
S t e p s T o w a r d R e a l - t i m e N a t u r a l  L a n g u a g e P r o c e s s i n g 

Steve n L .  Lytine n an d Norik o Tomur o 
DePaul  Universit y 

Departmen t  o f  Comute r  Scienc e an d Informatio n System s 
Chicag o I L 6060 4 

lytinen@cs.depaul.ed u 

Abstrac t 

Understanding language is a seemingly effortless task 
fo r  people .  No t  onl y ca n the y understan d th e meanin g 
of  sentence s wit h grea t  accuracy ,  the y d o s o quickly :  i n 
most  cases ,  peopl e understan d languag e i n linea r  time . 
I n constrast ,  understandin g languag e i s no t  s o eas y fo r 
computers .  Eve n ignorin g problem s o f  accuracy ,  natu -
ra l  languag e processin g system s an e muc h slowe r  tha n 
peopl e aje .  Al l  curren t  N L P system s tha t  full y  analyz e 
bot h th e syntacti c structur e an d semanti c meanin g o f 
tex t  fal l  shor t  o f  huma n performanc e i n thi s respect . 
I n thi s paper ,  w e presen t  a n attemp t  t o develo p a  linea r 
tim e algorith m fo r  parsin g natura l  languag e usin g unifi -
catio n grammcirs .  Whil e th e computationa l  complexit y 
of  th e algorith m is ,  i n th e wors t  case ,  n o bette r  tha n tha t 
of  man y othe r  algorithms ,  empirica l  testin g indicate s im -
prove d average-cas e performance .  Althoug h linea r  per -
formanc e ha s no t  ye t  bee n achieved ,  w e wil l  discus s pos -
sibl e improvement s tha t  ma y resul t  i n a n average-cas e 
linea r  tim e algorithm . 

Introduction 

Unificatio n g ramma r  ha s becom e a  popula r  formal -
is m t o us e i n natura l  languag e processin g (NLP )  sys -
tems .  Unfortunately ,  th e forma l  powe r  o f  unificatio n 
g rammar  make s i t  difficul t  t o implemen t  a n efficien t 
unification-base d parser .  A  c o m m o n approac h i s t o buil d 
a unification-base d parse r  o n to p o f  a  context-fre e char t 
parser .  Th e resul t  i s a n algorith m tha t  i s a t  leas t  O(n^ ) 
i n th e v̂ ors t  cas e (sinc e thi s i s th e worst-cas e complex -
it y o f  context-fre e char t  parsing) ,  an d perhap s worse , 
du e t o th e additiona l  wor k o f  performin g unifications . 
Addin g t o th e difficultie s i s th e inclusio n o f  semanti c 
informatio n i n m a n y unification-base d systems ,  suc h a s 
i n H P S G (Pollar d an d Sag ,  1988 )  an d i n ou r  ow n pre -
viou s wor k (Lytinen ,  1992) .  Thi s ca n greatl y increas e 
th e siz e an d complexit y o f  a  grammar ,  whic h als o ha s 
an advers e effec t  o n performanc e o f  a  parsin g algorithm . 
Thus ,  unification-base d parser s fo r  comple x grammar s 
capabl e o f  processin g an y significan t  subse t  o f  Englis h 
or  othe r  natura l  languages ,  eve n fo r  a  limited-domai n 
application ,  yiel d quit e poo r  performance .  Indeed ,  em -
piria l  examination s o f  unification-bas e parser s indicat e 
tha t  averag e cas e performanc e o f  thes e system s als o fall s 
shor t  o f  linea r  (Shann ,  1991) .  Othe r  popula r  parsin g 
algorithms ,  suc h a s Tomita' s algorith m (Tomita ,  1986) , 
als o fai l  t o achiev e linea r  performance ,  eve n withou t  th e 
inclusio n o f  semanti c interpretation . 

H ow efficien t  shoul d w e expec t  N L P system s t o be ? 
O ne wa y t o answe r  thi s questio n i s t o observ e h u m a n per -
formanc e i n understandin g language .  Althoug h ther e ar e 
exceptiona l  construction s (e.g. ,  garden-pat h sentences ) 
tha t  ca n caus e problem s i n comprehension ,  i t  seem s tha t 
i n genera l  peopl e proces s tex t  i n linea r  time .  Thus ,  i f  w e 
expec t  a n N L P syste m t o matc h h u m a n performance ,  a 
reasonabl e goa l  i s  t o achiev e linea r  performanc e i n th e 
averag e case ,  wit h perhap s significantl y wors e worst-cas e 
performance . 

