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Abs t rac t 

We describe a connectionist model of the past tense 
tha t  generate s bot h regula r  an d irregula r  pas t  tens e 
form s wit h goo d generalization .  Th e mode l  als o 
exhibit s frequenc y effect s tha t  hav e bee n take n a s 
evidenc e fo r  a  pas t  tens e rul e (Pinker ,  1991 )  an d 
consistenc y effect s tha t  ar e no t  predicte d b y rule-base d 
accounts .  Althoug h no t  a  complet e accoun t  o f  th e pas t 
tense ,  thi s wor k suggest s tha t  connectionis t  model s ma y 
C£q)tur e generalization s abou t  linguisti c phenomen a tha t 
rule-base d account s miss . 

Introduct io n 

A seemingly minor aspect of linguistic knowledge— 
th e pas t  tens e o f  verbs—ha s generate d considerabl e 
debat e ove r  th e rol e o f  connectionis t  model s i n 
explainin g language .  Wherea s Rumelhar t  & 
McClellan d (1986 )  claime d tha t  thei r  mode l  o f  pas t 
tens e learnin g illustrate d a  ne w wa y o f  explainin g 
linguisti c phenomena .  Pinke r  &  Prince' s (1988 )  critiqu e 
of  thi s wor k suggeste d tha t  connectionis m ha d littl e t o 
add t o standar d linguisti c accounts .  Severa l 
development s i n subsequen t  year s hav e move d thi s 
debat e forward .  Pinke r  (1991) ,  fo r  example ,  no w agree s 
tha t  connectionis t  network s ar e neede d i n orde r  t o 
accoun t  fo r  fact s abou t  irregula r  pas t  tense s (e.g. ,  SING -
S A N G)  an d generalization .  Moreover ,  th e model s 
develope d b y MacWh inne y &  Leinbac h (1991) , 
Plunket t  &  Marchma n (1989) ,  an d Cottrel l  &  Plunket t 
(1991 )  sho w tha t  connectionis t  network s ca n exhibi t 
many o f  th e characteristic s o f  th e pas t  tens e tha t  wer e 
lackin g i n th e origina l  Rumelhar t  &  McClellan d (1986 ) 
work .  Thus ,  ther e ha s bee n considerabl e movemen t 
towar d theorie s o f  th e pas t  tens e i n whic h connectionis t 
network s pla y a  centra l  explanator y role .  Importantly , 
however .  Pinke r  (1991 )  an d K i m e t  al .  (1991 )  retai n th e 
ide a tha t  a  prope r  accoun t  o f  th e pas t  tens e wil l  hav e t o 
includ e a  rul e governin g regula r  form s suc h a s LIKE -
L I K E D .  Thi s conclusio n i s  base d o n a  mas s o f 
behaviora l  an d othe r  type s o f  evidenc e though t  t o 
implicat e thi s rule .  Insofa r  a s connectionis t  model s d o 
not ,  b y definition ,  incorporat e thi s typ e o f  knowledg e 
representation ,  connectionis m canno t  provid e a 
complet e accoun t  o f  th e pas t  tense .  Pinke r  therefor e opt s 

fo r  a  mixe d mode l  employin g bot h a  rul e an d a  net . 
I t  woul d b e importan t  t o determin e whethe r  a 

connectionis t  networ k ca n explai n al l  o f  th e relevan t 
fact s abou t  th e pas t  tens e o r  whether ,  a s Pinke r  suggests , 
i t  wil l  hav e t o b e supplemente d b y a  rule ,  sinc e thes e 
represen t  ver y differen t  claim s abou t  linguisti c 
knowledge .  Althoug h w e canno t  presen t  a  complet e 
accoun t  o f  th e pas t  tens e i n thi s paper ,  w e wil l  describ e 
a simpl e connectionis t  mode l  tha t  learn s th e pas t  tens e 
and us e i t  t o develo p tw o centra l  points .  Th e first  i s tha t 
th e kind s o f  dat a tha t  Pinke r  (1991 )  see s a s evidenc e fo r 
a rul e o f  pas t  tens e formatio n m a y reflec t  ver y simpl e 
propertie s o f  connectionis t  nets .  A s such ,  thes e 
phenomen a canno t  b e take n a s uniquel y compatibl e 
wit h th e rule-base d account .  Thi s argumen t  i s mostl y 
negative :  i t  say s tha t  th e kind s o f  evidenc e tha t  Pinke r 
take s t o differentiat e betwee n networ k an d rule-base d 
account s ar e consisten t  wit h bot h approaches .  Ou r 
secon d point ,  however ,  i s  tha t  th e networ k exhibit s 
behavior s tha t  ar e no t  predicte d b y th e traditiona l 
(Pinke r  &  Prince ,  1988 )  o r  modifie d traditiona l  (Pinker , 
1991 )  linguisti c  ̂ proaches .  Moreover ,  thes e behavior s 
ar e als o observe d i n psycholinguisti c studie s o f  peopl e 
(Seidenberg ,  i n press ;  Seidenber g &  Bnick ,  1990) . 
Therefore ,  th e networ k mode l  i s  no t  merel y a n 
alternativ e t o a  rule-base d account ;  rather ,  i t  i s t o b e 
preferre d becaus e i t  capture s generalization s tha t  rule -
base d account s miss . 

