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Th e Universit y o f  Texa s a t  Austi n 

Austin ,  T X 7871 2 U S A 
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Abstrac t 

The emerging function of verb inflections in German lem-
guag e acquisitio n i s modele d wit h a  connectionis t  net -
work .  A  networ k tha t  i s  initiall y  presente d onl y wit h 
a semanti c representatio n o f  sentence s use s th e inflec -
tiona l  ver b endin g - t  t o mar k thos e sentence s tha t  ar e 
lo w i n transitivity ,  wherea s al l  othe r  ver b ending s oc -
cur  randomly .  Thi s behavio r  matche s a n earl y stag e i n 
Germci n languag e acquisitio n wher e ver b ending s encod e 
a simila r  semanti c rathe r  tha n a  grammatica l  function . 
W h en informatio n abou t  th e siufac e structur e o f  th e 
sentenc e i s adde d t o th e inpu t  data ,  th e networ k learn s 
t o us e th e correc t  ver b inflection s i n a  proces s ver y sim -
ila r  t o children' s learning .  Thi s secon d phas e i s facili -
tate d b y th e semeinti c phase ,  suggestin g tha t  ther e i s n o 
shif t  fro m semanti c t o grammatica l  encoding ,  bu t  rathe r 
an extensio n o f  th e initia l  semanti c encodin g t o includ e 
grammatice J information .  Thi s ca n b e see n a s evidenc e 
fo r  th e stron g versio n o f  th e functionaUs t  hypothesi s o f 
languag e acquisition . 

Introduction 

I t  i s  widel y assume d i n th e stud y o f  languag e acquisitio n 
tha t  children' s earl y speec h i s no t  base d o n a n encodin g 
of  grammatica l  relation s (suc h a s subjec t  an d object )  bu t 
semanti c propertie s (suc h a s agen t  an d patient ;  se e e.g . 
Bate s an d MacWhinney ,  1979 ;  Slobin ,  1981 ;  M a c W h i n -
ney ,  1987) .  T h e childre n generall y us e th e sam e cod -
in g element s foun d i n adul t  speec h (suc h a s inflectiona l 
ver b endings ,  cas e markers ,  an d wor d order )  fo r  encodin g 
semanti c properties ,  an d therefor e ofte n produc e gram -
maticall y incorrec t  utterance s tha t  ar e nevertheles s con -
sisten t  fro m th e semanti c viewpoint .  Fo r  example ,  Clah -
sen (1986 )  showe d tha t  G e r m a n childre n initiall y  us e th e 
inflectiona l  ver b endin g - t  t o encod e lo w transitivit y o f 
a sentence .  Onl y a t  late r  stage s o f  languag e ax;quisitio n 
the y discove r  th e notio n o f  grammatica l  subject ,  whic h 
enable s the m t o us e th e - t  i n it s  correc t  functio n t o 
encod e a  thir d perso n singula r  o r  secon d perso n plura l 
subject . 

T h e goa l  o f  thi s stud y i s t o giv e a  computationa l  ac -
coun t  fo r  thi s phenomeno n usin g a  connectionis t  model . 
T h e mode l  i s traine d t o m a p a  sentenc e representatio n t o 
th e appropriat e inflectiona l  endin g o f  it s mai n verb .  T h e 
networ k i s initiall y  presente d wit h sentenc e representa -
tion s tha t  d o no t  conve y grammatica l  informatio n bu t 
onl y encod e surface-semanti c properties .  Thi s represen -
tatio n correspond s t o th e semanti c encodin g o f  languag e 

at  th e earl y stage s o f  G e r m a n languag e acquisition .  A t 
a late r  stage ,  th e inpu t  dat a i s augmente d wit h informa -
tio n abou t  th e surfac e structur e o f  th e sentences ,  sim -
ulatin g th e child' s discover y o f  grammatica l  propertie s 
of  language .  Th e behavio r  generate d b y th e networ k i s 
foun d t o matc h th e behavio r  observe d b y Clahse n (1986 ) 
i n G e r m a n children :  W h e n onl y semanti c informatio n i s 
available ,  th e networ k produce s th e ver b endin g - t  onl y 
fo r  thos e sentence s tha t  ar e lo w i n transitivity .  W h e n 
informatio n abou t  th e surfac e structur e i s  added ,  th e 
networ k graduall y learn s th e correc t  ver b inflection s i n 
an orde r  tha t  matche s Clahsen' s observations .  Analyz -
in g th e networ k weight s show s tha t  cicquirin g th e correc t 
verb-inflectio n paradig m i s supporte d b y th e existin g se -
manti c representations ,  particularl y th e agenc y o f  th e 
subject .  Thi s seem s t o indicat e tha t  ther e i s n o develop -
menta l  shif t  fro m a  semanti c t o a  grammatica l  encoding , 
but  instea d learnin g i s base d o n extendin g th e seman -
ti c encodin g t o includ e surfeice-structur e information . 
Thi s resul t  provide s a  computationa l  justificatio n fo r  th e 
stron g versio n o f  th e functionalis t  hypothesi s o f  languag e 
acquisitio n (Bate s an d MacWhinney ,  1979) ,  whic h state s 
tha t  semanti c an d pragmati c representation s ar e instru -
menta l  i n learnin g grammatica l  concepts . 

