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Abstract 

We describe a connectionist parsing scheme based on context-free grammar rules. In 
thi s schem e w e us e a n updatin g rul e simila r  t o th e on e use d i n th e Boltzman n machin e (Fahl -
man,  Hinto n an d Sejnowsk i  1983 )  an d appl y simulate d annealing .  W e sho w tha t  a t  lo w tem -
perature s th e tim e averag e o f  th e visite d state s a t  therma l  equilibriu m represent s th e correc t 
pars e o f  th e inpu t  sentence . 

In contrast with previously proposed connectionist schemes for natural language pro-
cessing ,  thi s schem e handle s th e traditionall y sequentia l  rule-base d parsin g i n a  genera l  manne r 
i n th e network .  Anothe r  differenc e i s th e us e o f  th e computationa l  schem e o f  th e Boltzman n 
machine .  Thi s allow s u s t o formulat e genera l  rule s fo r  th e settin g o f  weight s an d threshold s i n 
our  system . 

The parsing scheme is built from a small set of connectionist primitives that represent 
th e gramma r  rules .  Thes e primitive s ar e linke d togethe r  usin g pair s o f  computin g unit s tha t 
behav e lik e discret e switches .  Thes e unit s ar e use d a s binder s betwee n concept s represente d i n 
th e network .  The y ca n b e linke d i n suc h a  wa y tha t  individua l  rule s ca n b e selecte d fro m a 
collectio n o f  rules ,  an d ar e ver y usefu l  i n th e constructio n o f  connectionis t  scheme s fo r  an y 
for m o f  rule-base d processing . 

1. Introduction 

Recently, several connectionist models for natural language understanding (NLU) have 
been proposed ;  fo r  example .  Walt z an d Pollac k (1984 ;  Pollac k an d Walt z 1982 )  an d Cottrel l 
and Smal l  (1983 ;  Small ,  Cottrell ,  an d Shastr i  1982 )  giv e model s fo r  word-sens e an d syntacti c 
disambiguation ,  an d Reill y  (1984 )  give s a  schem e fo r  anaphor a resolution .  Th e model s ar e 
base d o n th e deterministi c connectionis t  schem e (McClellan d an d Rumelhar t  1981 ;  Feldma n 
and Ballar d 1982) .  A  centra l  aspec t  o f  thes e scheme s i s tha t  the y proces s th e differen t  source s 
of  knowledg e use d i n NLU ,  suc h a s lexica l  an d worl d knowledg e i n a  highl y integrate d way ;  fo r 
example ,  th e syntacti c an d semanti c processin g ar e combined . 

A major limitation of these schemes is their very limited capability to handle tasks 
suc h a s parsin g an d cas e filling  whic h see m t o requir e processin g t o b e base d o n a  se t  o f  rules . 
For  example ,  Pollac k an d Walt z us e th e outpu t  o f  a  conventiona l  char t  parse r  t o generat e a 
networ k fo r  th e syntacti c pars e o f  th e sentence .  Thi s networ k onl y represent s th e pars e tre e 
(o r  trees ,  i n cas e o f  syntacti c ambiguity )  o f  th e particula r  inpu t  sentence .  W e propos e a  mor e 
genera l  approach ,  namel y a  networ k tha t  directl y represent s th e gramma r  rule s an d i s t o b e 
used fo r  parsin g o f  a  larg e numbe r  o f  sentences .  A  simila r  approac h coul d b e use d fo r  othe r 
type s o f  rul e based-processing ,  lik e cas e filling. 

Thi s wor k wa s supporte d b y a  Governmen t  o f  Canad a Awar d t o th e first  author ,  an d grant s fro m th e 
Universit y o f  Toront o an d th e Natura l  Science s an d Engineerin g Researc h Counci l  o f  Canad a t o th e 
secon d author . 
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Our  motivatio n behin d thi s researc h i s twofold .  O n on e han d w e believ e that ,  a t  leas t 
par t  o f  th e natura l  languag e understandin g proces s ca n b e handle d b y a  connectionis t  architec -
tur e an d tha t  thi s for m o f  integrated ,  paralle l  processin g facilitate s th e parsin g process .  O n 
th e othe r  hand ,  w e believ e tha t  thes e scheme s ca n onl y b e o f  practica l  interes t  fo r  N L U i f  the y 
handl e rule-base d processing ,  lik e syntacti c parsing ,  i n a  genera l  an d eflficien t  wa y an d ar e un -
derstoo d wel l  enoug h t o se t  th e weight s an d threshold s correctl y i n larg e networks . 

