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ABSTRACT:
This paper describes a comparison of the SIRS model, built on the basis of
cellular automata, and the real statistics of daily mortality in the course of
the COVID-19 pandemic in different countries. The SIRS model is used with
different parameters of infectability and loss of susceptibility. The model
calculates the cross-correlation of mortality dynamics with the real dynamics
of mortality in different countries. A high correlation (more than 0.5) of
mortality dynamics in all countries with the dynamics given by the model at
the selected parameters is shown.

The research results allow us to fix the model parameters that can further
perform forecasting. The advantage of the SIRS model based on cellular
automata is the simplicity and clarity of a small number of parameters, and
the ability to change them in accordance with epidemiological data. The
model demonstrates the fact that the daily mortality rate is eventually
reduced to zero, although under different parameters (primarily the
probability of loss of immunity), the system can survive several waves of

infection.
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Introduction

Among the many methods of modeling the spread of infections and
pandemics, the most well-known approaches are called SIS, SIR, and SIRS [1-
3]. While most such models are currently modeled by analytical methods
using differential equations, the most obvious implementations of these
approaches are based on the theory of cellular automata [4], which are
supplemented with analytical calculations if necessary. The SIS "susceptible —
infected — susceptible" model (S for the number of susceptible, | for the
number of infectious) is applicable to the analysis of the spread of diseases to
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which immunity is not developed. It is described by the following system of
equations:
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where
e S(t) — the number of susceptible individuals at time t;

e | (t) — the number of infected individuals at time t;

N — population size;
f — coefficient of the intensity of contacts of individuals with
subsequent infection;
e y — coefficient of the intensity of the recovery rate of infected
individuals
In the second case, the SIR model consists of three compartments: S for the
number of Susceptible, | for the number of Infectious, and R for the number of
Recovered, (or deceased, or immune) individuals.

The SIR model has gained popularity due to its ease of construction,
implementation, and use. Its application allows you to accurately model
influenza and other diseases in large cities, enter new parameters, and analyze
different scenarios.

In the third, even more realistic case, the probability of loss of immunity in
previously infected individuals is assumed. The SIRS principle - "susceptible --
infected — recovered — susceptible”, is a model for describing the dynamics of
diseases with temporary immunity (recovered individuals become susceptible
again over time).

Goals

The purpose of this paper is to compare the SIRS model, based on the concept
of cellular automata discussed below, and the actual daily mortality statistics
for various countries in the course of the COVID-19 pandemic. For this
purpose, the SIRS model is built, which is used for various parameters of
infectability and loss of susceptibility. Then the cross-correlation of the
mortality dynamics that the model provides is calculated with the real
mortality dynamics for different countries. For each country, the model
parameters for which the cross-correlation values are sufficiently large are
fixed, and the model parameters that allow for further forecasting are likewise
fixed.
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Cellular automata

A cellular automaton is a discrete dynamic system, a collection of identical
cells that are interconnected in a certain way. All cells form a network of
cellular automata. The state of each cell is determined by the state of cells in
its local neighborhood or its “nearest neighbors”. The state of the j-th cellular
automaton at a time t+1 is thus determined as follows:

Y (t+l)=l:(yj (t),O(j),t), where F is a rule that can be expressed, for

example, in the language of Boolean algebra. In many problems, it is
considered that the element relates to its closest neighbors, i.e.

y;(t)€O(j), in this case, the formula is simplified: y;(t+1)=F(O(j).t).

Cellular automata in the traditional sense satisfy such rules:
e the values of all cells are changed simultaneously (the unit of
measurement is a clock cycle).
e the network of cellular automata is homogeneous, i.e. the rules for
changing states for all cells are the same;
e the cell can only be affected by cells from its local neighborhood — the
set of cell states is finite.
In the case of a two-dimensional lattice, whose elements are squares, the
nearest neighbors entering the neighborhood of the element y; can be

considered either only the elements located up-down and left-right from it (
the so-called von Neumann neighborhood: Yiajr Yijw Yijer Yierj ) OF

diagonal elements added to them (the so-called “Moore's neighborhood”:
YiwjoYicwj Vi Yijeo Vi Yijons Yisnjoor Yiewjo Yiss jur ). This allows us to
determine the overall ratio of the cell value at step t+1 compared to step t [4]:
Vi (0)=F Vg 2 @ Yia j O, Vit 1 O, ¥ 12 0,55 00V 0 O, Vg 2 O Yoo O, Vi ©)-

The SIRS Model

Such a model is constructed, and is given the following semantic meaning: a
system of square cellular automata (Moore's model) with four cellular states is
considered:

1. Non-infected state

2. Infected state

3. Affected state

4. Death
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Rules:
1. Acellin an infected state infects its neighbors with a probability
p, only those cells in a state of 1 (non-infected state).

