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P r o c e s s i n g U n i f i c a t i o n - b a s e d G r a m m a r s 

i n a  C o n n e c t i o n i s t  F r a m e w o r k 

Andrea s Slolck e 

Compute r  Scienc e Divisio n 

Universit y o f  California ,  Berkele y 

and 

Internationa l  Compute r  Scienc e Institut e 

Berkeley ,  Californi a 

A B S T R A CT 

Wc presen t  a n approac h t o th e processin g o f  unification-base d 
grammar s i n th e connectionis t  paradigm .  Th e metho d 
involve s tw o basi c steps :  (1 )  Translatio n o f  a  grammar' s rule s 
int o a  se t  o f  structur e fragments ,  an d (2 )  encodin g thes e frag -
ment s i n a  connectionis t  networ k suc h tha t  unificatio n an d 
rul e applicatio n ca n tak e plac e b y spreadin g activation . 
Featur e strucmre s ar e use d t o constrai n sentenc e generatio n 
by semanti c and/o r  grammatica l  properties .  Th e metho d 
incorporate s a  genera l  mode l  o f  unificatio n i n connectionis t 
networks . 

INTRODUCTION 

I n recen t  year s connectionis t  model s hav e achieve d notabl e 
result s i n modelin g variou s aspec t  o f  perceptio n an d cogni -
tion .  Althoug h natura l  languag e processin g ha s no t  bee n 
among th e mos t  prominen t  o f  it s  applications ,  ther e ar e a  fai r 
number  o f  cormectionis t  model s o f  bot h languag e analysi s an d 
generatio n (Chamia k &  Santos ,  1987 ;  Cottrell ,  1985 ;  Dell , 
1985 ;  Fanty .  1985 ;  Gasser ,  1988 ;  Kalit a &  Shastri ,  1987 ; 
McClellan d &  Kawamoto ,  1986) .  However ,  mos t  o f  thes e 
model s hav e a  ver y narro w coverage ,  an d hardl y an y attempt s 
t o tak e int o accoun t  curren t  linguisti c theorie s o f  gramma r 
(othe r  tha n th e basi c context-fre e framework) ,  fo r  th e mos t 
par t  adoptin g som e ad-ho c linguisti c formalism . 

Thi s paper' s cormectionis t  approac h t o natura l  languag e i s 
base d o n unification-base d grammar ,  a  forma l  framewor k 
whic h ha s gaine d wid e acceptanc e withi n th e linguisti c com -
munit y withi n th e las t  decad e throug h it s variou s variant s 
(Kay ,  1984 ;  Kapla n &  Bresnan ,  1982 ;  Gazda r  e t  al. ,  1985) . 
Althoug h i t  i s  legitimat e t o argu e that ,  b y thei r  ver y natures , 
forma l  gramma r  an d connectionis t  model s hav e differen t 
objective s (bein g competenc e versu s performanc e theories , 
respectively) ,  thi s wor k i s intende d a s a  fu-s t  ste p toward s a 
reconciliatio n o f  th e tw o paradigms . 

UNIFICATION-BASED GRAMMARS 

Lac k o f  spac e doe s no t  allo w a  self-containe d overvie w o f  th e 
forma l  linguisti c apparatu s underlyin g thi s wor k (Shiebc r 
(1986 )  give s a n excellen t  introduction) .  Instead ,  w e wil l 
presen t  th e basi c feature s o f  th e formalis m b y wa y o f  a  simpl e 
example ,  upo n whic h furthe r  discussio n ca n b e based .  Th e 

versio n o f  unification-base d gramma r  use d her e i s essentiall y 
th e on e foun d i n th e PATR-I I  syste m (Shiebe r  e t  al. ,  1983) . 

Feature Structures 

Unification-base d gramma r  extend s traditiona l  context-fre e 
grammar s b y introducin g additiona l  structur e t o th e languag e 
i t  describes .  Th e usua l  tree-lik e phras e structur e o f  a  sentenc e 
(o r  sententia l  form )  i s referre d t o a s it s c-structure .  Addition -
ally ,  eac h nod e i n th e c-structur e (i.e .  eac h constituent )  ha s 
assigne d t o i t  a  matri x o f  feature-valu e pair s encodin g gram -
matica l  properties ,  semanti c content ,  etc. ,  referre d t o a s it s 
featur e structur e o r  f-structure .  Feature s an d value s ca n b e 
any (mnemonicall y chosen )  atomi c labels . 

For  example ,  th e propositiona l  semantic s use d i n th e sampl e 
grammar  belo w wil l  b e encode d a s f-structure s o f  th e for m 
shown i n Figur e 1  a . 

sem: 

pred : 

arg\ . 

argz . 

1 - ] 
lov e 

pete r 

mary sem 

mary 

Fig .  1 .  F-structur e representin g love{peler,inary) . 

sem is the main feature under which all semantic information 
i s grouped .  Featur e pre d contain s th e logica l  constan t  associ -
ate d wit h a  constituent ,  possibl y wit h additiona l  arguments . 

Not e tha t  th e valu e o f  se m i s a  comple x featur e matrix ,  show -
in g tha t  f-structurc s ma y b e embedded .  Furthermore ,  featur e 
value s ma y b e shared ,  i.e .  th e sam e subsidiar y structur e ma y 
be 'pointe d to '  b y severa l  features .  Thes e propertie s sugges t 
tha t  f-structurc s b e represente d a s directe d acycli c grapli s 
(DAGs)  wit h labele d edges ,  a s i n Figur e lb . 

Finally ,  th e concep t  o f  unificatio n a s use d fo r  term s i n first-
orde r  language s ca n b e applie d t o f-structures .  Informally , 
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unifyin g tw o o r  mor e structure s mean s mergin g thei r  featur e 
valu e pair s recursively .  Thu s Figur e l a coul d b e oblaiiiec l  a s 
th e unificatio n o f 

sem: 
pre d :  lav e 

arg\ :  pete r and sem: 
argi' .  pete r 

or g I .  mar y 

Unificatio n migh t  fai l  i n cas e it s operand s contai n incompati -
bl e features ,  suc h a s i f  pete r  ha d bee n replace d wit h Joh n i n 
one o f  th e structure s above . 

