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Abstract
Introduction. Understanding the epidemic curve and spatiotemporal dynamics of SARS-CoV-2 virus is of fundamental

importance for the work of the health system during epidemic and pandemic periods. Firstly, the data obtained allow us
to assess the epidemiological characteristics of the virus. Secondly, it becomes possible to develop and coordinate
measures to counter the spread of COVID-19, to allocate resources reasonably. The work objective is to create and
initialize a mathematical model of the epidemic process, which makes it possible to explain the observed dynamics, to
predict its development and to assess the reliability of such forecasts.

Materials and Methods. Scientific research was based on the statistical data analysis. A hierarchy of mathematical
models describing the dynamics of the spread of a new coronavirus infection (COVID-19) and the mortality of COVID-
positive patients from 12.02.2020 to 22.09.2021 has been constructed. The incidence submodel reflects regular
(aperiodic and periodic), as well as random components. To study and predict the processes, the classical technique of
time series research, correlation and Fourier analysis were used. This approach allowed using the method of moments to
identify the statistical properties of the scientific research object, and then visualize the stages and algorithm of work.
Results. An optimistic, pessimistic and intermediate scenario of infection spread has been mathematically investigated.
Their strengths and weaknesses are noted. Numerical characteristics of the trend model and the model of fluctuations in
the incidence of COVID-19 are systematized in the form of tables. Based on these data, a conclusion is formulated
about the optimality of the pessimistic model: after the highest possible indicators, the infection curve reaches a plateau,
and the virus remains in the population. It has been established that the spread of a new coronavirus infection has a
pronounced seasonal character with a period of 1/3 of the year. Mathematical analysis and modeling of the mortality
dynamics of COVID-positive patients revealed weekly fluctuations in the level of deaths. At the same time, it turned
out that the maximum risk corresponds to the 15th and 22nd day of infection. According to the hypothesis proposed by
the authors, this virus will be characteristic of the human population. The mortality rate is expected to be 1.75 %. The
calculations have shown that the influence of random components of morbidity and mortality will correspond to
seasonal fluctuations.

Discussion and Conclusion. The probable frequency of the epidemic has been established — three times a year. The
potential mortality rate is determined as constant. It is caused by epidemiological and organizational reasons, i.e. the
work of medical institutions and authorities. Taking into account the features of the new coronavirus strain (omicron), it
is possible to predict the further dynamics of the pandemic and make recommendations regarding its prevention. The
authors believe that vaccination should be carried out three times a year. Optimal periods of vaccination campaigns:
05.02-15.02, 17.05-28.05, 24.09-5.10.
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Introduction. Understanding the epidemic curve and spatiotemporal dynamics of SARS-CoV-2 virus spread is
necessary, firstly, to assess its epidemiological characteristics. In addition, it allows us to work out and implement
measures to counter the spread of coronavirus infection (COVID-19), rationally allocate resources. The work objective
is to create a mathematical model of the epidemic process, which makes it possible to explain the observed dynamics,
predict the spread of infection and assess the reliability of such forecasts. COVID-19 is a new disease, so it is being
studied through detailed monitoring of infections and mortality. The results are interpreted using mathematical models
and related analytical approaches [1-2]. Knowledge of the evolutionary patterns and numerical indicators of epidemic
diseases makes it possible to stop the process in a timely manner, using official medical and other organizational
resources [3-4]. Reliable factual information on the incidence of COVID-19 and related mortality on a global scale [5]
is published on worldometers.info' (the period from 12.02.2020 to 22.09.2021 is considered). The use of these data
reduces the errors of regional and time monitoring to some extent, but may prevent the identification of local dynamic
parameters of the process. However, the duration of the observations recorded in [5] allows us to hope that this
disadvantage is offset by the time series analysis technique [6].

