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Do pre-babbling infants 

prefer listening to infant speech?


Do perceptual biases for listening to infant 
speech influence later production skills?


Research Questions


Do infants vocalize more (and/or produce 

more speech-like sounds) when they 


listen to infant vs. adult speech?


Can infants successfully infer 

the source of infant speech sounds?


33!

Face-voice intermodal matching procedure !

Can infants infer the 
source of infant-produced speech? 

167th Meeting of the Acoustical Society of America – May 2014!

Masapollo, Polka, Vouloumanos & Ménard, ongoing (see poster session on May 9th)!

Visual stimuli


Will infants selectively attend to infant faces over 
adult faces when they hear infant speech, and to 
adult faces over infant faces when they hear 
adult speech?


Rvachew, Polka, Masapollo, & Ménard, in progress


Ménard, Polka, & Masapollo, in progress


33!

Face-voice intermodal matching procedure !

Can infants infer the 
source of infant-produced speech? 

167th Meeting of the Acoustical Society of America – May 2014!

Masapollo, Polka, Vouloumanos & Ménard, ongoing (see poster session on May 9th)!

Four experiments showing that infants selectively attend to vowel sounds 
with infant vocal properties, i.e., voice pitch and/or formant frequency values.


How and when do perceptual-motor linkages 
for speech emerge during infant development? 


Auditory-visual 

speech experiences


(input)


Auditory & proprioceptive 

feedback (output as input)


A new view:

Examining infant speech development 

processes through the widening 

vantage point of infants’ perception


 of infant speech




How do infants perceive their own self-
generated speech, or speech produced by 

another infant?




AND




How might this change with perceptual and 
babbling experience to support speech 

development?
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Figure 4. Mean listening times (sec) to vowel pairs presented in Experiments 1-4. Error 
bars = std. errors, * p < .05, ** p < .01,  *** p < .001. 
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Infant Speech


2 Polka et al.

2012). However, it is unknown whether infants can accu-
rately perceive their own speech or speech produced by 
another infant. Research has been silent on this issue 
because infant-generated speech has not been imple-
mented in controlled perceptual experiments.

There are currently two perspectives regarding the 
relationship between speech perception and production 
capacities in early development. These views make dif-
ferent assumptions about the perceptual resources that 
young infants need to engage in vocal learning. According 
to one view—which we call the high-resource/imitation 
view—infants’ perceptual skills develop well in advance 
of production skills and provide a critical infrastructure 
that supports emerging production skills via imitation 
(Kuhl & Meltzoff, 1996). In this view, young infants can 
access phonetic category information across different 
talkers (including infants), which they can use to learn to 
imitate phonetic categories in the ambient language. This 
account is bolstered by evidence that 3- to 5-month-olds 
modified their vocalizations in response to target vowels 
produced (noninteractively) by an adult on a television 
(Kuhl & Meltzoff, 1996).

According to another view—which we term the low-
resource/interaction view—speech perception and pro-
duction skills develop concurrently, guided by exchanges 
in an interactive context (Howard & Messum, 2011; Zlatin 
& Koenigsknecht, 1976). Accordingly, infants are not 
obliged to interpret their own utterances; they can rely on 
caregiver’s imitative and affective responses to indicate 
when their productions perceptually match “target” 
sounds in the ambient language. Thus, vocal learning can 
proceed even if infant perceptual resources are low or 
partially developed. Supporting this view, studies show 
that caregivers frequently imitate the vocalizations of their 
young infants (Pawlby, 1977) and provide social stimula-
tion (e.g., smiling or touching), which facilitates more 
advanced vocal behavior (Goldstein, King, & West, 2003).

Crucially, the ability to recognize phonetic categories 
in infant speech is a prerequisite in the high-resource/

imitation view, but not in the low-resource/interaction 
view. Thus, findings pertaining to infant perception of 
infant speech speak to the conceptual merits of each 
view. Using technical advances in speech synthesis to 
generate infant speech, we investigated, for the first time, 
how infants perceive vowels produced by other infant 
talkers. This can be a challenging task for infants for sev-
eral reasons.

First, vowels produced by an infant are acoustically 
distinct because an infant’s vocal folds and vocal tract are 
much shorter than those of an adult or a child (Kent & 
Murray, 1982; Kuhl & Meltzoff, 1996; Ménard, Schwartz, & 
Boe, 2004; Rvachew, Mattock, Polka, & Ménard, 2006; 
Rvachew, Slawinski, Williams, & Green, 1996; Vorperian 
& Kent, 2007). The fundamental frequency (correspond-
ing to voice pitch) and the formant frequencies (corre-
sponding to the vocal tract resonances) observed in 
infant vocalizations are well above the values in adult or 
child speech. This is illustrated in spectrograms of adult, 
child, and infant vowel sounds in Figure 1. Vowel sounds 
are characterized by acoustic energy concentrated in sev-
eral narrow frequency bands known as formants. The 
first two formants (F1 and F2) provide critical information 
for vowel identity. For example, the vowel /i/ (“ee”) has 
a high F1 and low F2 frequency, whereas /a/ (“ah”) has 
a high F1 and an intermediate F2 frequency. Vowel for-
mant frequencies are typically plotted with the F1 and F2 
axes reversed, as in Figures 2 and 3. In such displays, the 
corner vowels /i/ “ee,” /a/ “ah,” and /u/ “oo” correspond 
to extreme articulatory postures (e.g., high front for “ee,” 
high back for “oo,” and fully open for “ah”), and the 
resulting space encompasses all possible vowel sounds 
for a given vocal tract length. As illustrated in Figures 2 
and 3, the infant acoustic vowel space overlaps only par-
tially with the adult and child acoustic space. Thus, intro-
ducing infant vowels increases the range of acoustic 
variation that infants encounter in the speech they hear.

The second reason that it may be challenging for 
infants to perceive vowels produced by other infant 
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Fig. 1. Spectrograms of the vowel /i/ (“ee”) with the vocal properties of (from left to right) a 6-month-old infant, an 8-year-old child, an 
adult female, and an adult male.

Vocal Tract Growth: 

Infancy to Adulthood


 Infant
  Adult


NB: Images not 

scaled to size


1.  Hard palate

2.  Velum

3.  Mandible

4.  Tongue


5. Hyoid bone

6. Epiglottis

7. Larynx


2 Polka et al.

2012). However, it is unknown whether infants can accu-
rately perceive their own speech or speech produced by 
another infant. Research has been silent on this issue 
because infant-generated speech has not been imple-
mented in controlled perceptual experiments.

There are currently two perspectives regarding the 
relationship between speech perception and production 
capacities in early development. These views make dif-
ferent assumptions about the perceptual resources that 
young infants need to engage in vocal learning. According 
to one view—which we call the high-resource/imitation 
view—infants’ perceptual skills develop well in advance 
of production skills and provide a critical infrastructure 
that supports emerging production skills via imitation 
(Kuhl & Meltzoff, 1996). In this view, young infants can 
access phonetic category information across different 
talkers (including infants), which they can use to learn to 
imitate phonetic categories in the ambient language. This 
account is bolstered by evidence that 3- to 5-month-olds 
modified their vocalizations in response to target vowels 
produced (noninteractively) by an adult on a television 
(Kuhl & Meltzoff, 1996).

According to another view—which we term the low-
resource/interaction view—speech perception and pro-
duction skills develop concurrently, guided by exchanges 
in an interactive context (Howard & Messum, 2011; Zlatin 
& Koenigsknecht, 1976). Accordingly, infants are not 
obliged to interpret their own utterances; they can rely on 
caregiver’s imitative and affective responses to indicate 
when their productions perceptually match “target” 
sounds in the ambient language. Thus, vocal learning can 
proceed even if infant perceptual resources are low or 
partially developed. Supporting this view, studies show 
that caregivers frequently imitate the vocalizations of their 
young infants (Pawlby, 1977) and provide social stimula-
tion (e.g., smiling or touching), which facilitates more 
advanced vocal behavior (Goldstein, King, & West, 2003).

Crucially, the ability to recognize phonetic categories 
in infant speech is a prerequisite in the high-resource/

imitation view, but not in the low-resource/interaction 
view. Thus, findings pertaining to infant perception of 
infant speech speak to the conceptual merits of each 
view. Using technical advances in speech synthesis to 
generate infant speech, we investigated, for the first time, 
how infants perceive vowels produced by other infant 
talkers. This can be a challenging task for infants for sev-
eral reasons.

First, vowels produced by an infant are acoustically 
distinct because an infant’s vocal folds and vocal tract are 
much shorter than those of an adult or a child (Kent & 
Murray, 1982; Kuhl & Meltzoff, 1996; Ménard, Schwartz, & 
Boe, 2004; Rvachew, Mattock, Polka, & Ménard, 2006; 
Rvachew, Slawinski, Williams, & Green, 1996; Vorperian 
& Kent, 2007). The fundamental frequency (correspond-
ing to voice pitch) and the formant frequencies (corre-
sponding to the vocal tract resonances) observed in 
infant vocalizations are well above the values in adult or 
child speech. This is illustrated in spectrograms of adult, 
child, and infant vowel sounds in Figure 1. Vowel sounds 
are characterized by acoustic energy concentrated in sev-
eral narrow frequency bands known as formants. The 
first two formants (F1 and F2) provide critical information 
for vowel identity. For example, the vowel /i/ (“ee”) has 
a high F1 and low F2 frequency, whereas /a/ (“ah”) has 
a high F1 and an intermediate F2 frequency. Vowel for-
mant frequencies are typically plotted with the F1 and F2 
axes reversed, as in Figures 2 and 3. In such displays, the 
corner vowels /i/ “ee,” /a/ “ah,” and /u/ “oo” correspond 
to extreme articulatory postures (e.g., high front for “ee,” 
high back for “oo,” and fully open for “ah”), and the 
resulting space encompasses all possible vowel sounds 
for a given vocal tract length. As illustrated in Figures 2 
and 3, the infant acoustic vowel space overlaps only par-
tially with the adult and child acoustic space. Thus, intro-
ducing infant vowels increases the range of acoustic 
variation that infants encounter in the speech they hear.

The second reason that it may be challenging for 
infants to perceive vowels produced by other infant 

Time (s)
0 0.5

0

104 104 104 104

Fr
eq

ue
nc

y 
(H

z)

Time (s)
0 0.5

0

Time (s)
0 0.5

0

Time (s)
0 0.5

0

Fig. 1. Spectrograms of the vowel /i/ (“ee”) with the vocal properties of (from left to right) a 6-month-old infant, an 8-year-old child, an 
adult female, and an adult male.

subsequently volume. These findings of nonlinear changes
in formant frequencies, and the indications that the non-
uniform growth of the vocal tract is not limited to length
only, imply that the developmental changes in anatomic–
acoustic interactions or formant-cavity affiliations is fairly
complex, which may be why uniform scaling factors are
not entirely adequate.

Studies of speech perception show that information
about VTL is segregated at an early stage in the au-
ditory processing of speech (Ives, Smith, & Patterson,
2005; D. R. Smith, Patterson, Turner, Kawahara, &
Irino, 2005). D. R. Smith and colleagues further showed
that listeners are capable of fine judgments of the
relative size of speakers, and theymake such judgments
even for vowels that are scaled outside the normal range.
The ability to accomplish such normalization of size is
part of a listener’s auditory competence for speech.

Acoustic Correlates of
Laryngeal Development
Anatomic–Physiologic Considerations

As summarized by Eckel et al. (2000), the human lar-
ynx reflects several evolutionary adaptations, including

(a) descent of the larynx; (b) capability of the vocal fold
adjustments in length, tension, and shape; and
(c) the relative prominence of the membranous part of
the folds over the cartilaginousportion.Nishimura (2003)
asserted that the evolutionary descent occurred in two
steps, the first being a descent of the thyroid in relation
to the hyoid, and the second, descent of the hyoid within
the neck. He believed that the second marked the
evolution of human speech. With respect to ontogenetic
changes in the larynx, Eckel et al. remarked, “The infant
larynx is not just aminiature of the adult organ. It shows
differences in its position relative to the vertebral col-
umn, in the composition of cartilages and soft tissues,
and in environmental adaptation” (p. 501). Anatomically,
the infant vocal folds are about 4–5 mm long, and the
composition of the lamina propria is uniform (i.e., there
is no lamination corresponding to adult vocal folds; Sato,
Hirano, & Nakashima, 2001). Between the ages of 1 and
4 years, the vocal ligament (the intermediate and deep
layers of the lamina propria) appears, and vocal fold
length (È7.5mmby age 5 years) as well as laryngeal size
increases. According to Crelin (1973), sexual dimor-
phism in laryngeal size begins to appear by age 3 years.
However, Eckel et al. remarked that sex differences in
laryngeal size are not present during early childhood. As
for vocal fold length, sexual dimorphism is reported by
about age 6–7 years (Kazarian, Sarkissian, & Isaakian,
1978). However, these reported anatomic differences do
not appear to contribute toward significant differences
in f0 between males and females until puberty, when
laryngeal size—particularly the antero–posterior di-
mension of the thyroid cartilage—increases threefold
in males along with increases in vocal fold length and
differentiation in its composition. For the first 2 decades
of life, the length of the vocal folds increases at about
0.7mmper year inmales and about 0.4mm in females so
that the maximum adult length is 16 mm in men and
10 mm in women. Studies of collagen and elastin distri-
bution in the vocal folds have shownvariations related to
both age and gender (Hammond, Gray, & Butler, 2000;
Hammond, Gray, Butler, Zhou, & Hammond, 1998).

General Acoustic Considerations
Values of f0 can be estimated from geometric and

biomechanical properties according to the formula for a
string model for frequency:

f0 ¼ 1=2LðT=DÞ0:5;

where L is the length of the folds, T is the tension of the
vocal fold mucosal cover, and D is the density of the
tissue.

