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PREFACE 

The innovation process, defined here to incorporate the 
full cycle from invention to full commercialization, is slow. 
1:: cannot be encompassed with time horizons of less than 26 
years. Many innovations require half a century or more to 
reach commercial maturity. 

Yanagement of the innovation process is critical to the 
management of technology, but the slowness of the process makes 
it difficult for conventional economists or policy makers, who 
typically consider 15 years a long-term forecast or plan, to 
understand or control. 

The situation, in short, is one in,which the absence of 
theoretical understanding limits the effectiveness of manageri- 
al practice.. Accordingly one appropriate niche for applied sys- 
tems analysis in this case is development, application and 
testing of theoretical models. 

Toward t.his end the innovation-task of IIASA's Yanagement 
and Technology Area is studying the mechanisms of technological 
substitution. One phase of this work is being conducted 
through construction and analysis of dynamic simulation models. 

The present paper describes TECYl, the first of these 
models. TECSl is generic and views technological substitution 
as the interaction of product and process improvements (learn- 
ing) and capacity acquisition under circumstances of market 
competition between an old and a new technology. Accompanying 
working paDers, entitled "Technological 8hift: A Graphical 
E~ploration of Progress Punctions, Learning Costs and Their 
Effects on Technological Substitutionn and "Technological 
Shift: as Related to Technological Learning and Technological 
Change" develop concepts derived from TECS~ in, respectively, 
graphical and philosophical terms. 



9 i scuss ion  of TECYL w i t h  col leagues from s o c i a l i s t  coun- 
t r i e s  suggests  t h a t  the  model could be made more d e s c r i p t i v e  of 
technologica l  s u b s t i t u t i o n  through making p r i c e  and investment 
respond i n  non-smooth fashion t o  both exogenous po l i cy  goals  
and t o  extended product de l ive ry  wait ing t imes (or  inventory 
pile-ups) r e s u l t i n g  from d i s e q u i l i b r i a  of supply and demand. 
TECq2 w i l l  be developed t o  take these  s t r u c t u r a l  f e a t u r e s  i n t o  
account and w i l l  be described i n  a  l a t e r  working paper. 

Another l i k e l y  extension of t h i s  work i s  case app l i ca t ion .  
I f  time permits the model w i l l  be a d a ~ t e d  t o  descr ibe  four h i s -  
t o r i c a l  incidences of technological  s u b s t i t u t i o n .  

I n  the f i r s t  s i x  months of 198fl t he  e n t i r e  s e r i e s  of work- 
ing papers w i l l  be co l l ec ted  i n t o  a  114'34 Research Report. 
Various p a r t s  of the  s e r i e s  a r e  being adapted fo r  sepa ra te  
journal  publ ica t ion .  The author welcomes comments, ques t ions ,  
c r i t i c i s m s  and suggest ions on t h i s  or any r e l a t e d  work. 
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TECHNOLOGICAL SHIFT: A CYBERNETIC EXPLORATION 

INTRODUCTION 

The  f o l l o w i n g  t e x t  d e s c r i b e s  TECHl, a dynamic  s i m u l a t i o n  
mode l  o f  t e c h n o l o g i c a l  s h i f t .  The model  is a c o n c e p t u a l  d e v i c e  
d e v e l o p e d  t o  a t t e m p t  t o  e x p l a i n  why r a t e s  o f  t e c h n o l o g i c a l  
s u b s t i t u t i o n  v a r y  and how t h e y  c a n  be c o n t r o l l e d .  I t  is a l s o  a 
v e h i c l e  f o r  i n t e g r a t i n g  p a r t i a l  t h e o r i e s  and  o b s e r v a t i o n s  
p e r t a i n i n g  t o  t e c h n o l o g i c a l  i n n o v a t i o n ,  f o r  f i t t i n g  l e a r n i n g  
c u r v e s  i n t o  a dynamic  c o n c e p t u a l i z a t i o n  o f  t e c h n o l o g i c a l  
s u b s t i t u t i o n ,  f o r  d e s c r i b i n g  t e c h n o l o g i c a l  s u b s t i t u t i o n  i n  
m i c r o e c o n o m i c  terms and f o r  d e s c r i b i n g  some o f  t h e  ways  i n  
w h i c h  macroeconomic  i n f l u e n c e s  a f f e c t  t h e  mic roeconomic  
p r o c e s s e s  by  which  t e c h n o l o g i c a l  s u b s t i t u t i o n  takes p l a c e .  

L i k e  a l l  m o d e l s ,  TECHl is a s i m p l i f i c a t i o n .  L i k e  m o s t ,  it 
c o u l d  u s e  f u r t h e r  t e s t i n g  and a p p l i c a t i o n .  Its s t r u c t u r e  d o e s  
n o t  d e s c r i b e  a l l  t e c h n i c a l  s u b s t i t u t i o n s  e q u a l l y  w e l l .  I n t e r -  
d e p e n d e n t  s u b s t i t u t i o n s ,  s u c h  as t h e  c o - o c c u r i n g  s u b s t i t u t i o n  
o f  s h i e l d  s u p p o r t s  f o r  p i l l a r  s u p p o r t s  and  a d o p t i o n  o f  c o n t i n u -  
o u s ,  a u t o m a t e d  c o a l  m i n i n g  t e c h n i q u e s ,  are p o o r l y  d e s c r i b e d  by 
t h e  model.  L i k e w i s e ,  s h i f t s  i n  a g r i c u l t u r a l  o r  s i l v a c u ~ t u r a l  
t e c h n i q u e s  i n  wh ich  l a n d  i s  t r a n s f e r r e d  f rom o n e  a c t i v i t y  t o  
a n o t h e r ,  d o  n o t  con fo rm t o  t h e  assumed s t r u c t u r e .  N o n e t h e l e s s ,  
t h e  model h a s  g r e a t e r  d e s c r i p t i v e  power t h a n  p r e v a i l i n g  m o d e l s  
o f  t e c h n o l o g i ~ a l  s u b s t i t u t i o n ;  and s h o u l d  be a u s e f u l  c o n c e ~ t u -  
a 1  base f o r  l o o k i n g  a t  t h e  t e c h n o l o g i c a l  s u b s t i t u t i o n  p r o c e s s .  

After f u r t h e r  d e v e l o p m e n t ,  t e s t i n g ,  cri t icism, and ,  
a n a l y s i s  a TECH2 o r  a TECH3 may be u s e f u l  f o r  p o l i c y  p u r p o s e s ,  
i n  t h e  s e n s e  t h a t  e n h a n c e d  s y s t e m a t i c  u n d e r s t a n d i n g  o f  t h e  
c a u s a l  mechan isms  i n v o l v e d  i n  t e c h n o l o g i c a l  s u b s t i t u t i o n  s h o u l d  
lead t o  more e f f e c t i v e  p o l i c y  c o n t r o l  o f  t h e  p r o c e s s .  F o r  
e x a m p l e ,  t h e  model  I am a i m i n g  f o r  c o u l d  h e l p  t o  d e v e l o p  
p r a c t i c a l ,  r e a s o n a b l e  r u l e s  o f  thumb a b o u t  t h e  s o r t s  o f  



i n n o v a t i o n s  t h a t  w i l l  respond t o  s p e c i f i c  p o l i c y  measures  and 
t h e  p o i n t  i n  t h e  l i f e  c y c l e  o f  an i n n o v a t i o n  a t  which p o l i c y  
i n t e r v e n t i o n  w i l l  have t h e  most impact ,  o r  t o  deeper  
u n d e r s t a n d i n g  of t h e  i n f l u e n c e  of  macroeconomic c o n d i t i o n s  on 
t e c h n o l o g i c a l  s u b s t i t u t i o n .  

T E C H l  is n o t  in tended  a s  a  p r e d i c t i v e  d e v i c e .  I f  one 
w i s h e s  mere ly  t o  p r e d i c t  p a t t e r n s  o f  t e c h n o l o g i c a l  s u b s t i t u t i o n  
r a t h e r  t h a n  t o  e x p l a i n  o r  c o n t r o l  +em, l o g i s t i c  c u r v e  f i t t i n g  
o f  t h e  s o r t  developed by F i s c h e r  and Pry  (1970,71) and extended 
a t  IIASA by P e t e r k a  and F l e c k  (1978) w i l l  be a  much s i m p l e r  and 
more e l e g a n t  approach.  

Problem Focus 

The c a r d s  a r e  s t a c k e d  a g a i n s t  an  i n v e n t i o n  becoming an  
i n n o v a t i o n  and most a t t e m p t e d  i n n o v a t i o n s  f a i l .  S t a r t  up is an 
u p h i l l  b a t t l e .  To be accep ted  by management a  new techno logy  
must be e f f i c i e n t .  To become e f f i c i e n t  it needs  bo th  o p e r a t i n g  
e x p e r i e n c e - - g e t t i n g  r i d  of o r i g i n a l  d e s i g n  e r r o r s ,  t r a i n i n g  
s t a f f  and g e n e r a l l y  debugging t h e  system--and c a p i t a l ,  t o  s c a l e  
up t o  e f f i c i e n t  s i z e s  and t o  s u s t a i n  t h e  l o s s e s  i n c u r r e d  d u r i n g  
p l a n t  c o n s t r u c t i o n  and o p e r a t i o n a l  debugging. C a p i t a l ,  
however, is n o t  e a s i l y  a c q u i r e d  by a  would-be i n n o v a t i o n  whose 
e f f i c i e n c y  is unproven. Perhaps  a t  t h e  o n s e t  someone w i l l  fund 
t h e  a t t e m p t  a s  an exper iment .  But suppose ,  a s  o f t e n  happens ,  
t e n  y e a r s  is n o t  long  enough f o r  t h e  t h i n g  t o  show a  
r e s p e c t a b l e  p r o f i t .  Who w i l l  i n v e s t  t h e n ?  Who w i l l  i n v e s t  on 
t h e  s c a l e  needed t o  make t h e  sys tem work? 

Most i n n o v a t i o n s  a r e  c o n f r o n t e d  w i t h  t h i s  quandry ,  b u t  
t h e y  v a r y  g r e a t l y  i n  how t h e y  s u r v i v e  it. Many i n n o v a t i o n s  
never  succeed.  Some t a k e  o f f  t h e  same decade  t h e y  a r e  
i n v e n t e d .  O t h e r s  s i t  dormant  f o r  decades  o r  even c e n t u r i e s  
u n t i l  something happens t o  a l l o w  them t o  g e t  over  t h e  hump and 
become commercia l ized .  Some of  t h i s  v a r i a t i o n  is chance.  
TECHl i n v e s t i g a t e s  t h e  p o s s i b i l i t y  t h a t  a  major p o r t i o n  of  t h e  
v a r i a t i o n  i n  p a t t e r n s  of  i n n o v a t i o n  t ake -of f  is a  p r e d i c t a b l e  
consequence  of f a c t o r s  such a s :  

- how w e l l  t h e  e x i s t i n g  t echno logy  is  e s t a b l i s h e d  and how 
w e l l  it s a t i s f i e s  consumer needs ,  

- whether  consumers a r e  s u f f i c i e n t l y  a t t r a c t e d  t o  t h e  
i n n o v a t i o n  t o  buy i t s  i n i t i a l  p r o d u c t s ,  d e s p i t e  p r o b a b l e  
h i g h  p r i c e  and unimproved q u a l i t y  d u r i n g  t h e  s t a r t - u p  
p e r i o d ,  

- how adven tu rous  t h e  economy is  abou t  fund ing  new 
o p e r a t i o n s ,  



- t he  ex i s t ence  and the  magnitude of p o t e n t i a l  production 
c o s t  advantages brought about by the  new technology; and 

- how d i f f i c u l t  and expensive it is f o r  t h e  new technology 
t o  ge t  through the debugging and s c a l i n g  up s t ages .  

Overview 

In  TECHl  technological  s u b s t i t u t i o n  is viewed a s  
competit ion between two production systems. The two have 
i d e n t i c a l  cybernet ic  s t r u c t u r e s .  Their d i f f e r e n t  t echn ica l  and 
l i f e  cycle  c h a r a c t e r i s t i c s  a re  represented by v a r i a t i o n  of 
parameters w i t h i n  the common s t r u c t u r a l  form. T h i s  is t o  say,  
the  same mechanisms govern t h e  growth and reproduction of both 
technologica l  s t r u c t u r e s ,  but t h e  r e l a t i v e  s t r e n g t h s  and 
weaknesses of the  mechanisms involved v a r i e s  w i t h  t h e  t echn ica l  
a t t r i b u t e s  of the  production system involved a s  wel l  a s  w i t h  
t he  system's matur i ty  and w i t h  v a r i a t i o n  of t h e  economic 
environment. The two systems a r e  s a i d  t o  be i n  competition 
because the growth of one precludes t h e  o ther .  

I n  the model t h e  two technological  s t r u c t u r e s  compete only 
on the product market. They do not compete fo r  c a p i t a l ,  labor 
or  other  inputs.  I n  the product market g a i n s  and l o s s e s  of 
market share occur on t h e  b a s i s  of p r i c e  competit ion and 
r e l a t i v e  product a t t r a c t i v e n e s s .  Thus i n  the  model's bas ic  
l ayou t ,  a s  shown below i n  Figure 1, two s imi la r  forms i n t e r a c t  
i n  an economic f i e l d .  To make terminology conform t o  bas ic  
layout  I s h a l l  r e f e r  t o  t h e  model a s  being composed of th ree  
s e c t o r s :  old technology, new technology and market. 

Figure 1. T E C H l  Sec to ra l  layout :  The model c o n s i s t s  of two 
i d e n t i c a l l y  s t r u c t u r e d  production s e c t o r s ,  parameterized t o  
r ep resen t  an old and a  new technology, which i n t e r a c t  on a  pro- 
duct  market. 
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A p p l i c a b i l i t y :  The s t r u c t u r e  posed  s h o u l d  be a p p l i c a b l e  t o  
s i t u a t i o n s  i n  which: 

- t h e  p r o d u c t  o f  a  new t e c h n o l o g y  compe te s  w i t h  t h a t  o f  an  
o l d  t e c h n o l o g y .  The d i f f e r e n c e  be tween  o l d  and new may 
e i t h e r  be one  o f  p r o d u c t  o r  o f  p r o c e s s ,  o r  b o t h .  I n  
c a s e s ,  s u c h  a s  t e l e v i s i o n ,  where  a  new t e c h n o l o g y  h a s  no  
s t r i c t  f u n c t i o n a l  e q u i v a l e n t ,  o l d  t e c h n o l o g y  c a n  be 
c o n s t r u e d  a s  t h e  items t h e  new t e c h n o l o g y  m i g h t  
c o n c e i v a b l y  d i s p l a c e .  For  example ,  w i t h  t e l e v i s i o n ,  o l d  
t e c h n o l o g y  migh t  be viewed a s  a n  a g g r e g a t e  o f  r a d i o ,  
c i n e m a ,  c a r d  p l a y i n g ,  newspape r s  and m a g a z i n e s ,  etc.. 

- o l d  and new t e c h n o l o g i e s  are p roduced  by d i f f e r e n t  
e q u i p m e n t  and t h e  p r o d u c t i o n  s h i f t  r e q u i r e s  s t a r t i n g  o v e r  
w i t h '  new c a p i t a l .  

- p r o d u c t i o n  u n i t s  a r e  s u f f i c i e n t l y  small i n  r e l a t i o n  t o  
t h e i r  m a r k e t s  t h a t  t h e  s u b s t i t u t i o n  c a n  be s e e n  a s  
c o n t i n u o u s .  For  example ,  t h e  model w i l l  p o o r l y  d e s c r i b e  a 
t e c h n i c a l  s h i f t  i n  which  a  s i n g l e  new s teel  p l a n t  
i n c r e a s e d  a  n a t i o n ' s  s t ee l  p r o d u c t i o n  c a p a c i t y  by 50 
p e r c e n t .  

- t h e  s h i f t  i n  q u e s t i o n  c a n  r e a s o n a b l y  be  s e p a r a t e d  f rom 
o t h e r  t e c h n o l o g i c a l  c h a n g e s  o c c u r i n g  a t  t h e  t i m e .  For  
example ,  it would be v e r y  d i f f i c u l t  t o  a p p l y  t h e  model t o  
r e c e n t  t e c h n i c a l  s h i f t s  i n  unde rg round  c o a l  m i n i n g  d u e  t o  
t h e  d i f f i c u l t y  of s o r t i n g  o u t  t h e  dynamics  o f  a d o p t i o n  o f  
s h i e l d  s u p p o r t s  f rom t h o s e  o f  t h e  s h i f t s  t o  l o n g w a l l  and 
c o n t i n u o u s  p r o d u c t i o n  methods .  

I t  may a l s o  be a p p l i c a b l e  t o  s i t u a t i o n s  o t h e r  t h a n  t h o s e  
it was d e s i g n e d  t o  d e s c r i b e ,  i n c l u d i n g  i n t e r - f i r m  c o m p e t i t i o n  
o r  i n t e r n a t i o n a l  t r a n s f e r  o f  t e c h n o l o g y .  

E x c l u s i o n s  

For  t h e  sakes o f  s i m p l i c i t y  and g e n e r a l i t y ,  much h a s  been  
o m i t t e d  f rom TECH1. P h y s i c a l  c a p i t a l  and l a b o r  a r e  a g g r e g a t e d  
i n t o  p r o d u c t i o n  c a p a c i t y .  R & D e x p e n d i t u r e s  a r e  o m i t t e d .  The 
i n v e s t m e n t  d e c i s i o n  i s  a  s i m p l e  f o r m u l a t i o n  t h a t  makes 
i n v e s t m e n t  i n c r e a s e  when p a s t  and e x p e c t e d  r e t u r n s  on c a p i t a l  
a r e  i n  e x c e s s  o f  t h e  economywide a v e r a g e ,  and away from it when 
it shows r e t u r n s  below t h e  economywide norm. C a p i t a l  and i n p u t  
c o s t  f u n c t i o n s  a r e  r u d i m e n t a r y .  Market  o p e r a t i o n  is 
r e p r e s e n t e d  a s  p r i c e  c o n t r o l l e d ,  w i t h  p r i c e s  o r i g i n a t i n g  f rom 
t h e  r e l a t i o n s h i p  be tween  i n v e n t o r y  and  a n t i c i p a t e d  s a l e s .  