Below ,  th e G e r m a n ver b inflectio n paradig m i s  first 
briefl y reviewed ,  an d Clahsen' s observation s o n ho w chil -
dre n acquir e i t  ar e outlined .  Ou r  experimenta l  setup ,  in -
cludin g th e dat a an d th e networ k architecture ,  ar e the n 
described ,  followe d b y a  detaile d explanatio n o f  th e re -
sults .  Analysi s o f  th e implication s t o th e stud y o f  lan -
guag e cicquisitio n an d th e functionalis t  hypothesi s con -
clude s th e paper . 

Verb inflections in German 

I n th e Germa n language ,  verb s ar e inflecte d accordin g 
t o th e perso n an d numbe r  o f  th e subjec t  i n th e sentenc e 
{subject-ver b agreement) .  Th e inflectiona l  formative s 
ar e aflBxe d t o th e roo t  o f  th e verb .  Fo r  th e presen t  tense , 
ther e ar e five  suffixe s encodin g th e followin g functions : 

- e :  firs t  perso n sg .  fo r  ful l  verbs . 
-S t  :  secon d perso n sg .  fo r  ful l  verb s an d moda l  verbs . 
- t  :  thir d perso n sg .  fo r  ful l  verbs ,  secon d perso n pi . 

fo r  ful l  verb s an d moda l  verbs . 
- 0 :  (null )  first  an d thir d perso n sg .  fo r  moda l  verbs . 

-e n :  first  an d thir d perso n pi .  fo r  fxil l  an d moda l  verbs . 
Clahse n (1982 ,  1986 ,  1988 )  describe d th e proces s o f  Ger -
m an languag e acquisitio n base d o n a  longitudina l  stud y 
of  thre e children .  Thes e subject s wer e observe d fo r  tw o 
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Criterio n 

1.  Participant s 
2.  Agenc y 
3.  Kinesi s 
4.  Volitionalit y 
5.  Animac y o f  objec t 
6.  Affirmatio n 

Hig h transitivit y 

tw o o r  mor e (agen t  an d object ) 
Agent  i s hig h i n potenc y 
actio n 
volitiona l 
human,  animat e 
affirmativ e 

Lo w transitivit y 

one participan t  (agent ) 
Agent  i s lo w i n potenc y 
nonactio n 
nonvolitiona l 
inanimat e 
negativ e 

Tabl e 1 :  Semanti c feature s tha t  determin e th e transitivit y o f  a  sentenc e (adopte d fro m Hoppe r  an d Thompson ,  1980) . 

Indicato r  fo r  lo w transitivit y 

Participants :  on e 
Agency :  lo w 
Kmesis :  nonactio n 
Volitionality :  nonvolitiona l 
Animacy :  lo w 
Affirmation :  negativ e 

Stag e 1 1 

84.0 % 
95.5 % 
82.5 % 
90.5 % 
79.0 % 
20.1 % 

Stag e II I 

71.0 % 
69.0 % 
65.7 % 
74.7 % 
62.0 % 
29.3 % 

Tabl e 2 :  Th e percentag e o f  - t  inflection s produce d b y 
German childre n fo r  sentence s tha t  matc h th e differen t 
indicator s fo r  lo w transitivity . 

years ,  startin g a t  th e ag e o f  1 4 month s whe n thei r  speec h 
consiste d mostl y o f  singl e wor d utterances ,  an d endin g 
afte r  the y ha d acquire d th e ful l  subject-ver b agreemen t 
paradigm . 

Clahse n (1986 )  distinguishe d betwee n fiv e develop -
menta l  stage s extendin g fro m one-wor d utterance s (I ) 
t o th e us e o f  embedde d sentence s (V) .  Verb s ar e first 
use d a t  stag e II .  A t  stag e II I  (indicate d b y a n increas e o f 
correc t  ver b inflection s an d b y overgeneralizatio n o f  th e 
- e inflection) ,  childre n star t  t o discove r  grammatica l  as -
pect s o f  language ,  whic h lead s t o acquisitio n o f  th e ful l 
subject-ver b agreemen t  syste m a t  stag e IV . 

