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Abstrac t 
Reasonin g b y analog y i s a  centra l  phenomen a i n cogni -

tion .  Existin g computationa l  model s o f  analog y provid e ac -
count s o f  ho w analogica l  inference s ar e generated ,  bu t  d o no t 
specif y ho w the y migh t  b e evaluate d o r  integrate d wit h othe r 
method s o f  reasoning .  Thi s pape r  extend s th e mode l  o f 
analogica l  inferenc e i n structure-mappin g theor y i n tw o ways . 
First ,  w e propos e technique s fo r  th e structura l  evaluatio n o f 
analogica l  inferences ,  t o mode l  on e o f  th e factor s peopl e ap -
pear  t o us e i n evaluatin g th e plausibilit y  o f  argument s base d 
on compansons .  Second ,  w e propos e a n information-leve l 
model  o f  analogica l  inference s tha t  support s reasonm g abou t 
correspondence s an d mappings .  W e describ e ho w thi s mode l 
fit s  wit h existin g psychologica l  evidenc e an d illustrat e it s op -
eratio n o n severa l  examples ,  usin g a  compute r  simulation . 
Thes e example s includ e evaluatin g th e validit y o f  a  qualita -
tiv e menta l  mode l  an d a  prototyp e case-base d coac h tha t  i s 
bein g adde d t o a n already-fielde d intelligen t  learnin g envi -
ronment . 

Introduction 

Psychologica l  result s o n analogica l  reasonin g sugges t 
tha t  ther e ar e cor e technique s o f  compariso n an d analogica l 
inferenc e which ,  i n concer t  wit h othe r  processes ,  ar e use d 
i n task s rangin g fro m perceptio n t o conceptua l  chang e 
(Centne r  &  M a r k m a n 1997) .  Ye t  ther e ha s bee n surpris -
ingl y littl e researc h o n analogica l  inference .  Existin g com -
putationa l  model s o f  analog y mode l  th e generatio n o f  can -
didat e inference s (Centner ,  1982 ,  1983 ;  Holyoak ,  Novick , 
& Melz ,  1994 ;  Keane ,  1990) ,  an d particula r  simulation s 
hav e use d candidat e inference s i n modelin g analogica l  rea -
sonin g an d learnin g i n physica l  domain s (Falkenhainer , 
1987 ;  Forbus ,  Ferguson ,  &  Centner ,  1994) ,  bu t  n o model s 
of  analogica l  inferenc e wit h a  leve l  o f  generalit y o n pa r 
wit h model s o f  mappin g an d retrieva l  hav e bee n proposed . 
Withi n th e case-base d reasonin g ( G B R )  communit y 
analogica l  inferenc e (o r  adaptation )  ha s bee n on e o f  th e 
leas t  explore d aspects .  M a n y effectiv e G B R system s onl y 
act  a s retrieva l  systems ,  countin g o n h u m a n partner s t o 
understan d an d appl y th e retrieve d informatio n (Kolodne r 
1994 ;  Schan k &  Clear y 1994) .  Thos e whic h d o adaptatio n 
(c. f  Carbonel l  e t  a l  1991 ;  Kas s 1986 ;  Leak e 1996 )  rel y o n 

domain-specifi c an d task-specifi c  methods .  Ou r  goa l  her e 
i s a  domain-genera l  accoun t  o f  h o w analogica l  inference s 
ar e evaluate d an d integrate d wit h othe r  knowledge . 

Analogica l  inferenc e i s a  comple x phenomena ,  involv -
in g interaction s o f  analogica l  processin g wit h a  variet y o f 
othe r  cognitiv e processes .  Thi s pape r  provide s anothe r  ste p 
toward s a  computationa l  mode l  o f  analogica l  inference ,  b y 
extendin g Centner' s (1983 )  structure-mappin g theor y i n 
tw o ways .  First ,  w e describ e a  metho d fo r  structura l 
evaluatio n o f  analogica l  inferences ,  whic h estimate s h o w 
promisin g a n inferenc e i s  base d o n it s for m an d th e m a p -
pin g tha t  generate d it .  Ther e i s  evidenc e tha t  peopl e us e 
suc h estimate s i n decidin g whethe r  t o pursu e a n analog y 
an d whic h inference s ar e wort h explorin g further .  Second , 
we describ e a  logica l  for m fo r  expressin g analogica l  infer -
ence s tha t  enable s the m t o b e integrate d wit h othe r  reason -
in g processes . 

Our  mode l  i s  intende d a s a  cognitiv e mode l  i n tw o re -
spects :  (1 )  Th e structura l  evaluatio n metho d shoul d giv e 
answer s tha t  produc e th e sam e ordina l  preference s i n task s 
as h u m a n subjects .  (2 )  Th e logi c o f  candidat e inference s 
stand s a s a n information-leve l  mode l  o f  th e justification s 
someone woul d giv e fo r  a n analogica l  inference .  W e de -
scrib e h o w thi s mode l  i s  consisten t  wit h existin g psycho -
logica l  evidenc e o n analogica l  inference .  W e als o illus -
trat e h o w a  compute r  simulatio n o f  th e mode l  ca n combin e 
qualitativ e reasonin g wit h analogica l  inference s t o evaluat e 
a possibl e analo g fo r  a  h o m e heatin g system ,  an d h o w thes e 
technique s ar e bein g use d i n a  prototyp e case-base d coac h 
fo r  a n intelligen t  learnin g environment . 

