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Abstrac t 

Learning the past tense of English verbs has become 
a landmar k tas k fo r  testin g th e adequac y o f  cognitiv e 
modeling .  W e revie w a  se t  o f  intriguin g psychologica l 
phenomena tha t  an y modelin g o f  past-tens e acquisitio n 
has t o accoun t  for .  Traditiona l  grammatica l  theorie s 
fai l  t o explai n phenomen a o f  irregula r  verbs ,  whil e con -
nectionis t  modek ,  whic h requir e n o symbol s an d ex -
plici t  rules ,  fai l  o n regula r  verbs .  W e presen t  a  general -
purpos e symboli c patter n associato r  (SP A fo r  short ) 
whic h learn s a  se t  o f  sufficien t  an d necessar y symboli c 
rule s fo r  bot h distinguishin g an d predictin g regula r  an d 
irregula r  verbs .  Ou r  aU-rul e theor y i s simila r  i n spiri t  t o 
Pinker' s (1991 ,  1993 )  modula r  hypothesis ,  an d i s abl e t o 
accoun t  fo r  mos t  psychologica l  phenomen a i n past-tens e 
acquisition .  Eve n o n th e tas k o f  irregru/a r  past-tens e gen -
eralization ,  th e SP A i s judge d t o b e slightl y mor e plausi -
bl e tha n th e connectionis t  mode l  b y adul t  nativ e Englis h 
speakers .  Ou r  result s suppor t  th e vie w tha t  languag e 
acquisitio n an d processin g shoul d b e bette r  modele d b y 
symbolic ,  rathe r  tha n connectionist ,  systems . 

Introduction 

Learnin g th e pas t  tens e o f  Englis h verbs ,  a  mino r  com -
ponen t  o f  languag e acquisitio n an d processing ,  ha s re -
ceive d extensiv e stud y i n th e las t  fe w years .  O n e o f  th e 
reason s i s  tha t  th e tas k i s  quit e isolate d fro m syntax , 
semantics ,  an d othe r  morphologica l  module s o f  th e lan -
guag e learning^ ,  an d thu s ca n b e studie d i n grea t  depth . 
More importantly ,  ther e i s a  se t  o f  intriguin g psycho -
logica l  phenomen a an d propertie s tha t  an y acquisitio n 
syste m mus t  accoun t  for .  Traditiona l  grammatica l  the -
orie s ar e unabl e t o explai n m a n y critica l  aspect s o f  ir -
regula r  inflections .  I n 1988 ,  Rumelhar t  an d McClellan d 
(1986 )  desig n an d implemen t  a  connectionis t  syste m fo r 
th e modelin g o f  past-tens e acquisition .  Claim s hav e bee n 
made tha t  suc h connectionis t  models ,  whil e requirin g n o 
symbol  processing ,  grammatica l  rules ,  o r  explici t  rep -
resentatio n a s i n th e traditiona l  grammatica l  theories , 
ar e bette r  model s fo r  th e past-tens e acquisition ,  an d fo r 
th e languag e acquisitio n i n general .  Ove r  th e year s a 
number  o f  criticism s o f  connectionis t  modelin g appeare d 
(Pinke r  &  Prince ,  1988 ;  Lachte r  k  Bever ,  1988 ;  Prasad a 
k Pinker ,  1993) ,  an d ther e ha s bee n a  heate d debat e 
over  th e symboli c an d connectionis t  modelin g o f  th e 
task .  A  challeng e fo r  a  bette r  symboli c mode l  i s pose d 

'Except for homophones and denominal verbs (Kim, 
Pinker ,  Prince ,  &  Prasada ,  1991) . 

by MacWhinne y an d Leinbac h (1991) ,  an d i s  answere d 
by u s (Lin g &  Marinov ,  1993) .  Past-tens e acquisitio n 
has becom e a  benchmar k fo r  th e adequac y o f  cognitiv e 
modelin g o f  languag e acquisitio n an d processing . 

