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Abstract

In this paper, we consider the influence of the cardiovascular system
to the process of speech production. We propose the mathematical
model of the impact of cardiovascular system elements on the process
of speech pitch synthesis. This model takes into account the effect of
the functioning of the heart and the pulsations of the large vessels of
the thorax on the intensity of the air flow from the lungs during breath-
ing, as well as the effect of the pulsations of the blood vessels of the
vocal cords on the speech synthesis process. We made the initial check
of approximate properties of the model in practice. In the future, the
proposed model allows to construct the precision model of speech signal
forming. The solution of the direct synthesis problem allows to increase
the speech quality in the synthesis, recognition and coding processes.
The inverse problem aims to increase the efficiency of physiologic and
psycho-emotional state estimation of a person. In conclusion, we dis-
cussed further research directions that may improve the quality of the
estimates obtained on the basis of the formulated model.

1 Introduction

Analysis of mathematical models of the processes of speech production [FF14, LS17, LZ16, RN19, Sor85, Sor16)
in the tasks of recognition of a physiological and psycho-emotional state of a user of a socio-cyber-physical system
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Figure 1: Signals of pulse and heartbeat (a) temporal representation; b) spectral representation)

shows that they are very specific. The consideration of functioning of vocal tract uncoupled from other human
body systems leads to significant deviation of modelling results from the real physical process.

One of such human body systems that has a significant influence on speech production is the cardiovascular
system. In [Bab05, BO14] is shown that speech pitch period contains periodic and random components. In
[BO14] authors also suppose that periodic changes of pitch may be caused by blood flow pulsation.

The contribution of the present work is detection of dependency between changes of pitch parameters and
functioning of the cardiovascular system in the process of speech production

2 Analysis of human pulse and heartbeat

The cardiovascular system influences on all body systems. Its work is mainly characterized by heart and distal
vessels. Periodic atrial and ventricular contraction of a heart with vessels guarantees blood motion.

A normal heart rate for adults ranges from 65 to 85 beats per minute. The cardiac cycle consists of two periods:
the period of atrial and ventricular contraction (systole) and the period of their relax (diastole). Duration of
systole is on average 0,33 sec, duration of diastole is 0,47 sec [PV03].

The temporal representation of the pulse (pulsogram) s;(t) (see Fig. 1a) has two peaks in the period, cor-
responding to the moments of release of blood from the ventricles and the reflection of blood flow from the
closed semilunar heart valves, while the pause between these peaks is fixed. Pulse spectral bandwidth A (f)(see
Fig. 1b) on average doesn’t exceed 20 Hz [PA12].

Cardiophonography is one of the methods for the analysis of heart functioning which records the heart sounds.
The temporal representation of heartbeat (phonocardiogram) so(t) is different from pulsogram (see Fig. 1a). It
caused by the complex process of heart functioning. The signal is periodic with distinct peaks corresponding to
the first (systole) and second (diastole) tones of heart rate. The maxima of these tones fall at the closure of the
atrioventricular and semilunar valves, respectively. In the spectral representation of the heartbeat signal As(f)
(see Fig. 1b), an increase in the amplitudes of the spectral components is observed in the band from 4 to 20 Hz
with respect to the spectral representation of the pulse signal.

The phonocardiograms are mainly characterized by the sounds of the heart valves and the blood flow in heart
chambers, the aorta and the pulmonary artery. In this regard, the mechanical vibrations transmitted to the
surface of the lungs will differ significantly from the corresponding acoustic signal of the heartbeat. It is proved
by a change in the structure of recorded phonocardiograms depending on the signal recording point [Tsal8].
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Figure 2: Algorithm of the pitch trajectories separation
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Figure 3: The results of the pitch trajectories separation algorithm (a - the pitch frequency trajectory; b - the
pitch amplitude trajectory))

3 Description of mechanisms of cardiovascular system influence on the synthesis
process of speech pitch

Based on the physiology of the blood circulation process and the structure of the organs of the circulatory system
[PM85, Kab19], we may assume the following basic mechanisms of the influence of the circulatory system on the
synthesis of the pitch of speech:

e the effect of heart contractions on the intensity of the air flow from the lungs by physical impact on their
surface;

e the effect of changes in blood flow in the aorta, pulmonary artery and blood vessels of the lungs on the
intensity of the air flow;

e the effect of pulsations of the blood vessels of the vocal cords on the phase relationships of the acoustic wave
process.