Review of Structure-Mapping 

Accordin g t o structure-mappin g theory ,  a n analog y 
matc h take s a s inpu t  tw o structure d representation s (bas e 
an d target )  an d produce s a s outpu t  a  se t  o f  mappings .  Eac h 
mappin g consist s o f  a  se t  o f  correspondence s tha t  alig n 
item s i n th e bas e wit h item s i n th e targe t  an d a  se t  o f  can -
didat e inferences ,  whic h ar e surmise s abou t  th e targe t  m a d e 
on th e basi s o f  th e bas e representatio n plu s th e correspon -
dences .  Th e constraint s o n th e correspondence s includ e 
structura l  consistency ,  i.e. ,  tha t  eac h ite m i n th e bas e map s 
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t o a t  mos t  on e ite m m th e targe t  an d vice-vers a (th e 1: 1 
constraint )  an d tha t  i f  a  correspondenc e betwee n tw o 
statement s i s include d i n a  mapping ,  the n s o mus t  corre -
spondence s betwee n it s argument s (th e paralle l  connec -
tivit y  constraint) .  Wh ic h mappin g i s chose n i s governe d 
by th e systematicit y constraint :  Preferenc e i s give n t o map -
ping s tha t  matc h system s o f  relation s i n th e bas e an d target . 
Eac h o f  thes e theoretica l  constraint s i s motivate d b y th e 
rol e analog y play s i n cognitiv e processing .  Th e 1: 1 an d 
paralle l  connectivit y constraint s ensur e tha t  th e candidat e 
inference s o f  a  mappin g ar e well-defined .  Th e systematic -
it > constrain t  reflect s a  (tacit )  preferenc e fo r  inferentia l 
power  i n analogica l  arguments . 

Th e Structure-Mappin g E n g m e ( S M E )  (Falkenhaine r  e t 
al  1986 ,  1989 ;  Forbu s e t  a l  1994 )  i s a  cognitiv e simulatio n 
of  analogica l  matching .  Give n bas e an d targe t  descriptions , 
S ME find s globall y consisten t  interpretation s vi a a  local-to -
globa l  matc h process .  S M E begin s b y proposin g corre -
spondences ,  calle d matc h hypotheses ,  i n paralle l  betwee n 
statement s i n th e bas e an d target .  Then ,  S M E filter s ou t 
structurall y inconsisten t  matc h hypotheses .  Mutuall y con -
sisten t  collection s o f  matc h hypothese s ar e gathere d int o 
globa l  mapping s usin g a  greed y merg e algorithm .  A n 
evaluatio n procedur e base d o n th e systematicit y principl e i s 
use d t o comput e th e structura l  evaluatio n fo r  eac h matc h 
hypothesi s an d mapping .  Thes e numerica l  estimate s ar e 
use d bot h t o guid e th e merg e proces s an d a s on e componen t 
i n th e evaluatio n o f  a n analogy . 

/ 

C o c^ : ̂ ^ 5 ' ^ > P 

• a b  c " d e l f 
Figur e 1  I f  proposition s A- E an d entitie s a- e ar e par t  o l  a  map -

ping ,  the n {F,G,E,e,f }  woul d be  use d t o generat e a  candidat e infer -
ence .  {E,e }  ar e th e ""border "  o f  th e inference . 

Candidat e inference s fo r  a  mappin g ar e generate d b y 
examinin g h o w th e bas e intersect s th e mapping .  Le t  a  roo t 
of  a  descriptio n b e a  statemen t  tha t  i s  no t  th e argumen t  o f 
an y othe r  statemen t  i n th e description .  I f  a  roo t  participate s 
i n th e mapping ,  the n i t  i s  par t  o f  th e overla p betwee n bas e 
and target ,  an d ca n provid e n o ne w information .  I f  a  roo t  i s 
not  par t  o f  th e mapping ,  bu t  ha s subexpression s tha t  ar e 
par t  o f  th e mapping ,  the n a  candidat e inferenc e i s com -
puted .  I n Figur e 1 ,  a ,  d ,  an d f  ar e roots .  Sinc e a  an d d  par -
ticipat e i n th e mapping ,  onl y f  serve s a s a  startin g poin t  fo r 
a candidat e inference .  Th e for m o f  th e inferenc e i s th e roo t 
expression ,  wit h substitution s mad e a s necessar y fro m th e 
correspondences ,  an d wit h skole m function s introduce d fo r 
bas e constant s tha t  d o no t  hav e correspondence s (i.e. ,  f  i n 
Figur e 1) . 

