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Abstrac t 

Deep dyslexics are patients with neurological damage who ex-
hibi t  a  variet y o f  symptom s i n ora l  reading ,  includin g semantic , 
visua l  an d morphologica l  effect s i n thei r  errors ,  a  part-of-speec h 
effect ,  an d bette r  performanc e o n concret e tha n abstrac t  words . 
Extendin g wor k b y Hinto n &  Shallic e (1991) ,  w e develo p a 
recurren t  connectionis t  networ k tha t  pronounce s bot h concret e 
and abstrac t  word s vi a thei r  semantics ,  define d s o tha t  abstrac t 
word s hav e fewe r  semanti c features .  Th e behavio r  o f  thi s net -
wor k unde r  a  variet y o f  "lesions "  reproduce s th e mai n effect s 
of  abstractnes s o n dee p dyslexi c reading :  bette r  correc t  perfor -
mance fo r  concret e words ,  a  tendenc y fo r  erro r  response s t o 
be mor e concret e tha n stimuli ,  an d a  highe r  proportio n o f  vi -
sual  error s i n respons e t o abstrac t  words .  Surprisingly ,  sever e 
damage withi n th e semanti c syste m yield s bette r  performanc e 
on abstrac t  words ,  reminiscen t  o f  CAV ,  th e single ,  enigmati c 
patien t  wit h "concret e wor d dyslexia. " 

Introductio n 

Extensiv e wor k withi n cognitiv e neuropsycholog y suggest s 
tha t  ther e ar e (a t  least )  tw o separabl e processin g route s fo r  pro -
nouncin g a  writte n word :  a  "semantic "  rout e tha t  recognize s 
th e wor d an d accesse s it s pronunciatio n fro m it s meaning ,  an d 
a "phonological "  rout e tha t  obtain s th e pronunciatio n base d 
on spelling-to-soun d correspondences .  Stron g evidenc e fo r 
th e separabilit y  o f  thes e route s come s fro m th e existenc e o f 
tw o complementar y set s o f  neurologica l  patient s (Marshal l  & 
N e w c o m b e,  1973) .  "Surface "  or"semantic "  dyslexic s (Patter -
so n e t  al. ,  1985 )  hav e a n impaire d semanti c rout e an d s o mus t 
rel y primaril y o n spelling-to-soun d correspondence s i n ora l 
reading .  I n contrast ,  "deep "  dyslexic s (Collhear t  e t  al. ,  1980 ) 
hav e los t  th e abilit y  t o deriv e phonolog y directl y fro m prin t 
and s o ca n pronounc e word s onl y vi a thei r  meaning .  Thes e 
latte r  patient s show s a  numbe r  o f  characteristics .  Fiv e type s o f 

'Mos t  o f  th e researc h presente d i n thi s pape r  wa s carrie d ou t 
whil e th e author s wer e visitin g researcher s i n th e Department s o f 
Psycholog y an d Compute r  Scienc e a t  th e Universit y o f  Toront o unde r 
th e generou s suppor t  an d guidanceo f  Geof f  Hinton ,  w h o m w e believ e 
deserve s t o b e a  co-autho r  o f  thi s pape r  bu t  woul d no t  b e persuade d t o 
be included .  W e als o wis h t o than k Marlen e Behrman n an d Angel a 
Hickma n fo r  thei r  help .  Al l  o f  th e simulation s describe d i n thi s 
paper  wer e ru n o n a  Silico n Graphic s Iris-4D/240 S usin g th e Xcrio n 
simulato r  develope d b y Ton y Plate .  Thi s researc h wa s supporte d b y 
gran t  87-2-3 6 fro m th e Alfre d P .  Sloa n Foundation . 

error s typicall y occur :  semanti c (e.g .  c h e e r  = > "laugh") ,  vi -
sua l  ( S W O RD = > "words") ,  morphologica l  ( g r o w n = > "grow -
ing" ,  als o calle d "derivational") ,  visual-and-semanti c (pape r 
=> "page" )  an d visual-then-semanti c (SYMPATHY => •  "orches -
tra") .  I n addition ,  ther e i s a  pronounce d part-of-speec h ef -
fect ,  wit h th e orderin g o f  correc t  performanc e bein g roughly : 
noun s >  adjective s >  verb s >  functio n words .  Furthermore , 
concrete ,  highl y imageabl e word s ar e rea d m u c h bette r  tha n 
abstract ,  les s imageabl e words .  Finally ,  pronounceabl e non -
word s canno t  b e read .  O f  thes e effects ,  th e morphologica l 
error s an d pan-of-speec h effect s m a y wel l  b e secondar y t o 
othe r  characteristic s (se e Funnell ,  1987) ,  bu t  an y accoun t  o f 
th e disorde r  need s t o explai n al l  th e othe r  apparentl y indepen -
den t  symptoms . 

I n th e conclusio n o f  thei r  revie w article ,  "Dee p Dyslexi a 
sinc e 1980, "  Coltheart ,  Patterso n &  Marshal l  (1987 )  argu e 
tha t  dee p dyslexi a present s cognitiv e neuropsycholog y wit h a 
majo r  challenge .  The y rais e tw o mai n issue s specifi c  t o th e 
domai n o f  reading .  First ,  the y argu e tha t  standar d "box-and -
arrow "  information-processin g account s o f  dee p dyslexi a (e.g . 
Morto n &  Patterson ,  1980 )  provid e n o explanatio n fo r  w h y 
suc h a  variet y o f  symptom s shoul d virtuall y alway s occu r 
i n patient s w h o m a k e semanti c errors .  Second ,  the y poin t 
out  tha t  th e standar d explanation s fo r  semanti c error s an d fo r 
effect s o f  abstractnes s imol\e .  differen t  impairment s alon g th e 
semanti c route . 

