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T h e R i s e a n d Fal l  o f  E n g l i s h Inflectiona l  M o r p h o l o g y 

Patrick Juola (PATRICK.JUOLA@PSY.ox.AC.uk)^ 
K i m Plunket t  (kim.plunkett@psy.ox.ac.uk ) 

Departmen t  o f  Experimenta l  Psycholog y 
Universit y o f  Oxfor d 

Oxford ,  0 X 1 3U D U N I T E D K I N G D O M 

Abstrac t 

Children acquire noun inflections before they acquire 
ver b inflections .  Nou n inflection s ar e ds o les s affecte d 
by languag e disorder s tha n ver b inflections .  We describ e 
a single-syste m connectionis t  mode l  o f  Englis h nou n an d 
ver b inflectio n whic h capture s thes e fact s o f  acquisitio n 
and atrophy ,  a s wel l  a s othe r  well-establishe d develop -
menta l  characteristic s suc h a s U-shape d learnin g an d th e 
abilit y  t o generalis e t o nove l  forms .  Th e mode l  make s 
th e nove l  experimenta l  predictio n tha t  irregula r  noun s 
ar e les s affecte d b y damag e tha n irregula r  verbs ,  eve n 
thoug h irregula r  noun s ar e harde r  t o learn . 

Int roduct io n 

The acquisitio n o f  pas t  tens e i n Englis h ha s bee n lon g 
studie d a s a  genera l  touchston e fo r  th e developmen t  o f 
morpholog y an d productiv e linguisti c rule s i n children . 
The genera l  patter n o f  pas t  tens e formatio n fo r  Englis h 
i s wel l  understood ;  th e overwhelmin g majorit y o f  En -
glis h verb s hav e a  simpl e pas t  tens e for m whic h ca n b e 
describe d a s th e additio n o f  on e o f  thre e variant s o f  th e 
'-ed '  suffi x  t o a  bas e stem .  A  significan t  minority ,  par -
ticularl y o f  relativel y commo n verbs ,  tak e a  so-calle d 
"irregular "  form ,  whic h ma y o r  ma y no t  b e systemat -
icall y relate d t o th e ste m for m o r  t o th e form s o f  othe r 
words .  Th e developmenta l  cours e i s nearl y a s wel l  un -
derstood ;  childre n typicall y begi n b y correctl y producin g 
a smal l  numbe r  o f  bot h regula r  an d irregula r  forms ,  the n 
produc e characteristicall y "overregularized "  form s fo r  a 
smal l  bu t  significan t  fractio n o f  thei r  ver b forms .  The y 
the n appea r  t o re-lear n th e correc t  form ,  producin g th e 
classi c "U-shape d development "  (Berko ,  1958 ;  Meircu s 
et  al ,  1992) .  Englis h nou n plural s appea r  t o shar e man y 
of  th e sam e characteristic s a s ver b pas t  tenses .  Ther e 
i s a  simila r  genera l  rul e an d a  small ,  semi-regula r  grou p 
of  common exceptions .  Brow n (1973) ,  Marcu s (1995) , 
Marchman,  Plunkett ,  an d Goodma n (i n press )  hav e de -
scribe d broadl y simila r  tim e course s fo r  th e acquisitio n o f 
plura l  nouns ,  includin g th e U-shape d curv e an d approx -
imatel y simila r  overal l  rate s o f  overregularization .  Man y 
of  th e sam e phonotacti c feature s (suc h a s voicin g assim -
ilatio n and/o r  epenthesis )  ar e relevan t  t o th e acquisitio n 
of  bot h noun s an d verbs . 

Interpretation s an d model s o f  thi s phenomeno n vary ; 
Marcu s e t  al .  (1992 )  (amon g others )  hav e suggeste d tha t 
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th e emergenc e o f  th e overregularize d form s i s indicativ e 
of  th e developmen t  o f  " a menta l  operatio n implement -
in g th e -ed-sufiixatio n rul e posite d b y grammarians "  [pg . 
8]  capturin g th e formatio n o f  pas t  tens e an d th e memo-
rizatio n o f  specifi c  lexica l  exception s t o th e genera l  rule . 
Othe r  researcher s (Daughert y &  Seidenberg ,  1992 ;  Plun -
ket t  & :  Marchman ,  1991 )  hav e argue d instea d tha t  a  sin -
gl e connectionis t  networ k i s capabl e o f  producin g thi s 
pattern ,  an d thu s tha t  a  singl e rout e suffice s t o explai n 
th e evidence . 

