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Abstrac t 

Shastri  and Ajjanagadde have proposed a biologically plausi-
bl e connectionis t  rule-base d reasonin g syste m (hereafte r  re -
ferre d t o a s a  knowledg e base ,  o r  K B ) ,  tha t  represent s a 
dynami c bindin g a s th e simultaneous ,  o r  in-phase ,  activit y 
of  th e appropriat e unit s [Shastr i  &  Ajjanagadd e 199' "  "Hi e 
wor k presente d i n thi s pape r  continue s thi s effor t  a t  provian g 
a computationa l  accoun t  o f  rapid ,  common-sens e reasoning . 
The Dynami c Fac t  Communicatio n Mechanis m ( D F C M )  i s 
a biologicall y plausibl e connectionis t  interfac e mechanis m 
tha t  extract s a  temporally-encode d fac t  (i.e .  a  collectio n o f 
dynamically-encode d bindings )  fro m a  sourc e K B an d incor -
porate s th e fac t  int o a  destinatio n K B i n a  manne r  consisten t 
wit h th e knowledg e alread y represente d i n th e latter .  B y 
continuall y interpretin g sourc e K B activit y i n term s o f  targe t 
K B activity ,  D F C M i s abl e t o transfe r  fact s betwee n dis -
tinc t  KB s o n th e sam e tim e scal e neede d t o perfor m a  singl e 
rul e a5)plicatio n withi n a  singl e K B .  Thus ,  D F C M allow s 
th e benefit s o f  decomposin g a  phase-base d reasonin g syste m 
int o multipl e KBs ,  eac h wi3 » it s ow n distinc t  phas e structure , 
whil e renderin g th e inter-modul e communication s cost s neg -
ligible .  A  simpl e modificatio n t o D F C M allow s th e uni t  o f 
transfe r  t o b e group s o f  facts .  Finally ,  th e numbe r  o f  unit s 
tha t  compos e D F C M i s linea r  i n th e siz e o f  th e K B . I n t r o d u c t i o n 

Shastr i  an d Ajjanagadd e hav e suggeste d a  computationa l  ac -
coun t  o f  h o w a  h u m a n agent ,  seemingl y withou t  consciou s 
intervention ,  ca n perfor m a  broa d clas s o f  inferenc e wit h 
remarkabl e efficienc y (withi n a  fe w hundre d milliseconds ) 
[Shastr i  &  Ajjanagadd e 1990] .  Thi s clas s o f  reasonin g i s 
describe d a s reflexiv e reasoning ,  sinc e th e inference s see m 
t o b e draw n automaticall y an d effortlessl y [Shasu i  19901 . 
Reflexiv e reasonin g proficienc y i s independen t  o f  th e siz e 
of  th e bod y o f  knowledg e upo n whic h th e reflexiv e infer -
ence s ar e drawn .  ̂  A s argue d i n [Shastr i  &  Ajjanagadd e 
1990] ,  thi s strongl y suggest s tha t  reflexiv e reasonin g i s a 
manifestatio n o f  a  massivel y paralle l  reasonin g syste m i n 
whic h respons e tim e i s governe d b y th e lengt h o f  th e chai n 
of  inference ,  an d tha t  multipl e potentiall y  relevan t  infer -
enc e path s ar e explore d simultaneously .  I n ligh t  o f  result s 
fro m complexit y theory ,  thi s implie s tha t  h u m a n agent s ar e 
not  genera l  purpos e reasoners ,  a s al l  vali d inference s can -
not  b e derive d proportiona l  t o th e lengt h o f  th e proof .  T h e 
connectionis t  knowledg e bas e describe d b y Shastr i  an d A j -
janagadd e no t  onl y offer s a  biologicall y plausible ,  computa -
tiona l  accoun t  o f  reflexiv e reasoning ,  bu t  suggest s a  limite d 
clas s o f  inferenc e b y whic h human s d o reason . 

'I f  thi s wer e no t  th e case ,  the n i t  woul d tak e yo u longe r  t o 
understan d thi s sentenc e toda y tha n i t  di d 5  year s ago ! 

