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R e a s o n i n g W i t h F u n c t i o n S y m b o l s I n A  C o n n e c t i o n i s t  S y s t e m 

Venkat Ajjanagadde* 

Departmen t  o f  Compute r  an d Informatio n Scienc e 

Universit y o f  Pennsylvani a 

Abstrac t 

One importan t  proble m t o b e addresse d i n realizin g connectionis t  reasonin g systems  i s  tha t  o f  dynamicall y creatin g mor e 

comple x structure d object s ou t  o f  simple r  one s durin g th e reasonin g process .  I n rul e base d reasoning ,  thi s proble m typicall y 

manifest s a s th e proble m o f  dynamicall y bindin g object s t o th e argument s o f  a  relation .  I n [1,7] ,  w e describe d a  rule-base d rea -

sonin g syste m based  o n th e ide a o f  usin g synchronou s activatio n t o represen t  bindings .  A s don e i n almos t  al l  othe r  connectionis t 

reasonin g system s develope d s o far ,  there ,  w e restricte d ou r  focu s o n th e proble m o f  bindin g onl y stati c object s t o arguments . 

Thi s pape r  describe s ho w th e synchronou s activatio n approac h ca n b e extende d t o bin d dynamicall y create d object s t o arguments , 

t o for m mor e comple x dynami c objects .  Thi s extensio n allow s th e rule-base d reasonin g syste m t o dea l  wit h functio n symbols . 

A forwar d reasonin g syste m incorporatin g functio n term s i s describe d i n som e detail .  A  backwar d reasonin g syste m wit h simila r 

capabilitie s i s briefl y sketche d an d th e wa y o f  encodin g long-ter m fact s involvin g functio n term s i s indicated .  Severa l  extension s 

t o th e wor k ar e briefl y described ,  on e o f  the m bein g tha t  o f  combinin g th e rul e base d reasone r  wit h a  parallell y  operatin g equalit y 

reasoner .  Th e equalit y reasone r  derive s ne w fact s b y substitutin g equivalen t  term s fo r  th e term s occurrin g i n th e fact s derive d 

by th e rule-base d reasoner . 

1 Introduction 

Suppose, someone told us "At around 7PM last Thursday, as John was walking on Chestnut street,...". Virtually 

immediatel y afte r  hearin g thi s ver y smal l  piec e o f  explicitl y  state d information ,  w e woul d hav e performe d a  lo t 

of  inferences ,  say ,  fo r  example ,  tha t  "Joh n wa s awake" ,  "H e wa s moving" ,  "Hi s eye s wer e open" ,  "Hi s fee t  wer e 

touchin g th e ground" ,  "I t  wa s probabl y quit e dar k "  an d s o on.. .  .  I n doin g this ,  w e woul d hav e applie d ou r  genera l 

knowledg e abou t  'walking' ,  'ligh t  condition s a t  aroun d 7 P M '  etc .  t o mak e inference s abou t  th e particula r  cas e o f 

John' s walking .  O n e o f  th e wel l  explore d approache s o f  modellin g thi s inferencin g phenomeno n i s th e following : 

Represen t  th e genera l  knowledg e usin g rule s suc h a s \ 

walk-on(x,y)= > awake{x) ,  awake{x )  = ^  open(eye-of(x)) ,  walk-on(x,y )  ̂ touch(feet-of(x),y )  etc. .  N o w ,  give n th e 

fac t  walk-on(john,chestnut-st) ,  bindin g J o h n an d chestmit-s t  t o appropriat e variable s i n th e rules ,  fact s suc h a s 

awake(john) ,  touch(feet-of(John),chestnut-st )  ca n b e derived . 

We believ e tha t  thi s attemp t  t o mode l  th e h u m a n inferenc e proces s a s reasonin g wit h rule s an d fact s i s  a  ste p 

i n th e right  direction .  But ,  a t  th e s a m e time ,  w e als o find  compellin g reason s t o adop t  a  connectionis t  f ramewor k 

i n furthe r  exploration s o f  thi s approach .  O n e primar y reaso n i s  tha t  o f  inferencin g speed .  T o characteriz e th e 

knowledg e underlyin g h u m a n cognition ,  a  ver y ver y larg e n u m b e r  o f  rule s o f  th e for m mentione d abov e wil l  b e 

•Thi s wor k wa s partiaU y supporte d b y NS F grant s IR I  88-05465 ,  MCS-8219196-CER ,  MCS-83-05211 ,  D A R PA grant s N00014-85-K-001 8 
and N(XX)14-85-K-O807 ,  an d A R C gran t  ARO-DAA29-84-9-0027 .  I  a m indebte d t o Lokendr a Shastri .  whos e idea s an d suggestion s hav e gread y 
contribute d t o thi s work .  Joh n Bamde n provide d usefu l  comments ;  m y thank s t o him . 

