10.21437 /Eurospeech.1991-41

ISCA Archive

http://www.isca-speech.org/archive

2nd European Conference on
Speech Communication and Technology
EUROSPEECH 91
Genova, ltaly, September 24-26, 1991

EVIDENCE OF CHAOS IN PHONATORY SAMPLES

H. Herzel, }J. Wendler

Humboldt- University of Berlin

ABSTRACT

Acoustic waveforms from pathological voices are
analyzed by methods from nonlinear dynamics. It is
emphasized that many observations of rough and
creaky voices, of frequency jumps, and diplophonia can
be interpreted as manifestations of low-dimensional
dynamics in an appropriate phase space. Attractors
are characterized by means of Poincare sections, fractal
dimensions and Lyapunov exponents.
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1. IRREGULARITIES IN PHONATORY SIGNALS

Normal voiced sound appears to be nearly periodic,
although small perturbations are always present
("jitter" and "shimmer" in the order of percent).
Under certain circumstances, much larger irregularities
of voiced signals are observed. For example, newborn
cries often exhibit frequency jumps and episodes of
nonperiodic oscillations (Lind 1965). In a recent paper,
these observations are interpreted as bifurcations and
deterministic chaos (Mende et al. 1990). An example of
a cry with various abrupt transitions and chaotic
segments is shown in Fig. 1.
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Figure 1. Spectrogram from a premature infant
{28 weeks) with respiratory complications
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During vocalizations of healthy adults, irregularities
are relatively seldom if we disregard the vocal fry
register (Dolansky and Tjernlund 1968). By contrast,
pathological voices are often characterized by large
deviations from periodicity. One can distinguish two
basic mechanisms leading to irregularities. On one
hand, constrictions generate turbulent noise (related
to "breathiness"), and, on the other hand, chaotic
wocal fold vibrations can be identified as the origin of
nonperiodic signals (Herzel et al. 1991, Titze et al.
1991). In the first case, the classical methods of
signal analysis as power spectra and autoregressive
models are appropriate.

In the second case, time-series analysis inspired by
nonlinear dynamics should be applied. It is the aim of
this paper to provide evidence of low-dimensional
dynamics in phonation, and to show the applicability
of new methods of signal analysis. ‘

2. PHONATORY SAMPLES

Our analysis is based on hundreds of samples of
normal and pathological voices recorded at our univer-
sity hospital (Charite,Phoniatric Department of the
ENT-Clinic ). In previous studies, the vocalizations
were characterized using spectral analysis and perceptual
classification (see e.g. Wendler et al. 1986).

Here we discuss only some few characteristic examples
in order to demonstrate the relevance of nonlinear
dynamics. The acoustic signals of sustained vowels at
comfortable pitch are digitized with a sampling rate
of 20 kHz and with 12 bit resolution. Each vowel was
classified according to the degrees of hoarseness (H),
roughness (R) and breathiness (B). A four point grading
was applied with 0 indicating normality, 1 slight, 2
moderate, and 3 extreme deviations (see Fig.2).

The normal voice signal in Fig.2a is displayed at the
bottom for comparison. Obviously, the pathological
voices in Fig. 2 exhibit large deviations from periodicity
(jitter of more than 10X and shimmer from 15% to
50%), but it is evident that the deviations are by no
means totally random. In order to detect some kind
of order within such nonperiodic measurements the
concept of nonlinear dynamics will be applied in the
remainder of this paper.
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Figure 2. Acoustic waveforms from sustained vowels

(a) normal female voice, vowel "i"; HO,R0,BO

(b) female voice, papillomas of the vocal
folds; vowel "u”; H3, R2, B3

(c) female voice, polyposxs of the vocal
folds; vowel "i"; H3, R3, BO

(d) male voice, papillomas of the vocal
folds; vowel "u"; H3, R3, Bi

3. ATTRACTORS AND THEIR CHARACTERISTICS

This Section is a brief introduction to nonlinear dyna-
mics as a prerequisite for the following considerations.
The crucial condition for the applicability of nonlinear
dynamics is the dominance of relatively few variables.
Then, time-series can be projected into a “phase
space” which is spanned by the relevant variables.

