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1. Introduction 

The creation of a complete intelligent system is a goal of many 
researcher s i n cognitiv e scienc e an d artificia l  intelligence .  A n 
elegan t  pat h t o realizin g tha t  goa l  »/oul d b e t o le i  a  syste m develo p 
it s intellec t  throug h interaction s vi/it h th e environmen t  Recen t 
wor k i n perceptual  an d moto r  skill s  ha s brough t  thes e hope s 
close r  t o fulfillment ,  bu t  w e ar e stil l  man y year s fro m constructin g 
system s tha t  ca n adequatel y interac t  wit h th e rea l  world . 

I n thi s pape r  w e describ e a  simulate d worl d fo r  developin g an d 
testin g model s o f  learnin g an d development .  Suc h a  facilit y  coul d 
pla y a n importan t  rol e i n th e emergin g fiel d o f  cognitiv e science , 
sinc e I t  woul d encourag e researcher s t o construc t  complet e 
systems ,  an d sinc e i t  woul d provid e a  c o m m o n groun d o n whic h 
competin g theorie s migh t  b e compare d Belo w w e summariz e th e 
aim s o f  th e projec t  an d th e desig n criteri a fo r  th e simulate d 
environmen t  Alte r  this ,  w e presen t  a n overvie w o f  th e simulate d 
worl d an d o f  th e sensory/effecto r  interlace s throug h whic h mode l 
organism s m a y interac t  wit h i t  W e clos e wit h a  brie f  discussio n o f 
th e interlac e betwee n th e use r  an d th e environment . 

2. Aims of ttie Research 

The simulation system described here was conceived by, and 
for .  cognitiv e scientist s representin g a  variet y o f  theoretica l  biase s 
an d paradigms .  It s purpos e i s  no t  t o embod y particula r 
assumption s abou t  comple x inlormatio n processin g (huma n o r 
otherwise) ,  bu t  rathe r  t o provid e a  mediu m fo r  empirica l  researc h 
tha t  ca n b e share d b y an d tailore d t o th e need s an d goal s o f  • • 
as wid e a  rang e o f  investigator s a s possible . 
2.1 .  Focu s o n Learnin g an d Deve lopmen t 

The majo r  goa l  o f  cognitiv e scienc e i s t o understan d th e natur e 
of  intelligence .  However ,  th e knowledg e an d strategie s 
responsibl e fo r  intelligen t  behavio r  var y wit h tim e Sinc e an y 
scienc e searche s fo r  invarian t  regularitie s o f  behavior ,  thi s 
present s a  difficul t  proble m lo r  ou r  fiel d Langle y S  Simo n (1981 ) 
hav e argue d tha t  w e ma y fin d th e desire d invariant s i n a  theor y o f 
learnin g an d development ,  an d preliminar y step s toward s a  theor y 
of  th e transitio n proces s hav e bee n take n b y Klah r  &  Wallac e 
(1976) .  a m o n g others . 

Theorie s o f  tearin g an d developmen t  ca n b e characterize d a s 
havin g h« o problem s t o solv e First ,  the y nee d t o accoun t  lo r 
behavio r  a t  severa l  differen t  point s i n a  develoomenta l 
progression .  Second ,  the y mus t  accoun t  lo r  th e mechanism s tha t 
enabl e th e syste m t o progres s fro m stal e t o stat e Th e qualit y o f 
th e transitiona l  theor y i s constraine d b y th e qualit y o f  th e theor y 
tha t  account s lo r  behavio r  a t  eac h stat e O n e natura l 
consequenc e o f  thi s argumen t  i s a  focu s o n "expert "  o r  "mature " 
performance :  suc h model s provid e a n ultimat e targe t  fo r  th e 
transitiona l  processes ,  an d woul d thu s appea r  t o hav e to p priorit y 
i n theor y buildin g efforts .  iy,l x 

However ,  w e believ e tha t  thi s emphasi s ha s resulte d i n a n 
unfortunat e limitation .  Th e contac t  betwee n curren t  compute r 
simluatio n model s an d a n empirica l  bas e i s almos t  exclusivel y vi a 
adul t  performanc e measures ,  an d ofte n skille d adults ,  a t  that .  T o 
th e bes t  o f  ou r  knowledge ,  non e o f  th e currentl y propose d 
mechanism s lo r  takin g a  syste m fro m stat e N  t o stat e N  +  1  coul d 
plausibl y hav e brough t  th e syste m t o stat e N  i n th e firs t  place . 
That  is .  mos t  model s hav e littl e aevelopmenta l  tractabilily . 
althoug h the y ma y provid e a  reasonabl e accoun t  o f  th e learnin g 
mechanis m i n a n alread y wel l  develope d system . 

