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A simulation model of a photoplethysmograph-
ic signal under psychoemotional stress taking into
account the nature of signals of biological origin and
stress response stages was developed. The method of
constructing the simulation model is based on recon-
structing the waveform and coding points of the sig-
nal taking into account the stress response curve
using harmonic functions at characteristic time
intervals. Using the simulation model of the pho-
toplethysmographic signal under psychoemotion-
al stress with previously known parameters allows
validation of methods and algorithms for process-
ing such data. It was found that in the process of
simulation, it is necessary to take into account the
signal frequency, random component and stress
response curve. This complicates the simulation
algorithm. However, using the simulation model
with variable input parameters allows reproducing
the signal with an emphasis on stress response stag-
es. One of the features of the proposed model is the
ability to reproduce the signal by coding points for
amplitude and time intervals using harmonic func-
tions. The relative error for the amplitude variation
of the model and experimental data is 3.97 %, and
Sfor the period — 3.41 %. Calculation of Student's
t-test showed a statistically insignificant difference:
p=0.296 for the amplitude and p=0.275 for the peri-
od. This indicates that the simulation model takes
into account the signal characteristics under stress:
frequency, random component and stress response
curve. Using the proposed simulation model is an
adequate way to assess methods and algorithms for
analyzing the state of the cardiovascular system
under psychoemotional stress

Keywords: harmonic function, simulation
model, periodic signal, psychoemotional stress, pho-
toplethysmographic signal

u] =,

Received date 23.02.2021
Accepted date 12.04.2021
Published date 19.04.2021

1. Introduction

The occurrence of psychoemotional stress at the dentist is a
factor in the development and progression of diseases of the car-
diovascular system (CVS) — hypertensive crisis, myocardial in-
farction, stroke, arrhythmia, etc. [1]. According to testing data,
80 % of patients who seek help from a dentist suffer from dento-
phobia [2, 3]. Providing dental care to the population belongs
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to the mass types of medical care, as 20—25 % appeals are relat-
ed to oral diseases (345550 cases per 1,000 inhabitants) [4].
Timely detection of CVS disorders due to psychoemotional
stress at the dentist is an urgent medical problem. One of
the non-invasive methods to collect data on the state of the
CVS, including under psychoemotional stress, is determin-
ing pulse signal parameters — photoplethysmography [5, 6].
Since the analysis of the photoplethysmographic signal is




based on using data processing algorithms, the reliability of
the results can be evaluated using a simulation model with
known parameters. Constructing such a simulation model
is an urgent task in terms of validating methods and algo-
rithms for assessing the state of the cardiovascular system
under psychoemotional stress. In addition, in terms of doc-
tor-patient interaction, using clear markers of the patient’s
condition is a factor in reducing the risk of emergencies. To
some extent, such algorithms are implemented in cardiomon-
itoring systems, but they are expensive and difficult to use.
Therefore, the urgent task is to develop a simulation model
of the photoplethysmographic signal under psychoemotional
stress with variable input parameters for the validation of
algorithms at the stage of developing new and improving
existing diagnostic equipment.

2. Literature review and problem statement

The paper [1] presents the results of assessing the psy-
choemotional state of patients caused by a stressful situation
based on the patient and doctor questionnaire. The approach to
identifying psychoemotional stress based not only on question-
naires and patient’s behavior assessment, but also on cardio-
monitoring is proposed in [3]. Evaluation of psychoemotional
state requires the use of a large amount of data, so the paper [5],
in addition to the above parameters, proposes to assess respira-
tory movements as an additional diagnostic feature. Calcula-
tion of Hildebrandt factor, autonomic index and minute blood
volume proposed in [7] is an additional criterion that allows
judging the patient’s psychoemotional state. Therefore, a num-
ber of methods to determine the psychoemotional state of the
patient have been proposed in these works: analysis of patient’s
behavior, questionnaire according to J. Taylor (the name of
the method used in [3]), Luscher testing, mechanical — blood
pressure measurement, electrocardiographic, plethysmograph-
ic, electromyographic, encephalographic, electrodermal, rheo-
graphic, printing, joint methods.

