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Abstract 

Connectionist models have traditionally ignored conscious rule ^plication in learning and performance. 

Conceptua l  problem s aris e i n treatin g rul e applicatio n i n a  connectionis t  framework  becaus e th e leve l  o f  analysi s o f 

connectionis t  model s i s lowe r  tha n tha t  whic h i s natura l  fo r  describin g consciou s rules .  A n analysi s i s offere d o f  th e 

relatiffl i  betwee n thes e tw o level s o f  description ,  an d o f  th e kin d o f  reductio n involve d i n connectionis t  modeling . 

Fro m thi s vantagepoin t  a n approac h i s  formulate d t o th e treatmen t  o f  consciou s rul e applicatio n withi n a 

connectionis t  f ramewwk .  Th e ̂ proac h cruciall y involve s connectionis t  languag e processing ,  an d lead s t o a 

distinctio n betwee n tw o type s o f  knowledg e tha t  ca n b e store d i n connectionis t  systems . 

Introduction 

Connectionist models have traditionally ignored the role played by conscious application of rules in human 

cognition .  M a n y task s ar e learne d throug h rules ,  an d initiall y  performe d b y consciousl y applyin g thos e rules ; 

connectionis t  model s hav e b y an d larg e bee n unabl e t o addres s learnin g an d performanc e i n whic h suc h rul e 

applicatio n occurs .  O n e o f  th e mos t  strikin g phenomen a i n cognitiv e scienc e i s th e shif t  durin g th e acquisitio n o f 

expertis e from  consciou s p-ocessin g t o processin g tha t  I  wil l  simpl y refe r  t o a s iruuitive .  Whil e th e connectionis t 

approac h ha s provide d successfu l  model s o f  purel y intuitiv e processes ,  sinc e th e approac h canno t  n o w addres s rul e 

application ,  i t  canno t  she d ligh t  o n thi s aspec t  o f  th e transitio n t o expertise . 

Incorporatin g consciou s rul e applicatio n int o a  connectionis t  paradig m pose s seriou s conceptua l  problem s tha t 

must  b e resolved ,  a t  leas t  provisionally ,  befor e th e associate d technica l  problem s ca n eve n b e recognized ,  le t  alon e 

solved .  M a n y o f  thes e conceptua l  problem s ste m fro m th e fac t  tha t  th e leve l  o f  analysi s adopte d b y connectionis t 

modelin g i s lowe r  tha n th e leve l  a t  whic h rul e interpretatio n i s mos t  naturall y described .  Consciou s rule s involv e 

consciousl y accessibl e concepts ,  an d ar e therefor e naturall y describe d a t  th e leve l  o f  thes e concepts :  wha t  I  wil l  cal l 

th e conceptua l  level .  I n th e kin d o f  connectionis t  syste m I  conside r  here ,  concept s ar e represente d b y pattern s o f 

activit y ove r  larg e number s o f  processin g units ;  th e semanti c interpretatio n o f  th e individua l  unit s i s considerabl y 

finer-grained  tha n tha t  o f  th e consciousl y accessibl e concepts .  Suc h a  connectionis t  syste m use s distribute d 

representation s (eg. ,  Anderso n &  Hinton ,  1981 ;  Hinton ,  McClellan d &  Rumelhart ,  1986 ;  Smolensky ,  1986b) .  Th e 

semantic s o f  th e individua l  connectionis t  processor s reside s a t  a  leve l  lowe r  tha n th e conceptua l  level :  wha t  I  wil l 

cal l  th e subconceptua l  level . 

The cognitiv e modelin g paradig m employin g connectionis t  model s wit h distribute d representations ,  i.e. , 

employin g connectionis t  network s wit h subconceptua l  semantics ,  wil l  b e calle d th e subsymboli c paradigm ;  thi s 

contrast s wit h th e traditiona l  symboli c paradig m tha t  employ s symbo l  manipulatin g model s i n whic h th e symbol s 

hav e conceptua l  semantics .  Th e incorp(»atio n o f  consciou s rul e interpretatio n int o th e subsymboli c paradig m 

involve s a  reductio n o f  th e symboli c accoun t  o f  rul e interpretatio n t o th e subconceptua l  level .  Thu s th e first 

questio n t o addres s is :  H o w d o th e symboli c an d subsymboli c paradigm s relat e a t  th e conceptua l  an d subconceptua l 

level s o f  analysis ,  an d wha t  kin d o f  reductio n i s involved ? 