2. Acellin an infected state goes to state 4 (death) with a probability
of p,. With the probability of 1— p, itis likely to go into an
immunized state.

3. The immunized cell loses its immunity and goes to state 1 with the
probability of p,.

The MATLAB system was used to implement the model [5].

In contrast to the standard SIRS model, where the value is N=S+/+R, in the
model under consideration, N= S+/+R+D, where D is the number of deaths.
This paper specifically examines the dynamics of this parameter.

In Figure 1. The States of the cellular automaton (a-d) are given. In
particular in Fig. 1 (C) it is possible to observe the emergence of a second wave
of the pandemic.

In particular, the results of the simulation show that rule 3 is important.
When p, <0.05 the epidemic quickly subsides, otherwise — it can continue
for quite a long time, leading to a large number of epidemic waves, and
eventually leading to the destruction of a significant proportion of the
population.

Sources of Information and Timelines

This work uses data from the World Health Organization (WHO) as a source of
information  https://www.who.int/emergencies/diseases/novel-coronavirus-
2019/ situation- reports/ and in Our World In Data (is a project of the Global
Chang Lab) [6]. Within this source (https://ourworldindata.org/coronavirus-
source-data) data is daily renewed and presented in a “cleaned up” format,
without the anomalous spikes that have been connected with technical
failures, with a high level of integration, in the formats XLSX
(https://covid.ourworldindata.org/data/owid-covid-data.xlsx), CSV, JSON.
Addresses of individual data arrays:
1. Total confirmed
cases: https://covid.ourworldindata.org/data/ecdc/total_cases.csv
2. Total deaths:
https://covid.ourworldindata.org/data/ecdc/total_deaths.csv

3. New confirmed cases:
https://covid.ourworldindata.org/data/ecdc/new_cases.csv

4. New deaths:
https://covid.ourworldindata.org/data/ecdc/new_deaths.csv
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5. All four metrics:
https://covid.ourworldindata.org/data/ecdc/full_data.csv

6. Population data:
https://covid.ourworldindata.org/data/ecdc/locations.csv
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Figure 1: The intermediate states of cellular automata systems at various stages of
the epidemic (light cells — susceptible (healthy), yellow — immunized, red - infected
(sick), black (deceased)

In further studies for each country, the data downloaded from the aggregator
source file determine the vectors of the dynamics of the pandemic process for
a certain period (selected from 01/04/2020 to 06/07/2020), corresponding to
mortality.
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Correlation between the dynamics of the model and real data
To assess the adequacy of the proposed model, a cross-correlation of the
dynamics of mortality in the model (the number of black cells per clock cycle)
and real data on mortality in various countries is calculated [7]. In this case,
the simulation results depend on the parameters p,, p, and p,. In the
presented simulation results and the subsequent comparison with real data,
the parameter p, (probability of death in case of infection) was fixed at the
level of 5%. For each pair of parameter values from the range
(0.3<p, <1.0; 0.01< p,<0.1), the dynamics of the appearance of black cells
was calculated. For each of these dynamics vectors, a cross-correlation was
calculated with the dynamics of mortality in the selected country. The
maximum cross-correlation and corresponding parameter values were
selected for each country p, and p,(Table 1).

The set of maximal cross-correlations between the obtained vectors is

calculated, and the corresponding correlation matrix is formed with the
elements in the notation of the formula (1):

nim . -
Wi, m W
a&; (M) = max = . (2
m n N2 n—-m N2
2 (W) 2 (we)
k=m-+1 k=1

The max function is used for the reasons that processes that are similar in
nature may have similar dynamic behavior, but possibly with a time shift [8].

