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Universit y o f  Wales ,  Bango r 

Gwynedd,LL5 7 2 D G 

Unite d Kingdo m 

Eam/BITTMET:  PSS030@iik.ac.bangor.vax a 

Abstrac t 
I n thi s pape r  w e describ e a  connectionis t  mode l  o f  th e 
developmen t  o f  alphabeti c spelling .  Th e mode l  learn s 
t o spel l  regula r  word s mor e quickl y tha n word s wit h 
irregula r  spellings .  W h e n th e computationa l  resource s 
availabl e t o th e mode l  ar e restricted ,  th e mode l  learn s 
mor e slowl y and ,  analogousl y t o developmenta l 
dyslexics ,  fail s  t o lear n som e o f  th e irregula r  item s i n 
it s vocabulary .  Experimenta l  evidenc e i s reported , 
whic h show s tha t  bot h norma l  an d dyslexi c childre n o f 
variou s age s hav e difficult y wit h particula r  wor d type s 
tha t  ar e simila r  t o th e problem s experience d b y th e 
model  o n th e sam e words .  Finally ,  th e mode l  i s 
"lesioned, "  an d it s performanc e i s the n simila r  t o tha t 
of  "surfac e dysgraphics. "  Th e goo d fit  betwee n mode l 
and dat a i s take n a s evidenc e that ,  throughou t  muc h o f 
th e relevan t  developmenta l  period ,  th e tas k facin g 
childre n ca n b e usefull y viewe d a s a  statistica l  one . 

Introduction 

Our  purpos e i n th e presen t  pape r  i s  t o appl y th e 
connectionis t  modellin g approach ,  whic h ha s provide d 
usefu l  unifyin g model s o f  spelling-to-soun d translatio n i n 
readin g (e.g .  Seidenber g &  McClelland ,  1989a) ,  t o th e cas e 
of  spellin g development .  Here ,  th e computationa l  tas k 
face d b y childre n i s on e o f  mappin g phonolog y ont o 
orthography .  Thi s mappin g i s mor e "irregular "  tha n th e 
mappin g fro m spellin g t o soun d investigate d b y Seidenber g 
& McClelland ,  an d on e o f  ou r  aim s i s t o determin e whethe r 
a connectionis t  syste m coul d lear n thi s mor e demandin g se t 
of  associations . 

The spellin g o f  man y Englis h word s canno t  reliabl y b e 
derive d fro m phonologica l  informatio n alone ,  becaus e o f 
word s suc h a s S O A P (cf .  ROPE,  COPE,  HOPE) ,  an d pair s o r 
triple s o f  word s tha t  ar e pronounce d identicall y bu t  spelle d 
differenU y (e.g .  BARE/BEA R an d HAIR/HARE) . 

The researc h reporte d i n thi s pape r  wa s supporte d b y grant s 
t o th e secon d autho r  fro m th e Medica l  Researc h Counci l 
(U.K.) ,  th e Economi c an d Socia l  Researc h Counci l  (U.K. ) 
and th e Leverhulm e Trust . 

Pronunciatio n informatio n nevertheles s partiall y 
constrain s th e writte n form s o f  words ,  an d ther e i s 
abundan t  psychologica l  evidence ,  fro m th e stud y o f  adul t 
and chil d spellin g errors ,  tha t  pronunciatio n informatio n i s 
use d i n spelling .  Th e spellin g o f  non-word s i s  als o 
generall y assume d t o implicat e mechanism s fo r  translatin g 
soun d int o spelling ,  a s ar e th e characteristi c pattern s o f 
breakdow n exhibite d b y patient s sufferin g fro m variou s 
form s o f  hea d injur y (se e Shallice ,  1988 ,  fo r  a  review) . 

Thes e consideration s hav e lea d psychologist s t o produc e 
model s o f  spellin g i n whic h ther e ar e tw o separat e routine s 
availabl e t o translat e soun d int o spelling .  Earl y spellin g i s 
assume d t o occu r  b y learnin g th e visua l  form s o f  a  smal l 
vocabulary .  Subsequen t  developmen t  o f  "alphabeti c 
spelling "  occur s wit h th e realisatio n tha t  ther e ar e usefu l 
regularitie s i n th e sound-to-spellin g mappin g system . 
W h en a  chil d ha s graspe d thi s principle ,  th e abilit y  t o spel l 
non-word s wil l  emerge ,  alon g wit h a n advantag e i n 
spellin g word s whic h confor m t o th e sound-to-spellin g 
"rules "  o f  English .  Fo r  th e reason s discusse d above , 
however ,  rule s alon e ar e no t  sufficient .  A  second  "lexical " 
routin e i s require d t o enabl e th e correc t  spellin g o f  irregula r 
words ,  an d t o distinguis h betwee n non-homographi c 
homophone s suc h a s THEI R an d T H E R E.  I t  i s assume d tha t 
skille d speller s hav e bot h strategie s availabl e t o them .  Thi s 
"dual-route "  approac h ha s provide d a  successfu l 
framewor k fo r  describin g spellin g developmen t  an d 
classifyin g developmenta l  an d acquire d spellin g disorder s 
(Ellis ,  1984 ;  Frith ,  1985 ;  EHi s &  Young ,  1988) . 

