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Universit y o f  California ,  Sa n Dieg o 

Kim PIunl<ett 

Institut e o f  Psycholog y 

Universit y o f  Aarhus ,  Denmar k 

A B S T R A CT 

The degree to which the behavior of PDP 

model s o f  patter n association s (Rumelhar t  & 

McClelland ,  1986 ;  1987 )  approximate s children' s 

acquisitio n o f  inflectiona l  morpholog y ha s 

recentl y bee n highlighte d i n discussion s o f  th e 

applicabilit y  o f  P D P t o th e stud y o f  huma n cog -

nitio n an d languag e (Pinke r  &  Mehler ,  1988) .  I n 

thi s paper ,  w e attemp t  t o eliminat e man y o f  th e 

limitation s o f  th e R & M model ,  adoptin g a n 

empirica l  approac h t o th e analysi s o f  learnin g 

(hi t  rat e an d erro r  type )  i n tw o set s o f  simula -

tion s i n whic h vocabular y structur e (toke n fre -

quency )  an d th e presenc e o f  phonologica l  subre -

gularitie s ar e manipulated .  A  3-laye r  bac k pro -

pagatio n networ k i s use d t o implemen t  a  pat -

ter n associatio n tas k wit h string s tha t  ar e 

analogou s t o fou r  type s o f  presen t  an d pas t 

tens e Englis h verbs .  W e overvie w resultin g 

"competitions "  whe n string s ar e randoml y 

assigne d t o ver b classes ,  i n particular ,  th e con -

dition s unde r  whic h dififeren t  overgeneralizatio n 

error s (bot h "  pure "  an d "  blended" )  ar e pro -

duced .  I n a  secon d se t  o f  simulations ,  identica l 

typ e an d toke n frequencie s ar e used ,  bu t  string s 

ar e assigne d t o th e identit y an d vowe l  chang e 

classe s o n th e basi s o f  phonologica l  shap e o f  th e 

stem .  Phonologica l  cue s ar e exploite d b y th e 

syste m leadin g t o overal l  improve d perfor -

mance.  However ,  overgeneralization s continu e 

t o b e observe d i n simila r  conditions .  Toke n fre -

quenc y work s togethe r  wit h phonologica l  subre -

gularitie s t o determin e pattern s o f  learning , 

includin g th e condition s unde r  whic h "  rule-like " 

behavio r  wil l  an d wil l  no t  emerge .  Th e result s 

ar e discusse d wit h referenc e t o behaviora l  dat a 

on children' s acquisitio n o f  th e Englis h pas t 

tense . 

INTRODUCTION 

Most current perspectives in child language 

acquisitio n fram e languag e learnin g an d produc -

tio n i n term s o f  symboli c an d categoricall y 

define d principle s o r  rule s (Chomsky ,  1980 ; 

Pinker ,  1984 ;  se e Derwin g &  Skousen ,  1989) . 

System s o f  rule s ar e see n a s th e indispensabl e 

forma t  withi n whic h t o explai n ho w th e 

languag e learne r  achieve s a  linguisti c syste m 

tha t  i s abstrac t  enoug h t o produc e grammatica l 

utterances ,  bu t  a t  th e sam e tim e wil l  allo w he r 

t o g o "  beyon d th e data "  an d creat e nove l  com -

bination s (e.g. ,  Berko ,  1958) .  Th e goal s o f  th e 

acquisitionis t  ar e t o outlin e whe n childre n ca n 

be sai d t o maste r  th e rule s tha t  represen t 

linguisti c structur e an d t o uncove r  th e mechan -

ism s b y whic h tha t  organizatio n i s achieved . 

I n th e pas t  tens e i n English ,  irregula r  o r 

"strong "  verb s ar e no t  see n t o for m thei r  pas t 

tense s throug h a  suffixatio n rul e (e.g. ,  "ad d 

-ed") ,  bu t  ar e "  exceptions. "  Th e majorit y o f 

th e irregula r  ver b stem s ca n b e groupe d int o 

thre e genera l  categorie s (se e Bybe e &  Slobin , 

1982 ;  Pinke r  &  Prince ,  198 8 fo r  mor e detaile d 

classifications) :  (a )  identit y mappin g (o r  n o 

markin g -  doin g nothin g t o th e stem ,  e.g. ,  hi t 

—> hit) ;  (b )  vowe l  chang e (transformin g th e 

vowel ,  e.g. ,  com e — > came ;  (c )  arbitrar y (ther e 

i s n o obviou s structura l  relationshi p betwee n 

th e presen t  an d pas t  tens e form ,  e.g. ,  g o — > 

went) .  Childre n wil l  sometime s overgeneraliz e 

th e regula r  rul e an d produc e erroneou s form s 

suc h a s "goed "  i n whic h th e regula r  "-ed "  end -
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in g cooccur s wit h irregula r  stem s (e.g. ,  Bybe e & 
Slobin ,  1982) .  O f  course ,  childre n eventuall y 

lear n t o produc e bot h regula r  an d irregula r  pas t 

tens e form s correctly .  Th e apparen t  regressio n 

and subsequen t  improvemen t  i n children' s abili -

tie s suggest s a  stage-lik e reorganizatio n o f  th e 

child' s rul e syste m (Bowerman ,  1982 )  an d i s a n 

oft-cite d exampl e o f  "U-shaped "  development . 

Thes e phenomen a ar e see n a s amon g th e mos t 

persuasiv e piece s o f  behaviora l  evidenc e tha t 

languag e learnin g involve s achievin g a  syste m 

i n whic h genera l  rule s an d thei r  exception s mus t 

come t o peacefull y coexist . 

