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A Connectionis t  Attentiona l  Shif t  M o d e l  o f  E y e - M o v e m e n t  Contro l  i n Readin g 

Ronan Reill y 

Departmen t  o f  Compute r  Scienc e 
Universit y Colleg e Dubli n 
Belfield .  Dubli n 4 ,  Irelan d 

r r e i l l y 0 c c v a x . u c d . i e 

Abs t rac t 

A connectionis t  attentional-shif t  mode l  o f  eye -

movement  contro l  (CASMEC)  i n readin g i s described . 

The mode l  provide s a n integrate d accoun t  o f  a  rang e 

of  saccadi c contro l  effect s foun d i n reading ,  suc h a s 

word-skipping ,  refixation ,  an d o f  cours e norma l 

saccadi c progression . 

Theoret ica l  b a c k g r o u n d 

The bulk of research on eye-movement control in 

readin g suggest s tha t  th e processe s controllin g th e 

when an d th e wher e o f  ey e movement s operat e 

relativel y independently ;  wor d identificatio n 

appear s t o determin e th e whe n o f  mos t  o f  th e 

forwar d movemen t  o f  th e eyes ,  whil e low-leve l 

oculomoto r  factor s ar e th e mai n influenc e o n wher e 

i n a  wor d th e ey e lands .  Nevertheless ,  th e processe s 

controllin g th e whe n an d wher e mus t  interac t  a t 

some level ,  an d a  numbe r  o f  attempt s hav e bee n 

made t o provid e a  coheren t  accoun t  o f  th e dynamic s 

of  thi s interactio n (McConkie ,  1979 ;  Morrison , 
1984 ;  Rayne r  &  Pollatsek ,  1989 ;  ORegan .  1990) . 

Connectionis m provide s a  convenien t 

framewoi k fo r  integratin g informatio n fro m severa l 

domain s (e.g. ,  languag e an d vision )  an d woul d 

therefor e see m wel l  suite d t o th e tas k o f  modellin g 

eye-movement s i n reading .  Th e mode l  describe d 

here ,  casmec ,  i s  primaril y a n integratio n an d 

computationa l  implementatio n o f  th e informa l 

model s o f  Morriso n (1984 )  an d OTiega n (1990) . 

Morrison' s proposa l  ca n b e sketche d ou t  broadl y a s 

follows :  Assum e tha t  th e wor d currentl y fixate d i s 

wor d n .  I n th e norma l  cours e o f  event s thi s wor d 

wil l  b e correctl y identifie d an d attentio n wil l  shif t  t o 

wor d n+1 .  Not e tha t  foveatio n an d allocatio n o f 

visua l  attentio n ar e assume d t o b e decoupled .  Th e 

proces s o f  shiftin g attentio n t o th e nex t  wor d 

automaticall y result s i n th e programmin g o f  a  ne w 

saccade .  I n mos t  cases ,  thi s progra m i s  executed . 