2. The model 

2.1 Topology 

We base our scheme on a context-free grammar, but this is not essential in our ap-
proach .  Th e syntacti c categorie s o f  th e gramma r  ar e represente d i n a  localis t  manner ,  tha t  is , 
each syntacti c categor y i s represente d b y a  uni t  i n th e network .  A s w e wil l  se e thi s localis t  ap -
proac h allow s u s t o represen t  th e gramma r  rule s i n a  ver y straightforwar d manner ,  an d conse -
quentl y determine s th e se t  o f  non-zer o weight s (givin g th e topolog y o f  th e network) .  Th e 
grammar  rule s wil l  determin e ho w thes e unit s ar e interconnected . 

In the scheme we distinguish two layers. The input layer consists of a number of com-
putin g unit s representin g th e termina l  symbol s o f  th e grammar .  A n inpu t  sentenc e wil l  ac -
tivat e som e subse t  o f  thes e units .  Connecte d t o thi s inpu t  laye r  i s a  networ k tha t  represent s 
th e pars e tree s o f  al l  non-termina l  string s i n th e languag e whos e lengt h i s no t  greate r  tha n th e 
number  o f  unit s i n th e inpu t  layer .  Thi s network ,  calle d th e parsin g layer ,  i s  constructe d fro m 
connectionis t  primitives ,  whic h represen t  th e context-fre e gramma r  rules .  Figur e 1  give s tw o 
example s o f  suc h primitives .  Th e activatio n o f  al l  unit s o f  a  primitiv e correspond s t o th e us e 
of  th e associate d gramma r  rul e i n th e parse .  Th e numbe r  o f  unit s i n th e parsin g laye r  depend s 
on th e particula r  context-fre e gramma r  rule s an d th e numbe r  o f  inpu t  units .  Th e differen t 
pars e tree s ar e no t  represente d b y completel y disjoin t  set s o f  units ,  bu t  shar e common sub -
structures .  Thi s wil l  kee p th e siz e o f  th e networ k manageable . 

We use intermediate computing units to link the primitives together. These units play 

th e rol e o f  binder s i n th e networ k and ,  therefor e calle d binde r  unitŝ .  Th e computin g unit s 
representin g th e terminal s an d variable s o f  th e gramma r  ar e calle d mai n units . 

Figure 2 gives an example of the use of binder units. The four binder units are used to 
represen t  th e fac t  tha t  th e mai n uni t  # 0 i s par t  o f  thre e gramma r  rules : 

(la) 

(lb ) 

(Ic ) 

The binder s ar e linke d i n suc h a  way ,  usin g inhibitor y an d excitator y connections ,  tha t  whe n 
th e networ k reache s a  stabl e stat e th e activ e binder s (thos e whos e outpu t  equal s +1 )  tel l  u s 
whic h on e o f  th e thre e possibl e gramma r  rule s i s use d i n th e pars e o f  th e inpu t  sentenc e t o 
decompos e th e ver b phras e represente d b y uni t  #0 .  So ,  i f  binde r  # 1 stay s activ e rul e l a i s 
used i n th e parse ,  i f  binde r  # 2 an d # 3 sta y activ e rul e l b i s use d an d i f  binde r  # 2 an d # 4 
sta y activ e rul e I c i s  used . 

2.2 Computational scheme 

In this section we will consider the way in which the network finds the parse of a sen-
tence .  I n th e inpu t  laye r  o f  th e network ,  th e unit s ar e place d i n inpu t  groups .  Eac h grou p 
contain s a  uni t  fo r  eac h termina l  symbo l  o f  th e grammar .  Th e inpu t  group s ar e numbered ; 
th e n  ' *  grou p i s associate d wit h th e n  ' *  wor d i n th e inpu t  sentence .  Initiall y  th e computin g 
unit s o f  bot h th e inpu t  an d th e parsin g laye r  o f  th e networ k ar e inactiv e (thei r  outpu t  i s  -1) . 

VP 

VP 

VP 

- * 

- * 

- , 

VP 

ver b 

ver b 

PP 

NP 

'  Binde r  unit s wit h a  simila r  functio n ar e use d b y Cottrel l  (1985 )  i n hi s parsin g syste m base d o n a 
deterministi c connectionis t  model . 
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As a  sentenc e come s in ,  eac h wor d o f  th e sentenc e activate s th e computin g unit(s )  representin g 

it s associate d syntacti c categor y o r  categories .  S o th e first  wor d o f  th e sentenc e activate s on e 

or  mor e unit s (dependin g o n th e numbe r  o f  syntacti c categorie s associate d wit h th e word )  i n 

inpu t  grou p # 1 ,  th e secon d wor d on e o r  mor e unit s i n inpu t  uni t  # 2 ,  an d s o on .  Afte r  receiv -

in g inpu t  data ,  th e networ k start s th e relaxatio n process .  Durin g thi s process ,  th e output s o f 

th e activate d computatio n unit s i n th e inpu t  group s ar e fixed  a t  +1 ,  whil e th e output s o f  oth -

er  unit s i n th e inpu t  laye r  ar e fixed  a t  -1 ,  s o tha t  th e networ k ca n find  th e optima l  matc h 

betwee n th e inpu t  dat a an d th e interna l  constraint s representin g th e gramma r  rules ;  thi s 

matc h wil l  represen t  th e correc t  pars e o f  th e input . 

