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Di rec t  Inference s i n a  Connect ion is t  K n o w l e d g e St ructur e 

S. C. HoUbach 

Universit y o f  Rocheste r 

Abstract 

A mode l  o f  huma n cognitio n i s propose d i n whic h al l  concep t  propertie s ar e contex t 

dependent .  Concept s ar e comprise d o f  multipl e facets ,  eac h motivate d b y a  differen t 

functiona l  property .  A  connectionis t  implementatio n i s presente d i n whic h conceptua l 

modificatio n yield s th e 'direc t  inferences '  implici t  i n th e structur e o f  a  knowledg e base . 

Introduction 

When a noun is modified by a descriptive adjective, the result is often a significant mod-

ificatio n o f  th e origina l  concep t  denote d b y th e noun .  Fo r  example ,  whil e a  peac h i s soft , 

juic y an d tangy ,  a  gree n peac h i s hard ,  dr y an d bitter .  Clearly ,  th e adjectiv e 'green '  whe n 

applie d t o a  peac h convey s mor e tha n merel y th e colour . 

Thi s pape r  advancce s a  computationa l  mode l  o f  conceptua l  modificatio n tha t  capture s 

th e 'direc t  inferences '  arisin g fro m propert y correlations .  Th e domai n o f  thi s investigatio n 

i s concret e noun s an d thei r  attendan t  descriptiv e adjectives .  Eac h nou n denote s a  concept , 

wher e a  concep t  i s represente d b y a  structure d collectio n o f  propertie s an d values ,  indexe d b y 

function .  Fo r  example ,  a n appl e viewe d a s foo d bring s differen t  propertie s t o min d tha n a n 

appl e viewe d a s a  projectile .  Ultimatel y i t  i s th e goal s an d plan s o f  th e agen t  tha t  determin e 

ho w a n objec t  i s  though t  of :  a  hungr y agen t  think s o f  apple s differentl y tha n a n angr y one . 

Thu s th e functiona l  propertie s o f  a n objec t  provid e th e contex t  fo r  interpretation ,  i n tha t 

the y selec t  onl y th e currentl y relevan t  face t  o f  th e complet e description . 

We hav e buil t  a  connectionis t  implementatio n o f  th e functiona l  context-sensitiv e mode l 

of  cat^or y representation .  Th e syste m run s o n a  Su n Workstatio n a s a n applicatio n o f  th e 

Rocheste r  Connectionis t  Simulato r  [Goddar d 1987] ,  th e result s o f  whic h ar e visibl e i n iconi c 

for m thank s t o th e Graphic s Interfac e [Lynn e 1987] .  Th e syste m use s a n extensiv e knowl -

edg e bas e o f  categorie s an d thei r  interrelation s t o dra w direc t  inference s abou t  modifie d 

categories ,  answe r  querie s abou t  objec t  properties ,  an d mode l  propert y dominanc e effect s 

[Whitne y 1986 ,  Taboss i  1986] . 

The Structure of Knowledge 

This investigation focusses on the mental representation of physical objects. The build-

in g bloc k o f  thes e menta l  representation s ar e categories ,  classification s o f  physica l  object s 

sharin g on e o r  mor e c o m m o n properties .  A  propert y i s a  se t  o f  descriptor s applicabl e t o a 

physica l  object ,  wher e th e element s o f  th e se t  ar e propert y values .  W e classif y propertie s 

int o thre e groups ,  perceptual ,  constitutiv e an d functional .  Perceptua l  propertie s pertai n 

t o th e five  senses ,  functiona l  propertie s relat e t o a n object' s usefulnes s b y humans ,  an d 

constitutiv e propertie s ar e i n som e sens e th e definitiona l  propertie s o f  a  category ,  ofte n ex -

presse d i n term s o f  genetics ,  compositiona l  makeu p an d s o on .  Functiona l  propertie s pla y a 

specia l  rol e i n categor y representation ,  supplyin g a s the y d o th e variou s perspective s fro m 
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Figur e 1 :  Circle s represen t  categories ,  diamond s propert y value s an d triangle s binde r  node s associatin g 

categorie s wit h thei r  attendan t  values .  Line s d o no t  represen t  direc t  links ,  bu t  rathe r  indirec t  connection s 

mediate d b y subne t  structure s o f  varyin g complexity . 

which the category can be viewed. For example, the is edible property provides the focus 

of  relevanc e fo r  th e tang y an d ha s seed s propertie s o f  apples . 

