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A n O n - L i n e M o d e l  o f  H u m a n S e n t e n c e I n t e r p r e t a t i o n * 

Daniel Jurafsky 
571 Evan s Hal l 

Computer  Scienc e Divisio n 
Universit y o f  Californi a a t  Berkele y 

Berkeley ,  Californi a 9472 0 

j  urafcky ® magnolia .  Berkeley.E D U 

Abstrac t 

This paper presents a model of the human sentence inter-
pretatio n process ,  concentratin g o n modelin g psycholinguis -
ti c dat a throug h th e us e o f  ric h semanti c an d grammatica l 
knowledg e an d expectations .  Th e interprete r  i s a n on-lin e 
model ,  i n tha t  i t  read s word s left-to-right ,  maintainin g a  par -
tia l  interpretatio n o f  th e sentenc e a t  al l  times .  I t  i s  strongl y 
interactionis t  i n usin g bot h bottom-u p evidenc e an d top -
down suggestion s t o acces s a  se t  o f  construction s t o b e use d 
i n buildin g candidat e interpretations .  I t  use s a  coherence -
based selectio n mechanis m t o choos e amon g thes e candidat e 
interpretations ,  an d allow s temporar y limite d parallelis m t o 
handl e loca l  ambiguities .  Th e interprete r  i s a  unifie d one , 
wit h respec t  t o bot h representatio n an d process .  A  singl e 
kin d o f  knowledg e structure ,  th e grammatica l  construction , 
i s  use d t o represen t  lexical ,  syntacti c an d semanti c knowl -
edge,  an d a  singl e processin g modul e i s use d t o acces s an d 
integrat e thes e structures . 

Criteria for a Theory 

Althoug h th e sentenc e interpretatio n proces s ha s re -
ceive d a  grea t  amoun t  o f  attentio n i n th e cognitiv e sci -
ence community ,  earlie r  model s addres s ver y hmite d 
subpart s o f  th e proble m o f  interpretin g a n utterance , 
and d o no t  exten d wel l  t o othe r  significan t  part s o f  th e 
task .  A s a  guidelin e fo r  designin g an d judgin g an y mode l 
of  sentenc e interpretation ,  thi s sectio n present s thre e 
criteri a o f  adequacy .  Th e firs t  criterio n o f  Functiona l 
Adequac y constrain s th e natur e o f  th e interpretation . 

Functiona l  Adequacy :  A n interprete r  mus t  pro -
duce a  representatio n whic h i s ric h an d complet e 
enoug h t o functio n a s a n interpretatio n o f  th e sen -
tenc e i n a  large r  mode l  o f  languag e understanding . 

The functiona l  adequac y criterio n i s th e mos t  impor -
tan t  on e fo r  a n interprete r  whic h i s intende d t o mode l 
human processing .  I t  i s  th e necessit y o f  meetin g thi s 
criterio n whic h distinguishe s a n interpreter ,  whic h mus t 
meet  semanti c an d functiona l  constraint s o n it s repre -
sentation ,  fro m a  parser ,  whic h nee d not . 

The secon d criterio n fo r  a n interprete r  i s tha t  o f  Rep -
resentationa l  Adequacy : 

Representationa l  Adequacy :  A n interprete r 
must  includ e a  declarativ e an d linguisticall y  moti -
vate d representatio n o f  linguisti c knowledge . 

•Thank s t o Pete r  Norvig ,  Nige l  Ward ,  an d Rober t  Wilensky . 
Sponsore d b y th e Defens e Advance d Researc h Project s Agenc y 
(DoD) ,  monitore d b y Spac e an d Nava l  Warfar e System s Com-
mand unde r  N00039-88-C-0292 ,  an d b y th e OfRc e o f  Nava l  Re -
searc h unde r  contrac t  N00014-89-J-3205 . 

Thi s criterio n insure s tha t  th e representationa l  basi s 
of  th e processin g mode l  meet s independen t  UnguLsti c cri -
teri a fo r  linguisti c knowledge ,  particularl y th e nee d t o 
captur e relevan t  linguisti c generalization s an d accoun t 
fo r  th e creativit y o f  th e languag e faculty .  Thi s knowl -
edge mus t  includ e mor e tha n jus t  phonologica l  o r  syn -
tacti c information .  A n interprete r  mus t  brin g t o bea r 
a larg e an d ric h collectio n o f  semantic ,  pragmatic ,  an d 
worl d knowledg e i n orde r  t o b e complet e enough  t o mee t 
th e constrain t  o f  Functiona l  Adequacy . 

The fina l  criterio n concern s psychologica l  validity : 

Cognitiv e Adequacy :  A n interprete r  mus t  mee t 
standard s o f  psycholinguisti c an d genera l  cognitiv e 
validity . 

The principl e o f  Cognitiv e Adequac y require s tha t  th e 
theor y eiccoun t  i n a  principle d manne r  fo r  psycholinguis -
ti c results .  Suc h result s includ e th e on-lin e natur e o f  th e 
languag e interpretatio n process ,  th e natur e an d tim e 
cours e o f  lexica l  access ,  o n ga p filling ,  th e us e o f  the -
mati c roles ,  o n inference ,  anaphora ,  an d wor k o n gram -
matica l  interpretatio n phenomen a suc h a s attachmen t 
preference s an d garde n pat h effects . 

