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Abst rac t 

Linguistic categories play a key role in virtu-
all y ever y theor y tha t  ha s a  bearin g o n huma n 
language .  Thi s pape r  present s a  connectionis t 
model  o f  grammatica l  categor y formatio n an d 
use,  withi n th e domai n o f  th e Germa n nomina l 
system .  Th e mode l  demonstrate s (1 )  ho w cate -
gorica l  informatio n ca n b e create d throug h co -
occurrenc e learning ;  (2 )  ho w grammatica l  cate -
gorizatio n an d inflectiona l  markin g ca n b e inte -
grate d i n a  singl e system ;  (3 )  ho w th e us e o f  co -
occurrenc e information ,  semanti c informatio n 
and surfac e featur e informatio n ca n b e usefull y 
combine d i n a  learnin g system ;  an d (4 )  ho w a 
computationa l  mode l  ca n scal e u p towar d sim -
ulatin g th e ful l  rang e o f  phenomen a involve d 
i n a n actua l  syste m o f  inflectiona l  morphology . 
Thi s is ,  t o ou r  knowledge ,  th e first  connection -
is t  mode l  t o simultaneousl y addres s al l  thes e 
issue s fo r  a  domai n o f  languag e acquisition . 

Introduction 

I n virtuall y ever y mode l  o f  languag e processing ,  th e 
notio n o f  linguisti c categor y play s a  ke y role .  Fo r 
example ,  syntacti c categorie s suc h a s nou n an d ver b 
ar e th e stuf f  o f  whic h sentenc e processin g i s though t 
t o b e made ;  grammatica l  categorie s suc h a s gende r 
and perso n ar e essentia l  t o th e co-ordinatio n o f  con -
jugationa l  an d declensiona l  paradigm s i n man y lan -
guages .  Linguisti c categorizatio n ha s thu s usuall y 
been a  cornerston e o f  thinkin g abou t  language . 

Thi s pape r  present s a  connectionis t  accoun t  o f 
how grammatica l  categorie s coul d b e forme d an d 
usefull y incorporate d int o processing .  Th e phe -
nomenon w e mode l  i s learnin g o f  grammatica l  gen -
der ,  withi n th e Germa n nomina l  system .  Thi s do -
mai n involve s coordinatio n o f  case ,  number ,  an d 
gende r  information ,  an d fo r  thi s reaso n ha s ofte n 
been regarde d a s a  challeng e t o model s o f  languag e 
acquisitio n (Maratso s an d Chalkley ,  1980 ;  Marat -
80S,  1982 ;  Pinker ,  1984) .  W e therefor e chos e thi s 
domai n a s a n excellen t  test-be d fo r  proposal s abou t 
cue-drive n learnin g an d categorization . 

A i m s a n d Relat io n t o P rev iou s W o r k 

A number of models of linguistic category acqui-
sitio n hav e previousl y bee n propose d (MacWhin -
ney,  1978 ;  Maratso s an d Chalkley ,  1980 ;  Pinker , 
1984) .  Th e simila r  account s i n (MacWhinney ,  1978 ) 
and (Pinker ,  1984 )  bot h involv e row -  an d column -
splittin g algorithm s tha t  operat e o n a  dat a struc -
tur e representin g th e paradig m fo r  th e Germa n def -
init e article .  However ,  thes e matrix-manipulatio n 
operation s ar e rathe r  a d ho c i n nature ;  problem s 
wit h thes e account s ar e discusse d i n mor e detai l 
i n (MacWhinney ,  1991) .  Th e accoun t  i n (Marat -
sos an d Chalkley ,  1980 )  an d (Maratsos ,  1982) ,  whil e 
intuitivel y appealing ,  ha s no t  bee n specifie d i n com -
putationall y precis e form . 

The ai m o f  th e presen t  researc h wa s t o provid e a 
computationa l  accoun t  o f  th e formatio n o f  th e gram -
matica l  categor y o f  gende r  i n German ,  an d o f  ho w 
thi s categorica l  informatio n coul d b e usefull y em -
ploye d i n languag e processin g an d acquisition ,  with -
out  relianc e o n th e kind s o f  a d ho c mechanism s spec -
ifie d i n th e earlie r  MacWhinney-Pinke r  account .  W e 
aimed ,  moreover ,  t o mak e thi s computationa l  inves -
tigatio n withi n a  connectionis t  framework . 

Previou s wor k b y th e secon d autho r  an d col -
league s ha s presente d a  computationa l  mode l  o f 
th e acquisitio n o f  th e Germa n definit e articl e 
(MacWhinney ,  Leinbach ,  Taraba n an d McDonald , 
1989;  Taraban ,  McDonal d an d MacWhinney ,  1989) . 
As wil l  b e discusse d i n mor e detai l  i n th e final  sec -
tion ,  th e presen t  wor k achieve s severa l  significan t 
advance s ove r  th e earlie r  model ,  whil e als o replicat -
in g th e earlie r  results . 

