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Abstrac t 

A modular connectionist network is described that learns 
th e Germa n ver b paradigm .  Th e architectur e o f  th e net -
wor k i s i n accordanc e wit h th e rule-associativ e memor y 
hypothesi s propose d b y Pinke r  (1991) :  i t  i s  compose d 
of  a  connectionis t  short-ter m memor y enablin g i t  t o pro -
ces s symboli c rule s an d a n associativ e memor y actin g a s 
a lexicon .  Th e networ k successfull y learn s th e Germa n 
ver b paradig m an d generalize s t o nove l  verb s i n way s 
tha t  correspon d t o empirica l  data .  Lesionin g th e mode l 
give s furthe r  evidenc e fo r  th e rule-associativ e memor y 
hypothesis :  W h e n th e lexico n i s cu t  off ,  th e networ k 
strongl y overgeneralize s th e regula r  participle ,  indicat -
in g tha t  regula r  form s ar e produce d wit h th e short -
ter m memor y bu t  irregula r  form s rel y o n th e lexicon . 
However ,  i n contras t  t o th e rule-associatio n theory ,  th e 
tw o path s ar e no t  strongl y dissociated ,  bu t  bot h th e 
short-ter m memor y an d th e lexico n wor k togethe r  i n pro -
ducin g man y participles .  Th e succes s o f  th e networ k 
model  i s see n a s evidenc e tha t  emergen t  linguisti c rule s 
need no t  b e implemente d a s rule s i n th e brain . 

Introduction 

I t  ha s recentl y bee n argue d tha t  certai n part s o f  th e lan -

guag e syste m ar e represente d i n th e brai n b y a  dualisti c 

framewor k combinin g rul e manipulatio n wit h associat -

iv e m e m o r y (Pinker ,  1991) .  Fo r  example ,  i n th e Englis h 

pas t  tens e regula r  form s ar e claime d t o b e produce d b y 

a symboli c rul e ("ad d -e d t o th e ver b stem" )  whil e irreg -

ula r  verb s ar e store d i n a n associativ e m e m o r y togethe r 

wit h hnk s t o thei r  pas t  tens e forms .  W h e n a  pas t  tens e 

for m i s t o b e produced ,  first  th e associativ e m e m o r y i s 

searche d fo r  a  matchin g entry ,  an d onl y i f  non e i s foun d 

th e defaul t  rul e i s  applie d (Marcu s e t  al. ,  1993) .  T h e 

case s i n whic h th e defaul t  rul e applie s ar e calle d regular . 

Regularit y i s  independen t  fro m frequency ,  becaus e th e 

defaul t  rul e migh t  appl y onl y t o a  minorit y o f  a U cases . 

Marcu s e t  al .  (1993 )  argue d tha t  thi s i s tru e fo r  bot h th e 

G e r m an nou n plura l  an d th e G e r m a n participle :  Th e de -

faul t  nou n plura l  endin g - s ha s a  typ e frequenc y o f  les s 

tha n 8 % an d a  toke n frequenc y o f  les s tha n 2 % o f  al l 

nouns .  T h e regula r  ver b participl e account s fo r  4 5 % o f 

al l  ver b type s an d onl y 1 7 % o f  eil l  ver b tokens .  Thi s dis -

crepanc y betwee n regularit y an d frequenc y i s i n contras t 

wit h th e Englis h pas t  tense ,  wher e 8 6 % o f  al l  ver b type s 

( 4 0 % o f  a W tokens )  ar e regular . 

Th e instance s i n whic h th e regula r  case s d o no t  for m 

th e majorit y o f  al l  case s ca n b e see n a s a  touchston e fo r 

connectionis t  models .  Thi s i s becaus e homogenou s con -

nectionis t  model s (e.g .  MacWh inne y an d Leinbach ,  1991 , 

Rumelhar t  an d McClelland ,  1987 )  lear n b y exploitin g th e 

statistica l  regularitie s o f  th e inpu t  dat a an d therefor e ne -

cessaril y  assig n th e regula r  statu s t o th e mos t  frequentl y 

occurin g input . 

