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 Prerequisites for com
putational m

odels of the 
early em

ergence of phonological categories�



Saffran, N
ew

port, &
 Aslin (1996) 

Training: 8-m
onth-old babies 

exposed to just 2 m
inutes of spliced 

together syllables, such as 
[bidakupado …

] 
Test: looking tim

e to 3-syllable 
“utterances” that either (a) w

ere 
encountered (such as [bidaku]) or 
(b) w

ere not (such as [bikudo]) 
R

esult: novelty effect for (b)  
Authors’ interpretation: the babies 
could segm

ent out and learn such 
long sequences, w

ithout support of 
w

ord-level prosodic cues 



Bates &
 Elm

an (1996) on Saffran et al. 

Interpretation: “This result m
eans that infants can use 

sim
ple statistics to discover w

ord boundaries in 
connected speech, right at the age w

hen system
atic 

evidence of w
ord recognition starts to appear in real life.” 

Significance: result “flies in the face of received w
isdom

”  
(1) It is “surprising [that] a purely inductive, statistically 

driven process, based on only 2 m
in of incidental 

input, w
ith no rew

ard or punishm
ent other than the 

pleasure of listening to a disem
bodied hum

an voice.” 
(2) It “contradicts the w

idespread belief that hum
ans 

cannot and do not use generalized statistical 
procedures to acquire language.” 

 



Bates &
 Elm

an (1996) conclude …
 

“Although w
e now

 know
 that linguistic regularities are 

learnable by neural netw
orks w

ith an im
perfect but very 

large database, it has been argued that hum
an infants do 

not learn in this w
ay, and even if they did, their m

em
ory 

and attention span are insufficient to support the kind of 
statistical learning required to get language off the ground. 
This conclusion w

as prem
ature. The new

 w
ork has show

n 
that infants are capable of extracting statistical regularities 
from

 only 2 m
in of spoken input w

ith little effort.” 
 



Pinker (1997) rebuts Bates &
 Elm

an 

‘Bates and Elm
an suggest that if children can learn w

ords by 
recording frequent sound sequences, they m

ight learn 
gram

m
ar the sam

e w
ay. But w

ords and gram
m

ar are different. 
The sequence of sounds m

aking up a w
ord is not capturable by 

rules (“m
onkey” cannot be understood as a com

bination of 
“m

on” and “key”), but m
ust be m

em
orized. And because there 

are a finite num
ber of w

ords, they all can be recorded.  
The sequence of w

ords m
aking up a sentence, how

ever, is 
capturable by rules. (For exam

ple, “the eggplant ate Chicago,” 
though an im

probable w
ord sequence, can be understood from

 
the m

eanings of “eggplant,” “ate,” and “Chicago” and the w
ay 

they are com
bined). W

ord sequences need not and cannot be 
m

em
orized, because they form

 an open-ended set.’  
 



Plan for this talk 

• O
utline a m

ore realistic m
odel of the “gram

m
ar of w

ords”  
• R

eview
 evidence that phonology has a “gram

m
ar” that 

m
akes the w

ord m
onkey m

ore than just the sequence of 
sounds [m

]+[ʌ]+[ŋ]+[k]+[i] 
• R

eview
 evidence that phonological categories such as the 

“sounds” [m
], [ʌ], [ŋ], [k], and [i] in the w

ord m
onkey 

them
selves are very com

plex gram
m

atical abstractions  
• R

eview
 evidence regarding earliest “learning” of them

 
• R

eview
 (the unw

arranted assum
ptions underlying) tw

o 
classes of m

odels of how
 these categories can be learned 

• O
utline steps w

e are proposing to take to overcom
e these 

assum
ptions and show

 som
e prelim

inary m
odeling results 



The gram
m

ar of sound sequences 

[wʌgz]
 

   [gʌʧɪz]
 

   [hifs] 
 

       O
CP epenthesis

     voicing harm
ony 



Productive “rules” for cut/join points 

English blends cut and join at stressed C-V boundary: 
sm

oke /smok/ + fog /fɔg/ = sm
og /sm

ɔg/ 
breakfast /bɛkfst/ + lunch /lnʧ/ = brunch /bnʧ/ 

The “rule” references structural categories:      F 
 

 
 

 
 

     σ
s        σ

w  
 

 
 

 
            CCVC  CVCC 

Productively applies to nonw
ords (Treim

an, 1995):  
/hk/ + /jɪg/ →

 /hɪg/ favored 43:1 over /hg/  
Preference for cut point m

odulated by a sensitivity to 
phonotactic probability of VC sequence (Treim

an, 
K

essler, K
new

asser, Tincoff, &
 Bow

m
an, 2000):  

/hp/ + /jɪʤ
/ →

 /hɪʤ
/ favored 19 to 1 over /hʤ

/ 
 

 



Phonotactics and duality of patterning 

• The (recordable) real w
ord brick and nonw

ord *blick 
are both better than *bnick (Chom

sky &
 H

alle, 1965) 
Judgm

ents are continuous and related to type frequency 
• Adult speakers judge nonsense w

ords containing 
phonem

e sequences that occur in m
any w

ords of 
English to be �m

ore like a w
ord of English

� (Colem
an 

&
 Pierrehum

bert, 1997; Vitevich, Luce, Charles-Luce, 
&

 K
em

m
erer, 1997; m

any others)   

K
now

ing m
ore w

ords allow
s for a richer gram

m
ar: 

• Cut-off probability for form
s judged to be absolutely 

bad varies from
 speaker to speaker, and is correlated 

w
ith the size of the speaker�s lexicon (Frisch, Large, 

Zaw
aydeh, &

 Pisoni (2001)  
 



Edw
ards, 

Beckm
an, and 

M
unson (2004) 

Accuracy of 
production of 
consonant and 
vow

el sound 
sequences in a 
nonw

ord 
repetition task 
related to both 
(1) child’s age &

 
(2) phonotactic 
probability of 
the sound 
sequence 



N
o effect of 

age, once 
expressive 
vocabulary size 
included in 
m

odel. 
And size of  
phonotactic 
probability 
effect (here 
individual-
level slope in 
m

ixed effects 
m

odel) is 
related to 
vocabulary 
size.  



s3a  
(563 m

s) 

s3b  
(281 m

s) 

Low
er-level abstractions over tokens 

s2b    
(347 m

s) 

s1b       
(374 m

s) 

s3c  
(202 m

s) 

s4a          
(393 m

s) 

K
enyon &

 K
nott (1951): G

A [gvm
nt] ~ [gvnm

nt]; SE 
(includes K

entucky) [gvm
nt] ~ [gvnm

nt] ~ [gvm
nt] 



s3a context 

s3c 

s3c context 

s3a 

... it�s           the                                         and    regulations .... 

Coz  the                w
ould   buy       that        from

       you. 



[kz ð g    ?!  w ʊ d  b  a  ɪ   ð æ t  f     m
j  u] 

            [g         ??    ??   ]         =               [g   v  m   n   t] 
              C      V
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Top-dow
n parse from

 islands of reliability 



H
ead turn preference paradigm

 

A com
m

on set up for 
this paradigm

: Sounds 
played on left or right 

Child sits on parent’s lap 
and orients tow

ard 
“interesting” sounds 
M

easure: looking tim
e 



Early evidence for abstraction over tokens 

• At 6 m
onths, both English- and Japanese-learning 

infants differentiate both [ni:kusu] and [ni:k] from
 

[ni:ks], but after 12 m
onths Japanese-learning infants 

no longer differentiate [ni:kusu] from
 [ni:ks] 

(K
ajikaw

a, Fais, M
ugitani, W

erker, &
 Am

ano, 2006) 
• At 6, 12, and 18 m

onths, Japanese-learning infants fail 
to differentiate [ki:t] from

 [ki:ts], although starting at 
12 m

onths they differentiate [ki:tsu] from
 [ki:ts], 

(M
ugitani, Fais, K

ajikaw
a, W

erker, &
 Am

ano, 2007) 
• At 6, 12, and 18 m

onths, English-learning infants 
differentiate [ni:k] and [ni:ks] and [ki:t] from

 [ki:ts] 
(Fais, K

ajikaw
a, Am

ano, &
 W

erker, 2009) 



Earlier evidence of 
abstraction for vow

els 

K
uhl, W

illiam
s, Lacerda, Stevens, 

&
 Lindblom

 (1992) Figs 1-2  



• Infant looks longer 
at the face that 
m

atches /a/ or /i/ 
being played over 
the loud speaker 
(K

uhl &
 M

eltzoff, 
1982) 

• Listeners judge the 
infant’s coos as 
m

ore like the vow
el 

that the infant 
w

atches (K
uhl &

 
M

eltzoff, 1996) 

Even earlier evidence for vow
el categories 



Top-dow
n processing as vocabulary grow

s 

• R
ecovery of ability to discrim

inate by 22 m
onths, correlated 

w
ith the size of the child’s vocabulary (W

erker, C
orcoran, 

Fennell, &
 Stager, 2000)  

• At 14 m
onths, infants no longer able to differentiate fine 

am
bient-language contrasts such as /bɪ/ versus /dɪ/ w

hen 
associated w

ith pictured objects (W
erker &

 Stager, 2000)   

(a) Pokey 

(b) M
olecule 

(c) W
ater W

heel 



M
odel of phonotactics, w

ord segm
entation 

• D
aland &

 Pierrehum
bert (2011) train Bayesian learner 

to segm
ent phonetic transcriptions of running speech 

by optim
izing the resulting lexicon. 

prelexical,
w
e
m
ean

the
segm

entation
m
echanism

has
no

access
to

specific
lexical

form
s;

instead,
it
feeds

a
dow

nstream
lexical

processor
(F
ig.

1).
O
ne

im
plication

is
that

segm
entation

is
a
distinct

cognitive
process

from
w
ord

learning.
A
s
a
corollary,

w
e
attribute

to
the

dow
nstream

lexical
processor

factors
in

w
ord

learning
such

as
lexical

neighborhood
density

and
caregiver⁄infant

joint
attention,

w
hich

exceed
the

scope
of

this
paper.

3.
D
iB
S

W
e
now

present
a
phonotactic

m
odel

that
learns

diphone-based
segm

entation
(D

iB
S
),
as

described
in

C
airns

et
al.

(1997)
and

H
ockem

a
(2006).

W
e
begin

by
review

ing
our

assum
p-

tions
about

the
task

and
w
hat

infants
bring

to
it.

W
e
follow

other
com

putational
studies

in
assum

ing
that

speech
input

is
represented

as
a
sequence

of
phones

and
the

listener’s
goal

is
to

recover
phrase-m

edial
w
ord

boundaries.
In

D
iB
S
,
the

listener
recovers

w
ord

boundaries
based

on
the

identity
of

the
surrounding

diphone.
T
he

core
of

the
m
odel:

G
iven

a
sequence

[xy],
estim

ates
the

probability
that

a
w
ord

boundary
falls

in
the

m
iddle

p
(#

|xy).
In

the
fol-

low
ing

section,
w
e
outline

our
assum

ptions
as

to
w
hat

is
observable

to
infants,

and
the

assum
ptions

they
m
ust

m
ake

to
estim

ate
m
odel

probabilities
from

these
observables.

