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A C o n n e c t i o n i s t  A rch i tec tu r e fo r  R e p r e s e n t i n g 

a n d R e a s o n i n g a b o u t  S t r u c t u r e d K n o w l e d g e 

Mark Derthic k 
Carnegie-Mello n Universit y 

Abstrac t 

piKLONE i s th e firs t  sub-symboli c connectiorus t  systent \  fo r  reasorun g abou t  hig h leve l 
knowledg e t o approac h th e representationa l  powe r  o f  curren t  symboli c A I  systems .  Th e algo -
rith m fo r  buildin g a  networ k take s a s inpu t  a  knowledg e bas e definitio n i n a  languag e ver y 
simila r  t o tha t  o f  KL2 ,  whic h ha s previousl y bee n implemente d orJ y i n Lisp .  I n nXLONE,  a 
concep t  i s mor e tha n a  se t  o f  features :  i t  i s a  comple x o f  require d an d optiona l  subpart s fillin g 

wel l  define d roles ,  eac h o f  whic h m a y hav e it s o w n typ e restrictions .  I n additio n t o bein g abl e t o 

use comple x structxire d description s i n it s reasoning ,  ̂ iKLON E exhibit s a  facilit y  fo r  plausibl e 

inferenc e du e t o it s ir\herentl y paralle l  constrain t  satisfactio n algorith m tha t  i s no t  share d b y 

symboli c systems .  Thi s pape r  describe s h o w th e syste m answer s a  quer y tha t  require s bot h o f 

thes e characteristics .  I t  i s hope d tha t  thi s  i s th e beginning s o f  a  respons e t o (McDermott ,  1986)' s 

challeng e tha t  connectioiust s shoul d pa y mor e attentio n t o architectura l  issue s an d rel y les s o n 

learrung . 

1. Previous Work 

The semanti c network s o f  (Quillian ,  1968 )  wer e develope d t o mode l  c o m m o n sens e reasonin g usin g 

spreadin g activation .  Th e degre e t o whic h concept s ar e relate d determine s th e influenc e the y exer t  o n 

one another .  (Hinton ,  1981 )  develop s a  mor e structure d semanti c networ k influence d b y th e theor y o f 

cas e frame s i n whic h concept s pla y on e o f  thre e differen t  role s i n a  frame .  ̂  I n addition ,  th e concept s 

themselve s hav e a  meaningfu l  substructure :  the y ar e compose d o f  micro-features .  ELEPHANT i s 

represente d a s th e conjunctio n o f  th e <big> ,  <gray> ,  an d <mammal > micro-features .  Thi s give s th e 

flexibilit y  t o reaso n abou t  nove l  concept s tha t  ca n b e represente d a s conjunction s o f  existin g micro -

features .  I t  als o perfonn s propert y ir\heritanc e automatically :  sinc e th e elephan t  patter n contair\ s th e 

M A M M AL pattern ,  propertie s o f  mammal s appl y t o elephants ,  unles s the y ar e overridde n b y th e othe r 

micro-feature s o f  elephants . 

(Shastri, 1985) is an extension of early semantic nets in a different direction. He retains the simple localist 

encodin g o f  concepts ,  bu t  add s a  forma l  theor y o f  evidentia l  reasonin g whic h ca n b e encode d wit h 

connectio n strength s an d thu s efficientl y executed .  Structure d knowledg e ca n b e represente d usin g 

propertie s an d values .  Properties ,  lik e concepts ,  ar e definabl e i n a  hig h leve l  languag e an d ar e organize d 

int o a n IS A hierarchy .  I n Shastri' s  syste m th e forma l  elements ,  units ,  correspxjn d t o knowledg e leve l 

entitie s lik e concepts .  I  wil l  cal l  suc h system s symboli c t o distinguis h the m fro m system s lik e Hinton' s i n 

whic h th e forma l  element s ar e a t  a  lowe r  level . 

Although the micro-feature based representations of Hinton's system allow automatic inheritance and 

'Th e theorie s o f  frames ,  schemas ,  an d struchire d inheritanc e network s eac h hav e thei r  o w n terminology .  I  wi U us e "concept " 
uniforml y instea d o f  schem a o r  fram e an d "role "  instea d o f  slo t  o r  case . 
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th e representatio n o f  nove l  concepts ,  previousl y n o syste m usin g the m ha s ha d th e expressiv e powe r  o f 

symboli c system s lik e Shastri's .  n K L O N E resemble s curren t  A I  semanti c network s i n expressiv e power , 

particularl y K L 2 (Vilain ,  1985) ,  afte r  whic h i t  wa s consciousl y modeled .  I t  incorporate s a  thir d ontologi -

cal  category ,  individuals ,  i n additio n t o concept s an d roles .  Th e languag e fo r  definin g a  knowledg e bas e 

(KB )  make s i t  possibl e t o specif y valu e restriction s o n th e filler s o f  a  rol e (fo r  instance ,  th e jOB s o f 

MILLIONAIRE S mus t  b e ARMCHAIR-ACnviTlES )  an d minimu m restriction s (fo r  instance ,  a  MILLIONAIR E mus t 

hav e a t  leas t  on e JOB) .  Appendi x I  give s a  brie f  descriptio n o f  th e K B language . 