In infants, the f0 range is between 300 and 600 Hz,
and themean f0 is relatively stable until about 9months.
The f0 then begins to declineuntil adulthood. The decline

Figure 18. Average f0 (across vowels) of the studies listed in
Appendix A as a function of age. The three groups—children (green),
females (red), and males (blue)—are the same studies as in the
average plots of Figures 2–7; additional f0 data (magenta) are from
studies with younger infants and children and include CS (Colton
& Steinschneider, 1980), GRS (Gardosik, Ross, & Singh, 1980),
KM (Kent & Murray, 1982), and KMe (Kuhl & Meltzoff, 1996).
H = Hodge (1989); AK = Assmann and Katz, 2000; PO = Perry,
Ohde, and Ashmead (2001); LPN = Lee, Potamianos, and
Narayanan (1999); EH = Eguchi and Hirsh (1969); BP = Busby and
Plant (1995).

Vorperian & Kent: Vowel Acoustic Space Development 1527

Formant Frequencies


F1/F2 Acoustic Vowel Space


Infant


Adult
How is infant speech different 
from adult/child speech? 




Vocal tract anatomy 

Infant speech has a unique acoustic 
signature due, in large part, to the 
distinct morphology of the infant vocal 
tract. The infant vocal tract is not 
simply a shrunken version of the adult 
vocal tract; it has a tongue body that 
is proportionately larger, and a more 
sloping oropharyngeal tract.


Higher voice pitch

Infant speech has a higher voice pitch 
because infants’ vocal cords are 
shorter and less massive.



Higher resonant frequencies

Infant speech has higher formant 
frequencies because the length of the 
infant vocal tract is shorter than the 
adult vocal tract.


Polka, Masapollo, & Ménard, Psychological Science, 2014
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behind the curtain just below the TV screen. An experi-
menter observed the infant outside of the testing room 
on a monitor linked to the video camera. The caregiver 
wore noise-canceling headphones and listened to mask-
ing music during the entire procedure to avoid influenc-
ing the infant’s behavior. Habit software (Cohen, Atkinson, 
& Chaput, 2000) was used to present stimuli and record 
looking (listening) times, which we refer to as listening 
time for simplicity.

At the start of each trial, a red flashing light was pre-
sented to direct attention, followed by a black-and-white 
checkerboard. The experimenter (who could not hear 
the stimuli) pressed a key when the infant fixated on the 
checkerboard; this activated the auditory stimulus and 

provided an index of the infant’s listening time. When the 
infant looked away for more than 2 s, the sound stopped 
and the screen went black. The minimum look time for a 
trial was 1 s. If the infant looked away for less than 2 s, 
the sound continued to play but the look-away time was 
not included in the looking time for that trial. The trial 
was terminated when the infant looked away for more 
than 2 s or when the complete stimulus file (30-s long) 
had played. After a brief pause, the red flashing light 
returned to start the next trial.

Design. The experiment consisted of four consecutive 
phases: pretest, habituation, test, and posttest (see Fig. 3), 
with no break or pause between. Instrumental music was 
presented during pre- and posttest trials. On each habitu-
ation and test trial, infants heard a vowel produced 
repeatedly by the same talker; a different talker was pre-
sented in each trial. The vowel presented during habitu-
ation was counterbalanced across participants. During 
habituation, the order of talkers was randomized within 
blocks: Each block contained three trials in which a man, 
a woman, and a child talker spoke. The software tracked 
a running average of listening time across a three-trial 
window. The habituation criterion was met when the 
running average dropped below 65% of the longest 
three-trial average for that infant. Thus, the number of 
habituation trials varied across infants; however, all 
infants completed at least four habituation trials (most 
completed six or more) and were exposed to all three 
talker types (man, woman, child).

During the test phase, there were four trials containing 
only vowels produced by infants; two trials contained the 
same vowel as during habituation (F = familiar), and two 
contained the contrasting vowel not heard during habitu-
ation (N = novel). Test trials were presented in one of 
two fixed orders: FNNF or NFFN. Infants were assigned 
to four conditions (two habituation conditions, two test 
orders) as shown in Figure 3.

Results

Data from the two habituation groups were combined 
because they showed no differences in total habituation 
time, number of habituation trials, or posttest listening 
times. For each infant, listening time was averaged across 
the last two trials in habituation and for each test-trial 
type (novel, familiar).

Group means (collapsed across habituation condition 
and test-trial order) are shown in Figure 4a. The scores 
were submitted to a mixed analysis of variance (ANOVA) 
with test-trial order (FNNF vs. NFFN) as a between-sub-
jects factor and trial type (habituation vs. familiar vs. 
novel) as a within-subjects factor. There was no main 
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(novel, familiar). Group means for these scores (col-
lapsed across test-trial order) are shown in Figure 4b. As 
in Experiment 1, these scores were submitted to a mixed 
ANOVA with test-trial order (FNNF vs. NFFN) as a 
between-subjects factor and trial type (habituation vs. 
familiar vs. novel) as a within-subjects factor. There was 
no main effect of test-trial order or interaction of test-trial 
order with trial type, F < 1. There was a main effect of 
trial type, F(2, 50) = 3.57, p = .035, p

2 = .125. Post hoc 
comparisons showed that infants listened longer to the 
novel test vowel (M = 11.9 s, SD = 6.7) than to the familiar 
test vowel (M = 8.6 s, SD = 4.0), t(26) = −2.29, p = .031, r2 
= .409. Listening times to the habituation vowel (M = 9.3 
s, SD = 3.8) and to the familiar test vowel were not sig-
nificantly different, t(26) = 0.633, p = .532.

To compare the novelty response across experiments, 
we conducted a mixed ANOVA with experiment 
(Experiment 1: /i/ habituation group vs. Experiment 2) as 
a between-subjects factor and test-trial type (familiar vs. 
novel) as a within-subjects factor. There was no effect of 
experiment or interaction of experiment with test-trial 
type, F < 1. There was only a main effect of test-trial type, 
F(1, 55) = 5.10, p = .028, p

2 = .085, which shows that the 
novelty response was comparable across experiments. As 
predicted, total habituation time was positively correlated 
with the size of the novelty score (listening time on novel 
test trials minus listening time on familiar test trials; r2 = 
.460, p = .014). A follow-up analysis showed that roughly 
half of the infants in Experiment 2 (n = 13) displayed total 
habituation listening times comparable with those in 
Experiment 1 (within 1 SD), and the other half (n = 14) 
listened much longer, with levels more than 1 standard 

deviation above the mean of those in Experiment 1 (M = 
164.19 s, SD = 68.95). As shown in Figure 6, a reliable nov-
elty effect was observed only in the long-listener subgroup 
in Experiment 2, t(12) = −2.42, p = .032. Thus, increased 
listening time during habituation was clearly linked to suc-
cessful recognition of the novel vowel in this task.

Discussion

As predicted, processing demands increased when the 
infant vowels were part of the stimulus set that infants 
needed to encode to form a habituation category. Despite 
the added demands, infants were able to track changes in 
vowel quality and displayed a novelty response compa-
rable with the effect observed in Experiment 1. However, 
unlike in Experiment 1, the magnitude of the novelty 
score in Experiment 2 was directly related to the amount 
of listening time invested during habituation. Overall, 
Experiment 2 shows that including infant vowels in a mul-
titalker context increases processing demands, but the 
added costs fall within the cognitive abilities of infants.

General Discussion

The perception of talker variability is a focal issue in 
research on infant speech-perception. Until now, infant 
speech has been left out of the picture despite its rele-
vance in infant speech development. The findings reveal 
that young infants’ ability to track vowel categories across 
talkers extends to infant vowel productions. We observed 
this ability in prebabbling infants who lack the motor 
skills required to produce the target vowels in a con-
trolled way. Therefore, unless they engage in frequent 
interactions with older babies, they will have limited 

0

20

40

60

80

100

120

140

160

Experiment 1 Experiment 2

M
ea

n 
Li

st
en

in
g 

Ti
m

e 
(s

)

*

Fig. 5. Mean listening time of the /i/ habituation groups in Experi-
ment 1 and Experiment 2. Error bars show standard errors of the mean. 
The asterisk indicates a significant difference between experiments 
(p < .05).

0

5

10

15

20

25

Familiar

M
ea

n 
Li

st
en

in
g 

Ti
m

e 
(s

)

Trial Type
Novel Familiar Novel

Short Subgroup Long Subgroup

*

Fig. 6. Mean listening time during familiar and novel test trials for 
infants in the two habituation subgroups of Experiment 2. Error bars 
show standard errors of the mean. The asterisk indicates a significant 
difference between trial types (p < .05).

Infants’ Perception of Infant Vowels 7

(novel, familiar). Group means for these scores (col-
lapsed across test-trial order) are shown in Figure 4b. As 
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listened much longer, with levels more than 1 standard 

deviation above the mean of those in Experiment 1 (M = 
164.19 s, SD = 68.95). As shown in Figure 6, a reliable nov-
elty effect was observed only in the long-listener subgroup 
in Experiment 2, t(12) = −2.42, p = .032. Thus, increased 
listening time during habituation was clearly linked to suc-
cessful recognition of the novel vowel in this task.

Discussion

As predicted, processing demands increased when the 
infant vowels were part of the stimulus set that infants 
needed to encode to form a habituation category. Despite 
the added demands, infants were able to track changes in 
vowel quality and displayed a novelty response compa-
rable with the effect observed in Experiment 1. However, 
unlike in Experiment 1, the magnitude of the novelty 
score in Experiment 2 was directly related to the amount 
of listening time invested during habituation. Overall, 
Experiment 2 shows that including infant vowels in a mul-
titalker context increases processing demands, but the 
added costs fall within the cognitive abilities of infants.

General Discussion

The perception of talker variability is a focal issue in 
research on infant speech-perception. Until now, infant 
speech has been left out of the picture despite its rele-
vance in infant speech development. The findings reveal 
that young infants’ ability to track vowel categories across 
talkers extends to infant vowel productions. We observed 
this ability in prebabbling infants who lack the motor 
skills required to produce the target vowels in a con-
trolled way. Therefore, unless they engage in frequent 
interactions with older babies, they will have limited 
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How do pre-babbling infants 

categorize infant speech sounds?


4 Polka et al.

spectrograms are shown in Figure 1. Details of the VLAM 
synthesis and acoustic description of the vowels are pro-
vided in the Supplemental Material available online.

All vowels were 500-ms long and matched in intensity 
and intonation contour. The stimuli were judged to be 
intelligible, natural-sounding exemplars of each vowel 
category by English- and French-speaking adults. Adults 
also accurately identified the age and gender differences 
simulated in the stimulus set. For testing, we created 16 
stimulus files (one per vowel); each 30-s file included 20 

repetitions of the same vowel with1-s interstimulus 
intervals.

Procedure. Infants were tested using the visual- 
habituation (look-to-listen) procedure (Polka, Jusczyk, & 
Rvachew, 1995). The infant sat on the caregiver’s lap at a 
distance of about 150 cm facing a 21-in. television moni-
tor in a dimly lit, curtained, soundproof booth. Audiotrak 
( Jooan-Dong, Nam-Gu, Incheon, Korea) BSI-90 loud-
speakers and a Sony digital video camera were located 
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  Habituation Test  
Pretest Number of Trials Varied Four Trials Posttest

Experiment 1 Music iM  iC8  iF2  iM  iC12 iF2  … Until Criterion iIN1  aIN2  aIN2  iIN2  or  aIN2  iIN2  iIN2  aIN2 Music

Music aM  aC8  aF1  aM  aC12  aF2  … Until Criterion iIN1  aIN2  aIN2  iIN2  or  aIN2  iIN2  iIN2  aIN2 Music

 

    Number of Trials Varied Four Trials  

Experiment 2 Music iIN1  iC8  iF1  iIN2  iC12  iF2  … Until Criterion iM  aM  aM  iM  or  aM  iM  iM  aM Music 

Fig. 3. Stimuli and design of the two experiments. The graph shows the frequency of the first formant (F1) as a function of the frequency of the 
second formant (F2) for the /i/ (“ee”) and /a/ (“ah”) vowel stimuli used in the present study, separately for each speaker type. Frequencies for the 
/u/ (“oo”) vowel are also plotted. The axes are scaled in Bark units (see Fig. 2). The bottom panel shows an example of the vowel stimuli presented 
in each phase of Experiments 1 and 2. In the habituation phase of Experiment 1, participants heard either /i/ or /a/ vowels produced by an adult 
male (M), two adult females (F1, F2), and 8-, 10-, and 12-year-old children (C8, C10, C12, respectively). In the test phase, there were four trials, two 
with the same vowel heard during habituation and two with a different vowel, with the order of the familiar and the novel vowels varying across 
the two possibilities shown. Each vowel in the test phase was produced by one of two 6-month-old infants (IN1, IN2). The design of Experiment 
2 was the same as that of Experiment 1, except that during the habituation phase, only the /i/ vowel was spoken and the male voice was replaced 
by an infant voice, whereas during the test phase, an adult male voice was heard instead of an infant voice.
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Infants’ perception of infant vowels!
!

Matthew Masapollo1, Linda Polka1 and Lucie Ménard1,2!
1School of Communication Sciences and Disorders & Centre for Research on Brain, Language & Music, McGill University!

2Department of Linguistics, University of Québec at Montréal"

"
"

Background! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old infants (N = 22)!
!

Stimuli!
Isolated vowels, /i/ and /a/"

•  synthesized to simulate productions by adult men, 
women, children (8-, 10-, and 12-year olds) and a 6-
month-old infant.  "

•  matched in their intensity and duration "

•  fundamental frequency (F0) was age-appropriate. !
!

Procedure & Design"
!

Look-to-listen task!
"

"
"

"
"

"
"

"
"

"

"
"

"
"

"

•  Fixating on a static pattern triggers an auditory stimuli"

•  2 stages: "
"

-  Stage 1.    Habituation:  /i/ vowels produced by adult 
men, adult women children: ages  8, 10, & 12 years"

-  Stage 2.  4 test trials : All infant productions"

!  /i/ " F = Familiar (same as habituation)"

!  /a/ "N = Novel"

!  2 orders (2 blocks)"

                       F N     N F:   /i/   /a/    /a/   /i/"

                       N F     F N:   /a/   /i/    /i/   /a/ !"
!