Reduction of cognition to the subconceptual level 

Imagine three physical systems: a brain that is executing some cognitive process, a massively parallel 

connectionis t  compute r  runnin g a  subsymboli c mode l  o f  tha t  process ,  an d a  vo n N e u m a n n compute r  runnin g a 

symboli c mode l  o f  th e sam e process .  Th e cognitiv e proces s m a y involv e consciou s rul e application ,  intuition ,  o r  a 

combinatio n o f  th e two .  I n Smolensk y (1987b )  I  hav e charact^ize d th e subsymboli c paradig m a s positin g th e 

followin g relationship s betwee n description s o f  thes e thre e physica l  system s a t  th e neural ,  subconceptual ,  an d 

conceptua l  levels : 
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(1 )  a .  Describin g th e brai n a t  th e neura l  leve l  give s a  neura l  model . 

b.  Describin g th e brai n approximately ,  a t  a  highe r  level—th e subconceptua l  level—yields ,  t o a  goo d 

approximation ,  th e mode l  runnin g o n th e connectionis t  computer ,  whe n i t  to o i s describe d a t  th e 

subconceptua l  level .  (A t  thi s point ,  thi s i s a  goa l  fo r  fiitur e research .  I t  coul d tur n ou t  tha t  th e 

degre e o f  £4)proximatio n her e i s onl y rough ;  thi s woul d stil l  b e consisten t  wit h th e subsymboli c 

paradigm. ) 

c.  W e ca n tr y t o describ e th e connectionis t  compute r  a t  a  highe r  level—th e conceptua l  level—^b y 

usin g th e pattern s o f  activit y tha t  hav e concepuia l  semantics .  I f  th e cognitiv e proces s bein g 

execute d i s consciou s rul e application ,  w e wil l  b e abl e t o carr y ou t  thi s conceptua l  leve l  analysi s 

wit h reasonabl e precision ,  an d wil l  en d u p wit h a  descriptio n tha t  closel y matche s th e symboli c 

compute r  progra m runnin g o n th e vo n Neuman n machine . 

d.  I f  th e proces s bein g execute d i s a n intuitiv e process ,  w e wil l  b e unabl e t o carr y ou t  th e 

concepoial-leve l  descriptio n o f  th e connectionis t  machin e precisely .  Nonetheless ,  w e wil l  b e abl e 

t o produc e variou s approximat e conceptual-leve l  description s tha t  correspon d i n variou s way s t o 

th e symboli c compute r  progra m runnin g o n th e vo n Neuman n machine . 

For a cognitive process involving both intuition and conscious rule application, (Ic) and (Id) will each apply to 

certai n aspect s o f  th e process . 

The relationships (la) and (lb), which are discussed at some length in Smolensky (1987b), are not relevant for 

th e presen t  considerations ;  the y ar e mentione d her e onl y t o lin k th e physica l  instantiation s o f  th e subsymboli c an d 

symboli c model s t o th e physica l  syste m die y ar e i n som e sens e model s of .  A  numbe r  o f  th e relation s (Id )  betwee n 

subsymboli c an d symboli c account s o f  intuitiv e processin g hav e bee n addresse d elsewher e (Rumelhart ,  Smolensky , 

McQel lan d &  Hinton ,  1986 ;  Smolensky ,  1986a ,  1986b ;  se e Smolensky ,  1987a ,  1987 b fo r  summaries) .  Th e 

relationshi p (Ic )  betwee n a  subsymboli c implementatio n o f  consciou s rul e interpretatio n an d a  symboli c 

implementatio n i s th e subjec t  o f  th e nex t  section . 

The relationships in (1) can be more clearly understood by introducing the concept of "virtual machine." If we 

tak e on e o f  th e thre e physica l  system s an d describ e it s processin g a t  a  certai n leve l  o f  analysis ,  w e ge t  a  virtua l 

machin e tha t  I  wil l  denot e "system^v,," .  The n (1 )  ca n b e written : 

(2) a. teain^u^ = neural model 

b.  hTSmsubcomceptua l  "  connectionistsubconceptiui i 

c.  connectionisteoiice/»ua < "  vo n NcumanncoHcepma i  (consciou s rul e applicaticxi ) 

d.  connectionisteoiie<piu<i < ~  vo n Neumannconcc/xua /  (intuition ) 

Here ,  th e symbo l  "= "  mean s "equal s t o a  goo d approximation "  an d "~ "  mean s "equal s t o a  crud e approximation. " 

Th e tw o nearl y equa l  virtua l  machine s i n (2c )  bot h describ e wha t  I  wil l  cal l  th e consciou s rul e interpreter .  Th e tw o 

roughl y simila r  virtua l  machine s i n (2d )  provid e th e tw o paradigms '  description s o f  th e intuitiv e processo r  a t  th e 

conceptua l  level . 

