
Incrementa l  learning ,  o r 

T h e importanc e o f  starting  smal l 

Jeffrey L. Elman 

Department s o f  Cognitiv e Scienc e an d Linguistic s 

Universit y o f  California ,  Sa n Dieg o 

e l m a n @ cr l  .ucsd.ed u 

A b s t r a c t 

Most work in leamability theory assumes that both 
th e environmen t  (th e dat a t o b e learned )  an d th e learnin g mech -
anis m ar e static .  I n th e cas e o f  children ,  however ,  thi s  i s a n un -
realisti c assumption .  First-languag e learnin g occurs ,  fo r  exam -
ple ,  a t  precisel y tha t  poin t  i n tim e whe n childre n underg o signif -
ican t  developmenta l  changes .  I n thi s pape r  I  describ e th e result s 
of  simulation s i n whic h networ k model s ar e unabl e t o lear n a 
comple x gramma r  whe n bot h th e networ k an d th e inpu t  remai n 
unchanging .  However ,  whe n eithe r  th e inpu t  i s  presente d incre -
mentally ,  or—mor e realistically—th e networ k begin s wit h lim -
ite d memor y tha t  graduall y increases ,  th e networ k i s abl e t o 
lear n th e grammar .  See n i n thi s light ,  th e earl y limitation s i n a 
learne r  ma y pla y bot h a  positiv e an d critica l  role ,  an d mak e i t 
possibl e t o maste r  a  bod y o f  knowledg e whic h coul d no t  b e 
learne d i n th e matur e system . 

INTRODUCTION 

One of the things which makes language learning such 

an interestin g phenomeno n i s wha t  ha s bee n calle d th e 

'projectio n proble m * .  Th e ide a i s jus t  that ,  i f  th e proble m 

of  th e languag e learne r  i s t o figure  ou t  th e underlyin g reg -

ularities—tha t  is ,  th e g r a m m a r — w h i c h ar e responsibl e 

fo r  th e languag e h e o r  sh e hears ,  the n th e dat a whic h ar e 

availabl e t o th e learne r  m a y no t  b e sufficien t  t o uniquel y 

determin e th e correc t  grammar. * 

This problem of the apparent insufficiency of 

th e dat a ha s bee n discusse d i n m a n y context s (e.g. .  Baker , 

1979 ;  Bowerman ,  1987 ;  Pinker ,  1989 ;  Wexle r  &  CuUi -

cover ;  1980 )  bu t  on e o f  th e simples t  demonstration s 

comes fro m Gold' s (1967 )  work .  Gol d show s tha t  i f  a 

languag e learne r  i s  presente d wit h positive-onl y dat a 

(wha t  h e call s 'tex t  presentation') ,  onl y regula r  languag -

es ca n b e learned .  Regula r  language s ar e language s 

whic h ca n b e generate d b y finite  stat e automata .  Th e ru b 

i s that ,  o n th e on e hand ,  natura l  language s appea r  t o be -

lon g t o a  mor e powerfu l  clas s tha n thi s (Chomsky ,  1957) ; 

and o n th e other ,  ther e i s n o goo d evidenc e tha t  childre n 

receiv e o r  us e negativ e dat a durin g learnin g (Brow n & 

' • I say 'may' because much hinges on exactly what one believes 
th e natur e o f  th e inpu t  t o be :  bar e sentenc e strings ? string s ac -
companie d b y semanti c interpretations ? string s accompanie d b y 
informatio n abou t  th e environmen t  i n whic h the y wer e uttered ? 

Hanlon ,  1970 ;  Hirsh-Pasek ,  Treiman ,  an d Schneiderman , 

1984 ;  Braine ,  1971) . 

Gol d advance s severa l  suggestion s i n orde r  t o 

accoun t  fo r  th e fac t  that ,  despit e hi s findings,  childre n d o 

lear n language .  Althoug h childre n d o no t  appea r  t o re -

ceiv e exphci t  negativ e evidence ,  the y m a y receiv e indi -

rec t  negativ e evidence .  O r  possibly ,  som e o f  wha t  chil -

dre n k n o w i s innate ;  thu s the y nee d no t  infe r  th e g ramma r 

solel y o n th e basi s o f  positiv e data. ^ 

Almos t  certainl y bot h o f  th e possibilitie s out -

line d b y Gol d ar e tru e t o som e exten t  Tha t  is ,  th e chil d 

i s no t  a n unconstraine d learnin g mechanis m i n th e sens e 

of  bein g abl e t o lear n an y an d al l  possibl e languages . 