C l e a r l y  no i n d u s t r i a l  s t r u c t u r e  works s o  s imply  and 
s u b s t a n t i a l  work would be r e q u i r e d  t o  f i t  t h e  model 
r e a l i s t i c a l l y  t o  any s p e c i f i c  t e c h n o l o g i c a l  s h i f t .  Discounted  
c a s h  f low c a l c u l a t i o n s  might  be added t o  inves tment  f u n c t i o n s ,  
t a x a t i o n  could  be added t o  c o s t s  and f a c t o r  c o s t s  c o u l d  be 
d i s a g g r e g a t e d .  For planned economy a p p l i c a t i o n s  t h e  p r i c e  
mechanism would need t o  be r e p l a c e d  by a  more complex 
f o r m u l a t i o n ,  a l t h o u g h  t h e  b a s i c  c y b e r n e t i c  mechanism whereby 
o v e r s t o c k e d  i n v e n t o r i e s  o r  backordered  demand e x e r t s  p r e s s u r e  
f o r  c o n t r a c t i o n  or  expans ion  of p r o d u c t i o n  would p robab ly  
remain i n t a c t .  And s o  on ,  u n t i l  t h e  model becomes s o  l a r g e ,  
complex and s p e c i a l i z e d  t h a t  it becomes incomprehensib le .  

Methodologica l  n o t e  

TECH1 is a  sys tem dynamics model and f o l l o w s  t h e  modeling 
methodology worked o u t  by J a y  W. F o r r e s t e r  ( a s  d e s c r i b e d ,  f o r  
example,  i n  F o r r e s t e r ,  1 9 6 8 ) .  The f o l l o w i n g  t e x t  assumes t h e  
r e a d e r  is  f a m i l i a r  wi th  s e v e r a l  b a s i c  c o n c e p t s  which F o r r e s t e r  
t r a n s p o r t e d  o u t  of  c o n t r o l  e n g i n e e r i n g  i n t o  sys tem dynamics 
modeling. Those t o  whom t h e  c o n c e p t s  of s t a t e  v a r i a b l e ,  r a t e  
o f  f low and p o s i t i v e  and n e g a t i v e  feedback a r e  u n f a m i l i a r  a r e  
a d v i s e d  . t o  r e f e r  t o  Appendix A. 

STRUCTURE 

I d i s t i n g u i s h  between dynamic and feedback s t r u c t u r e s .  By 
dynamic s t r u c t u r e  I r e f e r  t o  t h e  mode l ' s  sys tem o f  s t a t e  
v a r i a b l e s ,  t h e i r  r a t e s  of  change and t h e  c o n t r o l s  t h a t  
e s t a b l i s h  t h e i r  r a t e s  of  change. T h i s  can be though t  o f  a s  t h e  
framework of s lowly  changing e l e m e n t s  w i t h i n  which t h e  sys tem 
e v o l v e s  over  t i m e .  9y feedback,  o r  c y b e r n e t i c ,  s t r u c t u r e  I 
r e f e r  t o  t h e  network o f  c a u s e s  and e f f e c t s ,  pushes  and p u l l s  
c r e a t e d  by a  dynamic s t r u c t u r e .  T h i s  can be though t  o f  a s  t h e  
p a t t e r n a t i o n  of dynamic t e n s i o n  se t  up w i t h i n  a  dynamic 
s t r u c t u r e .  

Of t h e  two, dynamic s t r u c t u r e  is t h e  most s t r a i g h t f o r w a r d  
and t h e  most amenable t o  p r e c i s e ,  o b j e c t i v e  d e s c r i p t i o n .  A 
m o d e l ' s  dynamic s t r u c t u r e  is e x p l i c i t l y  d e s c r i b e d  by t h e  
computer program and can be diagrammed e x a c t l y  i n  f low c h a r t s .  

Feedback s t r u c t u r e  is e l u s i v e .  One can ,  of c o u r s e ,  c h a r t  
a l l  t h e  feedback l o o p s  o p e r a t i n g  w i t h i n  a  model, b u t  t h i s  



e x e r c i s e  is  o f t e n  c o n f u s i n g  and u n h e l p f u l  b e c a u s e  o f  t h e  l a r g e  
number o f  f e e d b a c k  l o o p s  i n  a  model.  The t r i c k  is t o  i d e n t i f y  
a  " b a s i c  c a u s a l  s t r u c t u r e w - - a  few f eedback  l o o p s  which  p l a y  a  
ma jo r  p a r t  i n  s t e e r i n g  t h e  m o d e l ' s  t i m e  c o u r s e ,  t o  d i s c o v e r  
where  and why which l o o p s  a r e  dominan t ,  and t o  d e v e l o p  a s e n s e  
o f  how t h e  s y s t e m  c a n  be  c o n t r o l l e d  by m a n i p u l a t i n g  i t s  
c y b e r n e t i c  b e h a v i o r .  T h i s  a c t i v i t y  is more d i f f i c u l t  t h a n  it 
s o u n d s  b e c a u s e  o v e r  t h e  c o u r s e  o f  s i m u l a t i o n  dominance  o f t e n  
s h i f t s  between l o o p s .  (No te  t h a t  s h i f t  i n  dominance is i n  
e f f e c t  a  change  o f  s t r u c t u r e - - i n  c o n t r a s t  t o  t h e  f a i r l y  common 
a s s e r t i o n  t h a t  d e t e r m i n i s t i c  models  c a n n o t  d e s c r i b e  s t r u c t u r a l  
change .  ) 

Though it is e l u s i v e ,  f e e d b a c k  s t r u c t u r e  is c r i t i c a l l y  
i m p o r t a n t .  I n d e e d ,  one  m i g h t  s a y  t h a t  t h e  p r i m a r y  r e a s o n  f o r  
d e v e l o p i n g  a  s y s t e m  dynamics  model is t o  improve  d e c i s i o n  
m a k e r ' s  u n d e r s t a n d i n g  o f  s y s t e m  f e e d b a c k s  and  c o n t r o l s .  
I d e a l l y  he  c a n ,  by such  u n d e r s t a n d i n g ,  come t o  manage t h e  
s y s t e m  w i t h  a  j u d o  m a s t e r ' s  i n t u i t i v e  s e n s e  o f  ba lance- -wi th  a  
r e f i n e d  s e n s e  o f  how h i s  l i m i t e d  powers  c a n  e f f e c t i v e l y  be 
employed t o  b r i n g  a b o u t  d e s i r e d  b e h a v i o r a l  change  i n  t h e  much 
l a r g e r  f o r c e s  o f  t h e  s y s t e m  w i t h  which  h e  works.* 

The n a t u r e  o f  t h e  s t r u c t u r a l  c o n c e p t s  d i c t a t e s  a n  o r d e r  o f  
p r e s e n t a t i o n .  O n d e r s t a n d i n g  dynamic s t r u c t u r e  is n e c e s s a r y  f o r  
u n d e r s t a n d i n g  f e e d b a c k  s t r u c t u r e .  TJnders tanding  f e e d b a c k  
s t r u c t u r e  is n e c e s s a r y  f o r  d e v e l o p i n g  c o n t r o l  o v e r  s y s t e m  
b e h a v i o r  T h e r e f o r e  t h e  f o l l o w i n g  t e x t  b e g i n s  w i t h  d e s c r i p t i o n  
o f  dynamic s t r u c t u r e  and p r o c e e d s  t o  d e s c r i p t i o n  o f  s y s t e m  
f e e d b a c k  s t r u c t u r e  b e h a v i o r  and c o n t r o l .  

* To t h e  b e s t  o f  my k n o v l e g e ,  u n d e r s t a n d i n g  o f  s y s t e m  
c y b e r n e t i c  s t r u c t u r e  comes o n l y  t h r o u g h  a  c o m b i n a t i o n  o f  
p o n d e r i n g  what  one  sees i n  r e a l i t y  and  i n  o n e ' s  model o f  
r e a l i t y  ( i n d u c t i o n )  and t h r o u g h  s i m u l a t i o n  ( e x p e r i m e n t a t i o n )  . 
A n a l y t i c  p r o c e d u r e s  which l e a d  t o  o b j e c t i v e  m e a s u r e s  o f  s y s t e m  
s e n s i t i v i t y  b u t  d o  n o t  d e v e l o p  an  i n t u i t i v e ,  v e r b a l l y  
communicable  s e n s e  o f  how t h e  s y s t e m  o p e r a t e s  ( s u c h  a s  t h o s e  
d e s c r i b e d  by Markowich 1979 and Rademaker 1973  and o t h e r s )  
c a n n o t  be s u b s t i t u t e d .  
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Dynamic S t r u c t u r e  

Technology S e c t o r s  

Each technology s e c t o r  i s  s t r u c t u r e d  around two s t a t e  
v a r i a b l e s :  p roduc t i on  c a p a c i t y  ( o t  and n t )  and cumula t ive  
o u t p u t  ( o t c o  and n t c o ) .  The dynamic behavior  o f  t h e s e  
v a r i a b l e s  is p a r t i a l l y  c o n t r o l l e d  by t h e  v a r i a b l e s  themselves  
and p a r t i a l l y  c o n t r o l l e d  by i n fo rma t ion  pa s sed  between t h e  two 
techno logy  s e c t o r s  through t h e  market  s e c t o r .  

P roduc t i on  c a p a c i t y  r e f e r s  t o  p h y s i c a l  means of  p roduc t i on  
measured i n  t e rms  of  o u t p u t  c a p a b i l i t y .  It is i n c r e a s e d  by 
inves tment  a f t e r  a lag** t o  accoun t  f o r  c o n s t r u c t i o n  d e l a y s ,  
and can d e c r e a s e  e i t h e r  by physca l  d e p r e c i a t i o n  o r  th rough  
l i q u i d a t i o n  of c a p a c i t y .  D e p r e c i a t i o n  t a k e s  p l a c e  a t  a l l  t imes  
i n  t h e  model; c a p a c i t y  is o n l y  l i q u i d a t e d  a f t e r  a p e r i o d  of 
economic l o s s e s .  A s  p r e v i u s l y  mentioned,  i n  TECH1 p roduc t i on  
c a p a c i t y  is  viewed a s  an agg rega t e  of  l a b o r  and c a p i t a l .  No 
d i s t i n c t i o n  is made between monetary and p h y s i c a l  c a p i t a l .  
Output  is p r o p o r t i o n a l  t o  p roduc t i on  c a p a c i t y ,  s u b j e c t  t o  
p r o d u c t i o n  e f f i c i e n c y  and c a p a c i t y  u t i l i z a t i o n .  

Cumulat ive o u t p u t  ( o t c o  and n t c o )  is p r e c i s e l y  what i t s  
name s u g g e s t s .  I t  is  used a s  a  proxy f o r  expe r i ence  and i s  
used,  through a  l e a r n i n g  cu rve  f u n c t i o n  ( c a l l e d  i n  t h e  model an 
e f f i c i e n c y  f a c t o r ,  o t e f  and n t e f )  t o  d r i v e  a c t u a l  p r o d u c t i o n  
e f f i c i e n c y  toward p o t e n t i a l  p roduc t i on  e f f i c i e n c y  a s  cumula t ive  
e x p e r i e n c e  becomes ve ry  l a r g e .  Thus a  s o r t  o f  energy  o f  
a c t i v a t i o n  problem is s e t  up f o r  t h e  new technology.  I t  beg in s  
w i th  low cumula t ive  o u t p u t ,  t h u s  low p roduc t i on  e f f i c i e n c y ,  
w h i l e  t h e  o l d  t echno logy  o p e r a t e s  a t  h igh  cumula t ive  o u t p u t  and 
h igh  e f f i c i e n c y .  A s  d i s c u s s e d  l a t e r ,  a  new t e c h n o l o g y ' s  
a b i l i t y  t o  overcome t h i s  a c t i v a t i o n  b a r r i e r  is one of t h e  
p r imary  d e t e r m i n a n t s  of whether  ( a s  opposed t o  how f a s t )  t h e  
t e c h n o l o g i c a l  s u b s t i t u t i o n  p r o c e s s  i s  s e t  i n t o  motion. 

Market S e c t o r  

The market s e c t o r  c o n t a i n s  t h r e e  s t a t e  v a r i a b l e s ,  o l d  and 
new technology p roduc t  i n v e n t o r i e s  ( i o t o  and i n t o )  and f r a c t i o n  
o f  market t o  new technology ( fmn t ) .  The l a t t e r  is e q u i v a l e n t  
t o  market  sha r e .  The g e n e r a l  l a y  o u t  o f  market  s e c t o r  s t a t e  
v a r i a b l e s  is shown below i n  F i g u r e  2. 

**  A t h i r d  o r d e r  d i s t r i b u t e d  l a g  is used i n  t h i s  c a s e ,  o r  i n  
sys tem dynamics terminology a  t h i r d  o r d e r  m a t e r i a l  d e l a y .  For 
f u r t h e r  d e s c r i p t i o n  s e e  Davisson and Uhran (1977 f o r  
NDTRAN/DYNAMO), Pugh (1970 f o r  s t anda rd  DYNAMO) o r  F o r r e s t e r  
(1968 :Ch.8 f o r  t h e o r e t i c a l  d e s c r i p t i o n )  . 



Figure  2. Bas ic  dynamic s t r u c t u r e  of TECH1 market  s e c t o r :  Old 
and new produc t  i n v e n t o r i e s  and f r a c t i o n  of  market  t o  new tech-  
nology a r e  t h e  e x p l i c i t  s t a t e  v a r i a b l e s  around which t he  s e c t o r  
i s  s t r u c t u r e d .  S a l e s  e x p e c t a t i o n s ,  an e x p o n e n t i a l  ave r age  of  
p a s t  s a l e s ,  i n t roduce  i m p l i c i t  s t a t e  v a r i a b l e s  i n t o  t h e  s e c t o r .  
Growth of t o t a l  market  and new technology a t t r a c t i v e n e s s  a r e  
exogenous. 

A s  shown by t he  double  stemmed a r rows ,  t h e  s i z e  of t h e  e n t i r e  
marke t ,  d e f i ned  i n  terms of  t o t a l  u n i t s  purchased of bo th  
t e c h n o l o g i e s  a t  a  g iven  p r i c e  and t h e  r e l a t i v e  market  
a t t r a c t i v e n e s s  of t h e  new technology a r e  exogenous. 

Connect ions  between market and technology s e c t o r s  a r e  few. 
Produc t  o u t p u t s  ( o t o  and n t o )  a r e  t h e  o n l y  i n p u t  i n t o  t h e  
market  s e c t o r  from t h e  technology s e c t o r s .  I n fo rma t ion  on 
p r i c e ,  s a l e s  and i n v e n t o r i e s  p a s s e s  from t h e  market s e c t o r  t o  
t h e  technology s e c t o r s .  

Product  o u t p u t s  a r e  
coun ted  a s  i n v e n t o r i e s  u n t i l  
t h e y  a r e  so ld .  I n v e n t o r i e s  
may go n e g a t i v e  where s a l e s  
exceed inven tory .  Nega t i ve  
i n v e n t o r i e s  imply t o  o r d e r  
back logs .  The r a t i o s  of  
p roduc t  i nven to ry  t o  

0 
o expec ted  s a l e s  ( e s o t o  and 
-4 
LI e s n t o ,  both a r e  e x p o n e n t i a l  
P1 a v e r a g i n g s  of p a s t  s a l e s )  

~nventoryj~xpected Sales de t e rmines  p r i c e s  ( n t $  and 
o t $ )  . The i nven to ry -p r i c e  
r e l a t i o n s h i p  used i s  of  t h e  

F igu re  3 .  Inventory-pr  i c e  form shown a t  l e f t  i n  F i g u r e  
cu rve .  3 .  
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Dynamic S t r u c t u r e  

Technology S e c t o r s  

Each technology s e c t o r  is s t r u c t u r e d  around two s t a t e  
v a r i a b l e s :  product ion capac i ty  ( o t  and n t )  and cumulative 
ou tpu t  (o tco  and n t c o ) .  The dynamic behavior of t h e s e  
v a r i a b l e s  is p a r t i a l l y  c o n t r o l l e d  by t h e  v a r i a b l e s  themselves 
and p a r t i a l l y  c o n t r o l l e d  by informat ion passed between t h e  two 
technology s e c t o r s  through t h e  market s e c t o r .  

Product ion capac i ty  r e f e r s  t o  p h y s i c a l  means of p roduct ion  
measured i n  terms of ou tput  c a p a b i l i t y .  It is  inc reased  by 
investment a f t e r  a  lag** t o  account f o r  c o n s t r u c t i o n  de l ays ,  
and can dec rease  e i t h e r  by physcal  d e p r e c i a t i o n  o r  through 
l i q u i d a t i o n  of capac i ty .  Deprecia t ion t a k e s  p l ace  a t  a l l  t imes 
i n  t h e  model; c a p a c i t y  is  only l i q u i d a t e d  a f t e r  a  per iod  of 
economic lo s ses .  A s  p r e v i u s l y  mentioned, i n  TECH1 product ion 
c a p a c i t y  is viewed a s  an aggrega te  of l abor  and c a p i t a l .  No 
d i s t i n c t i o n  is made between monetary and p h y s i c a l  c a p i t a l .  
Output is p r o p o r t i o n a l  t o  product ion capac i ty ,  s u b j e c t  t o  
product ion  e f f i c i e n c y  and capac i ty  u t i l i z a t i o n .  