Eva lua t i n g a n d U s i n g Ana log ica l  Inference s 

Structure-mappin g theor y define s analogica l  inference s 
as projection s fro m th e bas e tha t  ar e structurall y supporte d 
by th e correspondence s o f  a  mapping .  S M E provide s algo -
rithm s fo r  automaticall y generatin g them .  However ,  thi s i s 
not  enough :  analogica l  inference s mus t  b e evaluate d an d 
used .  T w o centra l  issue s are :  (1 )  H o w ca n th e plausibilit y 
of  analogica l  inference s b e estimated ? I n additio n t o do -
mai n an d tas k constraints ,  structura l  propertie s o f  th e 
matc h ar e use d b y peopl e a s a  facto r  i n estimatin g plausi -
bility .  (2 )  Wha t  i s th e logical/explanator y impor t  o f 
analogica l  inferences ? T o captur e thei r  us e i n huma n rea -
soning ,  w e mus t  b e abl e t o coupl e analogica l  inferenc e wit h 
othe r  form s o f  reasoning .  W e addres s eac h issu e i n turn . 

Structural evaluation of candidate inferences 

Th e structura l  evaluatio n o f  a  mappin g provide s a n es -
timat e o f  matc h quality ,  base d o n th e natur e o f  th e overlap . 
We sugges t  tha t  a  simila r  strucmra l  evaluatio n occur s psy -
chologicall y fo r  candidat e inferences .  However ,  fo r  candi -
dat e inference s w e postulat e tw o distinc t  dimensions :  (1 ) 
Support :  H o w m u c h structura l  suppor t  doe s a n analogica l 
inferenc e deriv e fro m th e mappin g tha t  generate d it ? (2 ) 
Extrapolation :  H o w fa r  doe s a n analogica l  inferenc e g o 
beyon d th e suppor t  len t  b y th e mapping ? 

We believ e thes e tw o measure s hav e significantl y dif -
feren t  functiona l  roles .  Suppor t  i s  lik e th e structura l 
evaluatio n o f  mappings :  Mo r e i s alway s better .  Extrapola -
tio n i s mor e complex :  Hig h extrapolatio n seem s desirabl e 
i n task s lik e brainstormin g o r  theor y generation ,  bu t  lo w 
extrapolatio n m a y b e preferabl e fo r  within-domai n com -
parison s involvin g highl y familia r  situations . 

Th e suppor t  an d extrapolatio n structura l  evaluatio n al -
gorithm s ar e variation s o f  th e algorith m use d fo r  mappings . 
The scor e o f  a  mappin g i s th e su m o f  th e score s o f  it s  corre -
spondences .  Th e score s o f  th e correspondence s ar e com -
pute d a s follows :  (1 )  eac h correspondenc e i s give n a n initia l 
scor e w i  an d the n (2 )  score s ar e incremente d vi a a  trickle -
down metho d t o enforc e th e s>'Stematicit y preferenc e fo r 
dee p matchin g structures .  Tha t  is ,  i f  wcmhj )  i s  th e scor e 
associate d wit h a  matc h hypothesi s mhi .  mh j  i s a  matc h hy -
pothesi s tha t  applie s t o on e o f  MH^' s arguments ,  an d 5  i s th e 
trickle-dow n factor ,  the n wcmhj )  i s  incremente d a s follows : 

W(MH2)  < -  max<W(MH2)  +  6W(MHi )  ;  1.0 } 
T o comput e th e suppor t  scor e o f  a  candidat e inference , 

thi s sam e algorith m i s use d o n th e correspondence s tha t 
suppor t  i t  i n th e mappin g an d addin g u p th e results .  Re -
turnin g t o Figur e 1 ,  th e inferenc e relie s o n th e correspon -
dence s fo r  E ,  d ,  an d e ,  s o th e suppor t  scor e woul d b e th e 
su m o f  th e score s fo r  thei r  correspondences . 

Th e extrapolatio n scor e o f  a n analogica l  inferenc e is . 
roughly ,  th e siz e o f  th e n e w informatio n ove r  th e tota l  siz e 
of  th e inference .  Conside r  tw o limitin g cases .  I f  ther e wer e 
no suppor t  ( i  e. ,  a  hallucination) ,  al l  th e informatio n woul d 
be new ,  s o th e extrapolatio n scor e woul d b e 1 .  L f  ther e 
wer e nothin g ne w (everythin g wa s ther e already) ,  the n th e 
scor e woul d b e 0 .  A n y rea l  candidat e inferenc e wil l  b e 
somewher e i n betwee n thes e tw o values . 

Th e algorith m fo r  computin g extrapolatio n score s i s 
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1.  Appl y th e trickle-dow n algorith m use d t o scor e corre -
spondence s t o th e structur e o f  th e inferenc e itself ,  i.e. ,  a s i f 
we wer e matchin g th e inferenc e t o itsel f 
2.  Th e extrapolatio n scor e i s 

£W(outside ) 
Z W(outeide )  +  Z  W(inaide ) 

wher e insid e refer s t o th e item s i n th e candidat e inferenc e 
tha t  ar e par t  o f  th e mappin g an d outsid e refer s t o th e item s 
i n th e candidat e inferenc e tha t  ar e bein g projected .  Agai n 
referrin g t o Figur e 1 ,  th e extrapolatio n scor e i n thi s cas e 
woul d b e 

W(F)+W(G)+W(f ) 

W(E)  +  W(d )  +  W(e )  +  W(F )  +  W(G)  +  W(f ) 

Usin g th e trickle-dow n algorith m provide s a  mor e con -
servativ e scor e tha n simpl y countin g item s would ,  sinc e th e 
existenc e o f  larg e structure s outsid e th e mappin g wil l  lea d 
t o highe r  score s insid e th e mappin g du e t o trickle-down . 

