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A b s t r a c t 

Many theorie s o f  objec t  categorizatio n assum e tha t  object s 
ar e represente d i n term s o f  components-attribute s suc h a s 
parts ,  function s an d perceptua l  properties .  Th e origi n o f 
thes e component s ha s bee n neglecte d i n concep t  learnin g 
theories .  W e provid e furthe r  evidenc e fo r  a  theor y o f  par t 
ontogen y i n whic h part s ar e no t  simpl y give n b y 
perceptua l  informatio n bu t  develo p ove r  th e cours e o f 
categor y learning .  T w o experiments  ar e reported .  Th e 
experiment s showe d tha t  subject s coul d identif y a 
componen t  o f  unknow n stimul i  a s a  par t  i n spit e o f 
variatio n i n it s shap e acros s exemplar s o f  th e category . 
However ,  th e experiment s als o reveale d perceptua l 
constraint s o n wha t  variation s coul d b e identifie d a s th e 
same part . 

Introduction 

In the traditional artificial category-learning experiment 
(e.g. .  Bourne ,  1982 ;  Bruner ,  G o o d n o w &  Austin ,  1956) , 
subject s wer e ofte n show n ver y simpl e stimuli ,  suc h a s 
colore d geometri c stimul i  whic h varie d o n a  fe w obviou s 
dimensions .  Unfortunately ,  whe n encounterin g real-worl d 
objects ,  th e se t  o f  stimulu s dimension s migh t  no t  b e 
limite d i n th e sam e wa y a s i n suc h experiments .  Fo r 
example,  readin g x-ray s films ,  identifyin g bacteri a i n a 
microscope ,  o r  th e categorizatio n o f  pre-Cambria n 
organism s m a y requir e th e us e o f  n e w stimulu s 
dimension s fo r  thei r  classifications-stimulu s dimension s 
tha t  wer e no t  use d prio r  t o th e experienc e wit h th e 
classificatio n system .  No t  surprisingly ,  complet e novice s 
who examin e ches t  x-ray s hav e littl e understandin g o f  wha t 
th e relevan t  feature s are :  Lesgol d e t  al .  (1988 ,  p .  325 ) 
discus s a n x-ra y tha t  "depict s a  patien t  wit h multipl e 
densitie s i n th e lungs ,  whic h represen t  tumor s an d othe r 
loca l  pathologies.. .  i n thi s film ,  th e novice s merge d loca l 
feature s (e.g. ,  tumors )  an d sa w a  genera l  lun g hazines s tha t 
i s probabl y no t  presen t  t o th e exten t  the y though t  i t  was. " 
Althoug h ther e wer e perceptua l  cue s i n th e x-ra y tha t 
expert s noticed ,  thes e ar e no t  perceptua l  feature s tha t  w e 
hav e pre-existin g representation s of .  I f  on e take s a 
developmenta l  perspective ,  i t  seem s clea r  tha t  youn g 
infant s ar e no t  awar e o f  al l  th e stimulu s dimension s tha t 
wil l  becom e importan t  i n late r  categor y learnin g (Clark , 
1983 ;  Mervis ,  1987) .  I n short ,  w e ar e arguin g tha t  i t  i s 
simpUsti c t o assum e tha t  th e feature s tha t  ar e th e basi s fo r 
concep t  learnin g ar e somewha t  clearl y give n i n th e 
environment .  Thus,w e nee d a n accoun t  o f  h o w th e 
feature s themselve s ar e acquired .  Thi s pape r  addresse s th e 

natur e o f  th e feature s o f  objec t  rq)resentation s tha t  hav e a 
privilege d rol e i n theorie s o f  objec t  recognitio n an d 
categorization :  th e object' s part s (Biederman ,  1987 ; 
Hoffma n &  Richards ,  1985 ;  Mar r  &  Nishihara ,  1978 ; 
Tversk y &  Hemenway ,  1984) .  W e wil l  b e intereste d i n 
th e learnin g o f  unknow n parts ,  whe n par t  shap e change s i n 
th e objec t  category . 

