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Abstrac t 

Network s tha t  lea m t o mak e familia r  activit y pattern s int o sta -

bl e attractor s hav e prove n usefu l  i n accountin g fo r  man y aspect s 

of  norma l  an d impaire d cognition .  However ,  thei r  abilit y t o 

generaliz e i s questionable ,  particularl y  i n quasiregula r  task s tha t 

involv e bot h regularitie s an d exceptions ,  suc h a s wor d reading . 

We traine d a n attracto r  networ k t o pronounc e virtuall y  al l  o f  a 

larg e corpu s o f  monosyllabi c words ,  includin g bot h regula r  an d 

exceptio n words .  Whe n teste d o n th e list s o f  pronounceabl e 
nonword s use d i n severa l  empirica l  studies ,  it s  accurac y wa s 

closel y comparabl e t o tha t  o f  huma n subjects .  Th e networ k gen -

eralize s becaus e th e attractor s i t  develope d fo r  regula r  word s ar e 

componential—the y hav e substructur e tha t  reflect s commo n sub -

lexica l  correspondence s betwee n orthograph y an d phonology . 

Thi s componentialit y i s  faciliate d b y th e us e o f  orthographi c an d 

phonologica l  representation s tha t  mak e explici t  th e structure d 

relationshi p betwee n writte n an d spoke n words .  Furthermore , 

th e componentia l  attractor s fo r  regula r  word s coexis t  wit h muc h 

les s componentia l  attractor s fo r  exceptio n words .  Thes e result s 
demonstrat e tha t  attractor s ca n suppor t  effectiv e generalization , 

challengin g "dual-route "  assumption s tha t  multiple ,  independen t 

mechanism s ar e require d fo r  quasiregula r  tasks . 

Introduction 

Many aspects of language processing can be characterized 

as quasiregular—th e relationshi p betwee n input s an d out -

put s i s systemati c bu t  admit s man y exceptions .  A n exam -

pl e o f  suc h a  tas k i s pronouncin g Englis h words .  Mos t 

word s ar e regula r  (e.g. ,  G A V E ,  M I N T )  i n tha t  the y ad -

her e t o standar d spelling-soun d correspondences .  I n fact , 

skille d reader s ca n us e knowledg e o f  thes e correspon -

dence s t o rea d pronounceabl e nonword s (e.g. ,  M A V E , 

BINT) .  However ,  the y ca n als o correctl y pronounc e ex -

ceptio n word s (e.g. ,  H A V E ,  PINT )  tha t  violat e thes e cor -

respondences . 

'Thi s research  i s par t  o f  a n ongoin g collaborativ e projec t  wit h Mar k 
Seidenbei g an d Karaly n Patterson ,  whos e contribution s w e gratefull y 
acknowledge .  We als o than k Marlen e Behrman n fo r  helpfu l  com -
menU o n a n earlie r  draft .  Financia l  suppor t  fo r  thi s research  i s pro -
vide d b y th e Nationa l  Institut e o f  Menta l  Healt h (Gran U MH0038 5 an d 
MH47566) ,  th e McDonnell-Pe w Progra m i n Cognitiv e Neuroscienc e 
(Gran t  T89-O124S-016 )  an d th e Nationa l  Scienc e Foundatio n (Gran t 
ASC-9109215) . 

A centra l  questio n i n cognitiv e scienc e i s h o w bes t  t o 

characteriz e th e languag e syste m i n orde r  t o accoun t  fo r 

it s  succes s a t  quasiregula r  tasks .  O n e vie w (e.g. ,  linker , 

1991 ;  Pinke r  &  Prince ,  1988 )  i s tha t  th e languag e sys -

te m learn s an d applie s a n explici t  se t  o f  rules ,  augmente d 

when necessar y wit h a  separat e enumeratio n o f  excep -

tions .  A n alternativ e view ,  comin g ou t  o f  connectionisto r 

paralle l  distribute d processin g researc h (e.g. ,  Rumelhar t 

& McClelland ,  1986) ,  i s tha t  th e processin g o f  regula r  an d 

exceptio n item s ca n co-exis t  withi n a  syste m tha t  learn s t o 

be sensitiv e t o th e statistica l  structur e betwee n th e input s 

and output s t o whic h i t  i s exposed . 

I n th e specifi c  contex t  o f  wor d reading ,  "dual-route "  the -

orist s (e.g. ,  Coltheart ,  1985 )  hav e claime d tha t  pronounc -

in g exceptio n word s require s a  "lexica l  look-up "  mecha -

nis m tha t  i s separat e fro m th e grapheme-phonem e corre -

spondenc e rule s tha t  appl y t o regula r  word s an d nonwords . 

