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ABSTRACT

Background. The ongoing COVID-19 pandemic, the human casualties caused by
it, and the possibility of new epidemical threats make the search for effective counter-
measures actual. One of the most effective tools, as the experience of the COVID-19
pandemic has shown, is restrictive measures of various types, which are especially sig-
nificant with medical countermeasures being unavailable or insufficient. At the same
time, the topic of restrictive measures and their mathematical modeling, especially
given its importance, is not sufficiently disclosed in the scientific literature.

The aim. To determine the possibility of assessing the effectiveness of restrictive
epidemic control measures using original models of cellular automata with intercel-
lular boundaries.

Methods. To determine the impact of restrictive measures on the dynamics
ofthe daily increase in infected people, an original cellular automaton with intercel-
lular boundaries was developed, which makes it possible to simulate epidemic control
measures of varying stringency. In the simulations carried out using the Monte Carlo
method with subsequent statistical processing, we studied the impact of restrictive
measures of varying stringency on the number of infected people, the duration
of the epidemic, and the quality of forecasting. The final series of experiments simu-
lated the spread of the COVID-19 virus in Germany in the first half of 2020.

The results show that even a simple cellular automaton model with boundaries
successfully describes the course of the epidemic and allows us to assess the ef-
fectiveness of restrictive measures. The dependence of the daily increase in infected
people on the stringency of measures is presented; it is shown what characteristics
of the population can influence this dependence. It was found that the measures
of medium severity (40-50 % according to the Stringency Index) have the least pre-
dictable effect; they can cause both rapid localization of the focus and the spread
of the epidemic to a large part of the population. Weak and strong measures give
a more predictable effect.

Conclusion. Cellular automaton models with intercellular boundaries have great
potential for modeling the impact of restrictive measures on the course of an epidem-
ic, making it possible to predict the dynamics of infected people based on the popula-
tion data and the restrictive measures being introduced.
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PE3IOME

O6ocHoeaHue. [lpodonmxarowasca naHoemus COVID-19, cgsa3aHHvle C Her
yesiogedeckue Xepmabl, B03MOXHOCMb 803HUKHOBEHUS HOBbIX SnUOeMUuYecKux
y2po3 akmyasnusupyrom nouck 3¢ggekmusHeix mep npomusodelicmgus. OOHUM
u3 Hauborsee 3¢hheKmusHbIX UHCMPYMEHMOo8 60pbbbl, KK NOKA3A ONbIM NAH-
demuu COVID-19, okazanuce oepaHudumeribHole Mepbl pasu4HO20 Xapakmepa,
0COBEHHO 3Ha4YUMble 8 YCI08USAX, KO20a MeOUYUHCKUe Mepbl npomugodelicmeus
omcymcmaeyrom usiu He0oCmMamoYHsl. Buecme ¢ mem mema o2paHudumesnbHoix
Mep U UX MameMamuy4ecKo20 MOOesIupOo8aHUs, 0COGEHHO C y4EMOM eé 8axHOCMU,
packpsima 8 HedocmamouyHoU cmeneHu.

Lenob uccnedoeanus. OnpedesieHue 803MOXHOCMU OUeHKU 3ghheKmusHocmu
npomueosnudeMuyecKux 02paHUuYUMesIbHbIX Mep C NOMOWbIO NPUMEHEHUS Opu-
2UHAsIbHBIX MOOesiell KTeMOYHbIX ABMOMAMO8 C MeXXK/1eMOYHbIMU 2pAHUYAaMU.
Memodel. /[]ns onpedesieHUs 8/IUAHUA 02PAHUYUMETbHbIX Mep HA OUHAMUKY
exxe0He8H020 NPUpPOCMaA UHGUUUPOBAHHbIX pa3pabomaH opu2UHasIbHbIU K1emoy-
HbIU asmomam ¢ MeXK/1emoYHbIMU 2pAHUUAMU, N0380AAWUL MOOeIupos8amse
npomusosnudemuyeckue Mepbl pazIuyHol cmpo2ocmu. B nposedéHHbix yucieH-
HbIX 3KchepuMeHmax no memoody MoHme-Kapo ¢ nocnedyroweli cmamucmuye-
cKol 06pabomkou u3y4anocs 8o30elicmaue 02paHuYUMesbHbIX Mep pazaudyHol
CMP0O20CMU HA KOJIUYeCMB0 UHGUUUPOBAHHbIX, NPOOO/IKUMETbHOCMb SNUdeMul,
Kayecmaeo npo2HO3Upo8aHus. B 3akntoyumensHol cepuu 3KkchepumeHmos Mooe-
Juposasnock pacnpocmpaHerue supyca COVID-19 e [epmaHuu 8 nepgoti nosio8uHe
2020 200a.

Pe3ynbmamel nokaswigarom, Ymo 0daxxe npocmas Mooesib K1emo4YHo20 dgmo-
Mama c 2paHuyamu ycnewHo onucbledem xo0 snudemuu U no38osisem oyeHumso
3hekmusHOCMb 02paHu4umesibHouix Mep. [lpedcmasieHa 3asucuMocmep exe-
OHEBHO20 NPUPOCMA UHPUYUPOBAHHBIX OM CMPO20CMU Mep; NOKA3dHO, Kakue
XapakmepucmuKu NONYsIAyuUU Mo2ym 8/1UssiMb HA 3My 3d8UCUMOCMb. BoisgeHo,
umo HaumeHee npedcKasyemsil 3ghghekm umerom mepsl cpedHel cmpozocmu (40—
50 %, coenacHo Stringency Index), npu kKomopbix Moxem Hacmynume Kak 6bicmpas
JloKanulayus o4yazd, mak u pacnpocmpaHeHue 3nudemuu Ha 601wy 4acmeo
nonynayuu. Ciabsle u cmpoaue o2paHudeHus oaom 6osiee npedckasyempil
aghpekm.

3akmoueHue. Modesu KiiemoyHbIX asmomMamos C MeXKaemoYHbIMU 2paHUYamu
umerom 60/16WOU NOMeHYUAs 071 MOOesIUPOBAHUS 8/IUSHUS 02pAHUYUMETTbHbIX
Mep Ha X00 3nudeMuu, N0380J15A NPO2HO3UPOBAMb OUHAMUKY UHGHULYUPOBAHHbIX
HA 0CHOBe OAHHbIX 0 NONYIAYUU U B800UMBbIX 02PAHUYUME IbHbIX Mepax.

