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A Connectionis t  Encodin g o f  Semanti c Network s 

Lokendra Shastri 

Compute r  an d Informatio n Scienc e Departmen t 

Universit y o f  Pennsylvani a 

Philadelphia ,  P A 1910 4 

Abstract 

Althoug h th e connectionis t  approac h ha s lea d t o elegan t  solution s t o a  numbe r  o f  problem s i n cognitiv e scienc e 
and artificia l  intelligence ,  it s suitabilit y  fo r  dealin g wit h iHX)blem s i n knowledg e representatio n an d inferenc e ha s 
ofte n bee n questioned .  Thi s pape r  partiall y  answer s thi s criticis m b y demonstratin g tha t  effectiv e solution s t o certai n 
problem s i n knowledg e representatio n an d limite d inferenc e ca n b e foun d b y adoptin g a  connectionis t  approach . 
The pape r  iM-esent s a  connectionis t  realizatio n o f  semanti c netwwks ,  i.e .  i t  describe s h o w knowledg e abou t 
concepts ,  thei r  properties ,  an d th e hierarchica l  relationshi p betwee n the m m a y b e encode d a s a n interpreter-fre e 
massivel y paralle l  networ k o f  simpl e processin g element s tha t  ca n solv e a n interestin g clas s o f  inheritanc e an d 

recognitio n problem s extremel y fas t  -  i n tim e propOTtiona l  t o th e dept h o f  th e conceptua l  hierarchy .  T h e 
connectionis t  realizatio n i s base d o n a n evidentia l  fOTmulatio n tha t  lead s t o pinciple d solution s t o th e problem s o f 
exceptions ,  multipl e inheritance ,  an d conflictin g informatio n durin g inheritance ,  an d th e bes t  matc h o r  partia l  matc h 
computatio n durin g recognition . 

1 Introduction 

Connectionist netwwks are playing an increasingly important role in artificial intelligence (AI) and cognitive 
scienc e an d hav e bee n employe d successfull y t o dea l  wit h a  variet y o f  problem s i n lo w an d intermediat e leve l 
vision ,  wor d perception ,  associativ e memory ,  wor d sens e disambiguation ,  modelin g o f  contex t  effect s i n natura l 
languag e understanding ,  speec h production ,  an d a  wid e rang e o f  issue s relate d t o learnin g (Cognitiv e Scienc e 85 ; 
McClellan d &  Rumelhart ,  1986 ;  Rumelhar t  &  McClelland ,  1986) .  However ,  fo r  connectionis m t o b e considere d a 
scientifi c  languag e o f  choic e fo r  expressin g solution s t o problem s i n cognitiv e scienc e an d AI ,  i t  mus t  b e 
demonstrate d tha t  i t  ca n b e use d t o represen t  highl y structure d knowledg e an d perfor m inference s base d o n suc h 
knowledge .  A  c o m m o n criticis m levele d agains t  connectionis m i s  tha t  althoug h i t  i s  appropriat e fo r  modelin g 
"approximate "  m e m o r y processe s suc h a s semanti c primin g associativ e recall ,  i t  i s  unsuitabl e fo r  dealin g wit h 
problem s relate d t o knowledg e representatio n an d reasoning . 

The work described in this paper partially answers the criticism by demonstrating that the connectionist 
approac h i s extremel y effectiv e i n solvin g certai n problem s i n knowledg e representatio n an d inference .  Thi s pape r 
present s a  connectionis t  realizatio n o f  semanti c networks ,  i. e i t  describe s h o w knowledg e abou t  concepts ,  thei r 
properties ,  an d th e hierarchica l  relationshi p betwee n them ,  m a y b e encode d a s a  connectionis t  networ k tha t  ca n 
comput e principle d solution s t o inheritanc e an d recognitio n problem s wit h extrem e efficiency .  S o m e salien t 
feature s o f  th e syste m are : 

i) The connectionist semantic networks use controlled spreading activation to solve an interesting class of 
inheritanc 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 . 

ii) The networks compute the solutions in accordance with an evidential formalization that derives from 
th e principl e o f  m a x i m u m entropy .  Thi s formalizatio n lead s t o a  principle d treatmen t  o f  exceptions , 
multipl e inheritanc e an d cortflictin g informatio n durin g inheritance ,  an d th e bes t  matc h o r  partia l  matc h 
computatio n durin g recognition . 

iii) The netwcM-ks operate without the intervention of a central controller and do not require a distinct 
interpreter .  Th e knowledg e a s wel l  a s mechanism s fo r  drawin g limite d inference s o n i t  ar e encode d 
withi n th e network . 

iv) The networks can be constructed from a high-level specification of the knowledge to be encoded and 
th e mappin g betwee n th e knowledg e leve l  an d th e networ k leve l  i s  precisel y specified .  Furthermore , 
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th e solutio n scale s becaus e th e desig n i s independen t  o f  th e siz e o f  th e semanti c memory . 

1.1 Representation and retrieval: An overview 

The system's conceptual knowledge is encoded in a connectionist network referred to as the Memory network. 
Thi s netwcxl c i s citabl e o f  performin g inheritanc e an d recognitio n vi a controlle d spreadin g activation .  A  proble m i s 
pose d t o th e networi c b y activatin g relevan t  node s i n i t  Onc e activated ,  th e networ k perform s th e require d inference s 
automaticall y an d a t  th e en d o f  a  specifie d interva l  th e answe r  i s availabl e implicitl y  a s th e level s o f  activatio n o f  a 
relevan t  se t  o f  nodes . 

