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Deve lopmenta l  M e c h a n i s m s i n th e Perceptio n o f  Ob jec t  Uni t y 

Denis Mareschul ((l.mureschal@bbk.ac.uk) 
Centr e fo r  Brai n an d Cognitiv e Development ;  Departmen t  o f  Psycholog y 

Birkbec k College ;  Male t  S t 
London .  W C I E 7 H X U K 

Scott P. Johnson (spj@psyc.tamu.edu) 
Departmen t  o f  Psychology ;  Texa s A & M Universit y 

Colleg e Station ,  T X 77843-423 5 U S A 

A b s t r a c t 
Neonate s see m t o perceiv e tw o end s o f  a  partl y occlude d ro d 
as tw o separat e objects .  However ,  b y 4  month s o f  ag e 
infant s ofte n appea r  t o perceiv e a  simila r  stimulu s a s 
comprise d o f  a  singl e unifie d object .  Littl e i s know n abou t 
th e mechanism s o f  developmen t  underlyin g thi s change . 
We constructe d fou r  connectionis t  model s o f  ho w 
perceptio n o f  objec t  unit y migh t  develo p i n huma n 
infants ,  base d o n experienc e wit h a  variet y o f  visua l  cue s 
known t o b e importan t  t o infants '  performance .  Afte r 
exposur e t o a  simulate d visua l  environment ,  ai l  th e model s 
wer e abl e t o perceiv e a  partl y occlude d objec t  a s unified .  A 
ric h perceptua l  environmen t  an d th e presenc e o f  unit s fo r 
interna l  representation s wer e foun d t o improv e 
generalizatio n o f  acquire d unit y knowledge .  Thes e result s 
len d plausibilit y t o mechanisti c account s o f  huma n 
percepnia l  development ,  base d o n learnin g th e statistica l 
regularitie s inheren t  i n th e norma l  visua l  environment . 

Introduction 

Researc h explorin g th e developmen t  o f  objec t  perceptio n 
ofte n employ s simpl e display s whil e recordin g youn g 
infants '  response s t o objec t  properties .  Fo r  example ,  th e 
displa y depicte d i n Figur e 1  appear s t o adult s t o consis t  o f  a 
center-occlude d rod ,  movin g bac k an d fort h behin d a  neare r 
box .  B y 4  month s o f  age ,  infant s appea r  t o perceiv e suc h a 
partl y occlude d ro d a s consistin g o f  a  singl e unifie d object . 
Earlie r  studie s o f  th e cue s tha t  suppor t  th e perceptio n o f 
objec t  unit y conclude d tha t  c o m m o n motio n o f  th e ro d part s 
was th e primar y visua l  cu e use d b y infant s i n determinin g 
tha t  th e ro d part s belonge d t o a  c o m m o n objec t  (Kellma n & 
Spelke ,  1983 ;  Kellman ,  Spelke ,  &  Short ,  1986) . 

However ,  mor e recen t  studie s hav e calle d thi s findin g 
int o questio n b y systematicall y varyin g th e cue s availabl e i n 
occlusio n displays .  Three-dimensiona l  dept h cue s wer e foun d 
t o b e no t  necessar y fo r  th e perceptio n o f  unity ,  give n tha t  4 -
month-old s perceive d objec t  unit y i n a  two-dimensiona l 
(compute r  generated )  rod-and-bo x display ,  i n whic h tw o ro d 
part s move d abov e an d belo w a  stationar y box ,  agains t  a 
texture d backgroun d (Johnso n &  Naiiez ,  1995) .  However ,  i n 
th e absenc e o f  a  texture d background ,  response s o f  4-month -
old s appeare d t o reflec t  ambiguit y wit h respec t  t o objec t 
unit y (Johnso n &  Aslin ,  1996) .  Th e relatabilit y  o f  th e tw o 
ro d segment s (th e fac t  that ,  i f  extended ,  the y woul d mee t 
behin d th e screen )  wa s als o foun d t o b e importan t  t o infants ' 
perceptio n o f  unit y (Johnso n &  Aslin ,  1996) . 

