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Inc rementa l  Interpretatio n a n d Lexicalize d G r a m m a r 

Vincenz o Lombard o (vincenzo@di.unlto.it ) 
Leonard o Lesm o (lesmo@di.unito.it ) 

Luc a Ferrari s 
Crispin o Seidenar i 

Dipartiment o d i  Informatic a -  Universita '  d i  Torin o 
Centr o d i  Scienz a Cognitiv a -  Universita '  d i  Torin o 

c.s o Svizzer a 185,1014 9 Torino ,  Ital y 

Abstrac t 

The increasing lexicalization of syntactic theories poses 
ne w difficultie s fo r  incrementa l  model s o f  languag e 
processing .  I n thi s paper ,  w e describ e a n incrementa l 
interprete r  tha t  make s us e o f  knowledg e o n categorie s t o 
kee p th e syntacti c structur e alway s connected .  This ,  i n 
turn ,  guarantee s a  fine-graine d syntax-semantic s 
interaction .  Th e pape r  introduce s th e genera l  proble m o f 
formalizin g th e notio n o f  incrementa l  interpretation ,  an d 
analyze s th e curren t  approache s i n th e cognitiv e literature . 

Introduction 

Incrementa l  interpretatio n ha s bee n widel y assume d i n th e 
psycholinguisti c model s o f  huma n sentenc e processin g sinc e 
th e wor k o f  (Marslen-Wilso n 1973) .  Incrementa l 
interpretatio n constrain s th e languag e processo r  t o analyz e 
th e inpu t  fro m lef t  t o right,  an d t o produc e a  semanti c 
representatio n fo r  th e partia l  syntacti c structure s associate d 
wit h initia l  sentenc e fragments .  Th e incrementa l  strateg y 
provide s a  majo r  m e m o r y advantag e t o th e processor ,  b y 
keepin g a s lo w a s possibl e th e numbe r  o f  unstructure d item s 
i n th e workin g memory . 

The vas t  bod y o f  experimenta l  evidenc e i n favo r  o f 
incrementa l  interpretatio n range s fro m th e hig h spee d tha t 
humans exhibi t  i n shadowin g an d interpretin g speec h 
(Marslen-Wilso n 1973) ,  t o th e on-lin e dat a o n th e 
processin g o f  head-fina l  language s lik e Dutc h (Frazie r 
1987) ,  Japanes e (Yamashit a 1994) ,  Germa n (Bader ,  Lasse r 
1994) .  A  recen t  serie s o f  multimedia !  experiments ,  whic h 
integrat e visua l  recognitio n fro m spoke n instructions ,  ha s 
reveale d a  fine  graine d interactio n o f  th e syntactic ,  semanti c 
and discours e knowledg e (Tanenhaus ,  Spivey-Knowlton , 
Eberhard ,  Sediv y 1995) .  I n a  typica l  experimen t  o f  thi s 
serie s (fig .  1) ,  th e subjec t  initiall y  look s a t  th e cross .  The n 
s/h e hear s th e utteranc e "Touc h th e starre d yello w square " 
throug h a  headphone .  A  head-mounte d eye-tracke r  records  th e 
movement s o f  her/hi s eye s durin g sentenc e comprehension . 
The result s ar e tha t  s/h e direct s her^i s eye s towar d th e right 
object ,  a s soo n a s s/h e hear s som e distinctiv e attribut e 
("starred "  i n fig.  1) ,  befor e hearin g th e hea d "square" .  Thi s 
suggest s tha t  th e commitmen t  t o th e syntacti c analysi s tha t 
contribute s t o th e semanti c interpretatio n occur s ver y earl y 
(i n particular ,  thi s resul t  exclude s head-licensin g model s 
(Abne y 1989 ;  Pritchet t  1992)) . 

pin k 

vello w 

blu e 

O 

Q 

Figur e 1 .  A  typica l  experimenta l  settin g fo r  objec t 
recognitio n o n a  screen . 

The design of a computational model that implements some 
for m o f  incrementa l  interpretatio n i s no t  immediate .  Beyon d 
th e cor e intuition ,  th e formalizatio n o f  th e notio n o f 
incrementalit y ha s t o dea l  wit h a  numbe r  o f  detail s whic h 
ar e relate d t o bot h th e linguisti c theor y an d th e languag e 
processo r  architecture .  Ther e ar e tw o majo r  approache s t o 
th e formalizatio n (an d implementation )  o f  incrementality . 
O ne i s t o us e a  syntacti c formalis m whic h allow s structura l 
aggregation s tha t  g o beyon d standar d constituency ,  i n orde r 
t o assig n a  semanti c interpretatio n t o mos t  o f  th e sentenc e 
fragments ;  th e othe r  i s  t o wor k o n th e synchronizatio n 
betwee n th e parse r  an d th e interpreter ,  i n orde r  t o assig n a 
semanti c interpretatio n t o incomplet e trees . 

Most  o f  th e wor k i n th e firs t  approac h ha s bee n develope d 
i n th e Categoria l  G r a m m a r  framework .  Th e combinatio n 
operator s introduce d i n Combinator y Categoria l  G r a m m a r 
(Steedma n 1997 )  expres s th e syntacti c constraint s an d 
provid e th e basi c tool s o f  th e processin g architecture .  I n 
fact ,  o n on e hand ,  the y permi t  th e treatmen t  o f  mos t 
linguisti c phenomen a (includin g unbounde d dependencie s 
and coordination )  vi a a n increas e o f  th e expressiv e power ,  o n 
th e other ,  the y ar e abl e t o assig n a  semanti c typ e t o a  vas t 
number  o f  initia l  sentenc e fragment s (thos e license d b y th e 
grammar) .  Th e increas e o f  th e expressiv e powe r  m a y caus e 
an unwante d overassignmen t  o f  syntacti c type s t o wor d 
string s togethe r  wit h th e proble m o f  spuriou s ambiguit y 
(man y derivation s fo r  on e interpretation) .  Milwar d (1995 ) 
solve s som e o f  thes e problem s b y usin g a  simple r  categoria l 
framewor k (Applicativ e Categoria l  G r a m m a r ,  wit h onl y 
functiona l  application) ,  whic h i s  expresse d i n a  H P S G 
notation .  However ,  th e computationa l  mode l  doe s no t  mak e 
any abstractio n (fro m word s t o syntacti c categories )  ove r  th e 
lexicalize d characte r  o f  th e formalism .  Thi s ca n caus e 
tractabilit y  problem s i n processing ,  becaus e o f  th e 
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impossibilit y  t o predic t  th e word s o f  th e sentence .  Th e 
abstractio n ove r  syntacti c categorie s coul d avoi d som e o f 

thes e problems ,  b y usin g a  sor t  o f  underspecifie d 
representatio n (wit h respec t  t o a  lexicalize d grammar) . 

