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u se  o f  a  d e d u c tiv e m o d e  o f  m a n ip u la tio n  so  th a t F risch  c a n  re a so n  m a th e m a tic a lly  

a b o u t th e  n a tu re  o f  th e  b u s in e ss c y c le  w ith  th is  v e rsio n  o f  h is  m o d e l.

T h e se  e x a m p le s fro m  F risc h  e n a b le  u s to  u n d e rs ta n d  n o t o n ly  h o w  th e  re aso n ­

in g  ru le s c o m e a lo n g  w ith  th e  p a rtic u la r  m o d e l th a t is  b u ilt, b u t a lso  h o w  n e c essary  

th e  re so u rce s  a re  to  p ro v id e  m a te ria ls to  rea so n  w ith . B u t th is  d o e s n o t e x p la in  -  in  

a  m o re g e n e ra l w a y  -  h o w  th o se m o d el re so u rce s  a re  u se d , n o r to  w h a t p u rp o se , 

th o u g h  th e re  a re  c e rta in ly  h in ts  in  F risc h ’s  e x a m p le . I tu rn  n o w  to  su g g es t a  m o re  

g e n e ra l a cc o u n t o f  m o d e l re aso n in g .
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5. Modelling as a Method of Enquiry:

The World in the Model, Models of the World
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It is  e asy  e n o u g h  to  sa y  th a t m o d ellin g  c o n s titu te s a n  e p is tem ic g e n re , b u t w e s till 

n e e d  to  f ig u re  o u t h o w  it  fu n c tio n s  a s  a  w a y  o f  d o in g  e co n o m ic  sc ien c e . S c o tt G o rd o n , 

in  h is  h isto ry  a n d  p h ilo so p h y  o f  th e  so c ia l sc ie n ce s , a rg u e s  th a t “th e  p u rp o se  o f  a n y  

m o d el is  to  se rv e  a s a  to o l o r  in s tru m en t o f  sc ie n tif ic  in v e s tig a tio n” (1 9 9 1 , p . 1 0 8 ).3 7  

T h is  fo rm s th e  s ta rtin g  p o in t fo r m y  c la im , in  th e  la tte r  h a lf  o f  th e  b o o k , th a t 

m ists  u se  m o d e ls  to  in v e stig a te  tw o  d iffe re n t d o m ain s : to  e n q u ire  in to  th e  w o rld  o f 

th e  m o d el a n d  to  e n q u ire  in to  th e  w o rld  th a t th e  m o d e l re p re sen ts .

M o d e l-m a k in g  -  a s  w e  h a v e  a lrea d y  see n  -  is  a n  a c tiv ity  o f  c rea tin g  sm a ll w o rld s  

e x p re ssed  in  a n o th e r m e d iu m . T h e  e c o n o m ist re p re se n ts h is /h e r id e as  a b o u t c erta in  

e lem e n ts  o f th e  e c o n o m y : th e  sy s te m  a s a  w h o le , o r p e o p les e c o n o m ic  b e h av io u r, 

th a t th e y  w a n t to  in v e stig a te  o r  u n d e rs ta n d  in to  o th e r fo rm s: in to  b its  o f  m a th em a t­

ic s, d ia g ram s, m a c h in e s , a n d  e v e n  - so m etim e s -  s tr ic tly  d e fin e d  v e rb a l p o rtra its . 

T h e  m o d e ls h a v e  c erta in  q u a lities  -  th e y  a re  sm a lle r-sc a le , a n d  it is  su p p o se d , s im ­

p le r , th a n  th e  re a l w o rld , m ad e  o f  q u ite  d iffe re n t m a te ria ls , a n d  th e ir sen se  o f  re p re ­

sen ta tio n , im ita tio n , o r  s im ila rity  m ig h t b e  q u ite  o p a q u e .3 8 1 ta k e  u p  th e se  a w k w a rd  

q u a litie s o f  th e  w a y  e co n o m ists  re n d er th e ir a cc o u n ts o f  th e  w o rld  in to  m o d e ls in  

C h a p te r 1 0 , b u t fo r h e re , th e  p o in t is  ra th e r th a t th e se  re p re se n ta tio n s  -  b y  d e sig n  -  

c o n ta in  e c o n o m is ts ’ in tu itio n s, o r th e  th in g s th e y  a lrea d y  k n o w , o r b o th . T h a t is , 

so m e tim e s th e se  sm all w o rld s in  th e  m o d e l p rim arily  re p re se n t sp e cu la tio n s a n d  

th e o rie s a b o u t th e  e c o n o m ic  w o rld ; th e  e c o n o m ist m a y  b e  a g n o s tic  a b o u t h o w  far  

th e y  re p rese n t th e  w o rk in g s o f th a t w o rld , o r e v e n d e n y  th a t th e y  d o  so  a t a ll (a s 

w e  saw  w ith  L u c a s) , re g a rd in g  th e m  p e rh ap s  a s  p a ra lle l o r im a g in ed  m o d e l w o rld s. 

A t o th e r tim e s , m o d e ls a re c rea ted  p rim a rily  to  in c o rp o ra te (in  so m e fo rm ) fe a­

tu re s th e y  a lrea d y  k n o w , th a t is , to  e m b o d y  w h a t th e  e c o n o m is t ta k es  to  b e  e sse n tia l
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3 7 O f  c o u rse , I  a m  n o t  th e  f irs t to  se e m o d e ls  a s  in s tru m e n ts  o f  e n q u iry  in  th e  so c ia l sc ien c es  (a rg u ­

a b ly , M a x  W e b e r (1 9 0 4 , 1 9 1 3 ) th o u g h t o f  h is  id e a l ty p e s in  th is w a y  - se e C h a p ter  4 ), b u t fe w  

su g g e s tio n s  a lo n g  th e se  lin e s  e x p lo re  h o w  su c h  in s tru m e n ts  w o rk .

3 8 A  n ic e  p a ra lle l is  fo u n d  in  th e  s tu d ie s  o f  g e o lo g is ts  w h o  b u ilt  sm a ll  b o x es  a n d  f ille d  th e m  w ith  d if­

fe re n t m a te ria ls  to  se e  w ha t h a p p e n e d  w h e n  b ig  p h y s ic a l sh o c k s  h it th e m  a s  a  s im u la tio n  m o d e l 

fo r  e arth q u a k es  (se e  O re sk e s , 2 0 0 7 ). O n  sm a lln e ss  se e  C h a p te r 1 0 .



