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C o m p u t a t i o n a l  B a s e s o f  T w o T y p e s o f  D e v e l o p m e n t a l  Dyslexi a 

Michae l  W .  H a r m an d Mar k S .  Seidenber g 
Universit y o f  Souther n Californi a 

Neuroscienc e Progra m 
Lo s Angeles ,  C A 90089-252 0 

{ m h a r m ,  m a r k s } @ g i z m o . u s e . e d u 

Abstrac t 

The bases of developmental dyslexia were explored using 
connectionis t  models .  Th e behaviora l  literatur e suggest s 
tha t  ther e ar e tw o dyslexi c subtypes :  "phonological " 
dyslexi a involve s impairment s i n phonologica l  knowledg e 
wherea s i n "surfac e "  dyslexi a phonologica l  knowledg e i s 
apparentl y intac t  an d th e defici t  ma y instea d reflec t  a  mor e 
genera l  developmenta l  delay .  W e examine d possibl e 
computationa l  base s fo r  thes e impairment s withi n 
cormectionis t  model s o f  th e mappin g fro m spellin g t o 
sound .  Phonologica l  dyslexi a wa s simulate d b y reducin g 
th e capacit y o f  th e model s t o represen t  thi s typ e o f 
information .  Th e surfac e patter n wa s simulate d b y reducin g 
th e numbe r  o f  hidde n units .  Performanc e o f  th e model s 
capture d th e majo r  behaviora l  phenomen a tha t  distinguis h 
th e tw o subtypes .  Phonologica l  impairmen t  ha s a  greate r 
impac t  o n generalizatio n (readin g nonword s suc h a s 
N U S T );  th e hidde n uiu t  limitatio n ha s a  greate r  impac t  o n 
learnin g exceptio n word s suc h a s PINT .  Mor e sever e 
impairment s produc e mixe d case s i n whic h bot h nonword s 
and exception s ar e impaired .  Thus ,  th e simulation s captur e 
th e effect s o f  differen t  type s an d degree s o f  impairmen t 
withi n a  majo r  componen t  o f  th e readin g system . 

1. Introduction 

O ne o f  th e attraction s o f  th e connectionis t  o r  paralle l 
distribute d processin g approac h i s tha t  i t  ca n b e use d t o 
develo p unifie d account s o f  norma l  an d disordere d behavior . 
Effect s o f  brai n injur y o r  developmenta l  anomal y ca n b e 
simulate d b y "damaging "  component s o f  a  neura l  networ k 
model  o f  norma l  performance .  A  prominen t  exampl e o f  thi s 
approac h i s provide d b y researc h o n readin g an d dyslexia . 
Becom in g a  skille d reade r  involve s masterin g th e 
correspondence s betwee n spellin g an d pronunciation . 
Sejnowsk i  an d Rosenber g (1987 )  develope d a  neura l  networ k 
model  o f  thi s process ,  an d Seidenber g an d McClellan d 
(1989 ;  hereafte r  S M 8 9 )  use d a  simila r  mode l  t o accoun t  fo r 
detaile d aspect s o f  behavior .  Dyslexia-failure s t o acquir e 
age-apfx-opriat e readin g skill s  despit e norma l  intelligenc e an d 
adequat e opportunit y t o learn—i s ofte n associate d wit h 
impairment s mappin g fro m spellin g t o soun d (Casde s & 
Coltheart ,  1993) .  Ou r  goa l  wa s t o se e i f  th e behaviora l 
impairment s associate d wit h dyslexi a coul d b e explaine d i n 
term s o f  damag e t o a  mode l  o f  skille d reading . 

Ther e i s a n emergin g consensu s tha t  ther e ar e tw o 
prominen t  subtype s o f  developmenta l  dyslexi a (Castle s & 
Coltheart ,  1993 ;  Murph y &  PoUatsek ,  1994 ;  Mani s e t  al. . 
1996) .  Th e readin g impairmen t  observe d i n phonologica l 
dyslexi a i s apparentl y secondar y t o impaire d processin g o f 

spoke n language .  Suc h childre n perfor m poorl y o n spoke n 
languag e task s suc h a s countin g th e numbe r  o f  syllable s i n a 
wor d o r  decidin g i f  tw o word s rhym e (se e Farme r  &  Klein , 
1995 ,  fo r  review) .  I n readin g the y ar e markedl y impaire d i n 
thei r  abilit y t o us e thei r  knowledg e o f  spelling-soun d 
correspondence s t o pronounc e nove l  lette r  string s (nonword s 
suc h a s N U S T ) .  Thes e childre n d o no t  resembl e younge r 
childre n w h o ar e learnin g t o rea d normally.  Th e secon d 
subtyp e ha s bee n terme d developmenta l  surfac e dyslexi a 
(Castle s &  Coltheart ,  1993) .  Suc h childre n ar e als o impaire d 
i n readin g bu t  thei r  phonologica l  processin g capacitie s 
appea r  t o b e intact .  The y hav e particula r  difficult y learnin g 
t o rea d word s wit h irregula r  spelling-soun d correspondences , 
suc h a s G I V E an d PINT .  Thes e children' s performanc e 
closel y resemble s tha t  o f  m u c h younge r  norma l  readers ; 
henc e the y exhibi t  a  developmenta l  delay . 

