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Mathematical model of Dynamics of Covid-19 Transmission in
Response to Reinfection

Nurul Qorima Putri1,∗, Paian Sianturi2, and Hadi Sumarno3

1,2,3 Department of Mathematics, Faculty of Mathematic Natural Science, IPB University, IPB Campus Dramaga, Bogor 16680, Indonesia

ABSTRACT. SARS-CoV-2 brings on the pandemic known as Coronavirus Disease 2019 (Covid-19). The Covid-19
spread model developed by Bugalia et al.(2020) has been modified in this study by incorporating reinfection and covid-
19-related death during medical isolation. There are two equilibrium points in this model: the point of equilibrium
without disease and the point of equilibrium with the disease. In addition, the equilibrium point’s stability and the
basic reproduction number (R0) will be discussed. A sensitivity analysis based on Covid-19 data from India was carried
out to identify sensitive parameters. Lockdown’s effectiveness is one of the sensitivity analysis parameters that have
the greatest impact on changes in R0.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of JJBM: Department of Mathematics, Uni-
versitas Negeri Gorontalo, Jln. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction
The rapidly spreading pandemic known as Coronavirus Dis-

ease 2019 or Covid-19 is caused by SARS-CoV-2 [1]. In December
2019, Covid-19 was first detected in Wuhan, China [2, 3]. Covid-
19 is a disease that can only be passed from one person to an-
other through direct contact, surfaces, or respiratory droplets
inhaled by an infected person, regardless of whether they ex-
hibit clinical symptoms [4]. It should be noted that individuals
may reinfect Covid-19 even after being declared recovered from
Covid-19. Reinfection is when the body is again infected with
the same virus or pathogen or a different pathogen [5]. Most
reinfected persons are asymptomatic or have mild to moderate
respiratory symptoms [6]. In a public hospital in Wuhan, China,
around 2.4% of recovered people tested positive for Covid-19 and
showed no symptoms of infection (asymptomatic) [7]. Therefore,
Covid-19 is an epidemic that must stop its spread immediately.
There are two approaches to Covid-19 prevention: medical treat-
ment and not receiving any medical treatment. Vaccination is the
only medical method to prevent Covid-19 infection, but vaccines
are still ineffective. This demonstrates that despite the availabil-
ity of numerous vaccines, Covid-19 has yet to be contained. As
a result, non-medical strategies like lockdowns, social distanc-
ing, wearing masks in public places, contact tracing, isolation,
and quarantine must be implemented [8, 9]. To prevent the dis-
ease, infected individuals can be separated from the general pop-
ulation through isolation, and quarantine [10]. In most cases,
people who appear healthy but may be infected are placed in
quarantine; individuals infected with Covid-19 are placed in iso-
lation [11]. Several nations have implemented a lockdown pol-
icy to control the Covid-19 outbreak. Wuhan’s local government
initiated this lockdown implementation strategy on January 23,
2020, and other cities in the Hubei province quickly adopted it
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[12]. It has been reported that the number of daily cases of Covid-
19 in China has decreased significantly since the lockdown policy
was implemented. [13]. The death rate was lower in Germany,
New Zealand, Canada, Norway, and other early-pandemic coun-
tries [14]. According to reports, a lockdown policy can downsize
the number of confirmed cases and deaths in the United States
by more than 60% [15]. Instead of using lockdowns to combat
the spread of Covid-19, the Indonesian government implements
Large-Scale Social Restrictions (PSBB) in stages per a law passed
on March 31, 2020. This intervention establishes that the rele-
vant ministries must approve the regional government’s PSBB re-
quests [16, 17]. This policy is unique worldwide because it is not
the central government that makes decisions, but it is up to the
regions to apply for PSBB. Another policy implemented after the
PSBB was the ”Implementation of Restrictions on Community Ac-
tivities” (PPKM) which has been in effect since early 2021. These
two policies show that the transmission of Covid-19 in Indonesia
can be handled. Based on the research that Bugalia et al. [10]
have done, this research will change the model of how Covid-19
spreads. It will assume that people who have been cured can get
Covid-19 again. The modified model will then undergo an equi-
librium point analysis and numerical simulation to examine the
behavior and dynamics of the spread of Covid-19 in the presence
of various strategies, such as a lockdown.

2. Methods

In this study, a modification of the Covid-19 distribution
model will be carried out, which refers to the main model stud-
ied by Bugalia et al. [10], i.e., SQ1AQ2IMR model, which the
population is divided into seven compartments: Susceptible in-
dividuals (S), compartment of quarantined susceptible individ-
uals (Q1), compartment of asymptomatic individuals (A), com-
partment of self-quarantined individuals who are categorized as
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Figure 1. Schematic Diagram of the Model System

asymptomatic individuals (Q2), compartment of symptomatic in-
dividuals (I ), compartment of medically isolated individuals (M ),
and compartment of recovered individuals (R). The assumptions
that apply in this modified model are as follows.

1. Due to the lockdown policy, a certain proportion of newly
recruited individuals were quarantined. Also, some suscep-
tible individuals were being quarantined (those in compart-
ment Q1). Where 1 − σ describes lockdown effectiveness
[10].