Archi tectur e o f  th e M o d e l 

The model is a simple feed-forward network. The 
inpu t  laye r  represent s th e presen t  tens e o f  a 
monosyllabi c verb ;  th e outpu t  layer ,  it s pas t  tense .  Th e 
phonologica l  representatio n i s simila r  t o on e use d b y 
M a c W h i n n e y e t  al .  (1989) .  Ther e wer e 12 0 
phonologica l  unit s o n eac h layer ,  representin g a 
C C C V V C CC templat e fo r  monosyllable s i n English . 
Thi s i s th e m a x i m u m structur e a  syllabl e ca n take ;  th e 
doubl e V  i s  neede d t o represen t  dipthongs .  Eac h 
phonemi c segmen t  i s  represente d b y 1 5 binar y 
articulator y features ,  usin g a  schem e develope d b y 
Plunket t  an d Princ e an d modifie d b y Mar y Hare .  Th e 
feature s are :  back ,  tense ,  low ,  medium ,  high ,  glide , 
sonorant ,  fricative ,  stop ,  labial ,  coronal ,  velar ,  nasal , 
sibilant ,  an d voiced .  Thi s schem e represent s a  plausibl e 
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Figure 1: Phonological Representation of a Syllable 

compromise among various proposals within phonetics. 
I f  a  featur e exist s fo r  a  segment ,  it s valu e i s 1.0 ;  i f  not , 
it s valu e i s 0.0 . 

The phonologica l  representation  i s centere d o n th e 
nucleu s o f  th e syllabl e a s show n i n Figur e 1 .  Hence ,  th e 
rime s o f  th e word s B L A C K an d B A C K receiv e th e 
same representation.  Alignin g th e representations  o n 
th e rime s wa s though t  t o b e desirabl e becaus e o f  th e 
perceptua l  salienc e o f  thes e unit s i n Englis h (e.g. . 
Pinke r  &  Prince ,  1988 ;  Seidenber g &  McClelland . 
1989) .  Fo r  unuse d segment s i n a  wor d rq)resentation , 
th e unit s ar e se t  t o 0.0 .  Ther e wer e 20 0 hidde n units . 
Figur e 2  show s th e architectur e o f  th e entir e model . 

The phonologica l  f<x m o f  a  presen t  tens e ste m (e.g. , 
B A K E)  i s activate d o n th e inpu t  unit s an d th e model' s 
tas k i s t o generat e th e phonologica l  for m o f  th e pas t 
tens e (e.g. ,  B A K E D )  o n th e ou^u t  unit s (w e us e 
(XthogrEq)h y her e t o represent  thes e phonologica l  code s 
fo r  typographica l  convenience) .  Th e mode l  wa s 
presente d wit h present-pas t  tens e pair s durin g training , 
wit h frequency  o f  exposur e determine d b y th e logarith m 
of  th e verb' s Franci s &  Kucer a (1982 )  frequency . 
Weigh t  correctio n wa s determine d b y standar d back -
pr(^gatio n (Rumelhart ,  Hinton ,  &  Williams ,  1986) .  I n 
scorin g th e model' s performance ,  w e determine d fo r 
eac h phonemi c segmen t  whethe r  th e bes t  fit  t o th e com -
pute d outpu t  wa s provide d b y th e correc t  target .  Th e 
outpu t  patter n wa s sccxe d a s correc t  onl y  i f  th e correc t 
target s provide d th e b e ^  fit  fo r  al l  segment s i n a  word . 
We als o calculate d th e tota l  su m o f  square d erro r  a s a 
measur e o f  goodnes s o f  fit. 

