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A b s t r a c t 

Real-tim e languag e comprehensio n i s a n importan t  are a o f  fo -
cus fo r  a  candidat e unifie d theor y o f  cognition .  I n hi s 198 7 
WiUia m Jame s lectures ,  Alle n Newel l  sketche d th e beginning s 
of  a  comprehensio n theor y embedde d i n th e Soa r  architecture . 
Thi s theory ,  NL-Soar ,  ha s develope d ove r  th e pas t  fe w year s 
int o a  detaile d computationa l  mode l  tha t  provide s a n accoun t 
of  a  rang e o f  sentence-leve l  phenomena :  immediac y o f  inter -
pretation ,  garde n pat h effects ,  unproblemati c ambiguities ,  pars -
in g breakdow n o n difficul t  embeddings ,  acceptabl e embeddin g 
structures ,  an d bot h modula r  an d interactiv e ambiguit y reso -
lutio n effects .  Th e theor y goe s beyon d explainin g jus t  a  fe w 
examples ,  i t  addresse s ove r  8 0 differen t  kind s o f  constructions . 
Soar  i s no t  merel y a n implementatio n languag e fo r  th e model , 
but  play s a  centra l  theoretica l  role .  Th e predictiv e powe r  o f  NL -
Soar  derive s largel y fro m architecmra l  mechanism s an d princi -
ple s tha t  shap e th e comprehensio n capabiht y s o tha t  i t  meet s th e 
real  time  constraint . 

I n t r o d u c t i o n 

In ffls 1987 William James lectures, Allen Newell 

sketche d th e beginning s o f  a  comprehensio n theor y em -

bedde d i n th e Soa r  architectur e (Newell ,  1990 ;  Rosen -

b loo m e t  al. ,  1993 ,  thi s volume) .  Thi s theory ,  NL-Soar , 

has develope d ove r  th e pas t  fe w year s int o a  detaile d 

computationa l  mode l  tha t  provide s a n accoun t  o f  a  rang e 

of  importan t  sentence-leve l  phenomena :  immediac y o f 

interpretation ,  interactiv e an d modula r  ambiguit y reso -

lutio n effects ,  garde n pat h effects ,  unproblemati c ambi -

guities ,  parsin g breakdow n o n difficul t  embedding s an d 

acceptabl e embeddin g structures .  Thus ,  NL-Soa r  share s 

th e goa l  o f  unified ,  broa d coverag e wit h a  numbe r  o f 

recen t  theorie s i n psychology ,  linguistics ,  an d computa -

tiona l  linguistic s (Jus t  an d Carpenter ,  1987 ;  Gibson ,  1991 ; 

Thi s researc h wa s sponsore d b y th e Avionic s Laboratory ,  Wrigh t 
Researc h an d Developmen t  Center ,  Aeronautica l  System s Divisio n 
(AFSC) ,  U.S .  Ai r  Force ,  Wright-Patterso n AFB ,  Ohi o 45433-654 3 un -
der  Contrac t  F33615-90-C-1465 ,  ARP A Orde r  No .  7597 . 

The view s an d conclusion s containe d i n thi s documen t  ar e thos e o f 
th e autho r  an d shoul d no t  b e interprete d a s representin g th e officia l 
policies ,  eithe r  expresse d o r  implied ,  o f  th e U.S .  government . 

Pritchett ,  1992 ;  Jurafsky ,  1992) . 

H o w shoul d Soa r  comprehen d language ? A  modu -

la r  approac h t o menta l  architectur e (e.g. ,  (Fodor ,  1983) ) 

migh t  sugges t  addin g a  separat e languag e modul e t o Soar . 

Thi s approac h i s perfectl y consisten t  wit h Soar ,  sinc e th e 

workin g m e m o r y ca n ac t  a s a  bu s tha t  admit s additiona l 

processin g module s (Newell ,  1990) .  However ,  b y tak -

in g thi s approach ,  w e mis s th e opportunit y o f  discov -

erin g way s i n whic h comprehensio n share s architectura l 

mechanism s wit h th e res t  o f  cognition .  Th e approac h w e 

hav e take n wit h NL-Soa r  (Lehma n e t  al. ,  1991 ;  Newell , 

1990 )  i s t o construc t  a  mode l  tha t  embed s comprehensio n 

withi n Soar .  I n th e followin g sections ,  w e examin e h o w 

th e architecture ,  alon g wit h th e functiona l  requirement s 

of  real-tim e comprehension ,  shap e th e NL-Soa r  model . 

