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I n t e g r a t i n g K n o w l e d g e S o u r c e s i n L a n g u a g e C o m p r e h e n s i o n 

Jill Fain Lehman and Richard L. Lewis and Allen Newell 

Schoo l  o f  Compute r  Scienc e 

Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 

Abstrac t 

Multiple types of knowledge (syntax, semantics, prag-
matics ,  etc. )  contribut e t o establishin g th e meanin g o f 
an utterance .  Immediat e applicatio n o f  thes e knowl -
edg e source s i s necessar y t o satisf y th e real-tim e con -
strainto f  20 0 t o 30 0 word s pe r  minut e fo r  adul t  compre -
hension ,  sinc e delayin g th e us e o f  a  knowledg e sourc e 
introduce s computationa l  inefficiencie s i n th e for m o f 
overgeneration .  O n th e othe r  hand ,  ensurin g tha t  al l 
relevan t  knowledg e i s brough t  t o bea r  a s eac h wor d i n 
th e sentenc e i s understoo d i s a  difficul t  desig n prob -
lem .  A s a  solutio n t o thi s problem ,  w e presen t  N L -
Soar ,  a  languag e comprehensio n syste m tha t  integrate s 
disparat e knowledg e source s automatically .  Throug h 
experience ,  th e natur e o f  th e understandin g proces s 
change s fro m deliberate ,  sequentia l  proble m solvin g 
t o recognitiona l  comprehensio n tha t  applie s al l  th e rel -
evan t  knowledg e source s simultaneousl y t o eac h word . 
Th e dynami c characte r  o f  th e syste m result s directl y 
fro m it s implementatio n withi n th e Soa r  architecture . 

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

Language comprehension is the process by which knowl-
edg e i s  use d t o m a p a n utteranc e t o a  meaning .  M a n y 
source s o f  knowledg e contribut e t o thi s process :  morphol -
ogy ,  syntax ,  semantics ,  pragmatics ,  an d discours e conven -
tion s ar e thos e mos t  ofte n considered .  I n additio n t o pro -
vidin g knowledg e tha t  m a y b e critica l  i n finding  th e correc t 
mapping ,  eac h sourc e m a y contribut e significantl y t o re -
ducin g th e effect s o f  loca l  ambiguit y o n th e searc h fo r  a 
meaning .  Reducin g searc h i s a  computationa l  necessity ; 

Thi s researc h wa s sponsore d i n par t  b y th e Avionic s Lab -
oratory ,  Wrigh t  Researc h an d Developmen t  Center ,  Aeronautica l 
System s Divisio n (AFSC) ,  U.S .  Ai r  Force ,  Wright-Patterso n A F B , 
Ohi o 45433-654 3 unde r  Contrac t  F33615-90-C-1465 ,  A R P A Or -
der  No .  759 7 an d i n par t  b y Th e Markl e Foundation ,  an d a  Nationa l 
Scienc e Foundatio n Graduat e Fellowship . 

The view s an d conclusion s containe d i n thi s documen t  ar e thos e 
of  th e author s 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  NSF ,  Th e Markl e 
Foundatio n o r  th e U.S .  government . 

withou t  multipl e knowledg e source s eve n c o m m o n con -
struction s suc h a s prepositiona l  phras e attachmen t  ca n lea d 
t o a n exponentia l  numbe r  o f  interpretations .  M o r e impor -
tant ,  searc h reductio n i s necessar y t o satisf y th e real-tim e 
constrain t  o f  20 0 t o 30 0 word s pe r  minut e require d t o mode l 
adul t  comprehension .  T o guarante e th e correc t  mappin g w e 
nee d al l  knowledg e sources .  T o guarante e a  minima l  searc h 
spac e w e mus t  b e abl e t o brin g eac h typ e o f  knowledg e t o 
bear  a s soo n a s i t  i s relevant . 