S imula t io n 1 :  Initia l  C o r p u s 

Two simulations using the above architecture but 
differen t  trainin g set s wer e performed .  I n th e firs t 
simulation ,  th e trainin g se t  consiste d o f  al l  monosyllabi c 
present-pas t  tens e pair s wit h Franci s an d Kucer a 
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laya r 

•  O O O O OO 

y 
•  - o o o o ' S ^ r 

X 
•  o o o o o o 

outpu t laya r 
F i g u r e 2 :  Architectur e o f  th e M o d e l 

frequencie s greate r  tha n 1 .  Thi s include d 3 0 9 verb s 
wit h regular  pas t  tense s ("regula r  verbs" )  an d 10 4 verb s 
wit h irregula r  pas t  tenses .  1 1 2 regula r  verb s wit h 
frequenc y «  1  w e r e reserved  fo r  testin g th e traine d 
network' s capacit y t o generaliz e o n nove l  items .  T h e 
present/pas t  pair s w e r e probabalisticall y presente d 
durin g trainin g accordin g t o thei r  frequency.  T h e mos t 
frequen t  pair s wer e presente d onc e pe r  epoch ;  th e leas t 
frequent  onc e pe r  10 0 epochs .  T h e m o d e l  w a s traine d 
o n thi s corpu s fo r  4 0 0 epochs ,  a t  wh i c h poin t  learnin g 
app roache d asympto te .  T h e result s b e l o w w e r e 
average d ove r  thre e trainin g session s wit h r a n d o m 
initia l  weights . 

I n term s o f  overal l  per formance ,  th e m o d e l  learne d 
al l  ( 1 0 0 % )  o f  th e regula r  pas t  tense s a n d 86 /10 2 
(84 .3% )  o f  th e irregula r  forms .  Error s o n th e irregular s 
include d regularizations  ( F A L L - F A L L E D ) .  n o chang e 
error s (GET-GET ,  analogou s t o HIT-HIT) ,  an d vowe l 
error s (HIDE-HED) . 

Afte r  training ,  th e model' s performanc e o n 11 2 
additiona l  verb s wa s use d t o asses s it s  capacit y t o 
generalize .  Th e mode l  produce d correc t  outpu t  fo r 
84/11 2 (76.8% )  o f  thes e items .  Th e tw o mos t  frequent 
error s wer e n o chang e (PEEK-PEEK )  an d assimilatio n 
wit h phonok>gically-simila r  irregula r  pas t  tense s i n th e 
trainin g se t  (e.g. .  SEEP-SEPT ,  whic h i s  simila r  t o 
S W E E P - S W E P T,  an d W R I T H E - W R O T H E,  whic h i s 
simUa r  t o W R T T E - W R O T E ). 

We the n examine d tw o theoretically-importan t 
phenomena ,  consistenc y an d frequenc y effects . 
Consistenc y effect s hav e bee n identifie d i n previou s 
wor k o n spelling-soun d correspondence s an d wer e 
simulate d i n th e Seidenber g &  McClellan d (1989 ) 
model  o f  wor d pronunciation .  Briefly ,  network s traine d 
usin g learnin g algorithm s suc h a s backpropagatio n 
(Rumelhart .  Hinton .  &  Williams .  1986 )  pic k u p o n th e 
consistenc y o f  th e mappin g betwee n inpu t  an d outpu t 
codes .  Th e mappin g betwee n th e presen t  an d pas t 
tense s i s highl y consisten t  i n Englis h becaus e mos t  pas t 
tense s obe y th e regular  rule .  However ,  th e mappin g i s 
not  entirel y predictabl e becaus e o f  irregula r  case s suc h 
as T A K E - T O O K an d SIT-SAT .  Standar d account s 
suc h a s Pinke r  &  Prince' s (1988 )  distinguis h betwee n 
rule-governe d case s an d exceptions .  However . 
connectionis t  model s predic t  th e existenc e o f 
intermediat e cases ,  so-calle d "regula r  bu t  inconsistent " 
pattern s suc h a s B A K E - B A K E D an d FL IT -FLnTED , 
whic h obe y th e rul e bu t  hav e inconsisten t  "neighbors " 
(Seidenberg .  i n press) .  Thus ,  eve n thoug h B A K E -
B A K ED i s rule-governed ,  performanc e ma y b e 
impaire d becaus e th e mode l  mus t  als o encod e M A K E-
M A DE an d T A K E - T O O K.  Specifically ,  i t  shoul d b e 
wors e tha n o n a  completel y regular  patter n suc h a s 
LIKE-LIKE D (al l  o f  th e -IK E verb s hav e regular  pas t 
tenses) .  Thus ,  th e standar d theor y predict s tha t  B A K E -
B A K ED shoul d patter n wit h L IKE-L IKED ,  becaus e 
bot h ar e rul e governed .  However ,  a  backpro p ne t  migh t 
be expecte d t o perfor m mor e poorl y o n inconsisten t 
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Figur e 3 :  Performanc e o n Matche d Subset s o f  Item s 

items such as BAKE-BAKED, owing to TAKE-TOOK 
and M A K E - M A D E. 

