m p a t i b l e  u n i t s  c a n  be  merged  t o g e t h e r  ( t h i s  i s  c a l l e d  
' c o a g u l a t i o n ' ) .  However,  t h e r e  i s  c e r t a i n  amount  o f  work  
( a n d  c o s t )  a s s o c i a t e d  w i t h  b o t h  o f  t h e s e  o p e r a t i o n s .  
C o a g u l a t i o n s  s h o u l d  be  p e r f o r m e d  and  r e l a t i o n s  p r o p e r l y  
u p d a t e d  i n  t h e  c e n t r a l  s o f t w a r e  f a c t o r y .  U n f o r t u n a t e l y ,  
i n s t a l l a t i o n s  u s i n g  o n l y  p a r t s  o f  t h e  c o a g u l a t i n g  u n i t s ,  o r  
u s i n g  d i s c o n t i n u e d  u n i t s ,  p e r t u r b  t h i s  scheme ( f o r  examp le ,  
a n  i n s t a l l a t i o n  wh ich  k e e p s  a  c o n f i g u r a t i o n  e v e n  i f  i t  i s  
d e c l a r e d  n o t  p e r m i t t e d ) .  The f e a s i b i l i ~ y  o f  p e r f  o r m i n g  
c o a g u l a t i o n s ,  o r  o f  d i s c o n t i n u i n g  u n i t s ,  a n d  how o f t e n ,  o r  
w h a t  u n i t s ,  a r e  a l l  o p e n  q u e s t i o n s  f o r  f u r t h e r  e x p l o r a t i o n .  

I n  t h i s  p a p e r  we s t u d i e d  m a i n l y  t h e  p r o b l e m s  o f  r e l a t i o n s  
be tween  e n t i t i e s  o f  a  c o n f i g u r a b l e  s o f t w a r e  f a m i l y .  F u r t h e r  
p r o b l e m s  n o t  d i s c u s s e d  h e r e  a r e  t h e  f u n c t i o n a l  a n d  s t r u c t u r a l  
a s p e c t s  o f  t h e  a c t u a l  c o d e  ( o r  p r o g r a m s j ,  ways  o f  m i n i m i s i n g  
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dependenc ies  between u n i t s ,  and ways o f  d e f i n i n g  'good1 

i n t e r f a c e s  between e n t i t i e s ,  e t c ,  i n  t h e  c o n t e x t  of 
c o n f i g u r a b l e  and e v o l u t i o n a r y  s o f t w a r e .  



HUMAN THOUGHT A N D  A CT I O N  A S  A N  1 IUGRED 1 EIUT 
OF S YSTEM B E H A V I O U R*  ( 1 1 , l )  

1 Sys t ems  S c i e n c e  

S i g n i f i c a n t  s e c t i o n s  o f  t h e  s c i e n t i f i c  community a r e  
i n c r e a s i n g l y  becoming  i n v o l v e d  i n  S y s t e m s  S c i e n c e ,  t hough  
t h e y  o f t e n  do n o t  r e c o g n i s e  t h i s  s u b j e c t  as  a n  i n d e p e n d e n t  
d i s c i p l i n e .  B i o l o g i s t s ,  compu te r  s c i e n t i s t s ,  e c o n o m i s t s ,  
e n g i n e e r s ,  m a t h e m a t i c i a n s ,  s o c i o l o g i s t s  a n d  many o t h e r s  a r e  
r e a l i s i n g  t h a t  i n  many i n s t a n c e s  o n e  c a n n o t  hope  t o  m a s t e r  
t h e  s y s t e m s  s t u d i e d  by a d o p t i n g  t h e  c l a s s i c a l  a p p r o a c h e s  t o  
s c i e n c e .  

The l a t t e r  a r e  l a r g e l y  b a s e d  o n  a  bot tom- up a p p r o a c h .  
I n d i v i d u a l  e l e m e n t s  a r e  f i r s t  s t u d i e d  a n d  m a s t e r e d .  When 
t h e s e  a r e  a t  l e a s t  p a r t i a l l y  u n d e r s t o o d ,  one  p r o c e e d s  t o  
e xamine  t h e  p r o p e r t i e s  and  b e h a v i o u r  o f  more complex  
a s s e m b l i e s  o f  t h e s e  e l e m e n t s .  C o n c e p t u a l l y  a t  l e a s t  t h e  
me thodo logy  may be  i n d e f i n i t e l y  e x t e n d e d  t o  s t u d y  e v e r  l a r g e r  
a nd  more complex  s y s t e m s  a s  b u i l t  up  i n  more o r  l e s s  
s t r u c t u r e d  f a s h i o n  f rom s u b- s y s t e m s  a n d  p r i m i t i v e  e l e m e n t s .  

I n  p r a c t i c e ,  however ,  t h e  m a t h e m a t i c a l  and  o t h e r  d e s c r i p t i v e  
t o o l s  u s e d  f o r  s u c h  s t u d i e s  r a p i d l y  become unwie ldy .  They 
t e n d  t o  b r e a k  down u n l e s s  a  s y s t e m  i s  e f f e c t i v e l y  
homogeneous,  a s  i n  p h y s i c s  f o r  examp le ,  o r  h a s  a  s i m p l e ,  
r e g u l a r  s t r u c t u r e ,  a s  i n  c r y s t a l l o g r a p h y .  I n  g e n e r a l ,  t h e  
p r o p e r t i e s  o f  a  s y s t e m  o b s e r v e d  a s  a n  e n t i t y  a r e  n o t  r e a d i l y  
d i s c e r n i b l e ,  n o r  do t h e y  f o l l o w  e a s i l y  from o n e ' s  knowledge  
a n d  u n d e r s t a n d i n g  o f  t h e  a t t r i b u t e s  and  b e h a v i o u r  o f  i t s  
componenets .  D e s p i t e  t h e  f a c t  t h a t  one  may be c o n c e r n e d  w i t h  
g l o b a l  c h a r a c t e r i s t i c s ,  t h e s e  c a n n o t  be d i r e c t l y  o r  t o t a l l y  
r e l a t e d  t o  o r  i n f e r r e d  f rom e l e m e n t a l  b e h a v i o u r a l  p a t t e r n s .  

11.1 ( E d s )  The Encyclopaedia of Ignorance was intended as  a  
guide t o  unanswered, but  poss ib ly  answerable ques t ions .  
Inv i t ed  con t r ibu t ions  were asked t o  address a  problem 
area of t h e i r  own choice and t o  o u t l i n e  a  problem t o  
uhich they  did not  know the  answer. 

Firrr p~~h!is l ied in Encyclopedia  o f  Ignurrince. R.  Duncan and  M .  \Vcstun Smith (Eds ) .  
pppp-p 

Pergalllor1 Prcss. 0xf111d.  1977. Reproduced by  kind pcr~iiission of  Pergalnun Press. 
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Thus p r o g r e s s  i n  r e v e a l i n g  t h e  n a t u r e  o f  t h e  p h y s i c a l  wor ld  
h a s  n e c e s s i t a t e d  t h e  development  o f  newer m e t h o d o l o g i e s  t h a t  
do n o t  r e l y  on  t h e  s t u d y  o f  i n d i v i d u a l  phenomena i n  e x q u i s i t e  
d e t a i l .  A sy s t em,  a  p r o c e s s ,  a  phenomenon may be v iewed i n  
t h e  f i r s t  p l a c e  f rom t h e  o u t s i d e ,  o b s e r v i n g ,  c l a r i f y i n g ,  
m e a s u r i n g ,  m o d e l l i n g  i d e n t i f i a b l e  a t t r i b u t e s ,  p a t t e r n s  a n d  
t r e n d s .  From such  a c t i v i t i e s  one  o b t a i n s  i n c r e a s i n g  
knowledge and u n d e r s t a n d i n g  b a s e d  o n  t h e  b e h a v i o u r  of bo th  
t h e  sys t em and i t s  sub- sys t ems ,  t h e  p r o c e s s  and  i t s  sub-  
p r o c e s s e s .  F o l l o w i n g  t h r o u g h  d e v e l o p i n g  i n s i g h t  i n  
s t r u c t u r e d  f a s h i o n ,  t h i s  top-down, o u t s i d e - i n  a p p r o a c h  l e a d s ,  
i n  due c o u r s e ,  t o  a n  u n d e r s t a n d i n g  o f ,  and  a n  a b i l i t y  t o  
c o n t r o l ,  t h e  i n d i v i d u a l  phenomena b u t  i n  t h e  c o n t e x t  o f  t h e i r  
t o t a l  e n v i r o n m e n t s .  

The g l o b a l ,  s y s t e m s ,  v i e w p o i n t  h a s  been  f r u i t f u l l y  
a p p l i e d ,  d i r e c t l y  o r  i n d i r e c t l y ,  i n  many a r e a s  o f  t h e  n a t u r a l  
s c i e n c e s .  Epidemology , Gene t i c s ,  Thermodynamics, and  
I n f o r m a t i o n  Theory a r e  t y p i c a l  a r e a s  o f  a p p l i e d  s c i e n c e  where  
t h e  a p p r o a c h  h a s  y i e l d e d  i m p o r t a n t  r e s u l t s  o f  b o t h  
t h e o r e t i c a l  and  o f  p r a c t i c a l  s i g n i f i c a n c e .  

I n  r e c e n t  y e a r s ,  however,  i n t e r e s t  h a s  had t o  i n c r e a s i n g l y  
f o c u s  on ,  i n  S imon ' s  w o r d s ,  [SIM69] t h e  ' s c i e n c e s  of  t h e  
a r t i f i c i a l ' ,  on  t h e  b e h a v i o u r  o f  s y s t e m s  c r e a t e d  by man. And 
p e o p l e  i n v a r i a b l y  c o n s t i t u t e  sub- sy s t e m s  o r  e l e m e n t s  o f  t h e  
a r t i f i c i a l  s y s t e m s ,  i f  o n l y  by v i r t u e  of t h e  f a c t  t h a t  t h e y  
d e s i g n ,  b u i l d  and u s e  them. 

N a t u r a l l y  one h a s  s o u g h t  t o  d e v e l o p  a  t h e o r y  o f  and f o r  t h e s e  
s y s t e m s  i n  t e r m s  o f  t h e  c o n c e p t s ,  t h e  t e c h n i q u e s ,  t h e  
l a n g u a g e s ,  t h e  m a t h e m a t i c a l  t o o l s  o f  t h e  e p i d e m o l o g i s t  , t h e  
g e n e t i c i s t ,  t h e  t h e r m o d y n a m i c i s t ,  o r  t h e  i n f o r m a t i o n  
t h e o r i s t ,  f o r  example .  F u r t h e r ,  a f t e r  a b s t r a c t i o n s  t h a t  
remove d e p e n d e n c i e s  o n  t h e  s p e c i f i c s  o f  t h e  o r i g i n a l  sys t em 
s t u d i e d ,  one c o u l d  e x p e c t  t o  deduce  o b s e r v a t i o n s  o r  
h y p o t h e s e s  a b o u t  s y s t e m s  i n  g e n e r a l .  Thus a  d i s c i p l i n e  o f  
Sys t ems  S c i e n c e  i s  d e v e l o p i n g  and w i t h  i t  t h e  s y t e m s  
s c i e n t i s t .  H i s  u l t i m a t e  o b j e c t i v e  w i l l  be t o  i s o l a t e  a n d  
r e v e a l  t h o s e  a t t r i b u t e s  o f  sys t em b e h a v i o u r  t h a t  a r i s e  by 
v i r t u e  o f  t h e i r  b e i n g  a sys tem o r  some s p e c i f i c  sys t em.  

2 Sys t ems  

But wha t  a r e  s y s t e m s ?  Many a l t e r n a t i v e  d e f i n i t i o n s  h a v e  been  
proposed    ALE^^]. F o r  o u r  p u r p o s e  a  sys t em may be  v iewed a s  
a  s t r u c t u r e  o f  i n t e r a c t i n g ,  i n t e r c o m m u n i c a t i n g  componenets  
t h a t ,  a s  a  g r o u p ,  a c t  o r  o p e r a t e  i n d i v i d u a l l y  and  j o i n t l y  t o  
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a c h i e v e  a  common g o a l  t h r o u g h  t h e  c o n c e r t e d  a c t i v i t i e s  o f  t h e  
i n d i v i d u a l  p a r t s .  We n o t e  t h a t ,  i n  g e n e r a l ,  t h e  p a r t i t i o n i n g  
o f  a  sys tem i n t o  components  i s  by no means u n i q u e .  S e l e c t e d  
components  may be  v iewed a s  e l e m e n t a l  o r  a t o m i c  b u t  u n d e r  
f u r t h e r  s c r u t i n y  e a c h  w i l l ,  i n  g e n e r a l ,  be s e e n  t o  be i t s e l f  
s t r u c t u r e d  and  t o  c o n t a i n  components  t h a t  t o g e t h e r  s a t i s f y  
t h e  d e f i n i t i o n  or' a  sys t em i n  t h e i r  own r i g h t .  The component 
w i l l  c o n s t i t u t e  a  sub- sys tem o f  some o t h e r  sys t em o r  s y s t e m s ;  
o f  i t s  env i ronmen t .  

The Concorde i s  c l e a r l y  a  sys t em i n  t h e  s e n s e  o f  t h e  above  
d e f i n i t i o n .  So  a r e  t h e  t o t a l  g r o u p i n g  of  p e o p l e  and  
equipment  t h a t  c o- o p e r a t i v e l y  e n s u r e  t h e  s a f e  t r a n s p o r t a t i o n  
of  t h e  c r a f t  a n d  i t s  p a s s e n g e r s ,  o r  of  s u c c e s s i v e  l o a d s  o f  
p a s s e n g e r s ,  be tween  p o i n t s  o f  d e p a r t u r e  and d e s t i n a t i o n s .  A 
computer  i n s t a l l a t i o n  w i t h  i t s  equ ipmen t  and  i t s  s t a f f  
r e p r e s e n t s  a n o t h e r  c l a s s  o f  s y s t e m s ;  one  i n  which  t h e  
p e r c e i v e d  a t t r i b u t e s  and  c h a r a c t e r i s t i c s  w i l l  be a s  much 
dependen t  o n  t h e  a t t i t u d e s ,  s k i l l s  and  m a n a g e r i a l  d e c i s i o n s  
o f  t h e  s t a f f  a s  o n  t h e  t e c h n i c a l  c a p a b i l i t i e s  of  t h e  
equ ipmen t .  E q u a l l y  e a c h  o f  i t s  sub- sys t ems ,  t h e  c e n t r a l  
computer  f o r  example ,  i s  a  sys t em i n  i t s  own r i g h t .  Its sub-  
s y s t e m s ,  i n  t u r n ,  i n c l u d e  s t o r a g e ,  a r i t h m e t i c ,  c o n t r o l  and  
p e r i p h e r a l  a c c e s s  u n i t s .  

3 System Measurement and System Models 

A t t empt s  t o  measu re  and  e x p r e s s  t h e  pe r fo rmance  o f  compu te r  
i n s t a l l a t i o n s  i n  g e n e r a l  t e r m s  h a v e  n o t  been  v e r y  s u c c e s s f u l  
s o  f a r .  Any m e a s u r e s  mus t  n o t  r e f e r  d i r e c t l y  t o  d e t a i l e d  
work load  o r  mach ine  c h a r a c t e r i s t i c s .  The s h e e r  v a r i e t y  and 
q u a n t i t y  o f  a v a i l a b l e  d a t a  would  q u i c k l y  make t h e  d a t a  and  
i t s  a n a l y s i s  unmanageable .  Moreover ,  m e a s u r e s  a r e  o f  t e n  
d e s i r e d  t o  f a c i l i t a t e  t h e  compar i son  o f  a 1  t e r n a t i v e  m a c h i n e s  
o r  work load  e n v i r o n m e n t s ,  o r  t h e  i n s t a l l a t i o n  a t  d i f f e r e n t  
t i m e s  and when some components  w i l l  h ave  i n e v i t a b l y  changed.  
I n c l u s i o n  o f  d e t a i l e d  c h a r a c t e r i s t i c s  o f  t h e  i n s t a l l a t i o n s  
a n d / o r  e n v i r o n m e n t s  t o  be compared i n  t h e  m e a s u r e s  wou ld ,  i n  
p r a c t i c e ,  i n v a l i d a t e  t h e  measu re .  D i f f e r e n c e s  i n  measu re  
w i l l  i n  f a c t  o f  t e n  be due t o  d i f f e r e n c e s  i n  c h a r a c t e r i s t i c s  
a n d / o r  t o  c h a n g e s  i n  t h e  sys tem t h a t  c a n n o t  be u n i q u e l y  o r  
m e a n i n g f u l l y  q u a n t i s e d  o r  o r d e r e d .  

Thus we r e q u i r e  t o  d e f i n e  sys t em m e a s u r e s  t h a t  a r e  g l o b a l  i n  
n a t u r e .  F o r  example ,  we m i g h t  d e t e r m i n e  t h e  a v e r a g e  t u r n  
a r o u n d  t i m e  ( i n t e r v a l  be tween  s u b m i s s i o n  o f  a  j o b  r e q u e s t  and  
r e c e i p t  by t h e  r e q u e s t o r  o f  t h e  r e s u l t  of  i t s  e x e c u t i o n )  f o r  
all j o b s  o r  f o r  j o b s  o f  a  p a r t i c u l a r  c l a s s  o r  t y p e .  T h i s  
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measu re  would  depend  b o t h  o n  m a c h i n e  c a p a b i l i t y  and  o n  t h e  
p e r f o r m a n c e  o f  i n s t a l l a t i o n  p e r s o n n e l .  G i v e n  some f u r t h e r  
m e a s u r e s  t h a t  r e l a t e  s y s t e m  p e r f o r m a n c e  t o  j o b  s t r e a m  and  
e n v i r o n m e n t a l  c h a r a c t e r i s t i c s ,  o n e  m i g h t  t h e n  p r o d u c e  a  model  
o f  t h e  i n s t a l l a t i o n  o f  s y s t e m  b e h a v i o u r  a t  some p o i n t  i n  
t i m e .  And g i v e n  s e v e r a l  s u c h  m o d e l s  o n e  m i g h t  a r r i v e  a t  a  
g e n e r a l i s e d  i n s t a l l a t i o n  model  and  t h e o r y .  

4 The Emergence o f  a  P rob l em 

The re  i s ,  however a t  l e a s t  o n e  s n a g  t o  t h e  m e e t i n g  o f  t h i s  
o b j e c t i v e .  B o t h  t h e  e n v i r o n m e n t  t h a t  g e n e r a t e s  t h e  w o r k l o a d  
a n d  t h e  i n s t a l l a t i o n  t h a t  e x e c u t e s  i t  i n c l u d e  p e o p l e .  T h e i r  
b e h a v i o u r  p a t t e r n  ( i n  r e l a t i o n  t o  e a c h  o t h e r  a n d  t h e  s y s t e m )  
depends  o n  o b s e r v a t i o n ,  i n t e r p r e t a t i o n  o f  s y s t e m  b e h a v i o u r ,  
a n d  a l s o  o n  l e s s  t a n g i b l e  f a c t o r s .  The more c o m p l e t e  t h e i r  
u n d e r s t a n d i n g  o f  a p p a r e n t  s y s t e m  b e h a v i o u r  becomes t h e  more  
w i l l  t h e y  m o d i f y  t h e  s y s t e m  o r  a d j u s t  t h e i r  b e h a v i o u r  i n  
r e l a t i n g  w i t h  and  t o  t h e  s y s t e m ,  s o  a s  t o  o b t a i n  t h e  c l o s e s t  
p o s s i b l e  a p p r o x i m a t i o n  t o  w h a t  i s  c o n s i d e r e d  optimum 
p e r f o r m a n c e  . 

I n  g e n e r a l ,  a s  knowledge  a n d  u n d e r s t a n d i n g  o f  a n  a r t i f i c i a l ,  
man c h a n g e a b l e ,  s y s t e m  i n c r e a s e s  we a t t e m p t  i n d i v i d u a l l y  a n d  
c o l l e c t i v e l y  t o  mod i fy  t h e  b e h a v i o u r  os t h a t  s y s t e m .  We 
a t t e m p t  t o  make i t  b e h a v e  i n  some o t h e r ,  p r e f e r r e d ,  f a s h i o n .  
The m o d i f i c a t i o n  i s  o b t a i n e d  by c h a n g e s  t o  t h e  s y s t e m ,  t o  
u s a g e  p r o t o c o l  a n d  s o  on.  The r e s u l t a n t  c o n f i g u r a t i o n  i s  a n d  
mus t  be t r e a t e d  a s  a  d i f f e r e n t  s y s t e m  wh ich  r e q u i r e s  a  new 
model  t o  r e p r e s e n t  i t .  Thus a r t i f i c i a l  s y s t e m s  a n d  t h e i r  
mode l s  a p p e a r  t o  be e s s e n t i a l l y  t r a n s i  t o r y ,  continuous2 y 
evoZving. Does t h i s  c o n s t i t u t e  a n  i n t r i n s i c  b a r r i e r  t o  
c o m p l e t e  u n d e r s t a n d i n g  a n d  m a s t e r y  o f  t h e  s y s t e m ?  

5 F i r s t  A t t emp ted  S o l u t i o n  a n d  i t s  C r i t i q u e  

One m i g h t  o f  c o u r s e  a r g u e  t h a t  i n  o r d e r  t o  s t u d y  t h e  s y s t e m  
a l l  change  p r o p o s e d  i n  r e s p o n s e  t o  o b s e r v e d  b e h a v i o u r  be 
i n h i b i t e d .  I n  a  s y s t e m  model  t h i s  would  be  r e p r e s e n t e d  a s  a n  
o p e n i n g  up  o f  t h e  r e p r e s e n t a t i o n  o f  t h e  f e e d b a c k  p a t h  t h a t  
p e r m i t s  humans t o  m o d i f y  t h e  s y s t e m  i n  r e s p o n s e  t o  o b s e r v i n g  
o r  e x p e r i e n c i n g  i t s  b e h a v i o u r .  However, i f  t h i s  i s  d o n e ,  one  
i s  now s t u d y i n g  a  d i f f e r e n t  s y s t e m .  And t h i s  i s  n o t  j u s t  a  
s u p e r f i c i a l  d i f f e r e n c e .  T h i s  same f e e d b a c k  l o o p  u n d e r l i e s  
b o t h  s y s t e m  improvement  a n d  i t s  a d j u s t m e n t  t o  a n  e v e r -  
c h a n g i n g  e n v i r o n m e n t .  And a d a p t a b i l i t y ,  i f  i t  e x i s t s ,  i s  
p e r h a p s  o n e  o f  t h e  most i m p o r t a n t  p r o p e r t i e s  o f  a  s y s t e m .  
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System adapta t ion  and e v o l u t i o n  r e f l e c t s  and  r e s u l t s  f rom t h e  
mutual  r e i n f o r c e m e n t  o f  t h e  s y s t e m  and i t s  e n v i r o n m e n t .  I n  
n o n- b i o l o g i c a l  s y s t e m s  human observa t ion ,  t hough t ,  a c t i o n  a n d  
reac t i on  p l a y  a  m a j o r  r o l e  i n  f o r c i n g  and g u i d i n g  sys t em 
development  a n d  e v o l u t i o n .  Thus,  f o r  example ,  a  computer  
i n s t a l l a t i o n  i n  which  p r o c e d u r e s ,  t h e  components  o r  t h e  
s t r u c t u r e  may n o t  be  m o d i f i e d  i n  r e s p o n s e  t o  e x p e r i e n c e  i s  a n  
e s s e n t i a l  p a r t  o f  m a n a g e r i a l  r e s p o n s i b i l i t y .  An i n s t a l l a t i o n  
i n  which  a l l  c h a n g e  i s  i n h i b i t e d  i s  i n  f a c t  a dead  o r  d y i n g  
i n s t a l l a t i o n .  ( 1 1  . 2 )  

6  A F u r t h e r  Example 

A f u r t h e r  example  may make t h e  b a s i c  dilemma e v e n  c l e a r e r .  
One o f  t h e  b i g g e s t  p rob lems  o c c u p y i n g  t h e  a t t e n t i o n  o f  
computer  s c i e n t i s t s  i s  t h a t  o f  programming me thodo logy .  The 
m a j o r i t y  o f  t h o s e  s t u d y i n g  i t ,  i n v e s t i g a t e  t h e  p r imary  
problem o f  how p rog rams  s h o u l d  be c r e a t e d  i n  t h e  f i r s t  p l a c e  
[DIJ72b] ,  [TUR75], [WIR71], [PAR72]. O t h e r s  n o t e  t h e  f a c t  
t h a t  programs unde rgo  a c o n t i n u o u s  p r o c e s s  o f  m a i n t e n a n c e  and  
change [BELTlb] , [LEH74] d r i v e n  by t h e  e v o l  t i o n a r y  p r e s s u r e s  
men t ioned  above .  The dynamics  o f  t h e  r e s u l t a n t  program 
e v o l u t i o n  c a n  and  a r e  b e i n g  s t u d i e d  [BELT61 f o r  a v a r i e t y  of  
e n v i r o n m e n t s  and  programs.  

I n  t h e s e  s t u d i e s  t h e r e  h a v e  b e e n  a number o f  i n s t a n c e s  where  
d e t a i l e d  numer i c  d a t a  h a s  b e e n  a v a i l a b l e  r e l a t i n g  t o  t h e  
p r o g r e s s  o f  a  programming p r o j e c t  and  t h e  g rowth  o f  t h e  
s u b j e c t  program s y s t e m  [BEL76], H00751. I n  e a c h  c a s e  a 
s i m i l a r  p a t t e r n  o f  e v o l u t i o n  h a s  been  o b s e r v e d ,  and 
i n t e r p r e t e d  a s  a r e f l e c t i o n  o f  program e v o l u t i o n  dynamics  
[LEH76c]. T h i s  h a s  p e r m i t t e d  t h e  c o n s t r u c t i o n  o f  c o n c e p t u a l  
and s t a t i s t i c a l  m o d e l s  t h a t  r e f l e c t  i n c r e a s e d  u n d e r s t a n d i n g  
of t h e  c h a r a c t e r i s t i c s  o f  program development  and  m a i n t e n a n c e  
and o f  t h e  p r o c e s s  whereby t h i s  i s  a c h i e v e d .  C o n s e q u e n t l y ,  
i t  h a s  p roved  p o s s i b l e  t o  d e v e l o p  t e c h n i q u e s  b a s e d  o n  t h e s e  
mode l s  f o r  more p r e c i s e  p l a n n i n g  and  p r e d i c t i o n  of  t h e  
programming p r o c e s s  i n  r e l a t i o n  t o  a  s p e c i f i c  s y s t e m .  

I n  p a r a l l e l  w i t h  t h i s  development  t h e  i n s i g h t  g a i n e d  f r o m  
t h e s e  g l o b a l ,  s y s t e m- l i k e  s t u d i e s  o f  t h e  programming p r o c e s s  
h a s  p e r m i t t e d  t h e  development  of  p r o p o s a l s  f o r  improvement of  
programming methodology i n  g e n e r a l .  But i m p l e m e n t a t i o n  o f  
t h e s e  p r o p o s a l s  i m m e d i a t e l y  i n v a l i d a t e s  t h e  m o d e l s  o f  s y s t e m  

11.2 ( E d s )  T h i s  i s ,  of cour se ,  t h e  cont inu ing  theme of t h i s  
book, bu t  see particuZarZy Chapters 2 and 4 .  
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b e h a v i o u r  s i n c e  t h e  s y s t e m ,  t h e  p r o c e s s ,  h a s  changed,  and 
s i n c e  i t  h a s  changed  i n  r e s p o n s e  t o  d e d u c t i o n s  t h a t  we re  made 
from t h e s e  v e r y  models .  S i m i l a r l y  a p p l i c a t i o n  o f  t h e  
f o r e c a s t i n g  and  p l a n n i n g  d a t a  d e r i v e d  f rom a  s e t  o f  m o d e l s  t o  
modify t h e  o u t p u t  o f  t h e  sys tem i n v a l i d a t e s  t h e s e  same mode l s  
a s  r e p r e s e n t a t i o n s  o f  t h e  programming o r g a n i s a t i o n ,  i t s  t o o l s  
and  i t s  a c t i v i t i e s  t h a t  t o g e t h e r  c o n s t i t u t e  t h e  sys t em.  I f  
t h e  o u t p u t  o f  t h e  mode l s  a r e  a c c e p t e d  a s  e s s e n t i a l l y  c o r r e c t ,  
a c t i v i t i e s  a r e  r e o r i e n t a t e d  and  a d j u s t e d  t o  conform t o  model- 
based  f o r e c a s t s .  The o u t p u t s  f rom t h e  mode l s  become a  self- 
fulfilling prophecy o f  t h e  b e h a v i o u r  of  a  new sys t em.  The 
l a t t e r  i n c l u d e s  t h e  o l d  s y s t e m  t o g e t h e r  w i t h  some new 
e l e m e n t s ,  namely t h e  mode l s ,  t h e  model i m p l e m e n t o r s ,  i t s  
i n t e r p r e t e r s  and  s o  on .  Bu t  p a r a d o x i c a l . l y  t h e  m o d e l s  a r e  
based  o n  d a t a  g e n e r a t e d  f rom a  sys t em t h a t  e x c l u d e s  t h e  
models .  

A t  t h e  o t h e r  e x t r e m e ,  t h e  o u t p u t  of  t h e  mode l s  may i n c i t e  
a c t i v i t y  t o  p r o v e  them wrong. T h i s  a l s o  l e a d s  t o  change  i n  
t h e  sys t em and n e g a t i o n  o f  t h e  models .  I n  p r a c t i c e  t h e  
s t r a t a g e m  a d o p t e d  f a l l s  be tween t h e s e  two e x t r e m e  r e s p o n s e s .  
But  t h e  consequence  i s  t h e  same. The mere a c t  of  s t u d y i n g  
t h e  sys t em l e a d s  t o  a  change  i n  t h e  sys t em which  
p a r a d o x i c a l l y  i n v a l i d a t e s  t h e  e a r l i e r  models .  ( 11.3) 

7 I n t r o d u c t i o n  t o  t h e  Area o f  I g n o r a n c e  

One may, o f  c o u r s e ,  c r e a t e  a  new model of  t h e  new s y s t e m ,  a  
model  t h a t  i n c l u d e s  t h e  sys t em model a s  a n  e l e m e n t  o f  i t s e l f .  
Bu t ,  a t  b e s t ,  t h i s  c a n  o n l y  be a c h i e v e d  by a p p l y i n g  a n  
i t e r a t i v e  p r o c e d u r e .  W i l l  s u c h  a  p r o c e d u r e  c o n v e r g e ?  Can 
i t ?  Must i t ?  T h e r e i n  l i e s  t h e  problem,  a  problem t h a t  w i l l  
f o r c e  a n  u l t i m a t e  a d m i s s i o n  o f  i g n o r a n c e .  And we s h a l l  s e e  
t h a t  t h i s  i g n o r a n c e  i s  n o t  j u s t  due t o  i n s u f f i c i e n t  
knowledge,  u n d e r s t a n d i n g  o r  wisdom. We have  h e r e  a n  a r e a  of  

11.3 (Eds) Occasionally one also observes the opposite 
effect, where belief and application of the model re- 
inforces it. This is likely to cause stagnation, act as 
a block to progress, as the models appear, Tore and 
more, to be cast in concrete, to represent a 'law of 
nature1. A good example of this is to be found in cost 
models for software projects. If unintezligently applied 
they can become a total block to productivity growth by 
setting false, unambitious targets, or by concentrating 
effort on the improvement of factors that, with a new 
technology orenvironment are really unimportant or even 
irrelevant. 



11. Ingredient of Systerri Behaviour 243 

u n c e r t a i n t y  and  i n d e t e r m i n a c y  t h a t  h a s  i t s  r o o t s  i n  t h e  
f r e e dom o f  t h o u g h t ,  o f  i n t e r p r e t a t i o n ,  o f  c h o i c e  a n d  o f  
a c t i o n  o f  mankind ,  i n d i v i d u a l l y  and  c o l l e c t i v e l y .  A s  s u c h  i t  
a p p e a r s  t o  b e  a b s o l u t e  a n d  u n b r e a c h a b l e .  

8 The R e l e v a n c e  o f  G o e d e l '  s Theorem 

An i n i t i a l  a t t e m p t  t o  r e s o l v e  t h e  i s s u e  o f  c o n v e r g e n c e  c a n  be  
b a s e d  o n  G o e d e l ' s  t heo rem.  I n  s i m p l e  t e r m s  t h e  l a t t e r  s t a t e s  
t h a t  one  c a n n o t  p r o v e  t h e  c o n s i s t e n c y  a n d  c o m p l e t n e s s  o f  a n  
a x i o m a t i c  s y s t e m  u s i n g  o n l y  t h e  a x i o m s  a n d  t h e  r u l e s  o f  
i n f e r e n c e  o f  t h a t  s y s t e m .  I n f o r m a l l y  o n e  c a n  s t a t e  t h a t  a n  
a s s e r t i o n  a b o u t  a s y s t e m  ( a n d  a  model  o f  a  s y s t e m  r e p r e s e n t s  
a n  a s s e r t i o n  a b o u t  t h e  s y s t e m )  c a n n o t  be  shown t o  be  
a b s o l u t e l y  t r u e  f rom w i t h i n  t h e  s y s t e m ;  by u s i n g  o n l y  known 
f a c t s  a b o u t  t h e  s y s t e m .  

Suppose  now t h a t  we a s sume  t h a t  t h e r e  e x i s t s  a n  a b s o l u t e  
t h e o r y  f o r  some a r t i f i c i a l  sy s t em.  The l a t t e r  c o u l d  be  
r e p r e s e n t e d  by a n  a x i o m a t i c  model  i n  wh ich  e a c h  p a r t  and  
a c t i v i t y  o f  t h e  s y s t e m  r e f l e c t s  e i t h e r  a n  axiom o r  a t heo rem.  
From G o e d e l ' s  t h e o r e m  i t  f o l l o w s  t h a t  t h e  c o r r e c t n e s s  o f  t h e  
model c a n n o t  be  d e m o n s t r a t e d  f r o m  w i t h i n  i t s e l f .  T h a t  i s ,  
t h e  b e h a v i o u r  o f  t h e  s y s t e m  c a n n o t  be  p r e d i c t e d  a b s o l u t e l y  
f r o m  w i t h i n  t h e  s y s t e m .  B u t  d e m o n s t r a t i o n  o f  t h e  v a l i d i t y  o f  
t h e  mode l ,  o f  c o m p a r i n g  t h e  p r e d i c t i o n s  o f  t h e  model  w i t h  t h e  
b e h a v i o u r  o f  t h e  s y s t e m ,  i s  a n  e s s e n t i a l  i n g r e d i e n t  o f  
a r t i f i c i a l - s y s t e m  b e h a v i o u r .  By i t s  v e r y  n a t u r e  s u c h  
a c t i v i t y  i s  a p a r t  o f  t h e  b e h a v i o u r  o f  t h e  s y s t e m  a s  
r e p r e s e n t e d  i n  t h e  model .  Hence t h e r e  d o e s  n o t ,  i n  t h i s  
r e s p e c t  e x i s t  a n  ' o u t s i d e '  t o  t h e  model .  Thus o n e  c a n n o t  
o b t a i n  a n  a b s o l u t e  t h e o r y ,  a d e m o n s t r a b l y  c o r r e c t  model .  
A t t e m p t s  t o  i n c l u d e  t h e  model  i n  i t s e l f  m u s t  l e a d  t o  non- 
c o n v e r g e n c e .  I g n o r a n c e  a b o u t  t h e  t o t a l  b e h a v i o u r  o f  
a r t i f i c i a l  s y s t e m s  i s  i n t r i n s i c  t o  t h e i r  v e r y  e x i s t e n c e .  

9 U n c e r t a i n t y  

I n  t h e  a b o v e  d i s c u s s i o n  we h a v e  gone  one  s t e p  beyond Goede l .  
Me h a v e  a s e r t e d  t h a t  t h e  v e r y  a c t i v i t y  o f  p r o v i n g  i t s  model. 
c o r r e c t  i s  i t s e l f  p a r t  o f  a r t i f i c i a l - s y s t e m  a c t i v i t y .  Thus 
t h e r e  e x i s t s  no  e n v i r o n m e n t  e x t e r n a l  t o  t h e  s y s t e m  f r o m  wh ich  
i t s  t o t a l  and  a b s o l u t e  b e h a v i o u r  may be  o b s e r v e d .  Hence 
e x a c t  s y s t e m  s c i e n c e  i s  n o t  knowab le ,  i s  m e a n i n g l e s s ,  d o e s  
n o t  e x i s t .  

Over and  a b o v e  t h i s  t h e o r e t i c a l  l i m i t  t h e r e  e x i s t s  a n  e v e n  
n o r e  s i g n i f i c a n t  b a r r i e r  t o  t o t a l  knowledge  o f  t h e  s t a t e  a n d  
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b e h a v i o u r  o f  a n  a r t i f i c i a l  s y s t e m .  The re  i s  a n  e s s e n t i a l  
u n c e r t a i n t y  w h i c h  a t  a l l  t i m e s  i m p l i e s  some d e g r e e  o f  
i g n o r a n c e  a b o u t  t h e  sy s t em.  The s i t u a t i o n  c a n  be  f o r m u l a t e d  
i n  a n  U n c e r t a i n t y  P r i n c i p l e ,  a n a l o g o u s  t o  t h a t  o f  Quantum 
P h y s i c s .  By m e a s u r i n g  a n d  m o d e l l i n g  a n  a r t i f i c i a l  s y s t e m  we 
i n c r e a s e  t h e  e x t e n t  a n d  p r e c i s i o n  o f  o u r  knowledge  a n d  
u n d e r s t a n d i n g  of i t s  mode o f  o p e r a t i o n .  I n  g e n e r a l  t h i s  
c a u s e s  t h e  s y s t e m ,  t h e  e n v i r o n m e n t  a n d / o r  t h e  i n t e r a c t i o n s  
be tween  them t o  be  changed .  Thus t h e  more  a c c u r a t e l y  we 
m e a s u r e  t h e  a r t i f i c i a l  s y s t e m  t h e  l e s s  we know a b o u t  i t s  
f u t u r e  s t a t e s ,  i f  we b e l i e v e ,  as I b e l i e v e ,  t h a t  i n  t h e  
f i n a l  a n a l y s i s  t h e  humans o r  g r o u p s  o f  humans t h a t  change  t h e  
s y s t e m  a r e  u n p r e d i c t a b l e .  

The p a r a l l e l  is  o f  c o u r s e  n o t  c o m p l e t e .  H e i s e n b e r g ' s  
p r i n c i p l e  a r i s e s  f r o m  t h e  f a c t  t h a t  t h e  m e r e  a c t  o f  
o b s e r v a t i o n  mus t  a f f e c t  t h e  p o s i t i o n  and  momentum o f  t h e  
o b j e c t  b e i n g  o b s e r v e d .  Measurement ,  knowledge  a n d  change  o f  
s t a t e  come t o g e t h e r ,  t h e y  a r e  i n e x t r i c a b l y  bound.  I n  o u r  
c a s e ,  o n  t h e  o t h e r  hand ,  knoweldge  a p p e a r s  t o  come f i rs t .  
The s y s t e m  change  o c c u r s  s u b s e q u e n t l y ,  a f t e r  t h e  i n f o r m a t i o n  
g a i n e d  h a s  b e e n  d i g e s t e d  a n d  a p p l i e d  t o  ' i m p r o v e '  t h e  sy s t em.  

But  t h e  d i f f e r e n c e  i s  a  d e l u s i o n .  P e o p l e  a r e  componen t s  o f  
t h e  sy s t em.  Complex a r t i f i c i a l  s y s t e m s  c a n n o t  be  d e s i g n e d  
a b s o l u t e l y  c o r r e c t l y  ab i n i t i o  ( I I 4 O b s e r v a t i o n  a n d  
m o d i f i c a t i o n  a r e ,  i n  p r a c t i c e ,  i n t r i n s i c  i n g r e d i e n t s  o f  
s y s t e m  o p e r a t i o n .  T h e r e f o r e  t h e  v e r y  a c t  o f  o b s e r v a t i o n  t h a t  
g i v e s  t h e  humans i n  t h e  s y s t e m  a d d i t i o n a l  i n f o r m a t i o n  a b o u t  
t h e  s y s t e m  c h a n g e s  t h e  s t a t e  o f  t h e  s y s t e m ,  u l t i m a t e l y  c a u s e s  
t h e  s y s t e m  t o  be changed .  

I n  t h e  u n c e r t a i n t i e s  o f  t h e  e x a c t  s c i e n c e s  we o b s e r v e  p a i r e d  
i n d e t e r m i n a c i e s .  Thus c o n j u g a t e  p a r a m e t e r s  s u c h  a s ,  f o r  
e xamp le ,  t h e  p o s i t i o n  and  momentum o f  a  p a r t i c l e  c a n n o t ,  by 
t h e  v e r y  n a t u r e  o f  t h i n g s ,  be  s i m u l t a n e o u s l y  d e t e r m i n e d  w i t h  
a b s o l u t e  p r e c i s i o n .  But t h e  p r o d u c t  of t h e  i n d e t e r m i n a c i e s  
c a n  be bounded  p r e c i s e l y .  We know j u s t  how c l o s e  t o  e x a c t  
knowledge we c a n  g e t .  

I n  t h e  c a e  o f  t h e  a r t i f i c i a l  s y s t e m  o n  t h e  o t h e r  hand ,  one  
c a n n o t  ( a t  t h e  p r e s e n t  t i m e )  p r e d i c t  w i t h  p r e c i s i o n ,  w h a t  
w i l l  be o b s e r v e d ,  how i t  w i l l  be  i n t e r p r e t e d ,  wha t  a c t i o n  

11.4 ( E d s )  In  f a c t ,  i n  most i n s t a n c e s  t h o  concept o f  
c o r r e c t n e s s ,  i s  no t  s t r i c t l y  d e f i n e d ,  t h e  concern w i Z Z  
be w i th  t h e  behaviour of t h e  system i n  t h e  ' r e a l  world' 
and t h e  s a t i s f a c t i o n  t h a t  it g i v e s .  See Chs 2 ,  18  - 22. 
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w i l l  be t a k e n  a s  a  r e s u l t .  One c a n n o t  e v e n  d e t e r m i n e  t h e  
s t a t e  o f  t h e  t o t a l  s y s t e m  w i t h  a n y  c e r t a i n t y  by a p p l y i n g  
p r o b a b i l i s t i c  j u d g e m e n t s  a s  i n  Game Theory  [ N E U 5 3 ] .  A f t e r  
a l l  e a c h  s i t u a t i o n ,  e a c h  s e q u e n c e  o f  e v e n t s ,  w i l l  o c c u r  o n l y  
once .  Thus f o r  o u r  c a s e  t h e  u n c e r t a i n t l y  i s  o f  a  d i f f e r e n t  
o r d e r  o f  m a g n i t u d e .  To t a l k  o f  a b s o l u t e l y  c o n j u g a t e  
v a r i a b l e s  a s  m e a s u r e s  i s  n o t  m e a n i n g f u l .  One c a n n o t  e v e n  
i d e n t i f y  w i t h  a b s o l u t e  c e r t a i n t y ,  t h e  t o t a l i t y  o f  s y s t e m  
m e a s u r e s  t h a t  a r e  i n v o l v e d  i n  any  g i v e n  measu remen t  
a c t i v i t y .  F a r  l e s s  c a n  one  d e t e r m i n e  a n  a b s o l u t e  and  g e n e r a l  
l i m i t  t o  t h e  a c c u r a c y  w i t h  wh ich  e v e n  t h e  known m e a s u r e s  c a n  
be  o b s e r v e d .  

Are t h e s e  u n c e r t a i n t i e s  a b s o l u t e ?  I t h i n k  ' y e s ' ,  b u t  I do 
n o t  know. 

1 0  C o n t i n u o u s  E v o l u t i o n  

It h a s  a l r e a d y  b e e n  o b s e r v e d  t h a t  E s y s t e m  c a n  i n  g e n e r a l  be  
c o n s i d e r e d  a s  a  sub- sys t em o f  some o t h e r  s y s t e m .  Amongst i t s  
s e v e r a l  i m p l i c a t i o n s  t h e  d i s c u s s i o n  o f  t h e  l a s t  s e c t i o n  
s u g g e s t s  t h a t  e v e r y  a r t i f i c i a l  s y s t e m  w i t h  i t s  e n v i r o n m e n t s  
f o r m s  s u c h  a  f a m i l y  o f  s u p e r- s y s t e m s  i n  which  t h e  s y s t e m  
boundary  c a n n o t  be  c l e a r l y  d e f i n e d  o r  c o n f i n e d .  

O b s e r v a t i o n  o f  s y s t e m  s t a t e ,  b e h a v i o u r  and  p e r f o r m a n c e  by 
humans i n  t h e  e n v i r o n m e n t  l e a d s  t o  c h a n g e s  i n  t h e  s y s t e m ,  i n  
e n v i r o n m e n t a l- s y s t e m  i n t e r a c t i o n s  o r  i n  s y s t e m  u s a g e .  A l l  o f  
t h e s e  r e p r e s e n t  c h a n g e s  i n  t h e  s y s t e m  i t s e l f ,  c h a n g e s  t h a t  
r e s u l t  f r om t h e  u n p r e d i c t a b l e  i n t e r p r e t a t i o n  o f  t h e  human 
o b s e r v e r  ( 11 . 5 )  

I n  f a c t  as  humans i n  t h e  s y s t e m  and  i t s  e n v i r o n m e n t  o b s e r v e  
s y s t e m  b e h a v i o u r  t h e y  a d j u s t  t h e i r  own r e s p o n s e s ,  b e h a v i o u r  
a nd  o b j e c t i v e s  t o  o p t i m i s e  u t i l i t y  i n  some s e n s e .  T h i s  
r e p r e s e n t s  a c h a n g e  i n  s y s t e m  s tate .  It a l s o  l e a d s  
i n e v i t a b l y  t o  imposed  c h a n g e s  i n  s y s t e m  mechanisms ,  
imp lemen ted  i n  o r d e r  t o  a c h i e v e  more  c o s t - e f f e c t i v e  o p e r a t i o n  
i n  t h e  changed  human e n v i r o n m e n t .  These  c h a n g e s  a l s o ,  
p r o v i d e  new o p p o r t u n i t i e s  f o r  i n t e r f a c e  a n d  e n v i r o n m e n t a l  
c h a n g e s ,  t h a t ,  f o r  examp le ,  mod i fy  s y s t e m  b e h a v i o u r  a n d / o r  

11.5 (Orig) Note the intrinsic circuZarity here (as 
elsewhere in the paper). Until an exact mode2 is known, 
observed behaviour must be interpreted and the system is 
strictly unpredictab2e. But if the system is 
unpredictabZe, no exact mode2 can exist. Hence no exact 
mode2 can be found by the Scientific Method. 
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u s a g e  p a t t e r n s .  These  i n  t u r n  s u g g e s t  and  u l t i m a t e l y  c a u s e  
renewed s y s t e m  s t a t e  c h a n g e s  and  s o  on .  Thus we o b s e r v e  t h e  
' m u t u a l  r e i n f o r c e m e n t  o f  s y s t e m  and  e n v i r o n m e n t '  , p r e v i o u s l y  
r e f e r r e d  t o .  It i s  t h e  m a j o r  c a u s e  o f  c o n t i n u o u s  s y s t e m  
e v o l u t i o n .  

It may be t r u e  t h a t  t h e r e  e x i s t s  a n  optimum s t r a t e g y  f o r  
s y s t e m  improvemen t ,  a s  we f i n d  w i t h  t h e  min imax s t r a t e g y  o f  
v o n  Neumann a n d  M o r g e r n s t e r n  [NEU53]. But  s u c h  a  s t r a t e g y  
m e r e l y  m a x i m i s e s  t h e  minimum b e n e f i t .  It c a n  i n  no way l e a d  
t o  a n  e x a c t  s y s t e m  t h e o r y ,  t o t a l l y  p r e d i c t a b l e  b e h a v i o u r ,  a  
f o r s e e a b l e  e v o l u t i o n a r y  p a t h  t o  a f i n a l  s t a t e .  

1 1  The R o l e  o f  Human Thought  a n d  A c t i o n  

Thus w e  a r r i v e  a t  a  r e c o g n i t i o n  o f  t h e  f u n d a m e n t a l  f a c t o r  
t h a t  a p p e a r s  t o  make a n  i n e x a c t  s c i e n c e  o f  t h e  s c i e n c e  o f  
s y s t e m s ,  c r e a t e d ,  u sed  a n d  c o n t r o l l e d  by men. The e v o l u t i o n  
o f  s u c h  s y s t e m s  depends  o n  p e o p l e 1  s o b s e r v a t i o n s ,  t h o u g h t s ,  
i n t e r p r e t a t i o n s  a n d  a c t i o n s .  Man ' s  i n g e n u i t y  t o  i n v e n t  new 
r u l e s ,  new t w i s t s ,  new i n t e r p r e t a t i o n s ,  new o b j e c t i v e s ,  is  a s  
unbounded a s  t h e  l a n g u a g e  i n  wh ich  h e  e x p r e s s e s  h i s  t h o u g h t s .  
[KOE7'I]. T o t a l  knowledge ,  t h e  f i n a l  s t a t e ,  c a n  n e v e r  be 
r e a c h e d .  I g n o r a n c e  m u s t  a l w a y s  be p r e s e n t .  

T h i s  o b s e r v ~ t i o n  p e n e t r a t e s  t h e  c o r e  o f  t h e  p r o b l e m s  a n d  
e x p o s e s  a n  u l t i m a t e  a r e a  o f  i g n o r a n c e .  I f  m a n k i n d ' s  a b i l i t y  
a nd  e x p r e s s i o n  o f  a b i l i t y  we re  bounded,  t h e n  p e r h a p s  t h e r e  
c o u l d  b e  a n  e x a c t  S c i e n c e  o f  t h e  A r t i f i c i a l ,  d e s p i t e  some 
d i f f i c u l t  q u e s t i o n s  t h a t  r e m a i n  unanswered  a n d  a r e  p e r h a p s  
u n a n s w e r a b l e .  B u t  i f ,  as  I b e l i e v e  ( b u t  c a n n o t  know),  s u c h  a  
bound d o e s  n o t  e x i s t  [LEH74], t h e n  t h e  t h e o r y  o f  man-made 
s y s t e m s ,  o f  s y s t e m s  i n c l u d i n g  p e o p l e  o r  o p e r a t i n g  i n  a n  
e n v i o r m e n t  t h a t  i n v o l v e s  p e o p l e ,  c a n  n e v e r  be c o m p l e t e  o r  
p r e c i s e .  How good c a n  i t  g e t ?  Tha t  t o o  I do  n o t  know. 
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1 Program E v o l u t i o n  

1 . 1  P r o c e s s  and  p r o d u c t  dynamics  

A b a s i c  a s s u m p t i o n  u n d e r l i e s  c u r r e n t  practice i n  s o f t w a r e  
e n g i n e e r i n g ;  t h e  d e s i g n ,  deve lopmen t ,  m a i n t e n a n c e  and  
enhancement  o f  l a r g e  computer  programs and  t h e  management of  
t h e  g r o u p s  o f  humans t h a t  u n d e r t a k e  t h e s e  a c t i v i t i e s .  Though 
se ldom s t a t e d  e x p l i c i t l y ,  p l a n n i n g  and  c o n t r o l  t e c h n i q u e s  
i m p l i c i t l y  assume t h a t  d e c i s i o n s ,  p l a n s ,  p r o j e c t  s t a n d a r d s  
a n d  s o  o n  may be based  o n  a n  a s s e s s m e n t  o r  o n  m e a s u r e s  o f  
current p r o j e c t ,  p r o d u c t  and  e n v i r o m e n t a l  s t a t e s .  It i s  
assumed t h a t ,  a s  f o r  most  o t h e r  e n g i n e e r i n g  a c t i v i t y ,  t h e  
d i r e c t i o n  and  r a t e  o f  p r o g r e s s  a r e  a  d i r e c t  consequence  o f  
management d e c i s i o n s  i n  t h e  l i g h t  o f  current e n v i r o m e n t a l  
c o n d i t i o n s .  

Recent  work ([BEL761, [BEL771, LLEH77d I ,  rLEH77el) h a s ,  
however,  shown t h a t  t h i s  i s  n o t ,  i n  g e n e r a l  t r u e  f o r  l a r g e  
s o f t w a r e  p r o j e c t s ,  e x c e p t  p o s s i b l y  i n  t h e i r  e a r l y  s t a g e s  when 
t h e  groundwork i s  b e i n g  l a i d  and  p r o j e c t  and  p r o d u c t  
c h a r a c t e r i s t i c s  d e t e r m i n e d .  Once u n d e r  way t h e  o v e r a l l  
p r o g r e s s  of  s u c h  p r o j e c t s ,  w h i l s t  s t i l l  s u b j e c t  t o  management 
d e c i s i o n ,  i s  i n c r e a s i n g l y  shaped  by i n t r i n s i c  p r o j e c t  f a c t o r s  
t h a t  become e v e r  more f i r m  a n d  dominan t  a s  t h e  sys t em a g e s .  
Managers a p p e a r  f r e e  t o  d e c i d e  s p e c i f i c ,  l o c a l ,  i s s u e s  i n  
ways wh ich  may i n  t h e  s h o r t  t e rm g u i d e  sys t em deve lopmen t  i n  
t h e  d e s i r e d  d i r e c t i o n .  But g l o b a l l y  t h e  p a t t e r n  o f  p r o g r e s s  
o f  t h e  p r o j e c t  t e n d s  t o  r e t u r n  t o  a n  h i s t o r i c  t r e n d  whose 
n a t u r e  i s  l a r g e l y  d e t e r m i n e d  by p r o d u c t  and  o r g a n i s a t i o n a l  
c h a r a c t e r i s t i c s .  The p a r a m e t e r s  o f  t h i s  t r e n d  a r e  normal.ly 
n o t  c o n t r o l l e d  a n d ,  i n  t h e  c u r r e n t  s t a t e  o f  knowledge and  
u n d e r s t a n d i n g ,  o f  t e n  n o t  c o n t r o l l a b l e .  Thus f o r  maximum 
c o s t - e f f e c t i v e n e s s ,  management c o n s i d e r a t i o n  and judgement  
s h o u l d  i n c l u d e  t h e  e n t i r e  h i s t o r y  of  t h e  p r o j e c t  w i t h  t h e  
c u r r e n t  s t a t e  h a v i n g  t h e  s t r o n g e s t ,  b u t  n o t  e x c l u s i v e ,  
i n f l u e n c e .  

Repriliietl wit 11 kind p c ~  inision fronl 'Why Software Projects Fail'. Infotech State ol' tlie 
hit Coilfel-ence. Copyriglit 1978. Pergalno~i PI-ess. 
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We may, i n d e e d  m u s t ,  r e g a r d  t h e  o r g a n i s a t i o n  d e v e l o p i n g  a n d  
m a i n t a i n i n g  a  l a r g e  program a s a  s y s t e m  i n  t h e  s y s t e m  
t h e o r e t i c  s e n s e  [SU'175]. Its s u b s y s t e m s  i n c l u d e  b o t h  t h e  
o r g a n i s a t i o n  o f  p e r s o n n e l  c o m p r i s i n g  t h e  p r o j e c t  g r o u p s  a n d  
t h e  program w i t h  i t s  a c c u m u l a t e d  d o c u m e n t a t i o n .  The f o r m e r  
i s  s u b j e c t  i n  i t s  b e h a v i o u r  t o  human d e c i s i o n  t a k i n g  a n d  c a n  
be m o d e l l e d  o n l y  s t o c h a s t i c a l l y .  The l a t t e r  r e p r e s e n t s  a  
r a p i d l y  g r o w i n g  i n e r t i a l  mas s  a n d  s m o o t h i n g  i n f l u e n c e .  The 
combined s y s t e m  i s  i t s e l f  a  s u b s y s t e m  o f  t h e  o r g a n i s a t i o n  
t h a t  p r o v i d e s  t h e  p r e s s u r e s  and  d i r e c t i v e s  c o n t r o l l i n g  
program e v o l u t i o n  a n d  u s e ,  and  t h e  r e s o u r c e s  t h a t  make 
e v o l u t i o n a r y  m a i n t e n a n c e  p o s s i b l e .  

O b s e r v a t i o n  h a s  shown t h a t  t h e  s y s t e m  b e h a v e s  a s  a  s e l f -  
s t a b i l i z i n g  f e e d b a c k  s y s t e m .  The p r a c t i c a l  i m p l i c a t i o n s  o f  
t h i s  w i l l  be d i s c u s s e d  l a t e r .  A t  t h i s  p o i n t  we m e r e l y  a s s e r t  
t h a t  b e i n g  s u c h  a  s y s t e m  i m p l i e s  t h e  e x i s t e n c e  o f  a  s y s t e m  
dynamics .  I n d e e d  i t  i s  t h e  r e a l i t y  o f  s u c h  a  dynamics  
a p p l i c a b l e  t o  a  w i d e  c l a s s  o f  p r o j e c t  t h a t  c o n s t i t u t e s  o u r  
most  f u n d a m e n t a l  o b s e r v a t i o n .  It i s  i t s  d i s c o v e r y  t h r o u g h  
measu remen t  t h a t  h a s  f o rmed  t h e  s u b j e c t  m a t t e r  o f  a  p r e v i o u s  
p u b l i c a t i o n  [RI076 ] .  It i s  i t s  f o r m a l i s a t i o n  i n  a  s e r i e s  o f  
l a w s  t h a t  we c o n s i d e r  h e r e .  

1 .2  L a r g e n e s s  

The l a w s  t o  be d i s c u s s e d  h a v e  emerged  f r o m  a  q u a n t i t a t i v e  a n d  
phenomeno log i ca l  s t u d y  o f  t h e  l i f e  h i s t o r y  o f  a  number o f  
large compu te r  p rog rams .  Thus f o r m u l a t i o n  o f  t h e  l a w s  h a s  
had t o  be i n  t e r m s  o f  a  p r o p e r t y  o f  largeness .  

T h i s  p r o p e r t y  i s  n o t  i n t e n d e d  t o  r e f l e c t  t h e  numbers  o f  
i n s t r u c t i o n s  o r  m o d u l e s  c o m p r i s i n g  t h e  program.  Nor do  we 
r e f e r  t o  t h e  q u a n t i t y  o f  d o c u m e n t a t i o n  r e q u i r e d  o r  t o  t h e  
p r o g r a m ' s  r e s o u r c e  r e q u i r e m e n t s  d u r i n g  e x e c u t i o n .  bJe do  n o t  
e v e n  i n t e n d  t o  e m p h a s i s e  t h e  w e a l t h  o f  f u n c t i o n  c o n t a i n e d  
w i t h i n  i t .  T h e r e  i s  a l w a y s  a  l e v e l  o f  d e s c r i p t i o n  a t  wh ich  
t h e  f u n c t i o n  i s  r e c o g n i s e d  a s  a n  e n t i t y ,  a  p a y r o l l  p rogram,  
a n  o p e r a t i n g  s y s t e m .  

A l l  t h e  a b o v e  m e n t i o n e d  m e a s u r e s  o f  p rogram s i z e  c a n  be 
e x p e c t e d  t o  i n c r e a s e  a s  a  program g rows  l a r g e r  i n  t h e  s e n s e  
t o  be d e f i n e d .  But t h e  d e f i n i n g  p r o p e r t y  o f  ' l a r g e n e s s ' ,  t h e  
r o o t  c a u s e  i f  t h e  c h a r a c t e r i s t i c s  t h a t  l a r g e  p rog rams  p o s s e s s  
a nd  f rom wh ich  l a r g e  programming p r o j e c t s  s u f f e r  [BEL78], i s  
t h e  a t t r i b u t e  o f  v a r i e t y .  A program i s  l a r g e  i f  i t s  code  
makes p r o v i s i o n  f o r  s u c h  v a r i e d ,  m a n i f o l d ,  c o n d i t i o n s  t h a t  
t h e  e x e c u t i o n  s e q u e n c e  may a d a p t  i t s e l f  t o  t h e  a c t u a l  
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c o n d i t i o n  o f  i t s  v a r i a b l e  o p e r a t i o n a l  e n v i r o n m e n t  w h i l s t  
r u n n i n g ;  i e ,  t h e  r e q u e s t e d  o u t p u t  and  t h e  e n v i r o n m e n t a l  
c o n d i t i o n ,  b o t h  i n  t h e  e x e c u t i o n  s y s t e m  and  i n  t h e  u s e r  
e n v i r o n m e n t .  

A. program i s  l a r g e  i f  i t  r e f l e c t s  w i t h i n  i t s e l f  a  v a r i e t y  o f  
human i n t e r e s t  a n d a c t i v i t i e s .  And i f  i t  d o e s i t  i s l i k e l y  
t o  l i e  o u t s i d e  i n d i v i d u a l  i n t e l l e c t u a l  g r a s p .  It w i l l  
r e q u i r e  a n  o r g a n i s e d  g r o u p  o f  p e o p l e  t o  d e s i g n ,  i m p l e m e n t ,  
m a i n t a i n  a n d  e n h a n c e  i t s  many p a r t s .  It i s  t h e  connections 
b e t w e e n  t h e  v a r i o u s  p a r t s  o f  a program r e f l e c t i n g  t h e  
communication be  tween  t h e  v a r i e t y  o f  a c t i v i t i e s  i n i t i a t e d  a n d  
c o n t r o l l e d  by t h e  program i n  e x e c u t i o n ,  t h e  commun ica t i on  
w i t h i n  t h e  i m p l e m e n t i n g  o r g a n i s a t i o n ,  t h e  commun ica t i on  
be tween  t h e  i m p l e m e n t o r s  a n d  t h e i r  p r o d u c t  a n d  f i n a l l y  t h e  
commun ica t i on  be tween  a l l  t h e s e  a n d  t h e  o p e r a t i o n a l  
e n v i r o n m e n t  t h a t  l e a d  t o  t h e  emergence  o f  t h e  T l a r g e n e s s T  
c h a r a c t e r i s t i c s .  

The p r e c e d i n g  d i s c u s s i o n  h a s  r e l a t e d  t h e  a t t r i b u t e  o f  
l a r g e n e s s  t o  i n t a n g i b l e s .  We c a n n o t  m e a s u r e  o r  e v e n  d e f i n e  
t h e  amount  o f  v a r i e t y  i n  a  s y s t e m  o r  t h e  e x t e n t  t o  wh ich  t h e  
s y s t e m  l i e s  w i t h i n  t h e  i n t e l l e c t u a l  g r a s p  o f  a s i n g l e  
i n d i v i d u a l ;  o r  o f  a  small g r o u p  o f  i n d i v i d u a l s  who a r e  i n  
t o t a l  harmony w i t h  o n e  a n o t h e r .  Fle c a n n o t  e v e n  m e a s u r e  t h e  
e x t e n t  t o  wh ich  a g r o u p  o r  g r o u p s  o f  p e o p l e  w o r k i n g  j o i n t l y  
o n  a  p rog ram,  a  s y s t e m  o r  a s y s t e m  o f  p rog rams ,  commun ica t e ,  
o r  how a d e q u a t e l y  t h e y  communica te .  To make t h e  laws 
m e a n i n g f u l ,  a n  o p e r a t i o n a l  d e f i  ni t i o n  mus t  be  d e v i s e d  t h a t  
d e l i m i t s  t h e  r a n g e  o f  s y s t e m s  t o  a c l a s s  f o r  which  t h e y  c a n  
be shown t o  a p p l y .  

The w o r k i n g  d e f i n i t i o n  c u r r e n t l y  a d o p t e d  d e f i n e s  a  program a s  
' l a r g e '  i f  i t  r e q u i r e s ,  o r  i s  g i v e n ,  a n  o r g a n i s a t i o n  o f  a t  
l e a s t  two l e v e l s  o f  management f o r  i t s  deve lopmen t  o r  
m a i n t e n a n c e .  When s u c h  a p r o j e c t  o r g a n i s a t i o n  e x i s t s ,  t h e  
phenomena a s s o c i a t e d  w i t h  l a r g e n e s s  w i l l  a p p e a r .  A 
management awa re  o f  t h e  t r e n d  may however ,  be  a b l e  t o  
m i t i g a t e  a g a i n s t  i t ,  f o r  examp le  by a d e q u a t e  d e f i n i t i o n ,  
s p e c i f i c a t i o n  a n d  c o n t r o l  o f  t h e  o b j e c t i v e s ,  a c t i v i t i e s  a n d  
p r o j e c t s  o f  i n d i v i d u a l  g r o u p s  a n d  t h e  i n t e r f a c e s  be tween  
g r o u p s .  If o n l y  o n e  l e v e l  o f  management  o p e r a t e s ,  a p p e a r a c c e  
o f  t h e  phenomena may p e r h a p s  be a v o i d e d  a l t o g e t h e r .  But  t h a t  
i s  a n o t h e r  s t o r y .  Nor d o  we know w h e t h e r  a n d  t o  w h a t  e x t e n t  
a  dynamics  and  l a w s  e x i s t  f o r  p r o g r a m s  o u t s i d e  t h i s  c l a s s ,  
t h a t  i s  f o r  p r o g r a m s  t h a t  a r e  n o t  l a r g e  i n  t h e  s e n s e  o f  o u r  
d e f i n i t i o n .  
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2  The F i r s t  Law 

2.1 S t a t e m e n t  - law o f  c o n t i n u i n g  change  

A large program t h a t  i s  used undergoes continuing change or 
becomes progress ive ly  l e s s  u s e f u l .  The change process 
continues u n t i l  it i s  judged more c o s t - e f f e c t i v e  t o  replace 
t h e  system wi th  a  recreated ve r s ion .  

2 . 2  E x p l a n a t i o n  

Any program i s  a  model  o f  some p a r t  o r  a s p e c t  o f  t h e  r e a l  
w o r l d  o r  o f  a c t i v i t y  w i t h i n  i t .  The r e a l  w o r l d  c h a n g e s  
c o n t i n u o u s l y .  A p rogram t h a t  i s  t o  r e m a i n  u s e f u l  mus t  
t h e r e f o r e  be a d a p t e d  t o  t h e  e n v i r o n m e n t  i t  i s  i n t e n d e d  t o  
model  and  s e r v e .  It mus t  be c o n t i n u o u s l y  changed  t o  k e e p  
pace .  The c h a n g e s  may be r e p a i r i n g  f a u l t s ,  p r o v i d i n g  new 
f a c i l i t i e s  o r  u s a g e  modes,  s u p p o r t i n g  new a p p l i c a t i o n  a r e a s  
o r  e x p l o i t i n g  more  c o s t - e f f e c t i v e  h a r d w a r e .  B u t  be changed  
i t  mus t  o r  i t  w i l l  d e c a y  i n t o  o b s o l e s c e n c e .  

2 . 3  Consequences  

The u n e n d i n g  s e q u e n c e  o f  enhancemen t  t h a t  s o f t w a r e  s y s t e m s  
u n d e r g o  i s  t h u s  n o t  n e c e s s a r i l y  o r  p r i m a r i l y  due  t o  s h o r t  
s i g h t e d n e s s  o r  l a c k  o f  p l a n n i n g .  It i s  i n t r i n s i c  t o  t h e  v e r y  
b e i n g  o f  a program.  T h e r e f  o r e  t h e  need  f o r  c h a n g e  mus t  b e  
t a k e n  i n t o  a c c o u n t  a t  a l l  s t a g e s  o f  s p e c i f i c a t i o n ,  d e s i g n  a n d  
deve lopmen t .  Changeabil i ty  i s ,  i n  t he  long r u n ,  a s  c r u c i a l  a  
f a c t o r  i n  t h e  t o t a l  c o s t - e f f e c t i v e n e s s  o f  a  p rogram as  a r e  
a t t r i b u t e s  s u c h  a s  i t s  r e s o u r c e  u s a g e ,  s p e e d  o r  f r e e d o m  f rom 
f a u l t s .  

2 .4  R u l e s ,  t o o l s  a n d  t e c h n o l o g i c a l  i m p l i c a t i o n s  

The r e l a t i o n s h i p  o f  p rogram s t ruc ture  t o  t h e  v e r i f i a b i l i t y  o f  
p rog rams  a n d  t h e  a t t a i n m e n t  o f  c o r r e c t  p r o g r a m s  i s ,  by now, 
w i d e l y  u n d e r s t o o d .  S t r u c t u r e  i s  e q u a l l y  c r u c i a l  f o r  
c h a n g e a b i l i t y ,  and  f o r  t h e  same r e a s o n .  It makes  a  program 
u n d e r s t a n d a b l e  by b r e a k i n g  i t  a n d  t h e  p r o c e s s e s  i t  c o n t r o l s  
i n t o  m e a n i n g f u l  p a r t s  a n d  i n  a  m e a n i n g f u l  p a t t e r n .  Each 
p a r t i t i o n  a s  a n  e n t i t y  a n d  t h e  p a t t e r n  a s  a w h o l e  mus t  be  
c o m p r e h e n d a b l e  by a n  i n d i v i d u a l  [ D I J 7 4 ] .  I f  t h i s  i s  
a c h i e v e d ,  t h e  c o r r e s p o n d i n g  program t e x t  ceases t o  c o n s t i t u t e  
a  large program s i n c e  t h e  i n d i v i d u a l  may u n d e r s t a n d  t h e  w h o l e  
i n  a  p r o g r e s s i v e  manne r ,  a n d  u r i d e r s t a n d i n g  t h e  w h o l e  program 
and  i t s  p a r t s  i s  a p r e r e q u i s i t e  f o r  s u c c e s s f u l  change .  
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But s t r u c t u r e ,  w h i l s t  n e c e s a r y  f o r  c h a n g e a b i l i t y ,  i s  n o t  
s u f f i c i e n t .  ' S t r u c t u r e '  i n  t h e  s e n s e  u s e d  h e r e  r e l a t e s  t o  
t h e  t o p o l o g i c a l  r e l a t i o n s h i p s  - t h e  g e n e r a l  c o n n e c t i v i t y  - 
between s u b s t r u c t u r e s .  It d o e s  n o t  d e f i n e  t h e  p r e c i s e  n a t u r e  
o f  t h e  l i n k ,  From t h e  p o i n t  o f  view o f  c h a n g e a b i l i t y  i t  i s  
e s s e n t i a l  t h a t  t h e  l i n k s ,  a s  t h e  interfaces between 
s u b s y s t e m s ,  ( t h e  p i e c e s  o f  t h e  p r o g r a m ) ,  be c o m p l e t e l y  
d e f i n e d  and  t h e i r  p r o p e r t i e s  f u l l y  s p e c i f i e d .  E q u a l l y  t h e  
s u b s y s t e m s ,  a s  functional components o f  t h e  program,  must  
a l s o  be f u l l y  s p e c i f i e d .  It i s  n o t ,  i n  g e n e r a l ,  s u f f i c i e n t  
t o  r e l y  o n  t h e  f a c t  t h a t  t h e  code  o f  e a c h  p o r t i o n  of  t h e  
program c o m p l e t e l y  d e t e r m i n e s  i t s  e f f e c t  d u r i n g  e x e c u t i o n  
s u b j e c t  o n l y  t o  t h e  v a l u e  o f  p a r a m e t e r s  a t  i t s  d e f i n e d  
i n t e r f a c e s .  Each component must  be e x p l i c i t l y  s p e c i f i e d  t o  
e x p r e s s  i t s  t r a n s f e r  f u n c t i o n ,  t h e  i n t e n t  o f  t h e  d e s i g n e r  and  
imp lemen to r  and  t h e  need  o f  t h e  a p p l i c a t i o n .  

I f  a  c o m p l e t e  and  c o r r e c t  s p e c i f i c a t i o n  o f  a l l  p a r t s  o f  t h e  
sys t em i s  n o t  a v a i l a b l e ,  i t  becomes i m p o s s i b l e  t o  f o r e s e e  
f u l l y  t h e  e f f e c t  o f  any  l o c a l  change  o n  o t h e r  p a r t s  of  t h e  
program and t h e r e f o r e  on  t h e  d e t a i l e d  b e h a v i o u r  of  t h e  
program i n  e x e c u t i o n .  It t h u s  becomes d i f f i c u l t  and  
e x p e n s i v e ,  i f  n o t  i m p o s s i b l e ,  t o  change  t h e  program w i t h o u t  
s i d e  e f f e c t s  t h a t  mod i fy  i t s  b e h a v i o u r  i n  unp lanned  f a s h i o n .  

To be u s e f u l  s p e c i f i c a t i o n s  must  however a l s o  be accessible . 
The pu rpose  o f  a  c o m p l e t e  s p e c i f i c a t i o n  i s  t o  p e r m i t  one t o  
answer  i n  a  c o s t - e f f e c t i v e  manner any  r e l e v a n t  q u e s t i o n  a b o u t  
t h e  o b j e c t  s p e c i f i e d .  Thus t o  a c h i e v e  g e n e r a l  c h a n g e a b i l i t y  
o f  a  program a s  a  whole  o n e  r e q u i r e s  a  structured 
specification t h a t  p e r m i t s  r e a d y  l o c a t i o n  o f  a l l  p a r t s  o f  a  
program r e q u i r i n g  m o d i f i c a t i o n  s o  a s  t o  be  a b l e  t o  implement  
a  r e q u i r e d  change  w i t h o u t  any  s i d e  e f f e c t s .  

A t r u e  and  c o m p l e t e  method f o r  d e v e l o p i n g  and  documen t ing  
s t r u c t u r e d  s p e c i f i c a t i o n s  d o e s  n o t  y e t  e x i s t .  But t h e  
t e c h n i q u e s  o f  s u c c e s s i v e  r e f i n e m e n t  [WIR71] r e p r e s e n t  a  
s i g n i f i c a n t  s t e p  t o w a r d s  i t s  e v o l u t i o n .  Any s u c h  methodology 
w i l l  p r o v i d e  a n  implicit r e c o r d  o f  t h e  i n t e r n a l  c o n n e c t i o n s  
i n  a  program. I n t e r a c t i o n s  be tween  two p a r t s  o f  a  program 
c a n  a r i s e  o n l y  i f  t h e r e  e x i s t s  a n  explicit program o b j e c t ,  
d a t a ,  t a b l e ,  c o n t r o l  v a r i a b l e ,  l a b e l ,  q u e u e ,  and  s o  o n ,  t h a t  
a c t s  a s  a  communica t ion  l i n k  be tween them. T h e r e f o r e  a  
concordance e x p l i c i t l y  l i s t i n g  a l l  o c c u r r e n c e s  o f  a l l  o b j e c t s  
r e p r e s e n t s  a n  i m p o r t a n t  t o o l  t o  a i d  i n  t h e  ach ievemen t  o f  
f u l l  change  c o n t r o l  [LEH69] p a r t i c u l a r l y  i f  i t  i s  p r o v i d e d  
w i t h  d a t a  f o r  e a c h  l e v e l  o f  r e f i n e m e n t  and  a  mechanism f o r  
i n q u i r y  and  s e a r c h .  
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Once t h e  i n e v i t a b i l i t y  o f  c o n t i n u i n g  c h a n g e  i s  a c c e p t e d  a 
f u r t h e r  i m p l i c a t i o n  f o l l o w s .  F i n a n c i a l  management  o f  t h e  
p r o c e s s  m u s t  be b a s e d  o n  life-cycle costs. O p p o r t u n i t i e s  f o r  
t r a d e  o f f s  b e t w e e n  t h e  v a r i o u s  s t a g e s  o f  t h e  p r o c e s s  w i l l  
a l w a y s  e x i s t .  I t  w i l l  a l w a y s  be  t e m p t i n g  f o r  t h e  l o w  l e v e l  
m a n a g e r  t o  c u t  c o r n e r s ,  s a v i n g  t i m e  o r  r e s o u r c e s  t o  a c h i e v e  
i m m e d i a t e  r e s u l t s .  S u b s e q u e n t  p e n a l t i e s  a r e  o v e r l o o k e d  o r  
i g n o r e d  i n  f a v o u r  o f  more  i m m e d i a t e  b e n e f i t  b u t  may be c o s t l y  
i n  t e r m s  o f  p r o d u c t  a d a p t a b i l i t y ,  p r o j e c t  c o s t s  a n d  t h e  
a c h i e v e m e n t  o f  o r g a n i s a t i o n a l  g o a l s  a n d  p r o f i t a b i l i t y  
t a r g e t s .  Only  t r u e  life-cycle management c a n  h o p e  t o  a v o i d  
t h i s ,  a n d  s o f t w a r e  l i f e - c y c l e  management  t e c h n i q u e s  [SLC77] 
a r e  e s s e n t i a l  t o  s u c c e s s f u l  l o n g  t e r m  s o f t w a r e  e f f e c t i v e n e s s .  

2 .5  A d d i t i o n a l  n o t e  

One m i g h t  o f  c o u r s e  comment t h a t  t h i s  p r o p e r t y  o f  c o n t i n u i n g  
e v o l u t i o n  i s  n o t  p e c u l i a r  t o  s o f t w a r e  s y s t e m s .  A 1  1 
a r t i f i c i a l  s y s t e m s  [SIM69] m u s t ,  l i k e  b i o l o g i c a l  s y s t e m s ,  
u n d e r g o  a d a p t i v e  e v o l u t i o n  o r  g r a d u a l l y  become o b s o l e s c e n t .  
B u t  s o f t w a r e  s y s t e m s  d o  s o  m o r e  r a p i d l y  i n  g e n e r a l  a n d  w i t h  
m o r e  m a r k e d  c o n s e q u e n c e s .  

The r e a s o n s  f o r  t h i s  h a v e  b e e n  d i s c u s s e d  e l s e w h e r e  [LEH77c] 
i n  d e t a i l .  H e r e  we m e r e l y  n o t e  t h a t  t h e  i n t e l l e c t u a l  e f f o r t  
r e q u i r e d  t o  d e s i g n  a n d  p l a n  a c h a n g e  i s  o f t e n  n o t  r a t e d  v e r y  
h i g h l y .  Nor a r e  t h e  s u c c e s s i v e  c o s t s  w h i c h  a r e  i n c u r r e d  f r o m  
i n c e p t i o n  t o  f i na l ,  c o r r e c t ,  i m p l e m e n t a t i o n  t o t a l l y  
a t t r i b u t e d  t o  t h e  c h a n g e  w h i c h  c a u s e d  them. Thus  t h e  
a p p a r e n t  e a s e  w i t h  w h i c h  a  c h a n g e  may be  i n i t i a t e d ,  
i m p l e m n t e d  i n  o n e  i n s t a n c e  o f  a  p r o g r a m  a n d  t h e n  a p p a r e n t l y  
w i t h  e a s e  e x t e n d e d  t o  a l l  o t h e r  i n s t a n c e s ,  l e a d s  t o  t h e  
s i t u a t i o n  i n  w h i c h  c h a n g e  i s  s u p e r i m p o s e d  upon  c h a n g e  t o  
y i e l d  a n  e v e r  m o r e  s t r a t i f i e d  a n d  c o m p l e x  s y s t e m .  

T h a t  i s ,  o f  c o u r s e ,  i n  s t r o n g  c o n t r a s t  t o  p h y s i c a l  s y s t e m s  i n  
w h i c h  c h a n g e s  a r e  i m p l e m e n t e d  v i a  a r e - d e s i g n  p r o c e s s  i n  t h e  
c r e a t i o n  o f  new i n s t a n c e s  o f  s u c c e s s i v e  g e n e r a t i o n s .  T h u s  
t h e  p r o b l e m  o f  m a n a g i n g  c h a n g e  n e e d s  p e r h a p s  m o r e  c a r e f u l  a n d  
i m m e d i a t e  a t t e n t i o n  i n  t h e  s o f t w a r e  f i e l d  t h a n  i s  r e q u i r e d  i n  
o t h e r  a r e a s  o f  human e n t e r p r i s e .  The e x p e r i e n c e s  o f  t h e  l a s t  
two d e c a d e s  amply  s u p p o r t s  t h i s  v i e w .  
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3 The Second Law 

3 . I  S t a t e m e n t  - l aw o f  i n c r e a s i n g  c o m p l e x i t y  

As a  large  program i s  con t i nuous l y  changed, i t s  comp lex i t y ,  
uh i ch  r e f l e c t s  d e t e r i o r a t i n g  s t r u c t u r e ,  i nc rease s  u n l e s s  work 
is done t o  maintain or  reduce i t .  

3 . 2  Complexi ty  

The c o n c e p t s  o f  s t r u c t u r e ,  c o m p l e x i t y  a n d  e n t r o p y  a r e  c l o s e l y  
r e l a t e d  a n d ,  i n  t h e  c o n t e x t  o f  s o f t w a r e  e n g i n e e r i n g ,  a l l  
i m p r e c i s e l y  d e f i n e d .  The re  do n o t ,  i n  f a c t ,  e x i s t  g e n e r a l l y  
a c c e p t e d  d e f i n i t i o n s  a n d  m e a s u r e s  s u c h  t h a t  o n e  may, f o r  
e xamp le ,  s t a t e  t h e  c o m p l e x i t y  o f  2 program a b s o l u t e l y ,  
r e l a t i v e  t o  a n  e a r l i e r  v e r s i o n  o f  i t s e l f  o r  r e l a t i v e  t o  
a n o t h e r  program.  

W i t h i n  t h e  c o n t e x t  o f  Computer  S c i e n c e  t h e  t e r m  complex i ty  
( o f  a n  a l g o r i t h m  o r  p rog ram)  h a s  b e e n  u s e d  w i t h  r e f e r e n c e  t o  
t h e  number o f  s t e p s  r e q u i r e d  f o r  a c o m p u t a t i o n  [RAB77]. 
C o m p u t a t i o n a l  c o m p l e x i t y  u n d o u b t e d l y  h a s  a r e l a t i o n s h i p  t o  
t h e  c o m p l e x i t y  c o n c e r n s  o f  t h e  s o f t w a r e  e n g i n e e r .  B u t  i t  
d o e s  n o t  a d e q u a t e l y  r e f l e c t  a l l  o f  t h e  a t t r i b u t e s  o f  a  
program t h a t  c o n t r i b u t e  t o  t h e  d i f f i c u l t y  o f  w o r k i n g  o n  a n d  
w i t h  a  program s o  a s  t o  a c h i e v e  r e q u i r e d  o p e r a t i o n a l  
c h a r a c t e r i s t i c s .  F o r  e x a m p l e ,  m e a s u r e s  of  c o m p l e x i t y  o f  
c o m p u t a t i o n  w e i g h t  t h e  c o n t r i b u t i o n  o f  a  l o o p e d  o r  r e c u r s i v e  
p r o c e d u r e  a c c o r d i n g  t o  t h e  number of  s t e p s  i n  t h e  p r o c e d u r e  
a n d  t h e  number o f  t i m e s  i t  i s  e x e c u t e d .  But  f r om t h e  p o i n t  
o f  v iew o f  t h e  e n g i n e e r  i t s  c o m p l e x i t y  r e l a t e s  t o  t h e  
s e m a n t i c s  o f  t h e  l o o p ,  i t s  i n p u t / o u t p u t  r e l a t i o n s h i p ( s ) .  
Once i t  o r  t h e y  a r e  u n d e r s t o o d  c o m p l e t e l y  t h e  number o f  
t r a v e r s a l s  i s ,  i n  g e n e r a l ,  l a r g e l y  i r r e l e v a n t .  What i s  t h e n  
i m p o r t a n t  i s  t h e  s t a t i c  and  dynamic  r e l a t i o n s h i p  of e a c h  
p r o c e d u r e  t o  t h e  r e m a i n d e r  of  t h e  program.  

I n  o t h e r  w o r d s ,  f r o m  t h e  e n g i n e e r i n g  p o i n t  o f  v i ew  c o m p l e x i t y  
r e l a t e s  s t r o n g l y  t o  t h e  mac ro  a n d  m i c r o  s t r u c t u r e s  o f  a  
program. The programmer a n d  t h e  u s e r  m u s t  be  a b l e  t o  
v i s u a l i s e  a n d  u n d e r s t a n d  t h e  l i n k a g e s  be tween  t h e  v a r i o u s  
p a r t s  o f  t h e  program a n d  o f  i t s  code .  F u n c t i o n a l  c o n n e c t i o n s  
w i l l  e x i s t  t h a t  r e p r e s e n t ,  o r  ( d u r i n g  e x e c u t i o n )  c a u s e ,  
i n t e r a c t i o n s  b e t w e e n  v a r i o u s  a s p e c t s  o f  t h e  e n t i t y  o r  p r o c e s s  
b e i n g  m o d e l l e d  o r  c o n t r o l l e d .  T h e r e  w i l l  be r e l a t i o n s h i p s  
t h a t  a r i s e  f r om programming c o n v e n i e n c e  o r  a  d e s i r e  f o r  
economy. C a l l s  f o r  t h e  e x e c u t i o n  o f  a  c o i n c i d e n t a l l y  
( a l m o s t )  i d e n t i c a l  s u b- s e q u e n c e  f rom d i f f e r e n t  p r o c e d u r e s ,  o r  
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r e p e a t e d  u s e  o f  t h e  same name f o r  d i f f e r e n t  s e m a n t i c  
p u r p o s e s ,  r e p r e s e n t  examples  of  s t r u c t u r a l  d e g r a d a t i o n  t h a t  
i n c r e a s e  t h e  d i f f i c u l t y  o f  u n d e r s t a n d i n g  a  program. Yet 
c o m p u t a t i o n a l  c o m p l e x i t y  c o n c e p t s  do n o t  i n v o l v e  t h e s e  o r  
s i m i l a r  sys t em s t r u c t u r a l  a s p e c t s  a t  a l l .  

The above  d i s c u s s i o n  s u g g e s t s  t h a t  i n  a  s o f t w a r e  e n g i n e e r i n g  
c o n t e x t  t h e  te rm c o m p l e x i t y  i s  u s e d  t o  e x p r e s s  t h e  d e g r e e  t o  
which  a  program i s  i n t e l l i g i b l e .  It r e f l e c t s  t h e  e f f o r t  
r e q u i r e d  t o  deduce  i t s  t r a n s f e r  f u n c t i o n ,  t h e  t o t a l i t y  o f  t h e  
c o n s e q u e n c e s  o f  i t s  b e i n g  e x e c u t e d  unde r  any  one  of  a l l  
p o s s i b l e  e n v i r o n m e n t a l  c i r c u m s t a n c e s .  And w e  c l a i m  t h a t  t h i s  
e f f o r t  d e p e n d s  p r i m a r i l y ,  though n o t  e x c l u s i v e l y ,  o n  t h e  
e x t e n t  and  p a t t e r n  o f  program i n t e r c o n e n c t i v i t y  ; o n  program 
s t r u c t u r e .  

With t h i s  v i e w- p o i n t  we may make a  number of  g e n e r a l  
o b s e r v a t i o n s  a s  f o l l o w s :  

* Program c o m p l e x i t y  i s  relative. An a b s o l u t e  measu re  o f  
u n d e r s t a n d a b i l i t y  c a n n o t  be f o r m u l a t e d .  

* Program c o m p l e x i t y  i s  r e l a t i v e  t o  a level of perception. 
A program may be s t u d i e d  a t ,  s a y ,  f u n c t i o n a l ,  subsys t em,  
component,  module  and  i n s t r u c t i o n  l e v e l s .  The t o p o l o g y  
o r  p a t t e r n  o f  i n t e r c o n n e c t i o n s  a t  e a c h  l e v e l  w i l l  be 
l a r g e l y  fo rmed  f rom a  s u b s e t  o f  t h e  i n t e r c o n n e c t i o n s  a t  
t h e  n e x t  l o w e r  l e v e l .  Each w i l l  be a r e p r e s e n t a t i o n  o f  
sys t em c o m p l e x i t y .  Which o n e  i s  s e l e c t e d  w i l l  depend o n  
t h e  o b j e c t i v e  o f  t h e  s t u d y .  

* Program c o m p l e x i t y  i s  r e l a t i v e  t o  prior knowledge a b o u t  
t h e  pragram and i t s  use .  I n  p a r t i c u l a r  we may 
d i s t i n g u i s h  be tween  t h e  internal, intrinsic and external 
c o m p l e x i t y  of  a program. The fo rmer  we d e f i n e  a s  t h a t  
which  r e f l e c t s  o n l y  t h e  s t r u c t u r a l  a t t r i b u t e s  o f  t h e  
code .  I t  e x p r e s s e s  i n v e r s e l y  t h e  r e l a t i v e  e a s e  w i t h  
which  a  program may, w i t h o u t  p r i o r  knowledge,  be 
u n d e r s t o o d  d i r e c t l y  from t h e  o b j e c t  t e x t .  A f o r m a l  
d e f i n i t i o n  would  add  t h e  a s s u m p t i o n  t h a t  comprehens ion  
o f  t h e  s e m a n t i c  i n t e n t  o f  i n d i v i d u a l  s t a t e m e n t s  r e q u i r e s  
no e f f o r t .  

For  a  w e l l  s t r u c t u r e d  program t h e  i n t e r n a l  c o m p l e x i t y  
w i l l  b e  r e l a t e d  t o  a n  intrinsic c o m p l e x i t y  t h a t  r e f l e c t s  
t h e  v a r i e t y ,  e x t e n t  and  i n t e r c o n n e c t e d n e s s  o f  t h e  
v a r i o u s  a s p e c t s  o f  t h e  a p p l i c a t i o n ;  a l l  p a r t s  o f  t h e  
problem a d d r e s s e d  by t h e  program.  
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E x t e r n a l  c o m p l e x i t y  i s  s e e n  a s  a n  i n v e r s e  measu re  of  t h e  
e a s e  w i t h  which  a  program t e x t  may be u n d e r s t o o d  when 
r e a d  i n  c o n j u n c t i o n  w i t h  i t s  documen ta t ion .  I n  t h e  
l i m i t  i t  would  measu re  t h e  d i f f i c u l t y  o f  u n d e r s t a n d i n g  
t h e  code  when a c c e s s i b l e ,  comple t e  and  c o n s i s t e n t  
d o c u m e n t a t i o n  t h a t  d e s c r i b e s  t h e  i n t e n t  o f  i n d i v i d u a l  
code  s e c t i o n s  and t h e i r  j o i n t  a c t i o n  i n  unambiguous 
t e r m s ,  i s  r e a d i l y  a v a i l a b l e .  E x t e r n a l  c o m p l e x i t y  r e a l l y  
m e a s u r e s  t h e  remnant  d i f f i c u l t y  o f  u n d e r s t a n d i n g  when 
t h e  program and  i t s  d o c u m e n t a t i o n  a r e  r e a d  and  a b s o r b e d  
s e q u e n t i a l l y .  With w e l l  s t r u c t u r e d  d o c u m e n t a t i o n ,  
however ,  t h e  e x t e r n a l  c o m p l e x i t y  measu re  a t  o n e  l e v e l  i s  
l i k e l y  t o  be c l o s e l y  r e l a t e d  t o  t h e  i n t e r n a l  c o m p l e x i t y  
a t  a  ( t h e  n e x t )  h i g h e r  l e v e l .  

3.3 E x p l a n a t i o n  

On t h e  b a s i s  o f  t h i s  somewhat e x t e n s i v e  d e f i n i t i o n  we may now 
e x p l a i n  t h e  s econd  l aw  wh ich  i s  s e e n  a s  a n  a n a l o g u e ,  i f  n o t  
a n  i n s t a n c e ,  o f  t h e  second l aw  of thermodynamics .  

When a  sys t em change ,  a  r e p a i r ,  a  pe r fo rmance  improvement o r  
a  f u n c t i o n a l  enhancement  i s  p l a n n e d  and a u t h o r i s e d ,  t h e  
i n s t r u c t i o n s  t o  t h e  i m p l e m e n t o r s  w i l l  i n c l u d e  q u a l i f i c a t i o n s  
t h a t  a d d r e s s  o b j e c t i v e s  o t h e r  t h a n  t h e  raw f u n c t i o n a l  
r e q u i r e m e n t s .  The d i r e c t i v e s  c o u l d  r e q u i r e  t h e  work t o  be 
a c h i e v e d  a t  minimum c o s t ,  by a  c e r t a i n  d a t e ,  w i t h  minimum 
pe r fo rmance  d e g r a d a t i o n ,  maximum pe r fo rmance  g a i n ,  minimal  
use  of a d d i t i o n a l  r e s o u r c e s  d u r i n g  e x e c u t i o n ,  o r  some 
c o m b i n a t i o n  of  t h e s e  f a c t o r s .  

The one d i r e c t i v e  r a r e l y ,  i f  e v e r ,  i n c l u d e d  i s  one  r e q u i r i n g  
m i n i m i s a t i o n  o f  s t r u c t u r a l  d e g r a d a t i o n  o r  e v e n  j u s t  i t s  
r e s t r i c t i o n  t o  a  s p e c i f i e d  amount. The l a t t e r  c a n  i n  f a c t  
n o t  be done s i n c e  m e a s u r e s  o f  s t r u c t u r e  do n o t  e x i s t .  But  
why s h o u l d  t h e  f o r m e r  be s o  r a r e ?  The u l t i m a t e  p r u p o s e  of  
a l l  s o f t w a r e  change  i s  economic  g a i n ,  g a i n  t h a t  c a n  be  
a s s e s s e d  o n  cornpZetion of t h e  change i n  t e r m s  o f  i n c r e a s e d  
c o s t - e f f e c t i v e n e s s .  The v a l u e  o f  good s t r u c t u r e  i s ,  however,  
l ong- te rm.  It i s  a n  a n t i - r e g r e s s i v e  p r o p e r t y  [LEH74] whose 
b e n e f i t s  a r e  a p p a r e n t  o n l y  i n  a  n e g a t i v e  s e n s e ,  i n  t h a t  t h e  
sys t em d o e s  no t  d e t e r i o r a t e ,  o r  t h a t  t h e r e  i s  a c o m p a r a t i v e  
absence o f  p rob lems  when t h e  sys t em i s  changed.  A s  a l o n g-  
term i n v e s t m e n t ,  s t r u c t u r a l  m a i n t e n a n c e  d o e s  n o t ,  and c a n n o t ,  
f i g u r e  v e r y  h i g h  o n  t h e  p r i o r i t y  l i s t  o f  t h e  l i n e  o r  p r o j e c t  
manager r e s p o n s i b l e  f o r  some s p e c i f i c  i m p l e m e n t a t i o n  w i t h i n  
sys t em e v o l u t i o n .  Hence i t  t e n d s  t o  be  f o r g o t t e n  o r  i g n o r e d  
u n t i l  i t  c a n  no l o n g e r  be o v e r l o o k e d .  
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Only o c c a s i o n a l l y  when d e c a y  h a s  r e a c h e d  t h e  p o i n t  w h e r e  l a c k  
o f  s t r u c t u r e  m a k e s  f u r t h e r  m a i n t e n a n c e  d i f f i c u l t ,  c o s t l y  a n d  
u n r e s p o n s i v e ,  w i l l  s o - c a l l e d  s y s t e m  c l e a n - u p  be  i n i t i a t e d  t o  
r e s t o r e  s y s t e m  m a i n t a i n a b i l i t y .  D u r i n g  o t h e r  c h a n g e s ,  
e s p e c i a l l y  t h o s e  t h a t  i m p l e m e n t  f e a t u r e s  n o t  c o n s i d e r e d  when 
t h e  b a s i c  d e s i n g  w a s  l a i d  down, s t r u c t u r e  w i l l  i n e v i t a b l y  
d e t e r i o r a t e ,  a n d  t h e  s y s t e m  w i l l  d e c a y .  

O t h e r  e f f e c t s  a r e  a l s o  p r e s e n t .  I n  a n y  e n h a n c e m e n t  p r o c e s s  
t h e  l a r g e r  o r  m o r e  r e v o l u t i o n a r y  c h a n g e s  w i l l  be d e l a y e d .  
O f  t e n  t h e  n e e d  f o r  them w i l l  a r i s e  o n l y  l a t e  i n  t h e  l i f e  o f  
t h e  s y s t e m  a n d  when m o r e  s u b t l e  c h a n g e s  h a v e  t a k e n  p l a c e  i n  
t h e  e n v i r o n m e n t .  The l i k l i h o o d  t h a t  a  d e s i r e d  c h a n g e  m a t c h e s  
s y s t e m  s t r u c t u r e  n a t u r a l l y  o r  c a n  be  d e s i g n e d  t o  f i t  i t  
w i t h o u t  s e r i o u s  d e g r a d a t i o n ,  d e c r e a s e s  w i t h  s y s t e m  a g e .  T h i s  
e f f e c t  i s  f u r t h e r  a g g r a v a t e d  by t h e  s u p e r i m p o s i t i o n  o f  
c h a n g e s  o n  o n e  a n o t h e r .  The n e t  r e s u l t  i s  r e f l e c t e d  i n  t h e  
s e c o n d  l a w .  

3 . 4  C o n s e q u e n c e  

The d i r e c t  c o n s e q u e n c e  o f  t h e  l a w  is  a  c o n t i n u o u s  i n c r e a s e  i n  
t h e  d i f f i c u l t y  o f  m a i n t e n a n c e  a n d  e n h a n c e m e n t  ; a s e q u e n c e  
t h a t  i s  b r o k e n  o n l y  by s p e c i f i c  a c t i o n  t o  r e s t r u c t u r e .  The 
c o s t  a n d  t i m e  p e r  u n i t  o f  w o r k ,  t h e  number o f  r e m n a n t  f a u l t s ,  
a l l  i n c r e a s e .  M e a s u r e s  o f  a t t r i b u t e s  s u c h  a s  p e r f o r m a n c e  a n d  
q u a l i t y  a r e  l i k e l y  t o  d e t e r i o r a t e .  Management may,  o f  c o u r s e  
be a b l e  t o  c o u n t e r a c t  a n d  a v o i d  d e t e r i o r a t i o n  t h r o u g h  t h e  
a p p l i c a t i o n  o f  a d d i t i o n a l  r e s o u r c e s ,  b u t  c o s t  a n d  t i m e  o v e r-  
r u n s  w i l l  i n e v i t a b l y  r e s u l t  [BR075]. 

S o o n e r  o r  l a t e r  t h e  r e c t i f i c a t i o n  o f  t h e  p r o b l e m  w i l l  r e q u i r e  
s t r u c t u r a l  r e s t o r a t i o n  t h r o u g h  r e - d e s i g n  o f  a t  l e a s t  t h e  
w o r s t  c o m p o n e n t s  o r  t h r o u g h  r e c r e a t i o n  o f  t h e  e n t i r e  s y s t e m .  
I n  e i t h e r  e v e n t  f u r t h e r  s y s t e m  e v o l u t i o n  w i l l  be d e l a y e d  
w h i l e  t h e  s t r u c t u r e  o r i e n t e d  w o r k  i s  u n d e r t a k e n .  And t h i s  
work  m u s t  a d d r e s s  b o t h  t h e  c o d e  a n d  i t s  d o c u m e n t a t i o n .  The 
s e c o n d  l a w  a p p l i e s  t o  b o t h  i n  e q u a l  m e a s u r e .  

3 . 5  R u l e s ,  t o o l s  a n d  t e c h n i c a l  c o n s e q u e n c e s  

The r u l e s  t h a t  f o l l o w  f r o m  t h e  s e c o n d  l a w  m u s t  now be self 
e v i d e n t .  It i s  n o t  s u f f i c i e n t  t o  c r e a t e  a  p rogram u s i n g  t h e  
t e c h n i q u e s  o f  s t r u c t u r e d  programming .  S t r u c t u r e  must n o t  
o n l y  be c r e a t e d  bu t  most a l s o  be main ta ined .  

It d o e s ,  h o w e v e r ,  r e m a i n  a  m a t t e r  o f  managemnt c h o i c e  w h e t h e r  
t o  f o l l o w  a  s t r a t e g y  o f  c o n t i n u o u s  o r  d i s c r e t e  s t r u c t u r a l  
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ma in t enance .  Tha t  i s ,  one  c o u l d  demand t h a t  e a c h  and e v e r y  
change  t o  t h e  sys t em must  be s o  d e s i g n e d  t h a t  no s t r u c t u r a l  
d e t e r i o r a t i o n  r e s u l t s .  Where t h i s  i s  i m p o s s i b l e  some o t h e r  
a d d i t i o n a l  change  would be d e s i r a b l e  j u s t  t o  improve  t h e  
S t r u c t u r e  i n  some r e s p e c t  such  t h a t  t h e  n e t  change  i s  z e r o  o r  
e v e n  p o s i t i v e .  Such a s t r a t e g y  c o u l d  p e r h a p s  be  v i a b l e  b u t  
w i l l  c e r t i a n l y  be d i f f i c u l t  t o  p l a n  and  c o n t r o l  unde r  
economic  and  u s e r  p r e s s u r e s  and  w h i l e  s t r u c t u r e  i s  n e i t h e r  
w e l l - d e f i n e d  no r  a d e q u a t e l y  and r e a d i l y  m e a s u r e a b l e .  

A l t e r n a t i v e l y  o n e  may i g n o r e  t h e  s t r u c t u r a l  c o n s e q u e n c e s  of 
i n d i v i d u a l  c h a n g e s  and  p l a n  f o r  o r  a c c e p t  t h e  n e c e s s i t y  f o r  
p e r i o d i c  r e s t r u c t u r i n g .  The l a t t e r  w i l l  t h e n  r e p r e s e n t  a  
t i m e  d u r i n g  wh ich  p r o g r e s s  and  e v e n  r e s p o n s e  t o  u r g e n t  u s e r  
n e e d s  w i l l  be d i f f i c u l t  and  c o s t l y .  

It i s  n o t  p o s s i b l e  t o  d e m o n s t r a t e  t h a t  e i t h e r  o f  t h e s e  two 
s t r a t e g i e s  i s  i n  g e n e r a l  t o  be p r e f e r r e d  f rom t h e  economic  o r  
t h e  t e c h n i c a l  p o i n t  o f  v i ew .  We n o t e ,  however,  t h a t  
i r r e s p e c t i v e  o f  t h e  s t r a t e g y  o r  c o m b i n a t i o n  o f  s t r a t e g i e s  
f o l l o w e d ,  t h e  n e t  p r o p o r t i o n  o f  r e s o u r c e s  n e e d i n g  t o  be 
a p p l i e d  t o  s t r u c t u r a l  m a i n t e n a n c e  i n c r e a s e s  w i t h  t ime  
[LEH74]. Thus i t  l e a d s  i n e v i t a b l y  t o  a  l i m i t a t i o n  o f  sys t em 
s i z e  and  a  need  f o r  t o t a l  sy s t em r e c r e a t i o n .  It a l s o  
p r o v i d e s  one  more r e a s o n  f o r  e m p h a s i s i n g  t h e  need f o r  l i f e  
c y c l e  o r i e n t e d  m a i n t e n a n c e .  

The o b s e r v a t i o n s  and  mode l s  o f  e v o l u t i o n  dynamics  [BEL77al 
p r o v i d e  a  t o o l  f o r  t h e  m o n i t o r i n g  o f  c o m p l e x i t y  t h a t  c a n  a c t  
a s  a  g u i d e l i n e  f o r  t h e  p l a n n e r .  Measures  t h a t  h a v e  been  
d e r i v e d  and  o t h e r s  t h a t  a r e  u n d e r  i n v e s t i g a t i o n  c a n  be u sed  
a s  i n d i c a t o r s  o f  c o m p l e x i t y  g rowth  [ L M 7 7 a ] .  They d e f i n e  
p l a n n i n g  o b j e c t i v e s  and  c a n  assess t h e  d e g r e e  t o  which  a  
p r e p a r e d  p l a n  con fo rms  o r  t r a n s g r e s s e s  c o m p l e x i t y  l i m i t s .  

4  The T h i r d  Law 

4.1 S t a t e m e n t  - law o f  s t a t i s t i c a l l y  r e g u l a r  g rowth  

Measures of global project and system attributes are 
cycZicaZZy self-regulating with staisticaZZy determinable 
trends and invariances. 

4.2 E x p l a n a t i o n  

It i s  o f  c o u r s e  t h i s  l a w  wh ich ,  w i t h o u t  t h e  b e n e f i t  o f  
h i n d s i g h t ,  i s  s o  u n e x p e c t e d  ; p e r h a p s  even  u n r e a s o n a b l e .  
A f t e r  a l l ,  t h e  power t o  t a k e  d e c i s i o n s  t h a t  d e t e r m i n e  t h e  
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c o u r s e  o f  t h e  p r o j e c t ,  t h e  c o n t e n t  and  f r e q u e n c y  of new 
r e l e a s e s ,  t h e  s e q u e n c e  i n  which  r e p a i r s ,  c h a n g e s  and 
a d d i t i o n s  a r e  made, t h e  r a t e  a t  which  t h e y  a r e  t o  be under-  
t a k e n ,  t h e  r e s o u r c e s  a p p l i e d  t o  sys t em m a i n t e n a n c e  and g rowth  
a r e  a l l  s u b j e c t  t o  management p l a n n i n g  a n d  c o n t r o l ,  a l b e i t  
w i t h  some dependency o n  o n e  a n o t h e r  a n d  o n  e x t e r n a l  f a c o t r s .  

A l l  t h i s  i s  t r u e .  Yet  measurement  o f  more t h a n  s i x  l a r g e  
programs o f  d i f f e r e n t  t y p e s ,  t r e a t e d  a n d  m a i n t a i n e d  by q u i t e  
d i f f e r e n t  o r g a n i s a t i o n s  r e v e a l ,  i n  g e n e r a l ,  t h e  same p a t t e r n  
of b e h a v i o u r .  Well d e f i n e d  l o n g  r a n g e  t r e n d s  o f  v a r i o u s  
p a r a m e t e r s ,  r e g u l a r  c y c l i c  v a r i a t i o n s  a b o u t  t h e  t r e n d  l i n e  
and c e r t a i n  i n v a r i a n c e s  c a n  be c l e a r l y  i d e n t i f i e d  and  
d e t e r m i n e d .  Much o f  t h e  d a t a  h a s  been  d i s c u s s e d  e l s e w h e r e  
( e g ,  Ch 19, t h i s  book) .  Thus h e r e  w e  o n l y  r e f e r  t o  t h e  
o b s e r v a t i o n s  i n  a g e n e r a l  way. 

The c h a r a c t e r i s t i c s  o f  t h e  d a t a  h a v e  d i r e c t l y  l e d  u s  t o  
p o s t u l a t e  t h e  t h i r d  law. I n  a d d i t i o n  t h e  d a t a  p r o v i d e s  
q u a l i t a t i v e  and  q u a n t i t a t i v e  s u p p o r t  f o r  t h e  o t h e r  laws. 
Each o f  t h e  s y s t e m s  o b s e r v e d  h a s  grown, and  t h e r e f o r e  changed 
s i g n i f i c a n t l y ,  i n  a  f a s h i o n  t o t a l l y  c o n s i s t e n t  w i t h  t h e  f i r s t  
law and  t h e  c o n c e p t s  o u t l i n e d .  Con t inuous  change  a s  a s s e r t e d  
by t h e  f i r s t  law h a s  o c c u r r e d  i n  a l l  t h e  s y s t e m s  o b s e r v e d ,  
d e s p i t e  m a j o r  d i f f e r e n c e s  i n  e n v i r o n m e n t a l  c i r c u m s t a n c e s  a n d  
t h e  p e r i o d  o f  i t s  l i f e  c y c l e  o v e r  which  e a c h  s y s t e m  was 
o b s e r v e d .  I t  h a s  a l s o  proven p o s s i b l e  t o  i d e n t i f l  a n d  
e v a l u a t e  a n  a p p r o x i m a t e  c o m p l e x i t y  measure .  The f r a c t i o n  of  
modules  changed  o r  h a n d l e d  i n  e a c h  r e l e a s e  i s  s e e n  a s  a n  
i n d i c a t i o n  o f  sys t em i n t e r c o n n e c t i v i t y ,  a c o m p l e x i t y  measure .  
For  t h r e e  o f  t h e  s y s t e m s  t h e  a v a i l a b l e  d a t a  c l e a r l y  s u p p o r t e d  
t h e  s econd  l aw .  It showed a  dominant  t r e n d  o f  i n c r e a s i n g  
c o m p l e x i t y  t hough  w i t h  a s t r o n g  two t o  t h r e e  r e l e a s e - c y c l e  
p e r i o d  a s  i n  F i g u r e  1 .  The same measu re  a p p l i e d  t o  a f o u r t h  
sys t em s t r e n g t h e n e d  t h e  e a r l i e r  c o n c l u s i o n .  The a r c h i t e c t u r e  
of t h i s  s y s t e m  was s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  o f  t h e  
o t h e r  t h r e e , i n  a way t h a t  makes t h e  complexi  t y  m e a s u r r e  a s  
c o n c e i v e d  i r r e l e v a n t .  It i s  t h e r e f o r e  ( w i t h  h i n d s i g h t )  n o t  
s u r p r i s i n g  t h a t  f o r  t h i s  sys t em t h e  c o m p l e x i t y  measu re  d i d  
not, i n  f a c t ,  show a n  i n c r e a s i n g  t r e n d  [LEH77e]. On t h e  
c o n t r a r y  i t  y i e l d e d  a  c y c l i c  v a r i a t i o n  a r o u n d  a  c o n s t a n t  o r  
s l i g h t l y  d e c r e a s i n g  f r a c t i o n ,  a s  i n  F i g u r e  2 .  We now rea l i se  
t h a t  t h i s  i s  p r e c i s e l y  what  s h o u l d  h a v e  been  e x p e c t e d  w i t h  
t h i s  measu re  f o r  t h i s  a r c h i t e c t u r e .  Fo r  t h e  two r e m a i n i n g  
s y s t e m s  f o r  wh ich  d e t a i l e d  d a t a  i s  a v a i l a b l e ,  t h e  c o m p l e x i t y  
measu re  as  d e f i n e d  c o u l d  n o t  be e v a l u a t e d  and  no a l t e r n a t i v e  
measu re  h a s  y e t  been  f o r m u l a t e d .  
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System B 
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Figure 2 Inappropr ia te  a p p l i c a t i o n  of 
t he  complexity measure 

The f o u r t h  and f i f t h  law t o  be d iscussed  l a t e r  a r e  s i m i l a r l y  
supported by t h e  a v i a l a b l e  da ta .  We should i n  f a c t  s t r e s s  
t h a t  each of t h e  laws s o  f a r  formulated was first suggested 
by s tudy of t h e  a v a i l a b l e  da ta .  Only a f t e rwards  was each law 
g iven  a phenomenological i n t e r p r e t a t i o n  and seen  t o  be 
reasonable  i n  t h e  l i g h t  of our  growing understanding of t he  
programming process.  

4.3 I n t e r p r e t a t i o n  

The t h i r d  law i s  unexpected because i t  i s  coun te r- in tu i t i ve  
i n  terms of genera l  understanding of t h e  management process,  
and of  t h e  power of t he  i nd iv idua l  manager. But, once 
observed, i t  i s  e a s i l y  explained i n  terms of s eve ra l  
complementary phenomena. Using terms from o t h e r  a r e a s  of 
s c i ence ,  we i d e n t i f y  them as t h e  inertiaz, momentum and 
feedback e f f e c t s .  
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Space  d o e s  n o t  h e r e  p r e m i t  a  f u l l  e x p l a n a t i o n  a n d  we mus t  
r e s t r i c t  o u r s e l v e s  t o  a b r i e f  o u t l i n e .  

Inertial effect 

A s  a program i n c r e a s e s  i n  s i z e  i t s  c o m p l e x i t y  ( b y  t h e  s e c o n d  
l a w )  a n d  t h e  p r o b a b i l i t y  o f  e r r o r  a l s o  i n c r e a s e .  B u t  program 
c o d e  i s  u n f o r g i v i n g .  Any e r r o r  w i l l  c a u s e  i n c o r r e c t  
b e h a v i o u r  when e n c o u n t e r e d  i n  e x e c u t i o n  s i n c e  f o r  a g i v e n  s e t  
o f  e x e c u t i n g  mechanisms  t h e  program h a s  a  u n i q u e  
i n t e r p r e t a t i o n .  Moreover  b e c a u s e  o f  t h e  h i g h  r a t e  o f  
e x e c u t i o n ,  any e r r o r  i s  l i k e l y  t o  be e n c o u n t e r e d  s o o n e r  o r  
l a t e r .  They s h o u l d  t h e r e f o r e  b e  a v o i d e d ,  o r  e l i m i n a t e d  a s  
e a r l y  as p o s s i b l e  i n  t h e  change  p r o c e s s  [FAG76]. But  t h e  
i m p l i c a t i o n s  o f  any  c h a n g e  a r e  o f  t e n  w i d e s p r e a d  and  o f  t e n  
o b s c u r e .  Major  e f f r t  mus t  t h e r e f o r e  be e x e r t e d  a n d  a p p l i e d  
t o  a v o i d  o r  e l i m i n a t e  a l l  e r r o r  a n d  t o  imp lemen t  a n d  c o m p l e t e  
a change  i n  s u c h  a way t h a t  t h e  sy t em s e t t l e s  down o n c e  a g a i n  
t o  s a t i s f a c t o r y  b e h a v i o u r .  

Once a program e x c e e d s  some minimal s i z e  i t  t h e r e f o r e  r e a c t s  
t o  c h a n g e  l i k e  a n  i n e r t i a l  mass. It i m p o s e s  a  p a t t e r n  of 
b e h a v i o u r  t h a t  c a n  be  l o c a l l y  m o d i f i e d  b u t  t h a t  o f f e r s  g r e a t  
r e s i s t e n c e  t o  m a j o r  change .  We s u p p o s e  t h a t  i t  i s  t h i s  
i n e r t i a l  e f f e c t  o f  t h e  code  t h a t  makes a programming p r o j e c t  
behave  somewhat  more  l i k e  a  p r o c e s s  f o l l o w i n g  t h e  l a w s  of a 
n a t u r a l  s c i e n c e  t h a n  do  o t h e r  soc io- economic  s y s t e m s .  

The momentum effect 

A program t h a t  s a t i s f i e s  o u r  d e f i n i t i o n  o f  l a r g e n e s s  w i l l  be 
s u p p o r t e d  by a  s i g n i f i c a n t  o r g a n i s a t i o n  w i t h  a s u b s t a n t i a l  
b u d g e t .  Moreover  i t  w i l l  i t s e l f  p l a y  a m a j o r  r o l e  i n  t h e  
o r g a n i s a t i o n a l  p u r s u i t s  o f  i t s  u s e r s .  A l l  o f  t h e s e  t o g e t h e r  
c o n s t i t u t e  e conomic  a n d  s o c i o l o g i c a l  i n v e s t m e n t  a n d  a  
b e h a v i o u r a l  p a t t e r n  a n d  t r e n d  t h a t  c a n  g e n e r a l l y  be  changed  
o n l y  s l o w l y .  

I n  a d d i t i o n  a program i s  c h a n g e d  o n l y  t h r o u g h  t h e  a c t i o n s  o f  
p e o p l e .  The i d e n t i f i c a t i o n  of  p o t e n t i a l  f o r  c h a n g e ,  t h e  
management d e c i s i o n  p r o c e s s ,  t h e  d e s i g n  o f  c h a n g e ,  i t s  
i m p l e m e n t a t i o n ,  i n t e g r a t i o n  a n d  v e r i f i c a t i o n  are a l l  human 
a c t i v i t i e s .  A l l  e ngaged  i n  t h e s e  a c t i v i t i e s  f o r m  h a b i t s  a n d  
p r a c t i c e s  t h a t  s t r e n g t h e n  b o t h  t h e  i n e r t i a l  a n d  momentum 
componen t s  o f  p r o j e c t  a n d  program e v o l u t i o n .  
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The feedback e f f e c t  

Both t h e  i n e r t i a l  and  momentum e f f e c t s  p l a y  a s i g n i f i c a n t  
r o l e  i n  d e t e r m i n i n g  program e v o l u t i o n  dynamics .  B u t  i t  i s  
t h e  f e e d b a c k  e f f e c t  t h a t  i s  mos t  d i r e c t l y  o b s e r v a b l e  a n d  
g i v e s  e a c h  s y s t e m  i t s  c h a r a c t e r i s t i c  f e a t u r e s .  The 
management  a n d  i m p l e m e n t a t i o n  o f  change  i n  t h e  programming 
p r o c e s s  l e a d s  t o  a n  o r g a n i s a t i o n  a n d  a p r o c e s s  domina t ed  by 
f e e d b a c k .  I n  one  o r g a n i s a t i o n  t h a t  we a n a l y s e d  i n  some 
d e t a i l  we w e r e  a b l e  t o  i d e n t i f y  a t  f i r s t  g l a n c e  some t w e l v e  
m a j o r  f e e d b a c k  p a t h s  t h a t  m a i n t a i n e d  a n d  c o n t r o l l e d  t h e  
d i r e c t i o n  a n d  momentum o f  t h e  p r o c e s s .  

We s u p p o s e  t h a t  s u c h  f e e d b a c k  l o o p s  e x i s t  i n  any  l a r g e  
p r o j e c t .  The m a j o r i t y  a r e  n e g a t i v e  i n  t h a t  t h e y  t e n d  t o  
s t a b l i i s e  t h e  p r o c e s s ,  t o  imp lemen t  c h e c k s  a n d  b a l a n c e s .  A s  
a r e s u l t ,  t h e  m a i n  t e n d e n c y  i s  t o w a r d s  t h e  a p p e a r a n c e  a n d  
m a i n t e n a n c e  o f  s t a b l e  l o n g  r a n g e  t r e n d s ,  a s  i s  i n d i c a t e d ,  f o r  
e x a m p l e ,  by t h e  emergence  o f  i n v a r i a n c e s  as d i s c u s s e d  u n d e r  
t h e  f o u r t h  a n d  f i f t h  laws. Such s t a b i l i t y  i s ,  o f  c o u r s e ,  n o t  
s u r p r i s i n g .  Most l a r g e  p rog rams  a r e  owned a n d  managed by 
l a r g e  o r g a n i s a t i o n s .  By t h e i r  v e r y  n a t u r e  s u c h  o r g a n i s a t i o n s  
a r e  d e d i c a t e d  t o  s t a b i l i t y .  They w i l  i n e v i t a b l y  d e v e l o p  
c o n t r o l  p r o c e d u r e s  t h a t  g e n e r a t e  c o r r e c t i v e  a c t i o n  t o  e n s u r e  
l o n g  r a n g e  s t a b i l i t y  t h a t  h e l p s  a t t a i n m e n t  o f  c o r p o r a t e  
g o a l s .  

O t h e r  n e g a t i v e  f e e d b a c k  i n f l u e n c e s  a l s o  e x i s t .  Suppose  f o r  
e x a m p l e ,  t h a t  programmer p r o d u c t i v i t y  i s  i n c r e a s e d .  T h i s  
m i g h t  be a c h i e v e d  by t h e  u s e  o f  p rogramming t o o l s ;  t e r m i n a l s ,  
h i g h e r  l e v e l  l a n g u a g e s ,  o n - l i n e  program f i l e s  a n d  i m m e d i a t e  
e x e c u t i o n  f a c i l i t i e s ,  f o r  examp l e .  Each o f  t h e s e  w i l l  a p p e a r  
t o  make i t  e a s i e r  f o r  t h e  programmer t o  g e n e r a t e  code .  
U n f o r t u n a t e l y ,  u n l e s s  c a r e f u l l y  t r a i n e d  a n d  r i g o r o u s l y  
c o n t r o l l e d ,  t h i s  w i l l  t e n d  t o  c a u s e  t h e  programmer t o  t h i n k  
l e s s  a b o u t  t h e  p rog ram b e i n g  g e n e r a t e d ,  and  t o  u s e  t r i a l  a n d  
e r r o r  r a t h e r  t h a n  i n t e l l e c t u a l  e f f o r t .  The n e t  r e s u l t  w i l l  
be more c o d e ,  b u t  a l s o  more e r r o r s ,  l e s s  d o c u m e n t a t i o n  a n d  
l e s s  s t r u c t u r e .  And a l l  t h a t  i n  t u r n  w i l l  s l ow  down t h e  
i n t e g r a t i o n  a n d  v a l i d a t i o n  p r o c e s s  i n  t h e  f a c t o r y  o r  i n  t h e  
f i e l d .  T h a t  i s ,  t h e  n e t  c o n t r i b u t i o n  t o  o v e r a l l ,  l i f e - c y c l e  
p r o d u c t i v i t y  i s  l i k e l y  t o  be m i n i m a l  o r  z e r o .  Many o t h e r  
s u c h  e x a m p l e s  o f  s t a b i l i z i n g  f e e d b a c k  c o u l d  be c i t e d .  The 
o n e  mus t  s u f f i c e .  

But  a l l  i s  n o t  s t a b l e .  P o s i t i v e  f e e d b a c k l o o p s  a l s o  e x i s t .  
Change g e n e r a t e s  c h a n g e ,  i m p r o v e m e n t s  l e a d  t o  t h e  need  f o r  
more i m p r o v e m e n t s .  Poor  s t r u c t u r e  l e a d s  t o  o b s c u r e  code  
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which  i n  t u r n  l e a d s  t o  e v e n  p o o r e r  a d d i t i o n a l  c o d e .  T h i s  
e f f e c t ,  i f  o v e r l o o k e d  o r  l e f t  u n c o n t r o l l e d ,  c a n  l e a d  t o  a n  
e x p l o s i v e  s i t u a t i o n  t h a t  may u l t i m a t e l y  c a u s e  t h e  p r o j e c t  t o  
f a i l .  

4 . 4  R u l e s ,  t o o l s  a n d  t e c h n o l o g i e s  

The l a w  we h a v e  s t a t e d  s i m p l y  a s s e r t s  t h a t  c e r t a i n  r e g u l a r  
t r e n d s  e x i s t  i n  a  l a r g e  program p r o j e c t .  It i s  b a s e d  o n  
d e t a i l e d  s t u d y  o f  a  number o f  v e r y  d i f f e r e n t  s y s t e m s  s temming 
f rom w i d e l y  s e p a r a t e d  p o i n t s  i n  t h e  i m p l e m e n t a t i o n  
e n v i r o n m e n t  a n d  u s a g e  s p e c t r u m .  T h i s  l a t t e r  f a c t ,  i n  
c o n j u n c t i o n  w i t h  o u r  i n t e r p r e t a t i o n  o f  t h e  l a w  a s  e x p r e s s i n g  
n a t u r a l  p r o p e r t i e s  o f  t h e  i m p l e m e n t a t i o n  e n v i r o n m e n t  a s  a  
s e l f - s t a b i l i s i n g  f e e d b a c k  s y s t e m ,  l e a d s  t o  c e r t a i n  r u l e s  f o r  
s u c c e s s f u l  p r o j e c t  management .  These  i n c l u d e  r e c o g n i t i o n  o f  
t h e  f a c t  t h a t  t h e  t r e n d s  may be overcome t e m p o r a r i l y  by 
management  a c t i o n .  Once a p p r e c i a t e d  a n d  u n d e r s t o o d ,  t h e y  c a n  
p e r h p a s  a l s o  be  p e r m a n e n t l y  changed .  But  r e s p o n s i b l e  
management demands t h a t  t h e  p o s s i b l e  c o n s e q u e n c e s  o f  
d e v i a t i o n  f rom p r o c e s s  a n d  s y s t e m  t r e n d s  be c o n s i d e r e d  and  
a l l o w e d  f o r  i f  a  s u c c e s s f u l  p r o j e c t  i s  t o  be  a c h i e v e d  a n d  
m a i n t a i n e d .  

By a  s u c c e s s f u l  p r o j e c t  we mean one  t h a t  p r o d u c e s  t h e  
r e q u i r e d  p r o d u c t  w i t h  p r e d e t e r m i n e d  p r o p e r t i e s  by a p p l i c a t i o n  
o f  p r e d e t e r m i n e d  a n d  c o n t r o l l e d  r e s o u r c e s  a c c o r d i n g  t o  a  p r e -  
p l a n n e d  s c h e d u l e .  I n  o t h e r  w o r d s ,  a  s u c c e s s f u l  p r o j e c t  h a s  
two d i s t i n c t  p h a s e s  o r  a  s e q u e n c e ,  p o s s i b l y  o v e r l a p p i n g ,  o f  
s u c h  p h a s e s .  The f i r s t  p h a s e  i s  t h a t  i n  wh ich  t h e  p r o j e c t  i s  
p l a n n e d  a n d  e v a l u a t e d  i n  b o t h  a  t e c h n i c a l  and  economic  s e n s e .  
I n  t h e  s e c o n d  p h a s e  t h e  p l a n  i s  imp lemen ted .  F o r  e x a m p l e ,  a  
program i s  w r i t t e n  o r  changed .  The r e s u l t s  o f  t h e  e v o l u t i o n  
dynamics  s t u d i e s  a s  e x p r e s s e d  i n  a l l  o u r  l a w s ,  b u t  m o s t  
g e n e r a l l y  i n  t h e  t h i r d ,  h a v e  r e l e v a n c e  t o  b o t h  p h a s e s .  

I n  t h e  f i r t  i n s t a n c e  management  s h o u l d  a c c e p t  a s  a  f a c t  t h a t  
i t s  p r o j e c t  a n d  p r o d u c t  h a s ,  o r  w i l l  d e v e l o p  i n  t h e  c o u r s e  o f  
t i m e ,  c e r t a i n  n a t u r a l  p a r a m e t e r s  a n d  t r e n d s  [LEH76b], LEH771. 
S e c o n d l y ,  t h e y  s h o u l d  a t t e m p t  t o  u n d e r s t a n d  why t h e  t r e n d s  
o c c u r  a n d  how t h e y  may b e  overcome.  They w i l l  o b s e r v e ,  f o r  
e x a m p l e ,  a  g r o w t h  t r e n d  t h a t  c a n  be m o d e l l e d  by some f u n c t i o n  
of t i m e  o r  o f  a  p seudo- t ime  v a r i a b l e  s u c h  a s  a  s equence -  
number. The model  w i l l  be  a n  a c c u r a t e  p r e d i c t o r  o f  t h e  l o n g  
r a n g e  g r o w t h  t r e n d  u n l e s s  management  c a n  t a k e  i n f o r m e d  and  
s u c c e s s f u l  a c t i o n  t o  modi fy  t h e  s y s t e m  p a r a m e t e r s .  Even i n  
t h e  a b s e n c e  o f  s u c h  p o s i t i v e  a c t i o n  t h e  s y s t e m  may be  made t o  
d e v i a t e  t e m p o r a r i l y  f rom t h e  t r e n d  c u r v e  w i t h  d e v i a t i o n  t h a t  
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c o n s i s t s  o f  b o t h  a  c y c l i c  and  n o i s e  component .  But  t h e n  t h e  
i n h e r e n t  f e e d b a c k  e f f e c t s  w i l l  s o o n  r e s t o r e  t h e  s t a t u s  quo. 

U n f o r t u n a t e l y ,  f o r  mos t  s y s t e m s ,  t h e r e  w i l l  n o t  be s u f f i c i e n t  
d a t a  p o i n t s  t o  p e r m i t  a  r i g o r o u s  s t a t i s t i c a l  a n a l y s i s  and  t h e  
e s t i m a t i o n  o f  a  c o m p l e t e  model .  But  i n  a l l  o u r  e x p e r i e n c e  
t h e  t r e n d s  h a v e  been  c l e a r  a n d  t h e  c y c l i c  v a r i a t i o n s  h a v e  
shown m e a s u r a b l e  r e g u l a r i t y  . I n  s u c h  c i r c u m s t a n c e s  t h e  
t r a i n e d  o b s e r v e r  w i s h i n g  t o  c h e c k  a  c u r r e n t  p r o j e c t  o r  t o  
d e t e r m i n e  a  r e a s o n a b l e  g rowth  t a r g e t  f o r  some f u t u r e  change  
s e q u e n c e  may do s o  w i t h  c o n f i d e n c e  t h a t  h e  h a s  b e e n  n e i t h e r  
under- ambi  t i o u s  n o r  o v e r- c o n f i d e n t .  T h i s  i s  o f  c o u r s e  
s u b j e c t  t o  t h e  c o n d i t i o n  t h a t  enough  l i f e - c y c l e  h i s t o r y  o n  
t h e  p a r t i c u l a r  s y s t e m  h a s  been  c o l l e c t e d  s o  t h a t  t h e  t r e n d  
model  a n d  t h e  v a r i a t i o n  a b o u t  i t  h a s  b e e n  e s t a b l i s h e d  a n d  
n u m e r i c a l  g u i d e l i n e s  d e t e r m i n e d .  

S i m i l a r  m e a s u r e s  h a v e  b e e n  o b s e r v e d  f o r  c o m p l e x i t y  c h a n g e  
p a t t e r n s ,  f o r  i n c r e m e t a l  g rowth  p e r  r e l e a s e  a n d  f o r  work 
r a t e .  O t h e r  p a r a m e t e r s  r e l a t e ,  f o r  v a r i o u s  t y p e s  o f  c h a n g e s ,  
t o  s u c h  f a c t o r s  a s  numbers o f  e x i s t i n g  s y s t e m  e l e m e n t s  t h a t  
need  t o  be examined  a n d  t h e  number r e q u i r i n g  change  p e r  
sy s t em e l e m e n t  added .  S t i l l  o t h e r s  p r o v i d e  a  n u m e r i c a l  
a s s e s s m e n t  of  g l o b a l  f a u l t  a p p e a r a n c e  r a t e s .  

The p a r a m e t e r s  d e v e l o p  d u r i n g  t h e  e a r l y  s t a g e s  o f  p r o j e c t  
e s t a b l i s h m e n t  a n d  s y s t e m  deve lopmen t .  They c a n  be d e t e r m i n e d  
w i t h  i n c r e a s i n g  c o n f i d e n c e  u s i n g  s t a t i s t i c a l  a n a l y s i s  a s  t h e  
e v o l u t i o n a r y  m a i n t e n a n c e  p r o c e s s  c o n t i n u e s  a n d  c a n  be u s e d  i n  
t h e  manner o u t l i n e d  a b o v e  f o r  p r o j e c t  p l a n n i n g  a n d  c o n t r o l .  
They a c t  a s  c h e c k s  o n  management  e s t i m a t e s  o f  work  a n d  time 
r e q u i r e d  and  a s  a  g u i d e  t o  t h e  d e v e l o p m e n t  o f  a n  achievable 
p l a n .  

It w i l l  now be a s k e d  why management mus t  e v e r  a c c e p t  t h e  
l i m i t a t i o n s  i m p l i e d  by t h e  i d e n t i f i e d  p a r a m e t e r s .  S h o u l d  
t h e y  n o t  be s e e n  a s  a  c h a l l e n g e  t o  be ove rcome?  Cannot  
normal  management  p r a c t i c e  s t e e r  a  p r o j e c t  i n  any  d e s i r e d  
d i r e c t i o n  a t  any  r e q u i r e d  r a t e ?  

The h i s t o r y  o f  many m a j o r  s o f t w a r e  p r o j e c t s  p r o v i d e s  t h e  
answer  [BR075] ( 1 2 . 1 ) .  B u t  i t  i s  n e v e r t h e l e s s  o u r  c o n v i c t i o n  
t h a t  t h e  e v o l u t i o n  dynamics  s t u d i e s  w i l l  l e a d  t o  a n  
u n d e r s t a n d i n g  o f  t h e  p r o c e s s  t h a t  w i l l  p e r m i t  i t s  s i g n i f i c a n t  
a n d  pe rmanen t  improvement .  

1 2 . 1  ( E d s )  The reader i s  r e f e r red  t o  Chapter 1 8  for  a  more 
complete d i s cus s ion  of t h e  answers t o  t h i s  ques t ion .  
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One of t h e  p r o p e r t i e s  of a  m u l t i p l e  l o o p  f e e d b a c k  sys t em i s  
t h a t  any l o c a l  change of  f o r w a r d  o r  f e e d b a c k  c h a r a c t e r i s t i c s  
i s  u n l i k e l y  t o  produce  any s i g n i f i c a n t  change i n  t h e  
e x t e r n a l l y  o b s e r v e d  performance .  Feedback v i a  t h e  o t h e r ,  
unchanged,  p a t h s  w i l l  e n s u r e  t h a t .  However, i f  by chance  a  
s i g n i f i c a n t  change  i s  n e v e r t h e l e s s  a c h i e v e d  i t  i s  l i k e l y  t o  
be e x p e r i e n c e  e i t h e r  a s  a  decay p r o c e s s  o r  a s  i n s t a b i l i t y .  
Both o f  t h e  l a t t e r  r e s p o n s e s  t o  p r o c e s s  change a r e  g e n e r a l l y  
no t  c o s t - e f f e c t i v e  and  a r e  h i g h l y  u n d e r s i r a b l e .  Thus r e a l  
improvement c a n  o n l y  f o l l o w  u n d e r s t a n d i n g .  I n  t h e  f i r s t  
i n s t a n c e  we must  a c c e p t  t h e  sys t em a s  i t  is .  