Table 1 indicates these relationships and also the degree of exacmess to which each system can be described at 

eac h level—th e degre e o f  precisio n t o whic h eac h virtua l  machin e i s defined .  Th e level s include d i n Tabl e 1  ar e 

thos e relevan t  t o predictin g high-leve l  behaviw .  O f  cours e eac h syste m ca n als o b e describe d a t  lowe r  levels ,  al l  th e 

w ay d o w n t o elementar y particles .  However ,  level s belo w a n exactl y describabl e leve l  ar e ignorabl e from  th e poin t 

of  vie w o f  predictin g high-leve l  behavior ,  sinc e i t  i s  possibl e (i n principle )  t o d o th e predictio n a t  th e highes t  leve l 

tha t  ca n b e exacd y describe d (an d i t  i s  presumabl y muc h harde r  t o d o th e sam e a t  lowe r  levels) .  Thi s i s wh y i n th e 

symboli c paradig m an y description s belo w th e symboli c leve l  ar e no t  viewe d a s significant .  Fo r  modelin g high-leve l 

behavior ,  h o w th e symbo l  manipulatio n happen s t o b e implemente d ca n b e ignored—i t  i s  no t  a  relevan t  par t  o f  th e 

cognitiv e model .  I n a  subsymboli c model ,  exac t  behaviora l  predictio n mus t  b e performe d a t  th e subconceptua l 

level—bu t  h o w th e unit s happe n t o b e implemente d i s no t  relevan t 
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Tabl e 1 :  Thre e cognitiv e system s an d thre e level s o f  descriptio n 

leve l 

conceptua l 

(process ) 

(intuition ) 

(consciou s rul e 

application ) 

subconceptua l 

neura l 

cognitiv e syste m 

brai n 

? 

7 

good approximatio n 

subsymboU c 

roug h approximatio n -

good approximatio n = 

exac t 

symboli c 

exac t 

exac t 

exac t 

The relatio n betwee n th e concq)tua l  leve l  an d lowe r  level s i s fundamentall y differen t  i n th e subsymboli c an d 

symboli c paradigms .  Thi s lead s t o importan t  difference s i n th e kin d o f  explanation s di e paradigm s offe r  o f 

conceptual-leve l  behavior ,  an d th e kin d o f  reductio n use d i n thes e explanations .  A  symboli c mode l  i s  a  syste m o f 

interactin g processes ,  al l  witi i  th e sam e concq)tual-leve l  semantic s a s th e tas k behavio r  bein g explained .  Adoptin g 

th e tCTminolog y o f  Haugelan d (1978) ,  thi s systemati c explanatio n relie s o n a  systemati c reductio n o f  th e behavio r 

tha t  involve s n o shif t  o f  semanti c domai n o r  dimension .  Thu s a  game-playin g progra m i s compose d o f  subprogram s 

tha t  generat e possibl e moves ,  evaluat e them ,  an d s o on .  I n th e symboli c paradigm ,  thes e systemati c reduction s pla y 

th e majo r  rol e i n explanation .  Th e lowest-leve l  p-ocesse s i n th e systemati c reduction ,  stil l  wit h th e origina l 

semantic s o f  th e tas k domain ,  ar e the n themselve s reduce d b y intentiona l  instantiation :  the y ar e implemente d 

exacti y b y odie r  processe s wit h differen t  semantic s bu t  th e sam e form .  Thu s a  move-genoatio n subprogra m wid i 

game semantic s i s instantiate d i n a  syste m o f  program s wit h list-manipulatin g semantics .  Thi s intentiona l 

instantiatio n typicall y play s a  mino r  rol e i n th e overal l  explanation ,  i f  indee d i t  i s  regarde d a s a  cognitivel y relevan t 

par t  o f  th e mode l  a t  all . 

Thus cognitiv e explanation s i n th e symboli c paradig m rel y primaril y o n reduction s involvin g n o dimensio n shift . 

Thi s featur e i s no t  share d b y th e subsymboli c paradigm ,  wher e accurat e explanation s o f  intuitiv e behavio r  requir e 

descendin g t o th e subconceptua l  level .  Th e element s i n dii s  explanation ,  di e units ,  d o no t  hav e di e semantic s o f  th e 

origina l  behavior .  Thu s unlik e symboli c explanations ,  subsymboli c explanation s rel y cruciall y o n a  semanti c 

("dimension" )  shif t  tha t  accompanie s th e shif t  fro m th e conceptua l  t o th e subconceptua l  levels . 