ModellingZYXWVUTSRQPONMLKJIHGFEDCBA as a Method of Enquiry 3 1

fe a tu re s o f  th e  re le v an t se c tio n  o f  th e  w orld , h o w  th e  p a rts  re la te , h o w  th e  e lem e n ts  

in te rac t, a n d  so  fo rth , a s w ith  F risch  a n d  T in b erg e n . M o st o fte n , th e  ‘w o rld  in  th e  

m o d e l’ re p re se n ts  a  c o m b in a tio n  o f  b o th  e c o n o m is ts ’ id e a s  a n d  th e ir  k n o w le d g e .

T h e se  sm a ll  o b je c ts , m o d els , th e n  h a v e  a  s ta n d -a lo n e , a u to n o m o u s ,  q u a lity ,  th a t  

e n a b le s  th e m  to  le a d  a  p o te n tia lly  double life fo r , I a rg u e , models function both as 

objects to enquire into and as objects to enquire with. T h a t is , th e y  a re  o b je c ts fo r  

in v e stig a tio n  in  th e ir  o w n  r ig h t, a n d  th e y  h e lp  th e  e c o n o m is t-sc ie n tis t in v e s tig a te  

th e  re a l-w o rld  e c o n o m y .3 9  M o d e l in v e s tig a tio n s  o ffe r  e c o n o m is ts  th e  p o ss ib ilitie s  to  

sp e a k  b o th  to  th e ir  id e a s  a n d  to  th e ir  e x p e rie n c e  o f  th e  w o rld  a t th e  sa m e  tim e , b u t  

c h a ra c te r iz in g  su c h  w o rk  a s  a  m e th o d  o f  e n q u iry , e x p lo ra tio n , e v e n  d isc o v e ry , s till 

p re sen ts  u s  w ith  q u ite  a  p u z z le . H o w  d o  m o d e ls  p ro v id e  su c h  a  m e th o d  o f  e n q u iry  

th a t e n a b le s th is d o u b le  life to  g o  o n ? M y  a n sw e r is th a t m o d e l re aso n in g , a s a  

g en eric  a c tiv ity  in  e c o n o m ic s, ty p ic a lly  in v o lv e s  a  kind of experiment.

A d v a n c in g  th e  a rg u m en t th a t a p p e ars  la te r in  th e  b o o k , I su g g es t th a t w e  c a n  

c h a rac te rize  m o d e l re aso n in g  a s  a  k in d  o f  e x p erim e n t  in  th e  fo llo w in g  w a y . M o d e ls  

a re  m a d e  to  a d d re ss  so m e  p a rtic u la r  p u rp o se , a n d  so  w o rk in g  w ith  a  m o d e l  ty p ica lly  

b eg in s  w ith  th e  e c o n o m is t  a sk in g  a  q u e s tio n  re la te d  to  th a t  p u rp o se . T o  a n sw e r th e  

q u e s tio n , th e  e co n o m is t m a k e s a n  a ssu m p tio n  th a t f ix e s so m e th in g  in  th e  m o d e l, 

o r  c h a n g e s  so m e th in g  in  th e  m o d e l, th a t is , in  th e  d ia g ra m s  o r  e q u a tio n s , o r  o th er  

m a te ria l, th a t th e  m o d e l is m a d e  in . H e  o r sh e  th e n  in v e stig a te s th e  e ffe c t o f  th a t  

a ssu m p tio n , o r c h a n g e  in  th e  m o d e l, b y  m a n ip u la tin g  th e  re so u rce s  o f  th e  m o d e l  

in  a  m o d e l e x p erim e n t to  d e m o n stra te  a n  a n sw e r. T h a t d e m o n stra tio n  is d e d u c­

tiv e ly  m a d e , fo r  it u se s  th e  re aso n in g  ru le s  g iv e n  in  th e  la n g u ag e  fo rm a t a n d  in  th e  

c a refu lly  sp ec if ied  e co n o m ic  c o n te n t o f  th e  m o d e l. T h e  p ro c e ss  o f  d e m o n stra tio n  

itse lf  p ro m p ts  a  n a rra tiv e  a b o u t th e  e co n o m ic  c o n te n t. T h is  c o m b in a tio n  o f  ques­

tions, experimental demonstrations, a n d  narrative answers fo rm s  th e  w a y  in  w h ich  

th e  e c o n o m is t e x p lo re s  a  p a rtic u la r  m o d e l  (se e  M o rg an  2 0 0 2  a n d  C h a p te r  6 ). F ro m  

e x p e rim e n tin g  o n  th e  m o d e l, e c o n o m is ts in v e s tig a te  a n d  c o m e  to  u n d e rs tan d , in  

th e  f irs t in s ta n c e , o n ly  th e  w o rld  o f  th e  m o d e l. H o w  su c h  e x p e rim e n ta l in v e s tig a­

tio n s  in to  th e  m o d e l m ig h t a lso  p ro v id e  so m e  u n d e rs ta n d in g  a b o u t  th e  w o rld  th a t  

th e  m o d e l re p rese n ts  is  a  m e ssie r  p ro b le m  th a t I re tu rn  to  sh o rtly .

L e t m e  b e g in  w ith  th e  e a sy  p a rt o f  th is  d o u b le  life  o f  m o d e ls: models as objects 

to enquire into. E c o n o m is ts  in v e s tig a te  th e  w o rld  in  th e  m o d e l u s in g  th is  m o d e  o f  

e x p erim e n t to  u n d e rs tan d  th e ir  e co n o m ic  id e a s  o r  th e o ries . T h is  se em s  o d d : s in c e  

th e y  c rea te d  th a t  little  w o rld  in  th e  m o d e l, w o u ld n ’t  th e y  a lrea d y  u n d e rsta n d  it?  N o t

£

3 9 'th e  w ay s  th a t  m o d e ls  fu n ctio n  in  th e se  tw o  d o m ain s  in  e co n o m ics  is  n o t  w e ll  a c co u n te d  fo r  b y  th e  

s ta n d a rd  v ie w s  in  p h ilo so p h y  o f  sc ie n ce  th a t  h a v e  te n d e d  to  w o rry  a b o u t  th e  d e fin itio n  o f  m o d e ls  

a n d  to  trea t th e m  e ith er  a s  m in i-v ers ion s  o f  th e o rie s  o r  a s  e ffic ie n t  d e sc rip tio n s  o f  d a ta  fro m  th e  

w o rld . A s w e  w ill f in d in  th e  c h ap te rs  th a t fo llo w , th e  d ia g ra m m a tic m o d e ls o f  th e  E d g ew o rth  

