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    1. CRACKINGTHESPEECHCODE:
  EARLY  PHONETIC  PERCEPTION  SHOWS
     HOW  INFANTS  LEARN  LANGUAGE

   The acquisition  of  language and  spcech  looks decep-

tively simple.  Young  children  Iearn to speak  rapidly  and

efifbrtlessly,  from babbling at  6 menths  of age  to full

sentenees  by the agc  of  3, and  fbllow the same  devel-
opmentul  path regardless  of  culture  (Fig. 1), Linguists,

psychologists, und  ncuroscientists  have struggled  to explain

hoiv children  do this, and  why  it is so regular  acrQss

cultures,  This puzzle, coupled  with  thc failurc of  artificial

intelligence approaches  to build a  cornputer  that learns

language, has produced the  idea that speech  is a  deeply

encrypted  
'code.'

 Cracking the speech  code  is child's  play
for hurnan infants but an  unsolved  problem for adult

theorists und  our  machines.  Why?

   The last decade has witnessed  an  explosion  of

information about  how  infants tackle  language learning.

The new  data help us to understand  why  computers  have

not  crackcd  the 
tcode'

 and  shed  light on  a long-standing

debatc on  the origins  of  language in the  child.  Infants'

strategies  are surprising  and  are also  unpredicted  by the

rnajor  historical theorists. Children approach  language
with  a  set  of  initial perceptual abilities  that are  necessary

for lttnguage acquisition,  though  not  unique  to humans.

Infants then  rapidly  learn from exposure  to language, in

ways  thut are  unique  to humans, combining  pattern

detcction and  computational  abilities (often called  statis-

tical learning), with  special  social  skills.

   Recent neuropsychological  and  brain imaging work

suggest  that language acquisition  invQ]ves a neural  com-

mitment  of  the brain's circuits,  Early in development, the

brain's ncural  networks  code  the properties of  the native

language, and  these  networks  eventually  make  it diencult

to learn a  new  Ianguage. The concept  of  neural  commit-

iThe
 goal of  this paper is to provide a summary  of  recent  work  on

infant speech  perceptien. It borrows heavily from reccnt  rcviewg  I

have published elsewhere  [28,68J9].
'e-mail:pkkuhl@u.svashington,edu

ment  is linked to the long-standing issuc ofa  
"critical"

 or
"sensitive"

 period for language acquisition.  Thc idea is that

initial coding  of  native-language  patterns eventually  inter-
fercs with  the learning of  new  patterns (such as  those of  a

foreign langunge).

1.1. Sorting out  the Sounds

   The world's  languages contain  many  basic e]cments  
-

around  600 consonants  and  200  vowels  [1], Howeyer,  each

language uses  a uniquc  set  of  approximately  40  distinct

elements,  callcd  phonemes, which  change  the meaning  of

a word  (e,g,, from  hat to pat). But  phonemes  are actual]y

greups of  non-identical  gounds,  called  phonetic units,  which

are  functionally equivalent  in the language. The infant's

task is to learn the 40  phonemic  categories  before trying  to

acquire  wordg  which  depend  on  these  elementary  units.

Categorical Perception

   Infants bring innate skitLs  to the task  that assist phonetic
learning. Categoricat percqption is thc tendency  fbr

Iisteners of  a  particular language to cLassify  the sounds

used  in their languages as  one  phoneme or  another,

showing  no  sensitivity to intermediate sounds,  In adults,

two  tasks are  used  to show  categorical  perception,
identification and  discrimination (Fig, 2), Listeners are

asked  to identify each  sound  from a  serics generated by

computer.  Sounds in the series  contain  acoustic  cues  that

vary  in smalL  physically equal  stcps  fi'om one  phonetic unit

to another,  for example,  from lral to 11a!,
   In one  study,  American and  Japancse listeners were

tested with  a series of  sounds  ranging  from lral to 1]al [2],
Americans identified them  as a sequence  of  !ral syllables
that changed  to a  sequence  of  11al syllables.  Even though

the acoustic  step  size in the series  was  physically equal,

Amcrican listeners did not  hear a change  until stimulus  6

on  the continuum,  When  Japanese listeners were  tested,

they did not hear a change  in the stimuli.  All the sounds

were  identified as the same,  Japanese lr!.
   When  pairs of  stimuli from the series are presented, and

listeners are  asked  to identify the sound  pairs as  
"same"

or  
"diffbrent,"

 the results show  that Americans  are  most
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Fig.2 Thc  phcnomenon  ef  
`categorical

 perccptien.'
 Americnn and  Japanese  adults show  diffbrential abil-

 ities te discriminatc English lr! and  !]1 sounds;

 American listeners shDw  a  sharp  increase in digcrim-

 ination at the phenctic boundary betwecn the  lr! and
 !11 categorics,  whereas  Japanese udults  do not  show

 this increase, From  Kuhl L79].

sensitive  to acoustic  differences at  the boundary  between

lrl and  !Il. Japunese  adults'  discrimination is ncar  chance

all along  the continuum.

   Young  infants show  categorical  perception-they arc

especially  sensitive  to acoustic  changes  at  the phonetic
boundaries between  categories,  including those ef  lan-

guages they  have  never  heard [3,4]. Infants can  discrim-
inate among  virtually all  the phonetic units  used  in
languages, whercas  adults  cannot.  The  acoustic  differences
on  which  this depends  are very  small.  A  change  of  10ms  in
the time domain changes  lbl to /pl. From  birth, infants
can  dLscriminate these  subtle  differences, which  is essential
for the  acquisition  of  language. Categerical perception also
shows  that infant pcrception is constrained.  Infants do not
discriminate al] physically equal  acoustic  differences; they

show  heightened sensitivity  to those that are  important for
]anguage.

