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I s D i s t r i bu te d C o n n e c t i o n i s m C o m p a t i b l e w i t h 

t h e P h y s i c a l  S y m b o l  S y s t e m H y p o t h e s i s ? 

Mark Derthick and David C. Plaut 

Computer Science Department 
Carnegie-Mello n Universit y 

1.  Introductio n 

Al l  existin g intelligen t  system s shar e a 

simila r  biologica l  an d evolutionar y heritage . 

Based o n th e convictio n tha t  cognitio n i s com -

putation ,  artificia l  intelligenc e researcher s ar e in -

vestigatin g computationa l  model s a s a  mean s o f 

discoverin g propertie s share d b y al l  intelligen t 

systems . 

One propert y tha t  ha s bee n propose d a s 

centra l  t o intelligenc e i s th e abilit y  t o construc t 

and manipulat e symbo l  structures .  I f  intel -

ligenc e ma y b e describe d completel y i n term s o f 

symbol  processing ,  the n cognitiv e scienc e nee d 

not  b e concerne d wit h th e particula r  physica l  im -

plementatio n detail s o f  eithe r  artificia l  o r  biologi -

cal  examples ;  neuroscienc e woul d n o longe r  b e 

par t  o f  cognitiv e science .  O n th e othe r  hand ,  i f 

importan t  aspect s o f  intelligenc e evad e symboli c 

explanation ,  i t  ma y prov e necessar y t o conside r 

phenomena belo w th e symbo l  level .  Th e con -

nectionis t  approac h t o artificia l  intelligenc e i s 

founde d o n th e convictio n tha t  th e structur e o f 

th e brai n criticall y constrain s th e natur e o f  th e 

computation s i t  performs .  However ,  i f  th e sym -

boli c positio n i s correc t  an d neura l  network s onl y 

implemen t  symbo l  systems ,  the n connectionis m 

contribute s littl e t o cognitiv e science . 

The notio n o f  intelligenc e a s symbo l 

processin g wa s mad e explici t  b y Newel l  an d 

Simon wit h th e Physica l  Symbo l  Syste m 

Hypothesi s (PSSH )  (Newel l  &  Simon .  1976 , 

Newell ,  1980 )  an d th e Knowledg e Leve l 

Hypothesi s (KLH )  (Newell ,  1982) .  Take n 

together ,  thes e hypothese s hav e significan t  im -

plication s fo r  th e natur e o f  an y syste m capabl e 

of  genera l  intelligence .  W e examin e a  numbe r 

of  connectionis t  system s i n ligh t  o f  th e 

hypothese s an d distinguis h thre e kinds :  (1 ) 

rule-base d systems ,  whic h ar e symbo l  systems ; 

(2 )  rule-followin g systems ,  whic h ar e symbo l 

system s onl y unde r  a  weakene d versio n o f  th e 

PSSH;  an d (3 )  system s whic h ar e no t  rule -

following ,  an d thu s ar e no t  symbo l  system s eve n 

i n a  wea k sense . 

Accordin g t o th e PSSH,  non-symboli c con -

nectionis t  system s mus t  b e incapabl e o f  genera l 

intelligence .  Ther e ar e stron g argument s bot h 

fo r  an d agains t  thi s conclusion .  O n th e on e 

hand ,  suc h connectionis t  system s ma y provid e 

more parsimoniou s account s o f  certai n cognitiv e 

phenomen a tha n d o symboli c approaches .  O n 

th e othe r  hand ,  thes e connectionis t  system s 

hav e significan t  limitations ,  relatin g t o univer -

sality ,  no t  share d b y symbo l  systems .  W e con -

clud e tha t  a  comprehensiv e theor y o f  intel -

ligenc e ma y requir e a  hybri d mode l  tha t  com -

bine s th e strength s o f  bot h approaches. 

