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The last three years have been the most challenging for humanity due to the COVID-19 pandemic.
The novel viral infection has eventually been able to infect most of the human population. It is
now considered to be in the endemic stage, meaning it will remain in our world throughout our
lifetime. There will be an intermittent outbreak of the COVID infection from time to time. There-
fore, it is necessary to formulate a robust Mathematical model to study the dynamics of disease
to have a control mechanism in place. In this article, we suggest a modified MSEIR model to
explain the dynamics of COVID-19 infection. We assume that a susceptible person contracting
the coronavirus develops a transient immunity to the illness. Further, infectives comprise asymp-
tomatic, symptomatic, hospitalized and quarantined individuals. We assume that the incidence
rate is of standard type, and susceptible can only become infective if they come in contact with
either asymptomatic or symptomatic individuals. This basic and simple model effectively models
the various waves every country has seen during the Pandemic. The simple analysis shows that
the model could suggest various waves in future if we carefully select the incidence rate for the
infection. In summary, we have discussed the following major points in this article.

* We have analysed for local behavior infection-free equilibrium solution. Further, a thorough
numerical exploration with various parameter settings has been performed to obtain the dif-
ferent cases of infection dynamics of the coronavirus epidemic.

» We have found some interesting scenarios which explain the emergence of multiple waves
observed in many countries.
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Method details

Controlling the COVID-19 Pandemic has been a very challenging task since the year 2020 began. It is well known that to contain
this pandemic, it is essential to recognize asymptomatic individuals and take appropriate steps to limit their contact with susceptible
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Table 1
Table of state variables or compartment of model.
State Variables Population Class
M Population with Active Immunity
S Population without Immunity
I, Asymptomatic Population
I, Symptomatic Population
H Hospitalized Population
o Home Quarantined
R Recovered Population

individuals. COVID-19 causes severe acute respiratory syndrome, whose causative agent is a novel virus known as a coronavirus.
The virus is, therefore, also known as SARS-CoV-2 [1]. Generally, most of the diseases caused by the human coronavirus are mild.
However, the epidemics due to two beta coronaviruses, namely SARS-CoV(severe acute respiratory syndrome coronavirus) [2-4] and
MERS-CoV(Middle East respiratory syndrome coronavirus) [5-7], were somewhat lethal as they had a mortality rate of 10% and
37%, respectively. In comparison, for COVID-19 infection, the fatality rate is not as high as in other epidemics, as almost 75% of
the infected individuals recover without any medication [8,9]. Also, most infected individuals do not exhibit any disease symptoms;
hence they are not treated [10,11]. However, in acute cases, the recovery is difficult and may cause hospitalization; consequently, it
takes 21 to 42 days to recover from the infection altogether [12].

To forecast and simulate future strategies, a mathematical model is one of the best techniques that governments and policymakers
can utilize it. Mathematical model can also be used to optimize the financial and hospital resources to effectively control epidemics. A
technique so-called compartmental technique in mathematical modeling are crucial mathematical tools in understanding the dynam-
ics of epidemics. In studying these dynamics, some model parameters, such as incidence rate, mortality rate, reproduction number,
infectious periods, etc., play an important role. Furthermore, using such models makes it possible to determine the so-called basic
reproduction number R,. This number may change once the disease invades the population, and the time-dependent reproduction
number R, can also be determined using these compartmental models. The time-dependent reproduction number is crucial in deter-
mining any epidemic’s long-term progression.

The conventional Susceptible-Infected-Removed or simply an SIR model and its variations, including Susceptible-Exposed-Infected-
Recovered-Susceptible (SEIRS), Passively Immune SEIR (MSEIR) and many more, have been widely used in the literature for epidemic
modeling and prediction of disease dynamics in the past [13-15]. The conventional SIR model, put forth by Kermack-McKendrick
[16], comprises a set of differential equations that use the S, I, and R compartments to describe the behavior and progression of the
pandemic over some time. It has been widely used to simulate the dynamics of the infected class of individuals in the epidemics of
some well-known diseases in the past. A few are the epidemics such as SARS or severe acute respiratory syndrome, MERS or middle
east respiratory syndrome, influenza A etc. [17-22]. The SIR framework permits a one-way transition from infectious to susceptible.
This makes sense for an infectious condition that spreads from person to person, and the recovery creates a long-lasting resistance
[23]. The COVID-19 pandemic has recently been modelled using the SIR model and its variations [24-31].

