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Abstrac t 

This paper investigates the ability of a connectionist 
attracto r  networ k t o lear n a  syste m analogou s t o par t  o f 
th e syste m o f  Englis h verba l  morphology .  Th e mode l 
learne d t o produc e phonologica l  representation s o f 
stem s an d inflecte d form s i n respons e t o semanti c 
inputs .  Th e mode l  wa s abl e t o resolv e severa l 
outstandin g problems .  I t  displaye d al l  thre e stage s o f 
th e characteristi c U-shape d patter n o f  acquisitio n o f  th e 
Englis h pas t  tens e (earl y correc t  performance ,  a  perio d 
of  overgeneralization s an d othe r  errors ,  an d eventua l 
mastery) .  Th e networ k i s als o abl e t o simulat e direc t 
acces s (th e abilit y  t o creat e a n inflecte d for m directl y 
fro m a  semanti c representatio n withou t  havin g t o first 
acces s a n intermediat e bas e form) .  Th e mode l  wa s 
easil y abl e t o resolv e homophoni c verb s (suc h a s rin g 
and wring) .  I n addition ,  th e networ k wa s abl e t o appl y 
th e pas t  tense ,  thir d perso n - s an d progressiv e -in g 
suffixe s productivel y t o nove l  form s an d t o displa y 
sensitivit y t o th e subregularitie s tha t  mar k familie s o f 
irregula r  pas t  tens e forms .  Th e networ k als o simulate s 
th e frequenc y b y regularit y interactio n tha t  ha s bee n 
foun d i n reactio n tim e studie s o f  huma n subject s an d 
provide s a  possibl e explanatio n fo r  som e hypothesize d 
universa l  constraint s upo n morphologica l  operations . 

Introduction 

In recent years the status of rules in cognitive science 
has becom e a n issu e o f  heate d debate .  Man y cognitiv e 
scientist s believ e tha t  explici t  rule s ar e necessar y t o 
explai n huma n behavio r  (Pinke r  &  Prince ,  1988 ; 
Lachte r  &  Bever ,  1988) .  Other s hav e challenge d thi s 
relianc e o n rule s an d symboli c system s (Rumelhar t  & 
McClelland ,  1986 ;  MacWhinne y &  Leinbach ,  1991) . 

At  th e cente r  o f  thi s debat e ha s bee n th e stud y o f 
inflectiona l  morphology ;  th e acquisitio n o f  th e pas t 
tens e ha s bee n o f  particula r  importance .  Researcher s 
have foun d tha t  th e acquisitio n o f  th e Englis h pas t  tens e 
involve s thre e distinc t  stage s (Kuczaj ,  1977 ,  1978 ; 
MacWhinney ,  1978) .  I n th e firs t  stage ,  childre n 
correctl y proiduc e a  smal l  numbe r  o f  bot h regula r  an d 
irregula r  forms .  I n th e secon d stag e the y sometime s 
"overregularize "  irregula r  forms ,  producin g error s suc h 
as goe d an d aled .  Particularl y strikin g i s th e fac t  tha t 
childre n wil l  sometime s overregulariz e irregula r  form s 
tha t  the y ha d previousl y produce d correctly .  I n th e thir d 

stage ,  whic h i s onl y reache d graduall y ove r  a  perio d o f 
years ,  th e childre n exhibi t  tota l  master y o f  bot h regula r 
and irregula r  form s wit h ver y fe w error s o f  an y kind . 

The existenc e o f  bot h overregularization s an d a  U -
shape d curv e hav e bee n considere d stron g evidenc e fo r 
th e belie f  tha t  languag e learnin g involve s organizin g 
linguisti c knowledg e int o a  syste m o f  rule s an d 
exception s t o thos e rules .  Rumelhar t  &  McClellan d 
(1986 )  challenge d thi s belie f  b y creatin g a  connectionis t 
networ k which ,  the y claimed ,  simulate d th e proces s o f 
learnin g th e Englis h pas t  tens e withou t  makin g us e o f 
any explici t  rules .  Severa l  author s (Pinke r  &  Prince , 
1988;  Lachte r  &  Bever ,  1988 )  criticize d th e Rumelhar t 
and McClellan d accoun t  o n a  variet y o f  grounds .  Thes e 
criticism s ca n b e groupe d int o severa l  clusters :  1 ) 
Problem s wit h th e phonologica l  representation ,  2 ) 
Criticis m o f  th e trainin g regimen ,  3 )  Problem s 
stemmin g fro m th e lac k o f  a  semanti c representatio n i n 
th e model ,  4 )  Th e failur e t o incorporat e constraint s o n 
possibl e forms ,  5 )  Th e failur e t o simulat e th e 
differentia l  effect s o f  fi-equency  o n regula r  an d irregula r 
forms .  Th e criticism s raise d i n 1  an d 2  hav e bee n 
addresse d wit h som e succes s b y late r  connectionis t 
model s (MacWhinne y &  Leinbach ,  1991 ;  Plunket t  & 
Marchman,  1991) .  Thi s pape r  addresse s th e criticism s 
i n 3, 4 a ^ S . 

