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Abstrac t 

The production system formulation plays an impor-
tan t  rol e i n model s o f  cognition .  However ,  ther e d o 
not  exis t  neurall y plausibl e realization s o f  productio n 
system s tha t  ca n suppor t  fas t  an d automati c process -
in g o f  production s involvin g variable s an d n-ar y rela -
tions .  I n thi s pape r  w e sho w tha t  th e neurall y plau -
sibl e mode l  fo r  rapi d reasonin g ove r  fact s an d rule s 
involvin g n-ar y predicate s an d variable s propose d b y 
Ajjanagadd e an d Shastr i  ca n b e interprete d a s suc h a 
productio n system .  Thi s interpretatio n i s significan t 
becaus e i t  suggest s neurall y motivate d constraint s o n 
th e capacit y o f  th e workin g memor y o f  a  productio n 
syste m capabl e o f  fas t  paralle l  processing .  I t  show s 
tha t  a  larg e numbe r  o f  rule s — eve n thos e containin g 
variable s — ma y fire  i n paralle l  an d a  larg e numbe r  o f 
fact s m a y resid e i n th e workin g memory ,  provide d n o 
predicat e i s  instantiate d mor e tha n a  sma U numbe r 
of  time s ( % 3 )  an d th e numbe r  o f  distinc t  entitie s ref -
erence d b y th e fact s i n th e workin g memor y remain s 
smal l  ( « 10) . 

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

Understandin g languag e i s a  comple x tas k an d in -
volves ,  amon g othe r  things ,  recognizin g words ,  access -
in g lexicei l  items ,  disambiguatin g wor d senses ,  pars -
ing ,  an d carryin g ou t  inference s t o establis h referen -
tia l  an d causa l  coherence ,  recogniz e speaker' s plan s 
and mak e predictions. ^  Nevertheles s w e ca n under -
stan d writte n languag e a t  th e rat e o f  severa l  hundre d 
word s pe r  minut e (Carpente r  &  Jus t  1977) .  I n vie w 
of  th e complexit y o f  th e languag e understandin g task , 
th e rapi d rat e a t  whic h w e ca n understan d languag e 
has stron g implication s an d pose s a  challeng e t o com -
putationa l  model s o f  cognition .  I n particular ,  i t  sug -
gest s tha t  certai n kind s o f  inference s ca n b e draw n 
withi n a  fe w hundre d millisecond s an d significan t  syn -
tacti c processin g ca n occu r  i n a  simila r  tim e frame . 
The spee d an d sponteuieit y wit h whic h w e understan d 
languag e als o highlight s ou r  abilit y t o perfor m a  clas s 

'Thi s wor k wa s supporte d b y NS F gran t  IR I  88-0546 5 an d A R C 
gran t  D A A L 03-89-C-0031 . 

*  Empirica l  dat a suggest s tha t  inference s require d t o establis h 
referentia l  an d causa l  coherenc e occu r  rapidl y an d automaticall y 
durin g tex t  understandin g (se e e.g. ,  McKoo n &  Ratclif f  1980 ;  McK -
oon &  Ratclif f  1981 ;  Keenan ,  Baillet ,  an d Brow n 1984) ,  Th e evi -
dence fo r  th e automati c occurrenc e o f  elaborativ e o r  predictiv e in -
ference s however ,  i s mixe d (se e e.g. ,  Kintsc h 1988 ;  Potts ,  Keenan , 
and Goldin g 1988) . 

of  inference s automaticall y an d withou t  consciou s ef -
for t  — a s thoug h the y ar e a  refle x respons e o f  ou r  cog -
nitiv e apparatus .  I n vie w o f  thi s w e hav e describe d 
suc h reasonin g a s reflexiv e (Shastr i  1990). ^ 

Motivate d b y a  concer n fo r  explainin g reflexiv e 
(rapid )  reasoning ,  Ajjanagadd e an d Shastr i  hav e pro -
pose d a  connectionis t  mode l  — le t  u s cal l  i t  SHRUTI  — 
tha t  ca n encod e a  larg e bod y o f  specifi c  facts ,  genera l 
rule s involvin g n-ar y predicate s an d variables ,  a s wel l 
as IS- A relationship s betwee n concepts ,  an d perfor m 
a rang e o f  reasonin g wit h extrem e efficienc y (Shastr i 
& Ajjanagadd e 1990 ;  Ajjanagadd e &  Shastr i  1991 ; 
M a ni  &  Shastr i  1991) .  T h e syste m perform s a  clas s 
of  inference s i n tim e tha t  i s independen t  o f  th e siz e o f 
th e 'knowledg e base '  an d i s onl y proportiona l  t o th e 
lengt h o f  th e shortes t  chai n o f  reasonin g leadin g t o th e 
conclusion .  T h e reasonin g syste m solve s th e dynami c 
(variable )  bindin g proble m fFeldma n 1982 ;  Malsbur g 
1986 )  i n a  neurall y plausibl e manner :  I t  maintain s 
an d propagate s variabl e binding s usin g temporall y 
synchronou s firing  o f  appropriat e nodes .  Thi s com -
putationa l  mode l  ha s als o bee n use d b y Henderso n 
(1991 )  t o desig n a  parse r  fo r  English .  T h e parser' s 
spee d i s  independen t  o f  th e siz e o f  th e lexico n an d 
th e g r a m m a r ,  an d i t  offer s a  natura l  explanatio n fo r 
certai n cente r  embeddin g phenomena . 