Currently ,  ther e ar e fe w account s o f  h o w thi s 
fundamenta l  skil l  develops .  Spelk e (1990 ;  Spelk e &  Va n d b 
Walle ,  1993 )  ha s suggeste d tha t  youn g infants '  objec t 

perceptio n i s tantamoun t  t o reasoning ,  i n accordanc e wit h a 
set  o f  cor e principles .  However ,  infants '  performanc e o n 
objec t  unit y task s appear s t o b e strongl y dependen t  o n th e 
presenc e o r  absenc e o f  motion ,  edg e ahgnment ,  accretio n an d 
deletio n o f  backgroun d texture ,  an d othe r  cues ,  implyin g tha t 
low-leve l  perceptua l  variable s influenc e th e developmen t  o f 
veridica l  objec t  perception ,  rathe r  tha n reasonin g fro m cor e 
principle s (Johnso n &  Aslin ,  1996 ;  Kellma n &  Spelke , 
1983) .  Evidence  fro m younge r  infant s als o cast s doub t  o n 
account s base d o n innat e reasoning :  Neonate s appea r  t o 
perceiv e th e ro d stimulu s depicte d i n Figur e 1  a s arisin g 
fro m tw o disjoin t  object s (Slate r  e t  al. ,  1990) .  Two-month -
old s hav e bee n foun d t o perceiv e objec t  unity ,  bu t  onl y wit h 
additiona l  perceptua l  support ,  relativ e t o display s use d wit h 
olde r  infant s (Johnson ,  1997 ;  Johnso n &  Aslin ,  1995) . 

Figur e 1 .  Typica l  occlusio n stimulu s 

In this paper we explore whether the perception of object 
unit y ca n b e learne d b y experienc e wit h object s an d event s i n 
earl y infancy .  Wit h thi s goa l  o n mind ,  w e develope d a 
connectionis t  mode l  tha t  learne d t o identif y a  unifie d partl y 
occlude d stimulu s fro m lower-leve l  perceptua l  cues .  Th e ke y 
ide a i s tha t  whe n direc t  perceptio n i s no t  available ,  a  percep t 
of  unit y ca n b e mediate d b y a n appropriat e combinatio n o f 
othe r  supportin g cues . 

Connectionis t  model s ar e idea l  fo r  modelin g learnin g an d 
developmen t  becaus e the y develo p thei r  o w n interna l 
representation s i n respons e t o environmenta l  pressure s 
(Elma n e t  al. ,  1996) .  However ,  the y ar e no t  simpl y tabul a 
ras a learnin g machines .  Th e learnin g tha t  occur s ca n b e 
strongl y determine d b y innat e constraint s i n th e for m o f 
specifi c  learnin g mechanism s o r  pre-wire d connections . 
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The res t  o f  thi s pape r  unfold s a s follows .  First ,  w e wil l 
describ e th e genera l  mode l  architecture ,  th e inpu t  t o th e 
model ,  an d wha t  drive s learning .  Severa l  variation s o n 
architectur e an d trainin g se t  wer e tested ,  bu t  i n thi s pape r  w e 
repor t  onl y o n th e bes t  performin g combination .  Finally , 
implication s fo r  th e developmen t  o f  perceptio n o f  objec t 
unit y i n huma n infant s wil l  b e discussed . 

The Basic Architecture 

Figur e 2  illustrate s th e basi c mode l  architecture .  Th e 
model  receive s inpu t  vi a a  simpl e retina .  Th e retina l 
informatio n i s processe d b y separat e encapsulate d modules . 
Each modul e identifie s th e presenc e o f  on e o f  th e followin g 
cues :  (a )  motion ,  (b )  textur e deletio n an d accretion ,  (c )  t -
junctions ,  (d )  co-motio n (i.e. ,  simultaneou s motion )  i n th e 
uppe r  an d lowe r  halve s o f  th e retina ,  (e )  c o m m o n motio n i n 
th e uppe r  an d lowe r  halve s o f  th e retina ,  (f )  co-linearit y o f 
object s i n th e uppe r  an d lowe r  halve s o f  th e retina ,  (g )  th e 
relatabilit y  o f  object s i n th e uppe r  an d lowe r  halve s o f  th e 
retin a (i.e. ,  whethe r  th e objects '  edge s woul d mee t  i f 
extende d behin d th e occluder) . 

Unit y i s als o a  primitive ,  lik e th e othe r  cues ,  i n tha t  th e 
networ k ca n immediatel y perceiv e i t  (vi a direc t  perception) . 
Indeed ,  whe n testin g th e perceptio n o f  unit y i n huma n 
infants ,  researcher s assum e tha t  infant s ca n distinguis h 
singl e rod s fro m disjoin t  ro d parts .  I n th e absenc e o f  direc t 
perceptio n (i.e. ,  whe n th e object(s )  ar e partl y occluded )  th e 
perceptio n o f  unit y  i s mediate d b y it s associatio n wit h othe r 
(directl y perceivable )  cues . 

