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M o d e l i n g th e Perceptio n o f  S p o k e n W o r d s 

M.  Garet h Gaskel l 
Centr e fo r  Speec h an d Language , 

Psycholog y Department ,  Birkbec k College , 
Male t  Street ,  Londo n W C I E 7 H X 

g . g a s k e l l @ p s y c . b b k . a c . u k 

Abstract 

We present a new distributed connectionist model of the 
perceptio n o f  spoke n words .  Th e mode l  employ s a n interna l 
representatio n o f  speec h tha t  combine s lexica l  informatio n 
wit h abstrac t  phonologica l  information .  W e sho w ho w a 
singl e distribute d representatio n o f  thi s typ e ca n for m th e 
basi s fo r  th e perceptio n o f  word s an d nonword s alike .  Th e 
model  i s teste d agains t  lexica l  an d phoneti c decisio n dat a 
fro m Marslen-Wilso n an d Warre n (1994) .  Thes e 
experiment s examine d th e integratio n o f  cue s t o plac e o f 
articulatio n diuin g lexica l  acces s an d showe d a  patter n o f 
result s whic h prove d difficul t  t o accommodat e i n previou s 
models .  Th e us e o f  a  single ,  late ,  phonologica l 
representatio n allow s thi s patter n o f  result s t o b e simulate d 
and ha s th e potentia l  t o incorporat e man y othe r  propertie s o f 
th e huma n system . 

Introduction 

Thi s pape r  describe s a  ne w approac h t o th e perceptio n an d 
recognitio n o f  spoke n words .  Thi s depart s fro m previou s 
approache s b y postulatin g a  fundamentall y differen t 
relationshi p betwee n speec h input ,  lexica l  representation s 
of  meanin g an d form ,  an d th e listener' s perceptua l 
experienc e o f  speech .  Th e conventiona l  approach ,  standar d 
acros s essentiall y  al l  curren t  theorie s an d models ,  assume s 
a processin g architectur e wher e speec h i s firs t  analyze d i n 
term s o f  som e for m o f  pre-lexica l  phonologica l  uni t  (suc h 
as string s o f  phoneme s o r  syllables )  constitutin g a  separat e 
leve l  o f  perceptua l  an d computationa l  representation .  Thi s 
pre-lexica l  leve l  form s th e inpu t  t o th e menta l  lexico n an d 
i s th e basi s fo r  th e listener' s perceptua l  experienc e o f  th e 
speec h stream .  W e argue ,  instead ,  tha t  ther e i s n o suc h pre -
lexica l  level ,  tha t  th e speec h input ,  analyze d i n featura l 
terms ,  i s mappe d directl y ont o combine d phonologica l  an d 
lexica l  representations ,  an d tha t  th e listener' s perceptua l 
representatio n o f  speec h i s a n abstrac t  post-lexica l  produc t 
of  th e system . 

Evidenc e fo r  th e abstractnes s o f  th e phonologica l  percep t 
comes fro m a  serie s o f  studie s o f  phonologica l  variatio n 
(Lahir i  &  Marslen-Wilson ,  1991 ;  Gaskel l  &  Marslen -
Wilson ,  1994) .  Thes e indicat e tha t  subject s hav e relativel y 
littl e awarenes s o f  th e surfac e for m o f  speech .  Instead ,  the y 
bas e phonologica l  judgment s o n th e abstrac t  representatio n 
of  speec h tha t  underlie s surfac e variations .  Evidenc e tha t 
th e phonologica l  percep t  i s a  lat e produc t  o f  th e perceptua l 
syste m come s fro m studie s o f  th e integratio n o f 
phonologica l  cue s i n speec h perception .  I n particular , 
lexica l  an d phoneti c decisio n dat a i n Marslen-Wilso n an d 
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Warren (1994; henceforth MW94) argue against the pre-
lexica l  integratio n o f  phoneti c cue s int o segmenta l  o r 
simila r  units . 

Her e w e describ e a  distribute d connectionis t  mode l  tha t 
operate s o n thes e premises .  Th e model' s behavio r  i n 
simulation s o f  lexica l  an d phoneti c decisio n closel y mirror s 
human performanc e i n th e M W 94 experiments .  Thi s 
success ,  contrastin g wit h th e failur e o f  localis t  model s t o 
accoun t  fo r  thes e data ,  i s  base d o n th e us e o f  a  single ,  post -
lexica l  leve l  o f  phonologica l  representation ,  providin g th e 
basi s fo r  th e listener' s perceptua l  experienc e o f  word s an d 
nonword s alike .  Thi s model ,  i t  als o turn s out ,  provide s a 
successfu l  framewor k fo r  explainin g a  wid e rang e o f 
propertie s o f  huma n spoken-wor d recognitio n (Gaskel l  & 
Marslen-Wilson ,  i n preparation) . 

