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A Dynamica l  Syste m fo r  Languag e Processin g 

Whitney Tabor'-^ and Cornelljuliano' and Michael Tanenhaus' 
'Departmen t  o f  Brai n an d Cognitiv e Science s 

^Cente r  fo r  th e Science s o f  Languag e 
Universit y o f  Rocheste r 

Rochester ,  N Y 1462 7 
w h i t n e y S b c s . r o c h e s t e r . e d u 

Abstrac t 

A dynamical systems model of language processing suggests 
a resolutio n o f  th e debat e abou t  th e influence s o f  syntacti c 
and lexica l  constraint s o n processing .  Syntacti c hypothese s 
ar e modele d a s attractor s whic h compet e fo r  th e processor' s 
trajectory .  W h e n accumulatin g evidenc e put s th e processo r 
clos e t o a n attractor ,  processin g i s quic k an d lexica l  difference s 
ar e har d t o detec t  W h e n th e processo r  land s betwee n severa l 
attractors ,  multipl e hypothese s compet e an d lexica l  diiference s 
can ti p th e balanc e on e wa y o r  th e other .  Thi s approac h allow s 
us t o b e mor e expUci t  abou t  th e emergen t  propertie s o f  lexicaUs t 
model s tha t  ar e hypothesize d t o accoun t  fo r  syntacti c effect s 
(MacE>onald ,  Pearlmutte r  &  Seidenbeig ,  1994 ;  Trueswel l  & 
Tanenhaus ,  1994) . 

Introduction 

Reader s an d listener s hav e clea r  preference s fo r  certai n syn -
tacti c sequence s (e.g. ,  N V N a s a  mai n clause) ,  a s reveale d b y 
garden-pat h effect s fo r  temj)oraril y  ambiguou s sentence s tha t 
d o no t  confor m t o thes e preference s (1) . 

(1 )  a .  Th e hors e race d pas t  th e b a m fell . 
b.  Th e patien t  warne d th e docto r  wa s incompetent . 

However ,  recen t  evidenc e suggest s tha t  thes e garden-pat h ef -
fect s ca n b e sharpl y reduce d b y stron g lexica l  constraints , 
as illustrate d b y th e example s i n (2) ,  whic h ar e sUiicturall y 
simila r  t o thos e i n (1) ,  bu t  d o no t  sppca s t o caus e processin g 
difficulty . 

(2) a. The land mine buried in the sand exploded. 
b.  Th e patien t  sai d th e docto r  wa s incompetent . 

The interpretatio n o f  thes e lexica l  effect s ha s bee n extremel y 
controversial .  I n th e influentia l  clas s o f  "structure-first "  mod -
els ,  category-base d parsin g phenomen a ar e accounte d fo r  b y 
positin g a n initial ,  enc^sulate d processin g stag e i n whic h 
structur e i s buil t  usin g syntacti c categor y informatio n an d 
a few ,  genera l  principle s (e.g. ,  Frazier ,  1987) .  Lexically -
specifi c  informatio n an d otho -  (non-syntactic )  consu^nt s ap -
pl y a t  a  late r  stag e i n processing .  I n contrast ,  severa l  researc h 
group s hav e argue d tha t  m a n y o f  th e phenomen a tha t  moti -
vate d thes e category-base d principle s ca n b e reduce d t o th e ef -
fect s o f  interactin g lexica l  constraint s (McClelland ,  St .  John , 
& Taraban ,  1989 ;  MacDonald ,  Pearhnutter ,  &  Seidenber g 
1994 ;  Trueswel l  &  Tanenhau s 1994) . 

The competitio n betwee n th e lexicalis t  an d structuralis t 
claim s ha s focuse d increase d attentio n o n a  long-standing ,  em -
pirica l  debat e abou t  th e time-cours e wit h whic h lexica l  con -
straint s ar e observe d relativ e t o structura l  constraint s durin g 

on-lin e sentenc e processin g (fo r  a  recen t  revie w se e Tanenhau s 
& Trueswell ,  1995) .  Whil e th e result s o f  thes e experiment s 
hav e ofte n bee n equivocal ,  tw o generalization s emerge .  First , 
th e relativ e strengt h o f  suiictura l  an d lexica l  constraint s varie s 
acros s context s an d suuctures .  Second ,  ther e ar e clea r  cir -
cumstance s i n whic h loca l  lexica l  constraint s ar e insufficien t 
t o captur e importan t  processin g generalization s (e.g ,  islan d 
constraint s o n movemen t  an d structura l  preference s eve n i n 
th e fac e o f  stron g conu^r y lexica l  biases) . 

Researc h o n automati c parsin g ha s le d t o a  clas s o f  mod -
el s whic h us e corpus-tune d probabilisti c  grammar s t o com -
put e conditiona l  probabilitie s o f  lexica l  item s i n context s (se e 
Chamiak ,  1993 ,  fo r  review) .  Recently ,  model s o f  thi s typ e 
hav e bee n use d t o combin e lexica l  an d syntacti c informatio n t o 
make readin g tim e prediction s (Jurafsky ,  1996) .  Thes e mod -
el s provid e a  theoretica l  basi s fo r  incorporatin g probabilisti c 
lexica l  informatio n i n a  mode l  tha t  use s syntacti c rules ,  bu t 
the y d o no t  provid e insigh t  int o th e variatio n acros s context s 
of  th e relativ e strength s o f  structura l  an d lexica l  constraints . 