I n thi s paper ,  a  modula r  connectionis t  networ k i s 

describe d tha t  implement s th e rule-associativ e memor y 

framewor k fo r  th e G e r m a n ver b paradigm .  Th e networ k 

consist s o f  a  connectionis t  short-ter m memor y enablin g 

i t  fo r  symbo l  manipulatio n (se e Goebel ,  1991 )  an d a  lex -

ico n i n th e for m o f  a n associativ e memory .  I t  i s  show n 

tha t  th e networ k learn s th e ver b inflectio n paradig m an d 

generalize s t o nove l  verb s i n a  wa y comparabl e t o em -

pirica l  data .  Th e interne d representation s develope d b y 

th e networ k follo w th e rule-associativ e memor y theor y 

(Pinker ,  1991 )  i n tha t  mos t  regula r  form s ar e produce d 

solel y wit h th e short-ter m stor e whil e th e irregula r  form s 
ar e handle d b y th e lexicon .  I t  i s  demonstrated ,  however , 

tha t  i n contras t  t o thi s theor y th e rul e pat h an d th e as -

sociativ e m e m o r y ar e no t  strongl y dissociate d fro m on e 

another ,  bu t  the y interac t  i n producin g th e correc t  out -

-pu t  fo r  certai n verbs .  Th e fac t  tha t  th e networ k mode l 

display s ruke-hk e behavio r  withou t  hard-wire d rule s sug -

gest s tha t  emergen t  linguisti c regularitie s nee d no t  b e 

implemente d a s explici t  rule s i n th e brain . 

Below ,  th e G e r m a n ver b paradig m i s first  briefl y re -

viewed .  Ou r  experiments ,  includin g th e dat a an d th e 

networ k architecture ,  ar e the n described ,  followe d b y a 

detaile d analysi s o f  th e network' s performanc e an d o f 

it s interna l  representations .  Finally ,  w e discus s th e im -

phcation s t o th e rule-associativ e m e m o r y theor y (Pinker , 

1991) . 

The German Verb Paradigm 

Th e G e r m a n ver b paradig m i s illustrate d i n tabl e 1  (fo r 

a mor e detaile d account ,  se e Marcu s e t  al. ,  1993) .  Eac h 

ver b ha s thre e paradigmati c forms :  a n infinitive ,  a  preter -

ite ,  an d a  participle .  Infinitive s ar e forme d b y addin g 

th e suffi x -e n t o th e ver b stem :  Fo r  example ,  th e ver b 

spiele n ha s th e ste m spie l  an d th e infinitiv e i s forme d 

by addin g -e n .  Preterite s ar e forme d i n differen t  ways , 
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Tabl e 1 :  Th e structur e o f  th e Germa n ver b paradig m 

Infinitiv e Preterit e Participl e 

W e ak verb s 

spiele n (t o play ) 

woUen (t o want ) 

spielt e (played ) 

wollt e (wanted ) 

gespiel t  (hav e played ) 

gewoUt  (hav e wanted ) 

Stron g verb s 

k o m m en (t o come ) 

gehe n (t o go ) 

k a m (came ) 

gin g (went ) 

gekommen (hav e come ) 

gegange n (hav e gone ) 

M i x e d verb s 

konne n (can ) 

denke n (t o think ) 

konnt e (could ) 

dacht e (thought ) 

gekonn t  (hav e bee n abl e to ) 

gedach t  (hav e thought ) 

but  the y ar e no t  c o m m o n i n spoke n languag e an d henc e 

pla y n o rol e i n ou r  simulatio n experiments .  Participle s 

ar e forme d b y addin g a  sufH x (eithe r  - t  o r  -e n )  t o th e 

ste m whic h migh t  b e differen t  fro m th e infinitiv e stem . 

Participle s whos e stem s hav e primar y stres s o n th e first 

syllabl e (mos t  o f  the m do )  receiv e th e prefi x ge- . 

Ther e ar e thre e ver b classes ,  wea k verbs ,  stron g verbs , 

and mixe d verbs ,  whic h diffe r  i n th e way s tha t  preter -

ite s an d participle s ar e formed :  Th e participl e o f  wea k 

verb s i s alway s forme d b y addin g th e - t  sufii x  an d th e 

ge -  prefi x (wher e applicable )  t o th e unchange d stem : 

ge -  spie l  - t  .  Th e participl e o f  stron g verb s i s forme d 

by addin g th e suffi x -e n (an d th e prefi x ge- )  t o th e par -

ticipl e ste m whic h m a y o r  m a y no t  b e differen t  fro m th e 

infinitiv e stem :  Fo r  example ,  kommen doe s no t  chang e it s 

stem :  ge -  kom m -e n ,  whil e gehe n does :  ge -  gan g -e n . 

