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Abstrac t 

Shastri and Ajjanagadde have described a neuraily 
plausibl e syste m fo r  knowledg e representatio n an d 
reasonin g tha t  ca n represen t  systemati c knowledg e 
involvin g n-ar y predicate s an d variables ,  an d perfor m 
a broa d clas s o f  reasonin g wit h extrem e efficiency . 
Th e syste m maintain s an d propagate s variabl e bind -
ing s usin g temporall y synchronous—i.e. ,  in-phas e — 
firin g o f  appropriat e nodes .  Thi s pape r  extend s th e 
reasonin g syste m t o incorporat e multipl e instantia -
tio n o f  predicates ,  s o tha t  an y predicat e ca n b e in -
stantiate d u p t o k  times ,  k  bein g a  syste m parameter . 
Th e abilit y t o accommodat e multipl e instantiation s 
of  a  predicat e allow s th e syste m t o handl e a  muc h 
broade r  clas s o f  rules ,  includin g bounde d transitiv -
it y an d recursion .  Th e tim e an d spac e requirement s 
increas e onl y b y a  constan t  factor ,  an d th e extende d 
syste m ca n stil l  answe r  querie s i n tim e proportiona l 
t o th e lengt h o f  th e shortes t  derivatio n o f  th e query . 

I n t r o d u c t i o n 

In (Shastri & Ajjanagadde, 1990a, 1990b and Ajjana-
gadd e k  Shastri ,  1991) ,  Shastr i  an d Ajjanagadd e hav e 
describe d a  solutio n t o th e variabl e bindin g proble m 
(Feldman ,  1982 ,  Malsburg ,  1986 )  an d show n tha t  th e 
solutio n lead s t o th e desig n o f  a  connectionis t  rea -
sonin g syste m tha t  ca n represen t  systemati c knowl -
edg e involvin g n-ar y predicate s (relations )  an d vari -
ables ,  an d perfor m a  broa d clas s o f  reasonin g wit h 
extrem e efficiency .  T h e tim e take n b y th e reasonin g 
syste 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 
of  th e numbe r  o f  rule s an d fact s encode d b y th e sys -
tem .  T h e reasonin g syste m maintain s an d propagate s 
vairiabl e binding s usin g temporall y synchronous—i.e. , 
in-phase—firin g o f  appropriat e nodes .  T h e solutio n 
t o th e variabl e bindin g proble m allow s th e syste m t o 
mciintai n an d propagat e a  larg e numbe r  o f  binding s 
simultaneousl y a s lon g a s th e numbe r  o f  distinc t  en -
titie s participatin g i n an y give n episod e o f  reasonin g 
remain s bounded .  Reasonin g i n th e propose d sys -
te 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  entit y 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 firin g o f  appro -
priat e argumen t  an d entit y nodes .  A  fac t  behave s 
as a  tempora l  patter n matche r  tha t  become s 'active ' 
when i t  detect 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 . 

Severa l  othe r  researcher s hav e propose d connec -
tionis t  solution s t o th e dynami c bindin g proble m us -
in g a  variet y o f  techniques .  Thes e includ e th e us e o f 
dynami c connection s (Feldman ,  1982) ,  paralle l  con -
strain t  satisfactio n (Touretzk y &  Hinton ,  1988) ,  po -
sitio n specifi c  encodin g (Barnde n &  Srinivas ,  1991) , 
tenso r  produc t  representation s (Dola n k .  Smolensky , 
1989 )  an d signature s (Lang e &  Dyer ,  1989) .  (Shastr i 
& Ajjanagadde ,  1992 )  compare s an d contrast s thes e 
othe r  approache s wit h th e tempora l  synchron y ap -
proac h use d i n thi s paper . 