The los s o f  semanti c informatio n fo r  abstrac t  word s tha t  ex -
plaine d visua l  error s i n ora l  readin g canno t  readil y explai n 
semanti c error s i n ora l  reading ,  sinc e semanti c error s typicall y 
occu r  o n moderatel y concret e words... .  Th e defici t  i n th e se -
manti c routin e tha t  give s a  prett y accoun t  o f  semanti c error s is , 
rather ,  a n abnorma l  sloppines s i n th e procedur e o f  addressin g 
a phonologica l  outpu t  cod e fro m a  se t  o f  semanti c features . 
... .  Mus t  w e no w postulat e severa l  differen t  semantic-routin e 
impairment s i n dee p dyslexia ,  an d i f  so ,  wh y d o w e no t  ob -
serv e patient s wh o hav e on e bu t  no t  th e other :  i n particular , 
patient s wh o mak e semanti c error s bu t  d o no t  hav e difficult y 
wit h abstrac t  words ? [Colthear t  e t  al. ,  1987 ,  pp .  421-422 ] 

Hinto n &  Shallic e (1991 ,  hereafte r  H & S )  pu t  forwar d 
a connectionis t  accoun t  tha t  addresse s th e firs t  i ssue—wh y 
semantic ,  visua l  an d mixe d visual-and-semanti c error s co -
occur .  Base d o n previou s wor k b y Hinto n &  Sejnowsk i 
(1986 )  wit h Boltzman n Machines ,  the y traine d a  recurren t 
back-propagatio n networ k t o m a p fro m th e orthograph y o f 
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Orthograph y Samantlc t 

C AT = > "co t 

Figur e 1 :  H o w damag e t o semanti c attractor s ca n caus e visua l  errors . 
The soli d oval s depic t  th e norma l  basin s o f  attraction ;  th e dotte d on e 
depict s a  basi n afte r  semanti c damage . 

4 0 three -  o r  four-lette r  word s t o a  simplifie d representatio n 
of  thei r  semantics ,  describe d i n term s o f  6 8 predetermine d 
semanti c features .  The y the n systematicall y lesione d th e net -
work ,  b y removin g proportion s o f  unit s o r  connections ,  o r  b y 
addin g nois e t o th e weights ,  an d foun d tha t  th e damage d net -
wor k occasionall y settle d int o a  patter n o f  semanti c activit y 
tha t  satisfie d th e respons e criteri a fo r  a  wor d othe r  tha n th e on e 
presented .  Thes e error s wer e mor e ofte n semanticall y and/o r 
visuall y simila r  t o presente d stimul i  tha n woul d b e expecte d 
by chance .  Whil e th e networ k showe d a  greate r  tendenc y t o 
produc e visua l  error s wit h damag e nea r  th e inpu t  laye r  an d 
semanti c error s wit h damag e nea r  th e outpu t  layer ,  bot h type s 
of  erro r  occurre d fo r  almos t  al l  site s o f  damage . 

H &S explai n th e co-occurrenc e o f  visua l  an d semanti c er -
ror s i n term s o f  th e effect s o f  damag e i n a  networ k tha t  build s 
attractor s i n mappin g betwee n tw o arbitraril y  relate d domain s 
(se e Figur e 1) .  Th e networ k ca n generat e completel y differ -
ent  meaning s fro m visuall y simila r  word s (e.g .  ca t  an d cot ) 
by constructin g larg e basin s o f  attractio n aroun d eac h famil -
ia r  meaning ,  suc h tha t  an y initia l  semanti c patter n withi n th e 
basi n wil l  m o v e t o tha t  meaning .  Visuall y simila r  word s ar e 
fre e t o generat e simila r  initia l  semanti c pattern s a s lon g a s 
the y eac h fal l  somewher e withi n th e appropriat e basi n o f  at -
traction .  D a m a g e withi n th e semanti c syste m distort s thes e 
basins ,  occasionall y causin g th e norma l  initia l  semanti c pat -
ter n o f  a  wor d t o b e "captured "  withi n th e basi n o f  a  visuall y 
simila r  word .  Essentially ,  th e layou t  o f  attracto r  basin s mus t 
be sensitiv e t o bot h visua l  an d semanti c similarity ,  an d s o 
thes e metric s ar e reflecte d i n th e type s o f  error s tha t  occu r  a s 
a resul t  o f  damage . 