In keeping with the connectionist paradigm, the presentation of queries to the Memory network, and the 
subsequen t  answe r  extractio n i s als o carrie d ou t  b y connectionis t  networ k fragment s calle d routines .  Routine s 
encod e canne d procedure s fo r  performin g specifi c  task s an d ar e represente d a s a  sequenc e o f  node s connecte d s o 
tha t  activatio n ca n serv e t o sequenc e throug h th e routine .  Routine s pos e querie s t o th e M e m wy networ k b y 
activatin g appropriat e node s i n it .  Th e M e m o r y networ k i n tur n return s th e answC T t o th e routin e b y activatin g 
respons e node s i n th e routine .  Th e activatio n returne d b y a  nod e i n th e M e m o r y networ k i s a  measur e o f  th e 
evidentia l  suppor t  fo r  a n answer .  I t  i s  assume d tha t  al l  querie s originatin g i n routine s ar e pose d wit h respec t  t o a n 
explici t  se t  o f  answer s an d ther e i s a  respons e nod e fo r  eac h possibl e answer .  Respons e node s compet e wit h on e 
anothe r  an d th e nod e receivin g th e m a x i m u m activatio n dominate s an d trigger s th e appropriat e action .  Thus , 

computin g a n answe r  amount s t o choosin g th e answe r  tha t  receive s th e highes t  evidenc e relativ e t o a  se t  o f  potentia l 
answers .  Th e actua l  answe r  extractio n mechanis m explicitl y  allow s fo r  "don' t  know "  a s a  possibl e answer .  Thi s 
m ay happe n i f  ther e i s insufficien t  evidenc e fo r  al l  th e choice s o r  i f  ther e i s n o clea r  cu t  winner .  Thi s interactio n 
betwee n th e M e m o r y networ k an d routine s i s depicte d i n Figur e 1 . 

12 Semantic networks, inheritance, and recognition 

The term "semantic networks" has been used in a vay general sense in the AI literature. We will however, only 
focu s o n th e centra l  aspect s o f  semanti c network s namely ,  tha t  concept s ar e represente d i n term s o f  thei r  propertie s 
an d tha t  th e subsumptio n relationshi p betwee n concept s i s capture d b y th e IS- A hierarchy .  Thi s charact^zatio n i s 
broa d enoug h t o captur e th e basi c organizationa l  principle s underlying/rome-base d representatio n langauge s suc h a s 
K RL (Bobro w &  Winograd ,  1976 )  an d K L - O N E (Brachma n &  Schmolze ,  1985) . 

The organization and structuring of information in a semantic network leads to an efficient realization of two 
kind s o f  inference s whic h w e wil l  refe r  t o a s inheritanc e an d recognition .  I t  ca n b e argue d tha t  thes e tw o 
complementar y form s o f  reasonin g li e a t  th e cor e o f  intelligen t  behavio r  an d ac t  a s precursor s t o mor e comple x an d 
specialize d reasonin g processes . 

Typically, inheritance refers to the form of reasoning that leads an agent to infer property values of a concept 
base d o n th e propert y value s o f  it s  ancestors .  W e defln e inheritanc e mor e genoall y t o includ e lookin g u p propert y 
value s directl y avail^I e a t  th e concep t  -  o f  cours e i f  suc h loca l  informatio n i s no t  availabl e the n inheritanc e involve s 
lookin g u p propertie s attache d t o concept s highe r  u p i n th e conceptua l  hierarchy .  M a n y cognitiv e task s m a y b e 
show n t o requir e inheritanc e a s a n intermediat e ste p -  wor d sens e disambiguation ,  determinatio n o f  case-fillers ,  an d 
enforcemen t  o f  selectiona l  restriction s ar e som e examples . 

Recognition is the dual of the inheritance problem. The recognition problem may be described as follows: 
"Give n a  descriptio n consistin g o f  a  se t  o f  properties ,  find  a  concep t  tha t  bes t  matche s thi s description" .  Not e tha t 
durin g matchin g al l  th e propert y value s o f  a  concq} t  m a y no t  b e availabl e locall y an d m a y hav e t o b e determine d vi a 
inheritanc e fro m it s ancestors .  Fo r  thi s reason ,  recognitio n m a y b e viewe d a s a  ver y genera l  for m o f  patter n 
matching :  on e i n whic h th e targe t  patterns ,  i.e .  th e se t  o f  pattern s t o whic h a n inpu t  patter n i s t o b e matched ,  ar e 
organize d i n a  hierarchy ,  an d wher e matchin g a n inpu t  patter n A  wit h a  targe t  patter n 7, -  involve s matching 

propertie s tha t  appea r  i n A  wit h propertie s loca l  t o T ^  a s wel l  a s t o jM ôpertie s tha t  T ^  inhoit s fro m it s ancestors . 

A recognition step followed by an inheritance step amounts to an important sort of reasoning namely, pattern 
completion .  Usin g recognitio n a  proces s ca n determin e th e identit y o f  a n objec t  base d o n it s partia l  description ,  an d 
havin g determine d th e object' s identit y th e proces s m a y perfor m a n inheritanc e ste p t o determin e th e unknow n 
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propertie s value s o f  th e objec t 

In addition to their ubiquity, inheritance and recognition are also significant because in spite of operating wiUi a 
larg e knowledg e base ,  human s po fo r m thes e inference s effordessl y an d extremel y fas t  -  ofte n i n a  fe w hundre d 
milliseconds .  Thi s suggest s tha t  inheritanc e an d recognitio n ar e perhap s basi c an d unitar y component s o f  symboli c 
reasonin g -  probabl y th e smalles t  an d simples t  cognitiv e operation s tha t  i )  produc e specifi c  responses ,  an d ii )  ca n b e 
initiated ,  an d hav e Uiei r  result s accesse d b y comple x an d higher-leve l  symboli c reasonin g processes .  Th e spee d wit h 
whic h Uies e qperation s ar c performe d als o suggest s tha t  the y ar e performe d fairl y automatically ,  an d typicall y d o no t 
requir e an y consciou s an d atientiona l  control .  Give n th e significanc e o f  inheritanc e an d recognition ,  i t  appear s 
reasonabl e t o pursu e a  computationa l  accoun t  o f  h o w thes e inference s m a y b e draw n wit h th e requisit e efficiency . 