Experimental Background 

Marslen-Wilso n an d Warre n examine d th e integratio n o f 
featura l  cue s t o segmen t  identit y i n word s an d nonwords . 
The y create d cross-splice d monosyllabi c word s an d 
nonword s tha t  containe d conflictin g cue s t o th e plac e o f 
articulatio n o f  th e final  consonant .  Fo r  example ,  subject s 
migh t  hea r  a  toke n consistin g o f  th e initia l  consonan t  an d 
vowel  o f  jog ,  followe d b y th e final  consonan t  burs t  o f  job . 
The vowe l  transition s her e poin t  t o a  final  vela r  consonan t 
(th e [g ]  fro m jog) ,  whic h conflict s wit h th e plac e 
informatio n i n th e burst ,  indicatin g a  labia l  consonan t  (th e 
[b ]  fro m job) .  Th e purpos e o f  th e experiment s wa s t o 
examin e th e effect s o f  thes e conflict s betwee n cue s a s a 
functio n o f  th e lexica l  statu s o f  th e stimul i  involved ,  an d o f 
th e tas k th e subject s wer e performing . 

As summarize d i n Tabl e 1 ,  triplet s o f  monosyllable s 
containin g eithe r  on e wor d an d tw o nonword s o r  tw o word s 
and on e nonwor d wer e cross-splice d t o produc e si x  type s 
of  stimulus .  Thes e varie d i n term s o f  th e presenc e o r 
absenc e o f  mismatchin g cue s an d i n th e lexica l  statu s o f 
th e pre -  an d post-splic e components .  I n a  lexica l  decisio n 
experiment ,  wher e subject s mak e a  time d judgmen t  a s t o 
whether  th e stimulu s i s a  wor d o r  not ,  ther e wer e 
interferenc e effect s fo r  al l  mismatc h condition s excep t 
N 3 N 1,  wher e th e stimulu s a s a  whol e forme d a  nonword , 
and wher e bot h pre -  an d post-splic e component s derive d 
fro m a  nonword .  Surprisingly ,  a  ver y simila r  patter n wa s 
foun d i n a  phoneti c decisio n task ,  wher e subject s mak e a 
time d forced-choic e judgmen t  a s t o th e identit y o f  th e final 
consonan t  o f  th e stimulu s (e.g. ,  betwee n "g "  an d "b") . 
Ther e wer e agai n stron g interferenc e effect s fo r  al l 
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mismatc h conditions ,  bu t  a  greatl y reduce d effec t  fo r 

m m. 
Tabl e 1 :  M W 94 experimenta l  contrast s 

Lexica l  Statu s Cod e Exampl e 

Word Sequence s 
Word!  +  Word l 
Word2 +  Word l 
Nonword S +  Word l 

Nonwor d Sequence s 
Nonword l  +  Nonwor d 1 
Word2 +  Nonword l 
Nonword S +  Nonword l 

W l Wl 
W 2 W1 
N3W1 

NlN l 
W2N1 
N3N1 

jfi b +  jo t 

jo g + jo b 

jfi d +  jo b 

smob +  smo b 

smog +  smo b 

ang d +  smo b 

Note :  Th e underline d section s represen t  th e segment s 
splice d togethe r  t o creat e th e stimuli . 

We drew two main conclusions from these results. First, 
tha t  lexica l  decision s an d phoneti c decision s wer e base d o n 
th e sam e processin g substrate ,  an d second ,  tha t  thi s 
substrat e supporte d a  comple x patter n o f  interaction s 
betwee n th e featura l  an d lexica l  aspect s o f  speech .  A 
furthe r  simulatio n stud y usin g th e localis t  T R A C E mode l 
indicate d tha t  thes e result s coul d no t  readil y b e modele d b y 
a processin g syste m o f  th e classica l  sort ,  wher e lexica l 
effect s o n phoneti c decision s ar e accounte d fo r  i n term s o f 
top-dow n interaction s fro m th e lexica l  leve l  t o a n 
independen t  pre-lexica l  phonemi c level .  W e propose d 
instea d a  processin g architectur e o f  th e typ e develope d 
here ,  wher e th e computationa l  substrat e fo r  lexica l  an d 
phoneti c decision s i s th e sam e distribute d representation , 
simultaneousl y encodin g th e mapping s fro m speec h inpu t 
ont o a  phonologica l  representatio n an d fro m speec h inpu t 
ont o a  representatio n o f  lexica l  (o r  semantic )  identity . 

