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Abstract

The presentation concerns a method that obtains the size and
frequency of vocal tremor in speech sounds sustained by nor-
mal speakers and patients suffering from neurological disorders.
The glottal cycle lengths are tracked in the temporal domain via
salience analysis and dynamic programming. The cycle length
time series is then decomposed into a sum of oscillating com-
ponents by empirical mode decomposition the instantaneous en-
velopes and frequencies of which are obtained via an AM-FM
decomposition. Based on their average instantaneous frequen-
cies, the empirical modes are then assigned to four categories
(intonation, physiological tremor, neurological tremor as well
as jitter) and added within each. The within-category size of
the cycle length perturbations is estimated via the standard de-
viation of the empirical mode sum divided by the average cycle
length. The tremor frequency within the neurological tremor
category is obtained via a weighted instantaneous average of
the mode frequencies followed by a weighted temporal aver-
age. The method is applied to two corpora of vowels sustained
by 123 and 74 control and 456 and 205 Parkinson speakers re-
spectively.

Index Terms: Parkinson’s disease, vocal tremor, empirical
mode decomposition

1. Introduction

Fast, small and involuntary cycle-to-cycle perturbations of vo-
cal cycle lengths are designated as vocal jitter and involuntary
low-frequency modulations of the vocal cycle lengths are re-
ferred to as vocal tremor. The latter have physiological (breath-
ing, cardiac beat and pulsatile blood flow) or neurological
causes. Conventionally, vocal jitter and tremor are tracked in
sustained speech sounds in which small cycle length perturba-
tions are less likely to be masked by intonation, accentuation or
segment-specific phenomena.

The objective of the presentation is to report estimates of
the vocal tremor frequency and vocal tremor depth in vowels
sustained by patients suffering from Parkinson disease and nor-
mal control speakers.

The analysis involves speech cycle features that are the cy-
cle peak amplitudes and saliences, which generate candidate
glottal cycle length time series. The final length time series is
obtained via the selection by dynamic programming of a cycle

length sequence the overall disturbance of which is a minimum.

The focus of the presentation is on the decomposition of
the cycle length time series into sub time series that are respec-
tively assigned to vocal jitter, neurological tremor, physiologi-
cal tremor and a residual trend, which is due to intonation and
declination, as well as the subsequent estimation of neurologi-
cal tremor frequency and depth.

The break-up is based on empirical modes that are assigned
to one of the four categories. Empirical modes are zero-mean
alternating functions, which are obtained via empirical mode
decomposition and the cycle length sub time series are obtained
by summing the modes assigned to a same category.

The size of vocal jitter and of physiological and neurolog-
ical tremor depths can so be estimated via the standard devia-
tions of the corresponding sub time series.

Ideally, the typical tremor frequencies could be estimated
via weighted averages of the instantaneous frequencies of the
empirical modes that belong to the neurological or physiologi-
cal tremor categories. However, one observes that due to mode
mixing large frequency components may appear in two adja-
cent modes that together do not contribute much to the corre-
sponding sub time series because they are out of phase. Com-
puting arithmetic averages of mode frequencies would there-
fore assign undue weight to frequencies that exist in individual
modes, but which do not contribute to the corresponding tremor
category. The solution that is explored here consists in estimat-
ing the instantaneous phase and amplitude of each empirical
mode. These then enable a complex mode to be assigned to
each empirical mode and the weighted average of the instanta-
neous mode frequencies is defined in the complex plane so that
only in-phase frequency components contribute to the final es-
timate.

Neurological tremor frequencies and depths are obtained
for two corpora of vowels sustained by 123 and 74 control and
456 and 205 Parkinson speakers respectively. Parkinson’s dis-
ease is a degenerative disorder of the central nervous system.
Possible vocal symptoms of the disease are vocal frequency
tremor and hoarseness [1]. In a study based on a large sample
of patients with Parkinson disease, it has been reported that be-
tween 70% and 90% of patients have problems related to speech
and voice impairments [2].



2. Methods
2.1. Cycle length tracking

Vocal cycle length tracking is based on a temporal method,
which does not rest on the assumptions that the signal is locally
periodic and the average cycle length known a priori. The vocal
frequency is assumed to be between 60H z and 400H z. The cy-
cle length tracking relies on the amplitudes and saliences of the
cycle peaks. Saliences are the lengths over which a cycle peak
is a local maximum. The selection of the final length time series
among several candidate series relies on dynamic programming
that extracts a cycle sequence the length perturbations of which
are minimal [3]. The so obtained cycle length time series is then
constant-step resampled for further processing.