A brie f  descriptio n o f  thei r  syste m follows .  Eac h con -
stan t  an d predicat e argumen t  i n th e K B i s represente d b y a 
unit .  Long-term ,  o r  static ,  fact s ar e physicall y encode d a s 
an ensembl e o f  unit s wit h structure d interconnection s tha t 
bin d togethe r  th e appropriat e filler/rol e pairs .  Rule s ar e rep -
resente d a s a  mappin g betwee n argument s o f  th e anteceden t 
predicate(s )  an d argument s o f  th e consequen t  predicate .  A s 
such ,  ther e i s a  physica l  lin k reflectin g argumen t  mapping s 
fo r  eac h rule .  Inference s ar e draw n a s a  resul t  o f  activatio n 
spreadin g throug h th e syste m i n parallel ,  b y w a y o f  th e link s 
betwee n predicat e arguments .  Durin g eac h episod e o f  rea -
soning ,  m a n y transien t  fact s ar e created ,  propagated ,  an d 
eventuall y discarded .  A n y attemp t  a t  modelin g reflexiv e 
reasonin g mus t  hav e a  metho d o f  creatin g an d propagatin g 
thes e dynami c binding s (se e [Shastr i  &  Ajjanagadd e 1990 ] 
fo r  a n in-dept h discussion )  tha t  allow s th e inferenc e proces s 
t o perfor m i n real-time ,  withou t  succumbin g t o a  comple x 
for m o f  cross-tal k calle d th e variabl e bindin g problem .  A 
hard-wire d solutio n t o thi s proble m i s adopte d i n orde r  t o 
represen t  static ,  long-ter m facts .  However ,  thi s metho d i s 
not  a  feasibl e mean s o f  representin g dynami c binding s i n 
short-\£T m memory .  Conside r  tha t  a n episod e o f  reasonin g 
take s o n th e orde r  o f  a  fe w hundre d milliseconds .  Thi s sug -
gest s tha t  th e creatio n o f  th e n e w binding s introduce d b y 
eac h rul e applicatio n ca n tak e onl y o n th e orde r  o f  ten s o f 
milliseconds .  I t  ha s ye t  t o b e show n tha t  synapti c modifi -
catio n occur s anywher e nea r  thi s quickly .  Hence ,  reflexiv e 
reasonin g doe s no t  permi t  u s th e luxur y o f  allowin g synapti c 
modificatio n t o recrui t  n e w unit s an d buil d u p th e necessar y 
connectivit y "o n th e fly". 

T h e solutio n chose n b y Shastr i  an d Ajjanagadd e repre -
sent s a  dynami c bindin g a s th e simultaneous ,  o r  in-phase , 
activit y o f  th e appropriat e unit s [Shastr i  &  Ajjanagadd e 
1990] .  Not e tha t  a  syste m i n whic h node s characteristicall y 
fire  i n shor t  slice s a t  a  give n frequenc y doe s no t  requir e a 
controllin g globa l  clock .  Rather ,  th e onl y requiremen t  i s 
tha t  w e hav e unit s tha t  fire  wit h a  fixed  perio d o f  oscilla -
tion .  Thu s th e inferenc e mechanis m consist s o f  a  rhyth -
mi c sprea d o f  activatio n throug h th e network ,  eac h se t  o f 
binding s "lightin g up "  durin g it s distinc t  phas e withi n a 
fixed-length  period ,  dynamicall y creatin g a  se t  o f  binding s 
wit h mor e m e m b e r  unit s a s th e inferenc e proces s contin -
ues .  A n analogou s spatia l  solutio n woul d b e realize d b y 
creatin g p  copie s o f  eac h uni t  i n th e K B ,  on e fo r  eac h o f 
th e p  phases .  I f  a  uni t  wer e activ e i n th e forme r  syste m i n 
phas e i ,  the n th e i" "  cop y o f  th e uni t  woul d b e activ e i n th e 
latte r  system .  Whil e thi s metho d woul d increas e th e siz e 
of  th e K B b y a  facto r  o f  p ,  th e spee d o f  th e syste m woul d 
presumabl y increas e b y a  facto r  o f  ̂  a s well .  Wer e w e no t 
concerne d wit h a  biologicall y plausibl e system ,  thi s migh t 

643 

mailto:aaronson@linc.cis.upenn.edu


wel l  b e a n attractiv e tradeoff .  However ,  th e firing  charac -
teristic s o f  neuron s ar e suc h tha t  the y fire  i n shor t  burst s 
followe d b y longe r  period s o f  latency .  Thus ,  b y adoptin g 
th e tempora l  synchron y approac h w e reduc e th e siz e o f  th e 
knowledg e bas e withou t  sacrificin g speed .  Furthermore , 
ther e i s mountin g biologica l  evidenc e o f  synchronou s neu -
ra l  activit y i n th e brain ,  an d tha t  w e encod e th e unit y o f 
object s vi a th e propose d tempora l  metho d [Freema n 1981 , 
Eckho m e t  al .  1988 ,  Gra y &  Singe r  1989 ,  Eckho m e t  al . 
1989] .  Not e tha t  thi s pape r  propose s a n idealize d biologi -
cal  system .  W e d o no t  clai m tha t  facts ,  rules ,  an d dynami c 
binding s ar e encode d b y th e brai n vi a th e method s describe d 
herein .  However ,  w e d o thin k i t  i s significan t  tha t  ther e ar e 
mechanism s i n th e brai n tha t  suppor t  synchronou s activ -
ity ,  an d tha t  thi s temp<xa l  synchron y ma y b e a n encodin g 
utilize d b y th e anima l  brai n t o proces s information . 