'Whe n no t  mentione d otherwise ,  th e variable s occurrin g i n a  rul e ar e assume d t o b e universall y quantifie d an d hav e scop e ove r  th e whol e 
nile . 
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needed .  I n spit e o f  possessin g tha t  vas t  a  knowledg e base ,  h u m a n being s perfor m a  broa d clas s o f  inference s 

involve d i n cognitio n extremel y fast ,  withi n a  fe w hundre d milliseconds .  T o b e acceptable ,  an y computationa l 

accoun t  o f  cognitio n shoul d b e abl e t o explai n thi s remarkabl e phenomenon .  O n e necessar y (bu t  no t  sufficient ) 

conditio n fo r  achievin g suc h a n efficienc y i s massiv e parallelis m a t  th e knowledg e leve l  -  th e kin d o f  parallelis m tha t 

i s characteristi c o f  connectionis t  models .  Anothe r  importan t  reaso n tha t  suggest s th e us e o f  connectionis t  approac h 

i s th e brittlenes s o f  logica l  rules .  Inheren t  t o th e connectionis t  methodolog y ar e elegan t  mechanism s fo r  avoidin g 

thi s brittlenes s i n a  natura l  fashion . 

As a  preliminar y ste p toward s th e realizatio n o f  a  connectionis t  sof t  reasonin g system ,  w e hav e addresse d th e 

proble m o f  h o w t o reaso n wit h har d logica l  rule s i n a  connectionis t  system^ .  Tha t  mean t  devisin g a  schem e fo r 

encodin g rule s an d fact s a s a  connectionis t  networ k an d finding a  w a y o f  realizin g th e inferenc e proces s a s sprea d o f 

activatio n i n th e network ,  ther e bein g n o centra l  controller .  Unfortunately ,  i n doin g this ,  m a n y challengin g problem s 

surface ,  whic h nee d t o b e solved . 

O ne o f  th e majo r  problem s t o b e addresse d i s " H o w d o w e represen t  structure d object s dynamically^ ,  i.e. ,  a s 

temporar y pattern s o f  activit y generate d durin g network' s operation?" .  Le t  u s loo k a t  thi s proble m mor e closel y 

wit h a n exampl e o f  reasoning . 

Conside r  th e rule s fly{x,y,z )  = » move{x ,y ,z )  an d move{x ,y ,z )  => •  reach{x,z) .  N o w ,  startin g fro m 

th e fac t  fly{tweety,treel,tree2 )  (i.e. ,  tweet y flew  fro m tree l  t o tree2) ,  usin g th e first  rul e w e ca n infe r 

move{tweety ,  treel,tree2) .  F r o m thi s newl y derive d fact ,  usin g th e secon d rule ,  w e can ,  i n turn ,  infe r  reach{iweety ,  tree2) . 

I n a  connectionis t  networ k performin g thi s reasoning ,  activit y pattern s representin g th e fact s move{tweety ,  treel ,  tree2 ) 

an d reach{tweety ,  tree2 )  wil l  hav e t o b e generate d durin g th e reasonin g process . 

Le t  u s loo k a t  th e proble m o f  representin g th e dynami c object s move{tweety ,  treel ,  tree2) ,  an d reach{tweey ,  tree2 ) 

mor e closely .  Thes e ar e structure d object s forme d b y bindin g som e object s t o th e argument s o f  relations .  F w ex -

ample ,  move{tweety,treel ,  tree2 )  i s forme d b y bindin g th e object s tweety ,  treel ,  an d tree 2 respectivel y t o th e 

first,  second ,  an d thir d argument s o f  th e relatio n m o v e .  Thus ,  th e proble m o f  representin g thes e fact s boil s dow n 

t o th e connectionis t  variabl e bindin g problem[3,8] :  H o w d o w e represen t  th e bindin g o f  a n objec t  t o a n argumen t 

of  a  relation ? 

I n [1,7] ,  w e describe d wha t  w e refe r  t o a s th e synchronou s activatio n approac h t o represen t  argumen t  bindings . 

Simpl y stated ,  th e ide a i s jus t  this :  Correspondin g t o ever y argumen t  o f  a  predicate ,  hav e a  distinc t  nod e i n th e 

networic .  Imagin e ever y clock' '  cycl e a s divide d int o som e numbe r  o f  slots ,  whic h w e wil l  refe r  t o a s phases . 

Associat e distinc t  phase s o f  th e cloc k cycl e wit h distinc t  object s participatin g i n a  reasonin g episode^ .  Thus ,  i n 

th e exampl e o f  reasonin g give n above ,  w e woul d hav e chose n distinc t  phases ,  say ,  first,  second ,  an d thir d phase s 

of  cloc k cycle s t o correspon d respectively  t o th e object s tweety ,  treel ,  an d tree2 .  T h e bindin g o f  a n objec t  t o a n 

argumen t  i s represente d b y havin g th e nod e correspondin g t o tha t  argumen t  becom e activ e i n th e phas e associate d 

wit h th e objec t  M o r e tha n on e argumen t  nod e ca n b e activ e i n a  phas e o f  a  cloc k cycl e denotin g tha t  th e objec t 

associate d wit h th e phas e i s boun d t o al l  o f  thos e arguments . 

