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A Connectionis t  Context-Fre e Parse r  W h i c h i s no t  Context-Free , 

But Th'in It is ot Reaily Connectionist Either^ 

Eugene Charniak 

Eugene Santos 

Department of Computer Science 
Brown Universit y 

Providence ,  R I  0291 2 

ABSTRACT 

We presen t  a  distribute d connectionis t  architectur e fo r  parsin g contex t  fre e grammars .  I t  improve s earlie r 
attempt s i n tha t  i t  i s  no t  limite d t o pars e tree s o f  fixed  widt h an d heigh t  ( i  e .  fixed  lengt h sentences) .  Th e 
memory limitation s inheren t  m connectionis t  architecture s come s ou t  i n a n inabilit y t o pars e center -
embedded sentence s 

Key Words :  connectionis t  parsing ,  distribute d connectionism ,  context-fre e grammars . 

1. Introduction 

Thi s pape r  describe s a  context-fre e parse r  designe d i n a  "connectionist "  architecture . 

Connectionis m ha s attracte d considerabl e attentio n o f  lat e becaus e i t  offer s a  n e w w a y o f  lookin g 

at  ol d problem s i n Artificia l  Intelligenc e an d Psycholog y -  a  w a y whic h als o ha s considerabl e neurophy -

siologica l  plausibility .  Unfortunately ,  connectionism ,  o r  a t  leas t  th e "distributed "  connectionis m w e wil l 

assum e i n thi s paper ,  ha s bee n har d t o appl y t o high-leve l  cognitiv e tasks .  Connectionis t  parsin g ha s 

bee n o f  interes t  becaus e o f  parsing' s intermediat e rol e betwee n highe r  an d lowe r  cognitiv e abilities . 

Indeed ,  ther e hav e bee n severa l  previou s attempt s a t  a  connectionis t  context-fre e parse r  [1,2,3] . 

These ,  lik e th e presen t  parser ,  hav e a  majo r  failin g — the y ar e strictl y speaking ,  onl y capabl e o f  parsin g 

regula r  g rammars .  Thi s i s  inevitable .  Connectionis m assume s a  large ,  bu t  bounded ,  n u m b e r  o f  units . 

T h u s an y connectionis t  schem e mus t  b e finit e state . 

NP V P 

noun verb NP 

det noun 

Figure 1. Parse tree on a white-board 

'Thi s rrsearc h wa s supporte d i n par i  b y th e Offic e o f  Nava l  Researc h unde r  contrac t  N00014-7Q-C-0592 ,  th e Nationa l  Sci -
ence Foundatio n unde r  contract *  IST-841603 4 an d IST-85I500S .  an d b y th e Derens e Advance d Researc h Project s Agenc y unde r 
A R PA Orde r  No.4786 .  Thank s t o Jame s McClellan d To r  som e encouragement . 
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Nevertheles s on e ca n as k i f  suc h parser s coul d approac h context-fre e i n th e limi t  (a s th e numbe r  o f 
unit s i s increased )  an d sinc e th e answe r  fo r  al l  i s  "yes "  i t  seem s reasonabl e t o cal l  the m al l  (includin g 
ours )  "context-free. " 

More interestin g thoug h i s t o as k ho w th e memor y limitation s sho w u p i n th e parsin g process .  Th e 
failing s o f  previou s parser s hav e bee n distinctl y "un-human. "  The y ar e limite d t o fixe d lengt h sentences . 
Ours i s mor e promisin g i n thi s regard .  Whil e i t  doe s fin e fo r  righ t  branchin g structures ,  i t  i s  limite d i n 
it s  abilit y  t o pars e cente r  embedde d constructions ,  a  poin t  w e wil l  retur n t o later . 

Ours does ,  however ,  hav e a  distinc t  failin g o f  it s  ow n — i t  i s  no t  a  "true "  connectionis t  architec -
ture .  Bu t  le t  u s sa y wha t  i t  i s  first. 

