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Introduction

The Source-Filter Theory (Fant, 1960) offered a powerful
frame for the interpretation of human vocal production.
Two main events take place in the human apparatus during
vocal production. The first happens at a glottal level.

Vocal fold vibration generates the fundamental frequency
of a voice and its harmonics. These characteristics are
known collectively as the voice source.The source is then
modified by the shape and length of the vocal tract.

The vocal tract acts as a resonator, adjusting the relative
intensities of the frequencies of the source.The column
of air vibrates in a complex manner that is influenced by
the length and the shape of the vocal tract. One or several
resonant frequencies of the vocal tract correspond to
prominent spectral peaks called “formants”. The position
and variation of the formants have been found to have a
significant impact on the way humans recognize speech
sounds. Even if a model of vocal production based on the
relationship between the vocal tract area function and the
formant output has been the most common framework
for understanding speech production in humans, the study
of vocal tract resonance in non-human primates has not
comparably developed.This is probably due to several
reasons. First, the study of formants in non-human primates
started as an attempt to demonstrate that primates could
not produce human speech sound. Once the pioneering
studies of Lieberman and colleagues (Lieberman, 1968;
1869; Lieberman et al, 1969; 1972) showed that the
anatomy and morphology of the non-human primate vocal
tract prevented the production of human-like sounds, this
field of investigation immediately ceased its activity. Some
years later, the work of Andrew (1976) and then Hauser
(Hauser et al,, 1993; Hauser, 1996) brought back some
attentions to the meaning of formants in primate intra-
specific communication. In more recent years,a number
of studies have shown that formant-based semantic
communication is also present in non-human primates,
for instance in Diana monkey alarm calls (Riede and
Zuberbuhler, 2003 a, b; Rendall et al, 2005). These findings
were strengthened when it was found that macaques could,
without training, discriminate differences in the formant

structure of their conspecific calls (Fitch and Fritz, 2006).
Thus, is now widely accepted that the calls of many non-
human primates, and mammals in general (Taylor and Reby,
2010), possess formants.

A further extension of the importance of vocal tract
filtering in primates is the application of computational
models to describe their phonation processes. From an
acoustic and physiological point of view, human vocal
communication is far better known than any other
mammal communication system, and techniques from
speech science have often been applied to the study of
vocal production in other mammals, especially non-human
primates (Riede et al., 2005; Gamba and Giacoma, 2006).
The purpose of this paper is to introduce a framework for
future studies of the relation between vocal-tract shape
and acoustics in human and non-human primates. Showing
the potential of using vocal tract modeling in non-human
primates, we highlight differences and similarities compared
to vocal tract modeling in humans.

Materials and Methods

Various imaging techniques are now available for
researchers to derive information about the configuration
and the morphology of the vocal tract. The two most
common options are magnetic resonance imaging (MRI)
and x-ray computed tomography (CT).They have the
advantage of high resolution in image acquisition and they
are potentially useful to study non-human primates too.
However they are rarely available in non-human primates
range countries, and they may not contrast properly organs
of partially de-frozen specimens (Gamba, unpublished
data). Because of this, data used in this paper come from
different sources. On one side, we are using vocal tract
area functions of human vocal tracts available in the
VTAR program default vocal tract configurations (Zhou
et al, 2001). On the other side, we will use vocal tract
area functions determined by measuring cross-sectional
areas with 1 cm increment from the vocal folds toward
mouth opening and nostrils. These measures were taken
over a silicon cast of the entire vocal tract (glottis to

lips for the oral tract and glottis to nostrils for the nasal
tract respectively) of a large Lemur catta male, whose
cadaver belonged to the collection of dead animals at the
Parc Botanique et Zoologique Tsimbazaza, Antananarivo,
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Madagascar. All length and dimension measurements of the  vocalizations through the nose, or the mouth, but not both

cast were taken with a Mitutoyo digital caliper (accurate (Fitch, 2000). For human nasal resonance models, we used
to 0.01 mm).We measured an average diameter because a couple area of 1.04 cm (default value) and we modeled
the cross-section of the vocal tract cast was not generally the tract using one nostril to shorten calculation times.

circular and cross-sectional areas were computed starting
from these measures in Microsoft Excel. In both human

and non-human primate vocal tract models, computational Results

representations of the vocal tract were built using

concatenated tube models [a system comprising a series Computational models of the vocal tract simulate the

of concatenated tubes of fixed length, each showing a morphology of a specific configuration of the vocal

specific cross-sectional area] (Story et al, 1996; Gamba apparatus and attempt to calculate the resonance

and Giacoma, 2006). Cross-sectional areas were used to properties of its cavities.

