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JANUS:  A n Architectur e fo r  Integratin g 

A u t o m a t i c a n d Controlle d P r o b l e m Solvin g 

David S. Day 

Experimenta l  Knowledg e System s Laborator y 

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

Universit y o f  Massachusett s 

Amherst ,  Massachusett s 0100 3 

Abstract :  Thi s pape r  attempt s t o unif y 

tw o problem s i n cognitiv e science :  th e re -

lationshi p betwee n "controlled "  an d "auto -

matic "  processin g an d th e competin g com -

putationa l  model s o f  intelligenc e propose d b y 

symboli c Artificia l  Intelligenc e an d th e con -

nectionis t  school .  A n architectur e i s propose d 

i n whic h symboli c an d connectionis t  proble m 

solvin g system s interac t  an d tak e advantag e 

of  thei r  differen t  strengths .  I t  i s  argue d tha t 

th e resultin g syste m ca n accoun t  fo r  muc h o f 

th e proble m solvin g behavio r  associate d wit h 

automati c an d controlle d processin g a s wel l 

as thei r  comple x interplay .  Thus ,  th e ar -

chitectur e ca n accoun t  fo r  ho w expertis e ca n 

be transforme d fro m "explicit "  t o "compiled " 
form s vi a automatization ,  an d ho w th e opac -

it y o f  th e resultin g automati c behavio r  ca n 

be counterbalance d i n a  cognitivel y plausi -

bl e manne r  b y explanation s generate d e i  pos t 

facto . 

1. Introduction. 

This paper proposes a model for integrat-
in g controlle d an d automati c processing .  Thi s 

model  assume s tha t  thes e tw o proble m solv -

in g style s ar e distinc t  no t  onl y i n behavio r  bu t 

i n implementatio n a s well ,  an d s o a n archi -

tectur e ha s bee n designe d i n whic h th e tw o 

competin g mechanism s ca n als o communicat e 

and cooperat e wit h eac h other .  I t  i s  believe d 

tha t  thi s wil l  resul t  i n system-wid e behavio r 

tha t  accord s wel l  wit h psychologica l  account s 

of  controlle d an d automati c proble m solvin g 

and relate d behaviors . 

The assumption of the distinct implementa-

tio n o f  controlle d an d automati c proble m solv -

in g grow s ou t  o f  th e curren t  progres s i n con -

nectionis t  model s o f  cognitio n an d th e result -

in g tensio n betwee n thi s vie w an d tha t  o f  th e 

symboli c Artificia l  Intelligenc e (AI )  approac h 

t o thes e sam e problems .  A  debat e ha s forme d 

tha t  pit s thes e tw o view s agains t  eac h othe r  a s 

competin g models .  Th e presen t  wor k join s a 

smal l  bu t  growin g corpu s o f  researc h devote d 

t o establishin g tha t  a  synthesi s o f  thes e tw o 

model s i s bot h possibl e an d desirable .  (See ,  fo r 

example ,  Touretsk y k  Hinto n [17] ,  Touretsk y 

[18] ,  Derthic k [3) ,  Rumelhart ,  Smolensky ,  M c -

Clellan d i i  Hinto n |ll) ,  Anderso n (ij ,  Derthic k 

i c Plan t  [4] ,  amon g others. )  Wherea s othe r 

wor k ha s concentrate d o n establishin g th e the -

oretica l  possibilit y  o f  incorporatin g on e mode l 

withi n another—usuall y b y simulatin g sym -

boli c A I  technique s i n connectionis t  systems — 

we advocat e th e pragmati c incorporatio n o f 

bot h model s int o a  singl e syste m t o stud y th e 

comple x interpla y betwee n thes e type s o f  com -

putation .  Specifically ,  thi s pape r  claim s tha t 

th e prope r  computationa l  mode l  fo r  controlle d 

proble m solvin g i s derivabl e fro m th e symboli c 

AI  vie w o f  rule-based ,  categorica l  reasoning , 

whil e th e prope r  computationa l  mode l  fo r  au -

tomati c proble m solvin g ca n b e foun d i n th e 

connectionis t  vie w o f  paralle l  distribute d pro -

cessing . 

This claim requires demonstrating how such 

distinc t  computationa l  model s ca n interac t  s o 

as t o presen t  a  plausibl e accoun t  o f  th e ric h 

interpla y characteristi c o f  th e correspondin g 

cognitiv e phenomena .  Th e desig n o f  a n ar -

chitectur e t o suppor t  thi s interpla y i s th e first 

ste p i n thi s direction ;  a n implementatio n o f 

th e syste m describe d her e ha s no t  ye t  bee n 

completed . 

