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Abstract

In this thesis, the physics of phonation was discussed using the theory of non-
linear dynamics. Digital high speed recordings of human and nonhuman laryneal
oscillations, image processing, signal analysis, and modal analysis have been used
to quantitatively describe nonlinear phenomena in pathological human phonation,
healthy voices in singing, and nonhuman mammalian larynges with vocal mem-
branes. Bifurcation analysis of a simple mathematical model for vocal folds with
vocal membranes allowed a qualitative ’nonlinear fit’ of observed vocalization pat-
terns in nonhuman mammals.

The main focus of the present work was on:

• classification of vocalizations of contemporary vocal music to provide insight
to production mechanisms of complex sonorities in artistic contexts, espe-
cially to nonlinear source-tract coupling

• pathological voice instabilities induced by asymmetries within single vocal
folds and between vocal folds

• dynamic effects of thin, lightweight, and vibrating vocal membranes as up-
ward extensions of vocal folds in nonhuman mammals



In Chapter 3, complex and multiphonic voice signals of vocal improvisors asso-
ciated with contemporary music were analyzed within the framework of nonlinear
dynamics. Narrow-band spectrograms of complex vocalizations were used in terms
of spectral bifurcation diagrams to classify nonlinear phenomena. It was shown
that nonlinear phenomena such as subharmonic oscillations, toroidal oscillations,
and abrupt onset of irregular chaotic oscillation are extensively used by singers in
contemporary vocal music. Biphonation and triphonation (voice signal with two
or three independent pitch melodies, respectively) could be found during glottal
whistle production. Examples of vocalizations were shown where slowly varying
formant frequencies induced abrupt transitions to subharmonics and biphonation
in the vocal output when they matched harmonics of the voice source signal. This
showed that nonlinear source-tract coupling is one possible mechanism for the con-
trol of voice instabilities in musical contexts. Additionally, from previous research
on pathological voice production it is known that desynchronization of vocal fold
oscillations could be induced by asymmetries in the larynx. Showing the recurrent
use of nonlinear phenomena in consecutive voice samples of performers, it could
be concluded that singers with normal healthy larynges are able to induce voice
instabilities in a reproducible way for musical tasks.

Desynchronization of vibratory modes of the vocal folds was studied in Chap-
ter 4. In patients with vocal fold pathologies, the superior edges of the oscillating
vocal folds were observed in vivo with a high speed camera. The irregular spatio-
temporal vibration patterns were described quantitatively with multi-line kymo-
grams, spectral analysis, and spatio-temporal plots. Empirical orthogonal eigen-
functions – empirical modes of the vibrating vocal folds – were extracted from the
complex spatio-temporal vibration patterns. With this decomposition technique,
decorrelated coherent structures (vibratory modes) could be identified. The major
finding of this analysis was that larygneal biphonation (laryngeal oscillation with
two independent pitches) could be induced either by left-right (LR) asymmetry of
the two vocal folds or by desynchronized anterior-posterior (AP) vibratory modes.
For the latter case, the term ’AP biphonation’ was introduced to differentiate from
’LR biphonation’ known from literature. As a reference, spatio-temporal data from
one normal healthy voice was used for comparison. The analyzed phonation ex-
amples showed that for normal phonation the first two modes were sufficient to
explain the overall glottal dynamics. The spatio-temporal oscillation patterns as-
sociated with LR biphonation could be explained by the first three modes. For AP
biphonation, higher order modes were necessary to describe the oscillatory pat-
terns. For clinical research, an entropy measure was introduced to quantify spatial
irregularity. It was found that spatial irregularity was significantly higher for the
voices with pathological vocal fold oscillations than for normal healthy phonation.
For future modeling work, two asymmetry measures were introduced: Left-right
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asymmetry was defined by the ratio of the fundamental frequencies of left and
right vocal fold oscillations. Anterior-posterior asymmetry was defined by the ra-
tio of the fundamental frequencies of first and second vibratory modes within one
vocal fold. These quantities clearly differentiated between LR biphonation and AP
biphonation. The findings of desynchronized oscillatory modes within the vocal
fold oscillators agreed with previous theoretical work on computer models of vocal
folds and in vitro experiments.

In Chapter 5, a phenomenological model for sound production in nonhuman
mammals was studied. The well-known simplified two-mass model was extended
by oscillating vocal membrane plates attached to the upper edge of the vocal
folds. In nonhuman mammals, vocal membranes are one widespread morpholog-
ical variation of vocal folds. In bats they are responsible to produce ultrasonic
echolocation calls. In nonhuman primates they facilitate the production of highly
diverse vocalizations. It was shown that in bats and primates, complex vocaliza-
tions are a crucial feature of the call repertoire. Vocalizations with subharmonic
oscillations, biphonation, irregular chaotic calls, register jumps, pulsed high fre-
quency oscillations, and abrupt transitions between these different behaviors can
be found frequently. A vocal membrane model was developed to understand the
production of these complex calls. One modeling goal was to keep the number
of new parameters as small as possible. Thus, the vocal membrane geometry was
specified by the vocal membrane height, its mass, the resting angle (overhang into
the glottis) and parameters for the stiffness and viscous tissue damping. As in the
two-mass model, the air flow through the model was described with the Bernoulli
equation. This potential law for the driving air flow was combined with the as-
sumption of jet separation at the most narrow point in the model glottis. Linear
eigenmode analysis was used to study the influence of the vocal membrane geom-
etry on eigenfrequencies and eigenmodes. On the background of the theory of
coupled oscillators, ratios of eigenfrequencies can be interpreted in analogy to the
frequency ratio in the generic circle map. Parameter regions with frequency locking
(mode entrainment) could be identified in the vocal membrane model. The shape
of the eigenmodes was an indicator for the phonation onset behavior of the full
nonlinear model. It was found that the vocal membrane height had the strongest
influence on the eigenmode shape. The eigenfrequencies were mostly effected by
the frequency ratio of the model mass oscillatos associated with the vocal folds
and the vocal membrane oscillator. With Hopf bifurcation analysis, the influence
of the vocal membrane geometry on phonation onset pressure and onset frequency
was studied. The most important finding was that two voice registers of the vocal
membrane model existed. The register areas could overlap when the vocal mem-
brane height was small enough. Overlapping register areas were interpreted as
indicating biphonation (toroidal oscillations) in the model. Numerical integration
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with slowly varying model parameters supported this finding. Hopf bifurcation
analysis also showed that the vocal membrane geometry could minimize phona-
tion onset pressure and enlarge the phonatory pressure range of the model. As a
final finding, numerical simulations with gliding subglottal pressure variations and
varying frequency tuning (related to the ratio of the oscillation frequencies of vocal
folds and the vocal membrane) revealed instabilities that qualitatively resembled
observed vocalization patterns in bats and primates.

To date, detailed data on larynges of nonhuman primates and bats is missing.
Therefore, this work is only a first step towards a quantitative ’nonlinear fit’ of
nonhuman vocalizations. A detailed fit of specific vocalizations is still to be done.
In the present work, parameters had to be guessed. Due to the nonlinear nature of
the vocal membrane model, there is no unique mapping of observed attractor states
to the parameter space of a vocal membrane model. In future, the combination
of modeling and experiments should continue to improve parameter estimation for
the vocal membrane model and gain deeper understanding of the diversity of the
nonhuman mammalian vocalization repertoire.

Keywords:
synchronization, biphonation, contemporary vocal music, echolocation
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Zusammenfassung

Die Physik der Lauterzeugung (Phonation) wurde mit Hilfe der Theorie der Nichtli-
nearen Dynamik untersucht. Digitale Hochgeschwindigkeitsaufnamen von Schwin-
gungen in menschlichen und nichtmenschlichen Kehlköpfen, digitale Bildanalyse,
Signalanalyse und Modenanalyse wurden zur quantitativen Beschreibung nichtli-
nearer Phänomene eingesetzt. Es wurden nichtlineare Phänomene bei stimmkran-
ker (pathologischer) menschlicher Lauterzeugung untersucht, wie auch in stimm-
gesunden Singstimmen und in Kehlköpfen von nichtmenschlichen Säugetieren mit
Stimmlippen-Membranen. Durch Bifurkationsanalyse eines einfachen mathemati-
schen Modells für Stimmlippen mit Membranen konnten beobachtete Lautmuster
nichtmenschlicher Säugetiere qualitativ “nichtlinear gefittet” werden.

Die Schwerpunkte der vorliegenden Arbeit waren:

• die Klassifikation von Lautmustern in zeitgenössischer Vokalmusik, um Erzeugungs-
mechanismen für komplexe Stimmklänge zu erklären, die im künstlerischen
Kontext vorkommen; im besonderen war die Rolle der Quelle-Trakt-Kopplung
von Interesse

• Instabilitäten in Stimmpatienten, die durch Asymmetrien in einzelnen Stimmlip-
pen wie auch zwischen den Stimmlippen verursacht wurden.

• dynamische Effekte von dünnen, leichten und schwingenden Stimmlippen-
Membranen, vertikalen Fortsätzen der Stimmlippen in nichtmenschlichen
Säugetieren.



In Kapitel 3 wurden komplexe und polyphone Stimmsignale von Stimmimprovi-
satoren –“Vocal Improvisors”, Sängern zeitgenössischer Musik – mit Methoden der
Nichtlinearen Dynamik untersucht. Schmalband-Spektrogramme komplexer Laute
wurden als spektrale Bifurkationsdiagramme zur Klassifikation nichtlinearer Phä-
nomene verwendet. Es zeigte sich, dass nichtlineare Phänomene, wie subharmo-
nische Oszillationen, toroidale Schwingungen und abrupte Einsätze von irregulä-
rer chaotischer Oszillation, intensiv von Sängern zeitgenössischer Vokalmusik ein-
gesetzt werden. Die Wechselwirkung von Vokaltraktresonanzen mit der glottalen
Stimmquelle konnte als ein möglicher Mechanismus für kontrollierte Stimminstabi-
litäten in Sängern identifiziert werden. Zusammen mit Kehlkopfasymmetrien, die
Stimmlippenschwingungen desynchronisieren können, erlauben es diese Mechanis-
men stimmgesunden Sängern, Stimminstabilitäten gezielt und reproduzierbar für
künstlerische Zwecke einzusetzen.

Die Desynchronisation von Schwingungsmoden der Stimmlippen wurde in Ka-
pitel 4 untersucht. Stimmlippenschwingungen von Stimmpatienten wurden mit ei-
ner Hochgeschwindigkeitskamera aufgenommen. Irreguläre raum-zeitliche Schwin-
gungsmuster der Stimmlippenkanten konnten mit Empirischen Orthogonalen Ei-
genfunktionen (EOF) in dekorrelierte Schwingungsmoden zerlegt werden. Dadurch
konnte ein neuer Mechanismus für laryngeale Biphonation (Lauterzeugung mit
zwei unabhängigen Tonhöhen) in vivo identifiziert werden: desynchronisierte Schwin-
gungsmoden entlang der anterior-posterior Richtung einer einzelnen Stimmlippe.
Die EOF Analyse ermöglichte die Abgrenzung von der seit längerem bekannten
Desynchronisierung der rechten und linken Stimmlippen aufgrund von Kehlkopfa-
symmetrien (LR-Biphonation). Bei dieser neuen Art der Biphonation, hier AP-
Biphonation genannt, wurden deutlich mehr Schwingungsmoden der Stimmlippen
angeregt als bei sowohl normaler Phonation als auch LR-Biphonation. Für den Ein-
satz in der klinische Diagnose und für zukünftige Stimmlippenmodelle wurden so-
wohl die räumlichen Irregularität der Stimmlippenschwingungen, die Rechts-Links-
Asymmetrie wie auch die Anterior-Posterior-Asymmetrie quantitativ bestimmt.
Diese Messparamter erlaubten die eindeutige Trennung von Stimmpathologien mit
LR Biphonation von solchen mit AP Biphonation.

In Kaptitel 5 wurde ein phänomenologischen Modell zur Untersuchung der
Lauterzeugung bei nichtmenschlichen Säugetieren, im speziellen bei Primaten und
Fledermäusen, entwickelt. Dazu wurde ein vereinfachtes Zweimassenmodell um
oszillierende Stimm-Membrane erweitert. Diese Stimm-Membrane finden sich in
Kehlköpfen von Fledermäusen und Primaten, wo sie einerseits zur Ultraschallerzeu-
gung verwendet werden und andererseits für eine grosse Lautvielfalt sorgen. Nicht-
lineare Phänomene, wie subharmonische Oszillationen, Biphonation, irreguläres
chaotisches Verhalten, Registersprünge, gepulste hochfrequente Oszillationen und
abruptes Übergänge zwischen diesen Phänomenen sind gehäuft im Lautrepertoire
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von Primaten und Fledermäusen zu finden. Das Stimm-Membrane-Modell wurde
entwickelt, um dieses diverse Lautrepertoire mit möglichst wenigen Modellparame-
tern zu reproduzieren. Mit linearer Eigenmodenanalyse wurden Parameterbereiche
gefunden, wo nahe benachbarte Eigenfrequenzen Frequenzlocking (Modensychroni-
zation) des vollen nichtlinearen Modells vermuten liessen. Dieses Verhalten ist aus
der Theorie gekoppelter Oszillatoren und der generischen Kreisabbildung bekannt.
Die Eigenmoden des Modells liessen Rückschlüsse auf das Stimmeinsatzverhal-
ten des vollen nichtlinearen Modells zu. Mittels Hopf-Bifurkationsanalyse wurden
die Auswirkungen der Stimm-Membran auf den Stimmeinsatz (in Bezug auf sub-
glottalem Einsatzdruck und Frequenz am Einsatpunkt) bestimmt. Das wichtigste
Resultat dieser Analyse war das Vorhandensein zweier Stimmregister. Die Parame-
terregionen dieser Register konnten sich überschneiden, falls die Stimm-Membrane
kurz genug waren. Dieses Verhalten gab Hinweise auf die Existenz von Biphonati-
on (toroidale Oszillationen) im Modell. Numerische Simulationen bestätigten diese
Vermutung. Hopf-Bifurkationsanalyse zeigte auch, dass die Geometry der Stimm-
Membrane so gewählt werden konnte, dass der subglottale Einsatzdruck minimal
wurde und der Druckbereich für Phonationen vergrössert wurde. Numerische Si-
mulationen demonstrierten, dass das phänomenologische Stimm-Membran-Modell
das Lautrepertoire von Fledermäusen und Primaten qualitativ reproduzieren konn-
te. Eine quantitative und detaillierte Anpassung des Modells steht noch aus, da
die dafür benötigten Daten (Hochgeschwindigkeitsaufnahmen, Gewebsdämpfung,
glottale Ruhefläche, etc.) zur Zeit noch nicht vorhanden sind.

Schlagwörter:
Synchronisation, Biphonation, Zeitgenößische Vokalmusik, Echolokation
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2.1 Components in the airway system in the head, neck, and chest
(Titze, 1994a): The lungs produce pressure that drives the sub-
glottal airstream. The airstream is fed to the larynx via bronchi
and trachea. The primary function of the larynx is to protect the
airway system from foreign material (such as food) which passes
into the esophagus during swallowing. The vocal tract, comprised
of pharynx and oral and nasal cavities, filters the primary sound
signal generated by airstream-driven oscillations of the vocal folds
in the larynx. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Sideview of the skeletal laryngeal framework (Titze, 1994a): Two
tracheal rings, the cricoid and the thyroid cartilages, the hyoid bone,
and the epiglottis are shown. Ligaments and intrinsic muscles con-
nect the cricoid and thyroid cartilages. Cricothyroid muscle con-
traction rotates the cricoid cartilage against the thyroid cartilage,
which lengthens the vocal folds. The cricoarytenoid muscle contrac-
tion rocks (rotates and translates) the arytenoid cartilages to open
and close the glottis. . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Superior view of the muscular and cartilagenous framework of the
larynx (transverse section at the level of the vocal folds) (Titze,
1994a): The vocalis muscle (thyroarytenoid muscle) is inserted be-
tween the arytenoid and thyroid cartilages. The arytenoid cartilages
can rock and move on top of the cricoid cartilage due to contrac-
tion of the thyroarytenoid muscle, the cricoarytenoid muscles and
the interarytenoid muscle. The top side of the cricoid cartilage sup-
porting the arytenoid cartilages can be moved back and forth by
cricothyroid muscle and thyroarytenoid muscle contraction, respec-
tively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
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2.4 Schematic of a frontal section through one vocal fold (Titze, 1994a):
The tissue layers can be roughly grouped into vocal fold body and
vocal fold cover. The body consists of the muscle fibers of the
thyroarytenoid muscle. The cover is built by the epithelium and
the lamina propria (superficial, intermediate, and deep layer). . . . 11

2.5 Innervation of the larynx (Titze, 1994a): Two branches of the va-
gus nerve innervate the intrinsic laryngeal muscles: The superior
laryngeal nerve only innervates the cricothyroid muscle. The recur-
rent laryngeal nerve innervates all other intrinsic muscles (including
agonistic-antagonistic muscle pairs). . . . . . . . . . . . . . . . . . . 12

2.6 Frontal section of the larynx through the center of the glottis: The
vocal folds are shown in prephonatory rest position. Adduction mus-
cle activity narrows the glottis (the space between vocal folds), thus
increasing subglottal pressure. Aerodynamical forces blow these
visco-elastic orifice apart, until elastic tissue recoil and aerodynam-
ical Bernoulli forces close the glottis closes. [The ventricular folds,
a valve structure similar to the vocal folds, are shown above the
vocal folds. Note that in certain phonatory modes they have been
observed to oscillate with the vocal folds (Fuks et al., 1998). Their
aerodynamical influence of facilitating phonation in whispered voices
has been shown by Miller et al. (1988). de Oliveira Rosa et al. (2003)
demonstrated that they could increase the transglottal pressure drop.] 14

2.7 Schematic sideview of one glottal cycle: After prephonatory closing
of the glottis, rising subglottal pressure opens vocal folds starting
from below. The upper edge follows the motion of the lower edge
with a certain phase shift. Due to increasing elastic tissue recoil
first the lower portion of the vocal folds starts closing again. The
upper portion again follows with a certain delay. (after Schönhärl,
1960) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
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2.8 Spectrogram of sustained phonation of a trained voice with various
subharmonic components: In the above time-frequency plot, the
subsequent power spectra calculated from moving time segments
are shown. The normalized sound intensity distributions (on a log-
arithmic scale) are transformed to distributions of gray scale values.
Here, black points indicate the highest intensities. This spectrogram
shows a segment of sustained phonation after voice onset, induced
by a Hopf bifurcation from the prephonatory fixed state. Period
doubling bifurcations inducing subharmonic oscillations at small in-
teger ratios of the original fundamental frequency are visualized (see
arrows for “Subharmonic components”). As in the above spectro-
gram, subharmonic oscillations show up as additional parallel bands
of high intensity within the stack of harmonic frequencies, integer
multiples of the fundamental frequency (here at about 500 Hz). The
gray shading between the harmonics and subharmonics is due to
noise components. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.9 Spectrogram of sustained phonation revealing simultaneous unre-
lated pitch melodies f(t) and g(t) in the voice of a single singer.
Toroidal oscillations of the singer’s phonatory system are shown:
Two frequency bands with high intensities (here at about 800 Hz)
vary uncorrelated over time. Short segments of entrained oscilla-
tion, associated with folded limit cycle oscillation, are interspersed:
During short time segments the uncorrelated behavior of the pitch
melodies f(t) and g(t) abruptly changes to entrained oscillations
(e.g., at 0.5 sec). Frequency components at linear combinations of
f and g appear in the spectrogram due to nonlinear coupling of the
two independent oscillations. . . . . . . . . . . . . . . . . . . . . . . 22

2.10 Spectrogram of sustained phonation of the voice of a singer show-
ing an abrupt onset of chaotic irregular oscillations: Following voice
onset, a frequency jump at about 1.1 sec occurs during the increase
of the fundamental frequency. The harmonic oscillation behavior
changes to irregular noise-like behavior. Embedded in the broad-
band chaotic segment, a remnant of the previous fundamental fre-
quency is visible. This is due to the presence of the previously stable
limit cycle oscillation. The above example shows harmonic windows
with folded limit cycle oscillations interspersed in the chaotic segment. 23
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2.11 Spectrogram of sustained phonation of the voice of a singer demon-
strating the repetitive intentional use of nonlinear phenomena: The
left part (0.0− 2.0 sec) shows transistions from limit cycle to chaos,
followed by subharmonic oscillations and again chaos. The right
part (2.0− 4.0 sec) is qualitatively similar. . . . . . . . . . . . . . . 24

2.12 Motion on a torus in phase space. For rational frequency ratios
Ω = ω1/ω2 the trajectories close after a finite number of cycles
(mode-locked state). For irrational frequency ratio such motion is
called quasiperiodic. The trajectory never closes and asymptotically
covers the whole torus, never repeating a point (from Schuster (1988)). 26

2.13 Schematical bifurcation diagram of the circle map shows mode lock-
ing within the Arnold tongues (hatched areas) for small coupling
K < 1, merging of Arnold tongues for critical coupling K = 1. Note
that chaos and mode locked states coexist for coupling K > 1. The
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Chapter 1

Introduction

Acoustical communication in humans and nonhuman mammals is based on the
production and perception of voice signals. The primary voice signal (phonation) is
generated in the mammalian larynx. Phonation is due to vibratory structures (e.g.,
vocal folds, ventricular folds, epilarynx) in the larynx. In human speech, vowels
are produced by filtering the primary sound signal in the respiratory cavities, the
vocal tract, and oral and nasal cavities. Human speech results from a complex
interaction between phonation and articulation. Articulation is the variation of
the geometry of the filter cavities in the vocal tract (the pharynx, the oral and
nasal cavities). In contrast, in nonhuman mammals articulation is less important
in communication. Information coding is mainly achieved by the high diversity
of the primary sound signal of nonhuman mammals. These complex vocalization
patterns are consistently used in specific behavioral contexts.

In human speech, high diversity of the source signal is counterproductive for
normal communication. Voice disorders are associated with vocalizations outside
a narrow range of primary sound source behaviors. They are in most cases related
to pathological changes of the vocal folds. Clinical research on communication
disorders includes voice disorders, speech pathologies, and hearing disorders. For
clinical diagnosis, voice disorders are mostly classified by perceptual measures of
the acoustical speech signal. Objective methods have been proposed to relate
the speech signal to classes of pathologies of the vocal folds (Michaelis et al.,
1997; Behrman and Agresti, 1998; Blomgren et al., 1998; de Krom, 1993; Giovanni
et al., 1999b; Hartl et al., 2001; Muta and Baer, 1988; Schoentgen, 2001; Gerratt
and Kreiman, 2000). All these perceptual methods are incapable of reliably sepa-
rating speech signal into the primary voice signal and contributions of articulation
and turbulence to the overall vocal output. This implicates that the underlying
mechanisms of pathological voice production and the related speech signal are still
hardly understood.

In contrast to speech, where voice disorders are to be avoided, singers (“vocal
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improvisors”) of contemporary vocal music try to enlarge the narrow repertoire of
speech signals for artistic purposes. In the search for extended forms of expressions
in singing, composers and singers try to explore the production and organization of
non-standard vocal music (Griffiths, 1981). For this purpose, traditional descrip-
tions from speech research and linguistics are used (Edgerton et al., 1999; Edgerton,
2002). Similar to the classification of pathological speech, these concepts fail to
distinguish clearly between phonation and articulation.

Diversity in vocalizations of nonhuman mammals plays a major role in mam-
malian communication (Facchini et al., 2003; Laje and Mindlin, 2002; Suthers et al.,
1996; Suthers and Margoliash, 2002). Bioacoustic research thus far has mainly fo-
cused on documenting the call repertoire, the control of vocalization patterns by
the central nervous system and the behavioral context. Since the mammalian lar-
ynx was highly conserved during the evolution of different species, the concepts
of human voice and human speech research have been applied to animal vocaliza-
tions. The study of nonhuman mammalian communication impacts questions on
the evolution of human speech and communication. However, detailed understand-
ing of underlying voice production mechanisms in nonhuman mammals is still in
its infancy.

The understanding of human phonation is based on the myoelastic-aerodynamic
theory by van den Berg (1957). The vocal folds are considered as a visco-elastic
layered three-dimensional tissue structure with nonlinear tissue properties. Phona-
tion is generated by self-sustained oscillations induced by aerodynamic forces from
the airflow through the larynx. Normal healthy phonation is due to synchronized
oscillations of the set of oscillatory modes that is excited by the airflow and coupled
due to nonlinearities in the myoelastic-aerodynamic vocal apparatus. Frequently
observed voice instabilities occur due to desynchronization of the coupled vocal
fold modes. Voice instabilities include subharmonic vocalizations, biphonation
(two independent fundamental frequencies), deterministic chaos, and pitch jumps.
Examples can be found in newborn cries (Mende et al., 1990), infant vocalizations
(Robb and Saxman, 1988), Russian lament (Mazo et al., 1995), normal conversa-
tional speech (Dolansky and Tjernlund, 1968), pathological voices (Herzel et al.,
1995; Mergell and Herzel, 1997b; Mergell et al., 2000), normal singing (Ward et al.,
1969; Gibiat and Castellengo, 2000), human laughter (Bachorowski et al., 2001),
contemporary vocal music (Edgerton et al., 2003), and in nonhuman mammalian
vocalizations (Wilden et al., 1998; Fitch et al., 2002).

Complex vocalization patterns can be classified and quantitatively understood
using the theory of nonlinear dynamics (Facchini et al., 2003; Titze et al., 1993;
Fee et al., 1998; Herzel and Knudsen, 1995; Herzel et al., 1995; Jiang et al., 2001b;
Jiang and Zhang, 2002a,b). Attractors such as steady state, limit cycle, torus,
and chaotic attractor can be related to stationary signals such as prephonatory
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standstill, normal phonation, subharmonic oscillation, biphonation and irregular
noise-like voice behavior. Bifurcations such as Hopf bifurcation, period doubling,
secondary Hopf bifurcation, and abrupt onset of chaos are induced by varying
parameters of the phonatory system. In particular, the theory of coupled oscillators
(Bergé et al., 1984) based on the generic circle map can be applied to qualitatively
understand the dynamics of the set of coupled oscillators of the vocal apparatus.
Nonlinear coupling of these oscillatory modes with, in general, different vibration
frequencies leads to frequency locking (mode entrainment), toroidal oscillation,
and chaos.

These concepts of nonlinear dynamics can be directly applied to analyze mathe-
matical aerodynamical-biomechanical models of the voice source. The first models
consisted of very simple damped mass-spring systems aiming at the synthesis of
natural sounding speech (Flanagan and Landgraf, 1968; Flanagan and Cherry,
1969; Ishizaka and Flanagan, 1972). Since then, more and more complex mod-
els have been proposed, ranging from multi-mass models (Titze, 1973, 1974) to
Finite Element Method models (Alipour-Haghighi et al., 2000). Modeling voice
production helped to understand the principles of normal healthy voice production
(Titze, 1976; Lucero, 1993, 1999; Berry et al., 1994; de Oliveira Rosa et al., 2003).
In recent years, biomechanical models have been developed to describe and un-
derstand pathological voices quantitatively (Ishizaka and Isshiki, 1976; Story and
Titze, 1995; Mergell and Herzel, 1997b; Mergell et al., 2000; Drioli and Avanzini,
2002; Jiang et al., 2001b; Jiang and Zhang, 2002b). So far, very few studies have
been aimed at modeling and reproducing vocalization patterns crucial for animal
communication (Fletcher, 1988; Fee et al., 1998; Mergell et al., 1999; Gardner et al.,
2001; Smyth and Smith, 2002; Laje and Mindlin, 2002).

The main focus of the present work is to understand basic mechanisms of
phonatory instabilities in humans and nonhuman mammals. Therefore, complex
spatio-temporal oscillation patterns in pathological phonation will be analyzed
quantitatively. Furthermore, voice instabilities in singers associated with con-
temporary vocal music will be classified using methods from nonlinear dynamics.
Finally, animal communication in nonhuman mammals will be studied with a bio-
mechanical model developed especially for nonhuman mammalian larynges.

An introduction to the basic anatomy and phyiology of mammalian larynges is
given in Chapter 2. For that purpose, the human larynx is used as a representative,
as the gross anatomy of mammalian larynges shows little variation between species
among mammals. The mechanism of sound production based on the myo-elastic
aerodynamic theory of phonation (van den Berg, 1957) will be reviewed. It will be
shown that two vibratory modes of the vocal fold tissue are crucial for phonation.
The myo-elastic aerodynamic theory implies that phonation can be regarded as a
biomechanical-aerodynamical system. Neural control of the configuration of the

3



1. Introduction

larynx can be regarded as slowly varying parameters compared to phonatory os-
cillations. An introduction to the theory of nonlinear dynamics will be given and
will be related to phonation. Examples of voice instabilities from contemporary
singers will be shown with spectral bifurcation diagrams that reveal subharmonic
oscillations, biphonation and deterministic chaos of the phonatory signal. A short
introduction to the theory of coupled oscillators will be given; It can be applied to
the phonatory apparatus when regarded as multiple coupled nonlinear oscillators.
Based on the generic circle map, the behavior of coupled oscillators can classified
with two-dimensional bifurcation diagrams. In these bifurcation diagrams, fre-
quency locking and entrained oscillations are revealed by Arnold tongues – regions
of nearly rational ratios of the frequencies of two oscillators. Outside of the Arnold
tongues, the circle map generated toroidal oscillations. For large coupling, coexist-
ing states and chaos in the circle map are possible. Experimental data on human
and nonhuman larynges are obtained with a large variety of methods. An overview
of several experimental examination methods of in vivo and in vitro mammalian
larynges will be given. These data can be used as input to mathematical models of
mammalian phonation. Several biomechanical models for voice production in hu-
mans and nonhuman mammals will be given. In particular, a simplified two-mass
model (Steinecke and Herzel, 1995) will be decribed in detail. This model will be
the basis for a new phenomenological model for nonhuman mammalian phonation
developed in Chapter 5.

In Chapter 3, complex and multiphonic voice signals of vocal improvisors –
singers associated with contemporary vocal music – will be analyzed within the
framework of nonlinear dynamics. For this purpose, narrow-band spectrograms will
be used as spectral bifurcation diagrams. It will be shown that nonlinear phenom-
ena such as period doubling bifurcations, subharmonic oscillations, biphonation,
triphonation, and irregular chaotic phonation is frequent in vocalizations used in
contemporary vocal music. Spectral bifurcation diagrams will reveal formant in-
duced bifurcations to subharmonic oscillations and biphonation. The recurrent
use of nonlinear phenomena in contemporary vocal music will be demonstrated.
Possible production mechanisms such as source-tract coupling and vocal fold de-
synchronization will be discussed. These mechanisms allow vocal improvisors to
specifically use nonlinear phenomena in a reproducible way for musical tasks.

In Chapter 4, spatio-temporal patterns of high speed glottograms (HGGs) will
be analyzed. HGGs allow time-resolved observation of the superior vocal fold edge
during sustained phonation. The extracted time series of points along the superior
vocal fold edge will be decomposed into empirical eigenmodes. HGGs of patho-
logical phonation showing biphonation will be analyzed and compared to healthy
normal phonation. It will be shown that in pathological biphonic phonation, the
number of excited modes is significantly higher than in normal phonation. This
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analysis shows a new mechanism for glottal biphonation found in vivo: Biphona-
tion will be shown to be induced by anterior-posterior asymmetry within a single
vocal fold. So far, biphonation was observed to be induced by asymmetries between
the left and right vocal fold. Empirical eigenmode analysis will be shown to be an
appropriate tool to quantify glottal left-right and anterior-posterior asymmetries
observed in high speed recordings of oscillation vocal folds. Furthermore, spatial
irregularities of the observed glottal dynamics will be described with an entropy
measure. This clearly shows that in pathological phonation, the complexity of
excited spatio-temporal modes is significantly higher than in normal phonation.
Finally, production mechanisms inducing anterior-posterior desynchronization of
vocal fold modes and the clinical significance of the used analysis method will be
discussed.

In Chapter 5, a phenomenological model for nonhuman mammalian larynges
with vocal membranes will be developed and analyzed. It will aim at the descrip-
tion and understanding of vocalization patterns in bats and nonhuman primates.
Vocal membranes, frequently found in nonhuman mammalian larynges, consist
of lightweight membranous upward extensions of the vocal folds. In bats, vocal
membranes are responsible for ultrasonic calls used for prey capture and orien-
tation during flight. In primates, they facilitate a highly diverse call repertoire.
In vivo and in vitro experiments with bats and primates showed that nonlinear
phenomena are frequent and are used consistently in specific behavioral contexts.
Spectrograms of primate calls reveal subharmonics, biphonation, register jumps,
chaotic behavior. Coexisting attractors and abrupt transitions between different
oscillatory behaviors are documented in the literature on bats and primates. For
modeling, the simple two-mass model developed for human phonation (Steinecke
and Herzel, 1995) will be extended by oscillating plates as upward extensions. This
new model generalizes a previous model with static reed-like plates (Mergell et al.,
1999). In general, modeling nonlinear phenomena in bats and primates is based
on adding a third oscillator on top of the vocal folds. This additional oscillator
has an eigenfrequency that is orders of magnitude higher than the typical modal
frequencies found in vocal folds. The major goal will be to analyze the influence of
vocal membranes on the dynamic behavior of nonhuman larynges. Linear eigen-
mode analysis will reveal the effects of the chosen vocal membrane geometry on
eigenfrequency ratios and eigenmode shape. On the background of coupled os-
cillators, the ratio of eigenfrequencies is important for entrainment of oscillatory
modes (frequency locking) in the full nonlinear model. Eigenmode shapes effect
the onset behavior of the full model. As a central result, the vocal membrane
model will be shown to have two voice registers. These registers could overlap. It
will be argued that within the overlapping register region, biphonation can occur.
As another important result, it will be shown that the vocal membranes design
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can be optimized with respect to minimal phonation onset pressure and a large
phonatory pressure range. Finally, numerical integrations with slowly varying pa-
rameters will demonstrate that the vocal membrane model reproduces complex
vocalization patterns in bats and primates qualitatively.

In general, in this thesis voice instabilities in human and nonhuman mammals
will be analyzed and modeled. Voice instabilities in humans can be caused by
laryngeal pathologies, but they can also be induced in healthy normal larynges
for artistic purposes. In nonhuman mammals they are crucial for the diversity of
vocalization repertoire that is the basis for animal communication. Experimental
data will be classified using methods from nonlinear dynamics. Comparison with
simulated data from biomechanical models will allow deeper insight into mecha-
nisms for voice instabilities in humans and nonhuman mammals.
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Chapter 2

Physics of Voice Production

2.1 Anatomy and physiology of the voice pro-

duction apparatus

In the following chapters, spatio-temporal signals of the mammalian phonatory
system will be analyzed and synthesized. Therefore, a brief introduction to the
anatomy and physiology of the voice production apparatus is necessary. Here, a
short overview of the basic anatomical components of the human voice apparatus
is given. After a description of the human voice production mechanism, the human
phonatory system will be embedded into the theory of nonlinear dynamics. Finally,
standard models for a qualitative and quantitative simulation of voice production
will be shown. For an extended introduction to the anatomy and physiology of the
human voice production system see, e.g., Titze (1994a) and Wendler et al. (1996).

Central to the production of voiced speech is the larynx, the housing of the
vocal folds. The vocal folds confine the glottal space (glottis), and are located
between the respiratory system and the vocal tract (Fig. 2.1). Their primary
function is the protection of the trachea and the lungs (respiratory system) from
secretions, food, and foreign material during swallowing. Additionally, in many
mammals the vocal folds are the primary phonation organ. Acoustically, they
serve pressure waves into the subglottal tract (trachea, lungs) and the supraglottal
airway (vocal tract). The vocal tract comprises several cavities, most of which can
be modified by articulators. The shape of the pharyngeal cavity is manipulated
by the pharynx muscles. The shape of the oral cavity can be altered by movement
of the tongue, the lips, the mandible, and the velum. The geometry of the nasal
cavity is determined by facial muscles. The acoustical coupling of the nasal cavity
to adjacent cavities is adjusted, e.g., by the velum.

Anatomically, the skeletal framework of the larynx consists of cartilages, ex-
trinsic and intrinsic muscles, and mucosal tissue as coating material (Fig. 2.2).
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Oral cavity

Pharynx

Esophagus

Nasal cavity

Trachea

Lung

Bronchi

Larynx

Figure 2.1: Components in the airway system in the head, neck, and chest (Titze,
1994a): The lungs produce pressure that drives the subglottal airstream. The
airstream is fed to the larynx via bronchi and trachea. The primary function of
the larynx is to protect the airway system from foreign material (such as food)
which passes into the esophagus during swallowing. The vocal tract, comprised of
pharynx and oral and nasal cavities, filters the primary sound signal generated by
airstream-driven oscillations of the vocal folds in the larynx.
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Posterior cricoarytenoid muscle

Cricothyroid muscle (pars recta)

Cricothyroid muscle (pars obliqua)

Epiglottis

Hyoid bone

Thyrohyoid membrane
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Cricoid cartilage

Tracheal rings

Pivot point

Figure 2.2: Sideview of the skeletal laryngeal framework (Titze, 1994a): Two
tracheal rings, the cricoid and the thyroid cartilages, the hyoid bone, and the
epiglottis are shown. Ligaments and intrinsic muscles connect the cricoid and
thyroid cartilages. Cricothyroid muscle contraction rotates the cricoid cartilage
against the thyroid cartilage, which lengthens the vocal folds. The cricoarytenoid
muscle contraction rocks (rotates and translates) the arytenoid cartilages to open
and close the glottis.
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Figure 2.3: Superior view of the muscular and cartilagenous framework of the
larynx (transverse section at the level of the vocal folds) (Titze, 1994a): The vo-
calis muscle (thyroarytenoid muscle) is inserted between the arytenoid and thyroid
cartilages. The arytenoid cartilages can rock and move on top of the cricoid car-
tilage due to contraction of the thyroarytenoid muscle, the cricoarytenoid muscles
and the interarytenoid muscle. The top side of the cricoid cartilage supporting
the arytenoid cartilages can be moved back and forth by cricothyroid muscle and
thyroarytenoid muscle contraction, respectively.

The cricoid, thyroid, and arytenoid cartilages are connected by ligaments and the
intrinsic muscles (as agonist-antagonist muscle pairs) that determine the relative
position of the cartilages to each other. Therefore, the intrinsic muscles can ma-
nipulate the geometry of the glottis. They also adjust the geometry and tissue
tension of the vocal folds. The extrinsic muscles determine the position of the lar-
ynx with respect to surrounding anatomical structures of the head and the neck.
They mainly adjust the geometry and acoustical coupling of the glottal area with
adjacent sub- and supraglottal cavities. Innervation of the intrinsic muscles, and
thus neural control, is accomplished through two major branches of the vagus
nerve (see Fig. 2.5). One branch, the superior laryngeal branch, innervates only
the cricothyroid muscle, the muscle between the cricoid and the thyroid cartilage
(Fig. 2.2). All other intrinsic laryngeal muscles are innervated by the recurrent
laryngeal branch of the vagus nerve.

Morphologically, the human vocal folds can be divided up into several layers
(see, e.g., Hirano, 1974): Mucosa, ligament, and vocalis muscle. Some authors
subdivide the mucosa into epithelium and superficial layer, and the ligament into
intermediate and deep layer (see Fig. 2.4 from Titze et al. (1994)).

From a physicist’s point of view, the larynx can be regarded as a valve between
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Thyroarytenoid muscle

Epithelium

Lamina propria:
Superficial layer

Intermediate layer

Deep layer Muscle fibers

Figure 2.4: Schematic of a frontal section through one vocal fold (Titze, 1994a):
The tissue layers can be roughly grouped into vocal fold body and vocal fold cover.
The body consists of the muscle fibers of the thyroarytenoid muscle. The cover
is built by the epithelium and the lamina propria (superficial, intermediate, and
deep layer).
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Suprior laryngeal nerve

Figure 2.5: Innervation of the larynx (Titze, 1994a): Two branches of the vagus
nerve innervate the intrinsic laryngeal muscles: The superior laryngeal nerve only
innervates the cricothyroid muscle. The recurrent laryngeal nerve innervates all
other intrinsic muscles (including agonistic-antagonistic muscle pairs).
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the trachea and the vocal tract. The airflow provided by the pressure in the lungs
is gated by the vocal fold valve.