Immediat e applicatio n o f  multipl e knowledg e source s i s a 
ke y componen t  i n man y psychologica l  theorie s o f  compre -
hensio n an d parsin g (e.g. ,  [Altman n an d Steedman ,  1988 , 
Marslen-Wilso n an d Tyler ,  1980 ,  Thibadea u e t  at. ,  19821) . 
However ,  constructin g a  syste m t o brin g it s knowledg e t o 
bear  a t  th e right  m o m e n t  i s difficult .  Ther e seem s t o b e a 
trade-of f  betwee n searc h efficienc y an d eas e o f  engineer -
ing .  A t  on e en d o f  th e spectru m i s a  pipelin e desig n i n 
whic h knowledg e source s ar e ordere d (morphology ,  syn -
tax ,  semantics ,  etc.) ,  an d eac h sourc e generate s a  se t  o f 
structure s base d o n th e previou s phase' s output .  A  syste m 
wit h separate d knowledg e source s i s relativel y eas y t o cre -
at e an d extend ,  an d exhibit s fe w surprisin g o r  inconsisten t 
behavior s a s th e gramma r  become s large .  Yet ,  b y delay -
in g th e applicatio n o f  a  typ e o f  knowledge ,  initia l  stage s 
overgenerate ,  producin g extr a interpretation s an d unneces -
sar y search' .  A t  th e othe r  en d o f  th e spectru m i s a  fully -
integrate d desig n whic h encode s al l  th e knowledg e i n th e 
generator .  I n short ,  al l  knowledg e source s contributea t  onc e 
t o th e meanin g structur e produce d a s eac h wor d i s compre -
hended .  Althoug h overgeneratio n i s  prevented ,  buildin g 
suc h a  syste m require s anticipatin g an d keepin g uac k o f  al l 

'Th e wor k i n principle-base d parsin g [Fon g an d Berwick , 
1990 ]  i s a n attemp t  t o contro l  th e overgeneratio n i n a  syntacti c 
pipelin e whil e preservin g it s eas e o f  engineering .  However ,  sinc e 
ther e i s n o singl e optima l  orderin g o f  modules ,  computin g th e op -
tima l  orderin g fo r  eac h sentence ,  whil e inexpensive ,  i s heuristic . 
Consequently ,  overgeneratio n ma y stil l  result .  Similarly ,  black -
boar d model s lik e Hearsa y [Erma n e t  al. ,  1980 ]  an d R E A D ER 
[Thibadea u e t  al. ,  1982 ]  ma y reduc e inefficienc y b y allowin g fo r 
more flexible  interactio n tha n th e pipelin e approach ,  bu t  canno t 
guarante e agains t  overgeneratio n t o th e sam e degre e ful l  inte -
gratio n can .  Furthermore ,  th e sam e flexibility  tha t  ca n increas e 
efficienc y make s creatin g an d extendin g th e knowledg e source s 
difficult . 
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th e point s a t  whic h eac h typ e o f  knowledg e i s relevant .  Wit h 
multipl e knowledg e sources ,  full y  specifyin g th e point s o f 
interactio n become s quit e complex ,  an d unexpecte d incon -
sistencie s ten d t o aris e a s th e gramma r  become s large .  I n 
fact ,  n o fully-integrate d syste m ha s bee n attempte d t o date . 
Instead ,  mos t  attempt s a t  integratio n hav e combine d onl y 
synta x an d semantics ,  generall y throug h th e us e o f  semanti c 
grammar s [BimbaumandSelfridgc ,  1981] ,  domain-specifi c 
syntacti c grammar s [Sager ,  1981] ,  o r  semanti c annotation s 
t o syntacti c rule s [Shieber ,  1986] . 

We believ e tha t  NL-Soa r  [Lehma n eM/. ,  199 1 ] ,  th e mode l 
of  languag e comprehensio n w e hav e implemente d i n Soa r 
[Lair d e t  ai ,  1987 ,  Lewi s e t  al. ,  1990 ,  Newell ,  1990] ,  i s  a 
significan t  ste p towar d a  fully-integrate d system .  I t  come s 
close r  t o achievin g idea l  searc h behavio r  tha n previou s ap -
proache s b y bringin g al l  source s o f  knowledg e t o bea r  a s 
soo n a s possible .  A t  th e sam e time ,  th e syste m maintain s th e 
modularit y o f  a  pipelin e design .  W e achiev e thi s combina -
tio n o f  advantage s b y virtu e o f  Soar' s learnin g mechanism , 
chunking .  Initially ,  comprehensio n proceed s b y deliberat e 
proble m solvin g usin g independentl y represente d knowl -
edg e sources .  Throug h chunking ,  ne w knowledg e i s adde d 
t o th e syste m tha t  applie s al l  thes e source s i n a  singl e pro -
cessin g ste p fo r  eac h word . 

