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In t roduc t io n 

The long fascination of historians, psychologists, philoso-

phers ,  an d scientist s wit h scientifi c  creativit y ha s produce d a 

wealt h o f  scattere d insight s abou t  specifi c  individual s an d 
episodes .  Fo r  th e mos t  par t  thes e hav e remaine d withi n disci -

plinar y confines .  Yet ,  t o advanc e t o a  deepe r  understandin g -

one tha t  provide s a  mor e genera l  theoretica l  perspectiv e 

whil e preservin g uniquenes s an d individualit y -  present s 

comple x problem s tha t  wil l  find  resolutio n onl y throug h th e 

combine d focu s o f  multipl e disciplinar y perspectives .  Cog -

nitiv e scienc e provide s th e venu e fo r  suc h a  convergenc e o f 
disciplinar y perspective s o n creativit y t o tak e place .  Thi s 

symposiu m bring s togethe r  perspective s fro m cognitiv e psy -

chology ,  philosoph y an d histor y o f  science ,  scienc e educa -
tion ,  an d a.i .  Th e dat a examine d i n thes e investigation s 

compris e historica l  cas e studies ,  protocol s o f  contemporar y 
scientists ,  an d computationa l  models .  Th e question s 

addresse d include :  W h a t  cognitiv e mechanism s ar e 

employe d i n generatin g creativ e proble m solutions ? I n gen -

eratin g ne w representations ? Ar e thes e i s an y sens e "special " 

t o creativity ? W h a t  functio n doe s curren t  knowledg e have ? 

What  role s d o serendipit y an d "flashe s o f  insight "  play ? Ca n 

automate d system s d o creativ e problem-solving ? Ca n the y 

make scientifi c  discoveries ? Wil l  understandin g creativ e 

thinkin g yiel d insight s fo r  scienc e pedagogy ? Althoug h ou r 
focu s i s o n science ,  th e kind s o f  creativ e processe s w e dis -
cus s ar e a s centra l  t o creativ e thinkin g i n th e humanitie s an d 

art s a s the y ar e i n th e sciences .  See n throug h th e len s o f  cre -
ativity ,  th e gul f  betwee n th e "tw o cultures "  i s no t  a s wid e a s 

customaril y presumed . 
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Cognitive scientists have used many approaches to investi-

gat e scientifi c  creativity ,  rangin g fro m conductin g experi -

ments ,  an d analyzin g diarie s o f  scientists ,  t o 

computationa l  simulation s o f  th e discover y process .  Thes e 

divers e approache s hav e resulte d i n man y importan t  mod -

el s an d theorie s o f  scientifi c  creativity .  However ,  despit e 
th e larg e amoun t  o f  researc h conducted ,  littl e i s know n 

abou t  th e cognitiv e mechanism s underlyin g creativ e dis -

coverie s tha t  curren t  da y scientist s make .  I n thi s talk ,  I  wil l 

presen t  a  summar y o f  ongoin g researc h i n whic h I  a m 

investigatin g th e cognitiv e mechanism s use d b y current -

day molecula r  biologist s whe n reasonin g abou t  thei r 

researc h "on-line" .  Dat a wer e collecte d ove r  a  on e yea r 

perio d i n fou r  leadin g molecula r  biolog y laboratorie s fol -

lowin g al l  aspect s o f  particula r  scientifi c  researc h project s 

includin g plannin g o f  th e research ,  executio n o f  th e exper -

iments ,  evaluatio n o f  experimenta l  results ,  la b meetings , 
publi c talks ,  an d th e writin g o f  journa l  articles .  S o m e 

project s resulte d i n scientifi c  discoveries ,  an d som e di d 
not .  Thi s provide s a  nove l  databas e wit h whic h t o addres s 

fundamenta l  question s concernin g th e cognitiv e processe s 

involve d i n scientifi c  creativity .  Usin g thi s database ,  I  wil l 

discus s thre e importan t  set s o f  heuristic s tha t  ar e involve d 

i n th e generatio n o f  ne w scientifi c  theories :  Regiona l  Ana -
logica l  reasoning .  Focusin g o n unexpecte d findings,  an d 

th e us e o f  visua l  diagram s t o bot h deduc e an d induc e ne w 

hypotheses .  A n overvie w o f  thes e findings  ca n b e foun d i n 
Dunbar  (1994) . 

