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E m e r g e n t  M o d u l a r i t y a n d U - S h a p e d Learn in g i n a  Constructivis t  Neura l  N e t w o r k 

Lea rn in g th e Englis h Pas t  Tens e 

Gert Westerniann (gert@cogsci.ed.ac.uk) 
Centr e fo r  Cognitiv e Scienc e 

Universit y o f  Edinburgh ,  2  Buccleuc h Plac e 

Edinburg h E H 8 9 L W ,  Scotlan d U K 

Abstrac t 

A constructivist neural network model is presented that learns 
th e pas t  tens e o f  Englis h verbs .  Th e mode l  build s it s architec -
tur e i n respons e t o th e learnin g tas k i n a  wa y consisten t  wit h 
neurobiologica l  an d psychologica l  evidence .  Th e mode l  out -
perform s existin g connectionis t  an d symboli c pas t  tens e mod -
el s i n term s o f  learnin g an d generaHzatio n behavior ,  an d i t  dis -
play s a  U-shape d learnin g curv e fo r  man y irregula r  verbs .  Th e 
traine d mode l  develop s a  modula r  architectur e wit h dissoci -
ation s betwee n regula r  an d irregula r  verbs ,  an d lesionin g th e 
differen t  pathway s lead s t o result s comparabl e wit h neurologi -
cal  disorders .  I t  i s  argue d tha t  th e successo f  th e mode l  i s  du e t o 
it s  constructivis t  nature ,  an d tha t  th e distinctio n betwee n fixed-
architectur e an d constructivis t  model s i s fundamental .  Give n 
thi s distinction ,  constructivis t  system s provid e mor e realisti c 
model s o f  cognitiv e development . 

I n t r o d u c t i o n 

Model s o f  learnin g th e Englis h pas t  tens e hav e i n th e pas t  te n 
year s becom e representativ e o f  differen t  theorie s o f  languag e 
acquisitio n an d cognitio n i n general .  Whil e connectionis t  ap -
proache s (e.g. ,  Rumelhar t  &  McClelland ,  1986 ;  M a c W h i n -
ney &  Leinbach ,  1991 ;  Plunket t  &  Marchman ,  1993 )  hav e 
maintaine d tha t  bot h regula r  an d irregula r  pas t  tens e form s 
ca n b e produce d i n a  homogeneou s architectur e b y a  singl e 
process ,  dual-rout e account s (Pinker ,  1991 )  argu e fo r  tw o dis -
tinc t  mechanism s i n differen t  pathways ,  wher e regula r  form s 
ar e produce d b y a  rul e an d irregula r  form s ar e store d i n a n as -
sociativ e memory .  M o r e recently ,  however ,  modula r  connec -
tionis t  (Westermann&Goebel ,  1995 )  an d homogeneou s sym -
boli c (Lin g &  Marinov ,  1993 )  model s hav e bee n proposed . 

Whil e n o workin g dual-rout e model s exis t  (se e Nakis a 
et  al. ,  1997 ,  fo r  a  theor y o f  w h y suc h model s d o no t  work) , 
most  o f  th e existin g homogeneou s model s rel y o n a  fixed,  pre -
define d architectur e whic h i s chose n specificall y fo r  th e tas k 
at  hand .  However ,  a s i s argue d below ,  suc h fixed-architecture 
system s ar e problemati c bot h o n neurobiologica l  an d learn -
in g theoreti c ground s an d migh t  b e limite d i n thei r  usefulnes s 
as model s o f  cognitiv e development .  I n thi s pape r  a  construc -
tivis t  neura l  networ k ( C N N )  mode l  i s presente d tha t  learn s th e 
Englis h pas t  tens e b y growin g it s architectur e i n respons e t o 
th e specifi c  learnin g proble m (se e als o Westermann ,  1997) . 
Th e performanc e o f  thi s networ k i s evaluate d agains t  thre e 
existin g model s o f  pas t  tens e learning :  th e origina l  networ k 
by Rumelhar t  &  McClellan d (1986 ,  R & M ) ,  th e improve d 
backpropagatio n mode l  b y M a c W h i n n e y &  Leinbac h (1991 , 
M & L ) ,  an d th e Symboli c Patter n Associato r  (SPA ,  Lin g & 
Marinov ,  1993) ,  a  symboli c decision-tre e model .  I t  i s  show n 

tha t  th e presen t  constructivis t  mode l  outperform s th e existin g 
symboli c an d subsymboli c inodel s bot h i n term s o f  psycho -
logicall y realisti c learnin g an d generalizatio n behavior .  Fur -
ther ,  i t  i s  show n tha t  th e constructivis t  growt h proces s lead s 
t o a  modula r  architectur e i n whic h regula r  an d irregula r  ver b 
form s ar e dissociate d an d ca n b e selectivel y impaire d b y le -
sionin g differen t  pathway s o f  th e network . 

I n th e nex t  section ,  th e neurobiologica l  an d learnin g theo -
reti c argument s fo r  constructivis t  model s o f  cognitiv e devel -
opment  ar e reviewed .  Then ,  th e networ k algorith m tha t  wa s 
use d i n th e simulation s i n thi s pape r  an d th e precis e experi -
menta l  setu p ar e described .  Th e Result s sectio n i s concerne d 
wit h th e performanc e o f  th e networ k i n term s o f  learning , 
generalization ,  U-shape d learning ,  an d emergen t  modularit y 
leadin g t o a  dissociatio n betwee n regula r  an d irregula r  verbs . 
Thes e result s ar e the n discusse d i n th e final  section . 