I n  summary t h e n  we may a s s e r t  t h a t  t h e  i n t r i n s i c  n o n- l i n e a r  
f eedback  s t r u c t u r e  of  any programming o r g a n i s a t i o n  and  
p r o c e s s  t o g e t h e r  w i t h  t h e i r  i n e r t i a l  and momentum p r o p e r t i e s  
s u g g e s t  t h e  f o l l o w i n g :  

1 Apply t h e  t e c h n i q u e s  o f  s p e c i f i c a t i o n  and  s t r u c t u r i n g  as  
r e c o g n i  s ed  by t h e  w i d e r  programming community. 

2 Measure p r o j e c t  and sys t em p a r a m e t e r s  such  as  t h o s e  
d e s c r i b e d  i n  t h e  p u b l i s h e d  e v o l u t i o n  dynamics  l i t e r a t u r e  
and e s t i m a t e  p r o j e c t  mode l s ,  mod i fy ing  them a s  new 
i n f o r m a t i o n  comes t o  hand.  

3 Use t h e  mode l s  t o  p l a n  f u r t h e r  e v o l u t i o n a r y  ma in tenance  
u s i n g  b o t h  l o n g  r a n g e  and c y c l i c  t r e n d s  ( b u t  s e e  t h e  
n e x t  p o i n t  be low)  . Where t e c h n i c a l  o r  b u s i n e s s  
c o n s i d e r a t i o n s  make i t  a p p e a r  d e s i r a b l e  t o  e x c e e d  
t h e  i d e n t i f i e d  bounds ,  a l l o w a n c e  must  be made f o r  
d e t e r i o r a t i o n  i n  q u a l i t y  a n d / o r  time and c o s t  ove r- runs .  
It may however be  p o s s i b l e  t o  a v o i d  t h e s e  e f f e c t s  by 
a p p r o p r i a t e  p r e p a r a t i o n  s u c h  a s  c l e a n  up,  o r  overcome 
them by s u b s e q u e n t  c o r r e c t i v e  a c t i o n .  

4 The a c t i v i t y  of  model i d e n t i f i c a t i o n  and i n t e r p r e t a t i o n  
s h o u l d  y i e l d  i n c r e a s e d  i n s i g h t  i n t o  and u n d e r s t a n d i n g  o f  
t h e  programming p r o c e s s  a s  p r a c t i s e d  l o c a l l y .  I f  t h i s  
i s  a c h i e v e d ,  i t  may be u s e d  t o  improve  t h e  p r o c e s s  
g r a d u a l l y ,  t o  y i e l d  more c o s t - e f f e c t i v e  p a r a m e t e r s ,  
i n c r e a s e d  p r o d u c t i v i t y  f o r  example.  

I n  summary, o r g a n i s a t i o n a l  and p r o j e c t  c h a r a c t e r i s t i c s  c a n n o t  
f o r  l o n g  be f o r c e d  a l o n g  a r b i t r a r y  d i r e c t i o n s  o r  a t  a r b i t r a r y  
r a t e s  i f  t h e s e  happen t o  be c o u n t e r  t o  i n t r i n s i c  t r e n d s  
[BR075]. Wish fu l  t h i n k i n g  and management e d i c t  c a n  neve r  be 
more t h a n  temporary  panacea .  I n  t h e  f i r s t  p l a c e  f a c t s  must  
be a c c e p t e d  a s  t h e y  a r e .  Measurement and a n a l y s i s  c a n  t h e n  
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p rov ide  a  g u i d e  t o  a t t a i n a b l e  commitment and a l s o  t h e  i n s i g h t  
s u b s e q u e n t l y  t o  p e r m i t  permanent improvement o f  t h e  p r o c e s s .  

5  The F o u r t h  Law 

5.1 S t a t e m e n t  - law o f  i n v a r i a n t  work r a t e  

The gZobaZ activity rate in a Large programming project is 
invariant. 

5 .2  E x p l a n a t i o n  

T h i s  most s u r p r i s i n g  of r e s u l t s  i s  i n  f a c t  t h e  b e s t  founded 
o f  a l l  o u r  o b s e r v a t i o n s  made f o r  each  o f  t h e  sys t ems .  To 
make i t  m e a n i n g f u l ,  however, t h e  t e r m s  lprogramming a c t i v i t y  
r a t e 1  ( lwork r a t e  ) and ' i n v a r i a n c e '  must  f i r s t  be c l a r i f i e d .  

We s t a t e  r i g h t  away t h a t  measures  o f  t h e  r e s o u r c e s ,  f o r  
example man-hours, a p p l i e d  t o  t h e  sys tem do n o t  y i e l d  a  
measure  of t h e  r a t e  a t  which work i s  e x e c u t e d  o n  t h e  program. 
One o f  t h e  s u r p r i s i n g  r e s u l t s  i s ,  i n  f a c t ,  t h a t  none o f  t h e  
growth o r  change r a t e s  obse rved  c o r r e l a t e  i n  any way w i t h  
manpower o r  o t h e r  r e s o u r c e  e x p e n d i t u r e  r a t e s .  T h i s  s u g g e s t s  
t h a t  l a r g e  programming p r o j e c t s  t e n d  t o  o p e r a t e  i n  a  
s a t u r a t i o n  mode where  a  change o f  r e s o u r c e  o r  of s t a f f i n g  
l e v e l ,  w h i l e  s t i l l  k e e p i n g  eve ryone  busy,  h a s  no p e r c e p t i b l e  
l o n g  r a n g e  impac t  o n  e v o l u t i o n a r y  c h a r a c t e r i s t i c s .  The 
e v i d e n c e  t o  hand d o e s  n o t  y e t  p e r m i t  u s  t o  p o s t u l a t e  a  law 
t h a t  a d e q u a t e l y  a b s t r a c t s  t h i s  o b s e r v a t i o n .  But c o n f i d e n c e  
i n  i t s  r e a l i t y  i s  s t r e n g t h e n e d  by t h e  s u c c e s s  o f  t h e  so- 
c a l l e d  chief- programmer  team c o n c e p t s  f o r  p r o j e c t  
o r g a n i s a t i o n  [BAK72], [ IL76] .  

What t h e n  a r e  t h e  measures  o f  g l o b a l  a c t i v i t y  and a c t i v i t y  
r a t e s  t o  which t h e  law r e f e r s ?  For s e v e r a l  o f  t h e  o b s e r v e d  
sys tems ,  d a t a  h a s  been a v a i l a b l e  f o r  each  d a t e d  r e l e a s e  of 
t h e  number o f  modules  changed o r  hand led  t o  a c h i e v e  t h e  new 
r e l e a s e .  For  a n o t h e r  sys tem t h e  number o f  changes  
i n c o r p o r a t e d  i n  each  r e l e a s e  h a s  been r e c o r d e d .  Some of t h i s  
d a t a  i s  shown i n  F i g u r e  3 a s  a  c u m u l a t i v e  p l o t  of modules 
changed o r  h a n d l e d ,  o r  o f  changes  made a s  a  f u n c t i o n  o f  t ime.  
The overwhelming i m p r e s s i o n  o f  t h e s e  p l o t s ,  conf i rmed  by 
s t a t i s t i c a l  a n a l y s i s ,  i s  one o f  l i n e a r i t y .  Tha t  i s ,  t h e  
a v e r a g e  r a t e  o f  a c t i v i t y  a s  measured by t h e s e  p a r a m e t e r s  h a s  
remained constant d e s p i t e  changes  i n  d e f i n i t i o n ,  programming 
and management e x p e r i e n c e ,  t o o l  s u p p o r t ,  s t a f f i n g  and 
r e s o u r c e  l e v e l s  and  s o  on. 
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T h i s  c o n s t a n c y  i s  t h e  i n v a r i a n c e  t o  which  t h e  law r e f e r s .  We 
n o t e  t h a t  i t  i s  a n  a v e r a g e  r a t e  s i n c e  t h e  r a t e  f rom r e l e a s e  
t o  r e l e a s e  o r  f rom p e r i o d  t o  p e r i o d  v a r i e s  s i g n i f i c a n t l y .  
But s u c h  a  p e r i o d i c  v a r i a t i o n  w h e r e  a  h i g h  r a t e  r e l e a s e ,  
h i g h e r  t h a n  a v e r a g e ,  h a s  a  h i g h  p r o b a b i l i t y  o f  b e i n g  f o l l o w e d  
by a low r a t e  r e l e a s e ,  l o w e r  t h a n  a v e r a g e ,  i s  p r e c i s e l y  what  
c o u l d  be e x p e c t e d  ( w i t h  h i n d s i g h t )  from a s e l f - s t a b i l i s i n g  
f e e d b a c k  sys t em.  Too h i g h  a  r a t e  o f  work w i l l  p r o b a b l y  c a u s e  
l e s s  c a r e f u l  d e s i g n ,  s l o p p y  i m p l e m e n t a t i o n ,  more e r r o r s ,  l e s s  
d o c u m e n t a t i o n ,  t i r e d  programmers.  The i n e v i t a b l e  consequence  
i s  a  p e r i o d  o f  d i f f i c u l t y  w i t h  some a t t e m p t  a t  c l e a n  up ,  
d u r i n g  which  t ime  t h e  work e m p h a s i s  i s  o n  t h e  r e c t i f i c a t i o n  
o f  e r r o r s ,  s h o r t c o m i n g s  and  s t r u c t u r a l  and  d o c u m e n t a t i o n  
d e f i c i e n c i e s .  Hence i t  p r e p a r e s  t h e  s y s t e m  f o r  a  f u r t h e r  
p e r i o d  o f  h i g h - r a t e  work ing .  And s o  on.  

Such a  c y c l i c  p a t t e r n  i s  c l e a r l y  p r e s e n t  i n  t h e  d a t a .  We 
h a v e  a l s o  o b s e r v e d  t h a t  module based  m e a s u r e s  show a more 
c o n s i s t e n t  p a t t e r n  t h a n  do  t r e n d s  based  on  e i t h e r  
i n s t r u c t i o n s  o r  o n  changes .  T h i s  t o o  i s  n o t  s u r p r i s i n g  s i n c e  
o n  t h e  one  hand i n d i v i d u a l  s t a t e m e n t s ,  u n l i k e  modu le s ,  have  
l i t t l e  l o g i c a l  i n d e p e n d e n c e .  A b s o l u t e  c h a n g e s  o n  t h e  o t h e r  
hand r e p r e s e n t  a  much more v a r i a b l e  wort: l o a d  t h a n  do  modu le s  
changed o r  h a n d l e d .  It i s  t h e s e  module- based  a c t i v i t y  u n i t s  
t h a t  have  g i v e n  t h e  most  c o n s i s t e n t  r e s u l t s  s o  t h a t  we now 
u s e  them e x c l u s i v e l y  i n  o u r  p l a n n i n g  a p p l i c a t i o n s .  We have  
a c c e p t e d  t h e  o b s e r v e d  c y c l i c  i n v a r i a n c e  as  r e a s o n a b l e ,  
i n t e r p r e t i n g  i t  a s  t h e  r e f l e c t i o n  o f  a  s e l f - s t a b i l i s i n g  work 
r a t e .  The n e t  i n v a r i a n c e  t h e n  i n d i c a t e s  a h i g h l y  s t a b l e  
sys t em.  The q u e s t i o n  s t i l l  a r i s e s ,  however,  o f  why t h e  
g l o b a l  r a t e  s h o u l d  h a v e  r ema ined  i n v a r i a n t  o v e r  a  p e r i o d  o f  
t e c h n o l o g i c a l  advancement  a n d  m a j o r  sys t em growth .  A s  we 
have  a l r e a d y  s t a t e d ,  t h e  a n s w e r  t o  t h i s  l i e s  i n  t h e  v e r y  
n a t u r e  o f  t h e  l a r g e  o r g a n i s a t i o n s  t h a t  d e v e l o p  when l a r g e  
programs a r e  p roduced ,  m a i n t a i n e d  and  used .  I n  p a r t i c u l a r  we 
assume t h a t  t h e  ma in  d r i v e  i s  a l w a y s  f o r  i n c r e a s e d  p r o d u c t i o n  
and  p r o f i t a b i l i t y  o f  one  s o r t  o r  a n o t h e r .  I n c r e a s e d  
p r o d u c t i v i t y  i n  o n e  programming a r e a  i s ,  however,  o f t e n  mos t  
e a s i l y  a c h i e v e d  a t  t h e  e x p e n s e  o f  d e c r e a s e d  p r o d u c t i v i t y  i n  
a n o t h e r ,  a t  a n o t h e r  t ime  [LEHTTf], w i t h  t h e  c o n n e c t i o n  
be tween them e s c a p i n g  n o t i c e .  It i s  p r e c i s e l y  t h i s  t y p e  o f  
r e l a t i o n s h i p  t h a t  l e a d s  t o  l o n g  t e r m  s t a b i l i s a t i o n  o r  e v e n  
d e c l i n e .  However, when h i g h e r  management becomes aware  o f  
s u c h  a d e c l i n e ,  i t  w i l l  d i v e r t  f u n d s  from p r o g r e s s i v e  i n v e s t -  
ment  i n  p r o d u c t  deve lopmen t  t o  a n t i - r e g r e s s i v e  i n v e s t m e n t  i n  
t e c h n o l o g y  and  Loo1 improvement [LEHTQ]. But however w e l l  
i n t e n t i o n e d  s u c h  i n v e s t m e n t s  a r e  a t  t h e  t ime  t h e y  a r e  made, 
t o  w h a t e v e r  e x t e n t  t h e y  a r e  t h e n  s e e n  a s  n e c e s s a r y  and 
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e x p e d i e n t  i n  m a i n t a i n i n g  - o r  i m p r o v i n g  - p r o d u c t i v i t y ,  t h e  
t ime  w i l l  come when t h e  s t a t u s  quo  h a s  been  r e s t o r e d .  Then 
a l l  m e t h o d o l o g i c a l  work i s  s e e n  t o  a b s o r b  f u n d s  t h a t  c o u l d  be 
' b e t t e r '  i n v e s t e d  i n  p r o d u c t  deve lopmen t .  So t h e  work i s  
s t o p p e d ,  f u n d s  a r e  s w i t c h e d  and  t h e  c y c l e  p r o c e e d s .  

Th i s  phenomenon h a s  been  o b s e r v e d  i n  a t  l e a s t  two programming 
o r g a n i s a t i o n s .  We f e e l  c e r t a i n  t h a t  i t  e x p l a i n s  t h e  o v e r a l l  
c o n s t a n c y  o f  t h e  work i n p u t  r a t e  f o r  a l l  o u r  measu red  
s y s t e m s .  N e v e r t h e l e s s ,  we c a n n o t  e x p l a i n  p r e c i s e l y  why t h e  
r e s u l t  s h o u l d  be a  s i m p l e  i n v a r i a n c e  r a t h e r  t h a n  some o t h e r  
w e l l  d e f i n e d  t r e n d .  

5 .3  Consequence 

A s  o b s e r v e d  above ,  one  s h o u l d  e x p e c t  t h a t  s u f f i c i e n t  
u n d e r s t a n d i n g  o f  t h e  program e v o l u t i o n  p r o c e s s  a s  a  f e e d b a c k  
ne twork  w i l l  p e r m i t  a  permanent  change  o f  work r a t e .  
However, t h e  f o u r t h  l aw  based  o n  o u r  o b s e r v a t i o n s  s u g g e s t s  
t h a t  w i s e  management w i t h  a  d e s i r e  t o  meet  p l anned  o b j e c t i v e s  
would ,  in the first instance, a c c e p t  t h e  l i m i t a t i o n s  i m p l i e d  
by t h e  i n v a r i a n c e  w i t h  p o s s i b l e  v a r i a t i o n s  a s  d e t e r m i n e d  by 
t h e  c y c l i c  p a t t e r n .  From t i m e  t o  t ime  b u s i n e s s  o r  o t h e r  
s t r a t e g i c  c o n s i d e r a t i o n s  m i g h t  make i t  e x e p e d i e n t  t o  f o r c e  a  
pace  o u t s i d e  t h e  r a t e s  i d e n t i f i e d  by t h e  h i s t o r i c  t r e n d .  B u t  
t h i s  would t h e n  be done  w i t h  a  f u l l  a w a r e n e s s  o f  t h e  
i n f r i n g e m e n t  a n d  i t s  l i k e l y  consequences .  Now any  compe ten t  
manager p l a n n i n g  a  s p u r t  o f  a c t i v i t y  t o  r e a c h  some s p e c i f i e d  
t a r g e t  would p l a n  f o r  a  s u b s e q u e n t  p e r i o d  o f  l o w e r  
p r o d u c t i v i t y  t o  a l l o w  f o r  c o r r e c t i v e  a c t i o n ;  f o r  t h e  r e c o v e r y  
of  b o t h  sys t em and  p e r s o n n e l .  What t h e  e v o l u t i o n  dynamics  
i n v e s t i g a t i o n s  h a v e  a c h i e v e d  i s  t o  measu re  and  t o  s i z e  t h e  
n e t  e f f e c t ,  t a k i n g  i n t o  a c c o u n t  a l l  t h e  i n f l u e n c e s ,  known and  
unknown. Thus i t  p r o v i d e s  a  t e c h n o l o g y  and a  t o o l .  

5 .4 R u l e s ,  t o o l s  and  t e c h n i q u e s  

Any manager w i l l  i n t u i t i v e l y  r e s i s t  t h e  s u g g e s t i o n  t h a t  t h e r e  
e x i s t  l i m i t a t i o n s  t o  wha t  c a n  be a c h i e v e d ,  p a r t i c u l a r l y  where  
a d d i t i o n a l  r e s o u r c e s  a r e  a v a i l a b l e  f o r  a p p l i c a t i o n  t o  t h e  
sys t em.  B u t  when managing  t h e  m a i n t e n a n c e  and  enhancement  of  
l a r g e  p rog rams ,  e x p e r i e n c e  a s  now f o r m a l i s e d  i n  t h i s  f o u r t h  
l aw  d e n i e s  him t h i s  p o s s i b i l i t y ,  e x c e p t  p e r h a p s  i n  s p u r t s  
t h a t  must  t h e n  be compensated  f o r .  Thus t h e  g u i d i n g  r u l e  
must  be t o  l i v e  w i t h i n  t h e  p o s s i b i l i t i e s  e s t a b l i s h e d  by a n  
a n a l y s i s  o f  p r o j e c t  h i s t o r y .  



270 M. M. Lehman and L. A. Belady 

E v o l u t i o n  dynamics  s t u d i e s  h a v e  d e v e l o p e d  a  t e c h n o l o g y  t h a t  
p e r m i t s  o n e  t o  m e a s u r e  a n d  t o  s i z e  t h e  s t a b i l i s a t i o n  e f f e c t  
i n  any p r o j e c t .  It y i e l d s  p l a n n i n g  c o n s t a n t s  a n d  g u i d e l i n e s  
whose o b s e r v a n c e s  w i l l  p e r m i t  t h e  s e t t i n g  o f  f u n c t i o n a l  g o a l s  
t h a t  c a n  be met  w i t h o u t  c o s t  o r  t i m e  o v e r- s h o o t .  The r u l e s  
and  l i m i t a t i o n s  a r i s i n g  f rom t h i s  a n d  t h e  o t h e r  l a w s ,  i f  
c o n s i s t e n t l y  f o l l o w e d  o v e r  t h e  p r o j e c t  a n d  p r o d u c t  l i f e -  
c y c l e ,  w i l l  e x t e n d  p r o d u c t  l i f e  a n d  p r e v e n t  s u d d e n  p r o j e c t  
f a i l u r e .  Once a g a i n  we may e m p h a s i s e  t h a t  t h e y  w i l l  a l s o  
l e a d  t o  d e v e l o p i n g  i n s i g h t  t h a t  m u s t  e v e n t u a l l y  l e a d  t o  a n d  
p e r m i t  improvement  o f  t h e  p r o c e s s ,  t h e  a c h i e v e m e n t  o f  a  
c o n s i s t e n t l y  h i g h e r  w o r k- r a t e  f o r  examp le .  

6  The F i f t h  Law 

6.1 S t a t e m e n t  - l aw  o f  i n c r e m e n t a l  g r o w t h  l i m i t  

For r e l i a b l e ,  planned e v o l u t i o n ,  a  l a r g e  program undergoing 
change must be made a v a i l a b l e  f o r  r e g u l a r  u s e r  e x e c u t i o n  
( r e l e a s e d )  a t  maximum i n t e r v a l s  determined b y  i t s  n e t  growth. 
That  i s ,  t h e  sys tem d e v e l o p s  a  c h a r a c t e r i s t i c  average 
increment  of s a f e  growth which,  i f  exceeded ,  causes  q u a l i t y  
axd usage problems, w i t h  t ime  and c o s t  over- runs .  

6 . 2  E x p l a n a t i o n  

T h i s  l aw  c a n n o t  y e t  be f o r m u l a t e d  a s  p r e c i s e l y  o r  c o n c i s e l y  
a s  t h e  e a r l i e r  o n e s .  The s y s t e m  b e h a v i o u r  a n d  d a t a  o n  w h i c h  
i t  was  b a s e d  i s  amongs t  t h e  e a r l i e s t  i d e n t i f i e d .  Ye t  o n l y  
r e c e n t l y  h a v e  we begun t o  u n d e r s t a n d  i t s  s i g n i f i c a n c e  and  
g e n e r a l i t y .  A v a i l a b l e  s p a c e  p e r m i t s  o n l y  a  b r i e f  summary o f  
t h e  p r e v i o u s l y  p u b l i s h e d  d a t a  [BELT61 [LEH76b], [LEHTTe]. 
T h i s  h a s  e n a b l e d  u s  t o  d e m o n s t r a t e  t h e  phenomenon f o r  t h e  
t h r e e  s y s t e m s  f o r  w h i c h  t h e  a p p r o p r i a t e  m e a s u r e s  w e r e  
a v a i l a b l e .  

Each d i s p l a y s  a  s t e a d y  a v e r a g e  g r o w t h  r a t e  ( d i f f e r e n t  f o r  
e a c h  s y s t e m )  o f  s a y  N s  modu le s  p e r  r e l e a s e .  The a c t u a l  
g rowth  i n c r e m e n t  Nsi h a s  v a r i e d  c y c l i c a l l y  f rom r e l e a s e  t o  
r e l e a s e .  T h a t  i s ,  a n  a b o v e  a v e r a g e  g r o w t h  i n  o n e  r e l e a s e  i s  
a l m o s t  i n v a r i a b l y  f o l l o w e d  by a  below a v e r a g e  i n c r e m e n t  i n  
t h e  f o l l o w i n g  r e l e a s e .  The a c t u a l  l e v e l s  a r e  s u b j e c t  t o  
management d e c i s i o n  a n d  t h e r e f o r e  c o n t a i n  a  s t o c h a s t i c  
component .  However,  management  m u s t  c l e a r l y  be  i n f l u e n c e d  i n  
t h e  p l a n n i n g  p r o c e s s  by f e e d b a c k  e f f e c t s  r e f l e c t i n g  b o t h  t h e  
p r e s s u r e  f o r  a d d i t i o n a l  g r o w t h  a n d  t h e  i n e v i t a b l e  
c o n s e q u e n c e s  o f  c h a n g e s  a n d  a d d i t i o n s  imp lemen ted  i n  p r e v i o u s  
r e l e a s e s .  
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The most  s t r i k i n g  f e a t u r e  o f  t h e  d a t a  i s ,  howeve r ,  n o t  t h e  
w e l l  d e f i n e d  a v e r a g e  i n c r e m e n t  Ns  and  t h e  r e g u l a r  c y c l i c  
p a t t e r n .  D e t a i l e d  b e h a v i o u r a l  r e c o r d s  a r e  s o  f a r  a v a i l a b l e  
f o r  o n l y  one  o f  t h e  s y s t e m s  s t u d i e d .  B u t  f o r  t h i s  s y s t e m  
e a c h  r e l e a s e  w i t h  i n c r e m e n t a l  g r o w t h  e x c e e d i n g  2Ns, s u f f e r e d  
f rom s e r i o u s  r e l i a b i l i t y ,  p e r f o r m a n c e ,  d e l i v e r y  a n d  c o s t  
p rob l ems .  Moreover  e a c h  s u c h  r e l e a s e  was  f o l l o w e d  by a  
f i s s i o n  p r o c e s s  d u r i n g  wh ich  p a r t  o f  t h e  s y s t e m  was  removed.  
T h i s  p r o d u c e d  a  n e g a t i v e  g r o w t h  i n c r e m e n t  f o r  t h e  f o l l o w i n g  
r e l e a s e .  The n e t  r e s u l t  was  t h a t  t h e  a v e r a g e  i n c r e m e n t a l  
g rowth  r e m a i n e d  e s s e n t i a l l y  unchanged .  

J u s t  a s  p r e v i o u s l y  n o t e d  f o r  t h e  i n v a r i a n t  work  r a t e  f a c t o r ,  
management d i s r e g a r d  o f  t h e  i n t r i n s i c  g r o w t h  r a t e  l i m i t a t i o n  
may be t e m p o r a r i l y  s u c c e s s f u l ,  p e r m i t t i n g  a  r e l e a s e  whose 
i n c r e m e t a l  g rowth  e x c e e d s  t h e  recommended maximum. But 
s u b s e q u e n t  e v e n t s  f o r c e  a  r e s t o r a t i o n  t o  t h e  h i s t o r i c  
p a t t e r n .  And a s  i n  t h e  p r e v i o u s  c a s e  we s e e  t h e  p a t t e r n  a s  a  
c onsequence  of  f e e d b a c k  e f f e c t s ,  r e p r e s e n t e d  i n  t h i s  c a s e  
p r i m a r i l y  by e n v i r o n m e n t a l  r e a c t i o n  t o  t h e  c o n s e q u e n c e s  o f  
e x c e s s i v e  g r o w t h .  

How may t h e  o v e r a l l  e f f e c t  be e x p l a i n e d ?  Why do we h a v e  s u c h  
c o n f i d e n c e  i n  i t s  g e n e r a l i t y  t o  f e e l  a b l e  t o  f o r m u l a t e  a n d  
p r o p o s e  i t  a s  a  l a w ?  

The f i r s t  f o u r  l a w s  h a v e  b e e n  s e e n  a s  t h e  net c o n s e q u e n c e  o f  
many i n d i v i d u a l  d e c i s i o n s  a n d  a c t i o n s .  They l e a d  t o  
s t a t i s t i c a l l y  r e g u l a r  b e h a v i o u r  whose  d e t a i l e d  p a r a m e t e r s  a r e  
d e t e r m i n e d  by i n e r t i a l  and  f e e d b a c k  e f f e c t s .  The f i f t h  l a w ,  
o n  t h e  o t h e r  h a n d ,  i s  s e e n  a s  a  d i r e c t  r e f l e c t i o n  o f  t h e  role 
of the individual i n  t h e  d e s i g n ,  i m p l e m e n t a t i o n ,  u s a g e ,  and  
c hange  of  l a r g e  p rog rams .  N a t u r a l l y ,  howeve r ,  o b s e r v a t i o n  a t  
a  g l o b a l  l e v e l  t e n d s  t o  r e v e a l  t h e  a v e r a g e  i n d i v i d u a l  
r e s p o n s e .  

When e n c o u n t e r i n g  a  s y s t e m  c h a n g e ,  e a c h  i n d i v i d u a l ,  w h e t h e r  
a s  d e s i g n e r ,  i m p l e m e n t o r ,  s a l e s m a n  o r  u s e r  m u s t  u n d e r s t a n d  
t h a t  change  i n  t h e  c o n t e x t  o f  t h e  s y s t e m  and  o f  s y s t e m  
b e h a v i o u r  a s  a  who le .  The a b s o r p t i v e  a b i l i t y  o f  p e o p l e  
v a r i e s .  But  e a c h  i n c i v i d u a l  c a n  o n l y  a b s o r b  a  l i m i t e d  amount  
of  new i n f o m a t i o n  u n l e s s ,  a n d  u n t i l ,  h e  a c h i e v e s  t h e  
f a m i l i a r i s a t i o n  t h a t  r e s u l t s  f rom r u n n i n g  a n d  u s i n g  t h e  
program.  T h a t  i s ,  t h e  d e g r e e  o f  u n d e r s t a n d i n g  a n d  
a p p r e c i a t i o n  by e a c h  i n d i v i d u a l  i n v o l v e d ,  o f  t h e  f u l l  
s i g n i f i c a n c e  a n d  c o n s e q u e n c e s  of  t h e  c h a n g e s  a n d  a d d i t i o n  t o  
a  s y s t e m ,  w i l l  d e c l i n e  r a p i d l y  o n c e  i t  e x c e e d s  h i s  a b s o r p t i v e  
l i m i t ,  u n l e s s  a n  o p p o r t u n i t y  e x i s t s  f o r  u s i n g  t h e  s y s t e m ;  
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w o r k i n g  w i t h  i t  a s  a  l i v i n g  e n t i t y .  We b e l i e v e  t h a t  t h e  
f a c t s  o b s e r v e d  a n d  d e s c r i b e d  by t h e  f i f t h  l a w  a r e  t h e  
consequence .  

6 . 3  C o n s e q u e n c e s ,  r u l e s  a n d  t o o l s  

It may be t h a t  i n  f u t u r e  more c o m p l e t e  u n d e r s t a n d i n g  w i l l  
p e r m i t  d e t e r m i n a t i o n  o f  t h e  quan tum g r o w t h  l i m i t  f o r  a n  
o r g a n i s a t i o n  a n d  a  s y s t e m .  It c o u l d  be  e x p e c t e d  t o  depend  o n  
t h e  n a t u r e  o f  t h e  l a r g e  program a p p l i c a t i o n ,  on  d e t a i l e d  
s y s t e m  f u n c t i o n  a n d  s t r u c t u r e ,  o n  t h e  l a n g u a g e s  u s e d ,  o n  t h e  
l e v e l  o f  e x p e r i e n c e  a n d  s o  on .  One wou ld  hope  t o  be a b l e  t o  
e s t i m a t e  t h e  opt imum i n c r e m e n t  f r om a  knowledge  o f  t h e  
e n v i r o n m e n t  a n d  t o  i m p r o v e  i t  t h r o u g h  u s e  o f  a p p r o p r i a t e  
d e s i g n  a n d  i m p l e m e n t a t i o n  t e c h n i q u e s .  

B u t  a t  t h e  p r e s e n t  l e v e l  o f  knowledge  a n d  u n d e r s t a n d i n g ,  i t  
becomes d e s i r a b l e  a n d  a d v a n t a g e o u s  f o r  b o t h  l o n g  r a n g e  
s t r a t e g i c  a n d  immed ia t e  t a c t i c a l  p l a n n i n g  t o  m o n i t o r  and  
m e a s u r e  a p r o j e c t  d u r i n g  i t s  e a r l y  r e l e a s e s  a n d  t o  e s t a b l i s h  
a  de facto f a c t o r .  Once e s t i m a t e d  i t  would  t h e n  be u s e d  a s  a  
g u i d e  f o r  r e l e a s e  p l a n n i n g .  

It i s  o f  c o u r s e  n o t  n e c e s s a r y  t o  r e s t r i c t  i n d i v i d u a l  r e l e a s e s  
t o  a n  i n c r e m e n t a l  g r o w t h  o f  N s: A g r o w t h  e x c e e d i n g  2N 
s h o u l d ,  howeve r ,  n o t  be permitted u n l e s s  t h e r e  a r e  s o l i 8  
s t r a t e g i c  c o n s i d e r a t i o n s  f o r  d o i n g  s o  a n d  a c c e p t i n g  t h e  
c o n s e q u e n c e s  - a t  t h e  v e r y  b e s t  a g r e a t l y  e x t e n d e d  r e l e a s e  
i n t e r v a l .  The t i m e  a l l o w a n c e  t h a t  i s  needed  may, i n  f a c t ,  be 
d e t e r m i n a b l e  o u t  o f  a h i s t o r i c a l l y  e s t a b l i s h e d ,  s t a t i s t i c a l l y  
d e t e r m i n e d ,  u n f o r t u n a t e l y  n o n - l i n e a r ,  r e l a t i o n s h o p  be tween  
r e q u i r e d  r e l e a s e  i n t e r v a l  ( s t a b i l i s a t i o n  t i m e )  a n d  
i n c r e m e n t a l  g r o w t h .  Moreove r ,  e v e n  whe re  t h e  i n c r e m e n t  c a n  
be h e l d  t o  be l e s s  t h a n  2Ns one  mus t  a c c e p t  t h e  f a c t  t h a t  t h e  
f o l l o w i n g  r e l e a s e  s h o u l d  be  r e s t r i c t e d  t o  a  g r o w t h  
p r o p o r t i o n a l l y  s m a l l e r  t h a n  N s  i f  m a j o r  p r o b l e m s  a r e  t o  be 
a v o i d e d .  

I n  summary, s t u d y  o f  t h e  p e r - r e l e a s e  g rowth  h i s t o r y  o f  a  
s y s t e m  c a n  p r o d u c e  a  s e t  o f  i n d i c a t o r s  t h a t  p l a y  a  d i r e c t  
r o l e  i n  d e t e r m i n i n g  r e l e a s e  c o n t e n t .  I n  c o n j u n c t i o n  w i t h  t h e  
o t h e r  i n d i c a t o r s  t h e y  c a n  h e l p  t o  make t h e  e v o l u t i o n a r y  
m a i n t e n a n c e  p r o c e s s  more  manageabe l  and  more  p r e d i c t a b l e .  
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7  C o n c l u s i o n  

I n  t h e  a b o v e  we h a v e  summar ised  a s e v e n  y e a r  s t u d y  by 
p r o p o s i n g  a se t  o f  f i v e  l a w s .  These  a b s t r a c t  a n d  e x p r e s s  t h e  
common set  o f  phenomena a n d  b e h a v i o u r a l  p a t t e r n s  o b s e r v e d  o n  
some s i x  l a r g e  p r o g r a m s  whose  h i s t o r y  h a s  b e e n  s t u d i e d .  
These  p r o g r a m s  t o g e t h e r  s p a n  t h e  s p e c t r u m  o f  a p p l i c a t i o n ,  
u s a g e  a n d  i m p l e m e n t a t i o n  e n v i r o n m e n t s .  C l e a r l y  t h e y  
r e p r e s e n t  o n l y  a  s m a l l  s a m p l e .  But  t a k e n  i n  c o n j u n c t i o n  w i t h  
u n i v e r s a l  e x p e r i e n c e  i n  t h e  d e v e l o p m e n t ,  m a i n t e n a n c e  a n d  
a p p l i c a t i o n  o f  l a r g e  p rog rams  i t  seems h i g h l y  p r o b a b l e  t h a t  
o u r  o b s e r v a t i o n s  a n d  t h e  c o n c l u s i o n s  t h e r e f r o m  r e p r e s e n t  a 
c l a s s  o f  f u n d a m e n t a l  t r u t h s .  The b e h a v i o u r  i s  a  complex  
c o n s e q u e n c e  o f  p rogramming m e t h o d o l o g y ,  s o f t w a r e  e n g i n e e r i n g  
a n d  economic  a n d  s o c i o l o g i c a l  f a c t o r s .  P r e s e n t a t i o n  o f  o u r  
i n t e r p r e t a t i o n  a n d  o f  t h e  d a t a  t h a t  s u p p o r t s  i t  h a s  had  t o  b e  
c o n d e n s e d  s o  as t o  a c h i e v e  a  r e a s o n a b l y  c o m p l e t e  c o v e r a g e .  
Some o f  w h a t  h a s  b e e n  w r i t t e n  i s  c o n j e c t u r e  r a t h e r  t h a n  
e s t a b l i s h e d  f a c t ,  b u t  i f  t h a t  s e r v e s  t o  s t i m u l a t e  o b s e r v a t i o n  
a n d  d i s c u s s i o n  t h a t  i s  a l l  t o  t h e  good .  

We b e l i e v e  t h a t  t h e  e x i s t e n c e  o f  p rogram c o d e  p r o v i d e s  a 
s m o o t h i n g  e f f e c t  o n  t h e  soc io- economic  s t r u c t u r e  r e p r e s e n t e d  
by a l a r g e  program p r o j e c t .  T h i s  r e s u l t s  i n  t h e  r e g u l a r  
b e h a v i o u r  t h a t  we have  o b s e r v e d ,  m e a s u r e d ,  m o d e l l e d ,  
i n t e r p r e t e d  a n d  d e s c r i b e d .  By e x t e n d i n g  t h e  s t u d y  t o  more  
s y s t e m s  a n d  p a r a m e t e r s  we may hope  t o  d e v l e o p  a  more  c o m p l e t e  
t h e o r y .  The l a t t e r  would  i n  t u r n  i n c r e a s e  t h e  number and  
a c c u r a c y  o f  t h e  management  t o o l s  a v a i l a b l e  t o  p l a n  a n d  
c o n t r o l  t h e  programming p r o c e s s .  P e r h a p s  more  i m p r o t a n t  
s t i l l  i t  would  i n c r e a s e  i n s i g h t  a n d  u n d e r s t a n d i n g  of  t h e  
p r o c e s s  a n d  s o  p e r m i t  i t s  s i g n i f i c a n t  improvement .  

F i n a l l y ,  we m u s t  b r i e f l y  a s k  'What o f  t h e  f u t u r e ? ' .  Do t h e s e  
l a w s  r e p r e s e n t  a f u n d a m e n t a l  b l o c k  t o  s y s t e m  s i z e  a n d  t o  
programming p r o d u c t i v i t y  o r  c a n  t h e y  be overcome?  The 
q u e s t i o n  h a s  b e e n  d i s c u s s e d  e l s e w h e r e  [LEH74], [LEH77b I ,  
[LEH77c] a n d  t h e  c o n c l u s i o n s  r e a c h e d  c a n  o n l y  be summar i s ed  
h e r e .  

B a s i c a l l y  i t  i s  l i k e l y  t h a t  t h e  l a w s  as  p o s t u l a t e d  w i l l  a p p l y  
t o  a l l  l a r g e  s y s t e m s  t h a t  a r e  s t r u c t u r e d  a n d  i n t e g r a t e d  l i k e  
p r e s e n t  day  l a r g e  p rog rams .  However, a p p l i c a t i o n  o f  improved  
programming a n d  management  m e t h o d o l o g i e s  i n c l u d i n g  t h o s e  t h a t  
f o l l o w  f rom t h e  e v o l u t i o n  dynamics  s t u d y ,  s h o u l d  y i e l d  
g r e a t l y  improved  s y s t e m  p a r a m e t e r s .  L S I  a n d  m i c r o p r o c e s s o r  
t e c h n o l o g i e s ,  t o g e t h e r  w i t h  e f f e c t i v e  prcgram and  i n t e r f a c e  
s p e c i f i c a t i o n  a n d  c o n t r o l  w i l l  y i e l d  l a r g e  s y s t e m s  
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cons t ruc ted  out  of wel l  s p e c i f i e d  a c t i v e  elements 
in te rconnected  v i a  s tandard  i n t e r f a c e s .  I n  t h i s  way the 
l a r g e  program problem w i l l  d isappear  a t  the  l e v e l  a t  which i t  
i s  p re sen t ly  encountered. 'Nhether i t  w i l l  re-emerge a t  a  
higher l e v e l  i s  a  mat te r  f o r  f u t u r e  genera t ions .  We may help 
t o  prepare the  ground now f o r  i t s  avoidance o r  f o r  a  more 
simple so lu t ion .  



1 I n t r o d u c t i o n  

I n  a l l  s o f t w a r e  p r o j e c t s ,  w h e t h e r  o p e r a t i n g  s y s t e m s  o r  l a r g e  
a p p l i c a t i o n  packages ,  t h e  f o l l o w i n g  p h a s e s  of  d i s t i n c t  
a c t i v i t i e s  c a n  be i d e n t i f i e d :  f i r m i n g  up  t h e  r e q u i r e m e n t s ,  
t r a n s l a t i o n  i n t o  sys t em s p e c i f i c a t i o n s  and d e c o m p o s i t i o n  i n t o  
major  components,  d e s i g n  of  components,  programming and 
debugging,  sys t em i n t e g r a t i o n  and tes t ,  o p e r a t i o n ,  and never  
e n d i n g  m a i n t e n a n c e .  

I t  seems f a i r l y  o b v i o u s  t h a t  p e o p l e  of  d i f f e r e n t  backgrounds ,  
e x p e r t i s e ,  temperament and e x p e c t a t i o n  s h o u l d  p o p u l a t e  t h e  
d i s t i n c t  phases .  For  i n s t a n c e ,  bo ld  c r e a t i v i t y  and keen  
c u r i o s i t y  may be  e s s e n t i a l  f o r  sys tem d e s i g n ,  b u t  cou ld  be 
de t . r imen ta1  i n  n e g o t i a t i n g  r e q u i r e m e n t s  w i t h  a  demanding b u t  
na ive  cus tomer ,  o r  i n  p e r f o r m i n g  r o u t i n e  m a i n t e n a n c e .  

The above  sequence  of  e x p e r t  a c t i v i t i e s  a p p e a r s  r e a s o n a b l y  
s imple .  However, m a t t e r s  become somewhat more complex i f  o n e  
c o n s i d e r s  t h a t  some s p e c i f i c a t i o n  o r  d e s i g n  c h o i c e s  c a n n o t  be 
made w i t h o u t  a n  e x p l o r a t o r y  i m p l e m e n t a t i o n  ( 13.1 ) o r  
rud imen ta ry  programming. I n  t h i s  c a s e  r e s u l t s  o b t a i n e d  i n  a 
l a t e r  phase  must  b e  f e d  back t o  a n  earl ier  one ,  and t h i s  
c y c l e  may r e p e a t  i t s e l f .  

Phases  t h u s  do n o t  form a s i m p l e  top-down1 s equence  of  work 
a c t i v i t i e s  i n  i n c r e a s i n g  d e t a i l ;  f i r s t  g l o b a l  d e c i s i o n s ,  l a s t  
t h e  code. R a t h e r ,  t h e  p r o c e s s  seems i n h e r e n t l y  i t e r a t i v e ,  
e v e n t u a l l y  c o n v e r g i n g  o n  a f i n a l  s t r u c t u r e  i n  which  t h e  b a s i c  
p a r t s ,  i e ,  program modules ,  g r a d u a l l y  t a k e  shape .  A f t e r  t h i s  
p o i n t  t h e  i a v e r s e  o f  d e c o m p o s i t i o n  f o l l o w s :  p i e c e s  become 
c o l l e c t e d  i n t o  e v e r  l a r g e r  r;;;"ts, i n t e r s p e r s e d  w i t h  
i n t e r m e d i a t e  and  f i n a l  sys tem tea:s ,  f rom which o c c a s i o n a l  
w a r n i n g s  are f e d  back t o  t h e  d e s i g n  d e c i s i o n  makers .  And t h e  
l a s t  phase ,  m a i n t e n a n c e ,  becomes t h e  p e r e n n i a l  s o u r c e  o f  
r e q u e s t  f o r  m o d i f y i n g  o r i g i n a l  r e q u i r e m e n t ,  d e s i g n  and 
implemen ta t ion .  

13.1 ( E d s )  'Prototype' in current parlance. 

Rzprintcd wit11 k i r~d  periniss~on from 'Wliy Software Projects Fail'. Infotzcll SLate of  thc 
Ar: Conference. Copyr~gll t  1978. Pergalnon Press. 
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The c o m p l e x i t y  o f  t h i s  p r o c e s s  may be e x p r e s s e d  i n  terms o f  
t h e  n o r m a l i s e d  c o s t  o f  a  ' d ebugged '  p i e c e  o f  s o f t w a r e ,  w h i c h  
now s t a n d s  a t  a r o u n d  $120 p e r  s t a t e m e n t .  S i n c e  t h i s  c o s t ,  
e x c e p t  f o r  t h e  compu te r- t ime- consuming  t e s t  p h a s e ,  i s  a l m o s t  
e n t i r e l y  t h a t  o f  human e f f o r t ,  p r o p e r  s t a f f i n g  i s  o f  p r i m a r y  
i m p o r t a n c e  i n  r e d u c i n g  c o s t  by e l i m i n a t i n g  w a s t e .  Was t e  i s  
g e n e r a t e d  by t h e  wrong  m a t c h  o f  j o b  a n d  p e o p l e ;  wheneve r  
p e o p l e  a r e  i d l e  due  t o  u n e x p e c t e d  d e l a y  i n  a n o t h e r  p h a s e  o r  
t o  poor  p l a n n i n g ;  wheneve r  a n  e x t r a  i t e r a t i v e  c y c l e  i s  
i n d u c e d  by t o o  h a s t y  d e c i s i o n s ;  wheneve r  u n n e c e s s a r y  
c o m p l e x i t y  s l o w s  down a n  o t h e r w i s e  r o u t i n e  p r o j e c t  a c t i v i t y .  

Many m o d e l s  a n d  m e t h o d s  have  b e e n  p u b l i s h e d ,  some c l a i m e d  t o  
be u n i v e r s a l l y  v a l i d  i n  p r e d i c t i n g  t h e  manpower need 
d i s t r i b u t i o n  o v e r  t h e  e n t i r e  l i f e - c y c l e .  I n s t e a d  o f  
d e s c r i b i n g  t h e s e  me thods  h e r e ,  we s i m p l y  recommend t h a t  
o r g a n i s a t i o n s  c a r e f u l l y  a n a l y s e  t h e i r  own p a s t  p r o j e c t  
a c t i v i t i e s  o r  l e a r n  f rom s i m i l a r  p r o j e c t s ,  and  t h e n  u s e  t h e  
g a t h e r e d  d a t a  t o  p r e d i c t  a n d  i m p r o v e  f u t u r e  p r o j e c t s .  Even 
i f  p r e c i s e  v a l u e s  may n o t  be c a r r i e d  o v e r  f rom one  p r o j e c t  t o  
a n o t h e r ,  t r e n d s  o f t e n  can .  The Program E v o l u t i o n  Dynamics 
work  by L  A B e l a d y  and  M M Lehman i s  a n  example  o f  
s y s t e m a t i c  p r o j e c t  m o n i t o r i n g .  B u t  l e t  u s  now t u r n  o u r  
a t t e n t i o i l  t o  t h e  f i r s t  m a j o r  p rob l em o f  manpower 
s p e c i a l i s a t i o n .  

2 D e c o m p o s i t i o n o f  S o f t w a r e  S y s t e m s  

We w i s h  t o  d i s t i n g u i s h  b e t w e e n  l a r g e  c o l l e c t i o n s  o f  p rog rams  
and  l a r g e  s o f t w a r e  s y s t e m s .  P rog rams  o f  a  c o l l e c t i o n  s e r v e  a  
s i n g l e  p u r p o s e ,  y e t  communica te  w i t h  e a c h  o t h e r  i n f r e q u e n t l y  
w h i l e  r u n n i n g  o n  a  m a c h i n e ,  a s  do  p a r t s  o f  a  p rogram s u p p o r t  
package ,  e g  a  s e t  o f  c o m p i l e r s ,  s i m u l a t o r s ,  e d i t o r s  a n d  o t h e r  
u t i l i t i e s .  I n  c o n t r a s t ,  t h e  componen t s  o f  a  l a r g e  s o f t w a r e  
s y s t e m ,  w h i l e  r u n n i n g ,  make f r e q u e n t  u s e  o f  e a c h  o t h e r ' s  
s e r v i c e s  and  d a t a .  O f t e n  t h e  s o f t w a r e  i s  t h e  o n l y  means of  
c o o r d i n a t i n g  o t h e r w i s e  i n d e p e n d e n t  h a r d w a r e  a p p a r a t u s  : a n  
o p e r a t i n g  s y s t e m  i s  a n  example .  Our i n t e r e s t  h e r e  i s  l i m i t e d  
t o  s u c h  s o f t w a r e  s y s t e m s .  

A g a i n s t  a  f i x e d  e n v i r o n m e n t  and  g i v e n  enough t i m e ,  a n  e x p e r t  
c o u l d  p e r h a p s  c o n s t r u c t  a n d  g r a d u a l l y  debug s i n g l e h a n d e d  e v e n  
t h e  l a r g e s t  o f  known p rog rams .  Time s o o n  becomes a  p rob l em 
though  a n d ,  a s  c a n  be shown by e x t r a p o l a t i n g  p r o d u c t i v i t y  o f  
complex  one-man p r o j e c t s ,  t h e  j o b  wou ld  t a k e  d e c a d e s  o r  more .  
I n  a  r e a l i s t i c  s i t u a t i o n ,  howeve r ,  r e q u i r e m e n t s  a r e  n o t  f i x e d  
and  n o r e  t h a n  a c o u p l e  o f  y e a r s 1  d eve lopmen t  time i s  r a r e l y  
t o l e r a t e d .  More p e o p l e  a r e  t h u s  employed  f o l l o w i n g  t h e  t i m e  
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p r o v e n  p r i n c i p l e  o f  s u b d i v i s i o n  o f  l a b o u r  ( 1 3 . 2 ) .  I n  what  
f o l l o w s  we s h a l l  c o n s i d e r  s y s t e m s  whose deve lopmen t  k e e p s  
o r g a n i s a t i o n s  o f  a t  l e a s t  two l e v e l s  o f  management busy f o r  
y e a r s .  I n  t h e s e  o r g a n i s a t i o n s  heavy demand t o  c o o r d i n a t e  
a c t i v i t i e s ,  c o n s t a n t  c h a n g e s  i n  t h e  e n v i r o n m e n t  a n d  
commitment t o  t i g h t  s c h e d u l e s  a r e  t h e  way o f  l i f e  a n d  a p p e a r  
t o  domina t e  t h e  p r o c e s s .  The r e s u l t  i s  t h e  i n c r e a s i n g  
f o r m a l i s a t i o n  o f  many p r o c e d u r e s  a n d  p l a n s  whose 
d o c u m e n t a t i o n  i s  c o n s i d e r e d  u t t e r l y  u n n e c e s s a r y  i n  a  s m a l l  
team. I n  o r d e r  t o  c o n t r o l  t h e  e x p l o d i n g  b u r e a c r a c y ,  t h e  
i n d e p e n d e n c e  o f  componen t s ,  i e ,  t h e  c o n v e r s i o n  o f  a  s o f t w a r e  
sy s t em t o  a  c o l l e c t i o n  o f  p rog rams ,  becomes t h e  acknowe ledged  
g o a l  : t h e  l e s s  communica t i on  be tween  s y s t e m  componen t s ,  t h e  
n o r e  i n d e p e n d e n t l y  c a n  t h e y  be d e v e l o p e d  ( 1 3 . 3 ) .  

N e v e r t h e l e s s ,  t h e  a s s o c i a t i o n  o f  sy s t em components  a n d  
b r a n c h e s  o f  t h e  human o r g a n i s a t i o n  mus t  be  done  p a i n f u l l y  
e a r l y ,  when t h e  s y s t e m  h a r d l y  e x i s t s .  The re  i s  no t i n e  l a t e r  
t o  a d j u s t  t h e  component  b o u n d a r i e s  wh ich  by t h e n  a r e  f i r m l y  
e s t a b l i s h e d  among o r g a n i s a t i o n a l  g r o u p s  and  p r o d u c t  p a r t s .  

3  S p e c i a l i s a t i o n  o f  Knowledge 

Programs w r i t t e n  by i n d i v i d u a l s  o r  by s m a l l  t e ams  a r e ,  more 
of t e n  t h a n  n o t ,  m a n i f e s t a t i o n s  o f  w i d e l y  known c o m p u t a t i o n s ,  
some t imes  r i d d l e s ,  o r  o t h e r  p r o c e d u r e s .  Examples  a r e  s o r t i n g  
a l g o r i t h m s ,  t h e  e i g h t  q u e e n s  problem i n v e n t o r y  c o n t r o l .  
These p r o b l e m s  c a n  o f t e n  be r e l a t e d  t o  document s t u d i e s :  
r e l e v a n t  u n d e r s t a n d i n g  and  e v e n  s o l u t i o n s  e x i s t  p r i o r  t o  
programming.  The programmer t h e n  a c t s  a s  t h e  t r a n s l a t o r  of 
human t h i n k i n g  t o  compu te r  p r o c e d u r e s ,  much l i k e  a n  a r t i s t  
c a p t u r i n g  p r o j e c t i o n s  o f  r e a l i t y  o n  some medium. 

I n  c o n t r a s t ,  d u r i n g  s o f t w a r e  dev l eopmen t  and  l a r g e l y  due  t o  
t h e  s t r o n g  t i e  be tween  man and  p r o j e c t ,  new i n f o r m a t i o n  i s  
g e n e r a t e d  : t h e  e x c l u s i v e  p r o d u c t  knowledge.  Whi l e  c r e a t i n g  
o p e r a t i n g  s y s t e m s ,  f o r  i n s t a n c e ,  e n t i r e l y  n o v e l  p r o b l e m s  must  
be s o l v e d  q u i c k l y .  The r e s u l t  i s  t h a t  t h e  s o l u t i o n s  r e m a i n  
known o n l y  t o  t h e  d e s i g n e r s  who, l a c k i n g  t i m e  f o r  
d o c u m e n t a t i o n  a s  u s u a l ,  k e e p  t h i s  knowledge  f o r  t h e m s e l v e s ,  

13.2 ( O r i g )  Fred Brooks [ ~ R 0 7 5 1  e x p e r t l y  d i s c u s s e s  t h e  
phenomenon of why doubling manpower does no t  halve 
development t i m e .  We w i l l  no t  cover t h i s  n o n - l i n e a r i t y  
here .  

13.3 ( O r i g )  With r e spec t  t o  t h e  problems of system 
decomposi t ion,  see t h e  s t u d i e s  o f  D L Parnas, G J Myers, 
L L Constant ine and o t h e r s .  
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i n a c c e s s i b l e  t o  o t h e r s .  Even w o r s e ,  knowledge  may become 
f u r t h e r  f r a g m e n t e d  and  r e s t r i c t e d  t o  non- communica t ing  
i n d i v i d u a l s .  Oniy t h e  deve lopmen t  and  s u b s e q u e n t  t e a c h i n g  o f  
s o f t w a r e  s y s t e m  s c i e n c e  a n d  me thodo logy ,  a s  opposed  t o  
programming t e c h n o l o g y  c a n  s o l v e  t h e  m a j o r  p rob l em o f  l a r g e -  
s c a l e  s o f t w a r e  : u n d e r s t a n d i n g  a n d  c l e a r  r e p r e s e n t a t i o n  o f  
s o l u t i o n s  s h o u l d  p r e c e d e  s y s t e m  c o n s t r u c t i o n .  

D e c o m p o s i t i o n  o f  t h e  p r o d u c t  a s  d e s c r i b e d  e a r l i e r  i s  n o t  
a l w a y s  s u f f i c i e n t ,  and  a n  e x t r a  d i m e n s i o n  o f  l a b o u r  
s u b d i v i s i o n  i s  n e c e s s a r y .  T h i s  i s  t h e  a s s e m b l y  l i n e  
a p p r o a c h ,  which  h a s  b e e n  s o  s u c c e s s f u l l y  employed  i n  
m a n u f a c t u r i n g  p r o c e s s e s .  I n  s o f t w a r e  t e r m s  t h e  r a t i o n a l e  
a p p e a r s  a s  f o l l o w s :  s y s t e m  a r c h i t e c t u r e ,  o r  h i g h  l e v e l  
d e s i g n ,  i s  a s p e c i a l i t y :  d e t a i l  d e s i g n  t h u s  becomes t h e  t a s k  
o f  a n o t h e r  team wh ich  s u b s e q u e n t l y  p a s s e s  t h e  s p e c i f i e d  
s y s t e m  b u i l d i n g  b l o c k s  o r  modu le s  t o  t h e  c o d e r s .  Mach inab l e  
m o d u l e s  t h e n  become r e c o l l e c t e d ,  and  i n t e g r a t e d  i n t o  
i n c r e a s i n g l y  l a r g e  u n i t s  by s e p a r a t e  t e ams  a t  e a c h  s t a g e ,  a n d  
f i n a l l y  t h e  e n t i r e  s y s t e m  i s  t e s t e d  by t h e  e x p e r t s  o f  t h i s  
p a r t i c u l a r  a c t i v i t y .  Everybody i s  s p e c i a l i s e d  i n  a  g i v e n  j o b  
and  s e v e r a l  s y s t e m s  o r  s y s t e m  v e r s i o n s  f l o w  a l o n g  t h i s  human 
c h a i n  a t  a  h i g h  r a t e .  By t h e  t i m e  o f  i n t e g r a t i o n  t h e  
d e s i g n e r s  h a v e  l o n g  f o r g o t t e n  t h e  p r o d u c t  b e i n g  t e s t e d  a n d  
a r e  b u s y  c r e a t i n g  and  l e a r n i n g  t h e  n e x t .  The f a l l a c y  of t h e  
a s s e m b l y  l i n e  i s  t h a t  i t  works  o n l y  whe re  p r o d u c t  knowledge  
i s  i r r e l e v a n t  t o  q u a l i t y ,  i n d e p e n d e n c e  o f  e l e m e n t a r y  
o p e r a t i o n s  i s  p o s s i b l e  and  p r o c e s s e s  a r e  unambiguous ly  
s p e c i f i e d .  F u r t h e r m o r e ,  o n l y  l o c a l  s k i l l  i s  needed  t o  
pe r fo rm  t h e  a c t i v i t i e s  w e l l ,  and no c h o i c e s  a r e  t o  be made,  
no r e l a t i o n s h i p s  t o  be  o b s e r v e d ;  t h e s e  p r o b l e m s  m u s t  b e  
r e s o l v e d  p r i o r  t o  t h e  s e t - u p  o f  t h e  a s s e m b l y  l i n e  wh ich  t h e n  
w o r k s  w e l l .  

I n  s o f t w a r e ,  p r o c e s s  knowledge  i s  a b o u t  d e s i g n i n g ,  c o d i n g ,  
t e s t i n g ,  a n d  i n t e g r a t i n g  p rog rams ,  a s  w e l l  a s  manag ing  t h e s e  
a c t i v i t i e s ,  w h i l e  p r o d u c t  knowledge  i s  t h e  u n d e r s t a n d i n g  o f  
how p rog rams  work  i n d i v i d u a l l y  a n d  i n  c o o p e r a t i o n  w i t h  e a c h  
o t h e r .  B r o a d l y  a p p l i c a b l e  me thods  h a v e  b e e n  d e v e l o p e d  f o r  
t h e  f o r m e r ,  w h i l e  p r o d u c t  knowledge  r e m a i n s  v e r y  d i f f i c u l t  t o  
g e n e r a l i s e ,  t e a c h ,  communica te ,  o r  e v e n  p r e s e r v e ,  due t o  l a c k  
o f  e a s y  ' e x t e r n a l i s a t i o n ' ,  i e  r e p r e s e n t a t i o n  o f  i d e a s .  T h i s  
makes  t h e  a c c u m u l a t i o n  and  s u b s e q u e n t  a p p l i c a t i o n  of p a s t  
e x p e r i e n c e  a l s o  d i f f i c u l t .  L i t e r a l l y ,  we h a v e  t o  r e l y  o n  
' i n t e r n a l '  knowledge  r e s i d i n g  i n  t h e  h e a d s  o f  p r o j e c t  
p a r t i c i p a n t s .  The q u a l i t y  of i m p o r t a n t  s y s t e m  a t t r i b u t e s ,  
s u c h  a s  pe r fo rmance  o r  u s a b i l i t y ,  i n s t e a d  o f  b e i n g  e x p r e s s e d  
a s  r e q u i r e m e n t s  a g a i n s t  wh ich  t h e  e v o l v i n g  s y s t e m  c a n  be  
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c h e c k e d  a t  d i f f e r e n t  s t a g e s  o f  t h e  p r o c e s s ,  r e m a i n  o n l y  h o p e s  
b a s e d  on  p a s t  e x c e l l e n c e  o f  t h e  team. G i v e n  t h i s  s i t u a t i o n  
i t  i s  d o u b t f u l  t h a t  t h e  a s s e m b l y  l i n e  i s  t h e  r i g h t  a p p r o a c h .  

4 S t a f f  R e q u i r e m e n t s  o f  M a i n t e n a n c e  a n d  R e d e s i g n  

We h a v e  t h u s  f a r  d i s c u s s e d  t h a t  deve lopmen t  manpower mus t  be 
s u b d i v i d e d  i f  r a p i d  d e v e l o p m e n t  i s  e s s e n t i a l .  The 
s u b d i v i s i o n  h a s  b e e n  shown t o  be e f f e c t e d  by t h e  c o m b i n a t i o n  
o f  t h e  e a r l y  d e c o m p o s i t i o n  o f  t h e  s o f t w a r e  i n t o  w o r k a b l e  
components  and  o f  t h e  s p e c i a l i s a t i o n  o f  p r o c e s s  f u n c t i o n s .  
The c o o r d i n a t i o n  o f  a c t i v i t i e s ,  w h i c h  a r e  t h u s  f r a g m e n t e d  
a l o n g  two d i m e n s i o n s ,  p r e s e n t s  s e r i o u s  management p r o b l e m s ,  
f u r t h e r  a g g r a v a t e d  by t h e  f a c t  t h a t  deve lopmen t  c o n t i n u e s  
beyond t h e  f i r s t  c u s t o m e r  s h i p m e n t  d a t e :  a n  e n d l e s s  s y s t e m  
e v o l u t i o n  f o l l o w s  w h i c h  i s  a  m i x t u r e  o f  f u r t h e r  d e v e l o p m e n t  
a n d  r e p a i r - l i k e  a c t i v i t i e s .  We s h a l l  c a l l  a l l  p r o d u c t  
m o d i f i c a t i o n s  w h i c h  o c c u r  a f t e r  f i r s t  s y s t e m  d e l i v e r y ,  
m a i n t e n a n c e ,  as d i s t i n g u i s h e d  f rom d e s i g n ,  e v e n  if 
m a i n t e n a n c e  h a s  t h e  f l a v o u r  o f  d e s i g n .  We l i s t  below t h e  
ma jo r  c o n s t i t u e n t s  o f  t h i s  p e r p e t u a l  m a i n t e n a n c e  p r o c e s s .  

F i r s t ,  t h e  s y s t e m  i s  f a r  f r om b e i n g  p e r f e c t  a n d  i t s  u s e  i n  
r e a l  l i f e  s o o n  g i v e s  r i s e  t o  a  n e v e r  e n d i n g  s t r e a m  o f  
m a l f u n c t i o n s ,  o b s e r v e d  and  t h e n  r e p o r t e d  back  t o  whe re  i t  was  
g e n e r a t e d .  Second ,  t h e  i n v e n t i v e  s p i r i t  i s  a l w a y s  a l i v e ,  
r e s u l t i n g  i n  c o n s t a n t  a t t e m p t s  t o  improve  by s y s t e m  
d e v e l o p e r s ,  and  i n  i n t r o d u c t i o n  o f  new a p p a r a t u s  by h a r d w a r e  
d e s i g n e r s .  T h e r e  i s  ample  e v i d e n c e  t h a t  p r o d u c t  enhancemen t  
c o n t i n u e s  v i r t u a l l y  f o r e v e r .  F i n a l l y ,  t h e  v e r y  u s e  o f  t h e  
sy s t e m e n l i g h t e n s  c u s t o m e r s  t o  p r e s e n t  t h e  m a n u f a c t u r e r  
a d d i t i o n a l  r e q u i r e m n t s  f o r  c o n v e n i e n c e ,  c a p a b i l i t y  a n d  
f u n c t i o n .  The u l t i m a t e  s o f t w a r e  p r o d u c t  i s  t h e  b i t  s t r i n g  o n  
t h e  t a p e  f rom wh ich  i t  i s  l o a d e d  i n t o  t h e  m a c h i n e ,  i n  o r d e r  
t o  b r i n g  t h e  compu t ing  s y s t e m  i n t o  dynamic  e x e c u t i o n .  A s  we 
c a n  now s e e ,  t h e  s t r i n g  i t s e l f  i s  n o t  s t a t i c  e i t h e r :  
m a i n t e n a n c e  a s  d e f i n e d  a b o v e  k e e p s  i t  i n  a  c o n s t a n t  f l u x  
i n d e f i n i t e l y .  

P r o d u c t  f l u x  i s  n o t  u n i q u e  t o  l a r g e  s o f t w a r e .  For  examp le ,  
we c o u l d  v i ew  t h e  d e v e l o p m e n t  o f  t h e  a u t o m o b i l e ,  a t  l e a s t  
c o n f i n e d  t o  o n e  m a n u f a c t u r e r ,  t h e  e v o l u t i o n  o f  a  s i n g l e  
s y s t e m  o v e r  s e v e r a l  d e c a d e s .  An a l r e a d y  w e l l  d e v e l o p e d  
t a n k e r  a i r c r a f t  a c t u a l l y  e v o l v e d  i n t o  t h e  f i r s t  s u c c e s s f u l  
c ommer i ca l  j e t  l i n e r  w h i c h  h a s  s i n c e  been  c o n t i n u o u s l y  
improved .  The h i s t o r y  o f  compu te r  h a r d w a r e  m i g h t  be 
s i m i l a r l y  c h a r a c t e r i s e d .  These  c a s e s  d e m o n s t r a t e ,  i n  
g e n e r a l ,  t h a t  new d e s i n g  i s  c o n s i d e r e d  a m a j o r  i n v e s t m e n t  a n d  
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i t  s e e m s  c h e a p e r  t o  c h a n g e  s o m e t h i n g  t h a n  c r e a t e  i t  f r o m  
s c r a t c h .  

S o f t w a r e  i s  p e r h a p s  t o o  e a s y  t o  c h a n g e  b u t ,  p a r a d o x i c a l l y ,  
v e r y  d i f f i c u l t  t o  c h a n g e  p r e d i c t a b l y .  W h i l e  m o d i f i c a t i o n  o f  
a  p i e c e  o f  h a r d w a r e  i s  q u i t e  v i s i b l e  a n d  u s u a l l y  r e q u i r e s  t h e  
c o o p e r a  t i o n  o f  s e v e r a l  p e r s o n s  p l u s  o f  t e n  m a s s i v e  e q u i p m e n t ,  
s o f t w a r e  m o d i f i c a t i o n s  a r e  h a r d  t o  m o n i t o r  : u s u a l l y  p a p e r  
a n d  p e n c i l  s u f f i c e  i n  t h e  p r i v a c y  o f  a  s i n g l e  p r o g r a m e r .  
M o r e o v e r ,  c h a n g e s  may make n e c e s s a r y  a d d i  t i o n a l  c h a n g e s  
e l s e w h e r e  i n  t h e  s y s t e m  w h i c h  f r e q u e n t l y  r e m a i n  undone .  T h i s  
a p p e a r s  e v e n  m o r e  s e r i o u s  s i n c e ,  f o l l o w i n g  o b s e r v a t i o n s  made 
o n  s e v e r a l  l a r g e  s y s t e m s ,  t h e  e x t e n t  t o  w h i c h  t h e  
m o d i f i c a t i o n  s p r e a d s  t e n d s  t o  i n c r e a s e  a s  t h e  s y s t e m  a g e s .  
F o r  s y s t e m s  c o n s i s t i n g  o f  m o d u l e s  a s  b u i l d i n g  b l o c k s  e a c h  
m o d i f i c a t i o n  w i l l ,  o n  t h e  a v e r a g e ,  i n v o l v e  m o r e  m o d u l e s  t h a n  
i t s  p r e d e c e s s o r  d i d .  

A n o t h e r  s p e c i a l  s o f t w a r e  p r o b l e m  i s  t h a t  r e p a i r  i s  a c t u a l l y  
n o t  r e p a i r  a t  a l l .  W h i l e  h a r d w a r e  p h y s i c a l l y  d e t e r i o r a t e s  
due  t o  w e a r ,  c o r r o s i o n  o r  f a t i g u e ,  a n d  r e p a i r  i s  t h e n  d e f i n e d  
a s  t h e  r e p l a c e m e n t  o f  t h e  component  i n  o r d e r  t o  b r i n g  t h e  
s y s t e m  b a c k  t o  i t s  o r i g i n a l  s t a t e ,  t h e  e l i m i n a t i o n  o f  
s o f t w a r e  m a l f u n c t i o n  i s  p e r f o r m e d  by c h a n g i n g  away f r o m  
d e s i g n e d  o r  c o n s t r u c t e d  s t a t e .  T h i s  o f t e n  l e a d s  t o  r e d e s i g n ,  
f u r t h e r  r e d u c i n g  p r o d u c t  s t a b i l i t y ,  a n d  b r i n g s  u p  t h e  n e x t  
p r o b l e m :  who s h o u l d  m a i n t a i n  s o f t w a r e ?  

A s  we h a v e  s e e n ,  a  s t r e a m  o f  c h a n g e  r e q u i r e m e n t s  i s  
c o n t i n u o u s l y  g e n e r a t e d  d u r i n g  t h e  e n t i r e  l i f e  o f  a  p i e c e  o f  
s o f t w a r e .  S i n c e  r e p a i r  i s  a c t u a l l y  a  s e r i e s  o f  e n g i n e e r i n g  
c h a n g e s ,  t h e  d e s i g n e r s  a r e  t h e  b e s t  c a n d i d a t e s  t o  p e r f o r m  t h e  
c o r r e s p o n d i n g  m o d i f i c a t i o n s .  They c a n  t h e n  s e l e c t  t h e  b e s t  
f i x  s u c h  t h a t  i t  be t h e  m o s t  l o c a l i s e d .  If s e c o n d a r y  c h a n g e s  
a r e  i n t r o d u c e d ,  t h e  d e s i g n e r s '  i n t i m a t e  k n o w l e d g e  o f  t h e  
p r o d u c t  i s  i n d i s p e n s a b l e  t o  make t h e  o r i g i n a l  s y s t e m  
s t r u c t u r e  p r e v a i l .  U n f o r t u n a t e l y ,  e m p l o y i n g  d e s i g n e r s  f o r  
r e d e s i g n  i s  a  l u x u r y  w h i c h  c a n n o t  be  a f f o r d e d .  

The s y s t e m  m a i n t e n a n c e  p e r i o d  i s  s o  l o n g  t h a t  t h e  s p i r i t  o f  
t h e  o r i g i n a l  s t a f f  c a n n o t  be s u s t a i n e d  by t h e  o f t e n  t r i v i a l  
m o d i f i c a t i o n  a c t i v i t i e s  : p e o p l e  need  m o r e  c h a l l e n g e .  
f u r t h e r m o r e ,  s y s t e m  d e s i g n e r s  r e p r e s e n t  a  v a l u a b l e  r e s o u r c e  
n e e d e d  t o  d e s i g n  n e x t  g e n e r a t i o n  p r o d u c t s .  The e x p e r i e n c e ,  
t h e  a c q u i s i t i o n  o f  p r o d u c t  k n o w l e d g e  w h i c h  i s  n o t  f o r m a l l y  
t e a c h a b l e ,  m a k e s  t h e  d e s i g n e r s  o f  t h e  o l d  t h e  a r c h i t e c t s  o f  
t h e  new. T h i s  d o u b l e  c a n d i d a c y  c r e a t e s  a n  e x p e r t  b o t t l e n e c k ,  
l e a v i n g  m a i n t e n a n c e  o f t e n  u n s t a f f e d .  
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E v e n t u a l l y ,  however ,  t h e  m a i n t e n a n c e  crew must  be s t a f f e d .  
S i n c e  i t s  members c a n n o t  p o s s i b l y  h a v e  a s  h i g h  a  l e v e l  o f  
p r o d u c t  knowledge  a s  t h e  d e s i g n e r s  do ,  t h e  s y s t e m  s h o u l d  be 
k e p t  s i m p l e  and  c l e a r l y  documented:  t h e  more u n s t r u c t u r e d  
t h e  s y s t e m ,  t h e  more d e t e r i o r a t i o n  o f  s t r u c t u r e  w i l l  t a k e  
p l a c e  d u r i n g  m a i n t e n a n c e .  L a c k i n g  t h e  n e c e s s a r y  p r o d u c t  
knowledge ,  m a i n t a i n e r s  u s u a l l y  s e l e c t  t h o s e  c h a n g e s  which  a r e  
t h e  e a s i e s t  t o  implement  a n d ,  u n d e r  s c h e d u l e  p r e s s u r e ,  
d i s r e g a r d  p r e s e r v a t i o n  o f  c l a r i t y  and  s t r u c t u r e .  

5 P r o d u c t i v i t y  i n  P r o g r a m i n g  

By c l a s s i c a l  d e f i n i t i o n ,  p r o d u c t i v i t y  i s  t h e  u s e f u l  o u t p u t  
p e r  u n i t  c o s t  o f  human a c t i v i t y .  The ( a t  l e a s t  a p p r o x i m a t e )  
e s t i m a t i o n  o f  p r o d u c t i v i t y  i s  o b v i o u s l y  u s e f u l  f o r  p l a n n i n g  
p u r p o s e s .  B u t  e v e n  more  i m p o r t a n t ,  m e a s u r i n g  p r o d u c t i v i t y  t o  
compare g r o u p s  o r  i n d i v i d u a l s ,  o r  a s  a  b a s i s  f o r  r e w a r d ,  i s  a  
s i g n i f i c a n t  m o t i v a t o r .  

F r e d  Brooks  i n  h i s  book 'The  M y t h i c a l  Man-Monthf CBR0751 
p o i n t s  o u t  i n  some d e t a i l  t h e  p r o b l e m s  r e l a t e d  t o  
p r o d u c t i v i t y  , c e n t e r e d  a r o u n d  t h e  o b s e r v a t i o n  t h a t  i n  
s o f t w a r e  p r o j e c t s ,  a s  i n  many o t h e r  human e n d e a v o u r s ,  
p r o d u c t i v i t y  d e c r e a s e s  a s  t h e  s i z e  o f  t h e  team i n c r e a s e s .  
I n  o t h e r  words ,  t h e  n e x t  member 's  c o n t r i b u t i o n  t o  team 
p r o d u c t i v i t y  w i l l  be l o w e r  t h a n  t h e  a v e r a g e  o f  t h e  o r i g i n a l  
team. The u s u a l  e x p l a n a t i o n  i s  t h a t  a  l a r g e  p a r t  o f  team 
work i s  communica t i on  and  t h a t  i n t r a - g r o u p  communica t i n  
demand i n c r e a s e s  more t h a n  l i n e a r l y  w i t h  g r o u p  s i z e .  

T h i s  p o i n t s  t o  two p o t e n t i a l  r e m e d i e s :  t h e  r e d u c t i o n  o f  t h e  
i n f o r m a t i o n  n e c e s s a r y  t o  communica te  a n d  t h e  improvement  of 
communica t ion  e f f i c i e n c y .  To a c h i e v e  t h e  f i r s t ,  o r e  s h o u l d  
be  a b l e  t o  i d e n t i f y  p i e c e s  o f  work ,  i e  s o f t w a r e  components ,  
which  c a n  keep  i n d i v i d u a l  d e s i g n e r s ,  i m p l e m e n t o r s  a n d  t e s t e r s  
busy w i t h o u t  t h e  rleed t o  e x c h a n g e  i n f o r m a t i o n  among e a c h  
o t h e r .  R e l y i n g  t o o  much o n  i n d e p e n d e n c e  c o u l d  be d a n g e r o u s  
t hough ,  a s  a v a i l a b l e  e r r o r  s t a t i s t i c s  t e s t i f y  (13 .4 )  t h e  
m a j o r i t y  o f  d e s i g n  f a u l t s  a r e  o m i s s i o n s ,  which  s u g g e s t  t h a t  
v i t a l  i n f o r m a t i o n  c o u l d  b e  m i s s i n g  o r  n o t  a v a i l a b l e  t o  
d e s i g n e r s .  

The most  i m p o r t a n t  c o n t r i b u t i n g  f a c t o r  t o  e f f i c i e n c y  of 
communica t ion  i s  t h e  r i g h t  s e l e c t i o n  o f  p e o p l e .  The e r a  o f  
t h e  i s o l a t e d  w h i z z- k i d s  i n  programming i s  f a d i n g ;  o p e n n e s s  i n  
r e v e a l i n g  s o l u t i o n s ,  e v e n  p r o b l e m s  a n d  d i f f i c u l t i e s  a n d  t o t a l  

13.4 (Orig) See, for example, M E Fagan's work 
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v i s i b i l i t y  o f  a l l  components ,  d o c u m e n t a t i o n  and  s k e t c h e s  t o  
anyone  f o r  t h e  a s k i n g  a r e  a b s o l u t e l y  e s e n t i a l .  A c c o r d i n g l y ,  
f o r m a l  i n s p e c t i o n s ,  e x p o s i n g  l a r g e  s t r u c t u r a l  c h a r t s  o n  t h e  
wal l ,  o r  h i r i n g  e x t r o v e r t s  a l l  r e d u c e  t h e  i n t r a - g r o u p  
communica t ion  problem.  

The most  f r e q u e n t l y  u s e d  d i m e n s i o n  t o  measu re  programmer 
p r o d u c t i v i t y  i s  t h e  amount o f  f i n i s h e d  code  produced p e r  u n i t  
t i m e  ( o r  u n i t  c o s t ) .  The a s s o c i a t e d  problem i s  w i d e l y  
r e c o g n i s e d :  a 1  though p r o d u c t i v i t y  mesu res  a r e  supposed  t o  
m o t i v a t e  f o r  c h e a p e r  programs,  c l e v e r  programmers i n v e n t e d  
t h e  o t h e r  method o f  i n c r e a s i n g  t h e  p r o d u c t i v i t y  a s  a r a i t o ,  
namely by i n c r e a s i n g  t h e  numera to r .  More code  f o r  t h e  same 
s o f t w a r e  f u n c t i o n  a p p e a r s  a s  good a s  a  s m a l l e r  module 
p roduced  f a s t e r .  

T h i s  h a s  d i s a s t r o u s  e f f e c t s ;  n o t  o n l y  do we have  a  l a r g e r  
p r o d u c t ,  and  one  which  consumes more s p a c e  and p e r h a p s  
e x e c u t i o n  t i m e ,  b u t  we msut c a r r y  i n t o  t h e  e n d l e s s  
m a i n t e n a n c e  p h a s e  a  b u l k i e r  and  c e r t a i n l y  more complex 
program,  w i t h  a  p r o b a b l y  more t h a n  l i n e a r  c o s t  i n c r e a s e .  The 
p r o d u c t i v i t y  measu re ,  o r i g i n a l l y  meant  t o  be a  m o t i v a t o r ,  
becomes c o u n t e r p r o d u c t i v e .  

An i n t e r e s t i n g  p r o p o s a l ,  a t  l e a s t  f o r  program m o d i f i c a t i o n ,  
i s  t o  r eward  t h e  removal  of  i n s t r u c t i o n s  more t h a n  t h e  
a d d i t i o n  o f  new ones .  T h i s  scheme r e c o g n i s e s  t h e  e x t r a  
i n t e l l e c t u a l  e f f o r t  needed t o  r e p l a c e ,  r a t h e r  t h a n  s i m p l y  
add ,  program p i e c e s .  And i t  a l s o  con fo rms  w i t h  t h e  a d v i c e :  
h i r e  p e o p l e  who l o v e  s i m p l i c i t y ;  r eward  a n y  r e d u c t i o n  of  
c o m p l e x i t y ,  e v e n  i f  t h i s  c o n t r a d i c t s  t r a d i t i o n a l  p r o d u c t i v i t y  
measu re s .  

6 A d d i t i o n a l  C h a l l e n g e s  

We have  s e e n  e a r l i e r  t h a t ,  f o r  l a r g e  s o f t w a r e  s u c h  a s  
o p e r a t i n g  s y s t e m s ,  m a i n t e n a n c e  i s  s e p a r a t e d  f rom deve lopmen t ,  
and  a n o t h e r  d i s t i n c t  o r g a n i s a t i o n  r e s p o n d s  t o  e r r o r  r e p o r t s .  
Many s u c h  e r r o r s  a r e  e x p e c t e d  t o  be r e p o r t e d ,  r e q u i r i n g  
immedia te  a c t i o n ,  and t h e  s i z e  o f  t h e  o r g a n i s a t i o n  i s  
comparab le  t o  t h a t  o f  t h e  d e v e l o p e r s .  We have  d i s c u s s e d  t h a t  
t h e  m a i n t a i n e r s  o f  t e n  l a c k  sys t em e x p e r t i s e .  

N e v e r t h e l e s s ,  r i g h t  a f t e r  sys t em o r  new r e l e a s e  d e l i v e r y ,  
s e r v i c e ,  i e  m a i n t e n a n c e ,  a c t u a l l y  p e r f o r m s  a  t a s k  which 
a p p e a r s  t o  be t h e  e x t e n s i o n  o f  t h e  s y s t e n  t e s t  phase .  A t  
p r e s e n t ,  t e s t i n g  i s  a  r a t h e r  s p a r s e  s a m p l i n g  p r o c e s s ,  s i n c e  
r e a l  l i f e  u s e  p a t t e r n s  a r e  h a r d  t o  p r e d i c t  a n d ,  e v e n  i f  
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known, c a n n o t  be r e p r e s e n t e d  by a  t e s t  l o a d  o f  manageab le  
s i z e .  Real  o p e r a t i o n  becomes t h e n  t h e  t e s t  r u n  and  t h e  
m a i n t a i n e r s  become t h e  crew which  must  b r i n g  t h e  sys t em i n t o  
i t s  f i n a l  shape .  

The ma jo r  problem w i t h  t h i s  way o f  t e s t i n g  a young s y s t e m  i n  
p a r t i c u l a r  i s  t h a t  a s i g n i f i c a n t  p o r t i o n  o f  t h e  d i s c o v e r e d  
e r r o r s  h a v e  t h e i r  o r i g i n  i n  d e s i g n ,  t h u s  s p a n n i n g  a l o n g  
i t e r a t i v e  deve lopmen t  l o o p .  The teams and  t h e i r  work 
invo lvemen t  a r e  w i d e l y  s e p a r a t e d  i n  time and  s p a c e ,  e v e n  o n  
t h e  o r g a n i s a t i o n  t r e e .  The a l r e a d y  men t ioned  l a c k  o f  c l e a r  
sys tem r e p r e s e n t a t i o n  me thodo logy ,  s o  i n d i s p e n s a b l e  i n  t h e  
m a i n t e n a n c e  of  complex  mach ine ry  as ,  f o r  i n s t a n c e ,  a i r c r a f t ,  
f u r t h e r  a g g r a v a t e s  t h e  s i t u a t i o n .  None t h e l e s s  t h e  sys t em 
must  be f i x e d  a t  a l l  c o s t ,  t hough  f i x e s ,  l i k e  t h e  o r i g i n a l  
s y s t e m ,  a r e  n o t  p e r f e c t .  It was o b s e r v e d  t h a t ,  as time 
p a s s e s ,  a n  i n c r e a s i n g  p o r t i o n  o f  e r r o r s  i s  t r a c e a b l e  t o  
e a r l i e r  f i x e s .  F i x e s  become t h u s  more complex a n d  d i f f u s e d ,  
i m p a c t i n g  a  g r e a t e r  number o f  modu le s .  A c c o r d i n g l y ,  more 
p e o p l e  become i n v o l v e d  and  i n t e r f e r e n c e  be tween f i x e r s  
i n c r e a s e s .  

A s  i n  t h e  c a s e  o f  e x e c u t i n g  p rog rams  c o n c u r r e n t l y ,  s e v e r a l  
c o n c u r r e n t  f i x i n g  p r o c e s s e s  d u r i n g  sys t em e v o l u t i o n  r e q u i r e  
c a r e f u l  s y n c h r o n i s a t i o n ,  which s h o u l d  be b a s e d  o n  p r o d u c t  
knowledge.  B u t  s y n c h r o n i s a t i o n  o f  w i d e l y  s e p a r a t e d  t eams  i s  
d i f f i c u l ; ,  SO t h e  a t t e m p t e d  s o l u t i o n  i s  a n o t h e r  sys t em test 
t o  f i n d  how c o e x i s t i n g  f i x e s  i n f l u e n c e  sys t em b e h a v i o u r .  
T h i s  b r i n g s  u s  back  a g a i n  t o  t h e  problem o f  t h e  
i n s u f f i c i e n t l y  r e p r e s e n t a t i v e  tes t  l o a d .  N e v e r t h e l e s s  t h e  
changed sys t em w i l l  be d e l i v e r e d  t o  t h e  c u s t o m e r ' s  s h o p  where  
r e s i d u a l  e r r o s  w i l l  i n t e r f e r e  w i t h  r e g u l a r  o p e r a t i o n s ,  

It i s  t h e r e f o r e  n o t  s u r p r i s i n g  t h a t  t h e  cus tomer  i s  s e l e c t i v e  
when o f f e r e d  a n o t h e r  v e r s i o n  w i t h  new f i x e s .  Whi le  h e  
e x p e r i e n c e s  a r e a s o n a b l y  smooth o p e r a t i o n ,  why s h o u l d  h e  g i v e  
up s a t i s f a c t i o n  f o r  u n c e r t a i n t y ?  I n  a mu1 t i- c u s t o m e r  
s i t u a t i o n ,  f o r  example ,  t h e  new f i x  c o u l d  be a r e s p o n s e  t o  
e r r o r  d i s c o v e r e d  by a n o t h e r  c u s t o m e r  w h i l e ,  due  t o  
d i f f e r e n c e s  i n  u s e  p a t t e r n ,  t h e  same e r r o r  may n e v e r  s u r f a c e  
e l s e w h e r e .  T h i s  g e n e r a l  r e l u c t a n c e  t o  a c c e p t i n g  new v e r s i o n s  
c r e a t e s  a  v a r i e t y  o f  d i s t i n c t  s y s t e m s  and  e x t r a  h e a d a c h e  f o r  
t h e  s e r v i c e  o r g a n i s a t i o n .  

Cons ide r  modu le s  a s  b a s i c  b u i l d i n g  b l o c k s ,  p e r h a p s  s e v e r a l  
t h o u s a n d s  i n  number. Fo r  t h e  m a n u f a c t u r e r  t h e  i d e a l  
s i t u a t i o n  i s  t h a t  o f  w e l l- s p a c e d  r e l e a s e s  and  r e a d y  
a c c e p t a n c e  o f  f i x e s .  I n  t h i s  c a s e ,  t h e r e  i s  o n l y  a s i n g l e  
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v e r s i o n  f o r  e a c h  module a t  any  g i v e n  t i m e ,  e v e n  i n  a  sys t em 
w i t h  many i n s t a l l a t i o n s .  With s e l e c t i v e  c u s t o m e r s ,  however ,  
who o c c a s i o n a l l y  r e j e c t  t h e  i n c o r p o r a t i o n  o f  new f i x e s ,  some 
modu le s  mus t  have  s e v e r a l  v a l i d  v e r s i o n s :  t h e  mos t  r e c e n t  
one .  a s  w e l l  as one  o r  more p r e d e c e s s o r s  which  may s t i l l  be 
a c t i v e l y  u s e d  a t  some i n s t a l l a t i o n s .  The p r e d e c e s s o r s  c a n n o t  
be i n v a l i d a t e d ,  d o c u m e n t a t i o n  and bookkeep ing  t h u s  
s i m p l i f i e d ,  s i n c e  t h e  o l d  v e r s i o n s  s t i l l  p a r t i c i p a t e  i n  t h e  
env i ronmen t  a g a i n s t  wh ich  f u r t h e r  e r r o r s  c o u l d  be r e p o r t e d  
and t h e i r  r e p a i r  r e q u e s t e d .  

It i s  e a s y  t o  d e m o n s t r a t e  t h e  e x p l o s i o n  i n  t h e  number o f  
module  v e r s i o n s .  Assume t h a t  a n  e r r o r  i s  d i s c o v e r e d ,  s a y  i n  
module A ,  i n  t h e  p r e s e n c e  of  module B. Under some 
c i r c u m s t a n c e s  i t  may happen  t h a t  module  A c a n n o t  be f i x e d  
s u c h  t h a t  i t s  s i n g l e  new v e r s i o n  s a t i s f i e s  two o r  more 
s y s t e m s  e a c h  h a v i n g  a  d i s t i n c t  v e r s i o n  o f  B. Note t h a t  
m u l t i p l e  v e r s i o n s  o f  A must  be o f f e r e d  e v e n  i f  o n l y  one 
i n s t a l l a t i o n  r e p o r t e d  t h e  e r r o r .  Every c u s t o m e r  w a n t s  t o  be 
p r e p a r e d  a g a i n s t  e r r o n e o u s  sys t em b e h a v i o u r  d i s c o v e r e d  
e l s e w h e r e ,  e v e n  i f  h e  r e j e c t s  t h e  c o r r e s p o n d i n g  f i x .  

The m a n u f a c t u r e r  w i s h i n g  t o  c o n t r o l  c o m p l e x i t y  w i l l  t h e r e f  o r e  
t r y  t o  f o r c e  c u s t o m e r s  t o  a c c e p t  unwanted f i x e s ,  by 
c o n s t r u c t i n g  a dependency ne twork  which  c o n t a i n s  a l l  f i x e s  
made t o  t h e  sys t em.  He c a n  d e c l a r e ,  f o r  example ,  t h a t  a  f i x  
may be added  t o  t h e  s y s t e m  o n l y  i f  accompanied ,  o r  p r e c e d e d ,  
by a g i v e n  s e t  o f  o t h e r  f i x e s .  The a d d i t i o n a l  t a s k  o f  
c r e a t i n g  and  u p d a t i n g  t h i s  ne twork ,  which a l s o  r e f l e c t s  
b u s i n e s s  c o n s i d e r a t i o n s ,  p r e s e n t s  a n  e x t r a  bu rden  t o  t h e  
f i x e r s ,  i e  t h e  m a i n t e n a n c e  o r g a n i s a t i o n .  It i s  n o t  c l e a r  
what  k i n d  of  background o f  e x p e r i e n c e  s u i t s  b e s t  t h i s  t y p e  o f  
work. 

7 Customer Invo lvemen t  

The need f o r  good r e l a t i o n s  w i t h  t h e  cus tomer  i s  n o t  
r e s t r i c t e d  t o  m a i n t e n a n c e .  The re  i s  e v i d e n c e  t h a t  w i t h  t h e  
b e s t  s y s t e m s  t h e  cus tomer  p a r t i c i p t e d  i n  t h e  e a r l y  
r e q u i r e m e n t  and  s p e c i f i c a t i o n  p h a s e s  o f  t h e  p r o j e c t  and  
r ema ined  i n  c l o s e  t o u c h  d u r i n g  t h e  e n t i r e  l i f e  c y c l e .  

The 'man-on-the-moont p r o j e c t ,  f o r  example ,  depended o n  t h e  
c o o p e r a t i o n  o f  many s u b c o n t r a c t o r s ,  some o f  them i n  
programming.  It was s o o n  l e a r n e d  t o  s p e n d  q u i t e  a p e r i o d  of  
t i m e ,  up t o  a y e a r ,  on  t h e  r e q u i r e m e n t s  and  s p e c i f i c a t i o n  
p h a s e s  o f  l a r g e  s o f t w a r e  p a c k a g e s ,  i n  t h e  form o f  a d i a l o g u e  
be tween t h e  p a r t i e s  i n v o l v e d .  E v e n t u a l l y ,  t h e  s o - c a l l e d  
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' b a s e - l i n e 1  s y s t e m  was r e a c h e d ,  w i t h  a n  a s s o c i a t e d  a g r e e d -  
upon c o s t .  Any s u b s e q u e n t  d e v i a t i o n  f rom t h e  a g r e e m e n t ,  
w h e t h e r  i n d u c e d  by unf  o r s e e n  f a c t o r s  o r  m u t u a l  a l i g n m e n t  
among s e v e r a l  s u b c o n t r a c t o r s ,  w a s  a l w a y s  f o r m a l l y  t r e a t e d :  
o r i g i n a l  docuemnt s  u p d a t e d ,  e x t r a  c o s t ,  i f  a n y ,  n e g o t i a t e d .  
T h i s  method  worked  s o  w e l l  t h a t  i t  was  s u g g e s t e d  t h a t  f o r  
p r o j e c t s  w i t h o u t  a n  o b v i o u s ,  e a s i l y  i d e n t i f i a b l e  c u s t o m e r ,  - 
o f t e n  t h e  c a s e  f o r  o p e r a t i n g  s y s t e m s  - a t  l e a s t  a  ' v i r t u a l '  
c u s t o m e r  s h o u l d  be  a p p o i n t e d  t o  p l a y  t h e  r o l e  o f  a  r e a l  
c u s t o m e r  w i t h  need ,  money, a n d  a u t h o r i t y 1 .  

It was  a l s o  o b s e r v e d  t h a t  s y s t e m  programmers ,  q u i t e  r e m o t e  
f rom t h e  m a r k e t p l a c e ,  o f t e n  f e e l  u n e a s y  a b o u t  t h e i r  l a c k  of  
' f e e l 1  a s  t o  w h a t ,  i n  a  d e v e l o p i n g  p r o d u c t ,  i s  c o n s i s e r e d  by 
t h e  c u s t o m e r  i m p r o t a n t  a n d  w h a t  i s  n o t .  Slow r o t a t i o n a l  
exchange  o f  f i e l d  a n d  m a i n t a n c e  p e r s o n n e l  w i t h  i n- h o u s e ,  and  
o f t e n  i s o l a t e d ,  d e v e l o p e r s  more t h a n  l i k e l y  h e l p s  t o  
a l l e v i a t e  t h i s  p rob l em and  e v e n t u a l l y  eve rybody  w i l l  h a v e  h a d  
t h e  c h a n c e  t o  work  c l o s e l y  w i t h  t h e  c u s t o m e r .  

8 E x p e r i e n c e  and  E d u c a t i o n  

E x p e r t s  a g r e e  t h a t  t h e  s i n g l e  mos t  i m p o r t a n t  c h a r a c t e r i s t i c  
of a team programmer o r  p r o f e s s i o n a l  s o f t w a r e  e n g i n e e r  i s  
l o v e  o f  s i m p l i c i t y .  However, t h e  mos t  c a p a b l e  a n d  b r i g h t e s t  
p rogrammers  o f  t e n  l o v e  c o m p l e x i t y ,  p e r h a p s  t o  e x e r c i s e  t h e i r  
c l e v e r n e s s ;  and  i f  t h e r e  i s  n o t  enough c o m p l e x i t y  p r e s e n t ,  
t h e y  c r e a t e  some a r t i f i c i a l l y .  T h i s  r e s u l t s  i n  non- 
m o d i f i a b l e ,  i m p o s s i b l e  t o  m a i n t a i n  p r o g r a m s ;  a n d  t o  make t h e  
s i t u a t i o n  e v e n  w o r s e ,  by t h e  t i m e  t h e  s y s t e m  i s  i n  o p e r a t i o n  
o u r  c r e a t o r s  a r e  a l r e a d y  busy  t o  b u i l d  t h e  n e x t  g e n e r a t i o n  
monument. 

The s o l u t i o n  i s  n o t  t o  e x c l u d e  t h e  b r i g h t  b u t  g e n t l y  b l e n d  
them i n t o  t h e  team o f  a l l  p r o f e s s i o n a l s ,  t o  c r e a t e  a n  
a t m o s p h e r e  o f  b a l a n c e d  i n v e n t i v e n e s s .  Every  p r o j e c t  p r e s e n t s  
a  w e a l t h  o f  t o u g h  a n d  j u i c y  p r o b l e m s  anyway,  a s k i n g  f o r  
d e c e n t  s o l u t i o n s .  But  t h e  s p i r i t  mus t  be t h a t  o f  
e n g i n e e r i n g :  i n n o v a t i v e  a p p l i c a t i o n  o f  a l r e a d y  t e s t e d  i d e a s .  

Ano the r  f r e q u e n t  m i s t a k e  i s  t h e  r a p i d  p r o m o t i o n  i n t o  
l e a d e r s h i p ,  b a s e d  p u r e l y  o n  t e c h n i c a l  c a p a b i l i t y .  E x c e s s  
c u r i o s i t y  o f  t h e  v e r y  b r i g h t  o f t e n  l e a d s  i n t o  v i r g i n  
t e r r i t o r y ,  away f r o m  e s t a b l i s h e d  m e t h o d s  w h i c h  a r e  r e q u i r e d  
t o  r e f i n e  t h e  p r o d u c t  a n d  t o  i n c r e a s e  s y s t e m a t i c a l l y  i t s  
q u a l i t y .  The b e s t  way t o  u s e  t h e  ' w h i z z- k i d s 1  i s  i n  
a d v i s o r y ,  c o n s u l t i n g  a n d  t r o u b l e - s h o o t i n g  p o s i t i o n s .  
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A t  p r e s e n t  t h e r e  i s  n o t  enough  e v i d e n c e  a s  t o  w h i c h  academic  
d i s c i p l i n e  s e r v e s  b e s t  t h e  s t a f f i n g  o f  l a r g e  s o f t w a r e  
p r o j e c t s .  S i n c e  programming i s  d i f f i c u l t  t o  t e a c h ,  and  team 
programming e v e n  more  s o ,  t h e  b e s t  p o l i c y  s eems  t o  be t h e  on-  
t h e - j o b  t r a i n i n g  o f  t h e  c o l l e g e  e d u c a t e d ,  p r e f e r a b l y  f rom a n  
e n g i n e e r i n g  s c h o o l .  B u t  e v e n  more  i m p o r t a n t  i s  t h e  
p r e s e r v a t i o n  o f  know-how w h i c h  c a n  be  a c q u i r e d  o n l y  by d o i n g  
a c t u a l  s y s t e m  work .  Promote  t h o s e  who a re  w i l l i n g  t o  
t r a n s f e r ,  and  u t i l i s e  t h e i r  e x p e r i e n c e  by moving  them w i t h  
t h e  p r o d u c t ,  i n t o  s o m e t i m e s  l e s s  g l a m o r o u s  j o b s ,  e g ,  p u t t i n g  
t h e  s y s t e m  i n t o  o p e r a t i o n ,  r e d e s i g n  a n d  t u n i n g .  However,  
r e s i s t a n c e  t o  t h i s  i s  l i k e l y  s i n c e  i t  i s  e a s i e r  t o  abandon  
t h e  j u s t  c r e a t e d  f r a g i l e  s y s t e m  and  t h e n  t o  t u r n  t o  t h e  n e x t  
c h a l l e n g e  t h a n  t o  b e  i n v o l v e d  i n  a  somewhat more  r e p e t i t i o u s  
a c t i v i t y .  

A t  t h e  o t h e r  end  o f  t h e  q u a l i t y  s p e c t r u n  a r e  t h e  ' e r r o r -  
p r o n e '  p rogrammers .  I f  t h e y  f a i l  i n  a  series o f  p r o j e c t s ,  
t h e y  s h o u l d  be r e a s s i g n e d ,  away f rom t h e  p o s i t i o n s  o f  e a s y  
a c c e s s  t o  d e s i g n  o r  m o d i f i c a t i o n .  Remember: m o d i f y i n g  
s o f t w a r e  i s  e a s y ,  b u t  d i f f i c u l t  t o  do  w e l l .  

The m a j o r  m e s s a g e  i s  t h a t  e x p e r i e n c e  w i t h  n o v e l ,  complex  
s y s t e m s  i s  a n  i n v e s t m e n t ,  wh ich  mus t  be  p r e s e r v e d  a n d  
r e w a r d e d ,  i n  o r d e r  t o  h e l p  t h e  p r o d u c t  s u r v i v e  i t s  r e q u i r e d  
l i f e  c y c l e .  It i s  wrong  t o  t h i n k  a b o u t  programmers  a s  
g e n e r a l  p u r p o s e ,  i n t e r c h a n g e a b l e  componen t s  o f  a  deve lopmen t  
a n d  m a i n t e n a n c e  p r o c e s s .  

However, f o r m a l  e d u c a t i o n  mus t  a l s o  be c o n t i n u o u s .  
Programming,  a s  o t h e r  c r a f t s ,  i s  h a b i t  f o r m i n g .  New t o o l s  o r  
t e c h n i q u e s  a r e  t h e n  i g n o r e d ,  t h e i r  a c q u i s i t i o n  r e s i s t e d .  
Management s h o u l d  n o t  be t oo  p a r s i m o n i o u s  w i t h  t h e  e d u c a t i o n  
b u d g e t .  C o u r s e s  o n  programming a n d  s y s t e m  t e c h n o l o g y  mus t  be 
o f f e r e d ,  o t h e r w i s e  o l d  m i s t a k e s ,  bad s t r u c t u r e s ,  w a s t e f u l  
p rog rams  become p e r p e t u a t e d .  And t h e  m a n d a t o r y  f o r m a l  
c o u r s e s  s h o u l d  be complemented  by s l o w  r o t a t i o n  o f  p e r s o n n e l ,  
t h u s  i n t r o d u c i n g  i n t o  t h e  e x p e r i e n c e d  team t h e  young who 
l e a r n e d  new m e t h o d s  w i t h o u t  t h e  b u r d e n  o f  f i r s t  h a v i n g  t o  
u n l e a r n  t h e  o l d .  

1 0  Team S p i r i t  a n d  Communica t ion  

A s  we h a v e  s e e n  e a r l i e r ,  some s o f t w a r e  p r o j e c t s  c o n t a i n  a  
l a r g e  component  o f  n o v e l t y :  new p r o b l e m s  a r e  an swered  by 
f r e s h  s o l u t i o n s ;  new m e t h o d s  employed ,  a n d  a l l  t h e s e  
summar ised  i n t o  new c o n c e p t s .  Not s u r p r i s i n g l y ,  new w o r d s  
s o l i d i f y  i n t o  a  j a r g o n ,  s p o k e n  a n d  u n d e r s t o o d  o n l y  by t h e  
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t eam,  whose members a r e  i n  d a i l y  c o n t a c t  w i t h  e a c h  o t h e r  and  
w i t h  t h e i r  work .  

T h i s  f u r t h e r s  i n t r a - t e a m  commun ica t i on  a n d  warms t h e  s p i r i t  
t o  t h e  b e n e f i t  o f  t h e  p r o j e c t :  a  more  e f f i c i e n t  p r o c e s s  a n d  
a  b e t t e r  q u a l i t y  p r o d u c t  a r e  l i k e l y  t o  r e s u l t .  The g r e a t  
p roblem i s ,  howeve r ,  t h a t  ' e x t e r n a l i s a t i o n '  o f  t h e  newly 
c r e a t e d  knowledge  i s  a l m o s t  i m p o s s i b l e .  The n o v e l  me thods  
a nd  t h e  i n n o v a t i v e  a s p e c t s  o f  t h e  p r o d u c t  w i l l  b e  f u l l y  
u n d e r s t o o d  a n d  a p p r e c i a t e d  by team members o n l y .  

Whi l e  w i t h i n- t e a m  commun ica t i on  i s  e f f i c i e n t  a n d  h a l f - w o r d s  
exchanged  s u f f i c e ,  d e s c r i b i n g  t h e  p r o d u c t  t o  t h e  u s e r ,  f o r  
e xamp le ,  becomes a n  immense problem.  B u t  commun ica t i on  
w i t h i n  t h e  p r o j e c t  a l s o  s u f f e r s :  o t h e r  t e a m s  o f  d o c u m e n t o r s ,  
i m p l e m e n t o r s ,  t e s t e r s  a n d  m a i n t a i  n e r s  r e m a i n  e s s e n t i a l l y  
i g n o r a n t  a b o u t  t h e  s y s t e m .  The o n l y  o b v i o u s  c u r e  i s  t o  move 
knowledge  w i t h  t h e  p e o p l e :  l e t  some d e v e l o p e r s  work  w i t h  t h e  
d e s i g n e r s ,  t e s t e r s  w i t h  i m p l e m e n t o r s ,  e t c ,  t o  h e l p  
i n d i v i d u a l s  f e e l  a t  home i n  more t h a n  o n e  s u b c u l t u r e ' .  

T h i s  p e o p l e  t r a n s f e r  o f t e n  s eems  t h e  o n l y  v i a b l e  me thod  o f  
c o p i n g  w i t h  t h e  e v e n  more d i f f i c u l t  s i t u a t i o n  o f  
g e o g r a p h i c a l l y  d i s p e r s e d  p r o j e c t s .  G iven  t h e  p r e s e n t  
s i t u a t i o n  o f  l a c k  o f  a d e q u a t e  d e s i g n  r e p r e s e n t a t i o n  
me thodo logy ,  we mus t  move p e o p l e  who c a n  s o l v e  p r o b l e m s  and  
f i x  t h e  s y s t e m  i f  n e c e s s a r y ,  e v e n  i f  u n a b l e  t o  e x p l a i n  i t  t o  
a n  ' o u t s i d e r ' .  It i s  t h e r e f o r e  i m p o r t a n t  t o  h a v e  s t a f f  who 
a r e  w i l l i n g  t o  t r a v e l  o n  s h o r t  n o t i c e .  I n  c a s e s  o f  
i n t e r n a t i o n a l  o p e r a t i o n s  f a m i l i a r i t y  w i t h  f o r e i g n  l a n g u a g e s  
a n d  c u s t o m s  i s  a l s o  a n  a s s e t ,  p a r t i c u l a r l y  i f  combined  w i t h  
p l a n n e d  r o t a t i o n a l  a s s i g n m e n t s .  

I n  a r a p i d l y  c h a n g i n g ,  h i g h  t e c h n o l o g y  f i e l d ,  t h e r e  i s  
p e r h a p s  n e v e r  enough  t i m e  t o  d e c o d e ,  f o r m a l i s e  a n d  t r a n s l a t e  
t h e  a d  hoc  j a r g o n  d e v e l o p i n g  l o c a l l y ;  we h a v e  no c h o i c e  b u t  
t o  l i v e  i n  t h i s  Tower o f  B a b e l  a n d  t r a n s m i t  knowledge  n o t  
f r om s k u l l  t o  s k u l l  b u t  by i n f u s i o n  i n t o  t h e  team,  a n d  m i x i n g  
t h e  v e r y  p e o p l e  who d e v e l o p  b o t h  p r o d u c t  a n d  j a r g o n .  





1 S c e n a r i o :  The N a t u r e  o f  L a r g e n e s s  

I n  his s u r v e y  p a p e r  o n  s o f t w a r e  e n g i n e e r i n g  [BOE76], B a r r y  
Boehm o b s e r v e s  t h a t  I f . .  . as we c o n t i n u e  t o  a u t o m a t e  many o f  
t h e  p r o c e s s e s  wh ich  c o n t r o l  o u r  l i f e s t y l e  - m e d i c a l  
e q u i p m e n t ,  a i r  t r a f  f i c  c o n t r o l ,  d e f e n s e  s y s t e m s ,  p e r s o n n e l  
r e c o r d s ,  bank  a c c o u n t s  - we c o n t i n u e  t o  t r u s t  more  a n d  more  
i n  t h e  r e l i a b l e  f u n c t i o n i n g  o f  t h i s  p r o l i f e r a t i n g  mass  o f  
s o f  twaref1 .  

T h i s  v e r y  b r i e f  s t a t e m e n t  s u m m a r i s e s  t h e  i n t r i n s i c  
e n v i r o n m e n t a l  c i r c u m s t a n c e s  t h a t  h a v e  g i v e n  rise t o  t h e  
l a r g e- p r o g r a m  phenomenon a n d  t h e  a s s o c i a t e d  s o f t w a r e  c r i s i s .  
Mankind t o d a y ,  as  i n d i v i d u a l s ,  a s  n a t i o n s ,  as  a  s o c i e t y  
p l a c e s  more and  more  r e l i a n c e  o n  t h e  m e c h a n i s a t i o n ,  u s i n g  
c o m p u t e r s ,  o f  a n  i n c r e a s i n g  v a r i e t y  o f  a p p l i c a t i o n s .  The 
l a t t e r  i n t e r f a c e  w i t h ,  c o n t r o l  and  a r e  c o n t r o l l e d  by ,  e v e r  
more complex  human o r g a n i s a t i o n s  a n d  a c t i v i e s ;  a n d  a l l  
i n t e r a c t  w i t h  one  a n o t h e r  w i t h i n  t h e  o p e r a t i o n a l  
e n v i r o n m e n t s ,  o f t e n  i n  a n  u n p r e d i c t a b l e  manner  [LEH76]. The 
c ompu t ing  mechan i sms  are embodied  i n  a n  i n c r e a s i n g  v a r i e t y  o f  
e qu ipmen t  o f  e v e r  g r e a t e r  power a n d  s p e e d .  The r e s u l t a n t  
c omp lexes  o f  m a c h i n e s  a n d  t h e i r  a p p l i c a t i o n - o r i e n t e d  a n d  
s y s t e m- o r i e n t e d  p r o g r a m s  o r  s o f t w a r e ,  a r e  c o n c e i v e d ,  c r e a t e d  
a n d  m a i n t a i n e d  by p e o p l e  i n c r e a s i n g l y  r e m o t e  f rom t h e  
a p p l i c a t i o n ,  f r om t h e  o p e r a t i o n a l  e n v i r o n m e n t ,  f r o m  t h e  
m a t h e m a t i c a l  and  progamming s k i l l s  demanded o f  e a r l y  
p r a c t i t i o n e r s ,  a n d  f rom t h e  management  s k i l l s  r e q u i r e d  by t h e  
c o n t r o l l e r s  o f  human a c t i v i t y  i n  t h e  d a y s  b e f o r e  a u t o m a t i o n .  

I n  t h e  e a r l y  d a y s  o f  c o m p u t e r s  a  programmer,  u s u a l l y  a  
m a t h e m a t i c i a n ,  s c i e n t i s t  o r  e n g i n e e r ,  was  p r e s e n t e d  w i t h  a  
problem.  He w a s  a b l e  t o  i d e n t i m  a l g o r i t h m ( s )  f o r  i t s  
s o l u t i o n .  The d e t a i l s  o f  t h e  program s u b s e q u e n t l y  w r i t t e n  
would  depend  o n  his c h o i c e  o f  a l g o r i t h m ,  o n  h i s  s k i l l  as  a n  
a n a l y s t  and  programmer  and  o n  t h e  p a r t i c u l a r  set of 
c o n s t r a i n t s  a r i s i n g  o u t  o f  t h e  e n v i r o n m e n t  i n  w h i c h  t h e  
program was  w r i t t e n  a n d  o u t  o f  t h a t  i n  wh ich  i t  was 
s u b s e q u e n t l y  t o  be  e x e c u t e d .  

K z p ~ l l ~ t c c i  wit11 h i l ~ l i  p e ~ l n i s b i o ~ l  l r o ~ i i  liesearcli D i r e c t i o ~ ~ s  in S o f ~ w a r c  Tec l i~ io logy .  C o p y -  
- p ~ - ~ ~ ~ ~ p  

rig111 l c ) i b .  'rll7 Press. 
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The a p p l i c a t i o n  d e v e l o p e r  m i g h t  r e c o g n i s e  t h a t  i n  c e r t a i n  
c i r c u m s t a n c e s  t h e  p r e f e r r e d  s o l u t i o n  and i t s  program 
embodiment would f a i l ;  would p roduce  a r e s u l t  t h a t  was a t  
b e s t  l e s s  t h a n  optimum, a t  w o r s t  i n c o r r e c t .  F a i l i n g  such  
programmer p e r c e p t i o n  one  would e x p e c t  t h a t ,  a t  b e s t ,  t h e  
mach ine  would  d e t e c t  t h e  c i r c u m s t a n c e s  i n  e x e c u t i o n  ( f o r  
example  a n  out- of- bounds  number) .  A t  w o r s t  t h e  c o m p u t a t i o n  
migh t  c o m p l e t e  a n d  t h e  e r r o r  would be d e t e c t e d  s u b s e q u e n t l y ,  
w i t h  c o n s e q u e n c e s  t h a t  c o u l d  r a n g e  from t h e  i n c o n s e q u e n t i a l  
t o  t h e  v e r y  c o s t l y .  Whatever  t h e  c a s e  t h e  e x c e p t i o n a l  was  
t a k e n  c a r e  o f  by human i n t e r v e n t i o n .  

With one problem s o l v e d  t h e  i n d i v i d u a l  o r  g r o u p  p u r s u i n g  some 
r e s p o n s i b i l i t y  would e n c o u n t e r  o t h e r  a r e a s  r i p e  f o r  
c o m p u t e r i s a t i o n .  Thus i n  a p p r o p r i a t e  i n s t a n c e s  ( a n d  some- 
t i m e s  i n  n o t  s o  a p p r o p r i a t e  i n s t a n c e s )  p rog rams  would be 
w r i t t e n  w i t h  e v e n  more o f  t h e  o v e r a l l  a c t i v i t y  becoming 
computer  based .  But t h e  human r ema ined  a s  t h e  l i n k  be tween 
t h e  s e p a r a t e  c o m p u t a t i o n s .  S t i l l  o t h e r  humans were  
r e s p o n s i b l e  f o r  a d m i n i s t r a t i v e  t a s k s  s u c h  as s c h e d u l i n g  t h e  
v a r i o u s  r u n s ,  t h e  a l l o c a t i o n  o f  comput ing  a n d  o t h e r  r e s o u r c e s  
t o  s u c c e s s i v e  a p p l i c a t i o n s .  

A l l  t h o s e  i n v o l v e d  i n  t h e  p r o c e s s e s  d e s c r i b e d  above  s o o n  
r e a l i s e d  t h e  p o t e n t i a l  f o r  e x p a n s i o n  t h r o u g h  encapsuLation;  
t h e  binding  o f  t h e  s e p a r a t e  a c t i v i t i e s  i n t o  a s i n g l e  l a r g e r  
program. The p o t e n t i a l  b e n e f i t  was c l e a r :  l e s s  human e f f o r t  
(man i s  a l a z y  a n i m a l )  ; increased  speed a n d  c o s t -  
e f f e c t i v e n e s s  t h r o u g h  t h e  e l i m i n a t i o n  o f  human i n t e r v e n t i o n  
which  m u s t  i n e v i t a b l y  i n v o l v e  l o s s  o f  machine  r e s o u r c e s  ; 
i n c r e a s e d  r e l i a b i l i t y  ( s i c )  o f  t h e  machine  and  o f  machine  
p r o c e s s e s .  So  why n o t  l e t  t h e  program t a k e  c a r e  o f  a l l  
e x c e p t i o n s ;  why n o t  l e t  t h e  program r e c o g n i s e  and sequence  
t h e  s u c c e s s i o n  o f  a c t i v i t e s ;  why n o t  l e t  t h e  compu te r  h a n d l e  
t h e  a d m i n i s t r a t i v e  p rob lems  o f  l a n g u a g e  t r a n s f o r m a t i o n ,  
r e s o u r c e  s c h e d u l i n g  and  a l l o c a t i o n ,  i n f o r m a t i o n  s t o r a g e ,  
communica t ion?  E n c a p s u l a t e  as  much as p o s s i b l e  w i t h i n  a 
s i n g l e  program s t r u c t u r e .  C r e a t e  comprehens ive  programs.  
Add b e l l s  and  w h i s t l e s .  And s o  i t  was done.  More and  more 
was i n c l u d e d .  The Large program had a r r i v e d .  

The a d j e c t i v e  l a r g e  a s  u s e d  h e r e ,  t h e  c o n c e p t  and  a t t r i b u t e  
of  Largeness t h a t  we now d e v e l o p  a n d  c h a r a c t e r i s e ,  i s  n o t  
i n t e n d e d  t o  r e f l e c t  t h e  number o f  i n s t r u c t i o n s  o r  modules  
c o m p r i s i n g  a program.  Nor d o  we r e f e r  t o  t h e  s i z e  o f  i t s  
d o c u m e n t a t i o n ,  o r  t o  t h e  p r o g r a m ' s  r e s o u r c e  demand d u r i n g  
e x e c u t i o n .  We do n o t  e v e n  i n t e n d  t o  emphas i ze  t h e  w e a l t h  of  
f u n c t i o n  c o n t a i n e d  w i t h i n  i t .  There  i s  a l w a y s  a l e v e l  of 
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d e s c r i p t i o n  a t  which  t h e  f u n c t i o n  i s  r e c o g n i s e d  a s  a n  
e n t i t y ,  a  p a y r o l l  program,  a n  o p e r a t i n g  sys t em.  The amount 
of f u n c t i o n a l i t y  i s  r e l a t i v e  t o  a  l e v e l  o f  d i s c o u r s e .  

A l l  t h e  above  i n d i c a t o r s  o f  program s i z e  c a n  be e x p e c t e d  t o  
i n c r e a s e  a s  a  program grows l a r g e r  i n  t h e  s e n s e  t o  be 
d e s c r i b e d ,  b u t  t h e  r o o t  c a u s e  o f  t h e  c h a r a c t e r i s t i c s  we s h a l l  
i d e n t i f y  i s  r e l a t e d  t o  t h e  c o n c e p t  v a r i e t y .  A program i s  
l a r g e  i f  i t s  code  i s  s o  v a r i e d ,  s o  a l l - e m b r a c i n g  t h a t  t h e  
e x e c u t i o n  sequence  may a d a p t  i t s e l f  t o  t h e  p o t e n t i a l  v a r i e t y  
o f  i t s  o p e r a t i o n a l  e n v i r o n m e n t :  t h e  s p e c i f i c  i n p u t ,  t h e  
r e q u e s t e d  o u t p u t ,  and  t h e  e n v i r o n m e n t  d u r i n g  e x e c u t i o n .  A 
program i s  l a r g e  i f  i t  r e f l e c t s  w i t h i n  i t s e l f  a v a r i e t y  o f  
human i n t e r e s t s  and  a c t i v i t i e s .  And i f  i t  d o e s  t h e n  i t  w i l l  
e s s e n t i a l l y  l i e  beyond t h e  i n t e l l e c t u a l  g r a s p  o f  a  s i n g l e  
i n d i v i d u a l .  It w i l l  r e q u i r e  a n  o r g a n i s e d  group o f  p e o p l e  t o  
d e s i g n ,  implement ,  m a i n t a i n  and  enhance  i t .  And i t  i s  t h e  
communication be tween t h e  v a r i e t y  o f  a c t i v i t i e s  implemented  
i n  t h e  program, t h e  communica t ion  w i t h i n  t h e  i m p l e m e n t i n g  
o r g a n i s a t i o n ,  t h e  communica t ion  be tween  t h e  i m p l e m e n t o r s  and  
t h e i r  p r o d u c t  and  f i n a l l y  t h e  communica t ion  be tween  a l l  t h e s e  
and t h e  o p e r a t i o n a l  e n v i r o n m e n t  t h a t  l e a d  t o  t h e  emergence of 
t h e  largeness  c h a r a c t e r i s t i c s  which  we d i s c u s s  i n  much o f  t h e  
r ema inde r  o f  t h i s  c h a p t e r .  

2 Phenomenology: Measurement i n s o f t w a r e  E n g i n e e r i n g  

The p r e c e d i n g  s e c t i o n  h a s  r e l a t e d  l a r g e n e s s  t o  v a r i e t y ,  t h e  
d e g r e e  o f  l a r g e n e s s  t o  t h e  amount o f  v a r i e t y .  The v a r i e t y  i s  
t h a t  o f  needs and  a c t i v i t i e s  i n  t h e  r e a l  w o r l d  and  t h e i r  
r e f l e c t i o n  i n  a  program. But t h e  r e a l  w o r l d  i s  c o n t i n u o u s l y  
changing .  It i s  e v o l v i n g .  So t o o  a r e  t h e r e f o r e  t h e  n e e d s  
and a c t i v i t i e s  of  s o c i e t y .  Thus l a r g e  p rog rams ,  l i k e  a l l  
complex s y s t e m s ,  must  c o n t i n u o u s l y  e v o l v e .  A 1  t e r n a t i v e l y ,  
t hey  c a n  o n l y  f a l l  i n t o  o b s o l e s c e n c e  a n d  u s e l e s s n e s s  [BEL761, 
[LEH74]. 

We d i s c u s s  t h e  c o n t i n u o u s  e v o l u t i o n  o f  l a r g e  programs,  
p e r h a p s  t h e  mos t  f u n d a m e n t a l  o f  t h e i r  c h a r a c t e r i s t i c s ,  i n  a  
l a t e r  s e c t i o n .  It i s  i n t r o d u c e d  h e r e  t o  p r o v i d e  a f o c u s  f o r  
t he  d a t a  and  d a t a  i n t e r p r e t a t i o n  t h a t  i s  f i r s t  p r e s e n t e d  t o  
d e m o n s t r a t e  t h a t  o u r  d i s c u s s i o n  r e p r e s e n t s  r e a l i t y  and n o t  
a b s t r a c t  p h i l o s o p h i c a l  m u s i n g s  t h a t  h a v e  l i t t l e  r e l e v a n c e  i n  
t h e  hard- nosed w o r l d  o f  a p p l i e d  s o f t w a r e  e n g i n e e r i n g .  

Moreover,  w e  hope  t o  c o n v i n c i n g l y  d e m o n s t r a t e  t h a t  t h e  
i d e n t i f i e d  c h a r a c t e r i s t i c s  a r e  i n t r i n s i c  t o  t h e  u s e  o f  
computers .  If this i s  a c c e p t e d ,  two i m p o r t a n t  c o n c l u s i o n s  
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f o l l o w :  f i r s t l y ,  u n t i l  i t  c a n  be changed ,  we must  a c c e p t  t h e  
wor ld  - i n  t h i s  c a s e  t h e  programming e n v i r o n m e n t  - a s  i t  is 
and n o t  t r e a t  i t  a s  we would  like it to be. L i m i t a t i o n s  t h a t  
a r i s e  from c h a r a c t e r i s t i c s  we do n o t  f u l l y  u n d e r s t a n d ,  f a r  
l e s s  c o n t r o l ,  mus t  be a c c e p t e d  u n l e s s  and  u n t i l  t h e y  c a n  be 
changed.  S e c o n d l y ,  we c a n  o n l y  hope t o  change  and 
f u n d a m e n t a l l y  improve  t h e  s o f t w a r e  e n g i n e e r i n g  e n v i r o n m e n t  - 
t h e  w o r l d  we work i n  and t h e  p r o d u c t s  we c r e a t e  and  m a i n t a i n  
- when i t  i s  understood; when i t s  c h a r a c t e r i s t i c s  and t h e  
c a u s e s  o r  mechanisms t h a t  u n d e r l i e  them a r e  i d e n t i f i e d .  

T h i s  problem o f  sys t em u n d e r s t a n d i n g  a n d  m a s t e r y  i s  n o t  new. 
A l l  o f  t h e  n a t u r a l  s c i e n c e s  h a v e  been  b u i l t  and  c o n t i n u e  t o  
d e v e l o p  o n  t h e  b a s i s  o f  a  common methodology.  The u n i v e r s e  
o r  sys tem o f  i n t e r e s t  i s  o b s e r v e d .  G r o s s  e n t i t i e s ,  p a t t e r n s  
of  b e h a v i o u r ,  a r e  r e c o g n i s e d  and g l o b a l  measu remen t s  made, 
u n t i l  r e g u l a r i t i e s ,  p a t t e r n s ,  t r e n d s ,  i n v a r i a n c e s  a r e  
o b s e r v e d .  Only t h e n  a r e  mode l s  and  s u p p o r t i n g  h y p o t h e s e s  
c r e a t e d .  These i n  t u r n  form t h e  s t a r t i n g  p o i n t  f o r  a 
d e v e l o p i n g  t h e o r y  t h a t  r e l i e s  o n  p r e d i c t i o n ,  e x p e r i m e n t a t i o n  
and f u r t h e r  o b s e r v a t i o n  f o r  t h e  g r a d u a l  e v o l u t i o n  o f  t h e  
t h e o r y .  I n  p a r a l l e l ,  t h e r e  w i l l  emerge a n  e x p e r i m e n t a l  and  
a p p l i e d  s c i e n c e  wh ich ,  i n  r e s p o n s e  t o  s o c i e t a l  needs  and  
e f f o r t s ,  l e a d s  t o  a n  e n g i n e e r i n g  t e c h n o l o g y .  

Tha t  i s ,  t h e  i n i t i a l  development  o f  any s c i e n c e  i s  
phenomenology- based.  It i s  n o t  i n  t h e  f i r s t  p l a c e  b u i l t ,  a s  
i s  m a t h e m a t i c s ,  on  a b s t r a c t  c o n c e p t s ,  ax ioms ,  t h a t  a r e  
g r a d u a l l y  d e v e l o p e d  i n t o  a  t o t a l  s t r u c t u r e  o f  mode l s  t h a t  
p a s s  t e s t s  o f  r e a s o n a b l e n e s s  and  e l e g a n c e .  A f o r m a l  
f ramework a n d  a x i o m a t i c  t h e o r y  f o l l o w  when b a s i c s  a r e  c l e a r ,  
when i t  i s  known w h a t  i s  f u n d a m e n t a l  o r  c r i t i c a l ,  and w h a t  i s  
f o r t u i t o u s .  I n d e e d ,  e v e n m a t h e m a t i c s  i t s e l f  h a s  d e v e l o p e d  
f rom o b s e r v a t i o n  o f  r e l a t i o n s  i n  t h e  r e a l  wor ld .  Thus t h e  
s t u d y  o f  s o f t w a r e  e n g i n e e r i n g  t o o  can  b e n e f i t  f rom 
phenomeno log ica l  s t u d i e s .  The t o p i c  h a s  a r i s e n  because  o f  
b i t t e r  e x p e r i e n c e  i n  d e v e l o p i n g  and m a i n t a i n i n g  large 
systems. Hence,  we a r e  conce rned  a b o u t  a more p r e c i s e  
c h a r a c t e r i s a t i o n  o f  l a r g e  sys t ems .  We must  b e g i n  by 
p r o v i d i n g  some i n i t i a l  d a t a  t h a t  c a n  s e t  t h e  s c e n e .  

3 Some Data : T r a d i t i o n a l  I n d i c a t o r s  

A f i r s t  i n d i c a t i o n  o f  t h e  magn i tude  of  t h e  phenomenon may be 
o b t a i n e d  f rom d a t a  and  f o r e c a s t s  o n  programming e x p e n d i t u r e  
and t h e  programmer p o p u l a t i o n .  T a b l e  1 p r e s e n t s  a  f a i r l y  
r e c e n t  projection o f  t r e n d s  i n  t h e  s o f t w a r e  i n d u s t r y  [S ILT] .  
It p r o j e c t s  a n  e x p e n d i t u r e  g rowth  by a f a c t o r  of  two e v e r y  
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Table  1  : P r o j e c t e d  Programming E x p e n d i t u r e s  

DP INDUSTRY GROWTH 

USA' % o f  GNP world1 y 2  % o f  G W P ~  

1970 US d o l l a r s  i n  b i l l i o n s  
Unders ta t ed  because  E a s t e r n  Europe and USSR n o t  i n c l u d e d  

Tab le  2: P r o j e c t e d  Programmer P o p u l a t i o n  

US COMPUTER & PROGRAMMER CENSUS 

Computers Programmers p /c l  
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f i v e  y e a r s  f r o m  2% o f  t h e  U n i t e d  S t a t e s  GNP i n  1 9 7 0  t o  o v e r  
20% by 1995 .  T a b l e  I1 f r o m  t h e  same s o u r c e  i n d i c a t e s  t h e  
e x p e c t e d  g r o w t h  i n  programmer p o p u l a t i o n .  Note  t h e  i m p l i e d  
d e c l i n e  i n  t h e  number o f  p r o g r a m m e r s  p e r  i n s t a l l e d  c o m p u t e r  
a s  i n d i c a t e d  i n  c o l u m n  4 .  We q u e s t i o n  h o w e v e r  w h e t h e r  t h e  
p r o j e c t i o n  r e a l l y  t a k e s  i n t o  a c c o u n t  t h e  p r o l i f e r a t i o n  o f  
m i c r o c o m p u t e r s  o r  t h e  l a r g e  p r o g r a m  c h a r a c t e r i s t i c s  t h a t  f o r m  
t h e  theme o f  t h i s  c h a p t e r .  Thus t h e  a c t u a l  g r o w t h  o f  t h e  
p rogrammer  p o p u l a t i o n  may w e l l  be  l a r g e r  t h a n  t h a t  p r o j e c t e d  
i n  t h e  t a b l e .  I n  a n y  e v e n t ,  t h e  m a g n i t u d e  o f  t h e  e d u c a t i o n a l  
a n d  o r g a n i s a t i o n a l  p r o b l e m s  i n  t h e  management  o f  p rogramming  
p r o j e c t s  a r i s i n g  f r o m  e v e n  t h e  i n d i c a t e d  g r o w t h  i s  c l e a r .  

We h a v e  b e e n  u n a b l e  t o  u n c o v e r  s t a t i s t i c s  t h a t  i n d i c a t e  how 
e x p e n d i t u r e  a n d  programming  e f f o r t  h a v e  b e e n  d i v i d e d  u p  
b e t w e e n  s m a l l  i n d i v i d u a l  p r o g r a m s  - w h e t h e r  a p p l i c a t i o n  o r  
s y s t e m  - a n d  w h a t  we s h a l l  c l a s s i f y  as l a r g e  p r o g r a m s  o r  
p rogram s y s t e m s .  

T a b l e  111 p r o v i d e s  d a t a  f o r  a  s e r i e s  o f  s y s t e m s  t h a t  a r e  
t y  p i c a 1  o f  t h e i r  r e s p e c t i v e  f u n c t i o n a l  a r e a s .  The r e a d e r  
w i l l  be  w e l l  a w a r e  f r o m  h i s  own e x p e r i e n c e  t h a t  t h i s  s m a l l  
l i s t  o f  ' l a r g e 1  p r o g r a m s  c o u l d  b e  m u l t i p l i e d  many h u n d r e d s  o f  
t i m e s .  F o r  e a c h  s y s t e m  we g i v e  a s i z e  m e a s u r e  i n  s t a t e m e n t s  
( i n s t r u c t i o n s  p l u s  comments)  f o r  o n e  r e l e a s e  w h e r e  e a c h  
r e l e a s e  c o r r e s p o n d s  t o  a  v e r s i o n  o f  t h e  s y s t e m  a s  i t  i s  made 
a v a i l a b l e  t o  t h e  e n d- u s e r  community.  The a g e  o f  t h e  s y s t e m  
a t  r e l e a s e  t i m e  i s  m e a s u r e d  f r o m  f i r s t  r e l e a s e  t o  t h e  e n d -  
u s e r s .  

Manpower d a t a  i s  n o t o r i o u s l y  d i f f i c u l t  t o  o b t a i n .  M o r e o v e r ,  
d a t a  d e f i n i t i o n s  a n d  mode o f  c o l l e c t i o n  d i f f e r  f r o m  
o r g a n i s a t i o n  t o  o r g a n i s a t i o n .  Y e t  i t  s e e m s  d e s i r a b l e  t o  
p r o v i d e  some i n d i c a t o r  o f  t h e  e f f o r t  t h a t  g o e s  i n t o  s o f t w a r e  
d e v e l o p m e n t  a n d  m a i n t e n a n c e  [BELT 1  b ] .  We f o u n d  o n  s e v e r a l  
s y s t e m s  d a t a  p e r t i n e n t  t o  t h e  number o f  m o d u l e s  m o d i f i e d  
b e t w e e n  c o n s e c u t i v e  r e l e a s e s .  T h i s  number d i v i d e d  by t h e  
l e n g t h  ( m e a s u r e d  i n  d a y s )  o f  t h e  i n t e r - r e l e a s e  i n t e r v a l  
y i e l d s  t h e n  a c o n v e n i e n t  n o r m a l i s e d  m e a s u r e  o f  e f f o r t :  t h e  
m o d u l e s  h a n d l e d  p e r  day .  I n  e a r l i e r  p u b l i c a t i o n s  [ B E L ~ ~ I ,  
[LEH771, we h a v e  shown how m a i n t e n a n c e  e f f o r t  r e m a i n e d  
c o n s t a n t  a t  a b o u t  11 m o d u l e s  p e r  d a y  h a n d l e d ,  o v e r  t h e  l i f e  
t i m e  of  t h e  IBM OW360 ( 3 7 0 )  o p e a t i n g  s y s t e m .  The 
c o r r e s p o n d i n g  f i g u r e  f o r  DOS ( a l s o  c o n s t a n t )  w a s  a b o u t  s i x .  
A m a j o r  m i l i t a r y  s t o c k  c o n t r o l  s y s t e m ,  i n t e r m e d i a t e  i n  s i z e  
b e t w e e n  OS/360 a n d  DOS/360, f o r  w h i c h  we h a v e  r e c e n t l y  b e e n  
a b l e  t o  s t u d y  d a t a ,  e x p e r i e n c e d  a  c o n s t a n t  m o d u l e  h a n d l e  r a t e  
o f  a b o u t  e i g h t  p e r  day .  F o r  a n o t h e r  m a n u f a c t u r e r ' s  OMEGA 



Table 111: Size indicators of different software systems. 