The available data on the dynamics of morbidity and mortality of Covid-positive patients from 12.02.2020 to
22.09.2021 are taken from worldometers.info. Based on them, the authors have constructed the diagrams (Fig. 1-2).
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Fig. 1. Data on the incidence of COVID-19

' Covid-19 coronavirus pandemic. International team of developers, researchers, and volunteers.  Available  from:
https://www.worldometers.info/coronavirus/ (accessed 10.01.2023).

https://www.bps-journal.ru 5



https://www.bps-journal.ru/
https://doi.org/10.23947/2541-9129-2023-1-4-15
https://doi.org/10.23947/2541-9129-2023-1-4-15
https://www.worldometers.info/coronavirus/

Safety of Technogenic and Natural Systems 2023. no. 1. pp. 4—15. ISSN 2541-9129

The authors set the task to analyze the relationship of mortality (recorded subsequently) with the stage of the
pandemic and the level of morbidity. To do this, the initial data were grouped by quarters (3 months). In Figure 2, they
are indicated by dots of a certain color. This approach visualizes the representation of transformed mortality data, in
which the moments of death do not explicitly appear.
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Fig. 2. Actual data on mortality of Covid-positive patients. The red dots indicate the pandemic period from 12.02.20 to 9.06.20;
orange — from 10.06.20 to 10.09.20; yellow — from 11.09.20 to 14.12.20; green — from 16.12.20 to 17.03.21;
light blue — from 18.03.21 to 17.06.21; blue — from 18.06.21 to 18.09.21;
lilac — from 19.09.21 to 22.09.21

Materials and Methods. The data considered are a composition of regular and random components. In the
regular ones, aperiodic and periodic components are distinguished. Accordingly, the analysis, interpretation and
forecasting in this case are performed by classical means of time series research [6]. We are talking about the sequential
allocation of the trend (aperiodic component), cyclic and noise (random) components. Each of them is mathematically
characterized by amplitude and (or) time parameters [7]. We will sequentially isolate these components from the actual
data, and then describe the results.

The classical technique of studying time series d(t) was chosen as a mathematical tool for analyzing and
predicting the dynamics of COVID-19 [6]. It is implemented in several stages, which are aimed at consistently
identifying regular P(t), oscillatory I1(t) and random &(t) components of the trend. In this case, as a rule, the hypothesis
is taken into account that the time average value of the last two components of the time series is zero

@(t) = P(t) + TI(t) + (1), )
that is , the ratio is fulfilled:
limy o~ JJ £ dt = limg_q, - J; 5t dt = 0. )

The regular component P(t) is extracted first. The algorithmic basis here is the theory of function
approximation [7]. It is based on the idea of finding a curve of a given type, as close as possible to a cloud of points
displaying a time series. In this case, it is required to successfully choose a template for approximating a series function.
On the one hand, this is an exceptionally creative task. On the other hand, it requires deep knowledge in the field of
mathematical analysis. Then the regular component is excluded from (1) and the combination ®(t) — P(t) = I1(t) + £(¢t)
is analyzed.

Important characteristics of such a residual term are period and form [8]. The technique of correlation and
Fourier analysis is used to identify the period of the leaving II(t). In the framework of autocorrelation analysis, the

period of the function TI(t) is the value t satisfying the condition
https://www.bps-journal.ru 6



https://www.bps-journal.ru/

Safety of Technogenic and Natural Systems 2023. no. 1. pp. 4—15. ISSN 2541-9129

%fOTH(t) -TI(t + 1) dt > max, 3)
where [0...T] — II(t) value observation interval.

The use of a discrete Fourier transform for the same purpose makes it possible to localize the value of T in a
narrow interval. Knowing t, it is possible to identify the form of the periodic component, but often researchers limit
themselves to the first harmonic.

The final stage is the identification of statistical properties &(t) = @(t) — P(t) — I1(t). For this, the method of
moments is the most convenient one [9]. It works like this: the actual noise moments of the series &(t) are compared
with the moments of the model noise given by the known distribution functions F(§). The described scheme for
analyzing the time series @(t) is shown in Fig. 3.
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Fig. 3. Analysis of the time series of morbidity and mortality of Covid-positive patients: a — stages according to the focus of
research; b — the study algorithm

Results. It is known that any epidemic process in the initial stage is characterized by exponential dynamics in
time [10], i.e.