To tes t  thi s prediction ,  w e identifie d set s o f  6 0 
entirel y regular,  6 0 regular  inconsistent ,  an d 6 0 irregula r 
verbs ,  equate d i n term s o f  frequenc y Performanc e o n 
thes e word s i s show n i n Figur e 3 .  A s predicted ,  th e 
entirel y regular  verb s yielde d bette r  performanc e tha n 
inconsisten t  verbs ,  whic h i n tur n generate d bette r 
performanc e tha n irregula r  verbs .  Analogou s result s 
hav e bee n reported  i n th e domai n o f  spelling-soun d 
correspondence s (e.g. ,  M U S T i s  regular ,  H A V E i s 
inegular ,  G A V E i s  regula r  bu t  inconsistent )  an d 
simulate d b y th e Seidenber g &  McClellan d (1989 ) 
model .  Importantly .  Seidenber g &  Bruc k (1990 )  an d 
Seidenber g (i n press )  observe d thes e effect s i n a  stud y 
of  pas t  tens e generation .  T h e subject s i n thei r 
experimen t  (colleg e students )  wer e presente d wit h a 
presen t  tens e ste m o n eac h tria l  an d ha d t o generat e th e 
pas t  tense .  Respons e latencie s followe d th e patter n 
illustrate d i n Figur e 3 :  Irregula r  »  Regula r  Inconsisten t 
> Entirel y Regular .  Thus ,  th e mode l  pick s u p o n a n 
importan t  fac t  abou t  peoples '  knowledg e o f  verbs :  the y 
encod e th e degre e o f  consistenc y i n th e mappin g 
betwee n presen t  an d pas t  tenses .  I t  i s  imp<Mlan t  t o 
recogniz e tha t  thes e intermediate ,  regular-but -
inconsisten t  case s ar e no t  predicte d b y eithe r  th e 
traditiona l  (Pinke r  &  Prince ,  1988 )  o r  modifie d 
traditiona l  (Pinker ,  1991 )  theorie s o f  th e pas t  tense . 
The y are ,  however ,  a  consequenc e o f  learnin g i n a 
multi-laye r  backpro p net .  Th e reaso n fo r  thi s i s simple . 
Th e traditiona l  account s hav e th e regular  an d irregula r 
verb s processe d b y separat e mechanisms .  Henc e ther e 
i s n o basi s fo r  predictin g tha t  the y wil l  interfer e wit h 
eac h other .  O u r  network ,  however ,  encode s bot h 
regula r  an d irregula r  pas t  tense s i n th e sam e se t  o f 
connectio n weights .  Henc e th e processin g o f  a  "rule -
governed "  ite m i s affecte d b y whethe r  i t  ha s a n irregula r 
neighbo r  a :  not . 

We als o examine d a  secon d importan t  phenomenon , 
frequenc y effects .  Pinke r  (1991 )  ha s accumulate d 
severa l  type s o f  evidenc e though t  t o suppor t  th e 
existenc e o f  a  pas t  tens e rule .  Th e questio n tha t  arise s i s 
whethe r  suc h phenomen a coul d als o b e capture d b y a 

connectionis t  net .  Thi s issu e ca n b e illustrate d a s 
follows .  Prasada ,  Pinke r  &  Snyde r  (1990 )  observe d tha t 
th e frequenc y o f  a  pas t  tens e for m (ho w ofte n i t  i s  use d 
i n th e language )  affect s th e generatio n o f  irregula r  pas t 
lenses ,  bu t  no t  regulars.  T O O K ,  fo r  example ,  i s  highe r 
i n frequenc y tha n R A N G an d take s longe r  fo r  subject s 
t o generate .  However ,  ther e i s n o frequenc y effec t  fo r 
regula r  pas t  tenses ;  H I K E D (lo w frequency)  i s a s eas y 
t o generat e a s L I K E D (hig h frequency) .  Pinke r  (1991 ) 
interpret s thi s patter n a s follows .  Regula r  pas t  tense s 
ar e generate d b y rule ;  henc e the y ar e no t  affecte d b y 
frequency .  Al l  tha t  matter s i s  h o w lon g i t  take s t o 
recogniz e th e present-tens e ste m an d appl y th e rule . 
Irregula r  past s ar e different ,  however .  Eithe r  the y hav e 
t o b e looke d u p i n a  lis t  (traditiona l  theory )  o r  generate d 
by a  connectionis t  ne t  (modifie d traditiona l  theory) . 
Bot h processe s ar e though t  t o b e affecte d b y frequency. 
Thus ,  th e interactio n betwee n frequency  an d regularit y 
of  th e pas t  tens e wa s though t  t o implicat e tw o separat e 
mechanisms ,  a  rul e an d a  net . 