However ,  i f  th e shif t  i n attentio n ha s bee n o f 

sufficientl y lon g duratio n t o allo w th e identificatio n 

of  wor d n+ 1 withou t  th e nee d t o foveat e it ,  thre e 

.possibilitie s arise :  Th e firs t  i s  tha t  wor d 

identificatio n take s place ,  th e programme d saccad e 

i s cancelled ,  an d attentio n shift s t o wor d n+2 .  A 

ne w saccad e i s the n programme d an d subsequentl y 

executed .  Th e secon d possibilit y i s  tha t 

identificatio n occur s to o lat e t o dela y th e executio n 

of  th e saccad e t o wor d n+1 .  I n thi s case ,  a  saccad e 

t o wor d n+ 1 i s  rapidl y followe d b y a  saccad e t o 

wor d n+2 .  Th e thir d possibilit y  i s  tha t  th e saccadi c 

progra m i s  modifled ,  s o tha t  th e resultin g saccad e 

cause s th e ey e t o lan d somewher e betwee n wor d 

n+ 1 an d wor d n+2 .  Withi n thi s firamewoik,  on e ca n 

accoun t  fo r  th e skippin g o f  high-frequenc y word s 

(i.e. ,  readil y identifiabl e words) ,  saccade s tha t  lan d 

betwee n words ,  an d th e occasiona l  ver y brie f 

fixation .  Th e attentiona l  shif t  mechanis m i s als o a 

way o f  explainin g previe w effects .  Thes e occu r 

when th e encodin g o f  a  wor d i n th e curren t  fixatio n 

benefit s fro m i t  havin g bee n attende d o n th e 

precedin g fixation .  Ther e i s a  considerabl e amoun t 

of  evidenc e supportin g th e integratio n o f  som e for m 

of  informatio n acros s saccade s whic h facilitate s th e 

.  encodin g o f  th e subsequentl y fixate d wor d i n bot h 

readin g an d non-readin g task s (Rayne r  &  Pollatsek , 

1989) . 

The othe r  majo r  elemen t  o f  casme c i s base d o n 

th e wor k o f  C R e g a n (1990) .  H e propose d a  mode l 

of  eye-movemen t  contro l  whic h i s a  functio n o f 

low-leve l  oculomoto r  constraint s an d lexica l 

processes .  I n hi s  Strategy-Tactic s model ,  th e ey e 
moves forwar d i n carefu l  word-by-wor d reading , 

usin g low-spatia l  frequenc y cue s t o ai m a t  th e 
optima l  viewin g positio n (ovp )  o f  th e nex t  wor d 

(somewher e t o th e lef t  o f  it s  centre) .  C R e g a n an d 

hi s co-worker s (CRegan ,  Levy-Schoen ,  Pynte ,  & 

Brugalliere ,  1984 )  identifie d th e ov p a s a  particula r 

locatio n i n a  wor d wher e bot h spee d o f  recognitio n 

and likeUhoo d o f  refixatio n ar e a t  thei r  lowest . 

Aimin g a t  th e ov p represent s a n overal l  strateg y 

whic h give s wa y t o a  within-wor d tacti c t o 

maximis e th e amoun t  o f  informatio n picke d u p onc e 

a wor d ha s bee n fixated .  I f  th e ey e fail s t o lan d nea r 
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a word' s ovp ,  a  typica l  tactic ,  accordin g t o O'Regan , 

i s t o saccad e t o th e othe r  en d o f  th e wor d rathe r  tha n 

t o th e middle ,  thu s maximisin g th e combine d 

informatio n fro m bot h fixations . 

onble s uymplot D uympcol D enbk s 

tctivatia i 

lexica l 
ideotiricatia D 

enablo s 

•hif t 
rixmtio n 

visuA l 

modifie s 

Figur e 1 :  Th e camectionis t  aocniiona l  ahif i  mode l  o f  e>c-rooveme m conird .  Th e 
circle s repreaezi t  coDiiBCtionii t  module s an d th e iccungle s 
ncn-c<xmDctioni> t  contro l  modules .  Thic k liiB s indicat e a  flow  o f 
activation ,  thi n line s a  flow  o f  casrcl .  Th e asymptot e detecto n 
detemiiD B whe n th e r̂ mrmAir\ ^  ou^ut s from  th e lexica l  an d saccadi c 
module s hav e reached  asymptote . 

I m p l e m e n t a t i o n detail s 

An overview of casmec is given in Figure 1. The 

visua l  inpu t  i s processe d alon g tw o mai n pathways , 

th e first  dealin g wit h wor d recognitio n an d th e 

secon d dealin g wit h saccadi c programming .  Th e 

tw o module s i n circle s represen t  th e component s o f 

th e framework  tha t  ar e traine d usin g th e 

backpropagatio n learnin g algorith m (Rumelhart , 
Hinton ,  &  Williams ,  1986) ,  an d bot h consis t  o f 

singl e hidden-laye r  feedforwar d network s wit h 

ttainable  weights .  Th e module s i n rectangle s ar e 

non-connectionis t  an d ar e use d t o manipulat e th e 

input s an d output s o f  th e trainabl e module s i n way s 

tha t  wil l  b e describe d i n mor e detai l  below .  Th e 

thic k line s connectin g som e o f  th e module s 

represen t  th e transmissio n o f  activatio n values ,  an d 

th e thi n line s represen t  th e transmissio n o f 
triggerin g o r  enablin g signals . 

