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Abstrac t 

This paper describes an implemented computational 
model  o f  lexica l  developmen t  fo r  th e cas e o f  actio n verbs . 
A simulate d agen t  i s  traine d b y a n informan t  labelin g 
th e agent' s action s (her e han d motions) ,  an d th e syste m 
learn s t o bot h labe l  an d carr y ou t  simila r  actions .  Th e 
ver b learnin g mode l  i s place d i n th e broade r  contex t  o f 
th e N T L projec t  o n embodie d natura l  languag e an d it s 
acquisition .  Base d o n experimenta l  result s an d projec -
tion s t o th e ful l  rang e o f  earl y lexemes ,  a  significantl y 
enriche d mode l  i s  propose d an d it s propertie s discussed . 

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

T h e embodimen t  o f  concept s an d languag e i s a  centra l 
issu e i n cognitiv e science .  H o w ca n a  neura l  syste m rep -
resen t  an d lear n concepts ,  an d organiz e the m int o a  se t 
of  lexica l  items ? Fo r  almos t  a  decade ,  th e Neura l  The -
or y o f  Languag e ( N T L )  grou p a t  ICS I  an d U C Berkele y 
has sough t  computationa l  insigh t  int o thes e question s b y 
askin g the m o f  structure d connectionis t  systems ,  rathe r 
tha n th e physica l  neura l  system s o f  th e brai n (Feldma n 
et  ad. ,  1996) .  T h e basi c question s o f  neura l  an d cognitiv e 
developmen t  ar e receivin g increasin g attentio n fro m th e 
connectionis t  perspective .  Althoug h ther e i s a  goo d dea l 
of  theoretica l  an d modelin g wor k o n th e acquisitio n o f 
synta x ther e doe s no t  appea r  t o b e an y detaile d theor y 
of  lexica l  developmen t  comparabl e t o th e N T L project . 
Thi s pape r  i s a n overvie w som e o f  o f  ou r  recen t  result s 
and challenges . 

O ne critica l  empirica l  finding  fro m studie s o f  languag e 
acquisitio n i s  tha t  th e child' s first  word s labe l  no t  onl y 
things ,  bu t  als o relationships ,  action s an d interna l  state s 
(Tomasello ,  1995) .  Clearly ,  embodimen t  i s centra l  t o al l 
of  these .  Earl y lexica l  developmen t  thu s provide s a n 
idea l  tas k fo r  studyin g embodie d cognition ,  sinc e w e ca n 
isolat e linguisticall y an d conceptuall y simpl e situation s 
fo r  whic h t o construc t  an d tes t  detaile d models . 

Our  first  majo r  effor t  wa s th e dissertatio n wor k o f 
Regie r  (1996) ,  a  computationa l  mode l  o f  ho w som e lex -
ica l  item s describin g spatia l  relation s migh t  develo p i n 
differen t  languages .  Sinc e language s diffe r  radicall y i n 
ho w spatia l  relation s ar e conceptualized ,  ther e wa s n o 
obviou s se t  o f  primitiv e feature s t o buil d int o th e pro -
gram .  Th e ke y t o Regier' s succes s cam e directl y fro m 
embodiment :  al l  peopl e hav e th e sam e visua l  syste m 
fro m whic h al l  visua l  concept s mus t  arise .  B y includ -
in g a  simpl e bu t  realisti c visua l  syste m model ,  Regier' s 

progra m wa s abl e t o lear n spatia l  term s fro m labele d ex -
ampl e movie s fo r  a  wid e rang e o f  languages ,  usin g con -
ventiona l  back-propagatio n techniques . 

Th e project' s scop e wa s expande d t o verb s wit h Bai -
ley' s dissertatio n wor k (Bailey ,  1997 ;  Baile y e t  al. ,  1997) , 
a computationa l  mode l  tha t  learn s t o produc e ver b la -
bel s fo r  action s an d als o carr y ou t  action s specifie d b y 
verb s tha t  i t  ha s learned .  A  shortcomin g o f  th e stan -
dar d vie w o f  lexica l  acquisitio n i s tha t  i t  provide s n o ac -
coun t  o f  ho w a  chil d learn s t o mak e us e o f  th e concept s 
she learn s an d th e word s tha t  labe l  them .  Thi s sam e 
weaknes s appear s a s a  technica l  consequenc e o f  usin g 
back-propagatio n i n Regier' s wor k an d i n P D P models : 
eve n whe n th e networ k learn s perfectl y ho w t o classif y 
a domain ,  i t  ha s n o mechanis m fo r  executin g th e action . 
Bailey' s wor k addresse s thi s shortcomin g b y employin g 
learnin g algorithm s tha t  produc e usabl e representation s 
of  actions .  Afte r  trainin g o n example s o f  action-wor d 
pairs ,  th e syste m ca n produc e a n appropriat e labe l  fo r 
a particula r  moto r  actio n base d o n feature s o f  bot h th e 
actio n an d th e worl d state .  I n addition ,  however ,  th e 
learne d ver b representatio n als o function s a s a  c o m m a n d 
interfac e tha t  allow s th e syste m t o execut e a  give n verb . 