Problems Stemtning from the Lack of a 
Semanti c Representatio n 

All previous connectionist models of past tense 
acquisition ,  wit h th e exceptio n o f  Cottrel l  &  Plunket t 
(1991) ,  hav e bee n phonolog y t o phonolog y models . 
They too k th e ver b ste m a s thei r  inpu t  representatio n 
and converte d i t  t o th e pas t  tens e (o r  i n th e MacWhinne y 
& Leinbac h model ,  t o a  variet y o f  inflecte d forms) . 
Becaus e o f  this ,  thes e model s wer e unabl e t o displa y 
some elementar y propertie s o f  natura l  languages .  On e 
of  thes e propertie s i s homophony .  Homophone s ar e 
pair s o f  word s tha t  soun d identica l  bu t  hav e differen t 
meanings .  Englis h an d othe r  language s hav e man y 
homophones ,  fo r  example ,  ther e ar e th e verb s rin g ( a 
bell) ,  wrin g (you r  hands )  an d rin g (for m a  circl e around) . 
The phonolog y t o phonolog y network s canno t  lear n t o 
inflec t  verb s tha t  hav e homophoni c stem s bu t  differen t 
past  tense s (ring-ran g vs .  wring-wrun g o r  ring-ringed) . 

Anothe r  relate d proble m i s tha t  o f  direc t  access .  Th e 
phonolog y t o phonolog y model s tak e a  bas e for m an d 
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transfor m i t  int o a n inflecte d form .  Peopl e see m t o 
displa y ; m abilit y  simila r  t o this .  Bu t  a s MacWhinne y 
an d Leinbac h poin t  out ,  "...intuition ,  theor y 
(MacWhinney ,  1978 )  an d experimentatio n (Stembcrge r 
& MacWh inney ,  1978 )  al l  sugges t  tha t  w e ca n als o 
acces s derive d form s directly .  I n othe r  words ,  w e lear n 
tha t  ra n m e a n s runnin g i n th e pas t  an d us e thi s 
knowledg e t o acces s ra n directl y withou t  startin g of f  a t 
run. "  Phonolog y t o phonolog y model s canno t 
simulat e thi s proces s o f  direc t  access . 

Ther e ar e a t  leas t  tw o way s t o addres s thes e problem s 
withi n a  connectionis t  framework .  O n e wa y i s t o ad d a 
semanti c representatio n t o th e inpu t  o f  a  phonolog y t o 
phonolog y networ k a s MacWhinne y an d Leinbac h di d i n 
a smal l  subsidiiu ^  model .  I n principle ,  thi s approac h 
ca n resolv e th e homophon y problem s bu t  i t  doe s no t 
addres s th e direc t  acces s problem .  Also ,  i n practice ,  th e 
net  resul t  o f  addin g semanti c representation s t o th e 
inpu t  o f  a  phonolog y t o phonolog y networ k i s t o reduc e 
th e overal l  performanc e o f  th e model ,  sinc e th e networ k 
must  devot e considerabl e resource s t o learnin g th e 
largel y arbitrar y association s betwee n semanti c an d 
phonologica l  representations . 

The approac h take n i n thi s pape r  i s a  differen t  one . 
Th e networi c i s traine d t o for m association s betwee n 
semanti c an d phonologica l  representations .  I n thi s typ e 
of  model ,  direc t  acces s i s th e basi c proces s an d th e 
abilit y  t o inflec t  a  nove l  for m i s a  secondar y abilit y 
parasiti c  o n th e direc t  acces s process .  B y takin g thi s 
route ,  w e m a y b e abl e t o solv e bot h th e homophon y an d 
direc t  acces s problem s simultaneousl y an d i n a 
principle d way . 

Anothe r  criticis m tha t  ca n b e addresse d b y usin g a 
semantic s t o phonolog y networ k i s th e questio n o f 
"double-marked "  form s lik e ate d o r  wented .  I n th e 
Rumelhar t  &  McClellan d model ,  thes e error s ar e 
produce d b y blendin g th e specifi c go->wen t  mappin g 
wit h th e regula r  stem->stem+e d mapping .  Bu t  Pinke r 
& Princ e claime d tha t  th e fac t  tha t  childre n occasionall y 
produc e error s lik e wentin g an d atin g eve n whe n th e 
progressiv e i s full y  regula r  show s tha t  thes e error s ar e 
cause d b y feedin g th e irregula r  pas t  int o th e regula r 
suffixatio n process . 

I n MacWhinne y &  Leinbach' s model ,  the y wer e abl e 
t o produc e double-marke d error s simpl y b y feedin g th e 
pas t  tens e (e.g. ,  ate )  int o th e networ k a s i f  i t  wer e th e 
stem .  I n th e presen t  mode l  w e tak e a  differen t  approach , 
on e base d o n th e natur e o f  th e semanti c relationship s 
a m o ng verb s (Bybee ,  1985) .  I n ou r  model ,  al l  th e 
members o f  a  particula r  verba l  paradig m shar e a n 
identica l  "core "  semanti c representation .  Th e semanti c 
representation s o f  tw o member s o f  th e sam e paradig m 
(e.g. ,  j u m p an d jumped )  ar e distinguishe d onl y b y th e 
relativel y smal l  numbe r  o f  unit s whic h cod e fo r 
inflections .  Becaus e o f  th e proximit y o f  th e semanti c 
representation s o f  th e member s o f  a  verba l  paradig m i t 
i s  possibl e fo r  th e networ k t o produc e phonologica l 
blend s o f  variou s kind s includin g th e combinatio n o f  a n 
irregula r  pas t  for m lik e wen t  wit h a  regula r  suffi x  lik e 
th e progressiv e -ing . 

