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I. INTRODUCTION

Vocal production forms an important nexus in acoustic communication, lying at the
intersection of physics, physiology, neurobiology, and evolution. The foundation of
vocal production is provided by physical acoustics, which specifies the basic prin-
ciples that underlie any sound production system, including those of nonlinear
dynamics (for understanding phonation) and linear acoustics (sound propagation
through the vocal tract and into the environment). An equally important foundational
field is comparative anatomy and physiology. There is considerable variety in tie
structure and function of primate vocal anatomy that must be grasped before the
diversity of primate vocal repertoires can be fully understood. Acoustics and phys-
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iology provide the necessary foundation for understanding the function of the vocal
mechanism that the primate nervous system has evolved to control (in terms of motor
function) and perceive (in terms of auditory function). Finally, the functioning of
the vocal apparatus influences the evolution of primate vocal communication sys-
tems. This has negative and positive aspects, because the details of the vocal pro-
duction system both constrain the signals that can be produced and provide adaptive
avenues within which new signals evolve. Thus, an understanding of the basic
mechanisms of vocal production is an important component of the ethological
approach to auditory perception and the evolution of communication.'->

The intent of this chapter is to demonstrate the relevance of vocal production to
scientists mainly interested in primate acoustic communication and auditory neuro-
science. Two points will be emphasized, one theoretical and the other practical, First,
it is now well understood that different species have different needs and have thus
evolved anatomical and neural specializations that are fine-tuned to the physical and
social environments in which the species normally functions.* An obvious example
is provided by the ultrasonic vocalizations of mouse lemurs*¢ which allow them to
communicate without being overheard by predators. The 233 species of primates,
divided into 13 different families,” live in a very wide variety of habitats from
mangrove forest to dry savanna and have an equally impressive diversity of vocal
anatomy and vocal communication systems. An auditory neuroscience that wishes
to move beyond the study of “the monkey” will need to appreciate the rich variability
among the many different non-human primate species and will use these many
experiments of nature to achieve a deeper understanding of the evolution of primate
communication and the neural mechanisms that subserve it.

Second, and more practically, an understanding of vocal production is necessary
for the application and development of new analysis and synthesis techniques for
studying vocal communication and auditory perception. Major progress in under-
standing speech perception was made only after a deep understanding of the physics
and physiology of speech production had been attained, particularly the codification
of the source-filter theory of speech production®® This understanding allowed
researchers to create synthetic speech signals, systematically varying particular
acoustic parameters and observing their perceptual effects. This approach was fun-
damental to our current understanding of speech perception,!® and it seems likely
that the same will be true in the (still nascent) field of primate vocal production.
Fortunately, much of our hard-won understanding of speech production appears to
apply to non-human primate vocal production. This means that the tools and concepts
of speech science can be adapted, with some modifications, to the study of non-
human primate communication.

The following condensed overview of primate vocal production focuses on
aspects of vocal production that seem likely to be important to auditory neurosci-
entists. To conserve space, we will assume some understanding of speech acoustics,
as there are many easily accessible introductions to this topic."111? A survey of the
considerable variability observed in the primate larynx and vocal tract follows the
brief introduction to vocal acoustics. Owing to their strong reliance on acoustic

communication, primates exhibit a wide variety of interesting vocal modifications,

which, although poorly understood at present, provide a morphological basis for the
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wide variation in vocal repertoires. This vocal diversity is probably correlated with
variations in the perceptual mechanisms associated with species-specific vocal per-
ception. Finally, a description of the implications of vocal production for analysis
and synthesis of primate vocalizations focuses on the utility of linear prediction for
analysis of vocal tract function and for the synthesis of natural-sourding acoustic
stimufi and addresses both the power and potential pitfalls of this technique. When
properly used, such techniques hold substantial promise for furthering the empirical
study of primate vocal communication.

Il. PRINCIPLES OF PRIMATE VOCAL PRODUCTION

The vocal tract of a terrestrial vertebrate is made up of three components: the lungs,
which provide an air flow and the source of energy for phonation; the source, which
converts this flow into sound; and a vocal tract, which filters this sound before
releasing it into the environment. In most vertebrates and all terresirial mammals,
the source is made up of a pair of vocal folds contained within the larynx. (For a
review of vertebrate vocal production in general, see Fitch and Hauser;!? reviews of
mammalian laryngeal anatomy are avajlable in Negus'* and Harrison.)

A. THE MYOELASTIC-AERODYNAMIC THEORY OF PHONATION

Phonation is the process whereby the steady flow of air out of (or in some cases
into} the lungs is converted into sound — that is, rapid pressure fluctuations in air.
In primates, this process is accomplished by the vocal folds, which are set into self-
sustained oscillations by the air flow. The vocal folds move rapidly in and out of
the air stream, gating it into a series of pressure pulses or *“puffs” of air and thus
creating sound waves with a repetition frequency corresponding to the rate of vocal
fold vibrations. This rate is termed the findamental frequency (abbreviated F,) and
is the primary determinant of the pitch of the emitted sound (thus the term pitch
should never be used to refer to other frequency components of a vocalization, such

- as the spectral peaks associated with formants). Typically, the spectrum of the sound

created at the larynx includes a prominent component at the fundarnental frequency,
along with higher spectral components, termed harmonics, at integral multiples of F,.

