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Lexica l  Segmentat ion :  th e rol e o f  sequentia l  statistic s i n supervise d a n d 

un-supervise d mode l s 
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*  Centr e fo r  Cognitiv e Science ,  *  Departmen t  o f  Psychology , 

^ H u m an Communicatio n Researc h Centre , 
Universit y o f  Edinburg h 
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Tel :  +4 4 3 1 6 5 0 4 6 6 7 

F A X:  44 4 3 1 65 0 458 7 

p c a i r n s O c o g s c i . e d . a c . u k  ̂  

Abstrac t 

The use of transitional probabilities between phonetic segments 
as a  cu e fo r  segmentin g word s fro m Englis h speec h i s in -
vestigated .  W e develo p a  serie s o f  class-base d n-gra m an d 
feature-base d neura l  networ k model s tha t  enabl e u s t o quan -
tif y th e contributio n o f  low-leve l  statistic s t o wor d boundar y 
prediction .  Trainin g dat a fo r  ou r  model s i s representativ e o f 
genuin e conversationa l  speech :  a  phonologica l  transcriptio n o f 
th e London-Lun d corpus .  Thes e simpl e model s ca n b e purel y 
bottom-u p an d henc e vali d bootstrappin g model s o f  infan t  de -
velopment .  W e g o o n t o demonstrat e ho w th e boostrappin g 
model s mimi c th e Metrica l  Segmentatio n Strateg y o f  Cutle r 
and Norri s  (1988) ,  an d w e discus s th e implication s o f  thi s re -
sult . 

Introduction: The Segmentation Problem 

Th e majorit y o f  wor d boundarie s i n norma l  speec h ar e no t 
reliabl y marke d b y acousti c breaks .  Segmentatio n i s th e pro -
ces s o f  dividin g u p th e continuou s inpu t  speec h strea m int o 
linguisticall y an d psychologicall y significan t  unit s tha t  ca n b e 
use d t o acces s meaning .  Segmentatio n an d recognitio n appea r 
t o stan d i n a  chicken-and-eg g relationship :  th e extractio n o f 
a meaningfu l  uni t  presuppose s recognizin g wha t  tha t  uni t  is ; 
but  recognitio n onl y seem s t o b e possibl e onc e segmentatio n 
has bee n carrie d out . 

Broadl y speaking ,  ther e ar e tw o way s i n whic h t o brea k ou t 
of  th e segmentatio n o  recognitio n circl e fo r  th e adul t  listener . 
Th e first  i s  t o us e a n interactiv e approach ,  i n whic h th e syste m 
put s forwar d tentativ e hypothese s concernin g segmentatio n 
and recognitio n o n th e basi s o f  lexica l  information ,  an d rein -
force s hypothese s tha t  fit  togethe r  (e.g .  Marslen-Wilso n an d 
Wels h (1978) ;  McClellan d an d E lma n (1986)) .  Th e secon d 
approac h i s t o attemp t  t o find  reliabl e cue s fo r  segmentation , 
whic h ar e independen t  o f  th e idenUt y o f  wha t  i s bein g seg -
mented .  Accordin g t o thi s secon d approach ,  segmentatio n 
ca n b e carrie d ou t  bottom-up ,  an d it s outpu t  fe d o n t o late r 
recognitio n processes. ^ 

I n acquisition ,  a n isomorphi c segmentatio n proble m exists , 
excep t  tha t  th e goa l  o f  segmentatio n i s no t  lexica l  acces s bu t 
lexica l  compilation .  Her e i t  seem s mor e likel y tha t  bottom-u p 
cue s ar e use d a t  leas t  initially ,  sinc e i n th e earlies t  stage s o f 
acquisitio n th e infan t  ha s n o lexico n wit h whic h t o segmen t 
interactively .  Althoug h i t  ha s bee n suggeste d (e.g .  Suom i 

'Thi s wor k wa s supporte d b y th e U.K .  Economi c an d Socia l 
Researc h Counci l  (ESRC) .  Gran t  number :  ROOO 2 3 364 9 

^Fo r  a  mode l  detaile d discussio n o f  th e topi c se e Cairn s e t  al . 
(1994) . 

(1993) )  tha t  word s spoke n i n isolatio n coul d b e store d an d 
thereafte r  use d t o ai d segmentatio n interactively ,  ther e i s n o 
quantitativ e evidenc e tha t  thi s i s  feasible . 