Th e secon d approach ,  whic h work s o n th e processin g 
architecture ,  usuall y assume s a  traditiona l  phras e structur e 
syntax .  Th e ide a i s th e following :  give n tha t  a  well-forme d 
(i.e .  complete )  tre e T  map s t o a  semanti c typ e S t  (whic h 

ca n b e a  state ,  a n event ,  a  truth-value,...) ,  whe n T  misse s 
some subconstituen t  C  whic h map s t o th e semanti c typ e 
S c ,  i t  ca n b e interprete d a s a  functio n fro m S c t o S j .  A 

basi c parsin g algorith m provide s th e partia l  (i.e .  incomplete ) 
constituent s t o th e interprete r  a t  a  rat e whic h depend s fro m 
th e genera l  architecture .  Mos t  approache s assum e a  wor d 
basi s interactio n an d focu s o n th e actua l  parsin g strategy : 
Pulma n (1986 )  adopt s a  left-come r  parser .  Stable r  (1991 )  a 
top-dow n parser .  Othe r  author s defin e mor e comple x 
interactions ,  whic h als o affec t  th e parse r  design .  Th e author s 
of  th e syste m C O M P E RE (Eiselt ,  Mahesh ,  Holbroo k 1993 ; 
Mahesh 1994 )  adop t  a  particula r  varian t  o f  th e left-corne r 
strategy ,  calle d Head-Signale d Lef t  C o m e r  (HSLC) ,  whic h i s 
claime d t o b e mor e effectiv e tha n othe r  interactio n forms . 
H S LC define s a  se t  o f  specia l  daughter s fo r  eac h no n 
termina l  symbol ,  an d require s tha t  attachment s ar e execute d 
onl y whe n al l  th e specia l  daughter s o f  a  nod e hav e bee n 
parsed .  A  weaknes s o f  thi s  ̂ proac h i s tha t  th e definitio n o f 
th e specia l  daughter s ha s a n empirica l  origin ,  instea d o f 
descendin g fro m som e theory .  Also ,  accordin g t o th e 
guideline s provide d b y th e authors ,  adjunct s ar e unlikel y t o 
be specia l  daughters ;  but ,  t o explai n th e experimenta l  dat a 
on th e visua l  recognitio n mentione d abov e (Tanenhau s e t  al . 
1995) ,  i t  i s  essentia l  t o assum e a n eage r  attachmen t  o f 
modifier s (adjectives) .  Furthermore ,  a  genera l  limi t  o f  thes e 
approache s i s th e difficult y o f  dealin g wit h left-embeddin g 
structures ,  becaus e o f  th e terminatio n problem s o f  th e top -
d o wn parse r  an d o f  th e no n incrementalit y o f  th e inpu t 
bufferin g o f  th e left-come r  parser ,  respectively .  However , 
thes e model s hav e bee n assume d i n mos t  researc h i n 
psycholinguistics ,  an d th e existenc e o f  experimenta l  data , 
not  widel y availabl e fo r  th e categoria l  approaches ,  mak e 
the m a n interestin g firamework  fo r  furthe r  research . 

I n thi s pape r  w e propos e a n architectur e fo r  incrementa l 
processing ,  tha t  work s wit h a  lexicalize d grammar . 
Lexicalizatio n i s a  c o m m o n tren d o f  recen t  linguisti c 
theorie s ( G P S G ,  lexicalize d C F G ,  lexicalize d T A G ,  L F G , 
H P S G,  Minimalis t  theory) .  Syntacti c constraint s ten d t o 
refe r  t o individua l  word s rathe r  tha n t o genera l  syntacti c 
categories .  I n parsing ,  th e notio n o f  rale  applicatio n i s n o 
longe r  distinc t  fro m insertin g th e wor d i n th e stracture .  Th e 
traditiona l  parsin g schemat a whic h suppor t  a n incrementa l 
processin g (top-down ,  left-comer ,  an d variants )  nee d t o 
accoun t  fo r  th e processin g peculiaritie s o f  lexicalize d 
grammars .  I n particular ,  the y nee d t o acoun t  fo r  th e no n 
lexica l  structur e building ,  whic h i s necessar y t o kee p th e 
syntacti c stractur e full y connected .  Th e architectur e propose d 
i n thi s pape r  allow s a  fin e graine d syntax-semantic s 
interactio n b y pairin g th e parsin g primitive s wit h semanti c 
builders ,  whil e keepin g th e syntacti c structur e full y 
connecte d 

Th e pape r  i s organize d a s follows .  I n th e nex t  sectio n w e 
describ e a  lexicalize d dependenc y gramma r  base d o n 
subcategorizatio n frames ;  the n w e illustrat e th e incrementa l 
interprete r  an d trac e a n example ;  finally ,  w e provid e som e 
conclusions . 

A lexicalized grammar 

I n orde r  t o illustrat e th e detail s o f  th e processin g 
mechanism ,  w e introduc e a  lexicalize d formalism :  a  word -
base d dependenc y grammar .  Dependenc y synta x i s no t  ne w 
t o psycholinguisti c modelin g (see ,  e.g. ,  (Milwar d 1994 ; 
Pickerin g 1994)) ,  especiall y i n th e for m o f  a  varian t  o f 
categoria l  grammar .  I n general ,  th e categoria l  approac h 
define s th e combinatio n operation s t o implemen t 
incrementalit y (e.g. ,  functiona l  applicatio n an d 
composition) ,  an d th e dependenc y theor y restrict s th e 
syntacti c relation s whic h ar e relevan t  i n languag e 
processing .  I n thi s work ,  w e us e a  pur e dependenc y 
grammar ,  expresse d i n a  lexicalize d form .  Th e syntacti c 
combinatio n occur s throug h genera l  parsin g primitive s 
couple d wit h operation s tha t  exten d th e semanti c 
representatio n monotonicall y makin g us e o f  th e notio n o f 
underspecification . 

