
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
The power of statistical learning: No need for algebraic rules

Permalink
https://escholarship.org/uc/item/8v6845nv

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 21(0)

Authors
Christiansen, Morten H.
Curtin, Suzanne L.

Publication Date
1999
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8v6845nv
https://escholarship.org
http://www.cdlib.org/


T h e p o w e r  o f  statistica l  learning :  N o nee d fo r  algebrai c rule s 

Morten H. Christiansen (morten@siu.edu) 
Departmen t  o f  Psychology ;  Souther n lUinoi s Universit y 

Carbondale ,  I L 62901-650 2 US A 

Suzanne L. Curtin (curtin@gizmo.usc.edu) 
Departmen t  o f  Linguistics ;  Universit y o f  Souther n Californi a 

Lo s Angeles ,  C A 90089-169 3 U S A 

Abstrac t 

Traditionally,  it has been assumed that rules are necessary to 
explai n languag e acquisition .  Recently ,  Marcus ,  Vijayan ,  Rao , 
& Vishto n (1999 )  hav e provide d behaviora l  evidenc e whic h 
the y clai m ca n onl y b e explaine d b y invokin g algebrai c rules . 
I n th e firs t  par t  o f  thi s paper ,  w e sho w tha t  contrar y t o thes e 
claim s a n existin g simpl e recurren t  networ k mode l  o f  wor d 
segmentatio n ca n fit  th e relevan t  dat a withou t  invokin g an y 
rules .  Importantly ,  th e mode l  closel y replicate s th e experimen -
ta l  conditions ,  an d n o change s ar e mad e t o th e mode l  t o ac -
commodat e th e data .  Th e secon d par t  provide s a  corpu s anal -
ysi s inspire d b y thi s model ,  demonstratin g tha t  lexica l  stres s 
change s th e basi c representationa l  landscap e ove r  whic h statis -
tica l  learnin g take s place .  Thi s chang e make s th e tas k o f  wor d 
segmentatio n easie r  fo r  statistica l  learnin g models ,  an d furthe r 
obviate s th e nee d fo r  lexica l  stres s rule s t o explai n th e bia s to -
ward s trochai c stres s pattern s i n English .  Togethe r  th e connec -
tionis t  simulation s an d th e corpu s analysi s sho w tha t  statistica l 
learnin g device s ar e sufficientl y powerfu l  t o eliminat e th e nee d 
fo r  rule s i n an  importan t  par t  o f  languag e acquisition . 

I n t r o d u c t i o n 

O ne o f  th e basi c question s i n cognitiv e scienc e pertain s t o 
whethe r  o r  no t  explici t  rule s ar e necessar y t o accoun t  fo r  com -
ple x behavior .  N o w h e r e ha s th e debat e ove r  rule s bee n mor e 
heate d tha n withi n th e stud y o f  languag e acquisition .  Tradi -
tionally ,  generativ e grammarian s hav e postulate d th e nee d fo r 
rule s i n orde r  t o accoun t  fo r  th e pattern s foun d i n natura l  lan -
guage s (Chomsk y &  Halle ,  1968) .  I n addition ,  m u c h o f  th e 
acquisitio n literatur e withi n thi s framewor k require s th e chil d 
t o m a p underlyin g representation s t o a  surfac e realizatio n vi a 
rule s (Smith ,  1973 ;  M a c k e n ,  1980) .  O n thi s account ,  statisti -
cal  learnin g i s assume d t o pla y littl e o r  n o rol e i n th e acquisi -
tio n process ;  instead ,  abstrac t  rule s hav e bee n claime d t o con -
stitut e th e fundamenta l  basi s o f  languag e acquisitio n an d pro -
cessing .  Recently ,  a n alternativ e approac h ha s emerge d em -
phasizin g th e rol e o f  statistica l  learnin g i n bot h th e acquisitio n 
an d processin g o f  language .  A  growin g bod y o f  researc h hav e 
explore d th e powe r  o f  statistica l  learnin g i n infanc y fro m bot h 
behaviora l  (e.g. ,  Saffran ,  Aslin ,  Newport ,  1996 )  an d compu -
tationa l  perspective s (e.g. ,  Bren t  &  Cartwright ,  1996 ;  Chris -
tiansen ,  Alle n &  Seidenberg ,  1998) .  Thi s lin e o f  researc h 
has demonstrate d th e viabilit y  o f  statistica l  learning ;  includ -
in g case s tha t  wer e previousl y though t  t o requir e th e acqui -
sitio n o f  rule s an d case s fo r  whic h th e inpu t  wa s though t  t o 
be to o impoverishe d fo r  learnin g t o tak e place .  I n thi s paper , 
we exten d thi s researc h withi n th e are a o f  earl y infan t  speec h 
segmentation ,  providin g furthe r  evidenc e agains t  th e nee d fo r 
algebrai c rule s i n languag e acquisition . 

Withi n th e traditiona l  rule-base d approac h Marcus ,  Vi -
jayan ,  Rao ,  &  Vishto n (1999 )  hav e recentl y presente d result s 
fro m experiment s wit h 7-month-ol d infant s apparentl y show -
in g tha t  the y acquir e abstrac t  algebrai c rule s afte r  tw o minute s 
ofexposur e t o habituatio n stimuli .  Marcu s etal .  furthe r  clai m 
tha t  statistica l  learnin g models—includin g th e simpl e recur -
ren t  networ k ( S R N ;  Elman ,  1990)—ar e unabl e t o fit  thei r  ex -
perimenta l  data .  I n th e first  par t  o f  thi s pape r  w e sho w tha t 
knowledg e acquire d i n th e servic e o f  learnin g t o segmen t  th e 
speec h strea m ca n b e recruite d t o carr y ou t  th e kin d o f  clas -
sificatio n tas k use d i n th e experimen t  b y Marcu s e t  al .  Fo r 
thi s purpos e w e too k a n existin g mode l  o f  earl y infan t  speec h 
segmentatio n (Christianse n e t  al. ,  1998 )  an d use d i t  t o simu -
lat e th e result s obtaine d b y Marcu s e t  al .  Crucially ,  ou r  sim -
ulation s d o no t  focu s o n th e phonologica l  outpu t  o f  th e net -
work ,  bu t  rathe r  see k t o determin e whethe r  th e networ k devel -
ops on-lin e interna l  representations—tha t  is ,  transien t  hidde n 
uni t  patterns—whic h ca n for m th e basi s fo r  reliabl e classifi -
catio n o f  inpu t  patterns .  Stimulu s classificatio n the n become s 
a signa l  detectio n proble m base d o n th e interna l  representa -
tion ,  an d th e preferenc e fo r  on e typ e o f  stimul i  ove r  anothe r  i s 
explaine d i n term s o f  differentia l  segmentatio n performance . 
Thus ,  n o rule s ar e neede d t o accoun t  fo r  th e data ;  rather ,  sta -
tistica l  knowledg e relate d t o wor d segmentatio n ca n explai n 
th e rule-lik e behavio r  o f  th e infant s i n th e Marcu s e t  al .  study . 