The ultimate goal of this research is to elim-

inat e th e knowledge -  o r  rule-base d technique s 

use d t o implemen t  thi s system .  Tha t  i s t o say . 
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we believ e tha t  th e categorical ,  multi-ste p rea -

sonin g tha t  i s currentl y bes t  exhibite d b y sym -

boli c A I  program s ca n eventuall y b e incorpo -

rate d int o a  wholl y connectionis t  framework . 

However ,  w e fee l  tha t  attemptin g t o accom -

plis h thi s directl y delay s addressin g importan t 

question s whos e answer s ca n hel p direc t  th e 

eventua l  developmen t  o f  th e totall y connec -

tionis t  systems .  I n addition ,  som e o f  th e issue s 

brough t  ou t  b y thi s attemp t  t o integrat e wha t 

ca n b e calle d th e "propositional "  an d th e "ex -

periential "  ar e interestin g i n thei r  o w n right . 

For  example ,  w e believ e tha t  i t  i s  necessar y 

fo r  connectionis t  model s t o adop t  som e for m 

of  propositiona l  representatio n t o successfull y 

model  th e importan t  cognitiv e behavior s de -

scribe d late r  i n thi s paper . 

2. Competition and Cooperation Be-

t w e e n th e Control le d a n d th e A u t o -

mat ic . 

The concepts of controlled and automatic 

processin g hav e bee n a  topi c o f  resecirc h i n 

psycholog y fo r  som e time .  (See ,  fo r  exam -

ple ,  Schneide r  &  Shiffri n (16) ,  Treisma n [19] , 

an d Schneider ,  Dumai s i c Shiffrin ,  amon g oth -

ers. )  Shiffri n k .  Dumai s [13 ]  characteris e au -

tomati c processe s a s highl y parallel ,  exhibit -

in g a  marke d abilit y  t o improv e wit h practice , 

a limite d propensit y t o "transfer "  thi s exper -

tis e t o dissimila r  proble m solvin g situations , 

makin g minima l  demand s o n processin g re -

source s (othe r  tha n thos e o n whic h th e pro -

cessin g i s bein g directl y carrie d out) ,  an d be -

in g outsid e o f  th e explici t  contro l  o f  th e prob -

le m solver .  Controlle d processing ,  o n th e othe r 

hand ,  i s characterize d a s serial ,  exhibitin g lit -

tl e improvemen t  wit h practice^ ,  bein g unde r 

th e direc t  an d explici t  contro l  o f  th e proble m 

solver ,  an d bein g m u c h mor e amenabl e t o it s 

applicatio n i n "unfamiliar "  situations . 

While these behaviors seem quite distinct, 

ther e i s considerabl e interpla y betwee n th e tw o 

type s o f  processes .  First ,  virtuall y al l  auto -

mati c skill s  (w e wil l  concentrat e o n cognitiv e 

skill s  i n thi s paper )  ar e originall y playe d ou t 

unde r  th e direc t  contro l  o f  th e proble m solver . 

Thus ,  a  comple x ches s openin g require s con -

siderabl e analysi s b y a  playe r  whe n i t  i s  first 

encountered ,  bu t  give n tha t  thi s openin g ap -

pear s a  larg e numbe r  o f  time s i n subsequen t 

play ,  i t  i s  likel y tha t  recognizin g an d reactin g 

t o th e defens e wil l  ten d t o becom e automati c 

and stylized .  H o w i s thi s transformation , 

or  "automatization, "  effected ? S o m e prob -

le m solvin g i s o f  a  "mixed "  character ,  wher e 

some step s ar e automated ,  an d other s requir e 

"strategic "  intervention .  Eve n whe n som e be -

havio r  ha s bee n automate d i t  m a y b e possi -

bl e t o overrid e it s "suggestions "  an d solv e th e 

proble m again ,  "fro m first  principles. "  Thi s 

migh t  b e don e i n situation s tha t  cal l  fo r  ex -

trem e car e fo r  on e reaso n o r  another .  I n ad -

dition ,  full y  automate d behavior s ten d t o b e 

opaqu e wit h respec t  t o introspectio n an d ex -

planation ,  an d ye t  sometime s explanation s (o r 

"justifications" )  ar e nonetheles s provide d fo r 

what  clearl y see m automati c cognitiv e skills. ^ 

Al l  o f  thi s suggest s tha t  a n explanatio n o f  thi s 

behavio r  require s a  mode l  no t  jus t  o f  th e in -

dependen t  mechanism s bu t  o f  thei r  interactio n 

as well . 

