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Abstrac t 

In incremental parsing, infinite local ambiguity occurs when 
th e inpu t  wor d ca n b e combine d wit h th e syntacti c structur e 
buil t  s o fa r  i n a  infinit e numbe r  o f  ways .  A  commo n exam -
pl e i s lef t  recursio n (e.g .  "'railwa y statio n clock "  o r  "hi s sis -
ter' s boyfriend' s shirt") ,  wher e loca l  informatio n canno t  tel l  u s 
th e dept h o f  embeddin g o f  th e lef t  descenden t  chai n o f  nodes . 
Fro m th e processin g poin t  o f  view ,  infinit e loca l  ambiguit y 
cause s a  technica l  problem ,  whic h a  mode l  mus t  solv e i n or -
der  t o implemen t  incrementalit y fully .  Thi s pape r  provide s a 
genera l  solutio n t o th e proble m o f  infinit e loca l  ambiguity ,  b y 
introducin g th e concep t  o f  Minima l  Recursiv e Structure .  W e 
giv e tw o example s o f  parser s i n whic h th e solutio n i s used . 

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

St ron g Incrementalit y 

M a ny theorie s o f  h u m a n sentenc e processin g assum e tha t  lan -
guag e comprehensio n i s constraine d b y wha t  w e wil l  cal l 
stron g incrementality .  Accordin g t o thi s constraint ,  th e pro -
cesso r  read s it s inpu t  strictl y fro m lef t  t o right ,  maintainin g a 
full y connecte d structur e a t  eac h stat e (cf .  th e Left-to-Righ t 
constrain t  o f  Frazie r  an d Rayne r  (1988) ,  o r  th e Incrementa l 
Licensin g principleo f  Gorrel l  (1995)) .  Constrainin g process -
in g b y stron g incrementalit y give s a t  leas t  tw o advantage s t o 
th e huma n languag e processin g system .  First ,  assumin g a  se -
mantic s whic h ca n b e applie d t o th e kin d o f  partia l  structure s 
buil t  b y a n incrementa l  parser ,  i t  allow s fo r  th e interpreta -
tio n o f  incomplet e sentenc e fragments ,  whic h ar e c o m m o n i n 
everyda y speech .  Secondly ,  th e constrain t  avoid s th e com -
putationa l  cos t  o f  maintainin g larg e number s o f  unstructure d 
item s i n workin g memory .  Ther e i s a  grea t  dea l  o f  psycholog -
ica l  evidenc e i n favou r  o f  th e incrementa l  structurin g o f  input . 
Experiment s conducte d b y Marslen-Wilso n (1975 )  showe d 
tha t  human s coul d shado w an d interpre t  speec h a t  a  dela y 
of  onl y 250ms .  Furthermore ,  despit e proposal s tha t  structur e 
buildin g i s head-driven ,  a  strateg y whic h i s no t  strongl y incre -
mental ,  (a s i s proposed ,  fo r  example ,  b y Abne y (1989 )  an d 
Pritchet t  (1992)) ,  ther e i s a n increasin g bod y o f  experimen -
ta l  evidence ,  particularl y concernin g th e processin g o f  head -
final  constructions ,  whic h suggest s tha t  th e processo r  eagerl y 
assemble s an d attache s constituent s befor e th e hea d i s pro -
cesse d (see ,  fo r  example ,  Yamashit a (1994) ,  Bade r  an d Lasse r 
(1994) ,  an d Hemforth ,  Konieczny ,  an d Scheeper s (1994)) . 
Furthe r  evidenc e come s fro m th e huma n abilit y  t o identif y 

a referen t  i n a  spatia l  contex t  a s soo n a s som e distinctiv e at -
tribut e appear s i n th e phras e tha t  describe s it ,  an d thi s ca n oc -
cu r  wel l  befor e th e appearanc e o f  th e actua l  hea d (Eberhar d 
etal .  1995) . 

Parsing models and strong incrementality 

The necessity of keeping the syntactic structure fully con-
necte d strongl y constrain s th e for m o f  th e parsin g model . 
Ther e ar e severa l  algorithms ,  originatin g fro m compute r  sci -
enc e practice ,  whic h hav e bee n importe d int o psycholinguis -
tic s t o provid e th e processin g mechanism s fo r  huma n parsin g 
models . 