As mentione d above ,  mos t  model s hav e focuse d o n 
limite d part s o f  sentenc e interpretatio n process ,  an d d o 
not  mee t  al l  th e adequac y criteria .  Man y processin g 
model s whic h emphasiz e Representationa l  Adequeu;y , 
particularl y thos e associate d wit h linguisti c theories , 
suc h a s For d e t  al .  (1982 )  (LFG) ,  Marcu s (1980 )  (EST ) 
or  Pritchet t  (1988 )  (GB) ,  includ e n o semanti c knowledg e 
and d o no t  mee t  th e criterio n o f  Functiona l  Adequacy . 
Alternatively ,  som e model s suc h a s Riesbec k &  Schan k 
(1978 )  hav e emphasize d semanti c knowledg e bu t  ignore d 
syntacti c knowledge .  I n general ,  muc h o f  th e cognitiv e 
modeUng communit y ha s emphasize d eithe r  syntacti c 
parsin g o r  lexica l  access .  Ver y fe w cognitiv e model s o f 
interpretatio n hav e bee n proposed ,  althoug h thes e mod -
el s (suc h a s Hirs t  (1986 )  an d Kurtzma n (1985) )  hav e 
prove d extremel y important . 

Architectural Principles 

The firs t  architectura l  principle ,  th e On-Lin e Princi -
ple ,  follow s directl y fro m th e criterio n o f  cognitiv e Jide -
quacy : 

On-Lin e Principle :  Maintai n a  continually -
update d partia l  interpretatio n o f  th e sentenc e a t  al l 
time s i n th e processing . 

Ther e i s a  grea t  amoun t  o f  psycholinguisti c evidenc e 
fo r  th e on-lin e natur e o f  natura l  languag e processing ,  in -
cludin g Swinne y (1979) ,  Tanenhau s e t  al .  (1979) ,  Tyle r 
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k Marslen-Wilso n (1982) ,  Marslen-Wilso n e t  al .  (1988 ) 
and man y other s cite d below . 

The on-lin e principl e ha s tw o implication s fo r  th e in -
terpreter .  Th e first  i s  tha t  i t  mus t  produc e a n inter -
pretatio n incrementally ,  tha t  i s i n a  strictl y left-to-righ t 
manner  whil e th e sentenc e i s bein g processed .  Thi s rule s 
out  th e traditiona l  depth-firs t  o r  backtrackin g contro l 
structur e fo r  parsers .  Thus ,  fo r  example ,  depth-firs t 
ATN' s d o no t  confor m t o th e principle ,  eve n thos e lik e 
R US (Bobro w &  Webbe r  1980 )  whic h eliminat e som e 
backtrackin g throug h semanti c constraints . 

The secon d impHcatio n o f  th e on-lin e principl e i s tha t 
th e interprete r  canno t  maintai n al l  possibl e interpreta -
tion s o f  a  sentenc e durin g th e processing .  I t  i s required , 
fairl y  frequently ,  t o choos e a  singl e interpretatio n wit h 
whic h t o continu e processing .  Evidenc e fro m lexica l 
access ,  (Swinne y (1979 )  an d othe r  cite d above) ,  infer -
enc e generatio n (Swinne y &  Osterhou t  1990 )  ga p filling 
(Kurtzma n (1989 )  an d Carlso n k  Tanenhau s (1987) ) 
sho w tha t  selectio n amon g candidat e interpretation s i s 
done on-line .  Thi s rule s ou t  th e us e o f  paralle l  parser s 
whic h maintai n ever y possibl e syntacti c o r  semanti c 
structur e i n parallel ,  suc h a s th e activ e char t  parse r  o f 
Winogra d (1983) ,  th e breadth-firs t  A T N parse r  (Wood s 
1970) ,  o r  th e table-drive n parse r  o f  Tomit a (1987) . 

Unfortunatel y i t  i s  no t  possibl e t o follo w th e on-lin e 
principl e b y simpl y choosin g a n interpretatio n immedi -
atel y wheneve r  a n ambiguit y arises .  Thi s i s du e t o th e 
fundamenta l  conflic t  i n huma n languag e understandin g 
betwee n th e nee d t o produc e a n interpretatio n a s soo n 
as possible ,  an d th e nee d t o produc e th e correc t  interpre -
tation .  Becaus e evidenc e fo r  th e correc t  interpretatio n 
may b e delayed ,  an y on-lin e interprete r  mus t  choos e a 
metho d fo r  integratin g thi s lat e evidence . 

Our  mode l  use s limite d loca l  parallelis m t o represen t 
thes e loca l  ambiguitie s whil e waitin g fo r  furthe r  evi -
dence .  A t  an y point ,  multipl e possibl e candidat e inter -
pretation s ar e entertained ,  bu t  onl y fo r  a  shor t  time ,  an d 
th e interprete r  i s force d t o choos e amon g the m quickly . 
The us e o f  temporar y loca l  parallelis m i n interpreta -
tio n ca n b e considere d a n extensio n o f  result s whic h 
sho w temporar y loca l  parallehs m i n lexica l  processin g 
(Swinne y (1979) ,  Tanenhau s e i  al .  (1979) ,  an d Tyle r  k 
Marslen-Wilso n (1982)) .  I n thi s sens e ou r  mode l  resem -
ble s Gibso n (1990a )  an d (1990b )  an d Kurtzma n (1985) . 