I n Schyn s an d Murph y (1991 ,  1992) ,  w e propose d 
tha t  a n alphabe t  o f  primitive s o f  objec t  representatio n 
coul d b e learne d progressivel y an d develope d a s th e 
organis m categorize s it s world .  T o se e b o w thi s migh t 
work ,  conside r  th e followin g though t  experiment . 
Imagin e yo u wer e a  Martia n wit h n o experienc e o f  Eart h 
objects .  Th e fu-s t  objec t  yo u encounte r  i s a  seda n ca r 
whic h ca n b e segmente d int o th e part s hood ,  roof ,  trun k 
and wheels .  Mar s ha s n o car ,  an d yo u d o no t  hav e 
conceptua l  tool s t o describ e thi s object .  However , 
supposin g you r  perceptua l  organizatio n wer e roughl y lik e 
ours ,  yo u coul d a t  leas t  notic e "bumps "  an d "valley s "  i n 
th e silhouett e o f  th e seda n fro m th e side .  Sinc e valley s 
usuall y occu r  wher e part s interpenetrate ,  i t  shoul d b e 
straightforwar d t o lear n whic h b u m p i s a  hood ,  a  roof ,  a 
trun k o r  a  wheel .  However ,  thi s particula r  par t 
decompositio n i s b y n o mean s necessar y t o identif y 
correctl y a  sedan-yo u migh t  no t  k n o w an y othe r  objec t 
wit h a  simila r  silhouette .  O n th e secon d da y o f  you r 
Earthe n life ,  yo u lear n abou t  convertibl e cars .  F ro m th e 
side ,  th e silhouett e o f  a  convertibl e misse s a  bump :  th e 
roof .  Fro m n o w on ,  yo u coul d us e th e primitiv e roo f 
becaus e i t  discriminate s th e tw o categorie s o f  objects :  on e 
has a  roo f  an d on e doe s not .  Befor e encounterin g th e 
convertible ,  yo u coul d hav e represente d seda n i n memor y 
as a  single ,  holisti c uni t  o f  representation ,  becaus e ther e 
was n o nee d t o segmen t  i t 

Th e Martia n exampl e illustrate s tw o importan t 
constraint s o n learnin g par t  representation s i n objec t 
concepts .  A s Hoffina n an d Richard s (1985 )  suggested , 
perceptua l  constraints ,  suc h a s th e valley s i n a n objec t 
silhouette-mor e generally ,  th e loc i  o f  minim a o f  Gaussia n 
curvatur e o f  a  surface-nia y indicat e perceptua l  break s fo r 
par t  decomposition .  However ,  a s show n i n th e Martia n 
example ,  par t  learnin g als o arise s fro m th e nee d t o 
categoriz e an d t o represen t  object s wit h a n efficien t  codin g 
scheme .  Thi s categorica l  constrain t  i s  summarize d i n th e 
Homogeneit y Principl e (Schyn s &  Murphy ,  1992) : 

The Homogeneit y Principle :  I f  a  fragmen t  o f 
stimulu s play s a  consisten t  rol e i n 
categorization ,  th e perceptua l  part s composin g 
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th e fragmen t  ar e instantiate d a s a  singl e uni t  i n 
th e stimulu s representatio n i n memory . 
To tes t  variou s prediction s o f  th e Homogeneit y 

Principle ,  w e presente d subject s wit h categorie s o f 
unknow n object s calle d "Martia n rocks. "  A  Martia n roc k 
was compose d o f  unknow n part s separate d wit h perceptua l 
break s (minim a o f  Gaussia n curvature) .  Usin g a  compute r 
mouse,  subject s coul d interactivel y delineat e th e part s the y 
though t  wer e th e mos t  relevan t  t o th e category .  Whe n a 
conjunctio n o f  part s separate d b y a  perceptua l  brea k 
consistentl y categorize d th e objects ,  subject s di d no t 
instantiat e man y separat e perceptua l  parts ,  a s a  perceptua l 
accoun t  o f  par t  decompositio n woul d predict .  Instead , 
much lik e th e Martia n o f  th e previou s exampl e considere d 
seda n a s a  singl e uni t  o f  representatio n a s lon g a s hoo d di d 
not  star t  t o categoriz e othe r  objects ,  subject s considere d a s 
a unifie d uni t  o f  representatio n th e tw o perceptua l  part s 
tha t  performe d th e relevan t  categorization ,  a s lon g a s on e 
of  th e part s di d no t  star t  t o categoriz e othe r  objects . 

