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Abstrac t 

We developed a computational model of similarity judg-
ment  i n problem-solvin g contexts .  Th e mode l  first  at -
tempt s t o transfor m a n objec t  t o anothe r  usin g th e 
knowledg e o f  th e domain ,  th e strategy ,  an d th e goal .  I f 
th e transformatio n succeeds ,  ne w featur e abou t  trans -
formabilit y i s  created .  A  similarit y o f  a n objec t  t o an -
othe r  i s  computed ,  base d o n th e create d features .  I f  th e 
model  fail s  t o creat e a  ne w feature ,  i t  compute s a  sim -
ilarit y b y featur e compariso n i n th e sam e wa y a s th e 
contras t  model .  A n importan t  predictio n o f  th e mode l 
i s  tha t  th e asymmetr y o f  similarit y judgment s i s cause d 
by th e directionadit y o f  th e problem-solvin g skills .  W e 
examine d th e model' s prediction .  Th e materij J  wa s th e 
Tower  o f  Hano i  puzzle .  Subject s wer e require d t o rat e 
th e similaritie s o f  on e stat e t o th e goa l  a s wel l  a s thos e 
of  th e goa l  t o a  state .  I n Experimen t  1 ,  w e taugh t  on e 
grou p o f  subject s th e 'move-patter n strategy '  tha t  in -
duce d learner s t o acquir e highl y directiona l  skills ,  an d 
compare d thei r  judgment s wit h thos e b y naiv e subjects . 
The asymmetr y wa s observe d onl y i n th e judgment s b y 
th e traine d subjects .  Th e secon d experimen t  showe d 
tha t  th e result s o f  th e experimen t  1  coul d no t  b e at -
tribute d t o th e 'prototypicality '  o f  th e goal . 

Introduction 

People have an ability to deal with situations to which 
the y ar e no t  familiar .  Thi s abilit y i s  mainl y base d o n 
th e analogica l  us e o f  pas t  experiences .  Tha t  is ,  peo -
pl e retriev e a  simila r  pas t  experienc e an d mak e us e of , 
or  adapt ,  it s  solutio n t o th e curren t  situation .  Variou s 
model s fo r  analog y hav e bee n propose d (Falkenhainer , 
Centner ,  k  Forbus ,  1989 ;  H a m m o n d,  1990 ;  Holyoa k e t 
al .  1989) . 

Ther e i s on e importan t  proble m concernin g analogy . 
As mentione d above ,  peopl e hav e t o retriev e a  simila r 
experienc e t o th e curren t  situatio n i n analogy .  However , 
i n wha t  sens e i s a  retrieve d experienc e simila r  t o th e cur -
ren t  situation ? Mor e generally ,  ho w i s similarit y define d 
i n problem-solvin g an d learnin g contexts ? Feature-base d 
model s o f  similarit y suc h a s th e contras t  mode l  (Tversky , 
1977)  d o no t  see m t o b e quit e successfu l  fo r  thi s problem . 
I t  i s  ofte n th e cas e tha t  tw o object s whic h ar e superfi -
ciall y  dissimila r  t o eac h othe r  ar e sometime s judge d t o 
be simila r  i n a  problem-solvin g context .  Thi s i s becaus e 
feature s importan t  i n a  problem-solvin g contex t  ar e no t 
necessaril y  salien t  i n th e judgmen t  o f  object-leve l  simi -
larity .  Fo r  example ,  a  featur e suc h a s non-Japanes e i s fa r 

fro m importan t  i f  yo u ar e a n America n an d liv e i n th e 
Unite d States .  However ,  thi s featur e become s crucia l  i f 
yo u mov e t o Japa n an d nee d publi c service s suc h a s th e 
Nationa l  Healt h Service . 

Thi s suggest s tha t  tw o type s o f  similaritie s shoul d b e 
distinguishe d — dee p (goal-related )  an d shallo w (super -
ficial).  Gentne r  an d Forbu s (1991 )  propose d a  model , 
calle d M A C / F A C ,  tha t  compute s similaritie s o f  bot h 
dee p an d shallo w levels .  Th e M A C / F A C mode l  consist s 
of  tw o stages .  Whil e i n th e M A C stag e computationall y 
chea p matcher s ac t  o n conten t  vector s o f  item s i n L T M , 
structura l  examination s ar e mad e i n orde r  t o comput e 
dee p similarit y i n th e F A C stage . 

Althoug h th e M A C / F A C mode l  capture s importan t 
aspect s o f  h u m a n similarit y judgment ,  furthe r  step s 
shoul d b e take n t o mode l  judgment s o f  similarity .  I t  i s 
well-know n tha t  goa l  an d knowledg e o f  th e domai n pla y 
crucia l  role s i n problem-solvin g an d learning .  However , 
thes e ar e no t  take n int o accoun t  b y thei r  model . 