I n thi s pape r  w e interpre t  SHRUTI  a s a  productio n 
syste m an d examin e th e functiona l  propertie s o f  th e 
resultin g productio n system .  Suc h a n interpretatio n 
i s motivate d b y severa l  factors .  First ,  i t  lead s t o a 
productio n syste m wit h nove l  an d interestin g workin g 
m e m o ry characteristics .  Second ,  i t  point s th e w a y t o 
a neurall y plausibl e realizatio n o f  productio n systems . 
Third ,  i t  help s relat e th e workin g m e m o r y capacit y o f 
suc h a  syste m an d th e tim e take n b y eac h productio n 
cycle ,  t o basi c biologica l  parameters .  T h e interpre -
tatio n als o help s specif y th e syntacti c propertie s o f 
production s tha t  ca n participat e i n reflexiv e process -
ing .  Thi s aspect ,  however ,  i s  no t  discusse d i n thi s 
paper .  T h e intereste d reade r  m a y refe r  t o (Shastr i  & 
Ajjanagadd e 1990 ;  Shastr i  1992) . 

A numbe r  o f  cognitiv e model s ar e base d o n th e 

A forma ]  characterizatio n o f  reflexiv e reasonin g i n term s o f 
tim e an d spac e complexit y i s  give n i n (Shastr i  1992) :  Reflexiv e 
reasonin g occur s i n tim e tha t  i s  independen t  o f  th e siz e o f  th e 
long-ter m knowledg e bas e an d i s proportiona l  onl y t o th e lengt h 
of  th e shortes t  chai n o f  inferenc e leadin g t o a  conclusion .  Als o th e 
number  o f  node s require d t o encod e a  long-ter m knowledg e bas e 
shoul d b e a t  mos t  Itnea r  i n th e siz e th e knowledg e base . 
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productio n syste m formalism ;  tw o o f  th e mos t  com -
prehensiv e bein g a c t *  (Anderso n 1983 )  an d s o a r 
(Newel l  1990) .  Neurall y plausibl e realization s o f  thes e 
models ,  however ,  hav e no t  bee n proposed .  Althoug h 
severj d aspect s o f  A C T *  suc h a s it s us e o f  level s o f  ac -
tivation ,  weighte d link s jui d deca y o f  activatio n ha d 
neura l  underpinnings ,  i t  ha d no t  bee n show n ho w cer -
tai n critica l  aspect s o f  th e mode l  coul d b e realize d 
i n a  neurall y plausibl e manner .  Fo r  example ,  A C T * 
represente d production s wit h variables ,  bu t  Ander -
so n di d no t  sugges t  a  neur2Lll y plausibl e accoun t  o f 
h o w variabl e binding s ar e propagate d an d matched . 
I n hi s  expositio n o f  soar ,  Newel l  ha s use d th e tim e 
cours e o f  neura l  processe s t o estimat e ho w lon g vari -
ou s SOA R operation s shoul d take ,  bu t  h e ha s no t  sug -
geste d h o w a  SOAR-lik e syste m m a y b e realize d i n a 
neurall y plausibl e manne r  (se e p .  44 0 Newell ,  1990) . 
Althoug h a  complet e m a p p m g o f  comprehensiv e sys -
tem s suc h a s SOA R an d A C T *  t o a  neurall y plausibl e 
architectur e stil l  remain s a n ope n problem ,  SHRUTi 
doe s provid e a  a  concret e basi s fo r  a  neurall y plausibl e 
realizatio n o f  productio n systems .  O f  particula r  sig -
nificanc e ar e th e specifi c an d biologicall y motivate d 
constraint s SHRUTi  suggest s o n th e capacit y o f  th e 
workin g m e m o r y o f  a  productio n syste m capabl e o f 
supportin g rapi d 'knowledg e level '  parallelism . 

