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T h e Context-Sensitiv e Cognitiv e Architectur e D U A L 

Boich o Nikolo v Kokino v 
Institut e o f  Mathematic s 

Bulgana n Academ y o f  Science s 
B1.8 .  Acad .  G .  Bonche v Stree t 

Sofi a 1113 .  B U L G A R I A 
k o k i n o v 0 b g e a r n . b i t n e t 

Abstrac t 
Context-sensitivit y i s a n importan t  characteristi c featur e o f 
ever y cognitiv e proces s an d therefor e shoul d b e reflecte d i n 
ever y architectur e pretendin g t o explai n huma n cognition .  I n 
thi s pape r  som e experimenta l  fact s demonstratin g contex t 
effect s o n variou s cognitiv e processe s ar e reviewe d an d a n 
attemp t  a t  contex t  modelin g i s describe d 

A hybri d (symbolic/connectionist )  cognitiv e architecture , 
D U A L,  i s  proposed .  I t  consist s o f  a  multitud e o f  agent s 
havin g bot h a  symboli c an d a  connectionis t  part .  Th e 
symboli c par t  represent s som e knowledg e structure ,  whil e th e 
coimectionis t  par t  represent s it s relevanc e t o th e curren t 
contex t  Th e performanc e o f  th e cognitiv e syste m emerge s a s 
resul t  o f  th e wor k an d interactio n o f  th e currentl y activ e 
agents ,  wher e th e se t  o f  activ e agent s i s no t  predefine d fo r  a 
specifi c  tas k bu t  i s  dynami c an d reflect s th e specifi c  context . 
So particula r  symboli c operation s an d dat a structure s ma y b e 
supporte d o r  suppresse d dependin g o n th e particula r 
activatio n patter n o f  th e connectionis t  part s whic h represen t 
th e context-dependen t  relevanc e o f  th e operation s an d 
structures .  I n thi s wa y a  context-sensitiv e computatio n 
emerges . 

An exampl e o f  context-sensitiv e deductiv e reasonin g i s 
described . 

1.  Context-Sensitivit y o f  H u m a n Cognitio n 

There are two phenomena well studied in perception and 
anguag e understanding :  contex t  effect s an d primin g effects . 

Contex t  effec t  i s  th e chang e i n h u m a n response  cause d b y 
:hange s i n th e environmen t  (th e externa l  context )  o f  th e 
arge t  stimulus ,  e.g .  th e chang e i n th e success/failur e ratio  o r 
n th e reactio n tim e o f  recognizin g th e sam e lette r  presente d 
vithi n differen t  word s o r  strings ,  o r  withou t  context . 

Primin g effec t  i s  th e chang e i n h u m a n response  t o a  targe t 
as k cause d b y change s i n th e subjects '  preliminar y settin g 
i.e .  thei r  interna l  state) ,  e.g .  th e chang e i n th e succes s / 
ailur e rati o o r  i n th e reactio n tim e o f  recognizin g th e sam e 
arge t  wo r d (e.g .  "bread" )  presente d immediatel y afte r 
lifferen t  "priming "  word s (e.g .  "butter" ,  "knife" ,  o r  "car") . 

A conmio n explanatio n o f  bot h effect s i s propose d i n thi s 
*aper .  Bot h o f  the m ar e actuall y du e t o change s i n th e 
ontex t  -  eithe r  i n th e "external "  contex t  o r  i n th e "internal " 
pne. 

T h e context-sensitivit y o f  h u m a n perceptio n an d languag e 
Tocessin g i s a  well-know n an d widel y accepte d fac t  an d 
ver y cognitiv e mode l  o f  thos e processe s i s tryin g someho w 

t o explai n it .  However ,  typicall y researcher s ten d t o regar d 
higher-leve l  cognitiv e processes ,  suc h a s memory ,  decisio n 
making ,  an d especiall y reasoning ,  a s encapsulate d an d 
context-inde|}endent .  Thi s is ,  however ,  no t  true .  Ther e ar e a 
lo t  o f  experimenta l  result s tha t  provid e evidenc e fo r  th e 
context-sensitiv e characte r  o f  h u m a n high-leve l  cognition . 