B o x , R ic ard o ’s a rith m e tic  c h a in s , a n d  S a m u e lso n ’s m a th e m a tic a l m o d el  o f  th e  K e y n e s ia n  sy s te m  

a ll fu n ctio n  a s  in d e p en d e n t  fo rm s: th e y  e m b o d y  id e as  a n d  k n o w le d g e  a b o u t  th e  e c o n o m y , b u t  a re  

th e m se lv e s  n e ith er  th e o rie s  o r  d a ta  d e sc rip tio n s . In  M o rriso n  a n d  M o rg an  (1 9 9 9 ), w e  a rg u e d  su c h  

c o n s tru ctio n  w a s  resp o n sib le  fo r  th e  o b se rv ed  p ra c tic a l a u to n o m y  o f  m o d e ls  th a t  e n a b le d  th e m  to  

m ed iate  b e tw e en  th e  m a the m atic s  o f  th e o ry  a n d  th e  e m p irics  o f  o b se rv a tio n  (se e  C h a p ter  2 ).

■■■■■ •*rs?g-;a



^ ^  .; _J-? T A S rV .rj?
;  ̂•., t ’,'»- o * - ~

HT*- ;•

32 T /ie World in the Model

so , fo r  if  id e as  a b o u t th e  w o rld  c a n  b e  e x p re ssed  v e ry  s im p ly , e c o n o m is ts d o n ’t n e e d  

a  m o d el to  th in k  w ith . B u t a s so o n  a s th e y  a b s tra c t tw o  o r th ree  c h a ra c te ris tics o f 

e c o n o m ic  m a n

m o s 

o f a

to g e th e r, o r  iso la te  tw o  o r  th re e  h y p o th e siz e d  re la tio n sh ip s  fro m  th e  

e c o n o m y  a t o n c e , it b e c o m e s d iff ic u lt to  re a so n  a b o u t w h a t h a p p e n s  w h e n  th ey  

c o m b in ed . T h a t is w h y  e c o n o m is ts c re a te  m o d e ls in  th e  first p lac e , a n d  w h y  th e y  

n e e d  th is k in d  o f e x p e rim e n ta l a p p ro a c h  in  o rd e r to  a n sw er q u e s tio n s a b o u t th is  

sm all p e rso n  o r w o rld  in  th e  m o d e l.

e c o r

g a tka re

in  e < 

e a rli

In v e stig a tin g  th e  w o rld  in  th e  m o d el th ro u g h  su c h  e x p e rim en ta l m ea n s is th e  

w a y th a t e c o n o m is ts e x p lo re th e ir th e o rie s a n d  in tu itio n s .4 0 B y  a sk in g  q u e s tio n s  

a n d  m a k in g su ch  in v e s tig a tio n s , th e y  u n d e rsta n d  th e im p lic a tio n s o f th e ir in tu ­

itio n s, e x p lo re  th e  lim its  o f  e c o n o m ic  b e h a v io u r th a t th e ir  m o d e ls  im p ly , c o d ify  a n d  

c lassify  th e  v a rio u s d iffe re n t o u tco m e s th a t so m e

o ra t<

e m a

e co n

m o re  g e n e ra l th e o ry  m ig h t o v e r­

lo o k , a n d  a re  p ro m p ted  to  d e v elo p  n e w  h y p o th e se s a b o u t th e  b e h a v io u r o f  th e  e le ­

m e n ts  re p rese n te d  in  th e  m o d e l. F o r  e x a m p le , S a m u e lso n  w a n te d  to  k n o w  th e  e ffe c t 

o f  in c rea s in g  g o v e rn m e n t e x p e n d itu re . H e fo u n d  b y  h is e x p erim en ts o n  th e  little  

m a th e m atic a l m o d e l in  h is  1 9 3 9  p a p er  th a t th e  m o d e l c o u ld  g e n era te  c y c lica l b e h a v ­

io u r, e x p lo s iv e g ro w th , o r g ra d u a l d e c h n e in  th e  e lem e n ts  o f  th e  m o d e l, a c co rd in g  

to  th e  n u m e ric a l p a ram e ters h e  in serte d  in to  th e ir re la tio n s . T h e se m o d e l e x p lo ­

ra tio n s p ro v id e d  so m e su rp risin g  a n sw e rs a b o u t c e rta in  a sp e c ts  o f  th e  K e y n e sia n  

a cc o u n t o f  th e  w o rld  a s w e ll a s g e n e ra tin g  m o re u n d e rs ta n d in g  a b o u t th e  v a rio u s  

e x tan t th e o rie s o f  b u s in ess  c y c le s.

T h e se co n d  p a rt o f  th is d o u b le  life  o f  m o d e ls is th e  w a y  th a t 

models as objects to enquire with, fo r it is  c lea r , fro m  th e  w a y  e c o n o m is ts  w o rk , th a t 

th e  sm all p e rso n  o r w o rld  in  th e  m o d e l a lso  se rv es a s a n  o b je c t to  in v e stig a te  th e  

a sp ec t o f  th e  re a l p e o p le  o r re a l w o rld  th a t it is ta k en  to  re p re se n t. T h is a sp ec t o f  

m o d e l w o rk  is m u c h m o re

e m a i

nes . 

re str  

n o t t 

re se i 

s tam  

o fth  

s io n s 

c u lt ]

I

a n  id  

o f u r 

th e  v  

w o rk  

o f  w l 

th e  w  

trea ti 

o fre <  

to  a n  

th a t \ 

m e th

e c o n o m is ts u se

d iffic u lt to  c h ara c te riz e  th a n  th e w a y  e c o n o m is ts  

m o d e ls to  in v e stig a te  th e ir id e as a n d  th e o rie s.

