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Abstract: We have proposed an SVIQR epidemic model for COVID-19 with vac-
cination in this research. Some fundamental characteristics such as positivity of the
solution, boundedness and invariance of the model are analyzed. Expressions for
disease-free equilibrium (DFE) and endemic equilibrium (EE) points with certain
criteria for existence are derived. Rigorous analysis of the model reveals that as-
sociated DFE is locally asymptotically stable whenever the effective reproduction
number is less than one. Also, the EE point is stable whenever certain restric-
tions are satisfied. Sensitivity analysis is performed to identify key parameters
that significantly affect the effective reproduction number. Analytical results are
illustrated using parameter values and the results are analyzed using numerical
simulation which suggests that the disease will eventually die out, particularly if
the control measures are implemented above a specified level for a sustained period
of time.
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1. Introduction

Mathematical modelling plays a vital role for understanding disease dynamics
and predicting the future scenario of the disease transmission so government may
establish policies to control rapid spread of the disease in absence of an effective
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vaccine [12]. After the first introduction of the concept of mathematical modelling
of infectious disease, many investigators have studied dynamics of infectious dis-
eases using mathematical models like SIR, SIRS, SEIS, SIQS and SEIRS models
[5, 6, 15, 20, 22], characterizing the spread patterns of infectious diseases in the
real world. Since vaccination is one of the important measures to stop epidemic
from spreading, it is also essential to include vaccination effect to infectious disease
models [23]. Through vaccination, a person may gain a permanent or temporary
immunity.

Due to the occurrence and reoccurrence of a recent communicable infectious dis-
ease COVID-19 caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the situation of human beings was full of threat and terror. The disease
COVID-19 was first detected in December 2019 in Wuhan, China [18]. Numerous
mathematical models are being developed to analyze how COVID-19 is spreading
throughout the world and forecast how the outbreak will develop [10]. Kunwar [13]
utilized fundamental SIR deterministic compartmental model to study the trans-
mission dynamics of COVID-19 in the context of Nepal. Further, Kunwar and
Verma [14] studied the dynamics of the coronavirus disease in the context of Nepal
using exponential and logistic mathematical models. Bhadauria et al. [3] have
used an SIQV mathematical model on COVID-19 considering the effect of contact
tracing as well as the virus population in the environment.

Motivated by published literatures on COVID-19, we have proposed a determin-
istic model introducing vaccinated and quarantined classes in the classical SEIR
model. We predict both short- and long-term COVID-19 trends for India in dif-
ferent scenario and it is recommended that country should continue to monitor its
control measures to minimize the contact between infected and susceptible popula-
tions. The main objective of the work is to explore the influence of control measures
and vaccination for the control and elimination of COVID-19 in the ongoing third
wave of the coronavirus disease pandemic situation. However, we have carried out
the numerical simulation using the parameter values of the coronavirus disease in
this study, the model can be applied to study the dynamics of other communicable
infectious diseases in developing countries like Nepal, Bhutan, Bangladesh, etc.

2. Model Formulation

In this study, the total population N (¢) under consideration at any time ¢,
is grouped into five compartments; susceptible compartment denoted by S(t), in
which the people are at risk of infection with disease; vaccinated compartment
denoted by V(t), in which the people have got complete dose vaccine; infected
compartment denoted by I(t), in which the people may transmit disease, and they
may have mild or strong symptoms; quarantined compartment denoted by Q(t), in
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which the people have severe symptoms and quarantined or hospitalized for treat-
ment and they have very low transmission capacity and recovered compartment
denoted by R(t) containing the people who have recovered from the disease and
are free from infection. Thus, we can write N (t) = S (£)+V (¢t)+1 (t)+Q (t)+ R (¢).
The schematic diagram of the SVIQR model for COVID-19 is shown in figure 1.
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Figure 1: Schematic diagram of the SVIQR model for COVID-19.

