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to the mass types of medical care, as 20–25 % appeals are relat-
ed to oral diseases (345–550 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 
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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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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 III 
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 
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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.

To achieve the aim, the following objectives 
must be accomplished:

– to develop a simulation model of a pho-
toplethysmogram within one period;

– to develop a simulation model of a pho-
toplethysmogram within n periods taking into 
account the random component;

– to develop a simulation model of the curve 
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.

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):

( ) ( ) ( ) ( ) ( )1 1 2 2 3 3 ,..., ,k k k k nk nt t t t tξ = ξ ∪ ξ ∪ ξ ξ (1)

where t1 ,2, 3,…,n∊[0, T1, 2, 3, …, n) is the time range 
of the 1, 2, 3,…, n-th wave, t∊T1+T2+T3+…+Tn is 
the duration equal to the duration of one car-
diac cycle; ξ1k, 2k, 3k, …, nk(t) is the PPS extended 
along the time axis of the n-th wave segment, 
t∊[0, Tn); 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. 1. Stress stages according to H. Selye: I – alarm stage: Ia – shock 
phase, Ib – anti-shock phase; II – resistance stage; 	
III – exhaustion stage: x–t, s – time in seconds [15]
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Fig. 2. Main coding points of volume pulse: x – t, s – time in seconds;  
у – A, cu – amplitude in conventional units [17]
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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):

( ) ( )sin 2 ,nkt K
nk nk nk nkS t A t f e L− ⋅= ⋅π ⋅ ⋅ ⋅ ⋅ [ )0, ,nkt T∈ 	 (2)

where n is the wave number at certain intervals, n=1, 2, …, N; 
N is the number of waves; Tnk is the duration of the n-th wave 
in the k-th period, Ank is the amplitude of the nk-th wave, fnk 
is the sinusoid frequency, Knk is the coefficient of inclination 
of the nk-th wave, Lnk is the scale factors for the nk-th wave.

The process of PPS simulation within one period is 
shown in Fig. 4.

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 t 
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 n cardiac cycles and introduce the random 
component in formula (2). Expression (2) will take the form (3):

( ) ( ) ( )( )sin 2 ,nkt K
nk nk A t nk nkS t A t f e L− ⋅= + ψ ⋅π ⋅ + ψ ⋅ ⋅ ⋅

[ )0, ,nkt T∈ 		  (3)

where ψA(M{A},D{A}) is the random variable of wave ampli-
tude with mathematical expectation M{A} and variance D{A}; 
where: ψt(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 t 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 
Tk∙B. The period change factor consists of 
n harmonic functions (4):

( )sin 2 ,
nk nknk T T nkB A t f L= ⋅π ⋅ ⋅ ⋅

1,5,n = ( )max1, ,k B= ,nk l∈ 	 (4)

where Bnk is the n-th wave of the period 
change factor for the k-th period, ln is the 
n-th area in which the period changes its 
value  L∊[l1,…,ln]; L is the range of values 
for the period change factor Bn; Bmax 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, 
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1st pulse wave segment 

Sta rt

Entering parameters of the 2nd
pulse wave segment

Entering parameters of the 3rd 
pulse wave segment

Entering parameters of the 4th 
pulse wave segment

Entering parameters of the 5th 
pulse wave segment

Output of pulse wave simulation 
results within one cardiac cycle

Entering parameters of the 6th
pulse wave segment

End 
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Fig. 4. PPS simulation within one period: x–t, s – time in seconds, 	
y –A, cu – amplitude in conventional units

Fig. 3. Block diagram of the PPS simulation algorithm 	
within one period
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where l1, l2, l3, l4, l5, l6 denote the areas in which the period 
changes the value according to the course of the body’s stress 
response. Area l1, l6 represents the state of rest; l2 – alarm stage;  
l3 – l5 – resistance stage.

In Fig. 5, the simulation time Te is 
divided into characteristic time inter-
vals. In this case, Te∊[tn,…,tn+1], where 
n∊1, 2, …, N; N is the number of counts of 
the period change factor Bnk over time. 
In the period t<t1, 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 t2<t<t1. 
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 t3<t<t2. 
The sharp increase in pulse rate at the 
first step of the resistance stage ends 
with the formation of an unstable equi-
librium t4<t<t3. After the stress factor 
ceases, the pulse rate is restored in the 
time interval t4<t<t5 to the values ob-
served at rest. This statement reflects the 
time interval t>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: Te – experiment time; t1 – on-
set of the stress factor; t2 – beginning 
of mobilization of body resources; t3 – 
reaching the maximum pulse rate; t4 – 

beginning of pulse rate recovery; t5 – pulse rate recovery 
to a value at rest.