A logic of candidate inferences 

The secon d requiremen t  fo r  evaluatin g candidat e infer -
ence s i s th e abilit y  t o expres s the m i n a  for m tha t  ca n inter -
act  wit h othe r  processes .  Le t  c  b e a  candidat e inference . 
We requir e c  t o b e a  proposition .  Intuitively ,  th e validit y 
of  c  depend s i n par t  upo n th e validit y o f  th e correspon -
dence s tha t  suppor t  it .  W e reif y correspondence s a s propo -
sition s a s follows .  Le t  MH(bi,ti )  b e th e hypothesi s tha t  b i 
m th e bas e correspond s to ,  i.e. ,  matches ,  t i  i n th e target . 
The semantic s o f  mh statement s reflec t  th e consistenc y con -
straint s o n matc h hypotheses ,  e.g. ,  MH(bi,ti )  i s  inconsisten t 
withMH(bi,t2 )  an d MH(b2 ,  ti) ,  forbi?tb 2 an d ti#t2 . 

Analogica l  inferenc e i s no t  deductivel y valid' .  Tha t  is , 
we ma y assum e a n analogica l  inferenc e t o b e tru e i n th e 
absenc e o f  evidenc e t o th e contrary ,  bu t  stan d read y t o re -
trac t  i t  i f  i t  result s i n a  contradiction .  Also ,  invalidatin g 
one analogica l  inferenc e doe s no t  necessaril y  rul e ou t  othe r 
inference s o f  th e sam e mapping ^  Therefor e w e mus t  b e 
abl e t o expres s belie f  i n th e plausibilit y  o f  eac h candidat e 
inferenc e independently .  Le t  plausible-c i  ( o b e th e 
propositio n tha t  candidat e inferenc e c  i s plausible ,  give n 
availabl e knowledge ,  plausible-c i  i s  nonmonotonic ,  i n 
th e sam e sens e o f  McCarthy' s (1987 )  abnorma l  predicat e o r 
Hobbs e l  a l  (1993 )  et c predicate .  Tha t  is ,  i n reasonin g 
plausible-c i  statement s ar e assume d t o b e tru e i n th e ab -
senc e o f  informatio n t o th e contrary ,  bu t  wil l  b e viewe d a s 
candidate s fo r  retractio n i f  contradiction s arise . 

Give n thes e definitions ,  w e ca n no w expres s a n analogi -
cal  inferenc e a s follows : 

MH(bi,ti)6...fiMH(bn,t„)SPLAUSIBLE-CI(C )  = > C 
That  is ,  th e candidat e inferenc e i s justifie d b y th e corre -
spondence s betwee n th e bas e an d target ,  unles s i t  i s  discov -
ere d t o b e invalid . 

'  Se e Falkenhaine r  (1990 )  fo r  a  discussio n o f  th e relationshi p 
betwee n analogy ,  deduction ,  abduction ,  an d induction . 

^  On e predictio n o f  th e atom/sola r  syste m analog y i s tha t  elec -
tron s woul d hav e "moons "  orbitm g them .  Th e failur e t o fm d 
thes e moon s di d no t  caus e th e analog y t o b e abandoned . 

A fiirthc r  piec e o f  vocabular y i s neede d t o captur e th e 
intuitio n tha t  belie f  i n a  candidat e inferenc e i s tie d t o belie f 
i n th e mappin g tha t  generate d it .  Th e importanc e o f  struc -
tufii l  consistenc y i n analogica l  reasonin g suggest s tha t  peo -
pl e wor k wit h mapping s rathe r  tha n isolate d correspon -
dences .  Th e predicat e using-mappin g serve s a s a  contro l 
assertio n indicatin g belie f  i n th e se t  o f  correspondence s 
structurall y entaile d b y a  mapping .  Eac h usihg-mappin g 
statemen t  justifie s mh statement s concernin g it s correspon -
dences ,  i.e. ,  i f  mappin g m pair s item s bi ,  t i  bp ,  tp ,  the n 

using-mappin g (M )  = > MH(bi,ti ) 

using-mapping(M) =5 MH(bp,tp) 
Wit h thi s vocabular y th e result s o f  analogica l  matche s 

ca n b e expresse d i n a  for m tha t  capture s ou r  intuition s 
abou t  th e structura l  dependencie s o f  a  candidat e inference . 
For  purpose s o f  simulation ,  thi s vocabular y ca n b e use d t o 
expres s th e result s o f  analogica l  processin g i n a  for m tha t 
ca n b e use d b y othe r  processes .  Thi s facilitate s th e simula -
tio n o f  task s tha t  us e analogica l  inference s i n combinatio n 
wit h othe r  reasonin g processes . 