It is shown that this approach to determining the patient’s
condition allows assessing the psychoemotional state based
on a significant amount of information obtained by inter-
viewing the patient and assessing physiological parameters.
The data obtained in [3] suggest that the psychoemotional
state of the patient can be assessed by cardiomonitoring. The
work [7] also focuses on the evaluation of measurement indi-
cators — blood pressure, heart rate, respiratory movements,
etc. Therefore, it is advisable to exclude factors that affect
the reliability of the results from the algorithm for assessing
the psychoemotional state. These include those based on the
doctor’s personal experience and related to the subjective per-
ception and evaluation of the results of analyzing the patient’s
behavior, testing results and questionnaires. Using different
algorithms and methods of data collection, hardware and
software, interpretation methods is also a drawback of these
studies, since different quantitative and qualitative indicators
cause the impracticality of such an approach [3, 7].

An option to overcome such difficulties is to use an
approach based on the selection and interpretation of data
obtained non-invasively and without the intervention of a
subjective factor. One method is to assess the activity of the
cardiovascular system by analyzing the pulse wave using
optical sensors — photoplethysmography [8]. It displays the
parameters of peripheral circulation and does not require
complex hardware and software. When evaluating algorithms

for analyzing the photoplethysmographic signal (PPS), it is
advisable to use data that have known parameters. Such data
can be obtained using simulation models. The paper [9] pro-
poses the simulation model of a pulse wave in the form of ex-
ponentially damped sinusoid, which takes into account signal
waveform and coding points, but does not take into account
the frequency and random component of signals of biological
origin. An additive mixture of deterministic and random com-
ponents as a simulation model reflecting the state of peripher-
al circulation is proposed in [10]. This simulation model takes
into account signal randomness, but does not provide for the
reproduction of all coding points and frequency of the signal.
The harmonic three-phase model [11] reflects the waveform of
the signal without taking into account its frequency and ran-
dom component. Another option for pulse signal simulation is
adaptive non-harmonic model [12], which does not take into
account signal frequency. In addition to these shortcomings,
the analysis of simulation models showed that they do not take
into account changes in time and amplitude indicators due
to the course of periodic medium- and long-term processes.
The simulation model taking into account signal frequency,
random component and course of long-term processes, name-
ly daily pulse signal, is given in [13]. However, issues remain
regarding the consideration of specific features of stress
response in the signal structure. Stress is a non-specific re-
sponse of the body to an unexpected and tense situation; it is
a physiological reaction that mobilizes the body’s reserves and
prepares it for physical activity such as resistance, struggle,
escape [14]. Stress leads to changes in the activity of many
organs and systems, including the cardiovascular system —
changes in heart rate, blood pressure, and so on. Stress is
expressed by a general adaptation syndrome, which does not
depend on pathogenic factors — chemical, thermal, physical,
psychological [1]. According to the classification proposed
in [15], stress has three main stages:

1. The first stage — alarm, when the body’s resistance
first decreases (“shock”), and then protective mechanisms
are activated (“anti-shock phase”).

2. The second stage — resistance, when due to the stress
of functional systems, the body adapts to new conditions. If
stress does not stop, the third stage may occur.

3. The third stage — exhaustion, when the failure of pro-
tective mechanisms is manifested and the violation of the
consistency of vital functions increases.

Formation of the body’s stress response has a clear se-
quence (Fig. 1) [15]. The first phase is the shock phase Ia,
which passes into the anti-shock phase Ib. At stage I, the
body’s resources are mobilized and adaptive mechanisms are
activated. When the stress factor reaches the maximum val-
ue, the body’s resistance decreases, which is characteristic
of unstable adaptation phase II. If the stress factor ceases
at this stage, the body’s activity is restored at the level that
was observed before the onset of stress. Exhaustion stage 111
occurs due to the gradual depletion of human reserves. This
leads to a deterioration in the activity of the “weakest” part
of the body, which violates the functioning of the already ill
organ. The peculiarity of this process is a gradual transition
from functional changes in internal organs to destructive
processes and organic changes in them.

The stages of stress response can be observed in the activ-
ity of the cardiovascular system [16], in particular, changes
of amplitude and time characteristics of the pulse wave. The
paper [17] shows the basic principle of pulse signal analysis
using coding points (Fig. 2) within the signal period. Since



the pulse is a signal of biological origin, so, in addition to the
periodic component, it also has a random component [18]
and abnormal segments of random nature [19], the formation
of which depends on internal and external factors.