2.2. Empirical mode decomposition

The vocal cycle length time series is analyzed via Empirical
Mode Decomposition. EMD breaks up iteratively a time series
z(t) into a sum of Intrinsic Mode Functions ¢;(¢) and a residue
r(t).
I
z(t) = Zci(t) +r(t) (1)
i=1
An IMF is a zero-mean function alternating with respect to
the horizontal axis and the residue is monotonic. The first IMF
contains the finest scale components of the original time series
and the successive IMFs contain increasing longer cycle varia-
tions. A property of empirical mode decomposition is that the
original time series can be exactly recovered by summing the
empirical modes. Another property is that the method does not
rely on basis functions that are fixed a priori. The orthogonality
between consecutive IMFs is not guaranteed theoretically, how-
ever. Therefore, mode mixing may occur, which means that 2
successive IMFs may overlap substantially in the frequency do-
main.

2.3. Instantaneous frequencies of IMFs and AM-FM de-
composition

2.3.1. Overview

Given that IMFs are narrow-band functions locally, the instanta-
neous amplitude and frequency can be estimated for each. Each
mode function ¢; (¢) is therefore rewritten as a product.

ci(t) = ai(t) cos(0:(t)) 2)
The first factor, a;(t), is the time-varying IMF envelope
(AM component or instantaneous amplitude) and the second,
cos(0;(t)), is the FM component, or carrier, with unit amplitude
and instantaneous phase 0;(t). A necessary condition for (2)
to be meaningful is that ¢;(¢) is mono-component and narrow-
band so that the spectra of the AM and FM components do not
overlap [4].

2.3.2. Empirical AM-FM decomposition

The empirical AM-FM decomposition is iterative and involves
the following steps [4].

1. Initialization : y(t) = ¢;(¢) and a;(t) = 1, Vt.
2. Detection of the local maxima of the value of |y(¢)].

3. Cubic spline interpolation of the envelope e(t) of |y(¢)]
via the positions and amplitudes of the local maxima.

4. Update : a;(t) — a;(t) - e(t) and y(t) — 28

5. Test whether all maxima of |y(¢)| have amplitude < 1.
If yes, stop. If no, loop to step 2.

Residual y(¢), which is the carrier, is requested to be < 1
in absolute value because of identity (3). Result a;(t) corre-
sponds to the time-varying envelope of ¢;(¢) and the oscillating
component cos(8;(t)) is obtained via a division.

cos (6;(t)) = = 3)

2.3.3. Computation of the instantaneous frequency

Instantaneous frequency f;(t) is obtained by a numerical differ-
entiation of instantaneous phase 6;(¢) after phase unwrapping.
The numerical phase differentiation relies on a 6™-order poly-
nomial [5].

filt) = 5 2040 @

2.4. Categorization of IMFs

The next step consists in grouping IMFs in four categories fol-
lowed by summing : trend, physiological tremor, neurological
tremor, and vocal jitter. Individual modes are assigned to one of
the four categories on the base of their weighted instantaneous
frequency averaged over the analysis interval. The weights are
instantaneous amplitudes a;(t).

* The residue of the empirical mode decomposition is as-
signed to the trend, i.e. intonation and declination.

e The IMFs with weighted average instantaneous fre-
quency < 2H z are assigned to physiological tremor.

e The IMFs with weighted average instantaneous fre-
quency > 2H z and < 15H z are assigned to neurologi-
cal tremor.

¢ The remaining IMFs are assigned to jitter.

iy in I
z(t) = ci(t) | + ci(t) | + c(t) |+ r()
(Be0)+(£,50)+( £,50)+ w

Tjit (t) Tneur(t) xphysio(t)

(&)

Lower limit of 2Hz enables to discard heart beat and breath-
ing, and the upper limit of 15Hz includes the frequency interval
of the great majority of tremor types [6]. The categorization is
illustrated in Figure 1.