The bottlenec k i n suc h a  phase d syste m i s p ,  th e rati o 
betwee n perio d duratio n an d phas e duration .  Thi s rati o de -
termine s th e numbe r  o f  distinc t  individual s (o r  entities )  tha t 
can b e attune d t o durin g a n episod e o f  reasoning .  Fur -
thermore ,  thi s rati o i s K B dependent ;  differen t  KB ,  wit h 
differen t  characteristi c  ratios ,  wil l  b e abl e t o suppor t  a  dif -
feren t  numbe r  o f  distinc t  individual s a t  on e tim e durin g a n 
episod e o f  reasoning .  Hereafter ,  a  bindin g wil l  refer  t o a 
singl e entit y filUng  a  singl e role.  A  Bindin g Se t  (BSet )  wil l 
refer  t o a  se t  o f  binding s involvin g th e sam e entity .  Thu s 
th e characteristi c rati o determine s th e numbe r  o f  tempora l 
BSet s tha t  ma y b e supporte d durin g a n episod e o f  reason-
ing .  I t  i s  importan t  t o not e tha t  th e numbe r  o f  role s t o whic h 
an entit y ca n b e dynamicall y boun d i s unlimited .  Hence , 
eac h BSe t  ma y includ e a n arbitrar y numbe r  o f  bindings . 

Dynamic Fact Communication Mechanism 

The animal brain is a highly structured, modular architec-
tur e i n whic h specifi c area s ar e delegate d towar d processin g 
one type ,  o r  on e form ,  o f  information .  Despit e thi s clea r 
separation ,  intelligen t  agent s hav e th e abilit y  t o dra w re -
flexive  inference s tha t  ca n onl y b e reache d a s a  result  o f  a n 
integratio n o f  dat a fro m distinc t  sensor y processin g "sta -
tions" .  A n interfac e mechanis m tha t  i s abl e t o communi -
cat e betwee n 2  distinc t  repositories  o f  information ,  fo r  e.g. , 
th e "visual "  K B an d th e "auditory "  K B mus t  b e a  com -
ponen t  i n no t  onl y th e reasoning  proces s performe d b y a n 
intelligen t  agent ,  bu t  i n th e reflexiv e reasonin g proces s per -
forme d b y a n intelligen t  agent .  A  typis t  glancin g dow n a t 
hi s keyboar d i s  reflexively  awar e tha t  th e repetitive  clack s 
he hear s ar e th e resul t  o f  th e depressio n o f  key s o n hi s 
keyboard .  Thi s conclusio n coul d no t  b e reache d withou t 
a mechanis m tha t  allow s th e visua l  an d auditor y station s 
t o confe r  wit h th e requisit e efficienc y tha t  enable s suc h a n 
inferenc e t o b e draw n reflexively. 

The Dynami c Bindin g Communicatio n Mechanis m 
( D B C M)  [Aaronso n 1991 ]  make s th e first  attemp t  a t  design -
in g suc h a n interfac e mechanism .  D B C M i s a  biologicall y 
plausible ,  conneclionis t  communicatio n syste m tha t  oper -
ate s betwee n 2  distinc t  phase-base d KBs .  Th e uni t  o f  trans -
fe r  i s  a  BSe t  (i.e .  a  singl e entit y an d al l  o f  th e role s t o whic h 
i t  i s  bound) .  Th e interfac e mechanis m presente d i n thi s pa -
per  continue s th e effor t  begu n b y D B C M.  Th e Dynami c 
Fact  Communicatio n Mechanism  (DFCM )  i s a  biologicall y 
plausibl e connectionis t  interfac e mechanis m tha t  extract s a 
temporally-encode d fac t  (i.e .  a  collectio n o f  dynamically -
encode d bindings )  fro m a  sourc e K B an d incorporate s th e 
fac t  int o a  destinatio n K B i n a  manne r  consisten t  wit h th e 

knowledg e alread y represente d i n th e latter .  D F C M contin -
uall y monitor s th e entity-to-phas e assignment s withi n bot h 
KBs i n orde r  t o interpre t  sourc e K B activit y i n term s o f 
targe t  K B activity .  Effectively ,  D F C M processe s eac h po -
tentia l  reques t  prio r  t o th e arriva l  o f  th e reques t  itself .  Th e 
dynami c binding s tha t  compos e eac h interprete d fac t  flow 
alon g th e D F C M links ,  poise d a t  th e threshol d o f  th e targe t 
KB.  Th e arriva l  o f  a  predicat e transfe r  reques t  act s muc h 
lik e th e openin g o f  a  doo r  t o tha t  targe t  K B predicate ,  en -
ablin g th e transfe r  t o tak e plac e instantly .  D F C M i s thu s 
abl e t o transfe r  fact s betwee n distinc t  KB s o n th e sam e tim e 
scal e neede d t o perfor m a  singl e rul e applicatio n withi n a 
singl e KB .  Thi s allow s u s t o enjo y th e benefi t  o f  decom -
posin g a  phase-base d reasonin g syste m int o multipl e KBs , 
each wit h it s ow n distinc t  phas e structure ,  whil e renderin g 
th e inicr-modul e communication s cost s negligible .  More -
over ,  th e numbe r  o f  unit s tha t  compos e D F C M i s Unea r  i n 
th e siz e o f  th e KB . 

Later ,  w e discus s a  simpl e modificatio n t o D F C M tha t  al -
low s th e transfe r  uni t  t o b e al l  activ e fact s associate d wit h 
a predetermine d grou p o f  predicates .  Despit e thi s increase d 
bandwidth ,  th e tim e neede d t o effec t  a  transfe r  remains  un -
changed .  Suc h a  syste m coul d naturall y operat e betwee n 
KBs tha t  allo w multipl e instantiation s o f  predicate s [Shaslr i 
& Ajjanagadd e 1990J .  A  mor e drasti c modificatio n allow -
in g dynami c groupin g o f  predicate s i s als o discussed . 

