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Abstract 

Representational choices are crucial to the success of 
connectionis t  modelling .  Mos t  previou s model s o f 
auditor y wor d perceptio n i n continuou s speec h hav e 
relie d upo n a  traditiona l  Chomsky-Hall e styl e inventor y 
of  features ;  m a n y hav e als o postulate d a  localis e 
phonemi c leve l  o f  representation  mediatin g a  featura l 
and a  lexica l  level .  A  differen t  immediat e representation 
of  th e speec h inpu t  i s proposed ,  motivate d b y curren t 
development s i n phonologica l  theory ,  namel y 
Gove rnmen t  Phonology .  T h e propose d inpu t 
representation  consist s o f  nin e element s wit h physica l 
correlates .  A  mode l  o f  speec h perceptio n employin g 
thi s inpu t  representatio n i s  described .  Successiv e 
bundle s o f  element s arriv e acros s tim e a t  th e input . 
Eac h i s mapped ,  b y mean s o f  recurren t  connections , 
ont o a  windo w representing  th e curren t  bundl e an d a 
contex t  consistin g o f  thre e suc h bundle s eithe r  sid e o f 
th e curren t  bundle .  Simulation s demonstrat e th e 
viabilit y o f  th e propose d inpu t  representation .  A 
simulatio n o f  th e compensatio n fo r  coarticulatio n effec t 
(Elma n an d McClelland .  1989 )  demonstrate s a n 
interpretatio n whic h doe s no t  involv e top-dow n 
interactio n betwee n lexica l  an d tower  levels .  Th e mode l 
describe d i s  envisage d a s par t  o f  a  wide r  mode l  o f 
languag e processin g incorporatin g semanti c an d 
orthographi c level s o f  representation ,  wit h n o loca l 
lexica l  entries .  ̂  

Int roduct io n 

Psychologists wishing to model spoken language 
perceptio n hav e typicall y assume d tha t  th e physica l 
speec h signa l  m a y b e translate d int o a  featura l  leve l  o f 

'Thi s researc h wa s carrie d ou t  unde r  E.S.R.C .  gran t 
number  ROOO 2 3 3649 . 

representatkm ,  whic h the n nuq) s ont o a  phooemk ;  level , 
which ,  i n turn ,  supplie s activatio n t o a  lexica l  level .  I n 
th e T R A C E mode l  (McClellan d &  Elma n 1986 )  thes e 
thre e level s o f  representatio n ar e instantiate d i n a n 
interactive-activatio n architecture ,  i n w h k h pattern s o f 
activatio n percolat e u p an d dow n betwee n adjacen t 
levels .  I n model s o f  speec h production ,  simila r 
assumption s ar e made .  I n th e Plau t  an d Shallic e {i n 
press )  mode l  o f  pronunciatio n i n dee p dyslexics , 
pattern s o f  activit y a t  th e semanti c leve l  ar e mappe d 
ont o position-specifi c  phonemi c rqiresentations .  Ther e 
hav e bee n som e departures ,  however ,  from  explicit . 
loca l  phonemi c representations .  I n th e Seidenbo g an d 
McClellan d (1989 )  mode l  o f  wor d naming , 
orthographi c pattern s ar e m^jpe d ont o Wickelphone s 
consistin g o f  triple s o f  consecutiv e features .  I n th e 
model  o f  wor d recognitio n propose d b y Noni s (1990) , 
bundle s o f  distinctiv e feature s arriv e acros s tim e a t  th e 
11 inpu t  node s an d activatio n i s mappe d ont o a n outpu t 
laye r  consistin g o f  loca l  representations  o f  words . 

I n s o m e o f  thes e models ,  th e phonologica l 
representation s employed ,  althoug h internall y 
consistent ,  ar e simplification s o f  wha t  migh t  b e though t 
adequat e b y phonologists .  I n others ,  whil e th e inpu t 
representations  ar e relatively  sophisticated ,  the y d o no t 
reflect  phonologists '  mor e recen t  disenchantmen t  wit h 
th e phonem e an d wit h bundle s o f  feature s organize d 
strictl y linearly .  F ro m a  differen t  perspective ,  man y 
researcher s i n automati c speec h recognitio n (ASR )  hav e 
become disillusione d wit h th e notio n tha t  A S R i s bes t 
attempte d b y recognizin g Sre-styl e feature s (Chomsk y 
& Halle ,  1968 )  i n th e physica l  signa l  an d subsequentl y 
parsin g the m int o phoneme s an d words . 

