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T h e Deve lopmen t  o f  S p o k e n W o r d Recognition : 

Exper imenta l  an d Computat iona l  Studie s 

Tom Loucas (t.loucas@psyc.bbk.ac.uk) 
Centr e fo r  Speec h an d Language ,  Birkbec k College ,  Londo n W C I E 7 H X 

William D. Marslen-Wilson (w.marsIen-wil$on(gjnirc-apu.cam.ac.uk) 

M RC Cognitio n an d Brai n Science s Unit ,  Cambridge ,  C B 2 2 E F 

Abstrac t 

Children's spoken word recognition is little understood 
compare d t o ou r  knowledg e o f  th e adul t  system .  W e presen t 
her e a  combine d experimenta l  an d computationa l  exploratio n 
of  th e developmen t  o f  lexica l  access .  Thre e account s o f  th e 
way childre n represen t  lexica l  for m (Full-Specification , 
Radica l  Underspecificatio n an d Gradua l  Segmentation )  ar e 
rejecte d i n favou r  o f  on e whic h derive s fro m a  connectionis t 
approach .  I t  shed s ligh t  o n th e patter n o f  result s fro m tw o 
experiment s investigatin g th e wa y children ,  age d 5 -  t o 9 -
years-old ,  proces s regula r  an d irregula r  variatio n i n th e 
surfac e for m o f  speech ,  whic h suggested ,  whils t  children' s 
lexica l  representation s ar e functionall y underspecifie d from  a t 
leas t  5-years-oId ,  the y ar e onl y beginnin g t o trac k th e viabilit y 
of  regula r  phonologica l  variatio n a t  9-years-old .  Th e lat e 
acquisitio n o f  phonologica l  inferenc e i s accounte d fo r  i n a 
connectionis t  mode l  i n term s o f  th e sparsenes s o f  th e 
informatio n relevan t  t o learnin g thi s structura l  relationshi p i n 
language . 

Introduction 

The natur e o f  spoke n wor d recognitio n i n adult s i s  wel l 

elaborated .  Th e sam e canno t  b e sai d fo r  childre n an d th e 

developin g system ,  wher e basi c question s regardin g lexica l 

representatio n an d processin g remai n unanswered .  Centra l 
among thes e is :  H o w d o childre n represen t  lexica l  form ? W e 

addres s thi s questio n her e usin g a  combine d experimenta l 
and computationa l  approac h t o th e w a y childre n develo p th e 
abilit y  t o dea l  wit h phonologica l  variatio n i n speech . 

Phonologicall y regula r  variatio n ha s prove n t o b e a  grea t 

boo n t o elucidatin g th e propertie s o f  th e spoke n wor d 

recognitio n i n adults .  Phonologica l  processe s operat e i n 
coimecte d speec h t o phoneticall y alte r  surfac e form s (SFs) , 
relativ e t o lexicall y store d underlyin g representation s (URs) , 

i n predicabl e ways .  I n English ,  fo r  example ,  plac e 
assimilatio n affect s word-fina l  corona l  segments ,  whic h 

acquir e th e plac e featur e o f  word-initia l  noncorona l 
consonant s o f  th e followin g word .  Fo r  exampl e boa t 

becomes [baup ]  i n th e contex t  boa t  painte r  an d chas e 

becomes [tjeij ]  i n th e contex t  chas e sheep .  Anothe r 

exampl e i s fricativ e devoicing ,  whic h occur s w h e n a  word -
final  voice d fricativ e precede s a  voiceles s consonant .  Fo r 

example ,  chees e become s [tji:s ]  i n th e contex t  chees e 

sandwich . 

Thi s sor t  o f  variatio n i s a  proble m fo r  a  spoke n wor d 

recognitio n syste m whic h i s highl y intoleran t  t o mismatc h 

betwee n sensor y inpu t  an d U R s (Marslen-Wilson ,  1993) . 
Lahir i  an d Marslen-Wilso n (1991) ,  dissolv e thi s di lemm a b y 

proposin g tha t  U R s ar e highl y abstract .  Regula r  variatio n 

doe s no t  lea d t o mismatc h becaus e th e dimension s o n whic h 

SFs var y ar e no t  represente d lexically .  I n thei r  view , 

consisten t  wit h Radica l  Underspecificatio n theor y 

(Archangeli ,  1988) ,  onl y informatio n whic h i s unpredictabl e 

i s include d i n U R s . 

However ,  a  purel y representationa l  theor y caimo t  wholl y 

accoun t  fo r  th e w a y SF s ar e processed .  Gaskel l  an d 

Marslen-Wilso n (1996 )  sho w tha t  listener s ar e sensitiv e t o 
th e viabilit y  o f  assimilations .  Adult s wil l  accep t  SF s a t  thei r 

assimilate d off-sets ,  bu t  the y als o trac k th e phonologica l 

viabilit y o f  SF s using ,  wha t  Gaskel l  an d Marslen-Wilso n 

call ,  "phonologica l  inference" .  Thus ,  th e assimilate d for m 

"learn "  wil l  a s ac t  a  prim e fo r  L E A N i n th e contex t  "...lear n 
bacon... "  i f  probe d a t  th e offse t  o f  "learn "  o r  a t  th e onse t  o f 
"bacon" .  Bu t  "learn "  doe s no t  ac t  a s a  prim e th e i n th e 

contex t  "...lear n g a m m o n . "  i f  probe d a t  th e onse t  o f 

" g a m m o n"  becaus e th e [g ]  make s th e assimilatio n unviable . 

