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W h en teste d o n siupris e o r  preferentia l  lookin g tasks ,  youn g 
infant s sho w a n understandin g tha t  object s continu e t o exis t 
eve n thoug h the y ar e n o longe r  directl y perceivable .  Onl y late r 
do infant s sho w a  simila r  leve l  o f  competenc e whe n teste d o n 
retrieva l  tasks .  Hence ,  a  developmenta l  la g i s  apparen t 
betwee n infants '  knowledg e a s measure d b y passiv e respons e 
tasks ,  an d thei r  abilit y  t o demonstrat e tha t  knowledg e i n a n 
activ e retrieva l  task .  W e jwesen t  a  connectionis t  mode l  whic h 
learn s t o trac k an d initiat e a  moto r  respons e toward s objects . 
The mode l  exhibit s a  capacit y t o maintai n a  representatio n o f 
th e objec t  eve n whe n i t  i s  n o longe r  directl y perceptible ,  an d 
acquire s implici t  trackin g competenc e befor e th e abilit y  t o ini -
tiat e a  manua l  respons e t o a  hidde n object .  A  stud y wit h 
infant s confirm s th e model' s predictio n concernin g improve d 
trackin g performanc e a t  highe r  objec t  velocities .  I t  i s  sug -
geste d tha t  th e developmenta l  la g i s a  direc t  consequenc e o f 
th e nee d t o co-ordinat e representation s whic h themselve s 
emerg e throug h learning . 

I n t r o d u c t i o n 

This paper presents a connectionist model of the develop-

ment  o f  objec t  permanenc e o n a  tas k involvin g visua l  pur -

sui t  Objec t  permanenc e i s th e understandin g tha t  object s 

continu e t o exis t  independentl y o f  direc t  perception .  I t  i s a 

centra l  them e i n th e stud y o f  infan t  cognitiv e development . 

Piaget' s (e.g. ,  1952 )  n o w classi c studie s relie d o n th e activ e 

searc h f w an d manua l  retrieva l  o f  hidde n object s t o gaug e 

th e infant' s understandin g o f  objec t  permanence .  I f  a  bab y 

reache d fo r  a  visibl e objec t  bu t  faile d t o reac h fo r  th e objec t 

w h en a n occludin g scree n w a s lowere d i n fron t  o f  th e object , 

Piage t  conclude d tha t  th e infan t  di d no t  understan d tha t  th e 

objec t  continue d t o exis t  behin d th e occludin g screen .  I t  wa s 

not  unti l  7. 5 t o 9  month s o f  ag e tha t  infant s succee d a t  thi s 

task . 

Whi l e Piaget' s findings  ar e highl y replicable ,  a  differen t 

experimenta l  prxadig m suggest s fa r  mor e precociou s abili -

tie s i n infants .  Studie s usin g preferentia l  lookin g o r  surpris e 

as th e dependen t  measures ,  instea d o f  activ e manua l  search , 

sugges t  tha t  infant s a s youn g a s 3. 5 month s understan d tha t 

object' -  continu e t o exis t  w h e n hidde n (e.g. ,  Baillargeon , 

1993 ;  Spclke ,  1994) .  Thes e infant s wil l  respon d differen -

tiall y  w h e n s o m e propert y (suc h a s solidity )  o f  a  hidde n 

objec t  i s  violate d a s compare d t o whe n n o violatio n occurs . 

Hence ,  a  developmenta l  la g i s  eviden t  betwee n infants ' 

understandin g o f  objec t  permanenc e a s measure d b y pas -

siv e respons e task s an d thei r  abilit y t o demonstrat e tha t 

knowledg e i n activ e retrieva l  tasks .  T h e la g canno t  simpl y 

be du e t o a  moto r  contro l  proble m sinc e infant s ca n 

retriev e a  visibl e objec t  b y 4  month s (vo n Hofsten ,  1989) . 

Furthermore ,  preferentia l  lookin g studie s sugges t  tha t  5. 5 

mont h old s ar e abl e t o differentiat e possibl e fro m impossi -

bl e action s fo r  retrievin g a  hidde n objec t  unde r  som e cir -

cumstance s (Baillargeon ,  1993) . 