2. Representing a Parse Tree 

The easies t  wa y t o visualiz e th e parser ,  an d ho w i t  represent s a  pars e tree ,  i s  t o imagin e a  pars e 
tre e draw n o n a  whit e board ,  a s show n i n Figur e 1 .  Naturall y sinc e w e ar e talkin g abou t  a  distribute d 
connectionis t  scheme ,  w e wil l  brea k th e whit e boar d u p int o man y distinc t  units ,  eac h on e o f  whic h ma y 
have on e o f  a  smal l  numbe r  o f  distinc t  value s -  S ,  NP ,  VP ,  PP ,  Noun ,  etc .  Thi s i s show n i n Figur e 2 . 

The schem e show n i n Figur e 2  ha s severa l  representationa l  inadequacies .  Fo r  one ,  th e representa -
tio n doe s no t  indicat e whic h constituent s dominate s whic h an d a s suc h doe s no t  distinguis h th e tw o P P 
attachment s i n Figur e 3 .  Furthermor e th e sam e pars e tre e ca n hav e man y distinc t  representations .  Fig -
ur e 4  denote s th e sam e tre e a s Figur e 2 ,  bu t  i s  quit e different . 

Thus w e indicat e a  pars e tre e b y includin g th e entir e path ,  fro m lea f  t o root ,  i n ever y colum n a s 
shown i n Figur e 5 .  Thi s mean s tha t  a  singl e constituent ,  fo r  example ,  th e S  i n Figur e 5 .  wil l  b e 
represente d a s severa l  units .  Nothin g indicate s tha t  thes e al l  denot e th e sam e S  constituent .  Ther e ar e 

NP 

noun 

S 

VP 

ver b 

NP 

det noun 

Figur e 2 .  Segmente d parse-tre e arra y 

NP 

noun ver b 

S 

det 

VP v^ 

NP ^ 

noun 

K 
PP 

pre p 

NP 

noun 

Figur e 3 .  Ambiguou s pars e arra y 
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s 

NP 

nou n ver b 

v p 

det 

NP 

nou n 

Figur e 4 .  Anothe r  representatio n o f  Figur e 2 

s 

NP 

nou n 

S 

VP 

ver b 

S 

VP 

NP 

det 

S 

VP 

NP 

nou n 

Figur e 5 .  Tree-pat h pars e arra y 

differen t  way s thi s coul d b e handled .  Th e on e w c hav e chose n i s t o introduc e "binding "  units .  Eac h 

uni t  denotin g a  non-termina l  (o r  th e lac k thereof ,  represente d internall y b y th e symbo l  e )  ha s a  siste r 

uni t  whic h state s which ,  i f  any ,  o f  th e unit s i n th e colum n t o th e righ t  i s  th e sam e constituent .  I n ou r 

figure s w e wil l  us e line s t o indicat e suc h bindings .  Se e Figur e 6 .  Internall y thes e ar e value s fro m 0  t o th e 

heigh t  o f  th e arra y plu s a  specia l  value ,  b ,  fo r  a  "boundary "  indicatin g tha t  w e hav e a  righ t  boundar y 

of  a  constituen t  an d thu s ther e i s n o correspondin g constituen t  t o th e right . 

s 

NP 

-

nou n 

-  S 

VP 

n 

/ 

/ 

ver b 

1 s 

/ V P 

NP 

-

-

-

det 

-  S 

-  V P 

-  N P 

noun 

Figur e 6 .  Actua l  representatio n o f  a  pars e 
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As ha s bee n implici t  i n ou r  diagram s s o far ,  th e actua l  inpu t  t o th e parse r  i s no t  words ,  bu t  rathe r 

thei r  part s o f  speech ,  sinc e tha t  i s al l  tha t  i s  relevan t  t o ou r  task .  Thu s part s o f  speec h ar e th e termi -

nal  symbol s i n th e grammar .  W e hav e distinguishe d th e botto m ro w o f  th e parser ,  vtrher e th e part s o f 

speec h appear ,  fro m th e othe r  rows ,  sinc e al l  o f  th e other s hav e non-terminal s only .  Als o th e termina l 

ro w doe s no t  hav e bindin g unit s sinc e w e d o no t  admi t  discontinuou s termina l  constituents .  I n wha t  fol -

low s w e wil l  prett y muc h ignor e th e termina l  units .  So ,  fo r  example ,  mos t  rule s whic h appl y t o non -

terminal s hav e specia l  case s fo r  terminals .  Thes e ar e ignored . 

