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Abstract

Abstract. The COVID-19 virus is a disease caused by Sars-cov-2, and its be-
haviour varies in different locations, in the present work we focus on São Paulo state
and specifically on some towns in its interior. The model here developed is of Kermack-
McKendrick type, which considers compartments of Susceptible, Confined, Infected,
Recovered - with temporary immunity, and Dead individuals. Such model will allow
us to analyze the effects of how a lockdown policy on one town, affects neighbouring
ones, and predict the behaviour of individuals in each compartment due to this lock-
down. For this purpose we use data obtained from the COVID-19 dynamics, for towns
in the interior of São Paulo state, with different public health programs.

Keywords. COVID-19, Lockdown Policy, Metapopulation Models, Kermack-McKendric,
Mathematical Modelling, Mathematical Epidemiology, Nonlinear Systems of ODE.

1 Introduction

To analyze the effect of how a lockdown policy on one town affects neighbouring ones, a
numerical approximation of a SCIRD-type model, was used to present different possible sce-
narios. The tests were undertaken in a python3.9.6 environment.

What binds the relationship between cities, is the transit of individuals between them, on
that note, the main difficulty found on the development of this work, was to find data that
was trustworthy and consistent. At first the idea was to analyze toll data, more specifically
DER(Departamento de Estradas de Rodagem)[1] data of 2020, but this was found to be un-
reliable and inconsistent for the present work. The Data chosen for analysing flow while still
not ideal was from IBGE´s analyses of Populational Arrangements, where there was found
data of the transit of people that work and study on other cities of the same arrangement,
The arrangement chosen was of Americana - Santa Bárbara d´Oeste/SP, for its cities with
more homogeneous population size.

The Work is organized as follows: In Section 2, is presented the SCIRD model and its
analysis, (R0); in Section 3 simulations based on the data presented are performed; in 4 the
code made in python 3.6.9 for the simulations is presented, in 5 we analyze such results and
if the results live up to the expected outcome. Finally in Section 6 conclusions are made and
future research is suggested.

2 Methodology

For the present article the model created is presented in figure 1:
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Figure 1: Model SCIRD

In this model, we consider the following classes of individuals: S (Susceptible),C (Con-
fined), I (Infected), R (Recovered - with temporary immunity) and D (Dead), for cities 1,
2, 3...n where n is the total number of cities.
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The Model can be written as:

∂SCi

∂t
= µ(SCi + CCi + ICi +RCi)− αkSCi + δCCi − βSCiICi + ηRCi − µSCi −

∑
j ̸=i

(fijβICjSCi);

∂CCi

∂t
= αkSCi − δCCi − µCCi − βcCCiICi;

∂ICi

∂t
= βSCiICi − θICi − γICi − µICi + βcCCiICi +

∑
j ̸=i

(fjiβICiSCj);

∂RCi

∂t
= γICi − ηRCi − µRCi;

∂DCi

∂t
= θICi;

∀i = 1, 2, 3, ...n also k = 2 if i = 1 and k = 0 ∀ i ̸= 1;

Analyzing each term we have that αS corresponds to the confinement of the Susceptible
class,α2S corresponds to the confinement and lockdown o the susceptible class of city 1. The
term β corresponds to the transmission coefficient from susceptible to infected individuals,
while betac corresponds the transmission coefficient from confined to infected individuals.
Since confined individuals are less likely to contract the disease, betac is smaller than beta.
The term deltaC represents the deconfinement of the population and the model considers
there to be no permanent immunity, so the immunity loss rate is represented by η.

The term µ(SC1 +CC1 + IC1 +RC1) represents the growth of the population, and µSCn,
µCCn, µICn and µRCn) where n = 1,2,3 represents the natural death of each compartment.
For the transit between cities 1, 2 and 3 we have:

1. −fijβICjSCi corresponds to the transit from susceptibles from city i to the infected in
city j, where fij is the transit computed in accord to the data in IBGE[2]. considering
city i as the origin of the transit, indj as the cities j integration index with the popula-
tion arrangement and fi the quantity of people of city i who work and study in other
municipalities in the arrangement, we have:

fij = fi ·
100 · indj∑
k ̸=i

(indk)

2. +fjiβICiSCj corresponds to the transit of susceptibles from city j to the infected in
city i, the calculation is the same as for fji switching j with i.