Thi s pape r  describe s a n attemp t  t o implemen t  a n 
average-cas e linea r  tim e unification-base d parser .  Th e 
algorith m tha t  ha s bee n implemente d i s a  mixtur e o f 
top-dow n an d bottom-u p char t  parsing .  I n th e top-dow n 
component ,  semanti c informatio n encode d i n th e gram -
mar  i s utilize d a s muc h £i s possibl e i n th e productio n o f 
activ e edge s (i.e. ,  expectation s fo r  wha t  i s t o com e nex t 
i n a  sentence) .  Th e genera l  philosoph y i s t o us e thi s 
informatio n t o produc e a s specifi c  expectation s a s pos -
sible ,  thu s limitin g th e possibl e alternativ e parse s tha t 
need t o b e pursued .  Whil e th e worst-cas e performanc e o f 
thi s algorith m i s n o bette r  tha n othe r  unification-base d 
parser s base d o n context-fre e char t  parsing ,  th e hypothe -
si s i s tha t  th e utilizatio n o f  bot h syntacti c an d semanti c 
constraint s i n top-dow n expectation s wil l  significantl y 
improv e averag e cas e performance . 

Th e parsin g algorith m ha s bee n implemente d a s par t 
of  th e L I N K syste m (Lytinen ,  1992) .  Specifically ,  th e 
top-dow n versio n o f  L I N K ( T D L I N K )  ha s bee n imple -
mente d a s a n alternativ e versio n o f  th e syste m whic h w e 
use d i n th e Fift h Messag e Understandin g Competitio n 
(MUC-5 )  (Lytine n e t  al. ,  1993) ,  s o tha t  it s performanc e 
coul d b e teste d o n a  pre-existin g corpu s an d grammar . 
M U C -5 system s processe d newspape r  article s describin g 
ne w development s i n th e field  o f  microelectronics .  Ou r 
origina l  M U C - 5 syste m use d a  bottom-u p char t  parser , 
ver y simila r  t o PATR-I I  (Shieber ,  1986) . 

T D L I N K wa s teste d o n a  rando m sampl e o f  sentence s 
fro m th e M U C - 5 corpus .  Th e tes t  result s ar e reporte d 
and analyze d i n thi s paper .  Whil e T D L I N K doe s no t 
appea r  t o achiev e averag e cas e linea r  processin g tim e 
on th e sampl e sentences ,  th e numbe r  o f  edge s entere d 
int o th e char t  fo r  a  sentenc e doe s appea r  t o increas e 
linearl y wit h sentenc e length ,  o n average .  Thi s i s  a n 
encouragin g result ,  sinc e i n context-fre e char t  parsing , 
processin g tim e i s  linearl y proportiona l  t o th e numbe r 
of  edges .  Possibl e reason s fo r  wh y edge s an d processin g 
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tim e d o no t  see m t o b e linearl y proportiona l  i n T D L I N K , 
and proposal s fo r  achievin g linea r  processin g tim e base d 
on T D L I N K ,  ar e discusse d i n sectio n 5 . 

link's Unification Grammar 

link's knowledge base can be thought of as consisting 
of  thre e modules :  a  grammar ,  a  lexicon ,  an d a  se t  o f 
domai n knowledge .  Al l  o f  thes e type s o f  knowledg e ar e 
encode d i n unificatio n constrain t  rules .  Thes e rule s ar e 
ver y simila r  i n for m t o othe r  unificatio n grammars ,  suc h 
as PATR-II .  Figur e 1  show s a  smal l  piec e o f  a  simpl e 
knowledg e base . 

Conside r  th e S  rul e (eqs .  1-5 )  i n th e exampl e grammar . 
Each equatio n i n thi s rul e specifie s a  propert y tha t  an y 
nod e labele d S  ( a complet e sentence )  mus t  have .  A  prop -
ert y consist s o f  a  path ,  o r  a  sequenc e o f  arc s wit h th e ap -
propriat e label s startin g fro m th e nod e i n question ;  an d 
a value ,  whic h i s anothe r  nod e t o b e foun d a t  th e en d o f 
th e path .  Equation s specif y th e value s o f  propertie s i n 
one o f  tw o ways .  The y m a y specif y th e labe l  o f  th e nod e 
t o b e foun d a t  th e en d o f  th e path ,  a s i n equation s 1  an d 
2 (i.e. ,  th e ar c fro m a n S  nod e labele d 1  lead s t o a  nod e 
labele d N P ) .  Or ,  the y ma y specif y tha t  tw o path s mus t 
lea d t o th e identica l  node ,  a s i n equation s 3-5 .  Identit y 
her e i s  define d b y th e unificatio n operation ;  i.e ,  i f  tw o 
path s mus t  lea d t o th e identica l  node ,  the n th e node s a t 
th e en d o f  th e tw o path s mus t  unify .  Unificatio n merge s 
th e propertie s o f  tw o nodes ;  thus ,  tw o path s ca n unif y i f 
thei r  value s hav e n o propertie s tha t  explicitl y  contradic t 
eac h other . 