Overview of NL-Soar 

Soar  distinguishe s betwee n knowledg e mad e availabl e 
throug h searc h i n proble m space s an d knowledg e avail -
abl e immediatel y throug h recognition .  Th e computationa l 
model  underlyin g Soa r  support s thi s vie w b y committin g 
t o a  long-ter m recognitio n memor y (realize d a s a  paralle l 
productio n system )  tha t  yield s knowledg e i n constan t  time . 
Proble m solvin g proceed s recognitional i  y  whe n Soa r  ca n se -
lec t  o r  appl y operator s i n a  proble m spac e b y simpl y drawin g 
on thi s memory .  Give n th e mappin g o f  Soa r  ont o huma n 
cognitio n [Newell ,  1990] ,  ther e i s tim e fo r  onl y a  fe w (1-3 ) 
operator s pe r  wor d withi n th e 200-30 0 millisecon d pe r  wor d 
constraint .  Therefore ,  achievin g recognitiona l  comprehen -
sio n i s cas t  a s th e proble m o f  creatin g a  comprehensio n 
operato r  [Newell ,  1990 ]  tha t  i s  directl y implemente d b y 
production s i n th e recognitio n memory .  A  comprehensio n 
operato r  applie d t o a  wor d mus t  simultaneousl y brin g t o 
bear  al l  th e knowledg e necessar y t o understan d th e wor d 
i n th e give n context .  Thus ,  th e comprehensio n operato r  i s 
a realizatio n o f  th e immediac y o f  interpretatio n principl e 
[Thibadea u e t  ai ,  1982] .  Fully-integrate d comprehensio n 
fo r  th e whol e sentenc e proceed s vi a word-by-wor d applica -
tio n o f  comprehensio n operators . 

Comprehensio n operator s m a p a n utteranc e t o it s mean -
ing .  Th e representatio n fo r  meanin g use d i n NL-Soa r  i s a 
model  o f  th e situatio n tha t  th e utteranc e i s abou t  [Johnson -
Laird ,  1983 ,  Newell ,  1990 ,  Pol k era/. ,  1989] .  Th e essentia l 
propert y o f  model s i s tha t  th e element s i n th e representatio n 
m ap one-to-on e int o th e situation .  Th e right-han d sid e o f 
Figur e 1  show s th e situatio n mode l  tha t  result s fro m com -
prehendin g th e sentenc e Th e sta r  abov e th e circl e i s red .  T o 
ai d i n buildin g th e situatio n model ,  NL-Soa r  als o construct s 
an utteranc e mode l  (Figur e 1 ,  left-han d side) .  Thi s mode l  i s 

subjec t 

I S 

' ^  N ^ complemen t 

determine r 
y ^ qualifie r refer s 

circl e refer s 

determine r 

abov e 

is a sta r 

colo r  re d 

atxiv e 

prep-specifie r is a circl e 

Utteranc a mode l  Situatio n mode l 
(dependenc y structure ) 

Figure 1: The models for The star above the circle is red. 

a typ e o f  dependenc y structur e [Hays ,  1964 ,  McCord ,  1989 , 
Md 'Cuk ,  1988] ,  i n whic h node s correspon d t o words ,  an d 
arc s labe l  grammatica l  relation s betwee n words .  Thus ,  th e 
utteranc e mode l  reflect s th e syntacti c structur e o f  th e ut -
terance ,  whil e th e situatio n mode l  reflect s th e structur e o f 
th e situatio n bein g discussed .  Th e relationshi p betwee n th e 
tw o model s i s on e o f  reference ;  part s o f  th e utteranc e mode l 
m ay refe r  t o object s i n th e situation .  Bot h model s provid e 
contex t  fo r  th e comprehensio n process^ . 

I f  model s c o m e fro m th e applicatio n o f  comprehen -
sio n operators ,  wher e d o comprehensio n operator s com e 
from ? A s note d above ,  hand-codin g fully-integrate d oper -
ator s fo r  eac h wor d i s a n extremel y difficul t  an d comple x 
task .  I n NL-Soar ,  however ,  hand-codin g i s unnecessary — 
comprehensio n operator s aris e automatically .  T o under -
stan d how ,  examin e th e system' s proble m space s i n Fig -
ur e 2 .  Th e Comprehensio n spac e i s wher e th e recognitiona l 
comprehensio n capabilit y  i s  t o reside .  W h e n Soa r  first  at -
tempt s t o appl y th e comprehen d operato r  fo r  a  wor d i n a  ne w 
context ,  however ,  a n impass e arise s becaus e th e knowledg e 
i s no t  immediatel y availabl e i n recognitio n memory .  Soa r 
respond s t o thi s impass e (a s i t  doe s al l  impasses )  b y creat -
in g a  ne w subgoa l  t o acquir e th e neede d knowledg e throug h 
searc h i n anothe r  proble m space .  Knowledg e i n NL-Soa r 
the n choose s th e Languag e spac e t o deliberatel y implemen t 
comprehensio n b y searchin g th e spac e o f  partia l  utteranc e 
and situatio n models .  Fo r  th e operator s i n th e Languag e 
spac e t o construc t  an d modif y th e tw o models ,  variou s syn -
tactic ,  semantic ,  an d pragmati c constraint s o n thos e opera -
tor s mus t  b e satisfied .  Ensurin g tha t  th e constraint s ar e me t 
happen s throug h th e sequentia l  applicatio n o f  operator s i n 
th e Constrain t  space .  Ifa n impass e arise s whil e checkin g se -
manti c consu-aints ,  th e Semantic s spac e accesse s th e curren t 
situatio n mode l  o r  genera l  worl d knowledg e t o deliberatel y 
justif y a  semanti c relation . 

