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Abstract 

We hav e propose d a  neura l  networ k styl e mode l  o f  languag e processin g i n a n effor t  t o buil d a 
cognitiv e mode l  whic h woul d amultaneousl y satisf y constraint s fro m psycholog y an d neurophysiology . 
Thi s mode l  wa s successfu l  i n disambiguatin g wor d sense s i n semanticall y determine d sentences ,  bu t 
was unabl e t o distinguis h Agen t  fro m Objec t  i n semanticall y reversibl e sentence s suc h a s 'Joh n love s 
Mary. '  I n thi s pape r  w e rectif y th e matte r  b y specifyin g th e syntacti c portio n o f  th e model ,  whic h i s a 
massvel y parallel ,  completel y distribute d connectionis t  parser .  W e als o describ e th e result s o f  a 
simulatio n o f  th e model . 

1. Introdoction 

We hav e propose d a  massivel y parallel ,  highl y distribute d neura l  networ k mode l  o f  languag e 
comprehensio n (Small ,  Cottrel l  & .  Shastri ,  1982 ;  Cottrel l  &  Small ,  1983 ;  Cottrel l  1984 ,  1985 )  base d o n 
th e connectionis t  paradig m o f  Feldma n &  Ballar d (1982) .  Simila r  system s hav e bee n propose d b y 
Gigle y (1982) ,  Pollac k &  Walt z (1982 ;  1985 )  an d Sclma n &  Hirs t  (1985) .  Ou r  mode l  specifie s 
independen t  pathway s fro m th e lexico n t o syntacti c an d semanti c module s tha t  operat e i n parallel , 
mutuall y constrainin g one  another' s activities .  Previou s wor k ha s concentrate d o n th e semanti c 
modul e an d th e lexica l  acces s mechanism .  I n thi s pape r  w e presen t  th e desig n o f  th e syntacti c 
processor ,  an d th e result s o f  a  simulatio n o f  th e model .  Whil e thi s i s a  preliminar y version ,  lackin g 
many o f  th e feature s one  woul d wan t  i n a  complet e parsin g system ,  i t  demonstrate s th e feasibilit y  o f 
th e approach ,  an d ther e ar e aspect s o f  thi s mode l  whic h ar e rathe r  genera l  an d interestin g a s partia l 
specification s o f  a  parsin g mechanis m i n thei r  ow n right.  Thes e includ e th e mechanis m fo r  assignin g 
constituent s t o thei r  role s whic h ha s a  natura l  interfac e wit h ou r  mode l  o f  semanti c rol e assignment , 
and th e abilit y  t o represen t  syntacti c attachmen t  preferences .  Als o w e migh t  includ e her e th e fac t 
tha t  thi s parse r  use s th e massiv e parallelis m inheren t  i n th e connectionis t  approach ,  wit h th e 
concommitan t  distribute d decisio n making .  And ,  unlik e th e parse r  o f  Pollac k & .  Walt z (1982 ;  1985) , 
ther e i s n o interprete r  tha t  build s a  networ k base d o n th e inpu t  sentenc e an d the n run s i t  i n parallel ; 
thi s parse r  use s a  networ k tha t  i s fixed ,  ye t  respond s flexibl y t o th e input . 

I n orde r  t o implemen t  thi s parser ,  w e develope d a  gramma r  formalis m suitabl e t o ou r  needs ,  an d 

develope d a  LIS P progra m tha t  take s a s inpu t  a  dictionar y an d a  se t  o f  gramma r  rules ,  an d output s 
commands t o th e ISCO N simulato r  (Small ,  e t  al .  1982 )  t o buil d th e network .  Th e networ k implement s 
a top-dow n parser .  Expectation s compatibl e with a a n S  ar e se t  up .  A s inpu t  come s in ,  (word s ar e 
activate d a t  fixe d intervals )  th e structure s compatibl e wit h th e inpu t  continu e t o b e active ,  whil e 
production s tha t  ar e incompatibl e wit h th e inpu t  ar e turne d off .  Afte r  a  settlin g period ,  a  stabl e 
coalitio n i n th e networ k represent s th e pars e tree .  Ambiguou s lexica l  item s a t  th e leave s ar e 
Jisambiguate d throug h feedbac k fro m th e pars e tre e a s i t  develops .  On e importan t  differenc e fro m 
previou s parser s o f  thi s typ e (Pollac k &  Waltz ,  1985 )  i s tha t  th e assignmen t  o f  constituent s t o thei r 
syntacti c role s i s explicitl y  represente d b y node s i n th e tre e calle d bindin g nodes .  Th e combinatio n o f 
top-dow n eqjectation s an d bottom-u p evidenc e come s abou t  a t  th e bindin g nodes ,  whic h combin e th e 
evidenc e an d compet e wit h on e anothe r  throug h mutua l  inhibition .  Thes e node s ca n b e use d t o 
interfac e wit h cas e rol e assignmen t  i n th e semanti c analyzer . 

'Author' !  presen t  addrea :  lostintt e fo r  Cognitiv e Scienc e C-OIS ,  UCSD. ,  L a JoUa ,  Californi a 92093 . 
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As a  firs t  cut ,  thi s parse r  i s les s elegan t  tha n on e woul d hope ,  an d les s powerfu l  tha n wha t  i s 
neede d fo r  a  'real '  parser .  Althoug h i t  ca n handl e recursiv e constructs ,  an d thu s ha s a  mechanis m fo r 

