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Track in g th e T i m e C o u r s e o f  Lexica l  Activatio n i n C o n t i n u o u s S p e e c h 

Paul  D .  Allopenn a (ALLOPEN@BCS.ROCHESTER.EDU) 
James S .  Magnuso n (magnuson@bcs.ROCHESTER.edu ) 

Michae l  K .  Tanenhau s (MTAN@BCS.ROCHESTER.EDU) 
Departmen t  o f  Brai n an d Cognitiv e Science s 

Universit y o f  Rochester ,  Melior a Hall ,  Rochester ,  N Y 1462 7 U S A 

Abst rac t 

Eye-movements to pictures of four objects on a screen were 
monitore d a s participant s hear d progressivel y large r  gate s 
and trie d t o identif y th e objec t  (Experimen t  1 )  o r  followe d a 
spoke n instructio n t o mov e on e o f  th e object s (Experimen t 
2) ,  e.g. ,  "Pic k u p th e beaker ;  no w pu t  i t  belo w th e 
diamond" .  Th e distracto r  object s include d a  cohor t 
competito r  wit h a  nam e tha t  share d th e initia l  onse t  an d 
vowel  a s th e targe t  objec t  (e.g. ,  beetle) ,  a  rhym e 
competito r  (e.g .  speaker )  an d a n unrelate d competito r  (e.g . 
carriage) .  I n th e gatin g task ,  whic h emphasize s wor d 
initia l  information ,  ther e wa s clea r  evidenc e fo r  multipl e 
activatio n o f  cohor t  members ,  a s measure d b y judgment s 
and eye-movements .  Wit h continuou s speec h ther e wa s 
clea r  evidenc e fo r  bot h cohor t  an d rhym e activatio n a s 
predicte d b y continuou s activatio n model s suc h a s T R A C E 
(Elma n an d McClelland ,  1988) .  Moreover ,  th e tim e cours e 
and probabilitie s o f  eye-movement s closel y corresponde d 
t o simulation s generate d fro m T R A C E. 

Introduction 

Recognitio n o f  a  spoke n wor d ofte n occur s prio r  t o th e en d 
of  th e wor d an d i s no t  onl y influence d b y th e propertie s o f 
th e wor d itsel f  (e.g. ,  it s  frequency),  bu t  als o b y th e se t  o f 
word s t o whic h i t  i s  phoneticall y simila r  (e.g. ,  it s  lexica l 
neighborhood) .  Th e cohor t  model ,  develope d b y Marslen -
Wilso n an d colleague s (e.g. ,  Marslen-Wilso n &  Welsh , 
1978 ;  Marslen-Wilson ,  1987) ,  accounte d fo r  thes e 
phenomen a b y proposin g tha t  th e onse t  o f  a  wor d activate s a 
set  o f  lexica l  candidate s whic h compet e fo r  recognition . 
Thus ,  a s th e wor d beake r  i s spoken ,  bot h beake r  an d beetl e 
wil l  initiall y  becom e activ e member s o f  a  recognitio n 
cohort .  Member s o f  th e cohor t  ar e subsequentl y evaluate d 
usin g contextua l  informatio n an d subsequen t  speec h input . 
Extensiv e empirica l  evidenc e n o w support s th e clai m tha t 
word s wit h share d onset s ar e briefl y activate d durin g spoke n 
wor d recognition .  Fo r  example ,  lexica l  decision s t o visuall y 
presente d associate s o f  cohor t  member s ar e facilitate d whe n 
target s ar e presente d earl y i n a  wor d (e.g. ,  Marslen-Wilso n & 
Zwitserlood ,  1989 ;  Zwitserlood ,  1989) .  Thus ,  beake r  woul d 
initiall y  prim e bot h glas s (associat e o f  beaker )  an d bu g 
(associat e o f  beetle) . 

However ,  th e cohor t  mode l  make s som e problemati c 
assumptions .  First ,  wor d onset s ar e ofte n no t  clearl y 
marke d i n th e speec h stream ,  especiall y i n continuou s 
speech .  Second ,  lexica l  candidate s tha t  hav e onl y a  partia l 
matc h t o th e onse t  o f  th e wor d wil l  neve r  ente r  int o th e 

recognitio n set .  Thi s wil l  limi t  th e robustnes s o f  th e mode l 
i n nois y environment s 