Recently ,  Rumelhar t  &  McClellan d (1986 , 

1987 )  se t  ou t  t o captur e severa l  o f  th e "  facts " 

of  th e acquisitio n o f  th e Englis h pas t  tens e (i.e. , 

tha t  th e "-ed "  suffi x  i s  ofte n overgeneralize d t o 

irregula r  verb s an d tha t  learnin g proceed s alon g 

a "U-shaped "  course )  usin g a  2-laye r  percep -

tro n network .  Thei r  goa l  wa s t o sugges t  ho w a 

model  o f  languag e acquisitio n migh t  b e abl e t o 

avoi d rule-base d mechanism s an d discret e sym -

bols ,  ye t  stil l  captur e wha t  childre n "  do "  a t 

variou s point s i n acquisition .  Th e abilit y  o f 

network s o f  thi s sor t  t o "  behave "  a s childre n d o 

i s intende d t o challeng e th e vie w tha t  acquisi -

tio n i s necessaril y  a  proces s o f  organizin g an d 

reorganizin g explicitl y  represente d rule s an d 

thei r  exceptions .  Model s suc h a s thi s on e 

characteristicall y utiliz e distribute d representa -

tion s an d focu s o n elaboratin g th e microstruc -

tur e o r  sub-symboli c natur e o f  cognitio n an d 

languag e (Smolensky ,  1988) .  Thes e claim s hav e 

undergon e considerabl e scrutin y an d hav e bee n 

met  wit h resistanc e i n som e circle s (e.g. ,  Pinke r 

& Mehler ,  1988) .  Severa l  hav e questione d th e 

detail s o f  th e R & M pas t  tens e simulation ,  nom -

inatin g i t  a s th e 'tes t  case '  fo r  evaluatin g th e 

exten t  t o whic h connectionis m ca n offe r  a  sub -

stantiv e alternativ e approac h t o understandin g 

th e natur e o f  linguisti c an d cognitiv e system s 

(Fodo r  &  Pylyshyn ,  1988) . 

Clearly ,  th e R & M mode l  i s limite d b y 

severa l  o f  it s assumption s abou t  th e structur e o f 

th e inpu t  withi n whic h languag e learnin g take s 

place .  First ,  childre n d o no t  hea r  presen t  an d 

pas t  tens e form s side-by-sid e i n th e inpu t  i n th e 

absenc e o f  semanti c o r  communicativ e informa -

tion .  No r  d o childre n receiv e a n explici t 

"teacher "  signa l  a s feedback .  I n addition . 

Pinke r  &  Princ e (1988 )  poin t  ou t  tha t  th e 

network' s productio n o f  overgeneralization s 

coincide d directl y wit h th e introductio n o f  a 

greate r  numbe r  o f  regula r  verb s int o th e learn -

in g set .  Learnabilit y  consideration s undermin e 

th e result s o f  a  mode l  tha t  introduce s discon -

tinuit y int o th e input ,  i.e. ,  th e "  learner "  i s 

expose d t o onl y a  subse t  o f  th e availabl e 

linguisti c dat a earl y i n learning .  Further ,  exem -

plar s (i.e. ,  tokens )  o f  particula r  verb s wer e 

presente d wit h equa l  frequenc y t o R&M' s sys -

tem.  I t  i s  highl y unlikel y tha t  childre n hea r 

eac h ver b toke n wit h equa l  frequenc y (Bever ,  i n 

press) .  Finally ,  Pinke r  &  Princ e criticiz e th e 

R &M mode l  fo r  no t  incorporatin g higher-orde r 

representation s suc h a s "  word, "  "  root, "  "  regu -

la r  verb "  an d "irregula r  verb "  tha t  allo w 

system-interna l  differentiation s betwee n tw o 

classe s o f  verb s an d tw o learnin g mechanism s 

(rot e an d rule) .  Certai n aspect s o f  th e pas t 

tens e syste m i n Englis h ar e conduciv e t o th e 

mechanism s embodie d i n P D P models ,  i.e .  th e 

abstractio n o f  famil y resemblanc e cluster s o f 

phonologica l  similarit y betwee n an d amon g 

verb s i n th e irregula r  classes .  However ,  thi s 

mechanis m i s neithe r  necessar y no r  appropriat e 

fo r  capturin g th e "default "  natur e (o r  for m 

independence )  o f  verb s i n th e regula r  class .  Th e 

operatio n o f  th e regula r  rul e i s assume d t o 

involv e higher-leve l  representation s tha t  ar e 

manipulate d regardles s o f  lower-leve l  phonologi -

cal  ste m representations .  R&M' s failur e t o 

incorporat e symboli c construct s tha t  captur e 

th e phonologica l  difference s betwee n regula r 

and irregula r  verb s i s interprete d a s a 

significan t  an d fata l  shortcomin g o f  th e 

approach . 

I n thi s paper ,  w e exten d th e R & M wor k 

by explorin g learnin g i n tw o set s o f  simulation s 

tha t  ar e require d t o maste r  mapping s tha t  ar e 

analogou s t o presen t  an d pas t  tens e form s i n 

English .  However ,  unlik e th e R & M work ,  ou r 

simulation s d o no t  us e Wickelfeatur e represen -

tations ,  an d bac k propagatio n i s employe d i n a 

three-laye r  network .  W e adop t  a n empirical , 

comparativ e approac h i n systematicall y varyin g 

toke n frequenc y an d th e presence/absenc e o f 

phonologica l  subregularitie s i n th e inpu t  set . 

At  n o poin t  ar e discontinuitie s introduce d int o 

th e inpu t  se t  i n an y simulation . 