Base d o n thi s ide a o f  representing  bindings ,  w e develope d a  fairl y powerfu l  rule-base d reasonin g system[1,7] . 

Thi s system ,  whos e siz e i s onl y linea r  i n th e siz e o f  th e knowledg e base ,  i s capabl e o f  performin g a  larg e numbe r 

of  inference s involvin g rule s an d fact s i n parallel .  Th e tim e take n t o perfor m a  singl e inferenc e i s proportiona l  t o 

th e lengt h o f  th e derivation ,  an d hence ,  optimal .  However ,  a s don e i n almos t  al l  connectionis t  reasonin g system s 

develope d s o far ,  w e ha d place d a n importan t  restrictio n o n th e kin d o f  reasonin g performe d b y th e system .  Th e 

^Some idea s o n ho w l o render  a  degre e o f  softnes s t o th e syste m thu s arrive d al ,  ar e mentione d late r  i n th e paper . 
•'Hence ,  th e nam e dynami c objects ,  t o object s represente d tha t  way . 
*Aaua]]y ,  n o globa l  cloc k i s necessary ,  a s discusse d i n deui l  i n (7) .  However ,  fo r  simplifyin g th e discussion ,  her e w e ar e assumin g tha t 

ther e i s a  globa l  dock . 
^Sinc e th e numbe r  o f  phase s i n a  cloc k cycl e i s bounded ,  onl y a  limite d numbe r  o f  object s ca n participat e i n a  particula r  reasonin g episode . 

Thi s  restriction  confirm s wit h th e psychologica l  observatio n tha t  huma n reasonin g ca n focu s onl y o n a  smal l  numbe r  o f  object s a t  an y tinie[6] . 
For  detaile d disctission s o f  th e neurologica l  an d psychologica l  plausibilitie s o f  th e synchronou s activatio n approac h t o represen t  bindings ,  pleas e 
refer  t o [7] . 
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variabl e bindin g mechanis m employe d ther e wa s restricte d t o bindin g onl y stati c object s t o arguments .  Fo r  example , 

i n th e exampl e o f  inferin g move{tweety,tree\,iree2) ,  an d reach(tweety,tree2 )  give n above ,  th e argument s o f 

th e relation s ar e boun d onl y t o th e stati c object s tweety ,  treel ,  an d tree2 .  A n exampl e o f  bindin g dynami c object s 

woul d b e bindin g th e dynamicall y create d objec t  move{tweety ,  treel,tree2 )  itsel f  t o a n argumen t  o f  som e othe r 

othe r  relation .  Th e restrictio n tha t  boun d object s b e stati c preclude d u s fro m havin g functio n symbol s i n rule s an d 

facts ,  since ,  t o dea l  wit h functio n terms ,  th e abilit y  t o bin d dynami c object s t o argument s i s required .  Fo r  example , 

conside r  th e simpl e rul e 

walk-on(x,y )  = t̂ouch(feet-of(x),y ) 

N o w,  suppos e w e hav e th e fac t  walk-on(john,street6) .  Fro m thi s fact ,  w e ca n infe r  th e fac t  touch(feet-of(john),sireet6) . 

Notic e tha t  heTe,feet-of(john )  i s a  dynami c objec t  create d durin g th e reasonin g proces s b y bindin g th e argumen t  o f 

th e functio n symbol/eer-o/t o th e objec t  john .  I n inferin g th e fac t  touch(feet-of(john).street6) ,  th e dynami c objec t 

feet-ofijohn )  shoul d itsel f  b e boun d t o th e first  argumen t  o f  th e relatio n 'touch' . 

I n thi s paper ,  w e describ e h o w th e synchronou s activatio n approac h ca n b e extende d t o handl e th e abov e genera l 

kin d o f  binding .  Tha t  extensio n allow s reasonin g wit h functio n symbol s an d open s u p interestin g way s o f  enhancin g 

th e powe r  o f  ou r  earlie r  reasonin g system ,  stil l  retainin g it s nic e features .  Befor e w e g o int o th e detail s o f  these , 

we wil l  digres s a  littl e t o m a k e a  fe w comment s o n relate d researc h works . 

To th e bes t  o f  ou r  knowledge ,  n o connectionis t  reasonin g syste m ha s s o fa r  addresse d th e proble m o f  reasonin g 

wit h functio n symbol s i n an y significan t  detail .  Hence ,  ou r  comment s o n relate d wor k i s limite d t o th e abilitie s o f 

othe r  propose d variabl e bindin g solution s t o bin d dynami c object s ®.  I n [5] ,  Lang e an d Dye r  suggest  th e us e o f 

signature s t o represen t  variabl e bindings .  The y permanentl y allocat e a  distinc t  signatur e l o eac h stati c objec t  an d 

represen t  a  bindin g b y propagatin g th e signatur e o f  th e appropriat e objec t  t o th e argumen t  t o whic h i t  i s  bound . 