A consequenc e o f  th e "dual-route "  approac h i s tha t  wor d 
classification s hav e tende d t o labe l  item s a s eithe r  "regular " 
or  "irregular, "  accordin g t o whethe r  o r  no t  the y confor m t o 
th e sound-to-spellin g translario n rule s o f  English . 
However ,  a  connectionis t  mode l  shoul d b e abl e t o exploi t 
regularitie s a t  variou s level s i n th e mappin g fro m soun d t o 
spellin g withou t  makin g us e o f  explici t  rules .  I n th e cas e o f 
reading ,  th e connectionis t  approac h ha s lea d t o a  differen t 
classificatio n o f  word s i n term s o f  th e spelling-to-soun d 
"friends "  an d "enemies "  tha t  the y posses s (Brown ,  1987 ; 
Jared ,  M c R a e &  Seidenberg ,  1990) .  Accordin g t o thi s 
approach ,  onl y word s wit h enemie s woul d b e counte d a s 
irregular ,  bu t  regula r  word s ca n diffe r  accordin g t o th e 
number  o f  friend s the y have .  Tabl e 1  illustrate s thi s 
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classificatio n a s applie d t o th e cas e o f  spelling ,  an d show s 
tha t  "numbe r  o f  friends "  an d "numbe r  o f  enemies "  reflec t 
differen t  dimension s (here ,  a s elsewhere ,  w e us e th e "rime " 
of  a  wor d t o classif y it :  ther e i s ampl e evidenc e tha t  thi s i s 
th e relevan t  psychologica l  dimension :  Treima n &  Chafetz , 
1987) . 

Word Friend s Enemie s 

SOAP non e 
LOCK DOCK,  ROCK et c 
BULB non e 

HOPE,  COPE et c 

none 
none 

Tabl e 1 :  Classificatio n o f  Wor d Type s 

Thus friends and enemies effects can be assessed 
independently :  a  differenc e betwee n "bulb "  typ e word s 
and "soap "  typ e word s woul d reflec t  a n independen t  effec t 
of  numbe r  o f  sound-to-spellin g enemies ,  an d a  differenc e 
betwee n "bulb "  typ e word s an d "lock "  typ e word s woul d 
reflec t  a n independen t  effec t  o f  numbe r  o f  sound-to -
spellin g friends .  I n th e cas e o f  singl e wor d readin g i t  no w 
appear s tha t  ther e ar e independen t  friend s an d enemie s 
effect s o n readin g tim e (Brown ,  1987 .  Jared ,  McRa e & 
Seidenberg ,  1990) .  Man y experimenta l  investigation s o f 
spellin g have ,  however ,  no t  distinguishe d betwee n sound -
to-spellin g friend s an d enemies ,  an d empiricall y i t  i s  no t 
clea r  whic h i s th e relevan t  factor ,  althoug h severa l  recen t 
experiment s o n spellin g hav e foun d influence s o f  factor s 
othe r  tha n simpl e regularit y o n spellin g performanc e (e.g . 
Barr y &  Seymour ,  1988) .  I n thi s pape r  w e repor t  a n 
experimenta l  investigatio n o f  thi s questio n whic h focusse s 
on th e thre e wor d type s illustrate d i n Tabl e 1 .  First , 
however ,  w e describ e a  connectionis t  mode l  tha t  w e hav e 
implemente d t o investigat e learnin g o f  th e Englis h sound -
to-spellin g mappin g system . 