3. Introduction of mathematical expectation M{A}, M{t} 
and variance D{A}, D{t} to form the random component.

4. Simulation of PPS for the period Te tak-
ing into account the period change factor Bnk.

5. Output of PPS simulation results tak-
ing into account the period change factor 
Bnk, 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 
calculate the relative error and Student’s 
t-test for the simulated and experimentally 
obtained signals. Experimental PPS was ob-
tained using SamsungGalaxy Note8 (South 
Korea). Evaluation of its metrological char-
acteristics was performed using NeXus-10 
MKII (Netherlands) [21].

t, s

t1 t2

t3

t4

t5

l1 l2 l3 l4 l5 l6

cu 0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2

Te

Bnk, 0.6

Fig. 5. Curve of changes in physiological parameters under psychoemotional 
stress: x–t, s – time in seconds; у –Bnk, cu – period change factor 	

in conventional units

 
  

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

The simulation model of PPS within 
one period takes into account the main 
coding points and waveform of the sig-
nal. The period of the simulated signal 
corresponds to a heart rate of 70 beats 
per minute. Signal reproduction using 
harmonic functions for 6 segments al-
lows changing time intervals between 
control points and changing the ampli-
tude of the signal segments, which al-
lows reproducing the signal waveform in 
the normal functioning of the CVS and 
in the presence of pathologies. Changing 
the vascular lumen leads to an increase 
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.

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 t. 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}, 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.

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 Te=220 s.
In Fig. 9, the simulation time Te is 

divided into characteristic time inter-
vals. In the period t<t1, the pulse rate 
corresponds to the state of rest. Wait-
ing for a known stress factor leads to 
a decrease in pulse rate by 20 % (time 
interval t2<t<t1). A 2 times increase 
in pulse rate occurs in the time inter-
val t3<t<t2. After that, an unstable 
equilibrium t4<t<t3 is formed. During 
this period, the pulse changes insig-
nificantly until the stress factor ceases. 
After that, the pulse rate is restored in 
the time interval t4<t<t5 to the values 
observed at rest. 

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.
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Fig. 7. Simulation model of PPS within one period: 	
x – t, s – time in seconds; 	
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5. 4. Development of a complex 
simulation model of periodic PPS with 
the random component and taking into 
account the curve of changes in physi-
ological parameters under psychoemo-
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 
response curve is presented in Fig. 10.

The result of the simulation was con-
firmed by the experimental signal obtained 
using SamsungGalaxy Note8 (South Ko-
rea) [21]. Evaluation of its metrological 
characteristics was performed using NeX-
us-10 MKII (Netherlands), which is the 
FDA’s gold standard for such measurements. Fig. 11 shows that 
the implementation of PPS within 3 s reflects the waveform of 
the signal and its main parameters within the specified period.

Calculation of the relative error for 
the amplitude variation of the simulated 
and experimental signals is 3.97 %. The 
relative error between the values of the 
simulated and experimental signal (max-
imum amplitude) periods is 3.41 %. The 
results show high accuracy of the PPS 
simulation method. Calculation of Stu-
dent’s t-test for two samples of amplitude 
and period variation for the simulated 
and experimental signals indicates a sta-
tistically insignificant difference between 
the data – p=0.296 and p=0.275, respec-
tively.

6. Discussion of the results of 
developing a simulation model of the 
photoplethysmographic signal under 

psychoemotional stress

The developed simulation model of PPS 
under psychoemotional stress (Fig. 10) il-
lustrates the basic patterns of simulating 
signals of biological origin – frequency, 
random component and stress response 
patterns. PPS has a number of character-
istic coding points reflecting the state of 
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; 
PPS should reflect stress response stages. 
Simulation of the signal using formula (2) 
allows taking into account only frequency, 
because changes in signal characteristics 
are subject to the law that does not provide 
for random processes in signals of biological 
origin. Signal frequency in the simulation 
of peripheral circulation was taken into 
account in [9, 13]. Using formula (2) allows 

Fig. 9. Simulation model of the curve of changes in physiological parameters 
under psychoemotional stress (Te=220 s): x – t, s – time in seconds; 	

у – Bnk, cu – period change factor in conventional units
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Fig. 10. Simulation model of PPS under psychoemotional stress (Te=220 s) 
taking into account the random component: a – simulated PPS: x – t, s – time 

in seconds; у – А, cu – amplitude in conventional units; b – curve of the period 
change factor Bnk for the simulated PPS: x – t, s – time in seconds; 	

у – Bnk, cu – period change factor in conventional units
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Fig. 11. Implementation of the simulated and experimentally recorded PPS in the 
period Te=3 s: I – experimentally recorded PPS [21]; ІІ – simulated PPS:	
 x – t, s – time in seconds; у  – А, cu – amplitude in conventional units
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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 period t. 
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-
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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.

References 

1.	 Burgonskyi, V., Вurgonskaya, S. (2014). Changes in stress as a prerequisite for psychosomatic disorders dental patients. 