A promisin g approac h t o explainin g thi s variatio n i s t o 
trea t  category-base d parsin g preference s a s generalization s 
tha t  emerg e withi n a  constraint-base d learnin g syste m be -
caus e o f  similaritie s amon g "classes "  o f  lexica l  item s (e.g. , 
Julian o &  Tanenhaus ,  1994) .  Bu t  prio r  proposal s alon g thes e 
line s hav e bee n vague .  I n thi s pape r  w e sho w h o w certai n 
construct s o f  dynamica l  system s theor y allo w u s t o b e mor e 
explici t  abou t  th e natur e o f  th e "emergent "  representations , 
thei r  relationshi p t o traditiona l  syntacti c categories ,  an d thei r 
empirica l  predictions . 

Dynamical Systems Theory 

Dynamical systems theory (see Abraham and Shaw 1984 and 
Strogat z 199 4 fo r  introductions )  i s typicall y concerne d wit h 
system s tha t  chang e continuousl y wit h time .  Example s o f 
much-studie d dynamica l  system s include :  pendulum s swing -
in g o n rigi d arms ;  star s an d planet s orbitin g on e anothe r  i n 
space ;  population s fluctuating  i n a n ecosystem ;  gase s swirlin g 
aroun d i n th e atmosphere .  I t  i s usefu l  t o conside r  th e trajec -
torie s o f  a  dynamica l  system—i.e. ,  th e path s i t  ca n follo w 
as tim e progresses .  I n th e cas e o f  a  pendulum ,  som e trajec -
torie s swin g bac k an d forth ,  other s whir l  aroun d th e circle , 
and tw o o f  the m remai n a t  on e poin t  indefinitel y (hangin g 
down,  and ,  improbably ,  balance d straigh t  up) .  I f  th e pendu -
lu m i s damped ,  the n al l  trajectorie s excep t  thos e leadin g t o 
th e improbabl e stat e approac h th e lo w point-trajector y i n th e 
limit .  Suc h a  limitin g trajector y i s calle d a n attractor .  Thos e 
startin g point s fro m whic h th e syste m gravitate s towar d a  par -
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ticula r  attracto r  A  ar e collectivel y referre d t o a s tb e basi n o f 
attractio n o f  A .  Th e basi n o f  attractio n o f  th e pendulum' s 
lo w attracto r  consist s o f  ever y stat e excep t  thos e tha t  lea d t o 
tb e improbabl e state .  I n a  planetar y system ,  eac h larg e mas s 
i s surrounde d b y it s o w n basi n o f  attraction .  On e particularl y 
interestin g propert y o f  multiple-attracto r  system s i s tha t  whe n 
tb e syste m i s nea r  a n attracto r  A  i t  i s dominate d b y th e prop -
ertie s o f  A  alone ,  bu t  whe n i t  i s  furthe r  away ,  i t  ma y stil l  b e i n 
tb e basi n o f  v4 ,  bu t  othe r  attractor s ca n exer t  a n influenc e o n it . 
Below ,  w e us e thi s loca l  dominanc e propert y o f  attractor s t o 
model  th e variabl e balanc e o f  syntacti c an d lexica l  influence s 
on processing . 

Sentence Processing Data 

Some recen t  experiment s b y Julian o an d Tanenhau s (1993 ) 
elucidat e tb e wa y thes e dynamica l  system s notion s ca n hel p 
simplif y ou r  understandin g o f  th e relationshi p o f  syntacti c 
and lexica l  influence s o n processing .  Julian o an d Tanenhau s 
focuse d o n th e relationshi p betwee n verb s tha t  tak e sentenc e 
complement s (V[Sbar]'s )  an d verb s tha t  tak e nou n phra.s e 
complement s (V[NP]' s o r  transitiv e verbs) .  Typically ,  sen -
tenc e complement s ar e introduce d b y tb e complementize r 
that ,  althoug h th e complementize r  ca n b e absen t  (3) . 

(3 )  Th e groce r  insisted/agreed/complainedyargue d (that )  th e 
chea p hote l  wa s pleasant . 

When th e complementize r  i s absen t  an d th e embedde d sen -
tenc e start s wit h it s subjec t  nou n phrase ,  th e beginnin g o f  di e 
mai n sentenc e ha s tb e for m NP-V-hf P (o r  " N V N "  fo r  short) , 
whic h make s i t  abstractl y consisten t  wit h di e transitiv e pat -
tern .  I t  i s wel l  know n that ,  i n man y ambiguou s cases ,  peopl e 
prefe r  t o interpre t  a  nou n phras e afte r  a  ver b a s a  direc t  ob -
jec t  (Frazier ,  1987) .  Thi s preferenc e i s par t  o f  di e evidenc e 
tha t  motivate s Ui e two-stag e mode l  o f  processing :  th e prefer -
ence coul d aris e becaus e di e processo r  initiall y  assume s tha t 
any N P afte r  a  ver b i s di e verb' s object .  Indee d Julian o an d 
Tanenhau s foun d hig h latencie s a t  determiner s Uia t  immedi -
atel y followe d V(Sbar]'s ,  i n compari.so n t o determiner s Uia t 
immediatel y followe d V[NP]* s (Figur e 1 ;  se e diei r  "Experi -
ment  3 "  fo r  details) .  Bu t  tb e effec t  wa s correlate d wit h th e 
context-independen t  frequenc y o f  tb e verb :  verb s lo w i n ab -
solut e frequenc y showe d a  stronge r  effec t  tha n verb s hig h i n 
absolut e frequenc y (se e als o Trueswell ,  Tanenhaus ,  an d Kello , 
1993) .  Th e frequenc y correlatio n i s bar d t o understan d unde r 
th e two-stag e mode l  becaus e tha t  mode l  implie s dia t  lexica l 
difference s hav e n o effec t  o n initia l  processing .  Th e result s 
sugges t  a  mode l  i n whic h incorrec t  hypothese s ca n exer t  a 
margina l  influenc e o n correc t  hypothese s t o varyin g degrees , 
dependin g o n th e frequencie s o f  di e item s involved .  W e ar e 
Uiu s le d t o di e ide a o f  lettin g syntacti c bypoUiese s correspon d 
t o attractor s i n a  dynamica l  system . 