Accordin g t o Clahse n (1986) ,  childre n a t  stag e I I  en -
cod e thei r  speec h accordin g t o th e semanti c propert y o f 
transitivity .  Th e transitivit y o f  a  give n sentenc e ca n b e 
measure d accordin g t o th e si x criteri a liste d i n tabl e 1 . 
Forexample ,  th e sentenc e Ic h geb e Pete r  ei n Buc h ( I 
a m givin g a  boo k t o Peter )  i s  highl y transitive :  Ther e 
ar e tw o participant s (Ic h an d Peter) ,  Ic h i s a  subjec t 
hig h i n agency ,  th e ver b gebe n ha s a  hig h kinesi s an d i s 
a volitiona l  act ,  th e objec t  Pete r  i s a  specifie d h u m a n 
being ,  an d th e sentenc e i s no t  negated .  B y contrast ,  th e 
sentenc e Da s Buc h lieg t  nich t  hie r  (Th e boo k doe s 
not  li e here )  i s ver y lo w i n transitivity :  Ther e i s onl y 
one participan t  (da s Buch )  whic h i s lo w i n agency ,  th e 
ver b liege n describe s a  stat e an d no t  a n actio n an d i s 
therefor e lo w i n kinesis ,  th e ac t  i s  no t  volitional ,  an d th e 
sentenc e i s negated . 

Clahse n showe d tha t  mos t  o f  th e sentence s wher e th e 
childre n use d th e - t  endin g matche d th e criteri a fo r  lo w 
transitivit y (tabl e 2) .  Th e - t  endin g wa s preferre d wit h 
ever y singl e indicato r  fo r  lo w transitivit y (excep t  affir -
mation ,  whic h wa s no t  significan t  becaus e o f  th e lo w 
number  o f  negate d sentence s i n th e data) .  Th e prefer -
enc e wa s stronge r  a t  stag e I I  tha n III ,  indicatin g tha t  a t 
stag e II I  th e childre n ar e beginnin g t o tur n awa y fro m 
pur e semanti c encoding . 

Th e conclusio n i s tha t  a t  earl y stage s o f  languag e ac -
quisition ,  th e - t  endin g encode s no t  th e person/numbe r 
agreemen t  wit h th e subject ,  bu t  th e lo w transitivit y o f 
th e whol e sentence .  A t  stag e II I  th e us e o f  - e emerge s 
an d th e semanti c functio n o f  - t  begin s t o fad e out ,  an d 
at  stag e I V al l  inflectiona l  ending s ar e use d correctly . 
Th e experiment s reporte d i n thi s pape r  aime d a t  ver -
ifyin g Clahsen' s theor y computationally ,  b y simulatin g 
th e transitio n fro m semanti c t o grammatica l  encodin g 
of  sentence s an d observin g it s effec t  o n th e us e o f  differ -
ent  ver b inflections . 

Experiments 

Ther e i s stron g evidenc e tha t  inflectiona l  affixe s ar e at -
tache d t o word s a s neede d durin g speec h productio n 
(Aitchison ,  1987) .  Th e neura l  networ k use d i n ou r  ex -
periment s i s intende d t o mode l  onl y th e specifi c  par t 
of  th e h u m a n languag e productio n syste m whic h i s re -
sponsibl e fo r  thi s process .  Th e inpu t  t o th e networ k 
comes fro m othe r  part s o f  th e languag e productio n sys -
tem .  Sinc e syntacti c informatio n i s no t  availabl e t o th e 
chil d a t  earl y stage s o f  languag e acquisition ,  th e inpu t 
durin g modelin g stag e I I  wil l  b e restricte d t o a  semanti c 
encodin g o f  sentences .  Thi s encodin g allow s th e networ k 
t o develo p representation s fo r  semanti c concept s withou t 
acces s t o th e specifi c  constituent s o f  th e sentences .  Dur -
in g late r  stage s childre n star t  t o encod e thei r  speec h ac -
cordin g t o non-semantic ,  o r  grammatical ,  concepts .  Thi s 
chang e wil l  b e modele d b y augmentin g th e inpu t  infor -
matio n wit h a n abstrac t  representatio n o f  th e word s i n 
th e sentences .  Th e networ k shoul d b e abl e t o develo p 
grammatica l  rule s base d o n regularitie s i n th e wor d oc -
currencies .  Th e tas k o f  ou r  network ,  therefore ,  i s  no t 
t o motivat e th e chang e i n th e inpu t  representatio n fro m 
stag e I I  t o stage s II I  an d I V (thi s chang e i s initiate d b y 
othe r  part s o f  th e languag e productio n system) ,  bu t  t o 
reac t  t o thi s chang e b y choosin g differen t  cue s i n orde r 
t o determin e th e correc t  ver b inflection . 

