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

Universit y o f  Pennsylvani a 

Philadelphia ,  P A 19104 ,  U S A 

shastri@cis.upenn.ed u 

Abstrac t 

This paper describes an efficient connectionist 
knowledg e representatio n an d reasonin g syste m 
tha t  combine s rule-base d reasonin g wit h reasonin g 
abou t  inheritainc e an d classificatio n withi n a n IS- A 
hierarchy .  I n additio n t o a  typ e hierarchy ,  th e pro -
pose d syste m ca n encod e generi c fact s suc h a s 'Cat s 
pre y o n birds '  an d rule s suc h a s 'i f  x  prey s o n y  the n 
y i s scare d o f  x '  an d us e the m t o infe r  tha t  Tweet y 
(wh o i s a  Canary )  i s scare d o f  Sylveste r  (wh o i s a 
cat) .  Th e syste m ca n als o encod e qualifie d rule s 
suc h a s 'i f  a n animat e agen t  walk s int o a  soli d ob -
jec t  the n th e agen t  §et s hurt' .  Th e propose d sys -
te m ca n answe r  querie s i n tim e tha t  i s  onl y propor -
tiona l  t o th e lengt h o f  th e shortes t  derivatio n o f  th e 
quer y an d i s independen t  o f  th e siz e o f  th e knowl -
edge base .  Th e syste m maintain s an d propagate s 
variabl e binding s usin g temporall y synchronou s -
i.e. ,  in-phas e -  firing  o f  appropriat e nodes . 

In t roduc t io n 

In [Shastri & Ajjanagadde 1990a, Shastri & Ajjana-
gadd e 1990b ,  Ajjanagadd e &  Shastr i  1991] ,  Ajjana -
gadd e an d Shastr i  hav e describe d a  solutio n t o th e vari -
abl e bindin g proble m [Lang e &  Dye r  1989 ,  Smolensk y 
1987 ]  an d show n tha t  th e solutio n lead s t o th e desig n o f 
a connectionis t  reasonin g syste m tha t  ca n represen t  sys -
temati c knowledg e involvin g n-ar y predicate s an d vari -
ables ,  an d perfor m a  broa d clas s o f  reasonin g wit h ex -
trem e efficiency .  Th e tim e take n b y th e reasonin g sys -
te m t o dra w a n inferenc e i s onl y proportiona l  t o th e 
lengt h o f  th e chai n o f  inferenc e an d i s independen t  o f 
th e numbe r  o f  rule s an d fact s encode d b y th e system . 
The reasonin g syste m maintain s an d propagate s vari -
abl e binding s usin g temporall y synchronou s -  i.e. ,  in -
phas e -  firing  o f  appropriat e nodes .  Th e solutio n t o th e 
variabl e bindin g proble m allow s th e syste m t o maintai n 
and propagat e a  larg e numbe r  o f  binding s simultane -
ousl y a s lon g a s th e numbe r  o f  distinc t  entitie s partici -
patin g i n th e binding s durin g an y give n episod e o f  rea -
soning ,  remain s bounded .  Reasonin g i n th e propose d 
syste m i s th e transien t  bu t  systemati c flow  o f  rhythmi c 

pattern s o f  activation ,  wher e eac h phas e i n th e rhyth -
mi c patter n correspond s t o a  distinc t  constan t  involve d 
i n th e reasonin g proces s an d wher e variabl e binding s 
ar e represente d a s th e synchronou s firing  o f  appropriat e 
argumen t  an d constan t  nodes .  A  fac t  behave s a s a  tem -
pora l  patter n matche r  tha t  become s 'active '  whe n i t  de -
tect s tha t  th e binding s correspondin g t o i t  ar e presen t 
i n th e system' s patter n o f  activity .  Finally ,  rule s ar e 
interconnectio n pattern s tha t  propagat e an d transfor m 
rhythmi c pattern s o f  activity. ^ 