I m m e d i a c y o f  interpretatio n 

Our subjective experience is that we comprehend lan-

guag e incrementally ,  understandin g eac h wor d a s i t  i s 

hear d o r  read .  A s a  hypothesi s abou t  th e comprehensio n 

process ,  thi s ha s bee n advance d a s th e principl e o f  im -

mediac y o f  interpretation ,  an d i t  i s  supporte d b y muc h 

experimenta l  evidence .  Thi s immediac y requiremen t  ex -

tend s t o syntactic ,  semantic ,  an d referentia l  processin g 

(e.g. ,  (Marslen-Wilson ,  1975 ;  Jus t  an d Carpenter ,  1987)) . 

Real-tim e immediac y constrain s NL-Soa r  becaus e 

Soar  a s a  cognitiv e theor y specifie s approximat e tim e 

constant s fo r  architectura l  processes .  Th e mos t  rapi d 

operator s tak e ~ 5 0 - 1 0 0 m s (Newell ,  1990)' .  T o attai n 

readin g o r  listenin g rate s o f  200-30 0 word s pe r  minute , 

NL-Soa r  mus t  comprehen d eac h wor d wit h jus t  a  fe w 

(~3-6 )  operators . 

Figur e 1  show s h o w th e basi c organizatio n o f  N L -

Soar  respond s t o thi s constraint .  I n th e to p space ,  compre -

hensio n operator s appl y t o th e incomin g words .  Thes e 

operator s incrementall y buil d u p tw o structure s i n work -

in g memory :  th e situatio n model ,  representin g th e conten t 

'Thi s i s a  mappin g o f  Soa r  architectura l  mechanism s ont o huma n 
constants ,  no t  a  statemen t  abou t  actua l  compute r  syste m ru n times . 
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of  th e discourse ,  an d th e utteranc e model ,  representin g th e 

syntacti c structur e o f  th e utterance .  T o achiev e recogni -

tiona l  comprehension ,  th e multipl e knowledg e source s re -
quire d t o implemen t  th e operator s mus t  b e directl y avail -

abl e i n Soar' s recognitio n memory .  I n previou s work , 
we hav e demonstrate d tha t  i t  i s  possibl e t o deliberatel y 
implemen t  thes e operator s i n lowe r  proble m space s tha t 

represen t  syntactic ,  semantic ,  an d referentia l  knowledge . 
For  example ,  th e synta x spac e contain s lin k operator s 
tha t  establis h structura l  relation s i n th e utteranc e model . 
Constraint s o n thes e operator s ar e represente d indepen -
dentl y i n stil l  lowe r  spaces .  Chunk in g ove r  thi s deliber -
at e proces s produce s operator s tha t  recognitionall y appl y 

th e separat e knowledg e source s (Lehma n e t  al. ,  1991) . 

T h e computationa l  benefit s ar e real :  ove r  a  corpu s o f  6 1 
sentence s (designe d t o tes t  syntacti c coverage ,  no t  tune d 

t o maximiz e chun k transfer )  NL-Soa r  m o v e d fro m com -

prehendin g n o word s b y recognitio n t o comprehendin g 

~ 8 0 % o f  th e word s recognitionall y  (i.e. ,  withou t  impasse ) 

(Steie r  e t  al. ,  1993) .  Whi l e thi s doe s no t  provid e a  theory 

of  initia l  languag e acquisition ,  i t  doe s demonstrat e tha t 

chunkin g i s capabl e o f  producin g comprehensio n opera -

tor s tha t  satisf y th e rea l  tim e constraint . 