'recruiting C constituen t  recognizer s a s needed ,  n o attemp t  wa s mad e t o d o th e sam e fo r  buffe r 
positions ,  s o i t  accept s onl y a  sentence s o f  a  fixe d maximu m length .  Also ,  th e fac t  tha t  th e networ k i s 
of  fixe d siz e mean s tha t  ther e ar e onl y a  fixe d numbe r  o f  constituen t  recognizers ,  s o th e numbe r  o f 

constituent s o f  eac h typ e tha t  ca n occu r  i n a  sentenc e i s limited .  W e believ e tha t  McClelland' s 
programmabl e buffer s (McClelland ,  198S )  migh t  b e adaptabl e t o resolvin g thes e problems ,  bu t  exactl y 
ho w i s no t  obvious .  Also ,  thi s parse r  ha s no t  bee n teste d o n a n extensiv e grammar ,  therefore ,  tak e 
any claim s wit h a  grai n o f  salt .  Finally ,  w e haven t  don e anythin g about :  (1 )  optiona l  repetitio n o f 
constituents ,  (2 )  featur e markin g o f  constituent s (henc e n o featur e agreemen t  checking) ,  (3 )  anaphora , 
or  (4 )  gapping .  W e woul d haste n t o poin t  ou t  tha t  thi s doesn' t  mea n tha t  thes e feature ? can' t  b e 
implemente d i n thi s framework ;  simpl y tha t  w e haven' t  don e i t  yet . 

The res t  o f  thi s pape r  i s organize d a s follows :  W e firs t  provid e a  bi t  o f  backgroun d Jiateria l  o n 
our  mode l  t o motivat e th e parser' s design ,  an d briefl y revie w som e o f  th e psycholiaguisti c an d 

neurolinguisti c dat a o n syntax .  The n w e describ e ou r  gramma r  formalism ,  leadin g int o a  descriptio n o f 
our  parser ,  followe d b y a  sampl e ru n o f  th e implementatio n o n a  sentence .  W e wil l  no t  giv e a n 
introductio n t o connectionis m du e t o spac e limitations .  Therefor e w e wil l  b e assumin g som e 

familiarit y wit h th e paradigm^ . 

2. Background 

Overview of the model 

The overal l  mode l  consist s o f  a  fou r  component ,  thre e leve l  networ k o f  unit s tha t  operat e i n 
paralle l  b y spreadin g activatio n an d mutua l  inhibition ,  show n i n Figur e 1 .  Th e Lexica l  leve l  consist s 
of  unit s representin g th e word s i n th e language ,  presutrubl y activate d b y phonem e o r  lette r 
recognitio n network s a t  a  lowe r  level ,  suc h a s thos e develope d b y McClellan d &  Rumelhar t  (1981) . 
Thes e unit s i n turn ,  activat e unit s a t  th e wor d sens e level ,  whic h buffer s th e syntacti c an d semanti c 
feature s o f  thei r  definitions .  I f  a  wor d i s ambiguous ,  feature s correspondin g t o al l  o f  it s  definition s 
ar e activate d an d compet e wit h on e another .  Fro m here ,  th e semanti c feature s activat e relationa l 
node s i n th e cas e network ,  whic h make s th e assignment s o f  conceptua l  constituent s t o thei r  cas e role s 
(Fillmore ,  1%8 ;  Cook ,  1979 )  base d o n th e 'bes t  fit "  amon g th e (possibl y several )  predicates ,  fillers ,  an d 
cas e roles .  Th e representatio n i n thi s networ k i s order-less ,  an d thu s i t  ca n operat e b y itsel f  i f  th e 
role s ca n b e determine d fro m semanti c constraint s alone ,  bu t  no t  whe n syntacti c informatio n i s 
necessary .  Fo r  example ,  ther e i s n o wa y fo r  a  purel y semanti c analyze r  t o mak e th e assignmen t  o f 
Agent  an d Objec t  i n Joh n love s Mary ,  sinc e bot h Joh n an d Mar y ar e equall y likel y candidate s fo r  bot h 
roles .  I n th e curren t  desig n (Cottrell ,  198S) ,  filler s ar e assigne d t o thei r  role s throug h th e competitio n 

Synta x 

( ^  Wor d Sens e ^ 

Lexica l 

Figur e 1 .  Overvie w o f  th e system . 

^rb e uninitiate d reade r  ma y connil t  Fddma n St  Ballar d (1982) . 
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of  binde r  units ,  whic h explicitl y  encod e th e assignment s (se c Figur e 2) .  Throug h mutua l  inhibition . 
one  o f  thes e binde r  unit s wil l  'win' ,  representin g th e aisignmcn t  of ,  say ,  ConcepC l  t o th e Agen t  role . 
I t  i s  thes e unit s whic h motivate d th e desig n o f  th e syntacti c processor ,  sinc e th e kin d o f  informatio n 
no w neede d fro m synta x i s o f  th e for m "NP l  i s th e Subject ,  an d NP l  correspond s t o Conceptl ,  an d th e 
ver b i s Passive' .  W e wil l  no t  worr y abou t  computin g tha t  NP l  correqxmd s t o Concept l  here .  Ou r 

parse r  wil l  comput e tha t  NP l  i s th e Subject ,  however ,  i n th e sam e for m a s suc h constituent-rol e 
assignment s ar e don e i n th e cas e network ,  ije. ,  throug h th e competitio n o f  bindin g nodes .  Th e resul t 
give s a  simpl e interfac e betwee n th e tw o systems :  th e bindin g node s i n on e constrai n th e bindin g 
node s i n th e other .  Fo r  example ,  w e ca n implemen t  th e Passiv e transformatio n a s i n Figur e 3 .  rhus , 
our  desig n o f  th e parse r  starte d 'fro m th e insid e out' ,  wit h th e necessit y o f  bindin g nodes . 

The othe r  thin g w e woul d lik e fro m synta x i s th e syntacti c disambiguatio n o f  lexica l  items ,  t o 
preven t  spuriou s predicate s an d filler s fro m confusin g th e semanti c system .  Thi s ca n b e don e throug h 
feedbac k t o th e syntacti c feature s i n th e wor d sens e buffe r  whic h for m a  grammaticall y correc t 
sentence .  Th e decisio n machiner y i n thi s buffe r  wil l  the n kil l  of f  th e meanin g feature s fo r  th e 
meaning s correqxmdin g t o th e wron g syntacti c class ,  whic h the n wil l  sto p sendin g inpu t  t o th e 
semanti c analyzer . 