Constructivist Cognitive Development 

Cognitiv e developmen t  ha s recentl y bee n argue d t o closel y 
correlat e wit h th e structura l  developmen t  o f  th e cortex ,  wit h 
an increas e i n structura l  complexit y leadin g t o a n increas e i n 
cognitiv e capacitie s (Quart z &  Sejnowski ,  1997) .  Moreover , 
th e initia l  functiona l  restriction s o f  a  child' s cognitiv e capac -
itie s see m t o b e essentia l  fo r  reachin g adul t  competenc e (e.g. , 
Elman ,  1993) .  I n orde r  t o understan d th e principle s o f  cogni -
tiv e developmen t  i t  i s  therefor e importan t  t o tak e th e mecha -
nism s o f  brai n developmen t  int o account . 

Recen t  wor k i n thi s are a ha s provide d evidenc e tha t  th e de -
velopmen t  o f  corte x i s activit y dependen t  o n differen t  level s 
(se e e.g. .  Field s &  Nelson ,  1992) .  Activit y ca n determin e th e 
polarit y o f  neurons ,  th e rat e an d directio n o f  dendriti c an d 
axona l  growth ,  an d th e formatio n o f  synapse s (e.g. ,  Quart z 
& Sejnowski ,  1997) .  Stabilizatio n an d los s o f  thes e synapse s 
i s als o activit y dependen t  (Field s &  Nelson ,  1992) .  I t  ha s 
als o bee n show n tha t  th e corte x i s no t  innatel y prespecifie d 
but  readil y adapt s t o proces s afferen t  signal s fro m differen t 
domain s (O'Lcary ,  1989) .  Thes e result s indicat e tha t  neura l 
developmen t  proceed s i n a  constructivis t  way ,  wit h th e neura l 
organizatio n o f  th e brai n bein g modifie d throug h constructiv e 
and regressiv e event s b y comple x interaction s betwee n ge -
neti c predisposition s an d environmenta l  inputs . 

Cognitiv e developmen t  whic h i s base d o n cortica l  devel -
opment  wil l  thu s procee d i n th e sam e constructivis t  manner , 
wher e activit y dependen t  architectura l  modification s lea d t o 
increasingl y comple x cognitiv e representations . 

Most  significantly ,  researc h i n learnin g theor y (Quartz , 
1993 )  ha s show n tha t  incorporatin g activit y dependen t  struc -
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tura l  modificatio n int o a  learnin g syste m i s no t  jus t  a  wa y 
t o tun e performance ,  bu t  lead s t o entirel y differen t  learnin g 
propertie s o f  tha t  system ,  evadin g man y o f  th e problem s tha t 
ar e associate d wit h fixed-architecture  systems .  An y a  prior i 
choic e o f  architectur e severel y limit s th e clas s o f  problem s 
tha t  ca n b e learne d b y a  model ,  whic h i s ofte n manifeste d i n 
a trial-and-erro r  approac h t o choosin g th e numbe r  o f  hidde n 

unit s i n a  networ k fo r  a  specifi c  tas k an d whic h ha s le d t o 
th e rejectio n o f  th e concep t  o f  "learning "  i n favo r  o f  a  "fixa -
tio n o f  belief '  o n innat e representation s b y som e (e.g. ,  Fodor , 
1980) .  Constructivis t  systems ,  however ,  ca n overcom e thes e 
limitation s (Quartz ,  1993) . 

Give n th e fac t  tha t  th e corte x develop s i n a n activity -
dependen t  way ,  an d takin g int o accoun t  tha t  system s devel -
opin g i n thi s wa y ar e fundamentall y differen t  fro m fixed-
architectur e systems ,  plausibl e cognitiv e model s shoul d like -
wis e adap t  thei r  architectur e i n a  wa y whic h i s specifi c t o 
th e learnin g task .  Suc h model s ca n b e calle d constructivist , 
reflectin g thei r  proximit y t o th e constructivis t  developmen -
ta l  theorie s o f  Piage t  i n whic h structura l  modificatio n o f  th e 
learnin g syste m occur s i n respons e t o environmenta l  inpu t 
(se e als o Marescha l  &  Shultz ,  1996) . 

The C N N whic h i s presente d i n thi s pape r  model s th e ac -
quisitio n o f  th e Englis h pas t  tens e i n a  constructivis t  process . 
The C N N i s compare d wit h othe r  existin g models ,  allowin g 
fo r  th e empirica l  assessmen t  o f  th e suitabilit y  o f  constructivis t 
model s fo r  th e simulatio n o f  cognitiv e development . 

The Constructivist Neural Network Model 

For  th e cognitiv e simulation s describe d here ,  a  modifie d ver -
sio n o f  th e constructivis t  Supervise d Growin g Neura l  Ga s 
( S G N G)  algorith m (Fritzke ,  1994 )  wa s use d becaus e i t  in -
corporate s constructiv e an d regressiv e event s whic h depen d 
on th e learnin g task ,  an d becaus e i t  provide s mechanism s t o 
produc e output s base d o n bot h th e structur e an d o n th e iden -
tit y o f  inpu t  signals ,  conformin g t o bot h neurobiologica l  an d 
psychologica l  evidence . 