There are many models of pulse wave simulation, but there
is no holistic approach to simulating pulse wave changes un-
der the action of stress factor. The mechanism of validation of
photoplethysmographic signal (PPS) processing algorithms
requires the use of data having predefined parameters. Such
data can be obtained using simulation models only if the
basic characteristics of signals taken from biological objects
are included in the model. Under psychoemotional stress, it is
necessary to consider the frequency, random component of the
photoplethysmographic signal and stress response curve on a
considerable time interval. This time interval corresponds to
the period from the beginning of the stress factor to the resto-
ration of cardiovascular activity. Therefore, there is a problem
of lack of data with known parameters, i.e. simulation models
that can be used to validate methods for processing PPS un-
der psychoemotional stress.

To solve this problem, it is necessary to develop a PPS sim-
ulation model taking into account the maximum possible num-
ber of signal parameters under psychoemotional stress. The lack
of data with predefined parameters that can be obtained using a
signal simulation model is one of the reasons for the complexity
of validating methods and algorithms for processing PPS under
psychoemotional stress. This suggests that the development of a
simulation model of PPS under psychoemotional stress is an ur-
gent task to solve the problem of validation of signal processing
methods and algorithms when assessing the state of the CVS
under the influence of a stress factor.

3. The aim and objectives of the study

The aim of the study is to build a simulation model of
PPS under psychoemotional stress taking into account
periodic and random components of the signal within the
stages of the body’s stress response. Such a model will
allow validation of algorithms for processing PPS under

psychoemotional stress at the stage of software
development using data with known parameters.

Normal To achieve the aim, the following objectives
Stress pulse rate must be accomplished:
—to develop a simulation model of a pho-
toplethysmogram within one period,;
I > —to develop a simulation model of a pho-
: t,s toplethysmogram within #z periods taking into
account the random component;
I : b — to develop a simulation model of the curve
I

I I

of changes in physiological parameters under
psychoemotional stress;

—to develop a complex simulation model of
periodic PPS with the random component and
taking into account the curve of changes in physi-
ological parameters under psychoemotional stress.

Fig. 1. Stress stages according to H. Selye: | — alarm stage: la — shock

phase, Ib — anti-shock phase; Il — resistance stage;
Ill — exhaustion stage: x—t, s — time in seconds [15]

A, cu A
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4. Materials and methods of the study

4. 1. Simulation model of the photoplethys-
mographic signal within one period

The simulation model of PPS within one
period takes into account the waveform and
main coding points used to analyze the state of
the CVS. The essence of the PPS simulation
process is to reproduce the waveform using
harmonic functions for n segments for the k-th
pulse wave implementation taking into account
amplitude and time parameters of the signal (1):

ka (t) = &11@ (t1)U§2k (tz)uésk (t3)""7&nk (tn)’ M

where ¢ 5 3. ,€[0, 71,23, ., ) is the time range
of the 1, 2, 3,..., n-th wave, teT\+Th+T3+..+T, is
the duration equal to the duration of one car-
diac cycle; &1z, 9k 3k, . ar(?) is the PPS extended
along the time axis of the n-th wave segment,

B2t

B4t

Fig. 2. Main coding points of volume pulse: x — t, s — time in seconds;

y — A, cu — amplitude in conventional units [17]

B5t

te|0, T,)); k is the pulse wave implementation
k=1,2,3,..,K, K is the number of pulse wave
implementations.

The block diagram of the PPS simulation algo-
rithm within one cardiac cycle is shown in Fig. 3.
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Fig. 3. Block diagram of the PPS simulation algorithm
within one period

The model of pulse signal simulation for the period T was
constructed taking into account characteristic amplitude
and time intervals, which have diagnostic value (2):

Su(t)=Aysin(2-m-t- f,)-e L, te[0,T,), 2)

where n is the wave number at certain intervals, n=1, 2, ..., N;
N is the number of waves; T, is the duration of the n-th wave
in the k-th period, A, is the amplitude of the nk-th wave, f,
is the sinusoid frequency, K is the coefficient of inclination
of the nk-th wave, L, is the scale factors for the nk-th wave.

The process of PPS simulation within one period is
shown in Fig. 4.
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To simulate PPS within one period, the MATLABR2019b
software package (USA) was used.

