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A Connectionis t  A c c o u n t  o f  Perceptua l  Ca tegory -Learn in g i n Infants ^ 
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Centr e fo r  Brai n an d Cognitiv e Developmen t 

Departmen t  o f  Psycholog y 
Birkbec k Colleg e 

London ,  W C I E 7HX ,  U K 
d.mareschal@bbk.ac.u k 

Abstract 
Tlii s  pape r  present s a  connectionis t  mode l  o f  correlation -
based categorizatio n b y lO-month-ol d infant s (Younger , 
1985) .  Simpl e autoencode r  network s wer e expose d t o th e 
same stimul i  use d t o tes t  10-month-olds .  Bot h infant s an d 
network s use d co-variatio n informatio n (whe n available )  t o 
segregat e item s int o separat e categories .  Th e mode l 
provide s a  mechanisti c accoun t  o f  categor y learnin g withi n 
a tes t  session .  I t  show s ho w distinc t  categorie s ar e 
develope d an d demonstrate s ho w categorizatio n arise s a s th e 
produc t  o f  a n inextricabl e interactio n betwee n th e subjec t 
(th e infant )  an d th e environmen t  (th e stimuli) . 

Introduction 

The abilit y  t o categoriz e underlie s muc h o f  cognition .  I t  i s 
a wa y o f  reducin g th e loa d o n memor y an d othe r  cognitiv e 
processe s (Rosch ,  1975) .  Becaus e o f  it s fundamenta l  role , 
any developmenta l  change s i n th e abilit y o f  infant s t o 
categoriz e i s likel y hav e a  significan t  impac t  o n subsequen t 
cognitiv e developmen t  a s a  whole .  A s a  result , 
categorizatio n i s on e o f  th e mos t  fertil e area s o f  researc h i n 
infan t  cognitiv e development . 

Many studie s o f  infan t  categorizatio n hav e relie d o n 
visuall y presente d material .  Th e basi c ide a o f  thes e studie s 
i s t o sho w infant s a  serie s o f  image s tha t  coul d b e 
construe d a s formin g a  category .  Th e infant' s subsequen t 
respons e t o a  previousl y unsee n imag e i s  use d t o gaug e 
whethe r  th e infan t  ha s forme d a  categor y base d o n hi s o r 
her  experienc e wit h th e familiarizatio n exemplars . 
Generalizatio n t o a  nove l  exempla r  fro m th e familia r 
category ,  couple d wit h a  preferenc e o r  heightene d 
responsivenes s t o a  nove l  exempla r  fro m a  nove l  categor y 
i s take n a s evidenc e o f  categor y formation .  Ther e i s 
considerabl e evidenc e tha t  youn g infant s ca n for m 
categorica l  representation s o f  shapes ,  animals ,  furniture , 
faces ,  etc .  (se e Quin n &  Eimas ,  1996 ,  fo r  a  recen t  review) . 

At  first,  th e categorie s develope d b y infant s m a y 
appea r  simila r  t o thos e develope d b y adults .  However , 
occasionally ,  infan t  categorie s diffe r  dramaticall y fro m 
thos e o f  adults .  Quinn ,  Eimas ,  an d Rosenkrant z (1993 ) 
repor t  on e strikin g example .  Thes e author s foun d tha t  whe n 
3.5-month-old s wer e show n a  serie s o f  ca t  photographs ,  th e 
infant s woul d develo p a  categor y o f  C A T tha t  include d 
nove l  cat s an d exclude d nove l  dog s (i n accordanc e wit h th e 
adul t  categor y o f  C A T ) .  However ,  whe n 3.5-month-old s 
wer e show n a  serie s o f  do g photographs ,  the y woul d 
develo p a  categor y o f  D O G tha t  include d nove l  dog s bu t 
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als o include d nove l  cat s (i n contras t  t o th e adul t  categor y 
of  D O G ) .  Ther e i s a n asymmetr y i n th e exclusivit y o f  th e 
C AT an d D O G categorie s develope d b y 3.5-month-olds . 

To understan d th e sourc e o f  thi s asynmietry ,  on e need s 
t o explor e th e basi s o n whic h infant s categoriz e items . 
Whil e ther e hav e bee n man y studie s describin g infan t 
categorizatio n competenc e a t  variou s ages ,  ther e hav e bee n 
fe w mechanisti c account s o f  ho w th e underlyin g 
categorica l  representation s migh t  emerge .  On e partia l 
exceptio n i s th e wor k b y Quin n an d Johnso n (1997) .  Thes e 
author s use d a  connectionis t  mode l  t o explor e th e orde r  i n 
whic h basi c an d super-ordinat e leve l  categorie s ar e 
acquired .  Becaus e th e mode l  wa s implemente d a s a 
workin g compute r  simulation ,  i t  i s on e o f  th e first  studie s 
t o as k ho w th e mechanism s o f  learnin g constrai n th e natur e 
of  th e categorie s tha t  ar e acquired .  Althoug h thi s wor k 
explore d ho w th e characteristic s o f  exemplar s a t  differen t 
level s migh t  dictat e th e orde r  i n whic h categorie s ar e 
acquire d b y infant s a s a  whole ,  i t  di d no t  directl y addres s 
th e issu e o f  ho w categorie s ar e learne d withi n th e short -
ter m testin g session s characteristi c o f  m a n y publishe d 
categorizatio n studies . 