Thes e result s ar e incompatibl e wit h Radica l 

Underspecificatio n whic h predict s ther e i s n o mismatc h a t 
an y poin t  durin g recognitio n becaus e th e plac e featur e o f  a 

word-fma l  corona l  i s  no t  specified ,  an d s o ther e i s n o 

representationa l  basi s fo r  an y mismatc h o r  viabilit y  effect . 
Gaskell ,  Har e an d Marslen-Wilso n (1995 )  provid e a 

computationa l  accoun t  o f  abstractnes s an d phonologica l 

inference .  The y traine d a  simpl e recurren t  networ k (Elma n 

1990 )  t o m a p betwee n a  continuou s sequenc e o f  segment s 
an d current ,  previou s an d nex t  segment ,  usin g a  corpu s o f 
spoke n Englis h i n whic h 0 .5 % o f  th e word s wer e plac e 

assimilated .  Th e varyin g SF s wer e mappin g t o canonica l 
U R s.  Th e traine d networ k exhibite d bot h representationa l 

abstractaess—surfac e noncoronal s wer e treate d mor e 
variabl y tha n surfac e coronals—an d th e abilit y t o d o 
phonologica l  inference—phoneti c contex t  wa s use d t o infe r 
th e underlyin g identit y o f  SFs .  Gaskel l  e t  al .  describe d th e 

model' s representation s a s functionall y underspecified , 
rathe r  tha n radicall y underspecified ,  becaus e thei r  basi s wa s 
an asymmetr y i n th e mappin g betwee n varian t  SF s an d U R s , 
develope d i n respons e t o th e statistica l  propertie s o f  th e 
trainin g environment .  Th e author s vie w bot h abstractio n an d 
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inferenc e a s aspect s o f  thi s on e mappin g process . 

Th e scan t  attentio n pai d b y developmenta l 

psycholinguist s t o th e issu e o f  spoke n wor d recognitio n i n 

childre n i s i n marke d contras t  t o a n extensiv e literatur e o n 

infan t  speec h perception .  A  basi c findin g o f  thi s researc h i s 

tha t  b y th e en d o f  th e first  yea r  o f  lif e babie s ar e abl e t o 

percepmall y analys e speec h int o th e phonemi c categorie s o f 

thei r  nativ e languag e (Werke r  an d Lalonde ,  1988) .  Thi s m a y 

wel l  explai n th e lac k o f  interes t  i n lexica l  acces s i n children , 

fo r  i t  argue s tha t  the y c o m e t o wor d learnin g wit h a  pre -

lexica l  phonologica l  processo r  whic h allow s the m t o 

phonemicall y analys e speec h input .  I f  youn g childre n ar e 

abl e t o chun k th e speec h strea m int o phonemes ,  the y coul d 

us e thi s segmente d inpu t  t o buil d lexica l  representation s 

whic h ar e the n use d a s perceptua l  target s i n lexica l  access . 

Thi s implie s tha t  eve n yoim g children' s spoke n wor d 

recognitio n shoul d b e adult-lik e i n al l  it s  essentials . 

Consisten t  wit h thi s view ,  Gerken ,  Murph y &  Asli n (1995 ) 

argu e tha t  lexica l  representation s i n children ,  a s i n adults , 

ar e segment s consistin g o f  phonetic-features—i.e .  the y ar e 

canonical ,  phonologicall y fully-specifie d representations . 

Wher e psycholinguist s hav e tende d t o assum e 

unquestioningl y tha t  lexica l  representation s ar e fully -

specified ,  phonologica l  theor y ha s aske d h o w m u c h 

informatio n i s neede d i n th e U R an d whethe r  ther e ar e 

change s i n featura l  informatio n durin g development .  Gieru t 

(1996 )  use s Radica l  Underspecificatio n theor y t o argu e tha t 

initia l  representation s ar e onl y specifie d fo r  universa l 

distinctiv e propertie s an d phonologica l  acquisitio n i s a 

proces s o f  addin g marke d nonredundan t  features . 

A third ,  an d sharpl y contrasting ,  vie w i s tha t  elaborate d 

b y Walle y (1993) ,  w h o question s th e interpretatio n o f  infan t 

speec h perceptio n a s demonstratin g a n earl y abilit y  t o 

phonemicall y segmen t  speech .  Sh e argue s tha t  U R s develo p 

ove r  a  prolonge d period ,  lastin g int o middl e childhood ,  fro m 

initiall y  holisti c representations ,  base d o n a  word' s overal l 

acousti c shap e wit h Uttl e interna l  structure ,  t o phonemicall y 

segmente d forms . 
Ther e i s a  fourt h alternative .  Gaskel l  e t  al .  (1995 )  sho w i t 

i s  possibl e t o acquir e representationa l  abstractnes s an d a 

sensitivit y t o th e structura l  propertie s o f  language ,  expresse d 

i n phonologica l  rules ,  suc h a s plac e assimilation ,  i n 

mappin g betwee n th e surfac e for m o f  speec h an d th e lexico n 

usin g a  connectionis t  leamin g mechanism .  I f  childre n 

learnin g languag e ar e engage d i n a n equivalen t  process ,  the n 

trackin g th e performanc e o f  a  networ k a s i t  learn s thi s 

mappin g shoul d she d ligh t  o n actua l  pattern s o f 
development .  W e initiall y  tes t  th e thre e theorie s o f 
representatio n outline d abov e an d the n compar e th e 

empirica l  dat a whic h result s wit h a  connectionis t  mode l  o f 

acquisition . 