In the second part of the paper we turn our attention to 
anothe r  clai m abou t  th e necessit y o f  rule s i n languag e acqui -
sition .  Withi n th e are a o f  th e acquisitio n o f  lexica l  stres s re -
searcher s hav e debate d whethe r  childre n lear n stres s b y rul e 
or  lexicall y (Hochber g 1988 ;  Klein ,  1984) .  Th e evidenc e s o 
fa r  appear s t o suppor t  th e clai m tha t  childre n lear n stres s b y 
rul e (Hochberg ,  1988 )  o r  b y settin g a  paramete r  i n a n abstrac t 
rule-base d syste m (Fikkert ,  1994) .  I n contrast ,  th e segmenta -
tio n mode l  o f  Christianse n e t  al .  (1998 )  acquire s lexica l  stres s 
throug h statistica l  learning .  T h e superio r  performanc e o f  th e 
model  w h e n provide d wit h lexica l  stres s information ,  sug -
gest s tha t  lexica l  stres s m a y chang e th e basi c representationa l 
landscap e fro m whic h th e S R N acquire s th e statistica l  regu -
laritie s relevan t  fo r  th e wor d segmentatio n task .  W e investi -
gat e thi s suggestio n throug h th e mean s o f  a  corpu s analysis . 
Th e result s demonstrat e tha t  representationa l  change s cause d 
by lexica l  stres s facilitat e learnin g an d obviat e th e nee d fo r 
rule s t o explai n lexica l  stres s acquisition .  Togethe r  th e re -
sult s fro m th e corpu s analysi s an d th e connectionis t  simula -
tion s sugges t  tha t  statistica l  learnin g i s sufficientl y powerfu l 
t o avoi d th e postulatio n o f  abstrac t  rules—a t  leas t  withi n th e 
are a o f  speec h segmentation . 
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R u l e - L i k e B e h a v i o r  w i t h o u t  R u l e s 

Marcu s e t  al .  (1999 )  use d a n artificia l  languag e learnin g 
paradig m t o tes t  thei r  clai m tha t  th e infan t  ha s tw o mecha -
nism s fo r  learnin g language ,  on e tha t  use s statistica l  informa -
tio n an d anothe r  whic h use s algebrai c rules .  The y conducte d 
thre e experiment s whic h teste d infants '  abilit y  t o generaliz e 
t o item s no t  presente d i n th e familiarizatio n phas e o f  th e ex -
periment .  The y clai m tha t  becaus e non e o f  th e tes t  item s ap -
peare d i n th e habituatio n par t  o f  th e experimen t  th e infant s 
woul d no t  b e abl e t o us e statistica l  information . 

The subject s i n Marcu s e t  al .  (1999 )  wer e seven-mont h 
ol d infant s randoml y place d i n a n experimenta l  condition .  I n 
th e first  tw o experiments ,  th e condition s wer e A B A o r  A B B . 
Each wor d i n th e sentenc e fram e A B A o r  A B B consiste d o f  a 
consonan t  an d vowe l  sequenc e (e.g. ,  "l i  w i  li "  o r  "l i  w i  wi") . 
Durin g th e two-minut e lon g familiarizatio n phas e th e infant s 
wer e expose d t o thre e repetition s o f  eac h o f  1 6 three-wor d 
sentences .  Th e tes t  phas e i n bot h experiment s consiste d o f 
12 sentence s m a d e u p o f  word s th e infant s ha d no t  previousl y 
been expose d to .  Th e tes t  item s wer e broke n int o 2  group s 
fo r  bot h experiments :  consisten t  (item s constructe d wit h th e 
same gramma r  a s th e familiarizatio n phase )  an d inconsisten t 
(constructe d fro m th e gramma r  th e infant s wer e no t  traine d 
on) .  I n th e secon d experimen t  th e tes t  item s wer e altere d i n 
orde r  t o contro l  fo r  a n overla p o f  phoneti c feature s foun d i n 
th e first  experiment .  Thi s wa s t o preven t  th e infant s fro m us -
in g thi s typ e o f  statistica l  information .  Th e result s o f  th e first 
and secon d experiment s showe d tha t  th e infant s preferre d th e 
inconsisten t  tes t  item s ove r  th e consisten t  ones .  I n th e thir d 
experiment ,  whic h w e focu s o n i n thi s paper ,  th e A B A gram -
mar  wa s replace d wit h a n A A B grammar .  Th e rational e wa s 
t o ensur e tha t  infant s coul d no t  distinguis h betwee n gram -
mars base d solel y o n reduplicatio n information .  Onc e again , 
th e infant s preferre d th e inconsisten t  item s ove r  th e consisten t 
items . 

The conclusio n draw n b y Marcu s e t  al .  (1999 )  wa s tha t  a 
syste m whic h relie d o n statistica l  informatio n alon e coul d no t 
accoun t  fo r  th e results .  I n addition ,  the y claime d tha t  a  S R N 
woul d no t  b e abl e t o mode l  thei r  dat a becaus e o f  th e lac k 
of  phonologica l  overla p betwee n habituatio n an d tes t  items . 
Specifically ,  the y state . 