T h e syste m describe d i n (Shastr i  &  Ajjanagadde , 
1990b )  ha s th e limitatio n tha t  an y predicat e i n th e 
reasone r  ca n b e instantiate d a t  mos t  once }  I t  i s no t 
difficul t  t o find  example s whic h sugges t  tha t  reflex -
iv e (effortless )  reasonin g involve s dealin g wit h mul -
tipl e instance s o f  predicates .  Fo r  example ,  i f  w e 
kno w tha t  Mar y i s  John' s spouse ,  w e woul d no t 
hav e an y difficult y i n reaUzin g tha t  Joh n i s  Mary' s 
spouse .  I n othe r  words ,  give n spouse-of(Mary,John ) 
we ca n reflexivel y answe r  'yes '  t o th e quer y spouse -
of(John,Mary) ? Suc h behavio r  woul d requir e th e 
spouse-o f  predicat e t o b e instantiate d tvuice :  onc e 
wit h spouse-o f  (John ,  M a r y )  an d agai n wit h spouse -
of(Mary ,  John) .  A s anothe r  example ,  conside r  th e sit -
uatio n i n whic h w e k n o w tha t  M a r y i s  olde r  tha n 
John' s father .  I f  w e n o w hea r  tha t  Joh n marrie d 
Mary ,  w e ca n instantl y sens e th e unusualnes s o f  th e 
situation ,  sinc e M a r y i s  obviousl y m u c h olde r  tha n 
John .  B u t  th e fac t  tha t  M a r y i s olde r  tha n Joh n ha s 
no t  bee n explicitl y  stated .  Thi s woul d sugges t  tha t 
we m a y hav e inferre d older-than(Mary ,  John )  usin g 
th e fact s older-than(Mary,John's-father )  an a older -

than(John's-faihtr,John),' ^  an d th e transitiv e natur e 
of  th e older-tha n predicate .  T o mode l  thi s scenari o 

'Thi s wor k wa « supporte d b y NS F gran t  IR I  88-0546 5 an d A R C 
grant .  DAA29-84-9-002 7 an d DAAL03-89-C-0031 . 

'  A n extensio n fo r  dealin g wit h multipl e insteuitiatio n usin g tw o 
level s o f  tempora l  synchron y was  outline d i n (Shastr i  &  Ajjana -
gadde ,  1990b) .  Th e solutio n propose d her e i s distinc t  fro m tha t  i n 
(Shastr i  &  Ajjanagadde ,  1990b) . 

ôlder-than(John't-father,John )  follow s fro m th e knowledg e 
tha t  father s ar e olde r  tha n thei r  children . 
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Figur e 1 :  (a )  A n exampl e encodin g o f  rule s an d facts ,  (b )  Activatio n trac e fo r  th e quer y can-seU(Mary,Bookl)? . 

i n th e reasonin g system ,  w e woul d nee d t o simultane -
ousl y handl e thre e instantiation s o f  older-ihan .  Sim -
ilarly ,  w e can ,  withou t  consciou s deliberation ,  infe r 
tha t  Joh n ma y b e jealou s o f  T o m i f  w e kno w tha t 
Joh n love s Mar y an d Mar y love s T o m .  Her e again , 
we woul d nee d th e abilit y t o represen t  multipl e in -
stantiation s o f  th e love s predicat e t o captur e th e sit -
uation .  Thus ,  an y syste m whic h purport s t o mode l 
common-sense ,  reflexiv e reasonin g shoul d b e capabl e 
of  representin g multipl e instantiation s o f  predicates . 

Thi s pape r  describe s ho w th e basi c reasonin g sys -
te m o f  (Shastr i  &  Ajjanagadde ,  1990b )  ma y b e ex -
tende d t o incorporat e multipl e instantiatio n o f  pred -
icates .  W e begi n wit h a  brie f  overvie w o f  th e rule -
base d reasonin g system ,  followe d b y a n expositio n o f 
multipl e instantiatio n i n th e reasonin g syste m an d it s 
implementation .  W e wil l  primaril y concer n ourselve s 
wit h backwar d reeisoning .  Forwar d reasonin g wil l  b e 
considere d onl y briefl y toward s th e end . 

The rule-based reasoning system 

Fig. la illustrates how long-term knowledge is en-
coded i n th e rule-base d reasonin g system .  Th e net -
work encode s th e followin g rule s an d fads :  i )  ̂ x,y, z 
[  give(x,y,z )  = > own(y,z )  ] ,  ii )  Vx, y [  huy(x,y )  = > 
own(x,y )  ] ,  iii )  Vx,j /  [  own(x,y )  = > can-sell(x,y )  ] , 
iv )  give(John,Mary,Bookl) ,  v )  huy(John,x) ,  an d vi ) 
own(Mary,Balll) . 