Dependenc y synta x describe s th e stractur e o f  a  sentenc e i n 
term s o f  binar y head-dependen t  (als o calle d dependency ) 
relation s o n th e word s o f  th e sentence .  Th e se t  o f  th e 
dependenc y relation s o f  a  sentenc e form s th e dependenc y tree . 
O ne specia l  word ,  th e roo t  o f  th e dependenc y tree ,  doe s no t 
pla y th e rol e o f  dependen t  i n an y relation .  Th e dependenc y 
tre e o f  th e sentenc e "Georg e touche d th e starre d yello w 
square "  i s i n fig.  2 . 

A dependenc y gramma r  consist s o f  a  se t  o f  syntacti c 
categorie s (includin g a  specificatio n o f  th e roo t  categories) ,  a 
set  o f  words ,  a  se t  o f  lexica l  sign s (se e below) .  Eac h wor d i s 
associate d wit h a  numbe r  o f  lexica l  sign s (becaus e o f 
lexicalambiguity) .  A  lexica l  sig n define s th e syntacti c an d 
th e semanti c feature s o f  th e word ,  i n term s o f  th e 
representationa l  entitie s involve d an d o f  ho w thes e entitie s 
combin e t o yiel d th e syntacti c an d th e semanti c 
representation s o f  th e whol e sentence ,  respectively .  A  lexica l 
sig n i s a  featur e stractur e whic h consist s o f  thre e mai n parts : 
th e syntacti c feature s ( S Y N ) ,  expresse d i n th e for m o f 
dependenc y rules ;  th e semanti c features ,  includin g a  semanti c 
typ e an d th e correspondin g selectiona l  restrictions ;  th e 
syntax-semantic s interface ,  th e so-calle d linJdn g rules . 

A dependenc y rul e describe s th e subcategorizatio n 
consu-aint s o f  a n individua l  word .  Give n th e lexica l  sig n o f 

sub j y 
touche d 

^b j 

Georg e squar e 

t̂t r 

th e starre d yello w 

Figur e 2 .  Th e dependenc y tre e o f  th e sentenc e "Georg e 
touche d th e starre d yello w square" .  Th e orientatio n o f  th e 
arc s represent s th e linea r  orde r  o f  th e word s i n th e sentence . 
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th e wor d x ,  a  generi c dependenc y rul e i s o f  th e for m 

X(<riYi><r2Y2>...<ri.iYi.i>#<ri+iYi+i>...<rmYm> ) 
wher e X  an d Y j  (l^j<m )  ar e syntacti c categories ,  r j  (l^j^m ) 

i s a  dependenc y relatio n (SUBJ ,  O B J .  A T T R ,  . . . ) ,  #  i s a 
specia l  symbo l  whic h mark s th e positio n o f  th e hea d i n th e 
linea r  orde r  o f  dependents .  A  dependenc y rul e X(riY i  r2Y 2 

.. .  ri.iYi. i  #  ri+iYi+ i  .. .  r m Y m )  constrain s th e for m o f  a 

configuratio n head-direc t  dependent s i n a  dependenc y tree , 
when th e hea d i s a  wor d o f  categor y X .  Th e dependen t  word s 
yj  refe r  t o lexica l  sign s wit h dependenc y rule s o f  th e for m 

Yj(...) .  Th e followin g ar e dependenc y rules : 

V (<SUBJjsf > #  <OBJJSl> )  (1 ) 
N (<DET,D > < A T T R , A > *  # )  (2 ) 

(1 )  i s  a  dependenc y rul e fo r  transitiv e verbs ,  whic h requir e a 
subjec t  (tha t  precede s th e ver b i n th e linea r  order )  an d a n 
objec t  (whic h follow s th e verb) ;  (2 )  i s  th e rul e fo r  c o m m o n 
noun s (precede d b y a  determine r  an d a n indefinit e numbe r  o f 
adjectives) .  N ,  V ,  A  an d D  ar e syntacti c categories .  S o m e 
categorie s ca n encod e specifi c  featur e values .  Fo r  example , 
N[+Proper ]  an d V[+PAS ]  ar e th e categorie s fo r  prope r  name s 
and passiv e verbs ,  respectively .  Thes e categorie s hav e 
differen t  dependenc y rules . 

The semanti c par t  o f  a  lexica l  sig n ( S E M )  contain s th e 
semanti c typ e o f  a  word ,  togethe r  wit h th e selectiona l 
restriction s o n th e fillers  o f  th e themati c role s require d b y 
th e semanti c type .  Semanti c type s ar e arrange d i n 
taxonomie s o f  concepts ,  an d ar e represente d i n a 
terminologica l  knowledg e base .  Eac h bas e syntacti c categor y 
C,  whic h stand s a t  th e to p o f  som e categoria l  taxonomy , 
maps ont o a  to p semanti c typ e Sc ;  individua l  word s o f 

categor y C  m a p s ont o a  specializatio n S '  o f  th e 
correspondin g semanti c typ e Sq -  Verb s ar e mappe d ont o a 

taxonom y whos e roo t  i s th e concep t  o f  "stat e o r  event" , 
whil e noun s refe r  t o a  taxonom y roote d i n "individua l  o r 
stat e o r  event" ;  adjective s implicitl y  refe r  bot h t o propertie s 
and t o propert y value s (althoug h th e propert y ca n b e 
specifie d explicitly ;  cf .  "re d ball "  vs .  "bal l  o f  re d color") .  Fo r 
th e sak e o f  readability ,  w e associate d concept s o f  differen t 
kind s wit h differen t  prefixes :  @ fo r  state s an d events ,  §  fo r 
individual s an d properties ,  #  fo r  propert y values .  So ,  w e 
hav e @state-or-event ,  @touch ,  §physical-object ,  §person , 
#red ,  etc .  Note ,  however ,  tha t  th e taxonomie s ar e 
interconnected ,  s o tha t  th e syntacti c differenc e nee d no t 
impl y semanti c differenc e (conside r  deverbalize d noun s a s 
destructio n fro m destroy ,  bot h o f  whic h refe r  t o a n event). ' 