Experiment 1 

Thre e contrastin g theorie s o f  lexica l  representatio n i n 

children—Full-Specification ,  Radica l  Underspecification , 

an d Gradua l  Segmentation—hav e bee n identified .  W e 

exploite d regula r  an d irregula r  phonologica l  variatio n t o tes t 

thes e hypothese s i n singl e wor d processing ,  usin g a  speede d 

auditor y lexica l  decisio n task . 

Englis h plac e assimilatio n an d fricative  devoicin g wer e 

use d t o construc t  o f  thre e set s o f  2 5 tes t  stimuli .  Al l  tes t 

item s wer e monosyllabi c word s whic h underg o 

assimilation' .  I n th e W o r d condition ,  item s wer e lef t  i n thei r 

canonica l  form .  I n th e Assimilate d conditio n the y wer e 

produce d a s assimilate d form s (e.g .  boa t  >  [baup] ,  chees e > 

[t[\:s]) .  Thes e ar e word s i n continuou s speech ,  bu t 

nonword s ou t  o f  a n appropriat e phoneti c context .  I n th e 

Nonwor d condition ,  item s wer e randoml y change d b y a 

singl e featur e o n word-fina l  segment s (e.g .  dres s >  [dref] , 

shu t  >  [jAd]) .  Thi s conditio n provide d irregula r  phoneti c 

variatio n t o contras t  wit h th e regula r  variatio n o f  th e 

Assimilate d condition .  Th e stimul i  wer e matche d fo r 

frequency ,  syntacti c class ,  numbe r  o f  segment s an d th e 

phoneti c propertie s o f  onset s an d codas . 

Participant s listene d t o thes e word s on e a  tim e an d mad e 

speede d lexica l  decision s t o each .  Th e hypothese s describe d 

abov e m a k e differen t  prediction s fo r  thi s task .  I f  youn g 

children' s U R s ar e no t  ye t  full y  segmented ,  the y wil l  no t  b e 

sensitiv e t o th e singl e featur e deviation s use d here .  Bot h 

assimilate d word s an d nonword s shoul d b e acceptabl e a s 

rea l  words .  Hig h erro r  rate s woul d b e predicte d fo r  bot h an d 

decisio n latencie s shoul d no t  differ .  I f  th e youn g children' s 

representation s ar e urjderspecified ,  the y wil l  sho w slowe r 

decisio n latencie s an d mor e error s fo r  assimilate d form s 

tha n nonword s becaus e th e assimilate d form s wil l  no t 

mismatc h wit h U R s o n thei r  altere d feature ,  wherea s 

nonword s do .  I f  children' s representation s ar e fully -

specifie d the y shoul d rejec t  assimilate d item s an d nonword s 

equall y quickl y an d sho w simila r  rate s o f  error s i n bot h 

conditions . 

Walle y (1993 )  suggest s tha t  ther e ar e change s i n 

children' s lexica l  representation s acros s middl e childhood , 

and s o tw o group s o f  childre n wer e selecte d t o spa n thi s 

perio d o f  development .  Thirtee n 5-year-old s (mea n ag e = 

5;  10 ;  range :  5;0 3 t o 6;04) ,  1 2 8-year-old s (mea n ag e =  8;07 ; 

range :  8;0 2 t o 9;03) ,  an d 1 3 adult s participate d i n 
Experimen t  1 . 

Results and Discussion 

Analyse s o f  Covarianc e wer e use d t o analys e th e reactio n 
tim e data ,  wit h Item-Duratio n include d a s a  covariate , 

becaus e ther e wer e significan t  difference s betwee n th e mea n 

wor d duration s betwee n conditions .  Th e mea n decisio n 
latencie s an d item-duration s ar e give n i n Tabl e 1  an d erro r 

rate s i n Tabl e 2 .  A n overal l  by-item s A N C O VA o f  th e 5 -

year-old s decisio n latencie s showe d a  significan t  effec t  o f 
Word-Typ e (F2[2,68]=15.18 ,  p<0.001) .  Bonferron i 

correcte d pairwis e comparison s showe d significan t 

difference s betwee n W o r d an d Assimilate d item s 

'Th e words ,  al l  foun d i n th e productiv e vocabularie s o f  2 -  an d 3 -
year-olds ,  wer e take n fro m th e Well s (1981) ,  Fletche r  an d Garma n 
(1988 )  an d Johnso n (1986 )  corpor a i n th e C H I L D E S database . 
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(F2[l,45]=24.28 ,  p<0.001 )  an d betwee n W o r d an d Nonwor d 

Item s (F2[l,45]=13.15 ,  p=0.001) .  Th e differenc e betwee n 

th e critica l  Assimilate d an d N o n w o r d condition s wa s no t 

significan t  (F2[l,45]=1.70) .  Ther e wer e n o difference s i n 

eno r  rate s betwee n condition s (F2[2,68]<1) . 

Table 1: Decision Latencies and Item-Durations for 

Experimen t  1  i n mse c (standar d error s fo r  reactio n time s an d 

item-duration s ar e give n i n parentheses) . 