The encodin g make s us e o f  tw o type s o f  node s (se e 
Fig .  2) :  p-ht u node s (depicte d a s circles )  ein d r-an d 
nodes (depicte d a s pentagons) .  Thes e node s hav e th e 
followin g idealize d behavior :  O n receivin g a  periodi c 
spik e train ,  a  />-bt u nod e produce s a  periodi c spik e 
trai n tha t  i s  in-phas e wit h th e drivin g input .  W e as -

sume tha t  p-bt u node s ca n respon d i n thi s manne r  a s 
lon g a s th e perio d o f  oscillation ,  jr ,  lie s i n th e interva l 
[''rmin,''rma x ,  wher e TTmi n an d iTma x ar e th e m i n i m u m 
and m a x i m u m period s a t  whic h node s ca n oscillate . 
For  a  discussio n o f  biologicall y motivate d value s fo r 
thes e parameters ,  se e (Shastr i  &  Ajjanagjidde ,  1992) . 

A r-an d nod e behave s lik e a  tempora l  A N D node , 
and become s activ e o n receivin g a n oscillator y inpu t 
consistin g o f  a  trai n o f  pulse s o f  widt h comparabl e t o 
th e perio d o f  oscillation .  O n becomin g active ,  a  r -
and nod e produce s a n oscillator y puls e trai n whos e 
perio d o f  oscillatio n an d puls e widt h matche s tha t  o f 
th e input .  A  thir d typ e o f  nod e w e us e late r  i s  th e 
r-o r  nod e whic h become s activ e o n receivin g an y ac -
tivation ;  it s outpu t  i s a  puls e whos e widt h an d perio d 
equa l  Wmax-  Fig .  2  summarize s th e behavio r  o f  th e 
^-btu ,  r-an d an d r-o r  nodes . 

Th e m a x i m u m numbe r  o f  distinc t  entitie s tha t  m a y 
participat e i n a n episod e o f  reasonin g equal s [tt/w J 
wher e i r  i s th e perio d o f  oscillatio n an d u i  i s th e widt h 
of  th e windo w o f  synchronization—node s firing  wit h 
a la g o r  lea d o f  les s tha n uj/ 2 woul d b e considere d 
t o b e i n synchrony .  Th e encodin g als o make s us e 
of  inhibitor y modifiers—link s tha t  imping e upo n an d 
inhibi t  othe r  links .  A  puls e propagatin g alon g a n in -
hibitor y modifie r  wil l  bloc k a  puls e propagatin g alon g 
th e lin k i t  impinge s upon .  I n Fig .  la ,  inhibitor y mod -
ifier s ar e show n a s Hnk s endin g i n dar k blobs . 

Each entit y i n th e domai n i s  encode d b y a  ^b t u 
node .  A n n-ar y predicat e P  i s encode d b y a  pai r  o f 
r-an d node s an d n  p-ht u nodes ,  on e fo r  eac h of  th e n 
arguments .  O n e o f  th e r-an d node s i s  referre d t o a s 
th e enabler ,  e:P ,  an d th e othe r  a s th e collector ,  c:P .  I n 
Fig .  la ,  enabler s poin t  upwar d whil e collector s poin t 
downward .  Th e ena6/e r  e. P become s activ e wheneve r 

975 



p-btu Q 

1-an d 0 

' U U U U L 

'I  U U L 

-̂ô A 
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Figure 2: Behavior of the /vbtu, r-and and r-or nodes 
i n th e reasonin g system . 

th e s y s t e m i s  bein g querie d a b o u t  P .  O n th e othe r 
hauid ,  th e s y s t e m activate s th e collecto r  c: P o f  a  pred -
icat e P  w h e n e v e r  th e sys te m wan t s t o Eisser t  tha t  th e 
curren t  d y n a m i c binding s o f  th e a rgumen t s o f  P  ar e 
consisten t  wi t h th e know ledg 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 co//ec<oro f  th e consequen t 
predicate ,  th e eno6/e r  o f  th e consequen t  predicat e t o 
th e enable r  o f  th e anteceden t  predicate ,  an d b y con -
nectin g th e M g u m e n t s o f  th e consequen t  predicat e t o 
th e a r g u m e n t s o f  th e anteceden t  predicat e i n accor -
danc e wit h th e correspondenc e be twee n thes e argu -
m e n t s specifie d i n th e rule .  A  fac t  i s  encode d usin g 
a r-an d n o d e tha t  receive s Ju i  inpu t  f r o m th e enable r 
o f  th e associate d predicate .  Th i s inpu t  i s  modifie d 
b y inhibitor y modifier s f r o m th e a r g u m e n t  node s o f 
th e associate d predicate .  I f  a n a r g u m e n t  i s b o u n d t o 
a n entit y i n th e fac t  the n th e modifie r  f ro m suc h a n 
a r g u m e n t  n o d e i s i n tur n modifie d b y a n inhibitor y 
modifie r  f r o m th e appropriat e entit y node .  T h e out -
pu t  o f  th e r-an d n o d e i s connecte d t o th e collecto r  o f 
th e associate d predicat e Prefe r  t o th e encodin g o f  th e 
fac t  give(John,Mary,Bookl )  an d huy(John,x )  i n Fig . 
la. ) 