We d o no t  wis h t o mak e th e clai m tha t  a  mediate d rout e 
i s uniqu e t o th e percep t  o f  unity .  I n th e brain ,  ther e i s likel y 
a highl y comple x an d interactiv e networ k o f  connection s 
allowin g an y numbe r  o f  not-directly-perceivabl e cue s t o b e 
indirectl y compute d fro m th e activatio n o f  othe r  directly -
perceivabl e cues .  However ,  i n th e interes t  o f  clarity ,  w e hav e 
considere d onl y th e on e mediate d route . 

direc t  percepcio p 

(cKlur c 
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conunu o relBUbilit y junction ! 

R e t i n a 
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SI 

I n p u t  t o th e M o d e l 

The networ k "sees "  a  serie s o f  image s fro m th e worl d 
and respond s wit h whethe r  a  perceive d objec t  i s  unifie d o r 
not .  Th e respons e i s code d acros s tw o outpu t  units :  (+1 ,  -1 ) 
signifie s tha t  th e objec t  i s unified ;  (-1 ,  +1 )  signifie s tha t  th e 
objec t  i s N O T unified .  (+1 ,  +1 )  o r  (-1 ,  -1 )  ar e interprete d a s 
an ambiguou s response . 

Figur e 2 .  Schem a o f  networ k architecture .  Eac h modul e 
processe s th e retina l  informatio n separatel y an d i n parallel . 

The bottom half of the network embodies innate 
abilities .  W e assum e tha t  neonate s ar e abl e t o perceiv e th e 
component s o f  eac h o f  thes e cues .  Indirec t  evidenc e suggest s 
tha t  thi s i s th e cas e (Slater ,  1995) .  Ther e i s n o learnin g i n 
any o f  thes e encapsulate d modules .  Th e to p hal f  o f  th e 
networ k embodie s th e learnin g tha t  ca n occu r  throug h 
interaction s wit h th e environment .  Th e model s discusse d 
belo w illustrat e severa l  way s i n whic h architectura l  an d 
environmenta l  constraint s ca n b e combine d t o guid e th e 
learnin g o f  objec t  unity . 
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Figur e 3 .  Complet e se t  o f  2 6 possibl e occlusio n events .  Th e 
cue s presen t  i n th e displa y ar e liste d i n th e correspondin g 
positio n o f  th e table . 

The input retina consists of a 196-bit vector mapping all 
th e cell s o n a  14xl4-uni t  grid .  I n th e middl e o f  th e gri d i s a 
4x4-uni t  occluder .  Al l  unit s correspondin g t o th e positio n o f 
th e scree n ar e give n a  valu e o f  1 .  W h e n backgroun d textur e 
i s required ,  al l  othe r  unit s o n th e retin a ar e give n a  valu e o f 
0. 0 o r  0.2 ,  dependin g o n th e textur e pattern .  Unit s wit h 
value s o f  0. 2 correspon d t o positio n o n whic h ther e i s a 
textur e elemen t  (e.g. ,  a  dot) .  Unit s correspondin g t o th e 
positio n o f  a n objec t  (i.e. ,  ro d o r  occluder )  ar e give n a  valu e 
of  1.0 .  Figur e 3  show s a  snapsho t  take n fro m th e 
"ambiguous "  portio n o f  al l  2 6 event s i n th e environment . 

An even t  i s mad e u p o f  a  serie s o f  snapshot s lik e thi s 
one i n whic h th e ro d move s progressivel y acros s th e retina . 
Al l  event s begi n wit h th e objec t  movin g ont o th e retin a 
fro m th e side .  W e wil l  cal l  thi s th e unambiguou s portio n o f 
th e event .  Th e objec t  the n move s acros s th e retina ,  passin g 
behin d th e are a occupie d b y th e occludin g screen .  W e wil l 
cal l  thi s th e ambiguou s portio n o f  th e event .  Finally ,  th e 
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objec t  reappear s o n th e othe r  sid e o f  th e scree n an d continue s 
of f  th e retina . 