Her e w e presen t  a  single-system ,  feedforward ,  connec -
tionis t  mode l  t o compar e th e acquisitio n o f  nou n an d 
ver b inflectio n head-to-head .  T o thi s end ,  w e hav e con -
structe d a  mode l  tha t  simultaneousl y acquire s nou n plu -
ral s an d ver b pas t  tenses .  W e us e thi s mode l  t o deter -
min e th e pattern s o f  master y (an d errors )  produce d b y a 
networ k whic h onl y ha s acces s t o phonologica l  represen -
tation s o f  stem s an d thei r  inflecte d forms ,  an d thei r  typ e 
and toke n frequencies .  Th e pattern s o f  performanc e i n 
th e networ k ar e the n compare d directl y wit h th e acqui -
sitio n dat a fo r  youn g children .  W e furthe r  describ e th e 
effect s o f  damagin g thi s networ k t o compar e performanc e 
wit h th e dat a o n impaire d adul t  performance . 

The Model 

Networ k configuratio n 

The connectionis t  simulatio n use s a  multi-laye r  percep -
tro n networ k usin g backpropagatio n o f  erro r  (Rumel -
hart ,  Hinton ,  &  Williams ,  1986) .  Th e simulatio n wa s 
buil t  usin g th e PlaNe t  simulato r  (Miyata ,  1991 )  usin g 
130 unit s fo r  th e inpu t  layer ,  16 0 unit s fo r  th e outpu t 
layer ,  an d 20 0 unit s a s th e hidde n layer .  Th e syste m 
was traine d wit h a  learnin g rat e (r? )  o f  0. 1 an d n o mo -
mentu m ( a - O ) .  TVainin g wa s performe d vi a a  patter n 
updat e schedule ,  wher e eac h patter n wa s presente d indi -
viduall y t o th e networ k (i n rando m order )  an d trainin g 
performe d o n eac h pattern . 

Training corpus and representation 

The trainin g dat a fo r  th e simulation s wer e take n fro m 
th e C E L E X corpu s (Baayan ,  Piepenbrock ,  &  Rijn , 
1993) ;  w e extracte d fro m thi s databas e al l  word s whic h 
wer e monosyllabic ,  whic h containe d n o "foreign "  sound s 
i n thei r  pronunciatio n an d fo r  whic h w e ha d evidenc e 
tha t  the y coul d b e use d a s noun s o r  verbs .  Thi s yielde d 
a tota l  corpu s o f  262 6 stems ,  whic h encompasse d 322 6 
tota l  inflecte d type s (228 0 noun s an d 94 6 verbs) .  O f 
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thes e types ,  2 6 wer e irregula r  noun s an d 12 2 wer e irreg -
ula r  verbs .  Fo r  thes e words ,  w e too k th e correspondin g 
toke n frequencie s (o f  th e stems )  fro m th e Brow n corpu s 
(Kucer a &  Francis ,  1967 )  a s a  roug h measur e o f  toke n 
frequencie s i n runnin g speech .  Th e toke n frequencie s o f 
word s wer e individuall y tabulate d a s noun s an d verbs , 
the n th e functio n log2(/req ^  +  1 )  applie d t o thes e fre -
quencie s t o flatte n the m int o somethin g mor e presentabl e 
t o th e network .  Th e fina l  v£iricmc e wa s betwee n 1  an d 2 1 
tokens/inflecte d type ,  meanin g tha t  th e mos t  frequen t 
word s appeare d jus t  ove r  twent y time s a s ofte n a s th e 
least .  Th e fina l  toke n frequencie s wer e heavil y domi -
nate d b y nouns ;  o f  th e 1712 9 token s i n th e trainin g set , 
1304 5 wer e nou n token s (20 4 o f  the m irregular )  an d 408 4 
wer e ver b token s (99 7 o f  the m irregular) . 

The trainin g corpu s wa s prepare d b y convertin g th e 
Moby symboli c pronunciatio n (Ward ,  1997 )  int o a  larg e 
binar y vecto r  usin g a  modificatio n o f  th e PGPfon e al -
phabe t  representatio n (Juol a &  Zimmermann ,  1996) . 
Each phonem e wa s represente d a s a  cluste r  o f  1 6 binar y 
phoneti c feature s includin g aspect s suc h a s place ,  man -
ner ,  an d heigh t  o f  eurticulation .  Eac h wor d Wci s divide d 
int o onset-nucleus-cod a constituent s an d right-justifie d 
withi n a  C C C V V C CC templat e (e.g .  th e wor d "cat " 
(/kAt/ )  woul d b e represente d b y th e trainin g patter n 
# # k # A # # t ,  wher e '# '  represent s a n absen t  sound) . 
To thi s 128-bi t  pattern ,  tw o additiona l  bit s wer e ap -
pende d representin g th e syntacti c for m t o b e inflecte d 
into ,  eithe r  th e pas t  tens e (o f  a  verb )  o r  th e plura l  (o f 
a noun) .  Th e desire d output s wer e a  similau :  encodin g 
of  th e phonolog y o f  th e inflecte d form ,  includin g a n op -
tiona l  epentheti c vowe l  an d final  consonant . 