We believ e tha t  th e wa y t o a  comprehensiv e synthesi s 
of  th e numerou s competenc e studie s tha t  aboun d i n th e 
infanc y literatur e i s t o shif t  th e debat e t o a  mechanisti c 
level .  I f  th e differen t  studie s ar e tappin g int o a  c o m m o n 
categorizatio n ability ,  the n ther e mus t  exis t  a  c o m m o n se t 
of  mechanism s tha t  ca n accoun t  fo r  th e observe d 
behaviors .  Th e searc h fo r  a  conuno n se t  o f  mechanism s 
underlyin g performanc e o n differen t  task s ha s alread y bee n 
successfull y applie d t o explainin g th e cause s o f  th e 
exclusivit y asymmetr y mentione d abov e an d a  catastrophi c 
interferenc e effec t  i n infan t  memor y studie s (Marescha l  & 
French ,  1997 ;  Mareschal ,  French ,  &  Quinn ,  submitted) . 

Marescha l  &  Frenc h (1997 )  an d Marescha l  e t  a l 
(submitted )  presente d connectionis t  network s wit h th e 
same ca t  an d do g exemplar s use d t o familiariz e infant s i n 
th e origina l  Quin n e t  al .  (1993 )  study .  Th e network s 
develope d th e sam e exclusivit y asymmetrie s a s ha d th e 
infant s (i.e. ,  th e categor y o f  C A T exclude d nove l  dogs , 
wherea s th e categor y o f  D O G di d no t  exclud e nove l  cats) . 
Thi s wa s accounte d fo r  i n term s o f  th e distributio n o f 
featur e value s i n th e familiarizatio n stimul i  an d th e fac t 
tha t  th e connectionis t  network s develope d interna l 
representation s reflectin g th e variabilit y o f  th e input s the y 
experienced .  Fo r  almos t  al l  features ,  th e distributio n o f 

'  A  longe r  versio n o f  thi s pape r  wil l  appea r  i n Infancy . 
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C AT value s wa s subsume d withi n th e distributio n o f  D O G 
values .  Th e sam e mechanis m wa s use d t o accoun t  fo r  th e 

fac t  tha t  sometime s (bu t  no t  always )  materia l  presente d t o 
infant s durin g a  retentio n interva l  lead s t o th e catastrophi c 
forgettin g o f  th e initia l  material .  Th e mode l  m a d e th e 
predictio n tha t  th e subsequen t  learnin g o f  th e D O G 
categor y woul d disrup t  th e prio r  learnin g o f  th e C A T 
category ,  bu t  tha t  th e subsequen t  learnin g o f  th e C A T 
categor y woul d no t  disrup t  th e prio r  learnin g o f  th e D O G 
category .  Thi s predictio n wa s teste d an d foun d t o b e tru e 
fo r  3.5-month-old s (Marescha l  &  French ,  1997 ;  Mareschal , 
French ,  &  Quinn ,  submitted) .  I n short ,  th e mode l 
demonstrate d h o w th e previousl y unrelate d exclusivit y 
asymmetr y an d interferenc e effect s wer e tw o side s o f  th e 
same mechanisti c coin . 

Thi s previou s wor k establishe s tha t  autoassociator s 
provid e a  goo d mode l  o f  h o w categorie s overlap .  However , 
on e purpos e o f  categorizatio n i s t o pars e th e worl d int o 
distinc t  unit s tha t  ar e the n acte d o n differently .  Ultimatel y 
infant s lear n t o separat e ou t  categories .  I n thi s paper ,  w e 
wil l  exten d th e previou s wor k b y explorin g th e basi s o n 
whic h distinc t  categorie s ar e develope d b y infant s an d 
connectionis t  network s give n a  serie s o f  exemplars . 
Younge r  (1985 )  showe d tha t  10-month-old s coul d us e th e 
correlatio n betwee n featur e value s t o segregat e item s int o 
separat e categories .  Althoug h thes e result s ar e base d o n 
presentin g infant s wit h lin e drawing s o f  artificia l  animals , 
Younge r  (1990 )  foun d tha t  infant s coul d stil l  us e 
correlatio n informatio n wit h natura l  kin d image s simila r  t o 
thos e use d i n th e Quin n e t  al .  studies .  W e wil l  explor e 
whethe r  th e autoencode r  connectionis t  architectur e use d t o 
model  th e Quin n e t  al .  dat a (Marescha l  &  French ,  1997 ; 
Mareschal ,  French ,  Quinn ,  submitted )  als o respond s t o 
correlatio n informatio n i n th e sam e wa y a s infants . 

Th e res t  o f  thi s pape r  unfold s a s follows .  Firs t  w e wil l 
describ e i n detai l  Younger' s (1985 )  categorizatio n studie s 
wit h 10-month-olds .  Nex t  w e wil l  presen t  connectionis t 
simulation s o f  categorizatio n usin g th e sam e stimul i  a s 
Younge r  use d wit h he r  infants .  W e wil l  presen t  a n 
illustratio n o f  th e interna l  representation s develope d b y th e 
networks . 