Continuou s recognitio n models ,  suc h a s th e T R A C E 
model  (McClellan d &  Elman ,  1986) ,  th e Shortlis t  mode l 
(Norris ,  1994 )  an d th e Neighborhoo d Similarit y Mode l 
(Goldinger ,  Luce ,  &  Pisoni ,  1986) ,  overcom e thes e 
problem s b y assumin g tha t  (a )  lexica l  acces s take s plac e 
continuousl y an d (b )  recognitio n i s base d o n th e similarit y 
of  th e unfoldin g speec h t o lexica l  representations .  Th e 
initia l  portio n o f  a  spoke n wor d wil l  stil l  exer t  a  stron g 
influenc e o n alternative s tha t  ar e activate d shortl y afte r  th e 
wor d begins .  However ,  th e se t  o f  activate d alternative s wil l 
als o includ e word s tha t  d o no t  shar e initia l  onsets .  Thi s ha s 
th e desirabl e propert y o f  allowin g lexica l  acces s t o b e 
successfu l  withou t  assumin g tha t  onset s ar e clearl y marice d 
i n th e speech .  I t  als o lead s t o a  mor e error-toleran t  system , 
becaus e lexica l  representation s tha t  ar e no t  initiall y  activate d 
ca n stil l  accru e activatio n i f  thei r  overal l  similarit y t o th e 
inpu t  i s high. 

Unfortunately ,  evidenc e fro m on-lin e task s fo r  activatio n 
of  lexica l  candidate s whic h d o no t  shar e onset s i s quit e wea k 
(cf .  Zwitserlood ,  i n press) .  Fo r  example ,  th e evidenc e fo r 
activatio n o f  associate s o f  word s tha t  rhym e wit h a  spoke n 
prim e i s equivoca l  (e.g. ,  beake r  primin g a n associat e o f 
speaker) .  Findin g evidenc e fo r  lexica l  competitor s i s furthe r 
complicate d b y paradig m limitations .  Semantically -
mediate d cross-moda l  primin g i s a  relativel y indirec t  wa y o f 
assessin g lexica l  activation ;  a  candidat e m a y no t  prim e a n 
associat e unti l  i t  become s highl y active ,  limitin g th e 
sensitivit y o f  th e measure .  I n addition ,  th e mechanis m 
linkin g cross-moda l  primin g t o underlyin g wor d recognitio n 
processe s remain s underspecifie d (cf .  M c K o o n ,  Allbritto n & 
Ratcliff ,  1996) .  Othe r  result s tha t  suppor t  th e prediction s o f 
continuou s activatio n model s ar e problemati c i n tha t  the y 
deriv e fro m paradigm s tha t  eithe r  involv e meta-linguisti c 
judgment s o r  d o no t  allo w recognitio n t o b e monitore d a s 
th e speec h unfolds . 

We hav e bee n explorin g a  paradig m i n whic h participant s 
follo w spoke n instruction s t o touc h o r  manipulat e object s i n 
a visua l  workspac e whil e w e monito r  eye-movement s usin g 
a lightweigh t  camer a mounte d o n a  headban d (Tanenhau s e t 
al ,  1995) .  Saccadi c eye-movement s ar e extremel y frequent , 
and thu s hav e th e potentia l  o f  providin g a  sensitiv e measur e 
of  recognitio n processes .  Moreover ,  monitorin g eye -
movement s allow s on e t o observ e lexica l  acces s durin g 
continuou s speec h withou t  requirin g subject s t o m a k e a n 
over t  decision . 
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I n previou s work ,  w e establishe d tha t  th e paradig m i s 
sensitiv e t o cohor t  effects .  Spivey-Knowito n an d Tanenhau s 
(.Tanenhau s e t  al. ,  1995 )  ha d participant s follo w instruction s 
t o pic k u p an d m o v e object s o n a  horizonta l  board .  Th e se t 
of  object s sometime s include d a n objec t  wit h a  nam e 
beginnin g wit h th e sam e phoneti c sequenc e a s th e targe t 
object .  Example s o f  object s wit h overlappin g initia l 
phonemes wer e cand y an d candle ,  an d car t  an d carton .  Th e 
presenc e o f  a  competito r  increase d th e latenc y o f  eye -
movement s t o th e targe t  an d induce d frequen t  look s t o th e 
competitor .  Th e timin g o f  thes e eye-movement s indicate d 
tha t  the y wer e programme d durin g th e "ambiguous '  segmen t 
of  th e targe t  word .  Thes e result s demonstrate d tha t  th e tw o 
object s wit h simila r  name s were ,  i n fact ,  competin g a s th e 
targe t  wor d unfolded . 