Data 

A se t  o f  sentence s wa s generate d accordin g t o template s 
i n tabl e 3 .  Th e vocabular y consiste d o f  noun s i n variou s 
semanti c categories ,  transitiv e an d intransitiv e verbs , 
modal  verbs ,  an d th e negatio n particl e nicht .  I n or -
der  t o obtai n a  goo d variet y o f  sentences ,  m a n y o f  th e 
noun s coul d b e use d i n th e subjec t  a s wel l  a s i n th e objec t 
positio n (e.g .  Mama sieh t  Pap a ( A V / 0 )  -  Pap a sieh t 
Mama (AV/0) ) ,  an d m a n y verb s coul d optionall y tak e 
an objec t  an d a  beneficiar y (suc h a s Wi r  lese n (AV / ) 
-Wi r  lese n Buc h ( A V / 0 ) ,  an d Ic h sag e da s ( A V / 0 ) 
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Exampl e sentenc e 

Ic h geb e Pap a Apfe l  nich t 
Du wills t  Mas a Bil d nich t  zeige n 
Ih r  bau t  Leg o 
Papa Ba g Apfe l 
Wir  lese n 

Sem.rep . 

11110 0 
11010 0 
11110 1 
11000 1 
01110 1 

Surface-structur e representatio n 

11001001000010010000001011100100000 0 
00011110010111000101111111100110000 0 
10110010011110100000000000000000000 0 
10010000101000001000000000000000000 0 
01010100110000000000000000000000000 0 

Inflectio n 

1000 0 (-e ) 
0100 0 (-St ) 
0010 0 (-t ) 
00010(-0 ) 
00001(-en ) 

Tabl e 4 :  Exampl e inpu t  sentence s an d thei r  semanti c an d surface-structur e encodings . 

Templat e 

AV, 
AV/ N 
AMY. 
AMNV, 
AV/ O 
AVfON 
AMOV. 
AMONV. 
AV/B O 
AV/BON 
AMBOV. 
AMBONV. 

Exampl e sentenc e 

Ic h lese . 
Ic h les e nicht . 
Ic h wil l  lesen . 
Ic h wil l  nich t  lesen . 
Ic h les e Buch . 
Ic h les e Buc h nicht . 
Ic h wil l  Buc h lesen . 
Ic h wil l  Buc h nich t  lesen . 
Nama gib t  Pap a Ball . 
Maaa gib t  Pap a Bal l  nicht . 
Naaa wil l  Pap a Bal l  geben . 
Haaa wil l  Pap a Bal l  nich t  geben . Tabl e 3 :  Sentenc e templates .  I n th e templat e names ,  A 

= agent ,  V / = finit e verb ,  V , = infinit e verb ,  O  =  object , 
B =  beneficiary ,  M =  moda l  verb ,  N  =  negation . 

-  Ic h sag e Mama da s ( A V / B O ) ) .  Article s wer e omitte d 
becaus e childre n d o no t  us e the m a t  earl y stage s o f  lan -
guag e cM;quisition .  I n German ,  th e articl e disambiguate s 
th e grammatica l  rol e o f  a  nou n (subject ,  object ,  benefi -
ciar y etc.) ,  whic h allow s fo r  a  relativel y fre e variatio n o f 
wor d order .  T h e wor d orde r  i n ou r  dat a wa s fixed,  an d 
therefor e ther e wa s n o nee d fo r  suc h disambiguation . 

A representativ e dat a se t  consistin g o f  20 0 sentence s 
fo r  eac h o f  th e five  inflectiona l  ver b ending s wa s ran -
doml y extracte d fro m th e ful l  se t  o f  661 0 generate d sen -
tences .  Th e resultin g se t  wa s randoml y divide d int o 
66 7 sentence s fo r  trainin g an d 33 3 fo r  testin g th e model . 
T h e sentence s wer e encode d i n tw o complementar y ways : 
a "semantic "  encodin g tha t  di d no t  conve y an y infor -
matio n abou t  th e sentenc e structure ,  an d a  "surface -
structure "  encodin g wher e th e word s wer e represente d 
as abstrac t  token s withou t  an y semanti c informatio n (ta -
bl e 4) . 

I n th e semanti c encoding ,  eac h sentenc e wa s repre -
sente d b y a  vecto r  codin g th e presenc e (l )  o r  absenc e 
(0 )  o f  th e si x semanti c feature s (tabl e 1) :  mor e tha n on e 
participant ,  hig h agenc y o f  th e subject ,  hig h kinesi s o f 
th e verb ,  volitionalit y o f  th e act ,  animac y o f  th e object , 
an d affirmation .  Th e numbe r  o f  i s i n th e representatio n 
therefor e directl y correspond s t o th e degre e o f  transitiv -
it y o f  th e sentence . 

