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ABSTRACT 

It is sometimes claimed that interactive-activation models are 
to o powerful ,  an d tha t  i t  i s  difficul t  t o constrai n the m adequately .  I 
illustrat e thi s proble m b y showin g tha t  th e basi c interactive-activatio n 
architectur e ha s severa l  differen t  possibl e source s fo r  effect s o f 
spelling-to-soun d regularit y o n wor d naming .  I  the n sho w ho w dat a ca n 
constrai n th e architecture .  Ne w dat a lea d t o a  rathe r  differen t  an d mor e 
constraine d versio n o f  th e interactive-activatio n mode l  t o accoun t  fo r 
spelling-to-soun d conversion .  Analysi s o f  th e error s mad e b y patient s 
sufferin g fro m acquire d surfac e dyslexi a confirm s th e prediction s o f  th e 
constraine d model .  I t  i s  conclude d tha t  th e traditiona l  interactive -
activatio n framewor k mus t  b e considerabl y constraine d t o accoun t  fo r 
norma l  an d disturbe d wor d naming . 

INTRODUCTION 

An early version of the interactive-activation (lA) model (McClelland 
& Rumelhar t  1981 ;  Ruraelhar t  &  McClelland ,  1982 )  successfull y accounte d 
fo r  contextua l  effect s o n lette r  perception .  Sinc e then ,  th e l A 
framewor k ha s bee n use d t o accoun t  fo r  huma n performanc e i n a  wid e variet y 
of  domains . 

One reaso n fo r  th e popularit y o f  th e l A framewor k i s tha t  i t  provide s 
a genera l  an d powerfu l  mechanis m fo r  buildin g cognitiv e models . 
Some researcher s hav e worrie d tha t  th e resultin g model s ma y eve n b e to o 
powerful ,  an d difficul t  t o constrain .  I n thi s pape r  I  sho w tha t  thi s worr y 
i s sometime s justified ,  fo r  a  numbe r  o f  differen t  l A architecture s ca n 

1 Thi s wor k wa s supporte d b y th e Economi c an d Socia l  Researc h 
Counci l  (U.K.) ,  referenc e numbe r  C08250011 .  Reprin t  request s to : 
Departmen t  o f  Languag e an d Linguistics ,  Universit y o f  Essex ,  Wivehho e 
Park ,  Colcheste r  C0 4 3SQ ,  England . 
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predict the "basic findings" in the psychology of spelling-to-sound 
conversion .  Nevertheless ,  ne w finding s ca n constrai n l A model s i n 
thi s domain ,  an d a n appropriatel y constraine d mode l  make s nove l 
prediction s tha t  ar e testable . 

A secon d reaso n fo r  th e popularit y o f  th e l A framewor k i s 
th e compatibilit y  o f  l A model s wit h neural-leve l  modelin g techniques .  I t 
i s  no t  alway s plausibl e t o interpre t  l A model s a s neura l  net s 
directl y (McClelland ,  1985) ;  l A modeler s woul d no t  alway s clai m tha t  ther e 
i s jus t  on e neuro n pe r  nod e i n thei r  l A model .  Nevertheless ,  i t  i s 
typicall y assume d tha t  a n l A mode l  coul d easil y b e cashe d ou t  i n term s o f 
a mor e distribute d neura l  networ k (se e Smolensky ,  1986) .  S o curren t  l A 
model s ofte n com e i n betwee n neura l  modelin g an d th e functionalis t 
approach :  muc h l A modelin g i s no t  neural-leve l  becaus e i t  i s  no t 
distributed ,  an d i t  i s  no t  functionalis t  becaus e i t  i s  no t  hardware -
independen t  an d becaus e i t  involve s sub-symboli c processing . 

The fac t  tha t  l A model s ar e intende d t o b e cashe d ou t  i n neura l 
terra s mean s tha t  the y shoul d mak e prediction s abou t  th e behavio r  o f 
patient s sufferin g fro m neurologica l  impairment .  Tha t  is ,  l A model s 
and thei r  distribute d implementation s shoul d no t  onl y b e abl e t o accoun t 
fo r  gracefu l  degradatio n o f  performanc e unde r  damage ;  the y shoul d als o 
accoun t  fo r  thos e case s involvin g sever e brai n injur y wher e degradatio n 
i s no t  gracefu l  an d lead s t o quit e specifi c  sympto m complexes . 
Progres s ha s alread y bee n mad e i n thi s area ,  usin g bot h loca l  an d 
distribute d model s (e.g .  Cottrell ,  1985 ;  Hinto n &  Sejnowski ,  1986 ; 
McClellan d &  Rumelhart ,  1986) .  On e ai m o f  th e presen t  pape r  i s t o 
presen t  furthe r  evidenc e tha t  a n l A mode l  ca n mak e nove l  prediction s 
abou t  th e natur e o f  thes e impairments ,  an d t o sho w tha t  thes e 
prediction s ar e upheld .  Th e dat a ca n i n tur n constrai n th e architectur e 
of  th e l A model . 

BACKGROUND 

In this paper I will be concerned with one procedure: the conversion 
of  orthographi c representation s t o phonologica l  representations .  Thi s 
provide s u s wit h a  classi c computational-leve l  mappin g proble m (Marr , 
1982) ,  i n whic h on e se t  o f  representation s (o f  printe d words )  mus t  b e 
mapped int o anothe r  se t  o f  representation s (o f  wor d pronunciations) .  Thi s 
particula r  mappin g proble m i s a  difficul t  one ,  becaus e th e 
pronunciatio n o f  a n Englis h wor d canno t  reliabl y b e predicte d fro m it s 
orthography .  McClellan d an d Rumelhar t  (1981 )  mentio n spelling-soun d 
translatio n a s a  suitabl e domai n o f  applicatio n fo r  thei r  l A model ,  an d 
indee d refe r  t o th e wor k o f  Glushk o (1979 )  a s a  sourc e o f  inspiration . 