Constraint s o n Possibl e F o r m s 

Pinker & Prince raised an intriguing criticism of the 
Rumelhar t  &  McClellan d model .  Ther e see m t o b e 
logicall y possibl e inflectiona l  device s tha t  ar e neve r  use d 
i n an y language .  Fo r  example ,  n o languag e inflect s a 
ver b fo r  tens e b y transposin g al l  th e phoneme s i n th e 
wor d (makin g ti h th e pas t  tens e o f  hi t  o r  pal s th e pas t 
tens e o f  slap) .  Anothe r  ubiquitou s featur e o f  natura l 
languag e i s preservatio n o f  th e ste m i n inflecte d forms . 
Thi s i s tru e no t  onl y o f  regula r  form s bu t  o f  mos t 
irregular s a s well .  I n mos t  irregular s th e majorit y o f  th e 
phoneti c materia l  i n th e ste m i s preserve d i n th e 
inflecte d for m (suc h a s sing-san g ,  give-gave ,  etc.) . 
Pinke r  &  Princ e claime d tha t  Rumelhar t  & 
McClelland' s mode l  wa s insensitiv e t o suc h universa l 
constraint s o n possibl e morphologica l  operation s an d 
therefor e wa s invali d a s a  mode l  o f  ho w peopl e actuall y 
lea m an d represen t  language . 

We believ e tha t  ther e i s a  stron g bia s agains t  certai n 
type s o f  morphologica l  operation s an d biase s i n favo r  o f 
othe r  type s o f  operation s (fo r  example ,  affixatio n o f  a 
ste m o r  base  form) .  A t  leas t  som e o f  thes e biase s ma y 
resul t  fro m th e natur e o f  semanti c leve l  relationship s 
among differen t  ver b forms .  Fo r  example ,  i n ou r 
model ,  th e phenomen a o f  preservatio n o f  th e ste m i n 
inflecte d form s ca n b e explaine d i n th e followin g way . 
Th e semanti c representation s o f  th e member s o f  a n 
inflectiona l  paradig m ar e ver y close .  Al l  thing s bein g 
equal ,  connectionis t  model s prefe r  mapping s wher e th e 
similarit y structur e o f  th e outpu t  se t  reflect s th e 
similarit y structur e o f  th e inpu t  set .  Thi s buil t  i n bia s 
means tha t  th e networ k wil l  fin d i t  muc h mor e difficul t 
t o outpu t  hi t  a s th e presen t  tens e an d ti h a s th e pas t  the n 
i t  woul d b e t o lear n a  verba l  paradig m wher e muc h o f 
th e ste m wa s preserve d i n ever y inflecte d form . 

Differentia l  Frequenc y Effect s 

Prasada, Pinker & Snyder (1990) tested subjects' 
reactio n time s i n a  pas t  tens e generatio n experiment . 
The y foun d tha t  highe r  frequenc y irregular s wer e 
produce d faste r  tha n lo w frequenc y irregular s bu t  th e 
same frequenc y effec t  wa s no t  foun d fo r  regula r  pas t 
tens e forms .  The y clai m tha t  thi s evidenc e support s th e 
qualitativ e distinctio n betwee n regula r  an d irregula r 
inflecte d forms .  Th e regular s ar e store d i n a n associativ e 
m e m o ry devic e tha t  i s sensitiv e t o frequenc y an d 
similarit y bu t  th e regularl y inflecte d form s ar e not . 
Onl y th e stem s nee d t o b e stored ,  sinc e ther e i s a  secon d 
mechanism ,  a n affixatio n procedur e tha t  ca n tak e an y 
ste m an d appen d th e -e d suffi x t o it . 

Seidenber g an d Bruc k (1990 )  foun d a  simila r 
frequenc y b y regularit y interactio n i n th e productio n o f 
pas t  tens e forms ,  bu t  gav e th e result s a  differen t 
interpretation ,  on e tha t  i s consisten t  wit h th e behavio r 
of  a  singl e connectionis t  mode l  tha t  learn s t o produc e 
bot h regula r  an d irregula r  verbs .  Wit h th e attracto r 
networ k presente d i n thi s paper ,  w e ca n simulat e som e 
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of  th e effect s o f  frequenc y an d regularit y o n reactio n 
tim e an d sho w tha t  th e interactio n nee d no t  b e Uike n a s 
evidenc e fo r  a  dua l  mechanis m account . 