Thes e experiment s showe d tha t  perceptua l  constraint s 
and categorica l  constraint s wer e necessar y t o accoun t  fo r 
th e component s o f  object s concepts .  However ,  th e 
learnin g tas k wa s quit e unrealistic :  th e relevan t  part s wer e 
constan t  i n siz e an d shap e throughou t  th e category .  Thi s 
situatio n i s no t  quit e realistic .  Conside r  fo r  exampl e th e 
par t  leg .  Eve n i n th e restricte d domai n o f  th e anima l 
kingdom ,  leg s var y alon g a  numbe r  o f  dimensions , 
includin g length ,  widt h an d relativ e proportion s o f  thig h 
and calf .  Withi n th e sam e categor y o f  objects ,  a  par t  ca n 
var y dramaticall y i n shape ,  bu t  peopl e ca n identif y th e par t 
i n spit e o f  thi s variation .  Variatio n i n par t  sha[) e make s 
identificatio n o f  a  singl e par t  acros s example s difficult . 
Ar e certai n variation s easie r  t o recogniz e tha n others ? 
Woul d ou r  perceptua l  syste m se e invariant s throug h certai n 
variation s o f  part s bu t  no t  others ? Richards ,  Dawso n an d 
Whittingto n (1988 )  suggeste d tha t  extrem a o f  curvatur e o f 
an object' s 2- D ouUin e conve y relevan t  informatio n abou t 
th e object' s  shape .  Extrem a o f  curvatur e ar e o f  thre e types : 
positive ,  negativ e an d zero .  Formally ,  extrem a o f 
curvatur e occu r  wher e th e tangen t  t o th e curv e rotate s a t 
th e greates t  rate .  Mor e concretely ,  a  loca l  minimu m o f 
curvatur e i s typicall y associate d wit h a  concavity- a 
"valley"—an d a  loca l  maximu m wit h a  convexity- a bump . 
When followin g th e curv e fro m a  maximu m t o a 
minimum ,  th e rat e o f  chang e o f  it s  tangen t  goe s fro m a 
hig h positiv e valu e t o a  hig h negativ e value .  Th e poin t  a t 
whic h th e rat e o f  chang e equal s zero-th e inflectio n point -
i s a  zer o o f  curvature .  W e sa w earlie r  tha t  minim a o f 
curvatur e coul d b e usefu l  fo r  par t  segmentation .  Maxim a 
and zero s ar e als o interestin g fo r  describin g th e silhouett e 
of  object s becaus e extrem a o f  curvatur e ar e invarian t  unde r 
rotation ,  translatio n an d unifor m scaling .  Becaus e extrem a 
ar e invarian t  ove r  suc h quantitativ e change s i n scale ,  the y 
for m a  qualitativ e descriptio n o f  a n object' s outline .  I f 
peopl e us e suc h a  qualitativ e descriptio n t o mak e 
perceptua l  judgments ,  part s tha t  coul d b e subsume d int o a 
singl e uni t  o f  representatio n shoul d b e thos e wit h a  simila r 
sig n o f  curvatur e description .  T o illustrat e th e point , 
craiside r  agai n th e silhouett e o f  a  seda n see n fro m th e side . 
Even thoug h th e trun k an d hoo d ca n var y i n siz e i n 

differen t  car s ( a quantitativ e change) ,  th e extrem a o f 
curvatur e o f  it s  outlin e (th e qualitativ e description )  i s 
constan t  acros s mos t  sedans .  However ,  changin g th e 

curvatur e (e.g. ,  makin g a  bum p a  valle y o r  a  straigh t  lin e 
as i n th e seda n vs .  convertibl e example )  woul d chang e th e 
qualitativ e descriptio n b y changin g th e sig n o f  curvature . 

Experiment 1 

The following experiment had two main goals. The first 
was t o demonstrat e tha t  subject s ca n us e th e Homogeneit y 
Principl e t o abstrac t  feature s fro m categor y exemplar s eve n 
when thei r  shape s vary .  Th e secon d wa s t o les t  th e sig n o f 
curvatur e a s a  perceptua l  constrain t  o n par t  learning .  Th e 
stimul i  o f  th e experimen t  wer e 2 D outline s o f  "Martia n 
rocks "  compose d o f  a  taige t  par t  an d a  rando m par t 
separate d b y a  nec k (se e Figur e 1 ,  to p panel) .  Ther e wer e 
tw o phase s i n th e experiment .  I n th e first ,  subject s viewe d 
differen t  type s o f  transformatio n o f  th e targe t  part .  I n th e 
secon d phase ,  w e teste d subject s o n previousl y see n an d 
unsee n transformation s o f  th e tes t  part .  W e hope d t o fin d 
tha t  a  transformatio n preservin g th e sig n o f  curvatur e 
(Figur e 1 ,  middl e row ,  lef t  tw o pictures )  facilitate s par t 
extraction ,  wherea s a  transformatio n changin g th e sig n 
(Figur e 1 ,  th e middl e righ t  picture )  complicate s par t 
extraction .  Thi s wa s accomplishe d b y creatin g thre e 
categorie s o f  object s name d concave ,  conve x an d mixed . 
We expecte d subject s wh o learne d th e concav e an d th e 
conve x categorie s (th e one s withou t  a  chang e o f  sig n o f 
curvatur e i n th e part )  t o accuratel y categoriz e ne w an d ol d 
exemplars ,  an d t o demonstrat e a  prototyp e effec t  i n th e 
testin g phase .  Conversely ,  subject s i n th e mixe d 
conditio n shoul d hav e mor e difficult y i n formin g a 
representatio n o f  th e targe t  part ,  an d therefor e shoul d 
perfor m poorl y i n categorization . 