Seidenber g an d McClellan d (1989 .  hereafte r  S M 8 9 )  hav e 

challenge d thi s clai m b y developin g a  connectionis t  net -

wor k tha t  successfull y pronounce s bot h regula r  an d ex -

ceptio n words .  A  majo r  advantag e o f  th e connection -

is t  approac h i s tha t  i t  provide s a  mor e natura l  accoun t 

of  grade d effect s o f  spelling-soun d consistenc y amon g 

word s (Glushko ,  1979 )  an d h o w thi s consistenc y inter -

act s wit h frequenc y (Andrews ,  1982 ;  Seidenberg ,  1985 ; 

Seidenber g e t  al. ,  1984 ;  T îraba n &  McClelland ,  1987 ; 

Water s &  Seidenberg ,  1985) .  However ,  th e S M 8 9 net -

wor k i s muc h wors e tha n skille d reader s a t  pronouncin g 

nonword s (Besne r  e t  al. ,  1990) .  Sinc e bot h regula r  an d 

exceptio n word s coul d b e rea d solel y b y a  lexica l  proce -

dure ,  i t  ha s bee n argue d tha t  th e network' s poo r  nonwor d 

readin g i s consisten t  wit h th e dual-rout e clai m tha t  skille d 

readin g require s multipl e mechanism s (Colthear t  e t  al. ,  i n 

press) . 

A n importan t  connectionis t  principl e lackin g i n th e 

S M 89 simulatio n (bu t  presen t  i n thei r  mor e genera l  frame -

wor k fo r  lexica l  processing )  i s interactivity .  A  c o m m o n 

w ay i n whic h interactivit y ha s bee n employe d i n network s 

i s i n formin g attractor s fo r  particula r  pattern s o f  activity . 

I n a n attracto r  network ,  th e connectio n weight s caus e unit s 

t o interac t  i n suc h a  wa y tha t  th e initia l  patter n o f  activ -

it y generate d b y a n inpu t  graduall y settle s t o th e neares t 

attracto r  pattern .  I f  th e stat e o f  eac h uni t  i s  represente d 
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alon g a  separat e dimensio n i n a  high-dimensiona l  stat e 

space ,  the n eac h attracto r  patter n correspond s t o a  par -

ticula r  poin t  withi n thi s space ,  an d th e se t  o f  pattern s tha t 

settl e t o i t  correspond s t o a  regio n aroun d i t  calle d it s basi n 

of  attraction .  I n orde r  fo r  th e networ k t o perlon n ; i  (as k 

correctly ,  eac h inpu t  patter n mus t  fal l  withi n th e aitracto r 

basi n fo r  th e appropriat e interpretation . 

Interactivit y an d attractor s hav e playe d a n centra l  rol e 

i n accountin g fo r  a  wid e variet y o f  phenomen a i n bot h 

norma l  an d impaire d wor d readin g (Hinto n &  Shallice , 

1989 ;  McClelland .  1991 ;  McClellan d &  Rumelhart .  1981 ; 

Mozer ,  1990 ;  Moze r  &  Behrmann ,  1990 ;  Plau t  &  Shal -

lice ,  i n press) .  However ,  th e natur e o f  attractor s woul d 

appea r  t o b e a t  odd s wit h th e for m o f  generalizatio n re -

quire d fo r  readin g nonwords .  I n a n interactiv e syste m tha t 

has forme d attractor s fo r  words ,  on e migh t  expec t  tha t  th e 

inpu t  fo r  a  nonwor d woul d ofte n b e capture d withi n th e 

attracto r  basi n fo r  a  simila r  word ,  resultin g i n man y incor -

rec t  response s (lexicalizations) .  I f  i t  i s tru e tha t  attractor s 

canno t  suppor t  generalization ,  thei r  applicabilit y  i n wor d 

readin g specifically ,  an d cognitiv e scienc e mor e generally , 

woul d b e fundamentall y limited . 

I n thi s paper ,  w e describ e a  simulatio n i n whic h a n 

attracto r  networ k learn s t o pronounc e a  larg e corpu s o f 

words ,  includin g man y exceptio n words ,  an d ye t  als o read s 

pronounceabl e nonword s a s wel l  a s skille d readers .  Th e 

networ k generalize s becaus e th e attractor s i t  develop s fo r 

regula r  word s ar e componential—the y hav e substructur e 

tha t  reflect s c o m m o n sublexica l  correspondence s betwee n 

orthogr^h y an d phonolog y tha t  als o appl y t o nonwords . 

Thi s componentialit y  i s  facilitate d b y th e us e o f  repre -

sentation s tha t  m a k e explici t  th e structure d relationshi p 

betwee n writte n an d spoke n words .  Thes e findings  exten d 

thos e o f  Brouss e an d Smolensk y (1989) ,  w h o foun d mas -

siv e generalizatio n i n a  feedforwar d autoencode r  networ k 

traine d i n a  combinatoria l  environment .  I n ou r  network , 
th e componentia l  attractor s fo r  regula r  word s coexis t  wit h 

much les s componentia l  attractor s fo r  exceptio n words . 

The result s sugges t  that ,  rathe r  tha n bein g a  hindrance , 

attractor s ar e a  particularl y effectiv e styl e o f  computatio n 

fo r  quasiregula r  task s suc h a s wor d reading . 

Simulatio n 

Task definitio n 

The tas k involve s generatin g th e pronunciation s o f  lette r 

strings—tha t  is ,  mappin g orthograph y t o phonology .  A s 

a trainin g corpus ,  w e use d th e 289 7 monosyllabi c word s 

of  S M 8 9 ,  augmente d wit h 10 1 word s missin g fro m tha t 

corpu s bu t  use d a s wor d stimul i  i n variou s experiments . 