S. How the Parser Works 

The basi c ide a i s tha t  word s (reall y part s o f  speech )  ar e rea d int o th e parse r  o n th e lowe r  righ t 

and the n shifte d t o th e lef t  a s eac h ne w wor d come s in .  Thu s th e column s ar e numbere d fro m 0  t o N 

startin g fro m th e right .  Se e Figur e 7 .  Initiall y  al l  N T unit s ar e se t  t o e ,  an d al l  B  unit s ar e se t  t o b .  A t 

th e firs t  wor d th e lowe r  righ t  unit ,  TR(0) ,  the n ha s it s valu e "clamped "  to ,  say ,  noun ,  an d al l  o f  th e 

NT(i,j )  units ,  recomput e thei r  value s synchronousl y (tha t  is ,  al l  base d upo n th e value s i n th e previou s 

iteration) .  The n th e B(i,j)' s  comput e thei r  value s (usin g th e ne w N T value s bu t  th e ol d B  values) .  Thi s 

repeate d i s fo r  a  tota l  o f  five  time s befor e th e nex t  wor d i s rea d in .  (Fiv e iteration s wa s chose n arbi -

trarily .  I n fact ,  i t  seem s likel y tha t  a  muc h lowe r  number ,  lik e tw o o r  three ,  woul d wor k a s well .  I t  i s 

one o f  man y thing s w e hav e no t  ye t  ha d tim e t o test. )  Figur e 7  show s th e startin g configuratio n an d 

tha t  afte r  thre e iterations .  Sinc e a  uni t  wil l  typicall y hav e som e probabilit y  fo r  severa l  differen t  values , 

eac h uni t  i n Figur e 7  ha s fou r  value s fo r  it .  I f  al l  fou r  ar e th e sam e i t  mean s tha t  valu e ha s probabilit y 

> .75 .  Three  th e sam e indicat e a  probabilit y  >  .5 ,  etc .  Thi s i s tru e fo r  line s a s well ,  bu t  w e onl y indi -

cat e th e mos t  probabl e t o reduc e th e jumble .  I n poin t  o f  fact ,  however ,  al l  th e line s i n al l  o f  th e exam -

ple s g o th e sam e place .  A t  thi s poin t  th e entir e networ k i s shifte d t o th e left ,  leavin g NT(0,j )  =  e  an d 

TR(0 )  i s clampe d t o th e nex t  par t  o f  speech .  Figur e 8  show s a  nou n an d ver b followin g o n th e heal s o f 

th e inpu t  i n Figur e 7 .  Thi s processing ,  an d al l  o f  th e othe r  examples ,  hav e bee n don e usin g th e followin g 

grammar : 

"1 

nou n 

s s 
p p p p 

N P NP 
N P NP 

noun 

NT3 

NT2 

NTl 

NTO 

TR 

Figur e 7 .  Star t  o f  sentenc e 'nou n ver b noun ' 
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s s 
s s 

N P NP 
N P NP 

-

noun 

SS 
"  S S 

VP v p 
V P VP 

ver b 

SS 
SS 

N P NP 
N P NP 

-

noun 

SS 
"  S S 

V P VP 
V P VP 

ver b 

CO
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O
 

CO
 C

O
 

V P VP 
ivpv p 

/ |NPN P 
N P NP 

noun 

NTS 

NT2 

NTl 

NTO 

TR 

Figur e 8 .  En d o f  sentenc e 'nou n ver b noun ' 

S — N P V P 

VP - •  ver b N P PP * 

PP -> •  pre p N P 

NP - -  (del )  nou n PP * 

NP —» pronou n 

NP —» propnoun . 

Shifting words left (and eventually out the left-hand side) allows the parser to handle sentences of 

unbounde d length ,  a t  leas t  i n principle .  Sinc e suc h shiftin g i s no t  withi n th e traditiona l  connectionis t 

repertoire ,  i t  make s ou r  architectur e slightl y suspec t  t o a  "traditionalist. "  I t  als o mean s tha t  sentence s 

longe r  tha n th e parser' s widt h wil l  no t  b e completel y represente d a t  an y on e time .  I n suc h case s w e 

tak e th e tota l  pars e tre e t o b e th e "obvious "  combinatio n o f  th e tree s create d durin g th e parse . 