Word Assimilate d Nonwor d 
Adult s 
8-year-old s 
5-year-old s 

778(16 ) 
1039 (20 ) 
1313(26 ) 

Item-duratio n 55 6 (16 ) 

803(18 ) 
1126(23 ) 
1477(27 ) 

511 (15) 

780 (12 ) 
1093(13 ) 
1417(22 ) 

487(15) 

Thi s patter n wa s repeate d fo r  th e 8-year-olds .  Ther e wa s a 

significan t  effec t  o f  Word-Typ e fo r  decisio n latencie s 

(F2[2,68]=12.36 ,  p<0.001) .  Again ,  pairwis e comparison s 

showe d significan t  difference s betwee n W o r d an d 

Assimilate d item s (F2[l,44]=17.16 ,  p<0.001 )  an d betwee n 

Word an d N o n w o r d item s (F2[l,46]=10.37 ,  p=0.002) ,  bu t 

not  betwee n Assimilate d an d N o n w o r d condition s 
(F2[l,45]=0.20) .  A s fo r  th e 5-year-old s ther e wer e n o 

difference s i n error s betwee n condition s (F2[2,68]=1.31) . 

Table 2: Percentage Error Rates for Experiment 1. (standard 

error s ar e give n i n parentheses) . 

Word Assimilate d Nonwor d 
Adult s 
8-year-old s 
5-year-old s 

5.7(1.9 ) 
7.4(1.1 ) 
9.9(2.1 ) 

2.5(1.1 ) 
3.3(1.1 ) 
10.6(2.4 ) 

2. 6 (0.8 ) 
5.5(1.9 ) 
9.0(1.7 ) 

The adult s showe d th e sam e patter n o f  result s a s th e 

children .  Ther e wa s a  mai n effec t  o f  Word-Typ e fo r 

decisio n latencie s (F2[2,69]=6.65 ,  p=0.002) .  Pairwis e 

comparsion s showe d significan t  difference s betwee n W o r d 

and Assimilate d item s (F2[l,45]=7.85 ,  p=0.007 )  an d W o r d 

and Nonwor d item s (F2[l,47]=10.93 ,  p=0.002) ,  bu t  no t 
betwee n th e Assimilate d an d N o n w o r d item s (F2[1,45]<1) . 

The adult s showe d a  margina l  differenc e i n erro r  rate s 
betwee n condition s by-subject s (Fl[2,24]=3.06,p=0.07) ,  bu t 
not  b y item s (F2[2,68]=2.14) .  Thi s wa s du e t o th e erro r  rat e 

i n th e W o r d condition . 
Bot h th e 5-year-ol d an d 8-year-ol d childre n an d th e adult s 

rejecte d th e assimilate d form s an d th e nonword s equall y 

easily .  Thi s suggeste d tha t  b y 5-years-ol d childre n hav e a 
leve l  o f  representationa l  detai l  i n thei r  U R s whic h i s i n lin e 

wit h th e Full-Specificatio n hypothesis .  Thi s lead s t o a n 

adult-lik e leve l  o f  perceptua l  intoleranc e t o mismatc h 
betwee n surfac e form s an d store d lexica l  representations . 
Thes e result s als o sugges t  tha t  adult' s  U R s ar e fiiUy-
specifie d whic h seem s t o b e inconsisten t  wit h th e findings 

of  Lahir i  an d Marslen-Wilso n (1991) .  Bu t  ther e i s othe r 
evidenc e tha t  adult s d o no t  accep t  assimilate d SF s i n 
isolatio n a s token s o f  U R s (Marslen-Wilson ,  Ni x an d 

Gaskell ,  1995) . 

E x p e r i m e n t  2 

Experimen t  1  suggeste d tha t  eve n 5-year-old' s U R s ar e 

fully-specified .  However ,  thi s experimen t  onl y looke d a t  th e 

processin g o f  singl e words .  Thi s patter n o f  behaviou r  migh t 

be differen t  i n continuou s speech ,  no t  leas t  becaus e 

assimilate d form s resul t  fro m processe s occurrin g i n 

connecte d speech .  Followin g Gaskel l  an d Marslen-Wilso n 

(1996 )  w e investigate d children' s sensitivit y t o th e viabilit y 

of  assimilatio n a s a  mean s o f  probin g wor d recognitio n i n 

continuou s speech .  T w o group s o f  children^ ,  3 2 6-year-old s 

(mea n ag e =  6;02 ,  range :  5;0 7 t o 6;09 )  an d 3 3 9-year-old s 

(mea n ag e =  9;06 ;  range :  =  8;0 9 t o 9;09) ,  an d a  grou p o f  5 1 

adult s participate d i n a  wor d monitorin g task . 

Participant s hear d sentence s an d wer e aske d t o liste n ou t 

fo r  a  targe t  wor d an d mak e a  button-pres s respons e w h e n i t 

occurred .  Th e tes t  wor d immediatel y precedin g th e targe t 

was eithe r  a  canonica l  form ,  a  viabl e plac e assimilation ,  a n 
unviabl e plac e assimilatio n o r  a  nonwor d ( a singl e featur e 

distan t  fro m a  word) .  I f  th e tes t  wor d disrupte d processin g 

i n an y way ,  thi s woul d sho w u p i n slowe d monitorin g 

latencie s relativ e t o th e baselin e condition ,  i n thi s cas e th e 

unchange d word . 
Fort y pair s o f  sentence s wer e constructed ,  consistin g o f  a 

contex t  sentenc e an d a  tes t  sentence ^  a s follow s (th e 

capitalise d wor d i s th e targe t  fo r  monitoring) :  Unchanged : 
"Mar y pu t  he r  han d u p fo r  th e teacher .  Th e har d B O O K wa s 

to o difficul t  fo r  he r  t o read." ;  Viabl e assimilation :  "...Th e 

[ha:b ]  B O O K was..." ;  Unviabl e assimilation :  "...Th e 

[ha :g ]BOO K was..." ;  Nonword :  "...Th e [ha:z ]  B O O K 

was..." . 