P h ilo so p h e rs h a v e p ro b le m s a t th is p o in t, a n d  fo r g o o d  re aso n s. T h e ir ju s tly  

sc ep tic a l a rg u m en t g o e s a s fo llo w s . If th e  m o d e l is

u se

a n  a c cu ra te re p re se n ta tio n  -  

w a y  -  o f th e  re le v a n t p a rts o f  th e  e c o n o m ic w o rld  o r o f  e c o n o m ic m a n ’s 

b e h av io u r, a n d  if  th o se  e lem e n ts

in  so m e

b e  tre a ted  in  iso la tio n , th e n  it m ig h t b e  th a t 

th e  resu lts  g a in e d  fro m  m o d e l e x p erim en ts  c a n  b e  a p p lied  d irec tly  a n d  u n a m b ig u ­

o u s ly  to  th e  w o rld , a n d  g iv e  tru th fu l s ta te m e n ts a n d  v a lid  e x p lan a tio n s a b o u t th o se  

th in g s in  th e  w o rld .4 1 T h e se  ‘ifs a re b ig  o n e s -  fo r h o w  d o es th e  e co n o m is t k n o w  

if th e y  h a v e a n  a c c u ra te m o d e l o f th e w o rld ? O r, th a t it c a n  b e tre a ted  in  iso la ­

tio n ? It is th is ig n o ra n ce  th a t c re a te s p h ilo so p h e rs ’ w o rries a b o u t m o d e llin g , a n d .

c a n

C

c u la ti 

a s a n  

im p li 

th e  fc  

th a t c4 0  C ro m b ie  a ssu m e d  so m e  k in d  o f  a  o n e -fo r-o n e  re la tio n sh ip : th a t “a m o d e l e m b o d ie s  a  th e o ry ” 

(1 9 9 4 , Y o l. II, p l0 8 /) , a n d  o n  th is  b a s is , th a t th e  m e th o d  o f  m o d e ls  o ffere d  “a  c h a ra c teris tic a ll 

e ffe c tiv e  sc ien tif ic  c o m b in a tio n  o f  th e o re tica l a n d  e x p e rim e n ta l e x p lo ra tio n .” T h is is  c e rta in ly  a  

u se fu l h in t a b o u t e x p e rim en ts (w h ic h  h e  d o e s n o t e x p a n d ), b u t th e  a c c o u n t o f  h o w  m o d e ls a re  

fo rm ed  in  th is  c h a p te r, a n d  v a rio u s  e x am p le s  d isc u sse d  in  C h a p te rs  2 -6  su g g e s t th a t th e  re la tion ­

sh ip s  b e tw e en  th e o rie s  a n d  m o d e ls  a re  v a rie d  a n d  n o t e a sy  to  c h a ra c te rise .

4 1  S e e, fo r  a  re ce n t d isc u ss io n , C a rtw rig h t (2 0 0 9 ).
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m o st e sp e c ia lly , th e ir c o n c e rn  a b o u t th e  s ta tu s o f  th e  re p re se n ta tio n  in v o lv e d . B u t 

o f  c o u rse , it is  ju s t su ch  p ro b le m s -  a n d  th is
sa m e la c k  o f  k n o w le d g e -  th a t le a d  

e c o n o m ists , lik e  sc ien tis ts in  o th e r f ie ld s , to  a d o p t m o d e llin g  a s a  m o d e  o f  in v e s ti­

g a tio n  in  th e  f irst p lac e !

It m a y  h e lp  to  c la rify  m y  a cc o u n t o f  m o d e llin g  a s a  d o u b le  m e th o d  o f  e n q u iry  

in  e co n o m ics if  w e c o m p are  it w ith  tw o  o f th e  o th e r re aso n in g  s ty les m e n tio n e d  

e arlie r , th e  m e th o d  o f m a th e m atica l p o s tu la tio n  a n d  p ro o f  a n d  th e  m eth o d  o f  la b ­

o ra to ry  e x p erim en t.

If w e p o rtray  m a th em a tic a l m o d e llin g  a s a v e rs io n  o f th e m e th o d  o f m a th ­

e m a tica l p o s tu la tio n  a n d  p ro o f, th e n c o u ld  sa y  th a t e c o n o m is ts postulate th e  

e c o n o m ic  w o rld  in  th e  m o d el a n d  so  c o u ld  q u ite  re aso n ab ly  e x p ec t to  m a k e m ath ­

e m atica l tru th s a b o u t th a t w o rld  in  th e  m o d e l. T h is a cc o u n t w o rk s w e ll fo r

w e

enqui­
ries into th e w o rld  o f th e m o d e l: m o d e ls c a n  in d e e d b e  tru th -m ak e rs a b o u t th a t 

re str ic te d  a n d  m a th e m atica l sm all w o rld . B u t a s e c o n o m is ts rec o g n ise , th e se  a re  

n o t tru th s  th a t th e y  c a n  tra n sp o rt u n c o n d itio n a lly  to  th e  w o rld  th a t th e  m o d e l re p ­

re sen ts . E c o n o m is ts ( ju st lik e  th e ir a s tro n o m er fo reb e ars ) u n d e rs tan d  th a t a  m o d el 

s ta n d s in to r  th e ir e co n o m ic  u n iv e rse  to  e n ab le  th e m  to  e x p lo re  c e rta in  p ro p erties  

o f  th a t w o rld  re p rese n te d  in  th e  m o d e l. B u t w h e th e r  th e y  c a n  c o m e to  v a lid  c o n c lu ­

s io n s a b o u t th e  b e h a v io u r o f  th e ir a c tu a l e c o n o m ic  u n iv e rse  is a  m u c h  m o re  d iffi­

c u lt p ro b le m , a s th e y  k n o w  th e m se lv e s.

If w e m a k e th e a lte rn a tiv e c o m p a riso n w ith  la b o ra to ry  e x p erim e n ts, 

a n  id e a o f  h o w  e c o n o m is ts u se  a  m o d e l

w e g e t

a s a n  o b je c t to  enquire with. In  th is w a y  

o f u n d e rsta n d in g  m o d e llin g  a s a n  e p iste m ic g e n re , e co n o m is ts hypothesize h o w  

th e w o rld  is w h e n  th e y  re p re sen t it in  th e m o d e l, a n d  th e n  e x p e rim e n t w ith  th a t 

w o rld  o r p e rso n  in  th e  m o d el to  se e  h o w  it b e h a v e s. T h e n  th e  im p o rta n t q u e s tio n  

o f w h e th er th e  re su lts o f  th e  e x p e rim e n t o n  th e  m o d e l c an  th e n  b e  tran sfe rre d  to  

th e  w o rld  th a t th e  m o d el re p rese n ts  c an  b e  c o n s id e red  a n  in fe re n ce  p ro b le m . S o , b y  

trea tin g  m o d e l e n q u irie s a s a  fo rm  o f  e x p e rim en t, th e  q u e s tio n  o f  h o w  th is m o d e  

o f  re aso n in g  c o n n e c ts m o d e ls  to  th e  w o rld  sw itc h es fro m  a  tru th -m ak in g  p ro b l 

to  a n  in fe re n ce  p ro b le m , th o u g h  n o  le ss d iff ic u lt to  a n sw e r.4 2 T h is is  w h y  I su g g e st 

th a t w e  v ie w  m o d e llin g  a s a  m e th o d  o f  in v e s tig a tio n a n d  e n q u iry  m o re  a k in  to  th e  

m eth o d  o f  e x p e rim e n t th a n  to  th e  m e th o d  o f  p o s tu la tio n  a n d  p ro o f.