RECOGNITIONAL 
COMPREHENSION 

comprehen d 
(u-constructor )  (s-constructor ) 

chunkin g 

I P 
A 

NP V P 
John A 

hithf P 

hit-even t 

th e bal l  Situatio n 
model 

utteranc e 
model 

semantic s 

^  constraint s 

DELIBERATE 

C O M P R E H E N S I ON 

-^^ n proble m spac e 

O state ' 

operato r 

impasse 

Figur e 1 :  Structur e o f  NL-Soar , 

A m b i g u i t y resolution : 

interactiv e a n d m o d u l a r  effect s 

A theory of comprehension must specify what knowledge 

i s brough t  t o bea r  i n resolvin g loca l  ambiguities ,  an d h o w 

and whe n tha t  knowledg e i s brough t  t o bear .  Th e natur e 

of  ambiguit y resolutio n i s a t  th e hear t  o f  th e modularit y 

debat e i n sentenc e processing :  i s ther e a n autonomou s 

syntacti c parse r  tha t  operate s withou t  appea l  t o othe r 

knowledg e sources ,  o r  i s comprehensio n a n interactiv e 

proces s i n whic h multipl e knowledg e source s (includin g 

syntax )  interac t  rapidl y t o produc e th e meaning ? 

The empirica l  result s ar e mixed :  a  numbe r  o f  studie s 
hav e demonstrate d th e effec t  o f  semantic s (e.g. ,  (Jus t  an d 

Carpenter ,  1992) )  an d contex t  (e.g. ,  (Tyle r  an d Marslen -

Wilson ,  1977) ,  an d a  numbe r  o f  studie s hav e demon -
strate d th e lac k o f  suc h effect s (e.g. ,  (Ferreir a an d Clifton , 

1986)) .  Theorie s tha t  accoun t  fo r  bot h modula r  an d in -

teractiv e effect s ar e jus t  beginnin g t o emerg e (Jus t  an d 

Carpenter ,  1992 ;  Brittetal. ,  1992;Holbrooke t  al. ,  1992) . 

Befor e examinin g ambiguit y i n NL-Soar ,  conside r 

th e structur e o f  comprehensio n operator s i n somewha t 

mor e detail .  Figur e 1  show s tha t  comprehensio n opera -

tor s fal l  int o separat e classes :  u-constructor s buil d u p th e 

utteranc e mode l  (th e syntacti c structur e o f  th e utterance) , 

and s-constructor s buil d u p th e situatio n mode l  (th e se -

manti c conten t  o f  th e utterance) .  (No t  show n ar e th e ref -

erentia l  operator s whic h perfor m referenc e resolution.) ^ 

^Decomposin g th e knowledg e thi s wa y acros s differen t  operator s (a s 

H o w doe s ambiguit y arise ? Choic e point s aris e i n 

proble m space s w h e n multipl e operator s ar e applicabl e a t 

a give n state .  Thus ,  syntacti c ambiguit y i n NL-Soa r  arise s 

w h en multipl e u-constructor s (correspondin g t o differen t 

syntacti c paths )  propos e themselves .  Thi s generatio n o f 

multipl e alternative s occur s i n parallel ,  sinc e association s 
i n th e recognitio n m e m o r y fire  i n parallel .  T h e selectio n 

of  th e appropriat e operato r  m a y n o w b e effecte d b y searc h 

contro l  association s tha t  encod e semanti c an d contextua l 

knowledge .  A s a n example ,  conside r  h o w NL-Soa r  migh t 

model  th e Crai n an d Steedma n (1985 )  experiment ,  whic h 

demonstrate d tha t  referentia l  contex t  m a y affec t  th e res -

olutio n o f  certai n ambiguities .  T h e followin g paragrap h 

(adapte d fro m th e origina l  material )  illustrates : 

A psychologist was counseling two students. 

T h e psychologis t  argue d wit h on e student .  T h e 

othe r  studen t  remaine d quiet .  T h e psychologis t 

tol d th e studen t  tha t  h e argue d wit h tha t  th e 
hors e race d pas t  th e barn . 