Functionally ,  th e S  rul e encode s informatio n abou t  En -
glis h sentence s a s follows .  Equation s 1  an d 2  specif y tha t 
a sentenc e i s mad e u p o f  tw o subconstituents :  a  N P an d 
a VP .  Orderin g o f  thes e constituent s i s  implici t  i n th e 
numberin g o f  th e paths .  Equatio n 3  assign s th e H E A D 
of  th e sentenc e t o b e th e V P ,  b y unifyin g th e VP' s H E A D 
pat h wit h th e H E A D pat h o f  th e S .  Thi s wil l  b e discusse d 
furthe r  shortly .  Equatio n 4  specifie s tha t  th e N P an d th e 
V P mus t  agre e i n numbe r  an d person .  Thes e syntacti c 
propertie s ar e foun d unde r  th e A G R (agreement )  featur e 
of  eac h constituent .  Finally ,  equatio n 5  assign s th e N P 
t o b e th e subjec t  o f  th e sentence . 

The H E A D propert y referre d t o i n equation s 3- 5 i s 
use d t o propagat e informatio n u p an d dow n th e D A G . 
Thi s i s accomplishe d b y unificatio n o f  H E A D links ,  a s 
i n equatio n 3 .  Becaus e o f  thi s equation ,  an y informatio n 
on th e H E A D o f  th e V P i s  accessibl e fro m th e S  node . 
Othe r  rule s assig n th e head s o f  othe r  constituents ,  suc h 
as a  ver b grou p (VG )  t o b e th e H E A D o f  th e V P (i n th e 
tw o V P rules ;  eqs .  7  an d 11) ,  an d a  ver b (V )  t o b e th e 
H E AD o f  a  V G (eqs .  1 5 an d 18) . 

Lexica l  item s typicall y provid e th e value s tha t  ar e 
propagate d b y H E A D links .  The y ar e encode d i n th e 
same for m a s gramma r  rules .  Typica l  value s provide d b y 
lexica l  rule s includ e syntacti c featur e information ,  suc h 
as th e A G R feature ;  a s wel l  a s semanti c information , 
whic h cause s a  semanti c interpretatio n o f  th e sentenc e t o 
be constructe d a s parsin g proceeds .  Fo r  example ,  i n th e 
entr y fo r  "eats" ,  eq .  2 0 specifie s tha t  "eats "  i s a  transtiv e 
verb ,  an d eqs .  21-2 2 specif y th e word' s syntacti c agree -

(define-clas s S 
(1 )  =  N P 
(2 )  =  V P 
(head )  =  ( 2 head ) 
(hea d agr )  =  ( 1 hea d agr ) 
(hea d subj )  =  ( 1 head) ) 

(define-clas s V P 
(1 )  =  V G 
(head )  =  ( 1 head ) 
(hea d type )  =  intrans ) 

(define-clas s V P 
(1 )  =  V G 
(2 )  =  N P 
(head )  =  ( 1 head ) 
(hea d type )  =  tran s 
(hea d dobj )  =  ( 2 head) ) 

(define-clas s V G 
(1 )  =  V 
(head )  =  ( 1 head) ) 

(define-clas s V G 
(1 )  =  A U X E S 
(2 )  =  V 
(head )  =  ( 2 head) ) 

(define-clas s V 
(1 )  =  eat s 
(hea d type )  =  tran s 
(hea d ag r  number )  =  sin g 
(hea d ag r  person )  =  3r d 
(hea d rep )  =  EAT-FOO D 
(hea d sub j  rep )  = 

(hea d re p actor ) 
(hea d dob j  rep )  = 

(hea d re p object) ) 

(define-clas s E A T - F O O D 
(actor )  =  A N I M A T E 
(object )  =  F O O D 
(instrument )  =  UTENSIL ) 