   Although categorical  perception is a building block
for language, it is not unique  to humans. Non-human

mammals-such  as  chinchillas  and  monkeys-also  parti-
tion sounds  wherc  languages place phenetic boundaries

[5-7], Non-speech sounds  that mimic  the acoustic  proper-
ties of  speech  are  partitioned in this way  as we]1  [8,9],
I have argued  that  the match  between basic auditory

perception and  the acoustic  boundaries that separate

phonetic categories  in human languages is not  fortuitous:

general auditory  perceptual abilities provided 
`basic

 cuts'

that infiuenced the choice  of  sounds  included in the

phonetic repertoire  [10,11]. Languages capitalized  on

natural  auditory  discontinuities. These basic cuts  provided
by audition  are primitivc, and  partition sounds  only

m
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roughly.  The exact  locations of  phonetic boundaries differ
across  languages and  exposure  to a  specific  lan-guage

sharpens  infants' perceprion of  stimuli  near  phonetic
boundaries in that language [12,131. According  to this

argument,  a  domain-general  skill, auditory  pcrccption,
initially constrained  choices  at the  phonetic level of

language  during its evolution.  This ensured  that infants at
birth are  capable  of  hearing thc diffcrences between

phonetic contrasts  in any  natural  language [10,11],
   Infants' initial universal  abilities to distinguish among

phonetic units must  eventually  become a  language-specific

pattcrn of  listening. In Japanese, the phonetic units  lr!
and  !1! are combined  inte a  single  phonemic category

(Japanese !rl), whereas  in English, the difference is

preserved (rake and  take); similarly,  in English, two

Spanish phonetic units (distinguishing bano from pano)
are  united  into a  single  phenemic ctttegory. Infants can

initially distinguish these sounds,  but must  eventually

learn to perceptually group sounds  they  initially hear as

distinct-they must  learn to categorize  sounds  [14].
   Werker and  colleagucs  invcstigated when  infants fail
to discriminate nonnative  contrasts  that they  initially could

discriminate [15]. They showed  that infant perccption
changes  between 6 and  12 months  af  age;  by 12 months,

nonnative  discrimination declines substantially.  English-

Iearning infants at 12 months  have difficulty in distinguish-
ing between sounds  that are  not  used  in English [IS,16].
Japanese infants find the English lr-11 distinction more  difi
ficult [17,18], and  American infants' discrimination de-
clines  for both a  Spanish [19] and  a  Mandarin distinction

[20] that are not  used  in English. At the same  time, infants'
ability to discriminate native-language  phonetic units  im-

proves [18-21], For example,  American  infants" discrim-

ination of  lrl and  11! improves  between  6 and  12 months  of

age,  while  that ef  Jupanese infants declines [18] (Fig. 3).

1.2. Computational  Strategies

   What  mechanism  is responsible  for the developmental
change  in phonetic perception between 6 and  12 months?
One  hypothesis is that  infants analyze  the frequency

distributions of  sounds  they hear in ambient  Ianguage and
that  this alters perception, American  infants hear frequent

repctitions  of  lrl and  11! while  Japanese infants hear
frequcnt rcpetitions  of  Japanese lr!, When  the frequency of

phonctic units  is measured  across  languages, modal  values

occur  where  languages place phonemic categories;  distri-
butional frcqucncies are low at the borders between
categorics,  Distributional patterns of  sounds  thus  provide

clues  about  the phonemic structure  of  a  language, Can
infants detect the re]ative  distributional frequencies of

phonetic segments  in the  language they  hear? If infants

greup sounds  near  modal  values,  it would  help them  leam
the  phonetic categories  of  their language.
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Fig. 3 The effects  of  age  on  speech  perceptlen perforrn-
 ance  in American and  Japanese infantsi discrirnination

 of  the  American  Eng]ish !r-1! sounds.  Both  groups
 show  ubove-ehancc  discrimlnation at 6-8 months;  at

  10-12  months,  Amcrican infants show  a significant

 increase while  Japanese infants show  a decline. From

 Kuhl  et  aL  [18].

   Kuh] and  colleagues  [22] tested  this hypothesis with

6-month-old American uncl Swedish infants using  proto-
type vowcl  sounds  (modal vulues)  from both languages

(Fig, 4A). Both  the  American  English yowel  and  the

Swedish yowel  were  synthesized  by computer  and,  by
yarying  the critical  acoustic  componcnts  in small  steps,  32
variants  of  each  vowel  prototype were  created.  The infants

listened to the prototype vowel  (either English or Swedish)

presented as  a  
`background'

 stimulus,  and  responded  with

a  head-turn when  the prototype vowel  changed  to one  of

its 
`variants'

 (Fig. 4B), The  hypothesis was  that infants

would  show  a 
`perceptuaL

 rnagnet  effect' for native-

Ianguage  sounds,  because prototypical (modal) sounds

function like magnets  for surrounding  sounds-in  other

words,  infants categorize  sounds  around  a  prototype as
identical [23]. The results  confirmed  this prediction
(Fig. 4C). American  infants perceptually grouped the

American vowel  variants  together, but treatcd the Swcdish
vowe]s  as  less unified.  Swedish infants reversed  the  pattem,
perceptually grouping the Swedish variants  more  than

the  American vowel  stimuli.  The results  reflect  infants'
sensitivity  to the  distributional properties of  sounds  in

their language [24]. Interestingly, monkeys  did not  show  a

prototype magnet  effect  fOr vowels  [23], suggesting  that

the  efTect  in humans is attributable  to linguistic experience.

