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A P D P A p p r o a c h t o 

P r o c e s s i n g C e n t e r - E m b e d d e d S e n t e n c e s 

Jil l  Weckerl y 

Jeffre y L .  Elma n 

Cente r  fo r  Researc h i n Languag e 

Universit y o f  California ,  Sa n Dieg o 

weckerl y @crl.ucsd.edu ;  elman@crl.ucsd.ed u 

A b s t r a c t 

Recen t  P D P model s hav e bee n show n t o hav e grea t  prom -

is e i n contributin g t o th e understandin g o f  th e mecha -

nism s whic h subserv e languag e ixt)cessing .  I n thi s pape r 

we addres s th e specifi c  questio n o f  h o w multipl y embed -

ded sentence s migh t  b e processed .  I t  ha s bee n show n ex -

perimentall y tha t  comprehensio n o f  center-embedde d 

structure s i s poo r  relativ e t o right-branching  structures .  I t 

als o ha s bee n demonstrate d tha t  thi s effec t  ca n b e attenu -

ated ,  suc h tha t  th e presenc e o f  semanticall y constraine d 

lexica l  item s i n center-embedde d sentence s improve s 

processin g performance .  Thi s raise s tw o questions : 

(1 )  Wha t  i s i t  abou t  th e processin g mechanis m tha t  make s 

center-embedde d sentence s relativel y difficult ? 

(2 )  H o w ar e th e effect s o f  semanti c bia s accounte d for ? 

Followin g a n approac h outline d i n Elma n (1990 , 

1991) ,  w e trai n a  simpl e recurren t  ne tww k i n a  predictio n 

tas k o n variou s syntacti c structures ,  includin g center-em -

bedde d an d right-branching  sentences .  A s th e result s 

show ,  th e behaviO T o f  th e networ k closel y resemble s th e 

patter n o f  experimenta l  data ,  bot h i n yieldin g superio r 

performanc e i n right-branching  structure s (compare d 

wit h center-embeddings) ,  an d i n processin g center-em -

bedding s bette r  whe n the y involv e semanticall y con -

straine d lexica l  items .  Thi s suggest s tha t  th e recurren t 

networ k m a y provid e insigh t  int o th e locu s o f  simila r  ef -

fect s i n humans . 

The Problem 

I t  ha s bee n know n fo r  man y year s tha t  no t  al l  embedde d 

sentence s ar e processe d equall y easil y b y listeners .  Ove r 

a variet y o f  measures ,  th e comprehensio n an d genera l 

processin g o f  center-embedde d structure s ha s bee n foun d 

t o b e wors e tha n tha t  o f  right-branching  sentence s 

(Blauberg s &  Braine ,  1974 ;  Blumenthal ,  1966 ;  Blumen -

tha l  &  Boakes ,  1967 ;  Cairns ,  1970 ;  Fodo r  &  Gairett , 

1967 ;  Larki n &  B u m s ,  1977 ;  Marks ,  1968 ;  Mille r  & 

Isard ,  1964 ;  Schlesinger ,  1968) .  Thus ,  i n 

(l)(a )  Th e w o m a n sa w th e bo y tha t  hear d th e m a n tha t 

left .  (RB ) 

(b )  Th e m a n th e bo y th e w o m a n sa w hear d left .  (CE ) 

Sentenc e (la) ,  whic h involve s a  right-branching  structur e 

(RB) ,  i s  mor e readil y processe d tha n sentenc e (lb) , 

whic h involve s a  center-embeddin g (CE) . 

Th e ar e variou s reason s wh y thes e tw o classe s o f 

sentence s migh t  diffe r  wit h regar d t o intelligibility . 

Thes e includ e (a )  adherenc e t o canonica l  wor d order ,  (b ) 

difficult y o f  subject-ver b matchin g i n th e matri x an d em -

bedde d clauses ,  (c )  distanc e betwee n subject s an d verbs , 

and (d )  consistenc y o f  rol e assignment s fo r  noun s i n bot h 

mai n an d subordinat e clauses .  Whil e canonica l  S V - 0 

wor d orde r  i n (la )  i s  maintaine d throug h th e mabi x 

clause ,  i n (lb) ,  wor d orde r  diverge s considerably .  Th e 

processo r  i s face d wit h thre e adjacen t  noun s followe d b y 

thre e adjacen t  verbs .  I n (la) ,  th e processo r  mus t  b e abl e 

t o matc h th e ver b encountere d i n th e first  relative  clause , 

hear d wit h th e previou s noun ,  boy .  Thi s mean s th e pro -

cesso r  mus t  "store "  som e notio n o f  thi s nou n unti l  hear d 

i s reached .  Onc e pas t  th e verb ,  i t  goe s o n t o repeat  th e 

same actio n wit h th e nex t  relativ e clause . 