Implementation 

We hav e extende d S M E t o comput e th e suppor t  an d ex -
trapolatio n score s fo r  candidat e inferences .  W e integrate d 
S ME wit h th e L T R E reasonin g syste m fro m Forbu s &  d e 
Klee r  (1993) .  Promisin g analogica l  inference s (base d o n 
task-specifi c  criteria )  ar e installe d i n th e L T R E accordin g 
t o th e logi c describe d previously ,  an d assumin g th e 
PLAusiBLE-c i  statemen t  t o b e tru e b y default . 

Psychological Support for the Model 

Th e abilit y  t o identif y whic h inference s follo w fro m a 
give n se t  o f  correspondence s ha s bee n demonstrate d ex -
perimentall y (Clemen t  &  Centne r  1991 ;  Spellma n & 
Holyoa k 1996) .  M a r k m a n (i n preparation )  ha s demon -
strate d tha t  analogica l  inference s follo w structura l  consis -
tency ,  eve n whe n ther e ar e multipl e possibl e mappings . 
Our  mode l  fo r  th e logica l  for m o f  analogica l  inferenc e i s 
consisten t  wit h thes e results . 

Our  definitio n o f  suppor t  scor e i s consisten t  wit h severa l 
line s o f  evidence .  Psychologically ,  matche s involvin g large r 
system s o f  statement s ar e viewe d b y subject s a s mor e soun d 
(Centne r  e t  a l  1993) .  Clemen t  &  Centne r  (1991 )  showe d 
tha t  subject s mad e prediction s base d o n statement s con -
necte d t o a  c o m m o n anteceden t  i n th e base ,  an d tha t  candi -
dat e inference s connecte d t o systemati c bas e structure s ar e 
preferre d t o thos e whic h ar e not . 

Similarit y ha s bee n suggeste d a s a  centra l  proces s i n in -
ductio n task s (Hei t  &  Rubenstein ,  1994 ;  Lassalin e 1996 ; 
Osherso n e t  a l  1990) ,  s o i t  i s  usefu l  t o se e ho w thi s mode l 
fits  wit h thes e studies .  Lassalin e (1996 )  aske d subject s t o 
rat e th e similarit y o f  pair s o f  fictitious  animal s an d th e in -
ductiv e strengt h o f  a  propert y inferenc e (i.e. ,  i f  a  ha s x ,  w , 
and z ,  an d b  ha s x ,  y ,  an d z ,  h o w likel y i s  i t  tha t  a  ha s y? , 
wher e a  an d b  wer e fictitious  animal s an d th e res t  o f  th e 
variable s wer e filled  i n wit h propertie s suc h a s "dr y flaky 
skin "  o r  "attack s o f  paranoia" )  .  Addin g a  relatio n i n th e 
bas e tha t  explaine d th e inferre d propert y (i.e. ,  tellin g th e 
subject s tha t  i n b ,  x  cause s y  whil e leavin g th e descriptio n 
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of  A  unchanged )  increase d inductiv e strength ,  bu t  addin g a 
relatio n tha t  wa s no t  connecte d t o th e inferenc e di d not .  A 
simpl e mode l  o f  thi s tas k i s t o trea t  i t  a s analogica l  map -
ping ,  wit h anima l  b  servin g a s bas e an d anima l  a  a s th e 
target ,  an d treatin g inductiv e strengt h a s a  functio n o f  th e 
candidat e inferenc e suppor t  score .  Usin g thes e assump -
tions ,  a  simulatio n o f  he r  experiment s als o yield s thi s re -
sult- ^ 

Hei t  an d Rubenstei n (1994 )  foun d tha t  peopl e mak e 
stronge r  inference s abou t  whethe r  on e anima l  ha s a  prop -
ert \  base d o n anothe r  animal' s havin g i t  whe n th e kin d o f 
propert y t o b e inferre d (anatomica l  o r  behavioral )  matche s 
tli e kin d o f  similarit y betwee n th e animal s (anatomica l  o r 
behavioral )  Fo r  instance ,  peopl e judg e th e likelihoo d tha t 
whale s trave l  shorte r  distance s i n extrem e hea t  t o b e highe r 
when tol d tha t  tun a do ,  relativ e t o whe n the y ar e tol d tha t 
bear s do ,  presumabl y becaus e whale s an d tun a hav e mor e 
behaviora l  overla p (bot h swim )  whil e whale s an d bear s 
matc h anatomicall y (bot h mammals ) .  I f  subject s ar e link -
in g ne\ \  propertie s wit h thei r  existin g knowledg e abou t 
thes e animals ,  the n thi s resul t  i s  consisten t  wit h ou r  mode l 
becaus e th e se t  o f  suppor t  fo r  th e analogica l  inferenc e 
woul d b e higher . 