Suzuki ,  Ohnishi ,  &  Shigemas u (1992 )  foun d tha t  peo -
ple' s judgment s o f  similarit y ar e greatl y affecte d b y thei r 
recognitio n o f  th e tas k goa l  an d b y knowledg e o f  th e 
domain ,  usin g th e Towe r  o f  Hano i  Puzzle .  W h e n sub -
ject s di d no t  kno w th e puzzl e an d wer e aske d t o judg e 
th e similarit y betwee n a  stat e an d th e goa l  state ,  thei r 
judgment s wer e base d o n superficia l  feature s share d wit h 
bot h states .  I n contrast ,  experts'judgment s wer e depen -
den t  o n th e distanc e betwee n a  stat e an d th e goal .  Fo r 
example ,  whil e similarit y betwee n th e state s 4  an d th e 
goal  i n Figur e 1  wa s rate d ver y hig h b y naiv e subjects , 
experts '  rating s wer e ver y low .  W h e n give n a  stimulu s 
set  show n i n Figur e 1(a )  an d 1(d) ,  pattern s o f  rate d sim -
ilarit y wer e reverse d betwee n naive s an d experts .  W h a t 
happene d i f  similarit y o f  th e state s i s judge d b y non -
expert s w h o onl y kno w th e rule s o f  th e puzzle ? The y 
relie d o n th e distanc e i n som e cases ,  an d th e numbe r 
of  share d feature s i n othe r  cases .  W h e n a  give n stat e 
was easil y transforme d t o th e goal ,  thei r  judgment s wer e 
base d o n th e distance .  However ,  the y relie d o n share d 
feature s whe n i t  wa s difficul t  fo r  the m t o transfor m a 
give n stat e t o th e goal . 

Thes e result s showe d tha t  w e shoul d incorporat e th e 
goal  recognitio n mechanis m an d domai n knowledg e int o 
th e mode l  o f  similarit y judgment .  Furthermore ,  thes e 
sugges t  a  challengin g proble m t o theorie s o f  similarity . 
Tha t  is ,  no t  ever y featur e exist s prio r  t o th e judgmen t 
of  similarity .  Rathe r  som e feature s ar e create d b y th e 
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(a )  stat e 4 (b )  stat e 1 0 '  (c )  stat e 2 0 

Figure 1: States of the Tower of Hanoi 

(d )  goa l 

recognitio n o f  th e goa l  an d th e knowledg e o f  th e domain . 
Althoug h mos t  o f  th e previou s theorie s hav e assume d 
tha t  ed l  th e feature s necessar y fo r  th e computatio n o f 
similarit y b e provide d externally ,  ̂  th e assumptio n i s 
highl y dubiou s especiall y i f  on e consider s similarit y judg -
ment s i n problem-solvin g contexts .  Fo r  example ,  i t  i s 
not  reasonabl e t o suppos e tha t  ther e ar e feature s suc h a s 
smal l  disk' s bein g movabl e t o th e pe g C ,  med iu m disk' s 
not  bein g movabl e t o th e pe g B ,  etc .  Rather ,  thes e fea -
ture s ar e create d o r  inferre d i n th e judgmen t  process . 
Murph y &  Medi n (1985 )  addresse d th e sam e issu e i n th e 
contex t  o f  categorization .  The y gav e a  goo d exampl e 
of  th e featur e creation .  W h e n w e observ e tha t  someon e 
jump s int o a  swimmin g poo l  wit h hi s clothe s on ,  w e nat -
uraJl y judg e tha t  h e i s drunk .  Sinc e th e categorizatio n 
i s base d o n th e matchin g betwee n observe d feature s an d 
concept' s attributes ,  th e concep t  "intoxicated "  shoul d 
hav e th e attribut e suc h a s "jumpin g int o a  swimmin g 
poo l  wit h one' s clothe s on. "  However ,  i t  i s  ver y unlikel y 
tha t  suc h a n attribut e i s associate d wit h th e concep t  "in -
toxicated "  i n advanc e o f  th e judgment .  Thus ,  i t  i s  rea -
sonabl e t o assum e tha t  th e attribut e i s create d internall y 
i n th e cours e o f  categorization ,  an d the n matche d t o th e 
observe d feature .  Studie s o f  expert-novic e difference s 
als o giv e evidenc e o f  featur e creation .  Chi ,  Feltovitch , 
& Glase r  (1981 )  showe d tha t  novices '  sorting s o f  physic s 
problem s wer e base d o n superficia l  similarit y betwee n 
th e problems ,  whil e experts '  rating s wer e dependen t  o n 
physic s principles .  Thes e principle-relate d feature s see m 
t o b e create d b y experts '  knowledge .  Novice s d o no t  hav e 
th e necessar y knowledg e t o creat e thes e features .  Tha t  i s 
w hy thei r  sorting s wer e base d o n superficia l  similaritie s 
betwee n th e problems . 

