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T h e n.ol o o f  Analog y i n n  Theor y <> f  Problem-Solvin g 
Bet h Adelson ,  M a r k Durstciii ,  Dcdr e Gcntnor ,  Kristiiu i  Ilnniinoiid ,  Knit h Ilolyonk ,  Pau l 

Thagnr d 

The processes that underlie tlie Roiieration and use of annloRirs have consistently been of interest in the 
stud y o f  cognition .  Th e goa l  o f  thi s symposiu m i s t o loo k n t  povorn i  compnlationa l  theorie s o f  analog y an d 
t o se e i n wha t  way s eac h contribute s t o ou r  understanding .  W o hop e t o attai n thi s goa l  b y lookin g a t  th e 
sufRcienc y o f  eac h on e i n th e broade r  contex t  o f  problem-solvin g an d b y askin g th e followin g questions : 

1. In what way is a theory of analogy constrained by specifying its role in a theory of probieni-solving? 

2. To what extent are the theories presented below coinprt.ing theories? 'lb what extent are they members 
of  th e sam e class ? Doe s eac h on e spea k t o an y issu e Hin t  th e other s d o no t  address ? 

3. How is structure related to purpose and semantics? 

4. How do purpose and semantics affect: 

(a) Retreival 

(b )  Mappin g 

(c )  Justificatio n 

(d )  Debuggin g 

(e )  Generalizatio n 

Present an example reflecting your theory's position. 

The Structure-mapping Engine: A Cognitive Sininlntion of Analogy 
Dedr e Centner ,  Universit y o f  Illinois ,  Champagne-Urbana ' 

Computationa l  modelin g o f  analogy . 

The Structure-mappin g Engin e (SME) ,  writte n b y Bria n Falkenliaine r  an d Ke n Forbus ,  i s a  compute r  sim -
ulatio n o f  Centner' s structure-mappin g theor y o f  analog y (Falkenliainer ,  Forbus ,  i c  Centner ,  1986 ,  i n press ; 
Centner ,  1980 ,  1983 ,  1988) .  Cive n predicat e calculu s reprepciilation s o f  tw o potentia l  analogs ,  i t  use s purel y 

structura l  principle s -  one-to-on e correspondence ,  structura l  consistency ,  an d systematicii y  -  t o interpre t 
and evaluat e a n analog y betwee n tw o situations .  I t  operate s b y first  finding  al l  possibl e relationa l  identi -

tie s betwee n bas e an d target ;  i t  the n assign s eac h o f  thes e matr h hypothese s a n evaluation ,  base d o n th e 

structura l  closenes s o f  th e matc h an d o n a  kin d o f  loca l  systeiiiaticit y b y whic h a  give n pai r  o f  matchin g 

predicate s i s assigne d a  highe r  evaluatio n i f  thei r  parent s als o match .  S M E the n sweep s thes e matchin g 

pair s int o th e larges t  possibl e set s consisten t  wit h th e structura l  constraint s lai d ou t  abov e an d compute s a n 

overal l  evaluation .  I n addition ,  i t  hypothesize s candidat e ivfnrvrrs :  ne w fact s abou t  th e targe t  domai n tha t 

ar e derive d b y analog y wit h th e bas e domain .  Thus ,  S M E siiiiiilatc s bot h th e matchin g o f  existin g predicate s 

i n th e tw o domain s an d th e carryove r  o f  hypothesize d predicate s fro m on e domai n t o th e other . 

Ther e ar e som e othe r  point s t o not e abou t  th e simulation : 

1.  SME' s evaluatio n concern s onl y structura l  soundness .  Th e validit y o {  th e inference s i n th e targe t  an d th e 

contextua l  relevanc e o f  th e inference s mus t  b e evaluate d b y separat e processe s (Se e Burstein ,  1983 ;  Collin s 

i c Burstein ,  i n press ;  Centner ,  1988) . 

2.  T o allo w u s t o chec k ou r  modelin g assumption s individually ,  SMF/  i s constructe d modularly .  Fo r  example , 

differen t  kind s o f  structura l  evaluatio n rule s ca n b e tested ,  an d (a s discusse d below )  differen t  predicate -

matchin g rule s ca n b e utilized . 

