
W D E R S T A N D I N G  WORLD MODELS 

N a t h a n  Keyf i t z  

A p r i l  1 9 7 7  

Research Memoranda are interim reports on research being conducted 
by the ~nternational Institute for Applied Systems Analysis, and as such 
receive only limited scientific review. Views or opinions contained 
herein do not necessarily represent those of the Institute or o f  the 
National Member Organizations supporting the Institute. 





Preface 

Representatives from 132 nations assembled in Vancouver 
in June of 1976 to convene HABITAT, the United Nations Con- 
ference on Human Settlements. The Conference was a global 
inquiry into solutions of the critical and urgent problems 
of human settlements created by the convergence of two his- 
toric events: unprecedently high rates of population growth 
and massive rural to urban migration. 

Rapidly growing populations strain health and educa- 
tional budgets, complicate efforts to utilize efficiently 
a nation's manpower, and exacerbate problems cnnnected with - 
the ~rovision of .. adequate .- - supplies of food, energy, .wate,r, 
housing,and transport and sanitary facilities. A better 
underst&nding of the dynamics and consequences of population 
growth, particularly its associations with resource and 
service demands, is therefore an essential ingredient for 
informed policymaking: 

The Human Settlements and Services Area at IIASA is 
developing a new research activity that is examining the 
principal interrelationships between population, resources, 
and growth. As part of the preparatory work directed at 
the design of this activity, IIASA invited Professor Nathan 
Keyfitz, a distinguished demographer, to visit Laxenburg as 
a consultant. His address to the Institute's scientific 
staff on world models is summarized in this research memo- 
randum and initiates a new publications series within the 
Human Settlements and Services Area . 

Andrei Rogers 
Chairman 

Human Settlements and 
Services Area 
April 1977 
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A b s t r a c t  

Computer models o f  t h e  world system produce 
ve ry  d i f f e r e n t  r e s u l t s ,  r ang ing  from economic c o l -  
l a p s e  and mass ive  s t a r v a t i o n  i n  t h e  2 1 s t  c e n t u r y  ' 

t o  u n i v e r s a l  p r o s p e r i t y  f o r  doub le  o r  t r i p l e  t h e  
p r e s e n t  world popu l a t i on .  The s t r i k i n g l y  d i f f e r e n t  
conc lu s ions  t h a t  a r i s e  make it u r g e n t  t o  compare 
them e f f e c t i v e l y  w i t h  one a n o t h e r ,  and see what 
it i s  abou t  them t h a t  produces  such  d i v e r s e  p o l i -  
c i e s .  And even i n s o f a r  a s  t h e  p o l i c i e s  a r e  s i m i -  
l a r ,  one would l i k e  t o  know more abou t  how t h e y  
a r i s e  from t h e  models.  

T h i s  paper  s u g g e s t s  a  l i n e  of  a n a l y s i s  t h a t  
pe rmi t s  comparison of  p r o p e r t i e s  among such  models.  
I t  t a k e s  up two ways of  s e e i n g  what is  i n  a  model 
i n  a d d i t i o n  t o  examining i t s  documentat ion:  f i r s t ,  
making a l t e r n a t i v e  t r a n s p a r e n t  models t h a t  check 
t h e  p a r t i a l  r e s u l t s  o f  t h e  complex model; and,  
second, 'b lack-box '  exper iments  l e a d i n g  t o  a  t r u n -  
c a t e d  l i n e a r  form of t h e  complex model. These 
two methods o f  assessment  a r e  des igned  t o  r e p l a c e  
most of  t h e  documenta t ion ,  and t o  a l l ow  t h e  u s e r  
t o  unders tand  more e f f e c t i v e l y  what assumpt ions  
he  commits h imse l f  t o  i n  u s ing  t h e  model. 
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Understanding World Models 

Computer models of the world system are in wide use. 

They produce very different results, ranging from economic 

collapse and massive starvation in the 21st century to univer- 

sal prosperity for double or triple the present world popula- 

tion. For the Meadows's (1972, Introduction), "If the present 

growth trends in world population, industrialization, pollution, 

food production, and resource depletion continue unchanged, 

the limits to growth on this planet will be reached sometime in 

the next hundred years. The most probable result will be 

a rather sudden and uncontrollable decline in both population 

and industrial capacity." At the other extreme, the Bariloche 

group (Herrera, n.d., about 1975, p. 138) finds no such difficulties 

of materials or foodstuffs: "The only problem of physical liml- 

tation which arises, and which is of a local nature, is the 

exhaustion of the supply of cultivatable land in Asia," and even 

this limitation does not arise until the middle of the 21st 

century. Leontief (New York Times, October 14, 1976) is more 

cautious: "No insurmountable physical barriers exist within ; 

the 20th century to the accelerated development of the devel- 

oping regions." In respect of the proximity of the limits to 

growth Mesarovic and Pestel (1974) are intermediate between 

the extremes of the Meadows's and the Bariloche group. The 

spectrum of population growth can be filled out from other, 

less publicized studies. It seems that one can find a simu- 

lation that leads to any given degree of disaster. 

Every one of the reports has policy implications. The 

feature common to all is the assertion, "Certain bad things 

will happen . . . unless you take such and such action to avoid 
them." Or else, and equivalently, "Certain good things are 

within your reach . . . but you must do such and such to attain 
them." The Meadows's concede that "The state of global equi- 

librium could be designed so that the basic material needs of 



each person on earth are satisfied and each person has an equal 

opportunity to realize his individual human potential," but 

they warn that this will take very drastic changes in the life 

style of those who have attained high income levels. For 

Leontief, "The most pressing problem of feeding the rapidly 

increasing population of the developing regions can be solved 

by bringing under cultivation large areas of currently unexploi- 

ted arable land and by doubling and trebling land productivity. 

Both tasks are technically feasible but are contingent on 

drastic measures of public policy favorable to such develop- 

ment and on social and institutional changes in the developing 

countries." 

For the Bariloche group there are no physical limits 

up to the year 2060.  But if these were to arise, the rich 

countries could contribute by relieving the pressure on avail- 

able resources and so help the poor countries ~ndirectly. For 

these authors, "The obstacles which currently stand in the way 

of the harmonious development of humanity are not physical or 

economic in the strict sense, but essentially socio-political." 