Alternativ e approache s fo r  modelin g loca l  ambiguit y 
fal l  int o tw o classes .  Th e first  i s  th e "wait-and-see "  ap -
proac h propose d b y Marcu s (1980 )  (use d als o b y th e 
shift-reduc e parse r  o f  Shiebe r  1983) .  I n thi s approach , 
th e mode l  wait s t o buil d structur e unti l  i t  ca n b e cer -
tai n i t  i s  buildin g th e correc t  interpretation ,  althoug h 
th e dela y i s strictl y limited .  Th e secon d clas s o f  model s 
use globa l  heuristic s (suc h a s Minima l  Attachment )  t o 
resolv e loca l  ambiguit y immediately .  Exampl e o f  thes e 
includ e Kimball(1973) ,  Frazie r  k  Fodo r  (1978) ,  Wanne r 
(1980) ,  an d Pritchet t  (1988) . 

The secon d principle ,  th e Expectatio n Principle , 
call s fo r  a  knowledge-base d approac h t o sentenc e pro -
cessing . 

Expectatio n Principle :  Mak e us e o f  syntactic , 
semantic ,  an d higher-leve l  expectation s t o hel p in -
tegrat e ne w informatio n int o th e interpretation . 

The us e o f  expectation s t o guid e th e integratio n o f 
linguisti c knowledg e i n processin g i s well-grounde d i n 
artificia l  intelligence .  Languag e interpretatio n shoul d 
make us e o f  frame s (Hirs t  1986) ,  themati c role s (Carlso n 
k Tanenhau s 198 7 an d Stow e 1988) ,  an d othe r  high-leve l 
semanti c informatio n (Riesbec k k  Schan k 1978 )  t o buil d 
interpretations . 

The final  principle ,  th e Uniformit y Principle , 
makes mor e specifi c  claim s abou t  th e algorith m use d 
t o produc e th e interpretation . 

Uniformit y Principle :  A  singl e processin g mod -
ul e account s fo r  access ,  integration ,  an d selectio n o f 
structure s a t  al l  level s o f  sentenc e processing . 

The uniformit y principl e propose s a  single ,  integrate d 
mechanis m t o replac e th e traditiona l  informationall y 
encapsulate d lexica l  analyzer ,  syntacti c tree-builder , 
morphologica l  analyzer ,  an d interpretatio n mechanisms . 
Thi s ha s th e advantage s o f  parsimon y an d elegance . 

The function s o f  access ,  integration ,  an d selectio n ap -
pl y uniforml y acros s th e lexical ,  syntactic ,  an d semanti c 
domains .  Fo r  example ,  th e acces s functio n account s fo r 
th e acces s o f  lexica l  item s a s wel l  a s syntacti c rule s (a s 
we wil l  se e below ,  thi s i s  becaus e bot h ar e represente d a s 
"grammatica l  constructions") .  Th e integratio n functio n 
build s structure s b y combinin g componen t  structure s a t 
eac h leve l  (i n buildin g words ,  syntacti c phrases ,  o r  se -
manti c interpretations) .  Th e selectio n functio n resolve s 
bot h lexica l  an d higher-leve l  ambiguities . 

Introducing the Algorithm 

Any mode l  mus t  implemen t  th e basi c function s o f  th e in -
terpretatio n process :  access ,  integration ,  an d selection . 
Thi s sectio n provide s a  sketc h o f  th e algorith m use d t o 
implemen t  eac h function . 

The acces s functio n suggest s possibl e construction s t o 
use i n a n interpretation ,  usin g a  numbe r  o f  knowledg e 
sources .  Thes e includ e bottom-u p informatio n fro m th e 
inpu t  o r  fro m previousl y accesse d constructions ,  an d 
top-dow n informatio n an d semanti c expectations .  Con -
struction s ca n als o b e annotate d wit h acces s clues .  Th e 
integratio n functio n combine s informatio n fro m variou s 
construction s t o buil d complet e interpretations .  Th e 
functio n i s currentl y implemente d usin g a n extensio n 
of  unification .  Th e selectio n functio n choose s th e bes t 
interpretatio n fro m th e disjunctio n o f  candidate s bein g 
considere d a t  an y time .  Selectio n take s plac e quit e soo n 
afte r  a  se t  o f  paralle l  candidate s i s proposed ,  usin g a  sim -
pl e coherenc e metri c t o choos e amon g interpretations . 

I n th e remainde r  o f  th e paper ,  I  wil l  furthe r  describ e 
thes e thre e theorie s an d th e representatio n o f  linguisti c 
knowledg e i n th e interpreter .  A  prototyp e interprete r 
has bee n implemented ,  usin g a  smal l  gramma r  o f  abou t 
60 construction s an d interpretin g a  se t  o f  question s fro m 
an earlie r  consultan t  project . 