Therefore ,  a  mode l  shoul d b e develope d tha t  create s 
feature s b y usin g th e goa l  an d th e domai n knowledge . 
We hav e alread y outline d th e mode l  i n th e previou s 
stud y (Suzuki ,  Ohnishi ,  &  Shigemasu ,  1992) .  I n thi s 
study ,  w e introduc e a  computationa l  mode l  o f  Similar -
it y b y Featur e Creatio n {SFC) ,  an d examin e th e model' s 
psychologica l  validit y i n term s o f  th e asymmetr y o f  sim -
ilarity . 

SFC: The Two-Stage Model of Similarity 

J u d g m e n t 

Figur e 2  depict s th e processe s o f  S F C .  S F C consist s o f 
tw o stages :  i n th e firs t  stage ,  th e ne w featur e i s created , 
an d i n th e secon d stag e similarit y i s computed .  T h e in -
pu t  i s a  physica l  descriptio n o f  a  pai r  t o b e compare d ( A 
an d B ) .  I n th e firs t  stage ,  S F C assume s tha t  a  quer y fo r 

' Few exceptions are models based on the case-based Rea-
soning ,  suc h a s Kolodne r  (1989 )  an d Lea k (1991) . 

th e similarit y o f  A  t o B  i s tha t  fo r  th e transformabilit y 
of  A  t o B .  I n othe r  words ,  B  i s treate d a s th e goal ,  whil e 
A i s treate d a s anothe r  stat e i n th e proble m space .  S F C 
first  trie s t o detec t  difference s betwee n A  an d B .  I f  th e 
difference s ar e detected ,  th e mode l  test s whethe r  A  ca n 
be transforme d t o B  usin g th e domai n knowledge .  Th e 
knowledg e o f  th e domai n consist s o f  th e operators ,  tas k 
constraints ,  an d strategies .  T h e strateg y consist s o f  a 
lis t  o f  subgoal s an d thei r  dependency .  I f  i t  i s  difficul t  t o 
directl y transfor m A  t o B ,  anothe r  subgoa l  i s  retrieve d 
fro m th e subgoa l  list .  Thi s procedur e i s repeate d re -
cursivel y unti l  th e tes t  succeeds .  I f  th e tes t  succeeds ,  a 
ne w featur e 'transformable(Goal ,  Distance) '  i s  created , 
wher e 'Goal '  i s  B  o r  th e subgoal ,  an d 'Distance '  i s  th e 
number  o f  operator s require d t o transfor m A  t o 'Goal. ' 
I f  th e goa l  i s  no t  recognized ,  o r  a  relevan t  subgoa l  i s 
not  retrieved ,  th e tes t  fails ,  an d an y ne w featur e i s no t 
created . 

I n th e secon d stage ,  th e mode l  compute s a  similar -
it y betwee n a  stat e A  an d th e goa l  B  base d o n a  newl y 
create d featur e o r  superficia l  features .  I f  a  ne w featur e 
created ,  a  dee p similarit y betwee n A  an d th e B  i s com -
pute d i n th e d-si m process ,  base d o n th e newl y create d 
featur e an d th e goa l  dependency . 

I f  'Goal '  i s  i n th e highe r  branc h o f  th e goa l  dependenc y 
tree ,  th e similarit y betwee n A  an d B  ar e rate d high .  Th e 
similarit y i s rate d low ,  i f  'Distance '  i s  greater . 

I f  a  ne w featur e i s no t  created ,  S F C shift s t o com -
putin g a  shallo w similarit y i n th e s-si m process .  I n thi s 
process ,  similMit y i s  compute d i n th e sam e wa y a s Tver -
sky' s contras t  model ,  usin g th e physica l  descriptio n o f 
th e objects . 

We tak e th e Towe r  o f  Hano i  a s a n exampl e t o illus -
trat e th e behavio r  o f  S F C .  Suppos e tha t  th e input s ar e 
Figur e 1(a )  (w e represen t  i t  a s [[1],[2],[3]] )  an d Figur e 
1(d )  ([Q,D,[1.2,3]]) ,  an d tha t  th e subgoa l  lis t  consist s 
of  [[0,D,[1,2,3]] ,  [[-],[-],[2,3]] ,  [[-],[-],[3]] ]  wher e '- '  repre -
sent s 'wil d card' ,  an d th e orde r  o f  element s represent s 
th e goal/subgoa l  hierarchy .  Throug h th e featur e cre -
atio n phase ,  a  featur e 'transformable([[-],[-],[2,3]] ,  1) '  i s 
created ,  becaus e th e stat e alread y achieve s th e subgoa l 
[[-],[-],[3]] ,  an d ca n b e transforme d t o [[-],[-],[2,3] ]  i n on e 
step .  N o w suppos e Figur e 1(b )  ([[3],[1,2],[]] )  i s  give n in -
stea d o f  Figur e 1(a) .  Throug h th e featur e creatio n stage , 
a featur e 'transformable([[-],[-],[3]] ,  1) '  i s  created .  I n th e 
d-si m process ,  Figur e 1(a )  i s judge d t o b e mor e simi -
la r  t o Figur e 1(d )  tha n th e stat e Figur e 1(b )  is ,  becaus e 
[[-],[-],[2,3] ]  i s  locate d i n a  highe r  branc h o f  th e goa l  de -
pendenc y tre e tha n [[-],[-],[3] ]  is .  I f  featur e creatio n fails , 
similarit y i s calculate d b y compariso n o f  superficia l  fea -
ture s i n th e s-si m process . 
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operator s 
tas k constraint s 