* In th i s  case, there is only one installation serving 80 users. The release 
concept is not applied and instead changes are incorporated as developed 
or tested. About 150 have been incorporated in  the system per year over 
its l i f e t k .  
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o p e r a t i n g  sys t em a r a t e  o f  a b o u t  0 .8  modules  ( o f  a d i f f e r e n t  
s i z e )  h a n d l e d  p e r  day was  o b s e r v e d  o v e r  a p e r i o d  o f  f o u r  
y e a r s .  F i n a l l y ,  i n  t h e  b a n k i n g  a p p l i c a t i o n  sys t em of  T a b l e  
I11 t h e  r a t e  of making c h a n g e s  a p p e a r s  t o  have been  c o n s t a n t  
a t  a b o u t  0 .75 c h a n g e s  p e r  day  o v e r  a  t h r e e- y e a r  p e r i o d .  We 
h y p o t h e s i s e  t h a t  this e s s e n t i a l l y  s t a b l e  work- inpu t  r a t e ,  
which  i n  e a c h  i n s t a n c e  a p p e a r s  n o t  t o  have  changed d e s p i t e  
improvements  i n  l a n g u a g e s  and  m e t h o d o l o g i e s  u s e d  and c h a n g e s  
i n  r e s o u r c e s  a p p l i e d ,  w i l l  be found  t o  be a n  a l m o s t  u n i v e r s a l  
f e a t u r e  o f  t h e  programming e n v i r o w e n t .  

With t h i s  o b s e r v a t i o n  i t  becomes c l e a r  why p r o d u c t i v i t y  i s  s o  
d i f f i c u l t  t o  d e f i n e  o r  measu re  i n  s o f t w a r e  e n g i n e e r i n g .  It 
d o e s  n o t  r e p r e s e n t  a  m e a n i n g f u l ,  c o n t r o l l a b l e  p a r a m e t e r  i n  
t h e  c l a s s i c a l ,  i n d u s t r i a l  s e n s e ,  b u t  i s  d e t e r m i n e d  by g l o b a l  
sys t em and e n v i r o n m e n t a l  p r o p e r t i e s  t h a t ,  a t  p r e s e n t ,  l i e  
o u t s i d s  o u r  e x p e r i e n c e ,  u n d e r s t a n d i n g ,  o r  c o n t r o l .  
N e v e r t h e l e s s ,  i n  T a b l e  IV we p r o v i d e  a n  i l l u s t r a t i o n  o f  t h e  
programming r a t e s  a c h i e v e d .  The v a r i a b i l i t y  a s  a  f u n c t i o n  o f  
program t y p e  i s  a l s o  w e l l  i l l u s t r a t e d  by t h e  d a t a  which  shows 
t h a t  t h e  programming r a t e  f o r  t h e  s t r u c t u r e d  and  r e l a t i v e l y  
s i m p l e  l a n g u a g e  p r o c e s s o r  i s  some f o u r  t i m e s  a s  h i g h  a s  i t  i s  
f o r  t h e  much more complex c o n t r o l  programs.  We do n o t  h e r e  
a t t e m p t  t o  a n a l y s e  t h i s  d a t a  f u r t h e r .  C l e a r l y ,  t h e  
methodology o f  g l o b a l  o b s e r v a t i o n s  we have  o u t l i n e d  i n  t h e  
p r e v i o u s  s e c t i o n  must  be a p p l i e d  s y s t e m a t i c a l l y  o v e r  a  wide  
d a t a  s p a c e  t o  a c h i e v e  u n d e r s t a n d i n g  and  meaning i n  t h e  
d e f i n i t i o n ,  measu re  and  p r e d i c t i o n  o f  programmer 
p r o d u c t i v i t y .  

More varied d a t a  a b o u t  a  c o l l e c t i o n  o f  i n d e p e n d e n t  programs 
d e v e l o p e d  i n  a  l a r g e  s o f t w a r e  house  i s  g i v e n  i n  T a b l e  V .  We 
draw p a r t i c u l a r  a t t e n t i o n  now t o  t h e  l a r g e  volume of  
d o c u m e n t a t i o n  and t o  t h e  v a r i e d  r a t i o  of  p a g e s  o f  
documen ta t ion  p e r  k i l o l i n e  o f  code.  A s i m i l a r  v a r i a b i l i t y  i s  
found  i n  t h e  s i z e  of  t h e  p r o j e c t  a s  measu red  by t h e  a v e r a g e  
number of  p e r s o n n e l ,  and  i n  p r o j e c t  d u r a t i o n .  The t a b l e  t h u s  
i l l u s t r a t e s  t h e  d i f f i c u l t y  o f  making g e n e r a l  s t a t e m e n t s  a b o u t  
any  a s p e c t  o f  programs and t h e  programming p r o c e s s .  T h i s  
i m p r e s s i o n  i s  r e i n f o r c e d  by T a b l e  V I  which  shows t h e  r a n g e s  
o f  some p r o j e c t  and  program p a r a m e t e r s  f o r  t h e  p r o d u c t s  of  a  
d i f f e r e n t  s o f t w a r e  o r g a n i s a t i o n  i n v o l v e d  i n  c o n t r a c t  
programming o v e r  a  p e r i o d  of  s e v e r a l  y e a r s .  

The p r e s e n t  s e c t i o n  h a s  c o n c e n t r a t e d  o n  p r o v i d i n g  raw d a t a  
t h a t  i s  i n t e n d e d  t o  g i v e  t h e  r e a d e r  a  f e e l  f o r  t h e  numbers 
t h a t  a r i s e  when l a r g e  p rog rams  and l a r g e  programming 
p r o j e c t s  a r e  o b s e r v e d  and measured .  T h i s  d a t a  d o e s  n o t  
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Table  IVa: Programming r a t e s  o b s e r v e d  o n  d i f f e r e n t  p r o j e c t s  

Table  IVb: Data 

l'rogr.i~il Word \  
word\  man-yr  *- 5 I .000  0 3 0  

Oala trorn Er l l  l ~ h t  ~ n d l c ~ t c ,  p r o d u c l ~ \ ~ t y  d ~ l f c r c n c c \  bctwccn prohlcrnr ~ n \ o l \ ~ n g  
a h ~ g h  degree 01 variety ( thc  f ~ r ? t  t w ( ~  are ha \~ca l l y  c o n t r t ~ l  program\ w ~ t h  many r n ~ ~ d u l c \ l  and 
those that havc better d c f ~ n e d  specii lc function No one 15 ccrtaln how much o f  ~ h c  d ~ l l c r ~ , n ~ . c  
i., due t o  comp lcx~ ty .  h o w  much 111 the numhcr o f  people ~ n r c ~ l \ c d  

M a n -  

?car\ 

10 1 
X I  
17 

Prop 
U n ~ t \  

Opera t~ona l  5 0 
Ma~ntenancc 36 
C u m p ~ l e r  13 

Translator 
(Da ta  a\ \cmblcr)  I 5  

Numhcr  0 1  

progrdntrncr\ 

X3 
60 

9 

Y c ~ r \  

4 
4 

2 1 4  

13 2 I 2  I I  I 
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Table V:  S t a t i s t i c s  f o r  Programs developed by a l a r g e  
software house 

DURATION 
(MONTHF)  

I 30000 200 7 7 6 12 
2 11164 3 50 5 1 6 X 
3 17052 450 46 5 9 
4 140000 1900 462 IS 3 I 
5 47377 78261 24 1 19 I 3  
6 229000 6100 1665 46 36 
7 40 1099 138016 1022 42 24 
8 7 12362 44000 2176 77 28 
9 5RS40 7650 723 26 28 

10 187400 I Rb I K I I 
I I 80990 6000 527 42 12 
12 94000 4670 673 I 6  42 
13 76200 6520 42 
14 18775 2000 199 6 32 
15 14390 1200 227 13 17 
16 35057 60 7 1 4 19 
17 11 122 1000 4 3 5 X 
I 8  6092 427 47 h X 
19 5342 600 14 3 4 
20 12000 3000 60 7 X 
2 1 19000 120 50 6 I 0  
22 2527 1 4500 169 I 5  12 
23 20000 2000 106 8 14 
24 12000 1000 57 6 9 
25 7000 2000 195 2 1 9 
26 13545 202 1 I I 2  7 17 
2 7 14779 400 67 10 7 
28 30000 3800 1107 I 6 68 
2 9 69200 9700 852 24 3 5 
30 486834 41000 11758 174 67 
3 1 220999 15900 2440 40 h l 
3 2 57484 8000 19 
3 3 128330 20880 673 67 10 
34 32026 400 136 4 3 h 
35 15363 700 3 7 5 7 
36 4747 200 10 3 3 
3 7 99000 HKOO 47 

- - PRODUCT - - - RFFOURCES 
T O T A L  
EFFORT 

(MM) 

D E L l V  
CODE 
(SOURCE 
LINES) 

A V k R A G k  
I# O F  

PERSONNEL 
(a)  

D E L l V  
D O C U M  
(PAGES) 
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Table VI: Variation for Program statistics within a software 
organization 

Type of Data 

( I ) Number of Machine Language lnstructions 

( 2 Number o f  Cumulative Trouble Reports 

( 3 )  Number of Releases 

( 4 )  Time Span o f  Releases 

( 5 )  Average Error Rate: 
Errors Per Month Per 1,000 lnstructions 

( 6 )  Length of Time in Test Mode 

( 7 )  Duration of Use Per Release 

( 8 )  Percent of Compiled Code 

( 9 )  Percent of Assembler Code 

( 10) Percent o f  Code Increase/Decrease From 
Release to  Release 

( I I ) Percentage of System Disabling Errors 

( 12) Number of  Users 

Range 

1 5 .000 to 3.600.000 

6 to  HO Months From 
First to  Last Release 

. 0  16 to  .276 

I to  5 Months Per Release 

I to  3 1 Months 

0 to  I 0 0  

100 to 0 

-27 to  +67  

0 to  2 0  

I t o  over 1.000 
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a p p e a r  t o  p r o v i d e  any g e n e r a l  measures  o f  t h e  programming 
p r o c e s s ,  o r  o f  l a r g e  sys tem c h a r a c t e r i s t i c s .  We now proceed 
t o  a n a l y s e  more s y s t e m a t i c a l l y  t h e  n a t u r e  of l a r g e  programs 
and of t h e  p r o c e s s  by which they  a r e  c r e a t e d  and ,  a s  we s h a l l  
s e e ,  c o n t i n u o u s l y  m a i n t a i n e d  and enhanced.  

4 V a r i e t y :  Change and Growth 

There does  n o t ,  a t  p r e s e n t ,  e x i s t  a  g e n e r a l  sys tem t h e o r y  o r  
d e s i g n  methodology f o r  complex sys tems .  There  i s  i n  f a c t  
some doubt  whe the r  a  complete  t h e o r y  c a n  e v e r  be t o t a l l y  
deve loped  o r  d i s c o v e r e d  [LEH761. Nor a r e  t h e r e ,  a t  l e a s t  i n  
t h e  r e a l m  o f  computer s o f t w a r e ,  s y s t e m a t i c  and complete  
m e t h o d o l o g i e s  f o r  sys tem s p e c i f i c a t i o n  and d e s i g n .  Even w i t h  
t h e  most m e t i c u l o u s  r e q u i r e m e n t s  a n a l y s i s ,  d e s i g n  and 
implemen ta t ion  p r o c e s s ,  t h e  p r o d u c t  a s  f i r s t  r e l e a s e d  t o  i t s  
u s e r s  w i l l  n o t ,  i n  g e n e r a l ,  p o s s e s s  p r e c i s e l y  t h o s e  
f u n c t i o n a l  c h a r a c t e r i s t i c s  and p r o p e r t i e s  e x p e c t e d  o r  d e s i r e d  
i n  t h e  a p p l i c a t i o n  and u s e r  environment .  The s y s t e m s  w i l l  
r e q u i r e  c o r r e c t i o n  and m o d i f i c a t i o n  a f t e r  i n s t a l l a t i o n .  

Moreover, once  i n s t a l l e d ,  t h e  u s e r  i n v a r i a b l y  f i n d s  i t  
oppor tune  t o  u s e  t h e  sys tem d i f f e r e n t l y  o r  f o r  a  d i f f e r e n t  
purpose  t h a n  t h a t  o r i g i n a l l y  conce ived .  That  i s ,  use  of  t h e  
sys tem w i l l  s u g g e s t  f u n c t i o n a l  m o d i f i c a t i o n .  Meanwhile 
hardware  t echno logy  w i l l  be d e v e l o p i n g .  M a n u f a c t u r e r s  a r e  
c o n t i n u o u s l y  a b l e  t o  d e v e l o p  new o r  improved p r o c e s s o r s  and 
d e v i c e s  t h a t  o f f e r  t h e  o p p o r t u n i t y  f o r  c o s t  r e d u c t i o n  o r  
performance i ~ n p r o v e m e n t s ,  f o r  g r e a t e r  c o s t - e f f e c t i v e n e s s .  
But  e x p l o i t a t i o n  o f  new usage  p a t t e r n s ,  new a p p l i c a t i o n  
t e c h n o l o g i e s ,  new hardware ,  a l l  r e q u i r e  t h e  f u r t h e r  
m o d i f i c a t i o n  and development  o f  program s u p p o r t .  And o n c e  
o p e r a t i o n a l  t h e  m o d i f i e d  h a r d w a r e / s o f t w a r e  complex c a n  a g a i n  
no t  be e n t i r e l y  s a t i s f a c t o r y ,  w h i l e  once  a g a i n  o f f e r i n g  st.i.11 
more o p p o r t u n i t i e s  f o r  development .  So t h e  programs a r e  
a g a i n  changed and t h e  e v o l u t i o n a r y  c y c l e  g o e s  on. C o n t i n u i n g  
e v o l u t i o n ,  t h e  outcome of t h e  mutual  s t i m u l a t i o n  o f  sys tem 
and env i ronment ,  i s  a n  i n t r i n s i c  p r o p e r t y  o f  l a r g e  sys t ems :  
a  p r o p e r t y  t h a t  may be f o r m a l i s e d  a s  a  Law of Continuing 
Change [BEL76]; [LEH74]; [LEH78]: A system t h a t  i s  used 
undergoes continuing change u n t i l  it i s  judged more cos t  
e f f e c t i v e  t o  f reeze  and recrea te  i t .  

4 . I  V a r i e t y  Genera ted  by t h e  D e s i r e  t o  P e r f e c t :  
C o n t i n u i n g  Enhancement 

The p r o p e r t y  o f  c o n t i n u i n g  e v o l u t i o n  i s  p o s s e s s e d  by a l l  
complex s y s t e m s ,  more p a r t i c u l a r l y  a l l  a r t i f i c i a l  sys t ems  
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[SIM69] c r e a t e d  a n d  m a n u f a c t u r e d  by man. S o f t w a r e  s y s t e m s ,  
however ,  s u f f e r  o n e  a t t r i b u t e  t h a t  c o m p l i c a t e s  t h e  p r o c e s s  
a nd  l e a d s  t o  a  f u r t h e r  p r o p e r t y ,  t h a t  o f  c o n t i n u i n g  m o d i f i -  
c a t i o n  o f  t h e  o l d .  P h y s i c a l  s y s t e m s  imp lemen ted  i n  h a r d w a r e ,  
a n  a u t c m o b i l e ,  a n  a i r p l a n e ,  a n  a t o m i c  r e a c t o r  e v o l v e  t h r o u g h  
t h e  emergence  o f  newly c o n s t r u c t e d  e n t i t i e s  t h a t  a r e  
r e d e s i g n e d ,  h o p e f u l l y  i m p r o v e d ,  v e r s i o n s  o f  o l d e r  c r e a t i o n s .  
Whi l e  a t t e m p t s  may be  made t o  m o d i f y  a n  e x i s t i n g  a r t i f a c t  f o r  
e x p e r i m e n t a l  p u r p o s e s ,  c o m p l e t i o n  o f  t h e  r e d e s i g n  p r o c e s s  
l e a d s  t o  t h e  c o n s t r u c t i o n  o f  a n  e n t i r e l y  new i n s t a n c e .  The 
s y s t e m ,  much a s  b i o l o g i c a l  s y s t e m s ,  e v o l v e s  o v e r  s u c c e s s i v e  
g e n e r a t i o n s .  Wi th  s o f t w a r e  s y s t e m s  o n  t h e  o t h e r  hand ( a n d  t o  
some e x t e n t  i n  soc io- economic  s y s t e m s  s u c h  a s  c i t i e s  o r  a  
t r a n s p o r t a t i o n  s y s t e m ) ,  i t  i s  p o s s i b l e  a n d  appears more  
e c o n o m i c a l ,  s i m p l e r ,  f a s t e r ,  and  i n  g e n e r a l  more  e x p e d i e n t ,  
t o  change  and  e v o l v e  t h e  s y s t e m  g r a d u a l l y  t h r o u g h  t h e  
a d d i t i o n ,  m o d i f i c a t i o n  and  d e l e t i o n  o f  code  o r  o t h e r  s y s t e m  
e n t i t i e s .  I n d e e d ,  i t  may seem i m p o s s i b l e  t o  d o  o t h e r w i s e .  

M o d i f i c a t i o n  appears more  e c o n o m i c a l  b e c a u s e  i t  r e q u i r e s  a  
s m a l l e r  i m m e d i a t e  c a p i t a l  i n v e s t m e n t  t h a n  wou ld  r e c r e a t i o n .  
B u t  t h i s  a s s e s s m e n t  i s  l i k e l y  t o  be  b a s e d  o n  i g n o r a n c e  o r  
i n a c c u r a t e  a s s e s s m e n t  o f  t o t a l  l i f e  c y c l e  c o s t s .  It appears 
s i m p l e r  b e c a u s e  s t u d y  o f  a  p a r t  o f  a  p rogram i n  i t s  l o c a l  
e n v i r o n m e n t  and  t h e  p a p e r  and  p e n c i l  ( o r  i n t e r a c t i v e  t e r m i n a l  
i n p u t )  e x e r c i s e  o f  c o d e  m o d i f i c a t i o n  a n d  a u g m e n t a t i o n  seems 
t o  r e q u i r e  a  r e l a t i v e l y  s m a l l  p h y s i c a l  and o r g a n i s a t i o n a l  
e f f o r t .  B u t  t h i s  i s  s o  o n l y  i f  t h e  i n t e l l e c t u a l  ( a n d  
p h y s i c a l )  e f f o r t  o f  e n s u r i n g  completeness  and  cor rec tne s s  o f  
t h e  change  o v e r  t h e  e n t i r e  s y s t e m  and  s y s t e m  b e h a v i o u r a l  
s p e c t r u m ,  i n  i t s e l f  and  i n  r e l a t i o n  t o  a l l  o t h e r  c h a n g e s  
b e i n g  made c o n c u r r e n t l y  o r  b e i n g  p l a n n e d ,  is  n o t  t a k e n  i n t o  
a c c o u n t .  And i t  n o r m a l l y  i s  n o t ;  p e r h a p s  b e c a u s e  we do n o t  
know how t o  o r  p e r h a p s  b e c a u s e  we do  n o t  r a t e  i n t e l l e c t u a l  
e f f o r t  v e r y  h i g h l y .  It appears f a s t e r  b e c a u s e  i t  i s  
l o b v i o u s l y '  q u i c k e r  t o  change  ' a  few l i n e s  o f  c o d e 1  t h a n  t o  
r e - c r e a t e  a n  e n t i r e  s y s t e m  o r  s u b s y s t e m  i n  wh ich  a  m a j o r  
f i s c a l ,  t e m p o r a l  and  human i n v e s t m e n t  h a s  a l r e a d y  b e e n  made. 

B u t  b a s i c  a p p e a r a n c e s  a r e  f a l l a c i o u s .  The f a l l a c y  stems f r o m  
t h e  f a c t  t h a t  f o r  any  i n d i v i d u a l  c h a n g e  ( r e p a i r ,  m o d i f i c a t i o n  
o r  e n h a n c e m e n t )  t h e s e  a s s e s s m e n t s  a r e  g e n e r a l l y  c o r r e c t .  
They become t r a g i c a l l y  wrong  when t h e  u n e n d i n g  s e q u e n c e  o f  
c h a n g e s  i s  c o n s i d e r e d ;  when t h e  a c t u a l i t y  o f  a n  e v o l v i n g  
u s a g e  and  m a i n t e n a n c e  e n v i r o n m e n t  i s  imposed ,  when i t  i s  
r e a l i s e d  t h a t  s y s t e m  s t r u c t u r e  must d e g e n e r a t e  and  e n t r o p y ,  
a s  a  m e a s u r e  o f  d i s o r d e r ,  i n c r e a s e  u n d e r  a  s e r i e s  o f ,  
c o n c e p t u a l l y  m o s t l y  u n c o n n e c t e d ,  c h a n g e s .  
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4.2 V a r i e t y  G e n e r a t e d  by I m p e r f e c t i o n :  
C o n t i n u i n g  Main t enance  

The p r e c e d i n g  s e c t i o n s  have  d i s c u s s e d  t h e  c o n t i n u i n g  
e v o l u t i o n ,  f u n c t i o n a l  and  p e r f  ormance-wise,  t h a t  a s o f t w a r e  
sys t em unde rgoes .  D e f i n i t i o n  o f  sys t em r e q u i r e m e n t s ,  
development  o f  a  s p e c i f i c a t i o n ,  d e s i g n  and c r e a t i o n  o f  code  
t h a t  imp lemen t s  t h a t  d e s i g n  a r e  a l l  human, i n t e l l e c t u a l  
a c t i v i t i e s  n o t  y e t  s u b j e c t  t o  t h e  r i g o r  of  m a t h e m a t i c a l  
a n a l y s i s ,  p h y s i c a l  l a w s  o r  t h e  a c c u m u l a t e d ,  ad  hoc  and 
p r a g m a t i c ,  b u t  n e v e r t h e l e s s  d e f i n i t i v e ,  g u i d e l i n e s  of  
e n g i n e e r i n g  p r a c t i c e .  Thus t h e  emerg ing  p r o d u c t  must  
i n e v i t a b l y  c o n t a i n  f a u l t s ,  d e s i g n  bugs  a s  w e l l  a s  
i m p l e m e n t a t i o n  e r r o r s .  It m u s t ,  t h e r e f  o r e ,  be v a l i d a t e d ,  
e i  t n e r  on  c o m p l e t i o n ,  o r  repeatedly throughout the  e n t i r e  
process, ( 1  4.1 ) s o  t h a t  f a u l t s  may be d e t e c t e d  a n d  c o r r e c t e d .  

I d e a l l y  s u c h  v a l i d a t i o n  s h o u l d  be based  o n  c o n s t r u c t i v e  
p r o o f s  t h a t  g u i d e  t h e  d e s i g n  p r o c e s s  [ D I J ~ ~ ]  o r  on a  p roo f  o f  
t'he i d e n t i t y  ( i n  some s e n s e )  o f  t h e  o u t p u t  o f  e a c h  s t a g e  of  
t h e  t o t a l  p r o c e s s  w i t h  t h a t  of  i t s  p r e d e c e s s o r  s t a g e  [HOA69]. 
Hcwever, a t  t h e  p r e s e n t  t i m e  a p p l i c a b l e  t e c h n i q u e s  have  o n l y  
bcen  d e v e l o p e d  f o r  r e l a t i v e l y  s i m p l e ,  s e l f - c o n t a i n e d ,  
prcgrams.  E x t e n s i o r ,  o f  s u c h  t e c h n i q u e s  t o  l a r g e  m u l t i -  
f l . . ~ rc t i on ,  m u l t i- e l e m e n t  s y s t e m s  i s ,  a t  b e s t ,  l i k e l y  t o  be a  
siow p r o c e s s .  

For  t h e  f o r e s e e a b l e  f u t u r e ,  t h e r e f o r e ,  v a l i d a t i o n  must  
c o n t i n u e  t o  r e l y  o n  i n s p e c t i o n  [FAG7641 and o n  t e s t i n g .  
E i  l ' e c t i v e n e s s  o f  t h e  f o r m e r ,  however f o r m a l i s e d ,  depends  
h e a v i l y  o n  t h e  sys t em overviezd, o b s e r v a t i o n  and understanding 
oP t h e  i n s p e c t o r s .  The e f f e c t i v e n e s s  o f  t h e  l a t t e r  w i l l  
depend on  t h e  i n s i g h t  and  u n d e r s t a n d i n g  of  t h e  test  d e s i g n e r s  
ci-.o c a n n o t  p o s s i b l y  view t h e  sys t em f rom a l l  f u t g u r e  u s e r  
[ e v ; > e c t i v e s .  Moreover,  t h e  test  d e s i g n e r s  mus t  cope  w i t h  a  
c l - ang ing ,  c o m b i n a t o r i a l l y  l a r g e ,  s e t  o f  program boundary  and 
e n v i r o n m e n t a l  c o n d i t i o n s ,  a n a  h e n c e  w i t h  a n  i m p o s s i b l y  l a r g e  
n:~,sber o f  ?)stem s t a t e s  and e x e c u t i o n  t r a j e c t o r i e s .  System 
v  L i d a t i o n  a c t i v i t y  based  o n  t h e s e  t e c h n i q u e s  c a n  t h e r e f o r e  
n t : m  e x p e c t  t o  l o c a t e  a l l  f a u l t s ,  c a n  i n  f a c t  n o t  p o s s i b l y  
d r ~ s n s t r a t e  t h a t  t h e  sys tem i s  f a u l t l e s s  [DIJ72b] .  I n  
shrilmary, b o t h  i n s p e c t i o n  and t e s t i n g  a r e  l i k e l y  t o  be u s e f u l  
i n  e n s u r i n g  e l e m e n t s ,  modu le s  and components ,  t h a t  a r e  

14.1 ( E d s )  1 9 8 5  i t a l i c s  but used here i n  t h e  sense t h a t  it 
i s  nozd re ferred  t o  as  v e r i f i c a t i o n .  The concept o f  
va l ida t ion  through prototyping and s imi lar  techniques i s  
c l e a r l y  absent from the  remainder of t h i s  s ec t ion .  
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r e l a t i v e l y  c l e a r  o f  l o c a l i s e d  f a u l t s .  They become 
i n c r e a s i n g l y  c o s t l y  and i n e f f e c t i v e  i n  t h e  s e a r c h  f o r  
problems stemming f rom g l o b a l  i n t e r a c t i o n s  and d e p e n d e n c i e s ;  
i n  e n s u r i n g  c o r r e c t  s y s t e m  o p e r a t i o n .  

The f a u l t s  t h a t  a r e  d i s c o v e r e d  b e f o r e  t h e  p r o d u c t  i s  d e c l a r e d  
r eady  f o r  cus tomer  d e l i v e r y  w i l l  g e n e r a l l y  be f i x e d  
immedia t e ly .  However, p a r t i c u l a r l y  f o r  mu1 ti-si t e ,  mu1 ti- 
c o n f i g u r a t i o n  s y s t e m s ,  u s e r s  w i l l ,  a f t e r  r e l e a s e ,  s u b j e c t  t h e  
i n t e g r a t e d  sys tem t o  c o n f i g u r a t i o n s  and e x e c u t i o n  p a t t e r n s  t o  
which i t  h a s  no t  p r e v i o u s l y  been  exposed.  Thus new f a u l t s  
w i l l  i n e v i t a b l y  be d i s c o v e r e d  and  w i l l  c o n t i n u e  t o  r e q u i r e  
f i x i n g .  

And t h e  c o s t  of t h i s  c o n t i n u i n g  ma in tenance  i s  h i g h :  F i g u r e  
1 summarises  t h e  f r a c t i o n  o f  programming e f f o r t  s p e n t  i n  
ma in tenance  f o r  a  l a r g e  sample  o f  i n s t a l l a t i o n s  [ G O L 7 3 ]  
a round 1970. An e l a b o r a t e  o r g a n i s a t i o n  i s  o f t e n  r e q u i r e d  t o  
implement t h e  sys t em change a c t i v i t y .  We d i s c u s s  t h i s  i n  t h e  
n e x t  s e c t i o n .  

Percent of Time Devoted to Software Ma~ntenance 

F i g u r e  1 :  P e r c e n t  of Time Devoted t o  S o f t w a r e  Maintenance  
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We n o t e  t h a t  t h i s  s o - c a l l e d  f i x  o r  r e p a i r  a c t i v i t y  i s  n o t  
r e a l l y  r e p a i r  a t  a l l .  Hardware  p h y s i c a l l y  d e t e r i o r a t e s  
b e c a u s e  o f  w e a r ,  c o r r o s i o n  o r  f a t i g u e .  Its r e p a i r  c o n s i s t s  
o f  replacement o f  o n e  o r  more  componen t s  t o  re s to re  t h e  
sy s t em t o  i t s  o r i g i n a l  s t a t e .  The e l i m i n a t i o n  o f  s o f t w a r e  
m a l f u n c t i o n ,  o n  t h e  o t h e r  hand ,  r e q u i r e s  a  c h a n g e  away f r om 
i t s  d e s i g n e d  o r  c o n s t r u c t e d  s t a t e .  S o f t w a r e  r e p a i r  and  
m a i n t e n a n c e  m o s t l y  i n v o l v e s  redesign w h i c h  i n  t u r n  may 
i n t r o d u c e  f u r t h e r  error  and i s  v e r y  l i k e l y  t o  f u r t h e r  
i n c r e a s e  c o m p l e x i t y .  Fo r  t h e  e m p h a s i s  o f  a  m a i n t e n a n c e  team 
w i l l  be  o n  s p e e d ,  o n  c o s t  m i n i m i s a t i o n ,  o r  j u s t  s i m p l y  o n  
o b t a i n i n g  a c o r r e c t  f i x .  It w i l l  n o t  g e n e r a l l y  i n c l u d e  
s t r u c t u r a l  m a i n t e n a n c e  o r  improvement .  And i f  i m p e r f e c t  
r e p a i r  o r  s t r u c t u r a l  d e t e r i o r a t i o n  i s  l i k e l y  when a s i n g l e  
f a u l t  i s  f i x e d ,  t h e  e f f e c t  i s  l i k e l y  t o  be  compounded when 
s e v e r a l  f a u l t s  mus t  be c u r e d  i n  t h e  same p e r i o d  p o s s i b l y  by 
d i f f e r e n t  g r o u p s  o r  i n d i v i d u a l s ;  p o s s i b l y  c o n c u r r e n t l y  w i t h  
enhancemen t  a n d  deve lopmen t .  Thus,  i n e v i t a b l y ,  r e p a i r  
a c t i v i t y  w i l l  b e  i m p e r f e c t ,  w i l l  c a u s e  t h e  c r e a t i o n  o f  new 
p rob l ems .  

4 . 3  The R e s u l t  o f  C o n t i n u e d  E v o l u t i o n :  
S t r u c t u r a l  C o m p l e x i t y  

Some p rog rams ,  o r  p a r t s  o f  t h e  same program s y s t e m ,  may be 
more complex  t h a n  o t h e r s ,  a s  d i s c u s s e d  i n  S e c t i o n  3. What i s  
i m p o r t a n t  i s  t h a t  i n c r e a s i n g  s y s t e m  c o m p l e x i t y  l e a d s  t o  a 
r e g e n e r a t i v e ,  h i g h l y  n o n- l i n e a r ,  i n c r e a s e  i n  t h e  e f f o r t  a n d  
c o s t  o f  s y s t e m  m a i n t e n a n c e  a n d  a l s o  l i m i t s  u l t i m a t e  s y s t e m  
g rowth  [BELTlb];  [LEH74]; [LEH76b]: The t r e n d  may be 
summar ised  i n  a  Law of  Increasing Unstructuredness ( E n t r o p y )  
[ B E L ~ ~ ] ;  [LEH74]; [LEH78]: The entropy of a  system 
increases  w i th  t i m e ,  un l e s s  s p e c i f i c  work i s  executed t o  
maintain t o  reduce i t .  T h i s ,  o u r  s e c o n d  l a w ,  i s  a n a l o g o u s  
t o ,  p e r h a p s  e v e n  a n  i n s t a n c e  o f ,  t h e  s e c o n d  l a w  o f  
thermodynamics .  

F o r  o u r  p r e s e n t  p u r p o s e  i t s  s i g n i f i c a n c e  is  n o t  t h a t  
c o m p l e x i t y  i n c r e a s e s  w i t h  a g e .  T h a t  i s  u n i v e r s a l  e x p e r i e n c e .  
What i s  f u n d a m e n t a l  t o  a c h i e v e m e n t  o f  b e t t e r  s o f t w a r e  
management  a n d  min ima l  l i f e - c y c l e  c o s t s  i s  t h e  recogn i t i on  
t h a t  c o m p l e x i t y  g rows  un le s s  a n d  u n t i l  e f f o r t  i s  i n v e s t e d  i n  
r e s t r u c t u r i n g .  Some p a r t  o f  o n e ' s  r e s o u r c e s  must be i n v e s t e d  
i n  r e s t r u c t u r i n g  p e r i o d i c a l l y  o r  c o n t i n u o u s l y .  The 
a l t e r n a t i v e  i s  t o  r e a c h  s u c h  a l e v e l  o f  c o m p l e x i t y  t h a t  
f u r t h e r  e v o l u t i o n a r y  p r o g r e s s  c a n  o n l y  be made t h r o u g h  r e -  
c r e a t i o n ;  t o t a l  abandonment  o f  t h e  s y s t e m  a n d  i t s  r e p l a c e m e n t  
by a  new s y s t e m  s t r u c t u r e d ,  r e d e s i g n e d  a n d  imp lemen ted  t o  



*Age refers  t o  period over  which da t a  1s available.  the  first two  \ys tem\  have  a p r c h ~ s t o r y  

Table VII: Three large systems whose evolution has been studied 
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\e r \a l  
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0 S 

Lang-  
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bly 

Algol 
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bly 
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s a t i s f y  t h e  most  r e c e n t  o p e r a t i o n a l  r e q u i r e m e n t s .  I n  f a c t ,  
t h e  t e c h n h o l o g i c a l  aim mus t  be t o  a c h i e v e  t h e  mos t  economic  
b a l a n c e  be tween  c o n t i n u o u s  o r  p e r i o d i c  r e s t r u c t u r i n g  and  
p e r i o d i c  r e c r e a t i o n .  

C l e a r l y  t h e n  i t  i s  n o t  s u f f i c i e n t  f o r  a sys t em t o  be 
i n i t i a l l y  c o r r e c t .  It mus t  r e m a i n  c o r r e c t  u n d e r  a n  unend ing  
s e q u e n c e  o f  changes .  To a c h i e v e  and  d e m o n s t r a t e  c o n t i n u i n g  
c o r r e c t n e s s ,  i t  i s  n o t  s u f f i c i e n t  t h a t  t h e  sys t em be 
i n i t i a l l y  w e l l  s t r u c t u r e d .  Well s t r u c t u r e d n e s s  must  be 
m a i n t a i n e d  d e s p i t e  t h a t  s equence  of  neve r- end ing  change .  And 
o u r  s t u d i e s  o f  a n a l y t i c  m o d e l s  o f  t h e  programming p r o c e s s  
rBEL7lbl ;  LBEL761; [LEH74]; [LEH76b] i n d i c a t e  t h a t  s t r u c u t r a l  
m a i n t e n a n c e  a s  t h e  sys t em grows i s  l i k e l y  t o  r e q u i r e  a n  e v e r -  
i n c r e a s i n g  p r o p o r t i o n  o f  m a i n t e n a n c e  r e s o u r c e s .  Thus 
m a i n t e n a n c e  must  u l t i m a t e l y  become uneconomica l ,  making re- 
i m p l e m n t a t i o n  o f  t h e  sys t em i n e v i t a b l e .  Is t h i s  p o i n t  
p r e d i c t a b l e ?  Is i t  p o s s i b l e  t o  f o r e c a s t  t h e  p o i n t  i n  t i m e  a t  
which  r e c r e a t i o n  of  t h e  s y s t e m  i s  r e q u i r e d ,  f a r  enough i n  
advance  t o  e n s u r e  c o m p l e t i o n  of t h e  new sys t em b e f o r e  t h e  o l d  
o n e  h a s  c o l l a p s e d ,  h a s  become u w a i n t a i n a b l e ?  

4 .4  An E m p i r i c a l  S t u d y :  The Dynamics o f  E v o l u t i o n  

R a t h e r  s u r p r i s i n g l y ,  s i n c e  e v e r y  a s p e c t  of  sys t em 
deve lopmen t ,  i m p l e m e n t a t i o n  and m a i n t e n a n c e  i s  t o  some d e g r e e  
p l a n n e d ,  and  i s  managed by p e o p l e  f o r  p e o p l e ,  t h e  g rowth  
p a t t e r n s  o f  a sys t em a s  measu red  by v a r i o u s  c r i t i c a l  
p a r a m e t e r s  are s t a t i s t i c a l l y  p r e d i c t a b l e .  T h i s  g e n e r a l  
p r o p e r t y  i s  r e f l e c t e d  i n a  t h i r d  l aw  [ B E L ~ ~ ] ;  [LEH7lI]; 
[LEH78] : Measures of gZobcrl .>ystem attributes may appear 
stochastic ZocaZZy in tip; i j ? . ' :  , 'ce, but statisticaZly are 
cycZicaZZy self-regulatin:, , ; . , :, i:ientifiabZe invariances and 
recognisabze Zong-range trenas. 

Recent  s t u d i e s  [BELT61 ; [LEH76b] ; [LEH77] h a v e  r e p o r t e d  o n  
t h e  g r o s s  g rowth  p a t t e r n s  o f  a number o f  v e r y  d i f f e r e n t  
s o f t w a r e  s y s t e m s .  T a b l e  V I I  l i s ts  some of  t h e s e  d i f f e r e n c e s .  
The s t u d i e s  d e m o n s t r a t e  q u a n t i t i v e l y  what  p a r t i c i p a n t s  i n  
s u c h  p r o j e c t s  h a v e  l o n g  known h e u r i s t i c a l l y ,  t h a t  t h e r e  i s  a 
c o n t i n u o u s  g r o w t h  i n  t h e  f u n c t i o n a l  c o n t e n t ,  t h e  s i z e ,  t h e  
need  f o r  r e p a i r  and t h e  c o m p l e x i t y  o f  each  sys t em.  F i g u r e s  2 
show t h e  g rowth  o f  two s y s t e m s ,  measured  i n  number o f  
s t a t e m e n t s  and  modu le s ,  r e s p e c t i v e l y .  N o t i c e  t h e  i n c r e a s e  i n  
t h e  s i z e  t r e n d s ,  a::& t h e  d e c l i n i n g  g rowth  r a t e s .  

From t h e  same s t u d i e s ,  F i g u r e s  3 c a p t u r e  t h e  work r a t e s  
d u r i n g  e v o l u t i o n .  The m e a s u r e s ,  changes  made and  modu le s  
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hand led  a r e  p l o t t e d  c u m u l a t i v e l y  a s  f u n c t i o n s  of  sys tem age  
t o  e l i m i n a t e  t h e  e f f e c t s  o f  r e l e a s e  o v e r l a p .  The s l o p e s  of  
t h e s e  p l o t s  a r e  e f f e c t i v e l y  and u n e x p e c t e d l y  c o n s t a n t ,  
imp ly ing  a  c o n s t a n t  work r a t e  d e s p i t e  improv ing  methodology,  
t o o l s  and chang ing  r e s o u r c e s .  The i n v a r i a n c e  of  work i n p u t  
r e f l e c t s  t h e  s t a b i l i s i n g  i n f l u e n c e  o f  t h e  many o r g a n i s a t i o n a l  
f eedback  l o o p s  c o n t r o l l i n g  sys tem e v o l u t i o n .  

An approach  t o  t h e  measurement of  complex i ty  i s  by t h e  
f r a c t i o n  of t o t a l  u n i t s  ( i e  modu les )  impacted  by some u n i t  
change:  t h e  more u n i t s  impac ted  t h e  more d i f f u s e d  t h e  
change,  t h e  more complex t h e  sys tem.  Conver se ly ,  i n  a  w e l l  
s t r u c t u r e d  sys tem changes  t e n d  t o  r e m a i n  l o c a l i s e d .  F i g u r e  4 
i n d i c a t e s  t h e  t r e n d  f o r  two s y s t e m s  s t u d i e d :  i n c r e a s i n g  
s p r e a d  of  c h a n g e s  a s  t h e  s y s t e m s  a g e .  

An a s p e c t  of  t h e  i n t e r a c t i o n  between t h e  e v o l v i n g  sys tem and 
t h e  human o r g a n i s a t i o n  which d r i v e  t h i s  e v o l u t i o n  i s  d e p i c t e d  
i n  F i g u r e  5 .  T h i s  shows t h e  l i n e a r  g rowth  t r e n d  of  two 
sys t ems  a s  a  f u n c t i o n  o f  r e l e a s e  sequence  numbers. C l o s e r  
e x a m i n a t i o n  shows a  c y c l i c  s u b p a t t e r n  o f  i n c r e a s i n g  p e r i o d .  
T h i s  c y c l i c i t y  i s  t h e  m a n i f e s t a t i o n  of t h e  c o n f l i c t  t h a t  
a r i s e s  i n  l a r g e  sys t em managment, be tween t h e  p r e s s u r e s  f o r  
a n  i n c r e a s i n g  enhancement  r a t e  ( p o s i t i v e  f e e d b a c k )  and t h e  
r e s u l t a n t  i n c r e a s i n g  r e s i s t a n c e  t o  change ,  i n c r e a s i n g  
d i f f i c u l t y  o f  t h e  work,  as s t r u c t u r e  and q u a l i t y ,  
o r g a n i s a t i o n a l  i n t e g r i t y  and knowledge d e c l i n e  ( n e g a t i v e  
f e e d b a c k ) .  

We deduce t h a t  a n  o r g a n i s a t i o n a l ,  as d i s t i n c t  from a n  
i n d i v i d u a l ,  programming p r o j e c t  behaves  l i k e  a  s e l f -  
s t a b i l i s i n g  f e e d b a c k  sytem. T h i s  i s  o f  c o u r s e  q u i t e  c o n t r a r y  
t o  t h e  view t h a t  managers  have .  They s e e  i t  a s  a  p r o c e s s  
whose p r o g r e s s  i s  d e t e r m i n e d  by l o c a l  and g l o b a l  d e c i s i o n s  a s  
t h e s e  a r e  made. T h e o r e t i c a l  mode l s  of  t h e  p r o c e s s  [BEL76] ,  
[RI076] s u g g e s t  t h a t  t h e  o b s e r v e d  b e h a v i o u r  i s  c o n s i s t e n t  
w i t h  o u r  d e v e l o p i n g  view and u n d e r s t a n d i n g  o f  t h e  p r o c e s s  a s  
a  complex, f e e d b a c k- s y s t e m- l i k e  a c t i v i t y .  

That  i s ,  g r o s s ,  h i s t o r i c a l ,  s o f t w a r e  p r o j e c t  d a t a  of  a 
v a r i e t y  of  s y s t e m s  and p r o j e c t  a t t r i b u t e s  c a n  be u s e d  t o  
g e n e r a t e  p r o j e c t  mode l s  t h a t  r e p r e s e n t  o r  measure  t h e  
e v o l u t i o n  p r o c e s s .  The mode l s  p r o v i d e  s t a t i s t i c a l  
i n v a r i a n c e s ,  p a t t e r n s  and t r e n d s  t h a t  are i n t e r p r e t a b l e  i n  
t e r m s  o f  t h e o r e t i c a l  models  of  t h e  programming p r o c e s s .  A l l  
t h a t  may be used d i r e c t l y  t o  b e t t e r  p l a n  and c o n t r o l  sys t em 
development ,  ma in tenance  and enhancement.  E q u a l l y ,  t h e i r  
s t u d y  l e a d s  t o  a  d e e p e r  u n d e r s t a n d i n g  o f  t h e  n a t u r e  and  
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a t t r i b u t e s  o f  t h e  programming p r o c e s s  a n d  o f  t h e  s y s t e m s  t h a t  
t h e  p r o c e s s  p r o d u c e s .  The i n c r e a s i n g  u n d e r s t a n d i n g  c a n  be 
a p p l i e d  t o  d i r e c t  and  g u i d e  s o f t w a r e  e n g i n e e r i n g  p r a c t i c e  a n d  
t h e  programming p r o c e s s  s o  t h a t  t h e  l a t t e r  may y i e l d  h i g h e r  
q u a l i t y  and  improved  l i f  e - c y c l e  p r o p e r t i e s  f o r  p rogramming 
s y s t e m s  LLEH781. 

4 . 5  The L i f e - C y c l e  C o s t  P a t t e r n  

The p r e v i o u s  d i s c u s s i o n  h a s  been  l a r g e l y  s y s t e m  a n d  
programming o r i e n t e d ,  d i r e c t l y  a d d r e s s i n g  s o f t w a r e  s y s t e m  
a t t r i b u t e s .  Q u a n t i t a t i v e  g l o b a l  c o s t  s t u d i e s  h a v e  a l s o  b e e n  
u n d e r t a k e n  a n d  h a v e  p r o d u c e d  u s e f u l  mode l s .  These  r e f l e c t  
t h e  f a c t  t h a t  a  v e r y  h i g h  p e r c e n t a g e  ( 5 0 %  - 9 0 % )  o f  l i f e  
c y c l e  c o s t s  o f  a  l a r g e  s o f t w a r e  s y s t e m  may be i n c u r r e d  i n  
p o s t - f  i r s t - r e l e a s e  m a i n t e n a n c e  a n d  enhancemen t  [ AROTk], 
[BOE76], [PU'1761. T h i s  d a t a  p r o v i d e s  d r a m a t i c  c o n f i r m a t i o n  
o f  t h e  r e a l i t y  o f  t h e  phenomena d i s c u s s e d  above .  It 
i n d i c a t e s  t h a t  t h e  i n i t i a l  a s s e s s m e n t  o f  l a r g e  s o f t w a r e  
s y s t e m s ,  t h e  d e c i s i o n  t o  imp lemen t  o r  n o t ,  mus t  be b a s e d  o n  
a n  a c c u r a t e  p r o j e c t i o n  o f  life-cycle costs n o t  o n  t h e  
e s t i m a t e d  c o s t  o f  d e v e l o p m e n t  and  f i r s t  i m p l e m e n t a t i o n .  But  
t h a t  i n  i t s e l f  i s  a  p rob l em s i n c e  t h e  e x p e n d i t u r e  p a t t e r n  i s  
c e r t a i n l y  v e r y  n o n- l i n e a r ,  w i t h  s h a p e  p a r a m e t e r s  b e i n g  a  ( n o t  
w e l l  u n d e r s t o o d )  f u n c t i o n  o f  t h e  r e q u i r e m e n t s  o f  t h e  s y s t e m ,  
t h e  i m p l e m e n t a t i o n  and  t h e  u s a g e  e n v i r o n m e n t s .  But  i n  t h i s  
a r e a  t o o ,  g l o b a l  s y s t e m  o b s e r v a t i o n  [ P U T 6 1  l e a d s  t o  m o d e l s  
t h a t  c a n  be  mos t  e f f e c t i v e l y  a p p l i e d  i n  t h e  p l a n n i n g  a n d  
c o n t r o l  e n v i r o n m e n t .  T h e i r  f u r t h e r  d e v e l o p m e n t  s h o u l d  l e a d  
t o  s p e c i f i a b l e  a n d  c o n t r o l l a b l e  l i f e - c y c l e  c h a r a c t e r i s t i c s .  

5  L a r g e  Sys t ems  : Complex I n t e r a c t i o n s  

I n  t h e  p r e c e d i n g  s e c t i o n  we h a v e  c o n c e n t r a t e d  o n  a  
d e s c r i p t i o n  o f  t h e  g l o b a l  m a c r o - p r o p e r t i e s  o f  l a r g e  s y s t e m s .  
As t h e  t h e r m o d y n a m i c i s t  d o e s  i n  p h y s i c s  o r  t h e  macro-  
e c o n o m i s t  i n  e c o n o m i c s ,  we h a v e  summar i s ed  o b s e r v a t i o n s ,  
measurement  a n d  i n t e r p r e t a t i o n  o f  t h e  phenomenology o f  
e v o l u t i o n  o f  t h e  t o t a l  s y s t e m  a n d  t h e  programming p r o c e s s  i n  
t h e i r  deve lopmen t  a n d  m a i n t e n a n c e  e n v i r o n m e n t .  

We h a v e ,  howeve r ,  o n l y  b r i e f l y  i n d i c a t e d  how l a r g e  a  s y s t e m  
must  be b e f o r e  i t  c a n  be e x p e c t e d  t o  d i s p l a y  c h a r a c t e r i s t i c s  
a s  d e s c r i b e d .  A p r e c i s e  m e a s u r e  i s  l i k e l y  t o  depend  a t  l e a s t  
o n  t h e  n a t u r e  a n d  s t r u c t u r e  o f  t h e  o r g a n i s a t i o n  c o n t r o l l i n g  
t h e  s y s t e m ,  t h e  programming me thodo logy  employed ,  a n d  t h e  
n a t u r e  o f  t h e  u s a g e  e n v i r o n m e n t .  But  t h e  g e n e r a l  i n d i c a t o r  
m e n t i o n e d  i n  S e c t i o n  1 c a n  be deduced  f rom a  c l e a r e r  
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u n d e r s t a n d i n g  o f  t h e  u n d e r l y i n g  c a u s e s  o f  t h e  phenomena 
d e s c r i b e d .  The b a s i c  problem i s  u n d e r s t a n d i n g ;  u n d e r s t a n d i n g  
t h e  e n v i r o n m e n t a l  r e q u i r e m e n t s  s o  t h a t  t h e  s y s t e m  c a n  be  
s p e c i f i e d ,  d e s i g n e d  a n d  i m p l e m e n t e d ;  u n d e r s t a n d i n g  t h e  d e s i g n  
a n d  i m p l e m e n t a t i o n  s o  t h a t  t h e  s y s t e m  may be  v a l i d a t e d ,  
p r o v e n  t o  p r o v i d e  t h e  r e q u i r e m e n t s ,  a l l  t h e  r e q u i r e m e n t s  a n d  
p r e f e r a b l y  n o t h i n g  b u t  t h e  r e q u i r e m e n t s ;  u n d e r s t a n d i n g  t h e  
s y s t e m ' s  p r o p e r t i e s ,  c a p a b i l i t i e s  a n d  l i m i t a t i o n s  s o  t h a t  i t  
may be l e a r n e d  a n d  e f f e c t i v e l y  u s e d ;  u n d e r s t a n d i n g  t h e  s y s t e m  
s t r u c t u r e  a n d  c o n t e n t  s o  t h a t  i t  may be  m a i n t a i n e d  a n d  
enhanced .  

5.1 Program S y s t e m s  

The d e g r e e  o f  u n d e r s t a n d a b i l i t y  o f  a  s y s t e m  d e p e n d s  o n  i t s  
s t r u c t u r e  a n d  i t s  c o n t e n t ,  t h e  i n t e r n a l  i n t e r c o n n e c t i v i t y  
be tween  i t s  p a r t s ;  o n  i t s  c o m p l e x i t y .  

More s p e c i f i c a l l y ,  s t r u c t u r e  r e p r e s e n t s  t h e  d e g r e e  t o  w h i c h ,  
and  t h e  way i n  w h i c h ,  t h e  s y s t e m  may be v i ewed  a s  a  s e t  of 
i n t e r c o n n e c t e d  s u b s y s t e m s ,  t h e  way i n  wh ich  t h e  s u b s y s t e m s  
t h e m s e l v e s  may b e  decomposed ,  and  s o  on .  D e c o m p o s i t i o n  a i d s  
u n d e r s t a n d i n g  t o  t h e  e x t e n t  by w h i c h  i t  e n a b l e s  s y s t e m  
b e h a v i o u r  t o  be u n d e r s t o o d  i n  t e r m s  o f ,  o r  deduced  f r o m ,  t h e  
b e h a v i o u r  of  i t s  c o n s t i t u e n t  p a r t s .  The d e g r e e  t o  w h i c h  t h i s  
i s  p o s s i b l e  d e p e n d s  o n  t h e  r e g u l a r i t y  o f  t h e  s t r u c t u r e  and  
t h e  i n t e r p r e t a b i l i t y  o f  t h e  p a r t s  a s  w e l l - d e f i n e d  p r i m i t i v e  
o p e r a t o r s  o r  t r a n s f o r m e r s .  F u r t h e r m o r e ,  t h e  
c o m p r e h e n s i b i l i t y  o f  t h e  s y s t e m  w i l l  b e  h e a v i l y  d e p e n d e n t  o n  
t h e  a c t u a l  o r  i m p l i e d  i n t e r c o n n e c t i v i t y ,  i n t e r a c t i o n  a n d  
dependence  be tween  p a r t s ,  p a r t i c u l a r l y  whe re  t h e  r e l a t e d  
l i n e s  o f  commun ica t i on  d e v i a t e  f r om t h e  r e g u l a r  s y s t e m  
s t r u c t u r e .  T h a t  i s ,  t h e  u n d e r s t a n d a b i l i t y  a n d  t h e r e f o r e  t h e  
c o m p l e x i t y  o f  e v e n  t h e  mos t  w e l l - s t r u c t u r e d  s y s t e m  w i l l  
depend  a d d i t i o n a l l y  o n  t h e  n a t u r e  a n d  e x t e n t  o f  i n t e r n a l ,  i e  
i n t r a - s y  s t em  commun ica t i on .  

We may now r e s t r i c t  o u r s e l v e s  t o  s u c h  p r o g r a m s  whe re  t h e  
s t r u c t u r e  a n d  i n t e r n a l  commun ica t i on  l i n k s  o r  d e p e n d e n c i e s  
a r e  s u f f i c i e n t l y  r a t i o n a l  t o  make t h e  s y s t e m  u n d e r s t a n d a b l e  
a n d  manageab l e .  A s  r e q u i r e m e n t s  grow a n d  e v e r  l a r g e r  
p rog rams  a r e  c o n s i d e r e d ,  t h e  p o i n t  w i l l  come w h e r e  i t  i s  
judged  n e c e s s a r y  t o  employ two ( o r  more )  p e o p l e  f o r  p rogram 
d e f i n i t i o n ,  d e s i g n ,  i m p l e m e n t a t i o n  and  v a l i d a t i o n .  The 
program i s  t o o  l a r g e  t o  f a l l  f u l l y  w i t h i n  t h e  i n t e l l e c t u a l  
g r a s p  o f  a  s i n g l e  i n d i v i d u a l .  T h i s  m i g h t  w e l l  be t h e  
c r i t i c a l  c h a r a c t e r i s t i c  t h a t  i d e n t i f i e s  a l a r g e  sy s t em.  The 
new f a c t o r  t h a t  a r i s e s  a t  t h a t  s t a g e  i s  o f  c o u r s e  t h e  need  
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f o r  human communication, i n t r a p r o c e s s  communica t ion  be tween 
two ( o r  more )  p e o p l e .  And t h i s  i s  a p r o c e s s  whose 
e f f e c t i v e n e s s  w i l l  d e t e r i o r a t e  r a p i d l y  a s  t h e  number of  
communicants i n c r e a s e s .  

A f u r t h e r  quantum jump i n  t h e  c o m p l e x i t y  o f  human 
communica t ion ,  i n  t h e  p r o b a b i l i t y  o f  d i s t o r t i o n  and e r r o r ,  
o c c u r s  when t h e  number o f  communicants r e a c h e s  s a y  e i g h t ,  
when t h e  need  f o r  a t  l ea s t  two l e v e l s  o f  management f i r s t  
emerges .  The n a t u r e  and d e g r e e  o f  communica t ion  be tween t h e  
members o f  e a c h  o f  t h e  i n d i v i d u a l  g r o u p s  i s  t h e n  r a d i c a l l y  
d i f f e r e n t  f rom t h a t  be tween  members o f  d i f f e r e n t  g roups .  
Comprehens ion  o f  t h e  t o t a l  sy s t em h a s  c e r t a i n l y  s l i p p e d  f r o m  
t h e  g r a s p  o f  any one  i n d i v i d u a l  o r  of  a n  i n f o r m a l  team. The 
s y s t e m  w i l l  r a p i d l y  become a l a r g e  s y s t e m  w i t h  a l l  i t s  
c h a r a c t e r i s t i c s  and  problems.  

5 .2  Program C o l l e c t i o n s  

The p r e c e d i n g  d i s c u s s i o n  h a s  o u t l i n e d  t h e  development  o f  a 
s i n g l e  program i n t o  a l a r g e  sys t em.  Such l a r g e  s y s t e m s  a r e  
met t o d a y  i n  t h e  form of  o p e r a t i n g  s y s t e m s ,  t r a n s a c t i o n  
s y s t e m s ,  weapons  s y s t e m s  and  s o  on.  The components  of  s u c h  
s y s t e m s  make f r e q u e n t  u s e  o f  e a c h  o t h e r ' s  s e r v i c e s  and d a t a  
and e x p l o i t i n g  wha t  a r e  o t h e r w i s e  i n d e p e n d e n t  h a r d w a r e  
a p p a r a t u s .  Under c e r t a i n  c i r c u m s t a n c e s ,  a set o f  programs 
may d e v e l o p  i n t o  a l a r g e  cozlection o f  programs.  The 
s t r u c t u r e  o f  such  a c o l l e c t i o n ,  a se t  o f  a l t e r n a t i v e  
c o m p i l e r s  o r  a  number o f  i n d e p e n d e n t  a p p l i c a t i o n  programs,  
may be d e p i c t e d  by a wide- span,  two- leve l  h i e r a r c h y  i n  which  
a s i n g l e  c a l l i n g  e l e m e n t ,  a s c h e d u l e r  f o r  example ,  s e l e c t s  
f o r  e x e c u t i o n  one  o f  a number of  a l t e r n a t i v e  programs.  Such 
a c o l l e c t i o n  t y p i c a l l y  s e r v e s  a common p u r p o s e  y e t  t h e  p a r t s  
do n o t ,  i n  g e n e r a l ,  communicate d i r e c t l y  w i t h  e a c h  o t h e r  
w h i l e  i n  e x e c u t i o n  o n  a machine .  I n  t h e  s e n s e  t h a t  t h e  word 
' s y s t e m 1  i s  u s e d ,  s u c h  a c o l l e c t i o n  o f  n o n- i n t e r a c t i n g  
programs d o e s  n o t  fo rm a sys t em.  Dur ing  t h e  development  and 
m a i n t e n a n c e  p h a s e s ,  l o o s e  c o u p l i n g  may e x i s t  i n  t h e  form of  
d e c i s i o n s  a b o u t  t h e  p l acemen t  of  some s u b - c a p a b i l i t y  i n  one  
o r  o t h e r  program o r  i n  a new i n d e p e n d e n t  program. But d u r i n g  
e x e c u t i o n ,  c o u p l i n g  a r i s e s  o n l y  f rom t h e  c a l l i n g  sequence .  

It may, of c o u r s e ,  be t h a t  t h i s  c o l l e c t i o n  o f  p rog rams  i s  
s h a r i n g ,  i n  some s e n s e ,  a common d a t a  base .  I n  t h a t  c a s e  t h e  
s t r u c t u r e  and i n t e r n a l  d e p e n d e n c i e s  o f  t h e  l a t t e r  w i l l  a c t  as  
t h e  communica t ions  l i n k a g e  t h a t  c a u s e s  e v o l u t i o n  and  
d e g e n e r a t i o n .  T h a t  i s ,  t h e  t o t a l  c o l l e c t i o n  o f  programs with 
t h e  d a t a  b a s e  o u t  o f  which  and o n  which  t h e y  o p e r a t e  w i l l  now 
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form a  sys tem.  And t h a t  sys tem may be e x p e c t e d  t o  
d e m o n s t r a t e  a l l  t h e  s y s t e m- l i k e  c h a r a c t e r i s t i c s  d i s c u s s e d  
( 1 4 . 2 ) .  

6  The S o f t w a r e  P r o c e s s :  Knowledge, S k i l l  and Communication 

The most n a t u r a l  f a s h i o n  by which g r o u p s  o f  peop le  
c o l l a b o r a t e  i n  a  programming p r o j e c t  [BEL801 i s  th rough  
decompos i t ion  o f  t h e  t o t a l  p r o d u c t  i n t o  s e p a r a t e l y  d e s i g n a b l e  
and implemen tab le  components [MYE75]; [PAR72]; [ S T E ~ ~ ] .  To 
be c o n s i d e r e d  a  sys t em,  s u c h  components must n e v e r t h e l e s s  
i n t e r a c t  and communicate. I d e a l l y ,  t h e  d e t a i l s  o f  p r o t o c o l ,  
p a t h s ,  s t r u c t u r e  and c o n t e n t  w i l l  be a g r e e d  by t h e  d e s i g n e r s .  
I n  p r a c t i c e ,  t h e i r  d e c i s i o n s  w i l l  be m o d i f i e d  d u r i n g  t h e  
development p r o c e s s .  A d d i t i o n a l  l i n k a g e s  may be i n t r o d u c e d  
through u n i n t e n d e d ,  of t e n  u n p e r c e i v e d ,  s i d e  e f f e c t s .  ' The 
e v i l  t h a t  t h e s e  do l i v e  a f t e r  them1 [ J u l i u s  Caese r ,  
Shakespea re ] .  I n  any even  t h e  agreement  r e a c h e d  by t h e  
c o l l a b o r a t o r s  a s  t o  t h e  e x a c t  d e t a i l s  of t h e  i n t e r f a c e  
between t h e i r  components must be f a i t h f u l l y  r e c o r d e d  and 
s t r i c t l y  a d h e r e d  t o .  Subsequen t  m o d i f i c a t i o n  must s i m i l a r l y  
be a g r e e d  and r e c o r d e d .  

That is ,  documenta t ion  must be c r e a t e d  and u p d a t e d  
c o n t i n u o u s l y  t o  r e c o r d  sys tem f e a t u r e s ,  i n d i v i d u a l  d e s i g n  and 
implemen ta t ion  d e c i s i o n s ,  t h e  c o n s i d e r a t i o n s  o n  which they  
were based,  and t h e  d e t a i l s  o f  i n t e r f a c e s  between i n d i v i d u a l  
system e lemen t s .  The documenta t ion ,  i d e a l l y  a  f a i t h f u l  
r e c o r d  o f  t h e  e n t i r e  p r o c e s s  and  p r o d u c t ,  o f  a l l  i n t e r n a l  
communication,  i t s e l f  p r o v i d e s  a  communication l i n k  between 
a l l  p r o c e s s  p a r t i c i p a n t s  and between them and  sys tem u s e r s .  
More g e n e r a l l y  i t  s h o u l d  p r o v i d e  a  permanent,  a c c e s s i b l e ,  
complete  and c o r r e c t  r e c o r d  o f  innumerab le ,  t r a n s i e n t  y e t  
p o s s i b l y  s i g n i f i c a n t  i n t e r h u m a n  communications.  I n  p r a c t i c e  
i t  i s  o f  c o u r s e  r a r e  t h a t  any o f  t h i s  i s  done c o m p l e t e l y  and  
c o r r e c t l y .  

6.1 S p e c i a l i s a t i o n  o f  Human A c t i v i t i e s  

A t  some s t a g e  of t h e  p r o c e s s  t h e  components,  t h e  p a r t s  of t h e  
sys tem c r e a t e d  by s e p a r a t e  g r o u p s ,  o r  by t h e  same g r o u p  a t  
d i f f e r e n t  t imes ,  must be l i n k e d  t o g e t h e r ,  i n t e g r a t e d .  A s  
a l r e a d y  remarked,  no t echno logy  y e t  e x i s t s  t h a t  w i l l  
guarantee c o r r e c t  f u n c t i o n i n g  o f  t h e  r e s u l t a n t  sys tem.  Hence 

14.2 ( E d s )  A predic t ion  subsequently confirmed by our s tudy 
of a major s tock contro l  system a s  descr ibed ,  for  
example i n  C 1. 
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t h e  newly a s s e m b l e d  s y s t e m  mus t  be  t e s t e d .  The test 
r e s p o n s i b i l i t y  w i l l  be d e l e g a t e d  t o  one  o r  a n o t h e r  of t h e  
o r i g i n a l  g r o u p s ,  t o  a  new g r o u p  c r e a t e d  o u t  o f  t h e  o r i g i n a l  
g r o u p s ,  o r  t o  a n  e n t i r e l y  new, p e r h a p s  s p e c i a l i s t ,  g r o u p .  
The p r o c e s s  c h a n g e s  o n c e  a g a i n .  From b e i n g  i n  t h e  domain  o f  
a  s i n g l e  i n d i v i d u a l  o r  g r o u p  f rom s t a r t  t o  f i n i s h  t h e  p r o c e s s  
t r a n s f o r m s  i n t o  a s e q u e n t i a l ,  a s s e m b l y - l i n e - l i k e  a c t i v i t y .  

O f  c o u r s e  i n  t h e  v e r y  s m a l l  ' l a r g e '  p rogram t h e  a n a l o g y  i s  
h a r d l y  r e l e v a n t .  But  when a n  o r g a n i s a t i o n  d e v e l o p s  t o  any  
s i z e ,  when s y s t e m s  become r e a l l y  l a r g e ,  e x p e n s i v e  a n d  
t h e r e f o r e  l o n g - l i v e d ,  d i v i s i o n  o f  l a b o u r ,  s p e c i a l i s a t i o n  and  
t h e  programming a n a l o g y  o f  t h e  i n d u s t r i a l  a s s e m b l y  l i n e  may, 
s u p e r f i c i a l l y  a t  l e a s t ,  a p p e a r  as t h e  mos t  c o s t  e f f e c t i v e  
d e s i g n  and  m a n u f a c t u r i n g  p r o c e s s .  A r c h i t e c t u r e ,  d e s i g n ,  
p r o g r a m i n g  a n d  c o d i n g ,  d a t a  b a s e  management ,  d o c u m e n t a t i o n ,  
component  t e s t s ,  i n t e g r a t i o n  a n d  s y s t e m  t e s t ,  q u a l i t y  
a s s u r a n c e ,  e a c h  a c t i v i t y  becomes t h e  domain  o f  a g r o u p  o f  
s p e c i a l i s t s .  A v a r i e t y  o f  s y s t e m  e l e m e n t s  p a s s  s e q u e n t i a l l y  
among them. N e w  programmers ,  t a k e n  o n  as t h e  more 
e x p e r i e n c e d  are p romoted ,  m u s t  g a i n  knowledge  o f  t h e  s y s t e m  
a nd  e x p e r i e n c e  o f  t h e  p r o c e s s .  What b e t t e r  way c a n  t h e r e  be 
o f  g a i n i n g  t h a t  knowledge  a n d  e x p e r i e n c e  t h a n  a s s i g n i n g  t o  
them r e s p o n s i b i l i t y  f o r  f a u l t  f i x i n g ,  c l e a r i n g  u p  t h e  many 
p r o b l e m s  r e p o r t e d  by u s e r s  a n d  p r o j e c t  t e a m s  a l i k e  f rom day  
t o  day?  

6 . 2  P r o d u c t  v s  P r o c e s s  Knowledge ( 1 4 . 3 )  

T h e r e  i s  u n f o r t u n a t e l y  a  f u n d a m e n t a l  f a l l a c y  i n  t h i s  
a p p r o a c h .  The a s s e m b l y  l i n e  c a n  work w h e r e  l o c a l  p r o c e s s e s  
d o  n o t  r e q u i r e  knowledge  o f  t h e  t o t a l  p r o d u c t ,  a n d  t h e  e n t i r e  
P r o c e s s ;  when i n d i v i d u a l  a c t i v i t i e s  a n d  p a r t s  c a n  be t o t a l l y  
s p e c i f i e d  a n d  d e s c r i b e d ,  s o  t h a t  e l e m e n t a r y  o p e r a t i o n s  are 
e s s e n t i a l y  i n d e p e n d e n t .  Above a l l  a s u c c e s s f u l  l i n e  o p e r a t i o n  
r e q u i r e s  t h a t  t o t a l  p r o d u c t  q u a l i t y  i s  t h e  summat ion  o f  t h e  
q u a l i t y  w i t h  wh ich  t h e  i n d i v i d u a l  o p e r a t i o n s  o f  t h e  p r o c e s s  
have  been  pe r fo rmed .  

I n  s o f t w a r e ,  p r o c e s s  knowledge  r e l a t e s  t o  m e t h o d o l o g i e s ,  
t e c h n i q u e s  a n d  t o o l s  f o r  s p e c i f y i n g ,  d e s i g n i n g ,  c o d i n g ,  
t e s t i n g ,  and  i n t e g r a t i o n  o f  p rog rams ,  a s  well a s  t o  t h e  
p l a n n i n g  and  management  o f  t h e s e  a c t i v i t i e s .  P r o d u c t  
knowledge r e l a t e s  t o  t h e  u n d e r s t a n d i n g  o f  program e l e m e n t s ,  
s t r u c t u r e ,  a l g o r i t h m s  a n d  o p e r a t i o n ,  i n d i v i d u a l l y  a n d  

14.3 ( E d s )  See p r e v i o u s  c h a p t e r  CBEL781 f o r  more complete  
d i s c u s s i o n .  
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c o l l e c t i v e l y ,  and  t h e i r  i n t e r a c t i o n s .  It demands a  c o n s t a n t  
a w a r e n e s s  of  t h e  m a j o r  o b j e c t i v e  and r e q u i r e m e n t s ,  o f  t h e  
mu1 t i  t u d e  o f  program i n t e r a c t i o n s  t h a t  o c c u r  t h r o u g h  common 
u s e  o f  program names o f  o b j e c t s ,  s u c h  a s  p r o c e d u r e s ,  t a b l e s ,  
l a b e l s ,  v a r i a b l e s ,  and s o  on.  

P roduc t  and  p r o c e s s  knowledge and a w a r e n e s s  c a n  be o b t a i n e d  
by t h e  i n d i v i d u a l  o n l y  f rom t h e  d o c u m e n t a t i o n  and by word o f  
mouth. T o t a l  a s s i m i l a t i o n  i s  i m p o s s i b l e .  Hence t h e  a s sembly  
l i n e  a p p r o a c h  c a n n o t  be  f u l l y  e f f e c t i v e ;  i s  i n  f a c t  h i g h l y  
f a l l i b l e .  S i n c e  no i n d i v i d u a l  c a n  h a v e  t o t a l  knowledge o r  
comprehens ion ,  e r r o r s  a r e  u n a v o i d a b l e  and some mus t  r e m a i n  
u n d i s c o v e r e d  t i l l  t h e  p r o d u c t  i s  i n  r e g u l a r  u s e  p o s s i b l y  f o r  
a l l  t ime .  

A s s i g n i n g  r e p a i r  r e s p o n s i b i l i t y  t o  t h e  ' g r e e n h o r n s '  i s  o f  
c o u r s e  t h e  g r e a t e s t  f a l l a c y  o f  a l l .  They c a n n o t ,  and  c a n n o t  
be e x p e c t e d  t o  h a v e  a s s i m i l a t e d ,  t h e  p r o d u c t  knowledge,  o r  
f o r  t h a t  m a t t e r  t h e  p r o c e s s  knowledge,  t h a t  i s  e s s e n t i a l  f o r  
e f f e c t i v e  s t r u c t u r a l  m a i n t e n a n c e ,  pe r fo rmance  m a i n t e n a n c e ,  
and f u n c t i o n a l  m o d i f i c a t i o n .  C l e a r l y  r e p a i r  a c t i v i t y  s h o u l d  
be t h e  r e s p o n s i b i l i t y  o f  t h o s e  w i t h  t h e  maximum sys t em ove r-  
view and i n s i g h t .  B u t  t h e s e  a r e  g e n e r a l l y  t h e  mos t  
e x p e r i e n c e d ,  t h e  most  s e n i o r ,  t h e  h i g h e s t  p a i d  i n d i v i d u a l s .  
A s  s u c h  t h e y  w i l l  o f t e n  have been  promoted i n t o ,  o r  o u t  o f  
r e a c h  o f ,  t h e  p r o j e c t  management. Even i f  s t i l l  w i t h i n  t h e  
p r o j e c t ,  t h e y  w i l l  h ave  a r c h i t e c t u r a l  o r  d e s i g n  
r e s p o n s i b i l i t y ,  w i l l  be work ing  o n  more advanced  sys t em 
e l e m e n t s ,  w i l l  p r o b a b l y  have  f o r g o t t e n  much o f  t h e  d e t a i l  
r e q u i r e d  f o r  r e p a i r .  

6 . 3  The Pa r  t-Number E x p l o s i o n  

An a d d i t i o n a l  d i m e n s i o n  o f  c o m p l e x i t y  i n  r e p a i r  a r i s e s  a s  
f o l l o w s :  c o n s i d e r  modu le s  a s  b a s i c  b u i l d i n g  b l o c k s ,  p e r h a p s  
t h o u s a n d s  i n  number. I n  a  r e l e a s e  scheme, t h e r e  i s  a t  any 
g i v e n  t i m e  o n l y  one  s i n g l e  v a l i d  v e r s i o n  f o r  e a c h  module.  I n  
a  mu1 t i - i n s t a l l a t i o n  s y s t e m ,  however ,  r e p a i r s  ( f i x e s )  w i l l  
o f t e n  be r e j e c t e d  by u s e r s  who d e c i d e  t h a t  t h e y  a r e  n o t  
a f f e c t e d  by t h e  f a u l t  b e i n g  f i x e d .  The r e s u l t  i s  t h a t  
m Z t i p Z e  and v a l i d  v e r s i o n s  of  t h e  same g e n e r i c  module 
e v o l v e ;  t h e  most  r e c e n t  v e r s i o n ,  a s  w e l l  a s  one  o r  more 
p r e d e c e s s o r s  wh ich  w i l l  s t i l l  be a c t i v e l y  u s e d  a t  some s i t e s .  
The p r e d e c e s s o r s  c a n n o t  be i n v a l i d a t e d  t o  s i m p l i f y  
d o c u m e n t a t i o n  and bookkeeping ,  s i n c e  t h e y  s t i l l  e x i s t  i n  t h e  
env i ronemen t  a g a i n s t  which  f u r t h e r  e r r o r s  c o u l d  be r e p o r t e d  
and t h e i r  r e p a i r  r e q u e s t e d  [HOA69]. 
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The key t o  s y s t e m  c o n t r o l  i s  s y s t e m  comprehens ion .  One 
c a n n o t  hope  t o  u n d e r s t a n d  t h e  p u r p o s e ,  t h e  mode o f  
f u n c t i o n i n g  a n d  t h e  d e t a i l s  o f  o p e r a t i o n  o f  a  software s y s t e m  
by v i s u a l  i n s p e c t i o n  a l o n e ,  t hough  t h i s  m i g h t  w e l l  be 
p o s s i b l e  i n  a h a r d w a r e  sy s t em.  One c e r t a i n l y  c a n n o t  e x p e c t  
u n d e r s t a n d i n g  o f  s o f t w a r e  s y s t e m s  t o  be d i s c e r n i b l e  f rom t h e  
e x q u i s i t e  l e v e l  o f  d e t a i l  r e p r e s e n t e d  by p r e s e n t - d a y  m a c h i n e  
l e v e l  o r  m ic ro- code .  Comprehens ion  o f  t h e  s y s t e m  and  i t s  
p a r t s  r e q u i r e s  knowledge  o f  t o t a l  s y s t e m  o b j e c t i v e s ,  o f  t h e i r  
p a r t i t i o n i n g  i n t o  i n d i v i d u a l  c a p a b i l i t i e s  o r  f u n c t i o n  a n d  o f  
t h e i r  mapping  o n t o  a  s y s t e m s  s t r u c t u r e  a n d  i t s  s t r u c t u r a l  
e l e m e n t s .  E q u a l l y ,  a t  least  min ima l  e x p l a n a t i o n  i s  r e q u i r e d  
o f  t h e  a l g o r i t h m s  u s e d  i n  i m p l e m e n t i n g  t h e  s y s t e m  a n d  i t s  
s u b s y s t e m s  a t  v a r i o u s  l e v e l s .  

C l e a r l y  t h e n  a  l a r g e  s o f t w a r e  s y s t e m  must be  accompan ied  by 
d o c u m e n t a t i o n .  Moreove r ,  t h e  d o c u m e n t a t i o n  n u s t  be  r e a d i l y  
accessible a c c o r d i n g  t o  t h e  p a r t i c u l a r  n e e d s  o r  i n t e r e s t s  o f  
t h e  i n q u i r e r .  And t h e  d o c u m e n t a t i o n  m u s t  k e e p  p a c e  w i t h  t h e  
c h a n g i n g  s y s t e m ,  r e m a i n i n g  c o r r e c t  a n d  c o m p l e t e .  

I n  p r a c t i c e ,  o f  c o u r s e ,  t h i s  i s  v e r y  d i f f i c u l t .  The c o n c e p t  
o f  ' s e l f - d o c u m e n t a t i o n '  o f  h i g h  l e v e l  programming l a n g u a g e s  
i s  i m p o r t a n t  b u t  i t  i s  i n s u f f i c i e n t .  F o r  mach ine  l e v e l  
l a n g u a g e s  i t  d o e s  n o t  a p p l y .  Thus d o c u m e n t a t i o n  i s  
n e c e s s a r i l y  a n  a c t i v i t y  t h a t  r u n s  p a r a l l e l  t o ,  and  m u s t  be  
i n t e r w o v e n  w i t h ,  t h e  d e s i g n ,  s y s t e m  i m p l e m e n t a t i o n  a n d  
m a i n t e n a n c e  a c t i v i t i e s .  A s  s u c h  t h e r e  i s  a n  i n h e r e n t  p rob l em 
of c o o r d i n a t i o n .  When p r o j e c t s  b e g i n  t o  l a g  and  t o  f a l l  
b e h i n d  s c h e d u l e ,  when r e s o u r c e s  r u n  s h o r t ,  t h e  d o c u m e n t a t i o n  
a c t i v i t y ,  r e p r e s e n t i n g  as  i t  d o e s  a  l o n g- t e r m  i n v e s t m e n t  t h a t  
shows no i m m e d i a t e  r e t u r n ,  b e i n g  e s s e n t i a l l y  a n t i - r e g r e s s i v e  
[BELTlb]; [LEH74] i n  n a t u r e ,  i s  amongs t  t h e  f i r s t  t o  f a l l  
v i c t i m  t o  t h e  i n e v i t a b l e  a x e .  Hence d i v e r g e n c e  b e t w e e n  t h e  
sy s t em,  i n s t r u c t i o n a l  d o c u m e n t a t i o n  a n d  d e s c r i p t i v e  
documents t i o n  i s  a n o t h e r  v e r y  t y  p i c a 1  c h a r a c t e r i s t i c  o f  l a r g e  
sy s t ems .  

6.5 Communicat ion a s  t h e  Key t o  L a r g e  Sys tem M a s t e r y  

The a n a l y s i s  s o  f a r  h a s  i d e n t i f i e d  l c o m m u n i c a t i o n s '  as  t h e  
key i n  d e t e r m i n i n g  t h e  p a t t e r n  o f  d e v e l o p m e n t  o f  s y s t e m  
c h a r a c t e r i s t i c s .  It m u s t  be  c o n s i d e r e d  a t  s e v e r a l  l e v e l s .  
S y s t e m- i n t e r n a l  commun ica t i on  l i n k s  j o i n  i t s  s e p a r a t e  p a r t s  
a nd  make i t  a  s y s t e m .  U n d e r s t a n d i n g  o f  t h e  sy t em a n d  
e f f e c t i v e n e s s  o f  e x e c u t i o n  a r e  b o t h  h e a v i l y  d e p e n d e n t  o n  t h e  



3 20 M. M. Lehman and L. A. Belady 

i n t e r n a l  s t r u c t u r e  a s  d e t e r m i n e d  by t h e s e  l i n k s .  One c a n n o t  
hope  t o  comprehend  t h e  s y s t e m  as a whole u n l e s s  o n e  i s  aware  
o f  t h e  d e p e n d e n c i e s  a n d  i n t e r a c t i o n s ,  s t a t i c  a n d  dynamic  a s  
d e t e r m i n e d  by b o t h  e x p l i c i t  a n d  i m p l i c i t  i n t e r n a l  
commun ica t i ons .  And c o m p r e h e n s i o n  o f  t h e  s y s t e m  as a w h o l e  
i s  e s s e n t i a l  t o  i t s  e f f e c t i v e  a p p l i c a t i o n  a n d  i t s  e f f e c t i v e  
m a i n t e n a n c e .  

A p p l i c a t i o n  a n d  m a i n t e n a n c e  a r e  e s s e n t i a l l y  t h e  domain  o f  
p e o p l e .  These  a r e  t h e m s e l v e s  i n v o l v e d  i n  t h r e e  f u r t h e r  
l e v e l s  o f  commun ica t i on  b e t w e e n  t h e  p e o p l e  t h a t  j o i n t l y  
c o l l a b o r a t e  t o  b u i l d  a n d  m a i n t a i n  t h e  sy s t em.  T h e r e  i s  a l s o  
t h e  commun ica t i on  be tween  them and  t h e  o p e r a t o r s  a n d  u s e r s  o f  
t h e  sy s t em.  F i n a l l y ,  t h e r e  i s  t h e  commun ica t i on  be tween  a l l  
o f  t h e s e  and  t h e  e x e c u t i v e  management o f  t h e  p r o d u c e r  
o r g a n i s a t i o n .  I t  i s ,  o f  c o u r s e ,  t h e  l a t t e r  wh ich  c o n t r o l s  
t h e  u l t i m a t e  f a t e  o f  t h e  s y s t e m  [CO!T/6], t o g e t h e r  w i t h  t h a t  
o f  many o t h e r  a r t i f a c t s  a n d  a c t i v i t i e s  c o n t r o l l e d  i n  s u p p o r t  
o f  o r g a n i s a t i o n a l  o b j e c t i v e s  a n d  mak ing  a c a l l  o n  
o r g a n i s a t i o n a l  r e s o u r c e s .  

The r e s u l t a n t  f l o w  o f  d o c u m e n t a t i o n  a n d  v e r b a l  commun ica t i on  
i s  enormous  a n d ,  i n  g e n e r a l ,  n o t  c l e a r l y  s t r u c t u r e d .  Yet  f o r  
t o t a l  m a s t e r y  o f  t h e  s y s t e m  i t  mus t  be i n t e g r a t e d  a n d  
comprehended .  

Why i s  t h i s  t o t a l  c o m p r e h e n s i o n  s o  v i t a l  f o r  s u c c e s s f u l  l o n g-  
r a n g e  e x p l o i t a t i o n  a n d  c o n t r o l ,  f o r  c o n t i n u i n g  c o n t r o l  o f  a  
s y s t e m ?  I n  g e n e r a l ,  any  i n t e r a c t i o n  w i t h  t h e  s y s t e m ,  w h e t h e r  
f o r  u s a g e  o r  f o r  m o d i f i c a t i o n ,  r e q u i r e s  a  v iew o f  t h e  s y s t e m  
a s  a w h o l e ,  a s  a n  e n t i t y .  It demands a knowledge  o f  t h e  
r e a c t i o n  o f  t h e  s y s t e m  i n  i t s  e n t i r e t y  a s  w e l l  a s  t h a t  o f  
e a c h  o f  t h e  p a r t s .  The i n t e n d i n g  u s e r  mus t  know and  be a w a r e  
o f  t h e  total c o n s e q u e n c e  o f  e a c h  s y s t e m  a c c e s s ,  a n d  o f  e a c h  
o f  t h e  s e p a r a t e  i n d i v i d u a l  r e s p o n s e s  o f  wh ich  t h a t  t o t a l i t y  
i s  c o m p r i s e d .  Even more  s t r i k i n g l y ,  t h e  i n d i v i d u a l  c h a n g i n g  
t h e  s y s t e m  i n  any  way must  t ampe r  w i t h  t h e  code  a t  t h e  l o w e s t  
l e v e l  o f  d e t a i l ,  b u t  b e  f u l l y  awa re  o f  t h e  g l o b a l  i m p l i c a t i o n  
o f  h i s  a c t i o n  o v e r  t h e  e n t i r e  s y s t e m .  

T h i s  need  f o r  s i m u l t a n e o u s  a w a r e n e s s ,  a t  b o t h  t h e  g l o b a l  a n d  
t h e  l o w e s t  l e v e l s  o f  d e t a i l ,  i s  b r o u g h t  a b o u t  by t h e  complex  
a n d  l a r g e l y  i n v i s i b l e  s t r u c t u r e  o f  sy s t em- commun ica t i on ,  t h e  
t o t a l l y  u n f o r g i v i n g  n a t u r e  o f  s y s t e m  e x e c u t i o n  i n  t h e  
p r e s e n c e  o f  l o g i c a l  e r r o r  o r  e v e n  i m p r e c i s i o n ,  t h e  r a p i d i t y  
w i t h  wh ich  t h e  s y s t e m  e x e c u t e s  a n d ,  t h e r e f o r e ,  t h e  h i g h  
p r o b a b i l i t y  t h a t  a n y  f a u l t ,  a n y  w e a k n e s s ,  w i l l  b e  r e v e a l e d  
s o o n e r  o r  l a t e r .  The need  i s  a d d r e s s e d  by s y s t e m  s t r u c t u r e  
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and  d o c u m e n t a t i o n ,  by s y s t e m  i n t e l l i g i b i l i t y ,  s u p p o r t e d  by 
c o l l e c t i v e  human knowledge  and  u n d e r s t a n d i n g  o f  t h e  s y s t e m .  

It is  t o  t h e s e  a r e a s  t h a t  we m u s t  l o o k  f o r  m a j o r  a d v a n c e s  i n  
s o f t w a r e  e n g i n e e r i n g ,  i n  t h e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  o f  
l a r g e  s y s t e m s .  

6 .6  S t r u c t u r e  a s  a R e f l e c t i o n  o f  t h e  M a n u f a c t u r i n g  P r o c e s s  

D e l i n e a t i o n  o f  f u n c t i o n  and  d e f i n i t i o n  o f  i n t e r f a c e s  m u s t  
o c c u r  b e f o r e  au tonomous ly  managed g r o u p s  c a n  b e g i n  d e s i g n  and  
i m p l e m e n t a t i o n  a c t i v i t y .  S i n c e  t h e  t h e o r y  o f  c o m p u t i n g  
s y s t e m  d e s i g n  h a s  n o t  b e e n  a d e q u a t e l y  d e v e l o p e d ,  t h e s e  
d e f i n i t i o n s  a n d  d i v i s i o n s  c a n n o t  be  p e r f e c t  o r  c o m p l e t e .  I n  
t h e  p r e s e n c e  o f  a n  e v o l v i n g  e n v i r o n m e n t  t h e y  c a n n o t  r e m a i n  
n e a r  p e r f e c t  o r  c o m p l e t e .  Thus m o d i f i c a t i o n  m u s t  be  made a s  
t h e  work p r o g r e s s e s ,  as t h e  e m e r g i n g  s y s t e m ,  i t s  f u n c t i o n  and  
i t s  s t r u c t u r e ,  i s  more  c l e a r l y  u n d e r s t o o d ,  a s  t h e  d e s i g n  
c o a l e s c e s  and  a s  t h e  s y s t e m  t a k e s  s h a p e .  S t r i c t l y ,  e a c h  s u c h  
m o d i f i c a t i o n  s h o u l d  r e q u i r e  a t o t a l  r e v i e w  o f  a l l  p r e v i o u s  
d e c i s i o n s .  I n  p r a c t i c e ,  many modi f  i c a t i o n s  a p p e a r  t o  be  
c l e a r l y  ( s i c )  l o c a l i s a b l e ,  t o  r e m a i n  w i t h i n  t h e  j udgmen t  a n d  
domain  o f  a s i n g l e  g r o u p .  Somet imes  t h e y  c l e a r l y  c a n n o t  be .  
B u t  i n  t h e  i n t e r e s t  o f  c o s t  e f f e c t i v e n e s s ,  r e v i e w  a n d  
n e g o t i a t i o n  i s  t h e n  l i m i t e d  t o  t h o s e  g r o u p s  m o s t  c l e a r l y  and  
mos t  d i r e c t l y  i n v o l v e d .  I m p l e m e n t a t i o n  o f  m o d i f i c a t i o n s  i s  
l a r g e l y  f o r c e d  i n t o  t h e  c o n s t r a i n t s  o f  t h e  i n i t i a l  s t r u c t u r e .  

S i m i l a r l y ,  when new r e q u i r e m e n t s  a r e  i d e n t i f i e d  a n d  
s u b s e q u e n t l y  when r e s p o n s i b i l i t y  f o r  t h e  i m p l e m e n t a t i o n  o f  
s u p p o r t i n g  c o d e  i s  a s s i g n e d ,  management  d e c i s i o n s  m u s t  be  
ba sed  o n  t h e  e x i s t i n g  s t r u c t u r e ,  o n  t h e  a v a i l a b i l i t y  o f  
r e s o u r c e s ,  o n  t h e  e x i s t e n c e  o f  l o c a l i s e d  p r o d u c t  knowledge  
and  p r o c e s s  e x p e r i e n c e .  I n  c u r e n t  i n d u s t r i a l  p r a c t i c e  i t  i s  
l a r g e l y  b a s e d  o n  i n t e r - m a n a g e r i a l  n e g o t i a t i o n  and  b a r g a i n i n g .  
System s t r u c t u r e  c a n n o t  c o n s t a n t l y  be r e v i e w e d  a n d  r e d e s i g n e d  
t o  t a k e  c o g n i s a n c e  o f  t h e  new f e a t u r e s  t h a t  may w e l l  c u t  
r i g h t  a c r o s s  e x i s t i n g  d i v i s i o n s .  

Thus g r a d u a l l y ,  a s  t h e  d e s i g n  a n d  i m p l e m e n t a t i o n  p r o c e e d s ,  a s  
t h e  s y s t e m  a g e s ,  i t s  s t r u c t u r e  w i l l  n o t  o n l y  d e g e n e r a t e .  
I n c r e a s i n g l y  t h e  r e l a t i o n s h i p  t o  r e q u i r e m e n t s  a n d  f u n c t i o n a l  
s t r u c t u r e  w i l l  be o b s c u r e d .  The s y s t e m  s t r u c t u r e  w i l l  b e g i n  
t o  r e f l e c t  t h e  o r g a n i s a t i o n a l  s t r u c t u r e  a n d  p r o c e s s  s e q u e n c e  
t h a t  c r e a t e d  i t .  And t h i s  i s ,  o f  c o u r s e ,  n o t  h e l p f u l  f rom 
any  p o i n t  o f  v iew.  It c a n n o t  make t h e  s y s t e m  more  
u n d e r s t a n d a b l e ,  more m a i n t a i n a b l e ,  more  f a u l t - f r e e .  Nor c a n  
i t  be  e x p e c t e d  t o  improve  s y s t e m  p e r f o r m a n c e .  
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P o s s i b l y  t h e  c l e a r e s t  e x a m p l e  o f  arbitrary s t r u c t u r a l  
d i cho tomy  i s  t h e  d i v i s i o n  o f  mos t  o r g a n i s a t i o n s  i n t o  h a r d w a r e  
and  s o f t w a r e  g r o u p s .  I r o n i c a l l y ,  e v e n  w i t h  t h e  emergence  o f  
new t e c h n o l o g i e s ,  m ic rop rog ramming  as a  r e p l a c e m e n t  f o r  
e a r l i e r  h a r d w a r e  l o g i c  d e s i g n  h a s  i n  many i n s t a n c e s  b e e n  s e e n  
as  b e l o n g i n g  t o  t h e  h a r d w a r e  domin ion .  Thus t h e  mos t  b a s i c  
i m p l e m e n t a t i o n  d e c i s i o n ,  t h e  s e l e c t i o n  o f  a n  i m p l e m e n t a t i o n  
t e c h n o l o g y ,  t h e  p a r t i t i o n i n g  o f  a  s y s t e m  i n t o  i t s  h a r d ,  mushy 
a n d  s o f t  p a r t s  i s  t a k e n  i n  a l m o s t  a d  h o c  f a s h i o n  a t  t h e  m o s t  
p r i m i t i v e  s t a g e  o f  s y s t e m  d e f i n i t i o n .  

These  a p p r o a c h e s  may h a v e  b e e n  c o r r e c t  i n  t h e  e a r l y  d a y s  of  
compu t ing  s y s t e m s .  It c a n n o t  be  c o r r e c t  i n  t o d a y ' s  w o r l d .  
And t h e  g r e a t e s t  s u f f e r e r s  a r e  l i k e l y  t o  be  s y s t e m  
c h a n g e a b i l i t y ,  g r o w t h  f l e x i b i l i t y  a n d  s y s t e m  pe r fo rmance .  

P e r h a p s  t h e  m o s t  i m p o r t a n t  c o n t r i b u t i o n s  t o  t h e  s o l u t i o n  of 
t h e s e  p r o b l e m s  h a s ,  however ,  a l r e a d y  b e e n  made. We r e f e r  t o  
t h e  e x t e n s i o n  a n d  g e n e r a l i s a t i o n  o f  t h e  d u a l  c o n c e p t s  o f  
s t a n d a r d  1 / 0  i n t e r f a c e s  a n d  o f  c h a n n e l s .  I n v e n t i o n  o f  t h e  
l a t t e r  c o n d c e p t s  h a s  made p o s s i b l e  t h e  i n d i v i d u a l  d e s i g n ,  
o p t i m i s a t i o n  a n d  s y s t e m  a t t a c h m e n t  o f  s e v e r a l  g e n e r a t i o n s  o f  
new I / O  a n d  s t o r a g e  d e v i c e s .  P e r f o r m a n c e  d i d  n o t  s u f f e r  
b e c a u s e  o f  t h e  i n c i p i e n t  p o t e n t i a l  f o r  d e v i c e  autonomy and  
s y s t e m  p a r a l l e l i s m .  We s e e  t h e  g e n e r a l i s a t i o n  o f  t h e s e  
c o n c e p t s  i n  t h e  f o r m  o f  a  f u n c t i o n a l  c h a n n e l  o r  F u n n e l  
[LEH77c], a s  o f f e r i n g  t h e  way t o  a  s o l u t i o n  t o  t h e  p r o b l e m s  
we h a v e  i d e n t i f i e d  a s  d i s c u s s e d  b r i e f l y  i n  S e c t i o n  8 .  

7  Sys t em B e h a v i o u r  : The O p t i m i s a t i o n  P rob l em 

L i k e  mos t  o t h e r  a r t i f  a c t s ,  s o f t w a r e  s y s t e m s  a r e  d e v e l o p e d  a n d  
enhanced  w i t h  p a r t i c u l a r  o b j e c t i v e s  i n  mind.  The o b j e c t i v e s  
a r e  o f t e n  f o r m a l i s e d  i n t o  o p t i m i s a t i o n  o f  s y s t e m  a t t r i b u t e s ,  
s u c h  a s  f u n c t i o n ,  c a p a b i l i t y ,  c o s t ,  r e l i a b i l i t y ,  s e c u r i t y ,  
s i z e ,  m o d i f i a b i l i t y ,  e t c .  A l l  o f  t h e s e  a t t r i b u t e s  c a n n o t  be 
d i s c u s s e d  h e r e ,  s o  we s i n g l e  o u t  j u s t  o n e  q u a l i t y  i n d i c a t o r :  
p e r f o r m a n c e .  I n  s o f t w a r e  t h i s  i s  o f  t e n  c o n s i d e r e d  t o  r e q u i r e  
a n  a p p r o p r i a t e  b a l a n c e  b e t w e e n  e x e c u t i o n  t i m e  o f  a  g i v e n  sub-  
program wh ich  e x e c u t e s  a  s e q u e n c e  of  f u n c t i o n s ,  and  t h e  
r e s o u r c e  u s a g e  r e q u i r e d  t o  a c h i e v e  t h i s  e x e c u t i o n  s e q u e n c e  
a n d  s p e e d .  The f o l l o w i n g  p r e s e n t s  some o f  t h e  d i f f i c u l t i e s  
w h i c h  s o f t w a r e  p e r f o r m a n c e  o p t i m i s e r s  m u s t  f a c e .  

7 .1  Sys tem P e r f o r m a n c e  - E x e c u t i o n  Dynamics 

The f a c t o r s  c o n s i d e r e d  s o  f a r  h a v e  b e e n  v i e w e d  i n  r e l a t i o n  t o  
t h e  programming p r o c e s s ,  t h e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  
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dynamics  o f  t h e  l a r g e  program,  i t s  e v o l u t i o n  dynamics.  When 
p a s s i n g  t o  i t s  e x e c u t i o n  dynamics ,  i t s  b e h a v i o u r  d u r i n g  
e x e c u t i o n ,  n o t  s u r p r i s i n g l y  we o b s e r v e  t h e  c o n s e q u e n c e s  o f  
t h e  same p r e s s u r e s ,  r e f l e c t i o n  o f  t h e s e  same c h a r a c t e r i s t i c s .  

System pe r fo rmance  o b j e c t i v e s  c a n  a l s o  n o t  be p r e c i s e l y  
s p e c i f i e d ,  implemented  a n d  a c h i e v e d  i n  t h e  f i r s t  i n s t a n c e ,  
and  f o r  p r e c i s e l y  t h e  same r e a s o n s .  A f t e r  a l l  a program is ,  
by i t s  v e r y  n a t u r e ,  a complex sys t em o f  i n t e r a c t i n g  
subprog rams ,  subprog rams  e x e c u t i n g  o n  and  i n t e r a c t i n g  w i t h  
s h a r e d  ha rdware  r e s o u r c e s .  Pe r fo rmance  i s  n o t  s i m p l y  
p r e d i c t a b l e  [LEH76] and  t h e  d e s i r e d  c h a r a c t e r i s t i c s  must  be 
app roached  v i a  a n  i t e r a t i v e  m o d i f i c a t i o n  p r o c e d u r e .  The 
e n d l e s s  growth  i n  f u n c t i o n ,  s i z e  and c o m p l e x i t y  t e n d s  t o  
d e g e n e r a t e  pe r fo rmance .  Hence f u r t h e r  c h a n g e s  mus t  be 
u n d e r t a k e n  t o  m a i n t a i n  i t .  I n  f a c t ,  i n  t h e  f a c e  o f  
a p p l i c a t i o n ,  u s e r  and  d e v i c e  e v o l u t i o n ,  pe r fo rmance  
c h a r a c t e r i s t i c s  n o r m a l l y  need t o  be improved, n o t  j u s t  
m a i n t a i n e d .  Thus t h e  e x e c u t i o n  dynamics  o f  a  s y s t e m ,  d e s i r e d  
and a c h i e v e d ,  i s  a  f u r t h e r  f a c t o r  i n  e s t a b l i s h i n g  and 
m a i n t a i n i n g  t h e  c h a r a c t e r i s t i c s  we h a v e  i d e n t i f i e d ,  and  
i t s e l f  c o m p r i s e s  a  f u r t h e r  c h a r a c t e r i s t i c  a t t r i b u t e ,  evoZving 
performance . 
7 .2  Local  and  G l o b a l  O p t i m i s a t i o n  

The q u e s t i o n  t h u s  a r i s e s  a s  t o  t h e  e x t e n t  t o  wh ich  sys t em 
performance  c a n  be o p t i m i s e d ,  a t  l e a s t  r e l a t i v e  t o  
r e q u i r e m e n t s  and  t o  t h e  env i ronmen t  o r  a t  some i d e n t i f i e d  
p o i n t  i n  t i m e  [BR076] . 
A problem i s  i m m e d i a t e l y  a p p a r e n t .  Do we o p t i m i s e  pe r fo rmance  
under  t h e  r e q u i r e m e n t s ,  e n v i r o n m e n t a l  c o n d i t i o n s  and  sys t em 
s t a t e  a s  t h e y  a r e  now? Then by t h e  t i m e  o p t i m i s a t i o n  h a s  
been comple ted  and  imp1 emented ,  because  of  c o n t i n u i n g  
e v o l u t i o n ,  n e i t h e r  sys t em nor  env i romen t  w i l l  be t h e  same. 
O p t i m i s a t i o n  w i l l  t u r n  o u t  n o t  t o  have  been  o p t i m i s a t i o n  
a f t e r  a l l .  On t h e  o t h e r  hand,  one  m i g h t  a t t e m p t  t o  f o r e c a s t  
t h e  d i r e c t i o n  and  r a t e  o f  t h e  v a r i o u s  e v o l u t i o n a r y  p r o c e s s e s  
and o p t i m i s e  t o  some f u t u r e  e x p e c t e d  s t a t e .  Then t h e  problem 
may w e l l  be t h a t  b e c a u s e  of c h a n g i n g  e n v i r o n m e n t a l  c o n d i t i o n s  
t h e  e x p e c t e d  s t a t e  i s  n e v e r  r e a c h e d .  A l t e r n a t i v e l y ,  t h e  
f o r e c a s t  may become s e l f - f u l f i l l i n g ,  a c h i e v i n g  optimum 
performance  r e l a t i v e  t o  a n  a n t i c i p a t e d  s y s t e m  s t a t e  t h a t  i s  
i t s e l f  no l o n g e r  optimum b e c a u s e  o f  u n a n t i c i p a t e d  
e n v i r o n m e n t a l  changes .  
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The r e s u l t a n t  dilemma may a p p e a r  worse  t h a n  i t  i s  i n  
p r a c t i c e .  It i s  c e r t a i n l y  one  t h a t  may be l a r g e l y  r e s o l v e d  
i f  t h e  o p t i m i s e r s  a r e  c o n s c i o u s  o f  t h e  dynamic env i ronmen t  i n  
which  t h e y  o p e r a t e .  The re  i s ,  however ,  a  more f u n d a m e n t a l  
c o n s t r a i n t  o n  o p t i m i s a t i o n  t h a t ,  i n  t h e  p r e s e n t  s t a t e  o f  
s o f t w a r e  e n g i n e e r i n g ,  i s  f a r  more d i f f i c u l t  t o  overcome. 

The e s s e n t i a l  n a t u r e  o f  a  s o f t w a r e  sys t em a s  a  s e t  of  h i g h l y  
i n t e r a c t i n g  p a r t s  h a s  been  r e p e a t e d l y  s t r e s s e d .  The p a r t s  
i n t e r a c t  s t r u c t u r a l l y  i n  t h a t  t h e y  u s e  common program 
o b j e c t s .  C e r t a i n  a s p e c t s  o f  o p t i m i s a t i o n ,  s t o r a g e  s p a c e  min i -  
m i s a t i o n  f o r  example ,  d i c t a t e  m a x i m i s a t i o n  o f  s h a r i n g  
o b j e c t s .  O t h e r  i n t e r a c t i o n s  come a b o u t  d y n a m i c a l l y  d u r i n g  
e x e c u t i o n .  P r o c e d u r e s  u se  e a c h  o t h e r  l s s e r v i c e s ,  t h e y  s h a r e  
i n f o r m a t i o n ,  t h e y  s e q u e n t i a l l y  s h a r e  ha rdware .  A l l  o f  t h e s e  
i n t e r a c t i o n s  s h o u l d  be t a k e n  i n t o  a c c o u n t  d u r i n g  o p t i m i s -  
a t i o n .  I n  p r a c t i c e ,  however ,  s u c h  g l o b a l  o p t i m i s a t i o n  i s  
v e r y  d i f f i c u l t ,  t o  s a y  t h e  l e a s t .  Moreover ,  d e s i g n e r s  and  
programmers have  a t  any  g i v e n  moment a n  e s s e n t i a l l y  l o c a l  
v iew o f  t h e  sys t em i n  t e r m s  o f  t h e  f l o w  d i ag ram o r  t h e  code  
t h e y  have  i n  f r o n t  o f  them. They have  a n  e s s e n t i a l l y  s t a t i c  
v iew of  program f low.  A v e r y  i n t e n s i v e  i n t e l l e c t u a l  e f f o r t  
would be r e q u i r e d  t o  c o n v e r t  t h i s  t o ,  and  a s s e s s ,  t h e  a c t i o n  
i n  t e r m s  o f  t h e  c o e x i s t e n c e  o f  c o n c u r r e n t ,  i n t e r a c t i n g  
p r o c e s s e s  s h a r i n g  r e s o u r c e s .  Thus, o p t i m i s a t i o n  w i l l  u n f o r t -  
u n a t e l y  o f t e n  t e n d  t o  be l o c a l .  And i t  i s  w e l l  known t h a t  
l o c a l  o p t i m i s a t i o n  a l m o s t  i n v a r i a b l y  l e a d s  t o  g l o b a l  sub- 
o p t i m i s a s t i o n .  

The re  i s  a l s o  a  t h i r d  a s p e c t  t o  t h e  o p t i m i s a t i o n  problem i n  a  
m u l t i r e q u i r e m e n t ,  mu1 t i f u n c t i o n  sys t em:  i t  i s  u n l i k e l y  t h a t  
a l l  c a p a b i l i t i e s  c a n  be s i m u l t a n e o u s l y  o p t i m i s e d .  Requi re-  
m e n t s  a r e  l i k e l y  t o  be c o n t r a d i c t o r y  and w h i l e  a n  a c c e p t a b l e  
compromise must  be r e a c h e d ,  t r u e  o p t i m i s a t i o n  may n o t  be 
m e a n i n g f u l .  Even where  r e q u i r e m e n t s  do n o t  i n t e r s e c t  
f u n c t i o n a l l y  i t  i s  d i f f i c u l t  i f  n o t  i m p o s s i b l e ,  a s  a  conse-  
q u e n c e  o f  d a t a  o r  r e s o u r c e  s h a r i n g  f o r  example ,  t o  a c h i e v e  
s i m u l t a n e o u s  o p t i m i s a t i o n .  A d a t a  s t r u c t u r e  t h a t  i s  b e s t  f o r  
t h e  e x e c u t i o n  o f  o n e  f u n c t i o n  w i l l  b e  s u b o p t i m a l  f rom t h e  
p o i n t  o f  v iew of  t h e  o t h e r .  O p t i m i s i n g  w i t h  r e g a r d  t o  
s t o r a g e  u s a g e  i s  v e r y  l i k e l y  t o  i n c r e a s e  t i m e  r e q u i r e m e n t s  
and  v i c e  v e r s a .  

Summaris ing  t h e n  we f i n d  t h a t  o p t i m i s a t i o n  f o r  l a r g e  sys t em 
pe r fo rmance  i s  a  d e l u s i o n ,  one  t h a t  i s  l i k e l y  t o  e a t  u p  l a r g e  
amoun t s  o f  human r e s o u r c e s  i f  n e v e r t h e l e s s  p u r s u e d  t o o  
d i l i g e n t l y .  I n  i t s  p l a c e ,  a  s t a t e m e n t  o f  pe r fo rmance  
e x p e c t e d  and r e q u i r e d  must  form a n  i n t e g r a l  p a r t  o f  t h e  
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sys tem s t a t e m e n t  o f  r e q u i r e m e n t s  and  o f  t h e  sys t em 
s p e c i f i c a t i o n  a t  i t s  v a r i o u s  l e v e l s .  

The m e t h o d o l o g i c a l  t r e n d s  s temming f rom t h e  movements toward  
s t r u c t u r e d  programming c e r t a i n l y  s a t i s f y  many o f  t h e  p r o c e s s  
and  sys t em d e s i d e r a t a  a r i s i n g  f rom t h e  c h a r a c t e r i s t i c s  we 
have  i d e n t i f i e d  f o r  l a r g e  program s y s t e m s .  The b l o c k  
s t r u c t u r e  c o n c e p t  f i r s t  c o n c e i v e d  f o r  ALGOL [BAC60], t h e  
u n d e s i r a b i l i t y  o f  t h e  GOT0 c o n s t r u c t  [DIJ68 ]  and i t s  
r e p l a c e m e n t  by sequence  c o n t r o l  s t r u c t u r e s  t h a t  a r e  r e l a t e d  
t o  t h e  s e m a n t i c  s t r u c t u r e  o f  a l g o r i t h m s ,  t h e  more g e n e r a l  
movement t o  h i g h  l e v e l  l a n g u a g e s ,  t h e  c h a n n e l i n g  o f  
communica t ion  v i a  p a r a m e t e r- p a s s i n g  r a t h e r  t h a n  g l o b a l  
v a r i a b l e s ,  t h e  single e n t r y - s i n g l e  e x i t  s u b r o u t i n e  o r  
p r o c e d u r e ,  a l l  t h e s e  a r e  u l t i m a t e l y  d i r e c t e d  t o w a r d s  
i n c r e a s i n g  t h e  c l a r i t y  o f  code  s t r u c t u r e ,  i t s  i n i t i a l  
i n t e l l i g i b i l i t y  and  t h e r e f  o r e  i t s  v e r a c i t y .  

B u t ,  w h i l e  n e c e s s a r y ,  t h e y  a r e  n o t  s u f f i c i e n t .  I f  a l l  t h e  
r u l e s  a r e  u n d e r s t o o d  and  o b s e r v e d  i n  t h e i r  s p i r i t  a s  w e l l  a s  
t h e i r  l e t t e r ,  good s t r u c t u r e ,  h e a l t h y  code  w i l l  h a v e  been  
c r e a t e d .  Bu t  s t r u c t u r e  mus t  n o t  o n l y  be c r e a t e d ,  i t  must  
a l s o  be m a i n t a i n e d .  S t r u c t u r a l  m a i n t e n a n c e ,  which  i s  
s t r i c t l y  a n t i - r e g r e s i v e ,  b r i n g i n g  no immed ia t e  r e t u r n ,  must  
n e v e r t h e l e s s  fo rm a n  i n t e g r a l  o b j e c t i v e  and  p a r t  o f  h t e  
m a i n t e n a n c e  p r o c e s s .  

By and l a r g e  none o f  t h e  c o n c e p t s  o r  t e c h n i q u e s  men t ioned  
above  h e l p  i n  s t r u c u t r a l  m a i n t e n a n c e  unde r  t h e  c o n d i t i o n s  
e n c o u n t e r e d  i n  t h e  i n d u s t r i a l  and  commerica l  wor ld .  Even i f  
t h e y  c a n  be e n f o r c e d  d u r i n g  program deve lopmen t ,  t h e  
p r e s s u r e d  deve lopmen t  o f  f i x e s  f o r  f  i e l d - d i s c o v e r e d  f a u l t s ,  
o r  s o f t w a r e  s u p p o r t  f o r  new d e v i c e s ,  i s  v e r y  l i k e l y  t o  l e a d  
t o  t h e i r  i n f r i n g e m e n t ,  and  h e n c e  sys t em p o l l u t i o n ,  d u r i n g  
m a i n t e n a n c e  a c t i v i t i e s .  

Moreover,  a s  b a s e  s y s t e m s  g e t  e v e r  l a r g e r ,  s t r u c t u r e  w i l l  
t e n d  i n  any c a s e  t o  d e t e r i o r a t e  more r a p i d l y  d u r i n g  
m a i n t e n a n c e .  Thus t h e  l e v e l  a t  which  t h e  problem needs  be 
s o l v e d  i s  i t s e l f  r i s i n g  d r a m a t i c a l l y .  S o l u t i o n s  wh ich  may 
h a v e  a p p e a r e d  a d e q u a t e  j u s t  a few y e a r s  ago ,  now no l o n g e r  
s u f f i c e .  

One a p p r o a c h  t o  t h e  s o l u t i o n  t o  t h e s e  p rob lems ,  program u n i t s  
o r  components ,  h a s  been  t a l k e d  a b o u t  f o r  many y e a r s  [MCL72] 
b u t  i s  o n l y  now becoming t e c h n i c a l l y  f e a s i b l e .  Moreover,  i t  
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i s  o n l y  now t h a t  m a n u f a c t u r e r s  and  u s e r s  a l i k e  r e c o g n i s e  t h e  
n e c e s s i t y  t o  bypass t h e  p rob lems  c r e a t e d  by a t t e m p t s  t o  b u i l d  
a s s e m b l e  l a r g e  s o f t w a r e  s y s t e m s  f rom s e l f - c o n t a i n e d  s o f t w a r e  
u n i t s  much a s  ha rdware  s y s t e m s  a r e  c o n f i g u r e d  o u t  of  a  
v a r i e t y  o f  b l a c k  box 1 u n i t s .  The r e c e n t  announcement by IBM 
[DM761 o f  s e l e c t i b l e  s o f t w a r e  u n i t s  h i g h l i g h t s  t h e  p r a c t i c a l  
emergence  o f  t h i s  t r e n d  ( 1 4 . 4 ) .  De facto t h e  announcement 
i m p l i e s  t h e  abandonment o f  t h e  l a r g e ,  i n t e g r a t e d ,  sys t em.  

The b a s i s  o f  t h e  u n i t i s e d  a p p r o a c h  i s  t h a t  d e f i n e d  
c a p a b i l i t i e s  o r  f u n c t i o n s  a r e  imp lemen ted ,  packaged and 
o f f e r e d  t o  u s e r s  a s  a  u n i t .  Each s u c h  u n i t  w i l l  ( i n  t h e o r y )  
have  been  t o t a l l y  t e s t e d  a s  a n  e n t i t y  a g a i n s t  i t s  d e f i n i n g  
s p e c i f i c a t i o n .  S i n c e  i n  p r a c t i c e  t h e  s p e c i f i c a t i o n  w i l l  n o t  
be a b s o l u t e l y  c o m p l e t e ,  i t  must  a l s o  have  been  t e s t e d  a g a i n s t  
o t h e r  u n i t s  w i t h  wh ich  i t  may i n t e r f a c e ,  a g a i n s t  some b a s e  
sys t em which  a c t s  a s  a  c e n t r a l  c o n n e c t o r  f o r  numbers o f  u n i t s  
o r  a g a i n s t  some s t a n d a r d i s e d  and  c o m p l e t e  i n t e r f a c e .  Thus w e  
e l e v a t e  t h e  problem of  p e r c e p t i o n ,  comprehens ion  and c o n t r o l  
o f  t h e  l a r g e  s y s t e m  t o  a  new and h i g h e r  l e v e l .  S o f t w a r e  u n i t s  
form t h e  p r i m i t i v e s  o f  a new u n i v e r s e  o f  d i s c o u r s e .  T h e i r  
specifications and  interface definitions d e f i n e  t h e  s e m a n t i c s  
and s y n t a x  o f  t h e  d e s i g n  and  i m p l e m e n t a t i o n  p r o c e s s .  More 
n a i v e l y ,  t h e  p r o c e s s  o f  s o f t w a r e  sys t em b u i l d i n g  i s  t h e n  
v iewed s i m p l y  as a n  e x t e n s i o n  o f  t h e  s t a n d a r d  p r a c t i c e  o f  
ha rdware  c o n f i g u r a t i o n .  

U n f o r t u n a t e l y  t h e  a n a l o g y  t o  ha rdware  c o n f i g u r a t i o n  b r e a k s  
down [LEH77c]. The c r i t i c a l  d i f f e r e n c e s ,  t h o s e  t h a t  l e a d  
d i r e c t l y  t o  t h e  problem whose s o l u t i o n  would e f f e c t i v e l y  
overcome m o s t ,  if n o t  a l l ,  o f  t h e  l a r g e  s y s t e m  
c h a r a c t e r i s t i c s  we have  i d e n t i f i e d ,  r e l a t e  d i r e c t l y  t o  t h e  
two u n i t - d e s c r i p t o r s  r e f e r r e d  t o  above ,  t h e  specification and  
t h e  interface definition. 

For  t h e  u n i t i s e d  sys t em t o  be v i a b l e ,  g rowab le  and  
m a i n t a i n a b l e  o v e r  a  l o n g  p e r i o d  t h e  s p e c i f i c a t i o n  o f  e a c h  and 
e v e r y  u n i t  must  be complete, r e l a t i v e  t o  stated r e q u i r e m e n t s ,  

14.4 (Eds) But has, as forseen below, only provided a 
temporary respite. The units and collection of units 
must themselves evolve, be adopted and all the old 
problems reappear. Now, in 1985, we recognise that only 
formalisation of the process and its strict control can 
hope to contain the problem, to permit the continued 
development, continuous apaptatin and, hence, reliable 
usage of ' large programs1 . 
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correct, i e  s e l f - c o m p a t i b l e ,  accessible and  compatible w i t h  
t h e  s p e c i f i c a t i o n s  o f  a  s i g n i f i c a n t  s u b s e t  o f  o t h e r  u n i t s ,  
a nd  i d e a l l y  w i t h  a l l  o f  them. Each u n i t  m u s t  be  ' p l u g g a b l e ' ,  
i m p o s i n g  a known ' l o a d i n g t  i n  t e r m s  o f  i t s  u s e  o f  s y s t e m  
o b j e c t s .  T h e r e  may be  no u n i d e n t i f i e d  s i d e  e f f e c t s ,  
p r e f e r a b l y  no s i d e  e f f e c t s a t  a l l ,  as a  r e s u l t  o f  u n i t  
c o n n e c t i o n .  I n  P a r n a s '  t e r m s  [PAR721 t h e  a s s u m p t i o n  made by 
t h e  u n i t  and  i t s  e n v i r o n m e n t  a b o u t  o t h e r s  m u s t  be  c o m p l e t e l y  
c o r r e c t  a n d  c o m p l e t e l y  known. 

It i s  o n e  t h i n g  t o  r e c o g n i s e  t h e  need  f o r  s a t i s f a c t o r y  
s p e c i f i c a t i o n .  It is  q u i t e  a n o t h e r  t o  a c h i e v e  i t .  Fo r  t h e  
u n i t  c o n c e p t  t o  work  i n  p r a c t i c e  we r e q u i r e  a  u n i t  s p e c i f i -  
c a t i o n  wh ich  i s  a s  c o m p l e t e  a n d  a s  a c c e s s i b l e  a s ,  s a y ,  t h a t  
o f  a  s t a n d a r d  b o l t  o r  n u t .  T h i s  need  w a s  s p e c i f i c a l l y  
r e c o g n i s e d  i n  t h e  e m p h a s i s  p l a c e d  a t  a  r e c e n t  c o n f e r e n c e  o n  
S o f t w a r e  E n g i n e e r i n g  [ I C S E Z ]  o n  r e q u i r e m e n t s  a n a l y s i s .  But  
i t  g o e s  f u r t h e r .  The need  i s  n o t  p u r e l y  f o r  t h e  i d e n t i f i -  
c a t i o n  o f  r e q u i r e m e n t s .  Nor w i l l  a l l  p r o b l e m s  be s o l v e d  w i t h  
t h e  d e v e l o p m e n t  o f  t h e  s p e c i f i c a t i o n  l a n g u a g e  t h a t  h a s  b e e n  
t h e  ma in  o b j e c t i v e  o f  s p e c i f i c a t i o n  t e c h n o l o g y  f o r  s o  l o n g .  
A s p e c i f i c a t i o n  m u s t  h a v e  structure as w e l l  as cont ,en t .  A 
l i m i t e d  number o f  c a n d i a t e  s t r u c t u r e s  c a n  p e r h a p s  be deduced  
by i d e n t i o i n g  s y s t e m  a t t r i b u t e  c l a s s e s  a n d  s u b - c l a s s e s ,  a n d  
t h e  r e l a t i o n s h i p s  b e t w e e n  them,  t h a t  t o g e t h e r  may c o n s t i t u t e  
t h e  s p e c i f i c  c h a r a c t e r  o f  a p i e c e  o f  s o f t w a r e .  These  c l a s s e s  
mus t  t h e n  be  s t r u c t u r e d  a n d  t h e i r  a l t e r n a t i v e  i n t e r r e l a t i o n s  
f o r m a t t e d  i n t o  a  v e r y  s m a l l  number o f  s p e c i f i c a t i o n  s k e l e t o n s  
t h a t  form p o s s i b l e  f r ameworks  i n t o  wh ich  a s p e c i f i c a t i o n  may 
be  d e v e l o p e d .  A f t e r  i n i t i a l  e x p l o r a t i o n  o f  a 1  t e r n a t i v e s ,  o n e  
f ramework  mus t  be  s e l e c t e d  a n d  a  s p e c i f i c a t i o n  d e v e l o p e d  t o  
f i l l  a n d  c o v e r  t h e  e n t i r e  s k e l e t o n .  The r e s u l t a n t  s p e c i f i -  
c a t i o n  c a n  and  s h o u l d  be  as  c o m p l e t e  a s  t h e  f ramework .  It 
c a n  t h e n  fo rm  t h e  d e f i n i t i o n  a g a i n s t  wh ich  t h e  u n i t  i t s e l f  i s  
d e v e l o p e d ,  v a l i d a t e d ,  m o d i f i e d  - with simultaneous modif i- 
cation of the specification - m a r k e t e d ,  t a u g h t ,  u s e d  a n d  
m a i n t a i n e d .  The s t r u c t u r e d  s p e c i f i c a t i o n  f o r m ,  o f  c o u r s e ,  i s  
t h e  f i rs t  s t e p  i n  t h e  deve lopmen t  o f  s o f t w a r e  e n g i n e e r i n g  
t h a n  i s  s t r u c t u r e d  programming.  

The need  f o r  f i r m  and  t o t a l  i d e n t i f i c a t i o n  o f  e a c h  u n i t  
i n t e r f a c e  i s  a l s o  c l e a r .  The p r o b l e m s  r a i s e d  a r e  more  
p r a g m a t i c .  The problem a r i s e s  f r om t h e  f a c t  t h a t  t h e r e  i s  no 
a p p a r e n t  p h y s i c a l  l i m i t  t o  t h e  s i z e  o f  t h e  i n t e r f a c e  
a n a l o g o u s  t o  t h e  s u r f a c e  a r e a  and  p i n  l i m i t a t i o n s  a r i s i n g  i n  
a  h a r d w a r e  i n t e r f a c e .  S o f t w a r e  commun ica t i on  i s  v o l u m e t r i c  
u n l e s s  c o n s t r a i n e d  by s u c h  r u l e s  a s  t h a t  o f  b l o c k  s t r u c t u r e .  
Even t h e  l a t t e r ,  a n d  c e r t a i n l y  a n y  ' a g r e e d 1  i n t e r f a c e ,  c a n  b e  
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v i o l a t e d  ' m e r e l y '  by a  programmer c h a n g i n g  t h e  p o i n t  o f  
d e c l a r a t i o n  o f  a n  o b j e c t ,  more g e n e r a l l y  s i m p l y  by 
r e f e r e n c i n g  some sys t em o b j e c t  e x t e r n a l  t o  h i s  u n i t ,  u s i n g  
s i m p l e  and d i r e c t  communica t ion  a s  a g r e e d  be tween two 
programmers.  Thus we f a c e  two problems:  s o f t w a r e  i n t e r f a c e s  
a r e  l i k e l y  t o  come i n  a n  enormous  v a r i e t y  of  s h a p e s  and  
s i z e s ;  e v e n  i f  s u c c e s s f u l l y  e s t a b l i s h e d ,  t h e y  a r e  v e r y  l i k e l y  
t o  be v i o l a t e d .  It i s  e x t r e m e l y  d i f f i c u l t  t o  c o n t r o l  them. 

The i n h e r e n t  f l e x i b i l i t y  o f  t h e  s o f t w a r e  i n t e r f a c e ,  p l u s  t h e  
s o c i o l o g i c a l  and  m a n a g e r i a l  p rob lems  o f  m a i n t a i n i n g  t h e i r  
i n t e g r i t y  i n  t h e  f a c e  o f  t h r e e  o r  more g e n e r a t i o n s  o f  
manage r s  and  programmers b r o u g h t  up w i t h o u t  t h e  c o n c e p t  o f  a n  
i m p r e g n a b l e  i n t e r f a c e  s t a n d a r d  h a s  l e d  r e c e n t l y  t o  t h e  
s u g g e s t i o n  t h a t  t h e  i n t e r f a c e  be tween s o f t w a r e  u n i t s ,  a t  
l e a s t  i n  any one e n v i o r n m e n t ,  be s t a n d a r d i s e d  and  
implemented  i n  ha rdware  [ L E H ~ ~ c ] .  The Funne l  c o n c e p t  i s  
based  o n  a  g e n e r a l i s a t i o n  o f  t h e  c h a n n e l  c o n c e p t  [PAD641 t o  
t h e  p o i n t  whe re  i t  i s  s e e n  a s  t h e  i n t e r f a c e  be tween any  two 
f u n c t i o n a l  u n i t s ,  n o t  j u s t  a  c e n t r a l  p r o c e s s o r  and  a n  I / O  
d e v i c e .  It s t a n d a r d i s e s  i n t e r f a c e s  by r e s t r i c t i n g  a n d  
c h a n n e l i n g  a l l  communica t ions  t h r o u g h  ha rdware  l i n k s ,  w i t h  
t h e  d e f i n i t i o n  o f  e a c h  message  o n  e a c h  l i n k  b e i n g  c o n t a i n e d  
w i t h i n  a  message  h e a d e r  a c c o r d i n g  t o  a  s t a n d a r d  grammar. 

A t  f i r s t  s i g h t  s u c h  a n  a r t i f i c i a l  c o n s t r a i n t  o n  i n t e r -  
s o f t w a r e  u n i t  communica t ion  m i g h t  a p p e a r  a s  a  c r i p p l i n g  
p e n a l t y  t h a t  would  s e r i o u s l y  d e g e n e r a t e  sys t em pe r fo rmance .  
However, we may r e c o g n i s e  t h a t  t h e  a d v a n c i n g  mini- computer  
and  m i c r o- p r o c e s s o r  t e c h n o l o g i e s  make t h e  whole  c o n c e p t  n o t  
o n l y  f e a s i b l e  b u t  e v e n  a d v a n t a g e o u s .  F u n n e l s  c a n  be 
implemented  i n  m i c r o- p r o c e s s o r  form.  E q u a l l y ,  each  s o f t w a r e  
u n i t  c a n  e x e c u t e  o n  i t s  own m i c r o p r o c e s s o r .  T h i s  i n  t u r n  
l e a d s  t o  a  p o t e n t i a l  f o r  p a r a l l e l  e x e c u t i o n  wh ich  means t h a t  
t h e  pe r fo rmance  l i m i t a t i o n s  o f  s t a n d a r d  ha rdware  i n t e r f a c e s  
a r e  more t h a n  overcome. Thus t h e  l a r g e  s o f t w a r e  s y s t e m s  of  
t o d a y  w i l l  g r a d u a l l y  e v o l v e  i n t o  t h e  d i s t r i b u t e d  s y s t e m s  o f  
tomorrow. B u t  we s t r e s s  a g a i n  t h a t  s u c h  d i s t r i b u t e d  s y s t e m s  
c a n n o t  become a  r e a l i t y  w i t h o u t  f u n d a m e t a l  s o l u t i o n s ,  such  a s  
t h o s e  o u t l i n e d ,  t o  t h e  s p e c i f i c a t i o n  and  i n t e r f a c e  problems.  
T h e i r  c o m p l e t e  s o l u t i o n  o n  t h e  o t h e r  hand,  p r o v i d e s  t h e  
p o t e n t i a l  f o r  f u r t h e r  m a j o r  f u n c t i o n a l  e v o l u t i o n  and growth .  

9 Conc lud ing  Remarks 

The c h a r a c t e r i s t i c  o f  c o n t i n u i n g  e v o l u t i o n  t h a t  i n v o l v e s  
g r o w t h ,  m a i n t e n a n c e  a n d  i n c r e a s i n g  c o m p l e x i t y  i s  i n t r i n s i c  t o  
t h e  v e r y  b e i n g  o f  l a r g e  s o f t w a r e  s y s t e m s .  The r e s u l t a n t  
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i n d e t e r m i n a c i e s  o f  s y s t e m  s t a t e ,  s y s t e m  f u n c t i o n  and  s y s t e m  
c a p a b i l i t y  make them c o s t l y  t o  imp lemen t ,  e v e n  more c o s t l y  t o  
m a i n t a i n  a n d  c o u l d  p r o v e  d i s a s t r o u s  i n  c e r t a i n  a p p l i c a t i o n s .  
A s  a  c o n s e q u e n c e ,  t h e r e  i s  a  l i m i t  t o  t h e  s i z e  a n d  f u n c t i o n a l  
c o n t e n t  o f  s o f t w a r e  a n d  s o f t w a r e  c o n t r o l l e d  s y s t e m s  i n  t h e i r  
p r e s e ~ t  f o rm .  However, t h e  d e v e l o p i n g  t e c h n o l o g y  o f  m ic ro-  
p r o c e s s o r s ,  t o g e t h e r  w i t h  t h e  c o n c e p t s  o f  t o t a l ,  s t r u c t u r e d  
s p e c i f i c a t i o n  a n d  s t a n d a r d  h a r d w a r e  i n t e r f a c e s  be tween  s e l f -  
c o n t a i n e d  s o f t w a r e  u n i t s  i s  s e e n  as  l e a d i n g  t o  t h e  g r a d u a l  
e v o l u t i o n  a n d  f u t u r e  d e v e l o p m e n t  o f  l a r g e  s o f t w a r e  s y s t e m s  i n  
t h e  form o f  d i s t r i b u t e d ,  h i g h l y  p a r a l l e l ,  s y s t e m s .  

F i n a l l y  we n o t e  t h a t  l a r g e  s o f t w a r e  s y s t e m s  d i s p l a y  a l l  t h e  
f e a t u r e s  c h a r a c t e r i s t i c  o f  l a r g e  s y s t e m s  i n  g e n e r a l :  s t a t i c  
and  dynamic  p r o p e r t i e s  and  b e h a v i o u r  p a t t e r n s  t h a t  a r e  b e i n g  
i n c r e a s i n g l y  d i s c o v e r e d  and  d e s c r i b e d  by a n  e m e r g i n g  s y s t e m s  
s c i e n c e  ( e g  [SUT75]). B u t  t h e y  a l s o  d i s p l a y  p e c u l i a r  
p r o p e r t i e s  t h a t  a r e  a  d i r e c t  c o n s e q u e n c e  o f  t h e  
i m p l e m e n t a t i o n  t e c h n o l o g y  - programming - u s e d  i n  c r e a t i n g ,  
m a i n t a i n i n g  a n d  e n h a n c i n g  t h e s e  s y s t e m s  [LEH78] .  

I n  d i s c u s s i n g  t h e  c h a r a c t e r i s t i c s  o f  l a r g e  s y s t e m s  i n  t h e  
p r e s e n t  c o n t e x t ,  we do n o t  a t t e m p t  t o  s p e c i f i c a l l y  i d e n t i f y  
t h e  more g e n e r a l  s y s t e m s  p r o p e r t i e s .  It i s ,  howeve r ,  w e l l  
w o r t h  d r a w i n g  a t t e n t i o n  t o  t h e  c o n t r i b u t i o n  t h a t  s y s t e m a t i c  
a p p l i c a t i o n  o f  s y s t e m s  t h i n k i n g ,  t h e  ' s y s t e m s  a p p r o a c h ' ,  c a n  
be  e x p e c t e d  t o  make t o  t h e  f u t u r e  deve lopmen t  o f  s o f t w a r e  
e n g i n e e r i n g  c o n c e p t s  : s o f t w a r e  s y s t e m s  e n g i n e e r i n g .  





A s u r v e y  o f  complex i ty  measu res  

1 I n t r o d u c t i o n  

I n  1974 t h e r e  was v e r y  l i t t l e  known work on complex i ty  i n  
g e n e r a l ,  and even  l e s s  o n  t h e  complex i ty  of  programming. A t  
t h a t  t i m e  P r o f e s s o r  B e i l n e r  (now a t  t h e  U n i v e r s i t y  of 
Dortmund) and I s h a r e d  a n  o f f i c e  a t  I m p e r i a l  C o l l e g e  a n d ,  
a c c o r d i n g  t o  o u r  mutua l  i n t e r e s t ,  d i s c u s s e d  p rob lems  of  
'complex1 problems and  o f  l a r g e  s c a l e  programming. Sometimes 
w e  a sked :  what  i s  c o m p l e x i t y ?  Is i t  p o s s i b l e  t o  come up 
w i t h  a r e a s o n a b l y  p r e c i s e  d e f i n i t i o n ?  Is t h e  i n t u i t i v e  
concep t  o f  complex i ty  q u a n t i f i a b l e ?  S i n c e  we c o u l d  n o t  
answer t h e s e  q u e s t i o n s ,  w e  t u r n e d  t o  t h e  l i t e r a t u r e .  And 
soon,  among t h e  many r a t h e r  p h i l o s o p h i c a l  e s s a y s  o n  
complex i ty ,  w e  h i t  upon a v e r y  i n t e r e s t i n g  d o c t o r a l  t h e s i s  by 
v a n  Emden [EMD~I 1 ,  An A n a l y s i s  o f  Complexity . I n  a d d i t i o n ,  
we a l s o  found  a  s i z a b l e  body of work on c o m p u t a t i o n a l  
complex i ty .  