Representation 

The interpreter' s linguisti c knowledg e consist s o f  a  col -
lectio n o f  structure s whic h represen t  informatio n fro m 
variou s domain s o f  linguisti c knowledge :  phonologi -
cal ,  morphological ,  syntactic ,  semantic ,  an d pragmatic . 
Thes e unifor m collection s o f  constraint s ar e calle d gram -
matica l  constructions ,  followin g th e constructio n gram -
mar  o f  Fillmor e e t  al .  (1988) .  A  constructio n i s a n 
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abstractio n ove r  som e comple x pairin g o f  meanin g an d 
form .  Becaus e bot h lexica l  itemi s an d syntacti c rule s ar e 
constructions ,  ther e i s n o distinctio n betwee n th e lexi -
con an d th e syntacti c rul e base . 

The representatio n languag e an d th e gramma r  hav e a 
number  o f  distinguishin g features ,  tw o o f  whic h wil l  b e 
discusse d here .  Firs t  i s  th e abiUt y t o defin e constituent s 
of  construction s semanticall y a s wel l  a s syntactically . 
Second i s th e definitio n o f  tw o kind s o f  constructions , 
stron g consiruciion s an d wea k construciions ,  character -
ize d b y thei r  position s o n a  grammatica l  abstractio n hi -
erarchy . 

Semanti c constraint s o n a  constituen t  ar e par t  o f  th e 
definitio n o f  a  construction .  I f  a n instanc e o f  a  construc -
tio n violate s eithe r  syntacti c o r  semanti c constraint s o n 
it s constituent s i t  i s  unacceptable .  Followin g Stuck y 
(1987) ,  I  cal l  suc h unacceptabl e construction s uninter -
preiabl e rathe r  tha n ungrammaiical ,  usin g th e ter m in -
ierpreiabilit y  fo r  thi s extensio n o f  th e ide a o f  grammat -
icality .  Thi s distinguishe s construction s fro m Montagu e 
Grammar  rule-pairs ,  whos e semanti c rule s pla y n o rol e 
i n grammaticality . 

As a n exampl e o f  a  constructio n whic h require s se -
manti c constraints ,  conside r  th e How-Scal e construc -
tio n first  define d i n Jurafsk y (1990 )  whic h occur s i n ex -
ample s lik e th e following : 

(la )  H o w wid e i s th e ocean ? 
H ow accurat e i s he r  prophecy ? 

(lb )  H o w muc h doe s sh e lov e him ? 
H ow ofte n doe s i t  rai n i n Sa n Francisco ? 
H ow quickl y di d sh e finish  he r  work ? 

(Ic )  H o w man y angel s ca n dance ? 

The How-Scal e constructio n ha s tw o constituents . 
The first  constituen t  i s th e lexica l  ite m "how" .  Th e 
secon d ma y b e a n adjective ,  suc h a s "wide "  o r  "accu -
rate "  i n (la) ,  a n adver b suc h a s "quickly "  o r  "often " 
i n (lb) ,  o r  eve n a  quantifie r  lik e "many" .  Specifyin g 
thi s constituen t  syntacticall y require s a  ver y unnatu -
ra l  disjunctio n o f  adverbs ,  quantifiers ,  an d adjectives . 
Furthermore ,  suc h a  disjunctiv e categor y i s insuflRcien t 
t o captur e th e constraint s o n thi s constituent .  Fo r  ex -
ample ,  no t  ever y adver b o r  adjectiv e ma y serv e a s th e 
secon d constituen t  i n th e construction .  Not e th e un -
interpretabilit y  o f  (2abc) ,  whic h hav e respectivel y a n 
adverb ,  a n adjective ,  an d a  quantifie r  a s thei r  secon d 
constituent . 

(2a )  *Ho w abroa d .. .  ? 
(2b )  *Ho w infinit e ... ? 
(2c )  *Ho w thre e ... ? 

The commonalit y amon g th e grammatica l  use s o f  th e 
constructio n ca n onl y b e expresse d semantically :  th e 
semantic s o f  th e secon d constituen t  mus t  b e scalar .  A 
scal e i s a  semanti c primitiv e i n th e representationa l  sys -
tem,  an d i s use d t o defin e traditiona l  scala r  notion s lik e 
siz e o r  amoun t  o r  weight .  Not e tha t  i n (1 )  abov e al l  th e 
element s whic h ar e allowabl e a s secon d constituent s fo r 
th e How-Scal e constructio n hav e semanti c component s 
whic h ar e scales .  Term s hk e "wide" ,  "strong" ,  an d "ac -
curate "  mee t  th e traditiona l  linguisti c test s fo r  scala r 
element s (suc h a s co-occurrenc e wit h scala r  adverb s lik e 
"very" ,  "somewhat" ,  "rather" ,  an d "slightly") .  Th e el -
ement s i n th e ungrammatica l  example s (2 )  d o no t  hav e 

any sor t  o f  scala r  semantics .  Th e secon d constituen t  o f 
th e How-Scal e constructio n ma y b e a n adjective ,  a n 
adverb ,  o r  a  quantifie r  s o lon g a s i t  ha s th e prope r  se -
mantics . 

