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Abstrac t 

There is a growing debate among developmental theorists con-
cernin g th e perceptio n o f  causalit y  i n youn g infants .  Som e the -
orist s advocat e a  top-dow n view ,  e.g. ,  tha t  infant s reaso n abou t 
causa l  event s o n th e basi s o f  intuitiv e physica l  principles .  Oth -
er s argu e instea d fo r  a  bottom-u p vie w o f  infan t  causa l  knowl -
edge,  i n whic h causa l  perceptio n emerge s fro m a  simpl e se t 
of  associativ e learnin g rules .  I n orde r  t o tes t  th e limit s o f  th e 
bottom-u p view ,  w e propos e a n optima l  contro l  mode l  ( O C M ) 
of  infan t  causa l  perception .  O C M i s traine d t o find  a n optima l 
patter n o f  ey e movement s fo r  maintainin g sigh t  o f  a  targe t  ob -
ject .  W e first  presen t  a  serie s o f  simulation s whic h illustrat e 
OCM's abilit y  t o anticipat e th e outcom e o f  novel ,  occlude d 
causa l  events ,  an d the n compar e OCM' s performanc e wit h tha t 
of  9-month-ol d infants .  Th e implication s fo r  developmenta l 
theor y an d researc h ar e discussed . 

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

H ow doe s th e perceptio n o f  causalit y develop ? D o w e per -
ceiv e cause-and-effec t  relation s a t  birth ,  o r  ar e month s o f 
experienc e necessary ? Developmenta l  researcher s hav e ap -
proache d thes e question s b y studyin g infants '  perceptua l  re -
action s t o causa l  event s (e.g. ,  Baillargeon ,  1986 ;  Keil ,  1979 ; 
Leslie ,  1982 ;  Oake s &  Cohen ,  1990) .  M u c h o f  thi s researc h 
depend s o n th e tendenc y fo r  infant s t o anticipat e th e out -
comes o f  causa l  events ,  ofte n showin g surpris e t o unexpecte d 
outcome s (a s inferre d b y measure s o f  attention) . 

Conside r  th e pai r  o f  causa l  event s presente d i n Figur e 1 . 
The first  (la )  i s a  simple ,  occlude d movemen t  display ;  b y 
age 6  months ,  infant s wil l  quickl y lear n t o anticipat e th e 
block' s reappearanc e (Bower ,  Broughton ,  &  Moore ,  1971 ; 
Rutkowska ,  1993) .  Th e secon d even t  (lb) ,  however ,  i s  mor e 
complex .  A  wal l  obstruct s th e pat h o f  th e block ;  not e tha t 
th e wal l  i s  partiall y  occlude d b y th e screen ,  revealin g onl y 
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Figur e 1 :  Occlude d causa l  events .  I n (a) ,  th e bloc k passe s be -

hin d th e occludin g scree n an d reappear s o n th e opposit e side . 

I n (b) ,  a  partially-visibl e wal l  obstruct s th e pat h o f  th e block ; 

afte r  passin g behin d th e screen ,  th e bloc k fail s  t o reappear . 

th e uppe r  an d lowe r  portion s o f  th e wall .  Whil e bot h event s 
begi n i n a  simila r  manner ,  the y en d differently ,  dependin g o n 
th e presenc e o f  th e wall . 

TXvo broa d theoretica l  view s hav e bee n propose d t o explai n 
infants '  reaction s t o event s lik e thos e i n Figur e 1 .  First ,  sev -
era l  researcher s advocat e a  top-dow n vie w o f  infan t  causa l 
knowledg e (Baillargeon ,  1994 ;  Spelke ,  1998) .  Accordin g t o 
thi s view ,  infant s us e naiv e o r  intuitiv e physica l  principle s t o 
predict ,  reaso n about ,  o r  deduc e th e outcome s o f  occlude d 
causa l  events .  T w o recen t  computationa l  model s hel p illus -
trat e h o w th e representation s underlyin g thi s typ e o f  predic -
tio n syste m migh t  develo p (Mareschal ,  Plunkett ,  &  Harris ,  i n 
press ;  Munakata ,  McClelland ,  Johnson ,  &  Siegler ,  1997) . 

Alternatively ,  severa l  infan t  causa l  perceptio n studie s hav e 
draw n attentio n t o th e rol e o f  simpl e perceptua l  preference s 
and associativ e learnin g rule s (Bogart z &  Shinskey ,  1998 ; 
Rivera ,  Wakeley ,  &  Langer ,  i n press ;  Schilling ,  1997) .  Thes e 
researcher s argu e fo r  a  bottom-u p vie w o f  causa l  perception . 
Accordin g t o thi s approach ,  predictio n i s no t  a n a  prior i  goal , 
nor  i s representatio n o f  hidde n object s necessar y fo r  th e per -
ceptio n o f  causalit y i n occlude d events . 