3.1.A
ssum

ptions

W
e
assum

e
the

infant
know

s
or

can
observe

the
follow

ing:

•
phonetic

categories;
•

phonological
independence

across
w
ord

boundaries;
•

phrase-edge
distributions;

•
the

context-free
diphone

distribution;
•

the
context-free

probability
of

a
phrase-m

edial
w
ord

boundary;
•

the
lexical

frequency
distribution.

T
hese

assum
ptions

are
justifi

ed
as

follow
s.

the
145000

kitty
20000

w
ent

122500
to

89000
park

8000

prosodic/
phonetic
encoding

lexical 
access

hIzm
am

w
alks

InT
park

his m
om

 
w

alks in
the park

F
ig.

1.
C
ognitive

architecture
of

speech
perception.

R
.D

aland,J.B
.P

ierrehum
bert⁄C

ognitive
Science

35
(2011)

127



O
ther sim

ilar m
odels include …

 

Brent, M
., &

 Cartw
right, T. (1996). D

istributional regularity 
and phonotactic constraints are useful for segm

entation. 
Cognition, 61: 93-125.  

Cairns, P., Shillcock, R
. C., Chater, N

., &
 Levy, J. (1997). 

Bootstrapping w
ord boundaries: A bottom

-up corpus-based 
approach to speech segm

entation. Cognitive Psychology, 
33: 111-153.  

Elsner, M
., G

oldw
ater, S., &

 Eisenstein, J. (2012). 
Bootstrapping a U

nified M
odel of Lexical and Phonetic 

Acquisition. Proceedings of the Association for 
Com

putational Linguistics.  

�
 All assum

e infant has consonant and vow
el segm

ents. 



G
uenther &

 G
jaja (1996) K

ohonen m
ap 

how
ever,stored

category
prototypes

do
notplay

a
director

special
role

in
the

current
m
odel’s

account
of
the

m
agnet

effect.Instead,perceptualw
arping

occurs
due

to
nonunifor-

m
ities

in
the

distribution
of
firing

preferences
of
cells

in
an

auditory
neuralm

ap,w
hich

in
turn

are
the

resultof
nonuni-

form
ities

in
the

distributions
of
sounds

experienced
by
the

infant.The
current

m
odel

is
sim

ilar
to
Lacerda’s

m
odel

in
thatno

specialprototype
is
needed

to
explain

the
effect,but

the
tw
o
m
odels

differin
m
any

otheraspects.First,Lacerda’s
explanation

requires
that

the
infant

has
labeled

exem
plars;

that
is,
the

infant
m
ust

know
the

category
to
w
hich

each
stored

sound
belongs.A

n
explanation

thatdoes
notrequire

linguistic
category

know
ledge

probably
better

captures
the

phenom
enon

w
hen

one
considers

that
the

effect
is
already

presentby
six

m
onths

of
age,likely

before
infants

have
de-

veloped
aw
areness

of
phonem

es
as
linguistic

units
~K
uhl,

1995!.The
currentexplanation

does
notrequire

any
know

l-
edge

of
the

linguistic
categories

of
experienced

sounds;ex-
posure

to
the

statisticaldistribution
of
sounds

in
the

native
language

is
allthatis

needed
to
produce

the
effect.Thus

the
m
agneteffectis

treated
as
a
sim

ple
perceptualphenom

enon
rather

than
a
higher-level

phenom
enon

involving
linguistic

categories.
Second,

Lacerda
assum

es
that

experienced
sounds

are
stored

in
m
em
ory

individually.This
explanation

becom
es
cum

bersom
e
w
hen

one
realizes

that
infants

have
likely

experienced
hundreds

of
thousands

of
vow

els
by
six

m
onths

of
age

~K
uhl,1995!,suggesting

thatan
increasingly

large
am
ountof

m
em
ory

m
ustbe

devoted
to
the

process
of

vow
el
perception.

In
the

current
explanation,

how
ever,

in-
puts

are
not

stored
explicitly

but
instead

m
odify

the
firing

preferences
of
a
fixed

num
ber

of
cells

in
a
neuralm

ap.The
distribution

ofthe
experienced

inputs
affects

the
distribution

ofthese
firing

preferences,butm
em
ory

requirem
ents

do
not

increase
w
ith

the
num

ber
of
experienced

sounds
since

the
num

ber
of
cells

and
synaptic

w
eights

used
in
the

m
ap
are

fixed.Third,Lacerda’s
m
odel

uses
rather

com
plex

calcula-
tions

to
determ

ine
category

m
em
bership

and
perceived

dis-
tance.In

the
currentm

odel,how
ever,the

effectarises
from

calculations
thatare

believed
by
m
any

to
be
basic

properties
of
neuralsystem

s.
The

nextsection
describes

the
m
odeland

m
otivates

its
tw
o
m
ain

assum
ptions:

~1!
language-specific

auditory
expe-

rience
leadsto

a
nonuniform

auditory
m
ap,and

~2!the
popu-

lation
vector

provides
a
m
eans

for
predicting

perceptualef-
fects

from
neuralactivities

in
this

m
ap.In

Sec.II,num
erical

sim
ulations

are
used

to
show

that
the

m
odel

captures
the

m
ain

know
n
aspectsofthe

m
agneteffect,including

a
shrink-

ing
of
perceptual

space
near

phonem
ic
category

centers
~K
uhl,1991!,an

expansion
of
perceptual

space
aw
ay
from

centers
~K
uhl,1995!,and

language-specificity
in
this

w
arp-

ing
~K
uhl

etal.,
1992!.

The
sim

ulation
results

reported
in

this
section

include
accurate

fits
to
data

from
psychophysical

studies
of
the

m
agnet

effect.
This

section
also

includes
a

discussion
ofan

apparently
paradoxicalaspectofthe

m
agnet

effecthighlighted
by
the

currentm
odel:U

nlike
the

results
of

m
any

other
studies

w
hich

show
better

discrim
ination

for
heavily

experienced
stim

uli,the
m
agneteffectis

character-
ized

by
w
orse

discrim
ination

form
ore

typicalvow
elstim

uli.
Finally,Sec.III

relates
a
m
agnet

effect
description

in
psy-

chologicalterm
s
to
the

currentm
odel’s

description
in
neuro-

scientific
term

s
and

places
the

m
odel

in
the

context
of
a

largerm
odeling

fram
ew
ork

ofspeech
developm

entand
pro-

duction
called

D
IV
A

~G
uenther,1994,1995a,b!.

I.M
O
DEL

DESCRIPTIO
N

A
schem

atic
view

of
the

m
odel

is
provided

in
Fig.

1.
The

m
odel

uses
tw
o
layers

of
neurons,

referred
to
as
the

form
antrepresentation

and
the

auditory
m
ap,connected

by
a

set
of
adaptive

w
eights.

For
clarity,

only
a
subset

of
the

pathw
ays

projecting
from

the
form

ant
representation

to
the

auditory
m
ap
are

show
n;how

ever,allform
antrepresentation

cellsprojectto
allauditory

m
ap
cellsin

the
actualim

plem
en-

tation.Sim
ilarly,the

com
petitive

interactions
im
plied

by
the

inhibitory
connections

~m
arked

by
‘‘2

’’
signs!

are
assum

ed
to
occur

betw
een

all
cells

in
the

m
ap.

These
com

petitive
interactions

are
not

explicitly
m
odeled

but
are

instead
sub-

sum
ed
in
the

auditory
m
ap
cellfiring

properties
as
discussed

below
.

A.Form
antrepresentation

The
m
odelassum

es
thatperipheralauditory

processing
yieldsa

neuralrepresentation
ofthe

form
antvaluesofspeech

sounds.
The

sim
ulations

reported
here

used
form

ants
m
ea-

sured
in
m
els;nearly

identicalresults
w
ere

obtained
in
unre-

ported
sim

ulations
using

form
ants

in
hertz.

A
norm

alized,
agonist–antagonist

neural
representation

w
as
used

for
each

form
ant.

Specifically,
the

neural
representation

of
the

for-
m
ants

for
a
sound

w
as
defined

as
follow

s:

x
i 1

5
F
i 2
F
i
M
IN

A
~ F

i 2
F
i
M
IN ! 21

~ F
i
M
A
X 2

F
i ! 2 ,

x
i 2

5
F
i
M
A
X 2

F
i

A
~ F

i 2
F
i
M
IN ! 21

~ F
i
M
A
X 2

F
i ! 2 ,

~1!

w
here

the
index

i
indicates

the
form

antnum
ber,x

i 1
and

x
i 2

are
the

activities
of
the

antagonistically
paired

cells
coding

FIG
.1.

Schem
atic

of
the

m
odel.Inputsound

patterns
activate

cells
atthe

form
antrepresentation

level.These
cells

projectthrough
adaptive

synaptic
w
eights

to
cells

in
an
auditory

m
ap.

The
adaptive

w
eights

determ
ine

the
firing

preferences
of
cells

in
the

auditory
m
ap.

D
uring

early
exposure

to
sounds

from
a
particularlanguage,these

w
eights

self-organize
such

thatthe
distribution

of
firing

preferences
of
auditory

m
ap
cells

reflects
the

distribu-
tion

of
sounds

in
the

language.
The

nonuniform
ity

of
this

distribution
of

m
ap
cellfiring

preferences
leads

to
the

m
agneteffectin

the
m
odel.

1112
1112

J.Acoust.Soc.Am
.,Vol.100,N

o.2,Pt.1,August1996
F.H

.G
uentherand

M
.N

.G
jaja:M

agneteffectand
neuralm

aps

Dow
nloaded¬13¬Sep¬2010¬to¬69.128.200.150.¬Redistribution¬subject¬to¬ASA¬license¬or¬copyright;¬see¬http://asadl.org/journals/doc/ASALIB-hom

e/info/term
s.jsp



the
netw

ork.This
is
illustrated

for
the

currentm
odelin

Fig.
3,w

hich
show

s
the

distributions
of
preferred

stim
ulibefore

training
~top!and

aftertraining
~bottom

!.The
w
eightvectors

before
training

w
ere

chosen
random

ly
from

a
uniform

distri-
bution,as

indicated
by
the

relative
uniform

ity
of
the

distri-
bution

ofpreferred
stim

ulioverF
2

2
F
3
space.Training

us-
ing

inputsdistributed
around

the
/r/and

/l/categoriesleadsto
peaks

in
the

w
eightvector

distribution
atthe

category
cen-

ters,as
show

n
in
the

bottom
halfofFig.3.Itis

interesting
to

note
that

the
neurophysiological

study
of
R
ecanzone

etal.
~1993!

found
sim

ilar
peaks

in
the

distribution
of
auditory

cortex
cell

firing
preferences
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the
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Plummer (2012) simulates infant’s and 
mother’s vocal tracts using Boë & Maeda’s 
(1997) Variable Linear Articulatory Model 
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Infant’s and mother’s maximal vowel spaces 
generated by VLAM (Plummer, 2012) 



Callan et al. (2007) neural net m
odeling 

• U
sed the m

odified VTcalcs m
odels to explore w

hat 
form

ant patterns can be produced at w
hich ages. 