METHOD 

Al l  simulation s us e a n artificia l  languag e con -

sistin g o f  randoml y generated ,  possibl e Englis h 

C V C,  V C C an d C C V strings .  (Se e Plunket t  & 

Marchman (1989 )  fo r  a  complet e descriptio n o f 

th e vocabular y an d phonologiri )  ropresentatio n 

used) .  Eac h consonan t  an d vov* .  1  i < represente d 
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by a  patter n o f  feature s distribute d acros s 8 

units ,  reflectin g phonologica l  contrast s suc h a s 

voiced/unvoiced ,  front/middle/back ,  etc .  Th e 

representatio n o f  th e suffi x  ( 2 units )  i s  no t  pho -

nological ,  bu t  3  "  allomorphs "  ar e possibl e 

dependin g o n th e voicin g o f  th e final  consonan t 

of  th e ste m (analogou s to ,  fo r  example ,  /-t /  fol -

lowin g voiceles s stop) .  Twent y unit s ar e use d t o 

encod e eac h presen t  an d pas t  tens e form ,  an d 

thus ,  th e mode l  i s restricte d t o processin g fixed 

lengt h strings .  Eleve n English-lik e vowe l 

chang e transformation s ar e use d (e.g. ,  /i /  — > 

/A/ ,  rin g — > rang) .  Eac h vowe l  ca n b e 

transforme d t o one ,  tw o o r  thre e possibl e ne w 

vowel s i n th e output . 

Al l  network s mus t  lear n fou r  type s o f 

mapping .  Thus ,  th e network ,  lik e th e child , 

must  lear n t o dea l  wit h severa l  differen t  classe s 

of  transformation s simultaneously .  I n th e 

Paren t  simulations ,  th e networ k i s a t  a  sligh t 

disadvantag e compare d t o th e chil d i n tha t 

string s ar e assigne d t o th e differen t  classe s ran -

doml y (excep t  tha t  assignmen t  t o vowe l  chang e 

clas s i s conditiona l  upo n possessio n o f  a  vowe l 

whic h ca n underg o a  lega l  transformation) . 

Here ,  n o mor e phonologica l  similarit y exist s 

betwee n th e member s o f  a  give n clas s tha n 

betwee n member s o f  differen t  classes .  I n th e 

Phonologica l  simulations ,  w e partiall y  mimi c 

subregularitie s whic h characteriz e th e vowe l 

chang e an d identit y verb s i n English ,  b y assign -

in g verb s t o classe s o n th e base s o f  ste m final 

CV sequences . 

The member s o f  th e 4  classe s ar e assem -

ble d fro m a  "language "  o f  70 0 lega l  strings . 

For  eac h simulation ,  tota l  vocabular y siz e (50 0 

uniqu e strings )  an d numbe r  o f  uniqu e string s i n 

eac h clas s (typ e frequency )  i s hel d constant : 

A R B I T R A R Y:  2  types ;  R E G U L A R:  41 0 types ; 

IDENTITY :  2 0 types ;  V O W EL C H A N G E:  6 5 

types .  Th e numbe r  o f  repetition s o f  a  uniqu e 

strin g (toke n frequency )  i s manipulate d acros s 

simulatio n s o tha t  th e networ k experience s som e 

item s mor e frequentl y tha n other s withi n a 

give n swee p throug h th e data .  Th e toke n fre -

quencie s use d i n bot h th e Paren t  an d th e Phon e 

simulation s ar e liste d i n Tabl e 1 .  Al l  simula -

tion s use d 2 0 input ,  2 0 output ,  an d 2 0 hidde n 

units ,  an d wer e ru n o n th e "rlearn "  simulato r 

(Cente r  fo r  Researc h i n Language ,  U C S D)  usin g 

a bac k propagatio n learnin g algorithm .  Perfor -

mance i s assesse d i n term s o f  th e percentag e o f 

correc t  output s fo r  eac h ver b class .  Fo r 

incorrec t  outputs ,  w e comput e th e closes t  pho -

nologica l  representatio n i n orde r  t o estimat e th e 

actua l  "verbal "  outpu t  o f  th e network ,  an d 

generat e categorie s o f  erro r  type s (Table s 2  an d 

3) . 

RESULTS AND DISCUSSION 

Previou s result s fro m severa l  serie s o f  simula -

tion s usin g thi s architectur e an d vocabular y 

(Plunket t  &  Marchman ,  1989 )  reveale d tha t 

bot h typ e (clas s size )  an d toke n frequenc y o f  a 

clas s determin e rat e o f  learnin g an d final  leve l 

of  performanc e withi n tha t  class .  Thes e param -

eter s als o influenc e th e degre e t o whic h charac -

teristic s o f  on e clas s o f  mapping s wil l  b e 

adopte d b y th e networ k whe n formin g th e pas t 

tens e form s o f  verb s i n othe r  classes .  I n general , 

variation s i n toke n frequenc y wer e foun d t o 

hav e a  greate r  effec t  o n performanc e tha n typ e 

frequency .  However ,  effect s ca n b e observe d i n 

many direction s dependin g o n whic h strateg y i s 

dominan t  i n tha t  simulation .  Dominanc e o f  a 

particula r  strateg y i s determine d b y th e rela -

tiv e typ e an d toke n frequencie s o f  th e compet -

in g classes ,  i n interactio n wit h th e globa l 

characteristic s o f  th e tota l  mappin g functio n 

tha t  th e networ k i s require d t o perform .  A 

noteworth y characteristi c o f  thes e network s i s 

thei r  inabilit y  t o ma p a  larg e numbe r  o f  arbi -

trar y stem s simultaneously . 

Thes e "  networ k facts "  ar e informativ e fo r 

understandin g children' s acquisitio n o f  languag e 

i n onl y a  limite d sens e ~  fo r  ou r  purposes ,  t o 

th e degre e tha t  th e particula r  inpu t 

configuratio n use d accuratel y represent s inpu t 

t o children .  I t  i s  extremel y difficul t  t o deter -

min e th e exac t  frequenc y o f  Englis h verb s t o 

whic h childre n ar e expose d and/o r  tha t  childre n 

find  salien t  i n processing .  A s a  first  approxima -

tion ,  w e us e a  singl e typ e frequenc y 

configuratio n representin g th e relativ e clas s 

size s o f  English ,  an d var y toke n frequenc y 

parametricall y acros s simulation . 