The t h e s i s  work was based  o n  t h e  c o n c e p t  o f  c o n d i t i o n a l  
p r o b a b i l i t i e s  and  o n  t h e  fo rma l i sm of  i n f o r m a t i o n  t h e o r y ,  and  
a p p e a r e d  s u i t a b l e  t o  model complex i ty  of  i n t e r c o n n e c t e d  
sys t ems ,  s u c h  a s  programs b u i l t  of  modules.  The 
computa t iona l  c o m p l e x i t y  work was ,  however,  o n l y  m a r g i n a l l y  
r e l e v a n t  t o  t h e  p rob lems  of  d e s i g n i n g ,  u n d e r s t a n d i n g  and  
m a n i p u l a t i n g  programs:  program complex i ty  was e x p r e s s e d  a s  
t h e  measu re  of  memory s p a c e  and  e x e c u t i o n  time demand of  a 
coded a l g o r i t h m .  T h i s  measu re  i s  more o r  l e s s  i n d e p e n d e n t  o f  
t h e  p r o g r a m ' s  development  h i s t o r y ,  and of  t h e  d i f f i c u l t y  t o  
u n d e r s t a n d  i t s  work ings ,  and t h u s  s a y s  v e r y  l i t t l e  a b o u t  
them. 

From t h e s e  e a r l y  r e a d i n g s  i t  was c l e a r  t h a t  we f a c e d  a  v e r y  
d i f f i c u l t  t a s k  ( f i v e  y e a r s  l a t e r  t h i s  pape r  s t i l l  claims t h a t  
m e a s u r i n g  t h e  complex i ty  of  programming i s  f a r  from b e i n g  a  
u s a b l e  me thod) .  B u t  w e  a l s o  l e a r n e d  t h a t  complex i ty  c a n  be  
p e r c e i v e d  i n  a t  l e a s t  two d i f f e r e n t  ways: somet imes  i t  
a p p e a r s  a s  a  measure  o f  u n c e r t a i n t y  o r  s u r p r i s e  ( t h e  

Cop.';!lglrt Cj 1'179 JELL. Rcprintcd wltll kind pcr~nisslorl f rotn .  Workshop or] Quantiiative 
Sor't\+;lri. Models, liiailieslra Lake. New York .  O c r v b e ~  1 9 7 9 .  pp .  9 0 - 9 4 .  
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i n f o r m a t i o n  t h e o r e t i c a l  f o r m u l a t i o n ) ,  and sometimes i t  i s  
d e t e r m i n i s t i c  and d e f i n e d  a s  a  coun t  o r  magni tude  ( a s  t h e  
amount of s t o r a g e  c e l l s  o r  t h e  number of i n s t r u c t i o n s  
n e c e s s a r y  t o  e x e c u t e  a n  a l g o r i t h m ) .  

S i n c e  t h a t  t ime  t h e  l i t e r a t u r e  s e a r c h  h a s  c o n t i n u e d  and by 
now my complex i ty  f i l e ,  s t i l l  growing,  c o n t a i n s  a b o u t  e i g h t y  
r e a s o n a b l y  r e l e v a n t  p a p e r s .  The o b j e c t i v e  of t h e  p r e s e n t  
p a p e r  i s  t o  g i v e  a  b r i e f  and a  l i t t l e  b i t  o r g a n i s e d  s u r v e y  of 
t h i s  ' complex '  r e p e r t o i r  of a p p r o a c h e s ,  which a l l  t r y  t o  
c a p t u r e  t h e  e l u s i v e  program a t t r i b u t e  c a l l e d  complex i ty .  

2 C a t e g o r i e s  

A s  t h e  p u b l i s e d  m a t e r i a l  became l a r g e ,  c l a s s i f y i n g  i t  became 
n e c e s s a r y  and f o r t u n a t e l y  p o s s i b l e .  F i r s t l y ,  a  few q u i t e  
d i s t i n g u i s h a b l e  a p p r o a c h e s  t o  model complex i ty  appea red  t o  
emerge,  and most p a p e r s  f e l l  n a t u r a l l y  i n t o  one of f o u r  
c a t e g o r i e s .  Second ly ,  and more o r  l e s s  i n d e p e n d e n t l y  of t h e  
approach  t a k e n ,  t h e  o b j e c t s  o r  p r o c e s s e s  under  s t u d y  v a r i e d  
from programs t o  i n t e r c o n n e c t e d  s y s t e m s  t o  human p e r c e p t i o n .  
These two i n d e p e n d e n t  v i ews  of c l a s s i f i c a t i o n  t h e n  l e d  t o  a  
two- dimensional  t a b u l a t i o n  of t h e  c o l l e c t e d  p a p e r s .  

The f i r s t  o f  t h e  f o u r  approach  c a t e g o r i e s  i s  l a b e l l e d  
' i n f o r m a l ' ,  c o n t a i n s  some d e l i g h t f u l  bu t  i n  p r a c t i c e  not  
d i r e c t l y  u s a b l e  ph i losophy ,  and some a d v i s e  a s  t o  how t o  cope 
w i t h  complex i ty  - w h i l e  t h e  term i t s e l f  r ema ins  undef ined .  
P a p e r s  i n  t h i s  c a t e g o r y  a p p e a l  t o  i n t u i t i o n  and t h e i r  o n l y  
f o u n d a t i o n  i s  t h e  common meaning o f  t h e  word  complicated^. 

The a p p r o a c h e s  of t h e  second c a t e g o r y  a r e  d e t e r m i n i s t i c ,  w i t h  
t h e  o b j e c t i v e  o f  p r e c i s e  q u a n t i f i c a t i o n .  T y p i c a l l y ,  some 
c o u n t a b l e  p r o p e r t y  o f  t h e  s t u d i e d  o b j e c t  o r  s i t u a t i o n  i s  
s e l e c t e d  and t h e n  t h e  coun t  i s  a s s e r t e d  t o  be p r o p o r t i o n a l  t o  
complex i ty .  Under ly ing  t h i s  approach  i s  t h e  b e l i e f  t h a t  
meaningful  c o s t  and o t h e r  e s t i m a t e s  c a n  be based  o n  c o u n t s ;  
a n a l y s e s  c a n  t h e n  be performend t o  p r e d i c t  programming 
work load ,  o r  t o  a i d  d e s i g n  o r  s i m i l a r  s e l e c t i o n  p r o c e s s e s .  
An example i s  t h e  ment ioned a n a l y s i s  o f  a l g o r i t h m s .  

Perhaps  t h e  most e x c i t i n g  approach  i s  t h a t  t a k e n  by p a p e r s  o f  
t h e  t h i r d  c a t e g o r y .  Here ,  complex i ty  i s  p e r c e i v e d  a s  t h e  
measure  o f  uncertainty - under  c l o s e r  e x a m i n a t i o n  a  q u i t e  
r e a s o n a b l e  a s s u m p t i o n  a b o u t  r e a l  l i f e  s i t u a t i o n s .  Cons ide r  a  
p e r s o n  i n v o l v e d  i n  a  complex i n t e l l e c t u a l  t a s k .  You may 
v i s u a l i s e  him s i t t i n g  a t  a  d e s k ,  r a p i d l y  s c a n n i n g  a v a i l a b l e  
and r e l e v a n t  i n f o r m a t i o n  i n  h i s  head ,  a s  w e l l  a s  s p r e a d i n g  
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o u t  n o t e s  o n  t h e  d e s k  i n  f r o n t  o f  him. The l a r g e r  t h e  d e s k  
and t h e  more  i t  i s  c o v e r e d ,  t h e  g r e a t e r  v a r i e t y  o f  
i n f o r m a t i o n  may be ~ e e d e d  a t  any t i m e  i n  h i s  work .  It m u s t  
be u n c e r t a i n ,  i e  o n l y  p r o b a b i l i s t i c a l l y  s p e c i f i a b l e ,  wh ich  
p i e c e  o f  i n f o r m a t i o n  i s  needed  n e x t ;  w h e r e  i t  c e r t a i n ,  t h e n  
n o t e s  and  o t h e r  s o u r c e s  c o u l d  be  p r o d u c e d  a n d  o r d e r e d  i n  
a d v a n c e ,  a n d  t h e n  p u t  o n  t h e  d e s k  o n e  by o n e ,  w i t h  t h e  r e s u l t  
o f  h a v i n g  b u t  a  few n o t e s  e x p o s e d  a t  a  t i m e .  N o t i c e  t h a t  i n  
t h e  a l t e r  c a s e  t h e  r e q u i r e d  work  would  s t i l l  be s i g n i f i c a n t ,  
b u t  l e s s  complex ,  b e c a u s e  o f  i t s  b e i n g  more  p r e d i c t a b l e  a n d  
more o r g a n i s e d .  

A n o t i o n  c l o s e l y  r e l a t e d  t o  u n c e r t a i n t y  i s  variety. If ,  i n  
d o i n g  some t a s k ,  t h e  v a r i e t y  o f  i n f o r m a t i o n  a n d  o t h e r  
n e c e s s a r y  e q u i p m e n t  i s  l a r g e ,  t h e n  t h e  t a s k  i s  complex .  
C o n v e r s e l y ,  a  l a r g e  number o f  e s s e n t i a l l y  i d e n t i c a l  i t e m s  o r  
t o o l s ,  o r  t h e i r  r e p e t i t i o u s  u s e ,  p r e s e n t  l e s s  p r o b l e m s , a n d  
m a t t e r s  a r e  g e n e r a l l y  s i m p l e r .  It h a p p e n s  t h a t  i n f o m a t i o n  
t h e o r y  i s  f o u n d e d  o n  a  s i m i l a r  n o t i o n  o f  u n c e r t a i n t y  wh ich  i s  
m a t h e m a t i c a l l y  f o r m a l i s e d  a s  entropy. Approaches  w i t h i n  t h i s  
t h i r d  c a t e g o r y  are t h e r e f o r e  s t r o n g l y  i n f l u e n c e d  by i n fo rma-  
t i o n  t h e o r e t i c a l  c o n c e p t s :  c o m p l e x i t y  g rows  w i t h  t h e  v a r i e t y  
o f  o b j e c t s ,  s t a t e s  o f  p r o c e s s e s  u n d e r  c o n s i d e r a t i o n ,  a s  w e l l  
a s  w i t h  t h e  l a c k  o f  a  p r i o r i  i n f o r m a t i o n  a b o u t  t h e  r e l a t i v e  
r e l e v a n c e  o f  t h e  o b j e c t s  t o  t h e  n e x t  t a s k .  Fo r  t h e  h o s t  t h e  
c o m p o s i t i o n  o f  a  menu i s  more complex ,  t h e  more  c h o i c e s  a r e  
a v a i l a b l e  a n d  t h e  more  u n c e r t a i n t y  e x i s t s  as  t o  a v i a l a b i l i t y  , 
cus tom,  t a s t e  a n d  o t h e r  p r e f e r e n c e s  o f  t h e  g u e s t s .  E q u a l ,  
u n g u i d e d ,  p o s s i b i l i t i e s  p r e s e n t  t h e  g r e a t e s t  c h a l l e n g e .  

I n  t h e  m o s t  f r e q u e n t l y  u s e d  s e n s e ,  t h e  word c o m p l e x i t y  
c h a r a c t e r i s e s  some human a c t i v i t y ,  s u c h  as u n d e r s t a n d i n g ,  
p r o d u c i n g ,  p u t t i n g  t h i n g s  t o g e t h e r ,  s o l v i n g  p r o b l e m s ,  e t c .  
Complexi ty  c a n  t h u s  be  m e a s u r e d  d i r e c t l y  a s  t h e  t i m e  t a k e n  by 
t h e  a c t i v i t y ,  u n d e r  t h e  a s s u m p t i o n  t h a t ,  w i t h  o t h e r  f a c t o r s  
b e i n g  e q u a l ,  a  comp lex  t a s k  t a k e s  p r o p o r t i o n a t e l y  l o n g e r  
t ime .  I n  t h e  f o u r t h  c a t e g o r y  o f  a p p r o a c h e s  we c o l l e c t e d  s u c h  
e m p i r i c a l  work o n  c o m p l e x i t y  . Here, i n  mos t  c a s e s  
c o m p a r a t i v e  m e a s u r e m e n t s  a r e  employed  t o  f i n d  r e l a t i v e  
c o m p l e x i t y  . 

I n  t h e  s e c o n d  ( v e r t i c a l )  d i m e n s i o n  o f  t h e  m a t r i x ,  p a p e r s  a r e  
l a s s i f i e d  by t h e  o b j e c t  o r  s i t u a t i o n  u n d e r  s t u d y .  Most o f  
t h e  c o l l e c t e d  p a p e r s  a r e ,  o f  c o u r s e ,  l i m i t e d  t o  p r o g r a m s  a n d  
programming,  b u t  we h a v e  a l s o  f o u n d  q u i t e  a few r e l e v a n t  
a r t i c l e s  wh ich  a r e  a l s o  a p p l i c a b l e  t o  t h e  domain  o u t s i d e  o f  
programming.  A c c o r d i n g l y ,  we l a b e l l e d  t h e  two m a j o r  
c a t e g o r i e s  a s  s o f t w a r e  a n d  non- sof  t w a r e .  
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W i t h i n  t h e  s o f t w a r e  c a t e g o r y  w e  d i s t i n g u i s h  b e t w e e n  f o u r  sub-  
c a t e g o r i e s :  a l g o r i t h m i c  c o m p l e x i t y  ( t h e  l e a s t  r e l a t e d  t o  t h e  
programming p r o c e s s ) ,  m e a s u r e s  b a s e d  o n  program c o n t r o l ,  
m e a s u r e s  b a s e d  o n  d a t a - s t r u c t u r e  ( o r  f l o w ) ,  a n d  m e a s u r e s  of  
c o m p o s i t e  program a t t r i b u t e s  ( c o n t r o l  and  d a t a  f l o w  may o r  
may n o t  be  i n c l u d e d ) .  

I n  t h e  n o n s o f t w a r e  c a t e g o r y ,  we l i s t e d  t h e  c o m p l e x i t y  s t u d i e s  
o f  i n t e r c o n n e c t e d  s y s t e m s  ( o f  t e n  i m m e d i a t e l y  a p p l i c a b l e  t o  
l a r g e  s o f t w a r e  s y s t e m s ) ,  c o m p l e x i t y  s t u d i e s  o f  h a r d w a r e  ( i e  
l o g i c  c i r c u i t s ) ,  m e a s u r e s  o f  c o m p l e x i t y  o f  t o o l s  ( s u c h  a s  
l a n g u a g e )  and  o f  c o m p r e h e n s i o n ,  u n d e r s t a n d i n g .  

T a b l e  I i s  t h e  two- d imens iona l  m a t r i x ,  w i t h  r e f e r e n c e s  t o  
ma jo r  p a p e r s  a p p r o p r i a t e l y  i n d i c a t e d .  I n  t h e  n e x t  s e c t i o n  we 
d i s c u s s  q u i t e  b r i e f l y  some p r e p r e s e n t a t i v e  work  o n  t h e  
q u a n t i f i c a t i o n  o f  c o m p l e x i t y .  

3 Some Examples  

I n  t h e  c a t e g o r y  o f  d e t e r m i n i s t i c  c o n t r o l  f l o w  c o m p l e x i t y  t h e  
b e s t  known work  i s  McCabe f s  [MCC76]. Wi th  t h e  c o n t r o l  f l o w  
g r a p h  o f  t h e  program g i v e n ,  h e  p r o p o s e s  a s  c o m p l e x i t y  m e a s u r e  
t h e  number o f  d i s t i n c t  e x e c u t i o n  s e q u e n c e s  wh ich  a r e  p o s s i b l e  
a l o n g  t h e  d i r e c t e d  g r a p h .  The a p p l i c a t i o n  o f  t h i s  m a t r i x  h a s  
become q u i t e  w i d e s p r e a d ,  b e c a u s e  t h e  number o f  p a t h s  i s  e a s y  
t o  e x t r a c t  a u t o m a t i c a l l y  from e x i s t i n g  ( a n d  m a c h i n e  s t o r e d )  
programs.  T h i s  a p p r o a c h  a l s o  a p p e a l s  t o  i n t u i t i o n :  a  p e r s o n  
r e a d i n g  a  program m u s t  m e n t a l l y  f o l l o w  a l l  c o n t r o l  p a t h s  i n  
o r d e r  t o  f u l l y  u n d e r s t a n d  t h e  program.  U n f o r t u n a t e l y  t h e  
e v e n  more complex  a c t i v i t y  o f  f o l l o w i n g  d a t a  r e f e r e n c e  p a t h s  
i s  c o m p l e t e l y  n e g l e c t e d  i n  t h i s  model .  

Ano the r  c o n t r o l  f l o w  b a s e d  m e a s u r e  was  p r o p o s e d  by Woodward 
e t  a 1  [W0079]. The b a s i s  o f  t h e i r  a p p r o a c h  i s  program t e x t ,  
amended by l i n e s  w i t h  i n t e r c o n n e c t  s t a t e m e n t s  w h e r e  c o n t r o l  
may be  p a s s e d  b e t w e e n  them. These  l i n e s  o c c a s i o n a l l y  c r o s s  
e a c h  o t h e r  and  t h u s  c r e a t e  ' k n o t s ' .  The c o m p l e x i t y  t h e n  i s  
assumed t o  be  p r o p o r t i o n a l  t o  t h e  k n o t- c o u n t .  I n d e e d ,  w e l l -  
s t r u c t u r e d ,  e a s y- t o- r e a d  p r o g r a m s  h a v e  l e s s  k n o t s ,  b u t  a g a i n  
d a t a  r e f e r e n c e s  a r e  n o t  i n c l u d e d  h e r e  ( a l t h o u g h  t h e  k n o t  
method  c o u l d  i n c l u d e  g r a p h s  a s  w e l l ) .  

A l so  r e l a t e d  t o  t h e  a b o v e  a p p r o a c h e s  a r e  Cobb ' s  
' r e a c h a b i l i t y '  m e a s u r e  [COB78], Myer' s [ M Y E ~ ~ ]  e x t e n s i o n  t o  
Mc Cabe f s  mode l ,  a n d  a n  e a r l y  p a p e r  by F a r r  a n d  Z a g o r s k y  
[FAR651 p r o p o s i n g  t h e  d e n s i t y  o f  I F  s t a t e m e n t  a s  a  m e a s u r e  of 
c o m p l e x i t y .  
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S i g n i f i c a n t l y  d i f f e r e n t  i s  t h e  a p p r o a c h  t a k e n  by Yin  a n d  
W i n c h e s t e r  [YIN78]. He re  d a t a  f l o w  c o m p l e x i t y  i s  c o n s i d e r e d  
b a s i c ,  and t h e  a s s o c i a t e d  g r a p h ' s  d e p a r t u r e  f rom i t s  s p a n n i n g  
t r e e  i s  d e f i n e d  t o  be t h e  m e a s u r e  o f  c o m p l e x i t y .  The 
r a t i o n a l e  i s  t h a t  i n  a  t r e e  a  u n i q u e  p a t h  l e a d s  t o  e a c h  node 
- a s o r t  o f  minimum c o m p l e x i t y .  

The mos t  c o m p r e h e n s i v e  o f  t h e  d e t e r m i n i s t i c  a p p r o a c h e s  b a s e d  
o n  program o b j e c t  c o u n t s  i s  u n q u e s t i o n a b l y  H a l s t e a d ' s  
s o f t w a r e  s c i e n c e  [HALTTI. It i s  b a s e d  o n  t h e  f o u r  c o u n t s  o f :  
d i s t i n c t  o p e r a t o r s ,  o p e r a n d s  and  t o t a l  o c c u r r e n c e s  o f  
o p e r a t o r s  a n d o p e r a n d s  i n  t h e  program. From t h e s e  numbers  
bounds  and  e s t i m a t e s  of  p rogram s i z e ,  p rogramming e f f o r t ,  
e  t c ,  a r e  d e r i v e d .  The a p p r o a c h  h a s  r e c e i v e d  c o n s i d e r a b l e  
a t t e n t i o n  ( 1 5 . 1  ) . Of t e n ,  e x p e r i m e n t a l i s t s  summar i s e  t h e i r  
own r e s u l t s  i n  t e r m s  o f  H a l s t e a d  m e a s u r e s ,  o r  t e s t  a n d  v e r i f y  
t h e  c l a i m s  o f  s o f t w a r e  s c i e n c e .  S u c h  work  h a s  been  r e p o r t e d  
f o r  examp le  by C u r t i s  [CUR78]. 

T h e r e  a r e  t o o  many o t h e r  d e t e r m i n i s t i c  p r o p o s a l s  t o  m e n t i o n  
them a l l .  Due t o  i t s  o r i g i n a l i t y ,  howeve r ,  we c i t e  h e r e  
Mill's p r o p o s a l  [MIL] t o  m e a s u r e  c o m p l e x i t y  o f  a  p rogram by 
t h e  l e n g t h  o f  t e x t  n e c e s s a r y  t o  p r o v e  i t s  c o r r e c t n e s s .  ( W i l l  
t h i s  m o t i v a t e  f o r  s i m p l i c i t y ? )  

F o r  modu la r  s y s t e m s  a n  example  i s  t h e  Belady/Lehman [BELT61 
model  i n  wh ich  c o m p l e x i t y  of s y s t e m  m o d i f i c a t i o n  i s  c a p t u r e d  
a s  t h e  r a t i o  o f  m o d i f i e d  t o  t o t a l  number of  s y s t e m  componen t s  
( m o d u l e s ) .  C l e a r l y ,  i f  m o d i f i c a t i o n  g e t s  d i f f u s e d  i n t o  a  
l a r g e r  p r o t i o n  o f  t h e  s y s t e m ,  t h e n  i t  mus t  h a v e  b e e n  more  
i n t e r t w i n e d  a n d  complex  t h a n  a  s y s t e m  i n  w h i c h  m o d i f i c a t i o n s  
r e m a i n  c o n f i n e d  a n d  l o c a l i s e d .  The a p p r o a c h  h a s  b e e n  
s u c c e s s f u l l y  u s e d  t o  p r e d i c t  m o d i f i c a t i o n  w o r k l o a d  o f  a  l a r g e  
o p e r a t i n g  s y s t e m  wh ich  h a s  b e e n  e v o l v i n g  o v e r  a  t e n  y e a r  
p e r i o d .  

However i n t e r e s t i n g  a n d  p r o m i s i n g ,  i n f o r m a t i o n  t h e o r y  b a s e d  
a p p r o a c h e s  a r e  r a t h e r  r a r e  i n  t h e  l i t e r a t u r e  a n d  a p p e a r  
c o n c e n t r a t e d  e i t h e r  a r o u n d  t h e  s t u d y  of  p r o b a b i l i s t i c  
a l g o r i t h m s  o r  o f  i n t e r c o n n e c t e d  s y s t e m s  i n  g e n e r a l .  More 
s p e c i f i c a l l y  f o r  p rogram s y s t e m s  B e l a d y  a n d  B e i l n e r  a t t e m p t e d  
t o  c a p t u r e  t h e  c o m p l e x i t y  o f  p rogram e v o l u t i o n  by i n t r o d u c i n g  
d i s t r i b u t i o n s  o v e r  t h e  s e t  o f  modu le s  o f  t h e  p r o b a b i l i t y  t h a t  
( a )  a  change  h i t s  a  g i v e n  module  a n d  ( b )  t h a t  a n o t h e r  module  
becomes i m p a c t e d  by t h e  change .  The scheme i s  f o r m a l l y  q u i t e  
c l o s e  t o  t h e  e n t r o p y  a p p r o a c h  o f  v a n  Emden's  [EMDTI] 

1 5 . 1  ( E d s )  But by now ( 1 9 8 5 )  l a r g e l y  d i s c r e d i t e d .  
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m e n t i o n e d  i n  t h e  i n t r o d u c t i o n .  A n o t h e r ,  e a r l i e r ,  e f f o r t  by 
Haney [HAN72] m o d e l s  t h e  change  p r o p a g a t i o n  a l o n g  a  g r a p h  o f  
e d g e s  l a b e l l e d  by p r o b a b i l i t i e s  a n d  s p a n n e d  by modu le s  a s  
nodes .  U n f o r t u n a t e l y ,  v e r y  l i t t l e  e x p e r i e n c e  e x i s t s  w i t h  
t h e s e  a p p r o a c h e s  a n d  a t  p r e s e n t  t h e y  a r e  s u b j e c t s  o f  
r e s e a r c h .  

T h e r e  a r e  numerous p a p e r s  i n  t h e  l i t e r a t u r e  o n  r e a d a b i l i t y ,  
c o m p l e x i t y  o f  c o m p r e h e n s i o n ,  f r e q u e n c y  d i s t r i b u t i o n s  o f  w o r d s  
a n d  symbo l s  i n  n a t u r a l  l a n g u a g e s  a s  compared  t o  program 
symbo l s ,  many b a s e d  o n  p r o b a b i l i t y  t h e o r y .  B u t  a g a i n ,  
e x p e r i e n c e  w i t h  r e s p e c t  t o  t h e i r  u s a b i l i t y  i s  p r a c t i c a l l y  
n i l .  

Much more p r o m i s i n g  a r e  t h e  e m p i r i c a l  a p p r o a c h e s .  I n  one  o f  
t h e  e a l i e s t  s t u d i e s  L Weissman [WE1741 a t  t h e  U n i v e r s i t y  of  
T o r o n t o  i d e n t i f i e d  a  number o f  p rogram c o n s t r u c t s  a n d  
a t t r i b u t e s  a n d  r a n k e d  them a c c o r d i n g  t o  t h e  a s s o c i a t e d  
r e l a t i v e  d i f f i c u l t y  which  a  g r o u p  o f  s t u d e n t s  e n c o u n t e r e d  
w h i l e  programming.  By i m p l i c a t i o n ,  a  c o n s t r u c t  i s  more  
complex  t h e  more  d i f f i c u l t  i t  i s  t o  a p p l y  and  u n d e r s t a n d  i n  a  
program. Encou raged  by e a r l i e r  r e s u l t s ,  r e c e n t l y  more  
p r o f e s s i o n a l  p s y c h o l o g i s t s  t u r n e d  t h e i r  a t t e n t i o n  t o  t h e  
e m p i r i c a l  e v a l u a t i o n  o f  progranlming c o m p l e x i t y .  They u s u a l l y  
c o n d u c t  j o i n t  e f f o r t s  w i t h  compu te r  s c i e n t i s t s ,  w i t h  t h e  
o b j e c t i v e  t o  u n d e r s t a n d  human f a c t o r s  o f  programming t o o l s  
a n d  t e c h n i q u e s  a n d  t o  t e s t  i n  p r a c t i c e  t h e  m e a s u r e s  a r r i v e d  
a t  by s p e c u l a t i o n ,  w h i c h  wou ld  o t h e r w i s e  be  doomed t o  
o b l i v i o n .  Some s u c h  work i s  p r e s e n t e d  i n  B i l l  C u r t i s '  
[CUR781 accompany ing  t u t o r i a l  o n  c o m p l e x i t y .  

S u r p r i s i n g l y ,  many p e o p l e  h a v e  s o m e t h i n g  t o  s a y  a b o u t  t h e  
u n s e t t l e d  s u b j e c t  o f  c c ~ m p l e r i  t y .  Many t h o u g h t- p r o v o k i n g  
p a p e r s  a r e  l i s t e d  i n  t h e  f i r s t  co lumn o f  T a b l e  1 .  Anyone 
i n t e r e s t e d  s h o u l d  r e a d  them s i n c e ,  due  t o  t h e  v a r i e t y  o f  t h e  
i d e a s ,  i t  wou ld  be  v e r y  d i f f i c u l t  t o  g i v e  a  summary h e r e .  
However,  i t i s  h a r d  t o  resist  t h e  t e m p t a t i o n  t o  q u o t e  H e r b e r t  
Simon [SIM691 f o r  c o n c l u s i o n :  I . .  . c o m p l e x i t y  i n  t h e  
compu te r  p rog ram w a s ,  t o  a  c o n s i d e r a b l e  e x t e n t ,  c o m p l e x i t y  o f  
t h e  e n v i r o n m e n t  t o  w h i c h  t h e  program was  s e e k i n g  t o  a d a p t  i t s  
b e h a v i o u r '  . 

4  Summary 

Q u a n t i f i c a t i o n  o f  p rogramming c o m p l e x i t y  i s  f a r  f r om b e i n g  
m a t u r e .  Only  e x p e r i m e n t a t i o n  w i l l  be  a b l e  t o  b r i n g  a b o u t  
s l ow  b u t  s t e a d y  p r o g r e s s ,  e v e n t u a l l y  e n a b l i n g  u s  t o  p r e d i c t  
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program q u a l i t y  a n d  programmer p r o d u c t i v i t y ,  by i n f e r e n c e  
f r o m  o n l y  a  few f a c t o r s  w h i c h  a r e  a v a i l a b l e  a t  t h e  s t a r t  o f  a  
s o f t w a r e  p r o j e c t .  
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A MATH E MAT ICAL  MODEL 
FOR THE EVOLUTION OF SOFTWARE* ( 16 .1 )  

1 I n t r o d u c t i o n  

Evolution dynamics i s  a  t h e o r y  d e s c r i b i n g  t h e  g rowth  o v e r  
t ime  o f  l a r g e  compu te r  p rog rams .  It h a s  been  d e v e l o p e d  by 
Lehman a n d  o t h e r s  ([BEL72];  [BEL76]; LLEH76bl; LLEH78al and  
o t h e r  p a p e r s )  t o  e x p l a i n  c e r t a i n  f e a t u r e s  o f  t h e  e v o l u t i o n  of  
l a r g e  p rog rams ,  s u c h  a s  l i m i t a t i o n s  i n  t h e  a v e r a g e  g rowth  
r a t e  a n d  d i f f i c u l t i e s  wh ich  commonly f o l l o w  g rowth  s p u r t s .  
The t h e o r y  d i s t i n g u i s h e s  be tween  progressive work t o  
i n t r o d u c e  new f e a t u r e s ,  a n d  anti-regressive work t o  make t h e  
program w s l l - s t r u c t u r e d ,  documented ,  u n d e r s t a n d a b l e ,  and  
c a p a b l e  o f  f u r t h e r  deve lopmen t .  O v e r l y  r a p i d  g rowth  o f t e n  
l e a d s  t o  p a r t i a l  n e g l e c t  o f  t h i s  l a t t e r  component .  Both  
t y p e s  o f  work a r e  needed  t o g e t h e r  i n  o r d e r  t o  make p r o g r e s s  
i n  d e v e l o p i n g  t h e  program. 

To a p p l y  e v o l u t i o n  dynamics ,  we must  be a b l e  t o  make 
q u a n t i t a t i v e  s t a t e m e n t s  a b o u t  t h e  b a l a n c e  o f  t h e  two t y p e s  o f  
work. That  is ,  we need  a  m a t h e m a t i c a l  model .  Our need  i s  
w e l l  summar ised  by Harvey  M Wagner [WAG75], page  7 :  

C o n s t r u c t i n g  a  model  h e l p s  you  p u t  t h e  c o m p l e x i t i e s  a n d  
p o s s i b l e  u n c e r t a i n t i e s  a t t e n d i n g  a  dec i s ion- mak ing  
problem i n t o  a l o g i c a l  framework amenab le  t o  
comprehens ive  a n a l y s i s .  Such a  model c l a r i f i e s  t h e  
d e c i s i o n  a 1  t e r n a t i v e s  and  t h e i r  a n t i c i p a t e d  e f f e c t s ,  
i n d i c a t e s  t h e  d a t a  t h a t  a r e  r e l e v a n t  f o r  a n a l y s i n g  t h e  
a 1  t e r n a t i v e s ,  and  l e a d s  t o  i n f o r m a t i v e  c o n c l u s i o n s .  I n  
s h o r t ,  a  model i s  a  v e h i c l e  f o r  a r r i v i n g  a t  a  w e l l -  
s t r u c t u r e d  v i ew  o f  r e a l i t y .  

The p u r p o s e  of  t h i s  p a p e r  i s  t o  f i n d  a  model  f o r  e v o l u t i o n  
dynamics .  

16.1 (Orig) This work was done while the author was visiting 
the Department of Computing and Control, Imperial 
College, London, England. 

Rcp~iritcil ~villl h ind  ; , c ~ ~ ~ l i b s i o ~ i  trot11 -- J o r ~ r t ~ : ~ l  ot Systcllis 2nd Svltware. V c ~ l ~ ~ n i e  I .  Nu .  4 .  
IObO. L l s r v ~ c ~ .  h e ~ ~ .  \ Io tk .  
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The model  s h o u l d :  

1  embody t h e  q u a l i t a t i v e  i d e a s  o f  e v o l u t i o n  dynamics  
( summar i s ed  i n  t h e  n e x t  s e c t i o n ,  

2 e x p l a i n  t h e  d a t a  o b s e r v a t i o n s  i n  t h e  l i t e r a t u r e ,  a n d  
3 be  a s  s m a l l  a n d  s i m p l e  a s  p o s s i b l e ,  c o n s i s t e n t  w i t h  ( 1  ) 

and  ( 2 ) ;  a  s i m p l e r  model  is e a s i e r  t o  f i t ,  t o  
u n d e r s t a n d ,  a n d  t o  u s e  a n d  t h u s  ( p a r a d o x i c a l l y )  may be  
more p o w e r f u l  t h a n  a  more  complex  model .  

S t a r t i n g  w i t h  t h e  model  o f  R i o r d o n  [RI077 ] ,  t h i s  work  h a s  
s i m p l i f i e d  t h e  number o f  model  v a r i a b l e s  f r om f i v e  t o  two a n d  
r e d u c e d  t h e  number o f  p a r a m e t e r s  a s  w e l l  ( t h o u g h  n o t  s o  
g r e a t l y ) ,  w i t h o u t  s a c r i f i c i n g  e f f e c t i v e n e s s  u n d e r  ( 1 )  a n d  
( 2 ) .  

The p a p e r  i s  c o n c e r n e d  w i t h  t h e  m a t h e m a t i c a l  model ; some 
q u e s t i o n s  o f  d a t a  measu remen t  ( s u c h  a s  t h e  m e a s u r e  o f  t h e  
s i z e  o r  power o f  a  p rogram)  a r e  n o t  a d d r e s s e d  h e r e .  Our 
m e a s u r e  o f  s i z e  i s  t h a t  a d o p t e d  i n  r e f e r e n c e s  [BEL72]; 
[BEL76]; [ L E H T ~ ~ ] ;  [LEH78a], namely ,  t h e  program ' m o d u l e 1 ,  
w h i c h  m u s t  t h e n  be  d e f i n e d  i n  s p e c i f i c  c a s e s .  We u s e  t h e  
same k i n d  o f  c o m p l e x i t y  m e a s u r e  a s  i n  [ R I O ~ ~ ] ,  f o r  which  
t h e r e  i s  a s  y e t  no o b j e c t i v e l y  m e a s u r e d  v a r i a b l e .  T h i s  d o e s  
n o t  i n v a l i d a t e  t h e  d e f i n i t i o n ;  c o m p l e x i t y  i s  f u l l y  s p e c i f i e d  
i n d i r e c t l y  by i t s  e f f e c t  o n  program g rowth .  

The model  is  n o t  i n t e n d e d  a s  a  mag i c  f o r m u l a .  I n  i t s  p r e s e n t  
s t a t e  i t  r e q u i r e s  a  good u n d e r s t a n d i n g  o f  t h e  a p p l i c a t i o n ,  
p a r t i c u l a r l y  a s  r e g a r d s  t h e  c o n s i s t e n t  d e f i n i t i o n  o f  p rogram 
s i z e ,  t h e  r e l a t i o n s h i p  be tween  s i z e  a n d  power ( t h i s  i s  a n  
estimation s t e p  - e s t i m a t i o n  o f  l i n e s  o f  c o d e ,  o r  m o d u l e s ,  
needed  f o r  p a r t i c u l a r  f u n c t i o n s ) ,  and t h e  p a r t i c u l a r  f o r m s  
t a k e n  by c o m p l e x i t y .  A l lowance  m u s t  a l s o  be  made f o r  random 
v a r i a t i o n s  f r o m  t h e  model  p r e d i c t i o n s ,  and  t h e  s i z e  o f  t h e s e  
d e p e n d s  o n  t h e  c a s e .  

T h i s  s e c t i o n  d e s c r i b e s  t h e  t y p e s  o f  p r o g r a n  g r o w t h  t h a t  a n  
e v o l u t i o n  d y n a m i c s  model  m u s t  e x p l a i n ,  a n d  t h e n  d e f i n e s  t h e  
model  e q u a t i o n s .  We b e g i n  w i t h  some o f  t h e  d a t a  o n  wh ich  
e v o l u t i o n  dynamics  i s  b a s e d ,  shown i n  F i g u r e s  1  a n d  2 .  
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Not ice  t h a t :  

t h e  average  growth r a t e  [ t h e  s l o p e  of  M( t ) ]  s t a y s  n e a r  a  
c e r t a i n  average  v a l u e ,  bu t  d e c l i n e s  a s  t h e  program g e t s  
l a r g e r  ; 

t h e  growth r a t e  i n  F i g u r e  2  0~ciZZates over  t h e  e a r l y  p o r t i o n  
of  t h e  curve.  T h i s  was a s e r i e s  o f  a m b i t i o u s  r e l e a s e s  
a l t e r n a t i n g  w i t h  ' c l eanup '  r e l e a s e s .  Thus t h e  two t y p e s  
of work i d e n t i f i e d  i n  t h e  i n t r o d u c t i o n  a l t e r n a t e d  i n  
t h i s  pe r iod .  

---- ' Data 

Days 

F i g u r e  1 G r m t h  Data  f o r  System P 

A series o f  laws o f  e v o l u t i o n  dynamics have been f o r m u l a t e d  
[LEH78a] t o  e x p l a i n  t h e s e  and o t h e r  o b s e r v a t i o n s .  For our  
purposes  we c a n  summarise them i n  two o b s e r v a t i o n s  a b o u t  
grawth. 

Observation 1: Each p r o j e c t  h a s  a c e r t a i n  m a i n t a i n a b l e  
average  growth rate which i s  v e r y  d i f f i c u l t  t o  a l t e r .  
At tempts  t o  exceed  i t  l e a d  t o  problems and subsequen t  
c leanup  work, as i n  system T  ( F i g u r e  2 ) .  A s  t h e  program 
becomes l a r g e r ,  t h e  a v e r a g e  m a i n t a i n a b l e  rate d e c l i n e s  
and t h e  r e l e a s e  i n t e r v a l  t ends  t o  i n c r e a s e .  (The t h i r d ,  
f o u r t h  and f i f t h  l a w s  i n  [LEH78a] e l a b o r a t e  on  t h i s  
o b s e r v a t i o n .  ) 
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Observation 2 : Growth i n t r o d u c e s  d i s o r d e r ,  e n t r o p y ,  o r  
complexi ty  (mismatched and unmet s p e c i f i c a t i o n s ,  
u n d e t e c t e d  e r r o r s ,  i n a d e q u a t e  and i n c o r r e c t  
documentat ion,  and new i n t e r n a l  c o n n e c t i o n s )  which 
reduce t h e  e f f i c i e n c y  of  f u r t h e r  work. The d i s o r d e r  o r  
complexi ty  c a n  be reduced  o n l y  be e f f o r t  d i r e c t l y  
expended on  i t .  T h i s  l e a d s  t o  t h e  aforement ioned 
d i s t i n c t i o n  between p r o g r e s s i v e  and a n t i r e g r e s s i v e  work. 
(The f i r s t  and second l a w s  i n  [LEH78a] bear  on  t h i s  
o b s e r v a t i o n .  ) 

Days 

F i g u r e 2  G r o w t h d a t a f o r  s y s t e r n T :  

S i z e  M and inc rement  A M(k) = M(k) - M(k-I). 
S c a l e  f o r  A M a t  t h e  r i g h t  
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2.1 Model V a r i a b l e s  

Program M(k) a t  r e l e a s e  k i s  measured  i n  t m o d u l e s ' ,  f o l l o w i n g  
[BEL72]; CBEL761; [LEH76bl ; LLEH78aI. We assume t h a t  a  
l o g i c a l l y  c o n s i s t e n t  m o d u l a r i t y  i s  imposed s o  t h a t  'more 
modules '  i m p l i e s  'more f u n c t i o n s  implemented  i n  t h e  program' ,  
and t h a t  i m p l e m e n t a t i o n  t a r g e t s  c a n  be c o v e r t e d  i n t o  ' number 
o f  module '  t a r g e t s .  

To r e p r e s e n t  t h e  g r o w t h- l i m i t i n g  e f f e c t s  o f  d i s o r d e r  
d e s c r i b e d  i n  o b s e r v a t i o n  2 ,  we i n t r o d u c e  a n  e f f i c i e n c y  
f u n c t i o n  fE. R e l a t i v e  t o  a  d e s i r a b l e  s t a n d a r d  l e v e l  o f  
o r d e r ,  t h e  o u t p u t  r a t e  o f  t h e  p r o j e c t  team i s  m u l t i p l i e d  by 
f E ,  which i s  l e s s  t h a n  1  f o r  d i s o r d e r  above t h e  s t a n d a r d  
l e v e l .  The a c t u a l  d i s o r d e r  l e v e l  i t s e l f  w i l l  be d e f i n e d  a s  a  
v a r i a b l e  U such  t h a t  

e f f i c i e n c y  f E  i s  a  f u n c t i o n  o f  U ,  f E ( U ) ;  

t h e  ' s t a n d a r d t  v a l u e  i s  U = 0  a t  100% e f f i c i e n c y ,  
f E ( 0 )  = 1 . 0 ;  

u s u a l l y  U > 0 ;  and 

The f u n c t i o n  f E  i s  t h e  i n v e r s e  of  R i o r d o n ts  complex i ty  
f u n c t i o n  [RI077] ,  and  j u s t  a s  h e  chose  a n  e x p o n e n t i a l  fo rm,  
f o r  t h e  same r e a s o n s  we s h a l l  suppose  t h a t  f E ( U )  = exp( -  
U / K E ) .  T h i s  form meets t h e  r e q u i r e m e n t s  above and i s  
m a t h e m a t i c a l l y  s i m p l e .  The c o n s t a n t  KE d e t e r m i n e s  t h e  s l o p e  
o f  t h e  f u n c t i o n  f E ( U )  a s  - l /KE a t  t h e  s t a n d a r d  l e v e l  U = 0. 

T h i s  pape r  assumes  t h a t  t h e  many fo rms  of complex i ty  l i s t e d  
i n  o b s e r v a t i o n  2 can  be m e a n i n g f u l l y  lumped t o g e t h e r  i n  a  
s i n g l e  i n d e x  v a r i a b l e  U. Smal l  v a l u e s  o f  U a r e  a s s o c i a t e d  
w i t h  such  t e r m s  as  'good s t r u c t u r e f  , 'good s o f t w a r e  q u a l i t y  I ,  

and s o  o n ;  however,  t h e  d e f i n i n g  p r o p e r t y  o f  o u r  v a r i a b l e  U 
i s  i t s  p r o d u c t i v i t y- r e d u c i n g  e f f e c t  o n  e f f i c i e n c y .  Thus o u r  
d e f i n i t i o n  o f  U i s  p r e c i s e  even  though i t  i s  n o t  y e t  o b v i o u s  
how t o  measu re  i t  d i r e c t l y .  

The t e r m  ' s o f t w a r e  complex i ty  ' u s u a l l y  h a s  a s t r i c t e r ,  
na r rower  meaning t h a n  o u r  v a r i a b l e  U and i m p l i e s  a n  
o b j e c t i v e l y  m e a s u r e a b l e  p r o p e r t y  o f  t h e  program code and 
d a t a .  The d e f i n i t i o n s  o f  McCabe [MCC76], Chen [ c H E ~ ~ ] ,  and 
Benyon-Tinker [BEN841 a r e  i n  t h i s  s p i r i t  and a r e  based  o n  
g r a p h s  of  t h e  program and  m e a s u r e s  o f  t h e i r  i n t e r -  
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connectedness .  Chen d i d  a n  exper iment  t o  r e l a t e  h i s  
complexi ty  measure t o  programmer p r o d u c t i v i t y ,  bu t  because h e  
s t u d i e d  o n l y  novice  programmers working o n  s m a l l  programs, 
h i s  r e s u l t s  a r e  not  d i r e c t l y  u s a b l e  he re .  Work i s  c o n t i n u i n g  
i n  t h i s  a r e a  and e v e n t u a l l y  may produce a  measureab le  v e r s i o n  
of  t h e  U v a r i a b l e .  

2.2 New v s  S t r u c t u r a l  Work 

The e f f o r t  e x e r t e d  on  t h e  k t h  r e l e a s e  i s  r e g u l a t e d  by a  
budget B(k) . We s h a l l  assume t h a t  t h e  r a t e  o f  e x p e n d i t u r e  
p e r  u n i t  t ime i s  f i x e d  a t  B  and t h a t  t h e  budget  f o r  r e l e a s e  k  
i s  r e l a t e d  t o  t h e  t ime i n t e r v a l  A t ( k )  s p e n t  on  i t  by B(k) 
B A t ( k ) .  The e f f o r t B ( k )  i s  d i v i d e d  between new 
( p r o g r e s s i v e )  work BN(k)  and s t r u c t u r a l  ( a n t i r e g r e s s i v e )  work 
BS(k) ,  where t h e  l a t t e r  c o v e r s  e f f o r t  expended o n  
s t r u c t u r i n g  new code, on  o l d  code, and on t h e  o v e r a l l  system 
s t r u c t u r e .  The d i v i s i o n  i s  made by an  a l l o c a t i o n  f u n c t i o n  
( I  0  I gS(k) 1 1 .0 ;  t h u s  

The e f f e c t i v e n e s s  o f  BS and BN a r e  both decreased  by d i s o r d e r  
U through t h e  e f f i c i e n c y  f a c t o r  fE.  

BN(k)  i s  d i r e c t e d  t o  producing new modules o f  program, and 
each u n i t  of BN(k)  l e a d s  t o  K modules if U(k-1) = 0 ,  
fE(U(k-1))  = 1 ,  o r  t o  K N f E ( u ( k - l ) r  new modules i n  g e n e r a l .  
BS(K) i s  d i r e c t e d  t o  c o n t r o l l i n g  U(k) .  

The t ime e v o l u t i o n  o f  U(k) i s  made up of two oppos ing  
c o m p o n e n t s a t e a c h r e l e a s e :  a  ' p o t e n t i a l  i n c r e a s e '  ~ + ( k )  
and a  r e d u c t i o n  U'(k), s o  

The p o t e n t i a l  i n c r e a s e  a r i s e s  whenever new work i s  done 
because t h e  new modules a f f e c t  t h e  r e s t  of  t h e  program i n  
ways t h a t  a r e  unforeseen ,  s o  i t  i s  j o i n t l y  p r o p o r t i o n a l  t o  
t h e  amount BN(k)  o f  new work and t o  t h e  s i z e  M(k - 1 )  o f  t h e  
p r e- e x i s t i n g  program through a  f u n c t i o n  fM(M(k - 1 ) ) .  It i s  
a l s o  g r e a t e r  i n  a  more d i s o r d e r e d  program and i t  i s  proposed 
h e r e  t h a t  A ~ + ( k )  i s  p r o p o r t i o n a l  t o  U(k - 1 ) .  With KU a s  a  
c o n s t a n t  of  p r o p o r t i o n a l i t y ,  
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T h i s  p roduc t  form i s  mere ly  a  p l a u s i b l e  and s i m p l e  form of  
t h e  more g e n e r a l  form 

BS(k) i n c l u d e s  a l l  t h e  e x t r a  e f f o r t  expended o n  u n d e r s t a n d i n g  
t h e  p r e- e x i s t i n g  sys tem and p r o p e r l y  i n t e g r a t i n g  t h e  new 
modules,  and h a s  i t s  e f f e c t  th rough  A U'(k). 

2.3 Reduct ion o f  D i s o r d e r  by S t r u c t u r a l  Work 

P o t e n t i a l  new d i s o r d e r  A fl and p r e v i o u s l y  e x i s t i n g  d i s o r d e r  
U(k - 1 ) a r e  t o g e t h e r  r educed  by a l l o c a t i n g  e f f o r t  t o  B  ( k ) .  
Using similar r e a s o n i n g ,  t h e  e f f e c t i v e n e s s  o f  BS(k? i s  
p r o p o r t i o n a l  t o  U ( s i n c e  problems a r e  more e a s i l y  found if 
t h e r e  a r e  more of them) b u t  t h e r e  i s  a c o u n t e r- e f f e c t  due t o  
reduced e f f i c i e n c y ,  a d i o r d e r e d  program b e i n g  h a r d e r  t o  work 
on. With p r o p o r t i o n a l i t y  c o n s t a n t  KU,  t h e s e  c o n s i d e r a t i o n s  
g i v e  a  r e d u c t i o n .  

I n  d e f i n i n g  ( 2 ) ,  we have f o r  s i m p l i c i t y  used t h e  same 
e f f i c i e n c y  f a c t o r  f as f o r  p r o d u c t i o n  o f  new modules;  t h e s e  
might  i n  f a c t  be d i r f e r e n t  f u n c t i o n s  s i n c e  t h e  a c t i v i t i e s  a r e  
q u i t e  d i f f e r e n t .  The c o u n t e r p r o d u c t i v e  e f f e c t  of t e n  
obse rved ,  where s t r u c t u r a l  work produces  new e r r o r s ,  i s  
i m p l i c i t l y  t a k e n  i n  accoun t  i n  ( 2 )  by r e d u c i n g  t h e  v a l u e  of 

Ks* 

2.4 The Model V a r i a b l e s  and E q u a t i o n s  

A s  a summary t h e  v a r i a b l e s  d e f i n e d  above a r e  l i s t e d  f o r  
convenience : 

M(k = program s i z e  i n  modules 

U(k) = I n d e x  o f  t h e  d i s o r d e r ,  o r  complex i ty  s t a t e ,  o f  
t h e  program ( p e r  module) i n  a r b i t r a r y  u n i t s .  

fE(  U) = r e l a t i v e  e f f i c i e n c y  of work. We s h a l l  u s e  
f (U) = exp(-U/KE). Then K i s  t h e  v a l u e  of  U 
tgat r e d u c e s  efficiency t o  z 37%. 
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= Impact o f  program s i z e  on t h e  growth o f  
d i s o r d e r .  Supposing t h e  growth o f  U t o  be  
promoted by i n t e r a c t i o n s  be tween modules,  t h e  
f u n c t i o n  fM(M) = M i s  used  i n  this paper  t o  
model homogeneity of i n t e r a c t i o n s  be tween o l d  
modules and new. f M  = 1  would model a  
c o n s t a n t  number of i n t e r a c t i o n s  p e r  module, 
i n d e p e n d e n t  o f  program s i z e .  

BN(k)  = budge t  v a l u e  f o r  work on  new modules 
( a r b i t r a r y  u n i t s ,  p o s s i b l y  money). 

BS( k )  = budge t  v a l u e  f o r  work o n  s t r u c t u r e .  

B(k) = BN(k)  + BS(k) = B  A t ( k ) ,  which d e f i n e s  B  a s  a  
c o n s t a n t  r a t e  o f  e x p e n d i t u r e  o v e r  t ime. 

A t ( k )  = t ime  i n t e r v a l  between r e l e a s e s  k  - 1  and k. 

K~ c o n v e r s i o n f a c t o r ,  d i s o r d e r u n i t s p e r u n i t o f  
UMBN9 i f  f M  = M. 

Ks - - c o n v e r s i o n  f a c t o r ,  d i s o r d e r  u n i t s  p e r  u n i t  
( m s )  

K~ = p r o d u c t i v i t y  i n  m o d u l e s p e r b u d g e t  u n i t  a t  
100% e f f i c i e n c y .  

2.5 The Model E q u a t i o n s  a r e  now 

2.6 Pa ramete r  V a l u e s  

The p a r a m e t e r s  K U ,  KS, KN a r e  d i f f e r e n t  i n  e a c h  a p p l i c a t i o n ,  
bu t  s e v e r a l  commonsense s t a t e m e n t s  c a n  be  made a b o u t  t h e i r  
v a l u e s .  f o r  example,  KN modules p e r  budge t  u n i t  i s  t h e  
maximum p o s s i b l e  p r o d u c t i v i t y  o f  t h e  programmers, g i v e n  w e l l-  
s t r u c t u r e d  e x i s t i n g  code and minimal e f f o r t  t o  m a i n t a i n  t h e  
s t r u c t u r e ,  i e ,  f o r  f E  = 1.0 and gS = 0. Re lease  p o l i c i e s  
w i l l  p robab ly  limit t h e  amount by which complex i ty  U c a n  
change i n  one r e l e a s e ,  s i n c e  any s e t  o f  q u a l i t y  s t a n d a r d s  
w i l l  t e n d  t o  keep U c o n s i s t e n t .  Suppose t h a t  e v e n  w i t h  gS = 
1.0  and f E  = 1.0  U i s  never  d e c r e a s e d  by more t h a n  50%; t h e n  
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On t h e  o t h e r  hand, suppose i t  i s  never  i n c r e a s e d  more t h a n  
50% e i t h e r ,  even  w i t h  gS = 0 ;  

The range of d i s o r d e r  U w i l l  be c o n t r o l l e d  by r e a s o n a b l e  
s t a n d a r d  p r a c t i c e s  i n  o r d e r  t o  r e t a i n  e f f i c i e n c y  fE  might  be 

which i n  o u r  e x p o n e n t i a l  f u n c t i o n  g i v e s  

Although some c a s e s  may d i f f e r ,  t h e s e  r a n g e s  g i v e  a  rough 
gu ide  t o  t h e  pa ramete r  magnitudes.  D e v i a t i o n s ,  i f  they  
o c c u r ,  w i l l  have some obv ious  symnptoms. 

T h i s  s e c t i o n  h a s  l e f t  t h e  f u n c t i o n  gS undef ined  e x c e p t  f o r  
t h e  l i m i t s  0  g S <  1 ,  s i n c e  gS i s  a  management f a c t o r ,  
r e f l e c t i n g  t h e  impor tance  a t t a c h e d  t o  good s t r u c t u r e  and t o  
compla in t s  a b o u t  s t r u c t u r e .  

3  Behaviour and V a l i d a t i o n  

V a l i d a t i o n  o f  t h e  above model depends o n  t h e  r e a s o n a b l e n e s s  
of i ts  behav iour  (somet imes c a l l e d  ' f a c e  v a l i d i  t y '  ) because 
t h e  d a t a  a r e  t o o  l i m i t e d  f o r  d e f i n i t i v e  s t a t i s t i c a l  s t u d i e s .  
Within  this l i m i t a t i o n ,  t h e  model p a s s e s  t h r e e  t e s t s :  
1  It b e a r s  o u t  o b s e r v a t i o n s  1  and 2 ,  i n  p r e d i c t i n g  growth 

p a t h s  w i t h  u l t i m a t e l y  d e c r e a s i n g  growth r a t e  i f  B(k) i s  
c o n s t a n t .  

2 Parameter  v a l u e s  s a t i s f y i n g  t h e  r e a s o n a b l e  r a n g e s  i n  t h e  
p r e v i o u s  s e c t i o n  can be found f o r  sys tems  T  and P  i n  
F i g u r e s  1  and 2; t h e  r e s u l t i n g  model p r e d i c t i o n  c u r v e s  
(dashed l i n e s  i n  t h e  f i g u r e s )  a r e  c l o s e  t o  t h e  a v e r a g e  
p a t h s  o f  t h e  d a t a .  

3  A managment s t r a t e g y  gs c a n  be found which e x p l a i n s  t h e  
o s c i l l a t i o n  i n  t h e  growth r a t e  i n  system T. The 
s t r a t e g y  i s  d e s c r i b e d  i n  t h e  s e c t i o n  on  r e s p o n s i v e  
management . 

To examine t h e  model behav iour ,  we s h a l l  f i r s t  c o n s i d e r  some 
a r t i f ' c i a l  pa ramete r  v a l u e s  KN = 1  module/budget u n i t ,  K b = 10- , KS = 10-3, M(o) = 1000 modules t o  s t a r t ,  and fE(U(0)Y 
= 0.5,  s o  t h a t  U(0) = 0.693KE. 
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3.1 Decreasing Grawth Rate: Model P red i c t i ons  

Figure 3  shows some model t r a j e c t o r i e s  wi th  cons tan t  budget 
and g,, t h a t  is, a  f i x e d  amount of e f f o r t  on new and 
s t r u c t u r a l  work over time. Many o the r  s e t s  of parameters 
a l s o  g ive  s i m i l a r  dec l in ing  growth r a t e s .  The upper curve 
r ep re sen t s  going a l l  ou t  f o r  r a p i d  implementation, s o  t h a t  
a f t e r  f i v e  r e l e a s e s  f u r t h e r  growth i s  t o t a l l y  impeded by bad 
s t r u c t u r e  (remember t h i s  r ap id  growth inc ludes  poor 
documentation, badly planned code, and a l l  s o r t s  of 'quick 
and d i r t y '  work). The lower curve r e p r e s e n t s  o v e r k i l l  on 
s t r u c t u r e ,  wi th  very c a r e f u l  work, but a  l o w  growth r a t e ;  t h e  
middle curve i s  a  compromise a t  a  50-50 d i v i s i o n  of e f f o r t ,  
and i s  sti l l  capable of f u r t h e r  development although i ts  
s t r u c t u r e  i s  somewhat degraded a f t e r  f i v e  r e l e a s e s .  A 
cons tan t  r e l e a s e  i n t e r v a l  At(k) = 100 i s  used i n  F igure  3. 
Varying i t  changes t he  curves  very l i t t l e .  

I I I I I 
1 2 3 4 5 6 

Release Number k 

Figure 3: The e f f e c t  of t h e  a l l o c a t i o n  f u c n t i o n  gs = const .  

Model t r a j e c t o r i e s  f o r  parameter va lues :  M( 1 )  = 1000 modules, 
U(1) = 0.693, KN = 1.0, B = 5. A t ( k )  = 100 d a y d r e l e a s e ,  

B(k) = 500, KU = 10": and Ks = 10-3. 
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A second r e a s o n a b l e  managment s t r a t e g y  i s  t o  m a i n t a i n  a  
c o n s t a n t  U, r e p r e s e n t i n g  some s t a n d a r d  of s o f t w a r e  q u a l i t y .  
It c a n  e a s i l y  be shown t h a t  t h i s  i m p l i e s  

F i g u r e  4 shows some t r a j e c t o r i e s  u s i n g  ( 8 )  f o r  t h r e e  v a l u e s  
o f  U; smaller U g i v e s  enhanced p r o d u c t i v i t y  b u t  t h e  d e c l i n e  
i n  growth r a t e  i s  sti l l  e v i d e n t .  That  is, even  w i t h  c o n s t a n t  
U t h e  e f f e c t  o f  a l a r g e r  program is  t o  a b s o r b  r e s o u r c e s  and 
reduce  t h e  growth r a t e .  

Release Number k 

F i g u r e  4: The e f f e c t  of v a r i o u s  c o n s t a n t  v a l u e s  o f  U. Model 
t r a j e c t o r i e s  f o r  gs chosen  t o  keep  U = c o n s t  and o t h e r  

p a r a m e t e r s  as i n  F i g u r e  3. 
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3.3 Pa ramete r  Va lues  

Equa t ion  (8) i s  e q u i v a l e n t  t o  t h e  f o l l o w i n g  c u r v e  f o r  t h e  
program s i z e :  

When U = c o n s t  i s  a r e a s o n a b l e  a s sumpt ion ,  t h i s  could  be 
f i t t e d  a s  a r e g r e s s i o n  curve.  T h i s  was done f o r  sys tems  P 
and T, g i v i n g  t h e  d o t t e d  l i n e s  i n  F i g u r e s  1 and 2 and t h e  
f o l l o w i n g  e q u a t i o n s :  

sys tem P f i (k)  = fi(k - 1 )  
+ 36.4A t ( k ) / ( l  + 5 x I O - ~ M ( ~  - 1 ) ) ,  ( 1 0 )  

sys tem T fi(k) = fi(k - 1 )  
+ g A t ( k ) / ( l  + 8 x l o o 4 ~ ( k  - 1 ) ) .  ( 1 1 )  

These f i t s  were  made by eye ,  t o  s e e  how c l o s e l y  t h e y  matched 
t h e  d a t a ;  w i t h  t h e s e  few p o i n t s ,  s t a t i s t i c a l  f i t t i n g  would 
n o t  be mean ingfu l .  We conclude t h a t  a good a v e r a g e  f i t  can  
be o b t a i n e d ,  but  t h e  o s c i l l a t i o n s  i n  growth r a t e  o f  sys tem T 
a r e  unexp la ined .  They a r i s e  due t o m a n i p u l a t i o n o f  g s ( k )  by 
f e e d b a c k  e f f e c t s ,  a s  e x p l a i n e d  i n  t h e  nex t  s e c i o n .  

N o t i c e  t h a t  c o n s t a n t  U (which i s  r e l a t e d  t o  c o n s i s t e n t  and 
s u c c e s s f u l  s o f  b a r e  management) s i m p l i f i e s  t h e  model t o  one 
e q u a t i o n  and two pa ramete r s ;  t h i s  seems e m i n e n t l y  r e a s o n a b l e .  
The d a t a  on sys tem P d i d  n o t  j u s t i f y  f u r t h e r  i n v e s t i g a t i o n  o f  
p a r a m e t e r s  beyond t h e  condensed form o f  ( 1  O), b u t  sys tem T 
was i n v e s t i g a t e d  f u r t h e r .  

3.4 Responsive  Management 

The sys tem T d a t a  shows a n  o s c i l l a t i o n  i n  t h e  growth r a t e  o f  
r e l e a s e s  4 - 11 i n  F i g u r e  2 ,  which i s  n o t  e x p l a i n e d  by t h e  gS 
p o l i c i e s  o f  t h e  p r e v i o u s  s e c t i o n .  T h i s  s e c t i o n  r e l a t e s  such 
o s c i l l a t i o n s  t o  t h e  s e n s i t i v i t y  o f  management f eedback .  

F i r s t ,  we r o u g h l y  c a l i b r a t e  t h e  model ( 3 )  f o r  sys tem T, 
c o n s i s t e n t  w i t h  t h e  s i m p l e r  model f u n c t i o n  ( 1 1 ) and w i t h  t h e  
commonsense r a n g e s  o f  v a l u e s  ( 4 )  - ( 6 ) .  The budget  u n i t  i s  
chosen  s o  B(k)  = 1 and t h e  complex i ty  u n i t  s o  KE = 1. 

Over r e l e a s e s  1 - 1 3 ,  sys tem T grows by a n  a v e r a g e  of abou t  
230 modules pe r  r e l e a s e ,  s o  o n  a v e r a g e  ~ ~ f ~ ~ ~ ( k )  230. We 
s h a l l  t a k e  a v e r a g e  v a l u e s  o f  f E  0 .5 ,  

g~ 
= 0 .5 ,  making 

KN(0.5)(0 .5)  230 and KN c l o s e  t o  1000. With M i n  t h e  r a n g e  
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1000 - 4000, ( 4 )  and ( 5 )  s u g g e s t  KU = and KS = 0.25. 
These v a l u e s  a r e  c o n s i s t e n t  w i t h  ( 1 1 ) .  The model i s  now 

From t h e  d a t a ,  i t  i s  c l e a r  t h a t  gS(k) v a r i e s  w i d e l y  o v e r  
r e l e a s e s  4 - 11. Our e x p l a n a t i o n ,  l i k e  t h a t  i n  [RI077],  i s  
t h a t  t h e  v a r i a t i o n  i s  due t o  responsive management r e a c t i n g  
t o  u s e r s 1  and programmers1 c o m p l a i n t s  abouL bad s t r u c t u r e  
when U(k) e x c e e d s  a s a t i s f a c t o r y  l e v e l  U. The manager 
i n c r e a s e s  gS(k)  when U(k - 1 )  > 6, but  d e c r e a s e s  i t  when U(k 
- 1  ) < U ;  i f  m a n a g e r i a l  r e s p o n s e  i s  s h a r p  enough, t h e  one- 
r e l e a s e  d e l a y  i n  i n f o r m a t i o n  c a n  cause  a n  o s c i l l a t i o n  as s e e n  
i n  F i g u r e  2. I n  c o n t r o l  sys tems  t e rmino logy ,  t h e  ' g a i n 1  i s  
t o o  high.  

Mathemat ica l ly  we e x p r e s s  gS i n  t h e  f eedback  form 

- - 
A t  U = U,  gS i s  g i v e n  by ( 7 )  t o  keep U = U,  bu t  i t s  s l o p e  
agS/ a U i s  de te rmined  by t h e  manager ' s  r e a c t i o n s .  F u r t h e r ,  
t h e  equa t io f i  f o r  U(k)  i n  - (3 )  w i l l  - be - linearised a b o u t  - a v e r a g e  
v a l u e s  f o r  M f o r  M(k),  f M  fM(M), f E  = f E ( U ) ,  B f o r  B ( k ) ,  
and gS f o r  gS(U,M) t o  g i v e  t h e  f o l l o w i n g  l i n e a r i s e d  model f o r  
U(k) :  

U(k) = + a U(k) ,  (13)  

For  sys tem T w i t h  f M  M = 2000 modules  o v e r  r e l e a s e s  1  - 13 ,  

The l i n e a r i s e d  c o e f f i c i e n t  aU i n c l u d e s  t h e  manager ' s  
s e n s i t i v i t y  agS/ 3  U. Equa t ion  (13)  w i l l  g i v e  a n  
approx imat ion  t o  ( 3 )  i n a  neighbourhood of  t h e  ave rage  
v a l u e s ,  and w i l l  g i v e  damped o s c i l l a t i o n s  ( such  a s  obse rved  
i n  F i g u r e  2) i f  

The a c t u a l  o s c i l l a t i o n s  a r e  p robab ly  i n i t i a t e d  by components 
i n  t h e  p l a n n i n g  p r o c e s s  n o t  i n c l u d e d  i n  t h e  model,  such as 
changes  i n  s p e c i f i c a t i o n s  o r  demands f o r  more p r o d u c t i v i t y ,  
p e r t u r b i n g  t h e  underdamped c l o s e d  l o o p .  
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Using (15)  and i g n o r i n g  t h e  s m a l l  term 0.1 25zS ( s i n c e  we do 
no t  know g s ) ,  we have f o r  sys tem T  

a U = O  i m p l i e s  a g S / a u 1 4 . 4 ;  
a U  = -1 i m p l i e s  a gS/ a U = 8.8. 

The r e a l i t y  o v e r  r e l e a s e s  4  - 11 is  i n  between; r e f l e c t i o n  
shows t h a t  t h i s  i s  a  very s teep  slope f o r  t h e  r e a c t i o n  
f u n c t i o n .  The range  o f  v a l u e s  t a k e n  by U [ s e e  ( 6 )  above]  i s  
e x p e c t e d  t o  be  a b o u t  0  - 2 ,  and t h e  r a n g e  o f  gS i s  s t r i c t l y  0  
- 1  ( o r  l e s s ,  more p robab ly  l e s s ) ,  s o  a  v a l u e  of a gS/ a U a s  
h igh  a s  5  i n d i c a t e s  t h a t  gS(u)  i s  a l m o s t  a  s w i t c h i n g  
f u n c t i o n .  

Thus we have  demons t ra ted  t h a t  t h e  model c a n  p l a u s i b l y  
e x p l a i n  t h e  behav iour  o f  sys tem T. A t  t h e  same time we have  
d e r i v e d  a  c a u t i o n  n o t  t o  r e spond  t o o  s h a r p l y  t o  f eedback  
i n f o r m a t i o n  from u s e r s  o r  h i g h e r  management. To a v o i d  t h e s e  
u n s e t t l i n g  o s c i l l a t i o n s ,  a gS/ a U s h o u l d  be s m a l l  enough t o  
make aU > 0. Here t h e  c o n d i t i o n  i s  a gS/ a U < 4.4,  and f o r  
o t h e r  sys tems ,  by t a k i n g  t h e  ex t remes  o f  t h e  r a n g e s  ( 4 )  and 

-L 

( 5 )  and u s i n g  U 0.693 a g a i n ,  w e  o b t a i n a g S /  a U  < 1.9 
( a p p r o x i m a t e l y )  f o r  a v o i d i n g  o s c i l l a t i o n s .  

4  A p p l i c a t i o n s  o f  t h e  Model 

Although t h i s  paper  i s  main ly  concerned w i t h  d e t e r m i n i n g  t h e  
model and t e s t i n g  i t ,  i t  i s  i n f o r m a t i v e  t o  s e e  what  l i g h t  t h e  
model c a n  c a s t  on p l a n n i n g  q u e s t i o n s .  

4.1 R e l e a s e  Timing 

The c o n t e n t  and t i m i n g  o f  r e l e a s e s  de te rmine  a  growth pa th .  
The model w i l l  p r e d i c t  t h a t  a  c e r t a i n  a d d i t i o n  t o  t h e  program 
( i m p l y i n g  a  c e r t a i n  number o f  a d d i t i o n a l  modules)  r e q u i r e s  a  
c e r t a i n  l e n g t h  o f  t ime. F i g u r e  4  shows how, i f  t h e  i n c r e m e n t  
i n  M i s  t h e  same from r e l e a s e  t o  r e l e a s e  and a  c e r t a i n  
s t a n d a r d  U i s  m a i n t a i n e d ,  t h e  r e l e a s e  i n t e r v a l  must  l e n g t h e n  
a s  t h e  program grows l a r g e r  ( t h e  c u r v e s  f o l l o w  t h e  same pa th  
o v e r  t ime  f o r  d i f f e r e n t  r e l e a s e  t i m i n g s ) .  I n  broad t e r m s  
t h i s  b e a r s  o u t  p a r t  of t h e  o b s e r v a t i o n  1  t h a t  were  ment ioned 
e a r l i e r .  

4.2 P lann ing  Two R e l e a s e s  

A s o p h i s t i c a t e d  q u e s t i o n  may be asked  a b o u t  two c o n s e c u t i v e  
r e l e a s e s :  s u p p o s i n g  t h e  i n i t i a l  U and M t o  be known and t h e  
f i n a l  U t o  be s p e c i f i e d ,  and b u d g e t s f o r  bo th  r e l e a s e s  t o  be 
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known, how i s  t h e  work d i v i d e d  over  t h e  r e l e a s e s ?  I n  
p a r t i c u l a r ,  i s  i t  b e t t e r  t o  go  f o r  growth and new modules i n  
one r e l e a s e  and t o  c l e a n  them up i n  t h e  o t h e r ,  o r  i s  one t o  
f o l l o w  a p l a n  t h a t  keeps  t h e  q u a l i t y  as c o n s t a n t  as p o s s i b l e ?  

F i g u r e  5 shows a  s t a t e- p l a n e  w i t h  t r a j e c t o r i e s  o f  (M,u) f o r  
k  = I , 2 , 3  and U(1) = U(3) = 0.693, B(2) = B(3) ,  and 
M(l) = 2000. I n  choos ing  BN(2) , BS(2) , BN( 3) BS(3) t h e r e  
t u r n s  o u t  t o  be o n l y  one f r e e  v a r i a b l e ,  which i s  chosen t o  be 
U(2) t o  s i m p l i f y  t h e  e q u a t i o n s .  The lower  p a r t  of  F i g u r e  5 
d i s p l a y s  M(3) as a f i g u r e  of  merit a g a i n s t  U( 2 ) ,  s i n c e  i n  o u r  
f o r m u l a t i o n  more modules mean more f u n c t i o n s  programmed, s o  a  
l a r g e r  M(3) i s  b e t t e r .  
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F i g u r e  5: Optimal management of s t r u c t u r e  ( d i s o r d e r  = U) 
over  time. For  two s u c c e s s i v e  r e l e a s e s  w i t h  e q u a l  budget ,  
what growth p a t t e r n  g i v e s  t h e  g r e a t e s t  f i n a l  s i z e ?  ( a )  
S t a t e p l a n e  t r a j e c t o r i e s  over  two r e l e a s e s ;  ( b )  o p t i m a l i t y  - 

f i n a l  s i z e  M(3) v s  d e s i s i o n  v a r i a b l e  U(2) 
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The r e s u l t s ,  however a r e  c o n t r a r y  t o  t h e  a u t h o r ' s  
e x p e c t a t i o n s .  C o n s i s t e n t l y  w e l l - s t r u c t u r e d  growth w i t h  U(2) 
e q u a l  t o  U( 1)  and U(3) i s  n e a r l y  t h e  w o r s t  c a s e ,  and e i t h e r  
of t h e  f e a s i b l e  e x t r e m e s  i s  p r e f e r a b l e .  The same r e s u l t  was 
found f o r  s e v e r a l  o t h e r  s e t s  o f  pa ramete r  v a l u e s ,  s o  t h e  
c o n c l u s i o n  i s  not  s e n s i t i v e  t o  t h e  model pa ramete r s .  

The model t h e r e f o r e  shows a  c l e a r  p r e f e r e n c e  f o r  a l t e r n a t i n g  
growth and c l eanup .  It p l a c e s  t h e  sequence  ' c l e a n u p ,  g rowth 1 

above t h e  sequence  ' g rowth ,  c l e a n u p '  bu t  t h a t  seems l e s s  
s i g n i f i c a n t .  Note t h a t  ' r e l e a s e 1  i n  t h e  model c a n  mean any 
m i l e s t o n e ,  s o  each  r e l e a s e  cou ld  be d i v i d e d  i n t o  two p h a s e s  
and planned t h i s  way, t o  g i v e  a c t u a l  r e l e a s e s  o f  c o n s i s t e n t  
q u a l i t y .  

T h i s  i s  a  t a n t a l i s i n g  r e s u l t  6 . 1 ,  b u t  i t  would be 
p rematu re  t o  b u i l d  t o o  much on i t .  A l t o g e t h e r  d i f f e r e n t  
l i n e s  o f  r e s e a r c h  may be needed t o  t e l l  f i n a l l y  whether  
s o f t w a r e  development shou ld  be 'smooth1 o r  ' j e r k y ' .  The 
a u t h o r  h a s  found o n  r e f l e c t i o n  t h a t  p e r s o n a l l y  he  p r e a c h e s  
t h e  fo rmer  and p r a c t i c e s  t h e  l a t t e r .  

5 Conc lus ions  

The model d e s c r i b e d  above r e p r e s e n t s  a  t h e o r y  f o r  s o f t w a r e  
e v o l u t i o n  a t  a  v e r y  macroscop ic  l e v e l .  It h a s  s a t i s f i e d  
v a r i o u s  t e s t s  a g a i n s t  t h e  d a t a ,  and f i t s  t h e  o b s e r v a t i o n s  of 
e v o l u t i o n  dynamics.  I t  i s  a  s i m p l e r  model t h a n  p r e v i o u s  
a t t e m p t s ,  which makes i t  a  more u s e f u l  c o n c e p t u a l  t o o l .  

Using t h e  model,  two management i s s u e s  have been examined: 
t h e  s e n s i t i v i t y  o f  a  r e s p o n s i v e  manager t o  f e e d b a c k  (which 
may c a u s e  o s c i l l a t i n g  behav iour  o v e r  s e v e r a l  r e l e a s e s )  and 
t h e  a l l o c a t i o n  o f  e f f o r t  between p r o g r e s s i v e  and c l e a n u p  work 
o v e r  two s u c c e s s i v e  r e l e a s e s .  I n  t h e  l a t t e r  i s s u e ,  t h e  mode 
f a v o u r s  a n  a l t e r n a t i n g  a l l o c a t i o n  o v e r  a  smooth and 
c o n s i s t e n t  o n e ,  which may be a  s i g n i f i c a n t  r e s u l t  i n  s o f t w a r e  
p l a n n i n g .  

16.1  ( E d s )  But conforms t o  t he  conc lus ion  reached i n  o the r  
chap t e r s  o f  t h i s  book,  and common de f ac to  i n d u s t r i a l  
p r a c t i c e ,  based on p rac t i ca l  exper ience .  



1 I n t r o d u c t i o n  

M o d i f i a b i l i t y  o f  p r o c e d u r e s  and a r t i f  a c t s  i s  a n  i n c r e a s i n g  
problem i n  modern c i v i l i z a t i o n .  On one  hand,  s o c i a l  p r o g r e s s  
b r i n g s  a b o u t  a n  i n c r e a s e  i n  f reedom of  c h o i c e  and a c t i o n .  
T h i s  would mean t h a t ,  a s  i n d i v i d u a l s  o r  members o f  
communi t ies ,  we a r e  f r e e  t o  change t h a t  p a r t  of  t h e  w o r l d  
o v e r  which we have  l e g i t i m a t e  c o n t r o l .  Ye t ,  a s  we a l l  know, 
i t  h a s  become i n c r e a s i n g l y  d i f f i c u l t  t o  e x e r c i s e  t h i s  r i g h t  
f o r  many o f  t h e  changes  have  u n p r e d i c t a b l e  o r  p r e d i c t a b l y  
u n p l e a s a n t  s i d e - e f f e c t s .  

Changes a r e  o f t e n  r e s u l t s  o f  c h o i c e s  made of  a l t e r n a t i v e s .  
The a v a i l a b i l i t y  o f  a l t e r n a t i v e s  i s  of  c o u r s e  made p o s s i b l e  
by t h e  r e c e n t  m a s s i v e  i n c r e a s e  i n  p r o d u c t i v i t y ,  due t o  s o c i a l  
c o o p e r a t i o n  i n  modern s o c i e t i e s .  B u t  t h i s  i s  u n f o r t u n a t e l y  
coup led  w i t h  a g rowing  i n t e r d e p e n d e n c e  of  a l l  p a r t i c i p a n t s  - 
p r o d u c e r s  and  consumers .  It i s  t h i s  i n t e r d e p e n d e n c e  wh ich  
makes c h o i c e s  r i s k y  and t h e  o f t e n  u n a v o i d a b l e  changes  
p a i n f u l l y  e x p e n s i v e .  L e t  u s  l o o k  a t  a  few examples .  

The woman s c i e n t i s t  w i t h  a  heavy p u b l i c a t i o n  r e c o r d  g e t s  
m a r r i e d ,  and  i f  s h e  c h o o s e s  t o  change  h e r  f a m i l y  name t o  t h a t  
of  h e r  h u s b a n d ' s  s h e  may l o s e ,  a t  l e a s t  f o r  a  w h i l e ,  t h e  
c o n t i n u i t y  o f  h e r  p r o f e s s i o n a l  r e p u t a t i o n .  (We don '  t e v e n  
men t ion  p rob lems  o f  m a i l i n g  a d d r e s s ,  d r i v e r T  s l i c e n s e ,  bank 
a c c o u n t s ,  e t c . ,  wh ich  a l m o s t  a l l  m a r r y i n g  women mus t  f a c e ) .  
T h i s  problem i s  t h a t  o f  ' i n f o r m a t i o n  i n v e s t m e n t '  i n  t h e  minds 
o f  f e l l o w  s c i e n t i s t s .  

O r  t a k e  t h e  a r c h i t e c t  of  t h e  b e a u t i f u l  med ieva l  c i t i e s ,  f o r  
example t h e  o n e s  which  s u r r o u n d  t h e  M e d i t e r r a n e a n .  The 
s t r e e t s  a r e  t o o  narrow f o r  a u t o m o b i l e  t r a f f i c  - whom c a n  we 
blame f o r  n o t  h a v i n g  f o r e s e e n  t h e  2 0 t h  c e n t u r y ?  M o d i f i c a t i o n  
o f  t h e  s t r e e t s  would be d i f f i c u l t  b e c a u s e  we want  t o  
p r e s e r v e ,  n o t  d e s t r o y  and r e p l a c e  them j u s t  t o  accommodate a  
new f u n c t i o n  f o r  which t h e  o r i g i n a l  s e t t i n g  was n o t  d e s i g n e d .  

My f i n a l  example  i s  t h e  c u r r e n t  changeove r  t o  t h e  m e t r i c  
sys t em i n  t h e  U.S. I n  t h i s  c a s e  t h e  consequences  a r e  
p r e d i c t a b l e  b u t ,  as  most  of u s  know q u i t e  w e l l ,  t h e  c o s t  of  
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r e p l a c i n g  t h e  many t o o l s  a n d  i n s t r u m e n t s  o f  one  o f  t h e  mos t  
a d v a n c e d  i n d u s t r i e s  i n  t h e  w o r l d  i s  h o r r e n d o u s ,  n o t  t o  
m e n t i o n  t h e  i n e r t i a  i n  p e o p l e ' s  mind ,  which  a c t s  a g a i n s t  t h e  
deve lopmen t  o f  a new ' f e e l '  f o r  g u e s s i n g ,  c o m p a r a b l e  t o  t h e  
one  w i t h i n  t h e  o l d  s y s t e m .  

I n v e s t m e n t ,  p r e s e r v a t i o n ,  c o s t  - t h e s e  a r e  some o f  t h e  i s s u e s  
w h i c h  m u s t  be c o n s i d e r e d  wheneve r  we c o n t e m p l a t e  
m o d i f i c a t i o n .  The m a i n  q u e s t i o n  i s  t h e n  how t o  r e d u c e  t h e  
i m p a c t  o n  t h e  d i f f e r e n t  i s s u e s  o f  a  change .  C l e a r l y ,  t h e  
s m a l l e r  t h e  domain  a n d  t h e  s h o r t e r  t h e  e x p e c t e d  time o f  t h e  
i m p a c t  t h e  b e t t e r  we a r e  o f f .  Loca l i t y ,  i n  s p a c e  a n d  t i m e ,  
o f  t h e  i m p a c t  o f  m o d i f i c a t i o n  s eems  t o  be t h e  c e n t r a l  
c o n c e p t .  The n a r r o w e r  t h e  f i e l d  a n d  t h e  s h o r t e r  l i v e d  t h e  
s c i e n t i f i c  r e s u l t s ,  t h e  l e s s  u n p l e a s a n t  i s  t h e  name c h a n g e ;  
t h e  more p r i m i t i v e  t h e  s o c i e t y  t h e  e a s i e r  t h e  c h a n g e o v e r  t o  
new s t a n d a r d s .  

We a r e  a l s o  i n t e r e s t e d ,  a s  m e n t i o n e d  ear l ie r ,  i n  t h e  
p r e d i c t a b i l i t y  o f  t h e  e f f e c t s  o f  change :  we wou ld  l i k e  t o  
e a s i l y  locate  t h e  c o n s e q u e n c e s  o f  p l a n n e d  m o d i f i c a t i o n s .  It 
i s  i n t u i t i v e  t o  a c c e p t  t h a t  m o d i f i a b i l i  t y  i n c r e a s e s  w i t h  t h e  
e a s e  o f  i n d e n t i f y i n g  and  l o c a t i n g  i t s  c o n s e q u e n c e s ,  a n d  
i n c r e a s e s  w i t h  l o c a l i t y ,  w i t h  i t s  ' i m p a c t  s i z e T .  

It seems  t h a t  l a r g e  s o f t w a r e  t o o  d i s p l a y s  t h e  m e n t i o n e d  
c h a r a c t e r i s t i c s  o f  m o d i f i a b i l i t y .  A f t e r  a l l ,  p rog rams  are 
r e p r e s e n t a t i o n s  o f  r e a l  l i f e  p r o c e d u r e s  a n d  a r t i f a c t s :  
b a n k i n g ,  m a n u f a c t u r i n g ,  f l i g h t  dynamics ,  a i r p l a n e s .  And 
s i n c e  t h e y  are m o d e l s ,  i e  a b s t r a c t i o n s  o f  r e a l i t y ,  t h e y  a r e  
b e t t e r  bounded  t h a n  p a r t s  o f  t h e  complex  r e a l  w o r l d  a n d  t h u s  
easier t o  s t u d y .  They t o o  mus t  be c o n s t a n t l y  m o d i f i e d ,  a s  
was shown a l m o s t  a  d e c a d e  a g o  i n  Evolution Dynamics [ B E L T l B ]  
[ B E L 7 6 ]  t h e  s t u d y  o f  e v e r  c h a n g i n g  l a r g e  p rog rams .  

These  s t u d i e s  d i s t i n g u i s h  be tween  two e n t i r e l y  d i f f e r e n t  
dynamics  o f  compu te r  p rog rams .  The f i r s t  a n d  t r a d i t i o n a l  
s u b j e c t  i s  t h a t  o f  execution which  t a k e s  p l a c e  when a  
compu te r ,  g u i d e d  by a program,  p r o c e s s e s  d a t a  by c h a n g i n g  t h e  
s t a t e  o f  v a r i a b l e s  s t o r e d  i n  t h e  memory. T h i s  dynamics  i s  
t h e  domain  o f  c o m p u t a t i o n a l  c o m p l e x i t y  and  o f  t h e  many 
e f f o r t s  c o l l e c t i v e l y  c a l l e d  p e r f o r m a n c e  m o d e l l i n g  a n d  
e v a l u a t i o n .  

The o t h e r ,  a n d  t h e  p e r h a p s  more  c h a l l e n g i n g ,  dynamics  i s  t h a t  
o f  program evo lu t ion  which  t a k e s  p l a c e  when t h e  program i s  
n o t  r u n n i n g  o n  t h e  mach ine  a t  a l l  - i n  f a c t  i s  i t s e l f  
s u b j e c t e d  t o  c h a n g e s ,  e n h a n c e m e n t s  a n d  m o d i f i c a t i o n s  
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c o n t i n u a l l y  performed by d e v e l o p e r s  and m a i n t a i n e r s .  There 
i s  n o t  enough s p a c e  h e r e  t o  g i v e  much d e t a i l  on program 
e v o l u t i o n  dynamics and o n l y  one of i t s  major  o b s e r v a t i o n s  i s  
reviewed herewi th .  

Large o p e r a t i n g  sys tems ,  such a s  03-360/370, whose e v o l u t i o n  
was f i r s t  s t u d i e d ,  a r e  b u i l t  of  modules - components s m a l l  
enough t o  unders tand  and worked upon by one programmer, 
r e l a t i v e l y  i n d e p e n d e n t l y  o f ,  and w i t h  l i t t l e  need t o  
communicate w i t h ,  o t h e r s .  05-360/ 370 c o n s i s t s  of  s e v e r a l  
thousands of t h e s e  modules. 

During t h e  f i r s t  t e n  y e a r s  o f  i ts  h i s t o r y  t h e  system had 
a b o u t  twenty r e l e a s e s .  The amount of  m o d i f i c a t i o n  - change 
and enhancement i n  each r e l e a s e  - was more o r  l e s s  t h e  same 
over  t h e  e n t i r e  pe r iod .  A t  r e l e a s e  changeover,  some modules 
remained i d e n t i c a l ,  some o t h e r s  were  new v e r s i o n s  of  o l d  
modules, w h i l e  a t h i r d  c a t e g o r y  c o n s i s t e d  of brand new 
modules. It was i n t e r e s t i n g  t o  obse rve  t h a t  f o r  t h e  e n t i r e  
o b s e r v a t i o n  p e r i o d  t h e  f r a c t i o n  of modi f i ed  modules was 
monoton ica l ly  and f a s t e r  t h a n  l i n e r a r l y  i n c r e a s i n g ,  and 
towards  t h e  end of t h i s  twenty- r e l e a s e  p e r i o d  a c t u a l l y  
approach ing  s a t u r a t i o n  p o i n t  a t  which a l l  modules must be 
modi f i ed  t o  make t h e  n e x t  r e l e a s e  ( F i g u r e  1 ) .  

Complexity 

(Fraction of modules 
~mpocted by change) 

* t 
in roughly equal increments) 

F i g u r e  1 
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T h i s  o b s e r v a t i o n  was i n t e r p r e t e d  a s  c l e a r  i n d i c a t i o n  t h a t  
r e p e a t e d  m o d i f i c a t i o n  of  s o f t w a r e  s y s t e m s  i s  i n c r e a s i n g l y  
d i f f i c u l t  - e a c h  m o d i f i c a t i o n  c r e a t e s  a n  e x t r a  b i t  of  
o b s t a c l e  t o  t h e  n e x t  one .  The r e a s o n s  f o r  t h i s  i s  t h a t  t h e  
o r i g i n a l  s t r u c t u r e  which  was deduced f rom and w e l l  matched t o  
t h e  o r i g i n a l  r e q u i r e m e n t s  i s  g r a d u a l l y  d e t e r i o r a t i n g  a s  more 
r e c e n t  r e q u i r e m e n t s  i n d u c e  c h a n g e s  which  do n o t  f i t  t h e  o l d  
s t r u c t u r e .  S i n c e  one  mus t  l i v e  w i t h  a n  e v e r  chang ing  
e n v i r o m e n t ,  one must  e x p l o r e  methods  which  a t  l e a s t  r e d u c e  
t h i s  d e t e r i o r a t i o n  o f  s t r u c t u r e  d u r i n g  u n a v o i d a b l e  program 
e v o l u t i o n .  

Another  way o f  l o o k i n g  a t  m o d i f i a b i l i t y  i s  t o  o b s e r v e  wha t  
k i n d  o f  work  i s  b e i n g  done by programmers.  F o l l o w i n g  many 
s u r v e y s  [GOL73], [BOE76], i t  i s  s a f e  t o  s a y  t h a t  
s i g n i f i c a n t l y  more t h a n  h a l f  of  t h e  w o r l d 1  s programmer 
p o p u l a t i o n  works  w i t h  e x i s t i n g  programs,  and o n l y  t h e  
m i n o r i t y  i s  i n v o l v e d  i n  d e v e l o p i n g  programs f rom s c r a t c h .  It 
a p p e a r s  t h a t  'modify  we m u s t ' ,  and o u r  pape r  i s  founded  o n  
t h i s  p remise .  For  t h e  t ime b e i n g  we do n o t  q u e s t i o n  t h e  
wisdom o f  m o d i f y i n g  r a t h e r  t h a n  r e p l a c i n g  t h e  o l d  program i n  
r e s p o n s e  t o  new r e q u i r e m e n t s ,  no r  do w e  c o n s i d e r  t h e  
development  o f  t e c h n i q u e s  f o r  d e c i d i n g  w h e t h e r  m o d i f i c a t i o n  
o r  r e p l a c e m e n t  i s  more economica l .  

2 The M o d i f i c a t i o n  P r o c e s s  

F i r s t ,  w e  mus t  examine  wha t  c l a s s e s  o f  m o d i f i c a t i o n s  a r e  
u s u a l l y  pe r fo rmed  o n  s o f t w a r e .  The o b v i o u s  number one  
c a t e g o r y  i s  t h a t  o f  r e p a i r ,  i e ,  t h e  e l i m i n a t i o n  o f  f a u l t s  
found  d u r i n g  deve lopmen t  and s u b s e q u e n t  o p e r a t i o n  i n  t h e  
f i e l d .  The i m p o r t a n t  i s s u e  h e r e  i s  t h a t  w h i l e  ha rdware  
r e p a i r  i s  no t  m o d i f i c a t i o n  b u t  r e p l a c e m e n t  o f  p a r t s  o r  sub-  
a s s e m b l i e s  t o  g e t  t h e  p r o d u c t  back t o  i t s  o r i g i n a l  d e s i g n e d  
s t a t e ,  s o f t w a r e  r e p a i r  i s  a lways  c h a n g i n g  away f rom t h e  
o r i g i n a l  s t a t e  b e c a u s e  i t  i s  found  f a u l t y .  

T h i s  l e a d s  u s  t o  t h e  i m p o r t a n t  o b s e r v a t i o n  t h a t  t h e  s o - c a l l e d  
m a i n t e n a n c e  a c t i v i t y  i s  a c t u a l l y  redesign, c o r r e s p o n d i n g  
r o u g h l y  t o  e n g i n e e r i n g  c h a n g e s  i n  ha rdware .  I f  we assume 
t h a t  i n  p r o d u c t  development  e v e n  low l e v e l  d e t a i l  d e c i s i o n s  
m u s t  have  been  deduced  f rom r e q u i r e m e n t s ,  t h e n  we mus t  a l s o  
e x p e c t  t h a t  c h a n g e s  a t  t h e  same l e v e l ,  b u t  now u n d e r  t h e  name 
of m a i n t e n a n c e ,  may c a u s e  p e r t u r b a t i o n  o f  h i g h e r  l e v e l  
c h o i c e s ,  o r  e v e n  o f  t h e  i n i t i a l  r e q u i r e m e n t s .  
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But  i n  r e a l i t y  m a i n t e n a n c e  i g n o r e s  t h e  r e d e s i g n  a s p e c t s  o f  
i t s  t a s k  a n d  a c t u a l l y  much l e s s  s k i l l e d  p e o p l e  t h a n  s o f t w a r e  
d e s i g n e r s  a r e  employed  f o r  p e r f o r m i n g  m o d i f i c a t i o n s .  The 
m a i n t a i n e r s '  knowledge  o f  t h e  o r i g i n a l  d e s i g n  i s  m a r g i n a l .  
I n  a d d i t i o n  t o  t h i s ,  d o c u m e n t a t i o n  o f  d e s i g n  i s  n o t  o n l y  t o o  
s k e t c h y ,  b u t  u s u a l l y  r a p i d l y  l o s e s  i t s  v a l i d i t y ,  t .  ~ n k s  t o  
l o n g  s e r i e s  o f  e a r l i e r  ( s i c  - l a t e r ? )  m o d i f i - a t i o n s .  
Moreover ,  m a i n t a i n e r s  f o c u s  o n  i n d i v i d u a l  b u i l d i n g  b l o c k s ,  
t h e  modu le s ,  o f  t h e  s y s t e m  i n s t e a d  o f  s t u d y i n g  t h e  
i n t e r a c t i o n  o f  t h e  componen t s  b e f o r e  e f f e c t i n g  a  change .  The 
top-down a p p r o a c h ,  i f  p r a c t i c e d  a t  a l l  i n  t h e  f i rs t  p l a c e ,  i s  
r e p l a c e d  by low l e v e l  p a t c h i n g ,  whose c o n s e q u e n c e s ,  
u n c o n t r o l l e d  a n d  u n p r e d i c t a b l e ,  p r o p a g a t e  i n t o  t h e  s y s t e m ,  
a nd  t h u s  a f f e c t  c l a r i t y  o f  t h e  e n t i r e  s t r u c t u r e .  

But  r e p a i r  i s  n o t  t h e  w h o l e  s t o r y .  D r i v e n  by e x p a n d i n g  
m a r k e t  r e q u i r e m e n t s  f o r  new f u n c t i o n  a n d ,  i n  t h e  c a s e  o f  
o p e r a t i n g  s y s t e m s ,  by t h e  i n t r o d u c t i o n  o f  new, advanced ,  
p i e c e s  o f  h a r d w a r e ,  enhancemen t  becomes t h e  o t h e r  l a r g e  
c a t e g o r y  o f  c o n t i n u i n g  c h a n g e s .  And i f  p e r f o r m a n c e  i s  
c r i t i c a l  a n d  t h e  d e s i r e  t o  s a v e  m a c h i n e  r e s o u r c e s  i s  g r e a t ,  
s y s t e m  t u n i n g  becomes  a n o t h e r  s o u r c e  o f  m o d i f i c a t i o n  
b e c a u s e ,  i n  p r a c t i c e ,  m o d i f i c a t i o n s  i n t r o d u c e d  by t u n i n g  
r a e l y  o b s e r v e  c l a r i t y  o f  s t r u c t u r e  o r  u n d e r s t a n d a b i l i t y  o f  
program t e x t .  

But  w h a t  i s  u s u a l l y  m o d i f i e d  i n  s o f t w a r e ?  A f t e r  a l l ,  
s o f t w a r e  i s  a f i c t i o n ,  s i m p l y  i n f o r m a t i o n  t o  g u i d e  a 
ma c h ine 1  s o p e r a t i o n .  A t  t h e  same t i m e  i t  a p p e a r s  t o  humans 
i n  f o rm  o f  documen t s  - e i t h e r  p r i n t e d  t e x t  o r  p r o j e c t i o n  o n  a 
VDU. I n  f a c t ,  s e v e r a l  l e v e l s  o f  documen t s  m u s t  be  p r e p a r e d  
f o r  d e v e l o p i n g  a n d  m a i n t a i n i n g  s o f t w a r e  i f  i t  i s  l a r g e  enough 
and emp loys  many p e o p l e  o r g a n i s e d  i n t o  s p e c i a l i s t  g r o u p s :  
a r c h i t e c t s ,  d e s i g n e r s ,  testers, e t c .  I n  f a c t ,  o n e  way o f  
v e i w i n g  t h e  p r o c e s s  o r  l i f e  c y c l e  i s  as  a  s e q u e n c e  o f  
doc umen t s ,  t h a t  o f  r e q u i r e m e n t s ,  s p e c i f i c a t i o n s ,  p rog rams ,  
e t c ,  and  t r a n s f o r m a t i o n s  f rom one  document  i n t o  t h e  n e x t .  It 
h a p p e n s  t h a t  o n l y  t h e  l a s t  o f  t h e s e  t r a n s f o r m a t i o n s  - program 
t e x t  i n t o  mach ine  c o d e  - is  f u l l y  a u t o m a t i c  a n d  done  by  a  
c o m p i l e r .  The o t h e r  t r a n s f o r m a t i o n s  - d e s i g n  o u t  o f  
s p e c i f i c a t i o n s ,  o r  p r o g r a m s  o u t  o f  d e s i g n  - are manua l .  

We c a n  t h e n  make two i m p o r t a n t  o b s e r v a t i o n s .  The f i r s t  i s  
r e l a t e d  t o  t h e  l a b o u r  i n t e n s i v e n e s s  o f  t h e  p r o c e s s .  T h i s  
l e a d s  t o  h i g h  c o s t  w h i c h  i s  f u r t h e r  a m p l i f i e d  by low 
r e l i a b i l i t y  o f  human b e i n g s  i n  c o n t r a s t  t o  r e l i a b i l i t y  o f  
m a c h i n e s .  Moreover ,  i t e r a t i o n  i n  t h e  p r o c e s s  i s  a l s o  o f t e n  
n e c e s a r y  t o  i r o n  o u t  e r r o r s  i n t r o d u c e d  by f u z z y  and  n o i s y  
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c o m m u n i c a t i o n  be t w e e n  d e v e l o p m e n t  a n d  m a i n t e n a n c e  g r o u p s ,  who 
work u n d e r  s c h e d u l e  a n d  c o s t  p r e s s u r e .  I n  t h i s  e n v i r o n m e n t  
o n l y  machine  p r o c e s s e d  d o c u m e n t s  ( c o m p i l e d  t e x t )  a r e  m o d i f e d  
a n d  be  p r o m p t l y  u p d a t e d ,  namely t h e  o n e s  w h i c h  c o m p r i s e  t h e  
e n d- p r o d u c t  t o  be d e l i v e r e d ,  w h i l e  t h e  a s o c i a t e d  h i g h e r  l e v e l  
d e s i g n  d o c u m e n t s  r e  l e f t  u n c h a n g e d ,  r e f l e c t i n g  t h e  s t a t e  i n  
w h i c h  t h e  s o f t w a r e  w a s ,  a n d  n o t  i s .  It w o u l d  c o s t  e x t r a  money 
t o  k e e p  t h e s e  d o c u m e n t s  a l i g n e d  w i t h  code .  O f  c o u r s e ,  t h i s  
n e g l e c t  makes  t h e  n e x t  g e n e r a t i o n  o f  m o d i f i c a t i o n s  a g a i n  a  
b i t  more d i f f i c u l t  a n d  f o r c e s  t h e  c rew t o  work  w i t h  t h e  o n l y  
t r u s t w o r t h y  d o c u m e n t ,  namely  t h e  o n e w h i c h  r u n s  o n  t h e  
m a c h i n e :  t h e  l o w  l e v e l  c o d e  i t s e l f .  

3 R e s e a r c h  i n  o p e r a t i n g  s y s t e m s  

Up t o  a b o u t  t h r e e  y e a r s  a g o  t h e  p r o b l e m s  o f  s o f t w a r e  
m o d i f i a b i l i t y  d i d  n o t  seem t o  b e  a p p r e c i a t e d  much by t h e  
s o f t w a r e  e n g i n e e r i n g  community.  T h i s  w a s  i n d i c a t e d  by t h e  
f a c t  t h a t  no e x p l o r a t i o n  - r e s e a r c h  o r  o t h e r  - w a s  c o n d u c t e d  
a t  a l l  o n  m a i n t a i n a b i l i t y  o r  m o d i f i a b i l i t y .  R a t h e r ,  m o s t  
e f f o r t s  w e r e  d i r e c t e d  t o  t h e  p r o b l e m s  o f  d e s i g n i n g  s o f t w a r e  
f rom s c r a t c h .  Our s o f t w a r e  e n g i n e e r i n g  g r o u p  i n  York town 
t h u s  f o u n d  i t  first  n e c e s s a r y  t o  i n v e n t  how o n e  s h o u l d  d o  
r e s e a r c h  i n  s o f t w a r e  m o d i f i a b i l i t y .  

It w a s  f e l t  t h a t  m o d i f i a b i l i t y  would  m o s t  d i r e c t l y  i m p a c t  t h e  
w o r l d  o f  m a i n t e n a n c e  - e x c l u d i n g  n a j o r  e n h a n c e m e n t s .  We 
l e a r n e d  f r o m  DM'S m a i n t e n a n c e  o r g a n i s a t i o n  t h a t  t h e  m a j o r  
c o s t  c o n t r i b u t o r  w a s  l a b o u r ,  a n d  m o s t  o f  t h i s  w a s  s p e n t  o n  
t h e  a c t u a l  d e f i n i t i o n  a n d  i m p l e m e n t a t i o n  o f  t h e  m o d i f i c a t i o n .  
From t h i s  a n d  o t h e r  o b s e r v a t i o n s  made e a r l i e r  i n  t h i s  p a p e r  
we r e a c h e d  t h e  f o l l o w i n g  c o n c l u s i o n s :  

- T h e r e  would  b e  l i t t l e  c h a n c e  f o r  s u c c e s s  i f  we j u s t  
s p e c u l a t e d  a n d  t h e o r i s e d  a b o u t  m a i n t e n a n c e .  Hence we 
d e c i d e d  t o  make o u r  h a n d s  d i r t y  by w o r k i n g  o n  a n  
e x i s t i n g  so f tware  s y s t e m ,  i n  o r d e r  t o  b u i l d  a  more 
m o d i f i a b l e  v e r s i o n  o f  i t .  

- We s h o u l d  h a v e  a  d o u b l e  o b j e c t i v e :  

- Improved  m e t h o d s  a n d  t o o l s  f o r  m o d i f y i n g  e x i s t i n g  
systems - w i t h  good  o r  b a d  s t r u c t u r e .  

- Methods  a n d  t o o l s  t o  c o n s t r u c t  new s o f t w a r e  w h i c h  
i s  e a s i e r  a n d  s a f e r  t o  modify  



17. Modifiability of Large Software Systems 361 

- We s h o u l d  n o t  i n v e n t  a n d  i n t r o d u c e  new t o o l s ;  r a t h e r  
s e l e c t  a n d ,  i n  t h e  p r o c e s s  o f  e x p l o r a t i o n ,  t e s t  a n d  
r e f i n e  t h e  a l r e a d y  proposed a n d  p r o m i s i n g  i d e a s  which  
h e l p  a c h i e v e  t h e  a b o v e  o b j e c t i v e s .  

L e t  u s  e l a b o r a t e  a  l i t t l e  b i t  on  t h e  l a s t  p o i n t .  F o r  a 
d e c a d e  o r  s o  t h e  c o n c e p t  o f  a b s t r a c t i o n  h a s  b e e n  i n  t h e  f o c u s  
o f  programming m e t h o d o l o g y .  R e c e n t l y  t h i s  c o n c e p t  h a s  gone  
w e l l  beyond,  a n d  become b r o a d e r  t h a n ,  t h e  t r a d i t i o n a l  
p r o c e d u r a l  a b s t r a c t i o n  imp lemen ted  by a s u b r o u t i n e .  
A b s t r a c t i o n  h a s  b e e n  m a n i f e s t e d  f o r  examp le  by i n f o r m a t i o n  
h i d i n g  [PAR72], o r  a b s t r a c t  d a t a  t y p e s  [L IS74 ] .  Common t o  
them i s  t h e  f o l l o w i n g  r a t i o n a l e :  

t h e  t a s k  o f  w o r k i n g  w i t h  complex  s y s t e m s  i s  
s i g n i f i c a n t l y  s i m p l e r  i f  o n e  e x p l i c i t l y  s e p a r a t e s  t h e  
r e l e v a n t  f r om t h e  i r r e l e v a n t  w h i l e  m o d i f y i n g  o r  
m a i n t a i n i n g  t h e  s y s t e m .  

T h i s  f i t s  w e l l  t h e  many f o r m a l  o r  i n t u i t i v e  m o d e l s  o f  com- 
p l e x i t y ,  w h i c h  i s  r e g a r d e d  a s  synonymous t o  u n c e r t a i n t y  o r  
v a r i e t y  ( v a r i e t y ,  s i n c e  r e p e t i t i v e  o c c u r r e n c e  o f  t h e  same 
t h i n g  d o e s  n o t  a d d  t o  c o m p l e x i t y )  1  1 F o l l o w i n g  t h i s  
i d e a ,  s i m p l i f i c a t i o n  i n  w o r k i n g  w i t h  s o f t w a r e  c a n  be  a c h i e v e d  
by d e c r e a s i n g  t h e  u n c e r t a i n t y ,  n i t h e r  by r e d u c i n g  t h e  i n f o r -  
m a t i o n  ( i e ,  t h e  number o f  i t e m s  t o  e x a m i n e )  n e c e s s a r y  t o  
c o r r e c t l y  p e r f o r m  t h e  m o d i f i c a t i o n ,  o r  by p r e s c r i b i n g ,  a s  a  
r e c i p e ,  w i t h  c e r t a i n t y ,  t h e  s t e p s  t o  be  t a k e n  ( o r  o b j e c t s  t o  
c o n s i d e r )  when m o d i f i c a t i o n  i s  p e r f o r m e d .  

L e t  u s  i l l u s t r a t e  t h i s  by example s .  It seems  i n t u i t i v e l y  
o b v i o u s  t h a t  m o d i f i c a t i o n  i s  s i m p l e r  i f  we know t h a t  

a )  i t  d o e s  n o t  i m p a c t  t h e  i n t e r f a c e ,  i e ,  t h e  c a l l i n g  
p a t t e r n  and  a s s o c i a t e d  p a r a m e t e r  d e f i n i t i o n s  a r e  l e f t  
unchanged ,  and  

b )  t h e r e  i s  no way b u t  t h r o u g h  c a l l  i n v o c a t i o n  t h a t  t h e  
modu le  i s  e v e r  a c c e s s e d  f rom o t h e r  p a r t s  o f  t h e  sy s t em.  

I n  t h e  same v e i n ,  o f  one  f i n d s  o n  a  s i n g l e  page  o r  a t  l e a s t  
o n  a d j a c e n t  p a g e s  i n  t h e  d o c u m e n t a t i o n  a l l  d a t a  s t r u c t u r e s  
wh ich  a r e  p o t e n t i a l l y  a c c e s s e d  by a s i n g l e  modu le ,  t h e  
v e r i f i c a t i o n  o f  t h e  i m p a c t  o f  a  c h a n g i n g  module  i s  much 
s i m p l e r  t h a n  p e r f o r m i n g  a  f r a n t i c  s e a r c h  t h r o u g h  t h e  e n t i r e  
program d o c u m e n t a t i o n  f o r  d i r e c t  o r  i n d i r e c t  r e f e r e n c e s  
i s s u e d  by t h e  module .  

17.1 ( E d s )  See Chapter  1 5 .  
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L e t  u s  now p u t  t h e  p i e c e s  t o g e t h e r .  Our r e a d i n g  i n t o  t h e n  
c u r r e n t  t e c h n i c a l  l i t e r a t u r e  a n d  d i s c u s s i o n s  w i t h  members o f  
t h e  s o f t w a r e  e n g i n e e r i n g  community l e d  u s  t o  t h e  a d o p t i o n  of  
data abstraction, a  c o n c e p t  w h i c h  i n t e r g r a t e s  i n f o r m a t i o n  
h i d i n g ,  s t r u c t u r a l  s i m p l i f i c a t i o n  a n d  a d v a n c e d  1 anguage  i d e a s  
i n t o  a  t o o l .  T h i s  t o o l  we t h o u g h t  c o u l d  have  t h e  p o t e n t i a l  
t o  e n f o r c e  a  p a r t i c u l a r  d e s i g n  i n  wh ich  l o c a t i n g  a n d  
l o c a l i z i n g  c h a n g e s  a r e  e a s i e r  t o  pe r fo rm .  

R e l a t i v e l y  s o o n  we o p t e d  f o r  VTAM as a r e s e a r c h  v e h i c l e .  It 
i s  a n  OS37O component  of r e a s o n a b l e  c o m p l e x i t y ,  a good 
b a l a n c e  be tween  a  p e r h a p s  i m p o s s i b l y  l a r g e  o p e r a t i n g  s y s t e m  
( t o o  l a r g e  f o r  a  s m a l l  r e s e a r c h  t e a m )  a n d  a  s m a l l  t o y f  

e x a m p l e  wh ich  wou ld  n o t  h e l p  u s  t o  v a l i d a t e  t h e  e x p e r i m e n t .  
The r e s u l t  w a s  a f i r m  p l a n  o f  e x p e r i m e n t a l l y  r e d e s i g n i n g  
p a r t s  o f  VTAM specificaZZy f o r  m o d i f i a b i l i t y ,  u s i n g  d a t a  
a b s t r a t i o n  [L IS74 ] .  

Soon  we l e a r n e d  a l s o  t h a t  o u r  p r o j e c t  wou ld  h a v e  two m a j o r  
p h a s e s :  t h e  f i r s t  t o  work  w i t h  t h e  e x i s t i n g ,  o f f i c a l ,  v e r s i o n  
o f  VTAM t o  e x t r a c t  i t s  f u n t i o n a l  c o n t e n t ,  and  t h e  s e c o n d  t o  
r e d e s i g n  i t  anew. We f o u n d  l a t e r  t h a t  t h e s e  two p h a s e s  
a l r e a d y  p r e d e t e r m i n e d  t h e  f i n a l  o u t p u t  o f  t h e  e f f o r t :  o n  one  
hand  w e  wou ld  d e v e l o p  t o o l s  a n d  t e c h i n i q u e s  o f  s c o p i n g '  , 
i . e .  s t u d y i n g ,  e x i s t i n g  s y s t e m s ,  and  o n  t h e  o t h e r  c o n s t r u c t  
f a c i l i t i e s  t o  a i d  t h e  d e s i g n  o f  new, more  m o d i f i a b l e  s y s t e m s .  

Based  o n  o u r  d i s c u s s i o n s  and  c o o p e r a t i o n  w i t h  s e v e r a l  
d e v e l o p m e n t  a n d  m a i n t e n a n c e  o r g a n i z a t i o n s ,  w e  have  become 
c o n v i n c e d  t h a t  c u r r e n t  c o n d i t i o n s  i n  b o t h  doma ins  - work w i t h  
t h e  o l d  a n d  c o n s t r u c t i n g  t h e  new - demand a g r e a t  d e a l  o f  
s u b s t a n t i a l  improvemen t .  I n  t h e  f o l l o w i n g  we w i l l  d e s c r i b e  
t h e  t o o l s  d e v e l o p e d  s o  f a r  f o r  w o r k i n g  w i t h  e x i s t i n g  s y s t e m s ,  
t h e n  t u r n  o u r  a t t e n t i o n  t o  p r o b l e m s  o f  c o n s t r u c t i n g  
m o d i f i a b l e  s o f t w a r e .  

3 .1 Work w i t h  e x i s t i n g  s y s t e m s  

The f i r s t  o b s t a c l e  wh ich  we e n c o u n t e r e d  was t h e  g r e a t  
d i f f f i c u l t y  t o  u n d e r s t a n d  a n d  a c c u r a t e l y  r edocumen t  t h e  
a c t u a l  f u n c t i o n a l  c o n t e n t  o f  VTAM. But  t h i s  d i f f i c u l t y  
c r e a t e d  j u s t  t h e  r i g h t  m i l i e u :  w e  w e r e  i n  f a c t  p l a y i n g  t h e  
r o l e  of  m a i n t a i n e r s  who w e r e  g i v e n  a  p i e c e  of  s o f t w a r e  t o  
work  w i t h  - debug  o r  u p d a t e .  A s  a l r e a d y  m e n t i o n e d ,  i f  you  
reaZZy wan t  t o  know w h a t  t h e  program d o e s  d u r i n g  e v o l u t i o n ,  
you  c a n n o t  t r u s t  m a n u a l l y  p r o d u c e d  documen t s ,  wh ich  a r e  n o t  
a u t o m a t i c a l l y  c o u p l e d  t o  t h e  c o m p i l a b l e  program t e x t .  ( 1 7 . 2 )  
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We found  t h e  r e a d i n g  a n d  u n d e r s t a n d i n g  o f  t h e  PL / I  ( 1 7 . 3 )  
w r i t t e n  VTAM c o d e  q u i t e  s l o w ,  i n  s p i t e  o f  t h e  ample  comments 
s u p p l i e d  i n  t h e  program t e x t .  We t h e r e f o r e  s t a r t e d  
e x p e r i m e n t i n g  w i t h  d i f f e r e n t ,  m o s t l y  g r a p h i c a l ,  p rogram 
r e p r e s e n t a t i o n s ,  a s  a  p o s s i b l e  enhancemen t  of  t h e  t e x t  
p r o p e r .  A f t e r  l o n g  c o n s i d e r a t i o n s  we r e j e c t e d  t h e  number o n e  
c o n t e n d e r ,  t h e  Nas s i -Scne ide rman  (NS) d i a g r a m ,  m o s t l y  b e c a u s e  
o f  t h e  c o m p l i c a t i o n s  o f  d i s p l a y i n g  i t  o n  a ,  s a y  IBM- 3270,  
t e r m i n a l .  We r emind  t h e  r e a d e r  t h a t  NS-cha r t s  a r e  n e s t e d  
r e p r e s e n t a t i o n s  o f  p rogram s e g m e n t s  wh ich  t h e n  a p p e a r  t o  
s h r i n k  i n d e f i n i t e l y  i f  s u r r o u n d e d  by r e p e a t e d l y  n e s t e d  
c o n s t r u c t s .  O b v i o u s l y ,  a  s i m p l e  a l p h a n u m e r i c  t e r m i n a l ,  o r  a  
l i n e  p r i n t e r ,  c a n n o t  e a s i l y  cope  w i t h  t h i s ,  and  t h e  i n c r e a s e d  
c o m p l e x i t y  o f  image  c o n s t r u c t i o n  would  s e v e r e l y  l i m i t  
w i d e s p r e a d  a p p l i c a b i l i t y .  

We w e r e ,  t h e r e f o r e ,  l i t e r a l l y  f o r c e d  t o  i n v e n t  a n o t h e r  
program n o t a t i o n  w h i c h  we l a t e r  d e s i g n a t e d  GREENPRINT ( i n  
c o n t r a s t  t o  e n g i n e e r i n g  ' b l u e p r i n t s '  , programmers  u s e  VDU 
t e r m i n a l s  w i t h  g r e e n  p h o s p h o r o u s  i m a g e s ) .  A t  p r e s e n t  
GREENPRINTS a r e  g e n e r a t e d  a s  f o l l o w s :  a  p rog ram,  d e v e l o p e d  
by u s ,  t a k e s  t h e  ( P L / l )  t e x t  a s  i t s  i n p u t  a n d  t h e n  p r o d u c e s  
a s  o u t p u t  a n  enhanced  l i s t i n g .  I n  t h e  p r o c e s s  t h e  program 
t e x t  and  t h e  o r d e r  o f  s t a t e m e n t s  a r e  l e f t  u n p e r t u r b e d ,  w h i l e  
a l o n g  t h e  l e f t  m a r g i n  t h e  program t r e e ,  i e  t h e  c o n t r o l  f l o w ,  
i s  d i s p l a y e d  a s  i n d i c a t e d  i n  F i g u r e  2 .  P r o c e d u r e s ,  l o o p s  and  
d e c i s i o n s  a r e  d i s t i n g u i s h e d  by t h e  d i f f e r e n t  v e r t i c a l  co lumn 
t y p e s .  D e t a i l e d  i n f o r m a t i o n  o n  GREENPRINT c a n  be o b t a i n e d  
f rom [BELTga]. 

I n  a d d i t i o n  t o  o u r  own p o s i t i v e  e x p e r i e n c e  w i t h  GREENPRINT - 
a i d e d  program ' s c o p i n g ' ,  a n  i n c r e a s i n g  number o f  co- worke r s  
ha ve  become i n t e r e s t e d  i n  u s i n g  t h i s  i n e x p e n s i v e  a n d  mach ine  
g e n e r a t e d  scheme.  C u r r e n t  work  i s  i n  t h e  d i r e c t i o n  o f  mak ing  
GREENPRINT i n t e r a c t i v e ,  t h e  i d e a  b e i n g  t o  p e r m i t  e d i t i n g  t h e  
g r a p h  a n d  t h u s  u s i n g  i t  a s  a  d e s i g n  t o o l  f o r  e f f o r t s  f rom 
s c r a t c h .  

The s e c o n d  m a j o r  o b s t a c l e  t o  w o r k i n g  w i t h  VTAM was  t h e  s m a l l  
s i z e  of  o u r  r e s e a r c h  team:  t h e  a l r e a d y  m e n t i o n e d  d i f f i c u l t y  
o f  r a p i d l y  l e a r n i n g  t h i s  o p e r a t i n g  s y s t e m  component ,  and i t s  
s i z e  ( i n  e x c e s s  o f  100K l i n e s  o f  c o d e )  made a  c o m p l e t e  
r e d e s i g n  p r o h i b i t i v e  and  we h a d  t o  s a t i s f y  o u r s e l v e s  w i t h  r e -  

17.2 ( E d s )  Hence t he  importance of  t h e  new concepts  of  
i n t egra t ed  programming support environments .  

17.3 ( O r i g )  Ac tua l l y  it i s  based on a d i a l e c t  of  PL/I used 
i n t e r n a l l y  by IBM t o  w r i t e  system programs. 
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d e s i g n i n g  o n l y  s e l e c t e d  sub- components  o f  VTAM. But t h e  sub -  
components ,  t h e  o n e s  i d e n t i f i e d  by t h e  o r i g i n a l  d e s i g n  
documents ,  a p p e a r e d  q u i t e  i n t e r t w i n e d  a t  t h e  code  l e v e l .  

Again ,  due t o  s i z e ,  i t  seemed i m p r a c t i c a l  t o  s e a r c h  m a n u a l l y  
f o r  r e a s o n a b l y  s e l f - c o n t a i n e d  c h u n k s ,  namely t h o s e  h a v i n g  
r e l a t i v e i y  s p a r s e  commun ica t i on  o r  l i t t l e  s h a r e d  i n f o r m a t i o n  
w i t h  t h e  r e s t  o f  VTAM. To do t h i s  a u t o m a t i c a l l y ,  we h a d ,  
o n c e  a g a i n ,  t o  f i n d  o r  i n v e n t  a new t o o l .  

A t  t h i s  p o i n t  we mus t  d e s c r i b e  t h e  n o t i o n  o f  i n t e r c o n n e c t e d  
c o n t r o l  b l o c k s  a n d  n o d u l e s  whch s p a n  t h e  b a s i c  s t r u c t u r e  o f  
mos t  o p e r a t i n g  s y s t e m s .  C o n t r o l  b l o c k s  h o l d  t h e  s t a t e  
i n f o r m a t i o n  - o f  t h e  mach ine  and  i t s  r e s o u r c e s ,  r e l a t i n g  t o  
j o b s ,  t a s k s ,  u s e r s ,  m e s s a g e s  a n d  o t h e r  d a t a  s t o r e d  f o r  
p r o c e s s i n g  - w h i l e  modu le s  a r e  t h e  7 a c t o r s 7  - p rog rams  wh ich  
i n d u c e  s t a t e  t r a n s i t i o n s .  A f t e r  h a v i n g  g a t h e r e d  i n f o r m a t i o n  
o u t  o f  some c o n t r o l  b l o c k s ,  a small s e t  o f  m o d u l e s  t y p i c a l l y  
u p d a t e s  o n e  o r  more  c o n t r o l  b l o c k s .  The o p e r a t i n g  s y s t e m  
f u n c t i o n s  a s  a n  a g g r e g a t e  o f  t h e s e  i n d i v i d u a l  a c t i o n s ,  h e n c e  
a module  h a s  a c c e s s  t o  many c o n t r o l  b l o c k s ,  w h i l e  a  c o n t r o l  
b l o c k  i s  a c c e s s i b l e  by s e v e r a l  m o d u l e s  a n d  t h u s  becomes a  
s h a r e d  o b j e c t  s e r v i n g  a s  t h e  m a i n  commun ica t i on  l i n k  be tween  
modu le s ,  

I n  t h e  o r i g i n a l  d e s i g n  t h e  s e t  o f  n o d u l e s  and  t h e  s e t  of 
c o n t r o l  b l o c k s  a r e  n e a t l y  l a i d  o u t :  m o d u l e s  g rouped  by 
f u n c t i o n ,  c o n t r o l  b l o c k s  by meaning .  But  d u r i n g  s u b s e q u e n t  
m a i n t e n a n c e  and  enhancemen t ,  c l a r i t y  o f  i n t e r f a c e s  s u f f e r s  by 
a d  hoc  e x t e n s i o n s  o f  t h e  c r i s p l y  d e f i n e d  c o n t r o l  b l o c k s .  
E x t e n s i o n s  become n e c e s s a r y  t o  accommodate new a n d  o r i g i n a l l y  
u n f o r s e e n  f u n c t i o n s .  The l o n g  c h a i n  o f  t h e s e  m o d i f i c a t i o n s  
r e s u l t s  i n  t h e  a l r e a d y  m e n t i o n e d  and  o b s e r v e d  i n c r e a s e  i n  
change  p e n e t r a t i o n  i n t o  t h e  s y s t e m ,  a s  t h e  number o f  modu le s  
a c c e s s i n g  a c o n t r o l  b l o c k ,  a n d  t h e  number o f  c o n t r o l  b l o c k s  
a c c e s s e d  by a  modu le ,  i n c r e a s e  d u r i n g  program e v o l u t i o n .  

F i g u r e  3 d i s p l a y s  t h i s  i n t e r c o n n e c t e d n e s s  by a  two- 
d i m e n s i o n a l  m a t r i x .  A m a t r i x  p r o v i d e s  f o r  t h e  mos t  g e n e r a l ,  
i n d e e d  mos t  g e n e r o u s ,  p a t t e r n  w i t h  wh ich  e l e m e n t s  o f  two s e t s  
c a n  be c o n n e c t e d :  m modu le s  and  n  c o n t r o l  b l o c k s  may h a v e  up 
t o  (mxn) two-way c o n n e c t i o n s .  C l e a r l y  o n l y  a  s p a r s e  s u b- s e t  
o f  t h i s  i s  d e s i r a b l e  f o r  a n e a t l y  s t r u c t u r e d  s y s t e m ,  i f  we 
e x p e c t  n o t  o n l y  t h e  r e a s o n a b l y  i n d e p e n d e n t  deve lopmen t  o f  
i n d i v i d u a l  componen t s ,  b u t  a l s o  p r e d i c t a b l e  m a i n t e n a n c e  
d u r i n g  wh ich  t h e  number of  p o t e n t i a l l y  i m p a c t e d  e l e m e n t s  i s  
n o t  t o o  l a r g e .  
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Figure 3 

I n  order  t o  carve  o u t  we l l  i s o l a t e d  sub-components, we f i r s t  
machine-stored t h e  connec t iv i t y  ma t r ix  of VTAM. After  t h a t  
we were f o r t u n a t e  enough t o  f i n d  w i t h i n  our  bui ld ing  an  
a l ready  e x i s t i n g  and immediately usable  h e u r i s t i c  program 
which, a1 though o r i g i n a l l y  developed f o r  the  placement of 
c i r c u i t  e lements  on ch ips ,  was d i r e c t l y  a p p l i c a b l e  t o  our 
problem of i d e n t i f y i n g  r e l a t i v e l y  independent c l u s t e r s  of 
modules and control  b locks .  The d e t a i l  of t h i s  work was 
repor ted  i n  [BEL79] .  This i s  how our s h o r t  term a c t i o n  of 
looking  f o r  a  t o o l  of t h i s  type t o  master  t he  complexity of 
VTAM, l e d  t o  the supply of a  gene ra l ly  u se fu l  t o o l  f o r  o t h e r s  
t o  work wi th  evolv ing  sof tware  and f o r  con t ro l  of i ts  
complexity. ( I n c i d e n t a l l y ,  we a l s o  made some a t t empt s  t o  
fo rma l i s e  complexity on t h e  b a s i s  of t he  connec t iv i t y  mat r ix  
a s  given i n  CBEL791. 
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3 .2  D e s i g n  f o r  M o d i f i a b i l i t y  

A s  m e n t i o n e d  e a r l i e r ,  we s e l e c t e d  d a t a  a b s t r a c t i o n  a s  o u r  
a p p r o a c h  t o  s o f t w a r e  m o d i f i a b i l i t y .  D a t a  a b s t r a c t i o n  c a n  be  
a p p l i e d  i m m e d i a t e l y  a s  a  d e s i g n  p r i n c i p l e :  s t r u c t u r e  
programs ( m o d u l e s )  a n d  d a t a  ( c o n t r o l  b l o c k s )  s u c h  t h a t  t h e  
a c c e s s  c o d e  i s  p a c k a g e d  w i t h  t h e  d a t a  r a t h e r  t h a n  
i n t e r s p e r s e d  w i t h  t h e  a c t u a l  l o g i c  o f  t h e  p rog rams .  
P a r a p h r a s e d ,  d a t a  s h o u l d  i n t e r f a c e  p rog rams  i n  b e h a v i o u r a l ,  
o p e r a t i o n a l  t e r m s ,  r a t h e r  t h a n  i n  t e r m s  of i m p l e m e n t a t i o n .  
T h i s  would  r e s u l t  i n  t h e  much d e s i r e d  h i d i n g  o f  t h e  d e t a i l  o f  
t h e  c h o s e n  d a t a  s t r u c t u r e  i m p l e m e n t a t i o n .  

A s i m p l e  a n a l o g y  i s  a  team of  s e v e r a l  o f f i c e  w o r k e r s  s h a r i n g  
a  f i l e  c a b i n e t  o f  s e v e r a l  d r a w e r s .  The p a r t i c u l a r  
a r r a n g e m e n t  o f  t h e  f i l e s  i n  t h e  c a b i n e t  i s  a  m a t t e r  o f  
i m p l e m e n t a t i o n ;  w h a t  i s  r e a l l y  w a n t e d  i s  t o  s t o r e  c e r t a i n  
documents  s u c h  t h a t  t h e y  be e a s y  t o  r e t r i e v e  l a t e r .  T h i s  
means j u s t  two f u n d a m e n t a l  o p e r a t i o n s :  s t o r e  a n d  r e t r i e v e .  
Yet ,  i n  o r d e r  t o  p e r f o r m  them, e a c h  p e r s o n  i n  t h e  o f f i c e  mus t  
know t h e  r i t u a l s  o f  how t o  g e t  a c c e s s  t o  a n y  r e q u i r e d  f i l e .  
I f  someone, p e r h a p s  i n  o r d e r  t o  o p t i m i s e ,  p e r t u r b s  t h e  o r d e r  
i n  wh ich  t h e  d r a w e r s ,  a n d  t h e  f i l e s  w i t h i n ,  a r e  o r g a n i s e d ,  
t h e  o t h e r s  mus t  a l s o  be r e t r a i n e d  - t h e i r  knowledge  
' m o d i f i e d '  - i f  e f f i c i e n t  o f f i c e  o p e r a t i o n  i s  t o  b e  r e t a i n e d .  
The a l t e r n a t i v e  i s  c h a o s .  

A p o s s i b l e  s o l u t i o n  i s  t o  h i r e  a n o t h e r  a g e n t  who t h e n  
p e r s o n a l l y  s t o r e s  a n d  r e t r i e v e s  t h e  r e q u e s t e d  f i l e s .  He c a n  
o p t i m i s e  t h e  p r o c e s s  by u s i n g  any  d e s i r e d  i m p l e m e n t a t i o n  o r  
r e s h u f f l i n g  o f  t h e  f i l e s ,  w i t h o u t  t h e  need  t o  r e v e a l  t h i s  t o  
t h e  a c t u a l  u s e r s  who w i l l  be q u i t e  happy a s  l o n g  a s  t h e  f i l e s  
become s t o r e d  a n d  r e t r i e v e d  r a p i d l y  a n d  a s  r e q u e s t e d .  T h i s  
i s  a c t u a l l y  t h e  c a s e  o f  i s o l a t i n g  t h e  i m p l e m e n t a t i o n  
( p h y s i c a l  s t o r a g e )  f r o m  t h e  u s a g e  o f  t h e  documen t s .  

S i m i l a r l y ,  w h i l e  w r i t i n g  o r  r e a d i n g  a  program,  we u s u a l l y  t r y  
t o  c o n c e n t r a t e  o n  t h e  p r o g r a m ' s  r e a l  f u n c t i o n  - p e r h a p s  some 
a l g o r i t h m i c  p r o c e d u r e  o r  m i m i c k i n g  a  p h y s i c a l  p r o c e s s  - and  
do n o t  l i k e  t o  be d i s t r a c t e d  by o c c a s i o n a l l y  h a v i n g  t o  r e a d  
u n i m p o r t a n t  y e t  complex  d a t a - a c c e s s  code .  It wou ld  be l i k e  
r e a d i n g  a  book i n t e n s e l y ,  b u t  g e t t i n g  o c c a s i o n a l l y  
i n t e r r u p t e d  w i t h  t h e  d e s c r i p t i o n  o f  t h e  t y p e  s e t t i n g  
p r o c e s s e s  w h i c h  w e r e  u s e d  i n  t h e  p r o d u c t i o n  o f  t h e  book. 

I f  s e v e r a l  p r o g r a m s  s h a r e  t h e  same d a t a ,  t h e n  i t  i s  e v e n  more  
i m p o r t a n t  t h a t  d a t a  be  a s s o c i a t e d  w i t h  i t s  own a c c e s s  c o d e ,  
o t h e r w i s e  e a c h  program u s i n g  t h e s e  d a t a  mus t  c o n t a i n  t h e  
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a c c e s s  code  i n d i v i d u a l l y .  Thus, i f  t h e  i m p l e m e n t a t i o n  o f  t h e  
d a t a  s t r u c t u r e  c h a n g e s ,  t h i s  must  be r e f l e c t e d  i n  e a c h  
program - a  c e r t a i n l y  e r r o r  prone  p r o c e s s .  

E x p e r i e n c e  w i t h  l a r g e  s o f t w a r e  i n d i c a t e s  t h a t  new d e s i g n  and 
programming p r i n c i p l e s  a r e  r a r e l y  f o l l o w e d  r e a d i l y  and 
r a p i d l y ,  due t o  i n e r t i a  i n  t h e  programmers 1 mind,  and  t o  t h e  
u s u a l  s c h e d u l e  and c o s t  p r e s s u r e s  which f o r c e  t h e  c h o i c e  of  
methods  o f f e r i n g  t h e  s h o r t e s t  t ime t o  p u t  t h e  program 
t o g e t h e r ,  a n  n o t  o f  schemes making m o d i f i c a t i o n  e a s i e r  i n  t h e  
f u t u r e .  I n d e e d ,  o p t i m i s i n g  development  and o p t i m i s i n g  t h e  
e n t i r e  l i f e - c y c l e  (deve lopmen t  plus  t h e  l o n g  p e r i o d  o f  
m a i n t e n a n c e  and enhancemen t )  a r e  f a r  f rom b e i n g  c o i n c i d e n t a l .  
T h i s  i s  why we t h o u g h t  t h a t  s h o r t  o f  a  t o o l  which  e n f o r c e s  
t h e  u s e  of  d a t a  a b s t r a c t i o n ,  w e  would  p r o b a b l y  n o t  improve  
m o d i f i a b i l i t y  t o o  much. 

A c c o r d i n g l y ,  we d e c i d e d  t o  d e v e l o p  a  l a n g u a g e  which  
e n c o u r a g e s ,  i n  f a c t  e n f o r c e s ,  t h e  u s e  o f  d a t a  a b s t r a c t i o n .  
The l a n g u a g e  was made t o  be s t r o n g l y  typed ,  one which  p e r m i t s  
t h e  u s e r  t o  d e f i n e  a b s t r a c t  d a t a  t y p e s  i n  a d d i t i o n  t o  t h e  
u s u a l  b u i l t - i n  t y p e s  such  a s  i n t e g e r s ,  c h a r a c t e r s ,  Boolean ,  
e t c ,  a l o n g  w i t h  o p e r a t i o n s  a s s o c i a t e d  w i t h  e a c h  t y p e  ( a s  t h e  
f o u r  a r i t h m e t i c  o p e r a t i o n s  d e f i n e d  o n  i n t e g e r s ) .  T h i s  we d i d  
by d e s i g n i n g  a  l a n g u a g e d  c a l l e d  XPL/I, a n  e x t e n d e d  PL/I  ( s e e  
f o o t n o t e  e a r l i e r ) .  The d e s i g n  was g u i d e d  by t h e  e x i s t i n g  
l a n g u a g e  CLU d e v e l o p e d  a t  MIT. I n  o r d e r  t o  a v o i d  t h e  bu rden  
o f  w r i t i n g  a  new c o m p i l e r ,  w e  w r o t e  a  p r e p r o c e s s o r  which 
a c c e p t s  XPL/I programs and g e n e r a t e s  PL/I  code  f o r  a  run- of-  
t h e- m i l l  c o m p i l e r ,  which i n  t u r n  p r o d u c e s  e x e c u t a b l e  machine  
code .  