2. Physical Symbol Systems 
The PSS H state s tha t  a  physica l  symbo l  sys -

tem,  define d a s " a machin e tha t  produce s 
throug h tim e a n evolvin g collectio n o f  symbo l 
stojctures "  (Newel l  &  Simon ,  1976 ,  p .  116) ,  ha s 

th e necessar y an d sufficien t  mean s fo r  genera l 

intelligen t  action .  Newel l  an d Simo n explain . 

By "necessary "  w e mea n tha t  an y syste m 
tha t  exhibit s genera l  intelligenc e wil l  prov e 
upon analysi s t o b e a  physica l  symbo l  sys -
tem.  B y "sufficient "  w e mea n tha t  an y 
physica l  symbo l  syste m o f  sufficien t  siz e 
can b e organize d furthe r  t o exhibi t  genera l 
intelligence .  (Newel l  &  Simon ,  1976 ,  p .  116 ) 
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Of  course ,  sinc e symbo l  system s ar e univer -

sal  the y ar e sufficien t  fo r  carryin g ou t  an y be -

havior .  T o accep t  th e sufficienc y conditio n o n 

thi s basis ,  however ,  woul d b e t o fal l  pre y t o th e 

"Turin g tarpit "  (Newell ,  1980) ,  i n whic h sig -

nifican t  structura l  difference s ar e blurre d unde r 

th e notio n tha t  al l  universa l  system s ar e equiv -

alent .  I n orde r  fo r  th e sufficienc y clai m t o b e 

substantive ,  th e furthe r  organizatio n require d t o 

exhibi t  genera l  intelligenc e mus t  no t  resor t  t o 

simulatin g a  non-symboli c system . 

Physica l  symbo l  systems '  ar e compose d o f 

1.  a  collectio n o f  symbols ,  eac h a 
discrete ,  identifiabl e physica l  pat -
ter n i n a  machine ; 

2.  symbo l  structures ,  o r  expressions , 
compose d o f  symbol s relate d i n 
some physica l  way ; 

3.  processe s operatin g o n expres -
sion s t o produc e othe r  expres -
sions . 

A symbo l  structur e designate s anothe r  symbo l 

stmctur e o r  proces s i f  havin g th e firs t  structur e 

allow s behavio r  tha t  affect s o r  depend s o n th e 

second .  Th e syste m ca n interpre t  a n expressio n 

if  th e expressio n designate s a  proces s an d if , 

give n th e expression ,  th e syste m ca n carr y ou t 

th e process .  Thi s formulatio n ha s a  numbe r  o f 

consequence s fo r  th e natur e o f  an y physica l 

symbol  syste m (Newel l  &  Simon ,  1976) ,  th e 

most  importan t  fo r  ou r  purpose s being : 

1.  A  symbo l  ma y b e use d t o desig -
nat e an y expressio n whatsoever . 

2.  Ther e exis t  expression s tha t 
designat e ever y proces s o f  whic h 
th e machin e i s capable . 

3.  Th e numbe r  o f  expression s tha t 
th e syste m ca n hol d i s essentiall y 
unbounded . 

We wil l  argu e i n th e nex t  sectio n tha t  thes e 

characteristic s exclud e certai n connectionis t 

system s fro m th e clas s o f  physica l  symbo l  sys -

tems . 

The semantic s o f  a  physica l  symbo l  syste m 

i s develope d i n th e contex t  o f  th e relatio n be -

Ôur  analysi s i s base d solel y o n th e fomiulatio n o f  symbo l 
system s develope d b y Newel l  an d Simon ,  an d doe s no t 
exclud e th e possibilit y  o f  alternativ e fomiulation s whic h 
might  encompas s th e connectionis t  system s w e discuss . 

twee n th e symbo l  leve l  an d a  higher ,  knowledg e 

level ,  i n whic h th e behavio r  o f  th e syste m i s 

describe d i n term s o f  knowledge ,  goals ,  an d ac -

tion s (Newell ,  1982) .  Th e Knowledg e Leve l 

Hypothesi s state s tha t  th e knowledg e leve l  i s im -

plemente d directl y b y th e symbo l  level . 