The bottom-up cues that may be used to aid segmenta-
tio n ca n b e divide d int o thre e mai n groupings :  (i )  Acou -
stic/phoneti c junctur e marker s o r  pause s (ii )  Prosodi c mar -
kin g tha t  specifie s th e initia l  portio n o f  a  word ,  give n a  pre -
syllabifie d input ,  (iii )  Distributiona l  cues :  fo r  exampl e diffe -
rin g probabilitie s o f  certai n phonologica l  sequence s a t  variou s 
point s i n th e speec h strea m (phonotactics) .  Th e first  typ e o f 
cu e ha s bee n studie d i n th e phonologica l  an d speec h recogni -
tio n literatur e (Lehist e (1971)) .  Th e secon d approac h ha s bee n 
thoroughl y investigate d b y Cutle r  an d colleague s (Cutle r  an d 
Norri s  (1988) ;  Cutle r  (1993) ;  Cutle r  an d Butterfiel d (1992)) . 
Her  Metrica l  Segmentatio n Strateg y (hencefort h M S S )  hold s 
tha t  whe n a  stron g vowe l  i s  heard ,  a  boundar y i s hypothesize d 
at  th e beginnin g o f  th e syllabl e o f  whic h th e vowe l  i s  nucleus . 
Althoug h originall y a  theor y o f  adul t  behaviour ,  ther e ha s 
bee n recen t  discussio n o f  h o w th e M S S coul d b e acquire d 
(se e Cutle r  e t  al .  (1992) ;  Otak e e t  al .  (1993)) ,  an d als o wor k 
tha t  seem s t o demonstrat e a  sensitivit y t o metrica l  pattern s 
i n infant s o f  9  month s (Jusczyk ,  Cutle r  an d Redan z (1993)) . 
Th e thir d typ e o f  cu e w e refe r  t o a s phonotactics ,  b y whic h 
we mea n constraint s o n th e segmenta l  phonologica l  structur e 
of  word s an d syllables .  I t  i s  generall y th e cas e tha t  sequence s 
of  segment s ar e mor e constraine d withi n word s tha n acros s 
wor d boundaries .  Thus ,  th e sequenc e /g3 /  i s  onl y licence d i n 
Englis h i f  ther e i s a  morphem e boundar y betwee n /g /  an d /3/ . 
However ,  phonotactic s d o no t  hav e t o b e absolut e constraints , 
probabilisti c  structur e i s presen t  too :  thu s th e sequenc e / z a /  i s 
ver y c o m m o n acros s wor d boundaries ,  bu t  m u c h les s c o m m o n 
word-internally .  Th e rol e o f  phonotactic s ha s bee n studie d i n 
th e speec h recognitio n literatur e (se e Harrington ,  Watso n an d 
Cooper  (1988)) ,  bu t  ha s receive d littl e attentio n i n th e domai n 
of  psycholinguistics . 

I n thi s paper ,  w e presen t  tw o bottom-u p statistica l  model s 
whic h ca n b e applie d t o adul t  behaviour ,  an d infan t  develop -
ment ,  respectively .  Ou r  model s exclusivel y us e phonotacti c 
information .  Thi s i s no t  becaus e w e believ e tha t  phonotactic s 
i s th e onl y informatio n sourc e tha t  listener s us e i n segmentin g 
speech .  Rather ,  w e hop e t o quantif y precisel y th e possibl e 
contributio n o f  phonotacti c informatio n t o a  mor e complet e 
model  o f  segmentatio n whic h woul d integrat e informatio n 
fro m variou s sources . 
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A Phonologica l  Re-transcriptio n o f  th e 

London-Lun d Corpu s 

In orde r  t o b e admissibl e a s suppor t  fo r  th e bottom-u p ap -
proach ,  th e dat a fro m whic h a  mode l  o f  segmentatio n i s de -
rive d mus t  b e representativ e o f  rea l  speech .  Accordingly ,  w e 
presen t  a  larg e corpu s o f  phonologicall y transcribe d speech. ^ 
The London-Lun d corpu s (LLC )  i s a  bod y o f  Englis h con -
versatio n transcribe d orthographicall y an d availabl e on-line . 
Becaus e o f  it s  siz e (aroun d 460,00 0 words )  a n automati c me -
tho d wa s develope d fo r  it s phoneti c transcription .  First ,  th e 
word s ar e replace d b y thei r  phonemi c citatio n form s usin g 
an on-lin e dictionary .  Then ,  thes e form s ar e inpu t  t o a  se t 
of  re-writ e rule s tha t  introduc e phonologica l  alternation s int o 
th e strin g (e.g .  assimilation ,  vowe l  reduction) .  Non e o f  th e 
rule s use s wor d boundar y informatio n t o specif y it s contex t 
of  application .  Th e outpu t  fro m th e rule-se t  i s a  corpu s o f  1. 5 
millio n phoneti c segments . 

I t  is ,  o f  course ,  impossibl e t o recreat e th e origina l  speec h 
data ,  bu t  thi s metho d ha s tw o advantages :  First ,  w e nee d 
a larg e corpu s o f  conversationa l  speec h i f  it s  statistic s ar e 
t o b e representativ e — a t  presen t  ther e i s n o comparabl y 
larg e corpu s wit h a  genuin e phonologica l  transcription ;  Se -
cond ,  thi s metho d provide s a  higher-orde r  approximatio n t o 
genuin e data ,  whe n compare d wit h a  corpu s derive d fro m 
a phonemi c dictionar y i n combinatio n wit h wor d frequenc y 
counts .  Thus ,  ou r  dat a i s representativ e o f  th e distributio n 
of  string s o f  closed-clas s word s suc h a s i f  I  can .  A n y 
adequat e mode l  o f  segmentatio n mus t  cop e wit h suc h input . 
T wo importan t  characteristic s o f  ou r  corpu s are :  (1 )  Al l  ru -
le s fo r  co-articulatio n appl y equall y inter -  an d intra-lexically . 
(2 )  Th e dat a i s ver y nois y wit h frequen t  repetition ,  hesitation , 
errors ,  etc .  Becaus e o f  thes e facts ,  w e conside r  th e dat a t o 
represen t  a  "wors t  case "  fo r  testin g model s o f  segmentation , 
i n tha t  i f  segmentatio n i s possibl e wit h thi s data ,  the n th e in -
clusio n o f  pauses ,  prosody ,  an d som e phonetic/acousti c cue s 
can onl y serv e t o improv e performance . 