I t  i s theoreticall y possible ,  i f  no t  likely ,  tha t  bot h top-dow n 
and bottom-u p factor s pla y a  rol e i n infants '  causa l  percep -
tion .  H o w shoul d th e tw o view s b e reconciled ? Th e strateg y 
tha t  w e propos e i s t o construc t  a  mode l  base d o n th e bottom -
up view ,  an d the n t o tes t  th e exten t  o f  it s  perceptua l  "abilities " 
when presente d wit h causa l  event s lik e thos e show n t o youn g 
infants .  A n y gap s o r  limitation s i n th e performanc e o f  th e 
model  coul d the n b e addressed ,  w e assume ,  b y usin g th e top -
d o wn approach . 

Rathe r  tha n simulatin g causa l  perceptio n a s a  representa -
tiona l  tas k (cf. ,  Marescha l  e t  al. ,  i n press ;  Munakat a e t  al. , 
1997) ,  w e mode l  th e phenomeno n a s a n optima l  contro l  prob -
lem .  Th e optima l  contro l  mode l  ( O C M )  i s a  sensorimoto r 
model  o f  infan t  causa l  perception .  Unlik e h u m a n infants , 
O C M:  (1 )  ha s n o intuitiv e knowledge ,  (2 )  canno t  generat e 
predictions ,  an d (3 )  learn s onl y b y trial-and-error .  O C M ' s 
objectiv e i s t o lear n a  sequenc e o f  ey e movement s tha t  bes t 
maintai n a  targe t  objec t  i n view .  Afte r  trainin g O C M t o trac k 
a target ,  w e the n tes t  O C M ' s reaction s t o novel ,  occlude d 
causa l  event s lik e th e on e presente d i n Figur e lb .  W e nex t 
briefl y describ e O C M. 

The Optimal Control Model 

The Trackin g Displa y 

Figur e 2 a present s a  snapsho t  o f  th e 2-dimensiona l  trackin g 
displa y use d t o trai n O C M.  Durin g eac h trial ,  th e bloc k (rep -
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Figure 2: The OCM: (a) the tracking display (the target is represented by the solid black square, while the visual field is 

indicate d b y th e blac k frame) ;  (b )  O C M ' s visua l  inpu t  fo r  th e correspondin g display . 

resente d b y th e blac k square )  move s fro m lef t  t o right ,  a t  th e 
rat e o f  1  uni t  pe r  timestep .  A t  th e star t  o f  th e trial ,  O C M ' s 
visua l  fiel d (th e large ,  squar e frame )  i s positione d wit h th e 
bloc k i n th e cente r  o f  th e field .  Eac h tria l  last s 5 0 timesteps . 

Th e displa y i s 10 0 unit s wid e an d 2 0 unit s high .  O C M ' s 
visua l  fiel d cover s a  20-uni t  squar e regio n o f  th e display ,  per -
mittin g onl y latera l  ey e movements .  Th e bloc k i s a n 8-uni t 
square ,  whil e th e scree n (whe n present )  i s  2 0 unit s wid e an d 
12 unit s high . 

Object s i n O C M ' s visua l  fiel d activat e correspondin g in -
put  unit s o n it s retin a (se e Figur e 2b) .  Becaus e th e bloc k i s 
O C M 's targe t  object ,  it s activatio n o n th e retin a i s 1  (i.e. ,  max -
i m u m salience) .  Th e backgroun d ha s a n activatio n o f  0 ,  whil e 
th e wal l  an d screen' s activatio n level s ar e 0. 6 an d 0.2 ,  respec -
tively . 

Model Architecture 

OCM's sensorimotor "knowledge" is represented by a multi-
layer ,  artificia l  neura l  network .  Ther e ar e tw o inpu t  sys -
tems .  First ,  O C M receive s visua l  inpu t  fro m it s 20-by-2 0 
uni t  retina .  Figur e 2 b illustrate s a  typica l  visua l  inpu t  pattern . 
O CM als o receive s a n additiona l  inpu t  indicatin g th e positio n 
of  th e visua l  fiel d wit h respec t  t o th e display ,  normalize d fro m 
Ot o 1 . 

