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Abstrac t 

We hypothesize generic models to be central in conceptual 
chang e i n science .  Thi s hypothesi s ha s it s  origin s i n tw o 
theoretica l  sources .  Th e firs t  source ,  constructiv e modeling , 
derive s fro m a  philosophica l  theor y tha t  synthesize s 
analyse s o f  historica l  conceptua l  change s i n scienc e wit h 
investigation s o f  reasonin g an d representatio n i n cognitiv e 
psychology .  Th e theor y o f  constructiv e modelin g posit s 
generi c menta l  model s a s productiv e i n conceptua l  change . 
Th e secon d source ,  adaptiv e modeling ,  derive s fro m a 
computationa l  theor y o f  creativ e design .  Th e theor y o f 
adaptiv e modelin g use s generi c menta l  model s t o enabl e 
analogica l  transfer .  Bot h theorie s posi t  situatio n 
independen t  domai n abstractions ,  i.e .  generi c models . 
Usin g a  constructiv e modelin g interpreutio n o f  th e 
reasonin g exhibite d i n protocol s collecte d b y Joh n Clemen t 
(1989 )  o f  a  proble m solvin g sessio n involvin g conceptua l 
change ,  w e emplo y th e representationa l  construct s an d 
processin g structure s o f  th e theor y o f  adaptiv e modelin g t o 
develo p a  ne w computationa l  model ,  T o R Q U E.  Her e w e 
describ e a  piec e o f  ou r  analysi s o f  th e protoco l  t o illustrat e 
h o w ou r  synthesi s o f  th e tw o theorie s i s  bein g use d t o 
develo p a  syste m fo r  articulatin g an d testin g T o R Q U E.  Th e 
result s o f  ou r  researc h sho w ho w generi c modelin g play s a 
centra l  rol e i n conceptua l  change .  The y als o demonstrat e 
h o w suc h a n interdisciplinar y synthesi s ca n provid e 
significan t  insight s int o scientifi c  reasoning . 

1. Conceptual Change in Science 

I n m a n y instances ,  solvin g nove l  o r  difficul t  problem s 
lead s t o conceptua l  change .  Suc h conceptua l  chang e ca n 
rang e firom  mino r  change s i n existin g concept s t o th e 
radica l  kin d o f  chang e on e associate s wit h "scientifi c 
revolutions" .  A  significan t  issu e i n modelin g conceptua l 
chang e i s h o w existin g knowledg e ca n b e use d i n creatin g 
genuinel y nove l  understandings .  W e hypothesiz e tha t 
generi c model s pla y a  ke y rol e i n creatin g thes e ne w 
understandings .  Thes e model s encompas s domai n 
properties ,  relations ,  principles ,  an d mechanisms . 

T o explor e thi s hypothesi s w e analyz e th e rol e o f 
generi c model s i n a  proble m solvin g protoco l  collecte d b y 
Joh n Clemen t  (1989) .  Ou r  analysi s make s us e o f  th e 
"cognitive-historical "  theor y o f  constructiv e modelin g 
(Sectio n 3 )  t o provid e a  conceptua l  interpretatio n o f  th e 

problem-solvin g sessio n (Sectio n 4) .  W e the n joi n thi s 
analysi s wit h th e computationa l  theor y o f  adaptiv e 
modelin g (Sectio n 5 )  tha t  w e believ e provide s th e 
representationa l  construct s an d processin g structure s 
necessar y t o mode l  th e protoco l  a s s o analyzed .  Together , 
th e conceptua l  interpretatio n an d th e computationa l  theor y 
enabl e th e developmen t  o f  a  ne w computationa l  theor y w e 
cal l  T o R Q U E (Theor y Revisio n throug h Questions , 
Understanding ,  an d Evaluation )  an d a  syste m whic h 
instantiate s thi s model .  (Sectio n 7) . 

2. The Clement Protocol 

The proble m pose d i n th e Clemen t  protoco l  i s  a s 
follows : 

".. .  a  weigh t  i s hun g fro m a  spring .  Th e origina l  sprin g 
i s replace d wit h a  sprin g mad e o f  th e sam e kin d o f  wire ; 
wit h th e sam e numbe r  o f  coils ;  bu t  wit h coil s tha t  ar e 
twic e a s wid e i n diameter .  Wil l  th e sprin g stretc h for m 
it s natura l  lengt h more ,  less ,  o r  th e sam e amoun t  unde r 
th e sam e weight ? (Assum e th e mas s o f  th e sprin g i s 
negligibl e compare d t o th e mas s o f  th e weight. )  W h y d o 
yo u thin k so? "  (Figur e 1  a  &  b ) 

In the study, subjects were asked to assess their confidence 
i n thei r  answe r  an d i n thei r  understanding .  W e focu s o n 
on e subject ,  S2 ,  w h o change d hi s concep t  o f  a  sprin g b y 
incOTporatin g th e physica l  principl e o f  torqu e int o hi s 
understandin g o f  h o w spring s function . 