Th e origin s o f  th e developmenta l  lag ,  an d wha t  i t 

reflect s abou t  th e underlyin g menta l  representation s 

require d fo r  completin g bot h task s i s a  ke y questio n fo r 

curren t  infan t  research .  A  numbe r  o f  hypothese s hav e bee n 

advance d t o addres s thi s question .  O n e suggestio n i s tha t 

th e natur e o f  th e representation s whic h underli e perceptio n 

an d actio n i n thes e task s ar e radicall y differen t  (Spelke , 

Katz ,  Purcell ,  Ehrlic h &  Breinlinger ,  1994 )  an d tha t  thes e 

develo p a t  differen t  rates .  A  relate d suggestio n i s tha t  th e 

underlyin g representation s fo r  th e tw o task s ar e th e same , 

but  tha t  th e perceptio n an d actio n knowledg e domain s ar e 

encapsulated :  ther e i s n o transfe r  o f  learnin g fro m on e 

domai n t o anothe r  (Spelke ,  1994) .  Accordin g t o thi s view , 

th e developmenta l  la g simpl y reflect s tha t  fac t  tha t  infant s 

begi n practic e wit h manua l  retrieva l  a t  a  late r  age .  Finally , 

a thir d suggestio n i s tha t  th e underlyin g representatio n o f 

an objec t  develop s alon g a  continuu m suc h tha t  th e repre -

sentatio n require d t o elici t  a  perceptua l  respons e i s simpl y 

an earl y stat e o f  th e representatio n require d t o elici t  a 

retrieva l  respons e (Fische r  &  Bidell ,  1991 ;  Munakata , 

McClelland ,  Johnson ,  Siegler ,  1994) . 

We propos e tha t  ther e ar e 2  distinc t  factor s whic h con -

Oibut e t o th e patter n o f  result s ouUine d above .  First ,  tha t 

hidde n object s fai l  t o elici t  th e sam e leve l  o f  respons e i n 

infant s a s visibl e object s i s du e t o th e nee d fo r  stronger , 

mor e consolidate d representation s o f  object s i n th e forme r 

cas e tha n th e latter .  Hence ,  w e subscrib e t o th e vie w tha t 

th e underlyin g representatio n o f  a n objec t  develop s alon g 

a continuum .  Second ,  w e assum e tha t  th e manua l  retrieva l 

of  a n objec t  typicall y involve s a n integrate d respons e 

requirin g th e coordinatio n o f  informatio n abou t  a n 

object' s identit y an d position .  I n contrast ,  th e predictiv e 

visua l  pursui t  o f  a n objec t  nee d no t  involv e informatio n 

abou t  a n object' s identity ,  onl y it s positio n (Da y &  B u m -

ham,  1981) .  Hence ,  w e subscrib e t o th e vie w tha t  th e tas k 
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d e m a n d s i m p o s e d b y m a n u a l  retrieva l  involv e exploitin g an d 

coordinatin g distinc t  rep^sentationa l  c o m p o n e n t s whil e pre -

dictiv e visua l  pursui t  nee d onl y refe r  t o th e representatio n o f 

a n object' s position . 

We explai n th e deve lopmenta l  la g b e t w e e n predictiv e pur -

sui t  o f  h idde n object s a n d m a n u a l  retrieva l  o f  h idde n object s 

as a  consequenc e o f  th e differentia l  tas k d e m a n d s fo r  th e t w o 

behaviours .  M a n u a l  retrieva l  require s th e coordinatio n o f 

representation s whi l e predictiv e visua l  pursui t  doe s not .  W e 

suppos e tha t  th e coordinatio n o f  representation s itsel f  need s 

t o b e learnt .  H e n c e task s requirin g th e coordinatio n o f  repre -

sentation s wil l  b e developmental l y delaye d i n relatio n t o 

task s tha t  d o no t  requir e thi s extr a leve l  o f  representationa l 

integration .  N o t e tha t  th e m a n u a l  retrieva l  o f  displace d hid -

de n object s constitute s th e m o s t  difficul t  cas e fo r  th e chil d 

fro m thi s perspective .  N o t  onl y m u s t  th e chil d coordinat e 

representation s o f  th e object' s identit y an d position ,  bu t  the y 

d o s o i n th e absenc e o f  direc t  perceptua l  cues .  I n contrast , 

predictiv e visua l  pursui t  o f  a  visibl e objec t  constitute s th e 

easies t  cas e fo r  th e c h i l d — n o coordinatio n o f  distinc t  repre -

sentation s i s require d a n d direc t  perceptua l  inpu t  i s availabl e 

t o suppor t  prediction s abou t  th e object' s trajectory .  T h e pre -

dictiv e visua l  pursui t  o f  h idde n object s a n d th e m a n u a l 

retrieva l  o f  visibl e object s constitut e task s o f  intermediat e 

difficult y o n thi s perspective .  I n particular ,  th e m a n u a l 

retrieva l  o f  visibl e object s shoul d b e easie r  tha n tha t  o f  hid -

de n object s becaus e th e latte r  requir e th e representation s tha t 

coordinat e objec t  positio n a n d identit y t o b e c o m e m o r e 

strongl y established . 