Method 

Subjects .  Subject s wer e 1 8 Brow n Universit y student s 
who wer e pai d t o participat e i n th e experimen t  The y wer e 
randoml y assigne d t o Ui e thre e categor y type s wit h th e 
constrain t  tha t  th e numbe r  o f  subject s b e equa l  i n eac h 
condition . 
Stimuli .  "Martia n rocks "  wer e generate d usin g Unifor m 
non-Rationa l  B-Spline s (URBS )  o n a  Silico n Graphic s 
computer .  A  B-Splin e i s a  parametri c cubi c curv e tha t 
approximate s a  se t  o f  contro l  points .  Th e shap e o f  a  B -
Splin e i s transforme d b y movin g it s contro l  points .  Eac h 
Martia n roc k wa s generate d wit h a  tota l  o f  2 1 contro l 
points .  1 8 o f  th e point s ar e show n i n th e to p sectio n o f 
Figur e 1 .  (I n orde r  t o obtai n a  close d cubi c curve ,  th e 
remainin g points ,  no t  visibl e o n Figur e 1 ,  wer e alway s 
duplicate s o f  th e thre e firs t  points. )  Eac h objec t  consiste d 
of  a  rando m an d a  targe t  par t  separate d b y a  "neck. "  Th e 
point s controllin g th e shap e o f  th e rando m par t  Gabelle d 
16,  17,0 ,  1 ,  2 ,  3  an d 4  o n Figur e 1 ,  to p panel )  coul d var y 
withi n a  certai n regio n wit h th e constrain t  tha t  the y d o no t 
cros s regions .  T o illustrate ,  imagin e tha t  th e par t  wa s 
divide d int o eigh t  pi e slices ,  wit h eac h contro l  poin t  a t  th e 
cente r  o f  on e slice .  I n learnin g exemplars ,  eac h contro l 
poin t  wa s locate d accordin g t o a  rando m selectio n o f  lengt h 
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Figur e 1 .  Thi s figur e illustrate s th e stimul i  use d i n Experimen t  1  an d 2 .  Th e to p 
pictur e show s th e cubi c B-splin e fro m whic h th e categorie s wer e generated .  Th e 
contro l  point s numbere d 16 ,  0 ,  1 ,  2 ,  3  an d 4  wer e use d t o creat e th e rando m part ,  an d 
contro l  poin t  1 0 wa s translate d t o generat e th e targe t  part .  Th e middl e picture s 
illustrat e th e se t  o f  transformatio n experience d durin g th e learnin g phas e o f 
Experimen t  1  an d 2 .  Th e middl e picture s represent ,  fro m lef t  t o right ,  th e trainin g 
exemplar s o f  condition s convex ,  concav ^  an d mixed .  Th e set s wer 6 obtaine d b y 
superimposin g th e learnin g exemplars .  Th e botto m picture s sho w th e correspondin g 
tes t  item s use d i n Experimen t  1  an d 2 . 
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an d angl e wit h th e constrain t  tha t  i t  doe s no t  leav e it s 
slice .  Th e poin t  controllin g th e shap e o f  th e targe t  par t 
(labelle d 1 0 i n th e figure )  wa s sli d horizontall y inwar d i n 
th e concav e conditio n whil e i t  wa s move d symmetricall y 
outwar d i n exemplar s o f  th e conve x condition .  Thi s poin t 
was move d b y successiv e constan t  increment s i n th e tw o 
categories ,  augmentin g th e slop e o f  th e curves ,  whil e 
keepin g thei r  sig n o f  curvatur e constant .  Th e middl e pane l 
of  Figur e 1  show s th e transformation s o f  al l  exemplar s 
simultaneousl y b y superimposin g them .  Eac h rea l 
exempla r  consiste d o f  onl y on e suc h transformation .  A s 
ca n b e seen ,  th e rando m (left )  par t  ha s littl e apparen t 
regularit y acros s exemplars ,  wherea s th e targe t  (right )  par t 
varie s accordin g t o th e transformation s jus t  described .  A 
simila r  procedur e wa s applie d t o generat e exemplar s i n th e 
mixe d condition ,  bu t  th e contro l  poin t  wa s move d bot h 
inwar d an d outward ,  resultin g i n a  chang e o f  sig n o f 
curvature .  I n al l  thre e categories ,  th e tota l  amoun t  o f 
displacemen t  o f  th e contro l  poin t  wa s identical .  Not e tha t 
th e cente r  o f  th e par t  transformation s (th e prototyp e o f  th e 
part )  wa s neve r  presente d durin g training . 

Test  item s wer e constructe d fro m item s see n durin g 
learnin g an d n e w par t  transformations .  O n e typ e o f 
transformation ,  calle d compatible ,  ha d th e sam e sig n o f 
curvamr e a s th e transformation s i n th e learnin g se t  (i.e. , 
conve x transformation s i n th e conve x category ,  concav e i n 
th e concav e category) .  T h e rang e o f  compatibl e 
transformation s w a s greate r  tha n tha t  o f  th e 
transformation s experience d durin g learning :  Th e relevan t 
contro l  poin t  wa s sU d inwar d o r  outwar d b y on e incremen t 
fro m th e innermos t  o r  outermos t  learnin g transformations , 
so tha t  i t  woul d b e outsid e th e rang e o f  th e learnin g 
transformation s (i.e. ,  on e transformatio n wa s smalle r  an d 
on e wa s large r  tha n i n learning) .  Anothe r  typ e o f 
transformatio n wa s incompatibl e wit h th e transformation s 
tha t  generate d th e part s i n th e learnin g se t  (i.e. ,  conve x 
part s i n th e concav e category ,  an d vic e versa) .  Th e mixe d 
categor y onl y ha d consisten t  transformations ,  a s i t 
containe d bot h conve x an d concav e parts .  Th e final  tes t 
ite m typ e wa s th e categor y prototype ,  consistin g o f  th e 
cente r  o f  al l  th e transformation s use d t o creat e th e learnin g 
items .  Th e fwototype s wer e no t  show n durin g learning . 