<1> 
<2> 
<3> 
<4> 
<5> 

<6> 
<7> 
<8> 

<9> 
<10 > 
<11 > 
<12 > 
<13 > 

<14 > 
<15 > 

<16 > 
<17 > 
<18 > 

<19 > 
<20 > 
<21 > 
<22 > 
<23 > 

<24 > 

<25 > 

<26 > 
<27 > 
<28 > 

Figur e 1 :  A  se t  o f  exampl e LIN K rule s 
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meat  features ,  foun d unde r  th e A G R property .  Eq .  2 3 
provide s semanti c informatio n abou t  th e word ,  specify -
in g tha t  "eats "  mean s EAT-FOOD.  Eqs .  24-2 5 specif y 
mapping s fro m syntacti c t o semanti c dependencies .  2 4 
state s tha t  whateve r  constituen t  fill s  th e S U B J E CT rol e 
wil l  als o b e assigne d a s th e A C T O R o f  th e EAT-FOOD. 
Similarly ,  2 5 specifie s tha t  th e syntacti c direc t  objec t 
(DOBJ)  i s assigne d a s th e semanti c OBJECT. 

The mappin g equation s ar e use d i n conjunctio n wit h 
th e system' s domai n knowledge ,  t o impos e restriction s 
on th e semanti c propertie s (i.e. ,  th e value s o f  th e R E P 
path )  o f  th e subjec t  an d direc t  objec t  o f  "eats "  (i.e. , 
th e A C T O R an d O B J E C T o f  th e EAT-FOOD) .  Domai n 
knowledg e i s als o encode d i n constrain t  rules ,  a s exem -
plifie d b y th e E A T - F O O D rul e (eqs .  26-28) .  Becaus e 
of  th e mappin g provide d b y "eats "  betwee n it s subjec t 
and th e A C T O R o f  th e EAT-FOOD,  th e restrictio n tha t 
thi s constituent' s representatio n mus t  b e A N I M A T E i s 
propagate d u p t o th e N P tha t  fill s  th e SUBJ rol e speci -
fie d b y equatio n 26 .  Similarly ,  th e F O O D restrictio n o n 
th e objec t  o f  a n E A T - F O O D woul d propagat e t o th e N P 
assigne d a s th e direc t  objec t  (DOBJ )  o f  "eats. " 

The Parsing Algorithm 

T D L I N K i s a  bottom-up ,  breadth-first ,  left-to-righ t 
char t  parse r  whic h use s top-dow n expectation s (activ e 
edges )  t o eliminat e th e constructio n o f  edge s whic h coul d 
not  possibl y fi t  int o th e overal l  pars e o f  a  sentence . 
T D L I N K als o filter s edge s base d o n a  single-wor d looka -
head . 

Label s o f  edge s i n T D L I N K ar e mor e comple x tha n i s 
th e cas e i n context-fre e char t  parsers :  th e label s o f  bot h 
activ e an d complet e edge s ar e directe d acycli c graph s 
(DAGs) ,  whic h encod e th e syntacti c categor y o f  a  con -
stituen t  (th e norma l  labe l  o f  a n edg e i n a  context-fre e 
char t  parser )  a s wel l  a s othe r  syntacti c an d semanti c 
feature s o f  th e constituent .  Thes e feature s ar e specifie d 
i n th e definition s o f  lexica l  items ,  a s wel l  a s i n som e o f 
th e gramma r  rules ,  a s w e sa w i n sectio n 2 . 

Activ e edge s ar e use d i n conjunctio n wit h a  reachabil -
it y  tabl e i n orde r  t o find  potentia l  connection s betwee n 
an expecte d D A G an d th e nex t  wor d i n th e sentence . 
Thi s i s don e a s follows :  first,  th e wor d i s looke d u p i n 
th e dictionary .  Th e resul t  i s  a  lis t  o f  on e o r  mor e DAGs , 
each o f  whic h correspond s t o a  sens e o f  th e word .  Next , 
th e syntacti c labe l  o f  eac h wor d sens e D A G i s used ,  alon g 
wit h th e syntacti c label s o f  eac h expecte d D A G,  t o loo k 
up possibl e connection s i n th e reachabilit y  table .  Th e 
tabl e looku p result s i n a  lis t  o f  gramma r  rule s which ,  i f 
applied ,  woul d connec t  th e wor d t o th e expectation . 