Such networks can simulate knowledge of grammatical 
rule s onl y b y bein g traine d o n al l  item s t o whic h the y 
apply ;  consequently ,  suc h mechanism s canno t  accoun t 
fo r  ho w human s generaliz e rule s t o ne w item s tha t  d o 
not  overla p wit h th e item s tha t  appeare d i n trainin g (p . 
79) . 

We demonstrate that SRNs can indeed fit the data from Mar-
cus e t  al .  Crucially ,  w e d o no t  buil d a  ne w mode l  t o accommo -
dat e th e result s (se e Elman ,  1999 ,  fo r  a  simulatio n o f  experi -
ment  2') ,  bu t  tak e a n existin g S R N mode l  o f  speec h segmen -
tatio n (Christianse n e t  al. ,  1998 )  an d sho w h o w thi s m o d e l — 
withou t  additiona l  modification—provide s a n explanatio n fo r 
th e results . 

Phonemes U-B Stres s 

1 j W s j 

coDV-bac k 
j 
1 

L -- -
r 

^ ^ ^ ^ ^ ^  " ^ ^ ^ ^ 

:#::sis : 

Phonologica l  Feature s U- B Stres s 

^' 

Contex t  Unit s 

Figur e 1 :  Illustratio n o f  th e S R N use d i n Christianse n e t  al . 

( 1998 ) .  Soli d line s indicat e trainabl e weights ,  w h e r e a s th e 

dashe d lin e denote s th e c o p y - b a c k weight s ( w h i c h ar e a l w a y s 

1) .  U - B refer s t o th e uni t  cod in g fo r  th e presenc e o f  a n utter -

anc e boundary . 

Simulation s 

The model by Christiansen et al. (1998) was developed as 
an accoun t  o f  earl y wor d segmentation .  A n S R N wa s traine d 
on a  singl e pas s throug h a  corpu s consistin g o f  818 1 utter -
ance s o f  chil d directe d speech .  Thes e utterance s wer e ex -
tracte d fro m th e Korma n (1984 )  corpu s o f  Britis h Englis h 
speec h directe d a t  pre-verba l  infant s age d 6-1 6 week s ( a par t 
of  th e C H I L D E S database ,  MacWhinney ,  1991) .  Th e train -
in g corpu s consiste d o f  24,64 8 word s distribute d ove r  81 4 
type s (type-toke n rati o =  .03 )  an d ha d a n averag e utteranc e 
lengt h o f  3. 0 word s (se e Christianse n e t  al .  fo r  furthe r  de -
tails) .  A  separat e corpu s consistin g o f  92 7 utterance s an d 
wit h th e sam e statistica l  propertie s a s th e trainin g corpu s wa s 
use d fo r  testing .  Eac h wor d i n th e utterance s wa s transforme d 
fro m it s orthographi c forma t  int o a  phonologica l  for m an d 
lexica l  stres s assigne d usin g a  dictionar y compile d fro m th e 
M RC Psycholinguisti c Databas e availabl e fro m th e Oxfor d 
Tex t  Archive-̂ . 

As inpu t  th e networ k wa s provide d wit h differen t  combina -
tion s o f  thre e cue s dependen t  o n th e trainin g condition .  Th e 
cue s wer e (a )  phonolog y represente d i n term s o f  1 1 feature s 
on th e inpu t  an d 3 6 phoneme s o n th e output^ ,  (b )  utteranc e 
boundar y informatio n represente d a s a n extr a featur e mark -
in g utteranc e endings ,  an d (c )  lexica l  stres s code d ove r  tw o 
unit s a s eithe r  n o stress ,  secondar y o r  primar y stress .  Figur e 
1 provide s a n illustratio n o f  th e network . 

Th e networ k wa s traine d o n th e tas k o f  predictin g th e nex t 
phoneme i n a  sequenc e a s wel l  a s th e appropriat e value s fo r 
th e utteranc e boundar y an d stres s units .  I n learnin g t o per -
for m thi s tas k i t  wa s expecte d tha t  th e networ k woul d als o 
lear n t o integrat e th e cue s suc h tha t  i t  coul d carr y ou t  th e tas k 
of  segmentin g th e inpu t  int o words . 

Wit h respec t  t o th e network ,  th e logi c behin d th e segmen -
tatio n tas k i s tha t  th e en d o f  a n utteranc e i s als o th e en d o f  a 
word .  I f  th e networ k i s abl e t o integrat e th e provide d cue s i n 

'i t  i s no t  clea r  tha t  thes e simulatio n result s ca n b e extende d t o 
Experimen t  3  becaus e thi s S R N wa s traine d t o activat e a  uni t  whe n 
reduplicatio n occurred .  I n Experimen t  3 ,  however ,  bot h conditions , 
and therefor e bot h type s o f  tes t  items ,  contai n reduplicatio n an d 
henc e canno t  b e distinguishe d o n th e basi s o f  reduplicatio n alone . 

^Not e tha t  thes e phonologica l  citatio n form s wer e unreduce d 
(i.e. ,  the y di d no t  includ e th e reduce d vowe l  schwa) .  Th e stres s 
cue therefor e provide d additiona l  informatio n no t  availabl e i n th e 
phonologica l  input . 

^Phonemes wer e use d a s outpu t  i n orde r  t o facilitat e subsequen t 
analyse s o f  ho w muc h knowledg e o f  phonotactic s th e ne t  ha d ac -
quired . 
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orde r  t o activat e th e boundar y uni t  a t  th e end s o f  word s oc -
currin g a t  th e en d o f  a n utterance ,  i t  shoul d als o b e abl e t o 
generaliz e thi s knowledg e s o a s t o activat e th e boundar y uni t 
at  th e end s o f  word s whic h occu r  insid e a n utteranc e (Aslin , 
Woodward ,  LaMendol a &  Bever ,  1996) . 