Visua l  Inpu t  Ma t r i x 

The visual input consists of a 26x20 matrix in which 

th e row s represen t  letter s an d th e column s represen t 

spatia l  locations .  Th e inpu t  matri x  i s intende d t o b e 

analogou s t o a  low-leve l  cortica l  representation . 

The effect s o f  th e non-homogeneit y o f  recepto r 

densit y i n th e retin a i s represente d i n tw o ways : 

First ,  movin g outwar d fro m th e are a projecte d t o b y 

th e fovea ,  ther e i s a  decreas e i n th e spatia l 

resolutio n o f  letters .  Second ,  ther e i s a 

commensurat e decreas e i n th e accurac y o f  lette r 

categorisation .  Bot h thes e representationa l 

assumption s ar e wel l  supporte d i n th e psychophysic s 

researc h literauir e (Chastain ,  1982 ;  Levi ,  Klein ,  & 

Aitsebaomo ,  1985) . 

Th e decreas e i n spatia l  resolutio n i s 

implemente d b y mean s o f  a  se t  o f  Gaussia n 

distribution s o f  varyin g standar d deviation .  Thes e 

wil l  b e referre d t o i n functiona l  for m a s y  =  G ( a , 

x) ,  wher e a  i s th e standar d deviatio n an d x  i s a  ter m 

correspondin g t o relativ e spatia l  location .  Co lum n 8 

i n th e visua l  inpu t  matri x wa s chose n a s th e centr e 

of  th e are a projecte d t o b y th e fovea .  Th e activatio n 

of  a  singl e uni t  i n thi s colum n represent s th e 

presenc e o f  th e lette r  i t  represents .  It s activatio n 

valu e i s give n b y G(0.25,0 )  =  1.6 .  Movin g awa y 

from  th e centre ,  t o th e column s o n eithe r  side ,  a 

increase s b y a  fixed  amount ,  whic h result s i n a 

decreas e i n th e heigh t  o f  th e distribution ,  an d 

thereb y th e activatio n leve l  o f  th e unit s i n th e 

column .  Furthermore ,  a s th e heigh t  o f  th e 

distributio n decrease s th e leakag e o f  activatio n t o 

th e sam e lette r  uni t  i n adjacen t  spatia l  location s 

increases .  Th e rat e a t  whic h c  increases ,  an d 

consequentl y th e rat e a t  whic h th e leve l  o f  uni t 

activatio n decreases ,  i s base d o n th e linea r  equatio n 

(du e t o O'Regan ,  1990) :  r'=r'Jl+m ^  )  wher e r '  i s 

th e rati o o f  th e acuit y (i n thi s case ,  leve l  o f  uni t 

activation )  a t  som e eccentricit y <1> ove r  th e acuit y a t 

th e centr e o f  th e fovea ,  r' ^  i s thi s rati o fo r  th e centre , 

an d m i s a  constan t  whic h reflect s th e rat e o f 

.  increas e i n th e siz e o f  th e cortica l  receptiv e fields  a s 

(j > increases .  Eac h spatia l  locatio n represent s a n 

incremen t  i n ^  o f  0.25 °  (i.e. ,  fou r  letter s t o a 

degree) .  A  valu e fo r  m o f  1. 6 wa s chose n becaus e i t 

gav e a  convenien t  a  incremen t  o f  0. 1 an d wa s clos e 

t o th e valu e o f  1. 7 estimate d b y O'Rega n (1990 )  fo r 

readin g o n th e basi s o f  a  rang e o f  psychophysica l 

experiments . 
Th e valu e x  determine s th e amoun t  o f 

activatio n tha t  leak s int o adjacen t  column s o f  th e 
visua l  matrix .  O n th e assumptio n tha t  ther e i s 