The Kjea s piespnie d her e pvolvP d ou t  o f  th e interactiv e ellort s o i  th e CMU 
v/o' i  I  Modeler s GiouD .  i n Ahic h jgim e Cntbonel l  ha s piav d a  m.i|O f  foi o an d 
ĥic h h.T S include d H3ri s E'̂rlinef ,  GfC g Hani c r.ltit y  Herman ,  an d Gien n Iba ,  i n 

additio n t o th e pr̂-serr t  author s 

I n orde r  t o remed y thi s situation ,  w e nee d t o as k question s 
abou t  inlan t  systems ,  abou t  th e rudimentar y encoding s an d 
interna l  representations ,  an d abou t  th e innat e kerna l  o f  sel f 
modifyin g processes .  W e thin k i t  i s  importan t  t o attemp t  t o 
lomulal e developmenta l  theorie s i n whic h th e abilit y  t o underg o 
sel f  modificatio n i n a  plausibl y supportiv e environmen t  i s th e 
priirtar y constrain t  o n syste m design ,  wit h performanc e a  proble m 
t o b e solve d withi n tha t  constraint .  (Th e convers e i s almos t 
universall y th e cas e wit h moder n theorie s o f  sel l  modification : 
performanc e model s c o m e first ,  wit h sel l  modificatio n adde d o n i n 
ingeniou s ways. )  Th e simluate d worl d propose d her e woul d 
facilitat e suc h a n effor t  W e envisio n ou r  simulatio n syste m a s a 
too l  fo r  investigatin g an y o f  severa l  domain s o f  knowledg e 
development ,  includin g for m perception ,  objec t  constancy , 
proble m solving ,  o r  quantitativ e processes . 
2.2. Constructing Complete Systems 

A standar d approac h i n scienc e i s t o partitio n a  phenomeno n 
an d stud y th e piece s separately .  I n cognitiv e science ,  w e fin d 
researcher s specializin g i n languag e processing ,  proble m solving , 
perception ,  an d man y othe r  areas .  An d thoug h thi s divisio n o f 
labo r  ha s clarifie d m u c h abou t  th e component s o f  intelligence ,  i t 
ha s reveale d littl e abou t  thei r  interaction .  Fo r  example , 
researcher s i n languag e acquisitio n hav e separate d tha t  for m o f 
learnin g Iro m concep t  lormalio n an d wor d learning ,  despit e thei r 
stron g interplay .  Similarly ,  proble m solvin g theorist s hav e ignore d 
perceptua l  an d moto r  factors ,  thoug h the y ma y significantl y 
influenc e th e dillicult y o f  a  proble m W e fee l  enoug h i s 
understoo d o f  th e component s t o initiat e attempt s t o construc t 
complet e intelligen t  systems . 

A secon d argumen t  fo r  creatin g complet e system s come s fro m 
representationa l  consideralioî s  A s lon g a s on e focuse s o n onl y 
an artilicinll y  bounde d subse t  o l  behavior ,  th e inpu t  o f  th e syste m 
must  b e specifie d b y th e use r  Thus ,  on e migh t  buil d a  syste m 
wit h apparentl y genera l  learnin g mechanisms ,  bu t  whic h woul d 
lear n onl y whe n presente d wit h careluH y han d crafte d dat a Th e 
constructio n o l  a  complet e syste m shoul d guar d agains t  suc h 
subtl e kludges ,  sinc e informatio n woul d b e obtaine d throug h 
direc t  interactio n wit h th e environmen t  o r  b y  inlerencP" :  '*• -
syste m m a d e itself . 
2.3. Simulated Worlds vs. Real Worlds 