Unabl e t o solv e th e proble m directly ,  S 2 bega n b y 
reasonin g tha t  a  sprin g w h e n i t  i s  u n w o u n d i s lik e a  flexibl e 
ro d (Figur e Ic) .  H e the n reasone d tha t  a  sprin g o f  twic e th e 
diamete r  ca n b e u n w o u n d int o a  longe r  rod ,  whic h wil l 
ben d farthe r  give n equa l  forc e (Figur e Id) .  F r o m thi s h e 
conclude d (correctly )  tha t  a  sprin g o f  twic e th e diamete r 
wil l  stretc h farthe r  give n equa l  force .  S2 ,  however ,  unlik e 
most  o f  th e participant s i n th e study ,  wa s no t  confiden t  o f 
thi s answer .  H e notice d tha t  a  significan t  differenc e 
betwee n th e stretche d sprin g an d th e ben t  ro d i s  tha t  th e 
ben t  ro d ha s a  varyin g slope ,  whil e th e sprin g ha s a 
constan t  slope ,  i.e. ,  th e spac e betwee n th e coil s i s  unifor m 
bot h befor e an d afte r  th e sprin g i s  stretched .  A t  thi s poin t 
S2 constructe d th e model s tha t  ar e th e primar y focu s o f  ou r 
modelin g effor t  (Figur e le-i) .  Thes e model s wer e 
constructe d base d o n salien t  difference s betwee n th e sprin g 

'  Thi s researc h wa s funde d i n par t  b y NS F Gran t  No .  IRI-92-1092 5 an d i n par t  b y O N R Gran t  No .  N00014-92-J-1234 .  W e than k Joh n Clemen t  fo r  th e us e o f 
hi s protoco l  transcript ,  Jame s Green o fo r  hi s contributio n t o developin g ou r  constructiv e modelin g intetpfctatio n o f  it ,  an d Rya n Twene y fo r  hi s helpfu l  comment s 
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and th e flexibl e rod ,  an d ar e designe d t o resolv e wha t  S 2 
regarde d a s a n anomaly :  th e nonunifor m slop e o f  th e 
bendin g ro d (se e Darde n 199 1 o n anomal y resolution) .  H e 
eventuall y constructe d a  mode l  o f  a  hexagona l  coi l  (Figur e 
Ig )  tha t  le d t o th e understandin g tha t  a  sprin g maintain s it s 
constan t  slop e throug h th e twis t  o f  th e coi l  wir e durin g 
stretching .  Th e notio n o f  torqu e wa s no t  presen t  i n S2' s 
origina l  mode l  o f  spring ,  s o w e conten d tha t  S2' s concep t  o f 
a sprin g i s change d i n th e proble m solvin g process . 
Althoug h w e ar e modelin g th e whol e protood ,  give n spac e 
limitation s w e wil l  focu s o n jus t  thi s fina l  piec e o f 
reasonin g an d h o w w e interpre t  i t  a s employin g "generi c 
models" . 

Figur e 1 :  Clemen t  Figure s 

3. Constructive Modeling 

Nersessia n (1992 ,  1995 ,  i n press )  ha s argue d tha t 
genera l  mode s o f  reasonin g suc h a s visua l  reasoning , 
though t  experiment ,  analogy ,  an d generi c abstractio n pla y 
significan t  role s i n scientifi c  conceptua l  change .  Thes e 
variou s mode s ofte n ar e employe d togethe r  i n a n iterativ e 
reasonin g proces s w e cal l  "constructiv e modeling. " 
Constructiv e modelin g i s a  semanti c proces s i n whic h th e 
model s produce d ar e propose d a s interpretation s o f  th e 
targe t  satisfyin g specifi c  constraints .  Figur e 2  provide s a 
schemati c representatio n o f  suc h a  process .  Constructin g a 
model  start s wit h propertie s an d relation s o f  a  targe t  syste m 
tha t  serv e a s constraint s t o b e satisfie d b y th e initia l  model . 
A sourc e domai n satisfyin g som e initia l  targe t  constraint s i s 
selected .  Fro m thi s domai n a n initia l  analo g mode l  i s 
retrieve d o r  i s constructe d i n th e cas e wher e n o direc t 
analog y exists .  Thi s initia l  mode l  -  an d eac h constructe d 
model  serve s a s a  sourc e o f  additiona l  constraint s tha t 
interac t  wit h thos e provide d b y th e targe t  syste m t o creat e 
an enhance d understandin g o f  th e target ,  i n particula r  b y 
makin g explici t  furthe r  targe t  constraints .  Th e constraint s 
ca n b e supplie d i n differen t  informationa l  formats , 
includin g equations ,  texts ,  kinesthetic ,  diagrams ,  pictures , 
maps,  an d physica l  models .  Th e mode l  constructio n 
proces s involve s differen t  form s o f  abstractio n (limitin g 
case ,  idealization ,  generalization ,  generi c abstraction) , 
constrain t  satisfaction ,  adapution ,  simulation ,  an d 

evaluation .  Additiona l  sourc e domain s m a y b e calle d upo n 
throughou t  th e iterations .  Thi s cycl e i s repeate d unti l  a 
satisfactor y representatio n o f  th e targe t  proble m i s 
achieved .  Thi s representatio n i s a  mode l  o f  th e sam e typ e 
as th e targe t  proble m wit h respec t  t o th e salien t  targe t 
constraints .  W e interpre t  S2' s reasonin g t o b e a  cas e o f 
constructiv e modeling . 