1.1. Memory 

Quite often we are unable to recall some fact but at some 
othe r  occasio n w e spontaneousl y reproduc e it . 

A n experimen t  performe d b y th e autho r  (Kokinov ,  1989 ) 
has demonstrate d tha t  th e succes s o f  retrievin g a  particula r 
fac t  depend s bot h o n th e preliminar y settin g o f  th e subject , 
i.e .  hi s o r  he r  stat e o f  min d (interna l  context )  an d o n th e 
particula r  wordin g o f  th e questio n (externa l  context) . 

1.2. Decision Making 

People make different decisions and choices depending on 
th e particula r  context ,  e.g .  i t  i s  mor e likel y fo r  someon e t o 
bu y a  quit e expensiv e banan a i f  i t  i s  surrounde d b y eve n 
mor e expensiv e bu t  wors e banana s o r  i f  he/sh e ha s jus t 
decide d tha t  pleasur e i s mor e importan t  tha n money . 

Tversk y an d K a h n e m a n (1981 )  hav e demonsU-ate d shift s 
of  preference s an d choic e whe n th e sam e proble m i s frame d 
i n differen t  ways ,  an d Tversk y ( 1 % 9 )  ha s obtaine d result s 
demonstratin g th e non-transitivit y o f  h u m a n judgment s fo r 
preference .  Thes e result s ca n b e explaine d i n term s o f 
difference s i n th e interna l  o r  externa l  context . 

A serie s o f  experiment s i s currentl y bein g performe d b y 
th e autho r  explorin g th e rol e o f  th e contex t  fo r  decisio n 
makin g an d similarit y judgment . 

1.3. Reasoning and Problem Solving 

These cognitive processes are most often considered as 
context-independent .  However ,  ou r  everyda y experienc e 
show s tha t  i t  ofte n h ^ p e n s tha t  peopl e succee d i n solvin g a 
proble m bu t  fai l  a t  a  secon d attemp t  a t  i t  i n anothe r  occasio n 
or  the y fin d a  differen t  solutio n th e nex t  time . 

Experiment s hav e als o show n tha t  reasonin g i s context -
sensitive .  T h e sensitivit y o f  h u m a n reasonin g t o th e 
subjects '  preliminar y settin g (i.e .  thei r  interna l  stat e o f 
mind )  ha s bee n explore d b y experiment s demonstratin g 
primin g effect s o n reasonin g (Kokinov ,  1990) .  Th e sam e 
effect s ha s bee n demonstrate d i n deductive ,  inductiv e an d 
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analogica l  reasonin g a s wel l  a s th e decreas e o f  th e primin g 
effec t  wit h th e cours e o f  time . 

An experimen t  explorin g th e influenc e o f  th e externa l 
contex t  (th e subjects '  environment )  o n th e reasonin g proces s 
i s currentl y bein g poformed . 

I believe that context-sensitivity is an important 
characteristi c featur e o f  ever y cognitiv e proces s an d 
therefor e shoul d b e reflecte d i n ever y architectur e 
pretendin g t o explai n himia n cognition .  I n thi s pape r  a n 
attemp t  a t  contex t  modelin g i s presente d th e D U A L 
cognitiv e architectur e i s describe d a s wel l  a s it s abilit y  t o 
explai n contex t  an d primin g effects . 

