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Nonlinear deterministic dynamical structure of the normal phonation of Japanese
vowels is studied by the method of surrogate. The surrogate analysis exploits Way-
land translation error and nenlinear deterministic predictability as the discriminating
statistics. The results imply that the vowel signals have strong nonlinear dynamical
characteristics that can not be detected by conventional linear dynamical systems

analyses of speech.
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1 Introduction

In the studies of human speech, linear dynami-
cal systems analyses such as the power spectrum
analysis and the linear predictive coding modeling
are the most popular and standard methodologies
(1'% 3) This is because the acoustical characteris-
tics of human speech is mainly due to the resonances
of the vocal-tract, which forms the basic spectral
structure of the speech signals. Although the lin-
ear dynamical systems analyses have been widely
applied to speech, human speech is, strictly speak-
ing, nonlinear dynamical phenomena which involve
nonlinear aerodynamic, biomechanical, physiologi-
cal, and acoustic factors. Some of the important
characteristics of speech may not be detected only
by linear dynamical systems analyses. For a deeper
understanding of speech, nonlinear dynamical sys-
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tems analyses might be indispensable. In fact, there
are a variety of recent studies of analyzing nonlinear
Eigréfg;ﬁcs such as chaotic dynamics in human speech

The aim of the present paper is to re-examine the
efficiency of linear dynamical systems analyses of
speech and to consider the limitation of character-
izing the speech only by the linear statistical quan-
tities. Our approach is based upon surrogate test
of speech. The surrogate test (11 1238) 5 a kind
of statistical hypothesis testing which is to detect
nonlinear dynamical structure in 4 time series data.
The results imply that in the normal phonation of
Japanese vowels there seem to exist some important
nonlinear dynamical characteristics that can not be
detected by the conventional linear dynamical sys-
tems analyses of speech.

2 Speech Data

For our analysis, speech signals of § Japanese vow-
els /a/, /i/, /u/, /e/, and fo/ recorded from 5
subjects are exploited. The subject group is com-
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posed of 3 male speakers (mau, mms, mny) and 2 fe-
male speakers (fsu, fyn) with no evidence for any
laryngeal pathology. The speech data are in the
standard ATR (Advanced Telecommunications Re-
search Institute International, www.ctr.atr.co.jp)
database. The speech signal is low-pass filtered with
a cut-off frequency of 8 kHz and digitized with a
sampling rate of 20 kHz and with 16 bit resolution.
For the analysis of speech, the initial transient phase
and the final decay phase are removed from each
data and the stationary part of the data is extracted.

Fig. 1 (a) shows speech signal {z; : t =
1,2, .., Nyata} (Ndata = 2048) of vowel /a/ recorded

from a male speaker mau.
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Fig. 1. (a): Original speech signal of a vowel /a/
and (b): its iterative surrogate.

The vowels are known to have irregularity in the
pitch-to-pitch variation (%) and they are indispens-
able for the speech signals to be perceived as natural
human sound (%), Although considerable amount of
works has been devoted for the analysis and syn-
thesis of natural pitch-to-pitch variation, no sat-
isfactory understanding of its statistical property
has been obtained yet. There might be some non-
linear dynamical structure underlying the pitch-to-
pitch irregularity and such nonlinear dynamics in
the vowel signals is investigated in the subsequent
sections.

3 Surrogate Analyses

3.1 Iterative Surrogate Algorithm

Let us study the nonlinear dynamics of speech by
the surrogate test (11,12,13) e surrogate test is
a kind of statistical hypothesis testing. First, we
set a null hypothesis Hy that the speech signal is
generated from some non-deterministic dynamical
process. Then, we artificially create many sets of
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surrogate data which agree with the null hypoth-
esis. By computing a discriminating statistic T' of
the original and surrogate data and by observing the
difference between the original and surrogate statis-
tics, we can test the null hypothesis Hj.

The surrogate test has the property of
“constrained-realization,” (12) which is to ran-
domize the original data by strictly preserving
some of the original statistical properties. It has
been empirically known that the surrogate test
is effective for statistical hypothesis testing when
non-pivotal discriminating statistic T is utilized.

For the nonlinearity test of speech, we consider
the following null hypothesis,

Hyp: “The speech signal {z,} is generated from a
linear Gaussian provess

q
Ty = ag -+ E ooy Tk Tk 1 ey,
where e; represents Gaussian noise.”