N o w,  t o bin d a  dynamicall y create d objec t  t o som e argument ,  a  signatur e wil l  hav e t o b e recruite d fo r  th e dynami c 

objec t  o n th e fly  durin g th e reasonin g process .  Doin g thi s appear s ver y problematic .  Thi s i s especiall y so ,  i f 

signature s ar e learn t  patterns ,  a s suggeste d i n [5] ;  tha t  wil l  mea n tha t  learnin g ha s t o tak e plac e durin g a n inferenc e 

step .  I n [8] ,  Smolensk y addresse s th e variabl e bindin g proble m i n it s abstrac t  for m an d present s a  tenso r  produc t 

base d solution .  H e deal s wit h th e issu e o f  neste d binding s also .  But ,  th e wa y i n whic h th e propose d techniqu e ca n 

be use d i n th e contex t  o f  reasonin g remain s t o b e seen .  Bamden' s 'Conposit'[2 ]  i s  probabl y th e onl y reasonin g 

syste m othe r  tha n th e on e presente d i n thi s paper ,  tha t  i s  capabl e o f  handlin g neste d bindings .  However ,  th e variabl e 

bindin g capabilitie s o f  Conposi t  c o m e wit h a  ver y significan t  sacrific e i n knowledg e leve l  parallelism ;  i n Conposit , 

onl y on e rul e ca n fire  a t  a  time .  D C P S [ 9 ]  i s anothe r  reasonin g syste m tha t  i s restrictiv e i n it s us e o f  knowledg e 

leve l  parallelism .  Ther e doe s no t  appea r  t o b e an y obviou s w a y o f  extendin g th e bindin g mechanis m o f  D C P S t o 

handl e neste d bindings . 

2 Overview 

Cognition requires bo\h forward reasoning and backward reasoning. In forward reasoning, the system starts with a 

collectio n o f  fact s an d thes e fact s trigge r  som e rule s leadin g t o th e inferenc e o f  som e othe r  n e w facts .  Thes e newl y 

derive d fact s i n tur n trigge r  som e othe r  rule s an d s o on ,  th e proces s lead s t o th e derivatio n o f  a  larg e se t  o f  fact s 

tha t  ar e deducibl e fro m th e startin g se t  o f  facts .  A  connectionis t  forwar d reasonin g syste m dealin g wit h functio n 

term s i s discusse d i n s o m e detai l  i n sectio n 3 .  Tha t  sectio n describe s th e activit y pattern s chose n t o represen t 

functio n terms ,  th e encodin g o f  rule s involvin g functio n symbol s an d h o w inference s involvin g functio n symbol s 

i s don e i n th e network .  Sectio n 4  briefl y sketche s h o w a  backwar d reasonin g syste m incorporatin g functio n term s 

i n rule s an d fact s ca n b e built .  I n tha t  context ,  w e indicat e h o w long-ter m fact s involvin g functio n term s (suc h as . 

D̂etaile d comparison s o f  th e synchronou s activatio n approac h wit h othe r  propose d solutions ,  base d o n othe r  relevan t  criteria ,  suc h a s networ k 
size ,  reasonin g speed ,  neurologica l  plausibilit y  etc. ,  hav e bee n mad e elsewhere[7] . 
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say ,  hate(John.brother-of(torn) )  ar e encode d i n th e network .  Sectio n 5  discusse s som e extension s t o th e wor k o n 

reasonin g wit h functio n symbols .  O n e o f  th e majo r  extension s i s tha t  o f  combinin g th e rul e base d reasone r  wit h a 

parallell y  operatin g equalit y reasoner . 

3 A Forward Reasoning System that Deals with Function Terms 

Before explaining how a reasoning system incorporating function terms is realized, let us discuss the dynamic 

representatio n o f  functio n terms . 

A functio n ter m f  o f  n  argument s get s represente d i n th e syste m usin g a  relatio n R j  o f  ( n +  1 )  arguments^ . 

Th e first  n  argument s o f  R j  correspon d t o th e n  argument s o f  /  respectivel y an d th e ( n +  l)t h argumen t  o f  R f  ca n 

be though t  o f  a s correspondin g t o th e valu e o f  th e functio n fo r  thos e arguments .  A  dynami c objec t  /(ci ,  C2,... ,  c„) * 

get s represente d a s follows :  Recal l  fro m th e discussio n o f  sectio n 1  tha t  distinc t  object s participatin g i n a  reasonin g 

proces s ar e associate d wit h distinc t  cloc k phases .  Suppos e tha t  th e phase s associate d wit h th e object s ci,...,c „  ar e 

respectivel y pi,...,p„̂ .  A s sai d above ,  th e first  n  argument s o f  R /  correspon d t o th e argument s o f  /  an d henc e 

ar e boun d t o ci ,  C2,...,c „  respectively.  Usin g th e synchronou s activatio n approach ,  thes e binding s ge t  represente d 

by havin g th e it h argumen t  nod e o f  R f  becom e activ e i n th e p t̂ h phas e o f  ever y cloc k cycl e ( i  =  !,...,«) . 