*  Researcher s wh o contribute d t o tlii s  wor k includ e Ke n Forbus ,  Briii i  Fnlk f  iihninor ,  Mar y J o nattermann ,  Bo b Schumacher , 
and JanJc e Skorstad .  Thi s researcl i  i s  supporte d b y th e OfRc e o f  Nava l  nesonrcli ,  Contrac t  No .  N00014-85-K-0559 . 
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3. To my knowledge, SME has the greatest range of application of any existing analogy program. Over 40 
analogie s hav e bee n ru n successfull y -  tha t  is ,  the y hav e yielde d liuiiian-lik e interpretation s an d evaluations . 

Further ,  S M E i s efRcient .  I t  take s onl y second s fo r  mos t  examples . 

4.  I n additio n t o simulatin g analogy ,  S M E ca n als o b e use d t o sitiuilat e othe r  kind s o f  similarity :  e.g. ,  mere -
appearanc e matches ,  i n whic h onl y low-orde r  informatio n suc h a s objec t  attribute s ar e considered ,  an d litera l 
similarit y matches ,  i n whic h bot h relationa l  structur e an d objec t  propertie s ar e considered .  Thi s enable s u s 
t o simulat e differen t  aspect s o f  h u m a n similarit y processing . 

Psychologica l  studie s o f  acces s a n d inference . 

Beside s analogica l  mapping ,  ther e ar e othe r  subprocesse s i n analogica l  reasoning .  Give n a  curren t  proble m 
(th e targe t  situation) ,  th e perso n mus t  acces s a  simila r  ba.s e situation ,  creat e a  mappin g fro m th e bas e t o th e 
target ,  dra w ne w inference s o n th e basi s o f  th e mapping ,  an d judg e th e soundnes s o f  th e analog y an d th e 

relevanc e an d targe t  validit y o f  th e candidat e inferences .  I n ou r  recen t  researc h w e examin e th e determinant s 

of  thes e subprocesses ,  usin g S M E t o computationall y mode l  th e result s o f  psychologica l  experiments . 

I n a  serie s o f  studies ,  w e gav e peopl e differen t  kind s o f  similarit y matche s t o discove r  (a )  whic h kind s o f 
matche s lea d t o remindin g an d (b )  whic h kind s o f  matche s ar e considere d inferentiall y  soun d (Gentne r  fe 
Landers ,  1985 ;  Ratterman n i c Gentner ,  1987) .  Subject s wer e give n roughl y 3 0 shor t  storie s t o rea d an d 

remember .  A  wee k later ,  the y returne d an d rea d a  ne w se t  o f  stories ;  the y wer e t o writ e dow n an y o f  th e 

origina l  storie s tha t  the y wer e reminde d o f  whil e readin g th e ne w stories .  T h e ne w storie s wer e designe d 

t o matc h th e origina l  stories ,  eithe r  a s structura l  analogie s o r  a s superficia l  mere-appearanc e matches .  Th e 

result s sho w a  dissociation .  I n ratin g soundness ,  subject s rate d o n th e basi s o f  relationa l  commonalities : 

analogie s wer e rate d hig h an d mere-appearanc e matche s low .  Bu t  thei r  natura l  reminding s showe d th e 

opposit e pattern :  superficia l  matche s wer e fa r  mor e likel y t o b e retrieve d tha n relationa l  matche s (Ilolyoa k 

k Koh ,  1987 ;  Ross ,  D .  II. ,  1984) .  Thu s th e matche s tha t  cam e mos t  readil y t o memor y wer e no t  th e matche s 
subject s foun d inferentiall y  sound . 

We hav e compare d th e performanc e o f  S M E wit h tha t  o f  ou r  subject s fo r  a  subse t  o f  th e storie s (Skorstad , 
Falkenhaine r  k  Gentner ,  1987) .  W e find  tha t  th e result s o f  th e soundnes s tas k ar e bes t  fit  b y runnin g S M E i n 
analog y mode ,  whil e th e result s o f  th e acces s tas k ar e bes t  fit  b y runnin g S M E a s a  mere-appearanc e matcher . 

