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Dedr e Gent ner

Ar t hur B. Mar kman

Anal ogy and si mi l ar i t y ar e of t en assumed t o be di st i nct

psychol ogi cal pr ocesses . I n cont r ast t o t hi s posi t i on, t he

aut hor s suggest t hat bot h si mi l ar i t y and anal ogy i nvol ve

a pr ocess of st r uct ur al al i gnment and mappi ng, t hat i s,

t hat si mi l ar i t y i s l i ke anal ogy. I n t hi s ar t i cl e, t he aut hor s

f i r st descr i be t he st r uct ur e- mappi ng pr ocess as i t has

b+zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" en wor ked out f or anal ogy. Then, t hi s vi ew i s ext ended

t o si mi l ar i t y, wher e i t i s used t o gener at e newpr edi ct i ons.

Fi nal l y, t he aut hor s expl or e br oader i mpl i cat i ons of

st r uct ur al al i gnment f or psychol ogi cal pr ocessi ng.

nal ogy and si mi l ar i t y ar e cent r al i n cogni t i ve

pr ocessi ng . They ar e of t en vi ewed as qui t e sepa-

at e : Anal ogy i s a cl ever , sophi st i cat ed pr ocess

used i n cr eat i ve di scover y, wher eas si mi l ar i t y i s a br ut e

per cept ual pr ocess t hat we shar e wi t h t he ent i r e ani mal

ki ngdom. Thi s vi ew of si mi l ar i t y has i mpor t ant i mpl i ca-

t i ons f or t he way we model human t hi nki ng, because

si mi l ar i t y i s demonst r abl y i mpor t ant acr oss many ar eas

of cogni t i on . We st or e exper i ences i n cat egor i es l ar gel y

on t he basi s of t hei r si mi l ar i t y t o a cat egor y r epr esent a-

t i on or t o st or ed exempl ar s ( Smi t h & Medi n, 1981) . I n

t r ansf er ; newpr obl ems ar e sol ved usi ng pr ocedur es t aken

f r om pr i or si mi l ar pr obl ems ( Bassok, 1990 ; Hol yoak &

Koh, 1987 ; Keane, 1988 ; Kol odner , 1993 ; Novi ck, 1988,

1990 ; Ross, 1987, 1989 ; Wi nst on, 1980) , and i nf er ences

about peopl e ar e i nf l uenced by t hei r si mi l ar i t y t o ot her

known i ndi vi dual s ( Ander sen &Col e, 1990 ; Read, 1984) .

1?ven t he way we r espond af f ect i vel y t o a si t uat i on may

be based i n par t on our r esponses t o pr evi ous si mi l ar

at i ons ( Kahneman & Mi l l er , 1986) . Thus, an under -

st andi ng of si mi l ar i t y pr ocessi ng may pr ovi de gener al

i nsi ght i nt o human t hi nki ng .

I n our r esear ch, we have t aken a ver y di f f er ent r out e

f r om t he " st ar s above, mud bel ow" vi ew of anal ogy and

si mi l ar i t y . We suggest t hat t he pr ocess of car r yi ng out a

compar i son i s t he same i n bot h cases . The gener al i dea

i s summar i zed by t he sl ogan " si mi l ar i t y i s l i ke anal ogy"

Gent ner &Mar kman, 1995 ; Mar kman&Gent ner , 1993a;

l kl ddi n, Gol dst one, &Gent ner , 1993) . We summar i ze r e-

cc; nt evi dence suggest i ng t hat t he pr ocess i nvol ved i n bot h

si mi l ar i t y and anal ogy compar i sons i s one of st r uct ur al

al i gnment and mappi ng bet ween ment al r epr esent at i ons

( Fal kenhai ner , For bus, & Gent ner , 1989 ; Gent ner , 1983,

9989 ; Gent ner & Mar kman, 1993, 1994, 1995 ; Gol d-

st one, 1994b; Gol dst one & Medi n, 1994 ; Gol dst one,

Medi n, & Gent ner , 1991 ; Mar kman & Gent ner , 1993a,

1993b; Medi n et al . , 1993) . We begi n wi t h cr eat i ve anal -

ogy and t hen t ur n t o si mi l ar i t y .

St r uct ur e Mappi ng i n Anal ogy and Si mi l ar i t y
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Anal ogy

Johannes Kepl er was a gr eat di scover er and a pr ol i f i c

anal ogi zer . He was an ear l y champi on of Coper ni cus' s

( 1543/ 1992) pr oposal t hat t he ear t h an: '. ot her pl anet s

moved, r at her t han t he sun. I n 1596, i n t he cour se of

t r yi ng t o wor k out t he l aws of pl anet ar y mot i on, Kepl er

f ound hi msel f aski ng a seemi ngl y si mpl e quest i on : Why

i s i t t hat t he out er most pl anet s move sl ower t han t he

i nner most pl anet s? Accor di ng t o t he best exi st i ng model s,

t he pl anet s' mot i on was caused by pl anet ar y spi r i t s or

soul s t hat i mpel l ed t he pl anet s on t hei r cour ses . As Kepl er

not ed, one possi bi l i t y was t hat t he spi r i t s t hat moved t he

out er pl anet s j ust happened t o be weaker t han t he spi r i t s

t hat moved t he i nner pl anet s ; but he pr oposed i nst ead t he

r adi cal i dea t hat t her e i s one spi r i t or power emanat i ng

f r om t he sun t hat moves al l t he pl anet s : t hat i s, t hat t he

sun causes t he mot i on of t he pl anet s . [ Kepl er had hi t

upon a maj or i dea, an i mpor t ant pr ecur sor of gr avi t y. But

t her e was a seemi ngl y f at al obj ect i on . For t he sun t o

move t he pl anet s woul d r equi r e act i on at a di st ance, an

abhor r ent not i on t o any physi cal sci ent i st ( i ncl udi ng

Newt on, when he devel oped t he f ul l t heor y of gr avi t y

some 80 year s l at er ) .

Kepl er ' s r esponse t o t hi s sel f - posed chal l enge was

t o consi der an anal ogy t o l i ght . I n hi s Ast r onomi a Nova

( The NewAst r onomy; 1609/ 1992) , Kepl er devel oped t hi s

anal ogy bet ween t he mot i ve power and l i ght ( see Gent ner

et al . , i n pr ess, f or det ai l s) :

But l est I appear t o phi l osophi ze wi t h excessi ve i nsol ence, I

shal l pr opose t o t he r eader t he cl ear l y aut hent i c exampl e of

l i ght , si nce i t al so makes i t s nest i n t he sun, t hence t o br eak

f or t h i nt o t he whol e wor l d as a compani on t o t hi s mot i ve power.
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i t i s t o t he sun .
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Dedr e Gent ner

Who, l ask, wi l l say t hat l i ght i s somet hi ng mat er i al ? Never t he-
I czyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ss, i t car ves out i t s oper at i ons wi t h r espect t o pl ace, suf f er s

al t er at i on, i s r ef l ect ed and r ef r act ed, and assumes quant i t i es so

as t o be dense or r ar e, and t o be capabl e of bei ng t aken as a
sur f ace wher ever i t f al l s upon somet hi ng i l l umi nabl e . Nowj ust

as i t i s sai d i n opt i cs, t hat l i ght does not exi st i n t he i nt er medi at e

space bet ween t he sour ce and t he i l l umi nabl e, t hi s i s equal l y
t r ue of t he mot i ve power . ( Ast r onomi a Nova, p. 383)

I f l i ght can t r avel undet ect abl y on i t s way bet ween

t he sour ce and dest i nat i on, yet i l l umi nat e i t s dest i nat i on,

t hen so t oo coul d t he mot i ve f or ce be undet ect abl e on i t s

way f r om sun t o pl anet , yet af f ect t he pl anet ' s mot i on

once i t ar r i ves at t he pl anet . But Kepl er was not cont ent

wi t h a mer e pr oof of possi bi l i t y. He pushed t he anal ogy

f ur t her . He used i t t o st at e why t he mot i ve power di mi n-

i shes wi t h di st ance : Just as t he l i ght f r om a l amp shi nes

br i ght er on near obj ect s t han on f ur t her ones, so i t i s

wi t h t he sun' s mot i ve power , and f or t he same r eason :

The mot i ve power ( l i ke t he l i ght ) i s not l ost as i t di sper ses

but i s spr ead out over a gr eat er ar ea . Because not hi ng i s

l ost as t he emi ssi on spr eads f r om t he sour ce, Kepl er

( 1609/ 1992) ar gued, " The emi ssi on, t hen, i n t he same

manner as l i ght , i s i mmat er i al , unl i ke odour s, whi ch ar e

accompani ed by a di mi nut i on of subst ance, and unl i ke

heat f r om a hot f ur nace, or anyt hi ng si mi l ar whi ch f i l l s

t he i nt er veni ng space" ( p . 381) . Her e, odor s and heat

ar e used as " near - mi sses" ( Wi nst on, 1980) - pot ent i al

anal ogs t hat di f f er wi t h r espect t o t he key behavi or and

ser ve t o shar pen t he par al l el bet ween l i ght and t he mot i ve

power .

