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Abstract. To study the characteristics of the spread of the COVID-19 pandemic
and introduce timely and effective measures, there is a need for models that
can predict the impact of various restrictive factors on COVID-19 disease
dynamics. In this regard, it seems expedient to employ agent-based models
that can take into account various characteristics of the population (for
example, age distribution and social activity) and restrictive measures, testing,
etc., as well as random factors that are usually omitted in traditionally used
modifications of Susceptible-Infected-Recovered (SIR) type models. This
paper presents the development of the previously proposed agent model for
numerical simulation of the spread of COVID-19, namely, the transition from a
single-center model, in which all agents interact within one common pool, to a
multi-center model, in which the agents under consideration are distributed
over several centers of interactions, and are also redistributed over time to
other pools. This model allows us to more accurately simulate the epidemic
dynamic within one region, when the patient zero usually arrives at the
regional center, after which the distribution chains capture the periphery of
the region due to pendulum migration. This paper demonstrates the
application of the developed model to analyze the epidemic spread in the
Nizhny Novgorod region of Russian Federation. Simulated dynamics of the
daily number of newly detected cases and COVID-19-associated deaths is in
good agreement with official statistics. Modeling results suggest that the actual
number of COVID-19 cases is 1.5-3 times higher than the number of reported
cases. The developed model also takes into account the process of vaccination.
It is shown that with the same modeling parameters, but without vaccination,
the third and fourth waves of the pandemic would be characterized by a
significant increase in the incidence and the formation of natural immunity,
but the number of deaths would exceed the real one by about 9 times.
© 2023 Journal of Biomedical Photonics & Engineering.

Keywords: Dynamics and control of epidemics; COVID-19; agent-based modeling.

Paper #3589 received 23 Jan 2023; revised manuscript received 13 Feb 2023; accepted for
publication 13 Feb 2023; published online 16 Mar 2023. doi: 10.18287/JBPE23.09.010306.

J of Biomedical Photonics & Eng 9(1) 2023 010306-1 16 Mar 2023 © J-BPE


mailto:alhil@inbox.ru
https://dx.doi.org/10.18287/JBPE23.09.010306

M. Kirillin et al.: Multicentral Agent-Based Model of Four Waves of...

1 Introduction

The COVID-19 pandemic has become a real global
challenge, which requires reliable methods for modeling
the epidemiological process in order to take timely
restrictive and preventive measures. Currently, there are
several classes of models used to calculate and predict the
spread of infections.

Logistic models operate with ordinary differential
equations of the first order. Despite their simplicity, such
models made it possible to obtain a very correct
description of the first wave of the spread of
COVID-19 [1]. Generalized logistic models make it
possible to take into account a power-law, rather than
exponential, increase in the number of cases [2, 3].
Methods of mathematical statistics and machine learning
make it possible to build regression [4] and network
models [5] of the spread of the disease.

More complex, so-called compartmental models are
based on systems of differential equations. In such
models, the population is divided into several groups. In
the classical SIR model proposed in Ref. [6], three
groups are distinguished, namely, susceptible (S),
infected (1), recovered (R), and the interaction between
them is described in terms of differential equations. In
more complex modern models, an even greater number
of groups are distinguished. In particular, exposed (E),
hospitalized (H), deceased (D), in critical state (C) and
others are added [7-9].