Category formation in 10-month-olds 

Th e tw o simulation s describe d belo w ar e attempt s t o 
model  th e behavio r  o f  10-month-old s reporte d b y Younge r 
(1985) .  Th e networ k trainin g regim e i s kep t  a s clos e a s 
possibl e t o th e infan t  familiarizatio n conditions .  Younge r 
examine d 10-month-olds '  abilitie s t o us e th e correlatio n 
betwee n th e variatio n o f  attribute s t o segregat e item s int o 
categories .  I n th e rea l  worl d certai n range s o f  attribut e 
value s ten d t o co-occur .  Thus ,  animal s wit h lon g neck s 
ten d t o hav e lon g leg s wherea s animal s wit h shor t  neck s 
ten d t o hav e shor t  legs .  Younge r  examine d whethe r  infant s 
coul d us e thes e co-variatio n cue s t o segmen t  artificia l 
anima l  lin e drawing s int o separat e categories . 

I n a  firs t  experiment ,  infant s wer e familiarize d wit h a 
set  o f  exemplars .  The y wer e the n teste d wit h either :  (a )  a n 
exempla r  whos e attribut e value s wer e th e averag e o f  al l  th e 

previousl y experience d value s alon g eac h dimension ,  o r  (b ) 

an exempla r  containin g th e moda l  attribut e value s (i.e. ,  th e 
most  frequentl y experience d values )  alon g eac h dimension . 

Base d o n th e findin g tha t  infant s direc t  mor e attentio n t o 
nove l  o r  unfamilia r  stimuli ,  preferenc e fo r  a  moda l  versu s 
th e averag e stimulu s wa s interprete d a s evidenc e tha t  th e 
infant s ha d forme d a  singl e categor y fro m al l  th e 
exemplar s (a s evidence d b y th e greate r  familiarit y o f  th e 
averag e stimulus) .  Preferenc e fo r  th e averag e stimulu s wa s 
interprete d a s evidenc e tha t  th e infant s ha d forme d tw o 
categorie s (a s indicate d b y th e lesse r  familiarit y o f  th e 
averag e stimulus )  sinc e th e boundar y betwee n correlate d 

cluster s la y o n th e averag e values .  Younge r  foun d tha t  10 -
month-old s looke d mor e a t  th e moda l  stimul i  whe n th e 
familiarizatio n se t  wa s unconstraine d (i.e. ,  al l  attribut e 
value s occurre d wit h ever y othe r  attribut e value ) 
suggestin g tha t  the y ha d forme d a  singl e representatio n o f 
th e complet e se t  o f  exemplars .  However ,  th e 10-month -
old s looked  mor e a t  th e averag e stimul i  whe n th e 
familiarizatio n se t  wa s constraine d suc h tha t  range s o f 
featur e value s wer e correlate d suggestin g tha t  the y ha d 
forme d tw o distinc t  categories . 

I n a  secon d experiment ,  Younge r  (1985 )  provide d a 
mor e stringen t  tes t  o f  categor y formatio n i n infancy .  I n thi s 
experiment ,  th e infant s wer e presente d wit h a  constraine d 
familiarizatio n se t  (i.e. ,  range s o f  featur e value s wer e 
correlate d acros s dimensions) .  However ,  th e 
familiarizatio n se t  wa s designe d suc h tha t  th e moda l 
stimulu s wa s identica l  t o th e averag e stimulus .  Infant s wer e 
the n teste d wit h th e modal/averag e stimulu s an d tw o 
stimul i  wit h previousl y unsee n attribut e value s bu t  whic h 
wer e prototypica l  o f  th e tw o possibl e categorie s containe d 
withi n th e familiarizatio n set .  Preferenc e fo r  th e 
average/moda l  stimulu s wa s interprete d a s evidenc e tha t 
th e infant s ha d forme d tw o categorie s (a s indicate d b y th e 
greate r  familiarit y o f  th e previousl y unsee n stimuli )  sinc e 
th e boundar y betwee n correlate d cluster s la y o n th e 
average/moda l  values .  Preferenc e fo r  th e previousl y unsee n 
stimul i  wa s interprete d a s evidenc e tha t  th e infant s ha d 
forme d a  singl e categor y fro m al l  th e exemplar s (a s 
evidence d b y th e greate r  familiarit y o f  th e average/moda l 
stimulus) .  Younge r  foun d that ,  unde r  thes e conditions ,  10 -
month-ol d infant s looke d longe r  a t  th e average/moda l 
stimul i  suggestin g tha t  the y ha d forme d tw o distinc t 
categories . 

T o mode l  performanc e o n thes e tw o experiment s (i n 
simulation s 1  an d 2  belo w respectively) ,  th e sam e artificia l 
anima l  stimul i  use d b y Younge r  wer e encode d fo r 
presentatio n t o th e networks .  Thes e animal s wer e define d 
by thei r  value s alon g 4  dimensions :  Le g lengt h (rangin g 
fro m 1. 5 t o 3. 5 i n interval s o f  1.0) ,  Nec k lengt h (rangin g i n 
valu e fro m 1. 2 t o 5. 2 i n interval s o f  1.0) ,  Tai l  lengt h 
(rangin g i n valu e fro m 0. 5 t o 2. 3 i n interval s o f  0.45) ,  an d 
Ear  separatio n (rangin g i n value s fro m 0. 3 t o 2. 7 i n 
interval s o f  0.6) .  Becaus e non e o f  th e attribute s ar e 
intende d t o b e mor e salien t  tha n an y othe r  attribute ,  eac h 
attribut e wa s scale d t o rang e betwee n 0. 0 t o 1.0 .  Thi s 
transformatio n ensure s tha t  th e greate r  magnitud e o f  on e 
dimensio n (e.g. .  Ea r  separation )  doe s no t  bia s th e network s 
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t o atten d preferentiall y  t o tha t  dimension .  Nonnalizatio n 

was achieve d b y dividin g eac h attribut e valu e b y th e 
max imu m valu e alon g tha t  dimension . 

