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Abstract

When a pandemic occurs, it can cost fatal damages to human life. Therefore, it is important to under-
stand the dynamics of a global pandemic in order to find a way of prevention. This paper contains an empirical
study regarding the dynamics of the current COVID-19 pandemic. We have formulated a dynamic model of
COVID-19 pandemic by subdividing the total population into six different classes namely susceptible, asymp-
tomatic, infected, recovered, quarantined, and vaccinated. The basic reproduction number corresponding to
our model has been determined. Moreover, sensitivity analysis has been conducted to find the most impor-
tant parameters which can be crucial in preventing the outbreak. Numerical simulations have been made to
visualize the movement of population in different classes and specifically to see the effect of quarantine and
vaccination processes. The findings from our model reveal that both vaccination and quarantine are impor-
tant to curtail the spread of COVID-19 pandemic. The present study can be effective in public health sectors
for minimizing the burden of any pandemic.

Keywords: Mathematical model, Basic reproduction number, COVID-19 pandemic, Quarantine,
Vaccination.
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1. Introduction

Infectious diseases are mainly caused by many pathogenic micro-organisms like bac-
teria, viruses, fungi, and parasites. These types of pathogens seem to find a host body for
the availability of their food and grow quickly. The host body keeps fighting against them
but once the system is compromised, the pathogen overwhelms the host body and causes
infections [1]. Once the host body gets infected, it shows up different sorts of symptoms of
several diseases. Fever, coughing, rashes, muscle pain, fatigue, and diarrhoeal disease are
the most common indications of infectious diseases. Such diseases can also be transmitted
from one human body to another. The most common ways of transmissions are: through
contact, sprays, splashes, inhalation, and sharps injuries [2].
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The most recent outbreak of COVID-19 (SARS-CoV-2) has taken nearly 4.6+ million
lives and due to this, nearly 223+ million people around the globe got infected [3]. There-
fore, understanding the dynamics of an infectious disease, such as COVID-19 pandemic,
is very important as it may lead to find the solutions to defend the adverse situation.
Mathematical modelling has been proven as an important tool to analyze the dynamics
of infectious diseases. This paper aims to form a model through which the dynamics of
COVID-19 pandemic can be explained.

To describe the situation of infectious diseases, researchers have already used several
mathematical modelling approaches. A study estimates the clinical severity of COVID-19
pandemic based on the transmission process [4]. It is found that fractional derivative
can be a powerful tool to define the transmission with a global nature [5] whereas fractal-
fractional-ABC derivatives can supply novel parameters to control a disease [6]. Moreover,
Laplace Adomian decomposition is an alternative way to derive an approximate explana-
tion for the global infectious diseases like COVID-19 [7]. A model evaluated the impact
of dynamic isolation and screening program on the epidemic of COVID-19 spread [8]. A
modeling study found that with complete lockdown, the spread of COVID-19 will disap-
pear, otherwise the disease will persist [9]. Another study noted that non pharmaceutical
interventions have impacts on COVID-19 [10]. A model described how isolation and
quarantine of asymptomatic people can control the spread [11]. It has been revealed that
protection, death, exposure, and cure rates have impacts on the total population involv-
ing immigration with time [12]. A model investigated the human to human transmission
and revealed that restriction along with testing and quarantine can decrease infected class
[13]. Universal face masks at moderate level could stop post-lockdown reappearance and
avert the next wave of COVID-19 pandemic [14]. Media awareness can also help pre-
venting the spread of COVID-19 [15]. Media coverage along with non pharmaceutical
interventions applied at right timings can stop the outbreak of COVID-19 [16] whereas
delay in diagnosis can not eliminate the disease [17]. Environment can also work as a
reservoir of COVID-19 and is able to spread the virus [18]. Models on vaccination show
that vaccination can reduce infections [19, 20, 21]. Moreover, vaccinating a group with a
certain priority will effectively eliminate the infectious diseases [22].

In this research, we aim to study the impact of quarantine and vaccination. The main
goal of this study is to understand how vaccination coverage as well as quarantine process
can be effective to control the COVID-19 pandemic. The paper is organized as follows: in
Section 2, we present the formulation of our model. Section 3 represents the findings of
our study. In Section 4, a brief discussion regarding the simulations of our model has been
given and in Section 5, the important conclusions of our research have been highlighted.