•  Dependent variable =  Looking time (LT)!
!
Hypothesis:  A novelty effect (looking time to the novel /a/ longer than 
the familiar /i/) was expected if infants recognize the infant /a/ as a 
novel vowel in the context of the novel (infant) vocal tract parameters."
"

NLT > FLT!

Results !
Infants displayed the expected novelty response.  !
•  Infants looked significantly longer to the novel vowel in the first FN test trial pair 

(P = 0.02), but not in the second FN test trial pair (P = 0.40; see Fig. 5). "

"
"

"
"
"

"
"
"
"
!
!
!
!
Figure 5. Average looking time during familiar and novel test trials for blocks 
1 and 2 (collapsed across both orders).  "
"

•  Infants also clearly noticed the infant vocal parameters introduced in the 
test trials.   Infants looked significantly longer to the first test trial compared to 
the last habituation trial in both the FNNF (P = 0.01) and NFFN (P = 0.00) test 
order (see Fig. 6). Looking time typically doubled when the infant vowel sounds 
were played."

"

"
"

"
"

"

 
 
 
 
 

!
!
!
!
!
Figure 6. Average looking time during last habituation trial and 1st test trial  
for each of the test trial orders.!
"

!
EXPERIMENT 2: LISTENING PREFERENCE TASK!
!

Hypothesis:  Given the results of Experiment 1, infants may display 
a perceptual bias for vowels with infant vocal tract parameters.  We 
employed a listening preference task to test this hypothesis. "
!

Participants!

4- to 5-month-old infants (N = 20)"
!

Stimuli!

Isolated /i/ vowels synthesized to simulate productions by an adult 
female and a 6-month-old infant"

•  matched in their intensity and duration"

•  F0 was age-appropriate !
!

Procedure & Design"

Sequential preferential listening !

•  Fixating on a static pattern triggers an auditory stimulus"

–  12 trials, alternating between adult female and infant 
produced /i/"

Conclusions!
•  infants recognize vowel categories across talker-related 

variation that includes infant vowel productions, while 
engaged in a task with more ecological validity.!

•  infants are capable of discriminating a salient /i-a/ vowel 
contrast produced by an infant talker."

•  infants display a robust preference (or bias) for vowels 
produced by an infant to that of an adult female."

•  Some infants vocalize and smile in response to the infant 
vowels in this task. "

•  The ability to recognize category equivalence between adult and infant 
vowels is necessary for infants to assess how well their own productions 
match speech sounds in their ambient language. "

"
•  Future directions…!
!

•  Test infants in more challenging vowel categorization tasks 
(acoustically similar vowels; increased memory load) to 
further explore the role of category representations in the 
development of infant vowel processing.  "

•  Compare infants before and after they can produce a full 
range of vowel sounds to assess how vocal production skills 
impact vowel perception skills."

•  Measure and compare infant vocalization and affect in 
response to infant-produced and adult-produced vowels. "
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Research questions:  !
!

Can pre-vocal infants recognize category equivalence 
among vowels produced by different speakers when…!
"

•  they are engaged in a task that does not 
provide explicit training and reinforcement?"

"

•  infant vowel productions are among the 
variants in the set?"

Table 1. Mean looking time to adult 
(female) and infant produced /i/.!

Adult (female)! Infant!
8.4" 6.2"
5.9" 13.6"
6.6" 11.1"
6.2" 6.5"
8.8" 14.1"
8.3" 12.2"
5.5" 7.0"
9.8" 14.9"
8.0" 11.7"
12.3" 12.8"
9.7" 10.9"
12.5" 12.7"
10.3" 10.2"
11.0" 13.4"
9.9" 8.4"
9.0" 19.9"
10.8" 18.0"
5.1" 5.6"
10.4" 13.9"
5.5" 8.5"

!

Speech perception requires recognizing category 
equivalence…!
!

Diverse acoustic signals can evoke the same percept."
!

Acoustic signals!

!

Percept!
!

e.g., consider the perception of vowel categories"
!
!
!
!
!
!
!
!
!
!
!
!
"
Previous studies show: !
"
•  The largest source of acoustic variability in vowels is due to age and sex-

related variation in vocal tract size and morphology (Peterson and 
Barney, 1952; Hillenbrand, 1995).    "

"
•  Young infants can recognize equivalence among vowels produced by 

adult men, women, and children (Kuhl, 1979, 1983). Some limitations…"
"

•  Only 2 vowel pairs tested on a very small sample of 
infants using an operant conditioning task; not clear 
how infants respond to vowels in more realistic 
conditions  (e.g. without training) "

"
•  Unknown whether this ability extends to infant vowel 

productions.  "
"
•  The vocal tract size and related formant frequencies specifying an infant 

vocal tract are quite distinct from both adult and child values (see Fig. 2).  "
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Results!
Infants display a preference for infant produced vowels. A preference for the 
infant produced vowels was supported at both the group  (P = 0.00; see Fig 7) and 
individual level (17 out of 20 infants prefer listening to the infant voice; see Table 1).   "

Figure 7: Mean looking time (sec) to adult 
(female and infant produced /i/."

B"
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum, but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.

i

i

i
i

i

i

i

i
i i

i

i
i
i
i
i

i i
i
ii

i

i i i i
i

i i i

ii
iii

iiiii i
ii

i i
i
i
i
i
i

i
ii

i
ii

i

i

iii

ii
ii
ii

i
ii

i

i
i
ii
ii

i i
i
i

i

ii
i i i

i
i
i
i

i
i

ii

l

l
l l
ll

l
l l l

l l
ll

ll l
l
l
ll

l l

llll

ll

l

ll
l
ll
l

l
lll

l
ll

lll
l
l
l

l

l
l

l
l

l
l l ll

l
l l

l l
ll

l

l
l
l
l l

ll

l l

ll l

l
ll

l

l

ae

ae
ae

ae
ae

ae

aeae

aeaeae
ae

aeaeae
ae aeae

ae
ae ae ae

aeaeae
aeaeae

ae
aeaeae
ae
ae ae

ae
ae
aeaeae

aeaeae
aeaeaeae

aeaeae
aeae aeae

ae

ae ae

ae
aeae

ae

ae
ae

ae
ae
aeae

aeaeaeae
aeae

ae
aeae

ae

ae
ae ae

ae

ae

aeae

aeae
aeae

3 3

33333

3
3 3 3 3

3
3 3
3

3

33
3 33

3
333

33
3 3
3
3 3

3
3

33
33

3
33

3333
3

33

3
3 3

33
3
33
3
3 3
333 3

u

u

u
u
u

u
uu

uu
u

u
u

u
u

uu
u

u u
uu

u

u
u uu
u
u
uuu

u u
u

u u
u

u
uu

u
u
uu

u
uu

u
u

uu
u
u
uu
uu
uu

u

u
u
u

uuu
u
u

u

U
U
U

U

U

UUUUUU U
UU

U

U

UUU
UU

U
U

U

U
UUUUUUUU

U
U

UU

U
UUU

U
UU

U
U
U
U

U
UU

U
U

UUU

U
U

U U U
U
U

^^
^
^^ ^
^̂̂

^̂ ^̂̂

^
^̂^̂

^

^^
^

^^
^^^

^^ ^ ^
^̂ ^̂

^

^

^

^
^

^
^ ^^^

^
^ ^

^
^

^̂
^^^

^̂

^

^^
^

^
^^^

^
^

c
cccc

c cc
c

c

cc
c

ccc
c
cc

c
c

c
c cccccc

c

cc
c

c
c
cc c

c c

cc c

c
cccc

a a
aa
aa a
a
a

a

aa
a
a

a

a a

a
a a

a aa
aa
aaa

aa
a

a

a
a
a

a
a

a aa
a
a

a
aa

a
a

a
aa
aa

a
a
a
aa

a
a
a
a a

a

aa a

a

a
a

a

a
a

a

aa
a

a

a
a aa
aa

a
a

!!!
! !

! ! !
!

!!
!
!

! ! !

!

!

!

!

!
!

!!
!

!!
!

! !
!!

! !
!!

!!
!!!!!

!
!!

!

!

!
! !

!

!
!
!! !
!

!

!!
! ! !

!

! !

!!
!
!
!!!

3,400

3,000

2,600

2,200

1,800

1,400

1,000

600

300 450 600 750 900 1,050 1,200

S
ec

on
d 

fo
rm

an
t (

H
z)

First formant (Hz)

Figure 1. Inter-Speaker Acoustic 
Vowel Variation   !
(F1xF2) Formant frequency scatterplot 
of English vowels produced by 
different talkers (adult men, women, 
and children) at different rates in 
different phonetic contexts (from Kuhl, 
2004).  "
"

     Figure 3: Infant (a) and Adult (b) Vocal Tracts and Vowel Space Variation (c). !
"
"

•  Moreover, most pre-vocal infants may have little or no exposure to infant 
speech until they start to babble. "

"
"

a    Infant vocal tract! b    Adult vocal tract!

c    Acoustic profiles of infant, child and adult produced vowels (from Menard et al., 2004)"

The present study!

B"

Infant!

Adult!

Infant!

Adult!

Child!

Looking serves as an index of listening;!
Infants hear 12 alternating trials of adult female /i/ vs. infant /i/!

!

Camera view!
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spectrograms are shown in Figure 1. Details of the VLAM 
synthesis and acoustic description of the vowels are pro-
vided in the Supplemental Material available online.

All vowels were 500-ms long and matched in intensity 
and intonation contour. The stimuli were judged to be 
intelligible, natural-sounding exemplars of each vowel 
category by English- and French-speaking adults. Adults 
also accurately identified the age and gender differences 
simulated in the stimulus set. For testing, we created 16 
stimulus files (one per vowel); each 30-s file included 20 

repetitions of the same vowel with1-s interstimulus 
intervals.

Procedure. Infants were tested using the visual- 
habituation (look-to-listen) procedure (Polka, Jusczyk, & 
Rvachew, 1995). The infant sat on the caregiver’s lap at a 
distance of about 150 cm facing a 21-in. television moni-
tor in a dimly lit, curtained, soundproof booth. Audiotrak 
( Jooan-Dong, Nam-Gu, Incheon, Korea) BSI-90 loud-
speakers and a Sony digital video camera were located 
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Fig. 3. Stimuli and design of the two experiments. The graph shows the frequency of the first formant (F1) as a function of the frequency of the 
second formant (F2) for the /i/ (“ee”) and /a/ (“ah”) vowel stimuli used in the present study, separately for each speaker type. Frequencies for the 
/u/ (“oo”) vowel are also plotted. The axes are scaled in Bark units (see Fig. 2). The bottom panel shows an example of the vowel stimuli presented 
in each phase of Experiments 1 and 2. In the habituation phase of Experiment 1, participants heard either /i/ or /a/ vowels produced by an adult 
male (M), two adult females (F1, F2), and 8-, 10-, and 12-year-old children (C8, C10, C12, respectively). In the test phase, there were four trials, two 
with the same vowel heard during habituation and two with a different vowel, with the order of the familiar and the novel vowels varying across 
the two possibilities shown. Each vowel in the test phase was produced by one of two 6-month-old infants (IN1, IN2). The design of Experiment 
2 was the same as that of Experiment 1, except that during the habituation phase, only the /i/ vowel was spoken and the male voice was replaced 
by an infant voice, whereas during the test phase, an adult male voice was heard instead of an infant voice.
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behind the curtain just below the TV screen. An experi-
menter observed the infant outside of the testing room 
on a monitor linked to the video camera. The caregiver 
wore noise-canceling headphones and listened to mask-
ing music during the entire procedure to avoid influenc-
ing the infant’s behavior. Habit software (Cohen, Atkinson, 
& Chaput, 2000) was used to present stimuli and record 
looking (listening) times, which we refer to as listening 
time for simplicity.

At the start of each trial, a red flashing light was pre-
sented to direct attention, followed by a black-and-white 
checkerboard. The experimenter (who could not hear 
the stimuli) pressed a key when the infant fixated on the 
checkerboard; this activated the auditory stimulus and 

provided an index of the infant’s listening time. When the 
infant looked away for more than 2 s, the sound stopped 
and the screen went black. The minimum look time for a 
trial was 1 s. If the infant looked away for less than 2 s, 
the sound continued to play but the look-away time was 
not included in the looking time for that trial. The trial 
was terminated when the infant looked away for more 
than 2 s or when the complete stimulus file (30-s long) 
had played. After a brief pause, the red flashing light 
returned to start the next trial.

Design. The experiment consisted of four consecutive 
phases: pretest, habituation, test, and posttest (see Fig. 3), 
with no break or pause between. Instrumental music was 
presented during pre- and posttest trials. On each habitu-
ation and test trial, infants heard a vowel produced 
repeatedly by the same talker; a different talker was pre-
sented in each trial. The vowel presented during habitu-
ation was counterbalanced across participants. During 
habituation, the order of talkers was randomized within 
blocks: Each block contained three trials in which a man, 
a woman, and a child talker spoke. The software tracked 
a running average of listening time across a three-trial 
window. The habituation criterion was met when the 
running average dropped below 65% of the longest 
three-trial average for that infant. Thus, the number of 
habituation trials varied across infants; however, all 
infants completed at least four habituation trials (most 
completed six or more) and were exposed to all three 
talker types (man, woman, child).

During the test phase, there were four trials containing 
only vowels produced by infants; two trials contained the 
same vowel as during habituation (F = familiar), and two 
contained the contrasting vowel not heard during habitu-
ation (N = novel). Test trials were presented in one of 
two fixed orders: FNNF or NFFN. Infants were assigned 
to four conditions (two habituation conditions, two test 
orders) as shown in Figure 3.