Knioueesie cnoea: COVID-19, snudemus, oepaHudumersibHole Mepbl, MaAmema-
muyeckoe MOOesIUpOoBaHUe, A2eHMHO-0PUEeHMUPOBAHHbIE MOOeJIU, K/1emMOYHbIU
asmomam

Ona untupoBaHma: Kapatees A.lO. OueHka 3peKTVBHOCTU NPOTUBOSMMAEMNYECKNX
OrpaHNYMTENbHBIX MEP C MOMOLLbIO OPUTMHANbHbIX MOZEeNel KNeToYHbIX aBTOMaToB. Acta
biomedica scientifica. 2023; 8(2): 12-25. doi: 10.29413/ABS.2023-8.2.2
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The ongoing COVID-19 pandemic, the associated
deaths, economic and non-economic losses, and the pos-
sibility of new epidemic threats make the issue of finding
effective measures to counter such threats urgent. The ex-
perience of the COVID-19 pandemic has shown that restric-
tive measures of various kinds are one of the most effective
tools for control. These measures are particularly important
when new viruses emerge that have no medical counter-
measures or they are inadequate. It is therefore not surpris-
ing that countries that were leading in international rankings
of The Most Efficient Health Care (Bloomberg), The Global
Health Security Index (Nuclear Threat Initiative, Johns Hop-
kins University, The Economist Intelligence Unit) and count-
ing on their institutional capacity were not at their best dur-
ing the pandemic [1]. Restrictive measures have been much
more successful (especially in the initial phase before vac-
cines and treatment protocols were developed).

Restrictive measures have already been the subject
of a number of studies aimed both at identifying their
main types and assessing the degree of restrictions im-
posed (see, for example, the Oxford University project [2])
and at examining the correlation between restrictions and
the severity of the pandemic [3, 4, etc.]. However, it should
be noted that the topic of restrictive measures, especially
in view of its importance, has not yet been sufficiently ad-
dressed. A number of questions still need to be clarified:
what s the optimal degree of constraint? What types of con-
straints are most effective? Does the order in which differ-
ent types of restrictions are imposed matter? At the same
time, it is obvious that the answers to these questions can-
not be automatically transformed into solutions for specific
situations. Local specificities must be considered when mak-
ing decisions. This raises the following question: what coun-
try or regional characteristics influence the effectiveness
of restrictive measures?

This study explores the possibility of assessing the ef-
fectiveness of restrictive measures using original models
of cellular automata (CAs). Cellular automata are a type
of agent-based models used, in particular, in epidemiolog-
ical studies for simulating the spread of epidemics in a pop-
ulation consisting of individual agents (cells). The funda-
mental novelty of the CA discussed in this paper is the in-
tercellular boundaries by which the restrictive measures in-
troduced are modeled.

It is considered that the CA concept was introduced
into science in the late 1940s by J. von Neumann for mod-
eling complex, spatially extended systems [5], based
on the idea of S. Ulam [6]. It is also fair to say that “cellular
automata have been invented many times under differ-
ent names, and somewhat different concepts have been
used under the same name” [7]. A. Burks [8], J. Holland [9],
G. Hedlund [10], S. Wolfram [11, etc.] et al. have made sig-
nificant contributions to the development of the cellular
automaton theory and their use. CAs allow modeling mass
processes of different nature: dissemination of information,
opinions, protest activity (both in real life and in virtual so-
cial networks); group formation and the emergence of seg-
regation; urban growth; territorial expansion of states; mil-
itary conflicts, etc.
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Cellular automata are a popular tool for modeling ep-
idemics. N. Bailey [12, etc.] was one of the first to describe
the use of CAs for modeling epidemics. He was followed
by the papers of D. Mollison [13], S. Jakowitz et al. [14],
and a number of other researchers [15, 16, etc.]. Of note
are the papers of domestic authors: M.M. Bashabshekh
and B.I. Maslennikov [17], D.K. Gorkovenko [18], A.V. Shabun-
in [19] and others. The COVID-19 pandemic, which triggered
a wave of publications on epidemic modeling, contributed
to the growing interest in models using CAs [20, 21, etc.]
However, for all the abundance of publications, the poten-
tial of cellular automata for modeling restrictive measures
is not actually used.

The advantages of CAs are visibility, relative ease
of creating a model and conducting experiments with it.
An important argument in support of the use of CAs
is also the fact that simulation modeling with their con-
tribution does not require ultra-high computing pow-
er and can be performed on an ordinary personal com-
puter.

The basic element of a cellular automaton is a cell,
which, most often, has the form of a square and within
the framework of epidemic modeling can be interpreted
as an individual, a small group (family) or a territorial com-
munity (residents of a city block, village, etc.). A set of con-
tiguous cells form a “playing space”, or CA grid; most often
the grid has the form shown in Figure 1. In different mod-
els, a cellular grid can be interpreted as both a geographic
space and a conventionally depicted population. By using
cell geometry and grid shape, it is possible to increase or
decrease the number of neighbors a cell has and thus ac-
count for the density of connections between individuals
(or groups) in the simulated population, as well as the in-
fectivity of the pathogen.

A cell may be in one of several states; minimally,
there may be only two such states (e. g, a cell may be in-
fected or uninfected). The transition of a cell from one state
to another is determined by a set of rules that, in the sim-
plest case, take intoaccount 1) the current state of the cell
and 2) the current state of its neighboring cells. For exam-
ple, we can set the following rule: if a cell has two or more
infected neighbors, the cell itself also becomes infected (see
Fig. 1). This rule can be complicated by indicating that infec-
tion occurs in the presence of two or more infected neigh-
bors not always, but with some probability, taking into ac-
count, on the one hand, the infectiousness of the patho-
gen, and on the other hand, the innate or acquired resist-
ance of the individual. In more complex models, an indi-
vidual's liability to disease may additionally be a function
of age, gender, lifestyle, occupation, presence of chronic
diseases, etc.

Cellular automata allow us to consider that the de-
gree to which an infected cell is dangerous to its neighbors
may change over time. This may take into account not just
the average duration of the incubation period and the av-
erage duration of infectiousness, but the presence of differ-
ent forms of the disease course (e. g., mild, moderate, se-
vere), for each of which a different function of the change
in infectiousness over time is defined.



Thus, the state of a cell can be influenced by a large
number of factors related to both the properties of the cell
itself, the properties and state of the cell’s distant neigh-
bors, and random factors.

FIG. 1.
Two consecutive steps of the cellular automaton leading to the in-
fection of the central cell

Classical CAs are discrete dynamic systems — that is, time
in them is measured in steps, and the system life consists
as if of separate static frames.

Due to their simplicity and the possibility to almost in-
finitely increase the set of cell properties, the set of states
and the set of rules for changing states, epidemic models
constructed using CAs successfully compete with classical
models using systems of ordinary differential equations -
SIS, SIR, SIRS, SEIRD - and similar models, the development
of which began in the 1920s [22]. The use of CAs is also
supported by the fact that models using ordinary differen-
tial equations are so-called mean-field models, i. e., models
that assume a random and uniform distribution of healthy
and infected individuals in the population. This assump-
tion does not take into account that epidemics are most of-
ten focal, i.e. the distribution of infected and healthy peo-
ple is not even. CA models allow us to account for the un-
even distribution in the population of healthy and infect-
ed individuals.

THE AIM OF THE STUDY

To determine the possibility of assessing the effec-
tiveness of restrictive epidemic control measures based
on original models of cellular automata with intercellular
boundaries.

Achieving the objective required the following tasks
to be solved:

e searching for how restrictive measures can be imple-
mented within the CA model;

e creation of an original CA model simulating the intro-
duction of restrictive measures, in the R language;

e carrying out numerical experiments with the creat-
ed CA model;

e analyzing the results of numerical experiments.