A Connectionist Model of Spelling 

The mode l  i s a  feedforwar d backpropagatio n ne t  wit h 5 0 
input ,  3 0 hidde n an d 5 0 outpu t  units .  Th e trainin g se t 
consiste d o f  25 0 words .  Thes e include d al l  6 3 word s use d 
i n th e experimen t  discusse d below .  Th e remainin g word s 
wer e friend s an d enemie s o f  word s i n th e grou p o f  63 . 
Inpu t  pattern s encode d th e phonologica l  form s o f  words , 
and outpu t  pattern s represente d th e correspondin g 
orthographi c forms .  Thes e pattern s wer e create d usin g a 
scheme simila r  t o tha t  employe d b y Seidenber g & 
McClellan d (1989a) :  word s wer e treate d a s set s o f 
"triples, "  (e.g .  SOAP =  _S O +  SO A +  GA P -i -  AP _ ;  Iswp l  = 
_s w +  sw p +  wp _ ) .  Pattern s wer e create d independentl y 
fo r  al l  th e triple s tha t  occurre d i n th e trainin g set .  Eac h 
tripl e patter n containe d fou r  O N bit s an d 4 6 OF F bits : 
thes e wer e chose n quasi-randoml y i n suc h a  wa y tha t 
simila r  triple s ha d simila r  patterns .  Th e patter n fo r  a  wor d 
was mad e b y superposin g th e pattern s fo r  it s triples .  Th e 
learnin g rat e wa s se t  a t  0.01 ,  an d th e momentu m paramete r 
was 0.9 .  Th e mode l  wa s give n 200 0 epoch s o f  learnin g 
wit h th e trainin g se t 

4-

I 
§ 3 H 

1-

Enemies ,  n o friend s 

No enemies ,  n o friend s 

Friends ,  n o enemie s 

0 40 0 80 0 120 0 160 0 

Epoch s 

Figure 1: Error Score for 30-Hidden-Unit Model 

The vocabulary of the model contained 21 matched word 
triplets .  Th e word s wer e selecte d wit h a  vie w t o thei r  late r 
use i n th e experimenta l  investigation ,  an d corresponde d t o 
th e thre e wor d type s i n Tabl e 1 .  Word s withi n eac h triple t 
varie d i n thei r  sound-to-spellin g correspondence s bu t  wer e 
matche d a s closel y a s possibl e o n wor d frequency , 
positiona l  bigra m frequency ,  an d wor d length .  N o wor d i n 
th e sampl e wa s homophoni c wit h an y othe r  Englis h word . 

I n additio n t o examinin g th e developmen t  o f  spellin g i n 
norma l  children ,  w e wante d t o asses s th e possibilit y  tha t 
th e spellin g problem s experience d b y developmenta l 
dyslexic s coul d b e characterise d i n term s o f  reduce d 
computationa l  resource s bein g devote d t o th e learnin g 
process .  Simila r  claim s hav e bee n mad e i n th e cas e o f 
reading :  Seidenber g &  McClellan d (1989b )  foun d tha t  a 
versio n o f  thei r  spelling-to-soun d translatio n model ,  whic h 
was give n fewe r  hidde n unit s ove r  whic h t o represen t  it s 
regularities ,  produce d a  patter n o f  jjerformanc e tha t  wa s 

6-1 

5-

4-

5 3 H 

IXI 

Enemies ,  n o friend s 

No enemies ,  n o friend s 

- D - ^  Friends ,  n o enemie s 

\ 

—•  1  '  1  •  1  •  1 
0 40 0 80 0 120 0 160 0 

Epoch s 

Figure 2: Error Score for 20-Hidden-Unit Model 
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analogou s l o tha t  o f  developmentall y dyslexi c o r  delaye d 
readers .  I n ou r  simulation s w e adopte d a  simila r  approach . 
The "normal "  mode l  wa s give n 3 0 hidde n units ,  whil e th e 
"developmentall y dyslexic "  mode l  wa s provide d wit h onl y 
20 hidde n unit s durin g th e learnin g process . 

Results of Simulations 

The behaviou r  o f  th e mode l  durin g learnin g i s presente d i n 
Figure s 1  throug h 4 .  Figur e 1  show s th e mea n summe d 
square d erro r  fo r  eac h o f  th e thre e wor d type s durin g 
learnin g i n th e "normal "  model ,  an d Figur e 2  show s th e 
same measur e fo r  th e "developmentall y dyslexic "  model . 
I n bot h case s th e sam e orderin g o f  wor d typ e difficult y i s 
seen throughout ,  bu t  th e dyslexi c mode l  learn s mor e slowl y 
and ha s highe r  erro r  score s a t  an y give n poin t  i n learning . 