perfec t  spatia l  resolutio n a t  th e centre ,  th e incremen t 

t o X  associate d wit h on e characte r  spac e (i.e. ,  on e 

column )  wa s chose n t o correspon d t o th e poin t  a t 

whic h G(0.25^)=0.001 ;  i n othe r  words ,  wher e th e 

leakag e o f  activatio n from  th e centra l  locatio n t o th e 

immediatel y adjacen t  location s i s negligible .  Th e 

valu e o f  X  chose n usin g thi s criterio n wa s 1.0 . 
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For  eac h spatia l  location ,  a  Gaussia n wa s use d 

t o represent  th e degre e o f  categor y certainty .  A s 

on e move s furthe r  awa y fro m th e centre ,  o  i s 

incremented ,  resulting  i n a  decreas e i n activatio n fo r 

th e relevant  lette r  uni t  an d a n increas e i n th e 

leakag e o f  activatio n t o categor y (a s oppose d t o 

spatial )  neighbours .  Thus ,  th e uni t  representing  "a" , 

say ,  activate s unit s fo r  visuall y simila r  letters ,  an d 

doe s s o t o a n increasin g exten t  a s on e move s awa y 

fro m th e centre .  Visua l  similarit y wa s determine d 

by a  cluste r  analysi s o f  th e pixe l  representation  o f  a 

standar d fon t 

Attentiona l  M e c h a n i s m 

A key role in CASMEC is played by visual attention. 

Thi s proces s i s operationalise d b y a  movabl e 

inverte d "spotlight "  whic h suppresse s th e activatio n 

of  par t  o f  th e visua l  representation  whil e leavin g th e 

attende d are a a t  it s  norma l  leve l  (cf .  Mozer ,  1991) . 

Th e neurophysiologica l  motivatio n fo r  thi s come s 

fro m Crick' s (1984 )  proposa l  fo r  a n attentiona l 

mechanis m o f  thi s sor t  operatin g i n th e are a o f  th e 

thallamus .  I n th e implementation ,  th e activit y o f  al l 

non-attende d region s o f  th e inpu t  i s multiplie d b y 

0.25 .  Thi s figur e wa s chose n t o b e smal l  enoug h t o 

giv e word s tha t  wer e attende d to ,  bu t  no t  foveated ,  a 

chanc e t o compet e wit h th e fovea l  inpu t  I t  als o ha d 

t o b e smal l  enoug h t o provid e th e saccade-targetin g 

mechanis m wit h a  relatively  noise-fre e target . 

Lexica l  E n c o d i n g M o d u l e 

The internal architecture of the lexical module is a 

fully-connecte d feedforwar d netwoii c wit h a  26x1 6 

inpu t  units ,  IS O hidde n units ,  an d eigh t  outpu t  units . 

Th e inpu t  t o th e modul e come s fro m th e centra l  1 6 

column s o f  th e visua l  inpu t  matri x an d i s modifle d 

by th e attentiona l  spotlight ,  whic h dampen s dow n 

th e activatio n o f  non-attende d words .  Eigh t  outpu t 

unit s ar e use d t o represent  eac h o f  th e 22 2 word s i n 

th e trainin g corpu s (describe d below) .  Word s tha t 

ar e visuall y simila r  ar e give n simila r  lexica l  codes . 

Withi n a  large r  readin g model ,  th e lexica l 

modul e woul d mak e a  lexica l  representatio n 

availabl e t o higher-orde r  processes .  Here ,  however , 

i t  simpl y serve s t o stor e th e sequenc e o f  identifie d 

word s an d enabl e a  shif t  i n attention . 

Saccadi c Contro l  M o d u l e 

The input to the saccadic programming module is 

als o derive d fro m th e visua l  inpu t  matrix .  Sinc e 

low-spatia l  frequency  informatio n appear s t o b e 

use d i n targetin g saccadi c eye-movements ,  th e 

visua l  inpu t  matri x i s u-ansforme d int o a  vecto r  b y 

collapsin g ove r  th e categor y dimension .  Th e 

element s o f  th e resulting  vecto r  correspon d t o th e 2 0 

spatia l  locations ,  an d th e valu e fo r  a  give n elemen t 

i s th e m a x i m u m activatio n valu e i n th e collapse d 

colum n fo r  tha t  location . 