Analogical reasoning heuristics. By analyzing transcripts 
of  laborator y meeting s w e hav e bee n abl e t o specif y h o w 
analogica l  reasonin g i s involve d i n hypothesi s generation . 

I n particular ,  w e hav e foun d tha t  th e type s o f  "distan t  anal -
ogies "  allude d t o i n th e literatur e o n creativit y (e.g. ,  th e 
ato m i s lik e th e sola r  system )  wer e no t  use d t o mak e dis -

coveries .  Rathe r  scientist s use d thes e "long-distance " 

analogie s t o hel p a n audienc e understan d a  particula r  phe -

nomenon,  o r  mak e a  point .  Instead ,  w e hav e foun d tha t 

analogie s fro m th e sam e domai n -"regiona l  analogies "  -
ar e ofte n use d t o sugges t  ne w hypothese s an d theories .  Fo r 
example ,  a n H T V la b dre w analogie s betwee n th e H I V 

viru s an d othe r  viruse s t o formulat e ne w hypothese s 

regardin g th e mechanis m o f  specifi c  gene s o n th e virus . 
Thus ,  Regiona l  analogie s lea d t o th e generatio n o f  ne w 

hypotheses . 
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Use o f  unexpecte d finding s heuristics .  W e hav e foun d tha t 

scientist s focu s o n unusua l  an d unexpecte d finding s an d tha t 

the y hav e develope d specifi c  set s o f  heuristic s fo r  decidin g 

whic h type s o f  finding s t o focu s on .  I  wil l  specif y a  numbe r 

of  thes e heuristic s an d argu e tha t  th e mai n purpos e tha t  the y 

serv e i s on e o f  constrainin g th e generatio n o f  a  potentiall y 

infinit e numbe r  o f  nove l  hypothese s t o a  muc h smalle r  set . 

(Se e als o Dunba r  199 3 &  Dunba r  an d Baker ,  i n press ) 

Diagrammatic reasoning heuristics. While a number of 

theorist s hav e argue d tha t  visua l  image s ar e importan t  i n sci -

entifi c  discoveries ,  mos t  dat a ha s consiste d o f  retrospectiv e 

account s an d i t  ha s bee n difficul t  t o propos e th e wa y tha t  sci -

entist s use d image s an d diagrams .  I n thi s dat a se t  w e hav e 

m a ny example s o f  scientists '  "on-line "  reasonin g usin g dia -

gram s an d images .  Thu s w e ca n n o w specif y som e o f  th e 

diagrammati c reasonin g heuristic s tha t  scientist s use . 
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In an earlier paper (Ip{>olito & Tweney, in press), we argued 

tha t  a n understandin g o f  creativ e scientifi c  though t  require d 

attentio n t o th e presymboli c processe s b y whic h perceptua l 

construct s ar e transforme d int o derive d structure s whic h i n 

tur n ar e use d t o bridg e th e ga p betwee n th e symboli c prod -

uct s o f  creativit y an d th e environmentally-boun d aspect s o f 

perception .  I n th e presen t  context ,  w e wil l  briefl y sketc h a n 

historica l  cas e stud y o f  Michae l  Farada y (1791-1867 )  tha t 

serve d a s th e illustratio n fo r  ou r  claim ,  indicat e w h y atten -

tio n t o presymboli c processe s i s necessar y fo r  a n understand -

in g o f  th e case ,  an d exten d ou r  argumen t  fo r  th e analysi s o f 

presymboli c processe s i n creativity .  W e thu s inten d t o sho w 

tha t  th e usua l  approac h t o understandin g scientifi c  creativity , 

tha t  is ,  tha t  i t  ca n b e understoo d a s resultin g fro m th e combi -

natoria l  pla y o f  symboli c representations ,  i s  inadequate . 

Instead ,  i t  i s  usefu l  t o distinguis h a n intermediat e level , 

whic h w e calle d th e inceptual ,  t o bridg e th e ga p betwee n th e 

perceptua l  an d th e symbolic . 