We consider this null hypothesis, becanse this is the
standard hypothesis when linear dynamical systems
analysis is applied to speech 3,

For the null hypothesis Hy, the surrogate data is
generated by the Schreiber-Schmitz iterative algo-
rithm (%), The iterative algorithm generates sur-
rogate data which exactly preserves the amplitude
distribution and approximately preserves the power
spectrum of the original data,

Fig. 1 (b) shows an iterative surrogate signal gen-
erated from the speech signal of the vowel /a/ of
Fig. 1 (a). Although the waveform structures of the
original and surrogate data seem to be rather dif-
ferent from each other, they have exactly the same
amplitude distribution and approximately the same
power spectrum (see Fig. 2).
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Fig. 2. Power spectra of the original speech signal of
the vowel /a/ (bold line) and its iterative surrogate
(thin line}.



Surrogate Analysis of Japanese Vowels

3.2 Wayland Trauslation Error

By computing a discriminating statistic T of the
original data and the surrogate data set, we can test
the null hypothesis Hp. If the T-value of the original
data is far from the distribution of the T-vales of the
surrogate data set, we can reject the null hypothe-
sis Hy. As the discriminating statistic T, Wayland
translation error and nonlinear deterministic predic-
tion error are exploited.

As the first discriminating statistic T, Wayland
translation error is computed as follows (18} First,
we reconstruct the geometric structure of the speech
data in a delay-coordinate space (17 18);

v Te—(d—1)r )T: (1)

where T' denotes transposition and d and 7 stand
for the reconstruction dimension and the time lag,
respectively. Then, the Wayland algorithim assuines
that the reconstructed data trajectory {a(f) : ¢t =
14 {d~ 1}7, .., Ngara} is generated from a continu-
ous map f : R* = R% as z(t + 1) = f(=(t)) and
hence “nearby” data points, e.g., #(t) and 2(s), are
mapped to nearby T-step future points, e.g., 2 (t+7)
and ®(s + T). With respect to the assumed deter-
minism, the ¢ranslation errov, egrang, can be calcu-
lated as follows.

First, for a fixed data point 2(tp), we find its k-
nearest neighbors as ®(1),.., #(tx). With respect to
the translation horizen T, the translation vectors are
computed as v; = &(t; + T) — @(¢;) for 7 =0,.., k.
Then the translation error is calculated as

k 2

1 [|[v;— < v >|i
e = E 2
trans EF+1 - “ <v> ”2 ’ ( )

2(t) =z, Tprs .o

with < » > = kL-i-l E:;fvj.

Fig. 3 shows the result of the Wayland analysis
applied to vowel /a/ (subject: mau). Translation er-
ror curves of the original speech data and 39 sets
of its surrogate data are drawn with a solid line
with circles and solid lines with no circle, respec-
tively. The translation error, eyrape, is averaged over
20 sets of 300-randomly chosen translation centers
z{tp), other paramebers are set as 7 = 10, b = 4,
T = 10, and the reconstruction dimension is varied
asd=1,..,15.

Clear difference belween the original speech data
and its surrogate data is discernible in the figure,
where the original data exhibits relatively lower er-
ror level than the surrogate data.

In Table 1, rejection level o is summarized for 5
Japanese vowels (/a/, /i/, /u/, /e/, /o/) and for
b subject speakers (mau, mms, mmy, fsu, fyn). The
rejection level o means that T-value of the original
data is out of 100(1 — )% confidence range of the
surrogate distribution and hence the null hypothesis
Hy can be rejected with the a-level. For all 5 vowels
and for all 5 subjects, the null hypothesis Hyp is re-
Jjected with the level of & = 0.05. This is in general
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Fig. 3. Result of the Wayland analysis of vowel
/a/ {subject: mau). Translation error curves of the
original data and 39 sets of its surrogates are drawn
with a solid line with circles and solid lines with no
circle, respectively.

a strong rejection level for statistical test and the re-
sualiz seem to be independent of the vowels and the
subjects. Therefore the results imply that the vow-
els are not generated from a simple linear Gaussian
process. There might be some nonlinear dynamics
underlying the irregular structure of the vowels and
such nonlinear characteristics have been destroyed
by the surrogate shuffling.

3.3 Nonlinear Prediction Error

As another discriminating statistic 7', we compute
nonlinear deterministic prediction error as follows.