The method proposed in this article can be used by both
epidemiologists and decision-makers when planning the in-

15

troduction of restrictive measures to determine their nec-
essary level of severity, as well as when assessing the effec-
tiveness of measures already implemented.

MODELING OF RESTRICTIVE MEASURES

Restrictive measures introduced at the state, regional
and local levels (as the experience of countering COVID-19
has clearly shown) are primarily aimed at reducing physical
contacts of the population, during which the virus is trans-
mitted. That is, it is the introduction of barriers to the virus
by stopping contact or reducing its intensity. These meas-
ures include: transfer of employees to remote work; closing
catering facilities; transferring students to distance learning;
restrictions on visiting public places; restrictions on going
outdoors, etc. Moreover, there are targeted restrictive meas-
ures aimed at reducing (or even eliminating) the contacts
of an infected individual who poses a risk to others.

To model the restrictive measures, we used a special
type of cellular grid with boundaries not previously encoun-
tered by the authors in the scientific literature’. Thus, while
in the typical CA the grid consists only of cells, in the pro-
posed CA additional objects, i. e., boundaries between
neighboring cells, are introduced.

The introduction of restrictive measures can be inter-
preted as closing part of the boundaries between cells.
If the boundary is closed, it becomes impenetrable -
the pathogen cannot be transmitted through it. Closure
of the boundary between two cells in practice can be ex-
pressed as the transfer of two employees to remote work,
as a result of which their physical contacts are interrupt-
ed, as the cessation of face-to-face communication be-
tween two classmates when school classes are canceled,
etc. It is quite obvious that in practice not all imposed re-
strictions are “impenetrable”, just as the reverse is also true:
without the imposition of restrictive measures, the bounda-
ries between cells are not completely “transparent” either -
contact between an infected individual and an uninfected
one does not necessarily result in the latter becoming in-
fected as well. In this paper, we restrict ourselves to mod-
els with fully impermeable boundaries, showing that even
such simplified models allow us to describe well the effect
of restrictive measures. At the same time, in more complex
models it is justified to use partially permeable boundaries,
i.e. those that with the introduction of restrictive measures
reduce permeability, reducing the probability of virus pas-
sage from cell to cell, but not excluding it completely.

In the presented figure (Figure 2), the closed bound-
aries are shown as black rectangles. Assume that the vi-
rus can only transmit to the nearest cells in 4 directions
(up, down, left, right), but not diagonally - i. e., we will use
the so-called von Neumann'’s neighborhood of range r=1.
The center cell in the figure has two open (top and right)
and two closed (left and bottom) boundaries. Direct infec-

" The concept of boundary is found in some papers on CAs, but most often it is a matter of distinguishing
different zones of cells on the cellular space, so that the boundary in this case is not a significant element
of the model (see, for example, [23]). In our case, the boundaries are a crucial element of the model,
affecting the states of the cells and thus the dynamics of the whole system.



tion of the left and lower cells from the center cell is not pos-
sible in this case. The pathogen can only be transmit-
ted to the top and right cells. However, there is nothing
to prevent the use of other types of neighborhoods, such
as the Moore’s neighborhood (virus transmission also goes
diagonally) or the Margolus neighbourhood (the geometry
of which is not static, i.e. at one step the neighbors are some
cells, and at another step — others; this type of neighbor-
hood successfully describes periodic changes in the circle
of contacts, which is typical, for example, for a working in-
dividual, when on weekdays they actively interact with col-
leagues at work, and on weekends — with family and friends).

FIG. 2.
Cellular automaton with closed boundaries: the arrows show
the directions in which the virus can be transmitted

The severity degree of restrictive measures is described
in the model as the proportion of closed boundaries. It is ob-
vious thatanincrease in the proportion of closed boundaries
affects the virus spread rate and the possibility of epidem-
ic outbreaks localization. In applied research, the percent-
age of closed boundaries can be taken as equal to, for ex-
ample, the percentage of reduced activity, which is calcu-
lated for major world cities [24], or the self-isolation index
[25], or taken from sources such as the COVID-19 Govern-
ment Response Tracker [2].

An important question is which boundaries on the cel-
lular space should be closed. Figure 2 shows a cellular space
with 25 cells and 40 boundaries between them, 8 of which
(i. e., 20 %) are closed. In the simplest case, the location
of closed boundaries can be set randomly, based on the idea
that when restrictive measures are imposed, unless they
are targeted, it is impossible to predict exactly which indi-
viduals will break physical contact.
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The random location of closed boundaries (where
the only control parameter is the severity of restrictive
measures, i. e., the proportion of closed boundaries) cre-
ates certain difficulties in modeling the impact of meas-
ures on epidemic spread. Closed boundaries can be dis-
tributed unevenly over the space, form (or not) extended
structures, localize (or not) foci. All this makes it necessary
to conduct a series of experiments with the model using
the Monte Carlo method with further statistical process-
ing of the findings.

As the experience of COVID-19 and other epidemics
shows, restriction policies can be preventive, when restric-
tions are imposed before the emergence of infected peo-
pleina country or region, or reactive (situational, catch-up),
when restrictions are imposed after the emergence of infect-
ed people. Both of these scenarios can be realized in mod-
els using CAs. The first scenario models the spread of an ep-
idemic on a cellular space with already closed boundaries,
while the second scenario simulates the epidemic evolving
unconstrained until a certain point.

EXPERIMENTAL MODEL DESCRIPTION
OF A CELLULAR AUTOMATON

A cellular automaton with the following characteristics
was used in the experiments:

¢ the CA grid is made up of identical square cells;

¢ acell can be in two states, uninfected or infected;

¢ cell neighborhood is Neumann’s neighborhood
of range r = 1 (i. e, the virus from an infected cell can
be transmitted only to its four neighbors - top, bottom,
left, and right);

e there are 4 boundaries between a cell and the cells
that make up its neighborhood, and each boundary
can be in two states, open or closed;

e virus transmission from an infected cell to an unin-
fected cell occurs when there is an open boundary between
these cells. To simplify the model and to obtain a clearer de-
pendence of the epidemic on restrictive measures, we con-
sider the option of unconditional infection with an open
boundary;

¢ cell begins to pose a risk to its neighbors in the next
step after infection (incubation period is equal to one step),
the risk of transmission from an infected cell remains
for 5 steps;

e a cellular space has a square shape, its size
is 59 x 59 cells (total 3,481 cells and 6,844 cell bound-
aries);

o the spread of the virus starts from the center cell.

The given space size allows us to trace, first, the nature
of the epidemic spread in a closed population, and sec-
ond, the nature of the epidemicin an unclosed population,
since for at least 30 steps (or, interpreting 1 step as 1 day,
for 30 days) the spread of the epidemic is affected only
by the restrictive measures introduced and is not affected
by the edge effect (i. e., there is no edge effect on the cel-
lular space). An example of the described CA functioning
is shown in Figure 3.



DESCRIPTION OF EXPERIMENTS

3 series of experiments were conducted aimed at as-
sessing how restrictive measures affect the progression
of the epidemic and the severity of its consequences.