The natur e o f  attractor s i n th e H & S mode l  addresse s th e 
first  challeng e raise d b y Coltheart ,  Patterso n &  Marshall — 
w hy variou s erro r  type s virtuall y alway s co-occu r  i n dee p 
dyslexia.Th e curren t  researc h investigate s whethe r  essentiall y 
th e sam e accoun t  ca n b e extende d t o successfull y addres s 
th e secon d difficult y the y raise ,  relatin g t o th e abstractncs s 
of  th e stimuli .  Th e nex t  sectio n describe s i n mor e detai l 
th e effect s o f  abstractnes s o n th e readin g behavio r  o f  dee p 
dyslexics .  Followin g this ,  w e defin e a  semanti c representatio n 

capabl e o f  describin g bot h concret e an d abstrac t  words ,  an d 
develo p a  networ k tha t  map s fro m orthograph y t o phonolog y 
vi a semantics .  W e the n subjec t  th e networ k t o a  variet y o f 
lesion s an d compar e it s impaire d performanc e wit h tha t  o f 
dee p dyslexics . 

Effects of abstractness in deep dyslexia 

The effec t  o f  th e abstractnes s o f  th e stimulu s o n dee p dyslexi c 
readin g ha s bee n investigate d i n a  numbe r  o f  ways .  Th e 
most  basi c i s  it s effec t  o n th e probabilit y  tha t  a  wor d wil l  b e 
rea d correctly .  Colthear t  e t  al .  (1987 )  clai m tha t  al l  patient s 
w ho mak e semanti c error s find  concret e word s easie r  t o rea d 
tha n abstrac t  ones .  I n man y patient s a  ver y larg e differenc e i s 
observed :  7 3 % vs .  1 4 % fo r  KF(Shallic e &  Warrington ,  1980) , 
6 7 % vs .  1 3 % fo r  P W an d 7 0 % vs .  1 0 % fo r  D E (Patterso n & 
Marcel ,  1977) . 

A mor e subtl e effec t  i s  th e wa y tha t  th e concretenes s o f 
a wor d ca n affec t  th e probabilit y  o f  th e occurrenc e o f  visua l 
errors .  I n th e thre e patient s i n whic h th e relativ e concretenes s 
of  th e stimulu s an d respons e fo r  visua l  error s ha s bee n investi -
gated ,  th e respons e wa s consistentl y mor e concret e fo r  tw o o f 
the m ( 8 8 % fo r  G R (Barr y &  Richardson ,  1988) ;  7 3 % fo r  KF ) 
and showe d a  simila r  tren d i n th e thir d ( p <  .0 6 fo r  P S (Shal -
lic e &  Coughlan ,  1980)) .  Th e sam e effec t  i s als o apparen t  i n 
th e corpor a o f  visua l  error s mad e b y P W an d D E (se e Colthear t 
et  al. ,  1980 ,  Appendi x 2 )  an d b y F M (Gordo n e t  al. ,  1987)) .  I n 
addition ,  stimul i  wit h a  lo w concretenes s ratin g produc e mor e 
visua l  error s tha n stimul i  wit h hig h concretenes s i n th e tw o 
patient s i n whic h i t  ha s bee n examine d (K F an d PS) .  Also , 
stimul i  producin g visua l  error s wer e les s concret e tha n thos e 
producin g semanti c error s fo r  P D (Coltheart ,  1980 )  an d F M 
(bu t  no t  fo r  G R ) .  Thu s a  semanti c variable—concreteness — 
clearl y influence s th e natur e o f  visua l  errors . 

Ther e i s a  singl e know n exceptio n t o th e advantag e fo r 
concret e word s show n b y dee p dyslexics :  patien t  C A V wit h 
"concret e wor d dyslexia "  (Warrington ,  1981) .  C A V faile d 
t o rea d word s lik e mil k an d tre e bu t  succeede d o n highl y 
abstrac t  word s suc h a s applause ,  evidence ,  an d inferior . 
Overall ,  abstrac t  word s wer e mor e likel y t o b e correctl y rea d 
tha n concret e ( 5 5 % vs .  3 6 % ) .  I n complementar y fashion , 
6 3 % o f  hi s visua l  erro r  response s wer e mor e absu-ac t  tha n 
th e stimulus .  However ,  th e incidenc e o f  visua l  error s wa s 
approximatel y equa l  fo r  word s abov e an d belo w th e media n 
i n concreteness .  Whil e C A V mad e n o mor e semanti c error s 
tha n migh t  b e expecte d b y chance ,  h e appeare d t o b e relyin g 
at  leas t  i n par t  o n th e semanti c rout e becaus e hi s performanc e 
improve d whe n give n a  word' s semanti c category .  C A V i s 
clearl y a  ver y unusua l  patient ,  bu t  an y accoun t  o f  th e relatio n 
betwee n visua l  error s an d concretenes s ca n hardl y ignor e him . 

A semantic representation for concrete and abstract 

w o r d s 

Th e typ e o f  semanti c featur e representatio n use d b y H & S 
i s quit e simila r  t o tha t  frequentl y employe d i n psycholog -
ica l  theorizin g o n semanti c memor y (e.g .  Smit h &  Medin , 
1981) .  Mor e complex ,  frame-lik e representation s ca n b e im -
plemente d usin g thi s approac h i f  unit s ca n represen t  a  conjunc -
tio n o f  a  rol e an d a  propert y o f  wha t  fills  i t  (Hinton ,  1981) . 
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Figure 2: The 40 words used in the simulation. 

