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Marco Zorzi (zorzi@univ.trieste.it) 
Departmen t  o f  Psychology ,  Universit y o f  Triest e 

vi a deirUniversita ^  7 ,  3412 3 Triest e (Italy ) 

Abstrac t 

A model of the productive sound-spelling mapping in 
Englis h i s  described ,  base d o n previou s wor k o n th e 
analogou s proble m fo r  readin g (Zorzi ,  Houghto n & 
Butterworth ,  1998a ,  1998b) .  I t  i s  foun d tha t  a  two-laye r 
networ k ca n robustl y extrac t  thi s mappin g fro m a 
representativ e corpu s o f  Englis h monosyllabi c sound-spellin g 
pairs ,  bu t  tha t  goo d performanc e require s th e us e o f 
graphemi c representations .  Performanc e o f  th e mode l  i s 
discusse d fo r  bot h word s an d nonwords ,  direc t  compariso n 
bein g mad e wit h th e spellin g o f  surfac e dysgraphi c M P 
(Behrman n &  Bub ,  1992) .  Th e mode l  show s appropriat e 
contextua l  effect s o n spellin g an d exactl y reproduce s man y o f 
th e subject' s  spellings .  Effect s o f  sound-spellin g consistenc y 
ar e examined ,  an d result s arisin g fro m th e interactio n o f  thi s 
syste m wit h a  lexica l  spellin g syste m ar e compare d wit h 
norma l  subjec t  data . 

Introduction 

Th e stud y o f  readin g ha s recentl y bee n m u c h enlivene d b y 
th e developmen t  o f  explici t  computationa l  model s o f 
readin g alou d an d wor d recognitio n (Coltheart ,  Curtis , 
Atkin s &  Haller ,  1993 ;  Grainge r  &  Jacobs ,  1996 ;  Plaut , 
McClelland ,  Seidenber g &  Patterson ,  1996 ;  Seidenber g & 
McClelland ,  1989 ;  Zorzi ,  Houghto n &  Butterworth ,  1998a) . 
At  th e sam e time ,  progres s ha s bee n m a d e i n th e relate d 
proble m o f  spelling ,  bot h fro m m e m o r y (Glasspoo l  & 
Houghton ,  submitted ;  Houghton ,  Glasspoo l  &  Shallice , 
1994 )  an d b y sound-sjjellin g conversio n (Glasspool , 
Houghto n &  Shallice ,  1995 ;  Olso n &  Caramazza ,  1994 ; 
Shallice ,  Glasspoo l  &  Houghton ,  1995) . 

I n thi s paper ,  w e loo k a t  result s produce d b y a  particula r 
model  o f  th e sound-spellin g mappin g fo r  Englis h 
monosyllables .  Th e basi c architectur e o f  th e mode l  i s base d 
on th e readin g mode l  o f  Zorzi ,  Houghto n an d Butterwort h 
(1998a ,  1998b) .  Th e particula r  aspect s o f  spellin g whic h ar e 
examine d ar e (I )  th e natur e o f  orthographi c outpu t 
representation s an d thei r  rol e i n facilitatin g th e learnin g o f 
th e productiv e sound-spellin g mappin g fo r  English ,  (2 )  th e 
minima l  computationa l  requirement s fo r  a n adequat e 
learnin g o f  thi s mapping ,  wit h th e emphasi s o n 
generalizatio n t o nonwor d spelling ,  (3 )  direc t  compariso n o f 
model  outpu t  wit h nonwor d spellin g i n surfac e dysgraphia . 

and (4 )  th e model' s treatmen t  o f  word s an d it s interactio n 
wit h th e lexica l  spellin g mechanisms . 

Division of labor in reading and spelling 

Skille d proble m solvin g generall y involve s th e interactio n 
of  a t  leas t  tw o kind s o f  knowledge ,  whic h w e wil l  refe r  t o 
as "generative "  an d "case-specific "  knowledge .  Th e firs t 
type ,  generativ e knowledge ,  exploit s regularitie s foun d t o 
appl y acros s specifi c  example s o f  th e proble m class ,  and ,  i n 
principle ,  m a y b e applie d t o an y proble m instance ,  i n 
particula r  nove l  examples .  Case-specifi c  knowledg e onl y 
applie s t o particula r  instance s an d i s base d o n memor y fo r 
previousl y experience d examples .  Thi s latte r  for m o f 
recognition-base d proble m solvin g m a y hav e th e advantag e 
of  relativ e efficiency ,  an d i n particula r  ca n b e applie d t o 
non-regula r  o r  exceptiona l  case s whe n th e proble m domai n 
i s onl y "quasi-regular" . 