In aeoracoustical terms, oscillating vocal folds act as a vibrating orifice that
modulate the confined airflow.

The air pulses are then filtered acoustically by the vocal tract ranging from
the epiglottis to the mouth and nasal tract. The vocal folds can be regarded as
a bilateral, three-dimensional and multilayered anisotropic glottal valve structure.
Note that this structure is common to all mammalian larynges (Negus, 1949; Har-
rison, 1995; Schön-Ybarra, 1995; Fitch and Hauser, 1995). Due to tissue properties
(elasticity and viscosity), two gross tissue parts of the vocal folds can be differen-
tiated: The thyroarytenoid muscle can be referred to as the vocal fold body (see
Fig. 2.4), being an active myoelastic tissue with anisotropic tissue properties. Due
to muscle fibers there is a difference between longitudinal and transversal elasticity
and viscosity. Mucosa and ligament can be referred to as the vocal fold cover, a
passive tissue with isotropic tissue properties.

2.2 Mechanism of sound production

In the following, sound production will refer to the generation of the primary
sound signal in the larynx. Discussing voice production in general, phonation,
articulation and speech have to be distinguished. Phonation describes the process
of the primary sound generation due to air pulses in the larynx. Articulation refers
to filtering of the primary acoustical signal by the vocal tract determined by the
geometry of the pharynx, the oral and nasal cavities, and the lips. Speech is the
coding of information using voiced and unvoiced sounds in a meaningful temporal
sequence (Petursson and Neppert, 1991).

Physically, phonation results from the interplay of a driving fluid (the air) with
a complex visco-elastic medium (the vocal folds). Vocal fold oscillations occur due
to a flow-induced instability of the visco-elastic vocal fold tissue. The mechanism
for self-sustained vocal fold oscillations is termed myoelastic-aerodynamic theory
(van den Berg, 1957; Titze, 1980). It consists of an inherent feedback loop: Glottal
geometry determines the subglottal, intraglottal and supraglottal airflow. The
resulting aerodynamical forces (due to the transglottal pressure distribution and
viscous air-tissue interactions) act on the vocal fold surfaces. They determining
in turn the glottal geometry. For low fluid flow rates, there is a stable static
equilibrium state of the feedback loop. It looses stability at a critical flow rate.
Vocal fold oscillations result as a new stable dynamical equilibrium for flow rates
above the threshold.

Before self-sustained oscillations set in, activity of adduction muscles (intrin-
sic muscles) close the glottis. These muscles rotate and translate the arytenoid
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Epiglottis

Hyoid bone
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Vocal ligament

Cricoid cartilage

Ventricular fold

Vocal fold

Thyroarytenoid muscle (vocalis muscle)

Subglottal space

Pharynx

Figure 2.6: Frontal section of the larynx through the center of the glottis: The vocal
folds are shown in prephonatory rest position. Adduction muscle activity narrows
the glottis (the space between vocal folds), thus increasing subglottal pressure.
Aerodynamical forces blow these visco-elastic orifice apart, until elastic tissue recoil
and aerodynamical Bernoulli forces close the glottis closes. [The ventricular folds,
a valve structure similar to the vocal folds, are shown above the vocal folds. Note
that in certain phonatory modes they have been observed to oscillate with the vocal
folds (Fuks et al., 1998). Their aerodynamical influence of facilitating phonation
in whispered voices has been shown by Miller et al. (1988). de Oliveira Rosa et al.
(2003) demonstrated that they could increase the transglottal pressure drop.]
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cartilages, they rotate the cricoid cartilage against the thyroid cartilage, and they
bulge the vocal folds into the glottal space (Fig. 2.2 and 2.3). The prephonatory
narrowing or closing of the glottis corresponds to the prephonatory rest position.

Contraction of the rib cage expels air from the lungs. The airflow through the
narrowed glottis or against the fully closed glottis increases intraglottal or subglot-
tal pressure, respectively. After a threshold pressure is reached, the vocal folds
are blown apart. The resultant increasing tissue tension in the vocal folds due
to deformation produces an elastic recoil. Additionally, the transglottal pressure
(pressure difference between outlet and inlet of the vocal folds) drops due to in-
creased airflow in the narrow glottal channel (Bernoulli effect). These restoring
forces bring the vocal folds back towards the glottal midline, thus narrowing or
closing the glottis again. Then, the next glottal cycle starts. The oscillation fre-
quency is related to the perceived pitch of the voice. The tissue tension for the
elastic recoil is the result of both passive tissue elasticity in the mucosal covering
layers and the active myoelasticity of the muscular tissue.

In a frontal section (sideview of larynx cut in the middle of the glottis, e.g.,
Fig. 2.6) a sketch of the glottal oscillation cycle reveals two main vibrating modes
(in terms of coherent spatial motion). The spatially complex behavior of the vocal
folds (see Fig. 2.7) can be separated into a basic opening and closing mode and
a mucosal wave mode. The basic mode, that mainly governs the oscillation of
the bulk of the vocal folds (vocal fold body associated with the vocalis muscle),
is characterized by an in-phase movement of upper and lower medial edges of the
vocal folds. The oscillation of the vocal fold cover tissue results in the mucosal
wave mode, where the upper and lower medial edges of the vocal folds vibrate
out of phase. The general oscillation pattern of vocal folds is the result of the
superposition of these two vibratory modes. Vocal fold vibrations in different
voice registers (pulse register (Strohbass), chest (modal) voice, falsetto, and whistle
register) can be described by the particular superposition of these two modes.

Phonation control (oscillation frequency, amplitude, and spectral content) is
achieved by the intrinsic muscles, subglottal pressure, and the shape of the vo-
cal tract. The cricothyroid muscle that is innervated by the superior laryngeal
branch of the vagus nerve (Fig. 2.5) crucially determines the stiffness and length
of the vocal folds. The contraction of this muscle rotates the thyroid cartilage
about the cricothyroid joint. This rotation lengthens and stiffens the oscillating
tissue suspended between the thyroid cartilage and the arytenoid cartilages (see
Fig. 2.3). Fine-tuning of both the myoelastic properties of the vibrating tissue and
the shaping of the vocal folds is achieved by the thyroarytenoid muscle (vocalis
muscle, the body of the vocal folds, see Fig. 2.3). For certain voice registers (pulse
register, modal voice) the thyroarytenoid muscle tissue is itself exposed to large
tissue vibrations, thus being both manipulator and oscillator.
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Figure 2.7: Schematic sideview of one glottal cycle: After prephonatory closing
of the glottis, rising subglottal pressure opens vocal folds starting from below.
The upper edge follows the motion of the lower edge with a certain phase shift.
Due to increasing elastic tissue recoil first the lower portion of the vocal folds
starts closing again. The upper portion again follows with a certain delay. (after
Schönhärl, 1960)
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The oscillation amplitude for fixed phonation frequency is mainly controlled
by the subglottal pressure provided by lung contraction. The spectral content of
the radiated sound from the mouth is described by the overall sound intensity
and voice timbre. The sound intensity is mainly adjusted by the shape of the
vocal tract, which can be described by an acoustical transfer filter function. Two
variables determine voice timbre: the shape of the vocal tract (related to transfer
filter function), and the duration of the opening time of the glottis within the
glottal oscillation cycle.

The physiological parameters for phonation control (muscular activity, tissue
stiffness, vocal fold geometry) are slowly varying parameters. The time scales of
neural signals and muscle response for humans are up to approx. 20 Hz (Riviere
et al., 1998)). The time scale of human phonation is in the range of 100−1000 Hz for
speech and singing voice. This separation of time scales for control parameters and
dynamic behavior allows to simplify phonation as a biomechanical-aerodynamical
system.

2.3 Nonlinear dynamics of phonation

The physiological mechanisms for sound production in the larynx are known in
principle. Given a complete physical description of the properties of the laryn-
geal passive tissue, the innervation and activity of the muscular tissue, and the
interaction with the airstream from the lungs, the spatio-temporal behavior of
the sound production apparatus could be determined for given initial conditions.
The governing equations of the tissue properties (viscosity and elasticity) and the
driving airstream (Navier-Stokes equations), as inherently nonlinear, imply that
for given initial conditions the temporal behavior of the overall biomechanical-
aerodynamical system is deterministic, and might be unpredictable (chaotic).

Following standard textbooks (e.g., Bergé et al., 1984), the basic principles of
(nonlinear) deterministic dynamical systems will be reviewed.

Here, autonomous systems without explicit time dependence of the driving
force are discussed. The state vector ~x (t) ∈ Rn in phase space, composed by the
dynamical variables of the nonlinear dynamical system, changes due to a general
force ~F . The general force depends on the current state ~x (t) and on system

parameters ~λ. The dynamics of the state vector ~x (t) can be written as a first
order differential equation:

d

dt
~x (t) = ~F

(
~x,~λ
)

, ~x ∈ Rn , ~λ ∈ Rm , t ∈ R (2.1)

The phase flow f~λ is the associated mapping of initial states ~x (t = 0) =: ~x0 ∈ Rn
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to states ~x~x0
t at times t.

~x~x0
t = f~λ ~x0 (2.2)

The phase flow f~λ depends on the parameters ~λ, a vector in the parameter space Rm

containing the set of model parameters (e.g., for the phonatory system: subglottal
driving pressure of the air, glottal geometry, tissue stiffnesses and viscosities, etc.).
Starting from initial states ~x0, the phase flow f~λ generates a set of states ~x~x0

t

(t ∈ R), a trajectory in phase space, depending on the associated initial state.
As the phonatory system is an open system dissipating energy to the sur-

rounding environment due to air and tissue viscosity, dynamical systems describ-
ing phonation are dissipative systems. Therefore, the volume of initial regions in
phase space contracts during time due to the phase flow f~λ mapping. Contraction
of phase space volumes asymptotically generates sets of phase space points called
attractors, a bounded attractive set of phase space points. Different disjoint re-
gions of phase space, termed basins of attractor, are mapped to different attractors
by the phase flow f~λ. Trajectories starting from an attractor basin approach as-
ymptotically the corresponding attractor. Points already within the attractor set
are mapped to points within the attractor, i.e. an attractor is invariant under the
phase flow.

Attractor sets can be subdivided into four different classes (e.g., Jackson, 1989):
steady state, limit cycle, torus, and chaotic attractor. Steady states are repre-
sented by fixed points in phase space. For instance, the trajectories of a damped
harmonic oscillator approach asymptotically the stable stationary rest state. Limit
cycles are closed curves in phase space (as in, for example, the asymptotic behavior
of a driven, damped harmonic oscillator). A third attractor type, termed torus,
is a two-dimensional object in phase space, where the trajectory of two coupled
oscillators asymptotically moves on the surface, never meets itself again and as-
ymptotically fills the whole surface. A chaotic attractor is typically a fractal set of
points in phase space. Stressing the fractal nature of this set, it is termed strange
attractor. Stressing sensitive dependence of single trajectories on initial condi-
tions and exponential divergence of initially close trajectories, the term “chaotic
attractor” is be used (Strogatz, 1994). A single trajectory on a strange attractor
is aperiodic, irregular, and deterministic, but not random or stochastic. For in-
stance, even only two oscillators, if strongly coupled, can exhibit chaotic irregular
oscillations (Bergé et al., 1984).

For constant control parameters ~λ and given initial conditions, the long time
behavior of a nonlinear system is uniquely determined by the attractor types asso-
ciated to the attractor basins. For varying components of the parameter vector ~λ,
the local topology of attractors in phase space can change qualitatively. At critical
parameter values, bifurcations between different attractor types are induced that
qualitatively change the asymptotic behavior of trajectories. (For an introduction
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to the theory of local bifurcations in dynamical systems see, e.g., Jackson, 1989;
Guckenheimer and Holmes, 1983). For phonatory systems the most important bi-
furcation types are: Hopf bifurcation, secondary Hopf bifurcation, period doubling
bifurcation, and abrupt onset of deterministic chaos. At a Hopf bifurcation a stable
fixed point becomes unstable and a stable limit cycle oscillation governs the long
term behavior of trajectories. Secondary Hopf bifurcations are due to an emer-
gence of a second oscillation with an independent (incommensurable) frequency,
changing the behavior from a limit cycle oscillation to a toroidal oscillation. At a
period doubling bifurcation, an emerging second frequency at half the frequency
of a limit cycle oscillation changes a limit cycle attractor to a folded limit cycle
attractor. Cascades of period doubling bifurcations or secondary Hopf bifurcations
can be precursors to the onset of deterministic chaos (For further routes to chaos
see, e.g., Bergé et al., 1984).

Given a complete description and a precise measurement of dynamical variables
and parameters of, e.g., the phonatory system, attractor and bifurcation analysis
could reveal all possible different dynamical behaviors of the system. Unfortu-
nately, in real-world systems, not all variables are directly measureable and values
of system parameters might be inaccurate. Time series analysis of a measured
signals provides a first step to understanding the attractors of an experimental
dynamical system. Attractors can be classified by attractor dimensions and Lya-
punov exponents (Ebeling et al., 1990). From a measured, stationary signal, a
pseudo-phase space, diffeomorph to the system attractor, can be reconstructed.
The experimental time series is embedded into higher-dimensional spaces (defined
by, e.g., delay coordinates, or derivative coordinates). Estimated attractor type,
attractor dimension and Lyapunov exponents in pseudo-phase space are equivalent
to the true attractor of the system.

For phonation, there is no unique and invertible one-to-one mapping from es-
timated attractors to laryngeal configurations in terms of parameters ~λ. This is
due to coexisting attractors in phase space, the small number of attractor types,
and a high-dimensional parameter space. For instance, various voice pathologies
might lead to subharmonics.

In the framework of nonlinear dynamical systems shown above, the physiologi-
cal mechanism of sound production in the mammalian larynx can be described as
follows: The prephonatory standstill of the vocal folds, approaching and making
contact with each other to close the air passage between them and to increase
subglottal pressure, is a fixed point of the biomechanical-aerodynamical system.
Phonation onset to stable sinusoidal vocal fold oscillations is a Hopf bifurcation
from a fixed point to a limit cycle oscillation of the biomechanical-aerodynamical
system. The two main vibratory modes of left and right vocal fold (vocal fold body
mode and mucosal wave, c.f. Fig. 2.7) are oscillating synchronously. In healthy
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and in pathological voices, desynchronization of vibrating modes has been ob-
served. For example, under certain laryngeal conditions, left and right vocal folds
could loose entrainment (synchronization), which could cause subharmonic oscil-
lations via a period-doubling bifurcation, or toroidal oscillations via a secondary
Hopf bifurcation. Toroidal oscillations have been termed biphonation, a behav-
ior characterized by two different audible frequencies. Under extreme phonation
conditions, even abrupt transitions to chaotic behavior can be observed where the
vocal folds oscillate in an irregular aperiodic way.

Rigorous evidence of nonlinear phenomena in voice signals (subharmonic oscil-
lations, biphonation, deterministic chaos) can be provided by sophisticated time
series analysis as sketched above. Time-frequency plots, such as spectrograms, son-
agrams (visible speech) are spectral bifurcation diagrams where time is a control
parameter (Lauterborn and Suchla, 1984; Lauterborn, 1986; Lauterborn and Par-
litz, 1988). To illustrate, spectrograms of extra-complex sonorities of vocal impro-
visors explain the interpretation of spectral bifurcation diagrams (see Figures 2.8,
2.9, 2.10, 2.11). Voice samples from trained vocal improvisors show reproducible,
intentional and controlled production of nonlinear phenomena in healthy larynges
(see also Chapter 3).

Fig. 2.8 shows limit cycle oscillations after a Hopf bifurcation from a fixed
point (voice onset). A stack of harmonics illustrated by equally spaced horizontal
lines above the fundamental frequency (here at about 500 Hz) in the spectrogram
represents limit cycle vibrations of the vocal folds. At certain times additional
parallel lines in between the harmonics appear at multiples of 1/2, 1/3 or 1/4 of
the original fundamental frequency. These subharmonic oscillations are induced
by transitions between entrainment regions (period doubling, tripling, quadrupling
bifurcations) of the phonatory system.

In Fig. 2.9, two close and uncorrelated moving frequency bands (here at about
800 Hz) are visible together with several spectral lines above. These could be
explained by linear combinations of the two, uncorrelated moving frequencies. The
independent (incommensurable) frequencies are introduced by a secondary Hopf
bifurcation from a limit cycle oscillation. The phonatory system exhibits toroidal
oscillations.

In Fig. 2.10 sharp transitions from regular stacks of harmonics to broadband
noiselike segments spectrally represent sudden onsets of deterministic chaos from
limit cycle oscillations. In the broadband chaotic segments, distinct spectral peaks
can be observed that are related to the regular stacks of harmonics before the onset
of chaos. Within the chaotic regime the phonatory system could oscillate in an
almost periodic way due to an unstable limit cycle. Typical for chaotic behavior,
transitions to regular limit cycle oscillation and back to chaotic irregular behavior
are shown in this example.
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Figure 2.8: Spectrogram of sustained phonation of a trained voice with various
subharmonic components: In the above time-frequency plot, the subsequent power
spectra calculated from moving time segments are shown. The normalized sound
intensity distributions (on a logarithmic scale) are transformed to distributions of
gray scale values. Here, black points indicate the highest intensities. This spec-
trogram shows a segment of sustained phonation after voice onset, induced by a
Hopf bifurcation from the prephonatory fixed state. Period doubling bifurcations
inducing subharmonic oscillations at small integer ratios of the original fundamen-
tal frequency are visualized (see arrows for “Subharmonic components”). As in
the above spectrogram, subharmonic oscillations show up as additional parallel
bands of high intensity within the stack of harmonic frequencies, integer multiples
of the fundamental frequency (here at about 500 Hz). The gray shading between
the harmonics and subharmonics is due to noise components.
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Figure 2.9: Spectrogram of sustained phonation revealing simultaneous unrelated
pitch melodies f(t) and g(t) in the voice of a single singer. Toroidal oscillations
of the singer’s phonatory system are shown: Two frequency bands with high in-
tensities (here at about 800 Hz) vary uncorrelated over time. Short segments of
entrained oscillation, associated with folded limit cycle oscillation, are interspersed:
During short time segments the uncorrelated behavior of the pitch melodies f(t)
and g(t) abruptly changes to entrained oscillations (e.g., at 0.5 sec). Frequency
components at linear combinations of f and g appear in the spectrogram due to
nonlinear coupling of the two independent oscillations.
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Figure 2.10: Spectrogram of sustained phonation of the voice of a singer showing
an abrupt onset of chaotic irregular oscillations: Following voice onset, a frequency
jump at about 1.1 sec occurs during the increase of the fundamental frequency. The
harmonic oscillation behavior changes to irregular noise-like behavior. Embedded
in the broadband chaotic segment, a remnant of the previous fundamental fre-
quency is visible. This is due to the presence of the previously stable limit cycle
oscillation. The above example shows harmonic windows with folded limit cycle
oscillations interspersed in the chaotic segment.

23



2. Physics of Voice Production

T
im

e 
[s

]

Frequency [kHz]

0
0.

5
1

1.
5

2
2.

5
3

3.
5

4
0

   
1

   
2

   
3

   
4

   
5

Figure 2.11: Spectrogram of sustained phonation of the voice of a singer demon-
strating the repetitive intentional use of nonlinear phenomena: The left part
(0.0 − 2.0 sec) shows transistions from limit cycle to chaos, followed by subhar-
monic oscillations and again chaos. The right part (2.0 − 4.0 sec) is qualitatively
similar.

24



2. Physics of Voice Production

Fig. 2.11 illustrates repetetive and intentional use of nonlinear phenomena by
trained vocal improvisors with healthy larynges. In the left half of Fig. 2.11 a sharp
transition from a limit cycle behavior to chaotic oscillations occurs. Interspersed
harmonic windows, period doubling bifurcation and again sudden onset of chaotic
behavior can be observed. In the right half of Fig. 2.11 this sequence is repeated
in a qualitatively similar way.

2.3.1 Coupled oscillators – the core of phonatory dynamics

As stated previously, the phonatory apparatus can be regarded as multiple coupled
nonlinear oscillators (Titze, 1994a):

• Left and right vocal fold are two different oscillators.

• Within one single fold there are a number of modes (in terms of coherent
spatial motion) contributing to the overal movement of the complex three-
dimensional vocal fold. As previously explained, two major modes (vocal fold
body movement and mucosal wave) are the crucial coherent spatio-temporal
structures generating self-sustained vocal fold vibrations.

• Additional modes in longitudinal (anterior-posterior) direction or vertical
(upper-lower) direction of the vocal folds add to the set of coupled oscillators.

• As the vocal folds interact with the driving airstream, aerodynamical vortex
structures coupled to vocal fold oscillations are another example of oscillators
of the phonatory system.

• It has been observed, that the ventricular folds, a similar valve structure
above the vocal folds (see Fig. 2.6), are able to perform oscillations synchro-
nized to the vibration of the vocal folds (Fuks et al., 1998).

The concept of coupled oscillators is crucial for the understanding and termi-
nology of phonatory dynamics; follows a review of a few basic concepts. (For an
extended description see the textbooks of Bergé et al. (1984); Glass and Mackey
(1988); Jackson (1989); Schuster (1988); Strogatz (1994)):.

The behavior of coupled oscillators has been extensively studied in the generic
one-dimensional circle map. It describes the behavior of two nonlinearly coupled
oscillators with strong dissipation using a Poincaré section (see Fig. 2.12). Two
parameters, Ω and K, describe the map, where Ω = ω1/ω2 is the frequency ratio of
the two coupled oscillators, and K is the normalized coupling constant, a measure
of the nonlinearity in the system.

The behavior of the circle map can be studied using two-dimensional bifurcation
diagrams (see Fig. 2.13). For vanishing coupling K, two behaviors can be observed:
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Figure 2.12: Motion on a torus in phase space. For rational frequency ratios
Ω = ω1/ω2 the trajectories close after a finite number of cycles (mode-locked
state). For irrational frequency ratio such motion is called quasiperiodic. The
trajectory never closes and asymptotically covers the whole torus, never repeating
a point (from Schuster (1988)).
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Figure 2.13: Schematical bifurcation diagram of the circle map shows mode locking
within the Arnold tongues (hatched areas) for small coupling K < 1, merging of
Arnold tongues for critical coupling K = 1. Note that chaos and mode locked
states coexist for coupling K > 1. The lines (in the region K > 1) indicate mode
locked states associated with mode locking regions (from Schuster (1988)).
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The first set is characterized by rational frequency ratios Ω = p/q with p, q ∈
N, where the map asymptotically produces a finite number of states. Thus, the
underlying attractor of two coupled oscillators reduces to a folded limit cycle, a
closed curve on the torus (Fig. 2.12). The second set is characterized by irrational
frequency ratios Ω ∈ R+ \N (incommensurable independent frequencies ω1 and
ω2), whose circle map attractor contains an infinite number of states. Trajectories
of the two coupled oscillators associated with the second set lie on a torus; they
never close and asymptotically fill the entire torus.

For small nonlinear coupling 0 < K < 1, Arnold tongues (Arnold, 1965) can
be found in the K-Ω bifurcation diagram (see Fig. 2.13). The tongues are finite
Ω-intervals around rational frequency ratios p/q where the system performs folded
limit cycle oscillations. Termed synchronization, entrainment, or mode-locking,
this behavior occurs due to coupling of slightly independent oscillations. Between
the Arnold tongues, there are parameter values associated with toroidal oscilla-
tions. The probability of finding tori is positive (nonzero). For fixed coupling K,
the hierarchy of Arnold tongue widths is determined by the Farey tree which or-
ders all rational numbers in the interval [0, 1] according to increasing denominators
(Hardy and Wright, 1938).

For the coupling of oscillators approaching K = 1, the entrainment regions
become broader and broader. For K = 1, all Arnold tongues merge. Thus, the
remaining nonmode-locked Ω-intervals form a Cantor set of zero measure. For
K > 1, coexistence of different attractors, including chaotic attractors, can occur.
Coexistence implies that the path to a point in the K-Ω-space is important for the
asymptotical behavior of the coupled oscillators.

2.4 Experimental data acquisition of phonatory

system

In this section, experimental methods for data acquisition and analysis are briefly
reviewed. For an extended introduction see textbooks on phoniatrics, e.g., Titze
(1994a); Wendler et al. (1996).

Traditionally, voice research uses acoustical methods to access the state of the
phonatory system. Different more or less sophisticated subjective classification
schemes have been developed to describe the individual acoustical perception. For
instance, Nawka et al. (1994) introduced the RBH scheme (roughness, breathi-
ness, hoarseness) for perceptual judgement of pathological voice quality in clinical
practice. Ongoing research develops more or less objective methods to derive from
voice and speech-related signals. Measures range from simple perturbation mea-
sures like jitter and shimmer as statistical indexes of temporal regularity, and
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spectral properties like harmonics-to-noise ratio (HNR), to sophisticated measures
like the ratio of glottal excitation to turbulent noise excitation (GNE), or even non-
linear measures like Lyapunov exponents or attractor dimensions (e.g., de Krom,
1993; Behrman and Baken, 1997; Behrman and Agresti, 1998; Blomgren et al.,
1998; Hartl et al., 2001; Kumar and Mullick, 1996; Lee et al., 1998; Narayanan
and Alwan, 1995; Giovanni et al., 1999b; Matassini et al., 2000; Michaelis et al.,
1997; Riede et al., 2000b, 2001; Yumoto et al., 1982; Tokuda et al., 2002). To a
certain extent these measures allow a consistent classification of voice signals, but
they are restricted as simplified overall measures of the behavior of the complex
biomechanical-aerodynamical phonatory system.

The acoustic signals contains both information of the primary glottal vibration
and the acoustical filtering of the pressure waves in the vocal tract. Although the
dynamics of the glottal source cannot be uniquely estimated from the acoustical
signal radiated from the mouth, the vocal output is still a simple and robust mea-
sure for analysis of fundamental frequency (pitch), time constants of frequency
modulations, and occurrences of nonlinear phenomena in the glottal source signal
due to bifurcations of the biomechanical-aerodynamical vocal fold system. In this
thesis, acoustical signals are visualized with spectrograms (time-frequency plots)
(e.g., Fig 2.9). They are regarded as spectral bifurcation diagrams where time
plays the role of a control paramter (Lauterborn and Suchla, 1984; Lauterborn,
1986; Lauterborn and Parlitz, 1988). In Chapter 3, spectrograms are used for clas-
sification of nonlinear phenomena in contemporary singing in analogy to previous
work on animals (Wilden et al., 1998; Fitch et al., 2002). For the study presented
in Chapter 4, spectrograms are used to preselect clinical recordings of patholog-
ical voices with biphonation for further spatio-temporal analysis. In Chapter 5,
spectrograms are used for an overview of the call repertoire of primates and echolo-
cating bats. Typical fundamental frequency ranges, frequency variation, and the
occurrence of nonlinear phenomena are extracted from these spectral bifurcation
diagrams.

Several experimental methods have been developed that allow a more detailed
description of the internal state of the larynx: Laryngoscopy is a simple visualiza-
tion techniques of the static and dynamic state of the optically accessible tissue
part of the mammalian larynx. In everyday clinical practice, video-stroboscopy
has been established to observe superficial morphological and geometrical changes
of the vocal folds (Saadah et al., 1998; Sloan et al., 1992; von Doersten et al., 1992).
As stroboscopy only provides virtual slow motion, assuming a nearly periodic be-
havior of the vocal folds, it is not applicable in general for arbitrarily complex
spatio-temporal oscillations of the vocal folds. In recent years, digital high-speed
camera systems have been developed that allow the true time resolved observation
of the superior medial-lateral vocal fold oscillations with reasonable high spatial
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resolution. High speed glottography (HGG) (Kiritani et al., 1993; Eysholdt et al.,
1994; Sundberg, 1995; Tigges et al., 1996; van As et al., 1999; Mergell et al., 1998;
Berry et al., 2001; Fitch et al., 2001; Döllinger et al., 2002) will be described in
more detail in Chapter 4, where complex spatio-temporal high-speed data will be
analyzed. In Chapter 5 first in vivo high speed video recordings from neurally
stimulated phonating primates (squirrel monkeys) will be presented to motivate
the development of a new phonatory model for primates and bats.

Electroglottography (EGG) uses the electrical impedance changes between two
electrodes applied to both sides of the neck outside the larynx to measure the con-
tact area of the vocal folds. Like EGG, there are several methods that use probe
signals transmitted from one side of the larynx to the other side to measure time
variations of the glottis during phonation. Electrical current flow (as for EGG),
ultrasonic waves and electromagnetic waves have been used as probe signals. In
this thesis, EGG measurements are used to complement audio recordings used for
preselection of pathological voices (Chapter 4), and to experimentally motivate the
development of a model for sound generation in primates and bats (see literature
review in Appendix of Chapter 5). The electromagnetic glottography signal uses
high-frequency propagating electromagnetic waves (EM waves). It is not unam-
biguously associated with specific tissue oscillations because the EM wave sensor
generates signals that are a function of the volume displacement of laryngeal oscil-
lating tissue (e.g., vocal folds, tracheal wall) (Titze et al., 2000; Holzrichter et al.,
1998).

Photoglottography (PGG) uses the light intensity measured by a photodiode
when the glottis is transilluminated during phonation. The PGG signals measures
the smallest glottal area between the vocal folds.

Inverse filtering (IF) estimates the glottal source signal from the measured
acoustical signal radiated from the mouth. Linear filtering of the primary glottal
signal according to linear source-filter theory has to be assumed (Titze, 1994a).
Thus, the glottal airflow function corresponding to the minimum glottal area can
be estimated.

Direct in vivo air pressure measurement with introduced pressure transduc-
ers provides a technique to determine subglottal pressure, formant frequencies
(acoustical resonance frequencies, and damping factors of sub- and supraglottal
cavities), and overall glottal flow (Cranen and Boves, 1985, 1987, 1988). Trans-
glottic pressure, overall airflow, and exit jet particle velocity during phonation has
been measured in an in vivo canine model of the larynx that is easier to access than
the human larynx in vivo (Berke et al., 1991; Bielamowicz et al., 1999). Traveling
wave velocity (wave mode of vocal fold vibrations) also has been measured in the in
vivo canine laryngeal model (Nasri et al., 1994; Sloan et al., 1992, 1993). In Chap-
ter 5, measured subglottal pressure ranges for phonating primates are integrated
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into a new phonatory model for primates.
Magnetic resonance imaging (MRI) and computer tomography (CT) allows

observation of the static vocal folds, the cartilagenous framework (Castelijns et al.,
1996; Selbie et al., 2002), the ventricular folds (Honjo et al., 1985), and the vocal
tract configuration changing slowly over time during articulation. (Baer et al.,
1991; Dang and Honda, 1996, 1997; Story et al., 2001, 1998; Fitch and Giedd,
1999; Mathiak et al., 2000)

Apart from HGG, all visualization techniques share the problem that no true
time resolved and spatially separated measurements are possible that distinguish
left and right vocal fold contributions to the overall dynamics of the voice produc-
tion apparatus.

Detailed muscular activity can be measured using electromyography (EMG)
with thin hooked wire electrodes that are inserted directly into the intrinsic muscles
of the vocal folds. During phonation, myoelastic tissue properties can be estimated
measuring muscular action potentials, and neural phonation control mechanisms
can be observed (e.g., Whalen et al., 1999). Data from EMG measurements in
primates and bats are used for the modeling study of nonhuman phonation in
Chapter 5.

In vivo examinations are complemented by in vitro experiments on excised la-
rynges from humans, dogs, and primates (Brown et al., 2003; Austin and Titze,
1997; Cooper and Titze, 1985; Jiang et al., 1994, 2000, 2001a; Švec et al., 1999;
Fee, 2002; Giovanni et al., 1999a; Kusuyama et al., 2001; Ouaknine et al., 2003;
Yanagi and McCaffrey, 1992; Yumoto and Kadota, 1998; Numata, 1985). Eas-
ier to manipulate and to access for experimental data acquisition, excised lar-
ynx preparations are widely used to study systematically the influences of, e.g.,
glottal rest area, asymmetry of vocal fold tensions, and subglottal pressure on
spatio-temporal behavior of vocal folds. Results from excised primate larynx ex-
periments by Brown et al. (2003) stimulate the theoretical study in Chapter 5.
Hemi-larynx experiments have been conducted to gain more insight into airflow
patterns, transglottal pressure distribution, and spatio-temporal modes of vibra-
tions of vocal folds (Alipour and Scherer, 2001; Berry et al., 2001), complementing
the study presented in Chapter 4. Experimental bifurcation diagrams of excised
larynges have been obtained exploring different phonatory behaviors in subspaces
of the high dimensional parameter space of the phonation apparatus (Berry et al.,
1996).

In in vivo measurements, systematic and detailed studies of airflow patterns
interacting with specific glottal geometry are difficult to conduct. Replica exper-
iments with simplified physical models of the vocal folds and a driving fluid have
been performed to gain insight into phonation onset, airflow behavior and intra-
glottal pressure distribution (Chan et al., 1997; Scherer et al., 2001, 1983; Vilain
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et al., 2003; Shinwari et al., 2003; Titze et al., 1995; Pelorson et al., 1994). Results
allow a more accurate theoretical description of the airflow and the interaction
with the vocal folds.

As the phonation apparatus can be externally excited like an oscillator, reso-
nance experiments have been performed to reveal the in vivo resonance structure
in human larynges. Mechanical pulse-like excitation (Kaneko et al., 1972; Isshiki,
1977; Kaneko et al., 1981, 1983, 1986; Masuda, 1986) showed damped vocal fold
oscillations. Using sweeps of sinusoidal mechanical external driving, resonance
frequencies and damping factors together with the corresponding modes of vi-
bration of the larynx (vocal folds, ventricular folds, aryepiglottic folds, arytenoid
cartilages) (Švec et al., 2000) have been determined characterizing the mechan-
ical spatial visco-elastic properties of the vocal folds. In Chapter 4 a numerical
method for characterizing modes of vibration of the vocal folds is shown that allows
a quantitative analysis of complex spatio-temporal patterns as found in resonance
experiments.

From a material science point of view, tissue from different vocal fold layers has
been used for rheometrical measurements. Visco-elastic tissue properties in terms
of stress-strain relationships have been investigated extensively in vitro by, e.g.,
Alipour-Haghighi et al. (1989); Alipour-Haghighi and Titze (1991); Gray et al.
(2000); Haji et al. (1992a,b); Min et al. (1995); Perlman et al. (1984); Titze and
Talkin (1979); Titze (1976, 1993, 1994b); Chan and Titze (1999, 2000); Chan
(2001); Chan and Tayama (2002); Thibeault et al. (2002). For instance, Titze
(1994a) shows stress-strain relationships for vocal fold cover and muscle tissue for
cyclic stretch-release experiments and estimates the active stress-strain relationship
in the thyroidarythenoid muscle (vocalis muscle).

It is important to note that all stress-strain relationships are significantly non-
linear, and that during cyclic stretch-release experiments the stress-strain curve
follows different paths. This hysteresis behavior is related to inelastic dissipa-
tive processes in the muscular and connective tissue fibers. Visco-elastic shear
properties of human vocal fold mucosa have been measured rheometrically for fre-
quencies below phonatory frequencies (Chan and Titze, 1999, 2000; Chan, 2001).
Using visco-elastic theories known from polymeric material science, extrapolations
of elastic shear modulus and dynamic viscosities could be made for the phonatory
frequency range. Two results are important to mention: First, the shear modulus
corresponding to the stiffness of the tissue increases with frequency. Second, a
shear-thinning effect has been observed, i.e. the dynamic viscosity decreases with
frequency, and the dissipated energy due to heat generation in the tissue decreases
with frequency, respectively. Therefore, the damping ratio, expressing the amount
of damping with respect to the critical damping, is basically a flat function of
frequency. Human vocal fold tissue shares this property with other biological soft
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tissues (Fung, 1993). For modeling of mammalian phonation, damped oscillations
of vocal fold tissue can be assumed for all frequencies.

2.5 Modeling voice production in humans and

nonhuman mammals

For the last few decades normal and pathological voice production in humans
has been extensively studied by more or less simple models. The complexity of
the models range from low order one- or two-mass models to spatially complex
Finite Element Method models. The modeling goals vary accordingly to the model
type. Simple models illustrate the principle dynamical behavior of normal and
pathological voices whereas complex models were developed for a complete fluid-
dynamical, anatomical, and physiological description for, e.g., success prediction
of phonosurgical treatment.

For nonhuman phonation, however, there are only a few studies touching the
challenging topic of understanding nonhuman voice production. Questions on bi-
ological and evolutional constraints in nonhuman phonation, metabolic costs of
phonation, the role of tissue properties and of simple neurally controlled parame-
ter variations remain difficult to be answered in vivo and in vitro. Here, in silico
experiments with mathematical models help to bridge the gap.

Aiming at the synthesis of speech, Flanagan and Landgraf (1968) formulated a
model for self-sustained vocal fold oscillations using a one-mass representation of
each vocal fold acoustically coupled to a vocal tract. The aerodynamical driving
forces of the bilateral mechanical mass-spring-damper system were described by
the Bernoulli approximation. The airflow was assumed to be laminar, inviscid,
stationary, and incompressible; hence, a potential flow with energy conservation
was used. Energy transfer from the airflow to vibration of the damped one-mass
oscillator was accomplished due to the inertance of the air above the glottis. Air
inertance leads to a phase shift of the transglottal pressure cycle relative to the
vibrating tissue. This phase shift is necessary to synchronize the driving pressure
cycle with the mass vibration cycle. This mechanism required excessively high
subglottal driving pressures in the one-mass model (For comparison, typical values
for lung pressure, air flow rate, and other flow properties can be found, e.g., in
Flanagan (1965).).

Integrating observations by Farnsworth (Farnsworth, 1940), who detected a
wave-like motion of the vocal fold cover layer using analog high-speed filming
of vocal fold oscillations (compare, e.g., Fig. 2.7), the next step towards a more
realistic model was the formulation of a two-mass model of the vocal folds (Ishizaka
and Flanagan, 1972). The wave-like shear mode of the cover layer with a phase
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difference between upper and lower edge of the vocal folds improved the energy
transfer from the airflow to the vibrating mass. Onset pressure for self-sustained
oscillations of the model could be reduced to more realistic physiological values.

Further model generations for human and nonhuman mammalian phonation
represented the biomechanical-aerodynamical phonatory system in a more or less
accurate way. The motivations were diverse ranging from understanding and syn-
thesis of normal voice production and insights of pathological phonation and em-
bedding of phonation into nonlinear physics framework to the study of nonhuman
sound production crucial for animal communication.

Advanced models with a more detailed anatomical description have been de-
veloped to study the vibratory behavior dependent on the layered inhomogeneous
vocal fold tissue. Such models estimate the mechanical stress distribution in vibrat-
ing vocal fold tissue and determine effects of morphological changes of the vocal
folds on spatio-temporal vibratory behavior (Titze, 1973, 1974; Titze and Talkin,
1979; Story and Titze, 1995; Jiang et al., 1998; Lous et al., 1998; Alipour-Haghighi
et al., 2000).

Focusing on a realistic source signal for speech synthesis, the simple quasi-
steady Bernoulli description of the driving airflow was replaced by more sophis-
ticated methods for calculating the aerodynamical part of the phonatory system.
For instance, a moving flow separation point within the glottis, based on fluid
boundary layer theory, has been combined with the Bernoulli description (Pelor-
son et al., 1994).

The flows associated with phonation are essentially three-dimensional, turbu-
lent, and instationary . Three-dimensional simulations are required to fully de-
scribe the complex flow (including a pulsating air jet, flow separation from the
glottal walls, and turbulence), the acoustical fields, and the complex glottal geom-
etry. The full Navier–Stokes equations have been used for the fluid mechanical
description of the air flow through the glottis (Alipour-Haghighi and Titze, 1985;
Liliencrantz, 1991; Alipour-Haghighi et al., 1996; de Vries et al., 2002; Zhao et al.,
2002; Zhang et al., 2002a; de Oliveira Rosa et al., 2003).

