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Abstract

COVID-19 pandemic is now increasing concern to authorities and public health officials. The study
is aimed to investigate the impact of vaccination in the absence of media induced fear. In this research,
analysis and simulation of a mathematical model of COVID-19 incorporated with media induced fear and
vaccination was made, the total population is divided into 5 sub-population classes; Susceptible, Exposed,
Infected, Quarantine and Recovery. The disease free and the endemic equilibrium of the model were
carried out and the basic reproduction number was obtained using the next generation matrix. The
stability analysis of the model was done and it was ascertained that the disease free equilibrium of the
biological model is stable. Due to its efficiency and accuracy in handling nonlinear coupled ordinary
differential equations, the homotopy perturbation method is applied to obtain the approximate solution of
the mathematical model and the obtained results was simulated using the computation software Maple 18
to study the impact of vaccination in each compartment of the model when the media induced fear. The
outcome of the simulation process were presented graphically and interpreted accordingly and it was
discovered that in eradicating the spread of COVID-19 in a society where there is no fear, vaccination is
an alternative and better measure.

Keywords: COVID-19, Vaccination, Disease free equilibrium, Endemic equilibrium, Homotopy,
Perturbation method

Introduction

Mathematical modeling has been regarded as an optimal control measure to curb the spread of
infectious diseases such as COVID-19. Authors such as [1] conducted a research on mathematical model
for an effective management of HIV infection. [2] Researched on the numerical simulation of SEIRS
epidemic model with saturated incidence rate considering the saturation term for susceptible individuals.
In their research, they establish the disease free and endemic equilibrium points derive the basic
reproduction number using the next generation matrix, establish the local stability, global stability of both
the disease free and endemic equilibrium respectively. Furthering in the area of disease control strategy,
computer simulations are often applied by researchers after obtaining the approximate solutions of these
mathematical models. Several methods such as the one introduced by [3,4] has been used by researchers
such [5-7], to conduct investigations on different mathematical models.[8,9], applied a numerical method
introduced by [10], to carry out simulation in their model. It is no news that COVID-19 pandemic has
been a major threat to the existing population of the globe since it outbreaks in Wuhan China (2019), [11-
19]. Disease prevention is influenced by media coverage, since the spread of communicable diseases is
subject to the information and spreading potentials of the diseases [15].

In this research a control strategy on the curb of the virus based on vaccination is studied. A 5
compartmental time-based epidemic model of COVID-19 virus adopted from [11] is modified by
incorporating vaccination parameter £ into the susceptible and recovered class to examine the effect of
vaccination rate.
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Materials and methods

Model equations
The total population is divided into 5 sub-population classes; () Susceptible, (£)Exposed, (1)

Infected, () Quarantine and (&) Recovery.
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Proposed Schematic Diagram for the transmission of COVID-19

Equilibrium state
At equilibrium state;
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0=y —(1+w)Q (€))
0=d,I+20-uR+ pS (10)

Disease-free equilibrium
The fixed state of the system (6) - (10) above satisfies the disease-free equilibrium (at Disease Free

State) E = I = 0. Solving the system Eq. (6) - (10) simultaneously, thus obtained (11) as disease free
equilibrium;

(Sa E917 Q,R) = (L ,O,O,O,L)
p+u H(p+ 1) (1)

Basic reproduction number
The infected compartments of the epidemic model are E(t),1(¢) and Q(t). Extracting the
compartments off the model;

dE  SSI

— =L _(c+u)E 12
7 Itad (c+p) (12)
%:CE—(;/+d+d,+,u)I (13)
d

7? =1 = (A+1)Q (14)

The next generation matrix is applied to obtain the basic reproduction number.
Thus, G=FV "' (15)

The secondary infection;

BSI
I+al

R A (16)
0

and;
—(c+wE
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0(1+0(])20 (C+IU) 0
F =0 0 Ol and V| —c (y+d+d,+p) (18)
0 0 0 0 -y A+ w)
computing for V',
_ | _
0 0
c+u
1
V= ¢ 0 (19)
(r+d+d, + p)c+p (r+d+d, +p)
cy ¥ 1
((r+d+d, +p)ctu) (y+d+d +p)(A+p) (A+u)]
since G = FV', therefore;
i — BSc —-BS i
(y+d+d, +p)(c+p)l+al)’ (y+d+d, +p)(1+al)’
G= 0 0 0 (20)
0 0 0
computing for the Eigenvalues of G, |G - | =0 therefore;
1=0,0, ~ PS¢ . Q1)
(r+d+d, + p(c+pw)(d+al)
The spectral radius of the matrix G is the largest Eigenvalue, therefore;
- fSc @