Setting the Scene 

Al l  link s i n D F C M ar e unidirectional .  Arrow s an d filled  cir -
cle s designat e excitator y an d inhibitor y links ,  respectively . 
Link s betwee n set s o f  unit s indicat e pairwis e connections . 
D F CM make s us e o f  2  simpl e processin g elements : 

p-htu p-htu nodes take the weighted sum of their inputs. 
I f  thi s tota l  meet s o r  exceed s th e threshol d o f  th e node , 
th e nod e begin s t o fire  synchronousl y wit h th e drivin g 
input .  Nod e continue s t o fire  i n thi s fashio n a s lon g 
as drivin g inpu t  persists ,  p-ht u node s ar e represente d 
diagrammaticall y b y a  circle . 

r-o r  r-o r  node s tak e th e weighte d su m o f  thei r  inputs .  I f 
thi s tota l  meet s o r  exceed s th e threshol d o f  th e node ,  th e 
node fires  wit h a  duratio n equa l  t o th e perio d o f  oscilla -
tion ,  r-o r  node s ar e represente d diagrammaticall y b y a 
triangle . 

As stated in the introduction, the representation and prop-
agatio n o f  dynami c binding s ca n b e realize d withou t  th e us e 
of  a  globa l  clock .  Unit s firing  synchronousl y belon g t o th e 
same BSet ;  unit s firing  asynchronousl y belon g t o differen t 
BSets .  A  globa l  cloc k i s no t  neede d t o suppor t  thi s encod -
ing ;  rather ,  al l  w e requir e ar e unit s whic h fire  wit h a  fixed 
perio d o f  oscillation ,  accordin g t o th e p-bt u activatio n func -
tio n describe d above .  Hereafter ,  w e wil l  mak e referenc e t o 
a synchronou s se t  o f  unit s occupyin g a  distinc t  phas e withi n 
a perio d o f  oscillation .  Thi s i s don e merel y fo r  explanator y 
convenience ,  an d i n n o wa y implie s th e presenc e o f  a  globa l 
cloc k regulatin g uni t  activity . 

Let  p s an d p t  b e th e numbe r  o f  activ e phase s i n th e sourc e 
and targe t  KBs ,  respectively .  Fo r  simplicity ,  w e assum e 
tha t  bot h KB s hav e th e sam e perio d o f  oscillatio n an d thu s 
can encod e th e sam e numbe r  o f  phases .  Thi s characteristi c 
rati o wil l  b e denote d b y p .  I f  a n entit y i s  activ e i n mor e tha n 
one KB ,  w e sa y tha t  th e phase s whic h encod e th e entit y i n 
each K B ar e entit y equivalent .  A n activ e sourc e K B phas e 
fo r  whic h ther e i s n o entit y equivalen t  targe t  K B phas e wil l 
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b e calle d a  foreig n phase .  Binding s represente d i n a  foreig n 
phas e ar e calle d foreig n bindings . 

D F CM deliver s targe t  K B inpu t  int o a  special-purpos e 
buffe r  predicat e associate d wit h eac h targe t  K B predicate .  A 
singl e rul e applicatio n wil l  instantiat e a  targe t  K B predicat e 
wit h th e content s o f  it s  buffer .  A  rul e applicatio n i s per -
forme d ever y perio d o f  oscillatio n [Shastr i  &  Ajjanagadd e 

1990] .  Th e {" > rol e o f  th e buffe r  predicat e e.g. ,  G IVE ,  wU l 

be denote d Bf^'^^ . 
The responsibilit y  o f  generatin g transfe r  request s i s ap -

plicatio n dependent ;  bot h sourc e an d targe t  KB s ma y pla y 
thi s role .  Signa l  duratio n shoul d equa l  perio d o f  oscillation . 
Multipl e request s shoul d no t  b e signale d simultaneously . 