Some early researchers believed that each pulse emitted from the larynx was
accompanied by an active tensing and relaxation of the vocal fold musculature, the
so-called “active” theory of phonaticn. This theory was proven false for humans
by the demonstration of phonation in larynges excised from cadavers and thus
deprived of nervous stimulation.'517 In such an excised larynx preparation, the vocal
folds of a “dead” larynx can be set into normal vibration by simply adjusting their
anatornical position and passing warm humid air between them at the proper flow
rate and pressure. Such experiments led to the explicit formulation of the myoelas-
tic-aerodynamic theory by van den Berg,'” which has subsequently been verified
with minor modifications by many researchers.'8-20 This theory holds that phonation
results from the interaction between myoelastic restoring forces within the vocal

" folds and aerodynamic driving forces exerted by air flow on the exposed surfaces

of the vocal folds. These forces together establish a self-oscillating system, meaning
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that no active firing of neurons at the rate of vocal fold vibrations is necessary for
phonation. Instead, neural signals to the laryngeal musculature (carried by branches
of the vagus nerve) conirol fundamental frequency by varying the tension of the
folds and their configuration.

Although the myoelastic-aerodynamic theory is widely accepted for human
phonation and probably applies to most other mammals as well, 2 at least one
example of active phonation is known in mammals:; purring by domestic cats.
Purring is accomplished via active contractions of the laryngeal musculature at a
rate (20-30 Hz) duplicating the purr F,.Z2 Because of the limitations on the
possible rates of muscular contraction, such active phonation can only be expected
to rates below about 40 Hz.® Purring is seen in most other felids,? and purr-like
vocalizations are seen in some non-human primates (e.g., squirrel monkeys,
Saimiri®”), Therefore, the possibility that very low-frequency primate vocalizations
might be accomplished via an active process should not be ignored. However, the
vast majority of primate vocalizations have Fys considerably exceeding the limits
of muscular contraction and are almost certainly produced using the more passive,
myoelastic—aerodynamic mechanism.

Although the most commeon mode of vocal production in primates is phonation,
other sound-generating sources are also available, The most. primitive source in
vertebrates is exemplified by hissing, a sound produced by members of all tetrapod
classes. In hissing, air flows within a narrow constriction, generating turbulence.
Turbulent noise has a very broad and aperiodic frequency spectrum. Human whis-
peting is produced in this way, with the turbulence formed at the larynx between
the non-vibrating vocal folds, and various fricative consonants (e.g., /s/, /sh/, /f/) are
produced via constrictions formed elsewhere in the vocal tract (at the teeth or lips).

B. The SourceFiLter THEORY OF Vocal ProDuUCTION

Sound produced in the larynx must travel through the air-filled chambers of the
throat (pharynx) and the nasal and oral cavities before being emitted into the envi-
ronment (Figure 6.1). These air-filled chambers collectively comprise the vocal tract.
Like any volume of air, the air contained within the vocal tract has multiple naturai
modes of vibration or resonance frequencies at which it prefers to vibrate. These
vocal tract resonances are referred to as formants (from the Latin formare, “to
shape”). Formants act as filters that shape the spectrum of the sound created by the
source, preferentially passing energy at the formant frequencies. Human speech
depends strongly on formants; vowels in all human languages are distinguished by
their formant frequencies, and highly accurate speech perception is possible using
synthetic signals that discard all other acoustic information besides formants.2®
Formants are manifested acoustically as broad peaks in the spectrum, often encom-
passing many harmonics. Formants are often particularly prominent in aperiodic
(harsh or “noisy”) sounds, where the sound source has a very broad frequency
spectrum and no harmonics that could potentially be confused with the formants.
The source—filter theory of speech production®? is based on the observation that
the contributions to speech of the laryngeal source and the vocal tract filter are
clearly separable and additive. The central tenet of this theory is that source and
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Source Filter

FIGURE 6.1 Schematic of the sourcefilter theory of vocal production. Sound production
starts with the source, which tums the flow of air from the lungs into acoustic energy. In
mammals, the source is typically the larynx, which contains the vibrating vocal folds, or vocal
cords. These slap together to create a source signal composed of a fundamental frequency
and many integer-muitiple harmonics of that frequency. This sound then passes through the
vocal tract, composed of the pharyngeal, oral, and nasal cavities. The air in these cavities
possesses namerous vocal tract resonances, or formants, which filter the source signal to
produce an output signal that is the combination of source and filter,

filter are independent, In humans, this is readily demonstrated by the fact that one
can sing many different pitches (indicating different rates of vocal fold vibration)
with a single vowel or produce many different vowels (indicating different formant
frequencies) on the same pitch. The independence of source and filter in vocal
production comes as a surprise to physicists familiar with the acoustics of wind
instruments, becauvse virtually all wind instruments rely on a strong coupling between
source and “filter”” Thus, the vibration frequency of the lips on the trombone (which
are the source of acoustic energy) is largely determined by the frequencies of the
resonances of the air column in the instrument, which are in turn determined by its
length. Thus, in wind instruments (trumpets, flutes, clarinets, etc.) source—filter
theory does not apply. This fundamental difference is often overlooked, providing
a perennial source of confusion in the bioacoustics literature (see Fitch and Hauser!
for more detail).