Inferenc e Proces s 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 ar -
gument  binding s specifie d i n th e query .  Th e quer y 
predicat e i s  specifie d b y activatin g it s  tnahle r  wit h 
a puls e trai n o f  widt h an d periodicit y ir .  Argumen t 
binding s ar e specifie d b y activatin g eac h entit y an d 
th e argumen t  node s boun d t o tha t  entit y i n a  distinc t 
phase .  Phase s ar e jus t  non-overlappin g tim e interval s 
withi n a  perio d o f  oscillation . 

We illustrat e th e reasonin g proces s wit h th e hel p 
of  a n example .  Conside r  th e quer y can-sellfMary , 
Bookl) ? (i.e. ,  C a n Mar y sel l  Bookl? )  Th e quer y i s 
pose d b y i )  activatin g th e enable r  e:can-sel l  ii )  ac -
tivatin 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 J an d cs-o6 ;  i n som e 
othe r  pnas e (say ,  phase-2) .  A s a  resul t  o f  thes e in -
puts ,  Mar y an d p-se//crfir e synchronousl y i n phase- 1 
of  ever y perio d o f  oscillation ,  whil e Book l  an d cs -
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Figur e 3 :  A n overvie w o f  th e multipl e instantiatio n 
system .  P  an d Q  ar e binar y predicate s whil e R  i s 
a ternar y predicate .  T h e multipl e instantiatio n con -
stan t  i t  =  3 . 

ob j  fir e synchronousl y i n phase-2 .  Se e Fig .  lb .  T h e 
activatio n f ro m th e can-sel l  predicat e propagate s t o 
th e o w n ,  giv e an d bu y predicate s vi a th e link s en -
codin g th e rules .  Eventually ,  a s s h o w n i n Fig .  lb , 
M a r y ,  p-seller ,  owner ,  buye r  an d reci p wil l  al l  b e 
activ e i n phase-1 ,  whil e Book l ,  cs-obj ,  o-obj ,  g-ob j 
an d b-ob j  wou l d b e activ e i n phase-2 .  T h e acti -
vatio n o f  e:can-sel l  cause s th e enabler s o f  al l  othe r 
predicate s t o g o active .  I n effect ,  th e syste m i s 
askin g itsel f  thre e m o r e que r i es—own(Mary ,Book l )? , 
givefx,Mary,Bookl) ? (i.e. ,  D i d s o m e o n e giv e M a r y 
Bookl?) ,  an d buy?Mary,Bookl)? .  Th e r-an d nod e 
Fl ,  associate d wit h th e few t  give(John,Mary,Bookl ) 
becomes activ e a s a  resul t  o f  th e uninterrupte d ac -
tivatio n i t  receive s fro m e:give ,  thereb y answerin g 
give(x,Mary,Bookl) ? affirmatively .  Th e activatio n 
fro m F l  spread s downwar d t o c:give ,  c:ow n an d c.con -
sel l  Activatio n o f  c:can-sel l  indicate s a n affirmativ e 
answer  t o th e origina l  quer y can-sellfMary,Bookl)? . 

Multiple Instantiation in the 

Reasonin g Syste m 

Introducin g multipl e instantiatio n relie s o n th e as -
sump t i o n that ,  durin g a n episod e o f  reflexiv e reason -
ing ,  an y give n predicat e nee d onl y b e instantiate d a 
bounde d n u m b e r  o f  times .  I n (Shastr i  &  Aj janagadde , 
1992) ,  i t  i s  argue d tha t  a  reasonabl e valu e fo r  thi s 
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boun d i s aroun d thre e (als o se e below) .  W e shal l  refe r 
t o thi s boun d a s th e multipl e instantiatio n constant , 

