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S p o k e n W o r d Recogn i t io n i n th e Visua l  W o r l d P a r a d i g m 

Reflects the Structure of the Entire Lexicon 

James S. Magnuson (magnuson9bcs.rochester.edu) 
Michae l  K .  Tanenhau s (mtan@bcs.rochester.edu ) 

Richar d N .  Asli n (aslin@cvs.rochester.edu ) 
Delphin e Daha n (dahan@bcs.rochester.edu ) 

Brai n an d Cognitiv e Sciences ,  Universit y o f  Rochester ,  Melior a Hall ,  Rochester ,  N Y 1462 7 U S A 

Abstrac t 

When subjects are asked to move items in a visual display 
i n respons e t o spoke n instructions ,  thei r  ey e movement s 
ar e closel y time-locke d t o th e unfoldin g speec h signal .  A 
recentl y develope d eye-trackin g method ,  th e "visua l  worl d 
paradigm" ,  exploit s thi s phenomeno n t o provid e a 
sensitive ,  continuou s measur e o f  ambiguit y resolutio n i n 
languag e processin g phenomena ,  includin g competitio n 
effect s i n spoke n wor d recognitio n (Tanenhaus ,  Spivey -
Knowlton ,  Eberhard ,  &  Sedivy ,  1995) .  Wit h thi s method , 
competitio n i s  typicall y measure d betwee n name s o f  , 
object s whic h ar e simultaneousl y displaye d i n fron t  o f  th e 
subject .  Thi s mean s tha t  fixatio n probabilitie s ma y no t 
reflec t  competitio n withi n th e entir e lexicon ,  bu t  onl y tha t 
among item s whic h becom e activ e becaus e the y ar e 
displaye d simultaneously .  T o tes t  this ,  w e create d a  small , 
artificia l  lexico n wit h specifi c  lexica l  similarit y 
characteristics .  Subject s learne d nove l  name s fo r  1 6 nove l 
geometri c objects .  Object s wer e presente d wit h high , 
mediu m o r  lo w frequenc y durin g training .  Eac h lexica l  ite m 
had tw o potentia l  competitors .  Th e crucia l  compariso n wa s 
betwee n high-frequenc y item s whic h ha d eithe r  high -  o r 
low-frequenc y competitors .  I n spoke n wor d recognition , 
performanc e i s correlate d wit h th e numbe r  o f  frequency -
weighte d neighbor s (phonologicall y simila r  words )  a  wor d 
has ,  suggestin g tha t  neighbor s compet e fo r  recognitio n a s 
a functio n o f  frequenc y an d similarit y (e.g. ,  Luc e &  Pisoni , 
1998) .  W e foun d tha t  i n th e visua l  worl d paradigm ,  fixatio n 
probabilitie s fo r  item s wit h high-frequenc y neighbor s wer e 
delaye d compare d t o thos e fo r  item s wit h low-frequenc y 
neighbors ,  eve n whe n th e item s wer e presente d wit h 
unrelate d items .  Thi s indicate s tha t  fixatio n probabilitie s 
reflec t  th e interna l  structur e o f  th e lexicon ,  an d no t  jus t  th e 
characteristic s o f  displaye d items . 

Introduction 

Understandin g th e structur e an d rol e o f  th e lexico n i n spoke n 
wor d recognitio n ha s implication s a t  highe r  an d lowe r  level s 
of  processing .  Recen t  theorie s hav e place d muc h syntactic , 
semanti c an d pragmati c knowledg e i n th e lexico n (e.g. , 
MacDonald ,  Pearlmutte r  &  Seidenberg ,  1994 ;  Tanenhau s & 
Trueswell ,  1995) .  Thus ,  representation s activate d i n th e 
resolutio n o f  wor d recognitio n m a y hav e cascadin g effect s 
whic h c o m e int o pla y a t  highe r  levels .  A t  th e sam e time , 
lexica l  knowledg e als o ha s effect s a t  lowe r  levels ,  suc h a s 
aspect s o f  speec h perceptio n whic h hav e ofte n bee n 
considere d pre-lexica l  (e.g. ,  Andruski ,  Blumstein ,  &  Burton , 
1994 ;  Marslen-Wilso n &  Warren ,  1994) .  Understandin g th e 
structur e o f  th e lexico n an d lexica l  activatio n pattern s i n 
spoke n wor d recognitio n wil l  clearl y provid e a  vita l  ste p 
toward s understandin g languag e processing . 

A fe w ke y parameter s hav e bee n identifie d whic h accoun t 
fo r  substantia l  amount s o f  variabilit y i n spoke n wor d 
recognition .  Luc e an d colleague s (e.g. .  Luc e an d Pisoni , 
1998 )  hav e show n tha t  lo g wor d frequenc y alon e ca n accoun t 
fo r  4  t o 6 % o f  th e varianc e observe d i n wor d identificatio n 
unde r  noise ,  wherea s 1 6 t o 2 2 % o f  th e varianc e ca n b e 
accounte d fo r  b y th e frequency-weighte d neighborhoo d 
probabilit y  rul e ( F W N P R ) ,  whic h i s th e basi s o f  thei r 
Neighborhoo d Activatio n Mode l  ( N A M ) .  Th e F W N PR 
estimate s th e amoun t  o f  expecte d competitio n betwee n a 
wor d an d it s "neighbors "  (simila r  words ,  ofte n define d a s 
word s differin g b y n o mor e tha n on e phoneme) ,  weighte d b y 
thei r  frequencies . 