Classification as a Secondary Signal Detection Task 

Th e Christianse n e t  al .  (1998 )  mode l  acquire d distributiona l 
knowledg e abou t  sequence s o f  phoneme s an d th e associate d 
stres s patterns .  Thi s knowledg e allowe d i t  t o perfor m wel l  o n 
th e tas k o f  segmentin g th e speec h strea m int o words .  W e sug -
ges t  tha t  thi s knowledg e ca n b e pu t  t o us e i n secondar y task s 
not  directl y relate d t o speec h segmentation—includin g artifi -
cia l  task s use d i n psychologica l  experiment s suc h a s Marcu s 
et  al .  (1999) .  Thi s suggestio n resonate s wit h simila r  perspec -
tive s i n th e wor d recognitio n literatur e (Seidenberg ,  1995 ) 
wher e knowledg e acquire d fo r  th e primar y tas k o f  learnin g 
t o rea d ca n b e use d t o perfor m othe r  secondar y task s suc h a s 
lexica l  decision . 

Marcu s e t  al .  (1999 )  stat e tha t  the y conducte d simulation s 
i n whic h S R N s wer e unabl e t o fi t  th e experimenta l  data .  A s 
the y d o no t  provid e an y detail s o f  th e simulations ,  w e assum e 
(base d o n othe r  simulation s reporte d b y Marcus ,  1998 )  tha t 
thes e focuse d o n som e kin d o f  phonologica l  outpu t  tha t  th e 
S R Ns produced .  Give n ou r  characterizatio n o f  th e experi -
menta l  tas k a s a  secondar y task ,  w e d o no t  thin k tha t  th e 
basi s fo r  th e infants '  differentiatio n betwee n consisten t  an d 
inconsisten t  stimul i  shoul d b e modele d usin g th e phonolog -
ica l  outpu t  o f  a n S R N .  Instead ,  i t  shoul d primaril y b e base d 
on th e interna l  representation s generate d durin g th e process -
in g o f  a  sentence .  O n ou r  account ,  th e differentiatio n o f  th e 
tw o stimulu s type s become s a  signa l  detectio n tas k involvin g 
th e interna l  representatio n o f  th e S R N (thoug h w e shal l  se e 
belo w tha t  a  par t  o f  th e non-phonologica l  outpu t  ca n explai n 
w hy th e inconsisten t  item s elicite d longe r  looking-times) . 

Method Network. We used the SRN from Christiansen et 
al .  (1998 )  traine d o n al l  thre e cues . 

Materials .  Th e material s fro m Experimen t  3  i n Marcu s e t 
al .  (1999 )  wer e transformed  int o th e phonem e representatio n 
use d b y Christianse n e t  al .  T w o habituatio n set s wer e cre -
ate d i n thi s manner :  on e fo r  A A B item s an d on e fo r  A B B 
items .  Th e habituatio n set s use d here ,  an d i n Marcu s e t  al. , 
consiste d o f  3  block s o f  1 6 sentence s i n rando m order ,  yield -
in g a  tota l  o f  4 8 sentences .  Eac h sentenc e containe d 3  mono -
syllabi c nonsens e words .  A s i n Marcu s e t  al .  ther e wer e fou r 
differen t  tes t  trials ;  "b a b a po" ,  "k o k o ga "  (consisten t  wit h 
A A B ) ,  "b a p o po "  an d "k o g a ga "  (consisten t  wit h A B B ) .  Th e 
tes t  se t  consiste d o f  thre e block s o f  randoml y ordere d tes t  tri -
als ,  totalin g 1 2 tes t  sentences .  Bot h th e habituatio n an d tes t 
sentence s wer e treate d a s a  singl e utteranc e wit h n o explici t 
wor d boundarie s marke d betwee n th e individua l  words .  Th e 
en d o f  th e utteranc e wa s marke d b y activatin g th e utteranc e 
boundar y unit . 

Procedure .  Th e networ k wa s habituate d b y providin g 
i t  wit h a  singl e pas s throug h th e habituatio n corpus—on e 
phoneme a t  a  t ime—wit h learnin g parameter s identica l  t o th e 
one s use d originall y i n Christianse n e t  al .  (1998 )  (i.e. ,  learn -
in g rat e =  .  1  an d m o m e n t u m =  .95) .  Th e tes t  se t  wa s presente d 
t o th e networ k (wit h th e weight s "frozen" )  an d th e hidde n 
uni t  activatio n fo r  th e final  inpu t  phonem e i n eac h tes t  sen -

tenc e wa s recorded .  Give n th e processin g architectur e o f  th e 
S R N,  th e activatio n patter n ove r  th e hidde n unit s a t  thi s poin t 
provide s a  representatio n o f  th e sentenc e a s a  whole ;  tha t  is , 
a compresse d versio n o f  th e sequenc e o f  hidde n uni t  state s 
tha t  th e S R N ha s gon e throug h durin g th e processin g o f  th e 
sentence .  Eac h hidde n uni t  representatio n constitute s a n 80 -
dimensiona i  vector . 

Result and Discussion We used discriminant analysis 
(Cliff ,  1987 ;  se e Christianse n &  Chater ,  i n press ,  fo r  a n ear -
lie r  applicatio n t o S R N s )  t o determin e whethe r  th e hidde n 
uni t  representation s containe d sufficien t  informatio n t o dis -
tinguis h betwee n th e consisten t  an d inconsisten t  item s fo r  a 
give n habituatio n condition .  Th e 1 2 vector s wer e divide d int o 
tw o group s dependin g o n whethe r  the y wer e recorde d fo r  a n 
A A B o r  A B B tes t  item .  Th e vector s wer e entere d int o a  dis -
criminan t  analysi s t o determin e whethe r  the y containe d suffi -
cien t  informatio n t o b e linearl y separate d int o th e relevan t  tw o 
groups .  A s a  control ,  w e randoml y re-assigne d thre e vector s 
fro m eac h grou p t o th e othe r  grou p suc h tha t  ou r  rando m con -
trol s cu t  acros s th e tw o origina l  grouping s (i.e. ,  bot h rando m 
group s containe d thre e A A B an d thre e A B B vectors) . 