Othe r  researcher s hav e propose d connectionis t  pro -
ductio n systems .  However ,  th e functiona l  character -
istic s o f  SHRUTI  whe n interprete d a s a  productio n sys -
te m ar e quit e distinc t  fro m thes e connectionis t  mod -
el s (fo r  a  detaile d discussio n refe r  t o (Shastr i  &  Aj -
janagadd e 1990)) .  Fo r  example ,  DCPS th e distribute d 
connectionis t  productio n syste m (Touretzk y &  Hin -
to n 1988 )  onl y deal s wit h production s containin g a 
singl e vairiable .  DCPS i s  als o seria l  a t  th e knowledg e 
leve l  an d i t  ca n onl y appl y on e rul e a t  a  time .  Thu s i n 
term s o f  efficiency ,  DCP S i s lik e a  traiditiona l  (serial ) 
productio n syste m an d mus t  dea l  wit h th e combina -
toric s o f  searc h an d th e associate d proble m o f  back -
tracking .  TPP S a  productio n syste m base d o n th e ten -
sor  produc t  encodin g (Dola n &  Smolensk y 1989) ,  an d 
Conposi t  a  syste m base d o n relativ e positio n encod -
in g (Barnde n &  SrinivEi s 1991) ,  ar e als o seria l  a t  th e 
knowledg e level .  Henc e thes e system s ar e inappropri -
at e fo r  modelin g reflexiv e processing .  A  connectionis t 
syste m tha t  doe s suppor t  knowledg e leve l  parallelis m 
i s ROBI N (Lang e k  Dye r  1989) .  However ,  th e variabl e 
bindin g mechanis m incorporate d b y ROBI N doe s no t 
lea d t o th e sor t  o f  biologicall y motivate d constraint s 
on workin g m e m o r y suggeste d b y SHRUTI . 

A Brief Overview of SHRUTI 

Refe r  t o th e schemati c representatio n o f  som e predi -
cate s an d individua l  concept s show n i n Fig .  1 .  Node s 
draw n a s circle s ar e wha t  w e cal l  p-ht u nodes .  Thes e 
node s hav e th e followin g idealize d behavior :  O n re -
ceivin g a  periodi c spik e train ,  a  p-ht u nod e produce s 
a periodi c spik e trai n tha t  i s  in-phas e wit h th e driv -
in g input .  Thu s oscillator y activit y i n a  ̂ b t u nod e 
ca n \es A t o synchronou s activit y i n a  ̂ b t u nod e con -
necte d t o it .  W e assum e 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 , 
IT ,  lie s i n th e interva l  \Trmin,''̂ max] ,  wher e Wmi n an d 
-iTma x correspon d t o th e highes t  an d lowes t  frequen -
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Figur e 1 :  Encodin g o f  predicates ,  individua l  con -
cepts ,  an d th e rules :  ^x,y, z [give{x,y,z )  = > 
own{y,z)] ,  Vx,t /  [own{x,y )  = > can-seU{x,y)] ,  an d 
Vx,j /  [buy{x,y )  = > own(x,y)] . 

cies ,  respectively ,  a t  whic h ^ b t u node s ca n sustai n 
oscillator y activity .  ̂  

A n n-ar y predicat e i s represente d b y a  cluste r  o f  n 
p-ht u node s (th e rectangula r  'nodes '  show n i n Fig .  1 
ar e no t  relevan t  t o ou r  discussion) .  Node s suc h a s 
Joh n an d M a r y ar e als o p-ht u node s an d correspon d 
t o foca l  node s o f  th e complet e representation s o f  th e 
individual s 'John '  an d 'Mary '  (Shastr i  1988 ;  Feld -
m an 1989) .  A  rul e i s  encode d b y linkin g th e argu -
ment s o f  th e anteceden t  an d consequen t  predicate s 
i n accordanc e wit h th e correspondenc e betwee n ar -
gument s specifie d i n th e rule .  Fo r  example ,  th e rul e 
give{x,y,z )  = > own{y,z )  i s  encode d b y connectin g 
th e argument s reci p an d g-oh j  o f  giv e t o th e argu -
ment s owne r  an d o-ob j  o f  o w n ,  respectively . 

SHRUTI  represent s dynami c binding s usin g syn -
chronou s — i.e. ,  in-phas e — firing  o f  th e appropri -
at e M g u m e n t  an d concep t  nodes .  Wi t h referenc e t o 
th e node s i n Fig .  1 ,  th e dynami c representatio n o f 
th e binding s (giver=John,recip=Mary,g-obj=Bookl J 
(i.e. ,  th e dynami c fac t  give{John ,  M a r y ,  Bookl) )  wil l 
be represente d b y th e rhythmi c patter n o f  activit y 
show n i n Fig .  2 .  Observ e tha t  whil e John ,  Mar y an d 
Book l  ar e firing  i n distinc t  phases ,  give r  i s firing  i n 
synchron y wit h John ,  reci p i n synchron y wit h Mary , 
an d g-ob j  i n synchron y wit h Bookl . 