j  (  strateg y 

inpu t  object s featur e 
creatio n 

i f  succes s 

iffa U 

d-si m similarit y 

s-si m '  similarit y 

Figur e 2 :  S F C mode l 

A s y m m e t r y i n Similarit y J u d g m e n t s 

Ther e i s a n importan t  issu e wit h whic h S F C ha s no t  ye t 
dealt .  Tversk y (1977 )  showe d tha t  simileirit y  i s asym -
metric .  Fo r  example ,  th e judge d similarit y o f  Nort h Ko -
re a t o Re d Chin a i s greate r  tha n tha t  o f  Re d Chin a t o 
Nort h Korea .  Hi s model ,  th e contras t  model ,  wa s pro -
posed t o explai n th e asymmetr y o f  similarity .  I n hi s 
model ,  similarit y betwee n objec t  A  an d B  i s give n b y 

s{A ,  B )  =  0f{ A n  5 )  -  af{ A -  B )  -  Pf{ B -  A ) 

wher e /  i s  measur e a  functio n o f  th e featur e salience , 
and 9 ,  a  an d fi  ar e weightin g factors .  Accordin g t o th e 
model ,  th e asynunetr y o f  similarit y i s  explaine d b y dif -
ferentia l  salienc e an d differentia l  weightin g o f  distinctiv e 
features .  However ,  hi s mode l  canno t  easil y b e extende d 
t o th e similarit y judgmen t  i n th e problem-solvin g con -
text ,  sinc e a  numbe r  o f  importan t  feature s ar e create d 
and inferre d i n th e processes ,  rathe r  tha n give n i n ad -
vance .  Moreover ,  whic h feature s ar e create d i s  depen -
dent  o n problem-solver' s knowledge . 

Althoug h w e di d no t  sugges t  an y cognitiv e mechanis m 
fo r  th e asynunetr y o f  similarit y i n th e previou s study , 
th e asymmetr y m a y b e observe d i n th e problem-solvin g 
context .  Fo r  example ,  translatin g a  foreig n languag e t o 
one' s mothe r  languag e i s sometime s ver y differen t  fro m 
translatin g th e latte r  t o th e former .  I t  i s  du e t o th e 
directionalit y o f  skills .  A t  th e earl y stage s o f  learning , 
learner s ar e usuall y force d t o acquir e skill s t o achiev e a 
specifi c  goal .  I n consequence ,  the y m a y wel l  acquir e a  se t 
of  specialize d skill s  tha t  transfor m a  certai n se t  o f  fixe d 
initia l  state s t o th e goal .  I t  i s  no t  likel y tha t  learner s 
ar e require d t o lear n revers e operators .  I n thi s sense , 
problem-solvin g skill s ar e directional . 

I f  th e skill s ar e directional ,  a  judge d similarit y shoul d 
sometime s b e asymmetric .  S F C explain s thi s i n term s 
of  th e subgoa l  an d th e domai n knowledge .  Suppos e tha t 
an exper t  ha s bee n traine d i n a  highl y routinize d way , 
wher e onl y th e transformatio n o f  th e fixe d initia l  stat e t o 
th e fixe d goa l  i s  required .  Hi s acquire d knowledg e m a y 
wel l  b e specialize d onl y t o transfor m th e initia l  stat e t o 
th e goal .  I f  h e i s aske d t o rat e th e similarit y o f  th e initia l 
stat e t o th e goal ,  hi s judgmen t  shoul d b e a  functio n o f 
distance .  Suppos e tha t  h e i s aske d t o rat e th e similarit y 
of  th e goa l  t o th e initia l  state .  I n thi s case ,  h e recognize s 
th e initia l  stat e a s th e goa l  an d th e goa l  a s th e initia l 

state .  H e ca n als o detec t  th e differenc e betwee n th e tw o 
states ,  an d trie s t o transfor m th e goa l  t o th e initia l  state . 
However ,  h e m a y no t  b e abl e t o transfor m th e goa l  t o 
th e initia l  state ,  becaus e th e strateg y tha t  use d t o b e 
relevan t  i s  n o longe r  relevan t  i n thi s case .  Thus ,  th e 
similarit y i s  compute d i n th e s-si m stage .  I n thi s case , 
th e rate d similarit y o f  th e initia l  stat e t o th e goa l  an d 
tha t  o f  th e goa l  t o th e initia l  stat e ar e sometime s quit e 
different .  W e suppos e tha t  thi s i s  th e mai n sourc e o f 
asynmietr y o f  similarit y i n th e problem-solvin g contexts . 