Wit h respec t  t o spellin g (an d reading )  thi s genera l 
perspectiv e translate s int o th e ide a tha t  ther e wil l  b e a 
distinctio n betwee n "rote "  performance ,  base d o n memor y 
fo r  th e spellin g o f  a  word ,  an d a  mor e productiv e capacit y 
fo r  mappin g fro m th e constituen t  sound s o f  a  wor d t o 
constituen t  letter s (an d vic e vers a fo r  reading) .  Th e 
problem s o f  readin g an d spellin g Englis h ar e goo d example s 
of  a  quasi-regularity .  Thu s Englis h spellin g t o soun d 
relationship s ar e basicall y systemati c bu t  wit h man y 
inconsistencie s an d specifi c  exceptio n words .  However , 
skille d speller s ca n als o easil y spel l  ne w o r  non -  words ,  an d 
generall y d o s o i n a  wa y whic h conform s t o th e dominan t 
regularitie s whic h exis t  amongs t  th e word s the y know .  Th e 
ide a tha t  th e regularitie s employe d i n spellin g an d readin g 
nonword s (th e generativ e route )  m a y b e separatel y 
represente d fro m knowledg e o f  individua l  word s (case -
specifi c  route )  ha s a  lon g histor y (se e e.g. ,  Baro n & 
Strawson ,  1976 ;  Coltheart ,  1978) .  Wit h respec t  t o spelling , 
specifi c  evidenc e fo r  distinc t  lexica l  an d generativ e route s 
has c o m e fro m neuropsychologica l  studie s o f  dissociation s 
(Beauvoi s &  Derouesne ,  1981 ;  Shallice ,  1981) . 

However ,  beginnin g wit h th e wor k o f  Rumelhar t  an d 
McClellan d (1986 )  o n learnin g th e pas t  tens e o f  Englis h 
verbs ,  studie s wit h neura l  network s hav e le d t o th e 
psychologica l  validit y o f  thi s distinctio n bein g questioned , 
at  leas t  fo r  som e domains .  I t  i s  argue d tha t  a  neura l  networ k 
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wit h a  single ,  homogenou s rout e fro m inpu t  t o outpu t  ca n 
handl e bot h th e regula r  an d irregula r  case s an d stil l  b e abl e 
t o generaliz e th e regularitie s t o nove l  case s (e.g. ,  Plunket t  & 
Marchman ,  1993 ;  Plau t  e t  al. ,  1996 ;  Rumelhar t  & 
McClelland ,  1986 ;  Seidenber g &  McClelland .  1989) .  I n th e 
cas e o f  reading ,  however ,  i t  ha s becom e clea r  tha t  n o singl e 
rout e mode l  ca n accoun t  fo r  bot h experimenta l  an d 
neuropsychologica l  dat a (Plau t  e t  al. ,  1996 ;  Zorz i  e t  al. , 
1998a) . 

Connectionis t  modelin g mus t  no t  necessaril y  commi t  t o a 
singl e rout e approac h (see ,  e.g. .  Jacobs ,  Jorda n &  Barto , 
1991) .  I n fact .  Zorz i  e t  al .  (1998a .  1998b )  describ e a 
connectionis t  mode l  o f  readin g wher e a  dual-rout e 
processin g syste m emerge s fro m th e interactio n o f  tas k 
demands an d initia l  networ k architectur e i n th e cours e o f 
readin g acquisitio n (fo r  brevit y w e wil l  hencefort h refe r  t o 
thi s a s th e Z H B model) .  I n thi s model ,  th e distinctio n 
betwee n generativ e (phonologica l  assembly )  an d case -
specifi c  (lexica l  retrieval )  knowledg e i s realize d i n th e for m 
of  th e connectivit y (eithe r  direc t  o r  mediated )  betwee n 
orthographi c inpu t  an d phonologica l  outpu t  patterns .  I n 
particular ,  i t  wa s foun d that ,  whe n spellin g an d soun d ar e 
directl y connecte d i n a  two-laye r  networ k (i.e. ,  interaction s 
ar e no t  mediate d b y hidde n units) ,  the n thi s direc t  pathwa y 
learn s th e mos t  reliabl e spelling-soun d correspondences, 
withou t  formin g representation s o f  individua l  trainin g item s 
(i.e. ,  lexica l  representation s thes e wil l  for m i n th e 
mediate d pathway ,  i.e. ,  on e containin g a  laye r  o f  hidden 
units) .  Thi s i s s o eve n thoug h th e trainin g se t  contain s 
numerou s inconsisten t  an d exceptio n pairs .  Thi s tw o laye r 
model ,  traine d wit h th e Delt a rule ,  wa s thu s foun d t o 
implemen t  a  phonologica l  assembl y mechanism .  I t 
generate s correc t  pronunciation s o f  regula r  words ,  an d tend s 
t o regulariz e irregula r  word s (wit h a  patter n simila r  t o tha t 
of  a  surfac e dyslexi c patient) .  O n nonwor d reading ,  th e 
model  closel y matche s dat a fro m norma l  subjects .  Furthe r 
studie s (Zorz i  e t  al. ,  1998b )  showe d tha t  a  multilaye r 
networ k wit h n o direc t  connectivit y betwee n inpu t  an d 
output ,  whe n give n th e sam e training ,  perform s m u c h les s 
wel l  a s a  phonologica l  assembl y mechanism ,  tendin g t o 
simpl y memoriz e it s trainin g se t  (i.e. ,  ac t  a s a  lexica l  route) . 
Zorz i  e t  al .  conclud e tha t  i t  i s  no t  necessar y t o specif y a 
prior i  th e functiona l  role s o f  th e differen t  route s i n readin g 
but  tha t  the y ca n emerg e a s th e optima l  us e o f  specifi c 
computationa l  resources ,  viz .  direc t  vs .  mediate d 
connectivity . 