The existence of a vocal tract between the larynx and the environment is an
anatomical fact for all primates, and the laws of physics dictate that the vocal tract
will have resonant frequencies. Thus, it is somewhat surprising that the investigation
and appreciation of formants in primate vocal production, despite work by early
researchers (e.g., Lieberman® and Andrew?), are fairly recent phenomena that have
blossomed only in the last decade. The reasons for this neglect are obscure. Research-
ers may have been influenced by the notion that speech is special and, given the
central importance of formants to speech, that formants are also special (uniguely
human). More pragmatically, it is difficult to demonstrate conclusively that a par-
ticular spectral peak represents a formant (i.e., results from a vocal tract resonance)
tather than a concentration of spectral energy originating from the source. The most
conclusive demonstration of formants comes from experimental studies of vocaliza-
tions produced in light gases such as helium. Because the speed of sound is faster
in a helinm/oxygen atmosphere, formant frequencies are increased, and spectral
analysis will show an upward shift of formants in this situation. Experiments with
light gases have demonstrated the importance of vocal tract filtering in bird song32
and cetacean clicks.” Similar work demonstrates that formant-like spectral peaks in
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frog vocalizations are not the product of vocal tract filiering.™ To the author's
knowledge, no research on non-human primates vocalizing in helium has been
published, and other methods have been used to demonstrate the existence of for-
mants in non-human primate vocalizations.

Early workers observed spectral peaks in the vocalizations of apes. noted that
the peaks were in roughly the appropriate frequency ranges given the animal’s
vocal tract length, and hypothesized that these features represented formanits.”
Later workers documented correlations between spectral peaks and facial move-
ments, providing further evidence that such peaks represented formants in
macaques and baboons,**¥-% and researchers began to apply signal processing
techniques appropriate for formanis to non-human primates.®” Perhaps the stron-
gest evidence for formanis in noun-human primate cails came from the demonstra-
tion of sirong correlations between vocal tract length. as measured from radio-
graphs of anesthetized macaques, and formant frequencies, as measured from the
same individuals’ calls.’® Because resonance frequencies are determined primarily
by the length of the vocal tract, a tight correlation between multiple speciral peaks
and vocal tract Iength can only be explained if the peaks indeed represent formanis.
The calls studied were aperiodic pani-threat calls, thus avoiding any potential
confusion between formants and harmonics (Figure 6.2). This technique has since
been applied successfully to other mammals,*% as well as to other primates (Fitch.
in preparation; J. Fischer, personal communication). It is now widely accepted
that the calls of many non-human primates possess formants, and given the clear
ability of macaques to perceive formants.*' recent research has begun to focus on
the possible roles of formants in primate commaunication systems.'>* This
research endeavor has been significantly aided by an undersianding of the produc-
tion mechanism (see below).

10.0

Frequency (kHz)

FIGURE $.2 Spectrogram of a pant-threat vocalization from three different rhesus macaques.
These cafls are not clearly voiced and thus do not have a fundamental frequency and harmonics
and show formant frequencies clearly. The clearly visible horizontal areas indicate the formant

frequencies or vocal tract resonances. The calls come from females of increasing weight: 2.6

kg, 5.3 kg, and 9.2 kg, from left to right. The x-axis is time in msec: the y-axis is frequency
in kHz.
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L. NonuNear DyNamics 1IN Vocal PRODUCTION

The most recent advance in our understanding of non-human vocal production has
come from the application of the principles and tools of nonlinear dynamics to
animal vocalizations* ¥ (see Fitch et al.** for a more detailed introduction). Because
the phonation mechanism is irreducibly nonlinear (as shown, for example. by the
presence of harmonics in the source spectrum), it is surprising that the first appli-
cations of nonlinear dynamical theory to vocal production are quite recent, appearing
first for human baby cries® and soon after for adult human pathological voices.”
These seminal insights were quickly appreciated and augmented by leading speech
rescarchers;* however, the significance of this research for normal speech is limited
because healthy adults typically avoid the bifurcations. subharmonics, and chaos
that are signatures of nonlinear dynamics. This limitation does not appear to apply
in the case of non-human vocalizations, where such irregular phenomena are guite
commen (Figure 6.3).%— Thus. nonlinear dvnamical theory is probably of greater
significance in non-human primate vocalizations than in speech.

The fundamental insight of nonlinear dynamics is that simple deterministic
systems can produce very complex and unpredictable output. Although initially
understood for weather patterns by Lorenz.® the importance of this insight for
biclogical systems was recognized by biologists®™-* and has since played an impor-
tant role in many branches of biology, including physiology™ and neuroscience %
In vocal production. the two vocal folds provide the simple system of two coupled
oscillators, and all of the classic nonlinear phenomena (bifurcations, subharmonics,
biphonation. and deterministic chaos) have been observed in this systen1. A hailmark
of nonlinear dynamical systems is deterministic chaos, a very broad-spectrum, unpre-
dictable behavior that nonetheless bears traces of order. Tt is now clear that the

Frequency (kHz)

Time (ms)

FIGURE 6.3 Spectrogram of a scream vocalization trom a juvenile rhesus macaque, illus-
trating a series of nonlinear transitions. The call starts with a relatively low fundamenal
frequency. with clear harmonics, visible as horizontal stripe, but quickly transitions to a very
high-frequency (around 7 kHz) tonal chirp. At about 100 msec, it returns o the lower
frequency regimes uatil around 300 msec. when it transitions to an irregular chaotic regime.
with a clear cencentration of energy around 3 kHz. which ¢ontinues for the rest of the call.
The x-axis is time in msec: the y-axis is frequency in kHz.
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scream vocalizations that are produced under highly aversive circumstances by most
mammals (including humans) represent deterministic chaos. A second signature of
nonlinear systems is provided by bifurcations: abrupt transitions from one oscillatory
regime to another (Figure 6.3). Such bifurcations can easily be observed in spectro-
grams of primate vocalizations, particularly in screams, but alse in other vocalization
types.’ They may appear as "windows” of tonality in otherwise aperiodic vocaliza-
tions or as windows of chaos in otherwise tonal calls. Thus, nonlinear phenomena
may provide a neurally “cheap”™ way to generate a variety of vocal signals and thus
to enrich the vocal repertoire.