Mor e criticall y fo r  th e presen t  purpose ,  ther e i s a  natura l  ex -
tensio n t o th e proble m o f  th e effect s o f  imageability .  Jone s 
(1985 )  ha s argue d tha t  word s var y greatl y i n th e eas e wit h 
whic h predicate s abou t  the m ca n b e generated ,  an d tha t  thi s 
measur e reflect s a  psychologicall y importan t  properl y o f  se -
manti c representation .  Fo r  example ,  mor e predicate s ca n b e 
generate d fo r  basic-leve l  word s tha n fo r  subordinat e o r  su -
perordinat e word s (Rosc h e t  al. ,  1976) .  Jone s showe d tha t 
ther e i s a  ver y hig h correlatio n (0.88 )  betwee n a  measur e o f 
ease-of-predicatio n an d imageability ,  an d tha t  th e relativ e dif -
ficulty  o f  parts-of-speec h i n dee p dyslexi a map s perfectl y ont o 
thei r  ordere d mea n ease-of-predicatio n scores .  H e argue d tha t 
th e effect s o f  bot h imageabilit y  an d part-of-speec h i n dee p 
dyslexi a ca n b e accounte d fo r  b y assumin g tha t  th e semanti c 
rout e i s sensitiv e t o ease-of-predication .  Withi n th e presen t 
framework ,  th e natura l  wa y t o realiz e thi s distinctio n i s b y 
representin g th e semantic s o f  concret e an d abstrac t  word s i n 
term s o f  differen t  number s o f  features . 

To examin e th e effec t  o f  concretenes s o n visua l  errors ,  a  se t 
of  2 0 abstrac t  an d 2 0 concret e word s wer e chose n suc h tha t 
eac h pai r  o f  word s differe d b y a  singl e lette r  (se e Figur e 2) .  W e 
represente d th e semantic s o f  eac h o f  thes e word s i n term s o f 
98 semanti c features. '  Sixty-seve n o f  thes e ar e take n fro m th e 
H &S semanti c feature s fo r  concret e word s (e.g .  main-shape -
3d,  found-woods ,  living) .  Th e 3 1 additiona l  feature s (e.g . 
has-durat ion ,  relates-location ,  quality-difTiculty )  a r e requ i re d 
t o mak e distinction s a m o n g abstrac t  words ,  bu t  occasionall y 
appl y  t o concret e word s a s well .  Overall ,  concret e an d abstrac t 
word s diffe r  systematicall y i n thei r  semanti c representations : 
concret e word s hav e a n averag e o f  18. 2 feature s whil e ab -
su-ac t  word s hav e a n averag e o f  onl y 4. 7 features .  W e d o 
not  clai m tha t  thi s typ e o f  representatio n adequatel y capture s 
th e richnes s an d subtlet y o f  th e tru e meaning s o f  an y o f  thes e 
words .  Rather ,  w e clai m tha t  i t  capture s importan t  qualitativ e 
distinction s abou t  th e relationship s betwee n wor d m e a n i n g s — 
namely ,  tha t  simila r  word s (e.g .  LAC K an d loss )  hav e simila r 
representations ,  an d tha t  ther e i s a  systemati c differenc e be -
twee n th e semantic s o f  concret e an d abstrac t  word s reflectin g 
thei r  relativ e eas e o f  predication . 

Mapping from orthography to phonology via 
semantic s 

A networ k tha t  map s fro m orthograph y t o phonolog y vi a se -
mantic s wa s develope d incrementally .  A n "input "  network , 
analogou s t o th e H & S model ,  wa s traine d t o m a p fro m orthog -
raph y t o semantics .  A  similarl y structure d "output "  networ k 

'Se e Plau t  &  Shallic e (1991 )  fo r  precis e detail s o f  th e ortho -
graphic ,  semantic ,  an d phonologica l  representation s o f  words ,  a s 
wel l  a s fo r  ho w th e networ k architectur e an d trainin g procedur e wer e 
motivated . 

@ 
10cl»in-upunil » )  (  6 1 phonologicj l  unil » J 

>C 
r  1 0 intermediat e unit s 

10 clean-u p unit s )  [ 
- ^ ^ ^ 

c=>s 

96 semant c unit s 
s=> i I  =  > S 
^  lOinlermediateunits J 

c 

0 =  > I 

32 orthographi c unit s J 

Figur e 3 :  T h e n e t w o r k fo r  m a p p i n g f r o m or thograph y t o p h o n o l o g y 
vi a semantics .  A r r o w s represen t  unidirectiona l  set s o f  connect ion s 
b e t w e e n g roup s o f  un i ts—set s tha t  wil l  b e lesione d ar e labele d b y 
th e initial s o f  th e sourc e an d destinatio n uni t  g roup s (e.g .  0 = > I  fo r 
orthographic-to-intermediat e connect ions) . 

was traine d separatel y t o m a p fro m semantic s t o phonology . 
Thes e tw o network s wer e the n combine d int o th e complet e 
network ,  show n i n Figur e 3 . 

