Journal of Nonlinear Modeling and Analysis http://jnma.ca; http://jnma.ijournal.cn
Volume 8, Number 2, April 2026, 338-367 DOI:10.12150/jnma.2026.338

A Semi-Analytical Study on SEIR Model with
Vaccinated Effects

V. Ananthaswamy"', B. Sathyapriya? and M. Shruthi?

Received 18 January 2025; Accepted 16 July 2025

Abstract This research describes the dynamics of COVID-19 propagation
using a mathematical model that considers vaccination and self-defence. Fur-
thermore, the impact of vaccination on the development of disease transmission
has been investigated. Our findings specifically show that putting into prac-
tice the best control measures, including time-dependent interventions, lowers
the total infection load and disease transmission. Five different compartments
(Susceptible, Exposed, Vaccinated, Infected, and Recovered) are used in this
study to examine an epidemiological model of COVID-19 dynamics. Approx-
imate analytical solutions to the model’s system of equations were obtained
using the homotopy analysis method (HAM). The numerical simulation using
MATLAB was employed to validate the accuracy and effectiveness of the solu-
tions obtained through the Homotopy Analysis Method (HAM) by comparing
the results. Excellent agreement is found when comparing the approximate an-
alytical solution and the numerical simulation. The five-compartment model
includes many more aspect parameters that are explored and graphically rep-
resented. These parameters include recovery rate and vaccination rate, among
others. Moreover, it underscores the potential of the HAM as a powerful tool
for exploring epidemic models and formulating control strategies.

Keywords Epidemic model, COVID-19, non-linear initial value problem,
Homotopy Analysis Method (HAM), numerical simulation
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1. Introduction

COVID-19 is a pandemic brought on by the corona virus, which began with a
COVID-19 outbreak in Wuhan, China, in December 2019 [45]. The severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) was the cause of it. It started
to spread early in 2020, first to Asia and then the rest of the world. After having
declared the outbreak to be a public health emergency of international concern
on January 30, 2020, the World Health Organization (WHO) officially declared the
pandemic on March 11, 2020. A wide spectrum of symptoms, from minor symptoms
to potentially fatal problems, can be caused by the COVID-19 virus. Headache, loss

Tthe corresponding author.
Email address: ananthu9777@Qgmail.com (V. Ananthaswamy), bspriya-
maths08@gmail.com (B. Sathyapriya), mshruthi353@gmail.com (M. Shruthi).
1Research Centre and PG Department of Mathematics, the Madura College
(Affiliated to Madurai Kamaraj University), Madurai, Tamil Nadu, India.
2Research Scholar, Research Centre and PG Department of Mathematics, the
Madura College (Affiliated to Madurai Kamaraj University), Madurai, Tamil
Nadu, India.


http://dx.doi.org/10.12150/jnma.2026.338

A Semi-analytical Study on SEIR Model with Vaccinated Effects 339

of taste and smell, runny nose, cough, sore throat, muscle pain, diarrhoea, high fever,
and breathing difficulties are common indications and symptoms. The respiratory
route is the main way in which the disease is transmitted. It happens when an
infected individual exhales droplets and microscopic airborne particles that they
cough, sneeze, sing, or inhale.

Precautionary steps to reduce the chance of illness consist of receiving a vacci-
nation, remaining at home, avoiding crowded places, keeping a safe distance from
other people, wearing a mask in public, washing your hands regularly for at least
20 seconds each time, practicing good respiratory hygiene, and keeping our hands
clean while touching our mouth, nose, or eyes. Common mitigation tactics used
during the public health emergency included quarantines, travel limitations, lock-
downs, mask mandates, and contact tracking of the infected [44]. People ought to
get vaccinated as soon as it is their turn. They ought to follow the vaccination
recommendations made by their local authorities in order to safeguard themselves
against COVID-19.

