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Abstract

This paper investigates a mathematical model for the Coronavirus Disease 2019 (COVID-19) in the context of the

Ukrainian crisis by considering a population of six (06) compartments: Susceptible, Exposed, Known Infected, Un-

known Infected, Recovered, Deaths. This model is used to simulate the propagation of COVID-19 in Ukraine during

and after theUkrainian conflict. Thefindings revealed that during the conflict the number of infected inUkrainewill

increase significantly more than if the world had no known that conflict. The infected for most will not be detected

in the period of the conflict. An increase of infected people will occur in undetected infected group while in known

infected compartment, this will not be observed. Furthermore, at the end of the conflict, the unknown infected will

be tested leading to a brutal increasing of number of infected detected in the population.
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1. Introduction

The Coronavirus Disease "COVID-19" onset since

the end of 2019, is one of the biggest public health

issues facing the world. It is a transmissible disease

caused by severe acute respiratory syndrome coron-

avirus 2 (SARS-CoV-2)[1]. The SARS-CoV-2 is a new

strain of coronavirus identified in humans, and respi-

ratory symptoms as fever, cough, are often signs of the

infection[2]. TheWorld economy is very affected by the

slowdown or stoppage of economic activities in many

sectors induced by the COVID-19 pandemic [3, 4, 5].

Almost all nations have been affected, and there

have been over four hundred million cases of COVID-

19 infectionwithover sixmilliondeaths in theworld[6].

By studying the modes of transmission of the COVID-

19, the researchers proposed preventive measures to

reduce and stop the spread. The implementation of

preventive measures through awareness raising, the

imposition of barriermeasures, the closure of grouping

places, curfews, etc, have proven their effectiveness in

reducing the COVID’s spread rate [7, 8, 9].

At the end of August 2021, vaccines appeared and

reinforced the fight against the pandemic. Today, some

country achieve zero active cases of COVID-19’s infec-

tion, the situation seems to be under control in most

countries and some believe that the COVID pandemic

will soon be over.

However, the latest Ukrainian conflict may alter

the outlook for COVID-19 infection reduction and sur-

rounding countries. In Ukraine, more than 4.8 million

infectious cases of COVID-19 and 105, 500 deaths have
been reported [10]. The latter noticed that new cases

increased significantly in January-February 2022. Since

the conflict begins, cases reporteddroppedbut this can

beexplainby the absenceofCOVID-19’s tests, given the

competing priorities for residents of the country.

Armed conflict zones can be positive to the spread

of infectious diseases. We can observe this with the

Ebola disease during the war in Democratic Republic

of Congo (DRC) between 2018 and 2019 [11].

The conflict has damaged large part of the work-

ablehealth infrastructure. Healthcareprofessionals are

killed during conflicts, leaving a lack of trained profes-

sionals. “Infectious diseases ruthlessly exploit the con-

ditions created by war” said Dr. Bruce Aylward [12]. In

these circumstances, one of the most important ques-

tions is how will COVID-19 spread in Ukraine during

the conflict ? Given the severity of the pandemic, re-

searchers are being working to find answers to this

question. In epidemiology, mathematical modeling is

a strong tool for predicting new cases and controlling a

pandemic.

Many mathematical and statistical models are fre-

quently used to study epidemic behavior and restrict

their spread throughout populations [13, 14, 15, 16,

17, 18, 19]. Indeed, mathematical models have offered

newknowledge andhelpeddecision-makers taking the

best decisions possible regarding the efficacy of imple-

mented policies [20, 21, 22, 23]. Moreover, times se-

ries and compartmental models are usual to predict

and simulate the infectious diseases dynamics [24, 25].

The compartmentalmodels are widely used during the

COVID-19 pandemic inmany countries. Numerous re-

searchers tried to predict COVID-19 spread under pub-

lic health interventions or during a period of contain-
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ment [26, 27, 28]. In these works [29, 30, 9], authors

used compartmental models with optimal control to

analyze the impact of strategies (quarantaine, vacci-

nation, preventives measures) as time-dependent in-

terventions in the dynamic transmission of COVID-19.

Also many researchers [31, 31, 32] investigated the im-

pact of vaccination of newborns. Different vaccina-

tion strategies are also explored and various scenarios

of pandemic management have been tested through

compartmental models.