I n sentence s suc h a s (lb) ,  thes e resolution s ar e no t 

made a s easily .  Th e processo r  i s require d t o simulta -

neousl y kee p trac k o f  thre e noun s befor e i t  reache s th e 

first  verb ,  saw .  I t  the n mus t  determin e al l  th e subject -

verb-objec t  relationship s fro m representations  o f  item s 

occurrin g ver y earl y i n th e sentences .  A s eac h ver b i s  en -

countered ,  th e nou n tha t  serve s a s it s subjec t  wa s encoun -

tere d progressivel y furthe r  bac k i n th e sentence ,  makin g 

th e distanc e betwee n th e las t  ver b an d it s subjec t  consid -

erable . 

Th e difficultie s o f  a  subject-verb-objec t  matc h i n 

structure s suc h a s (lb )  ta x th e storag e capacit y o f  th e pro -

cessin g mechanis m b y requirin g th e simultaneou s activa -

tio n o f  a  numbe r  o f  item s an d ove r  a  grea t  distance .  Thi s 

i s i n contras t  wit h sentence s suc h a s (la )  wher e th e stor -

age o f  informatio n mus t  spa n ove r  on e intervenin g ite m 

at  mos t  an d whos e S-V- 0 relationships  ca n b e deter -

mine d on e a t  a  time .  A  difficult y tha t  bot h sentence s i n 
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(1 )  shar e i s tha t  noun s savin g a s subjec t  i n on e claus e in -

stantiat e th e objec t  rol e i n another .  Thi s shif t  i n perspec -

tiv e i s mor e difficul t  i n (lb )  becaus e th e noun s ar c adja -

cent ,  thereb y increasin g th e chanc e o f  confusion . 

A secon d findin g o f  not e i s that ,  despit e th e prob -

lem s pose d b y C E sentences ,  thei r  comprehensibilit y 

may b e improve d i n th e presenc e o f  semanti c constraints . 

Compare th e followin g i n (2 ) 

(2)(a )  Th e m a n th e w o m a n th e bo y sa w hear d left . 

(b )  Th e clai m th e hors e h e entere d i n th e rac e a t  th e 

las t  minut e wa s a  ringer  wa s absolutel y false . 

I n (2b) ,  th e thre e subject s noun s creat e strong—an d 

different—semanti c expectation s abou t  possibl e verb s 

and objects .  Thi s semanti c informatio n migh t  b e expect -

ed t o hel p th e heare r  mor e quickl y resolv e th e variou s 

subjec t  an d objec t  lineup s an d a s suc h aid s i n processin g 

(Bever ,  1970 ;  Kin g an d Just ,  1991 ;  Schlesinger ,  1966 ; 

Stolz ,  1967) .  Th e verb s i n (2a) ,  o n th e othe r  hand ,  pro -

vid e n o suc h help .  Al l  thre e noun s migh t  plausibl y b e th e 

subjec t  o f  al l  thre e verbs . 

We believ e tha t  suc h phenomen a m a y provid e 

valuabl e clue s a s t o th e natur e o f  th e processin g mecha -

nism s whic h subserve s language .  Ou r  goa l  i n thi s wor k 

has bee n t o tes t  a  particula r  mode l  o f  languag e process -

in g (th e simpl e recurren t  network )  i n orde r  t o se e wheth -

er  i t  migh t  provid e a n explanatio n fo r  thes e effects . 

The Model 

Elma n (1990 ,  1991a )  showe d tha t  simpl e recurren t 

network s (SRNs )  wer e abl e t o develo p iniemall y struc -

ture d representation s whic h provid e th e basi s fo r  ab -

stract ,  productive ,  an d systemati c behavio r  a s require d i n 

syntacti c processing .  Suc h network s (show n i n Figur e 1 ) 

wer e abl e t o us e cooccurrenc e statistic s t o develo p repre-

sentation s whic h capture d type/toke n distinctions ,  lexi -

cal  categor y distinctions ,  an d aspect s o f  grammatica l 

structure . 

outpu t  unit s 

hidde n unit s 

^ 

contex t  unit s 

=1 inpu t  unit s 

Th e S R N mode l  o f  languag e processin g suggest s 

tha t  th e processin g difference s betwee n center-embed -

ded an d right-branching  structure s aris e a s a  basi c conse -

quenc e o f  th e processin g mechanis m itself ,  rathe r  tha n 

from  limitation s i n a  m e m o r y syste m whic h i s separat e 

fro m (althoug h use d in )  languag e processing .  Th e stat e 

machin e metapho r  embodie d i n a  P D P mode l  delineate s 

a mor e plausibl e rol e fo r  th e capacit y o f  m e m o r y base d 

on th e natur e o f  th e representations  use d i n th e process -

in g o f  a  sentence .  Th e P D P processo r  i n th e tim e cours e 

of  a  sentenc e create s a  representatio n whic h integrate s 

{H-eviou s contex t  wit h presen t  inpu t  an d ca n b e though t  o f 

as a  stat e vecto r  tha t  reflect s th e processor' s curren t  po -

sitio n i n th e sentence .  A s thi s vecto r  i s  continuall y passe d 

throug h a  "squashing "  function ,  i t  ha s cml y flnite  preci -

sion .  Finit e precisio n an d degradatio n ove r  tim e ar e als o 

qualitie s o f  th e huma n processor . 

