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A b s t r a c t 

The ability to represent structured knowledge and 

us e tha t  knowledg e i n a  systemati c wa y i s a  ver y 

importan t  ingredien t  o f  cognition .  A n ofte n hear d 

criticis m o f  connectio n is m i s  tha t  connectionis t 

system s canno t  posses s tha t  ability .  T h e wor k re -

porte d i n thi s pape r  demonstrate s tha t  a  connec -

tionis t  syste m ca n no t  onl y represen t  structure d 

knowledg e ain d displa y systemati c behavior ,  bu t 

ca n als o d o s o wit h extrem e efficiency .  Th e pape r 

describe s a  connectionis t  syste m tha t  ca n repre -

sen t  knowledg e expresse d a s rule s an d f a d s in -

volvin g muhi-plac e predicates ,  an d dra w limited , 

bu t  sound ,  inference s base d o n thi s knowledge . 

T h e syste m i s  extremel y efficien t  -  i n fact ,  opti -

mal ,  a s i t  draw s conclusion s i n tim e proportiona l 

t o th e lengt h o f  th e proof .  Centra l  t o thi s abUit y 

of  th e syste m i s a  solutio n t o th e variabl e bindin g 

problem .  Th e solutio n make s us e o f  th e notio n o f 

a phase d cloc k an d exploit s th e tim e dimensio n t o 

creat e an d propagat e variabl e bindings . 

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

McCarthy, in his commentary on Smolen-
sky' s paper :  O n th e Prope r  Treatmen t  o f 
Connectionism[15] ,  assert s tha t  connectionis t  sys -

tem s suffe r  fro m "th e unar y o r  eve n prepositiona l 

fixation";  representationa l  powe r  o f  mos t  connec -

tionis t  system s i s  restricte d t o unar y predicate s 

apphe d t o a  fixed  object .  Mor e recently ,  Fodo r  an d 

Pylyshyn[10 ]  hav e m a d e sweepin g claim s tha t  con -

nectionis t  system s czmno t  incorporat e systematic -

it y zui d compositionality .  Thes e comment s sugges t 

tha t  representin g structure d knowledg e i n a  con -

nectionis t  networ k an d usin g thi s knowledg e i n a 

systemati c wa y i s  considere d difficult ,  i f  no t  im -

possible .  Thi s pape r  addresse s thes e concerns .  I t 

describe s a  connectionis t  syste m tha t  ca n repre -

sen t  knowledg e expresse d i n term s o f  rule s an d 

fact s involvin g multi-plac e predicate s (i.e. ,  n-ar y 

relations )  an d dra w limite d bu t  soun d inference s 

base d o n thi s knowledg e i n a n extremel y efficien t 

manner .  Th e tim e take n b y th e syste m t o dra w 

conclusion s i s  proportiona l  t o th e lengt h o f  th e 

proof ,  an d hence ,  optimal . 

I t  i s  observe d tha t  th e ke y technica l  proble m 

tha t  mus t  b e solve d i n orde r  t o represen t  an d rea -

so n wit h structure d an d rul e base d knowledg e i s 

th e variabl e bindin g problem[9 ,  16] .  A  solutio n 

t o thi s proble m usin g a  multi-phas e cloc k i s  pro -

posed .  Th e solutio n employ s th e tim e dimensio n 

t o maintai n an d propagat e variabl e binding s dur -

in g th e reasonin g process . 

T h e connectionis t  syste m fo r  reasonin g wit h 

rule s describe d i n thi s pape r  i s  computationall y 

eff"ectiv e i n a  stron g sens e an d i s  consisten t  wit h 

th e abilit y o f  h u m a n agent s t o dra w certai n in -

ference s extremel y fas t  ofte n i n a  fe w hundre d 

milliseconds .  T h e propose d syste m draw s infer -

ence s i n optima l  time ,  i.e. ,  i n tim e proportiona l  t o 

th e lengt h o f  th e proof . 

2 R e l a t e d W o r k 

Two major metaphors that have been used for con-

nectionis t  inferenc e ar e tha t  o f  energ y minimiza -

tio n an d sprea d o f  activation . 