Cross-linguisti c experiment s wit h bot h Regier' s spa -
tia l  relation s networ k an d Bailey' s verb-learnin g syste m 
revea l  bot h strength s an d weaknesse s o f  th e curren t  stat e 
of  development .  W e believ e tha t  th e basi c principl e tha t 
earl y wor d learnin g acros s language s ca n b e modele d 
ver y wel l  b y embodiment-base d structure d connection -
is t  model s ha s bee n established .  O n th e othe r  hand ,  i t 
i s  clea r  tha t  ou r  system s mus t  incorporat e muc h riche r 
model s o f  th e neura l  substrat e t o handl e eve n th e earl y 
lexica l  developmen t  o f  children .  T o bette r  estimat e wha t 
i s required ,  th e grou p i s beginnin g t o stud y th e ful l  rang e 
of  earl y wor d learning ,  rathe r  tha n continuin g t o focu s 
on isolate d sub-vocabularies . 

Th e origina l  n a m e o f  th e project ,  Lq ,  wa s chose n be -
caus e zer o wa s th e approximat e percentag e o f  languag e 
we wer e attemptin g t o cover .  Th e curren t  effor t  i s  stil l 
concerne d wit h onl y a  tin y fractio n o f  th e complexit y 
of  languag e learning ,  bu t  becaus e w e ar e no w grapplin g 
wit h al l  o f  a  child' s first  (say )  20 0 words ,  w e hav e pre -
sumptuousl y rename d th e projec t  N T L .  I n thi s paper , 
we outlin e plan s fo r  expandin g ou r  detaile d connection -
is t  modelin g t o cove r  al l  earl y lexica l  acquisition .  A s 
always ,  th e theorie s an d system s ar e intende d t o appl y 
t o al l  natura l  languages . 
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Representat iona l  m e c h a n i s m s 

To bridg e th e ga p fro m embodie d experienc e t o it s ex -
pressio n a s abstrac t  symbol s i n language ,  w e hav e foun d 
i t  necessar y t o wor k a t  multipl e level s o f  description . 
Regier' s work ,  fo r  instance ,  linke d th e connectionis t  an d 
cognitiv e levels ,  wit h th e neura l  leve l  implicit .  Subse -
quent  mor e complicate d dohiain s hav e require d u s t o 
add a  computationa l  leve l  a s a n abstractio n fro m th e 
connectionis t  level .  Althoug h th e focu s o f  thi s pape r  i s 
thi s computationa l  level ,  th e N T L paper s i n th e 199 7 
Conferenc e o f  th e Cognitiv e Scienc e Societ y spanne d al l 
five  levels : 

cognitive: words, concepts 

computational :  f-structs ,  x-schema s (se e below ) 

connectionist :  structure d models ,  learnin g rule s 

computationa l 

neuroscience :  detaile d neura l  model s 

neural :  [stil l  implicit ] 

Our computational level is analogous to Marr's and 
comprise s a  mixtur e o f  familia r  notion s lik e featur e struc -
ture s an d a  nove l  representation ,  executin g schemas ,  de -
scribe d below .  Apar t  fro m providin g a  valuabl e scientifi c 
languag e fo r  specifyin g propose d structure s an d mecha -
nisms ,  thes e representationa l  formalism s ca n b e imple -
mente d i n simulation s t o allo w u s t o tes t  ou r  hypotheses . 
They als o suppor t  computationa l  learnin g algorithm s s o 
we ca n us e the m i n experiment s o n acquisition .  Impor -
tantly ,  thes e computationa l  mechanism s ar e al l  reducibl e 
t o structure d connectionis t  model s s o tha t  embodimen t 
can b e realized . 

The mos t  nove l  computationa l  featur e o f  ou r  cur -
ren t  effor t  i s  ou r  representatio n o f  actions ,  executin g 
schemas (x-schema s fo r  short) ,  s o name d t o distin -
guis h the m fro m othe r  notion s o f  schem a an d t o remin d 
us tha t  the y ar e intende d t o execut e whe n invoked .  W e 
represen t  x-schema s usin g a n extensio n o f  a  computa -
tiona l  formalis m know n a s Petr i  net s (Murata ,  1989) .  A 
Petr i  ne t  i s a  bipartit e grap h containin g place s (draw n 
as circles )  an d transition s (rectangles) .  Place s hol d to -
ken s an d represen t  predicate s abou t  th e worl d stat e o r 
interna l  state .  Transition s ar e th e activ e component . 
When al l  place s pointin g int o a  transitio n contai n a n 
adequat e numbe r  o f  token s (usuall y  1) ,  th e transitio n 
i s enable d an d ma y fire,  removin g it s inpu t  token s an d 
depositin g a  ne w se t  o f  token s i n it s outpu t  places .  X -
schemas cleanl y captur e sequentiality ,  concurrenc y an d 
event-base d asynchronou s control ;  wit h ou r  extension s 
the y als o mode l  hierarch y an d parameterization . 

To kee p thing s minimal ,  ou r  model s us e onl y on e 
othe r  computationa l  mechanism—featur e structure s 
(f-struct s fo r  short ,  draw n a s a  ro w o f  double-boxes) . 
F-struct s ar e use d fo r  stati c knowledg e representation , 
paramete r  setting ,  an d binding .  The y hav e bee n chose n 
t o b e compatibl e wit h th e "f-structures "  i n th e literatur e 
on unificatio n grammars ,  an d ar e simila r  t o well-know n 
AI  slot-fille r  mechanisms .  Fro m thes e simpl e constructs , 
a wid e variet y o f  modelin g structure s ca n b e built . 