'  Th e taxonomie s d o no t  includ e onl y specializatio n (class -
subclass )  links ,  bu t  the y ar e th e repositor y fo r  muc h othe r 
knowledg e require d fo r  interpretin g linguisti c expression s an d 
fo r  makin g prediction s o n thei r  structur e an d meaning .  Fo r 
instance ,  th e constraint s o n th e relationship s betwee n 
propertie s an d individual s ar e represente d a s explici t  link s 
restrictin g th e rang e o f  applicabilit y  o f  th e propert y t o a  give n 
concep t  (e. g §colo r  i s linke d t o §physical-object) . 
Analogously ,  th e possibl e participant s i n a n even t  (a s th e 
"toucher "  an d th e "touchee "  i n a  touchin g event )  ar e specifie d i n 
th e taxonom y a s "roles "  o f  th e even t  togethe r  wit h th e 
associate d selectiona l  restriction s (th e "toucher "  an d th e 
"touchee "  mus t  b e physica l  objects) .  Differen t  sense s ca n b e 

Th e valu e o f  th e featur e S E M consist s o f  thre e attributes : 
Q U A N T,  I N D I V an d M A T R I X .  W e assum e tha t  eac h nod e 
i n th e dependenc y tre e refer s t o a  give n individua l  ( a variabl e 
whic h i s th e valu e o f  I N D I V ) ,  quantifie d accordin g t o 
Q U A N T,  an d wit h propertie s specifie d b y th e formul a 
M A T R I X,  wher e th e variabl e i n I N D I V occur s fi-ee. 

Th e mappin g o f  th e dependenc y (grammatical )  relation s 
betwee n th e ver b an d it s dependent s (e.g .  S U B J ,  O B J )  ont o 
th e semanti c label s expressin g th e (thematic )  role s o f  th e 
participant s (e.g .  A G T ,  P A T I E N T ) ,  i.e .  th e "linking " 
proble m (see ,  fo r  instance ,  (Levi n 1993)) ,  i s  solve d her e b y 
explicitl y  specifyin g th e mappin g i n th e verba l  entr y unde r 
di e L I N K attribute. 2 

Th e piece s o f  informatio n associate d wit h lexica l  item s ar e 
put  togethe r  i n a n incrementa l  w a y (se e th e nex t  section )  i n 
orde r  t o buil d u p th e fina l  representation s o f  th e sentence . 
Th e syntacti c representatio n i s a  dependenc y tree ,  wher e 
node s ar e instantiation s o f  lexica l  signs ,  tha t  includ e a  wor d 
and a  dotte d dependenc y rul e (se e below )  a s S Y N ,  an d copie s 
of  Q U A N T,  I N D I V an d M A T R I X a  S E M .  Th e semanti c 
representatio n i s a  first-order  formula ,  wher e event s an d 
situatio n ar e reified .  Th e predicate s expres s th e connection s 
betwee n a n argumen t  individua l  (whic h ca n b e a n event ,  a 
state ,  a n entity ,  etc. )  an d a n argumen t  concep t  (e.g .  §person , 
@touch) ,  o r  a m o n g individuals .  Fo r  instance ,  is-a(e , 
@ t o u c h )  specifie s tha t  e  i s a n individua l  even t  o f  typ e 
@touch ,  an d agt(x,e )  say s tha t  th e individua l  x  i s th e agen t 
of  th e actio n e .  I n a  dependenc y framework ,  th e valu e o f 
S E M o f  a  nod e n  include s onl y th e propertie s derive d fro m 
th e singl e wor d associate d wit h n ,  whil e Ui e complet e se t  o f 
propertie s o f  th e individua l  ca n b e obtaine d fro m th e node s 
linke d t o n .  Th e interpretatio n algorith m collect s al l  th e 
piece s o f  informatio n associate d wit h th e variou s node s (a s 
the y ar e built )  i n orde r  t o buil d Ui e complet e formula . 

Incremental interpretation 

T o yiel d a n incrementa l  interpretation ,  w e hav e t o b e abl e t o 
integrat e th e ne w piece s o f  semanti c representatio n a s soo n 
as possible :  th e mor e connecte d i s th e syntacti c structur e 
durin g th e parsin g process ,  th e mor e connecte d i s th e partia l 
semanti c representation . 

Top-dow n parsing ,  a s oppose d t o bottom-u p an d left -
comer ,  keep s th e syntacti c structur e alway s connected .  Th e 
problem s manifeste d b y top-dow n parser s wit h th e left -
embeddin g structure s (a n exampl e o f  infinit e loca l 
ambiguity )  ca n b e face d wit h th e Minima l  Recursiv e 

associate d wit h th e sam e ver b (cf .  "th e discours e touche d 
differen t  aspect s o f  th e problem") .  Actually ,  sinc e th e 
taxonom y enforce s a n inheritanc e mechanism ,  som e rol e label s 
ar e iitherite d fro m mor e genera l  concepts ;  so ,  i n th e example s 
below ,  th e rol e label s "toucher "  an d "touchee "  ar e replace d b y 
th e (mor e general )  label s A G T an d P A T I E N T (se e (Goy ,  Lesm o 
1997 )  fo r  a  mor e detaile d descriptio n o f  th e structur e o f  th e 
taxonomy ,  an d (D i  Tomaso ,  Lombardo ,  Lesm o 1998 )  fo r  mor e 
informatio n o n th e analysi s o f  locativ e expressions) . 
2 I n th e complet e model ,  w e hav e define d a  taxonom y o f  linkin g 
classe s separat e from ,  bu t  closel y simila r  to ,  th e taxonom y o f 
sute s an d events . 
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yello w 