In our model we use a variation on the computational scheme of the Boltzmann 

machin e (Fahlman ,  Hinto n an d Sejnowsk i  1983 ;  Hinto n an d Sejnowsk i  1983a ,  1983b) ,  an d ap -

pl y th e simulate d annealin g schem e o f  Kirkpatric k e t  al .  (1983 )  t o find  th e optima l  matc h 

betwee n inpu t  dat a an d interna l  constraints .  Ou r  schem e differ s fro m th e origina l  i n tha t  w e 

use - 1 an d -1- 1 a s outpu t  value s o f  ou r  computin g unit s instea d o f  0  an d +1 .  Thi s facilitate s 

th e representatio n o f  symmetrica l  interdependenc y relation s betwee n hypothese s i n th e 

scheme ;  ther e exist s a  one-to-on e mappin g betwee n thi s schem e an d th e origina l  (Selma n 1985) . 

The fact that this scheme searches for a global energy minimum and that at equilibri-

u m th e relativ e probabilit y  o f  a  particula r  stat e o f  th e syste m i s give n b y it s energ y enabfe s u s 
t o formulat e genera l  rule s fo r  th e settin g o f  th e weight s o n th e connection s an d th e threshold s 

of  th e computin g units . 

We compute the average value of the output of each unit at the different temperatures 

use d i n th e annealin g scheme .  I n a n exampl e give n below ,  w e wil l  se e ho w thes e averag e 

value s wil l  chang e durin g coolin g o f  th e system ;  finally,  a t  a  temperatur e jus t  abov e th e freez -

in g poin t  o f  th e system ,  th e unit s wit h output s clos e t o -1- 1 wil l  represen t  th e pars e o f  th e sen -

tence .  T o find  th e temperatur e jus t  abov e th e freezin g poin t  o f  th e network ,  w e conside r  sta -

tistica l  dat a o n th e behavio r  o f  th e networ k durin g simulate d annealing . 

2.3 The setting of weights and thresholds 

The setting of weights and thresholds is probably the most difficult problem in the 

desig n o f  a  connectionis t  scheme .  Th e se t  o f  weight s an d threshold s represent s th e interna l 

constraint s an d therefor e th e knowledg e i n th e system .  S o fa r  w e hav e describe d ho w unit s 

ar e interconnecte d i n ou r  parsin g scheme ;  tha t  i s  th e se t  o f  link s wit h non-zer o weights .  N o w 

we wil l  discus s wha t  value s shoul d b e chose n fo r  th e weight s o n thes e links . 

In the Boltzmann formalism, the behavior of the system during relaxation can be 

describe d a s a  searc h fo r  a  globa l  m in imu m i n th e energ y o f  th e networ k 

E = T^Eiock (2) 
k 

I n whic h 

Eiock =[-\/2Y.rVkjSi+e,)sk (3) 
j 

i s  th e contributio n o f  th e A;' *  uni t  wit h outpu t  valu e s ^  an d threshol d ^ ^  t o th e energy ,  w^ y 

i s th e weigh t  o n th e connectio n betwee n th e A;' *  an d th e j ' *  uni t  (w e assum e symmetrica l 

connections) ,  an d th e summatio n i n equation s (2 )  an d (3 )  i s ove r  al l  unit s i n th e network . 

Given the fact that the network searches for a global energy minimum, we can, to a 

first  approximation ,  analyz e th e behavio r  o f  th e networ k b y assumin g tha t  eac h uni t  an d it s 

direc t  neighbor s wil l  chos e outpu t  value s suc h tha t  ^ ^ c t  become s minimal .  Howeve r  thi s 

metho d give s onl y a  roug h approximatio n o f  th e actua l  behavior ,  becaus e minimizin g Eî ^  fo r 

one particula r  uni t  ofte n conflict s wit h minimizin g £'/o c o f  othe r  units .  T o ge t  a  bette r  insigh t 

i n th e behavio r  o f  th e syste m w e therefor e conside r  th e contributio n t o th e globa l  energ y o f  a 
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smal l  group s o f  units. ^  Becaus e o f  th e homogeneou s structur e o f  ou r  networ k w e onl y hav e t o 

conside r  a  limite d numbe r  o f  cases .  A s a n exampl e w e wil l  conside r  th e settin g o f  th e weight s 

on th e excitator y links . 