I n th e experiment s reporte d here ,  w e wil l  us e tw o version s 
of  th e corpus .  Corpu s A  ha s wor d boundar y markers ,  whil e 
Corpu s B  ha s n o explici t  wor d boundar y marking . 

A^-gram Models of Adult Segmentation 

Usin g corpu s A  (corpu s wit h wor d boundar y markers) ,  th e 
prio r  fo r  al l  bigrams :  {{p^,p^ )  \  p^,p ^  £  P }  wa s calcula -
ted ,  wher e th e pai r  wer e eithe r  wor d internal ,  o r  straddle d 
a wor d boundar y ( P i s th e se t  o f  al l  phonemes) .  W e us e 
th e rati o o f  th e prio r  tha t  a  pai r  (p^ ,  p^ )  occur s acros s a  bo -
undar y t o th e prio r  tha t  i t  occur s withi n a  word ,  denote d 
Pacro„{{p\p^))/Pwithin({p ^  ,p'̂ ) )  t o decid e whe n t o pro -
pos e a  boundary .  W h e n thi s rati o rise s abov e a  certai n cutof f 
poin t  w e inser t  a  boundary .  W h e n th e cutof f  i s  se t  high , 
th e performanc e o f  thi s mode l  tend s towar d th e behaviou r  o f 
th e deterministi c n-gra m mode l  o f  Harrington ,  Watso n an d 
Cooper  (1988) .  Not e tha t  becaus e w e ar e specifyin g wor d 
boundar y locatio n i n th e n-grams ,  th e mode l  i s supervised , 

' a mor e detaile d descriptio n o f  th e corpu s ca n b e foun d i n Shill -
cock .  Cairns ,  Levy ,  Chater ,  an d Lindse y (1993 ) 

The full-scal e approac h concomitan t  wit h us e o f  a  corpu s ca n 
als o brin g benefit s i n othe r  psycholinguisti c domains :  se e Chater , 
Shillcock ,  Caims ,  an d Lev y (1993) . 

and therefor e i s no t  applicabl e a s a  mode l  o f  development . 
However ,  onc e i t  i s trained ,  th e mode l  i s strictl y bottom-u p i n 
operation . 

Th e result s o f  runnin g thi s segmentatio n algorith m o n a 
10,00 0 phonem e (approx .  2,80 0 word )  tes t  stretc h o f  th e 
same corpu s ca n b e see n i n Figur e I  wher e w e plo t  th e pro -
babilit y  o f  a  hi t  versu s a  false-alar m a s th e cutof f  i s varied.' ' 
Selectin g differen t  cutof f  point s ca n provid e performanc e suc h 
as detectio n o f  4 5 % o f  th e boundarie s i n th e tes t  stretc h wit h 
a hits:false-alarm s rati o o f  45:1 ,  o r  6 6 % o f  al l  boundarie s 
wit h a  hits:false-alarm s rati o o f  9:1 .  Wher e exactl y t o plac e 
th e cutof f  poin t  i s a  questio n tha t  depend s o n ou r  theor y o f 
h o w m u c h o f  a  proble m false-alarm s an d misse s pos e fo r  th e 
human processor ,  whic h wil l  reflec t  assumption s abou t  pro -
cesso r  modularity ,  parallelis m i n processing ,  an d s o forth . 
However ,  on e ca n measure ,  i n a  pre-theoretica l  manner ,  h o w 
wel l  th e segmentatio n algorith m perform s b y takin g a n infor -
matio n theoreti c measur e suc h a s mutua l  informatio n a t  eac h 
cutof f  point ,  an d choosin g th e cutof f  a t  whic h thi s measur e i s 
maximized .  I n effect ,  th e mutua l  informatio n measur e test s 
whethe r  th e genera l  shap e o f  th e distribution s o f  boundar y 
point s i s th e sam e fo r  th e segmentatio n algorith m an d th e tru e 
stretc h o f  segmente d corpus ,  a s wel l  a s th e exten t  t o whic h 
th e individua l  decision s match .  A t  th e mutua l  informatio n 
m a x i m u m th e detectio n rat e i s 7 5 % wit h a  hits:false-alarm s 
rati o o f  4.7:1 . 

1.0- 1 

0.8 -

0.6 -

0.4 -

0.2 -

0.0-i ^ 

— chanc e 
-  -  bigram s 
— trigram s 
-- •  broa d classe s 

0.0 02 0. 4 0. 6 0. 8 
p(false-alami ) 

1.0 

Figur e 1 :  R O C (Receive r  Operatin g Characteristic )  grap h for : 
n-gra m segmentatio n performanc e (corpu s wit h boundarie s 
marked) .  T h e differen t  curve s s h o w th e result s fo r  bigrams , 
trigrams ,  an d a  trigra m mode l  whe r e th e transcriptio n w a s i n 
term s o f  th e 6  broa d phoneti c classes . 