The German Nominal System 

The syste m o f  grammatica l  gende r  i n Germa n as -
sign s ever y nou n t o on e o f  thre e gende r  categories : 
masculine ,  feminine ,  o r  neuter .  Th e grammatica l 
gende r  assigne d t o a  nou n wil l  i n genera l  hav e littl e 
t o d o wit h th e se x o f  it s referent .  Fo r  example ,  th e 
noun Fraulein ,  meanin g "youn g lady" ,  ha s neute r 
gender ,  whil e th e nou n Polizei ,  meanin g "police" , 
has feminin e gender . 
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Case 
Nominativ e 
Genitiv e 
Dativ e 
Accusativ e 

Singula r 
Masc 

der 
des 
dem 
den 

Fem 
di e 
der 
der 
di e 

Neut 
das 
des 
dem 
das 

Plu r 

di e 
der 
den 
di e 

Tabl e 1 :  Gender ,  numbe r  an d cas e paradig m fo r  th e 
G e r m an definit e article . 

As show n i n Tabl e 1 ,  th e correc t  definit e articl e 
fo r  us e wit h a  give n nou n depend s o n th e gende r  o f 
th e noun ,  an d o n th e cas e an d numbe r  i n whic h th e 
nou n i s  used .  Potentiedly ,  thi s lead s t o 2 4 cell s i n 
th e paradig m ( 4 cas e possibilitie s x  3  gende r  possi -
bilitie s X  2  numbe r  possibilities) .  However ,  gende r 
i s no t  relevan t  i n th e plura l  number ,  an d s o ther e 
ar e onl y 1 6 cell s i n th e paradigm .  A s ther e ar e onl y 
si x distinc t  definit e article s {der ,  die ,  das ,  des ,  dem , 
den) ,  a  particula r  articl e obviousl y ca n an d doe s ap -
pear  i n mor e tha n on e cell . 

Th e ste m o f  a  nou n undergoe s variou s inflectiona l 
modification s accordin g t o th e cas e an d numbe r  con -
tex t  i n whic h i t  i s  used ,  an d als o dependin g o n it s 
gender .  Possibl e inflectiona l  change s includ e um -
lautin g o f  a  vowe l  i n th e stem ,  an d variou s suffix -
atio n processes ,  wit h voicin g o f  a  final  consonan t 
accompanyin g certai n suffixes .  Thes e change s ar e 
discusse d i n mor e detai l  i n (Mugdan ,  1977) . 

The Model 

T h e architectur e o f  th e mode l  i s  show n i n Fig -
ur e 1 .  Essentially ,  thi s i s  a  connectionis t  architec -
ture ,  thoug h wit h som e departure s fro m wha t  i s 
most  typica l  o f  suc h models .  Th e overal l  syste m 
consist s o f  thre e networks ,  describe d below :  a  cate -
gorizatio n network ,  a n article-learnin g network ,  an d 
a stem-modification-leamin g network . 

Categorization Network 

T h e categorizatio n networ k i s show n i n th e regio n 
marke d 1  i n Figur e 1 .  I t  constitute s a  mechanis m 
tha t  learn s t o categoriz e articles ,  base d o n thei r  co -
occurrenc e wit h cas e an d numbe r  information .  Thi s 
take s th e for m o f  a  competitiv e learnin g networ k 
(Rumelhar t  an d Zipser ,  1986 )  whos e input s ar e th e 
representation s o f  ceise ,  number ,  an d th e article , 
an d whos e outpu t  respons e i s a  patter n ove r  th e 
"Winner-Take-AU "  laye r  tha t  identifie s tha t  caise -
number-articl e combination . 

We hav e assume d tha t  ther e i s a  "lexicon" ,  con -
sistin g o f  "lexica l  representations "  o f  nou n stems^ . 

For  ou r  curren t  purposes ,  a  "lexica l  entry "  com -
prise s informatio n abou t  bot h th e phonolog y o f  th e 
nou n an d th e co-occurrenc e relation s i n whic h th e 
nou n ha s participated .  I n th e presen t  case ,  thi s 
latte r  informatio n i s limite d t o co-occurrence s wit h 
particula r  articles .  W e assum e tha t  th e categoriza r 
tio n response s o f  th e competitiv e learnin g networ k 
shap e th e par t  o f  th e lexica l  representatio n o f  th e 
nou n tha t  store s co-occurrenc e information .  Ove r 
time ,  thi s lexica l  informatio n come s t o b e a  trac e o f 
whic h article s hav e occurre d wit h th e nou n i n whic h 
cas e an d number .  Thes e encoding s constitut e th e 
noun' s co-occurrenc e history . 