Knowledg e leve l  entitie s ar e represente d b y par -

ticula r  symbo l  leve l  structures ,  an d eac h symbo l 

stnjctur e ha s a  coheren t  interpretatio n a t  th e 

knowledg e level .  I n othe r  words ,  symlx)l s an d 

symbol  structure s ar e th e forma l  entitie s o f  a 

physica l  symbo l  syste m tha t  ar e give n a  seman -

ti c interpretation . 

Wit h thes e characteristic s o f  physica l  symbo l 

system s i n mind ,  w e tur n t o a n analysi s o f  th e 

relationshi p betwee n symbo l  system s an d con -

nectionis t  systems . 

3. Connectionist Systems 

We tak e th e essentia l  characteristi c o f  a  con -

nectionis t  syste m t o b e th e existenc e o f  a  physi -

cal  leve l  descriptio n i n term s o f  th e operatio n o f 

a larg e numbe r  o f  ver y simpl e computin g 

device s (units )  locall y interactin g acros s ver y lo w 

bandwidt h channel s (connections) .  Suc h a n ar -

chitectur e i s quit e differen t  fro m tha t  underlyin g 

standar d physica l  symbo l  systems .  However , 

th e fac t  tha t  connectionis t  system s ar e buil t  ou t 

of  unit s an d connection s doe s no t  bea r  o n th e 

questio n o f  whethe r  the y ar e symbo l  systems . 

The critica l  issu e her e i s th e relatio n betwee n 

forma l  operation s o f  th e syste m an d wha t  the y 

represent .  I n thi s regard ,  certai n type s o f 

"localist "  connectionis t  system s (Feldma n &  Bal -

lard ,  1982 ,  Cottrell ,  1984 ,  Shastr i  &  Feldman , 

1984) ,  i n whic h th e activit y o f  individua l  unit s 

may b e give n a  coheren t  knowledg e leve l 

semantics ,  mee t  th e requiremen t  o f  physica l 

symbol  system s tha t  th e forma l  leve l  ma p 

directl y t o th e semanti c level . 

On th e othe r  hand ,  "distributed "  connec -

tionis t  system s (Hinto n &  Anderson ,  1981 , 

McClellan d &  Rumelhart ,  1986) ,  i n whic h a 

knowledg e leve l  semantic s i s ascribe d onl y t o 

pattern s o f  activit y o f  a  larg e numbe r  o f  units , 

presen t  difficultie s fo r  an y attemp t  t o assig n t o 

th e syste m th e typ e o f  forma l  semantic s require d 

of  physica l  symbo l  systems .  I n particular ,  th e 

forma l  leve l  o f  th e syste m (i.e .  th e interactio n o f 
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unit s vi a connections )  an d th e semanti c leve l 

(i.e .  th e interaction s o f  pattern s o f  activity )  d o no t 

correspond ,  no r  d o the y operat e accordin g t o 

th e sam e principles .  Whil e unit s obe y forma l 

input/outpu t  mie s (specifie d i n temn s o f  uni t  ac -

tivitie s an d connectio n strengths) ,  th e interactio n 

of  pattern s o f  activit y a s pattern s nee d no t  b e 

formal .  Ther e ar e variou s way s fo r  th e inter -

actio n o f  pattern s i n suc h system s t o generat e 

knowledg e leve l  behavior .  I n th e followin g sec -

tion s w e mak e thre e distinction s amon g dis -

tribute d connectionis t  systems :  rule-base d sys -

tems ,  wit h explicitl y  encode d njles ;  rule-followin g 

systems ,  wit h implicitl y  encode d mles ;  an d sys -

tems whos e behavio r  i s no t  strictl y rule -

following . 