Thi s corpu s contain s almos t  al l  monosyllabi c word s i n 

English .  Th e succes s o f  a  networ k i n accomplishin g thi s 

tas k depend s criticall y o n h o w orthographi c an d phono -

logica l  informatio n i s represente d t o th e network .  T o th e 

exten t  tha t  th e representation s m a k e explici t  th e relevan t 

relationship s betwee n inpu t  an d output ,  th e networ k wil l 

lear n th e tas k mor e easil y an d generaliz e better . 

I n phonology ,  th e relevan t  structur e o f  pronunciation s 

ca n b e describe d i n term s o f  ordere d set s o f  phonemes .  A 

simpl e representatio n woul d b e t o hav e a  separat e uni t  fo r 

eac h possibl e phonem e i n eac h possibl e positio n withi n a 

pronunciatio n (e.g. ,  McClellan d &  Elman ,  1986) .  Unfor -

tunately ,  thi s schem e result s  i n poo r  generalizatio n becaus e 

th e knowledg e o f  whe n t o activat e a  particula r  phonem e 

must  b e learne d separatel y fo r  eac h position .  A t  th e othe r 

extreme ,  a  representatio n wit h onl y a  singl e uni t  fo r  eac h 

phoneme regardles s o f  positio n woul d los e informatio n o f 

th e relativ e orderin g o f  phonemes ,  s o that ,  fo r  instance , 

/tip/an d /pit /  woul d b e indistinguishable . 

However ,  i t  turn s ou t  tha t  a  schem e tha t  involve s onl y a 

smal l  amoun t  o f  replicatio n i s sufficien t  t o uniquel y repre -

sen t  virtuall y al l  uninflecte d monosyllables .  B y definition , 

a monosyllabl e contain s onl y a  singl e vowel ,  s o onl y on e 

set  o f  vowe l  unit s  i s needed .  A  monosyllabl e m a y contai n 

bot h a n initia l  an d a  final  consonan t  cluster ,  an d almos t  ev -

er y consonan t  ca n occu r  i n eithe r  cluster ,  s o separat e set s 

of  consonan t  unit s  ar e require d fo r  th e initia l  an d final  con -

sonan t  clusters .  Th e remarkabl e thin g i s tha t  thi s  i s nearl y 

al l  tha t  i s  necessary .  Th e reaso n i s that ,  withi n a n ini -

tia l  o r  final  consonan t  cluster ,  ther e ar e stron g phonotacti c 

constraint s tha t  aris e from  th e structur e o f  th e articulator y 

system .  A t  bot h end s o f  th e syllable ,  eac h phonem e ca n 

occu r  onl y once ,  an d th e orde r  o f  phoneme s i s strongl y 

constrained .  Fo r  example ,  i f  th e phoneme s /s/ ,  /t /  an d /r / 

al l  occu r  i n th e onse t  cluster ,  the y mus t  b e i n tha t  order , 
/str/ .  Give n this ,  al l  tha t  i s require d t o specif y a  pronunci -

atio n i s whic h phoneme s ar e presen t  i n eac h cluster—th e 

phonotacti c constraint s uniquel y determin e th e orde r  i n 

whic h thes e phoneme s occur . 

Ther e ar e a  smal l  numbe r  o f  case s i n whic h tw o 
phonemes ca n occu r  i n eithe r  orde r  withi n a  consonan t 

cluste r  (e.g. ,  /p /  an d /s /  i n C L A S P ,  L A P S E ) .  T o handl e 

suc h cases ,  i t  i s  necessar y t o ad d unit s  t o disambiguat e th e 

orde r  (e.g. ,  /ps/) .  Th e conventio n i s that ,  i f  /s /  an d /p /  ar e 

bot h active ,  the y ar e take n i n tha t  orde r  unles s th e /ps /  uni t 

i s  active ,  i n whic h cas e th e orde r  i s reversed .  T o cove r 

th e pronunciation s i n th e S M 8 9 corpus ,  onl y thre e suc h 

unit s ar e required :  /ps/ ,  /ts/ ,  an d /ks/ .  Interestingly ,  thes e 

combination s ar e sometime s treate d a s singl e phonemes , 

calle d affricates ,  an d ar e sometime s writte n wit h singl e 

letter s (e.g. ,  Gree k ip ,  Englis h X ) . 

Thi s representationa l  schem e applie s almos t  a s wel l  t o 
orthograph y a s i t  doe s t o phonolog y becaus e Englis h i s 

an alphabeti c languag e (i.e. ,  part s o f  th e vmtte n for m o f  a 

wor d correspon d t o part s o f  it s spoke n form) .  However , 

th e spellin g unit s tha t  correspon d t o phonemes ,  calle d 

graphemes ,  ar e no t  necessaril y  singl e letter s (e.g. ,  T H , 
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Tabl e 1 :  Th e orthographi c an d phonologica l  representations . 

onse t  s b p d t g k f v z T D S Z l r w m n h y 
vowel  a @ e i o u A E l o u W Y A 
cod a r l m n N b g d p s k s t s s f v p k t z S Z T D 

C 

Phonology " 