A Sample Grammar 

We wil l  no w presen t  a  somewha t  naiv e gramma r  generatin g 
simpl e activ e an d passiv e construction s involvin g transitiv e 
verbs ,  suc h a s "Pete r  love s Mary" ,  "Pete r  i s love d b y Mary" , 
etc ' 

Conside r  th e top-leve l  structur e o f  thes e sentences ,  a s dep -
icte d i n Figur e 2 . 

/ 
/ 

r  r  1 
head : 

,  \ ^ 
NP 

S 
1 \ 

\ 

head : subj : 
L L  L  J  J  J 

V 
^  r  r  1 1 
VP head : 

Fig .  2 .  C-structur e an d f-structur e a t  sentenc e level . 

The c-structure consists simply of three tree nodes, namely for 
th e sentenc e (S )  itsel f  an d it s tw o subordinat e constituents , 
nou n phras e ( N P )  an d ver b phras e ( V P ) .  Attache d t o eac h o f 
thes e i s a  piec e o f  f-structure .  B y convention ,  th e grammati -
cal  an d semanti c feature s o f  eac h c-structur e nod e ar e groupe d 
togethe r  unde r  th e hea d featur e t o b e abl e t o handl e the m a s a 
whole .  Th e sub j  featur e i n th e 5  ' s hea d wil l  b e explaine d 
below . 

N o w conside r  th e top-leve l  rul e fo r  sentences ,  characterizin g 
th e structure s show n i n Figur e 2 .  G r a m m a r  rule s lak e th e 
for m o f  usua l  context-fre e rewritin g rules ,  augmente d wit h 
equation s specifyin g tha t  certai n part s o f  th e associate d f -
structure s hav e t o unif y (failur e t o d o s o wil l  rende r  th e rul e 
inapplicable) . 

(Rs )  S ^ N P V P 
S.hea d =  VP.hea d 
S.head.sub j  =NP.hea d 

S.hea d designate s th e valu e o f  th e hea d featur e i n th e f -
strucmr e belongin g t o th e S  node .  T h e do t  notatio n m a y b e 
extende d t o specif y featur e value s burie d deepe r  i n th e f -
structure ,  a s i n S.head.subj . 

Th e secon d rul e describe s h o w t o furthe r  expan d ver b phrases . 

{Rvp )  V P ̂ V N P 
VP.hea d =  V.hea d 
VP.head.ob j  =  NP.hea d 

Th e unificatio n equation s s o fa r  specif y tha t  th e hea d struc -
ture s o i  S ,  V P ,  an d V  al l  hav e t o unify ,  i.e .  ca n b e merge d 
and thu s effectivel y shared .  T h e hea d feature s o f  th e subjec t 
and objec t  N P ,  o n th e othe r  hand ,  wil l  b e unifie d wit h th e 
value s o f  sub j  an d o b j ,  respectively ,  i n th e sentence' s head , 
i.e .  the y ar e effectivel y 'assigned '  t o thes e features . 

Al l  tha t  ha s t o b e adde d n o w ,  fo r  th e g r a m m a r  t o fulfil l  it s 
humbl e purpose ,  ar c lexica l  rule s [ o t N P an d V  (verbs) . 

(Rpc^, ) NP 

(/?Miry ) 

(/?loves ) 

NP 

'  Her e an d i n th e following ,  not e th e distinctio n betwee n th e surfac e strin g 
"Mary "  an d it s semantics ,  th e logica l  constan t  mary . 

^  Pete r 
NP.head.se m =pete r 

->Mar y 
NP.head.se m =rruir y 

> love s 
V.head.sem.pre d =  lov e 
V.head.sem.ar g i  =  V.head.subj.se m 
V.head.sem.ar g 2  =  V.head.obj.se m 

For  th e purpos e o f  exposition ,  passive s ar e handle d i n a  ver y 
simple-minde d way ,  assumin g auxihar y +  pas t  participl e + 
"by "  a s a  singl e comple x verb .  Thu s passive s ca n b e gen -
erate d b y a  singl e additiona l  lexica l  rule . 

(/ ? lovcd-by )  V  - ^  i s love d b y 
V.head.sem.pre d =  lov e 
V .head.sem.ar g 1  =  V.head.obj.se m 
V.head.sem.ar g 2  =  V.head.subj.se m 

Thi s complete s ou r  sampl e grammar .  Not e h o w th e assign -
ment  o f  grammatica l  role s {subj ,  ob j )  t o semanti c argument s 
(argi ,  argi )  i s  neatl y handle d b y unificatio n equations , 
dependin g o n th e verb . 

For  simplicity ,  w e hav e onl y considere d th e semanti c feature s 
show n above ;  i n a  typica l  g ramma r  additiona l  equation s 
woul d hav e t o b e included ,  suc h a s 

NP.head.agree.perso n -  3rd , 
V.head.agre e =  V.head.subj.agree ,  o x 
V.head.lens e -p re s 

t o accoun t  fo r  agreement ,  tense ,  etc . 

Ther e i s on e fine  poin t  abou t  th e rul e notatio n whic h ha s bee n 
omitte d s o far :  Categor y label s (S ,  V P ,  N P ,  etc. )  ar e no t 
reall y par t  o f  th e c-structure ,  bu t  ar e encode d a s anothe r  stan -
dar d featur e a t  eac h node :  cat .  Thus ,  fo r  convenienc e an d t o 
relat e th e notatio n t o it s context-fre e origins ,  a  nod e designa -
tio n suc h a s V P i s simpl y a  shorthan d fo r  a  generi c nod e X 
wit h a  categor y specificatio n o f  X.ca t  =  V P . 

Grammar Rules As Fragments of Structure 

I n thei r  usua l  interpretatio n unificatio n equation s functio n a s 
declarativ e constraint s o n th e f-structur e assigne d t o a 
sentence' s c-structure .  Takin g a n alternativ e view ,  however , 
th e rule s ca n themselve s b e regarde d a s piece s o f  structure . 