O f c o u rse , m o d e l e x p erim en ts in  e c o n o m ics a re u su a lly  p e n -an d -p a p er, c a l­

c u la to r, o r c o m p u ter, e x p erim en ts  o n  a  m o d el w o rld  o r a n  a n a lo g ic a l w o rld  (su ch  

h y d rau lic  m a ch in e ), n o t lab o ra to ry  e x p e rim en ts o n  th e  re a l w o rld . T h is h a s  

im p lic a tio n s fo r th e  in fere n c es  th a t c an  b e  m a d e . T h e re  a re  tw o  issu e s h e re : o n e  is  

th e  fo rm  o f  th e  in fe ren c e a rg u m en ts , a n d  th e  o th e r is th e  p o w e r o f  th e  in fe re n c e s 

th a t c a n  b e  m a d e .

e m

.
. a s a n

4 2 O th ers  h a v e  su g g e s te d  th a t  th e  m o d e l-w o rld  re la tio n  m ig h t  b e  th o u g h t  o f  in  in fe re n tia l te rm s ,  b u t 

w ith o u t  se rio u s ly  c o n sid e rin g  th e  n a tu re  o f  th e  in fe re n c e  in  p ra c tic a l te rm s , o r  w h eth e r  th e  in fer­

e n tia l re la tio n  lie s  in  th e  o rig in a l c o n s tru ctio n  o f  th e  m o d e l, o r ra th e r in  its  su b se q u e n t re la tio n

2 0 0 9 )tO  th e  W ° rld  (S eC  f° r  e X am p !e  S u 4 re Z ’2 0 0 4  a n d  W o o d y ’ 2 0 0 4 ;  a n d  th e  e ssay $  1 1 1 G riin e -Y a n o ff,
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In fe ren c e  a rg u m e n ts fro m  m o d e l e x p e rim en ts a re in fo rm a l: w h e n  e c o n o m is ts 

ta lk  o f  ‘te s tin g  th e ir m o d e ls ’ (h a v in g  a lrea d y  a ssu red  th e m se lv e s o f th e ir in te rn a l 

m a th em a tic a l q u a lities a n d  c o h e re n c e) th e y  a re in te res te d in  ju d g in g  th e u sefu l­

n e ss o f  th e ir m o d e l e x p e rim en ts b y  c o m p a rin g  th e  b e h a v io u r o f  th e m o d e l w o rld  

to  th a t o f  th e re a l w o rld  in  a  k in d  o f m a tch in g  o r b e n c h -m a rk in g  p ro c ess. T h e y  

m a y  c o m p a re  th e  m o d e l e x p erim en ta l b e h av io u r o f  th e ir th in  m o d el o f  e c o n o m ic  

m a n  w ith  th e  b e h a v io u r o f  re a l e c o n o m ic p e o p le , o r su rm ise  h o w  a p a rtic u la r p o l­

ic y  c h an g e  in s titu te d  in  a  m o d el c o m p ares  w ith  th e  e q u iv a le n t a c tu a l p o licy  in  th e  

w o rld . A  c h a ra c te ris tic fe a tu re  o f th e se  in fo rm a l in fe re n ce a rg u m e n ts fro m  e c o ­

n o m ic  m o d e ls is  th a t th ey  o ften  in v o lv e  n a rra tiv es  in  m a k in g  in fe re n tia l o r  e x p lan ­

a to ry  a c c o u n ts th a t se rv e  to  lin k  re su lts /ro ? n  th e  e x p e rim e n t m a d e in to  th e  w o rld  

in  th e  m o d el to e v e n ts  in  th e  w o rld  th a t th e  m o d el re p re se n ts (d isc u sse d  in  v a rio u s

w a y s in  C h a p te rs  6  to  9 ).4 3

T h e se in fo rm al c o m p a riso n s m a d e fro m  m o d el e x p erim en ts to th e w o rld  

c le arly  la ck  th e  fo rm a l d e c is io n  ru les  b a se d  o n  p ro b a b ility  m e a su re s fo u n d  in  s ta tis ­

tic a l in fe re n c e , a n d  th a t a re  u se d  to  v a lid a te  a n d  m a k e  in fere n c es  fro m  e co n o m e tric

m o d els . B u t it is  w o rth  re m e m b erin g  th a t in fe re n c e s m a d e  fro m  la b o ra to ry  e x p e ri­

m e n ts a lso  la ck  fo rm a l d e c is io n  ru le s . L a b o ra to ry  sc ien tists , lik e  m o d e lle rs , d e p e n d

u p o n b o th  ta c it a n d  a rtic u la ted  k n o w le d g e in  m a k in g o f th e ir e x p e rim en -se n se

ta l f in d in g s a n d  ju d g in g  th e ir re lev a n c e w ith in th e la b o ra to ry .1 4 A n d , lik e m o d e l 

w o rk , la b o ra to ry  sc ien tis ts fa ce  th e sa m e q u e s tio n  o f  w h e th e r th e ir e x p erim en ta l 

re su lts  c a n  fo rm  th e  b a s is fo r in fere n ce  b e y o n d  th e  la b o ra to ry , n a m ely  th e  p ro b le m

o f  e x te rn a l v a lid ity .4 5

B u t in  a n o th e r re sp e c t, c lea rly , th e  e x p erim en ts m a d e o n  m o d e ls a re d iffe re n t 

fro m  th e  e x p erim en ts  m a d e in  th e  lab o ra to ry , a n d  th e  in fe re n ce s th a t c a n  b e  m a d e  

d iffe r in  p rin c ip le . T h is h a s n o th in g  to  d o  w ith  th e fo rm a lity  o r in fo rm ality  o f th e  

in fe re n ce  a rg u m e n t, b u t ra th er, a s I a rg u e in  C h a p te r 7 , it is  b e c a u se m o d el e x p e ri­

m e n ts  a re  le ss  p o w erfu l a s  a n  e p iste m ic  g e n re . I t d o e s  m a k e  a  d iffe re n c e  to  th e  p o w e r 

a n d  sc o p e o f in fe ren c e  th a t th e  m o d el e x p e rim e n t is  o n e  c a rrie d  o u t o n  a  p e n -an d - 

p a p e r rep re se n ta tio n , th a t is , o n  th e w o rld  in  th e m o d e l, n o t o n  th e w o rld  itse lf . 