Humans can derive the correct pronunciations of words, even though 
some word s hav e pronunciation s tha t  ar e no t  predictabl e fro m thei r 
spelling .  Word s wil l  b e calle d exceptiona l  o r  irregula r  her e whe n the y 
contai n orthographi c segment s o f  a t  leas t  tw o letter s tha t  ar e pronounce d 
differentl y i n severa l  othe r  word s (se e Henderson ,  1985 ,  fo r  a 
discussio n o f  terminology) .  Fo r  example ,  th e wor d PIN T ha s a n irregula r 
or  exceptiona l  pronunciatio n compare d wit h it s orthographi c neighbor s suc h 
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as MINT, HINT, TINT etc.^ So the exception word PINT may be contrasted 
wit h PILL ,  whic h ha s a  pronunciatio n tha t  i s regula r  an d consisten t  (c£ . 
MILL ,  HILL ,  TIL L etc.) . 

The basic experimental finding is that it takes longer to 
prepar e pronunciation s o f  exceptio n word s lik e PIN T tha n t o prepar e 
pronunciation s o f  consisten t  word s lik e PIL L (Glushko ,  1979) .  Thi s 
exception-wor d effec t  i s  mor e likel y t o b e obtaine d whe n th e word s ar e 
lo w i n frequenc y an d whe n subject s proces s th e word s mor e slowl y 
(Seidenberg ,  Waters ,  Barne s &  Tanenhaus ,  1984 ;  Seidenberg ,  1985a) . 
So subject s d o sometime s mak e us e o f  spelling-to-soun d correspondenc e 
informatio n i n wor d naming ,  an d thi s i s mor e likel y t o happe n whe n 
processin g i s slo w an d ther e i s mor e tim e fo r  phonologica l 
informatio n t o becom e activate d (Seidenber g e t  al. ,  1984 ; 
Seidenberg ,  1985a) . 

A variet y o f  mor e detaile d finding s ha s bee n obtained ,  an d man y 
differen t  model s hav e bee n pu t  forwar d t o accoun t  fo r  th e finding s (fo r 
recen t  reviews ,  se e Humphrey s &  Evett ,  1985 ;  Kay .  1985) .  Man y o f  th e 
model s ar e basicall y l A i n orientation ,  althoug h a s mos t  o f  the m hav e no t 
been implemente d i t  i s  no t  alway s clea r  exactl y wha t  prediction s the y 
make.  Th e mode l  tha t  account s fo r  th e wides t  rang e o f  dat a i s tha t  o f 
Seidenber g an d hi s colleague s (Seidenber g e t  al .  ,  1984 ;  Seidenberg , 
1985a ;  1985b ;  i n press ;  Water s an d Seidenberg ,  1985) .  Thi s mode l  ca n 
accoun t  fo r  th e basi c effect s o f  spelling-to-soun d characteristic s o n 
wor d namin g an d lexica l  decisio n time ,  an d th e interaction s o f  suc h effect s 
wit h wor d frequenc y an d subjec t  speed ,  withi n th e l A modelin g tradition . 
Seidenber g (i n press )  ha s develope d an d extende d thi s mode l  t o accoun t 
fo r  effect s o f  morphologica l  an d syllabi c structur e o n lexica l 
processing .  Sejnowsk i  an d Rosenber g (1986 )  hav e implemente d a 
connectionis t  system ,  NETtalk ,  whic h exhibit s grea t  succes s i n learnin g 
th e spelling-to-soun d constraint s i n Englis h usin g th e back-propagatio n 
algorith m describe d i n Rumelhart ,  Hinto n an d William s (1986 )  (se e als o 
Rosenber g &  Sejnowski ,  1986) .  S o th e basi c l A framewor k i s apparentl y 
ver y successfu l  i n accountin g fo r  a  wid e variet y o f  sophisticate d 
experimenta l  dat a an d tas k performance .  Bu t  i t  ma y b e tha t  thi s i s 
becaus e th e framewor k i s insufficientl y constraine d i n certai n respects , 
as w e se e below . 

How do interactive-activation models predict the exception word 
effect ,  whereb y word s lik e PIN T wit h exceptiona l  pronunciation s tak e 
longe r  t o pronounc e tha n matche d word s lik e PIL L wit h regula r  consisten t 
pronunciations ? Figur e On e i s simila r  t o th e ful l  versio n o f  th e l A 
model  se t  ou t  i n McClellan d an d Rumelhar t  (1981) ,  althoug h i t 
differ s i n tha t  i t  contain s separat e lexica l  level s fo r  orthograph y an d 
phonolog y an d doe s no t  includ e a  featur e level .  An y suc h a  mode l 
can easil y b e extende d t o includ e intermediat e level s betwee n word s 
and letters ,  representin g sub-lexica l  lette r  an d phonem e cluster s (Brown , 