Beside s bein g a  ver y compac t  representatio n fo r  rules ,  thi s 
interpretatio n wil l  allo w processin g o f  rule s usin g jus t  on e 
basi c mechanism ,  namel y unification .  TTius ,  th e goa l  o f  thi s 
transformatio n o f  rule s int o structur e fragment s i s t o hav e rul e 
applicatio n translat e precisel y int o unificatio n o f  well-define d 
node s i n th e correspondin g fragments . 
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{Rs ) 

(R^^ ) 

("loves ) 

sem 

sem •te m 

STOLCKE 

(Rvf ) 

C^Muy) 

C l̂owd-by ) 

cat 

r  love s J 

ead lN P 

sem 

^ i s love d b y ^ 

Fig .  3 .  Structur e fragment s derive d fro m sampl e grammar . 

T h e c-slructur e fragment  derive d fro m a  g ramma r  rul e i s 
rathe r  obvious :  Sinc e th e c-structur e i s jus t  a  U-cc ,  i t  ca n b e 
obtaine d b y 'pastin g together '  tre e fragment s o f  dept h one , 
wit h a  roo t  nod e fo r  th e left-han d sid e par t  o f  th e rul e an d on e 
chil d nod e fo r  eac h right-han d sid e element .  Fo r  instance , 
rul e {Rs )  correspond s t o a  c-structur e fragmen t  consistin g o f 
an 5  nod e an d tw o chil d node s N P an d V P .  Likewise , 
rul e {Rvp )  ha s a  V P roo t  nod e an d childre n V  an d N P . 
Applyin g (Ryp )  t o th e V P i n th e right-han d sid e o f  {Rs )  the n 
correspond s t o a  simpl e 'merging '  o f  th e tw o V P nodes . 
Sinc e c-structure s ar e trees ,  w e ca n vie w ihe m a s specia l  case s 
of  f-structure s an d interpre t  th e nod e mergin g a s a  unificatio n 
operation. ^ 

TTi e f-slructur e fragment  correspondin g t o a  rul e i s derive d 
fro m it s unificatio n equations .  W e creat e a  minima l  D A G 
containin g al l  th e feature s an d value s mentione d i n th e cqua -

^  A t  thi s poin t  i t  \ s  crucia l  that ,  technically ,  c-smictur e node s d o no t  can y 
any categor y label s themselves .  Rather ,  categorie s ar e encode d a s ca l  value s 
i n th e f-structure s correspondin g t o c-structtir e nodes . 

tions ,  an d encod e equalitie s o f  value s a s reentrancie s (share d 
nodes )  i n th e D A G .  W e thu s arriv e a t  a  D A G tha t  ca n b e 
interprete d a s a  somewha t  generalize d typ e o f  f-structure , 
sinc e i t  contain s no t  a  singl e roo t  node ,  bu t  rathe r  severa l 
'root '  o r  'source '  nodes ,  on e fo r  eac h elemen t  o f  th e nile . 

Th e resul t  o f  applyin g thi s transformatio n t o th e sampl e gram -
mar  i s depicte d i n Figur e 3 .  Her e c-structur e fragment s an d 
f-structur c fragment s hav e bee n combine d int o a  singl e struc -
tur e b y identifyin g a  c-structur e nod e wit h th e roo t  nod e o f  th e 
f-structur e assigne d t o it .  C-structur e edge s ar e distinguishe d 
as dashe d arrows ,  an d interna l  node s hav e bee n numbere d fo r 
reference . 

T h e critica l  poin t  i n th e constructio n o f  f-structur e fragment s 
fro m rule s is ,  again ,  tha t  rul e applicatio n m a p s directl y t o 
unificatio n o f  correspondin g nodes. '  Fo r  example ,  bot h th e c -
structur e an d th e f-structur e o f  "Pete r  love s M a r y "  i s obtaine d 

'  W e shal l  sa y tha t  tw o f-sttuctur e node s unify ,  if f  th e f-structure s roote d i n 
thos e node s unify .  I n general ,  w e us e th e roo t  o f  a  structur e t o designat e th e 
structur e a s a  whole ,  wheneve r  thi s i s implie d b y th e context . 
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by performin g th e followin g unification s ('- '  dcnoic s lli o 
'unifies '  relation) : 

In our example, possible unifications arc mainly rcsiricled by 
categor y (cat )  matching ,  bu t  i n a  riche r  gramma r  agreement , 
selectio n restrictions ,  etc .  woul d al l  b e encode d i n th e f -
structurc s an d ac t  a s constraints . 

F-structures As Sentence Specifications 

One o f  th e appealin g feature s o f  unification-base d grammar s 
i s tha t  multipl e level s o f  linguisti c descriptio n ca n b e accom -
modate d withi n a  singl e simpl e forma l  apparatus .  Bot h syn -
ta x an d semantic s o f  a  sentenc e ca n b e encode d i n f-structure s 
and ar e generate d b y th e rule s i f  th e gramma r  account s fo r 
them .  Thi s i s a  ver y desirabl e propert y whe n th e gramma r  i s 
used i n th e contex t  o f  sentenc e generatio n o r  parsing . 

I n generation ,  th e semantic s ca n b e specifie d a s a  partiall y 
filled  f-structur e whic h automaticall y constrain s th e applica -
tio n o f  rule s s o a s t o produc e sentence s whic h confor m t o th e 
specifie d semantics .  Conversely ,  whe n parsin g lake s plac e 
base d o n th e syntacti c for m o f  a  sentence ,  it s semantic s ar e 
assemble d a s a  sid e effec t  o f  f-structur e constructio n b y suc -
cessiv e unifications . 