W h ile  m o d el e x p erim en ts  m a y  surprise th e  e c o n o m ist w ith  u n e x p e cte d  re su lts , la b ­

o ra to ry  e x p e rim en ts  m a y  confound th e  e c o n o m is t-sc ien tis t b y  p ro d u cin g  re su lts  th a t 

a re  n o t o n ly  u n e x p e c te d  b u t p o te n tia lly  u n e x p la in a b le  g iv en  e x istin g  k n o w le d g e .4 6

L e t u s lo o k  b rie fly  a t a m o re c o m p lic a te d e x a m p le to  se e h o w  th e m o d e l is  

b o th  a n  o b je c t to  e n q u ire  into a n d  a n  o b je c t to  e n q u ire  with, h o ld in g  th e se  n o tio n s  

o f  q u e stio n s , d e d u c tiv e  e x p e rim en ts u s in g  th e re so u rce s o f  th e m o d e l, a n d  in fo r­

m a l in fe ren c e s , in  m in d . T h e P h illip s -N e w ly n  M a c h in e (sh o w n  in  F ig u re 1 .7  a n d

PUMP

4 3 S e e  M o rg a n  (2 0 0 1 ,2 0 0 7 ).

4 4 I t is  p re c ise ly  th is  d iffic u lty  th a t h a s le d D eb o rah  M a y o  to  a d v a n c e h e r fram e w o rk  fo r m a k in g  

in fe re n c es  fro m  e x p e rim e n ts  (see  h e r 1 9 9 6 ),  w h ich  re c o g n ise s  th a t  su c h  in feren ce s  d e p en d  o n  th e  

k n o w led g e  o f  th e  sc ien tis t in  m a k in g  re le v a n t p re - a n d  p o s t-ex p e rim e n ta l  ju d g e m e n ts . F ig u re
4 5 S e e  C h a p te rs  7  a n d  8 , a n d  G u ala  (2 0 0 5 , c ha p te r  7 ).

S o u rce :4 6 S e e  d isc u ss io n  in  M o rg a n  (2 0 0 3 b , 2 0 0 5 ).

fro m  tl
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The World in the Model3 6

d iscu ssed  fu lly  in  C h a p te r 5 ) is  a  b ig  a p p a ra tu s -  a  re a l h y d rau lic  m o d e l -  o f  w h ic h  

w e c a n  se e h e re  o n ly  a d ra w in g . T h e p h y sic a l m o d e l itse lf o p e ra te s a c co rd in g  to  

th e  la n g u a g e  ru les o f  h y d rau lic s , w ith  th e  flo w  o f  w a ter a ro u n d  th e m a ch in e  c o n ­

tro lled  b y  p h y s ic a l v a lv e s . B u t th e  o v e ra ll fo rm  a n d  p a rts o f  th e  o f  th e  m a c h in e  a re  

d e s ig n e d  to  im ita te  th e  s to c k s a n d  flo w s o f  m o n e y  (re d  w ^ ate r) a ro u n d  a n  e c o n o m y , 

a n d  th e  b e h a v io u ra l fu n c tio n s o f  th e  e c o n o m ic  re la tio n s  a re  d ra w n  in to  th e  sm all 

re c ta n g u la r “s lid e s” th a t c a n  b e  se en  o n  th e  d ra w in g ; th e se  in  th e ir  tu rn  c o n tro l th e  

o p e n in g  a n d  c lo sin g  o f  th e  v a lv es in  th e h y d rau lic  sy s te m . D e sp ite  its c o m p le x ity , 

a n d  e v e n  w ith o u t k n o w in g  w h a t th e se  e c o n o m ic  re la tio n s a re , w e c an  se e h o w  th e  

ru les  o f  fo rm  (h y d rau lics ) a n d  c o n te n t (m o n eta ry  m a cro e co n o m ic s) a re in s ta n ti­

a te d  in  th e  M a ch in e .

T h e n e x t p o in t to  see  is h o w  th e  M a ch in e s re so u rce s  a re re a so n ed  w ith  in  a n  

e x p e rim e n ta l m o d e o f in v e s tig a tio n s b y  u s in g  th e ru les o f la n g u a g e a n d  c o n te n t. 

T h e e c o n o m ist se ts u p  th e m o d e l to  a n sw er a p a rtic u la r q u e stio n , su ch  a s : W h a t 

w ill h a p p en  if  I in c re a se th e  m o n e y  in  th is sy ste m  b y  in c rea s in g  th e  liq u id  in  th e  

“m o n e y  ta n k ” fe d  b y  “ th e  c en tra l b a n k ” (a t th e  to p  rig h t)?  T h is is th e  e x p e rim en ta l 

in te rv e n tio n  (o r m a n ip u la tio n ) in to  th e  w o rld  o f th e  m o d e l. T h e p u m p  c ircu la tes  

th is in c re a se d  liq u id  th ro u g h  th e  m a ch in e , th e  v a lv es c o n tro l th e  flo w s a c co rd in g  

to  th e e c o n o m ic re la tio n s a sc rib e d in  th e m o d e l, a n d  th e m o d el d e m o n stra tio n  

c h u rn s o u t a  se t o f  o u tco m e s o f th is e x p e rim e n t: th e  e ffe c ts  o f th is c h an g e  in  th e  

a m o u n t o f  m o n e y  o n  th e  in c o m e in  th e  e co n o m y  is  a u to m atica lly  c h a rte d  in  o n e  o f 

th e  to p  r ig h t-h a n d  c o rn er  g ra p h s .