Simulation s wer e ru n unde r  tw o trainin g schedules ; 
mass trainin g an d incrementa l  training .  I n mas s train -
ing ,  al l  th e stem s an d inflecte d form s ar e availabl e t o th e 
networ k throughou t  th e trainin g process .  I n incremen -
ta l  training ,  trainin g start s ou t  wit h a  smal l  numbe r  o f 
hig h frequenc y word s (2 0 types) .  Th e trainin g se t  i s  the n 
graduall y expande d (5 % ne w type s pe r  epoch )  t o includ e 
word s o f  decreasin g frequency  unti l  th e entir e corpu s i s 
absorbed .  Thes e tw o trainin g schedule s ar e intende d t o 
captur e th e distinctio n betwee n inpu t  t o th e chil d an d 
uptak e b y th e chil d (Plunket t  &  Marchman ,  1993) . 

Analysis techniques 

All simulations were performed with five different ran-
do m startin g seed s t o asses s th e reliabilit y  o f  th e find-
ings .  Unles s otherwis e stated ,  al l  result s reflec t  th e mea n 
over  thes e five  simulations .  A t  th e en d o f  ever y epoc h 
(whic h recal l  ma y contai n ove r  seventee n thousan d indi -
vidua l  patter n trials) ,  th e syste m wa s evaluate d t o de -
termin e what ,  an d ho w much ,  ha d bee n learned .  Ever y 
outpu t  patter n wa s examine d t o determin e th e neares t 
lega l  phonem e i n eac h templat e positio n an d the n com -
pare d wit h th e "correct "  sequence .  W e specificall y focu s 
her e o n th e numbe r  o f  correc t  inflections ,  an d o n th e 
overregularizatio n rate ,  define d a s 

( -

overregularize d type s 

(overregularize d type s -1 -  correc t  types ) 
*  100 % 

Each o f  th e five  startin g point s yielde d a  uniqu e weigh t 
configuratio n afte r  11 5 increment s an d wa s use d a s th e 
basi s fo r  th e lesionin g experiments .  Incremen t  11 5 i s th e 
earlies t  poin t  a t  whic h th e networ k ha d see n th e entir e 
trainin g corpu s and ,  ei s migh t  b e expected ,  i s th e poin t 
wit h th e wors t  overal l  performanc e o n th e trainin g cor -
pus .  Becaus e o f  th e hig h erro r  rat e unde r  "normal "  cir -
cumstances ,  i t  i s  reasonabl e t o assum e tha t  i t  woul d b e 
th e mos t  sensitiv e t o damag e an d therefor e a n appropri -
at e tim e t o lesio n i n searc h o f  interestin g erro r  patterns . 

Each o f  th e five  network s wa s lesione d b y randoml y 
removin g individua l  weight s whil e leavin g th e basi c net -
wor k topolog y intact .  Th e lesionin g wa s performe d a t 
eightee n differen t  levels ,  consistin g o f  singl e percentage s 
fro m 1 % (leavin g 9 9 % o f  th e networ k weight s unchanged ) 
t o 9%,  an d a t  increment s o f  te n percen t  fro m 10 % t o 
90%.  Eac h networ k w£i s lesione d fou r  time s a t  eac h level , 
yieldin g a  tota l  o f  36 0 separat e experimenta l  "subjects. " 
(Al l  lesio n level s ar e hencefort h referre d t o b y percentag e 
of  connection s remaining. ) 

We normalize d lesione d performanc e b y calculatin g i t 
as a  percentag e o f  bciselin e performanc e o f  th e undam -
aged networ k use d a s a  bjis e fo r  eac h subject .  Becaus e 
i n memy cases ,  especiall y fo r  irregula r  noun s an d verbs , 
th e bciselin e performanc e include d errors ,  i t  occasionall y 
happene d tha t  th e performanc e o f  a n individua l  subjec t 
on a n individua l  categor y woul d excee d th e baseline , 
resultin g i n apparentl y paradoxica l  performanc e level s 
tha t  excee d 100% .  I n othe r  words ,  unde r  certai n cir -
cumstances ,  damag e ca n actuall y improv e performance . 

We furthe r  analyze d al l  36 0 "subjects "  agains t  a  se t 
of  propertie s w e believ e t o b e completel y psycholinguis -
ticall y unsalient .  Specifically ,  fo r  eac h wor d token ,  w e 
determine d whethe r  th e first  pronounce d phonem e wa s 
fro m th e first  o r  secon d hal f  o f  th e alphabet ,  an d whethe r 
i t  wa s represente d i n ASCI I  b y a n od d o r  eve n numbe r 
(od d o r  eve n "parity") .  Thi s analysi s provide s u s wit h 
a baselin e agains t  whic h t o compar e breakdown s i n per -
formanc e alon g linguisticall y salien t  lines . 