Roz(y+d+d1+,u)(c+,u)(l+al)2

Endemic equilibrium
In this section, the endemic equilibrium of the model is obtained by solving the system of Egs. (1) -
(5) concurrently when;

dS _dE _dI _dQ dR

dr  dr  dr dr dt

for brevity, the following parameters are denoted;

A+w=d,, (y+d+d, +p=d, (c+pw=d, (p+p=d, (f+pa+pua)=d;



Trends Sci. 2023; 20(4): 4600

50f 14

and the endemic equilibrium of the model is given as;

S

E

!

E

E

system of Egs. (1) - (5) is constructed and evaluated at the disease-free equilibrium;
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Stability analysis

The local stability of the disease-free equilibrium is carried out in this section. The Jacobian of the

(—0,00—2
pPH u(p+ p)
(1+a1)_(p+”) 0
Al _
I (+al) (c+u)
0 c
0 0
I 0 0

evaluating J at disease free equilibrium;

applying previously defined notations;

-(p+u)

0
0
0
0

(23)
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_d, 0 _d, 0 0
0 4, d, 0 0
J=| o _d, 0 0 (25)
0 -1+ 0
L P d, A —H ]

The Eigen values of ] is calculated, so that if |J - Al | =0;

A=—(A+w) L=—(p+u) 4 =-u

A, = —%[dz +d, —\(d, —d,)* +4cd6]

A = —%[d2 +d, +(d, —d;)’ +4cd6]

It is obvious that ll ﬂyz 23 < 0. Therefore, /14 and ﬂs must be real and negative for the disease-

free equilibrium to be stable.
Therefore d6 >0 for /1\4 and 2\5 to be real and If so, /1\5 <0. Also, if d2 +d3 >0 then

/1\ 4 <0 and the equilibrium is locally stable. Otherwise, it is unstable.

Numerical solution and simulation

Homotopy perturbation method

Here, the approximate solution of the model will be obtain to conduct the simulation process of the
impact of vaccination rate in the model, the homotopy perturbation method is employed to solve the
coupled differential equation. The basic idea of homotopy perturbation method presented by [3] is
illustrated by considering a non-linear differential equation of the form;

Ax)-B(z)=0,ze& (26)

subject to the boundary condition;

I(x, @) =0 27)
dn

The function A(x)can be expressed as L, (x)+ N, (x) where L, (x)represent the linear terms

and NV, (x) represent the non-linear terms such that Eq. (26) becomes;
L, (x)+N,(x)-B(z)=0z€e& (28)
according to He [3], an homotopy can be constructed for (28) such that;
H(y, p)= (- p)IL(y) — L(xy)] + p[A(y) - B(2)] =0 (29)

where, y(z, p) =& x[0,1] > R

Thus, atp =0,
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H(y,0)=L(y)— L(x)) =0 (30)
and at p = 1 the following equation is obtained as follows;
H(y,)=A(y)-B(z)=0V pe[0l].

The approximate solution to the problem is figured as a power series embedding a parameter p
expressible as;

() = ¥y () + () + PPy, () +---+ p"y, .

so that the best approximate solution is obtained for (26) when;

my=y,+y +y,+...p, 31)

p—l

Application of the homotopy perturbation method

In this section, the approximate analytical method illustrated from Egs. (26) - (31) is extended to
obtain the solution of (6) - (10). To begin with, the series solution of the system of Eq. (6) - (10) is
assumed to be;

y(@)=y,(O)+ py @)+ p’y,O)++p"y,

S(t) = 5,(t) + ps,(t) + p°s, () +...+ p"s, (t)

E(t) =e,(t) + pe, () + p’e, () +...p"e, (t)

1) =iy (0)+ pi () + pPis (D) +...+ p"i, (1) (32)
O(t) = 4,(t) + pq, (O + P*q, (O +..+ p"q, (¢)

R(t) =1y (6) + pri(0) + pry (D) +..+ p"r, (¢)

next is constructing a homotopy for the system such that;