The that in the final sentence introduces a clause which 

coul d b e take n a s th e complemen t  o f  tol d o r  a  restrictiv e 
relativ e claus e modifyin g student .  W h e n th e N P iden -

tifie d mor e tha n on e referen t  (a s studen t  does) ,  subject s 

oppose d t o a  singl e full y  integrate d comprehensio n operato r  a s i n earlie r 
version s o f  NfL-Soar )  increase s th e generalit y o f  th e resultin g proposa l 
rules ,  whic h shoul d increas e th e asymptoti c efficienc y o f  th e system . 
Furthe r  dat a fro m th e implemente d syste m i s require d t o full y  explor e 
thi s issue . 
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contextua l 
selectio n knowledg e 

,.conBtruc^9 t 

""saaskucto r 

[studen t  i j 

student 2 

Figur e 2 :  A m b i g u i t y resolutio n i n NL -Soa r . 

interpreted the clause following the NP as a relative. 

Figur e 2  s h o w s wha t  happen s w h e n NL-Soa r  read s 

thi s paragraph .  Comprehens io n o f  th e initia l  sentence s 

produce s a  situatio n mode l  wit h a  psychologis t  an d tw o 

students .  A t  that ,  t w o operator s ar e propose d correspond -

in g t o th e comp lemen t  an d relativ e claus e readings .  A 

searc h contro l  associatio n sensitiv e t o thejust-constructe d 

m o d e l — t h a t  ther e ar e tw o students—the n guide s th e in -

terpretatio n d o w n th e correc t  path . 

Suc h beneficia l  effect s o f  contex t  £in d semantic s de -

pen d o n havin g th e appropriat e searc h contro l  associa -

tion s immediatel y available ,  bu t  ther e i s  nothin g i n th e 

architectur e o f  N L - S o a r  tha t  guarantee s thi s wil l  b e th e 

case .  Indeed ,  i f  th e relevan t  association s hav e no t  ye t 

bee n learned ,  the n N L - S o a r  m a y yiel d classi c modularit y 

effect s sinc e i t  canno t  brin g t o bea r  al l  th e appropriat e 

know ledg e source s i n real-time . 

T h e se t  o f  u-constructor s exhibit s m a n y character -

istic s o f  a n au tonomou s synta x m o d u l e (Lewis ,  1993) . 

T h u s ,  N L - S o a r  ha s m u c h i n c o m m o n wit h theorie s 

proposin g a  synta x m o d u l e tha t  generate s alternativ e 

structure s i n parallel ,  arbitrate d b y semantic/contextua l 

k n o w l e d g e source s (e.g. ,  (Warne r  an d Glass ,  1987)) .  I n 

NL-Soar ,  however ,  th e parallelis m an d fine-grained  con -

tro l  aris e directl y f ro m Soar' s recognitio n m e m o r y an d 

contro l  structure .  N L - S o a r  als o m a k e s nove l  qualitativ e 

prediction s abou t  th e potentia l  effec t  o f  learning .  T h e 

m o r e nove l  th e semanti c conten t  an d contex t  fo r  a n ut -

terance ,  th e m o r e likel y modula r  effect s wil l  arise .  T h e 

corollar y predictio n i s tha t  modularit y effect s ca n b e re -

duce d wit h th e right  kin d o f  experience . 

G a r d e n pat h eject s 

an d unproblemati c ambiguitie s 

A garden path effect arises when a reader or listener at-

tempt s t o comprehen d a  grammatica l  sentenc e wit h a  loca l 

ambiguity ,  misinterpret s th e ambiguity ,  an d i s unabl e t o 

NP-modifier/relativc :  Th e Russia n w o m e n love d died . 

Shor t  reduce d relative :  Th e boa t  floated  sank . 

Object/subjec t  specifier :  /  convince d he r  professor s hat e me . 

Object/object :  Su e gav e th e m a n racin g th e ca r 

Pre p object/ver b objec t  (German) :  daf i  de r  Entdecke r  vo n 
Amerik a ers t  i m 1 8 Jahrhunder t  erfahre n ha t  ("tha t  th e dis -
covere r  originall y learne d o f  Americ a i n th e 18l h century" ) 

Figure 3: Some garden path constructions. 

NP/NP specifier: Without her we failed. Without her contribu-
tion s w e failed . 

Noun/adjective :  Th e squar e i s red .  Th e squar e tabl e i s red . 

Doubl e object :  /  gav e he r  earrings .  I  gav e he r  earring s t o Sally . 

Lon g distanc e gaps :  W h o d o yo u believe ? W h o d o yo u believ e 
Joh n suspect s Stev e know s Bil l  hates ? 