Al l  event s excep t  5  an d 6  involv e motion .  T h e presenc e 
of  texture ,  t-junctions ,  relatabilit y an d co-linearit y ar e varie d 
systematically .  Al l  event s wit h mot io n involv e motio n i n 
th e uppe r  an d lowe r  hal f  o f  th e retin a (co-motion )  bu t  onl y 
hal f  o f  thos e involv e c o m m o n motion .  Thi s lead s t o a  tota l 
of  2 6 possibl e events . 

The Perceptual Modules 

Thes e module s ar e no t  intende d t o mode l  closel y huma n 
neurophysiology .  Althoug h th e module s embod y genera l 
neura l  computationa l  principle s o f  summation ,  excitation , 
inhibitio n an d loca l  computation ,  the y ar e als o tailore d t o 
th e specifi c  natur e o f  ou r  networks '  visua l  experience .  Thus , 
the y ar e no t  genera l  model s o f  th e h u m a n visua l  system . 
However ,  the y d o e m b o d y s o m e o f  th e basi c principle s 
believe d t o underli e th e computatio n o f  variou s visua l  cue s 
(se e Spillma n &  Werner ,  199 0 fo r  a  review) .  I n essence , 
the y ar e neurall y plausibl e informatio n processin g modules . 

Al l  th e module s compu t e th e presenc e o r  absenc e o f  a 
relevan t  cu e fro m th e retina l  image .  T h e principle s o n whic h 
th e module s functio n ar e a s follows : 

• Motion detection module 
Take s th e curren t  retina l  imag e an d compare s i t  t o th e 

previou s retina l  image .  I f  ther e i s a  differenc e betwee n th e 
images ,  the n ther e ha s bee n motion .  I f  not ,  the n dier e ha s 
not  bee n an y motion . 

• Texture module 
Count s th e n u m b e r  o f  textur e dot s i n th e inpu t  imag e 

and compare s i t  t o th e n u m b e r  o f  dot s i n th e previou s 
image .  I f  ther e i s a  differenc e i n th e n u m b e r  o f  dot s i n th e 
tw o images ,  the n ther e ha s bee n deletio n and/o r  accretio n o f 
textur e elements . 

• T-junction module 
Focuse s o n th e are a immediatel y abov e an d belo w th e 

edg e o f  th e occludin g scree n an d compute s whethe r  ther e i s a 
gap everywher e alon g th e edge . 

• Co-motion module 
Split s th e retin a int o t w o halve s an d compute s whethe r 

ther e i s motio n bot h i n th e uppe r  hal f  an d i n th e lowe r  half . 

• Common-motion module 
Split s th e retin a int o t w o halve s an d compute s whethe r 

ther e i s th e s a m e directio n o f  mot io n i n th e uppe r  an d th e 
lowe r  halves . 

• Co-linearity module 
C o m p u t e s th e tangen t  o f  th e angl e tha t  th e object' s axi s 

of  principl e lengt h m a k e s wit h th e horizonta l  fo r  bot h th e 
uppe r  an d lowe r  halve s o f  th e retin a an d compare s thes e two . 

• Relatability module 
C o m p u t e s whethe r  th e extensio n o f  th e axi s o f  principl e 

lengt h fo r  object s i n th e uppe r  an d lowe r  halve s o f  th e retin a 
wil l  intersect . 

Al thoug h alignmen t  ha s bee n manipulate d a s a  cu e i n 
s o me infan t  studies ,  not e tha t  t w o object s ar e aligne d i f  an d 
onl y j/the y ar e co-linea r  an d relatable .  T h u s ,  co-linearit y an d 
relatabilit y ar e m o r e primitiv e cue s tha n alignmen t  i n th e 
sens e tha t  th e late r  canno t  b e compute d withou t  comput in g 
th e forme r  (a t  leas t  implicitly) ,  wherea s th e convers e i s no t 
true :  Bot h co-linearit y an d relatabilit y ca n b e compute d 
independentl y o f  alignment . 

A s a n example ,  th e mot io n detectio n m o d u l e i s  illustrate d 
i n Figur e 4 .  Thi s modu l e take s i n th e retina l  inpu t  an d 
return s 1  i f  ther e i s mot io n o n th e retin a o r  0  i f  ther e i s n o 
motio n o n th e retina .  T h e basi c principl e o f  th e m o d u l e i s t o 
tak e th e curren t  retina l  imag e an d compa r e i t  t o th e previou s 
retina l  image .  I f  ther e i s a  differenc e betwee n th e images , 
the n ther e ha s bee n motion .  I f  not ,  the n ther e ha s no t  bee n 
an y motion . 