Few studies explores the impact of armed conflict

on contagious infections. [33] examined the COVID-19

spread in countries with ongoing armed conflict. He

found that the number of cases varied from one re-

gion to another andwas affectedby thefighting and the

largest number of cases were reported where the con-

flict was more intense [34]. He also demonstrated that

the armed conflict provided an opportunity for SARS-

CoV-2 to spread [33]. The need for developing amathe-

maticalmodel is due to lackof studies on theCOVID-19

spread during the conflict. Simulations of the COVID-

19 spread in Ukraine were carried out according to the

duration of the conflict and we analyzed the impact of

the conflict on the evolution of the pandemic.

2. Model Formulation

In this paragraph,wepresent a deterministicmodel

for COVID-19 spread during the conflict. The model

is extended from SEIJRD model developed in [9]. The

population is subdivided in five (05) compartments.

The compartment S(t) regroups uninfected per-

sons who may come into contact with the virus of

SARS-CoV-2. Compartment E is for exposed individu-

als. Compartments I1(t) and I2(t) are respectively for

infected person who are detected and those who are

not detected. Recovered humans are in compartment

R(t) andhumanswhodied fromCOVID-19 are in com-

partmentD(t).

Therefore,

N(t) = S(t) + E(t) + I1(t) + I2(t) + R(t) (1)

In absence of conflict, the Susceptible compart-

ment S(t), recruited people at a rate, Λ, through im-

migration and birth of population without risk and at

rate, p, of exposed individuals that return to suscepti-
ble compartment if after the incubationperiod they are

tested negative to COVID-19. People leave the suscep-

tible compartment through COVID-19 infection with

the force of infection,Ψmodelled as :

Ψ = β(I2 + a1E + a2I1)/N (2)

where a1, a2, are the modification factors for the ex-

posed and known infected individuals.

Due to the conflict, people arefleeing theUkrainian

territory to get away from the bombing. In this condi-

tions, there no immigration and Λ represents the mi-

gration rate from Ukraine.

The Table 1 presents the description of the param-

eters of the model (S). The system diagram Figure 1

shows the transition relation between the compart-

ments of the model (S).

From the schematic diagram in Figure 1, themodel

equations are derived as follows :







































dS
dt

= −(Ψ + η + µ)S + pE + ρR + Λ
dE
dt

= ΨS − (p + ε1 + ε2 + µ)E
dI1

dt
= ε1E + qI2 − (γ1 + δ1 + µ)I1

dI2

dt
= ε2E − (q + γ2 + δ2 + µ)I2

dR
dt

= γ1I1 + γ2I2 + ηS − (ρ + µ)R
dD
dt

= δ1I1 + δ2I2

(S)

The parameters can be constant or time-dependent.

Table 1: Description of parameters

Parameters Description

Λ Entry/exit rate

β Transmission rate

η Vaccination rate

a1 Known infected contribution to

the force of infection

a2 Exposed contibution to the force

of infection

ρ Loss immunity rate

p Return rateof exposed individuals

not infected

ε1 Progression rate from exposed to

infected compartment

ε2 Progression rate from exposed to

undiscovered infected compart-

ment

q Progression rate from undiscov-

ered infected to infected com-

partment

γ1 Recovery rate of infectious indi-

viduals

γ2 Recovery rate of undiscovered in-

fectious individuals

δ1 The death-induced rate for infec-

tious individuals

δ2 The death-induced rate for undis-

covered infectious individuals

µ Natural death rate

2
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Figure 1: COVID-19 model’s diagram

3. Model Analysis

In this paragraph, we carried out the quantitative

analysis of the proposed model (S) which involves the

positivity and boundedness of the solutions, invariant

region and the existence of equilibrium points for the

model. For this purpose, all parameters are considered

to be constants.

Considering as S = S
N
, E = E

N
, I1 = I1

N
, I2 = I2

N
and

R = R
N
, the system (S) is rewritten as follows :







































dS
dt

= −(β(I2 + a1E + a2I1) + η + µ)S + pE + ρR + Λ
dE
dt

= β(I2 + a1E + a2I1)S − (p + ε1 + ε2 + µ)E
dI1

dt
= ε1E + qI2 − (γ1 + δ1 + µ)I1

dI2

dt
= ε2E − (q + γ2 + δ2 + µ)I2

dR
dt

= γ1I1 + γ2I2 + ηS − (ρ + µ)R
dD
dt

= δ1I1 + δ2I2

(S
′

)

3.1. Invariant Region,Positivity andBoundness of solu-

tions

3.1.1. Positivity of solutions

THEOREM 1 If at t = 0, S(0) ≥ 0, E(0) ≥ 0, I1(0) ≥
0, I2(0) ≥ 0, R(0) ≥ 0, then ∀t > 0 the model (S) has

nonnegative solutions.