Th e result s fro m bot h th e A A B an d A B B habituatio n con -
dition s showe d significan t  separatio n o f  th e correc t  vector s 
(d /  =  5, p <  .001 ;  d /  =  6, p <  .001) ,  bu t  no t  fo r  th e rando m 
control s (d /  =  6, p =  .3589 ;  d /  =  6, p =  .4611) .  Conse -
quently ,  i t  wa s possibl e o n th e basi s o f  th e hidde n uni t  rep -
resentatio n derive d fro m th e mode l  t o correctl y predic t  th e 
appropriat e grou p membershi p o f  th e tes t  item s a t  1 0 0 % ac -
curac y i n bot h conditions .  However ,  fo r  th e rando m contro l 
item s i n bot h condition s th e accurac y (83.3% )  wa s no t  signif -
icantl y differen t  fro m chance . 

Th e superficiall y  hig h classificatio n o f  th e rando m vec -
tor s i s du e t o th e hig h numbe r  o f  hidde n unit s (80 )  an d th e 
lo w numbe r  o f  tes t  item s (6 )  i n eac h group .  Thi s increase s 
th e probabilit y  tha t  a  rando m variabl e m a y provid e informa -
tio n tha t  ca n distinguis h betwee n th e tw o rando m group s b y 
chance .  Nonetheless ,  th e significanc e statistic s sugges t  tha t 
onl y th e origina l  correc t  groupin g o f  hidde n uni t  pattern s con -
tai n sufficien t  informatio n fo r  th e reliabl e categorizatio n o f 
th e items .  Thi s informatio n ca n b e use d b y th e networ k t o 
distinguis h betwee n th e consisten t  an d inconsisten t  tes t  items . 
Similarly ,  w e argu e tha t  infant s m a y hav e acces s t o sam e typ e 
of  informatio n o n whic h the y ca n classif y th e tes t  item s pre -
sente d t o the m i n th e Marcu s e t  al .  (1999 )  study . 

Explaining the Preference for Inconsistent Items 

The result s fro m th e discriminan t  analyse s demonstrat e tha t 
no algebrai c rule s ar e necessar y t o accoun t  fo r  th e differen -
tia l  classificatio n o f  consisten t  an d inconsisten t  item s i n Ex -
perimen t  3  o f  Marcu s e t  al .  (1999) .  However ,  th e questio n 
remain s a s t o w h y th e infant s looke d longe r  a t  th e inconsis -
ten t  item s compare d t o th e consisten t  items .  T o addres s thi s 
questio n w e looke d a t  th e activatio n o f  th e non-phonologica l 
outpu t  uni t  codin g fo r  utteranc e boundaries .  Christianse n e t 
al .  (1998 )  use d th e activatio n o f  thi s uni t  a s a n indicatio n 
of  predicte d wor d boundaries .  Ou r  predictio n fo r  th e curren t 
simulation s wa s tha t  th e S R N shoul d sho w a  differentia l  abil -
it y  t o predic t  wor d boundarie s fo r  th e word s i n th e tw o tes t 
conditions .  A s i n Christianse n e t  al. ,  w e use d accurac y an d 
completenes s score s (Bren t  &  Cartwright ,  1996 )  a s a  quanti -
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tativ e measur e o f  segmentatio n performance . 

Hits 
Accurac y =  — 

Hit s +  Fals e Alarm s 

Completenes s = 
Hit s 

Hit s +  Misse s 

(1 ) 

(2 ) 

Tabl e 1 :  Wor d completenes s an d accurac y fo r  consisten t  an d 

inconsisten t  item s i n th e tw o habituatio n conditions . 

Accurac y provide s a  measur e o f  h o w man y o f  th e word s tha t 
th e networ k postulate d wer e actua l  words ,  wherea s complete -
nes s provide s a  measur e o f  ho w man y o f  th e actua l  word s i n 
th e tes t  set s tha t  th e ne t  discovered .  Conside r  th e followin g 
hypothetica l  utteranc e example : 

# t h e # d o g # s # c h a s e # t h e c # a t # 

wher e #  correspond s t o a  predicte d wor d boundary .  Her e th e 
hypothetica l  learne r  correctl y segmente d ou t  tw o words ,  th e 
and chase ,  bu t  als o falsel y segmente d ou t  dog ,  s ,  thee ,  an d at , 
thu s missin g th e word s dogs ,  the ,  an d cat .  Thi s result s i n a n 
accurac y o f  2/(2+4 )  =  33 .3 % an d a  completenes s o f  2/(2+3 ) 
= 40.0% . 

Give n thes e performanc e measures ,  Christianse n e t  al . 
(1998 )  foun d tha t  th e networ k traine d wit h al l  thre e cue s 
(phonology ,  stres s an d utteranc e boundar y information ) 
achieve d a n accurac y o f  42 .71 % an d a  completenes s o f 
44.87% .  So ,  nearl y 4 3 % o f  th e word s th e networ k segmente d 
out  wer e actua l  word s an d i t  segmente d ou t  nearl y 4 5 % o f  th e 
word s i n th e tes t  corpus .  W e use d th e sam e metho d t o com -
par e ho w wel l  th e networ k segmente d th e word s i n th e tes t 
sentence s fro m Marcu s e t  al .  (1999) . 

Method Network and Materials. Same as in the previous 
simulation . 

Procedure .  Th e networ k habituate d i n th e previou s simu -
latio n wa s reteste d o n th e tes t  se t  (wit h th e weight s "frozen" ) 
and th e outpu t  fo r  th e utteranc e boundar y uni t  wa s recorde d 
fo r  ever y phonem e input .  Fo r  eac h habituatio n condition ,  th e 
outpu t  wa s divide d int o tw o group s dependen t  o n whethe r 
th e trial s wer e consisten t  o r  inconsisten t  wit h th e habituation . 
For  eac h habituatio n condition ,  th e activatio n o f  th e boundar y 
uni t  wa s recorde d acros s al l  item s an d th e mea n activatio n 
was calculated .  Fo r  a  give n habituatio n condition ,  th e net -
wor k wa s sai d t o hav e postulate d a  wor d boundar y wheneve r 
th e boundar y uni t  activatio n wa s abov e th e mean . 