2 Fo r  discussio n purposes ,  w e conside r  jus t  th e pronunciatio n o f 
termina l  trigram s i n four-lette r  words .  O f  course ,  som e lette r 
cluster s i n a n exceptio n wor d wil l  b e pronounce d regularly ;  th e mode l 
t o b e discusse d take s accoun t  o f  this . 
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1987; Seidenberg, in press). Note that the model has inhibition flowing 
fro m word s t o letters ,  letter s t o words ,  phonolog y t o orthograph y an d 
orthograph y t o phonology ,  a s wel l  a s mutua l  inhibitio n withi n eac h 
level^ .  I f  a n l A mode l  contain s bot h orthographi c an d phonologica l 
levels ,  wit h connection s betwee n them ,  ther e ar e a t  leas t  tw o way s i n 
whic h exception-wor d effect s wil l  b e predicted .  On e wa y i s b y 
inhibitio n flowin g fro m th e phonologica l  t o th e orthographi c level s 
(pathwa y A  i n Figur e One) .  Thi s woul d operat e i n th e followin g way .  A 
nod e fo r  a n orthographi c segmen t  wit h mor e tha n on e possibl e 
pronunciatio n wil l  activat e mor e tha n on e nod e i n th e correspondin g 
phonologica l  level .  Fo r  example ,  th e intermediate-leve l  orthographi c 
nod e fo r  -IN T (a s i n PIN T an d MINT )  wil l  activat e phonolog y node s 

3 Althoug h th e letter-to-lette r  inhibitio n an d th e word-to -
lette r  inhibitio n wer e bot h se t  a t  zer o i n th e simulatio n reporte d 
by McClellan d an d Rumelhar t  (1981) .  Furthermore ,  McClellan d 
(1985 )  report s a  proble m wit h letter-to-wor d inhibition ,  whic h i s 
tha t  i f  thre e competin g lette r  node s ar e al l  equall y active ,  tw o 
of  the m wil l  produc e enoug h inhibitio n t o cance l  ou t  excitatio n 
fro m th e remainin g candidate . 

782 



Constrainin g Interactivit y Brow n 

corresponding to pronunciations faint/ and /int/ (not shown on Figure One). 
Thes e sub-lexica l  phonolog y node s wil l  the n caus e activatio n t o sprea d t o 
lexical-leve l  phonolog y node s suc h a s /paint/ ,  /mint/ ,  /lint /  etc .  I f 
thes e lexical-leve l  phonolog y node s ca n inhibi t  lexical-leve l  orthograph y 
node s (pathwa y A ) ,  th e resul t  wil l  b e tha t  lexical-leve l  node s fo r 
exceptio n word s lik e PIN T wil l  buil d u p activatio n mor e slowl y tha n node s 
fo r  consistently-pronounce d word s lik e PILL .  Thi s i s mainl y becaus e 
PINT' S orthographi c neighbor s caus e inconsisten t  phonolog y t o b e 
activated ,  an d thi s inconsisten t  phonolog y indirectl y inhibit s activit y 
i n PINT' S lexical-orthographi c node ,  vi a phonology-to-orthograph y feedback . 

But  l A model s wil l  normall y predic t  exceptio n effect s eve n i f  ther e 
i s n o feedbac k fro m phonologica l  t o orthographi c level s (Brown ,  1987 ; 
Seidenberg ,  i n press) .  A  mode l  wil l  stil l  predic t  exception-wor d 
effect s i f  ther e i s mutua l  inhibitio n withi n th e phonologica l  levels , 
eve n i f  pathwa y A  doe s no t  exist ,  becaus e ther e wil l  b e slowe r 
activatio n o f  phonolog y wheneve r  inconsisten t  phonolog y i s active .  A n 
exampl e i s th e cas e abov e wher e th e tw o differen t  phonologica l  node s 
activate d a t  th e sam e leve l  ar e / a m t /  an d / m t / .  Becaus e o f  mutua l 
inhibition ,  bot h o f  thes e wil l  becom e activate d mor e slowl y tha n the y 
woul d hav e o n thei r  own .  Thi s i s becaus e o f  th e reciproca l  natur e o f  th e 
inhibition :  th e mos t  highl y activate d member  i n a  "winne r  tak e all " 
networ k wil l  alway s wi n eventuall y (Feldraa n &  Ballard ,  1982) ,  bu t  whe n 
inhibitio n i s mutua l  th e winne r  wil l  wi n mor e slowl y i f  i t  ha s mor e 
competition .  Jus t  ho w muc h mor e slowl y i t  win s wil l  o f  cours e depen d o n 
th e precis e natur e o f  th e mutua l  inhibitio n function .  So ,  l A model s 
wil l  predic t  delaye d pronunciatio n o f  exceptionally-pronounce d word s 
eve n whe n ther e i s n o feedbac k fro m phonologica l  t o orthographi c 
levels . 

Yet  anothe r  interactive-activatio n architectur e ha s bee n pu t  forwar d 
t o accoun t  fo r  exceptio n effect s (e.g .  Glushko ,  1979 ;  Ka y &  Marcel ,  1981 ; 
Marcel ,  1980) .  Thi s allow s phonolog y t o b e activate d onl y a s a  resul t  o f 
activatio n withi n th e lexical-leve l  orthographi c levels .  I f  ther e i s 
downwar d inhibitio n fro m phonolog y t o orthography ,  o r  i f  ther e i s mutua l 
inhibitio n withi n th e phonolog y levels ,  exceptio n effect s wil l  b e 
predicted .  Th e wa y thi s work s wil l  depen d o n whethe r  onl y whole-wor d o r 
sublexica l  phonolog y i s represented ,  bu t  eithe r  cas e wil l  lea d t o 
inhibitio n fo r  word s wit h orthographi c neighbor s pronounce d differently . 
Some implementation s o f  thi s possibilit y  wil l  b e equivalen t  t o th e 
architectur e i n Figur e On e (se e Marcel ,  198 0 fo r  a  detaile d discussion) . 