Architecture 

Ther e ar e 2  categorie s o f  binding s tha t  mus t  b e processed . 
Binding s i n entit y equivalen t  phase s requir e supplementin g 
th e numbe r  o f  binding s withi n a  targe t  K B BSet .  Foreig n 
binding s requir e allocatin g a  ne w phas e withi n th e targe t 
K B,  thereb y creatin g a  ne w BSet .  Interpretin g thes e latte r 
binding s require s care .  Not e onl y mus t  a n unuse d phas e b e 
allocate d fo r  eac h binding ,  bu t  w e mus t  satisf y a  higher -
leve l  encodin g a s well .  A  give n dynami c fac t  ma y requir e 
severa l  foreig n phase s t o represen t  it s collectio n o f  bind -
ings .  Properl y interpretin g suc h a  fac t  include s allocatin g 
a distinct ,  ne w phase/o r  eac h suc h foreig n phase .  Failur e 
t o d o s o woul d resul t  i n cross-tal k bein g introduce d int o 
th e targe t  K B .  Th e interpretatio n mechanis m o f  D F C M re -
flects  thes e issues .  D F C M i s functionall y divide d int o p-|- 1 
planes ,  wher e p  i s th e arit y o f  th e predicat e o f  max imu m ar -
it y i n th e sourc e K B .  Le t  V i  denot e th e ?" *  plane .  V q ha s 2 
responsibilities :  i )  interpredn g al l  binding s i n entit y equiv -
alen t  phases ,  ii )  distributin g th e foreig n phase s amongs t  th e 
remainin g plane s suc h tha t  th e distinc t  foreig n phase s whic h 
compose eac h dynami c fac t  ar e assigne d t o distinc t  planes . 
7̂ 1,... ,  •P p ar e responsible  fo r  interpretin g foreig n bindings . 
Each o f  thes e plane s i s assigne d a  currentl y availabl e phas e 
i n whic h t o re-encode  it s assigne d foreig n bindings .  I n or -
der  t o ensur e tha t  cross-tal k  i s no t  introduce d int o th e targe t 
K B,  a  phas e ma y no t  b e assigne d t o mor e tha n on e plane . 
Figur e 1  illustrate s ho w th e responsibilit y  o f  interpretin g th e 
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Figure 1: Here, p = 3. give(JohnMary,Bookl) is a dynamic 
sourc e K B fact .  Th e entit y M a r y i s activ e i n th e targe t  K B ;  th e 
entitie s Joh n an d Book l  ar e inactiv e i n th e targe t  K B .  V o inter -
pret s th e recipien t  rol e i n th e entity-equivalen t  phas e give n b y th e 
activit y o f  it s filler  Mar y withi n th e targe t  K B .  V i  interpret s th e 
MsT/rolepauBookl/give-object ,  V 2 interpret s \hep& a John/giver . 
Each o f  th e latte r  plane s ar e assigne d a  unique ,  availabl e targe t 
K B phas e i n whic h t o encod e thei r  assigne d bindings . 

fiUerAole pairs is distributed amongst the different planes 
fo r  th e dynami c fac t  give(JohnMary.Bookl) . 

D F CM relie s o n severa l  subnetwork s tha t  monito r  th e 
conten t  o f  bot h th e sourc e an d targe t  K B s i n orde r  t o provid e 

eac h plan e wit h th e phas e informatio n i t  need s t o ac t  a s 
desired .  Th e Fre e Phas e M a p (FPM )  communicate s uniqu e 
fre e phase s \oV\,.. .  ,Vp .  Th e Entit y M a p ( E M )  provide s 
Vq wit h a  mappin g betwee n entit y equivalen t  phase s acros s 
th e sourc e an d targe t  KBs . 

Free Phase Map 

The functio n o f  th e Fre e Phas e M a p i s t o monito r  th e targe t 
K B an d assig n unique ,  unuse d phase s t o distinc t  planes . 
Ther e ar e 2  set s o f  unit s tha t  compos e th e F P M .  Se e figure  2 . 

CK 

FP5 

Targe t  KBConitan U 0 

0 

0 Oscillato r 

Figur e 2 :  T h e Fre e Phas e M a p 

First, there is a set of p p-btu units that oscillate within each 
period ,  accordin g t o th e phas e structur e o f  th e targe t  K B . 
T h e i" *  uni t  o f  thi s Oscillator ,  denote d O s c i ,  fires  durin g 

th e i" *  phas e o f  eac h period .  T h e behavio r  o f  thes e unit s 
neve r  varies .  T h e y ar e presen t  i n orde r  t o c o m m u n i c a t e th e 
phas e structur e o f  th e targe t  K B t o othe r  part s o f  D F C M . 
O ne o f  thes e part s i s  th e secon d se t  o f  unit s c o m p o s i n g 
th e F P M .  Thi s grou p consist s o f  p  "fre e phas e selector " 
( F P S )  units ,  o n e fo r  eac h plan e V i , . . . , V p .  F P S i  firing  i n 
synchron y wit h it s O o n e )  drivin g inpu t  O s c i  inform s V i  t o 
interpre t  binding s usin g phas e j .  E a c h o f  th e p  oscillatin g 
unit s connec t  t o eac h F P S unit .  I n th e absenc e o f  an y 
inhibition ,  activatio n alon g eac h lin k i s  sufficien t  t o incit e 
th e destinatio n uni t  t o fire.  Ther e ar e 2  constraint s tha t  m u s t 
b e place d o n th e firing  o f  th e F P S unit s t o preven t  cross-tal k 
f ro m bein g introduce d int o th e targe t  K B .  First ,  w e canno t 
allo w a n F P S uni t  t o signa l  it s  associate d plan e wit h a  phas e 
tha t  i s  alread y i n us e withi n th e targe t  K B .  Second ,  w e 
canno t  allo w multipl e F P S unit s t o fire  i n concert ,  thereb y 
signalin g multipl e plane s wit h th e s a m e phase .  T h e forme r 
constrain t  i s  achieve d b y establishin g a  stron g inhibitor y 
connectio n f ro m eac h targe t  K B constan t  t o eac h F P S unit . 
T h e latte r  constrain t  i s  enforce d vi a a  d o w n s t i ^ a m inhibitio n 
techniqu e a m o n g th e F P S units ,  w h e r e b y Uier e i s a  stron g 
inhibitor y connectio n f ro m F P S i  t o F P S j ,  fo r  al l  j  >  i . 