In this paper we describe how the above reasoning 
syste m ma y b e combine d wit h a n IS- A hierarchy .  Suc h 
an integratio n dlow s th e occurrenc e o f  type s (cate -
gories )  a s wel l  a s instance s i n rules ,  facts ,  an d queries . 
Thi s ha s th e followin g interestin g consequences .  First , 
th e reasonin g syste m ca n combin e rule-bjise d reasonin g 
wit h inheritanc e an d classification .  Fo r  example ,  suc h 
a syste m ca n infe r  tha t  'Tweet y i s scare d o f  Sylvester' , 
base d o n th e generi c fac t  'Cat s pre y o n birds' ,  th e rul e 
'I f  X  prey s o n y  the n y  i s scare d o f  x  an d th e IS- A 
relation s 'Sylveste r  i s a  Cat '  an d 'Tweet y i s a  Bird'. ^ 
Second ,  th e integrate d syste m ca n us e categor y infor -
matio n t o qualif y rule s b y specifyin g restriction s o n th e 
typ e o f  argumen t  fillers.  A n exampl e o f  suc h a  rul e 
is :  Vx.antma<e ,  y:solid-ob j  [  walk-into(x,y )  ̂  huri(x)] , 
whic h specifie s tha t  th e rul e i s applicabl e onl y i f  th e tw o 
argument s o f  'walk-into '  ar e o f  th e typ e 'animate '  an d 
'solid-object' ,  respectively . 

An overview of the rule-based reasoning system is fol-
lowe d b y a  descriptio n o f  th e IS- A hierarch y reahzatio n 
and it s interfac e wit h th e reasonin g system .  A  detaile d 
discussio n o f  th e reasonin g syste m an d th e typ e hierar -
chy interfac e ma y b e foun d i n [Shastr i  &  Ajjanagadd e 
1990b ]  an d [Man i  &  Shastr i  1991 ]  respectively . 

•Thi s wor k wa s supporte d b y NS F gran t  IR I  88-0546 5 
and A R O gran t  ARO-DAA29-84-9-0027 . 

*I t  ma y b e wort h statin g tha t  th e syste m doe s no t  requir e 
a centra l  controlle r  o r  a  globa l  clock . 

*  Observ e tha t  thi s kin d o f  reasonin g combine s 'rela -
tiona l  inheritance '  [Fahlma n 1979 ]  wit h rule-base d reason -
ing :  Whil e relationa l  inheritanc e ca n suppor t  th e inferenc e 
'Sylveste r  prey s o n Tweety '  b y usin g th e IS- A relationship s 
on th e generi c fac t  'Cat s pre y o n birds' ,  i t  canno t  suppor t 
th e inferenc e 'Tweet y i s scare d o f  Sylvester' ,  becaus e doin g 
so als o require s th e us e o f  th e rul e 'I f  x  prey s o n y  the n y  i s 
scare d o f  x ' 
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F igur e 1 :  (a )  E n c o d i n g rule s a n d facts ,  ( b )  Act ivat io n trac e fo r  th e q u e r y can -se l l fMa ry ,Book l ) ? 

-r 

T h e rule-base d reasonin g s y s t e m 

Fig. la illustrates how long-term knowledge is en-
code d i n th e rule-base d reasonin g system .  Th e net -
wor k encode s th e followin g rule s an d fads :  i )  \/x,y, z 
[  give(x,y,z )  j ^  own(y,z )  ] ,  ii )  Vx, y [  huyfx,y ) 
own(x,y )  J ,  iii )  Va:,j /  [  own(x,y )  = » can-seH(x,y ) 
iv )  give(John,Mary,Bookl) ,  v )  huy(John,x) ,  an d v i 
own(Mary,Balll) . 

The encodin g make s us e o f  tw o type s o f  nodes :  /vbt u 
node s (depicte d a s circles )  an d r-an d node s (depicte d 
as pentagons) .  Th e computationa l  behavio r  o f  thes e 
node s i s a s follows :  A  ^bt u i s a  phase-sensitiv e binar y 
threshol d unit .  Whe n suc h a  nod e become s active ,  i t 
produce s a n oscillator y outpu t  i n th e for m o f  a  puls e 
trai n tha t  ha s a  perio d i r  an d puls e widt h w .  Th e tim -
in g (o r  th e phase )  o f  th e puls e trai n produce d b y a  p-ht u 
node depend s o n th e phas e o f  th e inpu t  t o th e node .  A 
r-an d nod e act s lik e a  tempora l  AN D node .  Suc h a  nod e 
als o oscillate s wit h th e sam e frequenc y a s a  p-ht u nod e 
excep t  tha t  i t  become s activ e onl y i f  i t  receive s unin -
terrupte d activatio n ove r  a  whol e perio d o f  oscillation . 
Furthermore ,  th e widt h o f  th e pulse s produce d b y a  r -
and nod e equal s tt. ^  Th e majcimu m numbe r  o f  distinc t 
entitie s tha t  ma y participat e i n th e reasonin g proces s 
equal s ir/ w (assum e intege r  divide) .  Th e encodin g als o 
makes us e o f  inhibitor y modifier s -  hnk s tha t  imping e 
upo n an d inhibi t  othe r  links .  A  puls e propagatin g alon g 