The overall dispositions of cognitive systems are explained in the subsymbolic paradigm as approximate higher 

leve l  regularitie s tha t  emerg e fro m quantitativ e law s operatin g a t  a  mor e fundamenta l  leve l  wit h differen t  semantics . 

Thi s i s th e kin d o f  reducdo n familia r  i n natura l  science ,  exemplifie d b y th e explanatio n o f  th e law s o f 

diermodynamic s throug h a  reductio n t o mechanic s dia t  involve s shiftin g dimensio n fro m therma l  semantic s t o 

molecula r  semantics .  (Sectic m discusse s som e explici t  subsymboli c reduction s o f  symboli c explanatCH y constructs. ) 

Indee d di e subsymboli c paradig m repeal s th e odie r  feature s dia t  Haugelan d identifie d a s newl y introduce d int o 

scientifi c  explanatio n b y di e symboli c paradigm .  Th e input s an d output s o f  th e syste m ar e no t  "quasilinguisti c 

rqnesentations "  bu t  goo d old-fashione d numerica l  vectors .  Thes e input s an d output s hav e semanti c interpretations , 

but  thes e ar e no t  constructe d recursivel y fro m intopretation s o f  imbedde d constituents .  An d th e fundamenta l  law s 

ar e goo d old-fashione d numerica l  equations . 

Haugeland went to considoable effort to legitimize the form of explanation and reduction used in the symbolic 

paradigm .  Th e explanation s an d reduction s o f  di e subsymboli c paradigm ,  b y contrast ,  ar e o f  a  typ e well-establishe d 

i n natura l  science . 

In summary, let me emphasize that in die subsymbolic paradigm die conceptual and subconceptual levels are not 

relate d a s di e level s o f  a  vo n Neuman n compute r  (high-level-languag e program ,  compUe d low-leve l  program ,  etc.) . 

The relationshi p betwee n subsymboli c an d symboli c model s i s mor e lik e tha t  betwee n quantu m an d classica l 

mechanics .  Subsymboli c model s accuratel y describ e th e microstructur e o f  cognition ,  whil e symboli c model s 

provid e a n approximat e descriptio n o f  th e macrostructure .  A n importan t  jo b o f  subsymboli c theor y i s t o delineat e 
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the situations and respects in which the symbolic approximation is valid, and to explain why. 

Conscious rule application in the subsymbolic paradigm 

In the symbolic paradigm, both conscious rule application and intuition are described at the conceptual level: as 

consciou s an d unconsciou s rul e interpretation ,  respectively .  I n th e subsymboli c paradigm ,  consciou s rul e 

applicatio n ca n b e formalize d a t  th e conceptua l  leve l  bu t  intuitio n mus t  b e formalize d a t  th e subconceptua l  level . 

Thi s suggest s tha t  a  subsymboli c mode l  o f  a  cognitiv e proces s involvin g bot h intuitio n an d consciou s rul e 

interpretatio n woul d consis t  o f  tw o component s employin g quit e differen t  formalisms .  Whil e thi s hybri d formalis m 

migh t  hav e considerabl e practica l  value ,  ther e ar e som e theoretica l  problem s wit h it .  H o w woul d th e tw o 

formalism s communicate ? H o w woul d th e hybri d syste m evolv e wit h experience ,  reflectin g th e developmen t  o f 

intuitio n an d th e subsequen t  remissio n o f  consciou s rul e ̂ plication ? H o w woul d th e hybri d syste m elucidat e th e 

fallibilit y  o f  actua l  h u m a n rul e £4}plicatio n (eg .  logic) ? H o w woul d th e hybri d syste m ge t  u s close r  t o understandin g 

h o w consciou s rul e applicatio n i s achieve d neurally ? 

A U thes e problem s ca n b e addresse d b y adoptin g a  unifie d subconceptual-leve l  analysi s o f  bot h intuitio n an d 

consciou s rul e interpretation .  T h e virtua l  machin e tha t  i s th e consciou s rul e interprete r  i s t o b e implemente d i n a 

lower-leve l  virtua l  machine :  th e sam e connectionis t  syste m tha t  model s th e intuitiv e processor .  H o w thi s can ,  i n 

principle ,  b e achieve d i s th e subjec t  o f  thi s section .  Th e relativ e advantage s an d disadvantage s o f  implementin g th e 

rul e interprete r  i n a  connectionis t  syste m rathe r  tha n a  vo n N e u m a n n machin e wil l  als o b e considered . 

The observation is this. 