CONSTRAINING TH E ARCHITECTURE 

The previous section demonstrated that interactive activation 
model s coul d accoun t  fo r  th e exception-wor d effec t  i n a  numbe r  o f 
differen t  ways .  Thi s suggest s tha t  th e architectur e i s underdetermine d b y 
th e data .  However ,  Brow n (1987 )  ha s claime d tha t  th e reaso n a n 
exceptio n wor d lik e PIN T take s longe r  t o pronounc e tha n a  consisten t 
wor d lik e PIL L i s no t  i n fac t  du e t o interferenc e comin g fro m th e 
activatio n o f  inconsisten t  phonolog y associate d wit h PINT' S orthographi c 
neighbors .  Rather ,  i t  i s  becaus e o f  th e lo w frequenc y o f  th e 
spelling-soun d correspondenc e -IN T - > / a m t /  compare d wit h th e high -
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frequency correspondence -ILL -> /il/. The contrast can easily be seen 
by considerin g a  wor d lik e SOAP.  Thi s wor d i s no t  inconsistentl y 
pronounced ,  becaus e ther e ar e n o orthographi c neighbor s 
pronounce d differently .  SOAP i s th e onl y four-lette r  Englis h wor d 
endin g i n -OA P (remember ,  w e ar e considerin g jus t  th e pronunciation s 
of  th e las t  thre e letter s i n four-lette r  words) .  An d i t  turn s ou t 
tha t  word s lik e SOAP ar e delaye d i n pronunciatio n jus t  a s muc h a s 
exceptio n word s (PINT )  compare d t o consisten t  word s lik e PILL ,  eve n 
thoug h SOAP doe s no t  hav e differently-pronounce d orthographi c neighbor s 
t o caus e interference .  What  thi s strongl y suggest s i s tha t  th e 
frequenc y of ,  no t  th e numbe r  o f  exception s to ,  a  spelling-to-soun d 
correspondenc e i n a  wor d determine s th e spee d wit h whic h tha t  wor d i s 
pronounce d b y norma l  adults .  Brow n (1987 )  therefor e suggeste d tha t  th e 
strengt h o f  a  lin k betwee n a n orthographi c nod e an d correspondin g 
phonolog y node s wil l  depen d o n th e frequenc y o f  tha t  spelling -
soun d correspondenc e i n th e languag e (Seidenberg ,  i n press ,  make s 
th e sam e suggestion) .  Th e implemente d versio n o f  th e mode l  als o 
contain s spelling-soun d correspondence s a t  man y differen t  level s 
(letters ,  bigrams ,  trigram s etc) . 

What  I  wan t  t o d o no w i s t o outlin e th e implication s o f  thes e dat a 
fo r  th e architectur e o f  interactiv e activatio n models .  A s discusse d 
above ,  th e standar d l A mode l  ha s between-leve l  inhibition ,  an d 
within-leve l  mutua l  inhibition ,  bot h o f  whic h predic t  tha t  ther e shoul d 
be effect s o f  a  word' s spellin g t o soun d regularit y o n th e tim e take n t o 
pronounc e tha t  word .  Ye t  n o suc h effec t  exists :  effect s tha t  hav e 
previousl y bee n attribute d t o thi s variabl e ar e i n fac t  du e t o th e 
frequenc y o f  spelling-to-soun d correspondence .  Th e inhibitor y mechanism s 
tha t  predic t  th e effec t  mus t  therefor e b e removed .  ( I  ignor e th e 
unattractiv e alternativ e possibilit y  tha t  th e inhibitio n i s simpl y to o 
smal l  t o b e detectabl e experimentally. )  I t  i s  a  simpl e matte r  t o 
remov e feedbac k fro m phonologica l  t o orthographi c levels .  Thi s 
involve s removin g th e relevan t  excitator y an d inhibitor y connection s 
betwee n phonologica l  an d orthographi c level s fro m th e ful l  versio n o f  th e 
model  se t  ou t  b y McClellan d an d Rumelhar t  (1981) .  Bu t  th e secon d 
mechanis m tha t  predict s exception-wor d effect s i s mutua l  inhibitio n 
withi n th e phonologica l  levels .  Man y previou s researcher s hav e 
attribute d exceptio n effect s t o thi s source .  I t  seem s undesirabl e t o 
remov e thi s mutua l  inhibition ,  becaus e o f  th e possibl e saturatio n i f  to o 
many node s a t  a  give n leve l  ca n b e activ e a t  th e sam e time . 

However ,  ther e ar e severa l  way s t o preserv e th e desirabl e 
inhibitio n withi n a  leve l  withou t  th e undesirabl e side-effec t  o f  predictin g 
non-existin g experimenta l  findings .  I n a  typica l  l A mode l  a  nod e o n a 
give n leve l  i s  connecte d t o al l  th e othe r  node s o n th e sam e level .  A  nod e 
i  wit h activatio n a ^  wil l  su m th e inhibitor y evidenc e reachin g it ,  an d 
(ignorin g deca y an d incomin g activation )  it s activatio n a t  tim e (t+6t ) 
wil l  b e give n b y somethin g o f  th e form : 