The curren t  researc h extende d thes e investigation s i n thre e 
importan t  ways : 

(1 )  W e foun d evidenc e agains t  th e hypothesi s tha t  usin g a 
circumscribe d visua l  worl d woul d artificiall y  increas e 
activatio n t o alternative s tha t  shoul d no t  b e normall y 
activated .  (2 )  W e demonstrate d tha t  lexica l  alternative s tha t 
do no t  shar e onset s (e.g. ,  rhymes )  ar e partiall y  activate d 
durin g continuou s speech .  (3 )  W e use d simulation s fro m a 
computationall y explici t  continuou s activatio n model , 
T R A C E,  t o sho w tha t  th e probabilit y o f  a n eye-movemen t 
bein g generate d t o a  targe t  objec t  i s  directl y relate d t o it s 
activatio n level . 

Experimen t  1  use d a  "gating "  paradig m i n whic h 
participant s hear d successivel y longe r  fragment s o f  a  wor d 
on eac h gate .  Thei r  tas k wa s t o poin t  t o whic h o f  th e fou r 
picture s wa s bein g named .  O n critica l  trials ,  th e picture s 
include d th e targe t  (e.g. ,  beaker) ,  a  cohor t  competito r  wit h a 
share d onse t  (e.g. ,  beetle) ,  a  rhym e competito r  (e.g. , 
speaker) ,  an d a n unrelate d ite m (e.g. ,  parrot) .  I n gating , 
onl y cohor t  member s ar e typicall y generate d a s responses . 
Thi s i s no t  surprisin g firom  th e perspectiv e o f  continuou s 
activatio n model s becaus e gatin g place s clea r  emphasi s o n 
th e beginning s o f  words .  Evidenc e fo r  mor e rhym e choice s 
wit h gatin g compare d t o th e unrelate d baselin e woul d hav e 
suggeste d tha t  th e presenc e o f  a  limite d se t  wa s inflatin g 
similarit y effects .  However ,  n o evidenc e fo r  rhym e choice s 
was found .  I n addition ,  th e patter n o f  eye-movement s 
provide d stron g evidenc e tha t  multipl e alternative s — th e 
cohor t  competito r  an d th e targe t  wer e bot h activate d durin g 
th e initia l  gates . 

Experimen t  2  use d th e sam e stimul i  wit h continuou s 
speec h instruction s (e.g. ,  "Pic k u p th e beaker .  N o w pu t  i t 
belo w th e diamond.") .  Probabilit y  function s fo r  eye -
movement s t o th e target ,  cohor t  competitor ,  rhym e 
competitor ,  an d th e unrelate d ite m wer e generate d b y 
transformin g activatio n level s fro m T R A C E int o probabilit y 
functions .  Th e dat a fro m th e experimen t  closel y matche d th e 
prediction s fro m th e simulations . 

E x p e r i m e n t  1 

M e t h o d 

Participants .  Si x mal e an d femal e student s a t  th e 
Universit y o f  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  vision . 
Material s Th e stimul i  wer e base d o n eigh t  "referent -
cohort-rhyme "  triples .  Fo r  example ,  on e tripl e consiste d o f 
beake r  (th e "referent "  word) ,  it s  left-to-righ t  cohort ,  beetle , 
and a  rhyme ,  speaker .  Fo r  eac h word ,  ther e wa s a 
correspondin g blac k an d whit e lin e drawing .  Frequenc y wa s 
not  controlle d for ,  du e t o th e limite d numbe r  o f  word s tha t 
met  ou r  criteria .  However ,  post-ho c analyse s i n bot h 
experiment s reveale d n o frequenc y effects . 

For  th e experiment  itself ,  stimul i  wer e presente d i n 
group s o f  fou r  o n a  compute r  backgroun d scree n whic h wa s 
divide d int o a  5  x 5  grid .  Th e cente r  squar e o f  th e gri d 
containe d a  cros s whic h th e participan t  wa s aske d t o fixat e 
on unti l  th e presentatio n o f  th e auditor y stimulus .  Th e lin e 
drawing s fo r  eac h tria l  wer e place d i n th e square s o n th e gri d 
tha t  wer e diagonall y adjacen t  t o th e cente r  cross . 

Ther e wer e 1 6 tota l  word s presente d i n th e experiment . 
Eigh t  o f  th e word s wer e presente d i n "critical "  trial s (i.e. , 
trial s wit h bot h cohor t  an d a  rhym e competitors ,  a s wel l  a s 
an unrelate d item) ,  an d eigh t  o f  th e word s wer e presente d i n 
"filler "  trials .  Fo r  bot h critica l  an d fille r  presentations ,  ther e 
wer e betwee n 8  an d 1 0 gate s pe r  word .  Th e first  gat e o f  eac h 
wor d varie d i n tim e dependin g o n th e initia l  segment s o f  th e 
word .  Th e first  gat e starte d a t  th e wor d onse t  an d ende d a t 
th e fourt h zero-crossin g afte r  vowe l  onset .  Thereafter ,  eac h 
gat e adde d a n additiona l  4 0 m s ont o th e precedin g gate . 