Cumulative ou tput  (o t co  and n t c o )  is p r e c i s e l y  what i t s  
name sugges ts .  It is used a s  a  proxy f o r  exper ience  and is 
used, through a  l e a r n i n g  curve func t ion  ( c a l l e d  i n  t h e  model an 
e f f i c i e n c y  f a c t o r ,  o t e f  and n t e f )  t o  d r i v e  a c t u a l  product ion 
e f f i c i e n c y  toward p o t e n t i a l  product ion e f f i c i e n c y  a s  cumulative 
exper ience  becomes very l a rge .  Thus a  s o r t  of energy of 
a c t i v a t i o n  problem is s e t  up f o r  t h e  new technology. I t  begins  
w i t h  low cumulative ou tpu t ,  t hus  low product ion  e f f i c i e n c y ,  
whi le  t h e  old technology o p e r a t e s  a t  high cumulative ou tput  and 
h igh  e f f i c i e n c y .  A s  d i scussed  l a t e r ,  a  new technology ' s  
a b i l i t y  t o  overcome t h i s  a c t i v a t i o n  b a r r i e r  is  one of t h e  
primary de te rminants  of whether ( a s  opposed t o  how f a s t )  t h e  
t echno log ica l  s u b s t i t u t i o n  p rocess  is  set i n t o  motion. 

Market Sec tor  

The market s e c t o r  c o n t a i n s  t h r e e  s t a t e  v a r i a b l e s ,  o ld  and 
new technology product  i n v e n t o r i e s  ( i o t o  and i n t o )  and f r a c t i o n  
of market t o  new technology (fmnt) . The l a t t e r  is e q u i v a l e n t  
t o  market share .  The gene ra l  l a y  ou t  of market s e c t o r  s t a t e  
v a r i a b l e s  is shown below i n  Figure  2. 

**  A t h i r d  o rde r  d i s t r i b u t e d  l a g  is  used i n  t h i s  ca se ,  o r  i n  
system dynamics terminology a  t h i r d  order  m a t e r i a l  delay.  For 
f u r t h e r  d e s c r i p t i o n  s e e  Davisson and Uhran (1977 f o r  
NDTRAN/DYNAMO), Pugh (1970 f o r  s tandard DYNAMO) o r  F o r r e s t e r  
(1968:Ch.8 f o r  t h e o r e t i c a l  d e s c r i p t i o n ) .  



Figure 2. Basic dynamic s t cuc tu re  of TECH1 market sec to r :  O l d  
and new product inven to r i e s  and f r a c t i o n  of market t o  new tech- 
nology a re  the e x p l i c i t  s t a t e  va r i ab les  around which the s e c t o r  
i s  s t ruc tu red .  S a l e s  expecta t ions ,  an exponent ial  average of 
p a s t  s a l e s ,  introduce i m p l i c i t  s t a t e  v a r i a b l e s  i n t o  t h e  s e c t o r .  
Growth of t o t a l  market and new technology a t t r a c t i v e n e s s  a r e  
exogenous. 

A s  shown by the double stemmed arrows, the s i z e  of the e n t i r e  
market, defined i n  terms of t o t a l  u n i t s  purchased of both 
technologies  a t  a  given p r i c e  and the  r e l a t i v e  market 
a t t r a c t i v e n e s s  of the new technology a r e  exogenous. 

Connections between market and technology s e c t o r s  a r e  few. 
Product outputs  (o to  and n to)  a re  the  only input  i n t o  the  
market sec tor  from the  technology s e c t o r s ,  Information on 
p r i c e ,  s a l e s  and inven to r i e s  passes  from the market sec to r  t o  
the  technology sec to r s .  

I 
1nventoryjExpected Sales 

Figure 3 .  Inventory-price 
curve. 

Product outputs  a r e  
counted as  inven to r i e s  u n t i l  
they a re  sold.  Inven to r i e s  
may go negative where s a l e s  
exceed inventory,  Negative 
inven to r i e s  imply t o  order 
backlogs, The r a t i o s  of 
product inventory t o  
expected s a l e s  ( e so to  and 
esnto ,  both a re  exponent ia l  
averagings of p a s t  s a l e s )  
determines p r i c e s  ( n t $  and 
o t $ )  . The inventory-pr i c e  
r e l a t i o n s h i p  used is of the  
form shown a t  l e f t  i n  Figure 
3 .  



F r a c t i o n  of market  t o  new techno logy  ( fmnt )  is  a  s t a t e  
v a r i a b l e .  T h i s  f o r m u l a t i o n  i m p l i c i t l y  i m p l i e s  t h a t  p u r c h a s e r  
behav io r  changes  g r a d u a l l y .  The speed a t  which p u r c h a s e r  
behav io r  s h i f t s  ( m s )  c a n  be p a r a m e t e r i z e d  t o  r e p r e s e n t  e i t h e r  
f a s t  o r  s low response .  I e x p e c t  t h a t  r e s p o n s e  times a r e  a  
f u n c t i o n  of t h e  n a t u r e  o f  t h e  s u b s t i t u t i o n  being c o n s i d e r e d .  I 
would e x p e c t  s low response  where p roducer  p r o d u c t  i n n o v a t i o n  
r e q u i r e s  consumer p r o c e s s  i n n o v a t i o n ,  i n  o t h e r  words, where t h e  
new p r o d u c t  r e q u i r e s  a  change i n  consumer h a b i t s ,  o r  consumer 
l e a r n i n g ,  o r  development o f  new consumer i n f r a s t r u c t u r e .  
H a b i t s  a r e  v e r y  impor tan t  i n  t h e  consumer s e c t o r s ,  e s p e c i a l l y  
f o r  p r o d u c t s  (such a s  food)  where s t r o n g  t a s t e s ,  v a l u e s  o r  
t r a d i t i o n s  a r e  a s s o c i a t e d  w i t h  t h e  o l d  p r o d u c t  (e.g. 
s u b s t i t u t i o n  of  i n s t a n t  f o r  ground c o f f e e ) .  The need f o r  
l e a r n i n g  a p p e a r s  i n  both  p roducer  and consumer goods s e c t o r s  
when t h e  new p r o d u c t  is n o t  e a s i l y  used (e.g. compute r s ) .  
I n f r a s t r u c t u r e  f a c t o r s  slow consumer s h i f t s  when 
t h e  p r o d u c t  of  t h e  p r o d u c t  s u b s t i t u t i o n  i n  q u e s t i o n  i s  
a s s o c i a t e d  w i t h  t h e  use  o f  a n o t h e r  p r o d u c t ,  t h e  l a t t e r  o f  which 
i s  r e l a t i v e l y  e x p e n s i v e  and h a s  a  r e l a t i v e l y  l o n g  u s e f u l  
l i f e t i m e  (e.g.  t h e  s w i t c h  from one f u e l  t o  a n o t h e r  is slowed by 
t h e  n e c e s s i t y  t o  purchase  new combust ion equipment)  . 

Feedback S t r u c t u r e  

P o s i t i v e  feedback c a u s e s  e x p o n e n t i a l  growth o r  decay.  
N e g a t i v e  feedback seeks e q u i l i b r i u m  v a l u e s  ( i m p l i c i t  o r  
e x p l i c i t  g o a l s  o r  t a r g e t s ) .  On t h e  h y p o t h e s i s  t h a t  
t e c h n o l o g i c a l  s u b s t i t u t i o n  i s  a  p r o c e s s  i n  which t h e  growth o f  
a  new techno logy  pushes o u t  an  o l d  t echno logy  I a n t i c i p a t e  t h a t  
t h e  r e l a t i v e  s t r e n g t h s  o f  o l d  and new t e c h n o l o g y ' s  p o s i t i v e  
feedback l o o p s  g r e a t l y  i n f l u e n c e  sys tem behav io r .  Thus t h e  
f o l l o w i n g  d i s c u s s i o n  b e g i n s  w i t h  t r e a t m e n t  o f  p o s i t i v e  feedback 
l o o p s  and p roceeds  t o  d i s c u s s  how t h e i r  behav io r  is m i t i g a t e d  
by n e g a t i v e  feedback.  

P o s i t i v e  Feedback 

I have  i d e n t i f i e d  s i x  p o s i t i v e  l o o p s  i n  TECH1. Each 
t e c h n o l o g y  sector h a s  t h r e e ;  t h e  market  sector a p p e a r s  t o  
have none. t h e  p o s i t i v e  feedback l o o p s  i n  a  s i n g l e  t echno logy  
s e c t o r  a r e  shown below i n  F i g u r e  4. The s i m p l e s t  p o s i t i v e  l o o p  
f o r  each t echno logy  is t h a t  which o p e r a t e s  th rough  t h e  l e a r n i n g  
c u r v e  (upper  l e f t  c o r n e r  of  F i g u r e  4 ) .  Outpu t  l e a d s  t o  
c u m u l a t i v e  o u t p u t  which i n c r e a s e s  p r o d u c t i o n  e f f i c i e n c y ,  
t h e r e b y  i n c r e a s i n g  o u t p u t .  



Figure 4. TECH1 p o s i t i v e  feedback loops: Both technology sec- 
t o r s  have both long and s h o r t  term capac i ty  acce le ra to r  loops 
(bottom) which a re  reinforced by e f f i c i e n c y  l ea rn ing  loops. 
These, combined,are the growth fo rces  i n  t h e  model. 

The learning loop is coupled w i t h  long term and shor t  term 
capaci ty  acce le ra to r  loops i n  which inc reases  i n  c a p i t a l  lead 
t o  increases  i n  output ,  increases  i n  inven to r i e s ,  decreased 
p r i c e s ,  increased s a l e s  and increased revenues, hence t o  
g r e a t e r  investment, more c a p i t a l  and more output.  The short-  
term loop opera tes  through t h e  d i r e c t  e f f e c t  of p r i c e  on 
q u a n t i t y  demanded. The long term loop opera tes  through t h e  
lagged e f f e c t  of p r i c e  on market share  and market share on 
s a l e s .  

W i t h i n  each technology sec to r  l ea rn ing  and acce lo ra to r  
loops a r e  mutually re inforc ing .  Accelerat ion inc reases  the  
r a t e  a t  which output  accumulates, hence speeding learn ing .  
Learning increases  the  r a t e  of increase  p r o f i t i b i l i t y  growth 
( i . e .  i ts  second d e r i v a t i v e )  and hence speeds the  r a t e  of 
investment growth. 

Between the  two technology s e c t o r s ,  p o s i t i v e  feedback 
loops a r e  competit ive and mutually excluding, The connection 
occurs  through the long-term channel of the  acce le ra to r  loop. 
One technology s e c t o r ' s  market share  ga ins  a re  the  other  
s e c t o r ' s  los ses ,  

The nature of competit ion changes over the  course of 
technological  s u b s t i t u t i o n  because l ea rn ing  faces  diminishing 
re tu rns .  When competition begins t h e  old technology is (almost 
by d e f i n i t i o n )  f u r t h e r  along i t s  l ea rn ing  curve than the  new. 
Therefore it experiences lower ga ins  i n  e f f i c i e n c y  as  i t s  



c u m u l a t i v e  o u t p u t  i n c r e a s e s .  On t h e  o t h e r  hand ,  t h e  new 
t e c h n o l o g y  b e g i n s  c o m p e t i t i o n  a t  t h e  f o o t  o f  i ts l e a r n i n g  c u r v e  
and ( t y p i c a l l y )  w i t h  t h e  p r o s p e c t  o f  r a p i d  e f f i c i e n c y  g a i n s  
ahead .  I t  f o l l o w s  t h a t  a t  t h e  o u t s e t  o f  c o m p e t i t i o n  l e a r n i n g  
is a  v e r y  weak i m p e t u s  f o r  g rowth  f o r  t h e  o l d  t e c h n o l o g y  and a  
s t r o n g  one f o r  t h e  new. A s  t h e  new t e c h n o l o g y  g a i n s  e x p e r i e n c e  
t h i s  d i f f e r e n c e  l e s s e n s .  T h i s  phenomenon, a l o n g  w i t h  i t s  more 
complex r e p u r c u s s i o n  s u c h  a s  t h e  d e f e n s e  r e a c t i o n s  o f  t h e  o l d  
t e c h n o l o g y  (which  TECH1 d o e s  n o t  i n c l u d e )  a r e  w e l l  d e s c r i b e d  i n  
U t t e r b a c k ' s  work on b u s i n e s s  i n v a s i o n  by i n n o v a t i o n  ( 1 9 7 8 ) .  I 
am i n d e b t e d  t o  t h a t  s o u r c e  f o r  b r i n g i n g  t h i s  phenomenon t o  my 
a t t e n t i o n .  

The p o s i t i v e  f eedback  s t r u c t u r e  j u s t  d e s c r i b e d  is c l e a r l y  
p a r a m e t e r  s e n s i t i v e .  C o m p e t i t i o n  d i f f e r s  g r e a t l y  d e p e n d i n g  on 
t h e  r e l a t i v e  e f f i c i e n c i e s  o f  t h e  o l d  and new t e c h n o l o g i e s  a t  
t h e  o n s e t  o f  s i m u l a t i o n ,  on t h e  r a p i d i t y  w i t h  which  t h e  new 
t e c h n o l o g y  c a n  i n c r e a s e  i ts  e f f i c i e n c y  and  on t h e  e x t e n t  t o  
which t h e  maximum e f f i c i e n c y  o b t a i n a b l e  by t h e  new t e c h n o l o g y  
e x c e e d s  t h e  o l d .  I f ,  f o r  example ,  t h e  new t e c h n o l o g y  s t a r t s  
c o m p e t i t i o n  w i t h  low e f f i c i e n c y ,  a s  i n  F i g u r e  5 a ,  it w i l l  
o p e r a t e  a t  a  s t r o n g  c o s t  d i s a d v a n t a g e  u n t i l  it h a s  g a i n e d  a  
v e r y  l a r g e  amount of e x p e r i e n c e .  I f ,  on  t h e  o t h e r  hand ,  t h e  new 
t e c h n o l o g y  is f a c e d  w i t h  t h e  s i t u a t i o n  shown i n  F i g u r e  5 b  it 
n e v e r  f a c e s  a  l a r g e  c o s t  d i s a d v a n t a g e ,  and t h a t  which  it d o e s  
f a c e  is overcome w i t h  o n l y  a  small amount o f  e x p e r i e n c e .  
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F i g u r e s  5a  and 5b. Consequences  of r e l a t i v e  fo rms  o f  o l d  and 
new t e c h n o l o g y  l e a r n i n g  c u r v e s  f o r  t e c h n o l o g i c a l  c o m p e t i t i o n :  
I n  5a  t h e  new t e c h n o l o g y  b e g i n s  w i t h  low e f f i c i e n c y  and  w i l l  
o p e r a t e  a t  a  l a r g e  c o s t  d i s a d v a n t a g e  i f  t h e  o l d  t e c h n o l o g y  i s  
e v e n  m o d e r a t e l y  w e l l  e s t a b l i s h e d .  I n  5 b  it b e g i n s  w i t h  h i g h  
e f f i c i e n c y  and neve r  s u f f e r s  a  s e r i o u s  d i s a d v a n t a g e .  



The r e l a t i v e  h e i g h t s  o f  l e a r n i n g  c u r v e s  is  a l s o  i m p o r t a n t .  
I f  t h e  new t e c h n o l o g y ' s  p o t e n t i a l  e f f i c i e n c y  is much h i g h e r  
t h a n  t h a t  o f  t h e  o l d  t h e  g rowth  t h r u s t  c r e a t e d  by t h e  l e a r n i n g  
l o o p  w i l l  l a s t  l o n g e r  and w i l l  p u t  more p r e s s u r e  on  b o t h  t h e  
n e g a t i v e  f e e d b a c k  l o o p s  o f  t h e  marke t .  T h i s  u s u a l l y  r e s u l t s  i n  
l ower  p r i c e s  and i n c r e a s e d  q u a n t i t i e s  demanded t h r o u g h o u t  t h e  
sys t em.  

Ne.gative Feedback  

The p r i m a r y  r e s t r a i n t s  on t h e  p o s i t i v e  l o o p s  d e s c r i b e d  
above  come n o t  f rom c o m p e t i t i v e  p r e s s u r e s  b u t  f rom mechanisms 
i n t e r n a l  t o  e a c h  t e c h n o l o g y  s e c t o r  and  f rom mechanisms l i n k i n g  
e a c h  t e c h n o l o g y  t o  t h e  marke t .  The power o f  t h e s e  r e s t r a i n t s  
i s  e a s i l y  d e m o n s t r a t e d  by h o l d i n g  m a r k e t  s h a r e  c o n s t a n t ,  t h u s  
making t h e  t e c h n o l o g y  s e c t o r s  i n d e p e n d e n t  o f  one  a n o t h e r .  I f  
t h i s  is done ,  i n t e r n a l  b a l a n c i n g  mechanisms keep  t h e  c a p a c i t i e s  
o f  b o t h  t e c h n o l o g y  s e c t o r s  i n  p r o p o r t i o n  w i t h  t h e i r  m a r k e t  
s i z e s .  The b a l a n c i n g  is dynamic ,  n o t  i n s t a n t a n e o u s .  Sometimes 
p r o d u c t i o n  o s c i l l a t e s  a round  t h e  e q u i l i b r i u m  m a r k e t  s i z e  s e t  by 
m a r k e t  g rowth .  Dur ing  r a p i d  p r o d u c t i v i t y  g a i n s  a  s e c t o r  g rows  
c o n s i d e r a b l y  b e f o r e  e q u i l i b r a t i n g .  But  b a r r i n g  p e c u l i a r  
a s s u m p t i o n s  ( s u c h  a s  l e a r n i n g  w i t h o u t  d i m i n i s h i n g  r e t u r n s  o r  
c o s t l e s s  i n p u t s )  s e c t o r  g r o w t h  is e f f e c t i v e l y  c o n s t r a i n e d  by 
t h e  s y s t e m ' s  n e g a t i v e  f eedback .  