T o illustrat e th e tes t  stimuli ,  conside r  th e conve x 
conditio n (th e leftmos t  pictur e o f  th e botto m pane l  o f 
Figur e 1) .  Fiv e tes t  exemplar s ar e shown ,  eac h 
correspondin g t o a  differen t  locatio n o f  th e contro l  point . 
Th e leftmos t  an d rightmos t  outline s ar e extrapolation s 
compatibl e wit h th e trainin g se t  .  Nex t  t o the m ar e ol d 
exemplars ,  an d finally ,  th e cente r  outlin e i s th e 
interpolatio n o f  th e u^nin g set ,  th e prototypica l  par t  neve r 
show n durin g learning . 

Ther e wer e 4 0 tes t  items ,  2 0 tru e M 2 rock s an d 2 0 
fals e items .  Th e 2 0 tru e item s consiste d o f  8  old ,  8 
consisten t  an d 4  prototyp e items .  Fo r  th e concav e an d 
conve x categories ,  th e fals e item s consiste d o f  4 
incompatibl e transformation s o f  th e part ,  plu s 1 6 othe r 
item s i n whic h bot h th e targe t  par t  an d th e res t  o f  th e roc k 
was randomized .  Fo r  th e mixe d items ,  ther e wer e n o 
incompatibl e transformations ,  an d s o al l  2 0 fals e item s 
consiste d o f  th e latte r  type . 

Procedure :  Learn in g Phase .  Subject s wer e 
instructe d tha t  the y woul d se e 4 8 member s o f  th e sam e 
categor y o f  Martia n rock s calle d M 2 an d tha t  the y shoul d 
stud y th e rock s an d t o lear n wha t  M 2 rock s wer e lik e i n 
general .  Eac h o f  th e si x possibl e trainin g variation s 
appeare d eigh t  time s i n a  rando m order .  Eac h o f  thes e 
rock s appeare d on e a t  a  tim e fo r  2  second s o n th e compute r 
monitor . 
Testin g Phase .  I n orde r  t o measur e wha t  subject s ha d 
learne d abou t  th e category ,  a  categorizatio n tas k wit h 4 0 
exemplar s wa s conducted .  O n e tes t  roc k a t  a  tim e wa s 
randoml y selecte d an d presente d o n th e compute r  screen . 
Subject s ha d t o decide ,  b y pressin g th e "yes "  o r  "no "  ke y 
on th e compute r  keyboard ,  whethe r  th e roc k wa s a n M 2 . 
N o feedbac k wa s give n durin g th e testin g phase ,  an d 
subject s wer e instructe d t o respon d a s quickl y an d a s 
accuratel y a s possible . 

Results 

Th e qualit y o f  par t  representatio n shoul d b e reflecte d i n 
categorizatio n performanc e i n th e tes t  phase ,  sinc e th e 
categorie s wer e define d b y th e presenc e o f  th e targe t  part . 
On average ,  subject s fro m th e concave ,  conve x an d mixe d 
condition s categorize d thei r  stimul i  wit h 9 7 % ,  9 9 % an d 
7 9 % accuracy ,  respectively .  A  one-wa y analysi s o f 
varianc e showe d a  significan t  effec t  o f  conditio n o n th e 
mean percen t  o f  correc t  respons e (F(2 ,  15 )  =  11.65 ,  p  < 
.01) .  A  post-ho c Fishe r  protecte d t-tes t  ( L S D =  12.97 ) 
reveale d significan t  difference s betwee n th e mea n percen t 
correc t  o f  th e mixe d an d th e othe r  tw o condiUon s (p' s < 
.01) ,  bu t  n o significan t  differenc e betwee n th e conve x an d 
concav e conditions .  N o subjec t  categorize d th e 
extrapolation s wit h chang e o f  sig n o f  curvatur e a s M 2 
rocks . 

T o tes t  fo r  a  prototyp e effect ,  w e compare d reactio n 
time s fo r  eac h typ e o f  tru e tes t  item .  M e a n correc t  RT s t o 
old ,  ne w an d prototypica l  exemplar s ar e summarize d i n 
Tabl e 1 .  A  two-wa y analysi s o f  varianc e reveale d a  mai n 
effec t  o f  conditio n (F(2,15 )  =  8.0 ,  p  <  .01) ,  a  mai n effec t 
of  exempla r  typ e (F(2 ,  30 )  =  8.18 ,  p  <  .01 )  an d a 
significan t  interactio n o f  conditio n an d exonpla r  typ e (F(4 , 
30 )  =  4.19 ,  p  <  .01) .  A s show n i n Tabl e 1 ,  th e mixe d 
conditio n i s slowes t  overall .  Bu t  mor e importantly ,  th e 
prototyp e wa s th e fastes t  ite m typ e fo r  th e conve x an d 
concav e conditions ,  bu t  wa s th e slowes t  typ e fcM "  th e mixe d 
condition . 