Mixe d verb s chang e thei r  stem s lik e stron g verbs ,  bu t 

the y receiv e th e suffi x - t  lik e wea k verbs :  koime n -

ge -  kon n - t  .  Onl y on e ver b ha s completel y idiosyn -

crati c preterit e an d participl e forms :  sei n (t o be )  -  wa r 

-  gewesen . 

Marcu s e t  al .  (1993 )  giv e evidenc e tha t  th e wea k verb s 

constitut e th e regula r  (default )  cas e fo r  th e Germa n ver b 

paradigm . 

Experiments 

The gojJ s o f  th e experiment s wer e threefold :  First ,  t o 

examin e whethe r  th e connectionis t  mode l  coul d lear n th e 
tas k o f  acquirin g th e Germa n ver b paradig m whic h i s 

claime d t o emplo y symboli c rules .  Second ,  t o tes t  th e 

network' s abilit y  t o generaliz e t o nove l  verb s an d com -

par e th e result s wit h dat a fro m psycholinguisti c exper -

iments .  Third ,  t o analyz e th e interna l  representation s 

develope d b y th e networ k i n learnin g th e Germa n ver b 

paradig m an d relat e the m t o th e dualisti c framewor k pro -

pose d b y Pinke r  (1991) . 

Data 

The dat a fo r  th e experiment s wa s take n fro m a  corpu s o f 

spoke n utterance s b y Germa n childre n i n th e first  grad e 

of  elemantar y schoo l  (Prege l  an d Rickheit ,  1987) .  Thi s 

corpu s consiste d o f  82 4 type s wit h 7,46 8 tokens .  Sinc e i t 

containe d a  grea t  numbe r  o f  composit e verbs ,  al l  separ -

abl e prefixe s wer e remove d becaus e the y d o no t  influenc e 

formatio n o f  th e participle .  F ro m th e resultin g corpu s 

100 type s wer e randoml y extracted ,  yieldin g 94 4 tokens . 

Sinc e i t  wa s no t  give n i n thi s corpus ,  th e rati o o f  th e in -

finitive  t o participl e form s o f  eac h ver b wa s take n fro m 

th e C E L E X database .  Th e token s o f  eac h ver b i n th e 

dat a wer e the n divide d accordin g t o thi s ratio .  W h e n 

a toke n di d no t  appea r  i n C E L E X i t  wa s give n th e fre -

quenc y 1  fo r  bot h th e infinitiv e an d th e participl e form , 

thu s guaranteein g th e appearenc e o f  eac h ver b a t  leas t 

onc e i n eac h form . 

For  th e experiment s hal f  th e nimibe r  o f  token s fo r  eac h 

ver b for m wer e used .  Th e final  dat a se t  thu s containe d 

100 type s wit h 53 8 tokens ,  o f  whic h 38 8 wer e i n th e in -

finitive  for m an d 15 0 i n th e participl e form . 

An aneJysi s o f  thi s dat a se t  yielde d th e followin g struc -

ture : 

Ver b clas s 
weak (regular) : 
stron g (irregular) : 
mixed : 

5 2 % types ,  45.33 % participl e token s 
4 1 % types ,  50.00 % participl e token s 

7 % types ,  4.67 % participl e token s 

Althoug h wea k verb s ha d a  sligh t  majorit y countin g 

th e types ,  the y onl y accounte d fo r  45.33 % o f  th e parti -
cipl e tokens .  Eve n togethe r  wit h th e mixe d verb s (whic h 

als o hav e th e - t  ending )  the y di d no t  presen t  a  majorit y 

of  th e participl e tokens .  However ,  a  compariso n o f  thi s 

corpu s wit h on e fo r  adul t  languag e (Ruoff ,  1981 )  showe d 
significan t  differences :  I n th e adul t  corpus ,  onl y 4 5 % o f 