They see the goals achieved, "not by very high economic growth, 

but by a reduction in non-essential consumption; increased 

investment; the elimination of socio-economic and political 

barriers which currently hinder the rational use of land, both 

for food production and for urban planning; the egalitarian 

distribution of basic goods and services . . . ." Mesarovic 
and Pestel (1974, p. 141) complement this; they find that we 

should consume less energy, own fewer goods, simplify our 

lives. 

With their assertions that "Things will be good if . . ." 
or "Things will be very bad unless . . .", the models are 
brought into debate on the most urgent policy issues of the 

day. The strikingly different conclusions that arise 

make it urgent to compare them effectively with one another, 

and see what it is about them that produces such diverse poli- 

cies. And even insofar as the policies are similar, one would 

like to know more about how they arise from the models. 



For instance, nearly all recommend lower material con- 

sumption for the rich. If Americans ate less meat more grain 

would be released to Asians. But is that so? It has also 

been argued that if Americans ate less meat the grain would 

simply not be produced, because there would be no equally pro- 

fitable market for it. We need to know more about methods 

that produce such opposite results if we are to think about 

the matter effectively. 

1. THE ASSESSMENT PROBLEM 

Variation in their policy recommendations makes the 

choice of model for a given purpose important, and the deci- 

sion--like the choice of any other commodity--ought to be 

based on the properties of the models. But reasoned choice 

here offers peculiar difficulties, because though the models 

are simpler than the world system they describe each is still 

too complicated for anyone to grasp fully. What is badly 

needed is a method for comparing properties among world 

models. 

Intelligent comprehension of the properties of world 

models ought to be assisted by documentation, yet there are 

some inherent limits to what a verbal account of the mechanics 

of the model can do. The five volumes that give the story 

behind the Mesarovic and Pestel (1974) work represent one of 

the more extended efforts to describe the computation in the 

clearest possible form. By and large each page is well and 

clearly written. Yet the reader finds himself overwhelmed 

long before hecomesto the end of even the first volume. To 

hold in one's head the detailed account of the theory and data 

that went into the model is too demanding a task. Just as a 

human brain cannot perform the computation, so a human reader's 

mind is inadequate to gauge the impact of the assumptions and 

other inputs on the calculated outputs. 



Some of the documentation may be highly relevant to the 

calculation; other parts may have no effect at all. The 

reader cannot judge, and in consequence users of the model 

usually neglect much of the written text. Even more effort 

could be put into writing up the descriptions without over- 

coming this difficulty, for the difficulty is intrinsic. 

The present paper suggests a line of analysis that 

permits comparison of properties among such models. It takes 

up two ways of seeing what is in a model in addition to exami- 

ning its documentation: first, making alternative transparent 

models that check its partial results; and second, "black box" 

experiments leading to a truncated linear form of the model. 

These two methods of assessment are designed to replace most 

of the documentation, and to allow the user to understand more 

effectively what assumptions he commits himself to in using 

the model. Assessment cannot avoid effort and expense. This 

effort and expense can be offset by elimination of all but the 

skeleton of the documentation customarily provided. 

An important by-product of the experimenting here recom- 

mended is that it helps to produce a range of values for each 

output variable. To stop with one value for each input and 

hence for each output is to exaggerate grossly the degree of 

knowledge of the world system. 

ALTERNATIVE TRANSPARENT MODELS 

A general class of ways of enabling the client to 

understand better the model he is about to buy is to compare 

its results with alternative forms simple enough to be called 

transparent. The illustrations that follow will be applied 

to population submodels, but any other part of the global 

model that can be separated out (materials, energy, invest- 

ment) can be similarly treated. A later section offers an 

alternative approach; it suggests an algorithm for discovering 

what part of a model dominates and is detachable. 



The s i t u a t i o n  i n  r e s p e c t  of  p o p u l a t i o n ,  e i t h e r  i n  

demographic  p r o j e c t i o n s  o r  i n  wor ld  models ,  i s  t h a t  w e  a r e  

c o n f r o n t e d  by t h o u s a n d s  o f  numbers f o r  f u t u r e  t i m e s ,  showing 

20 o r  even  90 a g e s ,  e a c h  a c c o r d i n g  t o  s e x ,  r e g i o n ,  l a b o r -  

f o r c e  s t a t , u s ,  i n d u s t r y  f o r  t h o s e  i n  t h e  l a b o r  f o r c e ,  e t c .  

With much c o n s i d e r a t i o n  o f  d e t a i l  t h e  UN i n  1968 a r r i v e d  a t  

6 .5  b i l l i o n  f o r  t h e  wor ld  I n  t h e  y e a r  2000, i n  1972 a t  6 .2  

b i l l i o n .  Can w e  j udge  s u c h  t o t a l s  by f o r m u l a s  s i m p l e  enough 

t o  b e  worked o u t  o n  a  hand c a l c u l a t o r ?  

E x p e r i m e n t i n g  on p a s t  d a t a  h a s  shown t h a t  e l a b o r a t e  

breakdowns have  l i t t l e  e f f e c t  on  a c c u r a c y .  Hence o u r  t r a n s -  

p a r e n t  models  w i l l  d i s r e g a r d  most  breakdowns and c o n c e n t r a t e  

on  t o t a l  wor ld  p o p u l a t i o n  25, 50, and 75 y e a r s  f rom now. 

2 .1  Geometr ic  I n c r e a s e  

S e t t i n g  t h e  1975 wor ld  p o p u l a t i o n  P1975 a t  4 .0  b i l l i o n  

and t a k i n g  a  ra te  o f  i n c r e a s e  o f  1 .8  p e r  c e n t  p e r  y e a r ,  g i v e s  

f o r  t h e  y e a r  2000 

T h i s  i s  e q u a l  t o  t h e  l a t e s t  U n i t e d  N a t i o n s  number f o r  t h e  

y e a r  2000, and below t h e  6 .5  b i l l i o n  p r e s e n t e d  ear l ier  f o r  t h a t  

y e a r .  Y e t  o n e  c a n  a r g u e  t h a t  it i s  a l m o s t  c e r t a i n l y  t o o  h i g h .  

For  t h e  p r e s e n t  r a t e  o f  1 . 8  p e r c e n t  p e r  y e a r  w i l l  go  down. 

