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Universit y o f  Massachusetts ,  Amherst ,  M A 0100 3 
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Abstrac t 

We show how an agent can acquire conceptual knowledge by 
sensorimoto r  interactio n wit h it s environment .  Th e metho d ha s 
much i n common wit h th e notio n o f  image-schemas ,  whic h ar e 
centra l  t o Mandler' s theor y o f  conceptua l  development .  W e 
sho w tha t  Mandler' s approac h i s feasibl e i n a n artificia l  agent . 

Introduction 

I t  i s a  grea t  myster y h o w adul t  concept s ca n develo p fro m in -
fan t  sensorimoto r  activity .  Th e titl e o f  thi s pape r  borrow s fro m 
tw o paper s b y Jea n Mandle r  i n whic h sh e discusse s h o w thi s 
developmen t  migh t  work .  Centra l  t o he r  theor y i s perceptua l 
analysi s b y image-schema s (Mandler ,  1988 ;  Mandler ,  1992 ; 
Johnson ,  1987 ;  Lakof f  an d Johnson ,  1980 ;  Lakoff ,  1984) :  " I 
propos e tha t  perceptua l  analysi s result s i n redescription s o f 
spatia l  structur e i n th e for m o f  image-schemas .  Thes e re -
description s constitut e th e meaning s tha t  infant s us e t o creat e 
concept s o f  objects ,  suc h a s animat e an d inanimat e things , 
and relationa l  concepts ,  suc h a s containmen t  an d support. " 
(Mandler ,  1992 ,  p .  587) .  A s fa r  a s w e know ,  nobod y ha s 
demonstrate d b y mean s o f  a  runnin g compute r  progra m tha t 
image-schemati c redescription s ca n produc e conceptua l  struc -
ture s fro m sensorimoto r  interactions .  Thi s i s th e purpos e o f 
th e researc h reporte d here .  A  secon d ai m o f  th e researc h i s 
t o sho w tha t  ver y littl e prio r  structur e i s sufficien t  t o acquir e 
conceptua l  structures .  Thi s resul t  cause s u s t o thin k tha t  th e 
"models "  o f  th e physica l  worl d attribute d t o infant s b y Spelke , 
Carey ,  Baillargeon ,  an d others ,  migh t  b e learned ,  no t  innate . 

What  ar e image-schemas ? Thin k o f  the m a s patter n de -
tector s o r  filters  tha t  ma p sensor y stream s ont o redescription s 
or  partia l  representations .  Fo r  example ,  whe n w e se e a  ca t 
wal k acros s th e room ,  ou r  animat e motio n image-schem a 
produce s a  partia l  representatio n o f  th e scene ;  similarl y whe n 
we se e a  perso n walkin g dow n th e road .  Bu t  whe n w e se e 
a ca r  zoo m past ,  th e ANIMAT E MOTION image-schem a stay s 
quiet . 

As minimalist s w e ar e leer y o f  image-schemati c theorie s 
of  conceptua l  developmen t  becaus e the y ar e unconstrained . 
H o w man y image-schema s ar e required ? Ar e the y al l  innat e 
or  ar e som e learned ? Whic h aspect s o f  sensor y experienc e 
shoul d image-schema s analyze ? On e purpos e o f  thi s pape r 
i s t o propos e a  ver y few ,  well-motivate d imag e schemas ,  an d 
sho w tha t  a n artificia l  agen t  ca n us e the m t o lear n a  lo t  abou t 
th e states ,  object s an d processe s i n it s environment . 

We hav e implemente d a  simulate d agen t  calle d Ne o tha t 
learn s representation s o f  objects ,  state s an d activities ,  an d i s 
poise d t o lear n categories ,  b y a  proces s o f  perceptua l  analysis , 

usin g severa l  version s o f  a  singl e learnin g rul e tha t  ha s man y 
of  th e propertie s claime d fo r  imag e schemas .  A s i t  happens , 
Neo' s analysi s i s o f  temporal ,  no t  spatial ,  structure .  Eve n so , 
we presen t  Ne o a s evidenc e tha t  Mandler' s theor y o f  infan t 
conceptua l  developmen t  is ,  i n it s broa d outlines ,  sufficien t  fo r 
an artificia l  agen t  t o lear n concepts . 

Baby World 

Neo live s i n a  simulate d environmen t  calle d BabyWorld , 
whic h implement s Neo' s sensations ,  menta l  representations , 
menta l  an d physica l  activities ,  an d th e behavio r  o f  object s an d 
othe r  agent s tha t  interac t  wit h Neo .  BabyWorl d ha s tw o parts : 
one ,  Neo ,  implement s everythin g tha t  Ne o does ,  includin g 
learning ,  moving ,  mouthing ,  looking ,  crying ,  an d s o on .  Th e 
othe r  part ,  calle d StreamsWorld ,  represent s Neo' s environ -
ment ,  an d i t  implement s event s tha t  happe n aroun d Ne o an d 
i n respons e t o Neo' s actions . 