Categories ,  i n additio n t o havin g a  comple s interna l  structure ,  ar e relate d t o on e an -

othe r  i n a  hierarchica l  subsumptio n taxonomy .  ( A familia r  exampl e o f  suc h structurin g i s 

ontologica l  knowledge ,  th e orderin g o f  natura l  kind s accordin g t o c o m m o n biologica l  char -

acteristics. )  Th e link s i n th e taxonom y represen t  subsumptio n relation s betwee n categories . 

Thus t o som e degre e a  lowe r  leve l  categor y participate s i n th e highe r  leve l  category .  Th e 

for m thi s participatio n take s differ s dependin g o n whethe r  on e i s lookin g u p o r  dow n th e 

taxonomy .  Al l  th e propertie s an d value s possesse d b y th e highe r  leve l  categor y ar e als o 

possesse d b y th e lowe r  leve l  one .  An d fo r  eac h propert y o r  valu e possesse d b y a  lowe r  leve l 

categor y i t  i s  tru e o f  th e highe r  leve l  categor y tha t  ther e exist s a n elemen t  o f  tha t  se t  havin g 

tha t  propert y o r  value .  Fo r  example ,  sinc e al l  thing s hav e colou r  a s a  property ,  al l  apple s 

must  als o hav e a  colour .  Furthermor e ther e exist s a  re d (o r  gree n o r  yellow )  apple ,  b y virtu e 

of  th e colou r  value s associate d wit h th e variou s appl e varieties . 

Th e connectionis t  implementatio n o f  thi s cognitiv e mode l  follow s th e 'localist '  paradig m 

of  F e M m an an d Ballar d [1982] .  Eac h categor y i s represente d b y a  singl e exempla r  object . 

Each object ,  propert y an d valu e i s represente d b y a  distinc t  (named )  networ k node .  Al l 

relation s betwee n thes e node s ar e capture d i n separat e subnet s o f  regula r  structure ,  allowin g 

th e networ k t o b e compile d fro m a  serie s o f  hig h leve l  inpu t  languag e statements .  Concept s 

ar e represente d a s pattern s o f  activit y ove r  al l  th e node s i n th e network .  'Thoughts '  ar e 

forme d i n th e networ k b y keyin g i n activatio n o n a  nou n an d (optionally )  adjectives ,  an d 

allowin g th e simulatio n t o ru n a  fe w step s t o permi t  thes e activation s t o propagat e fully . 

Activatio n flows  ou t  fro m th e nou n denotin g th e categor y t o al l  relevan t  propertie s an d 

values .  Relevanc e i s determine d b y context ,  o r  mor e specifically ,  b y th e currentl y activ e 

functiona l  propert y o f  th e category .  Eac h categor y ha s associate d wit h i t  a  defaul t  contex t 

or  facet ;  fo r  example ,  th e defaul t  vie w o f  'apple '  i s  edible .  S o whe n th e nou n i s activate d 

i n isolation ,  th e syste m respond s b y selectivel y activatin g it s definin g propertie s an d value s 

wit h respec t  t o it s defaul t  context .  Fo r  example .  Figur e 1  depict s th e graphic s displa y 

of  certai n ke y element s o f  th e networ k afte r  keyin g i n activatio n o n th e 'apple '  nod e an d 

allowin g th e simulatio n t o ru n a  fe w step s t o stability .  Th e selectiv e effect s o f  contex t  mea n 

tha t  onl y a  subse t  o f  al l  possibl e propert y value s o f  th e concep t  ar e activ e a t  on e time , 

althoug h a  give n propert y valu e ca n participat e i n an y numbe r  o f  facets . 
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Di rec t  Inference s 

A major feature of the connectionist knowledge base is its dynamic nature. Rather than 

havin g th e knowledg e encode d i n a  purel y passiv e (declarative )  forma t  requirin g a  distinc t 

reasonin g componen t  t o interpre t  an d appl y it ,  th e knowledg e encode d i n a  connectionis t 

networ k incorporate s severa l  simpl e form s o f  inferencin g directl y i n th e structur e o f  th e 

network .  Thes e direc t  inferences ,  tha t  is ,  inference s no t  requirin g a n interprete r  bu t  con -

taine d entirel y withi n th e terminologica l  component ,  ca n b e eithe r  mediate d o r  immediate . 

