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Abstrac t 

We present a new connectionist model of human spelling and 
investigat e som e o f  it s properties .  Althoug h base d o n 
Sejnowsk i  &  Rosenberg' s (1987 )  NETtal k mode l  o f  reading , 
i t  require s n o pre-processin g o f  th e trainin g dat a t o alig n th e 
phonemes an d letters .  Th e mode l  achieve s 1 0 0 % 
performanc e o n th e trainin g dat a (283 7 monosyllabi c word s 
includin g man y irregula r  words )  an d ha s a  generalizatio n 
performanc e o f  abou t  89% .  Unde r  appropriat e condition s i t 
exhibit s symptom s simila r  t o developmenta l  surfac e dyslexi a 
and acquire d surfac e dysgraphia .  However ,  it s  inabilit y t o 
accoun t  fo r  phonologica l  dysgraphi a an d lexica l  decisio n 
lead s u s t o believ e tha t  i t  i s a  promisin g candidat e fo r  th e rul e 
base d par t  o f  a  dua l  rout e model  bu t  no t  a  complet e mode l  o f 
spellin g o n it s own . 

Introduction 

We know from our ability to spell non-words, and also the 
kind s o f  spellin g error s tha t  human s mak e o n rea l  words , 
tha t  w e mus t  hav e acces s t o som e kin d o f  rul e base d 
phoneme t o g n ^ h e m e syste m (e.g .  Kreine r  &  Gough ,  1990) . 
Our  abilit y t o spel l  exceptio n (i.e .  irregular )  word s an d t o 
deal  wit h homophone s (e.g .  'fare '  an d 'fair' )  an d t o perfor m 
lexica l  decisio n suggest s tha t  ther e mus t  als o exis t  som e 
kin d o f  lexical/semanti c system .  H o w thes e tw o processe s 
fit  togethe r  i s no t  a t  al l  clear .  Th e explici t  modellin g o f 
spellin g abilitie s i n h u m a n s i s  thu s o f  importanc e i n 
understandin g th e underlyin g mechanism s involved ,  e.g .  d o 
we requir e a  dua l  rout e syste m wit h separat e semanti c an d 
rule-base d route s o r  i s a  singl e rout e syste m sufficient .  I t 
shoul d als o provid e insigh t  int o th e spellin g difficultie s o f 
developmenta l  dyslexic s an d acquire d dysgraphics . 

Th e mos t  realisti c connectionis t  mode l  o f  spellin g t o dat e 
(Brown ,  Loosemor e &  Watson ,  1993 )  wa s base d o n th e 
Wickelfeatur e approac h t o readin g o f  Seidenber g & 
McClellan d (1989) .  However ,  give n th e intrinsi c limitation s 
of  Wickelfeatur e representations ,  th e unacceptabl y poo r 
generalizatio n abilit y o f  thi s approac h an d th e difficultie s 
involve d i n interpretin g th e output s (Besne r  e t  al. ,  1990) ,  w e 
wil l  adcq) t  a  differen t  strategy . 

I n Bullinari a (1993b ,  1994 )  i t  wa s show n h o w th e 
NETtal k mode l  o f  Sejnowsk i  &  Rosenber g (1987 )  coul d b e 
modifie d t o produc e a  connectionis t  mode l  o f  readin g alou d 
(i.e .  tex t  t o phonem e conversion )  tha t  require d n o pre -
processin g o f  th e trainin g data .  I t  achieve d 1 0 0 % 
performanc e o n it s trainin g dat a (299 8 monosyllabi c word s 

includin g m a n y irregula r  words) ,  9 8 . 8 % generalizatio n 
performanc e (o n a  standar d se t  o f  16 6 non-words) , 
suggeste d severa l  possibl e account s o f  developmenta l 
surfac e dyslexi a an d o n damag e showe d symptom s simila r 
t o acquire d surfac e dyslexia .  I t  als o correlate d wel l  wit h 
variou s namin g latenc y experiments .  I t  failed ,  however ,  o n 
th e lexica l  decisio n task ,  di d no t  exhibi t  th e pseudo -
homophon e effec t  (McCan n &  Besner ,  1987) ,  no r  provide d 
any explanatio n o f  phonologica l  dyslexi a (e.g .  Shallice , 
1988) .  I t  wa s therefor e conclude d tha t  th e mode l  provide d a 
promisin g basi s fo r  th e phonologica l  rout e o f  a  dua l  rout e 
model  o f  readin g bu t  coul d no t  b e considere d t o b e a 
complet e mode l  o f  readin g o n it s own . 