Network s wer e traine d i n batc h mode .  Tha t  is ,  al l  8 
familiarizatio n item s wer e presente d a s a  batc h l o U>c 
networ k an d th e cumulativ e erro r  wa s use d t o updat e lii c 
weight s (t o driv e learning) .  Thi s ensure s tha t  al l  th e item s 
i n th e familiarizatio n se t  ar e weighte d equall y b y th e 
network s an d i s intende d t o reflec t  th e fac t  tha t  ther e wer e 
no significan t  change s i n infan t  lookin g time s acros s al l 
familiarizatio n trials .  Batc h learnin g als o ensure s tha t  al l 
orde r  effect s ar e average d out . 

Modeling habituation-dishabituation 

hifan t  categorizatio n task s rel y o n preferentia l  lookin g o r 
habituatio n technique s base d o n th e finding  tha t  infant s 
direc t  mor e attentio n t o unfamilia r  o r  unexpecte d stimuli . 
The standar d interpretatio n o f  thi s behavio r  i s tha t  infant s 
ar e comparin g a n inpu t  stimulu s t o a n interna l 
representatio n o f  th e sam e stimulu s (e.g. ,  Solokov ,  1963 ; 
Charlseworth ,  1969 ;  Cohen ,  1973) .  A s lon g a s ther e i s a 
discrepanc y betwee n th e informatio n store d i n th e interna l 
representatio n an d th e visua l  input ,  th e infan t  continue s t o 
atten d t o th e stimulus .  Whil e attendin g t o th e stimulu s th e 
infan t  update s it s interna l  representation .  W h e n th e 
informatio n i n th e interna l  representatio n i s n o longe r 
discrepan t  wit h th e visua l  input ,  attentio n i s directe d 
elsewhere .  W h e n a  familia r  objec t  i s  presente d ther e i s 
Uttl e o r  n o attendin g becaus e th e infan t  alread y ha s a 
reliabl e interna l  representatio n o f  tha t  object .  I n contrast , 
when a n unfamilia r  o r  unexpecte d objec t  i s  presented , 
ther e i s m u c h attendin g becaus e a n interna l  representatio n 
has t o b e constructe d o r  adjusted .  Th e degre e t o whic h a 
nove l  objec t  differ s fro m existin g interna l  representation s 
determine s th e amoun t  o f  adjustin g tha t  ha s t o b e done ,  an d 
henc e th e duratio n o f  attention . 

We use d a  connectionis t  autoencode r  t o mode l  th e 
relatio n betwee n attentio n an d representatio n construction . 
An autoencode r  i s a  feedforwar d connectionis t  networ k 
wit h a  singl e laye r  o f  hidde n units .  Th e networ k learn s t o 
reproduc e o n th e outpu t  unit s th e patter n o f  activatio n 
acros s th e inpu t  units .  Thus ,  th e inpu t  signa l  als o serve s a s 
th e trainin g signa l  fo r  th e outpu t  units .  Th e numbe r  o f 
hidde n unit s mus t  b e smalle r  tha n th e numbe r  o f  inpu t  o r 
outpu t  units .  Thi s produce s a  bottlenec k i n th e flo w o f 
informatio n throug h th e network .  Learnin g i n a n 
autoencode r  consist s i n developin g a  mor e compac t 
interna l  representatio n o f  th e inpu t  (a t  th e hidde n uni t 
level )  tha t  i s  sufficientl y reliabl e t o reproduc e al l  th e 
informatio n i n th e origina l  input .  Informatio n i s first 
compresse d int o a n interna l  representatio n an d the n 
expande d t o reproduc e th e origina l  input .  Th e successiv e 
cycle s o f  trainin g i n th e autoencode r  ar e a n iterativ e 
proces s b y whic h a  reliabl e interna l  representatio n o f  th e 
inpu t  i s developed .  Th e reliabilit y  o f  th e representatio n i s 
teste d b y expandin g it ,  an d comparin g th e resultin g 
prediction s t o th e actua l  stimulu s bein g encoded .  Simila r 
network s hav e bee n use d t o produc e compresse d 

representation s o f  vide o image s (Cottrell ,  Munro ,  & 
Zipser ,  1988) . 

We sugges t  tha t  durin g th e perio d o f  capture d attentio n 
infant s ar e activel y involve d i n a n iterativ e proces s o f 
encodin g th e visua l  inpu t  int o a n interna l  representatio n 
and the n assessin g tha t  representatio n agains t  th e 
continuin g perceptua l  input .  Thi s i s accomplishe d b y usin g 
th e interna l  representatio n t o predic t  wha t  th e propertie s o f 
th e stimulu s are .  A s lon g a s th e representatio n fail s  t o 
predic t  th e stimulu s properties ,  th e infan t  continue s t o 
fixate  th e stimulu s an d t o updat e th e interna l 
representations . 