The target s wer e alway s pictureabl e noun s an d th e tes t 

word s wer e eithe r  verb s o r  adjectives* .  Th e syntacti c 
predictabilit y  o f  th e target s wa s reduce d b y th e us e o f 

adjective s an d verb s a s tes t  words ,  an d b y placin g th e target s 

i n differen t  clause s i n th e tes t  sentence .  T o ensur e nonword s 

wer e no t  cue s t o targets ,  filler  sentence s wer e include d i n 
whic h nonword s wer e no t  adjacen t  t o targets .  Th e sentence s 

wer e rotate d int o fou r  version s o f  th e experimen t  s o tha t 

eac h for m o f  th e tes t  sentence s onl y occurre d onc e i n eac h 
version . 

Agai n th e contrastin g view s o f  lexica l  representatio n 
make differen t  predictions .  Gradua l  Segmentatio n predict s 
tha t  th e younge r  childre n wil l  no t  b e sensitiv e t o th e singl e 

featur e deviation s i n th e tes t  word s an d s o thei r  wor d 
monitorin g shoul d no t  b e disrupte d i n an y o f  th e change d 
condition s relativ e t o th e Unchange d condition .  Radica l 
Underspecificatio n predict s wor d monitorin g shoul d no t  b e 

^  Althoug h th e childre n i n Experimen t  2  wer e slightl y olde r  tha n 
thos e i n Experimen t  1 ,  the y wer e draw n fro m th e sam e academi c 
year  group . 
^Th e sentence s wer e preteste d o n adult s participant s usin g a 
sentenc e completio n tas k t o ensur e tha t  non e o f  th e targe t  word s 
wer e predictabl e fro m th e precedin g context . 
*Thes e word s wer e chose n fro m word s withi n th e productiv e 
vocabularie s o f  2 -  t o 5-year-old s fro m C H I L D E S corpora ,  a s i n 
Experimen t  1 . 
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disrupte d i n eithe r  o f  assimilate d conditions ,  becaus e th e 

change d plac e feature s ar e no t  specifie d lexically .  The y will , 

however ,  b e disrupte d b y th e Nonwor d condition ,  becaus e 

of  a  mismatc h o n a  lexicall y specifie d feature .  Full -

Specificatio n predict s disruptio n i n th e Nonwor d conditio n 

becaus e o f  a  mismatc h o n th e lexicall y specifie d change d 

feature .  Performanc e o n th e assimilate d condition s wil l 

depen d o n th e abilit y  t o d o phonologica l  inference . 

Canonica l  U R s coul d b e consisten t  wit h perceptua l 

intoleranc e an d th e acceptabilit y  o f  varian t  SFs ,  i f  a 

phonologica l  parse r  i s assume d t o operat e i n continuou s 

speec h processin g whic h ca n appl y phonologica l  rule s t o 

SFs t o deriv e U R s befor e th e lexico n i s accesse d (Church , 

1987) .  I f  childre n ca n d o phonologica l  inference ,  o r  parsing , 

the y wil l  b e disrupte d i n th e Unviabl e condition ,  bu t  no t  th e 

Viabl e condition .  I f  the y cannot ,  the y wil l  b e disrupte d i n 

th e bot h th e assimilate d condition s becaus e the y wil l  b e 

unabl e t o deriv e th e appropriat e U R . 

Results and Discussion 

Th e m e a n monitorin g latencie s fo r  Experimen t  2  ar e give n 

i n Tabl e 3 . 

Table 3: Monitoring Latencies for Experiment 2 in msec 

(standar d error s ar e give n i n parentheses) . 

Unchange d Viabl e Unviabl e Nonwor d 
Adult s 316(8 )  314(8 ) 
9-year-old s 34 2 (14 )  35 1 (10 ) 
6-year-old s 461(17 )  466(15 ) 

334 (9 )  37 5 (9 ) 
366(12 )  394(11 ) 
456(15 )  494(12 ) 

Adult s performe d i n a  wa y tha t  wa s consisten t  wit h th e 

result s obtaine d b y Gaskel l  an d Marslen-Wilso n (1996) . 

Ther e wa s a n overal l  significan t  effec t  o f  Word-Typ e 

(Fl[3,129]=39.86 ,  p<0.001 ;  F2[3,117]=16.59 ,  p<0.001) . 

Bonferron i  correcte d pairwis e comparison s showe d ther e 

was a  significan t  differenc e betwee n th e Unchange d an d 

Unviabl e condition s (tl[46]=2.92 ,  p=0.003 ;  t2[39]=1.83 , 

p=0.038) ,  th e Unchange d an d Nonwor d condition s 
(tl[46]=7.64 ,  p<0.001 ;  t2[39]=6.44 ,  p<0.001) ,  th e Viabl e 

and Unviabl e condition s (tl[46]=3.34 ,  p=0.001 ; 

t2[39]=2.19 ,  p=0.018 )  an d th e Unviabl e an d Nonwor d 

condition s (tl[46]=5.66 ,  p<0.001 ;  t2[39]=3.92 ,  p<0.001) .  I n 
contrast ,  n o differenc e wa s foun d betwee n th e Unchange d 

and Viabl e condition s (tl[46]<I ;  t2[39]<l) .  Thi s indicate d 

tha t  th e canonica l  SF s an d assimilate d SF s i n a  licensin g 

phoneti c context ,  wer e equall y acceptable ,  showin g 

evidenc e o f  functiona l  underspecification .  W e als o foun d 
tha t  encounterin g a n unviabl e S F wa s les s disruptiv e tha n 

encounterin g a  genuin e nonword .  Th e explanatio n fo r  thi s 
findin g m a y li e i n th e fac t  tha t  unviabl e SF s onl y mismatc h 

wit h th e lexicall y store d targe t  representatio n afte r  initia l 

lexica l  acces s a s a  resu h o f  phonologica l  inferencin g 
(Gaskel l  an d Marlsen-Wilso n 1996) ,  wherea s th e Nonword s 

wil l  fai l  t o acces s an y lexica l  representation . 