Th e tas k o f  spellin g (i.e .  phonem e t o tex t  conversion )  i s 
clearl y closel y relate d t o th e tas k o f  readin g alou d an d s o 
one migh t  thin k tha t  give n a  connectionis t  mode l  o f  readin g 
i t  shoul d b e straightforwar d t o construc t  th e analogou s 
connectionis t  mode l  o f  spelling .  I n practice ,  ther e i s mor e 
tha n a  simpl e invers e mappin g involve d (e.g .  Frith ,  1980 ; 
Kreine r  &  Gough ,  1990) :  th e rul e structure s ar e somewha t 
mor e ambiguous ,  wit h a  larg e proportio n o f  homophones , 
and i t  i s  harde r  t o organis e th e alignmen t  o f  th e phoneme s 
and letter s i n th e trainin g dat a withou t  th e nee d fo r  pre -
processin g b y hand . 

The Model 

The basic reading model presented in Bullinaria (1993b) 
consist s o f  a  standar d full y connecte d feedforwar d networ k 
wit h sigmoida l  activatio n function s an d on e hidde n laye r  se t 
up i n a  simila r  manne r  t o th e NETtal k mode l  o f  Sejnowsk i 
& Rosenber g (1987) .  Th e inpu t  laye r  consist s o f  a  windo w 
of  ncha r  set s o f  units ,  eac h se t  consistin g o f  on e uni t  fo r 
eac h lette r  occurrin g i n th e trainin g dat a (i.e .  2 6 fo r  English) . 
Th e outpu t  laye r  consist s o f  on e uni t  fo r  eac h phonem e 
occurrin g i n th e trainin g dat a (i.e .  abou t  3 8 units) .  Th e inpu t 
word s slid e throug h th e inpu t  window ,  startin g wit h th e first 
lette r  o f  th e wor d a t  th e centra l  positio n o f  th e windo w an d 
endin g wit h th e fina l  lette r  o f  th e wor d a t  th e centra l 
position .  Eac h lette r  activate s a  singl e inpu t  unit .  I f  ther e 
wer e a  one-to-on e correspondenc e betwee n th e letter s an d 
th e phonemes ,  th e activate d outpu t  phonem e woul d the n 
correspon d t o th e lette r  occurrin g i n th e centr e o f  th e 
window .  Sinc e ther e ca n b e a  many-to-on e correspondenc e 
betwee n th e letter s an d phonemes ,  som e o f  th e output s mus t 
be blank s (i.e .  n o phonem e output) .  Th e alignmen t  problem , 
i.e .  th e proble m o f  no t  knowin g wher e t o inser t  thes e blank s 
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i n orde r  t o alig n th e letter s an d phoneme s appropriately ,  wa s 
'solved '  i n th e origina l  NETtal k b y han d prio r  t o training . 
For  example ,  th e wor d 'game '  ha s fou r  possibl e outpu t 
target s (i.e .  alignments) ,  namel y /gAm-/ ,  /gA-n\/ ,  /g-Am / 
and /-gAm/ .  Bu t  onl y th e on e tha t  correspond s t o a  sensibl e 
set  o f  lette r  t o phonem e rules ,  namel y /gAm-/ ,  shoul d b e 
use d fo r  th e trainin g target .  ( W e us e th e phonem e notatio n 
and convention s o f  Seidenber g &  McClelland ,  1989 , 
throughout. ) 