Let  u s illustrat e wit h a  simpl e exampl e sentence ,  "Pa t 
eat s th e sandwich. "  Afte r  processin g "Pat" ,  T D L I N K 
has buil t  a n activ e edg e labelle d S ,  wit h a n expectatio n 
t o find  a  V P beginnin g a t  th e wor d "eats "  (sinc e th e S 
rul e state s tha t  a  V P shoul d follo w th e NP) .  Th e reach -
abilit y  tabl e provide s th e informatio n tha t  "eats "  ca n b e 
connecte d t o th e expectatio n i n tw o ways :  b y applyin g 
th e first  V G rul e (eqs .  14-15) ,  followe d b y eithe r  V P rul e 
(eqs .  6- 8 o r  9-13) .  I n othe r  words ,  th e tabl e provide s th e 
informatio n tha t  "eats "  mus t  star t  a  ver b phrase ,  an d 

tha t  th e V P ma y b e transitiv e (wit h a  direc t  object )  o r 
intransitiv e (withou t  a n object) . 

Afte r  comparin g al l  activ e expectation s wit h th e nex t 
wor d i n th e sentence ,  T D L I N K applie s th e sequence s o f 
rule s provide d b y th e reachabilit y  tabl e i n a  bottom-u p 
fashion .  Afte r  eac h possibl e sequenc e i s  finished,  th e re -
sultin g D A G i s unifie d wit h th e expectation ,  t o mak e 
sur e tha t  al l  o f  thei r  feature s ar e compatible .  I f  so ,  th e 
new edge s ar e adde d t o th e chart ;  i f  not ,  the y ar e dis -
carded .  I n ou r  example ,  sinc e th e T R A N S featur e o f 
"eats "  turn s ou t  t o b e incompatibl e wit h th e INTRAN S 
featur e i n eq .  8 ,  on e o f  th e rul e sequence s applie d i s  dis -
carded ,  leavin g onl y a n activ e V P edge ,  wit h th e expec -
tatio n tha t  a n N P (th e direc t  objec t  o f  th e verb )  wil l 
follow. ^  I n addition ,  th e N P expectatio n als o contain s 
th e informatio n tha t  thi s N P shoul d refe r  t o a  typ e o f 

FOOD. 
Whil e i t  i s  a  syntacti c featur e i n thi s exampl e whic h 

disambiguate s th e pars e an d cause s edge s t o b e dis -
carded ,  i n genera l  eithe r  syntacti c o r  semanti c feature s 
(o r  a  combination )  ca n resolv e a n ambiguity .  Fo r  ex -
ample ,  semanti c informatio n woul d eliminat e th e ac -
tive/passiv e ambiguit y i n "Th e lo g cu t  b y Pa t  wa s big " 
at  th e wor d "cut" ,  assumin g tha t  semantic s require d a 
lo g t o b e th e OBJECT,  rathe r  tha n th e A C T O R,  o f  th e 
actio n C U T .  Th e earl y resolutio n o f  ambiguit y ha s th e 
potentia l  t o dramaticall y improv e average-cas e parsin g 
performance . 

Empirical Results 

T D L I N K wa s incorporate d int o ou r  existin g MUC- 5 sys -
te m (Lytine n e t  a/. ,  1993) ,  replacin g th e existin g bottom -
up char t  parse r  tha t  ha d bee n use d i n MUC-5 .  Th e sys -
te m wa s the n ru n o n 10 0 randoml y chose n sentence s fro m 
th e MUC- 5 corpus. ^  2 7 o f  thes e sentence s wer e sucess -
fuU y parse d b y T D L I N K usin g ou r  MUC- 5 grammar . 
Thes e 2 7 sentence s for m th e basi s o f  th e performanc e 
analysis . 

First ,  TDLINK' s performanc e wa s compare d agains t 
th e performanc e o f  th e purel y bottom-u p versio n o f 
LINK .  T D L I N K achieve d a  facto r  o f  4  speedu p (mea -
sure d i n C P U time) ,  o n average ,  compare d wit h LINK' s 
performanc e o n th e 2 7 sentences .  Performanc e improve -
ment  als o increase d wit h sentenc e length . 

Next ,  TDLINK' s performanc e wa s analyze d o n abso -
lut e terms .  Figur e 2  show s a  plo t  o f  sentenc e lengt h vs . 
th e numbe r  o f  edge s entere d i n th e char t  fo r  th e 2 7 sen -
tences .  A  weighte d R ^  analysi s indicate s tha t  th e best -
fitting  polynomia l  fo r  thi s dat a i s a  straigh t  lin e (R ^  = 
.86) .  Thi s i s a n encouragin g result ,  becaus e parsin g tim e 
i n context-fre e char t  parsin g i s linearl y proportiona l  t o 
th e numbe r  o f  edge s entere d i n th e chart . 