Two k i n d s  o f  modules c a n  be w r i t t e n  i n  XPL/I: procedure ( a  
l a  P L / I )  and  capsu le  which  i s  a n  a b s t r a c t  d a t a  t y p e .  F i g u r e  
4 d i s p l a y s  a n  example  f o r  p r o c e d u r e  and c a p s u l e  i n  t h e  s y n t a x  
o f  t h e  l a n g u a g e .  

Having a  new l a n g u a g e ,  w e  were  r e a d y  t o  w r i t e  new, more 
m o d i f i a b l e  o p e r a t i n g  s y s t e m s  - o r  w e r e  we? The new l a n g u a g e  
i n d e e d  h e l p e d  u s  o n l y  t o  c o n s t r u c t  i n d i v i d u a l  modules ,  and 
t h e  c o m p i l e r  h e l p e d  t o  e s t a b l i s h  t h e  i n t e r n a l  c o n s i s t e n c y  o f  
a  s i n g l e  module,  b u t  l e f t  open  t h e  e v e n  more i m p o r t a n t  i s s u e s  
of how t h e  modu le s  a r e  i n t e r c o n n e c t e d ,  and  o f  machine  a i d e d  
c h e c k i n g  and i n t e r m o d u l e  c o n s i s t e n c y .  So w e  pu t  f o r w a r d  a n  
e f f o r t  t o  d e v e l o p  a  t o o l  f o r  machine aided d e s i g n  based  o n  
d a t a  a b s t r a c t i o n .  
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PROC MSG-QUEUE-BUI L D ( B U F F E R c c M E S S A G E > > ,  MOD QUEUEc<MESSAGE>>l  

U S E S  ( B U F F E R c c M E S S A G E > >  < O B T A I N ,  GETVAL, , 
Q U E U E c C M E S S A G E > >  < O B T A I N  , ADD), 
MESSAGE C > , 
LOCK C > ) 

T Y P E  Q U E U E c c T  TYPE>> 

D E F I N E S  

( 
O B T A I N  ( Q U E U E c c T > > ,  MOD LOCK) -> B O O L  , 
A D D ( M 0 D  Q U E U E ~ C T D ~ ,  T ,  LOCK) , 

1 

U S E S  ( 
BOOL , 
LOCK,  . I 

T Y P E  BUFFER<<T TYPED, 

D E F I N E S  
( - 

O B T A I N  ( B U F F E R c c T > > ,  MOD L O C K )  -D B O O L ,  
G E T V A L ( B U F F E R < c T > > ,  L O C K )  -D T ,  
* )  

U S E S  ( 
B O O L ,  
L O C K ,  

) 

T Y P E  MESSAGE 

F i g u r e  4 

On c l o s e r  e x a m i n a t i o n  i t  became c l e a r  t h a t  t h e  s t r u c t u r e  o f  
a n  o p e r a t i n g  s y s t e m ,  r e d e s i g n e d  w i t h  d a t a  a b s t r a c t i o n  i n  
mind ,  c o u l d  become s i g n i f i c a n t l y  d i f f e r e n t  t h a n  t h a t  
r e s u l  t i n e  f r om a  t r a d i t i o n a l  c o m p o s i t i o n  by modu le s  and  
c o n t r o l  b l o c k s .  I n d e e d ,  t h e  e x p e r i m e n t a l  r e d e s i g n  o f  VTAM 
r e s u l t e d  i n  a  s i n g l e  s e t  o f  q u i t e  s i m i l a r  o b j e c t s :  
p r o c e d u r e s  a n d  c a p s u l e s ,  wh ich  a r e  imp lemen ted  i n  t e r m s  of  
e a c h  o t h e r .  
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I n  o r d e r  t o  e x p l a i n  t h i s  b e t t e r ,  l e t  u s  examine  F i g u r e  5 
wh ich  i s  a  VTAM f u n c t i o n  a f t e r  r e d e s i g n .  Arranged f rom 

n o r t h w e s t  t o  s o u t h e a s t '  a r e  t h e  modules :  p r o c e d u r e s  and 
c a p s u l e s .  L i n e s  be tween them i n d i c a t e  t h e  d i r e c t i o n  of 
' u s e s '  r e l a t i o n s .  Fo r  example  t h e  c a p s u l e  'RPH1 (module  A )  
u s e s  f o r  i t s  i m p l e m e n t a t i o n  'DVT', 'QUEUE', 'MEL' and  some 
p r i m i t i v e  t y p e s .  We c a l l  t h e  i n t e r c o n n e c t e d  s e t  o n  F i g u r e  5 
t h e  ex ternal  s t ruc ture  (ES)  o f  t h e  s o f t w a r e  d e s i g n .  

There  a r e  s e v e r a l  i m p o r t a n t  a t t r i b u t e s  o f  ES which  we would 
l i k e  t o  emphas i se .  F i r s t ,  a l i n e r e p r e s e n t s  t h e  s e t  of  
o p e r a t i o n s  u s e d  by t h e  module  o r i g i n a t i n g  t h i s  l i n e ,  and i s  
pe r fo rmed  o n  t h e  module  f o r m i n g  t h e  end p o i n t  of  t h e  l i n e .  
The o p e r a t i o n s  i n  t h e  s e t  must  be c o n s i s t e n t  w i t h  t h e  ' t y p e  
r u l e s 1 ,  and c a n  t h u s  be checked by t h e  c o m p i l e r ,  wh ich  i s  now 
e x t e n d e d  i n t o  t h e  w o r l d  o f  i n t e r m o d u l e  communica t ion .  T h i s  
w o r l d  i s  t h a t  o f  'p rogramming i n  t h e  l a r g e ' ,  i n  c o n t r a s t  t o  
t h e  i m p l e m e n t a t i o n  o f  i n d i v i d u a l  modules  - 'programming i n  
t h e  s m a l l 1  [DER75]. 

V i s u a l i s e  a  community o f  s o f t w a r e  d e s i g n e r s  - o r  m a i n t a i n e r s  
- who s h a r e  and  v iew a t  t h e i r  i n d i v i d u a l  d i s p l a y  t e r m i n a l s  
t h e  machine  s t o r e d  s i n g l e  copy o f  t h e  e v o l v i n g  d e s i g n ,  t h e  
i n t e r c o n n e c t e d  o b j e c t s .  They c a n  r e c a l l  a t  w i l l  t h e  d e t a i l  
s p e c i f i c a t i o n  o f  t h e  o p e r a t i o n s  d e f i n e d  o n  c a p s u l e s .  I n  t h e  
f u t u r e  t h e  s e m a n t i c s  o f  i n d i v i d u a l  modu le s  w i l l  a l s o  be added  
such  t h a t  t h e  p a r t i c i p a n t s  u n d e r s t a n d  r a p i d l y  uhat t h e  
programmed f u n c t i o n  i s  and hou i t  i s  implemented .  When a  
f u n c t i o n  must  be e x t e n d e d ,  t h e  d e s i g n e r s  may e a s i l y  become 
f a m i l i a r  w i t h  t h e  a l r e a d y  implemented  components ,  some o f  
which  c o u l d  be i n c l u d e d  i n  t h e  e x t e n s i o n ;  reuse o f  parts i s  
t h u s  e n c o u r a g e d .  Once, f o r  example ,  a  g e n e r i c  queue  i s  
b u i l t ,  i t  c a n  be u s e d  a s  a  t e m p l a t e  a t  o t h e r  p l a c e s  i n  t h e  
s y s t e m ,  o r  e v e n  i n  o t h e r  s y s t e m s ,  by p r o p e r l y  ' w i r i n g  i t '  
i n t o  t h e  e x t e r n a l  s t r u c t u r e .  p r e s e r v a t i o n  o f  c o n s i s t e n c y  
w i l l  o f  c o u r s e  be checked by t h e  e x t e n d e d  c o m p i l e r .  

O r  c o n s i d e r  m a i n t e n a n c e .  Each module h a s  two f a c e s :  i t s  
' l e f t  p r o f i l e 1  i s  t h e  s p e c i f i c a t i o n ,  i e ,  i t s  f u n c t i o n a l  
c a p a b i l i t i e s ,  w h i l e  t h e  ' r i g h t  p r o f i l e '  i s  t h e  
i m p l e m e n t a t i o n .  I f  o n e  m o d i f i e s  t h e  s p e c i f i c a t i o n  o f  s a y  
module  A ,  t h e  l i n e s  t o  t h e  l e f t  ( and  u p )  c l e a r l y  i d e n t i f y  t h e  
domain o f  i m p a c t  w i t h i n  t h e  s e t  o f  h i g h e r  l e v e l  modu le s  - t h e  
modu le s  wh ich  r e l y  on module  A ' s  d e f i n i t i o n .  Changing module  
B ' s  i m p l e m e n t a t i o n ,  o n  t h e  o t h e r  hand,  c a n  be  f o l l o w e d  a l o n g  
t h e  l i n e s  l e a d i n g  t o  i t s  ' b u i l d i n g  b l o c k s ' .  F i g u r e  5 
i l l u s t r a t e s  t h e  ' l i m i t e d  domain'  impac t  s e t s  and  c l e a r l y  
c o n t r a s t s  t h e  new s t r u c t u r e ' s  s i m p l i c i t y  a g a i n s t  t h e  
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g e n e r a l i t y  of t h e  two- dimensional m a t r i x  w i t h  i t s  r i c h  
c o n n e c t i v i t y .  

We c o n s i d e r  t h e  e x t e r n a l  s t r u c t u r e  a  machine a i d e d  d e s i g n  
t o o l  which i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  t h e  c o n s t r u c t i o n  of 
l a r g e  s o f t w a r e  s y s t e m s ,  f o r  which a  human o r g a n i s a t i o n  i s  
employed, i n  c o n t r a s t  t o  t h e  i n f o r m a l  development and 
m o d i f i c a t i o n  p r o c e s s  by s m a l l  teams. I n  o u r  own e x p e r i e n c e  
i n  r e d e s i g l l i n g  VTAM, consequences  o f  changes ,  even  d u r i n g  t h e  
d e s i g n  p r o c e s s ,  a r e  e a s i e r  t o  f o l l o w ,  e x p l o r i n g  a l t e r n a t i v e s  
i s  more r a p i d ,  and t h e  c o m p i l e r ' s  t y p e c h e c k i n g  s u p e r i o r  t o  
manual t e s t i n g  i n  c a t c h i n g  bugs e a r l y .  Our c u r r e n t  e f f o r t s  
a r e  now i n  t h e  d i r e c t i o n  o f  e n r i c h i n g  t h e  e x t e r n a l  s t r u c t u r e  
t o  c o n t a i n  fo rma l  s p e c i f i c a t i o n s  o f  c a p s u l e s  wherever  
p o s s i b l e  ( 1 7 . 4 ) .  

4  Conc lus ions  

T o o l s  a r e  u s e f u l  f o r  both  t h e  ma in tenance  of e x i s t i n g  s y s t e m s  
and t h e  d e s i g n  o f  new m o d i f i a b l e  s o f t w a r e .  The e x p e r i m e n t a l  
approach t a k e n  by o u r  r e s e a r c h  team t u r n e d  o u t  t o  be 
p r o d u c t i v e  s i n c e  c e r t a i n  problems of d e s i g n  and ma in tenance  
can  be u n d e r s t o o d  and a p p r e c i a t e d  o n l y  be e x p e r i e n c i n g  them. 
Also,  t h e  a c t u a l  u s e  of t h e  newly deve loped  t o o l s  l e d  t o  
t h e i r  f u r t h e r  r e f i n e m e n t  and consequen t  i n c r e a s e  i n  u s a b i l i t y  
and c r e d i b i l i t y  f o r  s u c c e s s f u l  t echno logy  t r a n s f e r .  

The p r o j e c t ' s  c u r r e n t  emphas i s  i s  two- fold  ( 1  4 ) .  F i r s t ,  
m o d i f i a b i l i t y  must be e v a l u a t e d  by comparing t h e  new v e r s i o n  
t o  t h e  o l d .  T h i s  we p l a n  t o  do by employing two g r o u p s  o f  
programmers pe r fo rming  t h e  same s e t  o f  m o d i f i c a t i o n s ,  one  
group o n  t h e  new and t h e  o t h e r  on t h e  o l d  v e r s i o n .  
D i f f i c u l t y  of t h e  m o d i f i c a t i o n ,  t h e  t ime i t  t a k e s ,  and t h e  
performance o f  t h e  r e s u l t i n g  programs,  w i l l  a l l  be used i n  
q u a n t i t a t i v e  compar ison.  Second, we w i l l  e x t e n d  both  t h e  
language and t h e  e x t e r n a l  s t r u c t u r e ,  t h e  fo rmer  t o  f a c i l i t a t e  
c o n c u r r e n t  p r o c e s s i n g  and t h e  l a t t e r  t o  accommodate a l l  
fo rma l  and i n f o r m a l  s p e c i f i c a t i o n  f o r  t h e  e n t i r e  d u r a t i o n  o f  
a  s o f t w a r e ' s  l i f e  c y c l e .  

17.4 ( E d s )  A l l  r e f e rences  i n  t h i s  chapter  t o  work i n  
progress or  planned wer v a l i d  a t  t h e  t ime o f  wr i t i ng  i n  
1 9 8 1 ,  but  should now be i n t e rpre t ed  a s  work s t i l l  
needing t o  be undertaken.  
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014 ~ ~ N D E R S T A N D  l N G  LAWS, EVOLUT l ON AND CONSERVAT l ON 
I N  THE LARGE-PROGRAM L I F E  C Y CL E *  

1 La rge  P rog rams  

V a r i o u s  p u b l i s h e d  p a p e r s  ( [  LEH791 and  i t s  b i b l i o g r a p h y ) ,  have  
d i s c u s s e d  t h e  c h a r a c t e r i s t i c s  a n d  dynamics  o f  e v o l u t i o n  o f  
l a r g e  p rog rams  and  t h e  l a w s  t h a t  h a v e  emerged  from t h e  
s t u d i e s  o f  B e l a d y ,  Lehman, and  o t h e r s  o v e r  t h e  p a s t  7  y e a r s .  
The ma in  o b j e c t i v e  of  t h e  p r e s e n t  c o n t r i b u t i o n  i s  t o  d i s c u s s  
one  s p e c i f i c  a s p e c t  o f  t h e s e  l a w s  - c o n s e r v a t i o n .  However, 
some g e n e r a l  i n t r o d u c t o r y  r e m a r k s  a r e  d e s i r a b l e .  

I n  t h e  f i r s t  p l a c e  i t  mus t  be s t r e s s e d  t h a t  t h e  d i s c u s s i o n  
h e r e  i s  l i m i t e d  t o  l a r g e  p rog rams .  U n t i l  r e c e n t l y  t h e s e  w e r e  
d e f i n e d  a s  p rog rams  o f  w h i c h  a t  l e a s t  some p a r t  h a s  b e e n  
c o n c u r r e t l y  imp lemen ted  a n d / o r  m a i n t a i n e d  by a t  l e a s t  two 
s e p a r a t e l y  managed g r o u p s  [LEH78a]. Such  p rog rams  w i l l  
c e r t a i n l y  d i s p l a y  t h e  c h a r a c t e r i s t i c s  o f  l a r g e n e s s  [BEL78]. 
They w i l l ,  f o r  e x a m p l e ,  i n e v i t a b l y  h a v e  t h e  p r o p e r t y  o f  
v a r i e t y ;  t h e y  w i l l  a l s o  be o u t s i d e  t h e  i n t e l l e c t u a l  g r a s p  o f  
any  i n d i v i d u a l ;  a b o v e  a l l ,  t h e y  w i l l  u n d e r g o  a  c o n t i n u o u s  
p r o c e s s  o f  m a i n t e n a n c e  and  e v o l u t i o n ,  g e n e r a l l y  i n  somewhat  
u n d i s c i p l i n e d  f a s h i o n .  

The a b o v e  d e f i n i t i o n  is ,  however .  n o t  v e r y  s a t i s f y i n g .  F o r  
o n e  t h i n g .  p rog rams  n o t  s a t i s f y i n g  i t  may a l s o  d i s p l a y  some 
o r  a l l  o f  t h e  o t h e r  c h a r a c t e r i s t i c s  o f  l a r g e n e s s .  Moreover ,  
t h e  d e f i n i t i o n  t e n d s  t o  f o c u s  a t t e n t i o n  o n  management o r  
s o c i o l o g i c a l  i s s u e s ,  w h e r e a s  t h e  f u n d a m e n t a l  c o n c e r n  h e r e  i s  
w i t h  programming me thodo logy  a n d  t h e  e n g i n e e r i n g  o f  s o f t w a r e .  
I n  p a r t i c u l a r .  one  mus t  s e e k  t o  r e c o g n i s e  a n d  l e a r n  t o  
c o n t r o l  t h e  c i r c u m s t a n c e s  t h a t  l e a d  t o  t h e  ill e f f e c t s  s o  
o f t e n  a s s o c i a t e d  w i t h  l a r g e n e s s .  W i l l  n o t  t h e  a d o p t i o n  o f  
a p p r o p r i a t e  a t t i t u d e s .  a l g o r i t h m s .  m e t h o d s ,  and  programming 
t e c h n i q u e s  y i e l d  l a r g e  p r o g r a m s  t h a t  a r e  w e l l  d i s c i p l i n e d ?  
Such  q u e s t i o n s  a r e  b e i n g  a d d r e s s e d  by o u r  c u r r e n t  r e s e a r c h ,  
wh ich  i n c l u d e s  a t t e m p t s  t o  f o r m u l a t e  more a c c e p t a b l e  a n d  
u s e f u l  d e f i n i t i o n s .  

K c . p r ~ ~ ~ t i . d  \ V I I I I  kind p c i n ~ i s s i ~ ) ~ ~  11o1n  -- J u a ~ i ~ a l  , o f  S ) s l cms  -- 311~1 S o i t w : ~ ~ . ~ .  V'~)!LIII IC I .  N o .  3 .  
19hO. t..lsi.\.ic.~~. Nc\v Yo1 h 
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2 The N a t u r e  of  Laws o f  Program E v o l u t i o n  

2.1 T h e i r  p l a c e  w i t h i n  t h e  s p e c t r u m  of  s c i e n t i f i c  l a w s  

The e v o l u t i o n  o f  l a r g e  p r o g r a m s ,  s o f t w a r e  s y s t e m s ,  i s  c l e a r l y  
n o t  a  n a t u r a l  p r o c e s s  g o v e r n e d  by immutab l e  l a w s  of  n a t u r e .  
Changes  t o  a  program a r e  n e i t h e r  i n i t i a t e d  n o r  o c c u r  
s p o n t a n e o u s l y .  P e o p l e  d o  t h e  work :  amend o r  emend t h e  
r e q u i r e m e n t s .  t h e  s p e c i f i c a t i o n ,  t h e  c o d e ,  t h e  d o c u m e n t a t i o n ;  
r e p a i r  t h e  s y s t e m ;  improve  a n d  e n h a n c e  i t .  They d o  t h i s  i n  
r e s p o n s e  t o  f a u l t  r e p o r t s .  u s e r  r e q u e s t s .  b u s i n e s s  o r  l e g a l  
r e q u i r e m e n t s .  m a n a g e r i a l  d i r e c t i v e s ,  o r  t h e i r  own 
i n s p i r a t i o n .  Human t h o u g h t  a n d  j udgemen t  p l a y  a  d e c i s i v e  
r o l e  i n  d r i v i n g  a n d  e x e c u t i n g  t h e  p r o c e s s  t h a t  r e s u l t s  f rom 
( a n d  i n )  a  s e e m i n g l y  c o n t i n u o u s  s e q u e n c e  o f  exogenous  i n p u t s  
( 1 8 . 1 ) .  

Thus.  we s h o u l d  n o t  e x p e c t  t o  d i s c o v e r  l a w s  o f  program 
e v o l u t i o n  t h a t  y i e l d  t h e  p r e c i s i o n  a n d  p r e d i c t a b i l i t y  o f  t h e  
l a w s  o f  p h y s i c s  [ L M 7 6 ] .  I f  l a w s  g o v e r n i n g  l a r g e- p r o g r a m  
e v o l u t i o n  c a n  be  f o r m u l a t e d  a t  a l l ,  t h e y  mus t  c e r t a i n l y  be 
w e a k e r  t h a n  e v e n  t h o s e  f o r m u l a t e d  i n  t h e  b i o l o g i c a l  s c i e n c e s ,  
whe re  r e g u l a r i t y  s t e m s  f rom t h e  c o l l e c t i v e  b e h a v i o u r  o f  

c e l l u l a r  s y s t e m s  t h a t .  e v e n  t h o u g h  a l i v e ,  a r e  n o n i n t e l l i g e n t .  
t h a t  i s ,  a r e  n o t  i n f l u e n c e d  by c o n s c i o u s  t h o u g h t  p r o c e s s e s ,  
a t  l e a s t  a t  t h e  l e v e l  o f  human u n d e r s t a n d i n g .  Program 
e v o l u t i o n  s h o u l d  n o t  e v e n  be e x p e c t e d  t o  d i s p l a y  t h e  
r e g u l a r i t y  t h a t  h a s  b e e n  a b s t r a c t e d  i n t o  l a w s  i n  t h e  s o c i a l  
and  economic  s c i e n c e s ,  f o r  e x a m p l e ,  t h e  Law o f  Supp ly  a n d  
Demand. A f t e r  a l l .  t h e  programming p r o c e s s  i s  p l a n n e d  a n d  
c o n t r o l l e d  by a n  o r g a n i s a t i o n a l  a n d  management  s t r u c t u r e  t h a t  
i s  s e n s i t i v e  a n d  r e a c t i v e  t o  t h e  demands ,  p r e s s u r e s ,  
c i r c u m s t a n c e s .  and  c o n t i n g e n c i e s  o f  e a c h  moment. Thus ,  
s u p e r f i c i a l l y .  i t  wou ld  seem r e a s o n a b l e  t o  e x p e c t  t h e  progam 
e v o l u t i o n  p r o c e s s  t o  be t o t a l l y  i r r e g u l a r ,  a  r e f l e c t i o n  a t  
e a c h  i n s t a n c e  i n  t i m e  o f  t h e  p r e s s u r e s  o f  t h e  moment. 

One o f  t h e  f i r s t  a n d  m o s t  s u r p r i s i n g .  y e t  m o s t  f u n d a m e n t a l ,  
r e s u l t s  o f  o u r  o b s e r v a t i o n s  a n d  o f  t h e  r e s u l t a n t  a n a l y s i s  o f  
t h e  dynamics  o f  e v o l u t i o n  o f  some e i g h t  p rog rams  r a n g i n g  o v e r  
a  w ide  s p e c t r u m  o f  i m p l e m e n t a t i o n  and  u s a g e  e n v i r o n m e n t s .  h a s  
b e e n  t h a t  this i s  n o t  s o .  R e g u l a r i t i e s ,  t r e n d s ,  a n d  p a t t e r n s  
a p p e a r  and  d o m i n a t e  l a r g e- p r o g r a m  e v o l u t i o n .  The common 

1 8 . 1  ( O r i g )  We may regard t h e  i n p u t s  a s  exogenous even 
though some of  them w i l l  have been generated w h i l e ,  or 
a s  a r e s u l t  o f ,  working on ,  or u s i n g ,  t h e  system.  
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f e a t u r e s  and  p a t t e r n s  o f  b e h a v i o u r  r e f l e c t  common 
c h a r a c t e r i s t i c s  [BELT81 f r o m  wh ich  l a w s  c a n  be d e d u c e d ;  l a w s  
t h a t ,  w i t h i n  t h e  s p e c t r u m  o u t l i n e d ,  l i e  c l o s e r  t o  t h o s e  t h a t  
d e s c r i b e  t h e  t i m e  b e h a v i o u r  o f  b i o l o g i c a l  o r g a n i s m s  t h a n  
t h o s e  t h a t  emerge  f rom t h e  s t u d y  o f  s o c i o- e c o n o m i c  s y s t e m s .  
Moreover ,  t h e s e  l a w s  f i n d  v e r y  p r a c t i c a l  a p p l i c a t i o n .  They 
p r o v i d e  a  b a s i s  f o r  l a r g e- p r o g r a m  l i f e  c y c l e  management 
t o o l s .  a s  w e l l  a s  i n s i g h t  a n d  u n d e r s t a n d i n g  f o r  improvement  
o f  t h e  programming p r o c e s s .  A s  we i n c r e a s i n g l y  r e l y  o n  t h e  
l a w s  f o r  g u i d a n c e  i n  t h e  deve lopmen t  o f  programming 
methodology  and o n  a  s o f t w a r e  e n g i n e e r i n g  d i s c i p l i n e  w i t h  i t s  
t e c h n i q u e s  and  t o o l s .  i t  becomes v i t a l  t o  d e v e l o p  a l s o  a 
d e e p e r  u n d e r s t a n d i n g  o f  t h e s e  l a w s  and  t h e  f u n d a m e n t a l  
phenomena o r  t r u t h s  t h a t  t h e y  r e f l e c t .  

2 .2  The U n d e r l y i n g  Cause  o f  R e g u l a r i t y  

Once t h e  phenomena h a v e  b e e n  r e c o g n i s e d ,  t h e  mechanisms  
u n d e r l y i n g  them a r e  n o t  d i f f i c u l t  t o  u n d e r s t a n d .  A s  a  
t o t a l l y  u n i n t e l l i g e n t  mach ine .  t h e  compu te r  e x e c u t i n g  a  
program i m p a c t s  i t s  e n v i r o n m e n t  i n  a  way t h a t  i s  p r e c i s e l y  
and  c o m p l e t e l y  d e t e r m i n e d  by t h e  c o d e  i n  a s s o c i a t i o n  w i t h  a n y  
i n p u t  d a t a .  The code  i s  u n f o r g i v i n g ;  t h e r e  i s  no room f o r  
l o g i c a l  e r r o r  o r  i m p r e c i s i o n .  Thus  a n y  d e v i a t i o n  from t h e  
r e q u i r e d  s e m a n t i c  a n d  s y n t a c t i c  s t r u c t u r e  c r e a t e s  a need  f o r  
c o r r e c t i v e  a c t i o n .  Good i n t e n t i o n s ,  h o p e s  o f  c o r r e c t n e s s ,  
w i s h f u l  t h i n k i n g ,  e v e n  m a n a g e r i a l  e d i c t  c a n n o t  change  t h e  
s e m a n t i c s  o f  t h e  c o d e  a s  w r i t t e n  o r  i t s  e f f e c t  when e x e c u t e d .  
Nor c a n  t h e y  a  p o s t e r i o r i  a f f e c t  t h e  r e l a t i o n s h i p  be tween  t h e  
d e s i r e s .  n e e d s ,  a n d  r e q u i r e m e n t s  o f  u s e r s  a n d  t h e  p rog ram 
s p e c i f i c a t i o n  a s  p r e s e n t e d  t o  t h e  p rog rammers ;  no r  t h a t  
be tween  t h e  s p e c i f i c a t i o n  a n d  i t s  i m p l e m e n t a t i o n ;  n o r  b e t w e e n  
any o f  t h e s e  a n d  o p e r a t i o n a l  c i r c u m s t a n c e s  - t h e  r e a l  w o r l d .  

A d d i t i o n a l l y .  t h e  program a n d  i t s  d o c u m e n t a t i o n  i n  a l l  t h e i r  
v e r s i o n s  - t h e  s y s t e m  - h a s  a  damping  e f f e c t  a n a l o g o u s  t o  a n  
e v e r - i n c r e a s i n g  mass.  It i s  p r e c i s e l y  t h e  f r e e d o m  t o  
implement  c h a n g e s  o r  a d d i t i o n s  r e q u i r e d  f o r  o b t a i n i n g  d e s i r e d  
program b e h a v i o u r  wh ich  i s  i n c r e a s i n g l y  c o n s t r a i n e d  by  
e x i s t i n g  a c c u m u l t e d  c o d e  and  d o c u m e n t a t i o n .  p a s t  p rogram 
a p p l i c a t i o n  and  b e h a v i o u r ,  a c q u i r e d  h a b i t s .  a n d  i m p l e m e n t e r  
and  u s e r  p r a c t i c e s .  

The deve lopmen t  a n d  i m p l e m e n t a t i o n  o f  change  and  o f  any  
s u b s e q u e n t  c o r r e c t i v e  a c t i o n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  
f a c t  t h a t .  i n  i t s e l f .  p rogram c o d e  i s  a l s o  n o t  m a l l e a b l e .  
I n t e r n a l  c o u p l i n g .  i n t e r c o n n e c t i o n s ,  a n d  d e p e n d e n c i e s  c a u s e  
e v e n  c h a n g e s  t h a t .  s u p e r f i c i a l l y  . a p p e a r  l o c a l i s e d ,  t o  i m p a c t  
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and modify  t h e  s e m a n t i c  c o n s e q u e n c e s  o f  code  e l s e w h e r e  i n  t h e  
program. Thus when c h a n g e s  a r e  made t o  t h e  code ,  d e v i a t i o n s  
f rom a b s o l u t e  c o r r e c t n e s s  w i l l  o c c u r  and u n e x p e c t e d  s i d e  
e f f e c t s  w i l l  a p p e a r ;  t h e s e  a r e  v e r y  l i k e l y  t o  l e a d  t o  a  need 
f o r  f u r t h e r  c o r r e c t i v e  a c t i o n .  The more i n t e n s i v e  t h e  
p r e s s u r e  f o r  change .  t h e  h i g h e r  t h e  r a t e  o f  i t s  
i m p l e m e n t a t i o n .  t h e  l a r g e r  t h e  g r o u p  o f  p e o p l e  i n v o l v e d ,  t h e  
more l i k e l y  i t  i s  t h a t  m a i n t e n a n c e  must  s u b s e q u e n t l y  be 
d i v e r t e d  f rom p r o g r e s s i v e  enhancement  t o  r e p a i r  and  c l ean- up  
( t h a t  i s  t o  r e d e s i g n ,  r e s t r u c t u r e  and  r e- i m p l e m e n t ) .  

These d e p e n d e n c i e s  may be v iewed a s  f e e d b a c k  c o n n e c t i o n s  o v e r  
t h e  e n t i r e  sys t em and a p p l i c a t i o n  p r o c e s s e s  and  
o r g a n i s a t i o n s .  The r e s u l t a n t  i n t e r p l a y  of  f o r c e s  f o r  change  
and e x p a n s i o n  of t h e  code  o n  t h e  o n e  hand and  t h e  i n e r t i a  o f  
a c c u m u l t e d  c o d e ,  documen ta t ion .  and h a b i t s  o n  t h e  o t h e r .  and  
t h e  i n t e r p l a y  o v e r  t h e  v a r i o u s  p r o c e s s e s  and t h e  
o r g a n i s a t i o n a l  s t r u c t u r e s  i m p l e m e n t i n g  them, a r e  b e l i e v e d  t o  
be m a j o r  f a c t o r s  i n  c a u s i n g  t h e  o b s e r v e d  r e g u l a r i t y ,  
d e t e r m i n i n g  i t s  s t a t i s t i c a l  c h a r a c t e r i s t i c s  and  p a r a m e t e r s .  

These f a c t s  a l o n e  s u f f i c e  t o  e x p l a i n  t h e  c o n s i s t e n c y  o f  t h e  
o b s e r v a t i o n s .  R e c o g n i t i o n  o f  o t h e r  f a c t o r s  m e r e l y  
s t r e n g t h e n s  b e l i e f  i n  t h e  r e a l i t y  o f  t h e  phenomena. I n  
p a r t i c u l a r .  l a r g e  programs are. a s  a  r u l e ,  c r e a t e d  w i t h i n  
l a r g e  o r g a n i s a t i o n s  and  f o r  l a r g e  numbers o f  u s e r s ;  o t h e r w i s e  
t h e y  c o u l d  n o t  be e c o n o m i c a l l y  j u s t i f i e d  o r  m a i n t a i n e d .  But 
s i z e  c a u s e s  i n e r t i a .  and  i n e r t i a  smoo thes  b e h a v i o u r  t h a t  
m i g h t  o t h e r w i s e  p r o v e  h i g h l y  i r r e g u l a r .  Moreover.  t h e  s i z e  
and c o m p l e x i t y  o f  b o t h  t h e  program and  t h e  a p p l i c a t i o n  f o r  
which  t h e  program i s  i n t e n d e d  mean t h a t  d e c i s i o n s  t a k e  t i m e  
( some t imes  c o n s i d e r a b l e )  and  l a r g e  numbers of  p e o p l e  t o  
implement .  R e s u l t a n t  d e l a y s  p r o v i d e  exogenous  p r e s s u r e s  and 
endogenous  o g p o r t u n i  t i e s  f o r  change .  The o v e r a l l  
c i r c u m s t a n c e s  and env i ronmen t  a c t  a s  a  f i l t e r .  smoo th ing  o u t  
t h e  g l o b a l  c o n s e q u e n c e s  o f  i n d i v i d u a l  d e c i s i o n s  b u t ,  
p a r a d o x i c a l l y .  a l s o  a d d i n g  t h e  o c c a s i o n a l  random d i s t u r b a n c e .  
They a l s o  a c t  a s  a n  economic  and  s o c i a l  b r a k e  t h a t  i n h i b i t s  
o r  s o f t e n s  d e c i s i o n s  t h a t  would  h a v e  t o o  d r a s t i c  a n  impac t .  
Fo r  example ,  l a r g e  b u d g e t s  can .  i n  g e n e r a l ,  be n e i t h e r  
s u d d e n t l y  t e r m i n a t e d  no r  d r a s t i c a l l y  i n c r e a s e d ;  i n  p r a c t i c e  
t h e y  c a n  o n l y  be changed by f r a c t i o n a l  amounts .  S i m i l a r l y ,  a 
work f o r c e  c a n r ~ o t  be i n s t a n t a n e o u s l y  h i r e d ,  r e t r a i n e d ,  
r e l o c a t e d ,  o r  d i s m i s s e d ;  a t  b e s t  a t a s k  f o r c e  c a n  be s e n t  i n ,  
and c a n  c a u s e  a l o c a l  p e t u r b a t i o n .  

I n  summary. l a r g e- p r o g r a m  c r e a t i o n  and  m a i n t e n a n c e  o c c u r  i n  
a n  env i ronmen t  w i t h  many l e v e l s  o f  a r b i t r a t i o n ,  c o r r e c t i o n .  
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s m o o t h i n g  a n d  f e e d b a c k  c o n t r o l .  A l a r g e  number o f  
s u p e r f i c i a l l y  i n d e p e n d e n t  ( i e ,  a l m o s t  random)  i n p u t s  a r e  
c o n c u r r e n t l y  and  s u c c e s s i v e l y  s u p e r i m p o s e d  t o  y i e l d  t i m e  
b e h a v i o u r  t h a t  may be s t a t i s t i c a l l y  m o d e l l e d  ( e g  d i s c r i b e d  by 
p a r a m e t e r s  t h a t  h a v e  normal  d i s t r i b u t i o n s ) .  Many, if n o t  
a l l ,  o f  t h e  i n p u t s  a r i s e  f r om o r g a n i s a t i o n a l  c h e c k s  a n d  
b a l a n c e s .  f r om f e e d b a c k  o f t e n  a l s o  i n v o l v i n g  u s e r s  o f  t h e  
sy s t em.  The f e e d b a c k s  i n  g e n e r a l  e n s u r e  l o n g-  t e r m  s t a b i l i t y  ; 
n e g a t i v e  f e e d b a c k  d o m i n a t e s .  The a l t e r n a t i v e ,  o f  c o u r s e ,  
wou ld  be  i n s t a b i l i t y  a n d  d i s i n t i g r a t i o n  o f  t h e  s y s t e m .  The 
e x i s t e n c e  o f  r e g u l a r i t y ,  and  t h e r e f o r e  o f  l a w s  a b s t r a c t i n g  
t h a t  r e g u l a r i t y ,  becomes r e a s o n a b l e  a n d  u n d e r s t a n d a b l e .  

2 . 3  The G r o s s  N a t u r e  o f  t h e  Laws 

The d e t a i l e d  b e h a v i o u r  o f  t h e  programming p r o c e s s  and  o f  t h e  
s y s t e m  t h a t  i s  t h e  o b j e c t  o f  p r o c e s s  a c t i v i t y  i s  t h e  
consequence  o f  human d e c i s i o n  and  a c t i o n .  S p e c i f i c  
i n d i v i d u a l  e v e n t s  i n  t h e  l i f e c y c l e  o f  t h e  s y s t e m ,  t h e  s y s t e m  
deve lopmen t  a n d  m a i n t e n a n c e  p r o c e s s ,  c a n n o t  t h e r e f o r e  be  
p r e d i c t e d  more p r e c i s e l y  t h a n  c a n  t h e  s p e c i f i c  a c t s  o f  
p a r t i c i p a t i n g  o r  i n t e r a c t i n g  i n d i v i d u a l s  [LEH76]. Any l a w s  
c a n  o n l y  r e l a t e  t o  t h e  g r o s s  ( s t a t i s t i c a l )  d y n a m i c s  o f  l a r g e -  
program s y s t e m s  o v e r  a  p e r i o d  o f  t i m e ,  b u t  as s u c h  t h e y  y i e l d  
i n s i g h t  a n d  u n d e r s t a n d i n g  t h a t  s h o u l d  p e r m i t  improvement  o f  
t h e  programming p r o c e s s  and  a d v a n c e  t h e  deve lopmen t  o f  
s o f t w a r e  e n g i n e e r i n g  s c i e n c e  a n d  p r a c ~ i c e .  

2 . 4  Feedback  C o n s e q u e n c e s  o f  I n c r e a s i n g  U n d e r s t a n d i n g  o f  t h e  
P r o c e s s  

I n c r e a s i n g  u n d e r s t a n d i n g  o f  t h e  dynamics  o f  t h e  l a r g e- p r o g r a m  
l i f e  c y c l e  r a i s e s  a n o t h e r  p rob l em:  t o  w h a t  e x t e n t  w i l l  t h e  
d i s c o v e r y  a n d  a c q u i s t i o n  o f  knowledge  a n d  u n d e r s t a n d i n g  o f  
t h e  l a w s  t h a t  r e g u l a t e  t h e  programming p r o c e s s ,  by a n  
e n v i r o n m e n t  p r e v i o u s l y  unaware  o f  o r  i n s e n s i t i v e  t o  t h e i r  
e x i s t e n c e ,  l e a d  t o  changed  b e h a v i o u r  and  t h u s  i n v a l i d a t i o n  o f  
t h e  l a w s ?  How w i l l  m a n a g e r i a l  a w a r e n e s s  o f  and  c o n s c i o u s  
r e a c t i o n  t o  t h e  l a w s  a f f e c t  t h e  v e r y  n a t u r e  o f  t h e s e  l a w s ?  
S i n c e  t h e y  r e f l e c t  t h e  j o i n t  b e h a v i o u r  o f  p e o p l e .  t h e  l a w s  
a r e  u n l i k e l y  t o  immutab l e .  S u r e l y  t h e y  may be  e x p e c t e d  t o  
change  a s  u n d e r s t a n d i n g  o f  s y s t e m  b e h a v i o u r  i n c r e a s e s  
LLEH761. 

Space  d o e s  n o t  p e r m i t  d e t a i l e d  d i s c u s s i o n  o f  t h i s  q u e s t i o n .  
We m e r e l y  a s s e r t  t h a t  t h e  p r e s e n t  l a w s  r e f l e c t  d e e p l y  r o o t e d  
a s p e c t s  o f  human and  o r g a n i s a t i o n a l  b e h a v i o u r .  A s s o c i a t e d  
w i t h  t h e  m e c h a n i s t i c  f o r c e s  t h a t  d e f i n e ,  c o n t r o l ,  a n d  e x e c u t e  
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t h e  a u t o m a t i c  c o m p u t a t i o n a l  p r o c e s s .  t hey  a r e  s u f f i c i e n t l y  
fundamenta l  t o  be t r e a t e d  a s  a b s o l u t e ,  a t  l e a s t  i n  o u r  
g e n e r a t i o n .  A s  knowledge o f  them i s  p e r m i t t e d  t o  impac t  t h e  
programming p r o c e s s ,  and a s  programming t echno logy  a d v a n c e s ,  
t h e  l a w s  may r e q u i r e  r e s t a t e m e n t  o r  r e v i s i o n .  Perhaps  they  
w i l l  become i r r e l e v a n t  o r  o b s o l e t e .  But  f o r  t h e  t ime  b e i n g ,  
we must a c c e p t  and l e a r n  t o  use  them. To i g n o r e  them i s  
f o o l i s h  and c o s t l y .  

3 The Laws 

The f o l l o w i n g  b r i e f  comments o n  t h e  l a w s  summarised i n  T a b l e  
1 ,  a r e  i n t e n d e d  t o  expose  some o f  t h e  more fundamenta l  t r u t h s  
t h a t  t h e y  r e f l e c t .  These l a w s  have been f u l l y  d i s c u s s e d  i n  
e a r l i e r  p u b l i c a t i o n s  ([LEH69] and  i t s  b i b l i o g r a p h y ) .  

I The Law of Continuing Change 

T h i s  f i r s t  law r e f l e c t s  a  phenomenon i n t r i n s i c  t o  t h e  ve ry  
b e i n g  of l a r g e  programs. It a r i s e s ,  a t  l e a s t  i n  p a r t ,  f rom 
t h e  f a c t  t h a t  t h e  wor ld  ( i n  t h i s  c a s e  t h e  comput ing 
env i ronment )  undergoes  c o n t i n u i n g  change.  

A l l  p rograms a r e  models  o f  some p a r t  o r  a s p e c t  o f ,  o r  p r o c e s s  
i n  t h e  wor ld .  They must  t h e r e f o r e  be changed t o  keep pace  
w i t h  t h e  needs and t h e  p o t e n t i a l  of a  chang ing  env i ronment .  
If they  a r e  no t .  t h e  programs become p r o g r e s s i v e l y  l e s s  
r e l e v a n t .  u s e f u l ,  and c o s t  e f f e c t i v e .  

Of c o u r s e .  a l l  c o r p l e x  sys t ems  evo lve .  L i v i n g .  s o c i a l  and  
a r t i f i c i a l  sys t ems  [SIM69] a l l  respond t o  r e a c t i o n s  and 
p r e s s u r e s  from t h e i r  env i ronment s  by changes  i n  o p e r a t i o n a l  
p a t t e r n .  f u n c t i o n .  and s t r u c t u r e .  S o f t w a r e  i s  d i s t i n g u i s e d  
not  by t h e  f a c t  t h a t  e v o l u t i o n  o c c u r s ,  b u t  by t h e  way i n  
which i t  o c c u r s .  

The p r e s s u r e  f o r  change w i t h  r e s p e c t  t o  any l a r g e  program i s  
f e l t  a l m o s t  d a i l y .  A w i d e l y  h e l d  view i s  t h a t  t h e  d e t a i l s  o f  
t h e  d e s i r e d  change need ' o n l y t  be w r i t t e n  down and t h e n  
a p p l i e d  w i t h o u t  f u r t h e r  r e a l  e f f o r t  ( o r  s o  i t  would seem) t o  
a l l  i n s t a n c e s  o f  t h e  sys t em,  A s  a  consequence,  changes  a r e  
super- imposed (change  upon change)  i n  a  c w r e n t  embodiment. 
T h i s  c o n t r a s t s  s t r o n g l y  w i t h  normal i n d u s t r i a l  p r a c t i c e  where  
c o n c e p t u a l  changes  a r e  i n p u t s  t o  a  r e d e s i g n  and r e c r e a t i o n  
p r o c e s s  t h a t  u l t i m a t e l y  p roduces  a  new ins tance  of t h e  
sys tem.  Moreover. any r e p a i r s  t o  s o f t w a r e  a r e  a  d e p a r t u r e  
from t h e  o r i g i n a l  conce ived  d e s i g n  a n d / o r  i m p l e m e n t a t i o n  
r a t h e r  t h a n  t h e  r e p l a c e m e n t  o f  a  worn-out p a r t .  I n  a d d i t i o n  
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T a b l e  1 :  F i v e  Laws o f  Program E v o l u t i o n  

I CONTINUING CHANGE 

A program t h a t  i s  u s e d  and t h a t .  a s  a n  i m p l e m e n t a t i o n  o f  
i t s  s p e c i f i c a t i o n .  r e f l e c t s  some o t h e r  r e a l i t y ,  
u n d e r g o e s  c o n t i n u i n g  change  o r  becomes p r o g r e s s i v e l y  
l e s s  u s e f u l .  The change  o r  decay  p r o c e s s  c o n t i n u e s  
u n t i l  i t  i s  judged  more  c o s t  e f f e c t i v e  t o  r e p l a c e  t h e  
program w i t h  a  r e c r e a t e d  v e r s i o n .  

I1 INCREASING COMPLEXITY 

A s  a n  e v o l v i n g  program i s  c o n t i n u o u s l y  changed.  i t s  
c o m p l e x i t y ,  r e f l e c t i n g  d e t e r i o r a t i n g  s t r u c t u r e ,  
i n c r e a s e s  u n l e s s  work i s  done t o  m a i n t a i n  i t  o r  r e d u c e  
i t .  

I11 THE FUNDAMENTAL LAW 
( o f  Program E v o l u t i o n )  

Program e v o l u t i o n  i s  s u b j e c t  t o  a  dynamics  wh ich  makes 
t h e  programming p r o c e s s .  a n d  h e n c e  m e a s u r e s  o f  g l o b a l  
p r o j e c t  a n d  s y s t e m  a t t r i b u t e s .  s e l f - r e g u l a t i n g  w i t h  
s t a t i s t i c a l l y  d e t e r m i n a b l e  t r e n d s  a n d  i n v a r i a n c e s .  

IV CONSERVATION OF ORGANISATION STABILITY 
( I n v a r i a n t  Work R a t e d )  

The g l o b a l  a c t i v i t y  r a t e  i n  a  p r o j e c t  s u p p o r t i n g  a n  
e v o l v i n g  program i s  s t a t i s t i c a l l y  i n v a r i a n t .  

V CONSERVATION OF FAMILIARITY 
( P e r c e i v e d  c o m p l e x i t y )  

The r e l e a s e  c o n t e n t  ( c h a n g e s .  a d d i t i o n s .  d e l e t i o n s )  o f  
t h e  s u c c e s s i v e  r e l e a s e s  o f  a n  e v o l v i n g  program i s  
s t a t i s t i c a l l y  i n v a r i a n t .  
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t h e r e  i s ,  i n  s o f t w a r e .  a b s o l u t e l y  no d e c a y  o r  d e a t h  p r o c e s s  
t h r o u g h  wh ich  o l d e r  p a r t s  o f  t h e  s y s t e m  w e a r  o u t  a n d  a r e  
r e p l a c e d ,  o r  d i s i n t e g r a t e  and  d i s a p p e a r  o u t  o f  t h e  s y s t e m .  
Removals .  w i t h  r e p l a c e m e n t s  a n d  a d d i t i o n s ,  o c c u r  a s  a  r e s u l t  
o f  s y s t e m- e x t r a n e o u s  p r e s s u r e s  a n d  e f f o r t ,  and  t h e n  o n l y  a s  
t h e  r e s u l t  o f  c o n s c i o u s  and  d i r e c t e d  e f f o r t  o n  t h e  p a r t  o f  
p e o p l e .  

The e v o l u t i o n  o f  s o f t w a r e  d i f f e r s  f rom t h a t  o f  o t h e r  s y s t e m s  
i n  many o t h e r  ways ,  b u t  i t  i s  n o t  o u r  c o n c e r n  h e r e  t o  p r o v e  
t h a t  s o f t w a r e  i s  d i f f e r e n t  t o  o r  t o  s t a t e  i n  d e t a i l  how i t  i s  
d i f f e r e n t .  We a s k  t h e  r e a d e r  t o  a c c e p t  t h a t  d i f f e r e n c e  a n d  
t h e n  t o  p o n d e r  t h e  p r a c t i c a l  i m p l i c a t i o n s .  

These  i m p l i c a t i o n s  a r e ,  we a s s e r t ,  s t r o n g l y  i n f l u e n c e d  by t h e  
f a c t  o f  c o n t i n u i n g  e v o l u t i o n .  r e c o g n i s e d  a n d  f o r m a l i s e d  by 
t h e  f i r s t  l aw .  The c a u s e s  o f  c o n t i n u i n g  c h a n g e  a r e  s e e n  a s  
s temming,  a t  l e a s t  i n  p a r t .  f rom t h e  c o n t i n u i n g  e v o l u t i o n  o f  
t h e  o p e r a t i o n a l  e n v i r o n m e n t s .  i n  c o m b i n a t i o n  w i t h  t h e  ' s o f t '  
n a t u r e  o f  p rogramming t e c h n o l o g y .  Hence c h a n g e a b i l i t y  and  
a l l  i t  i m p l i e s  mus t  b e  a c c e p t e d  a s  a b a s i c  r e q u i r e m e n t  f o r  
s o f t w a r e  s y s t e m s .  The d e g r e e  t o  w h i c h  i t  i s  a c h i e v e d  a n d  
m a i n t a i n e d  may make a l l  t h e  d i f f e r e n c e ,  i n  t h e  d e v e l o p m e n t ,  
a p p l i c a t i o n .  and  c o s t  e f f e c t i v e n e s s  o f  a  s y s t e m  be tween  
s u c c e s s  a n d  f a i l u r e ,  p r o f i t a b i l i t y  a n d  l o s s .  

I1  The Law o f  I n c r e a s i n g  Complex i t y  

Our s e c o n d  l a w  may be s e e n  a s  a n  a n a l o g u e  o f  t h e  s e c o n d  l aw  
o f  t he rmodynamics .  More c o r r e c t l y ,  b o t h  o f  t h e s e  l a w s  s h o u l d  
p e r h a p s  be v i ewed  a s  d e s c r i p t i o n s  o f  i n s t a n c e s  o f  a  s t i l l  
more f u n d a m e n t a l  a n d  n a t u r a l  phenomenon. I n  t h e  c a s e  o f  
s o f t w a r e .  t h e  l a w  i s  a  c o n s e q u e n c e  o f  t h e  f a c t  t h a t  a  s y s t e m  
i s  changed  t o  i m p r o v e  i t s  c a p a b i l i t i e s  a n d  t o  do  s o  i n  a  
c o s t - e f f e c t i v e  manner .  S p e c i f  Fc change  o b j e c t i v e s  d e v e l o p  
f rom a  c o n s i d e r a t i o n  o f  f a c t o r s  t h a t  i n d i c a t e  immed ia t e  o r  
m e a s u r a b l e  b e n e f i t .  They a r e  e x p r e s s e d  i n  t e r m s  o f  
pe r fo rmance  t a r g e t s .  s y s t e m  r e s o u r c e s  r e q u i r e d  d u r i n g  
e x e c u t i o n .  i m p l e m e n t a t i o n  r e s o u r c e s ,  c o m p l e t i o n  d a t e s ,  f i s c a l  
o b j e c t i v e s  a n d  c o n s t r a i n t s ,  a n d  s o  on .  

I n  c a s e s  w i t h  m u l t i p l e  o b j e c t i v e s ,  i t  i s  g e n e r a l l y  i m p o s s i b l e  
t o  m e e t  a l l  o f  them o p t i m a l l y .  Hence t h e  c o m p l e t e d  p r o j e c t  
and  s y s t e m  mus t  r e p r e s e n t  a  compromise t h a t  r e s u l t s  f rom 
j u d g m e n t s  a n d  d e c i s i o n s  t a k e n  d u r i n g  t h e  p l a n n i n g  a n d  
i m p l e m e n t a t i o n  p r o c e s s e s ,  o f t e n  o n  t h e  b a s i s  o f  t i m e  and  
g r o u p  o r  managemen t- loca l  o p t i m i  s a  t i o n .  
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S t r u c t u r a l  m a i n t e n a n c e  i s  r a r e l y  m e n t i o n e d  i n  o b j e c t i v e s .  
B e i n g  a n t i - r e g r e s s i v e  [ L E H 7 4 ] ,  i t  y i e l d s  no immed ia t e  o r  
v i s i b l e  b e n e f i t  b u t  merely (sic) p r e v e n t s  d e t e r i o r a t i o n .  
Thus s t r u c t u r e .  b e i n g  e x c l u d e d  f rom s t a t e d  p r o j e c t  
o b j e c t i v e s ,  w i l l  i n e v i t a b l y  s u f f e r ;  e a c h  change  w i l l  d e g r a d e  
t h e  s y s t e m  a  l i t t l e  more .  The r e s u l t a n t  a c c u m u l a t i o n  o f  
g r a d u a l  d e g r a d a t i o n  u l t i m a t e l y  l e a d s  t o  t h e  p o i n t  w h e r e  t h e  
s y s t e m  c a n  no l o n g e r  be  c o s t  e f f e c t i v e l y  m a i n t a i n e d  a n d  
e n h a n c e d  u n l e s s  and  u n t i l  r e d e s i g n  a n d  c l e a n- u p  o r  
r e - i m p l e m e n t a t i o n  i s  u n d e r t a k e n  a n d  s u c c e s s f u l l y  c o m p l e t e d .  

The law s u g g e s t s  t h a t  l a r g e- p r o g r a m  s t r u c t u r e  mus t  n o t  o n l y  be  
c r e a t e d  b u t  m u s t  a l s o  be  m a i n t a i n e d  i f  d e c a y  i s  t o  be  a v o i d e d  
o r  p o s t p o n e d .  P l a n n i n g  a n d  c o n t r o l  o f  t h e  m a i n t e n a n c e  and  
change  p r o c e s s  s h o u l d  s e e k  t o  e n s u r e  t h e  mos t  c o s t - e f f e c t i v e  
b a l a n c e  be tween  f u n c t i o n a l  and  s t r u c t u r a l  m a i n t e n a n c e  o v e r  
t h e  l i f e t i m e  o f  t h e  program.  Mode l s ,  me thods  and  t o o l s  a r e  
r e q u i r e d  t o  f a c i l i t a t e  a c h i e v i n g  s u c h  b a l a n c e .  

III The Fundamental Law of Large-Program EvoZution 

T h i s  was  p r e v i o u s l y  c a l l e d  the Law of StatisticaZZy Smooth 
Growth [LEH78] .  It e x p r e s s e s  t h e  o b s e r v a t i o n  a l r e a d y  made 
above  t h a t  l a r g e- p r o g r a m  e v o l u t i o n  d o e s  n o t  s i m p l y  r e f l e c t ,  
a t  e a c h  i n s t a n t  a n d  i n  e a c h  p e r i o d ,  t h e  d e c i s i o n s  a n d  a c t i o n s  
o f  t h e  p e o p l e  i n  t h e  e n v i r o n m e n t  i n  w h i c h  i t  i s  m a i n t a i n e d  
and  i n  wh ich  i t  i s  u s e d .  The l aw  s t a t e s  t h a t .  a t  l e a s t  i n  
t h e  c u r r e n t  s t a t e  o f  t h e  a r t ,  t h e r e  exists a  d y n a m i c s  whose 
c h a r a c t e r i s t i c s  a r e  l a r g e l y  d e t e r m i n e d  d u r i n g  t h e  c o n c e p t i o n  
and  e a r l y  l i f e  o f  t h e  sy s t em.  o f  t h e  m a i n t e n a n c e  p r o c e s s  a n d  
o f  t h e  m a i n t e n a n c e  o r g a n i s a t i o n .  The c h a r a c t e r i s t i c s  o f  t h i s  
dynamics  i n c r e a s i n g l y  d e t e r m i n e s  t h e  g r o s s  t r e n d s  o f  t h e  
m a i n t e n a n c e  a n d  enhancemen t  p r o c e s s .  Sys tem.  p r o j e c t  a n d  
o r g a n i s a t i o n a l  history p l a y  a n  i m p o r t a n t  r o l e  i n  t h e  program 
e v o l u t i o n  p r o c e s s .  w h i l e  f e e d b a c k  p r o v i d e s  a  s e l f - s t a b i l i s i n g  
c o n t r o l  p r o c e s s .  i t s e l f  e v o l v i n g .  Thus c y c l i c  e f f e c t s  
emerge ,  t hough  n o t  n e c e s s a r i l y  w i t h  p u r e  p e r i o d s .  

T h i s  l a w  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  g u i d i n g  o u r  unde r-  
s t a n d i n g  o f  t h e  s o f t w a r e  c r e a t i o n  and  m a i  n t e n a n c e  p r o c e s s .  
However i t s  t a c i t  a c c e p t a n c e  ( f o r  t h e  t i m e  b e i n g )  a l s o  h e l p s  
t h e  manager  and  t h e  p l a n n e r  t o  r e m a i n  r e a l i s t i c .  We a r e  n o t  
f r e e  t o  s e t  a n d  a c h i e v e  a r b i t r a r y  d e s i g n .  p e r f o r m a n c e ,  a n d  
work  t a r g e t s  [ B R 0 7 5 ] .  P r o j e c t  c o n s t r a i n t s  a r e  a t  p r e s e n t  n o t  
a l l  u n d e r  o u r  c o n t r o l .  Thus o n e  m u s t  a c c e p t  a n y  l i m i t s  t h e y  
i m p l y  u n t i l  t h e y  c a n  be o r  h a v e  b e e n  changed .  Moreover .  t h e  
l a w  i m p l i e s  t h a t  m o d e l s  o f  l a r g e- p r o g r a m  e v o l u t i o n  c a n  be  
c r e a t e d  and  e x p l o i t e d  a s  p l a n n i n g  a n d  c o n t r o l  t o o l s .  
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IV The Law Of Organisa t iona l  S t a b i l i t y  

This  was p r e v i o u s l y  r e f e r r e d  t o  a s  t h e  Law of  I n v a r i a n t  Work 
Rate [LEH78]. I t  r e f l e c t s  t h e  f a c t  t h a t ,  i n  g e n e r a l ,  human 
o r g a n i s a t i o n s  s e e k  t o  a c h i e v e  and m a i n t a i n  s t a b i l i t y  w i t h  
s t a b l e  growth.  A s  s u g g e s t e d  above.  sudden s u b s t a n t i a l  
changes  i n  such m a n a g e r i a l  p a r a m e t e r s  a s  s t a f f i n g ,  budge t  
a l l o c a t i o n s .  m a n u f a c t u r i n g  l e v e l s  and p r o d u c t  t y p e s  a r e  
a v o i d e d ;  a s  a  r u l e ,  such  changes  a r e  not  even  p o s s i b l e .  A 
v a r i e t y  o f  m a n a g e r i a l .  un ion ,  and gover  m e n t a l  checks ,  
b a l a n c e s .  and c o n t r o l s  e n s u r e  smooth o v e r a l l  p r o g r e s s  t o  t h e  
e v e r  chang ing ,  e v e r - d i s t a n t  o b j e c t i v e  o f  t h e  o r g a n i s a t i o n  ( o r  
i t s  e v e n t u a l  c o l l a p s e ) .  I n  a d d i t i o n .  t h e  f o u r t h  law a l s o  
r e f l e c t s  t h e  o r g a n i s a t i o n a l  r e s p o n s e  t o  t h e  l i m i t a t i o n  t h a t  
w i l l  be shown u n d e r l i e s  t h e  f i f t h  law. 

With h i n d s i g h t  i t  becomes c l e a r  t h a t  t h e  d i s c o v e r y  o f  a n  
i n v a r i a n t  a c t . i v i t y  measure ( s t a t i s t i c a l l y  i n v a r i a n t .  a s  when 
i t s  p a r a m e t e r s  a r e  a lways  normal ly  d i s t r i b u t e d  w i t h  c o n s t a n t  
mean and v a r i a n c e )  c o u l d  have been a n t i c i p a t e d .  What i s  n o t  
r e a l l y  u n d e r s t o o d  i s  why. i n  l a rge- program main tenance  
p r o j e c t s .  measures  o f  work i n p u t  r a t e  s h o u l d  be t h e  
q u a n t i t i e s  t o  d i s p l a y  s u c h  i n v a r i a n c e  ( 1  8 . 2 ) .  However, t h e  
f a c t  r e m a i n s  t h a t  f o r  t h e  sys t ems  o b s e r v e d ,  t h e  coun t  of 
modules changed ( h a n d l e d )  o r  changes  made p e r  u n i t  o f  t ime ,  
a s  a v e r a g e d  o v e r  each  r e l e a s e  i n t e r v a l ,  h a s  been 
s t a t i s t i c a l l y  i n v a r i a n t  o v e r  t h e  p e r i o d  o f  o b s e r v a t i o n .  The 
l i m i t a t i o n s  i m p l i e d  by t h i s  i n v a r i a n c e  c a n  o n l y  be 
t e m p o r a r i l y  overcome. I f  t h e y  need t o  be o v e r s t e p p e d ,  t h e  
consequences  s h o u l d  be i d e n t i f i e d  and must be a c c e p t e d .  

V The Law of  Conserva t ion  of  F a m i l i a r i t y  ( P e r c e i v e d  
C o m p l e x i t y )  

I n  [LEH78] t h i s  law was r e f e r r e d  t o  a s  t h e  Law of  I n c r e m e n t a l  
Growth L i m i t s .  Its d i s c o v e r y  was based on d a t a  from t h r e e  
sys t ems ,  each  of which was made a v a i l a b l e  t o  u s e r s  r e l e a s e  by 
r e l e a s e .  I n  each  c a s e  t h e  i n c r e m e n t a l  growth o f  t h e  program 
v a r i e d  w i d e l y  from one r e l e a s e  t o  t h e  n e x t ,  bu t  t h e  a v e r a g e  

1 8 . 2  ( E d s )  I t  r e a l l y  i s  n o t  t h a t  d i f f i c u l t  t o  e x p l a i n .  At 
t h e  o r g a n i s a t i o n a l  l e v e l  feedback w i t h  produc t ion  and 
a c t i v i t y  t a r g e t s  and budget c o n t r o l  i s  guided by 
o r g a n i s a t i o n a l  p e r c e p t i o n s  and g o a l s  and b y  e x e c u t i v e  
d e c i s i o n .  T h e s e ,  i n  t u r n ,  a r e  couched i n  t e r m s  o f  human 
and o t h e r  implementa t ion  r e s o u r c e s ,  produc t ion  
c a p a b i l i t y  which i s  r e f l e c t e d  i n  work t a r g e t s  and work 
r a t e s .  QED. 
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o v e r  a r e l a t i v e l y  l a r g e  number o f  r e l e a s e s  r e m a i n e d  
r e m a r k a b l y  c o n s t a n t ;  t h a t  i s ,  a h igh- growth  r e l e a s e  wou ld  
t e n d  t o  be f o l l o w e d  by one  w i t h  l i t t l e  o r  n o t  g r o w t h ,  o r  e v e n  
by s y s t e m  s h r i n k a g e ;  o r  two r e l e a s e s ,  e a c h  d i s p l a y i n g  n e a r  
a v e r a g e  g rowth .  would  be  f o l l o w e d  by one  w i t h  o n l y  s l i g h t  
g rowth .  Moreove r ,  r e l e a s e s  f o r  wh ich  t h e  n e t  g r o w t h  e x c e e d e d  
a b o u t  t w i c e  t h e  a v e r a g e  p roved  t o  be m i n o r  d i s a s t e r s  ( o r  
m a j o r  o n e s .  d e p e n d i n g  o n  t h e  d e g r e e  o f  e x c e s s )  w i t h  p o o r  
p e r f o r m a n c e ,  poo r  r e l i a b i l i t y ,  h i g h  f a u l t  rates. a n d  c o s t  a n d  
t i m e  o v e r - r u n s .  

The e v i d e n c e  s u g g e s t s  t h a t  i n i t i a l  r e l e a s e  q u a l i t y  i s  a  
n o n l i n e a r  f u n c t i o n  o f  t h e  i n c r e m e n t a l  g rowth .  From a more  
c o m p l e t e  p h e n o m e n o l o g i c a l  a n a l y s i s  a l o n g  t h e  l i n e s  o u t l i n e d  
below. i t  i s  h y p o t h e s i s e d  t h a t  q u a l i t y  i s  e x p o n e n t i a l l y  
r e l a t e d  t o  t h e  re l ease  c o n t e n t ,  t h a t  i s ,  t o  t h e  amount  o f  
change  imp lemen ted  i n  t h e  r e l e a s e .  

It s h o u l d  p e r h a p s  be a d d e d  t h a t  a t  t h i s  time no precise way 
i s  known how t o  d e f i n e  o r  m e a s u r e  r e l e a s e  c o n t e n t  p e r  s e ,  o r  
how t o  t a k e  i n t o  a c c o u n t  t h e  s i z e .  c o m p l e x i t y ,  and i n t e r -  
r e l a t i o n s h i p s  o f  s y s t e m  a n d  c o d e  c h a n g e s ,  a d d i t i o n s ,  and  
d e l e t i o n s .  It i s  n o t  e v e n  c l e a r  t h a t  a m e t r i c  c a n  be f o u n d .  
If i t  c a n ,  t h e n  s u c h  a u n i v e r s a l  m e a s u r e  m u s t  a l s o  be  
s e n s i t i v e  t o  t h e  c h a r a c t e r i s t i c s  o f  t h e  s y s t e m s  a n d  t h e  
e n v i r o n m e n t s  i n v o l v e d  i n  o r  a f f e c t e d  by t h e  c h a n g e s .  

The a b s e n c e  o f  a d e q u a t e  d e f i n i t i o n s  a n d  m e a s u r e s  i s  no r e a s o n  
f o r  i g n o r i n g  o b s e r v e d  phenomena a n d  t h e i r  i m p l i c a t i o n s .  The 
g r a d u a l  c l a r i f i c a t i o n  and  e v o l u t i o n  o f  c o n c e p t s .  d e f i n i t i o n s .  
and  m e a s u r e s  i s  f u n d a m e n t a l  t o  t h e  v e r y  n a t u r e  o f  t h e  
phenomeno log i ca l  a p p r o a c h  we h a v e  a d o p t e d ,  a n  a p p r o a c h  t h a t  
i s  c o n s i d e r e d  e s s e n t i a l  f o r  s i g n i f i c a n t  p r o g r e s s  i n  m a s t e r i n g  
t h e  p r o b l e m s  o f  s o f t w a r e  e n g i n e e r i n g .  One f i r s t  o b s e r v e s  a n d  
m e a s u r e s  some phenomenon, t h e n  s e e k s  m o d e l s ,  i n t e r p r e t a t i o n s ,  
and  e x p l a n a t i o n s  i n  more  f u n d a m e n t a l  terms ; s u b s e q u e n t 1  y ,  one  
c a n  s e e k  m e a s u r e s  a n d  d e v i s e  e x p e r i m e n t s  t h a t  c o n f i r m ,  
r e j e c t ,  mod i fy .  a n d / o r  e x t e n d  t h e  o r i g i n a l  h y p o t h e s e s ,  
i n t e r p r e t a t i o n s ,  a n d  e x p l a n a t i o n s ;  a n d  s o  on .  

4 I n t e r p r e t a t i o n  o f  t h e  F i f t h  Law 

4 .1  Change a n d  Ref a m i l i a r i s a t i o n  

The phenomenon a b s t r a c t e d  by t h e  f i f t h  l aw  was  d e t e c t e d  a t  a  
v e r y  e a r l y  s t a g e  o f  t h e  e v o l u t i o n  d y n a m i c s  s t u d i e s  a n d  was  
f e a t u r e d  i n  t h e  earl iest  model  [BELTlb].  It h a s  b e e n  a p p l i e d  
a s  a  p l a n n i n g  a n d  c o n t r o l  p a r a m e t e r  f o r  a number o f  y e a r s .  
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The e x p l a n a t i o n ,  however ,  h a s  o n l y  r e c e n t l y  become a p p a r e n t .  
The r e l e a s e  p r o c e s s  h a s  a lways  been u n d e r s t o o d  a s  f u l f i l l i n g  
a  s t a b i l i s a t i o n  r o l e  [BELTlb]. Once a  l a r g e  program i s  i n  
g e n e r a l  u s e ,  i t s  code  and d o c u m e n t a t i o n  a r e  no rma l ly  i n  a  
s t a t e  of  f l u x .  A f a u l t  i s  f i x e d  l o c a l l y ;  i n  o t h e r  
i n s t a l l a t i o n s  i t  i s  p e r h a p s  f i x e d  d i f f e r e n t l y  o r  n o t  a t  a l l .  
Minor o r  ma jo r  changes  and l o c a l  a d a p t a t i o n s  a r e  made. Code 
i s  changed w i t h o u t  a  c o r r e s p o n d i n g  change  t o  documen ta t ion .  
Documenta t ion  i s  changed t o  c o r r e s p o n d  t o  o b s e r v e d  b e h a v i o u r  
w i t h o u t  a  f u l l  and  d e t a i l e d  a n a l y s i s  of t h e  p r e c i s e  s e m a n t i c s  
of  t h e  c o d e ,  w i t h i n  t h e  c o n t e x t  of t h e  t o t a l  s y s t e m ,  u n d e r  
a l l  p o s s i b l e  e n v i r o n m e n t a l  c o n d i t i o n s .  Only a t  t h e  moment of 
r e l e a s e  d o e s  t h e r e  e x i s t  a n  a u t h o r i t a t i v e  v e r s i o n  o f  t h e  
program,  t h e  code .  and  i t s  documen ta t ion .  Even t h i s  may 
i n c l u d e  mu1 t i p l e  v e r s i o n s  o f  modules ,  s a y ,  f o r  more o r  l e s s  
c l e a r l y  d e f i n e d  a 1  t e r n a t i v e  s i t u a t i o n s .  

Some t ime  a f t e r  t h e  r e l e a s e  of  a  program o r  program v e r s i o n .  
each  d e s i g n e r ,  i m p l e m e n t e r ,  t e s t e r ,  s a l e s m a n ,  and u s e r  t h a t  
h a s  been  exposed  t o  o r  worked w i t h  t h e  sys tem w i l l  h ave  
become t h o r o u g h l y  c o n v e r s a n t  w i t h .  a t  l e a s t ,  t h o s e  of  i t s  
a t t r i b u t e s  and c h a r a c t e r i s t i c s  t h a t  a r e  c o n s i d e r e d  a t  a l l  
r e l e v a n t .  The r e s u l t a n t  f a m i l i a r i t y  w i l l  have  b red  some 
d e g r e e  of  r e l a x a t i o n ,  of  a b i l i t y  t o  work w i t h  t h e  program i n  
o r d e r  t o  a c c o m p l i s h  s p e c i f i c  o b j e c t i v e s .  The program w i l l  
be m a n i p u l a t e d  w i t h o u t  u n d e r t a i n t y  o r  c o n c e r n  and u s e d  
w i t h o u t  ( a p p a r e n t )  need f o r  c o n c e n t r a t e d  t h o u g h t .  E x t e r n a l  
p e r c e p t i o n  o f  a  p r o g r a m ' s  i n t r i n s i c  c o m p l e x i t y  w i l l  be a t  a  
minimum. Fo r  p e o p l e  work ing  c o n s i s t e n t l y  o n  o r  w i t h  t h e  
program. i t s  p e r c e i v e d  c o m p l e x i t y  may be s a i d  t o  a p p r o a c h  
z e r o .  

A s  changes  a r e  i n t r o d u c e d ,  a s  t h e  new r e l e a s e  i s  g r a d u a l l y  
c r e a t e d  and becomes a v a i l a b l e ,  new and u n f a m i l i a r  code  
a p p e a r s .  The program behaves  d i f f e r e n t l y  i n  e x e c u t i o n .  i n  
i t s  i n t e r a c t i o n  w i t h  and impac t  o n  t h e  env i ronmen t .  
P a g i n a t i o n  i n  t h e  p r e v i o u s l y  f a m i l i a r  documenat ion  h a s  
changed and a n y  need f o r  r e f e r e n c e  e n t a i l s  a  m a j o r  s e a r c h .  
The sys tem h a s  become u n c o m f o r t a b l y  u n f a m i l i a r .  t h e  d e g r e e  of  
u n f a m i l i a r i t y  depend ing  o n  t h e  magn i tude  and e x t e n t  of t h e  
change .  

A ma jo r  i n t e l l e c t u a l  e f f o r t  i s  now r e q u i r e d  by e a c h  p e r s o n  
i n v o l v e d  b e f o r e  any  c o m p l e t e l y  s u c c e s s f u l  and  c o s t - e f f e c t i v e  
i n t e r a c t i o n  w i t h  t h e  new sys t em c a n  o c c u r .  The sys tem h a s  
s u d d e n l y  become s t r a n g e .  i t s  p e r c e i v e d  c o m p l e x i t y  i s  h i g h .  



18. The Large-Program Life Cycle 387 

Even t h o s e  who p a r t i c i p a t e d  i n  t h e  p r e p a r a t i o n  o f  t h e  new 
r e l e a s e  w i l l  n o r m a l l y  h a v e  been  i n c l u d e d  d i r e c t l y  w i t h  o n l y  
a  s m a l l  p a r t  o f  t h e  c h a n g e s ,  a  s m a l l  p o r t i o n  o f  t h e  s y s t e m .  
They t o o  mus t  now l e a r n  t o  u n d e r s t a n d  t h e  new s y s t e m  i n  i t s  
t o t a l i t y .  Moreover .  u n t i l  t h e  c o m p l e t e  s y s t e m  i s  a v a i l a b l e .  
a l l  a c q u i s i t i o n  o f  knowledge  a n d  u n d e r s t a n d i n g  o f  t h e  c h a n g e s  
a n d  o f  t h e  new sys t em mus t  be b a s e d  o n  r e a d i n g  o f  code  and  
d o c u m e n t a t i o n  t e x t .  o r  on  p a r t i a l  e x e c u t i o n  o f  sy s t em 
c omponen t s  o n  t e s t  c a s e s  o r  s y s t e m  mode l s .  A t  l e a s t  some 
p a r t  of s y s t e m- i n t e r n a l  i n t e r a c t i o n s  o r  d e p e n d e n c i e s  w i l l  be  
a b s e n t  i n  s u c h  a n  e n v i r o n m e n t .  Only w i t h  f i n a l  i n t e g r a t i o n  
of t h e  new s y s t e m  d o e s  t h e  f u l l  e x e c u t a b l e  program become 
a v a i l a b l e .  T h e r e f o r e .  when t h e  r e l e a s e  c o n t e n t  e x c e e d s  some 
c r i t i c a l  amount .  o n l y  o p e r a t i o n a l  e x p e r i e n c e  w i t h  t h e  
c o m p l e t e  sy s t em c a n  r e s t o r e  t h e  d e g r e e  of  knowledge  and  
f a m i l i a r i t y .  t h e  g l o b a l  v i e w p o i n t .  t h a t  i s  e s s e n t i a l  f o r  
s u b s e q u e n t  c o s t - e f f e c t i v e  m a i n t e n a n c e ,  enhancemen t .  and  
e x p l o i t a t i o n  o f  t h e  l a r g e  program.  

Thus. i n  g e n e r a l ,  a t  t h e  moment o f  r e l e a s e  o r  s h o r t l y  b e f o r e  
t h a t  t i m e  a  m a j o r  l e a r n i n g  e f f o r t  w i l l  b e g i n .  T h i s  mus t  
i n v o l v e  a l l  t h o s e  a s s o c i a t e d  w i t h  t h e  s y s t e m ,  n o t  j u s t  t h e  
u s e r s .  A l l  c h a n g e s  a n d  a d d i t i o n s  mus t  be  i d e n t i f i e d ,  
u n d e r s t o o d ,  and experienced,  t h e i r  s i g n i f i c a n c e  a p p r e c i a t e d  
w i t h i n  t h e  o p e r a t i o n a l  c o n t e x t  o f  t h e  t o t a l  s y s t e m .  Once 
t h i s  h a s  been  done ,  t h e  o l d  d e g r e e  o f  c o m f o r t  w i t h  t h e  sy s t em 
w i l l  r e t u r n  and  i t s  p e r c e i v e d  c o m p l e x i t y  once  a g a i n  w i l l  
a p p r o a c h  z e r o ;  t h e  l e v e l  o f  f a m i l i a r i t y  h a s  b e e n  r e s t o r e d .  

The amount  o f  work t h a t  mus t  be i n v e s t e d ,  t h e  i n t e l l e c t u a l  
e f f o r t  r e q u i r e d  t o  a c h i e v e  t h i s ,  d e p e n d s  among o t h e r  f a c t o r s ,  
o n  t h e  a t t i t u d e s  o f  p e o p l e ,  o n  t h e  o r g a n i s a t i o n ,  and  o n  t h e  
number. m a g n i t u d e .  a n d  c o m p l e x i t y  o f  c h a n g e s  i n t r o d u c e d .  
Because  c h a n g e s  t o  t h e  s y s t e m  i n t e r a c t  w i t h  one  a n o t h e r .  
b e c a u s e  c h a n g e s  imp lemen ted  i n  t h e  same r e l e a s e  mus t  be  
u n d e r s t o o d  i n  t h e  c o n t e x t  o f  a l l  o t h e r  c h a n g e s  b e i n g  
c o n c u r r e n t l y  imp lemen ted  a s  w e l l  a s  i n  t h e  c o n t e x t  o f  t h e  
unchanged  p a r t s  o f  t h e  s y s t e m  and  o f  p a s t  and  f u t u r e  
a p p l i c a t i o n s .  t h e  r e l a t i o n s h i p  be tween  t h e  r e l e a s e  c o n t e n t  
and  t h e  amount  o f  i n t e l l e c t u a l  e f f o r t  needed  t o  a b s o r b  t h e  
c h a n g e s  i n t r o d u c e d  by a  new r e l e a s e  f u l l y  i s  a t  l e a s t  
q u a d r a t i c ,  p r o b a b l y  e x p o n e n t i a l .  But  w h a t e v e r  t h e  p r e c i s e  
r e l a t i o n s h i p  be tween  t h e  d i f f i c u l t y  o f  r e s t o r i n g  f a m i l i a r i t y  
w i t h  t h e  program and t h e  m a g n i t u d e  o f  t h e  r e l e a s e  c o n t e n t .  
i t  w i l l  be of  t h e  g e n e r a l  f o rm  i n d i c a t e  i n  i n  F i g u r e  1 .  
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Threshold region 

Release content 

F i g u r e  1 : D i f f i c u l t y  - R e l e a s e- c o n t n e t  r e l a t i o n s h i p .  
A ,  above t h r e s h o l d ;  B, below t h r e s h o l d  

The a x e s  o f  t h e  c u r v e  are n o t  c a l i b r a t e d  s i n c e  a t  p r e s e n t  
n e i t h e r  c o n c e p t  no r  s u i t a b l e  m e a s u r e s  are w e l l  d e f i n e d .  The 
c o n c e p t  o f  ' d i f f i c u l t y 1  i n t r o d u c e d  h e r e .  r e l a t e s  t o  t h a t  o f  
Norden and  Putnam [NOR77]; [PUT77]. They, however,  are 
conce rned  w i t h  d i f f i c u l t y  o f  imp lemen ta t ion .  whereas  t h e  
p r e s e n t  c o n c e r n  i s  w i t h  u n d e r s t a n d i n g  t h e  c h a n g e s  w i t h i n  t h e  
c o n t e x t  o f  t h e  t o t a l  s y s t e m ;  t h e i r  i m p l i c a t i o n s  w i t h  r e g a r d  
t o  i t s  o p e r a t i o n a l  behav iour .  Although r e l a t e d ,  s i n c e  one  
c a n n o t  ( s h o u l d  n o t ? )  implement w i t h o u t  u n d e r s t a n d i n g ,  t h e  
c o n c e p t s  a r e  c l e a r l y  n o t  i d e n t i c a l .  
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4 . 2  The Averag ing  o f  A b i l i t y  Through Human I n t e r a c t i o n s  

It must  be l e f t  t o  t h e  f u t u r e  t o  i d e n t i f y  o r  d e f i n e  m e a s u r e s  
and p r o v i d e  a n  improved f o r m u l a t i o n  o f  t h e  f i f t h  law.  
Meanwhile t h e  b a s i c  c o n c e p t s  mus t  be c l a r i f i e d ,  and  under-  
s t a n d i n g  o f ,  a t  l e a s t  t h e  phenomenology i n c r e a s e d .  A b a s i s  
f o r  u l t i m a t e  f o r m a l i s a t i o n  i s  t h e r e b y  p r o v i d e d .  

E v e r y o n e ' s  a b i l i t y  t o  m a s t e r  a  new o r  changed o b j e c t  i s  
l i m i t e d ,  though p e o p l e  c l e a l y  d i f f e r  i n  t h e i r  a b i l i t y  t o  
a b s o r b  new knowledge ( e g  t o  a c h i e v e  f u l l  u n d e r s t a n d i n g  o f  t h e  
changed p rog ram) .  Thus t h e  impac t  o f  c h a n g e s  w i l l  v a r y  f rom 
p e r s o n  t o  p e r s o n  a c c o r d i n g  t o  many f a c t o r s  t h a t  w i l l  i n c l u d e ,  
b u t  a r e  n o t  l i m i t e d  t o ,  t h e i r  l e a r n i n g  a b i l i t y  and  a b s o r p t i v e  
c a p a c i t y .  For  a  g i v e n  l a r g e  program w i t h  which  many p e o p l e  
a r e  i n e v i t a b l y  i n v o l v e d ,  t h e  d i r e c t  and  i n d i r e c t  c o s t s  of  
f a m i l i a r i s a t i o n  ( d e l a y s  i n c u r r e d ,  m i s t a k e s  made, 
d e s t r u c t u r i n g ,  e t c )  r e l a t e  t o  t h e  a v e r a g e  a b i l i t y  o f  a l l  t h e  
p e o p l e  i n v o l v e d .  T h i s  a v e r a g e  w i l l  n o t  change  s i g n i f i c a n t l y  
w i t h  t ime ,  o r ,  w i t h  t h e  d e t a i l e d  c o m p o s i t i o n  o f  t h e  g roup .  

I n  t h e  i m p l e m e n t a t i o n  envi ronment ,  f o r  example .  a l t h o u g h  t h e  
above- average  p e r s o n  w i l l  r e g a i n  m a s t e r y  more q u i c k l y .  make 
f e w e r  m i s t a k e s ,  and a c h i e v e  a  t empora ry  a d v a n t a g e  (which  
migh t  l e a d  t o  p romot ion  o r  t r a n s f e r r a l  t o  a n o t h e r  p r o j e c t ) ,  
t h e  below a v e r a g e  p e r s o n  w i l l  f a l l  b e h i n d ,  p e r h a p s  l o s e  
c o n t a c t ,  make more m i s t a k e s ,  and  do more damage. T h i s  p e r s o n  
may w e l l  be r e a s s i g n e d  t o  a l e s s  demanding r o l e ,  one  w i t h  
l e s s  i m p a c t ,  o r  e v e n  be f i r e d .  B u t  t h e  damage w i l l  have  been  
done;  o t h e r s  w i l l  have  t o  do a d d i t i o n a l  work o r  a p p l y  
c o r r e c t i v e  a c t i o n .  S i n c e  h i r i n g  p o l i c i e s  a r e  r e l a t e d  t o  t e h  
a l r e a d y  e s t a b l i s h e d  make-up o f  t h e  p r o j e c t .  t h e  a v e r a g e  
c a p a c i t y  t o  u n d e r s t a n d  w i l l ,  a t  b e s t ,  r e m a i n  unchanged ;  more 
p robab ly  i t  w i l l  d e c l i n e  [ L E H 7 8 ] .  

I n  t h e  a p p l i c a t i o n  and  u s e r  env i ronmen t .  t h e  c a p a b l e  
i n d i v i d u a l  w i l l  m a s t e r  t h e  c h a n g e s  r e l a t i v e l y  q u i c k l y  and  
c a r r y  o n  w i t h  a s s i g n e d  r e s p o n s i b i l i t i e s ,  e x p e r i e n c e  minimal  
p e r t u r b a t i o n .  and c a u s e  no i m p a c t  on  o t h e r s .  The l e s s  
c a p a b l e ,  o n  t h e  o t h e r  hand,  w i l l  have  t o  d i s c u s s  w i t h  o t h e r s  
t h e i r  d i f f i c u l t i e s  i n  f u l l y  a p p r e c i a t i n g  t h e  changes .  They 
w i l l  even  m i s i n t e r p r e t  d o c u m e n t a t i o n  o r  sys t em b e h a v i o u r  and  
r e p o r t  d i f f i c u l t i e s  o r  f a u l t s  t h a t  a r e  i n  f a c t .  n o n- e x i s t e n t .  
Such d i s c u s s i o n s  o r  r e p o r t s  w i l l  c a u s e  d e l a y s  o r  d i s r u p t i o n s  
i n  t h e  p r o j e c t ,  and  may e v e n  l e a d  t o  e r r o n e o u s  r e p a i r .  Once 
a g a i n  t h e  p r e s e n c e  o f  p e r s o n s  w i t h  g r e a t e r  t h a n  a v e r a g e  
d i f f i c u l t y  i n  r e f a m i l i a r i s a t i o n  h a s  a n  i m p a c t  t h a t  r a n g e s  
beyond t h e  immedia te  bound o f  r e s p o n s i b i l i t y  of  t h e s e  
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i n d i v i d u a l s .  It r e s u l t s  i n  a n  o v e r a l l  slow-down i n  t h e  
r e t u r n  t o  normalcy  a f t e r  change .  t h e  t i m e  r e q u i r e d  b e i n g  
d e t e r m i n e d  by average a b i l i t y .  

Fo r  d i f f e r e n t  o r g a n i s a t i o n s .  s y s t e m s ,  s t r u c t u r e s ,  me thodo l-  
o g i e s ,  a n d  p r o c e s s e s .  t h e  a v e r a g e  l e v e l  w i l l ,  o f  c o u r s e ,  be 
d i f f e r e n t .  T h i s  i m p l i e s  t h a t  any  model w i l l  c o n t a i n  
p a r a m e t e r s  r e f l e c t i n g  e x o g e n o u s  v a r i a b l e s .  These  v a r i a b l e s  
p o i n t  t o  a  p o t e n t i a l  f o r  i m p r o v i n g  t h e  a v e r a g e  a b s o r p t i o n  
l e v e l .  o n c e  t h e  phenomenon, t h e  o r g a n i s a t i o n ,  a n d  t h e  
programming p r o c e s s  a r e  u n d e r s t o o d .  

4 . 3  C o n s e r v a t i o n  o f  F a m i l i a r i t y  a n d  S t a t i s t i c a l l y  I n v a r i a n t  
R e l e a s e  C o n t e n t  

G i v e n  t h e  a b o v e  i n s i g h t s  f i r s t l y  i n t o  t h e  i n c r e a s e d  d i f f i c -  
u l t y  o f  u n d e r s t a n d i n g  c h a n g e s  a n d  t h e i r  i m p l i c a t i o n s  a s  
r e l e a s e  c o n t e n t  i n c r e a s e s  a n d  s e c o n d l y  i n t o  t h e  mechanism o f  
t h e  slowdown o f  b o t h  u t i l i s a t i o n  a n d  f u r t h e r  e v o l u t i o n  a s  
s y s t e m  s t r u c t u r e  d e t e r i o r a t e s .  t h e  number o f  f a u l t s  i n c r e a s -  
e s .  d o c u m e n t a t i o n  l a g s ,  a n d  p e r f o r m a n c e  d e c l i n e s ,  we a r e  now 
i n  a  p o s i t i o n  t o  a p p r e c i a t e  t h e  f i f t h  l aw .  

I f  t h e  r e l e a s e  c o n t e n t .  t h e  m a g n i t u d e  o f  c h a n g e s  a n d / o r  t h e  
i n c r e m e n t a l  g r o w t h .  i s  l e s s  t h a n  some t h r e s h o l d  r e g i o n  T  
( F i g u r e  1 ) . t h e  i n t e g r a t i o n  a n d  o p e r a t i o n a l  i n s t a l l a t i o n  o f  
t h e  new s y s t e m  s h o u l d  be f a i r l y  s t r a i g h t f o r w a r d .  No m a j o r  
p r o b l e m s  s h o u l d  be  e x p e r i e n c e d  i n  m a s t e r i n g  t h e  new r e l e a s e ;  
i t  may w e l l  be t h a t  t h e  change  may be a b s o r b e d  and  
f a m i l i a r i t y  r e s t o r e d  w i t h o u t  a c t u a l  o p e r a t i o n a l  d i s t u r b a n c e .  

The v e r y  e a s e  o f  t h e  r e - f a m i l i a r i s a t i o n  p r o c e s s  i n  c o n j u n c-  
t i o n  w i t h  t h e  n e v e r- e n d i n g  s e a r c h  f o r  p r o d u c t i v i t y  g r o w t h  
w i l l ,  however .  c r e a t e  a  m a n a g e r i a l  c l i m a t e  i n  w h i c h  more  
a m b i t i o u s  r e l e a s e s  t h a t  w i l l  c h a l l e n g e  o r g a n i s a t i o n a l  
c a p a b i l i t y  and  may f l o u t  i t s  n a t u r a l  p a r a m e t e r s ,  w i l l  be 
a t t e m p t e d .  P r e s s u r e s  a r e  c r e a t e d  t h a t  t e n d  t o  move s u b s e-  
q u e n t  r e l e a s e s  f r om B r e g i o n  i n t o  t h e  t h r e s h o l d  T  r e g i o n .  

When t h e  r e l e a s e  c o n t e n t  l i e s  i n  T  ( w h i c h  may n o t  be  
p r e c i s e l y  d e l i n e a b l e )  , q u a l i t y ,  p e r f o r m a n c e ,  c o m p l e t i o n .  and  
i n s t a l l a t i o n  p rob l ems  a r e  t o  be  e x p e c t e d .  S l i p p a g e  a n d  c o s t  
o v e r r u n  w i l l  p r o b a b l y  o c c u r .  A s u b s e q u e n t  r e l e a s e  n a y  be 
r e q u i r e d  t o  c l e a n  up  t h e  s y s t e m  a n d  r e s t o r e  i t  t o  a  s t a t e  
t h a t  p e r m i t s  f u r t h e r  c o s t - e f f e c t i v e  e v o l u t i o n .  T h i s  
e x p e r i e n c e  w i l l  c e r t a i n l y  n o t  e n c o u r a g e  management  t o  demand 
a n  i n c r e a s e  i n  r e l e a s e  c o n t e n t .  The n e x t  r e l e a s e  w i l l  t e n d  
t o  be  i n  t h e  same t h r e s h o l d  r e g i o n  o r  e v e n  below i t .  
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o f  t h e  T  r e g i o n  a n d  moves i n t o  A ,  s e r i o u s  p r o b l e m s  w i l l  be 
e n c o u n t e r e d .  S l i p p a g e  a n d  c o s t  o v e r r u n  mus t  o c c u r  u n l e s s  
p l a n s  t a k e  a c c o u n t  o f  t h e  g r e a t l y  i n c r e a s e d  d i f f i c u l t i e s  t h a t  
w i l l  be e x p e r i e n c e d .  I f  n o t  p r o p e r l y  p l a n n e d ,  s u c h  a n  
a t t e m p t  may l e a d  t o  t h e  e f f e c t i v e  c o l l a p s e  o f  t h e  s y s t e m  o r .  
a s  o b s e r v e d  i n  a t  l e a s t  two i n s t a n c e s .  t o  a n  e f f e c t  t h a t  we 
h a v e  t e rmed  s y s t e m  fission. S i n c e  o n l y  r e l e a s e  o f  t h e  s y s t e m  
t o  end  u s e r s  and  t o  t h e  d e v e l o p e r s  p r o v i d e s  f u l l  e x p o s u r e .  
e v e n  when a d e q u a t e  r e s o u r c e s  a n d  t i m e  h a v e  been  p r o v i d e d ,  
such  a  r e l e a s e  w i l l  s t i l l  have  t o  be f o l l o w e d  by a  
r e s t o r a t i o n  o r  c l e a n- u p  r e l e a s e .  T h i s  r e s u l t s  i n  one  o r  more 
s u c c e s s o r  r e l e a s e s  i n  t h e  B r e g i o n  o f  t h e  c h a r a c t e r i s t i c  
c u r v e  o f  F i g u r e  1 .  

It was  t h e  r e p e a t e d  o b s e r v a t i o n  o f  t h e  a b o v e  p a t t e r n s  o f  
r e l e a s e  b e h a v i o u r  t h a t  s u g g e s t e d  t h e  a n a l y s i s  a n d  l e d  t o  t h e  
i n s i g h t s  summar i s ed  i n  t h e  p r e c e d i n g  p a r a g r a p h s .  Our 
a n a l y s i s  s u g g e s t s  t h a t  t h e  c o n s e q u e n c e s  o f  f e e d b a c k  i n  t h e  
p r o c e s s .  i n  c o n j u n c t i o n  w i t h  n o n l i n e a r  c h a r a c t e r i s t i c s  
i n d i c a t e d  i n  F i g u r e  1 ,  l e a d  ( o v e r  s e v e r a l  r e l e a s e s )  t o  
s t a b i l i s a t i o n  o f  r e l e a s e  c o n t e n t  i n  o r  j u s t  below t h e  
t h r e s h o l d  r e g i o n .  No a t t e m p t  h a s  y e t  b e e n  made t o  c r e a t e  a n  
a n a l y t i c  model  o f  t h i s  phenomenon. b u t  i t  s h o u l d  n o t  p r o v e  
t o o  d i f f i c u l t  t o  b u i l d  a n d  v a l i d a t e  [U0079a].  

The f i f t h  l aw  a b s t r a c t s  b o t h  t h e  o b s e r v a t i o n s  and  t h e i r  
i n t e r p r e t a t i o n ,  i n c l u d i n g  t h e  emergence  o f  i n v a r i a n t  a v e r a g e  
i n c r e m e n t a l  g r o w t h  o f  r e l e a s e  c o n t e n t .  The l a t t e r  i s  a l s o  a  
c onsequence  o f  t h e  a d d i t i o n a l  exogenous  p r e s s u r e  f o r  
a c c e l e r a t e d  f u n c t i o n a l  g rowth  t h a t  i s  c h a r a c t e r i s t i c  o f  
l a r g e- p r o g r a m  a p p l i c a t i o n s  a n d ,  i n  g e n r a l ,  o f  o r g a n i s a t i o n a l  
e n v i r o n m e n t s .  Once a g a i n  t h e  l a w  s u g g e s t s  t h a t  m a n a g e r s  and  
p l a n n e r s  t a k e  n o t e  of  p r o j e c t  a n d  s y s t e m  i n v a r i a n c e s ;  when 
f o r m u l a t i n g  p l a n s .  t h e y  must  r e s p e c t  t h e  l i m i t a t i o n s  t h e  
i n v a r i a n c e s  imp ly  o r  a c c e p t  t h e  i n e v i t a b l e  c o n s e q u e n c e s .  

5 F i n a l  Comments 

The f i r s t  r e c o g n i t i o n  o f  t h e  l a w s  d i s c u s s e d  was ba sed  
e n t i r e l y  o n  a n  e x a m i n a t i o n  a n d  a n a l a y s i s  o f  d a t a  f rom a  
v a r i e t y  o f  p r o g r a m s  and  s y s t e m s ,  b o t h  l a r g e  and  n o t  s o  l a r g e .  
To make t h e  t r a n s i  s i  t i o n  f r o m  phenomenology t o  s c i e n c e ,  
however .  t h e  l a w s .  once  f o r m u l a t e d ,  mus t  be examined  i n  t h e i r  
own r i g h t .  The l a w s  o f  l a r g e- p r o g r a m  deve lopmen t  and  
e v o l u t i o n  a r e  now b e g i n n i n g  t o  be u n d e r s t o o d  i n  t h i s  way. 
They a r e  s e e n  t o  e x p r e s s  v e r y  b a s i c  a t t r i b u t e s  o f  c o m p u t i n g ,  
of t h e  programming d e v e l o p m e n t .  m a i n t e n a n c e  and  u s a g e  
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p r o c e s s e s .  o f  p r o g r a m s  t h e m s e l v e s ,  a n d  o f  t h e  o r g a n i s a t i o n s  
a n d  e n v i r o n m e n t s  i n  w h i c h  t h e s e  a c t i v i t i e s  a r e  c a r r i e d  o u t .  

Once t h i s  i n t e r p r e t a t i o n  o f  t h e  l a w s  i n  t e r m s  o f  more  
f u n d a m e n t a l  phenomena h a s  b e e n  a c h i e v e d ,  t h e  o l d  d a t a  m u s t  be 
r e- e x a m i n e d  a n d  new i n f o r m a t i o n  e x a m i n e d  i n  t h e  l i g h t  o f  t h e  
l a w s  a s  u n d e r s t o o d .  D e v i a t i o n s  m u s t  be  e x p l a i n e d  a n d  
i n t e r p r e t e d ;  c o n t r a d i c t i o n s  may r e q u i r e  r e f o r m u l a t i o n  a n d  r e -  
i n t e r p r e t a t i o n  o f  a  l a w ,  o r  e v e n  i t s  r e j e c t i o n .  

T h e r e  i s ,  o f  c o u r s e ,  n o t h i n g  new i n  t h e s e  comments:  t h e y  
f o r m  t h e  v e r y  b a s i s  o f  t h e  s c i e n t i f i c  method .  They a r e  a d d e d  
h e r e ,  however .  t o  a s s e r t  t h e  b e l i e f  t h a t  t h e  l a w s  a s  
f o r m u l a t e d  h a v e  b e e n  s u b s t a n t i a t e d  by e x p e r i e n c e  a n d  by 
e x p e r i m e n t a l  d a t a  t o  t h e  p o i n t  w h e r e  t h e y  c a n  s t a n d  i n  t h e i r  
own r i g h t  u n t i l  a c c u m u l a t i n g  e v i d e n c e  a n d  d e v e l o p i n g  i n s i g h t  
a n d  u n d e r s t a n d i n g  demand t h e i r  c h a n g e  - o r  u n t i l  we c a n  s o  
c h a n g e  s y s t e m  s t r u c t u r e .  p r o c e s s  m e t h o d o l o g y  a n d  
c h a r a c t e r i s t i c s ,  a n d  programmer  a n d  u s e r  p r a c t i c e  a n d  h a b i t s .  
t h a t  t h e  l a w s  a s  f o r m u l a t e d  no l o n g e r  a p p l y .  
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1 Background 

1 . 1  The n a t u r e  of t h e  problem 

The 1977 US e x p e n d i t u r e  o n  programming i s  e s t i m a t e d  t o  have 
exceeded $50 b i l l i o n  and may have been a s  h i g h  a s  $100 
b i l l i o n .  T h i s  f i g u r e ,  more t h a n  3% of  t h e  US GNP f o r  t h a t  
y e a r ,  i s  i t s e l f  a n  awsome f i g u r e .  It h a s  i n c r e a s e d  e v e r  
s i n c e  i n  r e a l  t e rms  and w i l l  c o n t i n u e  t o  do s o  a s  t h e  micro-  
p r o c e s s o r  f i n d s  e v e r  w i d e r  a p p l i c a t i o n .  Programming e f f e c t -  
i v e n e s s  i s  c l e a r l y  a  s i g n i f i c a n t  c o n t r i b u t o r  t o  n a t i o n a l  
economic h e a l t h .  Even s m a l l  p e r c e n t a g e  improvements i n  
p r o d u c t i v i t y  c a n  make s i g n i f i c a n t  f i n a n c i a l  impact .  The 
p o t e n t i a l  f o r  s a v i n g  i s  l a r g e .  

Economic c o n s i d e r a t i o n s  a r e ,  however, not  n e c e s s a r i l y  t h e  
main c a u s e  o f  w i d e s p r e a d  conce rn .  A s  computers  p l a y  a n  e v e r  
l a r g e r  r o l e  i n  s o c i e t y  and t h e  l i f e  of t h e  i n d i v i d u a l ,  i t  
becomes more and  more c r i t i c a l  t o  be a b l e  t o  c r e a t e  and  
m a i n t a i n  e f f e c t i v e ,  c o s t - e f f e c t i v e  and t i m e l y  s o f t w a r e .  For 
more t h a n  two d e c a d e s ,  however,  t h e  programming f r a t e r n i t y ,  
and th rough  them t h e  computer- user  community, h a s  f a c e d  
s e r i o u s  problems i n  a c h i e v i n g  t h i s  [GOL73]. A s  t h e  
a p p l i c a t i o n  o f  m i c r o- p r o c e s s o r s  e x t e n d s  e v e r  d e e p e r  i n t o  t h e  
f a b r i c  o f  s o c i e t y  t h e  problems w i l l  be compounded u n l e s s  v e r y  
b a s i c  s o l u t i o n s  a r e  found and deve loped .  

1 .  Programming 

The e a r l y  f i f t i e s  had been a  p i o n e e r i n g  p e r i o d  i n  
programming. The s h e e r  e c s t a s y  of i n s t r u c t i n g  a  machine ,  
s t e p  by s t e p ,  t o  a c h i e v e  a u t o m a t i c  computa t ion  a t  s p e e d s  
p r e v i o u s l y  undreamed of c o m p l e t e l y  h i d  t h e  F n t e l l e c u t a l l y  
u n s a t i s f y i n g  a s p e c t s  o f  programming; t h e  l a c k  o f  a  guiding 
theory and d i s c i p l i n e ;  t h e  l a r g e l y  h i t  o r  miss  n a t u r e  o f  t h e  
p r o c e s s  th rough  which a n  a c c e p t a b l e  program was f i n a l l y  
a c h i e v e d ;  t h e  e v e r  p r e s e n t  u n c e r t a i n l y  a b o u t  t h e  accuracy, 
even t h e  v a l i d i t y ,  of t h e  f i n a l  r e s u l t .  
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More i m m e d i a t e l y ,  p e n e t r a t i o n  o f  t h e  compu te r  i n t o  t h e  
a c a d e m i c ,  i n d u s t r i a l  a n d  commerc i a l  w o r l d s  l e d  t o  s e r i o u s  
p r o b l e m s  i n  t h e  p r o v i s i o n  a n d  u p k e e p  o f  s a t i s f a c t o r y  
p rog rams .  It a l s o  y i e l d e d  new i n s i g h t s .  P r o g r a n l ~ ~ l i n g  a s  t h e n  
p r a c t i s e d  r e q u i r e d  breakdown o f  a  problem t o  be s o l v e d  i n t o  
s t e p s  f a r  more  d e t a i l e d  t h a n  t h o s e  i n  t e r m s  o f  wh ich  p e o p l e  
t h o u g h t  a b o u t  i t  a n d  i t s  s o l u t i o n .  The manual  g e n e r a t i o n  o f  
p rog rams  a t  t h i s  low l e v e l  w a s  t e d i o u s  a n d  e r r o r  p r o n e  f o r  
t h o s e  whose p r i m a r y  c o n c e r n  was  t h e  r e s u l t ;  f o r  whom program-  
ming w a s  a  means  t o  a n  e n d  a n d  n o t  a n  e n d  i n  i t s e l f .  T h i s  
c o u l d  n o t  be t h e  b a s i s  f o r  w i d e s p r e a d  compu te r  a p p l i c a t i o n .  

It was ,  howeve r ,  o b s e r v e d  t h a t  s u c h  p rog rams  c o n t a i n e d  
i n s t r u c t i o n  s e q u e n c e s  t h a t  o c c u r r e d  a g a i n  a n d  a g a i n .  These  
s e q u e n c e s  r e p r e s e n t e d  p r i m i t i v e  c o n c e p t s  i n  t h e  programmer 1 s 
v i e w  o f  t h e  p rob l em.  S u r e l y  t h e s e  a t  l eas t  c o u l d  be 
m e c h a n i c a l l y  g e n e r a t e d .  Thus t h e r e  was  b o r n  t h e  c o n c e p t  o f  
h i g h  l e v e l ,  p roblem o r i e n t e d ,  l a n g u a g e s  a n d  a u t o m a t i c  program 
c o m p i l a t i o n .  S t a r t i n g  w i t h  F o r t r a n ,  t h e n  Cobol ,  A l g o l ,  Algol  
6 8 ,  PL/ 1 and c o u n t l e s s  non- mains t ream l a n g u a g e s ,  mos t  
r e c e n t l y  P a s c a l  a n d  Ada, l a n g u a g e s  w e r e  c r e a t e d  t o  s i m p l i f y  
t h e  deve lopmen t  o f  compu te r  a p p l i c a t i o n s .  

These  l a n g u a g e s  d i d  n o t  j u s t  r a i s e  t h e  l e v e l  o f  d e t a i l  t o  
wh ich  p rog rammers  h a d  t o  d e v e l o p  t h e i r  v i ew  o f  t h e  a u t o m a t e d  
p r o b l e m- s o l v i n g  p r o c e s s .  They a l s o  removed some o f  t h e  
b u r d e n  o f  p r o c e d u r a l  o r g a n i s a t i o n ,  r e s o u r c e  a l l o c a t i o n  a n d  
s c h e d u l i n g ,  b u r d e n s  w h i c h  w e r e  f u r t h e r  r e d u c e d  t h r o u g h  t h e  
deve lopmen t  o f  o p e r a t i n g  s y s t e m s  a n d  j o b  c o n t r o l  l a n g u a g e s .  

Above a l l ,  howeve r ,  t h e  h i g h - l e v e l  l a n g u a g e  t r e n d  p e r m i t t e d  a 
f u n d a m e n t a l  s h i f t  i n  a t t i t u d e ,  a  s h i f t  whose p o t e n t i a l  was 
n o t  a l w a y s  r e c o g n i s e d  o r  e x p l o i t e d .  To t h e  d i s c e r n i n g ,  a t  
l e a s t ,  i t  became c l e a r  t h a t  i t  was  n o t  t h e  p r o g r a m m e r ' s  m a i n  
r e s p o n s i b i l i t y  t o  i n s t r u c t  a mach ine  by d e f i n i n g  a s t ep- by-  
s t e p  c o m p u t a t i o n a l  p r o c e s s .  H i s  t a s k  w a s  t o  s t a t e  a n  
a l g o r i t h m  t h a t  c o r r e c t l y  a n d  unambiguous ly  d e f i n e s  a 
m e c h a n i c a l  p r o c e d u r e  f o r  o b t a i n i n g  a s o l u t i o n  t o  a g i v e n  
p rob l em [LEH80], [LEHTg]. The t r a n s f o r m a t i o n  o f  t h i s  i n t o  
e x e c u t a b l e  a n d  e f f i c i e n t  code  s e q u e n c e s  c o u l d  be more  s a f e l y  
e n t r u s t e d  t o  a u t o m a t i c  mechanisms .  The o b j e c t i v e  o f  l a n g u a g e  
d e s i g n  was t o  f a c i l i t a t e  t h a t  t a s k .  

Languages  had  become a m a j o r  t o o l  i n  t h e  h a n d s  o f  t h e  
programmer.  L i k e  a l l  t o o l s  t h e y  s o u g h t  t o  r e d u c e  t h e m a n u a l  
e f f o r t  o f  t h e  w o r k e r  a n d  a t  t h e  same t i m e  improve  t h e  q u a l i t y  
o f  h i s  work .  They p e r m i t t e d  a n d  e n c o u r a g e d  c o n c e n t r a t i o n  o n  
t h e  i n t e l l e c t u a l  t a s k s  w h i c h  a r e  t h e  r e a l  p r o v i n c e  o f  t h e  
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human mind and s k i l l ;  i n  t h i s  c a s e  d e f i n i n g  bo th  t h e  problem 
and a n  a l g o r i t h m  f o r  i t s  s o l u t i o n .  Thus e v e r  s i n c e  t h e  
s e a r c h  f o r  b e t t e r  l anguages  and f o r  improving methods f o r  
t h e i r  u s e ,  h a s  con t inued  [WUL77]. 

There a r e  those  who b e l i e v e  t h a t  t h e  development of 
programming methodology, h igh  l e v e l  l a n g u a g e s  and a s s o c i a t e d  
concep t s ,  is  by f a r  t h e  most i m p o r t a n t  s t e p  f o r  s u c c e s s f u l  
computer usage. That  may w e l l  be,  b u t  i t  i s  by no means 
s u f f i c i e n t y .  There e x i s t s  a  need f o r  a d d i t i o n a l  methods and 
t o o l s ,  one t h a t  a r i s e s  p r i m a r i l y  from program maintenance.  

1 . 3  Program Maintenance 

The s h e e r  l e v e l  of programming and programming- related 
a c t i v i t y  makes i t s  d i s c i p l i n i n g  impor tan t .  But  a  second 
s t a t i s t i c  c a r r i e s  a n  e q u a l l y  s i g n i f i c a n t  message. Of t h e  
t o t a l  US e x p e n d i t u r e  f o r  1977, some 70% was s p e n t  on program 
maintenance and on ly  about  30% of program development. Even 
h i g h e r  r a t i o s  of maintenance t o  development c o s t s  have been 
r e p o r t e d  f o r  a  v a r i e t y  of environments  and t h e  r a t i o  may be 
accep ted  a s  c h a r a c t e r i s t i c  of t h e  s t a t e  of t h e  a r t  i n  t h e  
so f tware  community, a t  l e a s t  i n  t h e  developed c o u n t r i e s  o f  
t h e  w e s t e r n  wor ld .  

Some c l a r i f i c a t i o n  is ,  however, necessa ry .  For s o f t w a r e  t h e  
term maintenance i s  g e n e r a l l y  used t o  d e s c r i b e  all changes 
made t o  a  program a f t e r  i t s  f i r s t  i n s t a l l a t i o n .  It t h e r e -  
f o r e  d i f f e r e s  s i g n i f i c a n t l y  from more g e n e r a l  usage which i s  
concerned w i t h  restoration of a  system o r  system component t o  
i t s  former s t a t e .  D e t e r i o r a t i o n  t h a t  h a s  o c c u r r e d  a s  a  
r e s u l t  of usage o r  w i t h  t h e  passage of t ime,  i s  c o r r e c t e d  by 
r e p a i r  o r  r ep lacement .  But s o f t w a r e  does  not  d e t e r i o r a t e  
spon taneous ly  o r  by i n t e r a c t i o n  w i t h  i t s  o p e r a t i o n a l  
environment.  Programs do not s u f f e r  from wear and t e a r ,  
c o r r o s i o n  o r  p o l l u t i o n .  They do not  change u n l e s s  and u n t i l  
people change them, and t h i s  i s  done whenever t h e  c u r r e n t  
behaviour  of a  program i n  e x e c u t i o n  i s  found t o  be wrong, 
i n a p p r o p r i a t e  o r  t o o  r e s t r i c t e d .  So c a l l e d  r e p a i r  a c t u a l l y  
i n v o l v e s  changes  away from t h e  p rev ious  implementat ion.  
F a u l t s  be ing  c o r r e c t e d  d u r i n g  maintenance can  o r i g i n a t e  i n  
any phase of t h e  program life-cycle. 

Moreover, i n  hardware systems major  changes t o  a  product  a r e  
g e n e r a l l y  a c h i e v e d  by r e d e s i g n ,  r e t o o l i n g  and t h e  
c o n s t r u c t i o n  of a  new i n s t a n c e ,  With programs, t h e  code 
i t s e l f  i s  c o n t i n u a l l y  be ing  a l t e r e d  and ex tended  t o  implement 
a  sequence of improvements and adaptations t o  a  changing 
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environment.  New c a p a b i l i t y ,  of t e n  not  r e c o g n i s e d  d u r i n g  t h e  
e a r l i e r  l i f e  of t h e  system i s  super imposed on a n  e x i s t i n g  
s t r u c t u r e  w i t h o u t  r e d e s i g n  o f  t h e  system a s  a  whole. The 
program becomes a  qu icksand  of ever- changing code, document- 
a t i o n  and s t r u c t u r e .  

S ince  t h e  term s o f t w a r e  maintenance c o v e r s  such a wide range 
of a c t i v i t i e s ,  t h e  v e r y  high r a t i o  o f  maintenance t o  develop-  
ment c o s t  does  no t  n e c e s s a r i l y  have t o  be d e p r e c a t e d .  It 
w i l l ,  i n  f a c t ,  be  s u g g e s t e d  t h a t  t h e  need f o r  c o n t i n u i n g  
change i s  intrinsic t o  t h e .  n a t u r e  of computer usage.  Thus 
t h e  q u e s t i o n  r a i s e d  by t h e  h igh  c o s t  of maintenance i s  no t  
e x c l u s i v e l y  how t o  c o n t r o l  and reduce  t h a t  c o s t  by a v o i d i n g  
e r r o r s  o r  by d e t e c t i n g  them e a r l i e r  i n  t h e  development and 
usage c y c l e .  The unit cost of change must i n i t i a l l y  be made 
a s  low a s  p o s s i b l e ,  and i t s  growth, as  t h e  system 
a g e s ,  minimised. Programs must be made more alterable, and 
t h e  a 1  t e r a b i l i  t y  maintained th roughout  t h e i r  l i f e -  time. The 
change p r o c e s s  i t s e l f  must be planned and c o n t r o l l e d .  Asses- 
ment of t h e  economic v i a b i l i t y  of a  program must i n c l u d e  
t o t a l  l i f e - t i m e  c o s t s  and t h e i r  l i f e - c y c l e  distribution, and 
not  based e x c l u s i v e l y  o n  t h e  i n i t i a l  development c o s t s .  We 
must be concerned w i t h  t h e  c o s t  and e f f e c t i v e n e s s  o f  t h e  
l i f e - c y c l e  p r o c e s s  i t s e l f  and n o t  j u s t  t h a t  of i t s  produc t .  

The remainder  of t h i s  paper examines t h e  n a t u r e  of t h i s  
c o n t i n u i n g  change p r o c e s s  and t h e  s u p p o r t  i t  demands. 
Methods and t e c h n i q u e s  t h a t  have evolved t o  cope w i t h  t h e  
a s s o c i a t e d  problems a r e  d i s c u s s e d  e l sewhere  [BEL80]. 

The opening paragraph  h i g h l i g h t e d  t h e  h igh  c o s t  of s o f t w a r e  
and s o f t w a r e  maintenance.  The economic b e n e f i t  and p o t e n t i a l  
of t h e  a p p l i c a t i o n  o f  computers  is ,  however, s o  h igh  t h a t  
p r e s e n t  e x p e n d i t u r e  l e v e l s  may w e l l  be a c c e p t a b l e ,  a t  l e a s t  
f o r  c e r t a i n  c l a s s e s  o f  programs. But we must be concerned 
w i t h  t h e  f a c t  t h a t  correctness, performance. capability, 
quality in general, cannot  a t  p r e s e n t  be des igned  and b u i l t  
i n t o  a  program ab initio. They can  o n l y  be ach ieved  by 
g r a d u a l  r e f inement  . Moreover, when needed o r  d e s i r a b l e  
changes  a r e  a u t h o r i s e d ,  they can u s u a l l y  not  be implemented 
o n  a  t ime s c a l e  f i x e d  by e x t e r n a l  need. Responsiveness i s  
poor.  And a s  mankind r e l i e s  more and more, c o l l e c t i v e l y  and 
i n d i v i d u a l l y ,  on s o f t w a r e  t h a t  c o n t r o l s  computers t h a t  i n  
t u r n  g u i d e  s o c i e t y ,  i t  becomes c r u c i a l  t h a t  peop le  remain i n  
u l t i m a t e  c o n t r o l  of t h e  change and a d a p t a t i o n  p rocess .  To 
a c h i e v e  t h i s  r e q u i r e s  i n s i g h t ,  t h e o r y ,  models,  methods,  
t o o l s ;  a d i s c i p l i n e .  That i s  what  s o f t w a r e  e n g i n e e r i n g  i s  
a l l  abou t  LBOE761, LTUR781, [BOE781. 
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2 . 1  Programs 

Program E v o l u t i o n  Dynamics [BELT8 and i t s  b i b l i o g r a p h y  1 and  
t h e  l aws  [LEH74], [LEH80], [ L E H ~ ~ ] ,  [LEH80al, d i s c u s s e d  i n  
t h e  next  s e c t i o n  have  a lways  been a s s o c i a t e d  w i t h  a  concep t  
of largeness ,  imply ing  a  c l a s s i f i c a t i o n  i n t o  l a r g e  and non- 
l a r g e  programs. G r e a t  d i f f i c u l t y  h a s ,  however, been exper-  
i e n c e d  i n  d e f i n i n g  t h e s e  c l a s s e s .  Even t h e  d e f i n i t i o n  t h a t  
was f i n a l l y  adop ted  [LEH80], [LEH79] does  n o t  s a t i s f y  s i n c e  
i t  i s  based o n  management r a t h e r  t h a n  programmatic c o n c e p t s  
and on s u f f i c i e n c y  but  no t  n e c e s s i t y .  

Recent d i s c u s s i o n s  [TUR79], have produced a  more s a t i s f y i n g  
c l a s s i f i c a t i o n .  T h i s  f o l l o w s  from r e c o g n i t i o n  of  t h e  f a c t  
t h a t ,  a t  t h e  v e r y  l e a s t ,  any program i s  a  model of  a  model of 
. . a  model of  some p o r t i o n  of  t h e  wor ld  o r  of some u n i v e r s e  

of d i s c o u r s e .  The c l a s s i f i c a t i o n  c a t e g o r i s e s  programs i n t o  
t h r e e  c l a s s e s ,  S, P  and E. S i n c e  programs c o n s i d e r e d  l a r g e  
by o u r  p r e v i o u s  d e f i n i t i o n  w i l l  g e n e r a l l y  be of c l a s s  E, t h e  
new c l a s s i f i c a t i o n  r e p r e s e n t s  a  b roaden ing  and  f i r m i n g  o f  t h e  
p r e v i o u s  v iewpoin t .  

S-programs a r e  programs whose f u n c t i o n  i s  f o r m a l l y  d e f i n e d  by 
and d e r i v a b l e  from a  s p e c i f i c a t i o n .  It i s  t h e  programming 
form from which most advanced programming methodology and 
r e l a t e d  t e c h n i q u e s  d e r i v e ,  and t o  which they d i r e c t l y  r e l a t e .  
We s h a l l  s u g g e s t  t h a t  a s  programming methodology e v o l v e s  
s t i l l  f u r t h e r ,  a l l  l a r g e  programs ( s o f t w a r e  sys tems)  w i l l  be 
c o n s t r u c t e d  a s  s t r u c t u r e s  o f  S-Programs. 

A s p e c i f i c  problem i s  s t a t e d :  l o w e s t  common mu1 t i p l e  of  two 
i n t e g e r s ;  f u n c t i o n  e v a l u a t i o n  i n  a  s p e c i f i e d  domain; E i g h t  
Queens ;  Dining P h i l o s o p h e r s ;  g e n e r a t i o n  of a  r e c t a n g l e  of a  
s i z e  w i t h i n  g i v e n  l i m i t s  o n  a  s p e c i f i c  VDU type .  Each such 
problem r e l a t e s  t o  i t s  u n i v e r s e  of d i s c o u r s e .  It may even  
r e l a t e  d i r e c t l y  and p r i m a r i l y  t o  t h e  e x t e r n a l  world ,  but  be 
complete ly  d e f i n a b l e  a s  i s  t h e  t r a v e l l i n g  sa lesman  problem. 

A s  s u g g e s t e d  by F i g u r e  1 ,  t h e  s p e c i f i c a t i o n ,  a s  a  fo rmal  
d e f i n i t i o n  of t h e  problem, d i r e c t s  and c o n t r o l s  t h e  
programmer i n  h i s  c r e a t i o n  of  t h e  program t h a t  d e f i n e s  t h e  
d e s i r e d  s o l u t i o n .  C o r r e c t  s o l u t i o n  of  t h e  problem a s  s ta t ed  
i n  t e rms  o f  t h e  prgramming l anguage  b e i n g  u s e d ,  becomes t h e  
prgrarmnerls s o l e  concern.  A t  mos t ,  q u e s t i o n s  of e l e g a n c e  o r  
e f f i c i e n c y  may a l s o  c r e e p  i n .  
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The problem s ta tement ,  t h e  program and t h e  s o l u t i o n  when 
obta ined  may r e l a t e  t o  a n  e x t e r n a l  world. But i t  i s  a 
ca sua l ,  non- causal,  r e l a t i o n s h i p  t h a t  d e f i n e s  t h e  a r e a  of 
i n t r e s t .  If t h a t  changes t h e  problem may be re- defined.  But 
then  i t  r e q u i r e s  a new program f o r  i t s  s o l u t i o n .  It may be 
pos s ib l e  and time sav ing  t o  d e r i v e  t he  new program from t h e  
o ld .  But i t  i s  a different program t h a t  d e f i n e s  a s o l u t i o n  
t o  a different problem. 

When t h i s  view can be l e g i t i m a t e l y  taken t h e  r e s u l t a n t  
program i s  conceptua l ly  s t a t i c .  One may change i t  t o  improve 
i t s  c l a r i t y  o r  i t s  e legance ,  t o  decrease  r e sou rce  usage when 
the  program i s  executed,  even t o  i n c r e a s e  confidence i n  i t s  
co r r ec tnes s .  But any such changes must not  e f f e c t  t h e  
mapping between i n p u t  and ou tpu t  t h a t  t h e  program d e f i n e s  and 
t h a t  i t  ach i eves  i n  execut ion.  The output  remains i n v a r i a n t  
even under program t ransformat ion  [BAU77], [ DAR791. Whenever 
program t e x t  ha s  been changed i t  must be shown t h a t  e i t h e r  
t h e  input- output  r e l a t i o n s h i p  remains unchanged, o r  t h a t  t h e  
new program s a t i s f i e s  a new s p e c i f i c a t i o n  de f in ing  a s o l u t i o n  
t o  a new problem. We r e t u r n  t o  t he  problem of co r r ec tnes s-  
proving i n  s e c t i o n  2 .4 .  

FORMAL STATEMENT 

PROGRAM SPECIFICATION 

relating to / / /  
/ 

/ 

UNIVERSE 

OF DISCOURSE 

'. 
possibly of '\, 
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PROGRAM 

Figure  1 :  S-Programs 
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C o n s i d e r  a  program t o  p l a y  c h e s s .  Its u n i v e r s e  o f  d i s c o u r s e  
i s  l a r g e l y  d e f i n e d  a n d  t h e  p rog ram may, i n  t h e o r y ,  be 
c o m p l e t e l y  s p e c i f i e d  i n  t e r m s  o f  t h e  r u l e s  o f  c h e s s  and  
p r o c e d u r e  r u l e s .  The l a t t e r  m u s t  i n d i c a t e  how t h e  program i s  
t o  a n a l y s e  t h e  s t a t e  of  t h e  game a n d  d e t e r m i n e  p o s s i b l e  
moves.  It m u s t  a l s o  p r o v i d e  a  d e c i s i o n  r u l e  t o  s e l e c t  a  n e x t  
move. The p r o c e d u r e  m i g h t ,  f o r  examp le ,  be t o  f o r m  t h e  t r e e  
of  a l l  games t h a t  may d e v e l o p  f r o m  a n y  c u r r e n t  s t a t e  a n d  
a d o p t  a n  e v a l u a t i o n  s t r a t e g y  t o  s e l e c t  t h e  n e x t  move. Such a  
d e f i n i t i o n ,  w h i l e  c o m p l e t e ,  i s  n a i v e ,  s i n c e  t h e  t r e e  
s t r u c t u r e  a t  any  g i v e n  s t a g e  i s  s i m p l y  t o o  l a r g e ,  by many 
o r d e r s  o f  m a g n i t u d e ,  t o  be d e v e l o p e d  o r  t o  be s c a n n e d  i n  
f e a s i b l e  t i m e .  Thus t h e  c h e s s  program m u s t  i n t r o d u c e  a p p r o x-  
i m a t i o n  t o  a c h i e v e  p r a c t i c a l i t y ,  j u d g e d  a s  i t  b e g i n s  t o  be 
u s e d ,  by i t s  p e r f o r m a n c e  i n  a c t u a l  games.  

A f u r t h e r  examp le  o f  a p rob l em t h a t  c a n  be p r e c i s e l y  form-  
u l a t e d  b u t  whose s o l u t i o n  mus t  i n e v i t a b l y  r e f l e c t  a n  a p p r o x-  
i m a t i o n  o f  t h e  r e a l  w o r l d  i s  f o u n d  i n  w e a t h e r  p r e d i c t i o n .  
I n  t h e o r y ,  g l o b a l  w e a t h e r  c a n  be m o d e l l e d  a s  a c c u r a t e l y  a s  
d e s i r e d ,  by a s e t  o f  hyd rodynamic  e q u a t i o n s .  I n  t h e  a c t u a l  
w o r l d  o f  w e a t h e r  p r e d i c t i o n ,  a p p r o x i m a t e  s o l u t i o n s  o f  
m o d i f i e d  e q u a t i o n s  are compared  w i t h  t h e  w e a t h e r  e v e n t s  a n d  
p a t t e r n s  t h a t  o c c u r .  The r e s u l t s  o f  s u c h  c o m p a r i s o n s  a r e  
i n t e r p r e t e d  a n d  u s e d  t o  improve  t h e  t e c h n o l o g y  of  p r e d i c t i o n  
t o  y i e l d  e v e r  more  u s a b l e  programs.  

F i n a l l y  c o n s i d e r  t h e  t r a v e l l i n g  s a l e s m a n  p rob l em a s  i t  arises 
i n  p r a c t i c e ,  f o r  examp le  f rom a d e s i r e  t o  o p t i m i s e  c o n t i n -  
u o u s l y  i n  some v a g u e l y  d e f i n e d  f a s h i o n  t h e  t r a v e l  s c h e d u l e  of  
s a l e s m e n  p i c k i n g  u p  goods  f rom w a r e h o u s e s  a n d  v i s i t i n g  
c l i e n t s .  The r e q u i r e d  s o l u t i o n  c a n  be  b a s e d  o n  known s o l -  
u t i o n s  t o  t h e  c l a s s i c a l  p rob l em.  It mus t  a l s o  i n v o l v e  v a l u e  
j udgemen t s  r e l a t i n g ,  f o r  e x a m p l e ,  t o  c o s t ,  t i m e ,  s c h e d u l e s ,  
t i m e t a b l e s ,  a n d  e v e n  s a l e s m e n s f  i d i o s y  n c r a c i e s .  

The p rob l em s t a t e m e n t  c a n  now, i n  g e n e r a l ,  n o t  be p r e c i s e .  
It i s  a n  a b s t r a c t i o n  o f  a r e a l  w o r l d  s i t u a t i o n ,  c o n t a i n i n g  
u n c e r t a i n t i e s ,  a r b i t r a r y  c r i t e r i a ,  c o n t i n u o u s  v a r i a b l e s .  To 
some e x t e n t  i t  mus t  r e f l e c t  t h e  p e r s o n a l  v i e w p o i n t  o f  t h e  
a n a l y s t .  The p rob l em s t a t e m e n t  a n d  o u t l i n e  s o l u t i o n  
a p p r o x i m a t e  t o  t h e  real w o r l d .  

P rog rams  s u c h  as t h e s e  we t e r m  P- programs ( r e a l  w o r l d  
probZem s o l u t i o n ) .  The p r o c e s s  o f  c r e a t i n g  s u c h  p rog rams  i s  
m o d e l l e d  by F i g u r e  2 .  D e s p i t e  t h e  f a c t  t h a t  t h e  problem t o  
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be s o l v e d  c a n  be p r e c i s e l y  d e f i n e d ,  t h e  a c c e p t a b i l i t y  of  a  
s o l u t i o n  i s  de te rmined  by t h e  env i ronment  i n  which i t  i s  
embedded. The s o l u t i o n  o b t a i n e d  w i l l  be e v a l u a t e d  by 
compar ison w i t h  t h e  r e a l  env i ronment .  That i s ,  t h e  c r i t i c a l  
d i f f e r e n c e  between S  and P-programs i s  e x p r e s s e d  by t h e  
compar ison c l o u d  i n  F i g u r e  2. I n  S-programs judgements  a b o u t  
t h e  c o r r e c t n e s s ,  and t h e r e f o r e  t h e  v a l u e ,  of  t h e  programs 
r e l a t e  by d e f i n i t i o n  only $0 its specification, t h e  problem 
s t a t e m e n t  t h a t  t h e  l a t t e r  r e f l e c t s .  I n  P-programs t h e  conce rn  
i s  no t  c e n t e r e d  o n  t h e  problem s t a t e m e n t ,  bu t  o n  t h e  v a l u e  
and v a l i d i t y  of t h e  s o l u t i o n  o b t a i n e d  in its real-world 
c o n t e x t .  D i f f e r e n c e s  between d a t a  d e r i v e d  from o b s e r v a t i o n  
and  from computa t ion  may cause  changes  i n  t h e  w o r l d  v iew,  t h e  
problem p e r c e p t i o n ,  i t s  f o r m u l a t i o n ,  t h e  model ,  t h e  program 
s p e c i f i c a t i o n  a n d / o r  t h e  program implementa t ion .  Whatever 
t h e  s o u r c e  of  t h e  d i f f e r e n c e ,  u l t i m a t e l y  i t  c a u s e s  t h e  
program, i t s  documenta t ion  o r  both  t o  be changed. And t h e  
e f f e c t  o r  impac t  of such  change canno t  be e l i m i n a t e d  by 
d e c l a r i n g  t h e  problem a  new problem,  f o r  t h e  r e a l  problem h a s  
a lways  been a s  now p e r c e i v e d .  It i s  t h e  p e r c e p t i o n  of u s e r s ,  
a n a l y s t s  a n d / o r  programmers t h a t  h a s  changed. 

The model of  F i g u r e  2 shows t h e  i n t r i n s i c  f eedback  l o o p  t h a t  
i s  p r e s e n t  i n  t h e  P- s i t u a t i o n .  Program changes  stem from a n  
e x p l i c i t  o r  i m p l i c i t  compar ison of program o u t p u t  w i t h  r e a l -  
w o r l d  d a t a  t h a t  d i r e c t l y  o r  i n d i r e c t l y  form p a r t  of  t h e  i n p u t  
t o  t h e  sys t em- def in ing  a b s t r a c t i o n .  Feedback i m p l i e s  a  
p o s s i b i l i t y  o f  i n s t a b i l i t y  e x p e r i e n c e d  a s  a  l o s s  of  e f f e c t i v e  
management c o n t r o l .  C o n t r o l  may be r e t a i n e d  by c o n t r o l l i n g  
t h e  Gain/Delay c h a r a c t e r i s t i c s  of  t h e  change- analy sis, 
d e v e l o p n e n t  and a p p l i c a t i o n  p r o c e s s .  Amongst o t h e r  f a c t o r s ,  
g a i n  i s  h e r e  r e l a t e d  t o  u s e r  and o r g a n i s a t i o n a l  b e n e f i t  
d e r i v i n g  from change i m p l e m e n t a t i o n  i n  r e l a t i o n  t o  t h e  c o s t  
o f  t h e  total work i n v o l v e d  o v e r  t h e  sytem l i f e .  The meaning 
and s i g n i f i c a n c e  of  d e l a y  i s  s e l f  e v i d e n t .  R e l e a s e  of  t h e  
program t o  t h e  end u s e r s  and i t s  e x e c u t i o n  i n  t h e  u s e r  
e n v i r o m e n t  p l a y s  a  v i t a l  r o l e .  It f a c i l i t a t e s  c o n t r o l  by 
o f f e r i n g  o p p o r t u n i t i e s  f o r  d i s c r e p a n c y  e v a l u a t i o n ,  change 
d e s i g n ,  b e n e f i  t- assessmen t  and t h e  p l a n n i n g  of c o n t e n t  and  
t i m i n g  ( s e c t i o n  4 ) .  Given a n  awareness  o f  t h e  s i t u a t i o n  and 
good c o n t r o l  of t h e  p r o c e s s ,  s t a b i l i t y  w i t h  u l t i m a t e  
a v a i l a b i l i t y  of a  s a t i s f a c t o r y  program, can  be a c h i e v e d ,  
though s e v e r a l  c y c l e s  th rough  t h e  l o o p s  may w e l l  be  r e q u i r e d .  