Ther e ar e tw o theoretica l  account s o f  thes e phenomena , 
tie d t o model s o f  norma l  wor d recognition .  I n th e dual-rout e 
model  (Colthear t  e t  al. ,  1993) ,  ther e ar e separat e "lexical " 
and "nonlexical "  mechanism s fo r  pronouncin g leue r  strings . 
Th e "lexical "  mechanis m involve s knowledg e associate d 
wit h specifi c  words ;  i t  provide s th e onl y wa y o f 
pronouncin g irregula r  word s suc h a s P I N T an d canno t  b e 
use d t o pronounc e nove l  string s suc h a s N U S T .  Surfac e 
dyslexi a i s though t  t o involv e a n impairmen t  i n acquirin g 
thi s mechanism .  Th e "nonlexical "  mechanis m consist s o f 
rule s governin g correspondence s betwee n grapheme s an d 
phonemes ;  i t  ca n b e use d t o pronounc e nove l  lette r  string s 
but  no t  irregula r  words .  Phonologica l  dyslexi a i s though t  t o 
involv e a n impairmen t  i n acquirin g th e pronunciatio n rules . 
Not e tha t  Pinker' s (1991 )  theor y o f  th e pas t  tens e i s als o a 
dual-rout e model ,  wit h a  rul e componen t  distinc t  fro m a 
word-specifi c  componen t 

A numbe r  o f  behaviora l  phenomen a relate d t o norma l 
performanc e an d effect s o f  brai n injur y o n readin g presen t 
difficultie s fo r  th e dual-rout e theor y (Seidenberg ,  1995 ;  Plau t 
et  al. ,  1996) .  Severa l  aspect s o f  developmenta l  dyslexi a 
presen t  furthe r  challenge s fo r  thi s approach .  Th e ide a tha t 
phonologica l  dyslexi a involve s a n impairmen t  i n squirin g 
gr!q)heme-phonem e correspondenc e rule s misse s th e fac t  tha t 
thes e childre n hav e broade r  phonologica l  impairment s tha t 
ar e manifeste d i n task s othe r  tha n reading .  Th e ide a tha t  a n 
impairmen t  i n th e lexica l  mechanis m underlie s th e surfac e 
patter n fail s  t o explai n th e fac t  tha t  suc h childre n ten d t o 
exhibi t  a  broa d developmenta l  dela y tha t  affect s al l  aspect s o f 
readin g (Mani s e t  al. ,  1996) ,  no t  jus t  exceptio n words . 
Finally ,  i t  i s a n embarrassmen t  fo r  th e dual-rout e theor y tha t 
selectiv e impairment s i n th e tw o processin g subsystem s ar e 
rarel y i f  eve r  observed .  Mos t  dyslexic s ar e impaire d i n 
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readin g bot h exceptio n w w d s an d nonwords ;  th e dual-rout e 
theor y ca n onl y explai n thi s b y assumin g tha t  bot h route s 
happe n t o b e impaire d i n mos t  cases ,  bu t  ther e i s n o 
independen t  evidenc e tha t  thi s i s s o (Mani s e t  al. ,  1996) . 

An alternativ e t o th e dual-rout e accoun t  i s provide d b y 
connectionis t  model s i n whic h ther e i s a  single , 
homogeneou s mechanis m fo r  mappin g betwee n spelling s 
and pronunciations .  Suc h model s provid e a  goo d accoun t  o f 
a broa d rang e o f  phenomen a concerne d skille d performanc e 
and breakdow n followin g brai n injur y (SM89 ;  Plau t  e t  al. . 
1 9 % ) .  Th e differen t  pattern s o f  developmenta l  dyslexi a 
migh t  b e explaine d withi n suc h model s i n term s o f  differen t 
type s o f  damag e t o a  singl e underlyin g mechanism ,  rathe r 
tha n damag e t o differen t  pronunciatio n mechanisms .  Fo r 
example ,  Mani s e t  al .  (1996 )  sugges t  tha t  th e phonologica l 
subtyp e coul d resul t  fro m impairment s i n phonologica l 
representatio n i n a n S M 8 9 styl e model .  Suc h degrade d 
representation s woul d mak e i t  harde r  t o acquir e spelling -
soun d correspondence s an d als o interfer e wit h performanc e 
on othe r  task s involvin g phonologica l  information . 
Similarly ,  th e surfac e for m coul d deriv e fro m a  limitatio n o n 
th e capacit y o f  th e networ k t o encod e information-fo r 
example ,  limitin g th e numbe r  o f  hidde n units .  Thi s woul d 
affec t  th e learnin g o f  exceptio n word s (se e S M 8 9 fo r  details ) 
but  a  sever e enoug h impairmen t  woul d affec t  regula r  word s 
and generalizatio n a s well . 