Furthe r  improvemen t  ca n b e m a d e o n thi s performanc e b y 
usin g trigram s rathe r  tha n bigrams .  W e collecte d th e prior s 
o f  al l  triples :  { { p \ p ^ , p ^ )  \  P^,P^,P ^  G  P )  tha t  we r e eithe r 
word-internal ,  o r  ha d a  boundar y betwee n p '  an d p'̂ ,  o r  ha d 
a boundar y betwee n p ^  an d p^ .  However ,  n o w w e hav e tw o 
ratio s Pacros/Pwithi n wher e Pacros s ca n correspon d t o th e 

''  A  false-alar m occur s whe n th e mode l  posit s a  boundar y whe n 
no boundar y i s actuall y present .  A  hi t  i s  whe n th e mode l  successfull y 
detect s a  rea l  boundary . 
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sequenc e ( p ^  # ,  /'̂ ,  p^ )  o r  (p ^  ,p ,̂if̂ yP^) -  A s a  first  step ,  w e 
simpl y too k th e mea n o f  th e tw o ratios ,  an d move d th e cutof f 
poin t  relativ e t o thi s figure.  Ther e ar e furthe r  complication s 
tha t  aris e throug h th e us e o f  trigrams :  th e tendenc y t o over -
segment  whe n ther e ar e on e an d two-lette r  word s i n th e input . 
A remed y fo r  thi s proble m i s t o hav e a  lis t  o f  permissibl e one -
phoneme word s (fo r  presen t  purpose s jus t  /a /  an d /ou/) ,  an d no t 
t o licens e segmentation s tha t  creat e one-phonem e word s no t 
on thi s list .  Havin g don e this ,  th e result s fo r  th e segmentatio n 
of  th e sam e tes t  stretc h o f  corpu s a s befor e ar e show n i n 
Figur e 1 .  Th e trigram s sho w a  considerabl e improvemen t  o n 
th e bigra m figures,  wit h performanc e rangin g fro m detectio n 
of  5 7 % o f  th e boundarie s wit h a  false-alan n rat e o f  65:1 ,  t o 
th e mutua l  informatio n pea k a t  9 3 % detectio n wit h 9:1 . 

The algorith m doe s indee d sho w som e over-segmentatio n 
of  inflectiona l  form s a s Harringto n e t  al .  realize d woul d hap -
pen .  However ,  a s ca n b e see n fro m th e result s thes e case s ar e 
reall y quit e rar e i n norma l  conversations d speech .  Anothe r 
c o m m on erro r  i s t o over-segmen t  word s whic h begi n wit h 
a wea k vowel ,  thu s /tDk#a#baut /  fo r  t a l k a b o u t ,  thoug h 
onc e agai n suc h case s ar e rare .  I n fact ,  thi s latte r  typ e o f 
erro r  — wher e a  wor d boundar y i s spuriousl y inserte d befor e 
a stron g vowe l  — i s ver y c o m m o n i n huma n slip s o f  th e ea r 
(se e Cutle r  an d Butterfiel d (1992)) ,  s o on e coul d interpre t  thi s 
as bein g a  featur e o f  th e phonotacti c model . 

Thes e figures  woul d see m t o indicat e tha t  th e proble m o f 
segmentatio n i s no t  reall y suc h a  proble m afte r  all .  However , 
our  resul t  mus t  b e qualifie d b y notin g it s possibl e relianc e 
on a  detaile d an d unambiguou s phonemi c inpu t  string ,  some -
thin g whic h i n al l  probabilit y  i s  no t  obtainabl e eithe r  i n a n 
Automati c Speec h Recognitio n (hencefort h A S R )  system ,  o r 
i n huma n listening .  I n rea l  speech ,  phoneme s ar e realise d 
wit h numerou s variation s i n bot h tim e an d quality .  O f  course , 
th e solutio n tha t  man y phonologist s an d psycholinguist s tak e 
i s t o assum e tha t  suc h issue s ca n b e resolve d a t  a  lowe r  level , 
and wil l  no t  imping e o n highe r  leve l  processes ,  howeve r  ther e 
seems t o b e littl e evidenc e tha t  thi s i s  th e case . 

We teste d th e relianc e o f  thes e result s o n a  clea r  transcrip -
tio n usin g a  ful l  phonemi c inventory ,  b y followin g Zu e an d 
colleague s (e.g .  Huttenlocheran d Zu e (1983) )  w h o hav e use d 
transcription s o f  speec h wher e eac h segmen t  i s place d i n on e 
of  si x broa d phoneti c classe s whic h ar e mor e reliabl y identi -
fied  b y a n A S R system .  W e re-transcribe d ou r  corpu s i n term s 
of  th e si x classe s (Stop ,  Nasal ,  Wea k Fricative ,  Stron g Frica -
tive ,  Glide/Liquid ,  an d Vowel )  an d onc e agai n constructe d a 
trigra m mode l  usin g exactl y th e sam e procedur e a s before . 
Not  surprisingly ,  th e performanc e wa s degrade d whe n com -
pare d t o th e full y transcribe d trigra m mode l  (se e Figur e 1) . 
However ,  absolut e performanc e i s stil l  good ,  wit h a  mutua l  in -
formatio n pea k a t  7 4 % detectio n wit h 1.5: 1 hits:false-alarms . 