A significant drawback of the SIR model and its
modifications is the inability to take into account both
random factors in the epidemic dynamics and the
individual characteristics of specific people. In this
regard, to model the spread of an epidemic, it is rational
to use agent-based models. Within the framework of such
models, the entire population is considered as a set of
agents with a selected number of both constant and
variable characteristics that determine the strategy of
behavior and interaction with other agents in the
considered population. The characteristics of the disease
(incubation period, probability of infection, etc.),
restrictive and preventive measures (self-isolation, social
distancing, contact tracing, etc.) are also included as
parameters of the model. Agent-based models have
demonstrated their effectiveness in calculating the spread
of infection in a population of various sizes, for example,
among visitors to a supermarket [10], residents of a
relatively small [11] or large city [12], and an entire
country [13]. In Ref.[14], an agent-based model was
developed for modeling the spread of COVID-19 in
Russia, taking into account transport routes. The mean-
field-type game model is actually a combination of the
SIR model (or its modifications) and the agent model,
which take into account the rationality of agents: each
member of the population seeks to reduce the risk of
hospitalization and limit its economic consequences,
firms seek to maximize profits while reducing the risk of
exposing workers to the risk of infection, public
authorities seek to reduce the number of deaths based on
cost-effectiveness considerations [15].
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Within the framework of agent-based models, it is
assumed that all agents belonging to a certain group, for
example, an age group, behave in the same way. The
effectiveness of such models can be increased by
introducing new data, such as demographic or transport
data, and transition to the so-called multicenter agent
model, in which the population is considered as a set of
several separate pools of agents with different behavioral
characteristics. Thus, in Ref. [16], a simulation of the
spread of COVID-19 in several schools was performed,
taking into account, for example, kinship (brothers,
sisters) and friendships between students from various
educational institutions. The paper [17] considers four
Chinese cities with the interaction of agents both within
each of the cities and between them. The paper [14]
presents the country model like a combination of a city
models set and a matrix of population flows defined for
each day, considering different types of transport links.

The aim of this work is to develop the previously
proposed agent model [18, 19] to simulate the spread of
COVID-19 in various regions of the Russian Federation.
The development is associated with the transition to a
multicenter model, which allows considering a separate
region of the Russian Federation as a set of regions with
population movement between them, as well as taking
into account the vaccination process as one of the
measures to prevent the spread of the disease.

2 Materials and Methods

2.1 Multicentral Agent-Based COVID-19
Spread Model

The previously developed single-center agent-based
COVID-19 spread model with the Monte Carlo method
implementation is described in detail in Ref. [19]. Within
the framework of the proposed approach, a set of agents
I representing the population of the chosen region is
considered. Each agent a, € 9t is characterized by a set of
daily changing Boolean states (“alive”, “infected”,
“contagious”, “with symptoms of a disease”, etc.) that
determine its behavior (interaction with a common pool
of agents, self-isolation, etc.). The model presented in
Ref. [19] assumes that every agent interacts with all the
others, and the probability of spreading the disease is
determined by the total number of non-isolated agents.
Table 1 presents the main parameters of the previously
proposed single-center model.

In order to generalize the developed model to the
multi-center case, all agents from the common pool are
distributed among n. pools of smaller size, which
correspond to the districts of the region (regional center
and peripheral cities). The number of agents N; in each
i-th pool corresponds to the population of the i-th district
or city, and the total number of agents in these pools is
equaled to the population of the region N: N = Z?gl N;.
For each agent, the index i of its initial pool (i.e.
hometown or district) is stored. During the modeling a
certain percentage p; of agents aged from 18 to 65 in each
pool, excepting the population of regional center, receive
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the binary status of “pendulum migrant”, which means
that they periodically move from native city to the
regional center for working purpose. The p: value
distribution by pools (districts of the region) is chosen
empirically, taking into account the distance of a
particular city/district from the regional center, while the
percentage of commuting migrants among the agents of
the general pool is 15%, which is consistent with
information available in open sources.

In the simulation, all agents that initially have the
“infected” status are assigned to the regional center, and
agents with the “pendulum migrant” status change their
pool to the regional center from Monday to Friday,
returning to the original pool on Saturday and Sunday.
Thus, the mechanism of spreading the disease from the
regional center to the entire region is implemented. This
assumption is consistent with the general trends in the
spread of imported epidemics, when the “patient zero”
usually appears in the regional center.

Population (thou. people)
3
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Table 1 Values of main parameters employed for Nizhny
Novgorod Region in single-center model in paper [19].

Parameter Value
Probability of symptoms

. 4 0.3
manifestation
Daily death probability in critical 0.06-0.10
state
Average weekly number of agents
! 4.6
infested by a spreader
Probability of isolation decision for
agents with symptoms 0.5
manifestation
Self-isolation index 1.0-3.0
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Fig. 1 (a) Population of Nizhny Novgorod Region districts and cities included into modeling; (b) distance from chosen
district/city to regional center (Nizhny Novgorod); (c) distribution of agents with “pendulum migrant” status with the

respect to chosen districts/cities in modeling.
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2.2 Accounting for Vaccination in Modeling

For more precise modeling of the 3 and 4™ waves of the
spread of COVID-19, the ability to account for the
vaccination process was implemented into developed
model. For this purpose, data on partial vaccination of the
population in the Russian Federation from January 1,
2021 to December 31, 2021 was taken from open
sources [20]. The daily number of partially vaccinated
people N7*“ is calculated in proportion to the share of
the region population in the population of the country.