In addition to offering computational effectiveness, the connectionist netwwk computes solutions to the 
inheritanc e an d recognitio n problem s i n accordanc e wid i  a  theor y o f  evidentia l  reasonin g tha t  derive s fro m th e 
principl e o f  m a x i m u m entropy .  Unde r  th e evidentia l  formulation ,  inheritanc e an d recognitio n ar e pose d a s proble m 
whos e answer s involv e choosin g th e mos t  likel y alternativ e from  a m o n g a  se t  o f  alternative s -  th e computatio n o f 
likelihoo d bein g carrie d ou t  wit h respec t  t o th e knowledg e encode d i n th e conceptua l  hierarchy .  Thi s reformulatio n 
provide s a  {xinciple d w a y o f  handlin g exception s an d resolvin g conflictin g ir^ormatio n durin g multipl e inheritance , 
and finding  bes t  matche s base d o n partia l  irtformatio n durin g recognition . 

This paper is about the connectionist realization and a detailed discussion of the underlying evidential 
formulatio n an d th e motivatio n fo r  adoptin g it ,  i s  beyon d th e scop e o f  thi s paper .  Th e evidentia l  formulation ,  it s 
relatio n t o Bayes '  rule ,  an d it s merit s ar e discusse d i n (Shastri ,  1987) ;  a  brie f  versio n tha t  deal s primaril y wit h 
inheritanc e appear s i n (Shastr i  &  Feldman ,  1985) .  Therein ,  i t  i s argue d tha t  althoug h non-evidentia l  treatment s suc h 
as proposal s base d o n Defaul t  Logi c (Etheringto n &  Reiter ,  1983 )  o r  o n th e Principl e o f  Inferentia l  Distanc e 
Orderin g (Touretzky ,  1986 )  ca n handl e exceptions ,  the y d o no t  dea l  wit h conflictin g informatio n adequatel y -  the y 
eithe r  m a k e arbitrar y choice s o r  simpl y repor t  a n ambiguity .  I n contrast ,  th e evidentia l  approac h provide s a 
semanticall y justifiabl e w a y o f  combinin g al l  th e relevan t  informatio n (eve n tiiough  som e o f  i t  m a y b e conflicting ) 
t o obtai n th e mos t  likel y answer . 

1J Related work on parallel encoding of semantic networks 

Fahlman's NETL (Fahlman, 1979) was the first attempt at encoding semantic netwwks as a massively parallel 
networ k o f  simpl e processin g elements .  N E T L element s communicate d wit h on e anothe r  unde r  th e contro l  o f  a 
centra l  controlle r  b y propagatin g discret e message s calle d markers .  A  networ k elemen t  coul d onl y detec t  th e 
presenc e o r  absenc e o f  a  marke r  i n Ui e input .  Thi s al l  o r  non e natur e o f  tiie  syste m m a d e i t  incapabl e o f  supportin g 
"bes t  match "  o r  "partia l  match "  operations .  Fo r  example ,  i n N E T L recognitio n amounte d t o finding a  concep t  tha t 
possesse d al l  o f  a  specifie d se t  o f  properties .  Furthermore ,  N E T L ' s solutio n t o th e inheritanc e proble m wa s sensitiv e 
t o rac e condition s i n th e presenc e o f  multipl e hierarchies .  Thes e limitation s o f  marke r  passin g system s ar e discusse d 
at  lengt h i n (Fahlman ,  1982 ;  Fahlma n e t  al. ,  1981 ;  Brachman ,  1985)' .  Finally ,  N E T L di d no t  full y  utiliz e th e 
potentia l  fo r  parallelis m becaus e th e inter-nod e communicatio n criticall y depende d o n instruction s issue d b y a 
centra l  (serial )  controller . 

Hinton proposed a "distributed" encoding of semantic networks using parallel hardware (Hinton, 1981). The 
informatio n encode d i n th e networ k wa s interprete d a s a  se t  o f  diple s o f  th e form :  [relation ,  rolel ,  role2] .  Th e 
propose d syste m ha d severa l  interestin g properties :  give n tw o component s o f  a  triple ,  th e networ k coul d determin e 
th e thir d tuple ,  th e networi c coul d b e programme d usin g th e perceptro n convergenc e rule ,  an d i t  coul d perfor m 
simpl e propert y inheritance .  Th e syste m however ,  lacke d sufficien t  structur e an d contro l  t o handl e genera l  case s o f 
inheritanc e an d "partia l  matching "  -  especiall y i f  thes e occurre d i n a  mutli-leve l  semanti c netwcff k tha t  include d 
multipl e hierarchie s an d exceptiona l  (x *  conflictin g information . 

More recendy, Dothik (Derthik, 1986) is implementing a variant of KL-ONE using the Boltzman machine 
formulatio n (Aclde y e t  al. ,  1985) .  However ,  th e representatio n languag e bein g implemente d doe s no t  admi t 
excq)tion s an d conflictin g informatio n an d i s ope n t o th e sam e objection s tha t  appl y t o othe r  non-evidentia l 

'Subsequen t  wof k b y Touretzk y ha s remedied  certai n problem s wit h inheritance .  Th e us e o f  discret e marke n however ,  stil l  preclude s partia l 
matc h an d bes t  matc h operations . 
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formalizations . 