PROOF. The system (S
′

) gives :

dS

dt
= −[β(I2 +a1E+a2I1)+η+µ)]S+pE+ρR+Λ

≥ Λ − (β(I2 + a1E + a2I1) + η + µ)S (3)

Solving eq. (3) gives:

S(t) ≥ S(0)eB(t) +

∫ t

0

Λ(eB(t)−B(u)) du > 0 (4)

where

B(t) =

∫ t

0

−[β(I2 + a1E + a2I1) + η + µ] du

In the same way,

E(t) ≥ E(0) exp(−(p + ε1 + ε2 + µ)t) > 0

I1(t) ≥ I1(0) exp(−(γ1 + δ1 + µ)t) > 0

I2(t) ≥ I2(0) exp(−(q + γ2 + δ2 + µ)t) > 0

R(t) ≥ R(0) exp(−(ρ + µ)t) > 0

3.1.2. Invariant Region

The solutions of the model are uniformly bounded

in a positive invariant regionΩ.

Ω = {(S(t), E(t), I1(t), I2(t), R(t)) ∈ R
+
5 : N(t) ≤

Λ

µ
}

(5)

The total population variation at any time t is :

dN

dt
= Λ − µN − δ1I1 − δ2I2 ≤ Λ − µN (6)

Solving eq. (6), we have :

N(t) ≤ N(0)e−µt +
Λ

µ
(1 − e−µt) (7)

When, t 7−→ ∞, N(0) ≤ max(N(0), ( Λ
µ

)).

Consequently, the nonnegative solution set of the

model equations (S
′

) enters the feasible region, Ω,
which is a positively invariant set.

3
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3.1.3. Boundedness of the solution

THEOREM 2 The initial solutions S(0), E(0), I1(0),
I2(0),R(0) are bounded.

lim sup
t→∞

N(t) ≤
Λ

µ
(8)

PROOF. From eq. (6), we obtain :

dN

dt
= Λ − µN − δ1I1 − δ2I2 (9)

Also, 0 < I1(t) ≤ N(t) and 0 < I2(t) ≤ N(t).

Hence,

Λ − (µ + δ1 + δ2)N(t) ≤
dN(t)

dt
≤ Λ − µN(t) (10)

This can be written as,

Λ

(µ + δ1 + δ2)
≤ lim inf

t→∞

N(t) ≤ lim sup
t→∞

N(t) ≤
Λ

µ
(11)

3.2. Disease-Free Equilibrium (DFE) State

At the "Disease Free Equilibrum State",E0, there is

no infected in the population andnonew infected peo-

ple coming in the population. At Disease-Free Equilib-

rium state, we have:







































dS
dt

= 0
dE
dt

= 0
dI1

dt
= 0

dI2

dt
= 0

dR
dt

= 0
dD
dt

= 0

(12)

with I1 = 0 and I2 = 0.

We obtain :







































S = ρ+µ
(ρ+µ)(η+µ)−ηρ

Λ

E = 0

I1 = 0

I2 = 0

R = η
(ρ+µ)(η+µ)−ηρ

Λ

D = 0

(13)

And,

E0 = {
(ρ + µ)Λ

(ρ + µ)(η + µ) − ηρ
, 0, 0, 0,

ηΛ

(ρ + µ)(η + µ) − ηρ
, 0}

3.3. Endemic equilibrium point

Endemic equilibrium point (E1) is achieved when

variations in all compartments are null. By setting the

derivatives on the right-hand side equations of COVID-

19 model (S
′

) to be zero, we obtain the endemic equi-

librium point equation, E1 = (S∗, E∗, I∗

2 , I∗

1 , R∗),
where :

S∗ =β−1 fgh

ε2h + ε1ga2 + ε2qa2 + gha1

I∗

2 =
ǫ2h((ρ + µ)Λ − µ(ρ + µ + η)S∗)

ργ1(ǫ1g + ǫ2q) + ργ2ǫ2h − (ρ + µ)(ǫ1 + ǫ2 + µ)gh

E∗ =
g

ǫ2
I∗

2

I∗

1 =
ǫ1g + ǫ2q

ǫ2h
I∗

2

R∗ =
η

ρ + µ
S∗ +

γ1ǫ1g + γ1ǫ2q + γ2ǫ2h

ǫ2(ρ + µ)h
I∗

2

(14)

with
f = p + ε1 + ε2 + µ

g = γ2 + δ2 + q + µ

h = γ1 + δ1 + µ

(15)

4. Parameter values

Table 2: Parameters of themodel (S). "c" refers to: conflict inUkraine.