(_ )  Outpu t 

Diff.Inpu t o o o -  o o o 

o o o -  o o o 0 0 0 -  o o o 

Prev.lnpu t tim e dela y lin k Inpu t  fro m retin a 

Figur e 4 .  S c h e m a o f  mot io n detectio n m o d u l e 

The Input is copied to a memory buffer (Prev.lnput). A 
laye r  o f  hidde n unit s (Diff.Input )  compu te s th e uni t  b y uni t 
differenc e betwee n th e curren t  inpu t  an d th e previou s input . 
T h e outpu t  uni t  the n s u m s th e activit y acros s th e hidde n 
laye r  an d return s 1  i f  ther e ar e an y non-zer o value s o r  0  i f 
ther e ar e n o non-zer o values . 

What drives learning? 

Learnin g i s partl y drive n b y a  feedbac k signa l  fro m th e 
environmen t  an d partl y drive n b y memory .  W h e n th e objec t 
i s  visible ,  th e environmen t  provide s immediat e feedbac k 
abou t  th e unit y o f  th e objec t  vi a th e direc t  perceptio n link . 
W h en th e objec t  i s no t  completel y visible ,  th e environmen t 
canno t  provid e feedbac k abou t  th e unit y o f  th e object .  T o 
overcom e thi s problem ,  th e mode l  ha s a  short-term ,  rapidl y 
decayin g memor y tha t  encode s unit y informatio n obtaine d 
fro m direc t  perceptio n (i.e. ,  a  kin d o f  visua l  memory) . 
Immediatel y followin g occlusio n ther e i s a  clea r  trac e o f  th e 
stat e o f  th e ro d befor e occlusion .  Afte r  a  shor t  delay ,  tha t 
informatio n disappear s an d ca n n o longe r  b e use d fo r 
learning . 

This relation between direct perception and memory is 
embodie d i n th e targe t  signa l  use d fo r  trainin g th e weights : 

Ti(t )  =  Ei(t)-H .̂Ti(t-l ) (1 ) 

wit h - 1 <  T j  <  +1 ,  0  <  n  <  1 ,  an d E j  =  0. 0 whe n th e rod 
i s occluded . 
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Ej  i s th e unit y signa l  obtaine d fro m th e environmen t  b y 
direc t  perceptio n fo r  outpu t  i ,  an d ^ l  i s  a  paramete r 
controllin g th e dept h o f  memory .  W h e n E j  =  0. 0 (i.e. ,  ther e 
i s n o direc t  percep t  o f  unity) ,  th e targe t  (T j  (t) )  i s  derive d 
entirel y fro m th e m e m o r y componen t  |J..Tj(t-l) ,  th e secon d 
ter m i n th e right-han d sid e o f  th e equation . 

A n interestin g componen t  o f  th e model' s performanc e i s 
th e mediate d route' s abilit y  t o predic t  whethe r  a  tes t  even t 
correspond s t o a  singl e unifie d objec t  o r  t o tw o disjoin t 
objects .  Networ k performanc e ca n b e assesse d eithe r  whe n 
direc t  perceptio n i s possible ,  o r  whe n i t  i s  no t  possibl e (i.e. , 
on event s 1 ,  2 ,  5 ,  6 ,  7 ,  an d 8  i n Figur e 3) . 

W h en direc t  perceptio n i s no t  possible ,  th e model' s 
predictio n o f  unit y (vi a th e mediate d route )  ca n b e compare d 
t o th e modeler' s knowledg e o f  whethe r  th e tes t  even t  arise s 
fro m a  unifie d objec t  o r  not .  W h e n direc t  perceptio n i s 
possible ,  th e model' s predictio n o f  unit y (vi a th e mediate d 
route )  ca n b e compare d t o th e signa l  comin g fro m direc t 
perception . 

Th e degre e t o whic h th e model' s predictio n i s correc t 
w h en direc t  perceptio n i s N O T possibl e reflect s h o w wel l 
th e mode l  i s abl e t o respon d t o incomplet e information . 
Thi s ca n the n b e compare d t o infants '  performanc e whe n 
face d wit h th e sam e ambiguou s stimuli .  Th e degre e t o whic h 
th e predictio n i s correc t  whe n direc t  perceptio n I S possibl e 
reflect s h o w wel l  th e networ k ha s extracte d genera l 
informatio n abou t  object s tha t  applie s acros s it s entir e 
learnin g environment . 