Th e traditiona l  grammatica l  theor y propose s rule-lik e 
grammar s fo r  th e regula r  inflection ,  an d rot e m e m o r y fo r 
th e individua l  irregula r  inflection .  Suc h theory ,  althoug h 
explainin g th e phenomen a o f  regula r  verb s quit e well , 
fail s fo r  irregula r  verbs .  S o m e irregula r  verb s (suc h 
as g o 1- ^  went )  ar e idiosyncratic ,  bu t  othe r  so-calle d ir -
regula r  verb s for m phonologicall y simila r  clusters ,  suc h 
as sin g *- *  sang ,  rin g »- •  rang ,  sprin g ̂- ^  sprang ,  swi m 
•- > swam,  o r  gro w •—> grew ,  blo w >—̂  blew ,  thro w i—•  threw . 
Irregula r  inflectio n i s partiall y  productiv e dependin g o n 
th e similarit y betwee n th e nove l  ver b ste m an d th e clus -
ter s o f  phonologicall y simila r  irregula r  ver b stems .  Fo r 
example ,  becaus e o f  th e simila r  phonologica l  pattern s i n 
-in g >-> •  -ang ,  childre n occasionall y us e bran g a s th e pas t 
tens e o f  bring .  I n a n experimen t  o f  predictin g pseudo -
ver b pas t  tense s b y adults ,  th e likelihoo d o f  irregula r 
past-tens e response s o f  pseudo-verb s increase s wit h th e 
phonologica l  similarit y fro m cluster s o f  Englis h irregula r 
verbs .  Fo r  example ,  subject s mor e willingl y giv e irregu -
la r  past-tens e inflectio n splun g fro m spling ,  les s willingly , 
shun k fro m shink ,  an d eve n les s willingly ,  su d fro m sid . 
Th e mode l  o f  past-tens e acquisitio n shoul d als o exten d 
irregula r  inflection s t o nove l  verbs ,  an d suc h generaliza -
tion s hav e t o b e plausible .  I n som e theorie s o f  gen -
erativ e grammar ,  e.g. ,  (Chomsk y &  Halle ,  1968 ;  Hall e 
& Mohanan ,  1985) ,  irregula r  verb s ar e als o governe d b y 
rules ,  suc h a s (i n th e spellin g form )  "chang e -in g t o -
ang "  a s i n sprin g •—•  sprang ,  whic h ar e applie d t o a  lis t 
of  irregula r  verbs .  However ,  a s correctl y pointe d ou t  b y 
Pinke r  (1991) ,  Prasad a an d Pinke r  (1993) ,  suc h a  theor y 
leave s th e phonologica l  similarit y o f  verb s i n th e lis t  un -
explained ,  an d thu s i s unabl e t o assig n a  nove l  ver b int o 
an appropriat e lis t  fo r  producin g matchin g irregula r  pas t 
tens e .  I f  suc h rule s ar e applie d universall y t o al l  verbs , 
the y fai l  t o b e sufficien t  condition s sinc e the y ca n ap -
pl y t o othe r  verb s (suc h a s bring ,  fling )  incorrectly .  O n e 
of  th e majo r  difficultie s wit h suc h theorie s i s  that ,  be -
caus e o f  th e complicate d relation s betwee n irregula r  ver b 
stem s an d thei r  pas t  tenses ,  th e sufficien t  an d necessar y 
"rules "  tha t  serv e fo r  bot h clusterin g an d fo r  predictin g 
past-tens e inflections ,  i f  the y exist ,  ar e har d t o find. 

Th e unsatisfactor y modelin g o f  irregula r  pas t  tense s 
by traditiona l  grammatica l  theorie s lead s t o th e grea t 
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impac t  o f  a  radicall y differen t  approac h t o th e tas k — th e 
connectionis t  modeling .  I n connectionis t  model s (als o 
ofte n calle d wtificia J neura l  networks ,  o r  ANNs) ,  gener -
alizatio n i s produce d b y th e similarit y capture d b y a  se t 
of  collectivel y contribute d weight s distribute d widel y be -
twee n units .  However ,  fo r  al l  connectionis t  model s buil t 
fo r  th e task ,  th e unitar y mode l  i s use d fo r  bot h regu -
la r  an d irregula r  generalization .  Fo r  man y theoretica l 
reason s (Prasad a &  Pinker ,  1993 )  an d empirica l  find -
ing s (Ling ,  1994) ,  suc h model s ar e no t  suitabl e fo r  th e 
regula r  past-tens e inflection ,  whic h i s bes t  lef t  t o sym -
boli c rule-learnin g systems .  However ,  connectionis t 
model s d o pos e attractiv e propertie s a s a  possibl e mode l 
fo r  irregula r  verbs .  Afte r  all ,  connectionis t  model s ar e 
associativ e i n nature ,  an d ar e suppose d t o b e goo d a t 
learnin g an d generalizin g mapping s tha t  requir e man y 
complicate d relation s betwee n input s an d outputs .  In -
deed,  Pinke r  (1991) ,  Prasad a an d Pinke r  (1993 )  propos e 
a modifie d classica l  theor y i n whic h a  rule-lik e modul e i s 
used fo r  th e regula r  past-tens e inflection ,  an d a n ANN -
lik e associativ e memor y fo r  th e irregula r  ste m an d past -
tens e mappings ,  fosterin g analogica l  generalizatio n b y 
similarity . 

An All-rule Theory of the Past-tense 

Learn in g 

We hav e constructe d a  general-purpos e symboli c Pat -
ter n Associato r  (SP A fo r  short )  tha t  ca n lear n ver y effi -
cientl y fro m an y se t  o f  give n input/outpu t  pair s o f  pat -
tern s (Lin g &  Marinov ,  1993) .  Th e SP A i s a n N-to- M 
( N inpu t  attribute s t o M outpu t  attribute )  patter n asso -
ciato r  whic h essentiall y  applie s th e N-to- 1 decision-tre e 
classifie r  ID S (Quinlan ,  1986 )  M times .  Give n an y se t 
of  pattern s containin g N  inpu t  attribute s an d M outpu t 
attributes ,  M decisio n tree s ar e buil t  b y th e SPA ,  eac h 
fo r  on e o f  th e M outpu t  attributes .  Thos e M tree s wil l 
be use d collectivel y t o predic t  th e outpu t  patter n o f  a 
new inpu t  pattern ;  eac h tre e determine s on e attribut e 
valu e i n th e output .  Fo r  th e ver b past-tens e learning , 
th e inpu t  pattern s ar e phonem e letter s i n th e ver b bas e 
wit h N  a s th e maximu m numbe r  o f  phonem e letter s i n 
th e ver b base ,  an d th e outpu t  pattern s ar e phonem e let -
ter s i n th e pas t  tens e wit h M a s th e maximu m numbe r 
of  phonem e letter s i n th e pas t  tense .  Th e SP A actuall y 
utilize s a n improve d implementatio n o f  ID S calle d c4. 5 
(Quinlan ,  1993 )  wit h severa l  modification s (fo r  detail s 
of  SPA ,  se e (Lin g &  Marinov ,  1993 ;  Ling ,  1994)) .  ID 3 
uses informatio n gai n rati o a s a  criterio n fo r  selectin g at -
tribute s a s root s o f  th e decisio n subtrees .  Thi s lead s t o 
choosin g th e locall y mos t  relevan t  o r  discriminatin g at -
tribute s fo r  th e roots ,  an d thu s result s i n buildin g smal l 
decisio n trees . 