Modeling Assumptions 

Our  mode l  i s  base d o n a  smal l  numbe r  o f  assumption s 
abou t  th e perceptio n o f  speech .  Thes e ar e partl y draw n 
fro m previou s model s o f  speec h perceptio n (e.g. ,  Morton , 
1969 ;  McClellan d &  Elman ,  1986 ;  Marslen-Wilson ,  1987 ) 
an d partl y base d o n a  functiona l  analysi s o f  th e perceptua l 
system .  Th e principa l  assumption s are : 

1)  Lexica l  knowledg e i s  represente d i n a  full y 
distribute d fashion . 

2 )  Differen t  form s o f  lexica l  knowledg e (e.g. , 
phonology ,  semantics )  ar e represente d a t  th e sam e leve l 
and accesse d simultaneously . 

3)  Speec h inpu t  map s directl y an d continuousl y ont o 
lexica l  representations . 

4 )  Th e lexica l  acces s proces s operate s wit h maxima l 
efficienc y b y extractin g th e mos t  informativ e lexica l 
representatio n a t  al l  point s durin g th e perceptio n o f  speech . 

Th e valu e o f  distribute d representation s i n th e modelin g 
of  cognitiv e function s i s  wel l  documente d (e.g. ,  Hinton , 
McClellan d &  Rumelhart ,  1986 ;  Hinto n &  Shallice ,  1991) . 
We envisag e th e lexica l  entr y fo r  a  wor d t o b e a  distribute d 
patter n representin g th e semantic ,  syntactic ,  morphologica l 
and phonologica l  specificatio n o f  tha t  word .  Thes e 
representation s ca n b e convenientl y describe d i n micro -
featura l  term s (e.g. ,  Plau t  &  Shallice ,  1993) .  W e als o 
assume tha t  unit s o f  lexica l  representatio n ar e no t 

duplicated ,  i n tha t  th e goa l  o f  lexica l  access—th e 
activatio n o f  a  singl e complet e lexica l  representation—fill s 
th e representationa l  space .  Thi s vie w o f  th e lexica l  acces s 
proces s differ s radicall y fro m currentl y popula r  model s o f 
wor d recognitio n suc h a s T R A C E an d Cohort ,  whic h vie w 
th e proces s o f  selectio n betwee n candidate s a s a  paralle l 
localis t  proces s o f  competition .  Instea d o f  mappin g speec h 
inpu t  ont o man y localis t  representations ,  w e shal l  explor e 
th e possibilit y  tha t  lexica l  selectio n operate s o n a  singl e 
distribute d leve l  o f  representation . 

Our  mode l  als o differ s fro m standar d model s i n th e 
orderin g o f  differen t  form s o f  information .  Generally , 
phonologica l  knowledg e i s  see n a s mor e "low-level "  tha n 
semanti c o r  syntacti c knowledge .  Almos t  al l  model s 
suppos e tha t  a  pre-lexica l  segmenta l  (o r  similar ) 
representatio n o f  speec h i s  compute d an d tha t  lexica l 
acces s operate s b y matchin g thi s t o phonologica l 
representation s o f  word s i n a n inpu t  lexicon .  Thus , 
phonologica l  representation s ar e see n a s th e ke y t o th e 
lexica l  entrie s o f  words .  Ou r  mode l  contain s n o suc h 
intrinsi c ordering ,  wit h differen t  form s o f  knowledg e co -
represente d a t  th e sam e leve l  o f  th e system .  W e ar e no t 
tryin g t o clai m tha t  th e goodnes s o f  fit  betwee n th e speec h 
strea m an d store d representation s doe s no t  rel y o n 
phonologica l  information ,  bu t  w e propos e tha t  interna l 
representation s o f  phonologica l  for m ar e highl y abstrac t 
and tha t  n o segmenta l  representatio n o f  speec h mediate s i n 
th e lexica l  acces s process .  B y thi s view ,  th e perceptio n o f  a 
wor d an d th e perceptio n o f  a  word-lik e nonwor d (o r  a n 
unfamilia r  word )  diffe r  onl y i n th e degre e t o whic h 
differen t  type s o f  informatio n ar e accessed .  Th e perceptio n 
of  a  wor d lead s t o th e activatio n o f  al l  form s o f  lexica l 
knowledg e wherea s th e perceptio n o f  a  nonwor d lead s onl y 
t o th e retrieva l  o f  phonologica l  information ,  whic h i s 
abstracte d b y th e sam e proces s a s tha t  operatin g o n words . 