The purpos e o f  th e presen t  researc h wa s t o asses s th e 
adequac y o f  th e connectionis t  accoun t  b y seein g i f  w e coul d 
accoun t  fo r  majo r  aspect s o f  th e distinc t  dyslexi c subtypes . 
We implemente d a  versio n o f  a n SM89-styl e mode l  o f  th e 
min in g fro m spellin g t o soun d an d the n ra n version s wit h 
eithe r  phonologica l  o r  capacit y limitations .  Th e model s wer e 
assesse d i n term s o f  thei r  capacitie s t o lear n word s wit h 
regula r  an d irregula r  pronunciation s an d t o pronounc e nove l 
items . 

2. Model Architecture 

The phonologica l  representatio n use d i n th e simulation s 
consiste d o f  6  slots ,  eac h slo t  correspondin g t o a  phonem e 
i n a  monosyllabi c word ,  an d consistin g i n tur n o f  1 1 
phoneti c features :  sonorant ,  consonantal ,  voiced ,  nasal , 
degree ,  labial ,  palatal ,  pharyngeal ,  lower_lip ,  tongu e an d 
radical .  Thes e feature s coul d tak e o n a  continuu m o f  value s 
rangin g fro m betwee n - 1 an d +1 .  Th e slo t  arrangemen t  wa s 
vowel  centered ,  an d coul d encod e syllable s o f  C C V V CC 
forma t  A  wor d coul d hav e a t  mos t  tw o consonant s befor e 
th e vowel ,  an d tw o after .  Norma l  vowel s wer e encode d a s a 
singl e vowe l  phonem e an d a  secon d empt y slot ;  diphthong s 
wer e encode d a s pair s o f  vowe l  slots .  Th e orthographi c 
representation s consiste d o f  8  slots ,  representin g lette r 
positions .  Letter s wer e encode d usin g a  localis t 
representation ,  wit h 2 6 unit s pe r  position ,  an d wer e als o 
vowel  centered .  U p t o 3  consonant s coul d b e represente d 
befor e th e initial ,  centere d vowel ,  an d u p t o 4  letter s 
(consonant s o r  vowels )  afte r  th e vowel . 

The 6 6 phonologica l  unit s wer e full y connecte d t o on e 
anothe r  wit h initiall y  rando m weight s rangin g fro m -0.00 1 
t o 0.001 .  A n additiona l  se t  o f  2 0 cleanu p unit s wer e added , 
wit h initiall y  rando m weight s goin g fro m eac h o f  th e 
phonologica l  unit s t o eac h cleanu p unit ,  an d bac k fro m th e 

cleanu p unit s t o th e phonologica l  unit s (se e Figur e 1) . 
Thes e unit s ar e analogou s t o th e cleanu p unit s use d i n 
semanti c attracto r  network s (e.g. ,  Plau t  &  Shallice ,  1993) . 
Th e direc t  connection s betwee n featura l  unit s withi n a 
phoneme wer e abl e t o encod e intraphonemi c constraints ; 
thos e betwee n slot s encode d constraint s relate d t o th e 
sequenc e o f  phonemes .  Th e cleanu p unit s allowe d highe r 
orde r  dependencie s amon g feature s t o b e represented . 

PhOODlOtlCll 
Cleini^Uiy u 

o o o o o o 

G ^ o o o o o o o o o o 
nuoDlotica l  Ouq u Unit t 

Figure 1: The Phonological Component 

The schematic architecture of the "normal" reading model 
i s show n i n Figur e 2 .  Orthographi c unit s projecte d ont o a 
set  o f  10 0 hidde n units ,  whic h i n tur n projecte d ont o th e 
phonologica l  unit s o f  th e phonologica l  component .  T h e tas k 
of  th e readin g m o d e l  w a s t o m a p orthographi c 
representation s o f  word s ont o th e correc t  phonologica l  units . 