A theor y whic h coul d no t  us e semanti c informatio n 
t o constrai n a  constituen t  woul d b e unabl e t o represen t 
th e How-Scal e constructio n completely .  Eve n a  the -
or y suc h a s H P S G (Pollar d k  Sa g 1987 )  whic h allow s 
semanti c constraint s fo r  lexica l  construction s coul d no t 
represen t  i t  becaus e H P S G doe s no t  allo w semanti c con -
straint s o n syntacti c constructions .  Figur e 1  present s 
a sketc h o f  th e representatio n o f  th e How-Scal e con -
struction .  Th e semanti c representatio n languag e use d 
i s a  frame-lik e one ,  wher e th e operato r  'a '  create s a n 
instanc e o f  a  concept . 

(lexicalconstr How-Scale 
[( a Identif y $ t 

(Unknow n $x ) 
(Backgroun d Ss ) 

SuchTha t 
( a Scal e $ s 

(Locatio n $ z $x))) ] 
- > 

["how" ] 
[( a Scal e $ a 

(On $z))] ) 
"Given two constituents, one the word "how" 

and on e a  scal e $s ,  construc t  a  questio n 
about  th e locatio n o f  objec t  $ z o n scal e $s " 

Figur e 1 
A secon d featur e o f  th e gramma r  i s th e nove l  us e 

of  a n abstractio n hierarch y t o structur e th e gram -
mar.  Th e gramma r  include s tw o kind s o f  constructions : 
stron g constructions ,  whic h expres s productiv e gram -
matica l  knowledge ,  an d wea k constructions ,  whic h ex -
pres s abstraction s ove r  stron g constructions .  Th e us e 
of  thes e wea k construction s allow s u s t o captur e th e 
traditiona l  notio n o f  semi-productiv e rule s o r  subregu -
larities .  Psycholinguisti c argument s fo r  th e presenc e o f 
thes e kind s o f  construction s ar e summarize d i n Cutle r 
(1983) .  Wea k construction s provid e a  structur e fo r  th e 
linguisti c knowledg e base ,  rathe r  tha n actin g a s regular , 
productiv e constructions .  Thi s us e o f  th e abstractio n 
hierarch y i s differen t  tha n othe r  use s o f  abstractio n i n 
linguisti c knowledg e (Bobro w & ;  Webbe r  (1980) ,  Jacob s 
(1985) ,  Flickenge r  e t  al .  (1985) ,  Pollar d &  Sa g (1987) , 
Jurafsk y (1988) )  i n makin g thi s epistemologica l  distinc -
tio n betwee n termina l  (strong )  an d non-termina l  (weak ) 
node s i n th e hierarchy . 

The Access Theory 
The histor y o f  model s o f  acces s i s a n extremel y ric h one , 
but  ha s tende d t o b e somewha t  balkanized .  Psycholin -
guist s hav e studie d lexica l  acces s extensively ,  s o muc h s o 
tha t  a  rathe r  broa d consensu s ha s arise n o n a t  leas t  th e 
genera l  natur e o f  th e lexica l  acces s process ,  whil e ver y 
littl e psycholinguisti c wor k ha s bee n don e o n syntacti c 
access .  Som e wor k o n syntacti c acces s ha s bee n don e 
by computationa l  linguist s wh o hav e studie d th e com -
putationa l  propertie s o f  variou s algorithm s fo r  syntacti c 
rule-acces s i n parsing ,  bu t  wit h n o attemp t  t o mode l 
human behavior . 

By conflatin g th e lexicon ,  th e syntacti c rule-base ,  an d 
th e semanti c interpretatio n rule s int o a  singl e linguis -
ti c  knowledg e base ,  an d b y usin g a  unifor m processin g 
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module ,  w e ar e abl e t o propos e a  singl e acces s algorith m 
whic h account s fo r  psycholinguisti c dat a an d meet s com -
putatioDj J criteria . 

Our  acces s algorith m generalize s th e lexica l  «u;ces 8 al -
gorith m indicate d b y result s suc h a s Swinne y (1979 )  an d 
Tamenhaus e t  al .  (1979 )  whic h sho w tha t  whe n a n am -
biguou s inpu t  i s  read ,  ever y sens e o f  th e ambiguou s wor d 
i s activated .  Al l  o f  thes e candidat e sense s o f  th e wor d 
ar e maintaine d fo r  a  shor t  perio d o f  time ,  afte r  whic h 
variou s contextua l  factor s ca n hel p selec t  a  singl e sense . 
Our  Eicces s functio n similarl y activate s multipl e candi -
dat e constructions ,  usin g a  numbe r  o f  knowledg e source s 
fo r  clues .  T w o source s o f  acces s suggestion s ar e th e tra -
ditiona l  bottom-u p an d top-dow n ones .  Construction s 
ar e suggeste d i f  thei r  first  constituen t  matche s th e left -
han d sid e o f  a  recentl y appUe d rule ,  o r  i f  thei r  left-han d 
sid e matche s th e curren t  positio n o f  som e previousl y 
suggeste d construction . 