Thes e result s sugges t  tha t  surfac e similarit y i s importan t  i n determinin g acces s t o similarit y matches ,  whil e 

relationa l  similarit y i s importan t  i n judgin g th e soundnes s o f  a  match . 

Analogical Problem Solving: A Constraint Satisfaction Approach 

Paul  Thagard ,  Cognitiv e Scienc e Laboratory ,  Princeto n Universit y 

Keit h Ilolyoak ,  Psycholog y Department ,  U C L A ' 

We ar e developin g a  genera l  cognitiv e architectur e fo r  proble m solvin g an d learnin g i n whic h analogica l 

proble m solvin g wil l  hav e a n importan t  role .  W e ar e aimin g fo r  a  syste m tha t  wil l  incorporat e al l  th e 

standar d component s o f  analogica l  proble m solvin g i n whic h a  sourc e proble m i s use d t o hel p solv e a  targe t 

problem :  (1 )  th e retrieva l  o f  a  potentiall y  usefu l  source ,  (2 )  mappin g o f  th e targe t  t o th e source ,  (3 )  transfe r 

of  th e solutio n o f  th e sourc e t o provid e a  solutio n t o th e target ,  an d (4 )  learnin g tha t  wil l  facilitat e late r 
proble m solving ,  fo r  exampl e b y formin g schema s tha t  abstrac t  fro m th e sourc e an d target . 

Our  first  implementatio n o f  analogica l  proble m solvin g i n th e f' P systet n wa s foun d t o pu t  insufficien t 

constraint s o n th e mappin g an d retrieva l  processe s (Holland ,  Ilolyoak ,  Nisbett ,  &  Thagard ,  1986 ;  Holyoa k & 

Thagard ,  1986) .  Accordingly ,  w e hav e bee n developin g ne w tiicoric s o f  mappin g an d retrieva l  tha t  specif y a 

collectio n o f  principle d constraint s o n whe n a n analo g wil l  b e retrieve d an d o n ho w component s o f  tw o analog s 

wil l  b e mappe d t o eac h other .  Mappin g an d retrieva l  bot h involv e structural ,  semantic ,  an d pragmati c 

(purpose-directe d (Burstei n fc  Adelson ,  1987 ,  1988) )  constraints ,  althoug h th e constraint s var y i n importanc e 

t o th e tw o processes ,  wit h semantic s bein g mor e importan t  fo r  retrieva l  tha n fo r  mapping . 

'Thi s researc h i s supporte d b y Contrac t  MDA903-86-K-029 7 fro m th e Arm y Researc h Institute . 
'Processe s o f  Inductio n 
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In mapping, the central constraint is structural correspondence between the two analogs, a relation whose 
importanc e ha s bee n emphasize d b y Dedr e Gentner .  W e maintain ,  however ,  tha t  semanti c correspondence s 
relatin g predicate s wit h simila r  meaning s ar e als o important .  Moreover ,  pragmati c factor s involvin g th e 

purpos e o f  th e analog y ca n als o pla y a  rol e i n mapping .  Fo r  example ,  i f  th e purpos e o f  th e analog y i s t o 

convinc e someon e o f  a  conclusion ,  the n mapping s tha t  suppor t  thi s conclusio n wil l  b e encouraged . 

Connectionis t  model s provid e a  gracefu l  mean s fo r  simultaneousl y satisfyin g multipl e constraints .  Accord -

ingly ,  w e hav e implemente d ou r  theor y o f  mappin g i n a  progra m calle d ACME' '  tha t  take s tw o analog s a s 

input s an d construct s a  networ k o f  hypothese s concernin g wha t  component s o f  th e tw o analog s t o ma p t o 

eac h other .  A C M E ha s no w bee n applie d t o mor e tha n 2 0 coiM|)le x analogie s draw n fro m severa l  domains , 

includin g radiatio n problem s o f  th e sor t  investigate d experimentall y b y Ilolyoak . 