Anodie r  experimen t  b y Julian o an d Tanenhau s (1993 )  (thei r 
"Experimen t  2") ,  provide s furthe r  suppor t  fo r  th e competin g 
attractor s approach .  Althoug h th e transitiv e patter n i s indee d 
di e mos t  c o m m o n patter n i n Englis h declarative-sentenc e syn -
ta x (i f  w e tak e di e Brow n Corpu s t o b e representative) ,  i t  hap -
pens t o b e th e cas e tha t  whe n a n arbitrar y ver b i s followe d 
by tb e wor d that ,  th e wor d tha t  i s  mos t  likel y t o b e a  com -
plemenUzer .  Therefore ,  w e migh t  hypodiesiz e dia t  di e N V N 
schema ha s t o compet e wid i  anothe r  schem a o f  di e for m V -
thatlComp] .  Followin g di e sam e lin e o f  reasonin g a s before , 

Figur e 1 :  Readin g tim e difference s betwee n V[Sbai]-th e an d 
\[NP]-lhe .  (Thi s figure  i s base d o n dat a reporte d i n Julian o 
and Tanenhaus ,  1993 ,  Experimen t  3 ) 

1 2  3  4  5 
Ver b De t  Ad j  Nou n Auxiliar y 

(a )  insiste d tb e chea p hote l  was.. . 
(b )  visite d di e chea p hote l  to.. . 

we thu s expec t  peopl e t o hav e difficult y whe n th e direc t  objec t 
of  a  transitiv e ver b i s introduce d b y th e determine r  that .  Ju -
lian o an d Tanenhau s (1993 )  find  a  stron g effec t  i n suppor t  o f 
thi s interpretaUon :  whe n th e sam e transitiv e ver b i s followe d 
by tha t  an d the ,  readin g time s a t  tha t  ar e substantiall y  slower . 
The effec t  peak s a t  th e adjectiv e followin g th e determine r  an d 
diminishe s agai n whe n di e nou n i s reached .  On e migh t  b e 
concerne d dia t  thi s resul t  i s du e eithe r  t o di e hig h frequenc y 
of  th e (ther e i s generall y a n invers e correlatio n betwee n th e 
absolut e frequenc y o f  a  wor d an d it s processin g time) ,  o r  t o 
di e pragmati c su-angenes s o f  usin g determine r  tha t  widiou t 
prio r  mentio n o f  it s referen t  (di e sentence s wer e presente d 
widiou t  a  supportin g context) .  However ,  th e sam e effec t  i s 
observe d whe n tha t  i s  compare d wid i  thos e (Figur e 2) .  Thos e 
i s les s frequen t  tha n tha t  a s a  determine r  (1: 3 i n th e Brow n 
Corpus )  an d ha s simila r  presupposition s t o that .  Thus ,  th e 
result s stil l  see m bes t  explaine d b y positin g influenc e b y di e 
V-that[Comp ]  schem a o n N V N sentences . 

Bodi  o f  dies e result s poin t  i n di e directio n o f  a  dynamica l 
system s treatment .  I n particular ,  attractor s see m lik e usefu l 
device s fo r  modelin g th e wa y i n whic h th e correc t  patter n usu -
all y "captures "  th e processo r  i n di e lon g ru n whil e incorrec t 
pattern s ten d influenc e it s behavio r  alon g di e way .  I n di e nex t 
sectio n w e develo p a  computationa l  mode l  whic h allow s u s t o 
expliciU y mode l  readin g time s o n dii s  basis . 