To summarise ,  th e supervise d trigra m techniqu e provide s 
a powerfu l  mode l  o f  adul t  behaviour ,  bu t  it s  effectivenes s i s 
proportiona l  t o th e detai l  o f  th e inpu t  phonologica l  transcrip -
tion . 

Connectionist Modelling of Segmentation 

Acqu is i t i o n 

I n additio n t o th e supervise d n-gra m model s o f  adul t  segmen -
tation ,  w e hav e als o constructe d un-supervise d n-gra m model s 
i n whic h n o wor d boundar y markin g i s employe d i n construc -

tio n (i.e .  #  i s no t  a  member  o f  th e symbo l  set )  usin g corpu s 
B.  Thes e models ,  unlik e th e supervise d n-gra m model s jus t 
described ,  ar e admissibl e a s model s o f  infan t  developmen t  be -
caus e n o top-dow n informatio n i s employe d durin g training . 
However ,  suc h model s inherentl y emplo y phonemi c catego -
ries ,  an d henc e canno t  b e use d t o addres s th e pre-categoria l 
phas e o f  infan t  development .  Therefor e w e develope d a  neu -
ra l  networ k mode l  tha t  i s  feature- ,  rathe r  tha n category-based . 
We conside r  a  feature-base d representatio n t o b e on e ste p 
close r  t o th e genuin e speec h signal . 

Network TVaining 

The networ k ha s a  recurrent ,  self-supervised ,  architectur e (se e 
figure  2) .  Th e tas k i s t o ech o th e curren t  slic e o f  input ,  re -
member  th e previous ,  and ,  mos t  importantl y fo r  thi s paper , 
t o predic t  th e next .  A s inpu t  t o th e model ,  w e translate d cor -
pus B  describe d abov e int o a  nine-bi t  binar y featur e vecto r 
representatio n wher e th e feature s ar e take n fro m th e Gover -
nment  Phonolog y schem e o f  cognitiv e element s (se e Harri s 
and Lindse y ((i n press)) ;  Kaye ,  Lowenstram m an d Vergnau d 
(1985) ;  Shillcocke t  al .  (1992)). ^  Nois e i s adde d t o th e inpu t 
by flipping  feature s fro m 0  t o 1  (o r  vic e versa )  wit h a  certai n 
probability ,  i n orde r  t o encourag e th e networ k t o rel y o n se -
quentia l  informatio n (i.e .  i f  th e curren t  segmen t  i s obscured , 
the n th e ne t  wil l  hav e a n incentiv e t o us e th e loca l  phone -
ti c contex t  t o recove r  it s  identity) .  Th e ne t  i s traine d usin g 
Back-propagatio n Throug h Tim e ( B P T T — se e Rumelhart , 
Hinto n an d William s (1986)) ,  a  steepes t  descen t  procedure , 
and a  cross-entrop y erro r  measur e (se e Hinto n (1989)—cros s 
entrop y i s a  goo d measur e t o us e whe n on e wishe s t o interpre t 
continuou s value d output s a s probabilitie s o f  binar y decisi -
ons) .  Trainin g comprise s tw o passe s throug h a  trainin g stretc h 
of  th e corpu s on e millio n phoneme s i n lengt h (wit h differen t 
nois e o n eac h pass) ,  thu s tw o millio n phoneme s i n total .  Th e 
learnin g rat e i s decaye d a s trainin g progresses . 
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Figur e 2 :  Th e Networ k -  Th e soli d arrow s betwee n layer s in -
dicat e complet e connectivit y wit h modifiabl e uni-directiona l 
links .  Th e dotte d arrow s sho w h o w th e inpu t  corpu s arrive s 
ove r  tim e t o specif y th e inpu t  an d outpu t  target . 

N e t w o r k Segmentat io n 

The rational e use d i n postulatin g boundar y point s follow s 
fro m wha t  w e kno w abou t  phonotactics .  Fro m th e network' s 
poin t  o f  view,  lac k o f  constrain t  i n phonotacti c structur e (hig h 

^Work b y William s an d Brockhau s (1992 )  ha s show n ho w th e 
governmen t  phonolog y element s ca n b e automaticall y extracte d fro m 
th e speec h stream ,  s o w e hav e reaso n t o believ e tha t  codin g i n thi s 
way represent s a  ste p furthe r  toward s ecologica l  validity . 
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entrop y i n informatio n theoreti c terms )  wil l  m a k e th e nex t 
segment  difficul t  t o predict .  I f  predictio n i s hard ,  the n erro r 
wil l  b e high .  Thus ,  boundarie s ar e propose d a t  peak s i n th e 
erro r  scor e o n th e predictio n outpu t  unit s (marke d n e x t  i n 
Figur e 2) . 