2. An Example Plausible Inference 

2.1. Informal Description 

The followin g scenari o motivate s th e nee d t o reaso n abou t  cor\flictin g beliefs .  Jun e ha s mad e som e 

unwarrante d conclusion s abou t  Te d fro m hi s conversatio n an d appearance ;  specificall y h e i s walkin g 

alon g a  pie r  wearin g a  captain' s ha t  an d knowledgeabl y discussin g th e influenc e o f  independen t 

producer s o n televisio n programming .  Jun e assume s tha t  Te d i s a  sailor ,  an d tha t  h e mus t  b e deepl y 

intereste d i n television .  Th e nex t  wee k sh e see s Ted' s pictur e i n th e newspape r  wit h th e captio n 

"Millionair e Playbo y Te d Turner. "  Sh e n o w conclude s tha t  sailin g i s onl y a  hobb y o f  Ted's ,  sinc e mil -

lionaire s don' t  hav e job s requirin g vigorou s activit y bu t  coul d affor d a n experwiv e sailboat .  Millionaire s 

usuall y hav e a  job ,  s o perhap s Te d i s a  hig h leve l  televisio n executive . 

2.2. Formal Domain Description 

The forma l  descriptio n o f  June' s initia l  assumption s an d genera l  worl d knowledg e i s give n i n appendi x I . 

I n th e knowledg e bas e Te d i s asserte d t o b e a  sailor ,  someon e whos e jo b i s sailing ,  an d a  TV-Buff , 

someone w h o ha s a n interes t  tha t  i s  a  television-relate d activity .  A  millionaire-playbo y i s define d t o b e a 

perso n wit h a  hobb y tha t  i s  a n activit y requirin g a n expensiv e prop .  Millionaire-playboy s mus t  hav e a t 

leas t  on e job ,  an d al l  thei r  job s mus t  b e armchai r  activities . 

The primary query used as an example in this paper is given at the end of appendix I, and can be 

paraphrase d "I f  Te d wer e a  millionaire-playboy ,  wha t  woul d hi s jo b an d hobb y be? "  Th e syste m 

answer s tha t  sailin g woul d b e Ted' s hobb y an d tha t  TV-Network-Managemen t  woul d b e hi s job .  T o 

demonstrat e tha t  th e presuppositio n tha t  Te d i s a  millionaire-playbo y affect s th e reasonin g process ,  th e 

syste m ca n b e aske d "Wha t  ar e Ted' s jo b an d hobby? "  I n thi s cas e th e answe r  i s sailin g i s Ted' s job ,  an d 

he ha s n o hobbie s (TV-Watchin g i s see n a s a n interest ,  bu t  no t  necessaril y  eithe r  a  hobb y o r  a  job) . 

23. High Level Description of Reasoning Process 

The presuppositio n "I f  Te d wer e a  millionaire-playboy "  conflict s wit h th e knowledg e bas e becaus e 

sailin g i s a  vigorous-activity ,  an d th e job s o f  millionaire-playboy s mus t  b e armchair-activities .  Th e initia l 

impac t  o f  thi s conflic t  i s  tha t  sailin g i s likel y t o b e on e o f  Ted' s interests ,  bu t  f)erhap s no t  hi s job .  Sinc e 

millionaire-playboy s mus t  hav e expensiv e hobbie s an d onl y tw o activitie s know n t o requir e expensiv e 

prop s ar e i n th e KB ,  eithe r  flyin g o r  sailin g ar e mos t  likel y t o b e chosen .  Hobbie s an d job s ar e bot h 

interests ,  s o scenario s i n whic h Ted' s hobb y i s sailin g ar e see n t o b e mor e plausibl e tha n thos e wher e i t  i s 
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flying. 

Millionaire-playboys must have a job that is an armchair activity and a profitable activity. Both TV-

Network-Managemen t  an d Corporate-Raidin g fi t  thi s category ,  bu t  th e forme r  i s mor e plausibl e becaus e 

i t  i s  know n tha t  Te d i s intereste d i n television .  Th e distractor s TV-actin g an d TV-watchin g ar e i n th e 

knowledg e bas e t o demonstrat e tha t  al l  thre e factor s (bein g TV-related ,  profitable ,  an d a n armchair -

activity )  ar e take n int o account . 

This kind of reasoning requires a structured treatment of properties. It is crucial to distinguish that 

vigorous-activit y applie s t o sailing ,  tha t  millionaire-playbo y applie s t o Ted ,  an d tha t  Ted' s relatio n t o 

sailing ,  has-job ,  ha s it s o w n properties ,  suc h a s requirin g sailin g t o b e a  profitable-activity .  However ,  th e 

structura l  propertie s alon e ar e no t  sufficien t  t o determin e tha t  sailing ,  rathe r  tha n flying ,  i s Ted' s hobby . 

Thi s decisio n i s th e resul t  o f  residua l  activatio n o f  sailin g a s Ted' s job .  Defaul t  logi c approache s (Reiter , 

1980 )  ar e limite d t o binar y decision s o n th e consistenc y o f  a  theory ,  an d hav e difficult y makin g choice s 

lik e thi s base d o n relativ e plausibilities . 

3. System Implementation 

3.1. Architecture 

One reaso n powerfu l  non-symboli c system s ar e difficul t  t o buil d i s th e proble m o f  representin g mor e 

tha n on e concep t  a t  a  time ,  a  capabilit y  tha t  i s  require d t o infe r  Ted' s hobby .  Sinc e eac h concep t  i s 

represente d a s a  patter n ove r  man y units ,  i t  i s no t  practica l  t o represen t  ver y many .  Th e bes t  approac h 

seems t o b e t o buil d a  smal l  numbe r  o f  specia l  purpos e registers .  Thi s ha s th e advantag e ove r  th e localis t 

approac h tha t  a  concep t  ca n b e represente d i n differen t  register s i n differen t  contexts ,  an d eve n i n 

multipl e place s a t  th e Scun e time .  Th e latte r  i s  especiall y difficul t  fo r  localis t  systems . 