Results and Discussion Word boundaries were posited 
more accuratel y fo r  th e inconsisten t  item s acros s bot h condi -
tion s (80.00 % an d 75.00% )  tha n fo r  th e consisten t  items .  Th e 
score s fo r  wor d completenes s wer e als o highe r  fo r  th e incon -
sisten t  item s (se e Tabl e 1) .  Th e result s indicat e tha t  overal l 
ther e wa s bette r  segmentatio n o f  th e inconsisten t  items .  Thi s 
suggest s tha t  th e inconsisten t  item s woul d stan d ou t  mor e 
clearl y an d thu s ma y explai n wh y th e infant s looke d longe r 
toward s th e speake r  playin g th e inconsisten t  item s i n th e Mar -
cus etal .  (1999 )  study . 

Ther e wa s a  clea r  effec t  o f  habituatio n o n th e segmentatio n 
performanc e o f  th e mode l  i n th e presen t  stud y compare d t o 
th e model' s performanc e i n Christianse n e t  al .  (1998 )  wher e 
score s wer e generall y lowe r  o n bot h measures .  However ,  i n 
Christianse n e t  al .  th e averag e numbe r  o f  phoneme s pe r  wor d 
was three ,  wherea s th e averag e numbe r  i n th e curren t  stud y 
was onl y tw o phoneme s pe r  word ,  thu s makin g th e presen t 
tas k easier . 

Accurac y 

Completenes s 

A A B Conditio n 

Con.  Incon . 

75 .00 % 80 .00 % 

50 .00 % 66 .67 % 

A B B Conditio n 

Con.  Incon . 

6 6 . 6 7 % 7 5 . 0 0 % 

4 4 . 4 4 % 5 0 . 0 0 % 

Note .  Con .  =  Consisten t  items ;  Incon .  =  Inconsisten t  items . 

The simulation s sho w h o w a n existin g S R N mode l  o f  wor d 
segmentatio n ca n fi t  th e dat a fro m Marcu s e t  al .  (1999 )  with -
out  invokin g explici t  rules .  Th e S R N ha d learne d t o in -
tegrat e th e regularitie s governin g th e phonological ,  lexica l 
stress ,  an d utteranc e boundar y informatio n i n child-directe d 
speech .  Thi s for m o f  statistica l  learnin g enable d i t  t o fi t  th e 
infan t  data .  I n thi s context ,  th e positiv e impac t  o f  lexica l 
stres s informatio n o n networ k performanc e (a s reporte d i n 
Christianse n e t  al .  1998 )  suggest s tha t  lexica l  stres s change s 
th e representationa l  landscap e ove r  whic h statistica l  learnin g 
take s place .  A s w e shal l  se e next ,  thi s remove s th e nee d fo r 
lexica l  stres s rule s t o explai n th e strong/wea k (trochaic )  bia s 
i n Englis h ove r  weak/stron g (iambic) . 

T a k i n g A d v a n t a g e o f  Lex ica l  Stres s w i t h o u t 

R u l e s 

Evidenc e fro m infan t  researc h ha s show n tha t  infant s betwee n 
one an d fou r  month s ar e sensitiv e t o change s i n stres s pat -
tern s (Jusczy k &  Thompson ,  1978) .  Additionally ,  researcher s 
hav e foun d tha t  Englis h infant s hav e a  trochai c bia s a t  nine -
month s o f  ag e ye t  thi s preferenc e doe s no t  appea r  t o exis t  a t 
six-month s (Jusczyk ,  Cutle r  &  Redanz ,  1993) .  Thi s suggest s 
tha t  a t  som e tim e betwee n 6  an d 9  month s o f  age ,  infant s be -
gi n t o orien t  t o th e predominan t  stres s patter n o f  th e language . 
One migh t  the n assum e tha t  i f  th e infan t  doe s no t  hav e a  rule -
lik e representatio n o f  stres s tha t  assign s a  trochai c patter n t o 
syllables ,  the n he/sh e canno t  tak e advantag e o f  lexica l  stres s 
informatio n i n th e segmentin g o f  speech . 

The argument s pu t  fort h i n th e literatur e fo r  rule s ar e base d 
on th e productio n dat a o f  children ,  an d base d o n thes e pro -
ductions ,  i t  ha s bee n show n tha t  word-leve l  (lexical )  stres s 
i s acquire d throug h systemati c stage s o f  developmen t  acros s 
language s an d childre n (Fikkert ,  1994 ;  D e m u t h & Fee ,  1995) . 
I f  childre n ar e learnin g stres s withou t  th e us e o f  rules ,  the n 
systemati c stage s woul d no t  b e expected .  I n othe r  words , 
due t o th e consisten t  pattern s o f  children' s productions ,  a  rul e 
must  b e postulate d i n orde r  t o accoun t  fo r  th e dat a (Hochberg , 
1988) .  However ,  w e believ e tha t  thi s conclusio n i s prema -
ture .  Drawin g o n researc h o n th e perceptua l  an d distribu -
tiona l  learnin g abilitie s o f  infants ,  w e presen t  a  corpu s analy -
si s investigatin g ho w lexica l  stres s m a y contribut e t o statisti -
cal  learnin g an d h o w thi s informatio n ca n hel p infant s grou p 
syllable s int o coheren t  wor d units .  Th e result s sugges t  tha t 
infant s nee d no t  posi t  rule s t o perfor m thes e tasks . 
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Stres s C h a n g e s th e Representationa l  L a n d s c a p e :  A 

C o r p u s Analysi s 

Infant s ar e sensitiv e t o th e distributiona l  (Saffra n e t  al. ,  1996 ) 
and stres s relate d (Jusczy k &  Thompson ,  1978 )  propertie s 
of  language .  W e sugges t  tha t  infants '  perceptua l  differenti -
atio n o f  stresse d an d unstresse d syllable s resul t  i n a  repre -
sentationa l  differentiatio n o f  th e tw o type s o f  syllables .  Th e 
same syllabl e i s represente d differentl y dependin g o n whethe r 
i t  i s  stresse d o r  unstressed .  Thi s change s th e representationa l 
landscape ,  an d w e emplo y a  corpu s analysi s t o demonstrat e 
h o w thi s facilitate s th e tas k o f  speec h segmentation . 