In this article, we aim to develop a simple, yet effective model based on the MSEIR model to account for the various waves of
infection that have evolved over the past two years.

Model description

We consider the human population with the total population of N. The per-capita growth of each individual is assumed to be same
and equal to u. This assumption will lead to a constant population throughout the epidemics for a shorter time. However, we can
relax this condition for some advance and future study. The population is subdivided into seven classes of individuals. Class M are
the individuals having active immunity, and mostly consists of the newborn who got active immunity from their mother after birth.
Second class of individuals, .S are those who have lost immunity towards the disease after a certain time. We assume that whenever
the individual in the compartment I;, I,, O, H or R are born, they will have some kind of active immunity in them due to their
mother and hence newborn will be added to class M. However, when an individual in the .S compartment is born, they will not have
immunity and hence they will remain in .S compartment. We consider the infected individuals who got infected with COVID-19 into
two subclasses namely the asymptomatic individuals 7, and symptomatic individuals I,. Individuals S are uninfected individuals who
can become infected when they come in contact with either I, or I,. Since COVID-19 infections have proven to be somewhat lethal,
we consider that the infected individual can either be hospitalized once their condition deteriorates or be home quarantined in case
of mild symptoms. We further assume that the various class of infected individuals; namely, the asymptomatic, home quarantined
and hospitalized individuals, will recover from infection after a certain time and will go to compartment R which is known as the
recovered class individuals. Out of the total symptomatic individuals, we assume that a p, fraction of them will get hospitalized and
consequently go to the H compartment if their health deteriorates. Rest 1 — p, fraction will home quarantine themselves till they
completely recover from the disease. The Graphical abstract gives the various compartment and the movement of an individual within
the compartment. The state variables and parameters of the model are given in Table 1 and Table 2, respectively.
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Table 2

Descriptions of the model parameters.
Parameters Descriptions
u Per-Capita Birth rate of Population
d Per-Capita Death rate of Population
p Rate of Infection
) Rate of Transfer of Individual from M class to S class
53 Rate of Transfer of Individual from I, class
I Rate of Transfer of Individual from R class to S class
71 Recovery Rate of Symptomatic Individual
7, Recovery Rate from Hospitalization
73 Recovery Rate from of home Quarantined Individual
12 Fraction of Infected Individual who are Asymptomatic
Py Fraction of Symptomatic Individual going for Hospitalization

With all the assumptions, we have the following coupled differential equation model, which describes the dynamics of COVID-19.

% =u(N-S)—86,M—dM
ds pS(1, + 1)
a2 _ M-— 2 R
= uS+ > ds + 6,
dl; P1ﬂ5(11+12)
e L 2 ¢
dt N
dr, (1-p))pS(1; + 1)
2o VL Y siL—d,
dt N
dH
d_ = p25312 —]/ZH —dH
t
d0
a = (1 —P2)5312—73Q—dQ
dR
E:lel+y2H+y3Q—63R—dR (1)

All parameters assume to be non-negative, and the system has the initial conditions as follows:

M(0) > 0,5(0) >0 I,(0) >0,
1,(0) > 0H(0) > 0,0(0) > 0, R(0) 2)

Qualitative analysis
In this section, we present some important results for the model, which gives some basic qualitative features of the underlying
model. For this, we take 4 = d and assume that the initial data satisfy U(0) > 0, where
Uum = (M@, SO, 1,0, L), H®, 01, R())

then, we can state following results for the system (1) which confirms that the model system has unique solution, solutions are
positively invariant, and solutions are bounded in the solution space.

Theorem 1. Suppose the right side of the system (1) is f = [f}, f2. f3, f4- f5, f6» f7], then the system (1) has unique solution in the domain
Q CRsince f € Clin Q.

Theorem 2. The initial conditions of the system (1) ensure that N(t) > 0, where N(t) = M (1) + S+ I,(t) + L,(H) + H(t) + O(t) + R(1).
Thus, the total human population is positive and bounded for all finite time t.