Procedur e Participant s wer e seate d a t  a  comfortabl e 
distanc e ft'om  a  computer .  Prio r  t o th e experiment , 
participant s wer e twic e show n picture s o f  th e stimul i  the y 
wer e t o se e i n th e experiment .  Firs t  the y wer e show n eac h 
stimulu s pictur e wit h it s  nam e writte n underneat h th e 
picture .  Subsequently ,  the y wer e show n eac h stimulu s 
picture ,  bu t  thi s tim e withou t  it s  name .  I n bot h cases ,  th e 
stimul i  wer e presente d i n rando m order .  Durin g th e secon d 
viewing ,  participant s wer e aske d t o nam e eac h o f  th e object s 
aloud .  Subject s wer e correcte d i f  the y mistakenl y name d a n 
object .  Wit h on e exception ,  participant s correctl y name d al l 
of  th e stimul i  o n thei r  first  attempt . 

Prio r  t o hearin g th e first  gat e fo r  an y give n word , 
participant s wer e show n th e gri d containin g drawing s o f  th e 
fou r  object s relevan t  t o tha t  trial .  A s soo n a s the y wer e 
read y t o proceed ,  the y signale d t o th e experimenter ,  wh o 
the n bega n th e first  gatin g presentation .  Fo r  eac h gat e th e 
stimulu s scree n wa s first  displaye d fo r  approximatel y 2 
seconds .  Durin g thi s tim e th e experimente r  instructe d th e 
participant s t o fixat e th e cente r  cross .  Onc e th e auditor y 
stimulu s wa s presented ,  participant s indicate d whic h wor d 
the y though t  the y hear d b y touchin g th e objec t  o n th e 
compute r  scree n whos e name d matche d thei r  hypothesis . 

We tracke d eye-movement s wit h a n Applie d Scientifi c 
Laboratorie s (E4(X)0 )  ey e tracker .  T w o camera s mounte d o n 
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Figur e 1 :  Probabilit y  o f  selectin g eac h ite m a t  eac h gat e i n 
Experimen t  1 . 

Figur e 2 :  Probabilit y  o f  fixatin g eac h ite m a t  eac h gat e i n 
Experimen t  I . 

a lightweigh t  helme t  provid e th e inpu t  t o th e tracker .  Th e 
eye 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 first  Purkinj e cornea l  reflectio n ar e 
tracke d t o determin e th e orbi t  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 
fram e 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  compute r  (a n Appl e Powe r  Macintos h 
7200) ,  a s wel l  a s throug h th e interna l  speake r  o f  th e 
computer .  A  microphon e connecte d t o th e HI- 8 V C R 
provide d a n audi o recor d o f  eac h trial . 

Results and Discussion 

Figur e 1  show s th e probabilit y  wit h whic h participant s 
selecte d eac h o f  th e fou r  picture s fo r  th e first  eigh t  gates . 
On th e initia l  gates ,  th e referen t  an d th e cohor t  competito r 
wer e equall y likely ,  wit h th e probabilit y o f  selectin g th e 
targe t  increasin g acros s gates .  R h y m e an d unrelate d object s 
wer e rarel y selecte d an d di d no t  differ .  Ther e wa s a  mai n 
effec t  o f  Response-Typ e (F(3 ,  15 )  =  621.66 ,  p  =  .0001) ,  a s 
wel l  a s a n interactio n betwee n Respons e Typ e an d Gat e 
(F(9 ,  45 )  =  3.05 ,  p  =  .0062) .  Individua l  mean s comparison s 
indicate d tha t  th e Cohor t  an d th e Targe t  response s differe d 
beginnin g a t  gat e 3 .  Thes e dat a closel y matc h typica l  gatin g 
data ,  i n tha t  rhyme s ar e almos t  neve r  generate d a s lexica l 
candidates . 

The eye-movemen t  dat a confirme d tha t  durin g th e earl y 
gates ,  bot h th e cohor t  competito r  an d th e referen t  wer e bein g 
considered .  Figur e 2  show s th e probabilit y o f  makin g a n 
eye-movemen t  t o eac h o f  th e picture s acros s gates .  Ther e 
was a  significan t  mai n effec t  o f  Gat e (F(3 ,  15 )  =  4.55 ,  p  = 

.019) ,  a  significan t  mai n effec t  o f  Response-Typ e (F(3 ,  15 ) 
= 351.27 ,  p  =  0.0001) ,  an d a  significan t  interactio n betwee n 
Gat e an d Response-Typ e (F(9 ,  45 )  =  2.97 ,  p  <  .0073) . 
Comparison s o f  individua l  mean s showe d n o significan t 
difference s betwee n Cohor t  an d Targe t  response s unti l  gat e 
four . 