Entity Map 

D F CM monitor s th e entity-to-phas e mappin g withi n bot h 
sourc e an d targe t  KBs ,  maintainin g a  recor d o f  entit y equiv -
alen t  phases .  V q relie s o n thi s mappin g t o provid e th e cor -
rec t  phas e i n whic h interpre t  it s  assigne d roles .  Th e Entit y 
M ap ha s p  units ,  E M q ,  ••• ,  E M p _ i .  E M i  firing  i n phas e 
i  indicate s tha t  phas e i  i n th e sourc e K B an d phas e j  i n 
th e targe t  K B ar e entit y equivalent .  Tha t  is ,  th e entit y be -
longin g t o th e BSe t  represente d i n phas e i  i n th e sourc e 
K B i s th e sam e entit y belongin g t o th e BSe t  represented 
i n phas e j  i n th e targe t  K B .  Sinc e eac h BSe t  include s a 
constant ,  i t  i s  sufficien t  fo r  th e Entit y M a p t o monito r  th e 
constant s i n Ui e sourc e an d targe t  KBs .  Se e figure  3  t o se e 
ho w th e E M monitor s th e sourc e an d targe t  K B represen -
tation s o f  a  sampl e constant ,  labele d S  an d T ,  respectively . 
Ther e i s a  lin k fro m T  t o eac h E M unit .  Ther e ar e p  t-o t 
unit s fo r  eac h constant .  Th e f" "  r-o r  uni t  fires  i n response 
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Figur e 3 :  Connection s fo r  onl y a  singl e constan t  ar e shown . 

t o Osc i ,  provide d tha t  th e Osc i  signa l  i s  no t  blocke d b y 
an inhibitor y connectio n fro m S .  Similarly ,  £ 'M ,  fires  i n 
respons e t o T ,  provide d tha t  activatio n alon g th e incom -
in g lin k i s  no t  blocke d vi a activatio n travelin g alon g a n 
inhibitor y connectio n fro m th e t" '  r-o r  unit .  T h e ne t  resul t 
o f  thi s architectur e i s  tha t  E M i  fires  i n phas e j  i f  an d onl y 
i f  s o m e constan t  i s  activ e i n phas e i  o f  th e sourc e K B an d 
phas e j  o f  th e targe t  K B . 

Initial Plane 

Vo i s  responsibl e fo r  interpretin g role s tha t  ar e activ e i n 
entit y equivalen t  phases .  T h e activit y o f  th e E M unit s pre -
cisel y identifie s thes e roles .  I f  E M i  i s  activ e the n V o mus t 
interpre t  al l  sourc e K B role s activ e i n phas e i .  Moreover , 
th e entit y equivalen t  phas e i n whic h w e wan t  t o introduc e 
thes e role s i s give n b y th e phas e i n whic h E M i  fires.  Figur e 

GIVE Transfe r  Reques t 

"- \  OsCq Osb.  .  EMp. , 

Figur e 4 :  Uni t  A  i s G I V E k i n th e sourc e K B .  Uni t  B  i s  6 ° ' ^ ^ -

4 illustrates how Vo processes the /k"" role of the source 
K B predicat e G I V E .  Ther e ar e p  subnetwork s fo r  eac h role , 
eac h actin g a s a  tempora l  patter n matcher .  Threshold s an d 
connectio n weight s ar e suc h tha t  eac h uni t  mus t  receiv e 
inpu t  fi-om  2  source s i n orde r  t o b e c o m e active .  Thus , 
i f  a  rol e i s  activ e i n phas e i ,  the n onl y th e r-o r  uni t  i n 

th e i" *  subnetwor k wil l  fire.  I f  E M i  i s firing  i n phas e j , 
the n th e associate d p-bt u uni t  wil l  fire  i n phas e j ,  thereb y 

communicat in g it s  activatio n t o B ^ ' ^ ^ .  T h e onse t  o f  th e 

G I V E transfe r  signa l  enable s B ^ ' ^ ^  t o respon d i n thi s en -

tit y equivalen t  phase .  Later ,  w e se e h o w B ^ ' ^ ^  m a y b e 
incite d b y activit y fro m othe r  planes . 

T h e secon d tas k facin g "P o i s t o distribut e th e foreig n 
phase s t o th e remainin g planes .  Sinc e th e D F C M uni t  o f 
transfe r  i s a  fact ,  i t  i s  sufficien t  i f  thi s distributio n i s  inter -
nall y consisten t  a t  th e fact-level .  Accordingly ,  ther e i s  a 
dedicate d directo r  network ,  c o m p o s e d o f  n  p-bt u units ,  fo r 
eac h n-ar y predicate . 