Abne y an d Johnso n (1991 )  evaluat e th e psycholinguisti c 
relevanc e o f  thre e c o m m o n parsin g schema s fo r  contex t  fre e 
grammar :  top-down ,  bottom-u p an d left-corner .  Th e evalua -
tio n i s i n term s o f  th e requirement s o f  workin g memor y spac e 
and th e generatio n o f  loca l  ambiguities .  Roughl y speaking , 
top-dow n parsin g predict s th e lowe r  level s o f  th e syntacti c 
tre e b y expandin g th e structur e fro m th e uppe r  level s (start -
in g fro m th e root) ,  an d scan s actua l  word s b y matchin g the m 
on pretermina l  symbols .  Th e predictiv e component ,  i f  no t  im -
mediatel y checke d agains t  th e inpu t  data ,  ca n caus e th e explo -
ratio n o f  useles s analyses .  Also ,  i t  suffer s fro m th e proble m o f 
left-embeddin g structure s (suc h a s N P - ) •  NP' s  N ) ,  whic h the -
oreticall y caus e no n terminatin g computations ,  o r  unbounde d 
spac e requirements .  Bottom-u p parsin g proceed s i n th e oppo -
sit e direction ,  b y assemblin g constituent s i n large r  an d large r 
units ,  startin g fro m words :  i t  i s  entirel y data-drive n an d doe s 
not  embod y an y predictiv e component .  Bottom-u p parsin g 
require s a  larg e (theoreticall y unbounded )  spac e whe n deal -
in g wit h right-embeddin g construction s (lik e N P —̂  ar t  n  P R 
PP -> ^  p  N P ) ,  a s i t  ca n assembl e a  connecte d syntacti c struc -
tur e onl y a t  th e ver y en d o f  th e analysis .  O n th e othe r  hand , 
i t  parse s left-embeddin g construction s easily .  Finally ,  left -
corne r  parsin g i s a  bottom-u p strateg y whic h project s uppe r 
level s o f  th e tre e a s soo n a s th e leftmos t  daughte r  ha s bee n 
parsed .  Becaus e o f  this ,  i t  outperform s bottom-u p parsing , 
becaus e th e processo r  ca n buil d a t  leas t  a  partiall y  connecte d 
structur e befor e th e en d o f  th e constituent ,  thu s reducin g th e 
number  o f  unstructure d items . 

Abne y an d Johnso n evaluat e psycholinguisti c relevanc e 
wit h th e capabilit y  o f  th e parsin g algorith m t o reflec t  huma n 
performances :  th e large r  th e memor y spac e requirement s an d 
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th e loca l  ambiguities, ^  th e mor e difficul t  parsin g becomes . 
Accordin g t o thei r  analysis ,  th e left-corne r  strateg y exhibit s 
th e bes t  performanc e profile ,  a s i t  ca n explai n th e huma n dif -
ficulty  i n parsin g center-embeddin g construction s (requirin g 
a larg e memor y space )  i n compariso n wit h lef t  an d right -
embeddin g constructions .  I n particular ,  top-dow n parsin g ha s 
larg e spac e requirement s fo r  lef t  an d center-embeddings ,  an d 
bottom-u p parsin g ha s larg e spac e requirement s fo r  cente r 
and right-embedding ,  thu s failin g t o reflec t  th e difference s in -
dicate d b y psycholinguisti c evidence . 

Of  th e thre e strategies ,  onl y top-dow n parsin g guarantee s 
th e permanen t  connectednes s o f  syntacti c structure .  Hence , 
i f  w e reduc e th e unbounde d spac e requirement s o f  top-dow n 
parsin g wit h left-embeddin g constructions ,  w e hav e a  parse r 
whic h i s strongl y incrementa l  an d psycholinguisticall y valid . 

An alternativ e solutio n whic h ha s bee n pursue d i n th e lit -
eratur e t o yiel d stron g incrementalit y i s  t o us e a  syntacti c for -
malis m othe r  tha n contex t  fre e grammar .  Fo r  example ,  stron g 
incrementalit y hold s fo r  som e approache s t o categoria l  gram -
mar,  suc h a s tha t  o f  Mi l  war d (1995) . 

I n thi s pape r  w e describ e a  genera l  metho d fo r  reducin g th e 
spac e requirement s an d th e perceptio n o f  loca l  ambiguitie s i n 
top-dow n parsing ,  th e strateg y tha t  naturall y realize s stron g 
incrementality .  Th e metho d strongl y relie s o n a  lexicalize d 
versio n o f  contex t  fre e grammar .  It s generalit y consist s i n it s 
applicabilit y  t o a  serie s o f  parsin g models .  W e wil l  firstly  de -
scrib e th e metho d i n term s o f  a  genera l  parsin g algorithm ,  an d 
subsequentl y se e it s applicatio n i n a  specifi c  psycholingusiti c 
model . 