Neo sense s it s environmen t  throug h a  collectio n o f  streams , 
whic h ar e divide d int o discret e tim e steps .  I n eac h tim e ste p 
a strea m hold s a  token .  Token s represen t  sensation s o r  pro -
cesse d percepts .  Fo r  example ,  on e toke n i s rattle-shap e an d 
i t  i s  place d i n th e appropriat e strea m wheneve r  Neo' s eye s 
poin t  a t  a n objec t  tha t  i s  shape d lik e a  rattle .  Th e stream s tha t 
represen t  Neo' s interna l  sensation s includ e a n affec t  strea m 
tha t  contain s token s suc h a s happ y an d sad ,  a  pai n stream ,  a 
hunge r  stream ,  an d somati c an d hapti c stream s tha t  ar e activ e 
when Ne o move s an d grasps . 

The Bab y worl d simulato r  i s  simpl e an d probabilistic .  Fo r 
example ,  Ne o get s hungr y som e tim e afte r  eating ,  i t  crie s 
when i t  i s  unhapp y o r  i n pain ;  whe n Ne o cries .  M o m my 
usuall y visits ,  unles s sh e i s angr y a t  Ne o fo r  crying ,  i n whic h 
cas e sh e stay s away .  Ne o fall s aslee p intermittently ;  i t  ca n 
move it s ar m an d head ,  an d gras p severa l  objects ,  includin g 
thre e rattles ,  a  bottle ,  a  mobile ,  key s an d a  knife .  Th e latte r 
cause s pain .  Th e rattle s mak e nois e whe n shaken .  Currently , 
Neo i s incapabl e o f  anythin g w e woul d cal l  volition .  I f  Neo' s 
eye s aligh t  o n a  rattl e the n Ne o wil l  gras p th e rattl e wit h som e 
probability .  Howeve r  goal-directe d thi s migh t  appear ,  Neo' s 
min d contain s nothin g tha t  coul d b e interprete d a s a  goal . 

Redescription of Sensations 

W h en Ne o start s t o ru n it s experienc e i s "blooming ,  buzzin g 
confusion, "  wit h n o apparen t  structure .  (W e kno w thi s i s 
probabl y no t  tru e o f  neonates ,  bu t  w e don' t  wan t  t o assum e 
prio r  menta l  model s o f  th e physica l  worl d i f  thes e migh t  b e 
acquire d throug h interaction ,  a s w e believ e the y can .  Thu s 
we star t  wit h ver y minima l  prio r  structure. )  Ne o goe s throug h 
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five  level s o f  redescriptio n o f  it s  experience :  1 )  Change s i n 
toke n values :  Token s i n stream s ar e augmente d b y noticin g 
when the y chang e value .  2 )  Scopes :  N e o find s pair s o f  cor -
relate d stream s calle d scopes .  3 )  Bas e fluents :  N e o finds 
c o m m on token-valu e pair s withi n scopes .  4 )  Contex t  fluents: 
Neo finds  bas e fluents  tha t  ten d t o follo w eac h othe r  i n time . 
5)  Chains :  Thes e tempora l  dependencie s ar e combine d int o 
tempora l  chains ,  whic h represen t  activities .  Chain s ar e use d 
fo r  activity-base d categorization . 

Each leve l  o f  redescriptio n produce s a n intermediat e rep -
resentation .  Representation s ar e interne d i n Neo' s memor y 
when the y hav e accrue d sufficien t  evidenc e from  Neo' s ex -
perience .  Th e example s i n thi s pape r  ar e from a  singl e ru n 
of  Neo ,  lastin g 30,00 0 tim e steps ,  durin g whic h i t  create d 
thousand s o f  intermediat e representations .  A  singl e countin g 
mechanis m i s responsibl e fo r  decidin g whe n t o inter n a  rep -
resentation .  N e o engage s i n al l  five  level s o f  redescriptio n a s 
soo n a s i t  i s  able ,  bu t  becaus e eac h instanc e o f  intermediat e 
representatio n require s statistica l  support ,  instance s o f  deepe r 
level s o f  representatio n ar e ofte n create d befor e instance s o f 
shallowe r  levels . 