We the n modifie d thi s architectur e t o examin e th e effect s 
of  phonologica l  impairment s o n readin g acquisition .  T w o 
condition s wer e use d whic h impose d differen t  limitation s o n 
th e exten t  t o whic h phonologica l  informatio n coul d b e 
encoded .  T h e firs t  mode l  w a s identica l  t o th e norma l 
unimpaire d mode l  excep t  tha t  th e weight s i n th e 
phonologica l  networ k wer e subjec t  t o weigh t  deca y (se e 
Hinion ,  1989) .  Th e effec t  o f  thi s deca y i s t o appl y pressur e 
t o th e networ k t o avoi d larg e value s o n th e weights .  T h e 
networ k ca n stil l  encod e highe r  orde r  relationship s betwee n 
th e units ,  bu t  th e strengt h o f  thes e encoding s i s curtailed .  A 
weigh t  deca y constan t  o f  0.0000 5 wa s used . 

I n th e second ,  mor e severel y impaire d simulatio n th e 
cleanu p unit s wer e delete d fro m th e phonologica l  attracto r 
network .  B y removin g th e cleanu p units ,  w e disable d th e 
network' s abilit y  t o encod e highe r  orde r  relationship s a m o n g 
th e phonologica l  units .  Thi s impaire d phonologica l 
componen t  ha d onl y direc t  connection s betwee n th e 
phonologica l  units ,  an d henc e wa s limite d i n th e complexit y 
of  computation s i t  coul d perfor m (se e Minsk y &  Papert , 
1969) .  Bot h o f  thes e simulation s ha d 10 0 hidde n units ,  th e 
same numbe r  a s th e norma l  model . 

I n eac h conditio n w e firs t  traine d th e phonologica l 
componen t  o n a  se t  o f  phonologica l  wor d forms .  T h e 
weight s tha t  resulte d fro m thi s pretrainin g wer e use d w h e n 
eac h phonologica l  componen t  wa s incorporate d i n a  mode l 
tha t  learne d t o pronounc e writte n words .  T h e goa l  w a s t o 
determin e h o w reduction s i n th e capacit y t o represen t 
phonologica l  informatio n woul d affec t  performanc e o n th e 
spelling-soun d mappin g task . 

T o asses s th e effec t  o f  reducin g th e computationa l 
resource s availabl e t o th e readin g tas k whil e preservin g 
phonologica l  knowledg e a n additiona l  pai r  o f  simulation s 
wer e run .  The y wer e identica l  i n architectur e t o th e norma l 
model ,  excep t  tha t  on e model s ha d onl y 3 5 hidde n units ,  an d 
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a secon d on e ha d onl y 20 .  Thes e model s ha d th e sam e 
phonologica l  representatio n a s use d i n th e norma l  condition . 

K ? ' - o o o o o o 
Net 

( ^ o o o o o o o o o o 

o o o p o o 
r Hidde n Uni u 

O O O O O O O O OO 
Onhogriphi c Uni u 

Figure 2: The reading model, with phonological output 
netwoi k i n plac e 

3. Training The Models 

Phonological Pretraining 

Th e phonologica l  componen t  wa s traine d o n a  corpu s o f 
312 3 monosyllabi c word s usin g backpropagatio n throug h 
tim e (Rumelhart ,  Hinto n &  Williams ,  1986) .  Th e weight s 
from  eac h phonologica l  uni t  t o itsel f  wer e se t  t o 0.7 5 an d 
frozen .  Thi s gav e th e phonologica l  unit s a  tendenc y t o hol d 
ont o thei r  curren t  value ,  bu t  deca y slowl y t o zero .  Othe r 
weight s wer e initiall y  randomized .  Eac h wor d wa s give n a 
probabilit y o f  presentatio n accordin g t o it s  estimate d 
frequenc y o f  occurrenc e usin g a  sampl e o f  3 0 millio n word s 
fro m th e Wal l  Stree t  Journal .  Th e probabilit y  fo r  eac h wor d 
was se t  t o th e logarith m o f  tha t  word' s frequenc y i n th e W SJ 
divide d b y th e logarith m o f  th e frequenc y o f  th e mos t 
frequen t  w w d ("the") .  Trainin g proceede d a s follows .  A  wor d 
was probabilisticall y chose n fro m th e trainin g set .  Fo r  tic k 
0,  th e phonologica l  unit s wer e se t  t o th e value s 
correspondin g t o it s phonologica l  form .  Th e networ k wa s 
allowe d t o ru n fo r  5  ticks ,  wit h al l  unit s undampe d fo r  th e 
las t  4  ticks .  Th e outpu t  o f  th e networ k durin g tick s 2 
throug h 4  wa s compare d t o th e origina l  phonologica l  for m 
of  th e word .  Erro r  wa s injecte d int o th e networ k base d o n th e 
differenc e betwee n outpu t  value s an d th e targets ,  an d th e 
weight s wer e adjuste d s o a s t o reduc e thi s error .  The n 
anothe r  wor d wa s chose n randoml y an d th e proces s repeated . 
Th e overal l  effec t  o f  thi s trainin g regim e i s t o forc e th e 
weight s t o encod e statistica l  relationship s betwee n th e 
phonologica l  units .  Trainin g wa s halte d afte r  1  millio n 
trainin g trials .  A t  th e conclusio n o f  training ,  th e baselin e 
network' s mea n su m square d erro r  wa s 0.05 ,  th e networ k 
wit h weigh t  deca y o n th e phonologica l  weight s ende d wit h a 
mean erro r  o f  1.8 ,  an d th e networ k wit h n o cleanu p 
connection s ende d wit h a  mea n erro r  o f  0.8 .  Thes e erro r 
score s ar e th e averag e summe d erro r  ove r  6 6 outpu t  units ,  s o 
th e averag e devianc e fro m uni t  outpu t  t o targe t  fo r  th e 3 
simulation s was ,  respectively ,  0.001 ,  0.02 7 an d 0.012 . 