Th e tas k o f  th e inpu t  networ k i s t o generat e th e semantic s o f 
eac h wor d fro m it s orthography .  Orthograph y i s represente d 
i n term s o f  4  group s o f  8  features ,  wit h a  separat e grou p fo r 
eac h lette r  i n a  word .  Th e se t  o f  feature s wa s designe d t o 
ensur e tha t  visuall y simila r  letter s (e.g .  E  an d F )  hav e simi -
la r  representations ,  whil e keepin g th e numbe r  o f  feature s t o 
a min imum .  Th e architectur e o f  th e inpu t  networ k i s show n 
i n th e botto m hal f  o f  Figur e 3 .  I t  wa s traine d wit h a n it -
erativ e versio n o f  th e back-propagatio n learnin g procedure , 
k n o w n a s "back-propagatio n throug h time "  (Rumelhar t  e t  al. , 
1986) ,  t o activat e th e appropriat e semanti c unit s fo r  a  wor d 
when presente d wit h th e word' s orthograph y corrupte d b y 
independen t  gaussia n nois e wit h mea n 0. 0 an d standar d de -
viatio n a  =  0.1 .  Th e purpos e o f  trainin g o n nois y inpu t  i s 
t o encourag e th e developmen t  o f  stron g semanti c attractor s 
by enforcin g a  particula r  kin d o f  generalization :  input s tha t 
ar e nea r  k n o w n pattern s mus t  giv e identica l  responses .  Th e 
networ k wa s require d t o activat e eac h semanti c uni t  t o withi n 
0. 1 o f  it s correc t  stat e ove r  th e las t  3  o f  8  iteration s t o ensur e 
i t  ha d develope d stable ,  accurat e fixedpoints  fo r  eac h word . 
Th e networ k satisfie d thes e criteri a reliabl y afte r  470 0 sweep s 
throug h th e trainin g set . 

S o me procedur e i s neede d fo r  convertin g th e patter n o f  se -
manti c activit y produce d b y th e inpu t  networ k int o a n explici t 
response .  H & S us e a n externa l  procedure ,  comparin g th e 
semanti c activit y produce d b y th e networ k wit h th e correc t 
semantic s o f  al l  k n o w n words ,  selectin g th e closest-matchin g 
wor d a s lon g a s th e matc h i s sufficientl y goo d (th e proxim -
it y criterion )  an d sufficientl y bette r  tha n an y othe r  matc h (th e 
ga p criterion) .  However ,  H & S provid e n o evidenc e tha t  thes e 
criteri a adequatel y approximat e th e inpu t  requirements  o f  a 
networ k tha t  ca n generat e actua l  phonologica l  outpu L A n 
eve n mor e sever e proble m i s tha t  th e criteri a ar e base d o n th e 
semanti c representation s themselves .  A n y difference s foun d 
i n performanc e o n concret e an d abstrac t  word s migh t  simpl y 
be du e t o a n inheren t  bia s i n th e respons e criteria .  However , 
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by developin g a n outpu t  networ k tha t  pronounce s concret e 
and abstrac t  word s equall y wel l  unde r  norma l  operation ,  an y 
systemati c difference s observe d unde r  damag e mus t  b e du e t o 
propertie s o f  th e networ k itsel f  an d no t  som e externa l  inter -
pretatio n procedure . 

Phonolog y i s represente d i n term s o f  7  "slots, "  eac h con -
sistin g o f  a  grou p o f  position-specific ,  mutually-exclusiv e 
phoneme unit s (includin g on e fo r  th e "null "  phoneme) .  Ther e 
ar e thre e slot s fo r  th e initia l  (onset )  consonan t  cluster ,  on e 
slo t  fo r  th e vowel ,  an d thre e slot s fo r  th e fina l  (coda )  conso -
nan t  cluster .  Th e tas k o f  th e outpu t  networ k i s t o generat e 
th e phonologica l  representatio n o f  eac h wor d fro m it s seman -
ti c representation .  Th e architectur e o f  thi s networ k i s show n 
i n th e to p hal f  o f  Figur e 3 .  I n additio n t o th e majo r  set s o f 
connections ,  phonem e unit s i n th e sam e consonan t  (o r  vowel ) 
cluste r  ar e full y interconnected .  Thi s connectivit y allow s unit s 
withi n a  slo t  t o develo p a  "winner-take-all "  strateg y whil e stil l 
cooperatin g wit h unit s i n othe r  slot s withi n th e sam e cluster . 
Th e clean-u p unit s provid e fo r  coordinatio n an d competitio n 
betwee n clusters . 

Th e outpu t  networ k wa s traine d i n a  wa y tha t  maximize s th e 
strengt h o f  th e attractor s i t  develops—n o attemp t  wa s mad e t o 
simulat e th e developmen t  o r  m o d e o f  operatio n o f  th e huma n 
speec h productio n system .  Specifically ,  th e "direct "  pathwa y 
(fro m semantic s t o phonology )  wa s traine d t o produc e th e 
correc t  phoneme s o f  eac h wor d durin g th e las t  2  o f  5  iteration s 
when presente d wit h it s semantic s corrupte d b y nois e ( a = 
0.1) .  Afte r  abou t  300 0 sweep s throug h th e trainin g set ,  th e 
activit y o f  eac h phonem e uni t  wa s accurat e t o withi n 0. 2 o f 
it s correc t  valu e fo r  eac h word .  A t  thi s point ,  intra-phonem e 
connection s an d th e clean-u p pathwa y wer e adde d an d th e 
amount  o f  nois e wa s increase d t o 0.2 .  I n thi s wa y th e clean -
up pathwa y learne d t o compensat e fo r  th e limitation s o f  th e 
direc t  pathwa y whe n presse d b y severel y corrupte d input .  Th e 
networ k wa s traine d t o produc e th e correc t  phoneme s ove r  th e 
las t  3  o f  8  iteration s t o withi n 0. 1 o f  thei r  correc t  values . 
Th e amoun t  o f  nois e prevente d th e networ k fro m achievin g 
thi s criterio n consistently ,  an d afte r  18,00 0 trainin g sweep s 
performanc e ha d cease d t o improve .  However ,  th e networ k 
easil y satisfie d th e criterio n fo r  ever y wor d give n uncorrupte d 
input . 