2. Materials and methods

2.1. Mathematical model

Our model is conceptually a modified form of the traditional SIR model [23]. The
interactions between the compartments are based on some assumptions. We have divided
the population into six possible classes: susceptible (S), asymptomatic (A), infected (I), re-
covered (R), quarantined (Q), and vaccinated (V). We consider that susceptible population
become infectious by coming contact with asymptomatic and infected individuals. Again,
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we have assumed that susceptibles are attaining self-quarantine or being quarantined by
the rules imposed on them and asymptomatic population are also being quarantined. Re-
covery comes from both asymptomatic and infected compartments. The vaccination cam-
paign is conducted only with the susceptibles. Recovered class can lose their immunity
and vaccinated class can become asymptomatic due to the failure of vaccines. Based on
all these assumptions, we can formulate our model (Figure 1) as follows:

S=(-BA—-opfl—w—02)S+0:Q+YR
A= (X —qi+BS— o) A+ oqpSI+oV+qeQ

[=—M4+wI+0Q+ A @.1)
R=—yR+MI+1A ’

Q:(—el—e—qQ)Q-i-ChA—i-ezS
V=wS—oV

Figure 1: Diagram of model (2.1)

The term BSA indicates that susceptibles are becoming asymptomatic when they inter-
act or come contact with the asymptomatic individuals. Asymptomatic population recover
after a certain period at a rate A or they may get infected by the disease after an incubation
period with a rate «y. Some of the infected individuals are facing death as an impact of
the disease at a rate p. Infected population are getting recovered with A; rate. As we have
considered the decline of immunity in our assumptions, some recovered population are
going back to the susceptible class at a rate y. Susceptibles are attaining self-quarantine
or they are being quarantined due to some rules imposed on them. The rate at which
susceptibles are being quarantined is 0,. Asymptomatic population are also being quar-
antined at a rate q;. Quarantined population can also rejoin the susceptible class and
asymptomatic class with rates 0; and q; respectively. Another portion from quarantined
class can show some symptoms of the disease and get infected at a rate 0. Susceptibles
are getting vaccinated at a rate w. Vaccinated individuals can also become asymptomatic
at a rate 0. Since we have considered a short time scale, we have neglected natural birth
and death rates in our model.
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2.1.1. Basic reproduction number for model (2.1)

It is important to determine the basic reproduction number (Ry) of a model. It can be
interpreted as the number of secondary infections resulting from a single primary infection
[24]. When Ry > 1, it is an indication that the infectious disease is going to sustain in the
community. On the other hand, the disease will die out when Ry < 1.

The next generation matrix method has been used to find the basic reproduction num-
ber. Firstly, we have considered two groups G; : asymptomatic, infected, and quarantined;
and secondly, G, : susceptible, recovered, and vaccinated. Therefore, the infected block
can be explained as:

M —q1+BS—ar PSS qz
M = x —(A1+ 1) 0
q1 0 —(01 +6+q2)

M can be decomposed in F and V, where M = F — V. Hence, we get

BS oyBS O
F=10 0 0
0 0 0
and
o+ A+ qp 0 —q2
V= —ag M+ —0
—(1 0 01 +6+q2

We obtain Ry by determining the eigenvalue of the matrix 3V~ as follows:

SBCZ SBO£1C5
Ro = —+
c1tcac3  caleq +cacs)
where
1 =—q1q2, 2 =0+ q2+061, c3 =q1+oa+A, ca = H+A;, c5 = 0d1+ 00 + ooy +
a01. Using the parameter values given in Table 1, the value of Ry is 1.9.

2.1.2. Initial values

For the numerical simulations of model (2.1), we set S(0) = 9003322 [15], A(0) = 500,
[(0) =30 [15], R(0) =2, Q(0) =200, and V(0) = 0. Therefore, the initial total population
is N(0) = 9004054. Besides initial values of the state variables, a proper simulation also
depends on the values of the parameters. The parameter values of our model have been
given in Table 1.

2.1.3. Sensitivity analysis for model (2.1)

Sensitivity analysis provides information about the crucial parameters of a mathemat-
ical model [25]. This tool is highly appreciated in research areas where researchers are
willing to simulate their model to show how the situation may behave based on different
parameters. Sensitivity analysis of the parameters which are included in the equation of
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Table 1: Parameter values.