The people are recruited into the system with a fixed total recruitment rate
A among which partly entered into vaccinated and rest into the susceptible com-
partment. The people of all classes die by natural death rate where as infected
and quarantined states have extra mortality rate due to disease. Susceptible and
vaccinated people acquire disease infection at rates 5 and [y respectively, where
B and fs signifies the infection transmission rate of susceptible and vaccinated
classes respectively. Also, we assume that 5y = (1 — €) 51, where € is the infection
reduction of vaccinated individuals. A portion of infected enters into the quaran-
tine class (which includes hospitalized or isolated class) others recover naturally.
We assume that recovered individuals gain immunity such that they could not get
infected further in the study period. The following system of nonlinear ordinary
differential equations makes up the epidemic model that describes the dynamics of
COVID-19 which is based on the model flow diagram shown in Figure 1.

di{t(t):(l—p)A—BllS—(quV)Sjw

d‘;t(t) =pA +vS — BolV — pV,
‘T:5115+521V—(u+a+7)1, (1)
d%t(t):@_ﬁ)w—(u+a+w)62,
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We employ the following notations for convenience : dy = u + v,dy = p,ds =
i+ a+vand dy = p+ o+ . Therefore, our model is reduced to the following
form:

%it):(l—p)/\—ﬁlfs—dﬁ,
AV (t
%ZPA—’—VS—BQIV_CZQV,
O 515+ otV -, @)
O (t
R e}
dR (1
dlf):fy/d—i-wQ—ng ’

with the initial conditions:

Table 1: The description of parameters and their values used for simulation.

Parameter Description Source
A=30 The total recruitment rate 1]
p=0.05 Proportion of recruitted individuals who are vaccinated Assumed
B1 = 0.002 Infection transmission rate among susceptible individuals [1]

P2 = 0.0004  Infection transmission rate among vaccinated individuals [1]

= 0.009 Natural death rate [21]
a=0.25 Disease-induced death rate [21]

1 =0.0701  Recovery rate of quarantined individuals [11]
v=20.3 Vaccination rate Assumed
~v = 0.0833 Recovery rate of infectious class 2]

k= 0.05 Proportion of infectious who recover naturally [7]
e=0..8 Vaccine efficacy Assumed

3. Model Analysis
3.1. Positivity of Solution

Theorem 3.1. IfQ(t) = {S(t),V (t),I(t),Q(t),R(t)} and RS = {Q(t) e R®:
Q(t) > 0} then the solution set 2 (t) of the proposed model (1) together with initial
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condition is non-negative for all t > 0 in RY.
Proof. From first equation of the system of equations (2), we observe that

as (t
BO > @r+)s @
t
which on integration gives S (t) > S (0)exp{(—p1I — dy)t} which implies that
S(t) >0 forall t >0.
From second equation of the system of equations (2), we can write

dv (t)
dt

Solving the above differential equation, we get

V(1) el’p{dgt-i-ﬂg /OtJ(T) dT}
:/Ot

V(t) = [V(0)+/Ot {{pA—I—uS(y)}exp{dgt—i—ﬁg/oyI(T)dTH dy]

t
exp {—dgt — 62/ I(7) dT}
0
which implies that V' (¢) > 0.

Proceeding in the similar ways and using same condition, it can be proved that
I(t)>0,Q(t) >0,R(t) >0, forall t > 0.
Hence, the model described by the system of equations (1) is epidemiologically
realistic.

{pA+1/S(y)}exp{d2t+62 /OyI(T) dT} dy +V (0)

3.2. Invariant Region

Here, we establish that the closed region 2 is positively invariant and the pro-
posed model is well posed biologically as well as mathematically within the invariant
region (2.