The patter n o f  result s foun d wit h th e 9-yea r  old s wa s 

broadl y simila r  t o tha t  o f  th e adults ,  althoug h ther e wer e 

some differences .  Ther e wa s a n overal l  significan t  effec t  o f 

Word-Typ e (Fl[3,78]=13.54 ,  p<0.000 ;  F2[3,114]=6.74 , 

p<0.001) .  Th e pairwis e comparison s fo r  9-year-old s showe d 

significan t  difference s betwee n th e Unchange d an d 

Nonwor d condition s (tl[29]=5.05 ,  p<0.000 ;  t2[38]=3.98 , 

p<0.000) ,  th e Unchange d an d Unviabl e condition s 

(tl[29]=2.85 ,  p<0.004 ;  t2[38]=2.15 ,  p<0.019) ,  an d th e 

Unviabl e an d Nonwor d condition s (tl[29]=2.98 ,  p=0.003 ; 

t2[38]=2.08 ,  p<0.044) .  Th e differenc e betwee n th e 

Unchange d an d Viabl e condition s wa s no t  significan t 

(t l  [29]=1.68 ,  p<0.052 ;  t2[38]=1.39 ,  p<0.086) .  Howeve r  th e 

differenc e betwee n th e Viabl e an d Unviabl e condition s wa s 

at  bes t  a  nonsignifican t  tren d (tl[29]=1.90 ,  p=0.034 ; 

t2[38]=1.10,p=0.140) . 

The 9-year-old s wer e disrupte d b y th e Nonwords ,  whic h 

doe s no t  necessaril y  contradic t  Gradua l  Segmentatio n a s 

the y shoul d hav e develope d segmente d representation s b y 

thi s age .  Thes e result s ar e inconsisten t  wit h th e notio n tha t 

childre n ar e usin g fully-specifie d U R s an d a  phonologica l 

parse r  t o translat e betwee n SF s an d URs ,  becaus e th e lac k o f 

a clea r  differenc e betwee n th e Viabl e an d Unviabl e 

condition s suggest s tha t  phonologica l  parsin g i s no t 

operating ,  i n whic h cas e bot h SF s shoul d mismatc h wit h th e 

fully-specifie d U R ;  bu t  th e Viabl e an d Unchange d 

condition s di d no t  differ .  A  possibl e explanatio n fo r  thi s 

patter n o f  result s i s tha t  th e children' s U R s ar e 
underspecified .  Th e patter n migh t  b e consisten t  wit h 

underspecifie d U R s an d n o phonologica l  inference ,  bu t  th e 

differenc e betwee n th e Unchange d an d Unviabl e condition s 

i s evidenc e o f  phonologica l  inferenc e operating .  Th e overal l 

patter n o f  result s suggeste d tha t  th e 9-year-old s wer e 

convergin g o n adult-lik e performance . 

The result s fo r  th e 6-year-old s helpe d t o clarif y th e 

developmenta l  picture .  Whils t  ther e wa s a n overal l  mai n 

effec t  o f  Word-Typ e (Fl[3,78]=3.61 ,  p=0.017 ; 

F2[3,117]=2.61 ,  p<0.055) ,  th e pairwis e comparison s onl y 

showe d u p significan t  difference s betwee n th e Unchange d 

and Nonwor d condition s (tl[29]=2.69 ,  p=0.006 ; 

t2[39]=2.31 ,  p=0.013 )  an d th e Unviabl e an d Nonwor d 
condition s (tl[29]=2.16 ,  p=0.039 ;  t2[39]=2.30 ,  p=0.027) . 

The othe r  comparisons ,  betwee n Unchange d an d Viabl e 

condition s (tl[29]<l ;  t2[39]<l) ,  Unchange d an d Unviabl e 

condition s (tl[29]<l ;  t2[39]<l )  an d Viabl e an d Unviabl e 

condition s (tl[29]<l ;  t2[39]<l) ,  wer e no t  significant . 

The 6-year-old s wer e disrupte d b y th e Nonword s whic h 

suggeste d thei r  U R s wer e no t  mor e holisti c tha n thos e o f 

olde r  childre n o r  adults .  However ,  the y wer e insensitiv e t o 
th e phonologica l  viabilit y  o f  assimilation s whic h woul d b e 

consisten t  wit h Radica l  Underspecification ,  o n th e 

assumptio n 6-year-old s achiev e lexica l  acces s becaus e 

underspecifie d representation s ar e th e perceptua l  target s o f 

th e process .  Bu t  thi s explanatio n i s contradicte d b y 

Experimen t  1 ,  whic h showe d tha t  5-year-old s woul d no t 
accep t  assimilate d form s i n isolatio n a s rea l  words .  Thes e 
result s ar e mor e consisten t  wit h th e children' s lexica l 

representation s bein g functionall y underspecifie d an d wit h 

phonologica l  inferenc e havin g a s ye t  t o develop .  Indeed ,  th e 
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evidenc e from  th e 9-year-old s suggeste d tha t  i t  i s  onl y 

beginnin g t o emerg e a t  tha t  age . 