At any one time, ^iKLONE can represent a single individual and information relevant to it. This includes 

th e concept s i t  instantiates ,  an y numbe r  o f  othe r  individual s t o whic h i t  i s  related ,  th e concept s the y 

instantiate ,  th e relation s involved ,  an d valu e restriction s (VRs) ,  valu e permission s (VPs) ,  an d m in imu m 

restriction s (MinRs )  o n th e relations .  Th e modula r  architectur e show n i n figur e 1  reflect s thes e distinc -

tions .  There  ar e fiv e module s primaril y responsibl e fo r  th e representation ,  thre e auxilliar y module s 

whic h mediat e som e o f  th e inter-modul e constraints ,  a  variabl e numbe r  o f  module s use d fo r  inpu t  an d 

output ,  an d a  variabl e numbe r  o f  auxiliar y I/ O modules .  There  i s n o limi t  t o th e numbe r  o f  concepts , 

relations ,  o r  relate d individual s tha t  ca n b e represente d i n th e fiv e module s an d use d i n reasoning ,  bu t 

th e numbe r  simultaneousl y accessibl e t o th e use r  i s limite d b y th e numbe r  o f  I/ O modules .  T o represen t 

th e exampl e questio n o f  sectio n 2.2 ,  th e patter n fo r  Te d i s dampe d i n th e subjec t  module ,  th e patter n fo r 

MILUONAIRE-PLAYBOY i n a  subjcct-type-I/ O module ,  th e patter n fo r  HAS-JO B i n on e role-I/ O module ,  an d 

th e patter n fo r  HAS-HOBBY i n a  secon d role-I O module .  Afte r  a n annealin g searc h (Kirkpatrick ,  1983) ,  th e 

patter n fo r  (sailing )  i s foun d i n th e firs t  role-filler s I/ O modul e an d fo r  {TV-Network-Management }  i n 

th e second .  Als o represente d internall y ar e th e V R tha t  al l  th e subject' s job s ar e armchair-activities ,  an d 

th e fact s tha t  sailin g i s a  vigorous-activity ,  tha t  TV-network-managemen t  i s a  profitable-activit y an d a n 

armchair-activity ,  a s wel l  a s (irrelevant )  typ e informatio n abou t  th e fiv e individual s tha t  hav e n o know n 

relation s t o Ted . 
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3.2 .  Representation s 

3.2.1. Individuals 

The seve n individual s i n th e K B ar e describe d b y th e concept s the y instantiat e an d th e relation s the y 

participat e in ,  bu t  hav e n o interna l  structure .  A  localis t  representatio n i s used ,  wit h eac h bi t  correspond -

in g t o a n individual .  Thi s nuke s i t  eas y t o represen t  set s o f  individuals ;  th e patter n fo r  {Te d Flying )  i s 

seve n bit s long ,  an d exactl y tw o o f  th e bit s ar e on . 

322. Concepts 

A concep t  patter n ha s on e bi t  fo r  ever y micro-featiu" e derive d fro m th e KB .  Ever y primitiv e concep t  ha s 

it s o w n micro-feature ;  i n additio n ther e i s a  micro-featur e fo r  ever y distinc t  valu e restriction ,  valu e 

permission ,  m in imu m restriction ,  an d disjointnes s restrictio n mentione d i n th e KB .  Th e activ e bit s i n th e 

patter n fo r  SAILOR ,  fo r  instance ,  ar e thos e correspondin g t o th e <pnmitiv e clas s person > an d <permissio n 

has-jo b sailing > micro-features .  I t  i s  apparen t  tha t  a  ver y simpl e algorith m i s sufficien t  t o deriv e th e 

require d micro-featiu-es .  Th e concep t  micro-feature s fo r  th e exampl e domai n ar e Uste d abov e th e 

subject-typ e modul e i n figur e 1 . 

3.23. Roles 

Role s ar e als o repriesente d a s set s o f  micro-features .  I n thi s cas e th e possibl e micro-feature s com e fro m 

primitiv e roles ,  domai n restrictions ,  an d rang e restrictions ,  an d ar e liste d t o th e lef t  o f  th e 

role-filler-type-restriction s modul e i n figur e 1 . 

3.2.4. Minimum Restrictions 

The Min R l O group s us e a  unar y encodin g o f  th e min imu m numbe r  o f  filler s a  rol e mus t  have :  zer o i s 

represente d b y turnin g al l  bit s off ,  tw o i s represente d b y turnin g th e " 1 "  an d " 2 "  bit s on ,  etc .  Th e 

max imu m numbe r  tha t  need s t o b e represente d i s th e numbe r  o f  individual s i n th e KB ,  i n thi s cas e seven . 

3.2.5. Derived Representations 

Valu e restriction s ar e identifie d b y th e combinatio n o f  th e rol e tha t  i s  bein g restricte d an d th e concep t 

whic h an y filler s o f  tha t  rol e mus t  instantiate ,  fo r  exampl e HAS-JO B ARMCHAlR-ACnviTY .  Valu e permis -

sion s ar e a  combinatio n o f  a  rol e an d a  se t  o f  individual s fillin g th e role ,  suc h a s HAS-JO B {sailing) . 

Bindin g tw o entitie s togethe r  i s no t  straightforwar d i n distribute d connectionis t  systems .  (xKLON E use s a 

kin d o f  coars e coding ,  a  techniqu e describe d i n (Hinton ,  1986a) .  T o bin d a  se t  o f  individual s whos e patter n 

has lengt h I  wit h a  rol e whos e patter n ha s lengt h R  require s a  registe r  wit h R  row s o f  /  unit s (se e figur e 2) . 

For  eac h i  and; ,  th e uni t  a t  coordinate s i, j  i s  turne d o n i f  an d onl y i f  bot h th e it h bi t  i n th e rol e patter n an d 

the;t h bi t  i n th e individual-se t  patter n ar e on . 