While the psychological literature on these 

issue s ha s grown ,  Schneide r  [14 ]  point s ou t 

tha t  th e treatmen t  o f  m a n y o f  th e particu -

la r  phenomen a associate d wit h thi s distinc -

tio n ha s tende d t o remai n a t  th e leve l  o f  onl y 

vagu e verba l  description s o f  th e underlyin g 

mechanisms .  Schneider' s pape r  propose s a 

fou r  phas e mode l  o f  th e developmen t  o f  au -

tomati c processing .  Whil e Schneider' s wor k 

concentrate s o n a  particula r  proble m an d pro -

vide s a  ver y detaile d accoun t  o f  thi s example , 

th e presen t  pape r  advocate s a  genera l  com -

putationa l  architecture .  Schneide r  describe s a 

particula r  algorith m fo r  variably-mappe d cat -

egor y searc h wit h tw o categories .  Th e imple -

^Thi s exclude s th e proces s o f  automatieation ,  o f 
course ,  i n whic h th e skil l  become s automati c ove r  time . 

'Thi s ha s bee n illustrate d i n man y places .  Fo r  ex -
ample ,  i n Exper t  Syste m constructio n i t  ha s appeare d 
when interviewin g expert s abou t  wh y the y performe d 
certai n action s i n som e task .  Ofte n thei r  explanation s 
see m eithe r  t o disagre e wit h th e rapidit y o f  th e sub -
ject' s choic e o f  action ,  o r  els e th e explanatio n i s insuf -
ficien t  t o accoun t  fo r  action s chose n i n othe r  simila r 
situations . 
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mentatio n involve s th e comparison ,  modifica -

tio n an d combinatio n o f  activatio n value s o f 

threshol d units .  A s a  controlle d process ,  thes e 

step s ar e carrie d ou t  b y a n algorith m tha t  i s 

"hard-coded *  int o th e system ,  whic h manip -

ulate s th e value s an d gate s i n th e syste m o f 

units . 

The JANUS architecture described in this pa-

per  migh t  b e see n a s a  generalisatio n o f  thi s 

process ,  sinc e thi s an d an y othe r  algorith m ca n 

be encode d withi n a  syste m o f  productions. ' 

Thi s allow s th e researche r  t o furthe r  stud y ef -

fect s o f  attentio n an d proble m solvin g strat -

egy withi n th e productio n syste m p a r a d i g m — 

at  leas t  s o fa r  a s controlle d cognitiv e skill s ar e 

concerned .  T h e relationshi p betwee n thes e 

production s an d th e value s o f  unit s tha t  ar e 

involve d i n th e subsequen t  automaticatio n i s 

m u ch mor e comple x tha n tha t  i n Schneider' s 
model  du e t o th e translatio n o f  thes e rule s int o 

a distribute d representation .  Despit e thes e 

differences ,  w e believ e a  se t  o f  phase s simila r 

t o Schneider' s fou r  phas e mode l  wil l  fal l  ou t  o f 

th e syste m describe d her e a s wel l  (se e Sectio n 

3) . 

2. A Description of the JANUS Architec-

tiire . 

The proposed system contains three mod-
ule s (se e Figur e 2-1) .  O n e contain s a  sim -

pl e rule-base d proble m solvin g system .  Thi s 

i s calle d th e P-modul e (fo r  "propositionar) . 

As wit h an y rule-base d system ,  th e P-modul e 

consist s o f  a  lon g ter m m e m o r y i n whic h 

ar e store d th e rules ,  an d a  workin g m e m o r y 
( P W M i n Figur e 2-1 )  i n whic h ar e store d wha t 

i s  currentl y asserte d (o r  "believed" )  b y th e P -

module. *  T h e P W M o f  th e P-modul e contain s 

th e descriptio n o f  th e current  proble m state . 

As th e step s i n solvin g a  proble m ar e followed , 

'Schneide r  make s not e o f  th e logica l  connectio n 
betwee n th e controlled-proceitin g operation i  i n hi s 
model  an d rule s i n a  productio n system . 

*One atypica l  restrictio n o n thi s rule-base d syste m 
i s tha t  th e til t  o f  th e working-memor y i s limite d t o 
a fairl y  smal l  numbe r  o f  propositions—approximatel y 
twent y o r  so .  Thi s i s t o kee p th e P-module' s availabl e 
workin g memor y clos e t o th e sam e sie e a s tha t  o f  th e 
C-  an d R-modules ,  discusse d below . 