Th e interna l  architectur e o f  th e saccadi c 

modul e i s a  standar d feedforwar d network .  Ther e 

ar e 2 0 inpu t  units ,  I S hidde n units ,  an d tw o ouq}u t 

units .  Th e learnin g tas k i s t o saccad e t o th e 

spotlighte d are a o f  th e inpu t  vector .  Th e tw o outpu t 

unit s represen t  th e direction s lef t  an d right  Thei r 

activatio n value s provid e th e distanc e t o th e lef t  o r 

right  tha t  th e "eye "  ha s t o m o v e i n orde r  t o foveat e 

th e attende d wor d "blob. "  Th e "shif t  fixation" 

module ,  whe n triggered ,  take s thi s outpu t  an d use s i t 

t o modif y th e visua l  inpu t  matrix . 

Modell in g th e T e m p o r a l  D y n a m i c s 

Normally, a two-layer feed-forward network will 

generat e a n outpu t  fro m a  give n inpu t  i n tw o time-

steps .  I n orde r  t o deriv e processin g time  dat a fix)m 

thes e networics ,  a  techniqu e fu^ t  describe d b y 

Cohen ,  Dunbar ,  an d McClellan d (1990 )  wa s used . 

Durin g th e performanc e phas e o f  th e modellin g 

process ,  th e standar d weighte d su m o f  inpu t 

'activation s i s replaced  wit h th e followin g time-

averagin g formula : 

"^^h-t = '^X (^..'^/i) + (1 - '^)^tj..-i 
i 

wher e net ,  i s  th e ne t  inpu t  t o uni t  j  a t  time  t , 
netj,. i  inpu t  t o thi s uni t  o n th e previou s time  cycle , 

aj ,  i s  th e activatio n o f  uni t  i  a t  time  t ,  Wj j  i s  th e 

strengt h o f  th e connectio n fro m uni t  i  t o unity ,  an d T 

i s a  time  constan t  tha t  determine s wha t  combinaticn i 

of  th e curren t  an d previou s ne t  input s t o th e uni t  i s 

t o b e use d i n th e calculatio n o f  th e curren t 

activatio n level .  B y usin g thi s formula ,  activatio n 

build s u p slowl y i n th e outpu t  unit s o f  a  feedforwar d 

networ k an d asymptote s t o a  stabl e value .  Th e 

number  o f  cycle s t o asymptot e i s use d a s a n 

analogu e o f  processin g time.  I n Figur e 1 ,  th e tw o 

module s labelle d "asymptot e detector "  ar e use d t o 

chec k whethe r  th e outpu t  fro m th e lexica l  an d 
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saccadi c module s ha s asymptoted .  W h e n a n 

asymptot e i s reache d th e module s generat e a  signa l 

tha t  i s use d b y th e module s controllin g fixatio n an d 

attentio n shifts . 

I n th e cas e o f  th e lexica l  module ,  i  wa s chose n 

so tha t  th e numbe r  o f  cycle s take n fo r  th e modul e t o 

asymptot e whe n fixatin g a  typica l  wor d (bot h i n 

frequency  an d length )  wa s roughl y equa l  t o 125 . 

Thi s i s th e numbe r  o f  m s estimate d t o b e neede d t o 

encod e a  typica l  wor d (Rayne r  &  Pollatsek ,  1989) . 

I n th e cas e o f  th e saccadi c ivogrammin g module ,  a 

valu e fo r  t  wa s chose n s o tha t  th e averag e numbe r 

of  cycle s t o asymptot e wa s als o aroun d ISO .  Th e 

ai m her e wa s t o equat e cycl e tim e wit h th e numbe r 

of  millisecond s require d t o programm e an d execut e 

a saccade .  Th e saccadi c programmin g tim e 

probabl y ha s a  lowe r  boun d o f  7 5 ms ,  whic h whe n 

combine d wit h a n efferen t  la g o f  50-6 0 ms ,  give s a 

combine d lowe r  boun d o f  12 5 ms ,  wit h 15 0 m s 

assumed t o b e a n averag e value .  Usin g thes e 

criteria ,  th e i  fo r  th e lexica l  modul e wa s se t  a t  0. 1 

and a t  0.1 5 fo r  th e saccadi c programmin g module . 