Kepl er ' s anal ogi cal model f aced f ur t her chal l enges .

l l e had t o expl ai n why, gi ven t hi s power emanat i ng f r om

t he sun. t he pl anet s moved cl oser and f ur t her on t hei r

or bi t s i nst ead of mai nt ai ni ng a const ant di st ance f r om

t he sun . To meet t hese chal l enges, he agai n t ur ned t o

anal ogy. For exampl e, he i nvoked a " boat man" anal ogy

t o expl ai n t he i n- and- out mot i on of t he pl anet s . He post u-
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l at ed t hat t he sun r ot at ed ar ound i t s axi s, cr eat i ng a

whi r l i ng ci r cul ar r i ver of mot i ve power t hat pushed t he

pl anet s ar ound . ' Then, as a f er r yman can st eer hi s boat

( t he pl anet ) back and f or t h or t hogonal l y t o t he r i ver ' s

cur r ent , so t he pl anet s coul d move i n and out wi t h onl y

a const ant si dewi se cur r ent of mot i ve power . But al t hough

Kepl er wor ked t hi s anal ogy f or decades, he was never

sat i sf i ed wi t h i t ; i t seemed t o r equi r e a degr ee of sent i ence

on t he par t of t he pl anet s t o sense howt o st eer . I n anot her

much expl or ed anal ogy, he l i kened t he sun and pl anet t o

t wo magnet s t hat appr oach or r epel each ot her dependi ng

on whi ch pol es ar e pr oxi mat e .

Kepl er ' s wr i t i ngs demonst r at e t he cent r al f eat ur es

of anal ogy. Fi r st , anal ogy i s a devi ce f or conveyi ng t hat

t wo si t uat i ons or domai ns shar e r el at i onal st r uct ur e de

spi t e ar bi t r ar y degr ees of di f f er ence i n t he obj ect s t hat

make up t he domai ns ( Gent ner , 1983) . The magnet anal -

ogy, f or exampl e, wi l l st and or f al l accor di ng t o whet her

t he causal r el at i ons bet ween t wo magnet s ar e t he same

as t hose bet ween t he sun and pl anet , and not accor di ng t o

t he r esembl ance bet ween a magnet and t he sun . Common

r el at i ons ar e essent i al t o anal ogy ; common obj ect s ar e

not . Thi s pr omot i ng of r el at i ons over obj ect s makes anal -

ogy a usef ul cogni t i ve devi ce, f or physi cal obj ect s ar e

nor mal l y hi ghl y sal i ent i n human pr ocessi ng- easy t o

f ocus on, r ecogni ze, encode, r et r i eve, and so on .

But t hi s i s st i l l not speci f i c enough . Ther e i s, i n

gener al , an i ndef i ni t e number of possi bl e r el at i ons t hat

an anal ogy coul d pi ck out ( Goodman, 1972) , and most

of t hese ar e i gnor ed . For exampl e, we may f i nd a spi der -

web and a f i shi ng net anal ogous because bot h t r ap t hei r

pr ey, bot h r emai n st at i onar y whi l e t hei r pr ey ent er s, and

so on . But i t woul d not cont r i but e t o t he anal ogy t o not e

t hat " Bot h ar e smal l er t han t he Taj Mahal , " or " Bot h

ar e smal l er t han t he Kr eml i n . " How do we sel ect whi ch

common r el at i ons t o pay at t ent i on t o? The maj or goal of

t hi s ar t i cl e i s t o demonst r at e t hat t he pr ocess of compar i -

son- bot h i n anal ogy and i n si mi l ar i t y- oper at es so as

t o f avor i nt er connect ed syst ems of r el at i ons and t hei r

ar gument s .

As t he above di scussi on shows, t o capt ur e t he pr o-

cess of anal ogy, we must make assumpt i ons not onl y

about t he pr ocesses of compar i son, but about t he nat ur e

of t ypi cal concept ual cogni t i ve r epr esent at i ons and how

r epr esent at i ons and pr ocesses i nt er act ( Pal mer , 1978) . I n

par t i cul ar , we must have a r epr esent at i onal syst em t hat

i s suf f i ci ent l y expl i ci t about r el at i onal st r uct ur e t o ex-

pr ess t he causal dependenci es t hat mat ch acr oss t he do-

mai ns . We need a r epr esent at i onal scheme capabl e of

expr essi ng not onl y obj ect s but al so t he r el at i onshi ps and

bi ndi ngs t hat hol d bet ween t hem, i ncl udi ng hi gher or der

r el at i ons such as causal r el at i ons . ' One cl ar i f i cat i on i s i n

z I n Kepl er ' s pr e- Newt oni an physi cs, t he sun was r equi r ed t o push

t he pl anet s ar ound i n t hei r or bi t s, not mer el y t o at t r act t hem.
' For mal l y, t he el ement s of our r epr esent at i ons ar e obj ect s ( or ent i -

t i es) , obj ect descr i pt or s ( cal l ed at t r i but es) , f unct i ons ( whi ch expr ess

di mensi onal i nf or mat i on) , and r el at i ons bet ween r epr esent at i onal el e
ment s . At t r i but es and r el at i ons ar e pr edi cat es wi t h t r ut h val ues . Func-
t i ons di f f er f r om pr edi cat es i n t hat t hey map f r om a set of ar gument s

Januar y 1997 - Amer i can Psychol ogi st
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or der her e . To di scuss al i gnment pr ocesses, we need t o

t ake r epr esent at i on ser i ousl y, but t hi s shoul d not be t aken

t o i mpl y a commi t ment t o any par t i cul ar r epr esent at i on

as t he best or onl y possi bl e r epr esent at i on of a si t uat i on .

( Logi cal l y, such a posi t i on woul d be i ndef ensi bl e . )

Rat her , we assume t hat t he compar i son pr ocess oper at es

over a per son' s cur r ent r epr esent at i ons, however t hey ar e

der i ved . Thus, t o pr edi ct t he out come of a compar i son,

we shoul d know t he per son' s cur r ent psychol ogi cal con-

st r ual of t he t hi ngs bei ng compar ed, i ncl udi ng goal s and

cont ext ual i nf or mat i on as wel l as l ong- t er m knowl edge .

St r uct ur al Al i gnment Vi ew of Anal ogy

and Si mi l ar i t y

The def i ni ng char act er i st i c of anal ogy i s t hat i t i nvol ves

an al i gnment of r el at i onal st r uct ur e . Ther e ar e t hr ee psy-

chol ogi cal const r ai nt s on t hi s al i gnment . Fi r st , t he al i gn-

ment must be st r uct ur al l y consi st ent : I n ot her wor ds, i t

must obser ve par al l el connect i vi t y and one- t o- one cor r e-

spondence . Par al l el connect i vi t y r equi r es t hat mat chi ng

r el at i ons must have mat chi ng ar gument s, and one- t o- one

cor r espondence l i mi t s any el ement i n one r epr esent at i on

t o at most one mat chi ng el ement i n t he ot her r epr esent a-

t i on ( Fal kenhai ner , For bus, & Gent ner , 1986, 1989 ; Gent -

net , 1983, 1989 ; Gent ner & Cl ement , 1988 ; Hol yoak &

Thagar d, 1989) . For exampl e, i n Kepl er ' s ( 1609/ 1992)

anal ogy, t he pl anet cor r esponds t o t he boat and t he sun' s

power t o t he r i ver ' s cur r ent , because t hey pl ay si mi l ar

r ol es i n a common r el at i onal st r uct ur e . Thi s al so shows

a second char act er i st i c of anal ogy, namel y, r el at i onal f o-

cus : As di scussed . bove, anal ogi es r oust i nvol ve common

r el at i ons but need not i nvol ve common obj ect descr i p-

ont o val ues ot her t han t r ut h val ues . For exampl e, a f unct i on l i ke col or

( bal l ) - r ed may be used t o r epr esent t he di mensi on of col or . The same

asser t i on coul d be r epr esent ed usi ng col or as an at t r i but e, as i n r ed

( bal l ) , or usi ng col or as a r el at i on, as i n col or ( bal l , r ed) . We assume

t hat how a pr oper t y i s r epr esent ed wi l l af f ect t he way i t i s pr ocessed .

Januar y 1997zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" Amer i can Psychol ogi st

t i ons ( e . g . , i t does not det r act f r om t he anal ogy t hat t he

pl anet does not l ook l i ke a boat ) . The f i nal char act er i st i c

of anal ogy i s syst emat i ci t y : Anal ogi es t end t o mat ch con-

nect ed syst ems of r el at i ons ( Gent ner , 1983, 1989) . A

mat chi ng set of r el at i ons i nt er connect ed by hi gher or der

const r ai ni ng r el at i ons makes a bet t er anal ogi cal mat ch

t han an equal number of mat chi ng r el at i ons t hat ar e un-

connect ed t o each ot her . The syst emat i ci t y pr i nci pl e cap-

t ur es a t aci t pr ef er ence f or coher ence and causal pr e-

di ct i ve power i n anal ogi cal pr ocessi ng . We ar e not much

i nt er est ed i n anal ogi es t hat capt ur e a ser i es of coi nci -

dences, even i f t her e ar e a gr eat many of t hem.