Following the nomenclature previously suggested in
Ref. [19], we introduce the additional Boolean state
“vaccinated” (an®) that is also set as ‘false’ (0) at the
initialization of the simulation for all agents.

In the simulation the vaccinated group B is
determined each simulation day in the following way:

B: R, (N, {an|h, = 18\P), 1)
where R, (j, ) is a random permutation of j elements
from set A: N*““ is the total number of vaccinated taken
at day i corresponding to the official statistics data; h,, is
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an agent age parameter; B is the group of agents, who are
unavailable for vaccination. The latter group contains
agents with states “symptomatic” (ctr®), “in critical state”
(on*), “dead” (awn®) or “positive test” (on):

PB: ({anla% = 1} U {anla;ll = 1} U
)

U {a,le =1} u{a,|ad = 1}).

On each simulation day agents from the vaccinated
group change the status to “vaccinated”:

= 1| a, €. (3)

For each vaccinated agent, the day of vaccination
t;%¢ is stored. After a period of vaccination and
antibodies formation T, equaled 42 days (21 days is the
interval between two stages of vaccination and 21 days is
the period of antibodies formation), the probability of
infection p;; for a vaccinated agent during the
interaction with a pool of other agents is artificially
reduced by 20 times (immunity formation). Duration of
immunity T; chosen in the model is 6 months.
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Fig. 2 Daily dynamics of (a) newly revealed (AQ;) and real total number of COVID-19 cases (Al;) and (b) COVID-19
associated deaths (AD;) in Nizhny Novgorod Region calculated in single-center (SC) and multi-central (MC) models
along with official data (Official). Simulation parameters: (c) Is — self-isolation index, d — fraction of tested agents with
symptoms, ac — tests sensitivity, Ncont — Nnumber of traced contacts, pq — death probability in critical state, (d) AV — daily

dynamics of vaccinated agents.
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2.3 Multicentral Modeling Parameters

Simulation of four waves of COVID-19 spread was
performed for Nizhny Novgorod region (N = 3.3-10°%)
and included the days from February 26, 2020 to
December 31, 2021. All parameters, including the
temporal characteristics of the disease and the prevalence
rate, the distribution of agents by age, the probability of
death of an agent in critical condition, etc. corresponds to
those previously used in modeling the first two waves of
the spread of COVID-19 [19], while for the 3™ and 4™
waves an empirical selection of parameters was
performed. The number of cities and districts in the
region n¢ is chosen to be 20 during simulation (smaller
administratively distinguished districts are combined
with neighboring larger ones). Fig.1 shows the
population of selected cities and districts of the Nizhny
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Novgorod region, as well as their distance from the
regional center and a given percentage of commuting
migrants in them.

3 Results

Fig. 2 shows the dynamics of the spread of COVID-19 in
the Nizhny Novgorod region, calculated within the
framework of single- and multi-center agent models, as
well as the parameters used in the modeling: self-
isolation index (ls), the proportion of tested agents with
symptoms of the disease (d), test sensitivity (ac), the
number of tested contact agents (Ncont), the probability of
death of an agent in critical condition (pg). Similar to
Ref. [19], we simulate daily dynamics of daily newly
revealed COVID-19 cases (AQ;) which gave the positive
test result on a certain day, total number of daily new
cases including those that remain undetected (Al;), and
daily lethal COVID-19 associated cases (AD;).

As can be seen from Fig. 2, the total number of
detected cases of COVID-19 in the region is still in good
agreement with official statistics during the movement
from a single-center to a multicenter model.
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Fig. 3 Daily dynamics of newly revealed AQ; COVID-19 cases, calculated with multicenter (MC) model for (a) regional
center — Nizhny Novgorod, (b) Dzerzhinsk, and (c) Bor. Simulation parameters are similar to those in Figs. 2c, d.
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Fig. 4 Daily dynamics of newly revealed AQ; COVID-19 cases, calculated with multicenter model for (a) Dzerzhinsk and
(b) Nizhny Novgorod Region with different percentage p: of pendulum migrants along with official statistics data
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Fig. 5 Daily dynamics of (a) newly revealed (AQ;) and real total number of COVID-19 cases (Al;) and (b) COVID-19
associated deaths (AD;) in Nizhny Novgorod Region calculated with multi-central model with and without accounting for

vaccination.