The assumptio n o f  maxima l  efficienc y implie s tha t  a t  al l 
point s ou r  mode l  mus t  deriv e th e mos t  informativ e outpu t 
availabl e fro m it s analysi s o f  incomin g speech .  Thus ,  i f  i t 
i s  possibl e t o isolat e a  singl e lexica l  matc h t o th e curren t 
inpu t  (i.e. ,  a t  th e word' s uniquenes s point) ,  th e relevan t 
informatio n abou t  tha t  wor d shoul d b e extracted .  A t  othe r 
points ,  wher e mor e tha n on e lexica l  entr y matche s th e 
speec h presente d s o far ,  th e outpu t  o f  th e mode l  shoul d 
reflec t  thi s ambiguit y an d activat e th e store d knowledg e 
abou t  thes e candidates .  Thus ,  th e networ k shoul d 
simultaneousl y entertai n multipl e hypothese s abou t  th e 
lexica l  identit y o f  incomin g speech ,  a s d o th e majorit y o f 
curren t  model s o f  speec h perception .  However ,  th e 
distribute d natur e o f  th e lexica l  representation s use d i n ou r 
model  place s limitation s o n th e effectivenes s o f  th e paralle l 
evaluatio n o f  multipl e candidates .  Ou r  mode l  assume s tha t 
speec h i s  mappe d mor e o r  les s directl y ont o distribute d 
representation s o f  lexica l  knowledge ,  implyin g tha t 
multipl e lexica l  candidate s ca n onl y b e evaluate d b y thei r 
influenc e o n thi s leve l  o f  representatio n rathe r  tha n a t  som e 
independen t  stag e o f  competitio n (a s assume d i n model s 
suc h a s T R A C E an d Cohort) .  Sinc e differen t  lexica l 
candidate s wil l  generall y hav e differen t  lexica l 
representations ,  thi s suggest s tha t  the y wil l  interfere , 
producin g a  lexica l  "blend "  o f  th e variou s candidates . 
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N e t w o r k Arch i tec tur e 

To allo w th e networ k t o generaliz e ove r  pattern s o f 
phoneti c feature s sprea d acros s time ,  th e mode l  i s  base d o n 
a simpl e recurren t  networ k architectur e (Elman ,  1990 ; 
Norris ,  1990) .  Th e networ k i s  traine d o n th e mappin g 
betwee n a  strea m o f  phoneti c feature s an d a n interna l 
representatio n o f  words .  Th e featura l  inpu t  i s  passe d 
throug h a  se t  o f  20 0 hidde n units ,  whic h hav e acces s vi a 
recurren t  link s t o th e stat e o f  th e hidde n unit s a t  th e 
previou s time-step .  Th e hidde n unit s ar e als o connecte d t o 
tw o set s o f  outpu t  units ,  representin g th e phonolog y an d 
th e lexica l  (o r  semantic )  identit y o f  th e word s containe d i n 
th e speec h strea m (se e Figur e 1) .  Fro m th e perspectiv e o f 
th e M W 94 results ,  thi s i s th e crucia l  propert y o f  th e model , 
sinc e i t  mean s tha t  th e sam e substrat e (th e hidde n uni t 
weigh t  space )  i s  simultaneousl y codin g bot h th e 
phonologica l  mappin g an d th e lexica l  mapping .  Ou r 
hypothesi s i s tha t  thi s wil l  allo w th e mode l  t o simulat e th e 
experimenta l  results ,  i n a  situatio n wher e th e sam e 
phonologica l  outpu t  laye r  represent s bot h word s an d 
nonwords . 

For  th e purpose s o f  thi s initia l  model ,  lexical/semanti c 
identit y wa s distributionall y represente d b y a n arbitrar y 
vecto r  o f  5 0 zero s an d ones .  Th e phonologica l  outpu t  wa s 
base d o n a  sligh t  adaptatio n o f  th e Plau t  &  McClellan d 
(1993 )  monosyllabi c wor d representation .  Thi s i s  a 
compac t  phonemi c representatio n o f  monosyllabi c words , 
divide d int o 3  group s o f  unit s correspondin g t o syllabl e 
onset ,  rhym e an d coda .  Withi n eac h group ,  phoneme s ar e 
represente d b y singl e units . 

Thi s representatio n provide s a  basi s fo r  decision s 
involvin g th e for m o f  speech .  Th e us e o f  phoneme s her e i s 
a representationa l  convenience .  W e assum e tha t  a 
segmenta l  representatio n o f  speec h emerge s a s a  produc t  o f 
th e interactio n betwee n orthographi c an d phonologica l 
knowledg e i n literat e speaker s o f  alphabeti c language s 
(Marslen-Wilso n &  Warren ,  1994 ;  Morals ,  Bertelson ,  Car y 
& Alegria ,  1986 ;  Read ,  Zhang ,  Ni e &  Ding ,  1986) . 