Recent work on Bayesian netw(»^ks (Pearl, 1985) deals with evidential reasoning in a parallel network. Pearl's 
result s however ,  appl y onl y t o singly-connecte d network s (network s i n whic h ther e i s onl y on e underlyin g pat h 
betwee n an y pai r  o f  nodes) .  Mcv e comple x network s hav e t o b e conditione d t o rende r  the m singly-connected .  Thi s 
i s i n par t  du e t o th e unstructure d for m o f  th e underlyin g representatio n languag e employe d b y Pearl .  Th e languag e 

does no t  mak e distinction s suc h a s "concept" ,  "property" ,  "property-value "  tha t  w e mak e (cf .  sectio n 2  below )  an d 
henc e it s abilit y  t o exploi t  parallellis m i s limited . 

2 A restricted language for representing conceptual knowledge 

The representation langauge may be viewed as an extension of inheritance hioarchies to include relative 
frequenc y informatio n specifyin g ho w instance s o f  som e concept s ar e distribute d wit h respec t  t o som e propert y 
values .  A  summar y descriptio n o f  th e languag e follows .  Th e agent' s knowledg e consist s o f  th e quintuple : 

e = <C, <!>.#, 5,«), where 

C is the set of concepts, ^ is the set of properties, # is a mapping from C to the integers I, 5 the distribution 
functio n i s a  partia l  m£q)pin g from C  X  <I > t o th e powe r  se t  o f  C  X  I ,  an d « i s a  partia l  orderin g defme d o n C . 

For each C e C, if C is a Tokai (instance) then #C = 1. and if C is a Type (generic concept) then #C = the 
number  o f  instance s o f  C  observe d b y th e agent .  B y extensio n #C[P,V ]  =  th e numbe r  o f  instance s o f  C  tha t  ar e 
observe d b y th e agen t  t o hav e th e valu e V  fo r  propert y P .  Fo r  example ,  #APPLE[has-color ,  RED ]  equal s th e numbe r 

of  re d apple s observe d b y th e agent .  Finally ,  #C[Pi,Vj][P2,V2].. .  P'n'̂ J  -  * ^  numbe r  o f  instance s o f  C ,  observe d 

t o hav e th e valu e V j  fo r  propert y  Pj ,  valu e V 2 fo r  propert y  Pj,.. .  an d valu e V ^  fo r  propm y P^ . 

The distribution function S(C^), specifies how instances of C are distributed with respect to the values of 
propert y P .  Recal l  tha t  a  concep t  ma y hav e severa l  value s fo r  th e sam e propert y an d hence ,  i f  C  i s a  Type ,  the n 
S( C J*) ,  correspond s t o th e summar y informatio n abstracte d i n C  base d o n th e instance s o f  C .  Usin g th e #  function , 
5( C J» )  ma y b e expresse d i n term s o f  #C[P,V]'s .  Thus ,  8(APPLE ,  has-color )  ma y b e expresse d as :  {  #APPLE[has -
color ,  R E D ]  =  60 ,  #APPLE[has-color ,  G R E E N]  =  40} .  Not e tha t  5  i s onl y a  partia l  mapping ;  a n agen t  ma y no t  kno w 
5(CJ» )  fo r  nuui y concept-propert y pairs .  I n general ,  fo r  a  give n C  an d P ,  a n agen t  know s 5(CJ* )  onl y i f  thi s 
informatio n ma y prov e usefu l  i n makin g inference s abou t  C . 

A salient feature of the language is that either a concept is an instance of (subtype of) another concept or it is not, 
and th e «  relatio n specifie s thi s unequivocally .  Exception s onl y appl y t o propert y values .  Furthermore ,  bot h 
necessar y prop t̂ie s a s we U a s defaul t  propertie s ma y b e represented .  Thi s goe s a  lon g wa y i n assignin g a  clea n 

semantic s t o th e representatio n language . 

In terms of the above notation, the inheritance and recognition problem may be restated as follows: 

Inheritance 

Given :  A  concep t  C ,  a  propert y P ,  an d a  se t  o f  propert y values .  V-SE T =  {Vj ,  Vj,.. .  V^} , 

Find ;  V *  e  V-SET ,  suc h tha t  amon g member s o f  V-SET ,  V *  i s th e mos t  likel y valu e o f  propert y P  fo r 
concq) t  C .  I n othe r  words ,  find  V *  e  V-SE T suc h that ,  fo r  an y V j  €  V-SET ,  th e bes t  estimat e 

of#C[P,V* ]  ̂  th e bes t  estimat e o f  #C[P.Vj]'s . 

For  example,th e inheritanc e proble m wher e C  =  APPLE ,  P  =  has-color ,  V-SE T =  {RED ,  BLUE ,  G R E E N ) ,  ma y 
be paraphrase d as :  I s th e colo r  o f  a n appl e mor e likel y t o b e red ,  gree n o r  blue ? 

Recognition 

Given :  a  se t  o f  concepts ,  C-SE T =  {Cj ,  C2,.. .  C„} ,  an d a n appropriat e descriptio n consistin g o f  a  se t  o f 

propert y valu e pairs ,  i.e. .  a  D E S CR =  {[Pi,Vi] .  [P2.V2]... .  [P^.V J ) . 

Find :  C *  e  C-SE T suc h tha t  relativ e t o th e concept s specifie d i n C-SET ,  C *  i s th e mos t  likel y concep t 
describe d b y DESCR. 

I f  C-SE T =  {APPLE ,  G R A P E ) ,  DISC R =  {[has-color ,  RED] ,  [has-taste ,  SWEET] )  the n th e recognitio n proble m 
may b e paraphrase d as :  "I s somethin g re d i n coIch *  an d swee t  i n tast e mor e likel y t o b e a n appl e cm:  a  grape" ? 
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The solution s t o th e tw o problem s ar e base d o n th e principl e o f  m a x i m u m entrop y [Jayne s 1979 ]  an d ar e 
describe d i n [Shastr i  1987] . 