The mode l  wa s teste d b y providin g a s inpu t  a  noise-fre e 
10,00 0 phonem e (abou t  2,70 0 words )  stretc h o f  corpus ,  an d 
measurin g th e Cros s Entrop y erro r  o n th e predictio n sub -
grou p o f  th e outpu t  units .  Thi s yield s a  variabl e erro r  signa l  i n 
whic h w e defin e a  "peak "  b y placin g a  cutof f  poin t  a t  varyin g 
number s o f  standar d deviation s abov e th e mean .  Th e effect s 
of  choosin g increasingl y mor e stringen t  cutof f  point s ca n b e 
see n i n Figur e 3  wher e w e plo t  h o w th e hi t  an d false-alar m 
rate s var y wit h th e cutof f  point .  A t  th e cutof f  tha t  maximize s 
th e mutua l  information ,  2 1 % o f  th e boundarie s ar e correctl y 
identifie d wit h a  hits:false-alarm s rati o o f  1.5:1 . 
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Figure 3: ROC graph of network segmentation performance 
(corpu s wit h n o w o r d boundar y marking) . 

I n th e followin g section s w e evaluat e th e significanc e o f 
thes e result s b y compariso n wit h a  r a n d o m segmentatio n al -
gorith m whic h w a s average d ove r  five  differen t  runs .  Thi s al -
gorith m w a s designe d t o yiel d a  distributio n o f  "wo rd "  lengt h 
simila r  t o tha t  o f  th e network .  W e conside r  thi s t o b e a  m o r e 
stringen t  tes t  o f  th e network' s performanc e tha n compariso n 
wit h a  rando m segmentatio n algorith m tha t  use s a  unifor m dis -
tribution .  T h e differenc e i n performanc e i s highl y significant : 
xfi )  =  216 .8 ,p < 0.001 . 

Althoug h networ k performanc e peak s wit h correc t  identi -
fication  o f  abou t  on e i n five  boundarie s i n th e tes t  corpus , 
ther e i s a  sizabl e proportio n o f  fals e alarm s a t  thi s cutof f 
(i.e .  case s i n wh ic h th e networ k predict s a  boundar y w h e n 
i n fac t  ther e i s  none) .  I t  m a y wel l  b e tha t  althoug h th e false -
alarm s d o no t  actuall y correspon d t o existin g boundarie s i n 
th e tes t  stretch ,  the y ar e actuall y plausibl e guesse s base d o n 
th e low-leve l  dat a tha t  i s  th e onl y informatio n sourc e avai -
labl e t o th e model .  W e teste d thi s hypothesi s b y examinin g 
th e phonotacti c acceptabilit y  o f  th e boundarie s tha t  th e mode l 
postulates ,  define d b y th e legalit y o f  th e sequenc e o f  segment s 
ove r  th e postulate d boundary .  T h u s th e sequenc e /tp#ra /  i s a 
phonotacticall y mal forme d boundar y postulate ,  whil e /pt#ra / 
i s  well-formed .  W e foun d tha t  false-alar m boundarie s o f  th e 

networ k ar e m u c h m o r e likel y t o b e phonotacticall y well -
forme d tha n thos e o f  th e r a n d o m cas e (fo r  th e initia l  bounda -
ries :  xji )  =  221.8, p <  0.001 ,  whil e fo r  th e final  boundarie s 

xf, )  =  119 .1 .p < 0.001) . 

I n s u m m a r y ,  phonotactic s provid e a  fairl y w e a k sourc e o f 
informatio n fo r  th e bootstrappin g o f  segmentation ,  bu t  th e 
cumulativ e effec t  o f  suc h informatio n m a y wel l  b e usefu l  i n 
th e initia l  phase s o f  compilin g a  lexicon . 

Network performance and the MSS 

I n thi s sectio n w e provid e a  qualitativ e analysi s o f  networ k 
segmentatio n an d presen t  th e surprisin g resul t  tha t  ther e i s a 
statistica l  basi s fo r  th e emergenc e o f  th e M S S i n ou r  purel y 
bottom-u p model . 

We investigate d th e performanc e o f  th e mode l  b y countin g 
th e instance s i n whic h a  boundar y i s correctl y postulate d be -
for e a  stron g o r  wea k syllable .  Th e definitio n o f  wea k an d 
stron g i s no t  trivia l  however .  Whil e th e statu s o f  schw a (/a/ ) 
as a  wea k vowe l  i s inherent ,  othe r  shor t  vowel s suc h a s /a / 
and /i /  ca n b e eithe r  metricall y stron g o r  wea k dependin g 
on contex t  (thi s versio n o f  th e corpu s i s no t  transcribe d wit h 
metrica l  markings) .  A s a n operationa l  definitio n o f  stron g 
and wea k w e too k th e la x vowel s h/Jif ,  an d /a /  t o b e weak , 
and al l  othe r  monothong s an d dipthong s t o b e strong .  Be -
caus e som e o f  th e instance s o f  /i /  an d /a /  whic h w e classif y 
as wea k wil l  actuall y b e strong ,  i f  anythin g thi s wil l  ten d t o 
artificiall y  boos t  th e numbe r  o f  wea k classifications .  Give n 
thi s criterion ,  i n th e 2,70 0 wor d tes t  se t  5 3 % o f  th e word s ar e 
strong-initial. ^  Th e networ k performanc e i s proportionall y 
skewe d toward s successfu l  detectio n o f  strong-initia l  word s 
t o a  strikin g degre e (se e Figur e 4a ,  x j u -  77.2, p <  0.001) . 