Thi s pape r  describe s a  w o r k i n g m o d e l  o f  th e d e v e l o p m e n t 

of  objec t  p e r m a n e n c e i n th e d o m a i n o f  visibl e a n d occlude d 

visua l  pursui t  task s (cf .  B r e m n e r ,  1 9 8 5 fo r  a  rev iew) .  W e 

imp lemen t  a  computat iona l  m o d e l  tha t  learn s t o establis h th e 

identit y o f  a n objec t  i n term s o f  it s  distinguishabl e features , 

tha t  learn s t o predic t  th e futur e positio n o f  a n objec t  o n th e 

basi s o f  it s recen t  trajector y a n d tha t  learn s t o initiat e a  m a n -

ual  retrieva l  respons e base d o n a  compos i t e representatio n o f 

a n object' s positio n an d identity .  T h e m e c h a n i s m s brough t  t o 

bea r  o n th e computat io n o f  th e object' s positio n an d identit y 

ar e quit e separate .  H o w e v e r ,  the y ar e expose d t o th e s a m e 

inpu t  stimulu s throughou t  trainin g a n d thu s h a v e th e s a m e 

opportunit y t o lear n abou t  th e relevan t  characteristic s o f  th e 

environment .  T h e architectur e o f  th e m o d e l  i s constraine d i n 

suc h a  w a y tha t  predictin g th e positio n o f  a n objec t  take s n o 

accoun t  o f  th e object' s identity .  I n contrast ,  th e inititatio n o f 

a m a n u a l  retrieva l  respons e require s a  sensitivit y t o bot h 

positio n a n d identity .  T h e s e architectura l  constraint s ar e 

motivate d b y th e findings  cite d a b o v e suggestin g th e inde -

penden t  representatio n o f  spatia l  an d featura l  informatio n b y 

infants .  O u r  purpos e i n buildin g th e m o d e l  i s t o explor e th e 

viabilit y  o f  th e v i e w tha t  th e relativel y lat e e m e r g e n c e o f  th e 

abilit y  t o retriev e displace d hidde n object s i s d u e t o th e c o m -

bine d requirement s t o deve lo p stron g interna l  objec t  repre -

sentation s a n d t o coordinat e thos e representations .  T h e 

m o d el  i s continuousl y teste d o n it s abilit y  t o predic t  th e nex t 

positio n o f  visibl e a n d h idde n object s (predictiv e visua l 

pursuit )  a n d o n it s potentia l  t o retriev e visibl e a n d h idde n 

object s ( m a n u a l  retrieval) .  W e can ,  therefore ,  establis h a 

deve lopmenta l  profil e o f  th e master y o f  thes e skill s  i n th e 

m o d el  a n d c o m p a r e thi s profil e t o tha t  observe d i n infants . 

Fur thermore ,  w e c a n manipu la t e systematicall y variou s 

feature s o f  th e m o d e l  i n orde r  t o de termin e thei r  effec t  o n 

per formance .  T h e facilit y  t o man ipu la t e characteristic s o f 

th e m o d e l  permit s u s t o determin e th e essentia l  propertie s 

tha t  gover n it s pe r fo rmanc e a n d t o generat e nove l  behav -

iour s tha t  ca n b e evaluate d agains t  th e exper imenta l  litera -

tur e o r  inspir e n e w exper iment s wit h infants . 

The Model 

Figure 1 shows a schematic outline of the model. It con-
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F igur e 1 :  Schemat i c o f  m o d u l a r  n e t w o r k architecture . 

sists of a modular architecture. Each functional module is 

enclose d b y a  dashe d line .  N o t e tha t  s o m e unit s ar e share d 

b y t w o m o d u l e s a n d serv e a s a  g a t e w a y fo r  informatio n 

b e t w e e n th e m o d u l e s .  I n accordanc e wi t h recen t  neurolog -

ica l  evidenc e (Ungerliede r  &  M i s h k i n ,  1 9 8 2 )  spatio-tem -

pora l  informatio n abou t  object s i n th e wo r l d i s processe d 

independentl y o f  featura l  information .  Informatio n enter s 

th e ne twor k throug h a  2-dimensiona l  retin a h o m o g e n e -

ousl y covere d b y featur e detectors .  I t  i s  the n funnelle d 

d o w n o n e p a t h w a y w h i c h processe s th e tempora l  histor y 

o f  th e objec t  a n d anothe r  w h i c h deve lop s a  spatiall y  invar -

ian t  featur e representatio n o f  th e objec t  (Foldiak ,  1 9 9 1 ) . 

T h e retin a consist s o f  a  4 x 2 5 cel l  grid .  E a c h cel l  c o n -

tain s fou r  featur e detector s respondin g t o differen t  proper -

tie s (e.g .  Ught/dark ,  h igh/ lo w contrast ,  hot/cold ,  soft/hard) . 