Under the assumption of fixed parameters ( e.g.
constant subgiottal pressure and muscle tension), the
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"orbit" in this phase space settles down after a "tran-
sient” on an “"attractor”.

For example, a periodic signal corresponds to a closed
curve in phase space which is termed "limit cycle". A
superposition of two incommensurate frequencies (e.g.
in the case of diplophonia) leads to a 2-torus in
phase space. The dimensions of these attractors are
one and two, respectively. It was discovered during
the last decades that also attractors with noninteger
dimensions larger then two exist. These "strange
attractors” correspond to nonperiodic chaotic signals.
Chaotic orbits in phase space are unstable, i.e. nearby
initial conditions diverge exponentially.

These two properties (complicated attractors, exponen-
tial instability) can be quantified using the concept of
fractal dimensions and Lyapunov exponents(Eckmann
and Ruelle 1985). The nonperiodicity of chaotic oscilla-
tion is due to the intrinsic nonlinearities of the system,
i.e. no random perturbations are necessary.

It is difficult to distinguish chaos from random pro-
cesses alone from time-series and power spectrum.
For the identification of attractors new methods of
signal analysis have been developed which are applied
to pathological voices in the next Sections.

4. RECONSTRUCTION OF ATTRACTORS
FROM TIME-SERIES

In order to analyze attractors, measured signals have
to be projected into a suitable phase space. Even from
a single time-series x(t), a phase space can be construc-
ted as follow (Froehling et al. 1981):

x(t) = { x(t), x(t+v), x(t+21),. .., x{t+(m-1) 1) }
Thus, a point in this reconstructed space is given by
m "delay-coordinates”. The selection of a delay-time 1
and an embedding dimension m is somewhat arbitrary,
but attractor dimensions and Lyapunov exponents
should not depend on t and m provided that m is
sufficiently large (Eckmann and Ruelle 1985). In Fig. 3
a projection of the data in Fig.2b into phase space
can be seen.
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Figure 3. "Phase portrait” of the record in Figs.2b
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Another technique for the visualization of attractors
are “"Poincare maps”. Instead of the whole orbit in
phase space, only the intersections with a given surface
are studied. In this way a limit cycle would generate
distinct points in the Poincare map and a torus corres-
ponds to a closed curve. Topologically equivalent to
such Poincare sections are "next amplitude maps" or
“next period maps" which are easily obtained from
time-series. Fig. 4 shows such maps for the two-fre-
quency signal in Fig. 2d.
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Figure 4. Plots of consecutive maxima (left) and pitch
periods (right)

In the case of a randomly perturbed signal (e.g. for
very breathy voices), only unstructured clouds of
points appear in such plots. Thus, the appearance of
regular structures in phase portraits and Poincare
maps are first indications of low-dimensional dynamics.

5. ESTIMATION OF DIMENSIONS AND
LYAPUNOV EXPONENTS

Several techniques have been developed for the estima-

tion of attractor dimensions. They are based on the

scaling properties of statistical quantities which can

be calculated from the data. For example, the correla-

tion integral Cle) is proportional to the number of

pairs of attractor points with a distance less then ¢.
~ If a power-law

Cle) ~ EDL

can be found for approgriate regions of ¢ and proper .

values of the embedding parameters 1 and m, then the
value of D, can be taken as an estimation of the corre-
lation dimension (Grassberger and Procaccia 1983).