Figur e 3  show s th e probabilit y o f  makin g a n eye -
movement  t o th e cohort ,  rhym e an d unrelate d pictures ,  whe n 
th e referen t  wa s chosen .  Th e hig h probabilit y o f  looks ,  t o 
th e cohor t  objec t  confirm s tha t  i t  wa s bein g considere d eve n 
when th e referen t  wa s chosen .  Ther e wa s n o suggestio n 
fro m th e eye-movement s tha t  th e rhym e wa s mor e highl y 
activate d tha n th e unrelate d word . 

The result s provid e clea r  evidenc e fo r  activatio n o f  lexica l 
candidate s sharin g onsets .  N o evidenc e wa s foun d fo r 
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Figur e 3 :  Conditiona l  probabilit y  o f  fixating  eac h ite m a t 
eac h gate ,  give n tha t  th e referen t  ha s bee n selected . 



activatio n o f  potentia l  rhym e competitors .  Thi s i s 
reassurin g becaus e gatin g strongl y emphasize s wor d initia l 
infonnatio n an d rhyme s ar e rarel y generate d a s response s i n 
unrestricte d gating ,  i.e. .  gatin g t o word s unde r  condition s 
wher e ther e ar e n o constraint s o n wha t  th e word s migh t  refe r 
to .  Th e absenc e o f  rhym e effect s i n gatin g reduces  concern s 
tha t  an y rhym e effect s wit h continuou s speec h migh t  b e 
primaril y du e t o th e limite d se t  o f  alternatives . 

S i m u l a t i o n s 

With running speech, continuous activation models predict 
tha t  rhyme s shoul d becom e activ e a s th e speec h unfolds . 
However ,  rhym e competitio n shoul d begi n late r  tha n onse t 
competition .  W e simulate d expecte d eye-movement s unde r 
thes e condition s usin g T R A C E (McClellan d &  Elman , 
1986 )  a s a n exampl e o f  a  clas s o f  activatio n model s tha t 
allo w fo r  competitio n t o star t  a t  an y moment  i n time . 

We use d a  fou r  wor d lexico n tha t  include d a  referent  word , 
it s  left-to-righ t  cohort ,  it s  rhyme ,  an d a  phoneticall y 
unrelate d word .  Th e referent  wor d inpu t  wa s manipulate d 
suc h tha t  th e first  tw o phoneme s wer e give n u p t o a 
m a x i m u m o f  1 5 % nois e t o approximat e a  norma l  speec h 
environment .  Inpu t  word s wer e ru n fo r  7 2 cycle s o f 
processing ,  wit h wor d activation s note d ever y 3  cycle s fo r 
al l  fou r  words .  Activation s wer e the n translate d int o 
respons e strengths ,  followin g Luc e (1959) : 

S,  = e , 

wher e ̂  i s  a  fre e paramete r  tha t  determine s th e amoun t  o f 
separatio n betwee n unit s o f  differen t  activations .  Respons e 
strength s ar e the n converte d int o probabilitie s wit h th e 
followin g formula : 

p(R, )  =  S i / I S 

We made the simple linking assumption that the 
probabilit y  o f  makin g a n eye-movemen t  t o a n objec t  durin g 
on-lin e processin g woul d b e a  direc t  resul t  o f  it s  activation . 
Figur e 4  show s th e predicte d patter n o f  eye-movement s a s 
generate d fro m th e simulations .  W e teste d thes e prediction s 
i n Experimen t  2 .  Participant s wer e presente d wit h picture s 
of  fou r  item s (e.g. ,  a  referent  word ,  a  left-to-righ t  cohor t  o f 
th e referent ,  a  rhyme ,  an d a n unrelate d word) ,  an d followe d 
instruction s t o m o v e picture s o f  object s usin g a  mouse ,  a s 
we monitore d thei r  eye-movements . 

E x p e r i m e n t  2 

M e t h o d 

Participant s Twelv e mal e an d femal e student s a t  th e 
Universit y o f  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  vision . 