Faraday is best known for his discovery of electromagnetic 

inductio n i n Augus t  o f  1831 .  Earlie r  i n tha t  year ,  however ,  h e 

engage d i n tw o programmati c researches ,  on e o n acoustica l 

vibration s an d on e o n certai n optica l  illusions .  Twene y 

(1992 )  argue d tha t  eac h serve d t o prepar e Farada y fo r  th e 

attentio n t o transien t  phenomen a whic h wa s a n essentia l  par t 

of  th e mor e famou s Augus t  discovery .  Eac h researc h pro -

gram ,  however ,  require d Farada y t o experimen t  upo n th e 

perceptua l  an d cognitiv e processe s o f  th e observer ,  a s wel l 

as th e physica l  processe s underlyin g th e phenomena .  I n 

brief ,  Farada y wa s require d t o formulat e cognitiv e psycho -

logica l  hypothese s a s wel l  a s physica l  hypothese s t o full y 

understan d th e domai n o f  study . 

Ippolito & Tweney (in press) argued that much of the 

recorde d experimentatio n i n thes e tw o program s coul d b e 

understoo d a s attempt s b y Farada y t o bridg e a  ga p 

betwee n purel y perceptua l  phenomen a an d purel y sym -

boli c representation s ~  menta l  model s o f  th e physica l  pro -

cesses .  Constructin g th e appropriat e menta l  models , 

however ,  require d tha t  h e firs t  formulat e a  quasi -  percep -

tua l  representatio n tha t  selectivel y filtere d an d transforme d 

aspect s o f  th e perceptua l  phenomena ,  resultin g i n interme -

diat e structure s tha t  w e calle d inceptions .  I n contras t  t o 

perceptions ,  thes e wer e no t  isomorphi c t o a  "seen "  reality , 

and ,  i n contras t  t o th e fully-forme d menta l  model s tha t 

constitute d th e scientifi c  explanatio n o f  th e phenomena , 

the y di d no t  hav e a  fixe d symboli c character . 

In effect, then, we argue for the existence of two separable 

(an d interdependent )  activitie s o f  constructio n o n th e par t 

of  th e scientist .  First ,  purel y perceptua l  phenomen a mus t 

be selecte d an d altere d i n orde r  t o ope n th e possibilit y  o f 

constructiv e "play "  no t  boun d b y externa l  inputs .  Second , 

th e symboli c representation s tha t  constitut e th e menta l 

model  itsel f  mus t  b e constructe d ou t  o f  thes e inceptua l 

structures . 

Creativi t y a n d C o n c e p t u a l  C h a n g e 

Nanc y J .  Nersessia n 

No one would deny that conceptual innovation and change 

i s on e o f  th e mos t  creativ e an d extraordinar y dimension s 

of  scientifi c  activity .  Th e outcomes ,  i.e. ,  ne w representa -

tiona l  system s fo r  understandin g th e world ,  ar e customar -
il y  perceive d t o b e th e work s o f  geniuse s -  th e Newtons , 

Darwins ,  o r  Einstein s o f  humanit y -  whos e menta l  capaci -

tie s an d way s o f  thinkin g li e fa r  outsid e o f  dios e o f  ordi -

nar y mortals .  Philosopher s o f  scientifi c  metho d hav e 

accepte d thi s mythology .  Perhap s w e ca n hop e t o under -

stan d th e natur e o f  th e logica l  an d meanin g relationship s 

betwee n th e ol d an d ne w conceptua l  system s o r  whethe r  o r 

not  th e proces s throug h whic h th e ne w system s ar e 

adopte d i s rational ,  bu t  th e processe s o f  thei r  innovatio n 

ar e wholl y mysterious . 

Previously, I have argued (1984, 1992, 1993) that when 

on e examine s th e practice s o f  scientist s w h o hav e create d 

ne w conceptua l  structures ,  a  rathe r  differen t  pictur e 

emerges .  Conceptua l  chang e i s a  problem-solvin g proces s 
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whereb y scientist s articulat e speculativ e intuition s int o via -