The problem of infinite local ambiguity 

The task of a strongly incremental parser is to make a left-
to-righ t  pas s o f  th e input ,  an d find a  wa y o f  connectin g eac h 
wor d int o th e pars e tre e a s i t  i s  encountered .  W e cal l  th e chai n 
of  node s whic h nee d t o b e instantiate d i n orde r  t o connec t  th e 
inpu t  wor d t o th e structur e buil t  s o fa r  th e "connectio n path" . 
The proble m o f  infinit e loca l  ambiguit y i s tha t  ther e i s n o wa y 
of  knowin g i n advanc e h o w lon g th e connectio n pat h mus t  be . 
Imagin e tha t  th e processo r  ha s receive d th e sentenc e fragmen t 
"Joh n hates" ,  an d ha s processe d i t  a s a  subjec t  followe d b y a n 
incomplet e ver b phrase . 

[s [np John] [vp hates .NP] ] 

This sequence of brackets and symbols represents the partial 
pars e tree .  Th e do t  indicate s th e curren t  positio n o f  analysis . 
I n th e example ,  th e parse r  expect s th e recognitio n o f  a  Nf P i n 
th e res t  o f  th e sentence .  Suppos e th e nex t  inpu t  wor d i s  "his" . 
Ther e i s a n infinit e numbe r  o f  way s i n whic h thi s wor d ca n 
be combine d wit h th e structur e buil t  s o far ,  a s th e followin g 
continuation s show : 

(l)a .  Joh n hate s hi s sister . 

' As Abney and Johnson point out, given a single grammar, local 
ambiguit y varie s accordin g t o th e parsin g strateg y used . 

b.  Joh n hate s hi s sister' s boyfriend . 

c.  Joh n hale s hi s sister' s boyfriend' s shirt . 

d.  etc.. . 

Local information at "his" cannot determine the length of the 
connectio n pat h (mad e o f  N P nodes )  fro m "hates "  (o r  rather , 
it s  projectio n S )  t o "his" ;  tha t  is ,  w e d o no t  k n o w th e leve l  o f 
embeddin g o f  th e lef t  recursion . 

Left-embeddin g structure s represen t  a  typica l  cas e o f  infi -
nit e loca l  ambiguity ,  becaus e o f  th e left-to-righ t  characte r  o f 
incrementa l  parsers ;  right-embeddin g structure s ca n b e easil y 
parse d incrementall y withou t  introducin g infinit e ambiguity . 
N o w,  a s ther e i s empirica l  evidenc e tha t  left-embeddin g struc -
ture s ar e fairl y  eas y fo r  human s (fo r  example ,  Japanes e speak -
er s hav e littl e troubl e interpretin g th e lef t  recursiv e structure s 
c o m m on i n thei r  languag e (Mazuk a e t  al ,  1989)) ,  an d ar e cer -
tainl y easie r  tha n multipl e centr e embeddin g constructions , 
a psycholinguisticall y vali d parsin g mode l  mus t  accoun t  fo r 
thi s difference . 

I n th e nex t  sectio n w e describ e a  solutio n t o th e proble m 
of  parsin g left-embeddin g structures ,  b y introducin g th e no -
tio n o f  Minima l  Recursiv e Structure .  Th e M R S i s a  left -
descenden t  chai n o f  node s i n whic h ther e ar e n o tw o node s 
of  th e sam e category .  Intuitively ,  i t  represent s th e minima l 
uni t  o f  lef t  recursion .  T o connec t  th e curren t  inpu t  wor d t o 
th e syntacti c structure ,  th e parse r  build s a  M R S (whic h onl y 
need s a  finite  time) ;  i f  th e subsequen t  inpu t  require s a  fur -
the r  extensio n o f  th e lef t  recursiv e structure ,  i t  adjoin s furthe r 
MRS 's . 

The notion of "Minimal Recursive Structure" 

Th e solutio n tha t  w e propos e t o th e proble m exemplifie d b y 
(1 )  relie s o n th e notio n o f  m i n i m u m effort ,  an d i s relate d 
t o th e well-know n Minima l  Attachmen t  principl e (Frazier , 
1978) .  Th e intuitio n behin d thi s solutio n i s alread y presen t 
i n th e literatur e i n som e forms .  Al l  author s w h o propos e 
strongl y incrementa l  parser s mus t  provid e som e solutio n t o 
th e proble m o f  infinit e loca l  ambiguity ,  and ,  a s fa r  a s w e ar e 
aware ,  al l  solution s propose d rel y o n th e notio n o f  minima l 
effort ,  eithe r  implicitl y  o r  explicitly ,  i n a  wa y whic h resem -
ble s th e proposa l  w e describ e here .  Ou r  contributio n i s t o 
defin e thi s notion ,  i n term s o f  M R S ,  an d sho w h o w i t  ca n b e 
implemente d i n workin g models . 