Rather ,  innat e predisposition s narro w th e rang e o f  wha t 

ca n b e learned .  O f  course ,  i t  i s  ver y m u c h a n ope n (an d 

controversial )  questio n exactl y wha t  for m tha t  innat e 

knowledg e takes .  A  numbe r  o f  investigator s hav e als o 

propose d tha t  althoug h direc t  negativ e evidenc e m a y no t 

be available ,  ther e ar e subtle r  form s o f  negativ e evidence . 

For  example ,  th e non-occurrenc e o f  a n expecte d for m 

constitute s a n indirec t  sor t  o f  negativ e evidence .  Jus t 

h o w fa r  thi s sor t  o f  evidenc e ca n b e use d ha s bee n chal -

lenge d (Pinker ,  1989) .  Thus ,  althoug h innatenes s an d in -

direc t  evidenc e plausibl y participat e i n th e solutio n o f 

th e leamabilit y  problem ,  thei r  contributio n i s no t  k n o w n 

an d remain s controversial . 

I n thi s paper ,  I  wan t  t o pursu e wha t  m a y b e a 

thir d facto r  i n helpin g accoun t  fo r  th e apparen t  abiht y o f 

learner s t o 'g o beyon d th e data' .  Thi s facto r  hinge s o n 

th e simpl e fac t  tha t  first  languag e learner s (children )  ar e 

themselve s undergoin g significan t  developmenta l  chang -

es durin g precisel y th e tim e tha t  the y lear n language .  In -

deed ,  languag e learnin g afte r  thes e developmenta l 

change s hav e complete d seem s t o b e fa r  les s successful . 

Thi s i s ofte n attribute d t o th e passin g o f  a  'critica l  period ' 

fo r  languag e learning .  Bu t  thi s  i s n o mor e tha n a  restate -

ment  o f  facts .  W h a t  I  woul d lik e t o conside r  her e i s th e 

questio n o f  wha t  i t  i s  abou t  th e so-calle d critica l  perio d 

^- Gold mentions a third possibility, which is that if the text is 
ordered ,  the n positive-onl y presentatio n i s sufficien t  t o lear n 
eve n th e mos t  comple x se t  o f  language s h e considers .  Th e de -
tail s  o f  thi s proposa l  ar e no t  well-develope d however . 
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tha t  migh t  facilitat e learnin g language . 

Interestingly ,  wit h th e notabl e exceptio n o f 

wor k b y Newpor t  (1988 .  1990 )  almos t  al l  leamabilit y 

wor k ignore s thi s basi c fac t  I t  i s typicall y assume d tha t 

bot h th e learnin g devic e an d trainin g inpu t  ar e static . 

O ne migh t  wonde r  wha t  th e consequence s ar e o f  havin g 

eithe r  th e learnin g devic e (networ k o r  child )  o r  th e inpu t 

dat a no t  b e constan t  durin g learning ? Recen t  result s 

fro m th e connectionis t  literatur e (Allen ,  1990 ;  Cottrel l 

& Tsung ,  1989 ;  Plunket t  &  Marchman ,  1990 )  sugges t 

tha t  incrementa l  trainin g strategie s m a y pla y a n impor -

tan t  rol e i n th e successfu l  master y o f  a  domain .  W e 

migh t  als o as k wha t  th e consequence s ar e whe n th e 

learnin g mechanis m itsel f  changing . 

I n thi s paper ,  I  wil l  repor t  th e effec t  o f  stage d 

inpu t  o n learnin g i n a  connectionis t  model .  Th e networ k 

fail s  t o lear n th e tas k whe n th e entir e dat a se t  i s present -

ed al l  a t  once ,  bu t  succeed s whe n th e dat a ar e presente d 

incrementally .  I  the n sho w h o w simila r  effect s ca n b e 

obtaine d b y th e mor e realisti c assumptio n tha t  th e th e in -

put  i s hel d constant ,  bu t  th e learnin g mechanis m itsel f 

undergoe s developmenta l  changes .  Finally ,  I  examin e 

th e networ k t o se e wha t  th e mechanis m i s whic h allow s 

thi s t o happe n an d sugges t  wha t  condition s ar e necessar y 

fo r  incrementa l  learnin g t o b e useful . 

Simulations 

Thi s wor k wa s originall y motivate d b y a n interes t  i n 

studyin g way s i n whic h connectionis t  network s migh t 

us e distribute d representation s t o encod e complex ,  hier -

archicall y organize d information .  B y thi s I  mea n jus t  th e 

sor t  o f  relationship s whic h typicall y occu r  i n language . 