W h at  happen s i f  a  naiv e subjec t  i s  aske d t o rat e th e 
similarity ? S F C predict s tha t  th e asymmetr y o f  simi -
larit y i s  no t  observe d i n suc h a  case .  Sinc e th e subject s 
do no t  recogniz e th e goa l  o r  hav e an y availabl e skill s fo r 
transformation ,  thei r  judgment s shoul d b e base d o n th e 
number  o f  share d features .  I n addition ,  fo r  thos e sub -
ject s neithe r  o f  th e state s i s  mor e prototypical .  There -
fore ,  judge d similaritie s shoul d no t  b e asymmetric . 

I n orde r  t o explor e thi s hypothesis ,  w e conducte d a n 
experimen t  usin g th e Towe r  o f  Hano i  puzzle .  Subject s 
wer e aske d t o rat e a  similarit y o f  a  stat e t o th e goa l 
an d tha t  o f  th e goa l  t o th e state .  I n th e trainin g con -
dition ,  subject s wer e taugh t  'move-patter n strategy '  (Si -
m o n,  1975) .  Thi s strateg y ca n b e describe d a s follows : 
On odd-numbere d moves ,  m o v e smalles t  disk ;  O n even -
numbere d moves ,  m o v e anothe r  disk ;  T h e smalles t  dis k 
i s alway s move d fro m th e lef t  t o th e righ t  t o th e cente r 
t o th e lef t  peg ,  an d s o on .  Sinc e thi s strateg y i s  rathe r 
mechanica l  o r  rot e i n a  sens e tha t  thi s strateg y doe s no t 
requir e peopl e t o recogniz e th e tas k structure ,  i t  i s  likel y 
tha t  th e subject s acquir e routinize d skill s  abou t  th e puz -
zle .  Thus ,  teachin g thi s strateg y i s  likel y t o enhanc e th e 
acquisitio n o f  highl y directiona l  skill s o f  th e puzzle . 

Experiment 1 

M e t h o d 

Subject s Subject s wer e 2 1 undergraduat e students . 
They wer e randoml y assigne d t o on e o f  th e tw o con -
ditions :  th e trainin g an d contro l  conditions .  Non e o f  th e 
subject s i n th e contro l  conditio n ha d an y prio r  experi -
enc e wit h th e Towe r  o f  Hano i  puzzle . 

Procedure Subjects in the training condition first 
rea d instruction s tha t  describe d th e rul e o f  th e Towe r 
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of  Hano i  puzzl e an d th e strateg y t o solv e it .  Th e strat -
egy taugh t  t o subject s wa s 'move-patter n strategy' ,  a s 
describe d earlier .  Next ,  subject s proceede d t o th e train -
in g phase .  I n thi s phase ,  the y wer e give n th e three-dis k 
puzzl e wit h a  fixed  initia l  stat e wher e al l  disk s wer e o n 
th e leftmos t  pe g an d aske d t o mov e al l  th e disk s t o th e 
rightmos t  peg .  Afte r  subject s coul d solv e i t  i n si x suc -
cessiv e sessions ,  the y proceede d t o th e ratin g phase .  I n 
thi s phase ,  subject s wer e aske d t o judg e th e similarit y 
betwee n th e goa l  an d th e othe r  states .  O f  th e tota l  o f  5 2 
pairs ,  a  hal f  wer e use d t o rat e th e similarit y  o f  th e goa l  t o 
anothe r  stat e cin d a  remainin g hal f  wer e use d t o rat e tha t 
of  a  stat e t o th e goal .  Subject s wer e aske d t o circl e '7 '  i f 
th e pair s wer e ver y similar ,  '1 '  i f  the y wer e ver y dissim -
ilar ,  an d othe r  number s fo r  th e intermediar y degree s o f 
similarity .  Subject s i n th e contro l  conditio n skippe d th e 
instruction s ein d trainin g phase ,  an d proceede d directl y 
t o th e ratin g phaise . 

Results and Discussion 

We first examined whether the similarity judgments of 
th e subject s wer e base d o n bot h domai n knowledg e an d 
th e goa l  b y regressio n analysis .  Th e mea n regressio n co -
efficient s betwee n distanc e an d th e rate d similarit y wer e 
-0.3 1 i n th e trainin g conditio n an d 0.0 5 i n th e contro l 
condition .  Th e differenc e betwee n grou p wa s significan t 
(f(11.5 )  =  4.75; p <  0.01) .  Thi s confirme d tha t  th e sub -
ject s i n th e trainin g conditio n incorporate d th e goa l  an d 
knowledg e o f  th e domai n int o thei r  judgin g similarities . 