The competence to represent and process linguistic structures in a native language is a competence of 

th e huma n intuitiv e processor ,  s o th e subsymboli c paradig m assume s tha t  thi s competenc e ca n b e 

modele d i n a  subconceptua l  connectionis t  system .  B y combinin g suc h linguisti c competenc e wit h 

existin g m e m o r y capabilitie s o f  connectionis t  systems ,  sequentia l  rul e interpretatio n ca n b e 

implemented . 

Assuming that sentences of natural language can be represented in a subconceptual connectionist system means 

tha t  suc h sentence s ccwrespon d t o certai n pattern s o f  activity .  Assumin g tha t  sentence s ca n b e processe d mean s i n 

particula r  tha t  a  patter n o f  activit y representin g a  verba l  insouctio n ca n b e use d t o carr y ou t  tha t  instruction .  Onc e 

sentence s ar e represente d a s pattern s o f  activity ,  th e well-know n procedure s o f  associativ e memorie s ca n b e use d t o 

stor e them .  Thes e ar e content-addressabl e memorie s i n whic h reinstantiatio n o f  a  par t  o f  th e store d ite m cause s 

reinstantiatio n o f  th e complet e item .  A  collectio n o f  suc h memorie s ca n the n b e use d t o driv e sequentia l  behavior , 

as follows . 

First ,  a  se t  o f  linguisticall y expresse d rule s i s presente d t o th e connectionis t  syste m an d thereb y stored .  Fo r 

concretenes s w e ca n imagin e th e rule s t o b e productions :  "i f  conditio n holds ,  the n d o action. "  I n a  particula r 

situatio n w h e n th e conditio n o f  a  rul e holds ,  th e patter n o f  activit y representin g th e conditio n wil l  b e instantiate d i n 

th e network .  Thi s wil l  caus e th e entir e patter n o f  activit y representin g tha t  rul e t o b e reinstantiate d b y th e memor y 

retrieva l  mechanism .  N o w i t  i s  a s i f  th e rul e ha d bee n linguisticall y jM-esente d t o th e syste m from  a n externa l 

instructor .  T h e languag e processin g mechanis m ca n interp-e t  th e sentence ,  generatin g th e appropriat e actio n an d 

leadin g t o a  n e w patter n er f  activit y i n th e networ k representin g th e n e w situation .  Thi s ne w patter n lead s t o th e 

reinstantiatio n o f  anothe r  store d rule ,  an d th e cycl e repeats . 

Using the stored rules the networic can perform the task. The standard learning procedures of connectionist 

model s tur n thi s experienc e performin g th e tas k int o a  se t  o f  weight s f w goin g from  input s t o ouq)uts .  Eventually , 

aftC T enoug h experience,  th e tas k ca n b e performe d directl y b y thes e weights .  Th e inpu t  activit y generate s th e 

outpu t  activit y s o quickl y tha t  befor e th e relativel y slo w interpretatio n proces s ha s a  chanc e t o reinstantiat e th e first 

rul e an d carr y i t  out ,  th e tas k i s done .  Wit h intermediat e amount s o f  experience ,  som e o f  th e weight s ar e wel l 

enoug h i n plac e t o preven t  som e o f  th e rule s fro m havin g th e chanc e t o instantiate ,  whil e other s ar e not ,  enablin g 

othe r  rule s t o b e retrieve d an d interpreted . 
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Rule interpretation, consciousness, andseriality 

What about the conscious aspect of rule interpretation? Since consciousness seems to be a quite high-level 

descriptio n c i  menta l  activity ,  i t  i s  reasonabl e t o suspec t  tha t  i t  reflect s th e ver y coars e structur e o f  th e cognitiv e 

system .  Considerin g coarsenes s o n th e tim e dimension ,  w e ar e lea d t o hypothesize : 

Patterns of activity that are stable for relatively long periods of time (on the order of 100 msec) 

determin e th e content s o f  consciousness . 

(See Rumelhart, Smolensky, McClelland & Hmm 1986.) The rule interpretation process requires the maintenance 

of  th e retrieve d linguisticall y code d rul e whil e i t  i s  bein g carrie d out .  Thu s th e patter n o f  activit y repn-esentin g th e 

rul e i s stabl e fo r  a  relativel y lon g time .  B y contrast ,  afto *  connection s hav e bee n develope d t o perfor m th e tas k 

directly ,  ther e i s n o correspondingl y stabl e patter n forme d durin g th e performanc e o f  th e task .  Thu s th e los s o f 

consciou s phenomenolog y wit h expertis e ca n b e understoo d naturally . 

On this account, the sequentiality of the rule interpretation process is not built into the architecture; rather it is a 

consequenc e o f  th e fac t  tha t  w e ca n follo w onl y on e instructio n a t  a  time .  Connectionis t  memorie s hav e th e 

cq}abilit y  t o retriev e a  singl e store d item ,  an d her e thi s i s necessar y t o avoi d askin g th e linguisti c interprete r  t o 

simultaneousl y interpre t  mor e tha n on e instruction . 