Noticing When Token Values Change 

A strea m cT i  i s  sai d t o chang e stat e a t  tim e t ,  denote d A(i ,  t) , 
when ffi,«_i  ̂  o-i,t ;  tha t  is ,  a ^  change s stat e a t  tim e t  whe n i t 
contain s a  differen t  toke n a t  tim e t  tha n i t  di d a t  tim e t  -  1 . 
Conversely ,  A(i ,  t )  mean s th e strea m doesn' t  chang e state : 
o'i.t- i  =  cTi,t -  A t  thi s leve l  o f  redescription ,  w e don' t  car e 
what  th e toke n value s actuall y  are ,  w e onl y car e whethe r  the y 
change .  A s i t  happens ,  thi s reductio n i n informatio n serve s 
t o reduc e th e combinatoria l  spac e o f  representation s a t  deepe r 
level s (i.e. ,  scopes ,  bas e fluents,  contex t  fluents  an d chains ) 
and s o i s a n essentia l  first  leve l  o f  redescription . 

Scopes 

Neo learn s a  scope ,  Sij ,  whe n stream s a t  an d <t j  chang e 
togethe r  often .  Sai d differently ,  N e o learn s 5j j  whe n th e join t 
even t  A(i ,  t )  k  A { j ,  t )  occur s frequentl y relativ e t o th e join t 
event s A(i ,  t )  k  A { j ,  t )  an d A(i ,  t )  k  A ( j ,  t) .  T o asses s th e 
relativ e frequencie s o f  thes e events ,  N e o use s contingenc y 
table s lik e thi s one : 

A(sight-color,t )  A(sight-color,t )  tote d 
A($ight-$hape,t )  299 6 94 5 394 1 
A(sight-shape,t )  82 6 2523 2 2605 8 
tota l  382 2 2617 7 2999 9 

This says that the streams sight-shape and sight-color 
change d stat e simultaneousl y 299 6 times ,  an d on e change d 
when th e othe r  didn' t  94 5 +  82 6 =  177 1 times .  T o asses s th e 
strengt h o f  associatio n betwee n sight-shap e an d sight-colo r 
Neo square s th e frequency  i n th e first  cel l  o f  th e contingenc y 
tabl e (2996 )  an d divide s b y th e produc t  o f  th e first  ro w an d 
first  colum n margin s (394 1 an d 3822 ,  respectively) .  Th e max -
imu m valu e fo r  thi s statisti c i s 1.0 ,  an d fo r  th e tabl e abov e i t 
i s  2996V(394 1 x  3822 )  =  .596 .  ̂  

'Neo could use other statistics, such as x' and G, provided the 
contingenc y tabl e i s scale d t o a  constan t  total ,  preservin g th e propor -
tions .  (Scalin g i s necessar y becaus e x '  an d G  ar e no t  independen t 
of  sampl e size. )  I n practice ,  Ne o leam s th e sam e scopes ,  an d rank s 
the m similarly ,  irrespectiv e o f  ho w i t  measure s associatio n i n it s 
contingenc y tables . 

Scope s provid e a  mechanis m fo r  cross-moda l  perception : 
th e sam e contingenc y tabl e mechanis m wil l  detec t  cooccur -
rence s i n th e visua l  an d tactil e streams ,  fo r  exampl e Ros e 
(1990 )  an d Spelke (  1987) . 

Fluents 

Fluent s represen t  thing s tha t  don' t  change ,  o r  tha t  chang e i n 
highl y regular ,  predictabl e ways .  Th e soun d m a d e b y a  rattl e 
i s a  fluent,  s o i s th e sensatio n o f  holdin g th e rattle ,  an d s o 
ar e th e visua l  sensation s o f  th e shap e an d colo r  o f  th e rattle . 
Of  course ,  th e concep t  "rattle "  ha s al l  thes e components ,  s o 
fluents  fo r  th e color ,  shape ,  soun d an d textur e o f  a  rattl e mus t 
be linke d u p i n a  singl e fluent. 

Althoug h th e simples t  fluents  represen t  sensations ,  fluents 
ar e no t  identica l  wit h sensations .  Thi s i s a n importan t  point , 
becaus e th e distinctio n betwee n stream s an d fluents  i s h o w 
we implemen t  th e distinctio n betwee n sensor y experienc e an d 
cognitiv e experience .  N e o ca n experienc e th e sensation s as -
sociate d wit h lookin g a t  a  re d rattl e withou t  saying ,  mentally , 
"Ah ,  I  recogniz e a  re d rattle. "  Th e sensor y experienc e i s 
implemente d a s token s fo r  re d an d rattle-shape d i n th e ap -
propriat e streams ,  wherea s th e cognitiv e experienc e o f  a  re d 
rattl e involve s activatin g a  fluent  tha t  represent s th e re d rattle . 