Thes e sort s o f  result s infor m u s abou t  wha t  Marslen -
Wilso n (1993 )  ha s terme d th e macrostructur e o f  spoke n wor d 
recognition .  However ,  the y provid e littl e informatio n abou t 
th e microstructur e o f  th e on-lin e lexica l  processin g — e.g. , 
what  determine s th e natur e o f  th e competito r  se t  ove r  tim e 
and th e tim e cours e o f  competitio n effects .  Instead ,  the y 
provid e coarse ,  indirec t  information .  I n a  typica l  experiment , 
recognitio n an d accurac y ar e measured ,  bu t  thes e ar e usuall y 
all-or-nothin g dat a measure s o f  post-recognitio n decisions , 
whic h d o no t  tel l  u s directl y abou t  on-lin e processing . 
Instead ,  mechanism s o f  on-lin e processin g mus t  b e inferre d 
indirectl y b y seein g h o w wel l  differen t  parameter s (e.g. , 
frequency )  correlat e wit h performance . 

The interactive-activatio n connectionis t  model ,  T R A C E 
(McClellan d an d Elman ,  1986) ,  i s a n exampl e o f  a  clas s o f 
model s whic h provid e a  differen t  metho d o f  testin g 
prediction s (a n implementatio n o f  th e Luc e an d Pisoni , 
1998 ,  N A M woul d b e anothe r  example) .  Give n a  simulate d 
input ,  T R A C E provide s a  continuou s predictio n ove r  tim e 
of  whic h word s i n th e lexico n shoul d b e activ e an d 
competin g fo r  recognition .  I n th e to p pane l  o f  Figur e 1 ,  w e 
presen t  T R A C E activation s fo r  a  targe t  input ,  beaker ,  a n 
onse t  competito r  (calle d a  "cohort "  ite m becaus e th e Cohor t 
model  predict s tha t  mainl y item s whic h shar e onset s 
compete) ,  beetle ,  a  rhyme ,  speaker ,  an d a n unrelate d ite m 
(th e activation s ar e scaled ;  se e below) .  Bu t  wit h thes e fine -
graine d prediction s i n hand ,  h o w ca n w e tes t  them ? 
Conventiona l  psycholinguisti c task s canno t  provid e 
continuous ,  on-lin e measure s o f  activatio n usin g continuou s 
speech ;  task s whic h ar e use d t o tr y t o m a k e tim e cours e 
measurements ,  suc h a s gating ,  requir e interruptin g th e 
speec h strea m an d thu s usin g a n unnatura l  stimulus . 

Tanenhau s an d hi s  colleague s hav e develope d a n ey e 
trackin g metho d fo r  studyin g spoke n languag e 
comprehensio n whic h provide s a  sensitive ,  continuou s 
measur e o f  lexica l  activatio n (e.g. ,  Tanenhau s e t  al. ,  1995) . 
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I n thi s "visua l  wor l d paradigm" ,  a  subjec t  see s a  displa y 
containin g severa l  object s (eithe r  rea l  object s o r  picture s o n 
a compute r  display) .  W h e n subject s ar e aske d t o perfor m a n 
actio n wit h on e o f  th e object s (e.g. ,  "pic k u p th e beaker "  o r 
"clic k o n th e beetle") ,  thei r  ey e m o v e m e n t s ar e closel y time -
locke d t o th e speec h stream .  Fo r  example ,  subject s migh t  b e 
s h o w n a  displa y containin g object s beaker ,  beetle ,  speake r 
andcaniage .  I f  the y ar e aske d t o "pic k u p th e beaker" ,  th e 
probabilitie s o f  fixatin g eac h ite m ove r  tim e ca n b e 
compare d directl y t o T R A C E predictions . 

I n th e lowe r  pane l  o f  Figur e 1  ar e dat a f ro m Allopenna , 
M a g n u s o n an d Tanenhau s (1998) ,  w h o presente d m a n y suc h 
display s t o severa l  subject s (th e dat a show n ar e average d ove r 
severa l  item s an d severa l  subjects) .  A s ca n b e see n b y 
compar in g th e uppe r  an d lowe r  panel s o f  Figur e 1 ,  th e dat a 
ar e ver y simila r  t o th e T R A C E predictions .  Not e tha t  th e 
fixatio n probabilitie s d o no t  s u m t o 1  becaus e subject s 
begi n eac h tria l  fixatin g a  centra l  fixatio n cross ,  an d tha t  th e 
T R A CE activation s hav e bee n transforme d t o simulat e th e 
experimenta l  situatio n o f  havin g limite d respons e 
possibilitie s (se e Allopenn a e t  al .  fo r  details) . 