By virtu e o f  th e interconnection s betwee n ar -
gument  node s o f  th e predicate s give ,  own ,  an d 
can-sell ,  th e stat e o f  activatio n describe d b y th e 
rhythmi c patter n show n i n Fig .  2  wil l  lea d t o 
th e rhythmi c activatio n patter n show n i n Fig .  3 , 
wher e th e firing  patter n o f  node s correspond s t o 
th e dynami c binding s (giver=John ,  recip=Mary ,  g -

We can generalize the behavior of a p-btu node to account for 
weighte d link s b y assumin g tha t  a  nod e wil l  fire  i f  an d onl y i f  th e 
weighte d s u m o f  synchronou s input s i s greate r  tha n o r  equa l  t o n . 
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Figur e 2 :  R h y t h m i c patter n o f  activatio n representin g 
th e d y n a m i c binding s {give r  =  J o h n ,  recipien t  = 
M a r y ,  give-objec t  — JBooJbl) . 
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Figur e 3 :  Patter n o f  activatio n representin g th e dy -
nami c binding s {give r  — John ,  recipien t  =  Mary , 
give-objec t  =  Bookl ,  owne r  =  Mary ,  own-objec t  = 
Bookl ,  potential-selle r  =  Mary ,  can-sell-objec t  = 
Bookl) . 

obj=Bookl ,  owner=Mary ,  o-obj=Bookl ,  p-seller = 
Mary ,  cs-ohj=Bookl )  whic h encod e th e dynami c fact s 
givelJohn,Mary ,  Boo k J) ,  own(Mary,BookJ) ,  an d can -
sell(Mary,Bookl) .  I n othe r  words ,  give n 'Joh n gav e 
Mary Bookl' ,  th e networ k ha s inferre d 'Mar y own s 
Bookl '  an d 'Mar y ca n sel l  Bookl '  b y usin g th e 'rules ' 
give{x,y,z )  = > own{y,z )  an d own(u,w )  = > can -
sell{u,w) . 

O b s e r v e tha t  th e (multiple )  binding s b e t w e e n 
M a r y an d th e argument s recip ,  owner ,  an d p-selle r 
ar e represente d b y thes e argumen t  node s firing  in -
phas e wit h Mary . 

Conceptually ,  th e rul e applicatio n proces s corre -
spond s t o a  paralle l  breadth-firs t  traversa l  o f  a  di -
recte d inferentia l  dependenc y grap h an d a  larg e num -
ber  o f  rule s ma y fire  i n parallel .  I n general ,  th e tim e 
take n t o generat e a  chai n o f  inferenc e i s independen t 
of  th e tota l  numbe r  o f  rule s an d fact s an d i s jus t  equa l 
t o /•JT+ a wher e /  equal s th e lengt h o f  th e chai n o f  infer -
ence ,  T  equal s th e perio d o f  oscillatio n o f  th e nodes , 
and a  i s th e numbe r  o f  cycle s require d fo r  a  p-bt u 

nod e t o synchroniz e wit h a  connecte d p-node . 
Th e syste m allow s a  larg e numbe r  o f  binding s — 

and hence ,  dynami c fact s — t o b e represente d simul -
taneously ,  an d i t  als o allow s a  larg e numbe r  o f  rule s 
t o fire  simultaneously .  Th e numbe r  o f  distinc t  enti -
tie s involve d i n simultaneou s dynami c bindings ,  how -
ever ,  i s bounde d b y th e rati o Tr^ai/w .  wher e iTma x i s 
th e perio d correspondin g t o th e lowes t  frequenc y a t 
whic h p-ht u node s ca n sustai n an d propagat e oscilla r 
tions ,  an d u  i s th e widt h o f  th e windo w o f  synchron y 
(i.e. ,  tw o node s firing  wit h a  lea d o r  la g o f  u'/ 2 ca n b e 
considere d t o b e firing  i n synchrony) . 
Other Representational Aspects of SHRUTI 
SHRUTI  ca n als o encod e long-ter m facts .  Th e encod -
in g o f  a  long-ter m fac t  encode s th e stati c binding s 
pertainin g t o th e fac t  an d rapidl y recognize s tha t  th e 
stati c binding s i t  encodes ,  matc h th e dynami c bind -
ing s existin g i n th e system' s stat e o f  activation .  Give n 
tha t  SHRUTI  represent s dynami c binding s a s tempo -
ra l  patterns ,  th e encodin g o f  a  long-ter m fzur t  behave s 
lik e a  tempora l  patter n matche r  an d i s describe d i n 
(Shastr i  k  Ajjanagadd e 1990) .  Wit h th e encodin g o f 
long-ter m facts ,  SHRUTI  ca n answe r  querie s tha t  fol -
lo w fro m th e encode d long-ter m fact s an d rules . 