Parameters
Value

Before c. During c. After c.

Λ 1000 ≤ −10000 ≥ 20000
η 0.0001 0 0.0001
β 0.25 [0.25 0.50] [0.25 0.50]
a1 0.3 [0.3 0.5] [0.3 0.5]
a2 0.1 [0.1 0.4] [0.1 0.4]
ρ 3.22 ∗ 10−4 3.22 ∗ 10−4 3.22 ∗ 10−4

p 0.4 0.4 0.4
ε1 0.1 0.01 0.1
ε2 0.01 0.03 0.01
q 0.01 0.0001 0.01
γ1 0.0317 0.0267 0.0317
γ2 0.0267 0.0267 0.0267
δ1 3.33 ∗ 10−4 6.67 ∗ 10−4 3.33 ∗ 10−4

δ2 0 3.33 ∗ 10−4 0
µ 10−6 10−6 10−6

Several parameters are considered as variables. In-

deed, Λ the immigration rate into Ukraine in the ab-

sence of conflict is positive in absence of conflict be-

cause we assumed that in this period there more peo-

ple entering than leaving the country. However dur-

ing conflict, we observe the opposite and Λ become

the migration’s rate. During the conflict people flee to

nearby countries, and immigration increases progres-

sively,

Λ = −10000 − 1000 ∗ t (16)

4
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After the conflict, people return home, and there is a

strong and progressively migration,

Λ = 20000 + 1000 ∗ t (17)

The contribution factor of infected and exposed to the

force of infection increases during the conflict because

unsupervised gatherings of civilians to seek safety are

increasing and policies to ensure respect of barrier ges-

tures are no longer the priority and are not imple-

mented.

After the conflict the habits and politics for the

respect of preventives measures will be progressively

taken over. The contrbution factor is also modelled

with time-dependant model. During the conflict, with

a1 < 0.5 and a2 < 0.3 :

a1 = 0.3 + 0.05 ∗ t

a2 = 0.1 + 0.05 ∗ t
(18)

The parameters γ1, γ2, q, δ1 and δ2 are re-

estimated during and after the conflict.

Before the conflict, we assume that there are few

unknown infected in the population because people

are frequently tested and so, there are no deaths com-

ing from the unknown infected group.

During the conflict, the situation changes and the

recovery rateof infectious and the lethality rate are sup-

posed approximately the same in undetected and de-

tected compartments.

At the end of the conflict, the situation before con-

flict will be progressively restored.

5. Results

In this section, numerical simulations were carried

out to investigate the impact of the conflict on the evo-

lution of the COVID-19 in Ukraine. We simulate the

model considering the duration of conflict (DC) as 0
days, 20 days and 30 days. The initial conditions for

the variables are as follows: S(0) = 41.215 millions,

E(0) = 3334, I2(0) = 3334 (estimated), I1(0) = 66681,
R(0) = 3866755 and D(0) = 106000 (according to

[10]).

The others parameters values used are in Table 2.

The systems of differential equation presented below

are solvedusing themethods of Runge-Kutta 4. All sim-

ulations have been done with Matlab 2020.

5
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(a) (b)

(c) (d)

Figure 2: Dynamics of the numbers of individuals in the compartments I1 (fig. 2a), I2 (fig. 2b), R (fig. 2c), D (fig. 2d) if there was no conflict in

Ukraine

6
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(a) (b)

(c) (d)

Figure 3: Dynamics of the numbers of individuals in the compartments I1 (fig. 3a), I2 (fig. 3b), R (fig. 3c), D (fig. 3d) with the scenario duration

of conflict: DC = 0 days,DC = 60 days andDC = 90 days

6. Discussion

The model is for human-to-human transmission,

and it includes imported cases as well as community

spread. It has an invariant region, well posed and

makes biological sense to be carried out for the human

population.