The Mode l 

The network presented in this paper is an attractor 
networ k (Hinto n &  Sejnowski .  1986 ;  Hopfield .  1984) . 
Attracto r  network s hav e recurren t  connections ;  thes e 
enabl e th e networ k t o develo p stabl e resonan t  o r 
attracto r  states .  Ther e ar e a t  leas t  thre e advantage s t o 
usin g a n attracto r  network . 
1.  Learnin g arbitrar y associations :  Th e m o p i n g from 
semantic s t o phonolog y i s difficul t  becaus e th e tw o 
representation s ar e arbitraril y  related .  Feed-forwar d 
network s nee d larg e weight s an d prolonge d trainin g t o 
lear n suc h a  mapping .  But ,  a s Plau t  &  Shallic e (1991 ) 
poin t  out :  "The y [attracto r  networks ]  ar e als o mor e 
effectiv e a t  learnin g arbitrar y association s becaus e th e 
reapplicatio n o f  uni t  non-linearitie s ca n magnif y 
initiall y  smal l  stat e difference s int o quit e larg e ones. " 
2.  Flexibility :  W e ca n interrogat e th e knowledg e 
store d i n th e networ k b y presentin g i t  wit h piece s o f 
informatio n an d allowin g th e networ k t o fill  i n th e res t 
of  th e learne d pattern .  Thi s characteristi c o f  attracto r 
network s wil l  enabl e u s t o prob e th e network' s abilit y 
t o us e it s knowledg e o f  morpholog y productivel y i n 
ways tha t  coul d no t  b e don e wit h feed-forwar d o r  simpl e 
recurren t  networks . 
3.  Reactio n tim e measure :  W e ca n us e th e network' s 
settlin g tim e a s a n analo g o f  reactio n tim e i n 
psychologica l  experimentatio n an d simulat e th e effect s 
of  frequency  an d regularit y o n subjects '  reactio n times . 
Networ k Architecture :  Th e networ k contain s 18 5 
unit s arrange d i n thre e layers :  th e semantic ,  hidde n an d 
phonologica l  layers .  Th e semanti c laye r  contain s 9 6 
units ,  th e hidde n laye r  ha s 6 8 unit s an d th e phonologica l 
laye r  ha s 21 .  Th e semanti c laye r  ha s bi-directiona l 
connection s t o th e hidde n laye r  an d th e hidde n laye r  ha s 
bi-directiona l  connection s t o th e phonologica l  layer . 
Al l  thre e layer s ar e full y  intra-connecte d (eac h uni t  i n a 
laye r  i s connecte d t o ever y othe r  uni t  i n tha t  particula r 
layer) . 
Semanti c representation :  I n th e semanti c layer , 
84 o f  th e 9 6 unit s ar e use d t o represen t  th e "core " 
meanin g o f  eac h verba l  paradigm .  1 2 mor e unit s ar e 
dedicate d t o representin g inflectiona l  markings .  Th e 
semanti c representatio n o f  a  ver b consist s o f  a  randoml y 
generate d patter n ove r  th e 8 4 "core "  unit s plu s th e 1 2 
inflectiona l  units .  Th e semanti c representation s o f  th e 
members o f  a n inflectiona l  paradig m (e.g. ,  jump , 
jumped ,  jump s an d jumping )  wil l  hav e a n identica l 
"core "  representation .  Th e onl y differenc e wil l  b e i n th e 
12 unit s tha t  cod e th e inflections .  Differen t  verb s (e.g. , 

j u m p an d w a l k )  wil l  hav e "core "  semanti c 
representation s tha t  mus t  diffe r  b y a t  leas t  2 4 o f  th e 8 4 
units .  Thi s ensure s tha t  th e semanti c distanc e betwee n 
differen t  verb s wil l  b e greate r  tha n th e semanti c distanc e 
betwee n tw o member s o f  th e sam e paradigm . 

Phonologica l  representation :  Th e phonologica l 
representatio n wa s base d o n a n artificia l  languag e 
devise d b y Plunket t  &  Ma rchma n (1991) .  I n thi s 
languag e eac h phonem e i s uniquel y represente d b y a  6 
bi t  vector .  Eac h wor d i s mad e u p o f  thre e phonemes . 
Th e word s ca n hav e a  CVC(hit) ,  CCV(try )  o r  VCC(ask ) 
syllabi c structure .  Ther e ar e als o thre e unit s i n th e 
phonologica l  laye r  tha t  cod e fo r  th e inflectiona l  suffixes . 
Trainin g corpu s an d schedule :  Th e corpu s 
consist s o f  80 0 ver b form s (2(X )  paradigms) .  Eac h 
paradig m consist s o f  a n unmarke d "stem "  an d thre e 
inflecte d forms :  th e pas t  tense ,  th e thir d perso n 
singular ,  an d th e progressive .  Th e 3 s an d progressiv e 
form s ar e totall y regular ,  th e onl y irregular s ar e pas t 
tens e forms .  Ther e ar e fou r  type s o f  pas t  tens e form s 
i n th e artificia l  language .  Regula r  verbs .  Vowe l 
C h a n g e ( V C )  verbs .  N o C h a n g e ( N C )  verbs ,  an d 
Arbitrar y verbs .  Th e pas t  o f  th e Regula r  verb s i s th e 
ste m +  ed .  Th e pas t  tense s o f  th e Vowe l  Chang e verb s 
ar e forme d b y alterin g feature s o f  th e vowel .  Th e pas t 
tens e o f  th e N o Chang e verb s i s identica l  t o th e stem . 
A nd th e pas t  tens e o f  th e arbitrar y verb s bea r  n o 
systemati c phonologica l  relationshi p t o th e stem . 
Thes e fou r  type s correspon d t o th e predominan t  type s o f 
ste m t o pas t  mapping s foun d i n natura l  languages .  Fo r 
example ,  i n English ,  go-wen t  i s a n Arbitrary ,  put-pu t 
i s a  N o Change ,  an d give-gav e i s a  Vowe l  Change . 
Ther e ar e 2 0 irregula r  past s i n th e trainin g set ,  2 
arbitraries ,  6  n o chang e an d 1 2 vowe l  change .  T h e 
vowel  chang e verb s ar e i n tw o clusters ,  i n V C i  al l  th e 