Parent Simulations 

Manipulation s o f  toke n frequenc y i n th e 

paren t  simulation s influenc e th e performanc e o f 

a give n clas s an d th e exten t  t o whic h overgen -

eralizatio n error s wer e observed .  Th e percen t 

of  item s correctl y outpu t  i n eac h simulatio n ar e 

provide d i n Tabl e 1 .  W h e n typ e frequenc y 

(clas s size )  o f  a n irregula r  clas s i s small ,  increas -

in g it s toke n frequenc y result s i n a  hig h leve l  o f 

performanc e withou t  an y deleteriou s effect s o n 

th e dominan t  for m o f  mappin g (e.g. . 
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suffixation) .  However ,  i f  typ e frequenc y i s rela -

tivel y larg e an d backe d u p b y a  hig h toke n fre -

quency ,  the n th e performanc e o n th e dominan t 

for m o f  mappin g deteriorate s dramatically .  Fo r 

example ,  successfu l  learnin g o f  th e arbitrar y 

mapping s onl y occur s whe n clas s siz e i s smal l 

yet  eac h exempla r  i s presente d t o th e syste m 

fairl y frequentl y (i.e. ,  toke n frequenc y i s greate r 

tha n 20) .  Becaus e o f  th e initia l  biase s o f  thes e 

network s t o perfor m identit y mapping ,  perfor -

mance o n th e arbitrarie s i s poo r  unles s thes e 

type/toke n constraint s ar e met .  Interestingly , 

onc e th e numbe r  o f  exemplar s i s sufficien t  fo r 

master y i n th e arbitrar y class ,  performanc e i s 

generall y unaffecte d b y manipulation s o f  toke n 

frequenc y fo r  th e othe r  type s o f  mapping s i n th e 

network . 

W h en natura l  language s incorporat e arbi -

trar y forms ,  the y ar e generall y highl y frequen t 

and constitut e a  relativel y smal l  clas s o f  items . 

For  th e chil d acquirin g language ,  thes e typologi -

cal  characteristic s undoubtedl y contribut e t o 

th e earl y learnin g o f  thes e forms .  However , 

childre n wil l  ofte n late r  overgeneraliz e th e regu -

la r  mapping s t o th e arbitrar y clas s {g o — > 

goed) ,  bu t  eventuall y retur n t o usin g th e correc t 

form .  W e als o observ e thi s effec t  i n man y o f 

th e paren t  simulations .  However ,  unlik e th e 

R & M simulation ,  thi s behavio r  canno t  resul t 

fro m a  discontinuit y i n th e vocabular y t o whic h 

th e networ k i s exposed .  I n thes e networks , 

overgeneralization s o n arbitrar y mapping s aris e 

fro m th e nee d t o satisf y a  variet y o f  constraint s 

with m th e framewor k o f  a  singl e mechanism .  Th e 

networ k i s force d t o reorganiz e it s weigh t 

matri x t o mee t  th e requirement s o f  th e dom -

inan t  for m o f  mapping .  Onc e thi s i s achieved , 

however ,  th e networ k reestablishe s correc t  per -

formanc e s o tha t  arbitrar y form s ma y peace -

full y co-exis t  wit h stem s fro m th e othe r  classes . 

I n addition ,  w e observ e tha t  th e regula r 

and vowe l  chang e mapping s frequentl y compet e 

wit h eac h othe r  fo r  networ k resource s i n suc h a 

manner  tha t  neithe r  clas s ca n b e completel y 

mastere d simultaneously .  Competitio n effect s 

resul t  i n th e productio n o f  comple x pattern s o f 

overgeneralizatio n errors .  (Se e distributio n o f 

erro r  type s i n Tabl e 2) .  Vowe l  chang e overgen -

eralization s t o th e regula r  clas s ca n occu r  a t 

th e sam e tim e a s suffixatio n overgeneralization s 

occu r  t o th e identit y class .  Blende d error s ar e 

als o observe d (i.e. ,  th e applicatio n o f  tw o map -

pin g regularitie s i n a  singl e form) .  I n studie s o f 

children' s acquisitio n o f  th e pas t  tens e i n 

English ,  irregula r  sub-regularitie s sometime s 

giv e ris e t o thei r  ow n pattern s o f  overgenerali -

zation ,  albei t  les s frequentl y tha n th e standar d 

"  ad d -ed "  overgeneralizatio n (Bybe e &  Siobin , 

1982 ;  Marchman ,  1988) .  Tha t  is ,  childre n wil l 

sometime s "overgeneralize "  a  vowe l  chang e o r 

identit y mappin g t o a  regula r  o r  irregula r  stem , 

producin g error s suc h a s pic k — > pack ,  o r  com -

binin g mappin g type s t o produc e blende d 

responses ,  suc h a s ate d (Kuczaj ,  1977) .  But , 

becaus e irregula r  form s ar e no t  forme d usin g a 

"  default "  rule ,  error s o f  thi s typ e ar e generall y 

though t  t o resul t  vi a analog y t o th e phonologi -

cal  shap e o f  individua l  stem s (Pinke r  &  Prince , 

1988 ;  MacWhinney ,  1987) .  I n th e paren t  simula -

tions ,  non e o f  th e overgeneralizatio n errors ,  o f 

bot h th e standar d an d irregula r  variety ,  ca n b e 

attribute d t o th e phonologica l  structur e o f  th e 

inpu t  se t  give n tha t  verb s wer e randoml y 

assigne d t o classes .  However ,  non e o f  th e simu -

lation s succeede d i n reachin g "adult-lik e com -

petence "  i n al l  classe s simultaneously .  Th e 

nex t  se t  o f  simulations ,  th e phones ,  explore s 

whethe r  th e additio n o f  phonologica l  predicta -

bilit y  int o th e inpu t  se t  wil l  enabl e thes e net -

work s t o maste r  th e pas t  tense . 