Auditor y inpu t  t o th e networ k wa s represente d segmen t 
by segmen t  o n a  se t  o f  1 3 binar y inpu t  units .  Eleve n o f 
thes e encode d th e phoneti c feature s o f  th e curren t  inpu t 
segment  usin g th e Jakobson ,  Fan t  an d Hall e (1952 )  featur e 
system .  T o simulat e th e coarticulator y sprea d o f  plac e 
informatio n betwee n consonan t  an d precedin g vowel ,  w e 

adde d tw o furthe r  featur e units .  Thes e wer e se t  t o zer o fo r 
al l  segment s excep t  vowel s immediatel y precedin g nasa l  o r 
sto p consonants .  Fo r  thes e vowels ,  th e tw o feature s 
represente d th e plac e o f  th e followin g consonant ,  mirrorin g 
th e diffus e an d grav e featur e value s fo r  tha t  consonant . 

Consisten t  wit h evidenc e fo r  th e relativ e weaknes s o f  th e 
vowel  transitio n cue s t o plac e (e.g. ,  Warre n &  Marslen -
Wilson ,  1987 )  thes e cue s wer e mad e probabilisti c  durin g 
training :  cue s wer e correc t  (i.e. ,  agree d wit h th e plac e o f 
th e consonant )  7 0 % o f  th e time ,  wit h th e remainin g 3 0 % o f 
vowel  cue s consisten t  wit h eithe r  o f  th e othe r  tw o place s o f 
articulatio n use d i n th e stimulu s triplets . 

Th e networ k wa s traine d t o perfor m th e join t 
phonologica l  an d semanti c mappin g fo r  a  se t  o f  3 6 
monosyllabi c word s draw n fro m th e M W 9 4 tes t  words . 
Thes e comprise d th e unsplice d word s require d t o creat e 2 4 
splice d triplet s (1 2 wor d triplet s an d 1 2 nonwor d triplets ) 
fo r  testing .  Al l  word s ende d wit h a  singl e consonan t  whic h 
was eithe r  a  nasa l  (/n/ ,  /m/ ,  o r  /ng/) ,  a  voice d sto p (/d/ ,  /b / 
or  Igl )  o r  a n unvoice d sto p (/t/ ,  /p /  o r  /k/) .  Thes e wer e 
presente d a s inpu t  t o th e networ k i n th e for m o f  sequentia l 
bundle s o f  phoneti c features . 

T o maintai n a  mor e realisti c learnin g environmen t  fo r 
th e network ,  a  numbe r  o f  othe r  word s wer e adde d t o th e 
trainin g corpus .  Firstly ,  a  se t  o f  7 1 word s wer e adde d t o 
simulat e th e competito r  environmen t  fo r  th e tes t  words . 
Thes e wer e al l  clos e cohor t  competitors ,  sharin g initia l 
C(C) V segment s wit h th e targe t  word s bu t  divergin g o n th e 
fina l  consonan t  cluster .  Thi s gav e th e les t  word s a n averag e 
of  3. 5 clos e competitor s (rang e 0-10) . 

I n addition ,  th e toke n frequencie s o f  th e trainin g se t  wer e 
manipulated ,  reflectin g th e skewe d distributio n o f  wor d 
frequencie s i n Englis h (Zipf ,  1965) .  Tes t  word s wer e al l 
give n a  toke n frequenc y o f  2 0 withi n th e trainin g corpus . 
The cohor t  competitor s wer e the n assigne d rando m 
frequencie s betwee n 1  an d 40 ,  wit h a  mea n frequenc y o f 
20 .  A  furthe r  299 8 monosyllables ,  take n fro m th e 
simulation s o f  Plau t  an d McClellan d (1993) ,  wer e adde d t o 
th e trainin g corpus ,  wit h a  toke n frequenc y o f  1 . 

Thi s corpu s wa s presente d t o th e networ k 5 0 time s 
durin g training .  O n eac h cycle ,  th e 1 3 inpu t  node s wer e 
activate d wit h th e phoneti c patter n o f  on e segmen t  o f  a 
wor d an d th e networ k wa s trained ,  usin g backpropagation , 
t o produc e th e correc t  semanti c an d phonologica l  pattern s 

I  Phonology ] Lexic a Semantic s 

Hidde n Laye r 

Contex t  Laye r 

Curren t  Feature s 

OUTPUT 

HIDDEN 
UNITS 

INPUT 
(phoneti c features ) 

Figur e 1 .  Networ k Architectur e 
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fo r  tha i  word . 
Th e networ k wa s the n teste d o n a  se t  o f  stimul i  designe d 

t o simulat e th e tes t  condition s o f  M W 9 4 (se e Tabl e 1) .  Th e 
W l Wl  an d N l N l  baselin e stimul i  al l  containe d vowe l 
plac e cue s tha t  matche d th e plac e o f  th e followin g 
segment .  Al l  othe r  stimul i  containe d mismatchin g cue s t o 
th e plac e o f  articulatio n o f  th e fina l  consonant .  Fo r 
example ,  th e W 2 W1 stimul i  containe d plac e informatio n i n 
th e vowe l  conformin g wit h th e W 2 wor d combine d wit h 
th e final  consonan t  o f  W l .  Onl y th e wor d token s ha d bee n 
presente d t o th e networ k durin g training .  Th e tes t  word s 
wer e presente d t o th e networ k i n a  rando m order ,  wit h eac h 
tes t  ite m precede d b y tw o fille r  words .  Th e phonologica l 
and semanti c activation s wer e recorde d a t  eac h time-step . 