The idea l  complet e intelligenc e woul d b e a  robot ,  wit h sensor y 
abilitie s fo r  perceivin g th e rea l  worl d an d moto r  abilitie s fo r 
affectin g it .  Unfortunately ,  w e ar e stil l  fa r  fro m understandin g 
perceptua l  an d moto r  behavio r  i n th e necessar y detai l  Thi s lead s 
us t o propos e th e les s impressiv e bu t  mor e manageabl e optio n o f 
devisin g a  simulate d environmen t  Th e notio n o f  a  simulate d 
worl d ha s it s ow n attractions ,  includin g it s relativ e independenc e 
of  hardwar e an d it s transportabilit y  betwee n sites ,  makin g i t  a n 
idea l  too l  fo r  cognitiv e scientist s t o emplo y i n thei r  mode l 
construction .  I t  als o eliminate s th e computationa l  constrain t  tha t 
cognitiv e processin g b e don e i n rea l  time . 

3. Criteria for a Simulated Environment 

In order lor the simulated world to be useful as an experimental 
too l  i n cognitiv e scienc e studie s o f  learnin g an d development ,  th e 
followin g point s wer e considere d centra l  desig n criteria : 

• Independence and richness The world model must be 
trul y separat e fro m th e organism s an d thei r  interna l  "models " 
of  th e worl d Moreover ,  th e worl d mus t  b e sufficientl y ric h an d 
unpredictable ,  s o tha t  n o organis m ca n internaliz e a  complet e 
model  o l  th e worl d i n it s  lifetime .  I n particular ,  th e environmen t 
shoul d b e muc h riche r  tha n eithe r  Becker' s (1970 )  gri d 
univers e o r  Winograd' s (1972 )  block s worl d Thi s i s crucial , 
sinc e th e rea l  worl d elicit s qualitativel y differen t  behavio r  tha n 
woul d a  completelyinternalizabl e worl d (wher e tabl e looku p 
and formul a evaluatio n woul d sulfic e fo r  perfec t  behavior) . 

•  Extensibilil y an d consistenc y •  Th e worl d mus t  b e 
extensibl e i n term s o f  introducin g arbitrar y number s o f  ne w 
object s an d n e w organism s However ,  physica l  law s mus t 
remai n invariant . 
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•  Cross -sensor y correlatio n Th e worl d mode l  shoul d 
suppor t  multipl e sensor y media ,  an d eac h organis m can .  i n 
principle ,  b e designe d t o tak e inpu t  fro m an y subse t  o f  th e 
sensor y media .  Cros s m e d i u m sensor y correlation s pla y a 
centra l  rol e i n theorie s o f  perceptua l  an d cognillv e 
development ,  an d ye t  fe w computationa l  studie s o f  thi s 
p h e n o m e n o n hav e appeare d t o date . 

•  Multi-leve l  sensor y interlace s • •  I n orde r  t o satisf y th e 
objective s o (  differen t  researcher s exploitin g th e s a m e world -
model  tool ,  interactio n betwee n th e worl d mode l  an d th e 
organism s shoul d b e mediate d vi a sensor y an d effecto r 
interfaces ,  w h o s e purpos e i s t o provid e th e organis m wit h dat a 
(o r  effecto r  functions )  specifie d a t  th e desire d leve l  o f 
abstraction . 

•  S y n c h r o n o u s process in g -  T h e environmen t  shoul d no t  b e 
lorce d t o sto p i n orde r  lo r  th e organism s t o thin k a t  thei r 
leisure .  Therefore ,  i f  th e organism s ar e unabl e t o proces s al l 
incomin g input ,  th e focu s o f  attentio n proble m i s introduce d 
as a n integra l  aspec t  o f  cognition . 

•  Communicatio n a m o n g organism s Th e onl y 
communicatio n possibl e i s  vi a th e sensor y an d elfecto r 
interlace s (b y gesture s language ,  etc.) ,  requirin g organism s t o 
pay attentio n i n orde r  fo r  th e communicatio n t o tak e place . 