P-Motiul c 

p-iSUOOECTIOM 

Hr v Piopostto a 

CDWM 

idHiMSt t 
R-Modu e C-Modul e 

Figur e 2-1 . 

th e intermediat e results ,  hypothese s an d final 

solutio n propose d ar e als o place d i n thi s work -

in g memory . 

The other two modules are both three layer 

feedforwar d network s (wher e tw o layer s hav e 

modifiabl e weights )  utilizin g th e backpropa -
gatio n learnin g rul e (Rumelhart ,  Hinto n i c 

William s [10]) .  Thes e tw o module s ar e th e 

C-modul e (fo r  "connectionist" )  an d th e R -

modul e (fo r  "resolution"—thoug h it ,  too ,  i s 

a connectionis t  module) .  Th e inpu t  laye r 

of  bot h connectionis t  module s i s obtaine d i n 

th e followin g way .  A s eac h ne w proposi -

tio n i s asserte d b y th e P-modul e an d thereb y 

place d i n it s loca l  propositiona l  workin g m e m-

or y ( P W M ) ,  i t  get s coarse-code d (i n a  manne r 

t o b e describe d shortly) ,  an d thi s distribute d 

representatio n o f  th e propositio n i s place d a t 

th e fron t  o f  a  relativel y smal l  queu e o f  suc h en -

code d propositions—i t  ca n hol d onl y te n suc h 
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propositions .  Thi s queu e i s calle d th e D W M 

(Distribute d Workin g Memory )  an d a s eac h 

new distribute d propositio n i s adde d t o th e 

top-mos t  cell ,  al l  th e othe r  propositio n ar e 

pushe d down ,  removin g th e propositio n i n th e 

bottom-mos t  cel l  altogether .  Al l  te n o f  thes e 

distribute d representation s o f  proposition s ar e 

the n coalesce d int o on e distribute d represen -

tatio n o f  al l  o f  the m b y simpl y addin g th e vec -

tor s together .  I t  i s  thi s coalesce d vecto r  (th e 

C D WM i n th e 6gure )  whic h i s th e inpu t  laye r 

fo r  bot h th e C -  an d R-modules . 

It might at first appear that information is 

bein g hopelessl y confuse d whe n th e separat e 

proposition s i n th e D W M ar e "coalesced "  int o 

th e singl e C D W M.  However ,  th e los s o f  infor -

matio n ca n b e significantl y reduce d b y usin g 

an adequat e coarse-codin g scheme .  Thi s i s be -

caus e eac h featur e i n th e coarse-code d repre -

sentatio n ha s th e abilit y  t o distinguis h th e rol e 

bein g playe d b y som e domai n objec t  (o r  con -

cept )  i n th e propositio n fro m whic h i t  i s  de -

rived .  Thi s allow s th e C-modul e an d th e R -

modul e t o includ e a  mor e complet e "descrip -

tion "  o f  th e curren t  proble m stat e b y view -

in g u p t o te n proposition s a t  on e time .  (Mc -

Clellaud' s CI D mechanis m [8 ]  utilise s a  simila r 

technique. ) 

The C- and R-modules differ, however, in 
thei r  outpu t  layer s an d th e effect s o f  differen t 

value s o n thes e outpu t  layers .  Th e outpu t  o f 

th e C-modul e i s a  distribute d representatio n 

of  a  proposition .  Th e outpu t  o f  th e R-modul e 

i s a  singl e binar y unit .  Th e C-module' s out -

put  laye r  i s place d i n a  vecto r  ("C' s  Sugges -

tion" )  whic h i s the n translate d int o a  loca l 

(propositional )  representatio n o f  th e module' s 

output .  Tha t  is ,  ther e i s a  singl e laye r  net -

wor k whic h take s a  distribute d representatio n 

of  a  propositio n an d generate s o n it s outpu t 

laye r  a  "local "  representatio n o f  tha t  proposi -

tion .  Thi s proces s i s simpl y computin g th e in -

vers e o f  th e coarse-codin g proces s mentione d 

earlier .  I f  th e valu e o f  th e R-module' s out -

put  uni t  i s  greate r  tha n zero ,  i t  ha s th e effec t 

of  placin g thi s loca l  representatio n o f  th e C -

module' s outpu t  laye r  i n th e "Ne w Proposi -

tion "  buffe r  (se e Figur e 2-1) .  I f  th e R-modul e 

has instea d produce d a n outpu t  let s tha n sero , 

the n th e C-module' s outpu t  laye r  woul d b e 

ignored ,  an d th e content s o f  th e loca l  work -

in g memor y buffe r  withi n th e P-modul e ("P' s 

Suggestion" )  woul d b e th e sourc e o f  th e nex t 

additio n t o th e propositiona l  workin g memor y 

("Ne w Proposition" )  withi n th e P-module . 