2. Context Modeling 

So, what is context? Context is considered in this paper as 
th e particula r  stat e o f  th e min d o f  th e cognitiv e syste m a t  a n 
instan t  o f  time .  I n thi s wa y contex t  i s  regarde d a s th e 
interna l  stat e o f  th e cognitiv e syste m rathe r  tha n a s th e 
externa l  stat e o f  th e world .  Th e contex t  include s th e activ e 
concepts ,  facts ,  rules ,  procedure s an d goal s o f  th e cognitiv e 
syste m whic h ca n b e use d i n th e processin g o f  information . 
Ther e ar e tw o source s o f  activation :  th e "external "  contex t  -
al l  th e entitie s i n h u m a n m e m o r y whic h ar e activate d b y 
currend y perceive d elements  o f  th e environment ,  an d th e 
"internal "  contex t  -  al l  th e entitie s i n huma n memor y whic h 
had bee n activ e withi n th e precedin g stat e o f  th e min d o f  th e 
subject .  So ,  fo r  example ,  i n a  classroo m proble m solvin g 
tas k th e representatio n o f  th e teacher ,  o f  th e proble m 
descriptio n an d o f  th e odie r  note s o n th e blackboar d a s wel l 
as o f  th e note s i n th e noteboo k coul d b e par t  o f  th e 
"external "  context ,  wherea s th e precedin g students '  thought s 
abou t  th e nic e weathe r  outside ,  o r  abou t  previou s solve d 
problem s coul d b e par t  o f  th e "internal "  context .  Anothe r 
ver y importan t  aspec t  o f  contex t  (accordin g t o ou r 
definition )  i s it s dynami c nature :  contex t  i s  continuousl y 
evolvin g wit h th e cours e o f  tim e du e t o change s i n th e 
environmen t  o r  i n th e interna l  stat e o f  min d o f  th e reasoner . 
Moreover ,  mos t  o f  thes e change s ar e no t  voluntar y an d ar e 
eve n unconsciou s (se e e.g .  th e primin g effect s describe d i n 
Kokinov .  1989 ,  1990) . 

Ther e ar e tw o mai n approache s t o contex t  modelin g til l 
now:  explici t  contex t  representatio n an d implici t  contex t 
representation : 

ExpUci t  representatio n mean s representatio n o f  contex t 
by particula r  forma l  entitie s -  b y partition s i n semanti c 
network s (Hendrix ,  1979) ,  b y object s i n logic s (McCarthy , 
1991) ,  o r  b y logica l  theorie s (Giunchiglia ,  1993) .  Thes e 
treatment s o f  contex t  requir e a n explici t  decisio n t o b e mad e 
abou t  th e necessit y o f  changin g th e contex t  whic h doe s no t 
reflec t  th e dynami c natur e o f  contex t  a s describe d above . 

Implici t  representatio n mean s representatio n o f  contex t 
by grade d activatio n o f  differen t  facts ,  concept s an d 
procedures .  Thi s i s a n approac h followe d b y Anderso n i n 
A C T*  (Anderson ,  1983) ,  b y Hofstadte r  i n Copyca t 
(Hofstadte r  &  Mitchell ,  i n press )  a s wel l  a s i n D U A L .  Thi s 
secon d approac h allow s t o mode l  th e dynami c natur e o f 

contex t  bot h o n th e consciou s leve l  (whe n som e actio n rises 
th e activatio n o f  a  specifi c  entity )  an d o n th e unconsciou s 
leve l  (whe n th e automati c spreadin g activatio n proces s 
change s th e activation s o f  th e m e m o r y elements) .  Thi s 
approac h doe s no t  requir e predefme d o r  constructe d contex t 
description s -  contex t  i s  represente d b y th e patter n o f 
activit y distributio n ove r  th e memor y elements . 

3. Context Modeling in the DUAL Cognitive 
Architectur e 

The general idea is the following. A cognitive system built 
on th e D U A L cognitiv e architectur e consist s o f  a  larg e 
number  o f  simpl e an d highl y intercotmecte d agents ,  eac h o f 
whic h ca n perfor m a  specifi c  tas k and/o r  represent s som e 
specifi c  knowledge .  Fo r  example ,  a n agen t  m a y " know "  a 
specifi c  fac t  o r  rule ,  m a y "know "  a  specifi c  concept ,  even t 
or  situatio n (i.e .  a  se t  o f  facts ,  rule s an d procedures) ,  o r  m a y 
hav e th e abilit y  t o perfor m a  specifi c  actio n (o r  a  se t  o f 
specifi c  actions) .  Th e agent s ar e connecte d wit h eac h othe r 
(som e o f  th e link s ar e permanent ,  other s ar e dynamicall y 
create d an d removed )  an d ever y agen t  exchange s 
informatio n onl y wit h it s neighbors .  Al l  th e D U A L agent s 
act  i n paralle l  an d produc e a n emergen t  behavio r 
(computation )  o f  th e whol e system .  However ,  a t  a  particula r 
moment  onl y som e o f  th e agent s ar e activ e an d onl y the y 
ca n contribut e t o th e computation .  Moreover ,  ever y agen t 
act s a t  it s  o w n rat e (i n a n asynchronou s manner )  dependin g 
on it s activatio n level . 