aiit+St) - a^it) (l-n_£(t)) 
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where n^ is the summed incoming inhibition (assumed less than 1.0) from 
othe r  node s i n th e sam e layer ,  an d th e nod e ha s a  restin g leve l  o f  zero . 
Thi s ha s th e effec t  tha t  eve n th e nod e wit h th e highes t  activatio n 
leve l  wil l  b e inhibite d t o som e exten t  b y it s neighbors ,  i.e. ,  mutua l 
inhibition .  What  i s needed ,  however ,  i s  a  cas e wher e th e highest -
activate d nod e receive s n o inhibitio n itself ,  bu t  inhibit s al l  th e 
othe r  node s i n th e leve l  (non-mutua l  inhibition) .  Shastr i  an d Feldraa n 
(1984 )  discus s suitabl e type s o f  unit ,  wit h whic h i t  i s  possibl e fo r 
eac h participatin g nod e t o receiv e inhibitio n dependen t  o n th e highes t 
activatio n o f  an y participatin g node .  Thi s kin d o f  schem e ha s tw o quit e 
independen t  advantages .  Th e firs t  advantag e i s tha t  th e numbe r  o f 
connection s neede d i s drasticall y reduced .  I n a  non-distribute d laye r 
wit h N  nodes ,  th e numbe r  o f  connection s neede d t o serv e a  mutua l 
inhibitio n proces s wil l  b e a  quadrati c functio n o f  N .  Bu t  usin g th e 
Shastr i  an d Feldma n "raax-calculator "  units ,  th e numbe r  o f  connection s 
neede d wil l  b e onl y a  linea r  functio n o f  N ,  becaus e ther e i s a  maste r 
node whic h receive s activatio n fro m eac h nod e i n th e layer ,  an d send s 
th e maximu m activatio n i t  receive s bac k t o eac h nod e a s inhibition . 
Furthermore ,  th e existenc e o f  a  separat e maste r  nod e provide s a  mean s 
of  contro l  ove r  th e within-laye r  inhibition .  Thi s featur e i s usefu l 
fo r  strategi c purpose s (se e Cottrell ,  1985) . 

I n ou r  implemente d versio n o f  suc h a  system ,  th e effec t  o f 
inhibitio n i s give n b y th e followin g for m o f  equation ,  whic h give s 
th e ne w activatio n o f  a  participatin g nod e afte r  a  cycl e o f  inhibition : 

ai(t+6t) - ai(t) (1 + P[ai(t) - M(t)]) 

where Af(t) is the maximum activation at time t of any node participating 
i n th e WTA system ,  an d | )  i s  a  constant . 

I n othe r  words ,  eac h nod e i s inhibite d t o a n exten t  tha t  depend s o n 
th e differenc e betwee n it s activatio n an d th e activatio n o f  th e mos t 
activ e nod e i n th e layer .  Fo r  th e mos t  activ e nod e itself ,  o f  course , 
thi s differenc e i s zero ,  an d s o ther e wil l  b e n o inhibition .  Thi s i s 
the n a  WTA networ k pa r  excellenc e (becaus e th e ric h ge t  riche r  withou t 
payin g ta x o n th e way) . 

I n term s o f  th e mode l  o f  phonologica l  processing ,  thi s i s wha t 
i s necessary .  Th e within-leve l  inhibitio n prevent s saturatio n o f  th e 
network ,  withou t  slowin g dow n i n an y wa y th e activatio n o f  th e winnin g 
node .  I n th e currentl y implemente d versio n o f  th e model ,  th e 
inhibitio n work s i n thi s wa y (althoug h th e onl y within-leve l 
inhibitio n i s a t  th e lexical-leve l  orthographi c an d phonologica l 
level s i n th e implemente d versio n o f  th e model ,  se e Brown ,  1987) .  So , 
accordin g t o th e constraine d model ,  th e reaso n tha t  PIN T i s name d mor e 
slowl y tha n PIL L i s becaus e o f  th e lo w frequenc y o f  th e spelling-soun d 
correspondenc e i n PINT ,  an d no t  becaus e o f  interferenc e fro m PINT' S 
differently-pronounce d orthographi c neighbors . 

We therefor e hav e a  resolutio n i n whic h a  differen t  inhibitio n 
scheme,  whic h ma y b e independentl y preferre d o n th e ground s tha t  i t 
require s fewe r  node s an d allow s th e possibilit y  o f  strategi c contro l  ove r 
inhibition ,  als o provide s a  bette r  accoun t  o f  th e data . 
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The lA model is therefore considerably constrained. The data 
sugges t  tha t  ther e i s n o feedbac k fro m phonologica l  t o orthographi c levels , 
and tha t  th e within-leve l  inhibitio n i s no t  mutua l  inhibition . 

SURFACE DYSLEXI A 

We have claimed that the powerful lA architecture needs to be 
constraine d t o accoun t  fo r  empirica l  dat a fro m norma l  subjects .  Bu t  a 
crucia l  tes t  o f  th e newly-constraine d mode l  i s it s abilit y  t o mak e nove l 
predictions .  We no w examin e th e prediction s mad e b y th e constraine d l A 
model  fo r  th e performanc e o f  patient s sufferin g fro m variou s form s o f 
acquire d dyslexia .  Th e syndrom e mos t  relevan t  t o th e presen t  mode l  i s 
tha t  o f  surfac e dyslexia . 