• Show
ed that different articulatory configurations 

needed at different age to m
ake F-pattern that is 

appropriate for each of the Am
erican English vow

els. 
• Trained neural net to build age-specific m

appings from
 

articulatory patterns to form
ant patterns. 

• Sim
ulated learning and subsequent adaptation of 

vow
el categories by supervised learning using labeled 

vow
el regions projected from

 adult auditory vow
el 

space m
ap directly onto the infant or child auditory 

sensory space. 



Figure 5

44

Evidence that speaker normalization is learned 
includes cultuer-specific differences in formant 
values between men and women (Johnson, 2005) 

fem
ale – m

ale (Bark) 



Figure 6

45

Mean formant difference (female – male) is 
not predictable from mean female values. 
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 Vowel Stim
uli by Subject Language

Age Judgements by Simulated Age

D
efinitely

M
ale

Indeterm
inate

D
efinitely

Fem
ale

G
ender

R
ating

Age Judgem
ents vs. Sim

ulated Vowel Stim
uli (Across Languages)

IThe
Japanese

subjects
are

assigning
an

olderrating
to

21
yearold

vow
els,and

this
is

especially
true

forstim
ulus

6.This
stim

ulus
is

[u]ratherthan
[W

]and
so

m
ightbe

heard
as

“carefulspeech”by
Japanese

listeners
(O

kada,1999).

IE
xploring

these
language

effects
furtherm

ay
revealthe

depth
ofinfluence

of
culture

on
aspects

ofperception,especially
vow

elnorm
alization.
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(to
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B

C
S
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(to

B
eckm

an).
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signals
vary
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in

a
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properties,w

ith
the

variability
deriving

from
,am

ong
otherthings,talkers’age

and
gender.

IS
peech

processing
requires

resolution
ofthis

variation,necessitating
interpretation

ofage
and

genderinform
ation

in
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signal.

IIn
som

e
signals,the

age
and

genderare
notclearfrom
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alone.In

these
cases
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ay
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substantialindividualvariation
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judgm
ents

ofage
and

gender.
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 VLAM Midsagittal Representations
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V
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b
l
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L
i
n

e
a

r
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r
t
i
c
u

l
a

t
o

r
y

M
o

d
e

l(V
LA

M
,B

oe
and

M
aeda,1997)is

a
com

putationalm
odelofthe

articulatory
system

and
its

speech
production

capacities.M
idsagittalrepresentations,such

as
those

depicted
above,are

w
roughtby

configuring
“articulatory

blocks”(M
aeda,1990;1991)corresponding

to
jaw

height,tongue
body

position,tongue
dorsum

position,tongue
apex

position,lip
protrusion,lip

height,and
larynx

height.

IThe
V

LA
M

is
age-varying

and
capable

ofrepresenting
articulatory

configurations
ranging

from
those

ofinfants
to

young
adults.G

iven
an

age
in

years,the
setofallarticulatory

configurations
ofthe

V
LA

M
atthatage

thatdo
notresultin

occlusion
ofthe

oralcavaity
yield

a
corresponding

m
a

x
i
m

a
l
v
o
w

e
l

s
p

a
c
e

(M
V

S,B
oë

etal,1989)forthatage.

IC
ornervow

elstim
uli([i],[u],[a])w

ere
generated

by
the

V
LA

M
setatseven

differentages:6
m

onths,2,4,5,10,16,and
21

years,and
are

indexed
num

erically
as

1,6,and
36,respectively,in

each
ofthe

m
axim

alvow
elspaces

pictured
above.
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I21
native
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ofE

nglish
recruited

in
C

olum
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by
C
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M

ays.
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native

speakers
ofJapanese
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Tokyo
by

K
iyoko

Yoneyam
a.
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s
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S
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S
ubjects

w
ere

played
each

stim
ulus

and:
IListeners

assigned
an

age
in

years
to

each
stim

ulus.

IListeners
also

a
genderalong

a
visualanalog

scale
ranging

from
“definitely

m
ale”to

“definitely
fem

ale”(orthe
equivalentin

Japanese
orC

antonese)to
each

stim
ulus.

IR
esponses

along
the

genderscale
w

ere
converted

to
num

bers
ranging

from
“definitely

m
ale”(0

on
the

scale)to
“definitely

fem
ale”(650

on
the

scale).
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Gender Judgements

G
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ents vs. Sim
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IB
ox

plots
forage

(left)and
gender(right)judgem

ents
from

all57
subjects

in
response

to
cornervow

elstim
uli(2

presentations
each

oftokens
1,6,and

36)
produced

by
the

V
LA

M
setatages

6
m

onths,2,4,5,10,16,and
21

years.

IThe
age

judgem
ents

generally
increase

as
the

age
ofthe

V
LA

M
increases,

w
hile

the
genderjudgem

ents
dem

onstrate
am

biguity
in

interpretation
up

to
age

10,w
hich

is
resolved

by
sexualdim

orphism
atthe

sim
ulated

age
16.
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Culture-specific age/gender ratings 
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 VLAM Midsagittal Representations
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 Vowel Stim
uli by Subject Language

Age Judgements by Simulated Age

D
efinitely

M
ale

Indeterm
inate

D
efinitely

Fem
ale

G
ender

R
ating

Age Judgem
ents vs. Sim

ulated Vowel Stim
uli (Across Languages)

IThe
Japanese

subjects
are

assigning
an

olderrating
to

21
yearold

vow
els,and

this
is

especially
true

forstim
ulus

6.This
stim

ulus
is

[u]ratherthan
[W

]and
so

m
ightbe

heard
as

“carefulspeech”by
Japanese

listeners
(O

kada,1999).

IE
xploring

these
language

effects
furtherm

ay
revealthe

depth
ofinfluence

of
culture

on
aspects

ofperception,especially
vow

elnorm
alization.

A
c
k
n

o
w

l
e
d

g
e

m
e

n
t
s

W
ork

supported
by

N
S

F
grants

B
C

S
0729277

(to
M

unson)and
B

C
S

0729306
(to

B
eckm

an).

Learning
To

Talk
-D

epartm
entofLinguistics

-The
O

hio
S

tate
U

niversity
-C

olum
bus,O

hio,U
S

A
M

ail:
p
l
u
m
m
e
r
@
l
i
n
g
.
o
h
i
o
-
s
t
a
t
e
.
e
d
u

W
W

W
:
h
t
t
p
:
/
/
w
w
w
.
l
e
a
r
n
i
n
g
t
o
t
a
l
k
.
o
r
g

Plum
m

er, M
unson, M

énard, &
 Beckm

an (2013) results. 



Idea: build m
ediating cognitive m

anifolds 

Ex., a m
ap of som

e 
region of the w

orld is 
a 2-dim

ensional 
m

anifold designed to 
capture w

hat w
e need 

to know
 to navigate 

the 3-dim
ensional 

surface of our planet.  

A cognitive m
anifold describes w

hat our brains m
ight know

 
about som

ething that is very com
plex and m

ulti-dim
ensional 

by building a m
uch low

er-dim
ensional “m

ap” of it.  

(If tim
e, w

ork through extract from
 tutorial “G

eom
etric 

m
ethods and m

anifold learning” Belkin &
 N

iyogi, 2003) 



M
anifold alignm

ent, exam
ple 1 

2.2
C

om
putationalM

odeling

In
thissection,w

e
expositthe

m
ain

algorithm
w

e
use

in
m

odeling
vow

elnorm
alization

w
ith

som
e

sim
ple

exam
ples,introducing

the
technicalconcepts

and
vocabulary

along
the

w
ay.W

e
begin

w
ith

a
quasi-m

athem
aticaldescription,w

orking
tow

ard
a

m
ore

form
ally

sat-

isfying
form

ulation
in

the
follow

ing
section.This

section
is

an
elucidation

ofan
algorithm

presented
in

H
am

etal.(2005),and
generalized

in
C

hapter5
ofM

a
and

Fu
(2012).

Suppose
w

e
have

tw
o

shapesP
and

Q
em

bedded
in

a
space,say

the
hexagons

in
Fig-

ure
2.4

(left),and
w

e
w

antto
devise

a
m

ethod
to

bring
them

into
alignm

entin
a

particular

w
ay

thatis
advantageous

to
us

forperform
ance

ofsom
e

task,such
as

m
atching

up
the

cor-

ners
from

each
shape.In

orderto
do

this,w
e

need
to

specify
a

language
thatw

e
can

use
to

describe
the

shapesthem
selves,the

plane
thatthey

are
em

bedded
in,and

the
processesthat

constitute
ourdesired

m
ethod.

P

Q

H
exagons Em

bedded in a Plane

P

Q

0 5 10 15

0
4

8
12

x

y

H
exagons Situated in a C

oordinate System

Figure
2.4:

(Left)
H

exagons
P

and
Q

em
bedded

in
a

plane.
(R

ight)
H

exagons
P

and
Q

situated
w

ithin
a

coordinate
system

.

45

H
ow

 to learn the m
apping betw

een analogous points on 
the large (Q

) and sm
all (P) hexagonal surfaces?   



Exam
ple 1, step 1 

●

●
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●
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●
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●

●
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p
1

p
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p
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p
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p
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p
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●
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q
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q
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q
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q
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q
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●
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●
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●
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p
1

p
2

p
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p
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p
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p
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●

●
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●
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q
1

q
2

q
3

q
4

q
5

q
6

●

●
●

●

●
●

0 5 10 15

0
5

10
x

y C
orner Points C

onnected to 2 N
earest N

eighbors

Figure
2.5:(Left)C

oordinates
are

assigned
to

the
cornerpoints

ofthe
hexagonsP

and
Q

.
(R

ight)O
rdered

pairs
corresponding

to
the

corners
ofP

and
Q

are
depicted

as
connected

to
theirtw

o
nearestneighbors

by
line

segm
ents.

P
and

com
pute

itsnearestneighborsin
P

(notincluding
the

trivialnearestneighbor
p

itself)

according
to

the
standard

Euclidean
distance

com
putation,and

sim
ilarly,do

the
sam

e
for

each
ordered

pair
q

in
Q

w
ith

respectto
Q

.In
Figure

2.5,each
ordered

pairin
P

isdepicted

as
connected

to
its

tw
o

nontrivial
nearest

neighbors
in

P
,

as
is

each
ordered

pair
in

Q
.

The
choice

of
com

puting
the

tw
o

nearestneighbors
of

each
pointis

one
of

expositional

convenience.
The

choice
of

how
m

any
to

com
pute

m
ay

be
determ

ined
em

pirically
or

on

principle.

The
nextstep

isto
extracta

particularkind
of“relation”

from
thistw

o-nearest-neighbors

com
putation,w

hich
indicatesthatp

1 isrelated
to

p
2 and

p
6 ,butnotto

p
3 ,p

4 ,p
5 or

p
1 itself,

and
sim

ilarly
forthe

ordered
pairs

in
Q

,butdoes
notnecessarily

depend
on

the
coordinate

system
.The

kind
ofrelation

w
e

use
iscalled

a
“graph,”

w
hich

w
e

can
succinctly

sum
m

arize

w
ith

an
“adjacency

m
atrix,”

constructed
asfollow

s.G
iven

thatthere
are

six
ordered

pairsin

47

Build m
anifolds to represent each hexagon in term

s of its 
corner points and each point’s tw

o nearest neighbors.   