No t e als o tha t  whil e mos t  o f  th e chang e i n probabilitie s 
occu r  afte r  targe t  offset ,  th e fixatio n probabilitie s ar e m o r e 
closel y time-locke d t o th e spoke n inpu t  tha n the y appear .  I n 
ver y simpl e tasks ,  participant s requir e approximatel y 15 0 
m s ec t o pla n an d launc h a  saccad e (e.g. ,  Mat in ,  Shao ,  & 
Boff ,  1993) .  Al lowin g fo r  thi s plannin g time ,  i t  i s  clea r  tha t 
th e earlies t  ey e m o v e m e n t s ar e bein g planne d approximatel y 
10 0 mse c afte r  targe t  onset . 

S o me othe r  notabl e qualitie s o f  th e paradig m ar e tha t  i t 
doe s no t  requir e subject s t o m a k e explici t  decision s abou t 
stimuli .  Instead ,  ey e m o v e m e n t s ar e monitore d a s subject s 
respon d naturall y t o continuou s spoke n instructions .  Give n 
a properl y constraine d tas k (on e i n wh ic h visuall y guide d 
m o v e m e n t s ar e required ,  whic h allow s a  functiona l 
interpretatio n o f  ey e m o v e m e n t s an d avoid s th e problem s 
identifie d b y Viviani ,  1990 ;  se e Allopenn a e t  a l ,  1998 ,  fo r 
furthe r  discussion) ,  ey e m o v e m e n t s provid e a n incidenta l 
measur e o f  moment - to -momen t  attention . 

T h e result s reporte d b y Al lopenn a e t  al .  demonstrat e th e 
sensitivit y o f  th e visua l  worl d paradigm .  Whi l e cohor t 
(onse t  overlap )  effect s wer e well-establishe d (e.g. ,  Marslen -
Wi lso n &  Zwitserlood ,  1989) ,  r hym e effect s ha d prove n 
m o r e elusive .  Fo r  example ,  w e a k r h y m e effect s ha d bee n 
reporte d i n cross-moda l  an d auditory-auditor y primin g 
(Connine ,  Blask o &  Titone ,  1993 ;  Andrusk i  e t  al. ,  1994 ) 
onl y w h e n th e rhyme s differe d b y onl y on e o r  tw o phoneti c 
features .  Allopenn a e t  al.' s  rhyme s al l  differe d b y mor e tha n 
t w o features .  T h u s ,  i n additio n t o providin g informatio n 
abou t  th e tim e cours e o f  activation ,  th e visua l  worl d 
paradig m als o prove d t o b e m o r e sensitiv e tha n othe r  spoke n 
wor d recognitio n paradigms . 

Howeve r ,  object s whos e name s wer e predicte d t o compet e 
wer e displaye d a t  th e s a m e time .  W h i l e thi s allowe d th e 
most  direc t  compariso n with ,  e.g. ,  T R A C E predictions ,  th e 
result s ar e a m b i g u o u s i n on e respect :  the y m a y hav e bee n 
du e t o th e us e o f  display s wit h a  restricte d se t  o f  items .  Tha t 
is ,  competitio n m a y hav e bee n limite d t o th e se t  o f 
displaye d items ,  an d m a y no t  hav e reflecte d th e influenc e o f 
th e res t  o f  th e lexicon .  Thi s i s importan t  becaus e th e 

Referen t  (e.g. ,  "beaker" ) 
Cohor t  (e.g. ,  "beetle" ) 

6—Rhyme (e.g. ,  "speaker" ) 
Unrelate d (e.g. ,  "carriage" ) 
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200 40 0 60 0 80 0 
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Figur e 1 :  T R A C E activation s converte d t o predicte d 
fixatio n probabilitie s (to p panel )  an d observe d probabilitie s 
of  fixatin g a  target ,  a  cohort ,  a  rhyme ,  an d a n unrelate d 
objec t  fro m Allopenn a e t  al .  (1998) . 

strength of other paradigms is their ability to inform 
hypothese s abou t  whic h lexica l  item s ar e activate d b y a 
give n inpu t  — althoug h thi s i s throug h indirec t  evidenc e o f 
competition ,  a s reflecte d i n reduce d performance .  Th e visua l 
worl d paradig m provide s a  relativel y direc t  measur e o f  th e 
relativ e activation s o f  displaye d lexica l  items ,  bu t  doe s i t 
indicat e th e activatio n o f  item s whic h ar e no t  present ? 