Although we still have little detailed understanding of the role of nonlinear
phenomena in perception, these new insights into vocal production may have inter-
esting implications for auditory neuroscience. First, seemingly disparate phenomena
(such as subharmonics or biphonation, which look tonal, and chaos, which Iooks
noisy} often sound surprisingly similar to the human ear. From the perspective of
motor theories of perception,® this is not surprising. Because the underlying motot-
control signals for these superficially different call types might be identical, they
would be perceived as similar. If this perceptual equivalence also applies for non-
human primates, it would be intriguing to investigate at what level of the nervous
system this perceptual equivalence is manifested. Second, nonlinear phenomena may
provide distinctive vocal signatures fo highlight identity or group membership.®
Finally, nonlinear phenomena such as screams are often produced in aversive situ-
ations and are perceived as unpleasant. It has been hypothesized that their unpleas-
antness derives from their unpredictability in much the same way that prey species
elude capture via unpredictable escape routines.™ By this hypothesis. it is impossible
to habituate to, and thus to ignore, an ever-changing “protean™ sound.**

D. Summary ofF YocalL ProbucTion

Air flow from the lungs is converted into sound by the source, typically the vibrating
vocal folds housed in the larynx. The folds can vibrate in several modes. In the
vibratory regime most resembling speech, the folds produce a periodic output con-
sisting of a fundamental frequency and its integer-multiple harmonics. Such sounds
have a clear pitch determined by the fundamental frequency. Other vibratory regimes
of the larynx include deterministic chaos, which underlies screams and other hreg-
ular vocalizations. The source-generated sound then passes through the vocal tract,
which filters out some frequencies while selectively allowing the passage of others
ifrequencies. The resulting spectral peaks correspond o vocal tract resonances or
formants, which are present in many non-human vocalizations, and can be discrim-
inated by macaques. Given the central importance of formant frequencies in human
speech perception. it will be very interesting to investigate the degree to which non-
human primates use formant frequencies in their communication systems.

. PRIMATE VOCAL ADAPTATIONS

The principles described above apply to all primates (and indeed to most mammals).
Within this unifving framework, however, members of the primate order exhibit an
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impressive diversity of vocal adaptaticns: morphological peculiarities that play &
role in vocal production. A well-known example is the huge larynx and hyoid
apparatus of howler monkeys {genus Alouarra) which, adjusted for body size, is the
largest larynx among primates. The howler hyolaryngeal source fills the entire space
between the jaw and sternum and allows these relatively small monkeys to produce
extremely loud. low-pitched vocalization. 5% Such differences in the relative size of
the larynx can be observed even in closely related species.® Following is a brief
review of three additional types of adaptations: air sacs, vocal membranes. and vocal
tract elongation. The introduction of new imaging tools® to the study of primate
vocal anatomy should lead to rapid progress in understanding such adaptations.

A. LARYNGEAL AIR Sacs

Many non-human primates possess out-pouchings of the epithelinm lining the larynx
or vocal tract into diverticula, termed air sacs.'*¢ These can be small (the size of
a pea in macaques) or large (6 liters in orangutans). In most of these, the opening
of the sac is within millimeters of the vocal folds, which strongly suggests an acoustic
tunction. The most common type of air sac is a subhyoid sac, a thin-walled diver-
ticutum lining the hollowed-out body of the hyoid bone and opening into the larynx
directly above the vocal folds. This type of sac is seen in almost all Qld World
monkeys (including vervets, baboons, and macaques) with the exception of a few
colobine species.® It is also seen in some New World monkeys (Aotus, Pithecia,
Ateles, Lagorhrix, and Alouatta), but not in such common laboratory species as
Saimiri or Cebus.® Although humans do not normally have air sacs, they do some-
times appear congenitally or with disease. a condition known as laryngocele, which
is observed in some 2% of humans.*® Laryngoceles duplicate precisely the location
and structure of great ape air sacs.

Unforiunately, except for the work of Gautier” demonstrating a decrease in
amplitude of calls from a DeBrazza's monkey (Cercopithects neglectus) with a
deflated sac. few empirical data are available to distinguish among the many hypoth-
eses that have been offered for air sac function.! These hypotheses include the
possibility that air sacs serve as impedance-maiching systems. allowing low-fre-
guency sounds to be more efficiently emitted into the environment (as proposed in
frogs®s#%): that they serve as accessory lungs to increase the amount of air in an
expiration and thus to increase pressure™ and/or prolong vocalization;! or that they
serve as coupled resonators to support phonation at particular frequencies. Less
plausible hypotheses include the notion that they serve as oxygen storage
mechanisms™ — implausible because the sacs must be filled with expired air that
will be poor in oxygen. Inflated air sacs could even serve as inflatable life-preservers
during swimming! (Walrus air sacs appear to serve this function, along with their
use in sound production.”) Becauwse air sacs may support different functions in
different species (or even in the same individual), it is currently difficult to determine
which of these hypotheses, if any. applies in any particular species or call type.