First quantitative models for nonhuman sound production date back to the
work of Fletcher (1988). He formulated a quantitative model for the bird syrinx
using a two-mode approach of the oscillating tissue driven by Bernoulli forces. In
contrast to mammals, the primary sound signal in birds is generated by the syrinx
which is located at the bifurcation of the trachea into the two bronchi. Further
work on the primary sound signal in birds is based either on this model (Smyth
and Smith, 2002), or the two-mass model on human phonation (Fee et al., 1998;
Gardner et al., 2001).

Recently, Laje et al. (2002) and Laje and Mindlin (2002) even used a slightly
perturbed van der Pol oscillator as a simple generic model. This approach over-

33



2. Physics of Voice Production

comes the problem how to relate biomechanical tissue properties of the larynx or
the syrinx, respectively, to parameters of the two-mass model. Model parameters
for the van der Pol model were estimated from measured time series and spectro-
grams. In general, simulated time series from simple “caricature”models represent
in a sense “nonlinear curve fits” of observed data of the human and animal phona-
tory system.

For human pathological voices, it has been shown that the dynamical com-
plexity of simple two-mass models is high enough to invert the observed dynamics
from measured time series (acoustical signals, high-speed observations) to model
parameters (Mergell et al., 2000; Döllinger et al., 2002). For birds, based on ob-
served muscular control patterns of the phonatory apparatus, Laje et al. (2002)
used a generic van der Pol model for self-sustained oscillations to generate natu-
rally sounding bird song. In general, these studies show that it is important to
keep the number of model parameters small and the dynamical diversity high to
succeed in fitting experimental data to phenomenological models.

As the mammalian phonatory system has been strongly conserved during evo-
lution, the principles of human voice production can be more easily adapted to
nonhuman mammalian sound production than to bird song. Using a modified
two-mass model with reed-like upward extensions, Mergell et al. (1999) studied
the effects of vocal membranes, thin lightweight upward extensions of the vocal
folds, that can be found in a variety of echolocating bats and primates. Chapter 5
reviews this work in more detail, as it is the basis for a new dynamical model of
vocal membranes in bats and primates.

The approach for a new vocal membrane model is similar to previously pre-
sented studies from literature: Acoustical data in terms of spectrograms are pre-
sented that show the variety of the sound repertoire of primates and bats. In par-
ticular, abrupt transitions between dynamically different states of the laryngeal
phonatory system are shown. Additionally, anatomical data in terms of the gross
morphological shape of vocal membranes in nonhuman mammals are used. The
dynamical relevance of vocal membranes in the phonatory behavior of primates
is shown with in vivo high-speed recordings. From acoustical data, only robust
measures such as fundamental phonation frequencies, driving pressure ranges, and
temporal dynamical patterns are used to estimate “good” parameters for the new
model. Further data on muscular control patterns together with EGG measure-
ments are integrated in the new model in terms of slow control parameter varia-
tions. The overall modeling goal is to keep the number of additional parameters
small and to increase the diversity of the model as much as required in order to
reproduce essential features of collected data.
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2.5.1 The two-mass model as basic model

As the original two-mass model by Ishizaka and Flanagan (1972) was too compli-
cated to be used for studies of basic dynamical features of phonation and systematic
bifurcation analysis, Steinecke and Herzel (1995) proposed a simplified version that
focused on the basic dynamical features of entrained oscillations of left-right and
upper-lower mass oscillators. In the following, this basic model is described and
discussed.

Basically, the Steinecke–Herzel model still contains the wave-like oscillatory
shear mode of the vocal fold cover crucial for airstream-driven self-sustained os-
cillations. It neglects nonlinearities of the visco-elastic vocal fold tissues, viscous
losses in the airstream, and the acoustical coupling of the glottis to the vocal tract.
According to the theory of coupled oscillators described before, highly complex
temporal patterns can be still observed in this simple model.

The biomechanical part of the phonatory system is described by linear cou-
pled damped harmonic oscillators. In complex, physiologically complete, three-
dimensional Finite Element Method models it has been shown that the first two
basic spatial modes of vibration contribute to 98% of the total variance of all ex-
cited vibrational modes (Berry et al., 1994). As previously mentioned (see Fig. 2.7),
these two modes are the in-phase oscillation of lower and upper vocal edge (vocal
fold body oscillation) and the out-of-phase vibration described before as the mu-
cosal wave mode. Choosing a mechanical model with two mechanical degrees of
freedom, these two modes can be imitated with oscillations of the center of gravity
of both masses and vibrations of both masses relative to each other.

The description of the aerodynamical driving force contains nonlinearities due
to Bernoulli’s law for laminar incompressible stationary and inviscous potential
flow. Crucial for energy transfer from the airflow to tissue vibrations is an asym-
metry of the driving forces between opening and closing phase within the glottal
cycle that results in a velocity-dependent force. Thus, the work

∫
~F ·d~s =

∫ T

0
~F ·~v dt

applied to the vocal folds by aerodynamical forces ~F over the glottal cycle T does
not vanish, as the force is different between opening and closing phase and thus
depends on the tissue movement d~s or ~v, respectively.

As discussed, a negative Bernoulli pressure (relative to atmospheric pressure)
adds to the elastic tissue recoil to close the glottis (Titze et al., 1994). As the
Bernoulli pressure is not sensitive to the direction of the tissue vibration, this
negative pressure is not sufficient to obtain an energy transfer from fluid flow
to tissue vibration. The sufficient condition of breaking pressure-cycle symmetry
between opening and closing is achieved in two ways: One mechanism is based on
air inertance of the supraglottal vocal tract air column, as described above.

Another mechanism relies on the mucoscal wave mode. That facilitates the
detachment of the driving airstream from the vocal folds due to their divergent
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Figure 2.14: Sketch of the simplified two-mass model after Steinecke and Herzel
(1995): lower and upper masses m1 and m2, viscous damping r1 and r2, elastic
recoil k1 and k2, coupling stiffness kc, thickness of upper and lower masses d1 and
d2, rest position of lower and upper masses x01 and x02, and displacement of masses
from their resting position x1(t) and x2(t)

shape (divergent with respect to lower-upper direction, see Fig. 2.7) during closing.
In a divergent glottis, an air jet forms at a certain point along the lower-upper
direction whereas for a convergent glottal shape, the flow keeps attached to the
tissue surface. The simplified two-mass model incorporating the wave-like shear
mode of the cover layer uses the latter mechanism, i.e. jet separation at the
narrowest point of the model glottis.

Using the sketch of the biomechanical part presented in Fig. 2.14, the myoelastic
part of the dynamical system can be written following basic Newton’s mechanics:

m1ẍ1 + r1ẋ1 + k1x1 + kc (x1 − x2) = FBernoulli
1 (t) + F collision

1 (t)

m2ẍ2 + r2ẋ2 + k2x2 + kc (x2 − x1) = FBernoulli
2 (t) + F collision

2 (t) (2.3)

For the sake of simplicity, equations for only one vocal fold side are given as the
basic model is symmetrical. The dynamics x1(t) and x2(t) of the two masses
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m1 m2 k1 k2 kc r1 r2 l
0.125 0.025 0.08 0.008 0.025 0.02 0.02 1.4

c1 c2 a01 a02 d1 d2 ρ ps

3k1 3k2 0.05 0.05 0.25 0.05 0.00113 0.008

Table 2.1: Set of standard parameters for the simplified symmetric two-mass model
simulating normal male phonation (in the unit system cm, ms, g) (Steinecke and
Herzel, 1995)

is governed by equations of two coupled damped harmonic oscillators driven by
nonlinear forces. The driving forces of airflow through the model FBernoulli

i and
the collision of left and right vocal folds F collision

i contain the only nonlinearities.
The Bernoulli forces are proportional to the dynamical pressures pi acting on

the surface areas ldi of the model masses:

FBernoulli
i (t) = l di pi(t) (i = 1, 2) (2.4)

The collision forces act as additional restoring force (additional spring constants
ci) during vocal fold contact which corresponds to an overlap of left and right model
masses. If the masses penetrate, the glottal areas a1 and a2 are negative and are
proportional to the penetration depths |ai(t)|/2l:

F collision
i (t) = ci

|ai(t)|
2l

H(−ai(t)) (i = 1, 2) (2.5)

where the Heaviside function H(a) is defined as:

H(a) =

{
0 , a < 0
1 , a ≥ 0

(2.6)

To specify the simplified geometry, glottal geometry parameters have to be
defined (see Fig. 2.14): l is the vocal fold length, di are the vertical depths of the
model masses, and aleft

0i = l x0i the glottal rest areas related to the rest positions
x0i of the masses.

The instantaneous glottal areas are aleft
i (t) = aleft

0i + l xi(t). With the corre-
sponding displacements xleft

i and xright
i for left and right vocal fold model sides the

total cross-sectional areas are ai(t) = aleft
i (t) + aright

i (t).
Using the unit system {cm, ms, g} all standard parameters for model geometry

and visco-elastic properties are shown in Table 2.1 . Traditionally, in voice research,
the pressure unit [ps] = cmH2O is used. This is converted as:

1 cmH2O = 9.81 · 10−4 g

cm ms2
≈ 10−3 g

cm ms2
, (2.7)
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with the density of water ρH2O = 1.0 kg/l.
The pressure driving this model is derived from Bernoulli’s law describing po-

tential flow (laminar, incompressible, stationary flow without viscous losses). The
subglottal pressure ps produced by the lungs is transformed into air pressure pi and
flow velocities U/ai (i = 1, 2) within the glottis corresponding to the cross-sectional
area function (here a step function with values a1 and a2) within the glottis. The
volume flow U is constant within the glottis due to incompressibility. For a small
glottis orifice-to-tube area ratio, the volume flow in the subglottal tube is negligi-
ble. The pressure above the glottis in the vocal tract pT is set to the surrounding
atmospheric pressure pT = 0 and therefore neglects acoustical pressure waves in
the vocal tract. Similarily, acoustical pressure waves in the subglottal tube are
neglected. This pressure ps describes the transglottal pressure drop, the static
pressure gradient across the glottal orifice. ρ describes the uniform air density at
body temperature and corresponding humidity.

Thus, for an open glottis, Bernoulli’s law states:

ps = p1(t) +
1

2
ρ

(
U(t)

a1(t)

)2

= p2(t) +
1

2
ρ

(
U(t)

a2(t)

)2

(2.8)

An air jet is assumed to form at the narrowest point amin = min(a1, a2) of the
glottis. Thus, subglottal pressure can be related to the total volume flow via:

ps =
1

2
ρ

(
U(t)

amin(t)

)2

(2.9)

The jet is assumed to have the cross-sectional area amin.
Then, the constant glottal volume flow U(t) can be written as:

U(t) =

√
2ps

ρ
amin(t) H(amin) (2.10)

Assuming jet separation, it follows that p2(t) = pT = 0 and:

p1(t) = ps

[
1−

(
amin(t)

a1(t)

)2

H(amin)

]
H(a1) (2.11)

Note, that the Heaviside functions are introduced to fulfill the open glottis condi-
tion.

The two-mass model equations are integrated with a numerical 4th order Runge-
Kutta scheme. The step size has been fixed to a sampling rate of fs = 200001

s
=

20 1
ms

. An integrator scheme with adaptive step size fails due to discontinuities of
the derivative of the driving forces during contact of left and right masses.
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The standard initial conditions for the numerical integration are:

x1l(t0) = x1r(t0) = 0.1 (2.12)

x2l(t0) = x2r(t0) = 0.0

ẋ1l(t0) = ẋ1r(t0) = 0.1

ẋ2l(t0) = ẋ2r(t0) = 0.0

with the subscripts “l” and “r” indicating left and right vocal fold mass displace-
ments.

For the numerical evaluation of the Heaviside function H(a), the approximation

H(a) :=

{
0 , a < 0

tanh(50 a) , a ≥ 0
(2.13)

is used.
The two-mass model described above is only valid for left-right symmetri-

cal vocal folds. In order to study effects of laryngeal asymmetries frequently
observed in pathological voices (Sloan et al., 1992; Woodson, 1993; Wittenberg
et al., 2000) and in normal healthy voices (Ward et al., 1969; Herzel and Reuter,
1997; Mergell and Herzel, 1997a), asymmetry factors have been introduced. Mo-
tivated by the theory of coupled oscillators with different vibration frequencies,
asymmetry factors detune left and right vocal fold masses and stiffnesses, e.g.,
Q = mil/mir = kir/kil = cir/cil. Physiologically, the asymmetry factors can be
interpreted as laryngeal asymmetries of vibrating masses, differences in tissue elas-
ticities and viscosities, and vocal fold geometry.

Systematically detuning the eigenfrequencies of left and right vocal fold oscil-
lators, bifurcation diagrams can be obtained revealing different oscillatory regimes
with subharmonic oscillations, tori, and deterministic chaos. The coupling between
left and right vocal fold oscillators can be adjusted by varying subglottal pressure
and glottal rest areas. Temporally complex phonatory behaviors in pathological
and normal healthy voices can be qualitatively understood by time-dependent de-
tuning of left and right vocal fold oscillators (vocal irregularities in pathological
voices have been observed, e.g., by Smith et al. (1992) and Steinecke and Herzel
(1995)).

According to the theory of coupled oscillators, a variety of nonlinear phenomena
for different parameter combinations have been observed in this model. Thus, high-
speed observations from normal and pathological voices could be reproduced with
this simplified two-mass model by adjusting asymmetry factors detuning left and
right eigenfrequencies, subglottal pressure, and glottal rest areas (Mergell et al.,
2000; Döllinger et al., 2002).

It is worth noting that even the symmetrical two-mass model is capable of
deterministic chaotic behavior if high subglottal pressure values are used to drive
the model (Jiang et al., 2001b; Jiang and Zhang, 2002b).
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Several extensions have been made to model the influence of further oscillators
on the vocal fold dynamics. Using a single tube approximation, the effect of vocal
tract resonances on the disentrainment of left and right vocal folds has been studied
(Mergell and Herzel, 1997b). In another study, Lous et al. (1998) coupled a model
with a smooth area function, otherwise similar to the two-mass model, to a simple
representation of the vocal tract and the subglottal trachea.

So far, model extensions covered either the acoustical coupling to sub- and
supraglottal cavity resonances, the variability of vocal fold oscillations in longitu-
dinal (anterior-posterior) direction (e.g., in terms of a 16-mass model (Titze, 1973,
1974), or Finite Element Method models for a complete anatomical representation
of the vocal folds (Alipour-Haghighi et al., 2000)).

A first study on the effects of upward extensions has been done by Mergell et al.
(1999). This study was motivated by human voice pathologies with morphological
changes (such as cysts, polyps, Reinke’s edema) and by vocal membranes (thin
upward lightweight membranous extensions of the vocal fold cover found in many
nonhuman mammalian species). Chapter 5 develops an extension of this model and
examines the dynamical relevance of vocal membranes for nonhuman mammalian
voice production.
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Chapter 3

Nonlinear Phenomena in
Contemporary Vocal Music

This chapter is a revised version of Neubauer, J., Edgerton, M., and Herzel, H.
(2004), “Nonlinear phenomena in contemporary vocal music,” J. Voice In press.
(Neubauer et al., 2004)

Complex and multiphonic voice signals of vocal improvisors are an-
alyzed within the framework of nonlinear dynamics. Evidence is given
that nonlinear phenomena are extensively used by performers associated
with contemporary music. Narrow-band spectrograms of complex vo-
calizations are used to visualize the appearance of nonlinear phenomena
(spectral bifurcation diagrams). Possible production mechanisms are
discussed in connection with previous research, personal performance
and pedagogical experience. Examples for period doubling, biphonation
and irregular aperiodic phonation in vocal sonorities of contemporary
vocal improvisors are given, and glottal whistle production encompassed
with biphonation and triphonation is shown. Furthermore, coincidences
of harmonics-formant matching associated with abrupt transitions to
subharmonics and biphonation in the vocal output are provided. This
also shows the recurrent use of nonlinear phenomena by performers. It
is argued that mechanisms such as source-tract coupling or vocal fold
desynchronization due to asymmetry are used in a reproducible way for
musical tasks.
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3.1 Introduction

Composers, performers and listeners of contemporary classical music have long
recognized the vitality of complex multiphonic instrumental and vocal sonorities.
However, the theoretical understanding of these complex sounds relied mainly upon
the methods of mechanical reproduction (i.e. fingering charts with embouchure
indications), while scientific questions were largely avoided (except, e.g., Gibiat
and Castellengo, 2000). Beginning in the early 1980’s theories of nonlinearity were
applied to complex musical signals. This led some composers and musicians to
reconceptualize their understanding of the elements involved in the production of
sound.

In this chapter, complex and multiphonic voice signals from vocal improvisors
will be analyzed within the framework of nonlinear dynamics. Voice samples from
solo vocal improvisations are classified as being harmonic voice, subharmonics,
biphonation (two independent pitched melodies) or irregular aperiodic behavior.

Nonlinear phenomena in voice are widely observed in newborn cries (Mende
et al., 1990; Robb and Saxman, 1988), pathological voices (Nonomura et al., 1996;
Terrio and Schreibweiss-Merin, 1993; McKinney, 1982; Herzel et al., 1994; Maraso-
vich et al., 1993), animal vocalizations (Wilden et al., 1998; Fee et al., 1998; Brown
and Cannito, 1995; Fletcher and Tarnopolsky, 1999), and occasionally in speech
(Klatt and Klatt, 1990; Dolansky and Tjernlund, 1968). Further, it has been
reported that nonlinear vocal phenomena carry functional and communicative rel-
evance for animals and humans (Kohler, 1996; Fitch et al., 2002).

In a previous case study, Paul Ward (Ward et al., 1969) investigated vocal-
izations of a teenage subject who had the ability to produce biphonation. This
subject achieved such behaviors through asymmetrical control of the left and right
vocal folds. Captured on high speed photography and cinefluorography, the sub-
ject demonstrated the capacity to produce two different, but simultaneous pitch
movements. Otherwise the subject hade a completely normal voice. Further, she
had the proficiency to produce such behaviors within clearly identifiable musical
scales and not simply as contour relationships.

This study is representative of a growing body of evidence that suggests normal
larynges have the ability to produce nonlinear phenomena including subharmonics
(Large and Murry, 1978; Kaufman, 1975; Smith et al., 1967; Mazo et al., 1995),
biphonation (Gerratt et al., 1987, 1984; Ward et al., 1969; Tigges et al., 1997) and
aperiodic, irregular behavior (deterministic chaos) (Mazo et al., 1995; Kavasch,
1980; Barnett, 1972; Lee et al., 1998). In addition, it has been documented in the
musical literature that these and many other nonstandard vocal outputs are widely
used by performers of contemporary music (Large and Murry, 1979; Anhalt, 1984;
Wishart, 1983; Jensen, 1979; Clark, 1985; Newell, 1970; Barnett, 1972; Chase,
1975; Edgerton et al., 1999; Gottwald, 1998; Schnebel, 1972; Liska-Aurbacher,
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2000; Chadabe, 1997).
Here a framework is provided to characterize these frequently used nonstan-

dard vocalizations in contemporary vocal music and discuss possible physiological
mechanisms. The extensive use of temporally and spectrally complex vocalizations
by performers of contemporary vocal music is documented within the framework
of nonlinear dynamics. Musically, it is argued that nonlinear phenomena in the
voice can be consciously used for artistic purposes.

3.1.1 Nonlinear phenomena

The human voice production system can be considered as multiple nonlinear cou-
pled oscillators. For instance, oscillators can be left and right vocal folds, different
modes of vibrations within single folds, the ventricular folds, the epiglottis, or aero-
dynamical oscillators (Titze, 1994a). The vocal folds disrupt the outward flowing
airstream using a wave-like vibratory motion. This oscillation is sustained by the
airflow provided by alveolar (lung) pressure together with visco-elastic forces within
the larynx. The theoretical description of normal periodic phonation requires al-
ready a nonlinear theory, as, e.g., phonation onset from prephonatory standstill is
described as an instability of the rest state resulting in self-sustained oscillations.
Furthermore, nonlinear laws govern the dependence of normal phonation upon the
driving pressure, rate of airflow, amplitude of vocal fold oscillation, stress-strain
properties of vocal fold tissue and vocal fold collision.

This study focuses on vocal behaviors of vocal improvisors that deviate from
normal periodic phonation in healthy larynges. In the following discussion the
term nonlinear phenomena will consequently refer to subharmonics, biphonation,
and irregular aperiodic phonation (associated with deterministic chaotic behavior).

Basic principles

Understanding the dynamics of nonlinearly coupled oscillators requires an intro-
duction to a few basic concepts of nonlinear dynamics. A detailed introduction
to nonlinear dynamics can be found e.g in Bergé et al. (1984); Glass and Mackey
(1988); Herzel et al. (1994); Kaplan and Glass (1995). Analysis of real-world phe-
nomena using methods from nonlinear dynamics is based on the phase space to
describe the state and behavior of a system. The phase space is built from the
dynamical variables necessary to determine the state of a (nonlinear) system. At
every moment, the behavior of a system may be represented by a single phase
space point.

After initial transients systems reach a particular dynamic regime. This regime
corresponds to a certain geometrical object in phase space termed an attractor.
Four types of attractors have been identified: 1) steady state, a behavior whose
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dynamical variables are constant; 2) limit cycle, a periodic behavior (repeating
itself continuously); 3) torus, a two-dimensional object in phase space that results
from the superposition of two independent oscillations ; 4) chaotic attractor, a
aperiodic behavior that never repeats but stays within a limited space – in phase
space typically a fractal geometrical object.

Attractors govern the dynamics for constant external parameters such as vocal
fold tension or subglottal pressure. Often these parameters vary slowly compared
to the typical dynamical behavior such as vocal fold vibrations. A slowly vary-
ing parameter can induce a sudden transition between different attractor types,
a behavior called bifurcation. Of particular relevance are: 1) Hopf bifurcation,
a transition from a steady state to a limit cycle; 2) period doubling bifurcation,
a transition from a limit cycle to folded limit cycle; 3) secondary Hopf bifurca-
tion, a transition from a limit cycle to a torus, due to the excitation of another
independent oscillation; 4) onset of deterministic chaos, such that a small parame-
ter shift induces a jump to aperiodic oscillation. Often cascades of subharmonic
bifurcations and tori are precursors of deterministic chaos.

Applications to voice production

The framework of nonlinear dynamics can be used to classify complex vocal be-
havior of (contemporary) vocal improvisors. Steady state behavior occurs when
the vocal folds are at rest. Then as subglottal air pressure increases, a Hopf bi-
furcation changes the steady state attractor into a limit cycle as the vocal folds
begin to vibrate in a normal, periodic way. Often during speech and song, pe-
riod doubling bifurcations occur which can be seen as subharmonic oscillations.
Subharmonics may be classified as a special type of limit cycle which appears via
transition from a periodic oscillation to an oscillation with alternating amplitudes.
In phase space, subharmonic oscillations are represented by a folded limit cycle.
Less frequent, though still seen in speech and song, is a phenomenon featuring
two or more independent frequencies. This phonation, in phase space classified as
a torus, may be produced with left-right asymmetrical vocal fold vibrations and
has been termed biphonation (Sirviö and Michelsson, 1976; Herzel et al., 1994).
As mentioned above, subharmonics and tori often are precursors of determinis-
tic chaos. In this case, the behavior is aperiodic, irregular and complex, but not
necessarily random.

In order to provide evidence of deterministic chaos, phase space analysis is re-
quired (Herzel et al., 1994; Mende et al., 1990). In earlier studies attractor dimen-
sions and Lyapunov exponents have been estimated from voice signals (Behrman
and Baken, 1997; Behrman, 1999; Giovanni et al., 1999b; Jiang et al., 2001b;
Matassini et al., 2000; Narayanan and Alwan, 1995). A comprehensive phase space
analysis of different attractors of voice signals is beyond the scope of this study (for
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Figure 3.1: Spectral bifurcation diagram (spectrogram, sonagram) revealing a pe-
riod doubling cascade from a harmonic behavior with a pitch of about 500 Hz to
subharmonics at 1

2
, 1

4
or 1

6
of the pitch. The sample was taken from a recording of

the solo vocal improvisation investigazioni (diplofonie e triplofonie) by the vocal
improvisor Demetrio Stratos (Stratos, 1978).
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Figure 3.2: Spectral bifurcation diagram showing biphonation with two indepen-
dent frequencies (two independent pitched melodies) termed f and g and various
linear combinations of these frequencies. The sample is from a recording of the solo
vocal improvisation passagi 1,2 by the vocal improvisor Demetrio Stratos (Stratos,
1978).
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Figure 3.3: Spectral bifurcation diagram displaying the transition from harmonic
behavior via period doubling, period quadrupling to an irregular, noise-like seg-
ment. Within the broadband noise-like segment the vocal tract filter is revealed
by different shadings. The sample was taken from a recording of the solo vocal im-
provisation entre nosotros - epitafio a las ballenas by the vocal improvisor Fatima
Miranda (Miranda, 1992).
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attractor dimensions, Lyapunov exponents see, e.g., Titze et al., 1993; Herzel et al.,
1998; Kumar and Mullick, 1996; Lee et al., 1998). Fortunately, many conclusions
about the dynamics can be drawn from narrow-band spectrograms. These can
be interpreted as spectral bifurcation diagrams where time is considered a control
parameter (cf. Lauterborn and Suchla, 1984; Lauterborn, 1986; Lauterborn and
Parlitz, 1988): Subharmonics (e.g., see Fig. 3.1) appearing after period-doubling
bifurcations correspond to parallel lines in between harmonics. These occur typi-
cally at multiples of 1/2, 1/3 or 1/4 of the original pitch, generally at n/m of the
original pitch, where n and m are small integers. In the case of biphonation (e.g.,
Fig. 3.2), seemingly independent spectral components with no simple ratio (such
as 1/2, 1/3, that are modulated differently or move independently) appear in the
spectrum. Finally, chaos (see Fig. 3.3) is characterized by broadband noise-like seg-
ments that appear via abrupt transitions. Distinct spectral peaks embedded in the
broadband spectrum appear due to recurrent almost periodic behavior within the
chaotic segment. Deterministic chaos is often interrupted by windows of normal
periodic phonation or subharmonic phonation.

3.2 Musical phenomena

Nonlinear phenomena have been well-documented in many disciplines, but reg-
ularly ignored by the mainstream of performers and composers of contemporary
classical vocal music who treat the voice with much the same musical aesthetic and
principles of phonation that existed during the 18th and 19th centuries. So that
while instruments have incorporated multiphonics, complex inharmonic signals and
other transient phenomena (Gibiat and Castellengo, 2000; Maganza et al., 1986),
the voice has remained for the most part the carrier of simple melodic formuli.

Nonlinear phenomena have been identified as important instrumental resources
for experimental new music since the late 1950s when Bruno Bartolozzi attempted
to systematize a framework for the production of multiphonic sonorities for wood-
winds (Bartolozzi, 1969). These innovations, combined with the continuing techni-
cal development and conceptual radicalism of electroacoustic music, suggested to
many that the voice should share in the wealth of new sound and its construction.
Therefore, during the 1960s, composers such as Dieter Schnebel, Luciano Berio,
John Eaton, Giacinto Scelsi, György Ligeti, Kenneth Gaburo, Pauline Oliveros,
Sylvano Bussotti, Robert Erickson and Mauricio Kagel began to explore the pro-
duction and organization of non-standard vocal music (Griffiths, 1981). However,
most of this work did not attempt to systematically utilize nonlinear phenomena.
This is completely understandable, for unlike instruments, the human voice can-
not easily be taken apart and put back together. As standardized fingering charts
for vocal sound production within the larynx were lacking, most composers at-
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tempted to explore performance technique and expression through phonetic based
articulatory procedures. To a far lesser degree they tried to use combinations of
multiple vocal sound sources, combining primarily harmonic with inharmonic in-
put, or special phenomenon, such as subharmonics or overtone singing. In the
last two decades of the 20th century, the active search for expression through the
vocal instrument has subsided and new compositions again feature mostly tradi-
tional modes of vocal performance. However, nonlinear phenomena of the voice
are extensively used by performers who are often classified as vocal improvisers.

For this study, complex vocalizations from solo vocal improvisations by vocal
improvisors Greetje Bijma (Bijma, 1989), Jaap Blonk (Blonk, 1997), Anna Homler
(Homler, 1989), Fatima Miranda (Miranda, 1992), David Moss (Moss, 1989), and
Demetrio Stratos (Stratos, 1978) were chosen. Examples for the appearance of
nonlinear phenomena in these singers are shown. As detailed measurements are
difficult to perform, only ideas about possible production mechanisms are provided.
This study argues that these mechanisms are used in a reproducible way for musical
tasks.

3.3 Material and Methods

Narrow-band spectrograms are presented as time-frequency plots of sound samples
of vocal improvisors. Narrow-band spectrograms could be interpreted as spectral
bifurcation diagrams where time is considered a control parameter (Lauterborn
and Suchla, 1984; Lauterborn, 1986; Lauterborn and Parlitz, 1988). The samples
were recorded at a sampling rate of 44100 Hz with a resolution of 16 bits/sample.
For the calculation of the spectrograms, a window size of 2048 sample points was
used for the Fourier analysis. Therefore, the frequency resolution could be cal-
culated as 44100

2048
Hz ≈ 21.5 Hz, which corresponded to the smallest frequency of

the Fourier analysis. A Hanning window for the Fourier analysis was used to ac-
count for finite window size effects. The sound signals were centered about their
mean values. A temporal overlap of 2000 sample points was used for the sliding
window Fourier analysis. If not otherwise specified, the dynamical range of the
spectrograms was chosen as 60 dB sound intensity level. All spectrograms were nor-
malized with respect to their maximum intensity level. A high spectral resolution
of 21.5 Hz rather than a high temporal resolution was chosen for the calculation of
the spectrograms. It was assumed that in vivo physiological parameters, such as
vocal tract configuration or subglottal pressure, changed slowly over time (Riviere
et al., 1998). This variation could still be resolved by the low temporal resolution
of the spectrograms.

All samples were recordings from single singers only. The singers were vocal
improvisors performing solo vocal improvisations with no sound processing. All
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recordings consisted of the pure microphone signal without postprocessing, nei-
ther dynamically (dynamical compression or enhancement) nor spectrally (filter-
ing, pitch shifting, chorusing, phasing). The sound samples were digitally copied
from publicly available CD recordings.

In musical terms, the articulary gestures of vocal improvisors could be described
as nonturbulent open vowel-like sonorities. Musically, improvisors aimed to reach
an artistically pleasing and highly cultured state.

This study was based on voice samples that were chosen from 300 different sam-
ples of 7 different singers. The shown representative subset of samples was chosen
due to preliminary perceptual evaluation concentrating on episodes with indepen-
dent frequencies, fast transitions, pitch instabilities, whistle-like vocalizations and
broadband sounds. With respect to contemporary music, voice samples were se-
lected that combined artistically interesting multi-tone complex vocal sonorities
with dynamically interesting nonlinear phenomena.

3.4 Results

In Fig. 3.1 an example of period doubling with windows of inharmonicity is shown.
At 1.6 s a period doubling bifurcation (P2) occurred indicated by an additional
stack of harmonics interspersed between the existing harmonics. At about 2.5 s
a period quadrupling bifurcation (P4) occurred, at 2.7 s a bifurcation to a period
sextupling (P6) appeared – a period six times the fundamental pitch. After a
P4 bifurcation (2.8 s) the system jumped via a P6 bifurcation again (3.0 s). The
fundamental frequency of about 500 Hz suggested that the vocal folds of the male
singer vibrated in the falsetto register of a male voice. This finding was consistent
with the perceptual judgement.

In Fig. 3.2 an example of biphonation is shown, the occurrence of two indepen-
dent frequency contours that may be perceived as two different pitch sequences
(melodies). At about 0.6 s and about 2.0 s the time course of the two frequencies
crossed, which supported the observation of independence of the two frequencies.
In addition to the two independent frequency contours f and g, frequency com-
ponents could be observed which could be explained by linear combinations of f
and g. During the biphonic episode the amplitudes of the combination frequencies
were relatively small. This could indicate that either the amount of coupling (i.e.
the nonlinearities responsible for combination frequencies) between the oscillators
was low. Alternatively, the vocal tract filter could have reduced the intensity of
combination frequencies. A third interpretation was, that the harmonics of the
two frequencies f and g were low. It was carefully checked, that this observation
was not an effect of the reduction of the displayed dynamical range of the spectro-
grams. At about 3.0 s a register transition to a nonbiphonic falsetto voice occurred.
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3. Nonlinear Phenomena in Contemporary Vocal Music

Figure 3.4: Spectral bifurcation diagram showing coincidence of formant matching
harmonic associated with sideband modulations of harmonic component. Here,
the dynamical range for the gray scale coding of power spectrum intensities was
chosen as 90 dB sound intensity level. The sample was taken from a recording of
the solo vocal improvisation in principio by the vocal improvisor Fatima Miranda
(Miranda, 1992).
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Figure 3.5: Spectral bifurcation diagram revealing recurrent source-formant in-
teraction: Formant-induced P5 bifurcation with five subharmonics vanishes and
reappears when a formant frequency matches the fourth or the third harmonic,
respectively. The dynamical range for the gray scale coding of power spectrum
intensities was chosen as 90 dB sound intensity level. The figure contrast and in-
tensity was manually adjusted to emphasize formants. The sample was taken from
a recording of the solo vocal improvisation investigazioni (diplofonie e triplofonie)
by the vocal improvisor Demetrio Stratos (Stratos, 1978).
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Figure 3.6: Spectral bifurcation diagrams showing recurrent instances of abrupt
transitions from regular phonation to subharmonics and irregular phonation (ar-
rows) within the same vocalization sequence. The samples were taken from a
recording of the solo vocal improvisation entre nosotros - epitafio a las ballenas by
the vocal improvisor Fatima Miranda (Miranda, 1992).

There, stronger harmonic components than during the biphonic epsiode could be
observed.

In Fig. 3.3 an example of a female voice is given revealing a sudden transition
from normal, harmonic phonation to a voice sound with a broadband spectrum.
Sequences of period doubling and quadrupling bifurcations appeared before the
onset of irregular aperiodic oscillation. Within the irregular segment, starting at
about 2.0 s, residual spectral components could be seen. These were related to the
previous harmonic components. Additionally, formants at approximately 1.0 kHz,
1.4 kHz and 3.0 kHz could be seen. The subharmonic components bifurcating at
about 0.5 s and approximately 1.3 s were perceived as time varying mixtures of
harmonic and inharmonic components.

In Figures 3.4 and 3.5 examples are presented where varying formant frequen-
cies that matched harmonics coincided with bifurcations to various subharmonic
regimes. Fig. 3.4 is the visualization of an extremly high and light fundamental
frequency of a female voice at about 1.25 kHz modulated by a tremolo frequency of
about 4 Hz. Sidebands of the second harmonic appeared when the upward moving
formant frequency matched the second harmonic at about 1.0 s. The result was
to reinforce the amplitude of this harmonic. The sidebands of the fundamental
frequency and the third harmonic were also visible, but lower in intensity than the
sidebands of the second harmonic.

In Fig. 3.5 an example of a formant matching harmonics associated with a
period multiplying bifurcation is shown. A male singer used the falsetto register to
phonate at about 550 Hz. A formant frequency coincided with the fourth harmonic
around 0 s. At the same time period quintupling (P5) occurred. Then, from 0.5 s to
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3. Nonlinear Phenomena in Contemporary Vocal Music

Figure 3.7: Spectral bifurcation diagram displaying a female glottal whistle with
biphonation and triphonation. In the final segment triphonation is observed with
two glottal whistle components and a third, vocal fry-like oscillator. The sample
was taken from a recording of the solo vocal improvisation Signals by the vocal
improvisor Anna Homler (Homler, 1989).
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1.5 s the formant frequency moved downward and coincided roughly with the third
harmonic at about 1.5 s (arrow). At this point period quintupling (P5) occurred.

Fig. 3.6 shows recurrent instances of abrupt transitions from regular phonation
to subharmonic and irregular phonation. The female voice produced phonation
at nearly 900 Hz. The left part of Fig. 3.6 began with an irregular segment with
a periodic window followed by another irregular segment. At about 1.0 s an ex-
tremely high and light phonation with an increased perception of pitch set in. Note
that about 1.0 − 2.5 s the frequency component of 900 Hz was an artefact of the
recording environment. It was the result of excess reverberation during recording,
not representative of phonation. At about 2.5 s a transition to a chaotic segment
with residual harmonics occurred followed by harmonic windows with subharmon-
ics including P6 at 3.3 s. At about 3.4 s a chaotic segment with residual harmonics
started, which was interrupted by short instances of subharmonic windows. In the
right part of Fig. 3.6 the qualitative behavior was similar, although details varied.
At about 0.4 s the high and light phonation bifurcated to a chaotic behavior. This
segment was interrupted by a subharmonic window. After the chaotic segment
the voice transitioned again to the high, light phonation. At about 2.5 s another
chaotic segment started which, again, was interrupted by a subharmonic window
at about 3.2 s.

In Fig. 3.7 a female “glottal whistle” is shown. It started at a pitch of above
2.0 kHz descending to about 1.5 kHz. After the initial “glottal whistle”, a second
frequency of approx. 3.5 kHz appeared at about 1.0 s and was functionally in-
dependent. At 2.0 s a third frequency showed up which vanished at about 2.5 s.
As the two remaining frequency contours descended further, multiple combina-
tion frequencies could be observed which increased in amplitude. This increase
of intensity could be related to an increase of coupling (i.e. nonlinearities) over
time between the two independent frequencies. At about 5.4 s a third component
appeared which perceptually had a vocal fry-like character.

3.5 Discussion

This chapter shows examples of the intentional use of nonlinear phenomena in
contemporary vocal music. In multi-tone complex sonorities of vocal improvisors
subharmonics, biphonation, sudden onset of irregular phonation (possibly deter-
ministic chaos) interspersed with more periodic windows and sudden frequency
jumps (register changes) can be found. This study provides arguments that non-
linear phenomena, well-known in voice pathology, play an essential role in modern
artistic vocalizations. In the following sections bifurcation analyses, potential phys-
iological mechanisms, issues relative to reproducibility, and their musical relevance
will be discussed.
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3.5.1 Bifurcation analysis

According to the theory of nonlinear dynamics all systems feature a limited set
of qualitatively different dynamical behaviors. This study documents how this
applies to sound production of the voice, in particular for solo vocal improvisations
by performers using their voices for artistic sound production. The attractors
relevant for the physical description of oscillatory systems are limit cycle (related
to periodic oscillation), folded limit cycle (related to subharmonics), torus (related
to two frequency oscillation) and chaos (related to highly irregular, aperiodic and
noise-like behavior).

Transitions between different dynamic regimes (i.e. different attractors) are
predicted to occur even for slowly varying system parameters such as pitch, for-
mants, subglottal pressure or the varying interaction with supraglottal tissue struc-
tures. A comprehensive visualization of transitions can be achieved by bifurcation
diagrams (Glass and Mackey, 1988) which display different dynamical behavior de-
pending on one or two varying system parameters. Such diagrams were calculated
for a simplified two-mass model of vocal folds (Steinecke and Herzel, 1995) and
continuum models (Berry et al., 1994). Furthermore, bifurcation diagrams were
measured for excised larynx experiments (Berry et al., 1996), and analyzed for a
voice with unilateral paralysis (Mergell et al., 2000).

In this study time-frequency plots are used (spectrograms) as spectral bifurca-
tion diagrams (Lauterborn and Suchla, 1984; Lauterborn, 1986; Lauterborn and
Parlitz, 1988). In contrast to bifurcation diagrams obtained from mathematical
models or experimental setups where single system parameters can be varied, there
are no direct measurements of the varying system parameters in in vivo multi-tone
complex sonorities of vocal improvisors. Thus in spectral bifurcation diagrams
time is considered as a “control parameter” of the system.