4. 2. Simulation model of the photoplethysmographic
signal within n periods taking into account the random
component

PPS is a signal of biological origin, so in addition to the pe-
riodic component, it contains the random component for time ¢
and amplitude A with mathematical expectation M{A}, M{t} and
variance D{A}, D{t}. To simulate PPS within #n periods, it is nec-
essary to extend it to z cardiac cycles and introduce the random
component in formula (2). Expression (2) will take the form (3):

Su(6)=(A,+w,)sin(2m(t+,)- f,)-¢ ™ L,
tel0,T,,), 3)

where Y4(M{A},D{A}) is the random variable of wave ampli-
tude with mathematical expectation M{A} and variance D{A};
where: Y, (M{t},D{t}) is the random variable of wavelength
with mathematical expectation M{t} and variance D{t}.

The simulation model of PPS within n periods involves
the use of the rand function of the MATLABR2019b soft-
ware package (USA). The numerical value of rand varies
within the values of mathematical expectation M{A}, M{t}
and variance D{A}, D{t} for time ¢ and amplitude A.

4. 3. Simulation model of the curve of changes in phys-
iological parameters under psychoemotional stress

Psychoemotional stress that occurs at the dentist leads
to changes in the functional activity of the cardiovascular
system, which are manifested in pulse changes. Such changes
are observed already when waiting for dental manipulations.
The pulse rate reaches its maximum during manipulations, as
shown in [6], where quantitative evaluation of indicators was
performed by comparing data of control and experimental
groups. Tracking these changes using photoplethysmography
requires considering the nature of psychoemotional stress.
Changes in the CVS activity under psychoemotional stress can
be divided into three stages — alarm, resistance and recovery,
observed after the stress factor ceases. Prolonged exposure
to the stress factor can lead to the exhaus-
tion stage, which causes body disorders.

Given phases of psychoemotional
stress, the period change factor B was
introduced in the simulation, which pro-
vides PPS simulation in form by mul-
tiplying by the value of the k-th period
Ty-B. The period change factor consists of
n harmonic functions (4):

B,=4 sin(2~n~t~fTw)~Lnk,

n=1,5, k:(m), kel (%)

01:02 03. 04 05
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Fig. 4. PPS simulation within one period: x—t, s — time in seconds,

y —A, cu — amplitude in conventional units

06 07 08 09 ts

where By, is the n-th wave of the period
change factor for the k-th period, /, is the
n-th area in which the period changes its
value Le[l,...[;]; L is the range of values
for the period change factor B,; Byay is the
maximum period change value.

The principle of formation of the factor
that defines the change of the period under
psychoemotional stress is shown in Fig. 5,



where 1y, Iy, I3, I, I5, I denote the areas in which the period — beginning of pulse rate recovery; ¢5 — pulse rate recovery
changes the value according to the course of the body’s stress  to a value at rest.
response. Arealy, [grepresents the state of rest; [, — alarm stage; 3. Introduction of mathematical expectation M{A}, M{t}

I3 — Is — resistance stage.

and variance D{A}, D{t} to form the random component.
4. Simulation of PPS for the period T, tak-

Bnk, 0.6
Uos
1.0
12
1.4
1.6
1.8
2.0
2.2l

ing into account the period change factor B;.

5. Output of PPS simulation results tak-
ing into account the period change factor
B,;, mathematical expectation M{A}, M{t} and
variance D{A}, D{t}.

The block diagram of PPS formation under
psychoemotional stress is shown in Fig. 6.

Validation of simulation results requires
evaluation of simulation data. The method
of validation of the simulation model is to

O Te
N0 CIRET DR C O

T : calculate the relative error and Student’s
14 5o lg t-test for the simulated and experimentally
obtained signals. Experimental PPS was ob-

Fig. 5. Curve of changes in physiological parameters under psychoemotional tained using SamsungGalaxy Note8 (South
stress: x—t, s — time in seconds; y —B,, cu — period change factor Korea). Evaluation of its metrological char-
in conventional units acteristics was performed using NeXus-10

In Fig. 5, the simulation time T, is
divided into characteristic time inter-
vals. In this case, T,€[ty,...tn+1], Where
nel, 2, ..., N; Nis the number of counts of
the period change factor B, over time.
In the period ¢<ty, the pulse rate corre-
sponds to the state of rest. Waiting for
dental manipulations (or another known
stress factor) leads to the alarm stage that
corresponds to the time interval £5<t<ty.
The resistance stage in the simulation
was divided into 3 time intervals. The
growth of PPS to the maximum value
corresponds to the time interval #3<t<ts.
The sharp increase in pulse rate at the
first step of the resistance stage ends
with the formation of an unstable equi-
librium #4<t<ts. After the stress factor
ceases, the pulse rate is restored in the
time interval ¢,<t<ts5 to the values ob-
served at rest. This statement reflects the
time interval >t5. To simulate the peri-
od change curve, the MATLABR2019b
software package (USA) was used.