The particula r  applicatio n experimente d wit h i n ou r  researc h 
involve d sentenc e generation ;  therefor e th e usag e o f  f -
structure s a s specification s fo r  generatio n wil l  b e discusse d i n 
more detail .  Sujjpose ,  e.g. ,  w e wante d t o us e th e f-structur e i n 
Figur e 1  t o specif y th e semantic s o f  th e sentenc e t o b e gen -
erated .  Mor e formally ,  w e wan t  th e f-structur e o f  th e roo t  o f 
th e c-struclur e (i.e .  th e S  node )  t o unif y wit h 

head : sem: 

pred : 

argi : 

arg2 -

-.-.- . 
lov e 

pete r 

mary 

(Fo r  technica l  reasons ,  ou r  gramma r  embed s se m feature s i n 
th e hea d values ,  henc e th e sam e embeddin g ha s t o occu r  i n 
th e specification. ) 

I t  turn s out ,  however ,  tha t  specificatio n b y f-structure s doe s 
not  requir e an y addition s t o ou r  forma l  apparatu s an d it s 
implementation .  Alternatively ,  w e ca n expres s th e abov e con -
strain t  b y addin g t o ou r  gramma r  a  ne w top-leve l  categor y S' , 
plu s a  rul e o f  th e for m 

(Rs- )  S ' ^ S 
S'.hea d =S.hea d 
S.head.sem.pre d -  lov e 
S.head.sem.ar g i  =  pete r 
S.head.sem.ar g i  =  mar y 

and generat e sentence s fro m S' . 

Thi s rul e ca n the n b e transforme d int o a  structur e fragmen t  a s 
describe d before .  A s a  result ,  sentenc e specification s ca n b e 
incorporate d i n ou r  framewor k i n a  natura l  wa y followin g th e 
patter n show n above .  Thi s give s a  se t  o f  structur e fragment s 
encodin g th e grammar ,  whic h i s typicall y kep t  invarian t 
withi n a  certai n contex t  o f  application ,  plu s a  singl e varyin g 
f-struclur e encodin g a  sentenc e specification . 

A C O N N E C T I O N I ST M O D EL O F U N I F I C A T I O N 

lli e previou s sectio n ha s show n tha t  sentenc e generatio n i n 
unification-base d grammar s ca n essentiall y  b e reduce d t o 
imificatio n o f  structura l  fragment s derive d fro m th e grammar . 
We wil l  no w describ e ho w unificatio n i n tur n ca n b e 
efficientl y implemente d usin g th e cormectionis t  mode l  o f 
computation ,  i.e .  a  networ k o f  ver y simpl e processin g unit s 
exchangin g activation .  Thi s mode l  o f  unificatio n i s b y n o 
means restricte d t o linguisti c applications ;  cormectionis t 
unificatio n i s discusse d i n detai l  elsewher e (Stolcke ,  1989) . 
For  th e purpose s o f  thi s pape r  a n informa l  descriptio n wil l  b e 
sufficient . 

Representing F-structures 

Not e tha t  eac h f-strucmre ,  an d henc e th e gramma r  a s a  whol e 
can b e represente d a s a  se t  o f  edges ,  eac h characterize d b y a 
tripl e (node ,  feature ,  node) .  Eac h suc h tripl e i s represente d b y 
a singl e so-calle d e-unit ,  wit h a n activatio n correspondin g t o 
th e presenc e o r  absenc e o f  th e correspondin g edge .  Unit s wil l 
be designate d b y enclosin g thei r  'meaning '  i n angl e brackets . 
Thus w e have ,  e.g. ,  tha t  th e activatio n o f  e-uni t  (sycat-VP ) 
equal s 1  wheneve r  featur e ca t  ha s valu e V P i n structur e 
(node )  s-j ,  an d i s 0  otherwise .  Al l  th e unit s i n th e implementa -
tio n wil l  b e simpl e linea r  threshol d unit s operatin g wit h 
activation s o f  eithe r  0  o r  1 . 

Thi s representationa l  schem e i s essentiall y  a  localize d versio n 
of  th e encodin g o f  S-expression s i n BoltzCON S (Touretzky , 
1986) .  E-unit s ca n b e visualize d a s residin g i n a  3 -
dimensiona l  space ,  wit h tw o 'node '  dimension s an d on e 
'feature '  dimension . 

Representing Unifications 

Unificatio n o f  f-structure s ca n b e viewe d a s a  mergin g o f 
D AG nodes .  Fo r  example ,  conside r  th e structure s represent -
in g rule s (Rs )  an d (Ryp )  i n Figure3 .  Suppos e structure s 5 3 
and 5 6 ar e t o b e unified .  Thi s mean s nod e J 3 ha s t o b e merge d 
(unified )  wit h jg .  and ^  du e t o th e feature s hea d an d sub j 
presen t  i n bot h structures ,  5 4 ha s t o imif y wit h 5 9 an d 5 5 wit h 

«io -

Again ,  w e us e a  localis t  representatio n t o encod e th e 'unifies ' 
relatio n o n nodes .  Eac h possibl e unificatio n 5,—5 y i s 
represente d b y a  u-unit ,  suc h tha t  activatio n 1  o n (sj-Sy )  indi -
cate s tha t  th e tw o node s hav e bee n imified . 

I t  i s  no t  sufficient ,  however ,  t o jus t  represen t  unifications ; 
non-unifiabilit y  ha s t o b e deal t  wit h explicitly ,  too .  Fo r  exam -
ple ,  suppos e w e wante d t o unif y S j  i n (Rvp )  wit h s ^  i n 
{ R Pcttf) -  Thi s wil l  fai l  du e t o incompatibl e ca t  feature s V  an d 
N P,  an d wil l  b e represente d i n th e networ k b y turnin g o n th e 
nu-uni t  {st/s î) -  (Exactl y ho w thi s take s plac e i s th e subjec t 
of  th e nex t  section. ) 

Thus w e hav e tw o space s o f  unit s representin g nod e 
unifications ,  u-unit s an d nu-units ,  whic h ca n b e though t  o f  a s 
organize d alon g tw o 'node '  dimensions .  Obviousl y activa -
tion s i n thes e tw o set s o f  unit s hav e t o b e kep t  consistent .  I n 
particular ,  activit y o n correspondin g u-unit s an d nu-unit s 
shoul d b e mutuall y exclusive .  Th e wa y th e ne t  i s operate d 
implie s tha t  u-unil s merel y represen t  'tentative '  unification s 
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whic h shoul d alway s b e overrule d b y th e stronge r  'evidence ' 

fro m nu-unils .  Therefor e th e relationshi p i s no t  symmetrical , 
and nu-unit s simpl y deactivat e ihci r  correspondin g u-unit s b y 
stron g inhibitor y links ,  so-calle d nu-Unks . 