I f  a  projecte d objec t  i m a g e overlap s wit h a  gri d cell ,  th e 

cell' s  featur e detector s tak e o n th e valu e -i-1. 0 i f  th e featur e 

i s presen t  a n d -1. 0 i f  th e featur e i s absen t  (T re isma n & 

Sato ,  1990 ) .  Cell s o n w h i c h th e objec t  i m a g e i s no t  pro -

jecte d ar e quiescen t  a n d tak e o n th e valu e 0.0 .  A n occlud -

in g scree n i s als o projecte d o n th e retina .  T h e cell s 

correspondin g t o thos e position s h a v e a  constan t  valu e o f 

I. O a n d d o no t  e n c o d e objec t  features . 
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Th e networ k experience s 4  differen t  object s wit h corre -

late d feature s (i.e. ,  {- 1 1- 1 1),{- 1 1  1-1) .  11- 1 1-1} .  11- 1 

- 1 1)) .  Al l  objec t  image s ar e 2x 2 gri d cell s large .  Fo r  eac h 

objec t  presentation ,  a n objec t  move s onc e bac k an d fort h 

acros s th e retina ,  eithe r  horizontall y o r  vertically .  Vertica l 

movement s ca n resul t  i n eithe r  non-occludin g o r  occludin g 

event s whil e al l  horizonta l  movement s involv e a n occludin g 

event .  Not e th e ambiguit y w h e n predictin g th e nex t  positio n 

of  th e objec t  base d o n a  snapsho t  o f  it s  curren t  position . 

Ther e ar e fou r  possibl e nex t  position s fo r  th e object :  up , 

d o w n ,  left ,  o r  right.  Thi s ca n onl y b e resolve d b y learnin g t o 

atten d t o th e tempora l  histor y o f  th e object . 

Th e objec t  recognitio n modul e generate s a  spatiall y  invar -

ian t  representatio n o f  th e objec t  b y usin g a n unsupervise d 

learnin g algorithm .  Tha t  is ,  i t  learn s t o partitio n th e worl d 

int o consisten t  featur e cluster s (t o respon d similarl y t o simi -

la r  objects )  withou t  expUci t  teaching .  Th e featur e representa -

tio n i s encode d o n a  ban k o f  5  comple x cells .  Thes e cell s ar e 

initiall y  randoml y connecte d t o al l  featur e detectors .  Th e 

modul e develop s it s representation s b y usin g a  modifie d ver -

sio n o f  th e algorith m develope d b y Foldia k (1991) ^  Thi s 

algorith m exploit s th e fac t  tha t  a n objec t  tend s t o b e tempo -

rall y contiguou s wit h itself .  Thu s tw o successiv e image s wil l 

probabl y b e derive d fro m th e sam e object .  Learnin g result s 

i n a n objec t  (define d b y a  uniqu e se t  o f  features )  activatin g 

th e sam e comple x cel l  irrespectiv e o f  it s positio n o n th e ret -

ina . 

Th e trajector y predictio n modul e use s a  partiall y  recurren t 

feed-forwar d networ k traine d wit h th e backpropagatio n 

learnin g algorithm^ .  A t  eac h tim e ste p informatio n abou t  th e 

visibl e positio n o f  th e objec t  imag e i s extracte d fro m th e ret -

ina .  Th e retina l  gri d cell s wit h whic h th e objec t  imag e over -

lap s becom e activ e (+1.0 )  whil e th e othe r  cell s remai n 

inactiv e (0.0 )  (Recal l  tha t  th e ti"ajectory  predictio n modul e 

doe s no t  encod e featur e informatio n abou t  objec t  identity. ) 

Thes e 1(X )  value s ar e mappe d one-to-on e ont o 10 0 unit s i n 

th e visua l  m e m o r y layer .  Th e networ k i s traine d t o predic t 

th e nex t  instantaneou s positio n o f  th e object .  Th e resul t  i s 

outpu t  o n a  ban k o f  10 0 unit s codin g positio n i n th e sam e 

w ay a s th e input s int o th e module .  Th e networ k ha s a  targe t 

o f + 1. 0 fo r  thos e unit s correspondin g t o th e nex t  objec t  posi -

tio n an d 0. 0 fo r  al l  othe r  units . 

Al l  unit s i n th e visua l  m e m o r y laye r  hav e a  self-recurren t 

connection .  Thi s give s the m th e powe r  t o proces s tempora l 

informatio n an d generat e a  representatio n o f  th e object' s  spa -

tio-tempora l  history^ .  Th e resul t  i s  a  spatia l  distributio n o f 

activatio n i n th e for m o f  a  come t  wit h a  tai l  tha t  taper s of f  i n 

1.  Settin g th e activation s o f  th e loosin g unit s i n th e competitiv e 
phas e t o a  smal l  negativ e valu e (- P )  greatl y increase s th e stabil -
it y  o f  th e representation s unde r  continue d training .  W e use d th e 
followin g paramete r  values :  5  =  0. 1 ,  P  =  0.0 2 ,  learnin g rat e 
e =  0.00 1 ,  an d weight_rang e =  0.2 . 

2.  Al l  back-propagatio n network s use d th e followin g paramete r  val -
ues :  learnin g rat e E  =  0. 1 an d momentu m T j  =  0. 3 . 