2.5. Typical neurological tremor frequency

Here, only empirical modes assigned to the neurological tremor
category are considered. The neurological tremor time series
Zneur(t) is given by the sum of the assigned modes c;(t).

xneur(t): Z Cl(t) (6)

i=ig+1

Ttrend(t)
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Figure 1: Categorization : cycle length time series, vocal jit-
ter, neurological tremor, physiological tremor and trend (in that
order) for a fragment of vowel [a] sustained by a Parkinson
speaker.

In the complex domain, each time series ¢;(t) may be de-
scribed on the basis of a complex time series z;(t) characterized
by instantaneous phase ¢;(¢) and envelope a;(t) :

ci(t) = ai(t) cos (64(1)) = Re {ai(t) /¥ } = Re {z()}
9

As a consequence, a complex neurological mode z; (t) may
be assigned to each empirical mode and a complex tremor time
series zneur(t) is therefore assigned to real sum (6).

iN
Zneur(t) = Z Zz(t) = |Z’neu7‘(t)| e]d’neur(t) (8)

i=ig+1

The derivative of complex time series (8) is calculated to

.. 1d t
obtain instantaneous frequency > %T()
™

the envelope evolves more slowly than the carrier, term

. Assuming that

dai (t)
. o dt
may be disregarded, and, after some manipulations, one obtains:

> wilt) fi(t)
1 d¢neur(t) ~ i=iy+1
2m dt = iN &)
> wi(t)
i=ig+1

with w; (t) = a;(t) cos ((i)i(t) — ¢neur(t))

fneur (t) -

As a consequence, the typical neurological tremor fre-
quency freur(t) is given by the weighted sum of instantaneous
empirical mode frequencies f;(¢). The weights, w;(t) are ob-
tained by projecting complex modes z;(t) on sum zpeur(t).
A large and positive weight is so assigned to empirical modes
that are in phase with neurological tremor. Adjacent empirical
modes that are out of phase (owing to mode mixing) zero each
other and do not contribute to overall neurological tremor.

2.6. Vocal cues
2.6.1. Vocal frequency

Vocal frequency Fj is obtained via the inverse of the average of
the trend.

2.6.2. Perturbation levels

Vocal jitter 0;;¢, neurological and physiological tremor modula-
tion depths, neur and ophysio, total tremor depth o4, and total
perturbation o, are respectively the standard deviation of the
jitter time series, the physiological and neurological tremor time
series, the sum of the physiological and neurological tremor
time series and the sum of the jitter and total tremor time se-
ries, divided by the average of the trend.

2.6.3. Typical neurological tremor frequency

Inspired by development (9), the typical neurological tremor
frequency freur(t) is estimated on the base of a weighted sum
of individual mode frequencies f;(t).

> wilt) filt)
i=i5+1

fneur(t) - (10)

N

> wi(t)

i=iy+1

Figure 2 illustrates a typical estimated neurological tremor
frequency time series obtained for a stationary fragment of
vowel [a]. One observes that the frequency fnew(t) can be
locally negative. One reason is the occasional negativity of
weights w; (t), which is the consequence of particular phase re-
lations between the complex sum of the modes and individual
modes.

Another reason is the negativity of instantaneous mode fre-
quencies f;(t). The instantaneous frequencies of individual
modes are positive given their definition, but negativity may ap-
pear because of the iteration involved in the empirical AM-FM
decomposition that may turn a mode inflection point into a pair
of a local maximum and minimum. A local non-negative min-
imun or non-positive maximum causes the instantaneous fre-
quency to become locally negative.

The estimated neurological tremor frequency time series
is therefore smoothed by means of a moving average filter of
length 0.2s.

This instantaneous frequency time series is summarized
by its temporal average y1; _  and standard deviation oz
weighted sample-by-sample by module |znewur ().

3. Corpora

The corpora comprise vowels [a] sustained by normal speakers
and patients suffering from Parkinson’s disease. The first corpus
[74 controls (425,329), 205 Parkinson speakers (1295,769)]
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Figure 2: Raw and smoothed typical estimated neurological
tremor frequency time series for a fragment of vowel [a] sus-
tained by a Parkinson speaker

has been recorded at a sampling frequency of 44.1 kHz in WAV
format in the same recording environment and by means of the
same equipment at the Department of Neurology of Bochum
University Clinic. The second corpus [123 controls (505,739),
456 Parkinson speakers (3025",1549)] has been recorded at the
Neurology Department of Pays d’Aix Hospital [7]. The sam-
ples of the Parkinson speakers group derive from patients in all
the different stages of the disease (from mildly to very severely
affected) and with very different disease durations.