Thi s modelin g approac h ha s severa l  implications .  I t 
suggest s tha t  infan t  lookin g time s ar e positivel y correlate d 
wit h th e networ k error .  Th e greate r  th e error ,  th e longe r  th e 
lookin g time .  Stimul i  presente d fo r  a  ver y shor t  tim e wil l 
be encode d les s wel l  tha n thos e presente d fo r  a  longe r 
period .  However ,  prolonge d exposur e afte r  erro r  (attention ) 
has falle n of f  wil l  no t  improv e m e m o r y o f  th e stimulus . 
Th e degre e t o whic h erro r  (lookin g time )  increase s o n 
presentatio n o f  a  nove l  objec t  depend s o n th e similarit y 
betwee n th e nove l  objec t  an d th e familia r  object . 
Presentin g a  serie s o f  simila r  object s lead s t o a  progressiv e 
erro r  dro p o n futur e simila r  objects .  Al l  o f  thi s i s tru e o f 
bot h autoassociator s (wher e outpu t  erro r  i s th e measurabl e 
quantity )  an d infant s (wher e lookin g tim e i s th e measurabl e 
quantity) . 

Th e modelin g result s reporte d belo w ar e base d o n th e 
performanc e o f  a  standar d 4-3- 4 ( 4 inpu t  units ,  3  hidde n 
units ,  an d 4  outpu t  units )  feedforwar d backpropagatio n 
network .  Th e learnin g rat e wa s se t  t o 0. 1 an d m o m e n t u m t o 
0.9 .  Network s wer e traine d fo r  a  m a x i m u m o f  20 0 epoch s 
or  unti l  al l  outpu t  bit s wer e withi n 0. 2 o f  diei r  targets .  Thi s 
was don e t o reflec t  th e fac t  tha t  i n th e Younge r  (1985 ) 
studie s infant s wer e show n picture s fo r  a  fixed  duratio n o f 
tim e rathe r  tha n usin g a  proportiona l  lookin g tim e criterion . 

Simulation 1 
I n thi s simulatio n 2 4 network s wer e presente d wit h 8 
stimul i  i n whic h th e ful l  rang e o f  value s i n on e dimensio n 
occurre d wit h th e ful l  rang e o f  value s i n th e othe r 
dimensio n (th e Broa d condition) .  Anothe r  2 4 network s 
wer e presente d wit h th e 8  stimul i  i n whic h restricte d range s 
of  value s wer e correlate d (th e Narro w condition) .  T h e 
network s i n bot h condition s wer e the n teste d wit h stimul i 
m a de u p o f  th e averag e featur e value s o r  th e moda l  featur e 
values .  Tabl e 1  show s th e normalize d value s definin g th e 
stimul i  i n th e Broa d an d Narro w familiarizatio n conditions , 
an d th e thre e tes t  stimuli .  Figur e 1  show s th e networks ' 
respons e t o th e averag e an d moda l  tes t  stimul i  whe n 
familiarize d i n eithe r  th e Narro w o r  Broa d conditions .  A s 
wit h th e 10-month-olds ,  network s familiarize d i n th e 
Narro w conditio n showe d mor e erro r  (preferre d t o look ) 
when presente d wit h th e averag e tes t  stimulus  tha n th e 
modal  tes t  stimuli .  Similarly ,  a s wit h th e 10-month-olds , 
network s familiarize d i n th e Broa d condifio n showe d mor e 
erro r  (preferre d t o look )  whe n presente d wit h th e moda l  tes t 
stimul i  tha n th e averag e tes t  stimuli . 
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Tabl e 1 .  Normalize d familiarizatio n an d tes t  stimul i  (Exp .  1 ) 
Familiarizatio n Stimul i 

Broa d Conditio n 
Legs Nec k Tai l  Ear s 
0.2 7 1. 0 
0.2 7 0.2 3 
0.4 5 0.8 1 
0.4 5 0.4 2 
0.8 2 0.4 2 
0.8 2 0.8 1 
1. 0 0.2 3 
1.0 1. 0 

0.2 2 1. 0 
1. 0 1. 0 
0.4 1 0.7 8 
0. 8 0.7 8 
0. 8 0.3 3 
0.4 1 0.3 3 
1. 0 0.1 1 
0.2 2 0.1 1 

Narro w Conditio n 
Legs 
0.2 7 
0.2 7 
0.4 5 
0.4 5 
0.8 2 
0.8 2 
1.0 
1.0 

Neck Tai l  Ear s 
1. 0 0. 8 0.3 3 
0.8 1 1. 0 0.3 3 
0.8 1 1. 0 0.1 1 
1. 0 0. 8 0.1 1 
0.4 2 0.2 2 1. 0 
0.2 3 0.4 1 1. 0 
0.2 3 0.4 1 0.7 8 
0.4 2 0.2 2 0.7 8 

1 Tes t  Stimul i 
Averag e 
Modal l 
Modal 2 

0.6 4 
0.2 7 
1.0 

0.6 2 
1.0 
0.2 3 

0.6 1 
1.0 
0.2 2 

0.5 6 
0.1 1 
1.0 

Note :  Value s ar e scale d t o rang e fro m 0. 0 t o 1.0 . 