Thus, the basic structure of the system is 

tha t  th e P -  an d C-module s ar e bot h generat -

in g proposition s base d o n th e content s o f  th e 

P-module' s workin g memor y (thoug h th e C -

module' s versio n i s somewha t  remove d fro m 

th e origina l  becaus e o f  th e coarse-codin g an d 

coalescin g processes) ,  an d bot h ar e "compet -

ing "  t o hav e thei r  propose d proposition s "as -

serted "  b y th e syste m a s a  whol e b y havin g 

the m place d i n th e "Ne w Proposition "  buffer , 

fro m whenc e i t  i s  forwarde d t o th e workin g 

memorie s o f  al l  thre e modules .  Th e arbite r  o f 

thi s competitio n i s th e R-module .  Th e action s 

tha t  th e C -  an d P-module s woul d carr y ou t  o n 

th e P-module' s propositiona l  workin g memor y 

( P W M)  ar e 'gated, '  an d thi s gat e i s controlle d 

by th e R-module . 

Training the Connectionist Modules. 

The R-Module. The R-module is a back-

propagatio n network ,  an d th e basi s o f  it s 

trainin g schedul e i s t o prefe r  th e suggestion s 

fro m tha t  modul e whic h lea d t o a  solution . 

However ,  th e R-modul e als o ha s a  built-i n 

bia s toward s lettin g th e C-module  se t  th e 

P WM (sinc e w e wan t  t o encourag e thi s mor e 

efficien t  for m o f  proble m solving) .  Th e R -

modul e i s thu s computin g a  confidenc e ratin g 

of  th e C-module' s abilities .  Thi s mean s tha t 

i n th e earl y stage s o f  performance ,  sinc e th e 

C-modul e ha s ha d to o littl e tim e t o lear n any -

thing ,  th e R-modul e wil l  quickl y lear n t o favo r 

th e P-module' s suggestion s fo r  ho w t o chang e 

th e stat e o f  P W M i n orde r  t o solv e a  give n 

problem .  Ove r  time ,  a s th e C-module  begin s 

t o lear n t o mimi c th e P-module' s actions ,  th e 

R-module' s bia s toward s automati c processin g 

wil l  lea d t o th e C-module' s takin g ove r  som e 

or  al l  o f  th e proble m solving .  Th e R-module' s 

inpu t  laye r  i s provide d wit h th e whol e C D WM 
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i n orde r  t o allo w i t  t o distinguis h thos e prob -

le m state s fo r  whic h th e suggestion s fro m ei -

the r  th e C -  o r  P-modul e shoul d b e selected. ^ 

The C-Module. The C-modulc is only 

traine d (it' s  erro r  backpropagate d an d weight s 

modified )  i f  th e P-module' s "suggestion "  i s 

place d i n th e P W M (vi a th e "Ne w Proposi -

tion "  buffer) .  I n thi s event ,  th e C-modul e i s 

traine d t o matc h th e P-module' s suggestion .  I f 

th e C-module' s ow n suggestio n ha s bee n cho -

sen b y th e R-modul e t o b e place d i n th e P W M, 

the n n o trainin g o f  th e C-modul e i s done .  I f 

th e resultin g solutio n lead s t o a n error ,  the n 

onl y th e R-modul e i s penalize d fo r  relyin g o n 

th e C-module' s suggestion .  (Thi s i s discusse d 

furthe r  i n th e nex t  section. ) 

Distributed Representation of Propositions. 

The prepositiona l  workin g memor y ( P W M ) 

of  th e P-modul e require s tha t  proposition s b e 

use d t o represen t  th e problem s an d th e inter -

mediat e state s leadin g t o solutio n i n orde r  t o 

allo w rule s t o b e invoke d usin g patter n match -

ing .  Bu t  symboli c proposition s canno t  b e pre -

sente d directl y t o th e connectionis t  module s 

C-  an d R- ;  the y requir e featur e vectors .  Spac e 

preclude s a  detaile d treatmen t  o f  thi s impor -

tan t  representationa l  issue ,  bu t  a  transforma -

tio n o f  th e P-module' s loca l  prepositiona l  W M 

ca n b e performe d b y a  coarse-codin g techniqu e 

adapte d fro m th e wor k o f  Hinto n [6] ,  McClel -

lan d &  K a w a m o t o (7] ,  an d Saun d [12] .  Th e 

basi c ide a her e i s tha t  symbol s i n th e prepo -

sitiona l  pattern s o f  W M shoul d b e identifiabl e 

independen t  o f  th e differen t  role s the y migh t 

pla y i n differen t  propositions .  A t  th e sam e 

time ,  th e rol e the y pla y i s als o importan t  t o 

expres s th e meanin g o f  th e proposition .  Th e 

metho d adopte d b y Hinto n [6 ]  i s  particularl y 

usefu l  i n thi s regard . 