Immediat e inference s ar e draw n abou t  objec t  propertie s a t  th e leve l  o f  th e objec t  itself , 

whil e mediate d inference s involv e propert y inheritance .  Mediate d inference s ca n b e draw n 

eithe r  fro m mor e genera l  knowledge ,  or ,  i f  th e informatio n i s no t  availabl e a t  a  highe r  level , 

a weake r  anwe r  ca n b e derive d fro m mor e specifi c  knowledge . 

Bot h form s o f  direc t  inference ,  mediate d an d immediate ,  aris e fro m thi s fundamenta l 

m o de o f  operatio n o f  th e network ,  a s demonstrate d i n Figur e 1 .  On e o f  th e man y imme -

diat e inference s draw n abou t  apple s i s th e fac t  tha t  the y ar e crunchy ;  on e o f  th e mediate d 

inference s i s th e fac t  tha t  the y ar e edible .  A  furthe r  inference ,  a s t o th e existenc e o f  re d 

apples ,  i s  obtaine d b y rangin g dow n th e hierarchy ,  rathe r  tha n u p a s i s customary . 

Property Queries 

Property queries take the general form "does (modified) category x have property value 

y?" .  Phrase d mor e naturally ,  thi s become s "ar e y' s  a:? "  o r  "d o j/' s  hav e x's?" .  O f  course , 

give n tha t  eac h categor y i s represente d b y a  singl e exemplar ,  a  mor e accurat e portraya l  o f 

th e quer y form s woul d b e t o sa y "i s a  y  z? "  o r  "doe s a  y  hav e x?" ,  fo r  example ,  "i s a  blac k 

bir d large? "  o r  "doe s a  re d appl e hav e seeds?" .  Eac h propert y valu e i s represente d b y tw o 

nodes ,  on e correspondin g t o th e adjectiv e a s a  categor y modifier ,  th e othe r  correspondin g 

t o a  quer y o n tha t  propert y value .  S o t o pos e a  quer y t o th e system ,  th e use r  activate s 

th e adjectiv e an d nou n formin g th e targe t  category ,  thu s invokin g th e fundamenta l  mod e 

of  opeftitio n o f  th e network ,  namely ,  th e drawin g o f  direc t  inferences .  Th e querie d propert y 

valu e i s the n keye d i n o n th e query-specifi c  twi n o f  th e propert y valu e node . 

Ther e ar e fiv e possibl e response s t o a  query :  a  'yes '  o r  'no '  i n context ,  a  'yes '  o r  'no ' 

out  o f  context ,  an d 'categor y error' .  A n 'yes '  i n contex t  occur s whe n th e propert y valu e i s 

an elemen t  o f  th e se t  characteristi c o f  th e curren t  facet .  A  'no '  i n contex t  occur s whe n a 

modifie r  negate s th e querie d value ,  a s i n "i s a  gree n appl e red?" .  A  'yes '  ou t  o f  contex t  i s 

reporte d whe n a  shif t  o f  contex t  i s  require d t o answe r  i n th e affirmative ,  a s i n "ar e swee t 

apple s easil y thrown?" .  A n answe r  of'no '  ou t  o f  contex t  result s whe n th e propert y valu e i s 

not  associate d wit h th e categor y i n an y context ,  althoug h othe r  value s o f  tha t  propert y are , 

as i n th e quer y "ar e smal l  apple s purple?" .  Answer s ou t  o f  contex t  tak e a  littl e longe r  tha n 

answer s i n context ,  sinc e contex t  shiftin g take s time .  A  categor y erro r  occur s whe n th e 

propert y associate d wit h th e valu e i s no t  a  propert y o f  th e categor y ("ar e idea s purple?") . 