Th e networ k i n Fig .  1  ca n onl y represen t  on e dy -
nami c instanc e pe r  predicat e an d concept .  Th e en -
codin g ma y b e extende d t o represen t  a  bounde d num -
ber  o f  instantiation s o f  eac h predicat e an d concep t 
(fo r  detail s se e (Man i  &  Shastr i  1992)) .  Thi s allow s 
SHRUTI  t o dea l  wit h 'bounde d recursion' .  However , 
a significan t  cos t  ha s t o b e pai d fo r  encodin g mul -
tipl e instantiation s an d a s discusse d below ,  thi s ha s 
implication s o n th e workin g memor y capacit y o f  th e 
associate d productio n system . 

SHRUTI  ca n b e combine d wit h th e representatio n o f 
a typ e (IS-A )  hierarch y (Man i  &  Shastr i  1991) .  Suc h 
an integratio n allow 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 . 
The resultin g syste m ca n combin e rule-base d reason -
in g wit h typ e inheritance .  Fo r  example ,  th e syste m 
can infe r  "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  i '  an d th e IS- A rela -
tion s 'Sylveste r  i s a  Cat' ,  'Tweet y i s a  Canary' ,  an d 
'Canarie s ar e birds' .  Th e integrate d syste m ca n als o 
use typ e informatio n t o specif y restriction s o n th e 
type s o f  argumen t  fillers  an d encod e contex t  sensi -
tiv e rule s suc h as :  V r  :  animate ,  y  :  solid-ob j  walk -
into{x,y )  ̂  hurt{x) .  Thi s rul e wil l  fire  onl y i f  th e 
first  an d secon d argument s o f  'walk-into '  ar e boun d 
t o fillers  o f  th e typ e 'animate '  an d 'solid-object' ,  re -
spectively . 

Finally ,  SHRUTI  ca n als o encod e rule s involvin g mul -
tipl e antecedents ,  thu s i t  ca n encod e a  rul e suc h a s 
Vi.y ,  2  love{x,y )  A  love{y,z )  A  notequal{x ,  z )  = > 
jealous{x,z) . 
Biological Plausibility of SHRUTI and 

Neurall y Plausibl e Paramete r  Value s 
The potentia l  o f  synchronou s oscillatio n i n neu -
ra l  representatio n ha s lon g bee n recognize d (Heb b 
1949;  Freema n 1981 ;  Malsbur g 1981 ;  Sejnowsk i  1981 ; 
Abele s 1982 ;  Damasi o 1989) .  Compellin g evidenc e 
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of  th e existenc e o f  synchronou s activit y i n th e brai n 
comes fro m recen t  findings  o f  stimulus-relate d syn -
chronou s oscillation s i n th e ca t  visua l  corte x (Eck -
hor n e t  al .  1988 ;  Gra y e t  al .  1989) .  Th e dat a sug -
gest s tha t  synchronou s an d rhythmi c activit y occur s 
i n th e brai n an d th e tim e cours e o f  suc h activit y i s 
consisten t  wit h th e requirement s o f  reflexiv e reason -
ing .  W e summariz e som e relevan t  aspect s o f  th e data : 
i )  Synchronou s oscillation s hav e bee n observe d i n th e 
frequenc y rang e o f  3 5 -  8 0 H z (Eckhor n e t  al .  1988 ) 
and 35  -  6 5 H z (Gra y e t  al .  1991) .  Thu s th e ob -
serve d oscillator y activit y ha s period s rangin g fro m 
abou t  1 2 t o 2 8 msecs. ;  ii )  Synchronizatio n o f  neura l 
activit y ca n occu r  withi n a  fe w (sometime s eve n one ) 
period s o f  oscillation s (Gra y e t  al .  1991) ;  iii )  I n a  larg e 
number  o f  case s synchronizatio n occur s wit h precis e 
phase-lockin g (zer o tim e lag )  an d i n mos t  case s i t  oc -
cur s wit h a  la g o r  lea d o f  les s tha n 3  msec .  (Gra y e t 
al .  1991) ;  an d iv )  Onc e achieved ,  synchron y ma y las t 
severa J hundre d msecs .  ('Gra y e t  al .  1991) . 

The abov e dat a proviae s a  basi s fo r  makin g coars e 
estimate s o f  neuraJl y plausibl e value s o f  som e o f 
SHRUTl' s parameters .  Th e dat a indicate s tha t  a  plau -
sibl e estimat e o f  th e maximu m perio d o f  oscillation , 
T̂ mar,  ma y b e 2 8 msecs .  an d a  conservativ e estimat e 
of  w ,  th e widt h o f  th e windo w o f  synchrony ,  ma y b e 
6 msecs . 

SHRUTI as a Production System 

As ma y b e evident ,  ther e exist s a  correspondenc e be -
twee n SHRUTI  an d th e productio n syste m formula -
tion .  Th e correspondenc e fo r  th e declarativ e memor y 
and th e productio n memor y o f  a  productio n syste m i s 
straightforward :  th e declarativ e memor y correspond s 
t o th e collectio n o f  long-ter m fact s an d th e productio n 
memory correspond s t o th e collectio n o f  rule s encode d 
i n SHRUTI  (eac h rul e i s a  production) . 