3.1. Explicit Rules 

We firs t  examin e a  distribute d connectionis t 

syste m i n whic h th e interactio n o f  th e pattern s o f 

activit y i s  governe d b y explici t  mle s an d i s there -

for e formal .  Touretzk y an d Hinto n (1985 )  hav e 

develope d a  connectionis t  implementatio n o f  a 

productio n system .  Productio n memor y consist s 

of  set s o f  units ,  eac h dedicate d t o a  particula r 

production .  Th e unit s i n eac h se t  ar e wire d t o 

unit s whic h ar e activ e i n th e representatio n o f 

workin g memor y element s tha t  ar e matched , 

added ,  o r  delete d b y th e production .  Althoug h 

th e behavio r  o f  th e syste m ca n b e explaine d i n 

term s o f  interaction s betwee n individua l  units ,  a 

highe r  leve l  explanatio n makin g referenc e t o th e 

productio n rule s ca n b e used .  Furthermore ,  thi s 

explanatio n i s no t  jus t  a  wa y o f  speaking ;  i t  cor -

respond s directl y t o physica l  stnjcture .  Thi s i s 

jus t  wha t  Newel l  an d Simo n expec t  wil l  b e th e 

cas e fo r  an y intelligen t  system :  th e symt)o l  leve l 

may b e implemente d i n variou s technologies , 

but  i t  i s  a  real ,  necessar y syste m level .  Th e 

"Touretzk y tarpit "  (i n contras t  t o th e Turin g tarpit ) 

trap s thos e wh o gratuitousl y distinguis h thi s sys -

te m fro m symboli c one s b y attributin g 

psychologica l  importanc e t o it s underlyin g con -

nectionis t  basis .  I t  AS symbolic ,  an d an y theor y 

base d o n i t  coul d a s wel l  b e non-connectionist . 

3.2. implicit Rules 

I n contrast ,  a  connectionis t  syste m 

develope d b y Rumelhar t  an d McClellan d (1986 ) 

exhibit s rule-followin g behavio r  withou t  contain -

in g explici t  representation s o f  th e rules .  Th e 

tas k i s t o for m a  phonologica l  representatio n o f 

th e pas t  tens e o f  Englis h verb s fro m a 

phonologica l  representatio n o f  th e presen t  tens e 

form .  Linguist s typicall y mode l  thi s tas k wit h a 

larg e numbe r  o f  mles ,  whic h for m a  hierarch y o f 

exceptions ,  exception s t o exceptions ,  an d s o on . 

The mi e fo r  regula r  verb s consist s o f  addin g 

led/ .  Irregula r  verb s ma y b e groupe d accordin g 

t o othe r  mles ,  suc h a s changin g /ing /  t o /ang / 

{sing/sang) ,  changin g /d /  t o /t /  (buil d built) ,  etc . 

Instea d o f  usin g explici t  rules ,  Rumelhar t 

and McClelland' s syste m capture s th e mI e fol -

lowin g natur e o f  formin g pas t  tense s i n term s o f 

regularitie s betwee n th e substmcture s o f  th e 

phonologica l  code s o f  th e presen t  an d pas t 

tens e forms .  Thi s substmctur e i s represente d i n 

term s o f  th e activit y o f  a  se t  o f  units ,  eac h 

representin g a  context-sensitiv e tripl e o f 

phoneme feature s (calle d "Wickelfeatures "  i n th e 

spiri t  o f  Wickelphone s (Wickelgren ,  1969)) .  Th e 

importan t  characteristic s o f  thi s cod e ar e tha t  i t 

ca n sufficientl y discriminat e betwee n an y tw o 

Englis h verbs ,  an d tha t  i t  provide s a  natura l 

basi s fo r  generalization s t o emerg e abou t  wha t 

aspect s o f  a  presen t  tens e for m correspon d t o 

what  aspect s o f  th e pas t  tens e for m (Rumelhar t 

& McClelland ,  1986) . 