O ne w a y t o determin e whethe r  competitio n i s limite d t o 
th e displaye d portio n o f  th e lexico n i s t o measur e response s 
t o item s wit h differen t  frequency-weighte d neighborhoo d 
densitie s ( F W N D s ) .  Recal l  tha t  Luc e an d colleague s hav e 
show n tha t  a  word' s F W N D account s fo r  m u c h o f  th e 
varianc e i n spoke n wor d recognition ,  an d conside r  a n 
exampl e o f  t w o words ,  A  an d B .  I f  bot h hav e 2  neighbors , 
an d al l  thei r  neighbor s hav e equa l  occurrenc e firequencies, 
recognitio n time s fo r  A  an d B  shoul d b e equivalent .  I f  w e 
increas e A' s F W N D b y givin g i t  m o r e neighbors ,  i t  shoul d 
tak e longe r  t o recogniz e A  (becaus e n o w ,  give n A ,  mor e 
word s compet e fo r  recognition) .  I f  instea d w e increas e th e 
frequenc y o f  A ' s 2  neighbors ,  i t  shoul d stil l  tak e longe r  t o 
recogniz e A  (sinc e word s o f  highe r  frequenc y compet e mor e 
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strongly ,  an d A' s F W N D ha s increased) .  H o w woul d suc h a 
neighborhoo d densit y effec t  manifes t  itsel f  unde r  th e visua l 
worl d paradigm ? W e coul d presen t  wor d A  amon g thre e 
unrelate d items ,  an d presen t  wor d B  amon g thre e unrelate d 
items .  I f  A' s F W N D i s higher ,  th e probabilit y  o f  fixatin g A 
ove r  tim e shoul d increas e mor e slowl y tha n fo r  B . 

Here ,  w e repor t  a n experimen t  o f  jus t  thi s type ,  whic h 
replicate s an d extend s previou s wor k usin g a n artificia l 
lexico n (Magnuson ,  Dahan ,  Allopenna ,  Tanenhau s an d 
Aslin ,  1998) .  Th e advantag e o f  usin g a n artificia l  lexico n i s 
tha t  w e ca n carefull y contro l  th e statistic s o f  th e lexicon .  A 
set  o f  stimul i  draw n fro m a  natura l  languag e wil l  b e mor e 
variable .  Th e artificia l  lexico n let s u s tes t  ou r  hypothesi s 
wit h a  m in imu m o f  potentia l  confounds .  Befor e turnin g t o 
th e curren t  experiment ,  w e wil l  briefl y revie w th e artificia l 
lexico n stud y o n whic h th e curren t  stud y i s based . 

Artif icia l  L e x i c o n s a n d 
th e Visua l  W o r l d P a r a d i g m 

I n th e previou s artificia l  lexico n stud y (Magnuso n e t  al. , 
1998) ,  w e traine d subject s t o recogniz e a  lexico n o f  1 6 nove l 
words .  Eac h lexica l  ite m (e.g. ,  /pibo/ )  ha d tw o potentia l 
competitors :  a  cohor t  (e.g. ,  /pibu/ )  an d a  rhym e (e.g. , 
/dibo/) .  Eac h ite m i n th e lexico n wa s randoml y associate d 
wit h a  nove l  geometrica l  object .  Subject s learne d th e lexico n 
by learnin g th e name s fo r  eac h object . 

Figur e 2  show s example s o f  th e sort s o f  display s subject s 
sa w o n a  compute r  screen .  Initially ,  subject s sa w pair s o f 
objects ,  an d hear d instruction s t o clic k o n on e wit h th e 
compute r  mous e (e.g. ,  "'clic k o n th e pibo") .  A t  first , 
subject s ha d t o guess .  Bu t  afte r  the y clicke d o n on e object , 
the y receive d feedback :  on e objec t  woul d disappear ,  an d the y 
kne w tha t  th e remainin g on e wa s bein g named ,  an d the n 
the y woul d hea r  th e nam e again .  Differen t  level s o f  wor d 
frequenc y wer e approximate d b y presentin g th e item s wit h 
"high "  o r  "low "  fi-equenc y (wit h a  rati o o f  7:l/high:lo w 
durin g training) .  Ite m frequenc y wa s crosse d wit h competito r 
frequency :  fou r  item s wer e hig h frequenc y (HF )  an d ha d H F 
neighbor s (HF/HF) ;  fou r  wer e lo w frequenc y (LF )  wit h lo w 
frequenc y neighbor s (LF/LF) ;  fou r  wer e HF/LF ,  an d fou r 
wer e LF/HF . 

Subject s quickl y reache d ceilin g o n th e 2 A F C (alternativ e 
force d choice )  task ,  an d U-ainin g continue d wit h a  4 A F C tas k 
(se e Figur e 2) .  Afte r  8 0 minute s o f  trainin g o n eac h o f  tw o 
days ,  w e monitore d ey e movement s a s subject s performe d 
th e basi c visua l  worl d paradig m tas k withou t  feedback :  give n 

*  +  f > 

l l 

+ 

> 

Figur e 2 :  Example s o f  stimulu s displays .  Th e lef t  pane l 
shows a  possibl e displa y i n 2 A F C training ;  th e righ t  pane l 
shows a  possibl e 4 A F C display . 