The S G N G algorith m constructivel y build s th e hidde n 
laye r  o f  a  radia l  basi s functio n ( R B F )  network .  R B F net -
work s ar e differen t  fro m backpropagatio n network s i n tha t 
th e hidde n unit s hav e a  Gaussia n ('bell-shaped' )  rathe r  tha n a 
sigmoi d activatio n function .  Thi s allow s eac h hidde n uni t  t o 
be activ e onl y fo r  input s withi n a  certai n rang e (a s oppose d 
t o bein g activ e fo r  al l  input s abov e a  certai n threshold) ,  thu s 
formin g a  receptiv e field  (rf )  fo r  a  regio n o f  th e inpu t  space . 
Al l  inpu t  vector s ar e positione d i n thi s spac e accordin g t o 
thei r  featur e values ,  an d th e hidde n unit s ar e place d a t  differ -
ent  position s t o cove r  th e whol e space .  Hidde n unit s wil l  b e 
activate d b y a n inpu t  i f  i t  fall s  withi n thei r  rf ,  an d th e close r 
th e inpu t  i s t o th e cente r  o f  th e r f  th e mor e th e uni t  wil l  b e 
activated . 

The proble m i n buildin g R B F network s i s t o decid e o n 
th e numbe r  an d position s o f  th e hidde n units .  Th e S G N G 
algorith m solve s thi s proble m b y constructin g th e hidde n 
laye r  durin g learning ,  addin g unit s whe n an d wher e the y ar e 
needed . 

The C N N start s wit h jus t  tw o unit s i n th e hidde n layer , 
eac h coverin g roughl y hal f  o f  th e inpu t  spac e (se e figure  1) . 
The networ k trie s t o lear n th e tas k wit h thi s architectur e 
(b y adjustin g th e weight s wit h e.g. ,  gradien t  descent ,  th e 

perceptron-rule ,  o r  quickprop) ,  an d w h e n learnin g n o longe r 
improve s performance ,  a  ne w uni t  i s  inserted .  Th e plac e 
wher e th e ne w uni t  i s inserte d i s determine d b y th e classifica -
tio n erro r  resultin g fro m treatin g input s withi n on e r f  a s sim -
ilar :  th e r f  tha t  previousl y cause d th e highes t  erro r  i s shrun k 
and th e ne w uni t  i s  inserte d nex t  t o it .  Th e ide a her e i s tha t 
a uni t  whic h produce s a  hig h outpu t  erro r  i s inadequate ,  an d 

therefor e mor e structura l  resource s ar e neede d i n tha t  area . 
Figur e 1  show s a  hypothetica l  star t  an d en d stat e i n a  two -

dimensiona l  inpu t  space .  Whil e initiall y  onl y tw o rf s cove r 
th e whol e o f  th e space ,  late r  hidde n unit s hav e bee n inserte d 
wit h differen t  densitie s acros s th e spac e t o accoun t  fo r  th e 
specifi c  learnin g task . 
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Figur e 1 :  Receptiv e fields  coverin g th e inpu t  spac e a t  th e be -

ginnin g (left )  an d th e en d (right )  o f  learning . 
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Figur e 2 ;  Th e initia l  architectur e o f  th e C N N . 

Figure 2 shows the CNN architecture. The input layer takes 
a phonologica l  representatio n o f  th e ver b stem ,  an d th e out -
put  laye r  ha s on e uni t  fo r  eac h possibl e outpu t  clas s (se e be -
low) .  Th e hidde n laye r  initiall y  consist s o f  onl y tw o unit s bu t 
i s constructe d durin g learning .  Ther e ar e direc t  connection s 
fro m th e inpu t  t o th e outpu t  layer ,  an d eac h hidde n uni t  i s 
full y connecte d t o bot h inpu t  an d outpu t  layers . 

The direc t  input-outpu t  connection s allo w th e pas t  tens e 
classe s t o b e produce d base d o n th e structur e o f  th e inpu t 
stem .  B y contrast ,  th e (growing )  hidde n laye r  act s a s a  m e m-
ory :  i t  produce s a n outpu t  base d o n th e identit y an d no t  th e 
structur e o f  th e input .  Initially ,  though ,  simila r  verb s wil l  fal l 
int o th e sam e r f  eve n whe n the y requir e differen t  output s (e.g. , 
h e a r  an d f e a r  requirin g h e a r d an d f e a r e d ,  respec -
tively) .  Durin g th e trainin g o f  th e networ k ne w rf s woul d b e 
inserte d i n th e are a o f  suc h verbs ,  an d eventuall y simila r  verb s 
wit h dissimila r  pas t  tens e form s wil l  b e discriminate d (se e 
fig.  1) .  Wher e simila r  verb s hav e th e sam e outpu t  class ,  how -
ever ,  (e.g. ,  l o o k an d c o o k wit h l o o k e d an d c o o k e d ) , 
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no ne w rf s wil l  b e inserte d an d a  singl e r f  wil l  cove r  sev -
era l  verb s withou t  producin g a n outpu t  error .  Thus ,  th e inter -

nal  structur e o f  th e networ k wil l  adap t  t o reflec t  th e learnin g 
task .  Whil e takin g advantag e o f  a  "starting-smali "  approach , 
thi s task-dependen t  adaptatio n i s i n contras t  t o othe r  develop -

in g system s tha t  incorporat e a  pre-programme d developmen t 
suc h a s a n extensio n o f  short-ter m memor y span ,  wher e th e 
fina l  architectur e i s independen t  fro m th e specifi c  proble m 
bein g learne d (se e e.g. ,  Elman ,  1993) . 

