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U n i f o r m Representat ion s fo r  S y n t a x - S e m a n t i c s Arbi t rat io n 
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Colleg e o f  Computin g 

Georgi a Institut e o f  Technolog y 
Atlanta .  G A 30332-028 0 

{mahesh,eiselt}@cc.gatech.ed u 

Abstrac t 

Psychological investigations have led to considerable insight 
int o th e workin g o f  th e huma n languag e comprehensio n sys -
tem.  I n thi s article ,  w e loo k a t  a  se t  o f  principle s derive d from 
psychologica l  finding s t o argu e fo r  a  particula r  organizatio n o f 
linguisti c knowledg e alon g wit h a  particula r  processin g strat -
egy an d presen t  a  computationa l  mode l  o f  sentenc e process -
in g base d o n thos e principles .  Man y studie s hav e show n tha t 
human sentenc e comprehensio n i s a n incrementa l  an d inter -
activ e proces s i n whic h semanti c an d othe r  higher-leve l  infor -
matio n interact s wit h syntacti c informatio n t o mak e informe d 
commitment s a s earl y a s possibl e a t  a  loca l  ambiguity .  Earl y 
commitment s ma y b e mad e b y usin g top-dow n guidanc e from 
knowledg e o f  differen t  types ,  eac h o f  whic h mus t  b e applicabl e 
independentl y o f  others .  Furthe r  evidenc e from  studie s o f  er -
ro r  recover y an d delaye d decision s point s towar d a n arbitratio n 
mechanis m fo r  combinin g syntacti c an d semanti c informatio n 
i n resolvin g ambiguities .  I n orde r  t o accoun t  fo r  al l  o f  th e 
above ,  w e propos e tha t  al l  type s o f  linguisti c knowledg e mus t 
be represente d i n a  common for m bu t  mus t  b e separabl e s o tha t 
the y ca n b e applie d independentl y o f  eac h othe r  an d integrate d 
at  processin g tim e b y th e arbitrator .  W e presen t  suc h a  unifor m 
representatio n an d a  computationa l  mode l  calle d C O M P E RE 
base d o n th e representatio n an d th e processin g strategy . 

In t roduct io n 

Psychologica l  investigation s o f  huma n languag e processin g 
have le d t o considerabl e insigh t  int o th e workin g o f  th e lan -
guage processor .  Yet ,  attempt s t o buil d psychologicall y rea l 
computationa l  model s o f  languag e processin g fac e consider -
abl e problem s i n translatin g th e constraint s pu t  fort h b y psy -
cholinguisti c theorie s int o th e representation s an d processe s 
tha t  constitut e th e computationa l  model .  I n thi s article ,  w e 
summariz e a  larg e bod y o f  evidenc e fro m psycholinguisti c  lit -
eratur e int o a  se t  o f  principle s an d us e the m t o deriv e a  compu -
tationa l  mode l  o f  huma n sentenc e processin g tha t  employ s a 
particula r  contro l  o f  processin g an d a  unifor m representatio n 
of  al l  linguisti c knowledge . 

We argu e that ,  i n orde r  t o explai n a  larg e variet y o f  findings 
i n huma n sentenc e comprehension ,  th e computationa l  mode l 
must  emplo y a  singl e arbitratio n proces s tha t  ca n integrat e in -
dependentl y propose d syntacti c an d semanti c informatio n t o 
resolve  ambiguities .  W e presen t  a  unifor m representatio n fo r 
syntacti c an d semanti c knowledg e tha t  enable s syntacti c an d 
semanti c interpretation s t o b e integrate d throug h intermediat e 
representations.  Th e representationa l  primitiv e i s a  nod e tha t 
specifie s part-o f  an d has-par t  relation s t o othe r  nodes ,  pre -
condition s o n thes e relations ,  an d expectation s tha t  coul d b e 

generate d fro m suc h relations .  W e sho w h o w suc h represen -
tation s coul d b e employe d b y a  parse r  tha t  make s th e right 
commitment s a t  th e appropriat e time s i n orde r  t o explai n a 
variet y o f  huma n sentenc e processin g behavior s suc h a s incre -
menti U interpretation ,  immediac y o f  semanti c an d conceptua l 
interaction ,  modula r  behavior s suc h a s purel y structura l  pref -
erences ,  earl y commitmen t  an d erro r  recovery ,  garde n paths , 
and resource-limite d delaye d decisions .  W e hav e develope d 
a mode l  calle d C O M P E RE (Cognitiv e Mode l  o f  Parsin g an d 
Erro r  Recovery )  base d o n suc h a n architectur e an d teste d i t  i n 
a compute r  implementation . 