Ballar d an d Hayes[2 ]  wer e th e first  t o develo p 

a connectionis t  inferenc e syste m usin g th e energ y 

minimization[ll ]  paradigm .  The y di d no t  addres s 

th e proble m o f  variabl e bindin g a s thei r  syste m 

require d tha t  al l  possibl e binding s b e explicitl y 
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pre-wire d int o th e network .  Explici t  pre-wirin g 

i s unacceptabl e a s a  solutio n t o th e variabl e bind -

in g proble m a s tha t  woul d correspon d t o explic -

itl y  representin g al l  possibl e instantiation s o f  th e 

rule .  Thi s i s no t  feasibl e becaus e th e numbe r  o f 

instantiation s m a y b e to o m a n y potentiall y un -

bounded .  Ballar d an d Hayes '  reasone r  ha s tw o 

limitation s whic h ar e c o m m o n t o al l  th e reason -

in g system s employin g th e energ y minimizatio n 

paradigm .  Firs t  o f  thos e limitation s i s regardin g 

thei r  efficiency .  I n thos e reasoners ,  th e inferenc e 

proces s i s  reduce d t o th e proble m o f  finding  th e 

lowes t  energ y stat e o f  a  suitabl y interconnecte d 

network .  Suc h a  proces s m a y eve n requir e no t  on e 

but  severa l  cycle s o f  convergenc e an d i t  i s  difficul t 

t o plac e a n uppe r  boun d o n th e convergenc e tim e 

of  suc h systems .  Eve n i n case s wher e i t  i s  possi -

bl e t o d o so ,  i t  turn s ou t  t o b e a t  bes t  polynomia l 

i n th e siz e o f  th e knowledg e base[5] .  Thus ,  eve n 

thoug h system s base d o n th e energ y metapho r  ar e 

massivel y parallel ,  the y d o no t  mee t  th e efficienc y 

requirement .  A  secon d proble m wit h suc h system s 

i s tha t  the y ar e no t  alway s guarantee d t o find  th e 

prescribe d solutio n becaus e th e energ y minimiza -

tio n proces s ca n ge t  trappe d i n a  loca l  minima . 

Touretzk y an d Hinton[17 ]  hav e describe d 

D C P S,  a  distribute d connectionis t  encodin g o f  a 

restricte d productio n system .  Th e syste m use s 

th e energ y minimizatio n metapho r  fo r  inference . 

Th e operatio n o f  a  productio n syste m require s th e 

abilit y t o perfor m variabl e bindings ,  an d D C P S 

exhibit s thi s ability .  Th e restriction s o n variabl e 

bindings ,  however ,  ar e fairl y strong .  Fo r  example , 

D C PS onl y allow s on e variabl e i n th e antecedent . 

I t  als o assume s tha t  durin g an y cycl e ther e i s onl y 

one rul e wit h on e variabl e bindin g tha t  ca n con -

stitut e a  potentia l  correc t  match . 

A m o ng th e othe r  connectionis t  reasonin g sys -
tem s tha t  emplo y energ y minimizatio n paradig m 

ar e th e syste m o f  Dola n &  Smolensky[7 ]  (Dola n & 

Smolensky' s syste m use s th e tenso r  produc t  base d 

representatio n propose d i n [16] )  whic h i s a n im -

provemen t  ove r  Touretzk y an d Hinton' s D C P S , 

Derthick' s system[5 ]  fo r  drawin g plausibl e infer -

ence s wit h respec t  t o a  fram e base d representa r 

tio n languag e an d Dola n an d Dyer' s syste m fo r 

paralle l  retrieva l  an d applicatio n o f  conceptua l 

knowledg e [6] . 

I n th e spreadin g activatio n metapho r  fo r  reason -

ing ,  eac h piec e o f  informatio n i s encode d b y a  con -

nectionis t  nod e an d th e inferentia l  dependencie s 

betwee n piece s o f  informatio n ar e represente d b y 

link s betwee n th e correspondin g nodes .  Inferenc e 

reduce s t o paralle l  sprea d o f  activatio n i n suc h a 

network .  Shastri' s  "connectionis t  realizatio n o f  se -

manti c networks "  [14 ]  follow s suc h a n approach . 