There are a few hints on changing parameters such as pitch, formants, and
subglottal pressure due to different shading of spectral lines and noise-like elements
in the spectrographic displays. Thus it can be speculated about the physiological
mechanisms that determine the vocal outputs.

3.5.2 Physiological mechanisms

This study suggests that formant induced transitions might play a role in the
production of subharmonic and biphonic sequences. In Fig. 3.4 an example is
shown for a formant induced transition of a harmonic phonation to an oscillation
with sidebands. Thus, a second frequency modulates the initial harmonic output
during formant matching which can be observed as sidebands in the spectrogram.
With respect to nonlinear dynamics nomenclature, such transitions might be called
secondary Hopf bifurcations which change the behavior of the system from a limit

56



3. Nonlinear Phenomena in Contemporary Vocal Music

cycle oscillation to a toroidal oscillation, a torus in phase space. The dominant
formant, varying over time, seems to play a crucial role in destabilizing the glottal
oscillator coupled to the vocal tract. Similarly, in Fig. 3.5 an example is given
for a formant induced bifurcation of a harmonic vocal output to subharmonic
oscillation. This conclusion is supported by previous model studies in simplified
models for source-tract interaction. Sub- and supraglottal resonances were found
to be relevant for high-pitched phonation and, moreover, biphonation (Mergell and
Herzel, 1997b).

Second, it has been reported that sub- and supraglottal oscillators (and reso-
nance factors) such as ventricular fold phonation, epiglottic and arytenoid cartilage
can contribute to a variety of complex modes of phonation (Švec et al., 2000).

Third, another mechanism that can induce transitions of dynamical behavior is
vocal fold asymmetry. Left-right asymmetries and anterior-posterior asymmetries
facilitate subharmonic oscillation, biphonation and even chaotic vibration (Tigges
et al., 1997; Ward et al., 1969; Neubauer et al., 2001; Berry et al., 1996).

Fourth, excessive subglottal pressure, increased stiffness of the vocal fold mu-
cosa, or reduced prephonatory glottal shape (phonation neutral area) leading to
chaotic vibrations have been identified in a recent study of a simplified two-mass
model, even for a symmetrical vocal fold configuration (Jiang et al., 2001b). Exces-
sively high airflow with a lax laryngeal posture has been implicated in the simulta-
neous production of subharmonics and deterministic chaos (Edgerton et al., 2001).
It is argued that vocal improvisors exploring the full range of vocal abilities are
able to use exceptional, but not pathological methods, to induce multi-tone com-
plex vocal sonorities such as (multiple) subharmonics, biphonation and irregular
aperiodic sound signals. (e.g., see Fig. 3.3 and 3.6).

Fifth, it is argued, that vocal improvisors can use glottal whistles to produce
complex sonorities. The term “glottal whistle” describes vortex-generated sound
with partially adducted glottal or supraglottal constrictions that additionally may
feature slight vocal fold vibrations (vortex-induced fold vibrations). This study
suggests that these biomechanic or aerodynamic vibrations may be produced at
different locations simultaneously within the glottis. The subglottal airstream
as the driving force could facilitate one possible coupling between these different
oscillators. Thus, biphonation or triphonation could occur due to several interact-
ing oscillators: left versus right vocal fold, anterior versus posterior parts of the
vocal folds, glottal versus supraglottal vibrating structures, or vortex-induced vi-
brations. Moreover, as typical formant frequencies lie in the range of several kHz,
they could thus match the pitch of the glottal whistle, and either could stabilize
biphonation or induce transitions to oscillations with sidebands or even irregular
behavior (Edgerton et al., 2001). The highly variable time course (melody) shown
in Fig. 3.7 suggests the lack of accurate control mechanisms. The melody may
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thus result from pressure/flow regulated behavior or from relaxation behavior of
tissue stiffness.

3.5.3 Reproducibility, intention, and control

Resulting from personal performance experiences, the development of special train-
ing programs attended by amateur and professional voices, and the acoustic analy-
sis of hundreds of sound samples of vocal improvisors it can be claimed that
singers are able to use nonlinear phenomena intentionally. This study argues that
the above mentioned physiological mechanisms ensure reproducibility in a musi-
cal context. These mechanisms include vocal tract resonance tuning, subglottal
pressure adjustments, or voluntary desynchronization of vibration modes using
asymmetries. Although minute details of bifurcations to subharmonics, biphonic
or irregular segments vary (e.g., see Fig. 3.5 and 3.6) the vocal sonorities can be
produced in artistically controlled methods. In contrast to pathological phonation
where nonlinear phenomena occur accidentally, certain vocalists have the control of
recurrent production of complex sonorities. Musically, the control aspect is impor-
tant for the sound output. By changing perceptually robust variables over time an
intended affect, emotion or meaning can be produced (Sachs, 1962; Mazo, 1994).
Next, as many performance techniques of vocal improvisors may last the duration
of a performer’s career or even life-span, it is obvious that these techniques are
not necessarily aberrent behaviors to be avoided (Levin, 1996), but rather can be
physically and spiritually beneficial (Rachele, 1997; Titze, 1999).

3.5.4 Musical relevance

The insight provided by nonlinear dynamics to the understanding of complex mu-
sical vocalizations can offer valuable information about an instrument with no
levers, buttons or strings – the voice. This type of analysis offers the identification
of a phenomenon with a class and a process. For example, biphonation is identified
as a torus that appears via a secondary Hopf bifurcation.

One readily-available tool relevant for sound analysis is the spectrogram. In
the context of acoustic chaos spectrograms are called spectral bifurcation diagrams
(Lauterborn and Suchla, 1984). When time is considered as a control parameter,
they are also termed“visible speech”(Lauterborn and Parlitz, 1988). Spectrograms
may also contribute to the training and treatment of desired or aberrant voice
signals as windows of visualization. When combined with information regarding
airflow, laryngeal posturing and tension, etc. this study proposes to use them
similar to instrumental fingering charts (standard pedagogical tools for producing
nonstandard extended complex instrumental sonorities (e.g., Kimura, 1995)).
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Chapter 4

Spatio-temporal Analysis of
Irregular Vocal Fold Oscillations:
Biphonation due to
Desynchronization of Spatial
Modes

This chapter is a revised version of Neubauer, J., Mergell, P., Eysholdt, U., and
Herzel, H. (2001), “Spatio-temporal analysis of irregular vocal fold oscillations:
Biphonation due to desynchronization of spatial modes,” J. Acoust. Soc. Am.
110, 3179–3192. (Neubauer et al., 2001)

This chapter is a report on direct observation and modal analysis
of irregular spatio-temporal vibration patterns of vocal fold pathologies
in vivo. The observed oscillation patterns are described quantitatively
with multi-line kymograms, spectral analysis, and spatio-temporal plots.
The complex spatio-temporal vibration pattern are decomposed by em-
pirical orthogonal functions into independent vibratory modes. It is
shown quantitatively that biphonation can be induced either by left-
right asymmetry or by desynchronized anterior-posterior vibratory modes,
and introduce the term“AP (anterior-posterior) biphonation”. The pre-
sented phonation examples show that for normal phonation the first two
modes sufficiently explain the glottal dynamics. The spatio-temporal os-
cillation pattern associated with biphonation due to left-right asymme-
try can be explained by the first three modes. Higher order modes are
required to describe the pattern for biphonation induced by anterior-
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posterior vibrations. Spatial irregularity is quantified by an entropy
measure, that is significantly higher for irregular phonation than for
normal phonation. Two asymmetry measures are introduced, the left-
right asymmetry and the anterior-posterior asymmetry, as the ratios of
the fundamental frequencies of left and right vocal fold and of anterior-
posterior modes, respectively. These quantities clearly differentiate be-
tween left-right biphonation and anterior-posterior biphonation. This
study proposes methods to analyze quantitatively irregular vocal fold
contour patterns in vivo and complements previous findings of desyn-
chronization of vibration modes in computer models and in in vitro
experiments.

4.1 Introduction

In the last years, several new promising concepts in the fields of voice and phonation
diagnostics, modeling, signal classification and analysis have been developed to
shed light on mechanisms that cause irregular vocal fold oscillations. Laryngeal
(video) stroboscopy is widely used in everyday clinical examinations as a tool
for visualizing pathological vocal fold dynamics, but it is only appropriate for
the investigation of periodically vibrating vocal folds (Wendler et al., 1996). On
the contrary digital high-speed glottography allows the direct observation of the
glottal dynamics and the separate analysis of the left and the right vocal fold
vibrations (Eysholdt et al., 1996; Kiritani et al., 1993; Hammarberg, 1995). This
examination method allows to record data required for the analysis of transient,
subharmonic and temporally and spatially aperiodic vocal fold dynamics. Digital
image processing algorithms can be applied to obtain time series of the oscillations
of the vocal fold edges for further analysis (Wittenberg, 1998).

The theory of nonlinear dynamics provides the framework for classifying vocal
instabilities (Herzel, 1993; Titze et al., 1993). Stationary oscillations can be related
to low dimensional attractors (limit cycle, torus, chaotic attractor) (Bergé et al.,
1984). Qualitative changes of the vocal fold dynamics due to variations of the
myoelastic and aerodynamic properties can be classified as bifurcations. Examples
are the phonation onset (Hopf bifurcation) and the appearance of subharmon-
ics (period doubling bifurcation). In several studies, attractors and bifurcations
have been analyzed in biomechanical models of the vocal folds (Berry et al., 1994;
Lucero and Gotoh, 1993; Steinecke and Herzel, 1995; Mergell, 1998). Recently,
vocal irregularities have been described by combining digital high-speed glottogra-
phy and biomechanical modeling (Mergell et al., 2000). The observed time series
from a pathological voice could be reproduced with quantitative agreement in a
simplified two-mass model by parameter adjustment. The underlying model as-
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sumptions neglect changes of the vocal fold properties along the anterior-posterior
(AP) direction. Therefore, the model only captures left-right (LR) asymmetries.

However, there are several indications that anterior-posterior (AP) oscillation
modes can contribute to irregular glottal oscillation patterns (Farnsworth, 1940;
Titze, 1973; Berry et al., 1994; Hess et al., 1994; Tigges et al., 1999; Švec et al., 2000;
Berry, 2001). Berry et al. (1994) used empirical orthogonal functions (EOFs) to
determine the dominant spatial modes in a finite element model of the vocal folds.
They showed that even complicated vibration patterns can be explained by a few
modes. Moreover, higher-order modes could be extracted from this biomechanical
model for one case of irregular phonation. EOF studies of vocal fold tissue (e.g.,
excised larynx experiments) confirmed and extended the results obtained from
theoretical models (Berry, 2001). Resonance studies of human vocal folds in vivo
showed that the resonance frequencies correspond to distinct anterior-posterior
modes (Švec et al., 2000). Resonance frequencies of the modes of a finite element
model were found to be grouped around resonance frequencies that correspond
to different anterior-posterior modes (Berry, 2001). From an endoscopic view,
the modes within these groups cannot be distinguished, as they exhibit the same
anterior-posterior vibration pattern. Generally, inferior-superior vibration modes
cannot be resolved from the endoscopic view because the upper vocal fold edge
masks the lower parts of the folds.

Models more complex than simplified two-mass models are required to repro-
duce irregular spatio-temporal vibration patterns (Titze, 1973; Titze and Strong,
1975; Titze, 1976; Alipour-Haghighi et al., 2000). Since there is always a tradeoff
between the spatial accuracy of measured myoelastic properties and the physiolog-
ical completeness of the model, it is important to know how complex a low-order
model must be to describe the vocal fold dynamics in vivo accurately. Modal analy-
sis can answer this question and is an appropriate tool for the design of low-order
models. The number of dominant empirical modes is related to the number of
horizontal and vertical degrees of freedom that biomechnical models must provide
to capture the effective glottal dynamics (Aubry et al., 1991; Breuer and Sirovich,
1991; Berry et al., 1994). The concept of modal analysis has not yet been applied
for spatio-temporal analysis of glottal vibration patterns in vivo.

This chapter focuses on the quantitative study of anterior-posterior modes and
of irregular phonation by desynchronization of anterior-posterior modes of vibra-
tion. Thus, in the following sections a quantitative analysis of complex and ir-
regular spatio-temporal vibration patterns of the vocal folds is presented based
on three phonation examples. One example with normal healthy phonation is
analyzed that serves as a reference. In addition, two high speed sequences with
irregular phonation are chosen to demonstrate two different kinds of mechanisms
that lead to biphonation. The term “biphonation” characterizes phonation with
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two fundamental frequencies (Mergell and Herzel, 1997b; Wilden et al., 1998; Kir-
itani et al., 1995; Ishizaka and Isshiki, 1976; Herzel and Wendler, 1991; Herzel and
Reuter, 1997; Smith et al., 1992). In general, biphonation can be induced by dif-
ferent glottal, pharyngeal, and aerodynamical oscillators with different oscillation
frequencies. Possible mechanisms for biphonation are the natural or pathologi-
cal asymmetry of vocal folds, the decoupling of vertical and horizontal vibratory
modes within single vocal folds, the interaction with other mechanical or aerody-
namical oscillators in the sub- and supraglottal airway, and the interaction with
vortices produced by the glottal constriction of the airstream. (Herzel and Reuter,
1997; Mergell and Herzel, 1997b; Tigges et al., 1997)

As a first image processing step the technique of multi-line kymography is
introduced to extract time series of glottal edge points from digital high-speed
recordings. Spectral analysis and spatio-temporal plots of the multi-line time
series are used as conventional analysis tools both for simple data analysis and
consistency check. Furthermore, empirical orthogonal eigenfunctions (EOFs) are
computed from the time series of the vocal fold edge displacements about the es-
timated glottal midline. It is argued that EOF analysis is the appropriate way to
deal with spatio-temporal vibration patterns. Thus, the multi-line time series are
decomposed into empirical orthogonal functions. This method is used to measure
the degree of desynchronization of anterior-posterior modes.

Furthermore, four different measures are suggested to quantify objectively
spatio-temporal vibration patterns. The asymmetry coefficient according to Mergell
et al. (2000) is used to measure left-right asymmetry. This coefficient is related
to the asymmetry coefficient in simple two-mass models (Steinecke and Herzel,
1995). Similarly, an anterior-posterior asymmetry measure is introduced to de-
scribe anterior-posterior mode desynchronization. An entropy measure is used to
quantify spatial irregularity, and the number of dynamically relevant glottal modes
are estimated.

4.2 Material and Methods

Digital high-speed image sequences during phonation were recorded with the cam-
era system CAMSYS+ 128 (described by Bloss et al., 1993) at a sampling rate of
3704 frames per second with a spatial resolution of 128× 64 pixels in combination
with a rigid larynx endoscope (for further technical details and caveats cf. Witten-
berg et al. (1995) and Wittenberg (1998)). The high-speed data of three subjects
were examined: subject JN (male, 27 years) with a healthy voice, subject WS
(female, 29 years) with a left recurrent nerve paralysis, and subject MM (female,
26 years) with a functional dysphonia. On basis of the Roughness-Breathiness-
Hoarseness (RBH) scale subject WS was jugded to be R1B1H2. Clinical stro-
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boscopy revealed a prephonatory standstill of the left vocal fold, whereas the right
vocal fold was found to be normal. During phonation stroboscopy was not applica-
ble due to biphonic oscillation of the vocal folds. Clinical standard examination of
subject MM gave no visible morphological peculiarities. The voice was jugded on
basis of the Roughness-Breathiness-Hoarseness (RBH) scale to be R2B1H2 with
diplophonic episodes. In the following study, the high-speed sequences were labeled
“normal voice”, “recurrent nerve paralysis” and “functional dysphonia”. These par-
ticular pathological phonations were chosen, because preliminary analysis of the
corresponding sound data indicated biphonation. The pathological phonation ex-
amples were chosen out of about 100 recordings with indications for biphonation
out of overall 4000 high-speed sequences. About 10 of the biphonic phonations
showed anterior-posterior vibration patterns. Figures 4.1–4.3 show one oscillation
cycle taken from the digital image sequences of each subject. The highlighted
glottal edge contours (i.e. the entirety of all glottal edge points of each vocal fold)
were the result of the image processing algorithm explained below. The algorithm
for data reduction was a simplified and modified version of the kymographic image
processing proposed by Wittenberg (1998).

4.2.1 Multi-line kymography

As a first processing step, all horizontal scan lines of each digital image were ex-
tracted over the visible vocal fold length, i.e. from the posterior side (arytenoid
cartilage) to the anterior side (thyroid cartilage). The arytenoid side corresponds
to the upper part of the digital images shown in Figs 4.1–4.3, whereas the thyroid
side corresponds to the lower part. The extracted scan lines were subsequently
concatenated. In Figs 4.4–4.6 the vocal fold dynamics is visualized by a few hun-
dred subsequent scan lines . The resulting gray scale arrays (kymograms) showed
the change in distance between edge points on left and right vocal folds during
phonation (Švec and Schutte, 1996; Tigges et al., 1999). The tracked glottal edge
points of the left (upper line) and the right vocal fold (lower line) were marked by
white points.

These edge points were determined with a fixed gray value threshold for each
kymogram. This threshold separated between image points from the glottal aper-
ture and from the vocal fold tissue. As a rigid endoscope was used viewing the
vocal folds from above (superior view), the tracked points corresponded to points
of the superior medial vocal fold edge or the inferior vocal fold edge. During the
opening phase the tracked points were close to the superior medial edge, whereas
during the closing phase the tracked points corresponded to a point between supe-
rior and inferior edge. However, due to the limited spatial resolution of the camera
system vertical vibration modes of the vocal fold cover could not be resolved. The
movement of the vocal fold edge points was related to the oscillations riding on the
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Figure 4.1: Digital high-speed image sequence showing a glottal cycle with 21
tracked glottal contour points per vocal fold: subject JN with normal phonation.
Every second frame is shown, the time interval between successively plotted frames
is ∆t = 0.54 ms. Note that the right arytenoid cartilage is visible in the left upper
corner of the images. Thus, the upper and lower side of each frame correspond
to the posterior and anterior side of the vocal folds, respectively. The left and
right vocal folds are displayed on the right and left side of the digital images,
respectively.
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Figure 4.2: Digital high-speed image sequence with 49 tracked glottal contour
points per vocal fold of subject WS paralysis (every second frame shown, ∆t =
0.54 ms for plotted frames). The upper and lower side of each frame correspond
to the posterior and anterior side of the vocal folds, respectively.

black-white interface of the binary segmented multi-line kymograms (Wittenberg,
1997; Mergell et al., 2000). The extracted time series were termed“high-speed glot-
tograms” (HGGs) following Wittenberg et al. (1995). Table 4.1 gives details on
the data sets of the different phonation examples used for spatio-temporal analysis
of vocal fold vibration.

4.2.2 Time series preprocessing

The HGG data had to be preprocessed to avoid artifacts caused by relative hor-
izontal movements and rotations of the observing endoscope about the glottis.
Following previous work (Mergell et al., 2000), just horizontal movements were
corrected neglecting vertical movements that were assumed to be small within the
short selected HGG sequences (Wittenberg, 1998). Therefore, the displacements
of vocal fold edges about the glottal midline were calculated, which was estimated
frame by frame (Fig. 4.7).

First, the glottal midline was approximated by a regression line through the
midpoints (xk(ti), yk(ti)) of each scan line k, where the midpoints were:

xk(ti) =
1

2

(
x

(left)
k (ti) + x

(right)
k (ti)

)
. (4.1)

Note that yk(ti) = y
(left)
k (ti) = y

(right)
k (ti). Here, k = 1, . . . , N indicated the
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Figure 4.3: Digital high-speed sequence with 39 tracked glottal contour points per
vocal fold of subject MM (every frame shown, ∆t = 0.27 ms). The upper and
lower side of each frame correspond to the posterior and anterior side of the vocal
folds, respectively.
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Figure 4.4: Selected multi-line kymograms (chosen from 21 kymograms) with high-
lighted extracted time series for subject JN (with normal phonation). The upper
white line corresponds to the left vocal fold edge, the lower white line to the right
vocal fold edge. Length of shown kymograms is T = 81 ms. The numbers corre-
spond to the scan line number along the posterior-anterior direction. The glottal
aperture is black-coded, the surrounding is shown in different gray values. The
vertical direction within each kymogram corresponds to the left-right direction of
the digital high-speed image frames.
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Figure 4.5: Selected multi-line kymograms for subject WS. Length of shown kymo-
grams is T = 81 ms. The upper white line follows the left vocal fold edge, the lower
white line follows the right vocal fold edge. In each kymogram desynchronization
of the left and right vocal fold oscillation is observed: Five oscillation maxima of
the left vocal fold (upper line) correspond to four oscillation maxima of the right
vocal fold (lower line).
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Figure 4.6: Selected multi-line kymograms for subject MM. Length of shown ky-
mograms is T = 67 ms. The upper white line indicates the left vocal fold edge,
the lower white line indicates the right vocal fold edge. In each kymogram nearly
symmetrical oscillations of both vocal folds are observed. However, an increasing
modulation of both vocal fold oscillations can be seen comparing kymograms 13,
21 and 29 along the posterior-anterior direction. Thus, desynchronization of vocal
fold oscillations along the anterior-posterior direction is observed.
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Subject Phonation Number of
glottal contour

points

Length of
time series

[ms]

Typical
frequency

[Hz]

JN (healthy) normal 21 1215 120

WS
(recurrent

nerve
paralysis)

irregular 49 618 197

MM
(functional
dysphonia)

irregular 39 354 270

Table 4.1: Details on time series from different subjects with normal and irregular
phonation. The sampling rate was 3704 frames per second for all time series. The
difference in length is due to the different length of high-speed sequences obtained
from the clinical investigation and due to the selection of stationary segments.
With respect to the typical oscillation frequencies the number of measured cycles
are sufficient for a statistical analysis such as the EOF estimation calculation.

kymogram number and i = 1, . . . ,M was the time index (see Fig. 4.7). The
estimated glottal midline of frame ti was described by the slope m(ti) and the
intercept b(ti). The slope and the intercept both contained parts of the glottal
dynamics and slow modulations caused by relative movements between the high-
speed camera and the glottis. As the HGG data were only corrected for slow
modulations, a moving average procedure was applied to the time series m(ti)
and b(ti) (length of averaging window: 50 ms, corresponding cutoff frequency:
20 Hz). The cutoff frequency of this low-pass filtering process was chosen close to
the maximum tremor frequency of about 16 Hz (Riviere et al., 1998). Thus, the
filtered values m(ti) and b(ti) were slowly modulated. The vocal fold displacements

d
(α)
k (ti) were calculated as the distance of the extracted contour points from the

estimated glottal midline:

d
(α)
k (ti) =

[
x

(α)
k (ti)−

yk(ti)− b(ti)

m(ti)

]
sin (ϕ) . (4.2)

Here, ϕ = arctan(m(ti)) was the inclination angle of the glottal midline, α ∈
{left, right} specified the side, and x

(α)
k (ti) and yk(ti) were the image coordinates
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Figure 4.7: Coordinate system for analysis of digital high-speed images: Vocal
fold edge points of left and right vocal fold are highlighted. The distances of
the estimated glottal midline to the vocal fold edge points are used as vocal fold
displacements for further analysis.
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of the vocal fold contour points (see Fig. 4.7). In this way, slow horizontal and
rotational modulations contained in m(ti) and b(ti) were removed from the HGG
data (xk(ti), yk(ti)).

4.2.3 Calculation of the empirical orthogonal functions

The technique of empirical orthogonal functions is an appropriate method for an-
alyzing complex and irregular spatio-temporal glottal motion patterns. It can be
used to decompose glottal contour dynamics into principal modes of vibration
(Berry et al., 1994).

As only the oscillation of the vocal folds about their dynamic rest position was
of interest, the temporal averages (average over whole lenght of time series) were
subtracted from the vocal fold displacements of left and right vocal folds:

δ
(α)
k (ti) = d

(α)
k (ti)− d

(α)

k . (4.3)

The EOFs Φ
(α)
k , k = 1, . . . , N, were calculated from the oscillatory components

δ
(α)
k (ti). EOFs represent a decomposition of the contour dynamics δ

(α)
k (ti) into

different spatial oscillating modes.
Furthermore, the corresponding eigenvalues λ

2 (α)
k were computed. They were

the weights or the contributions of the EOFs on average to the complete spatial
dynamics.

To analyze the dynamics of the EOFs, the time-varying contribution of different
modes (EOFs) Φ

(α)
k were calculated. These contributions were called temporal

coefficients Ψ
(α)
l (ti). For a more detailed description of the empirical orthogonal

functions, see Appendix A, page 179.
According to Mergell et al. (2000), the ratio Q

(exp)
lr of the lower and higher

fundamental frequency of left and right vocal folds parameterizes the laryngeal
left-right asymmetry. Similarily, anterior-posterior asymmetry was measured with
the ratio Q

(exp)
ap of the lower and higher fundamental frequency of the first two

temporal coefficients. This quantity measured the average temporal irregularity of
the spatio-temporal oscillation pattern of a single vocal fold over the chosen time
interval.

To parameterize the spatial irregularity Shannon’s entropy S
(α)
tot was calculated

from the EOF weights of each vocal fold. This entropy quantified the degree
of disorder of the mode decomposition. For a further discussion of the entropy
measure, see Appendix A, page 179.

For the sake of comparability and robustness, a simple threshold criterion was
introduced for the estimation of dynamically relevant modes. The observed time
series of the glottal contour points were reconstructed with a subset of the calcu-
lated EOFs. To find the required subset size, one starts with the first EOF with
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the largest weight, adds subsequent EOFs with smaller and smaller values, until
the difference between the reconstructed and the observed time series δ

(α)
k (ti) was

smaller than a certain threshold.

4.3 Analysis of spatio-temporal glottal patterns

4.3.1 Spectral analysis of spatio-temporal plots

Spatio-temporal plots of the oscillatory component δ
(α)
k (ti) were used to discuss

qualitatively the vibration patterns of different phonation examples. For this pur-
pose, the time series δ

(α)
k (ti) was encoded in gray scale values in a space-time

coordinate system. Bright regions corresponded to positive values, whereas dark
areas indicated negative values. For the sake of visualization, the values of δ

(α)
k (ti)

were normalized.
In Fig. 4.8 the desynchronization of left and right vocal fold vibrations for

subject WS is illustrated. During four oscillation maxima on the right vocal fold,
five oscillation maxima on the left vocal fold were observed. Left-right asymme-
try was Q

(exp)
lr ≈ 4/5. Note that there was no significant difference between the

lower (posterior side) and the upper (anterior side) part of each spatio-temporal

plot. Therefore, anterior-posterior asymmetry was estimated as Q
(exp)
ap = 1. Here,

anterior-posterior asymmetry was determined as the ratio of lower and higher os-
cillation frequencies of vibrations close to the anterior or posterior end of the vocal
folds.

The spatio-temporal plots for time series of subject MM (Fig. 4.9) showed
nearly seven oscillation maxima in the upper part (anterior side) in contrast to
nearly six maxima in the lower part (posterior side) of the vocal folds. Left-right

symmetrical oscillations of the vocal folds, Q
(exp)
lr = 1 were present.

On the level of time series from single kymograms, spectra of selected time
series of vocal fold edge points (HGGs) were examined. The spectra from subject
WS showed a pronounced left-right asymmetry. In Fig. 4.10 two spectra for two
different locations on each vocal fold are shown as examples. One location was
close to the anterior side (kymogram line number k = 40), the other was close to
the posterior side of the vocal folds (kymogram line number k = 10). All apparent
peak frequencies fm,n could be explained by linear combinations of just two inde-
pendent frequencies fl and fr: f(m,n) = mfr + nfl, m, n ∈ Z = {0,±1,±2, . . . }.
The fundamental frequencies were fr ≈ 197 Hz and fl ≈ 265 Hz. Thus, left-right
asymmetry was Q

(exp)
lr = fr/fl ≈ 0.74. For both anterior and posterior positions

on the vocal folds, the corresponding spectra of left and right vocal folds revealed
a significant left-right asymmetry. The peak frequency at fr was dominant in
the spectra of the right vocal fold, whereas for the left vocal fold the dominant
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Figure 4.8: Spatio-temporal plots of the scaled oscillatory component δ
(α)
k (ti) of

vocal fold edge points for subject WS (with left recurrent nerve paralysis). Left
and right vocal folds are desynchronized which suggests left-right asymmetry of
vocal fold properties. Bright regions display glottal opening, dark regions code
for vocal fold edge points with glottal closure. The maximum positive excursions
are rescaled to unity, the minimum negative excursions are rescaled to zero. The
lower part/upper part of each plot corresponds to the temporal evolution of pos-
terior/anterior vocal fold edge points. During four oscillation maxima on the right
vocal fold five oscillation maxima appear on the left side. Vertical homogeneity
of the vertical bright stripes during glottal opening indicates no relevant anterior-
posterior asymmetry.
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Figure 4.9: Spatio-temporal plots of the scaled elongations δ
(α)
k (ti) for subject MM

(with functional dysphonia). During seven oscillation maxima in the upper part
of the spatio-temporal plots, six maxima appear in the lower part. The symmetry
between left and right spatio-temporal plot is roughly preserved.
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Figure 4.10: Comparison of normalized spectra of δ
(α)
k (ti) of left and right vocal

fold at anterior (kymogram line number k = 40) and posterior side (kymogram line
number k = 10) of each vocal fold (normalization to amplitude maximum of all
shown spectra). All amplitude maxima can be explained by linear superposition
of two independent frequencies fr ≈ 197 Hz and fl ≈ 265 Hz : f(m,n) = mfr + nfl.

Left-right asymmetry is Q
(exp)
lr ≈ 0.74. The dominant peak frequency for both

spectra of the right vocal fold is at fr, whereas for the left vocal fold both spectra
have dominant peak frequencies at fl. The spectral peaks are marked by their
corresponding numbers (m,n).
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Figure 4.11: Comparison of normalized spectra of displacements δ
(α)
k (ti) of left and

right vocal folds at anterior (kymogram line number k = 30) and posterior side
(kymogram line number k = 10 of each vocal fold (normalization as above): Max-
ima can be interpreted by linear superposition (m, n) of independent frequencies

fp ≈ 271 Hz and fa ≈ 338 Hz. Anterior-posterior asymmetry is Q
(exp)
ap ≈ 0.80.
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frequency could be found at fl. On basis of these two chosen time series, anterior-
posterior asymmetry was Q

(exp)
ap = 1 indicating no anterior-posterior asymmetry.

In Fig. 4.11 two spectra from subject MM are shown. With these two cho-
sen time series, left-right symmetry was determined to be preserved, Q

(exp)
lr = 1.

Moreover, spectra for anterior (kymogram line number k = 30) and posterior posi-
tions (kymogram line number k = 10) differed significantly. Spectra for posterior
positions from both left and right side were dominated by the peak frequency
fp ≈ 271 Hz. At the anterior side, the spectra of both left and right side showed
dominant peak frequencies at fp and fa ≈ 338 Hz. Anterior-posterior asymmetry

was Q
(exp)
ap = fp/fa ≈ 0.80. Thus, the desynchronized oscillation of vocal fold

edge points within each single vocal fold was observed. Here, the two independent
frequencies fp and fa were enough to deduce all present peak frequencies.

For the sake of visualization and explanation the number of maxima of the
spatio-temporal plots (see Fig. 4.8 and Fig. 4.9) for equal time intervals was de-
termined. The ratio of the number of maxima was different to the ratio of the
fundamental frequencies observed by spectral analysis of selected time series of
vocal fold edge points. This illustrated the limitation of visual inspection. For
example, a superposition of trigonometric functions with a frequency ratio of 4 : 5
could lead to 6 or 8 distinct maxima.

4.3.2 EOF analysis of spatio-temporal vibration patterns

In Fig. 4.12 the relative weights p
(α)
k = λ

2 (α)
k /

∑
l λ

2 (α)
l (cf. Appendix A, page 179)

of the EOF decomposition are shown for the three phonation examples. The rela-
tive weights expressed the relative contribution of different EOFs to the measured
spatio-temporal oscillation pattern. The first 21 relative weights were plotted on a
logarithmic scale, as they covered about four orders of magnitude. In all three cases
the sequence of weights decayed rapidly, whereas higher order weights decreased
rather slowly. However, by comparison it could be seen that the decay of the first
few weights strongly depended on the phonation example. The cumulative sum of
the first five values of the relative EOF weights, given in Tab. 4.2, supported this
statement. Thus, the shape of the weight distribution could be used to distinguish
the spatial irregularity of different phonation examples. Shannon’s entropy S

(α)
tot

(cf. Appendix A, page 179) was used as an overall measure for the shape, i.e. the
broadness of the different distributions.

It was found that S
(α)
tot became significantly larger for the three phonation ex-

amples. Correspondingly, the weight distributions became broader. S
(α)
tot increased

from LR and AP symmetrical oscillation (normal phonation) via LR asymmetrical
but AP symmetrical oscillation to AP asymmetrical but LR symmetrical oscil-
lation (Fig. 4.12). No significant left-right difference of the spatial irregularities
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Figure 4.12: First 21 values of the relative EOF weights for three phonation exam-
ples for left (upper row) and right (lower row) vocal folds. The information entropy

S
(α)
tot measures the overall spatial irregularity. As explained in the text, the term

“LR biphonation” is introduced for the LR asymmetrical phonation of subject WS
and “AP biphonation” for AP asymmetrical phonation of subject MM.
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Eigenfunction
index

Cumulative sum
∑

m λ
2 ( α)
m , α ∈ {left, right} for:

LR and AP symme-
try
(normal phonation)

LR asymmetry
(recurrent nerve

paralysis)

AP asymmetry
(functional
dysphonia)

left [%] right [%] left [%] right [%] left [%] right [%]

1 96.7 96.6 92.8 93.2 80.1 78.2
2 97.7 97.7 97.9 96.1 94.0 94.7
3 98.3 98.2 98.5 97.7 96.1 96.5
4 98.6 98.5 98.8 98.4 97.0 97.3
5 98.8 98.7 99.0 98.9 97.7 97.9

Table 4.2: Cumulative sum
∑

λ
2 (l/r)
m for the first five values of the relative EOF

weights for three phonation types. For subject JN (with normal phonation) and
for subject WS (with LR asymmetrical phonation) the first mode already covers
more than 90% of the glottal contour dynamics. However, for the subject MM
(with AP asymmetrical phonatino) the first mode just carries about 80% of the
observed time series. Weights of higher modes become rapidly smaller, but are
still specific for the type of phonation. To explain more than 97% of the observed
glottal dynamics, two modes have to be taken into account for subject JN, two
or three modes, respectively, for subject WS; and four modes for subject MM
(indicated by numbers in bold face).

S
(left)
tot and S

(right)
tot could be observed.

The number of dynamically relevant modes was estimated choosing a threshold
of 97% for reconstruction quality. Tab. 4.2 shows that 97% of the observed time
series could be explained by two modes for both vocal folds for subject JN ex-
hibiting LR and AP symmetrical phonation (normal phonation). For subject WS
showing LR asymmetrical vibration, it could be found that two modes on the left
side and three modes on the right side, respectively, were sufficient. For subject
MM exhibiting AP asymmetrical phonation, four modes on both sides had to be
included.

Figures 4.13–4.15 display the empirical orthogonal functions associated with
the first five weights. For all three phonation examples, the first EOF revealed the
uniform outward and inward movement of the vocal folds resulting in a general
increase and decrease of glottal opening area. The second EOF illustrated vocal
fold displacements with a phase shift of 180 degrees between the anterior and the
posterior side of the vocal folds. In most phonation cases their wavelength was
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Figure 4.13: First five normalized empirical orthogonal functions for centered time
series from subject JN (with normal healthy phonation): Maximum and minimum
excursion of the EOFs are shown (normalization to amplitude maxima). The
relative weights, indicated in the plots, reflect the contribution of the EOFs to the
reconstruction of the observed glottal dynamics. Thus, over 90% of the observed
time series is explained by the first EOFs.
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Figure 4.14: First five normalized EOFs for centered time series from subject
WS: Maximum and minimum excursion of the EOFs are shown (normalization as
above). The first EOFs are enough to explain more than 90% of the time series.
Due to scaling the phase shift between anterior and posterior side of the second
eof of the right fold can not be seen as clear as on the left fold.
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Figure 4.15: First five normalized empirical modes for centered time series from
subject MM: Maximum and minimum excursion of the EOFs are shown (normal-
ization as above). The first two EOFs are required to capture more than 90% of
the time series.

83



4. Spatio-temporal Analysis of Irregular Vocal Fold Oscillations

roughly twice the wavelength of the first EOFs. The structure of all higher EOFs
was more difficult to generalize due to increasing fluctuations resulting from the
finite spatial and temporal resolution of the high speed camera and the noise of the
recordings. All modes higher than the first were called “anterior-posterior (AP)
modes”.

In Figs 4.16–4.18 the spectra of the corresponding temporal coefficients were
plotted. They corresponded to the temporal evolution of the EOFs. For subject
JN (regular phonation) it was found, that all peak frequencies of both left and
right vocal folds were harmonically related to the fundamental frequency of about
f0 ≈ 127 Hz. Here, left-right asymmetry Q

(exp)
lr and anterior-posterior asymmetry

Q
(exp)
ap both were unity. Additionally, it could be seen that temporal coefficients

for higher EOFs contained more and more noise.
For subject WS (irregular phonation), the spectra of the first temporal eigen-

function revealed a pronounced left-right asymmetry: The spectrum of the first
left temporal coefficient was dominated by the peak frequency fl ≈ 265 Hz. The
spectrum of the first right temporal eigenfunction had the dominant peak fre-
quency fr ≈ 197 Hz. The left-right asymmetry was Q

(exp)
lr = fr/fl ≈ 0.74. Linear

superposition f(m,n) = mfr + nfl, m, n ∈ Z of the two independent left and right
frequencies explained the peak frequencies of all remaining spectra apart from
noisy contributions.

For subject MM (irregular phonation), the first two spectra of the temporal
eigenfunctions were roughly symmetric about left and right side. On each vo-
cal fold side, however, a significant difference in peak frequency for the first two
temporal coefficients could be observed. For both first temporal coefficients, the
peak frequency was fp ≈ 271 Hz. Both spectra of the second temporal coefficients
had a peak frequency fa ≈ 338 Hz. The indices “p” and “a” for fp and fa were
used, because the main spatial contribution of the first (and second) EOF was
observed in the posterior (and anterior) part of the vocal folds (see Fig. 4.15). The

anterior-posterior asymmetry was Q
(exp)
ap = fp/fa ≈ 0.80. Linear combinations

f(m′,n′) = m′fp + n′fa, m′, n′ ∈ Z of these independent frequencies explained all
remaining peak frequencies in the shown spectra.

4.4 Discussion

The aim of this study was to analyze spatially complex and temporally irregu-
lar glottal contour patterns of pathological phonation. Mode analysis of spatio-
temporal patterns of vocal fold edge displacements in vivo with empirical orthogo-
nal functions appeared to be an appropriate tool to extract principal glottal vibra-
tion modes from high-speed recordings. EOF analysis can extract excited modes
from measured time series. Although this method is applied to analyze only three
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Figure 4.16: Normalized magnitude spectra (linear scale) of first five temporal
eigenfunctions for subject JN (with normal healthy phonation) (normalization to
amplitude maximum of all shown spectra): All spectra consist of harmonically
related peak frequencies together with noise contributions increasing with EOF
number.
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Figure 4.17: Normalized magnitude spectra of first five temporal eigenfunctions for
subject WS (normalization as above): The left-right asymmetry ratio Q = fr/fl =
0.74 ≈ 4/5 observed in the first temporal eigenfunctions associated with the first
EOF reflects the laryngeal asymmetry. The main spectral information is already
contained in the first temporal eigenfunctions.