2. After contact with infected individuals, individuals can get the
virus again because they don’t get complete immunity or their
immunity wears out after a particular time. at a rate of α [18–
20].

3. Infected individuals in medical care could die at a rate d [5,
21].

Schematically, the pattern of the modification model for the
Covid-19 transmission is depicted in the compartment diagram
in Figure 1. The model is given in the following system of equa-
tions.

dS

dt
= (1− p)Λ− βS(A+ I)− µS − kS + ζQ1 + αR,

dQ1

dt
= pΛ− σβQ1(A+ I) + kS − (µ+ ζ)Q1,

dA

dt
= βS(A+ I) + σβQ1(A+ I)− (q1 + q2 + µ)A,

dQ2

dt
= q1A− (q3 + q4 + µ)Q2,

dI

dt
= q3Q2 + q2A− (δ + γ + µ)I,

dM

dt
= γI − (η + d+ µ)M,

dR

dt
= q4Q2 + ηM − (α+ µ)R,

(1)

with nonnegative initial conditionsS(0) ⩾ 0,Q1(0) ⩾ 0,A(0) ⩾
0, Q2(0) ⩾ 0, I(0) ⩾ 0, M(0) ⩾ 0, R(0) ⩾ 0, and N(0) > 0.
It is assumed that all the parameters are nonnegative. Table 1
displays the biological interpretations of the system’s parameters
(1).

3. Results and Discussion
3.1. Non-Negativity and Boundedness of the Solution for the Model
(1)

Since the model (1) represents the different human
populations, all the variables are non-negative for all t ≥
0.

Theorem 1. Solutions of the model (1) with positive initial data
will remain positive for all time t ≥ 0 and the biologically feasible
region Ω= (S,Q1, A,Q2, I,M,R)∈R7

+ : 0 < S+Q1 +A+

Q2 + I +M +R ≤ Λ
µ is positively invariant fo the system (1).

Proof. Consider total population N(t) = S(t) +Q1(t) +A(t) +
Q2(t) + I(t) + M(t) + R(t) are positive. Adding all the equa-
tions of the model (1), the total population satisfies the following
equations.

dN
dt = Λ− µN − dM − δI ⇒

Λ− (µ+ d+ δ)N ≤ dN
dt ≤ Λ− µN

Using the initial conditions and integrating the aforementioned
inequality, we now obtain

Λ
µ+d+δ + (N(0)− Λ

µ+d+δ )e
−(µ+d+δ) ≤ N(t) ≤

Λ
µ + (N(0)− Λ

µ )e
−(µ)

considering t → ∞ or N(t) approaches Λ
µ asymptotically

Λ
µ+d+δ ≤ N(t) ≤ Λ

µ

Thus, the regionΩ is positively-invariant so that no solution path
moves beyond the boundary of Ω.

3.2. Equilibrium Point
The videlicet disease-free equilibrium point (DFE) and the

endemic equilibrium point (EEP) are the two equilibriums that are
reached by the system of equation eq. (1). The following is how
the disease-free equilibrium point is found.

E1(S,Q1, A,Q2, I,M,R)

= (S0, Q0
1, A

0, Q0
2, I

0,M0, R0)

=
Λ(ζ + µ(1− p)

µ(k + ζ + µ)
,
Λ(k + p+ µ

µ(k + ζ + µ)
, 0, 0, 0, 0, 0),
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Table 1. Parameters with Biological Interpretations

Parameter Biological interpretation Unit
Λ The new recruitment of susceptible individuals individual × times−1

p Proportion of individuals those are in quarantine due to lockdown
β The transmission rate of infected individuals (individual × times)−1

σ
Scaling factor that describes the percentage of lockdown effectiveness, where
1− σ describes lockdown effectiveness

µ The natural death rate times−1

k
The rate of transmission by which susceptible individuals move into
quarantine class

times−1

ζ
The rate of transmission of quarantine (Q1) individuals to the susceptible
compartment (S)

times−1

q1 Rate of asymptomatic individuals to self- quarantine times−1

q2 The rate of asymptomatic individuals showing symptoms times−1

q3 The rate by which the infected individuals come from self- quarantine class times−1

q4 Self-quarantine individual recovery rate times−1

δ Rate of individual death due to Covid-19 without medical isolation times−1

d
Rate of individual death due to Covid-19 when the individual is in medical
isolation

times−1

γ Medically isolated rates of symptomatically infected individuals times−1

η The rate of infection recovery following medical isolation times−1

α Reinfection rate of recovered individuals times−1

while the endemic equilibrium point is the point obtained when
a disease in a population has not completely disappeared as fol-
lows.

E2(S,Q1, A,Q2, I,M,R) = (S∗, Q∗
1, A

∗, Q∗
2, I

∗,M∗, R∗)

where

S∗ =
R∗α+Q∗

1ζ + Λ(1− p)

k + (A∗ + I∗)β + µ
,

Q∗
1 =

kS∗ + pΛ

ζ + µ+ (A∗ + I∗)βσ
,

A∗ =
βI∗(S∗ + σQ∗

1)

q1 + q2 + µ− β(S∗ + σQ∗
1)
,

Q∗
2 =

A∗q1
q3 + q4 + µ

,

I∗ =
A∗q2 +Q∗

2q3
γ + δ + µ

,

M∗ =
I∗γ

d+ η + µ
,

R∗ =
Q∗

2q4 +M∗η

α+ µ
.