W e  s t a n d  p r e s e n t l y  a t  a n  h i s t o r i c  h i g h  i n  t h e  r a t e  o f  

i n c r e a s e  o f  wor ld  p o p u l a t i o n .  The r e a s o n  why t h e  r a t e  o f  

i n c r e a s e  must  f a l l  c a n  b e  s e e n  from t h e  r e a s o n  it h a s  r i s e n  

up t o  now. 

The N e t  R e p r o d u c t i o n  R a t e  Ro i s  t h e  number o f  g i r l  c h i l d r e n  

e x p e c t e d  t o  b e  b o r n  t o  a  g i r l  c h i l d  j u s t  b o r n ,  

where & ( a )  is  t h e  p r o b a b i l i t y  t h a t  s h e  l i v e s  t o  a g e  a ,  

m ( a ) d a  t h e  c h a n c e  t h a t  s h e  t h e n  h a s  a  c h i l d  b e f o r e  a g e  



a  + d a .  Thus Ro i s  t h e  r a t i o  o f  t h e  number l i v i n g  i n  one  

g e n e r a t i o n  t o  t h e  number l i v i n g  a  g e n e r a t i o n  b e f o r e ,  a s  i m p l i e d  

by t h e  c u r r e n t  r a t e s  o f  b i r t h  and d e a t h .  I f  d e a t h  i s  d i s -  

r e g a r d e d  w e  have  G t h e  G r o s s  R e p r o d u c t i o n  R a t e ,  a s  t h e  
0  ' 

s a m e  i n t e g r a l  w i t h  t h e  p r o b a b i l i t y  o f  s u r v i v i n g  % ( a )  o m i t t e d .  

I f  Ro  i s  t h e  r a t i o  o f  s u c c e s s i v e  g e n e r a t i o n s  a t  t h e  g i v e n  

r a t e s  o f  b i r t h  and  d e a t h ,  t h e n  Go  i s  t h e  e x p e c t e d  number of  

g i r l  c h i l d r e n  o f  s u r v i v o r s  a t  t h e  g i v e n  b i r t h  r a t e s .  

Then i f  w e  w r i t e  

t h e  f i r s t  f a c t o r  on  t h e  r i g h t  i s  t h e  s u i t a b l y  w e i q h t e d  prob-  

a b i l i t y  o f  s u r v i v a l  t o  m a t u r i t y ,  t h e  s e c o n d  f a c t o r  Go  i s  a  

p u r e  f e r t i l i t y  i n d i c a t o r .  Up t o  now t h e  main change  f o r  many 

c o u n t r i e s  h a s  been  t h e  f a l l  i n  t h e  f i r s t  f a c t o r ,  s u r v i v o r s h i p ,  

w h i l e  t h e  s e c o n d  f a c t o r ,  f e r t i l i t y ,  h a s  r ema ined  c o n s t a n t  o r  

f a l l e n  s l o w l y .  The s u r v i v o r s h i p  c a n n o t  g o  above  u n i t y ,  and  

f u r t h e r  d e c l i n e s  i n  m o r t a l i t y - - t h o s e  p a s t  c h i l d b e a r i n g  ages- -  

make no  g r e a t  d i f f e r e n c e  t o  t h e  r a t e  o f  i n c r e a s e .  The r i c h  

c o u n t r i e s  have  a t t a i n e d  a  p r o b a b i l i t y  o f  s u r v i v o r s h i p  t o  

m a t u r i t y  o f  a b o u t  0 .97 ;  t h e  poor  o n e s  o f  a b o u t  0 .90 ,  e x c e p t  

i n  A f r i c a .  A s  t h e  l i m i t  o f  u n i t y  i s  a p p r o a c h e d  t h e  r a t e  o f  

i n c r e a s e  o f  s u r v i v o r s h i p  i s  bound t o  s l o w  down. Any i n c r e a s e  

i n  s u r v i v o r s h i p  beyond t h e  1970s  i s  almost c e r t a i n  t o  b e  o f f -  

se t  by a  g r e a t e r  f a l l  i n  f e r t i l i t y  ( F i g .  1 ) .  

The c o n c l u s i o n  i s  t h a t  p r o j e c t i n g  t h e  1975 p o p u l a t i o n  

a t  t h e  1 . 8  p e r c e n t  p e r  y e a r  now shown, p r o d u c i n g  6 .2  m i l l i o n  

by 2000,  mus t  b e  a n  o v e r s t a t e m e n t .  L e t  u s  see what  happens  

i f  w e  s u p p o s e  a  f a l l  i n  t h e  r a t e  o f  i n c r e a s e .  

2.2 D e c l i n i n g  R a t e  o f  I n c r e a s e  

F o r  d e a l i n g  w i t h  c h a n g i n g  r a t e s  o f  i n c r e a s e  w e  need  a n  

e x p r e s s i o n  t h a t  c o n v e r t s  t h e  t r a j e c t o r y  r ( t )  o f  t h e  r a t e  o f  

i n c r e a s e  i n t o  a t r a j e c t o r y  o f  t h e  p o p u l a t i o n .  The d e f i n i t i o n  
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FIG. 1  E s t i m a t e d  A n n u a l  R a t e  o f  I n c r e a s e ,  1 9 5 0 - 2 0 0 0  



dP ( t )  , and hence of r ( t )  i s  - - 
P ( t )  d t  

t 

I n  P  (t) = r ( u ) d u  + c o n s t a n t ,  I 
0  

s o  t h e r e f o r e  

U s e  t h i s  t o  see what t h e  u l t i m a t e  world  popu la t i on  

would be i f  t h e  r a t e  o f  i n c r e a s e  d e c l i n e d  i n  a  s t r a i g h t  l i n e  

t o  z e r o  by t h e  y e a r  2050, s t a r t i n g  a t  1.8 p e r c e n t  i n  1975. 

By t h e  end o f  t h e  c e n t u r y  t h e  r a t e  would be 1 .2  p e r c e n t ,  by 

2025 it would be 0.6 p e r c e n t .  The popu la t i on  a t  each p o i n t  

of  t i m e  would be  

Apparent ly  t h e  p o p u l a t i o n  i n  t h e  y e a r  2000 would be 5.8,  and 

t o t a l  subsequent  i n c r e a s e  f o r  a l l  t i m e  would be on ly  a  f u r t h e r  

2 b i l l i o n .  