Complementar y t o A C M E,  w e ar e no w developin g A R C S ^ ,  a  constrain t  satisfactio n mode l  o f  re/riera/tha t 

uses semantic ,  structura l  an d pragmati c constraint s t o hol p find  relevan t  analog s store d i n memor y (Ilolyoa k 

fc  Thagard ,  1987) .  I n contras t  t o A C M E,  semanti c constraint s tak e precedenc e i n A R C S,  wit h th e retrieva l 

of  analog s initiate d throug h association s o f  semanticall y simila r  concepts .  However ,  th e retrieva l  proces s i s 

als o guide d b y structura l  correspondence s an d pragmati c import .  A R C S i s als o a  connectionis t  progra m an d 

i s bein g teste d o n a  larg e dat a base . 

Eventually ,  w e pla n t o integrat e A R C S an d A C M E wit h ou r  rule-base d proble m solve r  PI ,  producin g a n 

architectur e capabl e o f  bot h analogica l  an d non-analogica l  proble m solving . 

Purpose Guided Analogical Learning and Reasoning 

Bet h Adelso n Tuft s University ,  Cambridge ,  M A * 

The goa l  o f  thi s researc h program ,  conducte d jointl y wit h Mar k Durstein ,  i s  th e developmen t  o f  a  theor y o f 

purpose-guide d analogica l  learnin g an d reasoning .  Ou r  curren t  wor k focusse s explicitl y  o n th e rol e o f  partia l 

model s i n th e generatio n o f  analogica l  mappings ,  an d suggest s tha t  th e proces s o f  integratin g thes e multipl e 

analogie s whic h for m partia l  explanation s ca n b e describe d usin g a  se t  o f  genera l  principle s fo r  relatin g 

partia l  menta l  model s o f  differen t  type s (Durstei n &  Adelson ,  1987) . 

Our  approac h o f  specifyin g mappin g usin g a  principle d se t  o f  partia l  model s i s base d o n th e fac t  tha t  on e 
typicall y know s a  larg e amoun t  abou t  a  familia r  domai n an d wha t  i s mappe d fro m th e familia r  domai n t o 
th e domai n bein g learned ,  i s constraine d b y th e purpos e o f  th e analogy(Bur8tei n fe  Adelson ,  1988 ;  Ilolyoa k 

Ac Thagard ,  1986) .  Additionally ,  althoug h behavior ,  mechanism ,  o r  piiysica l  an d functiona l  topolog y ma y b e 

focusse d o n durin g initia l  learning ,  ful l  understandin g o f  a  comple x domai n require s th e integratio n o f  thes e 
aspects .  I n wha t  follow s w e presen t  som e o f  th e issue s generate d b y ou r  theory . 

Purpos e guide d debugging :  T h e rol e o f  withi n donini n analog y 

Becaus e analogies ,  b y definition ,  d o no t  provid e perfec t  model s o f  a  targe t  domain ,  a  newl y mappe d mode l 

wil l  nee d t o b e debugged ;  structur e wil l  nee d t o b e refined ,  adde d o r  dropped .  Her e a s i n othe r  aspect s o f 

analogica l  learning ,  purpos e ca n hel p t o constrai n th e process . 

For  example ,  i n on e o f  ou r  protoco l  experiment s a  studen t  wa s taugh t  abou t  th e concep t  o f  stack s b y analog y 

t o a  stac k o f  plate s i n a  cafeteria .  Th e studen t  wa s the n aske d t o writ e th e Pasca l  procedur e fo r  pushin g 

element s ont o th e stack .  Usin g th e plat e analogy ,  th e studen t  wa s abl e t o draw  correctl y a  bo x an d arro w 

representatio n o f  th e step s involve d i n push .  However ,  th e studen t  wa s no t  abl e t o the n writ e th e first  lin e 

of  cod e i n whic h th e ne w elemen t  i s place d o n th e stac k b y pointin g th e ne w element' s next-pointe r  t o th e 

elemen t  tha t  previousl y wa s th e first  element .  Wha t  need s t o b e don e her e i s t o assig n t o th e ne w elepient' s 

next-pointe r  variabl e th e valu e containe d i n th e head-pointe r  variabl e ( N E W - N E X T : = H E A D ) .  Whe n th e 

studen t  wa s reminde d tha t  pointe r  variable s wer e analogou s t o othe r  type s o f  Pasca l  variable s h e wa s abl e t o 

writ e th e code .  Tha t  is ,  h e use d thi s withi n domai n analog y t o refin e hi s representatio n o f  pointe r  variables . 