Using coarse coding a number of pairs can be stored simultaneously by superimposing their patterns. 

Normall y ther e i s a  limi t  t o thi s numbe r  becaus e pattern s begi n t o interfer e wit h on e another ,  makin g 

the m difficul t  t o reconstruct .  I n p K L O N E th e pattern s ar e constructe d s o tha t  th e combinatio n o f  tw o o r 

more patteni s alway s produce s a  patter n whos e meanin g i s a  necessar y consequenc e o f  th e meaning s o f 

th e constituen t  patterns .  Interferenc e i s no t  degradin g retrieva l  ability ,  i t  i s  actuall y performin g in -

ferences ! 
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Patter n fo r  HAS-HOBBY, 
Patter n fo r  HAS-EXPENSIVE-HOBB 

domai n ACTIVIT Y 
domai n ANIMA L 

rang *  INANIMATE-OBJEC T 
rang e PRODUCTIVE-ACTIVIT Y 

rang e ACTIVIT Y 
rang e EXPENSIVE-ACTIVIT Y 

rang e EXPENSIVE-ITE M 
rang e TV-RELATED-ACTIVIT Y 
primitiv e clas s HAS-HOBBY 

primitiv e clas s HAS-PROP 
primitiv e clas s HAS-JO B 

primitiv e clas s HAS-INTERES T 

9 
c 

fl  O  C- H 

Patter n fo r  TV-Watchln g an d Flyin g 
fillin g th e HAS-HOBBY rol e (dark ) 
Pattern for TV-Watchlng, Flying, 
and Sailin g al l  fillin g th e 

HAS-EXPENSIVE-HOBBY rol e 
(ligh t  an d dark ) 

Figur e 2 :  T w o example s illtistratin g h o w pair s o f  pattern s ar e oonjianctivel y coded .  Th e first  exampl e (black )  combine s th e tw o 
bi t  patter n fo r  {TV-Watchin g Flying }  wit h th e on e bi t  patter n fo r  has-hobby ,  producin g a  2x 1 bi t  patter n i n th e role-filler a 
modul e representin g th e fac t  tt»at  {TV-Watchin g Hying )  i s  th e se t  o f  filler s o f  th e has-hobb y role .  Th e secon d exampl e (griay ) 
combine s th e thre e bi t  patter n fo r  {TV-Watchin g Flyin g Sailing }  wit h th e tw o bi t  patter n fo r  has-expensive-hobby ,  producin g a 
si x bi t  patter n i n di e role-filler s module .  Sinc e th e forme r  valu e permissio n necessaril y  follow s fro m th e latter ,  it s  tw o bi t 
patter n i s containe d b y th e si x bi t  patter n o f  th e latter . 

The reason for this can be inferred from figure 2, which illustrates that the pattern for the value permis-

sion HAS-EXPENSIVE-HOBBY fTV-Watching Hying Sailing) contains that for HAS-HOBBY {TV-Watching 

Flying). Not coincidently the latter VP is a necessary consequence of the former. In the more general case 

where neither pattern contains the other, their superposition will yield new VPs. 

The pattern for a VP, A, contains that for VP B if and only if the role and individual patterns used to form 

A contain those forming B. This happens if B's role is more general than A's, or if B's individual set is 

contained by A's, which are just the conditions under which B is a necessary consequence of A. The 

weaker VP is always represented by fewer bits. 

In  the role-filler-type-restrictions module, multiple concept/role pairs are represented and the same 

kind of inference by interference is desirable. Unfortunately a value restriction entails other VRs with 

more general concepts or more specific roles. For example if all your hobbies are profitable-activities, then 

svu^ly all your expensive-hobbies are activities. If the normal role representation is used, however, the 

weaker VR may be represented by more bits than the stronger one. To fix this, patterns for VRs are 

calculated as in figure 2 while pretending that role patterns are complemented. This way more specific 

roles have fewer bits on. 
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3 3 .  Constraint s 

Al l  th e constraint s o n th e stat e o f  th e networ k ar e currentl y implemente d a s symmetric ,  weighted ,  pair -

wis e link s betwee n imits ,  an d biases  o n individual  units .  Unit s linke d wit h a  positiv e weigh t  ten d t o 

excit e eac h other ,  an d xmit s linke d b y negativ e weight s inhibi t  eac h other .  T h e ^ K L O N E algorith m 

define s a  networ k o f  unit s an d links ,  wh ic h ca n the n b e ru n a s eithe r  a  Bol tzmai m Mach in e (Hinton , 

1986b )  o r  a  Hopfiel d networ k (Hopfield ,  1984) .  A s discusse d below ,  usin g onl y pairwis e link s i s provin g 

t o b e a  problem ,  an d I  pla n t o us e a  m o r e powerfu l  mode l  i n th e future . 