Table 1. Mean reaction times in 
millisecond s fo r  th e correc t 
categorizatio n o f  exemplar s i n th e tre e 
condition s o f  Experimen t  1 . 

o u 
New 
Prototyp e 
Mean 

Conve x 
593 
760 
592 
648 

Concav e 
664 
803 
603 
690 

Mixe d 
818 
967 
105 4 
946 

Mean 
692 
843 
750 
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Discussio n 

Tbe mos t  importan t  resul t  fro m thi s stud y i s th e findin g 
tha t  peopl e coul d identif y outline s tha t  varie d i n shap e a s 
bein g tb e sam e part .  Subject s ha d n o difficult y identifyin g 
what  wa s common t o th e categor y whe n th e par t  viuic d "i n 
th e sam e direction, "  eithe r  concav e o r  convex .  Bu t  whe n 
th e par t  crosse d th e perceptua l  boundar y (i.e. ,  whe n th e 
sig n o f  curvatur e changed) ,  subject s wer e muc h les s 
accurat e an d wer e slowe r  a t  identifyin g th e objec t  a s bein g 
i n th e sam e category .  Sinc e categor y membershi p 
depende d o n th e presenc e o f  thi s part ,  thes e measure s 
indicat e ho w eas y subject s foun d i t  t o identif y th e part . 

Thi s difficult y o f  learnin g th e par t  ca n b e indirectl y 
observe d i n subjects '  response s t o th e prototype .  I n th e 
conve x an d concav e conditions ,  prototypica l  exemplar s 
nevCT experience d befw e wer e recognize d a s quickl y a s ol d 
exemplars .  Thi s resul t  i s  compatibl e wit h a  prototyp e 
representatio n o f  th e par t  Subject s i n th e mixe d conditio n 
responde d mor e slowl y t o thei r  prototype ,  suggestin g tha t 
the y migh t  hav e forme d no t  one ,  bu t  tw o distinc t 
representation s o f  th e part :  on e wit h a  negativ e sig n o f 
curvature ,  on e wit h a  positiv e sign .  Sinc e th e prototyp e 
i n th e mixe d conditio n i s neithe r  concav e no r  convex ,  i t  i s 
difficul t  t o categorize ,  eve n thoug h i t  i s  th e middl e ite m o f 
th e presente d parts . 

I n th e concav e an d conve x conditions ,  subject s neve r 
categorize d tes t  exemplar s wit h differen t  sign s o f  curvatur e 
as M 2 rocks .  I n contrast ,  extrapolation s tha t  preserve d th e 
sig n o f  curvatur e wer e accepte d a s categor y members . 
Thus ,  althoug h variatio n i n th e par t  di d no t  preven t 
subject s fro m noticin g th e constan t  part ,  no t  al l  variatio n 
was perceive d a s th e sam e part .  I t  appear s tha t  th e 
categor y contex t  create d on e se t  o f  constraints ,  an d th e 
perceptua l  restriction s o n changin g sig n o f  curvatur e 
create d another . 

Exper imen t  2 

The previou s experimen t  suggeste d tha t  whe n th e common 
par t  o f  a  categor y di d no t  follo w a  perceptua l  constrain t 
(keepin g th e sam e sig n o f  curvature) ,  subject s foun d i t 
difficul t  t o lear n th e category .  However ,  i t  i s  no t  entirel y 
clea r  ho w thi s wa s relate d t o th e extractio n o f  a  par t  o r 
part s i n th e stimuli .  On e possibilit y  i s  tha t  whe n th e sig n 
of  curvatur e wa s respecte d (i n th e conve x o r  concav e 
conditions) ,  subject s simpl y learne d tha t  ther e wa s a  singl e 
part ,  whic h varie d i n th e amoun t  o f  it s  curvature .  I n th e 
mixe d conditions ,  subject s ma y hav e learne d tha t  th e 
categor y ha d tw o differen t  part s (th e conve x an d concav e 
versions) ,  eac h o f  whic h als o varie d i n th e amoun t  o f  it s 
curvature .  I f  thi s i s  th e case ,  the n afte r  categor y learning , 
subject s shoul d diffe r  i n whethe r  differen t  version s o f  th e 
par t  ar e perceive d a s th e sam e o r  different ,  an d thi s shoul d 
have effect s o n whethe r  thes e version s ca n b e use d i n 
learnin g ne w categories .  I n particular ,  i f  th e subject s i n 
th e mixe d conditio n encode d tw o differen t  parts ,  the n the y 
coul d hav e easil y learne d tw o ne w categorie s tha t  differe d 
i n th e presenc e o f  thes e parts .  I n contrast ,  subject s i n th e 
concav e o r  conve x condition s woul d no t  hav e forme d suc h 
a distinctio n an d s o woul d hav e difficult y learnin g ne w 
categorie s base d o n difference s i n par t  variation . 