We though t  i t  likely ,  however ,  tha t  ou r  ne t  woul d 
als o produc e thi s interaction ,  mainl y becaus e w e 
observe d th e s a m e effec t  i n th e Seidenber g & 
McClellan d (1989 )  model .  I n tha t  model ,  frequency  ha s 
a bigge r  effec t  o n word s wit h irregula r  pronunciation s 
(e.g. ,  D E A F ,  S H O E )  tha n word s wit h regular ,  rule -
governe d pronunciation s ( L I K E ,  M A L E ) .  T h e 
explanatio n fo r  thi s effec t  i s  als o simple .  Regular , 
"rule-governed "  word s contai n pattern s tha t  occu r 
repeatedly  i n th e corpus .  T h e weight s reflec t  exposur e 
t o al l  thes e patterns .  Masterin g a  rule-governe d instanc e 
doe s no t  depen d ver y m u c h o n it s frequency  becaus e 
performanc e benefit s from  exposur e t o neighbor s tha t 
contai n th e sam e pattern .  Masterin g a n irregula r 
instance ,  however ,  i s  highl y sensitiv e t o frequency; 
performanc e o n D E A F (irregula r  pronunciation )  o r 
T A K E - T O OK (irregula r  pas t  tense )  depend s o n h o w 
ofte n th e mode l  i s  expose d t o thes e pattern s becaus e th e 
correc t  outpu t  canno t  b e derive d fro m exposur e t o 
neighbors .  Thus ,  w e expecte d tha t  a t  leas t  on e o f  th e 
behaviora l  phenomeno n tha t  Pinke r  take s a s evidenc e 
fo r  a  rul e woul d b e exhibite d b y ou r  model . 

T o tes t  thi s prediction ,  w e examine d th e S O highes t 
frequency  regular  verbs,  th e 5 0 lowes t  frequency 
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Figur e 4 :  Frequenc y an d Regularit y Effect s 
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regula r  verbs,  th e 5 0 highes t  frequenc y irregula r  verbs , 
an d th e S O lowes t  frequenc y irregula r  verb s fro m th e 
trainin g set .  Th e model' s performanc e o n thes e item s i s 
summarize d i n Figur e 4 .  T h e result s ar e no t  a s 
predicted .  Ther e ar e mai n effect s o f  ver b typ e an d 
frequenc y bu t  n o interactio n betwee n th e two . 

T o summarize ,  th e result s o f  th e initia l  simulatio n 
wer e mixed .  Th e mode l  wa s abl e t o lear n al l  o f  th e 
regula r  item s i n th e trainin g se t  an d a  hig h proportio n o f 
th e irregula r  items ;  i t  produce d plausibl e error s an d 
correc t  outpu t  o n mos t  generalizatio n trials .  I t  als o 
showe d th e consistenc y effect s see n i n th e behaviora l 
studies ,  whic h ar e no t  predicte d b y traditiona l  accounts . 
However ,  th e model' s performanc e i s problematica l  i n 
tw o respects .  First ,  i t  performe d mor e poorl y tha n 
peopl e o n irregula r  item s an d generalizatio n trials . 
Second ,  i t  di d no t  exhibi t  th e interactio n betwee n 
frequenc y an d regularity . 

At  thi s point ,  w e notice d severa l  hint s tha t  th e 
defect s i n th e model' s performanc e wer e principall y du e 
t o th e larg e numbe r  o f  irregula r  item s i n th e trainin g 
corpus .  Th e mode l  faile d t o maste r  al l  o f  th e irregular s 
i n th e trainin g corpus ,  an d produce d unexpecte d 
frequenc y effect s o n regula r  items .  Moreover ,  man y o f 
th e error s o n th e generalizatio n trial s seeme d t o occu r 
becaus e th e mode l  wa s affecte d b y phonologically -
simila r  irregula r  pas t  tense s i n th e trainin g corpus .  I n 
orde r  t o asses s th e effect s o f  th e proportio n o f  irregula r 
item s o n performance ,  w e conducte d simulation s i n 
whic h w e varie d th e numbe r  o f  irregula r  verb s i n th e 
trainin g set ,  whil e keepin g th e numbe r  o f  regula r  verb s 
constan t  Th e result s ar e show n i n Figur e 5 .  A s see n i n 
th e figure ,  th e numbe r  o f  error s o n generalizatio n trial s 
was relate d t o th e numbe r  o f  irregula r  verb s i n th e 
trainin g set .  Th e stimul i  use d i n th e generalizatio n test s 
al l  requir e th e regula r  pas t  tense ;  however ,  som e o f 
the m ar e entirel y regula r  wit h respec t  t o th e trainin g 
corpu s wherea s s o m e ar e regula r  bu t  inconsistent . 
Figur e 6  present s th e result s f w thes e tw o type s o f 
generalizatio n trial s separately .  Th e numbe r  o f  error s 
o n entirel y regula r  nove l  verb s remaine d largel y 
invarian t  a s th e numbe r  o f  irregula r  verb s wa s 
increased .  However ,  th e numbe r  o f  error s o n regula r 