I n thi s wa y eve n face d (a t  th e macr o level )  wit h th e sam e 
problem ,  th e cognitiv e syste m wil l  behav e differentl y i n 
differen t  context s a s th e activit y distributio n wil l  b e 
differen t  du e t o th e difference s i n th e environmen t  an d i n th e 
precedin g m e m o r y state .  Tha t  is ,  a t  differen t  occasion s 
differen t  group s o f  agent s wit h differen t  activit y distributio n 
wil l  ac t  togethe r  t o perfor m th e computatio n (Figm e 1 )  an d 
consequend y differen t  behavio r  wil l  emerge . 

Bot h th e externa l  an d interna l  context s ar e represente d i n 
th e sam e wa y b y th e distributio n o f  activatio n ove r  th e 
networ k o f  agents .  Tha t  i s w h y th e sam e mechanism s ar e 
use d fo r  explainin g th e contex t  an d primin g effects . 

Th e effect s o f  th e differen t  level s o f  activatio n o f  th e 
agent s ar e bot h o n th e availabilit y  o f  th e correspondin g 
knowledg e structure s represente d b y th e agent s an d o n th e 
rat e o f  performin g o f  th e action s whic h th e agent s ar e 
capabl e o f  (lo w activatio n leve l  wil l  eve n bloc k thei r 
actions) .  A  simpl e exampl e i s th e marker-passin g process . 
Althoug h al l  th e agent s ar e capabl e o f  loca l  marker-passin g 
(i.e .  t o pas s th e receive d marker s t o thei r  immediat e 
neighbor s ove r  specifi c  links) ,  th e actua l  performanc e wil l 
depen d o n thei r  activatio n level ,  i.e .  th e rat e o f  marker -
passin g wil l  b e proportiona l  t o th e activatio n level ,  an d i n 
particula r  th e agen t  wil l  sto p th e marker s whe n it s activatio n 
leve l  i s  belo w certai n threshold .  Therefor e i n differen t 
context s (i.e .  differen t  activatio n distribution )  th e marker s 
starte d fro m th e sam e node s an d wanderin g throug h th e 
same networ k wil l  pas s alon g differen t  ways ,  i.e .  differen t 
result s wil l  b e produced . 
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Figur e 1 . 
Differen t  set s o f  agent s ar e activ e an d perfor m th e computatio n i n differen t  contexts . 

Th e fillin g patter n conespond s t o th e leve l  o f  activatio n o f  th e agent . 

4.  T h e architectur e o f  D U A L Agent s 

The DUAL agents are hybrid: they consists of two parts: L-

Brai n an d R-Brai n .  designe d accordin g t o th e symboli c an d 
connectionis t  paradigm ,  respectively .  Th e L-Brai n o f  a n 
agen t  represent s a  specifi c  piec e o f  knowledge ,  whil e th e R -
Brai n represent s th e relevanc e o f  tha t  knowledg e t o th e 
particula r  context .  W e migh t  thin k o f  th e R-Brain s a s energ y 
supplie s fo r  th e correspondin g L-Brains .  Al l  th e R-Brain s 
wor k i n parallel ,  but  althoug h potentiall y  al l  th e L-Brain s 
ca n als o wor k i n parallel ,  i n eac h particula r  moment  onl y a 
smal l  fractio n o f  the m hav e th e necessar y energ y supplie d 
b y th e ccKrespondin g R-Brain s fo r  actua l  working . 

Th e agent s ar e linke d togethe r  i n a  network .  Bot h th e 
agent s an d th e link s betwee n the m ar e interprete d differend y 
b y th e symboli c an d connectionis t  aspect s o f  th e 
architecture . 