Mapping sound onto spelling 

Followin g th e Z H B mode l  results ,  Glasspoo l  an d colleague s 
(Glasspoo l  e t  al. .  1995 ;  Shallic e e t  al. ,  1995 )  looke d a t  th e 
capabilitie s o f  two-laye r  network s o n th e soun d t o spellin g 
mapping .  I n thi s mode l  inpu t  phoneme s arriv e seriall y  usin g 
a "slidin g window "  techniqu e (cf .  Olso n &  Caramazza , 
1994 ;  Sejnowsk i  &  Rosenberg ,  1988) .  Durin g learning ,  th e 
spellin g o f  th e wor d i s als o presente d seriall y  a s a  time -
varyin g patter n o f  activatio n ove r  a  singl e se t  o f  node s 
representin g grapheme s (lette r  group s correspondin g t o 
phonemes ,  e.g. ,  T H ,  E A ,  S H ,  etc.) .  Graphem e positio n wa s 
not  explicitl y  represented .  Afte r  6 0 epoch s o f  trainin g o n a 
set  o f  395 7 spelling-soun d pair s th e mode l  achieve d abou t 

8 0 % acceptabl e (i.e. ,  phonologicall y plausible )  spellings . 
The result s o f  Glasspoo l  e t  al .  ar e encouraging ;  howeve r  a 

lowe r  rat e o f  implausibl e spelling s i s desirable .  I n th e mode l 
reporte d here ,  w e dispens e wit h th e seria l  aspect s o f  th e 

Glasspoo l  e t  al .  mode l  an d describ e result s fro m a n 
"inverse "  versio n o f  th e Z H B model . 

Description of the model 

The Z H B mode l  o f  phonologica l  assembl y use s a  slo t  base d 
representatio n fo r  inpu t  an d output ,  wit h a  distinctio n 
betwee n onse t  an d rime .  Inpu t  unit s represen t  th e presenc e 
of  individua l  letter s i n particula r  position s i n th e 
orthographi c onse t  an d rime .  Onl y representation s o f 
individua l  letter s wer e use d (i.e. ,  n o comple x graphemes) . 
Letter s occurrin g befor e th e vowe l  lette r  fil l  successiv e 
onse t  slot s (u p t o a  m a x i m u m o f  3) .  Letter s followin g th e 
first  vowe l  lette r  fil l  successiv e rim e slots .  Outpu t 
phonolog y i s represente d i n th e sam e way .  I n th e firs t 
versio n o f  thi s mode l  w e simpl y inverte d th e Z H B assembl y 
model  an d traine d i t  fro m soun d t o spelling .  W e foun d fo r 
thi s mode l  tha t  th e leve l  o f  acceptabl e spellin g produce d 
was rathe r  lo w (aroun d 7 0 % )  an d m u c h o f  th e proble m wa s 
du e t o th e mode l  producin g blend s o f  alternativ e 
"graphemes "  fo r  a  give n sound ,  e.g. ,  fo r  th e soun d /f/ , 
blendin g F  an d P H ,  t o produc e F H (not e tha t  P H i s no t 
represente d a s a  singl e unit) .  Thi s suggeste d tha t  graphem e 
unit s shoul d b e use d i n th e outpu t  representation . 
Interestingly ,  Barr y an d Seymou r  (1988 )  presen t  dat a fro m 
primin g studie s whic h suppor t  th e us e o f  grapheme s i n 
spelling .  W e therefor e develope d a  secon d mode l  wit h th e 
same onset-rim e structur e i n th e orthograph y bu t  wit h th e 
additio n o f  node s fo r  comple x graphemes . 

I n thi s mode l  th e outpu t  representatio n require s 7  group s 
of  graphem e units ,  consistin g o f  thre e successiv e onse t 
groups ,  an d 4  rim e group s startin g wit h th e orthographi c 
vowel .  Th e grapheme s use d (i n additio n t o th e standar d 
singl e letters )  ar e show n i n tabl e 1 . 

Table 1 - Graphemes used in orthographic output 
representation . 