A par t i cul ar l y st r i ki ng exampl e of st r uct ur al domi -

nance i n anal ogy i s t hat of cr oss- mappi ng . A cr oss-

mappi ng i s a compar i son i n whi ch t wo anal ogous scenar

i os cont ai n si mi l ar or i dent i cal obj ect s t hat pl ay di f f er ent

r el at i onal r ol es i n t he t wo scenar i os ( Gent ner & Toupi n,

1986 ; see al so Gent ner & Rat t er mann, 1991 ; Gol d-

st one & Medi n, 1994 ; Mar kman & Gent ner , 1993b ; Ross,

1987, 1989) . A si mpl e exampl e of a cr oss- mappi ng i s

t hi s si mpl e pr opor t i onal anal ogy :

1 : 3 : : 3 : 9 .

The obvi ous possi bi l i t y of mat chi ng t he t wo i dent i cal 3s

i s di smi ssed because t o do so woul d r ni sal i gn t he r el a-

t i onal r ol es of t he t er ms . I nst ead, t he obj ect cor r espon-

dences ar e 1 - 3 and 3 - 9, pr eser vi ng t he r el at i onal

commonal i t y ( t he i dent i cal r at i o) acr oss t he pai r .

Gi ven an al i gnment of st r uct ur e, f ur t her i nf er ences

can of t en be made f r om t he anal ogy . The i mpl i ci t pr ef er -

ence f or syst emat i ci t y- f or al i gni ng of connect ed sys

t ems of knowl edge- i s cr uci al her e . I t i s what per mi t s

us t o gener at e spont aneous i nf er ences . When we have

al i gned a syst em i n t he base domai n wi t h a ( t ypi cal l y

l ess compl et e) syst em i n t he t ar get domai n, t hen f ur t her

st at ement s ( candi dat e i nf er ences) connect ed t o t he base

syst em i n t he base can be pr oj ect ed i nt o t he t ar get . These

candi dat e i nf er ences ar e onl y guesses : Thei r f act ual cor -

r ect ness must be checked separ at el y. Thi s uncer t ai nt y i s

appr opr i at e : Any pr ocess capabl e of pr oduci ng novel t r ue

i nf er ences i s al so capabl e of gener at i ng f al se i nf er ences .

Thi s ki nd of spont aneous anal ogi cal i nf er ence

abounds i n Kepl er ' s wr i t i ngs . He f ol l owed hi s i ni t i al anal -

ogy est abl i shi ng t hat t he mot i ve power ( l i ke l i ght ) can

oper at e at a di st ance wi t h a ser i es of f ur t her pr oj ect i ons

( t hat t he mot i ve power [ l i ke l i ght ] spr eads out t hr ough

space, t hat i t becomes di f f used wi t hout di mi ni shi ng i n

t ot al quant i t y, et c . ) . He even asked whet her i t coul d un-

der go an ecl i pse ( he deci ded not and used t hi s di sanal ogy

t o concl ude t hat t he mot i ve power cannot be t he same

t hi ng as t he sun' s l i ght ) .

Si mi l ar i t y I s Li ke Anal ogy

Kepl er ' s anal ogi cal f eat s ar e not hi ng shor t of amazi ng .

Ref l ect i ng on hi s power s makes i t cl ear why t he abi l i t y

t o f or manal ogi es has been t aken as a si gn of i nt el l i gence,

maki ng t he f our - t er m anal ogy pr obl em a st apl e of apt i -

t ude t est s . But consi der t he f ol l owi ng mor e pr osai c

exampl e :

4 7



Lucas, a 25- mont h- ol d chi l d, pl ays wi t h a new t oy t hat has si x

col or ed door s . Each door has i t s own key- a r ed key f or a r ed

door a bl ue key f or a bl ue door , and so on . Lucas opens each

door wi t h t he key of t he cor r espondi ng col or . Then he sees a

sevent h whi t e key. He car ef ul l y i nspect s t he t oy f r om t op t o
bot t om. Then he t ur ns t o hi s par ent s and asks, " Wher e t he
whi t e door ?"

Chi l d devel opment i s f ul l of t hese moment s, as i n t he

exampl e of Aar on' s anal ogy f r om sel f t o ot her di scussed

i n t he ar t i cl e by Hol yoak and Thagar d ( 1997, t hi s i ssue)

or t hi s exampl e cont r i but ed by Li se Menn ( per sonal com-

muni cat i on, Febr uar y 1995) : Her t wo- year - ol d son

wat ched f asci nat ed as some pet duckl i ngs at e . Then he

hel d hi s ar ms t o hi s si des and bent down and up l i ke t he

duckl i ngs . Fi nal l y he announced, poi nt i ng at t he duck-

l i ngs, " Have no hands! " He had f i gur ed out why t hey

at e so di f f er ent l y f r om hi m. These ki nds of compar i son-

based di scover i es ar e so commonpl ace t hat t hey ar e

har dl y not i ceabl e as anyt hi ng speci al , and yet t hey con-

t ai n t he same essent i al char act er i st i cs of anal ogi cal pr o-

cessi ng t hat mar ks Kepl er ' s use of anal ogy .

I n a f undament al sense, si mi l ar i t y i s l i ke anal ogy,

i n t hat bot h i nvol ve an al i gnment of r el at i onal st r uct ur e

( Gent ner & Mar kman, 1995) . The di f f er ence bet ween

t hem i s t hat i n anal ogy, onl y r el at i onal pr edi cat es ar e

shar ed, wher eas i n l i t er al si mi l ar i t y, bot h r el at i onal pr edi -

cat es and obj ect at t r i but es ar e shar ed . I n Kepl er ' s anal -

ogy, t her e i s no physi cal r esembl ance bet ween a boat on

a r i ver and a pl anet r evol vi ng ar ound t he sun . I n Lucas' s

si mi l ar i t y compar i son, each key and door pai r i s si mi l ar

t o ever y ot her , maki ng i t easy f or Lucas t o al i gn t he pai r s .

Thi s cont r ast bet ween anal ogy and l i t er al si mi l ar i t y i s i n

f act a cont i nuum, not a di chot omy . Yet i t i s an i mpor t ant

cont i nuum psychol ogi cal l y, because over al l si mi l ar i t y

compar i sons ar e f ar easi er t o not i ce and map t han pur el y

anal ogi cal compar i sons, especi al l y f or novi ces l i ke Lucas

( Gent ner , Rat t er mann, & For bus, 1993 ; Hol yoak & Koh,

1987 ; Keane, 1988 ; Ross, 1989) .

Fi gur e 1 pl aces t hi s di st i nct i on bet ween anal ogy and

si mi l ar i t y wi t hi n a si mi l ar i t y space def i ned by t he degr ee
of at t r i but i onal si mi l ar i t y and t he degr ee of r el at i onal

si mi l ar i t y . Anal ogy occur s when compar i sons exhi bi t a

hi gh degr ee of r el at i onal si mi l ar i t y wi t h ver y l i t t l e at t r i -

hut e si mi l ar i t y . As t he amount of at t r i but e si mi l ar i t y i n-

cr eases, t he compar i son shi f t s t owar d l i t er al si mi l ar i t y .

Mer e- appear ance mat ches shar e obj ect descr i pt i ons but

not r el at i ons . For exampl e, compar i ng a pl anet wi t h a

r ound bal l woul d const i t ut e a mer e- appear ance mat ch .

Mer e- appear ance mat ches ar e, i n a sense, t he opposi t e of

anal ogi es . Such mat ches ar e of cour se shar pl y l i mi t ed i n

t hei r pr edi ct i ve ut i l i t y . Nonet hel ess, t hey ar e i mpor t ant

t o consi der , because t hey of t en occur among chi l dr en and

ot her novi ces and may i nt er f er e wi t h t hei r l ear ni ng . The

bot t om l ef t cor ner of t he space i s anomal ous com- ar i -

sons, whi ch shar e no si gni f i cant at t r i but e or r el at i onal

commonal t i es . Fi nal l y, Fi gur e 1 shows t hat met aphor s

span t he r ange f r om r el at i onal compar i sons ( e . g . " t wo

l over s l i ke t wi n compasses" ) t o at t r i but e compar i sons

( e . g . , " a moon l i ke a si l ver coi n" ) .
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Fi gur e 1
Si mi l ar i t y Space, Showi ng Di f f er ent Ki nds of Mat ches

i n Ter ms of t he Degr ee of Rel at i onal Ver sus Obj ect -

Descr i pt i on Over l ap

Anal ogy/

Rel at i onal

met aphor

dobgai l )

At t r i but es shar ed

Pr ocess Model of Al i gnment and Mappi ng:

Th St r uct ur e- Mappi ng Engi ne

Li t er al

si mi l ar i t y

mat ch

( Pr i sonl ai l )

Mer e- appear ance/

At t r i but e

met aphor

( zebr al l ai l )

We have ar gued t hat t he compar i son pr ocess i nvol ves a

r at her sophi st i cat ed pr ocess of st r uct ur al al i gnment and

mappi ng over r i ch compl ex; r epr esent at i ons . A skept i cal

r eader mi ght j ust i f i abl y i nqui r e at t hi s poi nt whet her t her e

i s any pl ausi bl e r eal - t i me mechani smt hat coul d comput e

such a st r uct ur al al i gnment . Thi s pr obl em i s not t r i vi al ,

and some ear l y model s made t he assumpt i on t hat t he t op-

l evel concl usi on or goal of t he anal ogy was known i n

advance t o ease t he comput at i onal bur den ( Gr ei ner , 1988 ;

Hol yoak, 1985 ; see Gent ner & Cl ement , 1988, f or a di s-

cussi on) . However , t hese sol ut i ons ar e l i mi t ed, because

peopl e can pr ocess anal ogi es wi t hout advance knowl edge

of t hei r meani ng . When you r ead " Phi l osophy i s l an-

guage i dl i ng, " you pr obabl y under st and i t s meani ng wi t h-

out a pr i or goal cont ext ( al t hough a r el evant pr i or cont ext

woul d of cour se f aci l i t at e compr ehensi on) . Thus, a pr o-

cess model of compar i son shoul d be abl e t o oper at e wi t h-

out advance knowl edge of t he f i nal i nt er pr et at i on.