build the cross-sectional area function that represents The models used real data about the vocal tract

the input of the vocal tract modeling software VTAR, a morphology to virtually recreate it,and hence calculate the
Matlab-based computer program for vocal tract acoustic resonance frequencies that would be observed from the

response calculation (Zhang and Espy-Wilson, 2004).VTAR  original emitter.
is capable of simulating complex frequency-domain models ~ We constructed models representing the vibrating air

for the vocal-tract acoustic response where the vocal cavity in the vocal tract between the glottis and the lips

tract is decomposed into various modules such as simple for two typical sounds of human speech /AA/ and /M/,and

tubes, branching, and lateral channels.We did two separate  those of Lemur catta in two species-typical utterances, ‘tonal

models for the oral tract and the nasal tract on the basis calPand ‘grunt’. Fig. 1a shows the vocal tract area function of

of the assumption that non-human primates produce a typical male /AA/ with a vocal tract length of 17 cm. Fig.
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Fig. 1. Human phonation: (a) schematic representation of the human vocal tract during phonation through the oral tract; (b) vocal tract area function
during the emission of /AA/; (c) schematic representation of the human vocal tract during phonation through the nasal and the oral tracts; vocal tract
area functions during the emission of IM/: (d) back cavity, (e) velar tube, (f) oral cavity, (g) nostrils. Non-human primate phonation: (h) schematic
representation of the vocal tract during phonation through the oral tract; (i) vocal tract area function during the emission of a tonal call in L. catta; (j)
schematic representation of the vocal tract during phonation through the nasal tract; (k) vocal tract area functions during the emission of a nasal grunt
290 in L catta. Schemes are not in scale. Diagrams show distance from the origin (e.g. glottis) in cm on the x-axis and vocal tract area in cm? on the y-axis.
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1b shows the vocal tract area function of a male ring-tailed

lemur ‘tonal call'with a vocal tract length of 10 cm. Both
human’s /AA/ and lemur’s ‘tonal call’ are emitted with open
mouth, with the column of air resonating in the oral tract.
The main differences between humans and non-human
primates lie in the interaction between the nasal and the
vocal tract. The human speech apparatus is a complex
system and the full model of the vocal tract for a typical
nasal sound like /M/ should include various branches: the
back cavity, the velar tube, the oral cavity and one or two
nostrils. Figure 1 shows the vocal tract area function of

a typical male /M/ with a length of 7.99 cm for the back
cavity (d), 2.04 cm for the velar tube (e), 8.66 cm for the
oral tract (f) and 8.25 cm for the nostrils (g). In the typical
IM/ of the human voice the column of air resonates both
in the oral and in the nasal cavities. Fig. 1h shows the
vocal tract area function of a male ring-tailed lemur nasal
‘grunt’ with a vocal tract length of 11 cm. Lemur’s ‘tonal
callare emitted with open mouth with the column of air
resonating in the oral tract,

Acoustic response of the vocal tract models is shown in
Fig. 2.The longer, L-shaped tube of a typical human male
produces lower resonance frequencies in both simulations
(Fig- 2a and c). For the ring-tailed lemur, the slightly longer
nasal tract and the narrow, spongy chambers of the nasal
airways produce a remarkably lower first formant (F1, Fig.
2d) when compared with that showed by the simulation
of the oral tract resonance (Fig. 2b).Third (F3), fourth (F4)
and fifth (F5) formants also showed lower frequencies;
meanwhile second formant (F2) has an invariant location
across the two simulations (Fig. 2b and 2d).

Discussion

In despite of the difference between humans and
non-human primates, which anatomically lies in the
morphology of the upper airways and in the interaction
between the nasal and the vocal tracts, the ability of using
formants to extract information related to the physical
characteristics (e.g. species, sex, body size, identity) of
the emitter may be one functional link between the
vocalizations of human and nonhuman primates.Vocal
tract models attempt to simulate the behaviour of sound
waves in the vocal apparatus and are particularly useful
to understand the resonance properties of a specific
vocal tract configuration. Understanding the morphology
of the vocal tract framework is a crucial step in mapping
resonance properties of both humans and animals. It is also
a necessary step toward quantitative modeling of species-
specific abilities, which requires accurate dimensions of all
structures of the vocal apparatus.

Output from the simulations produced by VTAR can be
used to gain an understanding of the differences in the
application of computational modeling of the vocal tract
in humans and in non-human primates, and vocal tract
modeling in general may represent a powerful tool to
investigate differences and similarities in the encoding

of communication sounds in humans and in non-human
animals.
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Fig. 2. Acoustic response of the vocal tract models. First 5 formants
calculated for the emission of (a) /AA in a standard male human vocal
tract: 671 Hz, 1245 Hz, 2440 hz, 3327 Hz, 4182 Hz; (b) a tonal call
in L catta: 1223 Hz, 2422 Hz, 4050 Hz, 5245 Hz, 6750 Hz; (c) IM/
in a standard male human vocal tract: 410 Hz, 1029 Hz, 1247 Hz,
1697 Hz, 2380 Hz; (d) a nasal grunt in L catta: 652 Hz, 2431 Hz,
3303 Hz, 4964 Hz, 6206 Hz. Diagrams show resonance frequency
in Hz on the x-axis and amplitude on the y-axis.
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