For  example ,  i n th e sentenc e Th e girl s wh o th e teache r 

has picke d fo r  th e pla y whic h wil l  b e produce d nex t 

mont h practic e ever y afternoon ,  ther e ar e severa l  event s 

whic h ar e described .  S o m e ar e backgrounde d o r  subor -

dinat e t o th e mai n event .  Thi s ha s grammatica l  conse -

quences .  Thus ,  th e mai n ver b (practice )  i s i n th e plura l 

becaus e i t  agree s wit h th e girl s (no t  th e teacher ,  no r  th e 

play) .  A n d althoug h picke d i s a  transitiv e ver b whic h of -

te n take s a  direc t  objec t  followin g it ,  n o nou n appear s af -

te r  th e ver b becaus e th e direc t  objec t  (th e girls )  ha s al -

read y bee n mentioned . 

Thes e sort s o f  fact s (specifically ,  th e recursiv e 

natur e o f  embedde d relativ e clauses )  le d man y linguist s 

t o conclud e tha t  natura l  languag e coul d no t  b e modele d 

by a  finite  stat e gramma r  (Chomsky ,  1957) ,  an d tha t  sta -

tistica l  inferenc e a s a  learnin g mechanis m fo r  languag e 

was untenabl e (Mille r  &  Chomsky ,  1963) .  Thes e con -

clusion s abou t  th e representationa l  an d leamabilit y  re -

quirement s o f  natura l  languag e see m t o pos e rea l  prob -

lem s fo r  connectionis t  networks ,  whic h typicall y rel y 

heavU y (thoug h no t  necessaril y  exclusively )  o n statisti -

cal  inference ,  an d whic h ar e mor e simila r  t o finite  stat e 

machine s tha n othe r  sort s o f  computationa l  device s (e.g. , 

pushdow n automata ;  bu t  se e Pollack ,  1990) . 

My first  approac h wa s t o tr y construc t  a  semi -

realisti c artificia l  languag e whic h ha d som e o f  th e crucia l 

propertie s tha t  wer e cite d b y Chomsk y an d hi s col -

league s a s bein g problemati c fo r  FSA' s an d statistica l 

learning ,  an d t o trai n a  neura l  networ k t o proces s sen -

tence s fro m thi s language .  Th e networ k wa s a  simpl e re -

curren t  networ k (Elman ,  1990 ,  i n press ;  Jordan ,  1986 ; 

Servan-Schreiber ,  Cleeremans ,  &  McClelland ,  1988) . 

Th e salien t  propert y o f  thi s architectur e i s tha t  i t  i s  a  kin d 

of  dynamica l  syste m whic h allow s input s t o b e processe d 

i n sequence ,  an d i n whic h th e interna l  state s ar e fe d bac k 

at  ever y tim e ste p t o provid e a n additiona l  inpu t  Th e net -

wor k mus t  lear n t o develo p interna l  state s (i.e. ,  th e hid -

den uni t  activatio n patterns )  whic h encod e tempora l  in -

formatio n i n way s whic h enabl e th e networ k t o produc e 

th e correc t  outputs .  Th e networ k architectur e tha t  wa s 

use d i s show n i n Figur e 1 . 

The inpu t  corpu s consiste d o f  sentence s whic h 

wer e generate d b y a  gramma r  tha t  ha d certai n critica l 

properties :  (a )  ther e wa s numbe r  agreemen t  betwee n 

subjec t  noun s an d thei r  verbs ;  (b )  verb s differe s wit h re -

gar d t o argumen t  expectation s (som e require d direc t  ob -

jects ,  other s optionall y permitte d objects ;  other s preclud -

ed direc t  objects) ;  (c )  sentence s coul d contai n multipl e 

embedding s i n th e for m o f  relativ e clause s (i n whic h th e 

hea d coul d b e eithe r  th e subjec t  o r  objec t  o f  th e subordi -

nat e cluase) .  Th e existenc e o f  thes e relativ e clause s con -

siderabl y complicate d th e se t  o f  agreemen t  an d ver b ar -

gument  facts .  (Se e Elman ,  i n press ,  fo r  detail s o f  thi s 

language. ) 

The result s o f  th e first  trial s wer e quit e disap -

pointing .  Th e networ k faile d t o maste r  th e task ,  eve n fo r 

th e trainin g data .  Performanc e wa s no t  uniforml y bad . 

Indeed ,  i n som e sentences ,  th e networ k woul d correctl y 

coordinat e th e numbe r  o f  th e mai n claus e subject ,  men -

tione d earl y i n a  sentence ,  wit h th e numbe r  o f  th e mai n 

claus e verb ,  mentione d afte r  man y embedde d relativ e 

clauses .  Bu t  i t  woul d the n fai l  t o ge t  th e agreemen t  cor -

rec t  o n som e o f  th e relativ e claus e subject s an d verbs , 

eve n whe n thes e wer e clos e together .  (Fo r  example ,  i t 

migh t  produc e Th e boy s wh o th e gir l  chas e se e th e dog , 

gettin g th e numbe r  agreemen t  o f  boy s an d se e right ,  bu t 

failin g o n th e mor e proximal—an d presumably ,  easier — 

gir l  chase. )  Bu t  eve n thi s patter n wa s idiosyncratic . 