An important reason that air sac function deserves scientific attention is that all
Zreat apes possess large inflatable air sacs.” 737 but humans lack them. Parsimony
leads to the conclusion that the common ancestor of all these species, which would
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also be the commen ancestor of apes and humans. possessed an air sac (other
hypotheses require its independent evolution in separate ape species). Thus, the
common ancestor of chimpanzees and humans had an air sac, which was lost in
humans after our divergence from chimps. This loss of a vocal adaptation is as
striking as the descent of the human larynx, but has received much less attention.™
Understanding why humans lost these air sacs, of course, requires an understanding
of the role or air sacs in extant primates.

B. Vocal MEMBRANES

Vocal membranes (often referred to as vocal lips after the German “Stimmlippe”}
are another common feature of the non-human primate vocal apparatus. Vocal mem-
branes are thin, rostrally directed extensions of the vocal folds. They are present in
a great diversity of non-human primates; however, it is not always clear from the
anatomical literature which species have them. Many of the Old World monkeys
have vocal membranes (e.g., Papio, Macaca, and Cercopithecus), as do
chimpanzees™ and gibbons.”™ Most New World monkeys also appear to have vocal
membranes (Cebus, Callithrix, Aotus, Saimiri, and Leontopithecus).”™

Experimental investigations of the function of primate vocal membranes are
lacking, but they are widely presumed to enable the production of high-frequency
vocalization due to their extremely low mass.* This idea is supported by the fact
that most microchiropteran bats also have vocal membranes, which are clearly
implicated in the production of their ultrasonic echolocation cails.”>¥ Computer
models of the vocal membranes suggest that, in addition to supporting high-fre-
quency vocalization, they could improve efficiency of phonation and thus increase
amplitude or decrease energy expenditure for loud calls.®* Vocal membranes may
also resuit in increased coupling between the larynx and vocal tract, potentially
leading to an increase in nonlinear phenomena.

C. VocalL Tract ELONGATION

A final interesting morphological oddity, vocal tract elongation, is seen in our own
species and is also known in various other mammals. The oral vocal tract stretches
from the larynx to the lips. while the nasal tract spans the larynx and nostrils. Thus,
theoretically, the vocal wact can be elongated in three ways: (1) by extending the lips
{which many primates do facultatively during calling); (2) by extending the nostrils
(by elongating the nose, as in male proboscis monkeys®): or (3) by lowering the
larynx (as seen in humans, as well as in some deer*? and large cats. such as lions and
leopards®™). All of these changes have the same effect: by elongating the vocal tract,
they lower formant frequencies. It has been proposed®¥##3% that this mechanism
serves to exaggerate the impression of body size conveyed by vocalizations. Because
vocal tract length is tightly tied to body size in most species,’®**% formant frequencies
provide an accurate indication of body size in those species. However, once perceivers
begin to rely upon this cue in judging the size of distant or obscured vocalizers, the
stage is set for the evolution of a mechanism that fakes large body size by lowering

“the formants.®® To the exient that such exaggeration is successful, it will spread -

through the population to become characteristic of the species as a whole.

a
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Because all primates have a “free™ hyoid that is not tightly bound to the skull
base by a series of bony links. as in most mammals, their larynx is relatively mobile.
Because all species thus far observed cineradiographically lower the larynx during
vocalization,™ it is likely that other primates lower the larynx during vocalization.
By the size exaggeration hypothesis. this would be predicted to occur during ago-
nistic vocalizations (such as growls or barks) or in territorial roars. Future observers
should be alert to this possibility, as it is sometimes possible io observe laryngeal
lowering with the naked eye, and then confirm it via acoustic measurements.*°

IV. PUTTING IT TO WORK: USING
THE PRODUCTION PERSPECTIVE
FOR ANALYSIS AND SYNTHESIS

A rich ethological approach to primate communication requires that researchers first
study natural calls. This provides a source of hypotheses about call categories, the
typical contexts in which calls are produced, and how listeners react to them (e.g.,
Goodall,® Suuhsaker,* and Hauser®). These hypotheses are then tested in perceptual
experiments, which can include playing back calls in the field, %> testing calls in a
more controlled laboratory setting,* or recording neural responses to calls.®s The
uitimate goal of this endeavor is to determine how animals process the complex flow
of acoustic information to which they are continually exposed. What acoustic param-
eters are important? Which ones are ignored? How are these parameters used to
categorize calis”? The final section of this chapter shows how an understanding of
primate vocal production can be used to inform this process. In particular, it focuses
on the value of using digital sound synthesis to create natural-sounding primate
calls. This allows the experimental manipulation of vocal stimuli to create, for
exarple. call continua that vary along some specific parameter of interest. Though
still in its infancy, this approach has great promise.

