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ABSTRACT

The aim of this study is to examine the progress of the worldwide pandemic Covid-19. As authors, we have decided
to analyze the situation of COVID-19 onMediterranean islandwith accurate data. For this purpose, amathematical
model is constructed and proposed by dividing the whole population into sensible and suitable compartments.
The study captures the dates February 01 till May 15, 2021. For the control of the spread of disease, vaccination
and infection rates are compared and calculated. During calculations and comparison, MatLab software is used.
All of the data that are used are taken from the Ministry of Health. The effect of parameters is examined with
sensitivity analysis. Furthermore, with this analysis, values of parameters are obtained. Afterwards, by using the
constructed model, the effect of vaccine on infected individuals is analyzed separately. As a result, it is concluded
that the studied part of the island is late for the control of the disease via vaccine. This can be explained by two
main reasons; vaccinating the people that are not inmobility most of the time (aged people and people with chronic
diseases) and getting the vaccine late. Hence, the results showed that this rate and distribution of vaccines would
not be enough to control the pandemic on the island.
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1 Introduction

From the beginning, our world has faced with outbreaks; some of them became a pandemic,
some of them remained as an epidemic [1]. Although prevention of outbreaks seem theoretically
easy, practical applications can often fail. Outbreaks have demonstrated the insufficiency of infec-
tion prevention and control programs [2]. Many health systems fail to build strong foundations
to reduce the risks and transmission of health-care-associated outbreaks. They also tolerate an
unacceptably poor level of infection prevention and control in everyday practice [3].

Nowadays, the world is encountering with the Coronavirus disease of 2019 (COVID-19),
resulting from SARS-CoV-2 infection, which was declared as a pandemic by the World Health
Organization (WHO) on 11 March 2020 [4]. As of April 12, 2021, more than 136,682,133
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COVID-19 cases were identified, and more than 2,950,744 deaths were reported due to the
disease [5].

Beside the biological and epidemiological factors, a multitude of social and economic criteria
also interferes with the extent of the coronavirus disease transmission within a population. There
exist 31 potential socio-economic determinants such as medical resources, health coverage, death
rate, mortality rate, immunization, etc. [6].

Public health measures include personal protective measures (hand hygiene, respiratory eti-
quette), environmental measures, physical distancing measures, and travel-related measures. Phys-
ical distancing measures are applied to individuals (e.g., isolation of cases and quarantine of
contacts) or communities, specific segments of the population, or to the whole population. These
measures are not mutually exclusive. WHO recommends that all suspected cases should be identi-
fied, tested, isolated and cared for. Furthermore, contacts of suspected cases should be identified,
traced, and quarantined [7]. A multitude of social and economic criteria have been attributed as
potential determinants for the observed variety in the coronavirus outcome during the first wave
of the pandemic. Some experts infer that the reason for the hardest hit countries can be explained
by having an older population or an underdeveloped healthcare system [8,9].

Mathematical models for the propagation mechanisms of infectious disease exist in literature.
These models play a major role in determining the methods of quantify and analyzing effective
control and preventive measures of infectious diseases [10–12]. Most of the developed countries
like Germany, England, and USA, takes advantages of mathematical modelling to control cancers
and infectious diseases like influenza, COVID-19, HIV, etc. [13,14]. The general idea of mathe-
matical modelling is to divide the whole population into sensible number of compartments and
to construct the basic reproduction number, denoted by R0, of the disease. R0 can be defined as
the number of secondary infections per primary infection. R0 values less than 1 indicates that
the pursued policy is enough and efficient to control the transmission of disease. Otherwise, it
highlights the requirements for increased applications to control the disease [15].

The aim of this study is to observe the progress of COVID-19 in North Cyprus by using
real data and to determine control strategies with the constructed model. In North Cyprus
many restrictions are applied; some of them have been present since the beginning of the dis-
ease. According to the records, First case was seen on March, 2020. Subsequently, the country
has experienced many lockdowns including closure of borders, and airport, closure of schools,
etc. [15]. The proposed model in the paper is constructed regarding the situation of the island.
All of the population is divided into compartments and their relations are explained by means of
mathematical expressions. All of the restrictions and applications existing because of the disease
are taken into account so that the results are overlapped with the upcoming situation.