Representing Predicates Since every predicate 
must  no w b e capabl e o f  representin g u p t o i t  dy -
nami c instantiations ,  predicate s ar e represente d us -
in g k  bank s o f  units .  Eac h ban k o f  a n n-ar y predi -
cat e P  consist s o f  T-an d node s fo r  th e collecto r  {c:P ) 
and enable r  {e:P )  alon g wit h n  ^ b t u node s rep -
resentin g th e argument s o f  P  Eac h ban k i s essen -
tiall y  simila r  t o th e predicat e representatio n use d i n 
(Shastr i  k  Ajjanagadde ,  1990b )  (se e Fig .  la) .  Fig .  3 
illustrate s th e structur e o f  predicate s i n th e extende d 
system .  Not e tha t  th e enabler ,  e:P ,  an d th e argumen t 
node s hav e a  threshold' *  d  =  2 . 
T h e Multipl e Instantiatio n Swi tc h Ever y pred -
icat e i n th e extende d syste m ha s a n associate d mul -
tipl e instantiatio n switch ,  whic h w e shal l  refe r  t o a s 
th e switch .  Al l  connection s t o a  predicat e ar e m a d e 
throug h it s multipl e instantiatio n switch .  T h e switc h 
has k  outpu t  cable s (se e Fig .  3) ,  eac h o f  whic h con -
nect s t o on e ban k o f  th e predicate .  A  cabl e i s a 
grou p o f  wire s originatin g o r  terminatin g a t  a  predi -
cat e bank ;  a  cable ,  therefore ,  ha s wire s fro m al l  th e 
unit s (collector ,  enable r  an d argumen t  units )  i n a 
bank .  Eac h outpu t  cabl e fro m th e switc h i s accompa -
nie d b y a  latc h enabl e link . 

The switc h arbitrate s inpu t  instantiation s t o it s as -
sociate d predicat e em d bring s abou t  efficien t  an d au -
tomati c dynami c allocatio n o f  predicat e bank s b y en -
surin g th e following :  (1 )  Fres h predicat e instantia -
tion s ar e channele d t o th e predicat e bank s onl y i f  th e 
predicat e ca n accommodat e mor e instantiations .  (2 ) 
Al l  input s tha t  transfor m t o th e sam e instantiatio n 
ar e mappe d int o th e sam e predicat e bank .  Thus ,  ne w 
instantiation s selecte d fo r  representatio n i n th e pred -
icat e ar e alway s unique . 
Structur e a n d Ope ra t i o n o f  th e Mult ip l e In -
stantiatio n Swi tc h Figure s 4 a an d 4 b illustrat e 
th e constructio n o f  th e th e multipl e instantiatio n 
switch .  Th e switc h consist s o f  k  group s o r  ensem -
ble s o f  units .  Eac h ensembl e consist s o f  a n arbitrato r 
bank ,  an d severa l  inpu t  banks .  T h e arbitrato r  consist s 
of  n  ̂ b t u node s representin g th e argument s o f  th e as -
sociate d n-ar y predicate ,  ( n — 1 )  r-o r  node s an d tw o 
r-an d node s fo r  th e collecto r  an a enabler .  Eac h p-bt u 
node excep t  th e first  i s  associate d wit h a  r-o r  node , 
as show n i n Fig .  4b .  T h e I'-t h arbitrato r  ban k directl y 
connect s wit h th e i-t h ban k o f  th e predicate .  Inpu t 
bank s (Fig .  4b )  consist s o f  n  p-bt u unit s represent -
in g th e argument s o f  th e predicate ,  an d tw o r-an d 
node s representin g th e collecto r  an d enable r  o f  th e 
bank .  Eac h inpu t  ban k als o ha s a  r-o r  nod e associ -
ate d wit h it .  T h e cabl e terminatin g a t  th e inpu t  ban k 
i s a n inpu t  t o th e switch ;  th e output s o f  th e inpu t 
bank connec t  t o th e arbitrato r  o f  th e respectiv e en -
semble .  Correspondin g inpu t  bank s acros s ensemble s 

'Fo r  simplicity ,  w e assum e tha t  *  i s th e sam e fo r  al l  predicates . 
Thi s nee d no t  b e th e case . 

Thi s applie s t o a  predicat e i n th e backwar d reasonin g system . 
In a  forwar d reasoner ,  th e collector ,  c:P ,  an d th e argumen t  node s 
have a  threshol d 9  =  2 . 

ar e interconnecte d a s show n i n Figs .  4 a an d 4b . 
Ignorin g th e associate d r-o r  nodes ,  th e inpu t  bank s 

an d th e arbitrator s hav e a  structur e whic h exacti v 
mimic s th e ban k structur e o f  th e predicat e wit h whic h 
lli o switc h i s associated .  T h e numbe r  o f  line s i n an y 
inpu t  cabl e t o th e switc h i s decide d b y th e arit y o f 
th e predicat e originatin g th e cable .  T h e numbe r  o f 
line s i n th e switc h outpu t  depend s o n th e arit y o f  th e 
predicat e associate d wit h th e switch . 