A simila r  resul t  wa s obtaine d whe n w e change d th e defini -
tio n o f  wea ^  t o just/a /  (xn )  =  70.4, p <  0.001) .  A  natura l 

conclusio n t o dra w i s tha t  th e mode l  i s segmentin g mor e be -
for e open-clas s words ,  an d examinatio n o f  th e total s o f  hit s 
befor e open -  a s oppose d t o closed-clas s show s tha t  thi s  i s th e 
case .  Th e initia l  portion s o f  open-clas s word s ar e m u c h mor e 
likel y t o b e detecte d tha n beginning s o f  closed-clas s item s 
((se e Figur e 4b ,  x\i )  =  14.0, p <  0.001) .  Not e als o tha t  th e 

boundarie s wit h whic h th e mode l  ha s mos t  difficult y ar e th e 
closed-close d boundaries ,  thu s string s o f  closed-clas s word s 
suc h a s u p t o t h e ar e les s likel y t o b e segmente d tha n 
string s o f  open-clas s items . 

W h en w e conside r  th e contiguou s pairing s o f  thes e indivi -
dual  segmentation s — th e word s tha t  emerg e fro m th e net -
wor k — th e sam e patter n i s evident .  A  wor d coun t  o f  th e 
L L C reveale d tha t  6 5 % o f  al l  item s wer e closed-class ,  s o on e 
woul d expec t  tha t  thi s rati o woul d hol d i n networ k output ,  al l 
othe r  factor s bein g equal .  Whil e th e networ k doe s no t  seg -
ment  mor e whol e word s fro m th e tes t  stretc h tha n i t  woul d 
by chanc e (showin g tha t  th e mode l  doe s no t  develo p a  lexi -
con) ,  o f  th e correctl y extracte d token s 4 1 % ar e closed-class . 
Thi s i s significantl y differen t  fro m th e rando m segmentatio n 
performance :  X(i )  =  19.46,p < 0.001 . 

So,  ou r  networ k produce s segmentation s whic h broadl y 
mimi c th e patter n predicte d b y th e M S S ,  ye t  th e ne t  i s no t 
retrodictiv e i n th e wa y tha t  th e M S S is :  Crucially ,  th e nuclea r 

^This  is representative of the proportion for real speech, see 
Cairn s etal .  (1994) . 
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Figure 4: Network segmentation performance mimics the 
MSS. 

vowel  o f  th e initia l  syllabl e i s no t  visibl e t o th e networ k whe n i t 
makes a  segmentatio n decisio n (recal l  tha t  boundarie s ar e ins -
erte d o n th e basi s o f  th e eas e o f  predictio n o f  th e first  segmen t 
i n th e wor d — generall y a  consonant) .  Thus ,  thi s mode l  doe s 
not  nee d t o posi t  tha t  th e Strong/Wea k distinctio n ha s a  prior i 
perceptua l  salienc e fo r  th e infant .  Th e reaso n wh y ou r  net -
wor k exhibit s thi s patter n o f  result s i s simpl y tha t  th e initia l 
segment s o f  strong-initial ,  open-clas s word s ten d t o b e les s 
predictabl e tha n thos e o f  closed-clas s words .  However ,  w e 
woul d emphasiz e tha t  phonotacti c informatio n i s a  relativel y 
weak predictor ,  an d tha t  i t  i s unlikel y tha t  a  purel y phonotacti c 
approac h coul d enabl e th e infan t  t o acquir e a  lexicon .  Rather , 
we se e phonotacti c informatio n a s bein g a  possibl e metho d 
fo r  bootstrappin g o f  th e M S S ,  whic h i s a  mor e robus t  an d 
reliabl e too l  fo r  lexica l  acquisition .  Thi s bootstrappin g coul d 
be mediate d b y sensitivit y t o th e correlatio n o f  th e boundarie s 
tha t  phonotactic s predic t  wit h metrica l  structure . 

Adding categorial knowledge 

The result s fro m th e previou s sectio n wer e obtaine d b y seg -
mentin g wit h ra w score s tha t  wer e no t  normalize d fo r  pho -
neme type .  Thi s ca n b e see n a s simulatin g th e phas e o f  infan t 
developmen t  i n whic h phonemi c categories ,  an d informatio n 
abou t  thei r  frequencies ,  ar e no t  availabl e t o th e infant .  Howe -

ver ,  w e kno w tha t  toward s th e en d o f  th e firs t  yea r  o f  lif e th e 
child' s phonologica l  spac e i s becomin g structure d wit h phone -
mi c categorie s (e.g .  Kuhl(l983) ;  Werker(l993)) .  Therefore , 
we decide d t o mimi c th e effec t  o f  thi s phonemi c restructurin g 
i n ou r  model ,  t o se e i f  th e qualitativ e patter n o f  segmentation s 
woul d remai n constant . 