It is interesting to note that the preceding analysis does not require that the "rules" be linguistic; any notational 

syste m tha t  ca n b e ẑ propriatel y interprete d woul d do .  Anothe r  typ e o f  "rule "  i s a  serie s o f  musica l  pitches ;  a 

memorize d collectio n o f  suc h rule s allow s a  musicia n t o pla y a  tun e b y "consciou s rul e interpretation. "  Wit h 

practic e th e nee d fo r  consciou s contro l  goe s away .  Sinc e pianist s lear n t o interpre t  severa l  note s simultaneously ,  th e 

presen t  accoun t  suggest s tha t  pianist s migh t  b e abl e t o 2̂ pl y mer e tha n on e musica l  rul e a t  a  tim e (provide d thei r 

memory fo r  th e rule s ca n simultaneousl y recal l  mor e tha n on e rule) .  A  symboli c accoun t  o f  suc h consciou s rul e 

interpretatio n woul d involv e somethin g lik e a  productio n syste m capabl e o f  firing  multipl e production s 

simultaneously . 

Finall y i t  shoul d b e note d tha t  eve n i f  th e memorize d rule s ar e assume d t o b e linguisticall y coded ,  th e precedin g 

analysi s i s uncommitte d abou t  th e for m th e rule s tak e i n memory :  phonological ,  CHthographic ,  semantic ,  o r 

whatever . 

Symbolic \s. subsymbolic implementation of rule interpretation 

The (approximate )  implementatio n o f  th e consciou s rul e interprete r  i n a  subsymboli c systan— a reductio n o f  th e 

traditiona l  kind ,  a s I  hav e argue d above—ha s bot h advantage s an d disadvantage s relativ e t o a n (exact ) 

implementatio n i n a  vo n Neuman n machine— a reductio n b y intentiona l  instantiation . 

The main disadvantage is that subconceptual representation and interpretation of linguistic instructions is very 

difficul t  an d w e can' t  no w actuall y d o i t  Mos t  existin g subsymboli c system s simpl y don' t  us e rul e interpretation. ' 

They can' t  tak e advantag e o f  rule s t o chec k th e result s produce d b y th e intuitiv e processor .  The y can' t  bootstra p 

thei r  wa y int o a  ne w domai n usin g rule s t o generat e thei r  ow n experience :  the y mus t  hav e a  teache r  generat e i t  fo r 

them. ^ 

There are several advantages of a subconceptually implemented rule interpreter. The intuitive fffocessor and 

rul e interprets -  ar e highl y integrated ,  wit h Ix-oad-ban d communicatio n betwee n them .  Understandin g ho w thi s 

communicatio n work s shoul d allo w desig n o f  efficien t  hybri d symbolic/subsymboli c system s wit h effectiv e 

1.  A  notabl e exceptio n i s Touretzk y &  Hinto n 1985 . 

2. And when a network makes a mistake, it can be told the correct answer but it can't be told which rule it violated. 

Thus i t  mus t  assig n blam e fo r  it s  erro r  i n a  ver y undirecte d way .  I t  i s  quit e plausibl e tha t  th e larg e amoun t  o f  train -

in g currentl y require d b y subsymboli c system s coul d b e significantl y reduce d i f  blam e coul d b e focusse d b y citin g 

violate d rules . 
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communication between the (Kocessors. A principled basis is provided for studying how rule-based knowledge 

lead s t o intuitiv e knowledge .  Perhap s mos t  interesting ,  i n a  subsymboli c rul e interpreter ,  th e proces s o f  rul e 

selectio n i s intuitive !  Whic h rul e i s reinstantiate d i n memor y a t  a  give n tim e i s th e resul t  o f  th e associativ e retrieva l 

process ,  whic h ha s man y nic e properties .  Th e "bes t  match "  t o th e productions '  condition s i s quickl y computed ,  an d 

eve n i f  n o matc h i s \er y good ,  a  rul e ca n b e retrieved .  Th e selectio n proces s ca n b e quit e context-sensitive . 