3 J.l. Constraints on Coherent Concepts and Roles 

Ther e ar e thre e places  wher e constraint s ar e require d t o ensur e tha t  coheren t  concept s an d role s ar e 

represented :  th e subject-typ e m o d u l e mus t  correctl y describ e th e subject ,  eac h c o l u m n i n th e role-filler s 

modu l e mus t  correctl y describ e s o m e rol e bein g filled ,  an d eac h r o w i n th e role-filler-type s m o d u l e mus t 

correctl y describ e a n individual. ^ 

Two types of assertions require links to ensure a coherent pattern is represented: "specializes" clauses 

requir e th e patter n fo r  th e m o r e genera l  concep t  o r  rol e t o b e presen t  i f  th e m o r e specifi c  on e is ,  an d 

"disjoint "  clause s forbi d tw o concep t  o r  rol e pattern s t o b e presen t  a t  th e s a m e time .  I n th e simpl e cas e o f 

primitiv e concept s o r  role s wher e eac h patter n ha s onl y on e bi t  on ,  a  singl e implicatio n lin k (se e figur e 3a ) 

or  a  singl e inhibitor y lin k (3c )  suffice s t o effec t  th e constraint .  Otherwise ,  pairwis e link s canno t  imple -

ment  th e constrain t  and ,  i n th e Boltzmai m o r  Hopfiel d rwtworks ,  extr a imit s m u s t  b e use d (figur e 3 b an d 

d) .  N o link s ar e require d t o implemen t  define d specializatio n relations .  T h e patter n fo r 

MILUCWAIRE-PLAYBOY,  fo r  instance ,  alread y contain s tha t  fo r  PERScasi . 

3.3.2. Other Constraints 

Describin g al l  th e constraint s e m b e d d e d i n ̂ K L O N E i n detai l  wou l d b e exceedingl y tedious .  Usin g 

micro-featur e base d representatiorw ,  al l  th e requirement s fo r  a  plausibl e interpretatio n o f  th e quer y 

reduc e t o fairl y  loca l  relation s betwee n uni t  state s o f  th e typ> e illustrate d i n figur e 3 .  Thes e logica l 

relation s ar e use d t o implemen t  th e followin g constraints : 

•  Rol e D o m a i n an d R a n g e Constraints :  A  uni t  i n th e role-filler s m o d u l e i n th e "sailing " 

co lum n an d th e "domai n a n i m a l "  r o w shoul d onl y c o m e o n i f  th e <primitw e clas s animal > 

micro-featur e i s activ e i n th e subject-typ e module .  A  uni t  i n th e "sailing "  co lum n an d th e 

"rang e ACmviTY "  r o w shoul d onl y c o m e o n i f  th e <sailin g i s a n acHinty > micro-featur e i s activ e 

i n th e role-filler-type s module . 

•  Individua l  T y p e Constraints :  I f  Te d i s asserte d t o b e a  SAILO R i n th e K B ,  an d Te d i s th e 

subject ,  the n th e sailo r  patter n mus t  b e activ e i n th e subject-typ e modu le .  T h e SAILO R 

patter n mus t  b e activ e i n th e r o w representin g Ted' s typ e i n th e role-filler-type s m o d u l e n o 

matte r  wha t  th e subjec t  is . 

•  Valu e Permissio n Constraints :  I f  SAILO R i s represente d i n th e subject-typ e modu le ,  the n th e 

HAS-JOB patter n mus t  b e activ e i n th e "sailing "  co lum n o f  th e role-filler s module .  Ther e ar e 

n o "instantiate-role "  assertion s i n th e exampl e K B ,  bu t  i f  Te d ha d bee n asserte d t o hav e a n 

interes t  i n flying ,  the n th e Te d uni t  i n th e subjec t  m o d u l e wou l d activat e th e HAS-INTERES T 

^Becaus e incompatibl e role s ma y b e restricte d t o b e fille d wit h th e sam e typ e o f  individual ,  column s i n th e 
rolc-filler-type-rc*triction s modul e d o no t  necessaril y  represen t  coheren t  roles .  Incompatibl e typ e restriction s ma y b e impose d o n 
a role ,  s o row s i n thi s grou p d o no t  necessaril y  represen t  coheren t  concepts . 
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primitiv e clas a primitiv e clas s 
anima l  parso n 

primitiv e clas s primitiv e clas s 
perso n anima l 

primitiv e clas s primitiv e clas s 
perso n activit y 

bia s 
lin k 

An Implicatio n lin k (left )  Implemente d a s tw o palrwls e link s (right ) 

(a) 

O - O 

Dlsjolntnes s constrain t  implemente d 
directl y wit h palrwls e lin k 

(C) 

O o 

I f  patter n a  i s presen t  (fallin g cross-hatching) ,  the n patter n b 
must  b e presen t  (risin g cross-hatching ) 

(b) 

O O 

I f  patter n a  I s presen t  (fallin g cross-hatching) ,  the n patter n b 
must  no t  b e b e presen t  (risin g cross-hatching ) 

(d ) 

Figure 3: («) Specializes constraints are implemented with implication links, Miiich require two pairwise links. The contribution 
t o th e globa l  energ y hmctio n i s  +h '  i f  th e <primittv t  clas s person > micro-featur e i s o n an d th e <primitiv e clas s animal > 
micro-featur e i s off ;  otherwis e th e contributio n i s zero .  Implicatio n link s ar e draw n wit h a n arrowhea d an d labele d wit h a n 
unsigne d weigh t  (b )  W h e n th e patter n o f  th e mor e specifi c  concep t  ha s mor e tha n on e activ e bit ,  extr a unit s ar e require d t o 
detec t  it s  presence ;  an d whe n th e patter n o f  th e mor e genera l  concep t  ha s mor e tha n on e activ e bi t  no t  share d b y th e mor e 
specifi c  concept ,  mor e tha n on e implicatio n lin k i s required ,  (c )  Disjoin t  constraint s ar e implemente d wit h inhibitor y pairwis e 
link s i f  bot h concep t  pattern s hav e a  singl e bi t  on .  (d )  Otherwis e a  techniqu e discovere d b y Stev e Nowia n requirin g a  "winne r 
tak e all "  circui t  attache d wit h inhibitor y link s i s use d t o mak e sur e th e unio n o f  th e tw o pattern s result s i n a  hig h energ y state . 
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patter n i n th e "flying "  colum n o f  th e role-filler s module . 