The st r uct ur e- mappi ng engi ne ( SW; Fal kenhai ner

et al . , 1986, 1989 ; For bus, Gent ner , & Law, 1995) uses a

l ocal - t o- gl obal al i gnment pr ocess t o ar r i ve at a st r uct ur al

al i gnment of t wo r epr esent at i ons . ' Fi gur e 2 shows SME' s

t hr ee st ages of mappi ng . I n t he f i r st st age, SME begi ns

bl i nd and l ocal by mat chi ng al l i dent i cal pr edi cat es and

subpr edi cat es i n t he t wo r epr esent at i ons . ' Thi s i ni t i al

° Si mi l ar al gor i t hms have been i ncor por at ed i nt o ot her comput a-

t i onal model s of anal ogy ( Bur st ei n, 1988 ; Gol dst one, 1994b ; Gol d-

st one & Mer l i n, 1994 ; Hol yoak & Thagar d, 1989 ; Keane, Ledgeway, &

Duf f , 1994) .

3 We make t he t heor et i cal assumpt i on t hat si mi l ar i t y of r el at i onal

pr edi cat es can be expr essed as par t i al i dent i t y . The i dea i s t hat when

t wo si t uat i ons ar e anal ogous, t hey must have some syst em of i dent i cal

r el at i ons . Thi s i dent i cal i t y appl i es t o t he under l yi ng concept s ; t he act ual

sur f ace wor ds used t o expr ess t he r el at i on need not be i dent i cal , f or

exampl e, " Jupi t et - t r avel s sl ower t han Mer cur y" i s anal ogous t o " Jupi -

t er moves sl ower t han Mer cur y" or " Jupi t er ' s r at e of mot i on i s l ower

t han Mer cur y' s" ( see Gent ner & Cl ement , 1988) .
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Fi gur e 2

Over vi ew of t he Al gor i t hm Used by t he
St r uct ur e- Moppi ng Engi ne

Base

	

Tar get
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st age 1

Local mat ches

St age 2

St r uct ur al

coal escence

i nt o consi st ent

mappi ngs

St age 3

Smal l st r uct ur es

combi ned i nt o

maxi mal I nt er pr et at i on :

candi dat e i nf er ences

mappi ng i s t ypi cal l y i nconsi st ent , cont ai ni ng many- t o-

one mat ches . I n t he second phase, t hese l ocal mat ches ar e
coal esced i nt o st r uct ur al l y consi st ent connect ed cl ust er s
( cal i ed ker nal s) . Fi nal l y, i n t he t hi r d st age, t hese ker nal s

ar e mer ged i nt o one or a f ew maxi mal st r uct ur al l y consi s-

t ent i nt er pr et at i ons ( i . e . , mappi ngs di spl ayi ng one- t o- one

cor r espondences and par al l el connect i vi t y) . SME t hen
pr oduces a st r uct ur al eval uat i on of t he i nt er pr et at i on ( s) ,
usi ng a ki nd of cascade- l i ke al gor i t hm i n whi ch evi dence
i s passed down f r om pr edi cat es t o t hei r ar gument s . Thi s
met hod f avor s deep syst ems over shal l ow syst ems, even
i f t hey have equal number s of mat ches ( For bus & Gent ner ,
1989) . Fi nal l y, pr edi cat es connect ed t o t he common

st r uct ur e i n t he base, but not i ni t i al l y pr esent i n t he t ar get ,
ar e pr oposed as candi dat e i nf er ences i n t he t ar get . Thus,

st r uct ur al compl et i on can l ead t o spont aneous unpl anned

i nf er ences .

SME has t he psychol ogi cal l y appeal i ng f eat ur e t hat
i t can der i ve mor e t han one i nt er pr et at i on f or an anal ogy .

I t nor mal l y pr oduces t wo or t hr ee best i nt er pr et at i onF of

an anal ogy- t hat i s, i nt er pr et at i ons r ecei vi ng t he hi ghest

st r uct ur al eval uat i ons . For exampl e, suppose we asked

SME t o i nt er pr et anot her of Kepl er ' s anal ogi cal conj ec-

wr es, namel y, t hat t he ear t h mi ght i mpel t he moon j ust
as t he sun does t he ear t h :

1 . CAUSE [ TRAVEL ( mot i ve power , sun, ear t h) , REVOLVE

AROUND ( ear t h, sun) ]
2 . CAUSE [ TRAVEL ( mot i ve power , ear t h, moon) , REVOLVE
AROUND ( moon, ear t h) ] .

Gi ven t hi s cr oss- mapped pai r , SMEwoul d pr oduce a r el a-

t i onal i nt er pr et at i on i n whi ch t he ear t h i n Sent ence 1

cor r esponds t o t he moon i n Sent ence 2, as wel l as an

obj ect - based i nt er pr et at i on i n whi ch t he ear t h cor r e-

sponds t o t he ear t h . Because of i t s pr ef er ence f or deepl y

connect ed r el at i onal st r uct ur e, t he r el at i onal i nt er pr et a-

t i on woul d r ecei ve a hi gher st r uct ur al eval uat i on and

woul d wi n over t he obj ect i nt er pr et at i on.

A good expl anat or y anal ogy can of t en be ext ended,
as i n Kepl er ' s anal ogi cal ext ensi ons . Comput at i onal mod-

el s have t r i ed t o capt ur e t hi s pr opensi t y wi t h t he not i on

of i ncr ement al mappi ng . For exampl e, SME can ext end

an exi st i ng anal ogi cal mappi ng by addi ng f ur t her con-

nect ed mat er i al f r omt he base domai n ( ei t her dr awn f r om

cur r ent cont ext or f r om l ong- t er m memor y [ For bus, Fer -

guson, & Gent ner , 1994 ; see al so Bur st ei n, 1988 ; Keane,

Ledgeway, & Duf f , 1994] ) . These model s oper at e on t he

assumpt i on ( whi ch we di scuss l at er ) t hat ext endi ng a

connect ed mappi ng i s easi er t han cr eat i ng a new

mappi ng .

St r uct ur e Mappi ng at Wor k

Commonal i t i es and Di f f er ences

The exper i ence of compar i son i s sel ect i ve : Onl y cer t ai n

commonal i t i es ar e hi ghl i ght ed . We have suggest ed t hat

a cent r al f act or cont r ol l i ng what i nf or mat i on i s consi d-

er ed i n a compar i son i s syst emat i ci t y : t he pr esence of
hi gher or der connect i ons bet ween l ower or der r el at i ons

( Cl ement & Gent ner , 1991 ; For bus & Gent ner , 1989 ;

Gent ner , 1983) . For exampl e, compar i ng t he pi ct ur es i n

Fi gur e 3A and 3B hi ghl i ght s t he commonal i t y t hat bot h

show a chi l d l ooki ng at a pet . I n cont r ast , compar i ng
Fi gur e 3A wi t h 3C hi ghl i ght s t he commonal i t y t hat bot h

show an ani mal bei ng f r i ght ened by anot her ani mal

( Mar kman & Gent ner , i n pr ess) . I n bot h cases, t he i nf or -

mat i on hi ghl i ght ed by t he compar i son f or ms a connect ed

r el at i onal syst em, and commonal i t i es not connect ed t o

t he mat chi ng syst em ( such as t he f act t hat t her e ar e dr ess-

er s i n bot h 3A and 3B) seem t o r ecede i n i mpor t ance .

Thi s pat t er n has al so been demonst r at ed usi ng passages

( Cl ement & Gent ner , 1991) . I n t hi s st udy, peopl e who

wer e gi ven anal ogous st or i es j udged t hat cor r espondi ng

sent ences wer e mor e i mpor t ant when t he cor r espondi ng
sent ence pai r s wer e par t of a mat chi ng r el at i onal syst em

t han when t hey wer e not .

Mor e sur pr i si ngl y, st r uct ur al al i gnment al so i nf l u-

ences what di f f er ences ar e psychol ogi cal l y sal i ent . For

exampl e, when compar i ng Fi gur e 3A and 3B, we not i ce

t hat i t i s a snake t hat t he boy i s l ooki ng at i n one pi ct ur e

and a f i sh i n t he ot her . Bot h t he snake and t he f i sh pl ay

t he same r ol e i n t he mat chi ng st r uct ur e . Di f f er ences t hat

ar e connect ed t o t he common syst em ( l i ke t he f i sh- snake

di f f er ence) we cal l al i gnabl e di f f er ences ( Gent ner &

Mar kman, 1994 ; Mar kman & Gent ner , 1993b, 1996) .