bl e representations ,  communicat e thes e t o thei r  colleagues , 

and adop t  the m i n lie u o f  existin g representations .  Thus ,  con -

ceptua l  chang e i s extende d i n time ,  dynami c i n naCurc ,  an d 

embedded i n socia l  contexts .  Thi s depictio n shift s ou r  focu s 

fro m th e product s o f  conceptua l  chang e t o th e processe s 

whereb y chang e come s about .  O n thi s interpretation ,  scien -

tifi c  creativit y wil l  bes t  b e understoo d no t  b y focusin g o n it s 

outcomes ,  bu t  rathe r  o n th e methodologica l  practice s tha t 

constitut e th e creativ e processes .  Thus ,  philosophica l  notion s 

of  scientifi c  metho d nee d expansio n t o encompas s creativ e 

theoretica l  an d experimenta l  practice s mos t  o f  whic h can -

not  b e reduce d t o a n algorithm ,  ar e no t  alway s productiv e o f 

solutions ,  an d ca n sometime s lea d on e astray .  I n conceptua l 

chang e scientist s combin e huma n cognitiv e resource s wit h 

th e conceptua l  an d analytica l  resource s availabl e t o the m a s 

members o f  scientifi c  communitie s an d wide r  socia l  context s 

t o create ,  communicate ,  an d adop t  ne w representation s o f  a 

domain .  T o fatho m h o w the y d o thi s require s a  multidisci -

plinar y approach :  on e tha t  combine s historica l  researc h wit h 

cognitiv e investigation s o f  huma n reasonin g an d representa -

tion .  Thi s presentatio n wil l  focu s o n a n innovativ e practic e 

tha t  I  cal l  "constructiv e modeling" ;  specificall y a s use d b y 

James Cler k Maxwel l  t o creat e a  field  representatio n o f  elec -

tromagneti c force s (Nersessia n 1992 ,  i n press) . 

Analogical reasoning played a key role in Maxwell's think-

ing ,  a s di d visua l  representatio n an d though t  experimenting . 

But ,  thes e wer e use d i n a n integrate d proces s tha t  differ s 

fro m th e processe s usuall y discusse d i n th e literatur e o n 

analog y an d o n visua l  reasoning .  I n constructiv e modelin g 

th e targe t  an d sourc e domain s interac t  i n a  problem-solvin g 

proces s t o creat e hybri d model s tha t  becom e th e object s o f 
reasoning .  Thes e model s ar e create d fro m multipl e source s 

and informationa l  format s an d ar e entertaine d a s plausibl e 

representation s o f  th e phenomen a unde r  investigation .  Wha t 
i s extraordinar y abou t  Maxwell' s  achievemen t  i s tha t  b y 
drawin g fro m analogica l  source s i n domain s withi n Newto -

nia n mechanics ,  h e formulate d th e law s o f  a  non-Newtonia n 
dynamica l  system . 

The Maxwell case furnishes a striking example of a practice 

tha t  seem s als o t o b e employe d i n scientifi c  reasonin g i n 

more ordinar y circumstance s (e.g.,Clemen t  1989) .  I n thi s 
broade r  context ,  I  wil l  discus s a  unifie d accoun t  o f  analogi -
cal  reasonin g an d menta l  modelin g bein g develope d wit h 

James Greeno .  Althoug h th e historica l  recor d provide s onl y 

trace s o f  cognitiv e activity ,  placin g thes e withi n th e frame-
wor k o f  cognitiv e researc h open s th e possibilit y  o f  goin g 

beyon d th e specifi c  cas e stud y t o mor e genera l  conclusion s 
abou t  th e natur e o f  cognitiv e mechanism s implicate d i n cre -
ativ e proble m solvin g an d conceptua l  change . 
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Some central issues in discussions of creative processes in 

scienc e ar e (1 )  th e mechanism(s )  b y whic h hypothesi s for -

matio n take s place ;  (2 )  th e source s o f  ne w knowledg e dur -

in g hypothesi s formation ;  an d (3 )  th e Eurek a vs .  stead y 

accumulatio n (accretion )  issu e concernin g th e pac e o f 

chang e durin g hypothesi s formation .  I n ou r  wor k w e hav e 

been investigatin g th e questio n o f  whethe r  dat a from  tran -

script s o f  scientist s thinkin g alou d ha s th e potentia l  t o 

spea k t o thes e issues .  I n suc h studie s on e sometime s 

observe s a  subjec t  generatin g a  ne w explanator y mode l 

hypothesis~ a qualitativ e pictur e o r  descriptio n o f  a  hidde n 

proces s tha t  explain s a  phenomenon . 