Results

Data from the two habituation groups were combined 
because they showed no differences in total habituation 
time, number of habituation trials, or posttest listening 
times. For each infant, listening time was averaged across 
the last two trials in habituation and for each test-trial 
type (novel, familiar).

Group means (collapsed across habituation condition 
and test-trial order) are shown in Figure 4a. The scores 
were submitted to a mixed analysis of variance (ANOVA) 
with test-trial order (FNNF vs. NFFN) as a between-sub-
jects factor and trial type (habituation vs. familiar vs. 
novel) as a within-subjects factor. There was no main 
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Infants’ categorization of vowels with infant vocal properties !
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"
"

Introduction! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old (pre-babbling) infants (n = 56)!
!

Stimuli!
Isolated vowels, /i/ and /a/ (see Fig. 4)"
•  synthesized to simulate productions by adult men, women, children 

(8-, 10-, and 12-year olds) and a 6-month-old infant "
•  matched in their intensity, duration and intonational contour "
•  fundamental frequency (F0) was age-appropriate "
!
!
!
!
!
!
!
!
!

!
!
!
Procedure & Design"
!

Look-to-listen habituation task"

•  Fixating on a static pattern triggers an auditory stimuli"

"

"
"

•  2 Stages:"
-  Stage 1.    Habituation:  /i/ or /a/ vowels produced by adult 

men, adult women children: ages  8, 10, & 12 years"
"

-  Stage 2.  4 test trials : All infant productions"
!  F = Familiar (same as habituation)"
!  N = Novel"
!  2 orders FNNF or  NFFN !"

!
!

•  Dependent variable =  Looking time (LT)!
"

Results !
Infants noticed the change to the novel infant talker."
•  Infants looked significantly longer to the first test trial compared to the 

last habituation trial in both the FNNF and NFFN test order (see Fig. 5). "

Figure 5. Mean looking time (sec) during last habituation and first test trial for infants 
habituated to /i/ (left) and /a/ (right) for each test trial order. The vowel category that infants 
heard on the last habituation and first test trial is indicated."
"
•  Infants’ response to an infant talker appear to be quite robust. This may be due 

to the large shift in acoustic space associated with the infant vowel tokens (Fig. 
2). However, an alternative, but not mutually exclusive hypothesis, is that 
infants are attracted to infant speech signals (see Masapollo, Polka, Menard & 
Vouloumanos, this session). "

"
Infants also displayed a novelty e$ect."
•  Infants looked significantly longer to the novel vowel than to the familiar vowel 

(see Fig. 6). !

"
"
"
"
"
"
!
!
!
!
!
!
!

Figure 6. Mean looking time (sec) during familiar and novel test trials. !
!

The novelty e$ect, while significant, was not as robust as one might 
expect. One possibility is that the salience of the infant voice may have 
made it more di%cult for infants to detect the new vowel category 
presented in the test phase. The next experiment was designed to assess 
this issue… "

!

EXPERIMENT 2: LOOK TO LISTEN TASK!
!

Participants!
4-5-month-old infants (n = 27)"
!

Stimuli!
The same /i/ and /a/ vowel stimuli used in Experiment 1.!
Procedure & Design!
The same as in Experiment 1, except that the infant vowels were included 
in the habituation set (replacing the adult male vowels) and adult male 
vowels were presented in the test phase (replacing of the infant vowels)."
"

Hypotheses: !
1) If infants display a high interest in infant speech signals, then including 
infant vowels in the habituation phase should to lead to longer listening 
times during habituation."
"

2) If the salience of the talker in the test phase influences infants’ ability to 
detect a vowel change, then the novelty response may also di$er across 
Exps. 1 & 2."
"

NB: Infants were only habituated to /i/ in Exp. 2. "

General Discussion!
"

•  Infants clearly discriminate talker changes; infants’ responses to the 
new talkers presented in the test phase of Exps. 1 & 2 were robust and 
immediate."

"

•  Infants demonstrated some ability to match infant-produced /i/ and /a/ 
vowels, which they may be hearing for the first time, to adult and child 
productions. "

•  The large acoustic gap between infant and child/adult vowels suggests 
that infants recognize a structural similarity between infant vowels and 
vowels produced by other talkers. Furthermore, infants also appear to 
demonstrate this skill without explicit training."

•  BUT… how do infants perform under more challenging vowel 
categorization tasks (e.g., acoustically similar vowels; increased memory 
load)? /i-a/ is a salient contrast, and these vowels may serve as natural 
referent vowels. "

Future directions…!
!

•  Can infants successfully infer an infant talker as the source of an infant-
produced vowel? "

•  Do infants vocalize more and/or display more positive a$ect in 
response to infant-produced vowels, as compared to those produced 
by adult and child speakers?"

•  How do vocal production skills influence vowel perception skills? How 
do infants perceive their own self-produced speech sounds?"

Research questions:  !
!

Can pre-babbling infants recognize phonetic category 
equivalence among vowels produced by di$erent speakers 
when…!
"

•  they are engaged in a task that does not provide explicit 
training and reinforcement?"

"

•  infant vowel productions are among the variants in the set?"

!

Speech perception requires recognizing category 
equivalence…!
!

Multiple acoustic signals can evoke the same percept."
!

Acoustic signals"
"
"

Percept"
!

e.g., the perception of vowel categories"
!
 !
!
!
!
!
!
!
!
!
!

!
"
"
"

Previous studies show: "
"

•  The largest source of acoustic variability in vowels is due to age and sex-
related variation in vocal tract size and geometry.    "

"

•  Young pre-babbling infants can recognize phonetic category equivalence 
among vowels produced by adult men, women, and children. Some 
limitations…"

"

•  Only 2 vowel pairs tested (i.e., /i-a/, /&-'/) with very small sample 
of infants using an operant conditioning task; not clear how 
infants respond to vowels in more realistic conditions  (e.g. 
without training)."

"

•  Unknown whether this ability extends to infant vowel productions.  "
"

•  Infant vocal signals have a unique acoustic signature due to the 
smaller size and distinct geometry( of the infant vocal tract (see 
Figs. 2, 3)."

"
•  Furthermore, most pre-babbling infants may have little or no 

exposure to infant speech until they start to babble."

Results!
Infants’ overall listening time during the habituation phase was found to increase 
when the infant vowels were included in the habituation stimulus set (see Fig. 7). In 
addition, infants also noticed the change to the adult male talker in the test phase. 
However, infants’ response to the novel adult male talker was not as robust as when 
infant vowels were used in the test phase. "
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum, but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.
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Figure 1. Inter-Speaker 
Acoustic Vowel Variation   !
(F1xF2) Formant frequency 
scatterplot of English vowels 
produced by di$erent talkers 
(adult men, women, and 
children).  "
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Hypothesis:  A novelty e$ect (looking time to the novel /a/ 
longer than the familiar /i/) was expected if infants 
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Infants’ perception of infant vowels!
!

Matthew Masapollo1, Linda Polka1 and Lucie Ménard1,2!
1School of Communication Sciences and Disorders & Centre for Research on Brain, Language & Music, McGill University!

2Department of Linguistics, University of Québec at Montréal"

"
"

Background! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old infants (N = 22)!
!

Stimuli!
Isolated vowels, /i/ and /a/"

•  synthesized to simulate productions by adult men, 
women, children (8-, 10-, and 12-year olds) and a 6-
month-old infant.  "

•  matched in their intensity and duration "

•  fundamental frequency (F0) was age-appropriate. !
!

Procedure & Design"
!

Look-to-listen task!
"

"
"

"
"

"
"

"
"

"

"
"

"
"

"

•  Fixating on a static pattern triggers an auditory stimuli"

•  2 stages: "
"

-  Stage 1.    Habituation:  /i/ vowels produced by adult 
men, adult women children: ages  8, 10, & 12 years"

-  Stage 2.  4 test trials : All infant productions"

!  /i/ " F = Familiar (same as habituation)"

!  /a/ "N = Novel"

!  2 orders (2 blocks)"

                       F N     N F:   /i/   /a/    /a/   /i/"

                       N F     F N:   /a/   /i/    /i/   /a/ !"
!

•  Dependent variable =  Looking time (LT)!
!
Hypothesis:  A novelty effect (looking time to the novel /a/ longer than 
the familiar /i/) was expected if infants recognize the infant /a/ as a 
novel vowel in the context of the novel (infant) vocal tract parameters."
"

NLT > FLT!

Results !
Infants displayed the expected novelty response.  !
•  Infants looked significantly longer to the novel vowel in the first FN test trial pair 

(P = 0.02), but not in the second FN test trial pair (P = 0.40; see Fig. 5). "

"
"

"
"
"

"
"
"
"
!
!
!
!
Figure 5. Average looking time during familiar and novel test trials for blocks 
1 and 2 (collapsed across both orders).  "
"

•  Infants also clearly noticed the infant vocal parameters introduced in the 
test trials.   Infants looked significantly longer to the first test trial compared to 
the last habituation trial in both the FNNF (P = 0.01) and NFFN (P = 0.00) test 
order (see Fig. 6). Looking time typically doubled when the infant vowel sounds 
were played."

"

"
"

"
"

"

 
 
 
 
 

!
!
!
!
!
Figure 6. Average looking time during last habituation trial and 1st test trial  
for each of the test trial orders.!
"

!
EXPERIMENT 2: LISTENING PREFERENCE TASK!
!

Hypothesis:  Given the results of Experiment 1, infants may display 
a perceptual bias for vowels with infant vocal tract parameters.  We 
employed a listening preference task to test this hypothesis. "
!

Participants!

4- to 5-month-old infants (N = 20)"
!

Stimuli!

Isolated /i/ vowels synthesized to simulate productions by an adult 
female and a 6-month-old infant"

•  matched in their intensity and duration"

•  F0 was age-appropriate !
!

Procedure & Design"

Sequential preferential listening !

•  Fixating on a static pattern triggers an auditory stimulus"

–  12 trials, alternating between adult female and infant 
produced /i/"

Conclusions!
•  infants recognize vowel categories across talker-related 

variation that includes infant vowel productions, while 
engaged in a task with more ecological validity.!

•  infants are capable of discriminating a salient /i-a/ vowel 
contrast produced by an infant talker."

•  infants display a robust preference (or bias) for vowels 
produced by an infant to that of an adult female."

•  Some infants vocalize and smile in response to the infant 
vowels in this task. "

•  The ability to recognize category equivalence between adult and infant 
vowels is necessary for infants to assess how well their own productions 
match speech sounds in their ambient language. "

"
•  Future directions…!
!

•  Test infants in more challenging vowel categorization tasks 
(acoustically similar vowels; increased memory load) to 
further explore the role of category representations in the 
development of infant vowel processing.  "

•  Compare infants before and after they can produce a full 
range of vowel sounds to assess how vocal production skills 
impact vowel perception skills."

•  Measure and compare infant vocalization and affect in 
response to infant-produced and adult-produced vowels. "
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Research questions:  !
!

Can pre-vocal infants recognize category equivalence 
among vowels produced by different speakers when…!
"

•  they are engaged in a task that does not 
provide explicit training and reinforcement?"

"

•  infant vowel productions are among the 
variants in the set?"

Table 1. Mean looking time to adult 
(female) and infant produced /i/.!

Adult (female)! Infant!
8.4" 6.2"
5.9" 13.6"
6.6" 11.1"
6.2" 6.5"
8.8" 14.1"
8.3" 12.2"
5.5" 7.0"
9.8" 14.9"
8.0" 11.7"

12.3" 12.8"
9.7" 10.9"

12.5" 12.7"
10.3" 10.2"
11.0" 13.4"
9.9" 8.4"
9.0" 19.9"

10.8" 18.0"
5.1" 5.6"

10.4" 13.9"
5.5" 8.5"

!

Speech perception requires recognizing category 
equivalence…!
!

Diverse acoustic signals can evoke the same percept."
!

Acoustic signals!

!

Percept!
!

e.g., consider the perception of vowel categories"
!
!
!
!
!
!
!
!
!
!
!
!
"
Previous studies show: !
"
•  The largest source of acoustic variability in vowels is due to age and sex-

related variation in vocal tract size and morphology (Peterson and 
Barney, 1952; Hillenbrand, 1995).    "

"
•  Young infants can recognize equivalence among vowels produced by 

adult men, women, and children (Kuhl, 1979, 1983). Some limitations…"
"

•  Only 2 vowel pairs tested on a very small sample of 
infants using an operant conditioning task; not clear 
how infants respond to vowels in more realistic 
conditions  (e.g. without training) "

"
•  Unknown whether this ability extends to infant vowel 

productions.  "
"
•  The vocal tract size and related formant frequencies specifying an infant 

vocal tract are quite distinct from both adult and child values (see Fig. 2).  "
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Results!
Infants display a preference for infant produced vowels. A preference for the 
infant produced vowels was supported at both the group  (P = 0.00; see Fig 7) and 
individual level (17 out of 20 infants prefer listening to the infant voice; see Table 1).   "

Figure 7: Mean looking time (sec) to adult 
(female and infant produced /i/."

B"
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum,but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.
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Figure 1. Inter-Speaker Acoustic 
Vowel Variation   !
(F1xF2) Formant frequency scatterplot 
of English vowels produced by 
different talkers (adult men, women, 
and children) at different rates in 
different phonetic contexts (from Kuhl, 
2004).  "
"

     Figure 3: Infant (a) and Adult (b) Vocal Tracts and Vowel Space Variation (c). !
"
"

•  Moreover, most pre-vocal infants may have little or no exposure to infant 
speech until they start to babble. "

"
"

a    Infant vocal tract! b    Adult vocal tract!

c    Acoustic profiles of infant, child and adult produced vowels (from Menard et al., 2004)"

The present study!
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ANOVA (Experiment x Test trial order x Trial type)!
!

Significant Experiment x Trial type interaction !

Experiment I! Experiment II!

Haskins – May 2013!

!!"!

!!"!

Experiment III: Results 
Did infants notice the change in talker? 