3.3. Basic Reproduction number

A basic reproduction number is a number that indicates the
number of susceptible individuals who can suffer from a disease
caused by one infected individual. The next-generation matrix
can be used to determine the basic reproduction number.

R0 = ρ(FV −1),

where ρ is the dominant eigen value [22].

F =


β(S0 + σQ0

1) 0 β(S0 + σQ0
1) 0

0 0 0 0
0 0 0 0
0 0 0 0

 ,

V =


q1 + q2 + µ 0 0 0

−q1 q3 + q4 + µ 0 0
−q2 −q3 δ + γ + µ 0
0 0 −γ η + d+ µ

 .

The fundamental reproduction number, or (R0), is then derived
as follows.

R0 = βΛ(q1q3+(q3+q4+µ)(q2+γ+δ+µ))(ζ+µ(1−p)+(pµ+k)σ)
µ(q1+q2+µ)(q3+q4+µ)(γ+δ+µ)(k+ζ+µ)

4. Stability Analysis
DFE Stability Analysis

Theorem 2. IfR0 is less than 1, DFE (E1) is locally asymptotically
stable, while R0 is greater than 1.

Proof. The following formula can be used to demonstrate that
the eigenvalues of the corresponding Jacobi matrix (J ) only have
a non-positive real part, demonstrating the local stability of DFE.

|J − λI| = 0

where λ is eigenvalue of J [23].
∣∣∣∣∣∣∣∣∣∣∣∣∣

j11 − λI j12 j13 0 j15 0 j17
j21 j22 − λI j23 0 j25 0 0
0 0 j33 − λI 0 j35 0 0
0 0 j43 j44 − λI 0 0 0
0 0 j53 j54 j55 − λI 0 0
0 0 0 0 j65 j66 − λI 0
0 0 0 j74 0 j76 j77 − λI

∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0

where

j11 = − k − µ, j12 = ζ,

j13 = − βS0, j15 = − βS0,

j17 = α, j21 = k,

j22 = − (ζ + µ), j23 = − βσQ0
1,

j25 = − βσQ0
1, j33 = − q1 − q2 − µ+ β(S0 + σQ0

1),

j35 = β(S0 + σQ0
1), j43 = q1,

j44 = − q3 − q4 − µ, j53 = q2,

j54 = q3, j55 = − (γ + δ + µ),

JJBM | Jambura J. Biomath Volume 4 | Issue 1 | June 2023
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j65 = γ, j66 = − (d+ η + µ),

j74 = q4, j76 = η,

j77 = − (α+ µ),

obtained seven eigenvalues, four negative eigenvalues: λ1 =
−k−ζ−µ, λ2 = −µ, λ3 = −α−µ, and λ4 = −d−η−µ, while
the other three eigenvalues are obtained by solving the following
equation.

λ3 + C1λ
2 + C2λ+ C3 = 0,

where

C1 = q1 + q2 + q3 + q4 + 2µ

+ (γ + δ + µ)
(
1− R0

(q1+q2+µ)(q3+q4+µ)
(q1q3+(q3+q4+µ)(q2+γ+δ+µ))

)
C2 = (q3 + q4 + µ)(γ + δ + µ)(

1− R0
(q1+q2+µ)(q2+q3+q4+γ+δ+2µ)
(q1q3+(q3+q4+µ)(q2+γ+δ+µ))

)
+ (q1 + q2 + µ)(q2 + q3 + q4 + γ + δ + 2µ)

C3 = (q1 + q2 + µ)(q3 + q4 + µ)(γ + δ + µ)(1− R0).

The Routh-Hurwitz stability criterion, as in [24], is also re-
quired because the analysis for determining the model’s stabil-
ity in this study is extremely complex if only eigenvalues are
used. The Routh-Hurwitz stability criterion, C1, C2, and C3 are
positeve, and C1C2 > C3 when R0 < 1, were found to be sat-
isfied by E1. The eigenvalues of the matrix J have real negative
parts with the conditionsR0 < 1 because each parameter is pos-
itive and meets the Routh-Hurwitz criteria. Therefore, E1 will be
unstable if R0 > 1 and local asymptotically stable if R0 < 1.

EEP Stability Analysis

Theorem 3. if R0 > 1, then EEP (E2) is locally asymptotically
stable.

Proof. Using the theorem in [25], endemic equilibrium point sta-
bility analysis was carried out. Choose β as the bifurcation pa-
rameter, then setting R0 = 1 gives

β = β∗

= µ(q1+q2+µ)(q3+q4+µ)(γ+δ+µ)(k+ζ+µ)
(Λ(q1q3+(q3+q4+µ)(q2+γ+δ+µ))(ζ+(ζ+µ(1−p))+pµσ)+kσ) .