The decisio n tree s buil t  b y SP A ca n b e converte d di -
rectl y int o a  se t  o f  productio n rules .  A s a n example ,  t o 
determin e th e fourt h phonem e o f  spran g (spriiN )  fro m 
sprin g (sprIN) ,  th e exception-handlin g rul e fro m th e ac -
tua l  decisio n tre e is : 

Ifl 2 =  p & L ,  =  I & l 5 =  N & l 6 =  $  the n O 4 =  & 
wher e I t  indicate s th e 4r' *  inpu t  phoneme ,  an d O *  th e 
ib" '  outpu t  phoneme .  Th e followin g i s a  typica l  suffix -

addin g rule : 
I f  I 4 =  n  an d I 5 =  $ ,  the n O s =  d 

The identit y rule s hav e onl y on e condition ,  an d ca n b e 
expresse d as : 

I f  I 5 =  X ,  the n O 5 =  X 
wher e X  ca n b e an y singl e phoneme . 

However ,  thes e rule s loo k od d sinc e the y ar e fo r 
position-specifi c  phoneme s i n th e pas t  tense .  Th e rep -
resentatio n o f  th e tas k i s positione d phonem e strings , 
therefore ,  thi s limitatio n i s roote d a t  th e representation , 
and i s thu s intrinsi c t o an y learnin g systems .  However , 
becaus e o f  th e transparen t  representatio n o f  th e SP A — 
one o f  th e majo r  advantage s ove r  connectionis t  model s 
— w e ca n represen t  rule s i n verb-wis e format ,  an d possi -
bl y appl y furthe r  generalizatio n o n them .  Fo r  example , 
th e rule s fo r  eac h phonem e i n th e pas t  tens e spran g are : 

SPA' B SPA' S 
Inpu t  Outpu t 
8 p r I N $ - > 8 p r t l l $ (Unibe t  codin g fo r 

sprin g - > sprang ) 
1 2 3 4 5 6 1 2 3 4 5 6 (attribut e positions ) 
a * * * * * ~ > B (identity-aappin g rule ) 
* p * * * * - > p  (identity-«appin g rule ) 
• • r * * * - > r  (identity-nappin g rule ) 
• p * I H $ - > k  (exception-handlin g rule ) 
• • • • H $ - > N  (identity-nappin g rule ) 
• • • • H $ - > $  (exception-handlin g rule ) 

Sinc e exception-handlin g rule s overrid e 
identity-mappin g rules ,  thes e rule s ca n b e represente d 
verb-wis e a s a n associativ e template : 

X p Y I N $ ^ X p Y & N $ . 
Althoug h thi s templat e ma y onl y b e applicabl e t o th e 
mappin g sprin g i—•  sprang ,  i t  i s  stil l  mor e genera l  tha n 
rot e learning .  I t  ca n b e use d t o predic t  othe r  5-phoneme -
lette r  ver b ste m wit h thi s pattern .  Fo r  example ,  b y us -
in g thi s templat e ou r  SP A produce s splan g (splSiN )  fo r 
a pseudo-ver b splin g (splIN) ,  whic h i s a  ver y plausibl e 
prediction .  Therefore ,  th e predictio n o f  irregula r  inflec -
tion s i s no t  a  myster y i n SPA ;  w e ca n accoun t  fo r  eac h 
and ever y irregula r  pas t  tens e i n thi s fashion . 

Rule s fo r  regula r  pas t  tense s wit h th e sam e suffi x  pat -
tern s ca n b e represente d i n th e same ,  verb-wis e fashion . 
For  example , 

Xi  X 2 X 3 n  •—f  X i  X 2 X 3 n  d 
Xi  X 2 X 3 X 4 n  •—•  X i  X 2 X 3 X 4 n  d 

Sinc e al l  suc h rule s ar e i n a  simila r  forma t  excep t  th e 
indexe s fo r  th e phonem e positions ,  a n inductiv e learn -
in g ste p base d o n leas t  genera l  generalizatio n (Plotkin , 
1970)  ca n b e applie d t o produc e on e rul e coverin g th e 
tw o rule s above .  Suc h a  rul e ha s a  variabl e tha t  replace s 
individua l  indexes : 

For  al l  (integer )  k ,  X i  .. .  Xf c n  h- > X i  .. .  Xj b n  d 
Thi s rul e expresse s th e meanin g tha t  fo r  an y ver b ste m 
endin g wit h phonem e n  (i.e. ,  X i  .. .  X t  n) ,  it s  pas t  tens e 
(i n phonem e string )  i s forme d b y suffixin g d .  Thi s i s a 
r̂5<-or</errul e applicabl e t o al l  ver b stem s — somethin g 

connectionis t  model s fai l  t o produce .  Note ,  however , 
tha t  th e abov e inductiv e ste p canno t  compres s o r  gener -
aliz e mos t  template s fo r  th e irregula r  verbs .  Therefore , 
thes e template s wil l  remai n i n th e position-specifi c  form . 