86



4. Spatio-temporal Analysis of Irregular Vocal Fold Oscillations

0
200

400
600

800
Frequency [H

z]

0

0.04 0

0.025 0

0.05 0

0.2 0

0.5 1
L

eft vocal fold

0
200

400
600

800
Frequency [H

z]

0 0.015
E

O
F 5

0 0.04
E

O
F 4

0 0.05
E

O
F 3

0 0.2
E

O
F 2

0 0.5

1

E
O

F 1

R
ight vocal fold

Amplitude [a.u.]
Functional dysphonia

(1,0)

(0,1)
(2,−1)

(1,0)

(0,1)

(3,−1)

(−1,1)

(2,0)

(1,0)

(1,0)

(0,1)
(0,1)

(0,2)

(−1,2)

(2,0)

(−1,2)

(0,2)

(−1,1)

(1,1)

Figure 4.18: Normalized magnitude spectra of first five temporal eigenfunctions
for subject MM (normalization as above): The left-right asymmetry ratio Q = 1
of the first two temporal eigenfunctions indicates laryngeal left-right symmetry.
AP asymmetry is indicated by the qualitative difference in the spectral content
of the first and the second temporal eigenfunctions. Therefore, the main spectral
information is contained in the first two EOFs.
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Subject Left-right
asymmetry

Anterior-
posterior

asymmetry

Spatial
irregularity

Number of
relevant
modes

Q
(exp)
lr Q

(exp)
ap S

(l)
tot S

(r)
tot left right

JN 1.0 1.0 0.22 0.23 2 2
WS 0.74 1.0 0.35 0.37 2 3
MM 1.0 0.80 0.76 0.77 4 4

Table 4.3: Summary of measures quantifying spatio-temporal vocal fold vibration
patterns for three phonation examples: Phonation patterns are described by the
left-right asymmetry, anterior-posterior asymmetry, the overall spatial irregularity,
and the number of dynamically relevant EOF modes. The number of relevant
modes is related to the spatial irregularity. Thus it could be connected to the
minimum number of degrees of freedom a prospective biomechanical model for the
individual pathology should provide.

examples of normal and pathological phonation, the presented method and the
shown effect of left-right desynchonization and anterior-posterior desynchroniza-
tion are of general validity. Previous theoretical studies of biomechanical models
(Titze et al., 1993; Herzel, 1993) support this point of view.

This chapter presents the analysis of two different types of biphonation gener-
ated by different glottal mechanisms. Biphonation is already known to be induced
by left-right asymmetry of the vocal folds, and strong interaction with the supra-
glottal vocal tract is assumed to ease biphonation (Titze and Story, 1997; Mergell
and Herzel, 1997b). Data from a patient with left recurrent nerve paralysis is
presented, where the desynchronization of left and right vocal fold oscillations was
observed. It is found that biphonation, i.e. the existence of two fundamental
frequencies, can be explained in this case by only the first mode of the EOF de-
composition of left and right oscillations. This result strongly supports the notion
that biphonation was induced by a left-right asymmetry of the vocal folds due to
the paralyzed left vocal fold. This example was presented to contrast it with the
finding of another mechanism for biphonation.

Therefore, data on a patient with functional dysphonia is presented, where
desynchronized oscillations of vocal fold edge points on each vocal fold were ob-
served. In addition to the uniform inward and outward movement of the vocal
folds, oscillation patterns with a prominent phase shift between anterior and pos-
terior side of the vocal folds were observed. It was found that these higher modes
vibrate independently from the basic spatially uniform mode as two independent
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oscillation frequencies can be seen in the spectra of the temporal coefficients of the
EOFs. Thus, experimental evidence is provided that desynchronization of modes
can be observed in voice disorders, as previously suggested by theoretical consid-
erations (Titze et al., 1993; Herzel et al., 1994). Theoretically, the vocal folds
can be considered as complex, visco-elastic, three-dimensional structures, that can
generate complex spatio-temporal vibration patterns by many different oscillating
structures. Biphonation, so far experimentally known to result from the desyn-
chronized oscillation of the entire left and right vocal folds (Mergell et al., 2000),
is extended to toroidal behavior of two oscillating structures on single vocal folds.
For a clearer distinction, the term“LR biphonation” is introduced for the first case,
and the term“AP biphonation” for the second case to express the interaction of the
first EOF with different AP modes (i.e. higher EOFs) that generates biphonation.

Four measures were provided, that characterize spatio-temporal oscillation pat-
terns observed in digital high-speed recordings: the left-right asymmetry Qlr, the
anterior-posterior asymmetry Qap, the information entropy Stot as spatial irregu-
larity, and the number of relevant modes. Table 4.3 summarizes the results for the
shown phonation examples. For normal phonation, both Qlr and Qap are equal to
unity, and the entropy and the number of modes are small. For LR asymmetrical
vibration, Qlr is significantly smaller than unity (due to the higher fundamental
frequency of the paralyzed vocal fold). Within measuring accuracy, Qap is unity.
The spatial irregularity, described by Stot, and the number of modes is signifi-
cantly larger than for normal phonation. It is concluded, that due to the spatial
irregularity higher modes are excited, which are synchronized within single vocal
folds, but desynchronized between either vocal folds (due to the paralysis of the
left vocal fold). For the AP asymmetrical oscillation, Qap is significantly smaller
than unity, and Qlr is unity. The increased entropy Stot and the larger num-
ber of relevant modes, compared to recurrent nerve paralysis, indicate a further
increase in spatial irregularity. It is concluded that on either vocal fold higher
modes are excited. These modes can vibrate independently, presumably due to
invisible anterior-posterior inhomogeneities. This study suggests that modes on
both vocal folds could be synchronized due to short moments of vocal fold contact
and the airstream. This conclusion deserves further investigation analyzing more
pathological phonation examples showing anterior-posterior biphonation.

In this study methods are described to analyze irregular spatio-temporal vo-
cal fold oscillations quantitatively. First spectral analysis was applied to time
series of selected vocal fold edge points along the anterior-posterior direction. In
general this method is not appropriate to decompose spatio-temporal oscillation
patterns as the choice of the time series is quite arbitrary and the interdepen-
dence between different time series associated with different edge points along the
anterior-posterior direction is lost. However, this approach can provide first hints
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to the underlying mechanism of irregular vocal fold oscillations. Nevertheless, for a
quantitative and consistent spatio-temporal analysis we used empirical orthogonal
functions to decompose the HGG data into different modes. This concept incor-
porates correlations of different time series and resolves the dynamics of different
spatial modes. The results for the left-right asymmetry and the anterior-posterior
asymmetry with both methods were consistent. Nevertheless, spatial irregular-
ity could be quantified only using empirical orthogonal functions to decompose
the observed spatio-temporal patterns into a hierarchy of different spatial modes.
Of course, this method works similar to a rough and just qualitative analysis of
subsequent high-speed frames done by a observer with less sophisticated methods.

Data on three subjects were shown with normal phonation, LR biphonation
and AP biphonation. The terms “healthy phonation”, “left recurrent nerve paral-
ysis” and “functional dysphonia” were used just as labels to discriminate between
the time series. It is beyond the scope of this study to discuss the connection of
the pathophysiology of the subjects with the observed phonation patterns. Nev-
ertheless, the presented analysis method may help to replace the ill-defined term
“functional” by a more detailed diagnosis. In contrast to cases with clearly vis-
ible morphological changes of the vocal folds the term “functional dysphonia” is
used for pathological phonation with no apparent structural change in the larynx
(Kotby et al., 1993; Wittenberg et al., 1997). So until now “functional” just states
the absence of diagnostic methods to describe the pathology on basis of direct ob-
servations. This study suggests to use the EOF analysis to quantify the dynamics
of hoarseness related to dysfunctions of the laryngeal configuration hidden in the
complex vibratory patterns.

As a possible mechanism for the desynchronization of the first two modes, it can
be suggested that inhomogeneities of the vocal fold tissue properties, such as local
hidden morphological changes in deeper tissue layers could induce and support the
independent vibration of modes. These endoscopically invisible changes in vocal
fold tissue properties might decrease the coupling between anterior and posterior
parts of the vocal folds facilitating biphonation. Here, the term inhomogeneities
is used to express the deviance (like local morphological changes) from the normal
inhomogeneity occurring along the anterior-posterior direction together with the
different layer structure.

To a certain extent, the recorded HGG time series are contaminated with noise
originating from different sources. Examples are finite temporal and spatial sam-
pling accuracy, and thermal noise of the CCD chip used in the digital camera.
Uncertainties of the vocal fold edge detection process due to blurred recordings
and to mucus or light tissue structure on the surface of the vocal folds are further
noise sources. Noisy contributions are found in the EOF modes, in their weights
and in their temporal coefficients. Due to noise, the sequence of weights of higher
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modes of the EOF decomposition decrease rather slowly (North et al., 1982; Landa
and Rosenblum, 1991). As the generation of noise is not modeled, a simple and ro-
bust threshold criterion is used to estimate the dynamically relevant modes. Thus,
the number of relevant modes of different phonation examples and of previous
theoretical work can be compared. For a more sophisticated criterion, more infor-
mation about mechanisms generating noise in the digital high-speed observations
have to be considered (see Landa and Rosenblum, 1991). As the weights of higher
modes have negligible values due to noise, only the first 21 weights were used to
calculate Shannon’s entropy Stot and to plot the weight distribution (Fig. 4.12) for
the sake of comparability.

Using endoscopy and a high-speed setup several systematic errors of the record-
ing procedure and the extraction of time series of vocal fold edge points have to
be taken into account. For a detailed discussion of blurring due to finite temporal
and spatial resolution, technical problems with rotation, vertical and horizontal
relative movement between glottis and endoscope, and the ambigiuity of vocal fold
edge detection due to inferior-superior vibratory mode see previous work (Witten-
berg et al., 1997; Wittenberg, 1998). Regarding the finite temporal and spatial
resolution the analysis must be restricted to a range given by Shannon’s sampling
theorem. Furthermore, the influence of higher frequency components is neglected
because they cannot be resolved by the finite spatial and temporal resolution of
the high-speed camera system. However, since EOF analysis is based on averaging,
random fluctuations are suppressed.

EOF analysis of time series obtained from three-dimensional biomechanical
simulations of normal and chaotic vocal fold oscillations (Berry et al., 1994) show
that two modes are enough to capture the vibration pattern of normal phonation.
In these extensive computer simulations of a model with 414 degrees of freedom,
four dominant EOFs could still explain even more complex dynamics. Similar
results were found analyzing in vivo data. As HGG data of only the upper vo-
cal fold edge is analyzed, the first two modes found in the biomechanical model
(Berry et al., 1994) nearly correspond to the first EOF of the in vivo data. The
major limitation of in vivo data obtained with the high-speed setup is that time
series from the endoscopic view show the dynamics of mainly the upper vocal fold
edge. Therefore, all modes related to the vertical vocal fold direction cannot be
distinguished.

This work proposes a method for a systematic development of appropriate
low-dimensional biomechanical models. These models could incorporate left-right
asymmetries and anterior-posterior inhomogeneities to simulate irregular spatio-
temporal vibration patterns. Multiple trajectories of vocal fold edge points could
be reduced to a few principal vibrating modes, which could then be used in model
simulations. The number of degrees of freedom of appropriate low-dimensional
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models should correspond to the number of principal vibrating modes observed in
vivo. Here, for subject JN the measured dynamics from 21 vocal fold edge points
on each vocal fold can be reduced to the dynamics of two modes. Similarly, the
observed dynamics of 49 glottal edge points of subject WS could be compressed
into two or three modes respectively. For subject MM, a reduction of the dynamics
of 39 observed edge points to four principal modes could be obtained. Thus, models
simulating AP mode dynamics might be derived in a systematic way from high-
speed observations, where inhomogeneities of the visco-elastic properties of the
vocal folds, e.g. localized morphological changes, could be incorporated. This
hypothesis deserves further investigation.

The clinical motivation for using EOF analysis was to measure “AP modes”
known from literature and frequently observed qualitatively in clinical everyday
work (Hess et al., 1994; Tigges et al., 1999). The main impact of EOF analysis
is the measurment of the dynamics of spatial modes crucial for the description
of ap modes. Thus, empirical orthogonal analysis could reveal endoscopically in-
visible morphological and, moreover, functional changes of myoelastic properties
of the vocal folds. Moreover, it could be expected that in other cases also visi-
ble modifications such as cicatrices from operations, small polyps, nodules, cysts
or tumors may effect nodes and antinodes of surface waves in the surface tissue
of the vocal folds. Local stiffening of visible superficial vocal fold tissue or local
stiffening or atrophy of invisible deeper mucosal and muscular tissue may also con-
strain certain modes of vocal fold vibration. With EOF analysis, aerodynamical
and visco-elastical excitation mechanisms for AP modes may be examined. The
coupling of AP modes and the sub- and supraglottal tract can be studied as well.
Thus, with EOF analysis a more detailed diagnosis for pathological phonation may
be provided using the measures proposed in this study. Moreover, EOF analysis
may give hints for surgery and speech therapy. From the viewpoint of nonlin-
ear dynamics, these suggestions merit a closer analysis of models that exhibit AP
modes. Excitation mechanisms and the bifurcation structure of vocal fold mod-
els revealing spatio-temporal vibration patterns are of clinical importance for the
diagnosis of irregular phonation.

4.5 Conclusion

This study shows that spatio-temporal glottal contour patterns obtained from
high-speed observation of pathological phonation can be decomposed into modes
using EOF analysis. Therefore, laryngeal asymmetries can be quantified. Previous
methods, that analyzed time series of single vocal fold edge points (Mergell et al.,
2000), have been extended to analyze the complete vocal fold contour, i.e. the
entirety of the upper vocal fold edge points. Also the technique of multi-line
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kymography described by Tigges et al. (1999) has been extended.
A new generation mechanism for the known phenomenon of biphonation has

been found. This study has shown experimentally that so called AP modes are
excited during vocal fold oscillations, and the weights of AP modes are quantified.
Here it has been observed that AP modes oscillate independently from the basic
glottal mode. This behavior leads to biphonation. Thus, experimental evidence
is provided for the desynchronization of modes previously observed in theoretical
models (Titze et al., 1993; Berry et al., 1994; Alipour-Haghighi et al., 2000) and
in in vitro experiments, e.g., with excised larynges (Berry, 2001). Thus, the pre-
sented method of examining high-speed observations of vocal fold vibrations in
vivo complements previous findings in computer models and in vitro high-speed
studies in the laboratory. This study suggest the use of EOF analysis to system-
atically develop simple low-dimensional biomechanical models of vocal folds using
direct endoscopic high-speed observations of vocal fold oscillations in vivo.
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Chapter 5

Modeling the Dynamics of Vocal
Membranes in Bats and Primates

Vocal membranes are one widespread morphological variation of vocal
folds in nonhuman mammals. They are thin lightweight upward exten-
sions of the membranous portion of the vocal folds. In bats they produce
ultrasonic echolocation calls. In nonhuman primates vocal membranes
are responsible for the highly diverse call repertoire. In bats and pri-
mates complex vocalizations, such as subharmonic oscillations, biphona-
tion, irregular chaotic calls, register jumps, pulsed high frequency os-
cillations, and abrupt transitions between these different behaviors are
frequent. In this study a phenomenological vocal membrane model was
developed to understand the production of these complex vocalizations.
The well-known simplified two-mass model was extended by oscillating
vocal membrane plates attached to the upper edge of the vocal folds.
Linear eigenmode analysis revealed the influence of the vocal membrane
geometry on eigenfrequencies and eigenmodes. These results were in-
terpreted on the background of the theory of coupled oscillators. Para-
meter regions with frequency locking were identified. The influence of
vocal membrane geometry on phonation onset was discussed based on
the eigenmodes of the model. Hopf bifurcation analysis revealed phona-
tion onset pressure and onset frequency. Two different voice registers
were found. Overlapping register areas indicated biphonation (toroidal
oscillation) in the vocal membrane model. Numerical integration with
slowly varying model parameters supported this finding. Hopf bifurca-
tion analysis showed that vocal membrane design could minimize phona-
tion onset pressure and enlarge phonatory pressure ranges. Numerical
simulations with gliding subglottal pressure variation and varying fre-
quency tuning (related to the ratio of oscillation frequencies of vocal

94



5. Vocal Membrane Model for Bats and Primates

folds and the vocal membrane) showed voice instabilities that qualita-
tively resembled observed vocalization patterns in bats and primates.

5.1 Introduction

Sound production and speech information coding in humans have been extensively
studied in the last few decades. The principles of normal voice and speech pro-
duction have been widely understood (Titze, 1994a). Moreover, pathological voice
production has been described both qualitatively and quantitatively (Ishizaka and
Isshiki, 1976; Behrman and Baken, 1997; Giovanni et al., 1999a; Mergell et al.,
2000; Neubauer et al., 2001).

In the previous two chapters of this dissertation, two aspects of phonation
have been studied: the classification of the artistic use of the nonlinear phonatory
system and nonlinear phenomena in voice pathologies resulting in complex spatio-
temporal oscillation patterns. This chapter focuses on modeling voice instabilities
in nonhuman mammalian phonation.

Influenced and propelled by advances in human voice research, the biomechani-
cal principles of animal vocalization and communication systems have gained more
and more interest. Central to animal communication, nonhuman phonation and
sound production have been studied both experimentally and theoretically (oscine
birds: Fletcher (1988); Fee et al. (1998); Gardner et al. (2001); Laje et al. (2002);
primates and bats: Mergell et al. (1999)).

Although voice production in animals is central for animal communication,
there are very few studies on nonhuman sound production and phonation. In
nonhuman mammals, there is one widespread morphological variation of the vocal
fold anatomy – vocal membranes. Thus far, a theoretical study of the dynamics
of vocal membranes is missing. This chapter aims at a quantitative understanding
and qualitative reproduction of vocalization patterns in nonhuman mammals with
vocal membranes.

5.1.1 Significance of a biomechanical vocal membrane model

Modeling vocal membranes in nonhuman mammals bridges fields of biology, neu-
roscience and physics. It includes data fitting and addresses evolutionary and
functional questions. In general, the adaptability and robustness of a communica-
tion system should be explored. Which sounds are easy, or impossible, to produce
for nonhuman mammals? What are the costs and benefits of a given sound type in
terms of energetics, predator detection, environmental transmission, and receiver
characteristics? To date theoretical studies of the dynamics of vocal membranes are
missing. Theoretical modeling addresses questions about the evolutionary signifi-
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cance of vocal membranes in nonhuman mammals. Why do nonhuman mammals
need vocal membranes? Why did they not disappear during evolution? Is there
an advantage or a selective pressure for the conservation of vocal membranes? Re-
garding typical communication patterns in nonhuman mammals, what is the role
of vocal membranes in producing these patterns?

In this chapter basic signal production mechanisms of a simplified model for
vocal membranes are studied. This will eventually give insights into the evolution
of acoustic communication in nonhuman mammals. In this chapter a vocal mem-
brane model will be developed and analyzed. It will be shown that this model is
able to reproduce vocalization patterns, such as pulsed high frequency oscillations,
voice registers, subharmonic oscillations, biphonation and chaotic oscillations, fre-
quently found in nonhuman mammals with vocal membranes.

5.1.2 Vocal membranes in nonhuman mammalian larynges

Constrained by the functional requirements of airway protection and respiration,
the gross anatomy and physiology of the mammalian larynx shows little qualita-
tive variation from species to species (Negus, 1949; Harrison, 1995; Schön-Ybarra,
1995; Fitch and Hauser, 1995). Compared with the human larynx, there are two
main morphological changes in nonhuman mammalian larynges: air sacs and vo-
cal membranes. A description of the morphological diversity and a discussion of
functional relevance of air sacs can be found, e.g., in Negus (1949); Gautier (1971);
Fitch and Hauser (1995).

Vocal membranes (also termed “vocal lips”) are a widespread variation of vocal
fold morphology in nonhuman mammals. They are thin lightweight upward ex-
tensions of the membranous portion of the vocal folds. They consist of connective
tissue without muscle fibers. Most microchiropteran bats have vocal membranes
(see Fig. 5.1) that can be as thin as a few microns across (Suthers and Fattu,
1973; Suthers, 1988). Primates are another large mammalian group with vocal
membranes, for example, most New World (platyrrhine) monkeys, some Old World
(catarrhine) monkeys, and the apes (Griffin, 1958; Schön-Ybarra, 1995; Starck and
Schneider, 1960). Furthermore, vocal membranes are known to be present in mem-
bers of the genus Felis (smaller members of the cat family (Hast, 1971)), and in
llamas and young pigs. Upward extensions of vocal folds resembling vocal mem-
branes have been reported in dog-wolf mixes (Riede et al., 2000b), hyaenas, and
canids (Riede et al., 2000a).

5.1.3 Vocal membranes in bats

This study was motivated by anatomical and acoustical data from microchiropteran
bats. Many bats use ultrasonic echolocation (produced by vocal membranes) to
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Figure 5.1: Cross section of vocal fold with attached vocal membrane of bat Eptesi-
cus fuscus, bar equals 50 µm (from Suthers and Fattu, 1973)

detect prey and obstacles. For these tasks they use calls of fundamental frequencies
between 11 and 212 kHz (Jones, 1999).

The sound repertoire and behavioral context of echolocating bats is very well
documented. A broad database of spectrographic displays of bat vocalizations is
readily available. Although the basic mechanisms for ultrasound production are
understood (Griffin et al., 1960), a detailed modeling of sound production is still
missing.

Echolocating bats using pulsed sounds are able to change the pulse rate over
a wide range from a few Hz up to 200 Hz. During terminal feeding buzzes of
insect catching bats, the typical fundamental frequency of downward frequency
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sweeps can sharply drop accompanied by a sharp increase of repetition rate up
to 200 Hz (Britton and Jones, 1999; Schnitzler et al., 1987; Hartley et al., 1989).
It is unclear whether high pulse repetition rates are due to fast neural control
of each single pulse (discussion in Griffin et al. (1960)), or whether they are an
intrinsic dynamic feature of the primary sound production apparatus. The first
hypothesis is supported by tetanus frequency measurements in in vivo muscle
fibers (Griffin et al., 1960; Suthers and Fattu, 1973). The alternative hypothesis
could be a dynamic mechanism involving wavelike movement of the vocal folds at
low pulse frequencies that gates the high ultrasound frequency oscillation of vocal
membranes. In the latter case the observed frequency sweeps could be produced by
intrinsic dependencies of stiffness, oscillating masses, and effective vocal membrane
height on the phase of the oscillating and gating vocal folds. Unfortunately, direct
observations of pulsed echolocation calls with high speed cameras are still missing.

Echolocation, with respect to in vivo and in vitro sound production and per-
ception, has been extensively studied in several species (e.g., Erwin et al., 2001).
Many publications focus on the descriptive statistics of ultrasonic pulse emission,
center pulse frequencies, minimum and maximum frequency in frequency sweeps
and pulse rates during prey capture in bat species ranging from insect catching
bats to plant and nectar feeding bats. An extended list of topics related to this
modeling study along with a more detailed review of significant papers can be
found in Appendix B.1, page 182.

Imporant findings from these studies (Suthers and Fattu, 1973; Fattu and
Suthers, 1981; Suthers, 1988) with respect to the presented dynamical vocal mem-
brane model are summarized here. Most of the findings were obtained for the bat
species Eptesicus fuscus that uses frequency modulated (FM) echolocation calls
during prey capture and for orientation. Some observations were made on constant
frequency (CF) bats.

Vocal membranes in bats are about 6-8 µm thick, 0.5 mm high and 2 mm long.
Cuts in vocal membranes left bats aphonic and only able to produce faint clicks.
Bat larynges have unusually large cricoid and thyroid cartilages. Their cricothyroid
muscle (CTM) is greatly hypertrophied. In bats of the genus Microchiroptera,
tension of vocal membranes is controlled by the CTM. Electrical activity of the
CTM is maximal before pulsed FM vocalizations and then relaxes partially causing
the FM downward sweep. CTMs in bats have a contraction time of about 6.5 ms
and a total contraction/relaxation time of approx. 12-16 ms. When the motor
nerve of the CTM is stimulated at the fusion frequency of 220-240 Hz, the partial
relaxation of the CTM vanishes.

In FM bats, the CTM controls both glottal resistance and vocal membrane
tension. Glottal resistance corresponds to the aerodynamic pressure drop of the
glottis between the vocal folds. The CTM lengthens the vocal folds and vocal
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membranes and narrows the glottis. The thyroarytenoid muscle (vocalis muscle) is
an additional independent stiffening muscle determining vocal fold visco-elasticity.
During pulsed echolocation calls, the pulse type depends on the phase relationship
between the contraction/relaxation cycle of the CTM and phonation onset and
offset.

Typical pulsed echolocation calls in bats consist of harmonically structured
downward sweeps from 60-80 kHz to 30-40 kHz. Pulse duration varies between 1-
10 ms, whereas repetition rate can range up to 200 Hz. High sound pressure levels
of 120 dB were observed for pulsed FM calls (typical human whisper: 35 dB, human
speech: 65 dB, human shout: 90 dB). In experiments with electrically stimulated
vocalizations, “protest cries” were observed. Abrupt transitions from calls with
discrete FM components to “protest cries” with a wide frequency spectrum were
observed. Much of the broadband frequency spectra of such calls lie in the audible
range.

Subglottal pressure during pulsed echolocation calls is about 25-40 cmH2O,
peak pressure values reach 60-70 cmH2O (human conversation 8 cmH2O, human
shouting: 20-30 cmH2O). Maximal subglottal pressure is limited by the blood
pressure in the lung capillaries, about 43 cmH2O at rest. This is thought to be
increased during flight.

Denervation experiments of the intrinisc laryngeal muscles revealed their role in
pulsed echolocation calls. The two different branches of the vagus nerve were tran-
sected independently: the superior laryngeal nerve which innervates the cricothy-
roid muscle, and the recurrent laryngeal nerve that innervates all intrinsic muscles
except the CTM.

After transection of the recurrent nerve, bats still produce pulsed FM calls.
Due to the induced timing problem of the glottal gate, abnormally rising FM
pulses were observed. Longer groups of pulses changed to long vocalizations with
sinusoidally varying fundamental frequency after transection.

In denervating the cricothyroid muscle, the fundamental frequency of pulsed
calls is reduced into the audible range. Thus the frequency modulation of pulsed
calls vanishes and pulse series consist of roughly constant frequency pulses at a
low fundamental frequency (about 8 kHz). Pulsed calls are still observed; however
the pulse duration becomes more variable. In CF bats the effects of CTM tran-
section are similar. Fundamental frequencies of CF calls were lowered from about
83 kHz to approx. 12-42 kHz and more variable from pulse to pulse. Doppler shift
compensation disappeared after CTM denervation.

5.1.4 Vocal membranes in squirrel monkeys

In this study, anatomical, neurophysiological and acoustical data from squirrel
monkeys (Saimiri sciureus), a small New World primate, are used (see Fig. 5.2).
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Vocal fold Vocal membrane
Figure 5.2: Schematic drawing of squirrel monkey larynx (Saimiri sciureus) show-
ing vocal folds with vocal membranes (after Starck and Schneider (1960))

Of all primates, vocal behaviors of squirrel monkeys have been studied most in-
tensively (Newman, 1985). Investigations of the sound repertoire and production
mechanisms include field studies (Winter, 1972; Newman et al., 1983; Boinski and
Mitchell, 1995), laboratory experiments (Winter et al., 1966; Winter, 1969; Schott,
1975; Smith et al., 1982; Häusler, 2000), brain mapping of vocal control centers
(Jürgens et al., 1967; Jürgens, 1976a,b, 1988, 1998; Jürgens and Zwirner, 2000),
and brain and nerve lesion experiments (Jürgens et al., 1978; Thoms and Jürgens,
1981; Kirzinger and Jürgens, 1985).

The sound repertoire of squirrel monkeys is well documented (e.g., Fig. 5.3),
and neural control mechanisms of vocalizations are well known, e.g., in terms of sin-
gle motor neuron activity. The question on the production mechanism integrating
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these experimental observations is still to be answered. Due to the strong con-
servation of the mammalian phonatory system during evolution, the principles of
human voice production may serve as model paradigms for nonhuman mammalian
sound production. However, questions on the biomechanics of vocal membranes
and their dynamic behavior remain. This study was inspired by a few experimental
papers trying to unveil the dynamic significance of vocal membrane in primates.
The literature review of these papers can be found in Appendix B.2, page 187.

These studies show that, in general, the vocalization repertoire of squirrel mon-
keys is highly diverse. On the one hand, it shows a wide range of fundamental
frequencies ranging from about 40 Hz up to 16 kHz. On the other hand, there is
a large variety of signal complexity from harmonically structured calls to broad-
band irregular calls (see Fig. 5.3). In particular, the repertoire includes pulsed
(purring-like) sounds to high pitched (peep-like) sounds. Squirrel monkey vocal-
izations contain harmonically structured as well as noisy calls, constant-frequency
and frequency-modulated calls, calls with a rather constant amplitude course, calls
with marked amplitude modulations, and single syllable calls as well as calls con-
sisting of rhythmic repetitions of specific elements. The important observation
is the ability of the aerodynamical-biomechanical system of squirrel monkeys to
produce all these patterns within one larynx.

Further details from a few prominent papers (Jürgens et al., 1978; Brown and
Cannito, 1995; Brown et al., 2003) relevant for the presented vocal membrane
model are summarized here. Transection experiments of intrinsic laryngeal mus-
cles in squirrel monkeys revealed their role in low and high frequency calls. When
cutting the recurrent laryngeal nerve, low frequency calls were more effected than
high frequency calls. Rhythmical pulse/click series at low pulse rates became ary-
thmical. In broadband calls the width of the main spectral energy band decreased
or the calls changed to contain harmonic components. Low frequency harmonic
calls were superimposed with a broadband spectral component.

Transection of the superior laryngeal nerve (innervating the cricothyroid mus-
cle) left calls with low frequency components uneffected. During shrieking (see
Fig. 5.3) faint harmonic-like spectral structures were superimposed on the broad-
band spectrum. This effect was more prominent during soft shrieks. In calls of a
high pitched constant frequency the fundamental frequency decreased and the fre-
quency modulation disappeared. Thus, the CTM is thought to be a major factor
in stiffening the vocal membranes. The remaining intrinsic muscles are responsible
for pulse production and low frequency calls.

In vivo and in vitro studies differentiate vocalization patterns. Two phona-
tory registers were identified: A modal (chest) register, due to vocal fold and
vocal membrane oscillations, is typical at fundamental frequencies of about 600-
1400 Hz. A falsetto (loft) register between 1100 and 4800 Hz is generated by vocal
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Figure 5.3: Overview of vocalization repertoire of squirrel monkey Saimiri sciureus,
grouped into “Peep calls”, “Twit calls”, “Ha calls”, “Arr calls”, “Shriek calls”, and
“Combined calls” (Winter et al., 1966)

102



5. Vocal Membrane Model for Bats and Primates

membrane oscillations only. Calls with multiple fundamental frequencies resem-
bling biphonation in human phonation were also found. As is typical for coupled
oscillators of this “polyphonic source”, frequency locking and toroidal oscillations
with different time courses of different frequency components were observed. In
this biphonic regime the vocal membranes and the vocal folds are thought to oscil-
late in different synchronization modes. In vitro experiments with excised larynges
showed sustained series of pulsed high frequency oscillations with pulse rates of
8-20 Hz. Furthermore, abrupt transitions between harmonic calls and broadband,
irregular phonation, and abrupt jumps between the modal and the falsetto regis-
ter were observed. The phonatory pressure range could be estimated ranging from
approx. 5-8 cmH2O at onset to about 40 cmH2O. Hysteresis at onset indicated
that phonation is induced by a subcritical Hopf bifurcation from the prephonatory
fixed point.

5.1.5 In vivo video imaging of oscillating vocal membranes

In recent years, high speed cameras have been used to directly observe vibration
patterns of vocal folds in humans (e.g., Farnsworth, 1940; Moore et al., 1962;
Kiritani et al., 1993; Berry et al., 2001; Eysholdt et al., 1996). In a previous study,
high speed video has been used to observe laryngeal oscillations in squirrel monkeys
during brainstem stimulated vocalizations (Fig. 5.4) (Fitch et al., 2001).

Direct evidence could be found for vocal membrane oscillations during high
frequency oscillations with fundamental frequencies ranging from 3 to 6 kHz (see
Fig.5.5). Anterior-posterior rocking of the arytenoid cartilages was observed to
produce frequency-modulated calls with a modulation frequency of about 15 Hz,
such as in twit calls. Details of the temporal behavior of the twit call (e.g., upward
or downward pitch movement) depended on the phase relationship between ary-
tenoid rocking and the expiratory cycle. Spectrographs of synchronized acoustical
data of brainstem stimulated vocalizations revealed complex temporal and spec-
tral patterns such as abrupt transitions between different oscillatory behaviors and
broadband noiselike vibrations (see Figs 5.6).

Due to the low frame rate of the video system, time resolved observations of high
frequency oscillations were not possible. Only blurring of high speed video frames
could be observed along the glottal midline. This corresponded to blurring of high
speed kymograms associated with high frequency phonations (see Fig. 5.5). These
recordings imply that tissue oscillations, rather than aeroacoustical whistles, are
the primary source for high pitched calls. The dynamical vocal membrane model
presented below is based on this conclusion from the high speed video data.
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Figure 5.4: Experimental setup for brainstem stimulated squirrel monkey phona-
tion: Vocalizations were elicited by neural stimuli of phonatory motor regions.
With a flexible angioscope, the vocal folds were observed and recorded with a
digital high speed camera. Frame rates of a high speed imaging system of up to
2000 Hz could be used with the available light system. (Fitch et al., 2001)
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Figure 5.5: Comparison of high speed kymogram (time-space plot for single lateral
line across squirrel monkey glottis) with acoustical spectrogram (time-frequency
plot) revealing tissue vibrations during high frequency phonation instances and
arytenoid rocking modulating the lateral width of the larynx (vocal folds, ventric-
ular folds) thus modulating the fundamental frequency: Segment A: prephonatory
closing; Segment B: Arytenoid rocking modulating with of larynx corresponds to
frequency modulations in spectrogram; Segment C: After opening of glottis short
instances of very high frequency phonation, where the limited temporal resolu-
tion of the high speed video camera results in blurred instances in the high speed
kymograms. (Fitch et al., 2001)
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Figure 5.6: Brainstem stimulated vocalizations of a squirrel monkey: rapid transi-
tions from harmonically structured high frequency call segments either to broad-
band noiselike behavior or to low frequency harmonic call segments (pitch jump,
register jump)
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5.1.6 Biomechanical model with rigid reed-like vocal mem-
branes

In a previous study vocal membranes in nonhuman larynges have been modeled by
a simplified two-mass model (Steinecke and Herzel, 1995) with upward extensions
of rigid massless reeds (Mergell et al., 1999). Using a standard parameter set
developed and extensively tested for human larynges, three hypotheses have been
addressed:

First, the authors found an optimal membrane geometry where the onset pres-
sure could be minimized (“increased efficiency hypothesis”). Second, for a given
subglottal pressure range, the range of oscillation frequencies was significantly en-
larged (“increased pitch range hypothesis”). Third, the modified model appeared
more susceptible to instabilities that changed the dynamic behavior from simple
limit cycle oscillations to a cascade of bifurcations leading to subharmonic oscilla-
tions (“chaos hypothesis”). When a large asymmetry between left and right vocal
fold (asymmetry factor of upper masses and stiffnesses q2 = 0.2) was introduced in
the original two-mass model, simulations with a gradual increase and decrease of
subglottal pressure (ranging between 8 and 40 cmH2O) resulted in only a gradual
increase and decrease of fundamental frequency of harmonically structured oscil-
lations. In contrast, simulations of the asymmetrical model with rigid reed-like
vocal membranes (having the same asymmetry between left and right vocal fold)
showed a cascade of bifurcations to subharmonic oscillations for a gradual increase
of subglottal pressure.

5.1.7 Dynamical vocal membrane model

In this chapter a vocal membrane model with dynamic vocal membrane plates will
be developed and analyzed. The simplified two-mass model (Steinecke and Herzel,
1995) will be extended by a third mass-spring oscillator attached to the upper
edge of the vocal fold. This oscillator resembles the vocal membranes in bats and
primates. It is simplified as a rigid plate attached to the superior medial edge of
the vocal folds. The connecting hinge incorporates visco-elastic restoring forces.
The oscillation frequency of the vocal membrane oscillator is assumed to be orders
of magnitudes higher than the typical modal frequencies of the vocal folds.

Observations on the dynamic properties of vocal membranes in bats and pri-
mates in vivo and in vitro will be explained qualitatively by the vocal membrane
model. The effects of vocal membranes on in vacuo eigenfrequencies and eigen-
modes will be studied with linear eigenmode analysis. Phonation onset will be
analyzed by Hopf bifurcation analysis. The vocal membrane configuration (mem-
brane mass, height, initial inclination angle) can be optimized to minimize phona-
tion onset pressure and enlarge the phonatory pressure range. In particular, Hopf
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bifurcation analysis will reveal the existence of a wide pitch range at phonation
onset. It will be shown that a low and a high frequency register exist for the
vocal membrane model. Hopf bifurcation analysis will also reveal biphonation in
the model. Numerical simulations will show pulsed high frequency oscillations
and complex vocalizations with abrupt transitions between different vibratory be-
havior. Subharmonic oscillations, biphonation, irregular chaotic oscillations and
register jumps will be observed in simulations with slowly varying model parame-
ters.

In summary, adding a third oscillator to a simple model for the dynamics of
vocal folds, a “nonlinear fit” of vocalization patterns in bats and primates can be
achieved. The sound repertoire of bats and primates can be understood qualita-
tively with a simple low-dimensional model with a small number of parameters.
The adaptability of vocal membrane systems in terms of low onset pressure and
large phonatory pressure range can be understood even quantitatively.

5.2 Materials and Methods

5.2.1 Phenomenological model of vocal membrane systems

A phenomenological modeling approach was used to study the whole class of non-
human larynges with vocal membranes. Although this model lacked a complete
microscopic description of anatomical and physiological details of nonhuman la-
rynges, it did reveal basic dynamic behaviors. As in prior studies on nonhuman
sound production (on oscine birds (Fletcher, 1988; Fee et al., 1998; Gardner et al.,
2001; Laje et al., 2002; Laje and Mindlin, 2002) and on primates and bats (Mergell
et al., 1999)), a simple dynamical model was used to mimic vocalization patterns.
The phenomenological approach could be regarded as a “nonlinear curve fit”.

The development procedure for such a phenomenological model could be di-
vided up into the following steps:

1. Acoustical data from nonhuman mammals, particularly from squirrel mon-
keys and bats, were collected and classified to estimate the diversity of nonhu-
man vocalization repertoires. For signal classification, nonlinear time series
analysis was used to identify different dynamic states of the phonatory system
and transitions between them. In particular, acoustical data were collected
to show the variety of the sound repertoire especially of squirrel monkeys
(shown in Fig. 5.3). As shown in Fig. 5.6, the sound repertoire contained
rapid transitions between dynamically different states such as limit cycles,
subharmonic oscillations, and chaos.

2. Anatomical data from published literature (see, e.g., Fig. 5.1) and morpho-
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logical descriptions (e.g., Fig. 5.2) of vocal folds and vocal membranes, in
particular of squirrel monkeys, were reviewed and used as a guideline for a
schematic qualitative description of the class of vocal membranes in nonhu-
man mammals (such as in Fig. 5.7).

3. Literature on neural control of phonatory states and transitions between
them was reviewed to differentiate between neuraly controlled vocal fold
behavior and inherent dynamic properties of the myoelastic aerodynamic
phonatory system. These data suggested that the phonatory system in non-
human mammals could be regarded as a biomechanical-aerodynamical sys-
tem. (Neural control altered the configuration of the nonhuman phonatory
system on a time scale that is slower than the dynamical time scale of phona-
tion.) As discussed before, studies on the pulse repetition rate of bats by
Griffin et al. (1960) and Suthers and Fattu (1973) failed to uniquely deter-
mine the mechanism of high pulse repetition rates of up to 200 Hz. It remains
an open question whether the response time of intrinsic muscles to neural
stimuli can be fast enough to actively produce a high pulse repetition rate.