Correspondin g t o th e dynami c objec t  /(ci,... ,  c„),' °  a  fre e phas e (i.e. ,  a  phas e tha t  i s currentl y no t  assigne d t o an y 

object )  i s  assigned .  T h e ( n +  l)t h argumen t  nod e o f  R f  i s activate d i n thi s phase ,  thereb y denotin g tha t  i t  i s  boun d 

t o th e object/(ci,...,c„) . 

Summarizing ,  th e followin g patter n o f  activit y represent s th e functio n ter m /(ci ,  ...,c„) : 

•  Th e it h argumen t  nod e o f  R f  become s activ e i n th e p,t h phas e o f  ever y cloc k cycle . 

•  A  currentl y fre e phas e (le t  i t  b e p. )  i s  foun d an d tha t  phas e i s associate d wit h th e dynami c objec t  /(ci,... ,  c„) . 

T h e ( n +  l)t h argumen t  nod e o f  R f  wil l  b e activ e durin g th e p ,  phas e o f  cloc k cycles . 

N o w,  conside r  th e proble m o f  bindin g th e objec t  /(ci ,  ...,c„ )  t o a n argumen t  o f  som e relation ,  sa y jt h argumen t 

of  th e relatio n K .  Al l  tha t  i s  t o b e don e fo r  this ,  i s  t o activat e th e jt h argumen t  nod e o f  / C i n th e phas e p ,  . 

Wit h tha t  introduction ,  le t  u s procee d t o th e encodin g o f  rule s involvin g functio n symbols .  Conside r  th e rul e 

P{x,y,z)^Q{f{y,x),z) (1) 

Associated with the relations P and Q, there are three and two argument nodes respectively (shown as diamond 

shape d node s i n Fig .  1 ) ^ ^  T o represen t  th e binar y functio n / ,  a  ternar y relatio n R f  i s used .  Th e correspondence s 

betwee n th e argument s o f  relation s ar e denote d b y th e link s betwee n th e appropriat e argumen t  nodes .  Fo r  example , 

as pe r  th e abov e rule ,  th e secon d argumen t  o f  Q  get s boun d t o th e sam e objec t  tha t  bind s th e thir d argumen t  o f 

P.  Thi s i s denote d b y a  lin k betwee n th e argumen t  nod e a 3 an d th e argumen t  nod e a 5 .  Ignor e th e hexagona l  bo x 

marke d B  f< x th e tim e being . 

Usin g th e rul e (1) ,  startin g fro m th e fac t  P{a,b,c) ,  w e ca n infe r  Q{f{b,a),c) .  Le t  u s se e h o w thi s get s don e 

wit h th e rul e encodin g show n i n Fig.l .  Suppos e tha t  th e object s a ,  6 ,  an d c  ar e assigne d th e first,  second ,  an d thir d 

phase s o f  cloc k cycles .  Thus ,  th e binding s i n th e startin g fac t  ar e denote d b y havin g th e first,  second ,  an d thir d 

argumen t  node s o f  P  activ e i n th e first,  second ,  an d thir d phase s o f  cloc k cycles .  Th e lin k fro m th e argumen t  nod e 

^Th c reade r  i s urge d t o remembe r  th e notatio n 'R/' .  I n al l  th e example s an d figures ,  w e us e thi s notation . 
Î t  i s  no t  require d tha t  c, s b e distinc t  I n addition ,  c, s ca n b e stati c o r  dynami c objects .  Hence ,  neste d functio n temi s suc h a s 

f(g(h{al ,  a2) ,  a3) )  ar e allowed . 
®If  Ci  =  Cj ,  then ,  p i  wil l  b e equa l  t o pj . 

î I t  ma y hel p l o vie w thi s objec t  a s th e valu e o f  th e functio n /  fo r  th e argumen t  object s ci ,  ...,c„ . 
''W e won' t  b e exfdainin g th e red e o f  th e node s draw n a s pentagon s i n Fig.l .  Du e t o spac e limitations ,  w e hav e focusse d o n conveyin g th e 

essentia l  idea s an d hav e omiae d som e details . 
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a3 t o th e nod e a 5 cause s a 5 als o t o becom e activ e i n th e thir d phas e o f  cloc k cycle s -  thereby ,  bindin g a 5 t o th e 

objec t  c ,  a s desired . 