Phonological Simulations 

Englis h irregula r  verb s posses s phonologi -

cal  propertie s tha t  ca n b e sai d t o characteriz e 

th e class ,  however ,  the y ar e nevertheles s 

insufficien t  t o reliabl y predic t  clas s membership , 

i.e. ,  bot h regula r  an d identit y stem s en d wit h a 

denta l  consonant .  A s discusse d b y Pinke r  & 

Princ e (1988) ,  th e lac k o f  phonologica l  similar -

it y withi n th e regula r  clas s i s crucia l  t o th e 

hypothesi s tha t  differen t  mechanism s o f  pas t 

tens e formatio n operat e o n irregula r  an d regu -

la r  verbs .  Th e regula r  rul e i s applie d generally , 

withou t  referenc e t o th e propertie s o f  th e stem ; 

whereas ,  irregula r  transformation s tak e thi s 

phonologica l  informatio n int o accoun t  i n th e 

productio n o f  a  pas t  tens e form . 

I n th e phon e simulations ,  w e impos e th e 

followin g constraint s o n clas s assignment :  (a ) 

Al l  identit y stem s mus t  en d i n a  dental ,  an d (b ) 

Al l  vowe l  chang e stem s ar e restricte d t o eleve n 

possibl e V C ste m final  sequences .  W e als o 

ensur e tha t  th e regula r  clas s contain s stem s 

possibl e irregula r  stems ,  e.g. ,  som e regular s en d 

i n a  dental .  T w o question s ar e relevant :  (1 )  D o 

th e additiona l  constraint s ai d i n th e 

identificatio n o f  clas s membershi p an d lea d t o 

improve d performance ? (2 )  D o pattern s o f  com -
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petitio n an d overgeneralizatio n occu r  whe n pho -

nologica l  sub-regularitie s ar e availabl e t o th e 

networ k tha t  ar e simila r  t o thos e whe n suc h 

informatio n i s no t  available ? Th e phon e simula -

tion s repea t  th e typ e an d toke n frequencie s o f 

th e correspondin g paren t  simulation s (se e Tabl e 

1) ,  an d represen t  a  secon d approximatio n t o th e 

tas k facin g th e youn g chil d learnin g th e rela -

tionshi p betwee n th e presen t  an d pas t  tens e 

form s o f  Englis h verbs . 

I n general ,  al l  phonologica l  simulation s 

exhibi t  a  highe r  leve l  o f  performance ,  acros s 

mappin g types ,  compare d t o th e paren t  simula -

tions ,  excep t  fo r  th e arbitrar y mapping s i n a 

fe w simulation s (Se e Tabl e 1) .  However ,  not e 

tha t  th e regular s perfor m minimall y bette r 

unde r  th e phon e condition .  Th e greates t 

improvemen t  tend s t o occu r  whe n th e toke n fre -

quenc y o f  th e vowe l  chang e clas s i s relativel y 

hig h (simulation s 5 ,  17 ,  1 8 an d 27) .  Sinc e ther e 

ar e n o difference s betwee n condition s othe r  tha n 

th e sub-regularitie s i n th e identitie s an d vowe l 

changes ,  w e ca n attribut e th e lowe r  perfor -

mance o f  th e regular s i n th e paren t  conditio n t o 

th e absenc e o f  thes e subregularities .  I n th e 

phones ,  th e phonologica l  subregularitie s conspir e 

t o protec t  th e regular s fro m interference , 

despit e th e fact s tha t  (a )  th e regula r  clas s con -

tain s stem s tha t  resembl e th e vowe l  chang e an d 

identit y classe s (simila r  vowe l  an d final  con -

sonant) ,  an d (b )  ther e ar e n o explici t  feature s 

markin g th e regula r  stem s a s "  regular. " 

Tabl e 3  present s th e distributio n o f  erro r 

type s i n th e phon e simulations .  I n general , 

thes e network s trea t  regular s whic h en d i n a 

denta l  a s identities ,  however ,  man y "denta l 

final"  regular s ar e mappe d correctl y an d othe r 

regula r  stem s ar e mappe d a s vowe l  change s o r 

blended .  Regula r  stem s tha t  confor m t o th e 

characteristic s o f  th e vowe l  chang e clas s ar e 

ofte n mappe d a s vowe l  changes ,  thoug h agai n 

not  al l  regula r  stem s wit h vowe l  chang e charac -

teristic s ar e incorrectl y mapped .  Ther e wa s a 

clear-cu t  advantag e fo r  th e identit y mapping s 

i n th e phones .  Th e networ k make s us e o f  th e 

phonologica l  sub-regularities ,  however ,  i t  i s  als o 

not  indiscriminat e i n it s categorizatio n o f  verb s 

int o classe s o n tha t  basi s (althoug h the y ar e a 

sourc e o f  error) .  I n severa l  o f  th e phon e simula -

tions ,  th e identit y clas s achieve s optima l  perfor -

mance.  However ,  e n route ,  th e mappin g under -

goes severa l  reorganization s i n whic h som e iden -

tit y stem s ar e alternatel y treate d a s regula r 

and vowe l  chang e stem s afte r  havin g bee n 

mapped correctl y (se e Plunket t  &  Marchman , 

1989 ,  fo r  a  discussio n o f  "  U-shaped "  learnin g i n 

thes e networks) .  Finally ,  ther e wa s a  moderat e 

advantag e fo r  vowe l  chang e mapping s i n th e 

Phone condition ,  particularl y apparen t  i n simu -

lation s 17 ,  1 9 an d 27 .  I n simulation s 1 7 an d 27 , 

bot h th e vowe l  chang e clas s an d th e identit y 

clas s hav e relativel y larg e toke n frequencies .  I n 

th e paren t  condition ,  th e lac k o f  phonologica l 

sub-regularitie s permit s identit y mappin g t o 

"spil l  over "  int o th e vowe l  chang e class .  How -

ever ,  i n th e phon e condition ,  th e regularit y i n 

th e identit y clas s restrict s th e applicatio n o f 

identit y mappin g t o item s tha t  posses s thes e 

characteristic s an d henc e reduce s th e leve l  o f 

interferenc e wit h th e vowe l  chang e class . 