Equilibrium point E1 has one zero eigenvalue at
R0 = 1. The zero eigenvalue has a left eigenvec-
tors (w1, w2, w3, w4, w5, w6, w7) and right eigenvectors
(v1, v2, v3, v4, v5, v6, v7) as follows.

w1 = q1q4αµ(ζ+µ)(k+ζ+µ)
µ2(k+ζ+µ)2(q3+q4+µ)(α+µ) +

αγηµ(ζ+µ)(k+ζ+µ)
µ2(k+ζ+µ)2(α+µ)(d+η+µ)

− βΛ((ζ+µ)(ζ+µ(1−p))+ζ(k+pµ)σ)(1+w5)
µ2(k+ζ+µ)2 ,

w2 = kµ(k+ζ+µ)w1−βσΛ(k+pµ)(1+w5)
µ(k+ζ+µ)(ζ+µ) ,

w3 = 1,

w4 = q1
q3+q4+µ ,

w5 = (q3+q4+µ)q2+q3q1
(γ+δ+mu)(q3+q4+µ) ,

w6 = γ((q3+q4+µ)q2+q3q1)
(γ+δ+µ)(q3+q4+µ)(d+η+µ) ,

w7 = w3(q1q3γη+q2γη(q3+q4+µ)+dq1q4(γ+δ+µ)+q1q4(γ+δ+µ)(η+µ))
(q3+q4+µ)(α+µ)(γ+δ+µ)(d+η+µ) ,

v1 = α+µ
α ,

v2 = (k+µ)(α+µ)
kα ,

v3 = βΛ((ζ+µ(1−p))v1+σ(k+pµ)v2)+µ(k+ζ+µ)((γ+δ+µ)v5−γv6)
βσ(ζ+µ(1−p)+pµσ+kσ) ,

v4 = q3v5+q4v7
q3+q4+µ ,

v5 = 1,

v6 = ηv7

d+η+µ ,

v7 = 1.

The second-order partial derivative of the function g, evaluated
at E1, can then be determined by selecting the function g, x1 =
S, x2 = Q1, x3 = A, x4 = Q2, x5 = I, x6 = M,x7 = R. So
that a and b are obtained as follows.

a = 2β(w3 + w5)(w1(v3 − v1)

+ w2σ(v3 − v2)),

b = 2(w3 + w5)((
Λ(ζ+µ(1−p))
µ(k+ζ+µ) )(v3 − v1)

+ (Λ(k+pµ)σ
µ(k+ζ+µ) )(v3 − v2)).

Since the coefficient b is positive and a > 0, if

(αµ)
(α+µ) >

βΛ((ζ+µ)(ζ+µ(1−p))+ζ(k+pµ)σ)(d+η+µ)
γη(ζ+µ)(k+ζ+µ) , and

(αµ)
(α+µ) >

βΛ((ζ+µ)(ζ+µ(1−p))+ζ(k+pµ)σ)(d+η+µ)
q1q4(ζ+µ)(k+ζ+µ) ,

(2)

so the following conclusions are established.

Theorem 4. The system of equation (1) undergoes backward
branching at R0 = 1 because of inequality (2) being fulfilled.

It should be noted that for cases where individuals who have re-
covered do not experience reinfection (α = 0), then w1 < 0 and
w2 < 0. So, the coefficient a becomes

a = 2β(w3 + w5)(w1(v3 − v1) + w2σ(v3 − v2)) < 0.

In other words, this study demonstrates that reinfection is the
cause of the backward bifurcation of the equations (1) system
because if a=0, the system will not undergo a backward bifurca-
tion. A transcritical bifurcation occurs atR0 = 1wheneverα = 0
because a < 0 and b > 0 at β = β∗. If R0 is greater than 1, then
EEP at α = 0 is locally asymptotically stable.

5. Sensitivity Analysis
This sensitivity analysis aims to ascertain how each param-

eter affects R0. It should be noted that this parameter has the
greatest impact when the sensitivity index value is higher. The
relationship between these parameters and the analyzed vari-
ables, specifically the basic reproduction number, is shown by
positive and negative signs. The analysis occurs when the con-
dition R0 > 1 indicates that Covid-19 has spread. A parameter
sensitivity analysis should be conducted to determine the steps
to stop the spread of Covid-19.

This research is a deterministic analysis of local stability, so
the sensitivity analysis is carried out by local analysis. However,

JJBM | Jambura J. Biomath Volume 4 | Issue 1 | June 2023
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Table 2. Estimated Parameters

Parameter Value Reference
Λ 1/(365× 65) Bugalia et al. (2020)[10]
p 0.5 Bugalia et al. (2020)[10]
β 0.3004 Bugalia et al. (2020)[10]
σ 0.5 Bugalia et al. (2020)[10]
µ 1/(365× 65) Bugalia et al. (2020)[10]
k 0.5 Bugalia et al. (2020)[10]
ζ 1/14 Bugalia et al. (2020)[10]
q1 0.2 Bugalia et al. (2020)[10]

Parameter Value Reference
q2 1/7 Bugalia et al. (2020)[10]
q3 0.2108 Bugalia et al. (2020)[10]
q4 0.08 Bugalia et al. (2020)[10]
δ 0.05 Bugalia et al. (2020)[10]
d 0.00145 Rai et al. (2020)[21]
γ 0.11 Bugalia et al. (2020)[10]
η 0.0917 Bugalia et al. (2020)[10]
α 0.05 Rai et al. (2020)[21]

Table 3. Sensitivity Index of each Parameter

Parameter Sensitivity Index Value Parameter Sensitivity Index Value
Λ 1 p 0
β 1 σ 0.78
µ -1.00031 k -0.0972
ζ 0.0972 q1 -0.2595
q2 -0.0976 q3 0.089
q4 -0.089 δ -0.2008
d 0 γ -0.442
η 0 α 0
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Figure 2. The relationship of σ = 0.25 to R0

the global analysis, including Latin Hypercube Sampling (LHS)
and Partial Rank Correlation Coefficient (PRCC), were beyond the
scope of this study.