The first series of experiments examined what na-
ture, depending on the stringency of restrictive meas-
ures (i.e., the proportion of closed cell-to-cell bounda-
ries), the epidemic progression has in a closed population
of 59 x 59 cells. First of all, emphasis was placed on study-
ing the rate of virus spread, duration of the epidemic, daily
increase in infected persons and peak values.

9 variants of the restrictive measures stringency were
considered: the proportion of closed boundaries varied from
0 to 80 % in increments of 10 %. The distribution of closed
boundaries on the cellular space was set randomly in each
experiment. For each of the 9 variants, 100 experiments
were performed, the results of which were then subjected
to statistical processing.

The second series of experiments examined the ef-
fect of restrictions during the initial phase of the epidem-
ic (lasting for 30 steps) in an unclosed population. Fol-
lowing on from this time, the CA used allows us to mod-
el the spread of the virus without the influence of edge ef-
fects and to compare the epidemic development under dif-
ferent stringency of restrictions.

In this series, the emphasis was on examining the num-
ber of cells affected by the virus over a limited period of time
and on the accuracy of estimating the effect of restrictive
measures.

FIG. 3.

An example of the cellular automaton operation indicat-

ing the spread of an epidemic with 20 % of closed boundaries

at the step 14 (the central part of the cellular space is shown). Cells
infected at the same step have the same color. Cells surrounded
by closed boundaries from all sides remain uninfected throughout
the epidemic
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16 variants of the restrictive measures stringency were
considered: the proportion of closed boundaries varied
from 0t0 80 % in 5 % increments. The distribution of closed
boundaries on the cellular space was set randomly in each
experiment. For each of the 16 variants, 100 experiments
were performed, the results of which were then subjected
to statistical processing.

In a third series of 100 experiments, the proposed cel-
lular automaton with boundaries was used to simulate
the spread of COVID-19 virus in Germany in the first half
of 2020.

The R environment, version 3.4.3, was used to build
the model and perform numerical experiments with it. Data
statistical processing was performed using R environment
and MS Excel 2016 (Microsoft Corp., USA) using standard
methods of variation statistics. Hardware: PC with Intel Core
i5-1035G1 1.19 GHz processor, 8 GB RAM.

DATA ANALYSIS AND RESULTS

In the absence of restrictions, there is a steady increase
in the daily increment of infected from day 1 to day 30.
At the same time, visually the zone of infected cells rep-
resents a rhombus growing with each step. Starting
from day 31, the daily growth rate is reduced due to the edge
effect, and the zone of infected cells turns from a rhombus
into an octagon and gradually fills the entire cellular space.
This results in a population of 3,481 cells being complete-
ly infected in 59 days.

The imposition of weak restrictions (10-30 % of closed
boundaries) has almost no effect on this pattern, only slight-
ly pushing the peak forward in time. Imposing tighter re-
strictions (40-50 % of closed boundaries) reduces the peak,
lengthens the course of the epidemic, and protects some
part of the population (usually not very significant) from in-
fection. Strict restrictions (60 % or more closed boundaries)
allow in a large number of cases to localize the epidem-
ic focus, protecting an appreciable part of the population.

Figure 4 shows typical plots (graphs) of the number
of daily infections at different levels of restrictive meas-
ures stringency.

As can be seen from the graphs, the nature of the ep-
idemic progression does not change much at 10, 20, 30 %
restrictions, not very different from the situation of com-
plete absence of restrictions. The fact is that, while mak-
ing it more difficult for the virus to spread, weak restric-
tive measures do little to shield the population from the vi-
rus, but only slightly reduce the rate of spread. The propor-
tion of cells isolated from the virus is very small, amount-
ing to only 1.5 % at 30 % restriction (see Table 1). In other
words, the probability of avoiding infection under such re-
strictions is only 1.5 % for a cell.

However, even these weak measures have a clear pos-
itive effect: they shift the peak of the epidemic to the right,
and the end of the epidemic also comes later, reducing
the burden on the health system. For instance, a 30 % re-
striction reduces the burden in the first 30 days of the epi-
demic by an average of 28 % (see Table 1). Along with this,
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it is also worth noting the possible negative consequenc-
es of introducing weak restrictions: in some cases, the peak
value may be even higher than in the absence of restric-
tions (see Fig. 4). Although this excess is usually no more
than 10 %, this negative effect should be taken into ac-
count when imposing restrictions and forecasting the bur-
den on the health care system.

The imposition of more severe restrictions (40-50 %
of closed boundaries) fundamentally changes the picture
of the epidemic course: the proportion of isolated popula-
tion increases significantly (up to 75 %); on average, the pub-
lic health burden decreases by 83 % in the first 30 days
(with 50 % restrictions); the peak value is markedly reduced.
The epidemicitself can lengthen considerably. Thus, at 50 %
restrictions, the duration of the epidemic doubled or more
in 15 % of the experiments.

The most significant effect of more severe restric-
tions is to increase the likelihood of epidemic localization,
so that a significant proportion of the population is pro-
tected from infection by the measures. To some extent,
as shown above, isolated cells can also occur under weak
restrictions. Moreover, with weak restrictions, there is also
the possibility of focal suppression, but it is very low, so it is
not necessary to rely on such a scenario with weak restric-
tions. It is at moderate restrictions that a scenario of focal
suppression can be considered: at 40 % restrictions, local-
ization occurs in about 10 % of cases, and at 50 % restric-
tions, in about 30 % of cases’.

T In the context of the experiments, focal localization (suppression) was understood as a situation
in which the spread of the virus was stopped by the measures introduced in 25 days or less. This value
was chosen based on the fact that if the virus stops spreading during this period, more than 65 %
of the population will be protected from it. It is possible to choose a different number of days, which,
however, does not change the main conclusion about the marked increase in the cases of focal suppression
with increasing stringency of restrictions starting from 40 % restrictions.
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An important feature identified in numerical experi-
ments with the modelis a wide scatter of the results when in-
troducing moderate severity measures (see Table 1). In par-
ticular, while the standard deviation of the isolated cells pro-
portion at weak restrictions did not exceed 0.5 %, at mod-
erate restrictions the standard deviation reaches 25 %,
markedly reducing the ability to predict the performance
of the measures implemented. Thus, in 100 experiments
with 40 % closed boundaries, the minimum proportion
of isolated cells was 5.08 % and the maximum was 99.97 %.

Similar scatter is observed for other parameters. At 40 %
restrictions, both cases of focus localization within the first
week and an increase in the duration of the epidemic
up to 100 days are observed. At 50 % restrictions, the dif-
ference between the maximum and minimum duration in-
creases even further to almost 200 days.

Thus, one of the main disadvantages of moderate se-
verity measures is the poorly predictable effect of their in-
troduction. Analyzing the behavior of the constructed CA,
it can be observed that, as in real life, restrictive measures
perform two main functions: isolating a part of the pop-
ulation (1) and reducing the rate of virus spread (2). Both
of these functions have positive effects, one by protecting
part of the population from infection, the other by reduc-
ing the burden on the health system and helping to buy
time to mobilize additional resources, develop vaccines,
and so on. Under weak restrictions, a scenario is imple-
mented in which the effect of reducing the virus spread
rate is more important, since weak restrictions (i. e., a small
number of closed boundaries) are unable to protect an ap-
preciable part of the population from infection - single cells
are protected. As the number of closed boundaries increas-
es, another scenario is increasingly implemented, in which



the configuration of the closed boundariesis such that a sig-
nificant part of cells can be shielded from the virus (up to lo-
calization of the epidemic focus in the first few steps of CA
operation). The higher the number of closed boundaries,
the more likely this scenario is to occur.