Th e syste m solve s a n interestin g clas s o f  inheri -

tanc e an d recognitio n problem s extremel y fas t  -  i n 

tim e proportiona l  t o th e dept h o f  th e conceptua l 

hierarchy .  Shastri' s  syste m display s th e desire d 

leve l  o f  efficienc y a s it s respons e i s a t  wors t  loga r 

rithmi c i n th e siz e o f  th e knowledg e base .  How -

ever ,  i t  doe s no t  addres s th e proble m o f  variabl e 

binding .  Althoug h multipl e rule s participat e i n 

a derivation ,  i t  i s  alway s th e cas e tha t  al l  vari -

able s ar e boun d t o th e sam e individua l  an d thu s 

th e syste m ca n ge t  b y withou t  actuall y solvin g th e 

variabl e bindin g problem . 

T h e suggestio n o f  th e usag e o f  tim e dimen -

sio n fo r  representin g variabl e binding s appear s 

als o i n th e work s o f  Clossman[4] ,  Fanty[8 ]  an d 

Malsburg[18] . 

3 Representation and Rea-

sonin g 

The proposed connectionist system can perform a 

broa d clas s o f  deductiv e inferenc e involvin g vari -

able s an d multi-plac e predicate s wit h extrem e ef -

ficiency.  Specifically ,  th e syste m ca n represen t 

knowledg e expresse d i n th e for m o f  rule s an d 

fact s an d determin e whethe r  a  quer y ca n b e de -

rive d a s a  consequenc e o f  th e fact s an d rule s en -

code d i n th e system .  T h e answer s t o querie s ax e 

produce d i n optima l  time :  th e tim e take n t o dra w 

an inferenc e i s onl y proportiona l  t o th e lengt h o f 

th e proof . 

T h e for m o f  rules ,  facts ,  Eui d querie s i s explaine d 
below . 

Rule s i n th e syste m ar e assume d t o b e sentence s 

of  th e for m 

Va:i,...,x„[Pi(...)AP2(...)...AP„(...)= » 

\/yi,...,y,3zu...z,Q{...) ] 
wher e argument s fo r  P,' s ar e subset s 

of  {xi,X2 ,  • X m } ,  whil e th e argument s o f  Q  m a y 
consis t  o f  an y numbe r  o f  argument s fro m amon g 

th e Xi' s an d an y numbe r  o f  constant s beside s th e 

universall y an d existentiall y  quantifie d argument s 

introduce d i n th e consequent . 

Fact s ar e assume d t o b e atomi c formula s o f  th e 

for m P{ti,t2:.tk )  wher e t.' s  ar e eithe r  constant s 
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or  existentieJl y quantifie d variables . 

A quer y ha s th e sam e for m a s a  fact :  i t  i s  a n 

atomi c formul a whos e argument s ar e eithe r  boun d 

t o constant s o r  ar e existentiall y  quantified .  Th e 

enforcemen t  o f  th e samenes s conditio n o n th e vari -

able s tha t  occu r  mor e tha n onc e i n th e antecedent s 

of  th e rule s i s Umite d t o thos e whic h ge t  boun d du e 

t o th e query . 

Some example s o f  rules ,  facts ,  an d querie s fol -

low : 

Rviles : 

Vr ,  y ,  z  give(x ,  y ,  z )  = > owns{y ,  z ) 

Vx, y owns{x,y )  => •  can-sell{x,y ) 

Vx omnipresent{x )  ̂  Vy ,  <  present{x ,  y,i ) 

Vx,  y  born{x ,  y )  = > 3 t  present{x ,  y ,  t ) 

Vx triangle{x )  => •  number-of-sides{x,i ) 

Vx, y sibling{x,y) A bom-at-the-same-time(x,y )  ^ 

irmns(x,y ) 

Facts : 

giv€{John,Mary,Bookl) ;  Joh n gav e Mar y 

Bookl . 

give{x ,  Susan ,  Ball2) ;  Someon e gav e Susa n Ball2 . 

omnipresent{x) ;  Ther e exist s someon e wh o i s om -

nipresent . 

triangle{A3) ;  A 3 i s a  triangle . 

sibling{Susan ,  Mary ) ;  Susa n an d Mar y ar e sib -

lings . 

born-at-the-same-time{Susan ,  Mary) ;  Susa n an d 

Mar y wer e bor n a t  th e sam e time . 