Parameter  Description Value Source

B Transmission rate 3.112e-8 [15]

1 Proportion at which susceptibles are getting infected 0.16 [11]

o Rate at which asymptomatic population become infected 1/10 [18] Incubation (2-14 days)
A1 Recovery rate of asymptomatic 1/14 [8, 17]
A2 Recovery rate of infected 1/14 [8, 171

Y Rate from recovered to susceptible (immunity losing rate) 0.0003 [12]

0 Rate at which quarantined population are getting infected 3.2084e-4  [13]

01 Rate from quarantined to susceptible 1/14 Assumed
[S23 Rate from susceptible to quarantined 2/1000 Assumed
q1 Rate from asymptomatic to quarantined 0.001 Assumed
q2 Rate from quarantined to asymptomatic 0.005 Assumed
o Rate from vaccinated to asymptomatic (failure rate of vaccination)  0.002 Assumed
w Rate from susceptible to vaccinated (vaccination rate) 0.0005 Assumed
n Death rate due to disease 0.0209 Assumed

Table 2: Sensitivity analysis for model (2.1)
Parameter  Sensitivity index

B 1
a2 +3.84e-4
0: —4.15e-4
0 +3.07e-5
o —0.42
A2 —0.41
a1 —0.03
ot +0.15
n —0.33
A —0.12

basic reproduction number Ry has been conducted. It is expected that the sensitivity in-
dices should vary from —1 to +1. To find the sensitivity index of any parameter p, we

oR . . .
have used the formula a—ORE After doing all the necessary calculations, we obtain the
P Ko
sensitivity of the parameters which has been given in Table 2. From sensitivity analysis, it
is clear that the most sensitive parameter is the transmission rate 3 since it is with highest

positive value.

2.2. Mathematical model without vaccinated class

In this subsection, we aim to see the effects of quarantine policy in absence of vaccina-
tion. Therefore, we have excluded the vaccinated compartment from model (2.1). Finally,
the modified form of model (2.1) is as follows:

S=(—BA—x1BI—02)S+6:Q+VR

A= (—)\z—ql+|35—0(2)A+0(1[351+q2Q

— M+ I+0Q+ xA (2.2)
—YR+AMI+ A

(=01 —0—q2) Q+ q1A + 628

i
R
Q
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2.2.1. Basic reproduction number for model (2.2)

For model (2.2), we denote the corresponding basic reproduction number by Ry. Since
the dynamic patterns of A, I and Q are same both in models (2.1) and (2.2), the infected
blocks for both models will be similar which suggests that Rj will be equal to Ry. That
means, Rj = 1.9.

2.2.2. Sensitivity analysis for model (2.2)

Since Rg = Ry, the parameters that are involved in model (2.2) must have the same
sensitivity indices as we have seen for model (2.1). Therefore, it is easy to demonstrate
that for model (2.2), transmission rate 3 is responsible for the spread of the disease since
it has the highest positive sensitivity index (Table 2). Besides 3, the quarantine related
parameters with positive sensitivity indices are q, and 6 whereas the parameters with
negative indices (related to quarantine) are 0, and q;. Therefore, in order to control the
COVID-19 pandemic in absence of vaccination process, the rates 3, qp; and 6 need to be
decreased and the rates 61 and q; should be increased.

2.3. Mathematical model without quarantined class

This subsection deals with a modified form of model (2.1) by excluding the quaran-
tined class. We aim to see the disease behaviour in absence of quarantine policy. Thus,
the new model takes the following formation:

S=(—BA—xBI—w)S+vYR

A=(—M+PBS—0)A+BSI+ oV

= — M+ I+ A (2.3)
R:—‘}/R+}\1I+7\2A
V=wS—oV

2.3.1. Basic reproduction number for model (2.3)
Let the basic reproduction number for model (2.3) is Ry. The corresponding infected
block for model (2.3) is as follows:

M, — <—7\2+BS—O(2 xS )

o0 —(A+n)
Therefore,
- BS X1 BS
=5 %)

and

V. — A2+ o 0

Vo Mt
Finally,
v BS BSo o

- +
O 7 o+ A (o4 M)+ Ap)

Using the values of the parameters from Table 1, we obtain Ry = 1.92.
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Table 3: Sensitivity analysis for model (2.3)
Parameter  Sensitivity index

B +1

X2 —0.44
A> —0.42
x1 +0.15
" —0.03
A —0.12

2.3.2. Sensitivity analysis for model (2.3)

The sensitivity of Ry has been performed and the sensitivity indices have been given in
Table 3 from where we observe that the parameters 3 and «; are with positive sensitivity
values (need to decrease) and the parameters «y, A1 and A, are with negative sensitivity
values (need to increase).