This was confirmed by an analysis of variance with one 
between-subjec t  facto r  (Conditions :  narro w o r  broad )  an d 
on e within-subjec t  facto r  (Stimulus :  averag e o r  modal ) 
whic h reveale d a  significan t  interactio n o f  Conditio n x 
Stimulu s (F(l,46)=752 ,  e < 0 0 0 1 ) . 

Internal category representation 

Thi s sectio n describe s th e interna l  representation s 
develope d b y th e network s i n Simulatio n lan d discusse s 
h o w the y lea d t o th e observe d preferentia l  lookin g 
behavior s describe d above . 

F r o m a  behaviora l  perspective ,  categorizatio n ca n b e 
sai d t o hav e occurre d whe n identifiabl y differen t  exemplar s 
ar e treate d i n th e sam e way .  I n hidde n uni t  space , 
members 
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Figur e 1 .  Response s t o th e averag e an d moda l  tes t  stimul i 
fo r  network s familiarize d i n Broa d an d Narro w conditions . 

of the same category will be mapped to points close 
together ;  the y wil l  elici t  simila r  activatio n pattern s acros s 
th e hidde n units .  M e m b e r s o f  differen t  categorie s wil l  b e 
mapped t o point s furthe r  apart ;  the y wil l  elici t  differen t 
activatio n pattern s acros s th e hidde n units .  Becaus e 
m e m b e rs o f  a  categor y produc e simila r  hidde n uni t 
activatio n patterns ,  the y wil l  b e responde d t o i n a  simila r 
fashio n b y th e outpu t  units .  I n contrast ,  member s o f  a 
differen t  categor y tha t  produc e differen t  hidde n uni t 
activatio n pattern s wil l  b e responde d t o differentl y b y th e 
outpu t  units . 

Figur e 2  show s th e distributio n o f  exemplar s withi n th e 
hidde n uni t  spac e fo r  a  representativ e networ k traine d i n 
th e Narro w an d Broa d condition s o f  Simulatio n 1 .  I n th e 
Narro w conditio n (Figur e 2a) ,  exemplar s ar e groupe d 
togethe r  i n tw o distinc t  clusters .  O n e cluste r  correspond s t o 
thos e exemplar s formin g on e categor y an d th e othe r  cluste r 
correspon d t o thos e exemplar s formin g th e secon d 
category .  Th e tes t  exemplar s ar e als o plotted .  Not e dia t  th e 
tw o moda l  exemplar s eac h fal l  withi n (o r  ver y clos e to ) 

on e o f  th e categor y cluster s wherea s th e averag e exempla r 
fall s  betwee n th e tw o clusters .  Thi s explain s w h y ther e i s 
mor e erro r  (longe r  looking )  t o th e averag e exempla r  tha n 
t o eithe r  o f  th e moda l  exemplars .  Th e moda l  pattern s fal l 
withi n area s tha t  ar e wel l  covere d b y th e categor y 
representations ,  an d hence ,  fo r  whic h th e networ k ha s 
alread y learne d t o m a k e accurat e responses .  I n contrast ,  th e 
averag e patter n fall s  i n a n are a tha t  i s  no t  wel l  covered ,  an d 
hence ,  fo r  whic h th e networ k ha s n o experienc e o f  makin g 

accurat e responses . 
Figur e 2 b show s th e exemplar s withi n hidde n uni t  spac e 

fo r  network s traine d i n th e Broa d condition .  Th e interna l 
representation s ar e sprea d throughou t  th e hidde n uni t 
space ,  reflectin g th e fac t  tha t  th e exemplar s ar e maximall y 
sprea d out .  R e m e m b er  tha t  i n thi s conditio n an y featur e 
valu e ca n occu r  wit h an y othe r  featur e value .  Al l  thre e o f 
th e tes t  stimul i  (th e averag e an d moda l  stimuli )  projec t  t o a 
simila r  locatio n a t  th e cente r  o f  th e space .  Thi s i s becaus e 
al l  thre e hav e comparabl e similaritie s (i n term s o f  featur e 
values )  t o al l  o f  th e familiarizatio n exemplar s considere d 
individually .  Ther e isn' t  th e spac e i n thi s articl e t o discus s 
th e differen t  way s tha t  similarit y ca n b e measured ,  bu t  b y 
referrin g t o Tabl e 1  w e ca n se e intuitivel y wh y th e tes t 
stimul i  hav e comparabl e similaritie s t o al l  th e 
familiarizatio n exemplars .  Becaus e o f  th e systemati c 
structur e o f  th e familiarizatio n set ,  th e averag e stimulu s 
has featur e value s tha t  li e mid-wa y withi n th e rang e o f  al l 
possibl e values .  Thus ,  i t  i s  abou t  "hal f  a s similar "  t o an y 
exempla r  alon g an y dimension .  Th e moda l  stimul i  hav e 2 
out  o f  th e 4  featur e value s tha t  ten d t o matc h th e featur e 
value s o f  an y particula r  exemplar .  I n som e case s th e matc h 
i s exac t  an d i n other s th e matc h i s approximat e (i.e. ,  bot h 
value s ar e hig h o r  bot h value s ar e low) .  Th e remainin g tw o 
value s alway s g o i n th e opposit e directio n (i.e. ,  th e moda l 
valu e i s hig h whe n th e exempla r  valu e i s lo w o r  vic e 
versa) .  I n short ,  th e thre e tes t  stimul i  ar e comparabl y 
relate d t o th e exemplar s i n th e familiarizatio n set :  th e 
averag e stimulu s becaus e i t  ha s featur e value s mid-wa y 
betwee n th e possibl e rang e o f  featur e values ,  an d th e 
modal  stimul i  becaus e the y shar e (approximately )  2  ou t  o f 
4 featur e value s wit h ever y exemplar . 