Acquisition Results 

Figur e 1  show s tha t  a  singl e syste m i s capabl e o f  learn -
in g bot h nou n plura l  an d ver b pas t  tens e morphology ; 
i n fact ,  performanc e o n th e regula r  type s i s near-perfec t 
afte r  th e first  ful l  epoc h o f  training .  Performanc e o n 
irregula r  type s lag s significantly ;  performanc e afte r  20 0 
epoch s o f  trainin g yielde d 8 0 % o f  irregula r  nou n type s 
and 9 5 % o f  irregula r  ver b type s tha t  wer e correctl y in -
flected. 

An importan t  consideratio n i n th e simulatio n o f  U -
shape d learnin g curve s i s th e initia l  acquisitio n o f  th e 
correc t  form s fo r  som e irregula r  forms .  Becaus e th e 
learnin g o f  a  connectionis t  syste m i s strongl y influence d 
by th e typ e frequenc y o f  trainin g patterns ,  rar e form s 
ar e generall y onl y learne d wel l  whe n the y ar e mad e es -
peciall y salien t  t o suc h systems .  Th e statisticz d dom -
inanc e o f  regula r  form s tend s t o mcik e thes e mor e in -
fluential  unles s irregula r  form s ar e someho w mad e mor e 
salient .  I n particular ,  th e initia l  error-fre e perio d o f  ir -
regula r  productio n ca n b e problemati c fo r  connectionis t 
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Figur e 2 :  % o f  know n type s correc t  b y increment . 

system s (an d doe s not ,  fo r  instance ,  appea r  i n figur e 1) . 
I n analysi s o f  incrementa l  training ,  i t  i s  importan t 

t o kee p i n min d th e differenc e betwee n performanc e o n 
word s alread y presente d t o (an d know n by )  th e network , 
and word s tha t  wil l  eventuall y b e pas t  o f  th e treiinin g cor -
pus bu t  hav e no t  ye t  bee n added .  Accordingl y w e displa y 
th e mea n numbe r  o f  know n type s correctl y inflecte d a t 
eac h increment . 

As trainin g progresses ,  th e networ k learn s t o inflec t 
correctl y th e entir e trainin g corpus .  A s i n above ,  w e se e 
tha t  performanc e o n regula r  noun s eventuall y dominate s 
regula r  verbs ,  a s wel l  a s irregular s o f  al l  sorts ,  an d tha t 
irregula r  noun s ar e th e mos t  difficul t  overall .  However , 
figur e 2  clearl y demonstrate s a n th e characteristi c initia l 
perio d wher e th e networks '  performance s o n irregula r 
form s i s perfect ,  (an d bette r  a s a  percentag e o f  tota l  vo -
cabular y tha n tha t  o f  regula r  forms) .  Overregularizatio n 
performanc e (figur e 3 )  show s a  simila r  curve . 

Studie s o f  th e tim e cours e an d erro r  rat e o f  nou n in -
flections  i n childre n ar e unfortuatel y rathe r  rare ;  th e 
best  know n i s probabl y Marchma n e t  al .  (i n press )  an d 
thei r  respons e t o th e claim s o f  Marcu s (1995 )  abou t  rel -
ativ e rate s o f  overregularizatio n o f  noun s an d verbs .  Th e 
Marchman e t  al .  (i n press )  stud y i s unfortunatel y rathe r 
limite d i n tha t  the y focuse d o n th e developmen t  o f  onl y 
five  noun s an d sixtee n verbs ,  compare d t o th e nearl y 17 0 
irregula r  form s modelle d here .  Nonetheless ,  ou r  result s 

Figur e 4 :  Regularizatio n o f  nonc e word s b y epoc h o r 

incremen t  acros s trainin g regimes . 

ar e broadl y simila r  i n that ,  a s foun d b y M a r c h m a n e t  al . 
(an d predicte d b y Marcus) ,  overregularization s o f  noun s 
happene d bot h earlie r  an d mor e frequentl y tha n thos e 
of  verbs .  A  significan t  finding  i s tha t  th e mos t  frequen t 
irregula r  word s wer e remarkabl y resisten t  t o overregular -
ization ;  n o wor d wit h a  toke n frequenc y o f  greate r  tha n 
243 (15 ,  i n ou r  trainin g set )  wa s eve r  overregularized . 
Thus ,  moderatel y c o m m o n word s lik e "keep, "  "tell, "  an d 
"let "  (a s wel l  a s extremel y c o m m o n form s lik e "see "  an d 
"man" )  wer e immun e t o overregularization ,  whil e onl y 
marginall y les s c o m m o n word s lik e "wife, "  "child, "  an d 
"hold "  wer e overregularize d upo n occasion . 