Exam
ple 1, step 2 

P1

P2

P3
P4

P5P6

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

P1
P2

P3

P4
P5

P6

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

Figure
2.6:

(Left)
G

raphs
corresponding

to
the

adjacency
m

atrices
A

P
and

A
Q .

(R
ight)

G
raph

corresponding
to

the
com

bined
adjacency

m
atrix

C
P
Q .

1


i
6,w

e
have:

A
P
Q
=

0BBBBBB@

Q
1

Q
2

Q
3

Q
4

Q
5

Q
6

P
1

1
0

0
0

0
0

P
2

0
1

0
0

0
0

P
3

0
0

1
0

0
0

P
4

0
0

0
1

0
0

P
5

0
0

0
0

1
0

P
6

0
0

0
0

0
1

1CCCCCCA
A

Q
P
=

0BBBBBB@

P
1

P
2

P
3

P
4

P
5

P
6

Q
1

1
0

0
0

0
0

Q
2

0
1

0
0

0
0

Q
3

0
0

1
0

0
0

Q
4

0
0

0
1

0
0

Q
5

0
0

0
0

1
0

Q
6

0
0

0
0

0
1

1CCCCCCA
.

W
e

then
com

bine
the

alignm
entm

atrices
A

P
Q

and
A

Q
P

w
ith

the
adjacency

m
atrices

A
P

and
A

Q ,to
form

a
com

bined
adjacency

m
atrix

C
P
Q

as
follow

s:

C
P
Q
=

✓
A

P
A

P
Q

A
Q
P

A
Q

◆
.

The
m

atrix
C

P
Q

is
a

usefulsum
m

ary
ofthe

localgeom
etric

inform
ation

aboutthe
shapes

P
and

Q
,as

w
ellas

the
inform

ation
thatis

used
to

m
atch

up
theircorners.A

graph
corre-

sponding
to

C
P
Q

is
depicted

in
Figure

2.6
(right).
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Each shape can be sum
m

arized in term
s of an adjacency 

m
atrix (left) and the tw

o m
atrices com

bined in an 
alignm

ent reference fram
e (right).   



M
anifold alignm

ent, exam
ple 2 

R

S

Q
uadrilaterals Em

bedded in a Plane

R

S

−1 0 1 2 3

−1
0

1
2

3
x

y Q
uadrilaterals Situated in a C

oordinate System

Figure
2.8:

A
rectangle

R
and

square
S

em
bedded

in
a

plane
(left),and

situated
w

ithin
a

coordinate
system

(right).

com
putationalprocess.

R
ather

than
focusing

exclusively
on

a
sm

allsetof
ordered

pairs

corresponding
to

salientpoints,such
as

the
corners

ofR
and

S
,w

e
can

selecta
large

(yet

finite)setofordered
pairs

corresponding
to

m
any

points
w

ithin
them

to
representthem

in

ouralignm
ent.

Let
R

and
S

be
the

sets
ofordered

pairs
representing

points
on

R
and

S
,respectively,

each
of

w
hich

contains
3000

ordered
pairs

(as
depicted

in
Figure

2.9,left).
W

e
proceed

as
before,obtaining

localgeom
etric

inform
ation

aboutR
and

S
by

the
(nontrivial)nearest

neighbors
of

each
ordered

pair
in

R
w

ith
respectto

the
ordered

pairs
in

R
,and

sim
ilarly

foreach
ordered

pairin
S

w
ith

respectto
the

pairs
in

S
,in

each
case

com
puting

20
near-

estneighbors.
B

ased
on

this
com

putation,w
e

obtain
graphs

A
R

and
A

S ,thatdiscretely

sum
m

arize
the

localgeom
etric

inform
ation

aboutR
and

S
,respectively.

N
ow

,w
e

are
stillinterested

in
m

atching
up

the
corners

ofR
w

ith
the

corners
ofS

,as

w
ellas

their
m

iddle
regions.

Since
this

involves
m

ore
data

than
w

e
had

in
the

hexagon

54

H
ow

 to align a square (S) and a rectangle (R
) em

bedded in a 
plane to m

ap betw
een analogous positions on their surfaces?  



Exam
ple 2, steps 1 and 2 
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Figure
2.9:

(Left)
C

oordinates
are

assigned
to

points
of

the
rectangle

R
and

square
S

.
(R

ight)O
rdered

pairs
corresponding

to
the

corners
and

m
iddle

ofR
and

S
are

depicted
by

the
differentcolors.O

rdered
pairsofthe

sam
e

colorcom
pose

the
alignm

entpairsin
�
R
⇥
S .

exam
ple

above,w
e

use
a

slightly
m

ore
technicaldescription.

The
“cartesian

product”
of

the
tw

o
sets

R
and

S
is

the
setofallordered

pairs
ofthe

form
(r,s

),w
here

r
is

in
R

and
s

is
in

S
,and

is
denoted

R
⇥

S
.

A
“subset”

ofordered
pairs

from
R
⇥

S
,is

a
setsuch

that

allofits
m

em
bers

are
in

R
⇥
S

.W
e

selecta
subsetof

R
⇥
S

,denoted
�
R
⇥
S ,thatspecifies

w
hich

ordered
pairs

from
R

m
atch

up
w

ith
w

hich
in

S
.

Figure
2.9

(right)
depicts

the
set

�
R
⇥
S .

Forexam
ple,each

orange
ordered

pairin
R

is
m

atched
up

w
ith

an
orange

ordered

pairin
S

,and
the

alignm
entpairthey

form
isan

elem
entin

�
R
⇥
S .The

sam
e

holdsforeach

colordepicted.
In

this
particularexam

ple,there
are

30
orange

alignm
entpairs,as

w
ellas

29
green,31

yellow
,30

black,and
36

purple
alignm

entpairs.

W
e

use
�
R
⇥
S

to
create

ouralignm
entm

atrices
A

R
S

and
A

S
R

in
the

follow
ing

w
ay:for

every
ordered

pair
(r,s

)in
�
R
⇥
S ,place

a
1

in
the

row
and

colum
n

entry
in
A

R
S

correspond-

ing
to
r

and
s,respectively,and

place
a

1
in

the
row

and
colum

n
entry

in
A

S
R

corresponding
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M
ake a dense sam

pling of points on each of the tw
o surfaces 

and w
eight the adjacency m

atrices to em
phasize 

(alternatively, to de-em
phasize) the alignm

ent of som
e pairs.  



Exam
ple 2, the result 

Figure
2.10:

O
rdered

triples
in

a
reference

fram
e

in
w

hich
the

alignm
entofthe

quadrilat-
eralsR

and
S

has
been

achieved.

to
s

and
r,respectively.

N
ow

,before
com

bining
A

R
S

and
A

S
R

w
ith

A
R

and
A

S ,w
e

can

em
phasize

(orde-em
phasize)the

im
portance

ofthe
alignm

entby
w

eighting
the

alignm
ent

m
atrices.This

am
ounts

to
m

ultiplying
A

R
S

and
A

S
R

by
a

nonnegative
realnum

ber,say
µ.

Setting
µ

to
zero

results
in

totalde-em
phasis

ofthe
alignm

ent,w
hile

setting
µ

to
a

num
ber

betw
een

zero
and

one
dim

inishes
the

im
portance,and

setting
µ

to
any

num
bergreaterthan

one
inflates

the
im

portance.
The

choice
of

µ
can

be
determ

ined
em

pirically
or

on
princi-

ple.In
this

case,w
e

set
µ
=

2
0

forexpositionalconvenience,and
constructthe

com
bined

adjacency
m

atrix:

C
R
S
=

✓
A

R
µ
A

R
S

µ
A

S
R

A
S

◆
.
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The com
bined 

adjacency m
atrix 

in the alignm
ent 

reference fram
e.  



M
anifold alignm

ent, exam
ple 3 
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Figure
2.11:

(Left)
O

rdered
pairs

assum
ed

to
be

sam
pled

from
the

adult(red)
and

infant
(blue)

vow
elspaces.

(R
ight)

C
onvex

hulls
approxim

ating
the

shapes
of

the
vow

elspaces
ofan

adult(red)and
an

infant(blue),em
bedded

in
a

plane.

Let
V
A

and
V
I

denote
the

setofadultand
infantvow

eldata.
In

this
case,each

sethas

2060
ordered

pairs.
A

s
usual,w

e
constructadjacency

m
atrices

A
V
A

and
A

V
I ,using

a
20

nearestneighborscom
putation.A

tthispoint,w
e

need
to

constructalignm
entm

atricesthat

indicate
how

to
m

atch
up

the
vow

el
spaces

represented
by

V
A

and
V
I .

Im
portantly,

w
e

are
assum

ing
thatthe

alignm
entis

provided
through

interaction
betw

een
the

tw
o

agents

w
hose

vow
elspaces

are
involved

in
the

com
putation.

In
this

sim
plified

exam
ple,w

e
are

assum
ing

that
the

adult
vow

el
space

has
three

m
ain

salient
regions,

the
first

is
a

region

roughly
corresponding

to
the

vow
el

/i/,the
second

corresponding
to

the
vow

el
/u

/,and

the
third

corresponding
to

the
vow

el
/a/.

M
oreover,w

e
are

assum
ing

thatw
ithin

these

regions
there

are
subregions

thatthe
adultagentassociates

w
ith

“good”
exam

ples
of

that

vow
el.Forexam

ple,in
Figure

2.12
(left)the

20
yellow

ordered
pairs

are
“good”

exam
ples
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Figure
2.11:

(Left)
O

rdered
pairs

assum
ed

to
be

sam
pled

from
the

adult(red)
and

infant
(blue)

vow
elspaces.

(R
ight)

C
onvex

hulls
approxim

ating
the

shapes
of

the
vow

elspaces
ofan

adult(red)and
an

infant(blue),em
bedded

in
a

plane.

Let
V
A

and
V
I

denote
the

setofadultand
infantvow

eldata.
In

this
case,each

sethas

2060
ordered

pairs.
A

s
usual,w

e
constructadjacency

m
atrices

A
V
A

and
A

V
I ,using

a
20

nearestneighborscom
putation.A

tthispoint,w
e

need
to

constructalignm
entm

atricesthat

indicate
how

to
m

atch
up

the
vow

el
spaces

represented
by

V
A

and
V
I .

Im
portantly,

w
e

are
assum

ing
thatthe

alignm
entis

provided
through

interaction
betw

een
the

tw
o

agents

w
hose

vow
elspaces

are
involved

in
the

com
putation.

In
this

sim
plified

exam
ple,w

e
are

assum
ing

that
the

adult
vow

el
space

has
three

m
ain

salient
regions,

the
first

is
a

region

roughly
corresponding

to
the

vow
el

/i/,the
second

corresponding
to

the
vow

el
/u

/,and

the
third

corresponding
to

the
vow

el
/a/.