Usin g a  P D P network ,  i t  wil l  b e show n h o w a  pro -

cesso r  tha t  employ s thi s typ e o f  representatio n degrades , 

and hence ,  i s fmitel y precis e i n suc h a  w a y tha t  mimic s 

th e patter n o f  processin g center-embedde d an d right-

branchin g sentence s b y h u m a n processors .  A s th e stat e 

vecto r  canno t  hol d informatio n fo r  a n inflnitel y lon g pe -

riod  o f  time ,  i t  i s  suggeste d tha t  th e representations  use d 

by th e huma n processo r  ar e capture d bes t  b y th e stat e 

vecto r  metapho r  an d ar e similarl y limited . 

As i t  ha s bee n experimentall y demonstrate d tha t  th e 

IX'ocessin g o f  center-embedde d sentence s i s aide d b y th e 

us e o f  verb s tha t  ar e semanticall y constrained ,  th e simu -
latio n result s o f  th e processin g o f  thes e structure s wil l 

sho w tha t  th e architectur e an d m o d e o f  representatio n i n 

th e networ k suppor t  thi s behavio r  a s well .  I t  ca n bes t  b e 

understoo d b y considerin g wha t  type s o f  informatio n ar e 

availabl e t o th e processo r  an d h o w the y ar e stewed .  Dif -

feren t  type s o f  informatio n interac t  i n a  P D P mode l  an d 

influenc e th e outpu t  suc h tha t  i t  i s  th e produc t  o f  multipl e 

constraints .  Th e fac t  tha t  a  mode l  suc h a s thi s use s infor -

matio n othe r  tha n "purely "  syntacti c informatio n i s noth -

in g new ;  man y theorie s posi t  th e interactio n o f  thi s sor t 
as a  cornerston e t o processin g an d comprehension .  W h a t 

a P D P mode l  suggest s i s tha t  wit h regar d t o th e process -

in g o f  embedde d sentences ,  th e representation s use d ar e 

one s wher e informatio n presen t  i n th e variou s level s o f 

embeddin g i s simultaneousl y visibl e an d allowe d t o in -

terac t  eithe r  t o facilitat e o r  encumbe r  in-ocessing .  Unlik e 

a stack-devic e metapho r  fo r  storage ,  representatio n i n a 

stat e vecto r  i s no t  encapsulate d an d unavailable .  Th e 

simulation s wil l  demonstrat e h o w a  P D P mode l  wit h 

thes e propertie s produce s behavio r  simila r  t o tha t  o f  th e 

human processo r  an d h o w viewin g processin g an d repre-

sentatio n i n thi s wa y account s fo r  behaviora l  pattern s i n 

a straightforwar d way . 

Simulations 

FcH-  th e purpose s o f  th e simulation ,  a  smal l  vocabular y 
was create d consistin g o f  2 6 words :  1 0 nouns ,  1 4 verbs , 

complementizo -  "that" ,  an d a n end-of-sentenc e marker , 

"." .  Sinc e on e o f  th e behavior s o f  interes t  i s  processin g 
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sentence s wit h semanti c bias ,  s o m e notio n o f  mean in g 

must  b e represented.  T h e networ k ca n neve r  b e semanti -

call y grounde d i n th e sens e tha t  i t  k n o w s wha t  word s 

m e a n;  semanti c relatednes s i s capture d i n th e co-occur -

rence  restriction s o f  th e verbs .  Classe s o f  noun s servin g 

as subject s an d object s fal l  int o classe s o f  h u m a n s ( N H ) , 

animal s ( N A ) ,  document s ( D O C ) ,  an d inanimat e object s 

( I N O B J ) .  T h e semanti c structur e o f  th e artificia l  lan -

guag e i s s h o w n below : 

VERB POSSIBLE SUBJECTTS POSSIBLE OBJECTS 

wal k 
liv e 
writ e 
send 
lov e 
kic k 
bil e 
chas e 
sec 
hear 
advis e 
than k 
own 
tame 

NH. 
NH, 
NH 
NH 
NH 
NH 
NA 
NA 
NH. 
NH. 
NH 
NH 
NH 
NH 

NA 
NA 

NA 
NA 

— 
DOC 
DOC 
NH.NA 
NH.NA 
NH.NA 
NH.NA 
NH.  NA ,  DOC.  INOB J 
NH.NA 
NH 
NH 
NA 
NA 

Table ! 

Th e precedin g word s wer e constituent s o f  a n ar -

tificia l  gramma r  tha t  generate d bot h simpl e an d comple x 

sentences .  Sentenc e type s wer e produce d wit h th e basi c 

patter n o f  N O U N - V E R B - N O UN wit h verb s equifre -

quen t  an d ever y instanc e o f  nou n abl e t o serv e a s hea d o f 

an object -  o r  subject-relative .  I n thi s wa y man y differen t 

sentenc e type s wer e generate d includin g center-embed -

ded/object-relative ,  right-branching ,  an d subject-relativ e 

constructions .  Sampl e sentence s ar e show n i n (3) . 