An integrated subsymbolic rule interpreter/intuitive processor in principle offers the advantages of both kinds of 

processing .  Imagin e suc h a  syste m creatin g a  mathematica l  proof .  Th e intuitiv e processo r  woul d sugges t  goal s an d 

steps ,  an d th e rul e interprete r  woul d verif y th e validit y o f  proposals .  Th e seria l  searc h throug h th e spac e o f  possibl e 

step s tha t  i s necessar y i n a  purel y symboli c approac h i s replace d b y intuitiv e generatio n o f  possibilities .  Ye t  th e 

precis e adherenc e t o stric t  inferenc e rule s tha t  i s demande d b y th e tas k ca n b e enforce d b y th e rul e interpreter ;  th e 

creativit y o f  intuitio n ca n b e exploite d whil e it s  unreliabilit y  ca n b e controlled . 

Two kinds of knowledge; one medium 

Most existing subsymbolic systems perform tasks without serial rule interpretation: patterns of activity 

representin g input s ar e directl y transfcMme d (possibl y throug h multipl e layer s o f  units )  t o pattern s o f  activit y 

representin g outputs .  Th e connection s tha t  mediat e thi s transformatio n represen t  a  for m o f  tas k knowledg e tha t  ca n 

be applie d wit h massiv e parallelism :  I  wil l  cal l  i t  P-knowledge .  Fo r  example ,  th e P-knowledg e i n a  nativ e speake r 

encode s lexical ,  morphological ,  syntactic ,  semantic ,  an d pragmati c constraint s i n suc h fcMi n tha t  al l  thes e constraint s 

ca n b e satisfie d i n paralle l  durin g comprehensio n an d generation . 

The connectionist implementation of sequential rule interpretation described above displays a second fram that 

knowledg e ca n tak e i n a  subsymboli c system .  Th e store d activit y pattern s tha t  represen t  rule s als o constitut e tas k 

knowledge :  cal l  i t  S-knowledge .  Lik e P-knowledge ,  S-knowledg e i s imbedde d i n connections :  th e cwinection s tha t 

enabl e par t  o f  a  rul e t o reinstantiat e th e entir e rule .  Unlike  P-knowIedge ,  S-knowledg e canno t  b e use d massivel y i n 

parallel .  Fo r  example ,  a  novic e speake r  o f  som e languag e canno t  satisf y th e constraint s containe d i n tw o 

memorize d rule s simultaneously ;  the y mus t  b e seriall y  reinstantiate d a s pattern s o f  activit y an d separatel y 

interpreted .  O f  cours e th e connection s responsibl e fo r  reinstantiatin g thes e memorie s operat e i n parallel ,  an d indee d 

thes e connection s contai n withi n the m th e potentia l  t o reinstantiat e eithe r  o f  th e tw o memcMize d rules .  Bu t  thes e 

connection s ar e s o arrange d tha t  onl y on e rul e a t  a  tim e ca n b e reinstantiated .  Th e retrieva l  o f  a  singl e rul e i s a 

paralle l  process ,  bu t  th e satisfactio n o f  th e constraint s containe d i n th e tw o rule s i s a  seria l  process .  Afte r 

considerabl e experience ,  P-knowledg e i s created :  connection s tha t  ca n simultaneousl y satisf y th e constraint s 

represente d b y th e tw o rules . 

P-knowIedge is considerably more difficult to create than S-knowledge. To encode a constraint in connections 

so tha t  i t  ca n b e satisfie d i n paralle l  wit h thousand s o f  other s i s n o eas y task .  Suc h a n encodin g ca n onl y b e learne d 

throug h considerabl e experienc e i n whic h tha t  constrain t  ha s appeare d i n man y differen t  contexts ,  s o tha t  th e 

connection s enforcin g th e constrain t  ca n b e tune d t o operat e i n paralle l  wit h thos e enforcin g a  wid e variet y o f  othe r 

constraints .  S-knowledg e ca n b e muc h mor e rapidl y acquire d (onc e th e Unguisti c skill s  o n whic h i t  depend s hav e 

bee n encode d int o P-knowIedge ,  o f  course) .  Simpl y recitin g a  verba l  rul e ove r  an d ove r  wil l  usuall y suffic e t o stor e 

i t  i n memor y (a t  leas t  temporarily) . 

That P-knowledge is so highly context-dependent while the rules of S-knowledge are essentially context-free is 

an importan t  computationa l  fac t  underlyin g man y o f  th e psychologica l  explanation s offere d b y subsymboli c models . 