Psychological Constraints on Language 

Comprehensio n Model s 

Experimenta l  observation s o f  huma n sentenc e processin g be -
havio r  ca n b e summarize d i n term s o f  a  se t  o f  principle s 
includin g th e following : 

1. Incremental Comprehension: 

Psychologica l  experiment s hav e confirme d th e genera l  intu -
itio n tha t  huma n languag e comprehensio n i s a n incrementa l 
proces s o f  progressivel y buildin g a  syntactic ,  semantic ,  an d 
referentia l  interpretatio n o f  a  sentence ,  (e.g. .  Crai n an d Steed -
man,  1985 ;  Marslen-Wilso n an d Tyler .  1987 ;  Steedman ,  1989 ; 
Taraba n an d McClelland .  1988) . 

2, Early Commitment: 

The sentenc e processo r  mus t  mak e earl y commitment s a s soo n 
as i t  ha s th e informatio n necessar y t o d o s o (e.g. ,  Crai n an d 
Steedman ,  1985 ;  Frazier .  1987) .  Resourc e limitation s suc h 
as workin g memor y capacit y an d th e real-tim e natur e o f  th e 
comprehensio n tas k forbi d th e processo r  fro m pursuin g al l 
possibl e path s i n paralle l  unti l  the y ar e rule d ou t  (MacDonald , 
Just ,  an d Carpenter ,  1992) .  I t  mus t  us e informatio n availabl e 
fro m ever y knowledg e sourc e t o mak e a  choic e a s earl y a s 
possible . 

3. Delayed Decisions: 

However ,  th e processo r  mus t  pursu e paralle l  interpretation s 
sometime s t o accoun t  fo r  delaye d decisions .  W h e n syntac -
ti c an d semanti c preference s ar e i n conflict ,  th e processo r 
must  postpon e th e decisio n unti l  furthe r  informatio n become s 
availabl e (Holme s e t  al. ,  1989 )  o r  unti l  a  decisio n i s force d b y 
limit s o f  memor y resources .  Moreover ,  a t  th e resourc e limit . 
i t  appear s tha t  syntacti c preference s overrid e an y semanti c 
preference s (Stowe ,  1991) .  Delaye d decision s hav e als o bee n 
observe d i n th e presenc e o f  lexica l  ambiguities . 
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4.  E r ro r  Recovery : 

Earl y commitmen t  inevitabl y lead s t o erroneou s decision s a t 
time s whe n late r  informatio n prove s a n earlie r  choic e incor -
rect .  Th e processo r  mus t  als o b e abl e t o recove r  fro m suc h 
error s b y switchin g t o a n alternativ e interpretatio n (e.g. ,  Eiselt , 
1989 ;  Stowe ,  1991) .  Thi s erro r  recover y whethe r  i n structura l 
or  lexica l  ambiguit y resolution ,  shoul d b e possibl e throug h 
a repai r  proces s tha t  i s  incremental .  S o m e part s o f  th e erro -
neou s structure s shoul d b e reuse d an d other s repaire d t o resul t 
i n correc t  structures .  Mer e reprocessin g fro m scratc h doe s no t 
explai n th e grade s o f  difficult y exhibite d b y wea k an d stron g 
garden-pat h sentence s (Abney ,  1989) . 

5. Interaction: 

Apar t  fro m incrementa l  processing ,  th e processo r  support s 
interactio n betwee n differen t  facultie s suc h a s syntax ,  seman -
tics ,  an d referenc e (e.g. .  Grai n an d Steedman ,  1985 ;  Marslen -
Wilso n an d lyier ,  1987 ;  Taraba n an d McClelland ,  1988) . 
Natura l  language s ar e replet e wit h ambiguitie s whic h canno t 
al l  b e resolve d b y th e us e o f  an y on e kin d o f  knowledge .  A n 
incrementa l  processo r  build s interpretation s o f  a n incomplet e 
sentenc e a t  al l  th e differen t  level s tha t  interac t  wit h eac h othe r 
and choose s a n interpretatio n tha t  i s bes t  wit h respec t  t o al l  th e 
knowledg e availabl e t o th e processo r  a t  tha t  point .  Incremen -
tality ,  interaction ,  earl y commitment ,  an d erro r  recover y ca n 
togethe r  explai n th e abilit y  o f  th e huma n languag e processo r 
t o dea l  wit h th e proliferatio n o f  loca l  ambiguitie s i n natura l 
language s (e.g. .  Grai n an d Steedman ,  1985) . 