Finally ,  th e outpu t  networ k wa s attache d t o th e inpu t  net -
wor k an d give n abou t  10 0 sweep s o f  additiona l  trainin g wit h 
th e weight s o f  th e inpu t  networ k hel d fixed .  Thi s ensure d tha t 
th e outpu t  networ k coul d generat e th e correc t  pronunciatio n 
of  eac h wor d ove r  th e las t  3  o f  1 4 iteration s wit h semantic s 
generate d b y th e inpu t  networ k rathe r  tha n bein g clamped . 

The effects of lesions 

Afte r  training ,  th e complet e networ k successfull y derive s th e 
semantic s an d phonolog y o f  eac h wor d whe n presente d wit h 
it s Orthograph y W e mode l  th e neurologica l  damag e o f  dee p 
dyslexi c patient s b y removin g a  proportio n o f  th e connection s 
betwee n group s o f  unit s i n th e network .  A s i n patients ,  thi s 
damage impair s th e abilit y  o f  th e networ k t o deriv e th e cor -
rec t  pronunciation s o f  words .  I n orde r  t o directl y compar e th e 
behavio r  o f  th e damage d networ k wit h th e readin g response s 
of  patients ,  w e use d th e followin g procedur e t o interpre t  th e 

? lOOi •O c»> s 
e s=> c M K  S-> I 

*  *  I-> S 
« . » o-> i 

OS 0. 6 9. 7 
Lesio n Severit y 

Figur e 4 :  Correc l  respons e rate s a s a  functio n o f  severit y o f  lesion s 
t o th e 5  mai n set s o f  connection s i n th e inpu t  network . 

corrupte d outpu t  o f  th e networ k a s a n ora l  response .  Give n th e 
patter n o f  activit y ove r  phonem e unit s produce d b y th e stim -
ulus ,  w e determine d th e mos t  likel y binar y outpu t  vecto r  fo r 
eac h slot ,  interpretin g uni t  state s a s independen t  probabilities . 
I f  eac h o f  thes e vector s ha d exactl y on e phonem e activ e an d 
probabilit y  greate r  tha n 0.6 ,  th e se t  o f  activ e phoneme s con -
stitute d th e respons e o f  th e networ k (whic h migh t  b e correc t 
or  a n error) .  Otherwise ,  th e networ k wa s considere d t o hav e 
made a n omission—i n fact ,  patient s frequentl y produc e n o re -
spons e t o a  word ,  o r  respond ,  " I  don' t  know. "  Thi s procedur e 
i s closel y relate d t o th e maximum-likelihoo d interpretatio n o f 
th e cross-enu-op y erro r  functio n tha t  wa s use d t o trai n th e net -
wor k (Hinton ,  1989) .  I n contras t  t o th e respons e criteri a tha t 
H &S applie d t o semantics ,  i t  doe s no t  rel y o n an y knowledg e 
of  wha t  th e networ k ha s bee n traine d on—i t  onl y consider s 
th e for m o f  th e outpu t  representation .  I n particular ,  i t  canno t 
distinguis h concret e fro m abstrac t  words . 

Each o f  th e 5  mai n set s o f  connection s i n th e inpu t  net -
wor k wa s subjecte d t o "lesions "  o f  a  wid e rang e o f  severity ,  i n 
whic h a  proportio n o f  th e connection s wer e chose n a t  rando m 
and removed .  Fift y instance s o f  eac h locatio n an d severit y 
of  lesio n wer e carrie d out ,  an d correct ,  omission ,  an d er -
ro r  response s wer e accumulated .  Figur e 4  show s th e overal l 
correc t  performanc e o f  th e networ k a s a  functio n o f  lesio n 
severity .  Considerin g correc t  response s t o concret e an d ab -
strac t  word s separately ,  ther e i s a  significan t  advantag e fo r 
concret e word s ( 5 5 % correct )  ove r  abstrac t  word s ( 4 9 % cor -
rect ,  F(l,2205 )  =  489.3 ,  p  <  .001) .  Th e relativ e differenc e 
i n correc t  performanc e betwee n thes e tw o set s i s show n i n Fig -
ur e 5 .  T w o mai n result s ar e apparen t  fro m th e figure .  Th e firs t 
i s tha t  th e advantag e fo r  concret e ove r  abstrac t  word s arise s al -
most  entirel y fro m lesion s t o th e direc t  pathway ,  wher e th e ma -
jorit y (88% )  o f  error s ar e produced .  Th e second ,  unexpecte d 
resul t  i s tha t  sever e lesion s o f  th e clean-u p pathwa y produc e 
th e revers e advantage—abstrac t  word s ar e responde d t o mor e 
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Figur e 5 :  Th e relativ e differenc e i n correc t  performanc e betwee n 
concret e an d abstrac t  words ,  ( C — A)/( C +  A ) ,  wher e C  an d A 
ar e th e numbe r  o f  correc t  response s t o concret e an d abstrac t  words , 
respectively .  Positiv e value s reflec t  a  concret e advantage . 

accuratel y tha n concret e word s ( f  (1,49 )  >  22 ,  p  <  .00 1 fo r 
eac h o f  S^C(0.5,0.7 )  an d C=>S(0.5,0.7)) .  Thi s resul t  i s con -
sisten t  wit h wha t  i s know n abou t  th e concret e wor d dyslexic , 
C AV (Warrington ,  1981) .  Hi s readin g disorde r  wa s quit e se -
ver e initially ,  an d h e als o showe d a n advantag e fo r  abstrac t 
word s i n picture-wor d matchin g task s an d wit h auditor y pre -
sentation ,  suggestin g modality-independen t  impairmen t  a t  th e 
leve l  o f  th e semanti c system . 