4. 4. Complex simulation model of
periodic PPS with the random compo-
nent and taking into account the curve
of changes in physiological parameters
under psychoemotional stress

Simulation of PPS under psychoemo-
tional stress using the MATLABR2019b
software package (USA) was built ac-
cording to the following algorithm:

1. Introduction of the parameters of
a single PPS.

2. Introduction of time intervals of
changes in PPS under psychoemotion-
al stress: T, — experiment time; ¢; — on-
set of the stress factor; ¢, — beginning
of mobilization of body resources; t3 —
reaching the maximum pulse rate; ¢4 —

MKII (Netherlands) [21].

C Start )
v
Entering the PPS value
in the k-th period
L2
Entering the time value
T,t, t t, b, t,

Entering the value
M{A}, M{t} D{A}, D{t}
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Forming PPS
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change factor B,
I
P I
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change factorB,, change factor B,
I ple I
— o —
Forming PPS Eorrping PPS .
considering the period considering the period
change factorB,, 4——| change factor B;,
15 '
Forming PPS
considering the random
component v
M{A}, M{t}, D{4}, D{1} C End D

Fig. 6. Block diagram of PPS simulation under psychoemotional stress



5. Results of the development of a simulation model of
PPS under psychoemotional stress

5. 1. Development of a simulation model of the pho-
toplethysmographic signal within one period

The result of PPS simulation within one period using
the MATLABR2019b software package (USA) is shown
in Fig. 7.

signal in this way allows taking into account the presence of
random variables for amplitude M{A}, D{A} and time M{t},
D{t}, as shown in Fig. 8. Signal deviations are due to external
and internal factors: motion artifacts, optical interference,
etc. Using this approach to build a PPS simulation model
allows taking into account the random component of signals
of biological origin.

The simulation model of PPS within A, cu 100
one period takes into account the main
coding points and waveform of the sig- 80
nal. The period of the simulated signal
corresponds to a heart rate of 70 beats 60H
per minute. Signal reproduction using
harmonic functions for 6 segments al- 40

lows changing time intervals between
control points and changing the ampli-

tude of the signal segments, which al-
lows reproducing the signal waveform in

20 \
the normal functioning of the CVS and 0

in the presence of pathologies. Changing
the vascular lumen leads to an increase

-20 ‘
or decrease in reflected wave ampli-
tude [20], which is a sign of pathological
changes in vascular elasticity. Since the
simulation model was built of individual
segments using a harmonic function,
the change of amplitude parameters and
shift of segments 3 and 4 (Fig.4) allows reproducing the
waveform taking into account such deviations from the
norm. The simulation model of PPS within one period is a
basic element for building a simulation model at any time,
both at rest and under psychoemotional stress.

0 1

7 t,s

Fig. 8. Simulation model of PPS within 10 periods taking into account the random

component: x — t, s — time in seconds;
y — A, cu — amplitude in conventional units

5. 3. Development of a simulation model of the
curve of changes in physiological parameters under
psychoemotional stress

The result of the period change curve simulation is
shown in Fig. 9. The simulation was performed in the pe-

riod T,=220s.

A,cu 100 .‘ T In Fig. 9, the simulation time 7, is

‘ ‘ divided into characteristic time inter-

80 AN vals. In the period ¢<ty, the pulse rate

/ \ corresponds to the state of rest. Wait-

60 ing for a known stress factor leads to

a decrease in pulse rate by 20 % (time

40 / \ interval ,<t<t{). A 2 times increase

/ ﬁ in pulse rate occurs in the time inter-

val t3<t<ty. After that, an unstable

20 equilibrium #4<t<t3 is formed. During

/ ‘ \ this period, the pulse changes insig-

0 nificantly until the stress factor ceases.

/ — After that, the pulse rate is restored in

20 w w 1 | w ! ! the time interval ¢4,<t¢<t;5 to the values
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 t,s ohserved at rest.

Fig. 7. Simulation model of PPS within one period:

x— 1, s — time in seconds;
y — A, cu — amplitude in conventional units

5. 2. Development of a simulation model of the pho-
toplethysmographic signal within n periods taking into
account the random component

The result of PPS simulation taking into account math-
ematical expectation M{A}, M{t} and variance D{A}, D{t}
within 10 periods is shown in Fig. 8.