   Additional laboratory studies  show  that infants are

afTected  by short-term  exposure  to the distributional
frequencies of  the  sounds  they  hear. Maye  and  colleagues

[25] exposed  6- and  8-month-old infants for about  2min  to

8 sounds  that formed a  series.  Infants were  familiarized
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Fig. 4 Infants show  an  cffic:ct ef  learning by 6 months  of

 age.  American  and  Swedish 6-month-o[cls were  tested

 with  an  English vowel  protot)'pe (!i!> and  a Swedish

 vowel  prototype (!y!) and  32 variants  of  each  vowel.

 Spectrograms show  the frequency components  of  each

 prototype (A). Variants of  each  prototype were  com-

 puter-synthesizcd to create  vowels  in which  systematic

 changes  were  made  in the first (Fl) and  second  {F2)
 components  of  the yowels  (B). Infants' discriminution

 performance demonstrated that both Amcr{can and

 Swedish infants ignored variations  a[ound  the nativc-

 language  pretotype-indicating categorization  of  nn-

 tive-language vowels  by 6 months.  Redrawn  from

 Kuhl  [79].

with  stimuli  on  the entire  continuum,  but experienced

different distributional frequencies. A  
"bimodal"

 group
heard more  frequent presentations ef stimuli  at the ends  ef

the continuum;  a 
"unimodal"

 group heard more  frequent

presentations of  stirnuli  from the  middle  of  the  continuum.

After fami]iarization, infants were  tested using  a  ]istening

preference technique. The results showed  that infants in the
bimodal group  discriminated the two  sounds,  whereas

those  in the unimodal  group did not. These findings

74
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indicate that infants show  a kind of  statistical  tearning
early  in developrnent, and  that their ability te pick up  the

pattems of  natura]  variation  in language assists  early

phonetic learning,

1.3. Discoyering Words  Using Transitional Probabil-
     ities

   Reading written  words  that lack spaces  between them

gives some  sense  of  the task  infants face in identifying

spoken  words.  Without  the spaces,  printed words  mcrgc

and  reading  becomcs very  difficult. Similarly, conversa-

tional speech  does not  provide acoustic  breaks between
words  that reliably  signal word  boundaries, When  we  listen
to another  language, we  perceive the words  as  run  together

and  spoken  too quickly. Without any  obvious  boundaries,
how  cun  an  infant discover where  one  word  ends  and

another  begins?

   Word  segmentation  is also  advanced  by infants'
computational  skills, Infants are  sensitive  to the sequential

probabilities between adjacent  syllables,  which  differ
within  and  across  word  boundaries, Consider the phrase
pretty baby; arnong  English words,  the probability that t.y

wilt  fo11ow pre is higher than the probability that bay will

follow ty. If infantg are sensitive  to adjacent  transitional

probabilities in continuous  speech,  they might  be able  to

parse speech  and  discover that pretty is a potential word,

even  before they understand  its meaning.

   Studies show  that 8-month-old infants can  learn word-
like units  on  the basis of  transitional probabilities. Saffi/an,
Aslin and  Newport [26] playcd two-minute  strings  of

computer  synthesized  spccch  (c.g,, tibudopabikugolutudar-

opi)  te infants that contained  no  breaks, pauses, stress

differences, or  intonation contours.  The transitional prob-
abilities were  1.0 among  the sytlables  contained  in four

pseudo-words that made  up  thc string, tibitdo, pabikit,
goJan{, and  daropi, and  O.30 between other  adjacent

syllablcs,  After exposure,  infants were  tested  ft)r listening

preference with  two  of  the original  words,  and  two  part-
words  fbrmed by combining  syllables  that crossed  word

boundaries (for example,  tudaro-the  last syllab]c  of

golatu and  the first two  of  daropi), The results show  that

infants learned the original  pseudo-words, Two  ininutes  of

exposure  to continuous  syllable  strings is suMcient  for
infants to detect word  candidates,  suggcsting  a potential
mechanism  for word  learning. 

'

  2. SOCIALINFLUENCESONPHONETIC

       LEARNING:  CONSTRAINTS  ON
               COMPUTATION

   Statistica] ]earning suggests  that infants Iearn mercly  by
being exposed  to the  right  kind of  auditory  inforrnation-

brief auditory  exposure  to syllables  in the labonttory is
sufficicnt [25,26]. But is learning completely  automatic?

NII-Electronic  
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Learning a natural  language might  require  more  than

pussive ]eurning bused on  the statistical  cues  in speech.

   A speech  perception study  that compared  live social

interaction with  televised  foreign-language material  has

shown  the impact of  social  interaction on  language learning
in infants [27]. The  study  was  designed to test whether

inlants can  learn from  short-term  exposurc  to a natural

foreign language for the first time at 9 months  of  agc,

   In the study,  nine-month-old  American  infants listencd

to four native  speakers  of  Mandarin during 12 sessions  in
which  they  read  books and  played with  toys  (Fig, 5A),

After the sessions,  infants were  tested with  a Mandarin

phonetic contrast  that does not occur  in English to see

whether  exposure  to the foreign languuge  had reversed  the

typical decline in infants' foreign-language speech  percep-
tion  (Fig. 5B). The  results  showed  that infants learned

during these live sessions,  compared  with  a  contro]  group
that hcard only  EngLish (Fig, 5C)  [27].
   To test whether  such  learning depends on  live human
interaction, a  new  group  of  infants saw  the same  Mandarin

speakers  on  a  television  screen  or  heard them  over

loudspeakers (Fig.SA). The auditory  statistical cues

available  to the  infants were  identical in the  televised  and

livc scttings,  as  was  thc use  of  
`motherese'

 (see below). If
simple  auditory  exposure  to ]anguage prompts learriing, the

presence of  a  live human  being would  not  be essential.