Erro r  response s wer e categorize d i n term s o f  thei r  visua l 
and semanti c similarit y t o th e stimulus .  Word s wer e con -
sidere d visuall y simila r  i f  the y overlappe d i n tw o o r  mor e 
letters ,  an d semanticall y simila r  i f  thei r  semanti c representa -
tion s overlappe d b y a t  leas t  8 4 % fo r  concret e word s an d 9 5 % 
fo r  abstrac t  words. ^  Figur e 6  shows ,  fo r  concret e an d abstrac t 
word s separately ,  th e overal l  erro r  rate s an d th e proportion s 
of  erro r  type s fo r  eac h lesio n locatio n (an d fo r  "chance "  erro r 
response s chose n randoml y fro m th e wor d set) .  Overall ,  th e 
networ k replicate s (o n a  differen t  wor d set )  th e H & S findin g 
of  mixture s o f  erro r  type s fo r  lesion s throughou t  th e network , 
includin g purel y visua l  error s fo r  lesion s entirel y withi n th e 
semanti c clean-u p system .  Interestingly ,  a  numbe r  o f  th e un -
classifie d error s ar e actuall y o f  th e visual-then-semanti c typ e 
foun d i n dee p dyslexi a (e.g .  pla n ̂  (flan )  = > "tart") .  W h e n 
thi s typ e o f  erro r  occurs ,  th e semanti c activit y tend s t o matc h 
th e intermediat e wor d onl y moderatel y well . 

A compariso n o f  erro r  type s fo r  concret e an d abstrac t  word s 
reveale d tha t  th e proportio n o f  error s whic h ar e visua l  i s highe r 

^Th e definitio n o f  semanti c similarit y i s mor e complicate d be -
caus e o f  th e systemati c difference s betwee n concret e an d abstrac t  se -
mantic s an d becaus e th e semanti c representation s ar e no t  organize d 
int o categorie s a s i n th e H & S simulations .  Not e tha t  tw o typica l 
unrelate d word s hav e roughl y 6 7 % overla p i f  bot h ar e concret e an d 
9 1 % i f  bot h ar e abstract . 
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Figur e 6 :  Overal l  proportion s o f  erro r  type s fo r  concret e (con )  an d 
abstrac t  (abs )  word s fo r  eac h lesio n locatio n (excep t  S  = > I  lesion s 
whic h produc e s o fe w errors) .  Remainin g error s (summin g t o 100% ) 
ar e unrelate d t o th e stimulus . 

fo r  abstrac t  word s (F (  1,2205 )  =  92.24 ,  p  <  .001) ,  whil e th e 
proportio n o f  error s whic h ar e semanti c i s highe r  fo r  concret e 
word s (F(l,2205 )  =  228.8 ,  p  <  .001) .  Thi s effec t  i s  mos t 
clearl y show n i n Figur e 6  fo r  lesion s o f  th e direc t  pathwa y 
(whic h produc e th e majorit y o f  errors) .  A s a  measur e o f  th e 
"abstractness "  o \  th e error s produce d b y a  lesion ,  w e use d 
th e numbe r  o f  error s t o abstrac t  word s minu s th e numbe r  o f 
error s t o concret e words .  Applyin g thi s measur e t o visua l 
and semanti c error s separatel y reveale d tha t  visua l  error s ar e 
mor e abstrac t  (mea n 0.1644 )  tha n semanti c error s (mea n -
0.1458 ,  F(l,2205 )  =  249.6 ,  p  <  .001) .  Finally ,  fo r  eac h 
pai r  o f  visuall y simila r  word s o f  contrastin g type s (e.g .  TAR T 
and TACT) ,  w e compare d h o w ofte n eac h wor d produce d th e 
othe r  a s a n error .  Overall ,  abstrac t  word s ar e mor e likel y 
t o produc e th e paire d visuall y simila r  concret e wor d a s a n 
erro r  tha n vic e vers a (Wilcoxo n signed-rank s test ,  n  =  900 , 
Z =  3.68 ,  p  <  .001) .  However ,  sever e lesion s o f  th e clean -
up pathwa y produc e th e opposit e effec t  ( n =  80 ,  . ^  =  1.98 , 
p <  .025) . 