Queries: 

1.  owns{Mary ,  Bookl) ;  Doe s Mau- y ow n Bookl ? 

2.  owns{x,y) ;  Doe s someon e ow n something ? 

3.  can-sell{x ,  Ball2) ;  Ca n someon e sel l  BaI12 ? 

4.  present{x,Northpole,1/1/89) ;  I s someon e 

presen t  a t  th e nort h pol e o n 1/1/89 ? 

5.  number-of-sides{A3,A) ;  Doe s A 3 hav e 4  sides ? 

6.  can-sell{Mary,BaU2) ;  Ca n Mar y sel l  Ball2 ? 

7.  twins{Su8an ,  Mary) ;  Ar e Susa n an d Mar y 

twins. ? 

All queries except 5 and 6 follow from the rules 

and fact s an d th e syste m wil l  respon d 'yes '  t o thes e 

queries .  Th e syste m wil l  sa y 'no '  t o querie s 5  an d 

6. 

3.1 Directed reasoning 

The strong efficiency requirement we have im-

pose d o n ou r  syste m entail s tha t  i t  find  a  solutio n 

i n a  fixed  numbe r  o f  passe s o f  spreadin g activation . 

Such a  convergenc e behavio r  ensure s tha t  th e net -

wor k ca n comput e a  solutio n i n tim e proportiona l 

t o th e diamete r  o f  th e networ k whic h i s -  i n almos t 

al l  case s -  sublinea r  (an d ofte n logarithmic )  i n th e 

siz e o f  th e knowledg e base .  Fo r  th e connectionis t 

networ k t o comput e solution s i n a  singl e pas s o f 

spreadin g activation ,  th e inferentia l  dependencie s 

i n th e knowledg e bas e mus t  b e acyclic[13] .  Th e na r 

tur e o f  suc h inferentia l  dependencie s ca n b e mad e 

explici t  b y expressin g th e rul e componen t  o f  th e 

knowledg e bas e i n th e followin g graphica l  manner . 

Depic t  eac h predicat e occurrin g i n th e rule s b y a 

uniqu e nod e i n th e graph .  The n i f  ther e i s a  rul e 

of  th e for m 

Pi(...)AP2(...)...AP„(-)=»0(-) 

i n th e knowledg e base ,  dra w directe d arc s fro m 

th e node s correspondin g t o Fj S t o th e nod e corre -

spondin g t o Q .  Th e requiremen t  tha t  th e inferen -

tia l  dependencie s o f  th e knowledg e bas e b e acycli c 

amount s t o requirin g tha t  th e directe d grap h ob -

taine d i n thi s manne r  b e acyclic .  W e wil l  there -

for e focu s o n knowledg e base s whos e inferentia l 

dependenc y grap h correspond s t o a  directe d acycli c 

grap h an d henceforth ,  w e wil l  ofte n refe r  t o th e rul e 

componen t  o f  th e knowledg e bas e a s th e P D A G 

(fo r  Predicat e D A G ) . 

I n vie w o f  th e directe d natur e o f  inferentia l  de -

pendencies ,  w e refe r  t o th e system' s inferentia l 

abilit y  a s directe d reasoning .  Directe d reasonin g 

appear s t o b e adequat e t o captur e a  broa d rang e 

of  commo n sens e reasonin g situations .  I n partic -

ular ,  i t  ca n dea J wit h restricte d type s o f  causa l 

reasoning ,  i.e. ,  reasonin g abou t  action s an d event s 

wherei n ther e i s n o circula r  causalit y  (i.e. ,  system s 

tha t  ca n b e modele d a s ope n loo p systems) .  Ter -

minologica l  reasoning[3] ,  tha t  is ,  reasonin g wit h 

definitiona l  knowledg e o f  concept s (terms )  i s als o 

a cas e o f  directe d reasoning[l] . 