Th e developmenta l  cours e o f  generalizatio n t o nove l 
stem s i s depicte d i n figure  4 .  Fo r  purpose s o f  comparison , 
we als o includ e th e generalizatio n profil e unde r  th e mas s 
trainin g schedul e o f  Simulatio n 1 . 

Figur e 4  show s tha t  th e networ k i s abl e t o generaliz e 
th e correc t  suffi x  t o nove l  noun s an d verbs .  B y th e en d 
of  trainin g ove r  9 0 % o f  al l  nove l  noun s ar e inflecte d wit h 
th e correc t  suffi x  a s ar e ove r  8 0 % o f  al l  nove l  verbs .  Sec -
ondly ,  th e flnal  leve l  o f  generalizatio n o f  th e networ k i s 
independen t  o f  th e trainin g regim e adopte d (mas s ver -
sus incremental )  indicatin g tha t  generalizatio n i s deter -
mine d mor e b y th e trainin g corpu s tha n b y th e trainin g 
method . 
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Figur e 6 :  Normalize d performanc e level s a s a  functio n 

of  networ k remainin g afte r  lesio n 

Generalizatio n £ils o show s a  pronounce d developmen -
ta l  profil e fo r  th e incrementa l  trainin g regime .  Durin g 
earl y training ,  th e networ k i s unabl e t o ad d a n appro -
priat e suffi x  t o a  nove l  form .  A s th e trainin g vocabular y 
expand s th e generalizatio n performanc e increase s expo -
nentiaJl y unti l  i t  asymptote s a t  th e level s indicate d i n 
figure  4 .  However ,  th e developmenta l  profil e o f  general -
izatio n differ s fo r  noun s an d verbs .  Th e networ k regu -
larize s nove l  verb s considerabl y late r  tha n nove l  nouns . 

Th e profile s o f  developmen t  depicte d i n figure 4  sug -
ges t  tha t  a  critica l  mas s o f  noun s an d verb s i s require d 
i n th e trainin g se t  befor e hig h level s o f  generalizatio n ar e 
achieved .  Similarly ,  th e sudde n onse t  o f  overregulariza -
tio n error s depicte d i n figure 3  indicat e a  mas s actio n 
eflFec t  a t  work .  Thes e findings  ar e commensurat e wit h 
earlie r  wor k (Plunket t  &  Meirchman ,  1993 ;  Ma rchma n 
& Bates ,  1994) .  However ,  i n th e curren t  simulation s 
ther e i s substantia l  dela y betwee n sudde n increase s i n 
th e variou s performanc e measure s fo r  noun s an d verbs . 
T h e critica l  mas s hypothesi s predict s tha t  thes e delay s 
ar e directl y relate d t o th e numbe r  o f  noun s an d verb s i n 
th e corpu s a t  differen t  point s i n training . 

Figur e 5  show s th e relationshi p betwee n th e averag e 
number  o f  nove l  form s regularize d an d th e numbe r  o f 
type s o f  a  give n syntacti c categor y presen t  i n th e train -
in g se t  a t  eac h point .  I n conjunctio n wit h figure  4 ,  i t 
provide s suppor t  fo r  thi s critica l  mas s hypothesi s i n sev -
era l  ways .  First ,  th e curve s ax e highl y nonlinear ,  showin g 
a rapi d increas e i n regularizatio n rat e unti l  th e numbe r 
of  syntacti c type s i n th e trainin g se t  reache s aroun d 10 0 
th e rat e o f  generalizatio n increeise s dramatically .  Thi s 
i s compatibl e wit h th e ide a o f  a  threshhol d effect .  Sec -
ondly ,  th e curve s fo r  noun s am d verb s i n figure 5  ar e 
nearl y identical ,  showin g tha t  a  simila r  proces s o f  mas s 
actio n i s operatin g fo r  bot h syntacti c types .  Th e de -
velopmenta l  dela y betwee n noun s an d verb s show n i n 
figure  4  reflect s th e compositio n o f  th e inpu t  vocabu -
lar y a t  differen t  stage s i n training .  Th e smal l  advantag e 
of  noun s ove r  verb s i n figure 5  reflect s th e relativ e ho -
mogeneit y o f  nou n inflection s compare d t o verb s (recal l 
tha t  ther e ar e m a n y mor e irregula r  verb s tha n irregula r 
nouns) . 

L e s i o n i n g R e s u l t s 

M e an performanc e level s fo r  eac h combinatio n o f  regu -
larity ,  syntacti c category ,  an d damag e leve l  i s  presente d 
as figure  6 .  Eac h dat a poin t  i s  th e normalize d mea n per -
formanc e fo r  2 0 subject s ove r  th e subse t  o f  trainin g dat a 
correspondin g t o eac h categor y (e.g .  regula r  nouns) . 