4.1. Agents as Representational Elements 

From the symbolic perspective the agents represent various 
concepts ,  objects ,  events ,  situations ,  facts ,  rules ,  plans , 
actions ,  etc .  The y migh t  represen t  stati c fact s a s wel l  a s 
built-i n procedura l  knowledge .  A  frame-lik e representatio n 
schem e i s use d fo r  severa l  reasons :  1 )  th e integratio n o f 
declarativ e an d procedura l  knowledg e i n c o m m o n 
structures ,  an d 2 )  th e possibilit y  t o hav e severa l  differen t 
agent s (frames )  fo r  a  singl e objec t  o r  concep t  reflectin g 
differen t  point s o f  view .  Detail s abou t  th e representatio n 
scheme ca n b e foun d i n (Kokinov ,  1989) .  Th e slo t  filler s ar e 
simpl y pointer s t o othe r  frame s o r  thei r  slot s an d n o specia l 
languag e i s use d fo r  thei r  description .  Thi s lead s t o a  highl y 
distribute d representatio n o f  th e knowledg e -  eve n a  simpl e 
fac t  i s  represente d b y a  numbe r  o f  interconnecte d agents . 
Th e link s betwee n th e agent s correspon d t o thes e pointer s 
and represen t  variou s semanti c links . 

T h e connectionis t  aspec t  o f  D U A L i s use d fo r 
representin g context .  Contex t  i s  represente d i n a  distribute d 
w ay b y th e relevanc e factor s o f  eac h agen t  t o th e curren t 

thi s i s use d a s a  metapho r  an d n o claim s ar e mad e abou t  an y 
correspondenc e t o brai n structure s i n human s 

situation .  Th e degre e o f  connectivit y o f  eac h elemen t  wit h 
al l  othe r  element s o f  th e curren t  situatio n i s chose n a s a 
particula r  measur e o f  relevance .  Thi s i s calle d associativ e 
relevanc e an d i s represente d b y th e activatio n leve l  o f  th e 
correspondin g agent .  Thu s th e activatio n leve l  o f  th e agen t 
withi n th e connectionis t  aspec t  represent s th e relevanc e o f 
th e knowledg e represente d b y th e agen t  withi n th e symboli c 
aspect .  T h e link s betwee n th e agent s withi n th e 
connectionis t  aspec t  hav e n o label s an d reflec t  onl y th e 
strengt h o f  th e associativ e relation s betwee n them ,  i.e .  ho w 
ofte n th e tw o agent s appea r  i n th e sam e context .  Al l  th e 
semanti c link s (withi n di e symboli c aspect )  ar e use d fo r 
spreadin g activatio n (withi n th e coimectioms t  aspect) ,  bu t  i n 
additio n pur e associativ e hnk s ar e use d b y th e connectionis t 
aspec t  whic h ar e not  use d b y th e symboh c aspect . 

Th e agent s correspondin g t o entitie s bein g perceive d a t 
th e m o m e n t  a s wel l  a s agent s correspondin g t o th e curren t 
goal s o f  th e cognitiv e syste m ar e calle d sourc e node s an d 
the y continuousl y emi t  activity ,  i.e .  the y hav e a  constan t 
leve l  o f  activatio n fo r  th e perio d o f  tim e the y ar e o n th e 
inpu t  o r  goa l  Ust .  Ther e i s a  relativel y slo w deca y proces s s o 
tha t  al l  currend y activ e node s ca n b e considere d a s source s 
of  activatio n fo r  a  perio d o f  time .  I n thi s wa y th e agent s wit h 
a hig h leve l  o f  activatio n correspon d t o description s tightl y 
connecte d bot h wit h th e externa l  an d interna l  contexts . 