The botto m thir d o f  Figur e 1  depict s a n exampl e x -
schema fo r  slidin g a n objec t  o n a  tabletop .  Th e Slid e 

x-schem a capture s th e fac t  tha t  peopl e shap e th e han d 
whil e movin g th e ar m t o a n objec t  an d tha t  larg e an d 
smal l  object s ar e handle d differently .  I t  include s a  loo p 
tha t  continue s motio n whe n no t  ye t  a t  th e goa l  an d a 
separat e littl e schem a fo r  tightenin g th e gri p i f  sli p i s 
detected . 
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Figur e 1 :  A n overvie w o f  th e verb-learne r  a t  th e com -

putationa l  level ,  showin g detail s o f  th e Slid e x-schema , 

some linkin g features ,  an d tw o verbs :  pus h (wit h tw o 

senses )  an d shov e (wit h on e sense) . 

Bailey' s ve r b learnin g m o d e l 

An overvie w o f  Bailey' s ver b learnin g syste m i s give n 
i n Figur e 1 .  I n thi s mode l  a  specia l  linkin g f-struc t 
(cente r  o f  Figur e 1 )  play s a n importan t  rol e a s th e sol e 
interfac e betwee n languag e an d action .  I t  maintain s bidi -
rectiona l  connection s t o th e x-schemas :  a n x-schem a re -
ceive s binding s fro m f-struct s an d produce s additiona l 
binding s durin g it s execution .  I n thi s way ,  action s ca n 
be translate d t o an d fro m semanti c features .  Mor e gen -
erally ,  w e clai m tha t  th e requirement s o f  parameterizin g 
x-schema s ar e th e principa l  determine r  o f  whic h seman -
ti c feature s ge t  encode d i n a  language .  On e critica l  link -
in g featur e i s th e nam e o f  th e x-schem a generatin g th e 
action .  Other s includ e moto r  parameter s suc h a s force , 
elbo w join t  motion ,  an d han d posture .  Som e worl d stat e 
feature s ar e als o relevant ,  suc h a s objec t  shape . 

Each sens e o f  a  ver b i s represente d i n th e mode l  b y 
an f-struc t  whos e featur e value s ar e probabilit y  distri -
butions .  Feature s ar e presume d independen t  an d th e 
representatio n i s conjunctiv e o r  gestalt-lik e i n nature . 
The to p thir d o f  Figur e 1  show s severa l  wor d sense s fo r 
th e verb s pus h an d shove .  Th e uppe r  lef t  ellips e give s 
f-struct s fo r  tw o sense s o f  push .  Th e to p sens e i s a  han d 
motio n tha t  invoke s th e Slid e x-schema .  Th e ellips e 
on th e uppe r  righ t  show s tha t  shov e als o code s fo r  th e 
Slid e x-schem a bu t  specifie s hig h acceleration . 

I n executio n mode ,  a  verba l  comman d i s interprete d 
by choosin g th e sens e tha t  bes t  matche s th e curren t 
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worl d state .  Thi s sens e i s i n tur n use d t o se t  th e linkin g 
f-struct ,  thu s determinin g whic h x-schem a i s t o execut e 
amd wit h wha t  parameters .  Fo r  example ,  shov e speci -
fies  bot h a  Slid e x-schem a an d hig h acceleration ,  bu t 
th e forc e require d depend s (a t  least )  o n th e siz e o f  th e 
objec t  involved ,  whic h i s no t  specifie d i n th e utterance . 

The ver b leanin g mode l  assume s tha t  th e chil d (o r 
agent )  ha s alread y acquire d variou s x-schema s fo r  th e 
action s o f  on e han d manipulatin g eu i  objec t  o n a  table , 
and tha t  a n informan t  label s action s tha t  th e agen t  i s 
performing .  A s i n Regier' s work ,  w e avoi d som e har d 
but ,  w e feel ,  separabl e issue s b y assumin g tha t  th e in -
forman t  supplie s jus t  th e verb .  Th e proble m face d b y 
th e mode l  (aoi d th e child )  i s  thu s t o lear n ho w th e verb s 
relat e t o it s action s an d goals .  Th e detaile d learnin g 
mechanism s ar e explaine d i n (Baile y e t  al. ,  1997 )  an d 
(Bailey ,  1997 )  an d wil l  no t  b e describe d here . 

Learning results 

Extensive testing of the verb learning system has demon-
strate d it s abilit y  t o acquir e som e importan t  distinction s 
betwee n verb s o f  han d motion .  Fo r  English ,  th e syste m 
acquire d 1 8 verb s fro m 20 0 labele d examples ,  wit h fea -
ture s suc h a s schem a nam e an d han d postur e playin g 
a mor e importan t  rol e i n determinin g wor d sens e tha n 
objec t  siz e an d directio n o f  motion .  Th e syste m ha d 
a 7 8 % succes s rat e fo r  recognizin g ne w examples .  Th e 
relativel y bette r  performanc e o f  th e syste m i n obeyin g 
commands (81% )  i s no t  surprising ,  sinc e i t  wa s eval -
uate d b y executin g it s learne d mode l  o f  th e specifie d 
wor d an d the n tryin g t o recogniz e th e action .  Interest -
ingly ,  fo r  bot h type s o f  testing ,  error s consistentl y in -
volve d subtl e distinctions ,  suc h a s tha t  betwee n heav e 
and lift ,  tha t  cause d th e syste m t o choos e a  plausibl e 
alternative .  Ther e wer e n o gros s errors . 