4. Rules 

Next  w e describ e th e actua l  rule s applie d a t  eac h unit .  These  wil l  tak e u s stil l  furthe r  fro m con -

nectionis t  orthodox y becaus e w e allo w eac h uni t  calculatio n t o b e muc h mor e comple x tha n th e typica l 

summin g plu s threshold .  I n particula r  a  uni t  decide s wha t  valu e t o adop t  b y summin g th e influenc e o f 

severa l  sub-rule s whic h appl y t o it .  Th e sub-rule s fal l  int o tw o broa d types ,  "housekeeping "  rules ,  an d 

grammar  rules . 

4.1. Housekeeping Rules 

Housekeepin g rule s enforc e th e basi c expectation s o f  ho w th e syste m i s t o wor k an d a s suc h remai n 

constan t  ove r  al l  grammars .  Ther e ar e thre e suc h rules . 

Bindin g contisleney .  I f  a  bindin g uni t  B(i,j )  ha s valu e k ,  the n NT(i,j )  shoul d denot e th e sam e con -

stituen t  a s NT(i-l,k) .  Mor e formally ,  th e syste m trie s t o preserv e th e followin g constraint . 
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{NT(i.j )  -  NT(i-l,k) }  +  {B(iJ )  =  k ) 

Thi s rul e i s applie d i n al l  ways .  Tha t  is ,  NT(i,j )  trie s t o mak e itsel f  equa l  t o NT(i-l,k) ,  an d vic e versa , 

whil e B(i,j )  trie s t o pic k a  valu e whic h wil l  mak e it s lef t  an d righ t  NT' s th e same . 

Tree-eontittencji .  I f  B( i  j )  «  k  the n B(i,j+1 )  want s t o b e k+1 ,  an d vic e versa . 

{B(i.j )  =  k }  +  {B(i.j+1 )  =  k+1 } 

Agai n thi s i s use d bot h ways ,  wit h on e exception .  Whe n a  highe r  unit ,  B(i,j+1) ,  use s i t  t o determin e th e 

valu e o f  a  lowe r  unit ,  B(i,j) ,  i f  B(i,j+1 )  =  k+1 ,  the n B(i,j )  =  k  o r  b . 

Blank-edge .  I f  ther e i s n o constituen t  a t  a  positio n NT(i,j )  the n NT(i,j )  =  e ,  fo r  empty .  I n suc h 

case s n o valu e o f  B(i,j )  woul d hav e an y rea l  meaning .  I t  turn s ou t  tha t  th e machin e work s bette r  i f 

suc h B(i,j)' s  ar e assigne d t o b e boundaries ,  s o thi s rul e encourage s 

{NT(i,j )  =  e }  +  {B(i.j )  =  b } 

4.2. Grammar Rules 

The progra m doe s no t  lear n a  gramma r  fro m examples ,  bu t  mus t  b e give n th e grammar ,  whic h i s 

the n compile d int o fou r  rules ,  eac h o f  whic h for m on e aspec t  o f  th e functio n compute d i t  eac h N T an d B 

unit s (thoug h som e onl y appl y t o on e o r  th e other) . 

Up-Down.  Give n a  rul e lik e S  —•  N P V P ,  th e presenc e o f  a n N P a t  positio n i, j  shoul d encourag e 

th e presenc e o f  a n S  a t  i ,  j+1 ,  an d conversely .  Mor e generall y assum e a  rul e o f  th e for m A  —•  .. .  B 

...the n th e followin g combinatio n i s encouraged : 

{NT(i,j )  =  A }  +  {NT(i,j-l )  =  B } 

Left-hand Side Start Rule. Given the rule S -» NP VP the presence of a starting NP should 

encourag e a  startin g S . 

{NT{i,j )  =  A )  +  {NT(i,j-l )  =  B }  + 

forall(k)[{B(i-l,k )  ̂  j }  +  {B(i-l,k-l )  /  j-1} ] 

Thi s rul e i s onl y applie d t o th e B  units ,  sinc e i t  i s  a  mor e restricte d versio n o f  th e up-dow n rul e whe n 

applie d t o NT's . 