Of  mor e direc t  relevanc e i s th e actua l  numbe r  o f  item s 
tha t  th e networ k wa s abl e t o spel l  correctl y a t  an y point . 
I n orde r  t o asses s whethe r  a  wor d wa s spelle d correctly ,  th e 
followin g procedur e wa s carrie d out .  First ,  3 0 
"competitor "  spelling s wer e generate d fo r  eac h o f  th e 6 3 
word s b y randoml y changin g on e o f  th e letter s i n th e 
correct ,  "target "  spelling .  Fo r  th e word s wit h enemies ,  on e 
competito r  wa s alway s th e regularise d spellin g o f  th e word . 
Thus ,  th e competitor s fo r  S O A P include d S O P E,  SSAP , 
SOOP,  SOAB,  T O A P an d s o on .  A t  eac h stag e o f  learning ,  a 
summed square d erro r  wa s calculate d fo r  al l  competitor s o f 
eac h word ,  a s wel l  a s fo r  th e targe t  spelling .  A  wor d wa s 
classifie d a s correctl y spelled ,  an d counte d a s suc h i n 
Figure s 3  an d 4 ,  whe n th e erro r  scor e fo r  th e correc t 
spellin g wa s lowe r  tha n th e erro r  scor e fo r  al l  o f  th e 
competito r  spellings .  Figur e 3  show s th e numbe r  o f  word s 
correc t  (ou t  o f  th e 2 1 word s o f  eac h type )  a s a  functio n o f 
trainin g fo r  th e norma l  (3 0 hidde n unit )  model ,  whil e 
Figur e 4  show s th e sam e fo r  th e restricte d version . 

Inspectio n o f  Figur e 3  reveal s tha t  b y 200 0 epoch s o f 
learnin g th e norma l  networ k wa s producin g th e correc t 
spellin g o f  ever y wor d i n it s vocabulary .  A t  al l  earlie r 
stage s i n learning ,  th e mode l  produce d th e correc t  speUin g 
of  mor e o f  th e word s wit h friend s an d n o enemie s tha n 
word s wit h neithe r  friend s no r  enemies ,  an d eve n fewe r  o f 
th e word s wit h enemie s an d n o friends . 

Compariso n o f  Figure s 1  an d 3  wit h Figure s 2  an d 4 
shows tha t  th e dyslexi c mode l  exhibit s a  qualitativel y 
simila r  patter n o f  performanc e t o th e non-dyslexi c model , 
but  tha t  performanc e lag s behin d th e non-dyslexi c mode l  a t 
al l  stages .  B y th e en d o f  200 0 epoch s o f  learning ,  th e 
dyslexi c mode l  correcU y spell s 2 0 ou t  o f  th e 2 1 word s wit h 
friend s only ,  17/2 1 o f  th e word s wit h neithe r  friend s no r 
enemies ,  an d als o 17/2 1 o f  th e word s wit h enemie s an d n o 
friends .  Thi s patter n o f  selectiv e difficult y wit h 
exceptiona l  item s i s simila r  t o th e patter n observe d i n 
developmentall y dyslexi c children . 

I t  i s  clea r  tha t  th e non-dyslexi c mode l  wa s successfu l  i n 
learnin g th e relevan t  sound-to-spellin g mappin g 
characteristic s withi n it s limite d vocabulary .  Furthermore , 
th e performanc e o f  th e mode l  lead s t o a  clea r  predictio n 
abou t  th e orderin g o f  wor d typ e difficult y durin g learning . 

24n 

20-

16-

1 12 -

w 

" 2 

I 
Friends ,  n o enemie s 

No enemies ,  n o friend s 

Enemies ,  n o friend s 

80 0 120 0 

Epoch s 

— I — ' —I 
160 0 200 0 

Figur e 3 :  Numbe r  o f  Correc t  Spelling s ("Normal "  Model ) 

The results of the two simulations suggest that the 
differenc e betwee n norma l  an d dyslexi c spellin g 
developmen t  ca n b e wel l  characterise d i n term s o f  th e 
amount  o f  computationa l  resource s devote d t o th e task . 
W h en insufficien t  resource s ar e allocate d t o learnin g th e 
relevan t  sound-to-spellin g associations ,  th e resul t  i s  tha t  a 
lowe r  overal l  leve l  o f  performanc e i s achieve d a t  an y give n 
stag e i n learning ,  bu t  th e orderin g o f  th e differen t  wor d 
type s i n term s o f  accurac y i s th e same .  Thi s i s consisten t 
wit h a  "delay "  rathe r  tha n a  "deviance "  pictur e o f  dyslexi c 
spelling :  th e mode l  predict s tha t  whe n dyslexi c an d non -
dyslexi c subject s ar e matche d fo r  overal l  leve l  o f 
performance ,  the y shoul d sho w th e sam e qualitativ e patter n 
of  error s o n th e thre e wor d types .  B y contrast ,  "deviance " 
model s assum e tha t  qualitativel y differen t  processin g i s 
involve d i n developmenta l  dyslexia . 
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4: Number of Correct Spellings ("Dyslexic" Model) 
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Experimenta l  Studie s 