Surface dyslexic patients are able to synthesize pronunciations of non-
words ,  bu t  hav e difficult y i n pronouncin g man y word s wit h 
exceptiona l  pronunciations .  Furthermore ,  thes e patient s hav e 
difficult y i n definin g homophone s (se e account s i n Marshal l  &  Newcorabe , 
1973 ;  Shallic e &  Warrington ,  1980 ;  Coltheart ,  Masterson ,  Byng ,  Prio r  & 
Riddoch ,  1983 ;  Shallice ,  Warringto n &  McCarthy ,  1983 ;  Ka y &  Lesser ,  1985 ; 
Patterson ,  Marshal l  &  Coltheart ,  1985) .  Thes e symptom s lea d naturall y t o 
th e suggestio n tha t  surfac e dyslexic s ar e makin g us e o f  sub-lexica l 
spelling-to-soun d correspondenc e information ,  an d tha t  thei r  acces s t o 
a semanti c lexico n i s ofte n vi a a  phonologica l  representation . 
Most  surfac e dyslexic s ca n pronounc e som e exceptio n words ,  especiall y 
when the y ar e high-frequenc y (Bub ,  Cancellier e &  Kertesz ,  1985 ) 
suggestin g tha t  som e lexical-leve l  correspondence s ar e preserved .  Als o 
the y sho w lexicalit y effect s (Marcel ,  1980) ,  suggestin g lexical-leve l 
involvemen t  (althoug h no t  al l  patient s sho w lexicalit y effects :  Shallic e 
et  al. ,  1983 ;  Ka y &  Lesser ,  1985) . 

Shallice et al. (1983) show that their patient, HTR, is affected 
by "degree s o f  irregularity" ,  an d ca n pronounc e man y "mildl y irregular " 
word s correctly .  Mildl y irregula r  word s ar e define d a s word s tha t 
contai n a  spelling-to-soun d correspondenc e tha t  i s th e secon d mos t 
frequen t  i n th e language .  Not e tha t  althoug h thi s i s a  measur e o f  th e 
relativ e frequenc y o f  a  spelling-soun d correspondence ,  i t  i s  likel y t o b e 
correlate d wit h th e absolut e frequenc y o f  tha t  correspondence .  I t  i s 
therefor e difficul t  t o tel l  whic h o f  th e tw o factor s i s causin g th e 
effects .  Th e dat a lea d Shallic e e t  al .  t o conclud e tha t  surfac e 
dyslexic s fal l  o n a  continuu m accordin g t o th e siz e o f  orthographi c unit s 
the y ca n translat e t o phonology .  I n general ,  th e consensu s vie w i s tha t 
surfac e dyslexic s ar e impaire d o n "irregular "  words ,  wher e regularit y 
i s i n som e wa y define d i n term s o f  othe r  word s containin g th e sam e 
orthographi c segmen t  pronounce d differently .  I n term s o f  a n interactiv e 
activatio n mode l  wit h spelling-soun d link s a t  man y differen t  levels ,  i t 
i s  reasonabl e t o conclud e tha t  surfac e dyslexic s hav e preserve d 
low-leve l  correspondence s bu t  hav e los t  mos t  high-level 
spelling-to-soun d correspondences .  Indeed ,  Shallic e e t  al .  giv e a n 
accoun t  ver y simila r  t o this ,  an d poin t  ou t  tha t  i f  highe r  frequenc y o r 
early-acquire d correspondence s wer e mor e likel y t o b e preserved ,  surfac e 
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dyslexia could result. This is because level of correspondence 
i s confounde d wit h frequenc y o f  correspondence ,  becaus e high-leve l 
correspondence s wil l  occu r  i n fewe r  words . 

What I want to do now is examine the predictions of the newly-
constraine d l A mode l  fo r  th e natur e o f  th e error s mad e b y thes e surfac e 
dyslexi c patients .  Th e mai n relevan t  propertie s o f  th e constraine d 
versio n o f  th e mode l  ar e tha t  (a )  connection s betwee n orthographi c an d 
phonologica l  node s ar e weighte d accordin g t o th e frequenc y o f  tha t 
spelling-soun d correspondenc e i n th e language ;  (6 )  ther e i s n o feedbac k 
fro m phonologica l  t o orthographi c levels ,  an d (c )  within-leve l  inhibitio n 
i s no t  mutua l  inhibition . 

When higher-leve l  correspondence s ar e abolished ,  i t  i s  reasonabl e 
t o suppos e tha t  th e highes t  frequenc y correspondence s withi n tha t  leve l  ar e 
most  likel y t o b e disrupted .  Therefore ,  word s tha t  contai n low-frequenc y 
spelling-to-soun d correspondence s ar e mos t  likel y t o b e pronounce d 
incorrectl y o r  no t  a t  all ,  becaus e th e correc t  pronunciatio n o f  thes e 
word s relie s o n th e us e o f  high-leve l  (i.e .  lexica l  o r  trigra m level ) 
correspondences .  Mos t  previou s model s hav e assume d i n contras t  tha t 
word s wit h exceptiona l  o r  irregula r  pronunciation s wil l  b e susceptibl e 
t o disruption . 

The predictio n mad e b y th e constraine d l A mode l  is ,  then , 
tha t  surface/semanti c dyslexic s wil l  b e mor e likel y t o mak e error s 
on wor d containin g unusua l  spelling-to-soun d correspondence s a t  hig h 
levels .  Th e regularit y o f  th e word ,  wher e regularit y i s define d (a s i t 
normall y is )  i n term s o f  th e numbe r  o f  a  word' s neighbor s tha t  ar e 
spel t  similarl y bu t  pronounce d differently ;  shoul d hav e n o effect . 