Polka, Masapollo & Menard (in preparation)"Figure 7. Mean overall looking time (sec) 
during habituation for Exps 1 & 2."

Figure 8. Mean looking time (sec) during last 
habituation and first test trial for Exps 1 & 2."

Figure 9. Mean looking time (sec) during familiar and novel test trials (whole group on left; subgroup 
matched on the top right; subgroup extended on the bottom right)."
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Figure 1. Acoustic simulations of adult and infant vowel spaces!
Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male 
vocal tract, in the F1/F2 (left) and F2/F3 (right) spaces, with prototypical focal 
vowels /i y u a/ (represented by circles and labeled “i0, y0, u0, a0” for the 
newborn, and represented by stars and labels “i21, y21, u21, a21” for the adult."

Figure 2. Infant and adult vocal tracts!
Infant (left) and adult (right) vocal tract. The infant vocal tract more closely 
resembles that of a non-human primate (top left) than that of an adult. "

INTRODUCTION 

Infant vocal signals have a unique acoustic signature due, in large part, to the size and geometry of 
the infant vocal tract (e.g., Ménard, Schwartz, & Boe, 2004; Vorperian & Kent, 2007). For example, 
spectrographic analyses show that the formant patterns for vowels produced by infants are quite distinct 
from those of adult and child speakers (e.g., Kent & Murray, 1982; Kuhl & Meltzoff, 1996; Rvachew, 
Mattock, Polka & Ménard, 2006). To illustrate this point, acoustic simulations of the maximum vowel 
spaces of adult and infant speakers (Ménard et al., 2002) are shown in Figure 1.  
 

 
 
FIGURE 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and 
F2/F3 spaces, with prototypical focal vowels /i y u a/ (represented by circles and labeled “i0, y0, u0, a0” for the 
newborn, and represented by stars and labels “i21, y21, u21, a21” for the adult; from Ménard et al., 2002). 
 
 Processing infant speech signals is an important skill for infants to master in order to effectively 
monitor and assess their self-produced vocalizations during vocal learning (see, e.g., Doupe & Kuhl, 2008; 
Rvachew et al., 2006). However, most of the speech heard by infants who are not yet babbling will not 
include infant productions. Despite these facts, research has focused almost exclusively on infant 
perception of speech produced by adults; studies using infant-produced speech are virtually non-existent. 
Understanding how infants perceive infant speech signals is important for constructing theories of early 
phonetic development. In the present study, we ask whether infants recognize and preferentially attend to 
speech produced by infants over speech produced by adults. A related issue is whether infants respond 
selectively to infant speech signals only after they have sensorimotor experiences with their own babbling, 
or whether some selective processing of infant vocal signals is present prior to babbling. Selective 
processes available prior to babbling might help to support early vocal learning.  

Suggestive evidence that pre-babbling infants may be highly attentive to infant-produced speech 
signals was recently observed in a vowel categorization study by Masapollo, Polka & Ménard (2013). In 
that study, 4-to-6-month-old infants were tested in a habituation paradigm (implementing the look-to-listen 
procedure) with isolated vowels, /i/ and /a/, synthesized to simulate productions by men, women, children 
and a 6-month-old. Infants were first habituated to diverse productions of the same vowel produced by 
several adult male, female, and child speakers while they fixated on a static checkerboard pattern. 
Following habituation, infants then heard infant productions of the same vowel (familiar) and the other 
vowel (novel) in four test trials. A novelty effect (novel > familiar) was observed showing that infants 
recognized the familiar infant vowel to be similar to the habituation vowel. In addition, infants clearly 
noticed the infant vocal parameters introduced in the test trials; infants’ looking time typically doubled 
when the infant vowel sounds were introduced in the test stage. Overall, these results provide preliminary 
evidence that infants recognize some vowel categories across talker-related variation that includes infant 
vowel productions. The findings also suggest that pre-babbling infants display a high interest in vowels 
produced by an infant vocal tract.  

point for the other growth stages. Because of the nonuniform
nature of vocal tract growth simulated by our model, the
acoustic results of similar articulatory commands from birth
to adulthood were located at different relative positions
within the MVS !Ménard and Boë, 2000". Therefore, we
established articulatory-acoustic prototypes for each growth
stage, based on acoustic criteria inspired from the dispersion-
focalization theory !DFT, cf. Schwartz et al., 1997". In this
theory, it is assumed that vowel systems are shaped by both
dispersion constraints increasing mean formant distances be-
tween vowels, and by focalization constraints increasing the
trend to have focal vowels in the system, that is, vowels with
close F1 and F2, F2 and F3, or F3 and F4. First, by compar-
ing the different MVS generated by VLAM, we situated the
four focal vowels /{/, /Ñ/, /É/ and /~/, which represent the
articulatory-acoustic limits of a speaker, within that space.
This method was based on the following acoustic criteria
!see Fig. 1":

!i" #{$: focalization of F3 and F4, resulting in maximal F2
and F3,

!ii" #Ñ$: focalization of F2 and F3, and minimal F1,
!iii" #É$: minimal F1 and F2 !focalization of F1 and F2 at

their lowest mean position",
!iv" #~$: maximal F1 !focalization of F1 and F2 at their

highest mean position".

The remaining vowels were then situated, on the basis of a

constant relative position in each F1/F2/F3 MVS.
Next, articulatory parameters were retrieved by an itera-

tive inversion method using the pseudo-inverse of the Jaco-
bian matrix !Jordan and Rumelhart, 1992". Since inversion
provides several solutions, we retained the articulatory pro-
totypes involving the smallest articulatory distance !in terms
of Pi values" compared to the adult male !21 years old"
!Ménard and Boë, 2000". Figure 2 groups the set of 70 vow-
els for the seven growth stages, in the F1/F2 and F2/F3
spaces.

The values of the fourth and fifth formants were finally
determined by the articulatory commands retrieved by inver-
sion. Formant bandwidths for the five formants were calcu-
lated based on an analog simulation !Badin and Fant, 1984".
A cascade formant synthesizer was excited by a glottal wave-
form generated by the Liljencrants–Fant source model. The
resulting signal was digitized at 22 kHz, and had a duration
of 600 ms. A fall–rise amplitude contour was applied to the
signal.

2. f0 values
Fundamental frequencies were chosen according to

Beck !1996", based on data gathered from children of differ-
ent ages. f0 values of 450, 360, 300, 270, 240, 210, and 110
Hz correspond respectively to 0, 2, 4, 8, 12, 16, and 21 year
olds. An f0 value of 210 Hz was chosen for the 16-year-old
speaker, representative of an adult female in our analysis. In

FIG. 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal
vowels /{ Ñ É ~/ !represented by circles and labeled ‘‘{0, Ñ0, É0, ~0’’ for the newborn, and represented by stars and labeled ‘‘{21, Ñ21, É21, ~21’’ for the adult".

FIG. 2. Representation of the stimuli in the F1/F2 and F2/F3 spaces.
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tongue; disengagement of the velopharyngeal con-
tact; and lengthening of the vocal tract with a
decrease in the oro-laryngo-pharyngeal angle (Fig.
1) [1–5]. Since speech emerges and develops dur-
ing this period of anatomic restructuring, having a
thorough understanding of the process of
anatomic change is critical towards gaining in-
sight regarding its role in speech emergence and
development [1,6,7].

Aside from the above listed general qualitative
descriptions of differences between the infant ver-
sus the adult vocal tracts, there are a select num-
ber of studies on some—not all—vocal tract
structures that provide quantitative information
regarding the process of growth of specific vocal
tract structures. However, typically such data are
limited to only one or two vocal tract structures,
and the age groups studied do not necessarily
span the whole developmental period. Further-
more, it is difficult to compare across different
studies—even studies that examine the same
structure—because different investigators have:
(i) used different subject indices such as chrono-
logical age, head circumference, body length, or
body weight; (ii) used different measurement tech-
niques/procedures; (iii) reported growth measure-
ments in different units (such as length, area,
volume or weight). Table 1 shows how methodo-
logical differences pose difficulties to the compari-

son of information across studies of development
of the same structure, in this case, the tongue.

Thus, even when quantitative data are available
on a particular structure, it is often difficult to
integrate the available information to describe a
developmental pattern of the structure examined.
The task of comparing developmental patterns
across different but related structures is even more
challenging, particularly because the available in-
formation is sketchy [5]. For example, it appears
that the growth of the tongue and the mandible
are synchronized. However, it is not known
whether maxillary growth follows the same sched-
ule. There are reports that growth of maxillary
width is compromised when young children as-
sume an open mouth posture, presumably because
the tongue cannot exert as much pressure on the
maxilla when anterior lip seal posture is not as-
sumed [8,9]. However, there are no studies that
compare the relative growth of the maxilla to the
tongue and the mandible. In fact, there are no
sources that compare the relative or relational
growth of all the vocal tract structures [5].

The purpose of this report is to describe the
MRI procedures implemented to obtain quantita-
tive measurements on the concurrent anatomic
development of a number of vocal tract structures
from two pediatric subjects. MRI was selected as
the imaging method of choice because it provides

Fig. 1. Major anatomic differences between the infant and the adult vocal tracts. Drawing of a midsagittal section of infant (left)
and adult (right) vocal tracts.
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Infants’ perception of infant vowels!
!

Matthew Masapollo1, Linda Polka1 and Lucie Ménard1,2!
1School of Communication Sciences and Disorders & Centre for Research on Brain, Language & Music, McGill University!

2Department of Linguistics, University of Québec at Montréal"

"
"

Background! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old infants (N = 22)!
!

Stimuli!
Isolated vowels, /i/ and /a/"

•  synthesized to simulate productions by adult men, 
women, children (8-, 10-, and 12-year olds) and a 6-
month-old infant.  "

•  matched in their intensity and duration "

•  fundamental frequency (F0) was age-appropriate. !
!

Procedure & Design"
!

Look-to-listen task!
"

"
"

"
"

"
"

"
"

"

"
"

"
"

"

•  Fixating on a static pattern triggers an auditory stimuli"

•  2 stages: "
"

-  Stage 1.    Habituation:  /i/ vowels produced by adult 
men, adult women children: ages  8, 10, & 12 years"

-  Stage 2.  4 test trials : All infant productions"

!  /i/ " F = Familiar (same as habituation)"

!  /a/ "N = Novel"

!  2 orders (2 blocks)"

                       F N     N F:   /i/   /a/    /a/   /i/"

                       N F     F N:   /a/   /i/    /i/   /a/ !"
!

•  Dependent variable =  Looking time (LT)!
!
Hypothesis:  A novelty effect (looking time to the novel /a/ longer than 
the familiar /i/) was expected if infants recognize the infant /a/ as a 
novel vowel in the context of the novel (infant) vocal tract parameters."
"

NLT > FLT!

Results !
Infants displayed the expected novelty response.  !
•  Infants looked significantly longer to the novel vowel in the first FN test trial pair 

(P = 0.02), but not in the second FN test trial pair (P = 0.40; see Fig. 5). "

"
"

"
"
"

"
"
"
"
!
!
!
!
Figure 5. Average looking time during familiar and novel test trials for blocks 
1 and 2 (collapsed across both orders).  "
"

•  Infants also clearly noticed the infant vocal parameters introduced in the 
test trials.   Infants looked significantly longer to the first test trial compared to 
the last habituation trial in both the FNNF (P = 0.01) and NFFN (P = 0.00) test 
order (see Fig. 6). Looking time typically doubled when the infant vowel sounds 
were played."

"

"
"

"
"

"

 
 
 
 
 

!
!
!
!
!
Figure 6. Average looking time during last habituation trial and 1st test trial  
for each of the test trial orders.!
"

!
EXPERIMENT 2: LISTENING PREFERENCE TASK!
!

Hypothesis:  Given the results of Experiment 1, infants may display 
a perceptual bias for vowels with infant vocal tract parameters.  We 
employed a listening preference task to test this hypothesis. "
!

Participants!

4- to 5-month-old infants (N = 20)"
!

Stimuli!

Isolated /i/ vowels synthesized to simulate productions by an adult 
female and a 6-month-old infant"

•  matched in their intensity and duration"

•  F0 was age-appropriate !
!

Procedure & Design"

Sequential preferential listening !

•  Fixating on a static pattern triggers an auditory stimulus"

–  12 trials, alternating between adult female and infant 
produced /i/"

Conclusions!
•  infants recognize vowel categories across talker-related 

variation that includes infant vowel productions, while 
engaged in a task with more ecological validity.!

•  infants are capable of discriminating a salient /i-a/ vowel 
contrast produced by an infant talker."

•  infants display a robust preference (or bias) for vowels 
produced by an infant to that of an adult female."

•  Some infants vocalize and smile in response to the infant 
vowels in this task. "

•  The ability to recognize category equivalence between adult and infant 
vowels is necessary for infants to assess how well their own productions 
match speech sounds in their ambient language. "

"
•  Future directions…!
!

•  Test infants in more challenging vowel categorization tasks 
(acoustically similar vowels; increased memory load) to 
further explore the role of category representations in the 
development of infant vowel processing.  "

•  Compare infants before and after they can produce a full 
range of vowel sounds to assess how vocal production skills 
impact vowel perception skills."

•  Measure and compare infant vocalization and affect in 
response to infant-produced and adult-produced vowels. "
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Research questions:  !
!

Can pre-vocal infants recognize category equivalence 
among vowels produced by different speakers when…!
"

•  they are engaged in a task that does not 
provide explicit training and reinforcement?"

"

•  infant vowel productions are among the 
variants in the set?"

Table 1. Mean looking time to adult 
(female) and infant produced /i/.!

Adult (female)! Infant!
8.4" 6.2"
5.9" 13.6"
6.6" 11.1"
6.2" 6.5"
8.8" 14.1"
8.3" 12.2"
5.5" 7.0"
9.8" 14.9"
8.0" 11.7"

12.3" 12.8"
9.7" 10.9"

12.5" 12.7"
10.3" 10.2"
11.0" 13.4"
9.9" 8.4"
9.0" 19.9"

10.8" 18.0"
5.1" 5.6"

10.4" 13.9"
5.5" 8.5"

!