The degre e o f  th e asymmetr y wa s define d a s 
\sim{X,G )  — sim{G,X)\ ,  wher e G  an d X  represente d 
th e goa l  an d on e o f  th e states ,  respectively .  Th e mea n 
degre e o f  asymmetr y i n th e trainin g conditio n wa s 0.89 , 
whil e tha t  i n th e contro l  conditio n wa s 0.4 1 (t(19 )  = 
-3.50;p<0.01) . 

Our  hypothesi s wa s supporte d b y th e resul t  tha t 
th e degre e o f  asymmetr y i n th e trainin g conditio n wa s 
greate r  tha n tha t  i n th e contro l  condition .  Th e reaso n 
th e subject s i n th e trainin g conditio n judge d similari -
tie s asynrmietricall y  i s du e t o th e fac t  tha t  thes e subject s 
acquire d th e directiona l  skill s  specialize d t o achiev e th e 
fixe d goal .  I n othe r  words ,  the y coul d creat e relevan t 
feature s an d us e the m i n th e judgment s whe n th e goa l 
identica l  t o th e on e i n th e trainin g sessio n wa s involve d 
i n th e judgmen t  task .  However ,  the y coul d no t  d o s o 
when th e goa l  stat e wa s different . 

Althoug h w e conclude d th e differenc e betwee n th e tw o 
condition s wa s attribute d t o whethe r  subject s recognize d 
th e goa l  an d ha d appropriat e operators ,  ther e migh t  b e 
an alternativ e interpretation .  Subject s i n th e trainin g 
conditio n frequentl y observe d th e goa l  stat e i n th e train -
in g session .  Ever y tim e the y practiced ,  the y ha d t o kee p 
th e goa l  stat e i n mind .  Thi s migh t  lead s feature s o f  th e 
goal  t o b e mor e salient .  I n othe r  words ,  th e gozi l  migh t 
be a  'prototype '  state ,  jus t  a s Chin a i s mor e prototypi -
cal  tha n Nort h Kore a i n a  Tversky' s example .  I f  so ,  ob -
serve d difference s betwee n th e tw o condition s coul d no t 
be attribute d t o th e recognitio n o f  th e goa l  an d domai n 
knowledge . 

Experimen t  2 

In order to examine whether the observed differences be-
twee n th e tw o condition s merel y reflec t  th e salienc e o f 
th e feature s o f  th e goa l  state ,  w e conducte d th e secon d 
experiment . 

One wa y t o examin e thi s possibilit y  i s t o compar e th e 
rating s o f  th e subject s i n th e trainin g conditio n i n Ex -
perimen t  1  wit h thos e o f  othe r  subject s wh o ar e traine d 
t o acquir e flexibl e (non-directional )  skills .  I f  tw o group s 
of  subject s receiv e th e sam e amoun t  o f  trainin g bu t 
th e degre e o f  asymmetr y i s different ,  th e result s canno t 
be attribute d b y th e prototypicalit y o f  th e goa l  states . 
Ther e ar e severa l  differen t  strategie s t o solv e th e Towe r 
of  Hano i  puzzl e (Simon ,  1975) .  On e o f  th e strategie s 
i s 'perceptua l  strategy. '  I t  ca n b e describe d a s follows : 
t o construc t  th e towe r  o f  disk s o n th e righ t  peg ,  th e 
larges t  dis k mus t  b e place d o n th e righ t  pe g first,  th e 
nex t  largest ,  2ui d s o on ;  t o mov e th e larges t  dis k o n 
th e righ t  peg ,  th e other s mus t  b e place d o n th e cen -
te r  peg .  Unlik e th e move-patter n strateg y i n th e Ex -
perimen t  1 ,  thi s strateg y require s subject s t o construc t 
subgoals .  Thi s lead s subject s t o understan d th e tas k 
structur e bette r  an d enable s the m t o dea l  wit h unfamil -
ia r  situation s flexibly.  I n thi s sense ,  th e skill s  acquire d 
throug h th e trainin g o f  thi s strateg y ar e expecte d t o b e 
les s directiona l  tha n thos e o f  th e mov e patter n strategy . 
Subject s wh o lear n thi s strateg y ma y creat e relevan t  fea -
ture s an d us e the m i n th e similarit y judgmen t  eve n whe n 
differen t  goal s an d state s ar e involved .  I f  so ,  th e degre e 
of  asymmetr y shoul d b e les s tha n thos e observe d i n th e 
Experimen t  1 . 

Method 

Subject s Subject s wer e 1 5 undergrjuiuat e students . 
They wer e randoml y assigne d t o on e o f  th e tw o condi -
tions ,  th e M P S (move-patter n strategy )  o r  th e P S (per -
ceptua l  strategy )  conditions . 