Osherso n e t  a l  (1990 )  investigate d multi-premis e in -
ducti\ e arguments ,  i.e. ,  robin s us e serotoni n a s a  neuro -
transmitter ,  bluejay s us e serotoni n a s a  neurotransmitter , 
therefor e sparrow s us e serotoni n a s a  neurotransmitter , 
modelin g the m a s category-base d induction .  The y giv e 
similarit )  a  centra l  rol e i n thei r  model ,  bu t  assum e onl y 
tha t  a  numerica l  valu e fo r  th e similarit y o f  tw o object s 
(again ,  ammals )  ca n b e computed .  Th e structura l  evalua -
tio n o f  a  mappin g coul d serv e thi s purpose .  I f  w e furthe r 
assume a  SEQL-lik e mode l  o f  abstractio n fro m multipl e 
comparison s (Skorstad ,  Centner ,  &  Medin ,  1988) ,  analogi -
cal  inferenc e m a y als o pla y a  large r  rol e i n explainin g som e 
of  th e sam e phenomena .  Fo r  example ,  Osherso n e t  a l 
foun d tha t  a n argumen t  tha t  a  propert y hel d fo r  a  categor y 
was stronge r  i f  th e premise s involve d mor e typica l  m e m-
ber s o f  a  category .  Structura l  description s fo r  mor e typica l 
members o f  a  categor y migh t  hav e mor e overla p amon g 
themselve s tha n description s o f  a  se t  o f  less-typica l  m e m-
bers ,  thu s providin g mor e suppor t  fo r  candidat e inferences . 

Examples 

We hav e teste d ou r  mode l  o f  analogica l  inferenc e o n a 
variet y o f  examples .  W e describ e tw o example s nex t  t o 
illustrat e tha t  i t  ca n operat e o n comple x representations , 
includin g automaticall y generate d descriptions . 

Evaluation of potential analogs 

A c o m m o n misconceptio n abou t  h o m e heatin g system s 
i s that ,  i f  you r  hous e i s cold ,  settin g you r  thermosta t  t o a 
highe r  settin g tha n ultimatel y desire d wil l  caus e i t  w a r m u p 

faste r  Kempto n (1986 )  showe d i n interview s tha t  thi s 

Inference : 
(Inplle s 

(an d (continuous-settable-contro l  thermostat ) 
(control s (settin g thermostat )  furnace) ) 

(qpro p (applied-hea t  furnace ) 
(settin g thermostat)) ) 

Suppor t  =  6. 0 
Extrapolatio n =  0.27360774818401 9 
[...detail s  omitted .  ] 
Contradictio n foun d fo r 

#<CANDIDATE-INFERENCE #Xl0799D8 > 
of  <Mappin g 32> ; 

1.  Settin g o f  THERMOSTAT control s FURNACE. 
2.  THERMOSTAT i s a  continuousl y settabl e control . 
3.  applie d hea t  o f  FURNACE ha s n o indirec t 

influences . 
Retractin g #<CAND1DATE-INFERENCE #xl0799D8> . 

Figur e 2 :  Menta l  mode l  denied . 

^  Lassalin e als o foun d tha t  addin g share d attribute s increase d 
inductiv e strength ,  whil e addin g share d relation s di d not .  Ou r 
model  doe s no t  exhibi t  thi s behavior .  However ,  othe r  experi -
ment s hav e found ,  consisten t  wit h ou r  model ,  tha t  inductiv e 
strengt h increase s wit h similarit y (Osherso n e t  a l  1990) . 

fault y menta l  mode l  i s ofte n du e t o mistake n analogies , 
suc h a s a  ga s peda l  analogy .  Pushin g th e peda l  dow n far -
the r  cause s th e ca r  t o reac h th e desire d spee d soone r  be -
caus e th e engin e wil l  suppl y mor e powe r  t o th e wheels . 
Adoptin g thi s analog y typicall y lead s t o highe r  heatin g bill s 
withou t  increase d comfort ,  sinc e th e temperatur e wil l  no t 
increas e an y faster ,  an d eventuall y wil l  overshoo t  an d mus t 
be turne d down . 

H ow migh t  someon e escap e fro m thi s mistake n anal -
ogy ? Th e abilit y  t o integrat e analogica l  inferenc e wit h 
othe r  form s o f  reasonin g enable s u s t o mode l  th e proces s o f 
evaluatin g suc h analogies .  I t  i s  well-know n tha t  i n c o m m o n 
sens e reasonin g i t  i s  virtuall y impossibl e t o hav e a  complet e 
set  o f  antecedent s fo r  conclusion s (McCarth y 1987) .  Thu s 
i n th e ga s peda l  scenario ,  th e contro l  relationshi p betwee n 
th e engin e an d th e continuou s natur e o f  th e ga s pedal' s 
settin g migh t  b e conjecture d t o b e sufficien t  t o provid e 
continuou s contro l  ove r  th e engine ,  whic h mean s tha t  mor e 
throttl e lead s t o faste r  attainmen t  o f  a  desire d speed .  Us -
in g S M E t o compar e tw o representativ e descriptions ,  a  sin -
gl e mappin g i s generate d whos e candidat e inferenc e i s 
show n i n Figur e 3 .  Th e h o m e heatin g scenario ,  wit h thi s 
inference ,  i s the n analyze d usin g a  qualitativ e physic s sys -
te m (Forbus ,  1984 )  o n th e sam e descriptio n databas e tha t 
S ME used .  Afte r  instantiatin g a  simpl e domai n theorj' , 
findin g wha t  physica l  processe s wer e acting ,  an d resolvin g 
influence s t o figur e ou t  th e causa l  dependencie s betwee n 
quantities ,  a  contradictio n wa s foun d because ,  accordin g t o 
th e domai n theory ,  th e applie d hea t  o f  th e furnac e i s a n 
independen t  parameter .  (Thi s explanatio n i s als o show n i n 
Figur e 2 ) 