(3Xa )  Wizar d tha t  advise s doroth y tame s Uon . 
(b )  D o g tha t  doroth y love s bite s witch . 
(c )  Tige r  chase s lio n tha t  hear s doroth y tha t  kick s 

witc h tha t  see s slippers . 
(d )  Tinma n thank s wizard . 

Simpl e sentence s wer e produce d b y restrictin g 

nou n phrase s t o simpl e noun s an d thu s followe d th e stric t 

N O U N - V E R B - N O UN pattern .  I n ever y case ,  semanti c 

restriction s wer e obsCTved .  A H subjec t  an d objec t  rela -

tive s wer e constructe d wit h th e appropriat e verbs .  A  sub -

jec t  relativ e fo r  anima l  noun s wa s instantiate d onl y b y 

thos e verb s fo r  object -  relative s whic h a n anima l  subjec t 

i s possible .  Fo r  objec t  relatives ,  onl y verb s whic h speci -

fie d th e hea d nou n a s possibl e objec t  typ e wer e use d t o 

fil l  ou t  tha t  relative  claus e construction .  Hence ,  sentenc -

es o f  th e for m show n i n (4 )  di d no t  occur . 

(4)(a )  *Wizar d tha t  bite s doroth y tame s lion . 

(b )  *Do g tha t  doroth y advise s bite s witch . 

Usin g th e bac k propagatio n learnin g (Rumelhart , 

Hinto n &  Williams .  1986) .  a n S R N o f  th e for m show n i n 

Figur e 1  wa s traine d i n a  predictio n tas k o n dat a set s 

varyin g i n composition .  Th e networ k wa s presente d wit h 

sentences ,  a  wor d a t  a  time .  Eac h wor d wa s represented 

wit h a  26-bi t  vecto r  i n whic h a  singl e bi t  wa s turne d on . 

As a  result ,  inpu t  representation  containe d n o explici t  in -

formatio n abou t  th e semanti c o r  grammatica l  character -

istic s o f  lexica l  items .  Thi s informatio n ha d t o b e learne d 

by th e networ k base d o n cooccurrenc e facts . 

A n incrementa l  trainin g strateg y wa s used ,  base d 

on th e results  reported  i n Elma n (1991b) .  whic h indicat -

ed tha t  th e successfu l  inductio n o f  hierarchica l  grammat -

ica l  structure s require s incrementa l  learning .  According -

ly ,  th e networ k wa s traine d o n a n initia l  dat a se t  o f  simpl e 

(monoclausal )  sentences ;  ove r  time ,  th e percentag e o f 

comple x sentence s wa s increase d unti l  a  fina l  rati o o f 

7 5 % complex/25 % simpl e wa s achieved .  Th e networi c 

was traine d o n a  tota l  o f  40,(XX )  sentences ,  eac h o f  whic h 

was presente d 1 0 times . 

Results 

Netwoi k performanc e wa s evaluate d b y seein g ho w 

closel y th e networ k prediction s approximate d th e (em -

piricall y derived )  likelihoo d o f  occurrenc e o f  possibl e 

nex t  words ,  give n th e prio r  sentenc e context ;  optima l 

performanc e woul d b e achieve d i f  th e networ k learne d 

th e conditiona l  probabilit y  distributions .  W e measure d 

thi s b y computin g th e mea n cosin e o f  th e angl e betwee n 

th e outpu t  activatio n vector s an d th e empirica l  likelihoo d 

vector s base d o n th e fina l  trainin g dat a set .  B y th e en d 

of  training ,  th e networ k wa s goo d a t  predictin g th e fol -

lowin g w w d i n a  variet y o f  sentenc e structure s a s wel l 

as predictin g th e semanticall y appropriat e verb s an d ob -

ject s fo r  subject s an d verb s respectively.  Th e averag e co -

sin e betwee n th e tw o set s o f  vector s wa s 0.8784 .  Perfec t 

performanc e woul d hav e bee n 1.0 ;  i.e. ,  th e vector s woul d 

hav e bee n parallel) . 

Test 1: center-embedded and right-branching 

sentence s 

The networ k wa s teste d o n subset s o f  center-embedde d 

and right-branching  sentences .  Performanc e wa s evalu -

ate d o n 19 2 nove l  sentences ,  eac h containin g tw o level s 

of  embeddin g a s show n i n (5) . 

(5)(a )  Tinma n hear s tige r  tha t  see s witc h tha t  tame s lion . 

(RB) 

(b )  Witc h tha t  tige r  tha t  tinma n hear s see s tame s lion . 