appl y 
Gencnc 
Model 

Targe l 

derive d 
constraint s 

Enhance d denve d Model 

Initia l  Mode l 

Domai n rovide 

Constraint s 

Figur e 2 :  Constructiv e Modelin g 

Clearly, to engage in constructive modeling the 
reasone r  need s t o k n o w th e generativ e principle s an d 
constraint s fo r  physica l  model s i n on e o r  mor e domains . 
Thi s i s w h y analog y play s suc h a  significan t  rol e i n th e 
constructiv e modelin g process .  O n ou r  account ,  th e 
functio n o f  analogie s i s t o provid e constraint s an d 
generativ e principle s f w buildin g models .  Thi s vie w i s i n 
contras t  t o th e direc t  transfe r  vie w o f  mos t  computationa l 
model s (Se e fo r  exampl e Falkenhaine r  e t  al. ,  1989 ; 
Holyoa k &  Thagar d 1989 )  Thu s w e vie w relation s betwee n 
domain s i n term s o f  th e constraint s the y share .  Thes e 
constraint s an d principle s m a y b e represente d i n th e 
differen t  informationa l  format s an d knowledg e structure s 
tha t  ac t  eithe r  a s explici t  o r  taci t  assumption s employe d i n 
constructin g an d adaptin g model s durin g proble m solving . 
Sinc e thes e constraint s ar e domain-specifi c  the y nee d t o b e 
understoo d a t  a  sufficien t  leve l  o f  abstractio n i n orde r  fo r 
retrieval ,  transfer ,  an d integratio n t o b e possible .  W e cal l 
thi s leve l  o f  abstractio n "generic" . 

W h at  w e mea n ca n easil y b e conveye d b y lookin g a t  a 
simpl e exampl e take n fro m Poly a (1954) .  Poly a considere d 
tw o cases ,  abstractin g fro m a n equilatera l  triangl e t o a 
triangle-in-genera l  an d fro m i t  t o a  polygon-in-genera l 
(Figur e 3) .  Los s o f  specificit y i s th e centra l  aspec t  o f  thi s 
kin d o f  abstractio n process .  W e cal l  thi s proces s "generi c 
abstraction. "  T h e generi c triangl e create d i n thi s 
abstractio n proces s i s understoo d t o represen t  thos e feature s 
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tha t  al l  kind s o f  triangle s hav e i n c o m m o n .  Althoug h th e 
figure  entertaine d b y th e min d i s specific ,  som e o f  it s 
salien t  features ,  th e length s o f  th e side s an d th e degree s o f 
th e angles ,  mus t  b e take n b y th e reasone r  t o b e unspecified . 
I n contras t  t o this ,  a  logica l  generalizatio n fro m on e 
equilatera l  triangl e t o al l  equilatera l  triangle s maintain s th e 
specificit y o f  thes e salien t  aspect s o f  "equilateral" .  I n 
abstractin g from  th e generi c triangl e t o th e generi c 
polygon ,  additiona l  feature s ar e lef t  unspecified ,  viz. ,  th e 
number  o f  side s an d th e numbe r  o f  angle s o f  th e figure.  W e 
hypothesiz e tha t  a  reasone r  ca n emplo y generi c abstractio n 
t o creat e a  generi c menta l  mode l  durin g a  constructiv e 
modelin g proces s o r  ca n appl y store d model s create d i n 
previou s reasoning . 

Figur e 3 :  Generi c abstractio n 

Generi c model s ar e commonl y employe d i n solvin g 
physic s problems .  F w example ,  i n modelin g a  proble m 
abou t  a  pendulu m b y mean s o f  a  spring ,  th e scientis t 
understand s th e sprin g mode l  a s generic ,  tha t  is ,  a s 
representin g th e clas s o f  simpl e harmoni c oscillator s o f 
whic h th e pendulu m i s a  member .  W e interpre t  muc h o f  th e 
researc h i n exper t  physic s proble m solvin g a s 
demonstratin g thi s (se e f w exampl e Ch i  e t  al. ,  1981) . 
Further ,  w e believ e generi c model s facilitat e analogica l 
retrieval ,  mapping ,  an d adaptatio n i n th e constructiv e 
modelin g process .  Thi s i s exemplifie d i n th e psychologica l 
literatur e b y Holyoa k an d collaborator s (se e fo r  exampl e 
Gic k &  Holyoa k 1983) .  Throug h th e mediatio n o f  generi c 
models ,  knowledg e from  multipl e domain s ca n b e brough t 
t o bea r  o n a  proble m an d ca n b e transforme d t o suc h a n 
exten t  tha t  somethin g trul y nove l  emerges ,  a s i s th e cas e i n 
conceptua l  change . 