Multipl e compounding :  We admir e thei r  intelligence .  Weadmir e 
thei r  intelligenc e agenc y polic y decisions . 

Figure 4: Some unproblematic ambiguities. 

recognitionally recover the correct interpretation. The re-

sul t  i s a n impressio n tha t  th e sentenc e i s ungrammatical . 

The classi c exampl e (1 )  i s du e t o Beve r  (1970) : 

(1) #The horse raced past the barn fell. 

The subjective experience provides compelling linguistic 

evidenc e fo r  th e difficult y o f  thes e sentences ,  bu t  addi -

tiona l  evidenc e come s fro m readin g time s an d grammat -

icalit y  judgment s (e.g. ,  (Warne r  an d Glass ,  1987)) .  Th e 

reduce d relativ e constructio n i n (1 )  i s bu t  on e kin d o f  gar -

den path ;  Figur e 3  provide s a  sampl e o f  a  collectio n o f 

over  2 5 differen t  type s (se e als o (Gibson ,  1991 ;  Pritchett , 

1992;  Lewis ,  1992)) . 

Unproblemati c ambiguitie s provid e dat a tha t  com -

plement s th e garde n pat h constructions .  Conside r  th e pai r 

of  sentence s i n (2) : 

(2) (a) I know John very well. 

(b )  I  kno w Joh n i s nice . 

There is a local ambiguity at John, since it could be the 

direc t  objec t  o f  kno w o r  th e subjec t  o f  a n incomin g clause . 

Regardles s o f  th e final  outcome ,  th e sentenc e cause s n o 

perceptibl e processin g difficulty .  Figur e 4  provide s a 

sampl e o f  a  collectio n o f  ove r  3 0 unproblemati c ambigu -

ities . 

Sinc e NL-Soa r  i s a  singl e pat h comprehender ,  ther e 

must  b e som e capabilit y  fo r  reanalysi s i n cas e a  wron g 

pat h i s taken .  Th e reanalysi s mechanis m mus t  wor k sat -

isf y severa l  constraints .  1 )  I t  mus t  b e powerfu l  enoug h 

t o handl e th e rang e o f  unproblemati c ambiguities ,  bu t  no t 
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so powerfu l  tha t  i t  fail s  t o predic t  th e garde n pat h effects . 

2 )  I t  mus t  wor k wit h th e give n inconsisten t  syntacti c stat e 

(ther e ar e n o previou s state s t o backtrac k to) .  3 )  I t  mus t 

be real-tim e ( a par t  o f  recognitiona l  comprehension )  4 )  I t 

must  wor k withou t  reprocessin g th e inpu t  (Lewis .  1992) . 

NL-Soar' s reanalysi s mechanis m i s simpl e destruc -

tiv e repair .  I t  consist s o f  a  singl e operator ,  snip ,  tha t 

break s a  syntacti c lin k i n th e utteranc e model .  Sni p ex -

ist s i n th e implementatio n spac e fo r  u-constructor s alon g 

wit h th e lin k operator s (Figur e 1) .  Throug h chunking ,  th e 

reanalysi s proces s become s par t  o f  th e top-leve l  compre -

hensio n operators ,  yieldin g recognitiona l  repair . 

Proposin g a  sni p fo r  ever y syntacti c relatio n i n th e 

utteranc e mode l  woul d lea d t o a  larg e se t  o f  operator s i n 

workin g memory .  Suc h undiscriminate d set s permi t  th e 

generatio n o f  exponentia l  cros s product s i n th e recogni -

tio n matc h (Tamb e e t  al. ,  1990) .  Thi s expensiv e chun k 

proble m i s a  non-trivia l  effec t  observe d i n implemente d 

Soar  systems ,  includin g earl y version s o f  NL-Soar .  Th e 

resultin g s lowdow n compromise s a  basi c assumptio n o f 

Soar  tha t  th e recognitio n matc h i s a n efficien t  process . 

Thi s jeopardize s th e abilit y o f  th e mode l  t o satisf y th e 
real-tim e immediac y constraint . 