N(t) = A-eP, (4)
where N — number of cases; A and B — some positive numbers.
https://www.bps-journal.ru 7
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Further development of the epidemic may occur according to an optimistic or pessimistic scenario. In the first
case, the epidemic reaches a certain peak and comes to naught. The dependence of the number of cases at some point
has the form:

()

opt( ) = m
where A, B, C — coefficients of the model; ch — hyperbolic cosine.
This scenario corresponds to the differential equation:

dNopt(t) Nopt(t)
—P= = £2BNpe (1) /1 — = (6)

Here the plus sign is implemented at N, (t) < A up to the t* moment, at which N,,.(t*) = A . Starting from
this moment, the minus sign is implemented in formula (6). According to (6), upon reaching a certain critical number of
cases 4, the incidence will begin to decrease monotonously.

The pessimistic scenario implies that the epidemic, which initially develops exponentially, also reaches a
plateau exponentially over time, i.e. the pathogen remains in the affected population. This can be described by
evolutionary dependence

Nyess(£) = 2A(1 + th(Bt + C)), )
which corresponds to the differential equation:
ANpess(t) Npess(t) 2
pd—t—ZAB(l—(l—”T) ) )

Here th — hyperbolic tangent. In (7) and (8), the multiplier 2 is added for reasons of coincidence of the
starting asymptotics, i.e. to fulfill the natural relation:
Nope(t)
Npepss(t) =1L (9)

The intermediate epidemic scenario combines the elements of the two considered ones and assumes the
following stages:

1) primary exponential growth;

2) saturation and subsequent decline;

3) exit to a hon-zero plateau.

The dynamics of morbidity in this case is described by the linear conjugation of formulas (5) and (7) with
weight D:

lime— gy (s -eo)

N(t) = m +2A4(1 - D)(1 + th(Bt + C)), (10)

where D — the coefficient reflecting the contribution of an optimistic and pessimistic scenario to the overall process..
Solution (10) corresponds to nonlinear high-order differential equation [11], which we omit because of its
bulkiness.
To find the coefficients 4, B, C, D, it is necessary to solve mathematical programming problem [12] in its
general form:

I fact\? _
= (N(&) = N/ %) = 1(m

where Nif““ and t; are, respectively, the incidence and the moment of its fixation.
Extremum condition (11) corresponds to the generalized epidemic scenario. In particular cases of models (5)
and (7), constraints D = 1 or D = 0 should be added to (11).

= _— — factyz _
A 1(Ch2(Bt 5+ 240 = D)(1 + th(Bt; + €)) = N/*“)? = 0

9 1 __ 4 _ fact\® _

- (Chz(m —+24(1 = D)(1 + th(Bt; + ©)) = ; ) =0,
9 __AD
ac 1(ch2(Bt +C)

9 1 __AD _ fact 2 _
ap (chZ(Bt ot 24(1 = D)(1 + th(Bt; + C)) - N; ) =0,
D=1,

D=0.

+24(1 - D)(1 + th(Bt; + €)) — N/**)? - min, (11)

+24(1 - D)(1 + th(Bt; + C)) — N/*)? =0, (12)

Here @ denotes the partial differential. It can also be strictly proved that system (12) is equivalent to an
overdetermined system of algebraic equations:

https://www.bps-journal.ru 8
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AD _ Fact o
|(—ch2(Btl+C) +24(1 - D)(1 + th(Bt; + €)) = N/°, i=1,2,..1
b=1, (13)
D=0,
{ D€R,

the variants of which correspond to the described scenarios.
The results of identifying the trend dependence P(t) using the built-in MS Excel functions [13] for all scenarios
of epidemic dynamics are shown in Figure 2 and in Table 1.

Table 1
Numerical characteristics of the trend model of COVID-19 morbidity
Models and indicators A B C D o, thous. &
people
Optimistic 615.1483 0.003842 —1.55037 1 138.7840681 | 0.8058189
Pessimistic 142.9481 0.009928 —-1.5551 0 116.8074635 | 0.8522902
Generalized 353.0566 0.007984 —-1.87759 0.613561 113.4654191 | 0.8612546

As it can be seen from the data in the table, generalized model (10) describes the real situation better.
However, it has a significant drawback. This is the comparative complexity and inability to explicitly write out
nonlinear differential equations that correspond to the dynamics of COVID-19. In this respect, the pessimistic model
attracts with its simplicity and, accordingly, the possibilities of improvement.