The resul t  o f  th e deliberat e proble m solvin g i n th e lowe r 
thre e space s i s t o resolv e th e impass e fo r  th e comprehen d 

^Additiona l  model s ma y b e neede d (e.g .  a  discours e model )  a s 
ne w knowledg e source s ar e adde d t o th e system . 
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Comprehensio n spac e 
Operators : 

comprehen d 
atten d 

Languag e spac e 

Operators : 
lin k refe r 
expec t  merg e 
sni p lexical-acces s 

Constrain t  spac e 
Operator : 

chec k 

Semant ic s spac e 
Operators : 

justif y 
fin d 

recognitiona l 
comprehensio n 

'  impass e 
Z chunkin g 

e-e r  ^ f - ^ 

impass e / 

;  chunkin g 

impasse , 

chunkin g 

Figur e 2 :  T h e N L - S o a r  towe r  o f  proble m spaces . 

operator ,  tha t  is ,  t o determin e tii e appropriat e change s t o th e 
tw o model s i n respons e t o th e wor d bein g comprehended . 
As thes e change s ar e made .  Soar' s chunkin g mechanis m 
store s awa y th e result s o f  th e proble m solvin g an d thei r  pre -
impass e condition s i n th e for m o f  n e w production s (chunks ) 
i n recognitio n m e m o r y fo r  th e Comprehensio n space .  Thes e 
chunk s for m a  recognitiona l  comprehensio n capability ,  s o 
tha t  i n futur e simila r  situations ,  comprehensio n ca n procee d 
withou t  deliberat e search .  Th e chunk s simultaneousl y brin g 
t o bea r  al l  th e knowledg e source s tha t  wer e sequentiall y 
accesse d i n th e lowe r  proble m spaces^ . 

Examples of NL-Soar's behavior 

The descriptio n o f  NL-Soar' s proble m space s give n abov e 
say s littl e abou t  th e specifi c  knowledg e i n th e syste m o r  th e 
particula r  typ e o f  processin g tha t  results .  I n thi s section , 
we mak e thes e idea s concret e b y tracin g th e system' s be -
havio r  wit h thre e simpl e examples .  Th e characterizatio n 
tha t  emerge s i s tha t  o f  a  single-pat h comprehensio n syste m 
tha t  combine s bot h bottom-u p (data-driven )  an d top-dow n 
(expectation-driven )  knowledg e wit h a  limite d capabilit y 
fo r  repairin g misinterpretations . 

^We hav e concentrate d o n ho w chunkin g create s ne w produc -
tion s i n th e Comprehensio n space .  However ,  chunkin g take s plac e 
wheneve r  a n impass e i s resolved .  Thus ,  knowledg e i s constantl y 
movin g u p th e towe r  o f  proble m space s i n Figur e 2 ,  makin g pro -
cessin g mor e efficien t  i n al l  spaces . 

IS 

• 
barbe r ric h 

l e x i c a l -

acces s 
(rich ) 

15 

barbe r 

ih e m 

1 l in k 
rich i 

rich 2 

* ^ ^ ^ ; 

J (Is.rlchl . 
complemer)! )  (fail ) 

— ? 

.' '  •: . 

cfiecic , 
denote s edg e objec t  (^fili ^  cliec k ^ ^ ! i ^ ^ 

barbe r 

rich ! 

rich 2 

the 

l in k 
(Is,rlch2 , 
complement ) 

? . 

. i ^ 

IS 

barbe r 

m y  \ 

T S 

rich 2 
r e f e r 

^ r s 
barbe r 

the 

• • i z 

rich 2 

the 0) $ 

.^  check ,  y>-^—~jr -
Qordord|i > chOC k Cj*?" '  °" W 

•  ̂ jemantî i p 

Recognitiona l  comprehensio n afte r  chunking : 

IS 

/ 
chet 

1 

ric h 

T S 
the 

comprehen d ^ 
(rich ) 

• 
rich ? 