I f  e v e r y t h i n g  i s  a s  above,  excep t  t h a t  t h e  r a t e  o f  i n c r e a s e  

drops  t o  ze ro  by t h e  y e a r  2025, w e  have lower f i g u r e s :  

s o  t h e  u l t i m a t e  p o p u l a t i o n  i s  o n l y  6.3 b i l l i o n .  



I f  i n  t h e  above we break our popula t ion  t o t a l s  i n t o  

more o r  l e s s  developed c o u n t r i e s  ( D C s  and LDCs), t h e  

d i v i s i o n  w i l l  r a i s e  t h e  r e s u l t .  For example, i f  t h e  drop t o  

s t a t i o n a r y  by t h e  year  2050 s t a r t s  wi th  t h e  D C s  i nc reas ing  

a t  0.7 percen t  and t h e  LDCs a t  2 . 4  p e r c e n t ,  we have i n  

b i l l i o n s  

DC s LDCs T o t a l  

Now t h e  u l t i m a t e  s t a t i o n a r y  world popula t ion  i s  8 . 6  b i l l i o n .  

Recognizing heteroqeneous subgroups has  r a i s e d  t h e  outcome 

by 0.7 b i l l i o n .  

2 . 3  Demographic T r a n s i t i o n  

A s  a  f u r t h e r  approach,  cons ide r  t h e  demographic t r a n s i -  

t i o n ,  i n  which i n  country  a f t e r  country  a  f a l l  i n  m o r t a l i t y  

i s  followed a f t e r  a  longer  o r  s h o r t e r  t ime  by a  f a l l  i n  f e r t i l i t y  

(Fig .  2 ) .  Between t ime to and t ime  t l  t h e  dea th  r a t e  d  goes 

from do t o  d l  and t h e  b i r t h  r a t e  from bo t o  bl  . C a l l  A t h e  

a r e a  bObldldO i n  F ig .  2 .  Then by v i r t u e  of ( I ) ,  s i n c e  

r ( t)  '= b (t) - d ( t )  i s  t h e  d i f f e r e n c e  between b i r t h s  and d e a t h s ,  

and 

t l  
A =  r ( t ) d t  = [ b ( t )  - d ( t ) ] d t ,  

t hen  P1 = P eA shows t h e  i nc rease  from populat ion Po a t  0  
t t o  popula t ion  P1 a t  t l .  This  i s  e x a c t  and does n o t  0  
depend on t h e  s i m i l a r i t y  of t h e  f a l l  of b i r t h s  and dea ths .  

But now l e t  t h e  b i r t h  and dea th  curves  f a l l  i n  s i m i l a r  manner, 

s o  t h a t  b ( t )  i s  j u s t  d ( t )  d i s p l a c e d  t o  t h e  r i g h t .  Let  L 

be t h e  l a g  i n  t h e  f a l l  of b i r t h s  behind t h e  f a l l  i n  d e a t h s ,  

and R be t h e  common range of b i r t h  and dea th .  Then 



Number 

Time 

FIG. 2 A Stylized Version of the Demographic Transition 



P I  = pOeLR . I f  t h e  l a g  L i s  20  y e a r s  on t h e  average  and 

R = 0.03,  w e  have 

P I  = 4 .Oe 2 0 ( 0 . 0 3 )  = 7 . 3  b i l l i o n s .  

L e t  u s  d i s a g g r e g a t e  i n t o  less and more developed.  

Suppose 30 p e r c e n t  f u r t h e r  i n c r e a s e  f o r  t h e  deve loped ,  and 

30 y e a r s '  l a g  i n  t h e  demographic t r a n s i t i o n  o f  t h e  l e s s  d e v e l -  

oped. Then 

D C s  1 .1  x  1 . 3  = 1 . 4  

LDCs 2.9 x e 3 0 ( 0 . 0 3 )  = 
- 

T o t a l  8.5 b i l l i o n s ,  

o r  abou t  t h e  same a s  t h e  d i s a g g r e g a t e d  v e r s i o n  w i t h  r a t e  o f  

i n c r e a s e  r ( t )  f a l l i n g  i n  a  s t r a i g h t  l i n e  t o  z e r o  i n  2050. 

Apparen t ly  r e c e n t  demographic t r a n s i t i o n s  have t a k e n  p l a c e  

more r a p i d l y  t h a n  e a r l y  o n e s ,  and i f  t h i s  c o n t i n u e s  t o  be 

t r u e  30 y e a r s  i s  a n  upper bound f o r  t h e  f u t u r e .  

2.4 The P r i n c i p l e  o f  Momentum 

The above h a s  t a k e n  l i t t l e  a c c o u n t  o f  age.  D e s p i t e  

exper iment ing  t h a t  showed t h a t  p r o j e c t i o n s  w i t h o u t  age  came 

e q u a l l y  c l o s e  t o  t h e  t r u e  number t h a t  emerged 10 o r  15 y e a r s  

l a t e r ,  one ough t  n o n e t h e l e s s  t o  examine t h e  e f f e c t  of  momentum 

due t o  a g e  d i s t r i b u t i o n s  b e i n g  f a v o r a b l e  t o  b i r t h s  f o l l o w i n g  

a  long  p e r i o d  o f  h i g h  f e r t i l i t y .  I f  a  c o u n t r y  d r o p s  t o  z e r o  

f e r t i l i t y  a t  a  moment when i t s  b i r t h  r a t e  i s  b ,  i t s  expecta-  

t i o n  o f  l i f e  e i t s  r a t e  of  i n c r e a s e  r ,  and i t s  mean a g e  0  ' 
of  c h i l d b e a r i n g  p, t h e n  t h e  r a t i o  o f  i t s  u l t i m a t e  s t a t i o n a r y  

p o p u l a t i o n  t o  t h a t  a t  t h e  moment of  f a l l  is  



o r  i f  b  = 0.040, eo = 60, R0 = 2.5,  w e  have t h e  r a t i o  1.52.  

I f  t h e  less developed c o u n t r i e s  i n c r e a s e  f o r  an  average  

o f  20 y e a r s  a t  an  a v e r a g e  r a t e  o f  2.4 p e r c e n t ,  t h e n  d r o p  t o  

b a r e  r e p l a c e m e n t ,  t h e i r  u l t i m a t e  p o p u l a t i o n  w i l l  be 

Adding 1 . 4  f o r  t h e  deve loped  c o u n t r i e s  g i v e s  7.1 + 1.4 = 8 .5  

b i l l i o n s .  