> Valu e Restrictio n Constraints :  Th e <restrictio n has-jo b armchair-activity > micro-featur e i n th e 

subject-typ e modul e mus t  exdte  th e patter n fo r  thi s V R i n th e role-filler-type-restriction s 

module .  I f  a  V R i n th e latte r  modul e applie s t o a  rol e bein g fille d b y som e individual ,  the n th e 

individua l  mus t  b e o f  th e appropriat e type ,  a s represente d i n th e role-filler-type s module . 

Detectin g whethe r  a  V R applie s t o a  role-fille r  canno t  b e don e wit h pairwis e link s alone ,  s o 

ther e i s a n auxiliar y modul e t o implemen t  thes e constraints .  Thi s modul e i s actuall y large r 

tha n al l  th e other s pu t  together ,  an d s o i s th e limitin g facto r  o n th e network' s speed .  I  pla n t o 

giv e u p th e simphdt y o f  th e curren t  Boltzmann/Hopfiel d mode l  an d includ e mor e comple x 

relation s amon g unit s directl y a s term s i n th e energ y equatio n rathe r  tha n implementin g the m 

wit h pairwis e links .  Thi s wil l  eliminat e th e nee d fo r  al l  auxiliar y modules . 

M i n i m u m Restrictio n Constraints :  I f  th e < m m i m u m has-jo b 1 > micro-featur e i s o n i n th e 

subject-typ e module ,  the n th e HAS-JO B patter n mus t  b e activ e i n a t  leas t  on e o f  th e seve n 

column s i n th e role-filler s module . 

3.4 .  Input/Outpu t  Implementatio n 

Producin g an d interpretin g |iKLONE' s distribute d an d coars e code d representation s require s rathe r 

elaborat e machinery .  Th e exceptio n t o thi s complexit y i s th e subjec t  module ,  wher e a  loca l  represen -

tatio n i s used ,  an d exactl y on e uni t  i s  alway s active .  Inpu t  an d outpu t  tak e plac e directl y i n thi s module . 

I n th e subject-typ e module ,  whic h use s distribute d bu t  no t  coars e code d representations ,  severa l  concep t 

pattern s ma y b e combined .  T o allo w th e syste m thi s freedom ,  constraint s o n th e subject' s typ e impose d 

by presupposition s o f  a  quer y ar e expresse d b y clampin g pattern s int o on e o r  mor e subject-type-I O 

modules ,  rathe r  tha n dampin g th e subject-typ e modul e directly .  Th e concep t  represente d i n th e 

subject-typ e modul e mus t  b e subsume d b y eac h concep t  i n th e subject-type-I O modules . 

Each "with" clause in a query requires a set of lO modules to represent the role, MinR, role fillers, and 

VR.  Eac h MinR-I O modul e interact s solel y wit h a  role-fillers-I O modul e t o ensur e tha t  a  suffiden t 

number  o f  individual s ar e represente d there .  Usin g th e techniqu e o f  figur e 2 ,  th e rol e an d role-filler s 

pattern s i n l O module s ar e combine d i n a n auxilliar y module ,  whic h i s constraine d t o pul l  ou t  o f  th e 

centra l  role-filler s module .  Pul l  ou t  i s  a  techniqu e introduce d i n (Mozer ,  1984 )  fo r  extractin g meaningfu l 

constituent s fro m coarse-code d module s i n whic h severa l  pattern s hav e bee n superimpxjsed .  Wit h thi s 

arrangement ,  th e se t  o f  individual s represente d i n th e Role-Fillers-I O modul e fillin g th e rol e represente d 

i n th e role-I O modul e mus t  b e a  subse t  o f  al l  th e rol e filling s represente d i n th e centra l  role-filler s 

module .  Usin g th e sam e techniqu e o f  havin g a n auxiliar y pull-ou t  group ,  th e concep t  represente d i n th e 

VR-I O modul e a s a  restrictio n o n th e rol e represente d i n th e rolc-I O modul e i s force d t o b e on e o f  th e 

VRs represente d i n th e centra l  role-filler-type-rcstriction s module .  Thoug h describe d a s performin g 

input ,  an y o f  thes e 1 0 module s ca n perfor m outpu t  i f  the y ar e no t  clamped .  Positiv e biase s o n al l  th e 

input/outpu t  unit s resul t  i n th e retrieva l  o f  th e mos t  sp)edfi c answer s compatibl e wit h th e scenari o 

represente d i n th e centra l  modules . 

3.5. Performance 

The networ k derive d fro m th e exampl e K B ha s 253 1 unit s an d 16,95 9 links .  Usin g th e Hopfiel d mode l  fo r 

annealin g i s generall y mor e effiden t  tha n usin g th e Boltzman n model, ^  an d require s a n annealin g 

^ (Marroqiiin, 1985) reports an order of magnitude improvement. 

139 



schedul e o f  50 0 tim e step s fo r  thi s network .  A t  eac h tim e ste p th e stat e o f  eac h uni t  i s  updated ,  an d th e 

entir e searc h take s 1 0 minute s o n a  Symbolic s Lis p Machine . 