4 The Connectionist Encod-

in g 

This section discusses the connectionist encoding 

of  rule s an d facts .  Durin g mos t  o f  ou r  discussion s 

we wil l  b e focusin g o n rule s havin g a  singl e predi -

cat e o n th e antecedent ;  th e extensio n t o rule s hav -

in g mor e tha n on e predicat e o n th e anteceden t  i s 

rathe r  simpl e an d wil l  b e briefl y discusse d i n a  sub -

sequen t  section .  Du e t o spac e limitations ,  w e ar e 

398 



A J J A N A G A D D E,  SHASTRJ 

attemptin g t o provid e onl y a  simplifie d pictur e o f 

th e whol e syste m her e an d hence ,  ar e omittin g de -

tail s  suc h a s th e soundnes s an d completenes s con -

dition s an d th e detail s o f  encodin g o f  rule s havin g 

constant s an d existentiall y  quantifie d variable s i n 

th e consequent .  Th e ful l  detail s o f  th e reasonin g 

syste m ca n b e foun d i n [12] . 

Th e whol e encodin g make s us e o f  onl y simpl e 

phase-sensitiv e Binar y Threshol d Unit s (BTUs) . 

However ,  fo r  clcirit y  o f  exposition ,  w e wil l  b e mak -

in g us e o f  tw o abstrac t  type s o f  nodes ,  whic h w e 

cal l  pre d an d instancer .  T h e realizatio n o f  thes e 

type s o f  node s i n term s o f  B T U s i s  describe d i n 

[12] . 

An n-ar y predicat e i s  represente d b y a  pre d 

nod e (draw n a s a  rectangula r  box )  an d a  cluste r 

of  n  ar g node s (depicte d a s diamonds) .  Thu s th e 

ternar y predicat e orderhi t  i s  represente d b y th e 

pre d nod e labele d O R D E R H I T an d th e thre e arg 

node s -  al ,  a2 ,  an d a 3 -  draw n nex t  t o i t  (Fig .  1) . 

Each constan t  i n th e domai n i s  represente d b y 

a cons t  nod e (a n ova l  shape d node) ,  whic h i s a 

simpl e phas e sensitiv e B T U tha t  become s activ e 

i n phas e i  o f  ever y cloc k cycl e i f  i t  i s  initiall y  acti -

vate d i n th e i*' '  phas e o f  a  cloc k cycle . 

A rul e i s encode d b y interconnectin g node s rep -

resentin g th e anteceden t  an d consequen t  predi -

cates .  Fo r  example ,  th e interconnection s corre -

spondin g t o th e rul e 

Wx,y,zPl{x,y,z)^Q{y,x) 

are as follows: there will be a hnk from the pred 

nod e correspondin g t o P I  t o th e pre d nod e corre -

spondin g t o Q ;  ther e wil l  b e hnk s goin g fro m th e 

first  an d secon d ar g node s o f  Q  t o th e secon d an d 

first  ar g node s o f  P I  respectively .  Th e link s be -

twee n th e ar g node s represen t  th e correspondenc e 

betwee n th e argument s o f  th e consequen t  an d an -

teceden t  predicate s o f  th e rule .  (Refe r  t o th e 

encodin g o f  th e rul e 'ix,y,z{orderhit{x,y,z )  = > 

hit{y,z))mY\g.\) . 

A fac t  i s  encode d usin g a n instance r  nod e 

(draw n a s hexagona l  box) .  A n instance r  nod e 

representin g a  fac t  concernin g a n n-ar y predicat e 

has n  B I N D sites .  Th e i" *  B I N D sit e ha s Hnk s 

comin g fro m th e i" *  ar g nod e o f  th e correspond -

in g predicat e an d th e cons t  nod e representin g th e 

constan t  boun d t o th e i" '  argumen t  i n th e fac t 

represente d b y th e instancer . 