3 Connectionist encoding 

A connectionist network (Feldman & Ballard, 1982) consists of a large number of nodes connected via links. 
The node s ar e computationa l  entitie s define d b y a  smal l  numbe r  ( 2 o r  3 )  o f  states ,  a  real-value d potentia l  i n th e 
rang e [0,1] ,  a n outpu t  valu e als o i n th e rang e [0,1] ,  a  vect w o f  input s i,42v..in .  togethe r  wit h function s P ,  V  an d Q 

tha t  defin e th e value s o f  potential ,  stat e an d outpu t  a t  tim e t+1 ,  base d o n th e value s o f  potential ,  stat e an d input s a t 
tim e L  Node s receiv e input s vi a weighte d links .  A  nod e ma y hav e multipl e inpu t  sites ,  an d incomin g link s ar e 
connecte d t o specifi c  sites .  Eac h sit e ha s a n associate d sit e functions .  Thes e function s carr y ou t  loca l  computation s 
base d o n th e input s inciden t  a t  th e site ,  an d i t  i s  th e resul t  o f  thi s computatio n tha t  i s  processe d b y th e function s P .  V 
andQ. 

Connectionist networks offer a natural computational model for encoding evidential formalisms because of the 
natura l  ccxrespondenc e betwee n node s an d hypotheses ,  activatio n an d evidentia l  support ,  an d potentia l  function s an d 
evidenc e combinatio n rules .  However ,  i n ordC T t o solv e th e inheritanc e an d recognitia i  problems ,  th e networ k mus t 
perfor m ver y specifi c  computation s an d i t  mus t  d o s o withou t  th e interventio n o f  a  centra l  controller .  Th e desig n 
involve s introducin g explici t  "contro l  nodes "  (binde r  an d rela y nodes )  throughou t  th e networ k t o mediat e an d 
contro l  th e sprea d o f  activation . 

Befwe describing the encoding in detail, we consider an example. Figure 2 shows a network that encodes: 

"Dic k i s a  Quake r  an d a  Republican ,  mos t  Quaker s hav e pacifis t  beliefs ,  whil e mos t  Republican s hav e non-pacifis t 
beliefs " 

I t  i s  assume d tha t  on e o f  th e propertie s attache d t o po'son s i s "has-belief' ,  som e o f  whos e value s ar e "pacifist "  an d 
"non-pacifist" .  Th e Figur e onl y show s abou t  hal f  th e connections .  I n particular ,  th e connection s from  propert y 
value s t o concept s hav e bee n suppresse d fo r  bette r  readability .  Th e likelihood s o f  bein g pacifist s an d non-pacifist s 
fo r  Quaker s an d Republican s ar e encode d a s weight s o f  appropriat e link s (Cf .  Sectio n 3.1 ) 

The question of Dick's beliefs on pacifism (or lack of it) can be posed to the network by activating the nodes 
DICK,  has-belief ,  an d BELIEF .  Th e resultin g potential s o f  th e node s PACIFIS T an d N O N - P A C wil l  determin e 
whethe r  Dic k i s mor e likel y t o b e a  pacifis t  o r  a  non-pacifist .  I t  ca n b e show n tha t  th e potentia l  o f  th e nod e 
P A C i n S T equals : 

#QUAKER[has-belJ>ACIHST ]  x  #REPUBLICAN[has-be lJ>ACmST | 

#BEL IE F X  #PERSON[has-bel,PACIHST ] 

The potentia l  o f  th e nod e N O N - P A C i s give n b y a n analogou s expressio n i n wit h N O N - P A C replace s 
P A C M S T. 

Ignoring the common factor, #BELIEF, in the above expression, the potential of PACIFIST (NON-PAC) 
correspond s t o th e bes t  estimat e o f  th e numbe r  o f  person s tha t  ar e bot h quaker s an d republicans  an d beUev e i n 
pacifis m (non-pacifism) .  Hence ,  a  compariso n o f  th e tw o potential s wil l  giv e th e mos t  likel y answe r  t o th e question : 
I s Dic k a  pacifis t  o r  a  non-pacifist . 

3.1 Encoding the conceptual structure 

The encoding employs five distinct unit types. These are the concept nodes (^-nodes), property nodes ((|>-nodes), 
binde r  nodes ,  rela y node s an d enabl e nodes .  Wit h referenc e t o Figur e 2 ,  al l  soli d boxe s denot e ^-nodes ,  al l 
triangula r  node s denot e binde r  nodes ,  an d th e singl e dashe d bo x denote s a  4)-node .  Rela y node s ar e use d t o contro l 
directionalit y o f  spreadin g activatio n alon g th e conceptua l  hierarchy ,  whil e enabl e node s ar e use d t o specif y th e typ e 
of  quer y (inheritanc e o r  categorization) .  Rela y an d enabl e node s ar e no t  show n i n Figur e 2 . 

Each concq)t is represented by a 4-node. These nodes have six sites: QUERY, RELAY, CP, HCP, PV and 
INV .  Wit h referenc e t o th e partia l  orderin g « ,  i f  concep t  B  i s a  paren t  o f  concep t  A  the n ther e i s a  T  (botto m up ) 
lin k from A  t o B  an d a  i  (to p down )  lin k from B  t o A .  Th e weigh t  o n bot h thes e link s equa l  #  A /  # B an d the y ar e 
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inciden t  a t  th e sit e R E L A Y .  A s th e T  an d i  link s alway s occu r  i n pairs ,  the y wil l  ofte n b e represente d b y a  singl e 

undirecte d arc .  Arc s betwee n DIC K an d Q U A K E R,  an d Q U A K ER an d PERSON,  ar c example s o f  suc h 
interconnections . 

Each property is also encoded as a node. These nodes are called <|>-nodes, and they has one input site: QUERY. 