However, infants" Mandarin discrimination scores  after

exposure  to televised  or audiotaped  speakers  were  no

greater than those ef  the control  infants; both groups

diflk)red significantly  from the live-exposure group
(Fig.SC). Apparently, infants are  not  computational

automatons-rather,  they may  need  a social tutor when

lcarning natural  Ianguage, Speech learning may  be `gated'

by the social  brain [2S].
   The impact of  socia] interaction on  human language
learning has bcen dramatically illustrated by the (thank-
fully few) instances in which  childrcn  have been raised  in

social isolation; these  cases  havc  shown  that social

deprivation has a severe  negatiye  impact on  language
developrnent, to the extent  that nermal  language skill  is

never  acquired  [29], In children  with  autism,  language and
social  deficits are tightly coupled  -  aberrant  neural

responses  to speech  are  strongly  correlated  with  an  interest

in listening to non-speech  signals as opposed  to speech

signals  [30], Recent data and  theory posit that language
learning is grounded in children's  appreciation  of  others'

comrnunicative  intentions, their sensitivity  to joint visual

attention,  and  their desire to imitate [31]. Only recently  has
the  notion  that social  learning rnediates  language  been

extended  to tbe earliest phuses of  language learning and  the

phonetic level [28].
   In other  species,  such  as sengbirds,  communicative

learning is also  enhanced  by social  contact,  Young  zebra

finches need  visual  interaction with  a  tutor bird to learn

song  in the laboratory [32], and  their innate preference for
conspecific  song  can  be  overridden  by  a  Bengalese  finch

fOster father who  feeds them, even  when  udult  zebra  finch

malcs  can  be heard nearby  [33]. WhiTe  crown  sparrows,

who  reject the audiotapcd  songs  of  a]ien  species,  learn the
same  alien  songs  when  they  are  sung  by  a  ]ivc tutor  [34]. In

barn owls  [35] and  white-crowned  sparrows  [34], a richer

social  environment  extends  the  duration of  the  sensitive

pcriod for ]earning, Social contexts  also  advance  song

production in birds; ma]C  cowbirds  respond  to the social

gestures and  displays of  fcmales, which  atlfect  the  rate,

quality, and  retention  of  song  elemcnts  in their repertoires

[36], and  white-crowned  sparrow  tutors provide acoustic

feedback that affects the repcrtoires  of  young  birds [37].

2.1. VL'hat Accounts for the Impact of  Social
     Interaction?

   Why  does social  interaction afTect  early  speech  learn-

ing? We  raised  two  possibilities in our  original  report  [27j,
The first was  a  global mcchanism  involving infants'

motivation-and  the attention  and  arousal  it induces, which

can  strongly  affect  leurning, Thc second  was  a more

speeific  mechanism  involving the  iiijbrmation content  of

natural  settings-the  relations  betwecn auditory  ]abels,

objccts,  and  speakers'  intentions that  are  available  during

natural linguistic intcraction [271.
Attention ttnd  Arottsal As  a  Mechanistn

   Attention and  arousal  affect  learning in a  wide  variety

of domains [38]. Could thcy impnct learning during

exposure  to a ncw  ]anguage? Infant attention, measured

in our  studies,  was  significant]y  higher in response  to the

live person than to either  inanimate source  [27]. Attention

has been shown  to play a  role  in the distributional leurning

studies  as wcll.  
`High-attender'

 10-month-olds leamed
from  bimodal  stimulus  distributions when  

`low-attenders'

did not  [39], And  arousal,  while  not  measured  in our  first

tests, appeared  to be enhanced,  Infants in the live exposure

sessions  were  visibly  aroused  beforc thc sessions-they

watchcd  thc door expectantly,  and  were  excited  by the

tutor's arrival,  whereas  infants in the non-social  conditions

did not. Heightcncd attcntion  and  arousal  could  produce an

oyerall  increase in thc quantity or quality of  the speech

information that infants code  and  remember.  Our current

studies  are testing the hypothesis that  individual infants'

attention  and  arousal  predict the degree of  phoncme and

word  lcarning in individual infants in our  natural  forcign-

lunguage lcurning situation  [40].
Iitfoniiation as  a  Mechanism

   We  raised  a  second  hypothcsis to explain  the effective-

ness  of  social  interaction-live situations  provide specific

information that fosters Iearning [27]. During livc cxpo-

sure, tutors focus their visual  gaze  on  pictures in thc  books

rs
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or  on  the toys thcy talk about,  and  infants' gazc tcnds  to

fo11ow the speaker's  gaze [41,42]. Refercntial information
is present in both the live and  te]evised conditions,  but it is
more  dirncult to pick up  via television, and  is totally absent

during audio-only  presentations, Gaze fo11owing is a

significant  predictor of  reccptive  vocabulary  [41,43,44],
and  may  help infants segment  foreign speech.  When  9-
month-old  infants fo11ow a tutors' line of  regard  in our

foreign-language learning situation,  thc tutor's specific

mcaningful  social  cues,  such  as cye  gaze and  pointing to an
object  of  reference,  might  help infants segment  words  from

ongoing  speech,  thus facilitating phonetic lcarning Qf the

sounds  contained  in those words.