2.5 Conc lus ion  from T r a n s p a r e n t  Models 

Our c o n c l u s i o n  from t h e s e  and o t h e r  s i m p l e  models i s  

t h a t  wor ld  p o p u l a t i o n  by t h e  y e a r .  ZOO0 w i l l  be  6 b i l l i o n  o r  

less, and t h a t  it w i l l  u l t i m a t e l y  l e v e l  o f f  t o  something o f  

t h e  o r d e r  o f  8 b i l l i o n .  Mass s t a r v a t i o n  would make t h e  number 

lower ;  e x c e p t i o n a l  p r o s p e r i t y  and i n c r e a s e  o f  food s u p p l i e s  

might  make it h i g h e r  o r  lower .  

The a d v a n t a g e  o f  such  models i s  less t h a t  t h e y  are 

" c o r r e c t "  t h a n  t h a t  t h e  r e a d e r  c a n  judge  them f o r  h i m s e l f .  

Complexity i n  a model i s  a c o s t ,  and o n l y  i f  it buys more 

realism do  w e  want it. The t r a d e o f f  is  between s i m p l i c i t y  and 

r e a l i s m ,  and it i s  e a s y  t o  p a s s  t h e  optimum p o i n t .  One e lement  

t h a t  f a v o r s  s i m p l i c i t y  i s  t h e  advan tage  o f  b r i n g i n g  t h e  u s e r ' s  

non-exper t  judgement i n t o  e f f e c t i v e  p l a y .  Another  advan tage  i s  

t h a t  less d a t a  are  needed f o r  f i t t i n g ,  s o  some o b s e r v a t i o n s  

a r e  l e f t  o v e r  by which t h e  q u a l i t y  o f  t h e  f i t  can be judged 

( A r t h u r  and McNicoll ,  1 9 7 5 ) .  A t h i r d  advan tage  i s ' t h a t  s i m p l e r  

models g i v e  less d i s t o r t i o n  due  t o  poor  o b s e r v a t i o n s  (Alonso,  

1368) .  



3 .  ANALYSIS O F  THE MODEL AS A BLACK BOX 

I f  i n  a  (wor ld  o r  n a t i o n a l )  model one assumes t h a t  t h e  

amount of  a i r  p o l l u t i o n  i s  p r o p o r t i o n a l  t o  income, and t h a t  a  

c e r t a i n  d e n s i t y  of  p o l l u t a n t s  i n  t h e  a i r  i s  f a t a l ,  t h e n  it 

does  n o t  m a t t e r  much what else i s  i n  t h e  model: t h e s e  condi-  

t i o n s  a l o n e  w i l l  d e t e r m i n e  an  e q u i l i b r i u m  p o i n t  a t  what i s  

t h e  long-term c e i l i n g  on p o p u l a t i o n ,  p o l l u t a n t s  and income. 

T h i s  i s  an  example o f  a  dominant o r  d e t e r m i n i n g  i n p u t  i t e m .  

3.1 E x p l a i n i n g  t h e  Outcome 

Ar thur  and McNicoll  (1975) examine t h e  TEMPO s i m u l a t i o n  

of  19 c o u n t r i e s ,  and s p e c i f i c a l l y  t h e  f i n d i n g  t h a t  " s lower  

p o p u l a t i o n  growth,  produced by d e c l i n i n g  f e r t i l i t y ,  t r a n s l a t e s  

d i r e c t l y  i n t o  a  more r a p i d  growth o f  GNP p e r  c a p i t a .  T h i s  

c o n c l u s i o n  i s  e x t r e m e l y  r o b u s t  i n  t h e  s e n s e  t h a t  it i s  r e l a -  

t i v e l y  i n v a r i a n t  under  t h e  d i v e r s e  socioeconomic c o n d i t i o n s  

encoun te red  i n  t h e  19 d i f f e r e n t  c o u n t r i e s  s t u d i e d . "  But t h e  

i n v a r i a n c e ,  it t u r n s  o u t ,  i s  due less t o  t h e  n a t u r e  o f  t h e  

r e a l  wor ld  t h a n  t o  a  p r o p e r t y  of t h e  Cobb-Douglas p r o d u c t i o n  

f u n c t i o n  t h a t  TEMPO i n c o r p o r a t e d .  With t h e  Cobb-Douglas 

f u n c t i o n  o u t p u t  Y i s  e q u a l  t o  

where b  i s  a  c o n s t a n t  t o  a l l o w  f o r  improvement th rough  t i m e ,  

L i s  l a b o r ,  K i s  c a p i t a l ,  and a i s  a  c o n s t a n t  less t h a n  

u n i t y ,  i n  p r a c t i c e  o f t e n  a b o u t  0.75.  Then p e r  c a p i t a  income 

i s  Y/L, and on t h e  r i g h t - h a n d  s i d e  L i s  i n  t h e  denomi- 

n a t o r .  With a  p o s i t i v e  power of L  i n  t h e  denominator  t h e  

c u r v e  i s  bound t o  be  lower when L  i s  g r e a t e r ,  u n l e s s  t h e  

e f f e c t  i s  c o u n t e r a c t e d  by c a p i t a l  K .  But i n c r e a s i n g  popula-  

t i o n  would d i m i n i s h  s a v i n g  and s o  c a p i t a l ,  t h u s  s t r e n g t h e n i n g  



the effect. In short the conclusion is built into the model. 

That is why such robustness appears in the application to 19 

countries. 

The Forrester ( 1 3 7 1 )  model collapses at an early date due to 

the death of natural resources. This occurs because the 

natural resource level was set low and little allowance was 

made for substitution among resources. The Bariloche model 

on the other hand, assumes that natural resources are gener- 

ously available. It proceeds by linear programming and has 

no difficulty in tracing out the path to the assumed ultimate 

condition of universal development. 

Mesarovic and Pestel make few assumptions of their own, 

but invite the user to enter into interaction with the model 

and himself set the assumptions. This encounters the diffi- 

culty that the user does not know what assumptions to make. 