Followin g Wilensk y &  Aren s (1980) ,  acces s ca n als o 
be delaye d unti l  mor e tha n on e constituen t  o f  a  con -
structio n ha s bee n seen .  Thu s construction s lik e "Th e 
Bi g Apple" ,  whic h occu r  rarel y bu t  begi n wit h com -
mon constituent s lik e "the" ,  ar e no t  accesse d wheneve r 
"the "  appear s i n th e input .  Insteaw l  suc h construction s 
ar e augmente d wit h informatio n specifyin g ho w muc h o f 
th e constructio n shoul d b e see n befor e i t  i s  sŵ cessed . 

The riches t  sourc e fo r  acces s suggestion s i s seman -
ti c expectations .  W h e n a  ver b ha s a  particula r  seman -
ti c subcategorizatio n fo r  on e o f  it s  arguments ,  th e ac -
ces s mechanis m suggest s a  constructio n whic h build s 
tha t  semantics .  Fo r  exampl e whe n parsin g th e ver b 
"know" ,  whic h semanticaU y subcategorize s fo r  a  propo -
sition ,  th e mechanis m suggest s th e Propositio n con -
struction ,  whos e synta x build s a  finite  claus e wit h a 
"that "  complementizer .  Thi s i s consisten t  wit h th e ex -
perimenta l  result s o f  Shapir o e t  al .  (1987 )  (als o sug -
geste d b y Kurtzma n (1989) )  tha t  a  verb' s semanti c argu -
ment s rathe r  tha n syntacti c one s ar e use d immediatel y 
i n processing .  I n thi s sense ,  ou r  mode l  i s a  strongl y 
interaciionis i  one ,  i n allowin g top-dow n an d contextua l 
informatio n t o directl y affec t  th e acces s o f  constructions . 
Althoug h man y researcher s hav e no t  foun d evidenc e o f 
thes e contextua l  effects ,  Taboss i  (1988 )  ha s foun d suc h 
evidenc e b y usin g particularl y stron g contexts .  I n gen -
eral ,  constructio n eicces s i n ou r  approac h resemble s th e 
broade r  proble m o f  conceptua l  acces s i n memor y (se e 
als o Riesbec k (1986) . 

The acces s theorie s o f  mos t  earlie r  analyzer s ar e quit e 
straightforward .  Fo r  exampl e i n a  traditiona l  bottom -
up parser ,  th e acces s algorith m recursivel y select s an y 
rul e fo r  whic h a  handl e i s foun d i n th e input .  Acces s 
wit h top-dow n parser s work s th e sam e way ,  althoug h 
indexin g a  rul e b y it s left-han d sid e instea d o f  b y th e 
first  constituent .  Som e parser s (Tomit a 1987 )  allo w th e 
use o f  bot h top-dow n an d bottom-u p acces s methods .  I n 
al l  thes e cases ,  acces s i s ver y simple ,  sinc e th e numbe r 
of  synteicti c categorie s i s quit e small .  I n th e syste m de -
scribe d here ,  a  construction' s constituent s ma y includ e 
any se t  o f  semanti c relation s rathe r  tha n bein g restricte d 
t o a  small ,  finite  se t  o f  syntacti c symbols .  Thu s thes e 
simpl e acces s method s use d fo r  parser s ar e insufficient . 
Most  semanti c analyzer s hav e als o simplifie d th e acces s 

problem .  Fo r  exampl e i n EL I  (Riesbec k k  Schan k 1978 ) 
and th e Wor d Exper t  Parse r  (Smal l  k  Riege r  1982 )  al l 
construction s ar e lexical ,  an d thu s ther e ar e n o higher -
leve l  construction s t o conside r  accessing . 

The Integration Theory 

Partia l  interpretation s ar e buil t  b y combinin g th e in -
formatio n fro m construction s wit h a n operatio n calle d 
integration .  I n it s  simples t  form ,  integratio n i s a n exten -
sio n o f  th e unificatio n operatio n t o a  riche r  semanti c do -
main .  Integratio n als o differ s fro m unificatio n i n bein g 
asymmetric ,  becaus e i t  give s privileg e t o construction s 
over  propose d constituents .  An y propose d constituen t 
must  mee t  th e constraint s establishe d b y a  construction , 
but  no t  vic e versa .  Integratio n als o allow s modifyin g 
th e structur e o f  th e element s bein g integrated ,  suc h a s 
by bindin g th e valu e o f  on e elemen t  t o som e ope n vari -
abl e i n another .  Wher e unificatio n merel y bind s tw o 
element s together ,  integratio n allow s on e t o fill  som e se -
manti c ga p insid e th e other . 

The remainde r  o f  thi s sectio n wil l  wor k throug h th e 
representatio n an d integratio n o f  th e tw o constituent s 
of  th e Wh-Non-Subject-Questio n constructio n (Ju -
rafsk y (1990)) .  Thi s constructio n account s fo r  sentence s 
whic h begi n wit h certai n wh-clauses ,  wher e thes e clause s 
do no t  functio n a s th e subjec t  o f  th e sentence .  Example s 
include : 

(Sa )  H o w ca n I  creat e dis k spac e ? 
(3b )  W h a t  di d sh e write ? 
(So )  Whic h boo k di d h e buy ? 