stem s hav e th e for m th e C+in g an d thei r  past s hav e th e 
for m C+ang .  Th e V C 2 verb s ar e conjugate d i n th e 

followin g way :  C+ai f  ->C-Hlf . 
Bot h th e regula r  an d irregula r  verb s ar e organize d int o 

high ,  med iu m an d lo w frequenc y groups .  Fo r  th e 
irregular s ther e ar e 8  high ,  6  med iu m an d 6  lo w 
frequenc y verbs .  Fo r  th e regulars ,  ther e ar e 4 0 high , 
100 mediu m an d 4 0 lo w frequency  verbs . 

Th e mos t  frequent  inflecte d form s ar e presente d 9 
time s pe r  epoch .  Th e leas t  frequent  ar e presente d onl y 
once .  Fo r  a  give n paradigm ,  al l  thre e inflecte d form s 
hav e th e sam e frequency.  I n al l  paradigms ,  th e ste m i s 
presente d twic e a s ofte n a s an y o f  th e inflecte d forms . 
For  th e entir e corpus ,  th e regula r  t o irregula r  typ e 
frequency  rati o i s  9:1 ,  bu t  th e regula r  t o irregula r  toke n 
frequenc y rati o i s les s tha n 3: 1 becaus e o f  th e highe r 
frequencie s o f  th e irregula r  verbs . 

Trainin g schedule :  Th e networ k i s first  presente d 
wit h 3 0 paradigms ,  2 0 regula r  an d 1 0 irregular .  Th e 
networ k i s traine d fo r  tw o epoch s o n thi s subset .  The n 
th e corpu s i s expande d incrementall y wit h 4  n e w 
paradigm s adde d eac h epoc h u p til l  epoc h 45 .  A t  n o 
poin t  i s ther e a  sudde n influ x o f  regula r  verb s o r  a  rapi d 
chang e i n th e relativ e proportion s o f  regula r  an d 
irregula r  verbs . 
Learnin g Algorithm :  Th e networ k wa s traine d wit h 
th e Contrastiv e Hebbia n algorith m (Peterso n & 
Anderson ,  1987) . 
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Figure 1: Percent correct on all forms and irregular 
pas t  tens e form s only . 

Results 

Overall Performance: The network had no 
difficult y learnin g th e task .  Initially ,  performanc e wa s 
ver y strong ,  reachin g th e hig h 90' s b y th e 4t h epoch . 
A nd eve n thoug h th e networ k wa s absorbin g 1 6 ne w 
form s pe r  epoch ,  it s performanc e neve r  dippe d belo w 
8 5 % correct .  Acros s al l  5 0 epochs ,  th e networ k 
average d 9 3 % correct .  A t  th e en d o f  trainin g (epoc h 58 ) 
th e networ k wa s producin g th e 80 0 ver b form s wit h 
9 8 % accuracy .  (Se e figure  1  an d Tabl e 1) . 
U-shape d curve :  Th e networ k displaye d al l  thre e 
stage s o f  th e U-shape d developmenta l  pattern .  Fro m th e 
beginnin g o f  trainin g til l  epoc h 10 ,  th e networ k 
average d 9 3 % correc t  o n irregula r  pasts .  Durin g thi s 
period ,  i t  di d no t  mak e an y overregularizatio n errors .  A t 
epoc h 12 ,  th e networ k bega n t o overregulariz e th e pas t 
tens e suffi x an d it s performanc e o n irregula r  past s fel l  t o 
7 3 %.  Th e networ k continue d t o overregulariz e th e 
irregula r  past s throughou t  mos t  o f  th e trainin g period . 
By epoc h 44 ,  th e numbe r  o f  overregularizatio n error s 
bega n t o diminis h a s th e networ k learne d h o w t o inhibi t 
th e suffi x  whe n producin g a n irregula r  past .  B y th e en d 
of  training ,  th e networ k achieve d perfec t  performanc e o n 
th e irregula r  pasts ,  thereb y completin g th e thir d phas e o f 
th e U-sh^)e d curve . 