Althoug h th e model s cite d abov e hav e achieve d 
considerabl e succes s i n capturin g m a n y o f  th e 
qualiutiv e aspect s o f  languag e processing ,  th e 
enterpris e shouk l  b e substantiall y  improve d b y th e us e 
of  a  speec h inpu t  representatio n which ,  first,  i s 
consonan t  wit h curren t  phonologica l  theor y and , 
second ,  ha s a  consisten t  relationship  wit h th e physica l 
speec h signal .  Suc h a n inpu t  rqiresentatio n wU l  mor e 
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adequatel y reflec t  th e structur e o f  th e real-worl d 
proble m o f  speec h recognition.  Belo w w e presen t  suc h 
an inpu t  representatio n -  a n alternativ e t o th e orthodo x 
Sre-styl e framewor k -  an d describ e it s instantiatio n i n 
a recurren t  network .  W e the n review  it s succes s a s a 
psychologica l  model . 

Phono log ica l  mot iva t io n 

The input representation described in Table 1 is based 
on recen t  wor k i n Governmen t  Phonolog y (Kaye , 
Lowenstam m &  Vergnaud .  1985 ,  1990) .  Th e speec h 
signa l  i s  decompose d int o nin e elements ,  define d briefl y 
as follows . 

A:  ora l  cavit y openness ;  alone ,  th e vowe l  qualit y 
of  palm . 
I :  palatality ;  alone ,  th e vowe l  qualit y o f  see . 

U:  labiality ;  alone ,  th e vowe l  qualit y o f  boot . 
?:  occlusion ;  abiupcness ;  akme ,  glotta l  stop . 
h:  aperiodi c energy ;  alone ,  [h] . 
N:  nasality . 
R:  î )ical̂ /canIa•lity/con)aa l  forman t  locus . 
@:  velarity/centrality . 
H:  voicelessness . 
Th e element s ar e represente d principall y i n a  binar y 

way.  I n fou r  case s a  valu e o f  O. S i s used ;  thi s i s a 
representadooal  compromis e whic h reflects  th e notio n 
of  "government "  withi n th e phonologica l  theory .  Th e 
lefthan d colum n give s Machine-Readabl e Phoneti c 
Alphabe t  ( M R P A )  equivalent s fo r  shor t  vowel s an d 
syllable-initia l  consonants ;  element s m a y b e subtracte d 
fro m th e definition s i n Tabl e 1  t o represen t  segment s i n 
othe r  environment s {e.g .  /k /  woul d lac k th e elemen t  h 
when unrelease d a s i n act) .  I n Tabl e 1 ,  th e initia l  glide s 
i n ye t  an d we t  hav e di e sam e elemen t  rqsesentation s a s 

T h e inpu t  representat io n 

segment 

P(pat ) 

t(tap ) 

k(cai ) 

bCbat ) 
d (dot ) 

« (ROt ) 
m (mill ) 

n(nU ) 

ng (sing ) 

f(fit ) 
th(thin ) 
s (sin ) 

sh (shin ) 

zh (measure ) 

h (hat ) 

V (vat ) 

dh (that ) 
z(zen ) 

lOip ) 
r(rip ) 

y(yell ) 
w (well ) 
i(bin ) 

e (den ) 

a(ban ) 

0 (don ) 

uh (bud ) 

u (wood ) 

(5 )  (about ) 

A (se e text ) 

element s | 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

h 

0 
0 
0 
1 

.5 

.5 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

u 
1 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 

N 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

R 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
1 
1 
1 
1 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

@ 
0 
0 
1 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 

H 
1 
1 
1 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

I 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
1 
0 
1 
1 
.5 
0 
0 
0 
0 
0 

A 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
.5 
1 
1 
1 
0 
0 
1 

Tabl e 1 .  Dermitio n o f  shor t  vowel s an d syllable-initia l  consonant s o f  standar d Souther n Britis h 
Englis h i n term s o f  elements .  Th e specia l  elemen t  A  doe s no t  appea r  singl y i n isolatio n (se e Tabl e 2 , 
overpage) . 
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segment 

ch (chair ) 

j h (journey ) 