Among those models, there are some examples that portray the benefits of mathematical
modeling in studying the dynamics of epidemics/pandemics and the effect of vaccination on
epidemics/pandemics [15–19].

This paper is organized as follows: firstly, data, methods and construction of the model are
explained in Section 2. Secondly, model analysis is introduced and proved by suitable theorems.
In the continuation of Section 3, sensitivity analysis is made for the parameters of the model.
Afterwards, numerical simulations are made and figures are revealed. Lastly, conclusion and
discussions are elucidated.
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2 Data and Methods

2.1 Data
In this study, the daily cases of COVID-19 in North Cyprus are considered and all data are

taken from the Ministry of Health. This study captures the dates 1st of February and 15th of
May, 2021. In Fig. 1, the pattern of daily cases can be seen.
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Figure 1: The daily COVID-19 cases in North Cyprus between the dates February 01 and May
15, 2021

2.2 Model Formulation
A new mathematical model is proposed to study the progress and transmission dynamics of

COVID-19 and in North Cyprus. The importance of this model is that it captures all of the
population by means of its compartments. Because of this reason, its results can be applied to
real life. The model is divided into 8 compartments; susceptible individuals, vaccinated individuals,
individuals in quarantine, individuals that are getting treatment in quarantine hotels with mild
infection, individuals that are getting treatment in hospitals, individuals that are getting treatment
in intensive care units with severe infection, recovered individuals, individuals that passed away
because of COVID-19 and they are denoted by S(t), V(t), Q(t), IQ(t), IH(t), IC(t), R(t), D(t)
at time t, respectively. Total human population of the country is denoted by N(t) such that
N(t)= S(t)+V(t)+Q(t)+ IQ(t)+ IH(t)+ IC(t)+R(t)+D(t). A mathematical model is constructed
as a linear system of Ordinary Differential Equations (ODEs) and it is given in Eq. (1). The
system describes the relationship between the compartments with the help of parameters. All of
the explanations of variables and parameters of the model are stated in Table 1 and in Table 2,
respectively.
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dS
dt

=�− (β1IQ+β2IH +β3IC)S+ (1−�)Q− (μ+ r)S

dV
dt

= rS− (k1IQ+k2IH +k3IC)V −μV,

dQ
dt

= (1− c)(β1IQ+β2IH +β3IC)S−Q,

dIQ
dt

= c(β1IQ+β2IH +β3IC)S+�Q− (δ1+ γ 1)IQ+ (k1IQ+k2IH +k3IC)V,

dIH
dt

= δ1IQ− (δ2+ γ 2)IH ,

dIC
dt

= δ2IH − (d + γ 3)IC ,

dR
dt

= γ 1IQ+ γ 2IH + γ 3IC ,

dD
dt

= dIC .

(1)

In the above system, first derivative of compartments is constructed since it describes the
change in compartments at time t.

Table 1: Descriptions of variables that are used in the model (1)

Variables Descriptions

N Total human population
S Susceptible individuals
V Vaccinated individuals
Q Quarantined individuals
IQ Mild infected individuals that are in quarantine hotels
IH Infected individuals that are in hospitals
IC Severe infected individuals that are in intensive care units
R Recovered individuals
D COVID-19 caused died individuals

Table 2: Descriptions of Parameters that are used in the model (1)

Parameters Descriptions

� Recruitment rate
βi, i= 1, 2, 3 Infection rates of susceptible individuals
ki, i= 1, 2, 3 Infection rates of vaccinated individuals
r Vaccination rate of susceptible individuals
� Positivity rate of quarantined individuals

(Continued)
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Table 2 (Continued)

Parameters Descriptions

μ Natural death rate
τ Incubation period
δ1 Rate of transferring infected individuals from quarantine hotels to hospitals
δ2 Rate of transferring infected individuals from hospitals to intensive care units
γi, i= 1, 2, 3 Recovery rates
d Death rates of infected individuals

3 Model Analysis

During the construction and analysis of the model it is assumed that only severe infected
individuals that are in intensive care units pass away because of COVID-19. Also, it is accepted
that transition of infected individuals is as follows: Mild infected individuals that are in quarantine
hotels can be infected individuals that are in hospitals and infected individuals that are in hospitals
can be severe infected individuals that are in intensive care units. That is, there is no direct
transition from the compartment IQ to the compartment IC.