First, we divide the time series {z;, : ¢ = 1,..,
Nggta} Into first and second halves. From the first
data, a nonlinear predictor 7 : B% — R4 which ap-
proximates the data dynamics as 2(¢ + 1)xf(=(t))
is constructed. For the predictor, the local opti-
mal linear-association map (!? is exploited with the
embedding condition of {d,7) = {6,2). Then, for
the latter data, nonlinear prediction is carried out.
Forecasting procedure is that, for a give initial state,
2(t), the s-step further state ={t-+3) is predicted as
)?’(;c(t)) using the s-iterate of the predictor f. For
each s-prediction step, accuracy of the predictions is
evaluated with the correlation coefficient 7, between
the actual and prediction data.

The results of the nonlinear prediction of vowel
/a/ (subject: mau) is shown in Fig. 4. Prediction
curves of the original speech data and 39 sets of
its surrogate data are drawn with a solid line with
squares and dotted lines with no square, respec-
tively. We clearly see that the original data exhibits
better nonlinear predictability than the surrogate
data.
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In Table 1, rejection level o is summarized for b
Japanese vowels and for § subject speakers. The
prediction step is fixed at s = 2. For vowel /o/
from female subjects, relatively high rejection level
a was computed. This might be caused by strong
constriction of the vocal tract shape that dissipates
nonlinear dynamics of the vocal folds and produces
relatively simple harmonic speech sound. For such
a harmonic signal, detection of nonlinear dynamics
becomes difficult. For other vowels except for fe-
male vowel /of, the null-hypothesis Hy is rejected
with the strong level of a = 0.05 (for few samples,
a = 0.1). Hence the results imply that nonlinear de-
terministic predictabiliby of the vowels is destroyed
by the surrogate shuffling.

0.9

Correlation
=
P

0.7
e Original .

: Buropute

0.6

i 2 3 4
Prediction Step

Fig. 4. Results of the nonlinear deterministic pre-
diction of vowel /a/ (subject: mau). Prediction
curves of the original speech data and 3% sets of its
surrogates are drawn with a solid line with squares
and dotted lines with no square, respectively.

Table 1.
Rejection level o of the surrogate test of 5 Japanese vow-
els (/a/, /i/, /u/, fe/, fo/) from 5 subject speakers
{man, mms, mmy, 51, fyn). As the discriminating statis-
tic T, Wayland translation error eypans and nonlinear
prediction error rz were exploited.

| | T Ja/ [ /i | /ul | 7e/ | fo/ |
mau || egrans ¢ 0.05 | 0.05 | 0.05 { 0.05 ] 0.05
) 0.05 | 0.05 [ 0.10 | 0.05 | 0.05
mms || €rans J| 0-05 | 0.05 | 0.056 | 0.05 | 0.05
Ty 0.05 | 0.05 | 0.05 { 0.05 | 0.05
mmy (| eirans || 0-05 | 0.05 | 0.05 { 0.05 | 0.05
) 0.05 | 0.06 | 0.05 | 0.05 | 0.10
fsu || etrans || 0.05 | 0.05 | 0.05 | 0.05 | 0.05
Ty 0.05 | 0.06 | 0.05 | 0.05 | 0.20
fyn || etrans [ 0.05 | 0.05 | 0.05 | 0.05 | 0.05
g 0.05 | 0.05 ] 0.05 | 0.05 | 0.40
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4 Conclusions and Discussions

Nonlinear dynamical structure of the normal
phonation of Japanese vowels has been tested by
the method of surrogate. For a nuoll hypothesis
that the speech signal is generated from a linear
Gaussian process, surrogate data is generated by
the Schreiber-Schmitz iterative algorithm. As a dis-
criminating statistic 7', Wayland translation error
and nonlinear deterministic prediction error are ex-
ploited. The surrogate analysis has shown that the
null-hypothesis was rejected for almost all vowel sig-
nals with a level of @ = 0.05. The results seem
to be independent of the vowels, male or female
subjects, and the nonlinear discriminating statis-
tics. This implies that there definitely exist some
important nonlinear dynamical characteristics that
has been destroyed by the surrogate data shuffling
in the vowel signals. Nonlinear dynamical charac-
teristics may provide us with useful information on
speech signals such as individual speaker’s charac-
ter, speaker’s emotional condition, and the laryngeal
condition.
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Nonlinear deterministic dynamical structure of the normal phonation of Japanese vowels is studied
by the method of surrogate. The surrogate analysis exploits Wayland translation error and nonlin-
ear deterministic predictability as the discriminating statistics. The results imply that the vowel
signals have strong nonlinear dynamical characteristics that can not be detected by conventional
linear dynamical systems analyses of speech.
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