SYN: A(#) 
SEMfQUANT:  / 

INDIV :  X 
MATRIX:  Foperty-name(x ,  §colour )  & 

property-value(x ,  #yellow )  _ _ 

touche d 

SYN: V(<SUBW> # <OBJ.N>) 

SEM:  [QUANT:  3 
INDIV :  X 
MATRIX:  is-a(x.@touch ) 
ROLES:  ag e ©physical-objec t 

patient :  @physical-objec t 

L INK ;  subj :  agt ;  obj :  patien t 

squar e 

S Y N:  N (<DET.D><ATTRA> *  # ) 

SEM: QUANT:  / 
INDIV :  X 
MATRIX:  is-a(x .  §square ) 

Georg e 

SYN: N[+Proper](#) 
SEM: 

th e 

SYN:  D(#) " 
SEM:  3 

starre d 

SYN: 

SEM: 

QUANT:  3 
INDIV :  X 
MATRIX:  is-a(x,§person )  & 

identifier(x,'George') _ 

A(# ) 

Q U A N T:  / 

INDIV :  X 

MATRIX:  3y, z property-name(x .  @surface-on )  & 
property-value(x ,  y )  & 
is-a(y ,  §drawing )  & 
has-property(y ,  z )  & 
property-name(z ,  §shape )  & 
property-value(z ,  #star ) 

Figur e 3 .  Th e lexica l  sign s use d i n th e examples.Ther e ar e thre e piece s o f  information :  th e dependenc y rul e (SYN) ,  th e 
meanin g ( S E M )  and ,  possibly ,  som e "linking "  betwee n th e dependenc y relatio n an d th e correspondin g themati c rol e (LINK) . 

Structur e mechanis m describe d i n (Lombardo ,  Stur t  1997) . 
Thi s augmente d top-dow n parse r  exhibi t  a  cognitivel y 
plausibl e behavior ,  becaus e i t  correctl y assign s a  processin g 
difficult y  t o center-embeddin g structure s wit h respec t  t o left -
and right-embeddin g structures . 

The (augmented )  top-dow n strateg y build s th e syntacti c 
structur e fro m th e root :  a t  eac h step ,  i t  guesse s a  portio n of 
structur e (th e connectio n path )  an d insert s th e inpu t  word .  I n 
dependenc y grammar ,  nod e guessin g correspond s t o th e 
predictio n o f  a  wor d o f  categor y C  i n th e input :  th e parse r 
introduce s a  templat e nod e labelle d C x i n th e structur e vi a 

th e primitiv e crlin k ( x i s a  numeri c index) ,  an d the n C x wil l 

be filled  wit h a n inpu t  wor d (primitive/i//) . 
To appl y th e augmente d to p dow n parse r  t o lexicalize d 

grammar ,  w e nee d t o augmen t  th e gramma r  wit h som e 
knowledg e o n th e lef t  come r  of  categories :  give n a  syntacti c 
categor y C ,  w e defin e a s LC(C )  th e se t  o f  categorie s tha t  ca n 
appea r  a s th e lef t  corne r  o f  a  dependenc y tre e roote d b y a 
wor d of  categor y C .  Thi s permit s t o buil d th e connectio n 
pat h fo r  eac h word ,  an d t o kee p th e syntacti c structur e 
connected .  Fo r  ou r  exampl e gramma r  (fig .  3) ,  w e onl y hav e 

LC(V)={N.D} .LC(N)={N,D ) 
Th e othe r  categorie s (A ,  D ,  N[+Proper] )  only  hav e 
themselve s a s lef t  comer .  Th e left-come r  knowledg e i s easil y 
extracte d from  th e dependenc y rules . 

The us e of  connectio n pat h knowledge ,  whic h i n ou r  cas e 
correspond s t o left-comer ,  i s  no t  ne w i n psycholinguisti c 
modeling ,  wher e i t  refer s i n genera l  t o th e proble m o f  non -
lexica l  structur e buildin g i n lexicalize d gramma r  parsin g 
(see ,  e.g. ,  th e discussio n i n (Stur t  1997)) .  Thi s knowledg e 
als o avoid s th e explosio n of  useles s prediction s i n traditiona l 
(no n lexicalized )  top-dow n parsers . 

Parsing primitives 

The parsin g primitive s crlin k an d fill  consis t  of  tw o parts : 
th e syntacti c part ,  tha t  build s th e dependenc y tree ,  an d th e 
semanti c part ,  tha t  accumulate s th e semanti c representation . 
Th e synatcti c par t  of  Crlink(n ,  r ,  Cat )  create s a  nod e o f 

categor y Ca t  an d link s i t  t o (i.e .  make s i t  depen d on )  th e 
nod e n  throug h th e relatio n r ;  fill(n,w)  associate s th e inpu t 
wor d w  (o f  categor y Cat )  wit h th e nod e n  (agai n o f  categor y 
Cat) .  A  nod e whic h doe s no t  contai n a n inpu t  wor d i s calle d 
empty ;  a  nod e whic h doe s contai n a n inpu t  wor d i s calle d 
full .  Th e crlin k actio n create s empt y nodes ;  th e fill  actio n 
transform s a n empt y nod e int o a  ful l  node .  A  ful l  nod e tha t 
govems al l  th e modifier s license d b y a  dependenc y rul e i s 
calle d complete .  Not e tha t  th e crlin k actio n top-dow n create s 
and link s a  ne w node :  sinc e eac h ne w nod e i s immediatel y 
linke d t o a n existin g node ,  th e syntacti c structur e i s alway s 
connected . 

A semanti c actio n i s  associate d wit h crlin k an d fill.  I n 
cas e of  crlink ,  a  ne w individua l  i s introduced .  It s typ e i s stil l 
ver y general ,  bu t  i t  i s  no t  completel y unknown ,  sinc e i t 
depend s o n th e categor y o f  th e create d node .  Fo r  instance ,  i n 
cas e o f  a  ne w verba l  node ,  it s  S E M . I N D I V i s a  fres h 
variabl e enew ,  it s S E M . M A T R I X get s th e valu e is- a (Cnew . 