Thes e effect s ca n b e understoo d i n th e followin g way .  A s 
abstrac t  word s hav e fewe r  semanti c features ,  the y ar e les s ef -
fectiv e tha n concret e word s a t  engagin g th e semanti c clean-u p 
mechanis m an d mus t  rel y mor e heavil y o n th e direc t  pathway . 
Concret e word s ar e rea d bette r  unde r  lesion s t o thi s path -
way becaus e o f  th e stronge r  semanti c clean-u p the y receive . 
Abstrac t  word s ar e mor e likel y t o produc e visua l  error s a s th e 
influenc e o f  visua l  similarit y  i s stronges t  i n th e direc t  pathway . 
Sligh t  o r  moderat e damag e t o th e clean-u p pathwa y impair s 
what  littl e suppor t  abstrac t  word s receiv e fro m thi s system , 
but  als o impair s concret e words ,  producin g n o relativ e diffcr -

77 



ence .  Unde r  sever e damag e t o thi s pathway ,  th e processin g o f 
most  concret e word s i s impaire d bu t  m a n y abstrac t  word s ca n 
be rea d solel y b y th e direc t  pathway ,  producin g a n advantag e 
of  abstrac t  ove r  concret e word s i n correc t  performance . 

Discussion 

No architectur e whic h anyon e ha s propose d contain s anythin g 
remotel y approachin g a  componen t  damag e t o whic h woul d 
produc e al l  th e nin e symptom s w e ar e considering .  [Colthear t 
etal. ,  1987 .  p .  417 ] 

The symptoms of deep dyslexia that Coltheart, Patterson & 
Marshal l  ar e referrin g t o are :  (1 )  semanti c errors ,  (2 )  vi -
sua l  errors ,  (3 )  functio n wor d substitutions ,  (4 )  morpholog -
ical/derivationa l  errors ,  (5 )  advantag e fo r  concret e ove r  ab -
strac t  words ,  (6 )  advantag e fo r  conten t  ove r  functio n words , 
(7 )  inabilit y  t o rea d non-words ,  (8 )  inabilit y  t o acces s phonol -
og y fro m prin t  fo r  word s o r  i n non-namin g tasks ,  an d (9 ) 
impaire d writin g an d spelling .  Thi s las t  sympto m i s beyon d 
th e scop e o f  th e presen t  simulation ,  whic h i s concerne d solel y 
wit h reading .  S y m p t o m s 7  an d 8  ar e common l y attribute d 
t o th e los s o f  a  phonologica l  rout e employin g spelling-to -
soun d correspondences .  Th e curren t  researc h demonstrate s 
h o w symptom s 1 ,  2 ,  an d 5  ca n aris e fro m unitar y lesion s t o 
a networ k traine d t o m a p fro m orthograph y t o phonolog y vi a 
semantics ,  i n whic h abstrac t  word s hav e fa r  fewe r  semanti c 
features .  F ro m th e argument s o f  Jone s (1985) ,  Funnel l  (1987 ) 
an d others ,  i t  seem s likel y tha t  th e morphological/derivationa l 
error s reduc e t o a  specia l  cas e o f  mixe d visual-and-semanti c 
errors ,  an d part-of-speec h effect s ca n b e accounte d fo r  i n term s 
of  th e ease-of-predicatio n variabl e o n whic h ou r  simulatio n 
was based .  Thu s th e effect s w e hav e demonstrate d m a y als o 
accoun t  fo r  th e remainin g symptom s (3,4,6) .  Mos t  critically , 
th e presen t  simulatio n provide s a n explanatio n fo r  th e puzzlin g 
cross-domai n interaction s tha t  occu r  betwee n th e abstractnes s 
of  stimuli/response s an d th e occurrenc e o f  visua l  errors .  Th e 
explanatio n ha s s o m e similaritie s t o thos e previousl y offere d 
fo r  th e interactio n (e.g .  Morto n &  Patterson ,  1980 ;  Shallic e 
& Warrington ,  1980 )  bu t  thes e wer e essentiall y  a d ho c verba l 
extrapolation s fro m cascad e notion s unrelate d t o othe r  aspect s 
of  th e syndrome ,  withou t  eve n a  principle d accoun t  o f  th e ab -
stract/concret e difference .  Th e presen t  accoun t  i s supporte d 
b y a  simulation ,  i s  linke d t o explanation s o f  othe r  aspect s o f 
th e syndrome ,  an d offer s th e possibilit y  o f  als o addressin g 
concret e wor d dyslexia . 

Ar e th e difference s obtaine d fo r  performanc e o n abstrac t 
and concret e word s simpl y du e t o difference s w e buil t  in ? 
Th e answe r  i s  yes ,  bu t  no t  simply .  Th e wa y th e contras t  wa s 
realized—i n term s o f  a  differenc e i n numbe r  o f  features — 
was independentl y motivated ,  an d th e effect s obtaine d wer e 
comple x an d no t  transparen t  fro m th e characteristic s o f  th e 
semanti c representation .  I n addition ,  w e ensure d tha t  norma l 
performanc e o n th e tw o type s o f  word s wa s equivalent ,  s o 
tha t  th e contras t  i s  reflecte d onl y i n th e performanc e unde r 
damage,  ove r  whic h w e ha d n o direc t  control .  Take n together , 
th e replicatio n o f  th e divers e se t  o f  symptom s o f  dee p dyslexi a 
throug h unitar y lesion s o f  a  networ k tha t  pronounce s word s 
vi a thei r  meaning s strongl y suggest s tha t  th e computationa l 
principle s underlyin g th e network' s behavio r  m a y she d ligh t 

on norma l  an d impaire d readin g mechanism s i n humans . 
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