4. In the literature the dynamic relevance of vocal membranes was shown in
different ways. Indirect methods such as laryngographic waveform measure-
ments and aeroacoustical methods have been used (Brown and Cannito, 1995;
Brown et al., 2003). Recently, Fitch et al. (2001) succeeded in directly visu-
alizing oscillating vocal folds and vocal membranes in vivo in squirrel mon-
keys with a high speed video system. Due to limitations of the high speed
video system, no time-resolved observations of the oscillating vocal mem-
brane could be made. Nonetheless the observations were sufficient to verify
tissue vibrations of the vocal membranes in squirrel monkeys.

5. Following the hypothesis of previous experimental work (Brown and Can-
nito, 1995; Brown et al., 2003), the model for vocal membranes consisted of
two interacting and tunable oscillators. While one oscillator mimicked low
frequency oscillations, the other mimics high frequency oscillations. Both os-
cillators were driven by an airstream provided by lung pressure. A simplified
aerodynamic description of the driving airstream coupled left and right side
of the bilateral vocal fold and membrane model in a nonlinear way.

6. For model parameter estimation and model evaluation, only robustly mea-
surable data from in vivo experiments and observations were used. This in-
cluded data on fundamental frequencies, physiological driving pressure ranges
and observed dynamic patterns.
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Figure 5.7: Schematic drawing of nonhuman mammalian larynx as viewed through
the thyroid cartilage in the front of the larynx. The thyroid cartilage, positioned on
the cricoid cartilage, can rotate about a pivot with the cricoid cartilage. Intrinsic
muscles, such as the “vocalis muscle”, the thyro-arytenoid (TA), and the crico-
thyroid muscle (CT) determine the geometrical configuration of the larynx. The
vocal folds consist of the vocalis muscle and its membranous cover. The vocal
membranes are membranous extensions of the cover tissue into the vocal ventricle.
Air from the lungs flowing from the trachea passes the glottis formed by the vocal
folds and the vocal membrane. During oscillation, air flow pulses (acoustical waves
combined with mean flow) are fed upstream into the trachea and downstream into
the ventricle, the pharynx and the upper vocal tract. (from Mergell et al. (1999))
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5.2.2 Description of vocal membrane model

Ishizaka and Flanagan (1972) first came up with a biomechanical model for human
speech production. This model incorporated the dynamics of the vocal folds and
the acoustical filtering of air pulses by the vocal tract. The vocal folds were
represented by a damped mass-spring system. The two rectangular-shaped masses
on both sides of the bilateral glottis formed a steplike glottal valve. Steinecke and
Herzel (1995) modified this original two-mass model to focus on basic dynamic
features of the model larynx. Thus vocal tract resonances, viscous losses in the
driving airstream and nonlinear restoring forces were neglected.

In a continuum model of the vocal folds, Berry et al. (1994) observed that for
normal, regular vocal fold vibrations, two vibrational modes dominated the overall
observed variance of excited modes of vibration. These modes were characterized
by horizontal (medial) in-phase and out-of-phase oscillations of vocal fold edge
points along the vertical medial surface respectively. In the two-mass models, these
two modes were mimicked by two box-shaped, horizontally vibrating masses. This
neglected modes along the anterior-posterior and inferior-superior direction of the
vocal fold surface.

Recent studies showed that the quasi-steady approximation of the flow through
the oscillating glottal orifice is valid for most parts of the glottal cycle (Mongeau
et al., 1997; Zhang et al., 2002b). The aerodynamic part of the simplified two-mass
model was based on this quasi-steady approximation. The driving aerodynamic
force was modeled as the aerodynamic pressure produced by the laminar, invis-
cid and incompressible air flow through the model glottis. This potential flow
did not generate self-sustained oscillations of the simplified two-mass model. The
further assumption of a jet shedding at the narrowest constriction within the glot-
tis resolved this problem. Jet separation is an inherently viscous and turbulent
phenomenon where viscous effects detach the fluid flow from the glottal walls.
Details on the shedded vortex structures and on the mixing layer around the jet
were neglected in the two-mass model. Fluid flow in the jet downstream of the jet
separation point was assumed to be laminar whereas outside of the jet the air is
approximated as being at rest.

Here, the studied vocal membrane model was based on the simplified two-mass
model. It extended a previous model with massless and rigid reed-like plates as
vocal membranes (Mergell et al., 1999). In the vocal membrane model described
below, the reed-like plates were assumed to be a third damped mass-spring system
that oscillated on top of the simplified two-mass model. For the sake of simplicity,
the vocal membrane model was left-right symmetric, and collision forces during
contact of left and right vocal membranes were neglected.
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Figure 5.8: Sketch of mechanical model for vocal membrane simulations: Vocal
folds are represented by box-like masses (m1, m2) with elastic (k1, k2, kc) and
viscous (r1, r2) mechanical restoring forces. Vocal membranes are modeled by
reed-like plates (with line mass density m3/d3) that oscillate about a pivot on top
of the upper vocal fold mass. The pivot incorporates elastic (linear elastic force k3θ
for excursions θ from the resting position θ0) and viscous (r3) mechanical restoring
forces. The driving air flow, from the trachea upstream of the vocal membrane
model to the vocal tract downstream of the model masses and plates, can induce
self-sustained oscillations of the model.

5.2.3 Vocal membrane model equations

System of coupled harmonic oscillators

The derivation of the equations of motion follows the sketch of the mechanical
model for nonhuman mammalian vocal membrane systems. Details of the deriva-
tion of the model equations from Newton’s laws can be found in Appendix C.1,
page 193.

The dynamics of the model masses was described by a system of coupled har-
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monic oscillators. The lower masses (vocal fold) were coupled with each other
only by linear elastic restoring forces. Due to the rigid connection of the upper
mass and the vocal membrane plate, the upper subsystem contained both dynamic
coupling (due to conservation of linear momentum and angular momentum) and
aerodynamic coupling (due to forces from the air flow acting on the vocal mem-
brane).

Left and right model masses interacted due to the airstream through the glottal
channel and restoring forces during vocal fold contact. The equations of motion
are given for one side of the model only as the model is assumed to be left-right
symmetric.

The dynamics for the lower mass m1 of one vocal fold could be written as:

m1ẍ1 + r1ẋ1 + k1x1 + kc (x1 − x2) = ld1p1 + H(−a1)c1
|a1|
2l

(5.1)

with ẋ = d
dt

x and the Heaviside function H(a). The length of the vocal folds was
given by l, the height of the lower masses was d1. The cross-sectional area of the
glottal channel between the lower masses was a1 = 2l(x1 +x01). The aerodynamic
pressure p1 acted on the walls of the lower glottal channel. During contact of the
lower masses, the model masses overlapped. The additional restoring force during
contact was proportional to the overlap length |a1|

2l
. Thus, after collision, the elastic

restoring force −k1|x1|, (x1 < 0) became −k1|x1| − c1
|a1|
2l

which corresponded to
an abrupt change of the stiffness constant k1.

The equation of motion for the upper masses m2–m3 of one vocal fold were
given by:

(m2 + m3) ẍ2 + r2ẋ2 + k2x2 + kc (x2 − x1)−

−1

2
m3d3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
= ld2p2 + l

d3 cos(θa)∫
0

p(y)dy + H(−a2)c2
|a2|
2l

(5.2)

The height of the upper mass m2 was d2; the height of the vocal membrane plate
was d3. θa was the absolute vocal membrane angle, as given below. The aero-
dynamic pressures p2 and p(y) acted on the walls of the uniform upper glottal
channel and on the reed-like vocal membranes respectively. Due to the rigid con-
nection between upper mass m2 and the vocal membrane plate m3, the dynamic

coupling term −1
2
m3d3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
appeared. The first part θ̈ cos(θa)

was due to conservation of linear momentum in the upper subsystem, the second
part θ̇2 sin(θa) described the centrifugal force of the rotating vocal membrane on
the upper mass.
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The dynamics for the vocal membranes could be derived as:

m3
d2

3

3
θ̈ + r3θ̇ + k3θ−

−1

2
m3d3ẍ2 cos(θa) = −l

1

cos2(θa)

d3 cos(θa)∫
0

yp(y)dy (5.3)

where the absolute vocal membrane angle was given by:

θa(t) = θ0 + θ(t) (5.4)

The expression m3
d2
3

3
was the moment of inertia of the vocal membrane plate

with constant line mass density m3/d3 with respect to the given pivot point (see
Fig. 5.8). The dynamic coupling −1

2
m3d3ẍ2 cos(θa) was due to the conservation

of angular momentum in the rigidly coupled upper subsystem. The aerodynamic
pressure p(y) on the vocal membrane walls resulted in a torque on the vocal mem-
brane.

dynamic coupling of vocal membrane to vocal fold

The coupling terms between the vocal membrane m3 and the upper mass m2 of
the two-mass system are briefly discussed. Setting the driving pressures to zero,
neglecting contact between left and right model masses, and setting the upper
masses and the vocal membranes at rest at their resting positions x02 and θ0,

ẋ2 = x2 = x1 = pi = p(y) = θ̇ = θ = 0 , (5.5)

then the equations of motion for the upper subsystem were given by:

1. (m2 + m3) ẍ2 = 1
2
m3d3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
: Here the upper mass was

accelerated in the positive direction due to an acceleration θ̈ of the vocal
membrane, a consequence of the conservation of linear momentum. For finite
angular velocity θ̇, the upper mass was accelerated in the negative direction
due to the centrifugal force of the vocal membrane acting on m2. Both
contributions depended nonlinearly on the absolute angle θa = θ0 + θ(t) of
the vocal membrane.

2. m3
d2
3

3
θ̈ = 1

2
m3d3ẍ2 cos(θa): Due to the conservation of angular momentum,

the vocal membrane was accelerated in the positive direction by a positive
acceleration ẍ2 of the upper mass.
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Aerodynamic driving forces and torques

The vocal membrane model was driven by the aerodynamic pressure from the air
flow acting on the walls of the glottal channel. Using Bernoulli’s equation, valid
along a streamline in the open glottis, the pressures of the quasi-steady, laminar,
inviscid and incompressible flow could be derived. A jet was assumed to separate
from the glottal walls at the narrowest point in the glottis. Downstream of the jet
separation point the air outside of the jet was assumed to be stagnant, whereas
the flow inside the jet was assumed to be laminar. Turbulence effects, such as
mixing layers and vortex shedding, were neglected. Details on the derivation could
be found in Appendix C.2, page 198.

The driving pressure p1 on the massless plate connected to the lower mass m1

could be written as:

p1 = ps

(
1−

(
amin H(amin)

a1

)2
)

H(a1) (5.6)

The Heaviside functions H(a) assured the open glottis condition for Bernoulli’s
equation while the glottal area a1 = 2l(x1 + x01) and the minimum glottal area
amin could become negative.

The aerodynamic pressure p2 on the massless plate connected to the upper
mass m2 read:

p2 = ps

(
1−

(
amin H(amin)

a2

)2
)

H(a1) H(a2) H(a1 − avm) H(a2 − avm) (5.7)

The Heaviside functions H(a) provided the case differentiations with respect to the
glottal areas a1, a2 = 2l(x2 + x02) and the area at the tip of the vocal membranes
avm.

The pressure distribution along the vocal membranes m3 was given by:

p(y) = ps

(
1−

(
amin H(amin)

a3(y)

)2
)

H(a1) H(a2) H(a1 − avm) H(a2 − avm) (5.8)

The area function a3(y) for the glottal channel formed by the vocal membranes
could be written as:

a3(y) = a2 − 2l tan(θa) y, y ∈ [0, d3 cos(θa)] (5.9)

The area at the tip of vocal membranes was given by:

avm = a3 (y = d3 cos(θa)) = a2 − 2ld3 sin(θa) (5.10)
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Figure 5.9: Aerodynamic accelerations for different glottal configurations. Vocal
membrane parameters were set at m3 = 0.25 and d3 = 0.05, otherwise standard
parameter values were used.

116



5. Vocal Membrane Model for Bats and Primates

Thus, the minimum glottal area could be calculated as:

amin = min(a1, a2, avm) (5.11)

Details on the evaluation of the integrals for the aerodynamic force and torque
contributions can be found in Appendix C.2, page 198. Here the forces and torque
were visualized for different glottal configurations. The forces and torque were
scaled by the associated masses and moments of inertia. Therefore, the following
linear and angular accelerations were plotted:

aairflow
1 =

ld1p1

m1

(5.12)

aairflow
23 =

1

m2 + m3

ld2p2 + l

d3 cos(θa)∫
0

p(y)dy

 (5.13)

αairflow =
3

m3d2
3

−l
1

cos2(θa)

d3 cos(θa)∫
0

yp(y)dy

 (5.14)

where aairflow
1 denoted the acceleration of the lower mass m1, and aairflow

23 described
the acceleration of the upper mass–vocal membrane system m2–m3. The angular
acceleration of the vocal membrane was αairflow.

In Fig. 5.9 the aerodynamic accelerations aairflow
1 , aairflow

23 and αairflow for differ-
ent glottal configurations are shown. For these plots, the chosen parameter values
were m3 = 0.25, d3 = 0.05. All other parameters were set to their standard values
(Table 5.1 on page 122).

1. In the case of a divergent glottis, i.e. divergent vocal folds (e.g., here: a1 =
0.025, a2 = 0.05), all aerodynamic forces vanished until the vocal membrane
area avm(θa) was the minimum area at θa > 0. Then, there was a smooth
increase of the force on the lower masses. The forces and torques on the upper
masses and the vocal membranes jumped abruptly to finite values. When
the vocal membrane area was zero, the full subglottal pressure ps acted on
the lower masses. Due to decreasing effective vocal membrane height deff

3

after vocal membrane contact, the forces and (absolute) torques on the upper
masses and the vocal membranes decreased gradually.

2. For a parallel glottis (here, e.g., a1 = a2 = 0.05), all aerodynamic forces
smoothly increased for θa ≥ 0.
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Figure 5.10: Aerodynamic accelerations for different vocal membrane heights. Vo-
cal folds were chosen parallel: a1 = a2 = 0.05. Vocal membrane parameters were
set at m3 = 0.25 and d3 = 0.05, otherwise standard parameter values were used.
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3. When the glottis was convergent, i.e. the vocal folds were convergent (e.g.,
here: a1 = 0.10, a2 = 0.05), the aerodynamic pressure on the lower masses
was finite for negative vocal membrane angles θa < 0. All other forces and
torques on the upper masses and the vocal membranes were zero until the
vocal membrane tip area avm(θa) became the minimum area in the glottis.

Fig. 5.10 shows the influence of the vocal membrane height on the aerodynamic
accelerations. The glottis was chosen parallel: a1 = a2 = 0.05. The vocal mem-
brane mass was m3 = 0.025, all remaining parameters were set to their standard
values (see Table 5.1 on page 122). If the vocal membranes were short enough not
to be able to close the glottal channel completely (here: d3 = 0.01), the aerody-
namic forces and torques changed smoothly with varying vocal membrane angle θa.
For increasing vocal membrane height the increases of the forces and torques on
the upper masses and the vocal membranes for θa > 0 became steeper and steeper.
The height d3 had no effect on the driving force for the lower masses m1. For very
long vocal membranes (here, e.g., d3 = 0.80) the aerodynamic acceleration of the
upper mass m2 could become arbitrarily large, even larger than the acceleration
of the lower mass m1.

5.2.4 Biologically relevant control parameters

For the analysis of the vocal membrane model a biologically interesting subspace of
the parameter space had to be chosen. This choice was guided by scaling the model
dynamics and identifying biologically relevant control parameters. The equations
of motion for the vocal membrane model were scaled with respect to the accelerated
masses.

The dynamics for the lower mass m1 could be written as:

ẍ1 +
r1

m1

ẋ1 +
k1

m1

x1 +
kc

m1

(x1 − x2) = ld1
p1

m1

+ H(−a1)
c1

m1

|a1|
2l

(5.15)

Scaling by the sum of the masses of the upper subsystem, m2 + m3, the equation
of motion for the upper masses m2–m3 read:

ẍ2 +
r2

m2(1 + m3

m2
)
ẋ2 +

k2

m2(1 + m3

m2
)
x2 +

kc

m2(1 + m3

m2
)
(x2 − x1)−

−1

2

d3

1 + m2

m3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
=

ld2
p2

m2(1 + m3

m2
)

+ l
1

m2(1 + m3

m2
)

d3 cos(θa)∫
0

p(y)dy + H(−a2)
c2

m2(1 + m3

m2
)

|a2|
2l

(5.16)
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The dynamics of the vocal membrane could be scaled by the moment of inertia of
the vocal membrane plate, m3d

2
3/3:

θ̈ +
3r3

m3d2
3

θ̇ +
3k3

m3d2
3

θ−

−3

2

1

d3

ẍ2 cos(θa) = −l
3

m3d2
3

1

cos2(θa)

d3 cos(θa)∫
0

yp(y)dy (5.17)

Thus, the following biologically relevant control parameters could be intro-
duced:

• Frequency tuning q for the lower two masses: ωi = q
√

ki

mi
, i = 1, 2

• Angular frequency of the vocal membranes: ω2
3 = 3k3

m3d2
3

• Mass ratio of the upper mass m2 and the vocal membrane mass m3: qm = m2

m3

• Geometry parameters: vocal membrane height d3, resting angle θ0

All remaining parameters were adopted from the simplified two-mass model
(Steinecke and Herzel, 1995) for comparability. The parameters for the simpified
model have been chosen to fit the dynamics to observed time series obtained from
human phonation.

It should be noted that for fixed mass ratio qm and for scaled lower and upper
masses mscaled

i (q) = mi/q, i = 1, 2 the vocal membrane mass depended on the
frequency tuning: m3 = m2/(qm q). If the angular frequency ω3 of the vocal
membranes was fixed, the stiffness constant of the vocal membrane was scaled
with q: k3 = 1

3
m3d

2
3ω

2
3.

Mass ratio limits qm → 0 and qm →∞

Two limit cases for the mass ratio qm are discussed in the following. It will be
shown that qm could be interpreted as a coupling parameter between the two-mass
subsystem m1–m2 (representing the vocal folds) and the vocal membrane m3.

For qm → ∞, i.e. m2 � m3 > 0 the two-mass subsystem was coupled to the
vocal membranes only by Bernoulli forces. This forces acted on the nearly massless
reed-like vocal membranes on top of the upper mass m2. In the equation of motion
for m2 the influence of the dynamic coupling term θ̈ cos(θa) − θ̇2 sin(θa) vanished
as qm →∞; whereas the denominator approached m2(1 + 1

qm
) → m2. In this case

the previous model with rigid massless reed-like plates by Mergell et al. (1999) was
recovered.
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For qm → 0, i.e. 0 < m2 � m3, the equation for the upper mass m2 could be
written as:

1

m3(1 + qm)
=

qm

m2(1 + qm)
→ 0 for qm → 0 (5.18)

⇒ ẍ2 =
1

2
d3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
(5.19)

In this case the dynamics of the upper mass m2 was entirely determined by the
dynamics of the vocal membrane m3. The vocal membrane interacted with the
upper mass due to θ̈ cos(θa) (the expression for conservation of momentum) and
the centrifugal force −θ̇2 sin(θa). The dynamics of the vocal membrane became:(

1− 3

4
cos2(θa)

)
θ̈ +

(
3r3

m3d2
3

+
3

4
sin(θa) cos(θa)θ̇

)
θ̇ +

3k3

m3d2
3

θ =

−l
3

m3d2
3

1

cos2(θa)

d3 cos(θa)∫
0

yp(y)dy (5.20)

Thus, for negative angular velocities, θ̇(t) < 0, during opening of the vocal mem-
branes, the effective damping reff

3 of the vocal membrane was reduced.

reff
3 =

(
3r3

m3d2
3

+
3

4
sin(θa) cos(θa)θ̇

)
(5.21)

Note that reff
3 could even become negative. If the damping was negative, the

subsystem upper mass–vocal membrane could exhibit limit cycle oscillations. Fur-
thermore, when the vocal membranes moved outside the driving airstream (θa(t) =
θ0 + θ(t) < 0), the effective damping was reduced to possibly negative values.

5.2.5 Numerical analysis of the vocal membrane model

The set of differential equations of second order for the coupled harmonic oscillators
of the vocal membrane model could be transformed to a set of first-order differential
equations. A set of new variables was introduced to rewrite the vocal membrane
equations as a set of inhomogenous first order differential equations with nonlinear
coupling:

v1 := ẋ1, v2 := ẋ2, ω := θ̇ (5.22)

This set of first-order equations was integrated numerically. Bifurcation analysis
was performed with the software tool XPP/XPPAUT which includes the bifurca-
tion analysis tool AUTO.

The set of standard parameters was adopted from the simplified two-mass
model developed for normal human male phonation (Steinecke and Herzel, 1995).
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m1 m2 qm k1 k2 f3 kc r1 r2 R3 l
0.125 0.025 10.0 0.08 0.008 1.0 0.025 0.02 0.02 1.0 1.4

c1 c2 a01 a02 θ0 d1 d2 d3 ρ ps

3k1 3k2 0.05 0.05 1.0 0.25 0.05 0.05 0.00113 0.008

Table 5.1: Set of standard parameters for the vocal membrane model adopted from
the set of standard parameters for the simplified two-mass model for normal male
human phonation (in the unit system cm, ms, g, degree)

Additionally, standard parameters for the vocal membrane plate were added. The
vocal membrane height d3 and the resting angle θ0 were chosen to be comparable
with values used by Mergell et al. (1999). There d3 = 0.1 cm and θ0 = 1.8 degrees
were found to be optimal for minimum onset pressure. Using the biologically rel-
evant control parameters described above, the complete set of parameters is given
in Table 5.1.

In Table 5.1, the resting areas for the masses m1 and m2 were defined as:

a01 = a01l + a01r (5.23)

a02 = a02l + a02r (5.24)

The mass m3 of the vocal membrane was given in terms of the mass ratio qm:

m3 =
m2

qm

(5.25)

The damping constant r3 was given by:

r3 = R3
1

3
m3 d2

3 (5.26)

The damping constant could be compared to the critical damping known from lin-
ear damped harmonic oscillators. Here the critical damping of the vocal membrane
without driving forces and without coupling to the upper mass m2 was given by:

rcrit
3 = 2

√
1

3
k3m3d2

3 (5.27)

Combined with the angular frequency of the vocal membrane plate,

ω2
3 =

3k3

m3d2
3

= (2 π f3)
2 , (5.28)
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(where the stiffness constant k3 is related to the frequency f3), then the damping
ratio ζ3 = r3/r

crit
3 could be written as:

ζ3 =
R3

2ω3

(5.29)

For the standard parameters of the vocal membrane model, the damping ratio
ζ3 ≈ 0.08 ≤ 1 indicated subcritical damping of the vocal membrane plate. This was
consistent with damping ratios found in rheometrical stress-strain measurements
of human vocal fold tissues (Chan and Titze, 1999, 2000; Chan, 2001) and obtained
from in vivo resonance experiments on human vocal folds (Švec et al., 2000).

It is known that the eigenfrequencies of the simplified two-mass model are
around 100 Hz (Berry, 2001). The frequency f3 = 1000 Hz = 1

ms
was chosen one

order of magnitude higher than the typical oscillation frequency of the two-mass
model. Aiming at modeling high frequency phonation in bats and nonhuman
primates, this frequency was sufficiently higher than the eigenfrequencies of the
vocal fold part of the model. This allowed the study of the interaction of the
tunable low frequency vocal fold oscillations and the high frequency vibrations
of the vocal membrane. Furthermore, this frequency choice was appropriate for
efficient and fast numerical integration of the vocal membrane model.

The model equations were integrated with a numerical 4th order Runge-Kutta
scheme. The step size was fixed to a sampling rate of fs = 800 kHz = 800 1

ms
. An

integrator scheme with adaptive step size failed due to discontinuities of the deriv-
ative of the driving forces. The step size had been varied to find good convergence
of the numerical integration scheme. Numerical tests with integrator schemes in
XPP/XPPAUT for stiff differential equations confirmed the used step size.

The standard initial conditions for the numerical integration were:

x1l(t0) = x1r(t0) = 0.01 (5.30)

x2l(t0) = x2r(t0) = 0.0

θl(t0) = θr(t0) = 0.0

v1l(t0) = v1r(t0) = 0.01

v2l(t0) = v2r(t0) = 0.0

ωl(t0) = ωr(t0) = 0.0 (5.31)

with the subscripts “l” and “r” indicating left and right vocal fold and membrane
mass displacements.

For the numerical evaluation of the Heaviside function H(a), the approximation

H(a) :=

{
0 , a < 0

tanh(106 a) , a ≥ 0
(5.32)

was used.
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5.3 Results

5.3.1 Linear eigenmode analysis

In this section, the results of linear eigenmode analysis of the vocal membrane
model are described and briefly discussed. The influence of the introduced control
parameters on eigenfrequencies and amplitudes and phase angles of the eigenmodes
was studied.

The ranges of the tuning parameter q, where entrained oscillations of the full
model could be expected, depended on the mass ratio qm, the resting angle θ0,
and the vocal membrane height d3. Comparable eigenfrequencies were expected
to be related to frequency locking, toroidal oscillations and chaos in the full non-
linear model. Eigenmode analysis allowed to classify oscillatory modes as “vocal
fold modes” and “vocal membrane modes”. These different modes could facilitate
the definition of different registers of the vocal membrane model. The study of
eigenmode amplitudes and phase relations, depending on the geometrical and dy-
namical control parameters d3, θ0, and qm, could help to qualitatively understand
the phonation onset behavior of the full nonlinear vocal membrane model.

For the study of the eigenfrequencies and eigenmodes of the vocal membrane
model, the linearized homogeneous equations of motion without driving forces
could be written as:

m1ẍ1 + r1ẋ1 + k1x1 + kc(x1 − x2) = 0 (5.33)

(
1− 3

4

cos2(θ0)

1 + qm

)(
1 +

1

qm

)
m2ẍ2 + r2ẋ2 + (k2 + kc)x2 − kcx1+

+
3

2

cos θ0

d3

[
r3θ̇ + k3θ

]
= 0 (5.34)

(
1− 3

4

cos2(θ0)

1 + qm

)
1

3
m3d

2
3θ̈ + r3θ̇ + k3θ+

+
1

2

d3 cos(θ0)

1 + qm

[r2ẋ2 + (k2 + kc)x2 − kcx1] = 0 (5.35)

A complex exponential was chosen as an ansatz for the solution of the linearized
homogeneous vocal membrane equations: x1

x2

θ

 =

 A1

A2

Aθ

 eλt (5.36)
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Figure 5.11: Variation of eigenfrequencies and relative damping times with mass
ratio qm where d3 = 0.05 cm and θ0 = 0 degree, otherwise standard parameter
values were used.

where A1, A2, Aθ ∈ C were complex amplitudes, and λ ∈ C was the complex
frequency .

The solvability condition for the algebraic set of linear equations in the com-
plex amplitudes lead to the characteristic polynom, a 6th order polynom for the
complex frequency λ. The complex solutions λi = γi ± iωi, i = 1, 2, 3 lead to the
eigenfrequencies fi = ωi

2π
and the damping time τi = 1/γi. The ratio of the damping

time τi to the eigenperiod 1/fi, termed the relative damping time τ rel
i = fi/γi, was

used in the following analysis. The moduli |Ai| and the differences of the phase
angles ϕi, i = 1, 2, θ of the complex amplitudes Ai, i = 1, 2, θ were calculated with
the solutions λi of the characteristic polynom.
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Figure 5.12: Typical shape of eigenmodes of the vocal membrane model

Influence of mass ratio qm

In Fig. 5.11 for four different mass ratios qm ∈ {0.1, 2, 3, 100}, the eigenfrequencies
and the relative damping times as functions of the tuning parameter q are shown.
It was observed that for small mass ratios (e.g., qm = 0.1) the first eigenfrequency
f1 shifted towards higher frequencies. The relative damping time τ1 is mostly
smaller than one.

This eigenmode had a large vocal membrane component whereas the ampli-
tudes of the two lower masses were very small. The phase relations of the first
eigenmode are shown in Fig. 5.12, where all masses of the model oscillated typically
out-of-phase. This mode is termed “vocal membrane mode”. The second eigen-
frequency was characterized by large eigenmode amplitudes of the lower mass m1

and the vocal membrane. Fig. 5.12 shows typical phase relations of the second
mode. Out-of-phase oscillation of the lower and upper mass and in-phase oscil-
lation of the upper mass and the vocal membrane mass characterized the second
mode (Fig. 5.14). The third eigenfrequency corresponded to large eigenmode am-
plitudes of the upper mass m2 and the vocal membrane. As shown in Fig. 5.12,
the third eigenmode consisted of in-phase oscillations of all masses of the vocal
membrane model (Fig. 5.14). The second and third mode were called “vocal fold
modes”. They could be subdivided further into “glottal wave mode” for the second
eigenmode and “vocal fold bulk mode” for the third eigenmode.

For small mass ratios qm = 0.1, the variation of the first and the third eigenfre-
quencies, f1, and f3, with increasing tuning parameter q were small in comparison
to the variation of the second eigenfrequency f2. Frequency locking at comparable
frequencies was expected only at high values of q, approx. q ≥ 13.
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As the mass ratio increased, the distance between the first eigenfrequency f1

and the third eigenfrequency f3 decreased, until f1(q) and f3(q) intersected. For
increasing mass ratio, the damping time τ1 increased; whereas τ3 decreased. The
region for entrained oscillations of the full nonlinear model could be expected to
be in the interval 6 ≤ q ≤ 10.

For large mass ratios (e.g., qm = 100), f1(q) was nearly constant and ap-
proached the value corresponding to the fixed angular frequency ω3 = 2π 1000Hz.
The relative damping time τ1 became the largest damping time. The interaction
with eigenmodes 2 and 3 vanished as the third eigenfrequency became a linear
function of the tuning parameter. The relative damping time τ3 became the small-
est damping time. From the theory of coupled oscillators it could be expected that
mode entrainment could occur in the intervals 6 ≤ q ≤ 10 and 12 ≤ q ≤ 15.

Varying the mass ratio qm, the second eigenfrequency f2 showed no significant
changes. The effect on the damping time τ2 was also very small. Furthermore, no
significant effect of qm on the eigenmodes could be observed.

Within the framework of coupled oscillators (Bergé et al., 1984), the mass ratio
qm can be expected to be a crucial control parameter influencing the frequency ratio
of the coupled oscillators. It has a significant influence on the distance between
eigenfrequencies as a function of the tuning parameter q. The mass ratio qm

varies the ranges of the tuning parameter q where entrained oscillations of the full
nonlinear model can be expected.

Furthermore, an increasing mass ratio was shown to increase the relative damp-
ing time of the vocal membrane mode. This could affect the onset behavior of self-
sustained vocal membrane oscillations as viscous energy dissipation is reduced. It
could also be crucial for only weakly damped high frequency oscillations during low
frequency oscillation of the vocal fold masses. This effect could be crucial for the
generation of pulsed echolocation calls in bats (Fattu and Suthers, 1981; Suthers
and Fattu, 1973).

Influence of resting angle θ0

In Fig. 5.13, the variation of the eigenfrequencies and the relative damping time
with increasing resting angle θ0 is shown. The chosen mass ratio qm = 2.0 allowed
comparison with the eigenfrequencies and relative damping times for θ0 = 0 degree,
shown in Fig. 5.11.

As the resting angle increased, a decrease of the distance between the first and
the third eigenfrequency could be observed. At θ0 = 30 degrees, f1(q) and f3(q)
intersected. For large θ0 (e.g., θ0 = 60 degrees), f1(q) and f3(q) were nearly linear
functions of the tuning parameter q.

The relative damping time τ1 of the vocal membrane mode was shifted to higher
values for increasing resting angles θ0. The relative damping time τ3 was lowered;
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Figure 5.13: Variation of eigenfrequencies and relative damping times with resting
angle θ0 [degrees] where d3 = 0.05 cm and qm = 2.0, otherwise standard parameter
values were used.
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Figure 5.14: Eigenvectors of the vocal membrane model for d3 = 0.05 cm, qm = 2.0,
θ0 = 0 degree, otherwise standard parameter values. Note that due to the definition
of the vocal membrane angle θ, a zero phase difference ϕAθ

− ϕA2 = 0 between
the upper mass and the vocal membrane corresponds to, e.g., an increase of the
glottal area a2 and a decrease of the vocal membrane area avm.

whereas the relative damping time τ2 remained uneffected by varying θ0.
No significant effect of varying resting angles θ0 on the eigenmodes could be

observed. They remained similar to the eigenmodes shown in Fig. 5.14.
Similar to the influence of the mass ratio qm, the resting angle θ0 could be

expected to influence the ranges of the tuning parameter q, where entrained oscil-
lations of the full nonlinear vocal membrane model could occur. Increasing resting
angles also decreased the damping of the vocal membrane mode. For self-sustained
vocal membrane oscillations and pulsed oscillations (e.g., pulsed echolocation calls
in bats) the resting angle could facilitate these modes of vibration.
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Figure 5.15: Eigenvectors of the vocal membrane model for d3 = 0.50 cm, qm = 2.0,
θ0 = 0 degree. Otherwise standard parameter values were used.
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Influence of vocal membrane height d3

In Figs 5.14 and 5.15, the eigenmodes for two different vocal membrane heights,
d3 = 0.05 cm and d3 = 0.5 cm, are shown. The eigenfrequencies and relative
damping times for these cases were similar to the results shown in Fig. 5.11.

For small vocal membrane height d3 (e.g., d3 = 0.05 cm for Fig. 5.14), the first
eigenmode (“vocal membrane mode”) was characterized by a large vocal membrane
component. The components of the lower and upper masses were about two orders
of magnitudes smaller. As a function of the tuning parameter q, the two lower
masses changed from oscillating out-of-phase for small q to vibrating in-phase
at larger q. The upper mass m2 and the vocal membrane m3 showed in-phase
oscillations for the shown range of tuning parameter variations. Note that due to
the definition of the vocal membrane angle θ (Fig. 5.8), in-phase oscillation of the
upper mass and the vocal membrane corresponded to out-of-phase oscillation of
the glottal area a2 and the area at the tip of the vocal membrane avm.

For larger vocal membrane heights d3 (e.g., d3 = 0.5 cm for Fig. 5.15) the eigen-
mode component of the upper mass was significantly increased. The eigenmode
component of the lower mass remained small as for small vocal membrane heights.
No significant effect on the phase differences could be observed.

The second eigenmode changed more drastically with increasing vocal mem-
brane height. For small vocal membrane height, the components of the lower mass
m1 and the vocal membrane m3 were dominant. The component of the vocal mem-
brane was about one order of magnitude larger than the lower mass component.
The component of the upper mass m2 was about two orders of magnitudes smaller
than the vocal membrane component. For larger vocal membrane heights the com-
ponents of the lower mass and the vocal membrane were of similar magnitude. The
magnitude of the upper mass was significantly increased.

For small vocal membrane heights and for small tuning parameter values q, all
model masses vibrated out-of-phase. At higher values of q, the phase difference
between the lower and upper mass approached −120 degrees whereas the phase
difference between the upper mass and the vocal membrane approached 0 degree.
At larger vocal membrane heights, the phase differences as functions of the tuning
parameter q were more complex. In particular, for large values of q, both phase
differences approached about −30 degrees.

Increasing d3, only the amplitudes of the upper mass and the vocal membrane
component of the third eigenmode changed significantly. This mode consisted
of large components for the upper mass and the vocal membrane. The phase
differences showed no changes with varying vocal membrane height. The phase
difference ϕ2 − ϕ1 remained a flat function of q. Ranging between −30 degrees
and 0 degree, it indicated in-phase oscillations of the lower and upper mass. The
phase difference ϕθ − ϕ2 varied smoothly between −150 degrees and 90 degrees.
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This corresponded mainly to out-of-phase oscillations of the upper mass and the
vocal membrane.

The vocal membrane height d3 had no effect on the eigenfrequencies and relative
damping times. Observe that d3 effected only the shape of the eigenmodes, i.e.
the complex amplitudes important for the phase differences between the lower and
upper masses and the vocal membrane plate.

These observations suggested that d3 was an important parameter controlling
the oscillation onset behavior of the full nonlinear model. In the two-mass model,
efficient energy transfer from air flow to model mass vibrations is known to depend
on the phase difference between the lower and upper mass. The vocal membrane
height could be a crucial geometrical control parameter for the onset of oscillations
of the full nonlinear vocal membrane model.

5.3.2 Hopf bifurcation and voice onset

In this section, voice onset as a function of the geometrical and dynamical control
parameters θ0, d3, and qm was studied. Voice onset corresponds to a Hopf bifur-
cation where a stable fixed point becomes unstable and a limit cycle oscillation
becomes stable. The fixed point was a nontrivial steady state solution of the vocal
membrane model. At the Hopf bifurcation the fixed point became unstable. In
terms of linear stability analysis, small oscillations became marginally stable at
the bifurcation point. As follows, the frequency of these oscillations is called Hopf
frequency.

In Fig. 5.16, the influence of the mass ratio qm and the resting angle θ0 on
voice onset pressure ps and Hopf frequency is shown. Due to q = 1.0, this bi-
furcation analysis revealed voice onset of the low frequency register of the vocal
membrane model. This allowed comparison of onset behavior with the two-mass
model (Steinecke and Herzel, 1995).

It was observed that the minimum onset pressure for the given parameter values
was at approx. 0.9 cmH2O. Typical threshold pressure values for the two-mass
model were at about 2 cmH2O. For small values of the resting angle θ0 (here for
θ0 = 0.01, 0.1, 1.0), the onset pressure showed little variation despite large variation
of the mass ratio qm (1 < qm < 5000). As θ0 increased, the onset pressure was
shifted to significantly higher values. For very high mass ratios qm, i.e. m2 � m3,
the increase became negligible small.

The Hopf frequency showed little variation with qm for small resting angles
θ0 = 0.01, 0.1, 1.0. At larger values of θ0 and small qm, the Hopf frequency was
shifted from approx. 125 Hz to approx. 140 Hz. At large values of qm, an increasing
resting angle decreased the Hopf frequency slightly.

This study showed that at small and medium values of the mass ratio qm, the
resting angle θ0 could have a large effect on the onset pressure and Hopf frequency.
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Figure 5.16: Voice onset pressure ps and Hopf frequency at voice onset as a function
of mass ratio qm and resting angle θ0. At voice onset, the fixed point (FP) becomes
unstable and a limit cycle oscillation (LC) becomes stable (q = 1.0, d3 = 0.05 cm,
otherwise standard parameter values are used.).
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Figure 5.17: Influence of vocal membrane geometry on phonation onset. For dif-
ferent subglottal driving pressures ps, phonation onset curves d3(θ0) and their cor-
responding Hopf frequencies are shown (qm = 500.0, q = 1.0, otherwise standard
parameter values are used.).

Both could be significantly increased using large values of θ0. At high values of qm

this influence vanished.
Fig. 5.17 shows oscillatory regions in the d3–θ0 parameter subspace and their

corresponding Hopf frequencies. The subglottal driving pressure ps was kept con-
tant along the threshold curves d3(θ0). As the tuning parameter was q = 1, this
analysis showed the onset behavior of low frequency oscillations. These results
could be compared to the two-mass model that served as the basis for the vo-
cal membrane model. The mass ratio at qm = 500 indicates a very lightweight
vocal membrane compared to the upper vocal fold mass. The analysis for lower
qm–values showed qualitatively similar results.

The left part of Fig. 5.17 reveals the d3–θ0 parameter regions where limit cycle
oscillations were stable. For d3 larger than a critical vocal membrane height (here
approx. 0.27 cm), no Hopf bifurcation could be found. In general, the critical vocal
membrane height was a function of the resting angle θ0, the mass ratio qm and the
tuning parameter q. For constant ps the range of resting angles θ0 with stable limit

134



5. Vocal Membrane Model for Bats and Primates

cycle oscillations increased with decreasing d3. For decreasing d3 and constant ps

the lower limit of the θ0–range approached zero degrees. When ps was increased,
the limiting value of d3 for oscillations with θ0 = 0 decreased.