The sensitivity index is calculated using partial derivatives,
as shown below:

ΥR0

ℓ =
∂R0

∂ℓ
× ℓ

R0
,

where the changing value of parameter ℓ affects the basic repro-
duction number R0 [26]. Table 2 shows the estimated parameter
values for Covid-19 cases in India. As an example, the sensitivity
index of R0 towards parameter σ, γ and α is

ΥR0
σ =

(∂R0)

∂σ
× σ

R0

= ((k+pµ)σ)
(ζ+µ+pµ(−1+σ)+kσ) = 0.78,

ΥR0
γ =

(∂R0)

∂γ
× γ

R0

= − γ(q1q3+q2(q3+q4+µ))
(γ+δ+µ)(q1q3+(q3+q4+µ)(q2+γ+δ+µ))

= − 0.442,

ΥR0
α =

(∂R0)

∂α
× α

R0
= 0

Table 3 is the result of the sensitivity value atR0. According
to Table 3, the parametersΛ, β, σ and µ have a significant impact
on R0. The fact that the sensitivity index displays a positive sign
indicates that an increase in the parameter will increase R0. On
the other hand, a negative sign on the sensitivity index indicates
that an increase in the parameter will decrease R0. For instance,
the sensitivity index of γ is = -0.442, indicating that increasing
the parameter value by 10% will decrease the R0 by 4.42%, and
vice versa. similar explanation for ΥR0

σ = 0.78 indicates that
increasing the parameter value by 10% will increase the R0 value
by 7.8%, and vice versa.

According to the sensitivity analysis, one of the parame-
ters most sensitive to changes in the basic reproduction number
is the scaling factor that describes lockdown effectiveness. The
Covid-19 transmission rate will decrease as the lockdown’s effec-
tiveness increases, lowering the value of the basic reproduction
number. As a result, the lockdown can be more effective at stop-
ping the spread of Covid-19.
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Figure 3. The relationship of σ to R0
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Figure 4. The relationship of σ to R0

6. Numerical Simulation
Numerical simulations are expected to provide an overview

of the influence of the spread of Covid-19. The calculation pro-
cess is carried out using Mathematica 11.2 with a long observa-
tion of up to 750 days. The proportion of the initial population
taken is as follows.

S(0) = 0.496, Q1(0) = 0.5,

A(0) = 0.0000023, Q2(0) = 0.00000058,

I(0) = 0.00000043, M(0) = 0.00000059,

R(0) = 0.00000041

A simulation involving varying the lockdown’s effectiveness will
be carried out to determine how the spread of Covid-19 is af-
fected by lockdown effectiveness (1− σ).
1. σ = 0.25
In this case, it describes the condition when the effective-
ness of the lockdown was 75%. In this case R0=0.843 with
the equilibrium point E1(0.125, 0.875, 0, 0, 0, 0, 0), it is ob-
tained that the behavior at this equilibrium point is asymp-
totically stable. Figure 2 shows the time series of impact of
σ = 0.25 on the value ofR0. It demonstrates that at t=300,
at a value of =0.25, the number of infected individuals will

begin to stabilize. This demonstrates that a lockdown with
a 75 percent success rate can stop the spread of Covid-19
and prevent reinfection.

2. σ = 0.5
In this case, it describes the condition when the effective-
ness of the lockdown was 50%. In this case, there are two
equilibrium points, namely E1(0.125, 0.875, 0, 0, 0, 0, 0)
which is unstable and

E2(0.091, 0.634, 0.000124, 0.000085,

0.000223, 0.00026, 0.00062),

is asymptotically stable, withR0=1.379. Figure 3 shows the
time series of the impact of σ = 0.5 on the value ofR0 which
demonstrates that if sigma= 0.5, the susceptible individual
(S)will be lower, and the infection rate will initially increase
before significantly decreasing, but the population will still
contain Covid-19-infected individuals. This indicates that a
50% effective lockdown can prevent reinfection; however, to
control the spread of Covid-19, the lockdown’s effectiveness
must be increased.

3. σ = 1
This case describes the conditions when the lockdown was
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not implemented. In this case, there are two equilibrium
points, namely E1(0.125, 0.875, 0, 0, 0, 0, 0) which is unsta-
ble and

E2(0.051, 0.357, 0.000267, 0.000184,

0.00048, 0.00057, 0.00133),

is asymptotically stable, with R0=2.4515. Figure 4 shows
the time series of the impact of σ = 1 on the value of R0

which describes that despite no lockdown, the infection rate
will decrease due to self-quarantine and medical isolation.
But at the time point t = 100, infected individuals will in-
crease again, then decrease significantly and start to stabi-
lize at t = 600. This increase is due to reinfection, so it is
necessary to implement a lockdown.