Ther e ar e 2 0 hidde n units ,  an d 5  outpu t  (motor )  units .  Th e 
networ k i s full y  connected ,  wit h onl y feedforwar d connec -
tions .  Eac h o f  th e moto r  unit s control s on e o f  5  possibl e 
ey e movements :  <-4 ,  -1,0 ,  1 ,  4 > .  O n eac h timestep ,  th e 
movement  correspondin g t o th e mos t  activ e moto r  uni t  i s per -
formed . 

Learning Algorithm 

OCM is rewarded for generating eye movements which keep 
th e bloc k withi n th e visua l  field ;  O C M learn s b y trial-and -
erro r  t o fin d a  patter n o f  ey e movement s whic h optimiz e sigh t 
of  th e bloc k (i.e. ,  maximiz e th e tota l  reward) .  A n y movemen t 
whic h i s followe d b y sigh t  o f  th e block  i s rewarded ;  th e re -
war d range s fro m 0  t o 1 ,  a s a  functio n o f  th e proportio n o f  th e 
bloc k i n th e visua l  fiel d afte r  th e ey e movemen t  (e.g. ,  1  whe n 
full y visible ,  0. 5 whe n hal f  visible ,  etc.) . 

Th e outpu t  o f  eac h moto r  uni t  i s  a n estimat e o f  th e valu e 
(i.e. ,  probabilit y  o f  reward )  fo r  performin g th e correspondin g 
ey e movement .  W e employe d th e Sars a learnin g algorithm , 
an unsupervised ,  onlin e versio n o f  reinforcemen t  learnin g 
method s (se e Sutto n &  Barto ,  1997 )  t o trai n O C M.  Usin g 
standar d gradien t  descen t  methods ,  th e Sars a algorith m at -
tempt s t o minimiz e th e differenc e betwee n th e estimate d an d 
observe d reward s afte r  eac h ey e movement . 

Consequently ,  th e directio n an d magnitud e o f  th e weigh t 
change s fo r  th e outpu t  laye r  depen d o n th e ey e move -
ment  chosen ,  an d th e correspondin g reward ,  durin g a  give n 
timestep .  Thes e weigh t  change s ar e the n propagate d back -
ward s t o th e hidde n laye r  (se e Lin ,  1991 ,  fo r  a  discussio n o f 
reinforcemen t  learnin g an d back-pro p hybri d models) . 

Simulation Overview 

We conducte d a  serie s o f  simulatio n studie s whic h asses s 
O C M 's abilit y  t o lear n t o trac k visibl e an d occlude d targets . 
I n eac h study ,  O C M wa s first  traine d t o trac k a  targe t  durin g 
tw o type s o f  events .  I n th e occlude d event ,  th e bloc k passe d 
behin d a  scree n an d reappeare d o n th e othe r  side .  I n th e othe r 
(full y  visible )  event ,  th e bloc k encountere d a  wal l  an d the n 
remaine d i n place .  Afte r  O C M learne d t o optimall y trac k 
th e bloc k durin g thes e events ,  w e the n teste d O C M ' s trackin g 
durin g a  novel ,  occlude d causa l  even t  whic h include d bot h th e 
scree n an d th e wall .  I n Studie s 1  an d 2 ,  th e wal l  wa s partiall y 
occlude d b y th e screen ,  whil e i t  wa s completel y occlude d i n 
Stud y 3 . 

Study 1: Tall Wall 

Stud y 1  addresse s th e questio n o f  h o w O C M wil l  respon d t o a 
partiall y  occlude d causa l  event .  Figur e 3  display s th e event s 
use d t o trai n an d the n tes t  O C M. 

Method 

Ti-aining .  Durin g training ,  O C M wa s presente d wit h tw o 
causa l  events .  O n Scree n trials ,  a  scree n occlude d th e cen -
tra l  portio n o f  th e display .  O n Wal l  trials ,  a n obstacl e wa s 
positione d i n th e cente r  o f  th e display ;  th e bloc k remaine d i n 
plac e afte r  makin g contac t  wit h th e wall . 

Scree n an d Wal l  trial s alternate d randomly .  Trainin g con -
tinue d unti l  O C M ' s tota l  reward s durin g bot h Scree n an d 
Wall  trial s wer e a t  leas t  9 5 % optima l  ove r  1 0 consecutiv e 
trial s (i.e. ,  m a x i m u m tota l  reward s wer e 3 0 an d 5 0 point s 
fo r  Scree n an d Wal l  trials ,  respectively) .  I f  criterio n wa s no t 
reache d b y 30 0 trials ,  th e ru n wa s terminated ,  th e dat a wer e 
discarded ,  an d a  ne w se t  o f  rando m initia l  weight s wer e gen -
erated . 