Onset 
Vowel 

Coda 

CH K N P H K N Q U S H T H W H W R 
Al  A R A U A W A Y E A E E E I  E R E W 
EY I E I R O A O E 0 1 O O O U O R O W 
OY U A U E U I  U R U Y Y E 
CH C K D D DGE F F G H GH T GU E 
LL M B N G P H QU E S H S S TC H T H 
I' l  Z Z 

Most  onse t  grapheme s ar e initia l  an d henc e onl y occu r  i n 
th e first  orthographi c position .  Thi s schem e produce s outpu t 
representation s suc h as :  th e =  T H -  -  E  ;  churc h =  C H 

U R C H -  - ;  strengt h =  S  T  R  E  N G T H - ;  wher e a  hyphe n 
indicate s a n empt y slo t  (n o grapheme s activated) .  Th e 
architectur e o f  th e mode l  i s  depicte d i n Figur e I . 
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Phonologica l  Inpu t 

Onset 

m // / 

Rime 

/9 / 

1 2 3 

Learne d I  Weight s led a V\ 
Orthographi c Lexico n 

1 2 3 1 4 k 

TH I NG 

Rime Onset 

Orthographic Output 

Figure 1. Structure of the model. The direct soutid-
spellin g networ k map s fro m a  (slot-based )  onset/rim e 
representatio n o f  phonolog y t o a n onset/rim e 
representatio n o f  spellin g vi a a  singl e se t  o f  learne d 
weights .  Th e outpu t  representatio n use s grapheme s an d 
th e figur e illustrate s th e representation s i n th e mappin g 
from  / T I  9 /  t o T H I N G (se e Tabl e 1  fo r  graphem e set , 
Tabl e 2  fo r  phonem e symbols) .  Inpu t  an d outpu t  ma y 
als o b e linke d b y a  lexica l  route . 

The network was trained on a set of 2500 monosyllabic 
sound-spellin g pair s usin g th e Delt a rul e erro r  correctin g 
algorith m (Widro w &  Hoff ,  1960) .  Fo r  eac h spelling-soun d 
pai r  i n th e trainin g set ,  a n appropriat e phonologica l  inpu t  i s 
established ,  settin g eac h activate d phonem e nod e t o a  valu e 
of  1 .  Activation s propagat e t o th e outpu t  layer ,  usin g th e do t 
produc t  ne t  inpu t  rul e t o calculat e th e input s t o eac h 
graphem e unit .  Connectio n weight s ar e al l  initialize d t o 
zero ,  an d unit s hav e n o bia s term .  Phonemi c activation s ar e 
a sigmoida l  function/o f  thei r  ne t  input ,  boundin g phonem e 
activation s i n th e rang e [0,1] ,  an d with/fO j  =  0  (n o input ,  n o 
output) .  Thi s outpu t  activatio n i s  compare d wit h th e targe t 
activatio n (node s tha t  shoul d b e o n hav e a  targe t  activatio n 
of  1 ,  node s tha t  shoul d b e of f  a  targe t  o f  0) .  Th e erro r  fo r 
eac h graphem e uni t  i s  th e differenc e betwee n th e targe t  an d 
actua l  activations .  Wher e error s occur ,  weight s t o th e 
offendin g unit s ar e change d accordin g t o th e delt a rule ,  i.e. , 

A%=^,(^-«; ) 

wher e w ^  i s th e weigh t  fro m inpu t  uni t  u ,  t o outpu t  uni t  Uj ,  a , 
and a ^  ar e activation s o f  th e inpu t  an d outpu t  unit s 
respectively ,  t ^  i s th e targe t  activatio n fo r  outpu t  unit) ,  an d X 
i s a  learnin g rat e parameter .  Trainin g stoppe d whe n th e 
mean erro r  reache d asymptote .  Thi s wa s typicall y afte r 
aroun d 20-3 0 epoch s o f  training .  Followin g thi s th e model' s 
performanc e o n word s an d nonword s wa s tested .  Testin g 
consist s o f  presentin g th e phonemi c representatio n a t  th e 
inpu t  an d the n readin g ou t  th e spellin g b y selectin g th e mos t 
activ e graphem e abov e a  threshol d a t  eac h outpu t  graphem e 
positio n (thi s selectio n ca n b e achieve d usin g latera l 
inhibitio n betwee n node s withi n a  "slot" ,  bu t  w e ignor e thi s 

complicatio n here ;  se e Zorz i  e t  al. ,  1998a ,  fo r  th e 
descriptio n o f  a  simila r  competitiv e outpu t  system) .  Th e 
threshol d wa s se t  a t  0.2 . 