6. Functional Independence: 

A final  constrain t  derivabl e fro m a  vas t  bod y o f  psycholin -
guisti c studie s ca n b e summarize d b y statin g tha t  eac h kin d o f 
knowledg e mus t  b e capabl e o f  bein g applie d independentl y o f 
othe r  kinds .  Fo r  instance ,  i t  mus t  b e possibl e t o appl y purel y 
structura l  principle s t o resolv e a n attachmen t  ambiguit y fo r 
an adjunct .  Thi s syntacti c knowledg e mus t  b e represente d s o 
tha t  i t  ca n b e applie d n o matte r  wha t  lexica l  item s ar e involve d 
i n th e adjunc t  grazier ,  1987 ;  Frazier ,  1989) .  Independenc e 
i s als o necessar y t o explai n th e behavio r  see n whe n delay s i n 
commitmen t  ar e terminate d b y resourc e limit s (Stowe ,  1991) . 
Anothe r  importan t  sourc e o f  evidenc e fo r  functiona l  inde -
pendenc e betwee n level s o f  languag e processin g lie s i n be -
haviora l  studie s wit h aphasi c subject s (e.g. ,  Caramazz a an d 
Bemdt ,  1978) .  Thoug h th e neurologica l  independenc e be -
twee n syntacti c an d semanti c knowledg e ha s bee n questione d 
by recen t  studie s o f  cross-linguisti c aphasi a (Bates ,  Wulfeck , 
and MacWhinney ,  1991) ,  functiona l  independenc e woul d stil l 
be necessar y t o explai n th e differentia l  impairmen t  o f  syntac -
ti c an d semanti c abilitie s i n aphasi a (Mahesh ,  1993) . 

Moreover ,  i n orde r  t o mak e sur e tha t  th e actua l  cours e o f 
step s i n th e mode l  agree s wit h huma n behavior ,  no t  jus t  th e 
end result s o f  processing ,  th e representations ,  processes ,  an d 
resource s use d b y th e mode l  mus t  al l  b e truthfu l  t o psycho -
logica l  dat a 

The need to combine bottom-up and top-down 

processe s 

Data-drive n model s o f  languag e comprehensio n wit h bottom -
up strategie s ar e compatibl e wit h incrementa l  semanti c inter -
pretation .  Incrementa l  comprehensio n i s bes t  describe d b y 

a bottom-u p strateg y tha t  interpret s eac h successivel y large r 
constituen t  a s i t  i s  buil t  fro m th e nex t  wor d i n th e sentence . 
A top-dow n strateg y woul d forc e th e processo r  t o commi t  t o 
a whol e constituen t  befor e analyzin g th e part s o f  th e whole . 
Makin g suc h commitment s whe n th e processo r  doe s no t  hav e 
necessar y informatio n result s i n unwarrante d backtracking . 

Standar d theorie s o f  synta x usin g phrase-structur e rule s 
ar e incompatibl e wit h incrementa l  processin g give n tha t  th e 
step s take n b y th e parse r  b e psychologicall y rea l  (Steedman , 
1989) .  Thoug h i t  i s  possibl e t o appl y a  bottom-u p strateg y 
t o phrase-structur e rules ,  th e resultin g proces s wil l  no t  b e in -
crementa l  sinc e th e bottom-u p parse r  wait s unti l  i t  ha s see n 
ever y daughte r  o f  a  constituen t  befor e interpretin g it .  Phrase -
structur e rule s ca n b e applie d t o carr y ou t  a n incrementa l 
interpretatio n onl y i f  sentence s hav e a  left-branchin g struc -
tur e whic h i s no t  tru e wit h a  majorit y o f  natura l  language s 
(Steedman ,  1989) .  Wha t  w e nee d i s a  bottom-u p parse r  wit h 
top-dow n guidanc e tha t  ca n mak e earl y commitment s befor e 
actuall y seein g ever y par t  o f  a  constituen t  s o tha t  semanti c 
interpretatio n ca n b e incremental .  Suc h earl y commitment s 
m ay b e mad e b y employin g top-dow n influenc e fro m a  variet y 
of  type s o f  knowledge . 

Types of Top-Down Guidance to Bottom-Up Parsing 

Information providing top-down guidance to the processor 
ca n b e o f  thre e types :  grammatica l  informatio n abou t  th e cat -
egorie s involve d (Steedman ,  1989) ,  genera l  structura l  princi -
ple s (Frazier ,  1989) ,  an d feedbac k fro m semantics ,  referenc e 
and discours e interpretatio n (e.g. .  Grai n an d Steedman ,  1985 ; 
Taraba n an d McGlelland ,  1988) . 

1. Syntactic Expectation: 

Grammatical information tells the processor about the argu-
ment s tha t  mus t  follo w befor e th e curren t  constituen t  ca n b e 
complet e (an d henc e grammatical) .  Fo r  instance ,  afte r  see -
in g a  nou n phrase ,  a  ver b mus t  follo w fo r  th e sentenc e t o 
be complete .  W e ca n sa y tha t  th e processo r  ca n expec t  t o 
see a  ver b phras e a t  thi s point .  Th e bottom-u p parse r  ca n 
use suc h syntacti c expectation s t o mak e earl y commitment s 
at  syntacti c ambiguities .  Thi s grammatica l  preferenc e fo r  ex -
pecte d structure s result s i n th e sam e behavio r  a s expecte d b y 
th e minima l  attachmen t  principl e an d explain s garden-pat h 
behavio r  i n reduce d relativ e claus e sentence s suc h a s (1) . 