Procedure The procedure and the material for the 
M PS conditio n wer e identica l  t o th e trainin g conditio n 
i n th e Experimen t  1 .  Excep t  tha t  th e perceptua l  strat -
egy wa s taugh t  t o th e subject s i n th e P S condition ,  th e 
procedur e an d th e materia l  fo r  th e P S conditio n wer e 
identica l  t o th e M P S condition .  Subject s i n th e bot h 
condition s wer e aske d t o solv e th e puzzl e si x time s i n 
th e trainin g session .  Th e initia l  stat e i n thi s sessio n wa s 
fixed  s o tha t  al l  th e disk s wer e place d i n th e leftmos t 
peg.  Th e goa l  wa s als o fixed  s o tha t  al l  th e disk s wer e 
place d i n th e rightmos t  peg . 

Results 

The mean degree of asymmetry in the MPS condition 
was 0.84 ,  whil e tha t  i n th e P S conditio n wa s 0.74 .  Th e 
differenc e o f  th e asymmetr y betwee n th e tw o condition s 
was no t  significan t  (<(10.8 )  =  0.8173 ;  p  =  0.43) .  Subject s 
i n th e bot h condition s judge d th e similarit y asymmetri -
cally .  Thi s migh t  reflec t  tha t  th e degre e o f  expertis e o f 
th e subject s i n th e P S conditio n wa s les s tha n w e initiall y 
expected . 
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Figur e 4 :  T h e degre e o f  asymmetr y i n P S conditio n 

We restric t  ou r  analysi s t o thos e pair s wher e eac h stat e 
was o n th e optima l  solutio n path .  Sinc e th e subject s 
i n th e P S conditio n rarel y turne d of f  th e optima l  so -
lutio n pat h i n th e trainin g session ,  the y migh t  acquir e 
non-directiona l  skill s t o transfor m state s a t  leas t  o n thi s 
path .  I f  so ,  thes e subject s migh t  judg e th e similarit y 
symmetrically . 

The mea n degre e o f  asymmetr y o f  th e pair s o n th e 
optima l  solutio n pat h i n th e M P S conditio n wa s 1.03 , 
whil e tha t  i n th e P S conditio n wa s 0.43 .  T h e differ -
enc e betwee n th e tw o condition s wa s significan t  (<(13 )  = 
-2.70;p<0.05) . 

Finally ,  w e euialyze d whethe r  skill s  acquire d throug h 
th e trainin g wer e actuall y directiona l  o r  not .  Accordin g 
t o ou r  hypothesis ,  whe n th e subject s i n th e M P S condi -
tio n judg e th e similarit y o f  a  stat e t o th e goa d (StoG) , 
thei r  judgmen t  shoul d b e base d o n th e distanc e betwee n 
th e two .  I n contrast ,  thei r  similarit y judgment s o f  th e 
goal  t o a  stat e (GtoS )  shoul d no t  b e base d o n th e dis -
tanc e becaus e thei r  skill s  canno t  b e applie d t o thi s kin d 
of  stimulu s pairs .  Sinc e th e numbe r  o f  matche d feature s 
of  eac h stat e i n eac h distanc e i s approximatel y equal ,  th e 
degre e o f  th e asymmetr y shoul d b e a  decreasin g functio n 
of  distanc e i n th e M P S condition .  I n contrast ,  th e de -
gre e o f  th e asymmetr y shoul d no t  b e a  functio n o f  th e 
distanc e i n th e P S condition .  I t  i s  becaus e thei r  judg -
ment s ar e base d o n th e distance ,  whethe r  Sto G o r  G t o S 
i s asked . 

G e n e r a l  D i s c u s s i o n 

We hypothesized that some features were created by the 
goal  cin d knowledge ,  an d tha t  th e asymmetr y o f  similar -
it y wa s attribute d t o th e directionalit y o f  acquire d skills . 
Th e result s o f  th e experiment s supporte d th e hypothesis . 
Th e asymmetr y o f  similarit y too k plac e i n a  problem -
solvin g context .  W h e n a  subjec t  recognize s th e goal ,  ha s 
routinize d skills ,  an d ca n appl y them ,  judge d similaritie s 
ar e a  functio n o f  th e numbe r  o f  step s t o achiev e th e goal . 
I n othe r  cases ,  th e judgment s ar e base d o n share d fea -
tures .  I n jwldition ,  th e Experimen t  2  showe d tha t  th e 
phenomeno n coul d no t  b e reduce d t o th e prototypicalit y 
of  th e goa l  state .  Eve n whe n th e goa l  stat e wa s observe d 
mor e frequentl y tha n th e others ,  subject s wit h a  flexible 
strateg y di d no t  mak e asynrmietri c judgments . 