Left-han d aid e finish .  Give n th e rul e S  - •  N P V P th e presenc e o f  a  V P whic h i s endin g shoul d 

encourag e th e S  abov e i t  t o end . 

{NT(i,j )  =  A }  +  {NT(i,j-l )  =  B }  +  {B{i,j )  =  b }  +  {B(i.j-1 )  =  b } 

Right-hand side start finish. The rule S —»NP VP encourages a finishing NP with an S above it to 

be followe d b y a  startin g V P wit h a n S  above  it .  Assumin g th e rul e A  —•  ...B ,  B o .. . 

{NT(i,j )  =  A )  +  {NT(i.j-l )  =  B. }  +  {B(i.j-1 )  =  b }  +  {NT(i-l,M )  =  B^ } 

5. Limitations and Psychological Relevance 

As alread y noted ,  th e parse r  escape s th e fixe d sentenc e lengt h limitatio n becaus e i t  shift s i n inpu t 

int o th e registers ,  construct s a  pars e tre e fo r  th e sectio n i n question ,  an d eventuall y shift s th e inpu t  ou t 

on th e left . 

However ,  pars e tree s ar e bounde d no t  onl y i n width ,  bu t  i n height .  Thu s lon g sentence s wil l  ten d 

t o hav e hig h trees ,  an d s o i t  i s  possibl e tha t  som e o f  th e tre e wil l  shif t  u p "ove r  th e top "  an d b e lost .  I f 

we ar e willin g t o agre e tha t  th e system' s pars e tre e i s th e collectio n o f  th e partia l  tree s create d befor e 

the y shifte d eithe r  lef t  an d out ,  o r  u p an d out ,  the n i t  i s  nevertheles s possibl e fo r  th e progra m t o con -

struc t  arbitraril y  wid e an d hig h trees .  Figur e 9  show s th e syste m parsin g a  modes t  righ t  embedde d sen -

tenc e whic h du e t o th e ver y smal l  parse r  widt h an d heigh t  stil l  overflow s th e bufTe r  i n bot h directions . 

(Th e heigh t  an d widt h ar e parameter s on e sets. ) 
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Figur e 9 .  Overflo w o n 'nou n ver b nou n pre p noun ' 

However ,  th e shiftin g ha s effec t  o n wha t  ca n b e parse d correctly .  I n particular ,  th e dept h limita -

tio n mean s tha t  righ t  embeddin g i s fine,  bu t  cente r  embeddin g wil l  b e difficult .  Althoug h th e fron t  o f 

th e tre e i s continuall y bein g shifte d lef t  an d out ,  an d th e to p o f  th e tre e i s goin g ove r  th e top ,  i f  th e sen -

tenc e i s righ t  embedde d the n th e portio n o f  th e tre e t o whic h th e inpu t  shoul d attac h i s alway s present . 

For  cente r  embeddin g thi s wil l  no t  b e true ,  an d thu s th e parse r  canno t  pars e suc h example s correctly . 

8. How the Parser Really Works 

We hav e describe d ho w th e parse r  work s i n term s o f  th e contribution s o f  rule s whic h w e expresse d 

as constraint s t o b e satisfied .  W e hav e no t  specifie d exactl y ho w th e constrain t  satisfactio n works .  Th e 

actua l  rule s ar e formalize d i n term s o f  arra y multiplication .  W e wil l  conside r  onl y on e o f  th e simples t 

rule s here ,  th e up-dow n rule . 