^  Late r  w e wil l  introduc e a  thir d typ e o f  node ,  namel y 
th e r-o r  node .  A  r-o r  nod e become s activ e o n receivin g an y 
activatio n bu t  it s outpu t  i s lik e tha t  o f  a  r-an d node . 

an inhibitor y modifie r  wil l  bloc k a  puls e propagatin g 
alon g th e Un k i t  impinge s upon .  I n Fig .  la ,  inhibitor y 
modifier s ar e show n a s link s endin g i n dar k blobs . 

Each constant in the domain is encoded by a p-htu 
node .  A n n-ar y predicat e i s encode d b y a  pai r  o f  r -
and node s an d n  p-ht u nodes ,  on e fo r  eac h o f  th e n 
arguments .  On e o f  th e r-an d node s i s referre d t o a s 
th e enable r  a.n d th e othe r  a s th e collector .  A s a  matte r 
of  convention ,  a n enable r  alway s point s upward s an d i s 
named e:<predicate-name> .  A  collecto r  alway s point s 
downward s an d i s name d c:<predicate-name> .  Th e en -
able r  e: P o f  a  predicat e P  become s activ e wheneve r  th e 
syste m i s bein g querie d abou t  P  Suc h a  quer y ma y 
be pose d b y a n externa l  proces s o r  b y th e syste m it -
sel f  durin g a n episod e o f  reasoning .  O n th e othe r  hand , 
th e syste m activate s th e collecto r  c: P o f  a  predicat e P 
wheneve r  th e syste m want s t o asser t  tha t  th e curren t 
dynsuni c binding s o f  th e argument s o f  P  ar e consisten t 
wit h th e knowledg e encode d i n th e system .  A  rul e i s 
encode d b y connectin g th e collecto r  o f  th e anteceden t 
predicat e t o th e collecto r  o f  th e consequen t  predicate , 
th e enable r  o f  th e consequen t  predicat e t o th e enable r 
of  th e anteceden t  predicate ,  an d b y connectin g th e ar -
gument s o f  th e consequen t  predicat e t o th e argument s 
of  th e anteceden t  predicat e i n accordanc e wit h th e cor -
respondenc e betwee n thes e argument s specifie d i n th e 
rule .  A  fac t  i s encode d usin g a  r-an d nod e tha t  receive s 
an inpu t  fro m th e enable r  o f  th e associate d predicate . 
Thi s inpu t  i s modifie d b y inhibitor y modifier s fro m th e 
argumen t  node s o f  th e associate d predicate .  I f  a n argu -
ment  i s boun d t o a  constan t  i n th e fac t  the n th e modi -
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Figur e 2 :  (a )  A n exampl e network ,  (b )  Trac e o f  spreadin g activatio n fo r  th e quer y scared-of(Tweety,Sylvester) ? 

fier  fro m suc h a n argumen t  nod e i s i n tur n modifie d b y 
an inhibitor y modifie r  fro m th e appropriat e constan t 
node .  Th e outpu t  o f  th e r-an d nod e i s connecte d t o th e 
collecto r  o f  th e associate d predicat e (refe r  t o th e encod -
in g o f  th e fac t  give(John,Mary,Book! )  an d huy(John,x ) 
i n Fig .  la. ) 

Inference Process 

Posin g a  quer y t o th e syste m involve s specifyin g th e 
quer y predicat e an d th e argumen t  binding s specifie d i n 
th e query .  I n th e propose d syste m thi s  i s don e b y simpl y 
activatin g th e relevan t  node s i n th e manne r  describe d 
below .  Choos e a n arbitrar y referenc e poin t  i n tim e -
say ,  t o -  fo r  initiatin g th e query .  W e assum e tha t  th e 
syste m i s i n a  quiescen t  stat e jus t  prio r  t o to .  Th e quer y 
predicat e i s specifie d b y activatin g th e enable r  o f  th e 
quer y predicate ,  wit h a  puls e trai n o f  widt h an d peri -
odicit y I T startin g a t  tim e to -