49



5 0

Fi gur e 3

The Rol e of Commonal i t i es and Di f f er ences i n

Si mi l ar i t y

Not e .

	

Thi s t r i ad of pi ct ur es demonst r at es t hat commonal i t i es become i mpor t ant

when t hey ar e par t of a mat chi ng syst em and t hat di f f er ences become i mpor t ant

when t hey ar e r el at ed t o t he commonal i t i es.

Al i gnabl e di f f er ences can be cont r ast ed wi t h non-
al i gnabl e di f f er ences, whi ch ar e aspect s of one si t uat i on
t hat have no cor r espondence at al l i n t he ot her si t uat i on .
For exampl e, i n t he compar i son of Fi gur es 3A and 3B, t he

cl og i n Fi gur e 3A has no cor r espondence wi t h anyt hi ng i n
1 , i gur e 3B, and hence i t i s a nonal i gnabl e di f f er ence.

Just as commonal i t i es gai n i n i mpor t ance when t hey
ar e par t of a mat chi ng syst em, so t oo do di f f er ences . That

i s, al i gnabl e di f f er ences ar e mor e sal i ent t han non

al i gnabl e di f f er ences . I nt ui t i vel y, t hi s f ocus on al i gnabl e

di f f er ences makes sense, f or i t l eads t o a f ocus on t hose
di f f er ences t hat ar e r el evant t o t he common causal or
goal st r uct ur e t hat spans t he si t uat i ons . However , i f we
f ol l ow t hi s l ogi c a f ew st eps f ur t her , we ar r i ve at t he
r at her i nt r i gui ng pr edi ct i on t hat t her e shoul d be mor e
sal i ent di f f er ences f or hi gh- si mi l ar t han f or i ow- si mi l ar
pai r s ( because i n gener al , hi gh- si mi l ar i t y pai r s wi l l have

l ar ger common syst ems and mor e al i gnabl e di f f er ences) .

For exampl e, i f you i magi ne l i st i ng al l possi bl e di f f er -

ences f or t he pai r hot el - ~ot el and cont r ast t hat wi t h
l i st i ng al l possi bl e di f f er ences f or t he pai r magazi ne-
ki t t en, you wi l l pr obabl y f i nd t hat i t i s much easi er t o
l i st di f f er ences f or t he f i r st , hi gh- si mi l ar i t y pai r . Exper i -

ment al r esul t s bear out t hi s obser vat i on . Par t i ci pant s who

wer e asked t o l i st di f f er ences bet ween hot el and mot el

r eadi l y l i st ed ( al i gnabl e) di f f er ences : " Hot el s ar e i n

ci t i es, mot el s ar e on t he hi ghway" ; " you st ay l onger i n

hot el s t han i n mot el s" ; " hot el s have many f l oor s, mot el s

onl y one or t wo" ; and so on . When gi ven a l ow- si mi l ar i t y

pai r l i ke magazi ne- ki t t en, par t i ci pant s t ended t o l i st non-

al i gnabl e di f f er ences, such as " You pet a ki t t en, you

don' t pet a magazi ne, " or " ki t t ens have f ur and maga-

zi nes don' t . " Thi s f i ndi ng of a gr eat er number of

al i gnabl e di f f er ences f or hi gh- si mi l ar i t y pai r s has been

obt ai ned i n empi r i cal st udi es i nvol vi ng bot h wor d pai r s

( Mar kman & Gent ner , 1993b ; Mar kman & Wi sni ewski ,

i n pr ess) and pi ct ur e pai r s ( Mar kman & Gent ner , 1996) .

An i nf or mal obser vat i on i s t hat par t i ci pant s of t en ex-

pr essed conf usi on or i r r i t at i on over t he l ow- si mi l ar i t y

pai r s, per haps r ef l ect i ng t hei r f eel i ng t hat i t makes no

sense t o t al k about di f f er ences i n t he absence of a mean-

i ngf ul al i gnment .

I f t he compar i son pr ocess f ocuses on al i gnabl e di f -

f er ences r at her t han on nonal i gnabl e di f f er ences, t hen

al i gnabl e di f f er ences shoul d be l i st ed mor e f l uent l y t han

nonal i gnabl e di f f er ences . Thi s means t hat peopl e shoul d

f i nd i t easi er t o l i st di f f er ences f or pai r s of si mi l ar i t ems

t han f or pai r s of di ssi mi l ar i t ems, because hi gh - si mi l ar i t y

pai r s have many commonal t i es and, hence, many
al i gnabl e di f f er ences . Such a pr edi ct i on r uns agai nst t he
commonsense vi ew- and t he most nat ur al pr edi ct i on of

f eat ur e- i nt er sect i on model s- t hat i t shoul d be easi er t o

l i st di f f er ences t he mor e of t hem t her e ar e t o l i st - t hat

i s, t he mor e di ssi mi l ar t he t wo i t ems ar e. I n a st udy by

Gent ner and Mar kman ( 1994) , par t i ci pant s wer e gi ven

a page cont ai ni ng 40 wor d pai r s, hal f si mi l ar and hal f

di ssi mi l ar , and wer e gi ven f i ve mi nut es t o l i st one di f f er -
ence f or as many di f f er ent pai r s as t hey coul d . They wer e

t ol d t hat t hey woul d not have t i me t o do al l 40 pai r s,

and so t hey shoul d do t he easi est pai r s f i r st . The r esul t s
pr ovi ded st r ong evi dence f or t he al i gnabi l i t y pr edi ct i ons :

Par t i ci pant s l i st ed many mor e di f f er ences f or si mi l ar

pai r s ( M = 11 . 4) t han f or di ssi mi l ar pai r s ( M = 5 . 9) .

Fur t her mor e, t hi s di f f er ence was concent r at ed i n t he

al i gnabl e di f f er ences . Over t wi ce as many al i gnabl e di f -

f er ences wer e gi ven f or si mi l ar pai r s ( M - - - 9 . 0) t han f or

di ssi mi l ar pai r s ( M = 3 . 9) .
Because peopl e f ocus on al i gnabl e di f f er ences r at her

t han on nonal i gnabl e di f f er ences when maki ng compar i -

sons, al i gnabl e di f f er ences have a gr eat er i mpact on peo-
pl e' s per cept i on of si mi l ar i t y t han do nonal i gnabl e di f f er -

ences . Thus, al l el se bei ng equal , al i gnabl e di f f er ences
count mor e agai nst si mi l ar i t y t han nonal i gnabl e di f f er -

ences . One way t o t est t hi s pr edi ct i on i s t o pi t compar i -

sons i nvol vi ng a gi ven al i gnabl e di f f er ence agai nst com-

par i sons i nvol vi ng t he same cont r ast as a nonal i gnabl e
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Fi gur e 4
The I mpor t ance of Al i gnabi e and Nonal i gnabl e Di f f er ences i n Si mi l ar i t y

Not e . Thi s i s a f or ced- choi ce t r i ad used t o demonst r at e t hat al i gnabl e di f f er ences decr ease si mi l ar i t y mor e t han do nonal i gnabl e di f f er ences . Repr i nt ed f r om

" Commonal i t i es and Di f f er ences i n Si mi l ar i t y Compar i sons, " by A. B. Mar kman and D. Gent ner , 1996, Memor y & Cogni t i on, 24, p . 243 . Copyr i ght 1996 by t he

( ' sychonomi c Soci et y.

di t t y. ° r euce . For exampl e, i n t he t op f i gur e of t he t r i ad i n

f i gur e 4, t he man shoot s an ar r ow at a t ar get . I n t he

nonal i gnabl e- di f f er ence opt i on, t he man shoot s an ar r ow

at a t ar get , but t her e i s al so a bi r d ( a nonal i gnabl e di f f er -

ence) i n t he pi ct ur e . I n t he al i gnabl e- di f f er ence opt i on,

t he man shoot s an ar r ow at a bi r d ( an al i gnabl e di f f er -

ence) ; t he t ar get has been moved t o t he t r ee behi nd t he

t nan . When asked whi ch opt i on i s most si mi l ar t o t he

t ar get , par t i ci pant s chose t he nonal i gnabl e- di f f er ence op-

t i on, suggest i ng t hat t he al i gnabl e di f f er ence decr eased

t he si mi l ar i t y of t he pai r mor e t han di d t he nonal i gnabl e

di f f er ence ( Mar kman & Gent ner , 1996) . 6

I n summar y, t he pr ocess of st r uct ur al al i gnment

l eads t o a f ocus on mat chi ng r el at i onal syst ems . Thi s

f ocus det er mi nes bot h whi ch commonal i t i es ar e sal i ent

and whi ch di f f er ences ar e sal i ent . Thi s l ast may seem

par adoxi cal : Why shoul d t he common al i gnment det er -

mi ne whi ch di f f er ences ar e i mpor t ant ? Yet , i f we r ef l ect

t hat most pai r s of i t ems i n t he wor l d ar e di ssi mi l ar , t hi s

pat t er n seems f unct i onal l y sensi bl e . I nt ui t i vel y, i t i s when

a pai r of i t ems i s si mi l ar t hat t hei r di f f er ences ar e l i kel y

t o be i mpor t ant .