The model is non-negative with respect to the population, each of its state variables and
parameters for t ≥ 0. Hence, it can be easily proved that the state variables of the model are
non-negative for every non-negative initial prerequisite.

Theorem 3.1. Let (S, V , Q, IQ, IH , IC ,R, D) be the solution of the system (1) with initial
conditions S≥ 0, V ≥ 0, Q≥ 0, IQ ≥ 0, IH ≥ 0, IC ≥ 0, R≥ 0, D≥ 0. Then the set

� = {(S, V , Q, IQ, IH , IC, R, D) ∈R8
+ : S+V +Q+ IQ + IH + IC +R+D≤�}, (2)

is invariant, positive, and all of the solutions in R8+ stay in � with respect to (1).

Proof. Adding all of the terms in Eq. (1) gives

dN
dt

=�−μS−μV . (3)

From the Eq. (3), it is clear that dN
dt ≤ � and integrating both sides, Net ≤ �et + c

is obtained, for some arbitrary constant c. Regarding the differential inequalities with the
use of Rota and Birkhoff, it can be found that as t → ∞, 0 ≤ N ≤ � holds. So, N
approaches � as t → ∞ and the set of solutions of the system (1) enters the region � =
{(S, V , Q, IQ, IH , IC, R, D) ∈R8+ : S+V +Q+ IQ + IH + IC +R+D≤�}. Hence, biological fea-
sibility of the model given in (1) is guaranteed and it is enough to consider the dynamics on the
model in �.

3.1 Stability of the Disease-Free Equilibrium
The constructed model exhibits a unique disease-free equilibrium point, denoted by DFE, and

it is calculated as

C0 = (S0, V0, Q0, IQ,0, IH,0, IC,0, R0, D0)=
(

�

1+μ+ r
,

r�
(1+μ)(1+μ+ r)

, 0, 0, 0, 0, 0, 0
)
. (4)

It is obvious from the Eq. (4) that C0 attracts the region so that
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C0 = {(S0, V0, Q0, IQ,0, IH,0, IC,0, R0, D0) ∈C0 :Q0 = IQ, 0 = IH,0 = IC,0 =R=D= 0}. (5)

The basic reproduction number, denoted by R0, is calculated with the method of next gener-
ation matrix. It is a number that represents the average number of secondary infections produced
by single infection in a fully susceptible population [20]. For the use of the method, followings
are found:

F =

⎡
⎢⎢⎢⎢⎣

0 0 0 0

� cβ1S cβ2S cβ3S

0 0 0 0

0 0 0 0

⎤
⎥⎥⎥⎥⎦V =

⎡
⎢⎢⎢⎢⎣

1 (c− 1)β1S (c− 1)β2S (c− 1)β3S

0 δ1+ γ1 − k1V −k2V −k3V
0 −δ1 δ2+ γ2 0

0 0 −δ2 d+ γ3

⎤
⎥⎥⎥⎥⎦

Finally, the basic reproduction number, which is the dominant eigenvalue of the multiplication
matrix F .V−1, is obtained as

R0 =
(
[�(c− 1)(d+ γ3)− cγ3](γ2+ δ2 )Sβ1+ [�(c− 1)− c](β2γ3+ δ2β3)Sδ1 + (c− 1)dβ2δ1

−β1dcS(β2+ δ2 + γ2)

)/(
(δ2+ γ2)(d+ γ3)(Vk1 − δ1 − γ1)+ 2δ1V(dk2+ k2γ3+ k3δ2)

)
(6)

Theorem 3.2. For the model given in Eq. (1), the disease-free equilibrium point is locally asymp-
totically stable whenever R0 < 1 and unstable whenever R0 > 1.