Theorem 3.2. The set ) of feasible solutions of the model given by (1) with the
initial conditions stated in the region R is given by

Q= {(S(t)aV(t)J(t),Q(t),R(t))eRi:O<N(t)§%}



106 South FEast Asian J. of Mathematics and Mathematical Sciences

which 1s positively invariant with respect to the system.
Proof. The total population N () at any time ¢ is given as follows:

Nty =St +VHt)+I1(t)+Q )+ R(t) (5)

Differentiating (5) and using (2), we get 2 < A — uN
which on integration gives the following expression:

Ny < (ﬁ - No) exp (—it).
TN
where Ny = N (0) represents the initial population.
Applying the Birkhoff-Rota theorem [4], we find that if Ny < %, then N (t) asymp-
totically tends to % as t — oo.
Hence, all the feasible solutions of system (1) or (2) converge in the region €.
Therefore, the feasible region for the proposed system is given by

Q= {(S(t),V(t),[(t),Q(t),R(t)) ERT:0<N(@®)< %}
3.3. Existence of Disease-Free Equilibrium (DFE)

Since first four equations of the system (1) do not contain variable R (t) i.e.
they are free from R (t), therefore we can solve the first four equations of the
system (1) and then put the solution values of I and @ in the fifth equation of the
system (1). So, we can solve the obtained linear differential equation for variable
R independently. Consequently, for ¢ — oo we may write the fifth equation as

kel + Q)
-

where (I " Q') refers the solution values of system (1) taking only first four equa-
tions.

Now, we study the following reduced system of four equations instead of all five
equations of system (1):

R (1) (6)

%}Et) = (1_p)A—5115—d157

w =pA+vS — BolV —d5V,

d?t(t) (M)
7 :61[S+52]V—d3],

%t@) =1 —=r)vI —dyQ
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Since at the DFE point, infection vanishes from the system, therefore, the DFE
point is obtained by solving following system of equations:

(- p)A—BIS—diS =0 )
PA 4+ 1S — BoIV —dyV =0 9)
BUIS + BolV —dyl =0 (10)
(1—r)yI —ds@Q =0 (11)

At the DFE point, there is no infection, so we have I = 0. Solving equations (8),
(9), (11) and (6), we get the DFE point as E; (S, V°,1° Q% R°), where
1—p)A A (pd
so= LA o AWh¥) g g0 g po— (12)
di dids

3.4. Basic Reproduction Number

The basic reproduction number (Ry) is determined at the disease-free equilib-
rium point. We shall apply the next-generation (spectral radius) matrix method to
derive expression for (Rp) [8, 9]. We decompose the right-hand side of the system
of equations (1) corresponding to the infected compartments I and Q as F — W |
where

BLIS + BoIV B dsl
a [1 o2 }andw—[—u—nfyud@}’

For the new infectious terms and the remaining transfer terms, the non-negative
matrix F' and the non-singular matrix W are provided by

0 0
P oF _ |BST BV 0 and W = W — ds 0 , for z; =
(E1) (E1) - (1 - "<“> 0

oz 0 0 Oz
L (8,5 + 3,V°) 0}

I,Q.
0 0

According to the next generation matrix approach, basic reproduction number is
the spectral radius of the matrix FW . Here, we have considered the model with
implementation of the vaccination as the control strategy. The effective repro-
duction number Ry (v) is defined as the average number of secondary infectious
generated by one infectious in a susceptible population when vaccination is imple-
mented. Thus, we get Ry (v) for the proposed model (1) as follows:

A{Bidy (1 —p) + B2 (pda +v)}
dydads

FW = { (13)

Ry (v) = dlg (5150 + /32‘/0) =

_ A B —p)+ B (o +v)}

o) plp+v)(p+a+7y)
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Also, the effective reproduction number is the basic reproduction number (Ry) with
the implementation of intervention so that total population is not susceptible and,
therefore, by taking v = 0, we have

_ A{B1 (1 —p) + Bop}

R
" pp+a+7y)

(15)

3.5. Existence of Endemic Equilibrium (EE)

Theorem 3.3. If the condition Ry (v) > 1 holds, then the model described by
system (1) has a unique endemic equilibrium.
Proof. Let E* (S*,V* I*,Q*, R*) be endemic equilibrium point, where infectious