We no w repor t  th e result s o f  experiment s carrie d ou t  o n 
bot h norma l  an d dyslexi c childre n t o tes t  th e prediction s o f 
th e model s reporte d above .  W e describ e th e spellin g 
performanc e o f  fou r  differen t  age-group s o f  norma l 
children ,  an d a  separat e compariso n betwee n dyslexi c an d 
spelling-leve l  matche d non-dyslexi c subjects . 

Subjects 

132 non-dyslexi c childre n age d betwee n 9 1 an d 14 3 
month s wer e tested .  Dat a wer e als o collecte d fro m 1 2 
"junior "  dyslexic s an d 1 3 "senior "  dyslexic s fro m a 
specialis t  school .  On e o f  th e senio r  subject s (wit h th e 
lowes t  tota l  spellin g correc t  score )  wa s exclude d fro m th e 
analysi s t o mak e equa l  size d groups .  Al l  th e dyslexi c 
subject s teste d i n thi s stud y ha d bee n formall y diagnose d a s 
havin g specifi c  learnin g difficultie s b y a n independen t 
examine r  an d wer e attendin g a  specia l  schoo l  fo r  dyslexi c 
boys .  Additiona l  test s showe d tha t  th e junio r  dyslexic s ha d 
a readin g ag e 3 0 month s behin d thei r  chronologica l  age , 
and th e senio r  dyslexic s wer e 3 7 month s delayed .  Readin g 
ages wer e assesse d b y th e Britis h Abilit y  Scales . 

Materials and Procedure 

The stimulu s material s fo r  th e experimen t  wer e th e 2 1 
wor d Uiplet s use d i n th e models .  Fo r  th e spellin g test ,  eac h 
stimulu s wor d wa s presente d i n a  shor t  sentenc e tha t  use d 
th e wor d i n a  meaningfu l  contex t  bu t  di d no t  defin e it s 
meaning .  A  separat e comprehensio n tes t  wa s conducte d 
and erro r  rate s wer e examine d onl y fo r  word s tha t  wer e 
known t o individua l  subjects . 

Analysis and Results 

The 13 2 non-dyslexi c subject s wer e divide d int o fou r 
group s o f  3 3 subject s o n th e basi s o f  spellin g ability .  T o 
compar e norma l  an d dyslexi c spellers ,  conu-o l  subject s 
wer e selecte d fro m th e sampl e o f  norma l  spellers .  The y 
wer e matche d wit h individua l  dyslexic s o n th e basi s o f 
tota l  correc t  spellin g scores .  Th e dyslexic s wer e o n 
averag e aroun d tw o year s olde r  tha n th e contro l  subject s 
spellin g a t  th e sam e level . 

The result s wer e examine d i n term s o f  th e proportio n o f 
error s mad e t o know n word s only .  T w o triplet s wer e 
withdraw n befor e analysi s becaus e insufficien t  subject s 
kne w th e meaning s o f  on e o f  th e word s i n th e Uiplets . 
Spellin g score s wer e expresse d a s th e numbe r  o f  correctl y 
spel t  word s a s a  proportio n o f  th e item s known ,  an d 
subjecte d t o angula r  transformatio n prio r  t o analysis . 
Figur e 5  present s th e (untransformed )  erro r  proportion s fo r 
th e fou r  differen t  ag e group s o f  conuo l  subjects ,  an d Figur e 
6 give s th e proportion s fo r  th e junio r  an d senio r  dyslexic s 
and controls . 

For  norma l  subject s (dat a i n Figur e 5) ,  A N O VA reveale d 
mai n effect s o f  age-grou p an d word-type ,  an d a  significan t 
grou p X  wor d typ e interactio n reflectin g a  ceilin g effec t  i n 
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Figure 5: Fraction of Correct Spellings (Normal Subjects) 

the more able groups. Post-hoc analyses of the error rates 
reveale d independen t  effect s o f  bot h sound-to-spellin g 
friend s an d sound-to-spellin g enemie s withi n th e mai n 
effec t  o f  wor d type .  ("Friend s effects "  wer e assesse d b y 
comparin g erro r  rate s t o word s wit h man y friend s an d n o 
enemie s t o word s wit h neithe r  friend s no r  enemies ; 
"enemie s effects "  wer e assesse d b y comparin g erro r  rate s 
fo r  word s wit h neithe r  friend s no r  enemie s t o word s wit h 
enemie s bu t  n o friends) . 