Experiments 

I n orde r  t o allo w fo r  comparison s betwee n differen t  models , 
th e presen t  simulation s employe d th e corpu s fro m MacWhin -
ney &  Leinbac h (1991) ,  whic h wa s als o use d b y Lin g &  Mari -
nov (1993 )  i n thei r  SP A model .  Thi s corpu s consist s o f  1,40 4 
stem/pas t  tens e pair s o f  Englis h verbs .  Th e verb s wer e tran -
scribe d usin g UNIBE T and ,  followin g MacWhinne y &  Lein -
bach (1991) ,  represente d i n a  templat e forma t  containin g slot s 
fo r  consonant s an d vowels .  Tabl e 1  show s example s o f  th e 
phonologica l  encodin g o f  som e verbs .  Eac h phonem e wa s 
represente d b y te n features ,  suc h a s voiced ,  labial ,  denta l 
fo r  consonants ,  an d front ,  center ,  hig h fo r  vowels .  A  tem -
plat e consiste d o f  1 8 slots ,  resultin g i n a  180-bi t  featur e vec -
to r  fo r  th e representatio n o f  eac h verb .  Fo r  th e outpu t  th e 
verb s wer e classifie d accordin g t o ho w the y for m thei r  pas t 
tens e (adapte d fro m Pinke r  &  Prince ,  1988) .  Fo r  example , 
th e clas s /.v /  —>•  /(' /  containe d th e verb s understand , 
withstand ,  overtake ,  stand ,  shake ,  an d take ,  an d 
th e clas s /j- /  —>•  /6 /  comprise d string ,  strike ,  swing , 
stick ,  fling ,  cling ,  spin ,  hang ,  an d dig .  Thi s clas -
sificatio n resulte d i n 2 3 outpu t  classes ,  on e fo r  regula r  an d 2 2 
fo r  irregula r  verbs .  Eac h outpu t  uni t  o f  th e networ k corre -
sponde d t o on e outpu t  class . 

Table I: Some examples for the template-encoding of verbs. 

brin g 
explai n 
recogniz e 
"remplate ~ 

br-I- N 
I-ksp--l--e-n- -

r — E - k — I - g n - 3 - z — 
C C C W C C C W C C C W C CC 

Fro m th e origina l  corpu s o f  24,80 2 tokens ,  8,00 0 token s 
wer e randoml y extracte d accordin g t o th e frequenc y o f  thei r 
pas t  tens e forms .  Th e structur e o f  th e resultin g corpu s i s sum -
marize d i n tabl e 2 . 

Table 2: The structure of the training corpus. 

regula r 

irregula r 

tota l 

Type s 

94 3 (88.4% ) 

123 (11.6% ) 

1,06 6 (100% ) 

Token s 

457 9 (57.2% )  | 

342 1 (42.8% ) 

8,00 0 (100% ) 

Trainin g wa s non-incremental :  th e whol e trainin g se t  o f 
8,(X) 0 stem/past-tense-clas s pair s wa s presente d t o th e net -
wor k i n rando m orde r  a t  eac h epoch .  Hidde n unit s wer e in -
serte d dependin g o n th e learnin g progres s (se e previou s sec -
tion) ,  an d th e networ k wa s teste d fo r  it s  performanc e o n th e 
trainin g se t  prio r  t o eac h insertion . 

Result s 

Thi s sectio n describe s th e result s o f  th e learnin g experiment . 

Learning 

The networ k wa s traine d fo r  4,05 5 epochs ,  a t  whic h poin t 
i t  correctl y classifie d 99.6% .  (93 9 ou t  o f  943 )  o f  th e regu -

la r  verb s an d 97.6 % (12 0 ou t  o f  123 )  o f  th e irregula r  verbs . 
Tabl e 3  compare s th e learnin g result s o f  th e C N N wit h th e 
R & M,  M & L ,  an d SP A models .  Whil e al l  model s performe d 
equall y wel l  fo r  th e regula r  verbs ,  th e C N N outperforme d th e 
othe r  model s o n th e irregula r  verbs ,  closel y followe d b y th e 
symboli c SPA .  Thi s succes s seem s t o b e a  direc t  consequenc e 

of  th e abilit y  o f  th e C N N t o allocat e structur e wher e needed , 
and thu s specificall y fo r  th e harder-to-lear n irregula r  verbs . 
The precis e structur e o f  th e traine d C N N i s analyze d below . 

Table 3: Performance on training of the four compared 

model s (extende d fro m Lin g &  Marinov ,  1993) . 

Ver b type s 

Percentag e correc t 
Tota l 
Regular s 
Irregular s 

R &M M & L SP A 
420 1,65 0 1,03 8 

97. 0 99. 3 99. 2 
98. 0 100. 0 99. 6 
95. 0 90, 7 96. 6 

CNN 
1.06 6 

99. 3 
99. 6 
97. 6 

General izat io n t o N o v e l  V e r b s 

T h e traine d C N N wa s teste d o n it s  generalizatio n t o nove l 
verbs .  A s Lin g &  Marino v (1993 )  hav e pointe d out ,  test -
in g th e generalizatio n abilit y o f  a  mode l  o n existin g verb s i s 
misleadin g becaus e irregula r  verb s ar e b y thei r  natur e unpre -
dictable .  Therefore ,  i n lin e wit h Lin g &  Marinov ,  th e C N N 
was teste d o n a  se t  o f  6 0 pseudo-verb s whic h ha d als o bee n 
teste d o n h u m a n subject s (Prasad a &  Pinker ,  1993) .  Thes e 
verb s consiste d o f  block s o f  te n whic h wer e prototypical ,  in -
termediat e an d distan t  wit h respec t  t o existin g regula r  an d ir -
regula r  verbs . 

human 
•  CNN I 

1' - • 

4 — 

U, 
ai .  -

' -

• 

1 

• 

1 
P I  D 

Pseudo-Irregular s 
P I  D 

Pseudo-Regular s 

Figur e 3 :  Generalizatio n o f  th e C N N t o differen t  classe s 

of  pseudo-verbs ,  i n compariso n wit h humans ,  th e SPA ,  an d 

R & M ' s networ k (extende d fro m Lin g &  Marino v 1993) .  P  = 

Prototypical ,  I  =  Intermediate ,  D  =  Distant . 