4.2. Agents as Processing Units 

The R-Brains are simple connectionist processors 
calculatin g th e activatio n value s an d output s o f  th e node s o n 
di e basi s o f  thei r  inpu t  value s an d curren t  activity .  The y ru n 
i n paralle l  i n a  discret e synchronou s marme r  i n orde r  t o 
simulat e th e continuou s proces s o f  spreadin g activation . 
The y hav e m e m o r y fo r  thei r  previou s activatio n valu e a s 
wel l  a s fo r  al l  outgoin g link s (pointer s an d weights )  an d a 
simpl e numeri c processor .  I t  i s  importan t  tha t  th e activatio n 
of  a  nod e i s a  functio n bot h o f  th e currend y receive d 
activatio n fro m th e ne t  an d th e enviroimient ,  an d o f  th e 
previou s activatio n leve l  o f  tha t  node .  Thi s make s th e 
influenc e o f  th e previou s m e m o r y stat e (an d therefor e o f  th e 
preliminar y setting )  possible . 
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The L-Brain s ar e specialize d symboli c processors .  The y 
hav e memor y fo r  al l  outgoin g link s (pointer s an d labels )  a s 
wel l  a s fo r  temporar y marker s (structure s containin g 
pointer s t o other ,  possibl y non-neighborin g nodes) .  Al l  L -
Brain s hav e th e abilit y  t o receiv e an d sen d marker s an d t o 
distinguis h betwee n link s wit h differen t  label s (e.g .  t o pas s 
th e marker s onl y alon g link s wit h specifi c  label) .  I n 
addition ,  th e L-Brain s o f  som e agent s ar e abl e t o perfor m 
specifi c  hard-wire d program s correspondin g t o som e 
possibl e action s o f  th e cognitiv e system .  Som e example s o f 
suc h specialize d agent s ar e th e agent s abl e t o initiat e a 
marker-passin g process ,  th e agent s abl e t o construc t  ne w 
agent s (nod e constructors) ,  th e agent s abl e t o initiat e a 
mappin g betwee n tw o descriptions ,  th e agent s abl e t o 
estabUs h loca l  ccnrespondenc e betwee n tw o structures ,  etc . 

5. An Example of Context-Sensitive Computation 
Performe d b y D U A L 

The particular example to be considered is from the domain 
of  algebrai c transformations .  W e ar e no t  speciall y intereste d 
i n tha t  area ,  bu t  i t  ha s bee n chose n becaus e o f  tw o reason s -
first,  i t  present s a  typica l  deductiv e reasonin g process ,  an d 
second ,  ther e ar e som e experimenta l  result s obtaine d o n th e 
same exampl e (Kokinov ,  1990) .  So ,  thi s wil l  b e a 
demonstratio n o f  context-sensitiv e deductiv e reasonin g 
modele d b y th e D U A L architecture . 

Let' s hav e th e followin g rule s represente d i n th e memor y 
of  th e system ,  eac h rul e represente d b y a  D U A L agen t 
Rl :  / /  th e equatio n contain s radical s the n squar e bot h sides . 
R2:  I f  the .  expressio n contain s a  subexpressio n o f  th e typ e 

( a -  b )  the n substitot e a *  +  fc* -  2 a b fo r  it . 

R3:  I f  th e expressio n contain s a  subexpressio n o f  th e typ e 

( a +  b )  the n substitut e a ^  +  fc^ +  2af e fo r  it . 

R4;  //'th e expressio n contain s a  subexpressio n o f  th e typ e 

{ a +  b ) ' { a - b )  the n substitut e a "  -  b ^  fo r  it . 

RS:  //a n expressio n contain s radical s the n tr y t o represen t 
th e subradica l  expression s a s exac t  squares . 
R6:  //a n expressio n contain s a  subexpressio n o f  th e typ e 

•^X^y and X > 0 then substitute X^ for it. 

R7:  //yo u wan t  t o represen t  a n expressio n o f  typ e 2 a b +  t 

as a n exac t  squar e the n tr y t o represen t  /  = •  a  +  b  . 
R8:  I f  th e expressio n contain s a  subexpressio n o f  th e typ e 

•Jx^ and JT > 0 then substitute X for it 

R9:  //possiW e the n calculat e an d reduc e th e expression . 
I n addition ,  ther e ar e D U A L agent s capabl e o f  mappin g 

tw o descriptions ,  transferrin g element s fro m on e descriptio n 
t o th e other ,  etc . 

Let' s conside r  th e representatio n o f  th e followin g simpl e 

equatio n -J x -  ̂  - 2 b y D U A L agent s (Figur e 2) .  Eac h 

agent  correspond s t o a  fram e representin g a  domai n relatio n 
(e.g .  = )  o r  domai n operatio n applie d o n on e o r  tw o 

argument s (e.g .  + ,  - ,  - J ^ ) ,  o r  t o a  symboU c operatio n o n 

frame s (e.g .  • •  -  mappin g on e fram e ove r  another) .  Agent s 
who touc h eac h othe r  i n Figw e 2  ar e coimecte d b y semanti c 
links .  Th e associativ e link s (use d onl y fo r  spreadin g 