Observ e tha t  dynami c bindings ,  an d hence ,  dy -
nami c (active )  fact s ar e represente d i n SHRUTI  a s 
a rhythmi c patter n o f  activit y ove r  node s i n th e 
network .  I n functiona l  terms ,  thi s transien t  stat e 
of  activatio n temporaril y  hold s informatio n durin g 
an episod e o f  reflexiv e reasonin g an d correspond s t o 
SHRUTl' s workin g memory :  a  productio n fires  i f  it s an -
tecedent s matc h th e content s o f  th e workin g memor y 
and introduce s fact s int o th e workin g memory .  Ob -
serv e tha t  SHRUTI  i s a  paralle l  productio n syste m tha t 
allow s a  larg e numbe r  o f  rule s — includin g rule s wit h 
variable s — t o fire  i n paralle l  a s lon g a s th e capac -
it y o f  th e workin g memor y i s no t  exceede d (explaine d 
below) .  Furthermore ,  th e tim e take n t o comput e a 
resul t  i s  independen t  o f  th e siz e o f  th e declarativ e 
and productio n memory ,  an d onl y depend s upo n th e 
lengt h o f  th e sequenc e o f  production s require d t o pro -
duc e th e result . 

Functional Characteristics of the 

Product io n S y s t e m Implie d b y SHRUTI 

Estimate s o f  th e workin g memor y capacit y o f  pro -
ductio n syste m model s rang e fro m ver y smal l  (abou t 
7 elements )  t o essentiall y unconstrained ,  shrut i  pre -
dict s tha t  th e capacit y o f  th e workin g memor y under -
lyin g reflexiv e reasonin g ( W M R R)  i s ver y large ,  bu t 
constraine d i n critica l  ways .  Th e numbe r  o f  dynami c 

fact s tha t  ca n b e presen t  i n th e workin g memor y a t 
any give n tim e i s k̂ p ,  wher e k 2 i s a  syste m param -
ete r  (se e below )  an d p  i s th e numbe r  o f  predicate s 
represente d i n th e system .  Thu s th e numbe r  o f  dy -
nami c fact s tha t  ma y potentiall y  b e presen t  i n th e 
workin g memor y i s ver y high .  Bu t  a s discusse d be -
low ,  ther e exis t  constraint s tha t  limi t  th e numbe r  o f 
dynami c fact s tha t  ma y actuall y b e presen t  i n th e 
workin g memor y a t  an y give n time . 

Befor e movin g on ,  le t  u s clarif y tha t  th e dynami c 
fact s represente d i n th e W M RR durin g a n episod e o f 
reflexiv e reasonin g shoul d no t  b e confuse d wit h th e 
smal l  numbe r  o f  short-ter m fact s a n agen t  ma y overtl y 
keep trac k o f  durin g reflectiv e processin g an d prob -
le m solving .  I n particular ,  th e W M RR shoul d no t  b e 
confuse d wit h th e short-ter m memor y implicate d i n 
variou s memor y spa n task s (Baddele y 1986) . 

A Bound on the Number of Distinct Entities 
Reference d i n th e Workin g M e m o r y Durin g a n 
episod e o f  reflexiv e reasoning ,  eac h entit y involve d i n 
dynami c binding s occupie s a  distinc t  phas e i n th e 
rhythmi c patter n o f  activity .  Henc e th e numbe r  o f 
distinc t  entities' '  tha t  ca n occu r  a s argument-filler s i n 
th e dynami c fact s represente d i n th e workin g memor y 
canno t  excee d I  T̂ ar/'*' ]  ,  wher e Tr̂ a r  i s  th e maximu m 
perio d a t  whic h p-ht u node s ca n sustai n oscillation s 
and w  equal s th e widt h o f  th e windo w o f  synchrony . 