The provisio n o f  phonologica l  constraint s 

on clas s membershi p enable s th e competitio n 

effect s betwee n classe s t o diminish ,  improvin g 

overal l  performanc e i n th e phones .  Neverthe -

less ,  pattern s o f  learnin g ar e observe d tha t  ar e 

simila r  t o thos e i n th e paren t  simulation s eve n 

thoug h man y error s d o bea r  th e stam p o f  th e 

phonologica l  structur e o f  th e inpu t  set .  Th e 

predominan t  erro r  type s fo r  bot h set s o f  simula -

tion s ar e similar :  Regulars ,  th e mos t  commo n 

erro r  i s identit y mapping ;  Identities ,  th e mos t 

common erro r  i s sufiixation ;  Vowe l  changes , 

sufBxation ,  identit y mappin g an d blending ,  i n 

tha t  order .  Similarly ,  blendin g error s i n th e 

identit y clas s ar e absen t  i n bot h th e paren t  an d 

phon e simulations . 

Clearly ,  th e phon e simulation s ma p inpu t 

stem s i n ligh t  o f  th e phonologica l  informatio n 

concernin g clas s membership .  Thes e network s 

see m t o increasingl y resembl e a  rule-governed , 

categorica l  syste m a s th e constraint s o n th e 

networ k (represente d her e a s externa l  patter n 

constraint s rathe r  tha n interna l  architectura l 

constraints )  ar e tightened .  Th e constrainin g 

effec t  o f  th e phonologica l  sub-regularitie s i s par -

ticularl y apparen t  i n thos e simulation s whic h 

otherwis e giv e ris e t o substantia l  competitio n 

effect s (compar e phone s 5 ,  17 ,  1 8 an d 2 7 t o 

thos e i n th e paren t  set) .  Phonologica l  sub -

regularitie s can ,  thus ,  serv e t o bot h suppor t  an d 

constrai n th e observe d frequenc y effects ,  bot h 

factor s workin g togethe r  towar d successfu l  per -

formanc e acros s al l  classes .  Jus t  a s thes e net -

work s ca n partitio n th e arbitrar y mapping s s o 

tha t  the y appea r  immun e t o variou s paramete r 

manipulations ,  th e introductio n o f  phonologica l 

sub-regularitie s result s i n a  syste m whic h i s 

increasingl y imperviou s t o toke n manipulation s 
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of  th e inpu t  vocabulary .  Frequenc y effect s d o 

not  disappear ,  bu t  instea d ar e modulated  b y 

th e interna l  structur e o f  th e set s o f  item s tha t 

th e networ k i s require d t o proces s acros s learn -

ing . 

CONCLUSIONS 

Thi s pape r  explore d th e "  acquisition "  o f  th e 

Englis h pas t  tens e b y a  3  laye r  back -

propagatio n network .  Toke n frequenc y an d 

phonologica l  regularitie s cruciall y affec t  ho w 

wel l  th e networ k solve d th e problem ,  a s wel l  a s 

th e degre e t o whic h i t  "overgeneralized "  iden -

tit y marking s an d vowe l  change s i n additio n t o 

makin g th e standar d suffixatio n error .  I n som e 

simulations ,  i t  ma y b e usefu l  t o describ e perfor -

mance (bot h correc t  an d erroneous )  a s th e 

resul t  o f  a  genera l  strateg y o r  "rule. "  However , 

withi n an y give n simulation ,  overgeneralizatio n 

error s wer e rarel y restricte d t o a  singl e typ e 

and eac h ver b clas s wa s susceptibl e t o a  rela -

tivel y idiosyncrati c se t  o f  erro r  types .  Whil e 

th e productio n o f  error s ha s bee n th e focu s here , 

severa l  network s wer e indee d abl e t o success -

full y "  memorize "  arbitrar y form s a t  th e sam e 

tim e tha t  the y wer e overgeneralizin g regulari -

tie s i n th e othe r  thre e classes .  Yet ,  th e mechan -

is m guidin g thi s memorizatio n wa s th e "same " 

as tha t  guidin g th e rule-lik e overgeneralizatio n 

behavior . 

The degre e t o whic h thes e result s ar e 

analogou s t o th e acquisitio n pattern s o f  chil -

dre n i s no t  a s ye t  totall y clear .  Som e analyse s 

sugges t  tha t  children' s productio n repertoire s 

reflec t  a  variet y o f  competin g strategie s whic h 

determin e bot h correc t  an d incorrec t  perfor -

mance (Derwin g &  Baker ,  1986 ;  Marchman , 

1988) .  Children ,  lik e thes e networks ,  ar e no t 

likel y t o b e exclusivel y suffi x  generalizers ,  o r 

identit y mappers ,  bu t  wil l  produc e severa l 

differen t  type s o f  error s i n generatin g pas t  tens e 

form s throughou t  acquisition .  Rule-base d 

model s explicat e thi s phenomeno n vi a th e com -

petitio n betwee n tw o (o r  more )  discret e an d 

explicitl y  represente d hypothese s which ,  a t  vari -

ous point s i n development ,  underg o change s i n 

ho w an d whe n the y ar e likel y t o appl y (se e 

Pinke r  &  Prince ,  1988) .  I n thes e networks ,  pro -

babilisti c  difference s betwee n individua l  map -

pin g strategie s ar e a  by-produc t  o f  th e learnin g 

process .  Outpu t  fluctuations  ar e th e resul t  o f 

th e implici t  encodin g o f  similarit y relationship s 

betwee n th e inpu t  stem s i n th e weigh t  matri x o f 

th e network .  Hig h toke n frequencie s tende d t o 

"  localize "  th e zone s o f  interferenc e o f  mappin g 

type s whil e hig h typ e frequencie s ten d t o exten d 

them .  I n addition ,  error s suc h a s ate d o r 

sloode d whic h blen d tw o potentia l  regularitie s 

i n a  singl e for m wer e als o observed .  However , 

"  blends "  wer e relativel y rar e overal l  an d 

predominate d onl y i n th e vowe l  chang e class . 