4. A More Detailed Description of the Reasoning Process 

Posin g th e exampl e quer y entail s clampin g pattern s i n som e o f  th e modules .  O n e uni t  clampe d o n i s th e 

Ted uni t  i n th e subjec t  module .  Sinc e Te d i s know n t o b e a  SAILO R an d a  TV-BUFF ,  thi s uni t  excite s thos e 

pattern s i n th e subject-typ e module .  A t  th e sam e tim e th e patter n fo r  MILUONAIRE-PLAYBOY i s clampe d 

int o subject-type-IO-1 ,  whic h excite s th e sam e patter n i n th e subject-typ e module ,  wher e thre e concep t 

pattern s ar e n o w superimposed .  Th e cor\flic t  betwee n bein g a  sailo r  an d bein g a  millionair e playbo y i s 

not  fel t  here ,  though ,  bu t  i n th e coars e code d modules .  Th e <permissio n has-jo b sailing > micro-featur e 

excite s th e patter n fo r  HAS-JO B i n th e sailin g colum n o f  th e role-filler s module .  Sinc e sailin g i s asserte d t o 

be a  VIGOROUS-ACTIVITY ,  thi s patter n ha s alread y becom e activ e i n th e sailin g ro w o f  th e role-filler-typc s 

module .  Th e <restrictio n has-jo b armchair-activity > nucro-featur e i n th e subject-typ e modul e excite s th e 

correspondin g patter n i n th e role-filler-type-restriction s module .  Sinc e sailin g i s fillin g thi s role ,  th e 

ARMCHAlR-AcnviT Y patter n i s exdte d i n th e sailin g ro w o f  th e role-filler-type s module .  N o w tw o con -

tradictor y patterns ,  vigorous-activit y an d armchair-acitvity ,  ar e exdte d i n thi s row .  Th e conflic t  ca n 

be worke d ou t  b y violatin g an y o f  severa l  constraints :  tha t  vigorous-activitie s an d armchair-activitie s ar e 

contradictory ,  tha t  sailin g i s a  vigorou s activity ,  tha t  playboy s hav e sedentar y jobs ,  tha t  sailors '  job s 

includ e sailing ,  tha t  Te d i s a  playboy ,  o r  tha t  Te d i s a  sailor .  Eac h o f  thes e constraint s ha s a n assodate d 

cos t  fo r  violation .  I n a  learnin g syste m thes e cost s woul d b e chose n automatically .  Her e I  hav e chose n 

the m s o th e requiremen t  tha t  sailin g mus t  b e th e jo b o f  a  sailo r  i s  weakest .  Afte r  bein g excite d initially , 

th e patter n fo r  HAS-JO B i s inhibite d i n th e sailin g colum n o f  th e role-filler s module . 

The <minimum Has-Expensive-Hobby 1> subject-type micro-feature is active, so sonve individual must be 

fovm d t o fil l  th e role .  Th e on e chose n i s th e on e fo r  whic h th e has-expensive-hobb y patter n i s alread y 

most  active .  Sinc e flyin g an d sailin g ar e bot h know n t o b e ACnviTlES-REQUlRING-EXPENSlVE-PROPs ,  the y 

hav e a  hea d start .  I n addition ,  sailin g ha s som e residua l  activatio n o f  HAS-expensive-HOBB Y becaus e o f 

th e commonalit y wit h havin g a  job ,  whic h wa s formerl y active ,  an d s o sailin g i s chosen . 

The <minimum Has-TV-Rekted-Interest 1> subject-type micro-feature seeks a filler for its role. The lead-

in g candidate s ar e TV-Watching ,  TV-Acting ,  an d TV-Network-Management .  Simultaneously ,  th e 

< m i m m um Has-Jo b 1 > subject-typ e micro-feature ,  par t  o f  th e MlLUONAlRE-PLAYBOY pattern ,  seek s a  fille r 

fo r  it s  role .  Job s mus t  b e profitabl e activities ,  s o Corporate-Raiding ,  TV-Acting ,  an d TV-Network -

Management  ar e leadin g candidates .  TV-Acting ,  however ,  i s  a  vigorous-activit y an d i s inhibite d b y th e 

" V R HAS-jO B ARMCHAlR-ACnvi-nr "  patter n i n th e role-filler-type-restriction s module .  Sinc e 

TV-NETWORK-MANAGEMENT i s excite d b y bot h th e HAS-TV-RELATED-INTERES T an d HAS-JO B m in imu m restric -

tion s an d thes e role s hav e simila r  projjerties ,  i t  i s  chose n t o satisf y bot h requirements . 

Now the central modules have reached a stable configuration in which only one constraint is violated, 

whic h i s th e bes t  tha t  ca n b e don e fo r  thi s query .  Th e onl y remainin g tas k i s fo r  th e roIe-filler-I O 

module s t o pul l  ou t  th e individual s fillin g th e HAS-JO B an d HAS-HOBBY roles . 
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5.  Conclusio n 

HKLONE demonstrates that sophisticated knowledge representation systems can be developed which 

retain the advantages of micro-feature based representations. The Ted Turner example demonstrates that 

a sub-symboli c implementatio n ca n solv e conuno n sens e reasonin g problem s whic h caus e difficultie s fo r 

current symbolic systems. 

Acknowledgments 

Geoff Hinton and Dave Touretzky have been very helpful with the design of nKLONE and the prepara-

tion of this paper. This research is supported by NSF grants IST-8520359 and IST-8516330, and an ONR 

Graduate Fellowship. 

I. Fonnal Domain Definition 

The following input was used by the network building algorithm to produce a Hopfield network for 

answerin g queries .  Th e synta x derive s fro m tha t  o f  KL2' s definitio n language .  Thre e ontologica l 

categories are used: concepts are classes of indixnduals. Roles are classes of two-place relations between 

individuals. DEFCONCEPT and DEFROLE statements normally give necessary and sufficient conditions 

for determining whether an individual instantiates a concept or whether an ordered pair of individuals 

instantiate s a  role .  Alternatively ,  i f  th e languag e i s no t  powerfu l  enoug h t o provid e sufficien t  condition s 

for recognizing membership, a concept or role can be defined to be primitive. In this case, the extension of 

the  concep t  o r  rol e m u s t  b e explicitl y  declare d usin g I N S T A N T I A T E - C O N C E P T o r  I N S T A N T I A T E - R O L E 

statements. Conditions which necessarily hold of instances of concepts or roles, but are not part of the 

recognitio n criteri a ar e asserte d wit h A S S E R T - C O N C E PT o r  A S S E R T - R O L E statements .  (Thi s i s rathe r 

different from KL2, where a completely different language is used for assertions.) 