I n Experimen t  2 ,  subject s first  learne d a  singl e 
categor y o f  concave ,  conve x o r  mixe d stimuli ,  a s i n tb e 
previou s experiment .  I n a  secon d phase ,  tbe y the n learne d 
t o divid e thes e stimul i  int o tw o subcategories :  th e thre e 
"leftmost "  transformation s o f  tb e par t  vs .  tb e thre e 
"rightmost "  transformation s o f  tb e par t  (se e Figur e 1) .  I n 
th e cas e o f  th e mixe d categories ,  thi s corresponde d t o part s 
wit h differen t  sign s o f  curvatur e (i.e. ,  on e subcategor y ha d 
th e conve x an d th e othe r  ha d th e concav e transformations) . 
I f  subject s ha d alread y discriminate d thes e tw o 
transformation s int o tw o conceptua l  parts ,  the n i t  woul d 
be ver y eas y t o lear n th e ne w categories ,  sinc e tb e 
categorie s coul d b e distinguishe d o n th e basi s o f  thes e tw o 
features .  I f  tbe y ha d no t  distinguishe d tb e transformations , 
the n learnin g ne w categorie s shoul d b e difficult .  W e 
expecte d tha t  subject s i n th e mixe d categor y woul d hav e 
forme d suc h parts ,  wherea s subject s wh o ha d learne d 
concav e o r  conve x transformation s woul d no t  hav e alread y 
forme d suc h parts ,  an d s o shoul d find  learnin g tb e 
subcategorie s mtx̂ e difficul t 

Method 

Subjects .  Subject s wer e 1 8 Brow n Universit y student s 
who wer e pai d fo r  participating .  The y wer e randoml y 
assigne d t o th e concave ,  conve x an d mixe d conditions . 
Stimuli .  Th e stimul i  wer e tb e sam e a s i n Experimen t  1 . 
Unifor m non-rationa l  B-Spline s compose d o f  a  targe t  an d a 
rando m par t  wer e transforme d a s explaine d earlie r  t o 
generat e th e concave ,  conve x an d mixe d categories . 
Stimul i  wer e displaye d o n th e scree n o f  a  Silico n Graphic s 
computer . 
Procedure :  Firs t  learnin g phase .  Subject s wer e 
expose d t o exemplar s o f  Martia n rocks ,  som e o f  the m 
formin g a  categor y calle d M 2 .  Subject s wer e tol d t o stud y 
th e rock s an d t o lear n wha t  M 2 rock s wer e lik e i n genera l 
i n orde r  t o categoriz e the m correctly .  Th e leamm g phas e 
was divide d int o blocks ,  consistin g o f  2 4 rocks ,  divide d 
int o 1 2 M 2 an d 1 2 rando m rocks .  Th e M 2 rock s wer e tw o 
repetition s o f  th e si x possibl e transformation s o f  th e firs t 
Phase o f  Experimen t  1  (se e Figur e 1 ,  th e middl e pictures) . 
The rando m rock s wer e generate d a s explaine d earlier ,  b y 
randomizin g th e contro l  point s o f  th e targe t  part .  B y 
pressin g th e "yes "  o r  "no "  ke y o n th e compute r  keyboard , 
subject s ha d t o indicat e th e categor y membershi p o f  eac h 
rock .  T o reac h criterion ,  the y ha d t o b e correc t  o n al l  2 4 
exemplar s o f  a  learnin g block .  I f  the y mad e a  mistake , 
the y continue d th e learnin g phas e unti l  reachin g criterion . 
Secon d learnin g phase .  Tb e secon d learnin g Phas e 
starte d upo n completio n o f  tb e first  learnin g phase . 
Subject s wer e instructe d tha t  i n fact ,  M 2 rock s coul d b e 
subdivide d int o tw o subcategorie s M2- a an d M2- b an d tha t 
the y woul d lear n t o categoriz e M2- a an d M2- b rock s 
correctly .  Th e learnin g procedur e wa s simila r  t o di e on e o f 
th e fu-s t  learnin g Phase ,  bu t  subject s sa w onl y M 2 rocks . 
A learnin g bloc k wa s compose d o f  1 2 exemplar s o f  M 2 
rocks ,  divide d int o 6  M2- a an d 6  M2-b .  I n th e mixe d 
condition ,  M2- a rock s wer e tw o repetition s o f  th e thre e 
concav e transformations ,  an d M2- b rock s wer e tw o 
repetition s o f  th e thre e conve x transformations .  I n th e 
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concav e an d conve x conditions ,  th e 3  leftmos t 
transformation s wer e M2-a ,  an d th e 3  rightmos t 
transformation s wer e M2-b .  B y pressin g key s labelle d 
"M2-a "  o r  "M2-b "  o n th e compute r  keyboard ,  subject s 
indicate d thei r  subcategorization s o f  M 2 stimuli .  A s i n 
th e firs t  learnin g phase ,  subject s ha d t o g o throug h a s 
many learnin g block s a s neede d t o categoriz e th e exemplar s 
perfecOy .  Eac h bloc k too k abou t  5  minute s t o complete . 