Categor y error s ar e interestin g no t  onl y fo r  thei r  possibl e rol e i n cognitiv e developmen t 

[Kei l  1979] ,  bu t  als o fo r  th e fac t  tha t  whe n the y occu r  i n conversatio n i t  i s  generall y t o 

signa l  a  metaphor .  W e ar e currentl y i n th e proces s o f  extendin g th e mode l  t o accoun t  fo r 

metaphori c interpretatio n o f  suc h categor y errors . 
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Once th e quer y ha s bee n keye d in ,  th e simulatio n i s ru n t o a  poin t  wher e eithe r  a n 

answer  o f  'yes '  o r  'no '  i n contex t  o r  a  repor t  o f  a  categor y erro r  woul d b e detecte d b y th e 

system .  K  neithe r  conditio n exists ,  alternat e facet s ar e explore d i n paralle l  unti l  eithe r  a n 

answer  o f  'yes '  ou t  o f  contex t  i s  reporte d o r  th e possibilitie s ar e exhausted ,  resultin g i n a 

'no '  (ou t  o f  context) . 

Property Dominance Effects 

In addition to participating in a subsumption taxonomy, the mental representation of an 

objec t  ha s a  comple x interna l  structure .  Th e desig n o f  thi s interna l  structur e i s base d o n th e 

premis e tha t  al l  objec t  propertie s ar e contex t  dependent .  Thi s ide a aros e fro m th e debat e 

betwee n Whitne y [1986 ]  an d Taboss i  [1986 ]  ove r  th e proble m o f  lexica l  acces s modelling , 

or  th e questio n o f  whethe r  th e meanin g o f  a n ambiguou s wor d i s selecte d a t  th e lexica l 

acces s stag e o r  interprete d later .  Whitne y present s relate d result s concernin g th e semanti c 

acces s o f  unambiguou s word s i n suppor t  o f  th e multipl e acces s mode l  (aki n t o th e delaye d 

interpretatio n mode l  fo r  ambiguou s words) .  I n Whitney' s work ,  al l  th e propertie s german e 

t o a  concep t  (a s denote d b y a  concret e noun )  ar e accesse d o r  prime d i n parallel ,  b y mentio n 

of  th e noun ,  regardles s o f  an y bia s buil t  int o th e sententia l  context .  Th e effec t  o f  th e 

bias ,  t o promot e som e propertie s t o prominenc e an d inhibi t  others ,  i s  onl y visibl e severa l 

hundre d millisecond s afte r  inita l  mentio n o f  th e nouns ,  an d mus t  thu s b e occurrin g a t  a 

late r  (post-lexical )  processin g stage .  Tabossi ,  o n th e othe r  hand ,  contend s tha t  th e stimul i 

use d i n Whitney' s wor k ar e to o neutra l  wit h respec t  t o th e targe t  concep t  t o induc e an y 

significan t  bias ,  an d present s result s t o suppor t  th e competin g notio n o f  selectiv e access ,  o r 

lexica l  leve l  biasin g an d inhibitio n o f  properties . 

Th e questio n o f  whethe r  o r  no t  lexica l  acces s i s contex t  sensitiv e i s stil l  a n ope n one . 

Ther e i s agreemen t  i n th e literature ,  however ,  o n th e fac t  tha t  certai n concep t  propertie s 

ar e correlated ,  bot h positivel y an d negativel y [Mal t  an d Smit h 1984] ,  an d tha t  contex t  i s 

use d t o decid e whic h o f  a  numbe r  o f  competin g propert y association s o r  coalition s shoul d b e 

permitte d t o dominat e [Cohe n an d Murph y 1984] .  A s Taboss i  point s out ,  ic e i s bot h har d 

and cold ,  ye t  a  sentenc e lik e "Th e bartende r  serve d th e drink s wit h ice "  tha t  prime s th e 

propert y valu e 'cold '  als o inhibit s th e valu e 'hard '  an d vic e versa ,  whil e a  neutra l  sentenc e 

neithe r  prime s no r  inhibit s eithe r  property . 

Thes e result s ar e consisten t  wit h th e mode l  advance d i n thi s work ,  i n tha t  competin g 

context s ar e mutuall y exclusive ,  neutra l  context s ar e unrelated ,  an d reinforcin g context s ar e 

mutuall y excitatory .  Dominanc e effect s ar e modelle d b y asymmetri c lin k weight s betwee n 

th e tw o competin g facets ,  permittin g a  hig h dominanc e propert y {eg .  ic e temperature )  t o 

exhibi t  stronge r  effect s tha n a  lo w dominanc e on e (eg .  ic e hardness) . 