Testing. After training, all weights in the network were 
froze n (i.e. ,  learnin g wa s turne d off') .  O C M wa s the n pre -
sente d wit h 1 0 Wall-Scree n trials .  Durin g Wall-Scree n trials , 
th e wal l  wa s positione d behin d th e screen ;  whe n th e bloc k 
passe d behin d th e screen ,  it s pat h wa s obstructe d b y th e wal l 

'Thi s wa s don e t o preven t  OCM' s response s durin g earl y tes t 
trial s f r o m con tam ina t i n g late r  trials . 
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Trainin g 

Stud y 1 

Testin g 

^ ^ ^  SCREEN 

^ ^ 1 

^ ^ ^  SCREEN 
•  ^ ^ 1 
•  ^ ^ 1 

WALL WALL-SCREEN 

Figur e 3 :  Trainin g an d tes t  event s presente d t o O C M i n Stud y 1 .  Not e tha t  th e Scree n tria l  typ e wa s identica l  durin g trainin g 

and testing . 

(a s durin g Wal l  trials) ,  an d consequentl y di d no t  reappear .  I n 
addition ,  O C M wa s als o presente d wit h 1 0 Scree n trials ,  i n 
orde r  t o asses s O C M ' s abilit y  t o trac k a n occluded ,  unob -
structe d object . 

Results 

Training. Figure 4a presents the average number of trials 
t o criterio n i n Stud y 1 ,  average d acros s 5 0 run s (3 6 additiona l 
run s wer e discarded) .  O C M reache d criterio n o n Wal l  an d 
Scree n trial s afte r  65. 5 an d 93. 2 trainin g trials ,  respectively . 
The differenc e i s statisticall y significan t  (r(98 )  =  1.78 ,  p  < 
.05) .  Lik e h u m a n infants ,  O C M learn s t o trac k a  full y  visibl e 
targe t  befor e i t  learn s t o trac k a n occlude d target .  However , 
an averag e o f  148. 8 trial s wer e necessar y befor e reachin g cri -
terio n o n bot h tria l  type s concurrently . 

stud y 1 :  T«l l  Wal l Stud y 2 :  Bac k Wal l Stud y 3 :  Shor t  Wal l 

la O 18 0 IB O 
li e ^ ^  ^H j  16 0 ^ H 

H H  H 

WALL SCREEN BOTH WALL SCREEN BOTH WALL SCREEN BOTH 

Figure 4: Trials to criterion during training in Studies 1, 2, 

and 3 .  Se e tex t  fo r  details . 

Testing. Our analyses of the test trials focus on OCM's 
trackin g behavio r  onc e th e bloc k disappear s behin d th e 
screen ,  an d h o w th e presenc e o r  absenc e o f  th e wal l  affect s 
thi s behavior .  I n particular ,  w e ar e intereste d i n whethe r  o r 
not  O C M move s it s visua l  field  t o th e righ t  edg e o f  th e scree n 
befor e o r  afte r  th e bloc k reappears ,  durin g Scree n trials .  Con -
sequently ,  w e defin e trackin g latenc y a s th e differenc e i n tim e 
betwee n O C M ' s first  fixation  o f  th e righ t  edg e o f  th e screen , 
and th e block' s reappearanc e a t  th e righ t  edg e durin g Scree n 
trials .  Althoug h th e bloc k doe s no t  reappea r  durin g Wall -
Scree n trials ,  w e ca n us e th e sam e tempora l  inde x t o comput e 
OCM's trackin g latenc y (i.e. ,  assumin g reappearanc e o f  th e 
block ,  ha d i t  no t  bee n obstructed) .  A  positiv e latenc y (o r  de -
lay )  mean s tha t  O C M fixates  th e righ t  edg e o f  th e scree n afte r 
th e bloc k ha s (o r  woul d have )  reappeared ,  whil e a  negativ e 
latenc y mean s tha t  O C M anticipate s th e reappearanc e o f  th e 
block . 

Figur e 5  present s O C M ' s trackin g latencie s durin g th e tes t 
phas e o f  Stud y 1 .  Durin g Scree n trials ,  O C M anticipate d th e 
block' s reappearance ,  fixating  th e righ t  edg e o f  th e scree n 8. 9 
timestep s soone r  tha n th e reappearanc e o f  th e bloc k (r(49 ) 
= 7.03 ,  p  <  .01) .  I n contrast ,  O C M ' s averag e trackin g la -
tenc y wa s significantl y delaye d b y th e presenc e o f  th e tal l 
wal l  durin g Wall-Scree n trials ;  o n average ,  O C M fixated  th e 
righ t  edg e o f  th e scree n 18. 9 timestep s afte r  a n unobstructe d 
bloc k woul d hav e reappeare d (r(49 )  =  4.21 ,  / J <  .01) . 