M
oreover,w

e
are

assum
ing

thatw
ithin

these

regions
there

are
subregions

thatthe
adultagentassociates

w
ith

“good”
exam

ples
of

that

vow
el.Forexam

ple,in
Figure

2.12
(left)the

20
yellow

ordered
pairs

are
“good”

exam
ples

58

H
ow

 to align an infant’s vow
el space (blue triangle) and a 

caretaker’s (pink triangle)?  Step 1, m
ake a dense sam

pling of 
the tw

o spaces in the F1 / F2 reference fram
e. 



Exam
ple 3, step 2 
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Figure
2.12:

(Left)
C

oordinates
are

assigned
to

points
of

the
rectangle

R
and

square
S

.
(R

ight)O
rdered

pairs
corresponding

to
the

corners
and

m
iddle

ofR
and

S
are

depicted
by

the
differentcolors.O

rdered
pairs

ofthe
sam

e
colorcom

pose
the

alignm
entpairs.

of
/i/,the

20
orange

ordered
pairs

are
“good”

exam
ples

of
/u

/,and
the

20
green

pairs
are

“good”
exam

ples
of

/a/.

W
e

are
further

assum
ing

thatthe
adultagentassigns

an
interpretation

of
goodness

to

the
infantvow

elsignals,and
thatthe

adult’s
interpretation

of
the

infantvow
elspace

has

three
m

ain
salientregions,again

corresponding
roughly

to
the

vow
el

/i/,
/u

/,and
/a/.

M
oreover,w

e
are

assum
ing

thatw
ithin

these
regions

there
are

subregions
thatthe

adult

agentassociates
w

ith
“good”

exam
ples

ofthatvow
el.

A
ccordingly,in

Figure
2.12

(right)

the
20

yellow
ordered

pairs
are

“good”
exam

ples
ofthe

infant’s
/i/,the

20
orange

ordered

pairs
are

“good”
exam

ples
of

/u
/,

and
the

20
green

pairs
are

“good”
exam

ples
of

/a/.

Finally,w
e

are
assum

ing
thatthe

adultis
in

som
e

sense
im

parting
theirgoodness

regions

to
the

infantby
responding

in
a

positive
m

annerto
w

hatthey
perceive

to
be

good
exam

ples

ofthe
infant’s

/i/,/u
/,and

/a/,w
ith

good
exam

ples
oftheirow

n
/i/,/u

/,and
/a/.The
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W
eighting the adjacency m

atrix to em
phasize points that the 

caretaker recognizes and gives feedback (e.g., by cooing back). 



Figure
2.13:

O
rdered

triples
in

a
reference

fram
e

in
w

hich
the

alignm
entofthe

adultand
infantvow

elspaces
has

been
achieved.

good
infantvow

els,togetherw
ith

the
good

adultresponses
constitute

the
setofalignm

ent

pairs.A
ssum

ing
thatthe

infantproduces
vow

els
corresponding

to
the

yellow
,orange,and

green
ordered

pairsin
Figure

2.12
(right),and

the
adultconsidersthem

good,and
responds

w
ith

the
yellow

,orange,and
green

ordered
pairs

in
Figure

2.12
(left),these

pairs
are

used

to
constructalignm

entm
atrices

A
V
A
V
I

and
A

V
I
V
A .

W
e

are
identifying

the
levelofpositivity

in
the

adult’s
response

w
ith

the
w

eighting
of

the
alignm

entm
atrices.

A
ssum

ing
thatthe

adultresponds
w

ith
positivity

level
µ
p
o
s ,w

e

have
the

com
bined

adjacency
m

atrix

C
V
A
V
I
=

✓
A

V
A

µ
p
o
s A

V
A
V
I

µ
p
o
s A

V
I
V
A

A
V
I

◆
.
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The resulting vowel space in a combined 
adjacency matrix reference frame that is 
abstracted away from the auditory 
sensory F1/F2 reference frame.  



M
anifold

A
lignm

ent,VocalIm
itation,and

the
P

erceptualM
agnetE
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ndrew
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.P
lum

m
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U
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H
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A

Introduction

A
uditory

representation
differ

IAuditory
m

odels
(e.g.,M

oore
etal.,1997)show

thatdifferences
existam

ong
the

ear’s
interpretations

ofqualitatively
sim

ilarvocalizations
ofdifferenttalkers.

IThese
differences

in
interpretations

likely
yield

differentabsolute
representations

ofthe
vocalizations

ofdifferenttalkers.

C
om

putation
ofequivalence

classes
ofrepresentations

IH
um

ans
are

able
to

im
pose

equivalence
classes

overthese
differing

representations,providing
a

basis
forhigh-fidelity

com
m

unication.

IThis
ability

is
apparentvery

early
in

infancy,dem
onstrated

by
the

nature
ofthe

vocalexchanges
betw

een
infants

and
theircaretakers

by
fourm

onths
ofage

(M
asataka,2003;Fitch,2004,2010).

E
quivalence

classes
are

language-specific,and
interactively

constructed
IThe

perceptualm
agneteffect(Kuhl,1991;G

uenther&
G

jaja,1996)suggests
thatcom

putation
ofequivalence

classes
is

sensitive
to

the
am

bientlanguage.

IThe
influence

ofvocalim
itation

suggests
thatthe

equivalence
classes

are
constructed

via
socialinteraction

(Kuhl&
M

eltzoff,1996;M
asataka,2003).

O
bjects

and
A

im
s

IW
e

lim
itourinquiry

to
vow

els,and
take

vow
elnorm

alization
to

be
a

cognitive
process

w
hich

yields
equivalence

classes
ofauditory

representations
ofvow

els.

IW
e

briefly
lay

outa
generalapproach

to
the

theory
ofthe

acquisition
ofvow

el
norm

alization
during

infancy,along
w

ith
a

com
putationalm

odeling
fram

ew
ork.

A
spects

ofthe
Theory

Infant’s
construction

ofa
m

odel“self”
IA

n
infantconstructs/refines

an
internalm

odel(W
olpert,G

hahram
ani,&

Jordan,
1995)overarticulatory

and
auditory

representations.

IC
onstruction

ofthe
selfinvolves

cross-m
odalabstraction

overrepresentations
yielded

by
the

distinctm
odalities

(D
avenport,1976;Kuhl&

M
eltzoff,1982).

Infant’s
construction

ofa
m

odelof“others”
and

alignm
entw

ith
the

self
IH

um
ans

“trace
patterns

upon”theirinternalrepresentations
ofthe

external
w

orld
(Lippm

ann,1922;on
Jam

es,p.16),w
hich

includes
“other”hum

ans.

IR
elating

the
patterns

im
posed

on
otherconspecifics

to
those

im
posed

on
the

selfenables
“sociallearning”(as

in
M

eltzoff’s
(2007)“like-m

e”fram
ew

ork).

Infant’s
organization

ofsensory
inform

ation
using

cognitive
m

anifolds
IA

cognitive
m

anifold
describes

w
hatourbrains

m
ightknow

aboutsom
ething

thatis
very

com
plex

and
m

ulti-dim
ensionalby

building
a

m
uch

low
er-dim

ensional“m
ap”ofit.

IForexam
ple,a

m
ap

ofthe
w

orld
is

a
tw

o-dim
ensionalm

anifold
builtto

describe
w

hatw
e

need
to

know
to

navigate
the

three-dim
ensionalsurface

ofourplanet.

K
ey

TheoreticalC
laim

s

IInfants
constructcognitive

m
anifolds

–
D

uring
the

earlieststage
ofspoken

language
acquisition,infants

constructcognitive
m

anifold
representations

over
theirow

n
vow

elproductions,and
those

oftheircaretakers.

IVow
elnorm

alization
is

m
anifold

alignm
ent–

The
com

putation
ofequivalence

classes
ofauditory

representations
ofdifferenttalkers,including

those
ofan

infantlearner,is
the

alignm
entofcognitive

m
anifolds

constructed
by

the
infant.

IVocalim
itation

guides
alignm

ent–
The

cognitive
m

anifold
alignm

entis
guided

by
vocalim

itative
exchanges

betw
een

infants
and

caretakers,w
ith

the
perceptualm

agneteffectas
a

consequence
ofthe

exchanges.

S
ystem

A
rchitecture

C
ognitive

M
anifolds

IC
ognitive

m
anifolds

are
w

eighted
graphs

w
hose

nodes
encode

sensory
info.

IO
rganizationalaspects

ofthe
inform

ation
is

encoded
in

the
w

eighted
edges.

IM
appings

on
m

anifolds
can

be
learned

using
theirgraph

laplacians,w
hich

are
operators

derived
from

edge
w

eights.

M
anifold

A
lignm

ent:
P

erceptualM
agnetE

xam
ple

ILetE
I and

E
A

denote
sets

ofinfantand
adultcaretakerauditory

representations
and

denote
im

itation
pairing

as
�

im
:E

I ⇥
E

A
!

{0
,1}.In

the
depiction

below
,

�
im

=
{hB

E
1
,C

R
1i,hB

E
2
,C

R
2i,hB

E
3
,C

R
3i,hB

E
4
,C

R
4i,hB

E
5
,C

R
5i}.

IM
(E

I )and
M
(E

A )are
aligned

(H
am

etal.,2005)by
com

bining
theirgraph

laplacians,using
the

pairs
�

im .

IThe
alignm

entprocess
yields

m
appings

from
M
(E

I )and
M
(E

A )to
a

space
of

abstractrepresentations
ofthose

in
E

I and
E

A :such
thatthe

abstract
representations

ofthe
points

in
each

pairin
�

im
are

close
to

each
other.

E
xpansion

to
C

ross-m
odalM

odeling

ILetA
I denote

the
setofinfantarticulatory

representations
corresponding

to
the

auditory
representations

in
E

I .

ID
enote

cross-m
odelpairing

as
�

cm
:E

I ⇥
A

I !
{0

,1}.Forexam
ple,let

�
cm

=
{hB

E
1
,A

R
1i,hB

E
2
,A

R
2i,hB

E
3
,A

R
3i,hB

E
4
,A

R
4i,hB

E
5
,A

R
5i}.

IThe
infantconstructs

a
m

odelselfby
aligning

M
(E

I )and
M
(A

I ),using
the

pairs
�

cm ,m
apping

points
in

E
I and

A
I to

an
abstractcross-m

odalspace
C

I .

IThe
infantconstructs

a
m

odelofthe
adultcaretakerby

aligning
M
(E

A )and
M
(A

I ),using
the

pairs
�

cm ,m
apping

points
in

E
A

and
A

I to
an

abstract
cross-m

odalspace
C

A .

ILetC
I (e

I )denote
the

representation
ofe

I 2
E

I ,and
C

A (e
)the

representation
of

e
A
2

E
A .Finally,M

(C
I )and

M
(C

A )are
aligned

using

�
abs

=
{hC

I (B
E

i),C
A (C

R
i)i|i

=
1
,...,5}.

C
oncluding

C
om

m
ents

IW
e

have
putforw

ard
a

potentially
usefulconceptualization

and
com

putational
fram

ew
ork

forthe
investigation

ofvow
elnorm

alization
in

infants
that

incorporates
a

w
ide

array
ofrelated

phenom
ena.