A. Wuy SyNTHEsIS?

There are two common approaches to studying auditory function in animals, both
of which have corresponding approaches in research on humans, The first, which is
favored by psychoacousticians, uses relatively simple signals such as sine waves or
noise bursts to explore low-level auditory function. This approach has been used to
uncover and explore such key phenomena as equal-loudness contours, critical bands,
and the missing fundamental {see Moore® for an introduction). Because a linear
system can be fully characterized by its response to isolated sine waves (or from its
impulse response), this is a reasonable approach to take to initially characterize basic
auditory function; however, the auditory system is not linear. It was quickly realized
in the 1950s that tone/noise psychophysics would be inadequate to uncover the
perceptual mechanisms underlying speech perception, and thar richer signals were
needed to explore higher level audition.!® It seems apparent that similar arguments
apply to non-human primates as well (e.g.. Rauschecker®®), and that tone/noise
psychophysics, while playing an important role, will never suffice for a complete
understanding of primate auditory function.
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A second common approach, more typical for bioacousticians, is to use unmod-
ified natural calls as sdmuli in perceptual experiments. Relative to the previous
approach, recorded calls have the advantage of being complex and realistic, thus
presumably enlisting the natural perceptual mechanisms that animals use in their
communication systems. However, recorded calls have distinct disadvantages as
well. First. the vocalizing animal is in control of the call parameters, not the exper-
imenter. This makes the construction of stimulus sets quite difficult. as the researcher
must collect a large set of matural calls in order to pick out a few post hoc that fall
along some continuum (or represent normal exemplars of some category). Second,
and more important, it is virtually guaranteed that such a collection of natural calls
will also vary in acoustic parameters other than the one of interest, and some of
these uncontrolled variables may be significant to the primate listener, but less so
{or even inaudible) to the human experimenter, Thus, when using prerecorded calls,
we can never be certain of what variables the listener is responding to. It is worth-
while to consider what aspects of human speech perception would have gone undis-
covered if only recordings of natural speech had been available. Cues such as formant
tramsitions and voice onset time, and phenomena such as categorical perception,
trading relations, prototype magnet effects, duplex perception, and many other cen-
tral phenomena in speech perception would never had been discovered if researchers
had lacked the ability to synthesize speech stimuli.

The solution to these problemmns is, of course, to synthesize primate calls.”™
Modern digital sound synthesis techniques. originally developed for speech but
easily modified to work with animal vocalization, allow the creation of synthetic
calls that are indistinguishable from natural vocalizations. Such techniques can
easily be implemented on standard desktop computers using widely available
packages such as Matlab. Althongh commercial “monkey call synthesis” packages
are not available (and seem unlikely to appear). an understanding of call production
acoustics, along with the potential pitfalls of the algorithms, puts the creation of
natural-sounding synthetic vocalizations within reach of any researcher interested
in auditory perception, Following is an overview of one widely available technique.
linear prediction, which points out both the pitfalls and power associated with this
technique.

B. LiNear Prepicmion N BioacousTics

Linear prediction (LP) is a powerful spectral modeling technique based on the
source--filter theory of speech described above. LP (often called LPC {linear predictive
coding] when used for speech compression) became a standard tool for speech engi-
neers during the 1970s.'%!" Given appropriate vocalizations, linear prediction makes
it possible to separate a vocalization into its source and filter components, to modify
one or the other. and then put them back together into a highly realistic and natural-
seeming synthetic signal. Thus, researchers interested in the perception of vocal tract
resonances can modify a specific formant or formants and then recombine the new
filter with the original source signal.®® Researchers interested in pitch perception can
modify the LP-derived source using such techniques as phase-vocoding or PSOLA.
and then recombine it with the LP-derived filter to obtain natural sounding calls.
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Of course, no algorithm can apply to all vocalization types. and linear predic-
tion is no exception. LP is inappropriate for calls where the fundamental frequency
is near or exceeds the formant frequencies (high whines or squeaks) or where
vocal tract filtering is not evident (e.g.. screams). However, linear prediction is
appropriate for many calls with relatively low fundamentals or aperiodic sources
and clear vocal tract filtering, and the technique has been successfully used both
in analysis*™®19219 and synthesis®™® of animal calls. Unfortunately, the valoe of
linear prediction remains relatively unappreciated by researchers in bioacoustics
and auditory neuroscience.

The power of linear prediction derives from a very strong limiting assumption
about the nature of the signal: that the transfer function contains only resonances
{termed poles) and not antiresonances (termed zeros). A general linear filter can
contain either type of spectral feature, but linear prediction assumes an all-pole filter.
Fortunately, this assumption is basically correct for speech (with some exceptions,
such as nasal sounds such as /m/ and /i/, in which sound resonates in both the nasal
and oral caviides). The all-pole model also appears to hold for those mammal
vocalizations that have been studied to date (including one primate species). The
author™ studied vocal production in dogs, goats, pigs, and cotton-top tamarin mon-
keys using cineradiography and found that loud calls in all of these species are made
by lowering the larynx into the eral cavity and closing the velum, thus sealing off
the nasal cavity and avoiding nasal antiresonances. For calls preduced in this manner,
the assurnption of an all-pole filter appears valid. Other calls (such as pig grunts and
dog whines) were produced as purely nasal vocalizations, with the larynx inserted
into the nasal passage, so that the oral side-branch that is responsible for the
antiresonance in nasalized speech sounds such as /m/ is avoided. Although the
trachea. or the complex structure of the nasal passages, might still introduce anti-
resonances in pure nasals,!®1% these features appear to be relatively subtle and can
be adequately modeled with several poles using linear prediction.!®