5 Inferenc e P roces s 

The inference process, that is, the verification of 

th e trut h o r  falsit y o f  a  query ,  i s  a  controlle d 

sprea d o f  activatio n i n th e networ k wit h n o ex -

terna l  intervention .  Th e inferenc e proces s m a y b e 

though t  o f  a s consistin g o f  thre e stage s ̂ .  I n th e 

first  stage ,  th e quer y i s  pose d t o th e networ k b y 

externa l  activatio n o f  som e nodes .  Durin g th e sec -

ond stage ,  a  controlle d paralle l  searc h i s  carrie d 

out  t o locat e al l  th e fact s tha t  ar e relevan t  t o th e 

proo f  o f  th e quer y an d th e instance r  node s encod -

in g suc h relevan t  fact s becom e active .  I n th e thir d 

and fina l  stag e th e actua l  proo f  i s constructed .  I n 

thi s stage ,  activatio n fro m th e instancer s denotin g 

relevan t  fact s flo w downward s alon g th e inferenc e 

path s i n th e P D A G t o produc e a n answe r  t o th e 

query .  Th e answe r  correspond s t o th e resultin g 

activatio n o f  th e pre d nod e tha t  correspond s t o 

th e quer y predicate . 

5.1 Posing the query and specifying 

var iab l e b i n d i n g s 

As said earlier, a query is cin atomic formula of 

th e for m P{t i  ,..,<* )  wher e <, s ar e eithe r  constant s 

or  existentiall y  quantifie d variables .  Posin g th e 

quer y involve s specifyin g th e constant -  argumen t 

binding s o f  th e quer y predicat e t o th e network . 

Thes e binding s o f  argument s ar e indicate d b y us -

in g a  phase d clock .  Fo r  a  give n query ,  eac h cloc k 

cycl e o f  th e networ k consist s o f  a  fixed  numbe r 

of  phases .  I f  th e argumen t  binding s i n th e quer y 

involv e p  distinc t  constants ,  the n th e cloc k ha s p 

distinc t  phases^ .  Le t  ci,...,C p b e p  distinc t  con -

stant s appeMin g i n th e binding s specifie d i n th e 

query .  Th e quer y wil l  b e pose d i n th e followin g 

manner : 

I n th e i" *  phas e o f  th e firs t  cloc k cycle ,  ( 1 < 

i  < p ) ,  th e followin g node s wil l  b e activated : 

• The const node corresponding to c,-. 

• The arg nodes corresponding to the i\'*,..., tj* 

argument s o f  th e quer y predicate ,  wher e 

ii,...,i j  { j  >  1 )  ar e th e argument s o f  th e 

quer y predicat e boun d t o c, . 

^Thes e stage s ar e conceptuall y distinct ,  however ,  durin g 
actua l  processin g thes e stage s overla p 

Î n genera l  p  ca n b e les s tha n th e numbe r  o f  boun d 
etrgument s i n th e quer y becaus e th e sam e constant(s )  ma y 
be boun d t o mor e tha n on e argument . 
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As state d earlier ,  or g node s an d cons t  node s ar e 

phas e sensitiv e an d th e phase s i n whic h the y re -

msdn activ e ar e determine d b y th e cloc k phase s i n 

whic h the y first  becom e active .  Th e simultaneou s 

activatio n o f  a n ar g nod e an d a  cons t  nod e durin g 

a phas e represent s tha t  th e constzui t  denote d b y 

th e latte r  nod e i s boun d t o th e argumen t  denote d 

by th e forme r  node . 

5.2 Propagating variable bindings 

a n d gettin g th e relevan t  in -

stancer s activ e 

Once th e quer y i s posed ,  th e paraJle l  searc h fo r 

th e assertion s tha t  ar e relevan t  t o th e proo f  o f  th e 

quer y ensues .  Relevan t  assertion s ca n b e o f  tw o 

types : 

Ther e m a y exis t  a  fac t  associate d wit h th e 

quer y predicat e itsel f  whos e argumen t  binding s 

subsum e th e binding s specifie d i n th e query .  Th e 

quer y woul d follo w directl y fro m suc h a  fact . 

For  example ,  th e quer y hit{dave,dick )  (i.e. ,  "Di d 

Dave hi t  Dick?" )  triviall y  follow s fro m th e fac t 

hit{dave,dick )  (refe r  t o Fig .  1. )  ^ . 