Computational Modelling 

The experimenta l  evidenc e presente d abov e suggeste d a 

dissociatio n betwee n th e developmen t  o f  abstrac t  lexica l 

representation s an d phonologica l  inference .  I n th e approac h 

take n b y Gaskel l  e t  al .  (1995 )  bot h functiona l 

underspecificatio n an d phonologica l  inferenc e emerg e a s a 

resul t  o f  th e mappin g betwee n varian t  SF s an d th e lexicon . 

At  firs t  sigh t  thi s linkag e woul d no t  see m t o provid e a n 

explanatio n o f  th e dissociatio n foun d here .  I n orde r  t o loo k 

int o th e possibilit y  tha t  phonologica l  inferenc e develop s 
slowl y relativ e t o lexica l  development ,  w e traine d a  serie s o f 

connectionis t  network s t o lear n thes e processes .  Th e 
simulation s wer e ru n usin g a n artificia l  languag e whic h 

allowe d th e modellin g t o focu s o n th e effect s o f 

phonologica l  variatio n t o th e exclusio n o f  othe r  factors .  Th e 

network s wer e traine d o n tw o paralle l  tasks .  Th e first  wa s 
leamin g a  smal l  vocabulary ,  b y mappin g betwee n a  featura l 

representatio n o f  phonemi c segment s an d localis t  lexica l 

representations .  Th e secon d wa s t o mar k viabl e 

assimilation s b y activatin g a  singl e outpu t  uni t  concurrentl y 

wit h th e initia l  segmen t  o f  th e followin g wor d (i.e .  th e 

contex t  fo r  th e assimilation) .  Thi s uni t  represente d th e 
model' s leamin g o f  phonologica l  inferenc e wit h a  mappin g 

whic h wa s comparabl e t o th e lexica l  one .  It s psychologica l 
analogu e ca n b e see n a s th e informatio n availabl e durin g 

lexica l  acces s w h e n th e matc h betwee n SF s an d U R s i s 

evaluate d i n th e ligh t  o f  followin g context . 
The simpl e recurren t  network s use d consiste d o f  a n 8-uni t 

inpu t  layer ,  on e correspondin g t o eac h o f  th e 8  feature s use d 

t o cod e phonemes ,  feedin g forwar d t o 5 0 hidde n unit s wit h 

recurren t  connection s t o 5 0 contex t  units ,  allowin g th e 
networ k t o internall y represen t  th e sequentia l  dependencie s 

i n it s trainin g environment .  Th e hidde n unit s wer e 
connecte d t o a n outpu t  laye r  whic h consiste d o f  3 0 localis t 

lexica l  unit s an d a  singl e phonologica l  inferenc e unit . 
The artificia l  languag e use d ha d a  phonolog y o f  1 3 

consonant s an d 4  vowel s wit h eac h phonem e represente d a s 
a bundl e o f  8  phoneti c features .  Th e phonolog y o f  th e 
languag e allowe d plac e assimilatio n t o occur .  A  vocabular y 
of  3 0 C V C word s wa s constructe d fro m thi s phonology .  Te n 

of  th e word s ende d i n corona l  stops ,  an d s o wer e 
assimilable ,  an d anothe r  2 0 bega n wit h noncorona l  stops , 

providin g a  contex t  fo r  assimilation .  Localis t  representation s 
wer e use d t o distinguis h betwee n lexica l  items . 

The network s wer e traine d usin g standar d 

backpropagation .  A n epoc h o f  trainin g consiste d o f  a  singl e 
sweep throug h 10 0 occurrence s o f  eac h ite m presente d i n 

rando m order ,  an d th e trainin g se t  wa s re-randomise d afte r 

ever y epoch .  Th e network s wer e traine d a t  thre e rate s o f 
assimilation :  1 0 0 % assimilation ,  wher e assimilatio n 
occurre d i n al l  viabl e contexts ,  5 0 % assimilatio n an d 2 5 % 
assimilation .  Thi s i n effec t  progressivel y reduce d th e toke n 
frequenc y o f  assimilate d segment s fi^om  2 2 % t o 1 1 % an d 
the n t o 6% ,  respectively .  A t  1 0 0 % assimilation ,  assimilate d 

SFs wer e mor e c o m m o n tha n canonica l  th e form s o f 

assimilabl e words .  Thre e network s wer e ru n a t  eac h rat e o f 

assimilation . 

Whils t  ou r  primar y focu s wa s t o compar e th e rat e o f 

leamin g fo r  th e assimilate d form s wit h th e leamin g o f 

phonologica l  inference ,  w e wer e als o intereste d i n th e wa y 

th e networ k woul d dea l  wit h rando m variation ,  an d s o a  se t 

of  nonword s wa s create d b y takin g th e assimilabl e item s an d 

changin g a  singl e featur e o f  th e word-fina l  segmen t  i n a 

phonologicall y rando m way .  Th e measur e o f  th e network' s 

performanc e wa s simpl y th e activatio n leve l  o f  th e outpu t 

nodes ,  whic h i n thi s localis t  mode l  gav e a  direc t  measur e o f 

th e goodness-of-fi t  betwee n inpu t  an d th e model' s intema l 

representations .  Th e network s wer e teste d o n randomise d 

set s o f  4  token s o f  eac h o f  th e word s i n it s vocabular y an d 

th e nonwords . 