T E C H 1  c o n t a i n s  a  few dozen  n e g a t i v e  f e e d b a c k  l o o p s ,  1 6  o f  
which  a r e  d i s c u s s e d  below. For b r e v i t y ' s  s a k e  c l o s e l y  r e l a t e d  
l o o p s  a r e  g r o u p e d ,  t h e r e b y  r e d u c i n g  d i s c u s s i o n  t o  f i v e  g r o u p s  
o f  n e g a t i v e  l o o p s :  t h r e e  g r o u p s  i n t e r n a l  t o  e a c h  t e c h n o l o g y  
s e c t o r ,  one  i n  t h e  m a r k e t  s e c t o r  and  one  r u n n i n g  be tween  t h e  
m a r k e t  and t e c h n o l o g y  s e c t o r s .  

Techno logy  S e c t o r s :  Each t e c h n o l o g y  s e c t o r  c o n t a i n s  f i v e  
( p e r h a p s  more) n e g a t i v e  f e e d b a c k  l o o p s  r u n n i n g  f rom c a p a c i t y  
back  t o  i t s e l f .  T h i s  g r o u p  o f  l o o p s  weakens t h e  c a p a c i t y -  
a c c e l e r a t o r  l o o p  c a u s i n g  i n c r e a s e s  i n  c a p a c i t y  t o  g e n e r a t e  
f o r c e s  t h a t  e i t h e r  l e a d  t o  d e c r e a s e  o f  c a p a c i t y  o r  t o  s l o w i n g  
o f  c a p a c i t y  growth .  F i v e  s u c h  l o o p s  a r e  shown below i n  F i g u r e  
6.  Moving from i n s i d e  t o  o u t  t h e y  a r e ,  r e s p e c t i v e l y :  

- t h e  d e p r e c i a t i o n  l o o p ,  i n  which p h y s i c a l  d e t e r i o r a t i o n  
d e p l e t e s  p r o d u c t i o n  c a p a c i t y  i n  d i r e c t  p r o p o r t i o n  t o  
c a p a c i t y  s i z e ,  

- t h e  f i x e d  c o s t  l o o p ,  i n  which c o s t s  t h a t  a r e  p r o p o r t i o n a l  
t o  c a p a c i t y  s i z e  ( e g g .  r e n t ,  h e a t i n g  and c a p i t a l  c h a r g e s )  
d e c r e a s e  r e t u r n s  and i n v e s t m e n t  a s  c a p a c i t y  i n c r e a s e s ,  
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Figure 6. Negative loops from capaci ty back co i t s e l f :  The 
capaci ty acce le ra t ion  process shown in  Figure 4 is control led 
d i r e c t l y  by mult iple  negative feedback loops. 

- the var iable  cos t  loop, in which increased capacity brings 
increased output ,  increased output brings increased cos t s ,  
and increased cos t s  decrease re tu rns  and investment and 
slow capaci ty acqu is i t ion ,  

-the re turns  loop, in  which increased capaci ty decreases 
re tu rn  on capaci ty,  leading t o  decreased investment, and 

- the l iqu ida t ion  loop, i n  which prolonged losses  cause 
producers t o  l i qu ida t e  capaci ty,  thereby reducing the  
overproduction and pr ice  depression t h a t  caused the losses.  

The other important negative loop within the technology 
sec to r s  is the venture c a p i t a l  loop, which causes venture 
investment to  decrease a s  experience accumulates and inves tors  
r e a l i z e  t h a t  the  new technology's p o t e n t i a l  for fur ther  
learning gain is l imited.  ( I t  deserves note t ha t  the behavior 
of t h i s  loop is s ens i t i ve  t o  the  mathematical form used, and 
the choice of form is  open t o  question. In TECH1 the venture 
c a p i t a l  e f f e c t  is wri t ten  i n  such a  way t h a t  the  existence of 
l a rge  unexploited technical  po t en t i a l  ampl i f ies ,  rather  than 
adds t o ,  t h a t  investment tha t  would take place were the re  no 
venture c a p i t a l  e f f ec t s .  This means t h a t  no venture takes 
place when a  new technology is loosing money i t s  stream of 
investment is reduced t o  zero. ) 

Market Sector:  The negative loops of the market sec tor  
.d jus t  demand to  supply through long and sho r t  term responses 
.o pr ice  s igna l s ,  Output (supply) en t e r s  the market sec tor  

from the technology sec to rs ,  whereupon it accumulates a s  
inventory. Inventory buildup reduces p r i ce ,  which tends t o  
increase q u a n t i t i e s  demanded in both the long and sho r t  terms. 
In  the shor t  term decreasqd pr ice  leads  immediately t o  
increased sa les .  In the long term the technology sector  w i t h  
the lowest p r ices  tends t o  gain market share,  t h u s  s a l e s ,  



Market  s i z e  ( d e f i n e d  i n  t e r m s  o f  number o f  u n i t s  t h a t  
would be p u r c h a s e d  a t  a  g i v e n  p r i c e )  is exogenous  and t h e  power 
o f  t h e  m a r k e t  s e c t o r  t o  i n f l u e n c e  demand is l i m i t e d  by t h e  
assumed demand p a r a m e t e r s  a t  t h e  l o w e s t  p r i c e  on t h e  p r i c e -  
i n v e n t o r y  c u r v e .  Adjus tment  o f  t o t a l  q u a n t i t y  demanded o c c u r s  
o n l y  i n  t h e  s h o r t  term l o o p ,  where  l o o p  s t r e n g t h  is d e t e r m i n e d  
by t h e  p a r a m e t e r i z a t i o n  o f  p r i c e  e l a s t i c i t y  o f  demand. I f  
maximum demand is h i g h ,  t h e  l o o p  may i n c r e a s e  s a l e s  by a  f a c t o r  
o f  two o r  more o r  r e d u c e  them t o  n e a r  z e r o .  I f  demand is 
h i g h l y  i n e l a s t i c  it may be u n a b l e  t o  i n c r e a s e  s a l e s  by e v e n  54 
p e r c e n t .  T h i s  i n a b i l i t y  may c a u s e  i n v e n t o r y  b u i l d u p s  and 
c h r o n i c  d e p r e s s i o n  o f  p r i c e s .  I t  a l s o  p u t s  p r e s s u r e  on t h e  
s u p p l y  r e g u l a t i o n  f e e d b a c k  l o o p s  and may c a u s e  s y s t e m  
o s c i l l a t i o n s .  The l o n g  term l o o p  s h i f t s  demand be tween  one  
t e c h n o l o g y  and t h e  o t h e r ,  and i n  s o  d o i n g  i t  i n d i r e c t l y  
i n c r e a s e s  demand by d i r e c t i n g  m a r k e t  p r e f e r e n c e  t oward  t h e  
c h e a p e r  p r o d u c t .  

Marke t  t o  Techno loqy  Loops:  A s  shown i n  F i g u r e  7 ,  l o n g  and 
s h o r t  term f e e d b a c k  l o o p s  r u n n i n g  between m a r k e t  and t e c h n o l o g y  
s e c t o r s  a d j u s t  s u p p l y  t o  demand. I n  t h e  s h o r t  term o v e r s u p p l y ,  
a s  i ndexed  by i n v e n t o r y  b u i l d u p ,  l e a d s  t o  r e d u c e d  c a p a c i t y  
u t i l i z a t i o n ,  t h u s  t o  lower  o u t p u t  and r e d u c e d  i n v e n t o r y  
a c c u m u l a t i o n .  Over t h e  l o n g  term o v e r s u p p l y ,  a s  t r a n s m i t t e d  
t h r o u g h  i n v e n t o r y  b u i l d u p  t o  p r i c e  r e d u c t i o n ,  l e a d s  t o  r e d u c e d  
p r o f i t s  and lower  i n v e s t m e n t .  When i n v e s t m e n t  f a l l s  below 
d e p r e c i a t i o n  t h i s  r e s u l t s  i n  r e d u c e d  c a p a c i t y  and lower  o u t p u t ,  
t h u s  s l o w e r  i n v e n t o r y  b u i l d u p .  Because  t h e r e  i s  a  s i g n i f i c a n t  
d e l a y  between i n v e s t m e n t  and t h e  time i n v e s t m e n t s  m a t u r e  i n t o  
p r o d u c t i o n  c a p a c i t y ,  t h e  l o n g  term l o o p  o p e r a t e s  q u i t e  s l o w l y .  

F i g u r e  7.  Long and s h o r t  t e r m  f e e d b a c k s  a d j u s t i n g  p r o d u c t i o n  
t o  demand: I n  t h e  s h o r t  term ( i n n e r  l o o p )  o v e r s u p p l y ,  a s  in -  
dexed  by i n v e n t o r y  p i l e - u p ,  l e a d s  t o  low c a p a c i t y  u t i l i z a t i o n  
and t h u s  t o  r e d u c e d  s u p p l y .  Over t h e  l o n g  term ( o u t e r  l o o p s )  
o v e r s u p p l y  l e a d s  t o  c a p a c i t y  r e d u c t i o n ,  e i t h e r ,  i n  t h e  c a s e  o f  
m o d e r a t e  p r i c e  d e c l i n e ,  t h r o u g h  d e c r e a s e d  i n v e s t m e n t ,  o r ,  i n  
t h e  c a s e  of s e r i o u s  p r i c e  d e p r e s s i o n ,  t h r o u g h  l i q u i d a t i o n  o f  
c a p a c i t y .  



BEHAVIOR 

Three  a s p e c t s  of model behav io r  a r e  d i s c u s s e d  below. 
F i r s t  t h e  models b a s i c  t e n d e n c i e s ,  such a s  market  o s c i l l a t i o n  
and s-shaped market  p e n e t r a t i o n  w i t h  v a r i a b l e  s p e e d s ,  a r e  
c o n s i d e r e d .  Second, o b s e r v a t i o n s  a r e  made on how and why t h e s e  
p a t t e r n s  v a r y  w i t h  changes  i n  model pa ramete r s .  T h i r d  r e s u l t s  
o f  e x p e r i m e n t s  w i t h  model s t r u c t u r e  are d i s c u s s e d ,  i n c l u d i n g  
t h e  e f f e c t s  of d i s t i n g u i s h i n g  between c a p i t a l  and c a p a c i t y  and 
t h e  r e s u l t s  of  i n t r o d u c i n g  a l e a r n i n g  c u r v e  t h a t  a f f e c t s  
p r o d u c t  a t t r a c t i v e n e s s .  

B a s i c  Tendencies  

Model s i m u l a t i o n s  range  between r u n s  i n  which t h e  new 
t e c h n o l o g y  c a p t u r e s  100 p e r c e n t  market  s h a r e  i n  a  few d e c a d e s  
t o  t h o s e  i n  which it f a i l s  t o  t a k e  o f f  a t  a l l .  Where t h e  new 
t e c h n o l o g y  is a b l e  t o  become e s t a b l i s h e d  i ts  market  s h a r e  
i n v a r i a b l y  f o l l o w s  an s-shaped growth c u r v e ,  l e v e l i n g  o f f  a t  
100 p e r c e n t  market  p e n e t r a t i o n .  T h i s  may happen s o  s l o w l y  t h a t  
a f t e r  60 y e a r s  of s i m u l a t i o n  t h e  new techno logy  h a s  a  market  
s h a r e  of  less  t h a n  f i v e  p e r c e n t  o r  it may be  much more r a p i d .  
F a i l u r e s  t a k e  two forms. I n  one t h e  new techno logy  b e g i n s  t o  
grow and t h e n  d e c l i n e s ,  and one i n  which it s imply  d o e s n ' t  grow 
a t  a l l .  

Sometimes t h e  new t e c h n o l o g y ' s  growth is uneven. I n  
s i m u l a t i o n s  where model p a r a m e t e r s  i n t r o d u c e  a s t r o n g  market  
commodity c y c l e ,  t h e  new techno logy  t e n d s  t o  make r e l a t i v e l y  
l a r g e  g a i n s  d u r i n g  t h e  h i g h  p r i c e  p h a s e s  of t h e  c y c l e  and 
r e l a t i v e l y  s lower  g a i n s  d u r i n g  t h e  low p r i c e  p e r i o d s .  

I n  s u c c e s s  c a s e s  t h e  s-shaped p e n e t r a t i o n  c u r v e  can  be 
d i v i d e d  i n t o  a  growth phase  and a n  e q u i l i b r i a t i n g  phase.  I n  
t h e  growth phase ,  which u s u a l l y  ends  a t  a b o u t  50 p e r c e n t  market  
p e n e t r a t i o n ,  t h e  new t e c h n o l o g y ' s  c a p a c i t y  a c c e l e r a t o r  and 
l e a r n i n g  l o o p s  d r i v e  t h e  system. C a p a c i t y  growth is a m p l i f i e d  
a s  l e a r n i n g  makes t h e  c a p a c i t y  t h a t  h a s  accumula ted  more 
e f f e c t i v e .  T h i s  d r i v e s  up p r o d u c t i o n  and down p r i c e ,  which 
a l l o w s  t h e  new techno logy  t o  encroach  on t h e  o l d ' s  markets. 
Market g a i n s  l e a d  t o  g r e a t e r  r evenues ,  f u r t h e r  i n v e s t m e n t  and 
f u r t h e r  c a p a c i t y  accumula t ion .  I f  t h e  new t e c h n o l o g y ' s  market  
g a i n  is r a p i d  and demand is  n o t  p r i c e - e l a s t i c ,  t h e s e  growth 
l o o p s  w i l l  c r e a t e  s e v e r e  o v e r p r o d u c t i o n ,  i n v e n t o r y  p i l e - u p s  and 
may l e a d  t o  economic l o s s e s  f o r  bo th  o l d  and new techno logy .  



I n  t h e  e q u i l i b r a t i n g  p h a s e  t h e  new t e c h n o l o g y ' s  g rowth  is 
c u r b e d  by a  c o m b i n a t i o n  o f  t h e  d i m i n i s h i n g  f o r c e  of  t h e  
l e a r n i n g  l o o p  and t h e  m a r k e t  f o r c e s  t h a t  u l t i m a t e l y  c o n s t r a i n  
s u p p l y  t o  conform w i t h  marke t  s i z e .  P r i c e s  f a l l  t o  n e a r  c o s t  
and i n v e s t m e n t  t e n d s  t o  s t a b i l i z e  a t  o r  o s c i l l a t e  a round  r a n g e s  
t h a t  w i l l  j u s t  b a l a n c e  d e p r e c i a t i o n .  

A t e n d e n c y  t o  o s c i l l a t e  and a  t e n d e n c y  toward  s l o w  
b e h a v i o r a l  change  a r e  p r e s e n t  i n  most  r u n s .  The t e n d e n c y  t o  
o s c i l l a t e  a r i s e s  from t h e  n e g a t i v e  f e e d b a c k  l o o p s  r e l a t i n g  t h e  
m a r k e t  s e c t o r  t o  t h e  t e c h n o l o g y  s e c t o r s  a s  d e s c r i b e d  above.  
T h i s  b e h a v i o r  form a r i s e s  f rom t h e  s t r u c t u r a l  con£ i g u r a t i o n s  
common t o  many commodity p r o d u c t i o n  s y s t e m s  a s  d e s c r i b e d  by 
Meadows ( 1 9 7 0 ) .  The o s c i l l a t i o n  i n  T E C H l  p r o b a b l y  i s n ' t  a  good 
a p p r o x i m a t i o n  of  t h e  mechanisms i n  o p e r a t i o n  i n  t h e  r e a l  
w o r l d , *  and it w i l l  n o t  be a  f o c u s  o f  d i s c u s s i o n  i n  what  
f o l l o w s .  N o n e t h e l e s s ,  f l u c t u a t i o n  i s  c h a r a c t e r i s t i c  o f  t h e  
e n v i r o n m e n t  i n  which most  t e c h n o l o g i c a l  s u b s t i t u t i o n s  t a k e  
p l a c e ,  t h e r e f o r e  t h e  p r e s e n c e  o f  o s c i l l a t i o n  p r o b a b l y  
c o n t r i b u t e s  t o  t h e  r e a l i s m  o f  T E C H l ' s  r e p r e s e n t a t i o n  o f  
t e c h n o l o g i c a l  s u b s t i t u t i o n .  

The t e n d e n c y  t o  s l o w n e s s  is i n  p a r t  a n  i l l u s i o n  and i n  
p a r t  r e a l .  Some of  t h e  seeming  s l o w n e s s  r e s u l t s  f rom t h e  f a c t  
t h a t  a l l  model r u n s  shown s t a r t  w i t h  a  t i n y  new t e c h n o l o g y  
c a p a c i t y  and c u m u l a t i v e  new t e c h n o l o g y  o u t p u t  o f  o n l y  1 u n i t  
( a r o u n d  0.02% o f  a n n u a l  demand).  These  c i r c u m s t a n c e s  c o r r e s p o n d  
t o  t h e  c o n d i t i o n  f o l l o w i n g  i n v e n t i o n ,  b u t  p r i o r  t o  t h e  
c o n s t r u c t i o n  of even a  medium s c a l e  d e m o n s t r a t i o n  p l a n t .  I f  
one  c u t s  o u t  t h e  f i r s t  t e n  t o  f i f t e e n  y e a r s  o f  s i m u l a t i o n  t h e  
r e s u l t i n g  time t r e n d s  may more c l o s e l y  r e s e m b l e  t h o s e  shown i n  
m a r k e t  p e n e t r a t i o n  s t u d i e s  (e .g .  Gold 1 9 7 5 ) .  On t h e  o t h e r  hand ,  
p a r t  of t h e  s l o w n e s s  is r e a l ,  a s  t h e  d e l a y s  and time c o n s t a n t s  
i n  t h e  c a p a c i t y  a c q u i s i t i o n  l o o p  do  n o t  p e r m i t  v e r y  r a p i d  
c a p a c i t y  e x p a n s i o n  o r  marke t  p e n e t r a t i o n .  