Method Materials. For the corpus analysis we used the 
K o r m a n (1984 )  corpu s tha t  Christianse n e t  al .  (1998 )  ha d 
transforme d int o a  phonologicall y transcribe d corpu s wit h in -
dication s o f  lexica l  stress .  Thei r  trainin g corpu s form s th e 
basi s fo r  ou r  analyses .  W e not e tha t  i n child-directe d speec h 
ther e appear s t o b e littl e differentiatio n i n lexica l  stres s be -
twee n functio n an d conten t  word s (a t  leas t  a t  th e leve l  o f  ab -
stractio n w e ar e representin g here ;  Bernstein-Ratner ,  1987 ; 
see Christianse n e t  al .  fo r  a  discussion) .  Functio n word s 
wer e therefor e encode d a s havin g primar y stress .  W e furthe r 
use d a  whol e syllabl e representatio n t o simplif y ou r  analysis , 
wherea s Christianse n e t  al .  use d singl e phonem e representa -
tions . 

Procedure .  Al l  25 8 bisyllabi c word s wer e extracte d fro m 
th e corpus .  Fo r  eac h bisyllabi c wor d w e recorde d tw o bi -
syllabi c nonwords .  O n e consiste d o f  th e las t  syllabl e o f  th e 
previou s wor d (whic h coul d b e a  monosyllabi c word )  an d 
th e first  syllabl e o f  th e bisyllabi c word ,  an d on e o f  th e sec -
on d syllabl e o f  th e bisyllabi c wor d an d th e first  syllabl e o f 
th e followin g wor d (whic h coul d b e a  monosyllabi c word) . 
For  example ,  fo r  th e bisyllabi c wor d /slipl /  i n / A j u e l  slip l 
hed /  w e woul d recor d th e bisyllable s /elsli /  an d /plhed/ .  W e 
di d no t  recor d bisyllabi c nonword s tha t  straddle d a n utter -
anc e boundar y a s the y ar e no t  likel y t o b e perceive d a s a 
unit .  Thre e bisyllabi c word s onl y occurre d a s singl e wor d ut -
terances ,  and ,  a s a  consequence ,  ha d n o correspondin g non -
words .  Thes e wer e therefor e omitte d fro m furthe r  analysis . 
For  eac h o f  th e remainin g 25 5 bisyllabi c word s w e randoml y 
chos e a  singl e bisyllabi c nonwor d fo r  a  pairwis e compariso n 
wit h th e bisyllabi c word .  T w o version s o f  th e 25 5 word -
nonwor d pair s wer e created .  I n on e version ,  th e stres s condi -
tion ,  lexica l  stres s wa s encode d b y addin g th e leve l  o f  stres s 
(0-2 )  t o th e representatio n o f  a  syllabl e (e.g. ,  /sli /  - > /sli2/) . 
Thi s allow s fo r  difference s i n th e representation s o f  stresse d 
and unstresse d syllable s consistin g o f  th e sam e phonemes .  I n 
th e secon d version ,  th e no-stres s condition ,  n o indicatio n o f 
stres s wa s include d i n th e syllabl e representations . 

Our  hypothesi s suggest s tha t  lexica l  stres s change s th e ba -
si c representationa l  landscap e ove r  whic h infant s carr y ou t 
thei r  statistica l  analyse s i n earl y speec h segmentation .  T o op -
erationaliz e thi s suggestio n w e hav e chose n t o us e mutua l  in -
formatio n (MI )  a s th e dependen t  measur e i n ou r  analyses .  M I 
i s calculate d as : 

MI  =  lo g 
/ \ P{X,Y ) 

P{X)P{Y) J 
(3 ) 

Tabl e 2 :  Mutua l  informatio n mean s fo r  word s an d nonword s 

i n th e tw o stres s condifions . 

Conditio n Word s Nonword s 

Stres s 

No-stres s 

4.4 2 

3.7 9 

-0.1 1 

-0.4 6 

Tabl e 3 :  Mutua l  informatio n mean s fo r  word s an d nonword s 

fro m th e stres s conditio n a s a  functio n o f  stres s pattern . 

Stress Pattern Words Nonwords No. of Words 

Trochai c 

Iambi c 

Dual 

4.5 3 

4.2 8 

1.3 0 

-0.1 1 

-0.0 4 

-1.0 2 

20 9 

4 0 

6 

give n thei r  individua l  probabilitie s o f  occurrence .  Simplify -
in g somewhat ,  w e ca n us e M I  t o provid e a  measur e o f  ho w 
strongl y tw o syllable s for m a  bisyllabi c unit .  I f  M I  i s posi -
tive ,  th e tw o syllable s for m a  stron g unit :  a  goo d candidat e 
fo r  a  bisyllabi c word .  If ,  o n th e othe r  hand ,  M I  i s negative , 
th e tw o syllable s for m a n improbabl e candidat e fo r  bisyllabi c 
word .  Suc h informatio n coul d b e use d b y a  learne r  t o infor m 
th e proces s o f  decidin g whic h syllable s for m coheren t  unit s 
i n th e speec h stream . 

Results and Discussion The first analysis aimed at investi-
gatin g whethe r  th e additio n o f  lexica l  stres s significanU y al -
ter s th e representationa l  landscape .  A  pairwis e compariso n 
betwee n th e bisyllabi c word s i n th e tw o condition s showe d 
tha t  th e additio n o f  stres s resulte d i n a  significanti y highe r  M I 
mean fo r  th e stres s conditio n (^(508 )  =  2.41, p <  .02)—se e 
Tabl e 2 .  Althoug h th e lac k o f  stres s i n th e no-stres s condi -
tion  resulte d i n a  lowe r  M I  mea n fo r  th e no-stres s conditio n 
tha n fo r  th e stres s condition ,  thi s tren d wa s no t  significan t 
(<(508 )  =  1.29 ,  p  >  .19) .  Thi s analysi s thu s confirm s ou r 
hypothesi s tha t  lexica l  stres s benefit s th e learne r  b y chang -
in g th e representationa l  landscap e i n suc h awa y a s t o provid e 
mor e informatio n tha t  th e learne r  ca n us e i n th e tas k o f  seg -
mentin g speech . 