The argumen t  node s a 6 an d a 7 ar e connecte d respectivel y t o th e node s a 2 an d al .  Thi s cause s a 6 an d a 7 t o 

become activ e i n th e secon d an d firs t  phase s o f  cloc k cycle s respectively .  Tha t  is ,  a 6 an d a 7 ge t  boun d respectivel y 

t o b  an d a ,  thereb y creatin g a  par t  o f  th e representatio n o f  f{b,a) .  A s discusse d a t  th e beginnin g o f  th e section , 

now,  a  fre e phas e i n th e cloc k cycl e ha s t o b e foun d fo r  th e objec t  f{b ,  a ) .  Thi s i s don e b y th e hexagona l  bo x 

labelle d B ,  whic h w e wil l  refe r  t o a s phas e requester .  Thi s bo x i s no t  a  singl e connectionis t  node ;  instead ,  i t  i s  a 

smal l  piec e o f  circuitry .  Ther e exist s a  globa l  recor d maintaine r  tha t  keep s trac k o f  th e currentl y assigne d phases . 

Box B  communicate s wit h thi s recor d maintaine r  t o determin e a  fre e phase .  W e ar e suppressin g th e detail s o f  th e 

phas e requeste r  an d th e recor d maintainer .  Fo r  furthe r  discussions ,  i t  i s  assume d tha t  th e outpu t  o f  B  i s a  puls e 

i n th e chose n fre e phase .  Th e outpu t  o f  B  goe s t o th e thir d argumen t  nod e o f  R j .  Thus ,  a 8 become s activ e i n 

th e phas e chose n fo r  th e objec t  f{b,a) .  Th e lin k fro m a 8 t o a4 ,  i n turn ,  cause s a 4 t o becom e activ e i n th e chose n 

phase .  Tha t  is ,  th e first  argumen t  o f  Q  get s boun d t o th e objec t  f{b ,  a ) .  N o w ,  w e hav e th e complet e representatio n 

of  th e inferre d fac t  <5(/(6 ,  a),c) . 

Abov e w e discusse d h o w a  singl e rul e i s encode d an d inferenc e get s performe d wit h tha t  rule .  Fig. 2 show s h o w 

a collectio n o f  rule s ca n b e encoded .  Wit h thi s arrangement ,  a n inferre d fac t  i n tur n ca n spontaneousl y trigge r  othe r 

rule s leadin g t o th e derivatio n o f  furthe r  facts .  I t  i s  c o m m o n t o hav e on e predicat e occurrin g i n th e anteceden t  o f 

many rules .  W h e n a  fac t  involvin g a  predicat e i s inferred ,  thi s trigger s al l  thos e rule s i n whic h thi s predicat e i s th e 

antecedent .  Thu s triggere d rule s deriv e furthe r  fact s i n parallel . 

4 A Backward Reasoning System Dealing with Function Terms 

Previous section described a forward reasoner incorporating function terms. Cognition also requires backward 

reasoning ,  wher e th e tas k performe d i s essentiall y  tha t  o f  verifyin g whethe r  a  give n fac t  i s derivabl e fro m th e rule s 

and fact s store d i n th e system .  T w o majo r  task s involve d i n performin g backwar d reasonin g ar e :  (i )  applyin g rule s 

i n th e backwar d directio n ,  (ii )  checkin g whethe r  a  long-ter m fac t  i s  store d i n th e system . 

The first  o f  thes e task s ca n essentiall y  b e achieve d b y havin g link s i n th e revers e o f  th e direction s marke d i n 

Fig .  2  (  A  fe w othe r  smal l  change s wil l  als o b e necessary.) . 

To se e h o w th e secon d tas k i s performed ,  w e woul d lik e t o emphasiz e th e tw o kind s o f  representation s o f  facts : 

long-ter m fact s ar e represente d i n th e networ k a s a n interconnectio n o f  node s whil e short-ter m fact s ge t  represente d 

by a  temporar y patter n o f  activity .  T o chec k whethe r  a  particula r  long-ter m fac t  i s presen t  i n th e system ,  th e patter n 

of  activit y correspondin g t o th e short-ter m representation  o f  tha t  fac t  i s induce d i n th e network .  Th e interconnectio n 

encodin g a  long-ter m fac t  i s  suc h tha t  th e activit y o f  a  particula r  nod e i n th e interconnectio n goe s hig h whe n an d 

onl y whe n th e activit y correspondin g t o th e short-ter m representatio n o f  tha t  fac t  i s  presen t  i n th e network^^ .  Suc h 

an interconnectio n correspondin g t o th e long-ter m encodin g o f  th e fac t  P {a ,  /(6) )  i s  show n i n Fig.3 .  I n figures,  w e 

use link s wit h dar k circle s a t  thei r  end s t o denot e inhibitor y connection s an d link s wit h soli d arrow s a t  thei r  end s 

t o denot e enablin g connections .  Node s marke d wit h th e name s o f  th e constant s a  an d 6  ar e referre d t o a s constan t 

nodes ;  the y wil l  b e activ e i n th e respectiv e cloc k phase s assigne d t o thes e object s i n a  reasonin g episode .  N o d e 

marke d N  i s a  coincidenc e detector ;  i t  send s a  hig h outpu t  i f  an d onl y i f  al l  o f  it s input s ar e activ e an d synchronous . 