Goel  ha s develope d a  theor y o f  generi c model s i n th e 
contex t  o f  desig n (se e Strouli a &  Goe l  199 2 an d Bhatt a & 
Goel  1993) .  I n hi s work ,  generi c model s ar e learne d from 
specifi c  domai n experience s an d ar e use d fo r  analogica l 
transfe r  acros s desig n domain s (Sectio n 5) . 

Ther e ar e severa l  way s i n whic h w e interpre t  generi c 
model s a s playin g a  rol e i n S2' s constructiv e modelin g 
process :  generi c abstractio n i s employe d t o creat e model s 
tha t  incorporat e constraint s from  multipl e domains ; 
generi c adaptatio n strategie s ar e employe d t o m a k e change s 
t o models ,  an d knowledg e o f  generi c transformation s an d 
principle s i s use d i n mode l  constructio n an d adaptation . 

4. A Constructive Modeling Interpretation of 
S2' s R e a s o n i n g 

S2 wa s a  compute r  scientis t  wit h extensiv e trainin g i n 
topology .  I n th e protoco l  session ,  h e spen t  considerabl e 

tim e considerin g hi s "physica l  imagisti c intuition "  (025) ^ 
abou t  th e slop e o f  th e bendin g rod .  W e begi n her e a t  th e 
poin t  h e claime d t o hav e a  visua l  experienc e tha t 
"expresse d wha t  [h e was ]  thinking "  (049 )  Wit h th e ro d on e 
"i s alway s measurin g i n th e vertica l  — mayb e someho w th e 
way th e - -  th e coile d sprin g unwinds ,  make s fo r  a  differen t 
frame  o f  reference. "  (()49 )  Thi s insigh t  woul d lead ,  thoug h 
not  immediately ,  t o a  mode l  o f  th e sprin g a s a n ope n 
horizonta l  (3-d )  coi l  (Figur e Ig) .  Thi s par t  o f  th e sessio n 
generate d a  targe t  constrain t  tha t  wa s salien t  i n thi s an d th e 
final  tw o model s (le,i )  :  sprin g coilin g i s i n th e horizonta l 
plane . 

At  thi s poin t  S 2 wa s seekin g t o reconcil e th e ro d (Ic ) 
and circula r  coi l  (Ig )  models .  H e achieve d reconciliatio n b y 
integratin g th e ro d mode l  wit h targe t  constraint s derive d 
durin g th e proble m solvin g process :  circularity ,  lyin g i n 
th e horizonta l  plane ,  an d unifor m distortio n durin g 

s 

^ a 

Figur e 4 :  Progressio n o f  Model s 

stretching. S2 recognized that transmitting the force 
incrementall y alon g th e circl e i n th e horizonta l  plan e 
stretche s i t  bi t  b y bit ,  a s thoug h i t  ha d joints ,  bu t  wit h eve n 
distribution .  H e n o w recalle d a n earlie r  ide a tha t  a  "squar e 
i s sor t  o f  lik e a  circle" .  (117 )  W e interpre t  hi m t o mea n 
tha t  squares ,  considere d genericall y ar e polygon s an d 
polygon s approximat e circle s i n th e limit .  H e immediatel y 
considere d bendin g u p th e ro d int o a n approximatio n o f  th e 
circl e t o creat e " a continuou s bridge "  betwee n th e tw o 
paradigmati c cases .  W e tak e thi s a s hi s attemp t  t o 
ascertai n i f  a  ro d ben t  i n a  joint-lik e fashio n i n th e 
horizonta l  plan e an d a  circl e bendin g unde r  a  forc e 
transmitte d incrementall y ar e o f  th e sam e typ e wit h respec t 
t o th e mechanis m o f  bending .  Thi s interactio n betwee n th e 
enhance d targe t  (unfoldin g circle )  an d th e initia l  sourc e 
model  (flexibl e rod )  le d t o hi s consfructin g a  serie s o f 
generi c polygona l  model s w e hav e represente d i n Figur e 4 . 

S2 firs t  dre w a  pictur e o f  a  horizonta l  hexago n (Figur e 
Ih )  an d sa w immediatel y tha t  th e hexagona l  mode l  i s a 
model  o f  a  differen t  typ e from  an y considere d befor e fo r 
h o w th e consfraint s woul d interac t  i n th e dynami c cas e 
wher e th e sprin g i s sfretched .  S2' s nex t  statemen t  describe d 
a simulatio n tha t  provide d a  crucia l  insight :  "Jus t  lookin g 
at  thi s [Ih ]  i t  occur s t o m e tha t  whe n forc e i s applie d here , 
yo u no t  onl y ge t  a  ben d o n thi s segment ,  bu t  becaus e there' s 
a pivo t  her e ['X '  i n Ih] ,  yo u ge t  a  torsio n effec t  -  aroun d 
here. "  (121 )  H e wen t  on ,  "Aha !  -  Mayb e th e behavio r  o f 
th e sprin g ha s somethin g t o d o wit h th e twis t  force s ... . 