(1) The officers taught at the academy were very 
demanding . 

2. Semantic and Pragmatic Preference: 

One way to introduce extra-grammatical top-down influence 
on attachmen t  ambiguitie s i s throug h interaction .  Semanti c 
and discours e processe s feedbac k t o syntacti c processin g an d 
exer t  preference s fo r  som e attachment s ove r  other s (e.g. .  Grai n 
and Steedman ,  1985 ;  Stowe ,  1991) .  Fo r  instance ,  semanti c 
feedbac k ca n tel l  th e processo r  tha t  th e prepositiona l  phras e 
(PP )  i n sentenc e (2 )  mus t  b e attache d t o th e nou n phras e (NP ) 
sinc e a  hors e canno t  b e use d a s a n instrumen t  fo r  seeing . 

(2 ) Th e office r  sa w th e soldie r  wit h th e horse . 
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3.  Structura l  Preference : 

The processo r  mus t  als o b e abl e t o exer t  purel y structura l  pref -
erence s tha t  ar e independen t  o f  th e categorie s an d lexica l  item s 
involve d i n th e ambiguou s part s o f  th e sentence .  Example s 
of  suc h a  preferenc e ar e right  associatio n an d minima l  attach -
ment  (Frazier ,  1987) .  Suc h syntacti c generalization s allo w th e 
syntacti c processo r  t o mak e earl y commitment s fo r  adjunct s 
as well ,  thereb y explainin g severa l  syntacti c phenomen a (Fra -
zier ,  1989) .  Ther e i s psychologica l  evidenc e i n structura l  am -
biguit y resolutio n whic h demonstrate s th e nee d fo r  thi s kin d 
of  top-dow n influence .  Fo r  instance ,  Stow e (1991 )  ha s show n 
tha t  th e huma n sentenc e processo r  delay s a  decisio n (i.e. ,  doe s 
not  d o a n earl y commitment )  whe n ther e i s a  conflic t  betwee n 
syntacti c an d semanti c preference s a t  a  structura l  ambiguit y 
(i.e. ,  whe n top-dow n influenc e fro m gramma r  o r  structura l 
principle s an d thos e fro m semanti c feedbac k contradic t  eac h 
other) .  Experiment s showe d tha t  peopl e continu e t o dela y th e 
decisio n an d pursu e multipl e interpretation s unti l  the y reac h 
resourc e limits .  A t  th e limit ,  the y mak e a  choic e base d onl y o n 
syntacti c preferences .  Thi s resul t  woul d b e lef t  unexplaine d 
but  fo r  th e presenc e o f  a  top-dow n influenc e o f  th e structura l 
kind . 

The Control of Parsing 

Top-dow n guidanc e fro m syntacti c expectation s an d struc -
tura l  preference s ca n b e integrate d wit h a  bottom-u p contro l 
of  parsin g b y employin g a  for m o f  left-come r  parsin g (Ab -
ney an d Johnson ,  1991) .  W e hav e develope d a  varian t  o f 
left-come r  parsin g b y addin g t o i t  th e virtue s o f  head-drive n 
parsing .  Th e resultin g mechanis m tha t  w e cal l  Head-Signale d 
Lef t  Corne r  Parsin g produce s th e right  sequenc e o f  syntacti c 
commitment s t o accoun t  fo r  a  variet y o f  data .  Th e parse r  ha s 
been implemente d i n th e C O M P E RE model .  Lac k o f  spac e 
prevent s u s fro m furthe r  describin g th e parsin g mechanis m 
here ,  bu t  i t  i s  describe d elsewher e (Mahesh ,  1994) . 

The Need for an Arbitration Mechanism 

Whil e top-dow n an d bottom-u p influence s o n sentenc e com -
prehensio n arisin g fro m syntacti c source s o f  knowledg e ca n b e 
combine d i n th e parsin g algorith m mentione d above ,  th e sen -
tenc e processo r  mus t  als o combin e informatio n comin g fro m 
semanti c an d conceptua l  analyse s wit h th e syntacti c prefer -
ences .  Thi s communicatio n betwee n synta x an d semantic s i s 
necessar y t o accoun t  fo r  evidenc e fro m interaction ,  delaye d 
decisions ,  earl y commitment ,  an d erro r  recovery .  Th e left -
comer  parsin g algorith m merel y identifie s th e point s whe n 
th e communicatio n ough t  t o occu r  bu t  doesn' t  tel l  u s h o w th e 
communicatio n i s handle d o r  h o w conflict s ar e resolve d i n 
th e bes t  interest s o f  th e constraint s o n behavior .  O n e wa y 
t o d o thi s i s t o integrat e th e representation s o f  th e tw o type s 
of  knowledg e a  prior i  a s i n semanti c grammar s an d wha t 
ar e calle d grammatica l  construction s i n certai n othe r  model s 
(e.g. ,  Jurafsky ,  1991) .  Suc h a n approac h suffer s from  reduce d 
generativit y an d othe r  disadvantage s (se e th e Relate d W o r k 
sectio n below) .  I n orde r  t o avoi d losin g generativity ,  th e 
sentenc e processo r  mus t  kee p th e knowledg e source s sepa -
rat e an d introduc e a n arbitratio n mechanis m tha t  dynamicall y 
combine s informatio n arisin g from  independen t  syntacti c an d 
semanti c sources ,  resolvin g an y conflict s tha t  migh t  aris e i n 
th e process . 