Psycholinguistic uid Neurolinguistic Data 

We wil l  ver y briefl y (du e t o spac e limitations )  revie w som e relevan t  psycholinguisti c an d 
neurolinguisti c data .  W e wil l  tr y t o poin t  ou t  th e relevanc e t o th e res t  o f  th e pape r  here ,  rathe r  tha n 
retur n t o i t  later .  Fo r  a  deepe r  treatment ,  se e (Cottrell ,  1985) .  Th e curren t  bes t  estimat e o f  wha t 

To th e Agen t  networ k 

AGEtir^^^—-k^Of(C 2 =  A G E o t ) 
CONCl 

CONC2=OBJ CONCl  =  OBJ 

CONC2 =  lNST R CONCl  =  INST R 

,  T o Concept l 

Figur e 2 .  Bindin g node s i n th e cas e network . 

^ N P1 =  Subject ^ 

CONCl  =  Agen t 
ACTIVE 

^ 
CONCl  =  Objec t 

PASSIVE 

CONCl  =  Locativ e 

Figur e 3 .  Th e Passiv e transformatio n (assumin g th e feature s "Active *  an d "Passive") . 
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happen s whe n a  perso n hear s a  wor d i s tha t  al l  meaning i  ar e initiall y  activated ,  an d the n b y 20 0 
millisecond s afte r  th e en d o f  th e word ,  onl y th e appropriat e on e remaii u activ e (Seidenber g e t  al. , 
1982) .  Thi s resul t  i s  fo r  sentence-fina l  noun-ver b an d noun-nou n ambiguou s words ,  regardles s o f  th e 
strengt h o f  context .  Th e exceptio n i s th e cas e o f  noun-nou n ambiguou s word s tha t  ar e precede d b y a 
wor d tha t  i s strongl y relate d t o on e o f  it s  meanings ,  i n whic h cas e i t  appear s tha t  onl y on e meanin g i s 

activated .  O n th e othe r  hand ,  fo r  noun-nou n ambiguou s word s i n th e firs t  claus e o f  a  tw o claus e 
sentence ,  wher e th e disambiguatin g informatio n i s containe d i n th e secon d claus e (a s i n th e teache r 

looke d a t  he r  pupil s an d notice d tha t  the y wer e dilated )  peopl e appea r  t o b e abl e t o maintai n bot h 
meaning s activ e fo r  a s lon g a s SOO millisecond s (Hudso n & .  Tanenhaus ,  1984) .  Thu s a  mode l  o f  th e 
human parsin g mechanis m shoul d activat e al l  meaning s o f  a n ambiguou s word ,  an d allo w the m t o 

continu e a s lon g a s the y ar e compatibl e wit h th e res t  o f  th e sentence ,  o r  unti l  a  decisio n i s necessary , 
fo r  exampl e whe n th e sentenc e ha s ended . 

Turnin g t o higher-leve l  considerations ,  Frazie r  (1979 )  ha s propose d severa l  principle s o f  th e 
human parsin g mechanis m includin g th e Minima l  Attachmen t  Principle :  Attac h incomin g materia l  int o 

th e phras e marke r  bein g constructe d usin g th e fewes t  node s consisten t  wit h th e well-formednes s rule s 
of  th e language .  Th e Minima l  Attachmen t  Principl e i s simpl y a  statemen t  o f  wha t  appear s t o b e a 
soun d strategy :  us e th e fewes t  node s possibl e t o pars e a  sentence .  Withou t  havin g describe d th e 
model  yet ,  w e ca n explai n Minima l  Attachmen t  i n term s o f  i t  a s follows :  Imagin e a  gramma r 
representatio n whic h i s active ,  i n th e sens e tha t  a s part s o f  production s ar e recognized ,  activatio n 
q>read s t o th e nex t  par t  o f  th e production .  Differen t  production s i n th e granuna r  compet e fo r  th e 
attachment s o f  constituent s tha t  ar e foun d i n th e input .  Th e mor e node s involve d i n a  particula r 
interpretation ,  th e farthe r  th e activatio n ha s t o spread ,  an d th e longe r  i t  take s t o activat e thos e node s 
tha t  th e inpu t  actuall y attache s to .  Meanwhile ,  i f  ther e i s a  representatio n tha t  matche s th e inpu t  tha t 
involve s fewe r  nodes ,  thi s wil l  becom e activate d faste r  an d ge t  a  hea d star t  ove r  th e representation s 

involvin g mor e nodes .  Thu s ou r  mode l  explain s Minima l  Attachmen t  a s a  timin g phenomenon , 
involvin g th e latenc y o f  activatin g simpl e versu s comple x representation s throug h a  spreadin g 
activatio n network . 

Rayner ,  Carlso n Sc Frazie r  (1983 )  hav e show n tha t  ther e ar e purel y syntacti c preference s fo r 
attachmen t  o f  PP' s t o NP' s vs .  V F s i n suc h sentence s a s th e co p sa w th e burgla r  wit h th e binoculars . 
W h en th e semanticall y preferre d attachmen t  i s differen t  fro m th e syntacticall y preferre d one ,  peopl e 
appea r  t o 'backtrack '  briefl y t o recover .  Thi s argue s fo r  a n independen t  contributio n o f  synta x an d 
semantic s t o th e attachmen t  process .  I t  doe s no t  necessaril y  mea n tha t  on e precede s th e other ;  on e 
syste m ma y jus t  operat e mor e slowl y tha n th e other .  Althoug h w e wil l  no t  delv e int o i t  here ,  ther e i s 
a natura l  wa y t o represen t  thes e preference s i n ou r  syste m a s inhibitor y bia s (presumabl y learne d 
throug h frequenc y o f  attachments )  betwee n node s representin g competin g attachment s fo r  a 
constituent . 