a displa y containin g fou r  objects ,  subject s wer e instructe d t o 
clic k o n on e o f  th e objects .  O n mos t  trials ,  th e item s wer e 
al l  unrelated .  O n critica l  trials ,  a  cohor t  o r  rhym e competito r 
was present .  Th e result s afte r  tw o day s closel y resemble d 
Allopenn a e t  al.' s  (1998 )  result s usin g rea l  words :  ther e wa s 
cohor t  an d rhym e activation ,  an d th e fixatio n probabilitie s 
fo r  eac h objec t  varie d a s a  functio n o f  th e similarit y o f  th e 
stimulu s wit h th e object' s name .  Ther e wer e als o 
interaction s betwee n ite m frequency  an d competito r 
frequency .  Fo r  example ,  th e cohor t  effec t  wa s stronge r  -
wit h a  substantia l  initia l  advantag e fo r  th e cohor t  ~  fo r  low -
frequenc y item s wit h high-frequenc y competitor s tha n fo r 
high-frequenc y item s wit h high-frequenc y competitors .  Thi s 
indicate s that ,  a s wit h rea l  words ,  neighbor s compete d a s a 
functio n o f  thei r  similarit y an d frequency . 

The experimen t  include d a  F W N D manipulatio n (althoug h 
al l  item s ha d th e sam e numbe r  o f  neighbors ,  F W N D varie d 
becaus e competito r  frequenc y varied) ,  an d a  conditio n wher e 
item s wer e presente d alon g wit h thre e unrelate d distractors . 
However ,  thi s conditio n di d no t  provid e a  complet e tes t  o f 
th e questio n a t  hand :  namely ,  whethe r  change s i n fixatio n 
probabilit y  ove r  tim e reflec t  activatio n o f  presen t  an d absen t 
competitors .  Thi s i s becaus e ther e wer e onl y tw o level s o f 
frequency,  an d targe t  item s wer e presente d amon g unrelate d 
distractor s whic h wer e matche d i n frequenc y wit h th e target' s 
competitor s (e.g. ,  fo r  a  high-frequenc y targe t  wit h low -
frequenc y competitors ,  low-frequency ,  unrelate d distractor s 
wer e used) .  Thus ,  w e canno t  b e certai n tha t  difference s i n 
fixatio n probabilitie s wer e du e t o th e frequencies  o f  th e 
absen t  competitors ,  o r  t o th e frequencies  o f  th e 
simultaneousl y presente d distractors . 

I n orde r  t o hav e a  clea n tes t  o f  th e hypothesis ,  w e nee d a 
thir d leve l  o f  frequency .  Then ,  H F / H F an d H F / L F item s ca n 
bot h b e presente d amon g unrelate d distractor s o f  th e sam e 
frequency ,  an d difference s w e observ e shoul d b e du e t o th e 
frequencie s o f  (absent )  competitors ,  no t  th e characteristic s o f 
th e unrelate d distractors .  Thi s wa s th e desig n w e use d fo r  th e 
curren t  experiment . 

Absen t  Competitor s an d 
th e Visua l  Wor l d Paradig m 

The desig n o f  th e curren t  stud y wa s simila r  t o tha t  use d b y 
Magnuso n e t  al .  (1998) .  W e traine d subject s t o recogniz e a 
lexico n o f  1 6 nove l  words .  Eac h lexica l  ite m (e.g. ,  /pibo/ ) 
had tw o potentia l  competitors :  a  cohor t  (e.g. ,  /pibu/ )  an d a 
rhym e (e.g. ,  /dibo/) ,  an d wa s randoml y associate d wit h a 
nove l  geometrica l  object .  Targe t  an d competito r  frequenc y 
wer e varied ,  bu t  wit h thre e level s rathe r  tha n two .  Th e thir d 
leve l  (medium )  provide d distractor s o f  unifor m frequency  t o 
serv e a s distractor s fo r  th e othe r  items . 

M e t h o d 

Participants Seven students at the University of 
Rocheste r  wer e pai d fo r  thei r  participation .  Al l  wer e nativ e 
speaker s o f  Englis h wit h norma l  o r  corrected-to-norma l 
visio n an d norma l  hearing . 

Material s Th e visua l  stimul i  wer e simpl e patterns ,  forme d 
by fillin g eigh t  randomly-chosen ,  contiguou s cell s o f  a  four -
by-fou r  gri d (se e Figur e 2) .  10,000  suc h randomly-generate d 
pattern s wer e randoml y ordered ,  an d sixtee n wer e selecte d 
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fro m th e beginnin g o f  th e se t  (wit h tw o item s replace d du e 
t o visua l  similarit y wit h othe r  items) . 