P a r a m e t e r  Tests  

A v a s t  number of  p a r a m e t e r  t e s t s  c o u l d  be c o n d u c t e d  w i t h  
T E C H l .  Only t h e  p e r f o r m a n c e  of  some o f  t h e  m o d e l ' s  most 
p a r a m e t e r  s e n s i t i v e  v a r i a b l e s ,  i n c l u d i n g  t h e  e f f i c i e n c y  
l e a r n i n g  c u r v e  form,  v a r i a b l e  c o s t s  and r e l a t i v e  a t t r a c t i v e n e s s  
o f  o l d  and new p r o d u c t s  is d i s c u s s e d  below. I have  c o n d u c t e d  
numerous o t h e r  t e s t s ,  i n c l u d i n g  a l t e r a t i o n  o f  economywide 
a v e r a g e  e a r n i n g s ,  s h o r t e n i n g  i n v e s t m e n t  m a t u r a t i o n  d e l a y  times, 

* Change t h e  s t r u c t u r e  and you change  t h e  n a t u r e  o f  i t s  
o s c i l l a t i o n s .  For example ,  a n  e a r l i e r  v e r s i o n  o f  t h e  model 
t h a t  d i s t i n g u i s h e d  between monetary  and p h y s i c a l  c a p i t a l  had 
l o n g e r  o s c i l l a t o r y  p e r i o d i c i k i e s  and g r e a t e r  s t a b i l i t y .  



i n c r e a s i n g  p r i c e  e l a s t i c i t i e s  o f  demand, i n c r e a s i n g  and  
d e c r e a s i n g  p r o p e n s i t i e s  ' t o  i n v e s t  and  s h o r t e n i n g  t h e  t i m e  
c o n s t a n t s  f o r  m a r k e t  s w i t c h i n g .  So f a r  I h a v e  found t h e  model 
g e n e r a l l y  i n s e n s i t i v e  t o  e v e n  l a r g e  ( d o u b l i n g  a n d  t r i p l i n g )  
c h a n g e s  i n  t h e s e  p a r a m e t e r s .  One e x c e p t i o n  was s h o r t e n i n g  
i n v e s t m e n t  d e l a y s .  I n  a  r u n  i n  which  t h e  i n v e s t m e n t  m a t u r a t i o n  
d e l a y  was r e d u c e d  from 5  t o  2 y e a r s  t h e  new t e c h n o l o g y ' s  m a r k e t  
s h a r e  a t  t i m e  1 0  was 5  p e r c e n t  w i t h  a  two y e a r  d e l a y  and  0.7 
p e r c e n t  w i t h  a  5 y e a r  d e l a y .  By time 1 5  t h e  f i g u r e s  had come 
t o  3 p e r c e n t  and 1 8  p e r c e n t ,  r e s p e c t i v e l y ,  which  s u g g e s t s  t h a t  
m a r k e t  p e n e t r a t i o n  is l i k e l y  t o  be  c o n s i d e r a b l y  s l o w e r  f o r  
t e c h n o l o g i e s  w i t h  l o n g  c o n s t r u c t i o n  o r  o t h e r  d e l a y s .  R e a d e r s  
i n t e r e s t e d  i n  t h e  ou tcomes  o f  tests o t h e r  t h a n  t h o s e  d e s c r i b e d  
be low a r e  e n c o u r a g e d ,  i f  p o s s i b l e ,  t o  e x p e r i m e n t  w i t h  t h e  model 
t h e m s e l v e s ,  and i f  n o t  p o s s i b l e ,  t o  communicate  w i t h  t h e  
a u t h o r .  

S t a n d a r d  Run, F a i l u r e :  Most a t t e m p t s  a t  i n n o v a t i o n  f a i l .  
A c c o r d i n g l y ,  a  f a i l u r e  r u n ,  a s  shown i n  F i g u r e  8 ,  is used  a s  a  
s t a n d a r d  c a s e .  Here t h e  new t e c h n o l o g y  and  t h e  o l d  t e c h n o l o g y  
would be i d e n t i c a l  i f  t h e  new t e c h n o l o g y  c o u l d  a t t a i n  
s u f f i c i e n t  e x p e r i e n c e  t o  b r i n g  it up t o  f u l l  e f f i c i e n c y .  
However, it c a n n o t .  I t  s t a r t s  o f f  a t  a  low l e v e l  o f  
e f f i c i e n c y ;  it c a n  n e i t h e r  m a i n t a i n  h i g h  enough p r i c e s  t o  d raw 
a  p r o f i t  o r  low enough  p r i c e s  t o  g a i n  m a r k e t  s h a r e ,  t h e r e f o r e  
i t  l o o s e s  money; i t s  l o s s e s  i n h i b i t  i n v e s t m e n t ,  which p r e v e n t s  
t h e  g a i n s  i n  e x p e r i e n c e  r e q u i r e d  t o  d e v e l o p  e f f i c i e n c y .  I n  
sum, t h e  low i n i t i a l  c o n d i t i o n  o f  t h e  l e a r n i n g  l o o p  c a u s e s  t h e  
new t e c h n o l o g y ' s  n e g a t i v e  l o o p s  t o  d o m i n a t e  i t s  c a p a c i t y  . 
a c c e l e r a t o r  l oop .  

Moral :  I f  - new t e c h n o l o q y  c a n n o t  g a i n  e f f i c i e n c y  - a t  a  
r e a s o n a b l e  F e e d  it w i l l  not be c o m p e t i t i v e  - on - t h e  
m a r k e t - - r e g a r d l e s s  -- o f i t s  p o t e n t i a l  - f o r e f f i c i e n c y  g a i n .  

E f f i c i e n c y  L e a r n i n g :  The power a n d  p a r a m e t e r  s e n s i t i v i t y  
o f  t h e  l e a r n i n g  l o o p  were men t ioned  i n  d i s c u s s i o n  o f  t h e  
s y s t e m ' s  p o s i t i v e  f eedback .  F i g u r e s  9 a  a n d  9b,  which compare  
m a r k e t  p e n e t r a t i o n  and  p r i c e  b e h a v i o r  t r e n d s  f o r  f o u r  new 
t e c h n o l o g i e s  which d i f f e r  f rom o n e  a n o t h e r  o n l y  i n  t h e  form o f  
t h e i r  l e a r n i n g  c u r v e s .  

E f f i c i e n c y  l e a r n i n g  b e h a v i o r  is o f  t h e o r e t i c a l  i n t e r e s t  
b e c a u s e  upward p r o g r e s s  on t h e  l e a r n i n g  c u r v e  t a k e s  p l a c e  
t h r o u g h  "minor"  o r  " improvement"  i n n o v a t i o n s - - s u c h  as m e a s u r e s  
t o  c u t  c o s t s  and improve e f f i c i e n c y  b u t  d o  n o t  r a d i c a l l y  a l t e r  
e i t h e r  p r o c e s s  o r  p r o d u c t .  S t a t e m e n t s  a b o u t  t h e  e f f e c t  o f  
d i f f e r i n g  fo rms  o f  t h e  l e a r n i n g  c u r v e  on t e c h n o l o g i c a l  
s u b s t i t u t i o n  may b e  t r a n s l a t e d  i n t o  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  between b a s i c  and  improvement  i n n o v a t i o n .  
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I n  a l l  r u n s  t h e  o l d  t e c h n o l o g y  b e g i n s  t h e  r u n  w i t h  a  
c u m u l a t i v e  o u t p u t  o f  40,000 u n i t s ,  which  c a u s e s  it t o  o p e r a t e  
a t  i t s  maximum p o t e n t i a l  e f f i c i e n c y  v a l u e  t h r o u g h o u t  t h e  run .  
Fo r  c o n v e n i e n c e ,  o l d  t e c h n o l o g y  maximum e f f i c i e n c y  h a s  been  
s c a l e d  t o  1. The p a r a m e t e r s  o f  t h e  new t e c h n o l o g y ' s  l e a r n i n g  
c u r v e  i n  t h e  f o u r  r u n s  c u r v e  are  shown below i n  T a b l e  1. 
C u m u l a t i v e  o u t p u t  f i g u r e s  are g i v e n  b o t h  i n  n a t u r a l  l o g a r i t h m s  
and  i n  n a t u r a l  numbers ,  and  t h e  e f f i c i e n c y  v a l u e s  a s s o c i a t e d  
w i t h  e a c h  c u m u l a t i v e  o u t p u t  v a l u e  are l i s t e d  i n  t h e  co lumns .  
B e c a u s e  o l d  t e c h n o l o g y  e f f i c i e n c y  v a l u e  is s c a l e d  t o  1, t h e  
numbers  g i v e n  c a n  b e  r e a d  e i t h e r  as  a b s o l u t e  o r  r e l a t i v e  
e f f i c i e n c y  v a l u e s .  

T a b l e  1: L e a r n i n g  Curve  T e s t s :  v a l u e s  o f  c u r v e  u s e d  t o  r e l a t e  
o u t p u t / c a p a c i t y  t o  c u m u l a t i v e  o u t p u t  i n  F i g u r e s  9 a , 9 b , l Q a  and 
10b .  

I n  ( c u m u l a t i v e  o u t p u t )  
0  2  4  6  8  10  12  

c u m u l a t i v e  o u t p u t  
1 - - 7.4 - - 2981  22026 162754 20.0 - -  403 

case 
1 1 1.7  2.3 2.8 3.2 3.5 3.6 
2  8.4 0.8 1 .2  1.5 1.8 1.9 2.0 
3  8.6 1.3 1 .9  2.4 2.9 3.0 3.0 
4  0.3 0.5 0.7 0.8 0.9 1.0 1.0 

B a s i c a l l y  new Techno logy  1 r e p r e s e n t s  a ma jo r  b r e a k t h r o u g h  
i n  p r o d u c t i o n  e f f i c i e n c y .  I t  b e g i n s  a t  t h e  same l e v e l  o f  
e f f i c i e n c y  as t h e  o l d  t e c h n o l o g y .  A f t e r  p r o d u c i n g  20 u n i t s  o f  
o u t p u t  ( s c a l e d  as a p p r o p r i a t e  ... i f  t h e  new t e c h n o l o g y  is a new 
k i n d  o f  p r o d u c t i o n  p l a n t ,  20 u n i t s  c o u l d  mean 20 p l a n t s .  I f  it 
is whea t  f l o u r ,  20 u n i t s  c o u l d  mean t e n  m i l l i o n  t o n s . )  it 
a t t a i n s  a l e v e l  o f  e f f i c i e n c y  2.3 times t h a t  o f  t h e  o l d  
t e c h n o l o g y .  By 3 ,000  u n i t s  o f  c u m u l a t i v e  p r o d u c t i o n  it is more 
t h a n  3  times as e f f i c i e n t  as  t h e  o l d  t e c h n o l o g y .  U l t i m a t e l y  it 
c a n  become 3.6  t i m e s  as e f f i c i e n t  as  the old. 

T e c h n o l o g i e s  2  t o  4  a l l  b e g i n  less e f f i c i e n t  t h a n  t h e  o l d .  
Number 2  h a s  t h e  power t o  d o u b l e  p r o d u c t i o n  e f f i c i e n c y ,  Number 
3  t c  t r i p l e  it, and Number 4  it c a n  o n l y  hope  t o  e q u a l  t h e  o l d  
t e c h n o l o g y ' s  e f f i c i e n c y .  

F i g u r e  3a shows t h a t  w i t h i n  t h e  s y s t e m  posed  e v e n  manyfo ld  
e f f i c i e n c y  g a i n s  and h i g h  i n i t i a l  e f f i c i e n c y  r e s u l t  i n  a f a i r l y  
s l o w  s u b s t i t u t i o n  p r o c e s s .  Even Techno logy  1, which  s t a r t e d  
o u t  as e f f i c i e n t  a s  t h e  o l d  t e c h n o l o g y  and  ended  up  much more 
e f f i c i e n t ,  r e q u i r e d  more t h a n  a d e c a d e  t o  a t t a i n  1 p e r c e n t  
m a r k e t  p e n e t r a t i o n ,  a n d  a b o u t  30 y e a r s  f o r  20 p e r c e n t  
p e n e t r a t i o n .  T e c h n o l o g y  2, which  was a b l e  t o  it match  t h e  o l d  
t e c h n o l o g y ' s  e f f i c i e n c y  by t h e  2 Q t h  y e a r  o f  s i m u l a t i o n ,  o n l y  
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a t t a i n e d  a  1 p e r c e n t  m a r k e t  s h a r e  by t h e  6 0 t h  y e a r .  Techno logy  
3 was l i k e  1 b u t  s l o w e r ,  and 4 f a i l e d  even  more c o m p l e t e l y  t h a n  
2 ;  it was l o o s i n g ,  r a t h e r  t h a n  g a i n i n g  m a r k e t  s h a r e  a t  t h e  end  
o f  s i m u l a t i o n .  

The p r i c e  p a t t e r n  f o r  t h e  new t e c h n o l o g y ' s  p r o d u c t  shown 
i n  F i g u r e  9 b  p a r t i a l l y  e x p l a i n s  t h e  m a r k e t  p e n e t r a t i o n  p a t t e r n s  
i n  F i g u r e  9a.  A s  p r e v i o u s l y  n o t e d ,  i n  t h e s e  s i m u l a t i o n s ,  
consumers  buy ing  p a t t e r n s  c h a n g e  s o l e l y  on t h e  b a s i s  o f  
r e l a t i v e  p r i c e ,  t h u s  t h e  f a s t e s t  m a r k e t  p e n e t r a t i o n  o c c u r s  f o r  
t e c h n o l o g y  1, whose g r e a t  e f f i c i e n c y  p e r m i t s  it t o  c u t  p r i c e s  
f a s t e r  t h a n  any  o f  t h e  o t h e r  c a s e s  c o n s i d e r e d ,  and f a s t e r  t h a n  
t h e  o l d  t e c h n o l o g y .  Technology  3 is a l s o  a b l e  t o  d r o p  p r i c e s  
r a p i d l y ,  and t h e r e f o r e  it t o o  makes r a p i d  m a r k e t  advance .  
Number 2 and Number 4 ,  however ,  r ema in  u n c o m p e t i t i v e l y  p r i c e d  
commodi t i e s  t h r o u g h o u t  most  o f  t h e  s i m u l a t i o n ,  and t h e r e f o r e  
f a i l  i n  m a r k e t  p e n e t r a t i o n .  T h e s e  p a t t e r n s  show more c l e a r l y  
i n  F i g u r e s  1Ba and l Q b ,  which show p r i c e ,  c a p a c i t y  and m a r k e t  

. s h a r e  t r e n d s  f o r  o l d  and  new t e c h n o l o g i e s  f o r  new t e c h n o l o g i e s  
1 and 4  o f  d e s c r i b e d  above.  

An i n t e r e s t i n g  s i d e l i g h t  o f  t h e s e  s i m u l a t i o n s  is  t h e  
t e n d e n c y ,  w i t h  an a g g r e s s i v e l y  g rowing  new t e c h n o l o g y ,  f o r  
p r i c e  c u t t i n g  t o  d r i v e  o u t  p r i c e  f l u c t u a t i o n s .  R e s e a r c h  i s  
r e q u i r e d  t o  a s c e r t a i n  w h e t h e r  t h i s  p a t t e r n  is rea l i s t i c .  

A s econd  i n t e r e s t i n g  s i d e l i g h t  is t h e  f a c t  t h a t  t h e  s y s t e m  
i s  e x t r e m e l y  s e n s i t i v e  t o  t h e  o l d  t e c h n o l o g y ' s  i n i t i a l  
c o n d i t i o n .  I f  t h e  new t e c h n o l o g y  s t a r t s  up  i n  a n  uncrowded 
m a r k e t  i t  g a i n s  m a r k e t  s h a r e  much more r a p i d l y  t h a n  i t  d o e s  i n  
a  s a t u r a t e d  marke t .  For example ,  i n  a  s i m u l a t i o n  ( n o t  shown) 
i n  which t h e  o l d  t e c h n o l o g y ' s  i n i t i a l  c a p a c i t y  and  i n v e n t o r y  
was r educed  by 20  p e r c e n t  t e c h n o l o g y  2 a c q u i r e d  a  market s h a r e  
o f  n e a r l y  50 p e r c e n t  by y e a r  60 ,  a s  opposed t o  j u s t  o v e r  1 
p e r c e n t  i n  F i g u r e  9a .  T h i s  r e s u l t  e m p h a s i z e s  t h e  p rob lems  
posed  f o r  a  new t e c h n o l o g y  by crowded marke t s - - a t  l eas t  w i t h i n  
t h e  model. 

The r e a l i s m  o f  t h e  s y s t e m ' s  s e n s i t i v i t y  t o  i n i t i a l  
c o n d i t i o n s  c o u l d  b e  checked  a g a i n s t  h i s t o r i c a l  e v i d e n c e .  I f  
s u c h  s e n s i t i v i t y  is r e a l i s t i c  o n e  would e x p e c t  t o  f i n d  t h a t  
p e r i o d s  of r e l a t i v e  u n d e r c a p a c i t y - -  s u c h  a s  t h e  l a t e  1 9 4 0 ' s  and 
1950 ' s - - f avo r  t h e  d i f f u s i o n  o f  new, e f f i c i e n t  t e c h n o l o g i e s  
w h i l e  p e r i o d s  of  m a r k e t  f l o o d i n g ,  s u c h  a s  t h e  G r e a t  D e p r e s s i o n ,  
would h i n d e r  t h e i r  a d o p t i o n .  The t e n d e n c y  m i g h t  be  less 
pronounced  f o r  p r o d u c t  i n n o v a t i o n ,  where  r e p l a c e m e n t  o f  o l d  
c a p a c i t y  by new a f f e c t s  o n l y  t h e  q u a l i t a t i v e  a s p e c t s ,  n o t  t h e  
vo lume,  o f  p r o d u c t i o n .  