Finally ,  becaus e th e interna l  representation s ar e locate d 
clos e t o eac h othe r  i n hidde n uni t  space ,  th e networ k wil l 
ten d t o respon d t o the m i n a  simila r  fashion .  Sinc e the y ar e 
i n sparsel y populate d regio n o f  th e space ,  th e networ k ha s 
littl e experience  wit h decodin g thes e type s o f 
interna l 
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exemplar s designe d suc h tha t  th e moda l  an d averag e value s 
wer e th e same .  Unde r  thes e conditions ,  th e greate r 
familiarit y o f  a  stimulu s containin g previousl y unsee n 
value s (bu t  whic h ar e prototype s o f  tw o distinc t  categories ) 
ove r  th e average/moda l  values ,  woul d provid e stron g 
evidenc e tha t  th e item s ha d bee n segregate d int o tw o 
distinc t  categories .  A s i n th e Narro w conditio n o f 
Experimen t  1 ,  familiarizatio n stimul i  wer e constructe d 
suc h tha t  restricte d range s o f  value s wer e correlated .  T h e 
network s wer e the n teste d wit h stimul i  m a d e u p o f  th e 
average/moda l  featur e value s o r  th e previousl y unsee n 
featur e values .  Tabl e 2  show s th e normalize d value s 
definin g th e stimul i  i n th e Broa d an d Narro w 
familiarizatio n phase ,  an d th e thre e tes t  stimuli . 

Response to Test Stimuli erro r  0.2 5 n 

0.2 0 • 

0.10 -

0.05 -

averag e nove l 
Test  Stimulu s 

Figur e 3 .  Networ k respons e t o th e average/moda l  an d 
previousl y unsee n tes t  stimuli . 

Figure 3 shows the networks response to the average/modal 
tes t  stimulu s an d th e previousl y unsee n stimuli .  A s wit h 
10-month-olds ,  network s showe d mor e erro r  (longe r 
looking )  whe n presente d wit h th e average/moda l  tes t 
stimulu s tha n th e stimul i  wit h previousl y unsee n value s 
suggestin g tha t  the y ha d forme d tw o distinc t  categories .  A 
two-wa y Studen t  t-tes t  reveale d thi s differenc e wa s highl y 
significant(t(23)=6.59 ,  e < 0 0 1 ) . 

Figur e 2 .  Location s o f  hidden-uni t  representation s o f 
members o f  item s i n th e Narro w (2a )  an d Broa d (2b ) 
conditions .  M l  an d M 2 ar e moda l  tes t  items ,  A  i s a n 
averag e tes t  item . 

representation. As a result, it will output an average of all 
th e output s i t  i s  familia r  with .  Thi s i s fine  fo r  th e averag e 
stimulu s sinc e th e correc t  respons e i s precisel y th e averag e 
of  al l  response s (remembe r  tha t  th e autoassociatio n tas k 
require s th e networ k t o reproduc e o n th e outpu t  unit s th e 
origina l  inpu t  values) ,  bu t  i t  i s completel y inappropriat e fo r 
th e moda l  stimul i  whos e featur e value s li e a t  th e end s o f 
th e possibl e ranges .  Hence ,  ther e i s mor e erro r  fo r  th e 
modal  stimul i  tha n th e averag e stimulus . 

Simulation 2 

Younger' s (1985 )  experimen t  2  provide s a  stronge r  tes t  o f 
categor y segregatio n b y equatin g th e averag e an d moda l 
value s fo r  th e ful l  se t  o f  familiarizatio n items .  I n thi s 
simulatio n 2 4 network s wer e familiarize d wit h th e 1 0 

Discuss io n 
Thi s pape r  presente d a  mode l  o f  correlatio n base d 

categorizatio n b y 10-month-ol d infants .  Simpl e 
autoencode r  network s wer e expose d t o th e sam e stimul i 
use d t o tes t  10-month-olds .  Th e familiarizatio n regim e wa s 
kep t  a s clos e a s possibl e t o tha t  use d wit h th e infants .  Th e 
model' s performanc e matche d tha t  o f  th e infants .  Bot h 
infant s an d network s use d co-variatio n informatio n (whe n 
available )  t o segregat e item s int o separat e categories . 