th e type s an d 1 7 % o f  th e token s belonge d t o th e wea k 

clas s i n contras t  t o 5 2 % an d 45.33 % fo r  th e chil d data , 

respectively .  Th e vocabular y o f  childre n seem s t o com -

pris e a  highe r  rati o o f  wea k verb s tha n tha t  o f  adults ,  an d 

thes e wea k verb s see m t o b e use d mor e often .  I n fac t  Pre -

gel  an d Rickhei t  (1987 )  remarke d tha t  e.g .  th e frequenc y 

of  th e wea k ver b habe n i s 10.18 % o f  al l  ver b usage s fo r 

childre n bu t  onl y 4.65 % fo r  adults .  Th e vocabular y o f 

childre n i s muc h les s divers e tha n tha t  o f  adult s an d i t 

i s  obviousl y mor e slante d toward s wea k verbs .  Whethe r 

thi s differenc e ha s implication s fo r  languag e acquisitio n 
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Inpu t  Tas k Outpu t 
/g /  1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 » * • . » • . * » . » » • » .  * 
/el /  0 1 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 • » • » • . . * . . » . . * *  • 
/a /  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 o o » * » » • » » » . . * * * * *  * 
/n /  1 0 0 0 0 0 0 0 1 1 1 0 1 1 0 0 0 . * . • * • • * » . . , . . *  * 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 /g / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 /9 / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 /g / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 /a / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 /t] / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 /a / 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 1 1 1 0 1 1 0 /n / 
0 0  0  0  0  0  0  0  0  0  0  0  0  0 0  0  0 1 0  0  0  0 0  0  0  0  0 0 0  0  0  0  0  0 

Figure 1: A typical input-output sequence for the network. The input is the verb gehen, the output the participle 
gegangen .  Th e star s ("•" )  mar k "don' t  care "  state s i n whic h th e activatio n o f  th e unit s i s irrelevant . 

need s t o b e furthe r  investigated . 

For  th e inpu t  t o th e networ k mode l  th e verb s wer e tran -

scribe d t o phoneti c writin g an d the n encode d wit h phon -

eti c featurevectors .  Eac h o f  5 6 phoneme s wa s represente d 

by a  strin g o f  1 4 feature s followin g Wurze l  (1981) .  A n 

additiona l  featur e wa s adde d t o indicat e whethe r  a  vowe l 

was stressed .  Thi s wa s necessar y t o determin e whethe r 

th e participl e woul d receiv e th e ge -  prefi x (se e above) . 

I n th e featur e vectors ,  '1 '  indicate d th e presenc e o f  a  par -

ticula r  featur e an d '0 '  it s  absence . 

Task 

Th e tas k t o b e learne d b y th e networ k mode l  wa s a s 

follows :  A  ver b wa s presente d t o th e inpu t  laye r  a s a 

sequenc e o f  phoneti c featur e vectors .  Afte r  presentin g 

th e input ,  on e o f  th e tw o tas k unit s wa s activate d t o de -

termin e th e require d outpu t  whic h wa s eithe r  a  phoneti c 

sequenc e fo r  th e infinitiv e for m (tha t  is ,  a  duplicatio n o f 

th e previou s input )  o r  th e participl e for m o f  th e verb . 

Figur e 1  show s a  typica l  sequenc e i n whic h th e inpu t  i s 

th e wor d gehe n an d th e outpu t  i s th e participl e o f  gehen , 

tha t  is ,  gegangen . 

Network Architecture 

Th e networ k (se e figure  2 )  wa s compose d o f  tw o subsys -

tem s followin g th e duahsti c framewor k (se e als o Indefre y 

an d Goebel ,  1993) :  a  short-ter m m e m o r y an d a  phonolo -

gica l  lexicon .  Th e short-ter m m e m o r y ha d fas t  weight s 

enabhn g i t  t o stor e a  sequenc e o f  featur e vector s afte r 

one presentatio n an d retai n th e store d informatio n (fo r  a 

detaile d descriptio n o f  th e architectur e se e Goebe l  1990 , 

1991) .  A s i t  ha s bee n argue d i n Goebe l  (1991) ,  short -

ter m m e m o r y an d selectiv e attentio n ar e prerequisite s fo r 

th e abilit y  t o manipulat e symbols .  Th e short-ter m stor e 

thu s represente d th e rul e pat h o f  th e dualisti c framework . 