^  Eve n withou t  th e incompatibl e features ,  th e intransitiv e 
VP edg e i n thi s cas e woul d b e discarde d a t  thi s poin t  du e t o 
lookahead . 

^Our  MUC- 5 syste m containe d a  filtering  mechanism , 
whic h discarde d al l  sentence s tha t  di d no t  contai n a t  leas t 
one wor d whos e meanin g wa s relevan t  t o th e domain .  Thos e 
sentence s judge d t o b e irrelevan t  b y th e filter  wer e no t  in -
clude d i n th e rando m sample . 
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Figur e 2 :  Edge s vs .  sentence s lengt h i n T D L I N K Figur e 3 :  C P U tim e vs .  sentence s lengt h i n T D L I N K 

The numbe r  o f  edge s constructe d wa s als o compare d 
agains t  th e m i n i m u m numbe r  o f  edge s tha t  coul d pos -
sibl y b e constructe d i n a  complet e pars e o f  eac h o f  th e 
sentences .  Thi s i s th e numbe r  o f  edge s tha t  woul d b e 
constructe d b y a  char t  parse r  whic h alway s parse d ever y 
sentenc e a s unambiguou s a t  al l  stage s o f  th e parse .  Th e 
rati o o f  th e numbe r  o f  edge s constructe d b y T D L I N K , 
divide d b y th e m i n i m u m numbe r  o f  edges ,  remaine d vir -
tuall y constan t  vs .  wor d length ,  wit h a  valu e o f  2.5 .  Thi s 
means that ,  o n average ,  betwee n 2  an d 3  differen t  pos -
sibl e interpretation s o f  a  sentenc e wer e activ e a s a  pars e 
proceeded .  Th e numbe r  o f  interpretation s di d no t  in -
creas e wit h sentenc e length ,  anothe r  encouragin g sign . 

Figur e 3  show s a  plo t  o f  C P U tim e use d vs .  sentenc e 
length .  A  weighte d R ^  analysi s indicate s tha t  th e best -
fittin g polynomia l  fo r  thi s dat a i s a  quadrati c (R ^  = 
.953) ,  indicatin g tha t  T D L I N K di d no t  achiev e average -
cas e linea r  tim e performanc e o n th e tes t  sentences .  Thus , 
i t  appear s tha t  th e numbe r  o f  edge s i n th e char t  i s  no t 
linearl y proportiona l  t o processin g tim e i n T D L I N K . 

Discussion 

Ther e ar e tw o possibl e source s fo r  additiona l  processin g 
tim e i n T D L I N K .  First ,  th e syste m m a y unsuccessfull y 
appl y enoug h rule s tha t  th e tim e t o buil d discarde d edge s 
overshadow s th e tim e t o buil d edge s tha t  ar e entere d 
int o th e chart .  Second ,  a s th e sentenc e progresses ,  th e 
applicatio n o f  a  rul e become s mor e expensive .  Thi s i s 
becaus e th e D A G label s o f  edge s furthe r  alon g i n th e 
char t  becom e mor e an d mor e complex .  Sinc e unificatio n 
i n L I N K i s a  destructiv e operation ,  wheneve r  mor e tha n 
one interpretatio n i s bein g pursue d b y th e parser ,  D A G s 
must  b e copie d befor e unificatio n i s performed ,  s o tha t 
addition s m a d e t o on e interpretatio n d o no t  affec t  othe r 
interpreatations .  Th e mor e comple x th e D A G ,  th e mor e 
expensiv e copyin g is .  I t  m a y b e tha t  th e tim e require d 
t o cop y D A G s i s overshadowin g th e res t  o f  th e overhea d 

require d i n constructin g a  ne w edge ,  meanin g tha t  edg e 
constructio n i s no t  a  constan t  tim e operation .  Bot h o f 
thes e possibl e difficultie s wil l  b e discusse d below . 