(CE ) 

Bot h th e likelihoo d an d networ k outpu t  vector s 

wer e compute d firom  thes e 19 2 tes t  sentences .  A  four-U t 

vecto r  tha t  gav e th e distributio n o f  output s an d likeli -
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hood s fo r  eac h o f  th e categorie s N O U N,  V E R B .  T H A T . 

and S  (en d o f  sentence )  wa s calculated .  Th e mea n cosin e 

of  center-embedde d structure s wa s 0.7137 .  Th e mea n co -

sin e fo r  right-branching  construction s wa s 0.8484 .  W e 

ca n conclud e fro m thi s that ,  give n th e predictio n ia.sk ,  th e 

networ k i s mor e successfu l  a t  right-branching  structure s 

tha n center-embedde d ones . 

Discussion 

I f  w e equat e th e network' s  ̂ ro r  a s measure d b y th e co -

sin e o f  th e outpu t  an d likelihoo d vecto r  wit h a  genera l 

processin g difficult y the n w e hav e result s tha t  closel y 

model  th e huma n data .  I t  i s  no t  th e cas e tha t  center-em -

bedde d sentence s ar e impossible ;  the y ar e simpl y mor e 

difficul t  relativ e t o othe r  constructions .  Anothe r  aspec t 

of  th e model' s behavio r  i s  reminiscen t  o f  th e huma n data : 

th e network' s performanc e decrease s drasticall y a t  thre e 

embedding s whic h i s th e limi t  t o comprehensio n reporte d 

i n th e literatur e a s well . 

The network' s performanc e ca n b e understoo d i f  w e 

conside r  th e wa y i t  represent s grammatica l  structur e a t  th e 
hidde n layer .  A s eac h ne w wor d i s presented ,  th e hidde n 

unit s receiv e inpu t  from  bot h th e curren t  wor d an d th e pre -

viou s hidde n uni t  state .  Thus ,  a  give n word' s interna l  rep -

resentatio n alway s reflect s th e prio r  context .  A m o n g othe r 

things ,  thi s contex t  indicate s where ,  i n th e spac e o f  pos -

sibl e grammatica l  sentenc e trajectories ,  th e processo r  is ; 

thi s contex t  als o indicate s wha t  m a y b e expecte d befor e a 
sentence-fina l  stat e i s reached .  Fo r  example ,  i f  th e curren t 

wor d i s hears ,  an d th e previou s hidde n uni t  stat e reflect s 

th e networ k havin g see n dog ,  fo r  instance ,  the n th e inter -

nal  stat e wil l  b e suc h tha t  th e networ k wil l  no t  predic t  th e 

end o f  th e sentence .  Th e grammatica l  structur e i t  ha s in -

ferre d demand s tha t  th e objec t  o f  th e ver b b e presen t  be -

for e a  final  stat e ca n b e achieved . 

The representatio n o f  relativ e positio n i n a  sentenc e 

makes certai n demand s o n th e processo r  regardles s o f  th e 

structur e bein g processed .  However ,  processin g structur e 

typ e als o make s it s o w n demand s o n th e representationa l 

capacit y o f  th e processor .  Th e differenc e i n processin g o f 

center-embedde d vs .  right-lvanching  sentence s ver y 
much depend s o n th e amoun t  o f  informatio n tha t  mus t  b e 

store d fo r  furthe r  processin g i n th e sentence .  A s eac h 

T H AT claus e i s introduce d i n center-embedde d sentenc -

es,  th e informatio n abou t  th e hea d nou n a s wel l  a s it s po -

sitio n relativ e t o th e matri x sentenc e mus t  b e represente d 

and store d unti l  th e ver b o f  it s  claus e i s found .  Conside r 

(6) : 

(6 )  Do g tha t  doroth y tha t  tige r  chase s love s bite s witch . 

Afte r  i t  ha s see n tiger,  th e networ k mus t  "remem -

ber" :  (1 )  tha t  i t  ha s see n thre e nouns ,  tw o animals ,  on e hu -

man;  (2 )  th e fac t  tha t  th e huma n nou n cam e betwee n th e 

tw o animals ;  (3 )  tha t  th e verb s tha t  "g o with "  thes e noun s 

wil l  b e o f  a  certai n class ;  an d (4 )  tha t  i t  mus t  find  thre e 

verb s i n orde r  fo r  th e sentenc e t o complete .  Thi s place s 

heav y demand s o n a  processo r  whos e action s ar e execut -

ed vi a a  stat e vecto r  representation . 

I n right-branching  constructions ,  th e representa -

tiona l  demand s ar e no t  a s extreme .  Conside r  7 . 

(7 )  Tige r  chase s doroth y tha t  love s do g tha t  bite s witch . 

Th e initia l  nou n tha t  th e networ k encounter s i s  fol -

lowe d immediatel y b y a  verb .  Afte r  seein g thi s verb ,  th e 

networ k ca n forge t  abou t  th e initia l  nou n becaus e it s ver b 

has bee n found .  Fo r  th e vol) ,  th e networ k nee d onl y stor e 

informatio n abou t  a n appropriat e objec t  i n generatin g it s 

predictions .  A s i t  encounter s th e objec t  o f  th e matri x sen -

tence ,  th e processO T expect s tha t  th e sentenc e b e resolve d 

or  tha t  th e previou s nou n b e th e hea d o f  anothe r  relativ e 

clause .  I n th e cas e o f  right-branching  structures ,  th e pro -

cesso r  nee d onl y kee p informatio n abou t  on e nou n afte r 

encounterin g th e relative  pronoun .  Thus ,  ther e i s les s in -

formatio n t o b e store d an d ove r  a  m u c h shorte r  distance . 