As pointe d ou t  above ,  a  neurall y plausibl e valu e o f 
""ma r  i s abou t  2 8 an d a  conservativ e estimat e o f  w  i s 
aroun d 6 .  Thi s suggest s tha t  a s lon g a s th e numbe r 
of  distinc t  entitie s reference d b y th e dynami c fact s 
i n th e workin g memor y i s five  o r  less ,  ther e wil l  es -
sentiall y  b e n o cross-tal k amon g th e dynami c facts . 
I f  mor e entitie s occu r  a s argument-filler s i n dynami c 
facts ,  th e windo w o f  synchron y w  woul d hav e t o shrin k 
appropriatel y i n orde r  t o accommodat e al l  th e enti -
ties .  Fo r  example ,  th e valu e o f  a ;  woul d hav e t o shrin k 
t o 4  msecs .  i n orde r  t o ciccommodat e 7  entities .  A s u> 
shrinks ,  th e possibilit y  o f  cross-tal k betwee n dynami c 
binding s woul d increas e unti l  eventually ,  th e cross -
tal k woul d becom e excessiv e an d disrup t  th e system' s 
abilit y  t o perfor m systemati c reasoning .  Th e exac t 
boun d o n th e numbe r  o f  distinc t  entitie s tha t  ma y 
fill  argument s i n dynami c fact s woul d depen d o n th e 
smalles t  feasibl e valu e o f  u .  Give n th e nois e an d 
variatio n indicate d b y th e dat a o n synchronou s ac -
tivity ,  i t  appear s unlikel y tha t  w  ca n b e les s tha n 3 
msecs.  Henc e w e predic t  tha t  a  neurall y plausibl e up -
per  boun d o n th e numbe r  o f  distinc t  entitie s tha t  ca n 
occu r  i n th e dynami c fact s represente d i n th e workin g 
memory i s abou t  10 . 

I t  i s  remarkabl e tha t  th e boun d o n th e numbe r  o f 
entitie s tha t  ma y b e reference d b y th e dynami c fact s 
i n th e workin g memor y relate s s o wel l  t o 7±2 ,  th e ro -
bus t  measur e o f  short-ter m memor y capacit y (Mille r 
1956) .  Thi s unexpecte d coincidenc e suggest s tha t 
tempora l  synchron y ma y als o underli e othe r  short -
ter m an d dynami c representations . 

I n a  larg e syste m mad e u p o f  severa l  SHRUTI-lik e 
modules ,  th e bound s o n th e numbe r  o f  distinc t  enti -
tie s reference d b y th e workin g memor y o f  on e mod -

*Note that Tweety', 'Tweety the Canary', 'Tweety the bird', 
and 'Tweet y th e animal '  ma y b e activ e simultaneousl y an d al l  thes e 
coun t  a s onl y on e entity . 
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ul e i s independen t  o f  simila r  bound s o n th e workin g 
memorie s o f  othe r  modules .  A s w e discus s i n (Shas -
tr i  k .  Ajjanagadd e 1990) ,  dynami c structure s i n th e 
workin g memor y o f  othe r  subsystem s m a y refe r  t o dif -
feren t  set s o f  entitie s usin g phas e distribution s loca l 
t o thos e subsystems .  Aaronso n (1991 )  ha s describe d 
a connectionis t  interfac e tha t  allow s tw o siiRUTI-lik e 
modules ,  eac h wit h it s ow n phas e structure ,  t o ex -
chang e bindin g informatio n i n a  consisten t  an d rapi d 
manner . 
A B o u n d o n th e Multipl e Instantiatio n o f 
Predicate s Th e capacit y o f  th e workin g memor y 
i s als o limite d b y th e constrain t  tha t  i t  ma y onl y con -
tai n a  bounde d numbe r  o f  dynami c fact s pertainin g t o 
eac h predicate .  Thi s constrain t  follow s directl y fro m 
th e limitatio n tha t  eac h predicat e ca n onl y b e instan -
tiate d a  bounde d numbe r  (Jfc2 )  times .  T h e cos t  o f 
maintainin g multipl e instantiation s o f  a  predicat e i s 
significan t  i n term s o f  spac e an d time .  T h e numbe r  o f 
node s require d t o represen t  a  predicat e an d associate d 
long-ter m fact s i s proportiona l  t o k 2 whil e th e num -
ber  o f  node s require d t o encod e a  rul e fo r  backwar d 
reasonin g i s proportiona l  t o th e squar e o f  ik2. ^  Thu s 
a syste m tha t  ca n represen t  thre e dynami c instantia -
tion s o f  eac h predicat e wil l  hav e anywher e fro m thre e 
t o nin e time s a s man y node s a s a  syste m tha t  ca n onl y 
represen t  on e instantiatio n pe r  predicate .  Further -
more ,  th e wors t  cas e tim e require d fo r  propagatin g 
multipl e instantiation s o f  a  predicat e als o increase s 
by a  facto r  o f  Jfc 2 .  I n vie w o f  th e additiona l  spac e an d 
tim e cost s associate d wit h multipl e instantiation ,  an d 
give n th e necessit y o f  keepin g thes e resource s withi n 
bound s i n th e contex t  o f  reflexiv e reasoning ,  w e pre -
dic t  tha t  th e valu e o f  k ^  i s  quit e small ,  perhap s n o 
more tha n 3 . 
Boiui d o n th e N u m b e r  o f  Ru l e Firing s SHRUTI 
implie s a  productio n syste m i n whic h an y numbe r 
of  rule s — eve n thos e containin g variable s — m a y 
fire  i n paralle l  a s lon g a s n o relatio n (predicate )  i s 
instantiate d mor e tha n k 2 time s (wher e k i  i s  «  3 ) 
and th e numbe r  o f  distinc t  entitie s reference d b y 
th e activ e fact s i n th e workin g memor y remain s les s 
tha n iTTmax/w J ( « 10) .  Thi s m a y b e compare d wit h 
Newell' s  suggestio n (1980 )  tha t  whil e production s 
withou t  vEiriable s ca n b e execute d i n parallel ,  pro -
duction s wit h variable s m a y hav e t o b e execute d i n a 
seria l  fashion . 
S o me Typica l  Retrieva l  a n d Inferenc e T im ing s 
I f  th e value s o f  appropriat e syste m parameter s ar e se t 
t o th e neurall y plausibl e value s identifie d i n Sectio n 
3.1 ,  SHRUTI  perform s systemati c reasonin g withi n a 
fe w hundre d milliseconds .  Not e tha t  w e ar e onl y re -
ferrin g t o th e tim e take n b y th e interna l  (reflexive ) 
reasonin g process ,  an d no t  considerin g th e tim e take n 
by othe r  perceptual ,  linguisti c an d moto r  processes. ^ 