I n th e surface-structur e encoding ,  eac h wor d wa s rep -
resente d b y a  rando m bitstring ,  whic h stand s fo r  a n ab -
strac t  pointe r  t o whateve r  non-semanti c encodin g o f  th e 
wor d first  become s availabl e t o th e child .  Ther e wer e 5 7 
word s i n th e lexicon ,  s o eac h wor d coul d b e represente d 
i n si x bits .  Al l  inflectiona l  form s o f  a  ver b wer e encode d 
by th e sam e bitstring .  Sinc e th e m a x i m u m lengt h o f  a 
sentenc e wa s si x  words ,  th e ful l  surface-structur e repre -

sentatio n o f  a  sentenc e consiste d o f  3 6 bits .  I f  a  sentenc e 
had fewe r  tha n si x words ,  zeroe s wer e audde d t o th e right . 

Network architecture 

A feedforwar d backpropagatio n networ k wit h on e hidde n 
laye r  wa s traine d t o m a p sentenc e representation s t o th e 
correc t  inflectiona l  ver b ending s (figur e 1) .  Th e networ k 
ha d 4 2 inpu t  units :  th e leftmos t  si x receive d th e seman -
ti c encodin g o f  th e sentence ,  an d th e remainin g 3 6 th e 
surface-structur e encoding .  Ther e wer e 8  hidde n unit s 
and five  outpu t  units ,  on e fo r  eac h possibl e inflectiona l 
ver b ending .  Th e outpu t  uni t  wit h th e highes t  activ -
it y indicate d th e network' s choic e o f  ending .  A n outpu t 
woul d b e regarde d a s incorrec t  i f  th e activatio n o f  th e 
stronges t  outpu t  uni t  wa s les s tha n 0.5 . 

Th e simulatio n experimen t  wa s divide d int o tw o 
phases :  i n th e first,  onl y th e semanti c encodin g wa s pre -
sente d t o th e networ k whil e th e wor d unit s wer e se t  t o 
zero ,  thu s simulatin g stag e I I  o f  languag e acquisition . 
I n th e secon d phase ,  th e wor d unit s receive d prope r 
input ,  allowin g th e networ k t o exploi t  bot h semanti c 
an d surface-structur e cue s i n learnin g th e mappin g task . 
Thi s simulate d th e discover y o f  grammatica l  informatio n 
by th e chil d a t  stage s II I  an d IV . 

Modeling stage II of language acquisition 

Afte r  25,00 0 trainin g epoch s wit h th e semanti c input , 
th e networ k wa s abl e t o produc e th e correc t  verb-endin g 
onl y i n abou t  1 0 % o f  th e tes t  sentences .  Thi s i s  be -
caus e th e semanti c representatio n i s  highl y ambiguous : 
th e sam e bitstrin g ca n represen t  m a n y diff'eren t  sentence s 
requirin g diff'eren t  ver b inflections .  Fo r  example ,  th e se -
manti c encodin g 01110 1 (meanin g 1  participant—hig h 
agency—actio n verb—volitional—n o animat e object — 
not  negated )  represent s th e sentenc e Wi r  lesen ,  whic h 
require s th e inflectiona l  endin g -en ,  th e sentenc e Ic h 
esse ,  requirin g th e endin g -e ,  th e sentenc e Mama lauf t 
wit h th e inflectiona l  endin g -t ,  an d m a n y more .  Al -
thoug h th e correc t  ver b inflectio n canno t  b e determine d 
fro m th e semanti c representatio n alone ,  thi s i s  wha t  chil -
dre n apparentl y attemp t  a t  earl y stage s o f  languag e ac -
quisition . 

Most  significantly ,  th e networ k behavio r  wa s quit e 
simila r  t o tha t  o f  childre n a t  stag e I I  o f  Ge rma n lan -
guag e acquisition .  Ou t  o f  33 3 tes t  sentences ,  th e net -
wor k produce d a  - t  endin g fo r  1 5 sentences ,  o r  4.5% , 
whic h matche s th e 5 % Clahse n (1986 )  observed .  A s i n 
children' s speech ,  almos t  al l  o f  the m wer e produce d fo r 
sentence s o n th e lowe r  sid e o f  th e transitivit y scal e (fig -
ur e 2) .  However ,  n o correlatio n betwee n th e degre e o f 
sentenc e transitivit y an d an y o f  th e othe r  inflectiona l 
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r n w i ^ 

0 1 0 1 0 0 1 1 0 0 
Wlr  loso n 
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Figur e 1 :  T h e ne twor k architecture .  W h e n mode l i n g stag e II ,  th e 3 6 W o r d E n c o d i n g Uni t s we r e se t  t o zero .  Al l  o f 
th e unit s wer e use d i n m o d e l i n g stage s II I  a n d IV . 