Unification As Constraint Satisfaction 

Usin g th e representationa l  schem e describe d above ,  w e n o w 
hav e t o implemen t  th e operatio n o f  unificatio n withi n ou r 
conncclionis t  framework ,  usin g appropriat e lin k patterns . 
Broadl y speaking ,  th e lin k structur e mus t  connec t  e-unit s an d 
u/nu-unit s suc h tha t  th e unification s represente d confor m t o 

th e edge s presen t  i n th e f-structurcs . 

T h e approac h take n her e i s  formall y justifie d b y a  characteri -

zatio n o f  unification s a s a  speciall y constraine d clas s o f 
equivalenc e relation s o n f-structur c nodes .  Thi s give s ris e t o 
a reformulatio n o f  unificatio n a s a  constrain t  satisfactio n prob -
le m wit h a  straightforwar d connectionis t  implementation .  I t 
i s  possible ,  however ,  t o describ e th e implementatio n withou t 
goin g int o th e forma l  details ,  s o w e wil l  tr y t o conve y a  mor e 
intuitiv e understanding . 

N o de equivalenc e 

T h e equivalenc e relatio n allude d t o abov e informall y 
correspond s t o th e 'unifies '  relatio n o n nodes ,  a s use d i n th e 
discussio n s o far ;  i t  shoul d b e obviou s tha t  thi s relatio n actu -
all y ha s t o b e reflexive ,  symmetrica l  an d transitive .  There -
fore ,  th e activit y pattern s o n n/nu-unit s hav e t o b e constraine d 
t o actuall y hav e thes e properties . 

Reflexivit y an d symmetr y ca n b e encode d implicitl y  usin g 
simpl e techniques .  T o ensur e reflexivity ,  al l  u-unit s { x~x )  ar e 
kep t  activ e al l  th e time ,  whil e al l  nu-unit s {x-fx )  ar c clampe d 
t o b e p>crmancntl y inactive. ^  Similarly ,  symmetr y ca n b e 
implicitl y  accounte d fo r  b y th e ne t  structur e b y collapsin g 
symmetri c u-unil s { x ~ y )  an d ( > ~ x )  (an d likewis e fo r  nu -
units) . 

Transitivity ,  o n th e othe r  hand ,  ha s t o b e encode d explicitl y i n 
th e lin k structure .  Fo r  ever y grou p o f  thre e u-unit s  { x ~ y ) , 
i y -z )  an d { x ~ z ) ,  activit y o f  an y tw o o f  the m shoul d caus e 
activatio n o f  th e third . 

Ther e i s a  simila r  constrain t  involvin g nu-units ,  whic h i s no t 
completel y symmetrical :  Fo r  ever y pai r  o f  nu-unit s { x i y )  an d 
(y iz ) ,  an d eac h u-uni t  ( x~z ) ,  activit y o f  on e o f  th e nu-unit s 
plu s th e u-uni t  shoul d activat e th e othe r  nu-unit . 

A lin k setu p tha t  implement s thi s behavio r  i s  show n i n Fig -
ur e 4 .  Als o show n ar e th e inhibitor y nu-link s mentione d car -
lier. 5 T h e typ e o f  conjunctiv e activatio n neede d fo r  transi -
tivit y ha s bee n realize d b y a  se t  o f  intermediat e unit s (t-units ) 
labele d A  throug h E  i n th e figure.  Tlies e unit s behav e con -
junctively ,  i.e .  thei r  threshol d i s se t  u p s o tha t  al l  thei r  input s 
hav e t o b e activ e fo r  th e uni t  itsel f  t o becom e activ e (henc e 
thei r  distinctiv e squar e shape) .  Othe r  unit s (represente d a s 
ellipses )  generall y wor k disjunctively ,  meanin g tha t  on e 

*  A s describe d later ,  thes e an d othe r  consun l  unit s ca n b e elimmatc d b y a 
simpl e spac e optimization .  However ,  thi s optimizatio n wil l  b e ignore d her e fo r 
clarit y  o f  exposition . 

'  Followin g connectionis t  convention ,  exciutor y link s ar c draw n a s arrows , 
whil e inhibitor y link s carr y smal l  circle s a t  thei r  ends . 

Fig .  4 .  Lin k structur e enforcin g transitivity . 

active input is sufficient to exceed the unit's threshold mming 
i t  on. ^  Connection s linkin g t-unit s t o u-unit s an d nu-unil s ar e 
calle d t-links . 

For  technica l  reasons ,  inhibitor y x-Unk s caus e activatio n i n t -
unit s t o b e mutuall y exclusive ,  thu s preventin g stabl e coali -
tion s (Fcldma n &  Ballard ,  1982 )  o f  u/nu-units . 

Unificatio n b y spreadin g activatio n 

We wil l  n o w describ e th e lin k structur e whic h force s nod e 
equivalenc e (represente d b y u/nu-units )  t o confor m t o th e 
give n se t  o f  f-su-uctur e edge s (represente d b y e-units )  an d th e 
definitio n o f  unification .  Unificatio n proceed s recursively , 
followin g th e recursiv e compositio n o f  th e f-structure s bein g 

processed . 

Specifically ,  w h e n unifyin g tw o structure s x  an d y  containin g 
th e sam e featur e / ,  sa y x. f  = x '  an d y. f  =y ' ,  w e hav e t o 
unif y th e value s x '  an d y '  recursively .  I n term s o f  nod e 
equivalence ,  thi s mean s tha t  simultaneou s presenc e o f  th e 
edge s x. f  =  x '  an d y. f  =  y '  an d th e equivalence x ~ y shoul d 
induc e th e equivalenc e x '  ~  y' .  Again ,  thi s i s implemente d b y 
a conjunctiv e patter n o f  activation ,  show n i n th e lef t  hal f  o f 
Figur e 5a .  A s fo r  transitivity ,  a n intermediat e imit .  A ,  i s 
neede d t o realiz e th e conjunctiv e behavior .  A  wil l  becom e 
activ e onl y i f  al l  thre e o f  it s input s ar e active .  Th e schem e 
cause s activatio n representin g equivalenc e t o sprea d alon g 
co-occurrin g feature s top-down ,  i.e .  fro m th e roo t  o f  th e f -
siructure s toward s th e leaves .  Accordingly ,  th e link s an d 
intermediat e unit s transmittin g thi s activatio n hav e bee n 
terme d td-link s an d td-units ,  respectively . 