The wide scatter of indicators and poor predictability
of the effect when introducing measures of moderate severi-
ty arerelated to the fact that both the first scenario discussed
above and the second one can be implemented with al-
most equal probability. Such unpredictability is well illus-
trated by the distribution histogram (Fig. 5). The percent-
age of isolated cells at 50 % restrictions is shown horizon-
tally, and the occurrence frequency of this result is shown
vertically. Focal localization (rightmost column) occurs
in one-third of cases, but in a large number of cases local-
ization does not occur and the epidemic affects a signifi-
cant number of cells. In 21 % of cases, the epidemic covers
more than half of the population (leftmost four columns).

Especially important to note is that in such a distribu-
tion, focusing on average values can lead to significant
errors in predicting the impact of restrictive measures.
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The average proportion of isolated cells at 50 % restric-
tions is 74.95 %, but as can be seen from the histogram,
the probability of obtaining such a result (let’s take the in-
terval from 70 % to 80 %) is only 7 %, which is much low-
er than the probability of focus localization or spreading
the epidemic to a large part of the population.

This finding appears to be one of the most important
in our work, allowing us to explain, in particular, the high
variability in the results from similar restrictions across coun-
tries when dealing with COVID-19.

Moderate restrictive measures make it much more diffi-
cult for the virus to spread in a population. Closed bounda-
ries create complex structures on the cellular space, similar
to a maze; rather large spaces emerge, partially or complete-
ly walled off from the epidemic focus. As aresult, the spread
of the virus often proceeds in leaps and bounds - sometimes
slowly, with small increments of infected people per step,
and sometimes rapidly. Wave-like graphs of the infected
are typical of moderate restrictions (see Figure 4).

Severe restrictions (60 % or more closed boundaries)
turn out to be, as one would expect, the most effective. Al-

30

25

20
15

10

40
FIG. 5.

50

60 70 80 90 100

Distribution of results of numerical experiments under 50 % restrictions. Horizontal axis represents the proportion of cells (%) that turned
out to be isolated by the end of the spread of the epidemic in the population; vertical axis - frequency of occurrence (%)

TABLE 1
STATISTICS OF NUMERICAL EXPERIMENTS

Parameters

0 10
Average proportion of isolated cells (%) 0.00 0.02
Standard deviation (%) 0.00 0.03
Average change in epidemic duration 0.00 +0.2
(in days and %) 0.00 +0.34
Standard deviation (in days) 0.00 0.53
Average reduction in health system burden 0.00 3.60

in the first 30 days of the epidemic (%)

19

Stringency of restrictive measures (%)

20 30 40 50 60 70 80
0.27 1.50 1433 7495 99.07 99.78 99.92
0.09 0.31 2538 23.10 133 0.26 0.07

+0.95 +332 +9.19 +751 -48.15 -54.28 -56.71
+1.61 +563 +15.58 +12.73 -81.61 -92.00 -96.12
1.23 2.14 20.53 46.60 12.05 4.45 1.67
1254 28.18 5259 8342 9685 9889 99.54



ready at 60 % restrictions the proportion of virus-free cells
reaches 99 % on average, which makes further increases
in the stringency of measures virtually meaningless, espe-
cially if we take into account that increasing the stringen-
cy of measures in practice is associated with economic, po-
litical and other costs. With 60 % restrictions, the burden
on the health care system in the first 30 days of the epi-
demic is reduced by almost 97 %, and the average dura-
tion of the epidemic is strongly reduced due to the dom-
inance of cases of epidemic focus localization - such cas-
es were 87 %. While it is still possible that the duration
of the epidemic exceeds the duration of the epidemic with-
out restrictions, the range of values for this indicator is sub-
stantially reduced compared to the 50 % restrictions. Thus,
the results of more severe restrictions are not only more
efficient on average, but also more predictable; this is true
for both the expected duration of the epidemic and the iso-
lated population proportion.

The second series of experiments examined the effect
of restrictions during the initial phase of the epidemic (last-
ing for 30 steps). Following on from this time, the CA used
allows us to model the spread of the virus without the in-
fluence of edge effects (i. e., the attenuation of the epidem-
icin these experiments is not due to the fact that the pop-
ulation is limited, but only to the action of the restrictions)
and to compare the epidemic development under differ-
ent stringency of restrictions.

The results obtained agree with the results of the first
series of experiments. Figure 6 shows how the average num-
ber of infected individuals on day 30 of the epidemic de-
pends on the stringency of the restrictions (i. e., the propor-
tion of closed cell boundaries). As can be observed, weak re-
strictions (10-30 % of closed boundaries) lead, on average,
to a rather small reduction in the rate of virus spread. 30 %
restrictions reduce the number of infections by about 20 %.

The introduction of more severe restrictions (40-50 %
of closed boundaries) markedly reduces the rate of virus
spread. At day 30, at 50 % restrictions, the number of in-
fections is on average 10 times lower than at no restriction
and 8 times lower than at 30 % restrictions.
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FIG. 6.
Dependence of the proportion of infected cells (%) on the day 30
of the epidemic on the stringency of restrictions (%)

20

Severe restrictions (60 % or more closed boundaries) al-
most completely stop the spread of the virus.

The effect of restrictions of varying stringency
can be clearly seen in Figure 7, which shows the average
number of infections by day as a function of the restric-
tions severity. Apparently, with 50 % of closed boundaries
(and thus weaker restrictions), the number of infections
tends to increase gradually. More severe restrictions (55 %)
are already able to reverse this trend — the number of new
cases is stable and the virus is spreading through the popu-
lation at the same rate. Even more severe restrictions (60 %)
can gradually reduce the rate of spread of the virus and bring
the epidemic to a halt.

The high efficiency of severe restrictions demonstrat-
ed in the experiments (i. e. when 60 % of the boundaries
are closed or more) is in some contradiction with real data,
in particular, on the course of the COVID-19 pandemicin var-
ious countries and regions, where, according to statistics,
the situation improved after the introduction of more severe
restrictions (80 % and higher). At a minimum, we can point
to three sources of these discrepancies:

1. An important assumption of the conducted exper-
iments with the CA model is that virus spreading occurs
in the model already in the presence of restrictive meas-
ures. The experience of coping with the COVID-19 pan-
demic and other epidemics shows that, in reality, a differ-
ent scenario is more often implemented: the main set of re-
strictive measures is introduced not preventively, but in re-
sponse to an increasingly complex epidemic situation,
i. e. when the virus has already spread over a large area
and/or in a significant proportion of the population.
In this situation, governments are forced to go for strict-
er measures.