inconsisten t  nove l  verb s wa s affecte d b y th e numbe r  o f 
irregula r  verb s i n th e trainin g set .  Thi s indicate s tha t 
irregula r  ver b neighbor s creat e interferenc e fo r  regula r 
inconsisten t  verbs .  Entirel y regula r  verb s ar e unaffecte d 
becaus e the y d o no t  hav e irregula r  ver b neighbors . 

Together ,  thes e flndings  suggeste d tha t  th e larg e 
number  o f  irregula r  verb s i n th e trainin g se t  wa s 
adversel y affectin g performance . 

S imu la t i o n 2 :  A  M o r e Realisti c C o r p u s 

We then compared the type and token frequencies in 
our  corpu s t o thos e i n th e languag e a t  large .  A n analysi s 
of  th e Franci s &  Kucer a (1982 )  sampl e reveale d tha t 
irregula r  verb s compris e S % o f  al l  ver b type s liste d 
ther e an d 2 2 % o f  th e ver b tokens .  I n th e corpu s 
employe d i n th e first  simulation ,  2 5 % o f  th e verb s wer e 
irregula r  an d the y accounte d fo r  6 5 % o f  th e token s 
presente d durin g training .  Thus ,  irregula r  item s wer e 
overrepresente d i n ou r  trainin g corpu s compare d t o th e 
languag e a s a  whole .  Othe r  factor s als o contribute d t o 
th e overrepresentatio n o f  irregular s a s well .  Th e 
model' s phonologica l  representation  onl y permitte d th e 
us e o f  monosyllabi c words ,  an d th e proportio n o f 
irregula r  verb s i s highe r  amon g th e monosyllabi c word s 
tha n th e multisyllabi c word s (thi s i s becaus e mos t 
irregula r  verb s ar e monosyllabic) .  Finally ,  regula r  verb s 
predominat e i n th e lowe r  frequenc y range ;  th e trainin g 
corpu s wa s restricted  t o item s wit h frequenc y >  1 , 
meanin g tha t  th e m a n y regular  bu t  ver y lo w frequenc y 
verb s wer e excluded .  I n sum ,  th e larg e numbe r  o f 
irregula r  item s i n th e trainin g corpu s ha d a  negativ e 
impac t  o n th e model' s performance ,  bu t  thes e word s 
wer e overrepresente d i n th e trainin g corpus . 

A ne w trainin g se t  wa s the n constructe d wit h th e 
goal  o f  maintainin g mor e realisti c proportion s o f  regular 
an d irregula r  verbs .  W e als o attempte d t o represen t  th e 
differen t  type s o f  irregula r  verb s accurately .  Pinke r  & 
Princ e identifie d 2 5 classe s an d sub-classe s o f  irregula r 
verb s whic h w e collapse d int o 5  majo r  classe s reflectin g 
th e mos t  importan t  subtypes .  Th e classe s wer e n o 
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chang e (HIT-HIT) ,  vowe l  interna l  chang e ( M E E T 
-MET) ,  vowe l  interna l  chang e plu s consonan t  ( l iAVE -
LEFT) ,  suppletio n ( G O - W E N T ) ,  an d consonan t  chang e 
(SEND-SENT) .  W e the n devise d th e trainin g se t  s o tha t 
th e proportion s o f  thes e subtype s matche d (h e 
proportion s i n th e Franci s &  Kucer a corpus .  Th e ne w 
trainin g se t  include d 30 9 regular  verb s an d 2 4 irregula r 
verbs .  Th e numbe r  of  irregula r  verb s ha d t o b e 
relativel y smal l  i n orde r  t o maintai n th e correc t 
proportion s whil e keepin g th e overal l  siz e o f  th e 
trainin g corpu s withi n manageabl e limits . 