T o star t  with ,  onl y th e firs t  ensembl e i n th e switc h 
ca n respon d t o incomin g activation .  Activatio n i n on e 
or  mor e inpu t  bank s o f  th e first  ensembl e wil l  caus e 
th e enable r  i n th e arbitrator ,  e:Arb ,  t o becom e active . 
Al l  inpu t  bank s wit h inactiv e enabler s wil l  b e inhib -
ite d vi a th e r-o r  node s associate d wit h th e respec -
tiv e inpu t  banks .  T h e activatio n o f  e:Ar b wil l  enabl e 
Arbarg i  t o pic k a  phas e t o fire  in .  Thi s phas e i s com -
municate d t o al l  th e inpu t  banks ,  vi a th e associate d 
r-o r  node s (se e Fig .  4b) .  Eac h r-o r  nod e check s i f  th e 
phas e selecte d b y Arbgrg i  matche s th e phas e o f  th e 
first  argumen t  o f  it s  inpu t  bank .  A  mismatc h shut s of f 
th e entir e inpu t  bank .  I n th e meantime ,  e:Ar b woul d 
hav e activate d th e r-o r  nod e associate d wit h th e sec -
on d argumen t  i n th e arbitrator .  Thi s enable s Arbarg j 
t o selec t  a  phas e fro m th e activatio n remainin g a t 
te r  inhibitin g instantiation s tha t  di d no t  agre e wit h 
Arbargi -  Not e tha t  Arbarg j  i s  enable d b y th e associ -
ate d r-o r  nod e independen t  o f  Arbarg i  an d wil l  selec t 
a phas e t o fire  i n eve n i f  Arbarg i  i s  inactiv e (whic h 
woul d b e th e cas e i f  al l  incomin g instantiation s hav e 
an unboun d first  argument) .  T h e proces s continues , 
allowin g Arbargt ,  •  •  • ,  Arbarg ^  t o selec t  phase s t o fire 
in .  After ,  Arbarg ^  ha s m a d e it s choice ,  th e latc h en -
abl e become s activ e an d th e selecte d instantiatio n i s 
transferre d t o th e first  predicat e bank .  A  lin k fro m 
th e las t  r-o r  nod e t o e:Ar b i n th e secon d ensembl e 
enable s th e secon d ensembl e t o selec t  a  fres h instan -
tiation .  Onc e th e secon d ensembl e make s it s choice , 
i t  enable s th e third ,  an d s o on .  T h e proces s contin -
ues unti l  k  instantiation s hav e bee n channele d t o th e 
predicate ,  afte r  which ,  an y fres h inpu t  instantiation s 
ar e ignored . 

Not e tha t  i f  th e i-t h ensembl e ( 1 <  i  <  k )  i s  makin g 
it s choice ,  i t  wil l  alway s selec t  a n instantiatio n whic h 
i s differen t  fro m thos e picke d b y th e first  i  — 1  en -
sembles ,  ensurin g tha t  al l  instantiation s channele d t o 
th e predicat e ar e unique .  A  mor e detaile d descriptio n 
of  th e structur e an d operatio n o f  th e switc h ca n b e 
foun d i n (Man i  &  Shastri ,  1992) . 

Encoding Rules and Facts 

Ever y predicat e i n th e syste m ha s k  bank s o f  unit s 
fo r  representin g k  instantiations .  Furthe r  ever y pred -
icat e ha s a n associate d multipl e instantiatio n switc h 
whic h arbitrate s th e instantiation s whic h wil l  b e rep -
resente d i n th e predicate .  Give n thi s modifie d under -
lyin g framework ,  w e encod e rule s an d long-ter m fact s 
usin g a n appropriat e extensio n o f  th e schem e detaile d 
i n (Shastr i  &  Ajjanagadde ,  1990b) . 