Thi s disparit y i s clea r  i n th e behavio r  o f  th e net -

work .  Wit h right-tH^mching  construction s th e stat e vec -

to r  nee d onl y contai n representation s o f  tw o previou s 

word s a s wel l  a s th e genia l  positicM i  i n th e sentence .  N o 

leve l  o f  embeddin g nee d b e stored ,  becaus e n o resolutio n 

cruciall y depend s o n it .  I n contrast ,  wit h center-embed -

ded sentences ,  th e stat e vecto r  mus t  reflect  sentenc e po -

sitio n an d curren t  leve l  o f  embeddin g withi n th e sen -

tence .  Furthermore ,  i t  mus t  als o kee p informatio n abou t 

th e previousl y introduce d noun s withou t  havin g th e 

verb s t o advanc e i t  int o th e nex t  state .  Thi s "stat e o f  sus -

pension "  impose s a  significan t  ta x o n th e representation-

al  capacit y o f  th e hidde n uni t  layer ,  an d approache s it s 
limit s o f  precision . 

Researcher s hav e ofte n cite d th e limitation s o f 

workin g m e m o r y t o explai n certai n processin g biase s o f 

th e huma n parsin g mechanism ,  an d specifically ,  t o ex -

plai n th e difficult y i n processin g center-embedde d sen -

tences .  I n tha t  view ,  workin g m e m o r y i s see n a s distinc t 

from  th e mechanis m whic h contain s th e grammatica l  in -

formation .  Th e curren t  accoun t  provide s a  somewha t  dif -

feren t  w a y o f  thinkin g abou t  th e asymmetr y i n process -
in g center-embedde d vs .  right-branching  structures .  Th e 

accoun t  als o appeal s t o th e notio n o f  representationa l 
storag e edacity .  However ,  th e representationa l  limita -

tion s ar e see n a s intrinsi c t o th e grammatica l  processo r  it -

self ,  rathe r  tha n arisin g from a  sq)arat e workin g system . 

I f  w e vie w th e proces s o f  sentenc e parsing/comprehen -

sio n a s movemen t  fro m on e stat e t o anothe r  a s i n a  con -

nectionis t  network ,  the n m e m o r y limitation s ar e no t  a n 

arbitrar y number ,  bu t  du e t o th e natur e o f  representation s 

i n huma n m e m o r y i n sentenc e processing .  Thi s capacit y 

specifie s tha t  a  stat e lik e representatio n ca n onl y hol d s o 

much informatio n ove r  a  certai n distance .  A  reductio n i n 
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th e amoun t  o r  informatio n o r  i n th e distanc e t o b e store d 

woul d facilitat e processing ,  a s i n right-branching  struc -

tures . 

Test 2: Semantically biased and unbiased struc-

ture s 

Th e othe r  majo r  findin g o f  interes t  t o u s wa s th e fac t  tha t 

not  al l  center-embedde d sentence s ar e equall y difficul t  t o 

process .  W e thu s proceede d t o tes t  th e networ k o n differ -

ent  type s o f  center-embedde d sentences .  T w o set s o f 

center-embedde d sentence s wer e created :  on e se t  o f  19 2 

sentence s wit h semanticall y biase d verbs ,  an d anothe r  se t 

of  19 2 sentence s wit h semanticall y unbiase d verbs .  Bia s 

i n thi s cas e mean s ther e i s som e informatio n i n th e ver b 

tha t  uniquel y link s i t  wit h eithe r  it s  subjec t  o r  objec t  o r 

both .  Fo r  instance ,  i n sentenc e (8a )  eac h ver b encoun -

tere d ca n onl y b e resolve d wit h on e nou n a s subjec t 

wherea s i n (8b) ,  an y subjec t  i s  compatibl e wit h an y verb . 

(8)(a )  IDo g tha t  doroth y tha t  bea r  bite s tame s chase s tiger . 

(b )  D o g tha t  doroth y tha t  bea r  see s hear s walks . 

Th e network' s output s i n respons e t o th e tw o set s o f 

19 2 sentence s wer e collected .  Likelihoo d vector s wer e 

calculate d base d o n th e tw o set s o f  center-embedde d sen -

tence s combined .  Comparison s wer e mad e betwee n bi -

ase d an d unbiase d sentence s wit h on e embedding ,  an d 

the n wit h tw o level s o f  embedding .  Th e results  wer e a s 

predicted .  Fo r  sentence s containin g on e leve l  o f  embed -

ding ,  th e mea n cosin e betwee n th e activatio n an d likeli -

hoo d vector s fo r  unbiase d sentence s wa s 0.5719 ;  th e 

mean cosin e fo r  th e sentence s wit h semanti c biase s wa s 

0.6311 .  Fo r  sentence s wit h tw o level s o f  embedding ,  th e 

overal l  performanc e decrease d bu t  th e sam e basi c patter n 

remained .  I n th e unbiase d conditio n th e mea n cosin e 

was 0.538 5 an d i n th e biase d conditio n i t  wa s 0.5719* .  I t 

ca n b e conclude d tha t  semanti c informatio n whic h 

uniquel y linke d a  subjec t  wit h it s ver b i n centw-embed -

ded sentence s aide d th e networic . 