Material s Th e stimul i  wer e base d o n th e eigh t  "referent -
cohort-riiyme "  triple s use d i n Experimen t  1 .  Th e triple s 
wer e divide d int o fou r  pairs ,  whic h wer e presente d t o 
differen t  group s o f  participants .  O n an y trial ,  fou r  lin e 

drawing s wer e presente d t o participants ,  an d th e participant s 
wer e instructe d t o "pic k up "  an d mov e on e o f  th e objects . 
Ther e wer e fou r  possibl e combination s o f  objects :  a  "ful l 
competitor "  set ,  consistin g o f  th e referent ,  a  cohor t  an d 
rhyme ,  an d on e unrelate d objec t  (e.g. ,  beaker ,  beetle , 
speaker ,  an d carriage) ;  a  "cohor t  competitor "  set ,  consistin g 
of  th e referent ,  a  cohort ,  an d tw o unrelate d object s (e.g. , 
beaker ,  beetle ,  parrot ,  an d nickel) ;  a  "rhym e competitor " 
set ,  consistin g o f  th e referent ,  a  rhyme ,  an d tw o unrelate d 
object s (e.g. ,  beaker ,  speaker ,  dolphin ,  carriage) ;  an d a 
"non-competitor "  set ,  consistin g o f  th e referen t  an d thre e 
unrelate d object s (e.g. ,  beaker ,  dolphin ,  parrot ,  an d nickel) . 

Withi n eac h competito r  se t  type ,  differen t  element s coul d 
be th e "target "  fo r  th e tria l  (i.e. ,  th e objec t  participant s wer e 
instructe d t o manipulate) ,  whic h determine d th e typ e o f 
lexica l  competitio n tha t  coul d occur .  Fo r  example ,  i n th e 
ful l  competito r  set ,  th e targe t  coul d b e th e referen t  (allowin g 
fo r  cohor t  an d rhym e competition) ,  th e cohor t  (allowin g 
onl y fo r  cohor t  competitio n wit h th e referent) ,  th e rhym e 
(allowin g onl y fo r  rhym e competitio n wit h th e referent) ,  o r 
th e unrelate d objec t  (whic h shoul d eliminat e competition) . 

Procedur e Participant s wer e seate d a t  a  comfortabl e 
distanc e fro m a  computer .  Befor e th e first  trial ,  participant s 
wer e show n picture s o f  th e eigh t  stimul i  the y wer e t o se e i n 
th e experiment .  Th e experimente r  name d the m once ,  an d 
the n aske d th e participan t  t o nam e them .  Thi s wa s repeated 
unti l  th e participan t  name d ever y objec t  correctly . 

Th e structur e o f  eac h tria l  wa s a s follows .  First ,  a  five-
by-fiv e gri d appeared .  Then ,  lin e drawing s o f  th e stimul i 
appeare d o n th e grid .  Afte r  approximatel y 1  second ,  th e 
experimente r  woul d instruc t  th e participan t  t o loo k a t  th e 
cente r  cross .  Participant s wer e instructe d befor e th e 
experimen t  bega n tha t  the y coul d mov e thei r  eye s freel y u p 
unti l  thi s instruction ,  bu t  the n wer e t o fixate  th e cros s unti l 
th e nex t  instruction .  Afte r  approximatel y on e mor e second , 
th e experimente r  instructe d th e participan t  t o pic k u p on e o f 
th e object s (e.g. ,  "pic k u p th e beaker") .  Onc e th e participan t 
had "picke d up "  th e objec t  (b y clickin g o n i t  onc e usin g th e 
computer' s  mouse) ,  th e experimente r  instructe d th e 
participan t  t o plac e i t  "nex t  to" ,  "above" ,  o r  "below "  on e o f 
fou r  geometrica l  figures  whic h appeare d i n fixed  location s o n 
ever y tria l  (e.g. ,  "no w pu t  i t  abov e th e triangle") .  Onc e th e 
participan t  ha d place d th e objec t  i n th e appropriat e square , 
th e experimente r  instructe d th e participan t  t o loo k a t  th e 
cente r  cross .  W h e n th e participan t  indicate d tha t  sh e wa s 
fixating  th e cros s b y clickin g o n i t  wit h th e mouse ,  th e tria l 
ended .  Th e gri d wa s the n replaced  b y a  blan k whit e scree n 
followe d b y th e calibratio n screen .  Participant s coul d the n 
reques t  t o tak e a  break ,  o r  th e equipmen t  calibratio n coul d b e 
verified . 

Results and Discussion 

The result s o f  Experimen t  2  indicat e tha t  bot h cohort s an d 
rhyme s wer e activ e candidate s fo r  recognition ,  a s predicte d 
by T R A C E .  Figure s 5- 7 plo t  th e probabilit y  ove r  tim e o f 
fixations  o n particula r  objects . 
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Figur e 4 :  Fixatio n prediction s generate d b y T R A C E 
simulation s (se e tex t  fo r  details) . 
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Figure 5: Probability of fixating each item in Experiment 
2 whe n th e referen t  i s th e target ,  an d bot h a  cohor t  an d a 

rhym e ar e present . 