The simulation model of PPS within 10 periods reflects
the signal frequency and random component with rand=2
for amplitude A and rand=1 for period . Reproduction of the

The simulated stress response
curve reflects characteristic changes
in the CVS activity observed under
psychoemotional stress. Using it to
develop a simulation model of PPS
under psychoemotional stress allows taking into ac-
count changes in the CVS activity, which are subject to
certain stress response stages. This makes it possible to
predict the patient’s condition during the period of ac-
tion of the stress factor and after it ceases. The proposed
simulation model allows changing the duration of stress
response stages for the reproduction of various scenarios
of changes in the patient’s condition under psychoemoti-
onal stress.



Bnk, 0.6 w w , , , , , , Calculation of the relative error for
cu

0.8 the amplitude variation of the simulated
1.0 and experimental signals is 3.97 %. The
12 relative error between the values of the

simulated and experimental signal (max-
14 imum amplitude) periods is 3.41 %. The
1.6 results show high accuracy of the PPS
1.8 simulation method. Calculation of Stu-

2.0 dent’s t-test for two samples of amplitude
29 ! ! ! ! ! ! ! ! | \ and period variation for the simulated

0 20 40 60 80 100 120 140 160 180 200 220 t,s and experimental signals indicates a sta-
tistically insignificant difference between
the data — p=0.296 and p=0.275, respec-
tively.

Fig. 9. Simulation model of the curve of changes in physiological parameters
under psychoemotional stress (7,=220 s): x— t, s — time in seconds;
y — B4, cu — period change factor in conventional units
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5. 4. Development of a complex 05

simulation model of periodic PPS with
the random component and taking into
account the curve of changes in physi-
ological parameters under psychoemo- 0
tional stress

The result of simulation of PPS un-
der psychoemotional stress using the
MATLABR2019b software package
(USA) taking into account the signal . : . . . . . . .
frequency, random component and stress 0 03 06 09 12 15 18 21 24 27 30 ts
response curve is presented in Fig. 10. 1

The result of the simulation was con- ~ ______. |
firmed by the experimental signal obtained  Fig. 11. Implementation of the simulated and experimentally recorded PPS in the
using SamsungGalaxy Note8 (South Ko- period 7,=3 s: | — experimentally recorded PPS [21]; Il — simulated PPS:
rea) [21]. Evaluation of its metrological x —t, s — time in seconds; y — A, cu — amplitude in conventional units
characteristics was performed using NeX-
us-10 MKII (Netherlands), which is the

FDA’s gold standard for such measurements. Fig. 11 shows that 6. Discussion of the results of
the implementation of PPS within 3 s reflects the waveform of developing a simulation model of the
the signal and its main parameters within the specified period. photoplethysmographic signal under
: ) S psychoemotional stress
A,cu 80 : pTT
60 " ii The developed simulation model of PPS
40} i “ under psychoemotional stress (Fig. 10) il-
20 “L | ‘ H \ lustrates the basic patterns of simulating
0 l ] | ~ ) \ ~ signals of biological origin — frequency,
: : . o random component and stress response
_20 1 1 - 1 1 -

0 20 40° 60: 20 160 12‘0 140 160 l'éO :260 200 t Patterns. PPS has a number of character-
" istic coding points reflecting the state of

a the cardiovascular system as a whole, as
shown in Fig.2. Under psychoemotional
stress it is also important to consider the
process of body’s stress response, which has
a number of characteristic time intervals
shown in Fig. 1. Therefore, the simulation
of PPS was carried out taking into account
three starting points: PPS is a periodic sig-
nal; PPS contains the random component;

22 \ 1 L

S : w : : N PPS should reflect stress response stages.