A simila r  flow  o f  activatio n occur s a m o n g th e nu-units ,  sinc e 
co-occurin g feature s als o transmi t  non-unifiability . 

'  Precis e value s fo r  uni t  threshold s an d lin k weight s ar e ommitte d here , 
focussin g instea d o n th e functionalit y o f  th e ne t  slruciur c Stolck e (1989 ) 
give s a  complet e specilicaLion . 
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yf  = y 

Fig .  5 .  Lin k structur e performin g unification . 

Specifically, if the two values x' and y' arc known to be non-
unifiable ,  s o ar e thei r  paren t  node s x  an d y  .  Thi s give s ris e t o 
th e lin k structur e i n th e righ t  hal f  o f  Figur e 5a ,  consistin g o f 
bu-link s an d th e conjunctiv e bu-uni t  B .  Thu s activatio n 
representin g non-unifiabilit y  flow s i n a  bottom-u p direction , 
possibl y suppressin g top-dow n activatio n vi a nu-links . 

A questio n tha t  remain s is :  W h e r e doe s top-dow n an d 
bottom-u p activatio n originate ? Top -dow n activatio n 
correspond s t o a n attemp t  t o unif y give n f-structures ,  i.e . 
comes fro m som e outsid e source ,  presumabl y som e othe r  net -
wor k o r  inpu t  tha t  use s th e unificatio n networ k a s a  'subrou -
tine' .  I n ou r  cas e thi s initia l  activatio n i s provide d b y a  se t  o f 
link s tha t  connec t  g ramma r  rule s t o trigge r  th e generatio n pro -
cess ,  whic h wil l  b e describe d i n th e nex t  section . 

Bottom-u p activation ,  o n th e othe r  hand ,  originate s i n th e f -
structure s themselves ,  generate d b y featur e valu e mismatche s 
at  th e leave s o f  th e structure s involved .  A  basi c definitiona l 
propert y o f  unificatio n i s tha t  non-identica l  atomi c value s ca n 
neve r  unify .  Thi s implie s tha t  unit s lik e {V- fNP )  ar c clampe d 
t o remai n constantl y active ;  bottom-u p activatio n wil l  sprea d 
non-unifiabilit y t o an y pai r  o f  node s x  an d y  whic h ha s thes e 
unequa l  value s i n th e sam e feature/ ,  activatin g (x-fy) ,  an d s o 
on furthe r  u p th e f-structure . 

Anothe r  sourc e o f  bottom-u p activatio n come s fro m th e fac t 
tha t  a n atomi c valu e ca n neve r  unif y wit h a  comple x one . 
Henc e node s wit h outgoin g edge s ca n neve r  b e equivalen t  t o 
atomi c nodes .  Thi s propert y i s  enforce d b y th e lin k structur e 
show n i n Figur e 5b .  Fo r  ever y non-atomi c nod e x ,  ther e i s a 
disjunctiv e na-uni t  C  whic h transmit s activatio n fro m e-unit s 
t o al l  nu-unit s  (x-f-u) ,  u  atomic ,  usin g na-Unks .  Th e inter -
mediat e uni t  C  merel y avoid s ful l  connectivit y betwee n e -
unit s an d nu-units ,  thu s savin g links . 

Connect ion is t  Unification :  S u m m a r y 

Th e precedin g sectio n present s a  genera l  mechanis m fo r  f -
structur c unificatio n b y connectionis t  means .  Th e overal l  pro -
cedur e i s a s follows :  T w o o r  mor e f-structure s ar e 'input '  t o 
th e ne t  b y activatin g th e correspondin g e-units .  Followin g 
this ,  an y numbe r  o f  unification s ca n b e attempte d b y activat -
in g th e u-unit s representin g equivalenc e o f  th e root s o f  th e 
respectiv e f-stnictures .  Afte r  a  tim e proportiona l  t o th e dept h 
of  th e structure s thes e u-unit s wil l  eithe r  remai n active ,  indi -
catin g successfu l  unification ,  o r  b e turne d o f  b y th e 
correspondin g nu-unit ,  thu s indicatin g failure . 

Processin g i s  extremel y fast ,  sinc e i t  explore s subordinat e f -
structure s i n parallel ,  whil e requirin g a  reasonabl e amoun t  o f 
networ k resources :  T h e mos t  expensiv e aspect s o f  th e net -
wor k ar e th e link s realizin g transitivit y (cubi c i n th e numbe r 
of  nodes )  an d td/bu-links/unit s (quadrati c i n th e numbe r  o f 
edges) . 

A significan t  optimizatio n i s  possibl e i n cas e certai n f -
structure s ar e fixed.  Thi s i s  tru e fo r  ou r  application ,  sinc e al l 
th e gramma r  rule s ar e typicall y fixed  wit h th e exceptio n o f  th e 
inita l  rul e encodin g a  sentenc e specification .  Thi s implie s tha t 
al l  correspondin g e-unit s an d a  portio n o f  th e u/nu-unit s hav e 
constan t  activation .  Al l  o f  th e categor y mismatche s i n a 
grammar  ca n b e precompute d thi s way .  Fo r  example , 
{ V i N P )  i s  constantl y 1  an d implie s th e sam e fo r  {s^t-Sn) , 
{sifsis) ,  (ss-fsn) ,  an d (̂ 8/525) -  I n ̂  secon d step ,  al l  unit s 
wit h constan t  activatio n (an d th e link s inciden t  upo n them ) 
ca n b e eliminate d fro m th e network ,  resultin g i n saving s o f 
networ k resource s an d computatio n time. ' 

SENTENCE GENERATION 

A traditiona l  approac h t o sentenc e generatio n woul d us e som e 
top-leve l  contro l  structur e t o dea l  wit h rul e selection ,  rul e 
application ,  etc .  Connectionis t  model s lac k th e mean s t o 
naturall y implemen t  globa l  controllin g instance s an d restric t 
themselve s t o purel y loca l  interaction s o f  processin g ele -
ments .  Thi s sectio n describe s h o w th e mode l  presente d ear -
lie r  ca n b e extende d t o accomplis h sentenc e generation . 