I n Tabl e 2 ,  al l  th e overregularizatio n error s mad e b y 
th e networ k ar e listed .  Th e networ k mad e al l  thre e 
possibl e type s o f  overregularizatio n errors ,  Base+e d 
(goed) ,  Past+e d (wented )  an d N o Change+e d (bitted) . 
The networ k displaye d severa l  o f  th e characteristic s o f  a 
m/cro-U-shape d developmenta l  curv e (Plunket t  & 
Marchman ,  1991) .  Ther e wa s neve r  a n acros s th e boar d 
overregularizatio n o f  al l  o r  eve n mos t  o f  th e irregulars . 
Instead ,  som e verb s wer e overregularize d fi^quently  an d 
other s no t  a t  all .  I n addition ,  overregularizatio n wa s 
highl y variabl e fo r  man y verbs .  Fo r  example .  N o 
Chang e Ver b # 3 wa s produce d correctl y til l  epoc h 
14,overregularize d o n epoc h 16 ,  wa s correc t  o n 1 8 an d 
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Figure 2: Past tense inflection of novel forms with 
regula r  an d irregula r  phonology . 

20, incorrect again on epoch 22, correct again on 24 and 
26 an d overregularize d onc e mor e o n epoc h 28 . 
H o m o p h o n e s :  Ther e wer e tw o pair s o f  homophone s 
i n th e trainin g set .  Bot h homophoni c pair s wer e 
mastere d b y th e network . 
Doub le -Marke d Errors :  Mos t  o f  th e network' s 
overregularization s wer e Base+ed(goed )  o r  N o 
Change+ed(hitted )  bu t  th e networ k di d produc e severa l 
"double-maiked "  Past+ed(wented )  errors .  I t  als o produce d 
a smal l  numbe r  o f  error s simila r  t o "wenting" ,  b y 
combinin g th e irregula r  pas t  wit h th e 3 s o r  -in g suffix . 
P r o d u c t i v i t y a n d sensit ivi t y t o 
subregularities :  Figur e 2  show s th e model' s abilit y 
t o generaliz e it s  knowledg e an d appl y th e thre e 
inflectiona l  suffixe s correctl y t o nove l  forms .  Th e 
networ k wa s presente d wit h a  corpu s o f  4 0 nove l  stems . 
Hal f  wer e phonologicall y simila r  t o th e irregula r  verb s 
th e networ k ha d bee n traine d on .  Th e othe r  2 0 nove l 
verb s di d no t  resembl e th e irregulars .  Th e networ k wa s 
teste d i n th e followin g way :  th e semanti c laye r 
inflectiona l  unit s ar e "soft-clamped" .  Th e nove l  ste m i s 
als o "soft-clamped "  t o th e phonologica l  layer .  Th e 3 
suffi x unit s i n th e phonologica l  laye r  an d th e res t  o f  th e 
networ k ar e lef t  free.  Th e tas k o f  th e networ k a s i t 
settle s i s t o properl y activat e th e suffi x  units ,  thereb y 
inflectin g th e nove l  stem .  Thi s tas k i s  analogou s t o 
probin g a  huma n subject' s abilit y  b y presentin g hi m 
wit h a  nove l  ste m lik e "glorp "  an d askin g wha t  th e pas t 
tens e o f  i t  woul d be . 

Th e networ k wa s abl e appl y al l  thre e suffixe s 
productively .  Figur e 2  show s tha t  th e networ k wa s abl e 
t o reac h perfec t  performanc e i n applyin g th e pas t  tens e 
suffi x t o di e phonologicall y regula r  stem s b y epoc h 50 . 
Thi s compare s ver y favorabl y wit h th e generalizatio n 
performanc e o f  Cottrel l  &  Plunkett's(1991 )  semantic s t o 
phonolog y network ,  whic h wa s wa s unabl e t o achiev e 
greate r  tha n 5 5 % correc t  generalizatio n t o nove l  stems . 

Th e networ k als o showe d sensitivit y t o th e 
subregularitie s tha t  mar k familie s o f  irregulars .  Th e 
irregula r  phonolog y nove l  past s wer e consistentl y les s 
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likel y t o b e suffixe d tha n th e regula r  phonolog y nove l 
pasts .  Thi s show s tha t  th e networ k ha s learne d th e 
phonologica l  regularitie s tha t  mar k irregula r  familie s 
(suc h a s th e fac t  tha t  al l  th e N o Chang e verb s en d i n t/d ) 
and ca n us e thi s informatio n t o bloc k th e reguhu ' 
suffixatio n process . 

The networ k wa s als o abl e t o appl y th e - s an d -in g 
suffixe s productivel y a s wel l  (se e Figur e 3) .  I n fact , 
becaus e the y ar e totall y regular ,  th e networ k learne d t o 
use thes e suffixe s mor e quickl y than  th e i t  di d fo r  th e 
past  tens e (80-85 % correc t  afte r  onl y 2 0 epochs) .  Also , 
fo r  thes e suffixes ,  ther e wa s n o consisten t  effec t  o f 
irregula r  phonology .  T h e networ k wa s abl e t o inflec t 
nove l  irregular s a s easil y a s nove l  regulars . 
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Figure 3: Inflection of novel forms with -s and -ing 
suffixes . 