U n f o r t u n a t e l y ,  however, t h e r e  i s  a n o t h e r  f a c t  of  l i f e  t h a t  
needs  t o  be c o n s i d e r e d .  D i s s a t i s f a c t i o n  w i l l  a r i s e  no t  o n l y  
because  i n f o r m a t i o n  r e c e i v e d  from t h e  program i s  i n c o m p l e t e  
o r  i n c o r r e c t ,  o r  because  t h e  o r i g i n a l  model was l e s s  t h a n  
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p e r f e c t .  These a r e  i m p e r f e c t i o n s  t h a t  can  be overcome g i v e n  
time and c a r e .  Bu t  t h e  wor ld  t o o  changes  and such  changes  
r e s u l t  i n  a d d i t i o n a l  p r e s s u r e  f o r  change. Thus P-programs 
a r e  v e r y  l i k e l y  t o  undergo never- ending change o r  t o  become 
s t e a d i l y  less and less e f f e c t i v e  and c o s t  e f f e c t i v e .  

F i g u r e  2: P-Programs 
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The t h i r d  c l a s s ,  E-programs, a r e  i n h e r e n t l y  e v e n  more change  
p rone .  They a r e  programs t h a t  m e c h a n i s e  a human o r  s o c i e t a l  
a c t i v i t y  and t h a t  a r e ,  t h e r e f o r e ,  embedded i n  t h e  
a p p l i c a t i o n .  

C o n s i d e r  a g a i n  t h e  t r a v e l l i n g  s a l e s m a n  problem b u t  i n  a 
s i t u a t i o n  where  s e v e r a l  p e r s o n s  a r e  c o n t i n u o u s l y  e n  r o u t e ,  
c a r r y i n g  p r o d u c t s  t h a t  change  r a p i d l y  i n  v a l u e  as  a f u n c t i o n  
o f  b o t h  t i m e  a n d  l o c a t i o n ,  a n d  w i t h  t h e  p a t t e r n  o f  demand 
a l s o  c h a n g i n g  c o n t i n u o u s l y .  One w i l l  i n e v i t a b l y  be t empted  
t o  s e e  this s i t u a t i o n  a s  a n  a p p l i c a t i o n  i n  wh ich  t h e  sys t em 
i s  t o  a c t  a s  a c o n t i n u o u s  d i s p a t c h e r ,  d y n a m i c a l l y  c o n t r o l l i n g  
j o u r n e y s  and  c a l l s  f o r  e a c h  i n d i v i d u a l .  The o b j e c t i v e  w i l l  
be t o  maximise  p r o f i t ,  m i n i m i s e  l o s s ,  e x p e d i t e  d e l i v e r i e s ,  
m a i n t a i n  cus tomer  s a t i s f a c t i o n  o r  a c h i e v e  some c o m b i n a t i o n  o f  
s u c h  s u c c e s s  c r i t e r i a .  How d o e s  t h i s  s i t u a t i o n  d i f f e r  f rom 
t h a t  d i s c u s s e d  p r e v i o u s l y ?  

A c t i v i a t i o n  o f  t h e  program and i t s  a s s o c i a t e d  s y s t e m ,  r a d i o  
l i n k s  t o  t h e  s a l e s m e n  f o r  example ,  c h a n g e s  t h e  v e r y  n a t u r e  of 
t h e  problem t o  be s o l v e d .  The program has become a  part of  
t h e  world it mode ls ;  i t  i s  embedded i n  i t .  C o n c e p t u a l l y ,  a t  
l e a s t  t h e  program a s  a  model  c o n t a i n s  e l e m e n t s  t h a t  model 
i t s e l f ,  t h e  c o n s e q u e n c e s  o f  i t s  e x e c u t i o n .  

The s i t u a t i o n  i s  d e p i c t e d  i n  F i g u r e s  3 and 4. Even b e f o r e  
program e x e c u t i o n  and i t s  i n  t h e  o p e r a t i o n a l  env i ronmen t ,  t h e  
E - s i t u a t i o n  c o n t a i n s  a n  i n t r i n s i c  f e e d b a c k  l o o p  a s  i n  F i g u r e  
3. A n a l y s i s  o f  t h e  a p p l i c a t i o n  t o  d e t e r m i n e  r e q u i r e m e n t s ,  
s p e c i f i c a t i o n ,  d e s i g n ,  i m p l e m e n t a t i o n  now a l l  i n v o l v e  
e x t r a p o l a t i o n ,  p r e d i c t i o n  o f  t h e  c o n s e q u e n c e s  o f  sys t em 
i n t r o d u c t i o n  and t h e  r e s u l t a n t  e v e r  i n c r e a s i n g  p o t e n t i a l  f o r  
a p p l i c a t i o n  and  sys t em e v o l u t i o n .  P r e d i c t i o n  i n e v i t a b l y  
i n v o l v e s  o p i n i o n  and judgement .  I n  g e n e r a l ,  s e v e r a l  v i e w s  o f  
t h e  s i t u a t i o n  w i l l  be combined t o  y i e l d  t h e  mode l ,  t h e  sys t em 
s p e c i f i c a t i o n  a n d ,  u l t i m a t e l y ,  a  program. Once t h e  program 
i s  comple t ed  and b e g i n s  t o  be u s e d ,  q u e s t i o n s  o f  c o r r e c t n e s s ,  
a p p r o p r i a t e n e s s  and s a t i s f a c t i o n  a r i s e  a s  i n  F i g u r e  4 and  
i n e v i t a b l y  l e a d  t o  a d d i t i o n a l  p r e s s u r e  f o r  change .  

Examples of E- programs abound,  computer  o p e r a t i n g  s y s t e m s ,  
a i r - t r a f f i c  c o n t r o l ,  s t o c k  c o n t r o l .  I n  a l l  c a s e s  t h e  
b e h a v i o u r  o f  t h e  a p p l i c a t i o n  s y s t e m ,  t h e  demands o n  t h e  u s e r  
and  t h e  s u p p o r t  r e q u i r e d  w i l l  depend o n  program 
c h a r a c t e r i s t i c s  a s  e x p e r i e n c e d  by t h e  u s e r s .  A s  t h e y  become 
f a m i l i a r  w i t h  a sys t em whose d e s i g n  and a t t r i b u t e s  depend,  a t  
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l e a s t  i n  p a r t ,  o n  u s e r  a t t i t u d e s  and p r a c t i c e  b e f o r e  system 
i n s t a l l a t i o n ,  u s e r s  w i l l  modify t h e i r  behav iour  t o  minimise  
e f f o r t  o r  maximise e f f e c t i v e n e s s .  I n e v i t a b l y  t h i s  l e a d s  t o  
p r e s s u r e  f o r  system change. I n  a d d i t i o n ,  sys tem exogenous 
p r e s s u r e s  w i l l  a l s o  cause  changes  i n  t h e  a p p l i c a t i o n  env i ron-  
ment w i t h i n  which t h e  system o p e r a t e s  and t h e  program 
execu tes .  New hardware  w i l l  be i n t r o d u c e d ,  t r a f f i c  p a t t e r n s  
and demand change, technology advance and s o c i e t y  i t se l f  
evolve.  Moreover t h e  n a t u r e  and r a t e  of t h i s  e v o l u t i o n  w i l l  
be markedly i n f l u e n c e d  by program c h a r a c t e r i s t i c s ,  w i t h  a new 
r e l e a s e  a t  i n t e r v a l s  r a n g i n g  from one month t o  two y e a r s ,  
say .  Unl ike  o t h e r  a r t i f i c i a l  sys tems [SIM69] where,  r e l a t i v e  
t o  t h e  l i f e - c y c l e  of p r o c e s s  p a r t i c i p a n t s ,  change is  
o c c a s i o n a l ,  h e r e  i t  a p p e a r s  c o n t i n u a l l y .  The p r e s s u r e  f o r  
change i s  b u i l t  i n .  It i s  due t o  t h e  feedback- l inked  p r o c e s s  
t h a t  c o n v e r t s  system concep t  i n t o  a n  o p e r a t i n g  a p p l i c a t i o n .  
It i s  i n t r i n s i c  t o  t h e  n a t u r e  of computing sys tems  and t h e  
way they  a r e  used. 

CHANGE T? 
APPLICATION IN ( THE R E A L  WORLD 

REQUIREMENTS VIEWS 

(PREDICTIVE) 
SPECIFICATION 

F i g u r e  3: E-Programs - t h e  b a s i c  c y c l e  
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P and E  programs a r e  c l e a r l y  c l o s e l y  r e l a t e d .  They d i f f e r  
from S-programs i n  t h a t  they r e p r e s e n t  a  computer a p p Z i c a t i o n  
i n  t h e  r e a l  wor ld .  We s h a l l  r e f e r  t o  members o f  t h e  un ion  o f  
t h e  P  and E c l a s e s  a s  A-type programs. 

2.5 Program C o r r e c t n e s s  

The f i r s t  consequence of t h e  SPE program c l a s s i f i c a t i o n  i s  a 
c l a r i f i c a t i o n  o f  t h e  c o n c e p t s  of program c o r r e c t n e s s .  The 
meaning, r e a l i t y  , and s i g n i f i c a n c e  of r e l a t e d  c o n c e p t s  h a s  
r e c e n t l y  been examined a t  g r e a t  l e n g t h  [DEM79]; [HOA79]. 
Many of t h e  v i e w p o i n t s  and d i f f e r e n c e s  e x p r e s s e d  i n  t h a t  
d i s c u s s i o n  become r e c o n c i l a b l e  o r  i r r e l e v a n t  under  a n  
a d e q u a t e  program c l a s s i f i c a t i o n  scheme. 

For t h e  SPE scheme, t h e  concep t  o f  v e r i f i c a t i o n  t a k e s  o n  
s i g n i f i c a n t l y  d i f f e r e n t  meanings  f o r  t h e  S  and  A c l a s s e s .  I f  
a  comple te ly  s p e c i f i e d  problem i s  computable ,  i t s  
s p e c i f i c a t i o n  may be t a k e n  a s  t h e  s t a r t i n g  p o i n t  f o r  t h e  
c r e a t i o n  of a n  S-program. I n  p r i n c i p l e  a  l o g i c a l l y  connec ted  
sequence of s t a t e m e n t s  t h a t  d e m o n s t r a t e s  t h e  v a l i d i t y  o f  t h e  
progam a s  a  s o l u t i o n  of t h e  s p e c i f i e d  problem c a n  a lways  be 
found.  D e t a i l e d  i n s p e c t i o n  o f  and r e a s o n i n g  a b o u t  t h e  code 
may i t s e l f  produce t h e  c o n v i c t i o n  t h a t  t h e  program s a t i s f i e s  
t h e  s p e c i f i c a t i o n  c o m p l e t e l y .  A t r u e  proof must s a t i s f y  t h e  
a c c e p t e d  s t a n d a r d s  of ma themat i c s .  Even when t h e  c o r r e c t n e s s  
argument i s  e x p r e s s e d  i n  m a t h e m a t i c a l  terms, a  l e n g t h y  o r  
complex c h a i n  of r e a s o n i n g  may be d i f f i c u l t  t o  u n d e r s t a n d ,  
t h e  proof sequence  may even  c o n t a i n  a n  e r r o r .  But t h a t  does  
n o t  i n v a l i d a t e  t h e  concep t  of program c o r r e c t n e s s  p rov ing ,  
merely  t h i s  i n s t a n c e  of i t s  a p p l i c a t i o n .  

We canno t  d i s c u s s  h e r e  t h e  r a n g e  o f  S-programs f o r  which 
p rov ing  i s  a  p r a c t i c a l  o r  a  v a l u a b l e  t e c h n i q u e ,  t h e  r ange  of 
a p p l i c a b i l i  t y  o f  c o n s t r u c t i v e  methods  f o r  s i m u l t a n e o u s  
c o n s t r u c t i o n  o f  a  program and i t s  proof LDIJ68bl;  LHOA691; 
whe the r  c o n f i d e n c e  i n  t h e  v a l i d i t y  of a n  S-program c a n  a lways  
be i n c r e a s e d  by a  p r o o f .  We s imply  n o t e  t h a t  s i n c e ,  by 
d e f i n i t i o n ,  t h e  s o l e  c r i t e r i o n  of c o r r e c t n e s s  of a n  S-program 
i s  t h e  s a t i s f a c t i o n  o f  i t s  s p e c i f i c a t i o n ,  ( c o r r e c t )  S- 
programs a r e  a lways  demons t rab ly  c o r r e c t .  

T h i s  i s  n o t  pure1 y  p h i l o s o p h i c a l  o b s e r v a t i o n .  Many i m p o r t a n t  
components of a  l a r g e  program, ma themat i ca l  p r o c e d u r e s  f o r  
example,  i n  c o n j u n c t i o n  w i t h  s p e c i f i e d  i n t e r f a c e  r u l e s  
( c a l l i n g  and o u t p u t )  are c e r t a i n l y  S-ty pe. It becomes p a r t  
o f  t h e  d e s i g n  p r o c e s s  t o  r e c o g n i s e  such p o t e n t i a l  c o n s t i t -  
u e n t s  d u r i n g  t h e  p a r t i t i o n i n g  p r o c e s s  and t o  s p e c i f y  and 
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imp lemen t  them a c c o r d i n g l y .  I n  f a c t  i t  w i l l  be p o s t u l a t e d  i n  
s e c t i o n  2.6 t h a t  a n  A-program may a l w a y s  be p a r t i t i o n e d  and  
s t r u c t u r e d  s o  t h a t  a l l  i t s  e l e m e n t s  a r e  S- programs.  If t h i s  
i s  i n d e e d  t r u e ,  no i n d i v i d u a l  programmer s h o u l d  e v e r  be  
p e r m i t t e d  t o  b e g i n  programming u n t i l  h i s  t a s k  h a s  b e e n  d e f-  
i n e d  a n d  d e l i m i  t e d  by a  c o m p l e t e  s p e c i f i c a t i o n ,  a g a i n s t  w h i c h  
h i s  c o m p l e t e d  program c a n  be v a l i d a t e d .  

I n  summary, f o r  S- programs i t  i s  m e a n i n g f u l  t o  t a l k  a b o u t  
c o r r e c t n e s s .  T h e r e  i s  a  program s p e c i f i c a t i o n  t h a t  t o t a l l y  
d e t e r m i n e s  t h e  a c c e p t e d  r e q u i r e m e n t s .  We may v e r i f y  t h a t  t h e  
program s a t i s f i e s  t h e  s p e c i f i c a t i o n  and  t h e r e b y  p r o v e  t h e  
program c o r r e c t .  And o n c e  c o r r e c t ,  a l w a y s  c o r r e c t ,  s i n c e  by 
d e f i n i t i o n  t h e  program c a n n o t  change .  

F o r  a n  A-program o n  t h e  o t h e r  h a n d ,  v a l i d i t y  d e p e n d s  o n  human 
a s s e s s m e n t  o f  i t s  e f f e c t i v e n e s s  i n  t h e  i n t e n d e d  a p p l i c a t i o n .  
C o r r e c t n e s s  a n d  p r o o f  o f  c o r r e c t n e s s  o f  t h e  program as a  
w h o l e ,  a r e ,  i n  g e n e r a l ,  i r r e l e v a n t  i n  t h a t  i t  may be  f o r m a l l y  
c o r r e c t  b u t  u s e l e s s  o r  i n c o r r e c t  i n  n o t  s a t i s f y i n g  some 
s t a t e d  s p e c i f i c a t i o n ,  y e t  q u i t e  u s a b l e ,  Formal  t e c h n i q u e s  o f  
r e p r e s e n t a t i o n  a n d  p r o o f  h a v e  a  p l a c e  i n  t h e  u n i v e r s e  of A- 
p r o g r a m s  b u t  t h e i r  r o l e  c h a n g e s .  It i s  t h e  d e t a i l e d  
behaviour  of  t h e  prograrr. under o p e r a t i o n a l  c o n d i t i o n s  t h a t  i s  
o f  c o n c e r n .  

P a r t s  o f  t h e  program t h a t  c a n  be c o m p l e t e l y  s p e c i f i e d  s h o u l d  
be  d e m o n s t r a b l y  c o r r e c t .  B u t  t h e  e n v i r o n m e n t  c a n n o t  be 
c o m p l e t e l y  d e s c r i b e d  w i t h o u t  a b s t r a c t i o n ,  and  t h e r e f o r e ,  
a p p r o x i m a t i o n .  Hence  a b s o l u t e  c o r r e c t n e s s  o f  t h e  program a s  
a  whole i s  n o t  t h e  r e a l  i s s u e .  It i s  t h e  u a b i l i t y  o f  t h e  
program a n d  t h e  TeZeVance o f  i t s  o u t p u t  i n  a  c h a n g i n g  w o r l d  
t h a t  mus t  be t h e  m a i n  c o n c e r n .  

2 . 6  Program S t r u c t u r e s  a n d  S t r u c t u r a l  E l e m e n t s  

The c l a s s i f i c a t i o n  c r e a t e d  a b o v e  r e l a t e s  t o  program e n t i t i e s .  
A p rogram w i l l ,  i n  g e n e r a l ,  c o n s i s t  o f  many p a r t s  v a r i o u s l y  
r e f e r r e d  t o  as  s u b- s y s t e m s ,  componen t s ,  modu le s ,  p r o c e d u r e s ,  
r o u t i n e s .  The t e r m s  a r e ,  o f  c o u r s e ,  n o t  synonymous b u t  c a r r y  
i m p u t a t i o n s  o f  f u n c t i o n a l  i d e n t i t y ,  l e v e l ,  s i z e  and  s o  on .  

The l i t e r a t u r e  d i s c u s s e s  c r i t e r i a  [PAR721 a n d  t e c h n i q u e s  
[WIR7 I ] ,  [ D I J ~ ~ ] ,  [ J A C ~ ~ ]  f o r  p a r t i t i o n i n g  s y s t e m s  i n t o  s u c h  
e l e m e n t s .  R e l a t e d  d e s i g n  m e t h o d s  a n d  t e c h n i q u e s  s e e k  t o  
a c h i e v e  optimum a s s i g n m e n t ,  i n  some s e n s e ,  o f  e l e m e n t  c o n t e n t  
and  o v e r a l l  s y s t e m  s t r u c t u r e .  I n  t h e  p r e s e n t  c o n t e x t  we 
c o n s i d e r  o n l y  one  a s p e c t  o f  p a r t i t i o n i n g  u s i n g  t h e  term 
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module f o r  c o n v e n i e n c e .  The d i s c u s s i o n  c o m p l e t e s  t h e  
p r e s e n t a t i o n  o f  t h e  SPE c l a s s i f i c a t i o n  a n d  p r o v i d e s  a l i n k  t o  
o t h e r  c u r r e n t  m e t h o d o l o g i c a l  t h i n k i n g  [WIR79]. 

C o n s i d e r  t h e  end  r e s u l t  o f  t h e  d e s i g n  p r o c e s s  f o r  a n  A- 
program t o  b e  c o n s t r u c t e d  o f  p r i m i t i v e  e l e m e n t s  we t e rm  
modu le s .  The a n a l y s i s  a n d  p a r t i t i o n i n g  p r o c e s s  w i l l  i d e n t i f y  
f u n c t i o n a l  e l e m e n t s  t h a t  c a n  be f u l l y  s p e c i f i e d  a n d  t h e r e f o r e  
d e v e l o p e d  a s  S-program modu le s .  Any s p e c i f i c a t i o n  may o f  
c o u r s e  be l e s s  t h a n  f u l l y  s a t i s f a c t o r y .  It may e v e n  p r o v e  t o  
be  wrong i n  r e l a t i o n  t o  t h e  r e m a i n d e r  o f  t h e  d e s i g n .  F o r  
e xamp le  t h e  s p e c i f i c a t i o n  may n o t  m e n t i o n  i n p u t  v a l i d i  t y  
c h e c k s ,  t h e  s p e c i f i e d  o u t p u t  a c c u r a c y  may b e  i n s u f f i c i e n t  o r  
t h e  s p e c i f i e d  r a n g e  o f  a n  i n p u t  v a r i a b l e  may be  wrong.  But 
e a c h  o f  t h e s e  r e p r e s e n t s  a n  ommis s ion  f rom o r  a n  e r r o r  i n  t h e  
spec i f i ca t ion .  Thus i t  i s  r e c t i f i e d  by f irst  c o r r e c t i n g  t h e  
s p e c i f i c a t i o n ,  a n d  t h e n  c r e a t i n g ,  by o n e  means  o r  a n o t h e r ,  a 
new program t h a t  s a t i s f i e s  t h e  new s p e c i f i c a t i o n .  

A t  a n y  s t a g e  o f  t h e  d e c o m p o s i t i o n  p r o c e s s  t h e r e  w i l l  r e m a i n  
r e q u i r e d  s y s t e m  f u n c t i o n s  t h a t  a r e  a t  l e a s t  p a r t l y  h e u r i s t i c  
o r  b e h a v i o u r a l  i n  n a t u r e  a n d  t h e r e f o r e  d e f i n e  A- elements .  It 
i s  s u g g e s t e d  t h a t  i t  i s  always p o s s i b l e  t o  c o n t i n u e  t h e  
sy s t em p a r  t i  t i o n i n g  p r o c e s s  u n t i l  a2 2 m o d u l e s  a r e  
i m p l e m e n t a b l e  a s  S- programs.  T h a t  i s ,  any  i m p r e c i s i o n  o r  
u n c e r t a i n t y  e m a n a t i n g  f rom model  r e f l e c t i o n s  o f  i n c o m p l e t e  
w o r l d  v i e w s  w i l l  be i m p l i c i t  o r ,  i f  r e c o g n i s e d  when t h e  
s p e c i f i c a t i o n  i s  f o r m u l a t e d ,  e x p l i c i t  i n  t h e  s p e c i f i c a t i o n  
s t a t e m e n t .  The f i n a l  modu le s  w i l l  a l l  be d e r i v e d  f rom and  
a s s o c i a t e d  w i t h  p r e c i s e  s p e c i f i c a t i o n s ,  wh ich  f o r  the  moment, 
may be  t r e a t e d  as c o m p l e t e  a n d  c o r r e c t .  

The d e s i g n  may now b e  v i ewed  a n d  c o n s t r u c t e d  a s  a  d a t a  f l o w  
s t r u c t u r e  w i t h  t h e  i n p u t s  o f  one  modu le  b e i n g  t h e  o u t p u t s  o f  
o t h e r s  ( u n l e s s  e m a n a t i n g  f rom o u t s i d e  t h e  s y s t e m ) .  Each 
modu le  w i l l  b e  d e f i n e d  as  a n  a b s t r a c t  d a t a  t y p e  [L IS771 ,  
[JON80], [SHABO] d e f i n i n g  i n  t u r n ,  o n e  o r  more  i n p u t - t o-  
o u t p u t  t r a n s f o r m a t i o n s .  Module s p e c i f i c a t i o n s  i n c l u d e  t h o s e  
o f  t h e  i n d i v i d u a l  i n t e r f a c e s ,  b u t  f o r  t h e  s y s t e m  a s  a  w h o l e ,  
t h e  l a t t e r  s h o u l d  i n  some s e n s e  be s t a n d a r d i s e d  [ ~ E H 7 7 c ] .  
G i v e n  a p p r o p r i a t e  s y s t e m  a n d  i n t e r f a c e  a r c h i t e c t u r e  a n d  
module d e s i g n ,  e a c h  modu le  c o u l d  be imp lemen ted  a s  a program 
r u n n i n g  o n  i t s  own m i c r o- p r o c e s s o r  and  t h e  s y s t e m  a s  a  
d i s t r i b u t e d  s y s t e m .  The p o t e n t i a l  a d v a n t a g e s  f o r  b o t h  
e x e c u t i o n  ( p a r a l l e l i s m )  a n d  m a i n t a i n a b i l i t y  ( l o c a l i s a t i o n  o f  
c h a n g e )  [LEH77c], [ B E L ~ ~ ] ,  [ w I R ~ ~ ]  c a n n o t  b e  d i s c u s s e d  h e r e .  
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F o r  t h e  s y s t e m  a s  a  w h o l e ,  o f  c o u r s e ,  some u n c e r t a i n t y  o r  
i n c o m p l e t e n e s s  r e m a i n s  as  t h e  r o o t  c a u s e  o f  f u r t h e r  
e v o l u t i o n  ( 1 9 . 1  ) . The m e t h o d o l o g y  w i l l  h a v e  c o n s t r a i n e d  t h a t  
u n c e r t a i n t y  t o  l i e  e n t i r e l y  a n d  v i s i b l y  i n  t h e  m o d u l e  
s p e c i f i c a t i o n s .  When t h e  p r o g r a m  p r o v e s  u n s a t i s f a c t o r y  t h e  
a n a l y s i s  may i n  t h e  f i r s t  i n s t a n c e  c o n c e n t r a t e  e x c l u s i v e l y  o n  
them. When a n y  mus t  be c h a n g e d  t o  c o r r e c t  a  f a u l t  o r  t o  
e n h a n c e  t h e  s y s t e m ,  m o d u l e s  t h a t  i m p l e m e n t  a f f e c t e d  
s p e c i f i c a t i o n s  w i l l  h a v e  t o  be r e p l a c e d .  Once t h e  
s p e c i f i c a t i o n - b a s e d  c h a c g e - a n a l y s i s  h a s  b e e n  c o m p l e t e d ,  
i m p l e m e n t a t i o n  o f  e a c h  d e t a i l  o f  t h e  c h a n g e  w i l l  h a v e  b e e n  
r e s t r i c t e d  t o  l i e  w i t h i n  i n d i v i d u a l  m o d u l e s .  

Many p r o b l e m s  i n  c o n n e c t i o n  w i t h  t h e  d e s i g n  a n d  c o n s t r u c t i o n  
o f  s u c h  s y s t e m s  n e e d  s t i l l  t o  be  s o l v e d .  A d e q u a t e  s o l u t i o n s  
w i l l  r e p r e s e n t  a  m a j o r  a d v a n c e  i n  t h e  d e v e l o p m e n t  o f  a  
p r o c e s s  m e t h o d o l o g y  ( S e c t i o n  5 . 3 ) .  We o b s e r v e ,  h o w e v e r ,  t h a t  
t h e  c o n c e p t s  p r e s e n t e d  f o l l o w  d i r e c t l y  from o u r  b r j . e f  
a n a l y s i s  a n d  c l a s s i f i c a t i o n  o f  p r o g r a m  t y p e s .  I n t e r e s t i n g l y  
t h e  c o n c l u s i o n s  a r e  c o m p l e t e l y  c o m p a t i b l e  w i t h  t h o s e  o f  t h e  
p rogramming  m e t h o d o l o g i s t s  [DAH72], [LINTTI,  [WIRTg]. 

3 Laws o f  Program E v o l u t i o n  

3 . 1  E v o l u t i o n  

The m e t a- s y s t e m  w i t h i n  w h i c h  a  p r o g r a m  e v o l v e s  c o n t a i n s  many 
m o r e  f e e d b a c k  r e l a t i o n s h i p s  t h a n  t h o s e  i d e n t i f i e d  a b o v e .  
P r i m i t i v e  i n s t i n c t s  o f  s u r v i v a l  a n d  g r o w t h  r e s u l t  i n  t h e  
e v o l u t i o n  o f  s t a b i l i s i n g  m e c h a n i s m s ,  i m p l e m e n t e d  as c h e c k s ,  
b a l a n c e s  a n d  c o n t r o l s ,  i n  r e s p o n s e  t o  n e e d s ,  e v e n t s  a n d  
c h a n g i n g  o b j e c t i v e s .  The r e s u l t i n g  p s e u d o - h i e r a r c h i c a l  
s t r u c t u r e  o f  s e l f - s t a b i l i s i n g  s y s t e m s  i n c l u d e s  t h e  p r o d u c t s ,  
t h e  p r o c e s s e s ,  t h e  e n v i r o n m e n t s  a n d  t h e  o r g a n i s a t i o n s  
i n v o l v e d .  The i n t e r a c t i o n s  b e t w e e n  a n d  w i t h i n  t h e  v a r i o u s  
c o n s t i t u e n t s ,  a n d  t h e  o v e r a l l  p a t t e r n  o f  b e h a v i o u r  m u s t  be 
u n d e r s t o o d  i f  a  p r o g r a m  p r o d u c t  a n d  i t s  u s a g e  a r e  t o  be 
e f f e c t i v e l y  p l a n n e d  a n d  m a i n t a i n e d .  

The o r g a n i s a t i o n a l  and  e n v i r o n m e n t a l  f e e d b a c k ,  l i n k s ,  
f o c u s s e s ,  a n d  t r a n s m i t s  t h e  e v o l u t i o n a r y  p r e s s u r e  t o  y i e l d  
t h e  c o n t i n u i n g  c h a n g e  p r o c e s s .  A s imilar s i t u a t i o n  h o l d s ,  o f  
c o u r s e ,  f o r  a n y  human o r g a n i s e d  a c t i v i t y ,  a n y  a r t i f i c i a l  
s y s t e m .  But  some s i g n i f i c a n t  d i f f e r e n c e s  a r e  o p e r a t i v e  i n  
t h e  c a s e  o f  s o f t w a r e .  I n  t h e  f i r s t  i n s t a n c e  t h e r e  i s  n o  room 

1 9 . 1  ( E d s )  Due t o  t h e  i nheren t  permissiveness  of t h e  
a p p l i c a t i o n  CMAI841. 
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i n  programming f o r  i m p r e c i s i o n ,  no m a l l e a b i l i t y  t o  
accommodate u n c e r t a i n t y  o r  e r r o r .  Programming i s  a  
ma themat i ca l  d i s c i p l i n e .  I n  r e l a t i o n  t o  a  speci f ic  
o b j e c t i v e ,  a  program i s  e i t h e r  r i g h t  o r  wrong. Once a n  
i n s t r u c t i o n  sequence h a s  been f i x e d  and u n l e s s  and u n t i l  i t  
i s  manual ly  changed,  i t s  b e h a v i o u r  i n  e x e c u t i o n  o n  a  g i v e n  
machine i s  de te rmined  s o l e l y  by i t s  i n p u t s .  

Secondly  a  s o f t w a r e  sys tem i s  s o f t .  Changes c a n  be 
implemented u s i n g  a  p e n c i l  and /o r  keyboard .  Moreover once a  
change h a s  been d e s i g n e d  and implemented o n  a  development  
sys tem i t s  i n s t a l l a t i o n  i n  t h e  f i e l d  d o e s  n o t  r e q u i r e  w e l d i n g  
guns ,  s l e d g e  hammers o r  heavy machinery .  I n  t h e o r y  i t  can  be 
a p p l i e d  m e c h a n i c a l l y  t o  any number of i n s t a n c e s  o f  t h e  same 
sys tem w i t h o u t  f u r t h e r  s i g n i f i c a n t  p h y s i c a l  o r  i n t e l l e c t u a l  
e f f o r t  u s i n g  o n l y  comput ing r e s o u r c e s .  Thus t h e  t e m p t a t i o n  - 
economic and i n  t h e  i n t e r e s t  of speed  - i s  t o  implement 
changes  i n  t h e  e x i s t i n g  sys t em,  change upon change upon 
change,  r a t h e r  t h a n  t o  c o l l e c t  changes  i n t o  g r o u p s  and  
implement them i n  a  t o t a l l y  new i n s t a n c s .  A s  t h e  number of 
super imposed changes  i n c r e a s e s ,  t h e  sys tem and t h e  me t a -  
sys tem become more complex,  s t i f f e r ,  more r e s i s t a n t  t o  
change.  The c o s t ,  t h e  t ime  r e q u i r e d  and t h e  p r o b a b i l i t y  of 
a n  e r r o n e o u s  o r  u n s a t i s f a c t o r y  change a l l  i n c r e a s e .  

T h i r d l y ,  t h e  r a t e  a t  which a  program e x e c u t e s ,  t h e  f r e q u e n c y  
o f  usage ,  usage  i n t e r a c t i o n  w i t h  t h e  o p e r a t i n g  env i ronment ,  
economic and s o c i a l  dependence of e x t e r n a l  p r o c e s s  o n  program 
e x e c u t i o n ,  a l l  c a u s e  d e f i c i e n c i e s  t o  be exposed.  The 
r e s u l t a n t  p r e s s u r e  f o r  c o r r e c t i o n  and improvement l e a d s  t o  a  
system r a t e  o f  change w i t h  a  t ime  s c a l e  measured i n  days  and 
months r a t h e r  t h a n  i n  t h e  y e a r s  and d e c a d e s  t h a t  s e p a r a t e  
hardware g e n e r a t i o n s .  To s t u d y  and model sys tem e v o l u t i o n ,  
whe the r  b i o l o g i c a l  o r  a r t i f i c i a l ,  r e q u i r e s  t h e  passage  o f  
many g e n e r a t i o n s .  For a r t i f i c i a l  s y s t e m s  implemented w i t h  
p h y s i c a l  components,  ha rdware ,  t h e  l i f e  t ime o f  a  g e n e r a t i o n  
i s  o f  t h e  o r d e r  of magni tude  o f  t h e  p r o f e s s i o n a l  l i f e  of t h e  
o b s e r v e r .  He h a s  no o p p o r t u n i t y  t o  measure ,  model o r  exper-  
iment  w i t h  t h e  e v o l u t i o n a r y  p r o c e s s .  I n  f a c t ,  he  d o e s  n o t  
normally p e r c e i v e  o r  e x p e r i e n c e  i t  a s  a  p r o c e s s .  The r a t e  of 
change i n  s o f t w a r e ,  however, c a u s e s  t h e  i n d i v i d u a l  t o  be 
exposed t o  many v e r s i o n s  o f  a  sys tem.  He e x p e r i e n c e s  i t  a s  a  
sequence w h i l s t  a l s o  c o p i n g  w i t h  i n d i v i d u a l  i n s t a n c e s .  
Program e v o l u t i o n  c a n  be s t u d i e d  a s  a  dynamic p r o c e s s .  
Programs p lay  t h e  r o l e  o f  f r u i t  fZies i n  t h e  s t u d y  o f  
a r t i f i c i a l  sys t em e v o l u t i o n .  
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With f r u i t  f l y ,  however, t h e  e v o l u t i o n a r y  p r o c e s s  i s ,  a t  
l e a s t  a t  t h e  l e v e l  o f  human p e r c e p t i o n ,  p u r e l y  m e c h a n i s t i c .  
The changes ,  p e r t u r b e d  a t  most by ve ry  r a r e  and t r a n s i e n t  
e v e n t s  ( m u t a t i o n s )  show a  s t a t i s t i c a l  r e g u l a r i t y  t h a t  p e r m i t s  
q u a n t i t a t i v e  m o d e l l i n g  and s t a t i s t i c a l l y  s i g n i f i c a n t  
p r e d i c t i o n .  S o f t w a r e  e v o l u t i o n  o n  t h e  o t h e r  hand would 
a p p e a r  t o  be d r i v e n  and c o n t r o l l e d  by human d e c i s i o n ,  
m a n a g e r i a l  e d i c t  and programmer judgement. The f r e q u e n c y  o f  
random t r a n s i e n t  e v e n t s ,  o f  m u t a t i o n ,  i s  h i g h .  

Measures o f  s o f t w a r e  e v o l u t i o n  and t h e  a s s o c i a t e d  p r o c e s s  
c o u l d  t h e r e f o r e  be e x p e c t e d  t o  be e r r a t i c ,  r e f l e c t i n g  a t  each  
i n s t a n t  and f o r  each  r e l e a s e ,  t h e  p r e s s u r e s  o f  t h e  moment. 
The Program E v o l u t i o n  Dynamics s t u d i e s ,  however,  have  shown 
t h a t  t h i s  i s  n o t  s o  [LEH69], [BEL7lb],  [LEH74al, LBEL761, 
[RI077] ,  [LEH77e], [W0079a], [CH080]. I n s t e a d  s u c h  measures  
d i s p l a y  p a t t e r n s ,  r e g u l a r i t y  and t r e n d s  t h a t  Suggest  a n  
u n d e r l y i n g  dynamics  t h a t  may be mode l l ed  and u s e d  f o r  
p l a n n i n g ,  f o r  p r o c e s s  c o n t r o l  and  f o r  p r o c e s s  improvement.  

3.2 Program E v o l u t i o n  and Dynamics 

Once o b s e r v e d  t h e  r e a s o n s  f o r  t h i s  unexpec ted  r e g u l a r i t y  i s  
e a s i l y  u n d e r s t o o d .  I n d i v i d u a l  d e c i s i o n s  i n  t h e  l i f e  c y c l e  o f  
a  s o f t w a r e  sys tem g e n e r a l l y  appear l o c a l i s e d  i n  t h e  sys tem 
and i n  t i m e .  The c o n s i d e r a t i o n s  o n  which they  a r e  based 
appear i n d e p e n d e n t .  Manager ia l  d e c i s i o n s  a r e  l a r g e l y  t a k e n  
i n  r e l a t i v e  i s o l a t i o n ,  concerned t o  a c h i e v e  l o c a l  c o n t r o l  and 
o p t i m i s a t i o n ,  c o n c e n t r a t e d  on some a s p e c t  of t h e  p r o c e s s ,  
some phase  of sys tem e v o l u t i o n .  But t h e i r  a g g r e g a t i o n ,  
moderated  by t h e  many f e e d b a c k  r e l a t i o n s h i p s ,  p roduces  
o v e r a l l  s y s t e m s  r e s p o n s e  which i s  r e g u l a r  and o f t e n  normal ly  
d i s t r i b u t e d .  

I n  i t s  e a r l y  s t a g e s  o f  development  a  sys tem i s  more o r  l e s s  
under  t h e  c o n t r o l  o f  t h o s e  i n v o l v e d  i n  i t s  a n a l y s i s ,  d e s i g n  
and implemen ta t ion .  A s  i t  a g e s  t h o s e  work ing  o n  o r  w i t h  t h e  
sys tem become i n c r e a s i n g l y  c o n s t r a i n e d  by e a r l i e r  d e c i s i o n s ,  
by e x i s t i n g  code ,  by e s t a b l i s h e d  p r a c t i c e s  and h a b i t s  of 
u s e r s  and implemen to r s  a l i k e .  Local  c o n t r o l  r e m a i n s  w i t h  
peop le .  But p r o c e s s  and s y s t e m- i n t e r n a l  l i n k s ,  d e p e n d e n c i e s  
and i n t e r a c t i o n s  c a u s e  t h e  g l o b a l  c h a r a c t e r i s t i c s  o f  sys tem 
e v o l u t i o n  t o  be de te rmined  by o r g a n i s a t i o n ,  p r o c e s s  and 
sys tem p a r a m e t e r s .  A t  t h e  g l o b a l  l e v e l  t h e  meta- system 
dynamics have  l a r g e l y  t a k e n  o v e r .  
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3 .3  Measures o f  Program E v o l u t i o n  

The d i s c u s s i o n ,  s o  f a r ,  h a s  been e n t i r e l y  phenomenological  i n  
n a t u r e .  The c o n c l u s i o n s  have,  however,  no t  been r e a c h e d  j u s t  
by p h i l o s o p h i s i n g  a b o u t  t h e  n a t u r e  o f  s o f t w a r e  and t h e  
programming p r o c e s s .  They have f o l l o w e d  from t h e  measurement 
of a  number of programs and programming p r o j e c t s .  The 
r e s u l t a n t  o b s e r v a t i o n s  have l e d  t o  m o d e l l i n g ,  i n t e r p r e t a t i o n ,  
p r e d i c t i o n  and t h e  development  and r e f i n e m e n t  o f  t h e o r i e s  
t h a t  d e s c r i b e  t h e  programming p r o c e s s  and program e v o l u t i o n .  
Th i s  i n  t u r n  h a s  l e d  t o  a  d e e p e r  u n d e r s t a n d i n g  o f  t h e  n a t u r e  
and i m p l i c a t i o n  o f  comput ing i t s e l f .  

S ince  t h e  o r i g i n a l  o b s e r v a t i o n  [LEH69], s t u d i e s  o f  program 
e v o l u t i o n  have c o n t i n u e d  based  on measurements  o b t a i n e d  from 
a  v a r i e t y  o f  sys t ems .  Program and p r o c e s s  c h a r a c t e r i s t i c s  
such a s  s i z e ,  g r o w t h- r a t e ,  work r a t e ,  f a u l t  c o n t e n t  and f a u l t  
r a t e s  were o b t a i n e d  f o r  s u c c e s s i v e  r e l e a s e s  o f  v a r i o u s  
sys tems.  The d a t a  was t h e n  a n a l y s e d  and ,  s u r p r i s i n g l y ,  
produced s t a t i s t i c a l l y  r e g u l a r  p a t t e r n s  and t r e n d s .  T y p i c a l  
examples  o f  t h e  r e s u l t a n t  models  have been r e p o r t e d  i n  t h e  
l i t e r a t u r e  [BELTlb], [LEH74a], [BEL76], [LEH77e], [CH0801. 

Examples o f  t h e  d a t a ,  though no t  o f  t h e  s t a t i s t i c a l  a n a l y s i s ,  
w i l l  be p r e s e n t e d  a s  p a r t  o f  t.he c a s e  s t u d y  g i v e n  i n  S e c t i o n  
4 .4 .  

It was r e p e a t e d  o b s e r v a t i o n  o f  such phenomeno log ica l ly  
s i m i l a r  b e h a v i o u r  and t h e  common i n t e r p r e t a t i o n  of 
independen t  phenomena, t h a t  l e d  t o  t h e  c o n c l u s i o n s  p r e s e n t e d  
h e r e ;  t o  a  s e t  o f  f i v e  l a w s ,  t h a t  have t h e m s e l v e s  evo lved  a s  
i n s i g h t  and u n d e r s t a n d i n g  h a s  i n c r e a s e d .  The l a w s  a s  
c u r r e n t l y  f o r m u l a t e d  a r e  g i v e n  i n  Tab le  1  and b r i e f l y  
d i s c u s s e d  i n  t h e  nex t  s e c t i o n s ;  t h e i r  p r a c t i c a l  i m p l i c a t i o n s  
i n  t h e  s e c t i o n  f o l l o w i n g .  It  i s  p e r h a p s  i m p o r t a n t  t o  s t r e s s  
t h a t  t h e  l a w s  a r e  a b s t r a c t i o n s  o f  obse rved  behav iour  based  on 
s t a t i s t i c a l  models .  They have no meaning u n t i l  a  sys t em,  a  
p r o j e c t  and t h e  o r g a n i s a t i o n a l  meta- system a r e  w e l l  
e s t a b l i s h e d .  
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T a b l e  1 :  Laws o f  Program E v o l u t i o n  

I Continuing Change 

A program t h a t  i s  used and t h a t  a s  a n  i m p l e m e n t a t i o n  o f  
i t s  s p e c i f i c a t i o n  r e f l e c t s  some o t h e r  r e a l i t y ,  undergoes  
c o n t i n u a l  change o r  becomes p r o g r e s s i v e l y  l e s s  u s e f u l .  
The change o r  decay p r o c e s s  c o n t i n u e s  u n t i l  i t  i s  judged 
more c o s t - e f f e c t i v e  t o  r e p l a c e  t h e  sys tem w i t h  a  r e -  
c r e a t e d  v e r s i o n ,  

11 Increasing Complexity 

A s  a n  e v o l v i n g  program i s  c o n t i n u a l l y  changed i t s  
c o m p l e x i t y ,  r e f l e c t i n g  d e t e r i o r a t i n g  s t r u c t u r e ,  
i n c r e a s e s  u n l e s s  work i s  done t o  m a i n t a i n  o r  r e d u c e  i t .  

111 The Fundamental Law of Program Evolut ion 

Program e v o l u t i o n  i s  s u b j e c t  t o  a  dynamics which makes 
t h e  programming p r o c e s s ,  and hence  measures  o f  g l o b a l  
p r o j e c t  and sys tem a t t r i b u t e s ,  s e l f - r e g u l a t i n g  w i t h  
s t a t i s t i c a l l y  d e t e m i n a b l e  t r e n d s  and i n v a r i a n c e s .  

IV Conservatior of Organisational S t a b i l i t y  
( Invar ian t  Work Rate ) 

During t h e  a c t i v e  l i f e  o f  a  program t h e  g l o b a l  a c t i v i t y  
r a t e  i n  t h e  a s s o c i a t e d  programming p r o j e c t  i s  
s t a t i s t i c a l l y  i n v a r i a n t .  

V Conservation of Fami l iar i ty  
(Perceived Complexity 

During t h e  a c t i v e  l i f e  of a  program t h e  r e l e a s e  c o n t e n t  
( changes ,  a d d i t i o n s ,  d e l e t i o n s )  of t h e  s u c c e s s i v e  
r e l e a s e s  o f  t h e  e v o l v i n g  program i s  s t a t i s t i c a l l y  
i n v a r i a n t .  
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3.4 Laws o f  Program E v o l u t i o n  Dynamics 

The f i r s t  l a w ,  Continuing Change o r i g i n a l l y  [LEHTQ], 
[LEH78], [ L M 7 9 ]  e x p r e s s e d  t h e  u n i v e r s a l l y  o b s e r v e d  f a c t  t h a t  
l a r g e  p r o g r a m s  a r e  n e v e r  c o m p l e t e d .  They j u s t  c o n t i n u e  t o  
e v o l v e .  F o l l o w i n g  o u r  new i n s i g h t ,  however ,  r e f e r e n c e  t o  
largeness i s  now r e p l a c e d  by t h e  p h r a s e  .. . t h a t  r e f l e c t  
some o t h e r  r e a l i t y  . . . . I n  t h e o r y  t h i s  m o d i f i c a t i o n  c h a n g e s  
t h e  s c o p e  of t h e  l a w .  I n  p r a c t i c e  i t  w i d e n s  i t  s i n c e  w i t h  
c u r r e n t  me thods  l a r g e  p r o g r a m s  are,  i n  g e n e r a l ,  e c o n o m i c a l l y  
f e a s i b l e  o n l y  i f  t h e y  r e l a t e  t o  a n d  h a v e  v a l u e  i n  t h e  o u t s i d e  
w o r l d .  L a r g e  p r o g r a m s  c a n ,  i n  g e n e r a l ,  be  e x p e c t e d  t o  be  
evolving p rog rams .  

The law must  n o t  be  i n t e r p r e t e d  as  d e f i n i n g  e v o l v i n g  
p rog rams .  It p o i n t s  t o  t h e  l i n k  w i t h  r e a l i t y  as  a s u f f i c i e n t  
c o n d i t i o n  f o r  e v o l u t i o n  and  t h e r e f o r e  i n c l u d e s  b o t h  P  a n d  E  
programs.  E v o l u t i o n  o f  t h e  f o r m e r  c a n ,  howeve r ,  be  more  
e a s i l y  c o n t r o l l e d  s i n c e  i t  i s  n o t  a p a r t  o f  t h e  e x t e r n a l  
r e a l i t y  ; m e r e l y  compared  w i t h ,  a n d  t h e r e f o r e  i n f l u e n c e d  by ,  
i t .  

The s e c o n d  l a w ,  Increasing Complexity, c o u l d  be  s e e n  as  a n  
i n s t a n c e  o f  t h e  s e c o n d  l a w  o f  thermodynamics .  It wou ld  seem 
more r e a s o n a b l e  t o  r e g a r d  b o t h  as i n s t a n c e s  o f  some more  
f u n d a m e n t a l  n a t u r a l  t r u t h .  B u t  from e i t h e r  v i e w p o i n t  i t s  
message  i s  c l e a r .  

The t h i r d  law, t h e  Fundamental Law of Program Evolution, i s  
i n  t h e  n a t u r e  of a n  e x i s t e n c e  r u l e .  It a b s t r a c t s  t h e  
o b s e r v e d  f a c t  t h a t  t h e  number o f  d e c i s i o n s  d r i v i n g  t h e  
p r o c e s s  o f  e v o l u t i o n ,  t h e  many f e e d b a c k  p a t h s ,  t h e  c h e c k s  a n d  
b a l a n c e s  of o r g a n i s a t i o n s ,  human i n t e r a c t i o n s  i n  t h e  p r o c e s s ,  
r e a c t i o n s  t o  u s a g e ,  t h e  r i g i d i t y  of program c o d e ,  a l l  combine  
t o  y i e l d  s t a t i s t i c a l l y  r e g u l a r  b e h a v i o u r  s u c h  as t h a t  
o b s e r v e d  a n d  m e a s u r e d  i n  t h e  s y s t e m s  s t u d i e d .  

The f o u r t h  l a w ,  Conservation of Organisational Stability, and  
t h e  f i f t h  Conservation of Familiarity, r e p r e s e n t  i n s t a n c e s  of  
t h e  o b s e r v a t i o n s  whose  g e n e r a l i s a t i o n  l e d  t o  t h e  t h i r d  law. 
They e x p r e s s  t r u t h s  a b o u t  t h e  e v o l u t i o n  p r o c e s s ,  t h a t  i n  t u r n  
a r e  i n t e r p r e t e d  as  r e f l e c t i n g  more b a s i c  t r u t h s  a b o u t  human 
o r g a n i s a t i o n s  a n d  a b o u t  i n d i v i d u a l s  i n  t h o s e  o r g a n i  s a t i o n s ,  
r e s p e c t i v e l y .  

Tne f o u r t h  l a w  and  t h e  phenomenon f rom which  i t  d e r i v e s  
( e x e m p l i f i e d  by F i g u r e  5 a ) ,  i s  i n t e r p r e t e d  a s  a r e f l e c t i o n  of 
o r g a n i s a t i o n a l  a s p i r a t i o n s  f o r  s t a b i l i t y .  The management  o f  
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w e l l  e s t a b l i s h e d  o r g a n i s a t i o n s  a v o i d  d r a m a t i c  change and 
p a r t i c u l a r l y  d i s c o n t i n u i t i e s  i n  growth r a t e s .  Moreover, t h e  
number of p e o p l e ,  t h e  i n v e s t m e n t  i n v o l v e d ,  t h e  u n i o n s ,  t h e  
t ime d e l a y s  i n  implement ing d e c i s i o n s  a l l  o p e r a t e  t o g e t h e r  t o  
p r e v e n t  sudden o r  d r a s t i c  change.  Wide f l u c t u a t i o n s  may l e a d  
t o  i n s t a b i l i t y  and  t h e  break- up of a n  o r g a n i s a t i o n .  

Why t h e  p a r t i c u l a r  measure  (changed modules  p e r  day)  p l o t t e d  
i n  F i g u r e  5 e  shou ld  prove t o  be s t a t i s t i c a l l y  i n v a r i a n t  i s  
not w e l l  under s tood .  There  c a n  be l i t t l e  doubt  t h a t  i t  
r e p r e s e n t s  t h e  s t e a d i n e s s  of a n  e x t e r n a l  v a r i a l b e  i n  a  m u l t i -  
l o o p  s e l f - s t a b i l i s i n g  sys tem.  

The r e a d e r  may f i n d  i t  d i f f i c u l t  t o  a c c e p t  t h e  i m p l i c a t i o n  
t h a t  t h e  work o u t p u t  o f  a  p r o j e c t  i s  i n d e p e n d e n t  of t h e  
amount of r e s o u r c e s  employed, though t h e  same o b s e r v a t i o n  h a s  
a l s o  been r e c o r d e d  by o t h e r s  [BR075]. The u n d e r l y i n g  t r u t h  
i s  t h a t  a c t i v i t i s  o f  t h e  type  c o n s i d e r e d ,  though i n t i a t e d  
w i t h  minimal r e s o u r c e s ,  r a p i d l y  a t t r a c t  more and more a s  
commitment t o  t h e  p r o j e c t ,  and t h e r e f o r e  t h e  consequences  o f  
s u c c e s s  o r  f a i l u r e ,  i n c r e a s e .  O b s e r v a t i o n s  a s  f o r m a l i s e d  i n  
t h e  f o u r t h  law imply t h a t  t h e  r e s o u r c e s  t h a t  can  be prod-  
u c t i v e l y  a p p l i e d  becomes l i m i t e d  a s  a  s o f t w a r e  p r o j e c t  a g e s .  
The magni tude  of t h e  l i m i t  depends  o n  many f a c t o r s  i n c l u d i n g  
a t t r i b u t e s  o f  t h e  t o t a l  e n v i r o m e n t .  But  t h e  p r e s s u r e  f o r  
s u c c e s s  l e a d s  t o  i n v e s t m e n t  t o  t h e  p o i n t  where  i t  i s  ex- 
ceeded,  The p r o j e c t  r e a c h e s  t h e  s t a g e  of r e s o u r c e  s a t u r a t i o n  
- f u r t h e r  changes  have no v i s i b l e  e f f e c t  on o v e r a l l  o u t p u t .  

The f o u r t h  law s p r i n g s  from a  p a t t e r n  of o r g a n i s a t i o n a l  
behav iour .  The f i f t h ,  o n  t h e  o t h e r  hand,  r e f l e c t s  t h e  c o l l e c -  
t i v e  consequences  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  many i n d i v i d -  
u a l s  w i t h i n  t h e  o r g a n i s a t i o n .  It i s  d i s c u s s e d  a t  l e n g t h  i n  
[LEH80al. S u f f i c e  i t  t o  say  h e r e  t h a t  t h e  law a r i s e s  fran 
t h e  n o n - l i n e a r  r e l a t i o n s h i p  between t h e  magni tude  o f  a  sys tem 
change and t h e  i n t e l l e c t u a l  e f f o r t  and t ime  r e q u i r e d  t o  
a b s o r b  t h a t  change.  A sys tem c a n n o t  be used  o r  f u r t h e r  
m a i n t a i n e d  e f f e c t i v e l y  u n t i l  t h e r e  i s  f u l l  awareness  o f  a l l  
sys tem i n t e r a c t i o n s  and r e s p o n s e s ,  and each  of t h e  c u r r e n t  
changes  i s  f u l l y  u n d e r s t o o d  i n  t h e  c o n t e x t  o f  a l l  t h e  o t h e r s .  
U n t i l  f u l l  f a m i l i a r i t y  i s  r e s t o r e d  any involvement  w i t h  t h e  
sys tem w i l l  p roduce  a  f e e l i n g  o f  s t r a n g e n e s s  and d i s c o m f o r t ,  
f u r t h e r  changes  w i l l  i n e v i t a b l y  l e a d  t o  problems. Moreover, 
ou r  o b s e r v a t i o n s  i n d i c a t e  t h a t  t h e  consequences  o f  t h e  ( a t  
l e a s t )  q u a d r a t i c  r e l a t i o n s h i p  between t h e  c o n t e n t  o f  a 
r e l e a s e  and t h e  e f f o r t  r e q u i r e d  t o  m a s t e r  i t  l e a d s  i n  t h e  
f e e d b a c k  env i ronment  o f  t h e  programming and  usage  p r o c e s s e s  
t o  t h e  s t a t i s t i c a l  i n v a r i a n c e  o f  t h e  r e l e a s e  c o n t e n t  ( F i g  5 c ) .  
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I n  summary, t h e  complex  h i e r a r c h i c a l  s y s t e m  i n  a n d  t h r o u g h  
wh ich  a  s o f t w a r e  s y s t e m  i s  c r e a t e d ,  u s e d  a n d  m a i n t a i n e d  
itself e v o l v e s  t o  be  s e l f - s t a b i l i s i n g .  If i t  d i d  n o t ,  i t  
would  d i s i n t e g r a t e  a n d  d i s a p p e a r  - a s  s o  many s o f t w a r e  
o r g a n i s a t i o n s  a n d  s o f t w a r e  s y s t e m s  h a v e  done .  Rev i ewing  t h e  
r a p i d  d e v e l o p m e n t  o f  t h e  s o f t w a r e  i n d u s t r y  a n d  t h e  s o f t w a r e  
p r o c e s s  o v e r  t h e  l a s t  t h i r t y  y e a r s ,  it s h o u l d  be  no s u r p r i s e  
t o  d i s c o v e r  t h a t  t h e  s u r v i v o r s  a r e  h i g h l y  s t a b l e .  

5 . 3  The N a t u r e  o f  t h e  Laws 

The l a w s ,  as d i s c u s s e d  a b o v e ,  w e r e  d e r i v e d  f rom o b s e r v a t i o n s  
o n  s y s t e m s  a s  t h e y  e v o l v e d  o v e r  a  series o f  r e l e a s e s .  They 
t h e r e f o r e  r e p r e s e n t  a n  a b s t r a c t i o n  a n d  a p p r o x i m a t i o n ,  w i t h  
m e a s u r e s  a t  t h e  p o i n t  o f  release t a k e n  as  r e p r e s e n t a t i v e  o f  
t h e  e n t i r e  r e l e a s e .  A p rogram may, e q u a l l y ,  be v i ewed  a s  
h a v i n g  e v o l v e d  o v e r  a time p e r i o d  t e r m i n a t e d  by i t s  r e l e a s e ,  
f r om i n i t i a l  i d e n t i f i c a t i o n  o f  c o n t e n t  o r  p r o p e r t i e s  t o  t h e  
f i n a l  u s a b l e  program.  E q u a l l y  o n e  may c o n s i d e r  ( S e c t i o n  
5 .2 )  t h e  e v o l u t i o n  o f  s e q u e n c e s  o f  r e l e a s e  s e q u e n c e s .  These  
become s i g n i f i c a n t  when o n e  a c c e p t s  t h e  need  f o r  p e r i o d i c  
t o t a l  sustem replacement .  

Measu re s  a t  t h e  two l a t t e r  l e v e l s  would  p r o v i d e  q u i t e  
d i f f e r e n t  d a t a .  We c a n n o t  c o n s i d e r  h e r e  t h e  f o r m  o f  l a w s  - 
i f  any - t h a t  m i g h t  emerge  f rom s u c h  s t u d i e s .  C l e a r l y ,  
however ,  t h e  l a w s  b a s e d  o n  r e l e a s e - r e l a t e d  phenomena, a l s o  
r e f l e c t  phenomena more  m e a n i n g f u l  a t  t h e  o t h e r  l e v e l s .  They 
mus t  b e  v i ewed  a s  a n  a p p r o x i m a t i o n  t o  more  d e t a i l e d  m o d e l s  
t h a t  m i g h t  be  d e v e l o p e d .  

T h e r e  i s  a l s o  a  f u r t h e r  more  d i r e c t  a p p r o x i m a t i o n  i n  t h e  
p r e s e n t  f o r m u l a t i o n .  The laws h a v e  b e e n  p r e s e n t e d  w i t h o u t  
s u p p o r t i n g  d a t a  o r  s t a t i s t i c a l  a s s e s s m e n t  [CH080]. We h a v e ,  
however ,  c l e a r l y  i n d i c a t e d  ( e g  S e c t i o n  3 . 2 )  t h a t  t h e  dynamics  
and  i t s  p a r a m e t e r s  e v o l v e  a s  a  s y s t e m  w i t h  i t s  s u p p o r t i n g  
o r g a n i s a t i o n  a n d  p r o c e s s ,  d e v e l o p s .  E q u a l l y ,  when a  series 
o f  r e l e a s e s  a p p r o a c h e s  t h e  p o i n t  w h e r e  a  t o t a l  r e p l a c e m e n t  - 
t h e  n e x t  g e n e r a t i o n  - b e g i n s  t o  emerge ,  t h e r e  m u s t  be  
t r a n s f e r  e f f e c t s  t h a t  i m p a c t  t h e  r e l e a s e  o r i e n t e d  dynamics  
a n d  i t s  p a r a m e t e r s .  C o n s i d e r ,  f o r  examp le ,  t h e  f o u r t h  l aw .  
A s  f o r m u l a t e d  i t  i m p l i e s  a l i n e a r  f i t  t o  t h e  d a t a  o f  f i g u r e  
5 f .  T h i s  b r i e f  a n a l y s i s  i n d i c a t e s ,  howeve r ,  t h a t  s t r i c t l y  
s p e a k i n g ,  t h e  c u r v e  mus t  be S- shaped ,  m o d e l l e d  by a t  l e a s t  a 
c u b i c .  Thus ,  f o r  g r e a t e r  p r e c i s i o n  t h e  l a w s  s h o u l d  be q u a l -  
i f i e d  t o  i n d i c a t e  t h a t  t h e y  d e s c r i b e  phenomena t h a t ,  f rom t h e  
p o i n t  o f  v i ew  o f  s u c c e s s i v e  r e l e a s e s ,  d o m i n a t e s  much o f  t h e  
l i f e  c y c l e  o f  a r e l e a s e  g e n e r a t i o n .  
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Whatever t h e  p r e c i s i o n  o f  t h e  l a w s ,  as s t a t e d ,  ou r  ma in  
c o n c l u s i o n  i s  c l e a r .  A s  i t  a g e s ,  a  s o f t w a r e  p r o j e c t  - a t  
w h a t e v e r  l e v e l  o b s e r v e d  - i s  i n c r e a s i n g l y  c o n s t r a i n e d  by i t s  
i n t e r n a l  c h a r a c t e r i s t i c s  and  t h o s e  o f  t h e  meta- sys tem.  The 
f reedom of  c h o i c e  and m a n o e u v r a b i l i t y  of  t h e  i n d i v i d u a l  
manager  i s  p r o g r e s s i v e l y  r e s t r i c t e d .  

The a rgumen t s  p r e s e n t e d  h e r e  may n o t  c o n v i c e  t h e  r e a d e r  t h a t  
h e  i s  n o t  i n  t o t a l  c o n t r o l  o f  h i s  program deve lopmen t ;  t h a t  
t o  some d e g r e e  t h e  p r o c e s s  c o n t r o l s  him. T h i s  d e s p i t e  t h e  
f a c t  t h a t  t h e  same phenomenon c a n  a l s o  be o b s e r v e d  i n ,  s a y ,  
economic o r  s o c i a l  s y s t e m s .  One a d d i t i o n a l  f a c t  mus t ,  how- 
e v e r ,  be c o n s i d e r e d .  We a r e  examin ing  man-made s y s t e m s ,  
p r o c e s s e s  d e s i g n e d ,  d i r e c t e d  and l a r g e l y  c o n t r o l l e d  by human 
d e c i s i o n  and a c t i v i t y .  The p r e s e n t  l a w s  a r e  d e r i v e d  f rom 
d a t a  e m a n a t i n g  from e n v i r o n m e n t s  managed and c o n d u c t e d  i n  
i g n o r a n c e  o f  t h e  l a w s .  Recognition of Zaws itself changes 
the environment. It s h o u l d  l e a d ,  f o r  example ,  t o  methodol-  
o g i c a l  and  t e c h n o l o g i c a l  a d v a n c e s  t h a t  i n v a l i d a t e  t h e  l a w s  a s  
p r e s e n t l y  f o r m u l a t e d .  Tha t  i s  t h e  l a w s ,  a s  p r e s e n t l y  form- 
u l a t e d ,  may become i r r e l e v a n t  t o  t h e  way p rog rams  a r e  c r e a t e d  
and m a i n t a i n e d  [LEH76], [LEH80a]. From o u r  v i e w p o i n t ,  t h e  
t r e n d  t o w a r d s  d i s t r i b u t e d  m i c r o p r o c e s s o r  s y s t e m s  a s  d e s c r i b e d  
b r i e f l y  i n  S e c t i o n  2 .6  i s  a n  example  of  t h i s ,  stemming a s  i t  
d o e s  a t  l e a s t  p a r t l y ,  f rom o u r  a n a l y s i s  o f  p rog rams  a n d  
programming and  t h e  p r o p e r t i e s  o f  ' l a r g e '  programs [BEL78]. 

It r e m a i n s  t o  be  s e e n  w h e t h e r  w i t h  new m e t h o d o l o g i e s  and  
sys t em s t r u c t u r e s ,  r e g u l a r i t i e s  such  a s  t h o s e  o b s e r v e d  w i l l  
o n c e  a g a i n  a p p e a r .  Fo r  t h e  p r e s e n t ,  however ,  i n  t h e i r  
r e p r e s e n t a t i o n  o f  t h e  programming p r o c e s s ,  t h e  set  o f  l a w s  
r e f l e c t s  t h e  v e r y  b a s i c  a t t r i b u t e s  and a t t i t u d e s  o f  p e o p l e  
and o r g a n s i a t i o n s .  A s  s u c h ,  t h e y  a r e  l i k e l y  t o  r e m a i n  
s i g n i f i c a n t  f o r  some t i m e ,  c e r t a i n l y  a s  l o n g  a s  l a r g e  
s o f t w a r e  s y s t e m s  s t r u c t u r e d ,  a s  t h o s e  c u r r e n t l y  w i d e s p r e a d ,  
a r e  c r e a t e d  and m a i n t a i n e d ,  F o r  t h e  p r e s e n t  g e n e r a t i o n  o f  
p l a n n e r s ,  manage r s ,  programmers and u s e r s ,  t h e  l a w s  c a r r y  a  
message  wh ich  i n  t h e  l o n g  r u n  p r o v e s  c o s t l y  t o  i g n o r e .  The 
p r a c t i c a l  i m p l i c a t i o n s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

4 App l i ed  Dynamics 

4 .  I I n t r o d u c t i o n  

The p r e v i o u s  s e c t i o n s  h a v e  emphas i sed  t h e  phenomeno log ica l  
b a s i s  f o r  t h e  l a w s  o f  program e v o l u t i o n ,  i n d i c a t i n g  how t h e y  
a r e  r o o t e d  i n  phenomena u n d e r l y i n g  t h e  a c t i v i t y  of  
programming i t s e l f .  
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The o r i g i n  of t h e  l a w s  i n  i n d i v i d u a l  and s o c i e t a l  behav iour  
makes t h e i r  impac t  o n  t h e  c o n s t r u c t i o n  and ma in tenance  or 
s o f t w a r e  more t h a n  j u s t  d e s c r i p t i o n s  o f  t h e  evolut ionargr  
p r o c e s s .  The l a w s  r e p r e s e n t  p r i n c i p l e s  i n  S o f t w a r e  
Eng inee r ing .  They a r e ,  however, c l e a r l y  no t  immutable  a s  
a r e ,  f o r  example ,  t h e  l a w s  of p h y s i c s  o r  c h e m i s t r y .  S i n c e  
they  a r i s e  from t h e  h a b i t s  and p r a c t i c e s  o f  p e o p l e  and 
o r g a n i s a t i o n s ,  t h e i r  m o d i f i c a t i o n  o r  change r e q u i r e s  one  t o  
go o u t s i d e  t h e  d i s c i p l i n e  of computer s c i e n c e  i n t o  t h e  r e a l m s  
of s o c i o l o g y ,  economics  and management. The l a w s  t h e r f o r e  
form an  environment  w i t h i n  which t h e  e f f e c t i v e n e s s  c;f 
programming m e t h o d o l o g i e s  and management s t r a t e g i e s  2nd 
t e c h n i q u e s  can  be e v a l u a t e d ,  a  backdrop a g a i n s t  which b e t t e r  
methods and t e c h n i q u e s  can  be deve loped .  

4.2 Methodo log ica l  Imp1 i c a t i o n s  

The development of programming methodology o v e r  t h e  l a s t  
twenty y e a r s  h a s  been l a r g e l y  e x p e r i m e n t a l  i n  n a t u r e ,  g u i d e d  
by e x p e r i e n c e  of t h e  a c t u a l  p r o c e s s .  Where t h o u g h t  h a s  been 
g i v e n  t o  t h e  n a t u r e  of t h e  a c t  of programming i t  t ended  tc 
c o n c e n t r a t e  on s p e c i f i c  a s p e c t s ,  s p e c i f i c a t i o n ,  programmifig 
p e r  s e  o r  t e s t i n g  f o r  example,  r a t h e r  t h a n  t h e  process o f  
c o ~ v e r t i n g  a n  a p p l i c t i o n s  concep t  i n t o  t h e  e x e c u t a b l e  b i n a r y  
code sequence t h a t  c o n t r o l s  i t s  implemen ta t ion .  Nor, u n t i l  
r e c e n t l y ,  has  much c o n s i d e r a t i o n  been g i v e n  t o  t h e  
maintenance  p r o c e s s  t h a t  s e e k s  t o  e n s u r e  t h a t  t h e  implement-  
a t i o n  r emains  e f f e c t i v e  and c o s t  e f f e c t i v e  a s  o p e r a t i o n a l  
e x p e r i e n c e  i s  g a i n e d  and a s  t h e  o p e r a t i o n a l  e n v i r o m ~ n t ,  
changes .  

What a r e  t h e  m e t h o d o l o g i c a l  i m p l i c a t i o n s  o f  t h e  l a w s ?  The 
i n e v i t a b i l i t y  of c o n t i n u i n g  change a s s e r t e d  by t h e  f i r s t  l a w  
i m p l i e s  t h a t ,  l i k e  c o r r e c t n e s s ,  a l t e r a b i l i t y  i s  a n  e s s e n t i a l  
a t t r i b u t e  of program q u a l i t y .  To be  a l t e r a b l e  a  program must  
be comprehendable.  T h i s  demands a c c e s s i b l e ,  comple te  and 
c o n s i s t e n t  s p e c i f i c a t i o n ,  d e s i g n  r e c o r d s  and code.  A l l  must  
be w e l l  s t r u c t u r e d  and e x p r e s s  c l e a r  c o n c e p t s  i n  i n t e l l i g i b l e  
and unambiguous l anguage .  The meaning and domain of a l l  
t e rms  must be e x p l i c i  t i l y  d e c l a r e d  and p r e f  e r a b l e y  s u g g e s t e d  
by t h e  a l l o c a t i o n  o f  a p p r o p r i a t e  d e s c r i p t o r s .  S i n c e  under-  
s t a n d i n g  o f  a  program depends  no t  o n l y  on i t s  s t a t i c  
d e s c r i p t i o n  b u t  a l s o  o n  t h e  o r d e r  o f  e x e c u t i o n ,  e a c h  
s e q u e n c i n g  c o n t r o l  mechanism must p r o v i d e  t h e  human r e a d e r  
w i t h  a  c l e a r  i n d i c a t i o n  o f  i t s  f u n c t i o n .  I n  s h o r t ,  a l l  
unnecessa ry  complex i ty  must be avo ided .  Moreover 
p a r t i t i o n i n g  o f  t h e  programs i n t o  s m a l l  e l e m e n t s  and c o n t r o l -  
l i n g  t h e  i n t e r f a c e s  between them i s  a l s o  e s s e n t i a l  [STE74], 
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LMYE781, [YOU68]. A s  f a r  a s  p o s s i b l e  t h e  sys tem must be 
des igned  s o  t h a t  changes  r e l a t i n g  t o  a  s p e c i f i c  f u n c t i o n  c a n  
be l o c a l i s e d ,  w i t h  changes  t o  code and/or  documentat ion 
r e s t r i c t e d  t o ,  a t  mos t ,  a  smal l  g roup  of  r e l a t e d  e lements .  
I n s o f a r  a s  a  change must be more widespread  i t s  flow and 
impact  shou ld  be d i s c e r n a b l e .  There must be no i n v i s i b l e  
l i n k s  between e l e m e n t s ,  f o r  example through a c c e s s  t o  a  
g l o b a l  name. There shou ld  be no s i d e  e f f e c t s ,  no i n c i d e n t a l  
consequences  of  t h e  e x e c u t i o n  o f  any code sequence.  
Assumptions s h o u l d  n o t  have t o  be  made a b o u t  i n d i v i d u a l  
e l ements  o r  r e l a t i o n s h i p s  beweeen p a i r s .  I n  g e n e r a l ,  i t  must 
be p o s s i b l e  t o  l o c a l i s e  change w i t h i n  t h e  system. When mcre 
widespread impact  i s  i n d i c a t e d ,  a  p rocedure  must be d e f i n a b l e  
s o  t h a t  a22 n e c e s s a r y  changes  a r e  r e a d i l y  i d e n t i f i e d .  

A l l  of t h e  above  needs a r e  r e c o g n i s e d  and a d d r e s s e d  by 
c u r r e n t  developments  i n  programming me thodology ; h i g h  1 eve1  
l anguage ,  s t r u c t u r e d  programming, system and module 
s p e c i f i c a t i o n ,  i n f o r m a t i o n  h i d i n g ,  p rocedure  p r o t o c o l ,  s cope  
r u l e s ,  d e c l a r a t i o n ,  s t r o n g  t y p i n g ,  parameter  p a s s i n g ,  
f u n c t i o n a l  sequence c o n t r o l  ( i f  . . . t h e n  . . . e l s e  . . . , w h i l e  
. . . do . .. e t c . )  and s o  on. What h a s  been a c h i e v e d  i n  t h i s  

paper  i s  t o  a s s o c i a t e  t h e s e  t e c h n i q u e s  th rough  t h e  concep t  of 
a 1  t e r a b i l i t y ,  a  concep t  viewed a s  complementary t o ,  and 
e s s e n t i a l  f o r ,  dynamic c o r r e c t n e s s .  

The second law r e i n f o r c e s  t h e  c o n c l u s i o n  t h a t  unnecessa ry  
complexi ty  must be  avo ided  from t h e  s t a r t .  A program can  
never be s i m p l e r  t h a n  t h e  a b s t r a c t i o n  o f  t h e  a p p l i c a t i o n  o r  
problem t h a t  i t  models.  It s h o u l d  no t  be a l lowed  t o  exceed 
t h a t  complex i ty  by p o r e  t h a n  i s  a b s o l u t e l y  n e c e s s a r y .  Even 
then  complex i ty  w i l l  i n c r e a s e  w i t h  t ime,  u n l e s s  work i s  
expended t o  c o n t r o l  o r  r educe  i t .  T h e r e f o r e  i t  i s  a lways  
p r o f i t a b l e  t o  s t a r t  from a  p o i n t  of  minimum complex i ty .  A s  
t h e  system i s  changed, t h e  d e s i g n e r  and t h e  programmer must ,  
s u b j e c t  t o  o t h e r  c o n s t r a i n t s ,  minimise  complexi ty  growth o v e r  
t h e  p e r i o d  o f  concern.  It i s  t h e r e f o r e  e s s e n t i a l  t o  be a b l e  
t o  d e f i n e  and e s t a b l i s h  measures  of  complex i ty  s o  a s  t o  be 
a b l e  t o  make q u a n t i t a t i v e  a s s e s s m e n t s  [MCC76], [LEH77g], 
LBEL77a1, LCHE781, LMUS801, LBEL77cI. 

The t h i r d  and f o u r t h  l a w s  a r e  most u s e f u l l y  d i s c u s s e d  i n  t h e  
management c o n t e x t  and a r e  t h e r e f o r e  c o n s i d e r e d  i n  g r e a t e r  
d e t a i l  i n  t h e  next  s e c t i o n .  However, i n  t h e  c a s e  of t h e  
f i f t h  law t h e r e  a r e  a l s o  a s p e c t s  t h a t  a r e  s p e c i f i c a l l y  
me thodo log ica l .  System r e l e a s e  p e r m i t s  a l l  t h o s e  a s s o c i a t e d  
w i t h  a  program t h a t  h a s  been m o d i f i e d  o r  ex tended  t o  a d a p t  t o  
i t s  new c o n t e n t  and t o  i t s  new behav iour  i n  e x e c u t i o n .  
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Through t h e  i n t e l l e c t u a l  e f f o r t  i i l v o l v e d  i n  t h e  p r o c e s s  o f  
a d a p t a t i o n ,  d e v e l o p e r s  a n d  u s e r s  a l i k e  a c h i e v e  o n c e  a g a i n  
t h a t  d e g r e e  o f  u n c o n s c i o u s  a p p r e c i a t i o n  o f  a l l  a p s e c t s  o f  t h e  
p r o g r a m ' s  a t t r i b u t e s  t h a t  e n a b l e s  them t o  d e v e l o p  i t  f u r t h e r  
o r  t o  u s e  i t  s u c c e s s f u l l y  a s  a  t o o l  i n  t h e i r  r e a l  p u r s u i t .  
Thus e a c h  s y s t e m  r e l e a s e  s h o u l d  p r o v i d e  a  b a s e  f r o m  w h i c h  
f u r t h e r  s y s t e m  e v o l u t i o n  c a n  r e l i a b l y  o c c u r .  R e l e a s e s  p l a y  a  
s t a b i l i s a t i o n  r o l e  a n d  m u s t  be  p l a n n e d  a n d  managed 
a c c o r d i n g l y  . 
T h e r e  i s  a f u r t h e r  i n t e r e s t i n g  i n t e r p r e t a t i o n  o f  t h e  f i f t h  
l a w  t h a t  r e q u i r e s  t h e  a n t h r o p o m o r p h i c  e x t e n s i o n  o f  t h e  
c o n c e p t  of f a m i l i a r i s a t i o n .  The new program mus t  'become 
f a m i l i a r t  w i t h  i t s  o p e r a t i o n a l  e n v i r o n m e n t .  I n  t h e  r e l a t i v e  
i s o l a t i o n  of  t h e  d e v e l o p m e n t  and  m a i n t e n a n c e  e n v i r o n m e n t ,  i t  
w i l l  h a v e  b e e n  v a l i d a t e d  by a  series o f  tests. B u t  t h e s e  
c a n n o t  be  a l l - e m b r a c i n g  or c o v e r  all o p e r a t i o n a l  
e v e n t u a l i t i e s .  It i s  i m p o s s i b l e  t o  f o r e s e e  o r  c r e a t e  e v e n  
a l l  l i k e l y  e n v i r o w e n t a l  c o n d i t i o n s  i n  t h e  test l a b o r a t o r y .  
Thus ,  i n e v i t a b l y  when a  p rog ram i s  r e l e a s e d  t o  t h e  u s e r  
e n v i r o n m e n t ,  new s i t u a t i o n s  w i l l  be e n c o u n t e r e d  a n d  new 
f a u l t s  d i s c o v e r e d .  Only a d e q u a t e  e x p o s u r e  t o  a c t u a l  u s a g e  by 
a r a n g e  o f  u s e r s  c a n  d e t e r m i n e  t h e  e x t e n t  t o  w h i c h  a program 
v e r s i o n  r e p r e s e n t s  a  m e t a - s t a b l e  p l a t e a u  i n  t h e  e v o l u t i o n a r y  
g rowth  p r o c e s s .  If t h i s  i s  t o  be  a c h i e v e d  s m o o t h l y  and 
w i t h o u t  m a j o r  u p h e a v a l ,  t h e  c h a n g e  s e l e c t i o n  a n d  test  p r o c e s s  
mus t  be  d e s i g n e d  t o  e x p o s e  t h e  e n t i r e  s y s t e m  t o  e x e c u t i o n  
u n d e r  c o n d i t i o n s  of a c t u a l  u s a g e  a n d  t o  stress i t  i n  e v e r y  
way. The r e l e a s e  p r o c e s s  m u s t  be d e s i g n e d  t o  m i n i m i s e  t h e  
c h a n c e  t h a t  a  d e f e c t  c a n  s u r v i v e  u n d e t e c t e d  beyond t h e  
r e l e a s e  i n  whose  i m p l e m e n t a t i o n  i t  w a s  embedded.  The s e t  o f  
c h a n g e s  t o  b e  imp lemen ted  o v e r  a n  e x t e n d e d  t i m e  p e r i o d  m u s t  
be  c l u s t e r e d  a n d  a l l o c a t e d  t o  i n d i v i d u a l  r e l e a s e s  s o  as  t o  
a c h i e v e  optimum e a r l y  a c t u a l  u s a g e  p a t t e r n  and  e x p o s u r e .  
T h i s  p o i n t  i s  i l l u s t r a t e d  by a s p e c t s  of t h e  c a s e  s t u d y  o f  
s e c t i o n  4 . 4 .  

4 . 3  Management I m p l i c a t i o n s  

The modern  i n d u s t r i a l  manager  g e n e r a l l y  r e g a r d s  h i m s e l f  a s  
t o t a l l y  i n  c o n t r o l  o f  t h e  a c t i v i t y  u n d e r  him, s u b j e c t  o n l y  t o  
management  e d i c t s  e m a n a t i n g  f rom h i s  s u p e r i o r s  a n d  p h y s i c a l  
l i m i t a t i o n s  a r i s i n g  f rom t h e  l a w s  o f  n a t u r e .  The l a t t e r  f a l l  
i n t o  two c l a s s e s ,  T h e r e  a r e  b a s i c  i n v a r i a n t s  e x p r e s s e d  by 
c o n s e r v a t i o n  laws, f o r  examp le ,  a n d  t h e r e  a r e  t h e  p r o p e r t i e s  
of t h e  m a t e r i a l s ,  t h e  m a c h i n e s  a n d  t h e  p e o p l e  t h r o u g h  which  
h e  a c h i e v e s  p r o j e c t  o b j e c t i v e s .  
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Not u n n a t u r a l l y  such  p h y s i c a l  l i m i t a t i o n s  have  no t  been 
r e c o g n i s e d  a s  b e i n g  o p e r a t i v e  i n  s o f t w a r e  development  o r  
ma in tenance  a c t i v i t y .  P h y s i c a l  and m a t e r i a l  l i m i t a t i o n s  do 
n o t ,  i n  g e n e r a l ,  i m p r e s s  t h e m s e l v e s  d i r e c t l y  o r  e x p l i c i t l y  o n  
a  manager i n  h i s  management of  s o f t w a r e  p r o j e c t  p l a n n i n g  and 
e x e c u t i o n ,  e x c e p t  i n s o f a r  a s  b u d g e t ,  p e o p l e  and comput ing  
r e s o u r c e s  a r e  conce rned .  But t h e  laws a s s e r t  t h a t  
c o n s t r a i n t s  do  e x i s t .  They ar ise p a r t l y  from p u r e l y  p h y s i c a l  
l i m i t a t i o n s  b u t  m a i n l y  from t h e  f e e d b a c k  p r o p e r t i e s  of  t h e  
s o f t w a r e  p r o c e s s e s  and o r g a n i s a  t i o n s .  T h e i r  consequences  
l i m i t  t h e  s o f t w a r e  manager j u s t  a s  p u r e l y  p h y s i c a l  
c o n s t r a i n t s  l i m i t  h i s  c o l l e a g u e s .  

I t  i s  d i f f i c u l t  enough t o  convey t h e  e x i s t a n c e  of l i m i t a t i o n s  
and c o n s t r a i n t s  i n  t h e  s o f t w a r e  p r o d u c t i o n  p r o c e s s .  To 
o b t a i n  g e n e r a l  a c c e p t a n c e  of  t h e  i m p l i c a t i o n s  h a s  s o  f a r  no t  
proved p o s s i b l e .  Yet t h e  e x i s t e n c e  of  c o n s t r a i n t s  o n  s o f t -  
w a r e  p r o j e c t s  and o n  t h e  power of s o f t w a r e  managers  i s  t h e  
f i r s t  and  mos t  fundamen ta l  management i m p l i c a t i o n  of  t h e  f i v e  
1 aw s. 

The concep t  o f  a l t e r a b i l i t y  a r i s i n g  from t h e  f i r s t  law 
i m p l i e s  t h e  need t o  d e d i c a t e  a  p a r t  o f  p r o j e c t  r e s o u r c e s  t o  
t h e  c r e a t i o n  and m a i n t e n a n c e  of sys tem and code  s t r u c t u r e  t o  
e n s u r e  c o n t i n u i n g  c o m p r e h e n d a b i l i  t y  and l o c a l i s a t i o n  of  
change [STETII], [ M Y E ~ ~ ] ,  [ B E L ~ ~ ] .  It a l s o  r e q u i r e s  t h e  
ma in tenance  o f  a comple t e  and a c c e s s i b l e  h i s t o r y  of  t h e  
sys t em,  i t s  d e s i g n  and i m p l e m e n t a t i o n s  and o f  t h e  c o n c e p t s ,  
a s s u m p t i o n s  and d e c i s i o n s  t h a t  u n d e r l i e  them. The r e c o r d  
must  a l s o  i n c l u d e  t h e  same d e t a i l e d  i n f  o r m a t i o n  a b o u t  a l l  
s u b s e q u e n t  c h a n g e s  s o  t h a t  any s e r i e s  of  e v e n t s  i n  sys t em 
m a i n t e n a n c e ,  and t h e  r e s o n s  and  r e a s o n i n g  b e h i n d  them, c a n  be 
r e c o n s t r u c t e d .  

The amount of i n f o r m a t i o n  t o  be m a i n t a i n e d  i s  no more t h a n  
e x i s t s ,  de facto, i n  t h e  s e t  of  b l u e p r i n t s  t h a t  a r e  
m a i n t a i n e d  i n  any w e l l  managed o r g a n i s a t i o n  t o  c o n t r o l  t h e  
m a n u f a c t u r e  and m a r k e t i n g  o f  a l m o s t  any  p r o d u c t  t h a t  i s  
i t s e l f  a n a s s e m b l y  of  more t h a n a  few s e p a r a t e  p a r t s .  Only 
i f  s u c h  i n f o r m a t i o n  i s  r e a d i l y  a v a i l a b l e  c a n  a  sys tem be 
m a i n t a i n e d  c o r r e c t l y ,  e f f i c i e n t l y  and r e s p o n s i v e l y .  I f  t h i s  
i s  s o  i n  a n  e n v i r o n m e n t  i n  wh ich  p h y s i c a l  c o n s t r a i n t s  l i m i t  
t h e  m a i n t a i n e r  i n  h i s  work o n  t h e  sys t em and i n  which 
p h y s i c a l  p r o p e r t i e s  a n d  i n t e r c o n n e c t i o n s  a r e  v i s i b l e ,  how 
much more must  i t  a p p l y  where t h e  s t r u c t u r e ,  d e p e n d e n c i e s  and 
c o n s t r a i n t s  a r e  i n t a n g i b l e ;  where  t h e  sys t em i s  i n f l e x i b l e ,  
w i t h  z e r o  t o l e r a n c e  r e l a t i v e  t o  t h e  u n a n t i c i p a t e d  e v e n t ?  
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B l u e p r i n t  t e c h n o l o g y  i n  a s s o c i a t i o n  w i t h  m i c r o- f i l m i n g  h a s  
j u s t  a b o u t  p r o v e d  a b l e  t o  c o p e  w i t h  t h e  n e e d s  o f  modern 
i n d u s t r y ,  t hough  p r o j e c t s  wh ich  i n v o l v e  many m i l l i o n s  o f  
p r i n t s  s t r e t c h  t h e  c o n c e p t  somewhat .  Such  a p a p e r - b a s e d ,  
t e c h n o l o g y  i s  c o m p l e t e l y  i n a d e q u a t e  f o r  c o p i n g  w i t h  any  b u t  
t h e  s m a l l e s t  s o f t w a r e  p r o j e c t s .  The volume o f  r e c o r d s  needed  
i s  s i m p l y  t o o  g r e a t .  F u r t h e r m o r e  t h e  t e c h n o l o g y  f o r  
g e n e r a t i n g  w r i t t e n  r e c o r d s  i s ,  t o  a l l  i n t e n t s  a n d  p u r p o s e s ,  
p r e c i s e l y  t h e  same a s  t h a t  r e q u i r e d  t o  r e c o r d  t h e  c o d e  b u t  
o f t e n  r e q u i r e s  e q u a l  o r  e v e n  g r e a t e r  e f f o r t  i f  c o m p l e t e n e s s  
a n d  c l a r i t y  i s  t o  be a c h i e v e d .  Yet  t h e  c o d e  i s  s e e n  a s  t h e  
real i m m e d i a t e l y  u s e f u l  a n d  t h e r e f o r e  v a l u a b l e ,  p r o d u c t .  
From t h e  p o i n t  o f  v iew o f  t h e  d e v e l o p e r  who mus t  g e n e r a t e  
b o t h  c o d e  a n d  l o n g-  t e rm  d o c u m e n t a t i o n ,  t h e  l a t t e r ,  c o n t a i n i n g  
i n f o r m a t i o n  w e l l  u n d e r s t o o d  a t  t h e  t i m e  o f  d e s i g n  a n d  c o d i n g ,  
h a s  o n l y  n u s i a n c e  v a l u e .  No wonde r  i t  i s  s o  o f t e n  n e g l e c t e d .  

The s h o r t - t e r m  p s y c h o l o g i c a l  p r e s s u r e  f o r  n e g l e c t i n g  documen- 
t a t i o n  i s  s i g n i f i c a n t .  Only  t h e  manager  c a n  h a v e  t h e  l o n g-  
term v i ew  t h a t  a c c e p t s  c o m p l e t e  d o c u m e n t a t i o n  a s  a  n e c e s s i t y  
i n  m a x i m i s i n g  t h e  l i f e t i m e  b e n e f i t  f r om a  sy s t em.  It becomes 
a  ma jo r  e l e m e n t  i n  t h e  manager's responsibility t o  e n s u r e  
t h a t  motivation i s  p r o v i d e d  a n d  t h a t  facilities a r e  a v a i l a b l e  
i n  e v e r y  p r o j e c t  t o  m a i n t a i n  t h e  d o c u m e n t a t i o n  a t  t h e  same 
s t a t e  o f  r e a d i n e s s  a s  t h e  code ,  a t  a l l  times. Once documen- 
t a t i o n  h a s  f a l l e n  b e h i n d ,  il; c a n  n e v e r  c a t c h  u p  i f  o n l y  
b e c a u s e  t h e  f a c t s  n e e d i n g  t o  b e  r e c o r d e d  w i l l  h ave  b e e n  
f o r g o t t e n .  

Thus i t  i s  i n s u f f i c i e n t  t o  p r o v i d e  a  programmer w i t h  a n  
a d e q u a t e  programming l a n g u a g e  [BUX80], e v e n  i f  t h a t  l a n g u a g e  
i s  s o  r e a d a b l e  t h a t  p rog rams  w r i t t e n  i n  i t  c a n  be c o n s i d e r e d  
s e l f- documen ted .  The f i r s t  l a w  i m p l i e s  t h a t  i f  t h e  p rob l em 
t o  be s o l v e d  i s  o f  any  s i z e ,  i s  o f  c o n t i n u i n g  i n t e r e s t  o r  i s  
c o n n e c t e d  t o  some e x t e r n a l  r e a l i t y  t o  w h i c h  i t  m u s t  r e l a t e  
s a t i s f a c t o r i l y  o v e r  a n  e x t e n d e d  l i f e  p e r i o d ,  a  p rogramming 
s u p p o r t  e n v i r o n m e n t  m u s t  be p r o v i d e d .  The e n v i r o n m e n t  c a n  be 
s e e n  a s  a t o o l  k i t  composed a s  a  s e t  o f  p r o g r a m s  i m p l e m e n t i n g  
many d i f f e r e n t  s u p p o r t  c a p a b i l i t i e s .  I ts n u c l e u s  mus t  be  a  
r e c o r d i n g  s y s t e m  t h a t  a u t o m a t i c a l l y  m a i n t a i n s  a l l  t h e  i n f  o r -  
m a t i o n  t h a t  may e v e n t u a l l y  b e  r e q u i r e d  i f  f u r t h e r  c h a n g e s  i n  
t h e  f u t u r e  a r e  t o  be made c o r r e c t l y  and  e x p e d i t i o u s l y .  The 
s p e e d  a t  wh ich  t h e  vo lume o f  i n f o r m a t i o n  i s  g e n e r a t e d  d u r i n g  
t h e  programming p r o c e s s  n e c e s s i t a t e s  a n  a u t o m a t i c ,  compu te r  
b a s e d ,  d a t a  c o l l e c t i o n  f a c i l i t y  t o  g u a r a n t e e  t h e  comple t e-  
n e s s ,  c o r r e c t n e s s  a n d  a c c e s s i b i l i t y  o f  t h e  i n f o r m a t i o n .  Tha t  
i s  why a l a n g u a g e  d e s i g n  p r o j e c t  l i k e  Ada i s  s o  c l o s e l y  
c o u p l e d  t o  t h e  S toneman programming s u p p o r t  e n v i r o n m e n t  
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p r o j e c t  [BUX80].  Top management must  a c c e p t  t h e  need t o  
p r o v i d e  r e s o u r c e s  f o r  t h e  deve lopmen t  o r  a c q u i s t i o n  and  
m a i n t e n a n c e  of  methods and t o o l s  a s  a n  e s s e n t i a l  p a r t  of  
c o s t - e f f e c t i v e  computer  u s a g e ,  e v e n  i f  t h e  r e l a t e d  i n v e s t m e n t  
shows no immed ia t e  and n o m e a s u r a b l e  r e t u r n .  I n  f a c t  t h e  
c o s t  f i g u r e s  q u o t e d  i n  S e c t i o n  1 s u g g e s t  t h a t  i n i t i a l  expend-  
i t u r e  f o r  n o n- p r o g r e s s i v e  [BAU67] i n v e s t m e n t  i n  t e c h n i q u e  
development  a n d  s u p p o r t  t o o l s  may pay o f f  handsomely o v e r  t h e  
p r o d u c t  l i f e  c y c l e .  

T h i s  need  t o  i n v e s t  i n  a n t i - r e g r e s s i v e  [LEH74]  a c t i v i t i e s  
f o l l o w s  a l s o  d i r e c t l y  from t h e  s econd  law.  Complexi ty  
c o n t r o l  and c o m p l e x i t y  r e d u c t i o n  y i e l d s  no immed ia t e  b e n e f i t .  
Thus t h e  manager  whose pe r fo rmance  i s  judged by h i s  p r o f i t  
y i e l d i n g  o u t p u t  h a s  no i n c e n t i v e  t o  c o n c e r n  h i m s e l f  w i t h  any 
a s p e c t  o f  c o m p l e x i t y .  It i s  a management r e s p o n s i b i Z i t y  t o  
p r o v i d e  such  i n c e n t i v e .  A f t e r  a l l ,  o v e r  t h e  l i f e  t i m e  of  any 
e v o l v i n g  s y s t e m  t h e  d i r e c t  a n d  i n d i r e c t  c o s t  o f  i n s i d i o u s  
c o m p l e x i t y  g rowth  c a n  e x c e e d  t h e  a l t e r n a t i v e  c o s t  of  
c o n t r o l l i n g  i t ,  many t i m e s .  

I n  p r a c t i c e ,  of  c o u r s e ,  t h e  d e c i s i o n  a s  t o  t h e  f r a c t i o n  o f  a  
development  o r  m a i n t e n a n c e  budge t  t o  be d e d i c a t e d  
t o  c o m p l e x i t y  c o n t r o l  and r e d u c t i o n  c a n n o t  be b a s e d  o n  c o s t  
compar i son .  I f  a d e q u a t e  c o n t r o l  i s  e x e r c i s e d ,  t h e  s u b s e q u e n t  
c o s t  d o e s  n o t  a r i s e  and t h e  s a v i n g  c a n n o t  be a s s e s s e d .  I f  i t  
i s  n o t ,  i t  w i l l  n o t ,  i n  g e n e r a l ,  be p o s s i b l e  t o  d e t e r m i n e  how 
much o f  t h e  s u b s e q u e n t  e f f o r t  and  c o s t  of  m a i n t e n a n c e  c o u l d  
have  been  a v o i d e d ,  had  minimal  c o m p l e x i t y  been  m a i n t a i n e d .  
T h i s  i s  t h e  i n h e r e n t  pa radox  o f  a l l  a n t i - r e g r e s s i v e  a c t i v i t y .  
Its v a l u e  l i e s  i n  t h a t  i t  f o r e s t a l l s  s u b s e q u e n t  p rob lems  and 
c o s t s .  So i t s  r e t u r n  c a n  n e v e r  be e v a l u a t e d .  

The second  l a w  i m p l i e s  a  management r e s p o n s i b i l i t y  t o  
d e d i c a t e  r e s o u r c e s  t o  t h e  management of c o m p l e x i t y  and t o  t h e  
development  of  me thods  t o  a c h i e v e  t h i s .  F u r t h e r m o r e  
d e f i n i t i o n s  o f  c o m p l e x i t y  must  be c r e a t e d  t o  p e r m i t  
q u a n t i t a t i v e  a s s e s s m e n t  and t h e  deve lopmen t  o f  a p p r o p r i a t e  
models  t h a t  p r e d i c t  c o m p l e x i t y  growth .  Thus a c t i v i t y  and 
s u c c e s s  i n  a n y  o f  t h e s e  a r e a s  mus t  a t t r a c t  t h e  same 
management encouragemnt ,  s u p p o r t  and  r e c o g n i t i o n  a s  d o e s  t h e  
development  o f  a m a r k e t a b l e  p r o d u c t .  

The i m p l i c a t i o n s  o f  t h e  t h i r d  law a r e  c l e a r .  Management must  
l e a r n  t o  a c c e p t  t h e  same s o r t  o f  l i m i t a t i o n s  f o r  s o f t w a r e  
p r o j e c t s  as  i t  d o e s  i n  o t h e r  a r e a s .  For  example ,  t h e  ra te  a t  
which  a  sys t em c a n  be changed,  d e p e n d s  o n  many f a c t o r s  o t h e r  
t h a n  j u s t  t h e  r e s o u r c e s  a p p l i e d  [BR075] .  It i s  t h e r e f o r e  
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n e c e s s a r y  t o  measu re  c h a r a c t e r i s t i c  p a r a m e t e r s  and t o  
c o n s t r u c t  p r o c e s s  mode l s  t h a t  p r o v i d e  p l a n n i n g  p a r a m e t e r s .  
The example o f  t h e  nex t  s e c t i o n  w i l l  d e m o n s t r a t e  w h a t  c a n  be 
a c h i e v e d .  

The f o u r t h  law p r o v i d e s  a s p e c i f i c  i n s t a n c e  of  t h e  t h i r d .  
Though o b s e r v e d  on a l l  p r o j e c t s  m o n i t o r e d  by u s ,  t h e  
i n v a r i a n c e  c a n  a t  t h e  moment o n l y  be i n t e r p r e t e d  i n  b road  
phenomenalogica l  t e rms .  Tha t  i s  t h e  m a i n t a i n a b l e  r a t e  c a n  
o n l y  be d e t e r m i n e d  by e x t r a p o l a t i o n  from measurements  o f  a n  
a c t i v i t y  o v e r  a  p e r i o d .  It c a n n o t  y e t  be e s t a b l i s h e d  o r  even  
e s t i m a t e d  f rom o t h e r  p r o j e c t  o r  o r g a n i s a t i o n a l  p a r a m e t e r s .  

N o n e t h e l e s s ,  i t  i s  v e r y  r e a l  a n d  i m p l i e s  t h a t  one  s h o u l d  n o t  
p l a n  f o r  l o n g  p e r i o d s  o f  a c t i v i t y  a t  work r a t e s  e x c e e d i n g  t h e  
a v e r a g e  a c h i e v e d  o v e r  t h e  l i f e  t i m e  o f  t h e  sys t em t o  t h a t  
p o i n t .  If t h e  n a t u r e  of  e x t e r n a l  r e q u i r e m e n t s  and t h e  
changes  t o  be made are s u c h  t h a t  t h e  a v e r a g e  work r a t e  must 
be exceeded f o r  a  r e l e a s e  o r  two, p l a n s  s h o u l d  be s o  
f o r m u l a t e d  t h a t  t h e  f o l l o w i n g  r e l e a s e s  a r e  a c h i e v e d  a t  a  
l o w e r  work r a t e .  The d e c l i n e  w i l l  o c c u r  i n  any c a s e  and i t  
i s  a lways  b e t t e r  t h a t  i t  s h o u l d  happen a s  a  consequence  of 
f o r m u l a t e d  p l a n s ,  r a t h e r  t h a n  f o r c e d  by e v e n t s .  

Q u e s t i o n s  o f  p r o d u c t i v i t y  a r e  n o t  s p e c i f i c a l l y  a d d r e s s e d  i n  
t h i s  pape r .  We may, h a i e v e r ,  j u s t  n o t e  t h a t  i n v a r i a n c e s  such  
as  t h o s e  i m p l i e d  by t h e  f o u r t h  and f i f t h  l a w s ,  p r o v i d t  
m e a s u r e s  t h a t  o v e r  a s u f f i c i e n t l y  l o n g  p e r i o d  c a n  i n d i c a t e  
w h e t h e r  p r o d u c t i v i t y  improvements  h a v e  r e a l l y  been  a c h i e v e d .  

The i m p l i c a t i o n s  o f  t h e  f o u r t h  l aw  may be summarised a s  
f o l l o w s :-  

* Do no t  p l a n  l o n g  p e r i o d s  f o r  work ra tes  e x c e e d i n g  
t h e  a v e r a g e  

* I f  t h e  work r a t e  must  e x c e e d  t h e  a v e r a g e  o v e r  one 
o r  two r e l e a s e s ,  p l a n  t o  r e d u c e  i t  f o r  t h e  nex t  one  
o r  two. 

* Use m e a s u r e s  o f  t h e  work r a t e  t o  t e s t  f o r  g e n u i n e  
( m a i n t a i n a b l e )  p r o d u c t i v i t y  g rowths .  

Analogous comments a p p l y  a l s o  t h e  t h e  i m p l i c a t i o n s  of  t h e  
f i f t h  l a w ,  e x c e p t  t h a t  t h e  l a t t e r  re la tes  t o  r e l e a s e  c o n t e n t  
r a t h e r  t h a n  work r a t e .  That  i s  t h e  f o l l o w i n g  management 
p r i n c i p l e s  may be e s t a b l i s h e d : -  

* P l a n  c o n t e n t  of  s u c c e s s i v e  r e l e a s e s  s o  t h a t  a v e r a g e  
sys tem g rowth  f l u c t u a t i o n  i s  minimised.  
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* If g r o w t h  h a s  t o  e x c e e d  t h e  a v e r a g e  s u b s t a n t i a l l y  
f o r  one  o r  two releases, p l a n  f o r  a c l e a n- u p  o r  
m in ima l  g r o w t h  re1 ease. 

* F i x  r e l e a s e  d a t e s  ( i n t e r v a l s )  t o  y i e l d  c o n s t a n t  
a v e r a g e  g rowth .  

* Use m e a s u r e d  a v e r a g e  t o  c h e c k  f o r  g e n u i n e l y  
i u p r o v e d  m e t h o d s ,  p r o d u c t i v i t y  a n d  r e l e a s e  c o n t r o l .  

4 . 4  A Case  S t u d y  - Sys tem X 

4 . 4 . 1  The Sys t em a n d  i t s  C h a r a c t e r i s t i c s  

Sys tem X i s  a g e n e r a l  p u r p o s e  b a t c h  o p e r a t i n g  s y s t e m  r u n n i n g  
o n  a r a n g e  o f  m a c h i n e s .  The e i g h t e e n t h  r e l e a s e  ( R 1 8 )  o f  t h e  
s y s t e m  i s  o p e r a t i o n a l  i n  some t e n s  o f  i n s t a l l a t i o n s  r u n n i n g  a 
v a r i e t y  o f  w o r k  l o a d s .  The n i n e t e e n t h  r e l e a s e  (R19 )  i s  a b o u t  
t o  be s h i p p e d .  

T a b l e  2 and  f i g u r e s  5 a  t o  5 g  p r e s e n t  t h e  s y s t e m  and  r e l e a s e  
d a t a  a v a i l a b l e  f o r  t h e  p u r p o s e s  o f  t h e  p r e s e n t  e x e r c i s e .  
Details o f  s t a t i s t i c a l  a n a l y s i s  a n d  model  v a l i d a t i o n ,  b a s e d  
o n  t h i s  d a t a  a n d  t h a t  f r om o t h e r  s y s t e m s ,  t h a t  p r o v i d e s  
c o n f i d e n c e  i n  t h e  c o n c l u s i o n s  and  p r e d i c t i o n s  c a n n o t  however  
be p r o v i d e d  h e r e .  

Examin ing  t h e  s y s t e m  dynamics  as  i m p l i e d  by m o d e l s  d e r i v e d  
f r o m  t h e  d a t a  a n d  as  i l l u s t r a t e d  by t h e  f i g u r e s ,  F i g u r e  5 a  
shows t h e  c o n t i n u i n g  g r o w t h  o f  t h e  s y s t e m  ( f i r s t  l a w )  a l b e i t  
a t  a d e c l i n i n g  r a t e  ( d e m o n s t r a b l y  due  t o  i n c r e a s i n g  
d i f f i c u l t y  o f  c h a n g e ,  g r o w i n g  c o m p l e x i t y  - s e c o n d  l a w ) .  

F i g u r e  5 b  i n d i c a t e s  t h a t ,  a s  a f u n c t i o n  o f  r e l e a s e  s e q u e n c e  
number (RAN) t h e  s y s t e m  g r o w t h  ( m e a s u r e d  i n  m o d u l e s )  h a s  b e e n  
l i n e a r  b u t  w i t h  a s u p e r i m p o s e d  r i p p l e  ( a  s t r o n g  i n d i c a t o r  o f  
f e e d b a c k  s t a b i l i s a t i o n )  . 
F i g u r e  5 c  shows t h e  n e t  i n c r e m e n t a l  g r o w t h  p e r  r e l e a s e  ( f i f t h  
l a w ) .  

F o r  s y s t e m  a r c h i t e c t u r e s  s u c h  as t h a t  o f  s y s t e m  X,  t h e  
f r a c t i o n  o f  s y s t e m  m o d u l e s  t h a t  a r e  changed  d u r i n g  a  r e l e a s e  
may be t a k e n  a s  a  g r o s s  i n d i c a t o r  o f  s y s t e m  c o m p l e x i t y .  
F i g u r e  5d shows t h a t  s y s t e m  X c o m p l e x i t y ,  a s  m e a s u r e d  i n  
t h i s  way,  shows  a n  i n c r e a s i n g  t r e n d  ( s e c o n d  l a w ) .  

F i g u r e  5 e  i s  a n  example  o f  t h e  r e p e a t e d l y  o b s e r v e d  c o n s t a n t  
a v e r a g e  work  r a t e  ( f o u r t h  l a w ) .  
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T a b l e  2 :  Sys t em X S t a t i s t i c s  

R e l e a s e  S t a t i s t i c s  

S i z  e 

I n c r e m e n t a l  Growth  

Modules Changed* 

F r a c t i o n  o f  Modules  Changed 

R e l e a s e  I n t e r v a l  

Svs tem S t a t i s t i c s  

Age 

Change R a t e  

Average  I n c r e m e n t a l  Growth 

Maximum S a f e  Growth  R a t e  

4800 Modules  
1.3M Assembly S t a t e m e n t s  

410 Modules 

2650 Modules  

275 Days 

4 .3  Y e a r s  

10.7  Modules/Day 

200 M o d u l e s / R e l e a s e  

400 M o d u l e s / R e l e a s e  

Most R e c e n t  R e l e a s e s  -- 

Re1 e a  se 1 5  16 17 18 19 

I n c r e m e n t a l  Growth  ( Mod) 135 171 183 354 410 

F r a c t i o n  Changed .33 .43 .48 .50 .56 

Change R a t e  12.5  I 9.6 9 .9  9 .6  

I n t e r v a l  ( D a y s )  96 137 201 221 275 

Old Mods. Changed/Mod 7.9 8.6 10 5.1 5 .4  

* Modules  t h a t  a r e  changed  i n  any  way i n  r e l e a s e  i + 1 
r e l a t i v e  t o  r e l e a s e  i a r e  c o u n t e d  a s  o n e  changed  m o d u l e ,  
i n d e p e n d e n t l y  of t h e  number o f  c h a n g e s  or  t h e i r  
m a g n i t u d e .  
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F i g u r e  5 f  i l l u s t a t e s  how t h e  a v e r a g e  work r a t e  a c h i e v e d  i n  
i n d i v i d u a l  r e l e a s e s ,  a s  measu red  by t h e  r a t e  o f  module change  
( c h a n g e d  modu le s  p e r  r e l e a s e  i n t e r v a l  day ,  m/d) o s c i l l a t e s ,  a  
p e r i o d  o f  h i g h  r a t e  a c t i v i t y  b e i n g  f o l l o w e d  by one  o r  more  i n  
which  t h e  a c t i v i t y  r a t e  i s  much l o w e r  ( t h i r d  l a w ) .  

F i n a l l y ,  f i g u r e  5 g  p l o t s  t h e  r e l e a s e  i n t e r v a l  a g a i n s t  r e l e a s e  
s equence  number. It migh t  be a r g u e d  t h a t  r e l e a s e  i n t e r v a l  
depends  p u r e l y  o n  management d e c i s i o n  t h a t  i s  i t s e l f  ba sed  o n  
m a r k e t  c o n s i d e r a t i o n s  and t e c h n i c a l  a s p e c t s  o f  t h e  r e l e a s e  
c o n t e n t  and  e n v i r o m e n t .  Da ta  s u c h  a s  t h a t  of  F i g u r e  5g  
i n d i c a t e s ,  however,  t h a t  t h e  ' feedback mechanisms t h a t  amongst  
o t h e r  p r o c e s s  a t t r i b u t e s  a l s o  c o n t r o l  t h e  r e l e a s e  i n t e r v a l ,  
w h i l e  i n c l u d i n g  human d e c i s i o n  t a k i n g  p r o c e s s e s  a r e  
a p p a r e n t l y  n o t  domina ted  by them. A s  a  consequence ,  t h e  
r e l e a s e  i n t e r v a l  p a t t e r n  i s  s u f f i c i e n t l y  r e g u l a r  t o  be 
m o d e l l a b l e ,  and  i s  s t a t i s t i c a l l y  p r e d i c t a b l e  once  enough d a t a  
p o i n t s  h a v e  b e e n  e s t a b l i s h e d .  

4  - 4 . 2  The Problem 

Already p r i o r  t o  t h e  c o m p l e t i o n  ( a n d  r e l a s e )  o f  R19, work h a s  
begun on  a  f u r t h e r  v e r s i o n ,  R20, whose ma in  component i s  t o  
be t h e  a d d i t i o n  o f  i n t e r a c t i v e  a c c e s s  t o  complement c u r r e n t  
b a t c h  f a c i l i t i e s .  T h i s  new f a c i l i t y  ITS' t o g e t h e r  w i t h  
o t h e r  c h a n g e s  and a d d i t i o n s  summarised  i n  T a b l e  3 ,  a r e  t o  be 
made a v a i l a b l e  i n  R20 t o  be s h i p p e d  e i g h t e e n  mon ths  a f t e r  
f i r s t  c u s t o m e r  i n s t a l l a t i o n  o f  R19. 

Fo r  e a c h  m a j o r  n l a n n e d  f u n c t i o n a l  change  t h e  t a b l e  l i s ts  t h e  
number o f  new modules  t o  be added  (NM) , t h e  number o f  R19 
modu le s  t h a t  a r e  t o  be changed i n  a n y  way i n  t h e  c o u r s e  o f  
c r e a t i n g  R20 (OMC), t h e  t o t a l  number of  modules  changed (NM + 
OMC), and t h e  r a t i o  o f  OMC t o  NM ( t h e  i n t e r c o n n e c t i v i t y  r a t i o  
( I R )  , a n  i n d i c a t o r  of  c o m p l e x i t y ) .  No modules  a r e  p l a n n e d  
f o r  removal  i n  t h e  c r e a t i o n  o f  R20 hence  t h e  p l anned  n e t  
sys t em g rowth  i s  1021 modules.  

Management h a s  a l s o  a c c e p t e d  t h a t  a  f u r t h e r  r e l e a s e  R21 w i l l  
f o l l o w  t w e l v e  mon ths  a f t e r  R20, t o  i n c l u d e  a n y  l e f t o v e r s  f rom 
R2O. It may a l s o  i n c l u d e  a d d i t i o n a l  c h a n g e s  f o r  which  a  
demand d e v e l o p s  o v e r  t h e  n e x t  two y e a r s .  The c u r r e n t  
e x e r c i s e  i s  t o  e n d o r s e  t h e  o v e r a l l  p l a n ,  o r  i f  i t  c a n  be 
shown t o  be d e f e c t i v e ,  t o  p r e p a r e  a n  a l t e r n a t i v e  
recommendat ion .  
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T a b l e  3: R e l e a s e  20 - Planned  C o n t e n t  

F u n c t i o n a l  Enhancement  

D e s c r i p t i o n  New Mods Old  Mods 
(NM) Chgd 

(OMC) 

I d e n t i f i e d  F a u l t s  
( P r e  R l s  1 9 )  2  
E x p e c t e d  F a u l  t s 
( R l s  1 9 )  0  
I n t e r a c t i v e  T e r m i n a l  
S u p p o r t  ( ITS)  7  50 
Dynamic S t o r a g e  
Kanagement (DSM) 170 
Remote J o b  E n t r y  
( R J E )  5  7  
Mew D i s c  S u p p o r t  
( NDS) 17 
B a t c h  S c h e d u l e r  
Improvemen t s  ( B S I )  3  
F i l e  A c c e s s  Sys t em 
(FAS) 8 
P a p e r  Tape S u p p o r t  
(PTS) 12  
P e r f o r m a n c e  
Improvemen t s  2 

Mods OI4C/MM 
Chgd ( I R )  
( NM+O&IC ) 

' ITS '  De t a i l  

No D e s c r i p t i o n  New Mods Old Mods Chgd OMC/NPI 

3 a  Te rmina l  S u p p o r t  444 
3b  S c h e d u l i n g  1 27 
3 c  Telecom s u p p o r t  5 8 
3d Misc 121 
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4 . 4 . 3  P r o c e s s  Dynamics 

4 .4 .3 .1  Work R a t e  

From F i g u r e  5 e  t h e  work  r a t e  h a s  a v e r a g e d  t o  10 .4  m/d ( 1 9 . 2 )  
o v e r  t h e  l i f e  t i m e  o f  t h e  s y s t e m .  F i g u r e  5 f  i n d i c a t e s  t h a t  
t h e  maximum r a t e  a c h i e v e d  s o  f a r  h a s  b e e n  27 m/d. E v i d e n c e  
t h a t  c a n n o t  be d e t a i l e d  h e r e  r e v e a l s ,  however ,  t h a t  t h a t  d a t a  
p o i n t  i s  m i s l e a d i n g  a n d  t h a t  a  peak  r a t e  o f  a b o u t  20 m/d i s  a  
b e t t e r  i n d i c a t o r  o f  t h e  maximum a c h i e v a b l e  w i t h  c u r r e n t  
me thods  a n d  t o o l s .  Moreove r ,  t h e r e  i s  s t r o n g  c i r c u m s t a n t i a l  
e v i d e n c e  t h a t  r e l e a s e s  a c h i e v e d  w i t h  s u c h  h i g h  work  r a t e s  
w e r e  e x t r e m e l y  t r o u b l e s o m e  and  h a d  t o  be f o l l o w e d  by c o n s i d-  
e r a b l e  c l e a n- u p  i n  a  f o l l o w- u p  r e l e a s e ,  a s  a l s o  i m p l i e d  b y  
f i g u r e  5 c .  Thus i f  R20 i s  p l a n n e d  s o  a s  t o  r e q u i r e  a  work  
r a t e  i n  t h e  r e g i o n  o f  20 m/d, i t  would  be  w i s e  t o  l i m i t  R20 
t o  a t  mos t  10  m/d, t h e  s y s t e m  a v e r a g e .  If o n  t h e  o t h e r  hand  
t h e  p r o c e s s  i s  f u r t h e r  s t a b i l i s e d  by w o r k i n g  o n  R20 a t  n e a r  
a v e r a g e  r a t e ,  one  c o u l d  t h e n ,  w i t h  a  h i g h  d e g r e e  o f  
c o n f i d e n c e ,  a p p r o a c h  R21 w i t h  a h i g h e r  work  r a t e  p l a n .  

4  . 4 . 3 . 2  I n c r e m e n t a l  Growth 

The m a i n t a i n e d  a v e r a g e  i n c r e m e n t a l  g rowth  f o r  s y s t e m  X h a s  
b e e n  a r o u n d  200 modu le s  p e r  r e l e a s e .  Once a g a i n  
c i r c u m s t a n t i a l  e v i d e n c e  i n d i c a t e s  t h a t  r e l e a s e s  f o r  w h i c h ,  i n  
t h i s  c a s e  t h e  g r o w t h  r a t e  ( i n c r e m e n t a l  g rowth  p e r  r e l e a s e  ) 
h a s  e x c e e d e d  d o u b l e  t h e  a v e r a g e ,  h a v e  s l i p p e d  d e l i v e r y  d a t e s ,  
a  p o o r  q u a l i t y  r e c o r d  and  a  s u b s e q u e n t  need  f o r  d r a s t i c  
c o r r e c t i v e  a c t i v i t y .  F i g u r e  5 c  a n d  T a b l e  2  i n d i c a t e  t h a t  R19 
w i l l  l i e  i n  t h i s  r e g i o n  a n d  t h a t  R18 had  h i g h  i n c r e m e n t a l  
g rowth .  T h a t  i s ,  R19, once  r e l e a s e d ,  i s  l i k e l y  t o  p r o v e  a  
p o o r  q u a l i t y  b a s e .  The f i r s t  e v i d e n c e  e m e r g e s  t h a t  maybe R20 
s h o u l d  be a  c l e a n  up  r e l e a s e .  

4 . 4 . 3 . 3  Growth  R a t e  C y c l i c i t y  

The same i n d i c a t i o n  f o l l o w s  f rom f i g u r e s  5 a  and  5b  whe re  t h e  
r i p p l e  p e r i o d s  a r e  s e e n  t o  be  t h r e e ,  f o u r  a n d  f i v e  i n t e r v a l s  
r e s p e c t i v e l y  o v e r  t h e  f i rs t  t h r e e  c y c l e s .  I n  t h e  f o u r t h  
c y c l e ,  s i x  i n t e r v a l s  o f  i n c r e a s i n g  g r o w t h  r a t e  h a v e  p a s s e d  
w i t h  t h e  R18 - R19 g r o w t h  t h e  l a r g e s t  e v e r .  W i t h o u t  e v e n  
c o n s i d e r i n g  t h e  p l a n n e d  g r o w t h  t o  R20 ( p o i n t  X), i t  seems 
a p p a r e n t  t h a t  a  c l e a n- u p  r e l e a s e  i s  due .  

1 9 . 1  ( O r i g )  
modules per d a y  = number o f  modules changed i n  r e l e a s e  

r e l e a s e  i n t e r v a l  i n  d a y s  
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4 . 4 . 4  R20 P l a n  A n a l y s i s  

4 . 4 - 4 . 1  I n i t i a l  A n a l y s i s  

The f i r s t  o b s e r v a t i o n  o n  t h e  p l a n  a s  s u m m a r i s e d  by T a b l e  3 
s t e m s  f r o m  t h e  co lumn ( 6 )  o f  I R  f a c t o r s .  It h a s  n o t  b e e n  
c a l c u l a t e d  f o r  i t e m s  1 ,  2  a n d  10 s i n c e  t h e s e  r e p r e s e n t  
a c t i v i t i e s  t h a t  o n l y  r a r e l y  r e q u i r e  t h e  p r o v i s i o n  o f  e n t i r e l y  
new ( n o n- r e p l a c e m e n t  m o d u l e s ) .  F o r  i t e m s  4  t h r o u g h  9  t h e  
r a t i o  l i e s  i n  t h e  r a n g e  8 . 2  + 1  . 5 ,  a  r e m a r k a b l y  s m a l l  r a n g e  
f o r  w i d e l y  v a r y i n g  f u n c t i o n a l  c h a n g e s .  Yet  t h e  p r e d i c t e d  
r a t i o  f o r  ITS i s  o n l y  2 . 4 .  One m u s t  a s k  w h e t h e r  i t  i s  
r e a s o n a b l e  t o  s u p p o s e  t h a t  t h e  c o d e  i m p l e m e n t i n g  a n  
i n t e r a c t i v e  f a c i l i t y  i s  f a r  m o r e  l o o s e l y  c o u p l e d  t o  t h e  
r e m a i n i n g  s y s t e m  t h a n ,  f o r  e x a m p l e ,  a  s p e c i a l i s t  f a c i l i t y  
s u c h  a s  p a p e r  t a p e  s u p p o r t ?  Is i t  n o t  f a r  m o r e  l i k e l y  t h a t  
ITS h a s  b e e n  i n a d e q u a t e l y  d e s i g n e d ;  v i e w e d  p e r h a p s  a s  a n  
i n d e p e n d e n t  f a c i l i t y  t h a t  r e q u i r e s  o n l y  l o o s e  c o u p l i n g  i n t o  
t h e  e x i s t i n g  s y s t e m ?  Thus  when i t  i s  i n t e g r a t e d  w i t h  t h e  
r e m a i n d e r  o f  t h e  s y s t e m  t o  f o r m  R20, may i t  n o t  r e q u i r e  many 
more  c h a n g e s  t o  o b t a i n  c o r r e c t  a n d  a d e q u a t e  p e r f o r m a n c e ?  
From t h e  e v i d e n c e  b e f o r e  u s  t h e  q u e s t i o n  i s  u n d e c i d a b l e .  
E x p e r i e n c e  b a s e d  i n t u i t i o n ,  h o w e v e r ,  s u g g e s t s  t h a t  i t  i s  
r a t h e r  l i k e l y  t h a t  t h e  number o f  c h a n g e s  r e q u i r e d  h a s  b e e n  
u n d e r - e s t i m a t e d .  Thus a  h i g h - p r i o r i t y  d e s i g n  r e - a p p r a i s a l  i s  
a p p r o p r i a t e .  If t h e  s u s p i c i o n  of '  i n c o m p l e t e  p l a n r i n g  p r o v e s  
t o  be c o r r e c t  i t  w o u l d  s u g g e s t  d e l a y i n g  R20, s o  t h a t  t h e  
p l a n n i n g  a n d  d e s i g n  p r o c e s s e s  mzy be c o m p l e t e d .  A n 
a l t e r n a t i v e  s t r a t e g y  o f  d e l a y i n g  a t  l e a s t  ITS t o  R21 s h o u l d  
a l s o  b e  e v a l u a t e d .  

4 . 4 . 4 . 2  Number o f  Modules  t o  be  Changed 

The s i t u a t i o n  may o f  c o u r s e  n o t  b e  q u i t e  a s  bad  a s  d i r e c t  
c o m p a r i s o n  o f  t h e  p r e s e n t  e s t i m a t e  o f  t h e  ITS i n t e r c o n n e c t i o n  
r a t i o  I R  w i t h  t h a t  o f  t h e  o t h e r  i t e m s ,  s u g g e s t s .  I n  v i e w  o f  
t h e  750  new m o d u l e s  i n v o l v e d ,  i t s  I R  f a c t o r  c o u l d  n o t  e x c e e d  
6 . 4  e v e n  i f  a l l  4800  m o d u l e s  o f  R19 w e r e  a f f e c t e d  by t h e  ITS 
a d d i t i o n .  Such a  100% c h a n g e  i s ,  i n  f a c t ,  v e r y  u n l i k e l y ,  b u t  
t h e  I R  f a c t o r  o f  2 . 4  r e m a i n s  s u s p e c t .  

) lo reover  e v e n  w i t h  t h e  l o w  r a t i o  f o r  ITS t h e  sum o f  t h e  
i n d i v i d u a l  OMC e s t i m a t e s  f o r  t h e  e n t i r e  p l a n  e x c e e d s  t h e  
number o f  m o d u l e s  i n  R19. T h i s  s u g g e s t s  t h a t  t h e r e  i s  a  new 
s i t u a t i o n .  M u l t i p l e  c h a n g e s  a p p l i e d  t o  t h e  same m o d u l e  h a v e  
become a  s i g n i f i c a n t  o c c u r r a n c e .  Even i g n o r i n g  t h e  f a c t  t h a t  
e v e n  i n d e p e n d e n t  c h a n g e s  a p p l i e d  i n  t h e  same r e l e a s e  t o  t h e  
same m o d u l e  g e n e r a l l y  demand s i g n i f i c a n t l y  more e f f o r t  t h a n  
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changes  a p p l i e d  t o  i n d e p e n d e n t  modu le s ,  t h e  t o t a l  e f f o r t  and  
t ime  r e q u i r e d  mus t  c l e a r l y  i n c r e a s e  w i t h  b o t h  t h e  number of  
changes  imp lemen ted  and t h e  number of modules  changed.  The 
p r e s e n t l y  d e f i n e d  measu re  t m o d u l e s  changed t  i s  i n a d e q u a t e .  
The new s i t u a t i o n  demands c o n s i d e r a t i o n  o f  more s e n s i t i v e  
measu re s  s u c h  a s  number o f  module c h a n g e s t  a n d  a v e r a g e  
number of  c h a n g e s  p e r  m o d u l e t .  

These c a n n o t  be d e r i v e d  f rom t h e  a v a i l a b l e  d a t a .  One may, 
however,  p roceed  by c o n s i d e r i n g  a  model  based  o n  t h e  d a t a  o f  
F i g u r e  5d .  E x t r a p o l a t i n g  t h e  f r a c t i o n  changed t r e n d ,  r e v e a l s  
t h a t  R20 may be e x p e c t e d  t o  r e q u i r e  a change  o f ,  s a y ,  64% o r  
3725 changed modu le s  ( 1  9 . 3 ) .  Comparing t h i s  e s t i m a t e  w i t h  
t h e  t o t a l  o f  6210 o b t a i n e d  i f  t h e  e s t i m a t e s  f o r  i n d i v i d u a l  
i t e m s  a r e  summed i t  a p p e a r s  t h a t  t h e  a v e r a g e  number of  chan- 
g e s  t o  be a p p l i e d  t o  R19 modu le s  a c c o r d i n g  t o  t h e  p r e s e n t  
p l a n  i s  a t  l e a s t  o f  o r d e r  two. We have  a l r e a d y  o b s e r v e d  t h a t  
mu1 t i p l e  c h a n g e s  c a u s e  a d d i t i o n a l  c o m p l i c a t i o n s .  Hence any  
p r o g n o s i s  made unde r  t h e  i m p l i e d  a s s u m p t i o n  o f  s i n g l e  changes  
( o r  o f  a somewhat l o w e r  i n t e r c o n n e c t i o n  r a t i o )  w i l l  l e a d  t o  
a n  o p t i m i s t i c  a s s e s s m e n t .  

4 . 4 . 4 . 3  R a t e  o f  Work 

The c u r r e n t  p l a n  c a l i s  f o r  R20 w i t h  i t s  3725 module changes  
t o  be  a v a i l a b l e  i n  18  months ,  t h a t  i s  548 days .  T h i s  i m p l i e s  
a  change  r a t e  of  l e s s  t h a n  6 .8  m/d. T h i s  r e l a t i v e l y  low 
r a t e ,  f o l l o w i n g  a  p e r i o d  o f  a v e r a g e  r a t e  a c t i v i t y  s u g g e s t s  
t h a t  work rate p r e s s u r e s  a r e  u n l i k e l y  t o  p rove  a  s o u r c e  o f  
t r o u b l e ,  e v e n  w i t h  m u l t i p l e  c h a n g e s  t o  many o f  t h e  modules .  

4 .4 .4 .4  Growth R a t e  

I n  F i g u r e s  5 a  and 5b t h e  p o s i t i o n  o f  R20 a s  p e r  p l a n  h a s  been  
i n d i c a t e d  w i t h  a n  x. Both  m o d e l s  i n d i c a t e  t h a t  t h e  p l a n n e d  
g rowth  r e p r e s e n t s  a ma jo r  d e v i a t i o n  f rom t h e  p r e v i o u s  
h i s t o r y .  Thus c o n f i r m a t i o n  t h a t  t h e  p l a n  i s  r e a l i s t i c  
r e q u i r e s  a  d e m o n s t r a t i o n  t h a t  t h e  s p e c i a l  n a t u r e  o f  t h e  
r e l e a s e  o r  c h a n g e s  i n  me thods  makes i t  r e a s o n a b l e  t o  e x p e c t  a  

19.3 (Orig) Historical Note: In the system on which this 
example is based the release including the interactive 
facility uZtimateZy involved some 58% of modules 
changed. Moreover the first release was significantly 
delayed, and was of limited quality and performance. 
More than 70% of its modules had subsequently to be 
changed again to attain an acceptable product. Our 
estimate is clearly good. 
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s i g n i f i c a n t  change  i n  t h e  s y s t e m  dynamics .  I n  t h e  a b s e n c e  of  
s u c h  a d e m o n s t r a t i o n ,  t h e  s u s p i c i o n  t h a t  a l l  i s  n o t  w e l l  i s  
s t r e n g t h e n e d .  

4 . 4 . 4 . 5  I n c r e m e n t a l  Growth 

The c u r r e n t  R20 p l a n  c a l l s  f o r  s y s t e m  g r o w t h  o f  o v e r  1000  
modules .  T h i s  f i g u r e  w h i c h  i s  f i v e  t i m e s  t h e  a v e r a g e  and  two 
and  a h a l f  t i m e s  t h e  recommended maximum, mus t  be i n t e r p r e t e d  
a s  a  d a n g e r  s i g n a l .  

It h a s  a l r e a d y  b e e n  s u g g e s t e d  t h a t  t h e  low i n t e r c o n n e c t i o n  
r a t i o  f o r  ITS s u g g e s t s  t h a t  t h e  p l a n n e r s  saw t h e  new 
component  a s  a  s t a n d  a l o n e  mechanism t h a t  i n t e r f a c e s  w i t h  t h e  
r e m a i n d e r  o f  t h e  s y s t e m  v i a  a  na r row  a n d  r e s t r i c t e d  i n t e r -  
f a c e .  I f  t h i s  v i e w  p r o v e s  j u s t i f i e d ,  t h e  l a r g e  i n c r e m e n t a l  
g rowth  need  n o t  be d i s t u r b i n g .  B u t  i t  seems  r e a s o n a b l e  t o  
q u e s t i o n  i t .  With t h e  a r c h i t e c t u r e  and  s t r u c t u r e  t h a t  s y s t e m  
X i s  known t o  h a v e ,  s u c h  a  r e l a t i v e l y  nar row i n t e r f a c e  i s  
u n l i k e l y  t o  be a b l e  t o  p r o v i d e  t h e  commun ica t i on  a n d  c o n t r o l  
ba ndwid th  t h a t  s a f e ,  e f f e c t i v e  a n d  h i g h  c a p a c i t y  o p e r a t i o n  
mus t  demand. T h i s  i s  a p p a r e n t  f rom c o m p a r i s o n s  w i t h ,  s a y  t h e  
p a p e r  t a p e  o r  d i s c  s u p p o r t  c h a n g e s  o r  t h e  RJE a d d i t i o n .  The 
o n u s  mus t  be p u t  o n t o  t h e  ITS d e s i g n e r s  t o  d e m o n s t r a t e  t h e  
c o m p l e t e n e s s  o f  t h e i r  a n a l y s i s ,  d e s i g n  a n d  i m p l e m e n t a t i o n .  

W i t h o u t  s u c h  a d e m o n s t r a t i o n  o n e  mus t  c o n c l u d e  t h a t  t h e  
p r e s e n t  p l a n  i s  n o t  t e c h n i c a l l y  v i a b l e .  Market ing o r  o t h e r  
c o n s i d e r a t i o n s  may, o f  c o u r s e ,  make i t  d e s i r a b l e  t o  s t a y  w i t h  
t h e  p r e s e n t  p l a n  e v e n  i f  t h i s  i m p l i e s  s l i p p e d  d e l i v e r y  d a t e s ,  
poor and  u n r e l i a b l e  p e r f o r m a n c e  o f  t h e  new r e l e a s e ,  l i m i t e d  
f a c i l i t i e s  and  s o  on .  B u t  i f  s u c h  c o n s i d e r a t i o n s  f o r c e  
a d o p t i o n  o f  t h e  p l a n ,  t h e  imyl i c a t i o n s  mus t  be n o t e d  and  
c o r r e c t i v e  a c t i o n  p l a n n e d .  Ways a n d  means  w i l l  h ave  t o  be 
c r e a t e d  t o  e n a b l e  u s e r s  t o  c o p e  w i t h  t h e  r e s u l t a n t  s y s t e m  and  
u s a g e  p r o b l e m s  a n d  t h e  i n e v i t a b l e  need  f o r  a  m a j o r  c l e a n- u p  
r e l e a s e .  It m i g h t ,  f o r  examp le ,  be w i s e  t o  s e t  up 
s p e c i a l i s e d  c u s t o m e r  s u p p o r t  t e ams  t o  a s s i s t  i n  t h e  
i n s t a l l a t i o n ,  l o c a l  a d a p t a t i o n  a n d  t u n i n g  o f  t h e  sy s t em.  

4  4  4  6 R e l e a s e  I n t e r v a l  

F i g u r e  5 g  i n d i c a t e s  two p o s s i b l e  m o d e l s  f o r  t h e  p r e d i c t i o n  o f  
t h e  m o s t  l i k e l y  ( d e s i r a b l e ? )  r e l e a s e  i n t e r v a l  f o r  R20 a n d  
R21. L i n e a r  e x t r a p o l a t i o n  s u g g e s t s  a r e l e a s e  p e r i o d  o f  u n d e r  
o n e  y e a r  f o r  e a c h  o f  t h e  two r e l e a s e s .  I f  t h i s  i s  v a l i d ,  t h e  
a p p a r e n t  d e s i r e  f o r  a  r e l e a s e  a f t e r  t h e  1 8  mon ths  i s  o f  
i t s e l f  u n l i k l e y  t o  p r o v e  a  s o u r c e  o f  p rob l ems .  On t h e  b a s i s  
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of e v i d e n c e  n o t  r e p r o d u c e d  h e r e ,  however ,  t h e  e x p o n e n t i a l  
e x t r a p o l a t i o n  i s  l i k e l y  t o  be  more  r e a l i s t i c  a n d  t h i s  y i e l d s  
a n  R20 r e l e a s e  i n t e r v a l  f o r e c a s t  o f  a b o u t  1 5  months  a n d  a n  
R21 i n t e r v a l  o f  some 3 y e a r s .  