Results 

Lexical Decision 

Followin g othe r  researcher s w e assum e tha t  outpu t  erro r 
score s correlat e wit h respons e time s i n a  cascade d 
processin g system .  W e als o assum e tha t  a  lexica l  decisio n 
respons e depend s predominantl y o n th e lexical/semanti c 
rathe r  tha n phonologica l  outpu t  o f  th e model .  Erro r  score s 
at  th e semanti c outpu t  ca n b e transforme d int o wor d 
activatio n value s usin g th e function : 

W 2 W1 tha n N 3 W 1 tokens .  Th e mode l  therefor e predict s 
tha t  bot h mismatchin g token s shoul d dela y th e recognitio n 
of  th e targe t  t o a n equa l  extent . 

wor d activatio n = 
25-XK- . 

is l 
25 

(wher e t  =  trainin g valu e an d o  =  outpu t  valu e fo r  th e Jt h 

unit) . 
Thi s give s a n activatio n valu e betwee n - 1 an d 1 ,  wher e 1 

represent s a  perfec t  fi t  betwee n th e semanti c outpu t  an d th e 
trainin g patter n fo r  tha t  wor d an d 0  i s th e expecte d 
activatio n valu e fo r  a n outpu t  patter n chose n a t  random .  I n 
a distribute d representationa l  syste m th e competito r 
environmen t  o f  a  wor d ca n b e directl y reflecte d i n thi s 
activatio n value .  A  semanti c outpu t  whic h i s simila r  t o th e 
trainin g patter n fo r  on e wor d implie s tha t  i t  mus t  als o b e 
dissimila r  t o th e semanti c pattern s fo r  al l  word s whic h ar e 
not  semanticall y relate d t o tha t  word .  So ,  fo r  example ,  n o 
tw o unrelate d word s ca n hav e a n activatio n o f  0. 9 a t  th e 
same time .  Fo r  thi s reason ,  ther e i s n o nee d t o us e relativ e 
activation s t o defin e a  lexica l  decisio n criterion . 

Th e uppe r  grap h i n Figur e 2  illustrate s th e activatio n o f 
th e semanti c patter n o f  W l  fo r  eac h o f  th e member s o f  th e 
wor d triplet s (average d acros s al l  items) .  Th e stimul i  fo r 
eac h conditio n ar e identica l  u p t o wor d positio n -1 ,  wher e 
th e coarticulator y informatio n i n th e vowe l  i s  presented .  A t 
wor d positio n 0 ,  th e final  consonan t  i s presented . 

Th e W l W l  conditio n i s th e baselin e fo r  compariso n o f 
effect s o f  mismatch .  Here ,  a s featura l  informatio n i s 
presented ,  th e activatio n o f  W l  rises ,  t o a  pea k a t  th e en d 
of  th e wor d o f  0.71 .  Thi s figure  doe s no t  represen t  perfec t 
activatio n o f  th e word ,  bu t  implie s tha t  W l  i s b y fa r  th e 
most  activ e candidate .  Bot h cross-splice d token s resul t  i n 
reduce d activatio n o f  th e W l  target ,  mainl y o n presentatio n 
of  th e mismatchin g coarticulator y informatio n i n th e 
vowel .  Furthermore ,  th e pattern s fo r  th e mismatchin g 
token s ar e highl y similar ,  wit h slightl y mor e mismatc h fo r 

0.6 

W1W1 6 0. 4 

W2W1 
0. 2 

N3W1 

- 3 - 2 - 1 
Word Po s 

5 0. 6 • • 

W2N1 

- 2 
Word Po s 

Figur e 2 .  Semanti c activation s o f  W l  fo r  th e wor d triplet s 

(above )  an d o f  W 2 fo r  th e nonwor d triplet s (below) .  Th e x -

axi s represent s th e positio n withi n th e curren t  stimulu s ( 0 = 

final  segment) . 

To examine the predictions for the nonword stimuli in a 
lexica l  decisio n task ,  w e nee d t o examin e th e activatio n o f 
th e semanti c patter n fo r  W 2 ,  th e onl y wor d member  o f  th e 
stimulu s triplet s (lowe r  graph .  Figur e 2) .  Unsurprisingly , 
W2 i s bes t  activate d b y th e W 2 N 1 token .  However ,  th e 
activatio n o f  W 2 o n presentatio n o f  thi s toke n doe s no t  rise 
abov e 0.4 .  Therefore ,  th e mode l  woul d predic t  a  majorit y 
of  " N o "  response s t o thes e stimuli .  I n addition ,  th e 
increase d activatio n o f  W 2 fo r  thi s conditio n woul d predic t 
" N o "  response s shoul d b e slowe r  tha n fo r  th e baselin e 
(N lN l )  an d N 3 N 1 conditions . 