@>#(bird ) 

ou (bode ) 

oi  (boy ) 

oo (bored ) 

ii(bee ) 

uu(bool ) 

ei  (bade ) 

ai(bide ) 

au (loud ) 

u @ (poor ) 

i @ (t»eer ) 

e @ (pair ) 

aa (bard ) 

expansio n 

ts h 
dz h 
@@ 
@u 
oi 
00 
i  i 

u u 

e i 
Ai 
Au 
u(a ) 

i @ 
e @ 
A A 

Tabl e 2 .  Expansion s o T th e 2  afTHcate s an d th e 1 3 
diphthong s a n d lon g m o n o p t h o n g s o f  standar d 
Souther n Britis h English . 

the vowels of pit and put, respectively; the differences 
ar e attribute d t o locatio n i n syllabl e structur e an d ar e 
not  ex p oitl y  encode d i n th e mode l  describe d below . 
Affricates ,  diphthong s an d lon g monop thong s ar e 
decompose d int o tw o consecutiv e segments ,  a s show n 
i n Tabl e 2 . 

Th e mode l 

The goal is a comprehensive model of speech 
processin g whic h wil l  allo w th e det ^  z d modellin g o f 
psychoUnguisti c data ,  goin g bey c th e essentiall y 
qualitativ e result s achievabl e wit h model s suc h a s 
T R A C E.  T h e earlies t  poin t  a t  wh ic h t o begi n th e 
psychologica l  modellin g o f  speec h processin g i s wit h 
th e transductio n o f  th e physica l  signa l  int o s o m e 
c o m m on currenc y o f  activation .  A  nois y acousti c 
signa l  i s  converte d int o a  representatio n whic h ha s 
psychologica l  significance .  Sensitivit y t o a  w i n d o w o f 
contex t  i s  essentia l  i f  thi s conversio n i s t o b e reliable . 
S o me part s o f  th e signa l  wil l  b e capture d m o r e 
securel y tha n others ,  eithe r  becaus e the y ar e inherentl y 
m o r e distinctiv e o r  becaus e o f  contex t  T h e inpu t 
representatio n detaile d abov e i s  see n a s th e mos t 
appropriat e descriptio n o f  th e inpu t  a t  thi s poin t 

T h e approac h take n belo w i s defined ,  first  b y th e 
fac t  tha t  althoug h th e element s hav e a  relationshi p 
wit h th e physica l  speec h signal ,  ther e i s n o discret e se t 
o f  acousti c entitie s whic h migh t  b e employe d i n a 
mappin g fro m a n elemen t  leve l  o f  representation .  Sdl l 
les s i s  ther e availabl e a  corpu s o f  natura l  speec h 
transcribe d i n acousti c terms .  TTi e secon d constrain t  o n 
th e model l in g i s th e principl e o f  eschewin g 
intermediat e level s o f  linguisti c representation , 
phoneme s i n particular .  I n thi s approach ,  th e ai m i s t o 
develo p a  single ,  psychologicall y realisti c leve l  o f 
representatio n o f  th e speec h strea m an d t o m a p thi s 

directl y t o a  leve l  a t  whic h th e semantic s o f  individua l 
w o r d s i s  expressed .  (Thi s approac h postpone s 
segmentatio n m d bindin g issues. ) 

I n accordanc e wit h these  constraints ,  th e mode l 
describe d belo w capture s th e context-dependenc e o f 
th e initia l  transductio n o f  th e speec h signa l  b y auto -
associatin g th e pattern s o f  eiement s a s the y arriv e a t 
successiv e time-slices .  W e envisag e a  subsequen t 
mappin g ont o semanti c representations ;  onl y th e initia l 
auto-associatio n i s  describe d here ,  however .  I t  i s 
predicte d tha t  certai n processing ,  typicall y ascribe d t o 
highe r  (lexical ,  morphological )  level s o f  description , 
wil l  b e mor e o r  les s weakl y fcxeshadowe d a t  thi s k> w 
level .  (Noni s (i n press )  demonstrate s that ,  i n principle , 
connectionis t  model s whic h lear n ar e likel y t o encod e 
aspect s o f  higher-leve l  generalization s a t  lowe r  level s 
of  representation ,  givin g ris e t o behaviou r  whic h look s 
lik e traditiona l  "top-down "  interaction. )  T h e mode l  w e 
describe ,  onc e trained ,  accept s transcribe d stimulu s 
material s f ro m experiment s o n spoke n w o r d 
recognitio n an d output s quantitativ e dat a o n th e facilit y 
wit h whic h eac h segmen t  m a y b e identifie d an d 
represented . 