@state-or-event) ,  an d it s S E M . Q U A NT i s a  specia l  symbo l 

standin g fo r  a  stil l  unknow n quantifier̂ .  Moreover ,  th e 
semanti c connectio n betwee n th e existin g representatio n an d 
th e newl y entere d individua l  i s  determine d o n th e basi s of  th e 
dependenc y relatio n an d o f  th e meaning s o f  th e tw o linke d 
node s (vi a th e functio n link) .  I n cas e of  fill,  th e semanti c 
effec t  i s t o exten d th e valu e t o th e featur e S E M . M A T R I X o f 
th e fille d node ,  accordin g t o th e lexica l  semantic s o f  th e 
word .  Thi s i s obtaine d b y and-in g th e curren t  valu e wit h th e 
ne w informatio n an d substitutin g th e INDI V variabl e fo r  th e 
mai n variabl e of  th e lexica l  S E M .  So ,  i f  th e origina l  valu e 
of  S E M . M A T R I X i s is-a(e,@state-or-event) ,  th e ne w valu e 
wil l  b e is-a(e,@state-or-event )  &  is-a(e,@touch) .  O f  course , 
sinc e @touc h i s mor e specifi c  tha n @state-or-event ,  th e ne w 
M A T R IX i s equivalen t  t o is-a(e,@touch) . 

•*  I n th e exampl e o f  th e nex t  section ,  w e assum e existentia l 
quantification ,  sinc e th e treatmen t  o f  determiner s an d o f  th e 
subfeatur e Q U A NT i s rathe r  comple x an d outsid e th e scop e o f 
thi s paper . 
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T h e algorith m 

The parsin g algorith m present s tw o phases :  predictio n 
icrlink )  an d scannin g {fill) .  Her e follow s th e algorithm .  Th e 
algorith m i s i n no n deterministi c form :  w e d o no t  includ e 
any preferenc e fo r  loca l  ambiguity ,  bu t  w e assum e tha t  i t 
alway s make s th e correc t  move .  I n othe r  works ,  w c sho w 
ho w thi s approac h t o incrementa l  interpretatio n ca n fac e 
ambiguit y resolutio n an d reanalysi s (Lombard o 1995 ;  1998 ; 
Lombardo ,  Stur t  1997) . 

Input A sentence x = wq wj ... Wn-i 

Outpu t  A  dependenc y tre e an d a  logica l  for m 

bggi n 
n : = newnod e (V) ;  {wher e V  i s th e roo t  category ) 
n.SEM: = 3e .  is-a(e ,  @state-or-event ) 
lo r  eac h inpu t  wor d w  jI q 

selec t  a n interpretatio n fo r  w  (syntacti c categor y Catw ) 

selec t  a  continuatio n nod e n  o n th e tre e edg e 
i f  Catw=n.ca t  &  th e nex t  symbo l  i n n.rul e i s # 

IhsnfilKn.w ) 

clsei f  th e nex t  symbo l  o f  n.rul e i s <d-rel ,  Cau > 

& Cat w belong s t o LC(Cat )  the n 

crlink(d-rel ,  Cat ,  n ) 

els e fai l 
i f  al l  th e node s i n th e dependenc y tre e ar e complet e 

the n accep t  sls s rejec t 

a H 

The algorithm begins by initializing the dependency tree 
wit h th e root ,  a  nod e o f  categor y Cat r  create d b y th e 

primitiv e n e w n o d e ,  an d th e logica l  form ,  providin g a 
quant(3) ,  a n indi v  (e) ,  an d a  matri x (is-a(e ,  @stale-or-event)) . 
The mai n loo p cycle s o n th e inpu t  words .  Fo r  eac h word , 
th e algorith m select s a n interpretatio n fo r  th e inpu t  wor d 
(includin g a  categor y Catw )  an d a  nod e fo r  continuatio n i n 

th e dependenc y tree .  Thes e selection s depen d o n th e 
strategie s use d fo r  (lexica l  an d attachment )  ambiguit y 
resolution .  Then ,  i f  th e categor y o f  th e inpu t  wor d i s equa l 
t o th e categor y o f  th e nod e an d th e nod e i s empty ,  th e wor d 

i s store d i n thi s node ,  an d th e logica l  for m i s appropriatel y 
update d (fill) .  Otherwise ,  i f  th e categor y o f  th e wor d i s on e 
of  th e lef t  come r  categorie s o f  th e nex t  dependen t  o f  th e 
continuatio n node ,  i t  initialize s th e subtre e o f  tha t  dependen t 
by creatin g th e roo t  nod e (crlink) .  I f  non e o f  thes e 
continuation s ar e possible ,  th e proces s fails .  A t  th e en d o f 
th e sentence ,  al l  th e node s i n th e tre e mus t  b e complete ,  i n 
th e sens e the y satisf y th e constraint s o f  subcategorizatio n 
(dependenc y rule )  provide d b y th e respectiv e words . 

An example 

I n thi s sectio n w e describ e th e applicatio n o f  th e incrementa l 
algorith m t o th e exampl e sentenc e "Georg e touche d th e 
starre d yello w square" ,  wit h a  structur e simila r  t o th e 
utterance s use d i n th e visua l  recognitio n experimen t 
describe d i n th e introduction .  W e als o assum e th e (limited ) 
referentia l  contex t  provide d i n tha t  experiment . 

At  th e beginning ,  th e dependenc y tre e i s a n empt y nod e o f 
categor y V  (th e root) .  Thi s creatio n trigger s th e semanti c 

processor ,  whic h identifie s V i  a s a  nod e o f  categor y V ,  an d 

produce s th e interpretatio n 
3e.is- a (e ,  @state-or-event ) 
Th e first  wor d (George )  produce s a  sequenc e o f  crlin k 

operations ,  th e firs t  o f  whic h create s a  subjec t  (left ) 
dependen t  o f  V j  o f  categor y N ,  Th e interprete r  expand s th e 

semanti c representatio n a s follow s (i n th e figures,  w e use d 
@st-or-e v an d @ind-or-st-or-e v i n plac e o f  @state-or-even t 
and @individual-or-space-or-even t  becaus e o f  spac e reasons) : 

VI 

I - I 3e, x. is-a (e, (Sst-or-ev) & 
^ ^  s u b j ^  jg ^  ̂^ ^  §ind-or-st-or-ev )  & 

I  1  lin k (@st-or-ev ,  §ind-or-st-or-ev ,  subj )  (x ,  e ) 

This means that there is some entity playing some role 
(correspondin g t o th e relatio n subj )  i n th e stat e o r  even t 
described .  Thi s entit y ha s typ e §ind-or-st-or-e v i.e .  i t  i s th e 
most  genera l  nomina l  concept .  It s exac t  rol e ha s no t  ye t 
bee n identified ,  becaus e o f  th e lac k o f  informatio n abou t  th e 
event .  Then ,  N i  i s filled  wit h George ,  an d thi s specialize s 

th e predicat e is-a(x ,  §ind-or-st-or-ev) . 