The results of the generalization experiments are shown 
i n figure  3 .  Th e C N N ha d a  stronge r  tendenc y t o regular -
iz e nove l  "irregular "  pseudo-verb s tha n huma n subject s an d 
performe d similarl y t o th e SPA .  Fo r  "regular "  pseudo-verb s 
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th e networ k performe d ver y simila r  t o huma n subject s an d 
bette r  tha n bot h th e S P A an d th e R & M models :  2 9 o f  th e 
30 pseudo-regular s wer e regularized ,  an d th e on e remain -
in g verb ,  p l e e m ,  wa s equall y stron g classifie d a s regula r 
( p l e e m e d )  an d belongin g t o th e s l e e p - s l e p t  class ,  thu s 
yieldin g p l e m t . 

Developing Network Architecture 

At  th e en d o f  trainin g th e C N N ha d constructe d a  hidde n laye r 
consistin g o f  39 7 r f  units ,  i.e. ,  o n averag e eac h r f  accounte d 
fo r  2.6 9 verbs .  However ,  a  close r  analysi s o f  th e distributio n 
of  thes e rf s ove r  th e inpu t  spac e showe d a  larg e differenc e 
betwee n regula r  an d irregula r  verbs :  th e 12 3 irregula r  ver b 
type s wer e distribute d ove r  10 7 rfs ,  i.e. ,  eac h irregula r  ver b 
claime d o n averag e 8 7 % o f  a n r f  (rangin g fro m on e t o thre e 
verb s pe r  field).  B y contrast ,  th e 94 3 regula r  ver b type s wer e 
distribute d ove r  jus t  34 7 rf s (som e o f  whic h covere d bot h reg -
ula r  an d irregula r  verbs) ,  i.e. ,  eac h regula r  ver b claime d o n 
averag e jus t  3 7 % o f  a n rf ,  wit h th e numbe r  o f  regula r  verb s i n 
a singl e r f  rangin g fro m on e t o twelve .  Thi s resul t  clearl y 
shows th e advantag e o f  constructivis t  a s oppose d t o fixed-
architectur e models :  a  constructivis t  mode l  ca n allocat e it s 
resource s wher e the y ar e needed ,  an d ther e i s n o nee d fo r  a n 
a prior i  choic e o f  th e numbe r  o f  hidde n units .  Eac h hidde n 
uni t  processe s onl y a  smal l  subse t  o f  th e verb s an d ca n there -
for e lear n th e correc t  outpu t  efficiently .  Th e final  networ k 
architectur e reflect s th e propertie s o f  th e learnin g problem ; 
i n thi s case ,  a  numbe r  o f  larg e rf s fo r  th e regula r  verb s an d 
small ,  fine-grained  rf s fo r  th e mor e difficul t  irregula r  verbs . 

U-shaped Learning Curve 

The mos t  strikin g featur e o f  pas t  tens e acquisitio n i n chil -
dre n i s th e U-shape d learnin g curve :  a n unlearnin g o f  previ -
ousl y correc t  irregula r  pas t  tens e form s an d thei r  subsequen t 
re-learnin g (e.g. ,  s a w — s e e d / s a w e d — s a w ) ,  an d a  plausi -
bl e mode l  shoul d follo w thi s well-documente d (Marcu s e t  al. , 
1992 )  course .  However ,  mos t  o f  th e existin g model s hav e 
been unabl e t o provid e a  realisti c accoun t  o f  th e emergenc e 
of  th e U-shape d learnin g curve :  wherea s R & M relie d o n th e 
assumptio n tha t  th e learnin g environmen t  o f  a  chil d change s 
fro m a  first  stag e o f  mainl y irregula r  verb s t o a  secon d stag e 
of  mainl y regula r  verbs ,  an d chos e thei r  trainin g dat a accord -
ingly ,  M & L ' s mode l  coul d no t  accoun t  fo r  an y unlearnin g o f 
irregula r  forms .  I n th e SPA ,  U-shape d learnin g wa s achieve d 
by th e explici t  manipulationo f  a  learnin g paramete r  tha t  con -
trolle d ho w man y time s a  ver b ha d t o b e see n i n orde r  t o b e 
memorize d a s a n exception—i f  i t  occurre d les s often ,  i t  wa s 
overreguiarized .  Beside s "hard-wiring "  th e theor y tha t  chil -
dre n posses s suc h a  variabl e parameter ,  an d usin g th e result -
in g U-shape d learnin g curve  a s evidenc e fo r  th e sam e theory , 
thi s procedur e als o establishe d a  perhap s unrealisticall y direc t 
relationshi p betwee n th e frequenc y o f  a  ver b an d it s overreg -
ularization .  Plunket t  &  Marchma n (1993 )  wer e abl e t o sho w 
U-shape d learnin g i n a n environmen t  wher e th e trainin g cor -
pus wa s slowl y expanded .  However ,  i t  migh t  b e mor e plau -
sibl e t o assum e tha t  whil e th e learnin g environmen t  o f  th e 
chil d i s static ,  th e chil d himsel f  i s  undergoin g change s tha t 
wil l  influenc e th e processin g o f  th e environmenta l  inpu t  (se e 
als o Elman ,  1993) .  Therefore ,  i t  wa s interestin g t o investi -
gat e th e behavio r  o f  th e C N N i n a  non-incrementa l  trainin g 
environment . 