Recent  dat a o n agranunati c aphasic s als o support s a n independen t  syntacti c processor ; 
Linebargc r  e t  al .  (1983 )  hav e show n tha t  thes e patient s wh o appea r  unabl e t o us e syntacti c clue s t o 
comprehen d sentence s ca n nevertheles s mak e relativel y comple x grammaticalit y judgements .  Thi s 
resul t  implie s tha t  agrammatic s ca n comput e syntacti c representations ,  bu t  can' t  us e the m t o for m 
semanti c interpretations .  W e interpre t  thi s dat a a s suppor t  fo r  ou r  overal l  model ,  give n tha t  th e 
observe d behavio r  ca n b e roughl y accounte d fo r  b y a  lesio n t o th e constraint s betwee n th e syntacti c 
and semanti c modules . 

The Grammar Formalism 

Recal l  tha t  wha t  w e wan t  fro m synta x i s informatio n suc h a s 'NPl=Subject' ,  represente d 
explicitl y  a s unit s wit h thi s a s thei r  value .  Th e gramma r  w e hav e develope d t o enabl e u s t o 
automaticall y generat e th e parsin g networ k explicitl y  represent s role s an d constituent s tha t  ca n fil l 
thos e roles .  Henc e w e cal l  i t  a  role-constituen t  grammar .  W e ar e no t  awar e o f  an y formalis m i n 
linguistic s tha t  i s  simila r  t o thi s althoug h i t  appear s t o b e weakl y equivalen t  t o a  contex t  fre e 
granmiar .  However ,  a s ha s ofte n bee n remarked ,  th e notatio n on e use s ca n affec t  th e wa y on e think s 
abou t  a  problem .  I n thi s case ,  th e notatio n i s hand y fo r  generatin g a  networ k whic h contain s binder s 
fo r  constituent s t o thei r  role s i n paren t  constituents .  A n exampl e gramma r  i s show n i n Figur e 4 .  Th e 
lef t  han d sid e o f  a  productio n i n thi s gramma r  i s a  constituent .  Th e right  han d sid e i s a  lis t  o f  role s 
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S- > Subject.{NP )  Prcdicatc.{VP } 
Prcdicate.{VP } 

VP-> Main.fVERB} DirObj.{NP) 
Mam.{VERB}  IndObj.{N P DirObj.{NP } 
Main.{VERB ) 

NP-> DetPhrasc.{DET} Hcad.{NOUN} 
Hcad.{NOU N P R O) 

Figur e 4 .  A  sampl e role-constituen t  grammar . 

followe d b y a  se t  o f  constituent s tha t  ca n fil l  thos e roles .  I n thi s example ,  th e Hea d o f  a  nou n phras e 
can b e fiUe d b y cithe r  a  P R O a  N O U N. 

Sinc e ther e ar e sometime s a  numbe r  o f  alternativ e constituent s tha t  ma y fil l  a  role ,  th e do t 
betwee n th e rol e an d th e se t  o f  possibl e constituent s correspond s t o a  se t  o f  binder s tha t  mus t 
compet e fo r  tha t  role .  O n th e othe r  hand ,  ever y se t  tha t  a  constituen t  i s  i n correspond s t o a  possibl e 
rol e fo r  tha t  constituent ,  s o tha t  binder s fo r  tha t  constituen t  t o thes e role s mus t  compet e a s well .  Fo r 
example ,  an y particula r  N P coul d b e th e Direc t  Object ,  Indirec t  Object ,  etc. ,  s o binder s t o thes e role s 
must  b e a )  buil t  i n t o th e networ k an d b )  mutuall y inhibitory .  Th e networ k i s se t  u p s o tha t  unles s a 
rol e i t  expected ,  the n tha t  binde r  doesn' t  becom e activated ,  s o i n practic e competitio n doe s no t 
involv e al l  o f  th e binders . 

Anothe r  thin g t o notic e abou t  thi s gramma r  formalis m i s tha t  th e rol e a  constituen t  ca n fil l  i s 
contex t  sensitiv e withi n a  production .  Fo r  example ,  i n th e first  productio n fo r  a n NP ,  a  N O U N ca n 
fill  th e rol e o f  th e Head ,  bu t  no t  a  PRO.  I n th e secon d production ,  th e Hea d ca n eithe r  b e a  N O U N 
or  a  PRO.  Thu s ther e mus t  b e tw o "Hea d recognizers" ,  on e fo r  eac h kin d o f  Head . 

N ow give n thi s grammar ,  a  dictionar y containin g th e possibl e syntacti c classe s o f  th e lexica l 
items ,  an d som e "magi c numbers *  (ho w man y copie s o f  eac h kin d o f  constituen t  recognize r  ther e wil l 
be,  an d ho w lon g th e lexica l  buffe r  wil l  be) ,  w e ca n generat e a  networ k tha t  wil l  recogniz e sentence s 
tha t  matc h thes e rules .  Afte r  a  tou r  o f  th e lexica l  buffer ,  w e shal l  describ e thi s networ k i n greate r 
detail . 

The Lexical Buffer 

We use d a  slightl y differen t  versio n o f  lexica l  acces s fro m th e mode l  reporte d i n (Cottrell ,  1984 ) 
basicall y becaus e i t  wa s easie r  t o implemen t  wit h respec t  t o th e interfac e wit h th e syntacti c analyzer . 
However ,  i t  ha s som e interestin g propertie s i n it s ow n right ,  whic h w e wil l  describ e here .  Fo r 
compariso n purposes ,  w e sho w th e networ k fo r  "deck *  i n Figur e 5 .  Th e lexica l  nod e "deck "  activate s 
"grandmothe r  cells "  fo r  eac h o f  it s  definitions .  Thes e ar e self-stimulating ,  t o kee p th e definitio n 
aroun d afte r  th e lexica l  nod e decays .  (Thu s th e lexica l  nod e ca n b e re-use d later .  Activatio n o f 
successiv e buffe r  position s i s enable d b y contro l  node s tha t  sequenc e throug h th e buffer .  Thi s figur e 
represent s on e buffe r  position. )  Th e definitio n nodes ,  i n turn ,  ar e connecte d t o featur e node s 
representin g syntacti c clas s an d meaning .  Th e definitio n node s ar e als o mutuall y inhibitory ,  bu t  th e 
inhibitio n weight s ar e suc h tha t  the y can' t  defea t  on e anothe r  unti l  decisiv e feedbac k t o th e meanin g 
nodes support s on e " D E P nod e ove r  another .  Th e "meaning "  node s ar e connecte d t o th e cas e 
network ,  an d hav e n o furthe r  connection s t o th e synta x network .  Th e syntacti c clas s node s ar e share d 