In formulating the above criteria we considered various issues 
we wishe d t o researc h usin g th e simulated-worl d environment . 
For  instance ,  learnin g purposiv e actio n i s a  basi c functio n i n mos t 
higher-leve l  organisms ,  includin g h u m a n "rational "  thought .  W e 
wishe d t o provid e organism s wit h basi c drive s (e.g. ,  hunger , 
curiosity ,  companionshi p o f  lik e organisms ,  etc.) ,  basi c actions , 
and learnin g mechanisms .  Exactl y wha t  th e startin g poin t  fo r 
learnin g processe s ough t  t o b e i s a  matte r  o r  researc h and/o r 
discretio n accordin g t o th e p h e n o m e n o n on e wishe s t o 
investigate. '  Fo r  example ,  on e typ e o f  purposiv e actio n i s t o lear n 
subsumptio n goal s (Wilensky ,  1978) ;  e.g. ,  secur e mor e o f  a 
resourc e (suc h a s food )  tha n presentl y require d t o satisf y a n 
interna l  driv e - •  i f  pas t  experienc e ha s s h o w n tha t  th e driv e wil l 
recu r  an d findin g th e resourc e m a y b e a n uncertai n o r  costl y 
operation .  Anothe r  i s  t o posi t  intrinsi c satisfactio n fro m th e 
simple ,  repeate d executio n o f  activities :  e.g. ,  Piaget' s "circula r 
reactions. " 
4. An Overview of the Simulated 

Environmen t 
The simulated three dimensional environment contains objects 
of  tw o types :  primitiv e (th e buildin g block s o f  th e physica l  domain ) 
and comple x (hierarchica l  structures ,  aggregate s o f  primitiv e 
objects) .  Ever y physica l  structure ,  includin g th e manifestation s o f 
organism s i n th e simulate d world ,  i s eithe r  a  primitiv e o r  a  comple x 
object . 

Polygo n 

Normal 
^ - ^ — 

Cent e 
vect o ^<J^ ^ 

Circl e Cylinde r 

Figur e 1 .  Primitiv e Object s 

Spher e 

4.1 .  Primitiv e Object s 

Figur e 1  illustrate s th e fou r  type s o f  primitiv e object s (polygon , 
circle ,  cylinder ,  sphere )  an d th e spatia l  parameter s tha t  mus t  b e 
define d lo r  each .  A  polygo n i s specifie d b y a n ordere d lis t  o f 

One must  b o carelu l  i n researchin g learnin g b y simulatin g autonomou s 
organism s no t  l o fal l  int o th e sel l  organisin g syste m fall.-ic y Earl y A l  researc h i n 
le.lrnin g postulate d enlromel y simpl e learnin g mechanism s an d a  virtua l  tabul a 
ras a wit h respec t  t o rea l  vvorl d knowledge ,  wil h th e enpodalio n tha t  suc h a  syste m 
coul d organiz e itsel f  int o a  thinkin g entit y Th e onl y paialle l  o f  suc h a  "magical " 
fea t  i n th e rea l  worl d i s  th e evolutionar y process ,  bu t  thi s proces s require d billion s 
of  ye.lis ,  billion s o f  qeneialion s o f  organisms ,  an d million s o l  individua l  organism s 
pei  geneiatio n Ou r  worl d mode l  i s  designer !  wit h th e objectiv e o f  modelin g 
developmenta l  learnin g wher e a  singl e organis m ca n tea m purposiv e actio n i n a 
tractio n o l  it s  llletim e A s such ,  i l  ifquiic s a  no n zei o stallin g poin l  wit h som e 
innat e abilities ,  a  hig h comniumcatio n han d widt h wil h th e r«terna l  world ,  an d 
buil t  i n drive s t o locu s it s altenlio n an d guid e it s t>ehavio r  (a t  le.-rs l  initially ) 

vertices ,  a  circl e b y th e coordinate s o f  it s center ,  a  radius ,  an d a 
norma l  vector ,  an d s o o n Al l  primitiv e object s hav e a n additiona l 
set  o f  physica l  propertie s tha t  mus t  b e specified :  mass ,  cente r  o f 
mass ,  velocity ,  angula r  velocity ,  elasticity ,  stati c an d dynami c 
coelficient s o f  friction ,  temperature ,  taste ,  color ,  an d texture . 