Ther e ar e fourtee n possibl e distinc t  combina r 
tion s o f  Case ,  Numbe r  an d Articl e tha t  ca n occur . 
Thes e are :  Nom-Sing-de r  (Nominative-Singular -
der) ,  Gen-Sing-des ,  Dat-Sing-dem ,  Acc-Sing-den , 
Nom-Sing-die ,  Gen-Sing-der ,  Dat-Sing-der ,  Acc -
Sing-die ,  Nom-Sing-das ,  Acc-Sing-das ,  Nom-Plur -
die ,  Gen-Plur-der ,  Dat-Plur-den ,  an d Acc-Plur-die . 

Competitiv e learnin g result s i n single ,  specifi c 
unit s i n th e Winner-Take-Al l  laye r  respondin g t o 
eac h possibl e combination .  Not e tha t  th e Winner -
Take-A U laye r  consists ,  no t  o f  exactl y fourtee n pre -
determine d units ,  bu t  o f  a n arbitrar y numbe r  o f 
unit s (w e use d 50) .  Nevertheless ,  th e unsupervise d 
competitiv e learnin g algorith m result s i n ther e be -
in g fourtee n unit s tha t  com e t o "recognize "  th e four -
tee n possibl e combinations^ . 

Onl y certai n combination s o f  case ,  numbe r  an d 
articl e wil l  co-occu r  wit h a  nou n o f  a  particula r 
gender .  Fo r  example ,  fo r  a  Feminin e nou n suc h 
as Frau ,  onl y th e combination s Nom-Sing-die ,  Gen -
Sing-der ,  Dat-Sing-der ,  Acc-Sing-die ,  Nom-Plur -
die ,  Gen-Plur-der ,  Dat-Plur-den ,  an d Acc-Plur-di e 
wil l  b e observed ;  Feminine s wil l  no t  co-occu r  wit h 
Nom-Sing-de r  o r  Gen-Sing-der .  Thus ,  a  certai n se t 
of  combination s o f  case ,  numbe r  an d articl e wil l  co -
occu r  wit h Feminin e nouns ,  a  differen t  se t  wit h Mas -
culin e nouns ,  an d a  differen t  se t  fo r  Neute r  nouns . 

I t  i s  importan t  t o not e tha t  article s ar e ho -
mophonous .  Fo r  example ,  de r  i s used *  wit h bot h 
Masculin e an d Feminin e nouns .  Occurrenc e o f  a 
particula r  articl e wit h a  particula r  nou n therefor e 
does no t  provid e sufficien t  informatio n t o determin e 
th e noun' s gende r  (excep t  fo r  th e articl e das) .  Th e 
set  o f  al l  article s tha t  ca n occu r  wit h a  particula r 
nou n doe s provid e sufficien t  informatio n t o encod e 
gende r  uniquely .  S o als o doe s th e se t  o f  al l  possibl e 
combination s o f  case ,  numbe r  an d article .  However , 
i f  onl y par t  o f  th e pareuiig m fo r  a  nou n ha s bee n ob -

^Although ,  fo r  convenience ,  w e hav e depicte d th e 
lexico n a s a n array-lik e dat a structure ,  w e envisag e i t 
as a  collectio n o f  topographicall y organize d maps .  W e 
hav e no t  attempte d t o implemen t  thi s lexica l  organiza -
tion ;  however ,  wor k b y Mikkulainne n ha s demonstrate d 

ho w suc h a  distribute d lexico n coul d b e forme d (Miikku -
lainen ,  1990) . 

^Th e classificatio n i s sometime s int o thirtee n rathe r 
tha n fourtee n categories ,  wit h th e combination s Nom-
Sing-da s an d Acc-Sing-da s bein g groupe d int o a  singl e 
category .  However ,  thi s doe s no t  affec t  th e usefulnes s 
of  th e categorization s t o b e discusse d i n th e sectio n o n 
"Simulation s an d Results" . 
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EXICON 
NOUN STEMS 

Figur e 1 :  Architectur e o f  th e mode l  use d i n simulations . 

served ,  the n a  recor d o f  th e observe d case-number -
articl e combination s i s a  mor e robus t  encodin g o f 
gende r  tha n a  recor d o f  onl y th e observe d articles . 