   Several key dcvelopments  coincide  with  the ability to

understand  reference.  By 9 months  infants begin to engagc
in triadic "persQn-person-object gnmes'-they systcmati-

cally  combine  attention  to objects  with  looks that promotc
interest from another  human, reflecting  a  

"secondary

intcrsubjectiyity" [45], Shared perception of  communica-

tive intentions, which  emerges  at around  9 months  of

age,  has been argued  to be cnieitd  for the  acquisition  of

language [31,46,47]. Attending to objects  of  another

person's reference  is linked to thc infant's growing  ability

to understand  others  as  intentional agents  [31,48]. The

timing of  these  social  abilitics coincides  with  the bcgin-
nings  of  word  cornprehension,  The suggestion  herc is
that attunement  to the communicative  intentions of  other

humans enhances  attention  to Iinguistic units at sevcral

levels, Attention to the meaning  of  a  communicative  act

enhances  the uptake  of  units  of  language present in that act.
In our  current  studies,  which  involve exposure  to Spanish,
we  are  measuring  specific  interactions between the tutor
and  the infant to examine  whcther  specific  kinds of

interactive episodes  can  be  related  to learning of  either

phonemes or words  [40].

2.2. What  Constitutes a  Social Agcnt?

   Our findings raise a more  fundamental question: What
defines a 

`social

 agent'  for infants? Must  a social agent

involve a  human  being (with sight,  smcll,  und  all other

indicators of  humanness), or  would  an  inanimate entity,

imbued with  certain  interactive features, induce infant

perception of  a  social  being?  And  if so, could  infants Iearn
language from such  a socially  augmented  entity?

   Social inreraction might  be cffective  hecattse it in-

yolvcs  other  humans, or  because features inherent in social
settings, such  as interactivity and  contingency,  are critical

for learning. Contingency plays a  rolc  in human  vocal-

ization learning [49-51], and  in infant cognition  [52,53].
Interactivity, the reciprocity  that is intcgral in social

exchange,  could  therefore  be a  key component  of speech

learning. Infants have a great deal of  experience  with

people whose  vocalizations  are contingent  on  their own:
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Reciprocity in adult-infant  languttge is common  as  infants
alternate  thcir vocalizations  with  those of  an adult  [54],
and  the pervasive use  of  motherese  by adults  tends to

encourage  infant reciprocity  [55,56].
   Whether contingency  and  interactivity in the absence

of  a  live human  would  produce ]earning is an  open

question, Would  infants learn from  an  interactive TV

presentation, one  in which  the adult  tutor was  shown

on  a television but actually  performing live from another

foom so  that contingent  looking, smiling,  and  other

reciprocal  rcactions  could  occur?  Could infants learn a

new  language fi'om a  socially  interactive robot?  Dcfining

what  constitutcs  a social  agent  for infants is itself of

interest, nnd  investigating how  the perception of  social

agency  affects  learning in young children  has both
theoretical and  practica] implications, Further studies  will

be needed  to understand  how  the social brain supperts

language  learning.

2.3. Motherese  asa  Social Signal that Assists Infant

     Learning

   When  we  talk to infunts and  children,  we  use  a special

spccch  
"register"

 that has a unique  acoustic  signature,

called  
"motherese"

 [57,58]. Caretakers in most  cultures

use  it when  addrcssing  infants and  children.  When
compared  to adult-dirccted  speech,  infant-directed speech

is slower,  has a higher average  pitch, and  contains

exuggerated  pitch contours,  as  shown  in the comparison

between the pitch contours  contained  in adult-directed

(AD) versus  infant-directed (ID) speech  (Fig. 6A).

   Infant-directed specch  may  assist infants in learning
speech  sounds.  Women  speaking  English, Russian, or

Swedish were  recorded  while  they spoke  to another  adu]t

versus  thcir young  infants [59], Acoustic analyses  showcd

that the vowel  sounds  (the li/ in `sec,'
 the !al in `saw,'

and  the !ul in Csue')
 in infant-directed speech  were  more

clearly  articulated.  Women  from all three countries

exaggerated  the acoustic  components  of  vowels  (see the
"strctching"

 of the fOrmant frequencics, creating  a Iarger
triangle  for infant-directed, as  opposed  to adult-directed,

spccch)  (Fig. 6B), This acoustic  stretching  makes  the

vowe]s  contained  in motherese  more  distinct,

   Infants may  benefit from the  cxaggeration  of  the sounds

in motherese.  When  the sizc  of a mother's  vowel  triangles

are  measured,  reflecting  how  clearly  she  speaks,  and

compared  to her infant's skilL in distinguishing the pho-
netic  units of  specch,  a  relationship  is observed  [60,61]
(Fig. 6C). Mothers  who  stretch  the  vowels  to a greater
degree have infants who  are  better able  to hear the  subtle

distinctions in speech.  A  social interest in listening to

speech  appears  to bc fundamental  in typical  infants and,

when  absent,  as  in chilclren  with  autism,  may  provide a

diagnostic early  marker  of  the  disorder [30].
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Fig.5 American infants expesed  to Mandarin Chinese for the first time  at 9 months  via  livc spcakers  as  opposed  to a

 standard  television  for 12 sessions  (A). A  control  grot]p had 12 sessions  of  English. After exposure  to rhe  new  language,

 infants were  tested with  Mandarin Chinese phonetic unLts  using  a  hcad-turn conditioning  technique. Infants heiird one

 phonetic unit  as the  background that  played while  they  wntchcd  toys (B, top); when  the phoneric unit  changed,  they were

 rewardcd  for turning  toward  the  loudspeaker {B, bettom). No-change control  trials assess  the rate  of  false positives. The

 results  show  thar infants learn from live presentation of  Mandarin,  performing signifieantly above  the control  group (C,
 left), that TV  or  audio-only  presentation does not result in ]eurriing (C, center),  and  that perfOrmance  of  the Iive-exposure

 greup was  equivalent  to the performancc of  monolingual  Mandarin-learning  infants raised  in Taiwan  (C, right).  From

 Kuh] and  Damasio [78].