Since the heart is located close to the surface of the lungs, heart contractions have a periodic mechanical
impact on them. It leads to the intensity fluctuation of the air stream during the process of breathing. By the
physical model of speech production [Sor92], a change in the flow intensity leads to a change in the frequency
and amplitude of the pitch during speech synthesis. It is worth also to note that both atrial contraction and
ventricular contraction will cause fluctuations in the intensity of the air stream.

Similarly, changes in airflow during breathing are affected by pulsations of the aorta, pulmonary artery, and
pulmonary blood vessels. Given the close relative positioning of the organs of the cardiovascular system inside
the thoracic cavity, the total mechanical effect on the lungs is complex.

During the assessing the influence of the pulsation of the small blood vessels of the vocal cords on the process
of speech production, one should take into account their small size and low blood pressure in them [Sud00, VS17].
From this, we can conclude that the pulsations of these blood vessels cause a periodic change in the oscillation
phase of the vocal cords. Herewith we should take into account the delay of pressure fluctuations in the vessels
of the vocal cords in relation to the heart contractions.

4 Analysis of frequency and amplitude variations of pitch

In order to get the most accurate conclusion about the effect of the cardiovascular system on the change of pitch
parameters, it is necessary to minimize the distortion of the analysed speech signals in the pitch frequency band
(50 350 Hz). To do this we study sound records of long-spoken vocalized phonemes (which were synchronously
recorded with pulsograms and phonocardiograms) with the following parameters: sampling frequency f; = 48
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Figure 4: Correction algorithm of the pitch trajectories
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Figure 5: The results of the correction algorithm (a - the trajectories of the pitch frequency; b - the trajectories
of the pitch amplitude)

kHz; bit rate B = 1,536 bps; microphone bandwidth 2A f = 20 kHz; duration ¢ = 10 ... 14 s. The use of such
initial signal allows us to take the influence of the articulation component beyond the scope of the study, which,
makes it possible to abandon the complex ways of recording the speech signal.

During the analysis of common approaches to the selection of pitch parameters [DHKM18, PPS18, SSGZ16,
VM16, ZL18], the algorithm based on the spectral separation method (see Fig. 2) was selected. This algorithm
allows to obtain an estimate of the pitch frequency and amplitude variations with sufficient time resolution
determined by the dimension of the discrete transform Fourier, transform window width and signal sampling
rate. The principle of the algorithm is based on the samples allocation of the frequency trajectories and the
amplitude of the pitch calculated at intervals of analysis frames based on the spectral representation S(f). The
proposed algorithm is simplified and does not imply the extraction of phonemes from the speech signal since
there are no phoneme transitions in the studied signals.

The algorithm uses the following input data: s(n) is the analysed speech signal; N is the dimension of the
Fourier transform; m is the duration of the analysis time window; st is the step shift of the analysis window.
In order to increase the accuracy of trajectory extraction, the shift step is equal to 1. The shift step of the
analysis window should be less than the length of the pitch period. This eliminates the necessity to synchronize
the analysis window with the pitch period and removes the need to use electroglotograms. The output data of
the algorithm are samples sequences of the frequency trajectories F(n) (see Fig. 3a) and amplitudes A(n) (see
Fig. 3b) of the pitch. During our research of vocalized phonemes pronounced by different speakers, the result
of the algorithm (in terms of pitch frequency trajectories) completely coincides with the result of frequency
demodulation of the 1st harmonic of the speech signal.

The received signal of the pitch frequency trajectory carries a large constant component (average pitch fre-
quency), which makes it difficult to assess the dependence of the considered oscillation on the processes of the
cardiovascular system. Additionally, there is the presence of low-frequency components caused by the intonation
of the spoken segments, as well as a change of the lungs volume as it exhales, which negatively affects the accurate
analysis. To compensate for the influence of these factors, we apply the correction algorithm to minimize the
distortion (see Fig. 4).

The input data for the algorithm is only corrected signal s(n). The principle of the correction algorithm is
based on calculating the intervals of the correction curve p. on the signal duration between the extreme points
2(1: N) and the derivative s'(n) of the corrected signal, succeeded by subtracting the generated curve from the
original signal. The algorithm introduces additional distortions caused by the uneven (piecewise linear) nature
of the correction curve. However, they lead to an insignificant spreading of the periodic components of the
spectrum of the signal, since the position of the zero crossing points and the position of the signal extremes are
not changed relative to the time scale.