The model is played out as a game, with players taking the 

part of sectors or countries, and as such it is instructive-- 

it gives a feeling for the interconnections of the variables, 

even though its conclusions about the future are conditional 

on the assumptions fed in by the user. 

3 . 2  An Algorithm for Findinq the Dominant Varihble 

The above cases are presented in over-simple form to 

illustrate how one or a few variables can dominate the model. 

It is unfair to say that the models were designed to show a 

particular simple outcome and that most of the variables were 

bells and whistles, like knobs on a computer that are not con- 

nected with anything. Yet the bare possibility that only one 

or two variables count, and all others are loosely connected 

with these, needs examination by some means more uniformly 

trustworthy than the casual approach of the preceding para- 

graphs. 

We can think of the opposite kind of system, in which 
all the inputs -have important effects on all the outputs, i.e., 
the system is strongly connected. This contrasts with the 

cases mentioned above, where the system is so loosely connected 



that one can immediately guess the dominant variables. In 

more representative instances with intermediate degrees of 

connectedness there may be a few operative variables and many 

that make no difference, but which are which is not obvious. 

For all such cases an algorithm or experimental procedure is 

needed to enable the model to be understood. It takes the 

form of an experimental decomposition of the action of the 

model. 

To see how the decomposition works, consider any output 

variable, say Y, income per capita in the year 2000. Then 

take an input, say the rate of increase of available energy 6, 

and try the model with low and high rates of increase of energy, 
- 

say eL and eH . Then P is a function of 5, Y(&), and we 
- 

run the model to ascertain y(eH) and P(eL). The difference 
- 

Y(eH) - Y (BL) is the effect of the energy assumption. 
If the effect may be non-linear, we will be interested 

in the degree of non-linearity. This can be investigated by 

introducing a middle rate of energy increase, say GM , 
- 

and calculating the second difference, Y (e,) - 2P(eM) + Y(CL) . 
More complex kinds of non-linearity can be found by observing 
- 
Y for more values of 6 .  

Whether the effect is linear or not there may be inter- 

action with other input variables. Suppose that food supply 

f is one such; we might suspect that the effect of energy is 

different in the presence of nutritional plenty and of nutri- 

tional scarcity. For this we would need to calculate four 

values of the Y function; the difference 

would be the food effect in the presence of rapid energy 

increase ; 



would b e  t h e  f o o d  e f f e c t  i n  t h e  p r e s e n c e  o f  low e n e r g y  i n c r e a s e .  

I f  t h e  f i r s t  o f  t h e s e  i s  g r e a t e r  t h a n  t h e s e c o n d  i n t e r a c t i o n  

i s  p o s i t i v e :  i f  t h e  s econd  i s  g r e a t e r  it i s  n e g a t i v e .  

To f i n d  o u t  what  p a r t  o f  t h e  i n p u t  was i m p o r t a n t  f o r  

wha t  p a r t  o f  t h e  o u t p u t  one  would a r r a n g e  s u c h  o b s e r v a t i o n s  

i n  a  m a t r i x .  The rows o f  t h e  m a t r i x  migh t  r e p r e s e n t  t h e  

v a r i o u s  i n p u t  v a r i a b l e s ,  s a y  11, I .... and t h e  columns 

t h e  s e v e r a l  o u t p u t s  , Say o l ,  o,, . . . F o r  t h e  f i rs t  
L. 

a n a l y s i s  t h e  e l e m e n t s  o f  t h e  m a t r i x  would measure  the  extent 

t o  which t h e  p a r t i c u l a r  o u t p u t  was a f f e c t e d  by t h e  p a r t i c u l a r  

input--positively,negatively, o r  n o t  a t  a l l .  The v i j  c o u l d  

b e  t h e  d e g r e e  o f  v a r i a t i o n  o f  0 w i t h  Ii  a s  measured  by 
j 

t h e  d i f f e r e n c e ,  t h e  p a r t i a l  d e r i v a t i v e  a 0 . / 3 1 ~ ,  o r  t h e  
I 

v a r i a n c e  o f  0 when Ii  g o e s  t h r o u g h  i t s  r a n g e ,  o r  some 
j 

o t h e r  measure  o b t a i n e d  by r u n n i n g  t h e  model. 

O u t p u t  v a r i a b l e s  

O 1  O2 - 0 3  . . .  

Once t h e  m a t r i x  is  a s s e m b l e d , t h e  n e x t  s t e p  i s  t o  i n t e r -  

change  r o w s  a n d  ( n o t  n e c e s s a r i l y  c o r r e s p o n d i n g )  columns s o  t h a t  

I 1 v l l  v  12 V I 3  . . .  
I n p u t  

t h e  l a r g e  v i j  a r e  on  t h e  l e f t  and  a t  t h e  t o p .  R u l e s  f o r  t h i s  

would have  t o  b e  worked o u t .  Suppose t h i s  g i v e s  t h e  m a t r i x  

v a r i a b l e s  
I 2  v  2  1  

v  22 v  23 * "  



where the prime values representing the new inputs and outputs 

are the same variables as before, but now relabelled in a dif- 

ferent order. If it happens that only the first row has ap- 

preciable values of v', then everything is simple.  his is 

still true if the first two or three rows are the only ones 

that are numerically important. Perhaps the matrix of the V' 

will appear in block form, in that certain groups of inputs will 

only affect certain groups of outputs. 

The next step is to truncate the matrix, retaining only 

the rows and columns that have appreciable values of v'. If 

the matrix forms into blocks, then each block would be taken 

separately. In the new smaller matrix or matrices one might 

enter coefficients mij that represent the degree of change 

of an output caused by an input, perhaps in the form of regres- 

sion slopes. 

The algorithm, perhaps supplemented by judgment, leads 

to a simplified approximation to the complex model. The 

approximation can be simpler in containing only a few of the 

original input variables; the outputs are mostly related linearly to 

the inputs; some feedbacks are dropped. It is true that running 

the complex model to obtain the v's and the m's would be 

costly, but this would be offset by less need for documentation. 

If, moreover, the simplified version of the model turned out 

to be close enough to the full model to serve for many or all 

purposes, then savings in computer time would be considerable. 

One would of course have to make a test run of the simplified 

version to see how its output compared with that of the full 

model; if the comparison was unsatisfactory, one would add some 

further variables and test again. 