I n th e model ,  a  fixe d encodin g networ k con -

vert s th e actua l  phonologica l  representatio n o f 

th e presen t  tens e for m int o a  slightl y blurre d pat -

ter n o f  activit y ove r  a  larg e se t  o f  inpu t  units , 

eac h representin g a  particula r  Wickelfeature . 

Each inpu t  uni t  i s  connecte d t o eac h member  i n 

a simila r  se t  o f  outpu t  unit s fo r  representin g th e 

phonologica l  substmctur e o f  th e pas t  tens e 

form .  Th e activit y o f  th e outpu t  unit s i s the n 

decode d b y a  secon d fixe d networ k int o it s cor -

respondin g phonologica l  representation .  Th e 

goal  o f  th e networ k i s t o produc e i n th e outpu t 

unit s th e patter n o f  activit y representin g th e pas t 

tens e for m give n th e patter n o f  activit y ove r  th e 

inpu t  unit s fo r  th e presen t  tens e form .  Th e net -

wor k i s presente d wit h th e code s fo r  a  larg e 

number  o f  present/pas t  tens e pairs ,  an d a  learn -

in g algorith m modifie s th e strength s o f  th e con -

nection s betwee n th e inpu t  an d outpu t  unit s t o 

reduc e fo r  eac h pai r  th e differenc e betwee n th e 

correc t  phonologica l  representatio n an d th e on e 
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produce d b y th e network .  A s i t  learn s th e task , 

th e performanc e o f  th e networ k passe s throug h 

thre e importan t  stage s (whic h w e describ e 

below) ,  eventuall y producin g th e appropriat e 

rule-followin g an d exceptio n behavior ,  a s 

demonstrate d b y prope r  generalizatio n t o ver b 

pair s no t  s e e n i n th e training . 

T h e w a y i n whic h Rumelhar t  an d 

McClelland' s syste m produce s mle-followin g be -

havio r  violate s a n importan t  constrain t  o n th e 

stmctur e o f  a  physica l  symbo l  system ; 

processe s i n th e sys te m d o no t  hav e symbo l 

structure s whic h designat e them .  Regularitie s 

be twee n th e substmctur e o f  presen t  an d pas t 

tens e form s ar e encode d (i n connectio n 

strengths )  i n terni s o f  th e interactio n o f 

"microfeatures "  (i n thi s case ,  Wickelfeatures) . 

T h e presenc e o f  eac h microfeatur e i n th e inpu t 

representatio n provide s suppor t  fo r  s o m e 

microfeature s i n th e outpu t  representatio n whil e 

inhibitin g others .  T h e s e "'microinferences' "  allo w 

th e substructur e o f  th e inpu t  t o b e combine d i n 

ver y comple x an d subtl e w a y s t o produc e th e 

appropriat e substructur e fo r  th e output .  T h e ac -

tua l  semanti c mle s (whic h th e input/outpu t  ac -

tivit y pattern s ca n b e describe d a s following )  ar e 

nowhe r e state d explicitly ,  bu t  e m e r g e fro m c o m -

ple x interaction s a m o n g th e microinference s 

(Hinton ,  1981) . 

T h e lac k o f  explici t  m le s exclude s thi s sys -

t e m fro m th e clas s o f  physica l  symbo l  systems . 

Howeve r ,  rule-followin g connectionis t  system s 

ar e compatibl e wit h a  weake r  versio n o f  th e 

P S S H.  I t  coul d stil l  b e maintaine d tha t  intel -

ligenc e ca n b e explaine d wit h a  rule-base d sys -

tem ,  regardles s o f  th e fac t  tha t  i t  i s  als o possibl e 

t o explai n intelligenc e i n term s o f  a  syste m 

whic h i s onl y njle-following .  Thi s correspond s t o 

interpretin g th e symbo l  leve l  primaril y a s a 

m e a ns o f  explainin g knowledg e leve l  behavior , 

an d no t  necessaril y a s th e m e a n s o f 

implementin g it . 