The argumen t  binding s specifie d i n th e quer y ar e 
communicate d t o th e networ k a s follows :  Suppos e th e 
argumen t  binding s i n th e quer y involv e n  distinc t  con -
stant s ci ,  ...,c„ .  Wit h eac h o f  thes e n  constants ,  asso -
ciat e a  dela y 6, -  suc h tha t  n o tw o delay s ar e withi n u 
of  on e anothe r  an d th e longes t  dela y i s les s tha n w  — u . 
Each o f  thes e delay s ma y b e viewe d a s a  distinc t  phas e 
withi n th e perio d t o an d t o +  tt .  No w th e argumen t 
binding s o f  a  constan t  c ,  ar e indicate d t o th e syste m b y 
providin g a n oscillator y puls e trai n o f  puls e widt h w  an d 
periodicit y i r  startin g a t  t o +  î ,  t o c ,  an d al l  argument s 
t o whic h Ci  i s bound .  Thi s i s don e fo r  eac h constan t 
Ci  ( l  <  i  <  " )  an d zunount s t o representin g argumen t 
binding s b y th e in-phas e o r  synchronou s activatio n o f 
th e appropriat e constan t  an d argumen t  nodes . 

We illustrat e th e reasonin g proces s wit h th e hel p o f 
an example .  Conside r  th e quer y can-sell(Mary,Bookl) ? 
(i.e. ,  Ca n Mar y sel l  Bookl? )  Th e quer y i s pose d b y 
i )  activatin g th e enable r  nod e e.can-sel l  ii )  activat -

in g Mar y an d p-selle r  i n th e sam e phas e (say ,  phase -
1) ,  an d iii )  activatin g Book l  an d cs-ob j  i n som e othe r 
phas e (say ,  phase-2) .  A s a  resul t  o f  thes e inputs ,  Mar y 
and p-selle r  wil l  fire  synchronousl y i n phase- 1 o f  ev -
er y perio d o f  oscillation ,  whil e Book l  an d cs-ob j  wil l 
fire  synchronousl y i n phase- 2 o f  ever y perio d o f  os -
cillation .  Th e nod e e.can-sel l  wil l  als o oscillat e an d 
generat e a  puls e trai n o f  periodicit y an d puls e widt h 
n TFig .  lb) .  Th e activation s fro m th e argument s p -
selle r  an d cs-ob j  reac h th e argument s owne r  an d o -
obj  o f  th e predicat e own ,  an d consequently ,  startin g 
wit h th e secon d perio d o f  oscillation ,  owne r  an d o -
obj  becom e aw;tiv e i n phase- 1 an d phase-2 ,  respectively . 
At  th e sam e time ,  th e aw;tivatio n fro m e:can-se U acti -
vate s e:own .  Th e newl y create d dynami c binding s fo r 
th e argument s o f  own ,  i n conjunctio n wit h th e jictiva -
tio n o i  e:ow n ca n b e though t  o f  a s encodin g th e quer y 
own(Mary,Bookl) ? Th e r-an d nod e associate d wit h th e 
fac t  own(Mary ,  Balll )  doe s no t  matc h th e quer y an d 
remain s mactive .  A s th e activatio n propagate s fro m 
th e argument s o f  ow n t o th e argument s o f  bu y an d giv e 
(Fig .  lb) ,  ne w binding s fo r  th e argument s o f  giv e an d 
buy ge t  establishe d which ,  i n effect ,  encod e tw o ne w 
queries :  give(x,Mary,Bookl) ? (i.e. ,  Di d someon e giv e 
Mary Bookl?) ,  an d bu y (Mary,Bookl) ? Th e r-an d nod e 
Fl ,  associate d wit h th e fac t  givefJohn,Mary,Bookl )  be -
comes activ e a s a  resul t  o f  th e uninterrupte d activa -
tio n i t  receive s fro m e:give .  Observ e tha t  th e inhibitor y 
modifier s fro m reci p an d g-ob j  inciden t  o n th e hn k fro m 
e.ow n t o F l  ar e blocke d b y th e in-phas e input s fro m 
Mar y an d Bookl ,  respectively .  Th e activatio n fro m F l 
cause s cgive ,  th e collecto r  o {  give ,  t o becom e activ e an d 
th e outpu t  fro m cgiv e i n tur n cause s cow n t o becom e 
activ e an d transmi t  a n outpu t  t o c:can-sell .  Conse -
quentl y ccan-sell ,  th e collecto r  o f  th e quer y predicat e 
can-sell ,  become s activ e indicatin g a n affirmativ e an -
swer  t o th e quer y can-sell(Mary,Bookl) ? (Fig .  lb) . 
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C o m b i n i n g th e rule-base d reasone r  w i t h 