Figur e 3 :  Deliberat e a n d recognitiona l  c o m p r e h e n s i o n 
o f  rich . 

Const ruct in g th e utteranc e a n d situatio n m o d e l s 

Conside r  comprehensio n o f  th e wor d ric h i n Th e barbe r  i s 
rich .  W h e n th e syste m canno t  recognitionall y implemen t 
th e comprehen d operato r  fo r  rich ,  a n impass e arise s an d 
proble m solvin g continue s i n th e Languag e space .  Figur e 3 
illustrate s th e chai n o f  operato r  application s tha t  follow s th e 
creatio n o f  th e Languag e space' s initia l  state .  A s show n 
i n th e first  gre y box ,  th e slat e consist s o f  a  partia l  utteranc e 
model  an d a  singl e objec t  i n th e situatio n mode l  representin g 
th e barber .  Th e first  operato r  t o b e applie d i s lexical-acces s 
whic h retrieve s tw o sense s o f  rich :  a n adjectiv e describ -
in g foo d (richl) ,  an d a n adjectiv e meanin g wealth y {rich!) . 
Next ,  lin k operator s ar e propose d fo r  eac h sense .  A  lin k 
operato r  specifie s a  relationshi p betwee n th e wor d bein g 
comprehende d an d a  wor d o n th e activ e edg e o f  th e ut -
teranc e model"' .  Thus ,  functional ,  structural ,  an d lexica l 
ambiguit y contribute s t o th e paralle l  generatio n o f  multi -

"Th e activ e edg e i s a  subse t  o f  th e node s i n th e utteranc e 
model  correspondin g t o non-close d constituents .  W h e n ric h i s 

463 



pi e lin k operators .  I n th e absenc e o f  othe r  knowledge ,  th e 
syste m arbitraril y  choose s whic h lin k operato r  t o try . 

I n thi s cas e a n attemp t  i s mad e t o lin k th e first  sens e 
of  ric h (food) .  Associate d wit h eac h lin k operato r  i s a 
set  o f  constraint s whic h mus t  b e me t  befor e th e operato r 
ca n b e applied .  W h e n knowledg e o f  th e succes s o r  failur e 
of  thes e constraint s i s no t  immediatel y available ,  th e con -
straint s ar e checke d independentl y i n th e Constrain t  space . 
Th e curren t  lin k operato r  evoke s onl y tw o constraints :  on e 
fo r  wor d orde r  (th e ver b assignin g a  predicat e complemen t 
must  c o m e befor e th e complement) ,  an d anothe r  requirin g 
semanti c consistenc y betwee n th e predicat e an d th e subject . 
Semanti c consistenc y m a y b e justifie d b y usin g pragmati c 
knowledg e (findin g a n appropriat e referen t  alread y i n th e 
situatio n model )  o r  b y simpl e inferenc e i n th e Semantic s 
space .  Sinc e rich l  describe s foo d an d no t  people ,  ther e i s 
neithe r  a  barbe r  w h o i s ric h (i n th e foo d sense )  i n th e model , 
nor  a  justifyin g inferenc e availabl e fro m worl d knowledge . 
Thu s th e semanti c constrain t  fails ,  an d th e lin k operato r 
terminate s wit h failur e a s well . 

Next ,  th e lin k fo r  rich 2 i s tried .  Again ,  wor d orde r  passes , 
and thi s tim e th e semanti c chec k passe s a s wel l  (althoug h 
no instanc e o f  a  ric h barbe r  coul d b e foun d i n th e model , 
knowledg e exist s i n Semantic s tha t  allow s a  referen t  tha t  is a 
perso n t o b e ric h i n th e sens e o f  wealthy) .  Sinc e bot h con -
straint s pas s fo r  richZ ,  thi s lin k operato r  succeeds ,  makin g 
th e correc t  additio n t o th e utteranc e model .  Thi s ne w piec e 
of  structur e the n trigger s th e refe r  operator ,  whic h update s 
th e situatio n mode l  b y addin g a  "wealthy "  propert y t o th e 
barbe r  object .  I n general ,  th e refe r  operato r  ma y creat e ne w 
objects ,  properties ,  an d relation s o r  resolv e a  referenc e t o 
an existin g objec t  i n th e situation . 