The distributed representation is generated 
by a  trainin g schedul e whic h mus t  b e per -

mit  i s  probabl e tha t  th e R-modul e coul d actuall y 
be incorporate d int o th e C-modul e b y addin g a n extr a 
outpu t  uni t  t o th e C-modul e wit h th e abov e interpre -
tation .  However ,  thi s aspec t  i s  separate d ou t  fo r  eas e 
i n testin g alternativ e formulation s o f  th e R-module' s 
behavior . 

forme d befor e th e variou s module s ar e pu t  to -

gether .  Thi s networ k woul d b e traine d t o m a p 

th e loca l  featur e vecto r  representatio n o f  th e 

propositio n t o anothe r  loca l  featur e vecto r  rep -

resentatio n o f  thi s sam e propositio n throug h 

th e intermediat e laye r  o f  units ,  whic h woul d 

consis t  o f  a  smalle r  numbe r  o f  unit s tha n eithe r 

of  th e othe r  tw o layer s (se e Saun d [12 ]  fo r  a 

simila r  setup) .  I t  i s  thi s proces s whic h derive s 

th e coars e codin g representatio n use d i n th e 

C-  an d R-module s o f  th e JANU S architecture . 

Once thi s se t  o f  weight s ha s bee n developed , 

th e weight s betwee n th e first  an d intermedi -

at e laye r  o f  thi s networ k (coars e encoding ) 

ar e use d t o translat e betwee n th e mos t  re -

cen t  propositiona l  additio n t o th e P-module' s 

P WM (vi a th e "Ne w Proposition" )  an d th e 

distribute d representatio n o f  tha t  propositio n 

i n th e top-mos t  queu e entr y o f  th e D W M (se e 

Figur e 2-1) .  Th e weight s betwee n th e inter -

mediat e an d outpu t  layer s (coars e tie-coding ) 

ar e use d t o m a p th e C-module' s propositiona l 

"suggestion "  befor e bein g place d i n th e "Ne w 

Proposition "  buffer . 

8. Using the Architecture to Model Cog-

nitiv e Behavior . 

The architecture just outlined was devel-

ope d a s a n attemp t  t o mode l  th e followin g 

type s o f  behavior . 

Categorical Reasoning. The basis of con-

nectionis t  proble m solvin g is ,  s o far ,  vi a prob -

le m recognition ;  a  solutio n t o eve n a  nove l  sit -

uatio n i s base d o n havin g generate d a  m a p -

pin g fro m proble m state s t o solution s which , 

throug h generalization ,  wil l  captur e situation s 

sufficientl y simila r  t o thos e i n th e trainin g 

set .  However ,  ther e ar e classe s o f  p rob lems — 

additio n i s a  goo d example ,  a s i s tryin g t o de -

termin e th e voltag e o n som e wir e i n a  fairl y 

comple x circui t  d iagram—wher e i t  seem s tha t 

a multipl e ste p solutio n i s calle d fo r  base d o n 

what  ha s bee n calle d a  'model '  o f  th e domain . 

Similarit y t o previou s problem s tend s t o b e 

a wea k indicator .  S o far ,  suc h model s hav e 

bee n abl e t o b e mos t  easil y expresse d an d use d 

i n 'categorical, '  symboli c A I  systems .  A s th e 

P-modul e i s a  relativel y standar d rule-base d 
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system ,  suc h knowledg e wil l  b e abl e t o b e en -

code d an d use d i n thi s powerfu l  wa y b y th e 

P-inodule .  A s mentione d i n th e previou s sec -

tion ,  th e P-modul e wil l  ver y soo n ten d t o b e 

favore d ove r  th e C-modul e a s th e modul e t o b e 

"trusted "  i n nove l  situations—tha t  is ,  i n nove l 

state s o f  th e P W M . ) 