Th e nove l  word s consiste d o f  sixtee n bisyllabi c nonsens e 
words .  Th e sixtee n word s comprise d fou r  four-wor d sets , 
suc h a s /pibo/ ,  /pibu/ ,  /dibo/ ,  an d /dibu/ .  Not e tha t  fo r  eac h 
word ,  ther e i s a n onse t  ("cohort" )  competito r  whic h differ s 
onl y i n th e fina l  vowel ,  a  rhyme ,  an d a  relativel y dissimila r 
ite m (differin g b y tw o phonemes ,  whic h woul d no t  qualif y i t 
as a  neighbo r  usin g th e mos t  standar d definitio n o f  a  wor d 
differin g b y a  singl e phoneme) .  A  smal l  se t  o f  phoneme s 
was selecte d i n orde r  t o achiev e consisten t  similarit y withi n 
an d betwee n sets .  Th e consonant s /p/ ,  /b/ ,  /t/ ,  an d /d /  wer e 
chose n becaus e the y ar e amon g th e mos t  phoneticall y 
simila r  sto p consonants .  I n eac h set ,  rhyme s differe d b y tw o 
phoneti c feature s (plac e an d voicing )  i n th e firs t  phoneme . 
Transitiona l  probabilitie s wer e controlle d suc h tha t  al l 
phonemes an d combination s o f  phoneme s wer e equall y 
predictiv e a t  eac h positio n o r  combinatio n o f  positions . 

T h e auditor y stimul i  wer e produce d b y a  male ,  nativ e 
speake r  o f  Englis h i n a  sentenc e contex t  ("clic k o n th e 

" ) .  Th e averag e duratio n o f  th e targe t  word s wa s 49 6 
msec.  Th e stimul i  wer e recorde d t o tape ,  an d the n digitize d 
usin g th e standar d analog/digita l  device s o n a n Appl e 
Macintos h 850 0 a t  1 6 bit ,  44. 1 kHz .  Th e stimul i  wer e 
converte d t o 8  bit ,  11.12 7 k H z (SoundEdi t  format )  i n orde r 
t o b e use d wit h th e experimenta l  contro l  software ,  PsyScop e 
1. 2 (Cohen ,  MacWh inney ,  Flat t  &  Provost ,  1993) . 

Procedur e Participant s c a m e t o th e la b fo r  tw o 2-hou r 
session s o n consecutiv e days .  Eac h da y consiste d o f  seve n 
trainin g block s wit h feedbac k an d a  testin g bloc k withou t 
feedback .  W e tracke d ey e movement s durin g th e test . 

Participant s wer e seate d a t  a  comfortabl e distanc e fro m th e 
experimenta l  contro l  compute r  (a n Appl e Macintos h 720 0 
PowerPC) .  Th e structur e o f  th e trainin g block s wa s a s 
follows .  First ,  a  fixatio n cros s woul d appea r  o n th e screen . 
Th e participan t  ha d t o clic k o n th e cros s t o begi n th e trial . 
Afte r  50 0 msec ,  eithe r  tw o shape s (i n th e firs t  fou r  trainin g 
blocks )  o r  fou r  shape s (i n th e res t  o f  th e trainin g block s an d 
th e tests )  woul d appear .  I f  onl y tw o shape s wer e presented , 
the y appeare d a t  abou t  1. 5 degree s o f  visua l  angl e t o th e lef t 
and righ t  o f  th e fixatio n cross .  W h e n fou r  shape s wer e 
presented ,  tw o woul d als o appea r  abou t  1. 5 degree s abov e 
and belo w th e fixatio n cros s (se e Figur e 2) . 

Participant s hear d th e instruction ,  "Loo k a t  th e cross " 
throug h headphone s 75 0 mse c afte r  th e object s appeared . 
Then ,  the y fixate d th e cros s an d clicke d o n it .  Participant s 
wer e instructe d a t  th e beginnin g o f  th e sessio n tha t  the y 
shoul d fixat e th e cros s unti l  the y hear d th e nex t  instruction . 
50 0 mse c afte r  clickin g o n th e cross ,  a n instructio n t o clic k 
on on e o f  th e item s (wit h th e computer' s mouse )  wa s 
presente d (e.g. ,  "Clic k o n th e pibu") . 

W h en participant s responde d b y clickin g o n on e o f  th e 
items ,  o r  a t  th e en d o f  1 5 seconds,  al l  o f  th e item s 
disappeare d excep t  fo r  th e shap e tha t  wa s actuall y named . 
Th e correc t  shape' s n a m e wa s repeate d 50 0 mse c later .  Th e 
objec t  disappeare d 50 0 mse c later ,  an d th e subjec t  woul d 
clic k o n th e cros s t o begi n th e nex t  trial .  Th e testin g bloc k 

was identica l  t o th e four-ite m training ,  excep t  tha t  n o 
feedbac k wa s given . 

Shape s wer e randoml y mappe d t o names ,  wit h a  differen t 
rando m mappin g fo r  eac h subject .  Hal f  th e item s wer e 
med iu m frequency .  Si x item s wer e hig h frequency ,  an d tw o 
wer e lo w frequency .  Al l  o f  th e med iu m frequenc y item s ha d 
mediu m frequenc y competitors .  Th e high -  an d low-frequenc y 
item s wer e assigne d suc h tha t  fou r  o f  th e hig h frequency 
item s ha d high  frequenc y competitors ,  an d tw o o f  th e hig h 
frequenc y item s ha d lo w frequency  competitor s (an d th e 
competitor s fo r  th e tw o lo w frequenc y item s wer e thos e tw o 
hig h frequency  items) . 