Case-based Coaching in Education 

C BR system s ar e sometime s use d i n educationa l  soft -
war e a s a  coach ,  t o suppor t  student s doin g a  tas k (e.g. . 
Schan k &  Clear y 1994) .  W e ar e addin g a  softwar e desig n 
coac h t o (TyclePa d (Forbu s &  Whalley ,  1994) ,  a n intelligen t 
learnin g environmen t  fo r  engineerin g thermodynamics . 
CyclePa d i s base d o n th e ide a o f  teachin g principle s b y en -
gagin g student s i n desig n tasks ,  suc h a s designin g powe r 
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plants ,  aircraf t  engines ,  an d refrigerators .  CyclePa d i s cur -
rentl y i n experimenta l  us e b y student s a t  Northwester n 
University ,  Oxford ,  an d th e U S Nava l  Academy .  A  recur -
nn g proble m i s tha t  students ,  bein g novic e designers ,  len d 
t o ge t  stuck .  I f  thei r  desig n fail s t o mee t  it s  requircinciits , 
h o w migh t  the y improv e it ? Case-base d coachin g i s a  natu -
ra l  approac h fo r  thi s task ,  sinc e basin g advic e o n interest -
in g example s give s student s additiona l  motivatio n an d 
contex t 

We hav e use d ou r  analogica l  inferenc e syste m t o creat e 
a prototyp e case-base d coac h modul e fo r  CyclePad .  T h e 
ide a i s  this :  W h e n th e studen t  ask s fo r  help ,  th e curren t 
stat e o f  thei r  desig n i s  augmente d wit h a  teleologica l  de -
scriptio n generate d b y C A R N OT (Everett ,  1995) ,  a  pro -
gra m tha t  recognize s th e intende d purpos e o f  th e part s o f 
th e cycl e an d h o w the y ar e relevan t  t o th e student' s goals . 
Thi s descriptio n i s use d t o retriev e a  cas e fro m a  librar y o f 
design s tha t  solve s a  simila r  problem .  Usin g analogica l 
inferenc e t o adap t  thi s exampl e t o th e student' s particula r 
problem ,  th e coac h wil l  the n offe r  concret e advic e o n h o w 
th e studen t  migh t  improv e thei r  design ,  usin g th e cas e a s it s 
justification .  (Se e Fig ,  3 )  Wi t h th e exceptio n o f  automati c 
linkin g o f  task-specifi c  criteri a an d connectin g i t  t o th e 
existin g CyclePa d interface ,  thi s coac h ha s bee n full y im -
plemented . 

Th e cas e librar y i s directe d a t  desig n problem s student s 
ar e likel y t o have .  Entrie s i n th e cas e librar y ar e create d a s 
follows :  T h e domai n exper t  use s CyclePa d t o construc t  a 
cycl e tha t  illustrate s a  particula r  problem .  I n 'watc h m e ' 
mode,  th e exper t  the n modifie s th e desig n i n a  wa y tha t 
fixes  th e problem .  Thu s th e structura l  descriptio n o f  th e 
cycle ,  C A R N O T ' s teleologica l  analysi s o f  wha t  th e cycl e 
does an d h o w eac h par t  o f  th e cycl e contribute s t o thi s 
fiinction ,  an d a  forma l  representatio n o f  th e expert' s  trans -
formatio n ar e al l  automaticall y generate d fo r  th e case .  T h e 
onl y hand-inpu t  par t  o f  th e representatio n i s th e expert' s 
specificatio n o f  th e exac t  natur e o f  th e problem ,  i.e. ,  lo w 
therma l  efficienc y o r  hig h operatin g cost ,  whic h ha s t o b e 
state d i n a  tightl y constraine d forma l  representafio n lan -
guag e an d adde d t o th e case .  T h e selectio n o f  1 2 initia l 
case s wa s base d o n th e likel y need s o f  intermediat e thermo -
dynamic s students .  T h e tes t  problem s wer e generate d i n 
th e sam e way .  T h e averag e numbe r  o f  expression s i n eac h 

Case studen t  Desig n 

Transformatio n 
\ 

Turbine l  '  Turbine 2 
Turbine l 

Reheate r 

iBoile r  ̂  ^  ' v 
Condense i 

'k 

•Boile r 
L>PC 

Condense r 

'̂ Pum p 

V 

'um p 

Turbinel Turbine2 

Reheater ' 

iBoiler ^ 
Condenser ' 

Figur e 3 '  Case-base d coachin g provide s desig n hint s 

cas e i s 7 7 an d th e averag e numbe r  o f  entitie s i s 1 9 
We us e th e M A C / F A C retrieva l  mode l  [Forbu s e t  a l 