A fundamenta l  assumptio n underlyin g thi s wor k i s tha t  categories ,  a s menta l  construct s 

of  activ e agents ,  ar e inseparabl y linke d wit h th e agent' s plannin g goals .  Thes e goal s o r 

situationa l  context s ar e s o influentia l  o n th e menta l  structur e o f  categorie s tha t  a  categor y 

i s meaningles s whe n ou t  o f  context .  Sinc e categorie s (indeed ,  al l  ideas )  ar e b y definitio n 

meaningful ,  the y mus t  carr y wit h the m a  defaul t  contex t  t o suppl y meanin g i n th e absenc e 

of  othe r  information .  Ver y often ,  particularl y fo r  physica l  objects ,  thi s defaul t  contex t  i s 

simpl y visua l  recognition .  W h e n th e wor d 'apple '  i s  spoken ,  a  menta l  imag e i s conjure d u p 

of  th e visua l  appearanc e o f  a n apple .  I f  th e agen t  i s hungr y a t  th e time ,  th e apple' s tast e 
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might spring to mind. If the agent is angry, its properties as a handy projectile might leap 

int o significance .  An d s o on .  Thu s whil e a  categor y appear s stabl e t o th e agent ,  sinc e th e 

same basi c se t  o f  propertie s an d value s ar e bein g draw n o n a t  al l  times ,  th e structur e i s 

actuall y dynamic ,  shape d b y context . 

Context s interac t  amongs t  themselve s i n differen t  way s tha n d o categories .  Wher e 

categorie s ca n combin e wit h eac h othe r  i n a n arbitraril y  comple x fashion ,  context s affor d 

les s latitude .  A  contex t  i s  nothin g mor e tha n a  particula r  wa y o f  lookin g a t  a  category . 

T wo perspective s o n a  categor y ar e eithe r  th e sam e o r  different .  S o context s ca n b e eithe r 

mutuall y supportiv e o r  mutuall y inhibitory ,  dependin g o n whethe r  the y ar e compatibl e o r 

not.  Fo r  example ,  i f  th e agent' s goa l  i s  t o ea t  a n apple ,  h e mus t  firs t  locat e on e visually . 

Thu s th e edibl e an d visual-i d context s ar e compatible .  O n th e othe r  hand ,  i f  th e agen t 

decide s t o thro w th e appl e a t  a  passin g car ,  an y though t  o f  eatin g i t  wil l  b e suppressed ,  a s 

throwin g an d eatin g ar e mutuall y inhibitor y contexts. ^ 

Th e genera l  characteristic s o f  th e mode l  deriv e partl y fro m th e psychologica l  mode l 

describe d abov e an d partl y fro m propertie s o f  connectionis t  models .  Categorie s ar e repre -

sente d b y th e variou s pattern s o f  activit y ove r  th e se t  o f  propertie s an d value s associate d 

wit h tha t  category .  Eac h distinctiv e patter n i s characteristi c o f  a  differen t  contex t  o r  goal . 

Ther e i s a  defaul t  contex t  associate d wit h eac h category .  I f  i n th e proces s o f  specifyin g 

th e structur e o f  th e knowledg e bas e th e use r  fail s  t o nam e a  defaul t  contex t  fo r  a  category , 

th e 'visual-identification '  contex t  i s  used ,  sinc e thi s i s generall y appropriat e fo r  th e chose n 

domai n o f  physica l  objects . 

Propert y value s ca n b e eithe r  neutra l  o r  biasing .  A  neutra l  valu e display s n o stron g 

correlatio n wit h on e contex t  ove r  an y other ,  whil e a  biasin g valu e i s characteristi c o f  onl y 

one context .  Fo r  example ,  th e modifie r  'red '  i s  neutra l  i n th e phras e 're d pillow '  bu t  biasin g 

i n th e phras e 're d rose' ,  raisin g a s i t  doe s vision s o f  romanc e an d long-stemme d floral 

offerings .  Thu s contex t  ca n b e establishe d implicitl y  b y mentionin g a  biasin g propert y 

value ;  i t  ca n als o b e establishe d explicitly ,  b y turnin g o n th e contex t  nod e b y hand .  No t  al l 

propert y value s ar e biasing ,  or ,  mor e accurately ,  no t  man y propert y value s ar e sufficientl y 

biasin g t o overrid e th e currentl y activ e o r  th e defaul t  contex t  i n favo r  o f  another .  Th e value s 

biase d towar d th e contex t  ca n b e guesse d a t  wit h greate r  confidenc e tha n th e mor e neutra l 

ones ,  althoug h ther e i s a  sligh t  bia s buil t  int o neutra l  values .  I n fact ,  th e neutral/biasin g 

distinctio n i s no t  a  ver y goo d one ,  a s i t  represent s th e attemp t  t o quantif y a  gradua l  change . 