I n BuUinari a (1993b )  i t  wa s show n that ,  usin g a  multi -
targe t  approac h t o learnin g fro m ambiguou s trainin g dat a 
(Bullinaria ,  1993a) ,  i t  wa s possibl e fo r  th e networ k t o lear n 
fo r  itsel f  whic h wa s th e mos t  appropriat e alignmen t  an d tha t 
thi s alignmen t  wa s no t  alway s necessaril y  th e obviou s on e 
tha t  w e migh t  choos e b y hand .  Th e procedur e essentiall y 
work s b y considerin g al l  possibl e alignment s an d fo r  eac h 
wor d allowin g th e networ k t o trai n onl y o n th e targe t  tha t 
ah-ead y ha s th e lowes t  erro r  score .  Thi s correspond s t o th e 
human tendenc y t o loo k a t  ne w learnin g instance s fro m th e 
poin t  o f  vie w tha t  bes t  fits  i n wit h ou r  existin g knowledge . 
The wor d 'game '  woul d b e presente d fou r  times ,  onc e wit h 
eac h o f  th e fou r  letter s i n th e centr e o f  th e window .  Fo r 
eac h presentatio n ther e ar e differen t  possibl e targe t 
phonemes correspondin g t o th e differen t  alignment s (e.g . 
th e fou r  possibl e target s fo r  th e 'm '  ar e /m/ ,  /-/ ,  /A /  an d /A / 
respectively) .  Summin g th e outpu t  activatio n erro r  score s 
ove r  th e presentation s give s th e tota l  erro r  score s fo r  eac h 
alignment .  Th e alignmen t  wit h th e lowes t  tota l  erro r  i s the n 
used t o trai n th e networ k i n th e usua l  manner .  Assumin g w e 
kee p th e learnin g rat e sufficientl y low ,  th e fac t  tha t  th e 
regula r  lette r  t o phonem e correspondence s wil l  naturall y 
ten d t o dominat e th e weigh t  change s allow s th e syste m t o 
settl e int o a n optima l  se t  o f  alignment s eve n i f  w e star t  fro m 
rando m initia l  weights . 

I t  becam e clea r  quit e earl y o n that ,  becaus e certai n letter s 
(e.g .  'x '  an d 'u' )  sometime s corresponde d t o mor e tha n on e 
phoneme (e.g .  /ks /  i n 'box '  an d /yU /  i n 'cube') ,  th e standar d 
NETtal k singl e phonem e outpu t  wa s no t  allowin g optima l 
alignment .  Thing s ar e eve n wors e fo r  spellin g becaus e (i n 
English )  on e phonem e (e.g .  /O /  an d /A/ )  ca n correspon d t o 
up t o fou r  letter s (e.g .  'ough '  i n 'though '  an d 'eigh '  i n 
'eight') .  Th e obviou s solutio n i s t o allo w mor e tha n on e 
phoneme o r  lette r  t o b e outpu t  pe r  w w d presentation ,  thoug h 
th e numbe r  o f  target s pe r  inpu t  ca n the n gro w rathe r  large . 

For  example ,  wit h jus t  tw o outpu t  phoneme s th e numbe r  o f 
target s fo r  th e wor d 'cube '  rises  fro m on e (i.e .  /kyUb/ )  t o 
105 (e.g .  /k -  y U - b — f ) .  I f  w e allo w fou r  outpu t  character s 
per  presentation ,  th e numbe r  o f  target s generate d become s 
prohibitive .  O n e wa y t o restric t  th e numbe r  o f  target s 
withou t  makin g an y assumption s abou t  th e natur e o f  th e 
trainin g dat a i s fo r  eac h presentatio n (correspondin g t o on e 
inpu t  character )  t o hav e th e se t  o f  outpu t  character s lef t 
justified ,  i.e .  t o allo w blan k output s onl y t o th e right  o f  an y 
phonemes/letters .  Fo r  th e wor d 'cube '  w e ar e thu s lef t  wit h 
onl y ninetee n target s (e.g .  /k -  y U b -  — /  i s allowabl e 
wherea s /k -  y U - b — /  i s not) .  Proceedin g similarly ,  eve n 
th e fou r  outpu t  spellin g mode l  become s feasible .  W e thu s 
end u p wit h th e networ k architectur e show n i n Figur e 1 . 
The windo w siz e ncha r  i s determine d b y th e lon g rang e 
dependencie s i n th e trainin g dat a an d 1 3 character s wa s 
foun d t o b e sufficien t  fo r  ou r  purposes . 