1995 ]  t o retriev e cases .  M A C / F A C ' s outpu t  i s furthe r  fil-
tere d b y eliminaUn g a s irrelevan t  an y candidat e inferenc e 
tha t  doe s no t  hypothesiz e a  transformation .  (Ther e ca n b e 
al  mos t  on e relevan t  inferenc e pe r  retrieve d case ,  bu t  some -
time s ther e ar e on e o r  tw o extra ,  irrelevan t  inferences ,  an d 
sometime s a  retrieve d cas e doe s no t  yiel d a  usefii l  infer -
ence. )  Fo r  thos e remaining ,  th e inferenc e wit h th e highes t 
suppor t  scor e i s chose n a s th e advic e t o giv e t o th e student . 

I n ou r  experiment s s o far ,  w e hav e foun d tha t  whe n 
multipl e case s wer e retrieved ,  choosin g th e analogica l  in -
ferenc e wit h th e highes t  suppor t  scor e alway s provide s th e 
optima l  advice .  Thi s resul t  shoul d b e viewe d wit h caution , 
sinc e th e numbe r  o f  problem s trie d ha s bee n small ,  th e cas e 
bas e i s onl y abou t  one-fourt h o f  wha t  w e believ e i s neede d 
fo r  broa d coverage ,  and ,  mos t  importantly ,  i t  ha s no t  bee n 
field-tested  wit h students .  Eve n so ,  thi s doe s sugges t  tha t 
general-purpos e cognitiv e simulatio n tools ,  operatin g o n 
rich,  automaticall y generate d cas e libraries ,  ca n provid e 
accurat e an d efficien t  case-base d coaching . 

Related Work 

I n additio n t o th e case-base d reasonin g wor k mentione d 
earlier ,  ther e ar e a  variet y o f  cognitiv e model s o f  analogica l 
mappin g an d retrieval .  Existin g model s o f  genera l  analogi -
cal  processin g (suc h a s Keane' s (1990 )  I  A M ,  Holyoa k & 
Thagard' s (1989 )  A C M E,  an d H u m m el  &  Holyoak' s (i n 
press )  LISA )  ofte n provid e method s fo r  generatin g infer -
ences .  However ,  the y d o no t  provid e evaluatio n method s o r 
integrat e the m wit h othe r  reasonin g systems .  Furthermore , 
A C ME doe s no t  guarante e t o produc e structurall y consis -
ten t  mappings ,  whic h make s i t  difficul t  t o ge t  accurat e 
analogica l  inference s (Centner ,  1982 ;  Markman ,  i n prepa -
ration) .  I t  i s  no t  ye t  clea r  whethe r  L IS A wil l  avoi d thi s 
problem .  Falkenhainer' s (1990 )  P H I N E A S use d S M E i n a 
model  o f  scientifi c  discovery .  It s technique s fo r  usin g an d 
evaluatin g analogica l  inference s wer e specifi c t o it s tas k 
and domain . 

Discussion & Future Work 

Analogica l  inferenc e i s a  comple x phenomeno n t o 
model  becaus e i t  involve s th e interactio n o f  a  numbe r  o f 
cognitiv e processes .  I n thi s pape r  w e extende d th e struc -
ture-mappin g notio n o f  candidat e inference s i n tw o ways . 
First ,  w e propose d a  metho d fo r  th e structura l  evaluatio n o f 
candidat e inferences .  Thi s allow s evaluatin g th e goodnes s 
of  th e inferenc e i n term s o f  it s  relatio n t o th e mappin g tha t 
generate d it .  Second ,  w e develope d a  vocabular y fo r  logi -
call y expressin g th e relationshi p betwee n a  candidat e infer -
enc e an d th e structura l  correspondence s tha t  suppor t  it . 
Thes e extension s appea r  compatibl e wit h th e overal l  pat -
ter n o f  psychologica l  result s o n analogica l  inference . 
Moreover ,  w e hav e demonstrate d tha t  the y ca n b e imple -
mente d effectivel y an d use d i n system s tha t  combin e 
analogica l  reasonin g wit h othe r  form s o f  reasonin g an d ca n 
operat e wit h complex ,  automaticall y generate d representa -
tions .  W e ar e incorporatin g th e case-base d coac h fo r  Cy -
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clePa d describe d her e int o th e nex t  majo r  releas e o f  th e 
s> ste m fo r  field-testing  wit h students . 

We ar e explorin g thi s mode l  furthe r  i n tw o ways :  (1 )  w e 
ar e designm g expermient s t o tes t  th e psychologica l  plausi -
bilit y  o f  th e extrapolatio n scor e an d othe r  prediction s o f  th e 
model  an d (2 )  v\ e ar e integratm g thi s mode l  int o a  ne w 
cognitiv e simulatio n o f  analogica l  proble m solvin g an d 
reasoning .  W e hop e tha t  thes e extension s brin g u s a  ste p 
close r  toward s a  ful l  computationa l  mode l  o f  analogica l 
inference . 
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