0 20 40 @ 60: 80 100 120 140 160 180 :200 220 t,s Simulation Of the Signal using formula (2)

b allows taking into account only frequency,

because changes in signal characteristics

Fig. 10. Simulation model of PPS under psychoemotional stress (7, =220 s) are subject to the law that does not provide

taking into account the random component: @ — simulated PPS: x — ¢, s —time  for random processes in signals of biological
in seconds; y — A, cu — amplitude in conventional units; b — curve of the period  origin. Signal frequency in the simulation
change factor B, for the simulated PPS: x — t, s — time in seconds; of peripheral circulation was taken into

y — By, cu — period change factor in conventional units account in [9, 13]. Using formula (2) allows



reproducing the waveform, which is also provided in the har-
monic three-phase model [11] and simulation model of the daily
pulse signal [13]. However, reproduction of the waveform and
coding points is not provided in the additive mixture of deter-
ministic and random components [10]. The simulation model
of PPS within one period is based on 6 harmonic functions
taking into account the amplitude and time characteristics of
the CVS, as well as the frequency of signals of biological origin .

The introduction of the random component, namely math-
ematical expectation M{A}, M{t} and variance D{A}, D{t} for
amplitude and frequency (3), allows taking into account the
signal characteristics that occur when taking a signal from a
real biological object. Deviations in PPS, which are random,
can be due to both body peculiarities and obstacles, motion
artifacts, etc. The simulation model of PPS within 10 periods
reflects the signal frequency and random component with
the value rand=2 for amplitude A and rand=1 for periodt.
Reproduction of the signal in this way allows taking into
account the presence of random variables for amplitude M{A},
D{A} and time M{t}, D{t}. The random component in signals
of biological origin is not taken into account in the simulation
model of the pulse wave in the form of exponentially damped
sinusoid [9] and harmonic three-phase model [11].

Since the stress response has stages that can be traced by
changes in the cardiovascular system, PPS must also change
according to a certain law that allows judging the patient’s
condition. Fig. 9 shows the simulation model of the stress
response curve using formula (4), reflecting the long-term
process of stress response. Such a simulation model is based
on 4 harmonic functions. Only in the simulation model of the
daily pulse signal [13], the course of long-term processes is
taken into account, which do not reflect stress response pe-
culiarities. Using a comprehensive approach for simulating
PPS under psychoemotional stress allows taking into ac-
count the state of the CVS not only at the moment, but also
predicting changes in the body over a certain period of time.
That is, based on the data on stress factor cessation time, it is
possible to determine the period required to restore the CVS
activity. However, signal simulation taking into account the
stress response curve complicates pulse signal simulation
algorithms and increases the number of input parameters.

To confirm the adequacy of the simulation results, the ex-
perimental and simulated signals were evaluated by calculat-
ing the relative error and comparing the signals by Student’s
t-test. Calculation of the relative error for the simulated and
experimental signals shows high accuracy of the method of
simulating PPS under psychoemotional stress. The relative
error for the amplitude variation of such a model and exper-
imental data is 3.97 %, and for the period — 3.41 %. Calcula-
tion of Student’s t-test for the experimental and simulated sig-
nals showed a statistically insignificant difference — p=0.296
for the amplitude and p=0.275 for the period.

Using the proposed simulation model of PPS under psy-
choemotional stress makes it possible to obtain data with
known parameters. An important advantage of this PPS
simulation method is that the structure of the models allows
changing the input parameters of the signal both in amplitude
and time, which provides a set of different data. The use of such
data is one of the important criteria for validating algorithms
for processing signals under psychoemotional stress. Modern
equipment for PPS takeout has a high signal discreteness and
is ergonomic, which allows it to be used for a long time. One
way to improve existing equipment and create a new one is to
use PPS processing algorithms that can interpret data within

a specific problem. Therefore, validation of processing algo-
rithms is an important step in obtaining reliable data that help
reduce the risk of emergencies in dental practice caused by
psychoemotional stress. Since ergonomics and hardware allow
long-term monitoring, software improvement and validation
are an important step in production processes and creation
of competitive equipment. The developed simulation model
of PPS under psychoemotional stress can be used to test PPS
processing algorithms at the stage of equipment design.

Using the proposed simulation model, unlike existing ones,
helps to take into account most factors arising in response to
the stress factor. Therefore, the developed simulation model
of PPS under psychoemotional stress can be used not only in
dental practice, but also in other stress-related areas. These,
in addition to medicine, include the service sector, as workers
of certain professions are exposed to stress, which negatively
affects the state of the CVS. The proposed principle of simu-
lation can also be used to reproduce other signals that have a
similar nature, i.e. are periodic, contain a random component
and are subject to long-term processes. An example of a process
that can be simulated using this approach is simulating the
efficiency of solar panels during daylight hours. The constant
component is the minimum level of diffused light, the random
component is the presence of cloud cover during the day, and
the long-term process is a change in efficiency depending on
the angle of sunlight incidence. That is, using the proposed
simulation principle is promising in various fields.