Previousl y s o m e o f  th e presen t  author s hav e 
suggeste d tha t  s o m e aspect s o f  auditor y wo r d 
perceptio n ca n b e capture d i n a  mappin g betwee n a 
featura l  leve l  o f  representatio n an d a  phonemi c level , 
i n a  recurren t  netwoi k (Shillcock ,  Lev y an d Chater , 
1991 ;  Levy ,  Shillcoc k an d Chater ,  1991) .  Thi s wa s a n 
attemp t  t o m o d e l  speec h processin g i n a 
comprehensive ,  full-scal e w a y wh ic h postpone d 
incorporatin g an y loca l  representation s o f  lexica l 
entries .  T h e mode l  w a s motivate d b y th e Seidenber g 
an d McClel lan d (1989 )  mode l  o f  wo r d naming ,  i n 
whic h psychologicall y interestin g behaviou r  fall s  ou t 
o f  a  simpl e m a p p i n g betwee n orthograph y an d 
phonology ,  an d i n wh ic h a  "lexica l  entry "  i s  a 
distribute d entity .  O u r  goa l  w a s t o remai n withi n th e 
auditor y modalit y an d t o asses s th e exten t  t o whic h 
behaviou r  previousl y attribute d t o higher-leve l 
(morphologica l  an d lexical )  representation s couk i  b e 
capture d a t  th e lower ,  featura l  an d {^onemi c levels . 
Thi s mode l  illustrate d Norris' s observatio n abou t 
lowe r  level s o f  representatio n embody in g aspect s o f 
higher-leve l  generalizations .  Thus ,  fo r  instance ,  th e 
model  correctl y predicte d fiv e ou t  o f  th e si x phonem e 
restoration s repeate d b y E l m a n an d McGe l l an d (1989 ) 
i n thei r  demonstrat io n o f  compensat io n fo r 
coarticulatio n bein g triggere d b y a  restwe d phoneme . 
T h e mode l  w a s abl e t o achiev e th e s a m e sor t  o f 
restoratio n o n th e basi s o f  a  learne d features-to -
phoneme s mapping ,  wit h n o expUci t  representation s o i 
words . 

T h e n e w inpu t  representatio n describe d abov e 
allow s u s t o continu e wit h th e investigatio n o f  a 
mappin g betwee n observabl e an d necessar y level s o f 
represenutio n (orthography ,  phonology ,  semantics ) 
whil e avoidin g loca l  representations ,  a t  intermediat e 
levels ,  o f  les s defensibl e categorie s (phonemes ,  loca l 
lexica l  entries) .  Accordingly ,  th e earlie r  mode l  o f 
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outpu t 

past current predicted 

(t2 )  (tl )  (t+1 ) 

00100000 1 10110000 0 00000100 0 

recurren t  connection s 

(se e text ) 

I 

10110000 0 

00100000 1 

11001000 0 

00000100 0 

(tl )  inpu t 
(t2 )  arrivin g 

(t3 )  acros s 

(t4 )  t im e 

Figur e 1 .  Inpu t  acros s tim e i s mappe d ont o a 
mor e stabl e representation . 

speech processing is superseded by that shown in Fig. 
1. 

The mappin g cuirenil y implemente d betwee n th e 
tw o representation s i s a  "cut-down "  versio n o f  "back -
propagatio n throug h time" ,  unfoldin g th e networ k onc e 
rathe r  tha n m a n y time s (Servans-Schreiber , 
Oeereman s &  McCleUan d 1989 ;  Chate r  1989 ;  Chate r 
& Conkey ,  submitted )  an d thu s sacrificin g som e o f  th e 
abilit y  reliabl y t o pic k u p lon g distanc e dependencies , 
i n exchang e fo r  spee d o f  training .  Thi s "copyback " 
structur e wa s introduce d b y Elma n (1988 ,  1990 )  an d 
Norri s  (1988) .  I t  wil l  b e superseded ,  i n th e presen t 
model ,  b y a  ful l  "back-propagatio n throug h time " 
algorith m (Rumelhart ,  Hinto n &  Williams .  1986) ,  i n 
whic h a  recurren t  networ k i s unfolde d int o man y 
copie s arrange d i n a  feed-forwar d architecture ,  wit h 
standar d back-propagatio n bein g applie d t o th e result . 