 3. LANGUAGE  AND  THE  INFANT  BRAIN

3.1. Brain  Measures  in Infants

   Brain measures  are providing more  detail about  the

spatial and  temporal  unfolding  of  language proeessing in
the  infant brain, Electoencephalography  (EEG) and  Ma.e-
netoencephalography  (MEG) techniques  have been used  to

exarnine  phonetic-lcvel processing both in adults  and

infants.

   An  event-related  potcntial (ERP) component  of  the

EEG,  thc  mismatch  negativity  (MMN), refiects  phonetic
discrimination and  has been recorded  in both infunts and

adults  [19,62]. During the EEG  recording,  participants
listen to syllables  while  they  are  engaged  in another

activity  which  helps the infants remain  still; adults  read  a

book, or watch  silent television, whereas  bubies are tested

while  watching  
`toy

 waving'  by an  ussistant (Fig.7),
Babies wear  a soft cup  with  the electrodes  embedded  in it

(Fig, 7A), In adults,  the MMN  is elicited  by a  change  in

a speech  syllable  about  2SOms  after the onset  of  the new

77

NII-Electronic  



The Acoustical Society of Japan (ASJ)

NII-Electronic Library Service

The  AcousticalSociety  of  Japan{ASJ)

Acoltst. Sci, &71ech. 28, 2 (2007)

A

-N="eL

7DO

400

IDO

Adult-direoted
[hada
  littie
       end
    bit
        uhh

Aw"v
 -N--

Thedecter

 gaveme"VN-

Ben-
 dectinVAt

fer
 itvV

B

700AN=v

 400oLIDO

]nfant-direoted

-.Jg  
"'--x.

Canyeu  Say

say  ahh7  ahh7

fvHeyyouxK.
    'ksav

 hi-i-i

A
Xhi-[-i

  3,OOORl

 2,ooobl

  1,eoo

Time  -

English

  
ttstSltllaxn2-dfrected

   1 
"l].

  tu9ntdireLrfed

c
    -5
 Tdi

 e:

 

'S
 
-10:tti-l.

 g  -lsg:E

 LtL -2o's'gg

 ti -25e･:OLm

 
-

 -30S-lj

 =  -35

ooc    o/o

  3,eeo-"5

 2,oooor

  1,OOO

     ,

 300 700

    Fl  {Hz)
Swedish

o/o/

ri,leo

/y
o

ooo

o

o

 fitolntant-dlrected
  lx.

    v
      >x,
         fo
     tJt-' lal

iul 
67Adul -directed

3,OOO-NS

 2,OOOecL1,oeo

     "L

 3oo 7oo n,loo

    Fl  {Hz)

Swedish

   lnfant-directed
  fit
  o
    N

titsf
tut Adult-ialirected

700,OOO SOO,OOO

11

 300dll  7oe 1,rtoD

FI (Hz)

300,OOD40D,DOOsoa,ooo  6Do,ooa

ID vowel  area  (Hz2}
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 across  languages methers  producing infant-directed speech  exaggerate  the acoustic  features of  speech  sounds,  acoustically
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 aceustic  cues  is associated  with  the degree to which  the infants perform well  in tests of  infant speech  sound  discrimination;

 (C) the  morc  mothers  exag.gcrate  thc sounds  in infant-directcd speech.  the bctter infants perform in the tcsts. Frem  Kuhl
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Fig.7  6-month-old infant wearing  a  ny]on  cap  that record  event-related  potentials (ERPs) in response  to speech  sounds.

 ERPs show  the Mismatch Ne."ativity (MMN), a brainwavc with  ncgative  polarity, about  350ms  after  a change  in

 syllables.  From  Kuhl  and  Damasio  [781.

syllable. Infants as young  as  6 months

MMN  occuning  slightly  later, at  about

presentation of  a new  stimulus  (Fig. 7B).

of  agc350msshow  an

aftcr the

   The MMN  is a  sensitive  indicator

experiencc.  Infant studies  confirm  that the

change  in phonctic perception observed

 of  linguistic

developmental
in behavioral
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experiments  between 6 and  l2 months  is mirrored  in infant
MMN  measures,  In 6-month-olcl infants both native  and

nonnative  phonetic contrasts  produce an  MMN;  by 12

months  of  age,  the MMN  to the  nonnative  contrast  is

greatly reduced  [19], Moreover, infant studies  show  that

the strength  of  the MMN  at 7 months  of  age  in response  to

a change  in a  nativc-language  sound  predicts the rate  of

language growth between 11 and  30 months  of  age  [68].
   Megnetoenccphalography (MEG) produces the mag-

netic  equivalent  ef  the MMN,  the Mismatch Magnetic
Field (MMND.  Studies conducted  in English- and  Japanese-
speaking  adults  show  that  the MMNf  is more  prominent
in individuals fbr native  as opposed  to nonnative  phonetic
contrasts  L63]. Zhang et  aL  cenfirm  the fact that speech

perception involves bilateral activation  of  the two  hemi-
spheres,  though  greater ]cft hemisphere activity  occurs

when  processing native-Ianguage  phonetic signals.  More-
over,  the MEG  study  revealed  both the spatial  localization
of  brain activity  and  the time course  of  processing. The
results show  that native-languuge  sounds  activate  the brain
more  focally and  for a  significantly  shorter  pcriod of  time
when  compared  to nonnative  sounds,  suggcsting  greater
neural  cMciency  whcn  processing native  as opposed  to

nonnative  speech  [631.

   Young  infants can  now  be tested using  MEG  [64].
Special hardwarc and  software  has been developed to track
infants' head movements  during the MEG  recordings.