a n IS- A hierarch y 

Fig .  2 a give s a n overvie w o f  th e combine d reasonin g sys -
tem.  Th e rule-base d par t  o f  th e networ k encode s th e 
rul e Wx, y [  preys-on(x,y )  = > scared-of(y,x )  ]  (i.e. ,  i f  x 
prey s o n y ,  the n y  i s scare d o f  x) ,  an d th e fact s 'ix:Cai , 
y.Birdpreys-on(x,y)an d Bx.Ca t  vy.Bir d loves(y,x) .  Th e 
forme r  i s equivalen t  t o preys-on(Cat,Bird )  an d amount s 
t o 'Cat s pre y o n Birds' .  Th e latte r  amount s t o 'ther e 
i s a  ca t  tha t  love s al l  birds' .  Th e networ k o n th e righ t 
encode s th e IS- A relationships :  is-a(Bird ,  Animal) ,  is -
a(Cat ,  Animal) ,  is-a(Robin ,  Bird) ,  is-a(Canary ,  Bird) , 
is-a(Tweeiy ,  Canary) ,  is-a(Chirpy ,  Robin) ,  an d ts -
a(Sylvester ,  Cat) . 

Faict s involvin g type d variable s ar e encode d i n th e fol -
lowin g manner :  A  typed ,  universall y quantifie d variabl e 
i s treate d a s bein g equivalen t  t o it s  type .  Thu s  ̂ x.Cat , 
y:Bir d preys-on(x,y )  i s  encode d a s preys-on(Cai,Bird) . 
A typed ,  existentiall y  quantifie d variabl e i s encode d us -
in g a  uniqu e subconcep t  o f  th e associate d type .  Thu s 
i n Fig .  2a ,  3x:Ca t  Wy.Bir d lovts(x,y )  i s  encode d a s 
lovesfCat-l,Bird) ,  wher e Cat- 1 i s a  uniqu e instanc e o f 
Cai .  Fo r  no w le t  u s assum e tha t  i )  eac h concep t  (typ e 
or  instance )  i s encode d a s a  p-bt u nod e ii )  eac h con -
ceptua l  IS- A relationshi p suc h a s is-a(A,B )  i s encode d 
usin g tw o connectionis t  link s -  a  bottom-u p lin k fro m A 
t o B  an d a  top-dow n lin k fro m 5  t o ̂4 ,  an d iii )  th e top -
down an d bottom-u p link s ca n b e enable d selectivel y 
by built-i n contro l  mechanism s (missin g detail s ar e pro -

vide d below) . 
The tim e cours e o f  activatio n fo r  th e quer y scared -

of(Tweeiy,Sylvester) ? i s give n i n Fig .  2b .  Th e quer y 
i s pose d b y turnin g o n e:scared-o f  an d activatin g th e 
node s Tweet y an d Sylveste r  i n synchron y wit h th e first 
and secon d argument s o f  scared-of ,  respectively .  Th e 
bottom-u p Hnk s emanatin g fro m Tweet y an d Sylveste r 
ar e als o enabled .  Th e ne t  resul t  o f  spreadin g activatio n 
(Fig .  2b) ,  i n th e conceptua l  hierarch y an d th e rule-bas e 
i s tha t  th e quer y scared-o f  (Tweety,Sylvester) ? i s trans -
forme d int o th e quer y preys-on(Cat,Bird) ? Th e latte r 
quer y matche s th e store d fac t  preys-on(Cat,Bird )  an d 
lead s t o th e activatio n o f  c:preys-on .  I n turn ,  cscared -
o/become s activ e an d signad s a n affirmativ e answe r  t o 
th e query . 