The discrepancies between the curves for single- and
multicenter models are due to the fact that within the
framework of a single-center model, all agents
participating in the modeling are affected from the very
beginning, while in the case of a multicenter model,
infection begins from the regional center, where the
infection enters from outside the system under
consideration. The resulting model scenario shows that
some of the infected are not detected, and the total
number of infections exceeds the number of detected
cases by 1.5-3 times, and this ratio increases for later
waves.

Fig. 3 shows the dynamics of the spread of
COVID-19 in Nizhny Novgorod (regional center), as
well as the cities of Dzerzhinsk and Bor, calculated
within the multicenter model.

As can be seen from Fig. 3, during the first wave of
the spread of COVID-19 (spring-summer 2020), the
dynamics of newly detected cases is determined mainly
by Nizhny Novgorod (the regional center), while the
curves for regional cities show a characteristic peak
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around May. During the second  wave
(autumn 2020-winter 2021), the self-isolation index does
not reach the values of the first wave, and therefore there
is a significant increase in new cases detected in the
regions of the region, and the difference between them
becomes quite significant. A similar trend can be traced
in the case of the 3 and 4™ waves (spring 2021-
December 2021).

It should be noted that the difference between the
official statistics and simulated data for new cases for
certain districts and cities of the Nizhny Novgorod region
was not a minimization parameter of the model, but the
comparison shows a fairly good agreement between
simulated and official data.

Fig. 4 presents the results obtained in multicenter
model with a variation in the percentage of pendulum
migrants. The distribution of the percentage of pendulum
migrants in Fig. 1 is taken as the initial one; the caption
to Fig.4 shows the coefficient by which the
corresponding values are multiplied.
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As can be seen from Fig.4a, the developed
multicenter agent model provides an adequate estimation
of the spread of the disease in a particular city in the
region. The discrepancy between the simulation results
and official statistics is explained by the overestimated
number of agents in the pool corresponding to a
particular city in the framework of numerical simulation.
An increase in the fraction of pendulum migrants in a
particular city has a more significant impact during the
first wave of the pandemic compared to the second
(Fig. 4a), since restrictive measures are relaxed during
the second wave (Fig. 2c). At the same time, during the
first and second waves of the spread of COVID-19, an
increase in the percentage of pendulum migrants
expectedly leads to an increase in detected cases of the
disease in a particular city, but during the third and fourth
waves, an inverse relationship is observed. It is explained
by the fact that in the case of a lower percentage of
pendulum migrants, a significant part of infection
spreading the agents remain in their pools and interact
with the agents within it, and not with the rest. At the
same time, the total number of newly revealed cases
across the region is in good agreement with official
statistics for the region, both in the case of the base
percentage of commuters and for a much lower
percentage (Fig. 4b).

In order to analyze the impact of the vaccination
process on the spread of the disease, modeling was
performed with parameters corresponding to those
presented in Fig. 2c, but without vaccination of agents.
The results are presented in Fig.5 showing the
comparison of the daily numbers of total and detected
cases in scenarios with and without vaccination.

Fig. 5 clearly demonstrates the effectiveness of
vaccination of the population as a preventive measure in
the spread of the disease. It is shown that in the absence
of vaccination with the same parameters of the model, a
sharp increase in the incidence is observed, leading to the
formation of herd immunity by the beginning of 2022,
however, at the cost of high mortality (a difference of
about 9 times compared to the number of deaths during
the vaccination of the population). The significant
difference between the curves with and without
vaccination is due to the greatly relaxed restrictive
measures during the third and fourth waves of the spread
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of COVID-19 and the decrease in the number of contacts
traced (Fig. 2c).

4 Conclusion

The paper presents the enhancement of an agent-based
model that simulates the COVID-19 spread dynamics
using the Monte Carlo method. The developed
multicenter model considers a region as a set of separate
districts in which agents interact with each other while
the mechanism of interaction between districts described
through consideration of pendulum migration. The
proposed approach made it possible to simulate four
waves of the spread of COVID-19 in the Nizhny
Novgorod region and demonstrates good agreement with
official statistics. In the future, the model can be
improved by increasing the number of districts included
in the simulation, considering the travel of agents not
only from regional cities to the regional center, but also
between regional cities itself, and also taking into
account the different nature of restrictive measures in the
regional cities. For more correct modeling results, precise
information about the number of pendulum migrants in
specific cities/districts of the region is required.