Discarded Edges 

Sometime s a  rul e i s applie d whic h eventuall y result s i n 
a faile d unification .  Th e reaso n tha t  thi s happen s i s 
due t o th e bottom-u p applicatio n o f  rule s foun d i n th e 
reachabilit y  table .  Thus ,  al l  th e informatio n containe d i n 
expectations ,  excep t  fo r  a n expectation' s syntacti c cat -
egory ,  i s  no t  use d unti l  afte r  a  sequenc e o f  rule s tha t 
connec t  a  wor d t o a n expectatio n ha s alread y bee n ap -
plied .  Thi s m a y resul t  i n a  lo t  o f  unnecessar y work , 
i f  th e newl y constructe d edge s ar e discarde d du e t o a 
faile d unificatio n a t  th e en d o f  th e process .  W e sa w a n 
exampl e o f  thi s scenari o i n sectio n 3 :  T D L I N K trie d t o 
construc t  tw o V P edge s beginnin g wit h th e wor d "eats" , 
onl y t o discar d th e edg e correspondin g t o th e V P rul e 
fo r  intransitiv e verbs . 

Th e reachabilit y  tabl e onl y utilize s th e syntacti c cat -
egor y o f  a n expectatio n an d a  word .  I f  additiona l  infor -
matio n fro m expectation s coul d b e utilize d durin g th e 
bottom-u p constructio n o f  edge s whic h connec t  a  wor d 
t o a n expectation ,  i t  migh t  b e possibl e t o cu t  dow n o n 
th e numbe r  o f  discarde d edge s tha t  ar e constructe d b y 
T D L I N K . 

We ar e currentl y investigatin g way s t o d o this .  First , 
we wis h t o modif y th e reachabilit y  tabl e entrie s t o a  for m 
wherei n additiona l  informatio n fro m expectation s i s di -
rectl y accessibl e fro m a  word .  Thi s way ,  rul e sequence s 
whic h wil l  lea d t o unsuccessfu l  unificatio n a t  th e en d o f 
bottom-u p applicatio n ca n b e eliminate d fro m consider -
atio n immediately ,  an d th e numbe r  o f  discarde d edge s 
wil l  decrease .  Connectio n betwee n a n expectatio n an d a 
wor d ca n b e automaticall y constructe d b y pre-compilin g 
th e lis t  o f  gramma r  rule s i n eac h tabl e entry ;  on e com -
plet e D A G whic h connect s tw o categorie s wil l  hav e th e 
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expectatio n i n it s roo t  nod e an d th e wor d i n it s left -
corne r  descendan t  position ,  an d i t  wil l  indicat e wha t 
feature s (o f  al l  kinds )  mus t  unif y betwee n them .  B y 
usin g thi s complet e D A G ,  bot h syntacti c an d semanti c 
informatio n containe d i n a n expectatio n a t  an y poin t  i n 
th e pars e ca n b e brough t  dow n t o a  word :  whe n th e ex -
pectatio n i s unifie d wit h th e complet e D A G a t  th e to p 
node ,  th e left-corne r  descendan t  wil l  inheri t  som e fea -
ture s whic h mus t  b e foun d i n th e nex t  inpu t  word . 

Complet e D A G s ca n als o brin g dow n th e feature s spec -
ifie d i n th e gramma r  rule s t o a  word :  som e o f  th e syntac -
ti c an d semanti c feature s teste d durin g bottom-u p rul e 
applicatio n ar e propagate d dow n an d becom e directl y ac -
cessibl e fro m th e th e left-corne r  descendant .  Then ,  thos e 
feature s ar e use d t o cu t  dow n th e numbe r  o f  discarde d 
edges :  if ,  durin g th e parse ,  th e inpu t  wor d doe s no t  unif y 
wit h th e left-corne r  descenddan t  o f  th e complet e D A G , 
the n n o edg e wil l  b e created .  FYo m th e previou s ex -
ampl e sentenc e "Pa t  eat s th e sandwich." ,  i n processin g 
"eats "  fro m th e input ,  th e intransitiv e V P rul e wil l  b e 
eliminate d fro m consideratio n immediatel y afte r  th e un -
successfu l  unificatio n o f  "eats "  wit h thi s rule' s expecte d 
verb .  B y usin g complet e D A G s ,  sinc e n o processin g tim e 
wil l  b e waste d b y discarde d edges ,  w e expec t  C P U tim e 
t o decrease . 

We ar e presentl y implementin g a  versio n o f  T D L I N K 
whic h use s thi s reachabilit y  table .  I n thi s version ,  com -
plet e D A G s ar e simplifie d int o D A G s wit h th e top-mos t 
categor y (expectation )  an d th e left-corne r  descendan t 
(word) .  Thos e tw o categorie s ar e directl y connecte d b y a 
specia l  ar c name d L C ;  eac h D A G i s associate d wit h on e 
or  mor e rul e sequence s whic h compil e int o th e D A G . 
Althoug h n o feature s fro m th e intermediat e rule s ar e 
recorde d i n th e D A G excep t  fo r  th e one s propagate d t o 
an expectatio n o r  a  word ,  bottom-u p rul e applicatio n i s 
stil l  require d t o tes t  i f  th e rul e sequenc e wil l  actuall y lea d 
t o successfu l  unification .  However ,  additina l  informatio n 
fro m expectation s ca n stil l  b e utilize d t o disambiguat e 
th e pars e an d eliminat e discarde d edges . 