Individua l  performanc e leve l  wer e analyze d unde r  a 
four-wa y anadyi s o f  varianc e ( A N O V A ) ,  wit h damag e 
level ,  syntacti c category ,  an d regularit y treate d a s withi n 
group s factor s an d bas e networ k treate d a s a  betwee n 
group s factor .  Th e singl e mos t  significan t  predicto r 
of  networ k performanc e wa s th e amoun t  o f  damage ; 
greate r  damag e resulte d i n lowe r  performanc e (F(3,17 ) 
= 422.093) .  Ther e wer e als o significan t  mai n effect s fo r 
regularit y (regula r  form s wer e mor e resistan t  t o damage ; 
F(3,l )  =  251.328 )  an d fo r  synta x (noun s wer e mor e re -
sistan t  t o damage ;  F(3,l )  =  37.357 ,  1) .  N o significan t 
mai n effec t  o f  underlyin g networ k wa s noted .  Al l  o f  th e 
abov e eflfect s wer e significan t  a t  p  <  0.001 . 

Significan t  interaction s wer e note d betwee n damag e 
leve l  an d regularity ,  an d betwee n damag e leve l  an d syn -
tacti c categor y (bot h significan t  a t  p  « :  0.001 )  (F(3,17 ) 
= 15.238 ,  4.330) ,  althoug h thes e interaction s disap -
peare d whe n w e controlle d fo r  floor  an d effects. .  A  fur -
the r  interactio n wa s observe d betwee n synt£w;ti c categor y 
an d regularit y a t  a  lowe r  bu t  stil l  highl y significan t  leve l 
(F(3,l )  =  12.064 ,  p  <  0.003) .  Thi s interactio n represent s 
th e fac t  tha t  regulei r  form s ar e mor e strongl y influence d 
by syntacti c categor y (regula r  noun s ar e mor e superio r 
t o regula r  verb s tha n irregula r  noun s ar e t o irregula r 
verbs) .  N o significan t  three-wa y (o r  greater )  interaction s 
wer e observed . 

I n th e lst/2n d odd/eve n experiment ,  w e foun d simila r 
mai n effect s o f  damage .  W e als o foun d highl y significan t 
(F(3,l )  =  66.612,1 ;  p  <  0.001 )  effect s o f  first  hal f  o f 
th e alphabe t  superiorit y (whic h m a y reflec t  underlyin g 
distribution ,  a s discusse d below) ,  bu t  n o significan t  mai n 
effec t  o f  parit y o r  o f  network . 

Th e syntcix-by-regularit y interactio n i s somewha t  sur -
prising ,  a s w e hav e foun d tha t  irregula r  verb s are ,  i n 
general ,  learne d mor e accuratel y an d faste r  tha n irregu -
la r  nouns .  Th e lesionin g dat a presente d her e indicat e a n 
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opposit e tren d fo r  atrophy .  Althoug h irregula r  verb s ar e 
learne d faste r  tha n irregula r  nouns ,  the y ar e mor e sen -
sitiv e t o damag e an d mor e easil y lost .  Th e reason s fo r 
thi s ar e a s ye t  unclear ,  althoug h on e migh t  expc (  t  a  ce- i  -
tai n contributio n fro m th e highe r  word-for m frequciicir s 
of  irregulci r  noun s i n compariso n wit h irregula r  verbs . 

We hav e argue d elsewher e tha t  typ e and/o r  toke n fre -
quenc y ca n b e on e o f  th e mos t  importan t  determinin g 
factor s i n connectionis t  learning .  Thi s als o m a y ex -
plai n som e o f  th e statistica l  odditie s i n th e alphabet -
half/p£irit y  analysi s (i f  on e bi n contain s m a n y more ,  o r 
mcin y mor e frequent ,  words) .  T o examin e thi s possibility , 
we divide d th e trainin g se t  int o frequenc y quartile s (ap -
proximatel y 2 5 % o f  type s i n eac h quartile ,  irrespectiv e o f 
syntacti c categor y o r  regularity )  an d performe d a  simila r 
5-wa y A N O V A.  I n thi s reanalysis ,  damag e remaine d sig -
nifican t  (F(4,17 )  =  415.847 ,  p  <  0.001) ,  whil e frequenc y 
quartil e wa s als o strongl y significan t  (F(4,3) = 162.442 ,  p 
< 0.001) .  Th e mai n effec t  o f  regularit y remaine d signifi -
can t  (F(4,l )  =  312.416 ,  p  « :  0.001) ,  whil e th e mai n effec t 
of  syntacti c categor y evaporate d int o non-significance . 

Discountin g th e damag e interaction s (which ,  a s above , 
can b e attribute d t o floor  effects) ,  w e foun d significan t 
interaction s betwee n synta x an d regularit y (F(4,l )  = 
385.872 ,  p  «  0.001) ,  synta x an d frequenc y (F(4,3 )  = 
18.204 ,  p  « :  0.001) ,  an d regularit y an d frequenc y (F(4,3 ) 
= 95.427 ,  p  < C 0.001) .  Noun s appea r  t o b e mor e sensitiv e 
t o frequenc y effect s tha n verbs ,  an d irregular s appea r  t o 
be mor e sensitiv e t o frequenc y effect s tha n regulars . 