Limitations of the simulation model of PPS under psy-
choemotional stress include the fact that the model does not
take into account changes in PPS due to respiratory move-
ments. That is, the model provides for signal conditioning
relative to zero for one of signal coding points. This, in turn, re-
quires additional computing power for signal conditioning, only
then it can be compared with the simulated signal. Improving
the existing simulation model taking into account changes in
the signal caused by respiratory movements will improve the
process of validating algorithms for processing signals under
psychoemotional stress without using additional signal prepa-
ration steps.

The development of this study can be carried out in the
direction of eliminating this shortcoming of the simulation
model of PPS under psychoemotional stress.

7. Conclusions

1. The simulation model of PPS taking into account the
waveform and main coding points was developed. This model
is based on 6 harmonic functions that allow simulating the
signal by amplitude and at certain time intervals. This sim-
ulation makes it possible to reproduce the waveform and the
main time and amplitude parameters that reflect the activity
of the CVS.

2. The simulation model of PPS within 10 periods consid-
ering the random component was developed. This simulation
model allows taking into account the random component of sig-
nals of biological origin by introducing mathematical expecta-
tion and variance for amplitude M{A}, D{A} and time M{t}, D{t}.

3. The simulation model of the curve of changes in
physiological indicators under psychoemotional stress using
4 harmonic functions was developed. This model is based on
the reproduction of characteristic stress response stages. The
proposed simulation model allows changing the duration of
stress response stages for the reproduction of various scenar-



ios of changes in the patient’s condition under psychoemo-
tional stress.

4. The complex simulation model of periodic PPS with
the random component and taking into account the curve
of changes in physiological parameters under psychoemo-
tional stress was developed. The simulation model is based
on the reproduction of signal characteristics and stress re-
sponse curve using harmonic functions for individual parts
of the model. The main purpose of the proposed model is to
obtain data with known parameters to solve the problem

of validating algorithms for processing PPS under psy-
choemotional stress. The relative error for the amplitude
variation of such a model and experimental data is 3.97 %,
and for the period — 3.41 %. The calculation of Student’s
t-test showed that a statistically insignificant difference:
p=0.296 for the amplitude and p=0.275 for the period. The
developed simulation model is characterized by high accu-
racy and reproducibility, which contributes to using it to
solve the problems of validating algorithms for processing
PPS under psychoemotional stress.
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1. Introduction often have a narrowly focused principle without the possibil-

ity of integrating new testing tools and the same specialized
The problems of the relationship between the psychological ~ scenario for creating an expert conclusion.

and psychophysical characteristics of a person and its effective For professional selection, it becomes necessary to form a
work activity still require careful study. These interrelation-  professional profile of a person, based on its psychological and
ships are relevant in all professional activities, but they are es-  psychophysical indicators. The definition of such a profile is
pecially important in the operation of critical systems, in which ~ possible based on the objective requirements for a particular
the human factor can lead to a malfunction of the system, and,  profession, as well as the requirements of the employer (includ-
as a consequence, large losses [1, 2]. Accordingly, there is are-  ing non-standard ones). Therefore, to form a profile, a variety
quirement for fast and reliable hardware data collection, which,  of psychodiagnostic techniques can be used, the purpose of
in turn, gives rise to the need to develop a modern psychodiag- ~ which is to determine the specific, both qualitative and quan-
nostic and psychophysical information processing system. titative characteristics of a person. This approach presupposes
Despite the development in recent years of the concept of  considering the profiles of the subjects as classes or collections
the Internet of Things, which makes it possible to remotely  of sets that have given common features. Taking into account
control technical means [3—5], mainly hardware and soft-  the variability of the requirements for the profile, the obtained
ware methods and means for local collection, storage and ~ human indicators, the introduction of new diagnostic meth-
processing of data are used. These psychodiagnostic tools  ods and subjective expert assessment, it is assumed that there
allow using a fairly large volume of tests, storing data on a  is a problem of fuzzy classes. Therefore, it becomes necessary
local drive, but they are not very useful for remote collection  to determine the belonging of the object (subject) to a certain
of information, work in “field” conditions or in the absence of  class and the optimal solution to this problem was to use the

an expert at the research site. In addition, diagnostic systems  theory of fuzzy sets using membership functions.