The developed agent-based model also includes the
ability to account for the vaccination process during the
spread of infection. The results obtained for the dynamics
of newly detected and real total number of COVID-19
cases show that even with a significant weakening of
restrictive measures, vaccination of the population can
reduce the number of cases and COVID-19-associated
deaths by about 9 times, which clearly demonstrates the
need for vaccination and its effectiveness.

Disclosures
All authors declare that there is no conflict of interests in
this paper.

Acknowledgements

The study is supported by RFBR (project
no. 20-51-80004), CNPq (project no. 441016/2020-0),
and NSFC (project no. 82161148012).

1. T. Carletti, D. Fanelli, and F. Piazza, “COVID-19: The unreasonable effectiveness of simple models,” Chaos,

Solitons & Fractals: X 5, 100034 (2020).

2. E. Aviv-Sharon, A. Aharoni, “Generalized logistic growth modeling of the COVID-19 pandemic in Asia,” Infectious

Disease Modelling 5, 502-509 (2020).

3. N. T.P.Pang, A. Kamu, M. A. M. Kassim, and C. M. Ho, “Monitoring the impact of Movement Control Order
(MCO) in flattening the cummulative daily cases curve of Covid-19 in Malaysia: A generalized logistic growth
modeling approach,” Infectious Disease Modelling 6, 898-908 (2021).

4. A.S. Ahmar, E. B. Del Val, “SutteARIMA: Short-term forecasting method, a case: Covid-19 and stock market in
Spain,” Science of The Total Environment 729, 138883 (2020).

5. C. Katris, “A time series-based statistical approach for outbreak spread forecasting: Application of COVID-19 in
Greece,” Expert Systems with Applications 166, 114077 (2021).

J of Biomedical Photonics & Eng 9(1) 2023

010306-7

16 Mar 2023 © J-BPE


https://doi.org/10.1016/j.csfx.2020.100034
https://doi.org/10.1016/j.idm.2020.07.003
https://doi.org/10.1016/j.idm.2021.07.004
https://doi.org/10.1016/j.idm.2021.07.004
https://doi.org/10.1016/j.idm.2021.07.004
https://doi.org/10.1016/j.scitotenv.2020.138883
https://doi.org/10.1016/j.scitotenv.2020.138883
https://doi.org/10.1016/j.eswa.2020.114077
https://doi.org/10.1016/j.eswa.2020.114077

M. Kirillin et al.: Multicentral Agent-Based Model of Four Waves of... doi: 10.18287/JBPE23.09.010306

10.

11.

12.

13.

14,

15.
16.

17.

18.

19.

20.

W. O. Kermack, A. G. McKendrick, “A contribution to the mathematical theory of epidemics,” Proceedings of the
Royal Society of London. Series A, Containing Papers of a Mathematical and Physical Character 115(772), 700-721
(1927).

S. He, Y. Peng, and K. Sun, “SEIR modeling of the COVID-19 and its dynamics,” Nonlinear Dynamics 101(3),
1667-1680 (2020).

S. Mwalili, M. Kimathi, V. Ojiambo, D. Gathungu, and R. Mbogo, “SEIR model for COVID-19 dynamics
incorporating the environment and social distancing,” BMC Research Notes 13(1), 352 (2020).

L. Lopez, X. Rodo X, “A modified SEIR model to predict the COVID-19 outbreak in Spain and Italy: simulating
control scenarios and multi-scale epidemics,” Results in Physics 21, 103746 (2021).

F. Ying, N. O’Clery, “Modelling COVID-19 transmission in supermarkets using an agent-based model,” Plos One
16(4), e0249821 (2021).

Md. S. Shamil, F. Farheen, N. Ibtehaz, 1. M. Khan, and M. S. Rahman, “An agent-based modeling of COVID-19:
validation, analysis, and recommendations,” Cognitive Computation, 1-12 (2021).