4 . 4 . 4 . 7  Recommendation - Summary 

On t h e  b a s i s  o f  t h e  a v a i l a b l e  d a t a  i t  h a s  been  c o n c l u d e d  
t h a t :  

1  To p r o c e e d  w i t h  t h e  p l a n  a s  i t  s t a . nds  i s  c o u r t i n g  
s e r i o u s  d e l i v e r y  a n d  q u a l i t y  p r o b l e m s  f o r  R20. 

2  A c l ean- up  r e l e a s e  a p p e a r s  due i n  any  c a s e .  

3 F a i l u r e  t o  p r o v i d e  i t  w i l l  l e a v e  a  weak b a s e  f o r  t h e  
n e x t  r e l e a s e .  A t  t h e  v e r y  l e a s t  t h e  number o f  e x p e c t e d  
f a u l t s  ( T a b l e  3 - i t e m  2 )  i s  l i k e l y  t o  p r o v e  a n  
u n d e r e s t i m a t e .  

4  The a b s o l u t e  s i z e  of  t h e  ITS component  a n d  t h e  r e l a t e d  
i n c r e m e n t a l  sy s t em g rowth  r e p r e s e n t s  a  m a j o r  c h a l l e n g e  
e v e n  o n  a  c l e a n  b a s e .  

5  The re  a r e  i n d i c a t i o n s  t h a t  h e  ITS a s p e c t  o f  t h e  r e l e a s e  
d e s i g n  i s  i n c o m p l e t e .  

6 Change r a t e  n e e d s  f o r  R2O a r e  n o t  l i k e l y  t o  p r o v e  a  
s o u r c e  o f  p rob l ems .  

7  Nor i s  t h e  demand f o r  a t t a i n m e n t  o f  a  n e x t  r e l e a s e  i n  
e i g h t e e n  months .  

The f o l l o w i n g  r ecommenda t ions  f o l l o w  : - 

8  I n i t i a t e  i m m e d i a t e l y  a n  i n t e n s i v e  and  d e t a i l e d  r e -  
e x a m i n a t i o n  o f  t h e  ITS d e s i g n  and  i t s  i n t e r a c t i o n  w i t h  
t h e  r e m a i n d e r  o f  sy s t em X .  

9  From t h e  i n t e g r a t i o n  r e c o r d s  o f  R19 and by compar i son  
w i t h  t h e  r e c o r d s  o f  e a r l i e r  r e l e a s e s ,  make q u a l i t y  a n d  
e r r o r  r a t e  m o d e l s  and  o b t a i n  a  p r o g n o s i s  f o r  R19 and  a n  
improved e s t i m a t e  f o r  R20 c o r r e c t i o n  a c t i v i t y .  
( I n t e g r a t i o n  and  e r r o r  r a t e  m o d e l s  h a v e  n o t  been  
c o n s i d e r e d  i n  t h e  p r e s e n t  p a p e r  b u t  have  been  
e x t e n s i v e l y  s t u d i e d  by t h e  p r e s e n t  a u t h o r  and  by o t h e r s  
[MUS80]. 
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10  Assess  t h e  b u s i n e s s  c o n s e q u e n c e s  o f ,  on t h e  one hand,  a 
s l i p p h g e  o f  one o r  two y e a r s  i n  t h e  r e l e a s e  o f  ITS and 
o n  t h e  o t h e r ,  a  poor q u a l i t y ,  poor performance  r e l e a s e  
w i t h  a s l i p p a g e  o f ,  s a y  some months ( d u e  t o  a c c e p t a b l e  
work r a t e  bu t  e x c e s s i v e  g rowth )  . 

11 I n  t h e  a b s e n c e  of  p o s i t i v e  i n d i c a t i o n  o f  a  p o t e n t i a l  f o r  
major  d e v i a t i o n s  from p r e v i o u s  dynamic c h a r a c t e r i s t i c s  
o r  t h e  e x i s t e n c e  of  a  g e n u i n e  b u s i n e s s  need t h a t  i s  more 
p r e s s i n g  t h a n  t h e  l o s s e s  t h a t  c o u l d  a r i s e  from a  poor  
q u a l i t y  p r o d u c t ,  abandon t h e  p r e s e n t  p l a n .  

12  I n s t e a d  r e d e s i g n  r e l e a s e  20 t o  y i e l d  R20; a  c l e a n ,  w e l l-  
s t r u c t u r e d ,  b a s e  o n  which  t o  b u i l d  a n  ITS r e l e a s e ,  R21 '. 

13 T e n t a t i v e l y  r e l e a s e  i n t e r v a l s  o f  9 months and 15  months 
a r e  p roposed  f o r  R201 and R21 r e s p e c t i v e l y .  

14 R211 s h o u l d  be a  r e s t r i c t e d  r e l e a s e  f o r  i n s t a l l a t i o n  i n  
s e l e c t a d  s i t e s .  

15  It would be f o l l o w e d  a f t e r  one y e a r  by a  g e n e r a l  r e l e a s e  
R22'. 

4 4  4  8 Recommendations - D e t a i l s  

Assuming t h a t  t h e  f u r t h e r  i n v e s t i g a t i o n  a s  p a r a g r a p h s  8 t o  10 
of  4 . 4 . 4 . 7  r e - i n f  o r c e s  t h e  c o n c l u s i o n s  r e a c h e d ,  t h r e e  
r e l e a s e s  would have  t o  be d e f i n e d .  P r o p o s a l s  f o r  R20r& R21 ' 
a r e  o u t l i n e d  h e r e .  The t h i r d ,  R22' w i l l  be a  c l ean- up  b u t  
i t s  c o n t e n t  c a n n ~ t  be i d e n t i f i e d  i n  d e t a i l  u n t i l  a f e e l  f o r  
t h e  performance  and g e n e r a l  q u a l i t y  of R21 l h a s  deve loped .  
The d e t a i l e d  a n a l y s i s  i s  l e f t  a s  a n  e x e r c i s e  t o  t h e  r e a d e r .  

The i n h e r e n t  problem i n  t h e  d e s i g n  o f  t h e  ITS r e l e a s e  i s  t h e  
f a c t  t h a t  t h e  component h a s  a s i z e  a l m ~ s t  t w i c e  t h e  maximum 
recommended i n c r e m e n t a l  growth.  Moreover,  w i t h  t h e  p o s s i b l e  
e x c e p t i o n  of  i t s  t e l e c o m m u n i c a t i o n s  s u p p o r t  ( T a b l e  3 ,  i t e m  
3 c ) ,  none of t h e  component sub- sys t ems  would r e c e i v e  usags  
e x p o s u r e  i n  t h e  a b s e n c e  of  t h e  o t h e r s .  Thus a  c l e a n  ITS 
r e l e a s e  canno t  be a c h i e v e d  e x c e p t  by r e l e a s i n g  t h e  component 
i n  one f e l l  swoop. S i m i l a r l y ,  Dynamic S t o r a g e  Managemnt 
(DSM) i s  exposed  t o  u s e r  t e s t i n g  o n l y  when t h e  ITS f a c i l i t y  
i s  o p e r a t i o n a l .  One may, however,  c o n s i d e r  w h e t h e r  t h e  t e l e -  
communciation f a c i l i t y  ( 3 c )  w i l l  be u s a b l e  i n  c o n j u n c t i o n  
w i t h  ?he RJE f a c i l i t y ?  i t e m  5. If' i t  i s ,  t h e r e  w i l l  be some 
a d v a r t a g e  t o  be g a i n e d  by r e l e a s i n 2  3c and 5 b e f o r e  'he 
rc-mar ider  o f  ITS and 3SEn. 
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S t r i c t l y  s p e a k i n g ,  F i g u r e  5 c  s u g g e s t s  t h a t  R201 s h o u l d  be a  
v e r y  low c o n t e n t  r e l e a s e  d e d i c a t e d  t o  s y s t e m  c l e a n- u p  a n d  r e -  
s t r u c t u r i n g .  But  t h e  s i x  p r e c e e d i n g  r e l e a s e s  w e r e  a c h i e v e d  
w i t h  a v e r a g e  c h a n g e  r a t e s  a n d ,  f r om t h a t  p o i n t  o f  v i ew ,  d i d  
n o t  s t r e s s  t h e  p r o c e s s .  Thus i f  R201 i s  a l s o  a n  a v e r a g e  r a t e  
r e l e a s e  i t  s h o u l d  n o t  c a u s e  p r o b l e m s  a n d  i t  wou ld  seem a  low 
r i s k  s t r a t e g y  t o  i n c l u d e  i n  R20' a l l  t h o s e  i t e m s  a s  i n  T a b l e  
4, t h a t  w i l l  s i m p l i f y  t h e  s u b s e q u e n t  c r e a t i o n  o f  t h e  
e x c e s s i v e l y  l a r g e  ITS r e 1  e a s e .  

The l i s t ,  i n  p r i o r i t y  o r d e r ,  o f  t h e  new p r o p o s a l  shows  a 
maximum i n c r e m e n t a l  g r o w t h  ( 1  5 9 )  w e l l  u n d e r  a v e r a g e .  It i s  a  
matter o f  some judgement  a n d  e x p e r i e n c e  w h e t h e r  i t  wou ld  be 
w i s e r  t o  d e l a y  i t e m  3 c  w i t h  5 8  new m o d u l e s  a n d  i t e m  5  w i t h  57 
t o  R21 t h e r e b y  a c h i e v i n g  t h e  v e r y  low c o n t e n t  r e l e a s e  
m e n t i o n e d  above .  Wi th  t h e  i n f o r m a t i o n  b e f o r e  t h e  r e a d e r  i t  
i s  n o t  p o s s i b l e  t o  r e s o l v e  t h i s  q u e s t i o n  s i n c e  a d d i t i o n a l  
i n f o r m a t i o n .  a t  t h e  v e r y  l e a s t  a n s w e r s  t o  t h e  q u e s t i o n s  
r a i s e d  i n  4 . 4 . 4 . 7 ,  would  be r e q u i r e d .  However, t h e  d e s i r e  t o  
rnj-nimise R2I1 p r o b l m e s  s u g g e s t s  t h e  a d o p t i o n  o f  t h e  c o m p l e t e  
p l a n  a s  i n  T a b l e s  4  and  5.  

T a b l e  4 :  M o d i f i e d  R e l e a s e  20 C o n t e n t  

Class 

F a u l  t R e p a i r  

Hardware  S u p p o r t  

Pe r fo rmance  
Improvement  

Reason  

Clean- up o f  b a s e  

Revenue P r o d u c i n g  

P rove  - b u t  do n o t  
announce .  W i l l  b e  
a v a i l a b l e  t o  c o u n t e r a c t  
ITS p e r f  o ramnce  d e t e r -  
i o r a t i o n  i n  R21 ' .  

ITS R e l a t e d  Components  To r e c e i v e  e a r l y  u s e r  
e x p o s u r e  

I t e m s  

1 ,  2  
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Tab le  5 :  Modi f i ed  R e l e a s e  20 S t a t i s t i c s  ( f rom T a b l e  3 )  

I t em New Mods Running T o t a l  Changes Running T o t a l  

1 2  2  3  82 3  82 

I n  a s s e s s i n g  a c h i e v a b l e  r e l e a s e  i n t e r v a l s  f o r  t h e s e  r e l e a s e s ,  
we base  o u r  e s t i m a t e s  o n l y  on  t h e  module change c o u n t  and 
change r a t e .  The c o n s t r a i n t s  o n  t h e  p r e s e n t  example  do n o t  
p e r m i t  t h e  f u l l  a n a l y s i s  which  would c o n s i d e r  mode l s  based  o n  
F i g u r e  5 g ,  and t a k e  i n t o  a c c o u n t  a d d i t i o n a l  d a t a .  A t  10  
modules  p e r  day change r a t e ,  i m p l e m e n t a t i o n  o f  t h e  comple t e  
p l a n  a p p e a r s  t o  r e q u i r e  253 d a y s ,  s a y  9  mon ths ,  w h e r e a s  
e x c l u s i o n  o f  3 c  and 5  would r e d u c e  t h e  p r e d i c t e d  t i m e  
r e q u i r e d  t o  some 7 months.  T h i s  recommendation canno t  be 
t a k e n  f u r t h e r  w i t h o u t  more i n f o r m a t i o n  of  b o t h  a  t e c h n i c a l  
and a  m a r k e t i n g  n a t u r e ,  and a n  e x a m i n a t i o n  of  o t h e r  i n t e r v a l  
models .  But t h e  need f o r  a  c l e a n  base  f o r  R21 ' s u g g e s t s  
a d o p t i o n  of  t h e  maximum a c c e p t a b l e  r e l e a s e  i n t e r v a l .  R21' 
w i l l  now i n c l u d e ,  a t  t h e  v e r y  l e a s t ,  ITS ( e x c e p t  3 c )  and DSM. 
T h i s  i n v o l v e s  a t  leas t  920 new modules ,  a n  e x c e s s i v e  g rowth  
t h a t  canno t  u s e f u l l y  be f u r t h e r  s p l i t  be tween two o r  more 
r e l e a s e s .  Assuming a  change f r a c t i o n  o f ,  s a y ,  70% ( f i g u r e  
5 d ) ,  of  a sys t em t h a t  i s  e x p e c t e d  t o  c o n t a i n  591 1 modules ,  a 
t o t a l  of some 4200 changed modules  i n  t h e  r e l e a s e ,  many w i t h  
m u l t i p l e  changes  must  be e x p e c t e d ,  S i n c e  t h e r e  w i l l  now 
have been s e v e n  n e a r  a v e r a g e  c h a n g e - r a t e  r e l e a s e s ,  i t  seems 
p o s s i b l e  t o  p l a n  f o r  a  change r a t e  of  15-20 m/d, y i e l d i n g  a  
p o t e n t i a l  r e l e a s e  i n t e r v a l  of unde r  9  months.  Tha t  i s ,  i t  
would a p p e a r  t h a t ,  by a d o p t i n g  t h e  new s t r a t e g y ,  all of t h e  
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o r i g i n a l  c h a n g e s  and  a d d i t i o n s  c o u l d  be a c h i e v e d  i n  a b o u t  t i re  
same t i m e ,  b ~ 1 t  much more  r e l i a b l y .  Elore c o m p l e t e  a n a l y s i s ,  
however ,  b a s e d  o n  adrl i  t i o n a l  d a t a ,  o t h e r  m o d e l s  and  t a k i n g  
i n t o  a c c o u n t  t h e  s p e c i a l  n a t u r e  o f  t h e  r e l e a s e s  n i g h t  w e l l  
l e a d  t o  & r e commenda t i on  t o  I n c r e a s e  t h e  combined  r e l e d s e  
i n t e r v a l  t o ,  s a y ,  two y e a r s .  

A f u r t h e r  q u a l i f i c a t i o n m u s t  a l s o  be added .  A s  p r o p o s e d i n  
t h e  r e v i s e d  p l a n ,  R2I1  w i l i  s t i l l  be  a  i n e l e a s e  w i t h  e x c e s s i v e  
i n c r e m e n t a i  g r o w t h  and i s  t h e r e f o r e  l i k e l y  t o  y i e l d  s i g n i f -  
i c a n t  p rob l ems .  The a d d i t i o n a l  f a c t  ' ,ha t  t i re  e v i d e n c e  i n d-  
l c a t e s  i n c o m p l e t e  p l a n n i n g ,  r5 ln ; 'o rces  c o n c e r n  aild e x p e c t -  
a t  dn o f  t r o u b l e  a h e a d .  It i s  t h e r e f o r e  a l s o  recommended 
t l i a t  R21 be  announcec!  a s  a n  e x p e r i n i e ~ t a l  r e l e a s e  f o r  
e x p o s u r e  t.o u s a g e  by s e l e c t e d  u s e r s  i n  a  v a r i e t y  o f  e n v i r o n-  
m e n t s ,  It wou ld  be f o l l o w e d  a f t e r  a n  i n t e r v a l  o f  p e r h a p s  one  
y e a r  by a n  R22 ' ,  a c l e a n e d  u p  s y s t c m ,  s u i t a b l e  f o r  f u r t h e r  
e v o l u t i o n .  

4 . .  9 F i n a l  Comments 

The p r e c e e d i n g  s e c t i o n  h a s  p r e s e n t e d  a c r i t i q u e  of  a. p l a n ,  
and  o u t l i n e d  a n  alternative w h i c h  i s  b e l i e v e 3  t e c h n i c a l l y  
[core sound.  The c e s e  c o n s i d e r e d  i s  bascd  on  a  r e a l  
s i t u a t i o n ,  t h o u g h  i n  t;he a b s e n c e  o f  co rnp l e t e  i n f o r m a t i o n  
d e t a i l s  h a v e  had  t o  be i n v e n t e d .  But  d e t a i l s  a r e  n o t  imp- 
o r t a n t  s i n c e  t h e  o b j e c t i v e  h a s  b e e n  t o  d e m o n s t r a t e  a method .  
S o f t w a r e  p l a n n i n g ,  c a n  and  s h o u l d  be  b a s e d  o n  p r o c e s s  and  
s y s t c m  m e a s u r e s  and  m o d e l s ,  o b t a i n e d  a n d  m a i n t a i n e d  as  a  
c o n t i n u i n g  p r o c e s s  a c t i v i t y .  P l a n s  mus t  be r e l a t e d  t o  
dynamic  p r o c e s s  a n d  .system c h a r a c t e r i s t i c s  and  t o  s t a t i s t i c s  
o f  change .  By r o o t i n g  t h e  p l a n n i n g  p r o c e s s  i n  f a c t s ,  f i g u r e s  
and  m o d e l s ,  a l t e r n a t i v e s  c a n  be  q u a n t i t a t i v e l y  compared ,  
d e c i s i o n s  c a n  be r e l a t e d  t o  r e a l i t y  and  t ' i s k s  c a n  be 
e v a l u a t e d .  S o f t w a r e  p l a n n i n g  m u s t  no l o n g e r  be b a s e d  s o l e l y  
o n  a p p s r e n t  b u s i n e s s  n e e d s  and  m a r k e t  c o n s i d e r a t i o n s ;  o n  
managemen t ' s  l o c a l  p e r s p e c t i v e  a n d  i n t u i t i o n .  

5 The L i f e  C y c l e  

5 . I  The G e n e r a l  Case  

The p r e c e e d i n g  s e c t i c n s  h a v e  e x p l o r e d  t h e  c a u s e s ,  t h e  
dynamics  arid t h e  d i r e c t  i m p l i c a t i o n s  o f  c o n t i n u i n g  program 
e v o l u t i o n .  I n  r e c e n t  y e a r s  t h e  phenomenon h a s  g i v e n  r i s e  t o  
a  c o n c e p t  o f  a  p rogram life cycze a n d  t o  t e c h n i q u e s  f o r  life 
cycle management. The need  f o r  s u c h  management h a s ,  i n  f a c t ,  
b e e n  r e c o g n i s e d  i n  f a r  w i d e r  c i r c l e s ,  p a r t i c u l a r l y  by 
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n a t l o n a l  d e f e n c e  a g e n c i e s  and  o t h e i ,  o r g a n i z a t i o n s  c o n c e r n e d  
w i t h  t h e  management  o f  coniplex a r t i f i c i a l  s y s t e n s .  I n  
p u r s u i n g  t h e i r  r e s p o n s i b i l i t i e s  t h e s e  mus t  e n s u r e  c o n t i n u i n g  
e r ' f e c t l v e n e s s  o f  s y s t e m s  whose  e1er::enis may i n v o l v e  man-  
d i f f e r e n t  and  f a s t  d e v e l o p i n g  t e c h n o l o g i e s ;  o f t e n  t h e y  mus t  
g u a r a n t e e  u t t e r l y  r e l i a b l e  o p e r a t i o n  u n d e r  h a r s h ,  h o s t i l e  a n d  
u n f o r g i v i n g  2 o n d i t i o n s .  The out,come j s a n  e v e r  i n c r e a s i n g  
f i n a n c i  a 1  commitment .  Gniy l i f e  t i m e  o r i e n t e d  management 
t e c h n i q u e s  a p p l i e d  f rom p r o j e c t  i n i t i a t i o n  c a n  p e r m i t  t h e  
a t t i z i t -ment  o f  l i f e  t i m e  e f f e c t i v e n e s s  and  c o s t  e f f e c t i v e n e s s .  

The proble ins  i n  t h e  more  g e n e r a l  s i t u a t i o n  a r e  e s s e n t i a l l y  
t h o s e  we h a v e  a l r e a d y  e x p l o r e d ,  e x c e p t  r h a t  t h e  t i m e  i n t e r v a l  
be tween  g e n e r a t i o n s  i s  p e r h a p s  a n  o r d e r  o f  m a g n i t u d e  g r e a L e r  
t h a n  i n  t h e  c a s e  o f  p u r e  s o f t w a r e  s y s t e m s .  I n  b r i e f l y  
e x a m i n i n g  t h e  n a t u r e  o f  t h e  l i f e  c y c l e  and  i t s  management  i n  
t h i s  s e c t i o n  t h e  t e r m i n o l o g y  o f  p rog raxming  a n d  s o f t w a r e  
e n g i n e e r i n g  a r e  u s e d .  The r e a d e r  w i l l  be  a b l e  t o  g e n e r a l i s e  
a n d  t o  i n t e r y r c t  t h e  r e m a r k s  i n  h i s  own a r e a  o f  i n t e r e s t .  

5 . 2  S o f t w a r e  L i f e  ' y c l e s  

S e c t i o n  3 .5  showed t h a t  p rogram e v o l u t i o n ,  and t h e  c y c l i c  
e f f e c t s  t h a t  d e f i n e  a  program l i f e  c y c l e  c a n  b e  i d e n t i f i e d  o n  
d i f f e r e n t  t i m e  s c a l e s  r e p r e s e n t i 2 g  v a r i o u s  l e v e l s  o f  a b s t r z c -  
t i o n .  The h i g h e s t  l e v e l  c o n c e r n s  successive genera t ions  of  
s y s t e m  s e q u e n c e s .  Each g e n e r a t i o n  i s  r e p r e s e n t e d  by a  
s e q u e n c e  o f  s y s t e m  r e l e a s e s .  T h i s  l e v e l  c o r r e s p o n d s  m o s t  
c l o s e l y  t c  t h a t  f ound  i n  t h e  more  g e n e r a l  s y s t e m s  s i t u a t i o n ,  
w i t h  e a c h  g e n e r a t i o n  h a v i n g  a l i f e  s p a n  o f ,  f r o m ,  s a y  f i v e  t o  
twen ty  y e a r s .  Because  o f  t h e  r e l a t i v e l y  s low r a t e  t o  change  
i t  i s  d i f f i c u l t  f o r  any  i n d i v i d u a l  t o  o b s e r v e  t h e  e v o l u t i o n  
phenomenon, m e a s u r e  i t s  dynamics  and  model  i t  a s  a  l i f e  c y c l e  
p r o c e s s ,  s i n c e  i n  t h e  r e l e - ? a n t  p o r t i o n  o f  h i s  p r o f e s z ' i o n a l  
c a r e e r  h e  w i l l  n o t  o b s e r v e  more  t h a n  two o r  t h r e e  g e n e r a t -  
i o n s .  It m i g h t  C h e r e f o r e  be  a r g u e d  t h a t  t h i s  l e v e l  s h o u l d  
n o t  be  t r e a t e d  a s  a n  i n s t a n c e  o f  t h e  l i f e  c y c l e  phenomenon. 
The p r e s e n t  a u t h o r  h a s ,  howeve r ,  had  a t  l e a s t  one  o p p o r t u n i t y  
t o  examine  program e v o l u t i o n  a t  t h i s  l e v e l  and t o  make mean- 
i n g f  u l  a n d  s i g n i f i c a n t  o b s e r v a t i o n s  [LEH76d ]. These  
i n d i c a t e d  t h a t  n u c h  c o u l d  be e a i n e d  i n  c o s t  e f f e c t i v c ; n e s s  i n  
t h e  s o f t w a r e  i n d u s t r y  i f  n o r e  a t t e n t i o n  w e r e  p a i d  t o  t h e  
e a r l i e r  c r e a t i o n  o f  r e p l a c e m e n t  g e n e r a t i o n s ;  s o m e t h i n g  t h a t  
c a n  be  a c h i e v e d  e f f e c t i v e l y  o n l y  i f  t h e  a p p r o p r i a t e  
p r e d i c t i v e  m o d e l s  a r e  a v a i l a b l e .  

The s econd  l e v e l  i s  c o n c e r n e d  a s  we have  beet i ,  x i Y h  a  
sequence of r e l e a s e s .  The l a t t e r  Le ra  i s  a l s o  a , r ; r op r i a t e  
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sequence of  reZeases.  The l a t t e r  term is  a l s o  a p p r o p r i a t e  
when a concept  of  c o n t i n u o u s  r e l e a s e  i s  f o l l o w e d ;  t h a t  i s  
when each change i s  made, v a l i d a t e d  and immediate ly  i n s t a l l e d  
i n  u s e r  i n s t a n c e s  o f  t h e  system. I n  t h e  most extreme 
i n s t a n c e s  t h e  u s e r  w i l l  f i n d  h i m s e l f  w i t h  a changed system 
a lmos t  every  day. 

F i g u r e  6 shows one view LBOE761 o f  t h e  lowest l e v e l ,  if i t  i s  
assumed t h a t  lma in tenance l  i n  t h e  seven th  box r e f e r s  t o  on- 
s i t e  f i x e s  and r e p a i r s  implemented as t h e  system is used. 
The diagram i n d i c a t e s  t h e  sequence of  a c t i v i t i e s  o r  l i f e  
c y c l e  phases  t h a t  t a k e  a system i n s t a n c e  from f i r s t  
i d e n t i f i c a t i o n  of  a  need o r  o p p o r t u n i t y ,  through t h e  
a p p l i c a t i o n  o f  t h e  completed program i n  i ts  o p e r a t i o n a l  
e n v i r o m e n t ,  t o  i t s  f i n a l  wi thdrawal .  Such wi thdrawal ,  n o t  
e x p l i c i t l y  i n d i c a t e d  by Boehm, may of c o u r s e  be preceeded by 
i t s  rep lacement  w i t h  a n  improved v e r s i o n ,  a new r e l e a s e .  If 
maintenance i s  t a k e n  t o  r e f e r  t o  permanent changes ,  a f f e c t e d  
through new r e l e a s e s  by t h e  system o r i g i n a t o r ,  t h e n  t h e  
s t r u c t u r e  becomes i t e r a t i v e  w i t h  each maintenance phase 
comprised o f  a l l  seven  i n d i c a t e d  phases .  With t h i s  
r e - i n t e r p r e t a t i o n  t h e  s i n g l e  model r e f l e c t s  t h e  composi te  
l i f e  c y c l e  s t r u c t u r e  of  a l l  t h e  above l e v e l s .  

F i g u r e  6 :  The Sof tware  L i f e  Cycle  According t o  Boehm 
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5 .3  Assembly Line  P r o c e s s e s  

I n  s t r o n g  c o n t r a s t  t o  t h e  programming p r o c e s s  c o n s i d e r e d  
above,  a n  assembly l i n e  m a n u f a c t u r i n g  p r o c e s s  i s  p o s s i b l e  
when a  system c a n  be p a r t i t i o n e d  i n t o  sub- systems t h a t  a r e  
s imply  coup led  and  w i t h o u t  i n v i s i b l e  l i n k s .  Moreover, t h e  
p r o c e s s  must be d i v i s i b l e  i n t o  s e p a r a t e  p h a s e s  w i t h o u t  
s i g n i f i c a n t  f e e d b a c k  c o n t r o l  o v e r  p h a s e s  and w i t h  r e l a t i v e l y  
l i t t l e  o p p o r t u n i t y  f o r  t r a d e- o f f  between phases .  

If a l l  t h e s e  c o n d i t i o n s  e x i s t  t h e  s u b- p r o c e s s e s  o f  t h e  t o t a l  
sys tem development and c o n s t r u c t i o n  p r o c e s s  w i l l  n o t  i n  
g e n e r a l  r e q u i r e  knowledge o f  t h e  t o t a l  p roduc t  o r  t o t a l  
p r o c e s s  [BEL78]. Each p a r t  of t h e  sys tem and e a c h  phase  of 
t h e  p r o c e s s  c a n  be d e s i g n e d ,  implemented,  e v a l u a t e d  and  main- 
t a i n e d  more o r  l e s s  i n d e p e n d e n t l y .  P r e s e n t  day s o f t w a r e  
technology i s  n o t  l i k e  t h a t .  For example ,  a t  l e a s t  some 
a s p e c t s  o f  t h e  s p e c i f i c a t i o n  and d e s i g n  p r o c e s s e s  a r e  l e f t  
o v e r ,  u s u a l l y  i m p l i c i t l y ,  t o  t h e  implemen ta t ion  ( c o d i n g )  
phase.  F a u l t  d e t e c t i o n  t h r o u g h  i n s p e c t i o n  [FAG761 i s  n o t  y e t  
u n i v e r s a l  p r a c t i c e  and by d e f a u l t  i s  o f t e n  d e l a y e d  till a  
system i n t e g r a t i o n  o r  sys tem t e s t i n g  phase .  When f a u l t y  
behav iour  i s  o b s e r v e d ,  t h e  symptom i s  o f t e n  removed by a  
l o c a l  p a t c h ,  l e a v i n g  t h e  r e a l  e r r o r  t o  be l o c a t e d  and 
r e p a i r e d  a t  some l a t e r  t ime.  Moreover,  i f  a t  one s t a g e  
i n a d e q u a t e  a t t e n t i o n  i s  p a i d  t o  s t r u c t u r e ,  c l a r i t y ,  c o r r e c t -  
n e s s ,  c o m p l e t e n e s s ,  documenta t ion  o r  any o t h e r  a s p e c t  of t h e  
p r o c e s s  o r  of t h e  a t t r i b u t e s  o f  i t s  p r o d u c t ,  t h e  consequences  
may not  be f e l t  till months o r  e v e n  y e a r s  l a t e r  when t h e  code 
i s  t o  be m o d i f i e d  o r  e x e c u t e d  i n  a n  unexpec ted  manner.  And 
when some sub- system h a s  t o  be changed,  v i s i b l e  and  i n v i s i b l e  
l i n k a g e s  and s i d e - e f f e c t s  s p r e a d  change r e q u i r e m e n t s  w i d e l y  
ove r  t h e  sys tem.  

I n  g e n e r a l ,  p r e s e n t  day programming i s  c o n s t i t u t e d  o f  t i g h t l y  
coupled a c t i v i t i e s  t h a t  i n t e r a c t  i n  many ways. One o f  t h e  
main  c o n c e r n s  of l i f e  c y c l e  p r o c e s s  methodology r e s e a r c h  must 
be t o  d e v e l o p  t e c h n i q u e s  and  t o o l s  and new sys tem 
a r c h i t e c t u r e s  ( s e c t i o n  2 . 6 ) .  Programming s u p p o r t  
e n v i r o m e n t s  [DOL76], [ H u V ~ ] ,  [BUX80] t h a t  p e r m i t  
p a r t i t i o n i n g  o f  t h e  program development  and ma in tenance  
p r o c e s s  i n t o  s e p a r a t e d  a c t i v i t i e s ,  coup led  o n l y  by t h e  
program and i t s  accompanying documenta t ion  a r e  now r e c o g n i s e d  
a s  e s s e n t i a l  f o r  s u c c e s s f u l  program development  and 
ma in tenance .  
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5 .4  The S i g n i f i c a n c e  of  t h e  L i f e  C y c l e  Concept  

F o r  a s sembly  l i n e  p r o c e s s e s  t h e  l i f e  c y c l e  c o n c e p t  i s  n o t ,  
g e n e r a l l y ,  o f  p r ime  i m p o r t a n c e .  Fo r  s o f t w a r e  and o t h e r  
h i g h l y  complex s y s t e m s  i t  becomes c r i t i c a l  i f  e f f e c t i v e n e s s ,  
c o s t - e f f e c t i v e n e s s  and l o n g  l i f e  a r e  t o  be a c h i e v e d .  A t  e a c h  
moment i n  t i m e  a manage r ' s  c o n c e r n  c o n c e n t r a t e s  o n  t h e  
s u c c e s s f u l  c o m p l e t i o n  o f  h i s  c u r r e n t  a s s i g n m e n t .  H i s  s u c c e s s  
w i l l  b e  a s s e s s e d  by i m m e d i a t e l y  o b s e r v a b l e  p r o d u c t  
a t t r i b u t e s ,  q u a l i t y ,  c o s t ,  t i m e l i n e s s  and  s o  on .  It i s  h i s  
s u c c e s s  i n  a r e a s  s u c h  a s  t h e s e  t h a t  d e t e r m i n e  t h e  f u r t h e r a n c e  
o f  h i s  c a r e e r .  Manage r i a l  s t r a t e g y  w i l l  i n e v i t a b l y  be 
dominated  by a  d e s i r e  t o  a c h i e v e  maximum l o c a l  pay o f f  w i t h  
v i s i b l e  s h o r t  term b e n e f i t .  It w i l l  n o t  o f t e n  t a k e  i n t o  
a c c o u n t  l o n g  t e rm p e n a l t i e s ,  t h a t  c a n n o t  be p r e c i s e l y  
p r e d i c t e d  and whose c o s t  c a n n o t  be a s s e s s e d .  Top- leve l  
m a n a g e r i a l  p r e s s u r e  t o  a p p l y  l i f  e- c y c l e  e v a l u a t i o n  i s  
t h e r e f o r e  e s s e n t i a l  i f  a  development  and m a i n t e n a n c e  p r o c e s s  
i s  t o  be a t t a i n e d  t h a t  c o n t i n u o u s l y  a c h i e v e s  t h e  o v e r a l l  
o b j e c t i v e s  o f  t h e  o r g a n i s a t i o n .  N e g l e c t  w i l l  i n e v i t a b l y  
r e s u l t  i n  a. l i f e  t i m e  e x p e n d i t u r e  o n  t h e  sys t em t h a t  e x c e e d s  
rcany t i m e s  t h e  a s s e s s e d  development  c o s t  o n  t h e  b a s i s  o f  
which  t h e  s y s t e m  o r  p r o j e c t  was  i n i t i a l l y  a u t h o r i s e d .  

To overcome l o n g  t i m e  l a g s  and t h e  h i g h  c o s t  of  s o f t w a r e ,  one 
may a l s o  s e e k  t o  e x t e n d  u s e f u l  s y s t e m  l i f e t i m e .  The d e c i s i o n  
t o  r e p l a c e  a  sys t em i s  t a k e n  when r l laintenance h a s  become t o o  
e x p e n s i v e ,  r e l i a b i l i t y  t o o  low,  change  r e s p o n s i v e n e s s  t o o  
s l u g g i s h ,  pe r fo rmance  u n a c c e p t a b l e ,  f u n c t i o n a l i t y  t o o  
l i m i t i n g ;  i n  s h o r t ,  when i t  i s  more s a t i s f a c t o r y  t o  r e p l a c e  
t h e  sys t em t h a n  t o  m a i n t a i n  i t .  But i t s  e x p e c t e d  l i f e  t i m e  
t o  t h a t  p o i n t  i s  d e t e r m i n e d  p r i m a r i l y  d u r i n g  c o n c e p t i o n ,  
d e s i g n  and t h e  i n i t i a l  i m p l e m e n t a t i o n  s t a g e s .  Hence 
management p l a n n i n g  and c o n t r o l  d u r i n g  t h e  f o r m a t i v e  p e r i o d  
o f  sys t em l i f e ,  ba sed  o n  l i f e  t i m e  p r o j e c t i o n s  and  a s s e s s m e n t  
c a n  be c r i t i c a l  i n  a c h i e v i n g  l o n g  l i f e  s o f t w a r e  and  l i f e  t ime  
c o s t  e f f e c t i v e n e s s .  T h i s  r e p r e s e n t s  a n  a d d i t i o n a l  g a i n  t o  t h e  
b e n e f i t  g a i n e d  f rom t h e  c o n t i n u i n g  j o i n t  o p t i m i s a t i o n  of  
e x p e n d i t u r e ,  v a l u e  r e c e i v e d  and  c o s t  p e r  u n i t  o u t p u t  o v e r  t h e  
l i f e t i m e  o f  t h e  s y s t e m  [GOL73]. 
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5 . 6  L i f e  C y c l e  P h a s e s  

5 . 6 . 1  The Major  A c t i v i t y  C l a s s e s  

A t  i t s  g r o s s e s t  l e v e l  a  l i f e  c y c l e  c o n s i s t s  o f  t h r e e  p h a s e s ;  
d e f i n i t i o n ,  i m p l e m e n t a t i o n  a n d  m a i n t e n a n c e  ( 1  9  - 4 ) .  A s  
i n d i c a t e d  i n  F i g u r e  6 ,  t h e s e  t h r e e  p h a s e s  c o r r e s p o n d  a p p r o x-  
i m a t e l y  t o  t h e  a c t i v i t i e s  i n  t h e  f i rs t  t h r e e ,  t h e  s e c o n d  
t h r e e  a n d  t h e  s e v e n t h  box r e s p e c t i v e l y  o f  Boehmls  model .  I n  
p r a c t i c e ,  howeve r ,  many o f  t h e s e  a c t i v i t i e s  a r e  o v e r l a p p e d ,  
i n t e r w o v e n  a n d  r e p e a t e d  i t e r a t i v e l y  as s u g g e s t e d  by t h e  model  
o f  F i g u r e  7 .  The d e t a i l s  w i l l  v a r y  w i t h  t h e  e n v i r o w e n t ,  t h e  
me thods  employed  and  w h e t h e r  t h e  p r o j e c t  i s  c o n c e r n e d  w i t h  
t h e  c r e a t i o n  o f  a  s y s t e m  t o  a d d r e s s  a n  e n t i r e l y  new 
a p p l i c a t i o n ,  t h e  p r e p a r a t i o n  o f  a  new r e l e a s e  f o r  a n  e x i s t i n g  
s y s t e m ,  o r  t h e  deve lopmen t  o f  a r e p l a c e m e n t  s y s t e m  f o r  o n e  
t h a t  i s  r e a c h i n g  t h e  end  o f  i t s  u s e f u l  l i f e .  F o r  s i m p l i c i t y  
t h e  f i rs t  o f  t h e s e  c a s e s  i s  a s sumed  i n  t h e  b r i e f  d i s c u s s i o n  
o f  t h e  m a i n  a c t i v i t y  a r e a s .  

5 . 6 . 2  Sys tem D e f i n i t i o n  

F o r  E- Cla s s  s y s t e m s  i n  p a r t i c u l a r  t h e  deve lopmen t  p r o c e s s  
b e g i n s  w i t h  a  p r a g m a t i c  a n a l y s i s  l e a d i n g  i n t o  a  s y s t e m a t i c  
Systems Analysis t o  d e t e r m i n e  t o t a l  s y s t e m  and  p rog ram 
Requirements [BEL77c],  [ A L F ~ ~ I ,  LHEN791, LYEH801. The 
a n a l y s i s  may examine  manual  t e c h n i q u e s  whereby  t h e  same 
p u r p o s e  i s  c u r r e n t l y  a c h i e v e d  o r ,  w h e r e  a p p r o p r i a t e ,  may be  
b a s e d  o n  f o r m a l  a n a l y s i s .  Whatever  t h e  a p p r o a c h ,  i t  h a s  now 
b e e n  r e c o g n i s e d  t h a t  t h e  a n a l y s i s  m u s t  be  disc ip l ined a n d  
structured [DAH72], [LINTTI,  t h e  term s t r u c t u r e d  a n a l y s i s  now 
b e i n g  w i d e l y  u s e d  [ B E L ~ ~ ] ,  [ROS771, [ROS77a]. 

By t h e i r  v e r y  n a t u r e  i n i t i a l  r e q u i r e m e n t s ,  b e i n g  a n  
e x p r e s s i o n  o f  t h e  u s e r l s  v i ew  o f  h i s  n e e d s ,  a r e  l i k e l y  t o  
i n c l u d e  i n c o m p a t i b i l i t i e s  o r  e v e n  c o n t r a d i c t i o n s .  One wou ld ,  
f o r  examp le ,  b e  m o s t  u n l i k e l y  t o  be  a b l e  t o  meet r e q u i r e m e n t s  
t h a t  c a l l  f o r  t h e  c r e a t i o n  w i t h i n  m o n t h s  o f  a n  u t t e r l y  
r e l i a b l e ,  l o w- c o s t ,  s y s t e m  i m p l e m e n t i n g  a w i d e  v a r i e t y  o f  
r e l a t e d  f a c i l i t i e s  t h a t  h a v e  n o t  b e f o r e  b e e n  m e c h a n i s e d .  
Thus  t h e  a n a l y s i s  a n d  t h e  n e g o t i a t i o n  p r o c e s s  by a n d  b e t w e e n  
a n a l y s t s  and  p o t e n t i a l  u s e r s ,  t h a t  p r o d u c e s  r e q u i r e m e n t s ,  
m u s t  i d e n t i 0  a  b a l a n c e d  set  t h a t ,  i n  some s e n s e ,  p r o v i d e s  
t h e  optimum compromise  be tween  c o n f l i c t i n g  d e s i r e s .  

19.4 ( E d s )  Today we would use the term evolut ion  instead of  
maintenance. 
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The requ i rements  s e t  w i l l  be e x p r e s s e d  i n  t h e  c o n c e p t s  and 
l anguage  of t h e  a p p l i c a t i o n  and i t s  u s e r s .  It must t h e n  be 
t ransformed i n t o  a  t e c h n i c a l  s p e c i f i c a t i o n .  The 
Specification p r o c e s s  [DEM78], [LIS79] must aim t o  produce a  , 

c o r r e c t  t e c h n i c a l  s t a t e m e n t ,  complete i n  i t s  coverage of t h e  
requ i rements  and consistent i n  i t s  d e f i n i t i o n  of t h e  
implementat ion.  It may i n c l u d e  a d d i t i o n a l  d e t e r m i n a t i o n s  o r  
c o n s t r a i n t s  t h a t  f o l l o w  from a  t e c h n i c a l  e v a l u a t i o n  of t h e  
requ i rements  i n  r e l a t i o n  t o  what  i s  f e a s i b l e ,  a v a i l a b l e  and 
a p p r o p r i a t e  i n  t h e  judgment of t h e  a n a l y s t  and d e s i g n e r  i n  
agreement w i t h  t h e  u s e r .  

It has  l o n g  been t h e  aim of computer s c i e n t i s t s  t o  p rov ide  
formal  l a n g u a g e s  f o r  t h e  e x p r e s s i o n  of s p e c i f i c a t i o n s  s o  a s  
t o  pe rmi t  mechanical  check ing  of completeness  and 
c o n s i s t e n c y  [BUX70], [VAN76], LTEI771, LYEH771, [COX80], bu t  
a  widely  a c c e p t e d  language does  no t  y e t  e x i s t .  Given a  
machinable s p e c i f i c a t i o n  i t  i s  c o n c e p t u a l l y  p o s s i b l e  t o  
reduce i t  mechan ica l ly  t o  e x e c u t a b l e  [ZUR67] and even  
e f f i c i e n t  [DART91 code b u t  t h e s e  t e c h n o l o g i e s  t o o  a r e  n o t  y e t  
r eady  f o r  g e n e r a l  e x p l o i t a t i o n .  

Thus, f o r  t h e  t ime bz ing  t h e  s p e c i f i c a t i o n  p r o c e s s  w i l l  be 
fo l lowed  by a  design phase [COX80], [PET80]. The prime 
o b j e c t i v e  of t h i s  a c t i v i t y  i s  t o  i d e n t i f y  and s t r u c t u r e  d a t a ,  
d a t a  t r a n s f o r m a t i o n  and d a t a  f low [JAC75]. It must a l s o  
a c h i e v e ,  i n  some d e f i n e d  s e n s e ,  op t imal  p a r t i t i o n i n g  o f  
system f u n c t i o n  [PAFV2], s e l e c t  computa t iona l  a l g o r i t h m s  and 
p rocedures ,  and i d e n t i f y  system components and t h e  
r e l a t i o n s h i p s  between them. I t  i s  now g e n e r a l l y  a c c e p t e d  
t h a t  i t e r a t i v e  t o p  down [SWA ]  a n a l y s i s  and p a r t i t i o n i n g  
p r o c e s s e s ,  a s ,  f o r  example,  i n  f i g u r e  7 ,  a r e  r e q u i r e d  t o  
a c h i e v e  s u c c e s s i v e  r e f i n e m e n t  [WIRTI] o f  t h e  system d e s i g n  t o  
t h e  p o i n t  where t h e  i d e n t i f i e d  o b j e c t s ,  p rocedures  and 
t r a n s f o r m a t i o n s  can  be d i r e c t l y  implemented. 

5 .6 .3  Implementat ion 

Fo l lowing  t h e  comple t ion  of t h e  d e s i g n ,  system implementation 
may begin.  I n  p r a c t i c e ,  however, d e s i g n  and implementa t ion  
o v e r l a p .  Thus a s  t h e  h i e r a r c h i c a l  p a r t i t i o n i n g  p r o c e s s  
proceeds ,  a n a l y s i s  of c e r t a i n  system e l e m e n t s  may be 
c o n s i d e r e d  s u f f i c i e n t  t o  pe rmi t  implementa t ion ,  w h i l s t  o t h e r s  
c l e a r l y  r e q u i r e  f u r t h e r  a n a l y s i s .  I n  a  s o f t w a r e  p r o j e c t ,  
t i m e  a lways a p p e a r s  t o  b e a t  a  premium. A workforce  
compris ing many d i f f e r e n t  a b i l i t i e s  i s  a v a i l a b l e  and must be 
kep t  busy. Thus, r e g r e t t a b l y ,  implementa t ion  of syb- systems, 
components, p rocedures  o r  modules w i l l  be  i n i t i a t e d  d e s p i t e  
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t h e  f a c t  t h a t  t h e  o v e r a l l  o r  e v e n  t h e  l o c a l  d e s i g n  i s  n o t  y e t  
c o m p l e t e .  

A s  b he i m p l e m e n t a t i o n  p r o c e e d s  c o d e  m u s t  be validated 
[MIL78], [G00801. P r e s e n t  d a y  p r o c e d u r e s  c o n c e n t r a t e  
p r i m a r i l y  o n  testing [G0075] ,  t h o u g h  i n  r e c e n t  y e a r s  
i n c r e a s i n g  u s e  h a s  b e e n  made o f  d e s i g n  walkthrough a n d  c o d e  
inspect<0 S FAG^^]. These  l a t e r  p r o c e d u r e s  a r e  i n t e n d e d  t o  
d i s c l o s e  b o t h  d e s i g n  a n d  i m p l e m e n t a t l o n  e r r o r s  b e f o r e  
t h e i r  c o n s e q u e n c e s  become h i d d e n  i n  t h e  prograrn c o d e .  The 
r a t i o  o f  c o s t s  o f  r e m o v i n g  a  f a u l t  d i s c o v e r e d  i n  Llsage a s  
a g a i n s t  t h e  c o s t  o f  r e m o v i n g  t h e  same f a u l t  i f  d i s c o v e r e d  
d u r i n g  t h e  d e s i g n  o r  f i r s t  i m p l e m e n t a t i o n  p h a s e  i s  s o m e t i m e s  
two o r  t h r e e  o r d e r s  o r  m a g n i t u d e .  C l e a r l y  i t  p a y s  t o  f i n d  
f a u l t s  e a r l y  i n  t h e  p r o c e s s .  

I n  a n y  c a s e ,  t e s t i n g  by means  o f  p r o g r a m  e x e c u t i o n  i s  
g e n e r a l l y  a c h i e v e d  b o t t o m  up ,  f i r s t  a t  t h e  u n i t  ( m o d u l e  o r  
p r o c e d u r a l )  l e v e l ,  t h e n  f u n c t i o n a l l y ,  component  by component .  
A s  t e s t e d  c o m p o n e n t s  become a v a i l a b l e  t h e y  a r e  t h e n  a s s e m b l e d  
i n t o  a  syst ,em i n  a n  integration p r o c e s s  a n d  system test i s  
i n i t i a t e d .  F i n a l l y ,  a f t e r  some d e g r e e  o f  i n d e p e n d e n t  
c e r t i f i c a t i o n  o f  s y s t e m  f u n c t i o n  a n d  p e r f o r m a n c e  t h e  s y s t e m  
i s  d e s i g n a t e d  r e a d y  f o r  release. 

The a b o v e  v e r y  b r i e f  summary h a s  i d e n t i f i e d  some o f  t h e  
a c t i v i t i e s  i n  t h e  c u r r e n t  i n d u s t r i a l  s y s t e m  d e v e l o p m e n t  
p r o c e s s .  I n d i v i d u a l  a c t i v i t i e s  a s  d e s c r i b e d  may o v e r l a p ,  be  
i t e r a t e d ,  m e r g e d  o r  n o t  u n d e r t a k e n  a t  a l l .  A s  s u g g e s t e d  i n  
F i g u r e  7 d e s i g n  o f  a n  e l e m e n t ,  f o r  e x a m p l e ,  may be f o l l o w e d  
i m m e d i a t e l y  by a  test  i m p l e m e n t a t i o n  a n d  p r e l i m i n a r y  
p e r f o r m a n c e  e v a l u a t i o n  t o  e n s u r e  f e a s i b i l i t y  o f  a  d e s i g n  
b e f o r e  i t s  i m p l i c a t i o n s  s p r e a d  t o  o t h e r  p a r t s  o f  t h e  s y s t e m .  
C l e a r l y  t h e r e  s h o u l d  be  se t  o f  o v e r a l l  c o n t r o l l e d  
p r o c e d u r e s  t o  t a k e  a  c o n c e p t  f r o m  t h e  f i rs t  p r a g m a t i c  
e v a l u a t i o n  o f  t h e  p o t e n t i a l  o f  a n  a p p l i c a t i o n  f o r  
m e c h a n i s a t i o n  t o  f i n a l  p rogram p r o d u c t  e x e c u t i n g  i n  d e f i n e d  
h a r d w a r e  o r  s o f t w a r e  a n d  h a r d w a r e  e n v i r o n m e n t  ( s )  . 
5 . 6 . 4  M a i n t e n a n c e  

Once t h e  s y s t e m  h a s  b e e n  r e l e a s e d  t h e  m a i n t e n a n c e  p r o c e s s  
b e g i n s .  F a u l t s  w i l l  b e  o b s e r v e d ,  r e p o r t e d  a n d  c o r r e c t e d .  
Where a p p r o p r i a t e ,  r e p a i r s  t o  t h e  c o d e ,  t o  t h e  d o c m e n t a t i o n  
o r  b o t h  xi11 b e  a u t h o r i s e d .  If u s e r  p r o g r e s s  i s  b l o c k e d  
b e c a u s e  o f  a  f a u l t ,  a t e m p o r a r y  b y- p a s s  o f  t h e  f a u l t y  c o d e  
may b e  a u t h o r i s e d .  I n  o t h e r  c i r c m s t a n c e s  a t e m p o r a r y  o r  
p e r m a n e n t  f i x  t o  t h e  c o d e  may be  a p p l i e d  i n  some o r  a l l  u s e r  
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l o c a t i o n s .  The pe rmanen t  r e p a i r  o r  change  t o  t h e  program c a n  
t h e n  be  h e l d  o v e r  f o r  a  new r e l e a s e  o f  t h e  s y s t e m .  I n  o t h e r  
c a s e s  a pe rm anen t  change  w i l l  be p r e p a r e d  f o r  immed ia t e  
i n s t a l l a t i o n  by a l l  t h o s e  r u n n i n g  t h e  sy s t em.  The p a r t i c u l a r  
s t r a t e g y  a d o p t e d  i n  any  i n s t a n c e  w i l l  d epend  o n  t h e  n a t u r e  
a n d  s e v e r i t y  o f  t h e  f a u l t ,  t h e  s i z e  a n d  d i f f i c u l t y  of  t h e  
c h a r g e  requS. red ,  t h e  number a n d  n a t u r e  o f  t h e  program 
i n s t a l l a t i o n s  a n d  u s e r  o r g a n i s a t i o n s ,  a n d  s o  on .  The a c t u a l  
s t r a t e g y  w i l l  h a v e  a  p r o f o u n d  i m p a c t  o n  t h e  r a t e  o f  s y s t e m  
c o m p l e x i t y  g r o w t h ,  o n  i t s  l i f e  c y c l e  c o s t s  a n d  o n  i t s  l i f e  
e x p e c t a n c y .  

The f a u l t s  t h a t  a r e  f i x e d  i n  t h e  m a i n t e n a n c e  p r o c e s s  may be 
due t o  c h a n g e s  e x t e r n a l  t o  t h e  s y s t e m ,  i n c o r r e c t  o r  
i n c o m p l e t e  s p e c i f i c a t i o n ,  d e s i g n  o r  i m p l e m e n t a t i o n  e r r o r s ,  
ha rdware  c h a n g e s  oi- t o  some c o m b i n a t i o n  o f  t h e s e .  S i n c e  e a c h  
u s e r  e x p o s e s  t h e  s y s t e m  i n  d i f f e r e n t  ways ,  a l l  i n s t a l l a t i o n s  
do n o t  e x p e r i e n c e  a l l  f a u l t s ,  no r  d o  t h e y  a u t o m a t i c a l l y  a p p l y  
a l l  manuf a c t u r e r - s u p p l i e d  f i x e s  o r  c h a n g e s .  On t h e  o t h e r  
na nd ,  i n s t a l l a t i o n s  h a v i n g  t h e i r  own p rog ramming  s t a f f  may 
v e r y  w e l l  d e v e l o p  and  i n s t a l l  l c c a l  c h a n g e s  o r  s y s t e m  
m o d i f i c a t i o n s  t o  s u i t  t h e i r  s p e c i f i c  n e e d s .  These  p a t c h e s ,  
i n s e r t i o n s  o r  d e l e t i ~ n s  may i n  t ~ l . r n  c a u s e  new d i f f i c u l t i e s  
when f u r t h e r  i n c r e m e n t a l  c h a n g e s  a r e  r e c e i v e d  f rom t h e  
m a n u f a c t u r e r ,  o r  a t  a  l a t e r  d a t e  when a new r e l e a s e  i s  
r e c e i v e d .  The i n e v i t a b l e  c o n s e q u e n c e s  o f  t h e  m a i n t e n a n c e  
p r o c e s s  a p p l i e d  t o  s y s t e m s  i n s t a l l e d  f o r  more t h a n  o n e  u s e r ,  
i s  t h a t  t h e  many i n s t a l l e d  i n s t a n c e s  o f  a s y s t e m  d r i f t  a p a r t .  
! 4 u l t i p l e  v e r s i o n s  o f  s y s t e m  e l e m e n t s  d e v e l o p  t o  encompass  t h e  
v a r i a t i o n s  a n d  c o m b i n a t i o n s  [BEL77b]. Sys tem con f i gura t i on  
management becomes a  m a j o r  t a s k .  Support environments  
[DOL76], [HUT77], [BUX80] t h a t  a u t o m a t i c a l l y  c o l l e c t  a n d  
m a i n t a i n  t o t a l  a c t i v i t y  r e c o r d s  become a n  e s s e n t i a l  t o o l  i n  
programming p r o c e s s  management .  

5 . 7  L i f e  C y c l e  P l a n n i n g  a n d  Management 

S e c t i o n  4 c o n s i d e r e d  o n e  a s p e c t  o f  t h e  p l a n n i n g  p r o c e s s .  The 
p r e c e e d i n g  d i s c u s s i o n ,  w h i l e  p r e s e n t i n g  a  s imp1 i f  i e d  v i e w  of 
t h e  l i f e  c y c l e ,  w i l l  h a v e  made c l e a r  t h e  d i f f i c u l t y  
a s s o c i a t e d  w i t h  l i f  e- t i m e  p l a n n i n g .  I n  r e c e n t  y e a r s  t h e  
p rob l em h a s  r e c e i v e d  much a t t e n t i o n ,  f o r  e x a m p l e ,  two 
m e e t i n g s  d e d i c a t e d  t o  t h e  theme of S o f t w a r e  L i f e  C y c l e  
Management [LEH77b],  [BAS78]. A v a r i e t y  o f  t e c h n i q u e s  h a v e  
b e e n  d e v e l o p e d  t o  i m p r o v e  e s t i m a t i o n  o f  c o s t ,  t i m e  a n d  o t h e r  
r e s o u r c e s  r e q u i r e d  f o r  s o f t w a r e  d e v e l o p m e n t  a n d  m a i n t e n a n c e  
[ [ F E L ~ ~ ] ,  [P UT/7a ] ,  [BOE78a],  [ P A R ~ o ] ,  [ A R O ~ O ] .  These  
t e c h n i q u e s  a r e  b a s e d  o n  e x t r a p o l a t i o n  o f  p a s t  e x p e r i e n c e  a n d  
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t e n d  t o  be a s e l f - f u l f i l l i n g  p r o p h e c y .  I n  g e n e r a l ,  i t  h a s  
n o t  y e t  p r o v e d  p o s s i b l e  t o  d e v e l o p  t e c h n i q u e s  a p r i o r i  
p r o j e c t  r e s o u r c e  e s t i m a t i o n  o n  t h e  b a s i s  o f  o b j e c t i v e  
measu remen t  o f  s u c h  a t t r i b u t e s  a s  a p p l i c a t i o n  c o m p l e x i t y  a n d  
o f  t h e  work  needed  t o  c r e a t e  a s a t i s f a c t o r y  s y s t e m .  
T e c h n i q u e s  s u c h  a s  s o f t w a r e  s c i e n c e  [HAL77], [FIT781 s e e k  t o  
d o  j u s t  t h i s  b u t  t o  d a t e  l a c k  s u b s t a n t i a t i o n  [JOH67] a n d  
i n t e r p r e t a t i o n .  Major  r e s e a r c h  a n d  a d v a n c e s  are r e q u i r e d  i f  
s o f t w a r e  e n g i n e e r i n g  i s  t o  become a s  m a n a g e a b l e  a s  a r e  o t h e r  
e n g i  n e e r i c g  d i s c i p l i n e s ,  t h o u g h  f u n d a m e n t a l l y  t h e  p e c u l i a r  
n a t u r e  o f  s o f t w a r e  [ L E H ~ ~ c ]  w i l l  a l w a y s  l e a v e  i t s  e n g i n e e r i n g  
i n  a c l a s s  o f  i t s  own. 

6  C o n c l u s i o n  

T h i s  p a p e r  h a s  p r e s e n t e d  t h e  c o n c e p t s  a n d  i m p l i c a t i o n s  o f  
e v o l v i n g  p rog rams ,  d y n a m i c s  o f  e v o l u t i o n  a n d  t h e  p rog ram l i f e  
c y c l e .  Through t h i s  i t  h a s  s u p p o r t e d  t h e  v i e w ,  f i r s t  
e x p r e s s e d  i n  Ga rmi sch  [NAU68], b u t  s t i l l  a s  v a l i d ,  t h a t  t h e r e  
i s  a n  u r g e n t  need  f o r  a d i s c i p l i n e  o f  S o f t w a r e  E n g i n e e r i n g .  
T h i s  s h o u l d  f a c i l i t a t e  t h e  c o s t - e f f e c t i v e  p l a n n i n g ,  d e s i g n ,  
c o n s t r u c t i o n  a n d  m a i n t e n a n c e  o f  e f f e c t i v e  p rog rams  t h a t  
p r o v i d e ,  a n d  c o n t i n u e  t o  p r o v i d e ,  v a l i d  s o l u t i o n s  t o  s t a t e d  
( p o s s i b l y  c h a n g i n g )  p r o b l e m s  o r  s a t i s f a c t o r y  i m p l e m e n t a t i o n s  
o f  ( p o s s i b l y  c h a n g i n g )  compu te r  a p p l i c a t i o n s .  

R e c o g n i s i n g  t h e  i n t r i n s i c  n a t u r e  of  p rogram c h a n g e ,  t h e  l a w s  
t h a t  a p p e a r  t o  d e s c r i b e  t h e  d y n a m i c s  o f  t h e  e v o l u t i o n  p r o c e s s  
a n d  t h e i r  t e c h n i c a l  a n d  m a n a g e r i a l  i m p l i c a t i o n s  w e r e  o u t -  
l i n e d ,  a n d  t h e i r  a p p l i c a t i o n  t o  t h e  p l a n n i n g  p r o c e s s  
i l l u s t r a t e d .  I n  t h e n  r e v i e w i n g  t h e  c o n c e p t s ,  s i g n i f i c a n c e  
a n d  p h a s e s  o f  t h e  program l i f e  c y c l e  d e t a i l s  o f  l i f e  c y c l e  
p l a n n i n g  a n d  managment m o d e l s  w e r e  o m i t t e d .  I n  p a r t i c u l a r ,  
c o s t ,  r e s o u r c e  a n d  r e l i a b i l i t y  m o d e l s  [BOE76a], [PAR771 
[MUS80] h a v e  n o t  b e e n  examined .  Nor h a v e  e x a m p l e s  f r o m  t h e  
many s y s t e m s ,  o t h e r  t h a n  s y s t e m  x ,  t h a t  h a v e  been  s t u d i e d ,  
b e e n  p r o v i d e d .  Approaches  t o  p r o c e s s  m o d e l l i n g  b a s e d  o n  
c o n t i n u o u s  m o d e l s  [ R I O T T I ,  [W0070a] h a v e  a s l o  n o t  b e e n  
i n c l u d e d ,  n o r  h a s  t h e  v i t a l  t o p i c  o f  s o f t w a r e  c o m p l e x i t y  
LMcC761, [LEH77al ,  [BEL77al ,  LCHE781, [MUS801, LBEL77cI. 

D e s p i t e  t h i s  l i m i t e d  c o v e r a g e  o f  r e l e v a n t  m a t e r i a l  i t  i s  
hoped  t h a t  t h e  r e a d e r ' s  i n t e r e s t  a n d  c o n c e r n  h a s  been  
a r o u s e d .  U n d e r s t a n d i n g  o f  t h e  u n d e r l y i n g  c o n c e p t s  a n d  
r e c o g n i t i o n  o f  t h e  i m p l i c a t i o n s  s h o u l d  make him p u r s u e  
f u r t h e r  d e t a i l s  i n  t h e  w o r k s  l i s t e d  i n  t h e  r e f e r e n c e s .  Hope- 
f u l l y  h e  w i l l  t h e n  be  e n c o u r a g e d  a n d  e n a b l e d  t o  a p p l y  t h e  
c o n c e p t s  t o  a c h i e v e  more  e f f e c t i v e  s o f t w a r e  p r o j e c t s ,  s y s t e m  
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management a n d  i m p l e m e n t a t i o n .  Through t h i s  h i s  c l i e n t s  w i l l  
a l s o  a c h i e v e  more e f f e c t i v e ,  c o s t - e f f e c t i v e  a n d  c o n t i n u i n g  
compu te r  u s a g e .  

It would  seem t h a t  many of t h e  c o n c e p t s  and  t e c h n i q u e s  
p r e s e n t e d  i n  t h i s  p a p e r  c o u l d  f i n d  w i d e  a p p l i c a t i o n s  o u t s i d e  
t h e  s p e c i f i c  a r e a  of s o f t w a r e  s y s t e m s ,  i n  o t h e r  i n d u s t r i e s  
a n d  t o  s o c i a l  a n d  economic  s y s t e m s .  C l e a r l y  t h e y  c o u l d  n o t  
be  p u r s u e d  h e r e .  
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THE E N VIRONME NT OF PROGRAM DEVELOPMENT AND 
( ' ~ ~ A I N T E N A N C E  - PROGRAMS,  PROGRAMMING AND 

PROGRAMM I N G  SUPPORT* 

1 Programs 

A computer  program may be d e f i n e d  a s : -  

... a  s t a t e m e n t  o f  d a t a  a t t r i b u t e s  and  a s s o c i a t e d  
a l g o r i t h m s  t h a t  c o m p l e t e l y  d e f i n e s  a mechanic.-?. 
p r o c e d u r e  t o  imp lemen t  a  compu te r  a p p l i c a t i o n  o r  t o  
o b t a i n  a  s o l u t i o n  t o  a  problem by e x e c u t i o n  i n  a  
p r e s c r i b e d  e n v i r o n m e n t .  

T h i s  d e f i n i t i o n  h a s  l i m i t a t i n s .  It d o e s  n o t .  f o r  example ,  
a d d r e s s  t h e  q u e s t i o n  o f  w h e t h e r  a  program t h a t  i s  i n c o r r z c t  
o r  i n c o m p l e t e  i n  r e l a t i o n  t o  some problem s t a t e m e n t  i s  t o  be 
c o n s i d e r e d  a  program. T h i s  a l o n e  s u g g e s t s  t h a t  a  more 
comple t e  d e f i n i t i o n  must  be d e v e l o p e d .  The re  i s ,  however ,  a 
more f u n d a m e n t a l  weaknes s .  A s  f o r m u l a t e d ,  t h e  d e f i n i t S . o n  
p r o v i d e s  a  b a s i s  f o r  d e c i d i n g  w h e t h e r  a  g i v e n  symbol s e q u e n c e  
i s  a  program. I n  no way. howeve r ,  d o e s  i t  h e l p  i n  t h e  
c r e a t i o n  o f  a  new program o r  show how t o  mod i fy  a n  e x i s t i n g  
i n s t r u c t i o n  s e q u e n c e  s u c h  t h a t .  i t  becomes a  c o r r e c t  program 
i n  r e l a t i o n  t o  some problem s t a t e m e n t .  Yet t h e  p r ime  problem 
f a c e d  by t h e  compu t ing  community t o d a y  i s  t o  d i s c o v e r  me thods  
and  t o  d e v e l o p  t o o l s  t h a t  f a c i l i t a t e  t h e  creation and 
maintenance o f  f u n c t i o n a l l y  s a t i s f a c t o r y  and  c o s t  e f f e c t i v e  
programs.  

A more s a t i s f a c t o r y  d e f i n i t i o n  may p e r h a p s  be a c h i e v e d  by 
f i r s t  d e f i n i n g  t h e  activity of programming a n d  t h e n  d e f i n i n g  
p rog rams  a s  t h e  o u t p u t  o f  t h a t  p r o c e s s  [LM691 .  To be a b l e  
t o  do this p r e- s u p p o s e s  t h a t  one  knows how b e s t  t o  a p p r o a c h  
t h e  t o t a l  programming p r o c e s s  i n  g e n e r a l ,  o r  t h e  c r e a t i o n  o f  
a  program f o r  a  s p e c i f i c  a p p l i c a t i o n .  i n  p a r t i c u l a r .  B u t ,  
p r e c i s e l y  t h i s  h a s  b e e n  r e c o g n i s e d  a s  t h e  b a s i c  problem of 
t h e  programmifig community f o r  a t  l e a s t  t w e l v e  y e a r s  [NAU69]. 
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C u r r e n t  programming methodology h a s  e v o l v e d  d y n a m i c a l l y  from 
t h e  e x p e r i e n c e s  o f  t h e  p a s t  t h i r t y  y e a r s  and  r e p r e s e n t s  a  
m o t l e y  c o l l e c t i o n  o f  r e l a t i v e l y  i s o l a t e d  m e t h o d o l o g i e s .  
methods  and t e c h n i q u e s .  a s s o c i a t e d  t h r o u g h  a n  e x p e r i e n c e d -  
b a s e d ,  bu t  o t h e r w i s e  a r b i t r a r y  , sequence  o f  much d i s c u s s e d  
p r o c e s s  p h a s e s  [BOE76]. There  d o e s  n o t  e x i s t  a t  p r e s e n t  even  
a  h e u r i s t i c  u n d e r s t a n d i n g  o f  what  i s  really required t o  
t r a n s f o r m  a n  a p p l i c a t i o n  c o n c e p t  i n t o  a  c o r r e c t .  u s a b l e  and  
c o s t - e f f e c t i v e  program. A s y s t e m a t i c  t o t a l  p r o c e s s  (20 .1  ) 
based  o n  a  s c i e n t i f i c  t h e o r y  o f  programming a p p e a r s  r e m o t e .  

The p r e s e n t  p a p e r  r e p r e s e n t s  t h e  b e g i n n i n g s  o f  a n  a t t e m p t  t o  
u n d e r s t a n d  and  d e s c r i b e  t h e  p r o c e s s  as a whole o n  t h e  b a s i s  
o f  t h e  i n t r i n s i c  work t h a t  must  be done i n  c r e a t i n g  a  
program. A s  a  f i r s t  s t e p  we c o n s i d e r  a  program 
c l a s s i f i c a t i o n  scheme named SPE. r e c e n t l y  i n t r o d u c e d  [LEH80]. 

An S-progr~m i s  a  program f o r  which  t h e  a b s o l u t e  c r i t e r i o n  of  
p r o c e s s  c o m p l e t i o n  and program a c c e p t a b i l i t y  i s  s a t i s f a c t i o n  
o f  a  g i v e n  s p e c i f i c a t i o n .  Fo r  a  program t o  be  o f  c l a s s  S,  a  
problem s t a t e m e n t  from which  a  comple t e  and  a u t h o r i t a t i v e  
s p e c i f i c a t i o n  o f  a  program f o r  i t s  s o l u t i o n  must  be p o s s i b l e  
and c a n  be d e r i v e d .  I n  t h e  p a s t  s u c c e s s  i n  c r e a t i n g  p rog rams  
even  s u c h  a s  t h e s e .  h a s  been  d e t e r m i n e d  e x c l u s i v e l y  t h r o u g h  
t e s t  e x e c u t i o n s  o f  t h e  program and i t s  components.  unde r  
c o n d i t i o n s  f o r  which  t h e  c o m p u t a t i o n a l  r e s u l t  c an  be 
p r e c i s e l y  p r e d i c t e d  [G0080]. More r e c e n t l y  t e s t i n g  h a s  been  
p r e c e e d e d  by f o r m a l l y  o r g a n i s e d  program and  code  inspections 
[FAG76]. I n d u s t r y  i n  g e n e r a l  and t h e  m a j o r i t y  o f  programmers 
s t i l l  r e l y  p r i m a r i l y  on  s u c h  p r o c e d u r e s  t o  d e t e r m i n e  t h e  
a c c e p t a b i l i t y  o f  a  program. I f  a  s p e c i f i c a t i o n  e x i s t s  a t  a l l  
i t  is .  a t  most .  u sed  t o  d e t e r m i n e  t h e  s e t  o f  tests t h a t  a r e  
t o  be a p p l i e d .  The p r o c e s s  a s  b r i e f l y  d e s c r i b e d  i s  
i l l u s t r a t e d  i n  F i g u r e  1.  

I n  t h e  l a s t  decade  i t  h a s  been  i n c r e a s i n g l y  r e c o g n i s e d  t h a t  
f o r  a  v a r i e t y  o f  r e a s o n s .  t e s t i n g  i s  a n  u n s a t i s f a c t o r y  b a s i s  
f o r  d e m o n s t r a t i n g  t h e  v e r a c i t y  o f  a  program. A s  D i j k s t r a  
p u t s  i t  ' . . . t e s t i n g  c a n  o n l y  show t h e  p r e s e n c e  o f  f a u l t s  
n e v e r  t h e i r  a b s e n c e '  [DIJ72 ] .  Thus t h e  c o n c e p t  o f  program 
verification h a s  been  i n t r o d u c e d .  Techn iques  a r e  s l o w l y  
b e i n g  d e v e l o p e d  f o r  p r o v i n g  a  program c o r r e c t ,  t h a t  i s  
d e m o n s t r a t i n g  t h a t  i t  c o m p l e t e l y  s a t i s f i e s  i t s  s p e c i f i c a t i o n .  

20.1 (Eds) Now referred to as a 'coherent process'. 
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Techniques f o r  ach iev ing  and demonstrat ing c o r r e c t n e s s  
progress ive ly  dur ing  the  process  of program development 
[DIJ78] u s i n g  f o r  example techniques  such a s  program 
a s s e r t i o n .  [HOA69] w i l l  prove even more s i g n i f i c a n t  i n  t he  
fu tu r e .  

I n  essence any program c o r r e c t n e s s  proof demonstrates  
equivalence.  i n  some sense ,  between t he  program and i t s  
s p e c i f i c a t i o n ;  no s p e c i f i c a t i o n .  no proof.  Thus s i n c e  by 
d e f i n i t i o n  a n  S-program must have a  formal s p e c i f i c a t i o n ,  t h e  
property of ' c o r r e c t n e s s t  ( i f  p r e s e n t )  i s  i n h e r e n t l y  
demonstrable. though the  proof may not be known. The S- 
program process  may be r ep re sen t ed  a s  i n  F igure  2. The 
s t r i k i n g  change i n  comparison t o  F igure  1 i s  t h a t  t he  
comparison o f  d a t a  der ived  from the  problem d e s c r i p t i o n  wi th  
t h a t  from program execu t ion  i s  rep laced  by c a l c u l a b l e  
verification of t h e  program t e x t  by i t s  d e r i v a t i o n  from the  
authoritative s p e c i f i c a t i o n .  

PROBLEM 

FORMAL STATEMENT 

PROGRAM SPECIFICATION i 
UNIVERSE 

PROGRAM 9 
SOLUTION r-l 

Figure  1: S-Program T r a d i t i o n a l  Approach 
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----- -  

FORMAL STATEMENT 

UNIVERSE 

CHANGE - VERIFICATION 1:1-0 

SOLUTION 1 - 
F i g u r e  2: S-Program V e r i f i c a t i o n  

It may happen t h a t  t h e  problem t o  be s o l v e d  i s  n o t  j u s t  of 
i n t e l l e c t u a l  i n t e r e s t ,  but  r e l a t e s  t o  some r e a l  world  
phenomenon. I n  t h a t  e v e n t  t h e  s o l u t i o n  may be found t o  be 
u n s a t i s f y i n g ,  even after t h e  program h a s  been proven c o r r e c t .  
When t h i s  happens t h e  problem s t a t e m e n t  must be i n c o r r e c t  i n  
some a s p e c t  o r ,  assuming no d e r i v a t i o n  e r r o r s ,  i n a p p r o p r i a t e .  
It d o e s  n o t  r e p r e s e n t  t h e  s i t u a t i o n  of  c u r r e n t  concern.  Thus 
a new problem s t a t e m e n t  and s p e c i f i c a t i o n  must be produced 
and from them a new program d e r i v e d .  It may be t h a t  t h e s e  
a r e  a l l  ach ieved  by p e t u r b a t i o n  o r  e x t e n s i o n  o f  t h e  o r i g i n a l  
v e r s i o n s ,  but  n e v e r t h e l e s s  they  r e p r e s e n t  t h e  i m p l i c i t  
d e f i n i t i o n  and d e r i v a t i o n  of  a  new program. 

The p r o c e s s  o f  e v a l u a t i n g  a  program i n  r e l a t i o n  t o  t h e  u s e r s '  
needs i s  termed validation, and we may now view t h e  g e n e r a l  
p r o c e s s  a s  i n  F i g u r e  3 .  V e r i f i c a t i o n  and v a l i d a t i o n  and 
t h e i r  r e l a t i o n s h i p ,  t o  one a n o t h e r  and t o  t h e  programming 
p r o c e s s  a r e  f u r t h e r  d i s c u s s e d  below. 

P-programs a r e  d e f i n e d  t o  d i f f e r  from S-programs i n  t h a t  
t h e i r  s a t i s f y i n g  a  s p e c i f i c a t i o n  can  u l t i m a t e l y  no t  be 
a c c e p t e d  as t h e  c r i t e r i o n  o f  v a l i d i t y .  T h i s  o c c u r s  when, f o r  
example, s o l u t i o n s  t o  t h e  problem t h a t  they  d e f i n e  a r e  t o  be 
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used  i n  some a p p l i c a t i o n .  It i s  t h e  relevance o f  t h e  
c o m p u t a t i o n a l  o u t p u t  i n  t h e  domain of  c o n c e r n  t h a t  i s  
d e c i s i v e .  P r o v a b l e  s a t i s f a c t i o n  o f  a  s p e c i f i c a t i o n ,  w h i l s t  
e n c o u r a g i n g  f o r  t h e  programmer,  may w e l l  be  i r r e l e v a n t  if t h e  
s p e c i f i c a t i o n  i s  i n a d e q u a t e .  

I n  t h i s  s i t u a t i o n ,  i l l u s t r a t e d  by F i g u r e  4 ,  one c a n n o t  e x p e c t  
t o  a c h i e v e  a n  a c c e p t a b l e  program w i t h o u t  some i t e r a t i o n .  The 
problem a n a l y s i s  w i l l  a l m o s t  c e r t a i n l y  be i n c o m p l e t e ;  w i l l  
f o r  example  make u n j u s t i f i e d  a s s u m p t i o n s  o r  a p p r o x i m a t i o n s  i n  
i t s  a b s t r a c t i o n  o f  t h e  env i ronmen t .  One may a l s o  w i s h  o r  
need t o  change  t h e  program i m p l e m e n t a t i o n  t o  a c h i e v e  more 
e f f e c t i v e  o r  c o s t - e f f e c t i v e  problem s o l u t i o n .  Changes w i l l  
s u g g e s t  t h e m s e l v e s  a s  t h e  program i s  e x e c u t e d ,  t h a t  i s ,  a s  i t  
i s  v a l i d a t e d  i n  t e s t  e x e c u t i o n s  o r  i n  a c t u a l  u s e ;  a s  a  better 
understanding is acquired of the real problem to be solved. 
The c o n s e q u e n t  a d a p t a t i o n s  a r e  a p p l i e d  i t e r a t i v e l y  and must  
t a k e  t ime .  A s  t h e  p r o c e s s  p r o c e e d s  t h e  u n i v e r s e  t o  which t h e  
problem s t a t e m e n t  r e f e r s  i s  i t s e l f  l i k e l y  t o  change .  That  
change  t o o  i s  l i k e l y  t o  demand o r  p r o v i d e  o p p o r t u n i t y  f o r  
change  t o  t h e  problem s t a t e m e n t  and  hence  t o  t h e  program. 
The program w i l l  t e n d  t o  unde rgo  e x t e n s i v e ,  if n o t  
c o n t i n u i n g ,  change .  

I n  t h i s  c a s e  one m i g h t  a l s o  t a k e  t h e  view t h a t  s u c c e s s i v e  
programs a r e  new programs r e f l e c t i n g  p rob lems  d i f f e r e n t  t o  
t h a t  o r i g i n a l l y  s t a t e d .  However, s i n c e  t h e  b a s i c  problem 
b e l o n g s  t o  a  c l a s s  t h a t  r e l a t e s  t o  a c t u a l  n e e d s  a s  u l t i m a t e l y  
e x p e r i e n c e d  i n  p r a c t i c e ,  r a t h e r  t h a n  b e i n g  p r i m a r i l y  of 
i n t e l l e c t u a l  i n t e r e s t ,  i t  i s  more r e a l i s t i c  t o  s e e  t h e  
p r o c e s s  a s  a  g r a d u a l  a p p r o a c h  t o  t h e  i d e n t i f i c a t i o n s  and 
f o r m u l a t i o n  o f  t h e  problem a n d  i t s  s o l u t i o n .  The r e s u l t a n t  
P-program i s  b e s t  v iewed a s  e v o l v i n g  r a t h e r  t h a n  a s  a  
s equence  o f  new programs.  

F i n a l l y  we c o n s i d e r  t h e  d e f i n i n g  c h a r a c t e r i s t i c  o f  E- 
programs. These  implement  a p p l i c a t i o n s  t h a t  i n  some s e n s e  
c o n t r o l  a c t i v i t i e s  and  o r  e v e n t s  i n  t h e  e n v i r o n m e n t s  w i t h i n  
which  they  a r e  embedded and  e x e c u t e d .  Tha t  i s ,  a n  E-program 
i s  i t s e l f  a  p a r t  o f  t h e  u n i v e r s e  t h a t  i t  bo th  mode l s  and  
c o n t r o l s .  I m p l i c i t l y  a t  l e a s t ,  i t  c o n t a i n s  a  model  o f  i t s e l f  
o r  r a t h e r  of  i t s  i t e r a c t i o n s  w i t h  i t s  o p e r a t i o n a l  
e n v i r o n m e n t .  F i g u r e  5 i l l u s t r a t e s  t h e  b a s i c  c l o s e d  l o o p  t h a t  
i s  i n t r i n s i c  t o  t h e  development  and u s e  o f  E- programs.  

I n  o r d e r  t o  s p e c i f y  t h e  p r o p e r t i e s  o f  a n  E-program t h a t  i s  t o  
be d e v e l o p e d  o r  m o d i f i e d ,  one must  t h e r e f o r e  p r e d i c t  i t s  
i m p a c t  o n  i t s  o p e r a t i o n a l  e n v i r o n m e n t  and  o n  t h e  p e o p l e  who 
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a r e  t o  w o r k  w i t h  i t .  The d e s i g n e r  m u s t  p e r c e i v e  t h e  
a p p l i c a t i o n  a c t i v i t y  a n d  t h e  e n v i r o n m e n t  w i t h i n  w h i c h  i t  
o c c u r s  a s  t h e y  u ~ Z Z  be o n c e  t h e  s y s t e m  h a s  b e e n  i m p l e m e n t e d  
a n d  i n s t a l l e d .  The p e r c e p t i o n  c a n n o t  be  p r e c i s e ,  t h e  
p r e d i c t i o n  c a n n o t  be  p e r f e c t  a n d  s y s t e m  v a l i d a t i o n  w i l l  
i n e v i t a b l y  r e s u l t  i n  a  s e r i e s  o f  c h a n g e s  t o  t h e  s y s t e m .  The 
s y s t e m  must e v o l v e ,  c h a n g i n g  t h e  o p e r a t i o m i  e n v i r o n m e n t  a s  
i t  d o e s  s o  by v i r t u e  o f  i t s  b e i n g  embedded i n  a n d  t h e r e f o r e  a  
p a r t  o f  t h a t  e n v i r o n m e n t .  T h a t  c h a n g e  i n  t u r n ,  g e n e r a t e s  
f u r t h e r  e v o l u t i o n a r y  p r e s s u r e .  The p r o c e s s  o f  c h a n g e  a n d  
e v o l u t i o n  i s  n e v e r  e n d i n g ,  t h e  a 1  t e r n a t i v e  b e i n g  i n c r e a s i n g  
i n e f f e c t i v e n e s s  a n d  u l t i m a t e  o b s o l e s c e n c e .  

I n  p a s s i n g  we n o t e  t h a t  i n  f a c t  a l l  n a t u r a l  a n d  a r t i f i c i a l  
s y s t e m s  e v o l v e  [SIM69]. However ,  b e c a u s e  o f  t h e  t i g h t  
c o u p l i n g  o f  c o m p u t e r  a p p l i c a t i o n s  a n d  o f  s o f t w a r e  w i t h  
humans,  s o c i e t y  a n d  t h e i r  a c t i v i t i e s ,  a n d  b e c a u s e  o f  t h e  
s u p e r f i c i a l l y  a p p a r e n t  s i m p l i c i t y  o f  t h e  p r o c e s s  o f  p rogram 
c h a n g e ,  t h e  r a t e  o f  s o f t w a r e  e v o l u t i o n  i s  v e r y  h i g h ,  
a b s o l u t e i y  a n d  r e l a t i v e  t o  t h e  p r o f e s s i o n a l  l i f e - t i m e  o f  
p r a c t i t i o n e r s .  Hence t h e r e  a r i s e s  t h e  i m p r e s s i o n  a n d  r e a l i t y  
o f  c o n t i n u i n g  c h a n g e  w i t h  a l l  i t s  i m p l i c a t i o n s  o n  
e f f e c t i v e n e s s ,  r e l i a b i l i t y  a n d  c o s t .  

A p rogramming  m a n a g e r ' s  p r i n c i p l e  f u n c t i o n  i s ,  i n  a  v e r y  
g e n e r a l  s e n s e ,  t h e  management  o f  e v o l u t i o n a r y  c h a n g e .  The 
c h a r a c t e r i s t i c s  o f  p rogram e v o l u t i o n  a h v e  b e e n  e x t e n s i v e l y  
s t u d i e d  i n  r e c e n t  y e a r s ,  [LEH80], [BELT71 a n d  t h e y  a r e  n o t  
f u r t h e r  d i s c u s s e d  h e r e .  I n s t e a d  we r e c o g n i  s e  t h a t  p rogram 
e v o l u t i o n  i s  t h e  v i s i b l e  r e s p o n s e  o f  a  c l o s e d - l o o p  f e e d b a c k  
s y s t e m .  The s t a b i l i t y  and  r a t e  o f  c h a n g e  o f  t h a t  e v o l u t i o n  
i s  a  c o n s e q u e n c e  o f  t h e  p h e n o m e n o l o g i c a l  n a t u r e  o f  t h a t  l o o p ,  
o f  t h e  z h a r a c t e r i s t i c s  o f  p r o g r a m  c r e a t i o n  a n d  t h e  p r o c e s s e s  
w h e r e b y  t h i s  i s  a c h i e v e d .  A l l  o f  t h e s e  n e e d  t o  be  b e t t e r  a n d  
more f u n d a m e n t a l l y  u n d e r s t o o d  t h a n  i s  p r e s e n t l y  t h e  c a s e .  We 
p u r s u e  t h i s  u n d e r s t a n d i n g  i n  t h e  r e m a i n d e r  o f  t h e  p a p e r .  

2 The S t a t e - o f - t h e - A r t  i n  Programming  S u p p o r t ;  
F o r e s e e a b l e  D e v e l o p m e n t s  

C o n t i n u i n g  e v o l u t i o n  m u s t  i n  p r a c t i c e ,  be  a c h i e v e d  by a  
s e q u e n c e  o f  a c t i v i t i e s  a s  d i s c u s s e d  be low.  To d i r e c t  a n d  
c o n t r o l  t h e  r e s u l t a n t  p r o c e s s  o v e r  t h e  l i f e t i m e  o f  a  s y s t e m  
r e q u i r e s  a b i l i t i e s  a n d  f a c i l i t i e s  a b o v e  a n d  beyond  t h o s e  
n e e d e d  f o r  t h e  d e s i g n  a n d  i m p l e m e n t a t i o n  o f  d a t a  s t r u c t u r e s ,  
p r o g r a m  s t r u c t u r e s  a n d  c o d e  s e q u e n c e s .  It i s  r e c o g n i t i o n  o f  
t h i s  f a c t  t h a t  h a s  g e n e r a t e d  t h e  w i d e  c u r r e n t  i n t e r e s t  i n  
p rogramming  s u p p o r t  t o o l s  a n d  e n v i r o n m e n t s  - PSE1s.  
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The s t a t e  of  t h e  a r t  i n  programming s u p p o r t  s y s t e m s  s e e s  them 
a s  h a v i n g  two pr ime f u n c t i o n s .  I n  t h e  f i r s t  p a l c e  t h e y  
p r o v i d e  documen ta t ion  c a p a b i l i t y  e q u i v a l e n t  t o  t h e  r e c o r d s ,  
b l u e  p r i n t s ,  c a r d  i n d e x e s ,  f i l i n g  c a b i n e t s ,  t y p i s t s  and 
f i l i n g  and r e t r i e v a l  c l e r k s  found i n  e v e r y  c o n v e n t i o n a l  
e n g i n e e r i n g  p r o j e c t .  The s p e c i a l  power o f  t h e  computer i s  
t h e n  t o  be a b l e  t o  p r o v i d e  a d d i t i o n a l  c a p a b i l i t i e s  f o r  
r e l a t i n g  e n t r i e s  t o  each  o t h e r ,  f o r  a u t o m a t i c  s e a r c h i n g ,  
s o r t i n g  and s e l e c t i o n  and f o r  s e l e c t i v e  p r e s e n t a t i o n .  
Secondly ,  i t  c a n  i n c l u d e  a  v a r i e t y  of  s o f t w a r e  t o o l s  f o r  
c r e a t i n g ,  c h e c k i n g ,  e d i t i n g ,  c o n v e r t i n g  ( c o m p i l i n g ,  
i n t e r p r e t i n g ,  a s s e m b l i n g )  and l i n k i n g  sys tem r e q u i r e m e n t s ,  
s p e c i f i c a t i o n s  and program t e x t  and s u b m i t t i n g  t h e  l a t t e r  f o r  
e x e c u t i o n .  Tha t  i s ,  t h e  env i ronmen t  c a n  c o n t a i n ,  i n t e g r a t e  
and a s s o c i a t e  w i t h  i t s  d a t a  c o l l e c t i o n  and f i l i n g  c a p a b i l i t y  
a l l  t h o s e  programming t o o l s  p r e v i o u s l y  s e e n  by t h e  programmer 
a s  i s o l a t e d  a i d s  t o  program d e f i n i t i o n ,  c o n s t r u c t i o n ,  
v a l i d a t i o n ,  s u b m i s s i o n ,  documen ta t ion  and m a i n t e n a n c e .  

There  e x i s t  p r o p r i e t o r y  s y s t e m s  t h a t  p r o v i d e  a d d i t i o n a l  
f a c i l i t i e s  [DOL76], [FIUTj'g]. B a s i c a l l y ,  however,  t h e  
p u b l i s h e d  work o n  programming e n v i r o m e t s  r e f l e c t s  o n l y  a  
l i m i t e d  advance  i n  programming methodology,  s y s t e m s  
e n g i n e e r i n g  and p r o j e c t  p l a n n i n g .  I n  a d d i t i o n  t o  t h e  
p r o v i s i o n  of  d a t a- b a s e  f a c i l i t i e s  t h a t  p r o v i d e  a  permanent 
r e c o r d  o f  a l l  a c t i v i t i e s  i n  r e l a t i o n  t o  e v o l v i n g  programs,  
env i ronmen t s  a r e  now viewed a s  i n t e g r a t e d  t o o l  k i t s  t h a t  
au tomate  and r e l a t e  what  were  p r e v i o u s l y  r e g a r d e d  as 
i n d i v i d u a l  manual m e t h o d o l o g i e s  and t o o l s ;  f a c i l i t i e s  s u c h  as 
program e n t r y ,  e d i t i n g ,  t r a n s l a t i o n  and l o a d i n g ,  p r e v i o u s l y  
viewed a s  l a r g e l y  i n d e p e n d e n t .  

The new Stoneman proposal .  [BUX80] c o l l e c t s ,  c o n s o l i d a t e s  and 
harmonises  c u r r e n t  c o n c e p t s  t o  p r e s e n t  a n  env i ronmen t  
d e f i n i t i o n  t h a t  i s  mean ingfu l  and r e a l i s t i c  i n  t h e  c o n t e x t  of 
t h e  s t a t e  of  t h e  a r t .  It d o e s  n o t ,  however,  c a l l  f o r  m a j o r  
e x t e n s i o n s  o f  c u r r e n t  t e c h n i q u e s  o r  f o r  t h e  i n v e n t i o n  and 
p r a c t i c a l  development  o f  new c o n c e p t s  o r  of  o l d  c o n c e p t s  
a p p l i e d  i n  new ways o r  on a new s c a l e .  Tha t  i s  a s  i t  s h o u l d  
be .  The Ada r e q u i r e m e n t  f o r  t h e  n e x t  y e a r s  i s  f o r  
m e t h o d o l o g i e s  and s u p p o r t  s y s t e m s  t h a t  work and work 
e f f e c t i v e l y .  They must  a c h i e v e  more e f f e c t i v e ,  r e s p o n s i v e  
and c o s t - e f f e c t i v e  development  and ma in tenance  of  s o f t w a r e  
f o r  embedded s y s t e m s  even  i f ,  f o r  t h e  moment, t h e y  do n o t  
a t t a i n  t h e  maximum advance  t h a t  t echno1  ogy c o u l d  o f f e r .  

Bu t  t h e r e  a l r e a d y  e x i s t  much b r o a d e r  ~ r i e w s  of t h e  p o t e n t i a l  
f o r  and sf progrsmrni nf; 3r.d s o f  ?w::re e n g i n e e r i n g  development  
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me thods ,  t e c h n i q u e s  and  t o o l s  and  t h e i r  i n t e g r a t i o n  i n t o  a 
s u p p o r t  s y s t e m  o r  e r , v i ronmen t  [ L E H 8 0 ] .  The v i e w s  r e p r e s e n t  a 
c o n c e p t u a l  g e n e r a l i s a t i o n  wh ich  s e e s  t h e  e n v i r o n m e n t  as  
p r o v i d i n g  a22 t h e  s u p p o r t  a n d  f u l f i l l i n g  a l l  t h e  f u n c t i o n s  
t h a t  a r e  p r o v i d e d  by t h e  t ~ t a l  i n d u s t r i a l  comp lex  i n  
m a n u f a c t u r i n g  i n d u s t r i e s .  D e s i g n  and  d r a w i n g  o f f i c e s ,  t o o l  
rooms,  mach ine  s h o p s ,  component  s t o r e s ,  t e s t  l a b o r a t o r i e s ,  
f o r  e x a m p l e ,  p r o v i d e  e s s e n t i a l  y e t  u n o b t r u s i v e  s u p p o r t  f o r  
t h e  p r o d u c t i o n  l i n e  t h a t  p r o d u c e s  t h e  m a r k e t a b l e  a r t i f a c t .  
I n  many i n d u s t r i e s  t h e s e  i n d i r e c t  s u p p o r t  f a c i l i t i e s  a b s o r b  a  
m a j o r  p a r t  o f  c o r p o r a t e  e x p e n d i t u r e .  They may be  set up  a s  
s e p a r a t e ,  s e m i - i n d e p e n d e n t ,  e n t i  t ies  b e c a u s e  i n t e r a c t i o n  
b e t w e e n  them o c c u r  a t  i n t e r v a l s  measu red  i n  d a y s  and  weeks .  
Fo r  s o f t w a r e  p r o d u c t i o n ,  t h e  l e v e l  a n d  r a t e  o f  human 
i n t e r a c t i o n  w i t h  t h e  p r o c e s s  i s  less m a t e r i a l ,  more f r e q u e n t  
a n d  less  v i s i b l e .  The o n l y  e f f e c t i v e  way f o r  t h e  p r o v i s i o n  
o f  a n a l o g o u s  s u p p o r t  i s ,  t h e r e f o r e ,  t h r o u g h  t h e  c r e a t i o n  o f  
a n  i n t e g r a t e d ,  c o m p u t e r i s e d  s y s t e m  t h a t  a u t o m a t i c a l l y  r e c o r d s  
a l l  e v e n t s  and  p r o v i d e s  i m m e d i a t e l y  a c c e s s i b l e  s u p p o r t  
f a c i l i t i e s  and  t o o l s  a s  r e q u i r e d .  

Some a s p e c t s  and  i m p l i c a t i o n s  o f  t h i s  new view a r e  d i s c u s s e d  
be low.  They i n c l u d e  a t  t h e  o n e  e x t r e m e ,  t e c h n o l o g i e s  t h a t  
are c u r r e n t l y  b e i n g  e x p l o r e d  i n  i s o l a t i o n  b u t  t h a t  may be  
v i s u a l i s e d  a s  b e i n g  i n t e g r a t e d  i n t o ,  a n d  a p p l i e d  w i t h i n ,  t h e  
f ramework  o f  a  p rog ramn ing  s u p p o r t  e n v i r o n m e n t .  A t  t h e  o t h e r  
e x t r e m e ,  t h e r e  a r e  t h e  c o n c e p t s  and  t h e  m e t h o d o l o g i c a l  
p o t e n t i a l  t h a t  a r i s e s  f rom a  r e c o g n i t i o n  o f  t h e  i n a d e q u a c i e s  
o f  t h e  c u r r e n t  s o f t w a r e  e n g i n e e r i n g  p r o c e s s  a n d  o f  t h e  
c u r r e n t  v i e w  o f  t h e  r o l e  o f  t h e  compu te r  a s  a  p rogramming a n d  
s o f t w a r e  e n g i n e e r i n g  s u p p o r t  t o o l .  T h i s  l e a d s  t o  a n  
i n t e g r a t e d  v i ew  o f  t h e  t o t a l  p r o c e s s  a s  t h e  t r a n s f o r m a t i o n  
a n d  c o n t i n u i n g  a d a p t a t i o n  o f  a n  a p p l i c a t i o n  p o t e n t i a l  w i t h  
s t a t e d  r e q u i r e m e n t s  i n t o  a s y s t e m  t h a t  i s  m a i n t a i n e d  
s a t i s f a c t o r i l y  as  t h e  o p e r a t i o n a l  and  t e c h n o l o g i c a l  
e n v i r o n m e n t  and  t h e  e x p e r i e n c e  b a s e  change .  It l e a d s  
d i r e c t l y  t o  t o  r e c o g n i t i o n  o f  t h e  compu te r  a s  t h e  b a s i c  
s u p p o r t  t o o l  and  deve lopmen t  e n v i r o n m e n t .  

3 Comput ing  A p p l i c a t i o n  Development  

The p r o c e s s  o f  i m p l e m n t i n g  a  compu te r  a p p l i c a t i o n  by c r e a t i n g  
o r  e n h a n c i n g  a  s o f t w a r e  s y s t e m  c o n s i s t s  o f  s e v e r a l  o v e r l a p p e d  
a n d  i t e r a t i v e  p h a s e s  t h a t  i n c l u d e  a c t i v i t i e s  s u c h  a s  
r e q u i r e m e n t s  a n a l y s i s ,  s p e c i f i c a t i o n ,  d e s i g n ,  i m p l e m e n t a t i o n ,  
component  tes t ,  i n t e g r a t i o n  and  s y s t e m  test [LEH80] .  The 
s e q u e n t i a l  a c t i v i t i e s  when i t e r a t i v e l y  e x e c u t e d  u l t i m a t e l y  
p r o d u c e  t h e  e x e c u t a b l e  code  and  t h e  accompany ing  
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documen ta t ion  t h a t  compr i se  t h e  i n i t i a l  p r o d u c t .  
S u b s e q u e n t l y ,  a  ma in tenance  phase  d i r e c t s  and c o n t r o l s  sys t em 
e v o l u t i o n .  

A common view o f  t h e s e  phased  p r o c e s s e s  s e e s  e a c h  a s  a  
d i s c r e t e  e n t i t y  h a v i n g  o u t p u t  produced by a n  a p p r o p r i a t e  
methodology.  Tha t  o u t p u t  t h e n  f o r m s  p a r t  of  t h e  i n p u t  t o  t h e  
nex t  phase .  The a p p l i c a t i o n  c o n c e p t  a s  d e t a i l e d  by t h e  
p o t e n t i a l  u s e r  c o n s t i t u t e s  t h e  i n p u t  t o  t h e  f i r s t  phase .  
I n  a d d i t i o n  each phase  s h o u l d  r e s u l t  i n  documented r e c o r d s  
t h a t  p r o v i d e  a  f a c t u a l  h i s t o r i c  r e c o r d  o f  t h e  o b j e c t i v e s ,  
c o n s i d e r a t i o n s ,  d e c i s i o n s  and a c t i o n s  t h a t  u n d e r l i e  t h e  
d e s i g n  and c o n s t r u c t i o n  o f  phase- produc t s .  I n  p r a c t i c e ,  o f  
c o u r s e ,  t h e r e  w i l l  be c o n s i d e r a b l e  d e v i a t i o n  from t h i s  i d e a l ,  
i n  p a r t i c u l a r ,  o v e r l a p  and i t e r a t i o n  between phases .  

There e x i s t s ,  however,  a n  a l t e r n a t i v e  v i e w p o i n t ;  f i rs t  
e x p r e s s e d  by Z u r c h e r  and R a n d e l l  i n  1968 LZUR681. The t o t a l  
programming p r o c e s s  i s ,  o r  i s  e q u i v a l e n t  t o ,  a  s e r i e s  o f  
t r a n s f o r m a t i o n s  o f  represen ta t iona2  models .  These 
t r a n s f o r m a t i o n s  i n v o l v e  d i s t i n c t  c o n c e p t u a l  l e v e l s  a s  
e x e m p l i f i e d  i n  F i g u r e  6. Degene ra t e  c a s e s  w i t h  l e s s  t h a n  
t h a t  number of l e v e l s  do o c c u r  b u t  t h e  p r e c i s e  number i s  o f  
no consequence  f o r  p r e s e n t  c o n s i d e r a t i o n s .  

The model a t  any one c o n c e p t u a l  l e v e l  w i l l  e s s e n t i a l l y  
c o n t a i n  a l l  t h e  d e t a i l  r e l e v a n t  a t  t h a t  l e v e l .  O f t e n  one  
w i l l  wish  t o  examine mode l s  w i t h  much o f  t h e  d e t a i i  obscu red ,  
d i s p l a y i n g  o n l y  t h o s e  a s p e c t s  t h a t  a r e  of i n t e r e s t  a t  t h a t  
moment. S u b s e q u e n t l y ,  one w i l l  w i sh  t o  d i s p l a y  o r  add 
f u r t h e r  d e t a i l .  Thus, t h e  r e p r e s e n t a t i o n a l  mode l s  s h o u l d  
themse lves  be c o n s t r u c t e d  t o  r e f l e c t  l e v e l s  o f  d e t a i l .  The 
s u p p o r t  env i ronmen t  may t h e n  c o n t a i n  t h e  e q u i v a l e n t  of  a  zoom 
l e n s  t o  p e r m i t  a n  ove rv iew of  any of  t h e  c o n c e p u t a l  l e v e l s  
and  t h e n  t h e  a d d i t i o n  o f  d e t a i l s  a s  t h e s e  a r e  d e s i r e d .  

With c u r r e n t  and f o r s e e a b l e  methods  t h e  t r a n s f o r m a t i o n  
p r o c e s s  must  i n v o l v e  i t e r a t i o n .  I n  t h e  a b s e n c e  o f  a  t h e o r y  
s p a n n i n g  t h e  t o t a l  p r o c e s s ,  r e v e r s i o n s  t o  h i g h e r  l e v e l  models  
must  occur  a s  t h e  development  and e v a l u a t i o n  o f  l o w e r  l e v e l  
o n e s  i d e n t i f i e s  changes  i n  o r  a d d i t i o n s  t o  them and t h e n c e  t o  
h i g h e r  l e v e l  models .  The r e s u l t a n t  i t e r a t i o n s  may s p a n  any  
number o f  models  from n e i g h b o u r i n g  p a i r s  t o  t h e  e n t i r e  
s equence .  F i g u r e  7 t r i e s  t o  i l l u s t r a t e  t h i s  g e n e r a l i t y  by 
s u g g e s t i n g  t h a t  a 1  t e r n a t i v e  v e r s i o n s  of  each  model a r e  
c o n c e i v a b l e  a t  e a c h  l e v e l .  The i t e r a t i v e  d e s i g n  p r o c e s s  
c o n s i s t s  o f  a c h i e v i n g  a n  optimum t r a j e c t o r y  f o r  t h e  t o t a l  
t r a n s f o r m a t i o n  p r o c e s s .  With p r e s e n t  methods  t h i s  i n v o l v e s  
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F i g u r e  6: L e v e l s  o f  t h e  Development P r o c e s s  

s u c c e s s i v e  p e r t u r b a t i o n s  t o  ne ighbour ing  models ;  h o r i z o n t a l l y  
a t  any one l e v e l  o r  d i a g o n a l l y  between l e v e l s ,  a s  i l l u s t r a t e d  
i n  F i g u r e  7.  

I n  t h e  l o n g  term i t  seems l i k e l y  t h a t ,  a t  l e a s t  f o r  c e r t a i n  
c l a s s e s  of  a p p l i c a t i o n s ,  t h a t  once t h e  r e q u i r e m e n t s  model h a s  
been e s t a b l i s h e d ,  subsequen t  t r a n s f o r m a t i o n s  c a n  be l i n k e d  
and mechanised. A t  most they  shou ld  r e q u i r e  o n l y  o c c a s s i o n a l  
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human i n t e r v e n t i o n .  Indeed  l i m i t e d  t r a n s f o r m a t i o n  s y s t e m s  
[ D A R T 9 1  o r ,  s y s t e m s  t h a t  p roduce  e x e c u t a b l e  code f rom 
specifications e x p r e s s e d  i n  p r e d i c a t e  l o g i c  [ K O W 7 9 ]  a l r e a d y  
e x i s t .  

For  t h e  g e n e r a l  c a s e ,  however,  human a s s e s s m e n t ,  
i n t e r p r e t a t i o n ,  g u i d a n c e  and d e c i s i o n  w i l l  b e  r e q u i r e d  d u r i n g  
m o s t ,  i f  n o t  a l l ,  o f  t h e s e  t r a n s f o r m a t i o n s .  T h i s  r e q u i r e s  
t h e  p e r s o n ( s )  i n v o l v e d  t o  f u l l y  u n d e r s t a n d  s y s t e m  and p r o c e s s  
o b j e c t i v e s .  S a t i s f a c t i o n  i n  t h i s  c o n t e x t  w i l l  have  many 
a s p e c t s  ; s t r u c t u r e ,  c o r r e c t n e s s ,  u n d e r s t a n d a b i l i t y ,  
pe r fo rmance ,  r e l i a b i l i t y ,  p r o j e c t e d  c o s t s ,  e a s e  ( o r  
o t h e r w i s e )  o f  f u r t h e r  c o n t i n u a t i o n  o f  p r o c e s s  and s o  on.  
Tha t  i s ,  p r o g r e s s  t h r o u g h  t h e  p r o c e s s  mus t  be g u i d e d  by t h e  
f e a s i b i l i t y ,  and f u n c t i o n a l  and  economic  a c c e p t a b i l i t y ,  of  
wha t  h a s  been  c r e a t e d  s o  f a r ,  and i t s  p r o t e n t i a l  f o r  f u t u r e  
development .  

Two c l a s s e s  o f  a c t i v i t y  a r e  i n v o l v e d  i n  t h i s  a s s e s s m e n t  o f  
e a c h  r e p r e s e n t a t i o n a l  mode l ;  verification and  validation. We 
n o t e  t h a t  t h e s e  s e p a r a t e  c o n c e r n s  r e p l a c e  t h e  u n i f i e d  
c o n c e p t s  o f ,  f o r  example ,  i n s p e c t i o n  o f  a  d e s i g n  o r  t e s t i n g  
o f  a  program. 

V e r i f i c a t i o n  w i l l  a d d r e s s  t h e  consistency and  completeness of 
e a c h  model  b o t h  i n  i t s e l f  2nd i n  r e l a t i o n  t o  i t s  p a r e n t  o r  
s o u r c e  m o d e l s ;  t h a t  i s  t h e  correctness of t h e  t r a n s f o r m a t i o n  
p r o c e s s  and t h e  d e t a i l  t h a t  h a s  been  a d d e d ,  and  t h e r e f o r e  o f  
t h e  model i t s e l f .  Such v e r i f i c a t i o n  w i l l ,  i n  t h e  f u t u r e ,  be 
i n c r e a s i n g l y  b a s e d  o n  f o r m a l  t e c h n i q u e s  r e q u i r i n g  f o r m a l  
r e p r e s e n t a t i o n  o f  t h e  mode l s  and t h e  t r a n s f o r m a t i o n  
p r o c e s s e s .  Moreover,  t o o l s  t o  s u p p o r t  t h i s  a c t i v i t y  w i l l  
become a n  i m p o r t a n t  component o f  PSEs. 

V a l i d a t i o n ,  o n  t h e  o t h e r  hand ,  i s  a  judgemental a c t i v i t y  
based  o n  measurement and human a s s e s s m e n t  of  eXPected 
effecti~eness, usability, value and  cost effectiveness i n  t h e  

operational env i ronmen t .  Thus i t  i s  i n t r i n s i c a l l y  
p r e d i c t i v e , h a v i n g  t o  be based  o n  i n c o m p l e t e  and i m p r e c i s e  
metric models o f  t h e  f u t u r e  o p e r a t i o n a l  env i ronmen t  a s  i t  
w i l l  be a f t e r  i n s t a l l a t i o n  and  d u r i n g  u s e  o f  a n ,  a s  y e t  non- 
e x i s t e n t  sys t em [LEH80]. Key q u e s t i o n s  t o  be answered  must  
a d d r e s s  t h e  e x t e n t  t o  wh ich  metric mode l s  may be  implemented  
a s  executable mode l s  embedded i n  a  PSE, o t h e r  p u r p o s e s  f o r  
wh ich  s u c h  mode l s  may t h e n  be e x p l o i t e d  a n d  how t h e y  may be 
i n t e r f a c e d  and i n t e g r a t e d  w i t h  r e p r e s e n t a t i o n a l  models  t o  
a c h i e v e  a  t o o l - s u p p o r t e d  t o t a l  p r o c e s s .  
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The p r e v i o u s  s e c t i o n  i n t r o d u c e d  r e p r e s e n t a t i o n a l  and 
e x e c u t a b l e  mode l s  as c o n c r e t e  embodiments o f  s t a g e s  t h a t  a n  
a p p l i c a t i o n  c o n c e p t  h a s  t o  p a s s  th rough  a s  i t  i s  c o n v e r t e d  
i n t o  a  u s a b l e ,  a c c e p t a b l e  and  c o s t - e f f e c t i v e  sys tem.  The 
former are s t a g e s  o f  deve lopmen ta l  e v o l u t i o n ;  i n d e e d  i n  t h e i r  
o r i g i n a l  pape r  [ZUR68] Z u r c h e r  and R a n d e l l  w r o t e  o f  tine 
model becoming t h e  s y s t e m ' .  The l a t t e r  a r e  e n t i t i e s  t h a t  
pe rmi t  a s s e s s m e n t  a t  each  s t a g e ,  o f  what  h a s  been  a c h i e v e d  
and a p r o g n o s i s  f o r  t h e  f u t u r e .  

The two c l a s s e s  of  model need n o t ,  however,  be implemented  a s  
s e p a r a t e  e n t i t i e s .  For  example ,  i t  may be p o s s i b l e  t o  
c o n s t r u c t  a s i m u l a t i o n  model t h a t  i n c l u d e s  a  comple t e  and 
f a i t h f u l  r e p r e s e n t a t i o n  o f  t h e  d e s i g n  a s  d e v e l o p e d  t o  some 
l e v e l .  T h i s  sys tem model w i l l  be embedded i n  a  
( p a r a m e t e r i s e d )  d r i v e r  t h a t  a l s o  i n c l u d e s  mode l s  of t h e  
a n t i c i p a t e d  o p e r a t i o n a l  comput ing  sys t em and e x t e r n a l  
env i ronmen t s  and i n t e r f a c e s .  Thus e x e c u t i o n  of  t h e  
r e p r e s e n t a t i o n a l  model unde r  d e s i r e d  e n v i r o n m e n t a l  test 
c o n d i t i o n s  p e r m i t s  i t s ,  a t  l e a s t  p a r t i a l ,  v a l i d a t i o n .  

Nor a r e  models  r e s t r i c t e d  t o  r e p r e s e n t a t i o n  and v a l i d a t i o n  o f  
t h e  sys tem product and i t s  opera t ional  environments .  From 
t h e  p o i n t  o f  view of  t h e  p r o j e c t  manager ,  process  models  f o r  
t h e  e s t i m a t i o n ,  p l a n n i n g  and  c o n t r o l  of r e s o u r c e s ,  t i m e  and  
c o s t  a r e  e q u a l l y  v i t a l  t o  s u c c e s s .  Such models ,  whe the r  
a n a l y t i c ,  s t a t i s t i c a l  o r  s i m u l a t i o n ,  must  be based  bo th  o n  a n  
u n d e r s t a n d i n g  o f  t h e  p r o c e s s  and o n  h i s t o r i c  sys t em,  p r o j e c t  
and o r g a n i s a t i o n  d a t a  [LEH80]. C l e a r l y  programming 
e n v i r o n m e n t s  may i n c l u d e  t ,ools f o r  t h e  c o l l e c t i o n  and s t o r a g e  
o f  such  d a t a  a n d  f o r  t h e  c o n s t : . u c t i o n  and i n t e r r o g a t i o n  of  
d e r i v e d  models .  

The r o l e  of  o r g a n i s a t i o n a l  s t r u c t u r e  i n  t h e  d e t e r m i n a t i o n  of 
sys tem c h a r a c t e r i s t i c s  mus t  a l s o  n o t  be  i g n o r e d .  It i s  
g e n e r a l l y  a c c e p t e d  t h a t  t h e  s t r u c t u r e  of at  l e a s t  one ma jo r  
o p e r a t i n g  sys t em was a  d i r e c t  r e f l e c t i o n  o f  t h e  o r g a n i s a t i o n  
t h a t  c r e a t e d  i t .  Tha t  s y s t e m ' s  s t r u c t u r e  was undoub tab ly  a 
ma jo r  c o n t r i b u t i n g  f a c t o r  t o  t h e  v e r y  h i g h  c o s t  and t h e  m a j o r  
d i f f i c u l t i e s  e n c o u n t e r e d  i n  i t s  s u b s e q u e n t  ma in tenance .  I n  
any e v e n t ,  i n  a  l a r g e  p r o j e c t ,  i t  may be p r o f i t a b l e  t o  
m a i n t a i n  and r e l a t e  mode l s  o f  t h e  sys tem and o r g a n i s a t i o n a l  
s t r u c t u r e s .  T h e i r  u s a g e  and s u p p o r t  c o n s t i t u t e s  a 
p o t e n t i a l l y  r e w a r d i n g  t e c h n o l o g y  t h a t  must  be e x p l o r e d  i n  t h e  
c o n t e x t  o f  PSE d e s i g n .  
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Some e x a m p l e s  o f  p o s s i b l e  u s e s  o f  e x e c u t a b l e  m o d e l s  f o l l o w .  

Exerc i s ing  and Tra in ing  
One o f  t h e  p r o b l e m s  i n  R e q u i r e m e n t s  d e v e l o p m e n t  a n d  
c o m p u t i n g  s y s t e m  s p e c i f i c a t i o n  i s  t h a t  b o t h  mus t  be 
d e v e l o p e d  f rom a  v i ew  o f  t h e  o p e r a t i o n a l  e n v i r o n m e n t  
t h a t  w i l l  e x i s t  a f t e r  s y s t e m  i n s t a l l a t i o n .  The 
i n s t a l l a t i o n  a n d  u s e  o f  t h e  s y s t e m ,  however ,  c h a n g e s  
t h a t  e n v i r o n m e n t .  Fo r  t h i s  r e a s o n ,  and  b e c a u s e  human 
r e a c t i o n s  t o  s y s t e m  c h a r a c t e r i s t i c s  a r e  u n p r e d i c t a b l e ,  
i n d e t e r m i n a c y  and e v o l u t i o n  a r e  i n t r i n s i c  p r o p e r t i e s  o f  
compu t ing  a p p l i c a t i o n s  a n d  s o f t w a r e  s y s t e m s  [LEH77]. 
C l e a r l y  a n  a p p r o p r i a t e  up- t o - d a t e  s y s t e m  model  t h a t  
p r o v i d e s  a  f e e l  f o r  u l t i m a t e  s y s t e m  b e h a v i o u r ,  a n  
e x e r c i s o r ,  c a n  r e d u c e  d e v e l o p m e n t a l  i n s t a b i l i t y  and  
s p e e d  up c o n v e r g e n c e  t o  a  s a t i s f a c t o r y  s y s t e m .  Such 
m o d e l s  w i l l  a l s o  be u s a b l e  f o r  t r a i n i n g  p u r p o s e s  b o t h  
d u r i n g  a n d  a f t e r  c o m m i s s i o n i n g ,  much a s  s i m u l a t o r s  a r e  
u s e d  i n  p i l o t  t r a i n i n g .  

Performancs Evalua t ion  
The p o t e n t i a l  r o l e  o f  s i m u l a t i o n  f o r  p r e d i c t i v e  
p e r f o r m a n c e  a s s e s s m e n t  d u r i n g  d e s i g n  h a s  heen  p e r c e i v e d  
f o r  some t i m e  [SCH66], [LEH68]. It h a s ,  however ,  n o t  
been  w i d e l y  a d o p t e d .  One r e a s o n  f o r  t h i s  i s  t h a t ,  
d e s p i t e  Z u r c h e r  and  R a n d e l l  [ZUR68], t h e  s i m u l a t i o n  
model  was  s e e n  a s  s t r i c t l y  s e p a r a t e d  f rom t h e  
r e p r e s e n t a t i o n a l  model .  I n  p r a c t i c e  i t s  deve lopmen t  
demanded a  r e s o u r c e  i n v e s t m e n t  o f  t e n  l a r g e r  t h a n  t h a t  
n e e d e d  f o ?  t h e  l a t t e r .  Thus,  i t  becomes i m p o r t a n t  t o  
d e v e l o p  a n d  i n v e s t i g a t e  t e c h n i q u e s  a n d  t o o l s  t h a t  w i l l  
f  a c i 1 i t a t . e  t h e  d e v e l o p m e n t  o f  p e r f o r m a n c e  a s s e s s m e n t  
m o d e l s  and  t h e i r  i n t e g r a t i o n  w i t h  t h o s e  f o r  d e v e l o p m e n t  
and i m p l e m e n t a t i o n .  

Projec t  and Process Planning 
I n v e s t i g a t i o n s  o f  t h e  dynamics  o f  s o f t w a r e  s y s t e m  
e v o l u t i o n  have  shown t h a t  t h i s  i s  s t r o n g l y  i n f l u e n c e d  by 
h i s t o r i c a l  f a c t o r s  [ L M 8 0 ] .  For, e f f e c t i v e  management 
c o n t r o l ,  d a t a  r e l a t i n g  t o  s y s t e m ,  p r o c e s s  a n d  
o r g a n i s a t i o n  m u s t  be  c o l l e c t e d ,  and  made a v a i l a b l e  f o r  
m o d e l l i n g  a n d  i n t e r o g a t i o n .  '?'he phenomena t o  be  
measu red  a r e  r e f l e c t e d  i n  programmer and  m a n a g e r i a l  
i n t e r a c t i o n s  w i t h  e n v i r o n m e n t s ,  e v e n  as c u r r e n t l y  
c o n c e i v e d .  It i s  however  n e c e s s a r y  t o  d e t e r m i n e  t o  w h a t  
e x t e n t  c o n s t r u c t i o n  a n d  i n t e r o g a t i o n  o f  s u c h  m o d e l s  may 
be  t o o l - s u p p o r t e d  w i t h i n  a  PSE. 
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OrganisationaZ Grouping 
A p r o j e c t  i n v o l v i n g  more  t h a n  a b o u t  f i v e  p e o p l e  mus t  be 

s t r u c t u r e d  i n t o  s e p a r a t e l y  managed g r o u p s .  Each o f  
t h e s e  i s  t h e n  a l l o c a t e d  a s u b - o b j e c t i v e ,  t h a t  i s  a  sub-  
p r o j e c t  w i t h i n  t h e  m a i n  p r o j e c t .  A s  t h e  p r o j e c t  
p r o g r e s s e s ,  however t h e  g r o u p  p r o d u c t s  mus t  i n c r e a s i n g l y  
i n t e r f a c e  and  be c a p a b l e  o f  communica t i ng  w i t h  o n e  
a n o t h e r  d u r i n g  s y s t e m  o p e r a t i o n .  Each l i n k a g e  be tween 
s u b- s y s t e m s  n e c e s s i t a t e s  human communica t ion  be tween ,  a t  
l e a s t ,  t h e  g r o u p s  r e s p o n s i b l e  f o r  i m p l e m e n t i n g  them 
d u r i n g  s y s t e m  d e s i g n ,  c o n s t r u c t i o n  a n d  m o d i f i c a t i o n .  I f  
t h e  s y s t e m  i s  t o  be s u c c e s s f u l l y  and  e c o n o m i c a l l y  
i n t e g r a t e d  and  m a i n t a i n e d ,  a l l  s u c h  communica t i on  m u s t  
be p r e c i s e l y  and  a c c e s s i b l y  r e c o r d e d .  The c o m p l e x i t y  o f  
t h e s e  r e c o r d s  r e l a t e s  t o  t h a t  o f  b o t h  s y s t e m- i n t e r n a l  
a n d  o r g a n i s a t i o n a l  communica t i on  s t r u c t u r e s .  Mismatch 
w i l l  c a u s e  r a p i d  c o m p l e x i t y  g rowth  w i t h  a l l  t h e  
p e n a l t i e s  t h a t  s u c h  g rowth  i m p l i e s .  

It i s  i m p o r t a n t  t o  a t t e m p t  t o  k e e p  sys t em and  o r g a n i s -  
a t i o n  s t r u c t u r e s  a l i g n e d .  The l a t t e r  s h o u l d  d e v e l o p  
d y n a m i c a l l y  a n d  be m o d i f i e d  o r  changed  a s  d e s i g n  pro-  
c e e d s  a n d  t h e  p r o j e c t  grows,  t o  m i n i m i s e  m i s a l i g n m e n t  
and  t h e  need  f o r  i n t e r - g r o u p  communica t ion .  It i s  
s u g g e s t e d  t h a t  mode l s  o f  +,he two s t r u c t u r e s  c a n  be u s e d  
t o  d e v e l o p  s y s t e m  s t r u c t u r e  a n d  c o n t r o l  o r g a n i s a t i o n a l  
s t r u c t u r e  t o  a p p r o a c h  t h e  d e s i r e d  d e g r e e  o f  
o p t i m i s a t i o n .  

The d a t a  f rom wh ich  t h e  above  mode l s  c a n  be d e r i v e d ,  
w i l l  b e  a v a i l a b l e  i n  t h e  PSE d a t a  b a s e .  I n  par' ,  a t  
l e a s t ,  t h e y  w i l l  h a v e  been  c a p t u r e d  d u r i n g  human i n t e r -  
a c t i o n s  w i t h  t h a t  sy s t em.  What m o d e l s  are p o s s i b l e ,  
a n d / o r  r e q u i r e d ,  how t h e y  a r e  t o  be c o n s t r u c t e d ,  how 
t h e i r  c o n s t r u c t i o n  i t s e l f  may be t o o l - s u p p o r t e d  a n d  how 
t h e y  m i g h t  be u s e d ,  r e q u i r e s  f u r t h e r  s t u d y .  

5 Summary 

Programs may be c l a s s i f i e d  i n t o  t h o s e  t h a t  a r e  i n h e r e n t l y  
s t a t i c ,  t h o s e  t h a t  a r e  l i k e l y  t o  e v o l v e  a n d  t h o s e  t h a t  m u s t  
i n e v i t a b l y  e v o l v e .  The p a p e r  s u g g e s t s  t h a ,  a s  s t a t e d  i n  che  
first l aw  o f  s o f t w a r e  e n g i n e e r i n g  [ L E H 8 0 ] .  p rog rams  t h a t  a r e  
u s e d  w i l l  e v o l v e  o r  decay  i n t o  u s e l e s s n e s s .  R e c o g n i t i o n  o f  
t h e  i n e v i t a b i l i t y  o f  change  i s  s u f f i c i e n t  t o  demand t h a t  t h e  
programming p r o c e s s  be s u p p c r t e d  by a n  i n t e g r a t e d  
c o m p u t e r i s e d  s u p p o r t  s y s t e m  p r o v i d i n g  a d a t a  b a s e  f a c i l i t y  
and  a n  e x t e n d a b l e  t o o l  k i t .  
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Programming s u p p o r t  e r ~ v i r o n m e n t s  c u r r e n t l y  i n  o p e r a t i o n  
[DOL76], [ HUV91, unde r  development  [PEA79], o r  as p e r c e i v e d  
[RID801 do no t  p r o v i d e  t o o l s  t h a t  e x p l i c i t y  a d d r e s s  t h e  
p r o c e s s  as  d e s c r i b e d .  I n  p a r t i c u l a r ,  t hey  do n o t  i n c l u d e  o r  
p ropose  i n t e g r a t e d  f a c i l i t i e s  f o r  model t r a n s f o r m a t i o n ,  
v e r i f i c a t i o n  and v a l i d a t i o n .  The Stonemen document [BUX801 
a l s o  o m i t s  ma jo r  r e f e r e n c e  t o  t h e s e  i s s u e s  s i n c e  DoD's 
p r i n c i p l e  c o n c e r n  must  have been  t o  e n s u r e  t h a t  a  s t a t e - o f -  
t h e - a r t  sys tem i s  a v a i l a b l e  when Ada e n t e r s  i n t o  f u l l  s e r v i c e  
i n  t h e  m i d- e i g h t i e s .  J u s t  a s  r e c e n t l y  t h e  European Space 
Agency i s s u e d  a  c a l l  f o r  t e n d e r s  [GOE80] t o  s t u d y  i t s  
s p e c i f i c  programming p r o c e s s  and  t o  de  t e m i n e  t h e  d e g r e e  t o  
which i t  m i g h t  be au tomated .  Tha t  c a l l  makes s p e c i f i c  
r e f e r e n c e  t o  I . .  . v e r i f y  c o m p l e t e n e s s  and c o n s i s t e n c y  of 
r e q u i r e m e n t s  . . . t h a t  t h e  d e s i g n  s a t i s f i e s  them . . . t o o l s  
i n t e g r a t e d  i n t o  a  s i n g l e  sys t em . . . I .  But  b a s i c a l l y  c u r r e n t  
p r o p o s a l s  have  been  r e s t r i c t e d  t o  p r o v i d i n g  a sys t em and 
d e s i g n  d a t a  b a s e  and t h e  now c l a s s i c a l  t o o l s  f o r  p r e p a r i n g ,  
e d i t i n g ,  and l o a d i n g  program t e x t  and documen ta t ion .  

I n  t h e  l o n g  term,  c u r r e n t  c o n c e p t s  o f  PSE p r o p e r t i e s  a r e  t o o  
l i m i t i n g .  To f u l l y  s u p p o r t  t h e  t o t a l  program development  and 
ma in tenance  p r o c e s s  o v e r  a  s y s t e m ' s  l i f e  c y c l e ,  t o  i n c r e a s e  
t h e  r e s p o n s i v e n e s s  o f  t h e  programming p r o c e s s  and t o  r educe  
t h e  h i g h  c o s t  of  s o f t w a r e ,  t h e  c a p a b i l i t i e s  of  advanced 
e v o l u t i o n a r y  programming s u p p o r t  e n v i r o n m e n t s  s h o u l d  be 
s i g n i f i c a n t l y  e x t e n d e d .  They s h o u l d  s u p p o r t  t h e  methods  used  
t o  d e s i g n  a  sequence  of r e p r e s e n t a t i o n a l  sys t em models.  
E q u a l l y  t h e y  s h o u l d  a d d r e s s  methods  and p r o v i d e  t e c h n i q u e s  
and t o o l s  t h a t  p e r m i t  and f a c i l i t a t e  v e r i f i c a t i o n  and 
v a l i d a t i o n ,  and t h a t  s u p p o r t  p r o j e c t  management, p r o c e s s  
p l a n n i n g  a n d  c o n t r o l .  There  i s  good r e a s o n  t o  suppose  t h a t  
e x e c u t a b l e  m e t r i c  mode l s  w i l l  h ave  a  s i g n i f i c a n t  r o l e  t o  p l a y  
i n  t h e  programming p r o c e s s .  
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1 I n t r o d u c t i o n  

1 . 1  P r o d u c t i v i t y  and  P r o d u c t i v i t y  Measu re s  

P r o d u c t i v i t y  i s  p r i m a r i l y  a n  economic  c o n c e p t .  It a d d r e s s e s  
t h e  problem of o p t i m i s a t i o n  of r e t u r n  on investment  i n  
c o n n e c t i o n  w i t h  a c t i v i t y  o n  o r  w i t h  some a r t i f a c t .  
I n v e s t m e n t  and  r e t u r n  a r e  t h e m s e l v e s  c o n c e p t s  w i t h  many 
c o n n o t a t i o n s  and  i n t e r p r e t a t i o n s .  Thus t h e  f o c u s  o f  a n y  
c o n c e r n e d  i n d i v i d u a l  must  be o n  t h a t  a s p e c t  o f  p r o d u c t i v i t y  
t h a t  r e l a t e s  t o  h i s  a r e a  o f  r e s p o n s i b i l i t y  o r  i n t e r e s t ;  
p r o d u c t i o n  r a t e ,  f i n a n c i a l  p e r f o r m a n c e ,  r e s o u r c e  u t i l i s a t i o n ,  
t i m e ,  p e o p l e  a n d  s o  on.  These  a l t e r n a t i v e  f o c i  c a n  
i n h e r e n t l y  n o t  be u n i f i e d .  I n  g e n e r a l ,  p r o d u c t i v i t y  c a n n o t  
b e  maximised  s i m u l t a n e o u s l y  i n  e v e r y  d i m e n s i o n  o f  t h e  m u l t i -  
d i m e n s i o n a l  s p a c e  i n  wh ich  i t  c o u l d  be  d e f i n e d ,  though g a i n s  
a c h i e v e d  i n  o n e  w i l l  o f t e n  be  b e n e f i c i a l  i n  o t h e r s .  

The problem i s  compounded when a  m u l t i - s t e p  p r o c e s s  i s  
c o n s i d e r e d ;  e v e n  more s o  when i t e r a t i o n  i s  p r e s e n t .  I n  
f a c t ,  m e a n i n g f u l  d e f i n i t i o n  o f  p r o d u c t i v i t y  o v e r  a n  a c t i v i t y  
r e q u i r e s  t h a t  t h e  product a n d  i t s  a s s o c i a t e d  process a r e  s o  
de f ined  and  s t ruc tu red  t h a t  t h e  e f f e c t i v e n e s s  of t h e  a c t i v i t y  
d o e s  n o t  depend s i g n i f i c a n t l y  o n  a  p r e d e c e s s o r  a c t i v i t y .  
E q u a l l y  t h e  q u a l i t y  o f  t h e  o u t p u t  o f  any a c t i v i t y  must  n o t  
s i g n i f i c a n t l y  a f f e c t  t h e  e f f e c t i v e n e s s  o f  a  s u c c e s s o r  
a c t i v i t y .  Where t h e s e  c o n d i t i o n s  h o l d ,  a n  a s s e m b l y  l i n e  
p r o c e s s  c a n  be s a i d  t o  e x i s t  [BEL79b] and  o v e r a l l  
p r o d u c t i v i t y  may w e l l  be a  l i n e a r  c o m b i n a t i o n  o f  t h a t  
o b t a i n e d  o n  i n d i v i d u a l  s t e p s .  If, o n  t h e  o t h e r  h a n d ,  some 
c h a r a c t e r i s t i c  o n  one  s t e p  s t r o n g l y  i n f l u e n c e s  a s u b s e q u e n t  
s t e p ,  p r o d u c t i v i t y  c o n c e p t s  m u s t  r e l a t e  t o  and be  d e f i n e d  
o v e r  t h e  e n t i r e  a c t i v i t y  w i t h i n  and  o v e r  which  i n t e r a c t i o n s  
o c c u r .  Over t h a t a c t i v i t y  a t  l e a s t ,  t h e  p r o c e s s m a y  be s a i d  
t o  be non- l i near .  

Moreover a b s o l u t e ,  q u a n t i t a t i v e  p r o d u c t i v i t y  m e a s u r e s  a r e ,  t o  
a  f i r s t  o r d e r ,  m e a n i n g f u l  o n l y  when t h e  o u t p u t  f rom a n  
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a c t i v i t y  d o e s  n o t  depend  o n  e x t e r n a l  f a c t o r s ,  u n l e s s  
d e f i n i t i o n  o f  t h e  measu re  s p e c i f i c a l l y  t a k e s  i n p u t  a t t r i b u t e s  
i n t o  a c c o u n t .  F u r t h e r m o r e ,  t h e  q u a l i t y  o f  a  p r o d u c t  a n d  t h e  
p r o d u c t i v i t y  o f  t h e  p r o c e s s  t h a t  p r o d u c e s  i t  a r e ,  i n  f a c t ,  
i n t e r - d e p e n d e n t  a n d  c a n n o t ,  i n  g e n e r a l ,  be o p t i m i s e d  
i n d e p e n d e n t l y .  If p r o d u c t i v i t y  m e a s u r e s  a r e  t o  be  
m e a n i n g f u l ,  e i t h e r  o u t p u t  a t t r i b u t e s  a r e  s o  c o n t r o l l e d  t h a t  
t h e r e  e x i s t s  no u n a c c e p t a b l e  v a r i a b i l i t y  i n  p r o d u c t  q u a l i t y  
or  compound m e a s u r e s  o f  b o t h  c a n  be d e f i n e d  t o  t a k e  i n t e r -  
d e p e n d e n c i e s  i n t o  a c c o u n t .  