L'Oiwee n meaning s o f  th e sam e class .  Thu s feedbac k t o one  o f  thes e fro m a  rol e nod e abov e wil l 
suppor t  bot h definition s withi n a  class ,  an d kil l  of f  th e out-of-clas s syntacti c node ,  followe d b y th e 
out-of-clas s meanin g an d definitio n nodes .  (O f  course ,  i f  ther e i s onl y on e meanin g fo r  a  syntacti c 
class ,  the n feedbac k t o tha t  clas s i s enoug h t o caus e tha t  " D E P an d meanin g nod e t o win. ) 

Feedbac k t o on e o f  th e meanin g nodes ,  e.g .  SHIP'S ,  o n th e othe r  hand ,  wil l  kil l  of f  th e othe r 
meanin g nodes ,  an d th e supporte d definitio n nod e (DEFl )  wil l  increas e th e activatio n o f  N O U N, 
whic h cause s i t  t o wi n ove r  V E R B .  However ,  'DEF2 '  wil l  ge t  bot h extr a suppor t  an d extr a inhibition . 
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Figur e 5 .  A  wor d sens e buffe r  position .  Inhibitor y link s betwee n D E F node s omitted . 

It gets extra inhibition from "DEFl", but since there is a positive pathway between the two, through 
th e N O U N node ,  i t  als o get s extr a support .  Th e resul t  (wit h certai n parameters )  i s tha t  'DEF2 '  get s 
inhibited ,  bu t  no t  belo w threshold .  However ,  sinc e ' C A R D '  ha s bee n kille d b y 'SHIPS' ,  'DEF2 "  i s 
invisibl e t o th e res t  o f  th e network .  Onl y th e feature s compatibl e wit h th e 'DEFl '  ar e visible .  A 
predictio n thi s networ k make s i s  tha t  i t  woul d b e easie r  t o recove r  fro m a  withi n clas s mistake n 
meanin g choice ,  sinc e th e 'DEFZ '  nod e i s stil l  firing . 

Thi s i s th e decisio n machiner y fo r  lexica l  disambiguation .  N o w ,  al l  w e nee d i s feedback . 

3. The Parser 

Th e parsin g networ k i s generate d b y a  LIS P progra m tha t  read s th e gramma r  an d a  dictionar y 
and output s command s t o th e I S C O N simulato r  t o buil d th e network .  W e wil l  star t  b y explainin g a t  a 
hig h leve l  wha t  i s generate d b y a  gramma r  rul e fo r  a  constituen t  wit h severa l  productions .  The n w e 
wil l  g o int o slightl y mor e detai l  abou t  ho w production s fo r  a  singl e constituen t  compet e wit h eac h 
other ,  an d ho w th e bindin g node s compet e wit h eac h other .  Followin g this ,  w e wil l  ski m ove r  som e o f 
th e ugl y detail s o f  th e whol e process ,  an d mentio n som e suggestion s a s t o ho w the y migh t  b e 
circumvente d i n futur e designs .  Thi s wil l  conclud e th e 'Parser *  section ;  th e followin g sectio n wil l 
describ e a  sampl e ru n o f  th e parser . 

Overview of the Network Generated by a Production 

Figur e 6  show s a  productio n an d a  hig h leve l  descriptio n o f  th e networ k fragmen t  generate d b y 
it .  Th e node s i n Figur e 6  ar e actuall y representativ e o f  network s i n th e implementation .  Fo r  th e 
purpose s o f  exposition ,  however ,  thi s leve l  o f  detai l  i s  mor e appropriate .  Th e S  recognize r  i s 
connecte d t o tw o 'productio n recognizers '  whic h correspon d t o th e tw o production s fo r  a n S  i n th e 
grammar .  Thes e implemen t  a  simpl e votin g schem e fo r  comparin g evidenc e betwee n th e tw o 
productions .  I f  th e differenc e i n th e amoun t  o f  evidenc e fo r  th e tw o production s i s greate r  tha n a 
certai n amoun t  (calle d th e competitio n window )  th e on e wit h les s evidenc e give s up . 

Th e productio n recognizer s ar e connecte d t o 'rol e recognizers' ,  tha t  sequenc e throug h th e role s 
of  th e production .  A s bottom-u p evidenc e come s i n fo r  th e Subjec t  role ,  fo r  example ,  expectation s 
ar e se t  u p fo r  th e Predicat e role ,  activatin g tha t  recognizer .  A s mentione d above ,  sinc e role s ca n b e 
filled  b y differen t  constituent s dependin g o n wha t  productio n the y ar e in ,  ther e hav e t o b e tw o 
Predicat e recognizers .  I n an y cas e th e contro l  i s  differen t  fo r  th e two ;  th e Predicat e recognize r  i n th e 
first  productio n ha s t o wai t  fo r  th e Subjec t  t o b e recognized . 