Controlling Rule Application 

Our  approac h t o generatio n relie s o n paralle l  applicatio n o f  al l 
th e rule s i n th e g ramma r  wheneve r  considerin g expansio n o f  a 
non-termina l  c-sLructur e node .  Thi s i s  possibl e sinc e th e net -
wor k hold s al l  th e rule s o f  th e g ramma r  an d allow s paralle l 
unificatio n attempt s t o tak e place .  T h e unificatio n proces s 
itsel f  wil l  the n singl e ou t  thos e rule s tha t  ar e actuall y applica -
ble ,  an d incorporat e th e correspondin g structur e fragmen t  int o 
th e structur e generate d s o far . 

T o arriv e a t  th e lin k structur e fo r  thi s task ,  i t  i s  convenien t  t o 
distinguis h tw o specia l  classe s o f  node s withi n th e se t  o f 
structure s derive d fro m th e gramma r  rules .  Thos e roo t  node s 
correspondin g t o left-han d sid e element s i n rule s ar e referre d 
t o a s L-nodes ,  root s derive d fro m right-han d sid e element s ar e 

'  Inactiv e unit s ca n b e simpl y dropped .  Activ e unit s ca n b e eliminate d 
afte r  adjustin g th e threshold s o f  ihci r  neighbor s accordin g t o th e weight s o f  th e 
connection s tha t  ar e delete d i n th e process . 
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R-nodes .  L-node s i n Figur e 3  ar e s^ ,  se ,  S n ,  ̂ u .  " v ,  an d S2s \ 
R-nodc s ar e ̂ 2 ,  53 ,  57 ,  s^ ,  Su < *i5 .  •^u .  an d S26 -  Kul c applica -
tio n correspond s t o unificatio n o f  R-node s wit h L-node s 
(L/R-unification s fo r  short) .  Henc e th e approac h o f  paralle l 
rul e applicatio n describe d abov e ca n b e implemente d b y a 
lin k structur e whic h attempt s al l  possibl e L/R-unificalion s 

involvin g th e R-node s o f  a  rule ,  onc e th e L-nod e o f  tlia t  rul e 
has bee n unified . 

As a n example ,  conside r  rul e (Rvp) ,  whos e context-fre e com -
ponen t  i sV P - ^ V N P wit h L-nod e S( ,  an d R-node s J 7 an d jg . 
T h e lin k structur e show n i n Figur e 6  trigger s paralle l  rul e 

applicatio n a s follows : 

•  - d ( j 7 ^ 

Fi g 6 .  Lin k structur e triggerin g rul e application . 

As soon as L-node s^ unifies with any R-nodc (from any other 
rule) ,  th e intermediat e disjunctiv e uni t  A  transmit s activatio n 
t o th e u-unit s responsibl e fo r  unificatio n o f  R-nodc s s ^  an d 
J17 t o othe r  L-nodes . 

Not e tha t  L/R-unification s involvin g th e sam e L-nod e o r  R -
nod e ar e mutuall y exclusive ,  sinc e eac h right-han d sid e cle -
ment  ca n onl y b e attache d t o exactl y on e left-han d sid e (an d 
vice-versa) .  T h e mutall y inhibitor y link s betwee n u-unit s i n 
Figur e 6  implemen t  thi s property . 

Paralle l  rul e applicatio n woul d i n principl e attemp t  an y com -
binatio n o f  L-node s an d R-node s an d includ e the m i n th e 
schem a show n i n Figur e 6 .  I n practic e thos e combination s 
resultin g i n categor y mismatche s ca n b e eliminate d before -
han d (e.g .  {s^~ s 11)) .  Sinc e categorie s ar e jus t  ca S featur e 
values ,  however ,  thi s optimizatio n woul d fal l  ou t  a s a  by -
produc t  o f  th e constan t  uni t  eliminatio n proces s suggeste d 
earlier . 

Implementing Specifications 

Initia l  specificatio n rule s suc h a s {Rs' )  ca n b e enodc d a s a 
degenerat e structur e fragment  containin g jus t  a  singl e R-nod e 
but  n o L-nod e (th e R-nod e wil l  b e simpl y th e roo t  o f  th e 
specifyin g f-structure) .  Accordingly ,  th e schem a fro m Fig -
ur e 6  wil l  b e reduce d t o it s  botto m half .  Assumin g th e roo t 
nod e o f  th e specifyin g f-slructur e i s Sq ,  thi s wil l  giv e th e link s 
show n i n Figur e 7 .  Her e th e auxiliar y uni t  A  wil l  serv e th e 
purpos e o f  triggerin g th e generatio n proces s a s a  whole . 

Experience and Shortcomings 

We use d simlatio n tool s t o implemen t  ou r  mode l  an d investi -
gat e it s dynami c behaviou r  empirically ,  althoug h th e underly -
in g softwar e pwse d significan t  limit s o n th e siz e o f  network s 

Fi g 7 .  Link s fo r  initia l  rul e application . 

and hence grammars. The sample grammar and others of 
slighl y highe r  complexit y wer e encode d an d use d fo r  genera -
tio n t o verif y ou r  method. * 

O ne importan t  propert y o f  th e networ k i s rando m selectio n o f 
alternativ e formulation s fo r  a  give n semantics. '  Fo r  example , 
give n a  se m structur e a s i n Figur e 1  a s specification ,  th e sam -
pl e gramma r  wil l  eithe r  generat e a n activ e ("Pete r  love s 
Mary" )  o r  a  passiv e ("Mar y i s  love d b y Peter" )  consu-uction . 
'Priming '  o f  eithe r  o f  thes e alternative s i s  possibl e b y prc -
specifyin g wha t  th e sub j  o f  th e sentenc e shoul d be ,  o r  b y 
specifyin g a n explici t  aspec t  featur e (an d accountin g fo r  i t  i n 

th e grammar) . 