Experiment s i n Farsi ,  Hebre w an d Russia n hav e con -
firmed  th e system' s abilit y  t o mode l  cross-linguisti c  vari -

ation ,  wit h man y parameter s use d durin g trainin g prov -
in g robus t  acros s experiments .  Result s ech o thos e fo r 
Englis h i n som e respects :  mos t  performanc e error s in -
volve d closel y relate d verbs ,  wit h th e syste m ofte n fa -
vorin g specifi c  verb s ove r  mor e genera l  ones .  Bu t  a s 
expected ,  th e lexicon s acquire d fo r  eac h languag e diffe r 
significantly .  Fo r  example ,  th e distinctio n betwee n Fars i 
hoi  daada n (away-directe d motion )  an d feshaa r  daada n 
(applyin g forc e withou t  motion )  depend s mor e o n forc e 
and duratio n tha n tha t  betwee n Englis h pus h an d pull . 
The Hebre w lexico n wa s smalle r  tha n th e Englis h lex -
ico n an d involve d mor e genera l  verb s o f  motion ,  suc h 
as hirxi k (make-far )  an d kere v (make-close) ;  reflectin g a 
typologica l  tendenc y o f  verb s t o encod e eithe r  pat h (He -
brew )  o r  manne r  (English) .  Result s fo r  thi s simplifie d 
Hebre w wer e eve n stronge r  tha n thos e fo r  English . 

Diff"erin g lexicalizatio n pattern s als o she d ligh t  o n 
weaknesse s o f  th e model .  Som e o f  these ,  suc h a s th e 
need fo r  mor e worl d feature s (suc h a s objec t  weight) , 
ar e easil y remedied .  Othe r  problem s sugges t  tha t  som e 
refinemen t  o f  th e underlyin g mode l  ma y b e necessary :  i n 
general ,  th e syste m ha s no t  bee n designe d t o captur e ei -
the r  correlation s betwee n feature s (suc h a s tha t  betwee n 

objec t  siz e an d forc e fo r  push )  o r  abstrac t  ver b sense s 
(suc h a s move )  neede d t o lear n hierarchica l  lexicons . 

Challenge s o f  a  rathe r  differen t  natur e accoun t  fo r  th e 
system' s difficultie s i n handlin g th e widesprea d gram -
maticizatio n o f  aspec t  an d deixi s i n Russia n ver b affixes : 
althoug h som e aspectua l  distinction s wer e acquire d fro m 
a simplifie d trainin g se t  o f  Russia n verbs ,  th e syste m 
had difficultie s acquirin g wor d sense s i n whic h deicti c 
referenc e depend s o n multipl e inter-dependen t  features . 
Thes e problem s aris e fo r  Englis h ver b phrase s a s well : 
th e directio n o f  motio n i n tak e awa y i s opposit e tha t  o f 
giv e awa y despit e thei r  commo n particle ,  sinc e the y hav e 
differen t  deicti c centers .  I t  als o remain s unclea r  whethe r 
th e curren t  syste m ca n handl e mor e complicate d prob -
lem s involvin g aspectua l  compositio n an d goal-oriente d 
actions .  Thes e shortcoming s underscor e th e nee d fo r  a 
riche r  mode l  o f  intentiona l  stat e tha t  ca n represen t  al -
ternat e perspective s an d goal-drive n actions . 

The remainde r  o f  th e pape r  outline s som e extension s 
t o th e x-schem a representationa l  framewor k tha t  addres s 
some o f  thes e problem s an d suggest s ho w thes e addition s 
shoul d significantl y exten d th e rang e o f  learnabl e words . 

An x-schema simulation environment 

In recent work (Narayanan, 1997), we have extended the 
basi c x-schem a representatio n t o mode l  domai n theories , 
wit h th e sam e mechanis m use d fo r  actin g an d reasonin g 
abou t  action s i n a  dynami c environment .  Th e basi c ide a 
i s simple .  W e assum e tha t  peopl e ca n execut e x-schema s 
wit h respec t  t o f-struct s tha t  ar e no t  linke d t o th e bod y 
and th e her e an d now .  I n thi s case ,  x-schem a action s ar e 
not  carrie d ou t  directl y bu t  instea d trigge r  simulation s 
of  a n imagine d situation .  I t  i s  eas y t o imagine ,  fo r  in -
stance ,  slidin g King  Kon g u p t o th e to p o f  th e Empir e 
Stat e Buildin g an d t o predic t  wha t  happen s upo n let -
tin g go .  Th e N T L mode l  fo r  suc h mechanica l  plannin g 
assumes tha t  th e SLID E x-schem a ca n ru n wit h respec t 
t o a  worl d mode l  wit h simpl e qualitativ e physics .  Physi -
cal  model s tha t  peopl e normall y us e appea r  t o b e simpl e 
enoug h t o fit  ou r  paradig m fairl y  well ,  an d som e ele -
mentar y one s hav e bee n implemented .  W e mode l  th e 
physica l  worl d a s independen t  x-schema s wit h link s t o 
th e x-schem a representin g th e planne d action .  Thes e x -
schemas ca n interrup t  on e anothe r  o r  otherwis e affec t 
execution ,  fo r  instanc e b y changin g f-struc t  values .  A 
simplifie d simulatio n o f  th e droppin g o f  a n objec t  an d 
th e correspondin g worl d simulation ,  depicte d i n Figur e 
2,  illustrate s th e centra l  ideas . 