Zelenkov et al. [43] described a method that uses genetic algorithms to rebuild
real transition rate distributions. This allows one to build a model that can de-
scribe multiple COVID pandemic peaks. In order to combine data-centric and an-
alytical approaches, a model combining variant-aware compartmental models and
machine learning was developed by Baccega et al. [5]. Furthermore, it unveiled
a state-of-the-art system for ongoing forecasting and monitoring that fluidly com-
bines compartmental models with predictive models based on machine learning.
Gatto et al. [15] proposed an alternate hybrid strategy based on machine learning
to address this issue, which omits the need to recalculate hyperparameters and just
employs the initial set. Using sensitivity research, Rahman et al. [34] used the
partial rank correlation coefficient technique to identify the most important com-
ponents. The endemic equilibrium conditions and local asymptotic stability of the
suggested COVID-19 model were demonstrated by Batistela et al. [6].

The compartmental model, which is expressed by a system of seven ODEs, is
one of the new findings. Additional discoveries include numerical simulations by
Lemos-Paiao et al. [23] employing real data from the Portuguese health authorities,
evidence of positivity and boundedness of solutions, examination of equilibrium
points and their stability analysis, and so forth. The utilization of the Monte Carlo
method with Bayesian sequential design for particle filtering, as demonstrated by
Li et al. [24], enables the model to be regenerated every day and to adjust to novel
patterns in the daily incoming data.

Ramezani et al. [35] examined the accuracy level of our model by testing it
against publicly available cumulative infection and mortality data for several US
states. The findings of this study provide new light on the herd immunity and re-
production rate that is now prevalent in the US. Furthermore, the average COVID-
19 reproduction number in the US was found to be 12.6 days; this puts the virus
in the same category as measles and mumps as one of the most contagious dis-
eases. A spectral technique was presented by Olivares et al. [33] that enables a
polynomial extension of the stochastic state variables of the optimal control model
to express the uncertainty propagation through the state variables. For compart-
mental epidemiological models, this method is used to create and resolve robust
optimum control problems. More precisely, a polynomial chaotic expansion based
on statistical moments was utilized.

Deng’s [11] explanation of transmission parameters for current compartmental
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models requires stochastic parameterization. Extensive data on gearbox properties
is necessary for these models to function effectively. Deep learning methods work
well as an alternative since they significantly lessen the reliance on data particu-
larity when estimating these stochastic parameters. Romano et al. [37] created a
deterministic compartment framework in order to perform a retrospective study and
comprehend the primary alterations made to the defining qualities that control the
epidemic’s progression.The well-established SIR model for epidemic dynamics, the
precisely known solution of linear differential equations, and the statistical method
previously created for the examination of the pediatric illness that originated in
Chernivtsi, Ukraine, in 1988-1989 were all utilized in the work by Nesteruk [29].
Shah et al. [40] used the Jacobian matrix to determine the local stability and funda-
mental reproduction number. The global stability of the problem under study was
computed using the Lyapunov function theory. A numerical interpretation under
fractional derivative was also attempted to be obtained by employing a fractional
order non-standard finite difference (NSFD) technique. When a class of explicit
2-stage Runge-Kutta (RK2) methods of order two was applied to the numerical so-
lution of specific non-linear initial value problems (IVPs) for ODEs on COVID-19,
Khalsaraei [21] examined the positivity property for the method.

Kahn et al. [18] and colleagues employed a stochastic agent-based nursing home’s
susceptible-exposed-infectious (asymptomatic/symptomatic)-recovered model to im-
itate the spread of SARS-CoV-2. Mondal et al. [27] examined the model’s qualitative
behaviour and the stability of physiologically plausible equilibrium points in terms
of the basic reproduction number. Hussain et al. [17] used stochastic mathematical
modelling to simulate the infectious disease pandemic. Using Ito’s formula, con-
structing suitable Lyapunov functions, and analyzing the surrounding white noise,
a few subjective features are obtained. Kottakkaran Sooppy Nisar et al. [31] em-
ployed an efficient numerical method to solve the model and simulations, established
existence criteria using the Banach contraction principle, and determined the re-
productive number under specific state conditions. Kottakkaran Sooppy Nisar et
al. [32] developed a nonlinear fractional-order Ebola model with eight compartments
using a novel piecewise hybrid technique. The existence and uniqueness of solutions
were established using Arzela-Ascoli and Schauder conditions. Sensitivity analysis
was performed to assess the influence of parameters on disease spread. Local and
global stability were analyzed using the Matignon method and Lyapunov functions,
respectively. Numerical solutions were obtained using Newton’s polynomial tech-
nique for a piecewise Caputo operator, supported by real data simulations at various
fractional orders.