Two technical problems 

Ther e ar e tw o technica l  problem s tha t  mus t  b e solve d 
i n orde r  t o integrat e th e conceptua l  hierarch y an d th e 
rule-base d component .  First ,  th e encodin g o f  th e IS -
A hierarch y shoul d b e capabl e o f  representin g multipl e 
instantiation s o f  a  concept .  Fo r  example ,  i n th e quer y 
discusse d above ,  w e woul d lik e th e network' s stat e o f  ac -
tivatio n t o represen t  bot h 'th e anima l  Tweety '  an d 'th e 
anima l  Sylvester' .  Thi s  i s problemati c becaus e th e nod e 
Anima l  canno t  b e i n synchron y wit h bot h Tweet y an d 
Sylveste r  a t  th e sam e time .  Second ,  th e encodin g mus t 
provid e built-i n mechanism s fo r  controllin g th e direc -
tio n o f  propagatin g activatio n i n th e IS- A hierarch y s o 
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as t o correctl y dea l  wit h querie s containin g existentiall y 
and universall y quantifie d variables .  Thu s i )  Activatio n 
originatin g fro m a n instanc e o r  a  concep t  tha t  corre -
spond s t o a  universall y quantifie d variabl e i n th e quer y 
shoul d propagat e upward s t o al l  it s  ancestors ,  ein d ii ^  I f 
th e IS- A hierarch y i s a  taxonomy ,  the n activatio n origi -
natin g fro m a  concep t  C  tha t  correspond s t o a n existen -
tiall y  quantifie d variabl e i n th e quer y shoul d propagat e 
t o th e ancestor s a s wel l  a s descendant s o f  C .  I f  how -
ever ,  th e IS- A hierarch y permit s multipl e inheritanc e 
the n th e activatio n mus t  als o propagat e t o th e ances -
tor s o f  th e descendent s o f  C .  Th e followin g solutio n t o 
thes e problem s doe s no t  requir e a n externa l  controlle r 
t o monito r  an d contro l  th e node s i n th e network ,  durin g 
th e reasonin g process . 

Implementing the Type Hierarchy 

Each entit y  (i.e. ,  typ e o r  instance )  C ,  i s represente d b y 
a grou p o f  node s calle d th e entit y cluste r  fo r  C .  Suc h 
a cluste r  i s orgeinize d a s show n i n Fig .  3a .  Th e en -
tit y cluste r  fo r  C  ha s k  bank s o f  p-bt u nodes ,  wher e k , 
th e multipl e instantiatio n constant ,  refer s t o th e numbe r 
of  dynami c instantiation s a  concep t  ca n accommodate . 
Each ban k Cb ,  consist s o f  thre e ̂ bt u nodes :  C, ,  C,| , 
d i -  Eac h d  represent s a  distinc t  (dynamic )  instanti -
atio n o f  C .  I f  thi s instantiatio n i s i n phas e p ,  then ,  C , 
fires  i n phas e p .  Th e rela y node s C, |  an d d ^  contro l  th e 
directio n o f  propagatio n o f  th e activatio n represente d b y 
d .  Th e d- f  an d C, x node s hav e a  thresh o d  tf  =  2 .  A s 
shown i n Fig .  3a ,  d  i s connecte d t o bot h C, |  an d C j . 
C |  i s linke d t o C,f ,  bu t  no t  vic e versa .  Directiona l  con -
tro l  o f  propagatin g activatio n i s exercise d usin g a  suit -
abl e modificatio n o f  th e relay-nod e schem e discusse d i n 
[Shastr i  1988] . 

Ever y entit y C  i s associate d wit h tw o switche s -  a 
top-dow n switc h an d a  bottom-u p switch .  Th e switches , 
bot h o f  whic h ax e identica l  i n structure ,  contro l  th e flow 
of  activatio n i n th e typ e hiereirchy .  Eac h switc h ha s k 
outputs .  Output i  fro m th e bottom-u p switc h connect s 
t o C ,  an d C q whil e th e correspondin g outpu t  fro m th e 
top-dow n switc h goe s t o th e C ,  an d C.- i  nodes ,  \  < i  < 
k.  Ther e i s als o a  feedbac k fro m th e C ,  node s t o bot h 
th e switche s (Se e Fig .  3 a an d Fig .  4. ) 

The interactio n betwee n th e switche s an d th e entit y 
cluste r  (Fig .  3a )  bring s abou t  efficien t  an d automati c 
dynami c allocatio n o f  bank s i n a n entit y cluster ,  b y en -
surin g that : 
•  Activatio n i s channele d t o th e entit y cluste r  bank s 

onl y i f  th e entit y cluste r  ca n accommodat e mor e in -
stantiations ;  th e maiximu m numbe r  o f  instantiation s 
i s therefor e limite d t o k . 

•  Eac h d  pick s u p a  umqu e phase ;  thu s ne w instanti -
ation s ar e alway s i n a  phas e no t  alread y represente d 
i n th e entit y cluster . 