Figure 3 shows some excitatory links in a typical configuration. The network 

represent s tw o gramma r  rules : 

VP - ^  ver b (4 a ) 

VP - ^  ver b N P (4 6 ) 

Rul e 4 a i s represente d b y th e unit s 0 ,  1 ,  an d 3 ;  rul e 4.4 b b y th e unit s 0 ,  2 ,  4 ,  an d 5 .  Durin g 

th e relaxatio n proces s ou r  networ k ha s t o decid e betwee n rul e 4 a an d rul e 4 b o r  neithe r  o f 

them .  Ther e i s n o a  prior i  preferenc e fo r  on e rul e ove r  th e other .  Therefore ,  becaus e uni t  # 2 

i s connecte d t o tw o othe r  unit s representin g th e left-han d sid e o f  gramma r  rul e 4 b an d uni t 

^ l  i s  connecte d t o onl y on e uni t  representin g th e left-han d sid e o f  gramma r  rul e 4 a w e hav e 
t o mak e th e weigh t  o n th e lin k betwee n unit s # 1 an d # 3 twic e a s stron g a s th e link s betwee n 

unit s # 2 an d # 4 an d betwee n unit s # 2 an d #5 .  (Thi s ca n b e easil y generalize d fo r  gramma r 
rule s wit h mor e symbols ;  on e chose s th e weight s suc h tha t  th e su m o f  th e input s a t  th e binde r 

unit s i s equa l  fo r  al l  gramma r  rules. )  S o w e choos e W2^4 an d ^2, 5 equa l  t o som e positiv e con -

stan t  an d w e se t  W i ^  t o twic e thi s constant .  W e se t  thi s constan t  t o 1.0 .  On e shoul d not e 

tha t  th e absolut e valu e o f  th e constan t  i s irrelevant .  Thi s valu e i s onl y goin g t o t o determin e 
at  wha t  temperatur e i n ou r  simulate d annealin g schem e th e syste m i s goin g t o freeze ,  bu t  th e 

temperatur e i s onl y a  forma l  paramete r  introduce d t o d o simulate d annealin g an d ha s n o 
meanin g i n ou r  final  result . 

For the use of a grammar rule in the parse, the presence of each symbol in the rule is 

equall y important ,  an d therefor e w e connec t  th e unit s i n a  connectionis t  primitiv e representin g 

a gramma r  rul e wit h link s o f  equa l  strength ,  s o i f  4^5 = 1.0 .  An d finally,  becaus e bottom-u p 

and top-dow n parsin g i s completel y integrate d an d o f  equa l  importanc e i n ou r  network s w e 

choos e i c 0,1= "̂'0,2 ^  2.0 . 

Selman (1985) gives similar analyses that lead to rules for for setting of weights on in-

hibitor y link s an d th e threshold s o f  th e units .  Her e i s a  summar y o f  thes e rules: ^ 

weigh t  excitator y lin k + 1 0 « "  primitiv e wit h thre e unit s (5a ) 

+2. 0 i n primitiv e wit h tw o unit s (5b ) 

weightinHibitory link -30 (5c) 

threshol d 0. 0 mai n uni t  (5d ) 

-2. 0 mai n uni t  i n symmetrica l  environmen t  (5e ) 

+2. 0 binde r  unit .  (5f ) 

A main unit in a symmetrical environment is a main unit only linked to pairs of binder 

unit s (tha t  i s  connecte d t o bot h binders )  an d a t  mos t  on e othe r  binde r  unit . 

Although the local analyses and symmetry considerations on which these rules are 

base d won' t  guarante e th e righ t  globa l  behavior ,  goo d simulatio n result s o f  a  networ k wit h 
weight s se t  accordin g t o thes e rule s sho w tha t  apparentl y suc h a  loca l  analysi s give s a  reason -

abl e estimat e o f  th e globa l  behavio r  o f  th e parsin g network .  Thi s i s mos t  presumabl y a  conse -
quenc e o f  th e highl y homogeneou s structur e o f  ou r  parsin g schem e (th e network s ar e buil t 
fro m a  smal l  numbe r  o f  primitives) . 

state s o f  th e (total )  network ; '  O f  course ,  fo r  a n exac t  analysi s on e woul d hav e t o conside r  al l  possibl e 
thi s become s clearl y infeasibl e fo r  network s wit h mor e tha n abou t  2 5 nodes . 