Th e basi c ide a i s th e following :  whe n th e gramma r  per -
mit s a n unbounde d lef t  descenden t  chai n o f  nodes ,  th e re -
sultin g structur e doe s no t  hav e a  rando m pattern ,  bu t  rathe r 
ca n b e see n a s a  repetitio n o f  som e specifi c  patter n whic h w e 
cal l  Minima l  Recursiv e Structur e ( M R S ) .  Th e whol e chai n i s 
forme d b y a  numbe r  o f  M R S ' s linke d t o eac h other . 

To defin e M R S ' s formally ,  w e first  introduc e th e mor e gen -
era l  notio n o f  Dotte d Partia l  Structur e (DPS) .  DPS' s represen t 
an alternativ e vie w o f  gramma r  rule s a s partiall y  instantiate d 
syntacti c structures .  I n th e remainde r  o f  thi s section ,  w e wil l 
sho w h o w DPS' s ca n b e use d i n th e implementatio n o f  a  top -
d o wn parse r  whic h i s abl e t o proces s structure s whic h ex -
hibi t  infinit e loca l  ambiguity .  A  simila r  ide a wa s propose d 
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by Thompso n e t  al .  (1991) ,  w h o implemente d a  strongl y in -
crementa l  parse r  wit h th e rathe r  differen t  goa l  o f  improvin g 
th e cfticienc y o f  paralle l  context-fre e parsing ,  als o employin g 
a notio n o f  M R S simila r  t o th e on e w e propos e here . 

A D P S i s a  syntacti c structur e where : 

a.  th e leftmos t  deepes t  symbo l  i s a  lexica l  item ; 
b.  eac h branchin g i s license d b y a  gramma r  rule ; 
c.  a  do t  precede s o r  follow s som e symbo l  o f  th e structure . 

For  example ,  give n th e grammar : 

S ^ N P VP 
NP - > prop n 
VP - + V  N P 

we hav e th e followin g DPS's : 

[ 5 [n p .propn ]  VP ] 
[vp.vNP ] 

[n p .propn ] 

The dot in the initial position states that no part of the struc-
tur e ha s bee n analyze d yet .  Th e constructio n o f  th e DPS' s 
of  a  give n gramma r  i s a  straightforwar d process .  Fro m th e 
star t  symbo l  rules ,  w e expan d th e leftmos t  symbo l  o f  th e 
right  han d sid e iteratively ,  unti l  w e reac h a  pretermina l  cat -
egory .  Thi s occur s fo r  ever y possibl e pat h throug h th e rules . 
Of  course ,  ther e i s a  proble m wit h lef t  recursion ,  whic h w e 
deal  wit h below . 

Once th e gramma r  i s writte n i n D P S form ,  w e ca n writ e 
an algorith m tha t  keep s th e structur e permanentl y connecte d 
durin g sentenc e parsing .  Fo r  th e sak e o f  simplicity ,  th e de -
scriptio n o f  th e parse r  (whic h follow s Barley' s styl e (Ear -
ley ,  1970) )  doe s no t  incorporat e preference s fo r  loca l  ambi -
guity .  Instead ,  w e assum e tha t  eac h ste p i s performe d non -
deterministically ,  an d i s th e correc t  move .  Her e i s th e algo -
rithm: 

INITIALIZATION: the parser takes a DPS of the form [s 
...] . 

Then, for each input word: 

PREDICTION: If the dot precedes a non terminal symbol X 
we replac e i t  wit h a  D P S o f  th e for m [ x  •••] • 

SCANNING: If the dot precedes a preterminal symbol x and 
th e inpu t  wor d i s o f  categor y x ,  the n w e advanc e th e dot . 

COMPLETION: If the dot precedes a closed bracket, then 
advanc e th e do t  afte r  it . 

Finally, 

TERMINATION: If we have a DPS of the form [5 ...] and 
th e do t  i s  i n th e rightmos t  position ,  the n exi t  wit h A C C E P T; 
otherwis e REJECT . 

Let us see how it works through an example, "John hates 

Mary " 

INITIALIZATION 
[ s [n p .propn ]  VP ] 

SCANNING 
[ s [n p John. ]  VP ] 

COMPLETION 
[ 5 [n p John ]  .VP ] 

PREDICTION 

[ s [/V P John ]  [v p .vNP] ] 
SCANNING 

[ s [n p John ]  [v p hate s .NP] ] 
PREDICTION 

[ s [n p John ]  [v p hate s [n p propn]] ] 
SCANNING 

[ 5 [n p John ]  [v p hate s [n p Mary.]] ] 
COMPLETION ( x 3 ) 

[ s [n p John ]  [v p hate s [n p Mary]]] . 