On th e lef t  o f  Figur e 2 ,  w e hav e a n x-schem a cor -
respondin g t o th e importan t  contro l  transition s o f  th e 
underlyin g DROP x-schem a (Narayanan ,  1997) .  O n th e 
righ t  ar e x-schema s correspondin g t o th e agent' s simu -
latio n o f  th e world .  Bot h th e agent' s action s an d th e 
world' s simulate d evolutio n affec t  th e agent' s menta l 
state .  A t  th e star t  o f  th e simulation ,  th e objec t  i s  sup -
porte d b y a n agen t  wh o the n withdraw s suppor t  a s a s 
resul t  o f  th e Dro p action ,  consumin g th e toke n a t  th e 
plac e labele d supported(objl )  and ,  throug h a n inhibitor y 
link ,  trigger s th e Fal l  x-schema .  Fal l  simulate s th e 
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Dfop(obi1 ) 

suppoiKobjl) 

height(ot)|l ) 

lmpact(objl,  ground) 

elasdc(ot)jl) 

fr«gN<*il) 

l>raken(ob|l) 

FaDlobjl ,  height ) 

Bounce(ot)i1,hejght1 ) 

Break(obj1) 

Agen t  stat e vecto r 

Figure 2: X-schema simulation of Drop, resulting in the 

objec t  fallin g an d eithe r  breakin g o r  bouncing . 

decreasin g heigh t  o f  th e objec t  unti l  i t  hit s th e ground. ^ 
Once th e objec t  hit s th e ground ,  i t  m a y bounc e bac k t o 
some ne w height ,  dependin g o n th e impac t  forc e an d th e 
object' s elasticity .  I f  th e objec t  i s  brittl e (lik e a  vase) ,  i t 
does no t  bounc e bu t  wil l  instea d break . 

I n ou r  simulatio n framework ,  wheneve r  a n executin g 
x-schem a make s a  contro l  transition ,  i t  potentiall y  modi -
fies  state ,  leadin g t o asynchronou s an d paralle l  triggerin g 
or  inhibitio n o f  othe r  x-schemas .  W e believ e suc h a  sys -
te m desig n support s a  broa d notio n o f  action ,  i n tha t  th e 
same activ e representatio n ca n b e use d fo r  monitoring , 
contro l  an d inference .  Th e notio n o f  stat e a s a  grap h 
markin g i s inherentl y distribute d ove r  th e network ,  s o 
th e workin g memor y o f  a n x-schema-base d inferenc e sys -
te m i s distribute d ove r  th e entir e se t  o f  x-schema s an d 
f-structs .  O f  course ,  thi s i s intende d t o mode l  th e mas -
sivel y paralle l  computatio n o f  th e brain . 

Thi s x-schem a simulatio n framewor k ha s alread y 
prove n usefu l  i n modelin g metaphori c reasonin g abou t 
even t  description s i n abstrac t  domain s suc h a s interna -
tiona l  economics .  A  crucia l  aspec t  o f  th e implemente d 
model  i s  it s  capacit y t o exploi t  domai n knowledg e o f 
spatia l  motio n an d manipulatio n (implemente d a s x -
schema simulations )  fo r  real-tim e simulativ e inference . 
Result s o f  applyin g ou r  mode l  t o discours e fragment s 
fro m newspape r  storie s i n internationa l  economic s sho w 
tha t  crucia l  fact s abou t  abstrac t  plans ,  goals ,  resource s 
and inten t  ca n b e expresse d b y projection s fro m embod -
ie d concepts .  Furthe r  detail s o f  thi s wor k ca n b e foun d 
i n (Narayanan ,  1997) .  I n th e res t  o f  thi s paper ,  w e 
sho w ho w usin g an d extendin g thi s simulatio n frame -
wor k help s u s overcom e som e o f  th e limitation s outline d 
earlie r  an d cove r  a  wide r  rang e o f  earl y chil d language . 

Extensions 

I n thi s section ,  w e examin e th e complet e earl y chil d vo -
cabular y an d it s  implication s fo r  th e directio n o f  ou r 
modelin g efforts .  Althoug h earl y vocabularie s diffe r 
widel y bot h withi n an d acros s languages ,  publishe d stud -
ie s ar e sufficien t  fo r  identifyin g th e mos t  c o m m o n words . 
As i s  wel l  known ,  th e mos t  frequen t  wor d type s (al -

thoug h no t  tokens )  ar e nouns ,  whic h w e continu e t o vie w 
as relativel y unproblemati c case s t o b e deal t  wit h later .  ̂  
Similarly ,  earl y adjective s see m comparativel y straight -
forwar d fro m a  computationa l  modelin g perspectiv e an d 
moreove r  ar e no t  ver y c o m m o n initially .  Deferrin g wor k 
on noun s an d adjective s allow s u s t o focu s o n th e mor e 
challengin g earl y words . 

For  concreteness ,  le t  u s conside r  th e 4 9 word s use d b y 
th e mos t  childre n i n th e Bloo m (1993 )  preschoo l  study . 
Hal f  o f  thes e ar e noun s o r  name s o f  sound s lik e boom , 
moo o r  woof .  W h e n w e conside r  th e othe r  words ,  severa l 
issue s com e t o th e fore .  I n particular ,  tw o methodologi -
cal  issue s com e prio r  t o an y detaile d modeling :  First ,  i t 
i s  know n tha t  childre n ofte n us e a  wor d ver y differentl y 
fro m ho w a n adul t  would .  Fo r  example ,  dow n an d mor e 
fro m th e righ t  han d colum n i n Tabl e 1  ar e ofte n initiall y 
requests .  Thi s  i s closel y relate d t o th e second ,  mor e gen -
era l  issue :  an y seriou s modelin g mus t  b e base d o n th e 
physica l  an d intentiona l  contex t  i n whic h th e chil d i s us -
in g a  give n word .  Th e literatur e i s no t  complet e i n thi s 
regard ,  bu t  i t  i s  goo d enoug h t o ge t  u s started . 