(l—p){dS}:p{%—r+ﬂ5[§+,u$+p5}

dt
(1- p){‘fl—’f} - p{% _ SIS+ (u+ c)E}
(l—p){%}=p{%—CE+(}/+5+,u+d,)I} (33)
(I- p){d—Q} - p{@ A ﬂ)Q}
dt dt
(1—]9){%}:19{%—61/1—1Q+/1R—pS}
where O = T . In the absence of fear, & = 0 and there is no reduction in the disease transmission

rate. The assumed series solutions in (22) were substituted appropriately into their respective functions in
(23), and equal powers of p are compared to obtain;
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0 ﬂ_o %_0 %_0 %_0 %

= = =0 34
7 (34)

Cdt T dt O dt ot
Eq. (34) is solved and the following solutions are obtained as initial approximations.

50(8) =8¢, €y () = €, 1, (1) =iy, 4, (D) = q,, 1, (D) =1,

also equating like powers of p1 ;

%_r_mo(t)"‘ﬂ&o(t)%(l‘)+pso(t) -0

2l ce, (1) = Poiy ()5, (t) + e, (1) = 0

% + iy (1) — cey (t) + d iy (8) + diy (2) + yiy (1) = 0 55
dqc;t(z) + g, (t) = g (1) + 119, (1) = 0

T — 200 = iy (1) 30+ () =0

and similarly solving the system of equations above, the 1% approximate solutions presented in Eq. (36);

$1(8) = (=psy +1— Poiys, — 15yt

e, (t) = (—ce, + Pdiys, — eyt

I, () = (—piy + cey + s, — pey )t (36)
q,(t) = (=Aq, + 7, — pg, )t

(1) = (Aq, +d,iy + ps, — pry)t

The like powers of p2 as well yield the following equations;

Lo 0+ B8, 03,0+ 3,0 =0

% +ce, (1) = 6 (t)s, (1) + e, (£) = 0

%-ﬂw’l (t)—ce (t)+d,i(t)+di(t)+y,(t)=0 (37
20 (0,0 + i, (0 =0

L g0~ di (0= iy 0+ 5 0 =0

such that the solution to the system of Eq. (35) as well yields;
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5,(6) = %(ﬂzso +2ups, + 3PS i, —ru+2L0,ps, + p25? "'iozSo
— Biyr+ p’s, —rp+ By, + P, diy — Bs,ce, + Bs,d, i)
e,(t) = _g(:‘ﬂlﬁ&ﬁsol‘o + Bors i, p _ﬂ2§2i2so — Boiyr +cfdsi, — 2e, uc
—ey e’ + BSiyy + PSyiyd — BS,ce, + PSsyiyd, —egit’)
2
i,(t) = %(27;11'0 — yee, + 29 iy + 2pdiy + y iy — ey’ + el — 2e pic +2d, 4, (38)

— e, uc +2d, piiy —d,ce, +d,’iy +2d,di, + 2dui, —dce, + d*i, + u*i,)
t? . . . .
(1) = {—5(70% = Wiy — iy = y iy = A7 + YA, —2qoﬂi—qou2)}
12 2 . . 2. .
(1) = E(—qﬂ, + 9y —2q uA—2d, i, +d,ce, —d, i, —d,di,
(t) =
— iy =25, +1p = PEpsiy — 2iySput + 1y p’)

With the aid of computation software Maple 18, the process is repeated up to the 4" iteration and
the approximate solutions of each of the compartments is represented as;

S(t) = 5, (t) +5,(t) + 5, (1) + 5,(t) + 5,(8)... +5,(¢)

E()=¢,(t)+e,(t) +e,(t) +e,(t) +e,(t)...+e,(t)

I(t) =iy () + 5, (0) + iy () + 55 () + 1, (1) + 5, (¢) (39)
(1) = q,(1) + ¢,(1) + 4, () + 45 () + q,(¢)....+ g, (¢)

R() = 1,() + 1) + 150 +15(0) + 7, (1) ... +7,,(2)

Such that evaluation of the obtained results using the following values for their respective
parameters, the obtained series solutions are obtained as;

Table 1 Parameters, description, values and reference.