A Dynamical System for Language Processing 

We use a vector space to encode the states of the language 
processor .  Eac h tim e di e processo r  encounter s a  word ,  i t 
jump s t o som e locatio n i n th e vecto r  space .  W e recapitulat e 
most  o f  th e distinction s dia t  a  symboli c gramma r  make s b y 
lettin g isolate d region s correspon d t o symboli c states .  Ever y 
tim e di e symboli c processo r  woul d b e i n a  stat e Si ,  th e vecto r 
spac e processo r  i s i n a  region ,  Ri .  Additionally ,  w e requir e 
tha t  th e distance s betwee n region s reflec t  partia l  similarit y 
propertie s o f  di e data .  Fo r  example ,  sinc e PP-complemen t 
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Figur e 2 :  Readin g tim e difference s betwee n V[NP]-f/ifl /  an d 
y \W] - t hos e 

1 2 3  4  5 
Ver b De t  Ad j  Nou n Infinitiv e 

(a )  visite d tha t  chea p hote l  to.. . 
(b )  visite d thos e chea p hotel s to.. . 

verb s ar e relatively  simila r  t o transitiv e verb s i n compariso n 
t o noun s an d prepositions ,  th e regio n correspondin g t o th e 
processin g o f  a  PP-complemen t  ver b i s place d relativel y nea r 
th e region  correspondin g t o th e processin g o f  a  transitiv e verb . 
Moreover ,  withi n eac h o f  th e isolate d regions ,  subtl e statistica l 
difference s betwee n element s ar e encode d a s smal l  within -
regio n contrasts .  W e refe r  t o th e collectio n o f  point s visite d i n 
thi s representatio n spac e durin g processin g o f  a  larg e sampl e 
o f  languag e us e a s a  visitatio n set . 

Havin g establishe d th e representatio n spac e an d th e visita -
tio n set ,  w e assum e tha t  processin g a  wor d i n a  corpu s involve s 
mov in g t o th e appropriat e plac e i n th e representation  spac e 
(mor e o n h o w t o d o thi s below )  an d the n migratin g t o th e 
neares t  bi g cluster ,  essentiall y a s i n a  gravitationa l  system . 
Successfu l  parsin g correspond s t o arrivin g a t  (o r  gettin g suffi -
cientl y near )  a  cluste r  locus .  T h u s th e propose d representatio n 
spac e contain s th e trajectorie s o f  a  dynamica l  system ,  wher e 
th e categor y cluster s conespon d t o atlracto r  basins .  Readin g 
tim e i s  modele d a s th e tim e i t  take s th e processo r  t o gravi -
tat e t o a n attractor .  T h e processo r  gravitate s quickl y w h e n i t 
land s nea r  a  dens e cluster ;  i t  gravitate s mor e slowl y w h e n i t 
land s nea r  a  spars e cluster .  Moreover ,  i t  reache s th e relevan t 
attracto r  mo r e quickl y i f  i t  start s nea r  th e cente r  o f  a  cluste r 
tha n i f  i t  start s somewher e o n th e periphery .  A  ver b like ,  roll , 
positione d o n th e peripher y o f  th e ver b cluste r  becaus e o f  th e 
competin g nou n interpretatio n wil l  tak e longe r  t o proces s tha n 
an unambiguou s verb .  Thu s th e mode l  predict s th e genera l 
finding  tha t  ambiguou s element s slo w th e processo r  d o w n . 

We use d a  connectionis t  networ k fo r  corpu s learnin g t o 
generat e th e visitatio n se t  o n whic h th e dynamica l  mode l  i s 
based .  T h e networ k ha d feedforwar d connection s fro m a n 
inpu t  laye r  throug h a  hidde n laye r  t o a n outpu t  laye r  an d th e 
hidde n unit s wer e recurrentl y connecte d t o themselve s an d 
one-anothe r  (Figur e 3) .  W o r d s wer e assigne d localis t  repre -
sentation s o n th e inpu t  an d outpu t  layer s an d th e networ k wa s 
traine d usin g a  corpus :  eac h wo r d wa s presented ,  i n sequence , 
o n th e inpu t  laye r  an d th e weight s wer e adjuste d t o improv e 

th e network' s predictio n o f  th e successo r  wor d (a s i n Ehnan , 
1991) .  Erro r  wa s propagate d usin g backpropagatio n throug h 
tim e an d th e erro r  gradien t  w a s approximate d b y attendin g t o 
onl y a  few ,  recen t  timestep s (se e Pearhnutter ,  1995' s review) . 
T h e hidde n uni t  spac e o f  suc h a  networ k correspond s t o th e 
representation  spac e describe d i n th e previou s paragraph .  Th e 
visitatio n se t  w a s thu s aeate d b y collectin g a  sampl e o f  bid -
de n unit s visite d b y th e networ k durin g th e processin g o f  a 
corpu s approximatin g natura l  usage . 

Figur e 3 :  A  recurren t  networ k fo r  wor d prediction .  (Th e 
activatio n o f  laye r  H I D D E N t  _  i  wa s se t  equa l  t o th e activatio n 
tha t  laye r  H I D D E N ,  ba d o n th e previou s time-step .  T h e erro r 
signa l  w a s backpropagate d throug h 3  time-steps. ) 

OUTPUT (3«uniU) , 

HIDDEN,  ( 5 unib ) 

O 

O 

O O 
INPUT, (3« uniu) 

O • •  O 
HIDDEN, _i (SuniU) 

Figur e 4 :  T h e generatin g g ramma r  fo r  simulation s o f  Julian o 
an d Tanenhaus' s experiments . 