I n th e cas e o f  a  lef t  recursiv e grammar ,  th e to p dow n expan -
sio n o f  leftmos t  symbol s neve r  terminates .  Thus ,  th e D P S 
computatio n stop s a s soo n a s som e symbo l  i s repeated :  th e 
D PS produce d u p t o tha t  moment  represent s a  M R S an d i s 
labelle d wit h a  uniqu e identifier .  Thes e label s ar e the n use d 
t o mar k th e DPS' s wit h th e sam e to p symbol .  Thi s mean s tha t 
the y ca n b e expande d t o large r  structures .  Formally ,  a  M R S 
i s a  labelle d DPS . 

Let us consider the following grammar, which contains both 
direc t  an d indirec t  lef t  recursion : 

S-^NPVP 
N P ^ Dn 
NP ̂  N P P P 
NP - > prop n 
VP ̂  v  N P 
D- ^  ar t 
D ̂ ^  N P ' s 
PP-+pN P 

The DPS's produced are the following: 

[s[np[d .art]n]l,2VP] 
[ 5 [n p .propn ]  1, 2 VP ] 
[n p [ d .art ]  n]l, 2 
[n p .propn ]  1, 2 
[ d .art ] 
[v p . V NP ] 

[p p - P NP ] 

l:[jvp[o.NP's]n]l,2 
2:[NP.NPPP]1, 2 

Intuitively, the parser implements the following idea: when 
i t  analyze s a n inpu t  wor d an d encounter s a  lef t  recursiv e con -
struction ,  i t  build s a  M R S,  tha t  i s a  structur e wit h onl y on e 
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leve l  o f  recursion ,  t o inser t  th e word .  Then ,  th e parse r  leave s 
a marke r  (label )  t o remembe r  tha t  thi s minima l  structur e ca n 
be expande d wit h furthe r  MRS's . 

The previou s algorith m i s accordingl y augmented .  I n par -
ticular ,  th e completio n phas e als o non-deterministicall y  exe -
cute s th e followin g code : 

I f  th e do t  precede s a  close d bracke t  whic h end s a  D P S X 
and X  i s marke d wit h L ,  the n th e D P S L  replace s X  i n th e 
large r  D P S an d X  replace s th e no n termina l  tha t  follow s th e 
dot  i n L ;  finally,  th e do t  advance s afte r  X . 

For  example ,  tak e th e followin g DPS ,  wher e no n terminal s 
hav e subscript s t o allo w subsequen t  identification , 
[np i  [d i  the ]  child.] ! 
Afte r  completio n i t  become s 

[np 2 [d 2 [np i  Id i  the ]  child ]  .'s ]  n]l, 2 
Let  u s se e ho w th e parse r  work s o n th e exampl e "Mar y 

hate s th e child' s  dog" ,  startin g fro m th e inpu t  wor d "the" . 

[s [np Mary] [vp hates .NP]] 
P R E D I C T I O N 

[ 5 [n p Mary ]  [v p hate s [n p [ d .art ]  n]l, 2 ] ] 
SCANNING 

[5 [n p Mary ]  [v p hate s [n p [ d the. ]  n]l, 2 ] ] 
COMPLETION 

[s [n p Mary ]  [v p hate s [n p [ d the ]  .n]l, 2 ] ] 
SCANNING 

[s [n p Mary ]  [v p hate s [n p [ d the ]  child. ]  1,2] ] 
COMPLETION 

[ 5 In p Mary ] 
[v p hate s [n p [ d [np[ d the ]  child ]  .'s ]  n]l, 2 ] ] 

SCANNING 

[s [n p Mary ] 
[y p hate s [n p [ d [np[ d the ]  child ]  's. ]  n]l, 2 ] ] 

COMPLETION 

[ s [n p Mary ] 
[y p hate s [n p [ d [np[ d the ]  child ]  's ]  .n]l, 2 ] ] 

S C A N N I NG 

[ s [n p Mary ] 
[v p hate s [n p [ d [np[ d the ]  child ]  's ]  dog. ]  1, 2 ] ] 

C O M P L E T I ON ( x 3 ) 
[ 5 [n p Mary ] 

[v p hate s [n p [ d [np[ d the ]  child ]  's ]  dog]]] . 
The parse r  implement s stron g incrementality ,  a s i t  keep s a 

full y connecte d syntacti c structure .  Th e parse r  (an d th e ex -
ample )  execute s non-deterministi c  steps ,  an d goe s straigh t  t o 
th e correc t  solutio n withou t  takin g car e o f  loca l  ambiguit y 
management .  Th e D P S structure s contribut e t o th e reduc -
tio n o f  loca l  ambiguit y du e t o th e us e o f  lexicalization ,  whic h 
introduce s a  data-drive n componen t  int o th e basi c top-dow n 
characte r  o f  th e algorithm .  Additionally ,  w e n o longe r  hav e 
unbounde d spac e requirement s i n th e cas e o f  lef t  recursion , 
sinc e MRS' s ar e instantiate d a s needed . 