Th e rol e recognizer s operat e b y enablin g th e binde r  node s fo r  thei r  role ,  an d settin g u p 
expectation s fo r  th e possibl e role-fillin g constituents .  Thes e constituent s ar e recognize d b y anothe r 
set  o f  constituen t  recognizer s tha t  ar e activate d b y th e rol e recognize r  fro m a  poo l  o f  inactiv e 
constituen t  recognizer s o f  tha t  class .  A s inpu t  come s in ,  i t  activate s th e constituent s appropriat e t o i t 
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Figur e 6 .  Th e networ k generate d b y a  gramma r  rule . 
Dashe d rectangle s indicat e possibl e competitors . 

that are expected, and the binders for that constituent compete. If it was possible, for example, for 
bot h Predicat e recognizer s t o b e activ e (i t  isn't ,  give n tha t  th e presenc e o f  a  Subjec t  woul d kil l  of f 
productio n 2) ,  th e tw o VPl=Predicat e node s woul d compet e wit h on e another .  I n practice ,  th e 
competitio n woul d b e betwee n binder s fro m a  constituen t  t o role s i n differen t  highe r  leve l 
constituents ,  suc h a s one s wit h c o m m o n prefixes .  Binder s ge t  feedbac k fro m th e productio n 
recognizers ,  s o tha t  a  bindin g t o a  wel l  satisfie d productio n wil l  ten d t o wi n ove r  others . 

Thi s networ k i s repeate d fo r  ever y productio n i n th e grammar .  I t  'bottom s out '  o n syntacti c 
clas s nodes ,  fo r  exampl e N O U N o r  V E R B ,  whic h ar e directl y connecte d t o th e definitio n nod e fo r  a 
lexica l  item . 

Implici t  i n thi s descriptio n ha s bee n th e fac t  tha t  thi s parse r  start s ou t  wit h top-dow n 
expectations ,  an d merge s the m wit h bottom-u p input .  So ,  i n th e beginning ,  expectation s ar e generate d 
fo r  everythin g tha t  coul d star t  a n S .  Thi s mean s tha t  th e constituen t  recognizer s ar e enable d an d 
read y t o go .  The n th e inpu t  tha t  matche s wit h thos e compet e throug h th e binde r  nodes .  Th e binde r 
node s represen t  a  merg e o f  bottom-u p inpu t  wit h top-dow n expectations .  Whethe r  o r  no t  w e hav e a 
goo d algorith m fo r  combinin g thes e type s o f  evidence ,  w e a t  leas t  hav e a  paradig m fo r  testin g 
differen t  evidenc e combinatio n functions . 

Th e en d resul t  o f  a  successfu l  pars e i s tha t  ther e i s a  uniqu e binde r  tha t  ha s w o n ove r  it s 
competitio n fo r  ever y constituent ,  an d on e productio n tha t  ha s w o n fo r  ever y constituent ,  fro m th e 
to p leve l  S  o n down .  I n th e nex t  section s w e cove r  som e o f  th e aspect s o f  thi s mode l  i n mor e detail . 

Production Competition 

The productio n competitio n i s a  simpl e votin g schem e whic h favor s longe r  production s ove r 
shorte r  ones ,  an d thu s favor s 'lat e closure "  (Frazier ,  1978 )  o f  constituents .  I t  work s a s follows :  Ever y 
productio n get s tw o vote s fo r  ever y 'filled '  role .  "Filled '  her e mean s tha t  a  binde r  fo r  a  constituen t 
fillin g tha t  rol e ha s w o n ove r  al l  competin g binders .  Thi s i s conmiunicate d t o th e productio n 
competitio n networ k b y a  highe r  firin g rat e fo r  tha t  binde r  tha n i s possibl e whil e i t  i s  i n competitio n 
wit h othe r  binders .  Eac h productio n get s on e vot e fo r  a n unresolve d role .  'Unresolved '  her e mean s 
tha t  ther e i s evidenc e tha t  a  constituen t  fo r  thi s rol e exists ,  tha t  is ,  a  binde r  fo r  a  role-fillin g 
constituen t  i s firing ,  bu t  i t  i s  stil l  competin g wit h othe r  binders .  Th e evidenc e rul e fo r  eac h 
productio n the n is : 
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i f  Max(vote s fo r  al l  productions )  -  M y Vote s <  Competitio n Windo w 
the n continu e competing ; 

els e lose ; 

In the current implementation, the competition window is 2 votes. Since the votes for this production 
ar e include d i n th e Ma x o f  vote s fo r  al l  productions ,  i f  thi s i s th e winnin g production ,  th e lef t  han d 
sid e i s zero ,  an d th e productio n continues .  I f  anothe r  productio n get s tw o vote s ahead ,  i t  kill s  thi s 
production .  Thi s evidenc e combinatio n rul e favor s writin g gramma r  production s wit h alternative s tha t 
ar e no t  greatl y differen t  i n length ;  ver y lon g productions ,  eve n i f  onl y partiall y  satisfied ,  woul d alway s 
wi n ove r  shorte r  ones .  However ,  thi s seem s t o b e a  natura l  restrictio n o n grammars . 

Whil e particula r  rule s lik e thi s ar e certainl y arguabl e (compar e t o th e 'normalized '  rul e use d b y 
Selma n &  Hirs t  (thi s volume)) ,  th e poin t  i s  tha t  w e hav e a  goo d framewor k fo r  evaluatin g suc h rules ; 
the y ar e intrinsicall y interestin g becaus e the y ar e completel y loca l  t o th e productio n competitio n 
network ;  ther e i s n o globa l  interprete r  makin g decision s abou t  th e 'bes t  fit*  t o th e grammar .  Thu s 
thi s i s a  testbe d fo r  explorin g decisio n algorithm s fo r  a  parse r  tha t  work s i n a  completel y distribute d 
manner . 