•  Thes e number s ar e lin e number s from  th e origina l  protocol . 
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tha t  migh t  b e th e ke y differenc e betwee n thi s [flexibl e rod] , 
whic h involve s n o torsion ,  an d thi s [hexagona l  coil]. "  (122 ) 
Finally ,  S 2 constructe d th e las t  model ,  drawin g a  squar e 
coi l  (li )  i n orde r  t o exaggerat e th e torsio n effec t  an d 
considere d th e possibilit y  tha t  torsio n i s  wha t  "stop s th e 
sprin g from  - -  from  flopping. "  (126) . 

We interpre t  thes e step s i n S2' s proble m solvin g a s 
employin g generi c model s o f  th e relationa l  structure s an d 
physica l  propertie s o f  th e polygona l  models .  Bot h th e 
hexago n an d th e squar e model s incorporat e feature s o f  th e 
ro d becaus e th e straight-lin e segment s ca n bend .  However , 
i n thi s orientatio n an y polygona l  mode l  wil l  localiz e th e 
torsio n a t  th e corners ,  s o tha t  th e motio n i n stretchin g i s 
tha t  o f  twistin g rathe r  tha n bendin g a t  th e joints .  Thu s 
ther e i s torsio n plu s bendin g i n thi s stretchin g process .  Th e 
squar e coi l  mode l  o r  th e hexagona l  coi l  mode l  o r  an y 
polygona l  mode l  wil l  provid e a  generi c mode l  o f  th e sprin g 
coi l  wit h respec t  t o th e mechanis m o f  torsion .  T h e ke y 
differenc e betwee n th e polygona l  model s (Ig-i )  an d earlie r 
model s w e hav e no t  discusse d her e (le,f )  i s  tha t  whe n th e 
wir e i s coile d i n th e horizonta l  plan e th e bendin g segmen t 
does no t  hav e t o chang e directions ,  s o th e ben d i s i n th e 
same relatio n t o eac h piec e an d th e springines s i s 
distribute d evenly ,  satisfyin g th e targe t  constraints .  Tha t 
th e distributio n o f  th e twis t  woul d b e eve n ca n b e see n b y 
extrapolatin g th e polygo n t o th e limi t  o f  a  circle ,  wher e 
bendin g goe s t o zero .  Althoug h thes e step s ar e no t  i n th e 
protocol ,  w e interpre t  generi c model s a s havin g enable d S 2 
t o gras p immediatel y th e m o v e backward s from  th e squar e 
coi l  t o th e hexago n throug h th e intermediat e extrapolation s 
t o th e limi t  o f  th e circula r  coi l  i n whic h th e torsio n tha t  i s 
localize d a t  th e corner s spread s itsel f  ou t  i n suc h a  wa y tha t 
i t  become s a  unifor m propert y o f  th e sprin g (Figur e 4b) . 

5. Adaptive Modeling 

Sinc e w e vie w mode l  constructio n an d adaptatio n a s 
centra l  i n conceptua l  change ,  w e hav e chose n t o star t  wit h 
an A I  theor y tha t  view s desig n i n a  simila r  fashio n fo r 
identifyin g representationa l  construct s an d processin g 
structure s fo r  buildin g computationa l  account s o f 
constructiv e modelin g i n science .  I n a n independen t  lin e o f 
research ,  Goe l  an d collaborator s hav e develope d a n A I 
thew y o f  conceptua l  desig n o f  physica l  device s tha t  view s 
devic e desig n a s mode l  constructio n an d adaptatio n .  Thi s 
theory ,  calle d "adaptiv e modeling "  ,  aros e from  wOTk o n 
th e Kriti k  projec t  (Goe l  1991) .  A  designer' s comprehensio n 
of  th e functionin g o f  a  know n devic e i s represente d i n th e 
form  o f  a  structure-behavior-functio n (SBF )  mode l  tha t 
provide s a  functiona l  an d causa l  explanatio n o f  h o w th e 
structur e o f  th e devic e deliver s it s  functions .  Figur e 5 
illustrate s th e mai n element s o f  a n S B F mode l  an d th e 
interdependencie s betwee n them .  Th e computationa l 
syste m design s ne w device s b y constructin g S B F model s 
fo r  them ,  an d ne w devic e model s ar e constructe d b y 
adaptin g th e S B F model s o f  know n devices .  Th e S B F 
model s o f  th e ne w devic e design s ar e verifie d throug h a 
for m o f  qualitativ e simulation ,  and ,  i f  needed ,  revised . 