IThe
authorw

ishes
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thank
M

ary
B

eckm
an,E

ric
Fosler-Lussier,M

isha
B

elkin,
W

illiam
S

chuler,and
PatR

eidy
fortheircontributions

this
project.
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M
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eckm
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S
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enterforC
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S
cience

seed
grant(to

M
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an,M
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elkin,&
E
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W
ork in progress 

• Building language-specific caretaker response 
reference fram

es, using vow
el category judgm

ents and 
goodness ratings (Plum

m
er, M

énard, M
unson, &

 
Beckm

an, subm
itted). 

• Sim
ulate babbling by building the cross-m

odal 
m

anifold alignm
ent betw

een the infant’s articulatory 
reference fram

e and the infant’s auditory reference 
fram

e (Plum
m

er, in progress). 
• Test the caretaker feedback m

odel (Plum
m

er, in 
progress). 
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Vallabha, M
cClelland, Pons, W

erker, &
 

Am
ano (2007): infant-directed speech  

the
m

odel
explicitly

learns
a

probability
distribution

for
each

category.
Subsequently,

w
hen

an
input

is
presented,

the
m

odel
assigns

itto
one

ofthe
learned

categories.Such
explicitrepresen-

tations
can

then
serve

as
points

of
contact

betw
een

the
auditory

inputand
othertask-relevantinform

ation
(e.g.,sem

anticcontentor
m

otor
program

specification).
D

iscovering
such

categories
is

a
challenging

problem
.Speech

to
children

doesnotcontain
category

labels,
lacks

inform
ation

about
the

num
ber

of
categories

to
be

learned,and
contains

exem
plars

of
different

categories
in

inter-
m

ixed
order.Furtherm

ore,language
learners

are
likely

to
rely

on
an

online
learning

procedure:one
thatadjusts

category
represen-

tations
as

each
exem

plar
com

es
in,

rather
than

storing
a

large
ensem

ble
ofexem

plarsand
then

calculating
statisticsoverthe

entire
ensem

ble.
Previous

w
ork

on
explicitspeech

category
learning

has
m

ade
som

e
progress

on
these

issues:
the

E
xpectation–M

axim
ization

(E
M

)
algorithm

for
unsupervised

category
learning

(21)
suc-

ceeded
in

learning
E

nglish
/i/,/a/,and

/u/w
ithoutcategory

labels
(22);

a
cross-m

odal
clustering

algorithm
has

been
successful

w
ithout

labels
or

know
ledge

of
the

num
ber

of
categories

(23),
and

com
petitive

H
ebbian

learning
has

been
used

to
m

odel
unsupervised

online
learning

of
Japanese

liquids
(9).

Som
e

m
odels

can
address

allaspects
ofthe

challenge
under

restricted
conditions:

a
B

ayesian
online

variant
of

E
M

w
as

applied
to

one-dim
ensional

(1D
)

V
O

T
distributions

(24),
and

A
daptive

R
esonance

(25)
and

com
petitive

learning
m

odels
(26)

are
po-

tentially
applicable

w
hen

all
of

the
categories

have
equal

and
hom

ogenous
variance.

T
hus

far,
how

ever,
none

of
these

ap-
proaches

has
been

developed
into

a
robustsolution

for
learning

vow
elcategories

from
distributions

found
in

realspeech.
T

hese
challengesare

addressed
by

the
w

ork
reported

here.W
e

present
an

algorithm
that

can
be

seen
both

as
a

variant
of

E
M

and
as

an
extension

ofcom
petitive

learning
m

odels.T
he

m
odel

sim
ultaneously

estim
ates

the
num

ber
of

categories
in

an
input

ensem
ble

and
learns

the
param

eters
ofthose

categories,adjust-
ing

its
representations

online
as

each
new

exem
plar

is
experi-

enced
(24).T

he
algorithm

is
applied

to
the

problem
of

discov-
ering

the
category

structure
in

the
infant-directed

speech
recorded

by
W

erker
etal.Itis

‘‘param
etric’’in

thatittreats
the

distribution
ofspeech

sounds
in

a
category

as
an

n-dim
ensional

G
aussian,

and
estim

ates
the

sufficient
statistics

of
each

distri-
bution.W

e
later

presenta
nonparam

etric
variantto

investigate
the

robustness
ofthe

learning
principles

and
how

they
relate

to
neurologically

m
otivated

m
odels

(9,27,28).

Param
etric

Algorithm
for

O
nline

M
ixture

Estim
ation

(O
M

E)
T

he
algorithm

treats
the

vow
elstim

ulias
com

ing
from

a
set

of
G

aussian
distributions

corresponding
to

a
set

of
vow

elcatego-
ries.E

ach
vow

elcategory
isa

m
ultivariate

G
aussian

distribution
that

has
its

ow
n

overall
tendency

(‘‘m
ixing

probability’’)
of

contributing
a

token
to

the
data

ensem
ble.

T
he

tokens
are

sam
pled

independently
and

at
random

from
the

ensem
ble

of
G

aussians,so
that

the
probability

of
encountering

a
particular

vow
eltoken

isunaffected
by

the
previously

encountered
tokens.

T
he

goalis
to

recover,given
justthe

sequence
ofvow

eltokens,
the

num
ber

ofG
aussians,the

param
eters

ofeach
G

aussian
and

the
respective

m
ixing

probabilities.
A

lthough
this

form
ulation

sim
plifiesthe

learning
problem

,itprovidesa
reasonable

starting
pointbecause

the
vow

elspectra
fora

population
ofspeakerstend

to
have

G
aussian

distributions
w

hen
projected

into
a

2D
space

(29).L
ikew

ise,w
hen

an
isolated

vow
elis

repeated
severaltim

es
by

the
sam

e
speaker,the

form
antdistributionsofthe

repetitions
follow

a
G

aussian
distribution

(30).A
further

advantage
ofthis

form
ulation

isthatitconnectsto
a

large
body

ofw
ork

in
m

achine
learning

(21)
and

theories
of

hum
an

categorization
(31).

T
he

G
aussians

used
to

generate
the

tokens
for

training
and

testing
the

m
odelw

ere
derived

from
the

productionsrecorded
by

W
erker

et
al.

(17).
T

here
w

ere
20

E
nglish

speakers
and

10

Japanese
speakers,and

each
speakerproduced

the
nonce

w
ords

spontaneously
and

also
read

them
aloud

to
her

infant.For
the

currentanalyses,w
e

used
only

the
read

w
ordsbecause

they
w

ere
m

ore
consistentacrossspeakersin

the
num

berofproductionsof
each

vow
el.

B
ecause

the
m

other–infant
interactions

w
ere

not
scripted,

each
speaker

had
a

different
num

ber
of

‘‘read’’
pro-

ductions,w
ith

an
average

of27
productionsperE

nglish
speaker

and
85

productions
per

Japanese
speaker

(Fig.
1).

T
he

vow
el

portion
of

each
production

w
as

characterized
by

three
param

-
eters:the

location
ofthe

firstand
second

form
ants

(F1
and

F2,
respectively,m

easured
from

the
first

quarter
of

the
vow

el)
and

the
duration

of
the

steady-state.
T

he
G

aussians
w

ere
derived

separately
foreach

vow
elcategory

ofeach
speaker(see

M
ethods;

one
E

nglish
speaker

w
as

excluded
because

of
an

insufficient
num

ber
of

productions).T
he

four
G

aussians
for

each
speaker

(henceforth,the
‘‘training

distribution’’)
w

ere
used

to
generate

2,000
data

points
for

each
vow

el
category,for

a
total

of
8,000

training
tokens

for
that

speaker.
T

he
algorithm

used
to

learn
the

categoriesisfundam
entally

an
online

version
of

E
M

(21);
the

basic
innovation

here
is

the
estim

ation
of

the
covariance

m
atrix

by
a

gradient
descent

rule,
w

hich
allow

s
the

algorithm
to

be
sim

ple,robust,and
generaliz-

able
to

higher-dim
ensional

data.E
ach

run
of

the
algorithm

is
initialized

w
ith

1,000
equally

probable
G

aussian
categories

w
ith

random
ly

initialized
m

eans
(Fig.2).O

n
each

trial,one
token

is
random

ly
draw

n,w
ith

replacem
ent,from

the
setof8,000

forthat
speaker

(see
M

ethods).
T

he
algorithm

first
calculates

the
‘‘re-

sponsibility’’ofeach
category

forthe
token

(the
responsibility

is
proportionalto

the
probability

ofthe
token

given
the

category’s
current

m
ean

and
covariance

m
atrix

tim
es

its
m

ixing
probabil-

Fig.
1.

The
G

aussian
distributions

for
the

English
/,i,ε,e/

and
Japanese

/i,i#,e,e#/,com
puted

over
the

read
vow

els
from

allspeakers
(the

tokens
w

ere
z-scored

for
each

speaker
before

the
analysis).

The
ellipsoids

are
equal-

probability
surfaces,1

SD
along

each
principalaxis,enclosing

!
19%

of
the

totalprobability
m

ass.N
ote

that
these

are
aggregate

tendencies;the
vow

el
categories

of
individualspeakers

varied
greatly,covered

a
w

ider
range,and

overlapped
w

ith
each

other
considerably.

13274
!

w
w

w
.pnas.org"cgi"doi"10.1073"pnas.0705369104

V
allabha

et
al.

the
m

odel
explicitly

learns
a

probability
distribution

for
each

category.
Subsequently,

w
hen

an
input

is
presented,

the
m

odel
assigns

itto
one

ofthe
learned

categories.Such
explicitrepresen-

tations
can

then
serve

as
points

of
contact

betw
een

the
auditory

inputand
othertask-relevantinform

ation
(e.g.,sem

anticcontentor
m

otor
program

specification).
D

iscovering
such

categories
is

a
challenging

problem
.Speech

to
children

doesnotcontain
category

labels,
lacks

inform
ation

about
the

num
ber

of
categories

to
be

learned,and
contains

exem
plars

of
different

categories
in

inter-
m

ixed
order.Furtherm

ore,language
learners

are
likely

to
rely

on
an

online
learning

procedure:one
thatadjusts

category
represen-

tations
as

each
exem

plar
com

es
in,

rather
than

storing
a

large
ensem

ble
ofexem

plarsand
then

calculating
statisticsoverthe

entire
ensem

ble.
Previous

w
ork

on
explicitspeech

category
learning

has
m

ade
som

e
progress

on
these

issues:
the

E
xpectation–M

axim
ization

(E
M

)
algorithm

for
unsupervised

category
learning

(21)
suc-

ceeded
in

learning
E

nglish
/i/,/a/,and

/u/w
ithoutcategory

labels
(22);

a
cross-m

odal
clustering

algorithm
has

been
successful

w
ithout

labels
or

know
ledge

of
the

num
ber

of
categories

(23),
and

com
petitive

H
ebbian

learning
has

been
used

to
m

odel
unsupervised

online
learning

of
Japanese

liquids
(9).