The way of simplifying a black box model described above 

has respectable antecedents. In experimental designs used in 

agronomy for the testing of seed varieties and fertilizers, 

the black box is nature, and the simplified version is one on 

which policy advice is offered to farmers. Copernicus simpli- 

fied the Ptolemaic model by changing the origin of coordinates 

from the earth to the sun. 0. Rademaker has analysed the 



Forrester-Meadows model in an attempt to simplify it by finding 

its dominant variables. Andrei Rogers (1376) has shown how 

to shrink population projections. 

In some instances interactions between variables cannot 

be disregarded--A and B may be separately innocuous but dis- 

astrous together. Some variables operate only over a thresh- 

old-- a small amount does no harm, but beyond the threshold the 

effects are drastic (Holling, 1973). There are many 

cases where an elaborate system is resilient: it can 

absorb a disturbance up to a certain magnitude, but beyond 

that it fails to restore itself and becomes a system of a 

wholly different kind. Statistical techniques for investiga- 

ting interactions and non-linearities of response are available. 

To the general case for simplicity some special points 

can be added here. Alonso (1968) tells how the probability 

of a wrong conclusion goes up with the number of steps in the 

argument. He shows that adding variables is relatively harm- 

less, leading as it does to a diminished proportional error; 

multiplying and taking to powers lead to increased proportional 

error. 

Because of professional criticism, public circulation 

of methods and results, less need for haste to solve practical 

problems, theoretical work can better sustain long chains of 

argument, which is to say, complex models and computations 

beyond addition. In applied work, on the other hand, the 

methods are less often exposed to professional criticism, and 

results are less widely diffused; the result is more repetition 

of earlier errors and less learning from successes. Thus the 

arguments against complexity are much stronger in relation to 

applied work than to theoretical. Yet it is exactly in applied 

work that complex models are mostly used. Answers are 

required quickly to important policy questions; there is 

barely time to get a model on the computer. Thus systems 

modellers cannot afford to be patient. If ec~nomics does not 

know what is the relation of unemployment to labor-saving 

technology, then so much the worse for economics; some relation 



will have to be invented and dubbed in. If the sociology of 

consumption is still so primitive that it cannot tell us much 

about how goods become status symbols, nor about the degree to 

which less materials-consuming goods will serve to replace 

present goods in symbolic uses, then the matter will have to 

be swallowed up in general assumption relating income and 

materials. Social science is indeed slow in relation to the 

urgency of current problems. It is hampered by a tradition of 

looking at many sides of every question. World modellers are 

less hampered. 

All this is an attempt to explain the paradox that 

social science, with the greater capacity to handle complexity, 

tries to avoid it, while practitioners have no fear of it 

at all. 

4. CONCLUSION 

Computer models are a new way of examining the implica- 

tions of present trends, of forecasting the future, and of trying 

out policy alternatives before recommending one for adoption. 

Their strength is in relating everything to everything else, 

just as nature does, but they suffer from the defect that goes 

with this: they have to assume relations far beyond those in 

the body of presently agreed-on knowledge. Does diminution 

of the ozone layer increase skin cancer? We wish we knew. 

How much does falling infant mortality diminish fertility? 

When incomes of poor people increase, how much of the increase 

do they take out in more children, and how much in education 

and other benefits that ultimately reduce the number of chil- 

dren? Conflicting testimony on these matters suggests that 
judgement should be suspended, but a computer model will not 

run unless all cells are filled. Some number must be entered 

for every parameter of the model. 

In default of knowledge some variables can be left 

exogenous. The population projection may be a separate module 

from the rest of the variables, as in the work of Leontief 

and some others. But then a price has to be paid: the assump- 



t i o n s  r e g a r d i n g  p o p u l a t i o n  c a n  a f f e c t  t h e  outcome g r e a t l y ,  

and one  s h o u l d  t r y  s e v e r a l  a l t e r n a t i v e  p o p u l a t i o n  modules .  

Only such  exper imen t  w i l l  t e l l  how r o b u s t  ( i . e .  i n v a r i a n t )  t h e  

r e s u l t  i s  i n  r e l a t i o n  t o  t h e  p o p u l a t i o n  i n p u t .  T h i s  i s  an 

a s p e c t  of  what w e  recommend i n  t h e  p r e c e d i n g  pages .  

Ano the r  v a r i a b l e  o f t e n  l e f t  exogenous i s  e n e r g y  con- 

sumpt ion .  The o f f i c i a l  S t a t i s t i c a l  A b s t r a c t  o f  t h e  Uni t ed  

S t a t e s  (U.S. Bureau o f  t h e  Census ,  1975, p .538)  shows con- 

sumpt ion  t o  1990, based  o n  a n n u a l  i n c r e a s e s  o f  6 and a  h a l f  t o  

o v e r  7  p e r c e n t  i n  t h e  f u t u r e .  On t h i s  p r o j e c t i o n ,  made by 

t h e  F e d e r a l  Power Commission, consumption g o e s  from 1 ,873  

b i l l i o n  kwh i n  1973 t o  5 ,852 b i l l i o n  i n  1990. S i n c e  some o f  

t h e  models  show t h a t  s u c h  a l e v e l  i s  i m p o s s i b l e ,  and o t h e r s  

i n  which ene rgy  u s e  i s  endogen ized  come o u t  w i t h  v e r y  much 

lower  numbers,  w e  need  t o  know how much d i f f e r e n c e  it makes 

i f  by 1990 t h e  amount o f  e n e r g y  i s  one  h a l f  o r  one  q u a r t e r  o f  

t h a t  o f f i c i a l l y  p r o j e c t e d .  

I f  s u c h  e x p e r i m e n t i n g  i s  o b v i o u s l y  needed f o r  t h e  

endogenous p a r t  o f  t h e  s i m u l a t i o n s ,  it i s  e q u a l l y  needed f o r  

t h e  endogenous p a r t .  I f  a n  a s sumpt ion  h a s  been  made on t h e  

e f f e c t  o f  a  rise i n  r e l a t i v e  p r i c e  on  materials u s e ,  t h e i r  

p r i c e  e l a s t i c i t y ,  w e  had b e t t e r  t r y  more t h a n  one  p r i c e  e l a s t i -  

c i t y .  P a s t  e l a s t i c i t y  p r o v i d e s  o n l y  an  u n c e r t a i n  i n d i c a t i o n  

f o r  t h e  f u t u r e ,  and t h i s  i s  t r u e  f o r  many o t h e r  p a r a m e t e r s  i n  

t h e  complex model. 