The fac t  tha t  th e SP A ca n produc e symboli c rule s fo r 
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bot h distinguishin g an d predictin g regula r  an d irregu -
la r  verb s i s ver y interesting .  Afte r  all ,  irregula r  verb s 
can b e regarde d a s "regular "  wit h rule s applicabl e t o 
onl y a  fe w verbs .  However ,  rule s fo r  regula r  an d irregu -
la r  verb s ar e highl y heterogeneou s i n thei r  format .  Th e 
cluster s o f  rule s fo r  irregulzu r  verb s for m positione d tem -
plates .  Thes e template s hav e som e flavor  o f  th e asso -
ciativ e memor y propose d b y Pinke r  (1991) ,  Prasad a an d 
Pinke r  (1993) ,  sinc e the y represen t  th e c o m m o n patter n 
withi n cluster s o f  phonologicall y simila r  irregula r  verbs . 
On th e othe r  hand ,  th e rule s fo r  regula r  verb s produce d 
by th e pos t  inductiv e ste p ar e first-order  rule s tha t  ap -
pl y t o string s o f  arbitrar y length .  Therefore ,  ou r  all-rul e 
syste m i s ver y simila r  i n spiri t  t o Pinke r  (1991) ,  Prasad a 
and Pinke r  (1993)' s modula r  hypothesi s wit h rule s fo r 
regular s an d th e associativ e m e m o r y fo r  irregulars .  Th e 
associativ e memor y i s implemente d i n symboli c rule-lik e 
template s tha t  captur e th e similarit y amon g ver b pat -
terns ,  an d allo w fo r  analogica l  generalizatio n fo r  nove l 
verbs . 

Irregular Past-tense Generalization 

As we have shown, rules for regulars are very simple 
sinc e the y hav e a  smal l  numbe r  o f  conditions .  I t  i s th e 
simplicit y o f  th e regular-inflectio n rule s tha t  make s SPA , 
whic h actuall y searche s fo r  smal l  rules ,  a  bette r  learnin g 
model  fo r  regula r  verb s tha n connectionis t  models .  I n 
particular ,  th e generalizatio n o f  th e SPA' s rule s t o first -
orde r  rule s fo r  regula r  verb s make s th e regula r  past-tens e 
inflectio n insensibl e t o th e ver b frequenc y an d similarit y 
of  othe r  regula r  verb s i n th e trainin g set .  Therefore ,  th e 
propertie s o f  regular-ver b acquisitio n ca n b e explaine d 
ver y wel l  i n th e SPA .  However ,  a s w e hav e seen ,  rule s (o r 
templates )  fo r  irregula r  cluster s ar e quit e complicated . 
Indeed ,  som e o f  the m ar e to o complicate d t o b e foun d b y 
humans.  Thes e rule s utiliz e m a n y inpu t  phoneme s i n th e 
ver b ste m t o produc e th e outpu t  phoneme s i n th e pas t 
tense .  Therefore ,  learnin g irregula r  past-tens e inflection s 
i s th e tas k tha t  connectionis t  model s m a y scor e better . 

The existenc e o f  th e S P A a t  th e presen t  tim e make s 
i t  possibl e t o answe r  th e followin g interestin g question : 
Whic h one ,  th e S P A o r  th e connectionis t  model ,  woul d 
make mor e reasonabl e irregula r  peist-tens e generaliza -
tion ? 

To stud y irregula r  past-tens e generalizatio n o f  a 
model ,  w e ca n trai n th e mode l  o n irregula r  verb s only . 
Such a  mode l  wil l  no t  predic t  pas t  tense s i n regula r 
suflix-addin g form ,  an d irregula r  past-tens e generaliza -
tio n ca n b e studie d i n isolation .  O n e migh t  thin k tha t 
we ca n trai n tw o model s o n a  se t  o f  irregula r  verb s an d 
tes t  the m o n anothe r  se t  o f  irregula r  verb s no t  show n 
i n th e trainin g set ,  an d se e whic h mode l  make s mor e 
correc t  prediction s i n th e testin g set .  Thi s metho d i s 
not  quit e appropriate ,  however ,  becaus e som e irregula r 
verb s (suc h a s g o •- •  went ,  b e >-> •  was ,  com e •—•  came ) 
ar e idiosyncrati c sinc e thei r  pas t  tense s ar e beyon d an y 
reasonabl e predictio n b y nativ e Englis h speaker s t/the y 
had neve r  hear d o f  them .  H o w d o w e kno w whic h irreg -
ula r  pas t  tense s ar e (un)predictabl e fro m a  give n se t  o f 
trainin g sample ? Further ,  w e kno w tha t  th e pas t  tens e 

of  sprin g i s sprang ,  bu t  i s  sprun g a  reasonabl e predictio n 
as well ? Whic h on e i s mor e reasonabl e whe n judge d b y 
nativ e Englis h speakers ? Th e metho d o f  splittin g irreg -
ula r  verb s int o disjoin t  trainin g an d testin g set s require s 
us t o t o find  nativ e Englis h speakers ,  w h o hav e neve r 
hear d o f  th e pas t  tens e o f  thos e irregula r  verb s i n th e 
testin g set ,  t o judg e th e plausibilit y o f  prediction s fro m 
th e S P A an d th e connectionis t  model .  However ,  suc h a 
set  o f  juror s i s har d t o com e b y (withou t  a  lifelon g publi c 
ba n o n usin g thes e verbs! )  sinc e mos t  irregula r  verb s ar e 
th e one s mos t  frequentl y use d i n everyda y life . 