WALL-SCREEN 

Figur e 5 :  M e a n trackin g latencie s i n th e tes t  phas e o f  Stud y 

1,  fo r  Wall-Scree n an d Scree n trials .  O C M anticipate d th e 

reappearanc e o f  th e bloc k durin g Scree n trials ,  whil e trackin g 

was delaye d durin g Wall-Scree n trials . 

Discussion 

O C M 's learnin g trajector y parallel s tha t  o f  h u m a n infants . 
O CM learn s t o trac k a  full y  visibl e objec t  befor e i t  learn s t o 
trac k th e movement s o f  a n occlude d object .  Afte r  training , 
O CM appear s t o reac t  a s i f  i t  " knows "  w h e n th e occlude d 
pat h o f  th e bloc k will ,  o r  wil l  no t  b e obstructed .  O C M antic -
ipate s th e reappearanc e o f  th e occlude d objec t  durin g Scree n 
trials ,  bu t  no t  Wall-Scree n trials . 

I t  i s  temptin g t o conclud e tha t  O C M learn s t o us e th e pres -
enc e o f  th e wal l  a s a  cu e fo r  trackin g th e occlude d block . 
However ,  ther e i s mor e tha n on e w a y t o explai n O C M ' s be -
havior .  O n e explanatio n i s tha t  O C M learn s nothin g abou t 
th e wal l  whe n trainin g o n Wal l  trials ;  rather ,  i t  onl y learn s t o 
hol d th e visua l  field  i n plac e w h e n th e bloc k stop s moving . 
Accordin g t o thi s explanation ,  th e presenc e o f  th e partiall y 
visibl e wall ,  durin g Wall-Scree n trials ,  simpl y disrupt s th e 
trackin g patter n learne d durin g Scree n trials .  Alternatively , 
we migh t  argu e tha t  O C M learn s t o associat e th e sigh t  o f  th e 
wal l  wit h it s effec t  o n th e block . 

Thes e tw o explanation s ca n b e teste d b y placin g th e wal l 
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Stud y 2 

Trainin g Testin g 

SCREEN SCREEN 

WALL WALL-SCREEN 

Figur e 6 :  Trainin g an d tes t  event s presente d t o O C M i n Stud y 2 .  Unlik e Stud y 1 ,  a  thinne r  wal l  wa s include d i n th e display , 

representin g a  wal l  whic h ha s bee n move d bac k relativ e t o it s positio n i n Stud y 1 .  Durin g Wal l  an d Wall-Scree n trials ,  th e bloc k 

passe d i n front  o f  th e wall . 

"back "  (fro m th e perspectiv e o f  O C M ) ,  beyon d th e pat h o f  th e 
block .  Thus ,  th e movemen t  o f  th e bloc k i s identica l  durin g 
Scree n an d Wall-Scree n trials .  I f  sigh t  o f  th e wal l  i s  use d 
as a  cue ,  O C M shoul d anticipat e th e bloc k o n bot h Scree n 
an d Wall-Scree n trials ;  otherwise ,  i f  th e wal l  disrupt s trackin g 
durin g Wall-Scree n trials ,  the n O C M shoul d onl y anticipat e 
th e bloc k durin g Scree n trials .  Stud y 2  test s thes e alternativ e 
hypotheses . 

Study 2: Back Wall 

Stud y 1  wa s repeated ,  replacin g th e tal l  wal l  whic h obstruct s 
th e block' s movemen t  wit h a  wal l  place d "back "  (i.e. ,  farthe r 
from  th e observer' s poin t  o f  view) ,  beyon d th e pat h o f  th e 
block .  Becaus e th e displa y i s a  2-dimensiona l  projectio n o f 
a 3-dimensiona l  world ,  w e represente d th e perceptua l  effec t 
of  movin g th e wal l  bac k b y decreasin g it s widt h (fro m 4  t o 
2 units) .  Consequently ,  th e bloc k passe d i n fron t  o f  th e wal l 
durin g bot h Wal l  an d Wall-Scree n trial s (se e Figur e 6) . 

Results 

Training .  Figur e 4 b present s th e mea n numbe r  o f  trial s t o 
criterion ,  durin g trainin g i n Stud y 2 ,  acros s 5 0 run s (2 8 ad -
ditiona l  run s wer e discarded) .  Compare d t o Stud y 1 ,  fewe r 
trial s wer e neede d t o independentl y reac h criterio n o n Wal l 
and Scree n trial s (41. 0 an d 61.3 ,  respectively) . 