((DEFCOVCEPT Anima l  (PRIMITIVE) )  ;anima l  i s  a  natura l  kin d -yo u can' t  defin e i t 
(DEFCOMCEPT Perso n (PRIMmVE) ) 
(ASSERT-CC»>JCEPT Perso n (SPECIALIZE S Animal) )  ;person s alway s tu m ou t  t o b e animal s 
(DEFCC»<JCEPT MiUionaire-Playbo y (SPEQALIZE S Person ) 
(SOME Has-Hobb y Activity-Requiring-Expensive-Prop) )  ; a playbo y mus t  hav e som e hobb y 

.-whic h i s a n ACnvnY-RBQunoNC-AN-EXPENSCVE-PROP 
(DEFCCHMCEPT Activity-Requiring-Expensive-Pro p (SPECIALIZE S Activity ) 
(SOME Has-Pro p Expensive-Item) ) 

(ASSERT-C(3NCEPT Millionaire-Playbo y (MI N H»-Jo b 1 )  ; a playbo y mus t  hav e a  JO B 
(RESTRICTIO N Has-Jo b Armchair-Activity) )  ; a playboy' s job s mus t  b e ARMCHAm-AcnvrrY S 

(DEFCCHMCEPT Sailo r  (SPECL\LIZE S Person )  (PERMISSIO N Has-Jo b Sailing) )  ;sailin g mus t  b e on e o f  a  sailor s job s 
(DEFCONCEPT Activit y (PRIMITIVE) ) 
(ASSERT-CONCEPT Activit y (DISJOIN T Inanimate-Object )  (DISJOIN T Animal) ) 
(DEFCCWCEPT Armchair-Activit y (PRIMITIVE) ) 
(ASSERT-CONCEPT Armchair-Activit y (SPECIALIZE S Activity) ) 
(DEFCONCEPT Vigorous-Activit y (SPECL\LIZE S Activity )  (DISJOIN T Armchair-Activity) ) 
(DEFCC»JCEPT Profitable-Activit y (PRIMITIVE) ) 
(ASSERT-CCHMCEPT Profitable-Activit y (SPECL\LIZE S Activity) ) 
(DEFCCWCEPT UnProfitable-Actlvlt y (DISJOIN T Profitable-Activity )  (SPEOAUZES Activity) ) 
(DEFC04CEPT Television-Related-Activit y (PRIMITIVE) ) 
(ASSERT-COMCEPT Televlslon-Related-Actlvit y (SPECIALIZE S Activity) ) 
(DEFCONCEPT Inanimate-Objec t  (PRIMITTVE) ) 
(ASSERT-CONCEPT Inanimate-Objec t  (DISJOIN T Animal) ) 
(DEFCONCEPT Expensive-Ite m (PRIMITIVE) ) 
(ASSERT-CONCEPT Expensive-Ite m (SPECL\LIZE S Inanimate-Object) ) 
(DEFCOICEPT TV-Buf f  (SOM E Has-Interes t  Television-Related-Activity) ) 
(ASSERT-CC»JCEPT TV-Buf f  (SPEQALIZE S Person) ) 
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(DEFROLE Has-Inleres t  (PRIMITIVE) ) 
(ASSERT-ROLE Ha»-Intcres t  (D(»4AI N Animal )  ;onl y animal s ca n hav e interest s 
(RANGE Actlvily) )  ;onl y ACTivrrY s ca n b e interest s 
(DEFROLE Has-Jo b (PRIMmVE) ) 
(ASSERT-ROLE Haa-Jo b (SPECHAUZES Has-Interest )  (RANGE Profitable-Activity) ) 
(DEFROLE Has-Hobb y (PRIMITIVE) ) 
(ASSERT-ROLE Ha»-Hobb y (SPECIALIZE S Has-Interest )  (DISJOIN T Has-Job) ) 
(DEFROLE Has-Pro p (PRIMITIVE) ) 
(ASSERT-ROLE Has-Pro p (DOMAI N Activity )  (RANGE Inanimate-Object) ) 

(INSTANTIATE-CONCEPT (Activily-Requlring-Expensive-Prop Vigorous-Activity) Sailing) 
(INSTANTL\TE-CC«^CEP T Actlvlty-Requiring-Expensive-Pro p Flying ) 
(INSTANTIATE-CONCEPT (Profitable-Activit y Armchair-Activity )  Corporate-Raiding ) 
(INSTANTL\TE-CONCEPT (Armchair-Activit y Television-Related-Activit y UnProfitable-Activity )  TV-Watching ) 
(INSTANTIATE-CCXMCEPT (Vigorous-Activit y Television-Related-Activit y Profitable-Activity )  TV-Acting ) 
(INSTANTIATE-C(»JCEP T (Armchair-Activit y Television-Related-Activit y Profitable-Activity )  TV-Network-Management ) 
(INSTANTL\TE-CONCEPT SaUor  Ted ) 
(INSTANTIATE-CONCEPT TV-Buf f  Ted) ) 

The query discussed in the paper, "If Ted were a millionaire-playboy, what would his job and hobby 

be? "  i s written : 

((SUBJECT Ted ) 
(SUBJECT-TYPE MiUionaire-nayboy ) 
(WIT H (ROL E Has-Hobby )  (HLLER S ?) ) 
(WIT H (ROL E Ha»-Job )  (FILLER S ?)) ) 
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