Th e tas k o f  th e phonologica l  lexico n wa s t o ac t  a s a n 

associativ e m e m o r y fo r  th e inpu t  verb s transformin g th e 

inpu t  sequenc e o f  phoneme s t o a  locaJis t  representatio n 

whic h coul d the n ac t  a s a  "pla n vector "  fo r  determinin g 

th e output .  Th e lexico n consiste d o f  tw o layere d self -

organizin g featur e maps .  Th e lowe r  m a p ,  whic h receive d 

th e phoneti c featur e vector s fro m th e inpu t  layer ,  wa s 

organize d i n a  12x12-unit s plane .  I t  ha d bee n pre-traine d 

so tha t  tJ l  5 6 diflferen t  phoneme s wer e lai d ou t  ove r  th e 

map.  Eac h uni t  wa s connecte d t o itsel f  wit h a  weigh t  o f 

0.9 .  Thi s adlowe d fo r  a  slo w deca y o f  uni t  activatio n afte r 

a phonem e ha d bee n presented .  Thus ,  whe n th e phonem e 

sequenc e o f  a  ver b wa s presente d i t  lef t  a  uniqu e trac e 

on th e map . 

Th e phonem e m a p wa s use d a s inpu t  fo r  th e uppe r  self -

organizin g featur e m a p .  Thi s featur e m a p ha d 40 0 units . 

I t  wa s traine d s o tha t  eac h trac e lef t  b y a  ver b o n th e 

phoneme m a p woul d b e clustere d t o a  singl e maximall y 

respondin g imit ,  roughl y correspondin g t o a n entr y i n 

th e phonologica l  menta l  lexicon . 

Out  o f  th e 10 0 differen t  verbs ,  8 8 clustere d t o distinc t 

units .  Th e remainin g twelv e verb s wer e clustere d i n pair s 

of  two .  Generally ,  rhymin g verb s wer e groupe d togethe r 

on th e m a p ,  fo r  example ,  heisen ,  reisen ,  beisen ,  an d 

schmeise n clustere d t o fou r  neighborin g units . 

Th e lexico n ha d connection s t o th e short-ter m stor e 

vi a a  contro l  unit .  Th e ide a behin d thes e connection s 

was tha t  whe n th e participl e for m wa s t o b e produced , 

th e lexico n coul d inhibi t  activatio n o f  th e short-ter m stor e 

unti l  th e prefi x ge -  ha d bee n produced .  Afte r  ge -  ha d 

bee n pu t  out ,  th e short-ter m stor e woul d b e activate d b y 

th e lexico n an d repla y th e sequenc e fo r  th e inpu t  verb . 

Togethe r  wit h th e pla n vecto r  fro m th e lexicon ,  th e cor -

rec t  participl e ste m an d endin g coul d the n b e formed . 

Th e networ k mode l  operate d i n tw o stages ,  a  recog -

nitio n stag e an d a  productio n stage .  I n th e recognitio n 

stage ,  th e inpu t  sequenc e wa s presente d an d route d t o th e 

tw o subsystems ,  short-ter m m e m o r y an d lexicon .  Afte r 

trainin g o f  thi s recognitio n stage ,  th e lexico n locall y rep -

resente d th e inpu t  ver b whil e th e short-ter m memor y 

hel d th e sequenc e o f  phonemes .  I n th e productio n stage , 

th e activate d lexica l  entr y togethe r  wit h th e sequentiall y 

accessibl e short-ter m stor e produce d th e require d outpu t 

sequence . 

Performance 

Th e productio n stag e o f  th e networ k wa s traine d o n 

th e corpu s o f  53 8 token s fo r  40 0 epoch s wit h th e back -

propagatio n throug h tim e algorith m (Rumelhar t  e t  al. , 

1986) .  Throughou t  th e trainin g process ,  th e perform -

anc e o f  th e networ k wa s teste d a t  intermediat e stages . 
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Sequentia l  Outpu t 

/ t / 

I  0  0  0  0 0  ( I  I  I  I  1 0 0  0  0 

[ 

Lexico n 

/n / 
1 00 0 0  0 0 0> 1 1 0 11 0 

Task unit s 

Phoneuc map 
Shor t  Ter m Memor y 

Contro l 

Shor t  Ter m Memor y 

00000000000000 0 
Sequential Input 

Figure 2: The network architecture. 

I n orde r  t o eveduat e th e rol e tha t  th e lexico n playe d i n 

learnin g th e tas k i t  w a s cu t  of f  a n d performanc e wit h a n d 

withou t  th e lexico n w a s compared . 