box 
choo-cho o 
»et 
gir l 
h a m m er hors e 
in 
out 
li t 
two 

cooki e 
doo r 
eye 
ner e 
moo 
no mor e 
on 
truc k 
woof 

banan a 
boo m 
bottl e cow 
dadd y 
sho e 
spoo n 
ther e 

appl e 
boy 
tha t 
thi s 
uho h 
whee 

bea d by e 
ope n h i 
yes yu m 

—5 I B n — h — 
Number  o f  childre n 

baby 
mommy bal l 
no dow n 
oh juic e 
up mor e 

TT i r 

Tabl e 1 :  Word s learne d b y 7  o r  mor e children ,  repro -

duce d fro m Bloo m (1993) . 

Several of the 23 words in the table that are not nouns 
or  name s o f  sound s (show n i n bold )  appea r  t o b e cov -
ere d b y ou r  previou s effort s t o mode l  th e acquisitio n o f 
spatia l  relatio n term s (Regier )  o r  verb s o f  persona l  move -
ment  (Bailey) ,  althoug h reall y learnin g eve n thes e word s 
involve s som e rathe r  dee p issue s t o whic h w e wil l  retur n 
late r  i n thi s section .  Wit h thi s proviso ,  w e ca n coun t  fou r 
verb s o f  actio n {get ,  sit ,  g o an d open )  an d five  spatia l  re -
latio n word s {in ,  out ,  on ,  u p an d down )  a s understood . 

Beyon d th e case s arguabl y covere d b y ou r  previou s 
models ,  th e remainin g lexeme s agai n cluste r  int o a  smal l 
number  o f  basi c kinds .  Ther e ar e fou r  tha t  appea r  t o b e 
expres s emotion :  uhoh ,  whee ,  o h (surprise )  an d yum .  Fo r 
our  purposes ,  thes e presen t  n o basi c problems .  On e as -
sumes tha t  th e chil d m a y ofte n hea r  a  paren t  makin g th e 
appropriat e soun d tha t  correlate s wit h th e child' s ow n 
emotiona l  state ,  ofte n wit h additiona l  cue s i n th e for m 
of  intonatio n pattern s an d facia l  expressions .  Obviousl y 
enough ,  seriou s computationa l  modelin g o f  emotio n i s 
not  t o b e take n lightly ,  bu t  i t  doesn' t  see m necessar y fo r 
our  curren t  purposes . 

Th e meaning s o f  th e remainin g item s al l  depen d o n 
conversationa l  contex t  o r  reference .  Ther e ar e tw o greet -

*T o simplif y exposition ,  w e leav e ou t  th e relationshi p com -
pute d betwee n th e initia l  heigh t  an d impac t  strength . 

^Of  course ,  t o reall y implemen t  a n objec t  namin g syste m 
woul d requir e solvin g th e compute r  visio n problem . 
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ings ,  h i  an d bye ,  an d fou r  gene r  J  communicatio n terms , 
so cdle d becaus e thei r  communicativ e conten t  i s under -
standabl e onl y relativ e t o thei r  discours e context ;  thes e 
ar e yes ,  no ,  mor e an d n o more .  Also ,  ther e ar e tw o 
adul t  spatia l  adverbs ,  her e an d there ,  whic h agai n rel y 
cruciall y fo r  thei r  meaning s o n th e physica l  contex t  o f 
th e conversation . 

Bot h thi s an d tha t  similarl y hav e referentia l  potentia l 
onl y i n conversationa l  context .  Not e als o tha t  i n adul t 
speec h the y ar e eac h member s o f  tw o close d classes :  ar -
ticle s an d pronouns .  A s suc h the y pla y importan t  func -
tion s a t  bot h th e discours e leve l  (b y pointin g anaphor -
icall y t o othe r  discours e elements )  an d th e sentence -
syntacti c leve l  (sinc e article s ar e associate d wit h a n ex -
tremel y restricte d rang e o f  syntacti c environment s an d 
thu s ar e goo d predictor s o f  th e syntacti c clas s o f  th e nex t 
item) .  Beyon d thei r  semanti c dependenc e o n conversa -
tiona l  setting ,  then ,  th e developmen t  o f  specifi c  gram -
matica l  function s fo r  thes e lexica l  item s pose s a  partic -
ula r  challeng e an d opportunit y fo r  a n embodie d N T L 
model  o f  ho w the y migh t  b e learned . 

As thi s samplin g demonstrates ,  m a n y earl y lexeme s 
depen d o n conversationa l  contex t  an d thu s presen t  th e 
same basi c challeng e t o th e N T L paradigm :  model -
in g othe r  people.W e ca n simplif y thi s tas k b y assumin g 
tha t  thes e lexeme s originall y labe l  o r  augmen t  pre-verba l 
communicatio n acts .  Childre n develo p communicatio n 
pattern s wit h thei r  parent s wel l  befor e the y speak ;  ther e 
ar e pattern s o f  share d ey e movement s an d othe r  physica l 
and voca l  gesture s (Foster ,  1990 )  tha t  for m a n obviou s 
possibl e substrat e fo r  th e deicti c article s thi s an d that . 
A nd n o paren t  need s t o b e tol d abou t  no . 