I n th e model ,  th e co-occurrenc e histor y fo r  a  par -
ticula r  nou n ste m i s forme d i n th e followin g way . 
The categorizatio n response s fo r  eac h case-number -
articl e combinatio n observe d wit h th e ste m ar e addi -
tivel y encode d i n th e "co-occurrenc e history" .  Thi s 
additiv e encodin g involve s th e arithmeti c additio n 
of  th e patter n o f  activatio n evoke d ove r  th e Winner -
Take-Al l  laye r  t o th e co-occurrenc e histor y par t  o f 
th e nou n stem' s lexica l  representation .  A s succes -
siv e categorizatio n response s ar e adde d t o a  partic -
ula r  noun' s co-occurrenc e history ,  additiona l  unit s 
i n th e co-occurrenc e histor y com e t o b e active .  Re -
cal l  tha t  th e set s o f  case-number-articl e combina -
tion s tha t  ca n co-occu r  wit h noun s o f  differen t  gen -
der  ar e different .  Therefore ,  differen t  set s o f  unit s 
wil l  com e t o b e activ e i n th e co-occurrenc e histor y 
of  stem s o f  differen t  gender .  I n othe r  words ,  th e 
lexica l  co-occurrenc e histor y come s t o for m a  dis -
tribute d representatio n o f  th e grammatica l  gende r 
of  th e stem . 

Article-learning and 

Modif icat ion- learnin g N e t w o r k s 

The article-learnin g an d modification-learnin g net -
work s ar e show n i n th e region s marke d 2  an d 3  i n 
Figur e 1 .  Thes e network s togethe r  mode l  th e pro -
ces s b y whic h th e chil d coul d lear n t o us e th e cue s o f 
Case,  Number ,  th e phonolog y o f  th e noun ,  an d it s 
co-occurrenc e history ,  t o predic t  th e correc t  article , 

as wel l  a s t o produc e th e correcte d inflecte d for m o f 
th e nou n stem .  I n wha t  follows ,  w e wil l  sometime s 
refe r  t o th e combinatio n o f  th e article-learnin g net -
wor k an d th e modification-learnin g networ k a s th e 
inflectiona l  system . 

Eac h o f  thes e tw o network s i s a  typica l  three-laye r 
connectionis t  architecture ,  whos e input s ar e repre -
sentation s o f  th e noun' s case ,  number ,  phonolog y 
an d co-occurrenc e history .  Cas e i s represente d b y 
an 8-bi t  vecto r  i n whic h eac h o f  th e fou r  cas e pos -
sibilitie s i s code d fo r  b y tw o bits .  N u m b e r  i s rep -
resente d b y a  4-bi t  vecto r  i n whic h eac h o f  th e tw o 
number  possibilitie s i s encode d i n tw o bits .  T h e 
phonologica l  inpu t  i s a  216-bi t  vecto r  consistin g o f 
phonologica l  distinctiv e featur e representation s o f 
eac h phon e i n th e nou n stem ;  fo r  furthe r  detail s 
of  th e phonologica l  representation ,  th e reade r  i s re -
ferre d t o (MacWhinne y e t  al. ,  1989) .  T h e hidde n 
laye r  o f  eac h o f  thes e tw o network s comprise s 6 0 
units . 

T h e outpu t  o f  th e article-learnin g networ k i s a 
representatio n o f  th e correc t  article .  Thi s represen -
tatio n i s a  12-bi t  vecto r  i n whic h tw o bit s encod e 
eac h o f  th e si x possibl e articles . 

T h e output s o f  th e modification-learnin g networ k 
ar e th e appropriat e modification s tha t  mus t  b e 
m a de t o a  nou n stem ,  fo r  a  particula r  case ,  numbe r 
an d gender .  T h e nin e possibl e ste m modification s 
are :  umlautin g o f  a  vowel ;  additio n o f  on e o r  mor e 
of  th e suffixe s -e ,  -n ,  -s ,  -r ,  -ina ,  -se ,  an d -ien ;  an d 
voicin g o f  th e final  consonan t  i n certai n case s o f  suf -
fixation .  T h e outpu t  i s  represente d a s a  9-bi t  vecto r 
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wit h on e bi t  encodin g eac h o f  th e nin e modifications . 
Not e tha t  mor e tha n on e o f  thes e modification s 

may b e applicabl e t o a  particula r  nou n ste m i n a 
particula r  cas e an d number^ .  Th e primar y determi -
nant s o f  th e correc t  se t  o f  nomina l  marking s give n a 
particula r  cas e an d numbe r  includ e (i )  gender ,  (ii ) 
th e detail s  o f  th e phonologica l  for m o f  th e stem ,  an d 
(iii )  a  variet y o f  semanti c feature s whic h ar e no t  in -
clude d i n th e presen t  model .  A  complet e linguisti c 
analysi s o f  thi s syste m ca n b e foun d i n (Mugdan , 
1977) . 