Dynami c instantiatio n whic h matche s a  long-ter m 
fac t  fo r  predicat e P  coul d b e presen t  i n an y on e o f 
it s  k  banks ,  necessitatin g a  fact-pattern-matche r  fo r 
eac h o f  th e predicat e banks .  Thus ,  an y fac t  o f  th e 
for m P(Ci ,  ... ,  C n )  wil l  b e encode d usin g k  r-an d 
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Figur e 4 :  (a )  Overvie w o f  th e multipl e instantiatio n switch .  Th e multipl e instantiatio n constan t  k  =  i .  (b ) 

Structur e o f  th e i-t h ensembl e i n th e switch .  Onl y connection s betwee n inpu t  ban k Q ^  an d th e arbitrato r  ar e 
shown.  Connection s betwee n othe r  inpu t  bank s an d th e arbitrato r  ar e implied .  A s indicated ,  connection s t o 
e:Ar b i n th e first  ensembl e ar e different . 

nodes—one fo r  eac h ban k o f  P  (Fig .  3) .  Eac h r -
and nod e encode s P(Ci ,  ... ,  Cn )  a s aescribe d i n 
(Shastr i  &  Ajjanaigadde ,  1990b )  (als o se e Fig .  la) . 

Fig .  3  illustrate s rul e encodin g a t  a  ver y gros s level . 
Suppos e th e rul e relatin g P  an d Q  i n Fig .  3  i s Vz, y 
[  P(x,y )  = > Q(y,x )  ] .  T o encod e thi s rul e i n a  back -
war d reasonin g system ,  eac h ban k o f  predicat e Q  i s 
connecte d t o a n inpu t  ban k i n ever y ensembl e o f  th e 
switc h fo r  P  Thus ,  th e Jb bank s o f  predicat e Q  re -
quir e a  tota l  of/b ^  inpu t  banks— k inpu t  bank s i n eac h 
of  th e k  ensemble s o f  th e switch .  Th e inpu t  bank s i n 
th e switc h fo r  P  hav e a  structur e identica l  t o th e ban k 
structur e o f  predicat e P .  Th e cabl e fro m a  ban k o f  Q 
connect s t o th e correspondin g inpu t  ban k a s thoug h 
th e inpu t  ban k itsel f  represente d th e predicat e P .  Th e 
connectio n patter n betwee n th e ban k o f  Q  an d th e in -
put  ban k i s therefor e identica l  t o th e connectio n pat -
ter n betwee n th e actua l  predicate s i n th e syste m o f 
(Shastr i  k  Ajjanagadde ,  1990b )  (se e Fig .  la) .  Fur -
ther ,  activatio n o f  th e collecto r  i n an y ban k o f  P 
i s transmitte d (vi a th e switch )  t o th e correspondin g 
bank i n Q  whic h originate d th e instantiatio n repre -
sente d i n tha t  ban k o f  P .  A  detaile d descriptio n o f  rul e 
and fac t  encodin g i n give n i n (Man i  k  Shastri ,  1992) . 

Networ k Complexit y Th e extende d reasonin g 
syste m require s 0{ C +  ! F +  V )  node s an d links .  C  an d 
: F represen t  th e tota l  numbe r  o f  entitie s an d long-ter m 
fact s i n th e system ,  respectively .  V  i s th e su m o f  th e 
aritie s o f  al l  predicate s i n th e rul e base .  Th e constan t 
of  proportionalit y fo r  th e networ k complexit y  i s pro -
portiona l  t o ib̂ ,  wher e k  i s th e multipl e instantiatio n 
constant .  Thus ,  a s i n (Shastr i  &  Ajjanagaulde ,  1990b , 
1992) ,  th e networ k complexit y i s linea r  i n th e siz e 
of  th e knowledg e bas e althoug h th e constan t  o f  pro -
portionalit y i s no w larger .  A  simila r  comment  hold s 
fo r  th e tim e complexity :  th e syste m ca n stil l  answe r 
querie s i n tim e proportiona l  t o th e lengt h o f  th e short -
est  derivatio n (Shastr i  k  Ajjanagadde ,  1990b ,  1992) ; 
but  now ,  th e constan t  o f  proportionalit y i s slightl y 
iMger ,  sinc e w e als o nee d t o conside r  th e tim e re -
quire d fo r  th e cictivatio n t o propagat e throug h th e 
switches .  Give n a  predicat e P ,  th e wors t  cas e propa -
gatio n tim e fo r  activatio n passin g throug h it s switc h 
i s proportiona l  t o k . 