Turnin g Axi s 
Hvolin g poin i  » ^ 

^ f l b z ^  ^ > [ M l 
r:.,v<- i  oi:^:» » Ani s *  Turnin g Poin t Axi s 

Pivotin g 

Turnin g Poin t 
Twistin g 

Fixe d Slidin g *" ' 

Figure 2. Joint types used in complex objects 

4.2 .  Comple x Object s 

The joinin g o f  primitiv e object s t o on e another ,  i n an y o f  th e 
severa l  way s show n i n figur e 2  (joint s ma y b e fixed ,  sliding , 
pivoting ,  o r  W/isting) ,  produce s a  comple x objec t  -  a n organize d 
structura l  hierarch y withi n whic h propertie s ma y b e share d an d 
whic h ma y b e acte d upo n b y th e physica l  law s o f  th e environmen t 
as a  singl e unit .  A  join t  ma y b e broken ,  an d th e comple x objec t 
separate d int o tw o (reorganized )  hierarchies ,  b y th e applicatio n o f 
forc e i n exces s o f  tha t  joint' s  prespecifie d sfres s limit .  A  fifth ,  o r 
"virtual, "  join t  typ e ma y als o b e employed ,  whe n tw o object s ar e 
touchin g an d no t  movin g relativ e t o on e anothe r  (i.e. ,  i n stati c 
contact) . 

Conside r  th e exampl e o f  a  tabl e wit h a  coffe e cu p restin g o n it . 
A typica l  tabl e ha s fou r  leg s an d a  top :  fou r  primitiv e object s 
(long ,  thi n cylinders )  connecte d b y fixe d joint s t o a  fift h ( a circula r 
or  polygona l  plane) .  Th e cu p ma y b e broke n dow n int o it s bod y 
and a  handle :  th e forme r  a  hollo w cylinde r  close d a t  on e en d b y a 
circl e o f  equa l  radius ,  an d th e latte r  thre e mor e cylinder s 
connecte d t o resembl e thre e side s o l  a  squar e A  virtua l  join t 
connect s th e tw o comple x objects ,  s o tha t  i f  a  gentl e forc e i s 
applie d t o th e tabl e i t  wil l  tak e th e cu p wit h i t  whe n i t  move s 
(depending ,  o f  course ,  o n th e exac t  magnitud e an d directio n o f 
th e force ,  th e frictiona l  coefficient s o f  th e tabl e to p an d th e botto m 
of  th e cup ,  th e inerti a o f  th e cup ,  etc.) . 
4.3 .  Physica l  Law s 

The simulate d environmen t  mus t  b e "updated "  a t  th e star t  o f 
eac h quantu m o f  time .  Th e position s o f  object s nee d t o b e 
adjusted ,  base d o n previou s velocitie s an d th e applicatio n o f 
forces :  stresse s o n joint s mus t  b e compute d and ,  i f  necessary , 
object s fragmented .  I n short ,  change s tha t  hav e resulte d fro m th e 
influence s o f  object s (includin g th e mode l  organisms )  upo n on e 
anothe r  -  o r  fro m som e alteratio n introduce d fro m without ,  b y th e 
user  -  mus t  b e incorporate d int o th e descriptio n o f  th e curren t 
"stat e of-the-world. "  Thi s i s  accomplishe d b y applyin g 
(recursively ,  t o comple x object s an d thei r  components )  a  se t  o l 
simplifie d physica l  laws :  rule s fo r  th e modelin g o f  relativel y gros s 
interaction s i n th e environment . 
5. Sensory and Effector Interfaces 