*  Analogica l  Constreun t  Mappin g Engin e 
'Analogica l  Retrieva l  b y Constrain t  Satisfactio n 
'Thi s reseeu-c h i s supporte d b y th e Nationa l  Scienc e Foundation s Engineerin g Desig n an d knowledg e an d Dat a Bas e Program s 
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They then took on the properties of other types of Pascal variables; they contained values of a specified type 
and thes e value s coul d b e copie d usin g th e assignmen t  operator . 

As thi s exampl e illustrates ,  whe n th e learner' s tas k i s t o describ e ho w a  syste m wil l  b e realize d i n th e targe t 
domain ,  bas e domai n analogie s wil l  mos t  likel y b e insufficient .  However ,  withi n domai n analogie s m a y th e 
typ e o f  analogie s tha t  ar e appropriat e bot h fo r  thi s purpose . 

Integratin g behavioral ,  causa l  a n d topologica l  mode l s 
Our  theor y als o addresse s th e natur e o f  th e relationshi p betwee n behavioral ,  causa l  an d topologica l  models , 
ho w thi s informatio n i s use d an d wh y i t  i s  importan t  i n an y problem-solvin g i n whic h a n ol d solutio n wil l 
be transforme d t o solv e a  new ,  simila r  problem . 

Frequentl y proble m solvin g wil l  involv e understandin g th e behavio r  o f  a  syste m i n term s o f  th e relationshi p 
betwee n inpu t  an d outpu t  o r  star t  an d goa l  states .  Thi s descriptio n o f  th e system' s goa l  tha t  i s  containe d i n a 
behaviora l  mode l  provide s a n explanatio n o f  th e system' s purpose .  13 y comparison ,  a  causa l  mode l  represent s 

a syste m a s a  connecte d se t  o f  component s wit h causa l  effect s an d constraints .  Th e causa l  mode l  consist s 

of  a  descriptio n o f  ho w th e output s o f  component s caus e stat e change s i n other ,  topologicali y connecte d 
components .  A s a  result ,  a  causa l  descriptio n provide s a n accoun t  o f  wha t  happen s acros s th e syste m i n 

orde r  t o ge t  fro m a  star t  t o a  goa l  state .  A  topologica l  mode l  i s neede d t o describ e th e physica l  realizatio n 

of  a  system' s mechanis m an d behavior .  A  topologica l  mode l  doe s thi s b y describin g bot h th e functionalit y 

of  th e system' s component s an d th e interconnection s amon g them . 

I n ou r  theory ,  tli e thre e model s ar e relate d i n th e followin g way .  Th e behavio r  mode l  describe s th e purpos e 
fo r  whic h th e syste m i s used .  Th e causa l  mode l  i s  relate d t o th e behaviora l  mode l  i n tha t  i t  describe s wha t  i s 

don e t o acheiv e th e purpos e state d i n th e behaviora l  model .  Th e topologica l  mode l  explain s ho w th e causa l 

model  i s realized . 

The nee d fo r  th e thre e model s an d fo r  rule s describin g thei r  relationshi p i s illustrate d b y th e sam e studen t 

learnin g abou t  th e concep t  o f  a  queu e b y analog y t o th e concep t  o f  a  stack .  Th e studen t  wa s tol d tha t  a 

queu e i s lik e a  stac k excep t  tha t  i t  i s  use d whe n Firs t  I n Firs t  Ou t  behavio r  i s desired .  T h e studen t  wa s 

the n aske d t o writ e th e Pasca l  procedure s fo r  pushin g an d poppin g stac k elements . 