T o furthe r  asses s th e qualit y o f  th e phonologica l 
representations ,  a  simpl e patter n completio n tas k wa s 
devised .  I n thi s task ,  fo r  eac h o f  th e word s i n th e trainin g 

set  wit h a n initia l  consonan t  cluster ,  th e feature s o f  th e 
secon d consonan t  slo t  wa s lef t  unspecifie d whil e th e 
remainde r  o f  th e wor d for m wa s clampe d t o tha t  word' s 
phonologica l  form .  Th e networ k wa s the n ru n fo r  6  ticks , 
and th e valu e whic h th e unspecifie d phonem e wa s draw n int o 
was assessed .  Th e wor d wa s scor& d correc t  i f  th e segmen t 
tha t  wa s produce d (evaluate d b y th e neares t  neighbo r 
criterion ,  describe d i n sectio n 4 )  wa s a  lega l  segmen t  fo r 
Englis h i n tha t  environment .  Fo r  instance ,  fo r  th e wor d 
/b/l/u/ ,  i f  th e ne t  outpu t  /b/r/u /  tha t  woul d als o b e score d a s 
acceptable .  Th e norma l  networ k wa s abl e t o inser t  a  lega l 
phoneme int o th e slo t  7 5 % o f  th e time .  Th e deca y networ k 
coul d onl y produc e a  lega l  phonem e 4 6 % o f  th e time ,  an d 
th e networ k withou t  cleanu p unit s coul d onl y produc e a 
lega l  outpu t  1 0 % o f  th e time . 

Thi s tes t  i s  no t  mean t  t o b e a  ful l  tes t  o f  th e networks ' 
phonologica l  competency ,  bu t  rathe r  a  gros s measur e o f  th e 
qualit y o f  th e phonologica l  atlracto r  basin s tha t  th e differen t 
condition s represent .  Th e networ k wit h weigh t  deca y i s 
impaire d relativ e t o th e norma l  networ k du e t o th e downwar d 
pressur e o n th e magnitud e o f  th e weight s durin g u îning . 
The networ k withou t  cleanu p unit s i s eve n mor e impaired , 
becaus e thi s task ,  lik e th e X O R task ,  relie s o n th e 
conjunctiv e us e o f  othe r  feature s i n th e word' s environment , 
and no t  simpl y direc t  relationship s betwee n features . 

Training on Reading Task 

The pretraine d phonologica l  component s wer e the n use d i n 
model s tha t  wer e traine d o n th e readin g task .  I n bot h th e 
norma l  mode l  an d th e reduce d resourc e model s th e standar d 
phonologica l  componen t  U'ainin g metho d wa s used .  Th e 
phonologicall y impaire d condition s utilize d representation s 
uaine d wit h weigh t  deca y o r  cleanu p uni t  deletion ,  a s 
describe d above .  I n eac h case ,  weight s wer e initialize d t o th e 
fina l  value s fro m th e relevan t  pretrainin g phase .  Th e 
remainin g weight s i n th e networ k (orthographi c t o hidden ; 
hidde n t o phonological )  wer e initialize d t o smal l  rando m 
values .  Th e mode l  wa s the n traine d o n th e sam e corpu s o f 
312 3 words ,  agai n usin g lo g frequenc y t o determin e 
probabilitie s o f  bein g selecte d fo r  training .  Fo r  eac h wor d 
chosen ,  th e orthographi c unit s wer e clampe d wit h th e 
appropriat e value s fo r  tick s 0-6 .  A t  tic k 6 ,  th e phonologica l 
outpu t  wa s compare d wit h th e phonologica l  target ,  eno r  wa s 
injecte d int o th e network ,  an d th e weight s wer e updated . 