Organisms must interact with the simulated environment in a 
manageabl e wa y tha t  ca n b e tailore d t o th e need s o f  th e 
researche r  A s figur e 3  illustrates ,  th e sensor y an d effecto r 
interface s (als o calle d sensor y moto r  interfaces ,  o r  S  Mi's )  ar e 
independen t  o f  bot h th e organism s an d th e extnrna l  worl d model . 
T h e primar y reaso n fo r  thi s decisio n i s tha t  differen t  researcher s 
shoul d b e allowe d t o defin e th e leve l  o l  abstractio n o f  th e sensor y 
informatio n detecte d b y  eac h clas s o f  organism .  Hence ,  a 
researche r  intereste d i n languag e acquisitio n ca n "plu g in "  a 
symboli c visua l  interlac e tha t  provide s th e n a m e s an d location s o f 
object s i n th e visua l  fiel d o f  th e organis m (i n orde r  t o relat e object s 
an d action s t o word s an d sentences )  However ,  a  researche r 
intereste d i n perceptua l  o r  moto r  learnin g ca n substitut e a  lower -
leve l  interfac e tha t  provide s onl y collection s o f  feature s fo r  visibl e 
object s o r  ye t  lowe r  leve l  visua l  dat a "decompiled "  fro m th e 
worl d mode l  b y th e sensor y interface .  Th e s a m e desig n principl e 
hold s fo r  effecto r  interlaces . 
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Figur e 3 .  M o d u l e s o f  th e S y s t e m 

We believe that the sensory and effector interfaces should 
themselve s b e subject s o f  research .  A s a n exampl e o f  th e 
problem s tha t  aris e i n designin g a  sensor y interlace ,  conside r  th e 
fac t  tha t  huma n being s ca n tel l  »/it h precisio n th e locatio n o f 
nearb y objects ,  bu t  ca n onl y plac e approximat e value s o n th e 
absolut e locatio n o f  mor e distan t  object s Thi s phenomeno n 
seems crucia l  lo r  som e form s o f  generalizatio n Fo r  example ,  i t 
doe s no t  matte r  i f  a  predato r  i s 100 1 o r  100 3 fee t  awa y th e 
organis m shoul d flee ;  however ,  i n reachin g fo r  a n objec t  tha t  i s  1 
or  3  fee l  away ,  differen t  action s ar e calle d for .  Therefore ,  th e 
perceptua l  mechanis m tha t  accentuate s th e latte r  difference , 
whil e glossin g ove r  th e former ,  appear s t o b e a  desirabl e feature . 

6. The User Interface 

To exploit the advantages of a simulated world it is essential to 
hav e a  powerfu l  use r  interfac e O f  majo r  importanc e i s th e abilit y 
t o vie w th e worl d a s a n observe r  withi n th e worl d woul d se e it .  I n 
our  implementation ,  th e use r  m a y creat e multipl e windows ,  eac h 
of  whic h i s a  perspectiv e drawin g o f  th e worl d fro m a  differen t 
viewpoin t  Thes e viewpoint s m a y b e fixed ,  o r  the y ma y b e boun d 
t o th e "eyes "  o f  particula r  organism s withi n th e worl d s o tha t  th e 
windo w accuratel y portray s th e imag e see n b y th e organism .  A 
graphica l  displa y als o allow s th e use r  t o easil y construc t  ne w 
object s an d organism s differin g i n physica l  characteristics . 

I n additio n t o havin g c o m m a n d s fo r  controllin g th e windows ,  th e 
use r  mus t  als o b e abl e t o contro l  th e moto r  an d verba l  behavio r  o f 
certai n organism s tha t  functio n a s teacher s (o l  othe r  organisms) . 
The interfac e shoul d allo w th e use r  t o specif y action s a s hig h leve l 
c o m m a n ds instea d o f  cumbersom e primitive s (suc h a s force s t o 
be applie d a t  certai n joints) .  Simulatio n o f  th e worl d als o enable s 
a detaile d recor d o f  event s t o b e kep t  lo r  late r  examinatio n b y th e 
investigator .  Assumin g th e cognitiv e state s o f  th e organism s ar e 
save d periodically ,  suc h a  recor d coul d b e backe d u p t o a  certai n 
poin t  i n tim e an d th e simulatio n restarted ,  providin g a  valuabl e 
opportunit y t o explor e alternativ e course s o f  action . 
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