N. Hoertel, M. Blachier, C. Blanco, M. Olfson, M. Massetti, F. Limosin, and H. Leleu, “Facing the COVID-19
epidemic in NYC: a stochastic agent-based model of various intervention strategies,” MedRxiv 20076885, (2020).
N. Hoertel, M. Blachier, C. Blanco, M. Olfson, M. Massetti, M. S. Rico, F. Limosin, and H. Leleu, “A stochastic
agent-based model of the SARS-CoV-2 epidemic in France,” Nature Medicine 26(9), 1417-1421 (2020).

G. N. Rykovanov, S. N. Lebedev, O. V. Zatsepin, G. D. Kaminskii, E. V. Karamov, A. A. Romanyukha, A. M.
Feigin, and B. N. Chetverushkin, “Agent-based simulation of the COVID-19 epidemic in Russia,” Herald of the
Russian Academy of Sciences 92(8), 747-755 (2022).

H. Tembine, “Covid-19: data-driven mean-field-type game perspective,” Games 11(4), 51 (2020).

A. M. Hernandez-Hernandez, R. Huerta-Quintanilla, “Managing school interaction networks during the COVID-19
pandemic: Agent-based modeling for evaluating possible scenarios when students go back to classrooms,” Plos One
16(8), e0256363 (2021).

L. Kou, X. Wang, Y. Li, X. Guo, and H. Zhang, “A multi-scale agent-based model of infectious disease transmission
to assess the impact of vaccination and non-pharmaceutical interventions: The COVID-19 case,” Journal of Safety
Science and Resilience 2(4), 199-207 (2021).

M. Kirillin, E. Sergeeva, A. Khilov, D. Kurakina, and N. Saperkin, “Monte Carlo simulation of the covid-19 spread
in early and peak stages in different regions of the Russian Federation using an agent-based modelling,” in Saratov
Fall Meeting, Chinese-Russian workshop on Biophotonics and Bioimaging-2020 1 (2020).

M. Kirillin, A. Khilov, V. Perekatova, E. Sergeeva, D. Kurakina, I. Fiks, N. Saperkin, M. Tang, Y. Zou, E. Macau,
and E. Pelinovsky, “Simulation of the first and the second waves of COVID-19 spreading in Russian Federation
regions using an agent-based model,” Journal of Biomedical Photonics & Engineering 9(1), 010302 (2023).

E. Mathieu, H. Ritchie, L. Rodés-Guirao, C. Appel, C. Giattino, J. Hasell, B. Macdonald, S. Dattani, D. Beltekian,
E. Ortiz-Ospina, and M. Roser, Coronavirus (COVID-19) Vaccinations, Our World in Data (accessed 30 November
2022). [http://ourworldindata.org/covid-vaccinations?country=RUS].

J of Biomedical Photonics & Eng 9(1) 2023 010306-8 16 Mar 2023 © J-BPE


https://doi.org/10.1098/rspa.1927.0118
https://doi.org/10.1007/s11071-020-05743-y
https://doi.org/10.1186/s13104-020-05192-1
https://doi.org/10.1186/s13104-020-05192-1
https://doi.org/10.1016/j.rinp.2020.103746
https://doi.org/10.1016/j.rinp.2020.103746
https://doi.org/10.1371/journal.pone.0249821
https://doi.org/10.1007/s12559-020-09801-w
https://doi.org/10.1007/s12559-020-09801-w
https://doi.org/10.1101/2020.04.23.20076885
https://doi.org/10.1101/2020.04.23.20076885
https://doi.org/10.1038/s41591-020-1001-6
https://doi.org/10.1038/s41591-020-1001-6
https://doi.org/10.1134/S1019331622040219
https://doi.org/10.3390/g11040051
https://doi.org/10.1371/journal.pone.0256363
https://doi.org/10.1371/journal.pone.0256363
https://doi.org/10.1016/j.jnlssr.2021.08.005
https://doi.org/10.1016/j.jnlssr.2021.08.005
https://sfmconference.org/sfm/20/workshops/chinese-russian-workshop-on-biophotonics-and-biomedical-optics-2020/preliminary/490/
https://sfmconference.org/sfm/20/workshops/chinese-russian-workshop-on-biophotonics-and-biomedical-optics-2020/preliminary/490/
https://doi.org/10.18287/JBPE23.09.010302
https://doi.org/10.18287/JBPE23.09.010302