Anal ogi cal I nf er ence

Anal ogi es can l ead t o new i nf er ences, as Kepl er ' s ( 1609/

1990 exampl e demonst r at es, and t he same i s t r ue of
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Nonal i gnabl e di f f er ence choi ce

	

A! i gnabl e di f f er ence choi ce

si mi l ar i t y compar i sons . As i n anal ogy, when t her e i s a

mat ch bet ween a base and t ar get domai n, f act s about t he

base domai n t hat ar e connect ed t o t he mat chi ng i nf or ma-

t i on may be pr oposed as candi dat e i nf er ences ( Fal ken-

hai ner et al . , 1986, 1989) . For exampl e, i magi ne you have
a f r i end wi t h a sar cast i c sense of humor t hat makes her

di f f i cul t t o get al ong wi t h but a hel pf ul t emper ament t hat

wi ns her t he l oyal t y of her f r i ends . I f you met a new

per son and di scover ed t hat he had a sar cast i c sense of

humor , t hen based on hi s si mi l ar i t y t o your ot her f r i end,

you woul d pr obabl y be mor e wi l l i ng t o suppose t hat he

i s di f f i cul t t o get al ong wi t h t han t o i nf er t hat he has a

hel pf ul t emper ament t hat wi ns hi m l oyal f r i ends .

Thi s poi nt was demonst r at ed i n a st udy by Cl ement

and Gent ner ( 1991) . They asked peopl e t o r ead pai r s of

anal ogous st or i es . The base st or y had t wo key f act s, each

of whi ch was connect ed t o a causal ant ecedent . Nei t her

of t hese key f act s was st at ed i n t he t ar get st or y . However ,

t he t ar get st or y di d have a f act t hat cor r esponded t o one

of t he causal ant ecedent s f r om t he base . When par t i ci -

pant s wer e gi ven t he anal ogy and asked t o make a new

' I n t he t r i ad i n Fi gur e 4, t he mani pul at i on of al i gnabl e- and non-

al i gnabl e- di f f er ence opt i ons al so i nvol ves movi ng t he t ar get , whi ch

coul d be a conf ound. See Mar kman and Gent ner ( 1996) f or anot her

var i ant of t he st udy t hat escapes t hi s pr obl em.
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pr edi ct i on about _ t he t ar get st or y, t hey pr edi ct ed t he key

f act t hat was connect ed t o t he mat chi ng causal ant ecedent

mor e t han t wi ce as of t en as t hey pr edi ct ed t he ot her key

f act . Conver gent f i ndi ngs have been obt ai ned by Read

( 1984) , Spel l man and Hol yoak ( i n pr ess) , and Mar kman

( 1996) . Li kewi se, Lassal i ne ( 1996) showed t hat peopl e' s

wi l l i ngness t o i nf er new f act s i n a cat egor y- i nduct i on

t ask i ncr eased when t hese f act s wer e connect ed t o shar ed

causal r el at i ons . These r esul t s show how st r uct ur al al i gn-

ment and mappi ng al l ow peopl e t o pr edi ct new i nf or ma-

t i on f r om ol d .

Connect i vi t y and Asymmet r y

Peopl e of t en f i nd compar i sons much mor e si mi l ar i n one

di r ect i on t han t he ot her , as Tver sky ( 1977) not ed i n hi s

semi nal t r eat i se on si mi l ar i t y . For exampl e, we pr ef er " A

scanner i s l i ke a copy machi ne" t o " A copy machi ne i s
l i ke a scanner . " As Tver sky poi nt ed out , t hi s di r ect i onal -

i t y i s at odds wi t h t he per vasi ve i nt ui t i on t hat si mi l ar i t y

i s a symmet r i c r el at i on ( af t er al l , i f A i s si mi l ar t o B,
t hen shoul dn' t B be equal l y si mi l ar t o A?) . St r uct ur e
mappi ng of f er s a nat ur al expl anat i on : We pr opose t hat
asymmet r i es t ypi cal l y ar i se when one of t he compar i son

i t ems i s mor e syst emat i c t han t he ot her ( Bowdl e & Gent -
t i er , 1996 ; Gent ner & Bowdl e, 1994) . Accor di ng t o st r uc-
t ur e- mappi ng t heor y, i nf er ences ar e pr oj ect ed f r om t he
base t o t he t ar get . Thus, havi ng t he mor e syst emat i c and

coher ent i t em as t he base maxi mi zes t he amount of i nf or -
mat i on t hat can be mapped f r ombase t o t ar get . Consi st ent
wi t h t hi s cl ai m, Bowdl e and Gent ner f ound t hat when
par t i ci pant s wer e gi ven pai r s of passages var yi ng i n t hei r
causal coher ence, t hey ( a) consi st ent l y pr ef er r ed compar -
i sons i n whi ch t he mor e coher ent passage was t he base
and t he l ess coher ent passage was t he t ar get , ( b) gener at ed

mor e i nf er ences f r om t he mor e coher ent passage t o t he
l ess coher ent one, and ( c) r at ed compar i sons wi t h mor e
coher ent bases as mor e i nf or mat i ve t han t he r ever se

compar i sons .

Ext ended Mappi ng

One par t i cul ar l y i nt er est i ng use of anal ogy i s i n ext ended

mappi ngs . They ar i se i n cr eat i ve t hi nki ng, as when Kepl er
expl or ed t he i mpl i cat i ons of anal ogi es bet ween t he mo-

t i ve power and l i ght or magnet i sm. Ext ended anal ogi es

ar e used i n i nst r uct i on as wel l : f or exampl e, when el ect r i c

cur r ent and vol t age ar e descr i bed i n t er ms of wat er f l ow
and pr essur e ( Gent ner &. Gent ner , 1983) . They al so ar i se

i n or di nar y l anguage, wi t h met aphor i c syst ems l i ke

" Mar r i age i s aj our ney" t hat can be ext ended ( e . g . , " You
have t o sl og t hr ough t he r ough spot s but event ual l y t he

r oad wi l l get smoot her " [ Gi bbs, 1994 ; Lakof f &Johnson,

19801 . We have f ound, consi st ent wi t h t he st r uct ur e-

mappi ng account , t hat i t i s easi er t o ext end an exi st i ng

domai n mappi ng t han t o i ni t i at e a new one [ Bor onat &

Gent ner , 1996 ; Gent ner & Bor onat , 1992] ) . Peopl e who
r ead passages cont ai ni ng ext ended met aphor s one sen-

t ence at a t i me wer e f ast er t o r ead t he f i nal sent ence

when i t was a consi st ent ext ensi on of t he met aphor of t he

passage, as i n. Exampl e A ( bel ow) , t han when i t ut i l i zed a
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di f f er ent met aphor , as i n Exampl e B ( bel ow) . For exam-

pl e, one passage descr i bed a debat e i n t er ms of a r ace:

A. Dan saw t he bi g debat e as a r ace . . . . He knew t hat he had
t o st eer hi s cour se car ef ul l y i n t he compet i t i on . Hi s st r at egy
was t o go cr ui si ng t hr ough t he i ni t i al poi nt s and t hen make hi s
move . . . . He r evved up as he made hi s l ast key poi nt s . Hi s
ski l l l ef t hi s opponent f ar behi nd hi m at t he f i ni sh l i ne .

B . Dan saw t he bi g debat e as a war . . . . He knew t hat he had

t o use ever y weapon at hi s command i n t he compet i t i on . He

mapped out hi s st r at egy t o ensur e t hat he est abl i shed a domi -
nant posi t i on . . . . He i nt ensi f i ed t he bombar dment as he made
hi s l ast key poi nt s . Hi s ski l l l ef t hi s opponent f ar behi nd hi m

at t he f i ni sh l i ne .

I f : ; xt endi ng an exi st i ng connect ed mappi ng i s easi er t han

cr eat i ng a new mappi ng, t hen peopl e shoul d be f ast er t o

r ead t he f i nal sent ence i n Exampl e A t han i n Exampl e

B. Thi s i s exact l y what happened . Thi s f i ndi ng f i t s wi t h

t he comput at i onal not i on of i ncr ement al mappi ng, i n

whi ch met aphor i c passages can be under st ood by addi ng

t o an i ni t i al mappi ng ( For bus et al . , 1994 ; Keane et al . ,

1994) . I nt er est i ngl y, t hi s r esul t hel d onl y f or novel met a-

phor s and not f or convent i onal met aphor s . I t i s possi bl e

t hat convent i onal met aphor s have t hei r met aphor i c mean-

i ngs st or ed l exi cal l y, maki ng i t unnecessar y t o car r y out

a domai n mappi ng ( Bowdl e & Gent ner , 1996 ; Gent ner &

Wol f f , 1996) .