Automatieity. The C-module is not idle, 

however ,  whe n th e P-modul e i s bein g deferre d 

to .  Whil e th e P-modul e i s holdin g sway, ® th e 

C-modul e i s bein g traine d t o produc e th e so -

lution s generate d b y th e P-module ,  whic h i s 

th e sourc e o f  trainin g example s fo r  th e C -

module .  A s a  growin g numbe r  o f  problem s 

ar e presente d t o th e syste m a s a  whole ,  i t  i s 

presume d tha t  th e C-modul e wil l  b e abl e t o 

generat e a  mappin g suc h tha t  th e solution s 

ca n b e suggeste d o n th e basi s o f  th e simi -

larit y o f  th e proble m stat e t o previousl y see n 

problems. '  Thi s i s simpl y th e standar d wa y i n 

whic h connectionis t  network s lear n t o perfor m 

mappings . 

Automatization. This refers to the trans-

fe r  o f  knowledg e fro m a n explicit ,  categorica l 

(o r  propositional )  for m (i n th e P-module )  t o 

th e distribute d an d mor e efficien t  recognition -

base d for m i n th e C-module .  I t  i s  th e mai n 

goa l  o f  thi s researc h t o demonstrat e tha t  th e 

knowledg e tha t  i s initiall y  encode d explicitl y 

an d tha t  ca n b e use d onl y b y chainin g throug h 

some numbe r  o f  reasonin g step s wil l  b e subjec t 

t o incorporatio n int o th e C-modul e afte r  suffi -

cien t  instance s o f  suc h proble m solvin g ar e pre -

sented .  Thi s proces s woul d procee d i n stage s 

not  dissimila r  t o thos e describe d i n Schneide r 

[14 ]  an d th e "compilation "  proces s modelle d i n 

"Thi s wil l  ten d t o happe n fo r  relativel y lon g period * 
of  time ,  sinc e th e P W M change s onl y slowl y a t  eac h 
cycle ,  an d i t  i s  o n th e basi s o f  recogniein g state s o f 
th e P W M tha t  th e R-modul e assign s priorit y  t o eithe r 
module . 

^Thi s relies ,  o f  course ,  o n th e R-modul e al$ o notin g 
thi s similarit y an d bein g prepare d t o 'trust '  th e solu -
tio n 'proposed '  b y th e C-module .  Thi s suggest s tha t 
th e ''natura l  degree "  t o whic h th e R-modul e ha s pref -
erentia l  bia s fo r  th e C-modul e migh t  b e ou t  o f  line — 
eithe r  to o muc h o r  to o little—wit h th e rat e a t  whic h 
th e C-modul e actuall y learns ;  thi s shoul d mak e itsel f 
readil y apparen t  whe n testin g th e system . 

Anderson ,  e t  al .  |2| .  A s inference s becom e au -

tomate d b y th e C-module ,  thi s allow s th e cor -

respondin g proposition s i n th e P-modul e t o b e 

skipped .  This ,  i n turn ,  allow s mor e proposi -

tion s o f  th e P W M t o "fi t  into "  th e distribute d 

workin g memor y ( D W M ) ,  whic h woul d allo w 

furthe r  automatieatio n t o occur .  I n thi s way , 

mor e an d mor e multi-ste p inference s ar e slowl y 

encompasse d b y singl e ste p inference s carrie d 

out  b y th e C-module .  Th e advantag e o f  thi s 

scheme ove r  th e rule-base d schem e adopte d b y 

Anderson ,  e t  al .  [2 ]  i s  tha t  th e C-modul e ca n 

generalis e an d thereb y generat e plausibl e sug -

gestion s fo r  changin g th e P W M fo r  problem s 

neve r  see n befor e b y th e syste m a s a  whole ,  a s 

lon g a s ther e i s sufficien t  similiarit y t o previ -

ousl y see n problems . 

Explanation. A major difficulty of connec-

tionis t  system s ha s bee n thei r  opacity .  W h e n 

a networ k present s som e 'solution '  o n it s  out -

put  units ,  i t  i s  no t  a t  al l  clea r  th e 'reasons ' 

tha t  suppor t  thi s computation .  O f  course ,  th e 

onl y trul y vali d explanatio n woul d involv e a 

complet e listin g o f  al l  th e net' s previou s train -

in g example s whic h le d i t  t o hav e th e weight s 

i t  no w has ;  an d the n thes e weights ,  an d thei r 

ramifications ,  migh t  als o b e explicate d i n som e 

fashion .  Excep t  fo r  trivia l  problems ,  thi s ap -

proac h seem s ludicrous . 