^ Often only the ratio of between the different weights and thresholds are relevant; Selman (1985) gives 
thes e rule s m a  mor e genera l  form . 
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NP - > 

NP - ^ 

NP - ^ 

N P2 - ^ 

N P2 - ^ 

determine r  N P 2 

N P2 

NP P P 

noun 

adjectiv e N P 2 

3.  T h e desig n an d testin g o f  a  networ k 

To illustrate our model we will now consider an example. This network is based on the 
followin g contex t  fre e gramma r  rule s (take n fro m a n exampl e i n Winogra d 1983) : 

S - ^  N P V P 

S - *  V P 

VP - K ver b N P - ^  N P P P (6 ) 

VP - ^  ver b N P 

VP - ^  V P P P 

P P - *  prepositio n N P 

We wil l  represen t  five  inpu t  groups ;  i n a  complet e networ k eac h inpu t  grou p ha s a  uni t  fo r  al l 

terminal s o f  th e grammar ,  howeve r  t o mak e ou r  exampl e networ k les s complex ,  w e wil l  no t 

represen t  eac h termina l  i n eac h inpu t  group . 

For the grammar rules in (6) we can construct connectionist primitives similar to those 

give n i n figure  1 .  T o buil d th e parsin g laye r  upo n th e inpu t  layer ,  usin g thes e primitives ,  w e 

conside r  th e difi"eren t  possibl e way s i n whic h th e syntacti c categorie s ca n b e groupe d accordin g 

t o th e gramma r  rules ,  an d desig n a  networ k tha t  represent s thos e possibilities .  On e wa y w e 

coul d hav e proceede d i s b y designin g a  se t  o f  networks ,  eac h representin g th e pars e o f  one 

uniqu e inpu t  sentence ,  linkin g al l  thes e network s t o th e inpu t  layer ,  an d placin g inhibitor y 

connection s betwee n them .  Thes e inhibitor y connection s shoul d guarante e tha t  afte r  th e pars -

in g networ k i s give n a n inpu t  sentence ,  onl y th e sub-networ k representin g th e pars e o f  th e in -

put  woul d remai n active . 

Apart from the question of whether the design of such a network is even feasible, there 

ar e tw o fundamenta l  reason s wh y w e di d no t  tak e thi s approach .  Firstly ,  man y pars e tree s 

hav e c o m m o n sub-structures .  S o on e ca n sav e computin g unit s b y representin g a  c o m m o n 

sub-structur e b y on e se t  o f  unit s an d linkin g tha t  structure ,  usin g binde r  units ,  t o th e differen t 

pars e tree s represente d i n th e network .  Secondly ,  mai n unit s represen t  genera l  concepts ,  suc h 

as 'nou n phrase' .  I t  i s  unlikel y tha t  i n th e huma n brai n (connectionis t  model s ar e t o a  certai n 

exten t  modele d afte r  th e brain )  thes e concept s ar e represente d a t  man y differen t  places . 

Therefore ,  instea d o f  representin g th e sam e genera l  concep t  a t  man y place s i n th e network ,  w e 

tr y t o limi t  th e numbe r  o f  mai n unit s representin g a  concept . 

So, instead of constructing a network from a set of separate networks, each represent-

in g th e pars e o f  a  sentence ,  w e tak e a n approac h i n whic h w e tr y t o shar e c o m m o n syntacti c 

structure s betwee n pars e tree s an d minimiz e th e numbe r  o f  mai n units .  Followin g thes e guide -

line s w e ca n construc t  fro m th e inpu t  layer ,  usin g th e connectionis t  primitives ,  a  networ k lik e 

th e on e give n i n figure  4. ^  Th e weight s an d threshold s i n thi s schem e ar e se t  accordin g t o (5) . 

To demonstrate the parsing capability of our network we consider the input sentence^ 

nou n ver b prepositio n determine r  noun ,  (7 ) 

exemplifie d b y "Joh n ra n dow n th e hiir \  Fo r  thi s sentenc e w e ra n a  simulatio n o f  th e paralle l 

networ k o n a  seria l  machin e usin g a  simulate d annealin g scheme .  T o appl y thi s scheme ,  on e 

has t o choos e a  descendin g sequenc e o f  temperature s suc h tha t  th e syste m ha s a  reasonabl e 

chanc e o f  finding  th e stat e wit h th e globa l  energ y minimum .  Therefor e on e start s a t  a  hig h 

temperatur e an d first  cool s rapidly ;  onc e th e syste m approache s th e freezin g poin t  (th e poin t 

'  Some simpl e inpu t  sentence s sho w tha t  th e multipl e unit s fo r  NP's ,  NP2's ,  an d PP' s ar e necessary ; 
however ,  on e coul d furthe r  minimiz e th e numbe r  o f  VP's .  However ,  thi s result s i n a  networ k wher e th e 
connectionis t  primitive s ar e les s visible ,  an d whic h i s therefor e harde r  t o understand . 