3.  Th e recurren t  connection s wer e fixed  a t  n  =  0. 3 . 

th e directio n fro m whic h th e objec t  ha s come .  Th e lengt h 

and distinctivenes s o f  thi s tai l  depen d o n th e velocit y o f 

th e object .  Th e informatio n i n thi s laye r  i s the n force d 

throug h a  bottle-nec k o f  7 5 hidde n units .  I t  i s  her e tha t  th e 

networ k ha s t o generat e a  mor e compact ,  interna l  re-repre -

sentatio n o f  th e object' s spatio-tempora l  history .  A s ther e 

ar e n o direc t  connection s fro m th e inpu t  t o th e output ,  th e 

network' s abilit y  t o predic t  th e nex t  positio n i s a  direc t 

measur e o f  th e reliabilit y  o f  it s  interna l  objec t  representa -

tion.  W e sugges t  tha t  th e response s o f  th e trajector y pre -

dictio n networ k correspon d t o th e response s observe d i n 

infant s throug h th e us e o f  (passive )  preferentia l  o r  surpris e 

measure s (e.g. ,  Baillargeon ,  1993 ;  Spelke ,  1994) .  The y ar e 

a tes t  o f  th e infant' s sensitivit y t o violation s o f  objec t  posi -

tion. 

Th e outpu t  o f  th e respons e integratio n networ k corre -

spond s t o th e infant' s abilit y  t o co-ordinat e an d us e th e 

knowledg e i t  ha s abou t  objec t  positio n an d objec t  identity . 

Thi s networ k i s designe d t o integrat e th e interna l  represen -

tation s generate d b y othe r  module s (i.e .  th e featur e repre -

sentatio n a t  th e comple x cel l  leve l  an d spatio-tempora l 

representatio n i n th e hidde n uni t  layer )  a s an d whe n 

require d b y a  respons e task .  I t  consist s o f  a  single-layere d 

backpropagatio n networ k whos e tas k i s t o outpu t  th e sam e 

nex t  positio n a s th e predictio n networ k fo r  tw o o f  th e 

objects ,  an d t o inhibi t  an y respons e (al l  unit s se t  t o 0.0 )  fo r 

th e othe r  tw o objects .  Thi s reflect s th e fac t  tha t  infant s d o 

not  respon d (e.g .  reach )  fo r  al l  objects .  S o m e object s ar e 

desire d (e.g .  sweet )  wherea s othe r  ar e no t  desire d (e.g . 

sour) .  Activ e intentiona l  respons e necessaril y  requir e th e 

processin g o f  featura l  a s wel l  a s ti^ajectory  information . 

Occluded Tracking 

The network learns very quickly to predict an object's next 

positio n whe n i t  i s i n sight .  Moreover ,  th e hidde n uni t  rep -

resentation s tha t  i t  develop s j)ersis t  eve n whe n th e objec t 

has disappeare d an d allow s th e networ k t o kee p Q-ac k o f 

th e objec t  eve n whe n i t  i s  n o longe r  direcU y perceptible . 

Figur e 2  show s a  graphi c representatio n o f  th e network' s 

abilit y  t o predic t  th e nex t  positio n o f  a n occlude d object . 

The left-han d colum n show s wha t  i s projecte d ont o th e 

retin a onc e featura l  informatio n ha s bee n removed .  Th e 

right-hand  colum n show s th e correspondin g objec t  posi -

tion  predicte d b y th e traine d trajector y network .  Th e row s 

(fro m to p t o bottom )  correspon d t o successiv e tim e steps . 

Thi s networ k ha s see n 30,(XX )  presentation s o f  randoml y 

selecte d object s movin g bac k an d fort h i n rando m posi -

tions  an d direction s a t  a  fixed  speed . 

At  /  =  0 ,  th e objec t  i s  abou t  t o disappea r  behin d th e 

occludin g screen .  A t  al l  subsequen t  tim e steps ,  th e net -

wor k correctl y predict s tha t  th e objec t  wil l  hav e move d 

ove r  on e position .  Not e especiall y ste p 3  fo r  whic h th e 

direc t  perceptua l  informatio n availabl e t o th e networ k i s 

exacU y th e sam e a s a t  /  =  2  .  Th e networ k i s abl e t o pre -
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Figur e 2 :  Networ k trackin g o f  occlude d objec t  a t  5  consec -

utiv e tim e intervals .  Bot h th e scree n an d th e objec t  ar e pro -

jecte d ont o th e retina .  Th e networ k correctl y predict s th e 

nex t  positio n o f  th e objec t  eve n whe n th e objec t  i s  no t 

directl y perceptible . 

die t  th e subsequen t  reappearanc e o f  th e objec t  takin g 

accoun t  o f  ho w lon g i t  ha s bee n behin d th e screen .  Moreo -

ver ,  a s foun d wit h infant s (MuUe r  &  Aslin ,  1978) ,  th e net -

work' s abilit y  t o trac k a n occlude d objec t  depend s o n th e 

lengt h o f  th e occludin g screen :  th e longe r  th e screen ,  th e 

wors e th e performance . 