To identify the oscillatory component in the mortality data for COVID-19 (Fig. 3), we choose the following
model. Let us assume that the real data fluctuates near the trend line. In our case, these are models (5)—(6), (7)—(8) and
(10) with an amplitude a, a circular frequency B and an initial phase y. Such a regular model of epidemic dynamics is
decomposed and described by equation:

N(@®) =N(@)-[1+a-sin(B-t+7)],
N(t)op¢ according to (5)- (6),
where N(t) = | N(t)ess according to (7)- (8), (14)
N(t) gen according to (10).

To find the parameters of oscillatory model (14), it is necessary to solve the following optimization

problem [12]

fact

L+ a-sin(B-t;+7vy)— 1::]"(”)2 — min. (15)

If we consider (15) as a function of the variables a, B, v, the necessary condition of the extremum takes the
form [8]:

(6 ; . Nfact 5
sa i@+ assin(B et +y) = 1=)? =0,
3 . . leact 5 16
6 i:1(1+0"5m(8'ti+\/)_m) =0, (16)
3 ! ] leact 5
™ i=1(1+a-sm(B-ti+y)—m) = 0.
The solution of problem (16) coincides with the solution of the overdetermined system of equations:
fact
1+(x-sin([3-ti+y)=Ni i=12..1 (17)

NGty
However, the practical implementation of algorithms (16) and (17) is hampered by their instability due to the
peculiarities of problem [7]. In this case, the algorithm based on finding the model parameters that provide the best
correlation between actual data [9] and the model function N (t) is more stable:
Corr(N (), N/**) - max. (18)
Solution (18) obtained by means of Excel [9] for variants of model N(t) (5)—(6), (7)—(8) and (10) are given in
Table 2.

Table 2
Numerical characteristics of the COVID-19 incidence fluctuation model
Models and indicators a B Y & o, thous. people
Optimistic 0.339708 0.049332 0.760834 0.912426 102.0689
Pessimistic 0.264411 0.049207 0.840402 0.928869 83.29141
Generalized 0.273133 0.049298 7.08885 0.94078 76.13293

https://www.bps-journal.ru 9



https://www.bps-journal.ru/

Safety of Technogenic and Natural Systems 2023. no. 1. pp. 4—15. ISSN 2541-9129

Numerical indicators of the adequacy of models & and ¢ presented in Table 2 indicate that the generalized
model better corresponds to the actual data. At the same time, it is much more difficult than the pessimistic one with an
insignificant improvement in accuracy. Thus, the advantage of the pessimistic model should be recognized. It has the
optimal complexity of the mathematical description of the COVID-19 epidemic, allowing for simple interpretation and
ease of improvement.

It is important to note that any trend is characterized by a periodicity of 127 + 0.5 days. This result is in good
agreement with the data of autocorrelation and spectral analysis of the oscillation component of N(t) function (Fig. 4).
Thus, it is recorded that outbreaks of the disease occur after 124 and 110 days. This means that the disease is seasonal
with a period of 1/3 of the year.
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Fig. 4. Data of autocorrelation and spectral analysis of the oscillation component: a — difference in the dynamics of morbidity with a
shift by a different number of days; b — coefficients of spectral decomposition of morbidity

Data comparison in Tables 1 and 2 allows us to assess the relative role of the oscillation and noise components.

If we consider them independent (orthogonal) and use the well-known ratio oy = /0% + 0%, we can make sure that the

contributions of the periodic and random components are comparable.

https://www.bps-journal.ru 10
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Subtracting the model values of morbidity N (t;) from the observed ones Nif %t (or vice versa), we allocate the

remaining noise component of the model. Figure 5 provides the result for the pessimistic scenario.
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Fig. 5. Noise component in the pessimistic model

Numerical characteristics of data shown in the figure correspond to a normal Gaussian distribution [9] with a
mathematical expectation of "zero™ and a standard deviation of 80 thousand cases per day, which is confirmed by
numerical identification data:

— mathematical expectation M = -2.87;

— standard deviation ¢ = 79.9;

— Skewness asymmetry = 0.0085;

— Kurtosis excess = 3.51.