Sovremennaya stomatologiya, 4, 13–20.

2.	 Dem'yanenko, C. A., Avdonina, L. I., Boyko, V. V. (2004). Kardiomonitoring pri razlichenii boyazni i straha i prinyatii resheniya 

o premedikatsii na stomatologicheskom prieme. Institut ctomatologii, 3 (24), 8–12. Available at: https://instom.spb.ru/catalog/

article/8594/?view=pdf

3.	 Demyanenko, S. A. (2014). Psycho-emotional stress of hypertensive reaction to dental reception. Vyatskiy meditsinskiy vestnik, 

3-4, 53–56. Available at: https://cyberleninka.ru/article/n/psihoemotsionalnoe-napryazhenie-v-razvitii-gipertenzivnyh-reaktsiy-

na-stomatologicheskom-prieme/viewer

4.	 Vagner, V. D., Nimaev, B. Ts. (2005). Kontseptual'nye osnovy dal'neyshego razvitiya obschey (semeynoy) praktiki v stomatologii. 

Institut stomatologii, 4, 20–21. Available at: https://instom.spb.ru/catalog/article/8762/?view=pdf

5.	 Mintser, O. P. (Ed.) (2011). Suchasni metody i zasoby dlia vyznachennia i diahnostuvannia emotsiynoho stresu. Vinnytsia: VNTU, 

228. Available at: http://dspace.wunu.edu.ua/jspui/bitstream/316497/2138/1/Monografiya_Syergyeyeva.pdf

6.	 Moraes, J., Rocha, M., Vasconcelos, G., Vasconcelos Filho, J., de Albuquerque, V., Alexandria, A. (2018). Advances in 

Photopletysmography Signal Analysis for Biomedical Applications. Sensors, 18 (6), 1894. doi: https://doi.org/10.3390/s18061894 

7.	 Tkachenko, P. I., Lokhmatova, N. M., Byеlokon, S. A., Dobroskok, V. A. (2017). The intensity of emotional tension in children with 

cleft palate in response to situational stress. Ukrainskyi stomatolohichnyi almanakh, 1, 75–78. Available at: http://elib.umsa.edu.ua/ 

jspui/bitstream/umsa/10292/1/Vyrazhenist_psykhoemotsiinoho_napruzhennia.pdf

8.	 Moshkevich, V. S. (1970). Fotopletizmografiya (Apparatura i metody issledovaniya). Moscow: Meditsina, 208. Available at: https://

www.twirpx.com/file/1537026

9.	 Akulov, V. A. (2006). Model' pul'sovoy volny i ee realizatsiya v srede Excel. Proceedings of the Third All-Russian Scientific 

Conference. P. 4, Matem. Mod. Kraev. Zadachi. Samara, 13–16. Available at: http://www.mathnet.ru/links/7fb61787446959c52d5

9306ab30dee10/mmkz693.pdf

10.	 Samkov, C. B., Chernenko, A. I. (2006). Sverhshirokopolosnyy radar dlya izmereniya parametrov serdechno-sosudistoy sistemy 

cheloveka pri fizicheskih nagruzkah. II Vseros. nauchnaya konf.-seminar. Murom, 475–479. 

11.	 Gnilitskyy, V. V., Muzhitska, N. V. (2010). Refinement of the harmonic model of pulse wave for the express-diagnosis of pulsogram. 

Visnyk ZhDTU. Seriya "Tekhnichni nauky", 4 (55), 28–38.

12.	 Wu, H.-T., Wu, H.-K., Wang, C.-L., Yang, Y.-L., Wu, W.-H., Tsai, T.-H., Chang, H.-H. (2016). Modeling the Pulse Signal by Wave-

Shape Function and Analyzing by Synchrosqueezing Transform. PLOS ONE, 11 (6), e0157135. doi: https://doi.org/10.1371/

journal.pone.0157135 

13.	 Hvostivska, L. V., Oksukhivska, H. M., Hvostivskyy, M. O., Shadrina, H. M. (2019). Imitation Modeling of the Daily Pulse Signal 

for Long-Term Monitoring Systems. Visnyk NTUU KPI Seriia - Radiotekhnika Radioaparatobuduvannia, 77, 66–73. doi: https://

doi.org/10.20535/radap.2019.77.66-73 

14.	 Trigranyan, R. A. (1988). Stress i ego znachenie dlya organizma. Moscow: Nauka, 175.

15.	 Kokun, O. M., Ahaiev, N. A., Pishko, I. O., Lozinska, N. S. (2015). Osnovy psykholohichnoi dopomohy viyskovosluzhbovtsiam v 

umovakh boiovykh diy. Kyiv: NDTs HP ZSU, 170. Available at: https://lib.iitta.gov.ua/11222/1/%D0%9F%D0%BE%D1%81%D1