Firs t  w e nee d t o mcxlif y ou r  notatio n slightly .  S o fa r  w e hav e denote d uni t  value s wit h equation s 

lik e NT(1,2 )  =  S .  However ,  a s w e hav e alread y noted ,  NT{1,2 )  ma y be ,  sa y . 7 =  S ,  . 2 =  N P ,  an d . 1 = 

PP,  o r  som e such .  Therefore ,  i t  woul d mak e mor e sens e t o sa y NT(1,2 )  =  (.7,.2,.1,0 )  wher e w e us e S  =  0 , 

NP =  1 ,  P P =  2 ,  an d V P =  3  t o indicate d vecto r  positions .  Alternativel y w e coul d us e a  3- D arra y an d 
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say NT(1,2,1 )  »  .2 .  (Array s star t  wit h positio n 0. )  I n fact ,  i t  prove s t o b e mos t  convenien t  t o represen t 

th e situatio n a s NT|(2,0 )  ~  . 7 NT|(2,1 )  *  . 2 etc .  Her e th e colum n numbe r  become s a  subscrip t  pickin g 

out  differen t  tw o dimensiona l  arrays .  Next ,  w e ca n represen t  th e grammatica l  informatio n neede d b y 

th e up-dow n rul e a s a n arra y itself . 

1 if f  th e it h an d jt h nonterminal s ar e 

IJD(iJ )  »  foun d i n a  rul e o f  th e for m i  —*•  ...j.. . 

0 otherwis e 

Now consider how we apply the UD rule downward. We look at each position, and consider to 

what  degre e th e entit y a t  positio n j  sugges t  wha t  shoul d b e a t  j-1 .  W e ca n conside r  th e NT }  arra y the n 

t o b e this :  NTi( k J^HS) .  W e the n perfor m th e arra y multiplicatio n 

NTi(K4.HS )  X  UD(LHS,RHS )  -  NTi(K,RHS ) 

The resultin g arra y ha s a t  positio n K  th e value s tha t  th e L H S a t  K  induce s o n th e RHS .  T o ge t  thi s 

int o th e forma t  w e want ,  w e the n shif t  dow n K  b y 1 ,  s o tha t  th e value s o f  th e R H S fo r  K- 1 appea r  i n 

th e K-lt h position .  Thu s th e u p dow n rul e look s lik e thb : 

NTi(K-l,RHS )  =  shift-K.down-l(NTi{K4.HS )  X  UD(LHSJIHS) ) 

The othe r  rule s ar e similar ,  bu t  ofte n mor e complicated . 

7. Problems and Future Research 

Ther e ar e man y way s i n whic h th e parse r  coul d us e improvement .  I t  currentl y predict s tha t 

cente r  embeddin g i s mor e difficul t  tha n righ t  o r  lef t  embedding ,  bu t  doe s no t  explai n wh y som e form s o f 

cente r  embeddin g (o f  S's )  ar e wors e tha n other s (o f  PP's) .  I f  w e use d a  gramma r  whic h represente d 

NP' s a s dee p trees ,  rathe r  tha n flat  ones ,  thi s issu e woul d b e eve n mor e critical . 

We hav e onl y trie d th e parse r  o n th e simpl e context-fre e gramma r  give n earlier ,  plu s a  fe w mino r 

extensions .  W e hav e n o knowledg e o f  ho w i t  work s o n mor e complicate d grammars .  I n particula r  w e 

woul d lik e t o handl e extende d phrase-structur e grammars .  Fo r  thi s w e woul d expan d ou r  N T unit s t o 

be man y units ,  eac h fo r  a  particula r  featur e i n th e extende d phras e structur e approach .  I t  look s lik e a 

natural ,  bu t  whethe r  i t  wil l  wor k i s a n ope n question . 

The parse r  doe s no t  lear n it s grammar s fro m examples .  Give n bo w fa r  ou r  architectur e i s fro m 

traditiona l  distribute d connectionis m i t  seem s unlikel y tha t  an y o f  th e standar d learnin g algorithm s wil l 

apply .  Perhap s thos e algorithm s b e extende d o r  alternativel y ou r  architectur e coul d b e mad e mor e con -

ventional . 

8. Conclusion 

We hav e presente d a  distribute d connectionis t  architectur e fo r  parsin g contex t  fre e grammars .  I t 

improve s earlie r  attempt s i n tha t  i t  i s  no t  limite d t o pars e tree s o f  fixed  widt h an d heigh t  (i.e .  fixed 

lengt h sentences) .  Th e memor y limitation s inheren t  i n connectionis t  architecture s come s ou t  i n a n ina -

bilit y  t o pars e center-embedde d sentences ,  althoug h right-embeddedin g work s ou t  fine. 
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