Figur e 5  detail s th e directo r  p G / K £ ;  jj, g ĵ ĝ ^  j ^  ^ ^ j , 

ogou s t o tha t  use d i n th e Fre e Phas e M a p .  Wherea s ther e 
we wante d th e FT* S unit s t o latc h ont o uniqu e availabl e 
phases ,  her e w e wan t  th e directo r  unit s t o latc h ont o uniqu e 
foreig n phases .  Eac h predicate' s rol e unit s ar e connecte d 
pairwis e t o th e correspondin g directo r  units .  Eac h directo r 

IV E 
ireclo r 

0»c „ Sourc e K B " » V l 

Figure 5: The director network for predicate GIVE 

i s e n d o w e d wi t h d o w n s t r e a m inhibitio n s o tha t  n o 2  plane s 
wil l  b e assigne d th e s a m e foreig n phase .  W e us e th e Entit y 
M a p t o inhibi t  directo r  unit s dur in g th e th e entity-equivalen t 

phase s processe d b y Vo -  I f  V f ' ^ ^  fires  i n phas e j ,  the n V i 
i s resjxjnsibl e fo r  interpretin g al l  th e phas e j  foreig n bind -
ing s tha t  contribut e t o th e representatio n o f  th e dynami c 
fac t  G I V E i n th e sourc e K B .  Thes e wil l  b e encode d i n th e 
phas e specifie d b y F P 5 , . 

Remaining Planes 

Vo processe s binding s i n entit y equivalen t  phases ,  thereb y 
onl y needin g t o incorporat e role s int o th e targe t  K B .  H o w -
ever ,  th e remainin g plane s proces s foreig n bindings ,  thereb y 
needin g t o incorporateyi/Zer ^  an d role s int o th e targe t  K B . 

D° 

C H r ^ a n ^ K X 

I 

GIVE 
Transfer ' 
Request 

Figur e 6 :  Predicate s othe r  tha n G I V E ar e suppressed . 

Figure 6 shows how Vi, i > 0 processes a sample con-
stant .  Ther e i s a  r-o r  uni t  i n eac h plan e fo r  eac h constan t 
i n th e sourc e K B .  Eac h suc h V i  uni t  receive s activatio n 
fro m it s correspondin g sourc e K B constan t  a s wel l  a s fro m 
th e V i  uni t  correspondin g t o eac h sourc e K B predicate . 
Activatio n alon g eac h o f  thes e latte r  link s i s  effectivel y 
blocke d vi a inhibitio n fro m th e sourc e K B constan t  shoul d 
th e phase s coincide .  Thi s inhibitio n m a y itsel f  b e blocke d 
fo r  a  sampl e predicat e shoul d tha t  predicat e u^nsfe r  signa l 
be active .  Weight s an d threshold s ar e suc h tha t  th e r-o r 
uni t  i n V i  correspondin g t o a  constan t  S  fires  i f  an d onl y 
i f  i )  S  i s  activ e i n th e sourc e K B i n phas e j ,  ii )  s o m e 
Vi  i s  firing  i n phas e j ,  an d H i )  th e predicat e transfe r  sig -
nal  correspondin g t o tha t  V i  i s  active .  A  simpl e inhibitor y 
techniqu e ensure s tha t  th e targe t  K B constan t  i s  incite d i n 
th e fre e phas e specifie d b y th e appropriat e E P S unit .  Eac h 
E PS uni t  i s  connecte d t o eac h targe t  K B constant .  Eac h V i 
r-o r  uni t  i s  connecte d upward s t o th e correspondin g targe t 
K B constant ,  an d inhibit s al l  bu t  th e F P S i  uni t  fro m send -
in g activatio n t o tha t  constant .  Weight s an d threshold s ar e 
suc h tha t  a  targe t  K B constan t  canno t  fire  i n th e absenc e o f 
inpu t  fro m a  r-o r  plan e unit . 

Figur e 7  illustrate s h o w P ,  processe s th e /t" *  rol e o f  th e 
sourc e K B predicat e G I V E .  Ther e i s a  r-o r  uni t  i n eac h 
plan e fo r  eac h rol e i n th e sourc e K B .  Thi s uni t  receive s ac -
tivatio n fro m th e correspondin g sourc e K B rol e a s wel l  a s 
fro m th e directo r  uni t  indexe d b y tha t  predicat e an d plane . 
Weight s an d threshold s ar e suc h tha t  th e r-o r  uni t  fires  i n 
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Figur e 7 :  Uni t  B  i s B °  .  T o connection s ar e suppressed . 

respons e t o th e simultaneou s activatio n o f  bot h sources .  Ac -
tivit y o f  thi s uni t  indicate s V t  i s responsibl e fo r  interpretin g 
th e sourc e K B rol e G I V E k .  Eac h r-o r  unit s connect s t o 
th e appropriat e B  role .  W e us e th e analogou s inhibitor y 
techniqu e a s abov e t o ensur e tha t  eac h B  rol e i s incite d i n 
th e fre e phas e specifie d b y th e appropriat e FP S unit . 

Performance Evaluation 

A buffe r  predicat e i s full y  instantiate d on e perio d followin g 
th e arriva l  o f  th e predicat e reques t  signal .  N e w targe t  K B 
entitie s ar e activate d (i f  required )  2  period s followin g th e 
arriva l  o f  a  predicat e reques t  signal . 