As a n exampl e o f  training ,  suppos e tha t  th e 
phras e di e Manner ,  meanin g "th e men "  (nomina r 
tiv e plural) ,  ha s bee n "heard" .  Th e input s t o bot h 
th e article-learnin g networ k an d th e modification -
learnin g networ k ar e pattern s o f  activatio n rep -
resentin g Nominativ e case ,  Plura l  number ,  th e 
phonolog y o f  th e nou n ste m Mann ,  an d th e co -
occurrenc e histor y o f  article s wit h th e ste m Mann . 
The article-learnin g networ k i s traine d t o associat e 
thes e item s o f  informatio n wit h th e articl e i t  ha s 
observe d {die) .  A t  th e sam e time ,  th e modification -
learnin g networ k i s traine d t o associat e thes e sam e 
input s wit h th e inflectiona l  change s tha t  mus t  b e 
made t o th e ste m Mann ,  viz. ,  umlautin g o f  th e 
vowel ,  an d suffixatio n o f  -er . 

Simulations and Results 

I n th e absenc e o f  detaile d informatio n abou t  th e lin -
guisti c inpu t  availabl e t o childre n learnin g German , 
we hav e base d ou r  dat a set s o n a  corpu s o f  ove r 
80,00 0 word s fro m adul t  Germa n usag e (Wangler , 
1963) .  Fro m thi s corpus ,  w e selecte d (o n th e ba -
si s o f  frequency)  2,09 4 inflecte d form s o f  1,23 4 nou n 
stem s a s th e trainin g dat a set ,  an d anothe r  31 5 in -
flected  form s a s a  tes t  dat a set . 

Each tria l  involve d presentatio n o f  inpu t  repre -
sentin g on e o f  th e 2,09 4 trainin g pattern s t o th e 
categorization ,  article-learnin g an d modification -
learnin g networks^ .  On e epoc h consiste d o f  a  tria l 
fo r  eac h o f  th e 209 4 word s i n th e trainin g set . 

Durin g training ,  th e article-learnin g networ k wa s 
traine d t o produc e th e articl e appropriat e fo r  th e 
presente d word ,  whil e th e modification-learnin g net -
wor k wa s traine d t o produc e th e ste m modification s 

Epoch 

5 
10 
15 
20 

% error s in :  | 
NOM 

1 % 

0 % 
0 % 
0 % 

Gen 
31 % 
2 2 % 
10 % 
6 % 

DAT 
3 % 
1 % 
0 % 
0 % 

Ace 
10 % 
1 % 
0 % 
0 % 

^Not e als o that ,  althoug h th e tota l  numbe r  o f  possi -
bl e modification s i s small ,  selectio n o f  th e appropriat e 
set  o f  modification s fo r  a  give n ste m i n eac h o f  th e th e 
eigh t  cell s o f  th e declensio n (i.e. ,  i n eac h o f  th e eigh t 
poesibl e case-numbe r  combinations )  involve s a  comple x 
set  o f  conditions .  Germa n ha s a  larg e numbe r  o f  de -
clensiona l  classe s wit h differen t  assignment s acros s thes e 
eigh t  cells ,  wit h eac h clas s compose d o f  man y subgroups , 
partia l  regnlarities ,  an d list s  o f  exceptions . 

*As note d previously ,  thes e input s wer e representa r 
tion s o f  th e Case ,  Number ,  ste m phonology ,  an d ste m 
co-occurrenc e history .  Durin g training ,  th e correc t  arti -
cl e an d ste m modification s wer e als o presented ,  wherea s 
durin g testing ,  the y wer e no t  presented . 

Tabl e 2 :  Percentag e o f  error s mad e b y th e article -
learnin g networ k i n variou s cas e context s ove r  th e 
first  2 0 epoch s o f  training .  NoM=Nominative , 
GEN=Genitive ,  DAT=Dative ,  Acc=Accusative . 

appropriat e fo r  th e presente d word .  I n bot h cases , 
trainin g wa s vi a th e back-propagatio n learnin g algo -
rith m (Rumelhar t  e t  al. ,  1986a) .  Synchronously ,  o n 
each trial ,  th e categorizatio n networ k wa s traine d 
t o categoriz e th e co-occurrenc e o f  Case ,  Number 
and Article ,  vi a th e competitiv e learnin g algorith m 
(Rumelhar t  an d Zipser ,  1986) .  Thi s categorizatio n 
respons e wa s additivel y encode d i n th e lexica l  rep -
resentatio n o f  th e nou n stem ,  a s describe d i n th e 
sectio n discussin g th e categorizatio n network .  A s a 
result ,  o n nex t  acces s o f  th e lexica l  representatio n 
of  thi s stem ,  th e modifie d co-occurrenc e histor y be -
came available . 