7. Conclusion
The SQ1AQ2IMRS model is used to modify the Covid-

19 transmission model in this study. This model considers the
individual’s reinfection and death while receiving medical atten-
tion. In this modified model, there are two equilibrium points: a
disease-free equilibrium point (DFE), which is locally asymptoti-
cally stable in conditions R0 < 1, and a disease-endemic equilib-
rium point (EEP), which is locally asymptotically stable in condi-
tionsR0 > 1. The sensitivity analysis parameter that significantly
impacts changes inR0 is the rate of disease transmission, the rate
at which new people are recruited, the efficiency of lockdowns,
and the rate of natural deaths.

Author Contributions. Nurul Qorima Putri: Conceptualization,
methodology, software, validation, formal analysis, investigation, re-
sources, data curation, writing—original draft preparation, writing—
review and editing, visualization, project administration, and funding
acquisition. Paian Sianturi: validation, formal analysis, and supervision.
Hadi Sumarno: validation, formal analysis, and supervision. All authors
have read and agreed to the published version of the manuscript.

Acknowledgement. The authors are grateful to the handling editor
and reviewers for their helpful comments and suggestions that have im-
proved the quality of the manuscript.

Funding. This research received no external funding.

Conflict of interest. The authors declare no conflict of interest.

Data availability. Not applicable.

Abbreviations.

DFE : Disease free equilibrium point
EEP : Endemic equilibrium point
Covid-19 : Coronavirus disease 2019

References
[1] R. Olum et al., “Coronavirus Disease-2019: Knowledge, Attitude,

and Practices of Health Care Workers at Makerere University Teach-
ing Hospitals, Uganda,” Frontiers in Public Health, vol. 8, 2020, DOI:
10.3389/fpubh.2020.00181

[2] M. Mandal et al., “A model based study on the dynamics of COVID-19: Pre-
diction and control,” Chaos, Solitons & Fractals, vol. 136, p. 109889, 2020.
DOI: 10.1016/j.chaos.2020.109889

[3] A. Alla Hamou, E. Azroul, and A. Lamrani Alaoui, “Fractional Model and Nu-
merical Algorithms for Predicting COVID-19 with Isolation and Quarantine
Strategies,” International Journal of Applied and Computational Mathematics,
vol. 7, no. 4, 2021. DOI: 10.1007/s40819-021-01086-3

[4] R. Musa, A. E. Ezugwu, and G. C. E. Mbah, “Assessment of the Im-
pacts of Pharmaceutical and Non-pharmaceutical Intervention on COVID-
19 in South Africa Using Mathematical Model,” Preprint: medRxiv, p.
2020.11.13.20231159, 2020. DOI: 10.1101/2020.11.13.20231159

[5] O. Odetunde, J. Lawal, and A. Y. Ayinla, “Role of reinfection in transmission
dynamics of COVID-19: A Semi-Analytical approach using Differential Trans-
form Method,” Malaysian Journal of Computing, vol. 6, no. 1, pp. 745–757,
2021. DOI: 10.24191/mjoc.v6i1.9814

[6] S. Sotoodeh Ghorbani et al., “Epidemiologic characteristics of cases with
reinfection, recurrence, and hospital readmission due to COVID-19: A sys-
tematic review and meta-analysis,” Journal of Medical Virology, vol. 94, no. 1,
pp. 44–53, 2022. DOI: 10.1002/jmv.27281

[7] T. L. Dao, V. T. Hoang, and P. Gautret, “Recurrence of SARS-CoV-2 viral RNA
in recovered COVID-19 patients: a narrative review,” European Journal of Clin-
ical Microbiology and Infectious Diseases, vol. 40, no. 1, pp. 13–25, 2021. DOI:
10.1007/s10096-020-04088-z

[8] Y. Gu, S. Ullah et al., “Mathematical modeling and stability analysis of
the COVID-19 with quarantine and isolation,” Results in Physics, vol. 34, p.
105284, 2022. DOI:10.1016/j.rinp.2022.105284

[9] S. Bugalia, J. P. Tripathi, and H. Wang, “Mathematical modeling of inter-
vention and low medical resource availability with delays: Applications to
COVID-19 outbreaks in Spain and Italy,” vol. 18, no. 5, pp. 5865–5920, 2021.
DOI:10.3934/mbe.2021295

[10] S. Bugalia et al., “Mathematical modeling of COVID-19 transmission: The
roles of intervention strategies and lockdown,” Mathematical Biosciences and
Engineering, vol. 17, no. 5, pp. 5961–5986, 2020. DOI: 10.3934/mbe.2020318

[11] WHO, “Coronavirus disease (COVID-19),” 2020. [Online], (Accessed 2021-11-
26).