Orthograph y 

onset  Y  S  P  T  K  Q  C  B  D  G  F  V  J  Z  L  M N  R  W H  U  C H G H G N G U P H P S Q U R H S H T H T S W H 
vowel  EI O U  A  Y  AIA U A W A Y E A E E EI  E U E W E Y I E O A O E OIO O O U O W O Y U E UIU Y 
coda H  R  L  M N  B  D  0  C  X  F  V  J  S  Z  P  T  K  B B C H C K D D EXj  F F G O G H G N G U K S L L N G N N 

PH P P P S Q U R R S H S L S S TC H T H T S T T Z Z E  E S E D 
"/a /  i n POT.  m l  i n CAT .  M i n BED,  N  i n HIT .  /o /  i n DOG.  /u /  i n GOOD,  /a /  i n M A K E.  /B /  i n KEEP.  A /  i n BIKE ,  /o /  i n 
HOPE.  AJ /  i n B O OT Av /  i n NOW.  /Y /  i n BOY.  I N i n CUP.  /N /  i n RING ,  /s /  i n SHE.  tz j  i n BEIGE .  /T /  i n THIN .  /D /  i n THIS . 

c 57 phonem e unit s 
® 

c 100 hidde n unit s 

c 108 graphem e unit s J 

Figur e 1 :  Th e architectur e o f  th e network .  Arrow s represen t 
complet e connectivit y betwee n o r  withi n layers . 

P H ) .  Fo r  thi s reason ,  th e spelling-soun d regularitie s o f  En -

glis h ca n b e capture d mos t  effectivel y i f  th e orthographi c 

unit s represen t  grapheme s instea d o f  letters .  T o b e consis -

ten t  wit h th e treatmen t  o f  affricate s i n phonology ,  when -

eve r  a  multilette r  graphem e i s presen t  (e.g. ,  T H )  w e als o 

activat e it s component s (e.g. ,  T  an d H ) . 

T^ l e 1  present s th e detail s o f  th e phonologica l  an d 

orthogn^hi c representation s use d i n th e simulation .  A 

tota l  o f  10 8 grapheme s an d 5 7 phoneme s ar e require d t o 

represen t  al l  o f  th e word s i n th e trainin g corpus . 

Network architecture 

whic h th e unit s chang e thei r  state s graduall y i n respons e 

t o thei r  ne t  inpu t  fro m othe r  units .  Th e network' s perfor -

mance wa s measure d b y th e cross-entrop y (Hinton ,  1989 ) 

of  th e phonem e units '  activit y wit h thei r  desire d activity . 

For  th e purpose s o f  training ,  th e weightin g o f  thi s erro r 

measur e wa s graduall y increase d durin g settling ,  pressur -

in g th e networ k t o b e correc t  a s quickl y a s possible .  Also , 

th e networ k wa s halte d onc e i t  succeede d i n activatin g al l 

phonemes t o withi n 0. 2 o f  thei r  correc t  values .  Th e tim e 

t o hal t  wa s use d a s a  measur e o f  th e namin g latenc y o f  th e 

network . 

I n additio n t o th e monosyllabi c words ,  th e trainin g cor -

pus include d trainin g pattern s consistin g o f  eac h singl e 

graphem e an d th e correspondin g phoneme ,  becaus e man y 

childre n ar e explicitl y  taugh t  thes e correspondence s whe n 

learnin g t o read .  Rathe r  tha n presen t  eac h wor d wit h 

a probabilit y  proportiona l  t o it s frequenc y o f  occurrenc e 

(Kucer a &  Francis ,  1967 )  an d updat e th e weight s immedi -

ately ,  w e accumulate d th e erro r  derivative s fo r  th e trainin g 

cases ,  eac h weighte d b y it s frequency ,  befor e changin g th e 

weights .  Thi s enable d th e learnin g rate s o n eac h connec -

tio n t o b e adapte d independentl y durin g trainin g (Jacobs , 

1988 ;  bu t  se e Sutton ,  1992 ,  fo r  a  recentl y develope d onlin e 

version) . 

Figur e 1  depict s th e architectur e o f  th e network .  I n ad -

ditio n t o th e graphem e an d phonem e units ,  th e networ k Test in g p r o c e d u r e 

contain s a  singl e laye r  o f  10 0 hidde n units .  Thes e hidde n 

unit s ar e connecte d t o eac h graphem e unit ,  eac h phonem e 

unit ,  an d eac h other .  Th e phonem e unit s ar e als o full y 

connecte d t o eac h other .  Al l  connection s ar e bidirectional , 

and th e weight s ar e initialize d t o smal l  rando m values .  In -

cludin g bia s connections ,  th e networ k ha s a  tota l  o f  23,20 3 

connections .  Th e unit s ar e standar d sigmoida l  unit s wit h 

real-value d outpu t  rangin g betwee n 0. 0 an d 1.0 . 