Results 

Basic performance After learning reached asymptote the 

model' s spellin g wa s teste d o n 50 0 randoml y selecte d 
word s fro m th e trainin g set .  O f  these ,  abou t  9 6 % wer e 

judge d t o b e phonologicall y plausibl e spellings ,  i n th e sens e 
tha t  th e pronunciatio n coul d b e reliabl y retrieve d fro m th e 
model' s spelling .  Thi s wa s clearl y a  grea t  improvemen t  ove r 
th e invers e Z H B model ,  showin g tha t  th e us e o f  comple x 
graphem e representation s i s highl y functiona l  fo r  thi s basi c 
architecture .  Thi s support s th e Barr y an d Seymou r  (1988 ) 
primin g result s showin g th e us e o f  grapheme s b y adult s 
spellin g nonword s t o dictation .  Th e mode l  als o perform s 
bette r  tha n th e Glasspoo l  e t  al .  (1995 )  mode l  i n term s o f 
avoidin g implausibl e spellings .  W e tak e thi s improvemen t 
t o b e du e t o th e explici t  provisio n o f  orthographi c syllabl e 
structur e i n th e outpu t  representation . 

For  regula r  word s {plank ,  match ,  bill ,  etc. )  th e model' s 
spellin g wa s correct ,  whil e irregula r  an d inconsisten t  word s 
wer e regularized ,  e.g .  soa p -  sope ;  sauc e sorse ;  spea r  -
speer .  Thi s aspec t  o f  th e model' s performanc e i s 
investigate d mor e systematicall y below . 

Many o f  th e error s involve d addin g a n unlikel y final  "E " 
on word s wit h shor t  vowel s an d a  final  /s /  o r  /z/ ,  s o fo r 
instance ,  / s  w  I  s /  wa s spel t  swisse .  Althoug h thes e wer e 
score d a s errors ,  w e suspec t  man y woul d b e pronounce d 
correctly . 

Nonword spelling Of particular interest is the model's 
nonwor d spellin g (generalization) .  A s a  simpl e tes t  o f  th e 
model' s nonwor d spelling .  Tabl e 2  provide s a  compariso n 
of  th e model' s spellin g o f  a  se t  o f  5 8 nonword s wit h thos e 
produce d b y M P (Behrman n &  Bub ,  1992) ,  a  surfac e 
dyslexi c subjec t  wh o showe d nea r  perfec t  performanc e o n 
nonwor d spellin g an d reading . 

The mode l  make s on e clea r  error ,  / g e  d/— > gd .  I n thi s 
cas e n o vowe l  graphem e ha s bee n activate d abov e th e 0. 2 
threshold .  However ,  th e mos t  activ e subthreshol d vowe l 
lette r  i s  e .  Apar t  fro m thi s th e mode l  show s th e tendenc y 
mentione d abov e t o overus e a  final  e ,  e.g. ,  i n noode ,  degse . 
draite ,  althoug h thi s doe s no t  generall y lea d t o unacceptabl e 
spellings .  I n genera l  thi s i s  du e t o th e fac t  tha t  "silen t  e " 
spellings ,  a s i n late ,  pole ,  mul e etc. ,  ar e no t  represente d i n 
th e mode l  a s distinc t  (orthogonal )  outpu t  option s an d henc e 
canno t  compet e wit h alternativ e spellin g a s a  singl e 
coheren t  "group" .  S o fo r  instance ,  i n th e cas e o f  draite , 
ther e i s competitio n betwee n th e alternativ e spelling s droi t 
and drate .  However ,  th e final  e  doe s no t  for m a  grou p (o r 
discontinuou s grapheme )  wit h th e a  o f  drat e wit h th e resul t 
tha t  whe n th e a  lose s th e competitio n i n th e vowe l  positio n 
t o th e graphem e ai ,  th e fina l  e  i s no t  affecte d an d i s  stil l 
produced .  T o th e exten t  tha t  peopl e d o no t  produc e suc h 
spellings ,  i t  suggest s tha t  th e vowe l  +  e  optio n shoul d b e 
represente d a s a  singl e uni t  whic h ca n b e selecte d o r 
rejected . 
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Tabl e 2 :  Compariso n of  model' s nonwor d spellin g wit h tha t  of  surfac e dyslexi c 
subjec t  M P (Behrman n &  Bub ,  1992 ,  appendi x 2) . 
Key .  Vowels :  / & /  a s i n cAt ,  I d a s i n bEt ,  I V a s i n hit ,  /O /  a s i n hOt ,  N l  a s i n hUt , 
/I /  a s i n bEAt ,  Iv J a s i n bOOt ,  AJ /  a s i n pUt .  10 1 a s i n d O O R,  / @ U /  a s i n grOve , 
/al /  a s i n file ,  /el /  a s i n wAIt ,  /3 /  a s i n bURn ,  /I@ /  a s i n chEER . 
Consonants :  mos t  hav e standar d values ,  e.g. ,  /d /  a s i n Door .  Als o /S /  a s i n Shed , 
191 a s i n siNG ,  H I  a s i n Thin .  (. )  =  subthreshol d response ;  *  denote s respons e 
marke d a s a n erro r  b y Behrman n an d Bu b (1992) . 