Th e dat a fro m th e lexica l  decisio n simulatio n wer e 
transforme d t o provid e a  compariso n wit h th e M W 94 dat a 
(se e Figur e 3) .  I n eac h cas e th e simulatio n result s wer e 
summed ove r  th e point s durin g presentatio n o f  th e wor d fo r 
whic h th e condition s differe d (i.e. ,  o n presentatio n o f  th e 
final  2  segments) .  Fo r  th e cas e wher e activatio n wa s 
assume d t o b e negativel y correlate d wit h respons e tim e 
(i.e. ,  th e "Yes "  responses )  thes e activation s wer e negated . 
For  bot h wor d an d nonwor d conditions ,  th e patter n o f 

22 



activation s produce d b y th e networ k closel y matche s th e 
patter n o f  respons e time s foun d i n M W 9 4 . 

-0. 8 
560 8 ! 

-0. 9 

W1W1 W2W1 
Conditio n 

N3W1 

•Simulatio n •&Experiment | 

0.7 5 

0.6 5 

0.5 5 

N1N1 W 2 N1 N3N 1 
Conditio n 

-»• Simulation -s-Experiment! 

Figur e 3 .  Compariso n betwee n lexica l  decisio n 

experimenta l  dat a an d networ k simulatio n fo r  wor d (uppe r 
graph )  an d nonwor d (lowe r  graph )  stimuH . 

Of particular interest is the finding that, like humans, the 
model  show s n o inhibitor y effect s w h e n presente d wit h tw o 
nonword s splice d together .  Thi s i s becaus e phoneti c 
featura l  informatio n i s mappe d directl y ont o lexica l 
representations .  Th e N l N l  an d N 3 N 1 condition s ar e 
equivalen t  i n term s o f  th e degre e t o whic h the y matc h W 2 
phonologically :  bot h contai n informatio n i n th e vowe l 
transitio n an d th e followin g burs t  whic h deviate s fro m th e 
plac e o f  articulatio n o f  th e W 2 final  consonant .  Sinc e ther e 
i s n o intermediat e segmenta l  leve l  i t  doe s no t  matte r  tha t 
fo r  th e N 3 N 1 conditio n th e tw o source s o f  informatio n 
conflic t  wit h eac h othe r  segmentally—thes e cue s ar e onl y 
integrate d i n th e paralle l  mappin g ont o th e phonologica l 
level .  Thus ,  thes e condition s predic t  simila r  level s o f 
inhibitio n o f  a  lexica l  decisio n response . 

Phonetic Decision 

Th e translatio n fro m localis t  phonemi c outpu t  value s t o 
prediction s o f  phoneti c decisio n response s i s 
straightforward :  Th e network' s prediction s shoul d depen d 
on th e relativ e activation s o f  th e word-fina l  phonem e node s 
involved .  Thes e ar e th e thre e segment s i n th e cod a outpu t 

grou p tha t  shar e th e manne r  an d voicin g o f  th e ambiguou s 
segments ,  bu t  var y i n plac e o f  articulation .  Fo r  example , 
th e network' s respons e t o th e stimulu s toke n jog , 
constructe d fro m th e onse t  o f  jo b an d th e final  burs t  o f  jog , 
woul d depen d o n th e activation s o f  th e /b/ ,  /g /  an d /d / 
node s i n th e cod a grou p o f  th e phonologica l  outpu t  units . 
Therefor e th e differenc e betwee n th e activatio n o f  th e 
targe t  segmen t  an d it s mos t  activ e triple t  competito r  wa s 
use d a s a  correlat e o f  experimenta l  respons e tim e (se e 
Figur e 4) .  A s before ,  thi s measur e i s s u m m e d ove r  th e 
outpu t  fo r  th e final  tw o segment s o f  th e inpu t  t o provid e a 
compariso n wit h th e experimenta l  data . 

57 5 . i -0. 6 

-0.8 -

t 5 2 5 | 

^ - 1 . 2 -

W1W1 W2W1 
Conditio n 

N3W1 

^  Simulatio n • & Experimen t  | 

0.3 • 

0. 2 • 

N1N1 W2N1 
Conditio n 

N3N1 

•©•  Simulatio n Q -  Experimen t 

Figur e 4 .  Compariso n betwee n phoneti c decisio n 

experimenta l  dat a an d networ k simulatio n fo r  wor d (above ) 

an d nonwor d stimul i  (below) . 