%96%D0%B1%D0%BD%D0%B8%D0%BA_2015.pdf

16.	 Wawrzyniak, A. J., Dilsizian, V., Krantz, D. S., Harris, K. M., Smith, M. F., Shankovich, A. et. al. (2015). High Concordance Between 

Mental Stress-Induced and Adenosine-Induced Myocardial Ischemia Assessed Using SPECT in Heart Failure Patients: Hemodynamic 

and Biomarker Correlates. Journal of Nuclear Medicine, 56 (10), 1527–1533. doi: https://doi.org/10.2967/jnumed.115.157990 

17.	 Shevchenko, V. V., Osadchiy, A. V., Esipenko, E. S. (2012). Sposob vydeleniya informativnyh parametrov fotopletizmosignala dlya 

opredeleniya sistemnyh reaktsiy na MLT. Sovremennye nauchnye issledovaniya i innovatsii, 5. Available at: http://web.snauka.ru/

issues/2012/05/12640

18.	 Hvostivska, L. V. (2016). The human vascular pulse signal imitation model. Herald of Khmelnytskyi national university. Technical 

sciences, 2, 94–100. Available at: http://nbuv.gov.ua/UJRN/Vchnu_tekh_2016_2_18

19.	 Teng, Y., Ge, L., Chou, Y. (2018). A Novel Abnormal Segments Detection Method for Photopletysmography Signal. 2018 37th 

Chinese Control Conference (CCC). doi: https://doi.org/10.23919/chicc.2018.8483815 



Information and controlling system

45

20.	 Takazawa, K., Tanaka, N., Fujita, M., Matsuoka, O., Saiki, T., Aikawa, M. et. al. (1998). Assessment of Vasoactive Agents and 

Vascular Aging by the Second Derivative of Photoplethysmogram Waveform. Hypertension, 32 (2), 365–370. doi: https:// 

doi.org/10.1161/01.hyp.32.2.365 

21.	 Askarian, B., Jung, K., Chong, J. W. (2019). Monitoring of Heart Rate from Photoplethysmographic Signals Using a Samsung 

Galaxy Note8 in Underwater Environments. Sensors, 19 (13), 2846. doi: https://doi.org/10.3390/s19132846 

Copyright © 2021, Authors. This is an open access article under the Creative Commons CC BY license

1. Introduction

The problems of the relationship between the psychological 
and psychophysical characteristics of a person and its effective 
work activity still require careful study. These interrelation-
ships are relevant in all professional activities, but they are es-
pecially important in the operation of critical systems, in which 
the human factor can lead to a malfunction of the system, and, 
as a consequence, large losses [1, 2]. Accordingly, there is a re-
quirement for fast and reliable hardware data collection, which, 
in turn, gives rise to the need to develop a modern psychodiag-
nostic and psychophysical information processing system.

Despite the development in recent years of the concept of 
the Internet of Things, which makes it possible to remotely 
control technical means [3–5], mainly hardware and soft-
ware methods and means for local collection, storage and 
processing of data are used. These psychodiagnostic tools 
allow using a fairly large volume of tests, storing data on a 
local drive, but they are not very useful for remote collection 
of information, work in “field” conditions or in the absence of 
an expert at the research site. In addition, diagnostic systems 

often have a narrowly focused principle without the possibil-
ity of integrating new testing tools and the same specialized 
scenario for creating an expert conclusion.

For professional selection, it becomes necessary to form a 
professional profile of a person, based on its psychological and 
psychophysical indicators. The definition of such a profile is 
possible based on the objective requirements for a particular 
profession, as well as the requirements of the employer (includ-
ing non-standard ones). Therefore, to form a profile, a variety 
of psychodiagnostic techniques can be used, the purpose of 
which is to determine the specific, both qualitative and quan-
titative characteristics of a person. This approach presupposes 
considering the profiles of the subjects as classes or collections 
of sets that have given common features. Taking into account 
the variability of the requirements for the profile, the obtained 
human indicators, the introduction of new diagnostic meth-
ods and subjective expert assessment, it is assumed that there 
is a problem of fuzzy classes. Therefore, it becomes necessary 
to determine the belonging of the object (subject) to a certain 
class and the optimal solution to this problem was to use the 
theory of fuzzy sets using membership functions.
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ing psychodiagnostic tools and a number of disadvantages 
are described. In the process of developing the system design, 
requirements were formed: three-dimensional representation 
of signals, remote control of the diagnostic process, data col-
lection, transmission and storage on a remote server, process-
ing of results, expert assessment. The main two tasks of the 
study are formed. The structure of an information processing 
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the transfer of data for testing and saving the results on a cloud 
server using WiFi or GPRS connection. The Thingspeak cloud 
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a cycle of up to 1 second when using the cloud on a commer-
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