Ther e ar e nin e inpu t  node s correspondin g t o th e nin e 
element s describe d above .  Ther e ar e thirt y hidde n 
units .  Th e outpu t  node s ar c groupe d int o seve n set s o f 
nin e representing  th e bundle s o f  element s a t  particula r 
time-steps .  Th e exac t  choic e o f  th e numbe r  o f  time -
step s represente d i n th e outpu t  i s arbitrary ,  t o a n 
extent ,  an d a t  thi s stag e i s motivate d b y th e desir e t o 
stud y th e effect s o f  phonotacti c constraints .  (I n 
practice ,  mos t  o f  th e observatio n o f  th e behaviou r  o f 
th e mode l  ha s involve d recordin g th e activatio n patter n 
fo r  th e curren t  time-step. )  A  windo w whic h stretche s 
ove r  severa l  segment s allow s right-contex t  effect s t o 
be studied .  I n reality ,  th e effect s du e t o coarticulatio n 
wit h th e immediatel y adjacen t  time-ste p ar e th e mos t 

important ,  althoug h vowel-to-vowe l  effect s requir e a 
windo w o f  severa l  time-steps .  Not e tha t  includin g th e 
suiToundin g feature-bundle s i n th e outpu t  laye r  force s 
th e networ k t o lear n th e contex t  i n whic h an y curren t 
feature-bundl e occurs . 

Althoug h curren t  simulation s hav e use d th e 
idealizatio n o f  on e segntent .  o r  bundl e o f  elements ,  t o 
eac h time-step ,  i t  i s possibl e t o rela x thi s aspec t  o f  th e 
model  by ,  fo r  instance ,  centrin g eac h bundl e o f 
element s aroun d thre e consecutiv e time-steps . 
Element s ma y the n b e allowe d t o sprea d int o adjacen t 
time-slice s occupie d predominand y b y th e adjacen t 
bundl e o f  elements .  Thus ,  th e nasalizatio a o f  th e vowe l 
i n do n m a y b e represente d b y th e elemen t  N  bein g 
presen t  i n on e o r  al l  o f  th e time-slice s occupie d b y th e 
element s correspondin g t o th e vowel .  Thi s m o v e 
woul d als o facilitat e th e vexe d issu e o f  th e 
representatio n o f  diphthong s an d lon g monc^Mfaongs . 

T ra i n i n g th e n e t w o r k 

The current version of the model employs the 
"copyback "  structur e describe d above .  I n th e 
simulation s reporte d below ,  a  learnin g rat e o f  0. 1 wa s 
employed ;  momentim i  wa s no t  use d Th e networ k wa s 
traine d unti l  i t  bega n t o sho w sign s o f  overfittin g -
trainin g tha t  resulte d i n a  decreas e o f  erro r  fo r  th e 
trainin g se t  bu t  le d t o increasin g erro r  fo r  a  separat e 
tes t  se t  wa s disregarded .  Thi s require d betwee n 50 0 
and 60 0 epochs .  T o encourag e th e n e t w ( ^  t o emplo y 
context ,  nois e wa s adde d t o th e input ;  ther e wa s a n 
1 1 % probabilit y  tha t  an y elemen t  i n th e inpu t  woul d 
hav e it s valu e change d t o a t  fro m 0 .  Th e nois e wa s 
generate d on-lin e an d wa s differen t  fo t  CMcr y cpocY i  o f 
training .  Th e learnin g phas e o f  th e simulation s wa s 
quit e computationall y intensive ,  usin g 30-4 0 C P U 
hour s o n a  variet y o f  S U N SPARC-base d machines . 
usin g a  customize d versio n o f  th e Rumelhar t  an d 
McClellan d (1988 )  simulatio n package . 