As ca n b e see n i n Figur e 5 ,  whe n bot h a  cohor t  an d a 
rhym e wer e present ,  participant s wer e a s likel y t o loo k a t  a 
cohor t  a s the y wer e th e targe t  ite m unti l  approximatel y 43 0 
ms afte r  th e onse t  o f  th e targe t  word .  The y wer e als o muc h 
more likel y t o fixat e a  rhym e tha n a n unrelate d item , 
althoug h th e separatio n o f  rhym e fixatio n probabilit y  fro m 
th e unrelate d baselin e wa s somewha t  delayedrelativ e t o th e 
referen t  an d cohor t  (again,a s predicted) .  Give n tha t  a t  leas t 
150 m s ar e requiredt o pla n a n eye-movement ,  an d tha t  th e 
averag e targe t  wor d duratio n wa s 33 5 m s (wit h a  rang e o f 
233 t o 46 7 ms) ,  participant s seeme d t o incrementall y updat e 
hypothese s a s t o targe t  wor d identit y ove r  time .  Participant s 
wer e highl y unlikel y t o loo k a t  a n unrelate d objec t  (unti l  th e 
ris e tha t  occur s afte r  50 0 ms ,  whic h appear s t o hav e bee n 

rando m scanning) . 
I n Figur e 6 ,  fixatio n probabilitie s ove r  tim e ar e plotte d 

when th e stimulu s se t  consiste d o f  a  referent ,  a  cohort ,  an d 
tw o unrelate d objects ,  an d i n Figur e 7 ,  fixatio n probabilitie s 
ove r  tim e ar e plotte d whe n th e stimulu s se t  consiste d o f  a 
referent ,  a  rhyme ,  an d tw o unrelate d objects .  A s ca n b e see n 
i n Figure s 5-7 ,  whil e subject s wer e mor e likel y t o fixat e 
eithe r  a  cohor t  o r  rhym e tha n the y ar e t o fixat e unrelate d 
objects ,  ther e ar e som e difference s betwee n cohort s an d 
rhymes .  Cohor t  activatio n tend s t o ris e mor e quickl y an d 
hav e a  highe r  peak ,  bu t  rhym e activatio n tend s t o persis t  fo r 
a longe r  time .  Thes e ar e th e genera l  trend s predictedb y th e 
T R A CE simulations .  Th e referen t  an d cohor t  probabilitie s 
separat e fro m baselin e togethe r  sinc e bot h ar e consisten t 
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Cohor t  "beetl e 
Unrelate d 

r '^T^sg w 

1.0 ' 

200 40 0 60 0 80 0 100 0 
Tim e sinc e targe t  onse t  (msec ) 

Figure 6: Probability of fixating each item in Experiment 
2 whe n th e referen t  i s  th e target ,  an d a  cohor t  i s  present . 
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Figure 7: Probability of fixating each item in Experiment 
2 whe n th e referen t  i s th e target ,  an d a  rhym e i s present . 
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wit h th e initia l  input .  Th e rhym e separate s fro m baselin e 
slightl y later ,  onc e th e inpu t  become s partiall y  consisten t 
(durin g th e initia l  vowel) .  Th e cohor t  peak s earl y o n 
becaus e i t  diverge s fro m th e inpu t  afte r  th e firs t  vowel , 
wherea s th e rhym e remain s consisten t  wit h th e input . 