T h e M ac h in e m o d e l h a s tre m e n d o u s re so u rce s : it c an  b e  se t u p  to  a n sw e r a n y  

n u m b er  o f  q u e s tio n s -  a n d  th u s  a sso c ia te d  m o d el e x p e rim en ts . W ith  so m e o f  th e se  

q u e s tio n s th e  e c o n o m ist c a n  enquire into a b s tru se  p o in ts in  e c o n o m ic  th e o ry , fo r 

e x a m p le , a s  to  w h e th er th e  in te re s t ra te  is  d e te rm in ed  b y  th e  s to ck  o r  f lo w ' o f  in v e st­

m e n t fu n d s . S u c h  q u e s tio n s a n d  e x p e rim en ts a b o u t th e  w o rld  in  th e m o d el m a k e  

d e m o n stra tio n s th a t e n a b le  th o se  th e o rie s to  b e c o m p a re d  w ith  e a ch  o th e r. A n d  

o n c e e c o n o m is ts h a v e d isco v e re d  h o w  th e ir w o rld  in  th e m o d e l w o rk s, th e y  

th is k n o w 'le d g e  to  g e n era te  fu rth e r q u e s tio n s a b o u t th o se  th eo rie s . A n o th e r se t o f  

q u e s tio n s a re p ro m p te d  b y  d iffe re n t h is to rica l o r c u rren t s itu a tio n s th a t tu rn  u p  

su c h  a s f in an c ia l c rise s o r g re a t d e p re ss io n s. T h e se d e liv e r e x p e rim e n ta l o u tco m e s  

to r th e  w o rld  in  th e  m o d el th a t e c o n o m is ts  w ill c o m p a re  w ith  th e  e v e n ts  th a t th e y  

o b serv e  in  th e w o rld . T h a t is , w ith  th e se  q u e stio n s , e c o n o m is ts enquire with th e  

m o d e l in to  th e  w o rld  th a t th e  m o d el re p re se n ts . E c o n o m is ts m a y  c o m e to  e x p la in  

o r re in te rp re t o r fin d  a n e w  u n d e rs ta n d in g  a b o u t so m e a sp e c ts  o f  th e re a l-w o rld  

b e h a v io u r th ro u g h  th e se  e x p e rim e n ta l m e a n s.4 7  T h a t is  h o w , b y  e x p erim en tin g  w ith  

th e  m o d e l, e c o n o m is ts  c a n  g a in  u n d e rstan d in g  a n d  p ro v id e  e x p lan a tio n s  of how the
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4 7 E c o n o m is ts  a lso  u se  th is  m o d e l-g en e ra ted  k n o w led g e  to  te a ch  o th e rs  th e ir in s ig h ts , fo r e x a m p le , 

e c o n o m is ts  u se d  th e  P h illip s -N e w ly n  M a c h in e  to  d e m o n stra te  a n d  e x p la in  th e  U K  G o v e rn m en t 

p o lic y  c h a n g e s  (a n  e x p e rim e n t  w ith  th e  M a c h in e  sc re en e d  b y  th e  B B C  a n d  v is ib le  n o w  o n  a  v id e o  

in  th e  L on d o n  S c ie n ce  M u se u m  n e x t to  th e  M a c h in e ).
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Modelling as a Method of Enquiry 37

economic world in the model works a n d  u se  th ese  in  a n  in fo rm a l  w a y  to  reflect on the 

workings of the real economy th a t th e  m o d e l is  ta k en  to  re p rese n t (se e  M o rg an  a n d  

B o u m a n s  2 0 0 4 , a n d  C h a p te r 5 ).

S o ,  m o d e llin g  a s  a  s ty le  o f  re aso n in g  in  e c o n o m ic s  w o rk s  a s  a  m e th o d  o f  e n q u iry  

c o m p risin g  p ro b in g  q u e stio n s , m a n ip u la tio n s  to  p ro v id e  d e m o n stra tio n s th a t a re  

b o th  d e d u c tiv e  a n d  e x p e rim e n ta l, a n d  in fo rm a l  in fe re n c e  a rg u m e n ts  in v o lv in g  e le ­

m e n ts  o f  n a rra tiv e  th a t o ffe r e x p la n a to ry  o r in te rp re ta tiv e  se rv ic e s. T h e se  c h a ra c­

te ris tics  a re  e x p lo re d  in  a  n u tsh e ll  fo rm a t  fo r  R ic ard o s  m o d e l fa rm in g  e x p erim en ts  

in  th e  n e x t  c h a p te r . A n d , w ith  a  w id e r  g a z e ,  th e se  c h a rac te ris tic s  o f  th e  s ty le  o f  p ra c ­

tic a l re aso n in g  o f  m o d e llin g  a re  e x p lo red  in  d iffe ren t w a y s, a n d  a t m u c h  g re a ter  

d ep th , in  th e  se c o n d  h a lf  o f  th e  b o o k .

6 . C o n clu s io n

R e aso n in g  w ith  m o d e ls  e n a b le s  e c o n o m is ts  to  e n q u ire  d ire c tly  in to  th e ir  th e o rie s  

o r  id e a s  a b o u t th e  w o rld , a n d  e n a b le s  th e m  to  e n q u ire  in d ire c tly  in to  th e  n a tu re  o f  

th e  e c o n o m ic  w o rld . T h e y  re a so n  a b o u t th e  sm a ll w o rld  in  th e  m o d e l a n d  re a so n  

a b o u t  th e  b ig  e co n o m ic  w o rld  w ith  th e  m o d e l;  th e y  re a so n  a b o u t  th e  th in  e c o n o m ic  

m a n  in  th e  m o d e l a n d  re a so n  a b o u t  re a l p e o p le  w ith  th e  m o d e l m a n . Y e t, c ritica lly , 

th e se  tw o  sp a ce s  o f  e x p lo ra tio n  a re  n o t  a lw a y s  c le a rly  d e m a rc a te d : in  w o rk in g  w ith  

m o d e ls  e c o n o m is ts  o fte n  s im u lta n e o u s ly  in v e s tig a te  th e  w o rld  in  th e  m o d e l  a n d  th e  

w o rld  th e ir  m o d e l re p re sen ts .  In  th is  se n se , re aso n in g  w ith  e c o n o m ic  m o d e ls  is  lik e  

re a so n in g  w ith  a s tro n o m ica l m o d e ls . T h o se  m o d e ls  e x e m p lif ie d  a s tro n o m e rs ’ th e ­

o rie s  a b o u t th e  a rran g e m e n ts  o f  th e  h e a v e n s , a n d  c o u ld  b e  u se d  to  e x p lo re  th e  fu ll  

im p lic a tio n s  a b o u t  th o se  id ea s  a t th e  v e ry  sa m e  tim e  a s  b e in g  u se d  to  o ffe r  e x p la n a ­

tio n s  o r  a c c o u n ts  fo r  p a rtic u la r  o b se rv ed  e v e n ts  o r  p a tte rn s  in  th e  b e h a v io u r  o f  th e  

h e a v e n ly  b o d ie s . E c o n o m ic  m o d e ls , lik e  th o se  m o d e ls  o f  th e  p la n e tary  sy s te m , a re  

o b je c ts  to  e n q u ire  in to  a n d  a rg u e  o v e r,  b u t  at the same time o n e s  to  ta k e  to  th e  w o rld  

a n d  e x p lo re  it to  g a in  u n d e rs tan d in g , in s ig h t, o r  e x p lan a tio n s  fro m  d o in g  so .