activation )  betwee n agent s ar e represente d b y arrow s i n th e 
figure.  Th e symbol s depicte d a t  th e hea d o f  eac h agen t  giv e 
an ide a o f  th e relation ,  rule ,  o r  procedur e represente d b y thi s 
agen t  (e.g .  th e agen t  marke d b y "- "  represent s th e arithmeti c 
operatio n subtractio n applie d o n tw o arguments ,  th e agen t 

marke d b y "  ̂  "  th e squar e roo t  operatio n applie d o n a 

singl e argument ,  th e agen t  marke d b y " R l "  represent s th e 
rul e R l ,  an d th e agen t  marke d b y "«-• "  th e symboli c 
operatio n mappin g betwee n fram e structures) .  Agent s wit h 
number s o n thei r  bod y represen t  particula r  instance s o f  th e 
correspondin g concept ,  wherea s agent s withou t  number s 
th e generi c concept s themselves .  Th e filling  pattern s i n th e 
agents '  leg s correspon d t o thei r  leve l  o f  activation . 

^ 

© ® i  © 

© 

Figur e 2 .  A  simplifie d representatio n o f  th e equatio n 

•J x — -J y =  2  an d som e o f  th e knowledg e structure s an d 

processe s takin g par t  i n it s solution . 

Let's now consider the following problem: Prove the 
identity : 

^ + J2A -^1-J2A=2 
Startin g wid i  a  proble m descriptio n analogou s t o th e on e 

i n th e figur e th e proble m solvin g proces s run s a s follows . 
Activatio n spread s ove r  th e networ k o f  agent s wit h th e 
agent s i n th e proble m descriptio n bein g source s o f 
activation .  (Possibl y som e externall y activate d agent s 
correspondin g t o perceive d object s lik e note s o n th e 
blackboar d migh t  als o Ji e source s o f  activation) .  S o m e 
generi c concept s (lik e ̂  "radicals" )  becom e activate d a s 
wel l  a s som e o f  th e rule s (e.g .  R l  an d R5) .  However ,  sinc e 
differen t  link s hav e differen t  weight s som e rule s becom e 
mor e activ e tha n other s (i n thi s exampl e R l  i s mor e activ e 
becaus e i t  i s  th e mos t  typica l  rul e use d wit h radicals) .  A 
mappin g agen t  i s activate d an d i t  establishe s a 
correspondenc e betwee n th e fram e representin g th e mos t 
activ e rul e an d th e fram e representin g th e proble m 
description ,  an d eventuall y a  transfe r  agen t  i s activate d 
whic h applie s th e rul e an d a  ne w proble m descriptio n i s 
bein g estabUshed . 

Dependin g o n whic h agent s ar e activ e whe n th e proble m 
i s give n t o th e syste m (i.e .  dependin g o n it s preliminar y 
setting )  differen t  computation s wil l  b e performe d an d 
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differen t  solution s wil l  b e found .  T w o particula r  solution s 
ar e give n below . 