Thi s result ,  o f  course ,  i s exactl y wha t  migh t 

hav e bee n predicte d b y Chomsky ,  Miller ,  an d Gold . 

Incrementa l  inpu t 

I n a n attemp t  t o understan d wher e th e breakdow n wa s 

occurring ,  an d jus t  h o w comple x a  languag e th e networ k 

migh t  b e abl e t o learn ,  I  devise d a  regime n i n whic h th e 
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trainin g inpu t  wa s organize d int o corpor a o f  increasin g 

complexity ,  an d th e networ k wa s traine d firs t  wit h th e 

simples t  input .  Ther e wer e five  phase s i n all .  I n th e firs t 

phase ,  10,00 0 sentence s consistin g solel y o f  simpl e sen -

tence s wer e presented .  T h e networ k wa s traine d o n five 

exposure s ('epochs' )  t o thi s database .  A t  th e conclusio n 

of  thi s phase ,  th e trainin g dat a wer e discarde d an d th e 

networ k expose d t o a  n e w se t  o f  sentences .  I n thi s secon d 

phase ,  7,50 0 o f  th e sentence s wer e simple ,  an d 2,50 0 

comple x sentence s wer e als o included .  A s before ,  th e 

networ k wa s traine d fo r  5  epochs ,  afte r  whic h perfor -

mance wa s als o quit e high ,  eve n o n th e comple x sentenc -

es .  I n phas e three ,  th e mixtur e wa s 5,00 0 simple/5,00 0 

comple x sentences ,  fo r  5  epochs .  I n phas e four ,  th e mix -

tur e wa s 2,50 0 simple/7,50 0 complex .  A n d i n phas e 

five,  th e networ k wa s traine d o n 10,00 0 comple x sen -

tences . 

Since the prediction task—given this gram-

mar—i s non-deterministic ,  th e bes t  measur e o f  perfor -

mance i s no t  th e exten t  t o whic h th e litera l  predictio n i s 

correc t  (measure d thus ,  0  erro r  woul d requir e th e net -

wor k t o memoriz e th e trainin g data )  bu t  rathe r  th e degre e 

t o whic h th e network' s prediction s approximat e th e em -

pirica l  probabilit y  distributions .  Performanc e usin g thi s 

metri c wa s hig h a t  th e conclusio n o f  al l  phase s o f  train -

ing ,  includin g th e final  phase :  final  performanc e ha d a n 

erro r  o f  0.177 ,  wit h networ k outpu t  measure d agains t  th e 

empiricall y derive d likelihoo d estimates .  (Alternatively , 

on e ca n measur e th e cosin e o f  th e angl e betwee n thes e 

tw o vectors .  M e a n cosin e a t  th e en d o f  train g wa s 0.852 ; 

perfec t  performanc e woul d hav e bee n 1.00. )  Further -

more ,  th e network' s hig h performanc e generalize d t o a 

variet y o f  nove l  sentence s whic h systematicall y tes t  th e 

capacit y t o predic t  grammaticall y correc t  form s acros s a 

rang e o f  differen t  structures . 

This result contrasts strikingly with the earlier 

failur e o f  th e networ k t o lear n whe n th e ful l  corpu s wa s 

presente d a t  th e outset. ^  Pu t  simply ,  th e networ k wa s un -

abl e t o lear n th e comple x gramma r  w h e n traine d fro m 

th e outse t  wit h th e ful l  'adult '  language .  However ,  w h e n 

th e trainin g dat a wer e selecte d suc h tha t  simpl e sentence s 

wer e presente d first,  th e networ k succeede d i n no t  onl y 

masterin g these ,  bu t  the n goin g o n t o maste r  th e comple x 

sentence s a s well . 

I n on e sense ,  thi s i s a  pleasin g result ,  becaus e 

th e behavio r  o f  th e networ k partiall y  reesemble s tha t  o f 

children .  Childre n d o no t  begi n b y masterin g th e adul t 

languag e i n al l  it s  complexity .  Rather ,  the y begi n wit h 

th e simples t  o f  structures ,  an d buil d incrementall y unti l 

the y achiev e th e adul t  language . 