Outpi t  o f  th e networ k fo r  tes t  se t 
Origina l  distributio n i n tes t  se t 

2 3  4 

Level of transitivity 

Figur e 2 :  T h e percentag e o f  - t  ending s ou t  o f  al l  end -
ing s p roduce d b y th e ne twor k fo r  eac h leve l  o f  transi -
tivity .  T h e horizonta l  axi s indicate s th e n u m b e r  o f  high -
transitivit y cue s tha t  wer e o n i n th e inpu t  representatio n 
(i. e n u m b e r  o f  ones) .  T h e dashe d lin e indicate s th e (prac -
ticall y identical )  distribution s i n th e trainin g a n d testin g 
sets ,  a n d th e soli d lin e s h o w s th e percentag e generate d 
b y th e ne twor k fo r  th e testset . 

ending s - e ,  - s t ,  - 0 ,  a n d - e n coul d b e detected .  I n 
particular ,  n o verb-endin g w a s foun d tha t  w o u l d encod e 
a hig h degre e o f  transitivity .  Th i s resul t  i s  als o i n lin e 
wit h Clahsen' s (1986 )  observations :  "[... ]  w o r d orde r  i s 
initiall y  use d a s a  g r a m m a t i c a l  codin g devic e i n transi -
tiv e clause s a n d [... ]  ther e i s n o nee d fo r  th e chil d t o 
furthe r  g rammat ic i z e thes e clause s i n th e earl y develop -
menta l  phases "  (p .  Ill ,  emphasi s b y G . W . ) .  Sinc e th e 
wor d orde r  wa s fixed  i n ou r  experiments ,  thi s hypothesi s 
coul d no t  b e tested . 

W hy doe s th e networ k favo r  th e - t  endin g fo r  sen -
tence s wit h lo w transitivity ? I n tryin g t o find a  map -
pin g fro m th e semanti c representatio n t o th e inflectiona l 
ending ,  th e networ k i s confronte d wit h a n impossibl e 
tas k du e t o th e ambiguit y o f  th e input .  Ye t  th e re -
latio n betwee n th e transitivit y o f  a  sentenc e an d th e 
inflectiona l  endin g i s no t  entirel y arbitrary .  I n th e in -

put  data ,  a s i n rea l  speec h (Clahsen ,  1986) ,  - t  occur s 
mor e ofte n wit h sentence s o f  lo w transitivity .  Th e net -
wor k learn s t o exploi t  thes e correlations ,  eve n amplif y 
them .  N o suc h correlation s exis t  fo r  th e othe r  ver b end -
ings ,  o r  th e othe r  level s o f  transitivity ,  an d th e othe r 
ver b ending s ar e generate d seemingl y randomly .  Thi s 
explanatio n agree s wit h Clahsen' s (1986 ,  1988 )  theory , 
and confirm s i t  computationally :  " I  sugges t  tha t  - t  i s 
th e optima l  candidat e availabl e i n th e G e r m a n ver b in -
flection  paradig m t o grammaticall y encod e th e intransi -
tiv e construction .  Not e tha t  th e othe r  over t  formatives , 
- e an d -st ,  ar e encoding s o f  th e 1s t  an d 2n d perso n 
subject s i n German .  T  an d 'you '  are ,  however ,  proto -
typica l  agents ,  bu t  th e childre n ar e lookin g fo r  a  gram -
matica l  expressio n fo r  nonagent s i n th e intransitiv e con -
struction .  Thus ,  - t  appear s t o b e th e bes t  choic e i n 
regar d t o wha t  th e childre n ar e lookin g for ,  sinc e - t  of -
te n refer s t o inanimat e subject s i n th e adul t  language , 
and ,  moreover ,  - t  doe s no t  necessaril y  encod e agents " 
(Clahsen ,  1986 ,  p .  113) .  A n d i n (Clahsen ,  1988 ,  p .  100) : 
"Th e chil d finds  i n th e inpu t  dat a frequen t  confirma -
tio n fo r  th e equatio n ...- t  =  [-f-intransitive ]  [...] .  Fo r 
th e cas e ...-(en )  =  [-intransitive ]  childre n find  les s evi -
dence ,  becaus e transitiv e verb s ca n occu r  wit h differen t 
grammatica l  subjects .  I t  therefor e m a y b e assume d tha t 
i n a  transitor y developmenta l  phas e ther e exis t  certai n 
word-specifi c  paradigm s o f  th e typ e [-1-intransitiv e = 
-t ;  -intremsitiv e =  -en] ,  i n whic h th e righ t  sid e o f  th e 
equatio n [-intreoisitiv e =  ? ]  remain s empty "  (Trans -
latio n b y G.W. ) 