Ther e ar e 42 7 homophone s i n ou r  trainin g data ,  includin g 
numerou s homophon e triples ,  an d i t  i s wel l  know n tha t  suc h 
ambiguitie s ca n caus e seriou s problem s wit h neura l  networ k 
learnin g an d generalizatio n (e.g .  Bullinaria ,  1993b) .  I n 
humans w e mak e us e o f  contex t  informatio n t o resolve  thes e 
ambiguities .  Fo r  th e readin g mode l  i t  wa s show n tha t  a 
singl e extr a (context )  marke r  appende d t o on e o f  eac h o f  th e 
thirtee n pair s o f  homograph s wa s sufficient .  I n humans ,  w e 
obviousl y us e muc h richer  contex t  informatio n tha n a  singl e 
marker ,  ye t  mor e marker s mea n a  large r  network .  Fo r  ou r 
initia l  study ,  w e compromise d b y introducin g seve n contex t 
marker s (i.e .  characters )  an d assigne d the m o n a  semi -
regular  basi s t o th e trainin g dat a t o resolv e th e homophon e 
ambiguities .  Th e final  networ k thu s ha d 1 3 set s o f  3 8 +  7 
inpu t  unit s (fo r  th e phoneme s plu s contex t  markers )  an d 4 
set s o f  2 6 +  1  outpu t  unit s (fo r  th e letter s plu s blank ) 
organise d i n th e sam e wa y a s th e readin g model . 

Simulation Results 

The networks were trained using the back-propagation 
gradien t  descen t  learnin g algorith m (Rumelhart ,  Hinto n & 
Williams .  1986 )  wit h a  trainin g corpu s o f  283 7 
monosyllabi c word s consistin g o f  th e origina l  Seidenber g & 
McCIeUan d (1989 )  se t  plu s 10 1 othe r  word s missin g fro m 
tha t  se t  minu s 16 1 word s tha t  ha d mor e tha n 18 4 targets . 
(Thes e restriction s wer e du e t o th e limite d m e m o r y an d 

o u t p u t  -  letter s 

hidden layer 

input - phonemes 

C n •  n  C H (4-nletters ) 

•  •  •  C 

(nhidden ) 

] (nchar • nphonemes) 

Figur e 1 :  Th e netwcff k architectur e fo r  th e spellin g model . 
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Figure 2: Typical learning curves for the standard spelling model with 300 hidden units. 

spee d o f  th e compute r  an d th e wa y th e algorith m wa s coded : 
smalle r  run s demonstrate d tha t  large r  number s o f  targets , 
multi-syllabi c word s an d longe r  rang e dependencie s di d no t 
preven t  th e algorith m fro m working. )  I n additio n t o 
learnin g th e correc t  spelling s w e als o expec t  th e mode l  t o 
exhibi t  variou s wor d frequenc y effect s foun d i n humans . 
Presentin g th e trainin g dat a usin g rea l  wor d frequencie s wa s 
not  feasibl e du e t o th e lon g trainin g time s tha t  woul d b e 
require d t o lear n al l  th e lo w frequenc y exceptio n words . 
Abou t  2 5 % o f  th e trainin g dat a wa s therefor e presente d i n 
each  epoc h i n rando m orde r  wit h th e sam e logarithmicall y 
compresse d frequency  distributio n a s use d b y Seidenber g & 
McClellan d (1989) . 

Figur e 2  show s th e learnin g curv e fo r  on e ru n wit h 30 0 
hidde n units ,  learnin g rat e o f  0.05 ,  m o m e n t u m 0. 9 an d 
sigmoi d prim e offse t  0. 1 (Fahlman ,  1988) .  Trainin g wa s 
stoppe d afte r  70 0 epochs ,  b y whic h tim e th e networ k wa s 
achievin g 1 0 0 % performanc e o n th e trainin g data .  Als o 
plotte d o n thi s grap h ar e separat e curve s fo r  regular ,  uniqu e 
and exceptio n words .  Fo r  eas e o f  compariso n wit h othe r 
model s w e use d a s closel y a s possibl e th e matche d wor d set s 
of  Brow n e t  al .  (1993) .  Fou r  o f  thei r  word s wer e remove d 
becaus e the y wer e absen t  from  th e trainin g dat a ('shrinks' , 
'breadth' ,  'owes' ,  'dozed') ,  on e wa s remove d becaus e i t  wa s 
mis-classifie d i n th e dialec t  o f  th e trainin g dat a ('huge' )  an d 
tw o exceptio n word s ('monk' ,  'sweaf )  wer e adde d t o giv e 
18 word s i n eac h group .  (I n term s o f  rime s w e have : 
Regula r  =  M a n y friends ,  n o enemies ;  Uniqu e =  N o friends , 
no enemies ;  Exceptio n =  N o friends ,  man y enemies. ) 