T h e secon d possibilit y  i s  tha t  ther e exis t  fact(s ) 

associate d wit h ancesto r  predicate(s )  o f  th e quer y 

predicat e an d whos e argumen t  binding s subsum e 

thos e specifie d i n th e query .  I n thi s case , 

th e quer y woul d follo w vi a a  chai n o f  m o d u s 

ponens .  A s a n example ,  i n Fig.l ,  th e fac t 

orderbit{dave ,  mike ,  bob )  i s  relevan t  t o th e proo f 

of  hit{mike,bob )  thi s way . 

We consider ,  i n turn ,  h o w th e tw o type s o f  rel -

evan t  fact s becom e activ e durin g th e quer y pro -

cess .  Conside r  ho w th e instance r  nod e F 3 (repre -

sentin g th e fac t  hit{dave ,  dick) )  become s activ e i n 

respons e t o th e quer y hit{dave ,  dick) .  Onc e thi s 

quer y i s posed ,  th e cons t  nod e dav e an d th e first 

ar g nod e o f  hi t  remai n activ e durin g th e first  phas e 

of  ever y cloc k cycle .  Similarly ,  th e cons t  nod e dic k 

and th e secon d ar g nod e o f  hi t  remain s activ e dur -

in g th e secon d phas e o f  ever y cloc k cycle .  T h e 

activatio n fro m thes e ar g an d cons t  node s reache s 

th e instance r  nod e F 3 durin g th e specifie d phases . 

An instance r  nod e function s a s follows : 

A n instance r  nod e become s activ e a t  th e en d o f 

cloc k cycl e t  an d remain s activ e throughou t  cycl e 

< -f -  1  i f  an d onl y i f 

•  Durin g eac h phas e o f  cloc k cycl e / ,  i f  i t  re -

ceive s activatio n fro m a n ar g node ,  i t  als o re -

ceive s activatio n fro m th e cons t  nod e boun d 

t o thi s ar g node . 

It follows that as a result of the query 

hit{dave,dick) ,  th e instance r  F 3 wil l  becom e ac -

tiv e a t  th e en d o f  th e secon d cloc k cycl e an d re -

mai n activ e thereafter . 

T o se e h o w relevan t  instance r  node s associate d 

wit h ancestor s o f  th e quer y predicat e becom e ac -

tiv e w e shal l  conside r  th e quer y hit{mike,boh )  (re -

fe r  t o Fig .  1) .  Ther e i s n o fac t  associate d wit h hi t 

tha t  subsume s th e binding s i n thi s query .  A s a 

resul t  o f  th e query ,  th e first  ar g nod e o f  hi t  (04 ) 

an d th e cons t  nod e mik e wil l  becom e activ e i n th e 

first  phas e o f  ever y cloc k cycle .  Similarly ,  th e sec -

on d ar g nod e o f  hi t  (as )  an d th e cons t  nod e bo b 

wil l  becom e activ e durin g th e secon d phas e o f  ev -

er y cloc k cycle .  (Th e cloc k phases/cycle s i n whic h 

differen t  node s first  becom e activ e fo r  th e exampl e 

quer y bein g discussed ,  i.e. ,  hit{mike,bob )  ar e indi -

cate d i n Fig .  2 .  Not e tha t  th e pre d an d instance r 

node s ax e no t  phas e sensitive) . 

Activation s fro m th e ar g node s 0 4 an d 0 5 reac h 

th e ar g node s 0 2 an d 0 3 o f  th e predicat e orderhi t 

respectively .  A s th e phas e i n whic h a n ar g nod e 

becomes activ e depend s o n th e phas e i n whic h i t 

receive s activation ,  th e ar g node s 0 2 an d 0 3 be -

come eictiv e i n th e first  an d secon d phase s respec -

tivel y o f  ever y cloc k cycle .  Hence ,  th e secon d cloc k 

cycl e onwards ,  th e activ e cons t  an d ar g node s i n 

th e first  phas e o f  ever y cloc k cycl e are :  mike ,  0 4 

and 02 ]  an d thos e activ e i n th e secon d phas e are : 

bob,  0 3 an d a^ .  Essentially ,  w e hav e create d tw o 

ne w bindings :  mik e ha s bee n boun d t o th e secon d 

argumen t  o f  orderhi t  an d 60 6 ha s bee n boun d t o 

th e thir d argumen t  o f  orderhit^ .  T h e instance r 

F l  tha t  encode s th e fac t  orderhit{dave ,  mike ,  bob ) 

wil l  no w becom e activ e a s a  resul t  o f  th e acti -

vatio n i t  receive s fro m th e ar g node s 0 2 an d 0 3 

an d th e correspondin g cons t  node s mik e an d 606 . 