To contro l  thi s overgeneration ,  snip s ar e onl y pro -

pose d fo r  relation s loca P t o a  nod e wher e a  proble m ha s 

bee n detected .  Fo r  example ,  conside r  th e repai r  proces s 

fo r  (2b )  i n Figur e 5 .  Par t  (a )  o f  th e figure  show s th e syn -

tacti c structur e afte r  comprehendin g /  k n o w John :  Joh n 

i s i n th e complemen t  positio n o f  know* .  Lin k operator s 

ar e permitte d t o assig n constituent s t o structura l  position s 

regardles s o f  whethe r  th e position s ar e occupie d o r  no t  (a s 

lon g a s th e lin k i s grammatical) .  Thus ,  w h e n i s arrives ,  i t 

i s  projecte d t o a  sententia l  phras e an d linke d t o comple -
ment  positio n o f  k n o w (b) .  A n inconsistenc y i s detecte d 

at  th e V P nod e (boxe d i n th e figure):  tw o constituent s oc -

cupyin g th e sam e structura l  position .  A  sni p operato r  i s 

propose d t o brea k th e duplicat e link ,  whic h i s loca l  t o th e 
VP.  Thi s release s th e N P Joh n (c) ,  whic h i s the n attache d 
as th e subjec t  o f  is ,  completin g th e repai r  (d) . 

Figur e 6  show s th e structur e tha t  result s fro m pro -

cessin g a  subject/objec t  ambiguit y which ,  unlik e (2) ,  doe s 

caus e processin g difficulty : 

(3) #Since Jay always jogs a mile seems light work. 

In this case, the fronted clause Since Jay always jogs 
a mil e i s  adjoine d t o th e S  projecte d fro m seems ,  bu t 

processing  the n reache s a  dea d end .  Th e appropriat e j/zj'/ j 

(removin g mile )  i s  no t  generate d sinc e i t  i s  no t  loca l  t o 

th e detecte d proble m (th e S  wit h th e missin g subject) . 

I n additio n t o duplicat e relations ,  tw o othe r  incon -
sistencie s m a y generat e snips :  missin g obligator y con -

(a) (b) 

NP V P 

'  ^ \ 
V N P 

kno w Joh n 

NP |VP | 

'  / Y \ 
V NP S 

kno w Joh n 

(c ) (d) 

NP V P N P V P 

'  ^ \  '  / \ 
V S  V  s 

know kno w /^\ ^ 

NP i s N P i s 
John Joh n 

Figur e 5 :  Simpl e destructiv e repair . 

S 

S'  I  s 
Sinc e Ja y 

jog s a  mil e 
seems 

Figure 6: Failure to repair. 

stituents, and attachment to competing syntactic senses of 

th e sam e lexica l  item .  Th e latte r  permit s th e repai r  mecha -

nis m t o exten d i n a  simpl e wa y t o cove r  reanalysi s involv -

in g lexica l  categoria l  ambiguit y (e.g. ,  th e noun/adjectiv e 

ambiguit y i n Figur e 4) . 

NL-Soar' s simpl e repai r  mechanis m account s fo r 

ove r  5 0 garde n pat h construction s an d unproblemati c am -

biguitie s (includin g al l  o f  th e example s liste d i n Table s 3 

and 4)^ .  Thes e prediction s wer e primaril y derive d b y 
hand-simulation ;  implementatio n o f  th e ne w syste m i s 

underway . 

Pa rs in g b r e a k d o w n 
a n d acceptab l e e m b e d d i n g s 

Some constructions without structural ambiguity are dif-

ficult  t o comprehend .  Conside r  th e center-embedde d sen -

tenc e (4) : 

(4) #The man that the woman that the dog bit likes 

eat s fish. 

^Mor e precisely ,  loca l  t o th e maxima l  projectio n containingth e node . 
T̂hi s figure  i s  a  simplificatio n o f  th e actua l  phras e structur e use d i n 

NL-Soar ,  whic h correspond s t o X-Ba r  synta x (Chomsky ,  1986) . 

'Th e best-know n G P constructio n unaccounte d fo r  i s th e argu -
ment/adjunc t  ambiguity :  #Th e patien t  persuade d th e docto r  tha t  h e 
was havin g troubl e wit h t o leave .  Th e phenomen a surroundin g argu -
ment/adjunc t  ambiguitie s ar e fairl y  complex ;  thes e construction s wil l 
be a n are a fo r  futur e research . 