Ther e i s a n importan t  disanalogy ,  however .  I n 

thi s simulation ,  th e networ k wa s place d i n a n environ -

ment  whic h wa s carefull y constructe d s o tha t  i t  onl y en -

countere d th e simpl e sentence s a t  th e beginning .  A s 

learnin g an d performanc e progressed ,  th e environmen t 

was graduall y enriche d b y th e inclusio n o f  mor e an d 

mor e comple x sentences .  Thi s i s no t  a  goo d mode l  fo r 

th e situatio n i n whic h childre n lear n language .  Althoug h 

ther e i s evidenc e tha t  adult s modif y thei r  languag e t o 

some exten t  whe n interactin g wit h children ,  i t  i s  no t  clea r 

tha t  thes e modification s affec t  th e grammatica l  structur e 

of  thei r  speech .  Unlik e th e network ,  childre n hea r  exem -

plar s o f  al l  aspect s o f  th e adul t  languag e from  th e begin -

ning . 

I f  i t  i s  no t  tru e tha t  th e child' s environmen t 

change s radicall y (a s i n thi s first  simulation) ,  wha t  i s tru e 

i s tha t  th e chil d change s durin g th e perio d h e o r  sh e i s 

learnin g language .  A  mor e realisti c networ k mode l 

woul d hav e a  constan t  learnin g environment ,  bu t  s o m e 

aspec t  o f  th e networ k itsel f  woul d underg o chang e dur -

in g learning . 

Incremental memory 

One developmenta l  chang e whic h i s plausibl y relevan t  t o 

learnin g i s th e gradua l  increas e i n memor y an d attentio n 

spa n whic h i s characteristi c  o f  children .  I n th e networic , 

th e analo g o f  memor y i s supplie d b y th e acces s th e net -

wor k ha s (vi a th e recurren t  connections )  t o it s  o w n prio r 

interna l  states .  Th e networ k ca n b e give n a  mor e limite d 

memory b y deprivin g i t  o f  access ,  periodically ,  t o thi s 

feedback .  Th e networi c woul d thu s hav e onl y a  limite d 

tempora l  windo w withi n whic h pattern s coul d b e pro -

cessed . 

^' Both this result and the earlier failtire were replicated several 
time s wit h differen t  startin g conditions ,  a  variet y o f  differen t 
architectures ,  an d variou s setting s o f  th e learnin g parameter s 
(learnin g rate ,  momentum ,  bound s o n beginnin g rando m 
weigh t  initialization) . 
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A secon d simulatio n wa s therefor e carrie d ou t 

wit h th e goa l  o f  seein g wha t  th e effec t  woul d be ,  no t  o f 

stagin g th e input ,  bu t  o f  beginnin g wit h a  limite d memor y 

an d graduall y increasin g memor y span .  Th e rational e wa s 

tha t  thi s scenari o mor e closel y resemble d th e condition s 

unde r  whic h childre n lear n language . 

I n thi s simulation ,  th e networ k wa s traine d fro m 

th e outse t  wit h th e ful l  adul t  languag e (i.e. .  th e targe t  cor -

pu s tha t  ha d previousl y bee n show n t o b e unleamabl e 

when i t  wa s presente d fro m th e beginning) .  However ,  th e 

networ k itsel f  wa s modifie d suc h tha t  durin g th e first 

phase ,  th e recurren t  feedbac k wa s eliminate d afte r  ever y 

thir d o r  fourt h wor d (randomly). ^  I n th e secon d phase , 

th e networ k continue d wit h anothe r  se t  o f  sentence s 

draw n fro m th e th e adul t  languag e (th e first  se t  wa s dis -

carde d simpl y s o th e networ k woul d no t  b e abl e t o m e m-

oriz e it) ;  mor e importantly ,  th e memor y windo w wa s in -

crease d t o 4- 5 words .  I n th e thir d phase ,  th e memor y win -

d o w wa s increase d t o 5- 6 words ;  i n th e fourt h phase ,  t o 6 -

7 words ;  an d i n th e fifth  phase ,  th e feedbac k wa s no t  in -

terfere d wit h a t  all . 

Under  thes e conditions ,  i t  tiune d ou t  tha t  th e 

first  phas e ha d t o b e extende d t o muc h longe r  tha n i n th e 

previou s simulatio n i n orde r  t o achiev e a  comparabl e lev -

el  o f  performanc e (1 2 epoch s rathe r  tha n 5 ;  fo r  purpose s 

of  comparison ,  performanc e wa s measure d onl y o n th e 

simpl e sentence s eve n thoug h th e networ k wa s traine d o n 

comple x sentence s a s well) .  However ,  onc e thi s initiall y 

prolonge d stag e o f  learnin g wa s over ,  learnin g proceede d 

as quickl y throug h th e remainin g stage s ( 5 epoch s pe r 

stage) .  A t  th e end ,  performanc e o n bot h th e trainin g data , 

and als o o n a  wid e rang e o f  nove l  data ,  wa s a s goo d a s i n 

th e prio r  simulation .  I f  th e learnin g mechanis m itsel f  wa s 

allowe d t o underg o 'maturationa l  changes '  (i n thi s case , 

increasin g it s m e m o r y edacity )  durin g learning ,  the n out -

c o me wa s jus t  a s goo d a s i f  th e environmen t  itsel f  ha d 

bee n staged . 