L e a r n i n g Afte r  trainin g th e networ k fo r  40 0 epoch s i t 

was abl e t o produc e ed l  10 0 infinitive s an d 9 3 o f  th e parti -

ciple s correctly .  Al l  o f  th e seve n participle s tha t  wer e no t 

learne d wer e stron g verb s havin g th e p h o n e m e /ae /  i n th e 

infinitiv e whic h w a s no t  change d correctl y i n th e parti -

ciple .  Thi s erro r  migh t  wel l  b e du e t o a  loca l  m i n i m u m 

o n th e erro r  surface .  Interestingly ,  th e m o s t  frequen t 

verb ,  sei n wit h th e participl e gewesen ,  w a s a m o n g th e 

unlearned . 

T h e infinitiv e form s wer e learne d wel l  befor e th e par -

ticipl e form s (afte r  4 0 epochs) ,  an d the y wer e learne d 
equall y wel l  wit h an d withou t  th e lexicon .  Thi s w a s no t 

surprisin g becaus e th e tas k o f  producin g th e infinitiv e 

simpl y consiste d i n duplicatin g th e inpu t  sequenc e tha t 

was store d i n th e short-ter m m e m o r y . 

T h e learnin g curv e fo r  th e participl e form s i s s h o w n i n 
figur e 3 .  W e a k form s a n d stron g participle s tha t  di d no t 

chang e thei r  stem s wer e learne d equall y well .  B o t h m i x e d 

verb s an d stron g verb s tha t  change d thei r  stem s wer e 

learne d slower .  Obviousl y i t  w a s easie r  fo r  th e networ k 

t o prefi x th e participle s wit h g e -  wher e necessar y an d 

lear n th e correc t  participl e endin g tha n t o chang e th e 

stem . 

I n orde r  t o evaluat e th e rol e o f  th e lexico n i n learn -

in g th e differen t  participl e forms ,  performanc e w a s als o 

teste d wit h th e lexico n cu t  off .  Thes e result s ar e s h o w n i n 
figur e 4 .  M o s t  significantly ,  a t  earl y trainin g stage s ove r 

6 0 % o f  th e w e a k participle s wer e produce d correctl y eve n 

withou t  th e lexico n (excep t  tha t  th e prefi x g e -  w a s omit -

weak verb s 
not  changin g suon g verb s 

changin g stron g verb s 
mixe d verb s 

100 150 200 
Epoch 

250 300 350 400 

Figur e 3 :  T h e learnin g curv e fo r  th e participle s o f  th e 

differen t  ver b classes .  T h e w e a k participle s (5 2 types ) 

w e r e learne d afte r  abou t  6 0 e p o c h s ,  th e m i x e d participle s 

( 7 types )  afte r  3 0 0 e p o c h s ,  th e stron g participle s tha t 

kep t  thei r  s t em s (1 7 types )  afte r  3 2 0 e p o c h s ,  a n d th e 

stron g participle s tha t  require d a  s t e m c h a n g e (2 4 types ) 

w e r e no t  full y  learned . 

te d becaus e i t  relie d o n th e lexico n t o inhibi t  th e short -

t e r m store ,  se e a b o v e ) ,  bu t  n o n e o f  th e stron g f o r m s w e r e 

p r o d u c e d correctly ,  n o mat te r  whe the r  the y c h a n g e d o r 

kep t  thei r  s t ems .  T h i s resul t  strongl y suppor t s th e dual -

isti c f r a m e w o r k w h i c h claim s tha t  regula r  ( w e a k )  parti -

ciple s ar e f o r m e d i n th e rul e pa t h bu t  irregular s (strong ) 

ar e p r o d u c e d wit h th e lexicon .  H o w e v e r ,  i n contras t  t o 

th e dualisti c f r a m e w o r k ,  th e n u m b e r  o f  correc t  regular s 

decrease d wi t h furthe r  tredning .  T h i s indicate d tha t  th e 
lexico n playe d a  rol e eve n i n th e product io n o f  s o m e w e a k 

f o r m s a t  late r  stage s o f  training .  A  close r  analysi s o f  thi s 

p h e n o m e n o n showe d tha t  withou t  th e lexico n s o m e parti -
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weuk verb s 
not  ch.inyin y strun y verb s 

chanyinj :  strnn y verb s 
mixe d verb s 

e;  4 0 

F i g u r e 4 :  P e r c e n t a g e s o f  th e participl e f o r m s tha t  w e r e 

p r o d u c e d correctl y w h e n th e lexico n w a s cu t  off .  InitiaJl y 

ove r  6 0 % o f  th e wea k form s wer e stil l  produce d correctly , 

but  non e o f  th e stron g verb s were .  Later ,  however ,  th e 

percentag e o f  correc t  regula r  form s decreased . 

cipl e stem s wer e changed ,  includin g thos e o f  wea k verbs . 