Figure 1 shows some examples of the dynamics of the appearance of black
cells in the model under study, the dynamics of real mortality processes, and
the surface of cross-correlations with different infection probabilities ( p,)

and immune loss ( p, ) with a mortality probability of 0.05.

As can be seen, for almost all countries, the maximum cross-correlation
value exceeds 0.5, which indicates the adequacy of the model and its
predictive capabilities.
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Table 1. Values of the maximum cross-correlation of model parameters for some
countries (Country names in accordance with[9])

Country Parameter Parameter The calculated
code " Probability of " Probability of loss of maximum cross-
infection» immunity» correlation
BGD 0.3 0.1 0.813
GTM 0.3 0.1 0.726
coL 0.3 0.1 0.651
BRA 0.3 0.1 0.812
EGY 0.3 0.07 0.701
IDN 0.3 0.08 0.637
PAK 0.3 0.08 0.752
MEX 0.3 0.08 0.747
AFG 0.3 0.09 0.625
IND 0.3 0.09 0.67
PER 0.3 0.09 0.802
SAU 0.3 0.09 0.798
TUR 0.5 0.01 0.764
ISR 0.5 0.01 0.629
ITA 0.5 0.03 0.687
NOR 0.5 0.03 0.666
SWE 0.5 0.03 0.54
ECU 0.5 0.05 0.543
JPN 0.6 0.01 0.591
ESP 0.6 0.01 0.543
GBR 0.6 0.02 0.674
AUS 0.6 0.03 0.64
AUT 0.6 0.03 0.675
IRL 0.6 0.03 0.604
DEU 0.7 0.03 0.727
BEL 0.7 0.04 0.761
USA 0.7 0.04 0.626
PRT 0.7 0.04 0.643
UKR 0.8 0.09 0.661
IRQ 0.9 0.1 0.729
RUS 0.9 0.1 0.765
NLD 1 0.03 0.707
DNK 1 0.08 0.696
GRC 1 0.08 0.515
FRA 1 0.09 0.675
IRN 1 0.09 0.545
KOR 1 0.09 0.645
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WEX Dynamics . Mods Dynamics: p1=0.3. p2=0.08

Figure 2: Graphs of the real dynamics of mortality, the dynamics obtained in the
simulation, the values of cross-correlations for various parameters of the probability
of infection ( P, ) and the probability of loss of immunity ( P, ) with the probability of
mortality 0.05: a — Germany; b — Russia; ¢ — Mexico

Conclusions

The purpose of this paper is to compare the SIRS model, based on the concept
of cellular automata discussed above, and the actual daily mortality statistics
for various countries in the course of the COVID-19 pandemic. For this
purpose, the SIRS model is built, which is launched for various parameters of
infectability and loss of susceptibility. Then we calculate the cross-correlation
of the mortality rate dynamics that the model gives with the real mortality
rate dynamics for different countries. For each country, the model parameters
for which the cross-correlation values are sufficiently large are fixed, and
likewise, the model parameters are fixed that allow for further forecasting. In
addition, the correlation of the dynamics of different countries with a model
with the same parameters can be considered as a basis for conducting cluster
analysis.

The advantage of the SIRS model is the simplicity and clarity of its
parameters, and the ability to change them. It is also possible to convert the
model to an analytical one, which will make it possible to change the number
of "neighbors" during local interactions. Also, there are the following
advantages: a small number of parameters consistent with the parameters of
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the theory of epidemiology, a relatively low dimension of the vectors of
parameters, a reliable mathematical basis for correlation analysis, objectivity —
a reliable aggregator of data answers for the "purity" of the data, the
application of standard software tools, and its relative simplicity (ready-made
software systems such as Matlab, Excel, R language, etc., can be applied).

The model demonstrates the obvious fact that mortality is eventually
reduced to zero, although under various parameters (primarily the probability
of loss of immunity), the system can survive several waves of infection, and,
accordingly, either a significant epidemic time with relatively small mortality
or high mortality with a relatively short period of the epidemic is possible.

The disadvantage of the model is that it only takes into account local
interactions. At the same time, it can be expanded. The model also does not
provide for the ranking of population members by infection/infectability.
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