Trainin g phas e 

In the training phase, the saccadic and lexical 

module s wer e traine d usin g th e backpropagatio n 

learnin g algorithm .  Thre e storie s excerpte d fro m a 

schoo l  reade r  wer e used ,  consistin g o f  86 3 word s i n 

total ,  mad e u p o f  22 2 differen t  words .  Th e averag e 

wor d lengt h o f  th e tex t  wa s 4. 5 letters .  Word s 

occurre d wit h varyin g frequency  i n th e text ,  an d thi s 

corpus-base d frequency  wa s use d a s a  wa y o f 

buildin g i n frequenc y structur e tha t  coul d b e use d i n 

a late r  stud y o f  frequenc y effects . 
The lexica l  modul e wa s traine d t o identif y 

word s randoml y fixate d a t  differen t  locations .  I n 

trainin g th e saccadi c programmin g module ,  th e 
networ k wa s traine d t o mak e th e rang e o f  saccade -

type s tha t  on e find s i n norma l  adul t  reading .  Th e 

precis e proportion s o f  progressions ,  regressions ,  an d 

re-fixation s wer e derive d from  empirica l  dat a 
(Rayne r  &  Pollatsek ,  1989 ;  CRegan ,  1990) . 

Testin g phas e 

For the test phase the trained saccadic and lexical 

component s wer e assemble d a s show n i n Figur e 1 , 
and th e resultin g behaviou r  compare d wit h know n 

qualitativ e an d quantitativ e aspect s o f  eye -

movement  contro l  i n reading . 

Simulate d readin g proceed s a s follows : 

Fixation-size d chunk s o f  tex t  comprisin g o n averag e 

fou r  word s ar e pre-processe d int o a  visua l  inpu t 

matri x an d the n loade d int o th e visua l  inpu t  module . 

Thi s modul e i s use d a s a  sourc e o f  inpu t  fo r  bot h th e 

lexica l  encodin g an d saccadi c programmin g 

modules .  A t  som e poin t  th e leve l  o f  activatio n i n 

one o f  th e module s asymptote s t o a  stabl e value .  I n 

th e cas e o f  th e lexica l  module ,  th e tim e take n t o 

asymptot e wil l  var y accordin g t o th e frequenc y o f 

th e wor d fixate d an d th e fixatio n locatio n withi n th e 

word .  W h e n th e lexica l  encodin g modul e 

asymptote s thi s i s detecte d b y a n asymptot e 

detectio n modul e whic h send s a n enablin g signa l  t o 

th e lexica l  identificatio n modul e whic h enable s a 

shif t  i n attention .  O n th e othe r  hand ,  i f  th e saccadi c 

modul e i s th e firs t  t o asymptote ,  an d i f  th e siz e o f 

th e propose d saccad e i s greate r  tha n som e threshold , 

the n a  saccad e i s executed .  Sinc e th e goa l  o f  th e 

saccadi c modul e i s t o fixat e th e currentl y attende d 

word ,  a  saccad e a t  thi s stag e wil l  caus e a  refixatio n 

of  th e currentl y attende d wor d i n th e manne r 

propose d b y CRegan . 

When a  shif t  i n fixatio n i s triggere d informatio n 

abou t  th e siz e o f  th e shif t  i s  rea d from  th e saccadi c 

modul e an d use d t o selec t  th e nex t  chun k o f  tex t  t o 
be fixated .  Attentio n i s allocate d t o th e wor d a t  th e 

centr e o f  th e fovea l  projectio n I f  th e centr e fall s  o n 

a spac e betwee n words ,  th e wor d t o th e righ t  i s 

chose n a s th e focu s o f  attentio n (thi s assumptio n 

require s empirica l  verification) .  Th e tex t  i s  pre -

processe d i n th e usua l  wa y b y th e visua l  inpu t 

modul e an d passe d alon g th e saccadi c an d lexica l 

pathways .  Not e tha t  th e lexica l  modul e i s no t  rese t 

at  thi s point ,  onl y th e inpu t  layer s o f  eac h modul e 
ar e changed .  Ther e wil l  stil l  b e som e residua l 