Testing .  Figur e 7  present s O C M ' s mea n trackin g latencies , 
durin g testing ,  fo r  th e Wall-Scree n an d Wal l  events .  Placin g 
th e wal l  bac k significand y reduce d O C M ' s trackin g latenc y 
durin g Wall-Scree n trials ,  compare d t o th e tall-wal l  conditio n 
i n Stud y 1  (-3.1 2 versu s 18. 9 timesteps ;  r(98 )  =  4.11 ,  p  <  .01) . 
However ,  O C M ' s anticipator y trackin g wa s slightl y slowe r  o n 
Wall-Scree n trials ,  tha n durin g Scree n trial s (se e Figur e 7) . 

A close r  analysi s reveale d tha t  durin g 6  o f  th e 5 0 runs , 
trackin g o f  th e bloc k wa s i n fac t  completel y interrupte d b y th e 
partiall y  visibl e bac k wall ,  durin g Wall-Scree n trials .  H o w -
ever ,  whe n th e remainin g 4 4 run s ar e analyzed ,  O C M ' s av -
erag e trackin g latencie s durin g Wall-Scree n an d Scree n trial s 
ar e -10.3 7 an d -10. 5 timesteps ,  respectively .  Durin g th e ma -
jorit y o f  th e run s i n Stud y 2 ,  therefore ,  sigh t  o f  th e wal l  di d 
not  disrup t  O C M ' s anticipator y tracking . 

Discussion 

Stud y 2  replicate s an d extend s th e findings  o f  Stud y 1 .  I n bot h 
studies ,  O C M spontaneousl y learn s t o anticipat e th e reap -
pearanc e o f  th e occlude d block .  Further ,  whe n th e wal l  i s 

WALL-SCREEN SCREEN 

Figur e 7 :  M e a n trackin g latencie s i n th e tes t  phas e o f  Stud y 2 , 

fo r  Wall-Scree n an d Scree n trials .  O C M anticipate d th e reap -

pearanc e o f  th e bloc k durin g bot h Scree n an d Wall-Scree n 

trials . 

positione d s o a s t o hav e n o effec t  o n th e movemen t  o f  th e 
block ,  i t  doe s no t  disrup t  O C M ' s anticipator y tracking .  Take n 
together ,  th e result s o f  Studie s 1  an d 2  suppor t  th e conclusio n 
tha t  O C M learn s t o us e bot h th e scree n an d th e wal l  a s cue s 
fo r  perceptua l  action . 

I n contras t  t o Studie s 1  an d 2 ,  a  numbe r  o f  infan t  causa l 
perceptio n studie s presen t  perceptua l  cue s t o infant s prio r  to , 
rathe r  tha n durin g th e occlusio n even t  (e.g. ,  occlude d colli -
sio n events ,  studie d b y Baillargeon ,  1986 ;  Lucksinger ,  Co -
hen ,  &  Madole ,  1992) .  Becaus e th e pair s o f  tes t  event s ar e 
identica l  i n thes e studies ,  infant s mus t  remembe r  an d recrui t 
informatio n mad e availabl e t o the m befor e eac h occlude d 
even t  i s presented . 

We ca n simulat e thi s typ e o f  causa l  even t  b y reducin g th e 
heigh t  o f  th e wall ;  whe n occluded ,  a  shor t  wal l  i s  n o longe r 
visible .  Whil e Studie s 1  an d 2  presente d O C M v/i(l: \  partiall y 
occlude d causa l  events .  Stud y 3  simulate s O C M ' s reactio n t o 
a completel y occlude d causa l  event . 

Study 3: Short Wall 

Figur e 8  present s a  displa y o f  th e trainin g an d tes t  event s use d 
i n Stud y 3 .  Thre e modification s wer e mad e t o th e metho d em -
ploye d i n Stud y 1 .  First ,  th e heigh t  o f  th e wal l  wa s reduce d 
fro m 1 6 t o 1 0 units .  Second ,  2 0 ne w inpu t  unit s wer e adde d 
t o O C M ' s neura l  network .  Thes e "context "  unit s wer e ac -
tivate d vi a recurren t  connection s fro m O C M ' s hidde n layer , 
providin g a  functiona l  memor y o f  pas t  interna l  state s (Elman , 
1990) . 