Under  th e assumptio n tha t  pre-linguisti c communica -
tio n routine s Eir e a  necessar y precurso r  t o learnin g com -
municatio n terms ,  th e challeng e t o th e N T L paradig m 
becomes on e o f  modelin g th e interactio n o f  th e child' s 
o wn menta l  representation s wit h it s representation s o f 
othe r  agents .  Thi s simulatio n o f  othe r  agent s i s a  di -
rec t  extensio n o f  th e genera l  x-schem a simulatio n envi -
ronmen t  describe d earlier .  Instea d o f  passiv e x-schema s 
representin g th e physica l  worl d a s i n Figur e 2 ,  w e us e 
x-schema s tha t  mode l  th e othe r  agent .  Th e interaction s 
betwee n th e model' s plan s an d th e anticipate d respons e 
of  th e othe r  agen t  ar e computationall y th e sam e a s i n 
th e cas e o f  physica l  simulation ,  althoug h model s o f  othe r 
agent s mus t  b e m u c h richer ,  includin g model s o f  bot h 
thei r  action s an d thei r  beliefs . 

MoMof 
Mom't  itat t Fe«<)Me{Mom) H y t U t e 

lntorm(Mo(n ,  "n o more T 

Figure 3: Depiction of child's own state and model of 

her  mother' s stat e i n a  contex t  i n whic h th e chil d migh t 

say n o mor e t o hal t  feeding . 

Figur e 3  illustrate s on e contex t  i n whic h th e phras e n o 
mor e migh t  b e used .  Th e simplifie d x-schema s an d stat e 
representation s depic t  bot h th e child' s ow n action s (Eat , 
In form )  an d he r  mode l  o f  he r  mother' s F e e d M e action . 
Th e E a t  schem a o n th e lef t  i s  enable d b y th e presenc e 
of  foo d an d continue s unti l  th e chil d i s  full .  Th e figur e 
model s a  poin t  whe n th e child ,  havin g eate n he r  fill ,  i s 
usin g th e phras e n o mor e t o informin g he r  mothe r  tha t 
she i s full ,  whic h sh e know s wil l  sto p he r  mother' s feedin g 
process .  Thi s communicativ e ac t  presumabl y replace s o r 
augment s earlie r  gestura l  x-schemas . 

Thi s approac h accommodate s m a n y simpl e case s i n 

whic h a  lexem e label s som e actio n i n th e child' s menta l 
model  o f  (conversational )  context .  Bu t  mor e compli -
cate d semanti c distinction s wil l  requir e additiona l  mech -
anisms .  Le t  u s retur n t o th e fou r  actio n verb s an d five 
spatia l  relatio n word s tha t  appea r  t o b e explaine d b y 
previou s N T L models .  Th e previou s model s too k a  fixed 
perspectiv e wit h respec t  t o whic h al l  word s wer e learned . 
Regier' s spatia l  ter m networ k take s wha t  w e cal l  th e ob -
serve r  perspective ;  th e learnin g agen t  view s scenario s 
tha t  ar e the n labeled .  Bailey' s actio n ver b assume s wha t 
we cal l  th e agen t  perspective ;  th e learnin g agen t  receive s 
label s fo r  it s  ow n actions .  Regie r  gav e n o hin t  ho w a n 
agen t  w h o learn s t o labe l  a  scen e a s int o woul d kno w 
ho w t o appl y thi s labe l  t o it s ow n actions .  Baile y  i s sim -
ilarl y silen t  o n ho w a n agen t  w h o learn s tha t  on e o f  it s 
action s ca n b e calle d pus h woul d recogniz e th e sam e ac -
tio n whe n carrie d ou t  b y others .  Th e situatio n i s eve n 
mor e comple x tha n thi s — ther e i s a t  leas t  on e additiona l 
basi c perspective ,  whic h w e cal l  th e experiencer .  Bein g 
pushe d i s experientiall y  quit e distinc t  fro m eithe r  push -
in g o r  observin g som e thir d part y pushing .  Similarly ,  i t 
i s  quit e differen t  t o pu t  a  to y t n you r  mouth ,  se e mil k 
put  i n th e refrigerato r  o r  b e pu t  i n you r  bath . 

As i s clea r  fro m th e fifty  word s o f  ou r  sample ,  chil -
dren' s initia l  wor d meaning s m a y tak e an y o f  th e thre e 
basi c perspective s o f  agent ,  experience r  o r  observer . 
Most  noun s are ,  o f  course ,  learne d b y observation ,  al -
thoug h som e (eye ,  boy )  migh t  b e learne d first  a s par t  o f 
one' s ow n bod y o r  a s a  referenc e t o oneself .  Emotio n 
word s an d action s lik e si t  (an d Bailey' s examples )  ar e 
normall y learne d first  fro m th e agen t  perspective .  A t 
leas t  fo r  America n middl e clas s children ,  word s lik e u p 
and dow n ar e first  use d i n th e experience r  perspectiv e 
— th e chil d i s picke d u p o r  pu t  dow n whe n th e wor d i s 
used .  I t  isn' t  terribl y importan t  whic h perspectiv e come s 
first  fo r  som e lexem e fo r  a  give n chil d — th e questio n i s 
ho w al l  o f  thes e com e t o b e associate d wit h th e sam e 
term .  Crucially ,  ca n a  ter m learne d fro m on e perspec -
tiv e b e understoo d an d use d fro m th e others ? W e kno w 
of  n o systemati c stud y o f  thi s transfer ,  bu t  th e anecdota l 
evidenc e suggest s tha t  i t  i s  c o m m o n . 