Base Fluents 

Neo' s smalles t  fluents,  calle d bas e fluents,  represen t  cooccur -
ring  token s withi n scopes .  Suppos e strea m a i  contain s a  a t 
tim e t  - 1 an d 6  a t  tim e t .  The n w e sa y toke n o  stop s i  n  strea m i 
at  tim e t  - 1 ,  denote d H(i,a,t-1) ,  an d toke n b  start s i n strea m i  a t 
tim e t ,  denote d l-(i,b,t) .  N o w suppos e N e o turn s it s hea d an d 
it s eye s aligh t  o n a  re d rattle .  N e o wil l  detec t  tw o simultaneou s 
events ,  l-(sight-color,red,t )  an d l-(sight-shape,rattle-shape,t) . 
Sometim e later ,  N e o migh t  loo k somewher e else ,  whic h wil l 
generat e tw o simultaneou s sto p events ,  H(sight-color,red,v ) 
and ̂ (sight-shape ,  rattle-shape,v) .  Simultaneou s star t  event s 
and sto p event s ar e evidenc e tha t  a  singl e object—i n thi s cas e 
a re d rattle—o r  a  singl e activity ,  i s  makin g it s presenc e fel t 
i n tw o streams .  O f  course ,  tw o unrelate d event s coul d occu r 
simultaneousl y i n tw o streams ,  bu t  thi s sor t  o f  coincidenc e i s 
les s likel y tha n thecoincidenceo f  relate d events .  Contingenc y 
table s lik e th e on e describe d earlie r  coun t  th e cooccurrence s 
of  star t  an d sto p events ,  an d asses s whethe r  star t  an d sto p 
event s happe n simultaneousl y significantl y often .  Significan t 
association s creat e bas e fluents. 

S o me o f  th e bas e fluents  discovere d b y N e o ar e show n i n 
tabl e 1 .  The y mak e sense ,  give n wha t  w e k n o w abou t  th e 
N eo simulator .  Th e first  bloc k o f  fluents  i n tabl e 1  deal s wit h 
mouthing :  W h e n N e o i s mouthing ,  it s  ar m i s restin g ((mout h 
mouthing )  (ar m resting) )  an d it s voic e i s quie t  ((mout h 
mouthing )  (voic e quiet)) .  W h e n i t  isn' t  mouthing ,  N e o ca n 
make noises—crying ,  gurglin g an d screaming—an d it s ar m 
ca n move . 

Th e nex t  bloc k o f  bas e fluents  i n tabl e 1  represent s object s 
i n Neo' s environment ,  includin g th e gree n rattle ,  th e gree n 
mobile ,  th e metalli c  keys ,  th e knife ,  an d s o on .  No t  al l  th e ob -
ject s hav e bee n learne d becaus e N e o ra n fo r  onl y 30,00 0 tim e 
steps .  Th e las t  fluent  i n thi s bloc k ((sight-colo r  dark )  (sight -
shap e none) )  represent s wha t  happen s whe n N e o close s it s 
eyes . 

I t  i s  apparen t  t o us ,  thoug h no t  t o Neo ,  tha t  bas e fluents 
collectivel y hav e structure .  Not e tha t  th e bloc k o f  ((soun d 
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((mout h mouthing )  (ar m resting) ) 
((mout h not-mouthing )  ( a m move-lf) ) 
((mout h not-mouthing )  (voic e gurgle) ) 

((sight-color green) (sight-shape rattle-like)) 
((sight-colo r  metallic )  (sight-shap e blob-like) ) 
((sight-colo r  orange )  (sight-shap e blob-like) ) 
((sight-colo r  red )  (sight-shap e rattle-like) ) 
((sight-colo r  white )  (sight-shap e crib-like) ) 

((sound cry) (mouth not-mouthing)) 
((soun d cry )  (voic e cry) ) 

((sound guigle) (mouth not-mouthing)) 
((soun d gurgle )  (voic e gurgle) ) 

((sound quiet) (arm resting)) 
((soun d quiet )  (mout h mouthing) ) 
((soun d quiet )  (tactile-mout h plastic) ) 

((tactile-hand none) (hand open)) 
((tactile-han d wood )  (han d close) ) 

((mout h mouthing )  (voic e quiet) ) 
((mout h not-mouthing )  (voic e cry) ) 
((mout h not-mouthing )  (voic e scream) ) 

((sight<olor green) (sight-shape mobile-like)) 
((sight-colo r  metallic )  (sight-shap e knife-like) ) 
((sight-colo r  orange )  (sight-shap e rattle-like) ) 
((sight-colo r  white )  (sight-shap e rattle-like) ) 
((sight-colo r  dark )  (sight-shap e none) ) 

((sound cry) (tactile-mouth none)) 

((soun d gui:gle )  (tactile-mout h none) ) 

((soun d quiet )  (arm-spee d resting) ) 
((soun d quiet )  (tactile-mout h skin) ) 
((soun d quiet )  (voic e quiet) ) 

((tactile-hand plastic) (hand close)) 

Tabl e 1 :  S o m e o f  Neo' s Bas e Fluent s 

cry)... )  bas e fluents  ha s exactl y th e sam e structur e a s th e bloc k 
of  ((soun d gurgle)... )  fluents :  N e o i s no t  mouthing ,  i t  ha s n o 
tactil e sensation s i n it s mouth ,  an d i t  i s doin g somethin g wit h 
it s  voice .  Regularitie s lik e thi s ar e th e basi s fo r  categorization , 
as w e describ e below .  T h e ((tactil e hand)... )  fluents  illustrat e 
simila r  regularities . 