Another method for the estimation of dimensions is
related to near-neighbour statistics (van de Water and
Schram 1988): If r,(x;) denotes the distance between
an attractor point x;to its k-th nearest neighbour
then the average distance depends on k as follows:

1/
<rp(x) > ~ G(k,D)k
_ I'tk+1/D)
with G(k,D)————-——-————F(k)

The prefactor G(k, D) is close to unity and, therefore,
a first guess of the dimension D can be obtained by
setting G(k,D)=1. The resulting first estimation of D
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can be improved iteratively. The values of D, and D
can be estimated from the slopes of appropriate
log-log plots. The applicability of these techniques is
demonstrated in Fig. 5 for fixed delay-time 1 and
varying embedding dimensions m (other values of
1 give camparable results). It can be seen that both
methods give nearly identical slopes of D,#D#2.6 in a
certain scaling region of e-values. Thus, a chaotic
attractor is indicated.
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Figure 5. Log-log plots for the estimation of the
attractor dimensions of the record in Fig.2b

Now we turn to the discussion of the exponential
instability of chaotic orbits. Chaotic dynamics implies
that nearby orbits diverge (in the average) exponentially
with a rate A, which is the maximum Lyapunov exponent.
For the estimation of X, we monitor the separation of
initially nearby orbits in phase space (initial distance
d(0)) over an "evolution time" T. If there is a linear
growth of the mean value of Inld(T)/d(0)] with the
evolution T then the slope can be taken as estimation
of the Lyapunov exponent X,.. Fig. 6. shows indeed
such a behaviour with X\, = 0.1 ms .
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Figure 6. Average growth of the distance of initially
nearby orbits with evolution time T for the
record in Fig. 2c. Three sets of embedding
parameters are superimposed (m=6 and
1=0.6ms; m=6and t=1ms; m=5 and t1=1 ms).
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Summarizing, we can state that the records of patholo-
gical voices in Fig. 2 are indeed manifestations of
low-dimensional dynamics. Moreover, the applicability
of new methods of signal analysis to phonatory samples
has been shown.

6. BIFURCATIONS IN PHONATORY SIGNALS

The characterization of attractors above was based on
the assumption of stationarity. Hoewever, even during
sustained vowels, changes of pitch and amplitudes are
observed. Particutarly for pathological voices and
newborn cries, such drifting parameters may induce
qualitative changes of the attractor, These transitions
can be interpreted as "bifurcations” of the underlying
dynamical system. A first example of a record with
various bifurcations was presented in Fig. 1.
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Figure 7. Waveforms displaying bifurcations (see text)
(a) female voice as in Fig.2b; vowel "i"
(b) male voice, cancer of the vocal folds;
vowel "e” ; H3, R3, B2

The record in Fig. 7a displays a transition from a
nearly periodic state (period about 2.3 ms) to a “sub-

harmonic regime” with approximately the double '

period and large amplitudes. Such "octave jumps" can
be interpreted as a jump from a synchronized state to
another limit cycle of the double period. These bifurca-
tions are characteristic for coupled nonlinear oscillators.
In some cases, such transitions were identified as
desynchronization of the left and right vocal fold
(Ishizaka and Isshiki 1976, Titze et al. 1991). Also in
our case under consideration, this asymmetry could
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by verified by videolaryngostroboscopy of the vibrating
vocal folds: the frequency of the right fold in its
posterior part was definitely higher then the frequency
of the left vocal fold.

The backward transition to a high-pitched regime
occurs via an episode of nonperiodic oscillations (from
180 to 280 ms in Fig.7a) which can be interpreted as
“chaotic transient”,

The voice of the cancer patient in Fig. 7b is characterized
by multiple transitions. The displayed signal changes
from fast oscillations at the beginning to a subharmonic
regime and it ends with a slowly modulated shape.

7. CONCLUDING REMARKS

It was emphasized in this paper that nonlinear dynamics
plays an important role «for the understanding of
nonperiodic phonatory signals. Attractors and bifurca-
tions were identified using methods from chaos-theory.
However, showing the evidence of low-dimensional
attractors is only the first step. As a next task the
relevant mechanisms and the essential oscillating
modes of vocal fold vibrations have to be analyzed.
Subharmonic bifurcations, toroidal oscillations and
chaos were already found in vocal fold models (Titze
et al. 1991, Herzel et al. 1991), but the quantitative
comparison with the reported observations in patholo-
gical voices is still lacking. Moreover, the exploitation
of these findings for clinical diagnosis is still a subject
of future work.
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