Anothe r  modificatio n w e wis h t o mak e t o th e reach -
abilit y  tabl e i s th e rul e hierarchy .  W e lik e t o organiz e 
th e gramma r  rule s whic h connec t  a n expectatio n t o a 
wor d int o a  discriminatio n networ k wher e eac h nod e i n 
th e networ k indicate s a  valu e t o b e foun d fo r  a  spe -
cifi c  featur e i n th e wor d an d th e gramma r  rule s t o se -
lec t  o r  eliminate .  Thi s discriminatio n networ k ca n b e 
constructe d automaticall y b y usin g th e complet e D A G s 
describe d above .  Afte r  complet e D A G s ar e create d fo r 
al l  rul e sequences ,  feature s i n th e left-corne r  descendant s 
ar e furthe r  analyze d t o for m a  hierarch y o f  feature-valu e 
tests .  I n ou r  example ,  unde r  th e tabl e entr y fo r  con -
nectin g a  V P expectatio n wit h a  V ,  th e T Y P E featur e 
woul d b e teste d first  i n th e discriminatio n net .  I f  a  valu e 
othe r  tha n I N T R A N S I T I V E i s foun d i n th e word ,  thi s 
eliminate s th e first  V P rul e (eqs .  16-18 )  fro m considera -
tion ,  an d i f  a  valu e othe r  tha n T R A N S I T I V E i s found , 
thi s eliminate s th e secon d V P rul e (eqs .  19-23) .  Sinc e 
rule s ar e selecte d b y valu e looku p whic h require s con -
stan t  tim e rathe r  tha n D A G unification ,  b y usin g thi s 
rul e hierarchy ,  w e expec t  th e parsin g performanc e t o im -

prov e significantly . 

DAG copying 
Th e secon d potentia l  impedimen t  t o achievin g linea r  per -
formanc e i n T D L I N K i s th e amoun t  o f  D A G copyin g 
tha t  i s currentl y don e durin g unification .  I n T D L I N K , 
feature s ar e adde d t o previou s expectation s a s parsin g 
proceeds ;  thus ,  copyin g expectatio n D A G s necessaril y 
becomes expensiv e b y mor e tha n a  linea r  factor .  I n othe r 
words ,  th e tim e require d t o cop y D A G s m a y b e overshad -
owin g th e tim e t o construc t  a n edge .  I f  w e ca n minimiz e 
th e amoun t  o f  thi s expensiv e D A G copying ,  th e process -
in g tim e m a y sta y linearl y proportiona l  t o th e numbe r 
of  edges . 

One wa y t o minimiz e D A G copyin g i s t o modif y uni -
fication  i n T D L I N K t o a  non-destructiv e operation ;  a 
resultin g ne w D A G i s create d onl y i f  tw o D A G s unify . 
However ,  thi s non-destructiv e unificatio n mus t  b e n o 
mor e expensiv e tha n th e destructiv e one ;  dependin g o n 
ho w i t  i s  implemented ,  processin g tim e t o decid e i f  tw o 
D A Gs unif y ma y alon e b e a s expensiv e a s copyin g them . 
Attempt s t o buil d efficien t  non-destructiv e unificatio n 
algorithm s hav e show n promis e (Wroblewski ,  1990 ;  God -
den ,  1990) . 

Non-destructiv e unificatio n wil l  b e mos t  effectiv e whe n 
unificatio n i s applie d t o D A G s tha t  ar e fairl y  bi g an d im -
compatible .  Thi s situatio n ca n happe n a t  tw o place s i n 
T D L I N K :  a t  th e en d o f  bottom-u p rul e apphcatio n whe n 
th e expectatio n i s unifie d wit h th e resultin g D A G ,  an d 
at  th e en d o f  eac h gramma r  rul e whe n al l  th e childre n ar e 
unifie d t o for m th e paren t  D A G .  Significan t  reductio n i n 
th e expens e o f  copyin g thes e larg e D A G s m a y resul t  i n 
linea r  performanc e o f  ou r  algorithm . 
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