Consider ,  fo r  example ,  Rumelhar t  an d McCIelland' s (1986 )  mode l  o f  th e U-sh!q)e d curv e fo r  past-tens e productio n 

i n children .  Th e phenomeno n i s striking :  a  chil d i s observe d usin g goe d an d wente d whe n a t  a  muc h younge r  ag e 

went  wa s reliabl y used .  Thi s i s surprisin g becaus e w e ar e pron e t o thin k tha t  suc h linguisti c abilitie s res t  o n 

knowledg e tha t  i s  encode d i n som e context-fre e for m suc h a s "th e pas t  tens e o f  g o i s went. "  W h y shoul d a  chil d los e 

suc h a  rul e onc e acquired ? A  traditiona l  answe r  invoke s th e acquisitio n o f  a  differen t  context-fre e rule ,  lik e "th e 

pas t  tens e o f  x  i s x+ed "  which ,  fo r  on e reaso n o r  another ,  take s precedence .  Th e poin t  here ,  however ,  i s  tha t  ther e i s 

nothin g a t  al l  surprisin g abou t  th e phenomeno n whe n th e underlyin g knowledg e i s assume d t o b e context-dependen t 

an d no t  context-free .  Th e youn g chil d ha s a  smal l  vocabular y o f  largel y irregula r  verbs .  Th e connection s tha t 

implemen t  thi s P-knowledg e ar e capabl e o f  reliabl y producin g th e larg e patter n o f  activit y representin g went ,  a s wel l 
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as thos e representin g a  smal l  numbe r  o f  othe r  past-tens e forms .  Informall y w e ca n sa y tha t  th e connection s 

producin g wen t  d o s o i n th e contex t  o f  th e othe r  vocabular y item s tha t  ar e als o store d i n th e sam e connections . 

Ther e i s n o guarante e tha t  thes e connection s wil l  produc e wen t  i n th e contex t  o f  a  differen t  vocabulary .  A s th e chil d 

acquire s additiona l  vocabular y items ,  mos t  o f  whic h ar e regular ,  th e contex t  radicall y changes .  Connection s tha t 

were ,  s o t o speak ,  pafectl y adequat e fo r  creatin g wen t  i n th e ol d contex t  n o w hav e t o wor k i n a  contex t  wher e ver y 

stron g connection s ar e tryin g t o creat e form s endin g i n -ed ;  thes e "ol d connections "  ar e no t  u p t o th e ne w task . 

Onl y throug h extensiv e experienc e tryin g t o {M'oduc e wen t  i n th e ne w contex t  o f  m a n y regula r  verb s ca n th e "old " 

connection s b e modifie d t o wor k i n th e ne w context .  (I n particular ,  stron g ne w connection s mus t  b e adde d that , 

when th e inpu t  patter n i s tha t  fo r  go ,  cance l  th e -ed ;  thes e wer e no t  neede d before. ) 

These observations about context-dependence can also be framed in terms of inference. If we choose to regard 

th e chil d a s usin g knowledg e t o i n som e sens e "infer "  th e correc t  answe r  went ,  the n w e ca n sa y tha t  afte r  th e chil d 

has adde d mor e knowledg e (abou t  n e w verbs) ,  th e abilit y  t o mak e th e (correct )  inferenc e i s lost .  I n thi s sens e th e 

child' s inferenc e iwoces s i s non-monotonic—perhap s thi s i s w h y w e find  th e phenomeno n surprising .  Non -

monotonicit y i s  a  fundamenta l  propert y o f  subsymboh c inferenc e (se e Smolensky ,  1987b) . 

To summarize: 

• Knowledge in subsymbolic systems can take two forms, both resident in the connections. 

•  Th e knowledg e use d b y th e consciou s rul e interprete r  lie s i n connection s tha t  reinstantiat e pattern s 

encodin g rules ;  tas k constraint s ar e code d i n context-fre e rule s an d satisfie d serially . 

•  Th e knowledg e use d i n intuitiv e processin g Ue s i n connection s tha t  constitut e highl y context-sensitiv e 

encoding s o f  tas k constraint s tha t  ca n b e satisfie d wit h massiv e parallelism . 

•  Learnin g suc h encoding s require s muc h experience . 

Conclusion 

The approach described above sets out a rather clear program for developing subsymbolic models of conscious 

rul e application .  Th e crucia l  technica l  problem s t o b e solve d involv e subsymboli c model s o f  natura l  languag e 

processing :  th e representatio n o f  linguisti c structures—includin g procedura l  description s suc h a s productions—an d 

thei r  interpretation—effectin g th e designate d (M'ocedure s a s a  resul t  o f  activatin g thei r  representation .  Thes e ar e 

har d problems ,  bu t  the y ar e problem s tha t  nee d t o b e solve d anywa y b y a  connectionis t  approac h t o languag e 

processing .  Wit h eve n ver y limite d solution s t o thes e problems ,  w e ca n begi n t o seriousl y explor e th e interactio n o f 

rul e applicatio n an d intuitiv e processing ,  i n bot h learnin g an d performance ,  withi n a  subsymboli c connectionis t 

framework . 
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