The directo r  correspondin g t o a  sourc e K B fac t  whos e 
dynami c binding s requir e representatio n i n /  >  0  foreig n 
phase s need s 2 /  -  1  tim e period s followin g onse t  o f  th e 
fac t  t o reac h desire d state .  N e w phas e allocatio n withi n 
th e targe t  K B require s th e resettin g o f  eac h directo r  tha t 
has a  uni t  firing  i n th e entit y equivalen t  phas e withi n th e 
sourc e K B .  I n th e wors t  case ,  resettin g require s 2 /  -  1  tim e 
periods .  Sinc e dynami c fact s ar e typica l  y  activ e fo r  ten s 
of  tim e period s durin g a n episod e o f  reasonin g [Shastr i  & 
Ajjanagadd e 1990] ,  an d /  wil l  characteristicall y b e quit e 
small ,  thi s dela y shoul d no t  detrac t  fro m th e effectivenes s 
of  th e system .  Th e FP S unit s requir e 2  *  ( p - / > < ) -  1 
tim e period s t o b e full y functiona l  followin g ne w phas e 
allocatio n withi n th e targe t  K B (althoug h multipl e phase s 
may b e allocate d seamlessl y withi n on e request) .  Sinc e thi s 
allocatio n rat e wil l  typicall y b e quit e slow ,  thi s shoul d no t 
detrac t  fro m th e effectivenes s o f  th e system .  W e hop e t o 
develo p quicke r  method s o f  resettin g th e FP S an d directo r 
networks ,  althoug h thes e limitation s ar e likel y t o becom e 
inconsequentia l  i n futur e version s o f  D F C M,  i n whic h th e 
uni t  o f  transfe r  i s increase d firom  a  singl e fac t  t o a  grou p o f 
facts . 

Extension 

The foreig n phas e t o plan e assignment s mad e b y eac h pred -
icat e directo r  ensure s tha t  D F C M interpret s eac h fac t  i n a n 
internall y consisten t  fashion .  However ,  arbitrar y set s o f 
facts ,  i n general ,  wil l  no t  b e interprete d consistently ,  a s 
ther e i s n o cooperatio n betwee n directors .  Thi s limit s th e 
bandwidt h o f  transfe r  t o a  singl e fact .  Th e uni t  o f  transfer , 
however ,  ca n b e increase d t o b e al l  activ e fact s associate d 
wit h a  predetermine d grou p o f  predicate s b y allowin g eac h 
grou p t o shar e th e sam e director .  Moreover ,  increasin g 
th e transfe r  bandwidt h doe s no t  increas e th e transfe r  time , 
and th e numbe r  o f  unit s neede d i s stil l  linea r  i n th e siz e 
of  th e K B .  Suc h a  syste m coul d naturall y operat e betwee n 
KBs tha t  allo w multipl e instantiation s o f  predicate s [Shas -
tr i  &  Ajjanagadd e 1990] .  Th e increase d bandwidt h limit s 
th e urgenc y o f  bein g abl e t o proces s successiv e request s 
quickly .  A  mor e drasti c modificatio n o f  D F C M woul d per -

mi t  dynami c groupin g o f  predicates ,  allowin g fo r  arbitraril y 
define d group s a t  run-time .  Suc h a  chang e woul d alte r  th e 
philosoph y o f  D F C M,  renderin g i t  mor e o f  a  reactiv e mech -
anism ,  a s th e entity-io-phas e assignment s woul d hav e t o 
wai t  unti l  th e predicat e compositio n o f  th e requeste d grou p 
i s known .  Despit e this ,  D F C M woul d stil l  b e abl e t o satisf y 
a transfe r  reques t  i n smal l  constan t  tim e (proportional ,  bu t 
bounde d b y p ,  t o th e numbe r  o f  distinc t  foreig n phase s pe r 
group) . 

Conclusion 

The Dynami c Fac t  Communicatio n Mechanis m ( D F C M )  i s 
a biologicall y plausibl e connectionis t  interfac e mechanis m 
tha t  operate s betwee n 2  K B s tha t  dynamicall y encod e vari -
abl e binding s b y mean s o f  tempora l  synchrony .  D F C M 
continuall y monitor s th e entity-to-phas e assignment s withi n 
bot h K B s i n orde r  t o interpre t  sourc e K B activit y i n term s o f 
targe t  K B activity .  Effectively ,  D F C M processe s eac h po -
tentia l  reques t  prio r  t o th e arriva l  o f  th e reques t  itself .  Thi s 
activ e approac h enable s a  fac t  t o b e transferre d b e t w e e n dis -
tinc t  K B s o n th e sam e tim e scal e neede d t o perfor m a  singl e 
rul e applicatio n withi n a  singl e K B .  Th e interfac e thu s al -
low s Ui e benefit s o f  decomposin g a  phase-base d reasonin g 
syste m int o multipl e KBs ,  eac h wit h it s o w n distinc t  phas e 
structure ,  whil e renderin g th e inter-modul e communication s 
cost s negligible .  Moreover ,  th e numbe r  o f  unit s composin g 
D F CM i s onl y linea r  i n th e siz e o f  th e K B .  W e believ e thi s 
syste m t o b e a n importan t  componen t  i n a  genera l  mode l 
of  reflexive ,  i.e. ,  rapi d c o m m o n sens e reasoning . 
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