Four  replication s wer e ru n fo r  eac h conditio n (normal ,  th e 
2 reduce d resourc e conditions ,  an d th e tw o phonologicall y 
impaire d conditions) .  Fo r  eac h simulatio n run ,  a  differen t 
rando m numbe r  see d wa s used ,  resultin g i n differen t 
distribution s o f  initia l  rando m weights ,  an d a  differen t 
orderin g o f  th e fM-esentatio n o f  words . 

4. Results 

T wo scorin g method s wer e used .  I n th e nearest-neighbo r 
method ,  th e phonologica l  outpu t  o f  eac h 1 1 unit s withi n a 
phoneme slo t  i s  compare d t o th e representation s fo r  eac h o f 
th e phoneme s tha t  exis t  i n th e u^inin g set .  Th e phonem e 
tha t  i s  closes t  i n euclidea n distanc e t o th e outpu t  i s  th e on e 
tha t  i s take n t o b e th e output .  A  second ,  mor e stringen t 
threshol d metho d wa s als o used ,  an d unles s otherwis e note d 
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wil l  b e th e on e reporte d below .  Fo r  ihi s measure ,  eac h 
featur e o f  a  phonem e ha d t o b e withi n a  specifie d distanc e o f 
th e targe t  fo r  th e phonem e t o b e counte d a s correct .  A 
threshol d valu e o f  O. S wa s used ,  coverin g 2 5 % o f  th e units ' 
activatio n rang e o f  - 1 t o 1 .  I n bot h cases ,  a  wor d wa s score d 
as correc t  onl y i f  al l  o f  it s  phoneme s wer e correct .  T o 
evaluat e th e networks '  performanc e o n words ,  w e use d a  se t 
of  frequenc y 9 3 regula r  item s suc h a s B A C K ,  an d 9 2 
exceptions ,  suc h a s C O M B,  take n fro m th e "surfac e list " 
devek)pe d b y Patterso n & .  Hodge s (1992). !  Fo r  nonword s w e 
constructe d a  se t  o f  36 7 item s (e.g. ,  C O M B,  S O A D,  F A U E ) 
take n fro m item s use d b y M c C a n n &  Besne r  (1987) , 
Glushk o (1979 )  an d Seidenber g e t  al .  (1994) .  Regula r  word s 
follo w th e putativ e spelling-soun d correspondenc e rule s o f 
th e language ,  an d exception s violat e them .  Nonword s asses s 
th e abilit y  t o generaliz e t o untraine d forms . 

Al l  model s wer e evaluate d afte r  runnin g fo r  8. S millio n 
words .  I n almos t  al l  cases ,  learnin g ha d cease d lon g befor e 
thi s poin t  (se e Figure s 3-6) .  Asymptotically ,  th e norma l 
model s go t  a n averag e o f  9 8 % o f  th e trainin g se t  correc t 
when score d wit h th e nearest-neighbo r  metho d an d 8 3 % o f 
th e nonwords^ .  Usin g th e threshol d method ,  th e averag e 
result s wer e 9 7 % an d 7 5 % ,  respectively .  N o n w o r d 
performanc e i s somewha t  lowe r  tha n level s reporte d fo r 
people ,  particularl y wit h th e threshol d method .  Thi s measur e 
i s quit e conservative ,  however ;  fo r  example ,  som e smal l 
deviation s fro m targe t  value s tha t  ar e score d a s incorrec t 
woul d no t  b e perceivabl e i n humans .  Also ,  w e hav e mad e n o 
attemp t  t o improv e nonwor d performanc e usin g variou s 
technique s know n t o facilitat e generalizatio n (e.g. ,  pruning , 
noise) .  Plau t  e t  al .  (1996 )  discus s othe r  factor s tha t  aff°.c t 
nonwor d generalization . 

Phonological Impairments 

Figure s 3  an d 4  sho w th e developmenta l  curve s fo r  th e 
impaire d phonologica l  knowledg e condition s compare d wit h 
th e norma l  condition .  Al l  plot s sho w th e averag e o f  fou r 
simulatio n runs .  Wit h mil d level s o f  phonologica l 
impairmen t  (i.e. ,  weigh t  decay ,  Figur e 3) ,  ther e ar e 
decrement s o n bot h th e rat e o f  acquisitio n an d asymptoti c 
performanc e o n nonwords .  bu t  ver y littl e effec t  o n regular s 
and exception s (se e Figur e 7  fo r  a  summar y o f  th e 
asymptoti c conditions) .  Wit h th e nocleanu p ne t  (Figur e 4) , 
th e exception s als o begi n t o sho w a  decremen t  i n rat e o f 
acquisitio n relativ e t o th e norma l  network .  Acquisitio n o f 
th e capacit y t o generaliz e i s als o bein g slowed ,  thoug h les s 
tha n i n th e deca y condition .  Mil d phonologica l  impairmen t 
has littl e effec t  o n th e rat e o f  acquisitio n fo r  regula r  an d 
exceptio n items .  Wit h th e mor e extrem e impairment ,  ther e 
i s slowe r  acquisitio n o f  exception s i n additio n t o poo r 
performanc e o n nonword s throughou t  developmen t 

Thes e simulation s captur e th e basi c characteristi c o f 
phonologica l  dyslexia ,  tha t  nonwor d generalizatio n i s 
impaire d mor e tha n performanc e o n vocabular y words .  I n th e 

'  Some item s from  thei r  lis t  wer e exclude d becaus e the y 
canno t  b e represente d i n ou r  scheme . 