The arbitrato r  need s t o combin e informatio n comin g from 
independen t  syntacti c an d semanti c source s whic h tal k i n dif -
feren t  terms .  Synta x describe s it s interpretation s i n term s 
of  grammatica l  relation s suc h a s subjec t  an d objec t  relation s 
whil e semantic s talk s i n term s o f  themati c roles. '  Th e arbitra -
to r  mus t  establis h correspondence s betwee n thes e tw o repre -
sentation s (an d betwee n th e decision s m a d e b y th e two) .  O n e 
way t o bridg e thi s communicatio n ga p betwee n th e language s 
of  synta x an d semantic s i s t o ad d a  translatio n procedur e i n 
th e arbitrator .  Thi s procedur e woul d translat e grammatica l  re -
lation s t o themati c relation s an d vic e vers a usin g othe r  kind s 
of  linguisti c informatio n suc h a s active/passiv e voice ,  wha t 
role s g o wit h a  particula r  event ,  an d s o on . 

Ther e ar e tw o problem s wit h thi s  ̂ proach .  First ,  i t  i s 
a procedura l  solutio n wit h well-know n disadvantage s ove r  a 
comparabl e declarativ e solution .  Second ,  durin g erro r  recov -
er y i n incrementa l  sentenc e comprehension ,  correspondin g 
thing s wil l  hav e t o b e undon e i n synta x an d semantics .  Thi s i s 
problemati c  i f  th e onl y representatio n o f  th e correspondenc e 
i s i n th e arbitratio n procedures ,  sinc e correspondenc e knowl -
edg e i s no t  presen t  i n th e representation s tha t  nee d t o b e ma -
nipulate d b y erro r  recover y mechanisms .  Also ,  th e onl y kin d 
of  recover y possibl e i s throug h reprocessin g becaus e ther e 
ar e n o representation s o f  intermediat e decision s t o repai r  o r 
backtrac k to . 

We propos e a n alternativ e t o thi s  i n whic h th e ga p i s bridge d 
vi a intermediat e representations .  Thes e intermediat e role s 
connec t  grammatica l  relation s t o themati c roles ,  resultin g i n 
a declarativ e representatio n o f  th e correspondenc e knowledg e 
i n th e for m o f  rol e hierarchies .  N o w ,  wit h thi s mechanism , 
durin g erro r  recovery ,  th e processo r  ca n backtrac k jus t  th e 
right  amoun t  an d recove r  fro m th e erro r  b y repairin g th e er -
roneou s structur e rathe r  tha n reprocessin g fro m scratch . 

Rol e hierarchie s tha t  bridg e th e ga p betwee n syntacti c 
phrase s an d themati c role s fo r  exampl e sentence s ar e show n 
i n Figur e 1 }  A s th e sentenc e progresse s from  tha t  i n (a )  t o 
th e on e i n (b )  o r  th e on e i n (c) ,  w e ca n se e th e rol e structure s 
being  repaire d t o recove r  from  loca l  errors .  I t  ca n als o b e see n 
tha t  whil e bot h (b )  an d (c )  involv e repair s t o rol e hierarchies , 
(c )  als o involve s a  reorganizatio n o f  it s syntacti c structur e t o 
accommodat e it s reduce d relativ e structure .  Thu s (c )  i s  mor e 
of  a  garden-pat h sentenc e tha n (b) . 

The Uniform Representation 

I n orde r  fo r  th e singl e arbitratio n proces s t o manipulat e bot h 
syntacti c an d semanti c type s o f  knowledg e bot h durin g earl y 
commitment s an d erro r  recovery ,  w e propos e a  unifor m rep -
resentatio n o f  al l  type s o f  knowledge .  Th e element s o f  th e 
unifor m representatio n ar e unit s calle d node s comprise d o f 
(a )  part-whol e links ,  (b )  preconditions ,  (c )  expectations ,  an d 
(d )  preferenc e levels .  Th e representation s ar e t o b e rea d a s 
(Fig .  2a )  "th e part s ca n b e linke d t o th e whole s w h e n th e 
precondition s ar e me t  an d i f  so ,  th e correspondin g expecta -

'po r  purpose s o f  illustratio n an d simplicity ,  w e ar e employin g 
thematic-rol e assignmen t  usin g selectiona l  preference s fro m th e lex -
ico n a s ou r  theor y o f  semantics .  Ou r  approac h howeve r  i s  no t  limite d 
t o themati c roles .  Fo r  a n exampl e o f  a  mor e structure d theor y o f  se -
mantics ,  se e (Peterso n an d Billman ,  1994) . 