Connect i vi t y and Pur e Mappi ng

Lear ner s ar e of t en cal l ed on t o map i nf or mat i on f r om

one si t uat i on t o anot her . For exampl e, when we buy a

new VCR, cl i mb i nt o a r ent al car , or f i r e up an updat e

of Wi ndows, we must deci de whi ch aspect s of our pr i or

knowl edge appl y t o t he new si t uat i on . To st udy t he det er -

mi nant s of t hi s mappi ng pr ocess, Gent ner and Schu-
macher ( 1986 ; Schumacher & Gent ner , 1988) t aught par -

t i ci pant s how t o pi l ot a shi p usi ng a si mul at ed devi ce

panel . A game- l i ke t ask was used i n whi ch par t i ci pant s

coul d di r ect l y mani pul at e cer t ai n par amet er s ( such as en-

gi ne t hr ust or cool ant val ve openi ng) t hat cont r ol l ed ot her

par amet er s ( such as vel oci t y or engi ne t emper at ur e) . I f
t hey per f or med cor r ect l y, t he shi p made por t i n t i me ;

ot her wi se, t hey l ost t he game . Af t er t he f i r st devi ce had

been wel l l ear ned, par t i ci pant s wer e t r ansf er r ed t o a sec-

ond anal ogous devi ce panel , and t he number of t r i al s t o

r each cr i t er i on on t he new panel was measur ed . Par t i ci -

pant s' speed of l ear ni ng was af f ect ed bot h by t r anspar -

ency- par t i ci pant s l ear ned t he new panel f ast er when

t her e wer e physi cal r esembl ances bet ween st r uct ur al l y

cor r espondi ng el ement s- and by syst emat i ci t y- par t i -

ci pant s l ear ned t he new panel f ast er when t hey had

l ear ned a causal expl anat i on f or t he pr ocedur es .

Consi st ent wi t h t hese pat t er ns, bot h Ross ( 1987,

1989) and Reed ( 1987) have f ound t r anspar ency ef f ect s .

They have shown t hat par t i ci pant s ar e bet t er at t r ansf er

r i ng al gebr ai c sol ut i ons when cor r espondi ng base and

t ar get obj ect s ar e si mi l ar . Reed measur ed t he t r anspar -

ency of t he mappi ng bet ween t wo anal ogous al gebr a

pr obl ems by aski ng par t i ci pant s t o i dent i f y pai r s of cor r e-
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spondi ng concept s . He f ound t hat t r anspar ency was a

good pr edi ct or of t hei r abi l i t y t o not i ce and appl y sol u-

t i ons f r om one pr obl em t o t he ot her . Ross ( 1989) f ound

t hat par t i ci pant s' abi l i t y t o t r ansf er t he pr obl em- sol vi ng

sol ut i on cor r ect l y was di sr upt ed when cr oss- mapped cor -

r espondences wer e used . Resear ch wi t h chi l dr en shows

ear l y ef f ect s of t r anspar ency and somewhat l at er ef f ect s

of syst emat i ci t y ( Gent ner & Toupi n, 1986) . We suspect

t hat t o der i ve t he benef i t s of syst emat i c expl anat i ons may

r equi r e possessi ng some degr ee of domai n knowl edge .

Thr ee gener al i zat i ons emer ge f r omt he t r ansf er st ud-

i es . Fi r st , t r anspar ency makes anal ogi cal mappi ng easi er .

Cl ose, l i t er al si mi l ar i t y mat ches ar e t he easi est sor t of

mappi ng and t he ki nd f or whi ch par t i ci pant s ar e l east

l i kel y t o make er r or s . Second, possessi ng a syst emat i c

hi gher or der st r uct ur e can per mi t t r ansf er even under ad-

ver se t r anspar ency condi t i ons . Havi ng a st r ong causal

model can enabl e a l ear ner t o t r ansf er even when t he

obj ect s mi smat ch per cept ual l y . A t hi r d poi nt , on whi ch

we expand bel ow, i s t hat di f f er ent ki nds of si mi l ar i t y

may ent er i nt o di f f er ent subpr ocesses of t r ansf er .

Fur t her I mpl i cat i ons

Ubi qui t y of Al i gnment

Our st r uct ur e- mappi ng abi l i t i es const i t ut e a r at her r e-

mar kabl e t al ent . I n cr eat i ve t hi nki ng, anal ogi es ser ve t o
hi ghl i ght i mpor t ant commonal i t i es, t o pr oj ect i nf er ences,
and t o suggest new ways t o r epr esent t he domai ns . Yet ,

i t woul d be wr ong t o t hi nk of anal ogy as esot er i c, t he
pr oper t y of geni uses . On t he cont r ar y, we of t en t ake anal -

ogy f or gr ant ed, as i n exampl es l i ke t he f ol l owi ng f r om

Hof st adt er ( 1995, p . 76) .

Shel l ey : I ' m goi ng t o pay f or my beer now.
7' i m: Me, t oo [ Ti m had a coke . ]

Ti m does not mean t hat he t oo i s goi ng t o pay f or Shel -

l ey' s beer ( t he nonanal ogi cal i nt er pr et at i on) , nor even

t hat he t oo i s goi ng t o pay f or hi s own beer , but r at her

t hat he i s goi ng t o pay f or what i n hi s si t uat i on best
cor r esponds t o Shel l ey' s beer : namel y, hi s coke . Thi s

abi l i t y t o car r y out f l uent , appar ent l y ef f or t l ess, st r uct ur al

al i gnment and mappi ng i s a hal l mar k of human cogni t i ve

pr ocessi ng .

Pl ur al i t y of Si mi l ar i t y

We have r evi ewed evi dence t hat si mi l ar i t y i s a pr ocess

of st r uct ur al al i gnment and mappi ng over ar t i cul at ed r ep-

r esent at i ons . However , si mi l ar i t y does not al ways appear

so st r uct ur al l y di scer ni ng . A par t i cul ar l y st r i ki ng case

occur s i n si mi l ar i t y- based r et r i eval . Sever al f i ndi ngs sug-

gest t hat si mi l ar i t y- based r et r i eval f r om l ong- t er m mem-
or y i s based on o . er al l si mi l ar i t v, wi t h sur f ace si mi l ar i t y

heavi l y wei ght ed, r at her t han by t he ki nd of st r uct ur al

al i gnment t hat best suppor t s i nf er ence ( Gent ner , 1989 ;

Hol yoak & Koh, 1987 ; Keane, 1988 ; Ross, 1989 ; Sei f er t ,

McKoon, Abel son, &. Rat el i f f , 1986) . For exampl e, Gent -
t i er et al . ( 1993) gave par t i ci pant s a memor y set of st or i es

and l at er pr obed t hem wi t h st or i es t hat wer e si mi l ar i n
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var i ous ways . The gr eat er t he sur f ace si mi l ar i t y bet ween

t he pr obe and a t ar get i n memor y ( i n t er ms of shar ed

obj ect s and char act er s) , t he mor e l i kel y t he t ar get was t o

be r et r i eved . I n cont r ast , t he gr eat er t he degr ee of shar ed

hi gher or der r el at i onal st r uct ur e ( such as shar ed causal

st r uct ur e) , t he hi gher t he r at ed i nf er ent i al soundness and

si mi l ar i t y of t he pai r . Thus, t he ki nd of si mi l ar i t y t hat

most r el i abl y l ed t o r emi ndi ngs was not t he ki nd par t i ci -

pant s most val ued i n maki ng i nf er ences . I n f act , par t i ci -

pant s of t en r at ed t hei r own r emi ndi ngs as l ow i n bot h

soundness and si mi l ar i t y .

Fi ndi ngs l i ke t hi s suggest t hat si mi l ar i t y i s pl ur al i s-

t i c ( Gent ner , 1989 ; Gol dst one, 1994a; Medi n et al . , 1993) .

I ndeed, a par al l el di sassoci at i on has been f ound i n pr ob

l em- sol vi ng t r ansf er : Ret r i eval l i kel i hood i s sensi t i ve t o

sur f ace si mi l ar i t y, wher eas l i kel i hood of successf ul pr ob-

l em sol vi ng i s sensi t i ve t o st r uct ur al si mi l ar i t y ( Keane,

1988 ; Ross, 1987, 1989 ; but see Hammond, Sei f er t , &

Gr ay, 1991) . Thi s suggest s t hat di f f er ent ki nds of si mi l ar -

i t y may have di f f er ent psychol ogi cal r ol es i n t r ansf er .

The si mul at i on " Many ar e cal l ed- but f ew ar e chosen"

( MAC- FAC; For bus et al . , 1995) model s t hi s phenome-

non wi t h a t wo- st age syst em: The f i r st st age ( MAC) i s

an i ndi scr i mi nat e, comput at i onal l y cheap sear ch f or any

ki nds of si mi l ar i t i es i n memor y, and t he second st age

( FAQ car r i es out a st r uct ur e mappi ng of t he candi dat es

f r om t he f i r st st age .