Imada  et  al. compared  the brain's response  to auditory

speech  and  non-speech  sounds  in newborns,  6-rnonth-old
and  12-month-old  infants. We  used  MEG  to examine  how
the brain's auditory  (superior temporal,  Werniccke's  area)

versus  motor  areas  (inferior frontal, Broca's arca)  respond-

ed  to thc pure perception of speech,  As  expected,  the
results  show  that at all ages  and  for all  signals,  the brain's
auditory  areas  are  activated  to seund.  In contrast, Broca's
area  was  not  activated  in newborns  for any  signal,

Howeyer, by 6 months  of  age,  spcech  signals  not  only

activated  Broca's area,  brain activity  was  prccisely
synchronized  in the auditory  and  motor  areas  of  the infant

brain [64]. This work  sugs,ests that the connection  between
action  and  perception may  be forged by experience  as

infants practice vocalizing,  Broca's area  is involvcd in
social cognition-homologous  areas  in the nonhuman

primate brain contain  
Cmirror

 neurons'  [65]. Futurc studies

using  MEG  will be of  great interest in Iinking perception
and  action  for speech  and  its relationship  to the brain's
sociat  networks.

3.2, EarlyPhoneticLearningPredictsLaterLanguage

   One  of  thc most  interesting rccent  findings is the
demonstration that measures  of  speech  discrimination

abilities in infancy predict chiLdren's  later language skills

[66]. Several studies  in our  laboratory now  show  that

infants' native-language  speech  discrimination abilities,

measured  at  6-7 months  of  age  either  behaviorally or  using

ERPs,  predict languagc skills between I 1 and  30 months  of

age,  Infants whose  speech  discrimination skills are hetter
show  foster language growth, Interestingly, the better
infants are  at  non-native  phonetic discrimination, phonetic
units  they have never  been exposed  to, the  slower  their

Ianguage growth. This dissociation between native-  and

nonnatiye-speech  discrimination and  its relation  to future

language is important: It suggests  that  it is infants' abilities

to sort  out  and  focus on  native-language  sounds,  rather  than

their more  gcneral auditory  or cognitive  skills,  that

encourages  language development  [67],

   Kuhl et  al, [68] used  ERP  measures  of  infants' speech

discrimination to test the hypothesis that native-  and

nonnative  sounds  both predict future language, but differ-
ential]y, ERPs  were  recorded  in thirty monolingual  fu11
term  infants (14 female) at 7.5 months  of  age.  Infants wcre

tested on  both a  native  phonetic contrast,  /pa-tal, and  one

of  two  nonnativc  contrasts,  either a Mandarin  affricate-

fricative distinction or  a  Spanish voicing  contrast  [27,69],
in counter-balanced  order.  EEG  was  collected  continuously

at  16 electrode  sites using  Electro-caps with  standard

international 10120 placements.

   The children's  developing language abilities  were

assessed  at 14-, 18-, 24-, and  30-months of  age  using  the

MacArthur-Bates Communicative Development Inventery

(CDI), a  reliable  and  valid  parent survey  for assesg{ng

language and  communication  development from 8 to 30
months  [70], The Infant forrn (CDI: Words  and  Gestures)
assesses  vocabulary  comprehension,  vocabulary  produc-
tion, and  gesture production in children  from 8 to 16
months.  The Toddler  form (CDI: Words and  Sentences)
is designed to measurc  Ianguage production in children

from 16 to 30 months  of  age.  Three sections  were  used:

vocabulqry  production, sentence  complexity  and  mean

length of  the longest three  uttcrances  (M3L).
   Thc  results  supported  the prediction that both native-
and  nonnative  phonetic perception at  7.5 months  predicts
latcr language, but in opposite  directions. Significant
findings were  obtained  with  a]l CDI  measures,  including
word  production, sentence  complexity  and  mean  lcngth of
utterance  between  14 and  30 months  [68]. To  illustrate the

findings I will  use  the word  production measure.  The
number  of  wQrds  produced can  be measured  at each  of  the

four ages  we  tcsted, 14, lg, 24 and  30 months  of  age.

   We  used  the Hierarchical Linear Models  analyses  [71]
to examine  whethcr  brain responses  to speech  sounds  at 7.5
months  predicted rates of expressivc  vocabulary  devclop-

ment  frem 14 to 30 months,  Separate analyses  were

conducted  for the  native  and  nonnative  ERP  data. We
estimatcd  individual growth curves  for each  child  using

a quadratic equation  with  the  interccpt centered  at 18
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Fig. S A median  split of  infants whosc  MMNs  indicate better versus  poorcr discrimination of  native  (a) and  nonnatiye  {b)
 phonetic contrasts  is shown  along with  their corresponding  Longitudinal Growth Curve Functions for the  number  ofwords

 procluced betwecn 14 and  30 menths  of  age.  From Kuhl et al. [6S].

menths,  Several reports  on  expressive  vocabu]ary  develop-

mcnt  in this age  range  have indicated that quadratic models

capture  typical growth patterns, both a  stcady  increase and

acceleration  [72-74]. Centering at 18 months  allowed  us  to

evaluate  individual difTerenccs in vocabulary  size  at  an  agc

during which  the 
`vocabulary

 spurt' occurs.

   Figure 8 shows  the growth of  words  as  prcdictbd by

the native  contrast  testcd at 7.5 months  (Fig. 8, left) and

by the nonnative  contrast  tested at  the same  time  in thc

same  infants (Fig. g, right). For both the native  and

nonnative  predictors, we  show  the growth patterns for

children  whose  7.5-month  discrimination skills  (as mea-

sured  by their MMNs)  were  be]ow  and  aboye  the median.

Better discrimination is indicated by a merc  ncgative

MMN  value.  As  shown,  fOr the native  contrasts,  children

with  better discrimination (more negative  MMN  values,

solid  curve)  show  faster initial vocabulary  growth with  a

later leveling off  function (likely duc to a  CDI  ceiling

efTect).  Children with  poorer discrimination of  the native

contrast  (less negative  MMN,  dashed  curve)  show  less

rapid  growth in the number  of  words.