111 



NP complemen t  embedde d i n relativ e clause :  Th e ma n wh o th e 
possibilit y  tha t  student s ar e dangerou s frighten s i s nice . 

Wh-questio n wit h subject-relative :  Wh o di d Johndonal e th e fur -
nitur e tha t  th e repairma n tha t  th e do g bi t  foun d to ? 

Clef t  wit h modifie d N P complement :  I t  i s  th e enemy' s defens e 
strateg y tha t  th e informatio n tha t  th e weapon s tha t  th e govern -
ment  buil t  did n ' t  wor k properl y affected . 

Though-preposin g wit h modifie d N P complements : 
Surprisin g thoug h th e informatio n tha t  th e weapon s tha t  th e 
governmen t  buil t  didn' t  wor k properl y  was ,  n o on e too k advan -
tag e o f  th e mistakes . 

Figure 7: Some embeddings causing breakdown. 

Left-branching :  M y cousi n s  aunt' s dog' s tai l  fel l  off . 

Pseudo-clef t  wit h relative :  What  th e woma n tha t  Joh n marrie d 
like s i s smoke d salmon . 

Post-verba l  untense d sententia l  subjec t  (SS) :  /  believ e tha t  fo r 
Joh n t o smok e woul d anno y me . 

4-N P initia l  (Japanese) :  John-w a Fred-g a biiru- o Dave-n i  aget a 
kot o o  kiita .  ("Joh n hear d tha t  Fre d gav e bee r  t o Dave ,  " f 

Figure 8: Some acceptable embeddings. 

I n general ,  peopl e hav e troubl e beyon d on e leve l  o f  em -

bedding .  Thi s difficult y ha s bee n empiricall y verifie d 

wit h grammaticalit y  judgmen t  an d comprehensio n task s 

(e.g. ,  (Larki n an d Burns ,  1977)) .  Ther e ar e a  variet y o f 

simila r  construction s causin g breakdown ;  Gibso n (1991 ) 

present s th e mos t  complet e set .  Figur e 7  present s som e 

samples . 

Not  al l  multipl e embedding s caus e difficulty .  Fo r  ex -

ample ,  right-branching  m a y occu r  withou t  boun d (Kim -

ball ,  1973) : 

(5) The dog saw the cat which chased the mouse into 

th e hous e tha t  Jac k built . 

Figure 8 presents a sample of a corpus of over 25 accept-

abl e embeddings .  Suc h construction s constrai n theorie s 

of  parsin g breakdow n i n th e sam e wa y tha t  th e unprob -

lemati c ambiguitie s constrai n garde n pat h theories . 

I n orde r  t o se e h o w NL-Soa r  account s fo r  thes e 

constructions ,  w e mus t  first  examin e i n mor e detai l  th e 

representatio n o f  th e utteranc e mode l  i n workin g m e m-

ory .  Soar' s workin g m e m o r y consist s o f  attribute-valu e 

structures .  Th e partia l  utteranc e mode l  i s represente d b y 
attribute-valu e pair s tha t  inde x word s an d constituent s b y 

thei r  potentia l  syntacti c relationships .  Fo r  example ,  th e 

word s th e do g migh t  first  appea r  i n workin g memor y as: ' 

Ass igns :  spe c do g 

Rece ives :  "spe c th e "sub j  do g "ob j  do g 

This means that dog can assign a specifier role and 

receiv e a n objec t  o r  subjec t  role ,  an d th e ca n receiv e a 

specifie r  role .  A s processin g continues ,  additiona l  con -

stituent s ca n b e adde d t o eac h attribute .  Parsin g i s a 

bottom-u p proces s tha t  consist s o f  matchin g potentia l  as -

signer s an d receiver s an d establishin g th e link s permitte d 

by grammatica l  constraints . 