To solv e thi s trick y problem ,  w e tur n ourselve s t o a  se t 
of  pseudo-verb s tha t  presumabl y hav e neve r  bee n hear d 
by nativ e Englis h speakers .  Prasad a an d Pinke r  (1993 ) 
creat e 3 0 irregular-soundin g pseudo-verbs .  Thes e irregu -
la r  pseudo-verb s ar e derive d directl y fro m cluster s o f  En -
glis h irregula r  verb s involvin g fou r  typica l  vowe l  trans -
formation s (i n U N I B E T form )  — [I N h -  6N] ,  [ i  - -  E] ,  [ o 
t- + u] ,  an d [e r  •- •  or ]  — o r  b y makin g additiona l  initia l 
or  final  consonan t  changes .  Therefore ,  i f  w e trai n bot h 
th e S P A an d th e connectionis t  mode l  o n irregula r  verbs , 
an d le t  bot h model s predic t  thei r  pas t  tenses ,  w e ca n 
obtai n a  se t  o f  pseudo-verb s whos e past-tens e inflection s 
ar e differen t  fro m th e riva l  models .  W e ca n the n as k na -
tiv e Englis h speaker s t o judg e whic h model s mak e mor e 
reasonabl e predictions . 

Thi s pseudo-ver b testin g paradig m allow s fo r  a  di -
rec t  an d psychologicall y relevan t  compariso n betwee n 
th e "pure "  intuition s o f  nativ e speaker s abou t  Englis h 
pas t  tense s an d th e prediction s o f  computationa l  learn -
in g model s o n verb s tha t  ar e trul y nove l  fo r  bot h th e 
humans an d th e models . 

Simulation 

Our  lis t  o f  Englis h irregula r  verb s come s fro m MacWh in -
ney an d Leinbac h (1991) .  Originall y th e lis t  contain s 
150 irregula r  ver b pairs ,  eac h wit h a  Kucera-Franci s fre -
quenc y (Kucer a &  Francis ,  1967) .  T o remov e nois e i n 
th e trainin g set ,  on e o f  th e homophone s (suc h a s han g 
1- ^  hung ,  han g >- ^  hanged )  wit h lowe r  frequenc y i s re -
moved fro m th e trainin g set .  Thus ,  w e obtai n a  lis t  o f 
140 distinctiv e ste m an d past-tens e pairs ;  al l  o f  the m ar e 
use d i n th e trainin g se t  t o maiximiz e th e overla p o f  irreg -
ula r  verb s o f  nativ e Englis h speakers .  Multipl e copie s 
of  verb s reflectin g th e Kucera-Franci s frequenc y o f  th e 
verb s ar e used ,  resultin g i n a  tota l  o f  86 2 ver b (tokens ) 
i n th e trainin g set .  Bot h S P A an d A N N ar e traine d o n 
exactl y th e sam e trainin g se t  (wit h 86 2 ver b tokens )  i n 
th e template d format .  Th e traine d model s ar e the n use d 
t o predic t  th e pas t  tense s o f  3 0 pseud o verbs . 

Learnin g i s base d upo n th e phonologica l  information . 
A U N I B E T (MacWhinney ,  1990 )  representatio n i s use d 
i n whic h differen t  phoneme s ar e represente d b y differen t 
alphabeti c an d numerica l  letters .  Ther e i s a  tota l  o f  3 6 
phonemes .  Th e ste m an d th e pas t  tens e o f  eac h ver b 
i s actuall y represente d i n a  left-justifie d templat e i n th e 
forma t  o f 

CCCVVCCCVVCCCVVCCC 
wher e C  stand s fo r  consonan t  an d V  fo r  vowe l  spac e 
holders .  Thi s representatio n i s use d i n (MacWhinne y k . 
Leinbach ,  1991) ,  an d a  monosyllabl e on e ( C C C V V C C C) 
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i s  use d i n (Daughert y &  Seidenberg ,  1993) . 
The SP A take s symboli c values ,  an d therefore ,  th e 

trainin g se t  i s simpl y i n th e template d U N I B E T 
phoneme strings .  O n th e othe r  hand ,  A N N s hav e t o 
encod e multipl e value s o f  attribute s i n binar y bits .  A 
specifi c  distribute d representatio n use d i n (MacWhinne y 
& Leinbach ,  1991 ;  MacWhinney ,  1993 )  — a  se t  o f  (bi -
nary )  phoneti c feature s — i s use d t o encod e al l  phonem e 
letter s fo r  th e A N N .  Eac h vowe l  ( V i n th e abov e tem -
plates )  i s  encode d b y 8  phoneti c feature s (front ,  centre , 
back ,  high ,  low ,  middle ,  round ,  an d diphthong )  an d eac h 
consonan t  ( C i n th e abov e templates )  b y 1 0 phoneti c 
feature s (voiced ,  labial ,  dental ,  palatal ,  velar ,  nasal ,  liq -
uid ,  trill ,  fricativ e an d interdental) .  Therefore ,  bot h SP A 
and A N N ar e traine d o n exactl y th e sam e trainin g se t 
(wit h 86 2 ver b tokens )  i n th e template d format .  Th e 
onl y differenc e i s tha t  th e SP A i s traine d an d teste d wit h 
phoneme letter s directly ,  i.e. ,  1 8 decisio n tree s wer e buil t 
fo r  eac h o f  th e 1 8 phonem e letter s i n th e outpu t  tem -
plates ;  whil e A N N use s th e distribute d representatio n 
designe d b y MacWhinne y an d Leinbac h (1991) . 