^ A ful l  listin g o f  th e items ,  wit h networ k outputs ,  i s 
availabl e o n a  we b pag e a t  http://maestro.usc.edu:8080 / 
mwhann/cogsci96.htm l 

relativel y pur e case s o f  phonologica l  dyslexia ,  subjects ' 
performanc e o n regula r  an d exceptio n word s i s clos e t o 
normal ,  while  nonwor d generalizatio n i s poo r  (Castle s & 
Coltheart .  1993) .  Thi s resul t  i s  produce d b y th e deca y 
condition .  M a n y othe r  phonologica l  dyslexic s exhibi t  a 
"mixed "  patter n i n whic h performanc e o n exceptio n word s 
begin s t o b e affecte d a s well .  Thi s outcom e wa s observe d i n 
th e nocleanu p condition . 

The Reduced Resource Conditions 

Figure s 5  an d 6  summariz e th e tim e cours e o f  trainin g i n 
th e reduce d resourc e condition s relativ e t o th e norma l 
baselin e model .  A t  th e en d o f  training ,  th e reductio n t o 3 5 
H Us ha d almos t  n o effec t  o n regula r  word s o r  o n nonwor d 
generalizatio n (se e Figur e 7) .  However ,  fo r  exceptions ,  th e 
35 H U cas e show s a  dro p fro m 9 1 % t o 8 3 % correc t  i n 
asymptoti c performance ,  relativ e t o th e norma l  network . 
Decreasin g th e numbe r  o f  H U s slow s learnin g fo r  al l  type s 
of  item s (Figure s 4  an d 5) ,  bu t  th e effec t  i s  bigges t  fo r  th e 
exceptions .  Wit h onl y 2 0 hidde n units ,  ther e i s a  bigge r 
effec t  o n exceptions ,  an d th e developmenta l  curve s fo r 
nonword s an d regular s begin s t o b e affecte d a s well . 

Thes e simulation s captur e basi c characteristic s o f  th e 
surfac e dyslexi a pattern .  I n relativel y pur e cases ,  readin g o f 
regula r  word s an d nonword s i s intact ,  bu t  exceptio n word s 
ar e impaired .  Wit h mor e sever e deficits ,  th e regular s an d 
nonword s star t  t o b e affected ,  wit h exception s mos t 
vulnerable . 

5. Discussion 

The simulation s sho w tha t  deficit s associate d wit h tw o 
majo r  pattern s o f  developmenta l  dyslexi a ca n b e produce d b y 
differen t  type s o f  impairment s t o a  mode l  o f  norma l 
performance .  Th e phonologica l  patter n derive s fro m 
impairment s i n th e capacit y t o represen t  thi s typ e o f 
information .  Thi s accoun t  ca n explai n w h y phonologica l 
dyslexic s ar e als o impaire d o n spoke n languag e task s suc h a s 
rhym e detection .  Th e phonologica l  represenution s i n 
questio n ar e no t  specifi c  t o reading ;  the y ar e als o use d i n th e 
perceptio n o f  spoke n language .  Thi s patter n o f  correlate d 
readin g an d spoke n languag e deficit s i s mor e difficul t  t o 
explai n withi n th e dual-rout e model ,  whic h attribute s 
phonologica l  dyslexi a t o a n impairmen t  i n learnin g 
grapheme-phonem e correspondenc e rules .  W h y thi s shoul d 
als o affec t  spoke n languag e task s i s no t  clear . 