I V a i n i n g p r o c e d u r e 

Th e networ k wa s traine d usin g a  continuou s versio n o f 

back-propagatio n throug h tim e (Pearlmutter ,  1989) .  A n 

inpu t  strin g i s presente d t o th e networ k b y clampin g th e 

state s o f  th e appropriat e g r ^ h e m e units .  Th e networ k i s 

give n a  fixed  amoun t  o f  tim e t o proces s th e input ,  durin g 

Th e orderin g o f  phonem e units ,  show n i n Tabl e 1 ,  embod -

ie s th e relevan t  phonotacti c constraint s o n th e pronuncia -

tio n o f  Englis h monosyllables .  Accordingly ,  th e respons e 

of  th e networ k t o an y orthographi c inpu t  ca n b e rea d of f 

simpl y b y scannin g th e phoneme s i n left-to-righ t  orde r 

and concatenatin g al l  activ e phoneme s (i.e. ,  wit h activit y 

abov e 0.5) .  Becaus e eac h pronunciatio n mus t  contai n ex -

actl y on e vowel ,  onl y th e mos t  activ e vowe l  i s include d 

i n th e response .  I f  an y affricat e uni t  i s  active ,  th e orde r  o f 

th e correspondin g phoneme s i s reversed . 

Resu l t s 

Afte r  320 0 sweep s throug h th e trainin g corpus ,  th e net -

wor k correctl y pronounce d al l  bu t  1 0 o f  th e word s (99.7 % 
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correct) .  Th e misse d word s wer e al l  low-frequenc y excep -

tio n word s (e.g. ,  B E I G E ,  S I O U X )  an d man y o f  th e incor -

rec t  response s t o thes e wer e regularizalion s (e.g. .  S IEV E 

=> /sEv/ ,  SP A = > /sp@/) .  Also ,  th e namin g latencie s o f  ih e 

networ k o n frequency-matche d set s o f  4 8 regul;i r  word s 

and 4 8 exceptio n word s (T^raba n &  McClelland .  1987 ) 

exhibi t  th e standar d effect s o f  frequenc y (hig h 1.8 2 vs . 

lo w 1.93 ,  Fi,92=7.18 ,  p<.01) ,  consistenc y (regula r  1.6 7 

vs .  exceptio n 2.09 ,  Fi,92=95.5 ,  p<.(XX)5) ,  an d thei r  inter -

actio n (Fi_92=3.63 ,  p=.06 )  observe d i n huma n subjects . 

However ,  ou r  mai n concer n i s wit h h o w wel l  th e net -

wor k generalizes—tha t  is ,  h o w wel l  i t  read s pronounce -

abl e nonwords .  W e teste d th e networ k o n thre e list s 

of  nonword s from  tw o experimenta l  studies .  Th e first 

tw o list s com e from  a n experimen t  b y Glushk o (1979) , 

i n whic h h e compare d subjects '  readin g o f  4 3 nonword s 

derive d from  regula r  word s (e.g. ,  H E A N from  D E A N ) 

wit h thei r  readin g o f  4 3 nonword s derive d from  exceptio n 

word s (e.g. ,  H E A P fro m D E A F ) .  Th e thir d lis t  o f  non -

word s come s from a  stud y b y M c C a n n an d Besne r  (1987) , 

i n whic h the y compare d performanc e o n a  se t  o f  pseu -

dohomophone s (e.g. ,  B R A N E)  wit h a  se t  o f  16 0 contro l 

nonword s (e.g. ,  F R A N E ) .  W e use d onl y thei r  contro l  lis t 

i n th e presen t  investigatio n becaus e w e believ e pseudoho -

mophone effect s ar e mediate d b y aspect s o f  th e readin g 

syste m tha t  ar e no t  implemente d i n ou r  simulation .  Fo r 

th e purpose s o f  a n initia l  comparison ,  w e considere d th e 

respons e t o a  nonwor d t o b e correc t  i f  i t  wa s "regular" ,  a s 

define d b y adherin g t o th e grapheme-phonem e correspon -

denc e rule s a s outline d b y Venezk y (1970) . 

On th e Glushk o regula r  nonwords ,  bot h th e subject s 

and th e networ k ar e nea r  perfec t  (subjects :  93 .8 % correct ; 
network :  97 .7 % correct) .  Performanc e o n th e M c C a n n 

and Besne r  contro l  nonword s i s somewha t  wors e (sub -

jects :  88.6 % correct ;  network :  88 .8 % correct) .  Thi s i s 

not  surprisin g a s th e lis t  contain s a  numbe r  o f  orthograph -

icall y unusua l  nonword s (e.g. ,  JINJE ,  V A W X)  tha t  ar e 

more difficul t  t o pronounce ,  bot h fo r  subject s an d fo r  th e 

networic . 

On th e Glushk o exceptio n nonwords ,  bot h subject s an d 

th e networ k frequently  fai l  t o produc e th e correc t  (reg -

ular )  pronunciation ,  wit h th e networ k bein g somewha t 

wors e (subjects :  78 .3 % correct ;  network :  69 .8 % correct) . 