The nod e marke d K  send s a  continuou s hig h output .  Nod e M ,  draw n a s a  horizonta l  pentago n i s a  temporal-AN D 

node ,  whic h become s activ e i f  an d onl y i f  i t  receive s activatio n throughou t  a  cloc k cycle .  Recallin g th e short-ter m 

representatio n o f  functio n term s discusse d earlier ,  on e ca n easil y verif y tha t  th e conditio n fo r  M t o becom e activ e 

get s satisfie d whe n an d onl y whe n th e patter n o f  activit y correspondin g t o th e short-ter m representatio n o f  th e fac t 

P(a,/(6) )  i s  presen t  i n th e network . 

'̂ Thus ,  th e activit y o f  thi s nod e ca n b e use d i n answerin g th e questio n whethe r  a  particula r  long-lei m fa a exist s o r  not . 
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To H«cor d 

Figur e 1 :  Encodin g o f  th e rul e P{x ,y ,z )  = > Q{{f{y,x),z)) . 

Using the above discussed technique for encoding long-term facts involving function terms, a backward reasoning 

syste m ca n b e realize d alon g th e line s describe d i n [1,7] . 

5 Extensions of the Work 

5.1 Combining with an equality reasoner 

In previous sections we discussed how a rule-based reasoning system incorporating function terms can be realized. 

Suc h a  rule-base d reasone r  ca n b e elegantl y interface d wit h a  parallell y  operatin g equalit y reasone r  t o obtai n a  mor e 

powerfu l  reasoner .  T h e operatio n o f  thes e tw o component s i s a s follows :  T h e mai n reasone r  derive s n e w fact s an d 

th e equalit y reasone r  substitute s equivalen t  term s fo r  th e term s occurrin g i n thos e fact s t o deriv e som e othe r  facts . 

Thos e n e w fact s derive d b y th e equalit y reasone r  ca n i n tu m trigge r  rule s i n th e mai n reasoner .  Here ,  w e wil l  onl y 

sketc h s o m e o f  th e idea s involve d i n th e realizatio n o f  suc h a  hybri d reasone r  an d wil l  repor t  th e detail s elsewhere . 

T h e equalit y reasone r  operate s wit h tw o kind s o f  equalities .  Substitution s involvin g thes e tw o type s ar e accom -

plishe d i n differen t  ways .  T h e first  typ e o f  equalit y state s tha t  a n entit y describe d usin g a  functio n symbo l  i s sam e 

as a  k n o w n domai n individual .  A n exampl e o f  thi s kin d o f  equalit y i s maternal-uncle-of(lom)=dave .  Reasonin g 

wit h thi s kin d o f  equalit y i s accomplishe d b y extendin g th e mechanis m fo r  answerin g wh-querie s reporte d i n [7] . 

T h e secon d kin d o f  equalit y state s equalitie s betwee n tw o entitie s bot h o f  the m bein g describe d usin g functio n 

symbols .  A n exampl e o f  thi s kin d o f  equalit y i s V x brother-of(mother-of(x))=maternal-uncle-of(x) .  A  piec e o f 

circuitr y t o appl y thi s equalit y t o substitut e maternal-uncle-of(x )  fo r  brolher-of(mother-of(x) )  i s  show n i n Fig . 

4.  Thi s i s accomplishe d b y viewin g thi s operatio n a s th e applicatio n o f  th e rul e brother-of(p,q)Amother-of(q,r ) 

=>maternal'Uncle-of(p,r) .  Networ k realizatio n o f  thi s i s analogou s t o th e encodin g o f  conjunctiv e anteceden t  rule s 

describe d i n [1,7 ]  an d i s indicate d i n Fig.4 .  There ,  th e rectangula r  shape d nod e marke d B  i s a  coincidenc e detecto r 

whos e outpu t  wil l  b e hig h i f  an d onl y i f  it s  tw o input s ar e activ e an d synchronous .  Thi s nod e ensure s tha t  th e sam e 

objec t  bind s th e secon d argumen t  o f  brother-o f  an d th e first  argumen t  o f  mother-of ,  a s require d b y th e abov e rule . 