For the analysis of the samples sequence of the trajectories of the frequency F’(n) (see Fig. 5a) and the



Q) s55(n), 54n), ss(n)

[\ A /
LN [\ A I\ A
Ny A <AV TN
WA A

| | | |
1.5 2 2.5 3 35 4 45 5 nx10°

- MF response on a pulse signal ----- MF response on a pitch frequency trajectory - MF response on a pitch amplitude trajectory

)
60

nx10°

A PPN VAT AN,
“\J V4N
\ Vi

25 3 355 4 nx10°
- original pitch frequency trajectory - -reconstructed pitch frequency trajectory

Figure 6: Results (a) responses of the MF, b)wavelet transform coefficients for pitch frequency trajectory, c)
wavelet transform coefficients for pitch amplitude trajectory, d) results of signal reconstruction

amplitude A’(n) (see Fig. 5b) of the pitch for the presence of components caused by the cardiovascular system,
we made an assessment using a matched filtering mechanism. The reflected periods of the pulse signal were used
as the impulse response of the filters. We also analyse these signals with the wavelet transform.

5 Results

As a result of matched filtering, we obtain the periodic signals s4(n) (response of the matched filter (MF) to
the signal of the pitch frequency trajectory), ss(n) (response of the MF to the signal of the pitch amplitude
trajectory (see Fig. 6a). In general, the position of the corresponding local extremes of these signals (with a
small delay) corresponds to the responses s3(n) of the MF. These responses are getting by filtering the signals
of the temporal representation of the pulse.

Since the total mechanical effect transmitted to the surface of the lungs is complex and differs from the
recorded pulsograms and phonocardiograms, the responses of the MF to the signals of the frequency trajectories
and amplitude of the pitch have a complex structure.

Additional experiments aimed at research on the changes in the pressure of the air stream during breathing
will allow to evaluate the total impact. We used wavelet transform (Daubechies wavelet) for the analysis that
showed the presence of periodic changes in the trajectories of the frequency and amplitude of pitch, corresponding
to heart contractions (see Fig. 6b, Fig. 6¢).

Based on the studied mechanisms of the influence of the functioning of the cardiovascular system on the process
of pitch synthesis and the obtained experimental data, the pitch frequency trajectory for vocalized phonemes
can be determined as follows.

dp(t —71)

ft) =Fo+ fo(t) +my 7

+m2h(t—7'2) (1)

where f(t) is the pitch frequency trajectory, Fy is the average frequency of the pitch,fo(t) is the intonation
component, ml, m2 are proportionality factors, 71, 72 are the time delays, p(t) is the effect on the vocal cords,
h(t) is the total effect on the lungs from the organs of the cardiovascular system located inside the thoracic
cavity.

In accordance with expression 1 (see Fig. 6d), the reconstructed signal sg(n) repeats the extremes of the pitch
frequency trajectory s7z(n). A model of aperiodic oscillations of the resonant system with a large attenuation
coefficient was used as a model of impact on the lungs from the organs of the cardiovascular system located



Table 1: Summarized results of correlation analysis

Sox Sample size Low bound of correlation | High bound of correlation | Average correlation co-
coefficient Biin, coefficient B4z efficient By,

Male 50 0.67 0.8 0.72

Female 50 0.68 0.77 0.75

inside the thoracic cavity. Moments of oscillations correspond to ventricular and atrial systoles. An unmodified
pulse signal was used as a signal to influence the vocal cords.

In order to assess the repeatability of the presented data, we check them with the speech signal (male and
female) of long-spoken vocalized phonemes. We estimate the correlation coefficient corrected in accordance with
the correction algorithm (see Fig.5) and the signal restored by the expression (1). The summarized results are
shown in table 1.

6 Conclusion

The results presented in this paper suggest that the cardiovascular system makes the main contribution to the
change of the frequency and amplitude of the pitch period. It allows us to construct the precision model of a
speech signal forming that takes into account the influence of the considered factors. The solution of the direct
synthesis problem allows to increase the speech quality in the synthesis, recognition and coding processes. The
inverse problem aims to increase the efficiency of the physiologic and psycho-emotional state estimation of a
person.
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