Som
e

m
odels

can
address

allaspects
ofthe

challenge
under

restricted
conditions:

a
B

ayesian
online

variant
of

E
M

w
as

applied
to

one-dim
ensional

(1D
)

V
O

T
distributions

(24),
and

A
daptive

R
esonance

(25)
and

com
petitive

learning
m

odels
(26)

are
po-

tentially
applicable

w
hen

all
of

the
categories

have
equal

and
hom

ogenous
variance.

T
hus

far,
how

ever,
none

of
these

ap-
proaches

has
been

developed
into

a
robustsolution

for
learning

vow
elcategories

from
distributions

found
in

realspeech.
T

hese
challengesare

addressed
by

the
w

ork
reported

here.W
e

present
an

algorithm
that

can
be

seen
both

as
a

variant
of

E
M

and
as

an
extension

ofcom
petitive

learning
m

odels.T
he

m
odel

sim
ultaneously

estim
ates

the
num

ber
of

categories
in

an
input

ensem
ble

and
learns

the
param

eters
ofthose

categories,adjust-
ing

its
representations

online
as

each
new

exem
plar

is
experi-

enced
(24).T

he
algorithm

is
applied

to
the

problem
of

discov-
ering

the
category

structure
in

the
infant-directed

speech
recorded

by
W

erker
etal.Itis

‘‘param
etric’’in

thatittreats
the

distribution
ofspeech

sounds
in

a
category

as
an

n-dim
ensional

G
aussian,

and
estim

ates
the

sufficient
statistics

of
each

distri-
bution.W

e
later

presenta
nonparam

etric
variantto

investigate
the

robustness
ofthe

learning
principles

and
how

they
relate

to
neurologically

m
otivated

m
odels

(9,27,28).

Param
etric

A
lgorithm

for
O

nline
M

ixture
Estim

ation
(O

M
E)

T
he

algorithm
treats

the
vow

elstim
ulias

com
ing

from
a

set
of

G
aussian

distributions
corresponding

to
a

set
of

vow
elcatego-

ries.E
ach

vow
elcategory

isa
m

ultivariate
G

aussian
distribution

that
has

its
ow

n
overall

tendency
(‘‘m

ixing
probability’’)

of
contributing

a
token

to
the

data
ensem

ble.
T

he
tokens

are
sam

pled
independently

and
at

random
from

the
ensem

ble
of

G
aussians,so

that
the

probability
of

encountering
a

particular
vow

eltoken
isunaffected

by
the

previously
encountered

tokens.
T

he
goalis

to
recover,given

justthe
sequence

ofvow
eltokens,

the
num

ber
ofG

aussians,the
param

eters
ofeach

G
aussian

and
the

respective
m

ixing
probabilities.

A
lthough

this
form

ulation
sim

plifiesthe
learning

problem
,itprovidesa

reasonable
starting

pointbecause
the

vow
elspectra

fora
population

ofspeakerstend
to

have
G

aussian
distributions

w
hen

projected
into

a
2D

space
(29).L

ikew
ise,w

hen
an

isolated
vow

elis
repeated

severaltim
es

by
the

sam
e

speaker,the
form

antdistributionsofthe
repetitions

follow
a

G
aussian

distribution
(30).A

further
advantage

ofthis
form

ulation
isthatitconnectsto

a
large

body
ofw

ork
in

m
achine

learning
(21)

and
theories

of
hum

an
categorization

(31).
T

he
G

aussians
used

to
generate

the
tokens

for
training

and
testing

the
m

odelw
ere

derived
from

the
productionsrecorded

by
W

erker
et

al.
(17).

T
here

w
ere

20
E

nglish
speakers

and
10

Japanese
speakers,and

each
speaker

produced
the

nonce
w

ords
spontaneously

and
also

read
them

aloud
to

her
infant.For

the
currentanalyses,w

e
used

only
the

read
w

ordsbecause
they

w
ere

m
ore

consistentacrossspeakersin
the

num
berofproductionsof

each
vow

el.
B

ecause
the

m
other–infant

interactions
w

ere
not

scripted,
each

speaker
had

a
different

num
ber

of
‘‘read’’

pro-
ductions,w

ith
an

average
of27

productions
per

E
nglish

speaker
and

85
productions

per
Japanese

speaker
(Fig.

1).
T

he
vow

el
portion

of
each

production
w

as
characterized

by
three

param
-

eters:the
location

ofthe
firstand

second
form

ants
(F1

and
F2,

respectively,m
easured

from
the

first
quarter

of
the

vow
el)

and
the

duration
of

the
steady-state.

T
he

G
aussians

w
ere

derived
separately

foreach
vow

elcategory
ofeach

speaker(see
M

ethods;
one

E
nglish

speaker
w

as
excluded

because
of

an
insufficient

num
ber

of
productions).T

he
four

G
aussians

for
each

speaker
(henceforth,the

‘‘training
distribution’’)

w
ere

used
to

generate
2,000

data
points

for
each

vow
el

category,for
a

total
of

8,000
training

tokens
for

that
speaker.

T
he

algorithm
used

to
learn

the
categoriesisfundam

entally
an

online
version

of
E

M
(21);

the
basic

innovation
here

is
the

estim
ation

of
the

covariance
m

atrix
by

a
gradient

descent
rule,

w
hich

allow
s

the
algorithm

to
be

sim
ple,robust,and

generaliz-
able

to
higher-dim

ensional
data.

E
ach

run
of

the
algorithm

is
initialized

w
ith

1,000
equally

probable
G

aussian
categories

w
ith

random
ly

initialized
m

eans
(Fig.2).O

n
each

trial,one
token

is
random

ly
draw

n,w
ith

replacem
ent,from

the
setof8,000

forthat
speaker

(see
M

ethods).
T

he
algorithm

first
calculates

the
‘‘re-

sponsibility’’ofeach
category

forthe
token

(the
responsibility

is
proportionalto

the
probability

ofthe
token

given
the

category’s
current

m
ean

and
covariance

m
atrix

tim
es

its
m

ixing
probabil-

Fig.
1.

The
G

aussian
distributions

for
the

English
/,i,ε,e/

and
Japanese

/i,i#,e,e#/,com
puted

over
the

read
vow

els
from

allspeakers
(the

tokens
w

ere
z-scored

for
each

speaker
before

the
analysis).

The
ellipsoids

are
equal-

probability
surfaces,1

SD
along

each
principalaxis,enclosing

!
19%

of
the

totalprobability
m

ass.N
ote

that
these

are
aggregate

tendencies;the
vow

el
categories

of
individualspeakers

varied
greatly,covered

a
w

ider
range,and

overlapped
w

ith
each

other
considerably.
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ity).N
ext,it

updates
the

m
eans

and
covariance

m
atrices

of
all

categories
based

on
the

current
token,

w
ith

m
ore

responsible
categories

receiving
larger

updates.
Finally,

it
increm

ents
the

m
ixing

probability
of

the
w

inning
category

(i.e.,
the

category
w

ith
the

greatestresponsibility)bya
sm

allam
ount !,and

reduces
the

m
ixing

probabilitiesofallothersso
thatthe

totalprobability
sum

s
to

1;
this

update
enforces

the
constraint

that
each

data
point

should
belong

to
only

one
category

(24).A
s

the
training

progresses,categories
thatare

very
far

from
inputdata

clusters
end

up
w

ith
very

low
m

ixing
probabilities

and
‘‘drop

out’’ofthe
com

petition.A
t

the
end

of
training,the

categories
‘‘left

stand-
ing’’are

the
finalestim

ated
categories

of
the

algorithm
.

T
here

w
ere

50,000
training

trials
on

each
run.

A
fter

the
training,the

category
structure

w
astested

by
using

a
new

sam
ple

of
2,000

points
draw

n
from

that
speaker’s

training
distribution.

E
ach

test
point

w
as

classified
w

ith
the

category
that

had
the

greatest
likelihood

for
that

point.
T

he
run

w
as

considered
‘‘successful’’if

95%
of

the
test

points
w

ere
classified

into
four

categories.
For

evaluation
purposes,

the
categories

w
ere

also
assigned

labels(e.g.,the
category

to
w

hich
m

ostofthe
/i/tokens

w
ere

classified
w

as
labeled

/i/).
T

his
allow

ed
the

test
perfor-

m
ance

to
be

characterized
by

a
confusion

m
atrix,

from
w

hich
three

m
easures

w
ere

derived:the
percent-correct

(the
propor-

tion
of

the
2,000

test
points

that
w

ere
correctly

classified),the
length

d!(sensitivity
in

distinguishing
/i,e/from

/i!,e!/in
Japanese

speech,/,ε/from
/i,e/in

E
nglish

speech),and
the

spectrum
d!

(sensitivity
in

distinguishing
/i,i!/from

/e,e!/in
Japanese

speech,
/,i/

from
/ε,e/

in
E

nglish
speech).T

en
independent

runs
w

ere
carried

outperspeaker,w
ith

training
and

testpointsbeing
draw

n
anew

on
each

run.
It

should
be

noted
that

classification
uses

a
m

axim
um

-
likelihood

(M
L

)criterion
(21).T

hiscriterion
can

resultin
errors

even
if

the
categories

are
accurately

estim
ated

because
of

the
overlap

am
ong

the
categories.T

hus,the
key

question
is,‘‘H

ow
good

is
the

unsupervised
learning

com
pared

w
ith

optim
ally

estim
ated

categories
that

also
use

the
M

L
criterion?’’W

e
refer

to
the

latter
as

the
‘‘supervised’’training,and

these
results

w
ere

calculated
separately

foreach
run

by
using

the
sam

e
training

and
testing

data
points

as
the

O
M

E
algorithm

.
T

he
supervised

training
consisted

of(i)calculating
the

m
ean

and
covariance

for
each

category
by

using
the

8,000
training

points
from

the
yoked

unsupervised
run,(ii)classifying

the
2,000

testpointsw
ith

these
supervised

categories
by

using
the

M
L

criterion,and
(iii)

calcu-
lating

the
resulting

percent
correct

and
d!

m
easures.

T
able

1
(under

the
heading

Param
etric

M
odel,O

M
E

)
show

s
the

results
for

the
successful

runs
in

each
language,

averaged
across

the
speakers.In

a
m

ajority
ofthe

runs,the
unsupervised

learning
discovered

the
correctnum

berofcategoriesand
closely

tracked
the

supervised
perform

ance:
the

correlation
betw

een
the

unsupervised
and

supervised
percent

correct
is

0.84
(suc-

cessfulE
nglish

runs)and
0.95

(Japanese
runs).Furtherm

ore,the
one

E
nglish

speaker
w

ith
no

successful
runs

had
a

supervised
percent

correct
of

84%
,

the
low

est
am

ong
all

of
the

E
nglish

speakers.T
here

are
tw

o
otherpointsofinterest.First,the

length
d!isgreaterthan

the
spectrum

d!,even
though

E
nglish

length
is

cued
by

a
com

bination
of

form
ant

and
duration

(the
tense/lax

contrast),
w

hereas
Japanese

length
is

cued
alm

ost
solely

by
duration.C

onsequently,the
analyseshere

indicate
thatlength

is
acoustically

m
ore

salient
than

spectrum
in

both
languages,

at
leastin

infant-directed
productions.Second,the

length
d!forthe

unsupervised
case

isoccasionally
greaterthan

the
corresponding

supervised
value.