Observations from such case studies indicate the follow-

ing :  (1 )  A  ne w hypothesi s ca n b e develope d an d evaluate d 

by a  scientis t  i n th e absenc e o f  ne w empirica l  informatio n 

vi a though t  experiment s an d othe r  mean s tha t  includ e pro -
cesse s tha t  ar e neithe r  deductio n no r  inductio n b y enumer -

ation .  (2 )  I n particular ,  analogie s ca n pla y a  rol e i n th e 

generatio n o f  ne w hypotheses .  (3 )  Analogou s case s ar e no t 

onl y produce d b y association s t o existin g case s i n m e m-

ory ,  bu t  b y transformation s whic h ca n generat e newl y 

invente d cases .  (4 )  I n som e instance s "Aha! "  episode s ar e 

observe d whic h lea d t o creativ e insights .  I t  i s  argue d tha t 

thes e ca n involv e fairl y  sudde n reorganization s tha t  brea k 

away from  previou s assumption s bu t  d o no t  necessaril y 
involv e extraordinar y o r  unconsciou s reasoning .  (5 )  Anal -
ogie s ca n hel p trigge r  suc h breakthroughs .  (6 )  Usin g a 

roug h analog y a s a  startin g point ,  a  ne w explanator y 

model  ca n b e develope d vi a a  successiv e refinemen t  pro -
ces s o f  hypothesi s generation ,  evaluation ,  an d modifica -
tion ,  tha t  goe s wel l  beyon d simpl e analogica l  reasoning . 

This suggests a view of hypothesis formation in science 
tha t  i s  mor e comple x tha n ca n b e provide d b y a n inductiv -

ist ,  rationalist ,  Eurekaist ,  o r  accretionis t  positio n alone .  I n 
one extende d cas e stud y w e foun d tha t  w e coul d documen t 

step s i n eac h o f  five  passe s thoug h suc h a  cycl e b y identi -

fyin g clause s i n transcript s tha t  gav e evidenc e fo r  eac h 

step .  Thu s i t  appear s t o b e possibl e t o stud y hypothesi s 
formatio n processe s i n thin k alou d protocol s o f  experts . 

The analog y plu s mode l  constructio n cycl e discusse d ha s 

educationa l  application s becaus e i t  provide s a  descriptio n 

of  a  proces s student s ca n us e t o lear n scientifi c  models . 
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What are the characteristics that an automated agent must 

posses s i n orde r  t o b e considere d creative ? Naturally ,  th e an -

swer  t o thi s questio n depend s i n larg e par t  o n h o w on e define s 

creativity .  Le t  u s first  conside r  thre e differen t  way s i n whic h 

humans ar e sai d t o b e creative .  I n th e mos t  litera l  sens e o f  th e 

term ,  human s appea r  t o creat e nove l  idea s an d thought s base d 

on a  synthesi s o f  thei r  experiences .  A  perhap s mor e tradition -

al  definitio n fo r  creativit y describe s th e generatio n o f  a n un -

usua l  solutio n fo r  a n importan t  o r  difficul t  problem .  Finally . 

i f  a n individua l  display s a  propensit y fo r  generatin g suc h in -

dividual ,  creativ e acts ,  w e woul d describ e tha t  individua l  a s 

creativ e i n general . 

We are left with the question of which mechanisms and ca-

pabilitie s woul d b e require d fo r  a n automate d agen t  t o exhibi t 

eac h o f  thes e type s o f  creativity .  Th e basi c capabilit y  o f  cre -
atin g ne w idea s cju i  b e accomplishe d b y a n agen t  tha t  "imag -

ines "  o r  construct s ne w concept s o r  behavior s fro m primitiv e 

feature s an d action s tha t  i t  ha s experienced .  Suc h a n agen t 

must  b e abl e t o retriev e knowledg e an d hav e a  mechanis m fo r 

generalizin g an d combinin g knowledg e t o addres s th e curren t 

task .  A  basi c abilit y  o f  thi s sor t  i s  simpl e enoug h t o imple -

ment ,  bu t  th e spac e o f  constructibl e concept s an d behavior s i n 

any realisti c domai n i s immense .  Th e difficul t  par t  i s  control -

lin g generation .  Fo r  example ,  th e C o b w e b syste m (Fisher , 

1987 )  ha s a  larg e spac e o f  categorie s i t  ca n generat e fro m ob -

serve d instances .  I t  control s searc h throug h thi s spac e b y cre -

atin g categorie s tha t  increas e predictiv e power .  A M (Lenat , 

1977 )  create s arithmeti c concept s b y combinin g primitiv e 

predicate s an d previousl y create d concepts .  Searc h throug h 

th e enormou s spac e o f  combination s i s controlle d b y heuris -

tic s tha t  judg e mathematica l  interest .  I n thi s manner ,  th e con -
cept s C o b w e b .  A M .  an d othe r  machin e discover y system s 

creat e ar e a  functio n o f  thei r  particula r  contro l  strategie s an d 

th e backgroun d knowledg e the y posses s a t  an y instan t  i n 

time . 