^For  simplicity ,  syntacti c structure s tha t  ar e linke d t o th e rol e 
hierarchie s ar e no t  shown . 
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(b)Tk>rflnnlai|Mb;lk > 

E i ^ ' ^ ' 

N?:1kirfkvf -

(c)  n > iffie n tai| M i l  Ik i  taii ^  ••« _ 

tion s ca n b e generate d a t  tha t  point. "  A  n o d e represent s al l  th e 
k n o w l e d g e abou t  a  syntacti c o r  semanti c category .  S a m p l e 
representation s o f  syntacti c a n d semanti c k n o w l e d g e i n thi s 
genera l  for m ar e show n i n part s  (b )  an d (c )  o f  Figur e 2 .  Th e 
N P nod e specifie s th e whole s S ,  VP .  an d P P o f  whic h i t  ca n b e 
a par t  alon g wit h th e precondition s an d expectation s therein . 
Similarly ,  th e semanti c nod e specifie s knowledg e o f  th e the -
mati c role s tha t  g o wit h a  Teac h even t  an d th e precondition s o n 
th e rol e fillers.  Th e example s show n i n Figur e 2  are ,  however , 
simplifie d an d incomplete . 

Intermediat e role s suc h a s Active-Subject ,  Non-Agent -
Active-Subject ,  an d Passive-By-N P ar e use d t o bridg e th e 
grammatica l  an d themati c relation s betwee n th e part s o f  a 
sentence .  Thei r  us e i n backtrackin g durin g erro r  recover y ca n 
be see n b y examinin g th e transitio n fro m (a )  t o (b )  an d (a )  t o 
(c )  i n th e example s i n Figur e 1 . 

NODE: 
P>r|.«t: 

PrKudllhna : 
EirtcUlioK: 

Parl.«r : 
FrKondllltiii: 
EipwtaUtni: 

NP: 
Pirl-«r :  S 

PrKtadiUtni : 
EipMUIitiK : 

Par|.«l :  V P 
Prcrandilioni : 

?vi-l .  P P 
PreuDdUhK: 
EifKUItoK : 

(prMidtNa ) 

(tollo w VP ) 

(prtod t  V ) 

(priccd c PREP) 

B:a>;aUclkDa4 t 

TEACH: 
Kai-M" :  Agta l 

FrMtadllieia :  (muslb t  •Bimlc ) 
EipKUIbit : 

Hat-parl :  EiptrbBCt r 
ttttaimtm :  (nut-k t  aalnU ) 
EipMtalloiK : 

Hai-parl :  LmiUoi i 
PrKtudiUtv :  (Biulk t  ptect ) 
EipKblbK : 

F i g u r e l :  R o l e Hierarchies :  F r o m Phrase s t o T h e m a t i c Ro les .  ^ ^ S ^ r c l :  U n i f o r m Representatio n o f  Linguisti c K n o w l e d g e . 

A s a n alternativ e t o un i for m representations ,  i f  ther e ar e 
separat e representation s o f  differen t  type s o f  k n o w l e d g e i n 
differen t  f o rms ,  i t  b e c o m e s har d t o suppor t  incrementa l  inter -
actio n i n v i e w o f  th e constrain t  tha t  th e t im e cours e o f  action s 
take n b y th e processo r  m u s t  b e psychologicall y  real .  Espe -
ciall y i n th e cas e o f  erro r  recover y p h e n o m e n a ,  i t  i s elegan t  t o 
hav e a n arbitratio n proces s w h i c h processe s al l  th e kind s o f 
k n o w l e d g e (i.e. ,  applie s c o m m o n operation s o n differen t  kind s 
o f  k n o w l e d g e )  s o tha t  i t  ca n m a k e correspondin g change s t o 
syntacti c a n d semanti c interpretation s whi l e recoverin g fro m 
a n error . 
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Processin g wit h U n i f o r m Representation s 