: : : * S . —_0- _n9Q _
is always present in the system, i.e. I* # 0 and Cfi—t =0; % =0; % = 0; d—? =0.
By %E*zo, we have ( 9
l—p
Sf = 16
(BLI* 4 dy) (16)
By ‘fi—‘t/ o = 0, we have
A I*+d
(BLI* 4 dy) (BoI* + dy)
By %‘E* = 0, we have
I" (B1S* + BoV* —d3) =0
Since at the EE, I* # 0, therefore we must have
p1S*+ BV —d3 =0 (18)
By C;—? - = 0, we have
1—
O = A=K7y (19)

dy
Again, it is noteworthy that R* is calculated by using equation (6). Hence, the EE
point is obtained as E*(S*, V* I*, Q*, R*), where

. (A=pA . AMpBl+dy)+vy
5= (51—7*+d1)7v B (51]*+d1)(52]*+d2)762 B

A=R)Y e g _ IR +9Q
dy ds

For the existence of unique EE point, we consider equation (18).
Thus, putting the values of S* and V* in equation (18), we have

— (B1Bads) I'*+(B1 S\ — Brdads — Padids) I*+A (qda 31 + pdafBs + v32)—didads = 0
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ie. O+ Col* +C3=0 (20)
where
C1 = —P1fads < 0,Cy = B182A — Prdads — Badids, and C5 = {Ry (v) — 1} dids ds
The quadratic equation (20) in terms of I* has a unique positive root if and
only if the inequality % < 0 holds. Since C} < 0, the required condition takes the
form C3 > 0. i.e. {Ry(v) —1}didads >0 or {Ry(v) —1} >0 or Ry (v) > 1.
Hence, there exists a unique positive EE point E* of the system of equations
(7), whenever the condition Ry (v) > 1 holds.

3.6. Stability Analysis of Disease Free Equilibrium Point
In this section, we shall test the local stability of DFE the system of equations
(7) using the linearization technique.

Theorem 3.4. The disease-free equilibrium point Ey of the epidemic model given
by (1) is locally asymptotically stable if Ry < 1, otherwise unstable.
Proof. The Jacobian matrix J at DFE point E, is given by

di 0 —[315° 0

o 14 dg —BQVO 0

NE%'O()&9+&W—@ 0
0 0 (1—kK)y —dy

The four eigenvalues of the above Jacobian matrix are found as follows:

/\1 = —dQ, )\2 == —dl,/\g = —d4 and )\4 == 6150 + BQVO — d3 = {RO (V) — 1}d3

Now, since d3 > 0, therefore A\, will have negative sign if Ry (v) —1 < 0 i.e.
Ry (v) < 1. Thus, all four roots of the characteristic equation of the system (7) at
DFE point will have negative real part if Ry () < 1. Therefore, the DFE point is
locally asymptotically stable when Ry (v) < 1, otherwise it will be unstable.

3.7. Stability Analysis of Endemic Equilibrium Point

Theorem 3.5. The endemic equilibrium point E* of the system of equations (7),
which exists uniquely if Ry (v) > 1, is locally asymptotically stable under certain
restrictions and is unstable otherwise. The restrictions are AjAy — Az > 0 and
Az > 0, where Ay, Ag, A3 are described in the proof.

Proof. The Jacobian matrix of the system (7) at the EE point £* is given by

—(BuI" + dy) 0 —B,5* 0
o o v — (BoI* + ) — BV 0
J(E) = BT BoI* BiS* BV —ds 0

0 0 (1—kr)y —dy
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The first eigenvalue of the above matrix is given by A\; = —d4 and the remaining
eigenvalues are given by the following cubic equation:

N4+ AN+ AN+ A43=0 (21)

where

Ay =211 + a2 + 233 > 0, Ay = 211099 + Ta3T30 + T13T31 — T11T33 — T22T33,

Ag = T11093%32 + T13T21T32 + T13T31T22 — T11%22%33 3 T11 = (S1l* +dy) > 0;

T13 = 515" > 05291 = v > 0y 090 = Bol* +dy > 0593 = BoV* > 0531 = 511" > 0;
T39 = 52]* > 0;1‘33 = 515* +52V* — dg > O;.Z‘43 = (1 — /i)’}/ > 0.