I n fac t  th e C N N displaye d a  U-shape d learnin g curv e fo r 
many o f  th e irregula r  verb s i n th e trainin g corpus .  A  pe -
rio d o f  overregularizatio n (i.e. ,  a  classificatio n o f  th e ver b a s 
belongin g t o th e regula r  class )  wa s precede d b y a  phas e o f 
correc t  classification ;  thi s wa s th e cas e e.g. ,  fo r  s a w ,  s o l d , 
t o l d ,  s a i d ,  r a n g ,  etc .  A t  othe r  point s durin g training , 
many o f  thes e verb s wer e classifie d equall y strongl y a s regu -
la r  an d a s irregular ,  whic h correspond s t o a  regularizatio n o f 
th e pas t  tens e form ,  e.g. ,  s a w e d an d s a n g e d .  Th e overal l 
overregularizatio n rat e decrease d fro m 2 5 % ver y earl y o n i n 
trainin g t o 2 .4 % toward s th e end ,  althoug h ther e wer e larg e 
difference s betwee n individua l  verbs .  Whil e n o across-the -
boar d U-shape d learnin g affecte d al l  irregula r  verb s simulta -
neously ,  correspondin g t o psycholinguisti c evidenc e (Marcu s 
et  al. ,  1992 )  ther e wa s a  phas e o f  overregularization s a t  indi -
vidua l  time s fo r  differen t  verbs . 

As wit h children ,  frequen t  verb s i n th e C N N wer e overreg -
uiarize d m u c h les s ofte n tha n infrequen t  ones .  Th e te n mos t 
frequen t  irregular s wer e overreguiarize d o n averag e onl y i n 
0.16 % o f  al l  cases ,  wherea s th e te n leas t  frequen t  one s ha d a n 
averag e overregularizatio n rat e o f  37.7% . 

A furthe r  resul t  correspondin g t o chil d languag e dat a 
concerne d th e protectio n fro m overregularizatio n b y simi -
la r  soundin g irregulars :  th e thre e verb s h a n g ,  s l i d e ,  an d 
b e a r  wer e overreguiarize d o n averag e i n 7 .3 % o f  al l  cases , 
wherea s r i n g ,  s p r i n g ,  an d s i n g ,  despit e comparabl e to -
ke n frequencies ,  wer e overreguiarize d i n onl y 0.9 % o f  al l 
cases . 

Th e C N N mode l  wa s thu s successfu l  i n modelin g th e 
whol e o f  th e U-shape d learnin g curv e includin g a  conec t  pro -
ductio n o f  pas t  tens e form s befor e thei r  subsequen t  overregu -
larization ,  an d it s performanc e corresponde d t o th e detail s o f 
children' s pas t  tens e learning . 

H o w doe s th e U-shape d learnin g i n th e C N N occur ? Sinc e 
th e ver b se t  wa s hel d constan t  throughou t  training ,  th e chang e 
i n performanc e coul d onl y b e a  consequenc e o f  th e inter -
nal  reorganizatio n o f  th e networ k architecture .  Initially ,  th e 
networ k ha d onl y tw o hidde n units ,  eac h o f  whic h roughl y 
covere d abou t  hal f  o f  al l  verb s wit h thei r  varie d pas t  tens e 
classes ,  an d th e C N N therefor e ha d t o rel y o n th e direc t 
input-outpu t  connection s fo r  producin g th e correc t  pas t  tens e 
classes .  Give n thes e restriction s th e C N N initiall y  learne d 
th e pas t  tens e classe s o f  fewe r  irregular s bu t  o f  mos t  regula r 
verbs . 

Durin g th e trainin g process ,  however ,  th e C N N graduall y 
gre w it s hidde n layer ,  addin g mor e receptiv e fields  whic h lea d 
t o th e reorganizatio n o f  th e interna l  representation s (mainl y 
of  irregula r  verbs )  fro m a  structure-base d (i n th e direc t  input -
outpu t  connections )  toward s a n identity-base d (i n th e hidde n 
layer )  representation . 

Thi s constructio n proces s lea d t o a  phas e i n whic h produc -
tio n o f  th e irregula r  classe s wa s partl y take n ove r  b y th e hid -
den layer ,  bu t  th e fe w receptiv e fields  wer e larg e an d include d 
regula r  a s wel l  a s irregula r  verbs ,  thereb y causin g error s eve n 
fo r  irregula r  verb s tha t  ha d initiall y  bee n produce d correctl y 
throug h th e direc t  input-outpu t  connections .  Thi s phas e i n 
th e C N N ,  i n whic h representation s ar e relocate d t o insuffi -
cien t  resources ,  correspond s t o th e overregularizatio n stag e 
i n children .  I t  i s  eviden t  tha t  wit h thi s mechanism ,  differen t 
verb s woul d b e overreguiarize d a t  differen t  times ,  depend -
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Figur e 4 :  T h e learnin g curve s fo r  th e regula r  an d irregula r 
pas t  tens e classe s i n th e intac t  networ k an d wit h a  lesione d 

hidde n layer . 

ing on whether they had been allocated to an individual re-
ceptiv e field.  T h e proces s o f  interna l  reorganizatio n o f  th e 
network' s representation s become s eviden t  i n figure  4 ,  whic h 
show s th e learning  curve s fo r  th e regula r  an d irregula r  pas t 
tens e classe s bot h i n th e intac t  C N N an d afte r  lesionin g th e 
hidde n laye r  (b y deletin g th e connection s fro m th e hidde n t o 
th e outpu t  layer )  w h e n onl y th e direc t  input-outpu t  connec -
tion s wer e used . 