If 6(AJ*) is known, then for every value Vj of P there exists a pair of binder nodes [AJ* -> Vj] and [P.Vj -> A] 

tha t  ar e connecte d t o A ,  P  an d V -  a s show n i n Figure s 3  an d 4  respectively.  A  binde r  nod e suc h a s [A^ *  - > V^ ]  i s 

calle d a  i-binde r  nod e an d ha s tw o sites :  E N A B L E an d EC .  Th e nod e [A,P- > V^ ]  receive s on e inpu t  fro m nod e A 

and anotho :  from  nod e P .  Bot h thes e input s ar e inciden t  a t  sit e E N A B L E ,  an d th e weigh t  o n thes e link s i s 1.0 .  Th e 
lin k fro m [AJ > - > Vj ]  t o V j  i s  inciden t  a t  sit e C P an d th e weigh t  o n thi s lin k i s give n b y #A[P,Vi ]  /  #Vj .  A  binde r 

node suc h a s th e nod e [P.V j  - > A ]  i s  calle d a  r-binde r  nod e an d ha s on e sit e E N A B L E whw e i t  receive s input s fro m 

node s P  an d V^ ;  th e weight s o n thes e link s ar e 1.0 .  Th e outpu t  from  [P,V j  - > A ]  i s inciden t  a t  th e sit e P V o f  A ,  an d 

th e weigh t  o n thi s lin k i s give n b y #A[P,Vj ]  /  #A . 

If B is a parent of A such that 6(BJ>) is known, and there is no concept C between A and B for which 8(CJ*) is 
known ,  the n ther e i s a  lin k fro m [AJ P - > V J t o [B, P - > Vj] ,  inciden t  a t  sit e IN V wit h a  weigh t  o f  #  A[P,Vj] / 

#B[A,V- ]  (refe r  t o Figur e 5) .  Similarly ,  ther e i s a  lin k fro m [P.V j  - > B ]  t o A  inciden t  a t  sit e IN V wit h a  weigh t  o f 

#BIP,Vj ]  /  # B (refC T t o Figur e 6) .  Finally ,  i f  B  i s suc h tha t  i t  i s  th e highes t  nod e fo r  whic h 8( B J> )  i s  known ,  the n th e 

lin k from  [ B J > - > V J t o V j  i s  inciden t  a t  sit e H C P .  instea d o f  sit e CP . 

Besides the interconnections described above, all nodes representing concepts, pr(q)erties, and values (^-nodes 
and (t>-nodes )  hav e a n externa l  inpu t  inciden t  a t  th e sit e Q U E R Y,  wit h a  weigh t  o f  1.0 .  I n additio n t o th e uni t  type s 
describe d above ,  ther e ar e tw o othe r  enabl e units :  INHERI T an d RECOGNEK.These unit s hav e on e inpu t  site : 
Q U E R Y,  a t  whic h the y receiv e a n externa l  input .  Eac h i-binde r  nod e receive s a n inpu t  from  th e nod e INHERI T a t 
th e sit e E N A B L E whil e eac h r-binde r  nod e receive s a n inpu t  fr(xn  th e nod e R E C O G N I ZE als o a t  th e sit e E N A B L E. 

32 Description of network behavior 

Each unit in the network can be in one of two states: active or inert. The quiescent state of each unit is inert. A 
uni t  switche s t o a n activ e stat e unde r  condition s specifie d below ,  an d i n thi s stat e th e uni t  transmit s a n outpu t  equa l 
t o it s  potential .  Th e computationa l  characteristic s o f  variou s uni t  type s ar e describe d below : 

4-nodes : 
State :  Nod e i s i n activ e stat e i f  i t  receive s on e o r  mor e inputs . 
Potential :  I f  n o input s a t  sit e H C P the n 

potentia l  =  th e produc t  o f  input s a t  site s Q U E R Y,  R E L A Y ,  CP . 
and P V divide d b y th e produc t  o f  input s a t  sit e INV . 

els e potentia l  =  th e produc t  o f  input s a t  site s Q U E R Y.  R E L A Y ,  H C P 

i-binder nodes: 

State :  Nod e i s i n activ e stat e i f  an d onl y i f  i t  receive s al l  th e 
thre e input s a t  sit e E N A B L E . 

Potratial :  I f  stat e =  activ e the n 
potentia l  =  1. 0 *  th e produc t  o f  input s a t  site s E C 

els e potentia l  =  NI L 

r-binder nodes: 
State :  Nod e i s i n activ e stat e i f  an d onl y i f  i t  receive s al l  thre e 

input s a t  sit e E N A B L E . 
Potential :  I f  stat e =  activ e the n potentia l  =  1. 0 els e potentia l  =  NI L 

(>-nodes, INHERIT node, and RECOGNIZE node switch to active state if they receive input at site QUERY, 
and i n thi s stat e thei r  potentia l  alway s equal s 1.0 . 

The networks have the additional property that unlike other links that always transmit the output of their source 
node ,  th e T  an d i  normall y remai n disabled ,  an d transmi t  activit y onl y whe n the y ar e enabled .  Thi s contro l  i s 
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affecte d vi a rela y node s tha t  ar e associate d wit h (t>-nodes .  Th e detail s o f  thi s mechanis m ar e beyon d th e scop e o f  thi s 
paper . 

33 Posing queries and computing solutions 

In the context of the network encoding the inheritance and categorization are posed as follows: 

Inheritance 

Given :  A  concep t  C ,  a  propert y P ,  a  se t  o f  possibl e answers ,  V-SE T =  {V, ,  V j ,  ...V„} ,  an d a  concep t 

R EF wher e RE F i s a n ancesto r  o f  ever y memebr  o f  V-SET .  (Typically ,  R E F i s a  paren t  o f  Vj's . 

For  example ,  i f  Vj' s  ar e RED,  GREEN,  BLUE.. .  the n RE F coul d b e C O L O R ) . 

Fin± V* G V-SET such that relative to the values specified in V-SET, V* is the most likely value of 
propert y P  fo r  concep t  C . 