F requenc y Effects :  W e ca n us e th e network' s 
settlin g tim e a s a n analo g o f  reactio n tim e i n 
psychologica l  experimentation .  I n reactio n tim e 
experiment s th e subjec t  i s  presente d wit h a  bas e for m 
(walk )  an d tol d t o generat e th e pas t  tens e (walked )  a s 
quickl y a s possible .  W e ca n simulat e thi s effec t  b y 
"soft-clamping "  a  ste m t o th e phonolog y laye r  a t  th e 
same tim e tha t  w e clam p th e ful l  semanti c patter n fo r 
th e verb' s pas t  tense .  Th e networ k ha s t o conver t  th e 
sof t  clampe d ste m t o th e prope r  pas t  tens e form . 

Figur e 4  show s tha t  th e networ k als o display s th e 
frequenc y b y regularit y interactio n tha t  ha s bee n foun d 
i n studie s o f  h u m a n subjects .  (Onl y correc t  response s 
wer e used ,  thi s remove d - 2 % o f  th e responses) .  Fo r  th e 
irregular s ther e i s a  pronounce d frequenc y effect ,  bu t  fo r 
th e regula r  verbs ,  ther e i s ver y littl e effec t  o f  frequency . 
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Figur e 4 :  Frequenc y b y regularit y interactio n 

Epoch 

Al l  form s 

Stems 
Past  tens e 

3s 
-in g 

Irregula r 
past 

2 
90 
100 
63 
97 
97 
90 

4 
97 
100 
89 
100 
100 
100 

6 
97 
100 
89 
100 
95 
92 

8 
99 
100 
96 
100 
100 
92 

10 
98 
98 
97 
100 
98 
93 

12 
96 
100 
92 
97 
97 
80 

14 
98 
100 
93 
100 
100 
80 

16 
95 
96 
90 
98 
95 
76 

18 
97 
99 
93 
99 
98 
72 

20 
91 
96 
85 
90 
94 
47 

22 
95 
98 
88 
98 
96 
65 

24 
94 
94 
90 
96 
95 
75 

26 
88 
90 
85 
88 
89 
65 

28 
93 
98 
90 
93 
92 
70 

30 
94 
96 
91 
94 
93 
70 

32 
93 
97 
86 
97 
93 
70 

34 
89 
92 
87 
92 
86 
90 

36 
88 
92 
85 
89 
87 
65 

38 
89 
91 
82 
88 
94 
75 

40 
89 
89 
81 
92 
89 
60 

M 
90 
89 
84 
92 
92 
65 

44 
85 
90 
85 
80 
85 
85 

46 
88 
90 
88 
88 
87 
75 

48 
88 
92 
87 
88 
86 
90 

50 
93 
96 
89 
93 
95 
90 

52 
94 
96 
93 
94 
94 
90 

54 
94 
96 
94 
95 
95 
95 

56 
96 
97 
94 
97 
97 
90 

58 
98 
97 
98 
98 
98 
100 

Tabl e 1 :  Percen t  correc t  b y epoch . 

Epoch 

Base-He d 

NoChange-i-e d 

Past-He d 

Total s 

12 
1 
1 

2 

14 
2 
1 

3 

16 
2 
1 

3 

18 
1 
2 

3 

20 

2 
2 
4 

22 
3 
3 
1 
7 

24 
1 
2 
2 
5 

26 
3 
2 

5 

28 
3 
2 

5 

30 
2 
1 

3 

32 
1 
2 

3 

34 

0 

36 
1 
3 
1 
5 

38 
1 
1 

2 

40 
3 

3 

42 
3 
2 

5 

44 
1 
1 

2 

46 

2 

2 

48 

1 

1 

Total s 

28 
29 

6 
63 

Tabl e 2 :  Distributio n an d type s o f  overregularizatio n errors . 
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Discussio n 

Our network was able to show the most salient 
aspect s o f  Englis h pas t  tens e acquisition .  Th e networ k 
passe d throug h al l  thre e stage s o f  th e U-shape d 
developmenta l  curv e an d di d s o withou t  th e nee d fo r  a 
shar p inpu t  discontinuity .  Th e mode l  demonstrate d th e 
tw o behavior s tha t  wer e though t  t o b e paradigmati c o f 
rul e acquisitio n an d us e (overgeneralization s an d micr o 
U-shape d development) .  B y usin g a  semantic s t o 
phonolog y attracto r  network ,  w e wer e abl e t o solv e th e 
direc t  access ,  double-markin g an d homophon y problems . 
We wer e als o abl e t o she d ligh t  o n th e basi s fo r  certai n 
universa l  morphologica l  biase s suc h a s preservatio n o f 
th e ste m i n inflecte d form s an d th e constrain t  agains t 
mirro r  imag e morphologica l  mappings .  Furthermore . 
we wer e abl e t o replicat e th e frequenc y b y regularit y 
interactio n tha t  ha s bee n foun d i n studie s o f  huma n 
subjects . 