The architectur e o f  th e switc h (wit h i b =  3 )  i s illus -
trate d i n Fig .  4 .  Th e k  p-ht u nodes ,  Si,...,Sk ,  wit h 
thei r  associate d r-o r  node s for m th e basi c component s 
of  th e switch .  Ever y inpu t  t o th e switc h make s tw o con -
nection s -  on e excitator y an d on e inhibitor y -  t o eac h 
of  82, -  • •  ,Sk ;  a s a  resul t  o f  thes e excitatory-inhibitor y 
connections ,  al l  thes e node s ar e disable d t o begi n with , 
and canno t  respon d t o incomin g activation .  Inpu t  acti -
vatio n wil l  hav e a n effec t  onl y o n th e S i  node ,  sinc e th e 

output , ou^u ^  ou^ul . 

kwnC, »omC, 

Figur e 4 :  Architectur e o f  th e switch .  Th e multipl e in -
stantiatio n constan t  fc  =  3 . 

input s t o th e switc h directl y connec t  t o S i  (Fig .  4. )  I n 
keepin g wit h th e behavio r  o f  p-bt u nodes ,  S i  become s 
activ e i n respons e t o th e first  availabl e inpu t  an d con -
tinue s t o fire  i n phas e wit h tha t  inpu t  a s lon g i t  remain s 
active .  A s 5 i  goe s active ,  th e r-o r  nod e associate d wit h 
Si  turn s on ,  thereb y enablin g 5*2 .  Inhibitor y feedbac k 
fro m C i  ensure s tha t  5 2 i s no t  enable d durin g th e phas e 
p i n whic h C i  i s  firing''.  Thu s 5 2 select s an d start s firing 
i n a  phas e othe r  tha n p .  Onc e 5 2 ha s mad e it s selection , 
53 get s it s  turn ,  an d s o on . 

As instantiation s ar e depute d t o th e entit y cluster , 
th e p-bt u node s i n th e switc h ar e progressivel y enable d 
fro m lef t  t o right .  I f  Ci,... ,  C,_ i  ar e firing  i n phase s 
pi,.. .  ,Pi-i ,  the n S i  alway s pick s a  distinc t  phas e p  ^ 
•(pi,.. .  ,/>,_i} ,  sinc e input s i n phase s pi,...,/>,_ i  ar e 
inhibite d b y th e feedbac k link s fro m Ci,...,C.-i .  A t 
any stage ,  i f  C,- ,  1  <  i  <  k ,  pick s u p activatio n chan -
nele d b y th e oMe r  switch ,  feedbac k fro m C, -  int o th e r-o r 
node associate d wit h 5, -  cause s 5,+ i  t o b e enabled ,  eve n 
thoug h S i  ha s no t  picke d a  phase .  Thi s ensure s tha t  a t 
most  A:  instantiation s ar e selecte d jointl y b y th e bottom -
up an d top-dow n switches ;  hence ,  onl y i b instantiation s 
can b e channele d t o C ,  a t  worst . 

A fac t  o f  th e for m is-afA,B )  i s represente d b y (Fig . 
3b) :  (i )  connectin g th e >i,7, » =  1,...,A :  node s t o th e 
bottom-u p switc h fo r  B ;  (ii )  connectin g th e B,| ,  i  = 
I,. .  ., k node s t o th e top-dow n switc h fo r  A . 

Conside r  a  concep t  C  i n th e typ e hierarchy .  Sup -
pos e d  receive s activatio n fro m th e bottom-u p switc h 
i n phas e p .  d  start s firing  i n synchron y wit h thi s ac -
tivation .  Th e C |  nod e (wit h threshol d 0  =  2 )  i s no w 
receivin g tw o input s i n thi s phas e (fro m th e bottom-u p 
switc h an d fro m d ;  se e Fig .  3a )  an d begin s t o fire  i n 
phas e p .  Thi s cause s activatio n i n phas e p  t o eventuall y 

*I n general ,  d  coul d receiv e inpu t  i n tw o phase s -  on e 
fro m th e bottom-u p switc h fo r  C ,  an d anothe r  fro m it s top -
down switch ,  d  bein g a  ̂ bt u node ,  pick s on e o f  thes e 
phase s t o fir e in . 
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Figur e 5 :  Networ k encodin g th e rul e Vr.Ti ,  y:T 2 Bz.T a 
[  Pi(x,y )  k  P2(x,z )  => •  Q(y )  ]  i n a  forwar d reasonin g 
system .  Link s fro m Ti ,  T 2 an d T 3 ar e actuall y bundle s o f 
k wire s carryin g th e k  insteintiation s o f  thes e constants . 