We carrie d ou t  th e sam e segmentatio n procedur e a s before , 
but  thi s tim e normalizin g th e networ k erro r  score s fo r  pho -
neme type .  W e foun d a n entirel y differen t  patter n o f  result s 
wit h respec t  t o strong-syllable s an d wor d clas s tha n before : 
i n genera l  th e networ k n o longe r  mimicke d th e M S S.  Seg -
mentatio n befor e stron g a s oppose d t o wea k syllable s wa s no t 
significantl y differen t  fro m chance :  y^ )  =  0.387, p >  0.05 . 

Neithe r  wa s segmentatio n befor e ope n a s oppose d t o closed -
clas s items :  X m =  0.035, p >  0.05 .  Furthermore ,  usin g 

phoneme-normalize d scores ,  7 8 % o f  correctl y extracte d wor d 
token s wer e closed-class ,  i n contras t  t o th e 4 1 % wit h ra w 
scores .  Thi s figure  onc e agai n differ s significantl y fro m th e 
expecte d distribution :  X m =  8.07, p <  0.005 ,  excep t  tha t 

no w i t  i s th e closed-clas s item s tha t  ar e favoured ,  rathe r  tha n 
th e open-class . 

The intuitiv e explanatio n o f  w h y segmentatio n behaviou r 
shoul d chang e i n thi s wa y whe n score s ar e normalize d i s tha t 
closed-clas s words ,  becaus e the y ar e mos t  frequen t  i n th e lan -
guage ,  als o contai n th e mos t  frequen t  phonemes .  Therefore , 
th e networ k wil l  predic t  thes e phoneme s mor e easil y tha n 
one s whic h d o no t  occu r  ofte n i n closed-clas s words .  Be -
caus e predictin g thes e segment s i s easier ,  error s ar e lower . 
Hence normalizin g fo r  phonem e typ e wil l  augmen t  th e er -
ro r  score s fo r  phoneme s tha t  mos t  ofte n occu r  i n closed-clas s 
words ,  an d effectivel y increas e th e probabilit y  o f  boundarie s 
bein g propose d befor e suc h segments . 

Summary and Discussion 

First ,  a s regard s adul t  modelling ,  w e hav e show n tha t  pro -
babilisti c n-gra m model s ca n b e extremel y powerfu l  word -
boundar y detectors ,  bu t  ar e relian t  o n th e qualit y o f  th e pho -
nemi c transcription .  Therefore ,  phonotacti c informatio n ma y 
hav e a  critica l  rol e t o pla y i n adul t  segmentation .  W i t h refe -
renc e t o h o w suc h phonotacti c informatio n coul d c o m e t o b e 
encode d i n th e languag e processor ,  w e w o u l d favou r  a  mode l 
i n wh ic h correlation s betwee n successfull y activate d lexica l 
items ,  an d sequence s o f  segment s i n a  phonologica l  buffe r 
w o u l d serv e t o strengthe n o r  w e a k e n particula r  n-grams . 

Second ,  w e hav e provide d a  computationa l  underpinnin g t o 
th e clai m tha t  low-leve l  phonotactic s coul d b e use d b y a  neo -
nat e a s a  cu e fo r  initiall y  breakin g u p th e continuou s strea m 
o f  inpu t  speech .  N o t e tha t  experimenta l  evidenc e s h o w s tha t 
infant s ar e sensitiv e t o th e sequentia l  statistic s o f  natura l  lan -
guag e (se e Jusczy k e t  al .  (1993)) . 

Moreover ,  w e hav e give n a n accoun t  o f  h o w th e M S S coul d 
aris e withou t  recours e t o positin g metrica l  informatio n a s par t 
o f  a  geneti c e n d o w m e n t .  T h e networ k segmentatio n perfor -
m a n c e w a s significantl y biase d i n favou r  o f  detectin g open -
clas s w o r d s tha t  hav e stron g initia l  syllables . 

Furthermore ,  w e hav e s h o w n tha t  ou r  model ' s mirrorin g 
o f  th e M S S disappear s w h e n w e ad d k n o w l e d g e abou t  th e 
frequencie s o f  individua l  p h o n e m e categorie s — detectio n o f 
closed-clas s w o r d s b e c o m e s favoured . 

We se e th e overal l  pictur e o f  th e rol e o f  phonotactic s tha t 
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emerge s fro m thes e result s a s follows :  Initially ,  phonotac -
tic s coul d provid e initia l  segmentation s fro m whic h th e M S S 
coul d b e induce d i n th e pre-categoria l  infant .  Onc e th e M S S 
i s i n place ,  an d th e infant' s phonologica l  spac e come s t o b e 
structure d wit h th e phonemi c categorie s o f  English ,  the n th e 
M SS woul d pic k ou t  th e open-clas s words ,  whil e phonotac -
tic s coul d hel p i n isolatin g th e closed-clas s items .  Thi s raise s 
th e possibilit y  o f  a  critica l  perio d fo r  realizatio n o f  th e M S S: 
I f  w e assum e tha t  categoria l  knowledg e i s pervasiv e afte r  a 
certai n stag e o f  development ,  the n th e utilit y  o f  th e phonot -
acti c strateg y fo r  bootstrappin g th e M S S i s onl y visibl e i n th e 
pre-categoria l  phase . 
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