T h e  c o m p a riso n  b e tw e e n  a s tro n o m ica l m o d e ls  a n d  e c o n o m ic  m o d e ls  th a t h a s  

w o v e n  its  w a y  th ro u g h  th is  c h a p te r  is  n o t  ju s t a n  h e u ris tic  c o m p a riso n  th a t  h e lp s  u s  

se e  h o w  e c o n o m is ts  u se  m o d e ls ,  b u t  re m in d s  u s  th a t  th e  m o d e llin g  s ty le  o f  re a so n in g  

h a s  a n  illu s trio u s  h is to ry . In d e ed , th e  sc ien tif ic  re v o lu tio n  o f  th e  s ix te e n th  a n d  se v ­

e n te e n th  c e n tu rie s  w a s  n o t  ju s t  o n e  o f  c o n te n t, b u t  o f  s ty le s  o f  re aso n in g . M o d e llin g  

h a s  b e en  p o rtra y e d  a s  th e  w o rk in g  m e th o d  o f  G a lile o  n o  le ss , a n d  c o n tin u e s  to  b e  

p re v a le n t in  m o d e rn  n a tu ra l sc ien c es .4 8 D e sp ite th is  a n c es try , e c o n o m is ts a re  n o t  

q u ite  su re  th a t th e  m e th o d  h a s  a  c re d ib le  sc ie n tif ic  re sp ec ta b ility . M o d e ls  a re  re la ­

tiv e ly  sm all a n d  s im p le  c o m p a red  to  th e  e co n o m ic  w o rld , th e y  a re  m a d e  o f  d iffe r­

e n t m a te ria ls , a n d  c a n n o t  w e ll b e  a p p lie d  d ire c tly  to  th a t w o rld . E v e n  so , lik e  th o se

a

'•8

i

4 8 H a ck in g , fo r e x a m p le , rec o g n ises  it a s th e  b a s ic  m e th o d  o f  “c o sm o lo g y  a n d  c o g n itiv e  sc ie n ce  -  

n o n e  o th e r  th a n  th e  c h ief  m o d e rn  in s ta n c es  o f  th e  G alilea n  s ty le ... .”  (H a ck in g , 1 9 9 2 a , p . 7 ).
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C a i
m o d e ls o f  th e  u n iv e rse  o f  e a rlie r d a y s , e c o n o m ic m o d e ls m a y  c ap tu re  th e  h e art o f 

th e  p ro b le m s th a t e c o n o m is ts  se ek  to  u n d e rsta n d . M o d ellin g  is n o t a n  e asy  w a y  to  

f in d  tru th s a b o u t th e  e co n o m y , b u t ra th e r a  p ra c tica l fo rm  o f  re aso n in g  fo r e c o n o ­

m is ts , a  m e th o d  o f  e x p lo ra tio n , o f  e n q u iry , in to  b o th  th e ir id e as a n d  th e ir w o rld . 

T h a t is  th e  th e sis  o f  th is  b o o k .
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A c k n o w le d g em e n t
C h

E le m en ts o f  th is c h a p te r w e re w ritte n  fo r a n  a d d re ss “F o rm s a n d  T o o ls in  2 0 th  C e n tu ry  

E c o n o m ic s” to  th e  A sso c ia tio n  C h a rle s G id e  S e p te m b e r 1 9 9 9  in  P a ris , a t th e ir m e etin g  o n  

th e  th e m e “M o d e le s fo rm e ls e t th e o rie  e co n o m iq u e : h is to ire , a n a ly se , e p is tem o lo g iq u e s” . 

I th a n k  A n n ie C o t a n d  th e  S c ien tif ic  O rg a n is in g  C o m m itte e  o f  th a t so c ie ty  fo r th e ir in v ita ­

tio n , m e m o ra b le  fo r  th e  im p o s in g  ro o m  in  th e  S o rb o n n e  in  w h ic h  m y  ta lk  to o k  p lac e . T h e  

a rg u m e n t w a s su b se q u en tly  p re sen te d  a t D u k e U n iv ers ity  in  F e b ru ary  2 0 0 0 . M o re re ce n t 

e lem e n ts o f  th e  c h a p ter h a v e b e e n  d e v e lo p e d  fo r ta lk s  to  d e v e lo p m en t sp e c ia lis ts  a t B o n n  

(Z E E ), a t R o tte rd a m  (e c o n o m e trics sem in ar) , a t th e  U n iv e rsity  o f  O s lo ’s 7 5 th  A n n iv e rsa ry  

o f  th e ir In s titu te  o f  E c o n o m ic s, a t th e  S u m m e r In s titu te  fo r H is to ry  o f  E c o n o m ic T h o u g h t 

a t G e o rg e  M a so n  U n iv e rs ity , a t L e s T re illes , F ra n c e  fo r a  w o rk sh o p  o n  s ty le  in  sc ie n c e , a t th e  

U n iv ers ity  o f  T o ro n to  (H P S  sem in ar) , a t C h u n g  C h e n g  U n iv e rs ity , T a iw a n  (c o n fe re n c e o n  

“M o d e ls a n d  E v o lu tio n  in  E c o n o m ic s a n d  B io lo g y ” ), a n d  a t U n iv e rsity  o f  S a o  P a u lo , B ra z il 

(S y m p o siu m  o n  th e  “H is to ry  o f  P o s t-W a r E c o n o m ic s” ). I a m  g ra te fu l to  th o se w h o  c o m ­

m e n ted  o n  a ll th e se  o c c as io n s. I p a rtic u larly  th a n k : R o y  W e in trau b  fo r o u r m a n y  c o n v e rsa­

tion s a b o u t th e  h is to ry  o f  m a th em a tics in  re la tio n  to  e co n o m ics ; M a rc e l B o u m an s  fo r m a n y  

d iscu ssio n s o f m o d e llin g ; C h a rles B a d e n -F u lle r fo r c o m m e n tin g  so  c a re fu lly  o n  v a rio u s  

d ra fts  o f  th is c h a p te r; a n d  S h e ld o n  S te ed  fo r re se a rc h  a ssis ta n c e .
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