Context Fluents 

Suppose Neo is holding a rattle, and then it starts to mouth the 
rattle .  Whi l e i t  i s holdin g th e rattle ,  th e fluent  ((tactile-han d 
wood) (han d dose) )  i s  active ,  an d w h e n i t  start s mouthing , 
th e fluent  ((tactile-mout h wood)(do-mout h mouth) )  wil l  be -
c o me active .  T h e latte r  fluent  start s i n th e contex t  o f  th e for -
mer .  I f  thi s happen s signiflcaittl y  ofte n the n N e o wil l  for m 
th e contex t  fluent, 

(CONfTEXT ((tactile-hand wood)(hand close)) 
((tactile-mout h wood)(do-mout h mouth))) . 

T h e contingenc y tabl e mechanis m tha t  learn s scope s an d 
bas e fluents  als o learn s contex t  fluents.  Specifically ,  w h e n 
fluent  F 2 start s a t  tim e t  +  i ,  N e o check s t o se e whethe r 
fluent  F i  i s  active ,  an d i f  so ,  i t  update s th e first  cel l  o f  th e 
contingenc y table ,  ( h Fi, i  & \ -  Fi, t  +  i).  I f  F 2 start s an d 
Fi  isn' t  active ,  the n N e o update s th e thir d cel l  o f  th e table , 

( h Fi, t  &  h  F2, t  +  i).  I f  F i  i s  activ e bu t  F 3 doesn' t  star t 
withi n a  w i n d o w o f  i  tim e steps ,  the n N e o increment s th e 

secon d cel l  o f  th e table ,  (\ -  F i , t & h  F2, t  +  i). 
What' s missin g fro m thi s accoun t  i s wha t  i t  mean s fo r  a 

fluent  t o b e "active. "  I n fact ,  w e finessed  thi s proble m earlier , 
w h en w e describe d h o w N e o learn s bas e fluents,  implyin g 
tha t  ever y star t  an d sto p even t  withi n a  scop e i s "active, " 
tha t  is ,  contribute s t o th e contingenc y tabl e fo r  s o m e bas e 
fluent.  A  mor e psychologicall y plausibl e mechanis m migh t 
includ e s o m e sor t  o f  selectiv e attention ,  s o no t  al l  scope s 
ar e monitore d fo r  star t  an d sto p event s al l  th e time .  Th e 

proble m o f  attentio n i s eve n cleare r  w h e n w e contemplat e 
buildin g contex t  fluents  fro m othe r  fluents,  becaus e fluents  ar e 
representation s i n memory .  Th e star t  even t  I -  F i  reall y means , 
"somethin g happen s i n th e streams ,  an d a s a  result ,  th e fluent 
f  1  i s retrieve d fro m memory. "  W e haven' t  explaine d exactl y 
h o w th e even t  h  F i  i s  implemented .  I t  i s  reall y to o simple : 
W h en al l  th e toke n value s i n a  scop e chang e simultaneously , 
N eo compare s th e n e w value s t o th e bas e fluents  i t  ha s learned , 
an d i f  i t  finds  a  match ,  i t  "activates "  th e associate d bas e fluent. 
I t  activate s a  contex t  fluent  wheneve r  on e o f  it s componen t 
fluents  i s activated .  A s soo n a s a  fluent  i s activated ,  it s "leve l 
of  activation "  begin s t o decline ,  an d afte r  a  perio d o f  tim e 
i t  become s inactiv e eve n i f  th e sensor y event s tha t  activate d 
i t  ar e stil l  present .  Thi s i s h o w w e implemen t  a  crud e for m 
of  habituation .  W e ar e unabl e t o mode l  comple x pattern s o f 
habituatio n an d dishabituation .  Neo' s attentiona l  mechanis m 
i s th e focu s o f  ongoin g work . 