The constructio n ha s tw o constituents .  Th e first,  in -
dicate d i n bol d typ e i n th e example s above ,  i s a  wh -
element .  Th e secon d i s a n instanc e o f  th e Subject -
Second-Claus e construction ,  whic h consist s o f  a n aux -
iliary ,  a  subject ,  an d a  ver b phrase .  Th e representatio n 
fo r  th e constructio n appear s i n Figur e 2  below : 

(constr Wh-Hon-Subject-Question 
[( a Questio n $ q 

(Querie d $var ) 
(Backgroun d (Integrat e $/pr e $/v))) ] 

- > 
[( a Identif y $ t 

(Unknow n $var ) 
(Backgroun d $pre)) ] 

[( a Subject-Second-Claus e $v) ]  ) 
"Given t«o constituents, the first a questioned 

elemen t  $ t  an d th e secon d a  subject-second-claus e 
$v,  buil d a  questio n abou t  $ t  whic h include s a s 
backgroun d knowledg e th e informatio n i n $v. " 

Figur e 2 
Not e i n Figur e 2  tha t  th e backgroun d knowledg e fo r 

th e questio n i s forme d b y integratin g th e variable s $pr e 
and $v .  Thes e contai n th e informatio n fro m th e tw o 
constituents .  Not e als o tha t  eac h o f  thes e variable s i s 
precede d b y a  slash .  A  slas h o n a  variabl e mean s tha t 
th e variabl e ma y b e th e matri x structur e i n whic h t o 
searc h fo r  a  gap .  Thu s t o integrat e a n argumen t  int o a 
verb ,  th e variabl e representin g th e ver b i s slashed ,  whil e 
th e argumen t  i s not .  I n Figur e 2 ,  bot h variable s ar e 
sljished ,  indicatin g tha t  th e semanti c ga p coul d b e i n th e 
structure s boun d t o eithe r  o f  thes e variables .  Th e ga p 
coul d b e insid e th e Subject-Second-Claus e o r  insid e 
th e Identif y structure . 
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For  example ,  i n th e sentenc e "Wha t  di d sh e write? " 
th e ga p i s  locate d i n th e secon d constituent ,  th e 
Subject-Second-Clause ,  becaus e th e ver b "write "  ha s 
an unfille d semanti c slo t  fo r  th e objec t  written .  Th e in -
tegratio n algorith m wil l  bin d th e semantic s o f  "what " 
t o th e unfille d "written-object "  slo t  o f  th e ver b "write" . 
Not e tha t  gap-fillin g i s a  semantic ,  no t  a  syntacti c pro -
cess . 

For  th e sentenc e "Ho w ca n I  creat e dis k space?" ,  th e 
gap i s i n th e first  constituent ,  th e wor d "how'' .  Th e se -
mantic s o f  thi s "how "  constructio n i n Figur e 3  belo w ar e 
concerne d wit h specifyin g th e mean s o r  pla n b y whic h 
some goa l  i s  accomplished .  Th e ga p i n thi s constructio n 
i s th e goa l  $g . 

(a Identify $t 
(UnknoT O $p ) 
(Backgroun d $x ) 

Such-Tha t 
( a Means-Fo r  $ x 

(Means $p ) 
(Goal  $g)) ) 

"The means $p for achieving 
some goa l  $ g i s  unknown. " 

Figur e 3 

The secon d constituent ,  th e Subject-Second -
Claus e "ca n I  creat e dis k space" ,  produce s th e seman -
tic s show n i n Figur e 4 . 

( a Ability-stat e $ x 
(Acto r  ( a Speech-Speaker) ) 
(Actio n 

( a Creation-Actio n 
(Acto r  ( a Speech-Speaker) ) 
(Theme ( a Disk-Freespace))) ) 

"the ability of the speaker in the 
discours e t o creat e dis k fre e space " 

Figur e 4 

I n orde r  t o buil d th e correc t  interpretatio n o f  th e sen -
tence ,  th e integratio n algorith m realize s tha t  th e goa l 
$g i n Figur e 3  i s a  semanti c ga p whic h ca n b e filled 
by th e Ability-Stat e $ x i n Figur e 4 ,  an d i t  bind s th e 
Abihty-Stat e t o th e variabl e $g .  Th e final  resul t  o f  thi s 
integratio n look s Uk e Figur e 5 . 