Theorem 3. The system (1) has the bounded solution in the domain Q given by

Q={U®: 0<U®W < NO)}

Local behavior of solution

In this section, we present the local behavior of the solution under the assumption that 4 = d which permits the equilibrium
points of the system. The system (1) has two types of equilibrium points, namely:

1. The disease-free equilibrium state J, = (0, N, 0, 0,0,0,0)
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2. the infected equilibrium state J* = (M*, S*, I}, I;, H*, 0%, RY)

where N is the total population which is constant for 4 = d. The Jacobian Matrix evaluated at J; is

[—d -5, -d 0 0 0 0 0
5 0 -8 -8 0 0 8y
0 0 —d+pf-n P 0 0 0
0 0 (1-p1)p —d+(1-p)B-35; 0 0 0
0 0 P263 —d -7, 0 0
0 0 0 (1-p,)35 0 —d — 73 0
| O 0 " 0 ¥ 73 —d =&, |

The characteristic equation for the Jacobian Matrix is given by |J, — A I| = 0 which is
GAt+d)(A+8)(A+d+8,)(A+d+n)(A+d+7) (A2 +1C +C) =0
The eigenvalues of J, are —d, ,,—d — 6,,—d — y,, —d — y; and other two determined from the quadratic
P+21C+C=0
where

Ci=—f +y; +2d+56;

Cy==fyi+r 6+d>—pd+y d+65d+py p—F 6 p.
Hence the conditions for local stability conditions for J,, are given by the following theorem.
Theorem 4. The system (1) has disease-free equilibrium point J,,, which is stable if any one of the conditions is satisfied

S10<f<d

$2d<f <y+d. 5<p —d. “"“53;";*_’;’;” 4% < p <1
S3d<p <y;+d, 65=0 —d

S4d<p <b3+d,y; <B —d, 0<p, < ﬁ"‘”“ﬁ";{’;g” d-d &
S5d<f{y +d,6)p —d

For the endemic equilibrium point, the complexity of the model does not allow us to do a local stability analysis of the model.
Hence, we leave this analysis to a future study. We now perform a exhaustive numerical long-term dynamic simulations of the model
for various case study.

Numerical simulation with case studies

In order to have a more general model, we allow the incidence rate coefficient  to vary with respect to time to account for the
variable transmission rate of the disease. We, therefore, assume that g = () .

The more logical assumption for this type of function is a periodic function which also accounts for seasonal variation in the
infectivity of the virus due to some natural factors. We also generalize model (1) with the introduction of some more parameters into
the system to get the following set of dynamic equations as follows.

‘ij—nf:y(N—S)—élM—dM

%:wwm-mﬂ—mmm

%=w—7111—d11 oy I = &1,

‘Z_Itz = —(l_p')ﬂ]‘f]([ﬁm —83,—d I~ o0y I, + 5,1

% =py03l, —y,H—dH — o3 H

% =(1-py)83L, -0 -dQ -0, Q

% =0, +7,H + 7,0 — 6,R— dR ©)

Here the newly introduced parameters o,, 6,, 65 and o, are extra death rates due to COVID infection in asymptomatic, symptomatic,
hospitalized and home quarantined individuals, respectively. These assumptions are well in line with the actual scenario where
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Fig. 1. Plot showing population of individuals in various compartment for Case 1.

we have observed that death varies among different classes of individuals. Moreover, we assume that there could be a transfer of
individuals from asymptomatic to symptomatic class with the rate §,.

Case 1. Single Wave

In this case, we solve our original system of Eq. (3) with constant 5. We assume the following set of parameter values to numerically
solve the underlying system

d = 000214, 4 =0.002,6, = 0.09,

8, =0.0752,8, = 0.06, 5, = 0.01,7, = 0.16,

Y2 = 09,73 = 0.07.0, = 0.0484,0, = 0.06

o3 = 0.09,0, = 0.022778, p, = 0.5, p, = 0.4 @)

The case is depicted in Fig. 1(a)—(d) for different values of . It can be observed from these figures that there can be only one
wave of infection possible in the epidemic. The disease ultimately stabilizes, or the infection dies out in the longer run. There can
never be a pandemic, and hence the constant value of f cannot explain the occurrence of multiple waves in the COVID-19 epidemic.
The lesser value of g also flattens the infection curve, or the higher value of g gives steeper wave, as evident.