For  example ,  withou t  th e lexicon ,  th e participl e o f  th e 

weak hiipfe n (t o j ump )  wa s no t  produce d a s gehiipf t 

but  a s (ge)hupft ,  an d th e participl e o f  bewege n no t  a s 

bewegt ,  bu t  a s bewagt .  I n thes e cases ,  th e rul e pat h 

ha d forme d a  "defaul t  ste m change "  an d case s wher e 

thi s chang e di d no t  appl y (includin g wea k verb s wit h 

no chang e a t  cill )  wer e th e exceptio n an d wer e therefor e 

handle d b y th e lexicon . 

Still ,  withou t  th e lexico n m a n y o f  th e stron g an d mixe d 

verb s wer e overgenereJize d t o th e wea k form :  Fo r  abou t 

8 0 % o f  th e stron g verb s tha t  di d no t  chang e thei r  stems , 

2 5 % o f  th e stron g verb s tha t  di d chang e thei r  stems ,  an d 

3 0 % o f  th e mixe d verb s no w a  wea k participl e wa s pro -

duced ,  tha t  is ,  th e infinitiv e ste m wa s kep t  an d a  - t 

was sufRxed .  Fo r  example ,  th e participl e o f  nehme n (t o 

take )  whic h shoul d b e genomme n wa s no w (ge)nehm t  an d 

th e participl e o f  sei n (t o be )  wa s (ge)sein t  instea d o f 

gewesen .  Obviousl y th e networ k ha d detecte d th e cor -

relatio n betwee n no t  changin g th e ste m an d usin g th e - t 

suffix .  Thi s correlatio n existe d fo r  th e 5 2 wea k verb s (67 -

tokens) ,  whil e onl y 1 7 stron g verb s (3 8 tokens )  di d no t 

chang e thei r  stem s an d use d th e -e n suffi x an d onl y 7 

mixe d verb s ( 7 tokens )  di d chang e thei r  stem s an d use d 

th e - t  suffix . 

Th e fac t  tha t  th e wea k participl e wa s overgeneraUze d 

t o al l  othe r  form s verifie d computationall y tha t  thi s for m 

i s th e regula r  cas e i n th e G e r m a n ver b paradigm . 

Generalization GeneraUzation of the network model 

was teste d wit h 1 6 non-existin g nove l  verbs .  Fiv e o f 

thes e rhyme d wit h wea k verbs ,  tha t  is ,  the y activate d 

th e sam e uni t  a s a  wea k ver b o n th e lexico n (e.g .  tole n 

rhyme d wit h hole n an d pache n wit h wachen) .  Thre e 

tes t  verb s rhyme d wit h existin g mixe d verbs ,  thre e wit h 

stron g verb s tha t  kep t  thei r  stems ,  on e wit h a  stron g ver b 

tha t  change d it s stem ,  an d fou r  di d no t  rhym e wit h an y 

of  th e verbs . 

Th e nove l  verb s tha t  rhyme d wit h existin g verb s 

forme d thei r  participle s i n th e sam e way s a s th e exist -

in g verb s did :  nove l  verb s rhymin g wit h existin g wea k 

verb s wer e inflecte d a s weak ,  th e one s rhymin g wit h ex -

istin g stron g verb s a s strong ,  an d th e one s rhymin g wit h 

mixe d verb s wer e inflecte d a s mixed .  Thi s resul t  corres -

pond s t o psycholinguisti c data :  Olawsk y (1993 )  showe d 

tha t  th e inflectio n o f  nove l  verb s i s influence d b y rhymin g 

existin g verbs . 

Of  th e fou r  nove l  verb s tha t  di d no t  rhym e wit h an y o f 

th e existin g verbs ,  thre e wer e inflecte d a s wea k an d on e 

ha d n o participl e ending .  Thi s result ,  too ,  quahtativel y 

back s th e rule-associativ e memor y hypothesi s i n produ -

cin g th e regula r  participl e a s defaul t  whe n ther e ar e n o 

similaritie s t o existin g verbs . 