Moral: The mechanisms  r e s t r a i n i n s  t h e  g r o w t h  o f  - a -I new 
e f f i c i e n t  t e c h n o l o a  are  s t r o n q e r  -- t h a n  o n e  m i g h t  t h i n k .  I f  it 
grows i n  a w e l l  s u p p l i e d  m a r k e t ,  a new t e c h n o l o  

7--  - t e n d s  to 
h i n d e r  -- i t s  own p r o g r e s s  b~ d e p r e s s T n 9  prices - and  h g c e  p r o f i t s ,  
w h i c h  weakens  i t s  i m p e t u s  f o r  g rowth .  I n  r e a l i t y  t h e s e  f o r c e s  

r o b a b l y  -- l e a d  t o  p r e s s u r e  - f o r  competition o n  g r o u n d s  o t h e r  t h a n  
;rice. C r e a t i o n  o f  new markets t h r o u g h  f o K i q n  trade, p r o d u c t  
improvemen t  - and  a d v e r t i z e m e n t  is p r o b a b l y  as i m p o r t a n t  -- t o  t h e  
e x p a n s i o n  of g h i e f f i c i n t - n e w  - t e c h n o l o g y  - as - is p u r e  
e f f i c i e n c y  l e a r n i n q .  

C h a n q i n q  F a c t o r  P r i c e s :  The  c u r r e n t  e n e r g y  s i t u a t i o n  
ra i ses  t h e  q u e s t i o n  o f  w h a t  h a p p e n s  t o  t h e  t e c h n o l o g i c a l  - - - - 
s u b s t i t u t i o n  p r o c e s s  i n  times o f  c h a n g i n g  f a c t o r  p r i c e s .  
S p e c i f i c a l l y ,  it is g e n e r a l l y  b e l i e v e d  tha t  i n c r e a s i n g  o i l  
p r i c e s  w i l l  f a v o r  t h e  g r o w t h  o f  t e c h n o l o g i e s  u s i n g  e i t h e r  
c h e a p e r  f u e l s  or less e n e r g y  a l t o g e t h e r .  

TECH1 c a n  be  a d a p t e d  t o  l o o k i n g  a t  t h e  e f f e c t s  o f  c h a n g i n g  
f a c t o r  p r i c e s  o n  t h e  p r o c e s s  o f  s u b s t i t u t i o n  by  e x o g e n o u s l y  
i n c r e a s i n g  v a r i a b l e  p r o d u c t i o n  costs.  I n  t h e  r u n s  be low  w e  
c o n s i d e r  f o u r  cases, f a s t  cos t  i n c r e a s e  f o r  o l d  t e c h n o l o g y  w i t h  
c o n s t a n t  p r i c e s  f o r  t h e  new (case 1) , n o  c h a n g e s  f o r  e i t h e r  
(case 2 ) ,  slow cost i n c r e a s e s  f o r  t h e  o l d  t e c h n o l o g y  (case 3 )  
a n d  f a s t  cos t  i n c r e a s e  f o r  t h e  . o l d  c o u p l e d  w i t h  slow cost  
i n c r e a s e  f o r  t h e  new (case 4 ) .  The b a s e  case (case 2 )  is  
i d e n t i c a l  t o  t e c h n o l o g y  3  i n  i n  F i g u r e s  9 a  and 9 b  above .  The 
v a r i a b l e  cost v a l u e s  u s e d  f o r  o l d  a n d  new t e c h n o l o g y  ( v a r i a b l e  
cos t s  p e r  u n i t  o u t p u t )  are shown below i n  T a b l e  2. 

T a b l e  2. V a r i a b l e  C o s t  S c e n a r i o s  Used t o  G e n e r a t e  T a b l e  3. 

t i m e  

case s c e n a r i o  

1 new 0.3 0.3 0.3 0.3 0.3 o l d  l a r g e  v a r i a b l e  
o l d  0.3 0.6 0.9 1.0 1 .0  cos t  i n c r e a s e  

2  new 0.3 0.3 0.3 0.3 0.3 no  cost c h a n g e  
o l d  0 .3  0.3 0.3 0.3 0.3 

3  new 0.3 0.3 0.3 0.3 0.3 o l d  small v a r i a b l e  
o l d  0 .3  0.4 0.5 0.6 0.6 cos t  i n c r e a s e  

4  new 0.3 0.4 0.5 0.6 0.6 o l d  l a r g e ,  new 
o l d  0 .3  0.6 0.9 1.9 1.0 small v a r i a b l e  

c o s t  i n c r e a s e  



P e r s o n s  i n t e r e s t e d  i n  t h e  d e t a i l s  o f  t h e  above  s i m u l a t i o n  
a r e  encouraged  t o  r u n  t h e  program and e x p l o r e  i t s  d e t a i l s  on 
t h e i r  own. Here we n o t e  o n l y ,  a s  shown i n  T a b l e  3 ,  t h a t  l a r g e  
i n c r e a s e s  i n  o l d  t e c h n o l o g y  v a r i a b l e  c o s t s  s t r o n g l y  a f f e c t e d  
new t e c h n o l o g y  d i f f u s i o n .  I n  y e a r  1 5 ,  f o r  example ,  t h e  o l d  
t e c h n o l o g y ' s  h i g h  m a r k e t  c o s t s  i n  case 1 h a v e  a l lowed  t h e  new 
t e c h n o l o g y  t o  g a i n  a m a r k e t  s h a r e  n e a r l y  twice what it would 
h a v e  been  g i v e n  e q u a l  v a r i a b l e  c o s t s  (case 2 )  . By y e a r  30, 
t h i s  widens  t o  a  d i f f e r e n c e  o f  a  f a c t o r  o f  fou r - - in  c a s e  2  t h e  
new t e c h n o l o g y  h a s  a  m a r k e t  s h a r e  o f  a b o u t  8 p e r c e n t ,  w h i l e  i n  
case 1 it h a s  n e a r l y  30 p e r c e n t .  

T a b l e  3. N e w  Technology  Market S h a r e s  Under Four V a r i a b l e  C o s t  
S c e n a r i o s :  La rge  c o s t  i n c r e a s e s  i n  o l d  t e c h n o l o g y  v a r i a b l e  
c o s t s  c a u s e  r a p i d  s u b s t i t u t i o n  ( c a s e  l ) ,  modera t e  i n c r e a s e s ,  
m o d e r a t e  r a t e s  ( c a s e  3 ) ,  and a  c o m b i n a t i o n  o f  modera t e  
i n c r e a s e s  f o r  t h e  new t e c h n o l o g y  and l a r g e  i n c r e a s e s  f o r  t h e  
a l m o s t  t o t a l l y  p r e v e n t  s u b s t i t u t i o n  (case 4 ) .  

time c a s e  1 case 2 case 3  case 4  
o l d  no o l d  o l d  h i g h ,  
h i g h  change  med ium new medium 

x 1/1000 

I t  is a l s o  o f  i n t e r e s t  t h a t  i n  c a s e s  1 t o  3  t h e  
s u b s t i t u t i o n  o f  t h e  new f o r  t h e  o l d  t e c h n o l o g y  manages t o  
m a i n t a i n  a  g e n e r a l  t r e n d  o f  p r i c e  d e c r e a s e  t h r o u g h o u t  t h e  
s i m u l a t i o n  p e r i o d ,  w h i l e  i n  c a s e  4 ,  where t h e  new t e c h n o l o g y  
a l s o  f a c e s  c o s t  i n c r e a s e s  and is u n a b l e  t o  g e t  e s t a b l i s h e d ,  t h e  
s y s t e m  m a n i f e s t s  v i o l e n t  p r i c e  f l u c t u a t i o n s  a b o u t  a  r i s i n g  
mean. 

A t t r a c t i v e n e s s :  T e c h n o l o g i c a l  change  is n o t  a  s i m p l e  
m a t t e r  of i n c r e a s i n g  e f f i c i e n c y  and r e d u c i n g  c o s t s .  Changes i n  
p r o d u c t  q u a l i t y  and n a t u r e  are o f  e q u a l  i f  n o t  g r e a t e r  
i m p o r t a n c e .  I t  is p o s s i b l e  t o  s i m u l a t e  t h e  s i t u a t i o n  i n  which  
t h e  new t e c h n o l o g y  is p r e f e r e d  by p u r c h a s e r s  by s h i f t i n g  t h e  
m a r k e t  s h i f t  c u r v e  upwards and t o  t h e  r i g h t  s o  t h a t  g i v e n  e q u a l  



p r i c e s  t h e  market  w i l l  s h i f t  toward t h e  new produc t .  F i g u r e  11 
shows t h e  s t a n d a r d  form o f  t h e  market  s h i f t  c u r v e  ( lower  c u r v e )  
and two v a r i a n t s  of it t h a t  have been used i n  t h e  s i m u l a t i o n  
p l o t s  shown i n  F i g u r e s  12a  and 12b. 

F i g u r e  12a was g e n e r a t e d  u s i n g  t h e  uppermost c u r v e  shown 
i n  F i g u r e  11. I n  t h i s  c a s e  t h e  new techno logy  is s u f f i c i e n t l y  
more a t t r a c t i v e  than  t h e  o l d  t h a t  consumer p r e f e r e n c e s  s w i t c h  
t ward it even when i ts  p r i c e  is n e a r l y  t r i p l e  t h a t  of t h e  o l d  
technology--as was s e e n ,  f o r  example, i n  t h e  s u b s t i t u t i o n  o f  
c o l o r  t e l e v i s i o n  f o r  b l a c k  and whi te .  T h i s  p e r m i t s  t h e  new 
t e c h n o l o g y  t o  s u s t a i n  r e l a t i v e l y  h i g h  p r i c e s  f o r  i t s  p r o d u c t ,  
which makes it p r o f i t a b l e  even b e f o r e  it b e g i n s  p roduc ing  
e f f i c i e n t l y .  T h i s  i n i t i a l  p r o f i t a b i l i t y  s p u r s  i n v e s t m e n t ,  
which a l l o w s  t h e  new techno logy  t o  expand c a p a c i t y  and o u t p u t ,  
t h u s  t o  g a i n  t h e  e x p e r i e n c e  needed t o  a c h i e v e  h igh  e f f i c i e n c y .  

By abou t  t h e  20th  yea r  of s i m u l a t i o n  t h e  new techno logy  
a t t a i n s  90 p e r c e n t  of  i ts p o t e n t i a l  e f f i c i ency- -and  t h u s  h a s  
c o s t s  o n l y  a  few p e r c e n t  h i g h e r  t h a n  t h e  o l d  t echno logy  w h i l e  
it draws p r i c e s  something l i k e  25 p e r c e n t  h i g h e r  t h a n  t h e  o l d  
technology.  These c o n d i t i o n s  l e a d  t o  r e s p e c t a b l e  p r o f i t s  
( r e t u r n  on inves tment  of 7.5 p e r c e n t )  and heavy inves tment .  

A s  t h i s  inves tment  ma tu res  o u t p u t  growth becomes r a p i d .  T h i s  
l e a d s  t o  i n c r e a s e d  s u p p l i e s  and s e r i o u s  p r i c e  d e p r e s s i o n s .  The 

0 1.0 2.0 3 .0  4.0 5.0 

NEW TECHNOLOGY PRICE(nt$.k)/OLD TECHNOLOGY PRICE (0tg.k) 
. . - . - - - . - - 

F i g u r e  11. A t t r a c t i v e n e s s  s c e n a r i o s :  Curves  used t o  r e p r e s e n t  
h i g h  and moderate g a i n s  i n  p r o d u c t  a t t r a c t i v e n e s s  a s  compared 
t o  t h e  s t a n d a r d  c a s e  i n  which o l d  and new p r o d u c t s  a r e  e q u a l l y  
a t t r a c t i v e .  I n  t h e  h i g h  c a s e  market  s w i t c h i n g  is z e r o  where 
o l d  technology p r i c e  is t h r e e  t i m e s  new techno logy  p r i c e .  I n  
t h e  s t a n d a r d  c a s e  s w i t c h i n g  s t o p s  when p r i c e s  a r e  e q u a l .  
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o l d  technology is a f f e c t e d  f i r s t .  I t  b e g i n s  t o  show l o s s e s  by 
t h e  20th  year  of s i m u l a t i o n ,  and by t h e  30 th  yea r  o f  s i m u l a t i o n  
i ts  l o s s e s  a r e  s o  h i g h  (-45 p e r c e n t )  t h a t  it l i q u i d a t e s  more 
t h a n  h a l f  its c a p a c i t y  over  t h e  n e x t  5 y e a r s .  By y e a r  35 
consumers have e n t i r e l y  s topped  p u r c h a s i n g  t h e  o l d  t e c h n o l o g y ' s  
produ'ct .  * 

By year  30 even t h e  new techno logy  b e g i n s  t o  show heavy 
l o s s e s ,  which c o n t i n u e  f o r  abou t  a  decade u n t i l  d e p r e c i a t i o n  
r e d u c e s  new techno logy  c a p a c i t y  t o  come i n  l i n e  w i t h  demand. 
(These  l o s s e s  would have l a s t e d  less l o n g  i f  t h e  model had been 
p a r a m e t e r i z e d  t o  l e t  t h e  new technology l i q u i d a t e  a s s e t s  a t  t h e  
l e v e l s  of l o s s  shown or  i f  it had been made c a p a b l e  of  
expanding its markets .  ) 

F i g u r e  12b compares t h e  market  p e n e t r a t i o n  c u r v e s  of  a l l  
t h e  a t t r a c t i v e n e s s  c a s e s  c o n d i t i o n s  shown i n  F i g u r e  11, and 
a d d s  one curve  ( 4 )  showing t h e  r e s u l t s  o f  combining modera te ly  
h i g h  e f f i c i e n c y  wi th  moderate a t t r a c t i v e n e s s .  From t h e  f i g u r e  
one can deduce t h a t  t h e  sys tem is e x t r e m e l y  s e n s i t i v e  t o  
d i f f e r e n c e s  i n  p r o d u c t  a t t r a c t i v e n e s s .  Indeed,  one cou ld  
g e n e r a t e  a  v e r y  wide spect rum o f  market  p e n e t r a t i o n  c u r v e s  
mere ly  by changing t h e  p a r a m e t e r s  o f  new techno logy  
a t t r a c t i v e n e s s .  The combinat ion  o f  moderate a t t r a c t i v e n e s s  and 
modera te  e f f i c i e n c y  g a i n  a c t s  s i m i l a r l y  t o  h i g h  a t t r a c t i v e n e s s .  
I t  is t o  be noted t h a t  both  t h e  h i g h l y  a t t r a c t i v e  and t h e  
m o d e r a t e l y  a t t r a c t i v e  b u t  e f f i c i e n t  t echno logy  b r i e f l y  exceed 
100 p e r c e n t  market  p e n e t r a t i o n ,  which shou ld  s e r v e  a s  a  
reminder  t h a t  t h e  model is o n l y  a  rough approx imat ion  of  
r e a l i t y .  

.The model 's  s e n s i t i v i t y  t o  p r o d u c t  a t t r a c t i v e n e s s  is 
commonsense. C l e a r l y ,  f o r  example, f u e l s  t h a t  a r e  c l e a n e r  and 
less  t roublesome than  c o a l  a r e  p r e f e r a b l e  t o  househo lds  even 
when t h e i r  p r i c e s  a r e  somewhat h i g h e r ,  and c l e a r l y  a u t o m o b i l e s ,  
which a r e  f a s t e r  and b e t t e r  a d a p t e d  t o  urban env i ronments  t h a n  
h o r s e s ,  a r e  p r e f e r a b l e  t o  h o r s e s ,  d e s p i t e  h i g h e r  c o s t .  I t  is 
l o g i c a l  t o  a t t r i b u t e  some of t h e  market  s u c c e s s e s  of  g a s  and 
o i l  h e a t i n g  and o f  au tomobi les  t o  t h e i r  i n h e r e n t  market  
a t t r a c t i v e n e s s .  I n  economic t e rms  t h i s  amounts t o  a n  a s s e r t i o n  
t h a t  a  p r o d u c t  w i t h  h i g h e r  consumer u t i l i t y  h a s  a  s t r o n g  
c o m p e t i t i v e  advantage  over  one w i t h  lower u t i l i t y .  

Moral: Consumer v a l u e s  and p e r c e p t i o n s  - a r e  c r i t i c a l  t o  
p r o d u c t  s u c c e s s .  Design and marke t ing  a c t i v i t i e s  - - -  o f  a  s o f t  
n a t u r e ,  i r : c l u d i n g  a d v e r t i s e m e n t  - and c o n s i d e r a t i o n s  r e l i a b i l i t y ,  
u s e r  convenience  and a e s t h e t i c s  c a n n o t  be d i s m i s s e d  a s  
c o s m e t i c s .  They may d e c i s i v e  f a c t o r s  i n  d e t e r m i n i n g  the 
s u c c e s s  - -  of  a  t e c h n i c a l  i n n o v a t i o n  - - -  o f  a  h a r d e n g i n e e r i n g  n a t u r e .  