I n th e erro r  analyse s comparin g dyslexi c an d conuo l 
subjects ,  ther e wa s n o significan t  differenc e betwee n 
conuo l  an d dyslexi c subject s (a s expected ,  give n tha t 
group s wer e matche d o n tota l  spellin g score )  an d n o 
significan t  interactions .  Ther e were ,  however ,  mai n 
effect s o f  bot h abilit y  grou p an d wor d type .  Post-ho c 
comparison s o f  th e wor d typ e mean s indicate d tha t  ther e 
wer e independen t  sound-to-spcUin g friend s an d enemie s 
effects . 
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The result s m a y b e summarise d a s follows .  Bot h 
dyslexi c an d contro l  subject s showe d independen t  effect s 
of  sound-to-spellin g friend s an d sound-to-spellin g enemie s 
on erro r  rates .  Furthermore ,  dyslexi c subject s showe d th e 
same patter n o f  effect s a s younge r  non-dyslexi c subject s 
matche d o n overal l  spelhn g scores . 

Thes e result s ar e i n accor d wit h th e prediction s mad e b y 
th e model .  Th e orderin g o f  difficult y o f  th e thre e differen t 
wor d types ,  i n term s o f  th e proportio n o f  error s mad e a t 
differen t  time s durin g development ,  i s exactl y th e sam e fo r 
th e connectionis t  mode l  an d fo r  ou r  huma n subjects . 

Furthermore ,  despit e th e fac t  tha t  w e hav e use d a  mor e 
fine-graine d classificatio n o f  wor d type s tha n ha s 
previousl y bee n use d t o compar e norma l  an d dyslexi c 
spellin g performance ,  w e find  tha t  th e dyslexic s perfor m 
similarl y t o younge r  contro l  subject s spellin g a t  th e sam e 
overal l  level .  Thi s i s consisten t  wit h th e behaviou r  o f  ou r 
"developmentall y dyslexic "  model . 

Lesioning the Model 

We wis h t o argu e tha t  th e developmen t  o f  norma l  spelling , 
and th e delaye d developmen t  i n youn g dyslexics ,  ca n b e 
characterise d i n term s o f  th e computationa l  demand s o f 
masterin g a  statistica l  mappin g system .  A  natura l  question , 
then ,  i s whethe r  th e performanc e o f  head-injure d patient s 
can b e accounte d fo r  i n term s o f  a  los s o f  th e computationa l 
resource s availabl e t o achiev e th e requisit e mappin g (cf . 
Patterson ,  Seidenber g &  McClelland ,  1988) . 

The relevan t  phenomen a ma y b e summarise d a s follows . 
S o me patients ,  generall y know n a s "phonologica l 
dysgraphics, "  los e th e abilit y  t o spel l  non-word s whil e th e 
abilit y  t o spel l  rea l  word s (whethe r  regula r  o r  irregular )  i s 
relativel y wel l  preserve d (e.g .  Shallice ,  1981) .  I n term s o f 
dual-rout e model s o f  spelling ,  thi s i s take n a s evidenc e fo r 
los s o f  th e non-lexica l  sound-to-spellin g translatio n 
pathway .  So-calle d "dee p dysgraphics "  exhibi t  simila r 
problem s bu t  als o produc e semantically-relate d errors .  Th e 
complementar y syndrome ,  variousl y know n a s "surfac e 
dysgraphia "  (Ellis ,  1984) ,  "lexica l  dysgraphia "  (Beauvoi s 
& Derouesnd ,  1981 )  o r  "phonologica l  spelling "  (Hatfiel d & 
Patterson ,  1983 )  appear s t o involv e a  relativ e sparin g o f  th e 
sound-to-spellin g translatio n routin e alon g wit h impairmen t 
of  th e lexica l  spellin g routine .  Thes e patient s therefor e 
hav e particula r  difficult y i n spellin g word s wit h 
exceptiona l  sound-spellin g correspondences .  Th e pictur e i s 
of  cours e mor e comple x tha n th e simpl e on e presente d 
abov e (se e ElU s &  Young ,  1988 ,  fo r  a  review) ,  an d patient s 
var y i n th e exten t  o f  dissociatio n whic h Uie y exhibit .  Fo r 
presen t  purposes ,  however ,  w e ar e concerne d t o examin e 
th e possibilit y  tha t  ou r  connectionis t  mode l  o f  spellin g 
coul d becom e "surfac e dysgraphic "  an d selectivel y los e th e 
abilit y  t o spel l  irregula r  word s correcUy . 