Muhammad Umer Saleem et al. [38] developed a syphilis epidemic model using
a hybrid approach combining Atangana-Baleanu Caputo and classical derivatives
to capture memory effects across different time phases. Generalized Ulam-Hyers
stability ensured global stability, and the piecewise model was shown to have a
unique solution. Numerical solutions were obtained using Newton polynomial in-
terpolation for various fractional orders. Sant Ram Chawla et al. [9] used LaSalle’s
invariance principle and Lyapunov’s direct method to show that less than 1 en-
sures global asymptotic stability of the disease-free equilibrium. Optimal control
strategies were determined using Pontryagin’s Maximum Principle. Naik et al. [28]
developed a time-fractional COVID-19 model using a generalized Mittag-Leffler
kernel and a fractal-fractional operator to capture infection rate fluctuations. Ex-
istence, uniqueness, and Ulam-Hyers stability were established using the Banach
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contraction principle.

By constructing a suitable stochastic Lyapunov functional, Bera et al. [7] ana-
lyzed the qualitative properties of the stochastic HTLV-I infection model, including
the existence and uniqueness of solutions, stochastic ultimate boundedness, and
uniform continuity. The proposed system exhibits three biologically feasible steady
states: the disease-free steady state, the CTL-inactive steady state, and the interior
steady state. Bera et al. [8] estimated the critical time delay that preserves the
stability of the period-1 limit cycle. The direction and stability of the Hopf bifurca-
tion near the interior steady state were analyzed using center manifold theory and
the normal form method. To assess the robustness of the model, a normalized for-
ward sensitivity analysis was performed with respect to RO and R1. Das et al. [10]
proposed and analyzed a mathematical model for tuberculosis transmission that in-
corporates the impact of social awareness during an epidemic. The model’s possible
equilibrium points were identified, and their stability criteria were examined. The
basic reproduction number was derived using the next-generation matrix method.

Dwivedi et al. [12] analyzed a nonlinear vector-host dengue model with vaccina-
tion and treatment controls, calibrated using data from six Indian states. Sensitivity
analysis showed that reducing transmission rates between mosquitoes and humans
is key to controlling the disease. Khajanchi et al. [20] carried out a sensitivity
analysis to identify the key parameters of the HTLV-I infection model with respect
to the reproduction number. Tiwari et al. [41] conducted a sensitivity analysis
to identify the key parameters of the model that have significant impacts on the
prevalence and control of COVID-19. Ghosh et al. [16] analyzed a model with two
equilibrium points—disease-free and interior—examining positivity, boundedness,
and global stability. The basic reproduction number was derived using the next-
generation matrix method. Khajanchi et al. [19] examined the dynamical behavior
of the system both analytically and numerically from the perspectives of stability
and optimal control theory. In the case of non-constant control, Pontryagin’s Maxi-
mum Principle was applied to derive the necessary conditions for an optimal control
strategy for HTLV-I infection.

Atangana [3] employed a study of the Lyapunov functions second derivative in
addition to an investigation of each class second derivative to determine how a
wave may be identified. Additionally, the proposed model’s stochastic variant was
examined. The next generation matrix was used by Atangana [2] to implement a
lockdown and social distancing effect. Atangana et al. [4] provided a full presen-
tation of the reproduction number formula and the stability analysis for the novel
mathematical model COVID-19, which was composed of nine classes. Utilizing the
Atangana-Baleanu in the Caputo sense fractional derivative, Xu et al. [42] exam-
ined the fractional-order COVID-19 model. Farmant et al. [14] used the Sumudu
transform (ST) approach in their investigation of the fractional-order COVID-19
model.