Case 2. Multiple Waves with 1st Wave having large spike
For this case, we solve our original system of Eq. (3) with a variable f(r). We take the following parameter values

d = 0.00714,u =0.008,5, = 0.09,

8, =0.0752,6, = 0.06, 5, = 0.01,7, = 1.0,

ra= 10,73 = 007,06, = 0.0484,0, = 0.06

o3 = 0.09,0, = 0.022778, p, = 0.6, p, = 0.1 )

This case gives rise to multiple waves in the epidemic, with the first wave infecting more persons than the latter. The lower
amplitude wave for the latter one can be due to the lower infectiousness of the virus due to the development of immunity against the
virus, possibly because of the attainment of herd immunity in the first wave. The case is depicted in Fig. 2(a)-(d). This shows that
COVID-19 can take the form of an epidemic in the population, and infection will remain in the population for a lifetime.
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Fig. 2. Plot showing population of individuals in various compartment for Case 2.
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Fig. 3. Plot showing population of individuals in various compartment for Case 3.
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Fig. 4. Plot showing population of individuals in various compartment for Case 4.
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Fig. 6. Plot showing population of individuals in various compartment for Case 5.

Case 3. Multiple Waves with 2nd Wave having large spike

Again, in this case, we solve our original system of Eq. (3) with parameter values as given in set (5) with a variable f(t), a function
of time t.

In this scenario, too, the model gives rise to multiple waves in the epidemic, with the second wave infecting more persons than
the other one. The lower amplitude wave for the latter one can be due to the lower infectiousness of the virus due to the development
of immunity against the virus, possibly because of the attainment of herd immunity in the first two waves. The case is depicted in
Fig. 3(a)—(d). This again shows that COVID-19 can take the form of an epidemic in the population, and infection will remain in the
population for lifetime.

Case 4. Multiple Waves with 2nd and 3rd Waves having large spike

This case can again be obtained from the solution of the system of Eq. (3) with parameter values as given in set (5) with a variable
B@).

In this scenario, the system gives rise to multiple waves in the epidemic, with the second wave and third wave infecting more
persons than the other one. This is a more practical situation of COVID infection in some countries where there have been multiple
waves, with 2nd wave proving to be more infectious. The case is depicted in Fig. 4(a)-(d).

Case 5. Multiple Waves with 2nd and 3rd Waves having large spike

This case is also obtained by solving the system of Eq. (3) with parameter values as given in set 5 with a variable (7).

In this scenario, the system gives rise to multiple waves in an epidemic, with the second wave having a large spike than the others.
The other wave’s spike reduces as time progress. In one of the cases, we can see no appreciable spike after the third wave, and it
appears that the disease dies out completely (see Fig. 5(a)-(d)), which can be a rare case. Another more logical case is the one where
disease prevails in the population, but the spike in the wave diminishes as time passes out, which can be seen in Fig. 6(a)—(d).

Conclusion

In this article, we proposed one modified MSEIR model considering the temporary immunity that the coronavirus imparts to
infected individuals with four types of subclasses of infected individuals: asymptomatic, symptomatic, hospitalized, and home-
quarantined individuals. In this model, we assumed that the infection rate could be variable, which accounts for the emergence
of various waves during the COVID-19 pandemic. We have numerically simulated the model with a different set of parameter values
and found a variety of infection dynamics possible from this simple model. We can effectively explain the various waves observed in
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the coronavirus epidemic. With the application of this model, we can now develop a control model that can be applied to this model
which controls the infection.

In this study, we presented a modified MSEIR model for the COVID-19 pandemic and illustrated various theoretical cases which
may lead to various types of waves of infection. Although the model’s outcome is in good agreement with the infection dynamics in
some countries, to validate it correctly, we need to present a model validation through some data. In our future study, we are working
on validating this model with actual COVID data. We are in the process of collecting the data of various classes of individuals and
trying to estimate the parameters involved in this article. We will also work on the controlling parameter that can curtail the long-term
epidemic.
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