Ther e ar e als o difference s betwee n cohor t  an d rhym e 
competito r  set s i n th e probabilit y  o f  first  eye-movement s t o 
th e target .  Fo r  example ,  conside r  th e difference s whe n 
competitio n wa s possibl e (e.g. ,  i n th e cohor t  competito r  set , 
becaus e eithe r  th e referen t  o r  th e cohor t  wa s th e target )  vs . 
when competitio n wa s no t  possibl e (i.e. ,  whe n on e o f  th e 
tw o unrelate d item s wa s th e target) .  Thes e hi t  rat e dat a wer e 
submitte d t o a  2  (competitio n possibl e o r  not )  b y 2  (cohor t 
competito r  o r  rhym e competitor )  A N O V A.  Ther e wer e 
mai n effect s o f  competitio n (acros s competito r  sets ,  hi t  rat e 
was .64 9 competitio n wa s possible ,  vs .  .85 5 whe n i t  wa s 
not ;  F(l,ll)=37.580 ,  p  =  .0001 )  a s wel l  a s competito r  se t 
(hi t  rat e wa s .72 1 i n th e cohor t  set ,  vs .  .78 3 i n th e rhym e 
set ;  F(l.ll)=7.229 ,  p  =  .021) .  Th e interactio n wa s als o 
significan t  (F(l, l  1)=4.966 ,  p  =  .048) .  Comparison s o f 
individua l  mean s sho w tha t  withi n eac h competito r  set ,  hi t 
rat e wa s significantl y lowe r  ( p <  .01 )  whe n competitio n wa s 
possibl e tha n whe n i t  wa s no t  (.58 7 vs .  .85 5 fo r  th e cohor t 
competito r  set ,  an d .71 1 vs .  .85 5 fo r  th e rhym e competito r 
set) ,  an d tha t  whe n competitio n wa s possible ,  hi t  rate s wer e 
significantl y lowe r  whe n th e competito r  wa s a  cohor t  (.587 ) 
tha n whe n i t  wa s a  rhym e (.711) . 

Experimen t  2  clearl y show s tha t  bot h cohort s an d rhyme s 
compet e fo r  lexica l  activation .  Participant s wer e muc h mor e 
likel y t o launc h a  "fals e alarm "  eye-movemen t  t o a  cohor t  o r 
rhym e tha n t o a  non-competitor ,  a s wa s reflecte d i n 
significantl y lowe r  hi t  rate s whe n competitor s wer e present . 
Th e result s als o revea l  clea r  differencesbetwee n cohor t  an d 
rhym e competition :  cohor t  activatio n (a s measure d b y 
probabilit y  o f  fals e alar m eye-movements )  rise s mor e rapidl y 
and ha s a  highe r  pea k tha n rhym e activatio n (a s predicte d b y 
our  T R A C E simulations) ,  an d th e presenc e o f  a  cohor t 
competito r  reduce s hi t  rat e significantl y mor e tha n doe s th e 
presenc e o f  a  rhym e competitor . 

General Discussion 

The researc h presente d her e demonstrate s tha t  eye -
movement s ca n provid e a  remarkabl y sensitiv e measur e o f 
th e time-cours e o f  lexica l  activatio n durin g wor d recognitio n 
i n continuou s speech .  W e replicate d th e finding from  gatin g 
and cross-moda l  primin g tha t  a  cohor t  o f  word s sharin g th e 
same onse t  i s temporaril y  activate d a s a  wor d unfolds .  I n 
additio n w e foun d clea r  evidenc e fo r  activatio n o f 
phonologicall y simila r  competitor s tha t  d o no t  shar e onsets . 
Althoug h thi s resul t  i s  clearl y predicte d b y continuou s 
activatio n model s o f  wor d recognition ,  i t  ha s prove d difficul t 
t o find  supportin g evidenc e wit h othe r  paradigms . 

We als o addressedtw o crucia l  methodologica l  issue s wit h 
th e eye-trackin g paradigm .  First ,  w e showe d tha t  th e us e o f 
a restricte d se t  o f  lexica l  possibilitie s doe s no t  appea r  t o 
artificiall y  inflat e similarit y effects .  I n particular ,  n o 
evidenc e fo r  rhym e effect s wa s foun d wit h gating ,  a  tas k tha t 
emphasize s wor d initia l  information .  Second ,  w e provide d 
clea r  evidenc e i n suppor t  o f  a  simpl e linkin g hypothesi s 
betwee n activatio n level s an d th e probabilit y  o f  fixating a 

target .  W e assume d tha t  th e probabilit y  o f  directin g 
attentio n t o a  target ,  an d thu s makin g a n eye-movemen t  t o 
it ,  wa s a  direc t  functio n o f  it s  probabilit y  a s quantifie d b y 
applyin g th e Luc e choic e rul e t o activatio n level s compute d 
usin g th e T R A C E model .  Th e predicte d probabilitie s 
closel y corresponde d t o th e behaviora l  data . 

The clos e matc h betwee n predicte d an d actua l  fixation 
pattern s provide s stron g suppor t  fo r  activatio n model s whic h 
continuousl y ma p inpu t  ont o a  se t  o f  lexica l  candidates . 
The sensitivit y o f  th e respons e measur e an d th e presenc e o f  a 
clea r  likin g hypothesi s betwee n lexica l  activatio n an d eye -
movement s suggest s tha t  thi s methodolog y wil l  b e 
invaluabl e i n explorin g eve n th e fines t  graine d question s 
abou t  th e mechanism s underlyin g spoke n wor d recognition . 
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