Third ,  eac h tria l  wa s precede d b y a  preview .  Durin g th e 
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Figur e 8 :  Trainin g an d tes t  event s presente d t o O C M i n Stud y 3 .  Unlik e Stud y 1 ,  a  shor t  wal l  wa s include d i n th e display , 

whic h wa s full y occlude d b y th e scree n durin g Wall-Scree n trials .  Not e tha t  afte r  th e preview ,  Scree n an d Wall-Scree n trial s 

ar e perceptuall y identical ;  pas t  stat e informatio n i s necessar y t o differentiat e thes e tw o tria l  types . 

preview ,  O C M ' s visua l  fiel d wa s hel d a t  th e cente r  o f  th e dis -
pla y fo r  1 0 timesteps .  Durin g Scree n an d Wall-Scree n trials , 
th e scree n wa s no t  include d i n th e previe w (i.e. ,  O C M sa w 
what  wa s "behind "  th e screen) .  Learnin g wa s turne d of f  dur -
in g th e preview .  Afte r  th e preview ,  eac h tria l  proceede d a s i n 
Studie s 1  an d 2 . 

Results 

IVaining .  Figur e 4 c present s th e m e a n trial s t o criterion , 
durin g trainin g i n Stud y 3 ,  acros s 5 0 run s (2 1 additiona l  run s 
wer e discarded) .  W h e n compare d wit h Stud y 1 ,  ther e wer e 
no significan t  difference s i n trainin g tim e afte r  changin g th e 
tal l  wal l  t o th e shor t  wall . 

Testing. OCM appears to "forget" about the short wall once 
it  i s occlude d b y th e screen .  A s Figure  9  indicates ,  O C M ' s 
trackin g latencie s durin g Scree n an d Wall-Scree n trial s wer e 
identical ;  regardles s o f  whethe r  o r  no t  th e shor t  wal l  wa s 
present ,  O C M anticipate d th e reappearanc e o f  th e bloc k b y 
7.3 4 timestep s (t{49 )  =  4.12 ,  p  <  .01) . 

WALL-SCREEN 

Figur e 9 :  M e a n trackin g latencie s i n th e tes t  phas e o f  Stud y 

3,  fo r  Wall-Scree n an d Scree n trials .  Unlik e Stud y 1 ,  O C M 

anticipate d th e reappearanc e o f  th e bloc k durin g bot h Scree n 

and Wall-Scree n trials . 

Discussio n 

I n contras t  t o th e result s o f  Stud y 1 ,  O C M ' s trackin g behavio r 
was no t  affecte d b y th e presenc e o f  a  shor t  wall .  Th e finding s 
fro m Stud y 3  sugges t  tha t  O C M relie d o n it s immediat e per -
ceptua l  input ,  whil e ignorin g o r  failin g t o us e it s m e m o r y o f 
th e shor t  wall . 

However ,  i t  i s  importan t  t o remembe r  tha t  ther e wa s n o 
pressur e o n O C M durin g trainin g t o lear n t o us e memory . 

First ,  durin g th e full y visibl e wal l  trials ,  m e m o r y i s unnec -
essary .  Second ,  durin g th e Scree n trials ,  O C M learn s t o us e 
th e sigh t  o f  th e scree n (rathe r  tha n a n interna l  representatio n 
of  th e occlude d block )  a s a  perceptua l  cu e fo r  anticipatin g th e 
block' s reappearance .  Thus ,  th e tas k constraint s operatin g 
durin g trainin g m a k e th e us e o f  m e m o r y redundant . 

General Discussion 

The results from the three sets of simulations highlight both 
th e strength s an d limitation s o f  th e optima l  contro l  mode l  o f 
infan t  causa l  perception .  Ther e ar e tw o majo r  findings .  First , 
O CM quickl y learn s a  se t  o f  optima l  trackin g strategie s fo r 
followin g a  movin g object .  Second ,  whe n presente d wit h a 
nove l  causa l  event ,  O C M appropriatel y anticipate s th e out -
come o f  partiall y  occluded ,  bu t  no t  full y  occluded ,  version s 
of  th e event . 

We ca n evaluat e th e performanc e o f  th e mode l  b y directl y 
comparin g th e result s wit h dat a obtaine d fro m youn g infants . 
Berthie r  e t  al .  (i n preparation )  conducte d a  serie s o f  experi -
ment s wit h 9-month-ol d infants ,  correspondin g t o Studie s 1 
throug h 3 .  Figur e 1 0 present s a  summar y o f  th e tes t  result s 
fo r  O C M,  an d th e comparabl e averag e trackin g latencie s (i n 
seconds )  fo r  thre e group s o f  9-month-olds .  Acros s al l  thre e 