2. In the model, the closure of the cell-cell boundary
completely precludes penetration of the virus. In reality,
imposing restrictions does not mean that they are perfect-
ly enforced. Under these circumstances, the introduction
of, forexample, 60 % restrictions may in practice lead to only
50 % or even 40 % restrictions. Thus, the lower the level of re-
striction compliance, the more severe the measures must
be to achieve the desired effect.

3. Contemporary researchers have pointed out
that the CA methodology is somewhat “outdated” for de-
scribing epidemics occurring today. Whereas in the past
the key factor in the spread of epidemics was precisely
“neighborhood” contacts, now, in conditions of high geo-
graphical mobility, a significant role is played by “long-dis-
tance” contacts, i. e. long-distance migrations of the popu-
lation associated with recreation, business trips, etc. As are-
sult, the transfer of a virus from one continent to another
can occur faster than the transfer from one area of a city
to a neighboring one. So, when building a full-fledged mod-
el of epidemic spread, it is necessary to consider distant con-
nections, as some modifications of CAs do (see, e. g., [19]).
On the other hand, as the practice of confronting epidem-
ics shows, restrictions on movement (especially long-dis-
tance travel) are among the first to be introduced, which
should significantly reduce the impact of “long-distance
travel” on the spread of the virus.
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Average number of infected cells per step (new cases) depending on the stringency of restrictions

TABLE 2

SIMPLIFIED SEQUENCE OF CHANGES IN THE STRINGENCY OF RESTRICTIONS IN GERMANY DURING THE FIRST WAVE

OF THE COVID-19 PANDEMIC

Percentage of closed Long-distance

Time period Time period duration Stringency Index intercellular boundaries connections
1.03 -9.03 9 days 25 25% 87.5%
10.03-17.03 8 days 32.87 32.87 % 87.5%
18.03 - 20.03 3 days 55.09 55.09 % 0%
21.03 - 04.05 45 days 76.85 76.85 % 0%
05.05-16.05 12 days 64.35 64.35 % 0%
17.05-15.06 30 days 59.72 59.72 % 125 %

The aim of the third series of experiments was to test
the model on real data: a cellular automaton with bounda-
ries was used to simulate the spread of the COVID-19 virus
in Germany during the first wave. The German data were cho-
sen because of their relative reliability and completeness’.

During the experiments, a larger (101 x 101) CA
was used to improve accuracy, which was based on the prin-
ciples discussed above and included a number of additional
rules to better account for the peculiarities of the epidem-
icin Germany.

1. The number of closed intercellular boundaries
changed dynamically, according to Stringency Index (Sl)
data, an aggregate parameter obtained by researchers
at the University of Oxford based on the COVID-19 Govern-
ment Response Tracker [2]. S| takes into account the strin-

T Germany is among the leading countries in real-time surveillance and reporting (Global Health Security
Index — 2019) and at the same time Germany had one of the highest specific population testing rates
during the first wave of the COVID-19 pandemic (see e. g. https://ourworldindata.org/grapher/full-list-
total-tests-for-covid-19).
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gency of the restrictive measures imposed and is calculat-
ed for each day on a scale from 0 to 100. Slightly simplify-
ing the real time variation of SI, the scheme shown in Ta-
ble 2 was used in the experiments.

2. The closed boundaries in the model were made par-
tially permeable, i.e. the fact that a part of the population
could neglect the restrictions and some restrictions could
work inefficiently was taken into account. The degree of per-
meability was found to be 25 %, i. e., with a 25 % probabil-
ity that the virus was transmitted through a closed bound-
ary (100 % permeability was assumed for open bounda-
ries, as in the previous series of experiments). The degree
of permeability of closed boundaries was chosen on the ba-
sis of the thesis that permeability is primarily influenced
by the behavior of the population and its attitude towards
restrictions, which in turn can be operationalized by the lev-
el of law-abidingness and the level of trust in the imposed
measures. However, as research on the topic of COVID-19
proliferation and confrontation shows, there is currently



no objective sociological or other data reflecting law-abid-
ingness [26], hence our study used proxy indicators from
World Value Survey (WVS) studies to understand the level of
non-compliance with restrictive measures [27]. In particular,
the responses of German residents to questions about their
trust in the World Health Organization (Q88), under whose
recommendations the restrictions were imposed, and their
attitudes towards tax evasion (Q180) were taken into ac-
count. For question Q88, 23.9 % of respondents stated that
they do not trust or do not trust WHO at all. For question
Q180, 75.7 % said that tax evasion can never be justified. As
we can see, both figures allow us to assume a level of non-
compliance with restrictive measures of about 25 %.

3. Inaddition to neighboring cell interactions, the mod-
el took into account “long-distance” connections, i. e., in-
teractions between two non-neighboring cells that mimic
long-distance travel by residents. The performance of long-
distance connections was controlled in the model by two
parameters: the average number of such connections per
German resident and the restrictions that were imposed
on long-distance travel in the relevant time period.

As per statistics, a German resident takes three long-dis-
tance trips per year [28]. Thus, it was calculated that per step
inthe model, (101 x 101 x 3) /365 = 84 “long-distance” con-
nections could occur. This quantity was adjusted for the re-
strictions that were imposed and whose numerical expres-
sions were derived from the data on the S| components that
describe restrictions on long-distance movements of res-
idents (C7 and C8 components). As a result, the number
of “long-distance” connections ranged from 73 in the ini-
tial period of the epidemic to 0 and then rose slightly to 10
(see Table 2). Cells involved in “long-distance” connections
were randomly selected.

The plots of infected cell growth obtained from the
experiments (Fig. 8) largely coincide with the actual plots
of daily infected cell growth (Fig. 9). Similarities can be seen
both in the pattern of exponential growth in the number

of infected persons during the first weeks of the pandemic
and in the shape of the peak apex and the shape of the rel-
atively mild decline in the curve. This indicates that the pro-
posed modeling method can accurately describe the dy-
namics of disease incidence based on population data
and the degree of restrictive measures stringency and, ac-
cordingly, can be used to assess the effectiveness of anti-
epidemic restrictive measures.

However, discrepancies in the plots related to the com-
parison of the curve scale are also noticeable. For instance,
the termination of exponential growth occurs in the model
about 10 days earlier than in reality (if we interpret one step
of CA operation as one day). To some extent, such discrep-
ancies can be explained by the fact that the model shows
how the number of infected people changes at the time they
are infected, while the statistics show the number of infect-
ed people at the time they are registered.
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Further research in this area could include the devel-
opment of a model that takes into account more popu-
lation characteristics, as well as specific types of restric-
tive measures, in order to understand the impact of these
measures on the epidemic situation and, possibly, to for-
mulate practical recommendations for their effective use,
taking into account the specific characteristics of a coun-
try or region. Another major issue is the study of the rela-
tionship between the length of incubation period, dura-
tion of infectiousness and other characteristics of the path-
ogen (on the one hand) and the effectiveness of restric-
tive measures and their types (on the other hand). Besides,
a number of “technical” issues related to the choice of the
optimal grid size of the cellular automaton, to the deter-
mination of the CA discrete time and real time ratio, etc.,
need to be clarified.