To us e thi s basi c schem a i n a  parsin g mode l  w e nee d t o ac -
coun t  fo r  loca l  ambiguit y management .  Theorie s devise d b y 
psycholinguist s var y accordin g t o th e exten t  t o whic h th e hu -
man languag e processin g syste m maintain s multipl e syntacti c 

analyse s i n parallel .  Fo r  example ,  Fra/.ie r  (1978) ,  argue s tha t 
a singl e analysi s i s computed ,  an d revise d i f  necessary .  O n 
th e othe r  hand ,  paralle l  model s suc h a s tha t  o f  Gibso n (1991 ) 
and competitiv e activatio n model s suc h a s tha t  sketche d i n 
MacDonald ,  Pearlmutter ,  an d Seidenber g (1994 )  allo w th e 
processo r  t o construc t  an d maintai n (o r  activate ,  respectively ) 
a numbe r  o f  alternativ e analyse s i n parallel .  A  seria l  archi -
tectur e maintain s onl y on e analysis ,  which ,  assumin g stron g 
incrementality ,  mus t  b e connected ,  a t  an y on e state .  I n a  par -
alle l  architecture ,  stron g incrementalit y coul d b e interprete d 
i n a  numbe r  o f  ways ;  fo r  example ,  i t  coul d b e interprete d a s a 
requiremen t  tha t  al l  analyse s unde r  consideratio n a t  an y on e 
stat e shoul d b e connected .  O n th e othe r  hand ,  a  weake r  inter -
pretatio n coul d b e that ,  o f  al l  th e analyse s unde r  consideratio n 
at  an y particula r  state ,  a t  leas t  on e shoul d b e full y connected . 

The non-deterministi c algorith m describe d abov e ca n b e 
easil y extende d t o paralle l  models :  i t  i s  sufficien t  t o assum e 
tha t  th e singl e step s ar e execute d o n eac h possibl e analysi s b y 
assumin g a  duplicatio n o f  structure s wher e loca l  ambiguit y 
occurs .  Lombard o (1995 ,  1996 )  describe s a  limite d paralle l 
parsin g mode l  whic h als o implement s th e sharin g o f  c o m m o n 
structures . 

I n th e nex t  sectio n w e presen t  a  seria l  psycholinguisti c 
model ,  tha t  implement s a n on-lin e notio n o f  M R S ,  withou t 
puttin g th e gramma r  int o D P S form . 

A psycholinguistic model of parsing infinite 

loca l  a m b i g u i t y 

I n th e previou s section ,  w e describe d ho w th e notio n o f  min -
ima l  recursiv e structur e ca n b e use d t o ad d a  lexica l  data -
drive n componen t  t o constrai n a  top-dow n parser ,  providin g 
a solutio n t o th e proble m o f  infinit e loca l  ambiguity .  Thi s 
was achieve d b y pre-compilin g th e gramma r  t o produc e th e 
ful l  se t  o f  D P S structure s necessar y t o connec t  a n arbitrar y 
wor d wit h a n arbitrar y lef t  context .  W e believ e tha t  pre -
compilatio n i s usefu l  fo r  th e constructio n o f  efficien t  algo -
rithms ,  an d tha t  th e derive d structure s giv e a n intuitivel y clea r 
ide a o f  th e notio n o f  minima l  recursiv e structure .  However , 
pre-compilatio n i s no t  a  necessar y conditio n fo r  dealin g wit h 
infinit e loca l  ambiguit y i n incrementa l  parsing .  Thi s i s im -
portant ,  becaus e man y psycholinguist s subscrib e t o th e Typ e 
Transparenc y Hypothesi s o f  Berwic k an d Weinber g (1985) , 
whic h state s tha t  "grammatica l  representation s ar e embedde d 
directl y int o parsers "  (see ,  fo r  example ,  Pritchet t  (1992) ,  Gor -
rel l  (1995) ,  fo r  argument s i n favou r  o f  thi s hypothesis) . 

The algorith m whic h w e sketc h i n thi s sectio n doe s no t  em -
plo y gramma r  compilation .  Instead ,  th e parse r  use s th e loca l 
structure s define d i n th e gramma r  t o comput e a  connectio n 
pat h fro m th e curren t  wor d t o th e lef t  contex t  on-line^ .  Th e 
parse r  describe d i n thi s sectio n i s a n extende d versio n o f  th e 
model  describe d i n Stur t  an d Crocke r  (1996) ,  an d furthe r  de -
tail s  ca n b e foun d i n Stur t  (i n preparation) .  Th e algorith m i s 

^See Konieczn y an d Hemfort h (1994 )  fo r  anothe r  exampl e o f  a 
parse r  tha t  compute s projectio n path s on-line ,  thoug h th e issu e o f 
infinit e loca l  ambiguit y i s  no t  addresse d i n tha t  pape r 
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a psycholinguisli c  model ,  whic h i s use d to r  th e investigatio n 
ot  syntacti c reanalysis .  W e wil l  se e tha t  th e processin g o f  lel t 
recursiv e structure s i s achieve d throug h th e applicatio n o f  a 
reanalysi s operatio n i n thi s model . 