The studen t  kne w tha t  th e Las t  I n Firs t  Ou t  behavio r  o f  a  stac k wa s obtaine d throug h a  mechanis m i n 

whic h th e nex t  elemen t  t o b e poppe d wa s th e on e tha t  wa s mos t  recentl y pushed .  Usin g th e differenc e i n 
th e behavio r  o f  th e tw o concept s h e mappe d a  transforme d causa l  mode l  o f  a  queue ,  i n whic h F IF O behavio r 
woul d b e obtaine d b y poppin g th e leas t  recentl y pushe d element .  O n th e basi s o f  th e newl y mappe d causa l 

model  th e studen t  wa s the n abl e t o m a p a  transforme d topologica l  iwodc l  o f  a  queue .  I n thi s model ,  pushin g 

and poppin g occu r  a t  th e same ,  rathe r  tha n opposite ,  ends .  Also ,  a s a  resul t  o f  understandin g th e wa y i n 

whic h causa l  an d topologica l  model s ar e related ,  th e studen t  wa s abl e t o stat e tha t  th e topologica l  mode l  fo r 

a queue ,  a s oppose d t o a  stack ,  contain s tw o pointer s rathe r  tha n one ,  i n orde r  t o indicat e separatel y wher e 

th e nex t  pus h an d po p occur . 

Here ,  an d generall y i n situation s i n whic h existin g mechanism s ar e use d a s analogie s i n orde r  t o implemen t 

some ne w desire d functionality ,  a  descriptio n o f  th e relationshi p betwee n th e behavioral ,  th e causa l  an d th e 

topologica l  representatio n enter s strongl y int o successfu l  problem-solving . 

Analogical Explanations Combining Inconsistent Mental Models 

Mar k Burstei n B B N Laboratories ,  Cambridge ,  M A ^ 

Analogie s ar e use d durin g proble m solvin g fo r  a  numbe r  o f  purposes .  The y ca n b e use d t o suggest'plan s 
of  action ,  organization s fo r  component s i n a  synthesi s o r  desig n problem ,  prediction s o f  effect s o f  partiall y 

understoo d systems ,  an d explanation s o f  observe d behaviors .  Al l  o f  thes e use s o f  analog y shar e som e c o m m o n 

underlyin g cognitiv e mechanisms ,  bu t  emphasiz e an d exploi t  seinanticall y differen t  relationa l  structures .  W e 

reporte d a  preliminar y categorizatio n o f  som e o f  thes e type s o f  relationa l  structur e i n (Burstei n f z Adelson , 

'Thi s researc h wa s supporte d i n par t  b y th e Arm y Researc h Institute . 
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1987). 

As describe d i n th e precedin g section ,  w e ar e developin g a  theor y o f  analogica l  reasonin g an d learnin g tha t 
difTerentiate s thes e differen t  use s o f  analogies .  On e importan t  aspec t  o f  ou r  theor y i s tha t  analogie s ca n 

compar e an d relat e system s a t  severa l  level s o f  description .  Wel l  understoo d domain s o r  systems ,  i.e. ,  thos e 

whose behavior ,  mechanism ,  an d application s ar e al l  understood ,  ma y serv e a s sourc e analog s a t  severa l 

differen t  level s o f  abstraction ,  an d fo r  severa l  o f  thes e differen t  purposes . 

One recen t  compute r  mode l  tha t  demonstrate s som e o f  thes e use s o f  analog y i s Falkenhainer' s PHINEA S 
syste m (Falkenhainer ,  1987) .  PH INEA S i s a n ambitiou s syste m tha t  coordinate s som e larg e program s fo r 

qualitativ e reeisonin g an d planning ,  i n conjunctio n wit h hi s Structur e Mappin g Engin e (SME )  (Falkenhainer , 

Forbu s k  Gentner ,  1986) .  Falkenhainer' s syste m first  (1 )  build s a  qualitativ e causa l  mode l  o f  hea t  flow  b y 
analog y t o liqui d flow  t o explai n a n observatio n o f  hea t  flow  behavior .  Th e syste m the n seek s t o (2 )  verif y 

furthe r  prediction s fro m it s ne w model ,  a s a  mean s o f  testin g it s reliabilit y  an d generality .  Thi s ste p als o 

involve s (3 )  plannin g experiment s t o brin g abou t  othe r  situation s predictabl e fro m th e sam e qualitativ e 

model . 