Proof. The Jacobian matrix evaluated at the DFE point C0 is

J(C0)=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−μ− r 0 1−� −β1S0 −β2S0 −β3S0 0 0
r −μ 0 −k1V0 −k2V0 −k3V0 0 0
0 0 −1 (1− c)β1S0 (1− c)β2S0 (1− c)β3S0 0 0
0 0 � cβ1S0+ k1V0− δ1 − γ1 cβ2S0+ k2V0 cβ3S0 + k3V0 0 0
0 0 0 δ1 −δ2− γ2 0 0 0
0 0 0 0 δ2 −d− γ3 0 0
0 0 0 γ1 γ2 γ3 0 0
0 0 0 0 0 d 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where S0 = �
1+μ+r and V0 = r�

(1+μ)(1+μ+r) . Here the eigenvalues are −μ − r, −μ, −1, cβ1�
1+μ+r +

rk1�
(1+μ+r)(1+μ)

− δ1−γ1, δ2−γ2, −d−γ3, 0, 0. Hence, the DFE point is locally asymptotically stable

whenever R0 < 1 and unstable for R0 > 1.

3.2 Sensitivity Analysis
In this section, sensitivity analysis of the parameters is calculated to determine their effect on

variables (i.e., compartments) and basic reproduction number, R0. The values that are obtained
for the parameters by making some calculations, are given in Table 3. All of the calculations and
estimations for the parameters are based on the real data of the country. As it can be seen from
the Table 3, increase in β1, β2, and β3 causes an increase in R0 while increase in r, γ1, γ2, and γ3
causes a decrease in R0. Obviously, decrease in R0 provides the same effect in infected individuals,
from the definition of R0. Numerical simulations of these changes are given in Section 4 as
figures.
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Table 3: Sensitivity values for the parameters of the model

Parameters Values

β1 0.0837
β2 0.0131
β3 0.00004
r −0.03
k1 0.0011
k2 0.00009
k3 5.3398×10−8

δ1 0.00022
δ2 0.000032
γ1 −0.007
γ2 −0.005
γ3 −0.003
d −0.0072

4 Numerical Simulations

In this section, numerical simulations are made. By using the constructed model with the
data taken from the Ministry of Health, some simulations are obtained with MatLab. These
simulations aim to see the effect and progress of COVID-19 in North Cyprus. Vaccination is
started in February and some restrictions about mobility are applied in the country. So, the figures
are constructed according to these conditions.

Fig. 2 represents the pattern of infected individuals. Infected individuals can be read by
multiplying each corresponding value with 10 for the corresponding date(day). Its beginning date
is February 01, 2021. At that time because of the increase in positive cases, partial and full
lockdowns are applied for two weeks. It is drawn with 95% mobility and 15% vaccination rate
which is the situation nowadays in the country. In this figure, without any restrictions positive
cases were expected to raise approximately 800 which would be very dangerous when the health
conditions are taken into consideration for the country. With taken decisions and restrictions by
the government, this situation is prohibited since the active cases were approximately 300.

Figure 2: Pattern of infected individuals in North Cyprus starting from February 01
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When the Fig. 2 is checked, it reflects the exact fluctuation in the country. In these days,
daily cases started to raise because of high mobility and wrong vaccination strategy since the
ones that already stays at home (ages> 65) get vaccine while the people that are active outdoors
are not vaccinated yet. This time corresponds to days between 50–60 in the Fig. 2. Beside this,
Fig. 3 represents the distribution of positive cases in North Cyprus as mild infected individuals,
IQ, hospitalized individuals, IH , and severe infected individuals, IC .