1.00 Sroot; Sp 
1.0 0 S : N P V P 
0.6 7 V P :  VP[NP ] 
0.3 3 V P :  VP[Sbar ] 
0.6 7 VP[NP ]  :  V[NP ]  N P 
0.3 3 VP[NP) :  V[NP 1 
0.6 7 VP[Sbar] :  V[Sbar ]  tha t  S 
0.3 3 VP[Sbar] :  V[Sbar ]  S 
1.0 0 NP:Det N 
[Zipf ]  Det :  0.4 4 the ,  0.2 2 a ,  0.1 4 which ,  0.1 0 tha t  0.1 0 thos e 
[Zipf ]  V [NP )  :  0.3 4 caUed ,  0.1 7 foUowed ,  0.1 1 puUed , 

0.0 9 caught ,  0.0 7 pushed ,  0.0 6 loved , 
O.OS visited ,  0.0 4 studied ,  0.0 4 tossed ,  0.0 3 grabbe d 

[Zipf ]  V[Sbar] :  0.3 4 thought ,  0.1 7 agreed ,  0.1 1 insisted , 
0.0 9 wished ,  0.0 7 hoped .  0.0 6 remaikcd , 
0.0 5 pleaded ,  0.0 4 speculated ,  0.0 4 doubted ,  0.0 3 hinte d 

[Zipf ]  N  .  0.3 4 woman ,  0.1 7 man ,  0.1 1 dog ,  0.0 9 cat , 
0.0 7 blouse ,  0.0 6 hat ,  0.0 5 cake ,  0.0 4 baU , 
0.0 4 watch ,  0.0 3 cypres s 

To generate a corpus, we used the probabilistic, context 
fre e g ramma r  show n i n Figur e 4 .  T h e ftequencie s o f  rule s i n 
th e g ramma r  ar e se t  accordin g t o a  simpl e rubri c calle d Zipf' s 
Law.  Zipf' s L a w hold s tha t  a  ran k vs .  frequenc y plo t  o f  th e 
vocabular y element s draw n fro m an y larg e corpu s form s th e 
cus p o f  a  hyperbol a (Zipf ,  1943) .  T h e la w ha s bee n confirme d 
by Zip f  an d hi s successor s a s a  fai r  approximatio n fo r  numer -
ou s corpor a i n a  wid e rang e o f  languages .  W e hav e observe d 
tha t  i t  als o provide s a  reasonabl e approximatio n fo r  severa l 
of  th e majo r  lexica l  categorie s i n th e B r o w n Corpu s (Noun , 
Verb ,  Adjective ,  Adverb ,  Determiner )  an d hav e thu s use d i t  t o 
assig n frequencie s t o lexica l  item s i n th e grammar .  Somewha t 
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arbitarily ,  w e hav e als o use d i t  t o determin e th e relativ e fre -
quencie s fo r  th e grammar' s multi-productio n syntacti c nodes . 

Afte r  trainin g th e networ k o n granimar-generate d dat a unti l 
i t  ha d learne d al l  o f  th e majo r  distinction s m a d e b y th e gram -
mar,  w e forme d a  visitatio n se t  i n th e followin g manner .  Wit h 
learnin g turne d off ,  w e le t  th e gramma r  generat e 100 0 word s 
i n sequence .  W e presente d thes e t o th e networ k i n orde r  an d 
fonne d a  visitatio n se t  b y recordin g th e se t  o f  hidde n uni t 
location s tha t  th e networ k visited .  Thi s visitatio n se t  define s 
th e behavio r  o f  th e dynamica l  processor .  Ther e ar e a  numbe r 
of  slightl y differen t  way s o f  implementin g th e dynamics .  W e 
hav e experimente d wit h on e i n whic h w e le t  eac h poin t  i n th e 
visitatio n se t  behav e a s a  poin t  mas s an d w e mode l  th e pro -
cesso r  a s a  smal l  tes t  mas s whic h follow s a  trajector y define d 
by Newton' s L a w o f  Universa l  Gravitation .  Th e prediction s 
of  thi s mode l  ar e accurat e i n th e case s w e hav e tried ,  bu t  i t 
i s  computationall y ver y expensive .  Alternatively ,  w e coul d 
le t  a  recurren t  neura l  networ k for m activation-spac e attrac -
tor s correspondin g t o grammatica l  classification s an d trea t 
processin g tim e a s relaxatio n time .  O r  w e coul d interpre t 
th e invers e o f  densit y a s a  potentia l  surfac e (s o tha t  densit y 
maxim a correspon d t o valley-bottom s an d densit y min im a t o 
hilltops )  an d mode l  th e processo r  a s a  bal l  rollin g d o w n thi s 
surface .  Sinc e w e ar e no t  ye t  sur e whic h implementatio n i s 
best ,  w e tak e a  shortcu t  her e an d us e a n easil y computabl e 
approximatio n o f  attractio n tim e whic h i s mos t  simila r  t o th e 
density-as-potentia l  mode l  bu t  share s th e mai n propertie s o f 
al l  th e system s mentioned .  I n particular ,  fo r  a  processin g stat e 
associate d wit h a  juncture ,  p ,  betwee n word s i n a  corpus ,  w e 
le t  th e multiplicativ e invers e o f  densit y provid e a n estimat e o f 
attractio n time : 

(4 )  Def . 