Recent  wor k alon g thi s lin e o f  researc h ha s le d t o a 
theor y o f  creativ e conceptua l  design .  Thi s theor y extend s 

and expand s Kritik' s theor y o f  adaptiv e modelin g b y 
incorporatin g analogica l  transfe r  a s anothe r  famil y o f 
adaptatio n strategies .  I t  posit s generi c model s fo r 
mediatin g th e analogica l  transfer .  I n particular ,  i t 
identifie s tw o kind s o f  generi c models :  generi c teleologica l 
mechanism s ( G T M s )  an d genera l  physica l  processe s 
(GPPs)  (Strouli a &  Goe l  1992 ;  Bhatt a &  Goe l  1993) .  A 
G T M specifie s a  patter n o f  functiona l  an d causa l  structur e 
suc h a s feedbac k whil e a  G P P capture s a  patter n o f 
behaviora l  an d causa l  structur e suc h a s hea t  flow.  T h e 
generi c model s ar e abstracte d from  th e S B F devic e 
representation s o f  a  know n desig n situation ,  indexe d b y th e 
functional/behaviora l  abstractions ,  an d store d i n memory . 
Give n a  ne w desig n situation ,  th e store d generi c model s ar e 
accesse d an d instantiate d t o hel p creat e S B F 
representation s fo r  th e ne w situation .  Th e I D e A L syste m 
(Bhatt a &  Goe l  1993 )  instantiate s thi s theor y o f  model -
base d analogy .  Dependin g o n th e desig n situatio n 
presente d t o i t  an d it s relatio n t o th e availabl e knowledge , 
I D e A L ca n us e differen t  mode l  adaptatio n strategie s 
rangin g from  incrementa l  revisio n o f  know n S B F 
representation s withi n th e proble m domai n t o cross -
domai n analogica l  transfe r  o f  modelin g knowledg e i n th e 
for m o f  generi c models .  Th e S B F theor y o f  devic e 
comprehensio n an d th e adaptiv e modelin g theor y o f  solvin g 
desig n problem s togethe r  provid e u s wit h th e representatio n 
an d processin g structure s fo r  beginnin g t o buil d a 
computationa l  accoun t  o f  th e constructiv e modelin g 
reasonin g proces s i n science . 
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Figur e 5 :  SB F Mode l 

6. Synthesis of Theories 

By itsel f  "constructiv e modeling "  provide s a n outlin e 
fo r  a  proces s o f  scientifi c  reasonin g tha t  result s i n 
conceptua l  change .  I n orde r  t o acquir e a  mor e specifi c 
understandin g w e hav e bee n developin g a  computationa l 
theor y base d o n th e principle s o f  adaptiv e modelin g t o 
explor e an d tes t  ou r  interpretatio n o f  th e Clemen t  protocol . 
Thi s collaborativ e effor t  engage s a  proble m centra l  t o 
cognitiv e scienc e a s a n interdisciplinar y researc h field: 
H o w ca n theorie s from  differen t  discipline s b e synthesize d 
t o provid e a  riche r  understandin g o f  reasonin g processes ? 
A n d h o w migh t  a  synthesi s b e utilize d t o develo p 
computationa l  system s fo r  experimentation ? I n thi s projec t 
we hav e a  cognitive-historica l  theor y o f  constructiv e 
modelin g paire d wit h th e computationa l  theor y o f  adaptiv e 
modeling .  T h e resul t  o f  thi s pairin g i s tha t  w e ar e provide d 
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wit h 2  kind s o f  constraint s fo r  th e choice s w e mak e i n 
modeling .  Th e firs t  ar e cognitiv e constraint s dra w fro m a 
•'cognitive-historical "  synthesi s o f  philosophical ,  historical , 
and psychologica l  studie s o f  h u m a n reasoning .  Thes e 
includ e bot h interpretiv e constraint s fo r  analyzin g dat a an d 
processin g constraint s i n th e for m o f  coarse-graine d 
commitments .  Th e secon d ar e computationa l  constraint s 
draw n from  compute r  scienc e an d theorie s o f  cognitio n 
whic h includ e tractability ,  inferencin g capability ,  an d 
representationa l  adequacy .  Thu s th e choice s w e hav e 
made i n developin g T o R Q U E garne r  suppor t  from  bot h 
theorie s an d th e interactio n betwee n them .  I n th e nex t 
sectio n w e explai n an d justif y som e o f  th e choice s tha t  w e 
hav e m a d e i n th e developmen t  o f  T o R Q U E wit h respec t  t o 
th e computationa l  an d cognitiv e constraint s o f  thes e 
theories . 

7. Computational Analysis 

I n ou r  computationa l  analysi s w e hav e develope d a 
preliminar y computationa l  mode l  o f  S2' s reasoning .  Thi s 
analysi s model s a  smalle r  piec e tha n ou r  constructiv e 
modelin g interpretatio n o f  th e protoco l  i.e .  w e hav e no t 
focuse d o n ever y aspec t  o f  S2' s reasonin g bu t  hav e focuse d 
instea d o n specifi c  issue s suc h a s hi s us e o f  generi c 
models .  Ou r  computationa l  mode l  i s describe d i n th e 
S BF languag e o f  th e theor y o f  adaptiv e modeling .  Thu s 
fa r  i n ou r  researc h th e computationa l  model ,  T o R Q U E,  ha s 
bee n instantiate d i n a  partia l  experimenta l  system . 