3. Results
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Figure 2: Simulation of model (2.1).

3.1. Observations from model (2.1)

Figure 2 represents the numerical simulation of model (2.1). Findings from this sim-
ulation confirm that importance should be given on both vaccination and quarantine pro-
cesses. It is observed that if quarantine process continues along with vaccination, the
progression of asymptomatic and infected classes will go nearly to zero after 150 days.
For such scenario, 4% of the population will be vaccinated and nearly 0.7% of the popu-
lation will be in quarantine at 300 days. Figure 3 shows the possible scenario regarding
the infection. It is observed from Figure 3(a) that with the increase of transmission rate,



D.A. Reza, M.N. Billah, S.S. Shanta / Effect of quarantine and vaccination ... 84

(a (b) (©
x10° I x10° I I
15 8
—f} = 4e-8 . — o = 0.0005 —c = 0.02
----- B=3.112¢-8 6 nunni=0.001 enn g =0.002
= B=2e8 = @ =0.005 = o =10.0002
@ 3 <L
o1 24 g
< & <
] = ]
= = -
2
- 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300 100 150 200 250 300
Time (days) Time (days) Time (days)

Figure 3: Simulation of model (2.1) representing infected class (a) as transmission rate varies, (b) as vacci-
nation rate varies, (c) as failure rate of vaccination varies.
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Figure 4: Simulation of model (2.2).

infected peak will increase and appear earlier. On the other hand, infected peak will de-
crease with an augmentation of vaccination rate (Figure 3(b)). From Figure 3(c), it is also
understood that infection can be reduced with lower failure rate of vaccination.

3.2. Observations from model (2.2)

Simulation of model (2.2) shows that in absence of vaccination process, around 0.8
million people will become infected at the pandemic peak with 0.9 million asymptomatic
cases (Figure 4). Moreover, susceptible curve is observed to take an upturn after 120 days
which is an initial indication of the next wave of the pandemic.

3.3. Observations from model (2.3)

From Figure 5, we see the results obtained by simulating the model (2.3). If there
is no quarantine policy, then according to the simulation, around 1 million population
will be asymptomatic and nearly 0.8 million population will be infected at the peak of
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Figure 5: Simulation of model (2.3).

pandemic. In order to force the progression at low level, nearly 4% of the population
should be vaccinated within 300 days.

4. Discussion

In this study, an analysis has been conducted based on the traditional SIR type model
with extra compartments namely vaccination and quarantine processes. The total popu-
lation have been divided into six different classes. The main goal of this research is to
describe the importance of vaccination and quarantine processes to control the spread of
COVID-19 pandemic. We have determined the basic reproduction number which is greater
than 1. Moreover, sensitivity analysis gives the idea about the control parameters of our
model. From sensitivity analysis, it is understood that transmission parameter plays a cru-
cial role for spreading the virus. Therefore, to study any epidemic or pandemic situation,
care should be given on the transmission rate. If measures can be taken to slow down
the transmission rate, it will be possible to control the spread of the disease. Even a small
decline of the transmission rate brings a reasonable change in the number of infected pop-
ulation. According to our model, both quarantine and vaccination are important during
a disease period. In absence of vaccination, quarantine process can be a tool to curb the
progression of the pandemic whereas the coverage of vaccines can control the spread of
the virus. Infection will drop down to the low level with higher vaccination rate. However,
infection is about to increase due to the failure rate of vaccination. This observation draws
attention to assure the quality and effectiveness of the vaccines to control the pandemic.
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5. Conclusions

In this study, a general model has been proposed to study the dynamics of COVID-19
pandemic and to show the impact of quarantine and vaccination in controlling the spread
of the disease. The model shows that the spread of the pandemic can be controlled by vac-
cinating around 4% of the total population over ten months period. Besides vaccination,
quarantine is an option to curtail the pandemic. Comparisons have been made to investi-
gate the outcomes of the proposed model by subdividing the model into two new models
so that the effects of vaccination in absence of quarantine and the effects of quarantine
in absence of vaccination can easily be identified. Such two models revealed that both
quarantine and vaccination play important roles in reducing the community transmission
of COVID-19 pandemic. Finally, the present model has successfully highlighted the im-
pacts of the possible factors to bring up control over the pandemic situation. The model
emphasizes on the facts of quarantine and vaccination processes to minimize the disease
burden and possibly shows a path to eradicate the disease from communities. Attention
should be drawn both on quarantine and vaccination processes because it is challenging to
vaccinate the entire susceptible class within a very short period. A successful vaccination
campaign is a time consuming process. This process includes the production of a vaccine,
usability, and analysis of the possible side effects. The willingness of individuals to get
vaccinated is another issue at the beginning of the vaccination campaign. To control the
spread of the disease, quarantine is an effective way besides vaccination. When a proper
vaccination campaign starts to take place, quarantine process should also be going on to
control the spread. Thus, in the current COVID-19 situation, our present model could be
informative to draw reasonable conclusions.
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ware, Validation & Formal Analysis, D.A.R. & S.S.S.; Investigation, S.S.S.; Writing-Original
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