Th e mos t  seriou s drawbac k encountere d wa s th e apparen t  ina -
bilit y o f  th e generatio n proces s t o 'backtrack' .  I n case s wher e 
th e unsuitabilii y o f  a  rul e become s eviden t  onl y afte r  severa l 
step s o f  intermediat e rule s applie d successfully ,  th e networ k 
has n o mean s t o und o th e unification s an d tr y alternatives .  T o 
guarante e successfu l  generation ,  then ,  th e specificatio n mus t 
be specifi c  enoug h t o avoi d suc h dead-en d paths ;  thi s require -
ment ,  however ,  i s clearl y no t  acceptabl e fo r  m a n y purposes . 

A differen t  perspectiv e o n thi s proble m migh t  indicat e a  wa y 
t o it s solution .  Rul e application s from  whic h th e syste m ha s 
t o backtrac k eventually ,  roughl y correspon d t o loca l  minim a 
i n th e energ y functio n generall y use d t o describ e an d analyz e 
th e dynamic s o f  connections t  system s (Hopficld ,  1982) , 
wherea s th e se t  o f  unification s resultin g i n a  complet e sen -
tenc e shoul d constinjt e a  globa l  energ y min imum .  Ther e exis t 
standar d technique s t o 'escape '  suc h loca l  minim a (Hinto n & 
Sejnowski ,  1986) ,  bu t  the y d o no t  appl y t o network s wit h 
asymmetri c link s suc h a s ours . 

A les s seriou s shortcomin g o f  th e curren t  mode l  involve s 
recursiv e rul e applications .  Th e mode l  handle s recursivenes s 
insofa r  a s th e dept h o f  th e structure s generate d i s limite d onl y 
by th e siz e o f  th e relevan t  uni t  spaces .  Eac h rul e application , 
however ,  'consumes '  tha t  rul e i n th e sens e tha t  th e 
correspondin g fragment  i s  incorporate d i n th e overal l  struc -
ture ,  thu s becomin g unavailabl e fo r  reuse .  T o allo w multipl e 
rul e application ,  sa y o f  th e V P rule ,  a  correspondin g numbe r 
of  duplicate s o f  tha t  rul e ha s t o b e include d i n th e grammar . 
A mechanis m tha t  accomplishe d suc h rul e duplicatio n 'o n th e 
spot '  woul d ru n int o well-know n problem s o f  connectionis t 
models ,  i n particula r  th e variabl e bindin g problem . 

•  Credi t  i s  du e t o Ka i  Zimmerman n a t  T U Munic h fo r  designin g an d imple -
mentin g th e LOOPS-base d interactiv e networ k simulato r  tha t  wa s th e basi s fo r 
our  experimenu l  work . 

'Thi s randomnes s i s roote d i n th e asynchronou s mode l  o f  operatio n o f  th e 
units . 
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EXTENSIONS AN D 
DIRECTIONS FO R FUTURE RESEARCH 

One o f  th e mos t  obviou s extension s t o th e mode l  presente d 
her e i s it s q>plicatio n t o sentenc e analysi s (parsing) .  T h e 
s a me transformatio n o f  g r a m m a r  rule s int o structur e frag -
ment s coul d b e used ,  wit h th e s a m e connectionis t  approac h t o 
f-slructur e representatio n an d unification .  A  sentenc e t o b e 
parse d w o u l d b e represente d b y th e se t  o f  fragment s 
correspondin g t o th e lexica l  item s constitutin g it .  Parsin g 
wou l d procee d comb in in g thos e lexica l  item s wit h rul e frag -
ments ,  usin g essentiall y a  lin k structur e invers e t o th e on e i n 
Figur e 6  (link s poin t  bot tom-u p an d th e intermediat e uni t 
operate s conjunctivel y rathe r  tha n disjunctively) . 

A fundamenta l  featur e o f  natura l  languag e neglecte d i n ou r 
model  i s time-sequentiality .  A l thoug h considerabl e parallel -
is m i s probabl y essentia l  fo r  natura l  languag e processing , 
sequentialit y  i s  stil l  inheren t  i n primin g effect s o n sequencin g 
an d othe r  psycholinguisti c p h e n o m e n a (Bock ,  1982) .  A s a 
first  ste p i n thi s direction ,  activatio n flow  (progressin g 
unifications )  coul d b e modifie d s o a s t o follo w a  left-to-righ t 
pattern .  Earl y segment s w o u l d b e generate d first,  thereafte r 
constrainin g wha t  follow s i n th e sentence . 

Anothe r  issu e i s h o w curren t  theorie s o f  g r a m m a r  ca n accoun t 
fo r  th e wealt h o f  ungrammaticalit y foun d i n actua l  utterances , 
suc h a s agreemen t  violation s an d blendin g o f  constructions . 
Thes e p h e n o m e n a sugges t  tha t  grammaticalit y i s reall y a 
matte r  o f  degree ,  realize d i n actua l  speec h accordin g t o limita -
tion s o f  processin g resource s an d othe r  constraints .  B y thei r 
nature ,  coimectionis t  m o d e l s s e e m t o b e bette r  suite d t o m o d e l 
grade d grammaticality ,  ye t  i t  i s  no t  clea r  h o w t o integrat e 
suc h a  notio n wit h ou r  o r  othe r  m o d e l s o f  processing . 

Finally ,  i t  w o u l d b e nic e i f  a  m o d e l  o f  processin g als o gav e 
s o me perspectiv e o n h o w it s language-specifi c  structure s ca n 
b e efficientl y acquired ,  i.e .  learned .  W i t h respec t  t o ou r 
mode l ,  i t  remain s a n o p e n questio n whethe r  an y o f  th e k n o w n 
connectionis t  learnin g procedure s ca n b e applie d t o a c c o m -
plis h thi s task . 

CONCLUSION 

We hav e show n tha t  connectionis t  model s  o f  natura l  languag e 
processin g ca n efficiend y incorporat e state-of-the-ar t  linguis -
ti c  formalisms .  I n particular ,  w e v i e w ou r  m o d e l  o f  sentenc e 
generatio n a s a  first  ste p toward s a n integratio n o f 
unification-base d g r a m m a r  wit h coimectionis t  principles . 
Also ,  th e w o r k reporte d her e s e e m s t o sugges t  severa l  possi -
bl e direction s i n w h i c h traditiona l  linguisti c theorie s m a y b e 
extende d an d modifie d t o a c c o m m o d a t e per formanc e m o d e l s 
o f  natura l  language . 
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