Simulatio n 1  via s ru n exactl y a s describe d above . 
The article-learnin g networ k learne d t o produc e th e 
correc t  articl e fo r  al l  209 4 pattern s i n th e train -
in g se t  i n 6 6 epoch s o f  training .  Th e modification -
learnin g networ k learne d t o produc e th e correc t 
ste m inflection s i n 6 8 epoch s o f  training . 

The type s o f  error s mad e b y th e article-learnin g 
networ k a t  earl y stage s i n learnin g (ove r  th e first 
20 epochs )  paralle l  thos e mad e b y Germa n childre n 
learnin g thi s paradigm .  First ,  th e networ k learne d 
al l  nominativ e form s withi n 5  epoch s o f  trainin g (se e 
Tabl e 2) ,  whic h correspond s t o childrens '  earl y ac -
quisitio n o f  th e nominative .  Second ,  th e networ k 
made error s o n a n averag e 1 7 % o f  genitiv e form s 
per  epoc h ove r  th e first  2 0 epochs ,  whic h corre -
spond s t o childrens '  delaye d acquisitio n o f  th e gen -
itive .  Bot h o f  thes e result s ca n b e explaine d i n 
term s o f  th e fac t  tha t  ou r  trainin g se t  incorporate d 
approximatel y th e real-worl d percentage s o f  occur -
renc e o f  variou s case s (40 % fo r  nominatives ,  10 % fo r 
genitives) .  Third ,  th e respons e produce d b y th e net -
wor k wa s ofte n belo w threshol d fo r  an y o f  th e pos -
sibl e articles ,  whic h correspond s t o childrens '  omis -
sio n o f  articles .  Fourth ,  th e mos t  common erro r  wa s 
productio n o f  de r  fo r  de s fo r  masculin e an d neute r 
noun s i n th e genitiv e singular ,  whic h woul d hav e 
been correc t  ha d th e nou n bee n o f  feminin e gende r 
(se e Tabl e 1) .  Thi s ca n b e interprete d a s parallelin g 
th e child' s overgeneralization s o f  a  particula r  gen -
der .  Thes e aspect s o f  childrens '  error s o n th e def -
init e articl e ar e discusse d i n (MacWhinney ,  1978 ) 
and (Mills ,  1986) . 

To tes t  generalizatio n abilities ,  w e examine d th e 
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response s o f  th e network s t o pattern s o n whic h the y 
had no t  bee n trained .  Th e testin g se t  o f  31 5 form s 
consiste d o f  17 5 form s representin g stem s th e net -
work s ha d bee n traine d o n i n othe r  case-numbe r 
context s {familiar-ste m tests) ,  an d 14 0 form s repre -
sentin g stem s th e networ k ha d no t  bee n expose d t o 
at  al l  {novel-ste m tests) .  Onc e th e article-learnin g 
networ k ha d learne d th e trainin g se t  wit h 1 0 0 % ac -
curacy ,  i t  produce d a n incorrec t  articl e o n onl y 7 
of  th e 17 5 familiar-ste m tes t  form s ( 4 % erro r  rate) , 
and o n onl y 1 4 o f  th e 14 0 novel-ste m tes t  form s 
(10 % erro r  rate)* .  Similarly ,  onc e th e modification -
learnin g networ k ha d learne d th e trainin g se t  t o 
criterion ,  i t  produce d correc t  modification s o n 25 7 
of  th e 31 5 generalizatio n tes t  form s ( 8 2 % correc t 
genersdization) .  Thus ,  bot h th e article-learnin g an d 
modification-learnin g network s exhibite d a  substan -
tia l  capacit y fo r  bot h kind s o f  generalization . 

Co-occurrenc e informatio n wa s create d a s de -
scribe d i n th e sectio n discussin g th e categorizatio n 
network ;  i t  categorize d stem s accordin g t o gender . 
To examin e th e usefulnes s o f  thi s information ,  w e 
ra n a  simulatio n (Simulatio n 2 )  i n whic h th e co -
occurrenc e informatio n wa s no t  provide d t o th e 
article-learnin g an d modification-learnin g networks . 
Thi s simulatio n wa s i n ever y othe r  respec t  identica l 
t o th e on e previousl y described . 

I n Simulatio n 2 ,  i t  too k 80 0 epoch s fo r  th e article -
learnin g networ k t o lear n t o produc e th e correc t 
articl e fo r  al l  item s i n th e trainin g set .  Thi s i s 
significantl y wors e performanc e tha n tha t  i n Sim -
ulatio n 1  (error-fre e productio n o f  th e articl e i n 6 6 
epoch s o f  training) .  Furthermore ,  th e error s m a d e 
by th e article-learnin g networ k a t  earl y point s i n 
trainin g durin g Simulatio n 2  wer e mostl y o n nomi -
nativ e forms .  Thi s i s quit e unlik e th e developmenta l 
cours e observe d i n children ,  an d als o unlik e Simula -
tio n 1 .  I n Simulatio n 2 ,  i t  too k 11 7 epoch s fo r  th e 
modification-learnin g networ k t o lear n t o produc e 
ste m modification s correctl y fo r  th e entir e trainin g 
set .  Thi s compare s wit h 6 8 epoch s i n Simulatio n 1 . 