( a Questio n $ q 
(Querie d $p ) 
(Backgroun d 

( a Means-Fo r 
(Means $p ) 
(Goal 

( a Ability-Stat e $ x 
(-Acto r  ( a Speech-Speaker) ) 
(-Actio n 

( a Creation-Actio n 
(Acto r  ( a Speech-Speaker) ) 
(Theme ( a Disk-Freespace) ] 

"A questio n abou t  th e mean s fo r  achievin g th e 
goal  o f  bein g abl e t o creat e som e dis k space. " 

Figur e 5 
Thi s exampl e o f  integratio n highlight s a  numbe r  o f  lin -

guisti c feature s o f  thi s model .  First ,  th e ga p i n th e sen -
tenc e "Ho w ca n I  creat e dis k space "  i s i n th e wor d "how " 
rathe r  tha n i n th e Subject-Second-Clause .  Othe r  lin -
guisti c analyse s requir e wh-phrase s t o fill  a  syntacti c 
gap i n th e matri x clause ,  whic h require s the m t o in -
clud e trace s o r  empt y categorie s correspondin g t o eac h 

possibl e syntacti c modifie r  positio n i n th e Subject -
Second-Clause .  B y placin g th e ga p insid e th e seman -

tic s o f  "how" ,  w e eUminat e thes e numerou s empt y cate -
gories .  Becaus e th e ga p i s  semanti c rathe r  tha n syn -
tactic ,  ther e i s n o nee d fo r  th e gramma r  t o contai n 
construction s wit h syntacti c gap s (suc h a s th e slash -
construction s o f  G P S G ) .  Usin g semanti c gap s als o al -
low s long-distanc e dependencie s (WH-movement ,  Right -

Node Raising ,  Topicalization ,  etc )  t o b e treate d wit h th e 
same mechanis m tha t  i s  use d t o hn k verb s an d othe r 
predicate s wit h thei r  arguments . 

Usin g semanti c gap s t o ac t  a s expectation s fo r  bind -
in g W H-  construction s i s als o consisten t  wit h a  numbe r 
of  experimenta l  result s from  psycholinguistics ,  includin g 
Kurtzma n (1989) ,  an d Carlso n &  Tanenhau s (1987) .  Al -

thoug h thes e result s wer e originall y interprete d a s sup -
por t  fo r  th e on-lin e locatio n o f  gaps ,  the y ar e consis -
ten t  wit h a  semanti c integratio n o f  th e wh-elemen t  int o 
th e verb .  Ou r  mode l  ca n b e distinguishe d from  thes e 
by considerin g syntacti c gap s whic h ar e locate d befor e 
th e verb :  w e predic t  tha t  subjec t  gaps ,  fo r  exJtmple , 
shoul d no t  caus e processin g difficult y becaus e th e inter -
prete r  integrate s th e wh-elemen t  directl y int o th e fol -
lowin g ver b withou t  proposin g a  gap .  Thi s i s  exactl y 
th e resul t  foun d b y Stow e (1986) . 

The integratio n operatio n woul d nee d mor e inferen -
tia l  powe r  t o mak e th e metaphori c inference s o f  Mar -
ti n (1990) ,  o r  th e abductiv e inference s o f  Charnia k & 
Goldma n (1988 )  o r  Hobb s e t  a l  (1988) .  Makin g thes e 
inference s i n th e integratio n algorith m allow s the m t o 
be mad e on-line ,  unlik e thes e earlie r  inferencin g mecha -
nisms . 

The Selection Theory 

The selectio n theor y i s  base d o n assignin g eac h candi -
dat e interpretatio n a  confidenc e measur e base d o n a  sim -
pl e coherenc e metri c wit h semanti c an d constructiona l 
expectation s (N g h  Moone y 1990) .  A s soo n a s th e mea -
sur e o f  on e o f  th e candidate s exceed s a  threshol d tha t 
interpretatio n i s selected .  I f  n o candidat e i s ahea d afte r 
a certai n tim e threshold ,  th e top-ranke d interpretatio n 
i s chosen ,  forcin g th e parallelis m t o b e limited .  Exactl y 
when thi s selectio n take s plac e depend s o n th e natur e o f 
th e candidat e interpretations .  Th e curren t  mode l  use s 
a confidenc e threshol d whic h i s simila r  t o th e memory -
capacit y mode l  o f  Gibso n (1990b )  an d (1990a) .  Becaus e 
an interpretatio n ma y b e selecte d befor e al l  possibl e evi -
denc e ha s com e in ,  th e analyze r  ma y choos e a n incorrec t 
interpretation ,  discardin g th e correc t  one ,  an d produc -
in g th e well-know n garde n pat h phenomenon . 

The selectio n mode l  i s stil l  incomplete .  A  mor e com -
plet e metri c woul d nee d t o includ e syntacti c distance , 
as wel l  a s tak e int o accoun t  th e relativ e frequencie s o f 
constructions . 

Conclusions 

I  hav e propose d a n on-line ,  incremental ,  strongly -
interactionis t  mode l  o f  huma n sentenc e interpretation , 
wit h a  unifie d linguisti c knowledg e bas e an d a  singl e al -
gorith m t o us e thi s knowledg e t o buil d interpretations . 
The mode l  focuse s o n th e us e o f  semanti c knowledg e i n 
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eac h par t  o f  th e interpreter :  th e us e o f  semanti c infor -
matio n t o improv e constructio n access ,  t o d o mor e in -
telligen t  iniegmtio n o f  constructions ,  an d t o selec t  con -
struction s base d o n thei r  coherenc e wit h expectations . 
Similarly ,  th e representatio n languag e focuse s o n th e us e 
of  semanti c constraint s o n constituent s an d a  semanti c 
accoun t  o f  long-distanc e dependencies . 
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