Our motivation to solve the problem and provide approximate analytical solu-
tions came from the aforementioned studies. Evaluating the semi-analytical solution
for the COVID-19 epidemiology using HAM is the main objective of this research.
When the results obtained from the Homotopy Analysis Method (HAM) are com-
pared with other numerical solutions, they provide explicit expressions that are
highly valuable for evaluating the epidemic model of disease transmission and un-
derstanding the influence of various parameters. While HAM does not guarantee
approximate analytical solutions for all first-order nonlinear initial value problems,
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it has been effectively applied in our study to solve the first-order nonlinear model
of COVID-19 and to derive explicit semi-analytical expressions. The numerical sim-
ulation and approximate analytical solution are then shown in a comparison and
graphical format. To illustrate the impact of multiple variables, graphical represen-
tations are presented.

Nomenclature:
Symbol Meaning
p1 Contact rate
1o Death rate due to infection

I(t) Infected

a Recruitment rate

w Rate at which an individual becomes recovered

E(t) Exposed

« Rate at which the infection is reducing due to vaccination

P2 Vaccination rate

R(t) Recovered

b Recruitment rate to the vaccinated class

[95)

(t) Susceptible

t Time (days)
V(t) Vaccinated

Recovery rate

Contact rate from the vaccinated to the infected class

(G
6 Death rate due to natural causes
)
p

Migration rate from the susceptible to exposed

N(t) Total population

2. Mathematical formulation of the problem

Let’s examine the SARS-COVID-19 model as presented by Huda Alsaud et al. [1]
in which the classes S stands for susceptible, E for exposed, V for vaccinated, I for
infected and R for recovered. We specify a number of parameters for this model:
a is the recruitment rate, ¢ is the percentage of deaths from natural causes, the
rate of interaction between the vulnerable and exposed classes is represented by
p + p1, p2 is the vaccination rate, the rate of infection reduction as a result of
vaccination effects is symbolized by «, pp is the infection-related mortality rate,
w is a measure of how quickly a person recovers from a vaccination and gets well,
b is a representation of the vaccination class enrollment rate, the proportion of
contact between the immunized and infected groups is represented by ¢ and 1 is
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Figure 1. Diagrammatic depiction of the pandemic model

the recovery rate. Our goal is to investigate how the vaccine impact spreads the
SARS-COVID-19.

The following is the framework that was created using the vaccine effect as the
basis for the generalized hypothesis:

ds

r =a—(6+p+p1)S, (2.1)
dFE

E = (p + ,Dl)S —0F — pQO[EV7 (22)
dV

dl

7 =9V~ o+ o+, (2.4)
d

di: =wV + ¢l —6R (2.5)

with initial condition

Att=0,50)=1¢1 > 0,E(0) =c2 > 0,V(0) =c3 > 0,1(0) = ¢4 > 0,R(0) = ¢5 > 0.
(2.6)

The model schematic diagram is depicted in Figure 1. A brief description of the
compartments and transitions in Fig 1 is provided below:
e Susceptible: Becomes exposed at rate p+ p1, and exits the system at rate 6. New
susceptible enter at rate a.
e Exposed: Transitions to vaccinated V at rate poaE'V, and exits at rate 6.
e Vaccinated: Receives people from E, moves to infectious I at rate b, or to recovered
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R at rate w. Leaves the system at pg + 9.
o Infected: Infected individuals may recover at rate ¢, or exit at pg + 9.
e Recovered: Gains from I and V', and exits at J.