Th e gramma r  i s expresse d a s a  se t  o f  lexicall y anchore d 
projectio n trees ,  whic h ca n b e viewe d a s a  generalizatio n o f 
DPS' s introduce d i n th e previou s section ,  excep t  tha t  eac h 
projectio n tre e i n th e gramma r  onl y represent s th e hea d pro -

jectio n o f  th e anchor ,  an d i s onl y expande d on-lin e a s require d 
by th e processor . 

Th e parse r  proceed s b y takin g eac h word ,  retrievin g it s  pro -
jectio n tree ,  an d attemptin g t o combin e th e projectio n wit h 
th e curren t  lef t  context .  Th e projectio n tre e ca n b e combine d 
wit h th e lef t  contex t  b y thre e basi c methods : 

Left Combination The left context is attached as a left de-
penden t  o f  th e projectio n tree .  Fo r  example ,  i f  th e lef t  contex t 
i s  [n p John] ,  an d th e projectio n tre e i s [ 5 [vpI v hates]]] , 
the n Lef t  Combinatio n ca n combin e th e tw o t o for m a  ne w 

lef t  contex t  [s[n p John ]  [vp[ v hates]]] . 

Right Combination The projection tree is attached as 
a righ t  dependen t  o f  lef t  context .  Fo r  example ,  i f 
th e lef t  contex t  i s  [s[n p John ]  [vp[ v hates]]] ,  an d 
th e projectio n tre e i s [n p Mary ] ,  the n Righ t  Combina -
tio n ca n combin e th e tw o t o for m th e ne w lef t  contex t 
[sIn p John ]  [vpI v hates][jv p Mary]] ] 

Reanalysis The parser includes operations for reanalysing the 
analysis .  I n thi s paper ,  w e wil l  conside r  th e tre e lowerin g op -
eration ,  i n whic h a  nod e N  o n th e righ t  frontie r  o f  th e lef t  con -
tex t  i s  detached ,  an d left-combine d wit h th e projectio n tree . 
Th e projectio n tre e i s the n righ t  combine d wit h th e lef t  con -
tex t  i n th e positio n previousl y occupie d b y N .  Fo r  example , 

ifth e lef t  contex t  i s [sIn p John ]  [vp[ v knows][yv p Mary]]] , 
and th e projectio n tre e i s [ s [v p W smokes]]] ,  the n Mar y ca n 
be lef t  combine d wit h th e projectio n tree ,  an d th e projectio n 
tre e ca n b e righ t  combine d wit h th e lef t  context ,  a s follows : 

IsIn p John ]  [vp[ v knows][5[N P MaTy][v p [ v smokes]]]]] . 

If the projection tree cannot be combined with the left con-
tex t  directly ,  i t  i s  extende d t o successivel y highe r  level s o f 
structure .  A s a n illustration ,  imagin e th e parse r  ha s buil t  th e 
followin g lef t  context : 

[s John [vp thinks]] 

Let us say that the next word is "his". This word is projected 
t o th e De t  category .  Th e parse r  canno t  directl y combin e a 
determine r  wit h th e lef t  context .  Fo r  example ,  i t  canno t  com -
bin e vi a righ t  combination ,  becaus e ther e i s n o positio n o n th e 
righ t  frontie r  o f  th e lef t  contex t  whic h license s a  determiner . 
So,  th e parse r  searche s fo r  a  projectio n tre e whic h select s a 
determine r  t o it s  left ,  an d attempt s t o combin e thi s projec -
tio n wit h th e lef t  context .  Th e N P projectio n tre e allow s a 
determine r  a s a  lef t  daughter ,  s o n o w th e parse r  attempt s t o 
combin e a n N P wit h th e lef t  context .  Thi s als o fails ,  becaus e 

//i///̂. v  doe s no t  selec t  to r  a n NP ,  Th e parse r  attempt s t o exten d 
th e projectio n tre e on e leve l  further ,  b y searchin g fo r  a  projec -
tio n whic h ca n tak e a n N P t o it s left .  Th e parse r  finds  tha t  a n 
S projectio n ca n lak e a n N P (subject )  o n it s left .  Moreover ,  a n 
S categor y i s selecte d b y "thinks" ,  s o th e parse r  hypothesise s 
bot h N P an d S  projections ,  attache s th e determine r  t o th e N P 
projection ,  attache s th e N P projectio n t o th e S  projection ,  an d 

attache s th e S  projectio n t o th e V P o f  th e lef t  context .  Th e 
resul t  i s th e followin g connecte d structure : 