Model Performance 
Fou r  combination s o f  architectur e an d environmen t  wen s 

explored .  Th e model s eithe r  ha d n o hidde n unit s betwee n th e 
outpu t  o f  th e module s an d th e unit y respons e unit s (se e 
Figur e 2) ,  o r  the y ha d thre e hidde n unit s betwee n th e outpu t 
of  th e module s an d th e unit y respons e units .  (Th e additio n o f 
hidde n unit s provide s th e mode l  wit h th e powe r  t o develo p 
interna l  representation s o f  cu e combination s an d t o represen t 
t o non-linearl y separabl e cu e relations ,  suc h a s th e 
exclusive-or ,  o f  a  se t  o f  cues. )  I n addition ,  th e model s wer e 
traine d eithe r  wit h a  basi c bu t  ecologicall y plausibl e se t  o f 
event s (event s 1 ,  2 ,  3 ,  an d 4 ) ,  o r  wer e traine d wit h a n 
enriche d se t  o f  event s tha t  sample d mor e evenl y th e spac e o f 
possibl e objec t  event s (event s 1 ,  2 ,  an d 1 7 thoug h 22) . 

I n th e interes t  o f  brevit y w e onl y repor t  th e models ' 
performanc e i n th e bes t  condition s (complet e result s wil l  b e 
reporte d i n a  futur e paper) .  Fo r  th e momen t ,  i t  suffice s t o 
not e tha t  th e presenc e o f  hidde n unit s an d a  richl y varyin g 
environmen t  le d t o th e bes t  generalizatio n performance . 

Thre e hidde n unit s wer e adde d betwee n th e perceptio n 
module s an d th e outpu t  respons e units .  Th e trainin g 
environmen t  wa s enriche d t o captur e th e fac t  tha t  ther e ar e 
fa r  mor e example s o f  disjoin t  object s i n th e rea l  worl d tha n 
unifie d bu t  occlude d objects .  Weight s wer e adjuste d b y 
applyin g th e backpropagatio n algorith m wit h learnin g rat e = 
0.5 ,  m o m e n t u m =  0.03 ,  logisti c activatio n functions ,  an d 
m e m o ry (|J, )  -  0.4 .  T h e result s ar e base d o n 1 0 replication s 
wit h differen t  rando m initia l  weights . 

Th e network s ver y quickl y learne d (b y 1 0 epochs )  t o 
perceiv e on e o r  tw o object s durin g th e unambiguou s portio n 
of  th e events .  T h e unambiguou s portio n o f  th e event s 

correspond s t o th e tim e whe n th e rod(s )  wer e movin g acros s 
th e retin a an d ha d no t  ye t  reache d a  positio n o f  partia l 
occlusio n (on e ro d par t  abov e an d th e othe r  belo w th e 
occluder) .  Tha t  is ,  th e ro d o r  ro d part s wer e directl y visible . 

Figur e 5  show s th e networks '  performanc e whe n teste d 
wit h th e ambiguou s portio n o f  event s 1 ,  3 ,  5 ,  an d 7 ,  event s 
use d t o tes t  infant s (se e Johnson ,  1997) .  Not e tha t  onl y 
even t  1  wa s par t  o f  th e origina l  trainin g set . 

Veridica l  perceptio n o f  a  singl e unifie d objec t  (even t  1 ) 
was apparentl y rathe r  difficul t  t o lear n (se e Figur e 5 ,  to p 
left) .  Ove r  th e firs t  400 0 epochs ,  th e network s perceive d 
even t  1  a s arisin g fro m tw o disjoin t  objects .  Then ,  fro m 
500 0 t o 800 0 epoch s th e majorit y o f  network s graduall y 
came t o perceiv e th e even t  a s arisin g fro m a  singl e object .  I n 
contrast ,  th e network s ver y quickl y learne d (b y 10 0 epochs ) 
t o perceiv e tw o object s whe n th e even t  wa s actuall y 
produce d b y tw o object s (even t  3 ;  se e Figur e 5 ,  to p right). 