Figure 3: Distribution and pattern of IQ, IH , IC in North Cyprus starting from February 01

Vaccine has been the most discussed idea for the control of the COVID-19. So, with the
proposed model and real parameter values in North Cyprus, Figs. 4 and 5 are drawn with Matlab.
In Fig. 4, the rate of vaccine is 0.02 while in Fig. 5 vaccine rate is 0.15. At the beginning,
February 2021, only 2% of the population get vaccine in North Cyprus and approximately at the
end of April 2021, this percentage increased to 15%. It can be said that increase in r caused a
decrease in infected and quarantined individuals in North Cyprus.

Figure 4: Distribution of compartments with r= 0.02
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Figure 5: Distribution of compartments with r= 0.15

For the sensitivity, to get sensible results, percentage of r, β1, β2, β3, γ1, γ2, and γ3 are
increased. Their effect on infected individuals, IQ, IH , and IC are graphed. Effect of r on IQ, IH ,
and IC are given in Figs. 6–8, respectively.

Figure 6: Effect of r on IQ

From the figures, it can be concluded that the most significant effect or difference occur in
severe infected individuals, IH and IC. On the other hand, an increase in r causes a bit decrease
in mild infected individuals as well, for a while. Effect of β1 on IQ, β2 on IH, and β3 on IC are
given in Figs. 9–11, respectively.
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Figure 7: Effect of r on IH .

Figure 8: Effect of r on IC

By checking the figures Figs. 9–11, it can be easily said that increase in β values cause increase
in all compartments of infected individuals, which make sense since β’s are infection rates of
individuals. Hence, the figures support the constructed model. Effect of γ1 on IQ,γ2 on IH, and
γ3 on IC are given in Figs. 12–14, respectively.
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Figure 9: Effect of β1 on IQ

Figure 10: Effect of β2 on IH

At the end of the study, the answer to the question how can vaccination be effective is
analyzed. For this purpose, cases are simulated with MatLab for vaccination rate r = 0.02 and
r= 0.15 and compared to see its effect. The result is given in Fig. 15. From the figure it can be
easily seen that approximately after 25 weeks, even with higher vaccination, number of cases will
be the same.
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Figure 11: Effect of β3 on IC

Figure 12: Effect of γ1 on IQ



CMES, 2022, vol.130, no.1 145

Figure 13: Effect of γ2 on IH

Figure 14: Effect of γ3 on IC
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Figure 15: Comparison of cases with vaccination rate r=0.02 and r= 0.15

5 Conclusion and Discussions

In this paper, COVID-19 pandemic in North Cyprus is examined. One of the most discussed
treatment, vaccination, is analyzed to see its effect on the disease. For this purpose, sensitivity
analysis is made for 100 days. As a result, it is deduced that the vaccine alleviates the severe
symptoms of the disease for severe infected individuals, in other words, increase in vaccination
rate is the root of the drastic change in severe cases (Figs. 7 and 8). Also, a small decrease in mild
infections is observed with the rise in vaccination rate (Fig. 6). The model showed that a decrease
in infection rates with increase in recovery rates causes a decrease in whole infected individuals.
Thus, this draws a rational outcome.

Fig. 15 is given to indicate the importance of vaccination rates; it compares infected indi-
viduals with different percentages of vaccination. It is evident that approximately in 25 weeks,
total cases are expected to come up to the same point with different vaccination rates, 2% and
15%. The explanation for this lies in clarifying the majority of the vaccinated population. First
of all, in North Cyprus, vaccinated people mostly consist of people above the age 65 and have
chronic diseases who are out of mobility, most of the time. Substantially, people that are not in
mobility get vaccinated. Secondly, along a month, no new vaccination programs are initiated due
to a lack of vaccination supply. As a result, the progress of vaccination proceeds slowly in the
country. Besides this, the currency and protectiveness of the vaccine are approximately 24 weeks.
Regarding all of these, success in controlling the disease via the vaccine is improbable. Therefore,
the effect of the vaccination was not distinctly reflected on the model, efficiently, due to the delay
in vaccination and above reasons. There are other studies that show the importance of control
strategies which include awareness, mobility, vaccination rate, etc. [21–23]. For future works, effect
of medicine can be modelled and analyzed as a treatment of COVID-19.
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