3.3. Not Rule-following 

A majo r  contributio n o f  Rumelhar t  an d 

McClelland' s syste m i s modelin g th e stage s tha t 

childre n pas s throug h i n acquirin g th e abilit y  t o 

for m pas t  tenses :  (1 )  a n initia l  stag e i n whic h al l 

pas t  tense s ar e learne d a s separat e words ;  (2 ) 

an intermediat e stag e i n whic h a n insufficien t 

number  o f  rule s ar e use d t o for m al l  pas t  tenses , 

resultin g i n overregularization ;  an d (3 )  a  fina l 

stag e i n whic h mor e an d mor e rule s ar e learned , 

so al l  know n verb s ar e handle d correctl y an d 

nove l  verb s generaliz e appropriately .  Whil e th e 

stage s ar e relativel y wel l  defined ,  th e transitio n 

fro m on e stag e t o anothe r  i s gradual ,  s o tha t  a t 

time s a  chil d ma y us e severa l  pas t  tens e form s 

of  th e sam e ver b i n th e sam e conversation . 

Suc h behavio r  i s difficul t  t o accoun t  fo r  usin g 

mles ,  bu t  i s  explaine d quit e elegantl y (i n term s 

of  competin g microinferences )  i n th e connec -

tionis t  model .  Whil e th e syste m ca n b e 

describe d a s followin g mle s onc e th e abilit y  t o 

for m pas t  tense s ha s bee n full y learned ,  th e sys -

te m viewe d a s evolvin g ove r  tim e canno t  b e 

give n a n adequat e forma l  symbo l  leve l 

explanation ,  an d henc e i s no t  a  symbo l  syste m 

eve n i n th e weake r  sens e describe d above . 

Of  course ,  a  rule-base d approac h wit h a 

ver y larg e se t  o f  highl y interacting ,  fine-graine d 

rule s whic h fir e i n paralle l  migh t  succee d i n 

reproducin g suc h grade d behavior. ^  I n general , 

mie-base d system s embod y symbo l  systems , 

and s o b y virtu e o f  thei r  universalit y the y are ,  i n 

principle ,  capabl e o f  reproducin g an y behavio r 

(th e Turin g tarpi t  argument) .  Ye t  a s th e com -

plexit y o f  suc h system s increases ,  i t  become s 

mor e an d mor e difficul t  t o giv e a  clea r  account , 

i n term s o f  th e tas k o r  environment ,  o f  wha t  a 

singl e mi e i s doing .  Mor e an d mor e o f  th e struc -

tur e o f  a  rul e depend s o n th e entir e se t  o f  mle s 

wit h whic h i t  interacts .  Th e syste m become s a 

les s an d les s parsimoniou s rule-base d explana -

tion ,  an d mor e an d mor e simila r  t o a 

microin f  erence-base d connectionis t  explanation . 

4. Limitations of Connectionist 

S y s t e m s 

The PSS H state s tha t  onl y symbo l  system s 
ar e capabl e o f  genera l  intelligence .  A s w e hav e 

s h o w n ,  ther e ar e connectionis t  system s tha t  ar e 

not  symbo l  system s eve n i n a  w e a k sense . 

Therefore ,  eithe r  th e P S S H i s false ,  o r  connec -

tionis t  system s o f  thi s typ e canno t  b e extende d 

Î n fact ,  th e evolutio n o f  larg e exper t  systems ,  suc h a s R 1 
(McDermott ,  1982 ,  Bachan t  &  McDermott ,  1984) ,  seem s t o 
lea d i n thi s direction . 
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fro m limite d domain s t o genera l  intelligence .  W e 

conten d tha t  non-symboli c connectionis t  sys -

tems ar e limite d wit h respec t  t o symbo l  systems : 

the y ar e no t  universal ,  an d henc e lac k th e 

flexibilit y  t o potentiall y  carr y ou t  an y possibl e be -

havior . 