Ther e wa s a  differen t  developmenta l  profil e i n th e 
absenc e o f  motio n (even t  5 ;  se e Figur e 5 ,  botto m left) .  U p 
t o epoc h 500 ,  th e network s perceive d thi s even t  a s arisin g 
fro m tw o disjoin t  objects .  F r o m epoc h 100 0 onwards ,  th e 
network s consistentl y perceive d th e even t  a s arisin g fro m a 
singl e unifie d object .  W h e n th e objec t  segment s wer e 
misaligne d bu t  relatabl e (even t  7 ;  se e Figur e 5 ,  botto m 
right) ,  th e patter n o f  developmen t  wa s rathe r  different . 
Throughou t  development ,  th e network s tende d t o perceiv e 
thi s even t  a s arisin g fro m disjoin t  objects .  A t  differen t 
times ,  onl y u p t o 2 0 % o f  network s jDerceive d a  unifie d 
object ,  wherea s th e res t  perceive d tw o disjoin t  objects . 

Networ k performanc e o n thes e fou r  event s matche s 
h u m an performanc e ver y wel l  (se e Johnson ,  199 7 fo r 
review) .  Initially ,  th e singl e objec t  depicte d i n Figur e 1 
(even t  1 )  wa s perceive d a s tw o disjoin t  object s (simila r  t o 
h u m an neonates) .  Ther e wa s the n a  transitio n perio d i n 
whic h eithe r  o f  tw o response s resulted .  Afte r  mor e extensiv e 
training ,  th e displa y wa s perceive d a s arisin g fro m a  singl e 
objec t  (simila r  t o olde r  infant s an d adults) .  Moreover ,  huma n 
neonates ,  lik e thes e networks ,  hav e bee n foun d t o perceiv e 
separat e ro d part s undergoin g c o m m o n motio n (even t  3 )  a s 
consistin g o f  separat e objects ,  afte r  littl e exposure .  Finally , 
th e network s tende d t o perceiv e object s wit h misaligne d 
edge s a s disjoin t  (even t  7) ,  simila r  t o infant s an d adults . 

Th e network s wer e effectiv e i n generalizin g thei r 
"knowledge "  t o th e complet e se t  o f  tes t  events .  B y th e en d 
of  training ,  the y responde d correctl y t o 2 3 o f  th e 2 6 tes t 
event s whe n teste d wit h th e ambiguou s portio n o f  th e event . 
That  is ,  th e mediate d rout e mad e incorrec t  prediction s o n 3 
event s (event s 22 ,  2 3 an d 24) .  Th e respons e t o event s 2 3 an d 
2 4 wer e altogethe r  incorrect ,  wherea s hal f  th e network s 
provide d th e correc t  respons e t o even t  2 2 an d hal f  provide d 
an incorrec t  response .  Moreover ,  th e network s performe d 
ver y wel l  o n th e unambiguous ,  visibl e segment s o f  th e 
trajectories .  Th e mediate d rout e produce d th e correc t  percep t 
on 2 4 o f  th e 2 6 events .  I n particular ,  th e network s faile d t o 
respon d appropriatel y o n event s 2 0 an d 22 .  I n th e forme r 
case ,  fou r  network s correctl y predicte d tw o object s whil e si x 
predicte d a  singl e object ,  an d i n th e latte r  cas e si x network s 
correctl y predicte d tw o object s whil e fou r  predicte d a  singl e 
object . 
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Figur e 5 .  N u m b e r  o f  ne twor k s h o w i n g a  correc t  respons e w h e n teste d wit h th e a m b i g u o u s segmen t  o f  event s 1 ,  3 ,  5 ,  an d 7 . 

A n examinatio n o f  th e interna l  representation s develope d 
acros s th e hidde n unit s allow s u s t o explai n thes e response s 
(Tabl e 1) .  Al l  thre e hidde n unit s ar e use d t o encod e th e cu e 
information ,  bu t  th e unit s hav e quit e differen t  effect s o n th e 
outpu t  responses .  Hidde n uni t  2  i s strongl y associate d wit h 
th e percep t  o f  on e objec t  wherea s hidde n unit s 1  an d 3  ar e 
strongl y associate d wit h th e percep t  o f  t w o objects .  Hidde n 
uni t  3  ha s abou t  twic e a s m u c h impac t  a s hidde n uni t  1 . 

T h e presenc e o f  T-junction s i s strongl y associate d wit h 
hidde n uni t  2 ,  an d thereb y wit h th e percep t  o f  unity .  A l o n g 
thi s dimension ,  i t  i s  th e dominan t  feature .  Relatabilit y an d 
c o m m on mot io n ar e als o positivel y associate d wit h hidde n 
uni t  2  (an d therefor e t o th e percep t  o f  unity) ,  bu t  t o a  m u c h 

weake r  extent . 
H idde n uni t  3  i s positivel y associate d wi t h al l  th e cues . 