The generalizatio n performanc e wa s teste d o n th e sam e 
set  o f  16 6 non-word s traditionall y use d t o tes t  readin g 
models :  th e regula r  non-word s an d exceptio n non-word s o f 
Glushk o (1979 ,  Experimen t  1 )  an d th e contro l  non-word s o f 
M c C a nn &  Besne r  (1987 ,  Experimen t  1) .  Th e 

pronunciation s wer e derive d fro m thos e o f  th e bas e word s i n 
th e origina l  experiments .  S o m e o f  th e Glushk o non-word s 
(e.g .  /fEl /  - ^  'feal' )  wer e homophoni c wit h word s i n th e 
trainin g dat a (i.e .  'feel' )  an d thes e ha d thei r  first  lette r 
change d (i.e .  givin g /gEl /  - ^  'geal' )  s o tha t  n o non-wor d 
pronunciation s ha d bee n use d fo r  training .  Th e acceptabl e 
spelling s wer e derive d b y matchin g c o m m o n wor d segment s 
i n th e trainin g data .  Thi s generall y le d t o severa l  allowabl e 
spelling s fo r  each  inpu t  pronunciation ,  e.g .  /hEf /  - ^  'hee f  a s 
i n 'bee f  an d 'hea f  a s i n 'lea f 

Th e fina l  generalizatio n performanc e o f  88 .6 % i s quit e 
poo r  compare d t o th e correspondin g readin g mode l  (whic h 
achieve d u p t o 98.8%) .  However ,  considerin g th e a d ho c 
procedur e use d t o dea l  wit h th e homophone s an d th e limite d 
amount  o f  trainin g data ,  i t  i s  encouragingl y high .  I t  i s als o 
somewhat  mor e tha n w e coul d expec t  t o obtai n wit h 
Wickelfeatur e base d model s whic h onl y achiev e abou t  6 0 % 
on th e simple r  readin g cas e (Besne r  e t  al. ,  1990) .  Th e 
phoneme-lette r  alignment s wer e checke d an d foun d t o b e 
ver y goo d (e.g .  /drWt /  - » ' d r  oug h t  ' )  an d 
consistent ,  bu t  no t  alway s a s on e migh t  expec t  (e.g .  /dok /  - » 
' d — o c — k — ' ) .  A s wit h man y model s o f  thi s sort ,  th e 
error s ca n revea l  mor e abou t  th e underlyin g mechanism s 
tha n th e correc t  responses .  O f  th e 1 9 error s (show n i n Tabl e 
1) ,  non e wer e totall y wron g an d 1 1 ha d clos e outpu t  rivals 
whic h wer e acceptabl e spellings .  Others ,  suc h a s 'praine' , 
'doade '  an d 'vox' ,  ma y b e considere d acceptabl e unde r  mor e 
generou s scorin g criteria .  I t  i s als o interestin g t o not e tha t  8 
of  th e erroneou s output s corresponde d t o actua l  word s i n th e 
trainin g data .  Give n th e natur e o f  thes e generalizatio n 
errors ,  w e se e tha t  th e networ k actuall y doe s somewha t 
bette r  tha n th e 88.6 % correc t  figure  suggests . 

I t  ha s bee n suggeste d (Seidenber g &  McClelland ,  1989 ) 
tha t  th e networ k outpu t  activatio n erro r  score s shoul d b e 
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Figure 3: Two sets of learning curves reminiscent of developmental dyslexia. 

monotonicall y relate d t o huma n respons e time s an d thi s ha s 
indee d bee n foun d t o b e th e cas e fo r  th e readin g mode l  (se e 
BuUinaria ,  1994 ,  fo r  a  mor e detaile d discussion) .  Fo r  th e 
erro r  score s o f  ou r  full y  traine d spellin g mode l  w e fin d a 
significan t  typ e effec t  betwee n th e regula r  an d exceptio n 
word s (F(l,32 )  =  21.6 ,  p  <  0.0001 )  an d betwee n th e uniqu e 
and exceptio n word s (F(l,32 )  =  29.1 ,  p  <  0.0001 )  bu t  n o 
significan t  effec t  betwee n th e regula r  an d uniqu e word s 
(F(l,32 )  =  0.1 ,  p  =  0.74 )  no r  an y frequenc y no r  interactio n 