Becaus e Englis h word s ar e no t  uniforml y distribute d 
throughou t  th e alphabet ,  ther e isn' t  a  unifor m distribu -
tio n o f  wor d type s t o th e variou s bins .  I n fact ,  ther e 
ar e mor e noun s tha n verbs ,  an d mor e regula r  tha n ir -
regula r  forms .  Similarly ,  ther e ar e mor e word s i n th e 
first  hal f  o f  th e alphabe t  tha n i n th e second ,  a s wel l 
as mor e word s o f  eve n parit y tha n o f  odd .  I f  w e pos -
tulat e a  subse t  o f  "difficult "  (i.e. ,  har d t o learn ,  sensi -
tiv e t o damage )  wor d types ,  i t  i s  unlikel y tha t  the y wil l 
be evenl y distribute d amon g an y particula r  typ e taxon -
omy,  wit h th e resul t  tha t  th e taxo n wit h fewe r  difficul t 
word s woul d presumabl y perfor m better ,  perhap s signif -
icantl y so .  I t  woul d appea r  tha t  verb s ar e th e "difficult " 
form s (base d o n thei r  relativ e inferiorit y wit h respec t  t o 
nouns) .  Certainly ,  th e absenc e o f  significan t  three-wa y 
interaction s woul d b e predicte d i f  difficul t  form s wer e 
uniforml y distribute d withi n th e individua l  categorie s o f 
irregula r  noun ,  irregula r  verb ,  an d s o forth .  However , 
th e frequenc y analysi s suggest s tha t  th e "difficult "  form s 
ar e i n man y case s simpl y th e rar e ones ;  c o m m o n ver b 
form s ar e happil y learne d (an d strongl y retained) ,  whil e 
uncommon nou n form s ar e lost .  Althoug h eve n whe n fre -
quenc y i s controlle d for ,  a  regular-superiorit y mai n effec t 
i s  stil l  present ,  arguin g that ,  i n lin e wit h c o m m o n sense , 
irregular s m a y b e mor e "difficult "  tha n irregulars . 

Psycholinguistic comparison 

As far as we are aware, the simulations reported here are 
th e first  t o trac k th e developmenta l  trajector y o f  a  neura l 
networ k traine d o n a  realisti c corpu s o f  Englis h noun s 

(228 0 types )  o r  verb s (94 6 types)^ .  Indeed ,  th e mode l 
incorporate d al l  th e monosyllabi c noun s an d verb s fro m 
th e Brow n corpus . 

Th e performanc e o f  th e network s mimic s tha t  o f  chil -
dre n an d adult s i n a  numbe r  o f  importan t  respects . 
First ,  al l  sinmlation s (mas s an d incremental )  ar e abl e 
t o lear n th e trainin g corpu s t o near-perfectio n (abov e 
9 9 % fo r  bot h noun s an d verbs) .  Second ,  th e profil e 
of  overregularizatio n error s fo r  bot h noun s an d verb s 
i n th e networ k mimic s th e well-documente d U-shape d 
profil e o f  developmen t  i n children .  Fo r  ver b pas t  tens e 
forms ,  thi s resul t  replicate s an d extend s th e findings  re -
porte d fo r  model s traine d o n smalle r  vocabularie s (Plun -
ket t  &  Marchman ,  1993 ,  1996) .  However ,  thi s i s th e 
first  demonstratio n i n whic h a  neura l  networ k mode l 
has simulate d th e well-know n U-shape d developmen t  fo r 
nou n plurals ,  i n particula r  producin g a  initia l  phas e o f 
error-fre e performance .  Thi s finding flatly  contradict s 
th e clai m o f  Marcu s (1995) : 

'Because irregular nouns plurals are so rare, there 
i s unlikel y t o eve r  b e a  stag e i n whic h irregula r  plu -
ral s dominat e regula r  plurals ;  henc e th e Rumelhar t 
& McClellan d mode l  woul d probabl y overregulaxiz e 
eve n it s earlies t  plurals. '  (p .  450 ) 

Our model not only produces initial error-free perfor-
mance o n nou n plural s bu t  doe s s o i n th e contex t  o f 
initia l  error-fre e performanc e o n ver b pas t  tens e forms . 