VI 
3e ,  X .  is- a (e ,  (Sst-or-ev )  & 
is- a (x ,  §person )  & 

lin k ((©st-or-ev ,  §person ,  subj )  (x ,  e )  & 

identifie r  (x ,  'George" ) 

Not e tha t  th e predicat e is- a (x ,  §ind-or-st-or-ev )  i s stil l  par t 
of  th e representation ,  bu t  w e hav e exclude d i t  h o m th e 
figure,  becaus e i t  i s specialize d b y is-a(x,§person) .  Then ,  th e 
interprete r  fills  th e nod e V i  wit h touched .  Thi s produce s 

agai n a  specializatio n (o f  is-a(e,@st-or-ev)) ,  a s wel l  a s th e 
identificatio n o f  th e George' s rol e (agt) : 

Nl ibjT ' sub j 
• 

I  Georg e 

VI 

I  touche d 

Nl  y 
I  Georg e | 

3e ,  X .  is- a (e ,  @ touch )  & 

is- a (x ,  §person )  & 

agt  (x ,  e )  & 

identifie r  (x ,  'George' ) 

W h en th e (o f  categor y D )  i s analyzed ,  th e chec k o n th e lef t 
comer  o f  th e categor y N  i s positive ,  an d th e parse r  build s 

th e nod e N 2 ,  an d attache s i t  a s right  {object )  dependen t  t o 

Vl .  Th e linkin g mle s succee d becaus e th e ver b i s alread y 

present :  the y tel l  tha t  th e direc t  objec t  i s  th e patien t  o f  th e 
touchin g event .  O n th e basi s o f  thi s result ,  i t  i s  possibl e t o 
appl y th e selectiona l  restrictio n t o th e patien t  argumen t  o f 
touch :  I t  mus t  b e a  physica l  object .  S o w e ge t 

Nl 
sub i 

VI 

I  touche d I 

Y \ 
obj 

N2 
Georg e 

3e,  X ,  y .  is- a (e ,  ©touch )  & 

is- a (x ,  §person )  & 

agt(x,e) & 

identifie r  (x ,  'George' )  & 

is- a (y ,  §physical-object )  & 

patient(y ,  e ) 

The subsequen t  creatio n an d filling  o f  a  D j  nod e wit h th e 

wor d th e contribute s t o th e representatio n jus t  wit h a 
specificatio n o f  th e quantifie r  associate d wit h th e variabl e y 
(tha t  w e gav e fo r  granted) .  W h e n starre d i s found ,  w e obtain , 
i n tw o steps ,  th e followin g representation : 
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VI 

Nl 

[touche d 
sub y V 

George 

Dl  , 
4 ^ 
n I  starre d | 

obj 
N2 

att r 

Al 

3e ,  X ,  y ,  z .  w ,  L 
is- a (e ,  @touch )  & 

is- a (x ,  §person )  & 
agt(x.e) & 
identifie r  (x ,  'George' )  & 
is- a (y ,  §physical-object )  & 
patien t  (y ,  e )  & 
has-propert y (y ,  z )  & 
property-name(z, @ surface-on )  & 
property-valu e (z ,  w ) 
is- a (w ,  §drawing )  & 
has-propert y (w .  t )  & 
property-nam e (t ,  §shape )  & 
property-va l  (t ,  #star ) 

Thi s representatio n ca n b e paraphrase d as :  ther e ha s bee n a 
touchin g event ,  whos e agen t  ha s 'George '  a s identifie r  an d 
whos e patien t  i s  som e physica l  objec t  havin g o n it s surfac e 
a drawin g whos 6 shap e i s a  star .  Thi s formul a ca n b e use d i n 
th e contex t  t o fin d ou t  an y referen t  satisfyin g th e 
description ;  i n particular ,  an y starre d physica l  objec t  ca n b e 
foun d eve n i f  th e associate d hea d nou n ha s no t  ye t  bee n 
analyzed .  W e mus t  observ e tha t  th e restrictio n o f  th e patien t 
t o a  §physical-objec t  i s  conceptuall y important ,  bu t  doe s 
not  affec t  th e globa l  behavio r  eve n a  "starred "  §ind-or-st-or -
ev coul d b e foun d successfull y i n a  limite d context .  Not e 
als o that ,  i n principle ,  linkin g rule s coul d appl y als o t o 
mor e genera l  concept s (e.g .  @st-or-ev) ,  wer e the y define d fo r 
them ;  since ,  i n general ,  thi s i s no t  th e case ,  the y mus t  wai t 
fo r  a  suitabl e specializatio n befor e returnin g th e associate d 
rol e label . 

Conclusion 

Thi s pape r  ha s presente d a  computationa l  mode l  base d o n a 
lexicalize d gramma r  tha t  implement s incrementality .  Left -
comer  constraint s o n th e syntacti c categor y ar e applie d i n 
th e predictio n phase ,  whe n templat e node s ar e instantiate d 
an d attache d t o th e existin g structure ;  wor d lexica l 
informatio n i s applie d i n th e scannin g phase ,  whe n th e wor d 
i s processe d an d fills  som e templat e nod e previousl y created . 
An advantag e o f  th e dependenc y formalis m i s tha t  th e top -
d o wn strateg y implie s a  minima l  commitmen t  o n th e 
syntacti c structure ,  becaus e i t  doe s no t  pos e an y 
superstructur e ove r  th e wor d level .  Th e abstractio n o n (lef t 
comer )  knowledg e o n th e categorie s guarantee s th e ful l 
connectivit y o f  th e syntacti c structure ,  tha t  i s  necessar y fo r 
incrementality . 