Comparison of the two graphs shows a strong effect of 
lexica l  statu s o n th e networ k response .  Th e response s t o th e 
wor d sequence s range d betwee n -1. 2 an d -0.3 ,  compare d t o 
-0. 2 t o 0. 4 fo r  th e nonwor d sequences .  Thi s i s consisten t 
wit h th e finding  i n th e experimen t  tha t  response s wer e 
slowe r  fo r  th e nonwor d tha n th e wor d sequences . 

Th e pattern s withi n th e tw o sequenc e type s ar e quit e 
similar .  Compare d t o th e baselin e conditions ,  th e pattern s 
involvin g nonwor d onset s (i.e. ,  N 3 W 1 an d N 3 N 1 )  produc e 
mismatc h effect s bu t  thes e mismatc h effect s ar e weake r 
tha n fo r  th e mismatchin g condition s wit h wor d onset s (i.e. , 
W 2 W1 an d W 2 N 1 ) .  Thi s patter n o f  result s fits  th e respons e 
tim e dat a fo r  th e nonwor d sequence s ver y wel l  (sinc e th e 
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mismatchin g effec t  o f  th e W 2 N 1 stimul i  wa s roughl y twic e 
tha t  o f  th e N 3 N 1 stimuli) ,  althoug h i t  underestimate s th e 
effec t  o f  mismatc h fo r  th e N 3 W 1 condition . 

Again ,  i t  i s  interestin g tha t  th e mismatchin g token s 
compose d o f  tw o nonword s (N3N1 )  sho w les s o f  a n 
inhibitor y effec t  tha n th e W 2 N 1 condition .  Her e th e 
differenc e ca n b e explaine d i n term s o f  th e interactio n 
betwee n lexical/semanti c an d phonologica l  levels .  A s th e 
lexica l  decisio n simulatio n shows ,  th e W 2 N 1 token s 
activat e th e W 2 representatio n mor e strongl y tha n th e 
N 3 N1 tokens .  This  biase s th e phonologica l  activation s i n 
favo r  o f  a n outpu t  whic h i s coheren t  wit h thi s wor d an d 
thu s inhibit s activatio n o f  th e "correct "  phonemi c nodes . 

Discussion 

I n bot h lexica l  an d phoneti c decisio n simulations ,  th e 
prediction s o f  th e networ k closel y follo w th e patter n o f 
response s foun d i n th e M W 94 data .  I n th e lexica l  decisio n 
simulatio n th e networ k show s stron g inhibitor y effect s fo r 
consonan t  plac e mismatche s involvin g word s (i.e. ,  i n th e 
W 2 W 1,  N 3 W 1 .  an d W 2 N 1 condiuons )  bu t  littl e effec t  o f 
mismatc h involvin g onl y nonword s (i n th e N 3 N 1 
condition) .  I n th e phoneti c decisio n simulatio n al l 
mismatchin g stimul i  sho w inhibitor y effect s o n responses , 
but  th e strengt h o f  thes e effect s depend s o n th e lexica l 
statu s o f  th e component s o f  th e stimuli . 

Th e mode l  achieve s ou r  objectiv e o f  providin g a  basi s 
fo r  phonologica l  perceptio n whic h i s no t  pre-lexica l  an d i s 
strongl y influence d b y lexica l  activations ,  bu t  stil l  allow s 
th e for m o f  nonword s t o b e identifie d an d t o b e influence d 
by lexica l  factors .  Indeed ,  th e influenc e o f  lexica l 
competitor s i s slightl y to o stron g i n th e curren t  model , 
althoug h thi s i s mor e likel y t o reflec t  propertie s o f  th e 
trainin g corpu s tha n th e choic e o f  architecture . 

The fac t  tha t  thes e result s ca n b e accommodate d b y ou r 
model  i s a n importan t  validatio n o f  thi s approach . 
Althoug h thi s researc h i s a t  a n earl y stag e w e expec t  t o 
model  man y othe r  propertie s o f  th e speec h perceptio n 
syste m i n a  simila r  manner .  I n particular ,  th e us e o f  a 
distribute d lexica l  representatio n provide s a 
straightforwar d explanatio n o f  man y tim e cours e effect s i n 
lexica l  access .  Effect s suc h a s th e multipl e activatio n o f 
lexica l  candidates ,  frequenc y an d competitio n effect s i n 
lexica l  access ,  an d primin g o f  associativel y an d 
semanticall y relate d word s ca n b e explaine d i n term s o f 
th e interferenc e cause d b y semanti c "blending "  o f  output s 
(cf .  Joorden s &  Besner ,  1994 )  i n a  full y  distribute d lexica l 
representatio n (Gaskel l  &  Marslen-Wilson ,  i n preparation) . 
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