I n th e derivatio n o f  a  particula r  fac t  bot h o f  th e abov e tw o type s o f  equalitie s m a y b e m a d e us e of .  Thus ,  i f  th e 

mai n reasone r  derive s live-in(brother-of(mother-of(tom)),boston) ,  the n th e networ k m a y first  deriv e live-in(maternal -

uncle-of(torn),boston )  usin g th e secon d kin d o f  equalit y an d the n deriv e live-in(dave,boston )  usin g th e first  kin d o f 

equality . 
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5. 2 Evident ia l  r e a s o n i n g 

As mentioned in section 1, our primary focus so far has been on exploring how reasoning with logical rules and 

fact s ca n b e efficientl y realize d i n a  connectionis t  network .  I n achievin g this ,  w e assume d al l  th e lin k weights  t o b e 

unity .  A  certai n degre e o f  softnes s ca n b e rendere d t o thi s reasonin g syste m b y makin g th e rule s t o b e probabilisti c 

and associatin g a  measur e o f  certainit y wit h th e facts .  Thes e modification s ca n b e easil y realize d i n th e networ k 

architectur e developed ,  b y havin g non-uniforml y weighte d links . 

5.3 Multiple Dynamic Facts 

In the description of the system presented in this paper, we have assumed that only one dynamic fact involving a 

relatio n i s presen t  a t  an y time .  Thoug h thi s i s a  c o m m o n assumptio n mad e i n connectionis t  reasonin g systems[4,5] , 

ther e ar e situation s i n whic h thi s restrictio n i s unacceptable .  I n [7] ,  w e discus s som e technique s o f  relaxing  thi s 

restrictio n i n th e cas e o f  ou r  system . 

6 Conclusion 

We described a connectionist rule-based reasoning system incorporating function terms. The system is extremely 

efficien t  bot h i n networ k siz e an d th e tim e take n t o perfor m inferences .  Th e extende d variabl e bindin g capabilit y 

introduce d i n th e syste m open s u p man y interestin g avenue s fo r  realizing  broad ,  yet ,  efficient ,  reasonin g -  th e 

characteristi c featur e o f  huma n cognition .  The y ar e currentl y bein g investigated . 

References 

[1] Ajjanagadde, V.G., and Shastri, L., Efficient inference with multi-place predicates and variables in a connec-

tionis t  system .  Proceeding s o f  th e Cognitiv e Scienc e Conference ,  Augus t  89 ,  pp .  396-403 . 

[2 ]  Bamden ,  J. ,  Neural-ne t  implementatio n o f  comple x symbol-processin g i n a  menta l  mode l  approac h t o syllogisti c 

reasoning.  Proceeding s ofIJCAI-89 ,  pp .  568-573 . 

[3 ]  Feldman ,  J.A. ,  Dynami c connection s i n neura l  networks ,  Bio-Cybernetics ,  46:27-39 ,  1982 . 

[4 ]  Hinton ,  G. ,  Implementin g semanti c network s i n paralle l  hardware ,  I n G.Hinto n an d J.Anderso n (E6s.)J'aralle l 

Model s o f  Associativ e Memory ,  Erlbaum ,  1981 . 

[5 ]  Lange ,  T. ,  an d Dyer ,  M. ,  High-Leve l  inferencin g i n a  Connectionis t  Neura l  Network .  Technica l  Report ,  U C L A -

AI-89-12 ,  October .  Compute r  Scienc e Department ,  U C L A ,  1989 . 

[6 ]  Miller ,  G.A. ,  Th e magica l  numbe r  seven ,  plu s o r  minu s two :  S o m e limit s o n ou r  capacit y fo r  processin g 

information .  Th e Psychologica l  Review ,  63(2) ,  Marc h 1956 ,  pp .  81-97 . 

[7 ]  Shastri ,  L .  an d Ajjanagadde ,  V. ,  Fro m simpl e association s t o systemati c reasoning :  A  connectionis t  representa -

tio n o f  rules ,  variables ,  an d dynami c bindings .  Tech .  Report ,  Dept .  o f  Compute r  Science ,  Univ .  o f  Pennsylvania , 

Januar y 90 . 

[8 ]  Smolensky ,  P. ,  O n variabl e bindin g an d th e representatio n o f  symboli c structure s i n connectionis t  systems . 

Technica l  Repor t  CU-CS-355-87 ,  Departmen t  o f  Compute r  Science ,  Universit y o f  Colorad o a t  Boulder ,  1987 . 

[9 ]  Touretzky ,  D .  an d Hinton ,  G. ,  A  Distribute d Connectionis t  Productio n System .  Cognitiv e Science ,  12(3) ,  pp . 

423-466 . 

291 



waIk-o n 

RULES ENCODED 
y)=>awake(x ) 
y)=>touch( feet -of (x) ,y ) 

wa )c e (  x > 
awake(x)=>open(eyes-of (x) ) 

Figur e 2 :  A n exampl e network . 

3 ^ 5 ^ 

c ^ 

Figur e 3 :  Encodin g o f  th e lon g ter m fac t  P(a,/(6)) . 

^pnother-o f brother-o f 

maternal-uncle-o f 

Figur e 4 :  Interconnectio n fo r  substitutin g maternal-uncle-o f  (x )  fo r  brother-of(mother-of(x)) . 
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