Anot her way i n whi ch si mi l ar i t y i s pl ur al i st i c i s t hat

di f f er ent ki nds of si mi l ar i t y emer ge at di f f er ent poi nt s

i n pr ocessi ng . Response deadl i ne st udi es of r el at i onal

compar i sons suggest t hat when par t i ci pant s ar e r equi r ed

t o r espond qui ckl y ( under 700 ms or under 1, 000 ms,

dependi ng on t he t ask and mat er i al s) , t hey base t hei r

sense of si mi l ar i t y on l ocal mat ches ( even cr oss- mapped

obj ect mat ches) r at her t han on r el at i onal mat ches ( Gol d-

st one & Medi n, 1994 ; Rat el i f f & McKoon, 1989) . At

l onger r esponse deadl i nes, t hi s pat t er n i s r ever sed. Thi s

t i me cour se of si mi l ar i t y has been successf ul l y model ed

f or pr ocessi ng f eat ur es conj oi ned i nt o obj ect s by Gol d-

st one and Medi n' s ( 1994) Si mi l ar i t y, I nt er act i ve Act i va-

t i on, and Mappi ng ( SI AM) model , usi ng a l ocal - t o- gl obal
pr ocess l i ke t hat of SME. Over al l , t he di f f er ence bet ween

ear l y and l at e pr ocessi ng seems t o be a shi f t f r om l ocal

mat ches t o gl obal st r uct ur al al i gnment .

i mpl i cat i ons f or Ot her Cogni t i ve Pr ocesses

Cat egor i zat i on. St r uct ur al al i gnment and mappi ng

can pr ovi de i nsi ght i nt o ot her cogni t i ve pr ocesses ( see

Fi gur e 5) . As one exampl e, si mi l ar i t y i s of t en gi ven a

cent r al r ol e i n cat egor i zat i on ( Hampt on, 1995 ; Rosch,

1975 ; Smi t h & Medi n, 1981) . I t i s common t o assume

t hat obj ect s can be cat egor i zed on t he basi s of per cept ual ,

behavi or al , or f unct i onal commonal i t i es wi t h t he cat e-

gor y r epr esent at i on ( e . g . , r obi ns ar e seen as bi r ds because

of t hei r per cept ual and behavi or al si mi l ar i t y t o a pr ot o-

t ype bi r d or t o many ot her bi r ds t hat have been encoun-

t er ed) . However , many r esear cher s have poi nt ed out cases

i n whi ch r at ed si mi l ar i t y and pr obabi l i t y of cat egor y

member shi p ar e di ssoci at ed ( Gel man & Wel l man, 1991 ;
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Fi gur e 5
Same Uses of Con par i son i n Cogni t i ve Pr ocessi ng

Al i gnment and mappi ng pr ocesses ar e used i n

per cei vi ng si mi l ar i t y

( al i gnment )

per cei vi ng di f f er ences

cat egor i zi ng

( sel ect i ng best mat ch f r om memor y)

di scover i ng new cat egor y

( abst r act i ng common syst em)

pot ent i al
cat egor y

abst r act i ons

Kei l , 1989 ; Ri ps, 1989) . For exampl e, bat s have t he per -

cept ual and behavi or al char act er i st i cs of bi r ds ( t hey ar e
si mi l ar t o bi r ds i n t hi s sense) , but t hey ar e cl assi f i ed

as mammal s, because of i mpor t ant ( t hough nonobvi ous)
pr oper t i es, such as gi vi ng bi r t h t o l i ve young . On t he

basi s of exampl es l i ke t hi s, si mi l ar i t y' s r ol e i n cat egor i za-
t i on has been chal l enged ; i t has been ar gued t hat cat egor y

member shi p j udgment s ar e t heor y based r at her t han si mi -
l ar i t y based ( Kei l , 1989 ; Mur phy & Medi n, 1985) .

The pr ocess of al i gnment and mappi ng poi nt s t he

way t o a r econci l i at i on of si mi l ar i t y- based and t heor y-

based account s ( see al so Gol dst one, 1994a) . I f we f ocus

pur el y on per cept ual si mi l ar i t y among obj ect s, we ar e

l ed t o concl ude t hat bat s shoul d be cat egor i zed wi t h

bi r ds . On t hi s vi ew, t heor y- based knowl edge ( such as

why bat s ar e mammal s) must i nt er vene f r om el sewher e

t o over r ul e t hi s assi gnment . However , i f t he si mi l ar i t y

comput at i on i s assumed t o be t hat of st r uct ur al al i gnment ,

t hen t he si mi l ar i t y bet ween t wo i nst ances wi l l be based
r i ot onl y on obj ect - l evel commonal i t i es but al so on com-

mon r el at i ons such as common causal r el at i ons and com-

mon or i gi ns . Assumi ng t hat our r epr esent at i ons i ncl ude

i nf or mat i on about t heor y- based r el at i ons, such as t hat

bat s bear l i ve young, as wel l as i nf or mat i on about f ea-

t ur es, t hen t he schi sm bet ween si mi l ar i t y- based and t he-

or y- based cat egor i zat i on may be mor e appar ent t han r eal .

Devel opment al l y, i f we assume t hat t heor et i cal

knowl edge i s acqui r ed gr adual l y, t hi s vi ew woul d account

f or t he char act er i st i c- t o- def i ni ng shi f t ( Kei l & Bat t er man,

1984) i n chi l dr en' s i nt er pr et at i ons of wor d meani ng f r om

l ocal obj ect f eat ur es ( e . g . , a t axi i s br i ght yel l ow and

has a checker ed si gn) t o deeper r el at i onal commonal i t i es

( e. g . , a t axi i s a vehi cl e t hat may be hi r ed t o t r anspor t

peopl e) .
Choi ce and deci si on .

	

St r uct ur al al i gnment al so

sheds l i ght on t he pr ocesses under l yi ng choi ce behavi or .

Medi n, Gol dst one, and Mar kman ( 1995) r evi ewed par al

l el s bet ween phenomena i n deci si on pr ocessi ng and phe-

nomena i n compar i son pr ocessi ng t hat suggest an i m-

por t ant r ol e f or st r uct ur al al i gnment i n deci si on maki ng .

St r uct ur al al i gnment i nf l uences whi ch f eat ur es t o pay

at t ent i on t o i n choi ce opt i ons . Resear ch suggest s t hat

al i gnabl e di f f er ences ar e gi ven mor e wei ght i n choi ce

si t uat i ons t han ar e nonal i gnabl e di f f er ences ( Li nde-

mann & Mar kman, 1996 ; Mar kman & Medi n, 1995 ;

Sl ovi c & MacPhi l l amy, 1974) . For exampl e, Mar kman

and Medi n ( 1995) asked par t i ci pant s t o choose bet ween

vi deo games and t o j ust i f y t hei r choi ces . Thei r j ust i f i ca-

t i ons wer e mor e l i kel y t o cont ai n al i gnabl e di f f er ences

t han nonal i gnabl e di f f er ences . As anot her exampl e, Kah-

neman and Z' ver sky ( 1984) descr i bed t o par t i ci pant s a

hypot het i cal st or e i n whi ch a j acket coul d be bought f or

$125 and a cal cul at or f or $15 . They of f er ed par t i ci pant s

t he oppor t uni t y t o go t o anot her st or e and save $5 on t he

t ot al pur chase. Par t i ci pant s who wer e of f er ed a j acket f or

$125 and a cal cul at or f or $10 wer e mor e wi l l i ng t o make

t he ef f or t t o go t o anot her st or e t han t hose of f er ed a

j acket f or $120 and a cal cul at or f or $15 . Even t hough

t he monet ar y r ewar d f or goi ng t o t he ot her st or e was t he

same f or bot h gr oups, par t i ci pant s wer e i nf l uenced by

t he al i gnabl e di f f er ence .

Concl usi ons

Compar i son pr ocesses f ost er i nsi ght . They hi ghl i ght

commonal i t i es and r el evant di f f er ences, t hey i nvi t e new

i nf er ences, and t hey pr omot e new ways of const r ui ng

si t uat i ons . Thi s cr eat i ve pot ent i al i s easi est t o not i ce when

t he domai ns compar ed ar e ver y di f f er ent , as i n Kepl er ' s
anal ogi es or John Donne' s met aphor s . But even pr osai c

si mi l ar i t y compar i sons can l ead t o i nsi ght s . Somet i mes

t hese i nsi ght s ar e so obvi ous t hat we mi ght f ai l t o not i ce

t hem, as when t wo- year - ol d Lucas not i ced t he r epeat ed

pat t er n of keys openi ng door s ; or Aar on ( i n Hol yoak &

Thagar d' s ar t i cl e, 1997) spont aneousl y swi t ched r ol es i n

t he ki ss- and- make- bet t er schema; or when a si x- year - ol d

r eal i zed t hat t ul i ps must need wat er , because peopl e do

( I nagaki & Hat ano, 1987) . At f i r st gl ance, t hese mundane

exampl es mi ght seem t o have not hi ng i n common wi t h

t he bol d anal ogi es of sci ent i f i c di scover y . But l et us cl ose
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wi t h ni i r own anal ogy Anal ogi es ar e l i ke comet s, f l ashi ng

t hr ough our awar eness and r i vet i ng our at t ent i on . Li t er al

si mi l ar i t y i s l i ke pl anet ar y mot i on : st eady, pr edi ct abl e,

and pr osai c . But t he pl anet s ar e cent r al t o t he behavi or

of t he sol ar syst em, and ( l i ke l i t er al si mi l ar i t y compar i -

sons) t hey ar e al ways wi t h us . Fi nal l y, bot h pl anet s and

comet s ar e gover ned by t he same f undament al l aws .
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