We simulate d acquire d spellin g disorder s i n th e mode l 
by settin g 2 % ,  5% ,  an d 1 0 % o f  Ui e weight s i n eiUie r  th e 
inpu t  o r  th e outpu t  laye r  t o zero .  Th e performanc e o f  th e 
model  wa s the n examine d t o se e whethe r  i t  produce d th e 
correc t  speUing s o f  th e word s i n it s vocabulary .  A  tota l  o f 
10 simulation s wer e carrie d ou t  a t  eac h leve l  o f  damage . 

N . 

^ 

Result s o f  Lesionin g th e M o d e l 

The result s o f  zeroin g 2 % ,  5 % o r  1 0 % o f  th e connection s i n 
th e inpu t  o r  outpu t  layer s ar e show n i n Figur e 7 . 
Performanc e o n word s wit h enemie s (i.e .  word s wit h 
exceptiona l  sound-spellin g patterns )  doe s indee d dro p of f 
mor e quickl y wit h increasin g damage .  Thu s wit h 1 0 % 
damage t o th e connection s betwee n inpu t  an d hidde n 

Friends , 
no enemie s 

No enemies , 
no friend s 

Enemies , 
no friend s 

hidden units -> 
outpu t  unit s 

input units -> 
hidde n unit s 

% Damag e 

Figure 7: Performance of the Model After Lesioning 

layers, the model still correctly spells 13 out of Uie 21 
friends-onl y words ,  bu t  onl y 8  o f  th e 2 1 word s wit h 
enemies . 

H ow doe s thi s compar e wit h th e patter n o f  performanc e 
produce d b y surfac e dysgraphi c patients ? S o m e patient s 
sho w a  sharpe r  dissociatio n tha n ou r  model :  Shallic e 
(1988 )  summarise s th e result s o f  severa l  studie s o n th e 
relevan t  patients .  Mos t  patient s sho w ver y goo d 
performanc e o n non-word s an d word s wit h lo w ambiguit y 
(i.e .  regula r  items) ,  performin g a t  ove r  9 0 % o n thes e 
categories .  Performanc e o n word s wit h mediu m level s o f 
ambiguit y range d fro m abou t  7 0 % t o 1 0 0 % ,  an d 
performanc e o n highl y ambiguou s item s varie d fro m 4 0 % 
t o 9 0 % .  Thu s onl y a  ver y fe w patient s sho w a  shar p 
dissociation ,  althoug h al l  perfor m wors e o n th e ambiguou s 
items . 

The averag e performanc e o f  ou r  mode l  a t  lo w level s o f 
damage wa s simila r  t o th e relativel y unimpaire d patients , 
but  Figur e 7  show s tha t  a  4 0 % leve l  o f  performanc e o n ou r 
exceptio n word s (thos e wit h enemies )  wa s accompanie d b y 
jus t  ove r  6 0 % correc t  performanc e o n word s wit h friend s 
only .  Thi s appear s t o contras t  wit h th e sharpe r 
dissociation s exhibite d b y som e o f  th e patients ,  bu t  tw o 
furthe r  factor s nee d t o b e take n int o consideration .  First , 
Figur e 7  represent s th e averag e o f  1 0 lesionin g simulations . 
Ther e wa s considerabl e variabilit y  i n th e simulations ,  a s i n 
th e patien t  populations ,  an d som e o f  ou r  individua l  run s 
showe d mor e extrem e dissociations .  I n severa l  simulation s 
no friends-onl y word s wer e los t  bu t  5  exceptio n word s 
wer e lost .  I n on e run ,  afte r  jus t  2 % damage ,  20/2 1 o f  th e 
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regula r  word s (wit h friends )  wer e spelle d correctl y bu t  onl y 
14/2 1 o f  th e exceptiona l  items .  A  furthe r  poin t  i s  tha t  th e 
vocabular y o f  ou r  mode l  wa s relativel y small ,  an d s o i t 
include d onl y a  fe w enemie s fo r  ou r  exceptio n words .  Th e 
patien t  dat a show s tha t  muc h les s sever e impairment s ar c 
foun d wit h word s o f  onl y mediu m leve l  ambiguity ,  an d thi s 
perhap s provide s th e bes t  characterisatio n o f  th e word s i n 
our  model ,  give n it s limite d vocabulary .  Wit h thi s 
assumption ,  th e model' s performanc e provide s a  goo d fit  t o 
th e empirica l  data .  Furthermore ,  th e inclusio n i n ou r 
simulatio n o f  word s wit h neithe r  friend s no r  enemie s lead s 
t o a  predictio n (unteste d t o ou r  knowledge) :  surfac e 
dysgraphic s wil l  hav e difficult y wit h word s wit h neithe r 
friend s no r  enemie s a s wel l  a s wit h "exception "  words , 
even thoug h th e word s wit h neithe r  friend s no r  enemie s ar e 
not  ambiguou s i n thei r  sound-to-spellin g correspondence . 