The initial ,  limite d trainin g dat a wa s derive d from 
some 349 0 word s wort h o f  spoke n discourse ,  take n 
largel y fro m th e L U N D Corpu s (Svarti k &  Quir k 
1980) .  Thi s corpu s consist s o f  a  wor d leve l 
transcriptio n an d include s fille d pauses ,  fals e start s an d 
corrections .  Thi s wa s converte d automaticall y t o a n 
idealize d segment-leve l  transcriptio n whic h was ,  i n 
turn ,  converte d t o th e nin e element s describe d above . 
The trainin g se t  wa s mad e u p o f  909 7 segmrat s an d a 
tes t  se t  o f  328 S segment s wa s use d t o tes t  fo r 
overfitting .  N o attemp t  wa s m a d e t o impos e 
Î onologica l  reductio n o r  coarticulation . 

M o d e l l i n g psycholinguisti c da t a 

The success of the model in representing a particular 
bundl e o f  element s i n th e outpu t  leve l  wa s measure d 
by calculatin g th e su m o f  square s o f  th e erro r 
associate d wit h tha t  bundl e whe n compare d wit h eac h 
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of  th e possibl e inpu t  patterns .  Thi s allowe d u s t o 
determine ,  fo r  instance ,  whethe r  a  particula r  outpu t 
resemble d th e expecte d patter n fo r  /s /  o r  /sh/ .  Initia l 
simulation s illustrat e th e potentia l  o f  th e mode l  an d o f 
th e wide r  ap(m>ach . 

Sensitivit y t o contex t 

The model is sensitive to segmental context Auto-
associate d pattern s o f  element s i n "current "  positio n 
ar e mor e accurate ,  i n term s o f  sum s o f  square s o f  th e 
error ,  whe n th e mode l  i s give n inpu t  from  transcribe d 
norma l  discours e tha n whe n th e sam e bundle s o f 
element s ar e presente d i n rando m order .  Th e mode l 
relie s o n previou s contex t  t o identif y th e curren t 
bundl e o f  elements ;  whe n thi s contex t  i s  aberrant ,  i t 
hinder s correc t  recognition . 

H u m an listener s emplo y contex t  bot h befor e an d 
afte r  th e segmen t  i n question .  Trainin g wit h nois e 
force d th e networ k t o rely  o n bot h "left "  an d "right " 
contex t  Th e score s fo r  th e bundle s o f  element s i n 
"past "  position s fo r  norma l  an d abnorma l  discours e 
indicate d tha t  th e mode l  i s sensitiv e t o right  contex t  i n 
recognizin g bundle s o f  elements ,  an d wa s misle d b y 
abnonna l  right  contex t 

Th e mode l  wa s give n transcriptioa s o (  th e word s 

liste d above ,  i n neutra l  left-contexts ,  wit h th e fina l 
segment  replace d i n eac h cas e b y a n identica l  hytm d 
segment  intermediat e betwee n /s /  an d /sbj .  (Ja J an d /ab j 
diffe r  onl y o n th e palatality ,  I ,  element ;  thi s wa s 
replaced  b y 0. S t o creat e th e inteimediai e segment ) 
The score s assigne d t o th e critica l  segmen t  i n "current " 
positio n wer e recorde d an d th e su m o f  square s o f  th e 
erro r  calculate d fo r  th e bundle s o f  element s 
correspondin g t o /s /  an d /sh /  respecdvely .  Th e mode l 
has a n overal l  preferenc e fo r  th e /s /  interpretation , 
reflecting  th e relative  preponderanc e o f  /s /  ove r  /sh /  i n 
th e trainin g corpus .  Crucially ,  however ,  whe n th e 
differenc e betwee n th e tw o sum s o f  squares ,  f( v  /s /  an d 
/sh /  fo r  eac h word ,  i s calculate d th e mode l  exhibit s 
precisel y th e patter n o f  restoratio n foun d i n huma n 
subjects .  I n Fig .  2 .  "preferenc e fo r  fs T i s th e differenc e 
betwee n th e tw o sum s o f  squares .  I t  woul d therefor e b e 
possibl e fo r  a  categorica l  perceptio n criterio n t o b e 
place d o n th e /s/-/sh /  continuu m s o a s t o ensur e tha t 
appropriat e phonem e restoratio n occur s fo r  eac h word . 

This simulation suggests that there is no need to posit 
top-dow n interaction ,  a s traditionall y conceived ,  t o 
explai n Elma n an d McClelland' s demonstratio n o f 
phoneme restoration . 