¥( X S2' s reasonin g th e choic e o f  adaptiv e modelin g i s 
particularl y ap t  computationall y fo r  tw o reasons :  ther e i s a 
goo d matc h betwee n th e S B F formalis m an d th e physica l 
system s i n questio n (i.e .  springs ,  flexibl e rods ,  etc. )  and , 
mor e importantly ,  S B F representation s provid e significan t 
benefit s wit h respec t  t o th e kind s o f  inference s available , 
an d th e spee d wit h whic h thos e inference s ar e carrie d out . 
T h e structur e (S )  o f  S2' s initia l  mode l  o f  a  sprin g i s clearl y 
on e o f  multipl e coi l  component s tha t  interac t  wit h on e 
anothCT .  Thi s interpretatio n i s supporte d b y S2' s 
simplifyin g th e representatio n b y reducin g th e sprin g t o a 
singl e coil :  "I t  occur s t o m e tha t  a  singl e coi l  o f  a  sprin g 
wrappe d onc e aroun d i s th e sam e a s a  whol e spring. "  (023 ) 
Th e inferenc e i s no t  tha t  a  coi l  i s  equivalen t  t o a  spring ,  bu t 
tha t  i t  ha s th e sam e basi c functio n (F )  a s a  spring ,  becaus e 
i n mos t  respect s a  coi l  i s  no t  th e sam e a s a  spring ,  (e.g .  i t 
doe s no t  loo k lik e a  sprin g o r  hav e th e sam e structur e a s a 
spring) .  Thi s inferenc e provide s evidenc e tha t  S 2 use d 
separat e notion s o f  functio n (F )  an d structur e (S) .  A  sprin g 
an d a  coi l  ca n b e "th e same "  fiinctionall y whil e no t  bein g 
th e sam e structurall y o r  topologically .  I t  als o show s tha t 
S2 considere d th e sprin g a s divide d int o multipl e coi l 
components . 

Th e tas k tha t  S 2 complete d involve s assessin g th e 
behavio r  (B )  o f  a  particula r  physica l  syste m wit h regar d t o 
it s structur e (S) .  Give n a  particula r  propert y o f  th e spring' s 
structure ,  e.g .  th e diamete r  value ,  h o w wil l  th e behavio r  o f 
th e sprin g b e affected ? S2' s attemp t  t o solv e thi s proble m 
require s havin g a  representatio n o f  th e behavio r  i n questio n 
or  bein g abl e t o generat e on e quickly .  O n e o f  th e 
advantage s o f  adaptiv e modelin g i s tha t  th e explici t  storag e 

of  thi s behavio r  provide s a  significan t  computationa l 
advantag e ove r  th e generatio n o f  th e behavior .  Th e kin d o f 
inference s tha t  ca n b e m a d e give n th e store d behavio r  ar e 
als o important .  Fo r  example ,  whe n S 2 notice d th e 
differenc e (chang e i n slop e i n th e flexibl e ro d vs .  unifor m 
slop e i n th e spring) ,  h e di d s o becaus e th e behavio r  show s 
thi s differenc e t o b e salient .  B y separatin g structure , 
behavior ,  an d functio n int o separatel y analyzabl e units ,  th e 
S BF formalis m prune s awa y difference s tha t  ar e irrelevan t 
t o th e task ,  an d make s i t  easie r  t o targe t  area s o f  significan t 
difference .  Thu s onc e th e mode l  i s paire d wit h a  tas k  i t  i s 
possibl e t o se e th e salien t  difference s withou t  bein g 
distracte d b y ontologicall y distinc t  kind s o f  differences . 

Once S 2 considere d a  singl e coi l  i n plac e o f  a n entir e 
sprin g w e se e tha t  h e bega n t o focu s o n th e topologica l 
featur e o f  circularity .  A t  thi s poin t  i n th e protoco l  h e ha s 
alread y considere d th e behaviora l  an d structura l 
differences ,  an d ha s mad e som e adaptation s wit h respec t  t o 
thes e part s o f  th e model .  Th e differenc e betwee n th e 
behavio r  o f  th e flexibl e ro d an d th e sprin g provide d th e 
initia l  se t  o f  salien t  differences ,  an d th e structura l 
adaptatio n from  m a n y coil s t o on e coi l  allowe d S 2 t o focu s 
hi s attentio n o n wha t  turne d ou t  t o b e th e mos t  importan t 
differences :  circularit y an d orientation . 

At  thi s stag e i n th e protoco l  ToRQUE ' s S B F mode l  o f  a 
coi l  an d th e S B F mode l  o f  a  flexibl e ro d eac h hav e a  singl e 
componen t  whic h ha s th e functio n o f  providin g a  restorin g 
force .  Becaus e "Structure "  refer s t o component s an d th e 
connection s o f  components ,  th e structure s o f  tw o device s 
wit h a  singl e simila r  componen t  ar e necessaril y  th e same . 
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The topologie s o f  thes e devices ,  however ,  m a y stil l  b e 
significantl y different .  Tha t  S 2 addresse d th e difference s i n 
thi s orde r  provide s furthe r  suppor t  tha t  S B F structure s ar e a 
usefu l  ontolog y fo r  focusin g inferences .  Problem s suc h a s 
S2' s tha t  involv e behaviora l  aspect s o f  th e physica l  syste m 
ar e handle d bes t  b y focusin g o n behaviora l  difference s first. 
Thu s S 2 i s require d t o m a k e us e o f  th e topologica l 
difference s betwee n th e coi l  an d th e flexibl e rod ,  onl y afte r 
he ha s prune d awa y thos e difference s whic h ar e presente d 
by th e behavio r  an d structure . 