Parameter Description Value Reference
c Infection rate from exposed 0.1818 [12]
d Disease-induced death 0.0097 [13]
H Natural death rate 0.001 [14]
R Recruitment rate 0.0005812 [14]
p Disease transmission rate 0.05 Estimated
a Effect of fear through media 0<a<l [15]
o Fear factor 1 Estimated
4 Isolation Rate of infected people. 0.0802 [14]
A Recuperation rate from isolated 0.000487 [13]
d, Recovery rate of infected individual 0.027 [14]

2]
S

Initial susceptible population 30 Assumed
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Parameter Description Value Reference
€ Initial exposed population 22 Assumed
io Initial infected population 10 Assumed
d, Initial isolated population 17 Assumed
I, Initial recovered population 15 Assumed

2
30 +(-15.029418 8 - 30 p)t + (3.29883881 9 + 30.0594188 p + 3Op2)%

3

S(t) =1—(30p° +9.89680764 0 p + 45.0894188 p* - 0.09149304 758) %

4

(60.1194188p° +3.724427793 p +19.7939064 6 p> +30p" +4.04519818 2) ;—4

2

22 +10.9784t +(5.290660920 +15 p)% —(30p° +9.30990940 0p +15 p>
E(t) =

4

r
24

3
-0.87234092 85) % -(150° +5.50787546 6 p +12.5940094 0 p°> + 4.20475360 8)

3

10 + 2.82060000 0t + (0.83166219 00)z> — (2.727000 p -1.15794810 0)%
I(t) = 4

- (2.0140548 29 p +2.727000 p> + 0.29511365 97) ;—4
17 +0.77672100 00t + 0.11252856 8072 —0.02217732 590¢°
o@) = 4
-(0.2187054 000 p +0.09306530 374) _
2
15+ (30 p +0.26327900 00)t + (0.07627118 413 +15.0594188 p —30,02)%

3

R(t) =1—(-300° +3.31389823 8 p +30.0894188 p? - 0.04494308 991) % +(-0.031244 73963

4

+0.01455015 039 p - 9.92689706 00> - 45.1194188 p° - 30,0“);—4

Results and discussion

In this section the outcome of computer simulation process carried out using the computation
software Maple 18 are presented. The influence of the incorporated vaccination parameter £ is

examined on the susceptible, exposed and recovered class on the interval 0 < p <1, The Graphs are
discussed accordingly to give a clear interpretation of the influence of vaccination rate in the model.

In this section the outcome of computer simulation process carried out using the computation
software Maple 18 are presented. The influence of the incorporated vaccination parameter £ is

examined on the susceptible, exposed and recovered class on the interval 0 < o <1. The Graphs are
discussed accordingly to give a clear interpretation of the influence of vaccination rate in the model.
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Figure 1 Showing the influence of vaccination rate on the susceptible class.
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Figure 3 Showing the influence of vaccination rate on the recovered class.
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As seen in Figure 1, if vaccination is implemented in the compartments at a rate which progresses
from 0 to 0.9, more people tend to be susceptible to the disease and fewer people will get exposed.
Likewise in the exposed class, the increment in vaccination rate was studied and as seen in Figure 2, the
rate of the inhabitants which are exposed reduces drastically as vaccination rate increases. Since proper
and quality vaccination against infectious diseases leads to recovery of patients from it sting, Figure 3
reveal the influence of high vaccination rate in the recovered class. As seen from the graph, more people
tend to get recovered in the class as there is increment in vaccination. Figures 4 - 7 shows the overall
impact of vaccination in the 3 classes (Exposed, Infected and Recovered) considered. As seen from the
figures, the exposed and recovered inhabitants’ increases as the rate by which vaccination are
implemented increases.

Conclusions

In this work, a mathematical model of COVID-19 incorporated with media-induced fear and
vaccination was analysed and simulated. We are able to deduce analytically that the stability of the system

basically depends on the Basic reproduction number R, . In Figures 1 - 3 the effect of vaccination on the

susceptible, exposed and recovered class of the model was presented by simulation of the approximate
results obtained numerically using the homotopy perturbation method. When there is no fear in the
compartment, the inhabitants of the classes tend to get exposed and infected with the disease as there is
constant contact between the members of each class of the medium. This can easily lead to increment in
the disease transmission coefficient and thus leads to instability of the system. As an alternative measure
to curb the spread of the disease for the system to remain stable, another strategy such as vaccination
which increases the herd immunity of the inhabitants can be employed.
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