The arbitratio n proces s ha s bee n implemente d i n a  sentenc e 
understandin g progra m calle d C O M P E R E.  It s singl e arbitra -
tio n proces s read s word s i n a  left-to-righ t  order ,  propose s way s 
of  attachin g the m syntacticall y an d semanticall y  t o previousl y 
buil t  structures ,  follow s th e left-come r  parsin g algorith m men -
tione d abov e i n producin g th e righ t  sequenc e o f  decisions , 
and select s th e mos t  preferre d attachment s a t  eac h poin t  b y 
combinin g th e preference s assigne d t o th e alternativ e attach -
ment s propose d bottom-u p wit h th e grammatical ,  semantic , 
and structura l  type s o f  top-dow n influence .  C O M P E RE pro -
duce s tre e structure s representin g th e syntacti c structur e an d 
themati c rol e assignmen t  fo r  a  sentence .  I t  i s  capabl e o f  repre -
sentin g an d pursuin g multipl e interpretation s i n paralle l  whe n 
a conflic t  betwee n syntacti c an d semanti c preference s force s 
a dela y i n resolvin g a n ambiguity .  Furthe r  detail s o f  C O M-
PERE'S processin g mechanism s ca n b e foun d i n (Mahesh , 
1993 ;  Eiseltetal ,  1993) . 

c o m p e r e ' s arbitratio n proces s retain s alternativ e inter -
pretation s tha t  i t  di d no t  selec t  i n th e first  place.' '  I f  a n erro r 
i s detecte d a t  a  late r  poin t  (whe n ther e i s n o wa y t o attac h 
a ne w constituent ,  fo r  instance) ,  i t  recover s fro m th e erro r 
by switchin g ove r  t o on e o f  th e retaine d alternatives ,  per -
formin g an y repair s t o th e syntacti c an d rol e structure s (a s 
shown i n Fig .  1  fo r  example )  (Eisel t  e t  al. ,  1993 ;  Holbroo k e t 
al. ,  1992) .  Th e intermediat e role s i n th e rol e hierarchie s hel p 
maintai n th e correspondenc e betwee n th e change s mad e t o th e 
syntacti c an d semanti c structures .  C O M P E RE maintain s th e 
correspondenc e informatio n b y uniforml y connectin g ever y 
syntacti c nod e t o it s correspondin g semanti c node(s )  (includ -
in g th e intermediat e roles )  an d vic e versa . 

I n orde r  t o mode l  th e variet y o f  behaviors ,  includin g th e 
findings  o f  Stow e (1991 )  o n limite d delaye d decisions ,  th e ar -
bitratio n proces s mus t  b e enhance d b y imposin g architectura l 
constraints ,  suc h a s resourc e limits .  Th e contro l  structur e 
of  th e proces s ca n the n orde r  th e preference s base d o n thei r 
cos t  i n term s o f  resource s suc h a s workin g memory .  Fo r  in -
stance ,  limite d delaye d decision s ca n b e modele d b y orderin g 
semanti c influenc e o n pa r  wit h syntacti c preference s t o be -
gi n wit h an d b y ignorin g th e semanti c preference s whe n th e 
processo r  ha s ru n ou t  o f  resources .  C O M P E R E 'S separatio n 
of  knowledg e source s retain s th e functiona l  independenc e be -
twee n the m whic h i s necessar y fo r  th e abov e enhancements . 

C O M P E RE ca n dea l  wit h a  variet y o f  (psycho)linguisticall y 
interestin g construct s suc h a s relativ e claus e sentences ,  com -
plements ,  an d prepositiona l  adjunct s wit h bot h lexica l  an d 
structura l  ambiguitie s (includin g th e one s use d i n th e exam -
ple s above) .  I t  ca n analyz e thei r  synta x an d assig n themati c 
roles .  Fo r  example ,  i t  ca n sho w w h y sentenc e (1 )  i s a  garden -
pat h sentenc e usin g grammatica l  expectation s an d earl y com -
mitment ;  i t  ca n recove r  fro m th e garde n pat h t o reinterpre t 
th e sentence ;  an d i t  ca n us e immediat e semanti c interactio n t o 
sho w wh y sentenc e (3 )  i s no t  a  garde n path .  Th e progra m ha s 
demonstrate d th e computationa l  feasibilit y  o f  th e unifor m rep -
resentatio n an d th e arbitratio n process .  However ,  it s semanti c 
competenc e i s limite d t o themati c rol e assignmen t  an d a t  thi s 
tim e i t  doe s no t  hav e th e knowledg e t o carr y ou t  discours e an d 
referenc e processing . 

'Fo r  a n accoun t  o f  th e Conditiona l  Retentio n theor y o f  erro r 
recovery ,  se e (Eisel t  1989) . 

(3 )  Th e course s taugh t  a t  th e academ y wer e ver y 
demanding . 