THE ANALYSI S 

Several researchers have examined the prediction that surface 
dyslexic s shoul d mak e mor e error s o n irregula r  words .  Mos t  hav e use d 
th e list s o f  regula r  an d irregula r  word s publishe d b y Colthear t  e t  al . 
(1979) ,  an d man y hav e publishe d ful l  listing s o f  th e word s tha t 
thei r  patien t  pronounce d wrongly .  I t  i s  therefor e possibl e t o re -
analys e thes e dat a t o determin e whethe r  i t  i s  i n fac t  th e numbe r  o f 
differently-pronounce d bu t  similarly-spelle d word s tha t  impair s 
performance ,  o r  whethe r  i t  i s  i n fac t  th e frequenc y o f  th e spelling-to -
soun d correspondenc e i n th e word .  Ther e ar e si x complet e publishe d 
corpor a o f  error s o n th e Colthear t  e t  al .  words .  Thes e ar e foun d i n 
Colthear t  e t  al .  (1983) ;  Shallic e e t  al .  (1983) .  Ka y an d Lesse r  (1985) . 
and Saffra n (1985) .  A  numbe r  o f  othe r  paper s d o includ e corpora ,  bu t  thes e 
eithe r  contai n onl y a  subse t  o f  th e error s mad e error s (e.g .  Margolin , 
Marce l  &  Carlson ,  1985 ;  Masterson ,  Colthear t  &  Meara ,  1985 )  o r  ar e 
base d o n differen t  set s o f  regula r  an d irregula r  word s (e.g .  Newcombe & 
Marshall ,  1985) .  We therefor e analyse d th e si x complet e corpora , 
althoug h tw o ar e fro m on e patient .  Thi s patien t  wa s teste d o n tw o 
occasion s tw o month s apar t  (Saffran ,  1985) ;  o n th e firs t  occasio n 3 1 
error s wer e made ,  o n th e secon d occasio n 1 7 o f  thos e 3 1 word s wer e 
misrea d alon g wit h 1 0 othe r  words .  Thi s i s simila r  t o th e norma l  overla p 
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between two di££erent patients.^ One of the corpora came from a 
"developmenta l  surfac e dyslexic "  ("CD. "  i n Colthear t  e t  al. ,  1983) ;  fiv e 
fro m acquire d surfac e dyslexics . 

For  eac h four-lette r  an d five-lette r  monosyllabi c wor d i n th e 
Colthear t  e t  al .  (1979 )  list s (N-54 )  w e calculate d a  measur e o f  th e 
frequenc y o f  th e spelling-to-soun d correspondence ,  an d th e exceptionalit y 
of  th e spelling-to-soun d correspondence .  Thes e wer e calculate d b y 
lookin g a t  th e phonolog y asociate d wit h eac h o f  th e trigram s i n th e word . 
The exceptionalit y o f  eac h trigra m withi n a  wor d wa s calculate d a s th e 
cumulativ e Kucer a &  Franci s (1967 )  frequenc y o f  al l  same-lengt h word s 
containin g th e sam e trigra m i n th e sam e positio n bu t  pronounce d 
differently .  Th e exceptionalit y o f  eac h wor d wa s th e su m o f  it s trigra m 
exceptionalities .  Th e spelling-soun d frequenc y o f  eac h trigra m wa s 
calculate d a s th e cumulativ e frequenc y o f  al l  same-lengt h word s 
(includin g th e wor d i n question )  containin g th e sam e trigra m pronounce d 
th e sam e way .  Th e spelling-soun d frequenc y o f  a  wor d wa s the n obtaine d b y 
summing th e spelling-soun d frequencie s o f  th e trigram s withi n tha t  word . 

Ther e ar e therefor e tw o measure s fo r  eac h word ,  on e relatin g t o th e 
frequenc y o f  th e spelling-soun d correspondence s containe d i n th e word ,  an d 
th e othe r  relatin g t o th e exceptionalit y o f  th e wor d (i.e .  th e numbe r  o f 
othe r  word s containin g th e sam e orthographi c segmen t  pronounce d 
differently) .  An d th e predictio n i s tha t  th e numbe r  o f  error s mad e b y 
surfac e dyslexic s wil l  b e relate d t o spelling-soun d frequency ,  i n 
contras t  t o previou s claim s tha t  th e relevan t  facto r  wil l  b e spelling-soun d 
irregularity . 

The 2 7 o f  ou r  word s classifie d a s irregula r  b y Colthear t  e t  al .  ha d 
a media n exceptionalit y o f  231 ,  an d a  media n spelling-soun d frequenc y o f 
203 .  Th e word s classifie d a s regula r  b y Colthear t  e t  al .  ha d a 
media n exceptionalit y o f  54 ,  an d a  media n spelling-soun d frequenc y o f  498 . 

Overall ,  ignorin g th e Colthear t  e t  al .  classification ,  ther e wa s a  clea r 
negativ e correlatio n betwee n spelling-soun d frequenc y an d erro r 
rate :  Spearman' s Rh o -  -0.39 ,  t-3.0 ,  p<.01 .  I n contrast ,  ther e wa s n o 
correlatio n betwee n erro r  rat e an d exceptionality :  Rh o • •  0.19 ,  t-1.4 , 
p>.10 .  Thi s clearl y support s th e predictio n mad e b y th e constraine d l A 
model  discusse d above ;  error s ar e mor e likel y t o b e mad e o n word s 
containin g infrequen t  spelling-soun d correspondence s rathe r  tha n o n 
word s wit h irregula r  spelling-soun d correspondences . 