activatio n i n th e hidde n an d outpu t  layer s from  th e 

previou s fixatio n whic h ca n hel p accelerat e 

convergenc e i n th e curren t  fixation ,  thu s permittin g 

th e integratio n o f  informatio n acros s fixations .  I t  i s 

a debatabl e poin t  whethe r  o r  no t  th e saccadi c 
modul e shoul d als o b e rese t  Ar e there ,  fo r 

example ,  th e equivalen t  o f  previe w effect s i n 

saccadi c programming ,  whereb y a  saccad e o f  equa l 

lengt h t o th e previou s on e i s programme d mor e 

rapidly ,  thu s shortenin g th e curren t  fixatio n 
duration ? Again ,  thi s  i s a n ope n empirica l  question . 

For  th e present ,  i t  i s assume d tha t  a  rese t  doe s take s 

place . 

P e r f o r m a n c e o f  th e M o d e l 

The mean fixation duration for one pass through the 

trainin g tex t  entailin g ove r  80 0 fixation s wa s aroun d 
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20 0 m s an d th e m e a n saccadi c lengt h wa s 6 

characters .  Bot h figure s ar e smalle r  tha n on e woul d 

expec t  fro m adul t  readers.  Fixation s wer e shorter , 

becaus e th e reflxation  tacti c use d b y th e mode l 

generate d a  relatively  larg e numbe r  o f  brie f 

fixations .  T h e distributio n o f  fixatio n duration s 

tende d t o b e bi-modal .  Thi s suggest s tha t  som e o f 

th e timin g assumptions ,  particularl y wit h regard  t o 

saccadi c modul e m a y hav e t o b e reviewed.  Th e 

mai n reaso n fo r  th e shorte r  saccade s wa s becaus e 

fewe r  word s wer e skippe d tha n i n norma l  readin g 

an d als o becaus e th e m e a n wor d lengt h o f  th e tex t  i s 

belo w averag e a t  aroun d fou r  characters . 

Shif t  invarianc e 

The model demonstrated a surprising degree of 

shift-invarianc e i n th e recognitio n o f  words .  Te n 

tes t  passe s wer e m a d e throug h th e corpu s i n whic h 

eac h wor d i n th e tex t  wa s fixate d a t  som e rando m 

positio n i n th e rang e comprisin g th e word ,  plu s 

thre e character s prio r  an d tw o after .  Word s wer e 

correctl y identifie d o n 9 5 % o f  fixations ,  an d o f  th e 

22 2 uniqu e word s 9 0 % wer e correctl y identified .  I t 

seems tha t  th e spatia l  an d categor y "blurring "  o f  th e 

inpu t  representation,  ha s th e beneficia l  effec t  o f 

makin g th e inpu t  identifiabl e a t  differen t  horizonta l 

displacements . 

effec t  i s no t  a  trainin g artefact ,  sinc e eac h lette r  wa s 

equiprobabl e a s a  fixatio n locatio n durin g training . 

Cont ingen t  change s i n displa y 

Apart from normal reading, the model is also 

capabl e o f  simulatin g a  rang e o f  eye-movemen t 

contingen t  displa y chang e experiments ,  suc h a s th e 

movin g w indo w studie s o f  McConk i e an d Rayne r 

(1975) .  O n e o f  thei r  condition s involve d replacin g 

th e letter s o f  word s i n th e parafove a wit h Xs .  The y 

foun d tha t  thi s manipulatio n actuall y speede d u p 

fixatio n duration s whe n compare d t o othe r 

replacement  options ,  suc h a s th e us e o f  similarl y 

shape d letters .  The y interprete d thi s effec t  a s du e t o 

lac k o f  interferenc e fro m letter s beyon d th e windo w 

boundary .  I n th e simulation ,  whe n word s i n th e 

peripher y wer e replace d wit h eithe r  a  rando m 

sequenc e o f  consonant s o r  a  sequenc e o f  X s ,  th e 

averag e fixatio n duratio n wa s longe r  fo r  th e 

consonan t  sequenc e tha n th e X  sequence .  Th e X 

sequenc e wa s clos e t o tha t  o f  norma l  reading .  Th e 

simulatio n behaviou r  suggest s tha t  McConk i e an d 

Rayner' s explanatio n fo r  thi s effec t  i s  onl y par t  o f 

th e story :  I n th e simulation ,  bot h th e lexica l 

processin g an d saccadi c programmin g component s 

ar e speede d up ,  indicatin g tha t  a s wel l  a s providin g 

les s interference ,  th e X s als o presen t  a  cleare r  targe t 

fo r  th e saccadi c module . 