As mentioned above, an individual creative act usually in-

volve s th e creatio n o f  a  nove l  solutio n t o a  p rob lem— a solu -

tio n tha t  woul d no t  b e create d unde r  norma l  circumstances . 

Thus ,  somethin g mus t  b e unusua l  eithe r  abou t  th e agent' s 

knowledg e o f  th e curren t  problem ,  o r  th e situatio n i n whic h 

tha t  knowledg e i s brough t  t o bear .  Fo r  example .  Eurek a 

(Jones ,  1989 ;  Langle y &  Jones ,  1988 )  explain s episode s o f 

creativ e insigh t  a s a  fortuitou s stimulu s causin g th e retrieva l 

of  a  store d situatio n tha t  ca n b e mappe d b y analog y t o creat e 

a ne w solutio n t o a  problem .  Th e Gip s syste m (Jone s &  Van -

Lehn ,  i n press )  invent s ne w problem-solvin g strategie s b y 

gatherin g specifi c  problem-solvin g experience s an d identi -

fyin g correlate d pattern s i n th e feature s tha t  describ e them . 

At  som e point ,  a  particula r  proble m ca n caus e a  ne w corre -

latio n t o b e identified ,  leadin g t o th e inventio n o f  a  ne w 

strategy .  I n othe r  words ,  individua l  creativ e act s aris e fro m 

th e serendipitou s combinatio n o f  th e agent' s knowledg e 

and it s situation .  Thi s combinatio n highlight s th e fac t  tha t 

i t  i s  no t  jus t  importan t  wha t  a n intelligen t  agen t  knows ,  bu t 

als o h o w tha t  knowledg e i s organized ,  retrieved ,  an d used . 

Having discussed the general requirements for generating 

individua l  creativ e acts ,  w e tur n t o th e condition s unde r 

whic h a  syste m migh t  displa y a  propensit y t o generat e suc h 

acts .  First ,  suc h a n agen t  mus t  hav e sufficien t  knowledg e i n 

th e particula r  domain .  Thi s aid s th e agen t  bot h i n identify -
in g th e problem s fo r  whic h creativ e solution s migh t  b e use -

ful ,  an d i n providin g a  stor e o f  informatio n fro m whic h t o 

creat e a  nove l  solution .  Second ,  thi s knowledg e mus t  b e in -

dexe d i n a  manne r  conduciv e t o creativ e application .  In -

dexin g i s influence d b y th e situation s an d problem s th e 

agen t  experience s (eithe r  deliberatel y o r  b y chance )  an d th e 

succes s o f  variou s strategie s fo r  dealin g wit h thos e situa -

tion s an d problems .  Finally ,  som e even t  mus t  trigge r  th e re -

trieva l  o f  knowledg e tha t  lead s t o a  creativ e act .  Again ,  thi s 

m ay happe n b y chance ,  o r  becaus e th e agen t  ha s pu t  itsel f 

int o a  positio n i n whic h suc h a n even t  i s  likel y t o occur .  Th e 

"creative "  agen t  wil l  eithe r  b e on e tha t  i s ver y lucky ,  o r  i t 

wil l  b e a n agen t  tha t  create s situation s fo r  itsel f  i n whic h 

discoverie s ar e likely ,  an d tha t  engineer s it s experience s t o 

encourag e th e retrieva l  o f  appropriat e knowledg e whe n 

creativ e solution s ar e calle d for .  System s suc h a s Eurek a 

and Gip s hav e th e abilit y  t o tak e advantag e o f  thei r  situa -

tion s t o generat e creativ e acts .  W e wil l  discus s possibl e ex -

tension s t o suc h system s tha t  woul d lea d t o th e activ e pur -

sui t  o f  experience s tha t  woul d encourag e creativity . 
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