Thi s m e a n s tha t  th e uni t  wil l  a lmos t  a lway s b e active , 
whateve r  th e percept .  H o w e v e r ,  becaus e th e impac t  o f  hidde n 
uni t  3  o n th e outpu t  respons e i s les s tha n tha t  o f  hidde n uni t 
2 (e.g. ,  -2.79 7 vs .  3.183) ,  th e activatio n o f  hidde n uni t  1 
wil l  determin e w h i c h w a y th e ne twor k responds .  I f  Hidde n 
uni t  1  i s active ,  the n th e tota l  activatio n sen t  t o th e output s 
wil l  produc e a  " t w o object "  respons e (activatio n o f  th e not -
unifie d outpu t  node )  wherea s i f  th e H idde n uni t  1  i s  no t 
active ,  th e tota l  activatio n sen t  t o th e output s wil l  produc e a 
"on e object "  respons e (activatio n o f  th e unifie d outpu t  n o d e ) . 
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Tabl e 1 .  Connectio n weight s i n a  representativ e networ k 

Hidde n 
uni t  1 

Hidde n 
uni t  2 

Hidde n 
uni t  3 

Relat -
abilit y 

-0.17 4 

0.43 1 

0.82 5 

Co-
linearit y 

-1.17 8 

-0.86 1 

2.05 8 

Common-
motio n 

-0.65 9 

0.55 5 

1.74 1 

Co-
motio n 

0.74 9 

-1.99 0 

0.20 8 

T-
junctio n 

-0.23 7 

2.35 8 

2.49 1 

Textur e 
deletio n 

-0.47 7 

-0.91 8 

0.94 6 

Motio n 

1.51 3 

-1.55 9 

1.01 0 

Bia s uni t 

-0.26 6 

3.99 1 

-2.00 7 

unifie d nod e 

N OT unifie d nod e 

Hidde n uni t  1 

-1.60 1 

1.60 0 

Hidde n uni t  2 

3.18 3 

-3.18 3 

Hidde n uni t  3 

-2.79 7 

2.76 9 

Bia s 

-0.10 1 

0.10 1 

Hidde n uni t  1  i s  positivel y associate d wit h Motio n an d 
Co-motion .  Thu s i f  bot h o f  thes e ar e present ,  th e uni t  wil l 
ten d t o fire  an d th e respons e wil l  ten d towar d th e signallin g 
of  tw o objects .  I f  eithe r  Mofio n o r  Co-motio n i s  absent , 
hidde n uni t  1  wil l  b e weakene d i n activit y an d th e network' s 
respons e wil l  ten d towar d tw o objects . 

Discussion 

Outcome s o f  thes e model s sugges t  tha t  perceptio n o f 
objec t  unit y ca n b e learne d rapidl y throug h interactio n wit h 
th e environment .  Th e network s respon d t o th e statistica l 
regularitie s i n th e environment :  N o prio r  objec t 
representation s ar e required . 

The model s ca n b e use d t o predic t  th e typ e o f  percep t  tha t 
wil l  aris e from  eac h o f  th e condition s above .  Rathe r  tha n 
appealin g t o "cor e principles "  tha t  guid e inference s abou t 
objec t  unity ,  th e resolutio n o f  ambiguou s stimul i  relie s o n 
th e previou s associatio n o f  lower-leve l  cue s wit h direc t 
percept s o f  unity .  Tha t  is ,  a  sU-on g predictio n o f  th e mode l 
i s tha t  experienc e viewin g unocclude d object s tha t  ar e 
progressivel y occlude d an d unocclude d lie s a t  th e hear t  o f 
learnin g t o resolv e ambiguou s stimuli . 

I n thes e models ,  th e us e o f  backpropagatio n i s no t 
necessaril y  crucial ;  i n principle ,  an y algorith m tha t  permit s 
multi-laye r  learnin g woul d suffic e (e.g. ,  O'Reilly ,  1998) . 
However ,  ther e i s a  nee d fo r  hidde n unit s (th e powe r  fo r 
interna l  re-representation )  fo r  prope r  generalizatio n o f 
knowledge . 

Finally ,  w e believ e tha t  connectionis t  model s ar e a n 
effectiv e mean s o f  investigatin g outstandin g question s i n 
developmenta l  psychology ,  i n thi s cas e b y providin g a 
mechanisti c accoun t  o f  h o w learnin g t o perceiv e objec t  unit y 
coul d occur . 
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