OCM 

Wall-Scree n 
9-Month-Old s 

-0. 2 
Tal l  Wal l Back Wal l Shor t  Wal l 

Figur e 10 :  M e a n trackin g latencie s i n th e tes t  phas e o f  Studie s 

1- 3 fo r  th e O C M (to p panel )  an d 9-month-ol d infant s (botto m 
panel ;  fro m Berthie r  e t  al. ,  i n preparation) . 
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studies ,  th e performanc e o f  O C M provide s a  clos e qualitativ e 
fi t  t o th e performanc e o f  huma n infants .  Lik e O C M,  9-ni()nth -
ol d infant s als o us e th e partiall y  visibl e wal l  a s a  cue ,  bu t  no t 
th e full y occlude d wall ,  t o guid e thei r  trackin g o f  th e occlude d 
target . 

W h en take n together ,  th e huma n an d simulatio n findings 
carr y a  numbe r  o f  implication s fo r  developmenta l  theor y an d 
researc h o n th e perceptio n o f  causalit y  i n youn g infants .  First , 
many causa l  perceptio n researchers :  (1 )  assum e tha t  infant s 
explicitl y  predic t  th e outcome s o f  th e event s the y watch ,  an d 
(2 )  infer ,  o n th e basi s o f  looking-tim e measures ,  whe n in -
fants '  prediction s ar e confirme d o r  violated .  Whil e th e result s 
fro m O C M ar e no t  intende d t o provid e a  reductionis t  account , 
the y sugges t  tha t  learnin g durin g th e habituatio n o r  familiar -
izatio n phas e ma y driv e th e proces s o f  anticipation ,  helpin g t o 
shap e infants '  causa l  expectation s (se e River a e t  al. ,  i n press ; 
Schilling ,  1997) . 

A secon d implicatio n concern s th e rol e o f  interna l  repre -
sentation s of  occlude d object s an d events .  Again ,  i t  i s ofte n 
assumed tha t  infant s mus t  operat e o n menta l  representations , 
rathe r  tha n direc t  perceptions ,  whe n th e critica l  object s ar e 
occlude d o r  ou t  o f  sight .  However ,  whe n trackin g a n occlude d 
target ,  O C M relie s o n sensorimoto r  rathe r  tha n representa -
tiona l  strategie s fo r  anticipatin g th e target . 

For  example ,  th e result s fro m Stud y 1  demonstrat e tha t  an -
ticipator y behavio r  ca n emerg e a s a  consequenc e o f  learnin g 
an optima l  trackin g strategy ,  withou t  th e nee d fo r  memor y o r 
prediction .  Indeed ,  havin g memor y doe s no t  see m t o facili -
tat e O C M ' s learnin g t o trac k th e bloc k durin g Scree n train -
in g trial s (compar e Figure s 4 a an d 4c) ,  althoug h ther e wer e 
fewe r  discarde d run s whe n O C M wa s traine d wit h a  recurren t 
networ k (i.e. ,  i n Stud y 3) .  W e suspec t  tha t  i n man y causa l 
perceptio n studies ,  infant s emplo y som e combinatio n o f  sen -
sorimoto r  an d representationa l  strategies .  Simulation s wit h 
model s lik e O C M hel p t o determin e i f  an d whe n th e senso -
rimotor  strategie s ar e sufficien t  t o accoun t  fo r  th e perceptua l 
phenomenon . 

Thi s poin t  echoe s a  questio n raise d i n th e inU-oduction : 
what  ar e th e performanc e limit s o f  O C M? O n th e on e hand , 
ther e i s surprisingl y clos e agreemen t  betwee n th e perfor -
mance o f  O C M an d th e recen t  findings  o f  Berthie r  e t  al .  Nev -
ertheless ,  thi s fit  ma y i n par t  b e du e t o th e specifi c  constraint s 
of  learnin g t o track ,  an d th e wa y i n whic h thi s tas k favor s a n 
optima l  contro l  solutio n (e.g. ,  lik e learnin g t o reac h o r  gener -
at e saccades) .  Thus ,  tw o curren t  weaknesse s o f  a  bottom-u p 
vie w i n general ,  an d a n optima l  contro l  approac h i n particu -
la r  are :  (1 )  tha t  som e task s ma y necessaril y  requir e predictive , 
representationa l  strategies ,  an d (2 )  tha t  O C M ma y no t  b e abl e 
t o accoun t  fo r  infants '  perceptua l  behavio r  i n othe r  context s 
(e.g. ,  preferenc e fo r  "surprising "  o r  impossibl e events) .  W e 
ar e currentl y explorin g a n elaborate d versio n o f  th e mode l 
whic h addresse s thes e issues . 
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