sprea d t o th e super-concep t  o f  C .  Hence ,  an y upwar d 
travelin g activatio n continue s t o trave l  upwar d -  whic h 
i s th e require d behavio r  whe n C  i s associate d wit h a 
universa l  type d variable .  Similarly ,  whe n d  receive s 
activatio n fro m th e top-dow n switc h i n phas e p ,  bot h 
Ci  an d Ci \  becom e activ e i n phas e p .  C q follow s suit , 
becaus e o f  th e lin k fro m C, |  t o C| ,  s o tha t  th e whol e 
bank Cs i  no w fire s i n phas e p .  Thi s mechanis m allow s 
a concep t  associate d wit h a n existentia l  type d variabl e 
t o eventuall y sprezu i  it s  activatio n t o it s ancestors ,  de -
scendant s an d ancestor s o f  descendents . 

Typed Variables in Rules 

The typ e hierjirch y ca n b e use d t o impos e typ e restric -
tion s o n variable s occurrin g i n rules ,  fo r  bot h forwar d 
and backwar d reasonin g systems .  T o utiliz e thi s fea -
ture ,  w e nee d t o modif y th e implementatio n o f  rules : 
I n a  forwar d reasonin g system ,  th e rul e i s encode d b y 
introducin g a  r-o r  nod e t o perfor m th e typ e checkin g 
fo r  th e argumen t  unde r  question .  Fo r  example ,  i n Fig . 
5,  whic h encode s th e rul e Vx.Ti ,  y:T 2 Bz-T ^  [  Pi(x,y )  h . 
Pi(̂ ,z )  = > Q(y )  ] ,  ̂ 3 woul d tur n o n i f  an d onl y i f  th e 
secon a argumen t  o f  P 2 an d T 3 ar e i n synchron y -  whic h 
i s t o sa y tha t  th e argumen t  i s boun d t o a n objec t  o f 
typ e T3 .  I n th e forwar d reasoner ,  type d variable s ar e 
allowe d onl y i n th e anteceden t  o f  th e rule . 

I n a  backwar d reasoner ,  th e strateg y i s similar ,  excep t 
tha t  i )  typ e checkin g fo r  a  type d universall y quantifie d 
variabl e i s enforce d b y a n inhibitor y lin k fro m th e con -
cept  representin g th e typ e o f  th e concerne d argument ; 
ii )  Fo r  a  typed ,  existentiall y  quantifie d variable ,  a n in -
hibitor y lin k derive d fro m a  uniqu e subconcep t  o f  th e 
associate d typ e perform s th e typ e enforcemen t  -  i n a 
manner  simila r  t o th e interpretatio n o f  a  type d existen -
tia l  variabl e i n a  fac t  [Man i  &  Shastr i  1991] .  I n th e 
backwar d reasoner ,  type d variable s ar e allowe d onl y i n 
th e consequent .  Bot h i n th e forwar d an d backwar d rea -
soners ,  a  rul e fires  onl y i f  al l  type d argument s ar e firing 

t n synchron y wit h thei r  respectiv e types . 

Conclusions 

Addin g a  typ e hierarch y allow s th e connectionis t  rea -
sonin g syste m t o handl e rules ,  fzu:ts ,  an d querie s wit h 
type d variables .  Th e simulato r  describe d i n [Man i  1990 ] 
has bee n use d t o tes t  th e system .  Severa l  extension s t o 
th e syste m propose d her e ar e bein g investigated .  Th e 
curren t  syste m assume s tha t  an y fac t  o r  quer y wit h bot h 
existentiall y  an d universall y quantifie d variable s i s suc h 
tha t  al l  th e universa l  quantifier s ar e withi n th e scop e 
of  th e existentia l  quantifiers .  Wor k i s bein g don e o n 
handlin g mor e genera l  form s o f  fact s an d queries .  W e 
ar e als o workin g o n th e desig n o f  a n expande d syste m 
tha t  woul d allo w property-valu e attachment s t o con -
cept s [Shastr i  198 8 .  W e als o wis h t o combin e th e IS- A 
hierarch y wit h a  reasonin g syste m tha t  allow s multipl e 
instantiatio n o f  predicates .  Lastly ,  w e hop e t o combin e 
a forwar d an d backwar d reasone r  tha t  ca n mak e us e o f 
bot h long-ter m an d dynami c (temporary )  fact s durin g 
reasoning . 
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