Thes e change s t o th e utteranc e an d situatio n model s com -
plet e th e applicatio n o f  th e top-leve l  comprehen d operato r 
fo r  rich .  Soar' s chunkin g mechanis m n o w integrate s al l 
fou r  type s o f  knowledge—lexical ,  syntactic ,  semantic ,  an d 
pragmatic—use d i n th e lowe r  space s int o ne w production s 
i n recognitio n memory .  Figur e 4  show s a n exampl e o f  on e 
of  thes e productions .  Thes e ne w production s directl y im -

IF comprehending rich [lexical] 
and ther e i s a  ver b o n th e edge ,  [syntactic ] 
and th e ver b ha s a n unfille d pred-complemen t  role ,  [syntactic ] 
and th e subjec t  o f  th e ver b is a person ,  [semantic ] 
and th e subject' s referen t  isn' t  alread y wealth y [pragmatic ] 

T H EN th e sens e o f  ric h i s wealthy ,  [lexical ] 
assig n ric h t o b e th e pred-complemen t  o f  th e verb ,  [syntactic ] 
asser t  th e wealth y propert y o f  th e subject' s referen t  [pragmatic ] 

Figure 4: A new production learned for r/c/i's compre-
hensio n operator . 

plement the comprehension operator for rich in utterances 
simila r  t o th e example .  A s show n a t  th e botto m o f  Figur e 3 , 
thi s par t  o f  rich' s comprehensio n operato r  wil l  transfe r  t o al l 
predicat e complemen t  utterance s i n whic h th e subjec t  ha s a 
referen t  i n th e mode l  wit h th e appropriat e semanti c features . 

NL-Soa r  differ s fro m previou s attempt s a t  integratio n 
(e.g. ,  semanti c grammars ,  domain-specifi c  syntacti c gram -
mars ,  an d syntacti c grammar s augmente d wit h selectiona l 
restrictions )  i n thre e importan t  ways .  One ,  th e singl e com -
prehensio n operato r  avoid s generatin g an y o f  th e interme -
diat e structure s o f  th e deliberat e search .  T w o ,  th e integra -
tio n o f  referen t  resolutio n permit s th e contex t  (th e situatio n 
model )  t o ai d i n disambiguation .  Three ,  th e syste m i s de -
signe d t o b e extendibl e t o othe r  knowledg e source s whil e 
maintainin g bot h modularit y an d recognitiona l  comprehen -
sion . 

Adding expectations and top-down knowledge 

Ofte n i t  i s impossibl e t o lin k a n incomin g wor d directl y int o 
th e dependenc y structure .  Conside r  th e wor d th e i n Mar y 
love s th e barber .  I t  doe s no t  properl y attac h t o eithe r  Ma r y 
or  loves ;  i t  mus t  attac h t o a n a s ye t  unsee n noun .  Rathe r  tha n 
buffe r  suc h words ,  NL-Soa r  use s expectation s t o maintai n 
a connecte d utteranc e model .  Figur e 5  show s th e creatio n 
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Figur e 5 :  Creatin g an d mergin g expectations . 

of an expectation during comprehension of the (we omit the 
situatio n mode l  i n thi s an d subsequen t  figures).  Ignor e fo r 
th e m o m e n t  th e impass e o n th e expec t  operato r  an d follo w 
th e state s alon g th e to p ro w o f  th e figure.  First ,  expec t 
produce s a n empt y node—th e expectation—tha t  reserve s a 
plac e fo r  th e futur e word .  Next ,  tw o lin k operator s ar e ap -
plie d sequentially :  th e first  assignin g th e a s th e specifie r  o f 
th e expectation ,  an d th e secon d assignin g th e expectatio n a s 
th e objec t  o f  loves .  A s th e link s ar e made ,  th e expectatio n 
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accrete s th e propertie s necessar y t o satisf y th e constraint s o f 
th e links .  Thus ,  ther e i s n o specia l  knowledg e encode d i n th e 
expec t  operato r  abou t  wha t  t o expect ;  instead ,  thi s knowl -
edg e i s generate d dynamicall y a s a  sid e effec t  o f  linkin g 
th e expectatio n int o th e existin g model .  W h e n th e expecte d 
wor d finally  arrives ,  th e merg e operato r  (Figur e 5 ,  bottom ) 
merge s i t  wit h th e expectation ,  makin g sur e tha t  th e ne w 
wor d i s consisten t  wit h th e constraint s previousl y recorded . 