Word 

/bll / 
/sek / 
/me l / 
/sp«&l / 
/ked / 
/flelt / 
/neld / 
/k@Ub/ 
/bOs / 
/ d I  m p / 
/w@Ul / 
/lim / 
/selt / 
/kOdZ / 
/frim / 
/nllt / 
/ t  r  I  s  t / 

/ f l i p / 
/ b l im / 
/ged / 
/rllt / 
/ris / 
/ m a l  s / 
/ fent / 
/rel / 
/p i  O k / 
/rOg / 
/bi lk / 
/ f  r  i  tS / 

MP 
bee l 
sek 
mell 
spal 
ked 
flat e 
nel d 
cob e 
bauc e 
dim p 
wol e 
lee m 
sat e 
cudge * 
fri m 
nil t 
tris t 
flee p 
b lea m 
ged 
ril t 
rees e 
mis e 
fen t 
rel l 
pluck * 
ro g 
blic k 
freec h 

Model 

beel 
seek 
mel l 

spal l 
ked 
flat e 
nel d 
cob e 
bors e 
dim p 
wol e 
lea m 
sat e 
codg e 
fri m 
nil t 
tris t 
flee p 
b lea m 
g(e) d 
ril t 
reas e 
mic e 
fen t 
rel l 
ploc k 
ro g 
blic k 
freac h 

Word 
/bl@Um/ 
/kOm/ 
/tS&m / 
/hin / 
/ d i  tS / 
/ d r  e l  t / 
/ d 0  1  d / 
/fl&m / 
/l&ts / 
/sVf / 
/wVS / 
/ d r  i  s / 
/ s k 3 1 / 
I n i  tS / 
/swim / 

/mup / 
/telz / 

/holl / 
/ b r  i  s / 
/ w i  tS / 
/ p l i k / 

/ h o l  s / 
/ k e l  1 / 
/ d e  g  s / 
/ s 1 0 1 d / 
/skim / 
/ p e  tS / 
/lOt / 
/nud / 

MP 
blom e 
cau m 
cha m 
bee n 
deetc h 
drat e 
dol d 
fla m 
lat s 
suf f 
wush 
dreec e 
skir l 
neec h 
swea m 
moop 
taz e 
hoi l 
breas e 
weech 
plea k 
hoi s 
kai l 
degs 
stol d 
ski m 
petc h 
lo t 
noo d 

Model 

bloam e 
cor m 
cha m 
been 
deac h 
drait e 
dol d 
fla m 
lats e 
suf f 
wush 
dries e 
skir l 
neac h 
swea m 
m o o pe 
tas e 
hoi l 
breas e 
weac h 
plea k 
hoic e 
cal e 
degs e 
stol d 
ski m 
petc h 
lo t 
nood e 

Apar t  fro m this ,  th e mode l  clearl y perform s well ,  an d i n 
particula r  i t  produce s identica l  spelling s t o M P i n thos e 
case s wher e th e soun d t o spellin g mappin g i s  highl y 
consistent ,  e.g. ,  dimp ,  wush ,  fent ,  cham ,  etc .  Wher e ther e 
i s mor e inconsistency ,  th e mode l  m a y produc e a n 
alternativ e acceptabl e spelling ,  e.g. ,  freec h vs .  freach , 
cau m vs .  corm ,  kai l  vs .  cale .  I n man y o f  thes e cases , 
inspectio n o f  th e activation s o f  th e graphem e laye r  prio r 
t o outpu t  competitio n sho w tha t  th e spelling s produce d b y 
MP hav e bee n activate d bu t  hav e no t  w o n th e outpu t 
competition .  Fo r  instance ,  i n spellin g / /  r  i  tS I  th e 
graphem e e e ha s a n initia l  activatio n o f  0.3 ,  bu t  i s 
suppresse d b y th e mor e activ e e a grapheme .  Not e als o 
tha t  th e mode l  exhibit s a n appropriat e degre e o f  contex t 
sensitivit y i n performin g th e mapping .  Fo r  instanc e M P 
spell s a n initia l  Ik J a s k  i n ked ,  bu t  a s c  i n cobe ,  caum , 
cudge ;  sh e spell s fina l  /k J si S k  i n pleak ,  bu t  a s c k i n blick . 
T h e mode l  produce s exactl y th e s a m e results . 