It could be argued that these correlations result from our own 
definitio n o f  exceptionality ,  whic h i s base d onl y o n high-level 
spelling-soun d correspondences .  I n fac t  thi s i s unlikely ,  becaus e 
th e higher-leve l  correspondence s ar e apparentl y mor e susceptibl e t o 
damage i n surfac e dyslexics .  Nevertheless ,  i t  coul d als o b e argue d 
tha t  four-lette r  an d five-lette r  word s shoul d b e analyse d separately , 
i n cas e wor d lengt h ha s a n independen t  influenc e o n erro r  rat e (ove r 
and abov e th e tendenc y fo r  longe r  word s t o contai n les s frequen t 
spelling-soun d correspondences) .  Therefore ,  furthe r  analysi s wa s 
carrie d o n o n th e 1 2 four-lette r  monosyllabi c word s an d th e 1 5 five -

4 Th e figure s her e ar e base d o n Saffran' s corpu s rathe r  tha n o n 
th e figure s i n th e accompanyin g text . 
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letter monosyllabic words classified by Coltheart et al. as irregular. 
The result s wer e a s follows . 

For  five-lette r  irregula r  words ,  spelling-soun d frequenc y 
correlate d significantl y an d negativel y wit h erro r  rate :  Rh o -  -0.59 , 
t«2.7 ,  j7<.02 .  Exceptionalit y di d no t  correlat e significantl y wit h erro r 
rate :  Rh o -  -0.17 ,  t-0.6 ,  p>.20 .  A  simila r  patter n o f  correlatio n wa s 
observe d fo r  th e four-lette r  words ,  althoug h th e correlatio n betwee n 
spelling-soun d frequenc y an d erro r  rat e faile d t o reac h significance : 
Rho -  -0.32 ,  t-1.1 ,  p>.20 .  Exceptionalit y agai n faile d t o correlat e 
wit h erro r  rate :  Rh o -  0.05 ,  t»0.2 ,  i>>.20 . 

In combination, these results clearly suggest that surface dyslexics 
ten d t o mak e mor e error s o n word s containin g infrequen t  spelling -
to-soun d correspondences ,  rathe r  tha n o n word s wit h exceptiona l 
spelling-soun d patterns .  Apparen t  effect s o f  exceptionalit y hav e i n 
fac t  bee n du e t o spelling-soun d frequency .  Thi s i s exactl y th e patter n 
of  result s predicte d b y th e constraine d versio n o f  th e l A model . 

I t  shoul d b e note d tha t  w e hav e no t  controlle d fo r  th e frequenc y o f 
purel y orthographi c regularit y i n ou r  analysis ;  thi s i s impossibl e t o d o 
fo r  th e word s fo r  whic h erro r  corpor a hav e bee n reported .  Thi s i s 
unlikel y t o b e a  majo r  problem ,  fo r  Brow n (1987 )  foun d effect s o f 
spelling-soun d frequenc y whe n orthographi c regularit y wa s controlle d for , 
and othe r  author s hav e obtaine d spelling-soun d effect s tha t  ar e no t  du e 
t o orthography .  An d i n reaction-tim e experiment s i t  i s  unlikel y tha t 
orthographi c frequenc y an d spelling-soun d regularit y effect s woul d exactl y 
cance l  eac h othe r  ou t  acros s a  wid e rang e o f  wor d frequenc y an d subjec t 
decodin g speed . 

I t  shoul d als o b e note d tha t  th e spelling-soun d frequenc y o f  a  wor d 
i s relate d t o th e frequenc y o f  occurrenc e o f  tha t  word ,  becaus e th e 
frequenc y o f  a  wor d contribute s t o th e frequenc y o f  th e spelling-soun d 
correspondence s containe d withi n it .  Again ,  a  numbe r  o f  experiment s hav e 
foun d effect s o f  spelling-soun d characteristic s whe n wor d frequenc y i s 
controlled .  Fo r  exampl e i t  i s  clea r  tha t  surfac e dyslexic s d o mak e 
more error s o n th e Coltheart-irregula r  tha n o n th e Coltheart-regula r 
word s eve n thoug h th e tw o set s o f  word s ar e matche d fo r  wor d frequency . 
The clai m her e i s jus t  tha t  th e effect s ar e reall y du e t o th e 
confounde d facto r  o f  spelling-soun d frequency .  Indeed ,  ou r  mode l 
interpret s effect s o f  wor d frequenc y o n wor d namin g tim e a s bein g du e t o 
th e frequenc y o f  spelling-soun d correspondence s i n tha t  word ,  includin g 
th e lexical-leve l  spelling-soun d correspondenc e (th e strengt h o f  whic h 
wil l  depen d directl y o n wor d frequency) . 

CONCLUSION 

We have shown that the full interactive activation framework 
when applie d t o th e domai n o f  spelling-to-soun d conversio n i s i n som e 
respect s to o powerful ,  becaus e man y differen t  inhibitio n mechanism s 
coul d giv e ris e t o delaye d processin g o f  word s wit h exceptiona l 
pronunciations .  Becaus e effect s whic h hav e previousl y bee n see n a s 
exceptionalit y effect s ar e i n fac t  simpl e spelling-to-soun d frequenc y 
effects ,  th e mode l  need s t o b e constrained .  A  mor e constraine d l A 
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model  i s discussed ,  whic h ha s n o feedbac k fro m phonologica l  t o 
orthographi c level s an d whic h als o use s a  differen t  mechanis m fo r  within -
leve l  inhibition .  Thi s ha s th e dua l  advantage s o f  givin g a  bette r  accoun t 
of  th e dat a an d requirin g fewe r  within-leve l  inhibitor y connections .  Th e 
constraine d mode l  give s ris e t o nove l  prediction s abou t  th e error s mad e b y 
surfac e dyslexi c patients ,  an d thes e prediction s ar e confirmed .  Thu s i t 
i s  bot h possibl e an d necessar y t o constrai n model s withi n th e 
interactive-activatio n framework . 
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