We d o no t  tak e a  positio n o n th e constraint-based/syntax -
autonom y debat e i n ambiguit y resolution .  Th e mode l  i s 
compatibl e wit h bot h o f  them ,  an d i s intende d t o provid e a 
basi c mechanis m fo r  incrementa l  processing . 

References 

Abney S .  P. ,  A  computationa l  Mode l  o f  H u m a n Parsing .  J .  o f 
Psycholinguisti c Researc h 18/1 ,  1989 ,  pp .  129-144 . 

Bader  M. ,  Lasse r  I. ,  Germa n Verb-Fina l  Clause s an d sentenc e 
Processing :  Evidenc e fo r  th e Immediat e Attachmen t  i n 
Clifto n C ,  Frazie r  L. ,  an d Rayne r  K. ,  (eds )  ,  Perspective s 
on Sentenc e Processing ,  Lawrenc e Erlbau m Associates , 
1994 ,  pp .  225-242 . 

Di  Tomas o V. ,  Lombard o V. ,  Lesm o L. ,  A  computationa l  mode l 

fo r  th e interpretatio n o f  stati c locativ e expressions ,  t o 

appea r  i n Olivier ,  Gap p (eds.) ,  LEA ,  1998 . 
Eisel t  K.P. ,  Mahes h K. ,  Holbroo k J. .  Havin g you r  cak e an d 

eatin g i t  too :  autonom y an d interactio n i n a  mode l  o f 
sentenc e processing ,  Proc .  o f  AAAI93 ,  1993 ,  pp .  380-385 . 

Frazie r  L. ,  Syntacti c Processing :  Evidenc e from  Dutch, . 
Natura l  Languag e an d Linguisti c Theor y 5 ,  1987 , 

519-559 . 
Goy A. ,  Lesm o L. ,  Integratin g Lexica l  Semantic s an d 

Pragmatics :  Th e Cas e o f  Italia n Communicatio n Verbs ,  Proc . 
Secon d Int. I  Worksho p o n Computationa l  Semantics , 
Tilburg ,  Th e Netherlands .  1997 ,  pp.81-93 . 

Levi n B. ,  Englis h Ver b Classe s an d Alternations ,  Th e 
Universit y o f  Chicag o Press .  Chicago .  1993 . 

Lombard o V. ,  Parsin g an d Recovery ,  Proc .  o f  th e 17t h Annua l 
Meetin g o f  th e Cognitiv e Scienc e Society .  Pittsburgh ,  1995 . 

Lombard o V. ,  A  Computationa l  Mode l  o f  Recovery ,  t o appea r 
i n Fodo r  J.D. ,  Ferreir a F .  (eds.) ,  Reanalysi s I n Sentenc e 
Processing .  Kluwe r  Academi c Publishers .  1998 . 

Lombard o V. ,  Stur t  P. ,  Incrementa l  Interpretatio n an d Infinit e 
Loca l  Ambiguity ,  Proc .  o f  th e 19t h Aimua l  Meetin g o f  th e 
Cognitiv e Scienc e Society ,  Stanford ,  Augus t  1997 . 

Mahesh K. .  Reapin g th e benefit s o f  interactiv e synta x an d 
semantics ,  Proc .  o f  ACL94 ,  1994 ,  pp .  310-312 . 

Marslen-Wilso n W. ,  Linguisti c Structur e an d Speec h Shadowin g 
at  Ver y Shor t  Latencies ,  Natur e 244 ,  1973 ,  pp; .  522-523 . 

Milwar d D .  R. ,  Dynami c dependenc y grammar .  Linguistic s 
an d Philosophy .  Decembe r  1994 . 

Milwar d D .  R. ,  Incrementa l  interpretatio n o f  categoria l 
grammar .  Proceeding s o f  th e 7t h Europea n A C L ,  Dublin , 
Ireland .  1995 .  pp .  119-126 . 

Pickerin g M.J. ,  Processin g loca l  an d unbounde d dependencies : 
a unifie d account .  Journa l  o f  Psycholinguisti c 
Researc h 23/4 .  1994 .  pp .  323-352 . 

Pritchet t  B .  L. ,  Grammatica l  Competenc e an d Parsin g 
Performance ,  Universit y o f  Chicag o Pres s 1992 . 

Pulma n S.G. ,  Grammars ,  parsers ,  an d memor y limitations . 
Languag e an d Cognitiv e Processe s 1/3 ,  1986, . 
197-225 . 

Stable r  E.P. .  Avoi d th e pedestrian' s paradox ,  i n Berwic k R.C .  e t 
al .  (eds.) ,  Principle-base d parsing :  Computatio n 
an d Psycholinguistics ,  Kluwer ,  Th e Netherlands ,  1991 , 
pp.  199-237 . 

Steedma n M .  J. ,  Surfac e structur e an d interpretation , 
M I T Press .  Cambridge .  M A .  1997 . 

Stur t  P. ,  Syntacti c Reanalysi s i n Huma n Languag e Processing , 
Ph.D .  thesis .  Centr e fo r  Cognitiv e Science ,  Universit y o f 
Edinburgh ,  Edinburgh ,  Scotland ,  1997 . 

Stur t  P. ,  Crocke r  M .  W. ,  Monotoni c syntacti c processin g a 
cross-linguisti c stud y o f  attachmen t  an d reanalysis . 
Languag e an d Cognitiv e Processe s 11/5 .  1996 ,  pp . 
449-494 . 

Tanenhau s M.K. ,  Spivey-Knowlto n M.J. ,  Eberhar d K.M. , 
Sediv y J.C ,  Integratio n o f  Visua l  an d Linguisti c Informatio n 
i n Spoke n Languag e Comprehension ,  Scienc e 268 ,  1995 , 
pp.  1632-1634 . 

Yamashit a K. ,  Processin g o f  Japanes e an d Korean ,  Ph.D . 
thesis ,  Ohi o Stat e University ,  Columbus ,  Ohio ,  1994 . 

626 


	cogsci_1998_621-626