Developmental lag 

The model was designed to examine the developmental lag 

betwee n a n infant' s implici t  knowledg e o f  objec t  perma -

nenc e (predictiv e visua l  pursuit )  an d it s abilit y  t o demon -

strat e tha t  knowledg e wit h a n appropriat e respons e (manua l 

retrieval) .  Figur e 3 a show s th e networ k performanc e (aver -

aged acros s 1 0 randomize d replications )  o n bot h th e manua l 

retrieva l  an d visua l  pursui t  task s whe n presente d wit h a n 

unocclude d desire d object .  Th e reliabilit y  o f  a  modul e i s 

compute d a s ( 1 -  sum-of-squared-error s acros s outputs )  aver -

aged ove r  th e outpu t  unit s an d pattern s involve d i n th e event . 
I n thi s case ,  th e networ k learn s ver y quickl y t o trac k an d t o 

Unocclude d [>Mira d Object s Occlude d Desire d Object s 

0 95 - 0 95 -

0 85 - Predictio n 0 85 - 0 85 -Pradictio n Predictio n 
••»••• •  Retrieva l —ij- -  Retrieva l *••• •  Retrieva l 

identif y th e desire d objec t  an d t o p r o d u c e a n appropriat e 

retrieva l  response . 

W h en th e objec t  i s  occ lude d th e network ' s behav io r  i s 

ver y differen t  (Figur e 3 b ) .  T rack in g a n d retrieva l 

response s ar e initiall y  equall y poor .  T h e interna l  represen -

tation s ar e no t  adequatel y m a t u r e t o suppor t  a n y reliabl e 

response .  A t  abou t  5 0 0 0 e p o c h s the y begi n t o diverge .  T h e 

reliabilit y o f  th e predictiv e visua l  pursui t  deve lop s faste r 

tha n tha t  o f  th e integrate d m a n u a l  retrieva l  response . 

A r o u n d 20 ,00 0 e p o c h s ther e i s a  consisten t  differenc e 

be twee n th e ne two r k p e r f o r m a n c e i n th e t w o differen t 

m o d e s .  T h e accurac y differentia l  o n th e t w o task s the n dis -

appear s wit h furthe r  training . 

N o t e tha t  th e m a n u a l  retrieva l  respons e w h i c h i s 

require d fo r  a  desire d objec t  ha s e x a c d y th e s a m e m o d e o f 

representatio n a s tha t  fo r  predictiv e visua l  pursuit .  M o r e o -

ver ,  bot h set s o f  outpu t  unit s receiv e exactl y th e s a m e 

informatio n f r o m th e h idde n unit s abou t  th e spat io- tempo -

ra l  histor y o f  th e object .  T h e on l y w a y th e functionin g o f 

thes e t w o m o d u l e s differ s i s  tha t  th e m o d u l e tha t  drive s 

m a n u al  retrieva l  m u s t  integrat e informatio n c o m i n g f r o m 

th e objec t  recognitio n m o d u l e .  Th i s indicate s tha t  th e 

developmenta l  la g i n th e n e t w o r k arise s f r o m th e a d d e d 

tas k d e m a n d s o f  integratin g information . 

A n advantag e o f  m o d e l i n g i s  tha t  w e c a n tes t  thi s 

hypothesi s directl y thank s t o a  manipu lat io n w h i c h w o u l d 

no t  b e possibl e wit h infants .  I f  th e d e v e l o p m e n t a l  la g i s 

indee d d u e t o th e nee d fo r  a n integratio n o f  information , 

the n i t  shoul d disappea r  w h e n presente d wit h a  tas k tha t 

doe s no t  requir e informatio n integration .  O n e possibilit y i s 

t o observ e th e network ' s behavio r  w h e n presente d wit h a n 

undesire d object .  Undes i re d object s d o no t  requir e infor -

mat io n integratio n becaus e i t  suffice s t o atten d onl y t o th e 

featur e representatio n i n orde r  t o elici t  a  prope r  response , 

i.e ,  no t  t o retriev e th e object .  O n c e th e objec t  ha s b e e n 

identifie d a s undesirable ,  the n a n inhibitor y outpu t  c a n b e 

emitte d w h i c h d o e s no t  requir e a n y spatio-tempora l  infor -

mation .  Figur e 3 c sho w th e network' s performanc e w h e n 

presente d wit h a n undesire d object .  I t  learn s mor e quickl y 

t o inhibi t  attempt s a t  retrieva l  tha n t o trac k objects .  T h e 
featur e recognitio n modul e learn s t o categoriz e th e differ -

ent  objec t  type s ver y quickly . 

Hence ,  i t  i s  th e nee d t o atten d t o 

an d integrat e informatio n fro m 

differen t  source s tha t  produce s 

th e la g betwee n reliabl e predic -

tiv e visua l  pursui t  an d manua l 

retrieva l  o f  occlude d objects . 