Identit y stem s virtuall y neve r  underwen t  blend -

ing .  Th e introductio n o f  phonologica l  sub -

regularitie s furthe r  restricte d th e occurrenc e o f 

blendin g errors .  Thes e type s o f  error s ar e als o 

produce d b y children ,  ye t  the y ar e muc h les s 

frequen t  tha n th e standar d overgeneralizatio n 

of  "ad d -ed, "  an d ar e likel y t o occu r  late r  i n 

development .  Furthe r  analysi s i s require d t o 

outlin e th e developmenta l  priorit y o f  "pure " 

ove r  "  blended "  overgeneralization s i n thes e net -

works . 

Withi n certai n limits ,  thes e network s 

sometime s behave d a s i f  the y wer e doin g wha t 

we kno w childre n d o whe n acquirin g a  morpho -

logica l  system .  Classi c pattern s o f  overgenerali -

zatio n wer e elicite d (withou t  introducin g con -

tinuitie s int o th e learnin g set )  b y manipulatin g 

toke n frequenc y i n network s i n whic h phonologi -

cal  informatio n wa s an d wa s no t  availabl e t o 

defin e clas s membership .  Clearly ,  ou r  represen -

tatio n o f  th e inpu t  condition s i s fa r  fro m ade -

quate ,  an d semanti c informatio n mus t  pla y a 

rol e i n th e disambiguatio n o f  certai n presen t 

tense/pas t  tens e mappings .  However ,  th e 

degre e t o whic h thes e system s behav e i n way s 

tha t  ar e reminiscen t  o f  phenomen a o f  acquisi -

tio n reinforce s th e assumptio n tha t  ther e i s 

much t o b e gaine d fro m carefu l  stud y o f  th e 

natur e an d structur e o f  inpu t  i n th e proble m o f 

languag e acquisition . 
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Tabl e 1 .  Toke n frequencie s an d percen t  o f  item s correctl y produce d afte r  5 0 sweeps . 

SI M 

1 
2 
3 
4 
5 
6 
7 
8 
fl 
10 
11 
10 
17 
18 
10 
20 
21 
20 
27 

Mean 

T Y PE O F MAPPIN G 

ARBITRARY 

Toke n 
Freq . 

1 
5 

10 
15 
15 
20 
40 

145 
15 
15 
15 

15 
15 
20 
20 
20 
20 
20 
20 

-

Par 

0 
0 

100 
50 
50 

100 
100 
100 
50 

100 
100 

100 
50 

100 
100 
100 
100 
100 
100 

79 

Phone 

0 
0 
0 

100 
100 
100 
100 
100 
100 
50 
50 

50 
50 

100 
50 

100 
100 
50 

100 

68 

REGULAR 

Token 
Freq . 

-

Par 

96 
92 
96 
96 
50 
93 
90 
87 
77 
84 
82 

74 
65 
59 
82 
88 
82 
76 
60 

80 

Phone 

94 
89 
93 
90 
69 
92 
92 
90 
76 
88 
86 

83 
71 
67 
79 
87 
88 
83 
73 

83 

IDENTIT Y 

Token 
Freq . 

1 
1 
1 
1 
1 
1 
1 
1 
1 
5 

14 

16 
5 
1 
1 
5 

14 
16 
5 

--

Par 

15 
10 
0 

15 
20 
5 

15 
10 
40 
75 

100 

100 
70 
30 
25 
80 

100 
100 
70 

46 

Phone 

50 
40 
65 
40 
35 
60 
65 
60 
40 
95 

100 

100 
100 
40 
35 

100 
100 
100 
100 

70 

VOWEL CHANGE 

Toke n 
Freq . 

1 
1 
1 
1 
5 
1 
1 
1 
2 
1 
1 

1 
3 
5 
2 
1 
1 
1 
3 

-

Par 

0 
5 
0 
3 

82 
0 
3 
3 

22 
6 
6 

6 
28 
72 
18 
5 
2 
3 

37 

16 

Phone 

3 
1 
0 
1 

88 
6 
6 

10 
31 
13 
6 

4 
62 
88 
44 
7 
4 
7 

57 

23 

T a b l e 2 :  Distributio n o f  E r r o r  T y p e s i n P a r e n t  S imulat ion s 

SIM 

Par i 
Par 2 
Par 3 
Par 4 
Par s 
Par 6 
Par 7 
Par s 
Par O 

Parl O 
Parl l 
Pari e 
Pari ? 
Pari s 
Parl Q 
Par2 0 
Par2 1 
Par2 a 
Par2 7 

Mean 
8d(a ) 

1 TYP E O F MAPPIN G 
REGULAR 

ERROR TYP E 
loa p 
Suf 
19 
59 
31 
27 
18 
41 
60 
68 
20 
37 
38 
35 
22 
16 
18 
27 
43 
42 
20 