When t h e  model is  r u n  w i t h  s e v e r a l  v a r i a n t s  o f  t h e  

p o p u l a t i o n ,  e n e r g y ,  a n d  o t h e r  submodels o r  modules ,  as w e l l  

a s  v a r i a n t s  o n  t h e  p a r a m e t e r s  o f  t h e  e q u a t i o n s  r e l a t i n g  t h e s e ,  

t h e n  o n e  e n d s  up w i t h  a s p e c t r u m  o f  answers  t o  any g i v e n  q u e s t i o n .  

What w i l l  p e r  c a p i t a  g r a i n  s u p p l y  b e  i n  t h e  y e a r  2000? ( I t  i s  now 

a b o u t  700 pounds . )  The answer i s  a  r a n g e ,  comprehending a l l  o u t p u t s  

t h a t  c o r r e s p o n d  t o  " r e a ~ o n a b l e ' ~  i n p u t s .  The f o r e c a s t e r  s h o u l d  

b e  w i l l i n g  t o  o f f e r  2 : l  o d d s  t h a t  t h e  f i g u r e  w i l l  be  ( s a y )  

be tween 800 and 1000 pounds .  The o d d s  t h a t  h i s  r a n g e  w i l l  

s t r a d d l e  t h e  pe r fo rmance  must  b e  i n  c o n s i d e r a b l e  p a r t  s u b j e c t i v e ,  



b u t  such a  r ange  o r  s u b j e c t i v e  c o n f i d e n c e  i n t e r v a l  i s  t h e  

c l e a r e s t  way of  communicating h i s  impress ion  o f  t h e  r e l i a b i l i t y  

of t h e  outcome. To imply t h a t  o n e ' s  number f o r  p o p u l a t i o n  o r  energy 

consumption o r  a n y t h i n g  else i n  t h e  y e a r  2 0 0 0  i s  e x a c t  can  o n l y  

be  s o o t h s a y i n g .  

~ u t ,  it w i l l  be  p o i n t e d  o u t ,  t h e  main u s e  o f  t h e  models 

i s  n o t  f o r  f o r e c a s t i n g  b u t  f o r  s e n s i t i v i t y  a n a l y s i s - - i f  p o l i c y  

a c t s  on such and such  i n p u t  v a r i a b l e  t h e  outcome w i l l  d i f f e r  by 

s o  much. The a b s o l u t e  l e v e l  does  n o t  m a t t e r ,  b u t  o n l y  t h e  

d i f f e r e n c e  due t o  t h e  p o l i c y  a c t i o n .  Y e t  i n  f a c t  s u c h  d i f f e r -  

e n c e s  v a r y  j u s t  a s  much a s  l e v e l s .  Nothing i n  mathemat ics  

s a y s  - t h a t  a  d e r i v a t i v e  o f  a  f u n c t i o n  v a r i e s  less t h a n  t h e  

f u n c t i o n  i t s e l f .  

The c a s e  h a s  been p r e s e n t e d  f o r  a  c e r t a i n  way of hand- 

l i n g  complex models.  The a r c h i t e c t  of  t h e  model may w e l l  have  

made it a s  s i m p l e  a s  he knows how, b u t  it s t i l l  c o n t a i n s  

dozens  o r  hundreds  of  v a r i a b l e s .  Our method f o r  g e t t i n g  t o  

u n d e r s t a n d  t h e  model,  and  f o r  e f f e c t i v e l y  comparing it w i t h  

o t h e r s ,  i s  two-fold:  ( i) s imple  t r a n s p a r e n t  models ,  of which an 

example was g i v e n  f o r  p o p u l a t i o n ,  t h a t  p a r a l l e l  it and check i t s  

p a r t i a l  c o n c l u s i o n s ,  and (ii) exper iments  on t h e  complex model 

i t s e l f .  

S i n c e  t h e  models a r e  computer -genera ted  t h e y  d i f f e r  

from a l l  p r e v i o u s  work i n  s o c i a l  s c i e n c e  i n  be ing  l a r g e l y  

i n a c c e s s i b l e  t o  t h e  naked i n t e l l i g e n c e  o f  t h e  unequipped 

r e a d e r  o r  r e s e a r c h e r .  Only a  computer can  g e n e r a t e  t h e  model,  

and it seems t h a t  a  computer i s  r e q u i r e d  t o  unders tand  it. 

The model t r e a t e d  a s  a  b l a c k  box i s  examined i n  t h e  

way t h a t  ag ronomis t s  and o t h e r s  u s e  s t a t i s t i c a l  t e c h n i q u e s  t o  

examine t h e  b l a c k  box o f  n a t u r e .  I n c i d e n t a l l y  t o  runn ing  it 

a  number of  t i m e s  w i t h  d i f f e r e n t  i n p u t s  f o r  t h i s  purpose ,  one  

can  u s e  t h e  v a r i e d  r e s u l t s  t o  e s t a b l i s h  c o n f i d e n c e  i n t e r v a l s ,  

even though t h e s e  w i l l  n e c e s s a r i l y  be i n  p a r t  s u b j e c t i v e .  

The o b j e c t ,  a f t e r  a l l ,  i s  t o  p u t  some bounds on what w i l l  

happen i n  t h e  f u t u r e ;  p r o f e s s e d l y  e x a c t  p r e d i c t i o n  be longs  t o  

s o o t h s a y i n g  r a t h e r  t h a n  s c i e n c e .  I t  i s  f o r t u n a t e  t h a t  f o r  

most purposes  bounds t h a t  p u t  some l i m i t s  on f u t u r e  p o s s i b i l i t i e s  



are all that is needed. If the limits are narrower than those 

that can be set bycomncr! sensethe computer model has served 

us well. 

The variety of models on the market is such that users 

are tempted to select the one whose conclusions accord with 

their preconceptions and then accept the assumptions of that 

one. The techniques presented here should aid in comparing 

properties of models. so that the user can select according 

to the realism of assumptions and mechanisms. If he does that 

then the conclusions can really tell him something. 
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