A mor e accurat e characterizatio n woul d b e t o spea k o f  strong ,  moderate ,  wea k an d negligibl e 

biases . 

Result s o f  runnin g th e simulatio n ar e show n i n Figure s 2 ,  3  an d 4 .  Show n ar e th e iconi c 

representation s o f  individua l  networ k nodes .  Activatio n wa s keye d o n th e phras e 'expensiv e 

diamond '  an d th e simulatio n allowe d t o ru n t o stability .  Figur e 2  show s thi s initia l  stat e 

of  th e network .  Figur e 3  show s th e networ k i n a n intermediat e stat e shortl y afte r  changin g 

context s fro m th e adornmen t  aspec t  o f  diamond s t o th e industria l  aspect ,  achieve d b y 

shiftin g th e externa l  activatio n o f  'expensive '  ove r  t o 'hard' .  Tha t  is ,  th e syste m i s bein g 

force d t o conside r  th e phras e 'har d diamond '  afte r  bein g prime d wit h th e phras e 'expensiv e 

diamond' .  A s Tabossi' s propert y dominanc e studie s predict ,  ther e i s a  significan t  latenc y 

perio d betwee n presentatio n o f  th e stimulu s an d recognitio n o f  it s appropriateness ,  a s show n 

'Thi s versio n o f  event s i s admittedl y simplistic ,  bu t  i t  suffice s fo r  th e proble m a t  hand . 
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Figur e 2 :  Graphic s Interfac e depictio n o f  changing s contexts . 

cos t  siz e hardnes s opacit y lustr e 
D o  •  n  a 

expensiv e smal l  har d clea r  brillian t industr y adornmen t 
o O 

aem 

mineral 
O 

status-symbo l 
O 

diamon d 
o 

*l ? 
Figur e 3 : 

cos t  siz e hardnes s opacit y lustr e 
• D 

expensiv e smal l  har d clea r  brillian t 

A 

industr y adornmen t 
O 

aem 

mineral 
O 

status-symbo l 
O 

diamon d 
O A 

Figur e 4 : 

613 



H O L L B A CH 

i n Figur e 4 .  Th e detail s o f  th e implementation ,  includin g a  descriptio n o f  a  connectionis t 

interprete r  tha t  translate s statement s i n a  hig h leve l  languag e int o a  structure d network , 

ar e give n i n [Hollbac h 1988] . 

Summary and Conclusions 

This research advances a context sensitive model for conceptual modification and uses it to 

captur e no t  onl y propert y dominanc e effect s bu t  als o direc t  inferences ,  bot h immediat e an d 

mediated .  Concept s ar e denote d b y concret e nouns ,  optionall y modifie d b y on e o r  mor e 

descriptiv e adjectives .  Th e agent' s curren t  plan s an d goal s suppl y th e relevanc e criteri a fo r 

focussin g o n a  coheren t  subse t  o f  a  give n object' s disparat e propertie s an d values .  Goal s ar e 

represente d simpl y b y a  concept' s functiona l  properties .  A  characteristi c us e o f  a n objec t 

wil l  dominat e u n c o m m o n ones ,  a s wil l  al l  perceptua l  an d constitutiv e propertie s associate d 

wit h tha t  functiona l  property ,  leadin g t o propert y dominanc e effects .  Th e interpropert y 

assocation s yiel d immediat e inferences ,  an d propert y inheritanc e give s ris e t o mediate d 

inferences .  Th e connectionis t  implementatio n o f  thi s mode l  operate s a s a  question-answerin g 

system ,  permittin g th e use r  t o pos e querie s abou t  th e variou s propertie s o f  a  concept . 
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