We choos e w  t o b e 2 0 msecs. ,  assum e tha t  p-ht u 
node s ca n synchroniz e withi n tw o period s o f  oscilla -

* A detaile d discussio n o f  th e relatio n betwee n fc2  an d th e num-
ber  o f  node s require d t o encod e rule s appear s i n (Man i  &  Shastr i 
1992) . 

*Th e followin g result s wer e obtaine d usin g th e simulato r  fo r 
SHRUTI  describe d i n (Man i  1992) . 

tion s (i.e. ,  a  equal s 2) ,  an d pic k th e boun d o n th e 
m a x i m u m numbe r  o f  instantiation s pe r  predicat e t o 
be 3  (i.e. ,  k 2 equa l  t o 3) .  T h e syste m take s 32 0 msecs . 
t o infe r  'Joh n i s  jealou s o f  T o m '  afte r  bein g give n 
th e dynami c fact s 'Joh n love s Susan '  an d 'Susa n love s 
T o m'  (thi s involve s th e productio n 'i f  x  love s y  an d y 
love s z  the n x  i s jealou s o f  z) .  T h e syste m take s 26 0 
msecs .  t o infe r  'Joh n i s a  siblin g o f  Jack '  give n 'Jac k 
i s a  siblin g o f  John '  (thi s involve s th e productio n 'i f 
X i s a  siblin g o f  y  then  j /  i s a  siblin g o f  x ) .  Similarly , 
th e syste m take s 32 0 msecs .  t o infe r  'Susa n own s a 
car '  afte r  it s  interna l  stat e i s  initialize d t o represen t 
'Susa n bough t  a  Rolls-Royce '  (usin g th e productio n 
'i f  X  buy s y  the n i  own s y '  an d th e IS- A relation , 
'Rolls-Royc e i s a  car') . 

I f  SHRUTI' s declarativ e m e m o r y include s 'Joh n 
bough t  a  Rolls-Royce' ,  shrut i  wil l  tak e 14 0 msecs. , 
42 0 msecs. ,  an d 74 0 msecs. ,  respectively ,  t o answe r 
'yes '  t o th e querie s 'Di d Joh n bu y a  Rolls-Royce' , 
'Doe s Joh n o w n a  car? '  an d 'Ca n Joh n sel l  a  car? ' 
(th e las t  quer y als o make s us e o f  th e productio n 'i f  x 
owns y  then  x  ca n sel l  y) .  Not e tha t  whil e th e first 
quer y amount s t o recognizin g a n existin g long-ter m 
fact ,  th e secon d an d thir d querie s als o involv e infer -
ence s usin g othe r  production s an d IS- A relation s i n 
SHRUTl' s declarativ e o r  productio n memory . 

T h e abov e time s ar e independen t  o f  th e size s o f 
th e declarativ e o r  productio n memorie s an d d o no t 
increas e whe n additiona l  productions ,  facts ,  an d 75 -
A relationship s ar e added .  I f  anything ,  thes e time s 
m ay decreas e i f  a  ne w rul e i s  adde d a s a  resul t  o f 
chunking . 

Conclusion 

We hav e show n tha t  th e neurall y plausibl e mode l 
fo r  rapi d reasonin g ove r  fact s an d rule s involvin g n -
ar y predicate s an d variable s propose d b y Ajjanagadd e 
and Shastr i  ca n b e interprete d a s a  productio n sys -
tem.  Thi s interpretatio n lead s t o neurall y motivate d 
constraint s o n th e capacit y o f  th e workin g memor y 
of  a  productio n syste m engage d i n fas t  paralle l  (re -
flexive)  processin g an d help s i n th e estimatio n o f  th e 
tim e i t  woul d tak e t o perfor m suc h processing . 
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