Routinize d skill s  ha s directionalit y i n th e sens e tha t  i t 
ca n b e applie d onl y t o a  smal l  subse t  o f  possibl e states . 
For  thes e states ,  subject s wit h suc h skill s  ca n creat e fea -
ture s relevan t  t o th e goa l  an d mak e us e o f  the m i n th e 
similarit y judgments .  However ,  fo r  othe r  states ,  the y 
canno t  creat e th e feature s an d consequentl y rel y o n phys -
ica l  feature s availabl e t o them .  Thi s i s th e sourc e o f  th e 
asymmetr y o f  similarit y i n th e problem-solvin g context . 

By incorporatin g th e goa l  recognitio n an d domai n 
knowledg e a s th e model' s crucia l  components ,  S F C ca n 
explai n thes e findings .  T h e mode l  ca n creat e feature s 
relevan t  t o th e goa l  achievemen t  fro m th e inpu t  (th e 
physica l  descriptio n o f  th e states) ,  th e prestore d strate -
gies ,  an d th e domai n knowledge .  I n th e d-si m phase ,  th e 
create d featur e i s o f  primar y importanc e t o comput e a 
deep similarity .  I f  th e mode l  fail s  t o creat e th e featur e 
due t o th e lac k o f  relevan t  strategies ,  i t  shift s t o com -
putin g a  shallo w similarity .  Therefore ,  accordin g t o th e 
model ,  th e differenc e o f  feature s use d i n th e judgmen t 
of  similarit y i s th e mai n sourc e o f  th e asyrmnetry .  I n 
addition ,  S F C ca n explai n th e result s obtaine d fro m th e 
Experimen t  2 .  Accordin g t o th e model ,  whethe r  ne w 
feature s ca n b e create d i s dependen t  o n th e strategies . 
Th e model ,  i f  equippe d wit h a  flexible  strateg y suc h a s 
th e perceptua l  one ,  succeed s i n creatin g a  featur e eve n 
i n unfamilia r  situations .  I n thi s case ,  bot h th e similarit y 
of  th e goa l  t o a  stat e an d tha t  o f  a  stat e t o th e goa l  ar e 
compute d i n th e d-si m phase ,  whic h make s littl e differ -
enc e i n th e rate d similaritie s betwee n th e two . 

S F C i s i n a  sens e simila r  t o th e 'transformatio n struc -
tur e model '  (Imai ,  1977) .  Accordin g t o hi s model ,  peo -
pl e judg e tha t  th e patter n A  i s simila r  t o th e patter n B 
when A  ca n b e transforme d t o B .  A  degre e o f  similarit y 
i s define d a s th e numbe r  o f  operator s tha t  transfor m on e 
ite m t o another .  However ,  hi s mode l  doe s no t  provid e 
any explanatio n fo r  th e asynmietr y o f  similarit y a s wel l 
as th e expert-novic e difference s foun d i n th e previou s 
stud y (Suzuki ,  Ohnishi ,  &  Shigemasu ,  1992) . 

S F C ha s severa l  implication s fo r  th e stud y o f  learnin g 
and analogy .  I t  i s  well-know n tha t  expert s atten d t o 
th e structura l  aspec t  o f  problems ,  wherea s novice s d o t o 
th e superficia l  one .  Accordin g t o S F C ,  thi s differenc e i s 
due t o whethe r  on e ca n creat e relevan t  features .  Novice s 
usuall y lac k appropriat e knowledg e o f  th e domai n tha t 
enable s the m t o creat e feature s structurall y organize d 
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by th e principle s o f  th e domain .  Thi s lead s the m t o th e Tversky ,  A .  (1977) .  Feature s o f  Similarity .  Psychologica l 
relianc e o n superficia l  features .  Review ,  84 ,  327-352 . 

W h en makin g a n analogy ,  on e ha s t o retriev e a  sourc e 
anaJo g tha t  i s structurall y simila r  t o th e target .  T o d o 
so ,  a  dee p similstfit y  mus t  b e computed .  I n thi s sense , 
ther e i s a  possibilit y  fo r  S F C t o b e extende d t o a  mode l 
of  analo g retrievzd ,  althoug h ther e ar e a  lo t  o f  thing s t o 
be don e fo r  it s  extension .  On e obviou s advantag e o f  S F C 
t o othe r  model s suc h a s A R C S (Thagar d e t  al. ,  1990 )  i s 
tha t  i t  i s  no t  necessar y fo r  th e mode l  t o b e give n a  shee r 
descriptio n o f  a  target .  I n maJcin g a n analogy ,  i t  i s  of -
te n th e cas e tha t  onl y th e superficia l  informatio n o f  th e 
targe t  i s avsiilabl e an d importan t  on e ha s t o b e inferred . 
S F C ca n creat e importan t  feature s fro m a  partia l  de -
scriptio n o f  th e tzurge t  an d utiliz e the m i n computin g a 
dee p similarity . 
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