Discussion 

We se e agai n tha t  th e network' s performanc e parallel s 

tha t  rf  h u m a n listeners .  Th e networ k benefit s fro m th e 

semanti c constraint s associate d wit h word s i n orde r  t o 

represen t  embedde d structure s mor e clearly .  Th e seman -

ti c informatio n provide d b y th e ver b help s i n tw o ways . 

First ,  i t  help s th e ne tww k pinpoin t  th e nou n whic h serve s 

as it s subjec t  b y incompatibilit y  o f  th e othe r  noun s i n 

'° To a large extent, the low values here are only an arti-

fac t  o f  th e measur e used .  Th e likelihoo d vector s ar e cal -

culate d specifi c  t o a  dat a set .  Th e tes t  dat a se t  onl y 

ccMitain s on e structur e o f  th e man y tha t  th e networ k ha s 

mastered ,  an d therefOT e skew s th e likelihoo d vector s i n a 

w ay tha t  make s th e network' s performanc e ̂ pea r  low . 

storage .  Second ,  becaus e thi s resolutio n ca n b e mad e 

wit h highe r  probability ,  i t  put s th e networ k i n a  mor e pre -

cis e Slat e o f  expectatio n fo r  th e nex t  word .  A s th e net -

wor k goe s throug h th e sentence ,  wor d b y word ,  ther e 

wil l  b e variou s point s wher e i t  mus t  b e abl e t o lin k word s 

ofte n separate d a  grea t  distanc e wit h thei r  conceptua l  de -

pendencies . 

As soo n a s i t  encounter s th e first  ver b i t  mus t  b e 

abl e t o determin e whic h nou n i s it s subjec t  an d whic h 

nou n serve d a s it s object .  Th e resource s o f  th e netwoi k 

ar e heavil y taxe d a t  thi s point ,  becaus e i t  ha s informatio n 

abou t  thre e noun s tha t  i t  mus t  kee p activ e a t  som e level . 

As i t  encounter s th e first  verb ,  i t  i s  abl e t o mak e a  rela -

tivel y eas y match .  A s ther e n o word s intervenin g be -

twee n th e las t  mentione d nou n an d th e first  verb ,  thi s wil l 

be th e easies t  subject-ver b resolutio n th e networ k ha s t o 

make.  I t  i s  a t  thi s poin t  wher e th e networ k migh t  b e aide d 

by th e natur e o f  th e verb .  I f  th e ver b provide s som e infor -

matio n b y virtu e o f  it s  co-occurrenc e restrictions ,  an d t o 

a lesse r  exten t  it s argumen t  structure ,  th e nex t  subject -

verb-objec t  resolution  migh t  b e greatl y aided .  Tha t  is ,  i f 

th e first  ver b encounter s i s compatibl e wit h onl y th e las t 

mentione d noun ,  th e resolutio n ca n b e mad e quickl y an d 

put s th e networ k i n a  stat e o f  awaitin g th e nex t  wor d wit h 

stronge r  expectations . 

W h en th e nex t  ver b i s encountered ,  th e networ k i s 

force d t o mak e anothe r  subject-ver b resolution.  I f  th e na -

tur e o f  thi s secon d ver b i s suc h tha t  i t  i s  compatibl e onl y 

wit h th e intermediar y nou n an d no t  th e first  o r  las t  men -

tione d nouns ,  the n th e networ k wil l  benefi t  gread y fro m 

thi s information .  Th e nou n instantiatin g th e subjec t  rol e 

of  thi s ver b wil l  b e determine d wit h les s chanc e o f  con -
fiisio n wit h th e othe r  tw o nouns .  Th e networ k ha s heav y 

representational  demand s a t  thi s poin t  becaus e th e poten -

tia l  subject s o f  th e curren t  ver b hav e occurre d quit e a 

lon g tim e ag o an d chanc e o f  confusio n an d intermixin g 

of  informatio n ar e high .  Thus ,  informatio n tha t  woul d 

clearl y delineat e a  matc h wil l  b e use d b y th e network , 

and again ,  wil l  pu t  th e networ k i n a  mor e precis e stat e o f 

readines s fo r  th e nex t  word . 