Each trainin g bloc k consiste d o f  6 8 trials .  Hig h frequenc y 
item s appeare d 7  time s pe r  block ,  low-frequenc y item s 
appeare d onc e pe r  block ,  an d mediu m frequency  item s 
appeare d 3  time s pe r  trainin g block .  Acros s al l  trainin g 
blocks ,  al l  item s appeare d a s visua l  distractor s 
approximatel y equall y often .  Withi n training ,  distractor s 
wer e randoml y assigne d t o each  trial . 

The test s consiste d o f  9 6 trials .  Eac h ite m appeare d i n si x 
trials :  on e wit h it s onse t  competito r  an d tw o unrelate d 
items ,  on e wit h it s rhym e competito r  an d tw o unrelate d 
items ,  an d fou r  with  thre e unrelate d items .  Fo r  th e crucia l 
comparison s (HF/H F an d HF/LF) ,  mediu m frequenc y item s 
wer e use d a s unrelate d distractors . 

We tracke d eye-movement s wit h a n Applie d Scientifi c 
Laboratorie s (E4000 )  ey e fracker.  T w o camera s mounte d o n 
a lightweigh t  helme t  provid e th e inpu t  t o th e tracker .  Th e 
ey e camer a provide s a n infrare d imag e o f  th e eye .  Th e cente r 
of  th e pupi l  an d th e firs t  Purkinj e cornea l  reflectio n ar e 
tracke d t o determin e th e positio n o f  th e ey e relativ e t o th e 
head .  Accurac y i s bette r  tha n 1  degre e o f  arc ,  wit h virtuall y 
unrestricte d hea d an d bod y movements .  A  scen e camer a i s 
aligne d wit h th e participant' s lin e o f  sight .  A  calibratio n 
procedur e allow s softwar e runnin g o n a  P C t o superimpos e 
crosshair s showin g th e poin t  o f  gaz e o n a  HI- 8 vide o tap e 
recor d o f  th e scen e camera .  Th e scen e camer a sample s a t  a 
rat e o f  3 0 frame s pe r  second ,  an d eac h frame  i s stampe d wit h 
a tim e code .  Th e auditor y stimul i  wer e presente d binaurall y 
throug h headphone s usin g th e standar d digital-to-analo g 
device s provide d wit h th e experimenta l  contro l  computer . 
Audi o connection s betwee n th e compute r  an d HI- 8 V C R 
provide d a n audi o recor d o f  eac h trial .  Eac h tria l  wa s analyze d 
frame-by-frame  fro m stimulu s onse t  t o th e subject' s 
respons e (clickin g o n th e appropriat e object )  b y codin g 
fixation s from  eac h saccad e onset . 

Results 

Subject s wer e abl e t o achiev e hig h level s o f  accurac y 
relativel y quickly ;  accurac y fo r  high ,  mediu m an d lo w 
frequenc y item s wa s .83 ,  .89 ,  an d .77 ,  respectively ,  o n th e 
4 A F C tes t  withou t  feedbac k o n da y 1 ,  an d .96 ,  .97 ,  an d .9 4 
on da y 2 .  Figur e 3  demonstrate s tha t  w e replicate d th e basi c 
cohor t  an d rhym e effect s reporte d b y Allopenn a e t  al .  (1998 ) 
and Magnuso n e t  al .  (1998) .  Th e result s ar e average d ove r  al l 
condition s i n whic h cohor t  o r  rhym e competitio n wa s 
possible . 
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Figure 3: Combined cohort and rhyme effects. 

Figure 4 shows how the cohort effect is modulated by 
targe t  an d competito r  frequency .  I n th e to p panel ,  th e targe t 
i s low-frequency ,  an d th e cohor t  i s  high ,  an d ther e wa s a n 
initia l  advantag e fo r  th e cohort .  I n th e middle ,  bot h targe t 
and cohor t  wer e hig h frequency ,  an d th e resul t  resemble s th e 
cohor t  effec t  show n i n Figur e 1 ,  wit h n o advantag e fo r  eithe r 
ite m initially .  O n th e bottom ,  th e targe t  wa s high -  an d th e 
cohor t  wa s low-frequency .  Althoug h w e d o no t  se e th e 
expecte d initia l  advantag e fo r  th e target ,  th e cohor t  clearl y i s 
les s activ e tha n i n th e othe r  tw o panels .  Thus ,  th e result s 
replicat e Magnuso n e t  al .  (1998 )  an d sho w tha t  th e degre e t o 
whic h (simultaneousl y present )  item s compet e depend s bot h 
on thei r  similarit y t o th e input ,  an d thei r  frequenc y — a s 
predicte d b y model s suc h a s N A M an d T R A C E . 