Figure 2 presents the evolution of people in the

compartments I1(0), I2(0), R and D if there was no

conflict in Ukraine. The curves of Figure 2a and Figure

2b reveal that the number of infected detected and not

detected decrease rapidly respectively from 66681 and
3334 cases toward 2300 and 300 cases in 150 days. Fig-

7



REFERENCES

ure 2c and Figure 2d shows that the number of recov-

ered persons increase too from 3.86 ∗ 106 to 1.004 ∗ 106

in 150 days. Figure 2d shows that the number of deaths

will increase slowly to 1.0009 ∗ 105 in 150 days.
We noted that the number of infected decreases

due to the good medical assistance given to infected

and the people vaccination. We observed also that the

number of infected undetected is very small compared

to the infected detected in the simulation.

Figure 3 presents the evolution of people in the

compartments I1, I2,R andD assumingdifferents sce-

nario of conflict duration.

The scenario 0 is the case of no conflict in Ukraine,
conflict duration : 0 days.

The scenario 1 is the casewhere the conflict lasts 20
days, conflict duration : 60 days.

The scenario 2 is the casewhere the conflict lasts 30
days, conflict duration : 90 days.

The curves of Figure 2a shows that for the scenario

1, the number of infected detected decreases like in

scenario 0 on the first day to 2.91 ∗ 104 before to in-

crease up to 4.01 ∗ 104 at the end of 60 days of con-

flict assumed. Immediatly and rapidly after conflict in

few days, the number of infected detected increases to

1.243∗105 before to decrease slowly to 5.02∗105 at days

150. In the same way, for the scenario 2, the number of

infected detected firstly decreases to 2.91 ∗ 104 before

to increase up to 6.054 ∗ 104 at the end of 90 days of

conflict assumed. After the conflict, it increases rapidly

to 3.404 ∗ 105 in few days before to decrease slowly to

2.59 ∗ 105 at days 150.
On the other hand, Figure 2b reveals that for the

scenario 1, the number of infected undetected in-

creases from 3.33 ∗ 103 to 5.81 ∗ 104 during the 60 days
of conflict assumed. After the conflict, it decreasedpro-

gressively to reach 1.20 ∗ 104 at days 150. For the sce-

nario 2, the number of infected undetected increases

up to 1.69 ∗ 105 during the 60 days of the conflict. Then
it decreased progressively to 6.36 ∗ 104 at day 150.

Figure 2c presents the number of recovered per-

sons. It reveals that the number of recovered increases

slowly during the conflict from 3.86∗106 to 3.88∗106 at

the end of 60days for the scenario 1 andup to 3.96∗106

at the end of 90 days for the scenario 2. Then, it in-
creased rapidly to reach respectively 7.57 ∗ 106 for sce-

nario 1 and 6.70 ∗ 106 for scenario 2 at day 150.
Figure 2d presents the number of deaths. It reveals

that the number of deaths increased during the sce-

nario 1 and 2 and reached respectively 1.04 ∗ 105 for

scenario 1 and 1.08 ∗ 105 for scenario 2.
The analysis of these results, shows that during the

conflict the number of undetected infected will in-

crease rapidly, and at the same time the number of in-

fected decreases during the first days before to increase

slowly. While the number of infected undetected de-

creased rapidly at the end of conflict, the number of

infected detected increased. That is explained by the

fact that, during the conflict the medical assistance of

COVID infected would be in trouble and people will

not able to respect thepreventivemeasuresor continue

with the vaccination. After the conflict the medical as-

sistance will be restored and the hidden infected will

be detected. So, the more the conflict lasts, the more

there will be infected individuals. We also noticed that

the number of immunised people in population for the

scenario 2 is less than for the scenario 1 and this is less
for the scenario 0. So the presence of conflict doesn’t
help to increase the number of recovered and vacci-

nated people in the population. The increase in the

number of infected while there are few who have re-

covered and been vaccinated explains the increase of

deaths observed more the conflict lasts.

7. Conclusion

The crisis in Ukraine has a wide range of effects on

the people, and the COVID-19 pandemic could have a

huge health impact. Using compartmental model, we

explored the possible evolution of the infected in the

Ukrainian population. The simulation showed that the

number of infected growup as the conflict lasts and the

increase will not be observed during the conflict be-

cause new infected will not be tested or detected. At

the end of conflict, we could observe a sudden high in-

crease of COVID-19 infection in the population. Solu-

tionsmust be found and implemented to avoid this sit-

uation and wemust be prepared for it.
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