By Routh-Hurwitz criterion of order three [19], we can state that all three
roots of the equation (21) will consist of negative real parts if conditions A; >
0,(A1Ay — A3) /A; > 0, and Az > 0 hold. Since A; > 0, the required conditions
are: A1A2 — A3 > 0 and Ag > 0.

Hence, all four roots of the characteristic equation of the system (7) at the
EE point will have negative real part if (4343 — A3) > 0 and A3z > 0. Thus, the
EE point E* is locally asymptotically stable when A;A; — A3 > 0 and A3z > 0,
otherwise unstable.

Theorem 3.6. If the endemic equilibrium point E* (S*, V* I* Q*, R*) is locally
asymptotically stable, then it is globally asymptotically stable, provided that the
following conditions hold:

1 1 1 1
l%g < li1lsg, l%g < 511113&@3 < 5122l33, l§4 < 5133l44>l§5 < 5133555, 125 <lylss (22)

where l;;,(i,j = 1...5) are described in the proof.
Proof. To derive the condition of globally asymptotically stable of E*, we consider
a Lyapunov function [16], denoted by L and defined as follows :

_1 o *\ 2 1 . %\ 2 1 _*2 1 . *\ 2 1 . *\ 2
L=5(S=8)V+5(V-V)+5(0-I)+5@Q-Q)+5(R-FK)

Clearly, L : R — R. L(E*) =0 and L (z) > 0 whenever x # E*. That is, L is a
positive definite function.

Now, for the stability of the system at E*  we have to show that dL/dt < 0.
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Differentiating L w. r. t. ¢ and applying the condition of EE, we get

dL 1 1
E-:—4LMS—53%HLAS—SﬂU—Iﬂ——H%U—IwQ
/ 2 4

1

1
——mMS—$f+Hm@—SﬂW—Vﬂ—QmﬁV—Vf

2

—%mﬂv-vw%HLgV—Vﬂu—Iw—imgl—ﬁf

M (7= TP 4 T (= 1) (Q — Q) — 5T (Q — Q)

_imﬂ[—ﬁf+H%U—FﬂR—Rﬂ—%mﬂR—RﬂQ
1 1

— 53 (Q—-Q) +1;5(Q - Q") (R—R) — 515 (R— R")?

where
Iy = Bid +dy, o = dy + Bol*, 133 = d3 — 515 — 3oV, llyy = dy, 155 = da, 1115 =
v, i3 = Bil* — B1S*, oy = Bol* — oV, 1lgs = (1 — k) v, I35 = vk, g5 =

Now, using condition (22), we obtain the following;:

— {W a S*>} {@w}r

2

1133 . 144 .
o) o

H33 * H55 *
[ )

- {\/H“(@ Q)} { %(R—R*)}

where
he = vl = di,lyy = dy + Bol*, l13 = 11" — 315%,ls3 = d3 — (B1 + S2) %;
lgg = /61]*, l34 = (1 — Ii) Y, l44 = d47 l35 = YR, l55 = dg, l45 = 77/1, provided (22) hOldS.
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Since the derivative dL/dt is negative definite for any initial point belonging to
R?., therefore the endemic equilibrium point is globally asymptotically stable.

4. Sensitivity Analysis for R, (v)

A B 3 p B, v a Y

0.0 05 1.0

Sensitivity index

-1.0

Parameter

Figure 2: Normalized sensitivity index of Ry (v) for parameters involved.

0.005 0.01 0.02

Figure 3: Contour plot of Ry (v) as a function of (a) A and « (left panel), (b) 5
and p (right panel).
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Figure 4: Dynamical behavior of the population showing the trajectory of the
system (1) approaches to EE point for the values of the parameters in the Table 1
such that Ry (v) =4.3 > 1.