I n th e future ,  thi s networ k ca n b e use d t o stud y man y 
othe r  aspect s o f  morphologica l  acquisitio n an d 
processin g suc h a s th e reason s fo r  th e differentia l 
acquisitio n o f  variou s inflectiona l  morphemes ,  th e 
difference s betwee n derivationa l  an d inflectiona l 
morpholog y an d th e effect s o f  lesion s o n morphologica l 
processing . 

Acknowledgement s 

I'd like to thank Brian MacWhinney, Jay McClelland, 
Randy O'Reill y  an d Prit i  Sha h fo r  thei r  ai d an d advice . 

Reference s 

Bybee,  Ji., 1985. Morphology: A study of the relation 
betwee n meanin g an d form .  Philadelphia :  Benjamins . 

CottreU, G. W., and Plunkett. K. ,1991. Learning the 
Past  Tens e i n a  Recurren t  Network :  Acquirin g th e 
Mappin g fro m Meanin g t o Sounds .  I n Proceeding s o f 
th e Thirteent h Annua l  Meetin g o f  th e Cognitiv e Scienc e 
Society . 

Hinton, G.E., and Sejnowski, TJ., 1986. Learning and 
Relearnin g i n Boltzman n machines .  I n D.E . 
Rumelhart ,  J.L .  McClellan d an d th e PD P Researc h 
Grou p (Eds.). ,  Paralle l  Distribute d Processing : 
Exploration s i n th e Microstructur e o f  Cognition .  (Vol . 
2) .  Cambridge ,  M A :  Bradfor d Books . 

Hopfield, J. J., 1984. Neurons with Graded Responses 
have Collectiv e Computationa l  Propertie s lik e thos e o f 
Two Stat e Neurons .  I n Proceeding s o f  th e Nationa l 
Academy o f  Science ,  U.S.A. ,  81 ,  3088-3092 . 

Kuczaj ,  S .  A. ,  1977 .  Th e Acquisitio n o f  Regula r  an d 
Irregula r  Pas t  Tens e Forms .  Journa l  o f  Verba l  Learnin g 
and Verba l  Behavior ,  16 .  589-600 . 

Kuczaj. S. A., 1978. Children's Judgments of 
Grammatica l  an d Ungrammatica l  Pas t  Tens e Forms . 
Chil d Development ,  49 ,  319-326 . 

Lachter, J., and Bever, T.G., 1987. The Relation 
Betwee n Linguisti c Structur e an d Associativ e Theorie s 
of  Languag e Leaming- A Constructiv e Critiqu e o f  Some 
Connectionis t  Learnin g Models.Cognition ,  28,195-247 . 

MacWhinney, B., 1978. The Acquisition of 
Morphophonology .  Monograph s o f  th e Societ y fo r 
Researc h i n Chil d Development ,  174 .  vol .  43 .  nos.1-2 . 

MacWhinney, B. and Leinbach, J., 1991. 
Implementation s ar e no t  Conceptualizations :  Revisin g 
th e Ver b Learnin g Model .  Cognition ,  39 . 

Peterson, C. and Anderson, J.R. ,1987. A Mean Field 
Theor y Learnin g Algorith m fo r  Neura l  Networks . 
Comple x System s 1 ,  995-1019 . 

Pinker, S., and Prince. A., 1988. On Language and 
Connectionism :  Analysi s o f  a  Paralle l  Distribute d 
Processin g Mode l  o f  Languag e Acquisition .  Cognition , 
28,73-193 . 

Plaut. D.. and Shallice, T., 1991. Deep Dyslexia: A 
Case Stud y o f  Connectionis t  Neuropsychology . 
Unpublishe d manuscript . 

Plunkett, K.. and Marchman, V.. 1991. U-shaped 
Learnin g an d Frequenc y Effect s i n a  Multilayere d 
Perceptron :  Implication s fo r  Chil d Languag e 
Acquisition .  Cognition ,  38.43-102 . 

Prasada. S., Pinker. S.. and Snyder, W., 1990. Some 
Evidenc e tha t  Irregula r  Form s ar e Retrieve d fro m 
Memory bu t  Regula r  Form s ar e Rul e Generated .  Pape r 
presente d a t  th e 31s t  annua l  meetin g o f  th e 
Psychonomi c societ y (November :  Ne w Orleans) . 

Rumelhart, D. E., and McClelland, J.L.. 1986. On 
Learnin g th e Pas t  Tens e o f  Englis h Verbs .  I n D.E . 
Rumelhart ,  J.L .  McClellan d an d th e PD P Researc h 
Grou p (Eds.). .  Paralle l  Distribute d Processing : 
Exploration s i n th e microstructur e o f  cognition .  (Vol . 
2) .  Cambridge .  M A :  Bradfor d Books . 

Seidenberg, M.S., and Bruck, M., 1990. Consistency 
Effect s i n th e Generatio n o f  Pas t  Tens e Morphology . 
P^e r  presente d a t  th e 31s t  meetin g o f  th e Psychonomi c 
Societ y (November :  Ne w Orleans) . 

Stemberger, J., and MacWhinney, B., 1985. Frequency 
and th e Lexica l  Storag e o f  Regularl y Inflecte d Forms . 
Memory an d Cognition ,  14 .  17-26 . 

866 


	cogsci_1992_861-866