Some of Neo's context fluents are illustrated in table 2. 
Th e first  bloc k o f  fluents  begin s wit h th e fluent  ((sight -
m o v e m e nt  resting )  (a r m resting)) .  I n thi s context ,  N e o ver y 
ofte n observe s th e star t  o f  th e fluents  ((do-han d close )  (han d 
dose)) ,  ((tactile-han d plastic )  (han d dose)) ,  an d ((tactile -
h a n d w o o d )  (han d dose)) .  Tha t  is ,  N e o ha s learne d thre e 
activitie s tha t  begi n w h e n it s ar m i s resting .  Th e first  is ,  "expe -
rienc e th e intentio n t o clos e th e han d an d th e sensatio n o f  th e 
close d hand" ;  th e secon d an d thir d are ,  "experienc e th e tactil e 
sensatio n o f  wood/plasti c i n th e han d an d th e sensatio n o f  th e 
han d closed. "  Th e nex t  tw o contex t  fluents  i n tabl e 2  hav e th e 
same endpoints—th e han d closing ,  an d tactil e sensation s i n 
th e h a n d — b u t  the y begi n wit h N e o cryin g an d no t  mouthing . 
T h e final  tw o contex t  fluents  begi n wit h th e tactil e sensatio n 
i n th e han d an d en d wit h quie t  soun d an d a  tactil e sensatio n 
i n th e mouth ,  an d wit h th e tactil e sensatio n an d mouthing , 
respectively . 
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( C O N T E XT ((sight-movemen t  resting)  (ar m resting)) 
((do-han d close )  (han d close)) ) 

((TONTEX T ((sight-movemen t  resting)  (an n resting)) 
((tactile-han d plastic )  (han d close)) ) 

( C O N T E XT ((sight-movemen t  resting)  (ar m resting)) 
((tactile-han d wood )  (han d close)) ) 

(CONTEXT ((sound cry) (mouth not-mouthing)) 
((do-han d close )  (han d close)) ) 

( C O N T E XT ((soun d cry )  (mout h not-mouthing) ) 
((tactile-han d plastic )  (han d close)) ) 

(CONTEXT ((tactile-hand plastic) (hand close)) 
((soun d quiet )  (tactile-mout h plastic)) ) 

( C O N T E XT ((tactile-han d plastic )  (han d close) ) 
((tactile-mout h plastic )  (mout h mouthing)) ) 

Tabl e 2 :  S o m e o f  Neo' s Contex t  Fluent s 

Chains and Classification 

Neo aggregate s contex t  fluents  int o chains .  Fo r  example , 
give n th e contex t  fluents, 

(CONTEXT ((tactile-moulh none) (voice cry)) 
((tactile-han d wood )  (han d close) ) 

( C O N T E XT ((tactile-han d wood)(han d close) ) 
((tactile-mout h woodHdo-mout h mouth))) , 

Neo forms the chadn, 

(CHAIN ((tactile-mouth none) (voice cry)) 
((tactile-han d wood )  (han d close) ) 
((tactile-mout h wood)(do-mout h mouth))) . 

Her e i s another ,  ver y simila r  chai n tha t  N e o learned : 

(CHAIN ((tactile-mouth none) (voice cry)) 
((tactile-han d plastic )  (han d close) ) 
((tactile-mout h plastic)(do-mout h mouth))) . 

The onl y differenc e betwee n thes e chain s i s th e objec t  tha t 
Neo grab s an d mouths :  i n th e firs t  cas e i t  i s  wooden ,  i n th e 
second ,  plastic .  W e ma y for m a  clas s o f  thing s tha t  N e o ca n 
gra b an d mouth .  Th e chain s don' t  sa y exactl y whic h object s 
ar e i n th e class ,  bu t  w e kno w the y ar e eithe r  woo d o r  plastic , 
and the y ar e graspable ,  an d mouthable . 

Graspabl e an d MOUTHABI- E ar e interactiona l  propertie s 
(Johnson ,  1987 )  tha t  characteriz e Neo' s activitie s i n it s  envi -
ronment .  Unlik e T E X T U R E — w o od o r  plastic—the y ar e i n a 
sens e subjective :  What' s graspabl e b y on e agen t  isn' t  neces -
saril y  graspabl e b y another .  Wherea s textur e i s a n inheren t 
propert y o f  a n object ,  GRASPABLE i s a  propert y o f  th e objec t 
and th e agen t  w h o ma y tr y t o gras p it .  Interactiona l  proper -
tie s lik e GRASPABLE ar e th e basi s fo r  categorie s i n Lakof f  an d 
Johnson' s theor y o f  categorizatio n (Johnson ,  1987 ;  Lakoff , 
1984 ;  Lakof f  an d Johnson ,  1980 )  an d als o i n Mandler' s  the -
or y o f  conceptua l  developmen t  (Mandler ,  1992) .  However , 
we believ e categorie s ar e bes t  define d i n term s o f  activities , 
and th e attractivenes s o f  interactiona l  feature s i s du e t o the m 
describin g activitie s bette r  tha n objectiv e feature s suc h a s tex -
tur e (Cohen ,  Oate s an d Atkin .  1996) . 