Initially ,  wit h onl y a  fe w hidde n units ,  lesionin g th e hidde n 
laye r  di d no t  hav e a  stron g effec t  o n networ k performance : 
wit h o r  withou t  th e hidde n layer ,  initiall y  abou t  6 0 % o f  th e 
irregula r  an d 8 0 % o f  th e regula r  pas t  tens e form s wer e clas -
sifie d correctly .  A s th e hidde n laye r  grew ,  however ,  lesionin g 
lea d t o a  marke d decreas e i n performanc e fo r  th e irregula r 
verb s only ,  resultin g i n onl y 1 6 % bein g classifie d correctl y a t 
th e en d o f  trainin g w h e n th e hidde n laye r  wa s lesioned .  Thi s 
resul t  indicate s tha t  th e representation s o f  eve n initiall y  cor -
rectl y classifie d irregula r  verb s wer e shifte d fro m th e direc t 
connection s int o th e growin g hidde n layer ,  leadin g i n m a n y 
case s t o th e temporaril y  incorrec t  productio n o f  initiall y  cor -
rec t  classes .  T h e interna l  reorganizatio n o f  th e C N N du e t o 
a constructivis t  adaptatio n o f  it s structur e coul d thu s accoun t 
fo r  th e unlearnin g o f  initiall y  correc t  output s an d therefor e 
th e U-shape d learnin g curv e i n th e acquisitio n o f  th e Englis h 
pas t  tense . 

Ther e w a s almos t  n o effec t  o f  lesionin g th e hidde n laye r  o n 
th e regula r  verbs ,  however ,  suggestin g a  develope d dissocia -
tio n betwee n regula r  an d irregula r  verbs .  Thi s dissociatio n i s 
discusse d i n th e nex t  section . 

Emergent Modularity 

Th e functiona l  dissociatio n betwee n regula r  an d irregula r 
verb s tha t  ca n b e observe d i n psycholinguisti c experiment s 
but  als o i n certai n neurologica l  disorder s suc h a s Specifi c 
Languag e Impairmen t  (SLI )  an d William s Syndrome ,  ha s le d 
t o th e postulatio n o f  differen t  pathway s an d subsystem s fo r 
th e productio n o f  thes e form s (e.g. .  Pinker ,  1991) .  Pinke r 
argue d tha t  irregula r  form s wer e produce d i n a n associativ e 
memory wherea s regula r  form s relie d o n th e applicatio n o f  a 
menta l  rule .  Thi s rul e wa s assume d t o b e independen t  fro m 
environmenta l  input ,  possibl y havin g a  geneti c basis . 

However ,  model s i n whic h thes e tw o functionall y distinc t 

pathway s hav e bee n hard-wire d hav e bee n show n t o wor k 
onl y wit h specific ,  unrealisti c assumption s abou t  th e structur e 
of  a  corpu s wit h regula r  an d irregula r  form s (Nakis a e t  al. , 
1997) . 
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F igu r e 5 :  T h e effec t  o f  lesionin g differen t  p a t h w a y s o n th e 

produc t io n o f  regula r  a n d irregula r  pas t  tens e classes . 

In the CNN, a dissociation between regular and irregular 
verb s e m e r g e d a s a  direc t  o u t c o m e o f  th e constructivis t  pro -
cess .  D u r i n g learning ,  th e t w o p a t h w a y s ,  th e direc t  input -
ou tpu t  connec t ion s a n d th e h idde n layer ,  d e v e l o p e d t o tak e 
o n specifi c  functions .  W h i l e th e regula r  pas t  tens e clas s w a s 
p r o d u c e d t h roug h th e direc t  connect ions ,  th e irregula r  classe s 
wer e produce d mainl y i n th e developin g hidde n layer .  Th e 
doubl e dissociatio n betwee n regula r  an d irregula r  verb s wa s 
demonstrate d b y lesionin g bot h pathway s selectivel y (fig -
ur e 5) :  lesionin g th e hidde n laye r  i n th e full y traine d networ k 
lef t  productio n o f  th e regula r  ver b clas s intac t  (97.45 % cor -
rect )  bu t  severel y impaire d th e productio n o f  irregula r  classe s 
(onl y 16.26 % correct) .  9 0 % o f  th e irregula r  error s i n thi s cas e 
wer e overregularizations ,  an d i n th e othe r  case s th e networ k 
faile d t o produc e an y outpu t  class .  B y contrast ,  lesionin g 
th e direc t  input-outpu t  connection s lef t  productio n o f  th e ir -
regula r  classe s onl y slightl y impaire d (83.74 % correct )  bu t 
had a  marke d effec t  o n th e regular s (onl y 32.13 % correct) . 
Thi s functiona l  modularit y wa s no t  pre-specified ,  bu t  devel -
ope d solel y throug h th e constructio n o f  th e hidde n laye r  i n 
respons e t o th e learnin g tas k an d th e resultin g shif t  o f  th e in -
terna l  representation s o f  th e irregula r  verb s int o thi s hidde n 
layer . 