Modeling stages III and IV of language 
acquisitio n 

At  stag e II I  childre n begi n t o discove r  grammatica l  cat -
egorie s an d encod e thei r  speec h accordingly .  I n ou r  ex -
periment s thi s wa s simulate d b y continuin g t o trai n th e 
networ k fro m th e first  phas e o f  th e experiment ,  bu t  no w 
als o includin g th e surface-structur e encodin g i n th e in -
put .  Thi s ne w informatio n enable d th e networ k t o ac -
quir e th e grammatica l  categor y o f  subject ,  an d i t  learne d 
th e correc t  ver b inflection s ver y fast .  Afte r  5 0 epoch s 
th e networ k produce d 4 8 ending s correctly ,  3 4 o f  whic h 
wer e first  perso n singula r  (-e) .  O n th e othe r  hand ,  - e 
was overgeneralize d t o 4 7 sentence s i n whic h i t  wa s no t 
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Figur e 3 :  Weight s f ro m th e inpu t  (horizonta l  axis )  t o th e hidde n laye r  (vertica l  axis )  afte r  training .  T h e first  si x 
unit s (0-5 )  correspon d t o th e semanti c input ,  th e nex t  (6-11 )  t o th e first  wor d etc .  Dar k boxe s indicat e positiv e an d 
hollo w boxe s negativ e weights ,  an d th e bo x siz e correspond s t o th e absolut e valu e o f  th e weight .  T h e averag e norm s 
of  th e weigh t  vector s wer e 3.18 2 fo r  th e semanti c unit s (8.34 8 fo r  unit s 2  an d 3  encodin g kinesi s an d volitionality) , 
11.41 7 fo r  th e unit s representin g th e first  word ,  an d 2.645 ,  1.042 ,  1.467 ,  1.552 ,  an d 0.71 2 fo r  thos e representin g th e 
remainin g words . 

correct .  Thi s correspond s t o stag e II I  a s describe d b y 
Clahse n (1986) .  Afte r  8,00 0 epochs ,  th e networ k gener -
ate d th e correc t  outpu t  fo r  al l  33 3 tes t  sentences .  Cor -
respondin g t o stag e IV ,  th e subject-ver b agreemen t  ha d 
bee n full y cwrquired . 

Figur e 3  show s th e weight s fro m th e inpu t  laye r  t o th e 
hidde n laye r  o f  th e networ k afte r  th e trainin g wa s com -
plete .  T h e networ k i s usin g th e first  wor d (unit s 6  t o 
11 )  ci s th e mos t  importan t  cu e i n determinin g th e ver b 
inflection ,  whic h make s sens e becaus e i n ou r  dat a th e 
first  wor d i s alway s th e subject .  However ,  th e networ k 
als o utilitize s semanti c cues ,  especiall y th e feature s Arzne -
si s (uni t  2 )  an d volitionalit y (uni t  3) .  Thi s i s surprisin g 
becaus e th e ver b ending s ca n b e completel y determine d 
base d o n th e grammatica l  propertie s o f  th e subjec t  (it s 
perso n an d n u m b e r ) ,  an d it s semanti c feature s shoul d 
no t  matter . 

I n orde r  t o bette r  understan d thi s result ,  tw o contrast -
in g trainin g strategie s wer e compared :  I n th e first,  bot h 
th e semanti c an d th e wor d encodin g wer e presente d t o 
th e networ k fro m th e start .  I n th e second ,  th e seman -
ti c inpu t  wa s se t  t o zer o throug h th e whol e run .  I n th e 
secon d experiment ,  therefore ,  th e networ k ha d t o pic k 
u p th e m a p p i n g solel y fro m th e surfac e structur e o f  th e 
sentences ,  wherea s i n th e first  i t  coul d exploi t  semanti c 
cue s a s well . 

T h e networ k tha t  coul d us e bot h encoding s learne d th e 
tas k significantl y faste r  (3 2 epoch s vs .  13 9 epochs ,  aver -
age d ove r  1 0 trial s  each) .  A  weigh t  analysi s confirme d 
th e results :  th e networ k wit h bot h encoding s m a d e goo d 
us e o f  th e semanti c feature s kinesi s an d volitionality . 
Thi s i s particularl y interestin g becaus e i t  seem s t o com -
pl y wit h th e functionalis t  notio n o f  agency .  I n func -

tiona l  g rammar ,  agenc y i s restricte d t o a n entit y con -
trollin g a n actio n tha t  ha s th e feature s [-l-dynamic ]  an d 
[-l-controlled ]  (Dik ,  1978) .  I n ou r  experiments ,  kinesi s 
an d volitionalit y carr y simila r  meaning ,  an d therefor e i t 
seems tha t  th e networ k learn s t o us e th e implici t  seman -
ti c propert y o f  agenc y t o hel p determin e th e inflectiona l 
endin g o f  th e verb .  Althoug h no t  entirel y reliabl e an d 
no t  a t  al l  necessary ,  thi s i s  nevertheles s a  helpfu l  strateg y 
becaus e high-agenc y sentence s ar e ofte n associate d wit h 
- e an d disassociate d wit h - t  ,  - 0 an d -e n endings .  Af -
te r  discoverin g agency ,  th e networ k quickl y learn s t o pa y 
attentio n t o th e first  word ,  whic h i n eff'ec t  correspond s 
t o discoverin g th e grammatica l  notio n subject . 