Th e secon d analysi s investigate d whethe r  th e trochai c 
stres s patter n provide d an y advantag e ove r  othe r  stres s 
patterns—i n particular ,  th e iambi c stres s pattern .  Tabl e 3  pro -
vide s th e M I  mean s fo r  word s an d nonword s fo r  th e bisyl -
labi c item s i n th e stres s conditio n a s a  functio n o f  stres s pat -
tern .  Th e trochai c stres s patter n provide s fo r  th e bes t  separa -
tio n o f  word s fro m nonword s a s indicate d b y th e fac t  tha t  thi s 
stres s patter n ha s th e larges t  differenc e betwee n th e M I  mean s 
fo r  word s an d nonwords .  Althoug h non e o f  th e difference s 
wer e significan t  (sav e fo r  th e compariso n betwee n trochai c 
and dual" *  stresse d words :  (i(213 )  =  2.85 ,  p  <  .006) ,  th e re -
sult s sugges t  tha t  a  syste m withou t  an y built-i n bia s toward s 
trochai c stres s nevertheles s benefit s fro m th e existenc e o f  th e 
abundanc e o f  suc h stres s pattern s i n language s lik e English . 
I n othe r  words ,  th e result s indicat e tha t  n o prio r  bia s i s neede d 

and provide s a n informatio n theoretica l  measur e o f  h o w sig -
nifican t  i t  i s  tha t  tw o elements ,  X  an d Y ,  occu r  togethe r 

"Accordin g t o th e Oxfor d Tex t  Archive ,  th e followin g word s 
wer e code d a s havin g tw o equall y stresse d syllables :  upstairs ,  in -
side ,  outside ,  downstairs ,  hello ,  an d seaside . 
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towar d a  trochai c stres s pattern s becaus e th e presenc e o f  lex -
ica l  stres s alter s th e representationa l  landscap e ove r  whic h 
statistica l  analyse s ar e don e suc h tha t  simpl e distributiona l 
learnin g device s en d u p finding  trochai c word s easie r  l o seg -
ment . 

Th e segmentatio n mode l  o f  Christianse n e t  al .  (1998 )  de -
velope d a  bia s toward s trochai c patterns ,  suc h that ,  whe n seg -
mentin g tes t  corpor a wit h eithe r  iambi c o r  trochai c syllabl e 
groupings ,  th e mode l  wa s bette r  a t  segmentin g ou t  word s 
tha t  followe d a  trochai c pattern .  Thus ,  th e S R N acquire d th e 
trochai c bia s give n th e chang e i n th e distributiona l  landscap e 
tha t  stres s provides . 

Conclusion 

In this paper, we have demonstrated the power of statisti-
cal  learnin g i n tw o area s o f  languag e acquisitio n i n whic h 
abstrac t  rule s hav e bee n deeme d necessar y fo r  th e explana -
tio n o f  th e data .  Usin g a n existin g mode l  o f  infan t  speec h 
segmentatio n (Christianse n e t  al. ,  1998) ,  w e first  presente d 
simulatio n result s fitting  th e behaviora l  dat a fro m Marcu s e t 
al .  (1999) .  Th e SRN' s interna l  representation s incorporate d 
sufficien t  informatio n fo r  a  correc t  classificatio n o f  th e tes t 
items ;  an d th e differentia l  segmentatio n performanc e o n th e 
stimul i  word s i n th e consisten t  an d inconsisten t  condition s 
provide d a n explanatio n fo r  th e inconsisten t  ite m preference : 
The y ar e mor e salient .  N o rule s ar e neede d t o explai n thes e 
data .  W e the n use d a  corpu s analysi s t o tes t  prediction s fro m 
th e sam e mode l  concernin g th e wa y lexica l  stres s change s 
th e representationa l  landscap e ove r  whic h statistica l  analyse s 
ar e done .  Thes e change s resul t  i n mor e informatio n bein g 
availabl e t o a  statistica l  learner ,  an d provid e th e basi s fo r  th e 
trochai c stres s bia s i n English .  Again ,  n o rule s ar e neede d t o 
explai n thes e data . 

Ther e are ,  o f  course ,  othe r  aspect s o f  languag e fo r  whic h 
we hav e no t  show n tha t  rule s ar e no t  needed .  Futur e researc h 
wil l  hav e t o determin e whethe r  rule s m a y b e neede d outsid e 
th e domai n o f  speec h segmentation .  S o m e o f  ou r  othe r  wor k 
(Christianse n &  Chater ,  i n press )  suggest s tha t  rule s m a y no t 
be neede d t o accoun t  fo r  on e o f  th e supposedl y basi c rule -
base d propertie s o f  language :  Recursion .  Bu t  w h y i s statis -
tica l  learnin g ofte n dismissed  a s a  plausibl e explanatio n o f 
languag e phenomena ? W e sugges t  tha t  thi s m a y ste m fro m 
an impoverishe d vie w o f  statistica l  learning .  Fo r  example . 
Pinke r  (1999 )  i n hi s commentar y o n Marcu s e t  al .  (1999 ) 
force s statistica l  learning ,  an d connectionis t  model s i n partic -
ular ,  int o a  behavioristi c mold :  Onl y input-outpu t  relation s 
ar e sai d t o matter .  However ,  connectionist s hav e als o take n 
par t  i n th e cognitiv e revolutio n an d therefor e posi t  interna l 
representation s mediatin g betwee n inpu t  an d output .  A s w e 
demonsU-ate d i n th e first  par t  o f  th e paper ,  hidde n uni t  rep -
resentation s provid e a n importan t  sourc e o f  informatio n fo r 
th e modelin g o f  rule-lik e behavior .  Anothe r  oversigh t  relate s 
t o th e significanc e o f  combinin g severa l  kind s o f  informatio n 
withi n a  singl e statistica l  learnin g device .  Th e secon d par t 
of  th e pape r  showe d h o w th e additio n o f  lexica l  stres s infor -
matio n t o th e phonologica l  representation s resulte d i n mor e 
informatio n bein g availabl e fo r  th e learner .  Thus ,  a  mor e so -
phisticate d approac h t o statistica l  learnin g i s likel y t o revea l 
it s tru e power ,  an d m a y obviat e th e nee d fo r  algebrai c rules . 
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