The robustness of the effective reproduction number R (v) with respect to
the fluctuation in the system parameters is explained by carrying out sensitivity
analysis. Additionally, it enables us to determine the proportional change in a
state variable when a system parameter varies. The following definition is applied
to determine normalized forward sensitivity index (5’50) for Ry (v) with respect to
the parameter 6 [17]:

ORy 0
20 2
00 Ry

Using the explicit expression for Ry (v) in (14), we derive expression for sensitiv-
ity indices of Ry (v), ngo and the corresponding value for each of eight parameters
are listed in Table 1.

Ro __
Sy =

Table 2: Sensitivity indices of Ry (v) taking baseline parameters value from the Table 1.

Parameter A 051 7 P Bo v « ~

Sensitivity Indices | 1 | 0.1246 | - 0.9295 | 0.02269 | 0.8754 | -0.0967 | -0.7303 | -0.2433
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Table 2 demonstrates that some of the indices are positive and others are neg-
ative, indicating that the indices with “+ 7 sign increase the value of Ry (v) as we
increase them and those with “ — 7 sign reduce the value of Ry () as they are in-
creased. The most sensitive positive parameters in decreasing order are recruitment
rate (A), the disease transmission coefficients (31, 52), probability that an individ-
ual has been vaccinated (p). However, A has highest positive sensitivity index,
its value can not be manipulated effectively practically. Sg;o = 0.8754 indicates
that increasing o by 10% will increase Ry (v) by 8.8754%. Also, Sfo = —0.0967
indicates that increasing v by 10 % will decrease Ry (v) by 0.967%. In the same
way, we can interpret the sensitivity indices of other parameters too.

- 500 3000
S 8
§ 400 % 2500
3 =
=3 2 2000
S 300 o
o
o < 1500
2 200 9
& S 1000
©
§ 100 S 500
@ 0 > 0
0 50 100 150 200 0 50 100 150 200
Time (days) Time (days)
20 14
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S -% 12
£ 15 o
© S
= a 10
g g
& 10 & 5
© Q
2 d 6
o >
£ 8
£ o 4
14
0 2
0 50 100 150 200 0 50 100 150 200
Time (days) Time (days)

Figure 5: Dynamical behavior of the population for 5; = 0.001 and p = 0.80 such
that Ry (v) = 0.79 < 1 showing the trajectory of the system (1) approaches to
disease-free equilibrium point.

Figure 2 displays sensitivity indices of Ry (v) for each of the model parameters
using baseline values in Table 2. To control the coronavirus outbreak, we must
target the most sensitive parameter. Figure 3 displays contour plots of the effective
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reproduction number with respect to the parameters A versus o and 37 versus p. It
can be observed from contour that for increasing value of A and decreasing value of
a, effective reproduction number increases. Again, for increasing values of 5; and
p also increases Ry (v). Individuals of susceptible class are continuously shifting
to vaccinated compartment with the rate v and new recruitments enter directly to
both susceptible and vaccinated classes. That is why, the parameter 3, found to
be more sensitive than ;.

5. Numerical Simulation and Discussion

For numerical simulation, we have utilized the reported data about the
COVID-19 pandemic in India in current situation. We have adopted some of the
values of the parameters from published literatures and others are either estimated
or assumed hypothetically. Simulations are carried out taking the initial conditions:
(S(0),V(0),1(0),Q(0),R(0)) = (500,25,20,10,10) and values of the parame-
ters listed in Table 1. The value of the effective reproduction number is calculated
as Ry (v) = 4.3, which is greater than unity and the corresponding trajectories
of the model (1) approach to the EE point E* (S*,V* I*, Q*, R*), explained an-
alytically by the Theorems 3.3, 3.5. Figure 4 demonstrates the scenarios when
Ry (v) > 1; and it is clearly observed that the model possesses an endemic equilib-
rium in the long run. We can interpret the result as the disease is out of control
and cannot extinct.