Consistenc y effect s i n w o r d spellin g Effect s o f  th e 
spelling-soun d consistenc y o f  particula r  word s o n suc h 
measure s a s R T s hav e bee n importan t  fo r  mode l s o f 
readin g aloud .  Unfortunately ,  equivalen t  dat a regardin g 
possibl e effect s o f  sound-spellin g consistenc y d o no t 
appea r  t o exis t  fo r  writin g (thoug h se e Glove r  &  B r o w n , 
1994 ,  fo r  s o m e result s o n ora l  spelling) .  H o w e v e r ,  w e 
believ e thi s wil l  prov e importan t  i n furthe r  studie s o f 
spelling ,  fo r  instanc e o f  error s an d problem s i n learnin g t o 
spell .  I n addition ,  i t  m a y tur n ou t  t o prov e importan t  i n 
model in g subtl e aspect s o f  reading ,  a s Stone ,  V a n h o y an d 
V a n Orde n (1997 )  hav e produce d evidenc e tha t  sound -
spellin g (a s oppose d t o spelling-sound )  consistenc y ca n 
effec t  visua l  lexica l  decision . 

T o m a k e a  m o r e systemati c compariso n betwee n th e 
model' s spellin g o f  consisten t  an d inconsisten t  word s 
(wit h consistenc y define d wit h respec t  t o th e sound -
spelling ,  rathe r  tha n spelling-soun d m a p p i n g )  w e use d 
w o r d list s f ro m th e stud y b y Ston e e t  al .  (1997 ) 
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mentione d above .  Ston e e t  al .  produce d lis t  o f  word s 
base d specificall y o n thei r  sound-spellin g consistenc y 
(als o se e Ziegler ,  Ston e &  Jacobs ,  1997) .  S o m e word s 
whic h hav e a  "consistent "  pronunciation ,  give n thei r 
spellin g (e.g. ,  "bean") ,  m a y b e inconsisten t  i n term s o f  th e 
spelling ,  give n th e pronunciatio n (i.e. ,  th e syllabl e l b i  n l 
migh t  b e spel t  bean ,  been ,  o r  eve n bene) .  Word s suc h a s 
plank ,  march ,  loft ,  however ,  ar e considere d sound -
spellin g consistent ,  a s ther e i s (putatively )  n o othe r 
plausibl e wa y t o spel l  them .  I f  th e mode l  ha s extracte d th e 
basi c regularitie s o f  th e sound-spellin g mappin g fo r 
English ,  i t  shoul d sho w a  clea r  differenc e betwee n thes e 
set s o f  words ,  spellm g th e consisten t  word s th e wa y the y 
ar e actuall y spelt ,  bu t  producin g alternativ e spelling s fo r 
mor e o f  th e inconsisten t  words .  Th e result s ar e show n i n 
Figur e 2 . 
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^̂Ĥ ^  ^̂̂ ^̂̂^ H 

• 

1 J 

W f m ] 

1 

Con 

Figur e 2 :  Percentage s o f  canonica l  (i.e. ,  correct )  an d 
non-canonica l  (i.e. ,  phonologicall y plausible ) 
spelling s produce d b y th e mode l  o n sound-spellin g 
consisten t  an d inconsisten t  word s (fro m Ston e e t  al. , 
1997 ,  experimen t  1) . 

Of the 25 Stone et al. (1997) consistent words the model 
spelle d 2 2 o f  the m canonicall y  (88%) .  Th e thre e "errors " 
wer e belc h spel t  bellch ,  fluk e spelle d flooke ,  an d loa f 
spelle d loafe .  Th e las t  2  sho w th e fina l  "e "  proble m 
allude d t o earlier ,  whil e th e firs t  produce s a  double d I  i n 
an (orthographically )  inappropriat e position .  Howeve r  th e 
spelling s remai n phonologicall y acceptable .  O f  th e 2 5 
inconsisten t  words ,  th e mode l  onl y spel t  6  canonicall y 
(24% )  whil e al l  2 5 spelling s wer e phonologicall y 
acceptable .  Th e mode l  thu s show s clea r  sensitivit y t o th e 
dominan t  sound-spellin g regularitie s o f  Englis h whe n 
spellin g word s o n whic h i t  ha s bee n trained .  I f  th e wor d i s 
an inconsisten t  o r  exceptio n wor d thi s coul d i n principl e 
act  a s a  sourc e o f  interferenc e wit h respec t  t o lexica l 
(case-specific )  spelling .  Thi s raise s th e issu e o f  th e 
interactio n wit h lexica l  spelling . 

Interaction with lexical spelling The two-layer model 
(whic h wil l  refe r  t o her e a s th e "assembl y route" ) 
regularize s exceptio n an d inconsisten t  words ,  eve n i f  i t 
has bee n repeatedl y traine d o n them ,  e.g. ,  soa p i s spelle d 
sope .  A  mor e genera l  mode l  mus t  therefor e b e abl e t o 
represen t  learne d spellin g o f  specifi c  words ,  whic h w e 