One o f  th e reason s th e behavio r  o f  PH INEA S differ s fro m th e mode l  w e ar e developin g i s tha t  PHINEA S 
does no t  us e analogica l  reasonin g fro m it s sourc e domai n knowledg e i n step s 2  an d 3 .  Tha t  is ,  it s prediction s 
of  relate d targe t  domai n behavior s an d it' s  plan s fo r  action s t o brin g abou t  thos e behavior s ar e generate d 

usin g onl y th e newl y constructe d targe t  domai n qualitativ e model .  PHINEA S doe s no t  hav e acces s t o store d 

plan s suggestin g use s o f  wate r  flow  fo r  differen t  purposes ,  no r  doe s i t  us e alternat e envisionment s o f  wate r 

flow  situation s t o generat e additiona l  hea t  flow  predictions .  It s resultin g mode l  o f  hea t  flow  i s embede d i n a 

specifi c  settin g base d o n th e initiall y  presente d situation .  W e woul d argu e tha t  creatio n o f  a  ful l  tes t  o f  th e 

generalit y o f  th e newl y derive d hea t  flow  principle ,  an d th e analog y t o fluid flow,  woul d involv e extendin g 

th e analog y t o relat e a  numbe r  o f  "parallel "  wate r  an d hea t  flow  situation s (Burstein ,  1988) . 

The poin t  o f  thi s exampl e i s tha t  successful ,  strategi c us e o f  analogie s i n learnin g an d proble m solvin g i s ofte n 

base d o n severa l  level s o f  correspondenc e betwee n domains .  PHINEA S an d othe r  system s hav e successfull y 

shown ho w th e discover y o f  correspondin g behavior s ca n lea d t o th e inductio n o f  a  correspondin g qualitativ e 

causa l  structure ,  bu t  man y analogie s ca n b e use d t o relat e othe r  level s o f  descriptio n a s well .  W e ar e 

developin g a  compute r  mode l  wher e severa l  level s o f  descriptio n ca n b e successivel y mappe d fro m a  singl e 

analogy ,  base d o n a n initial ,  successfu l  mappin g a t  th e behaviora l  o r  som e othe r  level .  Thi s require s riche r 

sourc e domai n representation s wit h multipl e relate d example s an d mechanism s whic h allo w semanticall y 
differen t  kind s o f  structura l  relation s t o b e preferre d fo r  mappin g a t  differen t  times . 

Anothe r  reaso n fo r  investigatin g thi s for m o f  purpose-constraine d analogica l  mappin g i s tha t  huma n menta l 

model s o f  domain s ar e ar e seldo m complete ,  no r  totall y internall y consisten t  (Collin s fc  Gentner ,  1987 ; 

Spir o e t  al. ,  1988 ;  Burstein ,  1985) .  W e ofte n us e a  se t  o f  relate d example s wit h associate d explanator y 

model s t o kee p fro m generatin g erroneou s prediction s an d explanations .  Similarly ,  explanation s o f  differen t 

behavior s withi n a  singl e domai n ma y b e generate d fro m differen t  analogica l  models ,  o r  combination s o f 

models .  Inconsistencie s i n thes e explanation s ca n onl y b e detecte d durin g proble m solvin g episode s tha t  full y 

exercis e th e interrelation s betwee n models .  W e wil l  presen t  example s o f  subject s developin g an d relatin g 

model s derive d fro m differen t  analogies ,  an d sho w ho w detecte d inconsistencie s ca n b e understoo d i n term s 

of  attempt s t o relat e menta l  model s a t  differen t  level s o f  abstractio n durin g proble m solving . 

Analogical Reasoning as a Dy-Product of Problem-Solving. 

Kristia n J .  Hammond,  Universit y o f  Chicago ® 

We don't work on analogy. We do work on problem solving. As it turns out, we have a program and 

an approac h tha t  result s i n "analogical "  behavior .  Simpl y stated ,  th e progra m (POLYA )  seek s case s i n 

memory t o us e a a exemplar s an d ofte n finds  case s tha t  a n observe r  woul d se e a s analogical .  P O L Y A itself , 

'Thi s wor k wa a don e wit h Thoma s McDouga l  a t  th e Universit y  o f  Chicag o A I  Lab . 
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however, does not distinguish between true analogy and similarity. POLYA simply uses mapping information 
associate d wit h th e share d predicate s t o transfe r  th e solutio n o r  partia l  solutio n o f  th e recalle d proble m t o 
th e ne w situatio n withou t  distinguishin g betwee n type s o f  similarity . 