H o w doe s th e syste m kno w whe n t o creat e a n expecta -
tion ? Ther e ar e n o specifi c  condition s fo r  proposin g th e 
expec t  operator—i t  ma y b e attempte d a t  an y time .  Bu t  i t 
i s onl y appropriat e whe n i t  make s progres s towar d th e suc -
cessfu l  comprehensio n o f  th e incomin g wor d a s a  cohesiv e 
par t  o f  th e utteranc e t o thi s point .  Thi s ide a i s cas t  a s a 
progres s constrain t  i n th e Constrain t  spac e (th e impass e o n 
th e expec t  operato r  i n Figur e 5) .  T o determin e whethe r 
positin g a n expectatio n make s progress ,  NL-Soa r  searche s 
i n a  cop y o f  th e Languag e space .  Thi s lookahea d searc h 
reveal s tha t  th e ca n b e linke d t o th e expectation ,  an d th e 
expectatio n linke d t o loves .  Therefor e a  cohesiv e structur e 
integratin g th e i s possible .  Chunk s learne d durin g looka -
head searc h encod e th e condition s tha t  determin e whe n a n 
expectatio n i s needed . 

Al l  operator s i n th e Languag e spac e us e local ,  bottom-u p 
knowledge .  Bu t  lik e expect ,  al l  operator s i n th e Languag e 
spac e als o hav e a  progres s constraint .  Thus ,  th e schem e out -
line d abov e provide s a  genera l  mechanis m fo r  automaticall y 
acquirin g top-dow n knowledg e i n a  comprehensio n operato r 
vi a lookahea d t o pas s th e progres s constraint .  I f  a n expecta -
tio n i s create d i n orde r  t o comprehen d th e curren t  word ,  the n 
th e creatio n o f  th e expectatio n an d it s link s i s combine d wit h 
th e necessar y syntactic ,  semantic ,  an d pragmati c constraint s 
i n th e chunk s tha t  defin e th e comprehensio n operato r  fo r  tha t 
word .  B y integratin g ove r  al l  availabl e knowledg e sources , 
thi s conceptio n o f  "top-down "  subsume s an d move s beyon d 
tha t  foun d i n standar d syntacti c parsin g strategies . 

Adding recognitional repair 

Sinc e NL-Soa r  maintain s a  singl e interpretatio n durin g com -
prehensio n o f  a  sentenc e [Altman n an d Steedman ,  1988 , 
Frazie r  an d Rayner ,  1982 ,  Pritchett ,  1988] ,  som e mecha -
nis m i s neede d t o recove r  i f  th e syste m i s le d astra y b y a 
loca l  ambiguity .  Conside r  th e sentenc e Mar y know s Shary n 
love s th e barber .  Shary n i s initiall y  assigne d th e objec t  rol e 
of  knows .  A t  th e poin t  o f  comprehendin g loves ,  Shary n 
must  b e reassigne d t o b e th e subjec t  o f  love s s o tha t  th e 
embedded claus e ma y serv e a s th e object .  W h e n a  previou s 
interpretatio n prove s t o b e incorrect ,  th e sni p operato r  i s 
applie d t o und o par t  o f  th e utteranc e model .  A n interpre -
tatio n wa s incorrec t  i f  n o lin k o r  expec t  operato r  ca n mak e 
progress .  A  sni p operato r  i s propose d fo r  eac h lin k con -
necte d t o a  nod e i n th e edg e se t  (lookahea d ma y b e evoke d 
t o determin e whic h sni p wil l  b e successful) .  Figur e 6  show s 
th e processin g durin g comprehensio n o f  loves .  First ,  sni p 
cut s th e objec t  lin k betwee n know s an d Sharyn .  Next ,  lin k 
operator s apply ,  attachin g Shary n a s th e subjec t  o f  love s an d 
the n love s a s th e clausa l  direc t  objec t  o f  knows .  Th e sni p 
operato r  itsel f  onl y disconnect s a  piec e o f  th e utterance ;  th e 
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Figur e 6 :  Repair in g a  misinterpretatio n i n M a r y k n o w s 
Shary n love s th e barber . 

actua l  repai r  i s  carrie d ou t  b y th e s a m e lin k an d refe r  opera -
tor s w e sa w above .  I n contras t  t o a n arbitrar y backtrackin g 
scheme ,  th e repai r  mechan i s m doe s no t  requir e maintainin g 
a complet e m e m o r y o f  previou s choic e points* . 