2 The network has been successfully tested for a number of input sentences, including some cases of 
syntacti c ambiguit y (i n suc h case s mor e tha n on e uni t  i s  activate d withi n a n mpu t  group) ,  i n whic h n o 
semanti c knowledg e i s necessar y t o resolv e th e ambiguit y (Selma n 1985) . 

216 



at  whic h i t  settle s dow n i n a  stat e wit h a  loca l  o r  a  globa l  energ y min imum ;  i n thi s stat e th e 

temperatur e i s to o lo w t o escap e fro m thi s min imum )  on e shoul d coo l  ver y slowly .  A s w e wil l 

see,  w e don' t  hav e t o freez e th e syste m completely ;  th e righ t  pars e o f  th e inpu t  sentenc e i s 

foun d a t  a  temperatur e jus t  abov e freezing . 

At each temperature above the freezing point one has to take sufficient computation 

step s t o allo w th e syste m t o reac h equilibriu m a t  tha t  temperature . 

To be able to choose the sequence of temperatures and the number of computation 

step s w e di d som e tes t  run s wit h th e network .  A n appropriat e sequenc e o f  temperature s wa s 

determine d b y considerin g th e numbe r  o f  change s i n th e outpu t  valu e o f  eac h computin g uni t 

and th e energ y distributio n o f  th e syste m a t  eac h temperature .  Base d o n thes e indicator s w e 

choos e a  sequenc e o f  temperature s startin g a t  T  ^  1000 0 (t o randomiz e th e system) ,  followe d 

by r  =  4.0 ,  T  =  2.0 ,  an d the n i n step s o f  0. 2 dow n t o T  =  0.6 . 

To estimate the required number of computation steps at each temperature, we con-

sidere d th e result s o f  a  sequenc e o f  simulation s i n whic h thi s numbe r  wa s slowl y increased . 

W h en th e averag e outpu t  value s o f  th e unit s becom e independen t  o f  th e numbe r  o f  computa -
tio n step s w e assum e tha t  enoug h computatio n step s hav e bee n take n t o sca n th e energ y dis -

tributio n o f  th e syste m a t  equilibrium .  T w o thousan d computatio n step s (i.e .  200 0 update s o f 

eac h unit )  pe r  temperatur e appeare d t o b e sufficient .  I t  shoul d b e note d tha t  w e di d no t  tr y t o 
minimiz e th e numbe r  o f  temperature s an d th e numbe r  o f  step s pe r  temperature . 

Figure 5 shows the anneahng process for sentence (7); we give six temperatures. Each 
pane l  show s th e averag e outpu t  valu e o f  eac h computin g uni t  a t  th e temperatur e give n belo w 

th e panel .  Th e number s 0  t o 4 4 ar e th e number s o f  th e computin g units ,  th e vertica l  positio n 

indicate s thei r  averag e outpu t  valu e o n th e interva l  [-1,+!] .  A t  T  ? « 1. 0 th e syste m freezes ; 
belo w thi s temperatur e th e syste m stay s i n on e state .  Compariso n o f  thes e result s wit h th e 
pars e tre e o f  thi s sentenc e give n i n figure 6  show s tha t  th e tim e averag e o f  th e output s o f  th e 
units ,  a t  a  lo w non-zer o temperature ,  correspond s t o th e correc t  pars e o f  th e inpu t  sentenc e i f 

one choose s th e unit s wit h output s clos e t o + 1 a s bein g par t  o f  th e pars e tree .  A t  lo w tem -
perature s ther e i s a  clea r  distinctio n betwee n unit s wit h outpu t  clos e t o + 1 an d th e othe r  un -

its ,  a s ca n b e see n i n figure  5 . 

Although the set of average output values of the units in this section does not reveal 
any significan t  difference s betwee n th e syste m i n a  froze n stat e o r  jus t  abov e th e freezin g 
point ;  mor e informatio n abou t  th e pars e ca n b e obtaine d a t  a  temperatur e jus t  abov e th e 
freezin g point ,  a s w e wil l  se e i n th e nex t  section . 

4. Changing weights and thresholds 

The weights in the example network given above were set in accordance with the rules 

give n i n (5) .  Becaus e th e settin g o f  th e weight s an d threshold s i s a n importan t  issu e i n con -
nectionis t  models ,  w e wil l  no w conside r  wha t  happen s i f  w e chang e som e o f  them .  W e us e 
agai n th e exampl e networ k give n i n figure  4  and ,  inpu t  sentenc e (7) . 