Predicted Reading Time at p = 
1 

1 -| -  Densit y a t  p 

For  th e networ k traine d o n th e granuna r  i n Figur e 4 ,  a  two -
dimensiona l  projectio n o f  par t  o f  th e visitatio n se t  i s  show n i n 
Figur e 5 .  Thi s projectio n focuse s o n case s wher e a  determine r 
or  complementize r  occurre d afte r  a  verb .  I t  wa s obtaine d b y 
selectin g 100 0 case s o f  determiners/complementizer s occur -
ring  afte r  verb s an d plottin g th e first  tw o principa l  component s 
(Jolliffe ,  1986 )  o f  th e correspondin g hidde n uni t  locations . 
The first  Principa l  Componen t  account s fo r  9 7 % o f  th e vari -
ance ,  th e secon d fo r  2 % .  Thus ,  th e dat a o f  Figur e 5  ar e pri -
maril y sprea d ou t  i n th e x-direction .  W e sho w th e expande d 
y-directio n fo r  visua l  clarity . 

I n thi s figure,  ther e ar e tw o densel y populate d cluster s cor -
respondin g t o V[Sbar]' s  followe d b y tha t  an d V[NP]' s fol -
lowe d b y a n unambiguou s determiner .  T h e center s o f  thes e 
tw o dens e cluster s ar e attractor s i n th e dynamica l  mode l  an d 
the y correspon d t o th e tw o mai n syntacti c pattern s involve d 
here :  th e sentence-complemen t  patter n an d th e simpl e transi -
tiv e ( N V N )  pattern .  Ther e ar e als o tw o diffus e cluster s cor -
respondin g t o V[NP]' s followe d b y tha t  an d S-complemen t 
verb s followe d b y a n unambiguou s determiner .  Th e location s 
of  thes e diffus e cluster s reflec t  th e attracto r  influence s whic h 
giv e rise  t o th e prediction s w e ar e intereste d in .  Th e V [ N P ] -
tha t  cluste r  correspond s t o processo r  state s tha t  are ,  fro m th e 
standpoin t  o f  th e symboli c grammar ,  equivalen t  t o th e state s 

correspondin g t o th e point s i n th e V[NP]-determine r  cluster . 
Nevertheless ,  thi s W[NP]-tha t  cluste r  i s draw n ove r  towar d 
th e V[Sbar]-//ia » cluste r  becaus e o f  th e stron g influenc e o f 
th e V+r/ur-as-complementize r  attractor .  Thi s displacemen t 
of  th e W[SP]-tha t  cluste r  make s th e densit y aroun d it s point s 
lo w compare d t o th e densit y i n th e V[NP]-deteiimne r  clus -
t a s o gravitatio n time s fo r  point s i n th e 'V\M']-tha l  regio n 
ar e larg e an d w e expec t  hig h latencie s i n reading .  Thi s i s 
h o w th e mode l  predict s th e result s o f  Julian o an d Tanenhaus' s 
Experimen t  2 . 

I n fact ,  structura l  influenc e effect s alon g th e line s o f  thos e 
observe d i n Experimen t  2  wer e wha t  le d researcho' s t o pro -
pos e th e two-stag e model .  Bu t  i n thi s case ,  it' s  no t  clea r 
w hy processin g th e wor d tha t  afte r  a  transitiv e ver b shoul d b e 
difficul t  unde r  th e standar d two-stag e mode l  whic h take s th e 
N V N structur e a s th e first-pass  assumption—afte r  all ,  tha t  i s 
a legitimat e determiner ,  an d thu s doe s no t  conflic t  grammati -
call y wit h th e first-pass  hypothesis .  Moreover ,  th e ful l  rang e 
of  dat a observe d i n thes e type s o f  sentence s i s inconsisten t 
wit h two-stag e model' s lac k o f  sensitivit y t o lexica l  differ -
ences :  Julian o an d Tanenhau s (1994 )  showe d tha t  replacin g 
di e transitiv e ver b wit h a  stron g sentence-complemen t  ver b 
lik e insiste d make s th e difficult y a t  th e wor d tha t  disappear . 

Thes e result s ar e als o difficul t  t o explai n u n d ^  a  mode l 
base d o n conditiona l  probabilitie s generate d b y a  reason -
abl e linguisti c gramma r  (se e Chamia k 1993 ,  Jurafsk y 1996)' . 
Readin g time s i n suc h model s ar e mos t  naturall y modele d 
as th e uncertaint y o f  probabilit y  distribution s conditione d 
on grammatica l  context .  Suc h models ,  i f  the y calculat e th e 
probabilitie s accurately ,  ca n b e though t  o f  a s ultr a lexically -
sensitive .  I n th e presen t  case ,  a  pur e transitiv e ver b provi(te s 
clea r  informatio n tha t  a  complementize r  interpretatio n i s ou t 
of  th e questio n fo r  tha t  s o th e conditiona l  probabilit y  model s 
hav e n o reaso n t o predic t  greate r  difficult y wit h tha t  tha n wit h 
thos e i n suc h a  context . 