The program's  s e n s i t i v i t y  t o  a t t r a c t i v e n e s s ,  which is  
exogenous,  r a i s e s  q u e s t i o n s  a s  t o  T E C H l ' s  s t r u c t u r a l  adequacy. 
Is  p r o d u c t  a t t r a c t i v e n e s s  r e a l l y  independen t  o f  v a r i a b l e s  
w i t h i n  t h e  model s t r u c t u r e ,  o r  d o e s  it change w i t h  them? Are 
t h e r e  snowbal l  e f f e c t s ?  When 5 o r  18  p e r c e n t  of  t h e  r e l e v a n t  
market  has adopted  an i n n o v a t i o n  does  p e e r  pressure- -a  s e n s e  of  
"keep ing  up wi th  t h e  Jonesesn- -  s t i m u l a t e  f a s t e r  r a t e s  of  
a d o p t i o n ?  Also ,  can poor p r o d u c t  per formance  i n  t h e  e a r l y  
s t a g e s  k i l l  t h e  market  f o r  a  p r o d u c t ?  Can h igh  r a t e s  of  
d e f e c t i v e  o u t p u t  caused by p u t t i n g  t h e  p r o d u c t  on t h e  market  
b e f o r e  t h e  "bugs" a r e  o u t  o f  it c a u s e  s i g n i f i c a n t  slowdowns, i f  
n o t  permanant c u r t a i l m e n t ,  of  p r o d u c t  s u c c e s s ?  W i l l  t h e  n e a r  
d i s a s t e r  a t  H a r r i s b u r g ,  Pennsy lvan ia  s i g n i f i c a n t l y  a f f e c t  t h e  
market  f o r  n u c l e a r  power p l a n t s  over  t h e  n e x t  15 y e a r s ?  W i l l  
s m a l l  s c a l e  computer sys tems undergo a  s p u r t  i n  consumer demand 
when s o f t w a r e  and o r g a n i z a t i o n a l  ware becomes more advanced and 
when t h e  word s p r e a d s  t h a t  t h e y  work? I n  t h e  f o l l o w i n g  s e c t i o n  
t h e  outcome of l i n k i n g  a t t r a c t i v e n e s s  t o  a  l e a r n i n g  c u r v e ,  a s  
h a s  been w i t h  s a l e s  e f f i c i e n c y  is c o n s i d e r e d .  T h i s  c o u l d  
r e p r e s e n t  e i t h e r  cus tomers  l e a r n i n g  o r  improvements i n  p r o d u c t  
and market ing .  Other  a s sumpt ions  could  be b u i l t  i n t o  t h e  model 
f o r  p a r t i c u l a r  s i t u a t i o n s  ( such  a s  i n v e s t i g a t i n g  t h e  l o n g e r  
te rm consequences  of  i n i t a i l  low p r o d u c t  r e l i a b i l i t y ) .  

S t r u c t u r a l  V a r i a t i o n  

I have changed T E C H l ' s  s t r u c t u r e  s e v e r a l  t i m e s  i n  t h e  
c o u r s e  of model f o r m u l a t i o n  and I am s t i l l  changing it. The 
o r i g i n a l  TECH1 had s e p a r a t e  s t a t e  v a r i a b l e s  f o r  p h y s i c a l  
c a p a c i t y  and monetary c a p i t a l ,  and i n c l u d e d  no feedback from 
h i g h  l o s s e s  t o  a s s e t  l i q u i d a t i o n .  The v e r s i o n  I am c u r r e n t l y  
working on i n c l u d e s  l e a r n i n g  loop  from c u m u l a t i v e  o u t p u t  t o  
a t t r a c t i v e n e s s ,  and h a s  t h e  l e a r n i n g  c u r v e  r e l a t i o n s h i p  
r e w r i t t e n  i n  t h e  c o n v e n t i o n a l  form i n  which i n c r e a s e d  
c u m u l a t i v e  o u t p u t  l e a d s  t o  d e c r e a s e d  c o s t s  ( i n s t e a d  o f  
i n c r e a s e d  c a p i t a l / o u t p u t  r a t i o s ) .  When t h a t  v e r s i o n  i s  
comple te  I i n t e n d  t o  r e w r i t e  t h e  market s w i t c h i n g  f o r m u l a t i o n s  
t o  p e r m i t  c o n s i d e r a t i o n  o f  ununiform market  p re fe rence- - i . e .  
t h e  s i t u a t i o n  d e s c r i b e d  by U t t e r b a c k  (1979) i n  which t h e  new 
p r o d u c t  is a b l e  t o  pay f o r  i t s  i n i t i a l  l e a r n i n g  expenses  due  t o  
t h e  p r e s e n c e  of s p e c i a l i z e d  marke t s  which w i l l  pay h i g h  p r i c e s  
f o r  i t s  p r o d u c t  d u r i n g  t h e  e a r l y  y e a r s  o f  i t s  commercial 
d e v e l o p e n t .  Beyond t h a t ,  i n  r e c o g n i t i o n  o f  t h e  d e b a t e  a s  t o  
whether  cumula t ive  o u t p u t ,  c u m u l a t i v e  inves tment  o r  some o t h e r  
measure is a  b e t t e r  proxy f o r  e x p e r i e n c e  (Arrow 1962) I am 
c o n s i d e r i n g  r e f o r m u l a t i o n  of  t h e  l e a r n i n g  l o o p s  t o  i n v e s t i g a t e  
whether  t h e  c h o i c e  o f  e x p e r i e n c e  measure makes a  s i g n i f i c a n t  
d i f f e r e n c e  i n  system b e h a v i o r .  ( I  a n t i c i p a t e  t h a t  it w i l l  
n o t . )  



Whi le  t h e s e  s t r u c t u r a l  changes  a r e  i n f o r m a l  and l a c k  
r i g o r o u s  c o n t r o l ,  t h e y  d o  c o n s t i t u t e  an  i m p o r t a n t  s o r t  o f  model 
t e s t i n g ,  and i n  some c a s e s  t h e i r  outcomes a r e  wor thy  o f  n o t e .  
A c c o r d i n g l y  t h e  outcomes of  s e p a r a t e  a c c o u n t i n g  o f  c a p a c i t y  and 
c a p i t a l ,  d e l e t i o n  of  f o r e c l o s u r e s  and a d d i n g  a  marke t  l e a r n i n g  
l o o p  are d i s c u s s e d  below. 

S e p a r a t i o n  of  C a p a c i t y  and C a p i t a l  

I n  t h e  f i r s t  v e r s i o n  o f  TECH1 e a c h  c a p a c i t y  s e c t o r  had 
t h r e e  e x p l i c i t  s t a t e  v a r i a b l e s ,  c a p a c i t y ,  c a p i t a l  and 
c u m u l a t i v e  o u t p u t .  C a p i t a l ,  l i k e  c a p a c i t y ,  i n c r e a s e d  w i t h  
i n v e s t m e n t  and d e c r e a s e d  by d e p r e c i a t i o n .  However, it was 
d e p r e c i a t e d  a t  a  f a s t e r  r a t e  t h a n  c a p a c i t y ,  t o  take i n t o  
a c c o u n t  t h e  f a c t  t h a t  ( a t  l e a s t  i n  w e l f a r e  s t a t e  m a r k e t  
economies )  most c o r p o r a t i o n s  write c a p a c i t y  o f f  t h e  books 
f a s t e r  t h a n  it p h y s i c a l l y  d e p r e c i a t e s .  F u r t h e r m o r e ,  c a p i t a l  
and c a p a c i t y  were d y n a m i c a l l y  non e q u i v a l e n t  b e c a u s e  c a p i t a l  
i n c r e a s e d  immedia t e ly  upon i n v e s t m e n t ,  w h i l e  c a p a c i t y  i n c r e a s e d  
o n l y  a f t e r  an i n v e s t m e n t  m a t u r a t i o n  d e l a y .  

S e p a r a t i o n  of  c a p a c i t y  and  c a p i t a l  t e n d e d  t o  s low t h e  
c o u r s e  of  t e c h n o l o g i c a l  s u b s t i t u t i o n .  Because  c a p i t a l  was 
w r i t t e n  o f f  t h e  books f a s t e r  t h a n  it d e p r e c i a t e d ,  t h e  o l d  
t e c h n o l o g y ,  which had had more time t o  b u i l d  up a  s t o c k  o f  
w r i t t e n  o f f  c a p i t a l ,  t ended  t o  show r e t u r n s  on c a p i t a l  i n  
e x c e s s  o f  what it would have  shown had book v a l u e  c o r r e s p o n d e d  
more c l o s e l y  w i t h  p h y s i c a l  p l a n t .  The d i f f e r e n c e  between 
i n s t a n t  i n c r e a s e  o f  monetary  c a p i t a l  and  d e l a y e d  i n c r e a s e  o f  
c a p a c i t y  a l s o  worked a g a i n s t  t h e  new t e c h n o l o g y .  I n  t h e  f i r s t  
y e a r s  o f  s i m u l a t i o n ,  when new t e c h n o l o g y  t e n d e d  t o  b e  o p e r a t i n g  
a t  a  s t r o n g  e f f i c i e n c y  d i s a d v a n t a g e ,  t h e  p r e s e n c e  o f  i n v e s t m e n t  
c o s t s  t h a t  had n o t  y e t  c o n t r i b u t e d  t o  o u t p u t  t e n d e d  t o  be more 
t h a n  t h e  f l e d g l i n g  t e c h n o l o g y  c o u l d  e n d u r e .  

I n  s h o r t ,  s e p a r a t i o n  o f  c a p a c i t y  and  c a p i t a l  i n d i c a t e d  
t h a t  t h e  a c c o u n t i n g  p r o c e d u r e s  assumed were d i s c r i m i n a t o r y  
a g a i n s t  innovat ion- -an  i n t e r e s t i n g  f i n d i n g  and one  wor thy  o f  
c h e c k i n g  f o r  i t s  r e a l  wor ld  v a l i d i t y .  Do f i r m s  u s e  s i m p l i s t i c  
a c c o u n t i n g  p r o c e d u r e s  f o r  t h e i r  new v e n t u r e s  o r  do  t h e y  make 
c o m p e n s a t i o n s  f o r  s t a r t - u p  c o s t s ?  I f  s o ,  what s o r t  o f  
c o m p e n s a t i o n s  do t h e y  make? F r a n k l y  I do  n o t  know, and  i t  is 
beyond t h e  p r e s e n t  s cope  o f  my work t o  f i n d  o u t .  

A s i d e  from r a i s i n g  t h e  q u e s t i o n  o f  whe the r  c o r p o r a t e  
a c c o u n t i n g  p r o c e d u r e s  d i s c r i m i n a t e d  a g a i n s t  i n n o v a t i o n ,  
s e p a r a t i o n  of c a p a c i t y  and  c a p i t a l  g r e a t l y  c o m p l i c a t e d  model 
s t r u c t u r e  and d i d  n o t  a p p e a r  t o  add s u f f i c i e n t  i n s i g h t  i n t o  
s y s t e m  b e h a v i o r  t o  j u s t i f y  t h e i r  c o s t  i n  c o m p l e x i t y .  T h e r e f o r e  
t h e y  were a g g r e g a t e d .  



F o r e c l o s u r e s  

I n  fo rmer  v e r s i o n s  o f  TECHl, c a p a c i t y  c o u l d  d e c r e a s e  o n l y  
t h r o u g h  d e p r e c i a t i o n .  T h i s  r e s u l t e d  i n  i m p l a u s a b l e  s i m u l a t i o n  
r e s u l t s ,  such  a s  r e t u r n s  on c a p a c i t y  o f  - 3 0 0  p e r c e n t ,  
p a r t i c u l a r I y  i n  c a s e s  where  t h e  new t e c h n o l o g y  was g rowing  
v i g o r o u s l y  and d r i v i n g  p r i c e s  down below p r o d u c t i o n  c o s t s .  
C l e a r l y  r e a l i t y  d i s a l l o w s  s u s t a i n e d  losses on  t h a t - o r d e r  o f  
magn i tude .  A f i r m  w i t h  s u s t a i n e d  l o s s e s  o f  more t h a n  a  few 
p e r c e n t  is v e r y  l i k e l y  t o  b e g i n  l i q u i d a t i n g  a s s e t s .  
A c c o r d i n g l y  I added  a  n e g a t i v e  f e e d b a c k  l o o p  i n  which s u s t a i n e d  
l o s s e s  l e a d  t o  f o r e c l o s u r e  o f  c a p a c i t y .  T h i s  g r e a t l y  improved 
t h e  r e a l i s m  of  model b e h a v i o r .  E x t r e m e l y  h i g h  r a t e s  o f  l o s s  
s t i l l  a p p e a r  i n  s i m u l a t i o n s  on o c c a s i o n ,  b u t  t h e y  t e n d  t o  be 
accompanied  by v e r y  r a p i d  d e c l i n e s  i n  p r o d u c t i o n  c a p a c i t y - - i n  
e x t r e m e  cases c a p a c i t y  may be h a l v e d  i n  t h r e e  y e a r s .  

Whi l e  removing t h e  p rob lem o f  heavy  l o s s e s ,  t h e  a d d i t i o n  
o f  f o r e c l o s u r e s  i n t r o d u c e d  a  new problem.  The new t e c h n o l o g y ,  
i n  most  c i r c u m s t a n c e s ,  f a c e s  heavy  l o s s e s  o v e r  much o f  t h e  
f i r s t  d e c a d e  o f  s i m u l a t i o n .  I n  t h e  a b s e n c e  o f  a  f o r e c l o s u r e  
mechanism t h e s e  s i m p l y  r e s u l t e d  i n  r e d u c t i o n  o r  c e s s a t i o n  o f  
i n v e s t m e n t .  With f o r e c l o s u r e s  t h e s e  r e s u l t e d  a l m o s t  i n v a r i a b l y  
i n  t h e  n e w ' t e c h n o l o g y  l i q u i d a t i n g  i t s  a s s e t s  i n  t h e  f i r s t  
d e c a d e  o f  s i m u l a t i o n .  ' I remedied  t h i s  s i t u a t i o n  c r u d e l y  by 
p a r a m e t e r i z i n g  t h e  new t e c h n o l o g y  w i t h  a  lower p r o p e n s i t y  t o  
f o r e c l o s e  t h a n  t h e  o l d .  T h i s  is t a n t a m o u n t  t o  a n  a s s u m p t i o n  
t h a t  i n n o v a t i v e  new p r o d u c t  l i n e s  c a n  s e c u r e  s m a l l  volume l o n g  
term l o a n s  t o  c o v e r  t h e i r  s t a r t  up c o s t s  more e a s i l y  t h a n  
d e c l i n i n g  t e c h n o l o g i e s  c a n  s e c u r e  l o a n s  t o  c o v e r  t h e i r  l o s s e s .  
I t  m i g h t  a l s o  b e  e q u a t e d  t o  t h e  s i t u a t i o n  i n  which  a  
G a l b r a t h i a n  f i r m  ( G a l b r a i t h  1967:Ch 4 , 5 , 6 ) )  s u p p o r t s  a  'new 
t e c h n o l o g y  u s i n g  i ts massed r e s e r v e s .  I t  m i g h t  have  been  o f  
g r e a t e r  d e s c r i p t i v e  v a l u e  t o  add a  f o r m u l a t i o n  i n  which  l o s s  
t o l e r a n c e  was a  f u n c t i o n  o f  c u m u l a t i v e  o u t p u t .  

T E C H l l s  b e h a v i o r  w i t h  and w i t h o u t  f o r e c l o s u r e  mechanisms 
s u g g e s t s  t h a t  i n  some c a s e s  t h e  f o r e c l o s u r e  o f  t h e  o l d  
t e c h n o l o g y  may be a n  i m p o r t a n t  p a r t  o f  t e c h n o l o g i c a l  
s u b s t i t u t i o n .  I f  f o r e c l o s u r e  is n o t  p e r m i t t e d - - o r  n o t  
i nc luded - -bo th  t e c h n o l o g i e s  s u f f e r  s e v e r e l y  f rom t h e  
c o n s e q u e n c e s  o f  o v e r p r o d u c t i o n .  T h i s  p o i n t s  t o  t h e  p r o b l e m s  
c r e a t e d  by p o l i c y  a s s i s t a n c e  t o  f a i l i n g  i n d u s t r i e s .  

F o r e c l o s u r e s ,  i n  r e a l i t y ,  may have  a  h i g h  s o c i a l  c o s t  i n  
terms o f  d i s p l a c e d  l a b o r  and  l i q u i d a t i o n  o f  a s s e t s .  O p t i m a l  
management o f  an  i n n o v a t i o n  m i g h t  i n  some c a s e s  i n v o l v e  
d e v e l o p m e n t  a t  a  s l o w e r  r a t e  t h a n  would f o l l o w  from l a i s s e z  
f a i r e  management i n  o r d e r  t o  p e r m i t  a  smoo the r  t r a n s i t i o n .  
Wi th  f u r t h e r  work TECHl c o u l d  s e r v e  t o  i d e n t i f y  c a s e s  i n  which  
r e s t r a i n t  o f  t h e  s p e e d  o f  i n n o v a t i o n  would p r e v e n t  d i s r u p t i v e  
d i s p l a c e m e n t s .  



Market  L e a r n i n g  

A s  ment ioned  above ,  I am p r e s e n t l y  working on a  model 
v a r i a n t  i n  which c u m u l a t i v e  o u t p u t  is l i n k e d  t o  p r o d u c t  
a t t r a c t i v e n e s s  under  t h e  a s sumpt ion  t h a t  p r o d u c t  q u a l i t y  and 
m a r k e t i n g  e f f i c i e n c y  i n c r e a s e  w i t h  e x p e r i e n c e .  So f a r  t h i s  
s t r u c t u r a l  a l t e r a t i o n  h a s  behaved p r e t t y  much a s  e x p e c t e d .  I t  
i n t r o d u c e s  a  p o s i t i v e  feedback  l o o p  from c u m u l a t i v e  o u t p u t  
t h r o u g h  t h e  marke t  mechanism, p r o f i t s ,  i n v e s t m e n t  and  c a p a c i t y  
a c q u i s i t i o n ,  a s  shown below i n  F i g u r e  13.  T h i s  l o o p  a p p e a r s  t o  
o p e r a t e  i n  a  f a s h i o n  s i m i l a r  t o  t h e  l e a r n i n g  l o o p  f o r  
p r o d u c t i o n  e f f i c i e n c y  d e s c r i b e d  e a r l i e r .  I n a b i l i t y  t o  overcome 
i n i t i a l  low a t t r a c t i v e n e s s  c a n  c r e a t e  a  v i c i o u s  c i rc le  f o r  a  
new t e c h n o l o g y ,  w h i l e  i n i t i a l  h i g h  a t t r a c t i v e n e s s  c a n  p e r m i t  i t  
t o  overcome such  c o s t  d i s a d v a n t a g e s  a s  it may s u f f e r  from 
i n i t i a l  low e f f i c i e n c i e s .  