The mode l  wa s traine d a s i n th e previou s simulatio n 
f w 5(X )  epochs ,  a t  whic h poin t  performanc e approache d 
asymptote .  Th e followin g result s reflect  average s ove r 
thre e trainin g session s wit h rando m initia l  weights .  Al l 
regular  verb s i n th e trainin g se t  wer e learned ,  a s before . 
22 o f  th e 2 4 irregula r  verb s i n th e trainin g se t  (92% ) 
wer e learned ,  bette r  tha n i n th e previou s simulation . 
The 2  error s o n irregula r  verb s wer e F A L L - F E L L E D a n 
ovoregulaizatio n erro r  an d W I N - W A U N a  vowe l  error . 

On th e generalizatio n trials ,  1  O S o f  11 2 regula r  pas t 
tense s (94% )  wer e correctl y generated ,  a n improvemen t 
ove r  th e firs t  simulatio n an d a  rat e tha t  compare s wel l 
wit h people .  Th e 7  pas t  tense s tha t  wer e incorrectl y 
generate d wer e M E R G E - M E R G T,  W A K E - W A K E D, 
WHINE-WOOND,  CLINK-CLANGT ,  WANE-WONE, 
MEW-VIEW,  BROOK-BROOK.  Th e firs t  reflects  a 
substitutio n o f  /t /  fo r  /d /  (i.e. ,  incorrec t  voicing )  an d th e 
secon d i s a n overregularizatio n error .  T h e other s ar e a 
variet y o f  vowe l ,  consonan t  an d n o chang e errors .  A s 
before ,  s o m e o f  thes e ca n b e describe d a s assimilatio n 
wit h irregula r  verb s i n th e trainin g set .  W H I N E -
W H O U ND i s simila r  t o W I N D - W O U N D,  CL INK -
C L A N GT i s simila r  t o C L I N G - C L A N G .  Subject s i n 
behaviora l  experiment s produc e som e of  thes e 
response s a s wel l  (e.g. ,  Bybe e &  Moder ,  1983) . 

We the n re-examine d th e consistenc y an d frequenc y 
effect s describe d earlier .  Fo r  th e consistenc y effects , 
we constructe d set s o f  2 0 entirel y regular ,  2 0 regular 
inconsistent ,  an d 2 0 irregula r  verb s fro m th e trainin g se t 
equate d i n term s o f  frequency .  Th e model' s 
performanc e o n th e thre e type s i s give n i n Figur e 7 .  A s 
i n th e previou s simulation ,  th e mode l  showe d th e grade d 
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Figur e 8 :  Frequenc y an d Regularit y Effect s 

effects of the consistency of the mapping between 
presen t  an d pas t  tens e (th e differenc e betwee n th e tw o 
type s o f  "regular "  verbs )  tha t  i s  no t  predicte d b y rule -
base d accounts .  Th e consistenc y effec t  wa s actuall y 
large r  tha n i n th e previou s simulation .  I n addition ,  th e 
model  no w exhibit s th e predicte d interactio n o f 
frequency  an d regularity .  W e constructe d set s o f  th e 1 0 
highes t  frequenc y regular  verbs ,  1 0 lowes t  frequenc y 
regular  verbs ,  1 0 highes t  frequency  irregula r  verbs ,  an d 
10 lowes t  frequency  irregula r  verb s fro m th e trainin g 
set .  Th e model' s performanc e o n thes e item s i s show n 
i n Figur e 8 .  Fo r  regular  verbs ,  frequency  ha s littl e 
effec t  o n performance .  Fo r  irregula r  verbs ,  performanc e 
i s bette r  o n hig h frequency  item s tha n o n lo w frequency 
items .  Thi s i s th e patter n tha t  wa s reporte d b y Pinke r 
(1991 )  an d Prasad a e t  al .  (1990 )  an d take n a s evidenc e 
fo r  a  rule-base d mechanism . 

Thus ,  changin g th e corpu s s o tha t  i t  bette r  reflected 
th e fact s abou t  th e distributio n o f  ver b type s i n th e 
languag e yielde d bette r  simulatio n results .  Th e mode l 
continue d t o maste r  th e regular  item s an d ove r  9 0 % of 
th e irregulars :  ther e wa s bette r  generalizatio n o n nove l 
verbs ;  an d th e consistenc y effec t  an d frequenc y b y 
regularit y interactio n see n i n behaviora l  studie s wer e 
obtained . 