[12] S. Khajanchi and K. Sarkar, “Forecasting the daily and cumulative number of
cases for the COVID-19 pandemic in India,” Chaos, vol. 30, no. 7, p. 71101,
2020. DOI: 10.1063/5.0016240

[13] M. Molefi et al., “The Impact of China’s Lockdown Policy on the Incidence
of COVID-19: An Interrupted Time Series Analysis,” BioMed Research Interna-
tional, vol. 2021, Article ID 9498029 , 2021. DOI: 10.1155/2021/9498029

[14] Y. Huang and R. Li, “The lockdown, mobility, and spatial health disparities in
COVID-19 pandemic: A case study of New York City,” Cities, vol. 122, Article
ID 103549 , 2022. DOI: 10.1016/j.cities.2021.103549

[15] C. N. Ngonghala et al., “Mathematical assessment of the impact of
non-pharmaceutical interventions on curtailing the 2019 novel Coron-
avirus,” Mathematical Biosciences, vol. 325, Article ID 108364 , 2020. DOI:
10.1016/j.mbs.2020.108364

[16] H. Andriani, “Effectiveness of Large-Scale Social Restrictions (PSBB) toward
the New Normal Era during COVID-19 Outbreak: a Mini Policy Review,” Jour-
nal of Indonesian Health Policy and Administration, vol. 5, no. 2, pp. 61–65,
2020. DOI: 10.7454/ihpa.v5i2.4001

[17] Y. Pujowati and A. Sufaidi, “The COVID-19 Pandemic: Analysis of Large-Scale
Social Restrictions (PSBB) Policies for the Community in Various Prevention
Efforts,” Jurnal Magister Administrasi Publik, vol. 4494, no. 2, pp. 102–111,
2021. DOI: https://dx.doi.org/10.31629/jmap.v1i2.3655

[18] C. M. Batistela et al., “SIRSi compartmental model for COVID-19 pandemic
with immunity loss,” Chaos, Solitons, & Fractals, vol. 142, Article ID 110388,
2021. DOI: 10.1016/j.chaos.2020.110388

[19] Tanvi, A. R., and A. Rajput, “Estimation of Transmission Dynamics of COVID-
19 in India: The Influential Saturated Incidence Rate,” Applications and Ap-
plied Mathematics-an International Journal, vol. 15, no. 2, pp. 1046–1071,
2020.

[20] J. K. K. Asamoah, Z. Jin, G.-Q. Sun, B. Seidu, E. Yankson, A. Abidemi, F. Oduro,
S. E. Moore, and E. Okyere, “Sensitivity assessment and optimal economic
evaluation of a new COVID-19 compartmental epidemic model with control
interventions,” Chaos, Solitons, & Fractals, vol. 146, Article ID 110885, 2021.
DOI: 10.1016/j.chaos.2021.110885

[21] R. K. Rai et al., “Impact of social media advertisements on the transmis-
sion dynamics of COVID-19 pandemic in India,” vol. 68, no. 1, 2021. DOI:
10.1007/s12190-021-01507-y

[22] P. Van Den Driessche and J. Watmough, “Reproduction numbers and sub-
threshold endemic equilibria for compartmental models of disease trans-
mission,” Mathematical Biosciences, vol. 180, no. 1-2, pp. 29–48, 2002. DOI:
10.1016/S0025-5564(02)00108-6

[23] H. Anton and C. Rorres, Elementary Linear Algebra: Applications Version, 11th