T
he

reason
is

that
although

unsupervised
learning

is
m

ore
likely

to
m

isclassify
a

token,that
m

isclassified
category

islikely
to

be
a

‘‘nearby’’category
(i.e.,w

hich
differsin

justthe
duration

or
justthe

height,butnotboth).T
his

bias
is

a
consequence

of
the

unsupervised
learning,

during
w

hich
the

Table
1.Learning

perform
ance

for
successfulruns

Language

N
o.of

speakers
w

/successful
runs*

A
verage

no.of
successful

runs*
M

edian
percent

correct †

M
edian

d
!

for
length

discrim
. †

M
edian

d
!

for
spectrum

discrim
. †

Param
etric

m
odel,O

M
E

English
18

of
19

7.7
"

2.8
92.7

(93.4)
3.91

(3.90)
3.19

(3.22)
Japanese

10
of

10
7.9

"
3.0

91.1
(91.9)

4.09
(4.09)

3.32
(3.30)

N
onparam

etric
m

odel,TO
M

E

English
18

of
19

5.4
"

2.9
83.0

(91.3)
3.78

(3.83)
2.70

(3.06)
Japanese

10
of

10
5.5

"
1.6

85.2
(91.2)

4.05
(3.98)

3.11
(3.25)

*Speakers
w

ith
successfulruns,w

ith
10

runs
per

speaker.
†Percent-correct

and
d

!values
are

m
edians

across
speakers

of
the

average
over

successfulruns
w

ithin
a

speaker.
Parentheticalvalues

show
supervised

training
results.

Fig.2.
A

n
illustration

of
unsupervised

O
M

E
learning

for
2D

inputs.Before
training,

there
are

a
large

num
ber

of
categories

(grid
of

black
circles),

all
equally

probable
and

each
sensitive

to
a

different
part

of
the

input
space

(shaded
ellipses).D

uring
training,the

inputs(fi
lled

points)are
presented

one
ata

tim
e.A

ftertraining,categoriesthatdo
notm

atch
the

inputshave
m

ixing
probabilities

close
to

zero
(open

circles
in

the
grid),w

hereas
the

dom
inant

categories
have

adapted
to

the
input

clusters.

V
allabha

et
al.

PN
A

S
!

A
ugust

14,2007
!

vol.104
!

no.33
!

13275

PSYCHOLOGY

Before training 

After training 

Vallabha et al. 
(2007) Fig. 2: 
Exam

ple of 
unsupervised 
learning of vow

el 
categories in F1 / F2 
space, using the 
O

nline Expectation 
M

axim
ization 

algorithm
 for 

w
arping the response 

m
ap through 

exposure to G
aussian 

m
odels of infant-

directed speech input 



D
a
t
a

a
n

d
F

i
g

u
r
e
s

A
r
t
i
c

u
l
a

t
o

r
y

a
n

d
A

c
o

u
s

t
i
c

D
a

t
a

I
W

e
u

s
e

M
a

e
d

a
’
s

a
n

d
B

o
e

’
s

(
1

9
9

7
)

V
a

r
i
a

b
l
e

L
i
n

e
a

r
A

r
t
i
c
u

l
a

t
o

r
y

M
o

d
e

l
(
V

L
A

M
)

t
o

m
o

d
e

l
t
h

e

v
o
w

e
l
p

r
o

d
u
c
t
i
o

n
s

o
f

a
n

i
n

f
a

n
t

a
n
d

a
n

a
d

u
l
t

c
a

r
e
t
a

k
e
r
.

I
W

e
u

s
e

t
h

e
6

m
o

n
t
h

-
o

l
d

s
e

t
t
i
n

g
o

f
t
h
e

V
L

A
M

a
s

o
u

r
m

o
d

e
l
i
n

f
a

n
t
,

a
n

d
t
h

e
1
0

y
e

a
r
-
o
l
d

s
e

t
t
i
n

g
f
o

r

t
h

e
a

d
u
l
t

c
a

r
e

t
a

k
e

r
(
a

s
i
t

w
a

s
p

e
r
c
e
i
v
e

d
t
o

b
e

m
o

s
t

s
i
m

i
l
a

r
t
o

a
y
o

u
n

g
f
e

m
a
l
e

a
d

u
l
t

i
n

a

c
r
o

s
s
-
l
a

n
g
u

a
g

e
p

e
r
c
e

p
t
i
o

n
s
t
u

d
y

(
M

u
n

s
o
n

e
t
a

l
.
,

2
0

1
0
)
)
.

R
e

p
r
e

s
e

n
t
a

t
i
o

n
s

I
T

h
e

a
r
t
i
c
u
l
a
t
o

r
y

r
e

p
r
e

s
e

n
t
a

t
i
o

n
s

(
1
,

l
e

f
t
)

a
r
e

p
r
i
n

c
i
p

a
l

c
o

m
p

o
n

e
n

t
v
e

c
t
o

r
a

r
g

u
m

e
n

t
s

f
o

r
t
h

e
V

L
A

M
,
e

a
c
h

y
i
e

l
d

i
n

g
a

v
o
w

e
l
s
i
g

n
a

l
w

i
t
h

a
f
o

r
m

a
n

t
r
e

p
r
e

s
e
n

t
a
t
i
o

n
(
1
,
m

i
d

d
l
e
)
.

a
=

ha
1 ,...,a

7 i,
f
=

hf
1 ,f

2 ,f
3 i,

e
=

he
1 ,...,e

3
6
1 i

(
1

)

I
T

h
e

a
u
d

i
t
o

r
y

r
e

p
r
e

s
e
n

t
a
t
i
o

n
s

(
1

,
r
i
g

h
t
)

a
r
e

“
e
x
c
i
t
a

t
i
o

n

p
a

t
t
e

r
n

s
”

d
e

r
i
v
e

d
f
r
o

m
t
h

e
v
o
w

e
l
s
i
g

n
a

l
s

u
s
i
n
g

t
h

e

t
r
a

n
s
f
o

r
m

a
t
i
o

n
s

d
e

s
c
r
i
b

e
d

i
n

M
o

o
r
e

e
t

a
l
.

(
1

9
9

7
)

P
e

r
c

e
p

t
u

a
l
M

a
g

n
e

t
E

f
f
e
c
t

I
T

h
e

p
e

r
c
e

p
t
u

a
l
m

a
g
n
e
t
e

f
f
e
c
t

(
K

u
h

l
,
1
9

9
1

)
n

a
m

e
s

t
h
e

p
h

e
n

o
m

e
n
o

n
w

h
e
r
e
i
n

t
h

e

p
e

r
c
e
p
t
i
o
n

o
f
a

v
o
w

e
l
i
n

a
g
i
v
e
n

l
a

n
g

u
a

g
e

i
s

i
n

fl
u
e

n
c
e

d
b
y

“
p
e
r
c
e

p
t
u
a

l
m

a
g
n

e
t
s
”

l
o
c
a
t
e
d

i
n

a
p

e
r
c
e
p

t
u
a

l
m

e
t
r
i
c

s
p
a
c
e

o
v
e
r

r
e
p
r
e

s
e
n
t
a

t
i
o

n
s

o
f
v
o
w

e
l
s

i
n

t
h
a

t
l
a
n

g
u

a
g

e
.

A
d

u
l
t

P
e

r
c

e
p

t
i
o

n
o

f
I
n

f
a

n
t

V
o

c
a

l
i
z
a
t
i
o

n
s
,

a
n

d
C

o
n

t
i
n

g
e

n
t

R
e

s
p

o
n

s
e
s

I
W

e
u

s
e

3
8

p
e

r
c
e

p
t
u

a
l
l
y

c
a
t
e

g
o

r
i
z
e
d

v
o
w

e
l
s
t
i
m

u
l
i

(
M

u
n
s
o

n
e

t
a

l
.

2
0

1
0

)
g
e

n
e

r
a

t
e

d
b
y

t
h

e
V

L
A

M
s
e

t
a

t
1

0

y
e

a
r
s

o
f

a
g

e
t
o

m
o

d
e

l
t
h

e
v
o
w

e
l
c
a

t
e

g
o

r
i
e

s
o

f
a

n

“
a
v
e
r
a

g
e

”
G

r
e

e
k
-
s
p

e
a
k
i
n
g

c
a

r
e

t
a

k
e
r
.

I
W

e
a

d
d

i
t
i
v
e

l
y

i
n

t
e

r
p

o
l
a

t
e

t
h

e
c
a

t
e
g

o
r
i
z
a
t
i
o

n
s

o
v
e
r

t
h

e

f
o

r
m

a
n
t

s
p

a
c
e

o
f

t
h

e
c
a

r
e

t
a
k
e

r
a
n

d
“
p
r
o

j
e

c
t
”

t
h

e

c
a

t
e

g
o

r
i
e

s
t
o

t
h

e
i
n

f
a

n
t
’
s

a
c
o

u
s
t
i
c

s
p
a

c
e
,

m
o
d

e
l
i
n

g
t
h

e

c
a

r
e
t
a

k
e
r
’
s

i
n

t
e

r
p

r
e

t
a
t
i
o

n
s

o
f

i
n

f
a

n
t

v
o

c
a

l
i
z
a
t
i
o

n
s
.

S
i
m

u
l
a
t
i
o

n
R

e
s

u
l
t
s

I
I
n

r
e

s
p

o
n

s
e

t
o

a
n

i
n

f
a

n
t
’
s

v
o

c
a
l
i
z
a

t
i
o
n

,
t
h
e

c
a

r
e

t
a

k
e

r

i
n

t
e

r
p

r
e
t
s

a
n

d
r
e

s
p

o
n

d
s
,

y
i
e

l
d

i
n
g

v
o
c
a

l
i
m

i
t
a

t
i
o

n
p

a
i
r
s

(
l
e

f
t
)

t
h

a
t

g
u

i
d

e
m

a
n

i
f
o

l
d

a
l
i
g

n
m

e
n

t
.

I
C

r
o
s
s
-
m

o
d

a
l
m

a
n
i
f
o
l
d

a
l
i
g
n

m
e
n
t

y
i
e
l
d
s

a
b
a
s
i
s

f
o
r

v
o
w

e
l
c
a

t
e
g

o
r
i
z
a
t
i
o
n

(
m

i
d

d
l
e
)
,

w
h
i
l
e

t
h
e

i
n
t
r
a
-
m

o
d
a
l

a
l
i
g

n
m

e
n

t
(
r
i
g
h

t
)

y
i
e
l
d
s

p
e

r
c
e
p
t
u
a
l
w

a
r
p
i
n
g
.

M
a

i
l
:
p
l
u
m
m
e
r
@
l
i
n
g
.
o
h
i
o
-
s
t
a
t
e
.
e
d
u

W
W

W
:
h
t
t
p
:
/
/
w
w
w
.
l
e
a
r
n
i
n
g
t
o
t
a
l
k
.
o
r
g

Plummer (2012) results: Caretaker responds 
in imitative interaction, which rewards infant 
productions that are closer to adult category. 