The inheritanc e quer y i s pose d b y settin g th e externa l  inputs ,  i.e .  th e input s t o th e sit e Q U E R Y,  o f  node s C ,  P 
and INHERI T t o 1.0 .  I f  on e o r  mor e member s o f  V-SE T reac h a n activ e stat e withi n thre e time  steps ,  th e externa l 
inpu t  t o RE F get s se t  t o 1.0 ,  an d th e i  link s leavin g RE F ar e enabled .  I f  non e o f  th e member s o f  V-SE T receiv e an y 
activati(Mi ,  th e externa l  inpu t  t o RE F i s se t  t o 1.0 ,  an d th e i  link s leavin g RE F a s wel l  a s th e t  link s leavin g C  ar e 
enabled .  Afte r  d+ 3 time  step s -  wher e d  i s th e longes t  pat h i n th e orderin g grap h define d b y C  an d « ,  th e potential s 
of  node s wil l  b e suc h tha t  fo r  an y tw o node s V j  an d V j  e  V-SET ,  th e followin g holds : 

potentia l  o f  V .  #C[P,Vj ] 

potential of Vj^#C[P.Vj] 

I t  follow s tha t  th e nod e V *  e  V-SE T wit h th e highes t  potentia l  wil l  correspon d t o th e valu e tha t  i s  th e solutio n 
t o th e inheritanc e problem . 

Recognition 

Given :  a  se t  o f  concept s C-SE T =  {  Cj ,  Cj ,  .. .  C„) ,  a  referenc e concep t  REF ,  suc h tha t  RE F i s a n 

ancesto r  o f  al l  concept s i n C-SET ,  an d a  descriptio n consistin g o f  a  se t  o f  propert y valu e pairs , 
i.e .  a  se t  D E S CR =  {[P,,V,] ,  [P2,V2],.. .  [P^.V J } 

Fin ± C *  e  C-SE T suc h tha t  relativ e t o th e concept s specifie d i n C-SET ,  C *  i s th e mos t  likel y 
concep t  describe d b y DESCR. 

The solutio n t o th e abov e proble m ma y b e compute d a s follows :  Fo t  eac h [Pj.Vj ]  e  DESCR,  se t  th e input s t o 

th e sit e Q U E RY o f  node s P j  an d V j  t o 1.0 .  A t  th e sam e time,  se t  th e inpu t  t o th e sit e Q U E RY o f  R E C O G N I ZE an d 

REF t o 1.0 ,  an d enabl e th e i  link s emanatin g fro m REF .  Wai t  d  +  3  tim e steps ,  wher e d  i s th e longes t  pat h i n th e 
orderin g grap h defme d b y C  an d « .  A t  th e en d o f  thi s interval ,  th e potentia l  o f  th e node s wil l  b e suc h tha t  fo r  an y 
tw o node s C ^  an d C j  6  C-SET ,  th e followin g holds : 

potentia l  o f  C j 

potentia l  o f  C j 

equal s th e bes t  estimat e o f  #Ci[Pi,Vi][P2,V2 ]  .. .  [P^-Vm ]  divide d b y th e bes t  estimat e o f 

#Cj[Pj,Vi][P2,V2 ]  ...[ P „,VJ .  I t  follow s tha t  th e nod e C *  e  C-SE T wit h th e highes t  potentia l  correspond s t o th e 

solutio n o f  th e recognitio n problem . 

4 Some examples 

In order to explicate the behavior of networics and demonstrate the nature of inferences drawn by them, several 
example s tha t  ar e ofte n cite d i n th e knowledg e representatio n literatur e a s bein g problemati c hav e bee n simulated . 
The firs t  exampl e i s a n extensio n o f  Ui e "quake r  example "  discusse d i n secticx i  3 .  I t  demonstrate s ho w di e networ k 
paform s inheritanc e i n th e presenc e o f  conflictin g informatio n arisin g du e t o "multipl e inheritance" .  Figur e 7 
depict s th e underlyin g information .  Ther e ar e tw o propertie s has-be l  (has-belie O wit h value s P A C (pacifist )  an d 
NON-PAC (non-pacifist) ,  an d has-eth-or g (ethnic-origin )  wit h value s AFRI C (african )  an d E U R O (european) .  I n 
broa d t^ms ,  th e informatio n encode d i s a s follows : 

Most  person s ar e non-pacifists ,  mos t  quaker s ar e pacifists ,  mos t  republication s ar e non-pacifists ,  mos t  person s ar e o f 

149 



europea n descent ,  mos t  republican s ar e o f  europea n descent ,  an d mos t  f>erson s o f  africa n decen t  ar e democrats . 

Such information is specified to a network compiler in terms of: i) the set of concepts, ii) the set of properties 
an d thei r  associate d values ,  iii )  a  lis t  specifyin g th e partia l  orderin g togethe r  wit h th e ratio s #A/# B (fo r  al l  pair s o f 
concept s A  an d B  suc h tha t  B  i s a  paren t  o f  A ) ,  an d iv )  a  partia l  mappin g 5(CJ* )  i n term s o f  #C[P,V]'s .  Th e 
specificatio n doe s no t  refe r  t o an y networ k leve l  detai l  an d th e compile r  directl y translate s suc h a  specificatio n int o a 
connectionis t  network . 