The carefu l  reade r  wil l  hav e notice d a  proble m wit h th e rule s a s given .  Se e Figur e 7  (pleas e 
forgiv e th e 'mi x an d match '  linguistics) .  Give n tha t  thes e tw o production s hav e a  commo n prefix ,  an d 
give n inpu t  tha t  matche s th e prefix ,  i.e .  a  'lone "  NP ,  ho w doe s productio n 2  eve r  win ? On e answe r  i s 
t o ad d a  'Closure '  rol e t o th e en d o f  ever y productio n tha t  require s n o fille r  (se e Figur e 8) .  Then ,  i f 
no P P come s along ,  productio n 2  get s a n extr a 2  vote s an d wins .  Th e proble m i s decidin g whe n th e 
Closur e rol e shoul d fire .  Simpl y havin g i t  star t  firin g afte r  a n arbitrar y interva l  won' t  work ,  sinc e 
differen t  PP' s wil l  hav e differen t  recognitio n latencies ;  the y ma y arriv e quickly ,  unfairl y beatin g 
productio n 2  befor e th e Closur e rol e fire s (th e prope r  attachmen t  isn' t  necessaril y  t o thi s NPbar )  o r  i t 
may arriv e to o lat e t o com e t o th e rescu e o f  productio n 1 .  Th e answe r  i s t o mak e th e Closur e rol e 

fir e whe n eithe r  th e P P i s recognized ,  o r  inpu t  inconsisten t  wit h a  P P i s recognized' .  Then ,  th e 

shorte r  productio n wil l  no t  wi n to o soon .  W e ca n the n depen d o n th e semanti c feedbac k t o resolv e 
th e attachmen t  o f  th e P P (th e constraint s betwee n synta x an d semantic s ar e a  two-wa y street ;  binding s 
i n semantic s wil l  suppor t  on e attachmen t  ove r  another )  an d th e reade r  ca n chec k tha t  ou r  evidenc e 
rul e wil l  mak e th e appropriat e decisio n onc e thi s bindin g ha s bee n resolve d (an d no t  unti l  then) . 
Whil e thi s appear s plausible ,  w e won' t  fee l  confiden t  i n i t  unti l  w e hav e teste d i t  o n a  mor e extensiv e 

grammar* . 

Nbar- > Head.{NP }  Mod.{PP }  (1 ) 

Hcad.fNP) (2) 

Figure 7. Production competition: the closure problem. 

Nbar-> Head.{NP} Mod.fPP) Clos.{} (1) 

Head.{NP} Clos.{} (2) 

Figure 8. The closure problem: A solution. 

T̂hi t  ca n b e compute d directl y fro m tb e grammar ,  usin g th e *Follo w tet *  (Ab o A  Ullman .  1977 )  (use d i n predictiv e 
parser s o f  compute r  languages )  o f  tb e NP,  i n thi s eiample .  Member s o f  tb e Follo w se t  inconsisten t  wit h th e P P woul d caus e 
th e Closur e rol e t o fire.  Thi s i s no t  currentl y implemented . 

^ e woul d appreciat e counterexamples . 
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B i a d e n 

Bindin g node s us e a  simila r  rul e t o th e productio n competitio n one : 

i f  (inhibitio n -  suppor t  <  window ) 
{  / *  kee p goin g • / 

i f  (inhibitio n = = 0  & A suppor t  >  criterion )  the n win ; 
els e contlnnc ; 

} 
els e taw; 

One minor difference from the production competition code is that the inhibition' doesn't include 
what  thi s nod e send s out .  Th e competitor s o f  a  binde r  ar c determine d fro m th e rul e tha t  th e sam e 
constituen t  can' t  b e assigne d t o mor e tha n on e role ,  an d on e rol e can' t  b e fille d b y mor e tha n on e 
constituent .  Th e inhibitio n i s th e maximu m o f  th e inpu t  fro m thes e competitors .  'Support *  i s th e su m 
of  bottom-u p an d top-dow n input .  Top-dow n inpu t  come s fro m th e productio n evidenc e network ,  an d 
reflect s ho w wel l  th e predoctlo n i s doing .  A s mor e role s i n a  gramma r  productio n ge t  filled,  th e 
binder s t o thos e role s ge t  mor e feedback .  Thu s i f  a  binde r  fo r  anothe r  rol e i n th e productio n wins , 
thi s  i s communicate d indirectl y t o th e othe r  binder s throug h increase d feedback . 

Missiog Details and Weaknesses 

Ther e ar e severa l  detail s tha t  hav e bee n suppresse d i n thi s exposition ;  mos t  o f  thes e ste m fro m 
th e us e o f  a  fixe d network :  Mechanism s ha d t o b e implemente d t o allo w rol e recognizer s t o selec t 
constituen t  recognizer s fro m a  poo l  o f  them ;  th e wor d sens e buffe r  i s o f  fixe d length ,  althoug h a 
simila r  recruitin g mechanis m migh t  wor k her e too ;  an d jus t  th e existenc e o f  copie s o f  constituen t 
recognizer s wit h identica l  contro l  structure s i s no t  particularl y palatable .  However ,  recen t  advance s i n 
connectionis t  tool s mak e th e futur e loo k brighter .  McClellan d (1985 )  ha s develope d a  syste m calle d 
Connectio n Informatio n Distributio n (CID )  whic h allow s th e storag e o f  connectio n informatio n i n on e 
centra l  networ k ( a knowledg e source )  t o b e 'loaded '  int o a  programmabl e buffe r  (lik e a  Hearsa y 
blackboard ,  Lesse r  & .  Erman ,  1977 )  a s needed .  Whil e th e mappin g o f  ou r  syste m int o th e CI D 
framewor k i s no t  immediatel y obvious ,  th e ide a hold s promis e fo r  avoidin g man y o f  th e 'fixe d 
network '  uglinesses . 

Als o missin g her e i s a  detaile d descriptio n o f  al l  o f  th e uni t  function s an d th e parameter s use d 
(e.g. ,  connectio n weight s an d uni t  thresholds) .  T o ge t  thi s mode l  t o work ,  som e 'weigh t  twiddling * 
was necessary .  Thi s unsavor y practic e i s necessitate d i n par t  b y th e unconstraine d formalis m used , 
whic h a t  presen t  i s no t  amenabl e t o forma l  analysis .  Us e o f  a  mor e constraine d formalis m ca n lea d t o 
bette r  method s fo r  determinin g suc h parameters ;  se e (Selma n &  Hirst ,  1985) .  Thei r  mode l  als o use s 
pur e context-fre e grammars ,  avoidin g th e problem s o f  within-productio n contex t  sensitivit y tha t 
force d u s t o us e mor e copie s o f  recognizer s tha n thei r  model . 