CONCLUSION

Study results show that even a rather simple cellular
automaton model with boundaries can successfully de-
scribe the evolution of an epidemic and evaluate the ef-
fectiveness of restrictive measures. The proposed metho-
dology (conducting a series of numerical experiments)
makes it possible to estimate the probability of realiza-
tion of one or another scenario when introducing restric-
tive measures. An important finding here is that with dif-
ferent levels of restrictions imposed, the quality of predic-
tionis also different. Moderate severity measures (40-50 %)
have the least predictable effect, with both rapid localiza-
tion of the outbreak and spread of the epidemic to a large
part of the population. Weak and strong measures give
a more predictable effect.

CA models with intercellular boundaries have great po-
tential for modeling epidemics and the impact of restric-
tive measures. Cellular automata as a kind of agent-based
models potentially allow to describe with maximum com-
pleteness the population characteristics, specifying age, so-
cial, cultural, medical characteristics of each agent, which
can influence both the spread of the epidemic and the ef-
fectiveness of restrictive measures. In addition, CA models
allow to modify and supplement the rules of cell transition
from one state to another, increase the number of these
states, change the “rules of operation” of intercellular
boundaries, taking into account their partial permeability.

All this makes it possible, firstly, to take into account
more fully in the model the specifics of the population
in a particular region or country and the specifics of its con-
tacts, and secondly, to describe more fully the introduc-
tion of restrictive measures and their impact on the be-
havior of the population and the spread of the epidem-
ic, which, in turn, makes it possible to choose the optimal
degree of restrictions stringency, taking into account local
characteristics.

Conflict of interest
The authors of this article declare the absence of a con-
flict of interest.

23

REFERENCES

1. Demchuk AL, Kapistyn VM, Karateev AYu, Emelyanova NN,
Dashkina IV, Pashin MM, et al. The possibilities of quantitative
analysis of the relationship between the severity of the COVID-19
pandemic and the institutional characteristics of the countries
of the world. Acta biomedica scientifica. 2021; 6(6-2): 133-144.
(In Russ.). doi: 10.29413/ABS.2021-6.6-2.14

2. COVID-19 Government Response Tracker. URL: https://www.
bsg.ox.ac.uk/research/research-projects/covid-19-government-
response-tracker [date of access: 12.02.2022].

3. Greer SL, King EJ, Fonseca EM, Peralta-Santos A
(eds). Coronavirus politics: The comparative politics and policy
of COVID-19. University of Michigan Press; 2021. doi: 10.3998/
mpub.11927713

4. Demchuk AL, Kapitsyn VM, Karateev AYu, Emel’yanova NN,
Dashkina IV, Pashin MM. Severity of the COVID-19 pandemic,
stringency of restrictive measures and institutional characteristics
of the countries in the world: Approaches to quantitative analysis.
Moscow University Bulletin. Series 12. Political Science. 2022; 2: 58-82.
(In Russ.).

5. Von Neumann J. Theory of self-reproducing automata. Uni-
versity of lllinois Press; 1966.

6. Ulam S. Random processes and transformations. Pro-
ceedings of International Congress of Mathematicians, Cambridge
(30 August - 6 September 1950). American Mathematical Society;
1952:264-275.

7. Toffoli T, Margolus N. Machines of cellular automata. Mos-
cow: Mir; 1991. (In Russ.).

8. Burks A (ed.). Essays on cellular automata. University of llli-
nois Press; 1970.

9. Holland J. Universal spaces: A basis for studies in adapta-
tion. Automata theory. Academic Press; 1966: 218-230.

10. Hedlund GA. Endomorphism and automorphism
of the shift dynamical systems. Mathematical Systems Theory.
1969; 3: 51-59.

11. Wolfram S (ed.). Theory and applications of cellular au-
tomata. World Scientific; 1986.

12. Bailey NTJ. The mathematical approach to biology and medi-
cine. John Wiley and Sons; 1967.

13. Mollison D. Spatial contact models for ecological and epi-
demic spread. J R Stat Soc B. 1977; 39(3): 283-326.

14. Yakowitz S, Gani J, Hayes R. Cellular automaton mode-
ling of epidemics. Appl Math Comput. 1990; 40(1): 41-54.
doi: 10.1016/0096-3003(90)90097-M

15. Boccara N, Cheong K. Critical behaviour of a probabilistic
automata network SIS model for the spread of an infectious disease
in a population of moving individuals. J Physics A Math Gen. 1993;
26:3707-3717.

16. White SH, Rey AM, Sanchez GR. Modeling epidemics using
cellular automata. Appl Math Comput. 2007; 186: 193-202.

17. Bbawa6bwex M.M., MacneHHukos b.W. Simulation modeling
of the spatial spread of epidemics (cholera for example) using
the method of cellular automata using the Anylogic. Naukovedenie.
2013; 6. URL: https://naukovedenie.ru/PDF/135TVN613.pdf [date
of access: 23.05.2022]. (In Russ.).

18. Gorkovenko DK. Comparison of epidemic models and cel-
lular automata in modeling of diffusion of information in social
networks. St. Petersburg Polytechnical University Journal. Computer



Science. Telecommunication and Control Systems. 2017; 10(3): 103-
113. (In Russ.). doi: 10.18721/JCSTCS.10309

19. Shabunin AV. Modeling of epidemics by cellular au-
tomata lattices. SIRS model with reproduction and migration. /z-
vestiya of Saratov University. Physics. 2020; 20(4): 278-287. (In Russ.).
doi: 10.18500/1817-3020-2020-20-4-278-287

20. Moghari S, Ghorani M. A symbiosis between cellular
automata and dynamic weighted multigraph with application
on virus spread modeling. Chaos Solitons Fractals. 2022; 155:
111660. doi: 10.1016/j.chaos.2021.111660

21. Limal, Balbi PP. Estimates of the collective immunity to COV-
ID-19 derived from a stochastic cellular automaton based framework.
Nat Comput.2022;21(3): 449-461. doi: 10.1007/s11047-022-09893-3

22. Kermack WO, McKendrick AG. A contribution to the mathe-
matical theory of epidemics. Proc Math Phys Eng Sci. 1927;115(772):
700-721. doi: 10.1098/rspa.1927.0118.JSTOR94815

23. Axelrod R.The dissemination of culture: A model with lo-
cal convergence and global polarization. The Journal of Conflict
Resolution. 1997; 41(2): 203-226.

24. Activity on the streets of megacities in different countries.
URL: https://yandex.ru/company/researches/2020/cities-activity
[date of access: 15.07.2022]. (In Russ.).

25. Self-isolation. In the cities of Russia and neighboring coun-
tries. URL: https://datalens.yandex/707is1q6ikh23?tab=q6 [date
of access: 15.07.2022]. (In Russ.).

26. How law-abiding citizens help fight the coronavirus pan-
demic. URL: https://www.hse.ru/news/expertise/405304338.html
[date of access: 11.08.2022]. (In Russ.).

27. World Values Survey Wave 7:2017-2022. URL: https://www.
worldvaluessurvey.org/WVSOnline.jsp [date of access: 11.08.2022].

28. For European holidaymakers, there’s no place like home.
URL: https://www.euronews.com/2017/07/20/europe-tourism-
travel-no-place-like-home [date of access: 12.02.2022].