As i t  encounter s th e las t  verb ,  th e networ k wil l  b e 

aide d b y stronge r  expectation s abou t  thi s verb .  Als o i f 

thi s ver b i s compatibl e wit h onl y th e first  noun ,  the n th e 

networ k wil l  b e abl e t o matc h i t  wit h it s noun ,  whic h a t 

thi s poin t  ha s occurre d man y word s previous .  Semanti -

call y biase d word s aid s i n puttin g th e processo r  i n a  mor e 

precis e stat e o f  readiness .  A  precis e stat e i n thi s cas e 

means tha t  i n predictin g th e word ,  th e activation s fo r  in -

compatibl e verb s ar e lowe r  an d th e activation s fo r  ̂ pro -

priat e verb s ar e higher .  Fo r  example ,  conside r  (9 ) 

(9 )  D o g tha t  tinma n tha t  bea r  chase s tame s bite s witch . 

Afte r  th e networ k ha s see n th e ver b chase s i t  mus t 

predic t  a  ver b tha t  i s  compatibl e wit h a  huma n subject .  I n 
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general ,  th e networ k i s prett y goo d a t  this .  I t  strongl y ac -

tivate s huma n compatibl e verb s tha t  human s ca n d o com -

pare d t o th e ver y lo w activation s tha t  ar e presen t  fo r  bit s 

COTrespondin g t o verb s whic h requir e anima l  subjects . 

Where on e ca n se e th e effec t  o f  typ e o f  ver b i s  i n thi s  put -

tOTi  o f  activation .  W h e n th e networ k i s presente d wit h a 

ver b tha t  ha s definit e subjec t  specification s relativ e t o th e 

othe r  words ,  th e activation s fo r  appropriat e ver b fo r  th e 

nex t  wor d ar e highe r  an d th e activation s fo r  verb s tha t  ar e 

incompatible ,  an d woul d constitut e mistakes ,  ar e lower . 

I f  w e conside r  th e experimenta l  huma n dat a i n pro -

cessin g thes e sam e typ e o f  sentences ,  w e ca n compar e 

th e network' s decreas e i n erro r  an d activatio n o f  apfKO -

priat e expectation s wit h a  genera l  measur e o f  compre -

hension .  Th e patter n i s basicall y th e same .  Wit h th e in -

clusio n o f  semanti c cues ,  err w goe s dow n an d appropri -

at e activatio n increases .  Thi s woul d fin d it s correlat e i n 

bette r  comprehensio n i n huma n subjects . 

We d o no t  clai m tha t  poo r  comprehensio n i n huma n 

subject s i s solel y du e t o imprecis e predictions ,  an d o f 

cours e w e recogniz e tha t  th e predictio n tas k c^ture s 

onl y a  smal l  par t  o f  natura l  languag e processing .  Al -
thoug h no t  th e onl y facto r  i n sentenc e comjM-ehension , 

ther e i s evidenc e tha t  comprehensio n i s  i n par t  drive n b y 

th e abilit y  t o anticipat e (e.g. ,  Grosjean ,  198 ;  Marslen -

Wilso n &  Tyler ,  1980) .  Th e presen t  fmding s iUustrat e 

genera l  processin g characteristic s o f  ou r  P D P model ,  an d 

we believ e simila r  behaviOT S woul d b e observe d i n a 

comprehensio n tas k a s well . 

The network ,  it s  architecture ,  an d it s representa -
tion s sugges t  simila r  propertie s i n th e huma n processin g 
mechanism .  Tha t  th e networ k use s semanti c informatio n 

i n wha t  woul d b e considere d syntacti c parsing ,  i s  sugges -

tiv e o f  a  parallel ,  interactiv e system .  Additionally ,  th e 

natur e o f  th e interactio n o f  semanti c constraint s point s t o 

a syste m tha t  allow s th e simultaneou s availabilit y  o f  al l 
type s o f  pertinen t  informatio n u p t o tha t  poin t  i n th e sen -

tence .  I n othe r  words ,  informatio n i s als o availabl e no t 

onl y acros s semanti c an d syntacti c modules ,  insofa r  a s 

the y exist ,  bu t  als o acros s level s o f  embedding . 

The networ k represent s wha t  i t  ha s see n i n a  sen -
tenc e b y a  stat e vector .  Withi n thi s vector ,  th e networ k 

has "stored "  informatio n abou t  propertie s o f  noun s an d 
verb s a s wel l  a s th e numbe r  o f  embeddings .  Contrar y t o 

a stack-lik e mechanism ,  informatio n i s simultaneousl y 

availabl e fro m al l  levels .  Ther e i s n o encapsulatio n o f 
information .  Upo n encounterin g a  verb ,  th e fac t  tha t  th e 

networ k ha s informatio n abou t  al l  th e previou s noun s 

fro m differen t  level s o f  embeddin g an d co-occurrenc e 

restriction s o f  th e ver b facilitate s i n th e processin g o f  tha t 

wor d an d subsequen t  words .  I t  i s suggeste d tha t  th e hu -

man processin g mechanis m ha s th e sam e propertie s i n 

orde r  fo r  ther e t o b e bette r  comprehensio n wit h semanti -

call y biase d verbs .  A n y mode l  whic h designate s a  tradi -

tiona l  stac k a s it s primar y storag e devic e i s har d presse d 

t o accoun t  fo r  th e processin g differenc e obsCTve d i n th e 

experimenta l  data . 
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