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In t roduc t io n 

Most system designers of complex artificial systems ex-
plicitly/implicitl y  us e a  desig n principle ,  i n whic h higher -
leve l  function s ar e compose d o f  encapsulate d lower-leve l 
modules .  Modularit y i s see n a s a  necessar y featur e o f 
large-scal e softwer e design .  However ,  i n huma n cognitiv e 
development ,  i t  i s  unlikel y tha t  ther e exist s a n executiv e 
function ,  analogou s t o a  system s analyst ,  a t  wor k i n th e 
modularizatio n o f  cognitiv e function . 

I n thi s research ,  w e addres s th e question :  / /  higher -
leve l  cognitiv e function s ar e organize d base d o n encapsu -
late d lower-leve l  modules ,  ho w ar e thes e module s create d 
i n th e cours e o f  development ? Elma n (1993 )  suggeste d 
tha t  a  developmenta l  increas e i n workin g memor y capac -
it y promote s encapsulation ,  an d improve s learning . 

We clai m tha t  maturationa l  biase s suc h a s bod y 
growt h als o promote s encapsulation .  T o elaborat e upo n 
thi s hypothesis ,  w e hav e bee n usin g autonomou s robot s 
as th e subjec t  o f  cognitiv e development ,  an d construct -
in g compute r  program s b y whic h robot s ca n behav e anal -
ogousl y t o infant s (Hiraki,Sashim a an d Phillip s 1997 ;  Hi -
rakijSashim a an d Phillip s i n press) .  Th e followin g sum -
marize s th e resul t  o f  a  simulatio n focusin g o n th e re -
lationshi p betwee n spatia l  developmen t  an d change s o f 
degree s o f  freedo m (DOF )  wit h bod y growth . 

Simulation with Developmental Robot 

A Computational Model of Spatial 
Developmen t 

Psychological experiments on children's development of 
spatia l  knowledg e sugges t  experienc e a t  self-locomotio n 
wit h visua l  trackin g a s importan t  factors .  Yet ,  th e mech -
anis m underlyin g developmen t  i s  unknown .  W e hav e 
propose d a  robo t  tha t  learn s t o mentall y trac k a  tar -
get  objec t  (i.e. ,  maintainin g a  representatio n o f  a n ob -
ject' s positio n whe n outsid e th e field-of-view)  a s a  mode l 
fo r  spatia l  development .  Menta l  trackin g i s considere d 
as predictio n o f  a n object' s positio n give n th e previou s 
environmenta l  stat e an d moto r  commands ,  an d th e cur -
ren t  environmen t  stat e resultin g fro m movement .  Fol -
lowin g Jorda n an d Rumelhart' s  (1992 )  forwar d model -
in g architecture ,  th e syste m consist s o f  tw o components : 
an invers e mode l  o f  sensor y inpu t  t o desire d moto r  com -
mands;  an d a  forwar d mode l  o f  moto r  command s t o de -
sire d sensor y inpu t  (goals) . 

Stepwis e a n d Non-stepwis e g row t h 

I n orde r  t o ge t  a  understandin g o f  th e relationshi p be -
twee n bod y growt h an d spatia l  development ,  w e com -
pare d th e robo t  unde r  stepwis e an d non-stepwis e condi -

tions .  I n th e stepwis e developmen t  condition ,  w e sim -
ulate d thre e stage s o f  a  child' s developmen t  o f  moto r 
skill s  wit h th e robo t  b y varyin g it s permitte d action s 
(DOF) .  I n stag e 1 ,  th e robo t  i s  onl y permitte d hea d ro -
tation .  I n stag e 2 ,  th e robo t  ca n rotat e bot h hea d an d 
body .  Finally ,  i n stag e 3 ,  th e robo t  i s  als o permitte d 
self-locomotion ,  wherea s i n stage s 1  an d 2 ,  locomotio n 
was performe d b y a n externa l  agent .  I n th e non-stepwis e 
condition ,  th e robo t  commense s trainin g a t  stag e 3  (i.e. , 
al l  action s permitted) . 

Result 

I n eac h condition ,  th e robot s wer e teste d o n th e "thre e 
cups "  paradig m (wher e childre n ar e require d t o selec t  th e 
cup containin g th e hidde n objec t  unde r  vairiou s move -
ment  conditions) .  Th e resul t  showe d tha t  ther e wa s a 
faste r  decreas e i n erro r  unde r  th e stepwis e conditio n tha n 
unde r  th e non-stepwis e conditio n i n stag e 3  fo r  bot h for -
war d an d invers e models .  Th e simulatio n result s sug -
geste d tha t  gradua l  growt h o f  bod y migh t  hel p spatia l 
developmen t  b y limitin g degree s o f  freedo m tha t  infant s 
must  control . 
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