Discussio n 

Our results, like those of MacWhinney & Leinbach 
(1991) ,  Plunket t  &  Marchma n (1989) ,  an d Cottrel l  & 
Plunket t  (1991) ,  sugges t  tha t  connectionis t  model s ca n 
exhibi t  th e phenomen a tha t  Pinke r  &  Princ e (1988 )  se e 
as centra l  t o a n understandin g o f  th e pas t  tense .  W e ar e 
i n n o wa y restricte d t o th e mechanism s employe d b y 
Rumelhar t  &  McClellan d (1986 )  an d ar e no t  doome d t o 
th e sam e failures .  T w o aspect s o f  ou r  model s 
contribute d t o thei r  relativel y bette r  performance .  First , 
th e phonologica l  representatio n tha t  w e employe d 
addresse s man y of  th e concern s tha t  Pinke r  &  Princ e 
expresse d concernin g th e Wickelphonolog y tha t 
Rumelhar t  &  McClellan d ha d used .  Ou r  representation 
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of  segment s i s motivate d b y articulator y constraint s an d 
th e slo t  position s i n th e representatio n ar e motivate d b y 
independen t  evidenc e concernin g th e salienc e o f  th e 
rime .  Thi s representatio n i s b y n o mean s complete ; 
however ,  i t  utilize s plausibl e featural ,  segmental ,  an d 
syllabi c representations ,  an d avoid s som e o f  th e 
problem s wit h earlie r  approaches .  Second ,  th e 
simulation s highligh t  th e importanc e o f  usin g a  realisti c 
trainin g regim e (se e als o Hetheringto n &  Seidenberg . 
1989) .  Ou r  firs t  simulatio n clearl y overrepresente d th e 
number  o f  irregula r  type s an d token s i n th e trainin g se t 
and it s performanc e wa s inadequate .  Onc e th e trainin g 
set  wa s modifie d t o b e mor e realistic ,  performanc e 
imiKove d greatly .  Thi s resul t  suggest s th e interestin g 
possibilit y  tha t  fo r  English ,  th e pas t  tens e i s leamabl e 
onl y i f  th e proportio n o f  irregula r  past s i s limited . 

By understandin g th e natur e o f  th e inpu t 
representation ,  th e learnin g algorithm ,  th e phenomen a 
we wer e tryin g t o capture ,  an d th e architectur e o f  th e 
model ,  w e wer e abl e t o mak e prediction s abou t  th e 
difficult y o f  learnin g differen t  type s o f  verbs .  I n th e 
secon d simulation ,  w e observe d th e expecte d 
consistenc y an d frequency  effects .  Thes e effect s hav e 
als o bee n observe d i n experiment s wit h huma n subject s 
and replicat e result s tha t  hav e bee n obtaine d i n anothe r 
domai n (spelling-soun d correqxMidences ;  Seidenber g & 
McClelland ,  1989) .  Th e frequenc y effect s (i.e .  th e fac t 
tha t  frequenc y onl y affect s irregula r  pasts ,  no t  regula r 
pasts )  indicat e tha t  th e kin d o f  phenomen a tha t  Pinke r 
(1991 )  cite s a s evidenc e fo r  a  rul e ma y b e simpl y 
capture d withi n connectionis t  nets .  O f  course ,  i t 
remain s t o b e see n whethe r  al l  o f  th e phenomen a h e 
cite s ca n b e accommodate d i n th e sam e way . 

Th e consistenc y effect s ar e no t  predicte d b y th e 
earlie r  theorie s an d strongl y implicat e th e connectionis t 
alternative .  O f  course ,  i t  migh t  b e possibl e t o modif y 
th e traditiona l  (Pinke r  &  Prince ,  1988 )  o r  modifie d 
traditiona l  (Pinker ,  1991 )  theorie s t o accommodat e 
thes e results .  Pinke r  doe s no t  presen t  implemente d 
computationa l  models ;  h e describe s model s an d assign s 
computationa l  propertie s t o the m b y stipulation . 
Workin g a t  thi s leve l  o f  description ,  i t  migh t  b e possibl e 
t o formulat e a  ne w theor y tha t  preserve s th e ide a o f  a 
rul e bu t  accommodate s th e ne w behaviora l  phenomena . 
For  example ,  on e migh t  introduc e a d ho c assumption s 
abou t  interaction s betwee n th e rul e an d networ k 
mechanisms .  I f  tha t  wer e th e case ,  however ,  th e rule -
based  theor y coul d b e sai d t o b e usefu l  insofa r  a s i t  i s 
abl e t o "implement "  th e connectionis t  model .  Thus , 
wherea s Pinke r  &  Princ e (1988 )  presente d a  vie w i n 
whic h connectionis t  account s o f  languag e ar e parasiti c 
on symboli c accounts ,  w e vie w th e presen t  result s a s 
suggestin g th e opposit e relation .  O f  course ,  i t  wil l  b e 
necessar y t o develo p ou r  model s further ,  s o a s t o 
accoun t  fo r  th e entir e rang e o f  verb-relate d phenomena . 
We tak e th e presen t  result s a s on e stq )  alon g th e rout e 
towar d a n explanator y computationa l  theory . 
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