Befor e discussin g som e o f  th e implication s o f 

thi s finding,  i t  i s  importan t  t o tr y t o understan d exactl y 

what  th e basi c mechanis m i s whic h result s i n th e appar -

entl y paradoxica l  finding  tha t  learnin g ca n b e improve d 

unde r  condition s o f  limite d capacity .  O n e woul d lik e t o 

know ,  fo r  example ,  whethe r  thi s outcom e i s alway s t o b e 

expected ,  o r  whethe r  thi s resul t  migh t  b e obtaine d i n onl y 

specia l  circumstances . 

We begi n b y lookin g a t  th e wa y th e networ k 

eventuall y solve d th e proble m o f  representin g comple x 

sentences .  Th e networ k ha s availabl e t o it ,  i n th e for m o f 

it s  hidde n uni t  patterns ,  a  high-dimensiona l  spac e fo r  in -

terna l  representations .  I t  i s  wel l  know n tha t  i n suc h net -

work s thes e interna l  representation s ca n pla y a  ke y rol e i n 

^ This was done by setting the context units to values of 0.5. 

th e solutio n t o a  problem .  A m o n g othe r  things ,  th e inter -

nal  representation s permi t  th e networ k t o escap e th e tyr -

ann y o f  a  form-base d interpretatio n o f  th e world .  Some -

time s {h e for m o f  a n inpu t  i s no t  a  reliabl e indicato r  o f 

ho w i t  shoul d b e treated ;  pu t  anothe r  way ,  appearance s 

ca n deceive .  I n suc h cases ,  th e networ k use s it s hidde n 

unit s t o construc t  a  functionally-base d representationa l 

scheme .  Thus ,  th e similarit y structur e o f  th e interna l  rep -

resentation s ca n b e mor e reliabl e indicato r  o f  'meaning ' 

tha n th e similarit y structur e o f  th e bar e inputs . 

I n thi s simulation ,  th e networ k utilize d th e var -

iou s dimension s o f  th e interna l  stat e t o represen t  a  num -

ber  o f  differen t  factor s whic h wer e relevan t  t o th e task . 

Thes e include :  individua l  lexica l  item ;  grammatica l  cat -

egor y (noun ,  verb ,  relativ e pronoun ,  etc.) ;  numbe r  (sin -

gula r  vs .  plural) ;  grammatica l  rol e (subjec t  vs .  object) ; 

leve l  o f  embeddin g (mai n clause ,  subordinate ,  etc.) ;  an d 

ver b argumen t  typ e (transitive ,  intransitive ,  optional) . 

Principl e componen t  analysi s (Gonzale z &  Wintz ,  1977 ) 

ca n b e use d t o identif y th e specifi c  dimension s associat -

ed wit h eac h factor .  Th e interna l  representation s o f  spe -

cifi c  sentence s ca n the n b e visualize d a s movement s 

throug h thi s stat e spac e (on e look s a t  selecte d dimen -

sion s o r  planes ,  chose n t o illustrat e th e facto r  o f  interest) . 

O ne ca n als o visualiz e th e representationa l 

spac e mor e globall y b y havin g th e networ k proces s a 

larg e numbe r  o f  sentences ,  an d recordin g th e position s i n 

stat e spac e fo r  eac h word ;  an d the n displayin g th e overal l 

positions .  Thi s i s don e i n Figur e 2a .  Thre e dimension s 

(ou t  o f  th e 7 0 total )  ar e shown ;  th e x  an d y  coordinate s 

togethe r  encod e dept h o f  embeddin g an d th e z  coordinat e 

encode s number .  (Se e Elman ,  i n press ,  fo r  details. ) 

At  th e outse t  o f  learning ,  o f  course ,  non e o f 

thes e dimension s hav e bee n assigne d t o thes e functions . 

I f  on e passe s th e sam e sentence s throug h a  networ k prio r 

t o training ,  th e interna l  representation s hav e n o discern -

ibl e structure .  Thes e interna l  representation s ar e th e im -

portan t  outcom e o f  learning ;  the y ar e als o th e necessar y 

basi s fo r  goo d performance . 

The state-spac e grap h show n i n Figure2 a wa s 

produce d unde r  condition s o f  incrementa l  training , 

which ,  w e hav e seen ,  wa s crucia l  fo r  successfu l  learning . 

W h at  doe s th e state-spac e loo k hk e unde r  condition s o f 

failure ,  suc h a s whe n w e trai n a  fully-matur e networ k o n 

th e adul t  corpu s fro m th e beginning ? Figur e 2 b show s 

suc h a  plot . 