Fig. 5.17 could be used to find the threshold pressures for onset and offset
of limit cycle oscillations for a given point in the d3–θ0–plane. For example, at
θ0 ≈ 22 degrees and d3 = 0.15 cm, the onset pressure was ps = 2.0 cmH2O. The
offset pressure, where limit cycle oscillations became unstable again, was ps =
2.5 cmH2O.

The right part of Fig. 5.17 shows the Hopf frequency corresponding to the
Hopf bifurcation points in the d3–θ0 plane. As discussed before, when the vocal
membrane resting angle θ0 was large, the onset pressure increased; and the corre-
sponding Hopf frequency shifted towards smaller values. This effect was larger for
larger vocal membrane heights d3.

In summary, small vocal membrane heights d3 and resting angles θ0 were found
to be beneficial for a low onset pressure ps. Such values also facilitated a large
phonatory pressure range for self-sustained oscillations at low frequencies.

In Fig. 5.18, the influence of the tuning parameter q and the mass ratio qm

on phonation onset and offset and the corresponding Hopf frequencies is shown.
It was observed that, for θ0 = 1.0 degree, an increasing mass ratio shifted the
onset curve ps(q) only slightly to higher onset pressures. The offset pressures were
shifted to smaller ps–values. The overall area for limit cycle oscillations decreased
with increasing mass ratio qm. From the study shown before in Fig. 5.16 it can be
expected that for larger θ0 this effect is increased.

The Hopf frequencies corresponding to the onset curves ps(q) were shifted to
smaller values for increasing qm. This effect was expected to be increased with
increasing resting angles θ0 (see Fig. 5.16).

The mass ratio was found to have only a small effect on the threshold pressure
at voice onset for small tuning parameter values q. In this parameter region the
vocal membrane model oscillated in the low frequency register. Increasing the mass
ratio decreased the maximum phonatory pressure range of approx. 7.2 cmH2O at
q = 7 to 5.4 cmH2O for q = 5.4. The corresponding phonatory frequency range
decreased from about 700 Hz to 520 Hz.

5.3.3 Bifurcation diagrams and registers

Hopf bifurcation analysis revealed a register-like structure of the oscillatory regions
in parameter space. The resting angle θ0 and the vocal membrane height d3 influ-
enced the onset pressure and onset frequency of the two registers. In agreement
with previous work (Mergell et al., 1999) an optimal geometry (in terms of θ0) that
minimizes voice onset pressure was found.
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Figure 5.18: Range of low frequency oscillations varying with tuning parameter q
and different mass ratios qm. The corresponding Hopf frequencies are shown in the
right part (d3 = 0.05 cm, θ0 = 1.0 degree, otherwise standard parameter values are
used.).
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Figure 5.19: Onset pressure ps for low and high frequency registers depending on
resting angle θ0. The onset curve ps(θ0) reveals a minimun onset pressure for the
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Hopf frequencies are shown in a semi-logarithmic plot (q = 5.0, qm = 5.0, d3 =
0.1 cm).
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Fig. 5.19 reveals regions of low and high frequency limit cycle oscillations in the
θ0–ps plane. For fixed θ0 and increasing subglottal driving pressure, the fixed point
became unstable and a limit cycle oscillation at low frequency became marginally
stable. Further increasing ps, the fixed point became stable again. At a second
threshold pressure, another Hopf bifurcation with higher frequency occurred.

Varying the resting angle θ0, a minimum onset pressure was found at small
θ0–values close to zero. In general, the minimal onset pressure depended on the
vocal membrane height d3, the mass ratio qm, and the tuning parameter q. At
this point (here ps ≈ 4.05 cmH2O, θ0 ≈ 0.15 degrees) limit cycle oscillations at low
frequency became marginally stable. This finding of an optimal geometry agreed
with previous work on rigid reed-like vocal membranes (Mergell et al., 1999) where,
for d3 = 0.1 cm, a minimum of phonation onset pressure as a function of resting
angle was found.

For low frequency oscillations the phonatory pressure range increased slighly
with increasing resting angles. For high frequency oscillations, the pressure range
was found to decrease with increasing resting angles. Both phonatory pressure
ranges were small and very close to each other. Small variations of the subglottal
driving pressure were sufficient to induce transitions between the low and the high
frequency limit cycle oscillation.

Fig. 5.20 shows a register-like structure at voice onset. Phonation with low and
high frequency limit cycle oscillations depended on the tuning parameter q. The
vocal membrane height d3 also influenced the register regions in the q–ps parameter
space.

For small d3 and small tuning parameter values (here 0 ≤ q ≤ 7) limit cycle
oscillations at low frequencies were observed within a limited range of subglottal
pressure (1.2 cmH2O ≤ ps ≤ 7.2 cmH2O). At high tuning parameter values (here
q ≥ 6) high frequency oscillations were found within the same subglottal pressure
range as for low frequency limit cycle oscillations. For d3 = 0.05 cm both oscillatory
regions overlapped. This was due to a Hopf bifurcation of the unstable fixed
point in the oscillatory region at low frequencies. At the intersection of the Hopf
bifurcation lines (e.g., ps = 6.1 cmH2O, q = 6.3) the fixed point became unstable
as the growth rate of two infinitesimal small disturbances with different frequencies
(here 630 Hz and 1460 Hz) were zero.

When increasing the vocal membrane height, the area for low frequency oscil-
lations decreased. The region for high frequency oscillations was shifted to higher
tuning parameter values q. Therefore, the overlap of the oscillatory regions van-
ished. As d3 increased, the Hopf frequencies for the low frequency region slightly
shifted to lower values. Thus, the Hopf frequencies for the high frequency region
increased significantly.

For small d3–values, the distance between the low and the high frequency reg-
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Figure 5.20: Onset pressure ps for low and high frequency register as a function
of tuning parameter q and vocal membrane height d3. The corresponding Hopf
frequencies for the onset curves ps(q) show the register frequencies as functions of
the tuning parameter q (qm = 10.0, θ0 = 1.0 degree).
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ister ∆q(ps) as a function of subglottal pressure could be infinitely small. For
subglottal pressures in the range 6 cmH2O ≤ ps ≤ 7.2 cmH2O, small variations of
the tuning parameter q were sufficient to induce abrupt transitions between the low
and the high frequency limit cycle oscillation. For larger vocal membrane heights,
the register distance ∆q(ps) had a finite positive minimum. Large variations of the
tuning parameter were necessary for a register transition. For q–variations smaller
than the register distance ∆q(ps) the fixed point solution became stable again.
As a consequence, phonation would be interrupted during a register transition
(increase of q).

5.3.4 Simulation of complex vocalizations

The vocal membrane model was developed to mimic complex vocalizations ob-
served in primates and echolocating bats (see Introduction of this chapter). In
vivo experiments and recordings of squirrel monkey vocalizations involved slow
variations of control parameters such as subglottal pressure and myo-elastic prop-
erties of intrinsic muscles. Values of visco-elastic properties were difficult to obtain
in these experiments. In vitro experiments with excised larynges from squirrel
monkeys allowed the control of driving air pressure values and tissue stiffness to a
certain degree. Nevertheless, detailed information on the intrinsic state of excised
larynges was difficult to obtain. Therefore, model parameters could not directly
be derived from experiments. The vocal membrane model could be used as a
“nonlinear curve fit” for complex vocalizations in primates and bats. A qualitative
understanding of observed time series of primates and bats could be achieved.

Attractors of high and low frequency register

Bifurcation analysis revealed the existence of a low and high frequency register
in the vocal membrane model. The dynamics of the full vocal membrane model
with fixed parameter values typical for these registers was simulated. The results
could be compared with in vitro experiments of excised squirrel monkey larynges
(Brown et al., 2003). They could also shed light on the pulse generation mechanism
in echolocating bats (Fattu and Suthers, 1981).

Fig. 5.21 shows a simulated time series for the vocal fold mass excursions x1l(t)
and x2l(t) and the vocal membrane angle θl(t). The index “l” indicates the coor-
dinates of the left model masses. Starting from standard initial conditions (see
Eqs 5.31), the lower masses m1 and m2 performed self-sustained oscillations with
a frequency of approx. 140 Hz. The tuning parameter value q = 1 indicated no
frequency tuning of the lower two vocal fold masses, m1 and m2. A phase shift
between the time series x1l and x2l was observed, in agreement with observations

140



5. Vocal Membrane Model for Bats and Primates

0 5 10 15 20 25 30 35 40 45 50
time [ms]

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

ex
cu

rs
io

ns
 [c

m
]

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

an
gl

e 
[r

ad
]

x1l(t)
x2l(t)
θl(t)

0 5 10 15 20 25 30
time [ms]

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

ex
cu

rs
io

ns
 [c

m
]

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

an
gl

e 
[r

ad
]

x1l(t)
x2l(t)
θl(t)

20 22 24 26 28 30
-6
-4
-2
0
2
4
6
8

[1
0-4

 c
m

]

Figure 5.21: Simulated time series showing low frequency oscillation of the vocal
fold masses and transient damped oscillations of the vocal membrane (The tuning
parameter was set to q = 1.0, otherwise standard parameter values are used.).
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Figure 5.22: Simulated time series showing high frequency oscillation of the vocal
membrane and the vocal fold masses (The tuning parameter is q = 10.0, otherwise
standard parameter values are used.).
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on the two-mass model (Steinecke and Herzel, 1995), and the eigenmode analysis
(eigenmode 3) discussed above.

The time series of the vocal membrane θl(t) showed large positive excursions
during vocal fold contact (x1l, x2l ≤ −0.018 cm). Only visco-elastic restoring forces
and the forces due to dynamic coupling to the upper mass m2 accelerated the vocal
membrane mass during these time intervals. Upon glottal opening (x1l, x2l ≥
−0.018 cm) transient damped oscillations of the vocal membrane interacting with
the airstream were observed. The oscillation frequency of this excitable oscillator
was approx. 1000 Hz.

This behavior could be associated with pulsed echolocation calls in bats. In
bats the vocal folds are thought to vibrate at frequencies corresponding to low pulse
rates of up to 200 Hz. Vocal membranes are supposed to perform a few hundred
cycles of damped oscillations during glottal opening. In the present model only
six cycles were observed. It could be expected that for a higher vocal membrane
frequency, sufficiently many cycles should occur.

Observations of sustained series of pulses in experiments with excised squir-
rel monkey larynges have been reported by Brown et al. (2003). There, pulses
with pulse rates of 8–20 Hz combined with high frequency oscillations were found.
The simulation of the vocal membrane model for q = 1 could also mimic such
experimental observations.

For a tuning parameter value of q = 10 for vocal fold masses, the simulated
time series for excursions x1l(t) and x2l(t) and the vocal membrane angle θ(t) are
shown in Fig. 5.22. The insert shows an enlarged plot of the time series x1l(t)
and x2l(t). All vocal fold masses and the vocal membrane revealed self-sustained
oscillations with a frequency of approx. 1400 Hz. The lower masses vibrated in
phase. They oscillated out of phase related to the vocal membrane angle θ(t), i.e.
all glottal areas a1, a2 and avm oscillated in phase. This behavior is similar to
the third eigenmode found in the eigenmode analysis before. No vocal fold contact
could be observed. The oscillation amplitude of the lower mass m1 was about twice
as large as the amplitude of the upper mass m2. The vibration amplitude of the
vocal membrane was about two orders of magnitude larger than the amplitudes of
the vocal fold masses.

This behavior could resemble constant frequency (CF) echolocation calls in
bats and high frequency, peeplike vocalizations in primates.

Slow variation of tuning parameter q

In high speed video experiments with brainstem stimulated squirrel monkeys rock-
ing of the arytenoid cartilages was observed during vocalizations (Fitch et al.,
2001). The length and thus the stiffness of the vocal folds were modulated sinu-
soidally. These modulations resulted in sinusoidal variations of the fundamental
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frequency of the primate vocalizations. The tuning parameter q of the vocal mem-
brane model was used to mimic this behavior. It increases the restoring stiffness
of the lower vocal membrane masses and decreases their vibratory masses.

In numerical experiments for the vocal membrane model, the tuning parameter
q was linearly increased from q = 1 to q = 10. This range was chosen following
the results of the eigenfrequency analysis. There the ratios of eigenfrequencies
were shown to be mainly influenced by the tuning parameter q. Mode locking and
entrained oscillations were expected for 1 ≤ q ≤ 10.

Fig. 5.23 shows a spectral bifurcation diagram of the absolute vocal mem-
brane angle θa(t) as the tuning parameter was increased. The resting angle
θ0 = 10.0 degrees was chosen for more instabilities to occur. Fig. 5.24 shows the
corresponding Poincaré section. Subsequent maxima of θa(t) are plotted against
the tuning parameter q. The model was integrated for constant starting value
q = 1 until stable limit cycle oscillations were observed. Then the tuning parame-
ter was increased linearly. Thus, the fundamental frequency of the vocal membrane
vibrations increased. At approx. q = 2, a short interval with folded limit cycle
oscillations at a constant frequency was observed. At approx. q = 3 a period
doubling bifurcation occurred. The subharmonic oscillations after the bifurcation
vanished again at about q = 3.5. Between q = 4 and q = 5 irregular chaotic oscil-
lations were found. Folded limit cycle oscillations reappeared and ceased at about
q = 5.8. Between q = 5.8 and q = 7 toroidal oscillations could be found. The
insert in Fig. 5.24 shows an enlarged plot of the Poincaré sections for 6 ≤ q ≤ 8.5
which indicated toroidal oscillations for approx. 6 ≤ q ≤ 7. At q = 7 a frequency
jump occurred. The fundamental frequency was then approx. 1700 Hz. The spec-
tral component at q = 7 and about 850 Hz indicated subharmonic oscillations. In
the interval 7.2 ≤ q ≤ 8.3 toroidal oscillation with a fundamental frequency of
approx. 1000 Hz appeared. The distance to the sidebands in the spectrogram de-
creased with increasing tuning parameter q. At approx. q = 8.3 the fundamental
frequency jumped to approx. 1700 Hz. The frequency of the limit cycle oscilla-
tion remained constant during further increases of the tuning parameter between
8.3 ≤ q ≤ 10.

In the spectral bifurcation diagram (Fig. 5.23) broadened and high intensity
harmonics could be observed for 2 ≤ q ≤ 4. Simulations with a constant tun-
ing parameter value q = 1 (Fig. 5.21) showed damped oscillations of the vocal
membrane. This behavior corresponded to the formant-like structures found in
the spectral bifurcation diagram where the intensity of certain harmonics was re-
inforced for 2 ≤ q ≤ 4. In human voice formants are the acoustical resonance
frequencies of the vocal tract and the subglottal trachea. Here, the vocal mem-
brane oscillator was observed to behave in a similar way to the passive, acoustical
resonators in human voice.
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Figure 5.23: Spectral bifurcation diagram of θa(t) for upward gliding tuning pa-
rameter variation (linear tuning parameter variation q(t), 1 ≤ q ≤ 10, ps =
8.0 cmH2O, θ0 = 10.0 degrees, qm = 10.0, d3 = 0.05 cm, otherwise standard para-
meter values, simulation time: 2000 ms)
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Figure 5.24: Poincare section θ̇(t) = 0 showing subsequent maxima of θa(t) for
upward gliding tuning parameter variation (linear tuning parameter variation q(t),
1 ≤ q ≤ 10, ps = 8.0 cmH2O, θ0 = 10.0 degrees, qm = 10.0, d3 = 0.05 cm, otherwise
standard parameter values, simulation time: 2000 ms)
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Slow variation of subglottal pressure ps

In Fig. 5.25 a spectral bifurcation diagram for linearly varying subglottal pres-
sure ps is shown. The pressure was slowly decreased from ps = 37 cmH2O to
ps = 10 cmH2O. The model was integrated at constant pressure ps = 37 cmH2O
until stable folded limit cycle oscillations with a fundamental frequency of approx.
1500 Hz were obtained. The corresponding Poincaré section in Fig. 5.26 shows
subharmonic oscillations of the absolute vocal membrane angle θa(t) at this start-
ing pressure. By decreasing ps, sidebands of the fundamental frequency appeared
in the spectrogram. This indicated toroidal oscillations of the vocal membrane
angle. At about ps = 31 cmH2O, the onset of irregular chaotic behavior could be
observed. In the chaotic region, the shading of the spectrogram showed large inten-
sity in a narrow spectral band at about 1500 Hz. This corresponds to an unstable
limit cycle oscillation of model. In the interval 29.5 cmH2O ≤ ps ≤ 28 cmH2O
a window with toroidal oscillations occurred. At about ps = 24 cmH2O another
short window with limit cycle oscillation with a fundamental frequency of approx.
1500 Hz appeared. Toroidal oscillations reappeared at about ps = 22.5 cmH2O. At
about ps = 17.5 cmH2O an abrupt transition to limit cycle oscillations at approx.
1500 Hz was observed.

The choice of the tuning parameter value q = 7 was motivated by the eigen-
frequency analysis above. As discussed, q varied the ratios of eigenfrequencies of
the model. The bifurcation diagram with downward gliding subglottal pressure
suggested that the driving pressure controlled the degree of nonlinear interaction
between the vocal membrane model modes. For q = 7 the distance between the
eigenfrequencies was small. On the background of the theory of coupled oscillators,
mode entrainment, toroidal oscillations, and chaos could be expected. The driving
airstream as the nonlinear coupling induces these different behaviors.
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Figure 5.25: Spectral bifurcation diagram of θa(t) for downward gliding sub-
glottal pressure variation (linear pressure variation ps(t), 37.0 cmH2O ≥ ps ≥
10.0 cmH2O, q = 7, θ0 = 1.0 degree, qm = 10.0, d3 = 0.05 cm, otherwise standard
parameter values, simulation time: 3000 ms)
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Figure 5.26: Poincare section θ̇(t) = 0 showing subsequent maxima of θa(t) for
downward gliding subglottal pressure variation (linear pressure variation ps(t),
37.0 cmH2O ≥ ps ≥ 10.0 cmH2O, q = 7, θ0 = 1.0 degree, qm = 10.0, d3 = 0.05 cm,
otherwise standard parameter values, simulation time: 3000 ms)
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5.4 Discussion

In this chapter, a phenomenological dynamical model for vocal membranes, a wide-
spread variation in nonhuman mammalian larynges, was developed. It was based
on acoustical data of echolocation calls in bats and on the diverse sound reper-
toire of squirrel monkeys. Anatomical details for nonhuman larynges in bats and
primates were incorporated into the model only qualitatively. Neurophysiolog-
ical data for squirrel monkeys and bats evidenced the need for a biomechanical-
aerodynamical model for vocal membrane systems in nonhuman mammals. Neural
control of the internal state of the larynx could be modeled by slowly varying sys-
tem parameters. Indirect in vivo and in vitro observations in primates showed
complex vibratory patterns of larynges with vocal membranes. Recent in vivo
high speed recordings supported the dynamic significance of vocal membranes in
squirrel monkeys. These studies support the model hypothesis of interacting os-
cillations of vocal fold and vocal membrane tissue in nonhuman primates.

The mathematical description of the dynamics of the model was derived from
a simplified mechanical model with a small number of mechanical degrees of free-
dom. It extended previous models on human voice production and a model with
static vocal membranes. The aerodynamic description was based on a modified
potential flow law where detached air flow was incorporated with a simple rule.
Due to rigid mechanical coupling of the vocal membranes to the vocal folds, new
dynamic coupling terms appeared in the well-known two-mass model equations.
This coupling was due to centrifugal forces of the vocal membrane on the vocal
fold and due to conservation of linear and angular momentum.

From a methodological viewpoint, the extended model is required to include as
much experimental knowledge as possible by using as many new variables and new
control parameters as necessary. Five biologically relevant control parameters were
introduced. First, a frequency tuning parameter for the vocal folds corresponded
to activation of intrinsic laryngeal muscles and the resulting stiffness variation
of the vocal fold tissue. Next, the oscillation frequency of the vocal membranes
was independently fixed at a value an order of magnitude higher than the typical
oscillation frequency of the vocal folds in humans. Then, the mass ratio of the
dynamic mass of the vocal fold and the vocal membrane was introduced as a
control parameter due to scaling of the vocal membrane equations. Finally, the
geometric parameters for vocal membrane height and the resting angle of the
vocal membrane during prephonatory standstill completed the set of biologically
important control paramters.

The main focus of the analysis of the vocal membrane model was on dynamic
effects of vibratory vocal membranes as additional oscillators atop the vocal folds.
Linear eigenmode analysis revealed the dependence of eigenfrequencies and eigen-
modes on the geometric specifications of the vocal membranes and on the ratio of
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vocal fold frequencies and vocal membrane frequency. Phonation onset following
prephonatory standstill was studied in terms of Hopf bifurcations of the model
from prephonatory fixed points. The influence of the geometric parameters, the
mass ratio, and the frequency ratio between vocal folds and vocal membranes on
the onset pressure was investigated. Simulations with slowly varying subglottal
driving pressure values and frequency tuning showed that the model could repro-
duce harmonic vocalizations, subharmonic sound patterns, toroidal oscillations and
irregular chaotic calls in primates and bats. Abrupt transitions between different
vibratory behaviors (subharmonic oscillation, torus, chaos) and oscillatory regis-
ters in the model were agreed qualitatively with observations in bats and primates.

5.4.1 Registers in larynges with vocal membranes

The most significant finding of the bifurcation analysis and of simulations of the
vocal membrane model is the existence of two different voice registers at voice
onset. The onset pressure as a function of the frequency tuning parameter q
of the vocal folds was obtained with Hopf bifurcation analysis. Two different
onset behaviors were observed. At small values of q, phonation onset occurred
at subglottal pressures comparable to values found in the previous static vocal
membrane model (Mergell et al., 1999). In this low register, the frequency at
onset corresponded to the frequency of the tuned two-mass model. It smoothly
increased with increasing q. At higher values of q, the oscillation frequency at
phonation onset was on the order of the prescribed vocal membrane frequency
(here 1000 Hz). The minimal onset pressure for this high register was comparable
to the onset pressure of the low register (here about 1.2 cmH2O). In general, the
separation of the register boundaries ∆q(ps) was a function of the vocal membrane
height, the mass ratio, and the resting angle of the vocal membranes.

It was shown that the two register boundaries could overlap. Then, infinites-
imally small changes of the tuning parameter at constant driving pressure could
change the oscillatory behavior from the low register to the high register. A fre-
quency jump (here about 1000 Hz) could be the consequence. At the crossings of
the register boundaries, the vocal membrane model could oscillate at low and high
frequency simulatenously. On the background of the theory of coupled oscillators,
entrained oscillation, toroidal behavior and chaos can be expected in the vicinity of
these points. This asymptotic dynamics depends on the coupling, e.g., due to the
aerodynamic driving, and on the path in paramter space that was used to reach
these points.
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5.4.2 Diversity of vocal membrane dynamics

Another important feature of the presented vocal membrane model is the diversity
of dynamic behaviors induced by the two interacting oscillators – the vocal folds
and the vocal membranes. Unlike human speech, communication among nonhu-
man mammals (here in particular primates and bats) is based mostly on the diverse
sound repertoire produced in the larynx. Information coding in mammals relies
on complex phonatory patterns in contrast to complex articulation patterns of the
vocal tract in human speech.

The vocal membrane is an oscillator on top of the vocal folds and adds another
oscillation to the set of coupled oscillatory modes of the vocal folds. It has a
significantly higher frequency than the typical excited modal frequencies of the
vocal folds. Mode entrainment and synchronization phenomena are governed by
the frequency ratio between these oscillators. The introduced tuning parameter q
of the vocal folds is related to this ratio. It can be associated with the frequency
ratio known from the generic circle map for coupled oscillators. Linear eigenmode
analyis showed the influence of the vocal membrane geometry (height d3, resting
angle θ0, mass ratio qm) on the tuning parameter in terms of entrainment regions of
the coupled oscillators. They could be related to the Arnold tongues found in the
circle map. Note that simulations also showed the existence of coexisting (folded)
limit cycles oscillations at fixed points and within the Hopf bifurcation region of
the register diagram (Fig. 5.20). Thus, coexisting attractors further increased the
dynamic richness of the vocal membrane model.

The diversity of oscillatory behavior found in simulations of the vocal membrane
model with gliding parameter variations (here the subglottal pressure ps and the
tuning parameter q) is thought to be induced by the Arnold tongue-like structure
of the phase space of the vocal membrane model. The subglottal aerodynamic
driving force can be related to the nonlinear coupling in the circle map. Simulations
with gliding subglottal pressure variations showed subharmonic oscillations, tori,
register jumps and irregular chaotic oscillations. Similar findings were obtained in
numerical simulations for tuning parameter variations.

In contrast to the static vocal membrane model (Mergell et al., 1999), these
voice instabilities occurred without additional left-right asymmetry. The static
model did not show instabilities, even for high driving pressures, unless left and
right vocal folds were made significantly different in mass and stiffness. The static
model also lacked toroidal oscillations and frequency jumps. Due to the dynamic
vocal membrane, these instabilities are an inherent feature of the new vocal mem-
brane model. They allow understanding of voice instabilities frequent in primate
vocalizations and in echolocation calls in bats.

Simulations at fixed paramter values corresponding to the low register showed
low frequency oscillations of the vocal folds combined with high frequency damped
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oscillations of the attached vocal membrane. This behavior mimics pulsed echolo-
cation calls in FM bats (echolocating bats using downward sweeping frequency
modulated calls). During prey capture FM bats abruptly increase the pulse rep-
etition rate of ultrasound FM calls to rates up to 200 Hz. Modeling shows that
such terminal feeding buzzes in bats might be accomplished by low frequency os-
cillations of the vocal folds. The vocal folds could provide the pulse modulation
of ultrasound vocalizations generated by high frequency oscillations of the vocal
membranes. This model of terminal feeding buzzes in bats might require only
simple neural control. Bats would have to induce only the transition between sin-
gle ultrasound calls at low repetition rates to dynamic modulations of the high
frequency vocal membrane oscillations by the self-sustained vibrating vocal folds.
This control could be accomplished by stiffness changes within the vocal folds.

Model simulations for parameter values associated with the high register could
resemble echolocation calls in CF bats (bats using constant frequency calls) and
trill calls (peep-like calls) in squirrel monkeys. Peep-like calls are purely high
pitched vocalizations with a sinusoidal modulation of the fundamental frequency.
As shown in the Introduction of this chapter, peep calls could abruptly bifurcate
to low frequency vocalizations or irregular chaotic oscillations. This diversity is
captured qualitatively with the presented dynamical vocal membrane model.

The results of gliding tuning parameter simulations suggest that vocal mem-
branes could be regarded as passive filters. In the low register the vocal membranes
perform damped oscillations at high frequency. Acoustically, they could be similar
to formants as they amplify and attenuate oscillation frequencies of the primary
voice source (the vocal folds). This pseudo formant induced by the vocal mem-
branes could broadcast caller identity in primate or bat communication.

5.4.3 Adaptability and robustness of vocal membrane sys-
tems

The final finding of the present analysis is the adaptability and flexibility of vo-
cal membrane systems. Nonhuman mammals possess an increased dimension of
phonatory parameter space due to their vocal membranes.

An important physiological constraint is phonation onset pressure. It is related
to the efficiency of energy transfer from the driving air flow to vocal fold and vocal
membrane oscillations (Mergell et al., 1999). Hopf bifurcation analysis of the
vocal membrane model showed the influence of the vocal membrane parameters
on phonation onset. The low register results showed that very small and very
large mass ratios in combination with vocal membrane resting angles close to zero
are beneficial for a low phonation onset pressure. For medium mass ratios large
resting angle increased the onset pressure the most. Additionally, high mass ratios
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decreased the phonatory range of large tuning parameter values.
In terms of the Hopf bifurcation from the prephonatory fixed point there is

a critical vocal membrane height d3 for which phonation onset could be found.
This critical value depended on the resting angle, the mass ratio, and the tuning
parameter value. For subcritical vocal membrane heights the phonatory pressure
range increases with decreasing d3. Furthermore, the phonatory range in terms
of the resting angle is increased. This implies that small vocal membrane heights
and small vocal membrane resting angles are beneficial for low phonation onset
pressure. In this case the mass ratio has only a small effect on phonation onset.
Furthermore, if d3 and the resting angle are small, neural control of the subglottal
pressure is not required to be very accurate as the phonatory pressure range is
large.

For very small resting angles the onset pressure could be minimized. This
finding is similar to results in the static vocal membrane model (Mergell et al.,
1999). It also agrees with work on phonation onset in the two-mass model, where
the parallel glottis was found to be best for minimal onset pressure (Lucero, 1993;
Titze, 1988). A parallel glottis is similar to nearly vertical vocal membranes (zero
resting angle).

The particular design of the vocal membranes in bats and primates is a trade-
off between increased interaction surface of the vibratory tissue with the driving
air flow and increased dynamic interaction of the vocal membrane with the vocal
folds. The dynamic coupling of the vocal membranes to the vocal folds is essen-
tially nonlinear. As shown in the Hopf bifurcation analysis, this also increases
the complexity of the phase space of a vocal membrane system. Neural control-
lability limits the complexity of dynamic patterns and their associated basins of
attraction in nature. For example, subglottal pressure ranges and tissue stiffnesses
are limited, and neuraly controlled variations of internal glottal configuration are
not infinitesimally small. The design of the vocal membranes in terms of vocal
membrane height, resting angle, mass ratio, and tissue stiffness should aim for a
high degree of robustness, controllability and diversity of dynamic patterns.

5.5 Outlook

In this chapter a vocal membrane model with parameters adopted from human
phonation was studied. The focus was on a qualitative understanding of the dy-
namic interaction of vocal membranes with vocal folds. Quantitative results could
be obtained on the geometrical design specifications of vocal membranes.

A detailed“nonlinear fit”of vocalizations of bats and primates remains an open
task. To date detailed anatomical data for nonhuman primate larynges and for
bats are missing. Due to technical difficulties, time-resolved direct observations
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of oscillating vocal membranes are very challenging. In future they could help
modeling particular calls in a quantitative way. Thus, the close cooperation of
modeling and experiments on nonhuman primates with vocal membranes should
continue.
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Appendix A

Empirical Orthogonal Function
Analysis

The method of empirical orthogonal (eigen)functions is used to extract indepen-
dent spatio-temporal structures from complex spatio-temporal vibration patterns.
It uses correlations between the time series of the vocal fold edge points to de-
compose the complex spatio-temporal vibration pattern into principal modes of
vibration (Berry et al., 1994). In the literature, the terms “coherent structures”,
“spatio-temporal structures”, “principal modes” or just “modes” have been used
interchangeably (Aubry et al., 1991; Berry et al., 1994). The EOF method is
also called principal components analysis, biorthogonal decomposition, Karhunen-
Loéve expansion, proper orthogonal decomposition, principal factor analysis, sin-
gular value analysis, and the singular spectrum analysis (see Berry et al., 1994). In
principle, the idea of empirical orthogonal function analysis is to find an orthogonal
coordinate system in state space for which all data points are decorrelated.

Here, this study is interested in independent spatio-temporal structures about
the rest position of the vocal folds. Therefore, the excursion d

(α)
k (ti) from the

glottal midline is divided into a mean and a oscillatory component:

δ
(α)
k (ti) = d

(α)
k (ti)− d

(α)

k (A.1)

Here, k = 1, . . . , N indicates the kymogram number, i = 1, . . . ,M is the time
index, and α ∈ {left, right} specifies the side of the vocal folds. The mean

d
(α)

k =
〈
d

(α)
k (ti)

〉
ti

represents the dynamic equilibrium of each vocal fold, where〈
·
〉

ti
denotes a time average. The covariance matrix C(α) measures linear interde-

pendencies of the fluctuations δ
(α)
k (ti) about the dynamic equilibrium at different
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locations k, l of each vocal fold:

C
(α)
kl =

1

M

M∑
i=1

δ
(α)
k (ti)δ

(α)
l (ti) =

〈
δ

(α)
k (ti)δ

(α)
l (ti)

〉
ti

(A.2)

with k, l = 1, . . . , N . The covariance matrix is a real, symmetric and positive
semidefinite matrix. This can be diagonalized and has real and nonnegative eigen-
values:

C(α)Φ
(α)
l = λ

2 (α)
l Φ

(α)
l (A.3)

The normalized eigenvectors Φ
(α)
l , l = 1, . . . , N, correspond to the empirical

orthogonal functions (EOF). Sometimes they are called “topos” to indicate their

topological meaning (Aubry et al., 1991). The corresponding eigenvalues λ
2 (α)
l

carry the weigths of the normalized EOFs. They express the variance of the as-
sociated EOF about the dynamic equilibrium. The eigenfunctions define a set of
orthogonal directions in the N-dimensional state space {δ(α)

k }, and the eigenvalues
measure the variance of the observed set of states projected onto their correspond-
ing EOF-axis. The first eigenfunction is the direction in state space for which the
variance is maximal.

The total variance Etot of the centered set of states {δ(α)
k (ti)} is given by the

sum of the eigenvalues λ
2 (α)
l of the EOFs:

E
(α)
tot =

N∑
l=1

λ
2 (α)
l =

〈
δ

(α)
k (ti)δ

(α)
k (ti)

〉
k,ti

(A.4)

λ
2 (α)
l is the variance of one single spatio-temporal structure about the dynamic

equilibrium of the vocal fold α, with α ∈ {left, right}. As the EOFs Φ
(α)
l establish

an orthonormal system, the oscillatory components δ
( α)
k (ti) can be written as a

linear superposition:

δ
(α)
k (ti) =

N∑
l=1

a
(α)
l (ti)Φ

(α)
l (k) (A.5)

The temporal expansion coefficients a
(α)
l (ti) are determined by the projection of

the oscillatory components onto the eigenfunctions:

a
(α)
l (ti) =

N∑
k=1

δ
(α)
k (ti)Φ

(α)
l (k) (A.6)

Sometimes, the temporal coefficients are called “chronos”, as they express the
chronological importance of the associated “topos” (Aubry et al., 1991). They
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also can be regarded as temporal eigenfunctions corresponding to their associated
EOFs that can be thought of as spatial eigenfunctions. Finally, the oscillations of
the vocal fold edges about their dynamical equilibrium can be decomposed as:

δ
(α)
k (ti) =

N∑
l=1

λ
(α)
l Ψ

(α)
l (ti)Φ

(α)
l (k) (A.7)

with Ψ
(α)
l (ti) defined by

a
(α)
l (ti) = λ

(α)
l Ψ

(α)
l (ti) (A.8)

To characterize different kinds of complex spatio-temporal patterns for differ-
ent laryngeal pathologies, measures are proposed that provide overall information
about the distribution of spatio-temporal vibration modes.

The eigenvalues λ
2 (α)
l contain information about the distribution of variance

in the state space {δ(α)
k } in the direction of the modes. The information entropy

(Shannon’s entropy) measures the degree of disorder of irregular spatio-temporal
glottal contour patterns. It quantifies the shape of the eigenvalue distribution.
The relative weights of each EOF,

p
(α)
l = λ

2 (α)
l

/
E

(α)
tot (A.9)

can be regarded as a probability distribution for the projection of an observation
onto the directions of the EOFs Φ

(α)
l in state space {δ(α)

k }. Thus, the information

entropy S
(α)
tot is an overall quantity for the degree of disorder of this distribution:

S
(α)
tot = −

N∑
l=1

p
(α)
l log p

(α)
l (A.10)

If only a single eigenvalue is nonzero, the information entropy is zero. Then, a
single empirical function is present. Furthermore, S

(α)
tot will be small for a sharply

peaked distribution p
(α)
l ; whereas for a broad distribution, S

(α)
tot will become large.

In the limit of equidistributed EOFs, where all eigenvalues become equal, the
information entropy reaches its global maximum Smax = log N .
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Appendix B

Experimental Observations on
Vocal Membranes

B.1 Selected experimental studies in bats

In the literature there are numerous studies on various topics related to ultra-
sound phonation in bats. Many publications focus on the descriptive statistics of
ultrasonic pulse emission. In particular they contain detailed data on center pulse
frequencies, minimum and maximum frequency in frequency sweeps, and pulse
rates during prey capture. Different bat species, including insect catching bats
and plant- and nectar-feeding bats, have been used in these studies.

The topics in literature on bats related to this study include:

• Laryngeal mechanisms of echolocation

• Perceptional properties of hearing in bats

• Synchronization of respiration–wing beat–echolocation

• Radiotelemetry of prey catching bats

• Vocal tract acoustics

• Doppler compensation during prey capture

• Ontogeny of echolocation calls

• Prey capture success correlated with echolocation structure

• Echolocation signal design

• Individuality recognition
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In the following, a list of significant studies is given:

• A computational sensorimotor model of bat echolocation (Erwin et al., 2001)

• Echolocation behavior and prey-capture success in foraging bats: laboratory
and field experiments on Myotis daubentonii (Britton and Jones, 1999)

• Regular pulse emission in some megachiropteran bats (Funakoshi et al., 1995)

• Double-note communication calls in bats: occurrence in three families (Gould
et al., 1973)

• Neonatal vocalizations in bats of eight genera (Gould, 1975)

• The acoustics of the vocal tract in the horseshoe bat, Rhinolophus hilde-
brandti (Hartley and Suthers, 1988)

• Scaling of echolocation call parameters (Jones, 1999)

• Variations in respiratory muscle activity during echolocation when stationary
in three species of bat (Microchiroptera: Vespertilionidae) (Lancaster and
Speakman, 2001)

• Ontogeny of vocal signals in the little brown bat, Myotis lucifugus (Moss
et al., 1997)

• Laryngeal mechanisms in bats for the production of orientation sounds (Novick
and Griffin, 1961)

• Control of echolocation pulses by neurons of the nucleus ambiguus in the
rufous horseshoe bat, Rhinolophus rouxi. I. Single unit recordings in the
ventral motor nucleus of the laryngeal nerves in spontaneously vocalizing
bats (Rübsamen and Betz, 1986)

• Laryngeal mechanisms in bats for the production of orientation sounds (Novick
and Griffin, 1961)

• Versatility of biosonar in the big brown bat, Eptesicus fuscus (Simmons et al.,
2001)

• Respiration, wing-beat and ultrasonic pulse emission in an echolocating bat
(Suthers et al., 1972)

• Mechanisms of sound production in echolocating bats (Suthers and Fattu,
1973)
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• Selective laryngeal neuroanatomy and the control of phonation by the echolo-
cating bat, Eptesicus (Suthers and Fattu, 1982)

• The synchronisation of signal emission with wingbeat during the approach
phase in soprano pipistrelles (Pipistrellus pygmaeus) (Wong and Waters,
2001)

Selected papers relevant for biomechanical modeling are reviewed in some detail.

B.1.1 Subglottic pressure and the control of phonation by
the echolocating bat, Eptesicus

Review of Fattu and Suthers (1981): During vocalizations of Eptesicus, subglottal
pressure has been measured with an inserted tracheal cannula with pressure trans-
ducer. For FM pulses (frequency modulated pulses) with fundamental frequencies
between 20 and 50 kHz, pulse durations of about 1 to 5 ms have been observed.
Pulse repetition rates reached up to 200 Hz. The maximal sound pressure level
was about 120 dB in front of the mouth. For single FM pulses, subglottal pres-
sure was approx. 30 cmH2O, and, for groups of pulses, subglottal pressure was
found to be about 40 cmH2O. During downward sweeping FM pulses, subglot-
tal pressure decreased whereas during constant frequency (CF) portions pressure
remained constant. For ascending FM portions the pressure either increased or
stayed constant.