Results and Discussion 

The result s fo r  eac h rat e o f  assimilatio n wer e average d ove r 

thre e networks .  Th e leamin g curve s fo r  assimilate d word s 

and phonologica l  inferenc e an d th e model' s respons e t o 

nonword s a t  differen t  rate s o f  assimilatio n ar e presente d i n 

Figure s 1  t o 3 .  Outpu t  activation s wer e measure d a t  word -

offse t  fo r  lexica l  unit s an d word-onse t  fo r  th e inferenc e unit . 

Figure s 1- 3 sho w m e a n outpu t  activation s fo r  eac h se t  o f 
tes t  item s a t  differen t  point s i n th e model' s development . 

-  inferenc e uni t 

epoch s 

.  assimilate d word s 

Figur e 1 :  Model' s performanc e a t  1 0 0 % assimilation . 

At all rates of assimilation the model accepted canonical 
and assimilate d SF s a s token s o f  th e underlyin g lexica l 

items .  A t  1 0 0 % assimilation ,  w h e n the y occurre d wit h equa l 
frequency ,  canonica l  an d assimilate d SF s wer e leam t 
equall y well ,  indicatin g th e mode l  develope d functionall y 
underspecifie d representations ,  i n th e sens e tha t  th e plac e 

feature s o f  assimilabl e word s di d no t  affec t  th e goodness-of -
fit  computatio n i n lexica l  access .  Th e patte m fo r  nonword s 
was simila r  fo r  al l  rate s o f  assimilation .  Onl y ver y earl y i n 
training ,  u p t o aroun d 1 0 epochs ,  di d nonword s achiev e 

simila r  level s o f  activatio n a s th e assimilate d forms , 
indicatin g th e mode l  acquire d a n intoleranc e t o rando m 
variatio n earl y o n i n training . 

The mode l  als o leam t  t o d o phonologica l  inference ,  a s 
indicate d b y inferenc e nod e activatio n i n th e presenc e o f 
viabl e assimilations .  A t  1 0 0 % assimilation ,  th e inferenc e 
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tas k w a s learn t  m o r e easil y tha n th e lexica l  mappin g fo r 

assimilate d forms ,  bu t  a t  th e lowe r  rate s o f  assimilatio n th e 

rat e o f  learnin g fo r  th e inferenc e tas k droppe d of f  markedly . 

I n particular ,  th e relativ e dela y betwee n th e model' s abilit y 

t o recognis e viabl e assimilation s an d it s abilit y t o recognis e 

assimilate d form s increase d sharpl y a s th e rat e o f 

assimilatio n droppe d fro m 5 0 % t o 2 5 % .  Thus ,  a t  lo w toke n 

frequencie s fo r  assimilate d SF s a  clea r  dissociatio n emerge d 

betwee n th e model' s developmen t  o f  abstrac t 

representation s an d phonologica l  inference . 

3 

•• -  Inferenc e uni t 

epoch s 

-V- assimilated words •  nonword s 

Figur e 2 :  Model ' s performanc e a t  5 0 % assimilatio n 

.  inferenc e uni t 

epoch s 

-v-  assimilated words .  nonword s 

F igur e 3 :  M o d e l ' s p e r f o r m a n c e a t  2 5 % assimilatio n 

Conclusions 

We identifie d thre e theorie s o f  lexica l  representatio n i n 

children ,  Full-Specification ,  Radica l  Underspecificatio n an d 

Gradua l  Segmentation .  Th e result s o f  Experiment s 1  an d 2 

suggeste d tha t  non e o f  thes e approache s capture d th e patter n 

of  performanc e see n i n childre n betwee n th e age s o f  5 -  an d 

9-years-old .  Fro m a t  leas t  5-years-old ,  childre n showe d 
evidenc e tha t  thei r  lexica l  representation s wer e specifie d t o 

th e leve l  o f  singl e phoneti c feature s bu t  tha t  the y wer e als o 

functionall y underspecifie d becaus e assimilate d SF s di d no t 

mismatc h wit h UR s i n continuou s speec h processing .  Whils t 

th e perceptua l  target s fo r  lexica l  acces s availabl e t o childre n 

ar e representationall y adult-like ,  thei r  processin g differs . 

Six-year-old s accepte d assimilate d form s regardles s o f  th e 

viabilit y  o f  th e assimilation ,  an d 9-year-olds '  performanc e 

suggeste d a n emergin g sensitivit y t o phoneti c context .  A 

computationa l  mode l  o f  th e developmen t  o f  spoke n wor d 

recognitio n suggeste d th e reaso n fo r  th e dissociatio n 

betwee n th e developmen t  o f  functionall y abstrac t 

representation s an d phonologica l  inferenc e result s fro m th e 

differen t  effect s o f  th e frequenc y o f  assimilate d form s o n 

thes e tw o processes .  Lexica l  learnin g fo r  assimilate d form s 

can procee d wit h ever y exposur e t o a  word ,  regardles s o f  it s 

surfac e form .  I n contrast ,  learnin g th e relationshi p 

underlyin g plac e assimilatio n i s entirel y dependen t  o n 

occurrence s o f  assimilation .  Whe n th e relevan t  informatio n 

i s sparse ,  learnin g thi s structura l  relationshi p i s attenuated . 
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