Speech perception requires recognizing category 
equivalence…!
!

Diverse acoustic signals can evoke the same percept."
!

Acoustic signals!

!

Percept!
!

e.g., consider the perception of vowel categories"
!
!
!
!
!
!
!
!
!
!
!
!
"
Previous studies show: !
"
•  The largest source of acoustic variability in vowels is due to age and sex-

related variation in vocal tract size and morphology (Peterson and 
Barney, 1952; Hillenbrand, 1995).    "

"
•  Young infants can recognize equivalence among vowels produced by 

adult men, women, and children (Kuhl, 1979, 1983). Some limitations…"
"

•  Only 2 vowel pairs tested on a very small sample of 
infants using an operant conditioning task; not clear 
how infants respond to vowels in more realistic 
conditions  (e.g. without training) "

"
•  Unknown whether this ability extends to infant vowel 

productions.  "
"
•  The vocal tract size and related formant frequencies specifying an infant 

vocal tract are quite distinct from both adult and child values (see Fig. 2).  "
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Results!
Infants display a preference for infant produced vowels. A preference for the 
infant produced vowels was supported at both the group  (P = 0.00; see Fig 7) and 
individual level (17 out of 20 infants prefer listening to the infant voice; see Table 1).   "

Figure 7: Mean looking time (sec) to adult 
(female and infant produced /i/."
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum,but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.
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Figure 1. Inter-Speaker Acoustic 
Vowel Variation   !
(F1xF2) Formant frequency scatterplot 
of English vowels produced by 
different talkers (adult men, women, 
and children) at different rates in 
different phonetic contexts (from Kuhl, 
2004).  "
"

     Figure 3: Infant (a) and Adult (b) Vocal Tracts and Vowel Space Variation (c). !
"
"

•  Moreover, most pre-vocal infants may have little or no exposure to infant 
speech until they start to babble. "

"
"

a    Infant vocal tract! b    Adult vocal tract!

c    Acoustic profiles of infant, child and adult produced vowels (from Menard et al., 2004)"

The present study!

B"

Infant!

Adult!

Infant!

Adult!

Child!

Looking serves as an index of listening;!
Infants hear 12 alternating trials of adult female /i/ vs. infant /i/!

!

Camera view!

167th Meeting of the Acoustical Society of America – May 2014!

Mean looking time by trial type


Vowel stimuli: Infant and adult (female) /i/ tokens
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Results!
!

Infants noticed the change to the novel infant talker.!
!

•  17 out of the 20 infants tested in this experiment 
listened longer to the infant voice.!

!
!

!

•  This finding suggests some selective processing of 
infant speech signals may be present prior to the onset 
of babbling.!

•  But why are infants attracted to infant vowels?!
•  H1: Infant-produced vowels are novel!
•  H2: Higher pitch range of the infant voice!

   !

EXPERIMENT II!
Participants!
4-6-month-old infants (n = 20)!
!

Stimuli!
Isolated /i/ vowels!
•  Infant vs. adult (female /i/) – f0 matched (315 Hz, 360 Hz) !
    NB: These f0 values are more characteristic of an infant voice.!
!
Procedure & Design!

The procedure and design were identical to Experiment 1.!
!

Results!

Infants failed to show a listening preference for infant 
versus adult (female)-produced vowels, when the vowels 
have matching, infant-like, pitch values.!
!

Infant speech signals have a unique acoustic signature 
due, in large part, to the smaller size and distinct geometry 
of the infant vocal tract (as shown in Figs. 1 & 2 below).!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

•  Processing infant speech signals is an important skill 
for infants to master in order to e"ectively monitor and 
refine their self-produced vocalizations during vocal 
learning. However… !

•  Most of the speech heard by young infants 
who are not yet babbling will not include infant 
speech signals.!

There are two possible interpretations (at least) that could 
account for these findings:!
!

•  H1: Infants are attracted to high f0 values in general!
•  H2: Infants are attracted to f0 values that are typical     !
            of an infant speaker!

!
EXPERIMENT III!

Participants!
4-6-month-old infants (n = 20)!
!

Stimuli!
Isolated /i/ vowels!
•  Infant /i/ vowels only – 360 Hz vs. 450 Hz!
!
Procedure & Design!

The procedure and design were identical to Experiment 1.!
!

Results!
Infants showed no listening preference for higher pitched 
infant vowels over lower pitched infant vowels. Therefore, 
infant listeners do not appear to be attracted to vowels 
with a higher pitch per se. !
!
!
!
!
!
!
!
!
!
!
!
!
!
"

EXPERIMENT I!
!

Participants!
4-6-month-old infants (n = 20)!
!

Stimuli!
Isolated /i/ vowels!
•  synthesized to simulate productions by adult female 

and 6-month-old infant speakers.  !
•  matched in their intensity and duration !
•  fundamental frequency (f0) was age-appropriate (i.e., 

adult female: 210 Hz, 240 Hz; infant: 360 Hz, 450 Hz). !
!
!
!
!
!
!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!

Procedure!

Sequential preferential listening task!
!

•  Fixating on a static pattern triggers an auditory stimuli!

!

!
!

•  Design!

Dependent variable =  Listening time (sec)!

Experiment II 
Sequential Listening Preference Task 

18!
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 !

Infants’ perception of infant vowels!
!

Matthew Masapollo1, Linda Polka1 and Lucie Ménard1,2!
1School of Communication Sciences and Disorders & Centre for Research on Brain, Language & Music, McGill University!

2Department of Linguistics, University of Québec at Montréal"

"
"

Background! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old infants (N = 22)!
!

Stimuli!
Isolated vowels, /i/ and /a/"

•  synthesized to simulate productions by adult men, 
women, children (8-, 10-, and 12-year olds) and a 6-
month-old infant.  "

•  matched in their intensity and duration "

•  fundamental frequency (F0) was age-appropriate. !
!

Procedure & Design"
!

Look-to-listen task!
"

"
"

"
"

"
"

"
"

"

"
"

"
"

"

•  Fixating on a static pattern triggers an auditory stimuli"

•  2 stages: "
"

-  Stage 1.    Habituation:  /i/ vowels produced by adult 
men, adult women children: ages  8, 10, & 12 years"

-  Stage 2.  4 test trials : All infant productions"

!  /i/ " F = Familiar (same as habituation)"

!  /a/ "N = Novel"

!  2 orders (2 blocks)"

                       F N     N F:   /i/   /a/    /a/   /i/"

                       N F     F N:   /a/   /i/    /i/   /a/ !"
!

•  Dependent variable =  Looking time (LT)!
!
Hypothesis:  A novelty effect (looking time to the novel /a/ longer than 
the familiar /i/) was expected if infants recognize the infant /a/ as a 
novel vowel in the context of the novel (infant) vocal tract parameters."
"

NLT > FLT!

Results !
Infants displayed the expected novelty response.  !
•  Infants looked significantly longer to the novel vowel in the first FN test trial pair 

(P = 0.02), but not in the second FN test trial pair (P = 0.40; see Fig. 5). "

"
"

"
"
"

"
"
"
"
!
!
!
!
Figure 5. Average looking time during familiar and novel test trials for blocks 
1 and 2 (collapsed across both orders).  "
"

•  Infants also clearly noticed the infant vocal parameters introduced in the 
test trials.   Infants looked significantly longer to the first test trial compared to 
the last habituation trial in both the FNNF (P = 0.01) and NFFN (P = 0.00) test 
order (see Fig. 6). Looking time typically doubled when the infant vowel sounds 
were played."

"

"
"

"
"

"

 
 
 
 
 

!
!
!
!
!
Figure 6. Average looking time during last habituation trial and 1st test trial  
for each of the test trial orders.!
"

!
EXPERIMENT 2: LISTENING PREFERENCE TASK!
!

Hypothesis:  Given the results of Experiment 1, infants may display 
a perceptual bias for vowels with infant vocal tract parameters.  We 
employed a listening preference task to test this hypothesis. "
!

Participants!

4- to 5-month-old infants (N = 20)"
!

Stimuli!

Isolated /i/ vowels synthesized to simulate productions by an adult 
female and a 6-month-old infant"

•  matched in their intensity and duration"

•  F0 was age-appropriate !
!

Procedure & Design"

Sequential preferential listening !

•  Fixating on a static pattern triggers an auditory stimulus"

–  12 trials, alternating between adult female and infant 
produced /i/"

Conclusions!
•  infants recognize vowel categories across talker-related 

variation that includes infant vowel productions, while 
engaged in a task with more ecological validity.!

•  infants are capable of discriminating a salient /i-a/ vowel 
contrast produced by an infant talker."

•  infants display a robust preference (or bias) for vowels 
produced by an infant to that of an adult female."

•  Some infants vocalize and smile in response to the infant 
vowels in this task. "

•  The ability to recognize category equivalence between adult and infant 
vowels is necessary for infants to assess how well their own productions 
match speech sounds in their ambient language. "

"
•  Future directions…!
!

•  Test infants in more challenging vowel categorization tasks 
(acoustically similar vowels; increased memory load) to 
further explore the role of category representations in the 
development of infant vowel processing.  "

•  Compare infants before and after they can produce a full 
range of vowel sounds to assess how vocal production skills 
impact vowel perception skills."

•  Measure and compare infant vocalization and affect in 
response to infant-produced and adult-produced vowels. "
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Research questions:  !
!

Can pre-vocal infants recognize category equivalence 
among vowels produced by different speakers when…!
"

•  they are engaged in a task that does not 
provide explicit training and reinforcement?"

"

•  infant vowel productions are among the 
variants in the set?"

Table 1. Mean looking time to adult 
(female) and infant produced /i/.!

Adult (female)! Infant!
8.4" 6.2"
5.9" 13.6"
6.6" 11.1"
6.2" 6.5"
8.8" 14.1"
8.3" 12.2"
5.5" 7.0"
9.8" 14.9"
8.0" 11.7"
12.3" 12.8"
9.7" 10.9"
12.5" 12.7"
10.3" 10.2"
11.0" 13.4"
9.9" 8.4"
9.0" 19.9"
10.8" 18.0"
5.1" 5.6"
10.4" 13.9"
5.5" 8.5"

!

Speech perception requires recognizing category 
equivalence…!
!

Diverse acoustic signals can evoke the same percept."
!

Acoustic signals!

!

Percept!
!

e.g., consider the perception of vowel categories"
!
!
!
!
!
!
!
!
!
!
!
!
"
Previous studies show: !
"
•  The largest source of acoustic variability in vowels is due to age and sex-

related variation in vocal tract size and morphology (Peterson and 
Barney, 1952; Hillenbrand, 1995).    "

"
•  Young infants can recognize equivalence among vowels produced by 

adult men, women, and children (Kuhl, 1979, 1983). Some limitations…"
"

•  Only 2 vowel pairs tested on a very small sample of 
infants using an operant conditioning task; not clear 
how infants respond to vowels in more realistic 
conditions  (e.g. without training) "

"
•  Unknown whether this ability extends to infant vowel 

productions.  "
"
•  The vocal tract size and related formant frequencies specifying an infant 

vocal tract are quite distinct from both adult and child values (see Fig. 2).  "
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Results!
Infants display a preference for infant produced vowels. A preference for the 
infant produced vowels was supported at both the group  (P = 0.00; see Fig 7) and 
individual level (17 out of 20 infants prefer listening to the infant voice; see Table 1).   "

Figure 7: Mean looking time (sec) to adult 
(female and infant produced /i/."
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum,but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.
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Figure 1. Inter-Speaker Acoustic 
Vowel Variation   !
(F1xF2) Formant frequency scatterplot 
of English vowels produced by 
different talkers (adult men, women, 
and children) at different rates in 
different phonetic contexts (from Kuhl, 
2004).  "
"

     Figure 3: Infant (a) and Adult (b) Vocal Tracts and Vowel Space Variation (c). !
"
"

•  Moreover, most pre-vocal infants may have little or no exposure to infant 
speech until they start to babble. "

"
"

a    Infant vocal tract! b    Adult vocal tract!

c    Acoustic profiles of infant, child and adult produced vowels (from Menard et al., 2004)"

The present study!
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!
!

Introduction!

General Discussion!

Research questions:  !
!
•  Do infants preferentially attend to speech signals 

produced by infants over speech signals produced 
by adults? !

!
•  Moreover, if infants do display such a bias, then do 

they respond selectively only after they have 
sensorimotor experiences with their own babbling? 
(Selective processes available prior to babbling 
might help to support early vocal learning.) !

The Present Study!

Figure 1. Acoustic simulations of adult and infant vowel spaces!
Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male 
vocal tract, in the F1/F2 (left) and F2/F3 (right) spaces, with prototypical focal 
vowels /i y u a/ (represented by circles and labeled “i0, y0, u0, a0” for the 
newborn, and represented by stars and labels “i21, y21, u21, a21” for the adult.!

Figure 2. Infant and adult vocal tracts!
Infant (left) and adult (right) vocal tract. The infant vocal tract more closely 
resembles that of a non-human primate (top left) than that of an adult. !

Figure 3. Acoustic description of /i/ vowel stimuli!
First (F1) and second (F2) formant frequency plot of individual 
tokens of /i/ for each speaker type.!
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Infants’ perception of infant vowels!
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"
"

Background! The present study!

EXPERIMENT 1: LOOK TO LISTEN TASK!
!

Participants!
4#-6#-month-old infants (N = 22)!
!

Stimuli!
Isolated vowels, /i/ and /a/"

•  synthesized to simulate productions by adult men, 
women, children (8-, 10-, and 12-year olds) and a 6-
month-old infant.  "

•  matched in their intensity and duration "

•  fundamental frequency (F0) was age-appropriate. !
!

Procedure & Design"
!