NPUT 

prA n 
woS 
SAf 

grU l 
pOm 
sud 
hAv 

bll d 
wuS 
tu l 
dut 

nen t 
pi d 
gof 

lOk s 
kEr 

v*k s 
dOd 
tUd 

OUTPUT 

prain e 
wash 
sug f 

grow l 
pom 

sool d 
hav e 

buil d 
wosh 
tol l 

dot 
ken t 

pi d 
gol f 
lo x 

cee r 
vox 

doad e 
tuo d 

CLOSE RIVAL S 

suff ,  sug h 
gruw l 
pome 
soo d 

bi ld ,  bile d 
woos h 
too l 
dut ,  doo t 
knent ,  nen t 
p ide ,  pie d 

teod ,  too d 

Tabl e 1 .  Non-wor d spellin g error s 

effect s ( p >  0. 1 i n al l  cases) .  Th e lac k o f  frequenc y effect s 
i s almos t  certainl y du e t o ou r  logarithmi c compressio n o f 
th e wor d frequencie s (whic h wa s necessar y fo r  th e 
simulation s t o finish  i n a  reasonabl e time) .  Result s fro m th e 
correspondin g readin g mode l  (BuUinaria ,  1994 )  indicat e tha t 
frequenc y effect s should ,  i n principle ,  aris e i n thi s kin d o f 
model .  Th e proble m o f  modellin g frequenc y effect s i s 
clearl y somethin g tha t  mus t  b e addresse d mor e carefull y i n 
futur e wor k i n thi s field . 

Brow n e t  al .  (1993 )  foun d a  significan t  differenc e a t  al l 
stage s o f  learnin g betwee n th e regula r  an d uniqu e word s 
bot h i n term s o f  erro r  score s an d numbe r  o f  errors . 
However ,  Brow n e t  al.' s mode l  split s eac h wor d int o triple s 
of  character s an d s o th e regularit y an d frequenc y o f  wor d 
ending s ar e importan t  i n th e learnin g process .  Ou r  mode l 
w w ks wit h onl y on e phonem e a t  a  tim e an d s o learnin g onl y 
tend s t o b e slowe d b y lac k o f  wor d endin g friend s whe n on e 
of  th e phoneme s (usuall y a  vowel )  i s  irregular .  Th e uniqu e 
word s use d her e ar e i n fac t  ver y regula r  an d henc e th e lac k 
of  difference .  I t  i s  interestin g t o note ,  however ,  tha t  w e d o 
get  significan t  typ e difference s whe n th e networ k resource s 
ar e limited .  Fo r  a  networ k wit h onl y 4 0 hidde n unit s (whic h 
i s onl y jus t  enoug h t o ge t  perfec t  performanc e o n th e 
trainin g data )  w e foun d significan t  ( p <  0.003 )  difference s 
fo r  al l  thre e typ e pairs .  Thi s migh t  explai n an y difference s 
foun d i n human s (Brow n e t  al. ,  1993) ,  bu t  the y coul d jus t  a s 
easil y b e du e t o somethin g othe r  tha n th e us e o f  simpl e 
phoneme t o graphem e rules :  fo r  example ,  human s ma y 
acquir e a  lexico n o f  c o m m o n sub-word s tha t  ca n b e spel t 
directly ,  c o m m o n sub-word s m a y b e recognise d mor e 
quickly ,  etc . 

Finally ,  w e not e tha t  althoug h ther e i s a  significan t 
increas e i n outpu t  erro r  score s fo r  non-word s compare d wit h 
word s i n th e trainin g data ,  ther e i s considerabl e overla p i n 
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Figure 4: Performance after damage by weight scaling of the standard spelling model. 

score s betwee n th e tw o groups ,  s o thi s canno t  b e use d a s a 
basi s fO T lexica l  decision . 