Thes e result s migh t  accoun t  fo r  th e languag e deficit s ob -
serve d i n SL I  an d William s Syndrome :  SL I  patient s ofte n 
hav e problem s wit h convertin g presen t  tens e t o pas t  tens e 
forms ,  wit h mor e pronounce d difficultie s fo r  th e regula r 
forms .  Pinke r  (1991 )  cite d a  stud y i n whic h SL I  childre n 
supplie d 8 5 % o f  irregula r  pas t  tens e form s bu t  onl y 3 0 % o f 
regula r  form s correctly .  I n th e C N N a  ver y simila r  resul t  i s 
achieve d b y lesionin g th e input-outpu t  pathway .  SL I  coul d 
thu s consis t  i n a  failur e t o develo p o r  utiliz e thi s pathway . 

Similarly ,  childre n sufferin g fro m William s Syndrom e 
see m t o retriev e word s i n a  devian t  fashio n an d d o no t  sho w 
th e norma l  tendenc y t o favo r  high-frequenc y word s (Pinker , 
1991) .  Th e syndrom e ca n b e accompanie d b y hig h overregu -
larizatio n rates ,  a n effec t  whic h i n th e C N N ca n b e explaine d 
wit h a  partia l  o r  tota l  lesionin g o f  th e receptiv e field  hidde n 
layer ,  o r  a n insufficien t  developmen t  o f  thi s layer . 

Discussion 

The simulation s describe d i n thi s pape r  giv e empirica l  evi -
denc e tha t  constructivis t  neura l  network s ca n mode l  th e ac -
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quisitio n o f  th e Englis h pas t  tens e mor e closel y tha n othe r 
model s whic h rel y o n fixed  architectures .  Th e abilit y  o f  th e 
C NN t o develo p it s structur e i n respons e t o th e specific s o f 
th e learnin g tas k no t  onl y allowe d i t  t o allocat e mor e struc -
tur e t o th e difficult-to-lear n irregula r  verbs ,  bu t  als o le d t o a 
U-shape d learnin g curv e base d o n th e interna l  reorganizatio n 
of  representations ,  an d t o a n emergen t  functiona l  modularit y 
wit h dissociation s betwee n regula r  an d irregula r  verbs .  Th e 
model  thu s closel y followe d th e developmenta l  profil e ob -
serve d i n childre n an d reflecte d i n it s final  architectur e prop -
ertie s tha t  ca n b e foun d i n adult s throug h psycholinguisticex -
periment s an d i n neurologica l  disorders .  Togethe r  wit h th e 
theoretica l  argument s fo r  constructivis t  learnin g thes e result s 
offe r  compellin g evidenc e fo r  th e usefulnes s o f  constructivis t 
model s i n th e stud y o f  cognitiv e development . 

I t  i s  interestin g t o not e tha t  th e previou s mode l  whic h 
came closes t  i n it s performanc e t o th e C N N i s th e sym -
boli c SPA .  However ,  thi s mode l  i s als o constructivist :  i t 
dynamicall y build s a  decisio n tre e base d o n th e trainin g 
data .  Th e result s o f  th e presen t  simulation s sugges t  tha t  th e 
fac t  tha t  th e SP A outperforme d th e R & M an d M & L model s 
was no t  primaril y du e t o it s symboli c architecture ,  bu t  wa s 
base d o n it s constructivis t  nature .  Therefore ,  th e dichotom y 
fixed-architecture  vs .  constructivistmightbemor e fundamen -
ta l  tha n th e traditiona l  symboli c  vs .  subsymboli c distinctio n 
whic h previou s pas t  tens e model s hav e aime d t o emphasize . 
Direc t  comparison s betwee n symboli c an d subsymboli c mod -
el s ca n thu s onl y b e mad e eithe r  withi n o r  withou t  th e con -
structivis t  framework ,  wit h constructivis t  model s conformin g 
bette r  t o evidenc e fro m neura l  an d cognitiv e development . 

Althoug h th e SP A an d th e C N N performe d similarl y i n 
term s o f  learnin g an d generalizatio n behavior ,  th e C N N pro -
vide d bette r  explanation s o f  U-shape d learnin g an d showe d 
an emergen t  modularit y wit h dissociation s betwee n ver b 
types .  Thi s migh t  b e du e t o th e advantage s o f  subsymboli c 
learnin g wher e low-leve l  interaction s betwee n simpl e unit s 
lea d t o emergen t  comple x behavior . 

The result s fro m bot h th e presen t  an d previou s simula -
tion s contradic t  th e vie w tha t  connectionis t  model s entai l 
a homogeneou s architecture .  Th e C N N develop s a  modu -
la r  architectur e wit h dissociation s betwee n ver b type s solel y 
on th e basi s o f  a  singl e learnin g mechanism .  However , 
not  al l  constructivis t  model s wil l  necessaril y  develo p suc h a 
modula r  architecture .  Therefore ,  a  mode l  o f  cognitiv e de -
velopmen t  shoul d b e classifie d alon g th e thre e dimension s 
symbolic-subsymboUc ,  modular-homogeneous ,  an d fixed -
architecture-constructivist .  Give n thi s three-dimensiona l 
classificatio n matrix ,  th e presen t  pape r  suggest s tha t  subsym -
bolic ,  modula r  constructivis t  system s provid e th e mos t  realis -
ti c  model s o f  cognitiv e developmen t  i n th e child . 
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