I n fact ,  althoug h N e o learn s activities ,  represente d a s 
chains ,  w e ar e responsibl e fo r  usin g thes e chain s t o identif y 

feature s an d for m classe s (Cohen ,  Oate s an d Atlcin .  1996) . 
Th e firs t  ste p i s t o matc h u p chain s tha t  hav e th e sam e strea m 
names i n th e sam e order ,  creatin g a n abstrac t  chai n o f  scopes . 
For  example ,  th e chain s abov e ar e bot h describe d b y th e ab -
strac t  chai n (tactile-mout h voice )  - ¥ (tactile-han d h a n d )  - ¥ 
(tactile-mout h mou th ) .  N o w w h e n w e loo k a t  th e toke n 
value s tha t  ca n instantiat e thi s abstrac t  chain ,  w e fin d tha t  th e 
tactile-han d an d tactile-mout h stream s contain s eitho -  none , 
w o od o r  plastic .  I n othe r  words ,  th e abstrac t  chai n identifie s 
an activit y i n whic h N e o ha s nothin g i n it s mout h an d i s cry -
ing ,  an d the n ha s somethin g w o o d o r  plasti c i n it s  han d an d it s 
mouth .  W e know ,  becaus e w e buil t  th e N e o simulator ,  tha t  th e 
w o od o r  plasti c object s includ e Neo' s rattle s an d bottles ,  bu t 
not  th e mobile ,  M o n m i y ,  o r  Neo' s o w n hand .  Currently ,  thi s 
clas s i s "implicit. "  N e o doesn' t  hav e a n ontolog y i n it s  head , 
nor  declarativ e definition s o f  categories .  Still ,  ther e i s a n im -
plici t  clas s o f  object s tha t  ca n participat e i n th e abstrac t  chain . 
(Se e Cohen ,  Oate s an d Atkin ,  1996 ,  fo r  fvirthe r  examples. ) 

Discussion 

We have illustrated five levels of redescription of Neo's sen-
sor y exp)erience ,  an d suggeste d h o w th e regularitie s i n thes e 
redescription s ca n b e th e basi s o f  classification .  Eac h leve l 
of  redescriptio n provide s th e opportunit y t o lear n represen -
tations ,  an d on e simpl e mechanis m produce s al l  thes e repre -
sentation s bu t  chains .  Th e mechanis m maintain s condngenc y 
table s fo r  pjur s o f  star t  (h )  o r  sto p (H )  events ,  an d whe n a 
measur e o f  associatio n fo r  th e tabl e achieve s significance , 
N eo intern s a  representation .  Th e onl y thin g tha t  changes , 
fro m on e leve l  o f  representatio n t o th e next ,  i s  wha t  start s an d 
stops ,  an d whethe r  a  la g i s allowe d betwee n thes e events . 

Eac h versio n o f  thi s basi c condngency-tabl e mechanis m 
ca n b e viewe d a s a n image-schema ,  i n th e sens e Mandle r 
(1992 )  intends :  I t  produce s a  redescriptio n an d a n intermedi -
at e leve l  representatio n o f  ra w sensor y experience .  I t  happen s 
tha t  al l  Neo' s redescriptio n take s plac e i n th e tempora l  do -
main ,  bu t  thi s i s appropriat e fo r  a n agen t  tha t  i s  biitse d t o lear n 
a predictiv e mode l  o f  event s i n it s environment .  Althoug h 
Mandle r  present s image-schema s a s processor s o f  spatia l  in -
formation ,  the y ar e equall y wel l  describe d i n tempora l  terms . 
Mandle r  cites ,  fo r  instance ,  S E W MOTION,  ANIMAT E MOTION, 
CAUSED MOTION,  an d AGENCY a s imag e schemas .  W e woul d 
argu e tha t  N e o ha s learne d som e o f  thes e predicates .  Fo r  ex -
ample ,  th e abstrac t  chai n (do-ar m a r m )  - ¥ (sight-movemen t 
arm-speed )  define s a  clas s o f  action s i n which ,  i n th e contex t 
of  a n ar m movement ,  N e o see s th e ar m movin g fast .  Arguably , 
thi s i s  a  SEL F MOTIO N image-schema . 

Thi s exampl e raise s th e questio n o f  h o w man y image -
schemas i s a  bab y b o m with ,  an d whethe r  mor e ar e learned . 
Mandle r  list s man y imag e schema s i n he r  paper ;  w e sugges t 
on e fo r  scopes ,  on e fo r  bas e fluents,  an d on e fo r  contex t  fluents 
(implie d recursivel y t o produc e chains) .  Anothe r  mechanis m 
i s require d t o produc e abstrac t  chains .  Still ,  w e tak e a  dis -
tinctly  minimalis t  position :  I f  a n image-schem a suc h a s SEL F 
MOTION ca n b e learne d a s describe d above ,  w e prefe r  no t  t o 
assume babie s ar e b o m wit h it .  W e thin k i t  i s  ver y valuabl e 
t o implemen t  agent s suc h a s N e o t o find  ou t  h o w m u c h o r 
litti e i s  require d i n th e wa y o f  innat e structure ,  especiall y a s 
image-schema s an d th e kind s o f  "models "  discusse d b y Lesli e 
(1988) ,  Spelk e (1988) ,  Care y an d Spelk e (1994) ,  Kei l  (1994) , 
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and other s ar e informa l  (lackin g interpretatio n a s dat a struc -
ture s an d processes )  an d thei r  interaction s wit h memor y an d 
attentio n ar e largel y unspecified . 