Finally ,  w e don' t  hav e a  convincin g demonstratio n tha t  th e network s generate d b y ou r  progra m 
wil l  alway s converg e t o a  singl e coheren t  globa l  interpretation .  Thi s point s t o th e nee d t o eithe r  (1 ) 
conver t  t o a  analyzabl e formalis m suc h a s Boltman n machine s (Hinto n Sc .  Sejnowski ,  1983 )  o r  (2 ) 
develo p mor e powerfu l  analytica l  tools .  Fo r  th e present ,  w e wil l  hav e t o b e conten t  wit h empirica l 
demonstrations . 

4. An Example Run 

Thi s syste m wa s implemente d o n a  VAX/75 0 runnin g Fran z Lis p an d C ;  th e networ k builde r  wa s 
code d i n Lis p an d fe d command s t o th e ISCO N simulato r  whic h actuall y buil t  th e network .  Thi s i n 
tur n wa s 'compiled '  int o a  representatio n suitabl e fo r  a  muc h faste r  networ k simulato r  writte n i n C . 
The actua l  networ k fo r  th e simpl e exampl e w e wil l  presen t  containe d severa l  hundre d node s an d ove r 
a thousan d connections .  Hence ,  w e wil l  onl y giv e a  hig h leve l  descriptio n o f  th e network' s behavior . 

Give n th e sentenc e h e cu t  th e roll ,  ther e ar e tw o case s o f  syntacti c ambiguity ,  cu t  an d roll . 

'Her e w e ar c usin g th e abaolut e valu e o f  th e iDbibition ,  whic h i f  uuall y negative . 
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Ther e ar e n o interestin g closur e problems ,  a s an y differenc e betwee n thi s an d h e cut ^  ca n b e handle d 
by usin g 'period '  a s a  lexica l  item .  W e simulat e readin g thi s sentenc e b y activatin g eac h lexica l  ite m 
ever y 3 0 step s o f  th e simulation .  Thes e ar e the n 'rea d in '  t o th e wor d sens e buffe r  describe d earlier , 
and afte r  7  mor e steps ,  th e syntacti c clas s an d meanin g node s ar e activate d (thes e an d th e othe r  node s 
i n th e buffe r  accumulat e activatio n slowly) .  Abou t  th e tim e tha t  P R O i s activate d i n th e buffer ,  a n 
NP i s expecte d b y th e Subjec t  rol e o f  th e S  production .  Sinc e "he '  i s  unambiguous ,  P R O ha s n o 
competitor s an d get s highl y activ e quickly .  I t  the n rapidl y become s boun d t o th e Hea d rol e i n th e 
firs t  N P (b y iteratio n 16 )  sinc e ther e i s n o competitio n fo r  it . 

The networ k the n expect s a  VP ,  an d th e tw o production s fo r  a  V P (wit h an d withou t  a  Direc t 
Object )  se t  u p expectation s fo r  a  V E R B .  W h e n 'cut" 8 feature s ( N O U N an d V E R B )  becom e activate d 

at  cloc k ste p 38 ,  the y inhibi t  on e another ,  drivin g eac h othe r  belo w threshold .  Sinc e thi s cut s of f  th e 
inhibition ,  the y ris e u p again ,  lik e flickerin g bits ,  bu t  no w feedbac k fro m th e binde r  fo r  th e V E R B t o 
th e Mai n Ver b rol e i n th e V P give s extr a suppor t  t o th e V E R B node ,  allowin g i t  t o remai n abov e 
threshol d whil e N O U N doesn't ,  resultin g i n a  wi n fo r  V E R B i n th e secon d buffe r  position .  Thus , 

'cut '  ha s bee n disambiguate d a s a  verb .  B y a  fe w step s later ,  th e nod e corre^ondin g t o th e "meaning * 
of  'cut '  a s a  nou n als o loses . 

Afte r  thi s  i s propagate d u p th e network ,  expectation s ar e se t  u p fo r  eithe r  a  'period '  o r  a  Direc t 
Objec t  whic h ca n b e fille d b y a n NP .  Th e Direc t  Objec t  rol e recognize r  select s th e NP 2 recognize r 
(th e nex t  availabl e N P recognizer )  whic h set s u p expectation s fo r  eithe r  a  D E T ,  N O U N o r  P R O. 
Afte r  "the "  ha s bee n processed ,  th e N P recognize r  i s onl y expectin g a  N O U N,  an d s o whe n "roll " 
comes in ,  i t  i s quickl y disambiguated .  Eventuall y th e productio n correspondin g t o a  V P wit h a  Direc t 
Objec t  wins ,  an d th e resultin g stabl e coalitio n represent s thi s pars e wit h th e appropriat e bindin g node s 
i n a  highl y activ e state . 

Thus ou r  parse r  ha s disambiguate d th e tw o ambiguou s lexica l  item s o n th e basi s o f  thei r  'fit ' 
int o th e developin g pars e tree .  Anythin g incompatibl e wit h th e expectation s develope d a t  th e 
'frontier '  o f  th e developin g tre e wa s quickl y extinguished .  I f  ther e ha d bee n mor e structura l 
ambiguity ,  lexica l  item s compatibl e wit h eithe r  structur e woul d hav e remaine d ambiguou s unti l  som e 
productio n wo n ove r  another .  Whil e thi s ma y see m implausible ,  i t  i s  compatibl e wit h th e result s o f 
Hudso n &  Tanenhau s (1984) . 

5. Conclusions 

We hav e presente d a  parsin g mode l  whic h ha s th e followin g features : 

1)  completel y distribute d 
2)  massivel y paralle l 
3)  automaticall y generate d fro m a  gramma r 
4)  doe s no t  us e symbo l  passin g 
S)  matche s neurolinguisti c data . 
6)  ha s a  'natural '  explanatio n o f  Minima l  Attachment . 
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