Soar's attribute-value representation permits the cre-

atio n o f  larg e undiscriminate d set s i n workin g memory :  a 

singl e attribut e m a y inde x man y values .  A s note d above , 

thi s ca n lea d t o exponentia l  s lowdow n i n th e recognitio n 

match .  T o avoi d thes e combinatorics ,  NL-Soa r  restrict s 

eac h attribut e t o havin g jus t  tw o associate d values .  Work -

in g memor y capacit y fo r  synta x thu s emerge s fro m a n 

interactio n o f  th e partia l  construction ,  whic h determin e 

th e availabl e syntacti c discriminators ,  an d a  limi t  o n h o w 

m u ch materia l  eac h discriminato r  m a y index . 

Figur e 9  show s h o w thi s restrictio n predict s break -

d o wn o n (4) .  Th e breakdow n arise s becaus e on e syntac -

ti c attribut e (th e subjec t  attribute )  mus t  inde x thre e con -

stituents :  th e N P s man ,  boy ,  an d dog .  W h e n do g i s com -
prehended ,  on e o f  th e earlie r  N P s mus t  b e removed .  Thus , 

al l  o f  th e subjec t  N P s wil l  no t  b e availabl e fo r  attachmen t 

when th e verb s finally  arrive .  B y contrast ,  th e acceptabl e 

right  branchin g structur e (5 )  ca n b e handle d becaus e onl y 

on e N P mus t  b e availabl e fo r  modifie r  attachmen t  a t  an y 

give n poin t  i n th e sentence .  NL-Soa r  account s fo r  ove r 

3 0 difficul t  an d acceptabl e embeddings ,  includin g al l  o f 

th e construction s i n Table s 7  an d 8* .  Thes e construc -

tion s includ e severa l  interestin g phenomen a i n head-fina l 

languages . 

'Thank s t o Bra d Pritchet t  fo r  thi s example . 
'Th e relation s NL-Soa r  actuall y use s correspon d t o X-Ba r  positions . 

' a numbe r  o f  unacceptabl e construction s involvin g sententia l  sub -
ject s may b e rule d ou t  fo r  independen t  grammatica l  reasons  (Koster , 
1978) . 

Read "theman " 
Ass igns :  "modif ie r  m a n 
Rece ives :  "subjec t  m a n "objec t  m a n 

Read "the woman " 
A:  "modif ie r  mci n woma n 
R:  "subjec t  m a n woma n "objec t  ma n woma n 

Read "thedog" 
A:  "modif ie r  do g womci n 
R:  "subjec t  do g woma n "objec t  do g woma n 

Figure 9: Breai(down on center-embedding. 
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C o n c l u s i o n 

NL-Soar is a computational model of sentence compre-

hensio n tha t  account s fo r  a  broa d rang e o f  importan t 

sentence-leve l  phenomena ,  providin g detaile d prediction s 

on garde n pat h constructions ,  unproblemati c ambiguities . 

difficul t  embeddings ,  an d acceptabl e embeddings . 

Th e characteristic s o f  th e mode l  eithe r  deriv e di -

rectl y fro m architectura l  mechanism s i n Soa r  (conversio n 

fro m deliberat e t o recognitiona l  comprehension ,  paralle l 

generatio n o f  structura l  alternative s a t  ambiguou s points , 

fine-grain  contro l  ove r  ambiguit y resolution )  o r  fro m th e 

applicatio n o f  architectura l  principle s t o ensur e tha t  com -

prehensio n meet s th e real-tim e constrain t  (smal l  se t  o f 

top-leve l  comprehensio n operators ,  controlle d generatio n 

of  th e repai r  operator ,  limit s o n multiple-value d attribute s 

i n workin g memory ) . 

Perhap s i t  come s a s a  surpris e tha t  buildin g a  com -

prehensio n mode l  withi n a  genera l  cognitiv e architectur e 

woul d prov e fruitful .  Bu t  a s Alle n said ,  "Ther e ar e mor e 

thing s i n a n architecture ,  Horatio ,  tha n ar e dream t  o f  i n 

you r  theorizing. "  (Newell ,  1990) . 

A c k n o w l e d g m e n t s 

This work would not have been possible without the col-

laborativ e effort s an d invaluabl e guidanc e o f  Jil l  Lehma n 

and th e lat e Alle n Newell .  Thank s als o t o Bra d Pritchet t 
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