   The  opposite  pattern was  obtained  for the nonnative-

language contrast  (Fig. 8, right), Children with  better

discrimination of  the nonnative  contrast  as measured  by

the MMN  (rnore negative  values,  solid  curve)  showed

significantly  slower  growth  in the  number  of  words

produced, while  those with  poorer discrimination skill

(less negative  MMN  values)  showed  faster vocabulary

growth. In both the native  and  nonnative  case,  growth

curve  analysis  shows  that the results arc significant.

   A  model  that explains  thesc cffocts,  the Native

Language Magnet Expanded (NLM-e), hus been described

[68]. The model  relies on  the concept  of  native  language
neural  commitment  (NLNC) to expluin  the results. Ac-

cording  to NLNC,  early  language leaming produces

dedicated neural  networks  that codc  the  patterns of

native-language  speech,  The hypothesis focuses on  the

aspccts  of  language  learned early-the  statistical and

prosodic regularities  in language input that lead to phonetic
learning -and  how  thcy  influence the brain's future

abi]ities te learn language. According  to the theory, neural

commitment  to the phonetic propenies of  one's  native

language  proniotes the future use  of  these learned patterns
in higher-order native-]anguuge  learning, such  as  word

learning. At the same  tirne, NLNC  decreases the processing
of  foreign-language phonetic patterns that do not  confOrm

to the learned pattems,
   The  NLNC  hypothesis predicts that an  infant's car]y

skill  in native-language  phenetic perception should  predict
that child's  later success  at  language acquisition.  This is

because phonetic perception promotcs the detection of

phonotactic patterns and  words.  Infants who  have better

phonetic perception would  be expected  to advancc  faster.

Advanced  phonetic abilities in infancy shouldi 
`bootstrap'

language ]eaniing, propelHng infants to more  sophigticated

levels earlier in development

   While  natiye-language  perception should  predict faster

advancement  toward  language, nonnative  phonetic dis-

crimination  in infants who  have never  experienced  a

fbreign languagc should  refiect  the degree to which  the

brain remains  
`open'

 or  itncommitted  to native-language

speech  pattems. .The degree to which  an  infant remains

open  to foreign language speech  reflects an  earlier stage

in development, one  in which  native  and  nonnative

contrasts  are  discriminated equally.  Therefore nonnative

phonetic discrimination should  correlate  negatively  with

later languagc learning. An  open  system  rcflects  uncom-

mitted  circuitry. Several studies  from my  ]aboratory, using

both behavioral [66,75,76] and  brain [68,77] measures,

now  support  this conclusion.
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   As  dcscribed in reeent  publications, these  data and  the

theoretical arguments  they support  suggests  a mechanism

that could  underlie  a  
`critical

 period' at the phonctic level
of language [66,68]. According to the NLNC  concept,

phonetic learning causes  a decline in neural  flexibility,
suggcsting  that experience,  not simply  time, is a  critical

factor driving phonetic learning and  perception of a second

language. As thc brain's neural  commitment  increases,
it is rnore  dirncult to acquire  the  pattcrns of a new

language.

   In bilingual children  who  hear two  languages from
birth, both with  distinct statistical and  prosodic properties,
NLNC  predicts that thc learning process would  takc

longer, and  studies  are  underway  te test this hypothcsis.
Bilingua] children  are mapping  two  distinct systems,  and  it
is to thcir advantage  to stay  

`open'

 longcr. We  are now

testing  this hypothesis. The NLM-e  modcl  also  shows  how
social  interaction plays a  critical role in the neural

commitment  process; both social  cues  during conversation

[27] and  
`motherese'

 [59,60] ure argued  to play a  critical

role  in language learning at  the phonetic level and  may

assist  bilingual children  by helping infttnts who  hear two
different languages from two different people 

`sort

 out'  the

statistics  of  the  two  languages [67] (see Kuhl [67] for
discussion),

        4. CONCLUDINGREMARKS

   Phonetic pcrception is providing a  great deal of

information about  how  language is learned by infants.

Innate abilities  to differentiate the phonetic unlts  of all

languages and  a powerfUl ability to learn specific phonetic
patterns from expesure  to natural  language  in natural

contexts  allows  infants in the firgt year to develop skills
that will propel them  towards  tanguage. Exposure  to a

specific  language results  in neural  commitment  to the

phonetic properties of  that languagc-native-language

phonetic ]earning then  advances  morc  complex  language

skills,  such  as  word  learning, whi]e  constraining  the

detection ef  alternative  patterns such  as  those  represented

by nonnative  languages. Learning is strongly  influenced by
social  skills  as  seen  by infants' inability to ]earn a  new

language from a television or from an  audio-tape.  The

phenomenon of  
`mothercse'

 is also  a  social  factor that
is viewed  as  strongly  supporting  phonetic learning-it
exaggerates  and  cmphttsizes  the critical  phonctic compo-

nents  oflanguage  that  infants must  learn to advance  toward

language. Infants who  do not  show  an  interest in 'mother-

esc,' such  us  infunts with  autism,  may  bc restricted  in their
abi]ity to acquire  language. Social factors in language,
and  thcir relation  to new  theorizing  in sociul  cognition

espccially  with  regard  to 
`mirror

 neurons,'  wiLl  be fruitful
areas  for further research,  A  comprehensive  view  of

language  acquisition  is now  emerging-u  new  theoretical

'

modcl  of  early  language learning, NLM-E,  shows  how
infants' computational,  social, and  cognitive  skills each

contribute  to language acquisition  in the chi]d,
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