First we set the threshold of main unit #32 equal to zero; originally this threshold was 
set  t o -2.0 ,  followin g rul e (5e) .  Th e simulatio n result s sho w tha t  i n th e froze n stat e th e syste m 

give s th e correc t  parse ,  excep t  fo r  th e mai n node s # 1 8 an d # 3 2 an d th e binde r  #21 ;  tha t  i s 

th e averag e outpu t  value s o f  thos e unit s ar e -1.0 .  Howeve r  th e averag e o f  th e outpu t  value s 
of  thes e unit s a t  a  temperatur e jus t  abov e freezin g ar e almos t  equa l  t o zero .  Thi s mean s tha t 
at  tha t  temperatur e thes e unit s ar e par t  o f  th e pars e o f  th e sentenc e fo r  approximatel y 5 0 % o f 
th e tim e (al l  othe r  averag e outpu t  value s ar e clos e t o -1. 0 an d -Hl.O ,  consisten t  wit h th e 

correc t  parse) .  Thi s resul t  ca n b e explaine d a s follows .  Jus t  abov e th e freezin g poin t  th e sys -
te m jump s betwee n tw o states ,  namely : 

-  stat e a ,  al l  unit s o f  th e correc t  pars e ar e active ;  an d 
-  stat e b ,  sam e a s stat e a ,  excep t  fo r  th e unit s  18 ,  21 ,  an d 32 . 
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State s a  an d b  hav e approximatel y th e sam e lo w energy ;  howeve r  t o jum p betwee n thes e 

state s th e syste m ha s t o visi t  a  stat e wit h a  highe r  energy .  A t  a  temperatur e abov e th e freez -

in g temperatur e ther e i s enoug h therma l  energ y t o visi t  th e intermediat e stat e wit h a  highe r 

energy ;  i n othe r  word s th e syste m ha s a  reasonabl e chanc e t o visi t  i n th e intermediat e stat e 

compare d t o th e chanc e t o b e i n th e lowe r  energ y state s a ,  an d b .  Therefore ,  th e syste m wil l 

jum p betwee n stat e a  an d b  an d th e averag e outpu t  valu e o f  th e unit s 18 ,  21 ,  an d 3 2 wil l  b e 

aroun d zero .  However ,  whe n th e temperatur e i s lowere d th e syste m freezes ,  tha t  i s  i t  wil l  set -

tl e i n on e o f  th e state s a  o r  b ,  an d ther e i s no t  enoug h therma l  energ y t o jum p t o th e othe r 

low-energ y state . 

This example clearly demonstrates that the average output values of the units give 

mor e relevan t  informatio n whe n determine d jus t  abov e th e freezin g poin t  o f  th e syste m tha n 

at  o r  belo w tha t  point .  I t  als o demonstrate s ho w th e Boltzman n mechanis m no t  onl y find s a 

globa l  m in imu m i n th e energy ,  bu t  jus t  abov e th e freezin g poin t  th e syste m jump s betwee n a 

number  o f  state s wit h energie s clos e o r  equa l  t o th e globa l  energ y minimum .  Thi s i s a n impor -

tan t  advantag e ove r  a  deterministi c scheme .  Eve n i n cas e suc h a  schem e manage s t o fin d on e 

of  th e state s a  o r  b ,  i t  i s  ver y unlikel y tha t  a  deterministi c scheme ,  jus t  befor e findin g a  o r  b , 

woul d pas s throug h th e othe r  stat e wit h minima l  energy .  Thi s exampl e als o show s tha t  i f  w e 

don' t  follo w al l  th e rule s give n i n (5) ,  th e syste m doe s no t  behav e a s wel l  a s whe n w e do ;  how -

eve r  th e mode l  stil l  come s u p wit h a  resul t  clos e t o th e correc t  parse . 

We will now consider what happens if we increase both the strength of the inhibitory 

link s betwee n binde r  unit s an d th e threshold s o f  thes e units .  W e choos e a  weigh t  o f  -20. 0 o n 
th e inhibitor y link s an d threshold s o f  -i-19.0 .  Thes e value s ar e i n accordanc e wit h th e genera l 

rul e fo r  settin g th e threshold s o n binde r  unit s an d th e weight s o n inhibitor y link s betwee n 

them .  I n thi s cas e w e don' t  find  an y significan t  diff"erence s betwee n th e simulatio n result s wit h 

thi s ne w choic e o f  weight s an d threshold s an d thos e usin g th e origina l  values . 

This is an interesting result, because with this choice of weights it becomes extremely 

unlikely ,  a t  lo w temperatures ,  t o find a  pai r  o f  binde r  unit s wit h bot h output s equa l  t o +1.0 . 

Such a  pai r  woul d giv e a  larg e positiv e contributio n t o th e energy ;  se e equatio n (3) .  Therefore , 

th e pair s ar e functionin g a s three-stat e switche s wit h a t  mos t  on e uni t  wit h outpu t  equa l  t o 

+1.0 .  Thi s i s usefu l  durin g th e searc h fo r  a  correc t  pars e (o r  globa l  energ y min imum) ,  becaus e 
a pai r  wit h bot h output s equa l  t o + 1 correspond s t o th e obviousl y incorrec t  situatio n i n whic h 

tw o gramma r  rule s ar e applie d a t  th e sam e tim e t o decompos e a  syntacti c category . 