Thes e comparison s betwee n Simulation s 1  an d 2 
demonstrat e tha t  th e categorica l  grammatica l  gen -
der  informatio n tha t  develop s i s genuinel y usefu l  fo r 
processing ,  an d highlight s th e fac t  tha t  th e explici t 
re-representatio n o f  informatio n m a y b e a n impor -
tan t  techniqu e fo r  model s develope d withi n th e over -
al l  connectionis t  framework . 

Discussion 

The us e o f  a  separat e competitiv e learnin g networ k 
appear s t o captur e importan t  categorizatio n effect s 

*  Non-erroneou s response s consiste d o f  eithe r  produc -
tio n o f  th e correc t  articl e (78 % an d 5 8 % fo r  familiar -  an d 
novel-ste m generalization ,  respectively) ,  o r  omissio n o f 
th e articl e altogethe r  (18 % an d 3 2 % fo r  familiar -  an d 
novel-ste m generalization ,  respectively) . 

i n th e proces s o f  learnin g th e G e r m a n article .  T h e 
questio n arises ,  however ,  o f  whethe r  suc h process -
in g ha s applicabilit y  outsid e th e presen t  domain .  I n 
thi s connection ,  i t  i s  interestin g t o not e tha t  th e hip -
pocampu s ha s bee n hypothesize d t o creat e orthogo -
nalize d episodi c encoding s (McClellan d e t  al. ,  1992) , 
whic h i s ver y simila r  t o th e notio n o f  encodin g co -
occurrence s i n th e presen t  categorizatio n network . 
Th e sam e genera l  categorizatio n mechanism s poten -
tiall y  als o provid e a  basi s fo r  th e encodin g o f  variou s 
regularitie s an d sub-groupings .  Fo r  example ,  fo r  th e 
G e r m an nomina l  inflectio n system ,  suc h a  mecha r 
nis m coul d lea d t o lexica l  encoding s o f  th e pluraliza -
tio n paradig m clas s o f  th e nou n stem .  Similarly ,  fo r 
a languag e suc h a s Hungarian ,  co-occurrence s coul d 
lea d t o encodin g o f  th e vowe l  harmon y clas s o f  th e 
stem .  Thu s mechanism s ver y simila r  t o wha t  w e 
propos e may ,  i n fact ,  pla y a n importan t  an d quit e 
generj J rol e i n learnin g an d m e m o r y processes . 

We hav e hard-wire d th e categorizatio n networ k t o 
receiv e onl y exactl y th e input s tha t  wer e expecte d 
t o b e powerfull y predictiv e o f  gender ,  namely .  Case , 
Number  an d Phonology .  A t  presen t  w e d o no t  hav e 
a satisfactor y answe r  t o thi s criticism ,  excep t  t o not e 
tha t  thi s criticis m i s probabl y partiall y  applicabl e 
t o almos t  an y mode l  tha t  make s assumption s abou t 
inpu t  an d outpu t  information .  Furthe r  wor k woul d 
be neede d t o determin e th e performanc e o f  th e cat -
egorizatio n networ k unde r  condition s o f  nois y an d 
extraneou s data . 

As mentione d a t  th e beginnin g o f  thi s paper , 
previou s wor k b y th e secon d autho r  (MacWhinne y 
et  al. ,  1989 )  ha s addresse d som e o f  th e sam e issue s 
as th e presen t  model .  Thi s earlie r  wor k presente d 
a computationa l  mode l  tha t  learne d th e definit e ar -
ticl e i n Ge rma n withou t  rules ,  an d whic h matche d 
th e developmenta l  data .  T h e presen t  mode l  als o 
use s a  cue-drive n syste m t o matc h th e developmen -
ta l  sequenc e o f  articl e learnin g observe d i n G e r m a n 
children . 

However ,  i n achievin g ou r  ai m o f  modelin g th e 
formatio n an d utilizatio n o f  grammatica l  gende r  i n 
German,  w e fee l  w e hav e m a d e th e followin g ad -
ditional ,  significant ,  demonstrations ,  non e o f  whic h 
was addresse d b y th e (MacWhinne y e t  al. ,  1989 ) 
model . 