We hav e derive d th e surfac e patter n fro m a  resourc e 
limitation ,  whic h slow s learnin g acros s th e board .  Th e 
model  retain s th e capacit y t o encod e th e simpl e an d 
consisten t  spelling-soun d correspondence s an d eventuall y 
master s the m wit h sufficien t  training ;  however ,  it s capacit y 
t o encod e irregula r  word s i s limited .  Thi s represent s a n 
alternativ e t o th e standar d dual-rout e account ,  whic h hold s 
tha t  th e surfac e patter n result s fro m damag e t o a  "lexical " 
processin g mechanis m tha t  encode s th e pronunciation s o f  al l 
words .  Thi s approac h ha s difficult y accountin g fo r  th e 
prevalenc e o f  th e mixe d pattern ,  i n whic h performanc e i s 
impaire d o n bot h word s an d nonwords .  Thus ,  o n ou r  vie w 
th e surfac e patter n represent s a  kin d o f  genera l  developmenta l 
dela y tha t  ha s broa d effect s o n acquisitio n bu t  especiall y o n 
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learnin g exceptions .  Althoug h w e hav e derive d th e surfac e 
patter n b y manipulatin g th e numbe r  o f  hidde n units ,  othe r 
type s o f  anomalie s coul d b e expecte d t o produc e simila r 
effects .  Fo r  example ,  a  visual-perceptua l  impairmen t  tha t 
had th e effec t  o f  degradin g th e inpu t  orthographi c pattern s 
woul d als o caus e broa d learnin g delay s wit h th e larges t 
impac t  o n th e word s wit h unusua l  spelling s o r 
pronunciations . 

Why d o th e differen t  type s o f  anomalie s hav e differen t 
effect s o n networ k behavior ? Degradin g th e phonologica l 
capacit y o f  th e networ k b y eliminatin g th e cleanu p unit s an d 
interconnection s betwee n featura l  unit s force s th e networ k t o 
memoriz e th e trainin g set ,  yieldin g poo r  generalization . 
Wit h th e additiona l  units ,  th e networ k ca n encod e aspect s o f 
th e structur e o f  phonologica l  spac e independentl y o f  ho w 
thi s informatio n relate s t o orthography .  A n analogou s 
conditio n exist s wit h th e weigh t  deca y simulation :  th e 
phonologica l  networ k i s prevente d fro m full y developin g 
hig h qualit y representations .  Th e norma l  network ,  havin g 
develope d ric h attractor s i n th e phonologica l  component ,  ca n 
be mor e slopp y i n it s conversio n fro m orthograph y t o 
phonology ,  whic h discourage s overfittin g o f  th e trainin g se L 
I n effect ,  i t  i s les s likel y t o becom e a  whole-wor d reade r 
becaus e i t  ha s th e phonologica l  safet y ne t  i n place .  Becaus e 
th e hidde n unit s hav e a  highe r  deman d place d o n the m i n th e 
fac e o f  phonologica l  impairment ,  exceptio n word s ar e 
secondaril y  impaired :  th e networ k ha s effectivel y fewe r 
hidde n unit s t o lear n exceptio n items ,  becaus e i t  need s t o 
recrui t  mor e t o produc e a n accurat e phonologica l  output .  I n 
contrast ,  th e reduce d resourc e simulation s d o no t  hav e th e 
capacit y t o memoriz e th e trainin g set ,  an d focuse s instea d o n 
th e redundan t  correspondence s tha t  characteriz e th e "regular " 
or  "rule-governed "  words .  A t  asymptot e performanc e o n 
regular s an d nonword s i s relativel y spared ,  wit h a n 
impairmen t  o n th e exceptio n words .  Wit h mor e sever e 
restriction s o n computationa l  resources ,  th e net' s capacit y t o 
encod e eve n th e relativel y simpl e an d consisten t  spellin g t o 
sound corrê K)ndence s woul d b e impaired . 

I n conclusion ,  thes e simulation s provid e furthe r  insigh t 
int o th e natur e an d cause s o f  th e tw o dissociabl e form s o f 
developmenta l  dyslexia ,  whil e demonstratin g th e vahdit y o f 
a mode l  o f  wor d recognitio n tha t  employ s a  singl e 
pronunciatio n mechanis m rathe r  tha n th e tw o "routes "  o f  th e 
dual-rout e model .  Ther e i s stron g independen t  evidenc e 
concernin g th e existenc e o f  phonologica l  processin g 
impairment s i n childre n wh o exhibi t  th e behaviora l  proFil e 
terme d phonologica l  dyslexi a (se e Farme r  &  Klein ,  1995) , 
and therefor e ou r  simulatio n o f  thi s defici t  patter n b y 
degradin g th e phonologica l  componen t  ha s considerabl e fac e 
validity .  Th e surfac e patter n i s les s common an d ther e i s n o 
independen t  evidenc e whethe r  i t  arise s fro m a  resourc e 
limitation ,  a  visua l  processin g deficit ,  o r  som e othe r  cause . 
The kind s o f  computationa l  impairment s tha t  coul d giv e ris e 
t o tha t  behaviora l  patter n ca n b e see n i n th e presen t  work , 
motivatin g furthe r  investigation s o f  thei r  base s i n huma n 
developmen t 
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network .  Capacit y t o lear n exception s i s impaired . 
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and generalization . 
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