P r o d u c t i o n  e f f i c i e n c y  l e a r n i n g  and m a r k e t  l e a r n i n g  
o p e r a t i n g  t o g e t h e r  t e n d  t o  r e i n f o r c e  o n e '  a n o t h e r  w i t h  a  n e t  
e f f e c t  of making t h e  upswing o f  t h e  new t e c h n o l o g y ' s  marke t  
p e n e t r a t i o n  more s t e e p  t h a n  i t  would have been w i t h  e i t h e r  form 
o f  l e a r n i n g  o p e r a t i n g  a l o n e .  The i m p l i c a t i o n s  o f  d u a l  and  
m u l t i - f a c i t e d  l e a r n i n g  p r o c e s s e s  a r e  d e s c r i b e d  i n  a  companion 
p a p e r  (Robinson  1 9 7 9 )  and need n o t  be d i s c u s s e d  a t  l e n g t h  h e r e .  
I t  is, however,  wor th  n o t i n g  t h a n  m a r k e t  l e a r n i n g  i s  p r o b a b l y  

EFFICIENCY 

F i g u r e  1 3 :  Adding marke t  l e a r n i n g :  A new p o s i t i v e  f e e d b a c k  l o o p  
i s  i n t r o d u c e d  if s a l e s  e f f i c i e n c y  is s u b j e c t  o f  l e a r n i n g .  



equal ly ,  if not more, important than production e f f i c i e n c y  
learn ing  i n  non-commodity products,  and t h a t  the  r e l a t i v e  
importance of market learn ing  v i s  a  v i s  production e f f i c i e n c y  
learn ing  probably increases  w i t h  income. 

TENTATIVE CONCLUSIONS 

T E C H 1  is too t h e o r e t i c a l  fo r  i t s  numerical output  t o  be 
taken se r ious ly .  A l l  of the  model's funct ions ,  e s p e c i a l l y  
c r i t i c a l  funct ions such a s  market switching and investment, 
need c a r e f u l  review, and more t e s t i n g  and a n a l y s i s  of model 
t e s t s  is i n  order.  Nonetheless, the  model's s t r u c t u r e  appears 
t o  be robust under a  f a i r l y  l a r g e  v a r i e t y  of circumstances and 
some of the  model's conceptual impl ica t ions  appear t o  be 
s i g n i f i c a n t .  I n  p a r t i c u l a r  the model sugges ts  tha t :  

- The process of bui ld ing  up markets, capac i ty  and 
e f f i c i e n c y  is slow. I t  may take a  few decades for a  new 
technology to capture t en  percent  of the  market, even when 
i t s  a t t r i b u t e s  des t ine  it for  success.  

- The l e v e l  of e f f i c i e n c y  a t  which a  new technology e n t e r s  
competit ion and the  r a t e  a t  which it l e a r n s  g r e a t e r  
e f f i c i e n c y  t h e r e a f t e r  a r e  c r i t i c a l  parameters w i t h  s t rong 
inf luence  on the course of technological  s u b s t i t u t i o n .  

- A b i l i t y  to  g e t  over t h e  hump--to survive the long period 
of high i n i t i a l  investment c o s t s  and poor i n i t i a l  
performance--is a  c r i t i c a l  f ac to r  i n  deter,mining which 
invent ions  become innovations.  Technologies t h a t  en te r  
competit ion w i t h  low e f f i c i e n c y  have g r e a t  d i f f i c u l t y  
g e t t i n g  over the hump, r ega rd less  of the  l e v e l  of 
e f f i c i e n c y  they might a t t a i n  through experience.  

- Complex, l a r g e  s c a l e ,  high technologies ,  such as  nuclear 
power genera t ion ,  w i t h  l a r g e  t echn ica l  d i f f i c u l t i e s  and 
high c o s t s  associa ted  w i t h  t h e i r  development, have a  hard 
time taking o f f .  Process innovations w i t h  s t e e p  l ea rn ing  
curves a re  l i k e l y  to  f a i l  unless  they bring l a r g e  ga ins  i n  
e f f i c i e n c y .  

- Market a t t r a c t i v e n e s s  is o f t e n  c r i t i c a l  t o  t h e  success  
of a  new technology. The system rewards adapt ive  
c leverness  a s  much as  technica l  e f f i c i e n c y .  A technology 
t h a t  would f a i l  on e f f i c i e n c y  c r i t e r i a  alone may succeed 
i f  customers p re fe r  it over the  old technology. 



- I f  market  a t t r a c t i v e n e s s  is  s u b j e c t  t o  l e a r n i n g  c u r v e s  
it a m p l i f i e s  t h e  t e n d e n c i e s  of  e f f i c i e n c y  l e a r n i n g .  That  
is ,  it makes t h e  t a s k  of  g e t t i n g  over  t h e  hump h a r d e r  f o r  
a  new techno logy ,  b u t  p r o v i d e s  a  more i n t e n s i v e  growth 
t h r u s t  f o r  t h o s e  t e c h n o l o g i e s  t h a t  manage t o  g e t  over  t h e  
hump. 

- The s t a t e  of t h e  market  a t  t h e  time when t h e  new 
techno logy  is in t roduced  may c r i t i c a l l y  i n f l u e n c e  i t s  
p a t t e r n  of  market  p e n e t r a t i o n .  A t echno logy  i n t r o d u c e d  
o n t o  a  b u y e r s ' m a r k e t  i s  less l i k e l y  t o  succeed t h a n  one 
i n t r o d u c e d  o n t o  a  s e l l e r s '  market .  I f  it d o e s  succeed  it 
t a k e s  l o n g e r  g e t t i n g  going.  

-The new techno logy  is l i k e l y  t o  begin  o p e r a t i o n  w i t h  book 
v a l u e  c o r r e s p o n d i n g  t o  a c t u a l  measures  o f  p r o d u c t i o n  
c a p a c i t y ,  w h i l e  t h e  o l d  t echno logy  is l i k e l y  t o  have 
w r i t t e n - o f f  c a p i t a l  i n  o p e r a t i o n .  I f  i n v e s t o r s  a c c o u n t i n g  
p r o c e d u r e s  a r e  i n s e n s i t i v e  t o  t h i s  c o n d i t i o n  and i f  i f  
inves tment  d e c i s i o n s  a r e  i n f l u e n c e d  by r e t u r n s ,  i n n o v a t i o n  
w i l l  be r e t a r d e d .  

- Long c o n s t r u c t i o n  t imes,  c o n t r i b u t e  s i g n i f i c a n t l y  t o  
s lowness  of s u b s t i t u t i o n .  

I n  sum, t h e  s t r u c t u r a l  t r i a d  of  t h e  l e a r n i n g  c u r v e ,  
c a p a c i t y  a c q u i s i t i o n  and market  c o m p e t i t i o n  l o o k s  l i k e  it is  
c a p a b l e  of g e n e r a t i n g  many i n s i g h t s  i n t o  t h e  economics o f  t h e  
i n n o v a t i o n  p rocess .  



APPENDIX A: METHODOLOGICAL PRECEPTS 

T E C H l  is a  sys t em dynamics  model ,  f o l l o w i n g  t h e  model ing  
methodology  d e v e l o p e d  by J a y  W. F o r r e s t e r .  I t  w i l l  b e  more 
c o m p r e h e n s i b l e  i n  t h e  c o n t e x t  o f  a  few s y s t e m  dynamics  
c o n c e p t s ,  i n c l u d i n g  t h a t  o f  a  s t a t e - d e t e r m i n e d  sys t em,  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  and  n o n l i n e a r i t i e s  i n  r e g i o n s  o f  e x t r e m e  
c i r c u m s t a n c e s .  These  a r e  e x p l a i n e d  b r i e f l y  i n  t h e  f o l l o w i n g  
s e c t i o n .  Reade r s  l o o k i n g  f o r  a  d e e p e r  and  more c o m p l e t e  
t r e a t m e n t  s h o u l d  refer  t o  F o r r e s t e r ' s  I n d u s t r i a l  Dynamics 
( 1 9 6 8 ) .  

S t a t e  d e t e r m i n e d  sys t ems :  L i k e  a l l  s y s t e m  dynamics  models ,  
T E C H l  is  s t a t e - d e t e r m i n e d ;  t h a t  i s ,  i t s  b e h a v i o r  i s  s t r u c t u r e d  
a r o u n d  endogenous s t a t e  v a r i a b l e s .  S t a t e  v a r i a b l e s  ( a l s o  
r e f e r e d  t o  a s  s t o c k s  o r  l e v e l s )  a r e  r e l a t i v e l y  s l o w l y  c h a n g i n g ,  
i n e r t i a l  s y s t e m  e l e m e n t s  t h a t  s t r u c t u r e  t h e  way s y s t e m s  
b e h a v i o r  changes  o v e r  time. Sys tem dynamic models  a r e  s a i d  t o  
b e  s t a t e  d e t e r m i n e d  b e c a u s e  b e c a u s e  t h e  r a t e s  a t  which sys t em 
s t a t e  v a r i a b l e s  change  o v e r  a  g i v e n  time i n t e r v a l  a r e  
d e t e r m i n e d  by t h e i r  v a l u e s  a t  t h e  s t a r t  o f  t h a t  i n t e r v a l  ( a s  
modera t ed  by exogenous v a r i a b l e s  and n o i s e  w i t h i n  t h e  s y s t e m ) .  
I n  s y s t e m  dynamics  models  t h e  c a l c u l a t i o n  i n t e r v a l  i s  se t  
s u f f i c i e n t l y  s m a l l  t h a t  t h e  s y s t e m  a p p r o x i m a t e s  t i m e - c o n t i n u o u s  
b e h a v i o r .  Thus,  i n  o p e r a t i o n  t h e  s y s t e m  is a  complex 
i n t e r t w i n e d  ne twork  o f  f l o w s  and a c c u m u l a t i o n s ,  c o n t i n u o u s l y  
a d j u s t i n g  t o  and p u s h i n g  a g a i n s t  one  a n o t h e r  a s  t h e  sys t em 
moves t h r o u g h  time. I n f o r m a t i o n  on t h e  s t a t e  o f  l e v e l s  
e s t a b l i s h e s  t h e  r a t e s  a t  which l e v e l s  change ;  c h a n g i n g  l e v e l s  
a l t e r  t h e  i n f o r m a t i o n  s t r e a m  t h a t  d e t e r m i n e s  t h e  r a t e s  a t  which 
l e v e l s  change.  

P o s i t i v e  - and N e g a t i v e  Feedback:  The i t e r a t i v e  p a s s a g e  o f  
i n f o r m a t i o n  from l e v e l s  t h r o u g h  r a t e s  and  back t o  l e v e l s  
c r e a t e s  f eedback  l o o p s .  A f eedback  l o o p  must  p a s s  t h r o u g h  one 
l e v e l - - a l t h o u g h  t h i s  may be a  l e v e l  i m p l i c i t  i n  a  s y s t e m  d e l a y  
r a t h e r  t h a n  one o f  t h e  l e v e l s  e x p l i c i t l y  named i n  t h e  computer  
program. I f  it c o n t a i n e d  no l e v e l s ,  a  f eedback  l o o p  would b e  
r e d u c e d  t o  s i m u l t a n e o u s  e q u a t i o n s ,  which a r e  n o t  p e r m i t t e d  i n  
s y s t e m  dynamics  model ing ,  a s  it is  a x i o m a t i c  t o  t h e  methodology  
t h a t  c a u s a l  i n f l u e n c e s  a r e  s e p a r a t e d  i n  time. 

I n  t h e  f o l l o w i n g  a n a l y s i s  dynamic s t r u c t u r e  and b e h a v i o r  
w i l l  o f t e n  be e x p l a i n e d  i n  terms o f  f eedback  l o o p s .  These  a r e  



o f  two g e n e r a l  b e h a v i o r a l  t y p e s :  p o s i t i v e  l o o p s  ( s e e  f i g u r e  
A l l  , which produce s e l f - r e i n f o r c i n g ,  d e s t a b i l i z i n g  (non- 
c o n v e r g a n t )  b e h a v i o r s ,  and n e g a t i v e  l o o p s  ( s e e  f i g u r e  A 1 . 4 )  , 
which tend t o  d r i v e  t h e  sys tem s t a t e  v a r i a b l e s  toward some 
e q u i l i b r i u m  v a l u e  ( g o a l ) ,  and t h u s  s e r v e  a  h o m e o s t a t i c  
f u n c t i o n .  One can a s c e r t a i n  a  l o o p ' s  t y p e  by c o u n t i n g  t h e  
number of ( - )  r e l a t i o n s h i p s  go ing  around t h e  loop.  I f ,  a s  i n  
f i g u r e  A l . 1 ,  t h e r e  a r e  an  even number ( o r  z e r o )  o f  ( -1  
r e l a t i o n s h i p s ,  t h e  l o o p  is p o s i t i v e .  I f  t h e r e  a r e  a n  odd 
number, t h e  l o o p  is n e g a t i v e .  

~oduction 

output 

 PRODUCTION-,,^^^^ ' 
CAPACITY 

irturn all + 

cayicd +-+ 

F i g u r e  A1 . I  Pos i : t i .ve  f e e d b a c k  Filgure A1 . 2  Nega t ive  feedback  
l o o p  l o o p  

f :  A----- B means A i n f l u e n c e s  
B. I f  t h e  a r r o w  t e r m i n u s  i s  marked w i t h  a (+) s i g n  a n  i n c r e a s e  
i n  A w i l l  c a u s e  a n  i n c r e a s e  i n  B. I f  it i s  marked w i t h  a  ( - 1 ,  
an i n c r e a s e  i n  A w i l l  c a u s e  a  d e c r e a s e  i n  B. 

N o n l i n e a r i t i e s :  The above is  a  d e c e p t i v e  
o v e r s i m p l i f i c a t i o n .  P o s i t i v e  feedback l o o p s  do n o t  always 
e x p l o d e ,  nor do n e g a t i v e  l o o p s  a lways  e q u i l i b r a t e .  For  one 
t h i n g ,  n o n l i n e a r  r e l a t i o n s h i p s  a r e  widely  used i n  TECH1 ( a s  a l l  
sys tem dynamics m o d e l s ) ,  which means t h a t  feedback l o o p s  
b e h a v i o r s  a r e  much more complex t h a n  t h e i r  nominal 
c h a r a c t e r i s t i c s  i n d i c a t e .  A l o o p ' s  s t r e n g t h - - f o r  a  p o s i t i v e  
l o o p ,  t h e  v e l o c i t y  of i ts  t h r u s t  toward growth o r  d e c l i n e , f o r  a  
n e g a t i v e  loop,  t h e  r a t e  a t  which it moves a  l e v e l  toward i t s  
g o a l  ( e q u i l i b r i u m  p o s i t i o n ) - - v a r i e s  a s  t h e  sys tems  r e g i o n  of  
o p e r a t i o n  moves from s t a t e s  w i t h  s t e e p  f u n c t i o n a l  r e l a t i o n s h i p s  
t o  r e g i o n s  w i t h  f l a t  ones .  A s  l o o p s  a r e  moved by changing 
sys tem s t a t e s  i n t o  r e g i o n s  w i t h  weak ( f l a t )  f u n c t i o n a l  
r e l - a t i o n s h i p s  t h e i r  power d i m i n i s h e s .  For example, t h e  l o o p  
s h o . m  i n  F i g u r e  A l . 1  is t o t a l l y  i n a c t i v a t e d  when h i g h  
c u m u l a t i v e  o u t p u t  b r i n g s  t h e  system t o  t h e  p o i n t  o f  maximum 
t e c h n i c a l  e f f i c i e n c y .  A t  t h a t  p o i n t  f u r t h e r  e x p e r i e n c e  b r i n g s  
no f u r t h e r  g a i n ,  and t h e  l o o p  p a s s e s  on on a  c o n s t a n t  



i n f o r m a t i o n  s t r e a m  (which  amounts t o  b e i n g  i n a c t i v e ) .  

Complex b e h a v i o r  c a n  r e s u l t  from s o u r c e s  o t h e r  t h a n  
c h a n g i n g  s l o p e s  o f  f u n c t i o n a l  r e l a t i o n s h i p s .  For example i f  
t h e  g o a l  of a  n e g a t i v e  l o o p  is e s t a b l i s h e d  w i t h i n  a  p o s i t i v e  
l o o p  t h e  n e g a t i v e  l o o p  may be  d r i v e n  t o  e x p o n e n t i a l  g rowth  o r  
decay .  Where a  t i m e  l a g  i n t e r c e d e s  between a  change  i n  s y s t e m  
c o n d i t i o n s  and a d j u s t m e n t  t o  t h a t  c o n d i t i o n  ( o r  between t h e  
a c t i o n  t o  a d j u s t  and t h e  t i m e  t h e  a c t i o n  t a k e s  e f f e c t ) ,  a  
n e g a t i v e  l o o p ,  l i k e  a  marksman s h o o t i n g  f o r  a  moving t a r g e t  may 
s y s t e m a t i c a l l y  o v e r s h o o t  o r  u n d e r s h o o t  i t s  g o a l .  T h i s  c a n  l e a d  
t o  c o n v e r g a n t  o r  d i v e r g a n t  o s c i l l a t i o n  o r  t o  o v e r s h o o t  and 
d e c l i n e .  I n  s h o r t ,  t h e  dynamic b e h a v i o r  o f  h i g h e r  o r d e r  
s y s t e m s  t e n d s  t o  be complex and n o n - i n t u i t i v e .  
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