Discussion 

Our results have interesting implications on the study 
of  languag e acquisition .  The y sugges t  tha t  th e transi -
tio n fro m stag e I I  t o stag e IV ,  i n whic h th e subject-ver b 
agreemen t  syste m i s acquired ,  doe s no t  constitut e a  de -
velopmenta l  shif t  fro m a  semanti c t o a  grammatica l  en -
coding ,  bu t  a n extensio n o f  th e semanti c representatio n 
t o includ e surfac e information .  I n th e first  phcis e o f  ou r 
experiment ,  correspondin g t o stag e I I  o f  languag e acqui -
sition ,  th e networ k build s interna l  sentenc e representa -
tion s base d o n semantic s tha t  onl y nee d t o b e modified , 
not  replaced ,  whe n th e surface-structur e inpu t  i s added . 
Usefu l  feature s suc h a s kinesi s an d volitionalit y serv e a s 
a goo d startin g point ,  an d th e networ k learn s t o con -
centrat e o n th e first  wor d (i. e th e subject )  i n a  sentenc e 
faster . 

Thi s ca n b e see n a s evidenc e fo r  th e stron g versio n 
of  th e functionalis t  hypothesi s o f  languag e ew;quisitio n 
(Bate s an d MacWhinney ,  1979) .  I n contras t  t o theorie s 
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postulatin g autonomou s synta x (e.g. ,  Chomsky ,  1975) , 
thi s hypothesi s maintain s tha t  "grammatica l  form s ar e 
'determined '  an d 'maintained '  b y [... ]  communicativ e 
function s an d processin g constraints .  Th e stron g ver -
sio n lead s t o a  developmenta l  mode l  i n whic h childre n 
discove r  th e structur e o f  gramma r  throug h thei r  experi -
enc e wit h competin g communicativ e factors "  (Bate s an d 
MacWhinney ,  1979 ,  p .  174) .  Specifically ,  "Th e stron g 
functionalis t  vie w predict s tha t  childre n wil l  sho w evi -
denc e fo r  th e intentio n t o encod e agen t  and/o r  topi c be -
for e the y evidenc e contro l  o f  th e surfac e rol e o f  subject " 
(p .  189) .  I n ou r  model ,  th e lo w transitivit y o f  a  sentenc e 
(o r  mor e specifically ,  nonagency )  wa s encode d wit h th e 
ver b endin g - t  eve n befor e wor d informatio n wa s avail -
abl e t o th e network .  Onc e th e surfac e structur e becam e 
available ,  th e ver b inflection s starte d t o encod e agent s 
as well ,  whic h eventuall y le d t o formin g th e concep t  o f 
subject .  I n thi s sens e th e networ k behavio r  followe d th e 
functionalis t  hypothesi s quit e closely . 

Conclusion 

Connectionis t  modelin g o f  learnin g ver b inflection s i n 
German confirme d Clahsen' s (1986 )  hypothesi s compu -
tationally .  Th e initia l  semanti c sentenc e representatio n 
resulte d i n inflection s ver y simila r  t o thos e produce d b y 
childre n a t  stag e I I  o f  languag e acquisition ,  i n whic h 
the y hav e acces s onl y t o semanti c informatio n an d no t 
t o th e grammatica l  concep t  o f  subject .  Addin g infor -
matio n abou t  th e surfac e structur e o f  th e sentence s le d 
t o a  grawlua l  acquisitio n o f  th e subject-ver b paradig m 
throug h stage s simila r  t o thos e observe d i n childre n dur -
in g th e transitio n fro m stag e I I  t o III ,  an d fro m II I  t o 
IV .  A t  thes e late r  stage s th e networ k stil l  utilize d th e 
semanti c notio n o f  agency ,  whic h ca n b e see n a s suppor t 
fo r  th e stron g versio n o f  th e functionalis t  hypothesis . 

The curren t  mode l  acquire s th e grammatica l  concep t 
of  subjec t  beise d o n th e semanti c notio n o f  agenc y a s wel l 
as surface-structur e cues .  I t  woul d b e interestin g t o se e i f 
th e mode l  coul d b e extende d t o lear n othe r  grammatica l 
role s beise d o n semanti c notion s a s well ,  suc h a s objec t 
(base d o n th e notio n o f  patient) ,  o r  ver b (baise d o n ac -
tion) .  Th e succes s o f  suc h extension s depend s largel y o n 
whethe r  i t  wil l  b e possibl e t o provid e a n inpu t  represen -
tatio n ric h enoug h i n (realistic )  cues .  Thi s wil l  b e ou r 
mai n directio n o f  futur e research . 
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