P h o n e me restoratio n a n d compensa t io n fo r 
coarticulatio n 

Listeners' perception of degraded individual speech 
sound s i n word s i s ofte n restwe d (Warre n 1970) , 
particularl y w h e n th e intende d phonem e an d th e 
rq)lacin g soun d (e.g .  whit e noise ,  a  click ,  silence )  ar e 
similar ,  an d whe n replacemen t  occur s afte r  th e 
uniquenes s poin t  o f  th e word . 

Thi s effec t  i s  ofte n no t  compelling ,  however ,  an d 
ther e ar e inheren t  difficultie s i n interpretin g th e effec t 
An importan t  exceptio n t o thi s latte r  proble m i s th e 
demonstratio n o f  compensatio n fo r  coarticulatio n 
reported  b y E lma n an d McClellan d (1989) .  Thi s 
particula r  experimen t  i s o f  crucia l  theoretica l  interes t 
becaus e o f  th e clai m tha t  i t  demonstrate s top-dow n 
lexica l  influence s o n lower-leve l  phonemi c 
representations .  I t  i s  th e stronges t  experimenta l 
evidenc e fo r  phonem e restoration ,  an d fo r  top-dow n 
influence s o n perceptio n i n general .  Mos t  o f  th e si x 
word s employe d i n tha t  stud y (Christmas ,  copious , 
ridiculous ,  foolish .  English .  Spanish )  en d wit h 
suffixes ,  suggestin g tha t  th e phonem e restoratio n 
reporte d fo r  th e final  segmen t  migh t  emerg e from a 
model  whic h onl y encode d low-leve l  statistica l 
generalization s abou t  spoke n English .  Suffixe s ar e 
frequen t  sequence s o f  segment s an d suc h a  mode l 
migh t  simpl y encod e th e knowledg e tha t  th e sequence s 
correspondin g t o -is h an d -ou s ar e mor e likel y i n som e 
context s tha n i n others ,  withou t  havin g anythin g lik e 
an adequat e representatio n o f  morphologica l 
categories . 

C o n c l u s i o n s 

The proposed input representation, based on the 
element s o f  Governmen t  Phonology ,  i s a  viabl e 
alternativ e t o one s comprisin g SPE-styl e feauires .  fo r 
th e connectionis t  modellin g o f  speec h processing .  Th e 
inpu t  representatio n use d gav e simulatio n result s 
close r  t o th e huma n dat a tha n di d th e previou s inpu t 
base d o n SPE-styl e features .  Simulatio n o f  Ui e 
compensatio n fo r  coarticulatio n effec t  suggest s tha t 
thi s effec t  whic h wa s previousl y interî ete d a s a  top -
d o wn lexica l  effect ,  m a y b e th e resul t  o f  learnin g 
simpl e statistica l  generalization s withi n speec h inpu t 
Apparen t  "higher-level "  generalization s ar e apparen t 
t o differin g degrees ,  a t  ver y lo w levels .  A  mor e 
accurat e vie w o f  wha t  i s  possibl e a t  suc h a n earl y stag e 
limit s wha t  i t  i s necessar y t o explai n a t  putativ e highe r 
levels . 

Increasin g th e trainin g corpu s from  th e curren t  349 0 
wor d token s (90 5 wor d types )  wil l  improv e th e 
performanc e o f  th e model .  Introducin g int o th e 
traiiun g corpu s plausibl e level s o f  coarticulatio n (b y 
means o f  elemen t  spreading )  an d phonologici d 
reductio n (b y mean s o f  elemen t  an d segmen t 
elimination )  wil l  improv e th e performanc e b y adaptin g 
th e contex t  o f  an y particula r  elemen t  o r  bundl e o f 
element s i n a  predictabl e way . 

M a ny psycholinguisti c phenomen a whic h hav e bee n 
take n t o involv e acces s t o specifi c  representations  o f 
spoke n word s m a y b e explaine d i n term s o f  th e low -
leve l  statistica l  structur e o f  th e speec h inpu t  a s 
encode d i n connectionis t  model s o f  th e process .  Ther e 
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Figur e 2 .  Preferenc e fo r  th e bundl e o f  element s correspondin g t o /s /  i s greates t  i n th e 

appropriat e words . 

is a methodological imperative wiitun psycholinguistic 
researc h t o allo w "highe r  level "  interpretatio n o f  dat a 
onl y whe n lo w leve l  explanation s ca n b e rule d ou t 
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