Unlik e Figur e 2a ,  Figur e 2 b reveal s a  les s clear -

l y organize d us e o f  th e stat e space .  Ther e i s fa r  greate r 

variability ,  an d word s hav e noisie r  interna l  representa -

tions .  W e d o no t  se e th e kin d o f  shar p distinction s whic h 

ar e associate d wit h th e encodin g o f  number ,  ver b argu -

ment  type ,  an d embeddin g a s w e d o whe n th e networ k 

has succeede d i n masterin g th e language .  W h y migh t  thi s 
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Figur e 2 
(a )  Grap h o f  dimension s whic h encod e embeddin g (x.y )  an d numbe r  (z )  from  a  networ k whic h succede d i n learnin g th e grammar ,  (b ) 
The sam e grap h from  a  networ k whic h faile d i n th e learnin g task . 

be? 

W h en th e networ k i s confronte d fro m th e begin -

nin g wit h th e entir e adul t  corpu s th e proble m i s this . 

Ther e ar e actuall y a  relativel y smal l  numbe r  o f  source s o f 

varianc e (number ,  grammatica l  category ,  verb-argumen t 

type ,  an d leve l  o f  embedding) .  However ,  thes e source s o f 

varianc e interac t  i n comple x ways .  S o m e o f  th e interac -

tion s involv e fairl y long-distanc e dependencies .  Fo r  ex -

ample ,  i n th e sentenc e Th e girl s w h o th e dog s tha t  I 

chase d dow n th e blockfrightened ,  ra n away ,  th e evidenc e 

tha t  th e \&r b frightene d i s transitiv e i s a  bi t  obscure ,  be -

caus e th e direc t  objec t  {th e girls )  no t  onl y doe s no t  occu r 

afte r  th e ver b (th e norma l  positio n fo r  a  direc t  objec t  i n 

simpl e Englis h sentences) ,  bu t  occur s 1 0 word s earlier ; 

and ther e ar e severa l  othe r  noun s an d verb s i n between . 

The simpl e recurren t  networ k doe s no t  hav e perfec t  m e m-

ory .  Al l  thing s bein g equal ,  informatio n decay s exponen -

tially .  W h a t  happen s i s tha t  th e networ k finds  a  solutio n t o 

th e tas k whic h work s enoug h o f  th e tim e t o yiel d reason -

abl e performance .  However ,  th e solutio n i s imperfec t  an d 

result s i n a  se t  o f  interna l  representation s whic h d o no t  re -

flec t  th e tru e underlyin g source s o f  variance .  Th e out -

come is ,  a s alread y pointe d out ,  consisten t  wit h th e claim s 

of  Chomsk y (1957 )  Mille r  &  C h o m s k y (1963) ,  an d Gol d 

(1967) . 

W h en learnin g proceed s i n a n incrementa l  fash -

ion—eithe r  becaus e th e environmen t  ha s bee n altere d o r 

becaus e th e networ k itsel f  i s  initiall y  handicapped—th e 

resul t  i s  tha t  th e networ k onl y see s a  subse t  o f  th e data . 

W h en th e inpu t  i s  staged ,  th e dat a ar e jus t  th e simpl e sen -

tences .  W h e n th e networ k i s give n a  Umite d tempora l 

window ,  th e dat a ar e th e ful l  adul t  languag e bu t  th e effec -

tiv e dat a ar e onl y thos e sentences ,  an d portion s o f  sentenc -

es ,  whic h fal l  withi n th e window .  Thes e ar e th e simpl e 

sentences .  ( N o w w e se e w h y th e initia l  phas e o f  learnin g 

take s a  bi t  longe r  i n thi s condition ;  th e networ k als o ha s t o 

wade throug h a  grea t  dea l  o f  inpu t  whic h i t  i s  essentiall y 

noise. ) 

Thi s subse t  o f  data ,  th e simpl e sentences ,  contai n 

thre e o f  th e fou r  source s o f  varianc e (grammatica l  catego -

ry ,  number ,  an d ver b argumen t  type )  an d ther e ar e n o long -

distanc e dependencies .  A s a  result ,  th e networ k i s abl e t o 

develo p interna l  representation s whic h encod e thes e 

source s o f  variance .  W h e n learnin g advance s (eithe r  be -

caus e o f  n e w input ,  o r  becaus e improvement s i n th e net -

work' s memor y capacit y giv e i t  a  large r  tempora l  win -

d o w ) ,  al l  additiona l  change s ar e constraine d b y thi s earl y 

commitmen t  t o th e basi c grammatica l  factors . 