Any computationa l  syste m i s implemente d 

by wha t  Pylyshy n (1980 )  call s th e functiona l 

architecture ;  "th e fixe d functiona l  capacitie s 

provide d b y th e biologica l  substrate...ou t  o f 

whic h cognitiv e processe s ar e composed. " 

Pylyshy n (1984 )  argue s tha t  th e essentia l  dif -

ferenc e betwee n connectionis t  system s an d 

symbol  system s hinge s o n significan t  dif -

ference s i n thei r  functiona l  architectures .  I n a 

symbol  system ,  a n unbounde d numbe r  o f  sym -

bol s ma y b e manipulate d b y a  finitel y specifie d 

control .  I n a  connectionis t  system ,  al l  o f  th e 

knowledg e use d t o carr y ou t  a  proces s i s con -

taine d withi n a  finit e structure ;  contro l  an d dat a 

ar e no t  separate .  Th e unbounde d storag e 

capacit y tha t  underlie s th e universalit y o f  symbo l 

system s is ,  i n principle ,  no t  availabl e i n th e 

specificatio n o f  connectionis t  systems . 

It  coul d b e argue d tha t  i f  a n unbounde d poo l 

of  uncommitte d unit s wer e available ,  an d i f 

learnin g coul d tak e plac e durin g th e executio n o f 

an operation ,  the n i t  migh t  b e possibl e t o stor e a 

potentiall y  unlimite d amoun t  o f  knowledge . 

However ,  allowin g learnin g t o b e a  primitiv e 

operatio n o f  th e functiona l  architectur e woul d b e 

allowin g universalit y i n b y th e bac k door .  B y 

definition ,  th e capabilitie s o f  th e functiona l  ar -

chitectur e ar e fixed .  I n a  connectionis t  syste m 

learnin g i s a  metho d fo r  modifyin g th e functiona l 

architectur e an d canno t  b e controlle d a t  th e 

semanti c level . 

Yet  Touretzk y an d Hinton' s syste m ca n ad d 

a potentiall y  unbounde d amoun t  o f  knowledg e 

withou t  th e us e o f  learning .  Production s matc h 

clause s represente d i n claus e spaces ,  whic h ar e 

group s o f  unit s tha t  ca n represen t  on e claus e a t 

a time .  Th e clause s whic h correspon d t o stabl e 

pattern s ar e no t  determine d b y connectio n 

strengths ,  bu t  b y th e state s o f  unit s i n workin g 

memory space .  Connectionis t  system s requir e 

learnin g t o modif y weights ,  bu t  the y modif y 

state s durin g ordinar y operation .  Thu s i t  i s  pos -

sibl e i n thi s syste m t o stor e a n arbitrar y amoun t 

of  knowledg e i n workin g memor y an d hav e i t  ap -

propriatel y affec t  claus e retrieval .  Changin g th e 

state s o f  workin g memor y unit s i s don e b y th e 

productio n memor y units ,  s o universalit y ap -

pear s exactl y whe n th e divisio n betwee n contro l 

and dat a does . 

5. A Hybrid System 

We hav e see n ho w generalizatio n arise s 

naturall y i n non-symboli c connectionis t  system , 

but  tha t  suc h system s ar e limite d wit h respec t  t o 

th e universalit y o f  symbo l  systems .  I n orde r  t o 

determin e th e relativ e significanc e o f  thes e tw o 

approaches ,  i t  i s  necessar y t o characteriz e th e 

processe s tha t  mus t  b e accounte d fo r  b y a  com -

prehensiv e theor y o f  intelligence . 

Pylyshy n (1980 )  argue s tha t  th e clas s o f 

processe s tha t  psycholog y i s committe d t o ex -

plai n ar e thos e tha t  ar e "cognitivel y penetrable" ; 

processe s whos e functio n depend s o n th e 

agent' s belief s an d goal s i n meaningfu l  ways . 