O p t i m a l  v iewin g positio n effect s 

Figur e 2 :  Optima l  viewin g poslUo n effec t  i n 
simulatio n dat a 

—n 5 letter s 

6 lener a 

7 lener a 

150 
1 2 3  4  5  6 

Fixation position In word 

A typica l  ov p patter n wa s foun d i n th e simulatio n 

data .  I n Figur e 2 ,  th e ov p fo r  eac h wor d tend s t o b e 

lef t  o f  centre ,  an d i s mor e pronounce d fo r  longe r 

words ,  a s i n rea l  readin g (CRegan ,  1990) .  Not e 

tha t  th e zer o locatio n i n Figur e 2  represent s th e 

spac e prio r  t o th e wor d an d tha t  "cycles "  i s a n 

analogu e o f  fixatio n duration .  Not e als o tha t  thi s 

Othe r  feature s o f  th e mode l 

Due to space limitations only a sample of the 

model' s capabilitie s ca n b e discussed .  A m o n g othe r 

aspect s o f  readin g behaviou r  reproduced  b y th e 

model  ar e refixations,  frequenc y effect s (hig h 

frequenc y word s ar e mor e rapidl y encode d tha n lo w 

frequenc y words) ,  periphera l  previe w effects ,  an d 

wor d skipping .  I n th e latte r  cas e tw o word s ar e 

recognise d i n on e fixatio n an d a  saccad e i s 

programme d t o wor d n+2 .  Th e skippe d wor d tend s 

t o b e shor t  an d o f  hig h frequenc y withi n th e corpus . 

Conc lus i o n 

Casmec is capable of accounting for a range of eye-

movement  contro l  behaviou r  i n reading .  I t 

represent s a  rigorous  alternativ e t o th e mor e usual , 

informall y specified ,  model s i n th e area .  Casme c 

exploit s th e singl e currenc y provide d b y 
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connectionis m t o represen t  th e interactio n betwee n 

th e visual ,  lexical ,  an d moto r  domain s 

The effor t  o f  implementin g th e mode l  ha s 

clarifie d som e existin g flndings  (e.g. ,  th e X  effec t  i n 

th e movin g windo w experiment s o f  McConki e an d 

Rayner ,  1975 )  an d raise d som e ne w empirica l 

questions :  H o w ,  fo r  example ,  i s th e intende d targe t 

wor d selecte d o n a  ne w fixatio n i f  th e ey e land s 

betwee n tw o words ? Ar e ther e th e equivalen t  o f 

previe w effect s i n saccadi c programming ? 

The mai n shortcomin g o f  th e mode l  i s tha t  i t 

does no t  matc h th e distributiona l  propertie s o f 

fixatio n duration s foun d i n readers .  Thi s i s du e t o 

th e timin g assumption s o f  th e model .  Althoug h 

thes e hav e bee n derive d fro m empirica l  data ,  th e 

simulatio n result s sugges t  tha t  th e interpretatio n o f 
thes e dat a ma y nee d t o b e re-examined . 

Whil e th e focu s o f  thi s pape r  ha s bee n o n jus t 

one mode l  o f  eye-movemen t  control ,  th e 

connectionis t  implementatio n i s potentiall y  a 

framework  fo r  th e exploratio n o f  a  rang e o f  suc h 

models .  Man y o f  th e element s o f  th e framework  ar e 

uncontroversial ;  wha t  i s usuall y a t  issu e i s ho w th e 

element s interact .  Th e framework  presente d her e 

shoul d allo w a  numbe r  o f  differen t  interactio n 

protocol s t o b e tested . 
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