Jus t  a s I D e A L use s G T M s an d G P P s i n adaptin g 
models ,  T o R Q U E use s generi c topologica l  transformation s 
(GTTs )  fo r  adaptin g models .  Her e w e describ e th e us e o f 
thes e transformation s wit h respec t  t o S2' s reasonin g i n th e 
final  insigh t  sectio n interprete d i n Sectio n 3 .  I n T o R Q U E, 
th e "Reduce-Repeating-Components "  transfOTmatio n i s 
use d t o reduc e th e sprin g t o a  singl e coi l  (Figur e 6c) .  Th e 
'Transform-Segment-to-Closed-Figure "  an d 'Transform -
Planar-Orientation "  ben d th e ro d int o a  coi l  (6d) .  W e 
assume her e wit h S 2 tha t  a  coi l  "i s  a  circl e wit h a  brea k i n 
it" .  Figur e 6 e show s th e progressio n o f  closed-figur e 
transformations ,  whic h lead s t o th e hexagona l  coil ,  th e 
discover y o f  torque ,  an d th e exaggeratio n o f  th e effec t  b y 
th e squar e coi l  model .  B y adaptin g th e coi l  firo m a  circl e t o 
a polygon ,  S 2 wa s abl e t o introduc e ne w component s int o 
th e mode l  structure .  Eac h sid e o f  th e square ,  e.g. ,  coul d 
no w b e treate d a s a  flexible  ro d component ,  bu t  wit h th e 
significan t  chang e i n orientatio n tha t  n o w make s fo r 
twistin g rathe r  tha n bendin g a t  th e joints .  Thu s a  smal l 
topologica l  chang e ca n resul t  i n a  fairl y  larg e behaviora l 
change ,  makin g ne w knowledg e availabl e fro m whic h t o 
make inferences . 

Th e mos t  importan t  inferenc e occur s i n evaluatin g th e 
squar e coil .  S 2 ha d recognize d th e generi c physica l 
principl e (GPP )  o f  torsio n i n th e hexagona l  coi l  an d 
constructe d th e squar e coi l  t o examin e it .  H e wa s 
reminde d o f  thi s principl e becaus e o f  th e behaviora l  an d 
structura l  similaritie s betwee n th e G P P an d th e polygona l 
models .  I n Sectio n 3  w e interprete d S 2 a s makin g a  final 
serie s o f  inference s onl y implici t  i n th e protoco l  tha t 
involv e th e generi c abstractio n o f  th e squar e coi l  wit h 
respec t  t o torsion .  T o b e satisfie d tha t  h e ha d solve d th e 
problem ,  h e neede d t o hypothesiz e tha t  i f  torsio n i s tru e o f 
squar e coils ,  perhap s i t  i s  tru e o f  al l  coil s an d t o mak e th e 
appropriat e extrapolation .  T o R Q U E incorporate s th e G P P 
int o th e circula r  coi l  mode l  throug h th e 'Transform -
Discrete-to-Continuous "  G T T ,  whic h depend s upo n a 
knowledg e o f  limit s whic h w e k n o w S 2 possesses :  A 
continuou s shap e suc h a s a  circl e ca n b e though t  o f  a s 
containin g a n infinit e numbe r  o f  infinitesimall y smal l 
segments .  Figur e 6( 0 show s th e transformation s fto m th e 
squar e coi l  bac k t o a n adapte d mode l  o f  th e circula r  coi l 
tha t  captur e ou r  interpretation . 

Conclusion 

Our  conceptua l  analysi s provide s a  plausibl e 
interpretatio n o f  S2' s reasonin g a s relyin g significantl y o n 
generi c models .  Ou r  computationa l  analysi s show s h o w 
generi c model s suc h a s G P P s (e.g. ,  torque )  an d G T T s (e.g. . 

Transform-Planar-Orientation )  ca n hel p t o achiev e 
conceptua l  change .  Her e w e highligh t  tw o significan t 
conclusion s tha t  sho w th e synerg y o f  ou r  interdisciplinar y 
collaboration : 
•  A n importan t  issu e i n generi c modelin g i s h o w t o 

make th e righ t  inference s a t  th e righ t  times .  S B F 
model s enabl e an d constrai n thes e inferences . 

•  I n analyzin g protoco l  an d historica l  dat a ther e ar e 
place s wher e th e reasonin g proces s i s no t  explicit ,  a s i n 
th e portio n o f  S2' s reasonin g w e examine d here . 
Interpretation s o f  thes e gap s gai n plausibilit y  throug h 
computationa l  models ,  whic h lik e T o R Q U E hav e 
develope d ou t  o f  a n interdisciplinar y analysi s o f 
creativ e reasoning . 
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