JJBM | Jambura J. Biomath Volume 4 | Issue 1 | June 2023

https://doi.org/10.3389/fpubh.2020.00181
https://doi.org/10.3389/fpubh.2020.00181
https://doi.org/10.3389/fpubh.2020.00181
https://doi.org/10.3389/fpubh.2020.00181
https://doi.org/10.1016/j.chaos.2020.109889
https://doi.org/10.1016/j.chaos.2020.109889
https://doi.org/10.1016/j.chaos.2020.109889
https://doi.org/10.1007/s40819-021-01086-3
https://doi.org/10.1007/s40819-021-01086-3
https://doi.org/10.1007/s40819-021-01086-3
https://doi.org/10.1007/s40819-021-01086-3
https://doi.org/10.1101/2020.11.13.20231159
https://doi.org/10.1101/2020.11.13.20231159
https://doi.org/10.1101/2020.11.13.20231159
https://doi.org/10.1101/2020.11.13.20231159
http://dx.doi.org/10.24191/mjoc.v6i1.9814
http://dx.doi.org/10.24191/mjoc.v6i1.9814
http://dx.doi.org/10.24191/mjoc.v6i1.9814
http://dx.doi.org/10.24191/mjoc.v6i1.9814
https://doi.org/10.1002/jmv.27281
https://doi.org/10.1002/jmv.27281
https://doi.org/10.1002/jmv.27281
https://doi.org/10.1002/jmv.27281
https://doi.org/10.1007/s10096-020-04088-z
https://doi.org/10.1007/s10096-020-04088-z
https://doi.org/10.1007/s10096-020-04088-z
https://doi.org/10.1007/s10096-020-04088-z
https://doi.org/10.1016/j.rinp.2022.105284
https://doi.org/10.1016/j.rinp.2022.105284
https://doi.org/10.1016/j.rinp.2022.105284
https://doi.org/10.3934/mbe.2021295
https://doi.org/10.3934/mbe.2021295
https://doi.org/10.3934/mbe.2021295
https://doi.org/10.3934/mbe.2021295
https://doi.org/10.3934/mbe.2020318
https://doi.org/10.3934/mbe.2020318
https://doi.org/10.3934/mbe.2020318
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub/q-a-detail/coronavirus-disease-covid-19
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/question-and-answers-hub/q-a-detail/coronavirus-disease-covid-19
https://doi.org/10.1063/5.0016240
https://doi.org/10.1063/5.0016240
https://doi.org/10.1063/5.0016240
https://doi.org/10.1155/2021/9498029
https://doi.org/10.1155/2021/9498029
https://doi.org/10.1155/2021/9498029
https://doi.org/10.1016/j.cities.2021.103549
https://doi.org/10.1016/j.cities.2021.103549
https://doi.org/10.1016/j.cities.2021.103549
https://doi.org/10.1016/j.mbs.2020.108364
https://doi.org/10.1016/j.mbs.2020.108364
https://doi.org/10.1016/j.mbs.2020.108364
https://doi.org/10.1016/j.mbs.2020.108364
http://dx.doi.org/10.7454/ihpa.v5i2.4001
http://dx.doi.org/10.7454/ihpa.v5i2.4001
http://dx.doi.org/10.7454/ihpa.v5i2.4001
http://dx.doi.org/10.7454/ihpa.v5i2.4001
https://doi.org/10.31629/jmap.v1i2.3655
https://doi.org/10.31629/jmap.v1i2.3655
https://doi.org/10.31629/jmap.v1i2.3655
https://doi.org/10.31629/jmap.v1i2.3655
https://doi.org/10.1016/j.chaos.2020.110388
https://doi.org/10.1016/j.chaos.2020.110388
https://doi.org/10.1016/j.chaos.2020.110388
https://digitalcommons.pvamu.edu/aam/vol15/iss2/21
https://digitalcommons.pvamu.edu/aam/vol15/iss2/21
https://digitalcommons.pvamu.edu/aam/vol15/iss2/21
https://digitalcommons.pvamu.edu/aam/vol15/iss2/21
https://doi.org/10.1016/j.chaos.2021.110885
https://doi.org/10.1016/j.chaos.2021.110885
https://doi.org/10.1016/j.chaos.2021.110885
https://doi.org/10.1016/j.chaos.2021.110885
https://doi.org/10.1016/j.chaos.2021.110885
https://doi.org/10.1007/s12190-021-01507-y
https://doi.org/10.1007/s12190-021-01507-y
https://doi.org/10.1007/s12190-021-01507-y
https://doi.org/10.1016/S0025-5564(02)00108-6
https://doi.org/10.1016/S0025-5564(02)00108-6
https://doi.org/10.1016/S0025-5564(02)00108-6
https://doi.org/10.1016/S0025-5564(02)00108-6
https://www.wiley.com/en-ca/Elementary+Linear+Algebra%3A+Applications+Version%2C+11th+Edition-p-9781118878767
https://www.wiley.com/en-ca/Elementary+Linear+Algebra%3A+Applications+Version%2C+11th+Edition-p-9781118878767


N. Q. Putri, P. Sianturi, and H. Sumarno – Mathematical model of Dynamics of Covid-19 Transmission… 22

Edition. John Wiley & Sons Incorporated, 2013. ISBN: 9781118878767
[24] [1] L. Edelstein-Keshet, Mathematical Models in Biology. Society for In-

dustrial and Applied Mathematics, 2005. ISBN: 9780898715545. DOI:
10.1137/1.9780898719147

[25] C. Castillo-Chavez and B. Song, “Dynamical Models of Tuberculosis and Their
Applications,”Mathematical Biosciences and Engineering, vol. 1, no. 2, pp. 361–

404, 2004, DOI: 10.3934/mbe.2004.1.361

[26] N. D. Ugochukwu, G. C. E. Mbah, and S. Samuel, “Mathematical Model On
The Control Level Of Corona Virus Disease 2019 ( COVID-19 ) In Nigeria ,
Considering Some Preventive Measures,” International Journal of Innovative
Research and Advanced Studies, vol. 7, no. 6, pp. 314–320, 2020.

JJBM | Jambura J. Biomath Volume 4 | Issue 1 | June 2023

https://www.wiley.com/en-ca/Elementary+Linear+Algebra%3A+Applications+Version%2C+11th+Edition-p-9781118878767
https://www.wiley.com/en-ca/Elementary+Linear+Algebra%3A+Applications+Version%2C+11th+Edition-p-9781118878767
https://doi.org/10.1137/1.9780898719147
https://doi.org/10.1137/1.9780898719147
https://doi.org/10.1137/1.9780898719147
https://doi.org/10.3934/mbe.2004.1.361
https://doi.org/10.3934/mbe.2004.1.361
https://doi.org/10.3934/mbe.2004.1.361
https://www.ijiras.com/2020/Vol_7-Issue_6/paper_45.pdf
https://www.ijiras.com/2020/Vol_7-Issue_6/paper_45.pdf
https://www.ijiras.com/2020/Vol_7-Issue_6/paper_45.pdf
https://www.ijiras.com/2020/Vol_7-Issue_6/paper_45.pdf

	Introduction
	Methods
	Results and Discussion
	Non-Negativity and Boundedness of the Solution for the Model (1)
	Equilibrium Point
	Basic Reproduction number

	Stability Analysis
	Sensitivity Analysis
	 Numerical Simulation
	Conclusion