Solutio n 1:  thi s i s th e mor e typica l  solutio n 

Rl :  (j 7 +  ̂  -  V7-V24) '  -  f 

R2:7+V24+7-^-2j|(7+^)-(7-^)-4 

R4: 7+724+7-^-2^7'-24-4 

R9: 14-2^ = 4 

R9:  14-10- 4 

Solutio n 2 :  thi s  i s a  rare r  solutio n 

R5:  - i l - ^ ^ - ^ l  --P2 A - 2 

R6: V7 + 2V6-V7-2V6-2 

R7: Vl + 6 + 2Vr?-i/l + 6-2Vr6 =2 

R3 + R4C ^(l+V6)' -^(l-V6)' -2 

R8: l+^-(V6-l) = 2 

Thi s correspond s t o th e dat a obtaine d i n a  psychologica l 
experimen t  (Kokinov ,  1990 )  wher e dependin g o n th e 
differen t  preliminar y settin g o f  th e subject s thes e tw o 
differen t  solution s o f  th e proble m hav e bee n produced .  Th e 
firs t  on e i s dominatin g (78%) ,  bu t  th e secon d on e appear s 
als o a t  som e occasion s (7%) .  Th e situatio n change s radicall y 
when th e rul e R 5 ha s bee n prime d th e firs t  solutio n ha s 
bee n produce d i n considerabl e les s case s (29%) ,  whil e th e 
secon d on e ha s bee n produce d b y th e majorit y o f  th e 
subject s (61%) .  I n bot h case s ther e ar e abou t  10-15 % o f  th e 
subject s w h o hav e no t  bee n abl e t o solv e th e proble m a t  all . 
Thi s correspond s t o th e cas e whe n th e appropriat e rule s hav e 
not  bee n activate d an d attempt s ar e mad e t o appl y activ e bu t 
inappropriat e rules . 

6. Conclusions 

There are a number of hybrid systems developed so far (e.g. 
Hendler ,  1989 ;  1991 ;  Lang e &  Dyer .  1989 ;  Lange ,  1992 ; 
Sun &  Bookman ,  1992) ,  however ,  the y typicall y consis t  o f 
tw o o r  mor e module s eac h o f  whic h i s develope d accordin g 
t o on e o f  th e tw o paradigm s -  connectionis m an d symbohs m 
-  an d th e wor k o f  each  modul e i s mor e o r  les s independen t 
of  th e othe r  -  onl y th e result s ar e bein g exchange d betwee n 
th e modules .  D U A L i s a  hybri d syste m a t  th e micr o leve l 

rathe r  tha n a t  th e macr o leve l  -  i t  consist s o f  hybri d micro -
agent s an d s o bot h aspect s o f  th e architectur e tak e par t  i n 
ever y stag e o f  ever y cognitiv e process .  Th e behavio r  o f  eac h 
agen t  an d it s  contributio n t o a  particula r  computatio n 
depend s bot h it s connectionis t  an d symboli c processing .  I n 
thi s wa y bot h aspect s ar e highl y integrated . 

Thi s architectur e provide s a  platfor m fo r  buildin g context -
sensitiv e model s o f  cognitiv e process .  A  mode l  o f  context -
sensitiv e similarit y judgemen t  i s describe d i n (Kokinov , 
1992) ,  an d a  mode l  o f  context-sensitiv e analogica l  reasonin g 
i s describe d i n (Kokinov .  i n press) .  Wor k i s bein g don e o n 
modehng plan-recognitio n an d decision-making . 

hi  contras t  wit h (McCarthy .  1991 )  an d (GiunchiUa ,  1993) 
D U AL model s dynamicall y th e contex t  reflectin g i t 
continuou s changes .  Th e approac h i s mor e simila r  t o th e 
ones o f  Anderso n (1983) ,  Frenc h (1991) ,  an d Hofstadte r  an d 
Mitchel l  (i n press) .  They ,  however ,  separat e th e declarativ e 
knowledg e (Semanti c ne t  &  Slipnet )  fro m th e procedura l 
knowledg e (Rule s &  Codelets )  usin g differen t  mechanism s 
fo r  controllin g the m (i n particula r  thes e architecture s canno t 
explai n th e primin g effect s o n rul e usag e demonstrate d i n 
Kokinov ,  1990) .  Usin g hybri d agent s an d frame-lik e 
representatio n D U A L allow s a n unifor m treatmen t  o f  bot h 
type s o f  knowledg e explainin g contextua l  effect s i n bot h 
case s b y th e sam e mechanisms .  Bot h Anderso n an d 
Hofstadte r  &  Mitchel l  conside r  onl y stati c environment s 
reduce d t o th e proble m element s ignorin g th e dynami c 
change s i n th e real-worl d envirormient .  Hofstadte r  & 
Mitchel l  conside r  i n additio n som e stochasti c factor s whic h 
compensat e fo r  th e lac k o f  restin g interna l  stat e o f  th e 
syste m whe n startin g a  ne w proble m solvin g task ,  bu t  the y 
caimo t  explai n th e primin g effect s o n proble m solvin g i n 
thi s way .  However ,  thes e model s hav e a  lo t  o f  othe r  feature s 
makin g the m superio r  t o D U A L lik e th e learnin g 
mechanism s o f  A C T *  an d th e perceptoa l  mechanism s o f 
Copycat . 
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