P O L YA i s a  problem-solve r  i n th e domai n o f  geometr y theore m proving .  I n particular ,  i t  i s  a  case-base d 
problem-solve r  tha t  construct s ne w proof s ou t  o f  existin g solution s (o r  generalization s o f  solutions )  tha t 

i t  find s i n memory .  T h e ai m o f  th e P O L Y A projec t  i s  th e developmen t  o f  technique s fo r  automaticall y 

constructin g vocabularie s o f  featur e combinatio n an d interactio n tha t  ar e effectiv e i n describin g proble m 

situation s an d thu s organizin g solution s i n memory . 

T h e P O L Y A projec t  i s  predicate d o n th e notio n tha t  fo r  ever y domain ,  ther e exist s a  vocabular y o f  featur e 

combinatio n an d interactio n tha t  bes t  describe s th e problem s withi n it .  Th e tw o feature s tha t  ar e mos t 
importan t  t o thi s vocabular y ar e th e nea r  independenc e o f  th e predicate s an d a  clos ^  associatio n betwee n 

proble m description s an d solutio n sets .  Th e nea r  independenc e o f  predicate s enable s us e i n indexing .  T h e 

associatio n betwee n proble m descriptio n an d solutio n se t  determine s utility . 

Thi s vocabular y i s generate d ou t  o f  th e constraint s o f  existin g problem/solutio n pair s an d i s teste d throug h 

it s us e i n indexin g case s i n memory .  Thos e statement s use d i n a  proo f  that ,  b y necessity ,  shar e argument s 
ar e compounde d int o a  singl e predicate .  A  specia l  purpos e mechanis m i s the n constructe d t o recogniz e thi s 

predicat e an d th e predicat e i s adde d t o th e lis t  o f  feature s use d t o inde x th e solutio n i n memory .  A s ne w 

problem s ar e presented ,  tlie y ar e understoo d i n term s o f  th e ne w predicate s create d b y th e syste m an d thes e 

description s ar e use d t o searc h fo r  existin g solutions .  Rathe r  tha n confron t  th e genera l  proble m o f  indexin g 

of f  o f  arbitrar y conjunct s o f  predicat e calculu s statement s (potentiall y  exponential) ,  onl y certai n conjunct s 

ar e recognize d an d used . 

Whil e P O L Y A construct s thes e ne w predicate s the y d o no t  diffe r  formall y fro m thos e i t  initiall y  uses .  Whil e 

a compoun d predicat e suc h a s S Q U A R E - W I T H I N - C I R C L E o r  K I T E - W I T H - C R O S S represent s interaction s 

betwee n parts ,  th e low-leve l  predicate s suc h a s L I N E an d C U R V E d o a s well .  Further ,  th e technique s fo r 

recognizin g th e late r  ar e o f  th e sam e typ e a s thos e fo r  recognizin g th e former .  Rathe r  tha n loo k fo r  analogies , 
P O L YA simpl y look s fo r  usefu l  exemplars . 

Ther e ar e five  step s t o th e P O L Y A architecture : 

1. Proofs are used to generate compound predicates out of conjuncts of predicates implicated in the proof 
tha t  shar e variables . 

2. New problems are analyzed in terms of these predicates. 

3. The resulting predicate list is used to search for appropriate solutions. 

4. Mapping information associated with each predicate is used to obtain the bindings between source and 

target . 

5. Any gaps in the proof are dealt with as a new problem description and POLYA recurs on the search 

fo r  a  solution . 

6. The resulting proof is used to generate a new set of candidate predicates. 

The result of this is a system that makes use of cases that are both "similar" and "analogous" to its problem 

situatio n withou t  havin g t o distinguis h betwee n th e two .  Th e behavio r  i s analogical ,  bu t  thi s i s a  natura l 

by-produc t  o f  th e case-base d proble m solving . 
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