Multiple Instantiation in a Forward 

R e a s o n i n g S y s t e m 

To introduce multiple instantiation of predicates in 
th e forwar d reasoner ,  w e structur e predicate s an d 
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thei r  associate d switche s i n a  manne r  simila r  t o th e 
backwar d reasonin g system. *  Rule s wit h a  singl e 
predicat e i n th e anteceden t  ca n b e encode d directly : 
each ban k o f  th e anteceden t  predicat e i s connecte d t o 
inpu t  bank s i n ever y ensembl e o f  th e switc h fo r  th e 
consequen t  predicate .  Fo r  rule s lik e Wx,y, z  [  P(x,y )  A 
Q(y,z )  = > R(x,y,2 )  ] ,  whic h hav e multipl e predicate s 
i n th e antecedent ,  w e woul d nee d t o pai r  eac h ban k 
of  P  wit h al l  th e bank s o f  Q  an d chec k i f  th e secon d 
argumen t  o f  P  i s th e sam e a s th e first  argumen t  o f 
Q.  Th e obviou s wa y t o d o thi s require s 0(4'" )  node s 
and link s t o encod e eac h rul e wit h m predicate s i n 
th e antecedent . 

Typically ,  w e expec t  m t o b e aroun d 2 ,  sinc e mos t 
predicate s i n a  multiple-predicat e anteceden t  serv e t o 
specif y constraint s o n th e argument s o f  a  fe w ke y 
predicates .  Thes e type-enforcin g predicate s ca n b e re -
place d b y type d variables ,  significantl y reducin g th e 
number  o f  predicate s i n th e auitecedent .  Fo r  exam -
ple ,  th e rul e Vr, y [  coHidt(x,y )  A  animate(x )  A  soli -
dohj M =* •  hurt(x )  ]  wit h thre e predicate s i n th e an -
teceden t  i s equivalen t  t o V  x.animate ,  y.solidob j  [ 
collide(x,y )  ̂  huTi(x )  ] ,  whic h ca n b e directl y en -
coded a s rul e wit h a  singl e predicat e i n th e anteceden t 
(Mani  &  Shastri ,  1991) .  Eve n i f  thi s "compression " 
of  th e anteceden t  wer e no t  possible ,  w e coul d intro -
duce dummy predicate s an d spli t  a  rul e wit h severa l 
predicate s i n th e anteceden t  int o severa l  rule s wit h 
jus t  a  fe w predicate s i n th e antecedent ,  s o a s t o main -
tai n m »  2 . 

Maintaining ,  propagatin g an d usin g multipl e in -
stantiation s o f  a  predicat e entail s a  significan t  cos t 
i n spac e an d time .  I n th e contex t  o f  reflexiv e reason -
ing ,  i t  i s  essentia l  tha t  thes e resource s b e bounded . 
Thi s lead s u s t o predic t  tha t  th e valu e o f  k  i s quit e 
small ,  perhap s o n mor e tha n 3  (Shastr i  &  Ajjana -
gadde ,  1992) .  Thus ,  wit h / b w  3  an d m w  2 ,  th e extr a 
cost  o f  encodin g rule s i n th e forwar d reasone r  wit h 
multipl e instantiatio n i s a  facto r  o f  abou t  1 0 ( « 3 ^ ) — 
whic h i s abou t  th e sam e a s th e cos t  increas e fo r  a 
backwar d reasone r  wit h multipl e instantiation . 

Conclus ion s 

Extending the connectionist rule-based reasoning sys-
te m t o acconunodat e multipl e instantiatio n o f  pred -
icate s enable s th e syste m t o handl e a  wide r  an d 
more powerfu l  se t  o f  rules ,  fact s an d queries .  Th e 
extende d syste m ca n encod e an d reaso n wit h rule s 
tha t  captur e syrmnetry ,  transitivit y an d recursion , 
provide d th e numbe r  o f  multipl e instantiation s o f 
a predicat e require d t o dra w a  conclusio n remain s 
bounded .  Th e multipl e instantiatio n reasonin g sys -
te m ha s bee n combine d wit h a  connectionis t  typ e 
hierarch y (Man i  &  Shastri ,  1991 )  t o provid e a  mor e 
flexible  an d powerfu l  system .  Al l  thes e feature s hav e 
been successfull y include d i n th e simulatio n syste m 
reporte d i n (Mani ,  1992) . 

'Excep t  fo r  a  fe w mino r  functiona l  differences ,  th e multipl e in -
stantiatio n switc h associate d wit h a  predicat e i n the  forwar d rea r 
sonin g syste m i s structurall y identica l  t o th e switc h use d i n th e 
backwar d reasoner .  Se e (Man i  &  Shastri ,  1992 )  fo r  details . 
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