The artificia l  neura l  networ k (ANN )  progra m w e use d 
i s a  packag e calle d Xerio n develope d a t  th e Universit y o f 
Toronto .  I t  ha s severa l  sophisticate d searc h mechanism s 
suc h a s th e conjugat e gradien t  wit h lin e search .  W e 
foun d tha t  trainin g wit h th e conjugat e gradien t  metho d 
i s muc h faste r  tha n wit h th e standar d backpropagatio n 
algorith m wit h momentum .  Usin g th e conjugat e gra -
dien t  metho d als o avoid s th e nee d t o searc h fo r  prope r 
setting s o f  parameter s suc h a s th e learnin g rate .  W e d o 
need t o determin e th e prope r  numbe r  o f  hidde n units , 
however ,  becaus e th e trainin g se t  contain s onl y 14 0 dis -
tinctiv e verbs ,  cross-validatio n canno t  b e used .  O n th e 
othe r  hand ,  sinc e th e trainin g se t  doe s no t  hav e nois e 
(contradictor y outpu t  pattern s wit h th e sam e inpu t  pat -
terns) ,  w e woul d expec t  tha t  a  goo d A N N mode l  shoul d 
be abl e a t  leas t  t o b e traine d t o reproduc e wel l  mos t  o f 
th e pas t  tense s i n th e trainin g set .  Therefore ,  th e num -
ber  o f  mistake s remaine d i n th e trainin g se t  i s  a  primar y 
criterio n fo r  choosin g th e networ k architecture .  W e ex -
perimen t  wit h number s o f  hidde n unit s fro m 6 0 t o 180 , 
and als o var y th e rando m seeds .  I t  turn s ou t  tha t  whe n 
th e numbe r  o f  hidde n unit s i s  betwee n 7 0 an d 90 ,  w e ob -
tai n ver y smal l  trainin g error s (les s tha n 2 % a t  th e ver b 
level) .  Afte r  w e examin e th e prediction s o f  th e pseudo -
verb s fro m variou s network s wit h smal l  errors ,  w e find 
tha t  abou t  hal f  o f  th e prediction s ar e identical .  Eac h 
suc h ru n end s u p wit h a  simila r  numbe r  o f  ill-forme d an d 
reasonabl e generalization s (se e nex t  subsection) ,  s o w e 
choos e th e result s o f  on e suc h networ k an d repor t  the m 
here .  Th e SPA ,  o n th e othe r  hand ,  ha s n o paramete r  t o 
adjust ,  an d it s behavio r  i s deterministic .  Trainin g wit h 
th e SP A alway s end s u p wit h zer o error ,  producin g th e 
same decisio n tree s eac h time ,  an d thus ,  th e predictio n 
on pseudo-verb s i s alway s th e same .  Trainin g SP A take s 
les s tha n 1  minut e o n th e SunSpar k Mode l  10 ,  o n whic h 
i t  take s abou t  1 5 hour s t o trai n A N N t o 30 0 epochs . 

Simulation Results 

Out  o f  3 0 pseudo-irregula r  verbs ,  SP A an d A N N giv e 4 
identica l  past-tens e inflections .  Se e Tabl e 1 .  (Not e tha t 

th e spellin g representatio n i n thi s tabl e an d i n othe r  con -
sequen t  table s ar e suggestiv e an d fo r  readabilit y  only. ) 
Sinc e th e past-tens e inflection s ar e th e sam e fro m bot h 
models ,  the y ar e no t  use d i n th e psychologica l  experi -
ment . 

Ver b Ste m 
spellin g phoneti c 

fro e 
plea r 
nis t 

meep 

fr o 
plE r 
nIs t 

mip 

Past  Tens e 
spellin g phoneti c 

fre w 
plor e 
nis t 

mept 

fr u 
plo r 
nIs t 

mEpt 

Tabl e 1 :  Equivalen t  past-tens e prediction s fro m SP A an d 
ANN 

Of the remaining 26 pseudo-irregular verbs, 15 have 
weir d past-tens e inflection s du e t o ill-forme d generaliza -
tio n b y SP A o r  A N N .  Thes e inflection s ar e deeme d t o 
be ill-forme d because ,  whe n judg e b y tw o nativ e En -
glis h speaker s (on e fourth-yea r  studen t  an d on e psychol -
ogy professor) ,  the y see m t o b e implausibl e o r  dissimi -
la r  (i n an y obviou s way )  t o an y know n Englis h irregula r 
verbs .  Th e ill-forme d generalizatio n include s implausibl e 
phoneme drop s (suc h a s frin k >- > frun )  an d implausibl e 
phoneme chang e (suc h a s pree d >-< •  brod ,  grea r  •- > grud , 
doe y-* -  hli) .  Amon g thes e 15 ,  onl y 1  {frin k >- •  frun ) 
i s produce d b y SPA .  Th e res t  o f  th e 1 4 ill-forme d gen -
eralization s ar e produce d b y A N N ,  an d SPA' s general -
ization s o f  thos e 1 4 pseudo-verb s ar e quit e plausibl e ex -
cept ,  perhaps ,  goa v >-> •  wov ,  whic h i s clearl y affecte d b y 
go I—•  went .  Therefore ,  SP A make s fa r  les s ill-forme d 
generalizatio n tha n A N N does .  Th e problem s ar e likel y 
cause d b y th e representatio n o f  th e data ,  a s wel l  a s b y 
th e biase s o f  th e learnin g algorithm .  Sinc e ill-forme d 
generalization s ar e deeme d t o b e implausible ,  mos t  o f 
the m ar e no t  use d i n th e psychologica l  experiment . 