Th e mode l  make s th e explici t  predictio n that ,  i n 
general ,  lookin g tim e t o th e tes t  stimul i  i n th e Broa d 
conditio n wil l  b e highe r  tha n tha t  i n th e Narro w condition . 
Thi s ca n b e relate d t o th e structur e o f  th e interna l 
representation s develope d b y th e networks .  Encouragin g 
trend s tha t  suppor t  thi s predictio n ca n b e foun d i n th e 
origina l  Younge r  (1985 )  data .  Exploratio n o f  th e model' s 
interna l  representation s suggest s tha t  i n th e Broa d 
condition ,  lookin g time s ar e determine d b y th e similarit y 
of  th e tes t  stimul i  t o th e familiarizafio n stimuli . 

Thi s mode l  extend s wor k reporte d b y Marescha l  & 
Frenc h (1997 )  an d Marescha l  e t  al .  (submitted) .  I t  i s  a 
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model  o f  categor y learnin g withi n a  singl e tes t  session .  I t 
leave s ope n question s o f  h o w thi s categorizatio n abilit y 
develops .  I n othe r  words ,  h o w doe s 

Table 2 Normalized familiarization and test stimuli (Exp 2) 

1 Familiarizatio n Stimul i  I 

Legs 
0.2 7 
0.2 7 
0.2 7 
0.6 4 
0.6 4 
0.6 4 
0.6 4 
1.0 
1.0 
1.0 

Neck 
0.6 2 
1.0 
1.0 
1.0 
0.6 2 
0.6 2 
0.2 3 
0.2 3 
0.2 3 
0.6 2 

Tai l 
1.0 
0.6 1 
0.6 1 
1.0 
1.0 
0.2 2 
0.2 2 
0.6 1 
0.6 1 
0.2 2 

Ear s 
0.5 6 
0.1 1 
0.5 6 
0.1 1 
0.1 1 
1.0 
1.0 
0.5 6 
1.0 
0.5 6 

1 Tes t  Stimul i  | 
Average/Moda l 
Novel l 
Novel 2 

0.6 4 
0.4 5 
0.8 2 

0.6 2 
0.8 1 
0.4 2 

0.6 1 
0.8 0 
0.4 1 

0.5 6 
0.3 3 
0.7 8 

Note :  Value s ar e scale d t o rang e fro m 0. 0 t o 1. 0 

the developmental time scale interact with the course of 
learnin g durin g a  task ? Younge r  &  Cohe n (1986 )  describ e 
a sequenc e o f  developmen t  fro m n o us e o f  correlatio n 
informatio n a t  4  month s o f  ag e t o th e us e abstrac t  invarian t 
relation s a t  1 0 months .  Futur e modelin g need s t o explor e 
h o w th e abilit y  t o us e correlatio n informatio n come s about . 

Th e comple x relationshi p betwee n th e similarit y o f 
tes t  stimul i  t o familiarizatio n stimuli ,  an d relativ e lookin g 
time s ca n b e explore d throug h th e mode l  befor e makin g 
furthe r  empirica l  predictions .  Thi s illustrate s th e functio n 
of  a  mode l  a s a  too l  fo r  reasonin g abou t  unteste d contexts . 
I n th e sam e wa y tha t  a  mode l  bridg e ca n hel p engineer s 
reaso n abou t  a  rea l  bridge ,  a  compute r  mode l  ca n hel p 
experimenta l  psychologist s reaso n abou t  categorization . 
However ,  i t  i s  als o importan t  t o understan d tha t  i n th e 
same wa y tha t  a  mode l  bridg e i s neve r  mean t  t o embod y al l 
th e characteristic s o f  th e rea l  bridge ,  th e compute r  mode l  i s 
not  mean t  t o captur e al l  th e richness  o f  infan t  behavior . 

We d o no t  wis h t o clai m tha t  simpl e autoassociato r 
network s ca n captur e th e ful l  richness  o f  infan t 
categorization .  Ther e i s fa r  mor e t o a n infan t  tha n 1 1 
neurons !  Thi s mode l  i s intende d a s a n illustratio n o f  th e 
computationa l  propertie s o f  a n associativ e syste m wit h 
distribute d representations .  Ther e ar e othe r  suc h system s 
tha t  shar e m a n y o f  th e sam e computationa l  propertie s (e.g . 
Grossberg ,  1980 ;  Knap p &  Anderson ,  1984) . 

Connectionis m ha s inherite d th e Hebbia n rathe r  tha n 
th e Hullia n traditio n o f  associativ e learning .  W h a t  goe s i n 
msid e th e hea d i s crucia l  fo r  understandin g behavior . 
Connectionis t  model s forc e u s t o thin k abou t  interna l 
representations ,  t o as k h o w the y interac t  wit h eac h other , 
and t o as k h o w the y determin e observe d behaviors .  W e 
argu e tha t  connectionis t  method s ar e fruitfu l  tool s fo r 
explorin g perceptua l  an d cognitiv e development . 

Finally ,  w e wis h t o sugges t  tha t  th e observe d infan t 
categorizatio n behaviors  ar e inextricabl y linke d t o bot h th e 

categorizatio n mechanism s interna l  t o th e infant ,  an d th e 

propertie s o f  th e externa l  stimul i  show n t o th e infant s 
durin g th e study .  Thus ,  categorizatio n i s th e produc t  o f  a n 

inextricabl e interactio n betwee n th e infan t  an d it s 
environment .  Th e computationa l  characteristic s o f  bot h 
subjec t  an d environmen t  mus t  b e considere d i n conjunctio n 
t o explai n th e observe d behaviors . 
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