As our first example of inheritance, consider the query: "Is Dick a pacifist or a non-pacifist?" The normalized 
potential s o f  P A C an d N O N - P A C a s a  resul t  o f  thi s quer y ar e 1.0 0 an d 0.6 6 respectively .  Thus ,  o n th e basi s o f  th e 
availabl e information ,  Dic k w h o i s a  r^ublica n an d a  quake r  i s mor e likel y t o b e a  pacifis t  tha n a  non-pacifist ,  th e 
rati o o f  likelihood s bein g 1.0 0 :  0.66 ,  i.e. ,  abou t  3:2 .  Simila r  simulation s fo r  R I C K ,  P A T ,  an d S U S A N lea d t o th e 
followin g results :  Ric k w h o i s a  m o r m o m republica n i s mor e likel y t o b e a  non-pacifis L Th e rati o o f  pacifis t  v/ s 
non-pacifis t  fo r  Ric k bein g 0.3 9 v/ s 1.00 .  Pa t  w h o i s m o r m o n democra t  i s als o mor e likel y t o b e a  non-pacifist ,  bu t 
onl y marginall y s o (0.8 9 v/ s 1.00) .  Finally ,  Susa n w h o i s a  quake r  democra t  i s likel y t o b e a  pacifis t  wit h a  ver y 
hig h probabilit y  (1.0 0 v/ s 0.29) . 

As an example of recognition, consider the query: "among Dick, Rick, Susan, and Pat, who is more likely to be 
a pacifis t  o f  africa n descent? "  Th e resultin g normalize d potential s ar e S U S A N 1.00 ,  P A T 0.57 ,  D I C K 0.11 ,  an d 
R I C K 0.05 .  A s woul d b e expected ,  Susa n w h o i s a  democra t  an d a  quaker ,  bes t  matche s th e descriptio n "perso n o f 
africa n descen t  wit h pacifis t  beliefs" .  Th e leas t  likel y perso n turn s ou t  t o b e Ric k (notic e tha t  Ric k i s neithe r  a 
democra t  w h o correlat e wit h africa n origi n no r  i s h e a  quake r  w h o correlat e wit h pacifism) . 

In order to illustrate how exceptions are handled, the information given in Figure 8 was encoded in a network. 
Th e informatio n capture s th e followin g aspec t  o f  th e domain :  "Mos t  Mollusc s ar e shell-bearers ,  Cephalopod s ar e 
Molluscs ,  bu t  mos t  Cephalopod s ar e no t  shell-bearers ,  Nautil i  ar e Cephalopods ,  an d al l  Nautil i  ar e shell-bearo^" . 

The normalized potentials of SHELL and SKIN as a result of the inheritance of the property epidermis-type of 
M O L L U S C,  C E P H A L ,  an d N A U T I L U S ar e a s follows :  (th e potential s o f  F U R an d F E A T H E R wer e consistentl y 
0.0) : 

V A L UE M O L L U SC CEPHAL NAUTILU S 
SHELL 1.0 0 0.2 5 1.0 0 
SKI N 0.4 3 1.0 0 0.0 0 

Thus, a Mollusc is more likely to be a shell-bearer. A Cephalopod is not likely to be a shell-bearo-. Finally, a 
Nautilu s i s definitel y a  shell-beare r  (not e tha t  th e likelihoo d o f  a  Nautilu s havin g a n epidermis-typ e o th ^  tha n shel l 
compute s t o 0.00 .  thi s i s becaus e A L L Nautilu s ar e shell-bearers) . 

5 Conclusions 

This effort has lead to the design of a connectionist network that provides a computational account of how an 
interestin g clas s o f  inheritanc e an d recognitio n problem s m a y b e solve d extremel y fas L Th e network s als o hav e a 
provabl e behavior ,  the y comput e solution s t o th e inheritanc e an d recognitio n problem s i n accordanc e wit h a  theor y 
of  evidentia l  reasoning .  Th e us e o f  evidentia l  reasonin g redefme s thes e [H'oblem s s o tha t  conflictin g informatio n ca n 
be interprete d i n a  semanticall y consisten t  manner .  Th e wor k als o identifie s specifi c  constraint s tha t  mus t  b e 
satisfie d b y th e conceptua l  structur e i n orde r  t o achiev e a n efficien t  connectionis t  realization .  Thes e ar e discusse d a t 
lengt h i n (Shastr i  87) . 

Besides offering a natural way of describing the evidential interactions between pieces of knowledge, the 
networ k encodin g suggest s h o w a  physica l  syste m m a y extrac t  fro m it s environmen t  th e informatio n require d t o 
solv e inheritanc e an d recognitio n problems .  A n examinatio n o f  th e weight s o n th e link s reveal s tha t  i n mos t  case s 
th e weight s ar e directl y relate d t o Hebb' s interpretatio n o f  synapti c weight s (Hebb ,  1949) .  Th e weigh t  o n thes e link s 
i s equa l  t o th e ratio :  "ho w ofte n whe n th e destinatio n nod e wa s active ,  wa s th e sourc e nod e als o active" . 

A discussion of a connectionist system often leads to the question of its biological plausibility. It may be felt that 
th e computationa l  characteristic s o f  node s describe d i n sectio n 3. 1 ar e to o comple x t o b e biologicall y plausible .  Th e 
propose d encodin g i s certainl y no t  intende d t o b e a  blueprin t  fo r  buildin g "wetware" .  Ye t  i t  doe s satisf y nearl y al l 
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th e constraint s propose d i n (Feldma n &  Ballard ,  1982) .  Th e onl y seriou s violatio n o f  biologica l  plausibilti y  i s  th e 
requiremen t  tha t  node s perfor m hig h precisio n multiplication .  On e ma y interpre t  th e connectionis t  syste m describe d 
h« e a s a n idea l  realizatio n o f  a  fcxma l  mode l  o f  evidentia l  reasoning .  On e ca n tr y an d identif y mor e plausibl e 
"̂ )proximations "  o f  th e idea l  syste m an d stud y th e manne r  i n whic h thei r  respons e deviate s fro m th e prescribe d 
behavior .  Suc h a n exercis e ma y b e rewardin g an d poin t  ou t  furthe r  constraint s tha t  gover n th e organizatio n o f 
conceptua l  structure . 
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