Developmental Dyslexia 

Any realistic model of spelling should be able to account for 
th e dissociatio n betwee n th e learnin g o f  regula r  an d 
irregula r  word s foun d i n m a n y developmentall y dyslexi c 
childre n (e.g .  Frith ,  1985) .  I t  i s  clea r  tha t  i f  th e 
computationa l  resource s ar e lowere d enoug h (e.g .  b y 
reducin g th e numbe r  o f  hidde n unit s o r  connection s an d 
henc e th e effectiv e numbe r  o f  fre e parameters )  the n th e 
syste m wil l  fai l  t o lear n iM-operly .  Figur e 3  show s tha t  usin g 
onl y 1 5 hidde n unit s w e d o ge t  a  clea r  dissociatio n betwee n 
th e learnin g o f  th e differen t  wor d type s (average d ove r  tw o 
runs) .  W e ca n expec t  simila r  pattern s o f  performanc e wit h 
othe r  form s o f  resourc e restrictions .  A  secon d possibl e 
caus e o f  dissociatio n i s relate d t o ou r  us e o f  a  sigmoi d prim e 
offse t  (SPO )  i n th e learnin g algorith m t o preven t  th e outpu t 
activation s gettin g stuc k har d wron g (wher e th e erro r 
propagate d bac k i s  zero) .  Th e learnin g curve s fo r  th e 4 0 
hidde n uni t  cas e wit h n o S P O ar e als o show n i n Figur e 3 . 
Wit h a n S P O w e achiev e 1 0 0 % performanc e fo r  al l  wor d 
type s b y epoc h 700 .  W e ar e no t  suggestin g tha t  rea l  brain s 
emplo y a n S P O ,  bu t  simpl y tha t  spellin g difficultie s coul d 
equall y wel l  occu r  fro m particula r  learnin g problem s withi n 
our  mode l  a s fro m genera l  limitation s o n th e computationa l 
resources . 

Not e tha t  th e final  proportion s correc t  fo r  th e regula r  an d 
exceptio n word s ar e simila r  t o thos e foun d a t  earlie r  stage s 
i n norma l  development .  Thi s i s predictabl e from  th e natur e 
of  th e learnin g algorithm :  th e rule s ar e learn t  first  an d (i f 
sufficien t  resource s remai n an d th e learnin g algorith m i s stil l 
capabl e o f  learning )  th e exception s later .  Ou r  mode l  thu s 

provide s equall y goo d "deviant "  an d "delayed "  account s o f 

developmenta l  dyslexi a (e.g .  Frith ,  1985) .  Ther e i s som e 
evidenc e o f  mor e tha n proportiona l  reductio n o f 
performanc e o n non-word s i n dyslexic s (e.g .  Frith ,  1980 ) 
and uniqu e word s i n ou r  reduce d resource s models ,  bu t  w e 
conside r  i t  prematur e t o sa y anythin g definit e abou t  thi s her e 
(cf .  Brow n etal. ,  1993) . 

Acquired Dysgraphia 

An important constraint on cognitive models is provided by 
th e performanc e o f  th e mode l  afte r  variou s form s o f  damag e 
(e.g .  Shallice ,  1988) .  I n fact ,  on e o f  th e mai n reason s fo r 
believin g i n th e dua l  rout e mode l  o f  spellin g (an d reading )  i s 
provide d b y th e performanc e o f  patient s afte r  certai n form s 
of  brai n damage :  Surfac e dysgraphic s hav e difficult y wit h 
spellin g irregula r  word s compare d wit h regula r  word s whil e 
phonologica l  dysgraphic s ca n spel l  bot h regula r  an d 
irregula r  word s bu t  los e th e abilit y  t o spel l  non-words . 

Thes e tw o form s o f  dysgraphi a ar e usuall y explaine d b y a 
dual  (rul e plu s lexical/semantic )  rout e mode l  b y losin g on e 
of  th e tw o route s bu t  no t  th e other .  Give n tha t  ou r  mode l 
has n o wa y t o lear n a  lexico n o r  semantic s an d i s unabl e t o 
perfor m lexica l  decision ,  w e canno t  reall y expec t  i t  t o 
exhibi t  phonologica l  dysgraphia .  However ,  eve n i f  som e 
for m o f  separat e lexical/semanti c rout e exist s i n additio n t o 
th e rule-base d rout e modelle d here ,  ou r  mode l  mus t  stil l  b e 
abl e t o exhibi t  surfac e dysgraphi a whe n damaged :  Sinc e ou r 
model  ca n spel l  bot h regula r  an d irregula r  words ,  i t  canno t 
simpl y b e a  matte r  o f  losin g th e lexical/semanti c rout e 
alone . 