Occlude d Undesire d Object s 

-1—•—1—>—r 
10 1 5 2 0 

Epoohs(IOOOs ) 
(a ) 

10 1 5 2 0 2 5 
Epochs (1000s ) 

(b ) 

30 10 1 5 2 0 2 5 
Epochs (1000b ) 

(C) 
Figur e 3 :  Networ k performanc e o n predictiv e visua l  pursui t  an d manua l  retrieva l  t o (a ) 
an unocclude d desire d object ,  (b )  a n occlude d desire d object ,  an d (c )  a n occlude d unde -
sire d object . 

A Tes t  o f  th e M o d e l ' s Fi t 

Figure 4a shows the reliability in 

trackin g produce d b y th e net -

wor k a s a  functio n o f  th e veloc -

it y o f  th e objec t  imag e (fas t 
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Figtir e 4 :  T h e effec t  o f  velocit y o n trackin g i n (a )  th e net -

wor k an d o n th e infants '  (b )  tota l  trackin g tim e an d (c )  ini -

tia l  trackin g time . 

object s m o v e tw o gri d cell s pe r  uni t  tim e wherea s slo w m o v e 

on e gri d cel l  ever y tw o tim e steps) .  Ther e i s consistentl y bet -

te r  performanc e a t  th e highe r  velocity .  Th e greate r  accurac y 

arise s from  th e mor e distinc t  representation s generate d i n th e 

visua l  m e m o r y laye r  a t  highe r  velocities . 

We hav e foun d tha t  infant s als o sho w superio r  trackin g a t 

highe r  velocities^ .  I n th e study ,  thirty-si x 2 -  t o 6-month-ol d 

infant s sa t  0.6 m fro m a  viewin g theatr e an d watche d a n 8 ' 

blac k an d whit e bull's-ey e m o v e bac k an d fort h acros s th e 

1. 5 m theatr e a t  eithe r  8  o r  1 2 '/see .  Figur e 4 b show s th e pro -

portio n o f  tota l  trackin g tim e t o tota l  visibl e tim e tha t  infant s 

spen t  trackin g a n objec t  movin g acros s a  viewin g theatre . 

Infant s showe d significantl y mor e trackin g i n th e hig h veloc -

it y conditio n tha n th e lo w velocit y conditio n (F(l ,  33 )  = 

7.506 ,  p  =  0.0098 )  supportin g th e prediction s o f  th e model . 

T h e tota l  lookin g tim e ca n underestimat e th e powe r  o f  a 

movin g objec t  t o elici t  trackin g sinc e subsequen t  capture s 

an d lookin g time s ca n b e artificiall y  reduce d du e t o infan t 

habituation .  Sinc e habituatio n i s no t  implemente d i n thi s 

model ,  initia l  infan t  trackin g tim e m a y b e a  bette r  tes t  o f  th e 

model .  Figur e 4 c show s th e proportio n o f  lookin g tim e fo r 

th e initia l  trackin g interva l  wit h infant s a t  0.6 m an d 1.2 m 

from  th e target .  T h e velocitie s a t  th e fa r  distanc e wer e 6  Vse c 

an d 8  Vsec .  T h e velocitie s a t  th e nea r  distanc e ar e 8  an d 1 2 7 

sec .  Thes e correspon d t o a  constan t  linea r  velocit y differenc e 

of  4. 2 cm/ s a t  bot h distances .  Th e objec t  wa s scale d t o sub -

4.  Th e result s reporte d her e ar e par t  o f  thos e obtaine d durin g a 
stud y designe d t o tes t  som e prediction s o f  th e mode l  an d t o 
investigat e th e rol e o f  egocentri c an d aJlocentri c cue s i n infants ' 
visua l  pursuit .  A  ful l  repor t  i s i n preparation . 

len d 8 '  a t  eithe r  distance .  A t  bot h distance s ther e i s a  sig -

nificantl y longe r  initia l  trac k a t  highe r  velocitie s (F(l , 

33)=6.577 .  p<0.0151 )  wit h n o significan t  effec t  o f  dis -

tanc e (F(l ,  33)=0.291 .  p<0.5933 )  o r  distanc e b y velocit y 

interactio n (F(l ,  33)=2.548 .  p<0.12) .  Again ,  th e mai n 

effec t  o f  velocit y support s th e model' s predictions . 

Discussion 

This model suggests that connectionist style learning algo-

rithms  ar e powerfu l  enoug h t o develo p perceptuall y inde -

penden t  representation s o f  objects .  Thes e representation s 

allo w th e networ k t o kee p trac k o f  a n object' s propertie s 

suc h a s position ,  velocity ,  an d featur e description s eve n 

when th e objec t  i s  full y  occluded .  Moreover ,  ther e i s a 

gradua l  emergenc e o f  thes e representation s a s oppose d t o 

an all-or-non e acquisition .  Th e representation s ar e no t 

presen t  fro m th e onse t  an d ar e develope d throug h th e 

interaction s o f  computational-architectura l  constraint s an d 

interaction s wit h th e environment . 