Finally, the death rate of the infected individuals is given by θ and the recuperation rate is
given by γ.
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3 Tests and Results

The tests were made for 3 cities, City 1: Americana (SP), City 2: Nova Odessa (SP), City 3:
Santa Bárbara d´Oeste (SP), simulating the lockdown in Americana, the Model was coded
in python 3.9. For the transit the calculations made out of table 1 are:

Figure 2: Data from IBGE[2] referencing Population Arrangements.

f12 =
41118 ∗ 100 ∗ 0, 29

0, 27 + 0, 29
= 20970;

f13 =
41118 ∗ 100 ∗ 0, 27

0, 27 + 0, 29
= 19818, 876;

f21 =
10848 ∗ 100 ∗ 0, 27

0, 27 + 0, 27
= 5424;

f23 =
10848 ∗ 100 ∗ 0, 27

0, 27 + 0, 27
= 5424;

f32 =
35560 ∗ 100 ∗ 0, 29

0, 29 + 0, 27
= 20970;

f31 =
35560 ∗ 100 ∗ 0, 27

0, 29 + 0, 27
= 19818, 876;

The tests were made with the following parameters:

Figure 3: Tests Parameters.

As mentioned 4.3e − 6 = β > βc = 4.3e − 7, theta is the death rate of COVID and is
approximately 0.3 [3], which makes the recovery rate gamma = 1− 0.3 = 0.97.

Figure 4: Tests Transit.
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Figure 5: Initial Values.

3.1 Tests

3.1.1 Test 1

Lockdown of 15 days with 60% confinement (α2 = 0.6)

Figure 6: Test 1:Susceptible and Confined
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Figure 7: Test 1:Infected and Recovered

[H]

Figure 8: Test 1: Dead
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3.1.2 Test 2

: Lockdown of 30 days with 60% confinement (α2 = 0.6)

Figure 9: Test 2:Susceptible and Confined
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Figure 10: Test 2:Infected and Recovered

Figure 11: Test 2: Dead
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3.1.3 Test 3:

Lockdown of 30 days with 80% confinement (α2 = 0.8)

Figure 12: Test 3:Susceptible and Confined
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Figure 13: Test 3:Infected and Recovered

[H]

Figure 14: Test 3: Dead
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4 Code

[H]

Figure 15: Test 3:Susceptible and Confined

[H]
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[H]

[H]

[H]
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[H]

[H]

[H]

5 Analysis of the Results

From Test one Figure 6 we can observe that when city 1 is confined, cities 3 and 2 also have
a growth in the confinement, this is expected since the flow to city 2 and 3 to city one is cut
off, so more people now don’t have the option to travel to city 1, The Susceptible class in city
1 as also expected, decreases significantly, since more people are confined, now cities 1 and
2 though have a decrease,also have a slow increase, this happens due to the fact that even
though they can´t travel to city 1, still can travel between cities 2 and 3 and also maintain
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the confinement to 35%. What is interesting is that after the confinement period, all three
cities have a significant decrease in the susceptible class.

In figure 7 the infected decrees almost to 0 during the confinement period, having a
peek after such period which is naturally caused by the abrupt opening, but so happens to
decrease significantly again and maintain quite low, which means the lockdown was successful
in lowering the infectious class. The Recovered of city 1 have a slow decrease during the
confinement period since there are less infected, as does happen in city 2 and 3, and both
increase again after the confinement because of the infectious peak caused by the abrupt
opening of commerce and transit, city 1 recovered decrease very slowly and city 2 increases
probably due to the significant decrease of recovered on city 2 caused by its infected going
almost to zero.

The accumulated dead in all three cities decrease during the confinement period, to then
increase again slowly in all three tests, In tests two and three in particular, the accumulated
deaths in city 3 stabilize due to the infected going almost to zero.

The difference in tests 1 and 2 lie in that, the behaviour of every compartment is that of
test 1 though more enhanced, but there s not that much more of a difference, except on the
stabilization of the dead in city 3. This is also observed comparing tests 1 and 3.

6 Conclusion

By analyzing the simulations, we can see that an effective lockdown for a period of 15 days
and 60% confinement would have a good effect on the development of the disease, but I
could not say the data is very conclusive, the infectious except on city 3 don´t have that
much of a significant change, for future studies it would be interesting to compare the data
between larger cities, and more homogeneous population number, also I find important to
see the affect vaccination would bring to this dynamic.
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