[s John [vp thinks [s [np [d his ][n ]] [vp [v]]]]] 

Clearly, the process of extending the projection tree will run 
int o terminatio n problem s unles s constraine d i n som e way . 
Th e parse r  therefor e use s th e Minima l  Recursiv e Structur e a s 
a ceilin g fo r  th e heigh t  o f  an y possibl e connectio n path .  Thus , 
eac h tim e a  nod e i s adde d t o th e connectio n path ,  a  chec k i s 
made t o ensur e tha t  it s  categor y ha s no t  ye t  appeare d i n th e 
connectio n path . 

Consider the following left recursive sentence: 

(2) John hates his sister's boyfriend. 

After "sister" has been incorporated, the left context will be 
as follows : 

Is [np John] [vp hates [np his sister]]] 

We assume that the particle 's projects to a determiner, taking 
an obligator y N P o n it s left . 

[d  np  's] 

This means that the particle cannot combine with the left con-
tex t  throug h standar d lef t  o r  righ t  combination .  However ,  i t 
ca n combin e vi a th e tre e lowerin g reanalysi s operatio n (de -
scribe d above) .  Th e N P dominatin g "hi s sister "  i s detache d 
fro m it s positio n a s th e argumen t  o f  "hates" , 

Is [np John] [vp hates .NP]] [np his sister] [p NP 's] 

and left-combined as the argument of the possessive particle. 

[s [np John] [vp hates .NP]] [d [np his sister] 's] 

The Det projection of the possessive particle cannot attach 
directl y t o th e lef t  context ,  bu t  b y projectin g t o th e leve l  o f 
N P i t  can . 

[s [np John] [vp hates .NP]] [np [d [np his sister] 's] .n] 

The resulting left context will then look like this: 

[s [np John] [vp hates [np [d [np his sister] 's] .n]]] 

When "boyfriend" is read, it is attached as the head of the 
newl y create d NP . 

[s [np John] [vp hates [np [q [np his sister] 's] 
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boyfriend]] ] 

The left recursive structure could potentially be extended in 
thi s wa y indefinitely ,  wit h a  ne w instantiatio n o f  minima l  r e 
cursiv e structur e inserte d int o th e righ t  frontie r  eac h tim e th e 
possessiv e particl e i s read . 

(3) John hates his sister's boyfriend's mother's psychoana-
lyst' s 

The parse r  ca n b e viewe d a s a  bottom-u p algorith m wit h a 
predictiv e component ,  whic h maintain s a  permanentl y con -
necte d structure ,  allowin g fo r  stron g incrementality .  Th e 
buildin g o f  structur e i s triggere d b y lexica l  input ,  bu t  drive n 
by th e nee d fo r  connectedness ,  an d constraine d b y minima l 
recursiv e structure .  Th e algorith m als o satisfie s th e criteri a 
propose d b y Abne y an d Johnso n (1991 )  wit h respec t  t o spac e 
requirement s an d loca l  ambiguity . 

The basi c mechanis m describe d her e ha s bee n use d t o 
investigat e psycholinguisti c preference s fo r  reanalysi s i n 
Japanes e (se e Stur t  an d Crocke r  (1996)) ,  wher e infinit e lo -
cal  ambiguit y o f  th e variet y w e hav e bee n discussin g i n thi s 
pape r  abounds . 

Conclusions 

Thi s pape r  ha s discusse d th e proble m o f  infinit e loca l  ambi -
guity ,  whic h mus t  b e addresse d b y an y strongl y incrementa l 
parsin g model .  W e hav e argue d tha t  a  successfu l  solutio n t o 
thi s proble m mus t  emplo y th e notio n o f  minima l  recursiv e 
structure ,  an d w e hav e presente d tw o algorithm s whic h us e 
thi s notio n i n orde r  t o combin e strongl y incrementa l  process -
in g wit h th e successfu l  handlin g o f  infinit e loca l  ambiguity . 

The metho d ha s bee n teste d o n contex t  fre e grammar , 
whic h i s th e basi s fo r  a  numbe r  o f  natura l  languag e for -
malisms .  Th e extensio n t o thes e mor e powerfu l  formalism s 
i s currentl y unde r  study .  I n orde r  t o us e th e metho d wit h wid e 
coverag e grammars ,  w e ar e als o investigatin g th e us e o f  grap h 
structure s fo r  packin g DRS ' s whic h shar e syntacti c structure . 
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