Look-to-listen task!
"

"
"

"
"

"
"

"
"

"

"
"

"
"

"

•  Fixating on a static pattern triggers an auditory stimuli"

•  2 stages: "
"

-  Stage 1.    Habituation:  /i/ vowels produced by adult 
men, adult women children: ages  8, 10, & 12 years"

-  Stage 2.  4 test trials : All infant productions"

!  /i/ " F = Familiar (same as habituation)"

!  /a/ "N = Novel"

!  2 orders (2 blocks)"

                       F N     N F:   /i/   /a/    /a/   /i/"

                       N F     F N:   /a/   /i/    /i/   /a/ !"
!

•  Dependent variable =  Looking time (LT)!
!
Hypothesis:  A novelty effect (looking time to the novel /a/ longer than 
the familiar /i/) was expected if infants recognize the infant /a/ as a 
novel vowel in the context of the novel (infant) vocal tract parameters."
"

NLT > FLT!

Results !
Infants displayed the expected novelty response.  !
•  Infants looked significantly longer to the novel vowel in the first FN test trial pair 

(P = 0.02), but not in the second FN test trial pair (P = 0.40; see Fig. 5). "

"
"

"
"
"

"
"
"
"
!
!
!
!
Figure 5. Average looking time during familiar and novel test trials for blocks 
1 and 2 (collapsed across both orders).  "
"

•  Infants also clearly noticed the infant vocal parameters introduced in the 
test trials.   Infants looked significantly longer to the first test trial compared to 
the last habituation trial in both the FNNF (P = 0.01) and NFFN (P = 0.00) test 
order (see Fig. 6). Looking time typically doubled when the infant vowel sounds 
were played."

"

"
"

"
"

"

 
 
 
 
 

!
!
!
!
!
Figure 6. Average looking time during last habituation trial and 1st test trial  
for each of the test trial orders.!
"

!
EXPERIMENT 2: LISTENING PREFERENCE TASK!
!

Hypothesis:  Given the results of Experiment 1, infants may display 
a perceptual bias for vowels with infant vocal tract parameters.  We 
employed a listening preference task to test this hypothesis. "
!

Participants!

4- to 5-month-old infants (N = 20)"
!

Stimuli!

Isolated /i/ vowels synthesized to simulate productions by an adult 
female and a 6-month-old infant"

•  matched in their intensity and duration"

•  F0 was age-appropriate !
!

Procedure & Design"

Sequential preferential listening !

•  Fixating on a static pattern triggers an auditory stimulus"

–  12 trials, alternating between adult female and infant 
produced /i/"

Conclusions!
•  infants recognize vowel categories across talker-related 

variation that includes infant vowel productions, while 
engaged in a task with more ecological validity.!

•  infants are capable of discriminating a salient /i-a/ vowel 
contrast produced by an infant talker."

•  infants display a robust preference (or bias) for vowels 
produced by an infant to that of an adult female."

•  Some infants vocalize and smile in response to the infant 
vowels in this task. "

•  The ability to recognize category equivalence between adult and infant 
vowels is necessary for infants to assess how well their own productions 
match speech sounds in their ambient language. "

"
•  Future directions…!
!

•  Test infants in more challenging vowel categorization tasks 
(acoustically similar vowels; increased memory load) to 
further explore the role of category representations in the 
development of infant vowel processing.  "

•  Compare infants before and after they can produce a full 
range of vowel sounds to assess how vocal production skills 
impact vowel perception skills."

•  Measure and compare infant vocalization and affect in 
response to infant-produced and adult-produced vowels. "
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Research questions:  !
!

Can pre-vocal infants recognize category equivalence 
among vowels produced by different speakers when…!
"

•  they are engaged in a task that does not 
provide explicit training and reinforcement?"

"

•  infant vowel productions are among the 
variants in the set?"

Table 1. Mean looking time to adult 
(female) and infant produced /i/.!

Adult (female)! Infant!
8.4" 6.2"
5.9" 13.6"
6.6" 11.1"
6.2" 6.5"
8.8" 14.1"
8.3" 12.2"
5.5" 7.0"
9.8" 14.9"
8.0" 11.7"
12.3" 12.8"
9.7" 10.9"
12.5" 12.7"
10.3" 10.2"
11.0" 13.4"
9.9" 8.4"
9.0" 19.9"
10.8" 18.0"
5.1" 5.6"
10.4" 13.9"
5.5" 8.5"

!

Speech perception requires recognizing category 
equivalence…!
!

Diverse acoustic signals can evoke the same percept."
!

Acoustic signals!

!

Percept!
!

e.g., consider the perception of vowel categories"
!
!
!
!
!
!
!
!
!
!
!
!
"
Previous studies show: !
"
•  The largest source of acoustic variability in vowels is due to age and sex-

related variation in vocal tract size and morphology (Peterson and 
Barney, 1952; Hillenbrand, 1995).    "

"
•  Young infants can recognize equivalence among vowels produced by 

adult men, women, and children (Kuhl, 1979, 1983). Some limitations…"
"

•  Only 2 vowel pairs tested on a very small sample of 
infants using an operant conditioning task; not clear 
how infants respond to vowels in more realistic 
conditions  (e.g. without training) "

"
•  Unknown whether this ability extends to infant vowel 

productions.  "
"
•  The vocal tract size and related formant frequencies specifying an infant 

vocal tract are quite distinct from both adult and child values (see Fig. 2).  "
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Results!
Infants display a preference for infant produced vowels. A preference for the 
infant produced vowels was supported at both the group  (P = 0.00; see Fig 7) and 
individual level (17 out of 20 infants prefer listening to the infant voice; see Table 1).   "

Figure 7: Mean looking time (sec) to adult 
(female and infant produced /i/."
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Infants can also learn from distributional patterns in
language input after short-term exposure to phonetic
stimuli (FIG. 2). Maye and colleagues40 exposed 6- and 
8-month-old infants for about 2 min to 8 sounds that
formed a series (FIG. 2d). Infants were familiarized with
stimuli on the entire continuum, but experienced differ-
ent distributional frequencies.A ‘bimodal’group heard
more frequent presentations of stimuli at the ends of the
continuum; a ‘unimodal’group heard more frequent
presentations of stimuli from the middle of the contin-
uum. After familiarization, infants were tested using a
listening preference technique (FIG. 2e). The results sup-
ported the hypothesis that infants at this age are sensitive
to distributional patterns (FIG. 2f); infants in the bimodal
group discriminated the two sounds,whereas those in the
unimodal group did not.Further work on distributional
cues shows that infants learn the PHONOTACTIC PATTERNS of
language, rules that govern the sequences of phonemes
that can be used to compose words. By 9 months of age,
infants discriminate between phonetic sequences that
occur frequently and those that occur less frequently in
ambient language44. These findings show that statistical
learning involving distributional patterns in language
input assists language learning at the phonetic level in
infants.

Discovering words. The phonemes of English are used
to create about half a million words. Reading written
words that lack spaces between them gives some sense
of the task that infants face in identifying spoken
words (BOX 3). Without the spaces, printed words
merge and reading becomes difficult. Similarly,
although conversational speech provides some
acoustic breaks, these do not 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 can an
infant discover where one word ends and another
begins? Field linguists have spent decades attempting to
identify the words used by speakers of a specific lan-
guage. Children learn implicitly. By 18 months of age,
75% of typically developing children understand about
150 words and can successfullyproduce 50 words45.

Computational approaches to words. 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’; among
English words, the probability that ‘ty’will follow ‘pre’is
higher than the probability that ‘bay’will follow ‘ty’. If
infants 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.

Saffran and colleagues have shown how readily
infants use sequential probabilities to detect words46,
greatly advancing an initial study that indicated that
infants are sensitive to this kind of information. In the
initial study47, 8-month-old infants were presented with
three-syllable strings made up of the syllables ‘ko’,‘ga’,

The results confirmed this prediction —the infants did
show a perceptual magnet effect for their native vowel
category (FIG.2c).American infants perceptually grouped
the American vowel variants together, but treated the
Swedish vowels as less unified. Swedish infants reversed
the pattern, perceptually grouping the Swedish variants
more than the American vowel stimuli. The results were
assumed to reflect infants’sensitivities to the distri-
butional properties of sounds in their language39.
Interestingly,monkeys did not show a prototype magnet
effect for vowels42, indicating that the effect in humans
was unique,and required linguistic experience.

FORMANT FREQUENCIES
Frequency bands in which
energy is highly concentrated in
speech. Formant locations for
each phonetic unit are distinct
and depend on vocal tract shape
and tongue position. Formants
are numbered from lowest
frequencies to highest: F1, F2
and so on.

Box 2 | Why is speech categorization difficult?

Phonemic categories are composed of finite sets of phonetic units. Phonetic units are
difficult to define physically because every utterance, even of the same phonetic unit, is
acoustically distinct. Different talkers, rates of speech and contexts all contribute to the
variability observed in speech.

Talker variability 
When different talkers produce the same phonetic unit, such as a simple vowel, the
acoustic results (FORMANT FREQUENCIES) vary widely. This is because of the variability in
vocal tract size and shape, and is especially different when men, women and children
produce the same phonetic unit. In the drawing, each ellipse represents an English vowel,
and each symbol within the circle represents one person’s production35.

Rate variability 
Slow speech results in different acoustic properties from faster speech, making physical
descriptions of phonetic units difficult22.

Context variability
The acoustic values of a phonetic unit change depending on the preceding and following
phonemes23.

These variations make it difficult to rely on absolute acoustic values to determine the
phonetic category of a particular speech sound. Despite all of these sources of variability,
infants perceive phonetic similarity across talkers, rates and contexts19–23. By contrast,
current computer speech-recognition systems cannot recognize phonetic similarity when
the talker, rate and context change24. Figure reproduced, with permission, from REF. 35 ©
(1995) Acoustical Society of America.
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Figure 1. Inter-Speaker Acoustic 
Vowel Variation   !
(F1xF2) Formant frequency scatterplot 
of English vowels produced by 
different talkers (adult men, women, 
and children) at different rates in 
different phonetic contexts (from Kuhl, 
2004).  "
"

     Figure 3: Infant (a) and Adult (b) Vocal Tracts and Vowel Space Variation (c). !
"
"

•  Moreover, most pre-vocal infants may have little or no exposure to infant 
speech until they start to babble. "

"
"

a    Infant vocal tract! b    Adult vocal tract!

c    Acoustic profiles of infant, child and adult produced vowels (from Menard et al., 2004)"

The present study!
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Do infants prefer an infant voice? 
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Figure 4. Mean listening time (sec) during adult (female) 
and infant-produced /i/.!

INTRODUCTION 

Infant vocal signals have a unique acoustic signature due, in large part, to the size and geometry of 
the infant vocal tract (e.g., Ménard, Schwartz, & Boe, 2004; Vorperian & Kent, 2007). For example, 
spectrographic analyses show that the formant patterns for vowels produced by infants are quite distinct 
from those of adult and child speakers (e.g., Kent & Murray, 1982; Kuhl & Meltzoff, 1996; Rvachew, 
Mattock, Polka & Ménard, 2006). To illustrate this point, acoustic simulations of the maximum vowel 
spaces of adult and infant speakers (Ménard et al., 2002) are shown in Figure 1.  
 

 
 
FIGURE 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and 
F2/F3 spaces, with prototypical focal vowels /i y u a/ (represented by circles and labeled “i0, y0, u0, a0” for the 
newborn, and represented by stars and labels “i21, y21, u21, a21” for the adult; from Ménard et al., 2002). 
 
 Processing infant speech signals is an important skill for infants to master in order to effectively 
monitor and assess their self-produced vocalizations during vocal learning (see, e.g., Doupe & Kuhl, 2008; 
Rvachew et al., 2006). However, most of the speech heard by infants who are not yet babbling will not 
include infant productions. Despite these facts, research has focused almost exclusively on infant 
perception of speech produced by adults; studies using infant-produced speech are virtually non-existent. 
Understanding how infants perceive infant speech signals is important for constructing theories of early 
phonetic development. In the present study, we ask whether infants recognize and preferentially attend to 
speech produced by infants over speech produced by adults. A related issue is whether infants respond 
selectively to infant speech signals only after they have sensorimotor experiences with their own babbling, 
or whether some selective processing of infant vocal signals is present prior to babbling. Selective 
processes available prior to babbling might help to support early vocal learning.  

Suggestive evidence that pre-babbling infants may be highly attentive to infant-produced speech 
signals was recently observed in a vowel categorization study by Masapollo, Polka & Ménard (2013). In 
that study, 4-to-6-month-old infants were tested in a habituation paradigm (implementing the look-to-listen 
procedure) with isolated vowels, /i/ and /a/, synthesized to simulate productions by men, women, children 
and a 6-month-old. Infants were first habituated to diverse productions of the same vowel produced by 
several adult male, female, and child speakers while they fixated on a static checkerboard pattern. 
Following habituation, infants then heard infant productions of the same vowel (familiar) and the other 
vowel (novel) in four test trials. A novelty effect (novel > familiar) was observed showing that infants 
recognized the familiar infant vowel to be similar to the habituation vowel. In addition, infants clearly 
noticed the infant vocal parameters introduced in the test trials; infants’ looking time typically doubled 
when the infant vowel sounds were introduced in the test stage. Overall, these results provide preliminary 
evidence that infants recognize some vowel categories across talker-related variation that includes infant 
vowel productions. The findings also suggest that pre-babbling infants display a high interest in vowels 
produced by an infant vocal tract.  

point for the other growth stages. Because of the nonuniform
nature of vocal tract growth simulated by our model, the
acoustic results of similar articulatory commands from birth
to adulthood were located at different relative positions
within the MVS !Ménard and Boë, 2000". Therefore, we
established articulatory-acoustic prototypes for each growth
stage, based on acoustic criteria inspired from the dispersion-
focalization theory !DFT, cf. Schwartz et al., 1997". In this
theory, it is assumed that vowel systems are shaped by both
dispersion constraints increasing mean formant distances be-
tween vowels, and by focalization constraints increasing the
trend to have focal vowels in the system, that is, vowels with
close F1 and F2, F2 and F3, or F3 and F4. First, by compar-
ing the different MVS generated by VLAM, we situated the
four focal vowels /{/, /Ñ/, /É/ and /~/, which represent the
articulatory-acoustic limits of a speaker, within that space.
This method was based on the following acoustic criteria
!see Fig. 1":

!i" #{$: focalization of F3 and F4, resulting in maximal F2
and F3,

!ii" #Ñ$: focalization of F2 and F3, and minimal F1,
!iii" #É$: minimal F1 and F2 !focalization of F1 and F2 at

their lowest mean position",
!iv" #~$: maximal F1 !focalization of F1 and F2 at their

highest mean position".