Turnin g n o w t o Julian o an d Tanenhaus' s Experimen t  3 , 
simila r  attracto r  effect s explai n th e difficult y o f  processin g a 
unambiguou s determine r  lik e th e afte r  a  sentenc e complemen t 
verb .  I n particular ,  th e attractio n o f  th e V[Sbar]-deternune r 
cluste r  (whic h i s associate d wit h a  Sentence-Complemen t  in -
terpretation )  ove r  i n th e directio n o f  th e V[NP]-determine r 
cluste r  make s th e densit y o f  point s i n th e V[Sbar]-Determine r 
cluste r  lo w s o gravitatio n time s ar e hig h an d hig h latencie s 
ar e expecte d (Figur e 5) .  Again ,  th e two-stag e mode l  ha s trou -
bl e predictin g thi s effec t  bot h becaus e di e determine r  i s i n 
keepin g wit h th e preferre d transitiv e structur e an d becaus e o f 
th e sensitivit y t o lexica l  difference s evidence d b y th e lowe r 
readin g tim e a t  th e afte r  a  transitiv e verb .  T h e effec t  m a y b e 
attributabl e t o a  statistica l  differenc e i n th e likelihoo d o f  th e 

'  W e not e tha t  Jurafsky' s model s an d som e o f  th e model s de -
scribe d b y Chamia k d o no t  comput e exac t  conditiona l  probabilite s 
but  rathe r  approximations .  The y ar e force d t o d o thi s fo r  lac k o f 
sufficien t  dat a eve n i n a  ver y larg e corpus .  Th e approximation s the y 
choos e ma y enhanc e th e abilit y  o f  thei r  model s t o handl e structura l 
influenc e effect s lik e thos e describe d her e b y weakenin g th e sensi -
tivit y t o lexica l  differences .  W e suspec t  tha t  unde r  thi s weakening , 
thei r  model s becom e simila r  t o th e dynamically-interprete d neura l 
networ k w e describ e here .  W e fee l  th e dynamica l  analysi s approac h 
i s preferabl e i n ligh t  o f  th e curren t  dat a becaus e i t  provide s a n ex -
plici t  characterizatio n o f  th e structura l  influence s i n terms  tha t  ca n 
be relate d t o know n linguisti c constructs . 
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afte r  ih e t w o type s o f  verbs ,  i n whic h cas e conditiona l  prob -
abilit y model s nia y m a k e th e right  qualitativ e prediction ,  bu t 
the y hav e n o capabilit y o f  attributin g th e influenc e t o advers e 
structura l  effects . 

A s note d above ,  t o m a k e specifi c readin g tim e predictions , 
we use d densit y t o estimat e gravitatio n times .  Fo r  eac h poin t 
i n th e 5-dimensiona l  hidde n uni t  space ,  w e chos e a  smal l 
radiu s aroun d it ^  an d counte d th e numbe r  o f  visite d point s 
withi n tha t  radius .  W e measure d th e predicte d readin g tim e 
usin g Equatio n 4 .  T h e resultin g readin g tim e prediction s ar e 
s h o w n graphicall y i n Figure s 7  an d 6 .  Encouragingly ,  th e 
model  predict s anomalie s i n essentiall y  th e sam e place s a s 
the y occu r  fo r  h u m a n subjects. ' 

Figur e 5 :  H idde n uni t  representation s wit h cluste r  mean s 
labelled .  ( P C =  Principa l  C o m p o n e n t ) 

?- V[Sbar)-De t 

V[NP)-«^b 

-  ̂ : s ^ y/[Ŝ -tha t [n\ -V[NF\- D ) t 

0. 0 
PC 1 

C o n c l u s i o n 

The results of die simulations are encouraging because they 
sugges t  theoretica l  framewor k fo r  resolvin g th e long-standin g 
disput e i n psycholinguisticsove r  whethe r  ther e i s a  blin d syn -
tacti c processin g stage .  I n keepin g wit h th e schem e outline d 
by McClelland ,  St .  John ,  an d Taraba n 1989 ,  th e answe r  in -
dicate d her e i s tha t  peopl e commi t  (t o a  degree )  t o syntacti c 
hypothese s a s th e evidenc e warrant s bu t  th e particula r  com -
mitment s m a d e ar e a  functio n o f  accumulatin g lexica l  indi -
cation s an d d o no t  reflec t  context-independen t  defaults .  Th e 
capabilit y  o f  a  wron g hypothesi s t o pul l  th e processo r  awa y 
fro m th e representatio n spac e locatio n correspondin g t o th e 
correc t  hypothesi s i s du e t o attracto r  competitio n an d give s 
rise  t o th e behavio r  patter n tha t  ha s le d peopl e t o posi t  a n 

0.0 6 bidde n uni t  units—roughl y on e thir d th e minimu m distanc e 
betwee n cluste r  mean s i n th e two-dimensiona l  subspac e wher e de -
terminer s an d complementizer s ar e distinguished .  Thi s seeme d lik e 
an appropriat e regio n i n whic h t o estimat e thi s minimu m sinc e som e 
of  th e subtles t  distinction s ar e mad e i n thi s region . 

'Th e persistenc e o f  hig h predicte d latencie s a t  th e wor d hote l 
and th e perio d followin g th e woma n visite d tha t  hotel.. .  i n Figur e 
6 i s du e t o th e persistin g influenc e o f  th e V-rfco/fComplementizer ] 
attracto r  a s evidence d b y th e fac t  tha t  th e mode l  show s a  nontrivia l 
tendenc y t o predic t  a  ver b instea d o f  a  perio d a t  th e 7t h timestep . 
Furthe r  trainin g o f  th e mode l  bring s thi s cas e int o hn e wit h th e huma n 
subjec t  data ,  bu t  tend s t o diminis h th e saUenc e o f  th e attracto r  effect s 
i n th e plo t  correspondin g t o Figur e 5  s o w e decide d t o us e thi s cas e 
as a n illustratio n despit e it s imperfections . 