In figure 2 we saw two pairs of binder units linked in such a way that they can choose 

th e applicatio n o f  on e specifi c  gramma r  rul e ou t  o f  three .  Usin g a  simila r  approac h on e ca n 

desig n a  networ k fro m pair s o f  binde r  unit s tha t  ca n selec t  on e rul e ou t  o f  a  larg e collection ; 

suc h network s wil l  b e usefu l  i n genera l  connectionis t  scheme s fo r  rule-base d processing . 

5. Conclusions 

We have discussed how traditional typically sequential, rule-based processing like pars-
in g ca n b e don e i n a  completel y paralle l  manner .  I n th e desig n o f  suc h connectionis t  scheme s 

th e us e o f  pair s o f  intermediat e unit s tha t  functio n a s binder s betwee n unit s tha t  represen t  th e 

differen t  concept s appear s t o b e ver y useful .  On e ca n choos e th e threshold s o f  th e binde r  unit s 

and th e weight s o n th e inhibitor y link s i n betwee n the m suc h tha t  the y functio n a s three-stat e 

switche s (bot h unit s o n i s a  'forbidden '  state) .  Thes e pair s linke d togethe r  i n a  binar y tre e 

structur e ca n b e use d t o selec t  on e rul e (fo r  example ,  a  gramma r  rule )  ou t  o f  a  collectio n o f  al -

ternatives .  Durin g th e searc h fo r  a n optima l  matc h betwee n inpu t  dat a an d th e interna l  con -

straint s i n th e network ,  th e binde r  pair s selec t  differen t  rule s t o tes t  whethe r  the y shoul d b e 

used .  Interestingly ,  thi s bear s a  clos e resemblanc e t o ho w a  sequentia l  processin g schem e trie s 

rul e afte r  rule ;  th e advantag e o f  th e connectionis t  schem e i s tha t  man y rules ,  eac h par t  o f  a 

differen t  collectio n an d represente d i n differen t  part s o f  th e network ,  ca n b e applie d i n parallel , 

and als o ther e i s a  complet e integratio n o f  bottom-u p an d top-dow n processing . 
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We sa w tha t  th e specia l  propertie s o f  th e computationa l  schem e o f  th e Boltzman n 

machin e mad e i t  possibl e t o se t  th e weight s an d threshold s b y analyzin g th e energ y o f  smal l 

group s o f  unit s an d som e genera l  symmetr y considerations .  Anothe r  usefu l  aspec t  o f  th e 

Boltzman n schem e i s tha t  th e networ k a t  temperature s jus t  abov e th e freezin g point s visit s a 

number  o f  state s wit h energie s equa l  o r  clos e t o th e globa l  energ y min imu m o f  th e network . 

Such state s will ,  i n general ,  sho w onl y mino r  difference s fro m th e stat e o f  th e networ k tha t 

represent s th e correc t  parse ;  thi s make s th e networ k les s dependen t  o n th e particula r  choic e o f 
weight s an d thresholds . 

The next logical step in this research is the addition of a semantic component in our 

scheme,  t o exten d th e disambiguatio n capability .  Suc h a  mode l  woul d incorporat e rule s fo r 

cas e filling. 
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Figure 1 Two examples of connectionist primitives and their associated grammar rules. 

— excitator y lin k 

• _ inhibitor y lin k 

( ] main unit 

^~^ binder unit 

Figur e 2  A n exampl e o f  th e us e o f 
binde r  unit s (unit s 1 ,  2 ,  3  an d 4) . 

Figur e 3  Som e excitator y link s i n a 

typica l  configuratio n i n th e parsin g 

network ;  thei r  weight s ar e give n 
alongsid e th e links . 

excitator y lin k 

» _ inhibitor y lin k 

(verb \  hou h ( a 
K q J k V 
inpu t  group :  1 

Figur e 4  A n exampl e parsin g networ k base d o n th e gramma r  rule s give n i n (6) .  Inpu t  grou p 
# 1 consist s o f  unit s 0 ,  1 ,  an d 2 ;  grou p # 2 consist s o f  unit s 3 ,  4 ,  an d 5 ,  an d s o forth . 
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Figure 5 Average output values of computing units during simulated annealing. During the 
simulation s th e o u t p u t s o f  unit s 0  t o 1 4 w e r e fixed  t o represen t  th e inpu t  sentence . 
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Figur e 6  Th e pars e tre e o f  sentenc e (7) .  Th e number s betwee n parenthese s ar e th e number s 
of  th e correspondin g computin g unit s i n th e parsin g network . 
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