First ,  w e hav e demonstrate d h o w categorica l  in -
formatio n ca n b e create d throug h co-occurrenc e 
learning ,  mad e avat7a6/ e i n explici t  distribute d form , 
an d usefull y utilize d b y othe r  part s o f  th e processin g 
system .  Th e categorization s create d b y th e compet -
itiv e learnin g networ k i n ou r  mode l  i n effec t  con -
struc t  th e paradig m fo r  th e G e r m a n definit e article , 
but  withou t  relianc e o n th e problemati c row -  an d 
column-splittin g mechanism s i n th e MacWhinney -
Pinke r  accoun t  (MacWhinney ,  1978 ;  Pinker ,  1984) . 
We hav e show n ho w th e encodin g o f  thes e catego -
rization s i n th e lexico n ca n lea d t o classificatio n o f 
noun s b y gender .  W e hav e als o show n tha t  thi s 
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gender/co-occurrenc e informatio n i s  usefu l  i n th e 
processe s o f  learnin g th e inflectiona l  system . 

Second ,  w e hav e combine d th e tas k o f  learnin g 
th e G e r m a n definit e article ,  examine d previousl y i n 
(MacWhinne y e t  al. ,  1989) ,  wit h th e tas k o f  learn -
in g t o inflec t  th e nou n ste m tha t  th e articl e ac -
companies .  Thi s i s a  significan t  extensio n ove r  th e 
earlie r  model ,  bot h i n term s o f  coverag e o f  linguis -
ti c  phenomena ,  an d i n term s o f  integratio n o f  dif -
fertn t  kind s o f  processin g (grammatica l  categoriza -
tion ,  an d inflectiona l  marking) .  W e ar e no t  awar e 
of  an y previou s computationa l  mode l  o f  th e presen t 
domai n tha t  combine s thes e processes . 

Third ,  w e hav e demonstrate d th e integratio n o f 
vauriou s type s o f  informatio n tha t  hav e bee n re -
garde d a s importan t  i n languag e learning ,  viz. , 
co-occurrenc e informatio n (co-occurrenc e o f  Case , 
Number  an d Article) ,  semanti c informatio n (th e se -
manticall y base d notion s o f  Cas e an d Number) ,  an d 
surfac e feature s (phonologica l  information) ,  an d w e 
hav e show n ho w thes e type s o f  informatio n ca n b e 
usefull y combine d i n a  learnin g system .  I n effect ,  w e 
hav e devise d a  computationa l  implementatio n o f  th e 
typ e o f  learnin g propose d i n (Maratso s an d Chalk -
ley ,  1980) .  T o th e bes t  o f  ou r  knowledge ,  suc h a n im -
plementatio n ha s no t  previousl y bee n constructed . 

Fourth ,  w e believ e tha t  i t  i s  vita l  fo r  cognitiv e 
modelin g o f  languag e t o scal e u p t o dealin g wit h 
realisticall y size d dat a sets ,  becaus e i t  i s  onl y the n 
tha t  linguisti c regularitie s an d sub-regularitie s re -
all y emerge .  Ou r  simulation s use d ove r  120 0 nou n 
stem s i n ove r  200 0 inflecte d forms .  W e fee l  tha t 
thi s step s beyon d th e real m o f  a  toy-size d model , 
an d thu s constitute s th e beginning s o f  a n impor -
tan t  demonstratio n o f  realisti c robustness .  I t  als o 
represent s a  substantia l  scalin g u p fro m th e mode l 
i n (MacWhinne y e t  al. ,  1989) ,  whic h use d a  trainin g 
corpu s consistin g o f  30 5 inflecte d form s o f  10 2 nou n 
sterns^ . 

I n conclusion ,  th e presen t  wor k offer s th e first 
computationa l  accoun t  o f  th e synthesi s o f  variou s 
kind s o f  informatio n tha t  hav e bee n regarde d a s im -
portan t  i n languag e leaning .  I t  als o suggest s ho w 
grammatica l  categorie s coul d develo p an d consti -
tut e usefu l  processin g information .  Finally ,  thi s re -
searc h begin s t o addres s question s abou t  th e abilit y 
of  model s o f  languag e acquisitio n t o scal e u p t o deal -
in g wit h mor e realisti c data . 

*We hav e limite d ou r  dat a se t  t o approximatel y 2,00 0 
trainin g forms ,  i n orde r  t o reduc e th e tim e require d t o 
ru n a  simulation .  (Large r  trainin g set s woul d mea n mor e 
stimul i  pe r  epoch ,  bu t  woul d no t  affec t  th e computa -
tiona l  tractabilit y  o f  th e simulation) .  However ,  i t  i s no t 
clea r  a t  wha t  trainin g se t  siz e al l  th e basi c regularitie s 
and pattern s wil l  b e represente d i n th e inpu t  set .  W e 
therefor e conside r  i t  importan t  t o examin e th e effec t  o f 
furthe r  increase s i n trainin g se t  size . 
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