A s i n th e cas e o f  creatin g expectations ,  i f  th e compre -
hensio n o f  a  wo r d i n th e curren t  contex t  require s a  repair , 
th e effect s o f  al l  th e separat e action s tha t  wen t  int o m a k -
in g th e repai r  wil l  b e capture d i n n e w production s fo r  a 
singl e operato r  i n th e Comprehens io n space .  I n thi s way , 
limite d recognitiona l  repai r  b e c o m e s anothe r  par t  o f  N L -
Soar' s comprehensio n capability . 

Summary 

We hav e see n example s o f  sentence s i n wh ic h NL-Soar ' s 
processin g proceede d strictl y bottom-u p (Th e barbe r  i s 
rich) ,  include d a  top-dow n c o m p o n e n t  { M a r y love s th e bar -
ber) ,  o r  require d repai r  (Ma r y k n o w s Shary n love s th e bar -
ber) .  I n eac h case ,  th e operator s tha t  we r e applie d accesse d 
m a ny differen t  type s o f  know ledg e a t  differen t  times .  W h a t 
i s importan t  t o not e abou t  thes e example s i s tha t  th e m o d -
ularit y o f  bot h th e searc h contro l  strategie s an d th e know l -
edg e source s i s irrelevan t  i n th e Comprehens io n space .  T h e 
comprehensio n operator s produce d b y chunkin g ar e full y 
integrated ,  simpl y mak in g change s t o th e mode l s directl y 
(an d withou t  search )  fo r  eac h word .  Currentl y i n NL-Soar , 
chunkin g i s a  compilatio n m e c h a n i s m rathe r  tha n a  lan -
guag e acquisitio n mechan ism .  W h a t  change s i s no t  th e se t 
o f  utterance s tha t  ca n b e assigne d mean in g structure s bu t 
th e proces s b y wh ic h a  mean in g i s  assigned .  C h u n k i n g 
transform s th e m a p p i n g proces s fro m a  search-intensiv e se -
quentia l  applicatio n o f  operator s representin g differen t  bu t 
necessar y type s o f  know ledge ,  t o th e simultaneou s applica -
tio n o f  al l  know ledg e source s b y a  singl e operator . 

U p t o thi s point ,  th e system' s developmen t  ha s bee n 
drive n b y t w o type s o f  d e m a n d s .  T h e first  typ e o f  d e m a n d 
has bee n th e satisfactio n o f  basi c psychologica l  criteria : 
word-by-word ,  incrementa l  comprehensio n unde r  th e real -
tim e constraint .  T h e secon d (an d related )  typ e o f  d e m a n d 
has bee n functional :  h o w t o c o m p o s e mean in g structures , 
h o w t o preven t  overgeneration ,  h o w t o c o m m i t  t o structure s 
befor e al l  relevan t  informatio n i s  available ,  h o w t o und o 
incorrec t  commi tmen ts .  A s a  resul t  o f  thi s emphasis ,  cer -
tai n know ledg e source s hav e bee n completel y ignore d t o 

*Th e limite d natur e o f  th e repai r  mean s tha t  garde n pat h phe -
nomena m a y arise .  W e ar e currentl y investigatin g NL-Soar' s pre -
diction s i n thi s area . 
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dat e (th e discours e level ,  fo r  example) .  Give n th e auto -
mati c wa y i n whic h comprehensio n operator s aris e withi n 
NL-Soar ,  however ,  w e believ e th e syste m ca n b e extende d 
t o includ e additiona l  knowledg e source s withou t  sacrificin g 
th e benefit s o f  fully-integrate d processing .  I n additio n t o 
th e lac k o f  som e knowledg e sources ,  bot h th e system' s syn -
tacti c an d semanti c coverag e remai n underdeveloped .  Th e 
system' s grammatica l  coverag e i s currentl y limite d t o abou t 
7 5 % o f  Allen' s basi c Englis h gramma r  [Allen ,  1987] .  It s 
worl d mode l  i s a  simpl e clas s hierarch y i n th e Semantic s 
space .  S o fa r  thi s degre e o f  coverag e ha s bee n adequat e fo r 
preliminar y wor k i n thre e areas :  a  natura l  languag e inter -
fac e t o a  robo t  ar m [Lair d e t  al. ,  1990] ,  instructio n takin g 
fo r  simpl e reasonin g experiment s i n psycholog y [Lewi s e t 
al. ,  1989] ,  an d predictin g garde n pat h phenomena .  T o con -
tinu e t o exten d th e system' s coverag e i n realisti c  an d usefu l 
ways ,  w e ar e explorin g integratin g NTL-Soa r  wit h othe r  Soa r 
systems .  Fo r  a  mor e detaile d descriptio n o f  th e system ,  se e 
[Lehma n e/a/. ,  1991] . 
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