Thus, the identification of the mathematical model N (t) + N, qs.s performed in this work, presumably, allows
predicting morbidity for the entire duration of the epidemic [5].

Similarly, the dynamics of mortality among Covid-positive patients was analyzed from 12.02.2020 to
22.09.2021 (Fig. 3). Given that the lethal outcome is a likely result of infection, it is logical to present a mortality

model:
Mfact(t + T) = Kietn - Nfact(t)- (19)
Or taking into account the approximation of morbidity:
]V[(t + T) + Mcgses = kleth ) (ﬁ(t) + Ncases)- (20)

Here M denotes mortality; k.., — the probability of dying from this disease; T — the most likely time from infection
of a person to his death. We find numeric parameters k.., and t, that appear in mortality patterns (19), by minimizing
the functional deviations:
(T, kieen ) = L™ “[Mrace,,.. — Kietn * Nrace,]* = min (1)
taking into account natural constraints 0 < kj;, < 1,T€N,1 <t < 30.
The peculiarity of the solution to problem (21) is that one of the desired variables appears in the upper index of
summation. Therefore, we will get the solution to the optimization problem in two stages. The first one is based on a

necessary condition for the extremum ®(t, ke ):

https://www.bps-journal.ru 11
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Kieen (D) = T M o Niaer) - [E0 Ny | 22)
for the entire range of T. Then we choose a pair of values { T, k;.:x}, that provides the minimum value (21).

It is important to mention that I,;, is assumed to be equal to 150 days. The assumption is due to the fact that
the first months of morbidity and mortality statistics [5] do not seem to be sufficiently complete and reliable.

Having solved problem (21), we get: k., = 0,0184 + 0,0003 and t = 21 days. The correlation of mortality
with morbidity is demonstrated in more detail by the correlogram of the data Myqc,(t + T) and kjepp, = Npqer (t) (Fig. 6).
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Fig. 6. Correlogram of mortality and morbidity depending on the shift parameter t

Trend analysis shows the probability of death from COVID-19 on the 21st day after infection. In addition, the
frequency of the risk of death is obvious. Trend-free variations of the risk of death are visualized in Fig. 7.
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Fig. 7. Fast oscillation component in the correlogram of mortality and morbidity
According to Fig. 7, the risk of death in COVID-19 fluctuates around the above average value with a period of
7 days, which fully corresponds to the cyclical work of medical institutions around the world. The analytical

dependence approximating the data in Fig. 7 has the form:
https://www.bps-journal.ru 12
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u(t) = 0,212 -sin(0,902 - Tt — 0,522), (23)
where p — the fast component of mortality.

Discussion and Conclusion. The main results of the work are listed below.

1. Models of morbidity and mortality in COVID-19 have been constructed and initialized.

2. It has been established that the spread of coronavirus infection is repeated three times a year.

3. Mortality is constant on average and contains two oscillation components. The frequency of the first one
corresponds to the frequency of morbidity, and the frequency of the second one corresponds to the regulations of
medical institutions.

4. Based on the observation interval from 12.02.2020 to 22.09.2021, it can be concluded that the scenario of
the epidemic is close to pessimistic.

5. Random component in the morbidity and mortality models turned out to be at the level of seasonal
fluctuations.

Statistical data that appeared in December 2021 showed that the known COVID-19 strains were practically
replaced by a new one — omicron. Its contagiousness is 3/5 times higher; mortality is 3/5 times lower. This
circumstance dictates the need to improve the proposed dynamic models of the epidemic, taking into account the virus-
competitive effect. This is the objective of the following research by the team of authors.

The obtained results allow us not only to predict further dynamics of the pandemic, but also to formulate
practically significant recommendations. For example, the following intervals are proposed as the optimal timing of

anti-Covid vaccination by Sputnik V (annually): 05.02-15.02, 17.05-28.05, 24.09-5.10.
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