Th e multipl e perspective s an d th e apparen t  eas e wit h 
whic h childre n transfe r  amon g the m present s a  stron g 
challeng e fo r  th e N T L projec t  o f  constructin g detailed , 
neurall y plausibl e models .  Ou r  propose d solutio n i s t o 
furthe r  exten d x-schema s t o suppor t  recognitio n a s wel l 
as execution .  Referrin g onc e agai n t o Figur e 1 ,  on e ca n 
imagin e tha t  a n agen t  ha s th e abilit y  t o recogniz e some -
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one els e carryin g ou t  a  Slid e action ,  iiia t  is ,  th e x -
schema formalis m ca n als o b e use d a s a n activ e templat e 
t o recogniz e action s a s wel l  a s carr y the m out . 

Thi s solutio n i s computationall y elegan t  an d ha a som e 
experimenta l  basis ,  bu t  i t  i s  stil l  ver y speculative .  I n 
fact ,  ther e hav e bee n connectionis t  model s tha t  wor k ex -
actl y thi s way .  Th e mos t  relevan t  i s Goddard' s thesi s 
syste m (1992 )  tha t  recognize s h u m a n gait s fro m stic k 
figur e movi e input .  Goddar d foun d tha t  th e bes t  wa y 
t o recogniz e a  motio n wa s t o hav e a n x-schema-lik e ac -
tiv e representatio n tha t  wa s brough t  int o synchroniza -
tio n wit h th e incomin g visua l  data .  I n a  goo d match , 
th e simulatio n predicte d th e inpu t  strea m an d th e visua l 
recognitio n becam e easy .  Alternativ e model s compete d 
i n th e usua l  connectionis t  wa y t o provid e th e bes t  matc h 
fo r  a  dat a stream . 

Ther e i s als o som e developmenta l  an d biologica l  sup -
por t  fo r  thi s kin d o f  model ,  ofte n discusse d unde r  th e 
rubri c o f  imitation .  Despit e controvers y abou t  th e exten t 
t o whic h othe r  animal s shar e thi s abilit y  (Hauser ,  1996) , 
imitatio n i s clearl y a  crucia l  aspec t  o f  h u m a n learning . 
Childre n ca n imitat e a  limite d rang e o f  facia l  expression s 
jus t  afte r  birth ,  suggestin g a  connectio n betwee n recog -
nizin g on e o f  thes e behavior s an d th e moto r  schem a fo r 
carryin g i t  out .  Th e anima l  literatur e contain s report s 
of  cell s i n monke y pre-fronta l  corte x tha t  fire  activel y 
eithe r  whe n th e monke y itsel f  carrie s ou t  a  specifi c  ac -
tio n o r  whe n i t  see s anothe r  primat e carr y ou t  a  simila r 
actio n (Galles e e t  al. ,  1996) . 

Th e ide a o f  usin g x-schema s fo r  execution ,  inferenc e 
and recognitio n migh t  als o hel p wit h anothe r  majo r 
shortcomin g o f  Bailey' s ver b learnin g paradigm .  Bai -
ley' s syste m learn s onl y th e mos t  concret e embodimen t 
of  a  wor d lik e push .  Bu t  ther e i s a  mor e general ,  ab -
strac t  meanin g a s well .  Thi s migh t  b e glosse d a s movin g 
an objec t  awa y fro m a  deicti c cente r  usin g forc e directe d 
throug h th e object .  M u c h o f  th e cognitiv e linguistic s lit -
eratur e i s concerne d wit h thes e genera l  image-schemati c 
(Lakoff ,  1987 )  an d force-dynami c (Talmy ,  1988 )  seman -
ti c representations .  I n ou r  Bloo m data ,  thre e o f  th e fou r 
verb s o f  actio n ar e th e genera l  forms :  get ,  g o an d open , 
but  thes e migh t  refe r  t o specifi c  actions ;  ge t  migh t  re -
fe r  t o a  pullin g actio n representabl e directl y i n Figur e 
1.  Whil e i t  i s  stil l  no t  know n whethe r  childre n develo p 
th e genera l  meaning s early ,  th e mode l  mus t  allo w fo r  th e 
possibilit y  tha t  the y do . 

Our  curren t  ide a i s t o allo w th e embodie d semantic s 
fo r  earl y actio n word s t o hav e bot h specifi c  an d genera l 
components .  I n thi s formulation ,  th e Slid e x-schem a o f 
Figur e 1  woul d b e accompanie d b y a  genera l  x-schem a 
fo r  achievin g th e goa l  o f  movin g a  physica l  objec t  t o a 
desire d place .  I n learnin g pus h th e chil d migh t  associat e 
th e wor d wit h eithe r  th e specifi c  action ,  th e genera l  goa l 
achievemen t  o r  both .  Recen t  wor k b y C .  Johnso n (1997 ) 
suggest s tha t  earl y wor d learnin g migh t  conflat e specifi c 
and genera l  meanings ,  suc h a s vie w an d kno w fo r  see . 
Thi s earl y conflatio n m a y serv e a s th e basi s fo r  late r 
metaphorica l  mapping s i n a  manne r  tha t  fits  ver y wel l 
wit h th e N T L paradigm .  B y applyin g recognitio n t o 
thes e genera l  x-schemas ,  w e m a y hav e th e basi s fo r  th e 

inferenc e o f  th e goal s an d intention s o f  othe r  agents ,  a 
crucia l  ste p m u c h studie d i n AI . 
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