A rang e o f  form s o f  damag e tha t  m a y b e inflicte d o n 
model s suc h a s our s wer e discusse d i n Bullinari a (1994) . 
The five  mai n type s ar e th e globa l  reductio n o f  al l  weight s 
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by constan t  amounts ,  th e globa l  scalin g o f  al l  weight s b y 
constan t  factors ,  th e additio n o f  Gaussia n rando m nois e t o 
al l  weights ,  th e rando m remova l  o f  connection s an d th e 
rando m remova l  o f  hidde n units .  Fo r  network s wit h larg e 
number s o f  hidde n units ,  globall y reducin g al l  th e weight s 
by successiv e factor s o f  0.9 5 i s a  convenien t  deterministi c 
procedur e tha t  ha s a  ver y simila r  effec t  t o addin g rando m 
nois e o r  removin g appropriat e fraction s o f  th e hidde n unit s 
and/o r  connection s a t  random .  Figur e 4  show s tha t  th e 
effec t  o f  doin g thi s doe s giv e th e require d dissociation . 
Moreover ,  man y o f  th e error s ar e regularisation s (e.g . 
/sed /  —*  'sed '  no t  'said '  an d /giv /  —» 'giv '  no t  'give' )  a s i s 
foun d i n huma n surfac e dysgraphics .  Simila r  pattern s o f 
error s ar e obtaine d b y explici t  applicatio n o f  th e othe r  fou r 
form s o f  damage . 

I f  ou r  mode l  constitute d jus t  on e rout e o f  a  dua l  rout e 
model ,  i t  i s  possibl e tha t  th e lexicaiysemanti c rout e alon e 
coul d lear n t o dea l  wit h al l  th e exceptio n word s befor e 
our  rule-base d rout e ha d tim e t o finish  masterin g them . 
Overal l  efficienc y migh t  the n mea n tha t  learnin g i n th e 
rul e base d rout e nee d no t  procee d beyon d a  certai n stag e 
(e.g .  somewher e betwee n epoc h 3 0 whe n th e generaliza -
tio n performanc e begin s t o leve l  of f  an d epoc h 12 0 whe n 
th e exceptio n performanc e become s significant) .  I f  thi s 
happens ,  ou r  rul e base d rout e alread y ha s a  read y mad e 
dissociatio n fo r  whe n th e lexica l  rout e i s los t  an d w e ma y 
explai n surfac e dyslexi a i n tha t  way .  This ,  o f  course ,  i s 
ho w thing s ar e usuall y explaine d i n th e traditiona l  dua l 
rout e model . 

Discussion 

We have presented a simple connectionist model of spelling 
tha t  account s fo r  severa l  effect s foun d i n humans . 
Moreover ,  unlik e othe r  models ,  i t  ca n handl e multi-syllabi c 
word s an d lon g rang e dependencie s ye t  require s n o pre -
processin g o f  th e trainin g data .  Futur e simulations ,  wit h 
more hidde n units ,  mor e hidde n layers ,  large r  trainin g dat a 
set s (includin g man y multi-syllabi c words )  an d stres s 
marker s (a s i n Sejnowsk i  &  Rosenberg ,  1987) ,  shoul d sho w 
eve n bette r  performance . 

However ,  certai n fundamenta l  feature s o f  th e mode l 
remai n unsatisfactory .  Primarily ,  w e kno w fro m it s inabilit y 
t o accoun t  fo r  phonologica l  dysgraphi a an d lexica l  decisio n 
tha t  th e mode l  i s  lackin g a  lexica l  o r  semanti c rout e whic h i s 
als o necessar y t o ti e i n wit h semanti c processing ,  etc . 
Progressin g fro m her e t o includ e suc h a  sub-syste m wil l  als o 
allo w u s t o emplo y a  mor e principle d mechanis m t o dea l 
wit h homophones ,  whic h i n tur n shoul d furthe r  improv e th e 
generalizatio n performance .  Anothe r  are a i n nee d o f 
improvemen t  i s i n th e us e o f  th e movin g windo w approach , 
whic h i s no t  ver y biologicall y no r  psychologicall y realisti c 
i n itsel f  an d i s likel y t o prov e difficul t  t o coordinat e wit h a 
separat e lexical/semanti c route .  I n principle ,  a  serie s o f 
recurren t  connections ,  suc h a s use d b y Jorda n (1986) ,  coul d 
replac e th e movin g windo w a s a  metho d o f  dealin g wit h th e 
contex t  information .  Wor k i s currentl y i n progres s t o re -
implemen t  th e mode l  i n term s o f  a  networ k wit h recurren t 
connection s an d a  rudimentar y lexical/semanti c route . 
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