The effect of early learning, thus, is to constrain 

th e solutio n spac e t o a  m u c h smalle r  region .  Th e solutio n 

spac e i s initiall y  ver y large ,  an d contain s m a n y fals e solu -

tion s (i n networ k parlance ,  loca l  minima) .  Whethe r  o r  no t 

i t  i s  reall y th e cas e tha t  th e dat a trul y underdetermin e th e 

solution ,  i t  doe s see m t o b e tru e tha t  th e chance s o f  stum -

blin g o n th e correc t  solutio n ar e small .  However ,  b y selec -

tivel y focusin g o n th e simple r  se t  o f  facts ,  th e networ k ap -

pear s t o lear n th e basi c distinctions—noun/verbA-elativ e 

pronoun ,  singular/plural ,  etc.—whic h for m th e necessar y 

basi s fo r  learnin g th e mor e difficul t  se t  o f  fact s whic h aris e 

wit h comple x sentences . 

Seen in this light, the early limitations on memo-

r y capacit y assum e a  mor e positiv e character .  I t  i s  natura l 

t o believ e tha t  th e mor e powerfu l  a  network ,  th e greate r  it s 

abilit y  t o lear n a  comple x domain .  However ,  thi s appear s 

not  alway s t o b e th e case .  I f  th e domai n i s o f  sufficien t 

complexity ,  an d i f  ther e ar e abundan t  "fals e solutions" , 

the n th e opportunitie s fo r  failur e ar e great .  W h a t  i s re -

quire d i s som e w a y t o artificiall y  constrai n th e solutio n 

spac e t o jus t  tha t  regio n whic h contain s th e tru e solution . 

Th e initia l  memor y limitation s fill  thi s role ;  the y ac t  a s a 

filter  o n th e input ,  an d focu s learnin g o n jus t  tha t  subse t  o f 

fact s whic h la y th e foundatio n fo r  futur e success .  Thi s 

conjectur e i s i n fac t  jus t  wha t  Newpor t  (1988 ,  1990 )  ha s 

previousl y suggested ,  unde r  wha t  sh e ha s terme d th e 'les s 

i s more *  hypothesis . 
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Highe r  primate s ar e distinguishe d b y thei r  ex -

tende d perio d o f  development ,  an d b y thei r  relativel y di -

minishe d capacitie s a t  earl y stage s o f  developmen t  I t  ha s 

bee n suggeste d tha t  thi s i s a n evolutionar y developmen t 

whic h represent s a  compromis e betwee n larg e brai n siz e 

an d th e narro w pelvi c girdl e require d fo r  uprigh t  posture . 

Thi s i s a  plausibl e hypothesis ;  however ,  ther e m a y b e ad -

ditiona l  benefit s  t o a  prolonge d perio d o f  maturation .  Ear -

l y developmenta l  limitation s m a y pla y a n essentia l  rol e i n 

learnin g comple x domains ,  an d m a y ultimatel y b e wha t 

enabl e th e highe r  primate s t o achiev e thei r  characteristi -

call y hig h leve l  o f  cognitiv e function . 

Thus ,  th e so-calle d critica l  perio d m a y b e criti -

cal  no t  b y virtu e o f  specia l  capacitie s whic h ar e presen t 

durin g childhoo d an d magicall y an d lamentabl y los t  a t 

puberty .  Rather ,  th e critica l  perio d m a y b e specia l  be -

caus e th e late r  abilitie s whic h ar e foun d i n adult s hav e no t 

ye t  full y developed .  T h e simple r  vie w o f  th e worl d whic h 

thi s afford s make s learnin g tractable . 

Finally ,  i t  i s  wort h pointin g ou t  tha t  th e advan -

tag e whic h accrue s t o incrementa l  learnin g doe s no t  aris e 

i n al l  circumstances .  Conside r  th e extrem e cas e wher e 

what  i s t o b e learne d i s a  completel y rando m collectio n o f 

facts .  I n suc h circumstances ,  undersamplin g th e dat a 

(whic h i s wha t  incrementa l  learnin g involves )  run s th e 

risk  o f  establishin g fault y generalizations .  Incrememen -

ta l  learnin g ca n onl y b e usefu l  i f  (a )  th e environmen t  con -

tain s structure ;  an d (b )  th e materia l  learne d earl y embod -

ie s th e majo r  generalization s i n a  simple r  form .  I n prac -

tice ,  th e worl d i s no t  a  rando m place ,  an d th e sort s o f 

thing s childre n hav e t o lear n abou t  typicall y contai n a 

grea t  dea l  o f  structure .  I n th e specifi c  cas e o f  language , 

i t  m a y als o b e tha t  th e filtering  whic h occur s a s a  resul t 

of  limite d m e m o r y pick s ou t  jus t  tha t  evidenc e whic h i s 

require d fo r  successfu l  languag e learning ,  an d whic h al -

lo w th e chil d t o indee d g o beyon d th e data . 
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