Third ,  th e onse t  o f  overregularizatio n error s o n noun s 
tend s t o occu r  earlie r  tha n overregularizatio n error s o n 
verb s i n th e network .  Thi s resul t  i s  als o consisten t  wit h 
th e dat a reporte d i n M a r c h m a n e t  al .  (i n press) .  T h e 
dat a fo r  th e fou r  childre n analyse d i n Marcu s (1995 ) 
ar e heterogenou s i n thi s respect—Ada m overregularize s 
noun s befor e h e overregularize s verbs .  Ev e an d Sara h 
sho w th e revers e patter n an d A b e start s overregulariz -
in g noun s an d verb s aroun d th e sam e time^ .  However , 
bot h studie s demonstrat e tha t  th e rat e o f  overregular -
izatio n fo r  noun s i s greate r  tha n tha t  fo r  verbs .  Thi s i s 
als o tru e o f  th e simulatio n a s ca n b e see n i n figure  3 . 
Overregularizatio n error s ar e als o les s hkel y t o occu r  o n 
form s wit h a  hig h toke n frequency .  Again ,  thi s replicate s 
th e result s o f  earlie r  wor k wit h smalle r  ver b vocabularie s 
an d demonstrate s tha t  th e frequenc y effec t  scale s u p t o 
large r  vocabularie s an d extend s t o nou n morphology . 

As y e rise ,  s o shal l  y e fall .  Ther e i s unfortunatel y 
rathe r  littl e dat a o n expecte d los s afte r  injury ,  althoug h 
(Bishop ,  1997 )  suggest s tha t  developmenta l  disorder s hi t 
ver b acquisitio n harde r  tha n nouns .  T h e networ k sim -
ulation s agre e t o th e exten t  tha t  verb s ar e generall y 
mor e impaire d fo r  a  particula r  leve l  o f  lesioning .  Reg -
ula r  form s ar e mor e robus t  i n th e fac e o f  damag e tha n 
irregula r  form s i n thes e networks .  Result s fro m human s 

^MacWhinne y an d Leinbac h (1991 )  describ e a  simulatio n 
incorporatin g a n eve n large r  corpu s o f  verb s an d a  wide r 
rang e o f  inflections .  However ,  thei r  pape r  doe s no t  provid e a 
detaile d analysi s o f  th e developmenta l  trajector y o f  th e net -
work' s performance .  I n peirticular ,  the y provid e n o accoun t 
of  earl y U-shape d learning . 

^Onset s o f  ver b overregularizatio n fo r  thes e fou r  childre n 
ar e take n fro m Marcu s e t  al .  (1992) . 
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(adult s aji d children )  cils o sho w thi s patter n o f  atroph y 
thoug h th e opposit e patter n o f  defici t  ca n b e observed , 
i.e .  ther e i s a  double-dissociatio n betwee n regula r  an d ir -
regula r  forms .  I t  migh t  als o b e predicte d tha t  aspect s o f 
languag e whic h ax e difficul t  t o lear n ar e th e mos t  fragile . 
Our  networ k generall y support s thi s statement ,  wit h th e 
exceptio n tha t  irregula r  nouns ,  whic h ar e mor e difficul t 
t o lear n thcu i  irregula r  verbs ,  ar e nonetheles s bette r  pre -
served .  W e awai t  wit h interes t  t o se e whethe r  thi s cils o 
hold s i n humans . 

Conclusions 

We hav e thu s presente d a  single-rout e or ,  mor e accu -
rately ,  single-proces s model ,  base d o n cu i  associativ e net -
work ,  tha t  i s  capabl e o f  inflectin g ver b stem s t o produc e 
pas t  tense s o r  nou n stem s t o produc e plurals .  I t  han -
dle s bot h regula r  an d irregula r  form s wit h reasonabl e 
accuracy ,  despit e havin g a  muc h lau-ge r  vocabular y tha n 
many relate d project s e.g .  Daughert y an d Seidenber g 
(1992) ,  Plunket t  an d Marchma n (1991 ,  1993) .  I t  pro -
duce s linguisticcdl y plausibl e generalizations ,  capturin g 
aspect s suc h a s performcuic e o n nonc e words .  I n furthe r 
anjilyses ,  w e hav e als o show n tha t  thes e network s pro -
vid e generalizatio n o f  voicin g assimilatio n eve n i n th e 
absenc e o f  syntacti c information ,  an d regularize d inflec -
tio n o f  cross-categoria l  processe s suc h a s denomina l  verb s 
or  deverba l  nouns . 

Thi s syste m thu s demonstrate s tha t  a  singl e rout e t o 
inflectiona l  morpholog y i s capabl e o f  producin g th e per -
formanc e necessar y fo r  a  psycholinguisticall y meaningfu l 
model  o f  nou n an d ver b inflection ,  eve n o n a  ver y lim -
ite d se t  o f  informatio n (excludin g semantic s entirely ,  fo r 
excimple )  an d provide s a  baselin e describin g wha t  ca n 
be don e i n thi s limite d domai n aji d t o whic h ne w per -
formanc e ca n b e compared ,  a s representation s an d infor -
matio n improve . 
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