Th e activatio n fro m th e instance r  nod e F l  cause s 

th e outpu t  o f  th e pre d nod e orderhi t  t o becom e 

high .  T h e activatio n fro m th e pre d nod e orderhi t 

i n tur n maJce s th e outpu t  o f  th e pre d nod e hi t 

hig h thu s resultin g i n a n affirmativ e answe r  t o 

th e query . 

The fact  hit{dave ,  dick )  als o subsume s othe r  querie s 
suc h a s 3xhit(x,dick) ,  3xhit(dave,x) ,  etc. ,  ed l  o f  whic h als o 
follow ,  directly ,  fro m thi s fact . 

*Th e newl y create d binding s o f  th e argument s o f 
orderhi t  ca n b e though t  o f  a s encodin g th e quer y 
ordeThit{x,Tnike,bob )  (i.e. ,  "Di d someon e orde r  Mik e t o 
hi t  Bob?") ! 
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The abov e wa s a  brie f  descriptio n o f  th e infer -

enc e proces s wher e th e rule s encode d i n th e net -

wor k ha d jus t  on e predicat e a s antecedent .  I n or -

der  t o encod e rule s o f  th e for m Pi(- )  A  Pii- )  A 

...Pm{... )  ̂  Q { - ) ,  i.e. ,  rule s wit h conjunctiv e an -

tecedents ,  th e outpu t  o f  th e pre d node s Pi,... ,  P„ , 

axe no t  connecte d directl y t o th e pre d nod e Q ;  in -

stea d the y cir e connecte d t o a  conjunctiv e node , 

whic h i s i n tur n linke d t o th e pre d nod e Q .  Th e 

outpu t  o f  th e conjunctiv e nod e i s hig h i f  an d onl y 

i f  i t  receive s activatio n throug h al l  th e incomin g 

links .  Th e interconnection s betwee n th e ar g node s 

of  th e anteceden t  predicate s an d th e consequen t 

predicat e i s simil e t o tha t  i n th e cas e o f  single -

anteceden t  rules . 

6 C o n c l u s i o n 

The work described in this paper has directly ad-

dresse d a  criticis m tha t  i s ofte n levelle d agains t 

connectionis t  systems ,  namely ,  tha t  connection -

is t  system s cjumo t  incorporat e systematicit y an d 

compositionaJit y an d henc e ar e unpromisin g a s ar -

chitecture s o f  cognition .  Th e pape r  presente d a 

connectionis t  syste m tha t  onl y use s simpl e phas e 

sensitiv e binar y threshol d unit s t o perfor m a  Um-

ite d clas s o f  inference s wit h rule s an d facts .  Th e 

proble m o f  vjiriabl e bindin g i s centra l  t o th e con -

nectionis t  realization s o f  rul e governe d symboli c 

reasonin g tasks .  Th e propose d connectionis t  sys -

te m employ s a  phase d cloc k t o solv e thi s problem . 

The desig n o f  th e syste m ha s bee n verifie d vi a sim -

ulations . 

I n th e nea r  futur e w e wil l  repor t  a n augmente d 

syste m tha t  ca n answe r  tŷ -question s i n additio n 

t o 'yes/no '  questions(i.e. ,  th e augmente d syste m 

i s capabl e o f  determinin g th e fillers  o f  unboun d 

argument s i n th e query) .  W e wil l  als o sho w tha t 

ther e exist s a  direc t  wa y o f  integratin g a  connec -

tionis t  semanti c network(i.e. ,  a n inheritanc e net -

work )  suc h a s th e on e describe d i n [14 ]  an d th e 

rule-base d syste m describe d here .  Suc h a  'hybrid ' 

syste m wil l  hav e mor e expressiv e an d inferentia l 

power  bu t  wil l  retai n it s extrem e efficiency . 
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