The authors discussed the role of the vocal folds and vocal membranes based
on these measurements. They argued that vibratory and resistive structures have
to be present in the bat larynx. The thin vocal membranes are thought to be
unlikely to serve as glottal resistance for high subglottal pressures. They proposed
a mechanism for pulse generation: After vocal fold adduction and closing of the
glottis, subglottal pressure builds up during expiration. When a certain threshold
is reached, the vocal folds slightly open until due to elastic recoil and aerody-
namic driving forces the vocal membranes exhibit self-sustained oscillations for
some hundred cycles. The vibration frequency is then determined by the tension
that is exerted on the vocal membranes by the cricothyroid muscles. This hy-
pothesis was further substantiated by denervation experiments of the cricothyroid
muscle where the typical pulse frequencies were reduced into the audible range and
the frequency modulation was eliminated (Griffin, 1958; Novick and Griffin, 1961;
Suthers and Fattu, 1982). Furthermore, measurements of electrical activity in the
superior laryngeal nerves and the major ventrolateral portion of the cricothyroid
muscle showed muscle tension to be maximal just prior to pulse production and
to decrease during phonation due to relaxation (Suthers and Fattu, 1973).
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B.1.2 Mechanisms of sound production in echolocating bats

Review of Suthers and Fattu (1973): This study tried to reveal the mechanism of
echolocative pulses at high repetition rates by bats. Vocalizations of the North
American Vespertilionid bat Eptesicus fuscus showed pulse durations less than 1
to 10 ms. During FM downward sweeps, fundamental frequencies can decrease by
about one octave, i.e. frequency halving, from 60− 80 kHz to 30− 40 kHz. Pulse
rates can increase up to 200 Hz. Anatomically, these bats have unusually large
cricoid and thyroid cartilages where the crycothyroid muscle is greatly hypertro-
phied.

Therefore, as a sound production mechanism, the authors proposed that the
thin vocal membranes could be stretched by contraction of the cricothyroid mus-
cles. The membranes are about 6 − 8 microns thick, and about 0.5 mm wide and
2 mm long. The vocal folds were thought of as not only sound generators, but also
as airway resistance. They provide the glottal stop and thus control subglottic
pressure during phonation.

The authors measured subglottal pressures in restrained awake bats that were
electrically stimulated to vocalize. For single pulses, subglottal pressures could
be determined as 25 to 40 cmH2O before pulses, then dropping during pulses by
about 20 cmH2O within 5 ms. At high pulse repetition rates, several pulses were
grouped within single respiratory cycles. Moreover, the peak subglottal pressure
reached values up to 60 to 70 cmH2O dropping by 20− 45 cmH2O during 2− 3 ms
of each pulse of grouped pulses.

The authors noted that, during stimulated vocalizations, the bats emitted
sounds termed “protest cries” with substantial portions of wide-band frequency
spectra and with large portions in the audible range. They also observed cries
with transitions to irregular phonation where the cry begins with discrete FM
components and then abruptly changed to “protest cries” of wide-band frequency
spectrum.

Seeking insight into the innervation and control mechanisms of echolocative
pulse emission, the authors conducted denervation experiments of the recurrent
laryngeal nerve. This nerve innervates all intrinisc laryngeal muscles except the
cricothyroid muscle. Denervation of the recurrent nerve showed little effect on
ultrasonic pulses. After denervation of the cricothyroid muscles (accomplished
by cutting the superior laryngeal nerves), frequencies of echolocative pulses were
lowered to audible frequencies. FM pulses changed into pulses with relatively
constant frequency. Interestingly, the pulse duration was relatively unaffected.
The authors concluded that the cricothyroid muscle mainly exerts tension on the
vocal membranes.

Using force transducer triodes, contraction of the cricothyroid muscle could be
measured. It was found that the cricothyroid muscle of bats is well adapted for
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rapid contractions for pulse repetition rates up to 200 Hz. During single electri-
cal motor nerve stimulation, contraction times of about 6.5 ms could be observed.
The total contraction/relaxation time of the bat cricothyroid was about 12−16 ms.
This is significantly longer than the interpulse interval at a maximal pulse repeti-
tion rate with 4−5 ms interpulse intervals. Using repetetive electrical stimulations
of the motor nerve (stimulation rate of about 55 − 65 Hz), partial tetanus of the
cricothyroid muscle was observed. Partial relaxation occurred between each stim-
ulus. Partial relaxation ceased when the fusion frequency of 220 − 240 Hz was
reached. The authors concluded that the partial muscle relaxation of the cricothy-
roid could be responsible for frequency modulations in FM pulse emitting bats.

B.1.3 The production of echolocation signals by bats and
birds

Review of Suthers (1988): In this review paper on echolocation in frequency mod-
ulating (FM) and constant frequency (CF) bats, the mechanisms for pulsed echolo-
cation calls were described. Important details for the presented vocal membrane
model are summarized below.

Vocal membranes in bats consist of connective tissue. They are only several mi-
crons thick. Traverse cuts in vocal membranes left bats aphonic. Only faint clicks
and sometimes fricative hissing sounds could be produced after this procedure.

Echolocating bats produce sonar pulses during the expiratory phase of the
respiratory cycle. They use two different strategies for pulses. One pattern is
characterized by low pulse repetition rates and long lasting pulses within one rep-
etition (large duty cycle). The second pattern consists of short pulses and high
pulse repetition rates.

During sonar pulses, subglottal pressure reaches values of about 20-50 cmH2O
(human conversation: about 8 cmH2O and shouting: 20-30 cmH2O). Vocal ef-
ficiency of about 7-16 percent (the ratio of acoustical and mechanical vibration
energy to air flow energy) is about two orders of magnitude higher than in hu-
mans. The maximal subglottal pressure is thought to be limited by the blood
pressure in the lung capillaries (about 43 cmH2O) which is supposed to be higher
during flight (increased heart rate).

The mechanical tension in vocal membranes is controlled by the cricothyroid
muscle (CTM), which is hypertrophied in bats of the genus Microchiroptera. The
CTM is innervated by the superior laryngeal nerve. All other intrinsic laryngeal
muscles are innervated by the inferior (recurrent) laryngeal nerve. During sonar
pulse trains electrical activity in the CTM is high before each vocalization. The
downward FM sweep in FM bats is due to CTM relaxation and decreasing vocal
membrane tension.
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After transection of the inferior laryngeal nerve, FM bats were still able to
produce FM pulses. The maximal subglottal pressure was reduced which resulted
in a reduced maximal sound pressure level. Due to the induced lack of timing of
the glottal gate, abnormal rising FM pulses were observed. Instead of pulse trains,
long-lasting vocalizations with sinusoidally varying fundamental frequency were
found. The ventral thyroarytenoid muscle (ventral part of the vocalis muscle)
shows high electrical activity synchronous to the CTM before phonation. It is
innervated by the inferior laryngeal nerve. In FM bats it is thought to be a glottal
adductor. It reduces the tension on vocal folds and its contraction bulges the vocal
folds into the glottal space.

Transection of the superior laryngeal nerve in FM bats led to abnormal pulses.
Pulse duration became highly variable, and frequency modulation vanished. The
fundamental frequency decreased to about 8 kHz. Series of harmonics appeared.

These transection experiments show that in bats the CTM is used to control
glottal resistance and vocal membrane tension. It adducts the vocal folds and
tenses the vocal membranes. Thus, vocal membrane tension and glottal resis-
tance are increased simulatenously before sonar pulses. During the FM downward
sweep the CTM relaxes and simulateously opens the glottis and decreases vocal
membrane tension.

In bats with CF sonar pulses, denervation of the CTM resulted in a decrease of
fundamental frequency from, e.g., 83 kHz to 12-42 kHz. The fundamental frequency
became highly variable from pulse to pulse. Doppler shift typical for CF bats
vanished after CTM denervation.

In bats using both CF and FM echolocation, the glottal resistance is held
constant while expiratory muscles increase or decrease laryngeal airflow.

In summary, the sonar pulse type in bats (rising FM, descending FM, CF, or
combinations) depends on the phase relationship between phonation onset/offset
and the contraction/relaxation cycle of the cricothyroid muscle. Phonation can
be terminated in two ways. Due to adduction of the vocal folds against the rising
subglottal pressure, the glottis can be closed to stop pulse trains at high pulse
repetition rates. Alternatively, the vocal membranes can abduct out of the phona-
tory position. This results in an increase of subglottal airflow and a decrease of
subglottal driving pressure.

B.2 Selected experimental studies in primates

Squirrel monkeys have become the most extensively investigated species in stud-
ies on the central nervous control of vocalization because: they have a rich vocal
repertoire, they are members of the primate order, their brain resembles the human
brain anatomy to a much higher degree than that of the cat or rat, and they are
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easy to handle for experiments (Jürgens, 2002). Moreover, squirrel monkey vocal-
ization can be considered as a suitable model for the study of the central control
of human nonverbal emotional vocal utterances such as laughing, moaning, crying,
and jubilating (Jürgens, 1986; Jürgens et al., 2002). Different human nonverbal
emotional vocal utterances (e.g., laughing, shrieking, moaning) and emotional into-
nation patterns (e.g., scolding, lamenting, caressing) can be shown to have acoustic
and emotional counterparts in the vocal repertoire of the squirrel monkey.

Important byproducts of these studies are the vocalization repertoire, the cor-
responding behavioral context, and the neural control mechanisms. They are well
documented and typically combined with spectrographic displays of calls (e.g.,
Boinski and Mitchell (1995, 1997); Newman et al. (1983); Schott (1975); Winter
et al. (1966); Winter (1969, 1972)).

In the following, a few prominent articles on the role of vocal folds and vocal
membranes for the call repertoire of primates will be reviewed.

B.2.1 Effects of laryngeal nerve transection on squirrel mon-
key calls

Review of Jürgens et al. (1978): This study bridges experimental work on neu-
rophysiological innervation of phonation in bats and humans using the squirrel
monkey as an animal “between” bats and humans with respect to the call reper-
toire. The authors interrupted systematically the two major innervation paths that
control the intrinsic laryngeal muscles (e.g., cricothyroid, thyroarytenoid muscles)
discern the dynamic relevance of intrinsic muscles. When cutting the recurrens
nerve, which innervates all intrinsic muscles apart from the cricothyroid muscle,
low frequency containing calls were effected more structurally than high frequency
calls. Rhythmical pulse sequences/click series at low pulse rates became arythmical
while for broadband noise-like calls, the width of the main energy band decreased,
and low frequency harmonic calls were superimposed with noise-like components.
Wideband noise-like calls could even change to contain harmonic components,
sometimes with a quasi-fundamental frequency of about 2 − 3 kHz. After supe-
rior laryngeal nerve transection (which innervates the cricothyroid muscle only) all
calls with low frequency components remained uneffected. One interesting finding
(from the viewpoint of the vocal membrane model discussed in this thesis) is the
appearance of faint harmonic-like structures superimposed on the continuous fre-
quency band typical for normal shrieking that showed up only during soft shrieking
calls. High pitched constant-frequency calls decreased in fundamental frequency
significantly and high pitched frequency-modulated calls disappeared.

Several conclusions can be drawn from this study. It can be assumed that
the cricothyroid muscle plays major role in stiffening the vocal membranes. From
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human physiology it is known that the cricothyroid muscle elongates the vocal
folds and narrows the glottis.

The production of rhythmical click sequences could be due to a dynamic effect
rather than an individual neural muscle activation for each pulse. Therefore click
series did not disappear completely after unilateral recurrens transection, but only
became arhythmic.

After bilateral recurrens transection, the click series were observed to decrease
even more in sound intensity. Single clicks changed from wide-band, noise-like
sounds to harmonic calls. After recurrens transection, a large prephonatory glottis
and missing vocal fold contact could cause the vocal folds and membranes to be
weakly driven by the airstream. This could lead to a more periodic behavior of
the vibrating modes with small oscillation amplitudes reducing nonlinearity in the
system.

Narrowing of frequency bands in broadband calls and the appearance of harmonic-
like structures with quasi-fundamentals of several kHz could be an effect of the de-
crease of vocal fold contact due to an increase in glottal area. Then the nonlinear
interaction decreases and the vocal membranes show a more periodic behavior.

Harmonic-like structures in broadband calls could be generated by an irreg-
ularly oscillating part of the vocal folds exciting the passively oscillating flaccid
vocal membranes to vibrate in a periodic way.

B.2.2 Modes of vocal variation in Sykes’s monkey (Cerco-
pithecus albogularis) squeals

Review of Brown and Cannito (1995): This study uses laryngographic waveform
measurements (electroglottogram EGG) to reveal mechanisms of sound generation
in Sykes monkeys (Cercopithecus albogularis), an Old World primate of about 40–
70 cm body length and 4–12 kg weight. Based on acoustical parameters cluster
analysis differentiated four categories for Sykes’s monkey squeals. Squeal calls are
associated with high arousal levels, but not particularly with loud calls.

In general, EGG measurements showed that the range of variation in the sur-
face area of the vocal folds making contact during phonation was approx. six
times larger than in humans. The authors argued that the vocal membranes, the
membranous extension of the vocal folds found in most nonhuman primates, could
be the major reason for this drastic difference. Functionally, the valvelike sealing
of the airway with vocal membranes generates high subglottal air pressure that
could facilitate certain vocal gestures and stabilize the rib cage for upper body
maneuvers in trees.

One class of squeal calls consisted of calls with broadband noise, low fundamen-
tal frequency (range approx. 600 Hz – 1400 Hz), and large amplitude oscillations of
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the EGG signal. A second class consisted of calls with small broadband noise, high
fundamental frequency (range approx. 1100 Hz – 4800 Hz), and small amplitude
oscillations of the EGG signal. As no significant evidences for irregular behavior
of the vocal source could be found, broadband vocal elements could be explained
by turbulence in the vocal tract.

These two classes were interpreted as being similar to modal (chest) and falsetto
(loft) register in human phonation. The authors suggested that during the mon-
key’s equivalent of the modal register, both vocal folds and vocal membranes make
contact resulting in a large EGG signal. During the monkey’s equivalent of the
falsetto register only the smaller vocal membranes are thought to be in contact
producing small EGG signals.

A third class of squeals was comprised of calls with multiple fundamental fre-
quencies. The EGG signal contained superpositions of both high and low ampli-
tude oscillations with different frequencies. Transitions between superpositions of
two high frequency oscillations were shown where the oscillations with a frequency
ratio of about 3 : 2 changed to oscillations with a high frequency component mod-
ulated by a strong low frequency oscillation (frequency ratio approx. 5). The EGG
and sound spectrograms also support the hypothesis that the two frequency com-
ponents have different time courses and thus could be classified as biphonation.
The authors suggested that different regions of the larynx could vibrate simulta-
neously with certain frequency relations (“polyphonic source”). They hypothesize
that vocal membranes and the principal portion of the vocal folds oscillate in dif-
ferent synchronization modes. Vocal membranes were found to vibrate in a 2 : 1
ratio related to the frequency of the vocal folds. In other cases the oscillation fre-
quency of vocal membranes was much higher than that of the principal component
of the vocal folds. The authors noted that no beating could be observed in this
particular calls. This finding indicates that the frequency of the vocal membranes
never came close to the frequency of the principal component of the vocal folds.

In the fourth class, abrupt transitions between narrow- and broad-band call
components together with abrupt transitions between small and large EGG signals
were observed. Additionally, the fundamental frequency abruptly changed between
the lower and the higher frequency range. Irregular call sequences were interspersed
with harmonically structured segments. This behaviors can be classified as register
jumps and deterministic chaos with harmonic windows.

B.2.3 Voicing biomechanics and squirrel monkey (Saimiri
boliviensis) vocal communication

Review of Brown et al. (2003): Vocal communication patterns in squirrel mon-
keys have been studied using excised larynx preparations to measure airflow and
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acoustical phonatory patterns in vitro. The vocal folds of squirrel monkeys are
about 2 - 3 mm long. The larynx, trachea and associated tissues are about 8 times
smaller than similar structures in humans. This makes excised larynx experiments
technically quite difficult and prone to errors.

For the studied excised larynges, phonation onset pressure was approx. 5 -
8 cmH20. Because a subglottal pressure of about 40 cmH20 irreversibly damaged
one larynx preparation, an upper bound of a physiologically sensible pressure range
was at this limit. At phonation onset hysteresis was observed. This behavior
can be described in the framework of nonlinear dynamics as a subcritical Hopf
bifurcation together with a saddle-node-bifurcation. After vibration onset, the
subglottal pressure could be reduced until vibrations ceased at a lower pressure
value than at phonation onset.

In vitro vibrational patterns could be grouped into a “periodic”, “biphonic”,
“asymmetric” and “chaotic” regime. The “periodic regime” was characterized by
a prominent fundamental frequency and a series of harmonic overtones. Within
the vocalization repertoire of squirrel monkeys, “cackles” and other harmonically
structured calls were considered related to the periodic regime of excised larynges.
A shallow spectral slope associated with a small ratio of glottal opening time to
glottal period (open quotient) was observed in this regime. Therefore the authors
suggested that call audibility in vivo could be increased; and, given a fixed glottal
flow rate, the number of glottal cycles per exhalation (utterance duration) could
be increased.

The “biphonic regime” contained patterns with nonharmonically related peak
frequencies. A variety of calls from the squirrel monkey’s vocalization repertoire
could be associated with the biphonic regime, e.g., calls in the “twitter”, “trill”,
“chuck”, and “kecker” classes. These show nonharmonic spectral bands and inde-
pendent frequency contours of frequency bands. The authors hypothesized that
in excised larynges, biphonation could be induced either by left-right asymmetries
between vocal folds, desynchronization of vertical and horizontal vibratory modes,
or desynchronization of vocal membrane vibration and oscillation of the vocal fold
body.

The“asymmetric regime”consisted of sustained series of pulses with pulse rates
of about 8 - 20 Hz combined with high fundamental frequencies with subharmon-
ics. The authors pointed out that phonation never completely stopped between
pulses, but that the oscillation amplitude was strongly modulated resulting in
rather distinct pulse segments. Pulsed calls in the vocalization repertoire include
“errs”, “churrs”, and “trills”. In contrast to in vivo vocalizations, modulation of
muscle activity cannot account for pulsed oscillation patterns in excised larynx
experiments. Thus the authors hypothesized that left-right asymmetry in excised
larynges induced pulsatile call sequences.
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Irregular, nonperiodic, and broadband vibrational patterns at high sound am-
plitudes due to high subglottal pressure built the “chaotic regime”. This regime
could be distinguished from broadband patterns due to turbulence by features
such as abrupt onset of irregular segments, residual harmonic structures superim-
posed on a broadband spectrum, and periodic windows with stacks of harmonics
interspersed within irregular segments.

In addition to these regimes excised larynx preparations showed sudden tran-
sitions between different regimes for constant control parameters, e.g., jumps of
fundamental frequency or transitions to irregular behavior and back to harmonic
vibrations. It was argued that coexistence of attractors of the vocal fold system
could explain this behavior.
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Appendix C

Derivation of vocal membrane
model equations

C.1 Derivation of equations from first principles

The extended symmetrical two-mass model with three mechanical degrees of free-
dom x1, x2 and θ is considered (Fig. C.1). The coordinates of the mass points m1

and m2 and the line mass m3/d3 can be written as:

lower mass: m1 : (x1 + x01)êx (C.1)

upper mass: m2 : (x2 + x02)êx (C.2)

vocal membrane mass element: dm3 :

(x2 + x02)êx − ξ sin(θa)êx + ξ cos(θa)êy (C.3)

for ξ ∈ [0, d3], where θa = θ0 + θ(t). Unit vectors êx and êy indicate x- and y-
directions, respectively. Polar coordinates can be written as êr = − sin(θa)êx +
cos(θa)êy and êθ = − cos(θa)êx − sin(θa)êy where êr is the direction from the base
to the tip of the vocal membrane, êθ is the direction perpendicular to the vocal
membrane pointing into the model glottis.

The equations of motion for the three masses can be derived using Newton’s
laws of conservation of momentum and angular momentum. Gravitational forces
are neglected.

momentum:
d

dt

−→
P tot =

−→
F tot (C.4)

angular momentum (with respect to point O):
d

dt

−→
L
∣∣
O
=
−→
M tot

∣∣
O

(C.5)

where
−→
F tot and

−→
M tot

∣∣
O

are the total force and the total torque (with respect to
point O), respectively.
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Figure C.1: Mechanical equivalent of symmetrical vocal membrane model (only
left side shown)
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As the lower mass is coupled to the remaining model only by elastic, viscous,
and aerodynamic forces, the dynamics for x1 derived from conservation of momen-
tum can be written as:

m1ẍ1êx =
−→
F visco−elast

1 +
−→
F collision

1 +
−→
F airflow

1 (C.6)

Note that
−→
F visco−elast

1 = [−r1ẋ1 − k1x1 − kc (x1 − x2)] êx is the force contribution
from the visco-elastic vocal fold tissue.

The force contribution due to contact of left and right model masses,
−→
F collision

1 ,
is described following Steinecke and Herzel (1995) and Mergell et al. (1999):

−→
F collision

1 = c1
|a1|
2l

H(−a1)êx (C.7)

where H(a) denotes the Heaviside function. When the left and right model masses
collide and overlap (negative cross-sectional area a1 = 2l(x1 + x01)), an additional
elastic force is added to the restoring forces. The collision force is proportional to
the overlap of left and right model masses, |a1|

2l
.

−→
F airflow

1 = ld1p1êx is the force from the airflow through the uniform glottal
channel. Only the aerodynamic pressure on the massless plate connected to the
lower mass is taken into account, whereas viscous shear forces are neglected.

The glottal channel is formed by massless plates of height d1 (and d2) attached
to the lower (and upper) mass. The channel width depends on the coordinates x1

and x2. It can change in a steplike way. The glottal channel formed by the vocal
membranes changes smoothly along the vocal membrane direction êr. The length
l of the massless plates and the vocal membrane is constant.

In summary, the equation of motion for the lower mass is given by:

m1ẍ1 + r1ẋ1 + k1x1 + kc (x1 − x2) = ld1p1 + c1
|a1|
2l

H(−a1) (C.8)

The upper mass m2 and the vocal membrane m3 are rigidly connected. Con-
servation of momentum and angular momentum are formulated for this subsystem
with scleronomous mechanical constraint. Using the substitution dm3 = m3

d3
dξ,

where ρ(ξ) = m3/d3 is the constant line mass density, conservation of momentum
for the upper subsystem can be written as:

m2ẍ2êx +
m3

d3

d3∫
0

 ẍ2 − ξ
(
θ̈ cos(θa)− θ̇2 sin(θa)

)
−ξ
(
θ̈ sin(θa) + θ̇2 cos(θa)

)  dξ =
−→
F tot

23 (C.9)

−→
F tot

23 =
−→
F visco−elast

23 +
−→
F collision

23 +
−→
F airflow

23 +
−→
F reactive

23 (C.10)
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The visco-elastic force can be written as:
−→
F visco−elast

23 = [−r2ẋ2 − k2x2 − kc (x1 − x2)] êx (C.11)

The viscous and elastic restoring torques on the vocal membrane are assumed to be
incorporated in the pivot point at the upper vertex of the upper mass. Therefore,
the corresponding forces do not contribute to the total force acting on the upper
mass–vocal membrane–subsystem.

The force from the airflow through the glottal channel formed by the upper
mass and the vocal membrane is generated only by the aerodynamic pressure acting
perpendicular on the channel walls. Viscous shear forces from the airstream on
the glottal walls are neglected:

−→
F airflow

23 = ld2p2êx + l

d3∫
0

(−êθ) p(ξ)dξ (C.12)

The collision force
−→
F collision

23 is modeled similar to the collision force for the
lower mass m2:

−→
F collision

23 = c2
|a2|
2l

H(−a2)êx (C.13)

with the cross-sectional area a2 = 2l(x2 + x02) between the left and right upper
masses. Collision forces during contact of left and right vocal membranes are
neglected.−→

F reactive
23 is the constraining force in the êy direction that balances the êy-

component of the linear momentum change. It can be calculated as:

−→
F reactive

23 =

m3

d3

d3∫
0

{
−ξ
(
θ̈ sin(θa) + θ̇2 cos(θa)

)}
dξ − l sin(θa)

d3∫
0

p(ξ)dξ

 êy

(C.14)
Conservation of angular momentum with respect to the point O, with angular

momentum given as
−→
L 23 = −→x 23 × −→p 23 (−→p 23 denotes the linear impulse of the

upper subsystem), and torque given as
−→
M23 = −→x 23 ×

−→
F tot

23 results in:

−→
L 23

∣∣
O

=
m3

d3

d3∫
0

(
(x2 + x02)− ξ sin(θa)

ξ cos(θa)

)
×
(

ẋ2 − ξθ̇ cos(θa)

−ξθ̇ sin(θa)

)
dξ (C.15)

−→
M23

∣∣
O

= l

d3∫
0

(
(x2 + x02)− ξ sin(θa)

ξ cos(θa)

)
× (−êθ) p(ξ)dξ+

+ (x2 + x02) êx ×
−→
F reactive

23 (C.16)

196



C. Derivation of vocal membrane model equations

Evaluation of the integrals along the vocal membrane direction leads to:

d

dt

−→
L 23

∣∣
O

= m3êz

[
1

3
d2

3θ̈ −
1

2
d3 (x2 + x02) θ̈ sin(θa)−

−1

2
d3 (x2 + x02) θ̇2 cos(θa)−

1

2
d3ẍ2 cos(θa)

]
(C.17)

−→
M23

∣∣
O

= −m3 (x2 + x02) êz

[
1

2
d3θ̈ sin(θa) +

1

2
d3θ̇

2 cos(θa)

]
− êzl

d3∫
0

ξp(ξ)dξ

(C.18)

As the force contributions
−→
F visco−elast

23 +
−→
F collision

23 and the contribution from
the aerodynamic force ld2p2êx on the massless plate connected to the upper mass
m2 are assumed to act only in the êx-direction onto the mass point m2, their
contributions to the overall torque vanish.

Viscous and elastic restoring torques, incorporated in the pivot point between
the upper mass and the vocal membrane, add to the overall torque:

−→
M visco−elast =

[
−r3θ̇ − k3θ

]
êz (C.19)

Forces and torques due to contact of the vocal membranes are neglected.
In summary, conservation of momentum of the upper subsystem of the vocal

membrane model leads to:

1

3
m3d

2
3θ̈ + r3θ̇ + k3θ −

1

2
m3d3ẍ2 cos(θa) = −l

d3∫
0

ξp(ξ)dξ (C.20)

Together with the equation derived from the conservation of linear momentum for
the upper subsystem m2–m3

(m2 + m3) ẍ2 + r2ẋ2 + k2x2 + kc (x2 − x1)−

−1

2
m3d3

(
θ̈ cos(θa)− θ̇2 sin(θa)

)
=

ld2p2 + l cos(θa)

d3∫
0

p(ξ)dξ + c2
|a2|
2l

H(−a2) , (C.21)

the equations of motion for the symmetrical vocal membrane model are complete.
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C.2 Derivation of aerodynamic driving forces and

torques

The aerodynamic driving forces and torques result only from the action of the aero-
dynamic pressure perpendicular onto the glottal channel walls. The flow through
the glottal channel is described by Bernoulli’s equation for potential inviscid flow.
The flow velocity in the trachea is neglected which is a valid assumption for a
small tracheal tube area-to-glottis area-ratio. The flow is driven by a constant
subglottal pressure reservoir at pressure ps. Along a streamline through the open
glottis, Bernoulli’s equation reads:

ps = p1 +
1

2
ρu2

1 = p2 +
1

2
ρu2

2 = p(ξ) +
1

2
ρu2

3(ξ) (C.22)

where ρ is the constant air density. Here, gravitational effects are neglected; and
the flow is assumed to be quasi-steady (see, e.g., Mongeau et al., 1997; Zhang et al.,
2002b), thus neglecting the time derivative of the velocity potential in Bernoulli’s
equation. Assuming incompressibility, conservation of mass of air in the glottis
relates flow velocities u1, u2, and u3(ξ) in the three glottal compartments to the
glottal areas a1, a2, and a3(ξ):

a1u1 = a2u2 = a3(ξ)u3(ξ) ≡ U , ξ ∈ [0, d3] (C.23)

Thus, conservation of mass is equivalent to a constant volumetric flow rate U
through the open glottis.

The volumetric flow rate U can be calculated assuming the separation of an
air jet at the narrowest point in the glottis. Downstream of the separation point,
the jet is assumed to stay detached from the glottal wall. Within the jet, the air
flow is simplified as laminar flow. Jet separation is an inherently viscous effect
including turbulence, whereas Bernoulli’s equation describes a potential flow with-
out viscous losses. At the jet separation point amin, the velocity ujet in the jet can
be calculated:

U = aminujet (C.24)

amin = min (a1, a2, avm) (C.25)

where avm = a3(ξ = d3) is the cross-sectional area at the tip of the vocal mem-
branes.

As the jet discharges into the supraglottal space, the vocal tract, the air pressure
within the jet is assumed to be the supraglottal tract pressure pT . Here it is set as
pT = 0. Thus, ps is the transglottal pressure difference. Acoustic pressure waves
in the sub- and supraglottal tracts are neglected.

ps = pT +
1

2
ρ

(
U

amin

)2

(C.26)
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The description of the aerodynamic part of the driving forces and torques is
completed by the assumption, that during glottal closure (negative cross-sectional
area of any of the glottal compartments a1, a2, or a3(ξ)) the subglottal pressure
ps acts perpendicular on all glottal walls of still open glottal compartments. The
assumptions for Bernoulli’s equation are not fulfilled anymore in this case, but the
finite limits for vanishing glottal areas, ai → 0 (i = 1, 2, 3) and amin → 0, can be
used to extend the validity of Bernoulli’s equation.

The driving pressure p1 on the lower mass m1 can be written as:

p1 = ps

(
1−

(
amin H(amin)

a1

)2
)

H(a1) (C.27)

The Heaviside functions are introduced to assure the open-glottis assumption for
the laminar potential flow. If the minimum area amin becomes negative, given
a1 ≥ 0, then the full subglottal pressure ps acts on the lower mass.

The aerodynamic pressure p2 on the upper mass m2 is finite only, if the area at
the tip of the vocal membranes, avm, is smaller than the area a2, i.e. θa > 0, and if
avm is the minimum area of the glottis. In all other cases, p2 = pT = 0 equals the
case of the underlying two-mass model introduced before. If the minimum area is
negative, given amin = avm < 0 and a2 ≥ 0, then the static pressure ps acts on the
upper mass.

p2 = ps

(
1−

(
amin H(amin)

a2

)2
)

H(a1) H(a2) H(a1 − avm) H(a2 − avm) (C.28)

Here the expression H(a1 − avm) H(a2 − avm) is used to assure the condition,
that avm is the minimum positive area. For the limit case avm → a2, given a1 >
a2 (convergent glottis), it follows p2 → 0. For a1 < a2 (divergent glottis) and

avm
avm<a1→ a1, one gets p2 → ps(1− (a1/a2)

2), whereas for avm
avm>a1→ a1, one gets

p2 → 0.
The driving pressure p(ξ) on the vocal membrane is finite when the vocal

membrane area avm is the smallest positive area. When the minimum area is
negative amin = avm < 0, given a1, a2 ≥ 0, then the static pressure ps acts on
the effective vocal membrane height deff

3 . The effective vocal membrane height for
contact of the vocal membranes is given below.

p(ξ) = ps

(
1−

(
amin H(amin)

a3(ξ)

)2
)

H(a1) H(a2) H(a1 − avm) H(a2 − avm)

(C.29)

ξ ∈
[
0, deff

3

]
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The integrals for the driving force and torque can be evaluated analytically.
Substituting y = ξ cos(θa), the area function a3(ξ) = a2 − 2lξ sin(θa) becomes:

a3(y) = a2 − 2l tan(θa) y (C.30)

Thus the area at the tip of the vocal membranes reads:

avm = a3 (y = d3 cos(θa)) = a2 − 2ld3 sin(θa) (C.31)

The integral for the driving aerodynamic force acting on the upper subsystem
m2–m3 can be evaluated as:

F airflow
23 = ld2p2 + l cos(θa)

d3∫
0

p(ξ)dξ = ld2p2 + l

d3 cos(θa)∫
0

p(y)dy =

= ld2p2 + lps

[
d3 cos(θa)−

(amin H(amin))2

2l tan(θa)

(
1

avm

− 1

a2

)]
×

×H(a1) H(a2) H(a1 − avm) H(a2 − avm) (C.32)

As this dynamical vocal membrane model is based on the work by Mergell et al.
(1999), the force F airflow

23 equals the force on the upper mass for the static mem-
brane model with rigid reed-like plates.

The integral for the aerodynamic torque on the vocal membrane results in:

Mairflow = −l

d3∫
0

ξp(ξ)dξ =
−l

cos2(θa)

d3 cos(θa)∫
0

yp(y)dy =

= −lps

[
1

2
d2

3 −
(amin H(amin))2

2l sin(θa)

(
d3

avm

+
1

2l sin(θa)
ln

(
avm

a2

))]
×

×H(a1) H(a2) H(a1 − avm) H(a2 − avm) (C.33)

In the case of contact between vocal membranes, left and right model mem-
branes are allowed to overlap. The additional restoring forces and torques during
vocal membrane contact are neglected. Due to the overlap, the effective height for
the interaction of the static air pressure ps with the membranes is reduced. Thus,
in the expressions for aerodynamic force and torque, the vocal membrane height
d3 has to be replaced with the effective vocal membrane height deff

3 such that

d3 → deff
3

deff
3 = d3

[
H(avm) + H(−avm)H(a2)

a2

|avm|+ a2

]
. (C.34)
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alische Seite meiner Arbeit ermöglicht zu haben und Selbstexperimente live prä-
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H. L. Häusler (2001): “High-speed Video Endoscopy of Vocalizing Squirrel
Monkeys (Saimiri sciureus)”, Posterbeitrag zur 6th International Congress
of Neuroethology, Bonn

• J. Neubauer, T. W. Fitch and H. Herzel (2001):“Modelling Dynamical Effects
of Local Morphological Changes of Vocal Folds”, 5th International Workshop
on Advances in Quantitative Laryngoscopy, Voice and Speech Research in
Groningen, Niederlande

• J. Neubauer, P. Mergell and H. Herzel (2001): “Spatio-Temporal Analysis
of Biphonic Phonation of Spatial Modes”, Paneuropean Voice Conference
(PEVOC) IV in Stockholm, Schweden

• J. Neubauer and H. Herzel (2001): “Nonlinear Dynamics of the Voice – Bi-
furcation and Mode Analysis”, Abschlusskolloquium des Innovationskollegs
für Theoretische Biologie der Humboldt-Universität zu Berlin

• J. Neubauer, T. W. Fitch and H. Herzel (2002): “Nonlinear Dynamics of
the Voice - Modelling the Role of Vocal Membranes in Bats and Primates”,
Posterbeitrag für die ’Dynamics Days Europe 2002’ in Heidelberg

• J. Neubauer, P. Mergell and H. Herzel (2002): “Spatio-temporal analysis of
biphonic phonation revealing desynchronization of spatial modes”, Lab Talk
UCLA, Los Angeles, USA

• J. Neubauer, T. Fitch and H. Herzel (2002): “Modelling the role of vocal
membranes in bats and primates: Dynamical Effects of local morphological
changes of vocal folds”, 3rd International Conference for Voice Physiology
and Biomechanics (ICVPB) in Denver, USA

• J. Neubauer, T. Fitch and H. Herzel (2002): “Modelling dynamical effects of
local morphological changes of vocal folds”, Forum Acusticum 2002 in Sevilla,
Spanien

Publikationsliste:

• J. Neubauer, M. E. Edgerton and H. Herzel (2004): “Nonlinear phenomena
in contemporary vocal music”, J. Voice, In press

• M. E. Edgerton, J. Neubauer and H. Herzel (2003): “Using nonlinear pheno-
mena in contemporary musical composition and performance”, Perspectives
of New Music, 41, 30–65

204



• N. Henrich, M. Hess, G. Schade, J. Neubauer, C. Mantay and T. Kirchhoff
(2003): “The transillumination technique and its applications : first results”,
in Proceedings of the 6th International Conference on Advances in Quanti-
tative Laryngology, Voice and Speech Research, Hamburg

• W. T. Fitch, J. Neubauer and H. Herzel (2001): “Calls out of chaos: The ad-
aptive significance of nonlinear phenomena in mammalian vocal production”,
Animal Behaviour, 63, 407–418

• I. Tokuda, T. Riede, J. Neubauer, M. J. Owren and H. Herzel (2001): “Non-
linear analysis of irregular animal vocalizations”, J. Acoust. Soc. Am., 110,
3207–3217

• M. E. Edgerton, J. Neubauer and H. Herzel (2001): “The influence of non-
linear dynamics and the scaling of multidimensional parameter spaces in
instrumental, vocal and electronic composition” in Proceedings of the 5th
International Conference on Generative Art, Politecnico di Milano Universi-
ty (2001)

• J. Neubauer, P. Mergell, U. Eysholdt and H. Herzel (2001): “Spatio-temporal
analysis of irregular vocal fold oscillations: Biphonation due to desynchroni-
zation of spatial modes”, J. Acoust. Soc. Am., 110, 3179–3192

• C. Dresel, P. Mergell, J. Neubauer and U. Eysholdt (2000): “Modelling of
recurrent nerve paralysis using an analytical description of an asymmetric
smooth contour two-mass model”, in Proceedings of the 4th International
Workshop on Advances in Quantitative Laryngoscopy, Voice and Speech Re-
search in Jena, Germany

Forschungsprojekte:

• ab 2003: Imaging of the medial surface of vocal folds; Direct measurement
of glottal flow in excised larynges; Aeroacoustics and turbulence in excised
larynx experiments (Kooperation mit D. Berry, UCLA, Los Angeles)

• 2002 – 2003: Combining EGG measurements, transillumination endoscopy
and high speed glottography (Kooperation mit N. Henrich, KTH Stockholm,
Schweden und M. Hess, Universitätsklinikum Hamburg)
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und nur die angegebene Literatur und Hilfsmittel verwendet zu haben.

Jürgen Neubauer
9. Februar 2004

208


	Contents
	List of Figures
	List of Tables
	Introduction
	Physics of Voice Production
	Anatomy and physiology of the voice production apparatus
	Mechanism of sound production
	Nonlinear dynamics of phonation
	Coupled oscillators -- the core of phonatory dynamics

	Experimental data acquisition of phonatory system
	Modeling voice production in humans and nonhuman mammals
	The two-mass model as basic model


	Nonlinear Phenomena in Contemporary Vocal Music
	Introduction
	Nonlinear phenomena

	Musical phenomena
	Material and Methods
	Results
	Discussion
	Bifurcation analysis
	Physiological mechanisms
	Reproducibility, intention, and control
	Musical relevance


	Spatio-temporal Analysis of Irregular Vocal Fold Oscillations
	Introduction
	Material and Methods
	Multi-line kymography
	Time series preprocessing
	Calculation of the empirical orthogonal functions

	Analysis of spatio-temporal glottal patterns
	Spectral analysis of spatio-temporal plots
	EOF analysis of spatio-temporal vibration patterns

	Discussion
	Conclusion

	Vocal Membrane Model for Bats and Primates
	Introduction
	Significance of a biomechanical vocal membrane model
	Vocal membranes in nonhuman mammalian larynges
	Vocal membranes in bats
	Vocal membranes in squirrel monkeys
	In vivo video imaging of oscillating vocal membranes
	Biomechanical model with rigid reed-like vocal membranes
	Dynamical vocal membrane model

	Materials and Methods
	Phenomenological model of vocal membrane systems
	Description of vocal membrane model
	Vocal membrane model equations
	Biologically relevant control parameters
	Numerical analysis of the vocal membrane model

	Results
	Linear eigenmode analysis
	Hopf bifurcation and voice onset
	Bifurcation diagrams and registers
	Simulation of complex vocalizations

	Discussion
	Registers in larynges with vocal membranes
	Diversity of vocal membrane dynamics
	Adaptability and robustness of vocal membrane systems

	Outlook

	Bibliography
	Empirical Orthogonal Function Analysis
	Experimental Observations on Vocal Membranes
	Selected experimental studies in bats
	Subglottic pressure and the control of phonation by the echolocating bat, Eptesicus
	Mechanisms of sound production in echolocating bats
	The production of echolocation signals by bats and birds

	Selected experimental studies in primates
	Effects of laryngeal nerve transection on squirrel monkey calls
	Modes of vocal variation in Sykes's monkey (Cercopithecus albogularis) squeals
	Voicing biomechanics and squirrel monkey (Saimiri boliviensis) vocal communication


	Derivation of vocal membrane model equations
	Derivation of equations from first principles
	Derivation of aerodynamic driving forces and torques