However ,  t o understan d thi s discrepancy ,  w e mus t  reeval -

uat e ho w a  "regular "  respons e i s defined .  Conside r  th e 

nonwor d G R O O K.  Wha t  count s a s regula r  depend s o n 

whethe r  w e conside r  th e contex t  i n whic h th e vowe l  oc -

curs .  O O i s mos t  frequently  pronounce d AJ /  a s i n B O O T, 

so on e possibilit y  i s tha t  /gruk /  i s th e regula r  pronuncia -
tio n fo r  G R O O K.  However ,  final  O O K i s almos t  alway s 

pronounce d /uk /  a s i n T O O K,  s o perhap s /gruk /  shoul d b e 

regular .  Thu s far ,  w e hav e considere d /gruk /  t o b e correc t 

and /gruk /  t o b e a n error .  However ,  subject s ar e sensitiv e t o 

contex t  i n whic h vowel s occur ,  a s evidence d b y thei r  muc h 

poore r  performanc e o n th e Glushk o exceptio n nonword s 

tha n o n th e regula r  nonwords .  I n fact ,  Glushk o foun d tha t 

8 0 % o f  subject' s non-regula r  response s t o exceptio n non -

word s wer e consisten t  wit h som e othe r  pronunciatio n o f 

th e nonword' s bod y tha t  occur s i n th e Kucer a an d Franci s 

(1967 )  corpus ,  leavin g onl y 4. 1 % o f  th e response s a s actua l 

errors .  Similarly ,  i n th e network ,  84 .4 % o f  th e non-regula r 

response s t o exceptio n nonword s matc h som e othe r  pro -

nunciatio n i n th e trainin g corpu s fo r  th e sam e body ,  an d 

ove r  hal f  o f  thes e wer e th e mos t  frequent  pronunciatio n 

of  th e body .  Onl y 4.7 % o f  th e network' s response s wer e 

actua l  errors . 

I t  mus t  b e acknowledge d tha t  th e network' s behavio r 

does no t  perfectl y matc h tha t  o f  subjects .  Occasionally , 
th e networ k make s a  fran k mistak e tha t  subject s woul d no t 

make,  suc h a s omittin g a  phonem e o r  pronouncin g P H a s 

/p /  instea d o f  /f/ .  Nonetheless ,  th e networ k i s essentiall y 

perfec t  a t  pronouncin g words ,  an d generalize s t o readin g 

nonword s abou t  a s wel l  a s skille d readers .  Thus ,  thes e 

result s constitut e a  direc t  challeng e t o dual-rout e claim s 
tha t  skille d readin g require s multiple ,  independen t  mech -

anism s (Colthear t  e t  al. ,  i n press) . 

Network analyses 

The networ k * s succes s a t  wor d readin g demonstrate s that , 

throug h training ,  i t  ha s develope d attractor s fo r  th e pro -

nunciation s o f  words .  H o w the n i s  i t  capabl e o f  readin g 

nonword s wit h nove l  pronunciations ? W h y isn' t  th e in -

put  fo r  a  nonwor d (e.g. ,  M A V E )  capture d b y th e attracto r 

fo r  a n orthographicall y simila r  wor d (e.g ,  G A V E ,  M O V E, 

M A K E )? W e carrie d ou t  thre e analyse s o f  th e networ k 

t o bette r  understan d it s abilit y  t o rea d nonwords .  Be -

caus e nonwor d readin g involve s recombinin g knowledg e 

derive d from  wor d pronunciation ,  w e wer e primaril y  con -

cerne d wit h h o w separat e part s o f  th e inpu t  contribut e t o 

(1 )  th e correctnes s o f  part s o f  th e output ,  an d ( 2 an d 3 )  th e 

hidde n representatio n fo r  th e word .  Th e analyse s involve d 

stimul i  from  Taraba n an d McClellan d (1987) ,  al l  o f  whic h 

th e networ k read s correctly . 

The first  analysi s involve d measurin g h o w sensitiv e th e 
activit y i n eac h phonologica l  cluste r  i s t o change s i n th e 

activit y o f  eac h orthographi c cluster .  Fo r  eac h word ,  th e 

activit y o f  th e graphem e unit s i n a  particula r  orthogr^hi c 
cluste r  wer e graduall y reduce d until ,  whe n th e networ k 

was rerun ,  th e phoneme s i n a  particula r  phonologica l  clus -

te r  wer e n o longe r  correc t  (i.e. ,  a t  leas t  on e phonem e wa s 

on th e wron g sid e o f  0.5) .  Thi s "boundary "  activit y leve l 

measure s ho w importan t  inpu t  from a  particula r  ortho -

graphi c cluste r  i s t o th e correctnes s o f  a  particula r  phono -

logica l  cluster ;  a  valu e o f  1. 0 mean s tha t  th e gr^heme s 

i n tha t  cluste r  mus t  b e completel y active ;  a  valu e o f  0. 0 

means tha t  th e phoneme s ar e completel y insensitiv e t o th e 

grapheme s i n tha t  cluster .  Th e boundar y leve l  ca n als o b e 

interprete d a s th e radiu s o f  th e word' s attracto r  basi n alon g 
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Tabl e 2 :  Th e sensitivit y o f  eac h phonologica l  cluste r  t o eac h 
orthographi c cluste r  i n regula r  an d exceptio n words . 

Regula r 

Words 

Exceptio n 

Words 

Orth . 

Cluste r 

onse t 

vowe l 

cod a 

onse t 

vowe l 

cod a 

Phon .  Cluste r 

onse t 

0.49 1 

0.00 0 

0.00 0 

0.52 0 

0.00 0 

0.01 2 

vowe l 

0.00 0 

0.43 9 

0.03 1 

0.43 3 

0.49 2 

0.42 8 

cod a 

0.00 0 

0.02 3 

0.57 0 

0.01 9 

0.04 4 

0.50 3 

Note :  Woid s fro m Tareba n an d McClellan d (1987) . 

a particula r  directio n i n stat e space . 