Results 

The mea n numbe r  o f  learnin g block s t o reac h criterio n i n 
th e first  an d secon d learnin g phase s ar e reporte d i n Tabl e 2 . 
A two-wa y analysi s o f  varianc e reveale d a  mai n effec t  o f 
conditio n (F(2 ,  15 )  =  11.46 ,  p  <  .01) ,  a  mai n effec t  o f 
learnin g phas e {F(l ,  15 )  =  9.84 ,  p  <  .01) ,  an d a  significan t 
interactio n o f  conditio n an d learnin g phas e (F(4 ,  15 )  = 
25.18 ,  p  <  .01) .  Al l  thre e effect s reflec t  th e finding  tha t 
subject s i n th e mixe d conditio n require d ver y man y block s 
i n th e first  learnin g phase ,  whic h decrease d dramaticall y i n 
th e secon d learnin g phas e whil e increasin g i n th e othe r 
tw o conditions . 

Tabl e 2 .  Mea n numbe r  o f  learnin g block s 
necessar y t o reac h criterio n i n Phas e 1  an d Phas e 
2 o f  Experimen t  6 . 

Convex Concav e Mixe d 

Pbase l 

Phase 2 

3.6 7 

5.8 3 

3.1 7 

4.1 7 

13 

1.8 3 

Discuss io n 

I n Experimen t  2 ,  th e difficult y o f  formin g a  par t 
representatio n i n th e mixe d conditio n wa s assesse d b y th e 
accurac y o f  categor y judgments .  Th e presen t  experimen t 
showed a  simila r  effec t  wit h a  differen t  procedure .  A s 
expected ,  th e averag e numbe r  o f  learnin g block s require d t o 
leai n th e categor y wa s muc h highe r  i n th e mixe d conditio n 
tha n i n th e concav e o r  th e conve x conditions .  I t  i s  wort h 
re-emphasizin g tha t  th e tota l  siz e o f  transforaiation s i n th e 
thre e condition s wa s identical ,  s o th e difficult y o f  learnin g 
th e mixe d categorie s mus t  b e du e t o th e chang e i n th e sig n 
of  curvatur e o f  it s  transformations . 

But  th e mai n goa l  o f  thi s experimen t  wa s t o tes t 
whethe r  a  chang e o f  sig n o f  curvatur e woul d giv e ris e t o 
tw o distinc t  unit s o f  representatio n fo r  th e category .  I f 
thi s wer e true ,  subject s i n th e mixe d grou p woul d ente r  th e 
secon d learnin g phas e wit h a  categor y alread y segmente d 
int o tw o subcategories :  on e wit h th e conve x part ,  an d on e 
wit h th e concav e part .  Therefore ,  reachin g criterio n i n thi s 
phas e woul d b e faste r  fo r  th e mixe d grou p tha n fo r  th e 
othe r  groups .  Thi s predictio n wa s confirme d b y th e data . 
Althoug h th e mixe d condition "  wa s b y fa r  th e slowes t  i n 
th e first  phase ,  i n th e secon d phas e thi s grou p learne d th e 
categor y i n 3. 1 fewe r  block s o n averag e tha n th e othe r 
groups ,  whic h wa s a  reliabl e difference ,  r(16 )  =  2.15 ,  p  < 
.05 . 

To summarize ,  th e result s giv e evidenc e o f  on e kin d 
of  perceptua l  constrain t  o n par t  constructio n whe n th e 
part s ar e no t  constan t  acros s exemplars .  Althoug h th e 

Homogeneit y Principl e predict s tha t  pot̂ tia l  part s presen t 
on al l  object s o f  a  categor y shoul d b e glue d int o on e uni t 
of  representation ,  thes e result s sho w tha t  no t  al l  variation s 
of  a  componen t  resul t  i n a  singl e potentia l  part .  Peopl e 
see m t o expec t  tha t  som e aspect s o f  th e par t  wil l  remain 
constan t  i n orde r  fo r  i t  t o b e th e "same "  par t  encode d int o 
memory;  i n particular ,  th e extrem a o f  curvatur e o f  2 -
dimensiona l  outline s o f  object s ar e expecte d t o remai n 
constant .  I f  ther e i s a  chang e i n th e sig n o f  curvature , 
subject s wil l  instantiat e tw o units ,  thoug h wit h mor e 
difficult y tha n the y woul d instantiat e a  singl e part . 
However ,  thos e tw o unit s the n becom e availabl e fo r 
learnin g othe r  categories . 
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