argu e (Zorz i  e t  al. .  1998a ,  1998b )  i s bes t  don e b y a 
separat e se t  o f  unit s (e.g. ,  a  lexicon )  layin g betwee n inpu t 
and output .  W e hav e implemente d suc h a  rout e a s a 
localist ,  lexica l  network ,  individua l  unit s bein g accesse d 
fro m phonolog y an d sendin g activatio n t o thei r 
constituen t  grapheme s i n th e sam e competitiv e outpu t 
laye r  tha t  th e assembl y mode l  uses .  Th e mode l  ca n 
generat e a  spellin g whe n inpu t  arrive s fro m bot h route s i n 
parallel .  Fo r  regula r  words ,  th e input s ar e generall y th e 
same an d simpl y reinforc e eac h othe r  (thoug h se e th e 
exampl e o f  belc h above )  .  Fo r  inconsisten t  an d exceptio n 
word s ther e ca n b e varyin g degree s o f  "interference "  du e 
t o th e assembl y rout e tryin g t o regulariz e som e par t  o f  th e 
spellin g (mos t  ofte n th e vowel) .  However ,  th e lexica l 
spellin g wil l  dominat e i f  it s  inpu t  i s sufficientl y strong . 
Thi s i s because ,  whe n th e assembl y rout e i s "uncertain " 
regardin g a  spellin g (du e t o inconsistenc y i n th e mappin g 
i n th e trainin g set) ,  i t  produce s a  se t  o f  competin g 
candidate s a t  th e poin t  o f  uncertainty .  Eac h o f  thes e 
candidate s achieve s a  lowe r  activatio n tha n letter s fo r 
whic h ther e i s n o uncertainty .  I n addition ,  on e o f  th e 
candidate s wil l  ofte n b e th e lexicall y correc t  spelling , 
whic h support s th e lexica l  input .  Thi s permit s th e lexica l 
inpu t  t o inhibi t  th e regularizin g effec t  o f  th e assembl y 
procedure .  However ,  th e conflictin g inpu t  stil l  cause s 
interferenc e i n th e competitio n process ,  an d tim e take n 
fo r  th e networ k t o produc e a n unambiguou s spellin g ca n 
var y a s a  result .  Th e mode l  thu s predict s effect s o f 
regularit y i n spellin g productio n if ,  fo r  instance ,  tim e t o 
initiat e a  spellin g depend s o n havin g a  "clean " 
orthographi c spellin g pla n activate d befor e spellin g 
begin s (a s i s require d b y model s o f  th e seria l  operatio n o f 
th e graphemi c outpu t  buffer ,  e.g. ,  Houghto n e t  al. ,  1994) . 

Glove r  an d B row n (1994 )  measure d bot h respons e 
initiatio n tim e an d respons e duratio n i n ora l  spellin g o f 
k n o w n words ,  an d foun d significan t  effect s du e t o th e 
sound-spellin g consistenc y o f  individua l  words , 
inconsistenc y tendin g t o increas e bot h respons e initiatio n 
and duratio n times ,  i n lin e wit h th e model .  Glove r  an d 
B row n conclude d tha t  adul t  spellin g o f  know n word s doe s 
make us e o f  sound-to-spellin g constraints ,  suggestin g tha t 
acces s t o th e assembl y procedur e m a y b e automatic . 

Conclusions 

Th e abov e result s sho w tha t  a  tw o laye r  networ k wit h 
structure d input-outpu t  representations ,  includin g 
graphem e nodes ,  wil l  extrac t  th e basi c regularitie s o f  th e 
sound-spellin g mappin g fo r  Englis h whe n traine d o n a 
representativ e sampl e o f  monosyllabi c sound-spellin g 
pairs ,  includin g numerou s exception s an d inconsistencies . 
We sugges t  tha t  thi s i s  probabl y th e "minima l 
architecture "  necessar y fo r  acceptabl e performanc e o n 
thi s task .  D u e t o it s absenc e o f  hidde n units ,  th e mode l 
canno t  lear n th e trainin g set ,  an d i n tryin g t o minimiz e it s 
erro r  o n th e word s i t  sees ,  i t  extract s th e mos t  reliabl e 
sound-spellin g relationships .  Thes e generaliz e wel l  t o 
nonwords ,  an d caus e regularizatio n error s o n inconsisten t 
and exceptio n words .  I n short ,  th e network ,  thoug h 
traine d o n words ,  en d up s behavin g a s a  mode l  fo r 
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assemble d spelling ,  mirrorin g th e result s o f  Zorz i  e t  al . 
(1998a )  fo r  reading .  W h e n combine d wit h a  lexica l 
spellin g rout e th e mode l  produce s interferenc e effect s i n 
th e tim e take n t o generat e a n unambiguou s spellin g 
"plan" ,  whe n th e tw o route s ar e i n disagreement .  Thi s fit s 
wit h wha t  dat a i s currentl y available .  W e conclud e tha t 
th e distinctio n outline d a t  th e beginning ,  betwee n 
generativ e an d case-specifi c  knowledge ,  i s applicabl e t o 
spelling ,  an d tha t  th e generativ e knowledg e ca n aris e a s 
th e resul t  o f  trainin g o n actua l  word s i n a  networ k no t 
capabl e o f  learnin g the m individually . 
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