For  th e othe r  1 1 past-tens e inflections ,  SP A an d A N N 
produc e plausibl e an d differen t  pas t  tenses .  Se e Tabl e 
2.  Thes e ar e th e mos t  interestin g one s sinc e w e ca n no w 
ask nativ e Englis h speaker s t o judg e whic h inflection , 
fro m SP A o r  A N N ,  i s mor e plausible .  Upo n clos e ex -
aminatio n o f  th e 1 1 pseudo-verbs ,  tw o hav e inflection s 
tha t  hav e th e sam e pronunciatio n a s som e know n En -
glis h words ,  o r  a s th e regula r  pas t  tense .  Thes e tw o 
ar e marke d b y *  i n th e table :  fe w i s a  common Englis h 
wor d an d blip t  sound s lik e a  regula r  pas t  tens e o f  blip . 
We suspec t  tha t  th e past-tens e inflection s o f  thes e tw o 
pseudo-verb s woul d bia s subjects ,  an d thus ,  the y ar e re -
moved fro m th e psychologica l  experiment .  Thi s end s 
up wit h onl y 9  pseudo-verbs ,  whic h seem s a  littl e to o 
few .  W e thu s correc t  obviou s phonem e drop s o r  change s 
i n th e ill-forme d past-tens e inflection s ,  an d ad d the m 
(marke d b y + )  int o Tabl e 2 .  Thus ,  W e en d u p wit h 1 2 
(9-t-3 )  pseudo-verb s whic h hav e plausibl e an d differen t 
past-tens e inflections ,  an d whic h ar e use d i n th e psycho -
logica l  experimen t  describe d i n th e nex t  section . 

Experiment 

The past-tens e acquisitio n i s base d o n phonologica l  infor -
mation .  Experiment s wit h th e sam e se t  o f  pseudo-verb s 
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Ver b 
spellin g 

nin g 
kwai r 
clee f 
frin g 
quee f 
flape 
blaf e 
pree k 
dee d 
•fo w 
*bli p 

+frin k 
"•"splin g 

•••pree d 

Ste m 
phoneti c 

nI N 
kwEr 

kli f 
frI N 
kwi f 

flep 
ble f 
pri k 
kli d 
f o 

bli p 
frlN k 

splI N 
pri d 

Past  Tense :  S P A 
spellin g 1  phoneti c 

nin g 
kwor 
cle f 

frun g 
que f 
flept 
blof e 
pre k 
cle d 
fe w 

blip t 
frun k 
splan g 

pre d 

nI N 
kwor 
klE f 
fr6 N 
kwEf 
flEp t 
blo f 

prE k 
klE d 

f u 
blip t 
fr6N k 
spl& N 
prE d 

Past  Tense :  A N N 
spellin g phoneti c 

nen g 
kwer 
claf t 
fron g 
quaf t 
fle b 
bla v 
pro k 
clu d 
fa w 
bli p 

fran k 
splun g 

pro d 

nEN 
kw6r 
klef t 
f rO N 
kwef t 
flEb 
ble v 
pro k 
kl6 d 
f O 

bli p 
fr&N k 
spl6 N 

pro d 

Tabl e 2 :  Plausibl e bu t  differen t  generalization s fro m S P A an d A N N 
'  Verb s wit h plausibl e generalization s bu t  withdraw n fro m th e experiment . 
•*•  Verb s wit h ill-forme d generalization s bu t  correcte d an d use d i n th e experimen t  (se e text) . 

wer e conducte d previousl y (Prasad a &  Pinker ,  1993 )  i n 
th e writte n version .  W e suspec t  that ,  althoug h subject s 
wer e instructe d t o ignor e th e spellin g an d mak e thei r 
judgemen t  solel y base d o n th e pronunciation ,  spellin g 
might  stil l  hav e a  certai n effec t  o n subjects '  response . 
Therefore ,  w e decid e t o conduc t  ou r  experimen t  i n au -
di o format .  Fo r  eac h pseudo-verb ,  tw o sentence s ( A an d 
B)  ar e constructe d usin g tw o differen t  past-tens e inflec -
tions ,  on e fro m S P A an d on e fro m A N N .  Al l  sentence s 
hav e th e sam e format : 

I  don' t  lik e t o X ,  bu t  yesterda y I Y . 
wher e Y  i s th e past-tens e inflectio n o f  X .  A  femal e na -
tiv e Englis h speake r  w h o ha s a  ver y clea r  voic e i s invite d 
t o rea d thes e sentence s an d i s recorde d o n cassett e tape . 

The instructio n fo r  th e experiment ,  whic h i s als o 
printe d o n th e answe r  sheet ,  wa s rea d t o th e subject s 
slowl y an d clearly .  Th e instructio n ask s th e subject s t o 
use thei r  "gu t  feeling "  an d "firs t  reaction "  t o judg e th e 
relativ e naturalnes s o f  irregula r  pas t  tense s i n th e sen -
tenc e A  an d B .  O n th e answe r  sheet ,  scale s ar e give n 
fo r  th e subject s t o ran k th e relativ e naturalnes s o f  tw o 
past-tens e inflection s fro m th e tw o riva l  models .  Eac h 
ver b ha s a  scal e look s lik e th e following : 

B 

At  th e en d o f  th e answe r  sheet ,  subject s ar e aske d t o 
circl e i f  o r  no t  Englis h i s thei r  first  language .  Th e answe r 
shee t  returne d fro m non-nativ e Englis h speaker s ar e no t 
counted . 