T^bl e 2  present s th e averag e boundar y activit y level s 

fo r  eac h combinatio n o f  orthographi c an d phonologica l 

cluster s i n regula r  an d exceptio n words .  Firs t  conside r 

th e regula r  words .  Th e diagona l  entrie s ar e al l  large ,  in -

dicatin g tha t  eac h phonologica l  cluste r  i s quit e sensitiv e 

t o activit y i n th e correspondin g orthographi c cluster .  I n 

contrast ,  phonologica l  cluster s ar e almos t  completel y in -

sensitiv e t o activit y i n th e remainin g clusters ,  althoug h 

ther e i s a  sligh t  mutua l  dependenc y betwee n th e vowe l 

and coda .  Thus ,  a n alternativ e onse t  (e.g. ,  i n a  nonword ) 

ca n b e substitute d withou t  affectin g th e pronunciatio n o f 

th e body .  Essentially ,  th e attracto r  basi n fo r  a  regula r 

wor d consist s o f  thre e separate ,  orthogona l  sub-basins : 

on e fo r  th e onset ,  on e fo r  th e vowel ,  an d on e fo r  th e coda . 

W h en th e wor d i s presented ,  th e networ k settle s int o th e 

regio n i n stat e spac e wher e thes e thre e sub-basin s over -

lap ,  correspondin g t o th e word' s pronunciation .  However , 

eac h sub-basi n ca n appl y independently ,  s o tha t  so-calle d 

"spurious "  attracto r  basin s fo r  nonword s exis t  wher e th e 

sub-basin s fo r  part s o f  word s overlap . 

Thi s componentialit y  arise s directl y ou t  o f  th e degre e 

t o whic h th e network' s representation s mak e explici t  th e 

structur e o f  th e task .  B y minimizin g th e exten t  t o whic h 

informatio n i s replicated ,  th e representation s condens e th e 

regularitie s betwee n orthograph y an d phonology .  Onl y 

smal l  portion s o f  th e inpu t  an d outpu t  ar e relevan t  t o a 

particula r  regularity ,  allowin g i t  t o operat e independentl y 

of  othe r  regularities . 

Returnin g t o Tabl e 2 ,  th e attracto r  basin s fo r  exceptio n 

word s are ,  b y contrast ,  fa r  les s componentia l  tha n thos e fo r 

regula r  words .  I n particular ,  achievin g th e correc t  vowe l 

phoneme depend s o n th e entir e orthogr^hi c input .  I n 

fact ,  mos t  exceptio n word s ar e no t  regula r  precisel y be -

caus e the y contai n a n unusua l  vowe l  pronunciation .  Thus , 

th e networ k develop s noncomponentia l  attracto r  basin s 

fo r  word s w h e n necessary .  I n thi s way ,  th e networ k ca n 

pronounc e exceptio n word s an d ye t  stil l  generaliz e wel l  t o 

nonwords . 

T h e first  analysi s establishe s th e componentialit y  o f  th e 

attracior s fo r  regula r  word s bchaviorally ,  bu t  provide s lit -

tl e insigh t  int o h o w thi s componentijilit y  i s  implemente d 

by th e hidde n units .  O n e possibility ,  consisten t  wit h dual -

rout e theories ,  i s tha t  th e networ k ha s partitione d itsel f  int o 

tw o sub-networks ,  on e tha t  read s regula r  words ,  an d an -

othe r  tha t  read s exceptio n words .  I f  thi s wer e th e case ,  w e 

woul d expec t  som e hidde n unit s t o contribut e t o exceptio n 

word s bu t  no t  t o nonwords ,  whil e other s woul d contribut e 

t o nonword s bu t  no t  t o exceptio n words .  W e measure d 

th e contributio n a  hidde n uni t  make s t o pronouncin g a 

lette r  strin g b y h o w muc h th e erro r  i n pronouncin g th e 

strin g increase s whe n th e uni t  i s  remove d fro m th e net -

work .  I f  th e networ k ha d partitione d itself ,  ther e woul d 

be a  negativ e correlatio n acros s hidde n unit s betwee n th e 

number  o f  exceptio n word s an d th e numbe r  o f  nonword s t o 

whic h eac h hidde n uni t  make s a  substantia l  contributio n 

(greate r  tha n 0.025) .  I n fact ,  ther e i s a  moderat e posi -

tiv e correlatio n betwee n th e number s o f  exceptio n word s 

and nonword s t o whic h hidde n unit s contribut e (r^.43 , 

p<.0(X)I) .  Thus ,  som e unit s ar e mor e importan t  fo r  th e 

overal l  tas k an d som e ar e les s important ,  bu t  th e networ k 

has no t  partitione d itsel f  int o on e syste m tha t  learn s th e 

rule s an d anothe r  syste m tha t  learn s th e exceptions . 