Any functio n tha t  i s  cognitivel y impenetrabl e 

represent s a  fixe d primitiv e operatio n o f  th e 

functiona l  architecture .  B y definition ,  thes e 

primitiv e operation s ar e no t  symbolic .  There -

fore ,  i t  i s  possibl e t o suppos e that ,  fo r  example , 

pas t  tens e formatio n i s primitive .  I n general ,  an y 

proces s foun d t o requir e a  non-symboli c ex -

planatio n ma y b e relegate d t o th e functiona l  ar -

chitecture .  However ,  i f  to o muc h o f  cognitio n i s 

swept  unde r  th e primitiv e mg ,  ther e i s nothin g 

lef t  fo r  a  theor y o f  intelligenc e t o do :  psycholog y 

becomes trivial . 

Pylyshy n claim s tha t  al l  cognitivel y 

penetrabl e processe s ar e symbolic .  W e believ e 

tha t  processe s lik e pas t  tens e formatio n ar e bot h 

cognitivel y penetrabl e an d bes t  carrie d ou t  non -

symbolically . 

Therefore ,  w e clai m tha t  a  comprehensiv e 

theor y o f  intelligenc e wil l  requir e bot h symboli c 

and non-symboli c processes .  Th e relativ e 

strength s an d weaknesse s o f  connectionis t  an d 

symboli c approache s suggest s a  natura l  divisio n 

of  labo r  withi n suc h a  hybri d system .  A  larg e 

collectio n o f  task-specifi c  connectionis t  module s 

woul d carr y ou t  overiearne d processe s unde r 

th e executiv e contro l  o f  a  flexibl e symbo l  sys -

tem.  Th e fac t  tha t  thi s divisio n i s aligne d wit h a 

number  o f  classi c dichotomie s use d t o charac -
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teriz e variou s aspec t s o f  cognitio n (e.g . 

"controlle d vs .  autonnatic "  (Shiffri n &  Schneider , 

1 9 7 7 ) ,  "centra l  vs .  peripheral "  (Fodor ,  1983) ) 

sugges t s tha t  i t  m a y reflec t  a  rea l  structura l 

propert y o f  th e cognitiv e architecture . 

6. Conclusion 

We hav e show n tha t  ther e ar e connectionis t 

system s whic h generat e knowledg e leve l  be -

havio r  bu t  fal l  outsid e Newel l  an d Simon' s 

characterizatio n o f  physica l  symbo l  systems . 

The clai m o f  th e Physica l  Symbo l  Syste m 

Hypothesi s tha t  symbo l  processin g i s necessar y 

fo r  intelligenc e implie s tha t  suc h system s canno t 

be extende d fro m simpl e domain s t o genera l  in -

telligence .  T h e lac k o f  universalit y o f  non -

symboli c connectionis t  system s support s th e 

clai m tha t  s o m e symboli c processin g i s  neces -

sar y fo r  intelligence . 

On th e othe r  hand ,  non-symboli c connec -

tionis t  systems ,  lik e Rumelhar t  an d 

McClelland's ,  provid e a  m o r e satisfactor y ex -

planatio n o f  certai n aspect s o f  cognitio n tha n d o 

symbo l  systems .  Thi s support s th e clai m o f  th e 

connectionis t  approac h tha t  implementatio n 

detail s ar e importan t  t o understandin g cognition , 

an d i s  incompatibl e wit h th e clai m o f  th e P S S H 

tha t  symbo l  processin g i s  sufficien t  fo r  genera l 

intelligence .  I t  i s  strikin g an d perhap s quit e sig -

nifican t  tha t  wha t  i s  natura l  fo r  eac h approac h i s 

quit e difficul t  an d unwield y i n th e other .  A  theor y 

of  intelligenc e incorporatin g bot h connectionis t 

an d symboli c componen t s woul d b e mor e 

capabl e tha n eithe r  approac h alon e o f  integrat -

in g th e variou s aspect s o f  cognitio n int o a  com -

prehensiv e explanatio n o f  intelligen t  behavior . 
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