The remaining vowels were then situated, on the basis of a

constant relative position in each F1/F2/F3 MVS.
Next, articulatory parameters were retrieved by an itera-

tive inversion method using the pseudo-inverse of the Jaco-
bian matrix !Jordan and Rumelhart, 1992". Since inversion
provides several solutions, we retained the articulatory pro-
totypes involving the smallest articulatory distance !in terms
of Pi values" compared to the adult male !21 years old"
!Ménard and Boë, 2000". Figure 2 groups the set of 70 vow-
els for the seven growth stages, in the F1/F2 and F2/F3
spaces.

The values of the fourth and fifth formants were finally
determined by the articulatory commands retrieved by inver-
sion. Formant bandwidths for the five formants were calcu-
lated based on an analog simulation !Badin and Fant, 1984".
A cascade formant synthesizer was excited by a glottal wave-
form generated by the Liljencrants–Fant source model. The
resulting signal was digitized at 22 kHz, and had a duration
of 600 ms. A fall–rise amplitude contour was applied to the
signal.

2. f0 values
Fundamental frequencies were chosen according to

Beck !1996", based on data gathered from children of differ-
ent ages. f0 values of 450, 360, 300, 270, 240, 210, and 110
Hz correspond respectively to 0, 2, 4, 8, 12, 16, and 21 year
olds. An f0 value of 210 Hz was chosen for the 16-year-old
speaker, representative of an adult female in our analysis. In

FIG. 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal
vowels /{ Ñ É ~/ !represented by circles and labeled ‘‘{0, Ñ0, É0, ~0’’ for the newborn, and represented by stars and labeled ‘‘{21, Ñ21, É21, ~21’’ for the adult".

FIG. 2. Representation of the stimuli in the F1/F2 and F2/F3 spaces.

1895J. Acoust. Soc. Am., Vol. 111, No. 4, April 2002 Ménard et al.: Auditory normalization of French vowels

Sequential Listening Preference Task:  
Infant vs. Adult (female) /i/ 

29!

Age appropriate f0 (Experiment III) ! f0 matched (315 Hz, 360 Hz) !

0!

2!

4!

6!

8!

10!

12!

14!

16!

18!

20!

Li
st

en
in

g 
tim

e 
(s

ec
)!

Adult!
Infant!

0!

2!

4!

6!

8!

10!

12!

14!

16!

18!

20!

Li
st

en
in

g 
tim

e 
(s

ec
)!

Adult!
Infant!

Haskins – May 2013!

!!"!

Paired samples t-test (n=20)! ANOVA (Speaker x Pitch; n=20)!

Masapollo, Polka, Menard & Vouloumanos, POMA, 2013"

Sequential Listening Preference Task:  
Infant vs. Adult (female) /i/ 

29!

Age appropriate f0 (Experiment III) ! f0 matched (315 Hz, 360 Hz) !

0!

2!

4!

6!

8!

10!

12!

14!

16!

18!

20!

Li
st

en
in

g 
tim

e 
(s

ec
)!

Adult!
Infant!

0!

2!

4!

6!

8!

10!

12!

14!

16!

18!

20!

Li
st

en
in

g 
tim

e 
(s

ec
)!

Adult!
Infant!

Haskins – May 2013!

!!"!

Paired samples t-test (n=20)! ANOVA (Speaker x Pitch; n=20)!

Masapollo, Polka, Menard & Vouloumanos, POMA, 2013"

Sequential Listening Preference Task:  
Infant vowels only – 450 Hz vs. 360 Hz f0-values 

30!

0!

2!

4!

6!

8!

10!

12!

14!

16!

18!

20!

!"

Li
st

en
in

g 
tim

e 
(s

ec
)!

450Hz!
360Hz!

Haskins – May 2013!

ANOVA (Speaker x Pitch)!

Masapollo, Polka, Menard & Vouloumanos, POMA, 2013"

(n = 20)!

Figure 5. Mean listening time 
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INTRODUCTION 

Infant vocal signals have a unique acoustic signature due, in large part, to the size and geometry of 
the infant vocal tract (e.g., Ménard, Schwartz, & Boe, 2004; Vorperian & Kent, 2007). For example, 
spectrographic analyses show that the formant patterns for vowels produced by infants are quite distinct 
from those of adult and child speakers (e.g., Kent & Murray, 1982; Kuhl & Meltzoff, 1996; Rvachew, 
Mattock, Polka & Ménard, 2006). To illustrate this point, acoustic simulations of the maximum vowel 
spaces of adult and infant speakers (Ménard et al., 2002) are shown in Figure 1.  
 

 
 
FIGURE 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and 
F2/F3 spaces, with prototypical focal vowels /i y u a/ (represented by circles and labeled “i0, y0, u0, a0” for the 
newborn, and represented by stars and labels “i21, y21, u21, a21” for the adult; from Ménard et al., 2002). 
 
 Processing infant speech signals is an important skill for infants to master in order to effectively 
monitor and assess their self-produced vocalizations during vocal learning (see, e.g., Doupe & Kuhl, 2008; 
Rvachew et al., 2006). However, most of the speech heard by infants who are not yet babbling will not 
include infant productions. Despite these facts, research has focused almost exclusively on infant 
perception of speech produced by adults; studies using infant-produced speech are virtually non-existent. 
Understanding how infants perceive infant speech signals is important for constructing theories of early 
phonetic development. In the present study, we ask whether infants recognize and preferentially attend to 
speech produced by infants over speech produced by adults. A related issue is whether infants respond 
selectively to infant speech signals only after they have sensorimotor experiences with their own babbling, 
or whether some selective processing of infant vocal signals is present prior to babbling. Selective 
processes available prior to babbling might help to support early vocal learning.  

Suggestive evidence that pre-babbling infants may be highly attentive to infant-produced speech 
signals was recently observed in a vowel categorization study by Masapollo, Polka & Ménard (2013). In 
that study, 4-to-6-month-old infants were tested in a habituation paradigm (implementing the look-to-listen 
procedure) with isolated vowels, /i/ and /a/, synthesized to simulate productions by men, women, children 
and a 6-month-old. Infants were first habituated to diverse productions of the same vowel produced by 
several adult male, female, and child speakers while they fixated on a static checkerboard pattern. 
Following habituation, infants then heard infant productions of the same vowel (familiar) and the other 
vowel (novel) in four test trials. A novelty effect (novel > familiar) was observed showing that infants 
recognized the familiar infant vowel to be similar to the habituation vowel. In addition, infants clearly 
noticed the infant vocal parameters introduced in the test trials; infants’ looking time typically doubled 
when the infant vowel sounds were introduced in the test stage. Overall, these results provide preliminary 
evidence that infants recognize some vowel categories across talker-related variation that includes infant 
vowel productions. The findings also suggest that pre-babbling infants display a high interest in vowels 
produced by an infant vocal tract.  

point for the other growth stages. Because of the nonuniform
nature of vocal tract growth simulated by our model, the
acoustic results of similar articulatory commands from birth
to adulthood were located at different relative positions
within the MVS !Ménard and Boë, 2000". Therefore, we
established articulatory-acoustic prototypes for each growth
stage, based on acoustic criteria inspired from the dispersion-
focalization theory !DFT, cf. Schwartz et al., 1997". In this
theory, it is assumed that vowel systems are shaped by both
dispersion constraints increasing mean formant distances be-
tween vowels, and by focalization constraints increasing the
trend to have focal vowels in the system, that is, vowels with
close F1 and F2, F2 and F3, or F3 and F4. First, by compar-
ing the different MVS generated by VLAM, we situated the
four focal vowels /{/, /Ñ/, /É/ and /~/, which represent the
articulatory-acoustic limits of a speaker, within that space.
This method was based on the following acoustic criteria
!see Fig. 1":

!i" #{$: focalization of F3 and F4, resulting in maximal F2
and F3,

!ii" #Ñ$: focalization of F2 and F3, and minimal F1,
!iii" #É$: minimal F1 and F2 !focalization of F1 and F2 at

their lowest mean position",
!iv" #~$: maximal F1 !focalization of F1 and F2 at their

highest mean position".

The remaining vowels were then situated, on the basis of a

constant relative position in each F1/F2/F3 MVS.
Next, articulatory parameters were retrieved by an itera-

tive inversion method using the pseudo-inverse of the Jaco-
bian matrix !Jordan and Rumelhart, 1992". Since inversion
provides several solutions, we retained the articulatory pro-
totypes involving the smallest articulatory distance !in terms
of Pi values" compared to the adult male !21 years old"
!Ménard and Boë, 2000". Figure 2 groups the set of 70 vow-
els for the seven growth stages, in the F1/F2 and F2/F3
spaces.

The values of the fourth and fifth formants were finally
determined by the articulatory commands retrieved by inver-
sion. Formant bandwidths for the five formants were calcu-
lated based on an analog simulation !Badin and Fant, 1984".
A cascade formant synthesizer was excited by a glottal wave-
form generated by the Liljencrants–Fant source model. The
resulting signal was digitized at 22 kHz, and had a duration
of 600 ms. A fall–rise amplitude contour was applied to the
signal.

2. f0 values
Fundamental frequencies were chosen according to

Beck !1996", based on data gathered from children of differ-
ent ages. f0 values of 450, 360, 300, 270, 240, 210, and 110
Hz correspond respectively to 0, 2, 4, 8, 12, 16, and 21 year
olds. An f0 value of 210 Hz was chosen for the 16-year-old
speaker, representative of an adult female in our analysis. In

FIG. 1. Maximal vowel spaces for a newborn vocal tract and a 21-year-old adult male vocal tract, in the F1/F2 and F2/F3 spaces, with prototypical focal
vowels /{ Ñ É ~/ !represented by circles and labeled ‘‘{0, Ñ0, É0, ~0’’ for the newborn, and represented by stars and labeled ‘‘{21, Ñ21, É21, ~21’’ for the adult".

FIG. 2. Representation of the stimuli in the F1/F2 and F2/F3 spaces.
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tongue; disengagement of the velopharyngeal con-
tact; and lengthening of the vocal tract with a
decrease in the oro-laryngo-pharyngeal angle (Fig.
1) [1–5]. Since speech emerges and develops dur-
ing this period of anatomic restructuring, having a
thorough understanding of the process of
anatomic change is critical towards gaining in-
sight regarding its role in speech emergence and
development [1,6,7].

Aside from the above listed general qualitative
descriptions of differences between the infant ver-
sus the adult vocal tracts, there are a select num-
ber of studies on some—not all—vocal tract
structures that provide quantitative information
regarding the process of growth of specific vocal
tract structures. However, typically such data are
limited to only one or two vocal tract structures,
and the age groups studied do not necessarily
span the whole developmental period. Further-
more, it is difficult to compare across different
studies—even studies that examine the same
structure—because different investigators have:
(i) used different subject indices such as chrono-
logical age, head circumference, body length, or
body weight; (ii) used different measurement tech-
niques/procedures; (iii) reported growth measure-
ments in different units (such as length, area,
volume or weight). Table 1 shows how methodo-
logical differences pose difficulties to the compari-

son of information across studies of development
of the same structure, in this case, the tongue.

Thus, even when quantitative data are available
on a particular structure, it is often difficult to
integrate the available information to describe a
developmental pattern of the structure examined.
The task of comparing developmental patterns
across different but related structures is even more
challenging, particularly because the available in-
formation is sketchy [5]. For example, it appears
that the growth of the tongue and the mandible
are synchronized. However, it is not known
whether maxillary growth follows the same sched-
ule. There are reports that growth of maxillary
width is compromised when young children as-
sume an open mouth posture, presumably because
the tongue cannot exert as much pressure on the
maxilla when anterior lip seal posture is not as-
sumed [8,9]. However, there are no studies that
compare the relative growth of the maxilla to the
tongue and the mandible. In fact, there are no
sources that compare the relative or relational
growth of all the vocal tract structures [5].

The purpose of this report is to describe the
MRI procedures implemented to obtain quantita-
tive measurements on the concurrent anatomic
development of a number of vocal tract structures
from two pediatric subjects. MRI was selected as
the imaging method of choice because it provides

Fig. 1. Major anatomic differences between the infant and the adult vocal tracts. Drawing of a midsagittal section of infant (left)
and adult (right) vocal tracts.

Infant! Adult!

Figure 6. Mean listening 
time (sec) during infant-
produced /i/ vowels with a 
higher (450 Hz) and lower 
pitch (360 Hz) values.!

!
•  Infants appear to prefer infant-produced vowels, and are 

not simply attracted to vowels produced with a higher 
pitch.!

•  Young infant may prefer vowels that fall within a pitch 
range that is characteristic of infant speech, which 
interestingly, also corresponds to the pitch values 
observed in infant-directed speech.!

•  Young infants may recognize the converging source and 
filter properties that specify an adult vs. an infant talker.!

!

•  Ongoing work: Can young infants successfully infer the 
source of infant-produced vowels? !

Sequential preferential listening procedure


Mean looking time by trial type


Masapollo, Polka, Vouloumanos, & Ménard, in progress
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Face-voice intermodal matching procedure !

Can infants infer the 
source of infant-produced speech? 
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Masapollo, Polka, Vouloumanos & Ménard, ongoing (see poster session on May 9th)!

Design: Faces presented side-by-side
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Face-voice intermodal matching procedure !
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