Related Work 

Thoug h incrementa l  interactio n betwee n synta x an d seman -
tic s i s no t  a  ne w ide a i n computationa l  modelin g o f  huma n 
sentenc e comprehension ,  previou s model s tha t  subscribe d t o 
suc h a n interactiv e vie w hav e sacrifice d th e abilit y  t o ap -
pl y syntacti c an d semanti c knowledg e independentl y o f  eac h 
other .  Whil e syntax-semantic s interactio n help s u s explai n 
a variet y o f  psychologica l  data ,  i t  i s  certainl y no t  sufficien t 
t o accoun t  fo r  th e dat a o n purel y structura l  preferences ,  o n 
deferre d decision s wit h limite d delays ,  an d o n erro r  recover y 
phenomen a (Eisel t  e t  al. ,  1993) .  Belo w w e briefl y describ e 
why som e o f  th e othe r  model s canno t  explai n th e apparentl y 
incompatibl e dat a o n modula r  effect s (whic h functiona l  in -
dependenc e ca n explain )  a s wel l  a s interactiv e effect s (whic h 
incrementa l  interactio n ca n explain) . 
Model s wit h Integrate d Representations :  Thes e model s 
resor t  t o a n a  prior i  integratio n o f  knowledg e source s wit h 
a consequen t  los s o f  functiona l  independenc e (e.g. ,  Jurafsky , 
1991) . 
Categoria l  G r a m m a r s :  Categoria l  grammar s whic h estab -
lis h a  stron g correspondenc e betwee n syntacti c an d semanti c 
categorie s (Steedman ,  1989 )  als o lac k functiona l  indepen -
denc e betwee n synta x an d semantics . 
N L - S O A R:  Thoug h thi s model ,  a  contemporar y o f  C O M-
P E R E,  ha s a  unifor m representatio n an d integrate s multipl e 
knowledg e source s t o resolv e ambiguities ,  i t  canno t  accoun t 
fo r  delaye d decision s sinc e i t  ca n onl y maintai n on e interpre -
tatio n a t  a  time .  I n addition ,  it s  chunkin g operation s resul t 
i n th e integratio n o f  differen t  type s o f  knowledg e wit h a  con -
sequen t  los s i n functiona l  independenc e (e.g. ,  Lehma n e t  al. , 
1991 ;  Lewis ,  1993) . 
Connectionis t  Models :  Connectionis t  model s o f  sentenc e 
processin g (e.g. ,  Walt z an d Pollack ,  1985) ,  includin g th e 
Competitio n Mode l  o f  MacWhinne y an d Bate s (Bate s e t  al. , 
1991) ,  als o hav e unifor m representations .  However ,  the y 
do no t  dea l  ver y wel l  wit h th e ful l  syntacti c complexit y o f 
natura l  language .  I t  i s ye t  t o b e see n i f  th e simpl e computa -
tiona l  mechanism s o f  activatio n an d inhibitio n i n a  networ k 
can exercis e enoug h contro l  o f  processin g t o mode l  th e pre -
cis e mechanism s o f  arbitration ,  erro r  recovery ,  an d delaye d 
decisions . 

Conclusion 

Tabl e 1  summarize s th e feature s o f  C O M P E RE tha t  hel p u s 
satisf y th e psychologica l  constraint s w e starte d with . 

We have shown that in order to explain a variety of human sen-
tenc e processin g behaviors ,  th e sentenc e processo r  mus t  us e a 
bottom-u p strateg y an d ye t  accommodat e top-dow n influenc e 
fro m grammatical ,  semantic ,  discourse ,  an d structura l  pref -
erences .  W e presente d a  unifor m representatio n o f  differen t 
kind s o f  knowledg e i n a  c o m m o n forma t  bu t  i n separat e units . 
Usin g thi s representation ,  w e showe d h o w w e ca n arbitrat e 
syntacti c an d semanti c processe s an d accoun t  fo r  a  rang e o f 
behaviors .  W e hav e demonstrate d th e computationa l  feasibil -
it y  o f  th e mode l  i n th e C O M P E RE program .  W e believ e tha t 
th e combinatio n o f  a n arbitratio n mechanis m an d a  unifor m 

593 



T^bl e 1 :  H o w C O M P E RE meet s psychologica l  constraints . 

Constrain t 
1.  Incrementalit y 

2. Early Commitment 

3.  Delaye d Decision s 

4. Error Recovery 

5. Semantic Interaction 

6. Functional Independence 

Feature s o f  C O M P E RE 
Head-Signale d Left-Come r 
parsin g algorithm . 
Grammatical ,  structural ,  an d 
semanti c top-dow n guidanc e 
t o th e parser . 
Arbitratio n mechanis m an d 
retentio n o f  alternatives . 
Arbitratio n mechanism , 
retention ,  unifor m representation , 
declarativ e representatio n o f 
synUx-semantic s correspondenc e 
throug h intermediat e roles . 
Arbitratio n o f  independentl y 
propose d syntacti c an d 
semanti c preferences . 
Separat e representatio n o f 
syntacti c an d semanti c 
knowledge . 

representatio n wil l  tak e u s a  lon g wa y i n modelin g huma n 
sentenc e processin g behavior . 
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