Conclusions 

We hav e attempte d t o us e th e connectionis t  approac h t o 
provid e a  computationall y explici t  characterisatio n o f  on e 
aspec t  o f  huma n sp)ellin g development .  W e shoul d not e 
tha t  w e se e th e mode l  a s complementin g rathe r  tha n 
replacin g th e descriptive-leve l  insight s fro m developmenta l 
and cognitiv e psychology . 

The mode l  i s successfu l  i n tha t  it s  performanc e closel y 
mirror s tha t  o f  huma n subject s unde r  a  wid e rang e o f 
circumstances .  W e conclud e tha t  muc h o f  th e proces s o f 
learnin g t o spel l  i s  usefull y viewe d a s a  statistica l  one . 
Observe d performanc e i n bot h developmenta l  an d acquire d 
disorder s ca n b e characterise d a s bein g du e t o a  lac k of ,  o r 
los s of ,  computationa l  resource s ove r  whic h t o represen t 
th e statistica l  regularitie s an d sub-regularitie s implici t  i n 
th e Englis h sound-to-spellin g mappin g system .  Thi s 
abstract ,  high-leve l  characterisatio n is ,  o f  course ,  fa r 
remove d fro m an y strictl y neurobiologica l  interpretatio n o f 
th e connectionis t  approach .  Howeve r  som e researchers , 
(e.g .  Galaburda ,  1989) ,  hav e pointe d t o th e parallel s 
betwee n connectionis t  characterisation s o f  developmenta l 
readin g disorder s i n term s o f  provisio n o f  computationa l 
resources ,  an d th e atypica l  symmetr y distributio n o f  th e 
planu m temporal e foun d i n dyslexi c brains . 

Our  mode l  i s  clearl y limite d i n a  numbe r  o f  resjjects .  I t 
operate s wit h a  smal l  an d constan t  vocabulary ,  an d 
contain s n o mechanis m fo r  modellin g earl y "logographic " 
spellin g o r  strategi c change .  Rather ,  i t  i s  concerne d onl y 
wit h th e developmen t  o f  alphabeti c spelling ,  an d s o doe s 
not  addres s th e issu e o f  developmenta l  stage s an d 
strategies .  Furthermore ,  i t  onl y account s fo r  on e typ e o f 
acquire d spellin g disorder :  extension s t o th e mode l  woul d 
be necessar y t o accoun t  fo r  complementar y syndrome s 
suc h a s phonologica l  dysgraphia ,  an d als o t o enabl e th e 
model  t o distinguis h non-homographi c homophone s suc h 
as THEI R an d THERE.  A  fina l  commen t  concern s th e 
natur e o f  th e "triple "  representatio n use d o n bot h inpu t  an d 
outpu t  units .  A s Princ e &  Pinke r  (1988 )  hav e shown ,  suc h 
representation s ar e no t  adequat e fo r  representin g th e whol e 
of  Englis h vocabulary ,  althoug h the y suffic e fo r  th e 25 0 
wor d vocabular y w e hav e modelle d t o date . 

We believ e tha t  thes e limitation s d o no t  compromis e ou r 
mai n conclusion ,  however .  Thi s conclusio n i s tha t  muc h 
psychologica l  dat a concernin g norma l  spellin g 

development ,  developmenta l  dyslexia ,  an d acquire d 
spellin g disorder s ca n b e wel l  describe d i n term s o f  th e 
degre e t o whic h th e variou s subjec t  population s hav e 
mastere d th e statistica l  propertie s o f  th e Englis h sound -
sjjellin g mappin g system . 
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