On the other hand, following a plausible 

model  o f  ho w w e generat e som e explanation s 

ourselves ,  w e ca n imagin e tha t  th e explana -

tion s o f  full y  (o r  partially )  automati c behav -

ior s ar e generate d pos t  fact o b y utilisin g an y 

relevan t  categorica l  knowledg e withi n th e P -

module .  Fo r  example ,  i n solvin g fo r  th e volt -

age o n a  wir e i n som e comple x circui t  diagra m 

a syste m a s describe d her e migh t  generat e a n 

opinio n base d o n th e similarit y o f  th e networ k 

layou t  t o a  Ijirg e numbe r  o f  previousl y see n 

layouts .  Aske d fo r  a n explanatio n ('justifica -

tion '  migh t  b e a  mor e accurat e term) ,  th e sys -

te m migh t  us e th e propose d solutio n an d th e 

know n initia l  proble m stat e t o generat e a  so -

lutio n usin g th e P-module' a knowledg e alone . 

Thi s pos t  fact o (an d mor e expensivel y derived ) 

solutio n ha s th e advantag e o f  perspicuousnes s 

of  th e knowledg e use d t o generat e th e solution . 
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Of  course ,  thi s i s hardl y th e sam e wa y i n whic h 

th e origina l  solutio n wa s i n fac t  generated . 

On th e othe r  hand ,  t o th e exten t  tha t  th e C -

module' s knowledg e i s th e resul t  o f  automa -

tizatio n o f  previou s explicitl y  encode d knowl -

edge i n th e P-module ,  suc h a n 'explanation ' 

migh t  no t  b e s o inappropriat e o r  unrelate d t o 

th e automaticall y derive d solution . 

It should be noted that with this method 

i t  i s  perfectl y possibl e tha t  th e "explanation " 

woul d no t  agre e wit h th e origina l  solution . 

Thi s woul d hardl y see m t o b e undesirable , 

however ,  sinc e i f  w e ar e t o mak e assumption s 

on th e basi s o f  generalizin g fro m pas t  expe -

rience ,  i t  i s  ver y usefu l  t o kno w whe n thos e 

assumption s disagre e wit h th e knowledg e ac -

quire d directl y i n th e for m o f  rule s o r  othe r 

propositions . 

Other Types of 'Mixed Reasoning'. The 

previou s descriptio n o f  explanatio n introduce s 

othe r  possibilitie s fo r  intermixin g th e tw o 

type s o f  knowledg e t o obtai n satisfactor y per -

formance .  Suc h technique s woul d tak e th e 

for m o f  th e R-module' s alternatin g betwee n 

th e tw o 'knowledg e sources '  t o modif y work -

in g memor y i n th e intermediat e step s o f  solv -

in g som e large r  problem .  Fo r  example ,  i n 

th e circui t  analysi s example ,  a n initia l  se t 

of  solution s migh t  b e 'proposed '  b y th e C -

modul e o n th e basi s o f  th e circuit' s  similarit y 

t o othe r  circuits ,  whic h migh t  b e followe d b y 

an explanation-lik e proces s i n whic h th e roug h 

possibl e solution s ar e checke d and/o r  refine d 

by mor e expensiv e (bu t  possibl y bette r  sup -
porte d b y referenc e t o 'firs t  principles' )  cate -

gorica l  reasonin g o f  th e P-module . 

4. Summary. 

This paper proposes a method of integrat-
in g automati c an d controlle d form s o f  proble m 

solvin g b y buildin g a n architectur e i n whic h 

connectionis t  an d standar d symboli c A I  imple -

mentatio n technique s complemen t  eac h othe r 

i n a  singl e system .  Thi s i s see n a s a n impor -

tan t  ste p toward s eventuall y incorporatin g th e 

propositiona l  (o r  rule-based )  for m o f  knowl -

edge foun d i n A I  system s int o completel y con -

nectionis t  networks .  Thi s architectur e i s de -

scribe d structurally .  Th e pape r  describe s var -

iou s cognitiv e behavior s whic h deriv e fro m 

th e interpla y betwee n th e tw o proble m solvin g 

style s an d tha t  thi s architectur e woul d b e abl e 

t o model .  Th e emphasi s o f  thi s researc h i s o n 

th e wa y i n whic h expertis e ca n b e transforme d 

fro m "explicit "  t o "compiled "  vi a automatiza -

tion ,  an d ho w th e opacit y o f  th e resultin g au -

tomati c behavio r  ca n b e counterbalance d i n a 

cognitivel y plausibl e manner . 
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