JINTEPATYPA

1. Oemuyk AJL., KanunubiH B.M., KapaTtees A.lO., Emenbsa-
HoBa H.H., JawkunHa W.B., MawnH M.M., n gp. BoamoxHocTu
KOJIMYECTBEHHOTO aHanu3a B3aMMOCBA3MN TAXeCT! NaHAeMumn
COVID-19 1 MHCTUTYLMOHANbHbIX XapakTepuUCTnK CTpaH mupa.
Acta biomedica scientifica. 2021; 6(6-2): 133-144. doi: 10.29413/
ABS.2021-6.6-2.14

2. COVID-19 Government Response Tracker. URL: https://
www.bsg.ox.ac.uk/research/research-projects/covid-19-govern-
ment-response-tracker [date of access: 12.02.2022].

3. Greer SL, King EJ, Fonseca EM, Peralta-Santos A (eds).
Coronavirus politics: The comparative politics and policy of COVID-19.
University of Michigan Press; 2021. doi: 10.3998/mpub.11927713

4. Oemuyk AJl., KanuubiH B.M., Kapatees A.l0., EmenbaHo-
Ba H.H., awknHa W.B., Mawnn M.M. Taxectb nangemun COVID-19,
CTPOroCTb OrPaHNYNTENBHbBIX MEP Y MHCTUTYLIMOHAbHbIE XapaK-
TEPUCTUKM CTPaH MUpa: NOAXOAbl K KONIMYECTBEHHOMY aHasmn3y.
BecmHuk Mockosckozo yHusepcumema. Cepus 12: [lonumuyeckue
Hayku.2022; 2: 58-82.

5. Von Neumann J. Theory of self-reproducing automata. Uni-
versity of lllinois Press; 1966.

6. Ulam S. Random processes and transformations. Pro-
ceedings of International Congress of Mathematicians, Cambridge

24

(30 August - 6 September 1950). American Mathematical Society;
1952: 264-275.

7. Topdonu T.,, Mapronyc H. MawuHsl kiemoyHbix asmoma-
mos. M.: Mup; 1991.

8. Burks A (ed.). Essays on cellular automata. University of llli-
nois Press; 1970.

9. Holland J. Universal spaces: A basis for studies in adapta-
tion. Automata theory. Academic Press; 1966: 218-230.

10. Hedlund GA.Endomorphism and automorphism of the shift
dynamical systems. Mathematical Systems Theory. 1969; 3: 51-59.

11. Wolfram S (ed.). Theory and applications of cellular au-
tomata. World Scientific; 1986.

12. Bailey NTJ. The mathematical approach to biology
and medicine. John Wiley and Sons; 1967.

13. Mollison D. Spatial contact models for ecological and epi-
demic spread. J R Stat Soc B. 1977; 39(3): 283-326.

14. Yakowitz S, Gani J, Hayes R. Cellular automaton mode-
ling of epidemics. Appl Math Comput. 1990; 40(1): 41-54.
doi: 10.1016/0096-3003(90)90097-M

15. Boccara N, Cheong K. Critical behaviour of a probabilistic
automata network SIS model for the spread of an infectious disease
in a population of moving individuals. J Physics A Math Gen. 1993;
26:3707-3717.

16. White SH, Rey AM, Sanchez GR. Modeling epidemics using
cellular automata. Appl Math Comput. 2007; 186: 193-202.

17. bawabwex M.M., MacneHHukos b.M. muTtaumoHHoe mo-
JenvMpoBaHVe NPOCTPaHCTBEHHOrO PacnpPOCTPaHeHVs ANUAeMIN
(Ha npumepe xonepbl) C NPUMEHEHNEM METOAA KIETOYHbIX aBTO-
MaToB C nomotlbto nporpammsl Anylogic. HaykosedeHue. 2013; 6.
URL: https://naukovedenie.ru/PDF/135TVN613.pdf [gaTa gocTyna:
23.05.2022].

18. TopkoBeHKo [1.K. CpaBHUTENbHbIN aHAaNN3 Moaenen
3MNVAEMUNM 1 KNEeTOYHOro aBToMaTta Npu MoaeNnnpoBaHnmM pac-
npocTpaHeHnsa UHboOpmMaLmMm B coumanbHbIX ceTax. HayyHo-
mexHuyeckue gedomocmu Cl16[T1Y. UHgpopmamuka. Tesekom-
myHukayuu. YnpaseneHue. 2017; 10(3): 103-113. doi: 10.18721/
JCSTCS.10309

19. WabyHuH A.B. MogenvpoBaHue anngeMuin pelueTkamm
KNeToYHbIX aBTomaToB. SIRS mogenb ¢ yueTom BOCNpPOM3BOACTBA
n murpaunn. Mzsecmus Capamosckozo yHugepcumema. Cepus
@usuka. 2020; 20(4): 278-287. doi: 10.18500/1817-3020-2020-20-
4-278-287

20. Moghari S, Ghorani M. A symbiosis between cellular
automata and dynamic weighted multigraph with application
on virus spread modeling. Chaos Solitons Fractals. 2022; 155:
111660. doi: 10.1016/j.chaos.2021.111660

21. Lima |, Balbi PP. Estimates of the collective immunity
to COVID-19 derived from a stochastic cellular automaton based
framework. Nat Comput.2022; 21(3): 449-461.doi: 10.1007/s11047-
022-09893-3

22. Kermack WO, McKendrick AG. A contribution to the mathe-
matical theory of epidemics. Proc Math Phys Eng Sci. 1927;115(772):
700-721. doi: 10.1098/rspa.1927.0118.JSTOR94815

23. Axelrod R.The dissemination of culture: A model with lo-
cal convergence and global polarization. The Journal of Conflict
Resolution. 1997; 41(2): 203-226.

24. AKmusHoCMb HA y/luyax mMe2anosiucos8 pasHbIX CMPaH.
URL: https://yandex.ru/company/researches/2020/cities-activity
[maTa poctyna: 15.07.2022].



25. Camou3sonayus. [To 2opodam Poccuu u 6nuxHezo 3apybe-
xbd. URL: https://datalens.yandex/707is1q6ikh23?tab=q6 [gaTa
goctyna: 15.07.2022].

26. Kak 3aKoOHONOC/IyWHOCMb 2pax0aH nomozaem 60pome-
cs ¢ naHoemueli kopoHasupyca. URL: https://www.hse.ru/news/
expertise/405304338.html [gaTa gocTtyna: 11.08.2022].

Information about the author

27. World Values Survey Wave 7: 2017-2022. URL: https://
www.worldvaluessurvey.org/WVSOnline.jsp [date of access:
11.08.2022].

28. For European holidaymakers, there’s no place like home.
URL: https://www.euronews.com/2017/07/20/europe-tourism-
travel-no-place-like-home [date of access: 12.02.2022].

Artem Yu. Karateev — Cand. Sc. (Hist.), Associate Professor at the Department of History and Theory of Politics, Lomonosov Moscow State University, e-mail: artem.karateev@gmail.com,

https://orcid.org/0000-0002-8930-8807

25