A critica l  characteristi c o f  th e approac h take n i n thi s 

wor k i s th e postulatio n o f  a  smal l  numbe r  o f  differen t 

mechanism s attune d t o particula r  aspect s o f  th e environ -

ment  (cf .  Baillargeon ,  I n press) .  Th e mode l  assume s th e 

existenc e o f  a  mechanis m designe d t o comput e objec t 

identit y an d a  mechanis m designe d t o trac k objec t  posi -

tion .  Eac h modul e leam s independentl y fro m th e same , 

c o m m on experience .  Th e asymmetr y i n performanc e o n 

th e manua l  retrieva l  tas k an d th e predictiv e visua l  pursui t 

tas k i s a  direc t  consequenc e o f  th e requiremen t  tha t  com -

putation s delivere d b y bot h mechanism s nee d t o b e inte -

grate d fo r  th e forme r  tas k bu t  no t  fo r  th e latter .  I t  shoul d b e 

noted ,  however ,  tha t  th e implication s o f  thi s approac h 

exten d beyon d th e domain s o f  visua l  pursui t  an d manua l 

retrieval .  I n general ,  an y tas k tha t  demand s th e integratio n 

of  th e computation s from  distinc t  module s i s likel y t o b e 

developmentall y delaye d compare d t o a  tas k tha t  require s 

th e computation s t o b e delivere d fro m eithe r  on e o f  th e 

modules .  O f  course ,  th e degre e o f  dela y observe d wil l 

depen d o n th e difficult y o f  th e integrativ e proces s itself . 

Thus ,  i n th e curren t  mode l  th e integratio n o f  th e computa -

tion s i s particularl y difficul t  fo r  th e manua l  retrieva l  o f 

hidde n objects . 

Th e mode l  als o enable s t o m a k e prediction s abou t  infan t 

reaction s whe n object s suffe r  featur e violations .  Recal l 

(se e Figur e 1 )  tha t  th e objec t  recognitio n networ k 

receive s direc t  inpu t  fro m th e retina .  T h e comple x 

cell s develo p spatiall y  invarian t  objec t  representa -

tion s fro m th e ver y star t  o f  learning .  A s thes e repre -

sentation s b e c o m e consolidate d wit h trainin g the y 

wil l  ten d t o persist ^  ove r  time ,  eve n w h e n th e objec t 

i s  occluded .  I n othe r  words ,  th e comp le x cell s retai n 

a representatio n o f  th e object' s propertie s eve n whe n 

5.  Th e degre e o f  persistenc e i s primaril y determine d b y th e 
paramete r  5  (se e Footnot e 1) . 
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th e objec t  i s  ou t  o f  sight .  Thi s informatio n i s availabl e 

t o driv e a  surpris e response .  Moreover ,  not e tha t  th e 

model  predict s precociou s behaviou r  i n thi s domai n 

sinc e th e surpris e respons e doe s no t  requir e th e integra -

tio n o f  computation s fro m distinc t  representationa l 

modules .  Knowledg e o f  objec t  properties ,  suc h a s size , 

can b e drive n b y computation s fro m a  singl e source . 

We ar e currentl y implementin g thi s extensio n o f  th e 

model . 

I n th e future ,  th e mode l  offer s furthe r  opportunitie s t o 

investigat e th e interaction s betwee n recognition ,  visua l 

tracking ,  an d objec t  permanence .  Empirica l  studie s hav e 

suggeste d tha t  whe n a  differen t  objec t  reappear s fro m behin d 

th e screen ,  i t  i s  th e novelt y o f  th e objec t  tha t  determine s 

whethe r  infant s interrup t  thei r  trackin g (Goldberg ,  1976 )  an d 

not  th e chang e itself .  Similarly ,  thi s mode l  woul d sugges t 

tha t  a  nove l  objec t  woul d disrup t  tracking ,  bu t  onl y whe n th e 

chang e wa s t o a n undesire d objec t  o r  on e wit h radicall y dif -

feren t  features .  W e continu e t o investigat e thes e interaction s 

bot h i n th e mode l  an d wit h infants . 

I n summary ,  w e suppos e tha t  object s ar e represente d an d 

develo p i n a  fragmentar y fashio n i n th e child' s cognitiv e sys -

tem.  Differen t  propertie s o f  th e objec t  (e.g .  featura l  versu s 

spatial-tempora l  information )  ar e processe d i n functionall y 

independen t  modules .  Th e manne r  i n whic h thes e propertie s 

ar e brough t  togethe r  depen d upo n th e tas k demands .  Th e 

leve l  o f  objec t  knowledg e tha t  th e chil d demonstrate s ma y 

var y accordin g t o th e requirement s o f  th e tas k itself . 
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