The two corpora have been pooled with a view to analysing
tremor depth and tremor frequency. The number of pooled
control speakers has been 197 (925", 1059) and the number of
pooled Parkinson speakers has been 661 (43147, 2309).

4. Results and discussion

Table 1 reports the quartiles of the neurological and physiolog-
ical tremor depths, the size of jitter, the size of the total tremor
and of the total perturbations (all in %). The last three lines of
the table report the tremor frequency, the tremor frequency stan-
dard deviation and the average Fp (all in Hz). Quartiles Qo to
Q4 report the feature values at 5%, 25%, 50%, 75% and 95%
of the feature value range of the pooled data.

A two-way analysis of variance has been carried out for
each feature with independent variables ”gender” and pathol-
ogy”. Physiological tremor depth opnysio, Size of jitter o+ and
neurological tremor frequency standard deviation g do not
differ statistically significantly between control and Parkinson
speakers or between male and female speakers. They are not
discussed further.

The other features differed statistically significantly be-
tween control and Parkinson speakers. Neurological tremor
depth opeur (< 0.05), neurological tremor frequency p7
(< 0.001) and Fy (< 0.001) also differed statistically signifi-
cantly between male and female speakers. The interaction be-
tween variables “gender” and “’pathology” was statistically sig-
nificant for neurological tremor depth gyeur (< 0.05) and Fp
(< 0.001).

Interactions between “gender” and “pathology” were due
to the following. A non-parametric Wilcoxon test showed that
Fy differed statistically significantly between male control and
Parkinson speakers only and that neurological tremor depth
oneur differed between female control and Parkinson speakers
only. In addition, Fp increased for male Parkinson speakers and

decreased for female speakers compared to the control speakers
(loose from any statistical significance).

The remaining features, total tremor o (in %), total
perturbations oper+ (in %) and neurological tremor frequency
K. (in Hz) increased for the Parkinson speakers compared
to the control speakers, irrespective of the gender.

MALE FEMALE
CTRL PARK CTRL PARK
Qo | 048 05 033 04l
Q] 076 077 059 076
Q| 103 102 079 1
Qs | 137 144 1 1.44
Qi | 276 292 188  3.02
Qo | 03 025 023 03
Q| 055 053 048 059
Jphysio(%) QQ 077 075 078 081
Qs | 103 106 114 113
Qs | 212 246 193 291
Qo | 0.4 014 013 0.4
Q] 023 029 024 028
it (%) Q] 035 04 035 041
Qs | 057 076 055  0.65
Qi | 211 288 285 235
Qo | 063 067 046 064
Q| 098 099 084  1.02
otre(%) Q| 132 134 117 134
(x) Qs | 173 1.8 153 1.88
Qi | 351 353 268  3.69
Qo | 066 072 061 067
Q| 105 109 093 113
"PE;;()%) Q| 14 149 129 146
Qs | 189 199 166 207
Qi | 386 429 327 423
Qo | 272 315 284  3.05
Q1| 394 423 386 390
Piuewr 2 100 | A4 401 428 449
(% x %) Qs | 499 570 493 528
Qi | 800 793 687 724
Qo | 083 115 124 120
Q.| 169 18 177 168
o5 (Hz) | Qo | 215 225 204 214
Qs | 260 265 247 248
Qi | 363 363 358 374

Oneur (%)

(k * %)

Qo | 83 87 135 123
Q1| 104 112 163 165
FO((f)IZ) Q> | 115 128 184 179
Qs | 129 146 200 198

Qa 173 220 265 243

Table 1: Quartiles of the neurological and physiological tremor
depth, the size of jitter, the size of the total tremor and of the
total perturbations (all in %). The last three lines of the ta-
ble report the tremor frequency, the tremor frequency standard
deviation over the analysis interval and the average Fj (all in
Hz). Quartiles Qo to Q4 report the feature values at 5%, 25%,
50%, 75% and 95% of the feature value range. Symbol * refers
to the statistical significance of the differences between control
and Parkinson speakers [ : p < 0.05, xx : p < 0.01, x % %
1 p < 0.001] within the framework of the two-way analysis of
variance.
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