1.2 P r o d u c t i v i t y  i n  t h e  S o f t w a r e  P r o c e s s  

The theme o f  t h i s  c o n f e r e n c e  i s  p r o d u c t i v i t y  i n  r e l a t i o n  t o  
t h e  c o n c e p t i o n ,  d e v e l o p m e n t ,  c o n s t r u c t i o n ,  a p p l i c a t i o n ,  
m a i n t e n a n c e  a n d  e v o l u t i o n  o f  compu t ing  s y s t e m s ;  s y s t e m s  of 
wh ich  s o f t w a r e  f o r m s  a s i g n i f i c a n t  p a r t .  T h i s  p a p e r  w i l l  
n o t ,  howeve r ,  a d d r e s s  p r o d u c t i v i t y  a n d  q u a l i t y  i s s u e s  i n  t h e  
e n g i n e e r i n g  o f  s u c h  s y s t e m s .  Nor d o e s  i t  d i s c u s s  t h e  
s p e c i f i c  p r o p e r t i e s  o f  s o f t w a r e  s y s t e m s  t h a t  make 
c o n s i d e r a t i o n  o f  t h e s e  i s s u e s  a n  u r g e n t  b u t  e l u s i v e  a r e a  o f  
c o n c e r n .  I n s t e a d  i t  c o n s i d e r s  t h e  n a t u r e  o f  t h e  Programming 
Process, t h e  p r o c e s s  whereby  s o f t w a r e  s y s t e m s  a r e  d e v e l o p e d  
a n d  m a i n t a i n e d .  A s  i m p l i e d  a b o v e ,  u n d e r s t a n d i n g  i t s  n a t u r e  
a n d  r o l e  i s  c r u c i a l  f o r  p r o d u c t i v e  c o n s i d e r a t i o n  o f  
p r o d u c t i v i t y  i n  t h e  compu te r  i n d u s t r y  i n  g e n e r a l  a n d  i n  
compu te r  a p p l i c a t i o n s  deve lopmen t  t h r o u g h  i n c r e a s e d  
programming p r o d u c t i v i t y  i n  p a r t i c u l a r .  

S t a t i s t i c s  i n d i c a t e  t h a t  o f  t h e  t o t a l  l i f e t i m e  e x p e n d i t u r e  o n  
a s o f t w a r e  s y s t e m ,  some 70% (220%) i s  s p e n t  a f t e r  f i r s t  
i n s t a l l a t i o n  i n  t h e  o p e r a t i o n a l  e n v i r o n m e n t .  I n  p r a c t i c e  
t h e r e  i s  c o n s i d e r a b l e  o p p o r t u n i t y  f o r  t r a d e - o f f  be tween  t h e  
v a r i o u s  p h a s e s  o f  t h e  t o t a l  l i f e - c y c l e .  The i n d i v i d u a l  
manager  s e e k i n g  t o  m e e t  t i m e  t a r g e t s  o r  t o  r e d u c e  e x p e n d i t u r e  
a t t r i b u t a b l e  t o  him may c a u s e  a s i g n i f i c a n t  d e c r e a s e  o f  t h e  
q u a l i t y  o r  p r o d u c t i v i t y  a s s o c i a t e d  w i t h  subsequent work o n  
t h e  sy s t em o r  i n c r e a s e d  c o s t  o f  t h a t  work ,  f o r  examp le  by 
p e r m i t t i n g  t h e  i n t r o d u c t i o n  o f  u n n e c e s s a r y  c o m p l e x i t y  o r  
t h r o u g h  c a r e l e s s  f a u l t  e r a d i c a t i o n .  The p r e s e n t  day s o f t w a r e  
p r o c e s s  o v e r  t h e  s y s t e m ' s  l i f e  t i m e  i s ,  i n  f a c t ,  h i g h l y  non- 
l i n e a r .  D e c i s i v e  comprehendab l e  s p e c i f i c a t i o n  may, f o r  
examp le ,  simplify t h e  d e s i g n  p r o c e s s  t h a t  f o l l o w s .  
I n c o m p l e t e  o r  i n c o n s i s t e n t  r e q u i r e m e n t s  s e l e c t i o n  o r  
s p e c i f i c a t i o n  w i l l  make t h e  s u b s e q u e n t  d e s i g n  a n d  a l s o  
c o d i n g ,  t e s t i n g  a n d  i n t e g r a t i o n  more difficult . D e s i g n  
w e a k n e s s e s  o r  o m i s s i o n s  may be  d e t e c t e d  a n d  e l i m i n a t e d  e a r l y  
i n  t h e  d e s i g n  p r o c e s s  o r  may be l e f t  f o r  d e t e c t i o n  d u r i n g  
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t e s t i n g ,  i n t e g r a t i o n  o r  a f t e r  t h e  s y s t e m  becomes o p e r a t i o n a l .  
A t t e n t i o n  p a i d  t o  s y s t e m  s t r u c t u r e  d u r i n g  d e s i g n ,  w i l l  
d e t e r m i n e  t h e  e a s e  o r  d i f f i c u l t y  o f  s u b s e q u e n t  m o d i f i c a t i o n  
o f  t h e  s y s t e m  a n d  t h e  r a t e  a t  w h i c h  t h a t  d i f f i c u l t y  w i l l  
i n c r e a s e .  I n  a l l  t h e s e  i n s t a n c e s  t h e  p o l i c y  p u r s u e d  w i l l  
have  a  s t r o n g  b u t  d i s t r i b u t e d  i n f l u e n c e  o n  m a i n t e n a n c e  
c h a r a c t e r i s t i c s ,  o n  l i f e - c y c l e  c o s t  a n d  o n  p r o d u c t i v i t y ,  
however d e f i n e d .  

P r o c e s s  t r a d e - o f f s  are,  however ,  n o t  o f t e n  e v a l u a t e d  i n  t e r m s  
o f  t h e i r  l i f e - c y c l e  i m p a c t  o n  p r o d u c t  q u a l i t y  o r  p r o c e s s  
p r o d u c t i v i t y .  I n s t e a d  t h e y  a r e  b a s e d  o n  l o c a l  p e r s p e c t i v e s .  
P l a n n e r s  a n d  m a n a g e r s  a l l o c a t e  t i m e  a l l o t m e n t s  a n d  d i v i d e  
o t h e r  r e s o u r c e s  t o  a c h i e v e  l o c a l  o r  p e r s o n a l  o p t i m i s a t i o n .  
P r o d u c t i v i t y  m e a s u r e s  w i t h i n  t h e  e x i s t i n g  p r o c e s s  m u s t  
t h e r e f o r e  b e  t r e a t e d  w i t h  some s u s p i c i o n .  N e v e r t h e l e s s  one  
may a s k  w h e t h e r  t h e  p r o c e s s ,  a s  c u r r e n t l y  p r a c t i c e d ,  may be  
made more  e f f e c t i v e .  D i s c u s s i o n  o f  t h i s  i s s u e  i s  posponed  t o  
S e c t i o n  4 w h e r e  i t  c a n  b e  a d d r e s s e d  i n  t e r m s  o f  t h e  
v i e w p o i n t s  d e v e l o p e d  i n  t h e  e a r l i e r  s e c t i o n s .  T h a t  
d i s c u s s i o n  w i l l  c o n c l u d e  t h a t  p r o d u c t i v i t y  s t u d i e s  c a n  a s s e s s  
t i m e - l o c a l  g a i n s  o n l y  i f  t h e y  r e l a t e  t o  natural p r o c e s s  
f u n c t i o n s  t h a t  a r e ,  i n  some s e n s e ,  o r t h o g o n a l .  It demands 
f u l l  u n d e r s t a n d i n g  o f  s u b- p r o c e s s e s ,  t h e i r  i n t e r a c t i o n s  a n d  
t h e  way t h e y  i n t e r f a c e  a n d  i n t e g r a t e  t o  f o rm  a  total process. 

T h i s  c o n t r i b u t i o n  t h e r e f o r e  c o n c e n t r a t e s  o n  a n a l y s i s  o f  t h e  
t o t a l  p r o c e s s  r e q u i r e d  f o r  e v o l u t i o n  o f  a  s o f t w a r e  s y s t e m ,  
s e e k i n g  t o  d e t e r m i n e  f u n d a m e n t a l  a c t i v i t i e s  a n d  s t r u c t u r e s .  
The r e s u l t a n t  u n d e r s t a n d i n g  may be  e x p e c t e d  t o  p r o v i d e  a  
f ramework  f o r  f u r t h e r  s t u d y  o f  t h e  s y s t e m s  p r o c e s s  a n d  
e l e m e n t s  o f  a  f u t u r e  p r o c e s s  t h e o r y .  I t  w i l l  f a c i l i t a t e  
deve lopmen t  o f  more e f f e c t i v e  a n d  e f f i c i e n t  p r o c e d u r e s .  To 
f o c u s  i d e a s  c o n c e p t s  a r e  e x p r e s s e d  s p e c i f i c a l l y  i n  t e r m s  o f  
t h e  programming p r o c e s s .  Many o f  t h e  c o n c l u s i o n s  w i l l ,  
however ,  a l s o  a p p l y  t o  t h e  d e v e l o p m e n t  o f  l a r g e r  s y s t e m s  
w i t h i n  wh ich  s o f t w a r e  i s  embedded a n d  w h i c h ,  i n  some s e n s e ,  
i t  c o n t r o l s .  

1 . 3  The Approach  

C u r r e n t  p r a c t i c e  i n  s o f t w a r e  d e s i g n  and  m a i n t e n a n c e  h a s  
e v o l v e d  g r a d u a l l y  o v e r  t h e  p a s t  t h i r t y  y e a r s .  Methods a n d  
t o o l s  h a v e  b e e n  d e v e l o p e d  g r a d u a l l y  a n d  i n d i v i d u a l l y  f o r  
s p e c i f i c  a s p e c t s  o f  t h e  p r o c e s s  i n  s p e c i f i c  e n v i r o n m e n t s .  
Only a f t e r w a r d s  h a v e  t h e y  b e e n  a d a p t e d ,  combined  a n d  u s e d ,  
i t e r a t i v e l y  a n d  s e q u e n t i a l l y ,  w i t h i n  some g l o b a l  imp le-  
m e n t a t i o n  e n v i r o n m e n t  t o  a c h i e v e  a t a r g e t  s y s t e m  w i t h i n  t h a t  
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env i ronmen t .  T h i s  a d  hoc ,  bottom-up, s y n t h e s i s  o f  a t o t a l  
p r o c e s s  c a n n o t  be e x p e c t e d  t o  a c h i e v e  a  s e p a r a t i o n  o f  con- 
c e r n s  o r  s i m p l e ,  d e f i n e d ,  i n t e r f a c e s  be tween p r o c e s s  s t e p s .  
It t e n d s  t o  d e s t r o y  l o c a l  i n f o r m a t i o n ,  no t  t o  h i d e  i t .  It 
d o e s  no t  y i e l d  a homogeneous p r o c e s s .  It i s  no wonder t h a t  
p r o g r e s s  t o w a r d s  a n  i n t e g r a t e d  e n g i n e e r i n g  s c i e n c e  a n d  d i s-  
c i p l i n e  of  s o f t w a r e  s y s t e m s  e n g i n e e r i n g  h a s  been  s o  p a i n f u l l y  
slow. The re  i s  no r e a s o n  t o  suppose  t h a t  a  bottom-up a p p r o a c h  
i n  t h i s  a r e a  i s  l i k e l y  t o  be any more e f f e c t i v e  t h a n  i t  i s  i n  
c r e a t i n g  o r  m a i n t a i n i n g  c o r r e c t  programs. 

A top-down a n a l y s i s  i s  p r e s e n t e d  a s  a n  a l t e r r i t i v e  approach .  
It s e e k s  t o  s e p a r a t e  c o n c e r n s  by i d e n t i f y i n g  and i s o l a t i n g  
t h e  c o n c e p t s ,  r e p r e s e n t a t i o n s  and t r a n s f o r m a t i o n s  t h a t  a r e  
i n t r i n s i c a l l y  p a r t  of  t h e  p r o c e s s  o f  c o n v e r t i n g  a computer 
a p p l i c a t i o n  c o n c e p t  i n t o  a n  o p e r a t i o n a l  sys tem.  Given such 
s e p a r a t i o n ,  i n f o r m a t i o n  r e l e v a n t  o n l y  t o  a n  i n d i v i d u a l  s t e p  
o f  t h e  p r o c e s s  may be h i d d e n  w i t h i n  t h e  methods  t o o l s  and 
i n f o r m a t i o n  s t o r a g e  f a c i l i t i e s  o f  t h a t  s t e p .  I n f o r m a t i o n  
r e l e v a n t  t o  n e i g h b o u r i n g  s t e p s  must  be made a v a i l a b l e  v i a  
total Z y  d e f i n e d  i n t e r f a c e s  t o  e s t a b l i s h  t h e  communicat ion  
t h a t  i s  n e c e s s a r y  t o  d r i v e  and g u i d e  t h e  p r o c e s s  and t o  
t r a n s m i t  t h e  i n f o r m a t i o n  t h a t  w i l l  e v e n t u a l l y  d e f i n e  t h e  
o p e r a t i o n a l  sys t em.  

T h i s  approach  t o  process  d e s i g n  c a n  be e x p e c t e d  t o  y i e l d  a 
r e l i a b l e  and  e f f e c t i v e  p r o c e s s  t h a t  may be doubly  i n t e g r a t e d ;  
o v e r  t h e  development  c y c l e  from sys t em,  o r  system- change 
c o n c e p t i o n ,  t o  i t s  o p e r a t i o n a l  i n s t a l l a t i o n  and o v e r  sys tem 
l i f e - t i m e  e v o l u t i o n  a s  t h e  a p p l i c a t i o n  env i ronmen t  and t h e  
u s e r  p e r c e p t i o n  of  sys tem p o t e n t i a l  e v o l v e .  When f o r m u l a t i o n  
and f o r m a l i s a t i o n  o f  a n  i n t e g r a t e d  and comple t e  p r o c e s s  i s  
a c h i e v e d ,  v e r t i c a l l y  i n t e g r a t e d  programming s u p p o r t  
env i ronmen t s  become f e a s i b l e .  Moreover when a d e q u a t e  
s e p a r a t i o n  and d e f i n i t i o n  o f  p r o c e s s  s u b- o b j e c t i v e s  i s  
a c h i e v e d ,  one may a t t a i n  a n  e s s e n t i a l l y  s e q u e n t i a l  p r o c e s s .  
I n  such  a  p r o c e s s ,  t h e  i d e a l  p r o c e s s ,  t h e r e  s h o u l d  r a r e l y  be  
a need t o  r e p e a t  o r  amend t h e  o u t p u t  of  a n  e a r l i e r  a c t i v i t y  
o r  s t e p .  P r o d u c t i v i t y  c o n c e p t s  r e l a t i n g  t o  i n d i v i d u a l  s t e p s  
may be e x p e c t e d  t o  be m e a n i n g f u l ,  i n  t h a t  t h e  ach ievemen t  i n  
any one  i s  l a r g e l y  i n d e p e n d e n t  o f  and b u f f e r e d  from t h e  
o t h e r s .  No g r e a t e r  c o n t r i b u t i o n  t o  t h e  s e a r c h  f o r  i n c r e a s e d  
p r o d u c t i v i t y  i n  t h e  development  and  ma in tenance  o f  s o f t w a r e  
c a n  be v i s u a l i s e d  t h a n  t h a t  which r e s u l t s  from comple t e  
u n d e r s t a n d i n g  o f  t h e  n e c e s s a r y  and s u f f i c i e n t  a c t i v i t i e s  
r e q u i r e d  t o  t r a n s f o r m  a computer  a p p l i c a t i o n  c o n c e p t  i n t o  a n  
e f f e c t i v e  o p e r a t i o n a l  sys t em;  and t o  m a i n t a i n  i t  i n  t h a t  
s t a t e  as t h e  env i ronmen t  changes .  
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2 Programming P r o c e s q  Models  

2.1 B a s i c  Model 

The most  a b s t r a c t  v i ew  o f  t h e  program deve lopmen t  p r o c e s s  may 
be d e s c r i b e d  a s  ,'The T r a n s f o r m a t i o n  o f  a  Computer A p p l i c a t i o n  
Concept  i n t o  a n  O p e r a t i o n a l  Sys tem ( P r o g r a m ) " .  T h i s  i s  
i l l u s t r a t e d  i n  f i g u r e  1 .  

APPLICATION 
CONCEPT 

OPERATIONAL 
SYSTEM 

F i g u r e  1 Most A b s t r a c t  Model of  Programming P r o c e s s  

2 .2  A 1  t e r n a t i v e  P r o c e s s  D e c o m p o s i t i o n s  

Many a 1  t e r n a t i v e  d e c o m p o s i t i o n s  o f  t h i s  model  a r e  p o s s i b l e .  
The s o  c a l l e d  w a t e r f a l l  model  [BOE76] a n d  i t s  d e r i v a t i v e s  a r e  
r e p r e s e n t a t i v e  o f  t h e  most common c u r r e n t  v iew.  They des-  
c r i b e  t h e  p r o c e s s  t h a t  h a s  e v o l v e d  o v e r  t h e  y e a r s ,  e x p r e s s i n g  
t h e  b r o a d  p r a g m a t i c s  o f  t h e  l e a r n i n g  e x p e r i e n c e  o f  mankindf  s 
f i r s t  s t e p s  i n  s o f t w a r e  e n g i n e e r i n g .  They t h e r e f  o r e  p r o v i d e  
a  phenomeno log i ca l  b a s e  f rom wh ich  a  s c i e n c e  and  e n g i n e e r i n g  
d i s c i p l i n e  c a n  d e v e l o p .  Because  t h e y  r e p r e s e n t  a bottom- up 
s y n t h e s i s  o f  e v o l v i n g  p r a c t i c e ,  t h e y  a r e  however u n l i k e l y  t o  
p r o v e  a d e q u a t e  a s  a  d i r e c t  b a s e  f o r  t h e  d i s c i p l i n e d  deve lop-  
ment o f  a n  i d e a l  p r o c e s s  o r  o f  a c l o s e  a p p r o x i m a t i o n  t o  i t .  

An a l t e r n a t i v e  a p p r o a c h  c o u l d  p a r t i t i o n  t h e  p r o c e s s  o n  t h e  
b a s i s  o f  t h e  v a r i o u s  d i s t i n c t  l e v e l s  o f  f o r m a l ,  programming,  
l a n g u a g e s  t h a t  h a v e  b e e n  d e v e l o p e d  o v e r  t h e  y e a r s .  Requ i r e-  
men t s  d e f i n i t i o n ,  s p e c i f i c a t i o n ,  d e s i g n ,  h i g h- l e v e l  program- 
ming and a s s e m b l y  l a n g u a g e s  e a c h  r e f l e c t  a p r o c e s s  o b j e c t i v e .  
They m i r r o r  and  f a c i l i t a t e  human i n t e l l e c t u a l  i n v o l v e m e n t  i n  
t h e  t r a n s f o r m a t i o n  p r o c e s s  anc?, as  s u c h ,  e l e m e n t a r y  a n d  
p o s s i b l y  f u n d a m e n t a l  i n g r e d i e n t s  o f  t h e  p r o c e s s  o f  program 
c r e a t i o n .  B u t  t h e s e  l a n g u a g e s  h a v e  a l s o  e v o l v e d  a s  a  
consequence o f  m a n k i n d ' s  i n c r e a s i n g  u n d e r s t a n d i n g  o f  t h e  
n a t u r e  and  p r o c e s s  o f  problem s o l v i n g  w i t h  t h e  a i d  o f  
compu te r s .  Us ing  e x i s t i n g  l a n g u a g e s  a s  t h e  b a s e  f o r  a  
p r o c e s s  a n a l y s i s  a l s o  c o n s t i t u t e s  a bottom- up a p p r o a c h  t h a t  
p u t s  t h e  c a r t  b e f o r e  t h e  h o r s e .  
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I n  a p a p e r  d e s c r i b i n g  t h e  deve lopmen t  o f  THE s y s t e m  [ D I J 6 8 c ] ,  
D i j k s t r a  a l r e a d y  r e c o g n i s e d  t h e  need  f o r  a d i s c i p l i n e d ,  s t e p  
by s t e p ,  a p p r o a c h  t o  s o f t w a r e  s y s t e m  deve lopmen t .  Tha t  
s y s t e m  was  i n  f a c t  d e v e l o p e d  f r o m  a r e c o g n i t i o n  o f  s i x  
l e v e l s ,  d i f f e r e n t i a t e d  p r i m a r i l y  by t h e  t i m e  s c a l e  needed  t o  
m e a s u r e  a n d  d i s c r i m i n a t e  b e t w e e n  e v e n t s  a n d  a c t i o n s  a t  e a c h  
l e v e l .  Thus ,  f o r  examp le ,  a t  t h e  l o w e s t  l e v e l  t h e  s y s t e m  
c l o c k  mus t  d i s c r i m i n a t e  b e t w e e n  e v e n t s ,  i n t e r r u p t s  f o r  
examp le ,  s e p a r a t e d  by a  m i c r o- s e c o n d  o r  l e s s .  On t h e  o t h e r  
hand  a t  t h e  h i g h e s t  l e v e l ,  t h e  l e v e l  c o n c e r n e d  w i t h  o p e r a t o r  
a c t i o n s ,  e v e n t s  a r e  s e p a r a t e d  by, a t  l e a s t ,  t e n s  o f  s e c o n d s .  

D i j k s t r a ' s  l a y e r i n g  o f  THE s y s t e m  a n d  t h e  p r o c e s s  by w h i c h  
i t s  f i n a l  s t r u c t u r e  e v o l v e d  c e r t a i n l y  i n v o l v e d  a  p a r t i t i o n i n g  
of t h e  t o t a l  d e s i g n  a n d  i m p l e m e n t a t i o n  p r o c e s s .  What h e  
r e a l l y  c o n t r i b u t e d ,  however ,  was  t o  d e m o n s t r a t e ,  as d i d  
Z u r c h e r  and  R a n d e l l  a t  a b o u t  t h e  same t.ime [ZUR67], t h a t  o n e  
may c o n c e i v e  o f  many l e v e l s  o f  p r i m i t i v e s  i n  w h i c h  t o  e x p r e s s  
a d e s i g n .  I n  f a c t  a  p r o c e s s  o f  stepwise ref inement  [WIRTl] 
l e a d s  o n e  v i a  s u c c e s s i v e l y  more b a s i c  p r i m i t i v e s  t o  t h a t  
l e v e l  a t  w h i c h  t h e  p r i m i t i v e s  c a n  be  imp lemen ted  a s  a c t u a l  
e x e c u t a b l e  mechanisms .  If t h e  g a p  be tween  s u c c e s s i v e  l e v e l s  
i s  n o t  t o o  w i d e ,  i f  t h e  s t r u c t u r e  o f  t h e  s y s t e m  a t  e a c h  
l e v e l  and  t h e  p r i m i t i v e s  f r o m  wh ich  i t  i s  t o  be c o n s t r u c t e d  
a r e  f a i r l y  s e l f - e v i d e n t ,  i f  i n  g e n e r a l  t h e  s y s t e m  i s  n o t  t o o  
complex ,  one  may p e r h a p s  a c h i e v e  t h e  d e s c e n t  be tween  
n e i g h b o u r i n g  l e v e l s  d i r e c t l y  w i t h  a s i m p l e  t r a n s f o r m a t i o n  as  
s u g g e s t e d  by f i g u r e  1 .  I n  t h e  g e n e r a l  c a s e  howeve r ,  t h i s  
t r a n s f o r m a t i o n  i s  i t s e l f  compound, a  s u c c e s s i o n  o f  t h e  
p r o c e s s  e l e m e n t s  t h a t  we s e e k .  

Fo r  t h e  r e a s o n s  g i v e n  i n  e a c h  c a s e ,  none o f  t h e  t h r e e  
a p p r o a c h e s  o u t l i n e d  a b o v e  c a n  s e r v e  a s  a  b a s i s  f o r  p r o c e s s  
a n a l y s i s .  I n  b y- p a s s i n g  them t h e i r  a p p l i c a t i o n  a t  a l a t e r  
s t a g e  i n  t h e  a n a l y s i s  i s  n o t  r u l e d  o u t  The p r o p o s e d  
d e c o m p o s i t i o n  m u s t ,  however s t a r t  f rom a  s e a r c h  f o r  
fundamental c o n s t i t u e n t s  o f  t h e  p r o c e s s ;  p r o c e s s  s t e p s  t h a t  
d e r i v e  f rom b a s i c  i n t e l l e c t u a l  and  human c o n t r i b u t i o n .  I n  
d o i n g  t h i s  o n e  musk a c c e p t  t h a t  t h e  r e s u l t a n t  p r o c e s s  model  
w i l l  a l m o s t  c e r t a i n l y  be a n  i d e a l i s a t i o n  r e m o t e  f rom c u r r e n t  
a t t a i n a b i l i t y .  Some o f  t h e  a c t i v i t i e s  o r  s t e p s  t h a t  a r e  
i d e n t i f i e d  may be s u p e r f i c i a l l y  similar t o  e l e m e n t s  o f  
c u r r e n t  p r a c t i c e .  The l a t t e r ,  howeve r ,  a r e  d i f f u s e ,  l a c k  
p r e c i s e  d e f i n i  t i a n ,  d i s c i p l i n e  a n d  i n t e r f a c e s .  When 
a c t i v i t i e s  a r e  i d e n t i f i e d  by means  o f  a d i s c i p l i n e d  a n a l y s i s ,  
a p p r o p r i a t e  d e f  i n i  t i c n  c a n  c i r c u m v e n t  s u c h  w e a k n e s s e s .  
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2 . 3  A P r i m i t i v e  Decomposi t ion  

We proceed  t h e r e f  o r e  w i t h  a  d e c o m p o s i t i o n  o f  t h e  model of  
f i g u r e  1 i n t o  more p r i m i t i v e  a c t i o n s .  

The programming p r o c e s s  i s  g e n e r a l l y  i n i t i a t e d  by a n  
a p p a r e n t l y  s i m p l e  c o n c e p t  s t a t e m e n t ,  l A P a y r o l l  Program 1,  l A 
S e t  of  S t a t i s t i c a l  Programs f o r  t h e  S o c i a l  S c i e n c e s 1 ,  'An A i r  
T r a f f i c  C o n t r o l  S y s t e m ' ,  ' A  Programming S u p p o r t  Environment1 .  
Many p e o p l e  may be i n v o l v e d  i n  f u r t h e r  c l a r i f i c a t i o n  o f  t h e  
i n t e n t  and o b j e c t i v e s  a t  t h i s  p o i n t ,  end u s e r s ,  e x e c u t i v e s ,  
a n a l y s t s  and programmers f o r  example.  Each w i l l  have  a 
d i f f e r e n t  u n d e r s t a n d i n g  o f  t h e  s t a t e d  c o n c e p t ,  a  d i f f e r e n t  
v i s i o n  o f  t h e  u l t i m a t e  sys t em.  Thus t h e  f i r s t  s t e p  o f  t h e  
i d e a l  p r o c e s s  must  be t o  r e a c h  a c o n s e n s u s ,  a n  a g r e e d  view- 
p o i n t  a s  t o  t h e  proposed a p p l i c a t i o n  and i t s  o b j e c t i v e s  i n  
i t s  domain of o p e r a t i o n .  T h i s  u n d e r s t a n d i n g  s h o u l d  be 
r e p r e s e n t e d  i n  a  problem s ta t emen t ,  a n  a b s t r a c t i o n  t h a t  
p r o v i d e s  a  model o f  t h e  i n t e n d e d  and e x p e c t e d  o p e r a t i o n a l  
envi ronment .  The model must  i n c l u d e  r e p r e s e n t a t i o n s  o f  t h e  
e n t i t i e s ,  s t r u c t u r e s ,  r e l a t i o n s h i p s ,  e v e n t s  a n d  p r o c e s s e s  
t h a t  are o r  may be r e l e v a n t  t o  t h e  p roposed  a p p l i c a t i o n .  It 
w i l l  a l s o  i n c l u d e  r e p r e s e n t a t i o n s  o f  a l l  r e l e v a n t  t h e o r i e s  
t h a t  r e l a t e  t o  t h e  domain of i n t e r e s t  and  a l l  p r o c e d u r e s  t h a t  
have been  l a i d  down t o  r e g u l a t e  a c t i v i t y  w i t h i n  t h e  domain. 
These t h e o r i e s  and p r o c e d u r e s  must  be s u f f i c i e n t  t o  p r o v i d e  a 
d e f i n i t i v e  framework w i t h i n  which  t h e  d e s i r e d  m e c h a n i s a t i o n  
c a n  be a c h i e v e d .  

Given aggreement  o n  t h e  a p p l i c a t i o n  one  may p roceed  t o  
i d e n t i f y  and d e f i n e  a s o l u t i o n  d e s c r i b e d  by a s o l u t i o n  model. 
The i n i t i a l  r e p r e s e n t a t i o n  o f  t h a t  s o l u t i o n  c o n s t i t u t e s  a n  
a b s t r a c t i o n  of t h e  sys tem u l t i m a t e l y  t o  be c o n s t r u c t e d ,  
i n s t a l l e d  and u s e d ,  [BEN81 1 .  Development of  t h e  a p p r o p r i a t e  
model c o n s t i t u t e s  t h e  n e x t  b a s i c  and  i n t r i n s i c a l l y  n e c e s s a r y  
s t e p  of  t h e  p r o c e s s .  

Once t h e  s o l u t i o n  h a s  been  d e f i n e d ,  t h e  i n t e n d e d  s y s t e m  may 
be d e s i g n e d .  The d e s i g n  p r o c e s s  i s  r e q u i r e d  t o  c r e a t e  a 
s t r u c t u r e  of p r i m i t i v e  mechanisms,  a des ign  model.  P r i m i t i v e  
i n  t h i s  c o n t e x t  means t h a t  t h e  d e s i g n e r  i s  a b l e  t o  s p e c i f i  
each  mechanism o r  o b j e c t  i n  terms of i t s  i n p u t s ,  ou tpu t s  and 
t r a n s f e r  f u n c t i o n ,  l e a v i n g  i t  t o  o t h e r s  o r  t o  a l a t e r  t ime  t o  
d e t e r m i n e  h o ~ ,  t h e  mechanism i s  t o  be c o n s t r u c t e d .  T h i s  i s ,  
i n  f a c t ,  p r e c i s e l y  t h e  method a d o p t e d  by D i j k s t r a  i n  h i s  
d e s i g n  o f  each  l e v e l  of t h e  THE sys t em.  Tha t  i s ,  D i j k s t r a l s  
methods  c o v e r  j u s t  one  s t e p  of  t h e  more complex p r o c e s s  
r e q u i r e d  when a l a r g e r  sys tem t h a n  THE sys tem i s  t o  be 
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c o n s t r u c t e d ;  r e q u i r i n g  more  p e o p l e  w o r k i n g  o v e r  a  l o n g e r  
p e r i o d  t o  p r o d u c e  a l o n g  l i f e  s y s t e m  u s u a l l y  i n t e n d e d  t o  
o p e r a t e  i n  more  t h a n  o n e  i n s t a l l a t i o n  o r  l o c a t i o n .  

Note  t h a t  i n  t e r m s  o f  c u r r e n t  t e r m i n o l o g y  e a c h  o b j e c t  i n  t h e  
d e s i g n  model  may, i f  s u i t a b l y  d e f i n e d ,  may be  v i e w e d  a s  a n  
a b s t r a c t  d a t a  t y p e .  Such  d e s c r i p t i o n s  may be  i n t e r p r e t e d  as  
a n  ' A p p l i c a t i o n  Concep t 1  as d e f i n e d  above .  Thus t h e i r  
i n d i v i d u a l  d e s i g n  a n d  i m p l e m e n t a t i o n  w i l l ,  i n  t u r n ,  demand 
p e r f o r m a n c e  o f  t h e  a c t i v i t i e s  we a r e  o u t l i n i n g .  I n  t h i s  
s e c o n d a r y  r e c u r s i v e  a p p l i c a t i o n  o f  t h e  p r o c e s s ,  howeve r ,  t h e  
c o n c e p t  and  t h e  v i e w p o i n t  model  a r e  r e p r e s e n t e d  by t h e  o u p u t  
of t h e  p r e v i o u s  s t e p s .  If t h e s e  a r e  d e s i g n e d  t o  p r o v i d e  a 
f o r m a l  and  t h e r e f o r e  p r e c i s e  o u t p u t ,  t h e  need  f o r  t h e  
d e f i n i n g  s t e p s  d i s a p p e a r s  i n  t h e  l o w e r  l e v e l  i t e r a t i o n s .  
Moreover  t h e  s y s t e m  s p e c i f i c a t i o n  i m p l i c i t l y  c a r r i e d  o v e r  
f r om s t a g e  t o  s t a g e ,  may be  s e e n  as  t h e  i n v a r i a n t  o f  t h e  
i t e r a t i v e  o r  r e c u r s i v e  p r o c e s s  ( 21  . l )  . T h i s  p r o v i d e s  a 
p o t e n t i a l  f o r  v e r i f i a b l e  i n t e g r a t i o n  o f  t h e  t o t a l  p r o c e s s .  

Some o f  t h e  p r o d u c t i v i t y  i m p l i c a t i o n s  o f  t h i s  v i e w p o i n t  w i l l  
be  d i s c u s s e d  i n  s e c t i o n  4 .  F o r  now we m e r e l y  comment t h a t  
o n e  o f  t h e  c h a l l e n g e s  o f  process design must  be  t o  a c h i e v e  
t h e ,  i n  some s e n s e ,  m o s t  e f f e c t i v e  number o f  p r o c e s s  
i t e r a t i o n s  o r  o f  l e v e l s  o f  p r o c e s s  r e c u r s i o n .  

I n  any  e v e n t ,  t h e  d e s i g n  model  i n  a l l  i t s  d e t a i l  m u s t  now 
g u i d e  a n d  c o n t r o l  i m p l e m e n t a t i o n  o f  t h e  d e s i r e d  s y s t e m  
t h r o u g h  t h e  c o n s t r u c t i o n  o f  t h e  program mode2 t o  c o m p l e t e  t h e  
p r o c e s s .  Thus t h e  p r o c e s s  model  may be f u r t h e r  d e v e l o p e d  as  
i l l u s t r a t e d  by f i g u r e  2.  

2 . 4  The P r o c e s s  as  a  Sequence  o f  Model T r a n s f o r m a t i o n s  

The a b o v e  a n a l y s i s ,  s u g g e s t s  t h a t  t h e  programming p r o c e s s  may 
be v i e w e d  a s  a s e r i e s  of  t r a n s f o r m a t i o n s  of  representationaZ 
mode l s .  A p rogram i s  a model  o f  a model  o f  . . . . . a model  o f  
a n  a p p l i c a t i o n  c o n c e p t  [ L M 8 0 ] .  Each s u c h  model  c o n s t i t u t e s a  
d o u b l e  a b s t r a c t i o n .  Look ing  ' u p w a r d s 1 ,  i t  a b s t r a c t s  t h e  
a p p l i c a t i o n  domain ,  t h e  R e a l  World.  Look ing  'downwards1 i t  
i s  a n  a b s t r a c t i o n  o f  t h e  u l t i m a t e  s y s t e m .  

S e v e r a l  i m p l i c a t i o n s  f o l l o w  . I n  p a r t i c u l a r  model  c o n s t r u c -  
t i o n ,  t r a n s f o r m a t i o n ,  v e r i f i c a t i o n  a n d  v a l i d a t i o n  m e t h o d s  a n d  
t o o l s  are s e e n  t o  c o n s t i t u t e  e l e m e n t s  o f  a n  e f f e c t i v e  and  

21.1 ( O r i g )  This  observation was suggested t o  me by J D 
Lehman . 
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F i g u r e  2 A Second Leve l  o f  t h e  P r o c e s s  Model 

c o s t - e f f e c t i v e  programming p r o c e s s .  They a r e  t h e r e f  o r e  pot-  
e n t i a l  i n g r e d i e n t s  o f  a v e r t i c a l l y  i n t e g r a t e d  programming 
s u p p o r t  e n v i r o n m e n t ;  a  means f o r  a c h i e v i n g  i n c r e a s e d  p roduc t-  
i v i t y .  F u r t h e r m o r e  s i n c e  e a c h  model i s  a  doub le  a b s t r a c t i o n ,  
t h e  p r o c e s s ,  and t h e r e f o r e  t h e  methods  and t o o l s ,  must  be 
r e v e r s i b l e  s o  t h a t  3 change t o  any model i n  t h e  s e q u e n c e ,  f o r  
wha teve r  r e a s o n ,  c a n  be r e f l e c t e d  th rough  a p p r o p r i a t e  a d j u s t -  
men t s  t o  o t h e r  mode l s  o f  t h e  sequence .  Maintenance  o f  a22 
t h e  mode l s  i s  o f  c o u r s e  e s s e n t i a l  i f  t h e  sys tem i s  t o  be 
e f f e c t i v e l y  and c o s t - e f f e c t i v e l y  m a i n t a i n e d  i n  a  chang ing  
env i ronmen t  o v e r  a l o n g  p e r i o d .  Ex tend ing  t h e  t i m e  p e r i o d  
o v e r  which  a sys tem c a n  be s o  m a i n t a i n e d  i s  c l e a r l y  a  ma jo r  
p o t e n t i a l  s o u r c e  o f  i n c r e a s e d  p r o d u c t i v i t y .  

The view o f  t h e  p r o c e s s  a s  a sequence  o f  model 
t r a n s f o r m a t i o n s  a l s o  s u g g e s t s  t h a t  t h e  a d o p t i o n  of  s u i t a b l e  
s t r u c t u r e s  a n d  n o t a t i o n s  f o r  t h e  f o r m a l  r e p r e s e n t a t i o n  of  
t h e s e  models  c a n  y i e l d ,  a t  l e a s t ,  a semi- au tomat i c  p r o c e s s  i n  
which human i n t e l l e c t  g u i d e s  t h e  p r o c e s s  o f  t r a n s f o r m a t i o n  by 
p r o v i d i n g  t h e  new i n f o r m a t i o n  and d e c i s i o n s  r e q u i r e d  a t  e a c h  
l e v e l ,  w i t h  o t h e r  s t r u c t u r a l  and  f u n c t i o n a l  t r a n s f o r m a t i o n s  
l e f t  t o  v e r i f i e d  mechanisms.  The work o f  D a r l i n g t o n  [DART91 
and o f  t h e  TUM group [BR080] i s  b e g i n n i n g  t o  d e m o n s t r a t e  wha t  
c a n  be a c h i e v e d .  
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2 . 5  A T h i r d  L e v e l  

2 .5 .1  I n t r o d u c t i o n  

I n  c o n t i n u i n g  t h e  d e v e l o p m e n t  p r o c e s s  d e c o m p o s i t i o n ,  we 
c o n s i d e r  a s i n g l e  t r a n s i t i o n  o f  t h e ,  p o s s i b l y  m u l t i - l e v e l ,  
p r o c e s s ,  a s s u m i n g  a p e r f e c t  p r o c e s s  t h a t  i s  p u r e l y  s e q u e n t i a l  
f r om c o n c e p t  s t a t e m e n t  t o  f i n a l  i m p l e m e n t a t i o n  o f  e a c h  l e v e l .  
The s t a t e  o f  t h e  a r t  i n  problem s o l v i n g  a n d  i n  programming 
c e r t a i n l y  d o e s  n o t  p e r m i t  t h i s .  Moreover  i t  h a s  r e c e n t l y  
b e e n  shown, t h a t  P- and E- type  p r o g r a m s  [ L M 8 0 ] ,  by t h e i r  
v e r y  n a t u r e ,  when f i n a l l y  o p e r a t i o n a l  c a n  n e v e r  be e n t i r e l y  
s a t i s f a c t o r y  . Such p rog rams  w i l l  a l w a y s  unde rgo  e v o l u t i o n ,  
s i n c e  t h e i r  d e v e l o p m e n t  mus t  be  b a s e d  o n  a p r e d i c t i o n  o f  t h e  
o p e r a t i o n a l  e n v i r o n m e n t  as  i t  wiZ2 be a f t e r  i n s t a l l a t i o n .  
I t e r a t i o n  i s  t h e r e f o r e  inevitable o v e r  t h e  e n t i r e  p r o c e s s  
a n d ,  a t  l e a s t  f o r  moment, i s  a l s o  h i g h l y  l i k e l y  o v e r  t h e  
i n t e r n a l  s t e p s .  N e v e r t h e l e s s ,  e v e n  a t  t h i s  t i m e ,  i d e n t i f i c a -  
t i o n  o f  t h e  i d e a l  p r o c e s s  m u s t  y i e l d  i n s i g h t  a n d  unde-  
r s t a n d i n g  t h a t  may t h e n  b e  a p p l i e d  t o  m o d i f y  a n d  improve  t h e  
c u r r e n t  p r o c e s s  and  t o  s u p p o r t  t h e  f u r t h e r  deve lopmen t  o f  
p rogramming me thodo logy  a n d  t e c h n o l o g y .  I n  t h e  l o n g  r u n  o n e  
wou ld  hope  t o  be a b l e  t o  imp lemen t  a p r o c e s s  a p p r o a c h i n g  t h e  
i d e a l ,  a n d  t o  s u p p o r t  i t  w i t h  t h e  a p p r o p r i a t e  t o o l s .  

2 . 5 . 2  The V iewpo in t  Model 

R e f e r r i n g  b a c k  t o  t h e  p r o c e s s  model  o f  f i g u r e  2 ,  p rob l em 
i d e n t i f i c a t i o n  a n d  s t a t e m e n t  r e a l l y  c o n s i s t s  o f  two s e p a r a t e  
p a r t s .  A v i e w p o i n t  common t o  u s e r s ,  d e v e l o p e r s  a n d  t h e  
a p p r o p r i a t e  m a n a g e r s  m u s t  b e  a g r e e d  a n d  r e f l e c t e d  i n  a 
viewpoint model. The e x t e n t  t o  wh ich  t h i s  representational 
mode2 c a n  b e  f o r m a l i s e d  w i l l  d e t e r m i n e  t h e  d e g r e e  t o  wh ich  
i t s  s u b s e q u e n t  t r a n s f o r m a t i o n  i n t o  a more  r e f i n e d  model  c a n  
b e  m e c h a n i s e d  a n d  f o r m a l l y  v e r i f i e d .  A d d i t i o n a l  f a c i l i t i e s  
f o r  v a l i d a t i o n  o f  t h i s  model u s i n g ,  f o r  example ,  a n  
executab2e metric mode2 [LEH81 I ,  [ZAV81 I ,  ( w h i c h  i d e a l l y  
would  be  t h e  v i e w p o i n t  model  i t s e l f )  would  be a p o w e r f u l  
a d d i t i o n a l  t o o l  t o  e n s u r e  optimum d e c i s i o n s  a t  t h i s  s t a g e .  

2 . 5 . 3  The R e q u i r e m e n t s  Model 

F o l l o w i n g  t h e  d e v e l o p m e n t  o f  a n  a u t h o r i t a t i v e  a n d  documented  
v i e w p o i n t  o f  t h e  a p p l i c a t i o n  i n  i t s  o p e r a t i o n a l  e n v i r o n m e n t  
a n d  o n  t h e  b a s i s  o f  t h i s  f i rs t  mode l ,  a c o m p l e t e  s e t  o f  
a p p l i c a t i o n  o b j e c t i v e s ,  t h a t  i s  s y s t e m  r e q u i r e m e n t s ,  mus t  be 
d e v e l o p e d  a n d  a g r e e d .  Even i f  t h e  v i e w p o i n t  mode l  w a s  
i n f o r m a l l y  d e s c r i b e d ,  t h e  requirements model s h o u l d  c e r t a i n 1  y  
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be s o  s t r u c t u r e d  and f o r m a l i s e d  t h a t ,  a t  t h e  v e r y  l e a s t ,  i t s  
s e l f  c o n s i s t e n c y  may be  v e r i f i e d  and t h e  development  p r o c e s s  
more e a s i l y  c o n t i n u e d .  T h i s  s econd  model may be r e g a r d e d  a s  
b e i n g  c o n c r e t e  i n  r e a l  w o r l d  a p p l i c a t i o n  t e rms ,  a b s t r a c t  i n  
t e r m s  o f  t h e  o b j e c t  sys t em.  Its purpose  i s  t o  e x p r e s s  what 
t h e  sys tem and i t s  mechanisms a r e  i n t e n d e d  t o  d o ;  n o t  how 
t hey  a r e  t o  be r e a l i s e d  o r  c o n s t r u c t e d .  

2 .5 .4  The S p e c i f i c a t i o n  Model 

Requirements  a d d r e s s  and s t a t e  r e a l  w o r l d  needs .  Tha t  model 
t h e r e f o r e  c o m p l e t e s  t h e  ' p rob lem s t a t e m e n t f  b u t  d o e s  n o t  
need t o  r e f l e c t  t h o s e  sys t em p r o p e r t i e s  r e q u i r e d  f o r  problem 
s o l u t i o n .  A specification mode2 e x p r e s s e s  t h e  i d e n t i f i e d  
needs  i n  t e r m s  o f  sys t em components ,  o r  p r i m i t i v e s  t h a t  a r e  
known t o  be ,  o r  c a n  r e a s o n a b l y  be e x p e c t e d  t o  be ,  u l t i m a t e l y  
r e a l i z a b l e  i n  p h y s i c a l  mechanisms. The s p e c i f i c a t i o n  model 
i s ,  i n  f a c t ,  c o n j u g a t e  t o  t h e  r e q u i r e m e n t s  mode l ,  i n  t h a t  i t  
i s  c o n c r e t e  i n  s y s t e m s  t e r m s ,  a b s t r a c t  i n  t e r m s  o f  t h e  
a p p l i c a t i o n  domain,  t h e  Real  World. 

2 . 5 . 5  The Phenomenologica l  Model 

Design o f  t h e  s p e c i f i c a t i o n  model r e p r e s e n t s  t h e  t r a n s i t i o n  
f  rom problem s t a t e m e n t  t o  s o l u t i o n  i d e n t i f i c a t i o n .  Toge the r  
t h e  r e q u i r e m e n t s  and  t h e  s p e c i f i c a t i o n  r e c o r d  t h e  o b j e c t i v e s  
t h a t  have  been  a d o p t e d  and t h e  sys t em c h a r a c t e r i s t i c s  t h a t  
a r e  p roposed  t o  a c h i e v e  them. These must  now be recombined 
w i t h  t h e  t h e o r i e s  and laws t h a t  a r e  p a r t  of  t h e  v i e w p o i n t  
model and have  t h e r e b y  been  a c c e p t e d  a s  a d e q u a t e  t o  d e s c r i b e  
and gove rn  phenomena i n  t h e  r e a l  w o r l d ,  and t h e r e f o r e  t h e  
behav iour  of  t h e  s o l u t i o n  model.  Thus t h e  n e x t  s t e p  i s  t h e  
t r a n s f  o r m a t i o n  and r e - c o m b i n a t i o n  t h a t  l e a d s  t o  t h e  
a p p r o p r i a t e  phenomenoZogicaZ model, t h a t  i n c l u d e s  i n  t h e  
d e v e l o p i n g  sys t em d e s c r i p t i o n ,  t h e  c o n s t r a i n t s  a r i s i n g  f rom 
t h e  a t t r i b u t e s  o f  t h e  real  w o r l d  sys t em t h a t  i t  a b s t r a c t s  and  
t h e  o p e r a t i o n a l  o b j e c t i v e s  t h a t  have  been  a d o p t e d .  

2 .5 .6  The Computa t iona l  Model 

The phenomenologica l  model p r o v i d e s  t h e  n e c e s s a r y  and 
s u f f i c i e n t  c o n s t r a i n t s  t o  d e f i n e  a  mechanism t h a t  s u p p o r t s  
t h e  d e s i r e d  a p p l i c a t i o n .  I n  t h e  g e n e r a l  c a s e  i t  w i l l  n o t ,  
however,  d e f i n e  mechanisms and  p r o c e d u r e s  imp lemen tab le  by 
compute r s  and o t h e r  d e v i c e s .  For  example ,  i f  t h e  a p p l i c a t i o n  
i n v o l v e s  moving b o d i e s ,  t h e  model may i n c l u d e  d i f f e r e n t i a l  
e q u a t i o n s .  I f  t h e  a p p l i c a t i o n  i n v o l v e s  humans, t h e  model may 
i n c l u d e  r u l e  books ,  c o l l e c t i o n s  o f  l a w s  o r  p r o c e d u r e  



480 M. M. Lehman and L. A. Belady 

d e s c r i p t i o n s .  A l l  t h e s e  mus t  now be  c a s t  i n t o  a  f o r m  which  
c a n  be  m e c h a n i s e d  i n  t h e  i n t e n d e d  t e c h n o l o g y .  D i f f e r e n t i a l  
e q u a t i o n s  f o r  examp le  may be r e p l a c e d  by d i f f e r e n c e  
e q u a t i o n s ,  r u l e  books  by d e c i s i o n  t a b l e s  o r  f i n i t e  s t a t e  
m a c h i n e s  [HAR81]. 

F u r t h e r m o r e ,  t h e  s t r u c t u r e d  o r  u n s t r u c t u r e d  d e s c r i p t i o n  
p r o v i d e d  by t h e  p h e n o m e n o l o g i c a l  mode l ,  w i l l  i n c l u d e  o n l y  
s u c h  time a n d  s e q u e n c i n g  c o n s t r a i n t s  as  a r e  i m p l i e d  by t h e  
o r d e r i n g  o f  e v e n t s  i n  t h e  r e a l  w o r l d .  A d d i t i o n a l  c o n s t r a i n t s  
m u s t  ar ise i n  t h e  c o m p u t a t i o n a l  p r o c e s s ,  f o r  examp le  b e c a u s e  
o f  i n f o r m a t i o n  a n d  r e s o u r c e  s h a r i n g ,  b e c a u s e  o f  t h e  
s e q u e n t i a l  n a t u r e  o f  d e v i c e s  a n d  b e c a u s e  o f  l i m i t a t i o n s  o n  
t h e  numbers  o f  c o n c u r r e n t l y  o p e r a t i n g  d e v i c e s .  The phenomen- 
o l o g i c a l  model  mus t  t h e r e f o r e  be  f u r t h e r  t r a n s f o r m e d  i n t o  a  
computational mode2 t o  a c h i e v e  a d e s i g n  t h a t  i s  m e c h a n i s a b l e  
u s i n g  d i g i t a l  c o m p u t e r  t e c h n o l o g y .  

2 . 5 . 7  Sys tem D e s i g n  and  t h e  S t r u c t u r e  Model 

Once t h e  c o m p u t a t i o n a l  model  h a s  b e e n  d e v e l o p e d ,  i t  mus t  b e  
t r a n s f o r m e d  a n d  r e - s t r u c t u r e d  t o  p r o v i d e  a p a r t i t i o n i n g  i n t o  
a v a i l a b l e  o r  i m p l e m e n t a b l e  p r i m i t i v e s .  T h i s  i s  t h e  p r o c e s s  
g e n e r a l l y  c a l l e d  system design. However,  we p r e f e r  t o  term 
i t  t h e  system structuring process s i n c e ,  as  s t a t e d  a b o v e ,  
' d e s i g n ' ,  t h e  p r o c e s s  o f  a p p l y i n g  i n t e l l e c t u a l  power t o  a d d  
t h e  f r e s h  i n g r e d i e n t s  t o  a  m o d e l ,  i s  r e q u i r e d  i n  t h e  
deve lopmen t  o f  e a c h  a b s t r a c t  model .  However,  o n l y  a t  t h e  
s t e p  now r e a c h e d  i s  i t  p r e c i s e l y  t h e  s t r u c t u r e  p r o p e r t i e s  
t h a t  r e p r e s e n t  t h a t  new i n g r e d i e n t .  The p r e c e d i n g  d e v e l o p-  
men t  h a s  r e p e a t e d l e y  s t r e s s e d  t h e  n e e d  f o r  s t r u c t u r i n g  t h e  
m o d e l s  i d e n t i f i e d .  One o f  t h e  f u n c t i o n s  o f  s t r u c t u r e  i s  t o  
make t h e  model  i t  c o n s t i t u t e s  understandable, n o t  o n l y  t o  t h e  
d e s i g n e r  b u t  t o  a l l  who s u b s e q u e n t l y  need  t o  work  w i t h  i t .  
A t  t h e  s t e p  o f  t h e  t o t a l  p r o c e s s  now r e a c h e d ,  s y s t e m  
s t r u c t u r e  mus t  be  s u f f i c i e n t l y  d e v e l o p e d  t o  make t h e  s y s t e m  
i m p l e m e n t a b l e ,  l e a r n a b l e ,  u s a b l e  a n d  m a i n t a i n a b l e ;  c h a r a c t e r -  
i s t i c s  t h a t  demand t h a t  t h e  mode o f  o p e r a t i o n  o f  t h e  s y s t e m  
a n d  i t s  c o n s t i t u e n t  p a r t s  be  comprehended  t o  t h e  l e v e l  o f  
d e t a i l  r e q u i r e d  t o  c o m p l e t e  r e l e v a n t  t a s k s  e f f e c t i v e l y .  

The structure model, d e v e l o p e d  t o  t h e  a p p r o p r i a t e  l e v e l  o f  
d e t a i l  i d e n t i f i e s  t h e  p r i m i t i v e  mechan i sms  f rom wh ich  t h e  
s y s t e m  i s  t o  b e  c o n s t r u c t e d ,  a n d  t h e  i n t e r c o m m u n i c a t i o n  
be tween  them. Each s u c h  p r i m i t i v e  may be  r e g a r d e d  as  a  u n i t  
f o r  w h i c h  a n  i n p u t  s e t ,  a n  o u p u t  s e t  a n d  a t r a n s f e r  f u n c t i o n  
o r  u n i t  s e m a n t i c  i s  d e f i n e d .  C u r r e n t  c o n c e p t s  s u c h  a s  
a b s t r a c t  d a t a  t y p e s ,  Modula 2  m o d u l e s  [ w I R ~ ~ ]  a n d  Ada pack- 
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a g e s  [ADA801 are s p e c i a l  i n s t a n c e s  o f  t h e  p r i m i t i v e  c o n c e p t s  
p r e s e n t e d .  However, o n  t h e  b a s i s  of t h e  development  p r o c e s s  
d e s c r i b e d ,  t h e  p r i m i t i v e  u n i t s  which we e n v i s a g e  would be 
comple te ly  s p e c i f i e d ,  s e m a n t i c a l l y  as w e l l  as s y n t a c t i c a l l y .  

2.5.8 The Program Model 

Fo l lowing  t h e  development  of  t h e  f u l l y  s p e c i f i e d  s t r u c t u r e  
model,  one  r e a c h e s  t h e  f i n a l  t r a n s f o r m a t i o n  o f  t h e  sys tem 
p r o c e s s ,  t h e  impZementation; i n  t h e  c a s e  o f  a s o f t w a r e  
sys tem,  t h e  program model. The t o t a l  t r a n s f o r m a t i o n  p r o c e s s  
as  now v i s u a l i s e d  i s  i l l u s t r a t e d  by f i g u r e  3 ,  which a l s o  
i n d i c a t e s  how t h i s  p r o c e s s  model r e l a t e d  t o  t h e  more 
e l e m e n t a l  models  o f  f i g u r e  2 and 1 .  
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/ I 
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I I / I + /- I 
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I \ I 
I 

\ I C0 + 
\ + 0 
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\ SYSTEM 
I 
I 

\ STRUCTURING I 

\ I I / t 
\ I 

I 
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\ t / / 
I 
I 
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F i g u r e  3 The B a s i c  S t e p s  of  t h e  Programming P r o c e s s  



M. M. Lehman and L. A. Belady 

3 S t e p  S t r u c t u r e  

3.1 The S t e p  Paradigm 

The p r e v i o u s  s e c t i o n  h a s  o u t l i n e d  a n  i d e a l i s e d  s e v e n  s t e p  
program development s t r u c t u r e .  Each of  i t s  s t e p s  encompasses  
a  fundamenta l  human i n t e l l e c t u a l  c o n t r i b u t i o n  t h a t  i s  
o r t h o g o n a l  t o  t h o s e  c o n t a i n e d  i n  t h e  o t h e r  s t e p s  though t h e  
e x t e n t  of p o t e n t i a l  m e c h a n i s a t i o n  i n c r e a s e s  a s  one  p roceeds  
d a r n  t h e  p r o c e s s .  It i s  now s u g g e s t e d  t h a t  t h e r e  e x i s t s  a 
common s t r u c t u r e  f o r  t h e  s t e p s ,  as i l l u s t r a t e d  by f i g u r e  4 .  

F i g u r e  4 The I d e a l  S t e p  S t r u c t u r e  
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It i s  t h e  t o t a l i t y  o f  t h e  t r a n s f o r m a t i o n  d e s c r i b e d  by t h e  
a b o v e  f i g u r e ,  t h e  d e s i g n ,  t h e  m e c h a n i c a l  p a r t ,  a n d  t h e  
accompanying  v e r i f i c a t i o n  a n d  v a l i d a t i o n ,  t h a t  c o m p r i s e s  t h e  
model  t r a n s f  orma t i o n a l - s t e p  pa r ad igm.  S p a c e  d o e s  n o t  p e r m i t  
a  d e t a i l e d  d i s c u s s i o n  o f  t h i s  model  o r  i t s  r e l a t i o n s h i p  t o  
t h e  i n d i v i d u a l  s t e p s  a n d  r e p r e s e n t a t i o n a l  mode l s .  B r i e f  
comments o n  s t r u c t u r e ,  n o t a t i o n ,  v e r i f i c a t i o n  a n d  v a l i d a t i o n  
a r e  however d e s i r a b l e .  It i s  c o n v e n i e n t  t o  d i s c u s s  t h e s e  
w i t h  r e f e r e n c e  t o  t h e  r e q u i r e m e n t s  a n d  s p e c i f i c a t i o n  s t e p s  
b u t  t h e  r e m a r k s  a r e  r e l e v a n t  t o  a l l  a s p e c t s  o f  t h e  t o t a l  
p r o c e s s  , 

3.2  S t r u c t u r e  and  N o t a t i o n  

The c r i t i c a l  p r o p e r t i e s  o f  any  model  a r e  i t s  s t r u c t u r e  a n d  
t h e  n o t a t i o n  i n  w h i c h  i t s  c o n t e n t  i s  d e s c r i b e d .  A 
specification model, f o r  examp le ,  s h o u l d  s e r v e  a s  a  mechanism 
f o r  u s e r s ,  d e s i g n e r s  a n d  i m p l e m e n t o r s ,  t o  p r o v i d e  a n s w e r s  t o  
q u e s t i o n s  a b o u t  t h e  i n t e n t ,  t h e  c o m p l e t e d  s y s t e m  o r  t h e  
c u r r e n t  s t a t e  o f  i t s  d e s i g n .  F o r  a n y  q u e s t i o n  a s k e d  a b o u t  
t h e  s y s t e m ,  t h e  model  mus t  e i t h e r  l e a d  t h e  e n q u i r e r  t o  t h e  
a nswe r  o r  i t  m u s t  d e m o n s t r a t e  t h a t  no a n s w e r  e x i s t s ;  t h a t  i s  
t h a t  t h e  f e a t u r e  i n  q u e s t i o n  h a s  n o t  b e e n  d e f i n e d .  I n  t h e  
l a t t e r  c a s e ,  t h e  mechanism m u s t  a l s o  i n d i c a t e  where a n y  
d e f i n i t i o n  now f o r m u l a t e d  i s  t o  be  r e c o r d e d  s o  t h a t  t h e  n e x t  
e n q u i r e r  a s k i n g  t h e  same q u e s t i o ~ ,  o r  r a t h e r  a s k i n g  any 
q u e s t i o n  r e q u i r i n g  t h e  newly f o r m u l a t e d  a t t r i b u t e  as,  a t  
l e a s t ,  p a r t  o f  i t s  a n s w e r ,  w i l l  i n d e e d  be  g u i d e d  t o  t h a t  
a n swe r .  

T h i s  v i e w  o f  s p e c i f i c a t i o n  s u g g e s t s  t h a t  t h e  m o s t  f u n d a m e n t a l  
p r o p e r t y  o f  a  s p e c i f i c a t i o n  i s  i t s  structure. Notation t h a t  
e n s u r e s  a n  e n t r y ,  when located, i s  unambiguous ,  c o m p l e t e  a n d  
f o r m a l l y  m a n i p u t a b l e  i s  i m p o r t a n t  b u t  s e c o n d a r y  t o  s t r u c t u r e .  
A s  a l r e a d y  o b s e r v e d ,  t h i s  comment a p p l i e s  more  g e n e r a l l y .  

3.3 V e r t i c a l  V e r i f i c a t i o n  

Each s t e p  i s  i n i t i a t e d  by v e r i f i a b l e  m e c h a n i s t i c  t r a n s l a t i o n .  
T h i s  t r a n s f o r m s  t h e  s t r u c t u r e  a n d  n o t a t i o n  o f  t h e  i n p u t  model  
from a  form s u i t a b l e  f o r  c o n v e y i n g  u n d e r s t a n d i n g  a b o u t  t h e  
p r e v i o u s  s t e p  o f  t h e  p r o c e s s  i n t o  a  framework i n  w h i c h ,  f o r  
t h e  c u r r e n t  s t e p ,  t h e  d e s i g n  d e c i s i o n s  a n d  model  r e f i n e m e n t s  
may be  made a n d  p r e c i s e l y ,  r e  t r i e v a b l y  a n d  u n d e r s t a n d a b l y  
e x p r e s s e d .  I f  t h e  s o u r c e  a n d  o b j e c t  m o d e l s  o f  t h i s  t r a n s f o r -  
m a t i o n  are b o t h  f o r m a l l y  d e s c r i b e d  a n d  i f  a  v e r i f i e d  mechan-  
i c a l  t r a n s f o r m a t i o n  i s  u s e d ,  t h e n  t h e  p r e c i s e  c o r r e s p o n d e n c e  
be twe en  t h e  r e p r e s e n t a t i o n s  may be  g u a r a n t e e d .  A l t e r n a t i v e l y  
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t h e  r e s u l t s  o f  t h e  t r a n s f o r m a t i o n  c a n  be v e r i f i e d .  I n  e i t h e r  
c a s e  t h i s  type  o f  v e r i f i c a t i o n  i s  termed v e r t i c a l  
v e r i f i c a t i o n  of  t h e  t r a n s f o r m a t i o n  p rocess .  

3.4 Design,  H o r i z o n t a l  V e r i f i c a t i o n  and V a l i d a t i o n  

Once t h e  requ i rement  framework h a s  been c r e a t e d  th rough  
t r a n s f o r m a t i o n  from t h e  v i e w p o i n t  model,  t h e  r e q u i r e m e n t s  may 
be designed and t h e i r  s t r u c t u r e d ,  formal  o r  i n f o r m a l ,  
d e s c r i p t i o n  embedded i n  t h e  framework. T h i s  p roduces  t h e  
r e q u i r e m e n t s  model. Use of  t h e  word ' d e s i g n 1  h e r e  i s  q u i t e  
d e l i b e r a t e .  The c o n s t r u c t i o n  of  each  of  t h e  models  d i s c u s s e d  
i n  t h e  c u r r e n t  a n a l y s i s  i n v o l v e s  d e s i g n ;  s e l e c t i o n  between 
a l t e r n a t i v e  model e l e m e n t s  - i n  t h i s  i n s t a n c e  r e q u i r e m e n t s  - 
and t h e i r  s t r u c t u r i n g  i n t o  a  complete  and c o h e s i v e  system of 
minimal complex i ty  t h a t  r e f l e c t s  a  f i n a l  sys tem t h a t  cou ld  be 
o p e r a t i o n a l l y  s a t i s f a c t o r y  and c o s t - e f f e c t i v e .  It i s  t h i s  
d e s i g n  a c t i v i t y  t h a t  demands human c r e a t i v e  i n t e l l e c t  t o  
i d e n t i f y  needs and o p p o r t u n i t i e s ;  b e n e f i t s  and c o s t s ;  t o  
r e c o g n i s e  r e l a t i o n s h i p s ,  dependenc ies  abd commona l i t i e s ;  i n  
g e n e r a l ,  t o  e x e r c i s e  judgement,  c h o i c e  and d i s c r i m i n a t i o n .  

The d e s i g n  p o r t i o n  of  t h e  t r a n s f o r m a t i o n  p r o c e s s  a d d s  and 
' c o l o u r l  and d e t a i l  and c a l l s  f o r  a  second form of v e r i f i -  
c a t i o n ,  hor i zon ta l  v e r i f i c a t i o n .  T h i s  must demons t ra te  t h a t  
t h e  s e t  of  d e c i s i o n s  t h a t  have been t a k e n  a r e  c o n s i s t e n t  and,  
i n  some s e n s e ,  comple te ;  c o v e r i n g  a t  t h e  v e r y  l e a s t  a l l  t h e  
r e q u i r e m e n t s  i m p l i e d  by t h e  s o u r c e  model. 

Any model c o n s t r u c t e d  by t h e  a p p l i c a t i o n  of  c h o i c e  and 
d e c i s i o n ,  i s  one of  many t h a t  cou ld  have been s e l e c t e d  a t  
t h a t  l e v e l  d u r i n g  t h e  a s s o c i a t e d  s t e p .  It i s  t h e r e f o r e  
a p p r o p r i a t e  t o  judge t h e  e f f e c t i v e n e s s  o f  t h e  d e c i s i o n s  t a k e n  
i n  a  v a l i d a t i o n  p r o c e s s  s s i n g ,  f o r  example,  t h e  e x e c u t a b l e  
m e t r i c  models  r e f e r r e d  t c  above. One would hope t o  de te rmine  
w h e t h e r ,  i n  t e rms  o f  o n e ' s  knowledge and e x p e c t a t i o n  of  t h e  
remainder  of  t h e  t o t a l  p r o c e s s  and o f  t h e  implementa t ion  
t echno logy ,  t h e  s u c c e s s i v e  d e s i g n  a c t i v i t i e s  a t  each  s t e p  can 
r e a s o n a b l y  be e x p e c t e d  t o  u l t i m a t e l y  l e a d  t o  a  s a t i s f a c t o r y  
o p e r a t i o n a l  sys tem.  Moreover f o r  o p e r a t i o n a l  c h a r a c t e r i s t i c s  
t h a t  have been l e f t  u n s p e c i f i e d ,  v a l i d a t i o n  shou ld  p r o v i d e  a n  
e s t i m a t e  o f  what  they  a r e  l i k e l y  t o  be,  o r  a t  l e a s t  t h a t  they  
a r e  i n  a n  a c c e p t a b l e  r ange .  The f u r t h e r  one p roceeds  i n  t h e  
t o t a l  p r o c e s s ,  t h e  more p r e c i s e  t h e s e  f o r e c a s t s  s h o u l d  and 
c a n  be. 
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3.5 The Common S t e p  S t r u c t u r e  

T h i s  common s t e p  s t r u c t u r e ,  l i k e  t h e  p r o c e s s  s t r u c t u r e  o f  t h e  
p r e v i o u s  s e c t i o n ,  c a n n o t  b e  a c h i e v e d  w i t h  p r e s e n t  me thodo logy  
a n d  t e c h n o l o g y .  It i s  howeve r ,  c o n s i d e r e d  a t t a i n a b l e  o v e r  
t h e  n e x t  d e c a d e  ( 2 1 . 2 ) .  If a c h i e v e d  a n d  d u l y  s u p p o r t e d  w i t h  
a  v e r t i c a l l y  i n t e g r a t e d  programming s u p p o r t  e n v i r o n m e n t ,  t h a t  
i s  a c o m p l e t e  set  o f  homogeneous m e t h o d o l o g i e s  a n d  t o o l s ,  i t  
s h o u l d  r e s u l t  i n  a  p r o c e s s  s i g n i f i c a n t l y  more e f f e c t i v e  a n d  
c o s t - e f f e c t i v e  t h a n  e x i s t s  a t  p r e s e n t .  I n  a d d i t i o n  i t  w i l l  
be  p o s s i b l e  t o  i m p r o v e  t h e ,  e s s e n t i a l l y  l i n e a r ,  p r o c e s s  by 
s t e p w i s e  r e f i n e m e n t ,  b o t h  o v e r  s e t s  o f  s t e p s  a n d  w i t h i n  s t e p s  
t o  a c h i e v e  i n c r e m e n t a l  p r o d u c t i v i t y  improvemen t s .  

4 P r o d u c t i v i t y  I m p l i c a t i o n s  a n d  t h e  C u r r e n t  P r o c e s s  

The a b s e n c e  o f  s i g n i f i c a n t  p r o d u c t i v i t y  i n c r e a s e s  i n  
programming o v e r  t h e  l a s t  t w e n t y  y e a r s  i s  a  d i r e c t  
c o n s e q u e n c e  of  t h e  h i s t o r y  and  r e s u l t a n t  make-up o f  t h e  t o t a l  
p r o c e s s  t h a t  i s  f o l l o w e d  t o d a y .  On t h e  o t h e r  h a n d  i t  a p p e a r s  
t h a t  a  t o t a l  r e p l a c e m e n t  p r o c e s s ,  e v e n  o n e  o n l y  r e m o t e l y  
a p p r o a c h i n g  t h e  i d e a l ,  i s  p r o b a b l y  a d e c a d e  away. Thus o n e  
mus t  s t i l l  s e e k  t o  i n c r e a s e  p r o d u c t i v i t y  i n  t o d a y ' s  
e n v i r o n m e n t ,  a c c e p t i n g  a n y  g a i n s  as  a p a l l i a t i v e  u n t i l  a more 
f u n d a m e n t a l  b r e a k t h r o u g h  c a n  be  made. 

For  a  t r u e  s t u d y  o f  p r o d u c t i v i t y  i s s u e s  t h e  t o t a l  l i f e - c y c l e  
p r o c e s s  mus t  be  c o n s i d e r e d .  Fo r  b o t h  t h e  c u r r e n t  a n d  
c o n c e p t u a l l y  i d e a l  p r o c e s s  t h i s  may be  r e p r e s e n t e d  by a  f o u r  
t i e r e d  s t r u c t u r e .  A m a j o r  c y c l e  e n c o m p a s s e s  t h e  e n t i r e  l e v e l  
a n d  s t e p  p r o c e s s  t o  p r o v i d e  t h e  f ramework  a n d  mechanism f o r  
s y s t e m  a d a p t a t i o n  t o  a c h a n g i n g  e n v i r o w e n t ;  t h a t  i s  s y s t e m  
e v o l u t i o n .  The p o t e n t i a l  f o r  i n c r e a s e d  p r o d u c t i v i t y  d u r i n g  
e v o l u t i o n a r y  m a i n t e n a n c e  ar ises f rom t h e  a v a i l a b i l i t y  o f  a  
s t r u c t u r e d  l i n e a r  p r o c e s s  t h a t  c a n  c o n s i s t e n t l y  y i e l d  a n d  
m a i n t a i n  a  well s t r u c t u r e d ,  comprehendab l e  s y s t e m  w i t h  
f o r m a l l y  documented  f u n c t i o n  a n d  p r o p e r t i e s .  The comprehen-  
s i v e  h i s t o r i c a l  a r c h i v e  ( i n f o r m a t i o n  r e p o s i t o r y )  whose 
e x i s t e n c e  i s  i n d i c a t e d  i n  f i g u r e  4 m u s t  m a i n t a i n  t h e  i n f o r m-  
a t i o n  r e q u i r e d  t o  make e f f e c t i v e  c h a n g e s  t o  t h e  s y s t e m  and  t o  
make them c o s t - e f f e c t i v e l y .  Comple te  a n d ,  a t  a l l  t i m e s  up- 
t o - d a t e ,  i n f o r m a t i o n  i s  e s s e n t i a l  t o  a c h i e v e  a l o n g - l i f e  
s y s t e m  t h a t  c a n  b e  r e s p o n s i v e l y  a n d  e c o n o m i c a l l y  m a i n t a i n e d  

21.2 (Eds) An IPSE conceptually based on the concepts and on 
insights developed since then LLEH841 is currently under 
development at Imperial Softuare Technology Limited 
(ISTI. 
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a s  t h e  a p p l i c a t i o n  e n v i r o n m e n t  a n d  a v a i l a b l e  t e c h n o l o g y  
e v o l v e .  Where t h e  means  f o r  i t s  p r o v i s i o n  e x i s t ,  t h e  
c o n s e q u e n t  i n c r e a s e  i n  t h e  t i m e  o v e r  wh ich  t h e  i n v e s t m e n t  i n  
t h e  s o f t w a r e  may be d e p r e c i a t e d  m u s t  r e p r e s e n t  a  s i g n i f i c a n t  
i n c r e a s e  i n  e f f e c t i v e  p r o d u c t i v i t y .  Moreover ,  t h e  a d d i t i o n a l  
m a i n t e n a n c e  i n v e s t m e n t  d u r i n g  t h e  e x t e n d e d  l i f e  p e r i o d  w i l l  
be m i n i m i s e d .  

The s t e p  s t r u c t u r e  i l l u s t r a t e d  by f i g u r e  4 c o n s t i t u t e s  t h e  
o t h e r  e x t r e m e  o f  t h e  p r o c e s s  s t r u c t u r e  v i s u a l i s e d .  It h a s  
been  w i d e l y  r e c o g n i s e d  t h a t  a d o p t i o n  o f  f o r m a l  
r e p r e s e n t a t i o n ,  w h e r e  a p p l i c a b l e ,  i s  a c l e a r  p r o d u c t i v i t y  
a i d .  It mus t  f a c i l i t a t e  human u n d e r s t a n d i n g ,  a v o i d  
i m p r e c i s i o n  a n d  a m b i g u i t y ,  f o r e s t a l l  e r r o r s  due  t o  m i s u n d e r-  
s t a n d i n g .  It a l s o  o p e n s  up  t h e  p o t e n t i a l  f o r  a u t o m a t i c  
t r a n s f o r m a t i o n  o f  t h e  model  s t r u c t u r e  a n d  c o n t e n t  f r om s t e p  
t o  s t e p ;  t o  r e c a s t  t h e  model  i n t o  a f o r m  s u i t a b l e  f o r  
a n a l y s i s ,  d e s i g n  a n d  t h e  a d d i t i o n  o f  t h e  new d e t a i l  r e l e v a n t  
t o  e a c h  s t e p .  

F u r t h e r m o r e ,  f o r m a l  r e p r e s e n t a t i o n  f a c i l i t i e s  v e r i f i c a t i o n .  
More g e n e r a l ,  t h e  d e t e c t i o n  a n d  c o r r e c t i o n  o f  e r r o r s ,  
w e a k n e s s e s  o r  d e v i a t i o n s  f rom optimum, b e c a u s e  p r o g r e s s i v e l y  
and  r a p i d l y  more d i f f i c u l t  a n d  c o s t l y  a s  one  p r o c e e d s  t h r o u g h  
t h e  p r o c e s s .  Thus t h e  maximum d e g r e e  of  v e r i f i c a t i o n  and  
v a l i d a t i o n  a t  e a c h  s t e p ,  l e a d i n g  t o  e a r l y  d i s c o v e r y  o f  
f a u l t s ,  mus t  make a m a j o r  c o n t r i b u t i o n  t o  p r o d u c t i v i t y  g rowth  
b o t h  i n  t h e i r  own r i g h t  and  b e c a u s e  t h e i r  a p p l i c a t i o n  m u s t  
s i m p l i f y  t h e  s u b s e q u e n t  deve lopmen t  o f  a s y s t e m  as a  
c o n s e q u e n c e  o f  t h e  r e d u c e d  e r r o r  c o n t e n t .  Many i s s u e s ,  
m e t h o d o l o g i c a l ,  s t r u c t a r a l  and  n o t a t i o n a l  must  be r e s o l v e d  if 
t h e  maximum b e n e f i t  i s  t o  b e  r e a p e d  f rom t h e  c o n c e p t s  
o u t l i n e d ;  p a r t i c u l a r l y  i f  f u l l  a d v a n t a g e  i s  t o  be t a k e n  o f  
t h e  f a c t  t h a t  a s ' ; : *uc tu r a l l y  similar p r o c e s s  ( 21 .3)  i s  
e x e c u t e d  w i t h i n  e a c h  s t e p .  T h i s  i s  t r u e  f o r  t h e  i d e a l  
p r o c e s s  and  e v e n  more  s o  f o r  t h e  c u r r e n t  p r o c e s s .  N e i t h e r  
i n v e s t i g a t i o n  c a n  be p u r s u e d  h e r e .  

F i n a l l y ,  p r o d u c t i v i t y  g rowth  p o t e n t i a l  a t  t h e  m i d d l e  t iers  of  
t h e  t o t a l  p r o c e s s  mus t  be  examined .  A t  t h e  h i g h e r  o f  t h e  
two,  t h e  p r o c e s s  o f  s t e p w i s e  r e f i n e m e n t  d e v e l o p s  a s e q u e n c e  
o f  l e v e l s  o f  d e s c r i p t i o n  i n  terms o f  p r i m i t i v e s ,  
p r o g r e s s i v e l y  more  a b s t r a c t  w i t h  r e f e r e n c e  t o  t h e  r e a l  
a p p l i c a t i o n  i n  i t s  e n v i r o n m e n t ;  p r o g r e s s i v e l y  c l o s e r  t o  
i m p l e m e n t a b l e  a n d  e x e c u t a b l e  s y s t e m  p r i m i t i v e s .  The m a i n  

21.3 ( E d s )  As demonstrated by t h e  LST canonical  s t e p  
1 LEH841. 
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p r o d u c t i v i t y  i s s u e s  i n  t h i s  p r o c e s s  r e l a t e  t o  s e l e c t i o n  o f  
t h e  optimum number o f  l e v e l s  a n d  t h e  optimum s e t  o f  
p r i m i t i v e s  i n  t e r m s  o f  wh ich  t h e  l e v e l s  a r e  d e s c r i b e d  o r  
c o n s t r u c t e d ,  The s t e p  p r o c e d u r e  d e s c r i b e d  i n  2.5 i n  r e l a t i o n  
t o  p r o g r e s s  t h r o u g h  a  s i n g l e  l e v e l ,  i s  h i g h l y  r e l e v a n t  t o  a  
c l o s e r  s t u d y  o f  t h i s  o p t i m i s a t i o n  problem.  

The s econd  o f  t h e  two m i d d l e  t i e r s  i s  t h e  s t e p  p r o c e s s  
be tween n e i g h b o u r i n g  l e v e l s  as d e s c r i b e d  i n  s e c t i o n  2.5. The 
p r o c e s s  s t r u c t u r e  p r o v i d e s  a f ramework  w i t h i n  which  t h e  
p o t e n t i a l  of v a r i o u s  t e c h n i q u e s  f o r  i m p r o v i n g  p r o d u c t i v i t y  
may be examined  f o r  t h e  i n t e r - l e v e l  a c t i v i t i e s  a n d  i n t r a -  
l e v e l  s u b - a c t i v i  t ies .  

Fo r  example  c o n s i d e r  t h e  u s e ,  as f i r s t  p roposed  by McI l roy  
[MCI68], o f  s t a n d a r d  s o f t w a r e  packages .  E v a l u a t i o n  o f  t h i s  
c o n c e p t  r e q u i r e s  o n e  t o  i d e n t i f y  which  s t e p  o f  wh ich  l e v e l ,  
w i t h i n  t h e  t o t a l  p r o c e s s  i t  r e l a t e s  t o  and  w h a t  t e c h n o l o g i e s  
must  b e m a s t e r e d i f  i t  i s  t o  be a t  a l l  e f f e c t i v e .  I n  d o i n g  
t h i s  o n e  may, o f  c o u r s e ,  a p p r o a c h  t h e  e v a l u a t i o n  f rom t h e  
v i e w p o i n t  o f  t h e  c u r r e n t  p r o c e s s  o r  one  may b a s e  i t  on  
' i d e a l f  mode l s  s u c h  a s  t h o s e  d e v e l o p e d  above .  S i n c e  t h e  
s t e p s  i d e n t i f i e d  a r e  c o n s i d e r e d ,  i n  some s e n s e ,  f u n d a m e n t a l  
and  o r t h o g o n a l  t o  o n e  a n o t h e r ,  t h e y  p r o v i d e  a s u i t a b l e  f rame-  
work f o r  a p r o d u c t i v i t y  a n a l y s i s ;  e v e n  w i t h  r e f e r e n c e  t o  a 
p r o c e s s  n o t  p r e c i s e l y  b a s e d  o n  t h o s e  s t e p s ,  s i n c e  t h e  
c o n s e q u e n c e s  o f  a  change  i n  t h e  c o n t e x t  o f  a s t e p ,  may be 
e v a l u a t e d  i n d e p e n d e n t l y  o f  o t h e r  s t e p s .  

The e x i s t e n c e  o f  v a r i o u s  a p p r o a c h e s  t o  p r o d u c t i v i t y  g rowth  
h a s  been  w i d e l y  r e c o g n i  s e d .  The r e c e n t  IEEE S o f t w a r e  
E n g i n e e r i n g  P r o d u c t i v i t y  Workshop, [SEP81],  f o r  example  
i d e n t i f i e d  a v a r i e t y  o f  s u c h  t e c h n i q u e s .  These  and  o t h e r s  
l i k e  them c a n n o t  be  examined  more  c l o s e l y  i n  t h e  p r e s e n t  
p a p e r .  B u t  we r e - a f f i r m  o u r  c o n v i c t i o n  t h a t  t h e  
o p p o r t u n i t i e s  t h e y  o f f e r  mus t  be examined  i n  r e l a t i o n  t o  t h e  
process w i t h i n  which t h e y  are app l i ed .  T h a t  a n a l y s i s  m u s t  be 
a p p l i e d  o v e r  a l l  s t e p s  o f  w h a t  we have  t e rmed  t h e  f o u r  t i e r  
p r o c e s s ,  o r  i t s  e q u i v a l e n t  i n  c u r r e n t  me thodo logy .  T h i s  may 
be  done by s e t t i n g  up  a f i v e  d i m e n s i o n a l  a r r a y ,  o r  a  l o w e r  
d i m e n s i o n a l  s u b- a r r a y .  The p o t e n t i a l  s c o p e  o f  e a c h  t e c h n i q u e  
i n  r e l a t i o n  t o  t h e  f u n d a m e n t a l  a c t i v i t i e s  o f  t h e  p r o c e s s  may 
t h e n  be d e t e r m i n e d  and  t h e i r  p o t e n t i a l  c o n t r i b u t i o n  t o  
p r o d u c t i v i t y  g r o w t h  i n  t h e  r e l e v a n t  a c t i v i t y ,  e s t i m a t e d .  An 
o u t l i n e  two d i m e n s i o n a l  a r r a y  t h a t  s e r v e d  t o  g u i d e  t h e  
d i s c u s s i o n  a t  t h e  a b o v e  r e f e r e n c e d  workshop  i s  g i v e n  i n  
f i g u r e  5 .  
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POTENTIALLY MOST RFMARDING PHASES UNDERLINED 

F=formulat ion 
T= t r a n s f  o m a t i o n  
Ve=verif  i c a t i o n  
V a w a l i d a t i o n  

1 =Viewpoint 
2= Requirement s 
3=Spec i f i ca t i on  
4= Phenomenological 
5=Computational 
6 = S t r u c t u r a l  
'/=Program 

Figure  5 Process Based P roduc t iv i t y  Approach 
Evalua t ion  
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5 C o n c l u s i o n  

The p r e s e n t  p a p e r  h a s  n o t  made a d i r e c t  c o n t r i b u t i o n  t o  t h e  
e x p l o r a t i o n  o f  p r o d u c t i v i t y  improvemen t s  i n  t h e  programming 
p r o c e s s .  It was n o t  i n t e n d e d  t o  do s o .  I n s t e a d  a t t e n t i o n  
h a s  been  drawn t o  t h e  u n d e r l y i n g  r e a s o n  f o r  t h e  l a c k  o f  
s i g n i f i c a n t  g rowth  i n  programming p r o d u c t i v i t y  i n  r e c e n t  
y e a r s .  Only by l i n e a r i s i n g  t h e  t o t a l  p r o c e s s  t o  t h e  p o i n t  
whe re  l o c a l  a c t i o n s  c a n  be imp lemen ted  w i t h o u t  i m p a c t  o n  
o t h e r  p a r t s  o f  a s y s t e m  o r  o n  a l a t e r  s t a g e  o f  t h e  d e s i g n ,  
i m p l e m e n t a t i o n  a n d  m a i n t e n a n c e  p r o c e s s ,  c a n  one  e x p e c t  t o  
make r e a l  p r o g r e s s .  The c o r r e c t  a p p r o a c h  t o  a c h i e v e  t h i s  i s  
t o  c o n s i d e r  t h e  t o t a l  p r o c e s s  a n d  t o  a n a l y s e  i t  top- down i n  
o r d e r  t o  o n t a i n  a p u r e r  p r o c e s s  s t r u c t u r e  w i t h i n  wh ich  
a p p r o p r i a t e  me thods  c a n  be d e v i s e d ,  f o r m a l i s e d  a n d  s u p p o r t e d .  
The t i m e  i s  now r i p e  f o r  s u c h  e x p l o r a t i o n  a n d  deve lopmen t .  
Moreover t h i s  i s  t h e  r e a l  i m p l i c a t i o n  o f  t h e  now w i d e l y  
a c c e p t e d ,  b u t  n o t  f  c l l y  u n d e r s t o o d ,  c o n c e p t  o f  t h e  v e r t i c a l l y  
i n t e g r a t e d  programming s u p p o r t  e n v i r o n m e n t .  The n e x t  d e c a d e  
s h o u l d  see s u c h  s y s t e m s  emerge  a n d  t a k e  t h e i r  p l a c e  
o p e r a t i o n a l l y ,  t o  a c h i e v e  e v e r  more  p r o d u c t i v e  compu te r  u s a g e  
t h r o u g h  t h e  a v a i l a b i l i t y  o f  s o f t w a r e  t h a t  is  c o r r e c t  a n d  c a n  
be  m a i n t a i n e d  c o r r e c t ;  s o f t w a r e  t h a t  c o n t i n u a l l y  p r o v i d e s  
e f f e c t i v e  a n d  c o s t - e f f e c t i v e  f u n c t i o n  i n  a n  e v e r  e v o l v i n g  
e n v i r o n m e n t .  
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1 I n t r o d u c t i o n  

T h i s  p a p e r  w i l l  n o t  d i s c u s s  t h e  v i r t u e s  o r  p o t e n t i a l  o f  t h e  
J a p a n e s e  F i f t h  G e n e r a t i o n  P l a n  (FGCS) [ J I P 8 1 ]  o r  o f  t h e  
' p r i m i t i v e '  c o n c e p t s  a n d  s u b- s y s t e m s  t h a t  a r e  t o  be u s e d  i n  
t h e  i m p l e m e n t a t i o n  o f  t h e  s y s t e m s  p r o p o s e d .  The p o t e n t i a l  o f  
knowledge- based  e x p e r t  s y s t e m s ,  f u n c t i o n a l  l a n g u a g e s ,  
a b s t r a c t  d a t a - t y p e s ,  l o g i c  programming,  d a t a - f l o w  
a r c h i t e c t u r e ,  d i s t r i b u t e d  s y s t e m s  a n d  VLSI i s  c l e a r .  The 
i n c r e a s i n g l y  w i d e s p r e a d  u s e  o f  t h e s e  t e r m s  may g i v e  them t h e  
a p p e a r e n c e  o f  buzzwords .  I n  f a c t  t h e y  r e p r e s e n t  i m p o r t a n t  
and  p o t e n t i a l l y  v a l u a b l e  c o n c e p t s  a n d  t e c h n o l o g i e s  t h a t  w i l l  
h a v e  s i g n i f i c a n t  i m p a c t  o n  f u t u r e  g e n e r a t i o n s  o f  compu te r  
s y s t e m s ;  a n d  t h e r e f o r e  o n  a  s o c i e t y  i n c r e a s i n g l y  r e l i a n t  o n ,  
e v e n  d o m i n a t e d  b y ,  s u c h  s y s t e m s .  

Nor w i l l  t h e  p a p e r  c o n s i d e r  t h e  r e a l i s a b i l i t y  o f  t h e  p l a n  i n  
t e r m s  o f  t h e  m a t u r i t y  o f  t h e  t e c h n o l o g i e s  p r o p o s e d ,  t h e  
t e c h n o l o g i c a l  c h a l l e n g e s  a r i s i n g  f rom c h a n g e s  o f  s c a l e  o f  
s e v e r a l  o r d e r s  o f  m a g n i t u d e  o r  t h e  t i m e  s c a l e  e n v i s a g e d  f o r  
s y s t e m  i m p l e m e n t a t i o n .  I n s t e a d  t h e  p a p e r  w i l l  draw a t t e n t i o n  
t o  some i s s u e s  and  p r o b l e m s  wh ich  mus t  be c o n s i d e r e d  i n  
p a r a l l e l  w i t h  p u r s u i t  o f  t h e  o b j e c t i v e s  s e t  o u t  i n  t h e  FGCS 
p l a n ,  i f  t h e  'Dawn o f  t h e  Second  Computer  Age1 i s  n o t  t o  l e a d  
t o  ' S u n s e t  f o r  C i v i l i s a t i o n ' .  The c o n t e n t  may seem t o  sound 
a  d i s c o r d a n t  n o t e ,  e v e n  a l a r m i s t .  T h a t  i s  n o t  t h e  i n t e n t i o n .  
The re  i s  e v e r y  r e a s o n  t o  b e l i e v e  t h a t  t h e  c o n c e p t s  p r e s e n t e d  
by t h e  J a p a n e s e  p l a n s  w i l l  o n l y  be r e a l i s a b l e  when s o l u t i o n s  
have  been  o b t a i n e d  t o  t h e  p r o b l e m s  t o  be o u t l i n e d .  Moreover ,  
i f  s o l u t i o n s  a r e  n o t  f o u n d  a n d  p l a n s  s u c h  a s  t h i s  a r e  p u r s u e d  
r e m o r s e l e s s l y ,  i t  w i l l  l e a d ,  a t  t h e  v e r y  l e a s t ,  t o  a  
r e p e t i t i o n  a n d  i n t e n s i f i c a t i o n  o f  t h e  ' S o f t w a r e  Crisis'. A t  
w o r s t ,  i t  c o u l d  d e v e l o p  i n t o  a  s e r i o u s  t h r e a t  t o  
c i v i l i s a t i o n .  Thus a  s e a r c h  f o r  s u c h  s o l u t i o n s  becomes a  
m a t t e r  o f  t h e  h i g h e s t  p r i o r i t y .  
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2  VLSI 

It i s  o f  i n t e r e s t  t o  f i r s t  n o t e  t h a t  t h e  a n a l y s i s  t o  f o l l o w  
i s  a s  r e l e v a n t  t o  VLSI ' h a r d w a r e '  a s  i t  i s  t o  s o f t w a r e .  A s  
e l e m e n t  numbers p e r  c h i p  i n c r e a s e ,  t h e  l a t t e r  w i l l  d e v e l o p  
t h e  c o m p l e x i t y ,  i n v i s i b i l i t y ,  e v o l u t i o n  and  u n c e r t a i n t y  
c h a r a c t e r i s t i c s  o f  s o f t w a r e  on  t o p  o f  t h e  i n h e r e n t  p rob lems  
of t h e  t e c h n o l o g y  i t s e l f .  A s  t h e  m a n u f a c t u r i n g  p r o c e s s  
becomes a u t o m a t e d ,  c h i p  f u n c t i o n a l i t y  w i l l  be d e f i n e d  by t h a t  
p r o c e s s  and  i t s  f o r m a l  i n p u t s .  O f t e n  i t  may even  be a  d e s i g n  
o p t i o n  w h e t h e r  a  c h i p  f u n c t i o n a l - s p e c i f i c a t i o n  i s  u s e d  t o  
c o n t r o l  a  m a n u f a c t u r i n g  p r o c e s s  o r  a s  s o u r c e  code  f o r  a  
program s u b s e q u e n t l y  t o  be s t o r e d  i n  and e x e c u t e d  by a  
s i m p l e r  c h i p .  Thus i n  t h e  r e m a i n d e r  o f  t h i s  p a p e r ,  ' p rog ram '  
i s  t o  be i n t e r p r e t e d  a s  i n c l u d i n g  b o t h  s o f t  and VLSI 
i m p l e m e n t a t i o n s .  I n  f a c t ,  t h e  u s e  o f  VLSI makes many o f  t h e  
p rob lems  t o  be d i s c u s s e d  more c r i t i c a l .  I n  c o n n e c t i o n  w i t h  
t h e  i s s u e  o f  c o r r e c t n e s s ,  f o r  example ,  a n  e r r o r ,  o n c e  e t c h e d ,  
c a n ,  i n  g e n e r a l ,  n o t  be c o r r e c t e d  w i t h o u t  r e p e a t i n g  t h e  
e n t i r e  m a n u f a c t u r i n g  p r o c e s s .  

3  The Problem Areas  

3.1 I d e n t i f i e r s  

The p rob lems  which  may be r e c e i v i n g  i n s u f f i c i e n t  e m p h a s i s  i n  
t h e  FGCS community c a n  be  i n d i c a t e d  by words  s u c h  a s  
Requirements ,  EvoZut ion,  CompZexity,  Understanding,  
C o r r e c t n e s s ,  Respons iveness ,  C o s t .  These p o i n t  t o  p rob lems  
t h a t  have p l agued  t h e  s o f t w a r e  community f o r  n e a r l y  two 
d e c a d e s .  Yet, t o  t h e  a u t h o r ' s  b e s t  knowledge ,  p u b l i s h e d  
m a t e r i a l  o n  t h e  FGCS p l a n  makes no s i g n i f i c a n t  r e f e r e n c e  t o  
t h e  i m p l i e d  problem a r e a s ,  t o  t h e i r  l i k e l y  impac t  d u r i n g  
deve lopmen t  and s f ' e r  i n s t a l l a t i o n  o f  FGCS sys t ems  o r  t o  
t h e i r  i m p l i c a t i o n s  o n  R & D i n  t h e  c o n c e p t s ,  methodology and 
s o f t w a r e  t o o l s  a r e a s .  The r e m a i n d e r  o f  t h i s  pape r  b r i e f l y  
examines  t h e i r  s i g n i f  i c a c c e  and  i m p l i c a t i o n s .  

3 .2  Requ i r emen t s  

The a n a l y s i s  o f  a  p roposed  new computer  a p p l i c a t i o n  o r  o f  a  
change  t o  a n  e x i s t i n g  o n e  i s  one  o f  t h e  most  c r i t i c a l  
a c t i v i t i e s  i n  t h e  comput ing  sys t em l i f e  c y c l e .  It i s  r e q u i r e d  
s o  a s  t o  d e t e r m i n e  and s p e c i f y  t h e  a t t r i b u t e s  o f  t h e  sys t em 
t o  be implemented  and t h e  c r i t e r i a  by which i t  i s  t o  be 
j udged .  E r r o r s  o r  o m i s s i o n s  a t  t h i s  s t a g e  a r e  l i k e l y  t o  
p r o v e  most  d i s t u r b i n g  t o  t h e  end u s e r  and a r e  c e r t a i n l y  t h e  
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most  e x p e n s i v e  t o  r e c t i f y .  Methods and  t o o l s  t o  s u p p o r t  t h e  
r e q u i r e m e n t s  d e f i n i t i o n  p r o c e s s  a n d  t o  make i t  more  r e l i a b l e ,  
a r e  u n d e r  w i d e s p r e a d  d e v e l o p m e n t .  But a t  t h e  p r e s e n t  t i m e  i t  
i s  s t i l l  more o f  a n  a r t  t h a n  a n  e n g i n e e r i n g  d i s c i p l i n e .  

The re  i s  no r e a s o n  t o  b e l i e v e  t h a t  t h e  problem o f  d e t e r m i n i n g  
and  f i x i n g  r e q u i r e m e n t s  w i l l  be s i m p l e r  f o r  t h e  new 
g e n e r a t i o n  o f  s y s t e m s ,  e v e n  i f  a  more p r e c i s e  and  c o n c i s e  
n o t a t i o n  i s  a v a i l a b l e  f o r  t h e i r  r e p r e s e n t a t i o n .  The p rob l em 
may w e l l  p r o v e  more d i f f i c u l t  a n d  c r i t i c a l  b e c a u s e  o f  
i n c r e a s i n g l y  a m b i t i o u s  a n d  complex  a p p l i c a t i o n s ,  l a r g e r  
s y s t e m s  and  t h e  e v e r- g r o w i n g  i n t e r w e a v i n g  o f  a u t o m a t e d  
s y s t e m s  w i t h  t h e  v e r y  f a b r i c  o f  s o c i e t y .  The c o n s e q u e n c e s  of 
i g n o r i n g  i t  w i l l  i n e v i t a b l y  r e s u l t  i n  r e p e t i t i o n  a n d  
compounding o f  t h e  e a r l i e r  e x p e r i e n c e  w i t h  v o n  Neumann 
s o f t w a r e .  The p l a n  a p p e a r s  t o  n e g l e c t  t h e  problem and  i t s  
i m p l i c a t i o n s .  

3 .3  E v o l u t i o n  

The e v o l u t i o n a r y  n a t u r e  o f  compu te r  a p p l i c a t i o n s  a n d ,  
t h e r e f o r e  compu t ing  s y s t e m s ,  i s  now g e n e r a l l y  a c c e p t e d ;  
r e c o g n i s e d  a s  i n t r i n s i c  and  n o t  m e r e l y  a  w e a k n e s s  o f  t h e  
deve lopmen t  p r o c e s s  [LEH80,82]. The i m p l i c a t i o n s  o f  t h i s  o n  
t h e  p r o c e s s ,  on  s y s t e m  a r c h i t e c t u r e  and  o n  t h e  r e l a t i v e  
s t r e n g t h s  and  w e a k n e s s e s  o f  d i f f e r e n t  i m p l e m e n t a t i o n  
p r i m i t i v e s  h a s  n o t  b e e n  w i d e l y  c o n s i d e r e d .  But  p a s t  
e x p e r i e n c e  i n  t h e  s o f t w a r e  w o r l d  i n d i c a t e s  t h e  l i k e l y  
c o n s e q u e n c e s  o f  a  r e s e a r c h  a n d  deve lopmen t  p l a n  t h a t  i g n o r e s  
t h e s e  i s s u e s .  It i s  one  t h i n g  t o  d e s i g n  a n d  imp lemen t  a n  
i n i t i a l  s y s t e m .  It i s  q u i t e  a n o t h e r  m a t t e r  t o  e l i m i n a t e  
w e a k n e s s e s ,  t o  p r o v i d e  improved  o r  new f a c i l i t i e s ,  t o  a d a p t  
a n  o p e r a t i o n a l  s y s t e m  t o  new c i r c u m s t a n c e s  a n d  e x t e r n a l  
change .  

I n  t h e  p r e s e n t  s t a t e  o f  t h e  a r t ,  e v e n  m i n o r  c h a n g e s  t o  t h e  
c l a u s e s  o f  a  P r o l o g  progi-am o r  t o  t h e  s t r u c t u r e  o r  c o n t e n t  o f  
a  d a t a  b a s e  demand, f o r  examp le ,  c o n s i s t e n c y  c h e c k s  t h a t  may 
c a u s e  s e r i o u s  p r o b l e m s  o f  v e r i f i c a t i o n .  It may e v e n  r e q u i r e  
a  c o m p l e t e  r e - c r e a t i o n  o f  t h e  s y s t e m .  The p u b l i s h e d  work  t o  
d a t e  o n  e x a m i n i n g  a n d  c o n t r o l l i n g  t h e  c o n s e q u e n c e s  of  
c o n t i n u i n g  c h a n g e  i n  a n  o p e r a t i o n a l  s y s t e m  b a s e d  o n  t h e s e  
t e c h n o l o g i e s  i s  i n s u f f i c i e n t .  The p r o b l e m s  mus t  be 
s u c c e s s f u l l y  a d d r e s s e d  b e f o r e  t h e  p r o p o s e d  t e c h n o l o g i e s  may 
s a f e l y  p l a y  a  m a j o r  r o l e .  
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3 . 4  Complexi ty  

A l i k e l y  consequence  o f  e v o l u t i o n a r y  p r e s s u r e  o n  a  sys t em no t  
d e s i g n e d  w i t h  e v o l u t i o n  i n  mind,  i s  a  r a p i d  i n c r e a s e  i n  
sys t em c o m p l e x i t y ,  o r  a  need f o r  i n c r e a s i n g  e f f o r t  t o  c o n t r o l  
i t .  T h i s  w i l l  b e  accompanied  by c o r r e s p o n d i n g  d e c r e a s e s  i n  
r e l i a b i l i t y  and i n  t h e  a b i l i t y  t o  r e spond  i n  t i m e l y  f a s h i o n  
t o  e x t e r n a l  ( u s e r )  r e q u i r e m e n t s  f o r  change .  E i t h e r  way t h e r e  
w i l l  be a  r a p i d  and c o n t i n u i n g  i n c r e a s e  i n  m a i n t e n a n c e  c o s t s .  

The re  h a s  been  no i n d i c a t i o n  t h a t  a s t r a t e g y  f o r  c o m p l e x i t y  
c o n t r o l  h a s  been  s e r i o u s l y  c o n s i d e r e d  i n  t h e  FGCS p l a n ,  o r  
e v e n  t h a t  t h e r e  i s  a n  a w a r e n e s s  o f  t h e  problems and t h e  
p i t f a l l s .  Fo r  a  p r o j e c t  o f  i t s  s i z e  and i m a g i n a t i v e  e x t e n t ,  
t h i s  i s  a  m a t t e r  f o r  s e r i o u s  conce rn .  

3 .5  U n d e r s t a n d i n g  

The re  a r e  two s e p a r a t e  i s s u e s  t o  be a d d r e s s e d  u n d e r  t h i s  
h e a d i n g .  The f i r s t  r e l a t e s  t o  human u n d e r s t a n d i n g  of  t h e  
o b j e c t i v e s  and f u n c t i o n  o f  a  computer  a p p l i c a t i o n  and t h e  
sys tem t h a t  imp lemen t s  i t .  I f  i t  i s  a c c e p t e d  t h a t  mankind 
must  r e m a i n  i n  c o n t r o l  o f  i t s  own d e s t i n y ,  w e  may o n l y  
c o n s t r u c t  s y s t e m s  t h a t ,  i n  t h e  f u l l e s t  s e n s e  o f  t h e  word ,  are 
understood. I f ,  s u b s e q u e n t l y ,  t h e y  a r e  t o  c o n t i n u e  t o  be 
a d a p t e d ,  r e l i a b l y ,  r e s p o n s i v l y  and c o s t - e f f e c t i v l y ,  t o  more 
and more a m b i t i o u s  a p p l i c a t i o n  c o n c e p t s  i n  c h a n g i n g  
o p e r a t i o n a l  e n v i r o n m e n t s ,  t o t a l  human u n d e r s t a n d i n g  o f  t h e  
s y s t e m s  i s  e v e n  more vi :al .  

A s  c o m p u t e r i s a t i o n  i n c r e a s i n g l y  p e n e t r a t e s  e v e r y  f a c e t  o f  
human a c t i v i t y ,  t o t a l  u n d e r s t a n d i n g  and c o n t r o l  o f  t h e  s y s t e m  
becomes e s s e n t i a l  i f  t h e  v i s i o n s  o f  s c i e n c e  f i c t i o n  a r e  n o t  
t o  become r e a l i t y .  Thus s y s t e m s  development  must  be 
p a r a l l e l e d  by t h e  development  o f  t e c h n o l o g i e s  and s t r u c t u r e s  
t h a t  e n s u r e  c o n t i n u e d  human comprehens ion  o f  wha t  t h e  sys t em 
i s ,  what  i t  d o e s  and how i t  d o e s  i t .  The FGCS sys tem i s  
c o n c e i v e d  i n  terms t h a t  y e q u i r e  t h e  p r o v i s i o n  of  s u p p o r t  
methods  and t o o l s  n o t  c u r r e n t l y  a v a i l a b l e ,  b u t  e s s e n t i a l  if 
t h e  sys t em i s  t o  be  and t o  r ema in  unde r  c o n t r o l .  Once a g a i n  
t h e  p l a n  shows no a w a r e n e s s  o f  t h e  p rob lem;  makes no 
p r o v i s i o n  f o r  i t s  i n v e s t i g a t i o n  and s o l u t i o n .  

The second  a r e a  o f  c o n c e r n  unde r  t h e  h e a d i n g  of  
' U n d e r s t a n d i n g 1  c o n c e r n s  b a s i c  a s s u m p t i o n s  t h a t  u n d e r l i e  t h e  
t e c h n o l o g i e s  o f  a r t i f i c i a l  i n t e l l i g e n c e  and e x p e r t ,  knowledge 
b a s e d ,  s y s t e m s .  Human l i v i n g  and  p r o g r e s s  r e l i e s  o n  t h e  
a p p l i c a t i o n  o f  knowledge and u n d e r s t a n d i n g ,  common s e n s e .  We 
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a l l  a p p l y  t h e s e  t o  a  g r e a t e r  o r  l e s s e r  e x t e n t .  The e x p e r t  i s  
o n e  whose v i e w p o i n t ,  i n t e r p r e t a t i o n  o r  p r e d i c t i o n  i s  p e r c e i -  
v e d  a s  c o r r e c t ,  s a y ,  51% o f  t h e  t ime .  They a l s o  make m i s -  
t a k e s .  B u t  t h e  e v e n t s  t h a t  s l o w l y  u n f o l d  a f t e r  j udgemen t  h a s  
be e n  made o r  d e c i s i o n  g i v e n ,  u s u a l l y  p e r m i t  t i m e l y  f e e d b a c k -  
t r i g g e r e d  c o r r e c t i v e  a c t i o n  b a s e d  o n  d e v e l o p i n g  u n d e r s t a n d i n g  
o f  c o n s e q u e n c e ,  o r  on  new i n f o r m a t i o n .  It i s  f o o l i s h  t o  a c t  
o n  t h e  a s s u m p t i o n  t h a t  t h e  e x p e r t  i s  a l w a y s ,  o r  e v e n  a l m o s t  
c e r t a i n l y  c o r r e c t .  May one  e x p e c t  e x p e r t  s y s t e m s  t e c h n o l o g y  
t o  d e v e l o p  a t  a  r a t e  t o  c o p e  a d e q u a t e l y  w i t h  u n c e r t a i n t y ?  

C u r r e n t  t e c h n o l o g y  i n  knowledge  b a s e d  s y s t e m s  i s  j u s t  t h a t .  
The s y s t e m  i s  l i m i t e d  i n  i t s  d i s c e r n i n g  powers  by t h e  i n f o r -  
m a t i o n  t h a t  humans h a v e  s t o r e d  i n ,  o r  c a u s e d  t o  be c a p t u r e d  
by,  t h e  s y s t e m  b e f o r e  t h e  moment o f  d e c i s i o n .  It seems mos t  
u n l i k e l y  t h a t  t h e  s t a t e  o f  t h e  a r t  i n  A 1  w i l l  a d v a n c e  a t  s u c h  
a  r a t e  t h a t  knowledge b a s e d  s y  s tems c a n  d i s p l a y  understanding 
o n  t h e  t i m e s c a l e  e n v i s a g e d  by t h e  FGCS p l a n .  And when t h e y  
c a n  be d e s i g n e d  t o  do  s o  i n i t i a l l y ,  c a n  t h a t  c a p a b i l i t y  be  
r e l i a b l y  m a i n t a i n e d  u n d e r  c o n t i n u i n g  c h a n g e ?  Can t h e y  be 
e x p e c t e d  t o  be  c a p a b l e  o f  c r e a t i v e ,  u n d e r s t a n d i n g  b a s e d ,  
c o n c e p t  d e v e l o p m e n t ?  I f  t h e y  c a n n o t ,  w h a t  i s  t h e  d a n g e r ?  

The d o c t o r  s e e k i n g  s u p p o r t  f r om a n  e x p e r t  d i a g n o s t i c  s y s t e m ,  
t h e  m i l i t a r y  commander s e e k i n g  i n t e r p r e t e d  i n f o r m a t i o n  i n  a  
d e f e n c e  a p p l i c a t i o n ,  c a n  a n d  w i l l  a p p l y  d i s c r i m i n a t i o n .  
V i e w p o i n t s  a n d  j u d g e m e n t s  w i l l  be  d e v e l o p e d  b u t  t h e n  m o d i f i e d  
by human e x p e r i e n c e  and  i n t u i t i v e  j udgemen t .  C r e a t i v e  
i n s i g h t  w i l l  be a p p l i e d  t o  r e f i n e  a n d  e v o l v e  t h e  a p p l i c a t i o n  
a nd  i t s  r e l i a b i l i t y .  The o u t p u t  o f  t h e  s y s t e m s  v i s u a l i s e d  i n  
t h e  FGCS p l a n ,  b a s e d  a t  p r e s e n t  a l m o s t  e x c l u s i v e l y  o n  
s e l e c t i v e  i n f o r m a t i o n  r e t r i e v a l ,  w i l l  i n  m o s t  i n s t a n c e s  be 
i n c o m p l e t e l y  u n d e r s t o o d  b u t  i n a d e q u a t e l y  f i l t e r e d  b e c a u s e  o f  
t h e  f a i t h  i n  c o m p u t e r s  o f  t h e  u n i n f o r m e d ,  t h e  o b s c u r i t y  o f  
t h e  d e r i v a t i o n  p r o c e s s  a n d  t h e  vo lume a n d  s p e e d  o f  t h a t  
o u t p u t  ( 2 2 . 1 ) .  P u t t i n g  s u c h  s y s t e m s  i n t o  t h e  p u b l i c  domain  
p r e m a t u r e l y  i s  f r a u g h t  w i t h  d a n g e r .  

( E d s )  The i n t e n t i o n  of IKBS implementors  t o  accompany 
t h e  i n f e r e n c e s  t h a t  are  presented a s  o u p u t ,  by  t h e  chain 
of  reason ing  t h a t  was used t o  reach them,  i s  i r r e l e v a n t  
i n  any r e a l  and major a p p l i c a t i o n ,  where t h e  cha in  i s  
l i k e l y  t o  be l o n g ,  complex and cannot normally  be 
'unders tood  comple te ly '  i n  a  r e a l - t i m e  c o n t e x t  
p a r t i c u l a r l y  i f  such i n f e r e n c e s  are  generated a t  a  high 
r a t e .  Moreover t h e  human w i l l  have h i s  a t t e n t i o n  
focussed on what i s  presented and w i l l  be u n l i k e l y  t o  
n o t i c e  what i s  m i s s i n g  i n  t h e  cha in  of  reason ing .  
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3 . 6  C o r r e c t n e s s  

The p u b l i s h e d  p l a n  m a k e s  p a s s i n g  r e f e r e n c e s  t o  ' s i m p l e  
v e r i f i c a t i o n 1  o f  p r o g r a m s  ( e g  p  6 2 ,  78 ,  8 3 )  a n d  t o  ' p a r t i a l  
v e r i f i c a t i o n '  o f  knowledge  b a s e d  s y s t e m s  a t  ' t h e  meta -  
knowledge  l e v e l '  ( p 6 3 ) .  S u c h  l i m i t e d  r e f e r e n c e s  t o  i s s u e s  o f  
c o r r e c t n e s s  u n d e r  t h e  g e n e r i c  t i t l e  ' S y s t e m i s a t i o n  Tech-  
n i q u e s '  , s u g g e s t s  t h a t  i n s u f f i c i e n t  c o n s i d e r a t i o n  h a s  b e e n  
g i v e n  by t h e  p l a n n e r s  t o  e n s u r i n g  t h a t  s y s t e m s  t o  be  
i m p l e m e n t e d  a r e  c o r r e c t l y  d e f i n e d  o r  i m p l e m e n t e d  o r ,  i n d e e d ,  
w h a t  c o r r e c t n e s s  i n  t h e  FGCS c o n t e x t  means .  T h e r e  i s  n o  
e x p r e s s i o n  o f  e i t h e r  t h e  i m p o r t a n c e  o f  t h e s e  i s s u e s  o r  how 
f a r  away and  c o s t l y  t h e i r  s o l u t i o n  i s .  The f u n d a m e n t a l  
r e q u i r e m e n t  t h a t  a  c o m p u t i n g  s y s t e m  m u s t  be d e m o n s t r a b l y  
c o r r e c t  i n  t h e  f i rs t  p l a c e  a n d  stay correct throughout the 
life-time of the system w i l l  r e q u i r e  much more  e m p h a s i s  t h a n  
i t  h a s  s o  f a r  r e c e i v e d .  The d e v e l o p m e n t  o f  m e t h o d o l o g i e s  a n d  
t o o l s  t o  s a t i s f y  i t  becomes a  p r i o r i t y .  

S p e c i f i c a l l y ,  r e f e r e n c e s  t o  c o n c e p t s  o f  v e r i f i c a t i o n  a n d  
v a l i d a t i o n  i n  r e l a t i o n  t o  t h e  t e c h n o l o g i e s  t o  be  e x p l o i t e d ,  
a r e  c o n s p i c u o u s  by t h e i r  a b s e n c e  f r o m  t h e  p u b l i c i s e d  FGCS R&D 
p l a n .  Nor c a n  i t  be  r e l y i n g  o n  w o r k  a l r e a d y  done  i n  t h e  
t e c h n o l o g i e s  t o  b e  e x p l o i t e d .  The p r o b l e m s  o f  s p e c i f i c a t i o n ,  
d e s i g n  a n d  v e r i f i c a t i o n  i n  t h e  c o n t e x t  o f  t h e  t e n  m i l l i o n  
t r a n s i s t o r  c h i p  e n v i s a g e d  i n  t h e  p l a n  a r e ,  t o  s a y  t h e  l e a s t ,  
n o n - t r i v i a l .  P u b l i s h e d  w o r k  i n  E x p e r t  S y s t e m s  d o e s  n o t  a p p e a r  
t o  h a v e  g i v e n  much a t t e n t i o n  t o  s u c h  m a t t e r s .  The p o s i t i o n  
i n  l o g i c  p r o g r a m m i n g  i s  a l i t t l e  b e t t e r  [CLA81] b u t  much 
r e m a i n s  t o  be  d o n e .  

It a p p e a r s  t h a t  t h e  l o g i c a l  b a s i s  o f  a l l  t h e s e  s y s t e m s  i s  
assumed s u f f i c i e n t  t o  e n s u r e  t h e  a b s e n c e  o f  e r r o r .  C o r r e s p o n-  
d e n c e  b e t w e e n  a set o f  c l a u s e s  i n  a  P r o l o g  p r o g r a m  a n d  t h e  
r e a l  w o r l d  model  t h a t  t h e y  r e p r e s e n t ,  may be  s e l f - e v i d e n t .  
B u t  w h a t  i s  ' o b v i o u s f  i n  a  t e n  o r  e v e n  h u n d r e d  c l a u s e  
c o n t e x t ,  p r e s e n t s  a  m a j o r  p r o b l e m  when t h e  p r e c i s e  t o t a l  
s e m a n t i c s  o f  a  t h o u s a n d  c i a u s e  s y s t e m  m u s t  be d e t e r m i n e d ,  and 
demonstrated. The c o r r e c t n e s s  o f  a  t h o u s a n d  i t e m  knowledge  
b a s e '  may p e r h a p s  be  r e l i e d  upon.  I n c r e a s e  t h a t  s i z e  t o  t h a t  
i m p l i e d  by t h e  s y s t e m s  e n v i s a g e d  a n d  no human mind  c a n  
comprehend  w h a t  i t  c o n t a i n s ,  e v e n  a t  i n c e p t i o n .  Even w i t h  
c h i p s  o f  s i z e s  c u r r e n t l y  m a n u f a c t u r e d ,  q u e s t i o n s  a r i s e  a b o u t  
t h e i r  ' c o r r e c t n e s s 1  o r  precise f u n c t i o n a l i t y .  

To m e e t  o p e r a t i o n a l  r e q u i r e m e n t s  t h e  a p p l i c a t i o n  d e p e n d a n t  
f u n c t i o n a l  c o n t e n t  o f  s o f t w a r e  i m p l e m e n t e d  w i t h  non v o n  
Neuman c o m p o n e n t s  o r  t e c h n i q u e s  w i l l  n o t  be  l e s s  t h a n  t h a t  o f  
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t r a d i t i o n a l  s o f t w a r e ;  no r  w i l l  t h e  p r e s s u r e  f o r  e v o l u t i o n  be 
any l e s s .  I n d i v i d u a l  sub- sys t ems  i m p l i e d  unde r  t h e  FGCS p l a n  
w i l l  have  t o  e x c e e d  t h e  s i z e  of  p r e s e n t  day i m p l e m e n t a t i o n s  
i n  t h e  same t e c h n o l o g i e s ,  p o s s i b l y  by o r d e r s  of  magn i tude .  
When one c o n s i d e r s  t h e  c o n s e q u e n c e s  o f  s i z e ,  o f  e v o l u t i o n  and  
of  t h e  r e l a t e d  g rowth  i n  c o m p l e x i t y  t h e  magn i tude  o f  t h e  
problem of  m a i n t a i n i n g  v e r a c i t y  and c o n t r o l  becomes s e l f  
e v i d e n t .  A p p r o p r i t e  p r o c e s s  t echno logy  d o e s  n o t  y e t  e x i s t .  

It may be a r g u e d  t h a t  g i v e n  ' c o r r e c t '  t r a n s f o r m a t i o n  
p r o c e d u r e s ,  t h e  i s s u e  o f  c o r r e c t n e s s  i s  r e s t r i c t e d  t o  
s p e c i f i c a t i o n s .  But t h a t  i s  m e r e l y  s h i f t i n g  t h e  problem one 
l e v e l .  S p e c i f i c a t i o n s  f o r  s y s t e m s  i n  a c t u a l l y  implemented  
examples  o f  t h e  FGCS p r i m i t i v e  t e c h n o l o g i e s ,  a r e  s m a l l  i n  
r e l a t i o n  t o  what  w i l l  be r e q u i r e d  i n  FGCS sys t ems .  With 
a v a i l a b l e  t e c h n i q u e s ,  t h e  work i n v o l v e d  i n  d e m o n s t r a t i n g  t h a t  
t h e  l a t t e r  s a t i s f y  t h e  need f o r  which  they  a r e  i n t e n d e d ,  w i l l  
i n e v i t a b l y  p rove  o b s c u r e  and d i f f i c u l t ,  e v e n  i f  e x p r e s s e d  i n  
f i r s t  o r d e r  l o g i c ,  s a y .  Even q u i t e  s h o r t  p u b l i s h e d  p r o o f s  of  
program c o r r e c t n e s s  i n  t h a t  l o g i c  have  c o n t a i n e d  e r r o r s .  The 
f a c t  i s  t h a t  f o r  a  s p e c i f i c a t i o n  o r  sys t em d e s c r i p t i o n  t h a t  
exceeds  t h e  i n t e l l e c t u a l  g r a s p  o f  a  s i n g l e  i n d i v i d u a l ,  i t  i s  
t h e  t o t a l  s tructure  r a t h e r  t h a n  t h e  form o r  l a n g u a g e  of  i t s  
c o n t e n t  t h a t  i s  t h e  more c r i t i c a l  i n  t h e  c o n t e x t  of  
u n d e r s t a n d a b i l i t y  and  c o r r e c t n e s s .  The s t r u c t u r i n g  o f  P r o l o g  
and E x p e r t  s y s t e m s  and o f  t h e i r  s p e c i f i c a t i o n s  r e q u i r e s  
u r g e n t  i n v e s t i g a t i o n .  

3.7 R e s p o n s i v e n e s s  

The s p r e a d i n g  a p p l i c a t i o n  o f  c o m p u t e r s  makes i t  e v e r  more 
v i t a l  t o  k e e p  t h e  sys t em i n  sympathy w i t h  c h a n g i n g  and  
e v o l v i n g  needs .  A d a p t a t i o l *  o f  t h e  sys t em t o  e n s u r e  
a p p r o p r i a t e  b e h a v i o u r  s h o u l d  be  imp lemen tab le  o n  a  t ime s c a l e  
d e t e r m i n e d  by u s e r  needs .  L i m i t a t i o n s  imposed by 
t e c h n o l o g i c a l  c a p a b i l i t y  c a n  c a u s e  m a j o r  problems.  Such 
l i m i t a t i o n s  e x i s t  w i t h  p r e s e n t  s y s t e m s .  R e s p o n s i v e n e s s  of  
t h e  s o f t w a r e  process, w i l l  become a n  i n c r e a s i n g l y  c r i t i c a l  
p a r a m e t e r  i n  t h e  nex t  g e n e r a t i o n .  Un le s s  process technology 
f o r  t h e  FGCS p r i m i t i v e s  c a n  be d e v e l o p e d  and  a p p l i e d ,  s e r i o u s  
consequences  mus t  f o l l o w .  

3 . 8  Cost  

The p rob lems  o f  t h e  h i g h  c o s t  o f  s o f t w a r e  have  been  
r e c a g n i s e d  f o r  a l m o s t  a  decade  [GOL73]. E x p e n d i t u r e  o n  
s o f t w a r e  deve lopmen t  and m a i n t e n a n c e  i n  t h e  USA i n  1977 
exceeded 3% of  t h e  GNP. Tha t  f r a c t i o n  i s  i n c r e a s i n g  e v e r y  
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y e a r .  A r e c e n t  DoD r e p o r t  [RED811 q u o t e s  a n  E l e c t r o n i c  
I n d u s t r i e s  A s s o c i a t i o n  f o r e c a s t  t h a t  DoD e x p e n d i t u r e  o n  
embedded s o f t w a r e  a l o n e  w i l l  grow f r o m  $B2.82 i n  1980  t o  
$B5.62 i n  1982  t o  $B32.10 i n  1 9 9 0 ,  ' i f  we d o  n o t h i n g ' .  
O r g a n i s a t i o n s  m a k i n g  s i g n i f i c a n t  u s e  o f  c o m p u t i n g  a l r e a d y  
d e d i c a t e  10-15% o f  a n n u a l  e x p e n d i t u r e  t o  t h a t  a c t i v i t y ,  a n  
i n c r e a s i n g  f r a c t i o n  o f  i t  b e i n g  f o r  s o f t w a r e .  

The g r e a t e s t  p a r t  o f  a l l  s u c h  e x p e n d i t u r e  i s  i n c u r r e d  i n  
c o p i n g  w i t h  p r o b l e m s  o f  i n c o r r e c t n e s s ,  a d a p t a t i o n  a n d  
e v o l u t i o n .  A s  a l r e a d y  d i s c u s s e d ,  t h e r e  i s  e v e r y  r e a s o n  t o  
q u e s t i o n  t h e  a v a i l a b i l i t y  o f  a d e q u a t e  t e c h n o l o g i e s  t o  c o p e  
w i t h  t h e s e  same p r o b l e m s  a s  t h e y  w i l l  a p p e a r  i n  FGCS. 
' S o m e t h i n g '  must be  d o n e  i n  a l l  a r e a s  o f  S o f t w a r e  T e c h n o l o g y  
a n d  E n g i n e e r i n g ,  t o  p e r m i t  d e v e l o p m e n t  o f  t h e  p r o p o s e d  
s y s t e m s  a n d  t h e i r  c o n t i n u e d  e v o l u t i o n .  E q u a l l y ,  t h e  e c o n o m i c  
i m p l i c a t i o n s  o f  e v e r  i n c r e a s i n g  e x p e n d i t u r e s  t h a t  must be met  
b e c a u s e  o f  s o c i e t a l  d e p e n d e n c e  o n  c o m p u t e r  s y s t e m s  demands 
u r g e n t  a t t e n t i o n  t o  t h e  p r o b l e m s  o u t l i n e d  a b o v e  a n d  t o  o t h e r s  
n o t  d i s c u s s e d  h e r e  b e c a u s e  o f  s p a c e  l i m i t a t i o n s .  

4 C o n c l u s i o n s  

The a b o v e  comments  do n o t  i m p l y  t h a t  t h e  l o n g- t e r m  s y s t e m  
c o n c e p t s  o f  t h e  FGCS p l a a  a r e  i m p r a c t i c a l  o r  u n d e s i r a b l e ,  
m e r e l y  t h a t  R e s e a r c h  a n d  Deve lopment  a c t i v i t y  i n  b r o a d  a r e a s  
o f  S o f t w a r e  P r o c e s s  T e c h n o l o g y  m u s t  b e  i n t e n s i f i e d  a n d  
e x t e n d e d .  I n  p r a c t i c e ,  i t  means  t h a t  t h e  f u r t h e r  d e v e l o p m e n t  
o f  t h e  t e c h n o l o g y  a n d  i t s  t o o l s ,  a n d  t h e i r  e x t e n s i o n  a s  
r e q u i r e d  by t h e  new a p p r o a c h e s  t o  s y s t e m  a r c h i t e c t u r e  a n d  
i m p l e m e n t a t i o n ,  become a n  u r g e n t  p r i o r i t y .  I n  v i e w  o f  t h e  
u n d e r- d e v e l o p e d  s t a t e  o f  p r o c e s s  t e c h n o l o g y  one  m u s t ,  
h o w e v e r ,  a l s o  q u e s t i o n  t h e  FGCS t i m e t a b l e  o n  t h e  g r o u n d s  o f  
b o t h  p r a c t i b i l i t y  a n d  d e s i r a b i l i t y .  

S o f t w a r e  E n g i n e e r i n g  i n c l u d e s  t h e  management  o f  n o m p l e x i  t y  
a n d  c h a n g e .  I ts o b j e c t i v e s  i n c l u d e  m e e t i n g  t h e  n e e d s  o f  u s e r s  
e f f e c t i v e l y  a n d  c o s t - e f f e c t i v e l y .  It m u s t  a l s o  c o n t i n u e  t o  
s u p p o r t  r e l i a b l e  a n d  r e s p o n s i v e  s a t i s f a c t i o n  o f  t h o s e  n e e d s  
a s  t h e y  c h a n g e  a n d  e v o l v e  a n d  a s  a d v a n c i n g  i n s i g h t  a n d  
t e c h n o i o g y  o p e n s  up  new a p p l i c a t i o n  p o t e n t i a l  a n d  new 
o p p o r t u n i t i e s .  W i t h  e v e r  g r o w i n g  u s e  o f  c o m p u t e r s ,  t h e  
w e l f a r e ,  e v e n  s u r v i v a l ,  o f  s o c i e t y  w i l l  i n c r e a s i n g l y  d e p e n d  
o n  c o r r e c t  a n d  a p p r o p r i a t e  c o m p u t e r  o u t p u t s .  F o r  t h i s  t o  be  
a c h i e v e d  a n d  m a i n t a i n e d  demands t h e  a v a i l a b i l i t y  o f  a n  
e f f e c t i v e  e n g i n e e r i n g  d i s c i p l i n e  w i t h  i t s  i n s i g h t s ,  m o d e l s ,  
m e t h o d s ,  p r o c e d u r e s ,  t o o l s  a n d  r u l e s .  
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P a s t  e x p e r i e n c e  h a s  shown t h a t  a  l e s s  t h a n  a d e q u a t e  
t e c h n o l o g y  w i l l  p r o v e  t i m e  consuming ,  c o s t l y  a n d  p a i n f u l .  
The p r e s e n t  f o c u s  p r o v i d e d  by t h e  p l a n  d o e s  n o t  a p p e a r  t o  
have  c o n s i d e r e d  t h e s e  f a c t o r s .  T o t a l  r e - e x a m i n a t i o n  o f  t h e  
p r o c e s s  whe reby  a n  a p p l i c a t i o n  c o n c e p t  i s  t r a n s f o r m e d  i n t o  a n  
o p e r a t i o n a l  s y s t e m  a n d  t h e n  m a i n t a i n e d  i n  t u n e  w i t h  i t s  
o p e r a t i o n a l  e n v i r o n m e n t  i s  u r g e n t l y  needed .  The p r o c e s s  a s  
i t  e x i s t s  t o d a y  h a s  e v o l v e d  i n  bo t tom- up f a s h i o n  o v e r  two 
d e c a d e s  i n  r e s p o n s e  t o  l o c a l  n e e d s  a n d  a d v a n c i n g  t e c h n o l o g y .  
A s  s u c h  i t  mus t  nou b e  r e v i e w e d  and  d e s i g n e d  a s  a n  i n t e g r a t e d  
c o n t i n u o u s  p r o c e s s ,  t a k i n g  a d v a n t a g e  o f  p r i m i t i v e  c o n c e p t s  
t h a t  a l r e a d y  e x i s t  o r  t h a t  c a n  be d e v e l o p e d .  Methods a n d  
t o o l s  t o  s u p p o r t  a l l  a s p e c t s  o f  t h e  t o t a l  p r o c e s s  a n d  t o  make 
i t  r e l i a b l e  a n d  r e s p o n s i v e  t o  s o c i e t a l  n e e d s ,  must  be 
e x p l o r e d ,  d e v e l o p e d  whe re  n e c e s s a r y ,  a n d  a p p l i e d  a s  
a p p r o p r i a t e  i n  a  sof tware technology process t h a t  i s  a b l e  t o  
j u s t i f y  t h e  f a i t h  t h a t  s o c i e t y  w i l l  p u t  i n t o  i t s  p r o d u c t s .  
I f  we f a i l  t o  d o  t h i s  mankind  w i l l  be g r a d u a l l y ,  i n s i d i o u s l y ,  
unde rmined  by a n  a c c u m u l a t i o n  o f  i n c o r r e c t  o r  i n c o m p l e t e  
i n f o r m a t i o n  t h a t  c o u l d  e v e n  l e a d  t o  t h e  d e s t r u c t i o n  or" 
S o c i e t y  a s  we know i t .  The d a n g e r s  s t emming  f r o m  a n  a l l  
p e r v a s i v e  b u t  i n c o m p l e t e  I n f o r m a t i o n  Technology  a r e  s u r e l y  no  
l e s s  t h a n  t h o s e  posed  by g e n e t i c  e n g i n e e r i n g  o r  b i o l o g i c a l  
w a r f a r e .  Tha t  s u g g e s t s  a  r i s k  we d a r e  n o t  t a k e ,  a 
r e s p o n s i b i l i t y  t h a t  we mus t  s h o u l d e r .  

5 Acknowledgement  

I am mos t  g r a t e f u l  t o  D r  G Eenyon T i n k e r ,  F!r R J Cunningham, 
D r  J D a r l i n g t o n ,  Miss V A Downes, D r  P  G H a r r i s o n ,  D r  R A 
Kowa l sk i ,  M r  G M S o k o l  and  D r  I T o r s u n  f o r  t h e i r  c o n s t r u c t i v e  
c r i t i c i s m s  o f  t h i s  p a p e r .  The o p i n i o n s  e x p r e s s e d  a r e ,  o f  
c o u r s e  , my own. 



500 M. M. Lehman and L. A. Belady 

For  p u r e l y  p r a g m a t i c  r e a s o n s  s e l e c t i o n  o f  m a t e r i a l  f o r  
i n c l u s i o n  i n  t h i s  book had t o  be comple t ed  i n  e a r l y  1982.  
Much h a s  happened s i n c e  then .  The r e a d e r  who w i s h e s  t o  
a c h i e v e  a n  ove rv iew o f  more r e c e n t  deve lopmen t s  i s  r e f e r r e d  
t o  t h e  p r o c e e d i n g s  o f  two r e c e n t  m e e t i n g s .  The f i r s t  
S o f t w a r e  P r o c e s s  Workshop was h e l d  i n  Egharn, S u r r e y  i n  
Februa ry  1984 ,  s p o n s o r e d  by ACM, BCS, ERO, IEE and IEEE and 
i t s  p r o c e e d i n g s  p u b l i s h e d  by t h e  IEEE unde r  C a t a l o g u e  number 
84ch2044-6. The s e c o n d ,  w i t h  e q u a l l y  wide s u p p o r t ,  was h e l d  
a t  Coto de  Caza,  C a l i f o r n i a  i n  March 1985.  Its p r o c e e d i n g s  
a r e  t o  be p u b l i s h e d  l a t e r  t h i s  y e a r .  T h e i r  c o n t e n t s ,  w i t h  
r e f e r e n c e s  p r o v i d e d  by t h e  v a r i o u s  a u t h o r s  and d i s c u s s a n t s ,  
p r e s e n t s  a n  up- to- da te  p i c t u r e .  

It i s  w o r t h y  of  n o t e  t h a t  a t h i r d  P r o c e s s  workshop i s  p lanned  
f o r  November 1986,  t h a t  t h e  t i t l e  f o r  ICSE 8 ( t o  be )  h e l d  i n  
London i n  August 1985 i s  I Improv ing  t h e  . . . Q u a l i t y  of  
S o f t w a r e  . . . by improv ing  t h e  S o f t w a r e  E n g i n e e r i n g  P r o c e s s 1 ,  
and t h a t  o f  ICSE 9  (Monte rey ,  31 March - 2 A p r i l ,  1987)  i s  

F o r m a l i s i n g  and Automat ing  t h e  S o f t w a r e  P r o c e s s 1 .  The 
c e n t r a l  r o l e  o f  p r o c e s s  d i r e c t e d  t h i n k i n g  and t h e  r e l a t e d  
phenomenon of program e v o l u t i o n  a r e  c l e a r l y  becoming more 
w i d e l y  a c c e p t e d .  

24 May 1985 
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