Of course, the production data of Fitch™ apply only to the species studied, and
research must proceed on a case-by-case basis. The primate air sacs described above
may introduce antiresonances into the vocal tract filter'® (although these are not
prominent in macaques having a median subhyoid air sac’®), If so. these calls would
require more general models that can include both poles and zeros. In the somewhat
arcane terminology of speech engineering, these are often termed ARMA models,
because they include both autoregressive (AR, or pole) and moving-average (MA.
or zero) components. Unfortunately, the lifting of the all-pole assumption makes it
quite difficult to derive accurate ARMA models based solely on the vocal signal.
While linear prediction is guaranteed to converge to the optimal model {in a mini-
mum least-squared error sense). no such guarantees are available with unconstrained
models such as ARMA. Further, LP is robust to minor deviations from an all-pole
system, because zeros can be adequately modeled by multiple poles.!® Finally, while
the correct analysis parameters for linear prediction can be estimated from very basic
anatomical data (soch as measurements of a skull, see below), the proper number
of poles and zeros in an ARMA model is difficult to determine empirically but has
a critical effect on the output from the algorithm. Thus, when justified by production
data, linear prediction is the preferred technique. The available data, both acoustic
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and cineradiographic, suggest that the all-pole assumption will be valid for a broad
variety of primate vocalizations, underscoring the value of linear prediction in
bicacoustics.

C. ANALYSIS AND SynTHESIS UsiNG LINEAR Prepicrion

Linear prediction designates a family of spectral estimation techniques; many dif-
ferent algorithms are available to perform LP analysis and different analysis packages
implement different algorithms. A complete review of these algorithms or analysis
packages is beyond the scope of this chapter; two widely available systems that
implement LP and are recommended are Matlab (http://www.mathworks.com/) and
Praat (http://www.praat.org). A precise mathematical introduction to LP is given by
Markel and Gray,'™ and many practical details relevant to bioacoustics are covered
by Owren and Bernacki.'® This section provides a practical overview of how linear
prediction can be used in the synthesis of mammal sounds, highlights the key
parameter choices, and stresses some of the potential pitfalls to be avoided. This
overview results from the author’s years of experience using and teaching linear
prediction, first as applied to human speech and later to vertebrate vocalizations,
and integrates insights from the literature in speech science, computer music, and
vertebrate vocal production.

The essential first step in any LP analysis is deriving an accurate model of the
vocal tract transfer function, in which each real formant (in the real vocal tract of
the animal} is fitted by a pole (in the mathematical model provided by the LP
anatysis). Once this is adequately accomplished, we can separate the source from
the filter components, and then modify either one before recombining them; or we
can cross-synthesize sources and filters from different individuals or even species.
This critical and most challenging first step of LP analysis includes the initial
modeling of the spectrum of the signal by an all-pole filter. At a minimum, this step
requires a high-quality recording (if background noise, such as wind, strong rever-
beration. or crickets, is present, LP will model the noise along with the animal
vocalization of interest; that is, “garbage in gives garbage out™). As mentioned earlier,
the vocalization must be also be of a type suited for source—filter analysis in the
first place (formants must be present and cleanly outlined by the source). If these
minimal criteria are met, the key parameters in an LP analysis are the bandwidth of
the initial signal (the sampling rate should be adjusted so that the formants fill the
range between 0 Hz and the Nyquist frequency) and the number of poles.

Given a segment of sampled sound and a prespecified number of poles, LP provides
the frequencies and amplitudes for the poles that most accurately fit the overall spec-
trum of the sound. Although the techrique is guaranteed to give the optimal solution
with a given number of poles, it does nor guarantee that these poles represent true
vocal tract resonances of the vocalizer. This is because LP is critically sensitive to the
number of poles chosen for the analysis. For instance, if a human vowel signal
possessing four formants is subjected to a two-pole analysis, each pole will be forced
to fit two formants and assume an intermediate frequency value and broad bandwidth.

These pole irequencies will obviously not correspond to actual formant frequencies.

On the other hand, if the same signal is subjected to a 50-pole analysis, each pole
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might fit one harmonic of the source signal, rather than fitting the formants. Thus, a
key to successful LP analysis is the choice of the number of poles. An incorrect choice
will produce meaningless results. In my experience, choosing the correct LP param-
eters requires hours of experimentation and careful listening and a willingness to
conclude that a particular signal. or call type, will simply not work.

Choosing the number of poles is best done with some knowledge of the vocal
tract length, When the vocal tract length is known, the number of formants (¥) can
be roughly calculated by:

N = wﬂh f. (6.1)

where L is the length of the vocal tract (in m), ¢ is the speed of sound (350 m/sec
in the moist 37°C air of a mammalian vocal tract), and f, is the eutoff frequency (in
Hz: e.g., the Nyquist frequency of the sampled signal). Note, however, that often
no source energy exists at higher frequencies (e.g., above about 5 kHz in speech)
and thus no energy is present in the acoustic signal at higher formant frequencies.
Thus, signals should always be appropriately filtered and downsampled so that their
spectrum fills the entire frequency range between 0 Hz and the Nyquist frequency
(half the sampling rate). For human speech, a Nyquist of around 5 kHz {sampling
rate of 10 kHz) often gives good results; for other species, this number may vary
widely. Note also that LP often employs several poles as shaping poles (fitting the
overall spectrum rather than particular formanis), so the number of poles in the LP
analysis will typically be greater than the namber of formants suspected in the signal
based on Eq. (6.1).