Figur e 5  show s th e crucia l  compariso n betwee n H F / H F 
and HF /L F item s presente d a m o n g thre e unrelated ,  m e d i u m 
frequency  distractors .  Th e frequencies  o f  th e target s ar e equal , 
and th e unrelate d distractor s ar e matche d i n th e tw o cases . 
Th e onl y differenc e betwee n th e item s i s th e frequenc y o f 
thei r  absen t  competitors .  A s predicted ,  th e probabilit y  o f 
fixatin g th e H F / H F targe t  increase s m u c h mor e slowl y tha n 
th e probabilit y  o f  fixatin g th e H F / L F target .  I n a  2-wa y 
A N O VA (fram e x  competito r  frequency )  o n th e tw o referen t 
probabilitie s fro m fram e 1 0 (33 3 m s ,  w h e n th e probabilitie s 
firs t  diverge )  t o fram e 4 5 (150 0 m s ) ,  bot h mai n effect s wer e 
reliabl e (frame :  F(35 ,  210 )  =  30.97 ,  p  <  .001 ;  competito r 
frequency :  F(l,6 )  =  9.00 ,  p  <  .05) .  A  paired ,  one-taile d t -
tes t  o n averag e fixatio n probabilitie s ove r  th e sam e w i n d o w 
was als o significan t  (t(6 )  =  1.98 ,  p  <  .05 ,  m e a n differenc e = 
.103) . 

D i s c u s s i o n 

The curren t  result s sho w tha t  fixatio n probabilitie s i n th e 
visua l  worl d paradig m reflec t  lexica l  competitio n whic h 
include s item s whic h ar e no t  visuall y  present .  A s i n task s 
suc h a s lexica l  decision ,  recognitio n tim e depend s o n th e 
interna l  structur e o f  th e lexicon .  Sinc e th e onl y differenc e 
betwee n th e H F / H F an d H F / L F target s i s th e frequenc y o f 
thei r  competitors ,  w e se e tha t  lexica l  item s fo r  whic h n o 
visua l  referent s ar e availabl e stil l  compet e fo r  recognition . 
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Figure 4: Cohort effects as a function of target and 
compet i to r  frequency.  T o p :  low-frequenc y target ,  h igh -
f requenc y cohort .  M i d d l e :  h igh- f requenc y targe t  a n d cohort . 
B o t t o m :  high-frequenc y target ,  low- f requenc y cohort . 

T h e dat a i n F igu r e 5  a l l o w u s t o disregar d a n alternativ e 
interpretatio n o f  th e result s s h o w n i n F igu r e 4 ,  w h e r e targe t 
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Figur e 5 :  Targe t  fixatio n probabilitie s a s a  functio n o f 
competito r  frequency .  Bot h target s wer e hig h frequency ,  an d 
wer e presente d wit h 3  unrelate d distractor s o f  m e d i u m 
frequency .  T h e onl y differenc e betwee n th e target s wa s th e 
frequenc y o f  thei r  competitors ,  whic h wer e no t  displayed . 

probabilities rise most quickly when the target is high 
frequenc y an d th e competito r  i s lo w frequency .  W e migh t 
infe r  tha t  thi s indicate s competitio n betwee n th e items . 
However ,  fixation s ar e necessaril y  serial .  Give n wha t 
appear s t o b e competitio n a m o n g a  se t  o f  simultaneousl y 
displaye d items ,  on e canno t  infe r  competitio n a t  th e lexica l 
level ,  rathe r  than  simpl e co-activatio n (whe n dat a i s sparse) . 
Th e sit e o f  th e competitio n coul d b e th e moto r 
programmin g t o m o v e th e eye .  O n c e a n ite m i s fixated ,  th e 
subjec t  canno t  simultaneousl y indicat e th e activatio n o f 
othe r  objects .  A n increase d fixatio n probabilit y  fo r  on e ite m 
m ay b e accompanie d b y a  reduce d probabilit y  fo r  another , 
whic h coul d lea d t o th e appearanc e o f  lexica l  competition . 
Thi s proble m o f  interpretatio n i s  diminishe d wit h 
sufficientl y m a n y dat a points .  Despit e havin g dat a fro m 
relativel y fe w subjects ,  th e curren t  result s ca n b e interprete d 
as indicatin g lexica l  competitio n rathe r  tha n competitio n a t 
fixatio n generation ,  sinc e th e difference s i n targe t  fixatio n 
probabilitie s s h o w n i n Figur e 5  ar e no t  accompanie d b y 
commensurat e difference s i n unrelate d fixatio n probabilities . 
Therefore ,  th e difference s indicat e tha t  mor e tim e wa s neede d 
fo r  th e activatio n o f  th e targe t  t o becom e sufficientl y larg e 
t o generat e initia l  ey e movement s w h e n th e targe t  ha d high -
frequenc y competitors . 

I n summary ,  w e hav e replicate d th e result s o f  M a g n u s o n 
et  al .  (1998) ,  showin g a n interactio n o f  targe t  an d 
competito r  frequency .  Thi s wor k als o show s tha t  effect s i n 
th e visua l  worl d paradig m ar e no t  drive n simpl y b y 
competitio n a m o n g visibl e referents ;  change s i n fixatio n 
probabilitie s ar e als o drive n b y competitio n fo r  recognitio n 
wit h competitor s whic h ar e no t  visuall y available . 
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