Discussion 

The results of our experiments show that the modular 

connectionis t  networ k mode l  wa s abl e t o successfull y 

lear n th e Germa n ver b paradigm ,  tha t  i t  generalize d 

t o nove l  verb s i n way s comparabl e t o psychoUnguisti c 

data ,  an d tha t  it s interne d representation s qualitativel y 

corresponde d t o th e rule-associativ e memor y hypothesi s 

(Pinker ,  1991) .  Furthermore ,  th e result s gav e compu -

tationa l  evidenc e tha t  th e wea k ver b clas s i s th e regula r 

clas s i n G e r m a n ver b inflection .  Ou r  mode l  deviate s fro m 

th e rule-associativ e m e m o r y hypothesi s i n tw o importan t 

aspects ,  however :  First ,  th e rul e pat h an d th e associativ e 

m e m o ry ar e no t  strongl y dissociate d fro m on e another , 

but  bot h ar e neede d t o produc e irregula r  an d mixe d 

verb s an d eve n som e o f  th e regula r  verbs .  Th e associat -

iv e m e m o r y i s neede d t o allo w fo r  ste m change s an d th e 

-e n endin g o f  th e irregula r  participles .  Regularitie s fo r 

nove l  verb s tha t  d o no t  rhym e wit h existin g verb s emerg e 

becaus e fo r  thes e verb s th e lexico n contribute s nothin g 

t o th e productio n o f  th e participle ,  resultin g i n th e short -

ter m stor e keepin g th e infinitiv e ste m an d addin g th e 

suffi x - t  .  Th e experiment s furthe r  sho w tha t  certcii n 

"micro-rules "  ar e incorporate d int o th e short-ter m pat h 

base d o n th e statistica l  regularitie s o f  th e input-outpu t 

phoneme mappings ,  resultin g i n certai n "default "  vowe l 

change s eve n fo r  regula r  verb s whe n th e lexico n i s cu t 

ofl- . 

Th e secon d diff"erenc e t o th e rule-associativ e memor y 

theor y i s tha t  i n ou r  mode l  n o rule s ar e har d wire d bu t 

bot h th e short-ter m stor e an d th e lexico n ar e entirel y 

connectionis t  subsystems .  Th e model' s architectur e i s 

not  specificall y adapte d t o represen t  th e characteristic s 

of  th e G e r m a n ver b system ,  an d it s rule-Uk e behavio r 

emerge s solel y throug h th e interactio n o f  th e short-ter m 

m e m o ry an d th e lexicon .  Thi s suggest s tha t  i n humans , 

also ,  rule-lik e behavio r  ca n emerg e withou t  expUci t  rule s 

bein g present . 
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C o n c l u s i o n 

Modelin g th e Germa n ver b paradig m wit h a  modula r 

neura l  networ k gav e evidenc e fo r  th e theor y tha t  tw o sub -

systems ,  a  rule-pat h ain d a n associativ e memory ,  migh t 

be involve d i n handlin g o f  thi s paradig m b y humans .  I n 

contras t  t o thi s theory ,  however ,  bot h path s worke d to -

gethe r  i n producin g man y ver b participles ,  an d regula r 

behavio r  emerge d withou t  rule s bein g har d wired . 

Our  mode l  ca n easil y b e extende d t o handl e ho -

mophones :  th e lexico n onl y nee d t o contai n non -

phonological ,  e.g. ,  semanti c information .  Thi s ca n b e 

achieve d b y addin g a  semanti c featur e m a p t o th e phon -

ologica l  m a p (se e Miikkulainen ,  1990) .  Also ,  th e fac t 

tha t  productio n o f  th e ge -  prefi x i n ou r  mode l  relie s o n 

th e lexico n an d no t  o n th e phonologica l  propertie s o f  th e 

ver b ca n b e avoide d b y controllin g th e short-ter m stor e 

fro m th e recurren t  hidde n laye r  o f  ou r  mode l  instea d o f 

fro m th e lexicon . 

I n principle ,  networ k model s wit h simila r  architecture s 
shoul d b e capabl e o f  handlin g al l  task s tha t  displa y de -

faul t  case s an d exceptions ,  fo r  example ,  scrip t  processin g 

and algorithmi c proble m solving .  Th e model ,  bein g abl e 

t o manipulat e symbols ,  migh t  eventujtll y  lea d t o a  unifie d 

theor y o f  symboli c an d sub-symboli c computing .  Thi s 

wil l  b e ou r  meii n directio n o f  futur e research . 
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