A relate d questio n i s w h y particula r  relationship s ar e image -
schemas .  W e offe r  tw o kind s o f  explanation .  Scope s serv e t o 
reduc e th e combinatoria l  spac e o f  potentia l  fluents,  s o perhap s 
some image-schema s hav e evolve d fo r  computationa l  reasons . 
Base Huent s ar e learne d whe n token s star t  an d sto p simultane -
ously .  Simultaneit y i s rar e amon g independen t  events ,  s o a n 
image-schem a tha t  detect s simultaneit y i s idea l  fo r  associat -
in g part s o f  a  whole .  (Thu s i t  ma y no t  b e necessar y t o posi t  a n 
innat e an d sophisticate d understandin g o f  th e physica l  world , 
e.g. ,  Spelke ,  1988. )  Contex t  fluents  ar e learne d whe n on e 
fluent  follow s anothe r  mor e ofte n tha n woul d b e expecte d b y 
chance ,  whic h i s a  necessar y thoug h no t  sufficien t  conditio n 
t o infe r  caus e (Suppes ,  1970 ;  Cohen ,  1995) .  S o Ne o ha s th e 
image-schema s i t  ha s becaus e the y hel p Ne o identif y states , 
object s an d potentiall y  causa l  sequences . 

Conclusion 

Let  u s revie w wha t  N e o learned :  I t  learne d tha t  mos t  o f  th e 
regularit y  i n it s  environmen t  take s plac e i n 3 0 pair s o f  streams , 
les s tha n 1 0 % o f  th e (2 6 x  25)/ 2 =  32 5 pair s o f  stream s tha t  i t 
migh t  hav e focuse d on .  I t  learne d bas e fluents  correspondin g 
t o th e shap e an d colo r  o f  mos t  object s i n it s environment .  I t 
learne d th e permanen t  location s o f  th e gree n mobil e (directl y 
overhead )  an d th e cri b bar s (t o th e extrem e lef t  an d righ t  o f 
it s field  o f  view) .  I t  learne d activities ,  suc h a s graspin g a n 
objec t  an d mouthin g it ,  o r  movin g it s ar m an d seein g it s ar m 
move.  I t  almos t  learne d conditions .  Fo r  example ,  i t  learne d a 
chai n tha t  include s ...((do-han d open)(han d open))((tactile -
m o u t h skin)(mout h mouthing)) ,  bu t  i t  ha s n o wa y t o lear n 
tha t  th e first  fluent  i s  a  conditio n fo r  th e second—tha t  th e han d 
must  b e ope n t o b e mouthed .  I t  learne d chain s fro m whic h 
we abstracte d classe s tha t  mak e sens e i n Neo' s environment , 
suc h a s th e clas s o f  object s tha t  ca n b e graspe d an d mouthed , 
and th e clas s o f  activitie s tha t  en d i n seein g th e ar m movin g 
fast . 

Keep i n min d tha t  Neo' s action s ar e largel y random :  whe n 
i t  grab s a n objec t  i t  ca n mout h it ,  bu t  it' s jus t  a s likel y t o 
dro p it ,  o r  m o v e it s head .  Th e onl y structur e i n Neo' s action s 
i s provide d b y condition s (e.g. ,  i t  canno t  mout h a n objec t  i t 
hasn' t  grasped ,  an d i t  canno t  mout h it s han d unles s th e han d 
i s open )  an d b y a  handfu l  o f  simpl e behaviora l  dependencie s 
buil t  int o th e simulato r  (e.g. ,  i t  sometime s grab s wha t  i t  look s 
at ,  an d i t  crie s i f  i t  get s hungry) .  Keepin g i n min d als o tha t 
Neo ra n fo r  onl y 30,(XX )  tim e steps ,  i t  seem s t o u s tha t  i t 
learne d quit e a  lot . 

I n conclusion ,  Ne o provide s preliminar y evidenc e tha t 
image-schemati c redescriptio n o f  ra w sensation s i s probabl y 
sufficien t  t o for m implicit ,  activity-base d categories .  Ver y 
fe w image-schema s ar e required ;  mor e ma y b e learned . 
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