Th e question s remains ,  then ,  a s t o h o w th e network—a s 

a singl e mechanism—implement s componentia l  attrator s 

fo r  regula r  word s (an d nonwords )  an d noncomponentia l 

attractor s fo r  exceptio n words .  Th e final  analysi s attempt s 

t o characteriz e th e degre e t o whic h hidde n representation s 

fo r  regula r  vs .  exceptio n word s reflec t  th e difference s i n 

th e componentialit y  o f  thei r  attractors .  Specifically ,  w e 

determine d t o wha t  exten t  th e contributio n tha t  a  cluste r 

makes t o th e hidde n representatio n depend s o n th e contex t 

i n whic h i t  occurs—thi s shoul d b e les s fo r  word s wit h mor e 

componentia l  representations .  Th e contributio n o f  a  clus -
te r  i n a  particula r  contex t  wa s measure d b y th e differenc e 

betwee n tw o hidde n representations :  th e on e generate d 

by th e contex t  wit h th e cluster ,  an d a  baselin e representa -

tio n generate d b y th e contex t  alone .  Fo r  eac h word ,  w e 

compute d th e correlatio n o f  th e contributio n tha t  eac h or -

thographi c cluste r  make s i n th e contex t  o f  th e entir e wor d 

wit h it s contributio n whe n presente d i n isolation. '  A  hig h 

correlatio n indicate s tha t  th e contributio n o f  a  cluste r  t o 

th e hidde n representatio n i s independen t  o f  th e presenc e 

of  othe r  clusters ,  an d hence ,  reflect s a  hig h degre e o f  com -

ponentiality . 

For  eac h consonan t  cluster ,  th e averag e correlatio n fo r 

regula r  word s i s significantl y highe r  tha n fo r  exceptio n 

word s [onset :  regula r  mea n 0.77 6 (s d 0.059 )  vs .  exceptio n 

mean 0.73 1 (s d 0.072) ,  Fi,92=I0.6 ,  p<.002 ;  coda ;  regu -

la r  mea n 0.73 2 (s d 0.130 )  vs .  exceptio n mea n 0.64 3 (s d 

0.210) ,  Fi,94=6.25 ,  p<.015] .  Fo r  vowe l  clusters ,  ther e i s 

no significan t  differenc e [regula r  mea n 0.70 3 (s d 0.126 ) 

'  Fo r  a  cluste r  i n isolation ,  th e contex t  withou t  th e cluste r  i s  n o inpu t 
at  all . 
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vs .  exceptio n mea n 0.69 4 (s d 0.104) ,  F < 1] .  Thi s m a y b e 

becaus e al l  word s contai n a  vowel ,  s o tha t  th e wor d pre -

sente d withou t  a  vowe l  m a y stil l  activat e th e appropriat e 

vowe l  phoneme .  Thus ,  a t  leas t  wit h respec t  t o conson;ui t 

clusters ,  th e representation s o f  regula r  word s ar c mur e 

componentia l  tha n thos e o f  exceptio n words .  However , 

what  i s surprisin g i s tha t  th e averag e correlation s fo r  ex -

ceptio n words ,  thoug h lowe r  tha n thos e o f  regula r  words , 

ar e stil l  quit e high ,  an d ther e i s considerabl e overla p be -

twee n th e distributions .  Furthermore ,  th e representation s 

fo r  regula r  word s ar e no t  completel y componential ,  give n 

tha t  thei r  correlation s ar e significantl y les s tha n 1.0 . 

Apparently ,  th e hidde n representation s d o no t  strongl y 

distinguis h betwee n regula r  an d exceptio n words .  Rather , 

thes e representation s see m t o retai n informatio n abou t  th e 

loca l  conten t  o f  individua l  clusters ,  whil e als o capturin g 

some higher-orde r  orthographi c structure .  T h e presenc e 

of  thi s higher-orde r  structur e i s wha t  make s th e repre -

sentatio n o f  cluster s i n bot h regula r  an d exceptio n word s 

somewhat  sensitiv e t o contex t  i n whic h the y occur .  A t  th e 

phonologica l  layer ,  informatio n fro m th e hidde n repre -

sentatio n abou t  individua l  cluster s support s componentia l 

attractor s fo r  regula r  words ,  whil e th e higher-orde r  struc -

tur e support s less-componentia l  attractor s fo r  exceptions . 

Conclusion 

Interactivity, and its use in implementing attractors, is 

an importan t  computationa l  principl e i n connectionis t  ac -

count s o f  a  wid e rang e o f  cognitiv e phenomena .  However , 

th e tendenc y o f  attractor s t o captur e simila r  pattern s woul d 

^pea r  t o m a k e the m in^propriat e fo r  cognitiv e tasks , 

suc h a s wor d reading ,  whic h requir e nove l  response s t o 
nove l  inputs .  Th e curren t  researc h shows ,  t o th e con -

trary ,  tha t  usin g representation s tha t  condens e regularitie s 

betwee n input s an d output s lead s t o th e developmen t  o f 

attractor s wit h componentia l  structur e tha t  support s effec -
tiv e generalization .  A t  th e sam e time ,  th e networ k ca n als o 

lear n t o develo p noncomponentia l  attractor s fo r  item s tha t 

violat e th e regularitie s i n th e task .  I n thi s way ,  attractor s 

provid e a n effectiv e mean s o f  capturin g bot h th e regular -

itie s an d th e exception s i n a  quasiregula r  task .  Give n thi s 

demonstration ,  th e clai m o f  dual-rout e theorist s tha t  suc h 

task s requir e multipl e mechanism s appear s unfounded . 
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