A smal l  scal e experimen t  wit h 5  graduat e student s wa s 
conducte d first,  an d a  discussio n wa s hel d afterwards . 
The subject s reporte d tha t  the y coul d hea r  th e record -
in g o n th e tape ,  an d th e difference s i n sentence s A  an d 
B quit e well .  Th e actua l  subject s use d wer e first-year 
compute r  scienc e student s i n thei r  first  semeste r  w h o 
were takin g "Compute r  Scienc e Fundamental s I" .  The y 
had n o knowledg e o f  th e experiment ,  an d wer e happil y 
surprise d whe n w e walke d int o th e lectur e roo m wit h au -

di o gear .  Afte r  a  brie f  explanation ,  the y showe d grea t 
enthusiasm ,  an d cooperate d ver y wel l  throughou t  th e ex -
periment .  A  tota l  o f  4 2 student s happene d t o b e present . 
I n th e end ,  3 4 answe r  sheet s wer e returne d b y nativ e En -
glis h speakers ,  whos e result s ar e summarize d i n th e nex t 
subsection . 

Results of Comparison between SPA and 
A N N agai n N a t i v e Engl is h S p e a k e r s 

For the scale on the answer sheet (A • • • • 
•  •  •  B ) ,  W e assig n 1  t o 7  t o th e blac k dot s 

startin g fro m A .  Thus ,  4  represent s th e scor e tha t  A  an d 
B ar e equall y natural .  The n w e calculat e th e mea n an d 
standar d erro r  o f  answer s fo r  eac h pseudo-ver b acros s al l 
of  th e 3 4 answe r  sheets .  I f  th e mea n i s no t  equa l  t o 4 ,  a 
one-tailed ,  paire d t-tes t  i s calculate d fo r  th e probabilit y 
tha t  th e mea n i s greate r  (o r  less )  tha n 4 .  I f  th e probabil -
it y  i s  les s tha n 0.90 ,  w e dee m th e diff'erenc e o f  th e mea n 
and 4  a s unreliable ,  an d therefore ,  ther e i s n o signifi -
can t  differenc e betwee n th e tw o choices .  Tabl e 3  list s 8 
pseudo-verb s an d thei r  past-tens e inflection s whos e nat -
uralnes s ratin g ha s a  reliabilit y  probabilit y  greate r  o r 
equa l  t o 0.90 .  Fo r  th e remainin g 4  pseudo-verbs ,  som e 
hav e ver y larg e variations ,  an d som e hav e mea n value s 
ver y clos e t o 4 ,  indicatin g tha t  th e subject s d o no t  see m 
t o hav e consisten t  preference s o f  on e ove r  th e other . 

Fro m Tabl e 3 ,  w e clearl y d o no t  se e an y advantag e 
of  th e connectionis t  mode l  ove r  th e SPA ;  bot h model s 
ar e judge d almos t  equall y reasonable .  I n fact ,  S P A eve n 
score s slightl y better .  Therefore ,  ther e seem s n o reaso n 
t o believ e tha t  connectionis t  system s ar e bette r  model s 
fo r  irregula r  past-tens e generalization ,  a  tas k tha t  the y 
ar e allege d t o d o well .  I f  w e includ e th e ill-forme d gen -
eralizatio n i n th e score ,  connectionis t  model s woul d b e 
deemed t o generaliz e significantl y wors e tha n th e SPA . 
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r  Ver b Ste m 
spellin g 1  phoneti c 

P nin g 
1 kwai i 
1 quee f 
1 flape 

blaf e 
1 piee k 

dee d 
1 piee d 

nl N 1 
kwEr 
kwi f 
fle p 
ble { 
pri k 
kUd 
pii d 

Past  Tense :  SP A 1 
spellin g 1  phoneti c 

1 nin g 
1 kwo r 

quef 
1 flept 

blof c 
1 pre k 

cle d 
1 pre d 

nI N 
kwor 
kwEf 
flEpt 
blo f 

prE k 
klE d 
prE d 

Past  Tense :  A N N 1 
spellin g 1  phoneti c 

1 nen g 
1 kwe r 

quaf t 
fleb 
ble v 
pro k 
clu d 

1 pro d 

nEN 
kw6r 
kwef t 
flEb  j 
ble v 
pro k 
kl6 d 
pro d 

Whic h I s 
bette r 

ANN 
SPA 

1 AN N 
1 SP A 
1 SP A 

ANN 
SPA 

1 SP A 

Scor e diff . 
ISPA-ANN l 

1.2 3 
2.3 5 
0.6 2 
2.1 2 
0.5 9 
1.4 4 
2.2 6 
0.5 3 

Prob .  i n 1 
t-tes t  1 

0.9 9 1 
0.9 9 
0.9 0 
0.9 9 
0.9 5 1 
0.9 9 
0.9 9 
0.9 0 1 

Tabl e 3 :  Subjects '  Ratin g o f  th e reasonabl e generalization s fro m S P A an d A N N 

C o n c l u s i o n 

We presen t  a  general-purpos e symboli c patter n associa -
tor ,  an d sho w tha t  i t  produce s symboli c rule s fo r  bot h 
regula r  an d irregula r  verbs .  Ou r  all-rul e syste m eve n 
makes mor e plausibl e irregula r  past-tens e generalizatio n 
tha n th e connectionis t  simulation ,  which ,  a t  firs t  sight , 
seems t o hav e advantag e ove r  rule-learnin g systems .  Ou r 
result s suppor t  th e vie w tha t  m a n y suc h high-level ,  rule -
governe d cognitiv e task s shoul d b e bette r  modele d b y 
symbolic ,  rathe r  tha n connectionist ,  systems . 
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