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Procedure & Design
Sequential preferential listening procedure
• Fixating on a static pattern triggers an 

auditory stimulus.
• Looking serves as an index of listening
• Dependent variable: Looking time 

Adult Infant Adult Infant …

Infant Adult Infant Adult …

Alternating Trials

Participants & Speech Stimuli
• 6-to-7-month-old infants  (mean age: 7:11)
• Isolated /i/ vowels synthesized using the 

Variable Linear Articulatory Model 
(Menard et al., 2004) to simulate  
productions by adult female and 6-
month-old infant speakers

• Matched in their intensity, duration and 
intonational contour.

• Voice pitch (F0) values varied across 
experiments.

of infant speech signals.

•An alternative, but not 
mutually exclusive 
hypothesis, is that young 
infants’ emerging vocal 
production experience 
induces this bias.

Theoretical Background
• Little is known about how infants learn to link self-generated 

vocal tract movements with their time-varying kinematic and 
acoustic/auditory consequences (Guenther 2016, Kuhl & Meltzoff, 1996).

• In a recent series of experiments, it was discovered that 4.5 
month-old infants preferentially attend to infant speech (vowels) 
over adult speech (Polka et al., 2014; Masapollo, Polka, & Ménard, 2016).

• An attraction to infant speech signals could support the 
acquisition of speech production targets by biasing infant 
attention toward their own prelinguistic vocalizations and 
encouraging vocal exploration.

• Knowledge gap: What signal properties drive infant preference 
for infant speech, and does that change with age and emerging 
vocal production abilities during infancy?

Current Research
Hypotheses & Predictions: 

H1: Infants are biased toward infant speech signals because of   
their higher fundamental frequency (F0), or voice pitch.

Prediction: Infants should be attracted to the high F0  of infant 
speech, which has been shown to attract infant attention in 
infant-directed speech.

H2: Infants show a preference for infant speech because they 
connect information in the signal to their own emerging    
articulatory abilities.

Prediction: Infants should be attracted to both the high F0  and   
formant frequencies (vocal resonances) of infant speech, which 
jointly form infant speech signals. Such preferences should   
increase with age as infants become more articulatorily active.

Approach: 

Utilize speech synthesis techniques to manipulate the source  
characteristics (F0 values) of infant speech, and then examine the      
effects of those manipulations on infant listening preference.

Methods & Materials
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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.
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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.

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/F2Acoustic Vowel Space

Infant

Adult

Voice Pitch (F0) Values Across the Lifespan

Infant-Directed 
Speech Range

Articulatory-Acoustic Relations for Vowels

Te
st

 O
rd

er
s

ConclusionsResults
• Consistent with H2, infants preferentially attend to vowels with 

infant vocal resonances independent of manipulations to F0.  In 
addition, resonance properties appear to play a stronger role in 
driving this preference at the older ages tested.

• Given that infants begin producing vowel-like sounds at 3-
months, these findings suggest that infants are biased toward 
speech elements that align with their own vocal production 
patterns (cf. Vihman’s [2017] “articulatory filter” hypothesis).

• Future experiments will test whether this bias is speech-specific, 
or can be elicited with any infant vocalization (e.g., coos).

• Limitation: The present findings do not show how infants 
perceive and monitor their own self-generated speech-like 
articulatory movements, but the perceptual bias identified here 
may support them in doing so.

•

• The present findings bring us a step closer to understanding the 
complex interplay between the speech production and perception 
systems in early infancy.
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Masapollo, Polka & Ménard, under revision


Stimuli: Infant and adult female /i/ vowels 

/u/

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


Vowel stimuli were synthesized using the Variable 

Linear Articulatory Model (Ménard et al., JSLHR, 2004)!
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Infant

Experiment 1
(n=24)

Experiment 2
(n=22)

Experiment 3
(n=21)

Formants
Voice Pitch (F0)

Adult  Infant              Adult  Infant              Adult  Infant
315     315                 400 315                 315     400
360     360                 450 360 360     450
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