33 
13 

Ide n 

60 
28 
13 
20 
61 
n 
28 
26 
30 
56 
53 
56 
45 
28 
46 
61 
35 
62 
53 

30 
15 

Ina p 
Vow-S 

19 

31 
27 
17 
30 
11 
6 

18 
3 
4 
4 

11 
26 
8 
4 

10 
3 
9 

13 
0 

Blen d 

12 
3 
6 

13 
2 
4 

16 
2 

1 
6 
8 
9 
7 
4 

3 

a 
4 

Vow 
Chan 

12 

t— 

2 

6 
4 

2 
3 

5 
3 

IDENTIT Y 

ERROR TYP E 

Suf 

82 
94 
85 
74 
63 
95 
82 
100 
92 
80 

17 
71 
89 
75 

67 

78 
10 

Ina p 
Suf 
18 

15 
21 
6 
6 

18 

20 

83 

6 
25 

33 

23 
20 

Vow 
Chan 

6 

6 

8 

6 

6 
1 

Ina p 
Vow 

7 

7 
0 

VOWEL CHANGE 

ERROR TYP E 

Suf 

54 
48 
60 
63 
65 
63 
51 
48 
20 
41 
27 
36 
7 

48 
52 
36 
42 
11 

42 
16 

Ide n 

8 
16 
6 

10 

9 
10 
10 
24 
20 
29 
41 
20 
19 
16 
19 
34 
36 
14 

10 
10 

Ina p 
Vow-S 

18 
11 
20 
14 

13 
26 
22 
4 

14 
13 
3 

20 

10 
12 
9 
3 

19 

13 
0 

Ina p 
Suf 
3 
8 
11 
3 

2 
3 
6 
2 
3 

11 
8 

65 
7 
5 
5 

0 
15 

Blen d 

8 
11 
3 
8 
18 
8 
5 
6 

14 
11 
4 
8 

20 
50 
13 
3 
6 
3 

11 

11 
10 

Ina p 
Vow 

3 
3 

2 
9 
6 
2 

27 
6 
9 
2 

27 
13 
3 
7 
5 
6 

46 

10 
12 
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Tabl e 3 :  Distributio n o f  Erro r  Type s i n th e Phon e Simulations . 

SI M 

Phone l 
Phone 2 
Phone s 
Phone 4 
Phone S 
Phone B 
Phone ? 
Phone S 
Phone O 

Phon e 1 0 
Phonel l 
Phonel » 
Phonel ? 
Phon e 1 8 
Phonel O 
Phone2 0 
Phone2 1 
Phone2 0 
Phone2 7 

M e an 
8d(<7 ) 

TYPE O F MAPPIN G 
REGULAR 

ERROR TYP E 
Ina p 
Suf 
27 
28 
11 
36 
13 
23 
13 
11 
32 
4 
7 

21 
16 
10 
20 
11 
8 
13 
14 

10 
« 

Ide n 

60 
81 
44 
61 
33 
67 
6« 
63 
48 
83 
54 
68 
46 
34 
34 
70 
71 
81 
46 

54 
14 

Ina p 
Vow-S 

9 
4 

16 
8 
17 
7 
13 
2« 
8 
2 

16 
16 
16 
14 
14 
4 
4 
3 

13 

11 
6 

Blen d 

9 
7 
7 
3 
6 
3 
8 
6 
4 
2 
7 
2 
6 

11 
4 
4 
6 
1 
3 

S 
3 

Vow 
Chan 

8 

2 

4 
13 
6 
8 
8 

9 

7 
3 

IDENTIT Y 

ERROR TYP E 

Suf 

100 
100 
92 
33 
87 
100 
88 
92 

100 

60 
86 

84 
22 

laa p 
Suf 
100 

8 

14 

16 

34 
44 

Vow 
Chan 

17 

10 

14 
6 

Ina p 
Vow 

8 
26 
13 

30 

10 
10 

VOWEL CIL^NG E 

ERROR TYP E 

Suf 

33 
28 
30 
39 

36 
34 
42 
9 

22 
16 
21 

14 
48 
34 
29 
4 

27 
12 

Ide n 

14 
22 
18 
16 

8 
26 
12 
27 
10 
18 
11 
18 
60 
17 
16 
26 
32 
29 

20 
10 

Ina p 
Vow-S 

12 
2 
12 
14 

11 
11 
7 

12 
14 
9 

3 
6 
9 
5 

11 

0 
4 

Ina p 
Suf 

9 
9 
6 
3 

11 
8 
3 
7 
14 
12 
9 
6 

33 
3 
3 
6 

16 

0 
7 

Blen d 

20 
18 
14 
17 
33 
20 
8 
15 
24 
14 
23 
26 
23 
17 
14 
19 
17 
6 

26 

10 
6 

Ina p 
Vow 

3 
8 
8 
4 

60 
9 
9 

13 
24 
19 
8 

10 
45 

39 
3 
6 
8 
14 

15 
15 

T h e erro r  categorie s presente d i n Table s 2  a n d 3  ar e t o b e interprete d a s follows : 

Regu la r  E r ro r s 

Ina p Sii f  T h e Ste m i s suffixize d bu t  wit h th e wron g sufSx . 

Ide n T h e ste m i s treate d a s a n identit y stem . 

Ina p Vow- S T h e ste m i s appropriatel y suffixize d bu t  undergoe s a n illega l  vowe l  transformatio n 

Blen d T h e ste m i s appropriatel y suffixize d bu t  undergoe s a  lega l  transformatio n 

V o w Cha n T h e ste m i s treate d a s thoug h i t  wer e a  vowe l  chang e stem . 

Identit y E r ro r s 

Suf  T h e ste m i s treate d a s a  regula r  ste m 

Ina p Su f  T h e ste m i s treate d a s a  regula r  ste m bu t  inappropriatel y suffixized . 

V o w Cha n T h e ste m i s treate d a s thoug h i t  wer e a  vowe l  chang e stem . 

Ina p V o w T h e vowe l  chang e transformatio n i s inappropriat e thoug h m a y o r  m a y no t  b e "  illegal " 

V o w el  C h a n g e Error s 

Suf  Th e ste m i s treate d a s a  regula r  stem . 

Ide n Th e ste m i s treate d a s a n identit y stem . 

Ina p Vow- S Th e ste m i s transforme d a s thoug h i t  wer e a  vowe l  chang e bu t  th e vowe l  chang e i s "  illegal "  Th e ste m 
i s appropriatel y suffixized . 

Ina p Su f  Th e ste m i s treate d a s thoug h i t  wer e a  regula r  bu t  inappropriatel y suffixized . 

Blen d Th e ste m undergoe s a  lega l  vowe l  chang e bu t  i s als o appropriatel y suffixized . 

Ina p Vo w Th e vowe l  chang e transformatio n i s inappropriat e thoug h ma y o r  m a y no t  b e "  illegnl " 
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