As a practical example, let us analyze the pant-threat vocalization of a rhesus
macaque, sampled at 22 kHz. The vocal tract length of a rhesus macaque, with kps
extended in the grunt or pant-threat position,"? varies between 5 and 10 em (for
small juvenile and large adult males, respectively), giving between three and seven
formants under the 11-kHz Nyquist frequency. Because each pole is specified by
two cocfficients, and given an extra shaping pole, this gives an appropriate LP order
of 8 to 20 coefficients. depending on the size of the animal.®® Noie the lack of
standardized terminology for the parameter determining the number of poles; the
number of coefficients in the LP filter is twice the number of poles. Researchers
must be careful to use the lowest number of poles that achieves a good fit to the
spectrum. This is best determined by visual inspection of a frequency—domain plot
of the LP impulse response {which shows the combined frequency estimate from
all the poles) superimposed over the magnitude spectrum of the original signal.

Once & signal bandwidth and number of poles have been determined that provide
an accurate fit to the formants of the vocal tract filter, it is possible to isolate the
source signal from the filter. The vocal tract filter function is captured by the LP
coefficients (which can now be modified flexibly). To derive the source, we invert
this filter and then use it to filter the original source signal. Many speech packages
{e.g., Praat) include a special i inverse filter function for doing so; in a general-purpose
program, such as Matlab. that uses a digital filter framework, this involves simply
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using the poles, which are the denominator coefficients, as zeros. which are the
numerator coefficients. The inverse filtering process. by removing the effect of the
vocal tract filter, produces an output that is an estimate of the original source signal.
We now have a source signal (representing the output from the larvnx, plus a
radiation term) and a filter (representing the vocal iract transfer function).

The separated source and filter can now be used for further analysis or modified
in various ways. Source pitch or spectral slope can be freely modified, as can
individual formant center frequencies or bandwidths or the overall formant spacing.
Scurces can be combined with filters other than the ones they were originally
associated with, allowing cross-synthesis of different call types or even creating
hybrid calls by combining the source and filier of different species. Synthesis is
completed by passing the source signal (derived by inverse filtering and optionally
modified) back through the filter function (derived from LP and optionally modified).
If no changes are made to either component, this process will repreduce the original
signal almost exactly (to within round-off error), which provides a way of checking
that the whole procedure is working comrectly (and is strongly recommended). When
done correctly, the signals produced by this process are indistinguishable from
naturally produced signals (both for humans and those non-human species that have
been tesied; see. for exampie, Fitch and Kelley®). In summary, linear prediction
provides a framework allowing researchers to tear apart a signal into its source and
filter components. Source and filter components can then be independently analyzed
or modified and finally recombined into highly realistic synthetic calls,

As an example of the types of questions that can be addressed with this technique,
rhesus macaques typically assume different facial postures during particular call
types. For example, copulation calls or screams are always made with retracted lips,
while coos or grunts are made with protruded lips.333¢ These different articulatory
positions modify the vocal tract filter function, both by changing the overall vocal
tract length and by subtly changing vocal tract shape. Itis currently unknown whether
monkeys are sensitive to these acoustic differences or whether the facial postures
associated with calls simply represent the visual component of a multimodal signal,
the incidental acoustic effects of which are ignored. This question could be answered
by cross-synthesizing copulation scream sources with coo or grunt filters (or vice
versa) and then using playbacks to determine how such hybrid calls are categorized.
Other questions suited to this approach concern judgments of individual identity {do
formants carry specific, high-quality cues to individuality. as some researchersi-+i03
have hypothesized?) or the role of different formants as cues to body size™ or call
category.”” These questions are interesting in their own right bur take on additional
importance due ko the central importance of formants in human speech. Understand-
ing the perception and categorization of formant-rich vocalizations in non-human
primates is thus a crucial component in the quest to understand the evolutionary
precursors of speech perception mechanisms.

V. CONCLUSION

This brief review of primate vocal production has provided an overview of recent
progress in understanding the physics and physiology of vocal production in
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non-human primates and of the morphological variability in primate production
mechanisms. Although a number of outstanding questions in the field have been
highlighted. it should be clear that we now have a firm enough understanding
of the basics of primate vocal production to open new realms of investigation
to researchers interested in auditicn. To assist this cross-pollination, this chapter
has provided an introduction to linear prediction, a signal processing technique
based upon production principles and source~filter theory. Linear prediction and

. similar techniques provide an impertant tool that can be used to address previ-

ously unapproachable issues in primate vocal perception. In particular, because
human speech relies so extensively upon formant perception. more detailed
analysis of formant perception in non-human primates should eventually provide
important insights into the evolutionary precursors (or lack thereof) of speech
and language.33
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I. INTRODUCTION

Understanding the roots of human language is a fascinating topic that has generated
as much interest as controversy (see References 1 to 3 for some recent contributions).
A key feature of human language is that it is learned, in terms of both its production
and comprehension. From a comparative perspective, this raises the question of
whether and to what extent other primate species exhibit vocal learning. One of the
earliest studies in this field involved an attempt to teach a chimpanzee to speak*S
Vicki, the chimpanzee raised with the Hayeses, for instance, in fact learned to utter
a few “words,” but the difficulties she had in mastering this task were apparently
more siriking than her successes.*

The finding that apes or monkeys have difficulties acquiring human speech,
however, does not refute the possibility that learning plays an important role in the
development of their own species-typical vocalizations. Most of the evidence accu-
mulated about vocal development comes from studies on monkeys,5” while hardly
anything is known about the vocal development of apes.® In contrast, numerous
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