Figur e 6 :  Compar iso n o f  model' s predicte d reading-tim e dif -
ference s ("m" )  an d scale d h u m a n subjec t  dat a ("h" )  fo r  Ju -
lian o an d Tanenhau s (1993) ,  Experimen t  2 .  T h e h u m a n sub -
jec t  dat a ar e scale d linearl y s o the y fal l  i n th e sam e rang e 
as th e model' s predicte d readin g times .  (Effec t  i s du e t o th e 
V-rAa/[Complementizer ]  attractor) . 

Time Ste p 

1 2 3  4  5  6  7 
Det  Nou n Ver b De t  (Adj )  Nou n Perio d 

(a )  th e woma n visite d tha t  (cheap )  hote l  p.. . 
(b )  th e woma n visite d thos e (cheap )  hote l  p.. . 

initial ,  lexically-blin d processin g stage .  I f  th e incorrec t  hy -
pothesis/attracto r  i s s o stron g tha t  al l  grammaticall y simila r 
case s ge t  pulle d t o withi n a  ver y smal l  radiu s o f  th e attractor , 
the n n o sensitivit y t o lexica l  difference s i s observed .  But ,  i n 
m a ny case s th e pullin g powe r  i s o f  intermediat e strength .  I n 
suc h case s lexica l  difference s ca n modulat e people' s propen -
sitie s t o choos e th e wron g parse .  Moreover ,  advers e attracto r 
influence s ca n resul t  i n hig h processin g latencie s eve n whe n 
th e correc t  pars e i s ultimatel y chosen . 

The proposa l  w e m a k e her e i s ver y m u c h i n keepin g wit h 
th e mode l  o f  sentenc e processin g propose d b y McClelland ,  St . 
John ,  an d Taraba n (1989) .  Thos e auUior s traine d a  connec -
tionis t  networ k t o generat e appropriat e assigimient s o f  con -
stituent s t o role s a s a  sentenc e wa s bein g processed .  Thei r 
model  showe d som e o f  th e sam e ambivalenc e i n th e presenc e 
of  ambiguou s informatio n tha t  ou r  mode l  shows .  Althoug h 
the y di d no t  us e a  dynamica l  syste m t o prob e th e represen -
tatio n produce d b y thei r  networ k lik e w e do ,  the y ar e als o 
workin g wit h a  learnin g mode l  whic h i s governe d b y attrac -
to r  dynamics ,  s o i t  i s  likel y tha t  th e prediction s mad e i n bot h 
case s hav e a  simila r  source .  Th e usefulnes s o f  introducin g 
dynamica l  system s analysi s t o thi s domai n i s tha t  i t  provide s 
a wa y o f  identifyin g th e structura l  entitie s i n connectionis t 
model s tha t  ar e responsibl e fo r  thos e abstrac t  constraint s o n 
languag e tha t  ar e referre d t o a s "syntactic" .  Withou t  suc h 
tool s fo r  talkin g abou t  th e natur e o f  synacti c organizatio n i n 
connectionis t  models ,  i t  i s  har d t o elucidat e th e relationshi p 
betwee n thos e model s an d th e standar d model s whic h mak e 
centra l  referenc e t o syntacti c structures . 

Th e attractor-base d interpretatio n make s i t  clea r  w h y nei -
the r  two-stag e model s no r  conditiona l  probabilit y  model s 
base d o n linguisti c grammar s ca n handl e al l  th e data .  I n 
essence ,  th e two-stag e approac h attribute s to o m u c h respon -
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Figur e 7 :  C(Mnpariso n o f  model' s predicte d reading-tim e dif -
ference s Cte" )  an d scale d h u m a n subjec t  dat a ("b" )  fo r  Julian o 
and Tanenhau s (1993) ,  Experimen t  3 .  Th e huma n subjec t  dat a 
ar e scale d linearl y  s o the y fal l  i n th e sam e rang e a s th e model' s 
predicte d readin g times .  (Effec t  i s  du e t o th e V-NP[Direc t  O b -
ject ]  atuactor) . 

Tlm»St» p 

12 3 4 5 6 
Del  Nou n Ver b De t  (Adj )  Nou n 

(a )  th e woma n insiste d th e (cheap )  hote l  closed . 
(b )  th e woma n visite d th e (cheap )  hote l  p.. . 

siblit y  t o suuctura l  constraints ,  whil e th e conditiona l  proba -
bilit y  approac h i s to o lexicall y sensitive. ^  Neithe r  o f  thes e 
approache s allow s incompatibl e structura l  constraint s t o in -
terac t  a t  a  give n poin t  i n processing .  B y contrast ,  th e attracto r 
model  succeed s b y permittin g suc h interactio n t o occu r  i n a 
limite d way .  I t  holds ,  i n effect ,  tha t  processin g i s  largel y 
rule-governed ,  fo r  i t  i s dominate d mos t  o f  th e tim e b y singl e 
attractor s whic h correspon d t o absolut e interpretations .  Bu t 
i t  i s marginall y subjec t  t o un-rule-lik e influences .  Thes e oc -
cur  whe n competin g hypothese s hav e equal-enoug h swa y tha t 
subtler ,  lexica l  influence s ca n wi n th e day . 
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