Using all other parameters values same as in the Table 1 except g; = 0.001
and p = 0.80, the effective reproduction number decreases to the value Ry (v) =
0.79 < 1. The corresponding trajectories of system (1) approaches asymptotically
to DFE point as explained in the outcome provided by Theorem 3.4. The nature
of the curve representing the populations of different compartments in Figure 5
ensures the obtained outcomes regarding the stability situation at the DFE point
in the long run, say 180 days. Figure 6 illustrates the time series of model (1) for
the susceptible, vaccinated, infected, quarantined and recovered cases for long run
for the different levels of proportion of vaccinated population. It can be observed
from Figure 6 that with the increase in fraction of vaccinated population among
susceptible class there is significant decrease in number of infected population with
oscillation.

In this study, we compare two scenarios: ‘Baseline scenario’ and ‘Force Inter-
vention scenario’. Baseline scenario is the disease dynamical situation with the
parameter values as in Table 1, which represent the current status of COVID-19
situation in India. Figure 4 represents baseline scenario of the current scenario
unless extra efforts are implemented in the community to decrease transmission
rate and to develop immunity capacity of susceptible individuals. The force inter-
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Figure 6: Variation of population for the different levels of proportion of vaccinated
population (p).

vention scenario is a hypothetical scenario with extra efforts for control measures
and higher percentage of vaccination among population. Figure 6 clears that suc-
cessive waves can not be avoided without controlling rate of transmission together
with mass vaccination campaigns. Assuming 80% population in the community to
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Figure 7: Long term dynamics of human populations in an outbreak, varying the
rate of transmission of disease for p = 0.80.

be fully vaccinated (p = 0.80), we numerically analyze the impact of variation in
the disease transmission rate (1) by implementing either pharmaceutical or non-
pharmaceutical interventions in figure 7. Figure 7 demonstrates that even the huge
mass vaccination (80%) to the population could not avoid the successive waves of
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Figure 8: Variation of population for the different levels of proportion of vaccinated
population (p) and transmission rate (1), other parameters values same as in the
Table 1.

the pandemic in future unless we control the rate of disease transmission. For the
various values of the parameters §; and p, the trajectories of the system (1) are
illustrated in Figure 8. It is clear from the Figure 8 that with the increase in the
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value of p and decrease in the value of ; in some extent, the trajectories still
settled at endemic equilibrium point, however quarantined, recovered populations
increased too. This indicates that vaccination only could not mitigate or eradi-
cate the disease completely in the current situation. When other interventions are
also implemented simultaneously with vaccination to reduce ; significantly, the
infective population can be controlled.

The simulation results of the model based on the reported data about the
COVID-19 pandemic in India, reveal that strict social-distancing, the use of mask
and hand sanitizer are necessary to control the rapid spread of disease. The model
results also make sure the benefits of mass vaccination as far as authorities can
conduct it. We believe those indications can be useful to control the pandemic
in India, as well as in other countries where the third wave of coronavirus disease
is still in initial stage to spread. The model confirms that diagnosis campaigns
can reduce the peak of infection as the diagnosed people undergo quarantine and
making them less likely to affect the susceptible population and help to control the
epidemic more quickly.

6. Conclusion

We have presented an SVIQR model for COVID-19 outbreak. The impact of
vaccination and other controlling measures on the dynamics of coronavirus dis-
ease are analyzed. Regarding the expansion of vaccination campaigns around the
world, it is one of the significant measures taken to combat the threat posed by the
new strain, and the effectiveness of these campaigns is graphically demonstrated.
Furthermore, we analyzed the graphical results and found that the increase in coro-
navirus cases of third strain can effectively be controlled if other control measures
are implemented simultaneously. Thus, the pandemic will be under the control
by intensifying the mass vaccination campaigns as well as implementing different
strategies into practice such as maintaining physical distance, wearing mask, keep-
ing rooms well ventilated, avoiding crowds, washing hands and coughing into a
bent elbow or tissue to significantly reduce the number of infected cases. The pro-
posed model can be applied as a planning, preparation and decision making tool
by health authorities to control pandemic.
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