3. Approximate analytical solutions for the SEVIR
model using the Homotopy Analysis Method

Laplace adomain decomposition procedure [13], Homotopy analysis approach [36],
Homotopy perturbation technique [22], and the new approach to Homotopy per-
turbation strategy [39] are asymptotic methods used to derive approximate ana-
lytic solutions to non-linear differential equations. The Homotopy Analysis Method
(HAM) is a non-perturbative analytical technique that has been successfully applied
across a wide range of scientific and engineering problems. It operates by construct-
ing series solutions to nonlinear differential equations. A key feature of HAM is the
convergence-control parameter, which allows flexibility in ensuring and adjusting
the convergence of the solution. Consequently, HAM has proven to be a highly ef-
fective method for obtaining analytical solutions to nonlinear differential equations.
In most cases, HAM addresses nonlinearity by representing the unknown function
and its derivatives as a polynomial. The HAM yields a simpler, more accurate so-
lution than any of these other approaches. Liao [25,26] introduced the homotopy
analysis approach, a potent analytical technique for non-linear situations. This
method’s benefit is that it only requires one convergence control parameter within
the system, making it suitable for a variety of solutions of non-linear differential
equations.
Eqns.(2.1)-(2.6) can have their homotopy using HAM as follows.

s ] rds
(1-p) [dt+(5+p+p1)5 = hp dt—a+(6+p+p1)5], (3.1)
dE ] [dE
(1-p) [dt +0E| =hp pr (p+p1)S+OE+ pzaEV} , (3.2)
av : [V
(1-p) {dﬁ(é + o tw—bt @)V | =hp |- —praBV + (0 + po +w — b+ (j))V] ,
_ ] (3.3)
dI ] rd1
(1-p) E+(uo+6+w)1 = hp E—¢V+(uo+5+w)1 : (3.4)
iR ] "dR
(1-p) {dt—kéR = hp dt—wV—z/JI—i—éR] (3.5)

The approximate analytical solution to Eqns.(3.1)-(3.5) is as follows:

S =Sy +pSi +p*Sa + ..., (3.6)
E =Ey+pE, +p?Ey + ..., (3.7)
V=Vo+pVi +p° Vo + ..., (3.8)
I=1Iy+pl +p*L + ..., (3.9)
R =Ry +pRi +p*Ra+ ... (3.10)
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For Eqns.(3.1) to (3.5), the initial approximations are given by

SO(O) = Cq, Eo(O) = C2, ‘/0(0) = C3, Io(()) = C4,R0(0) = Cs, (311)
S:(0) =0, E;(0)=0, V;(0) =0, L,(0)=0,R;(0)=0,i=1,2,3,... (3.12)

We have to put Eqns.(3.6)-(3.10) into Eqns.(3.1)-(3.5) and compare the coefficients
of the powers of p® and p' so as to arrive at the following equations.
Zeroth iterations:

P’ %Jr((erpJFpl)So =0, (3.13)
P’ % + (8)Ep =0, (3.14)
poz%+(5+uo+w—b+¢)%:0, (3.15)
P’ % + (o + 6 + 1) Iy = 0, (3.16)
P’ % +6Ry = 0. (3.17)

Initial iterations:

ds ds, ds,

Pt (5 ptp1)Si— —2 — (G4 p+p)So—h (=2 —a+ (34 p+p)So
dt dt dt
—0, (3.18)
dE dE, dE,

p' 17; (6)Er — 7; —(0)Eo —h (dto —(p+p1)So +0Ey + PzaEOVO) =0,

(3.19)

av; dv;

P ;7;+(5+u0+w—b+¢)v1 - dTO — (84 po +w — b+ )V,

A%

—h (dto pgaEgVoJr(éJr,qurwargb)Vo) =0, (3.20)
dr dl, dI

Pl (o 6+ ) = 2 — (o + 8+ )T — (d: — Vot (no +8 + zb)Io)
=0, (3.21)
dR dR dR

1, 4t _ & B N ke U - =
P at +0R, a ORo—h ( at wVy —Yly + (5R0> 0. (322)

We can obtain the following results by solving Eqns.(3.13)-(3.17) using the con-
straints in Eqns. (3.11):

_ —(6+ t
So=rcy e (64p+p1) ,

(3.23)

Ep=cye” 1, (3.24)
Vo = ¢y e OFpotw=btd)t (3.25)
Iy = ¢y e~ (Hoto+9)L (3.26)
(3.27)

RQ = Cs 6_(6)t.
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We can obtain the following results by solving Eqns.(3.13)-(3.17) and (3.18)-(3.22)
using the constraints (3.11) and (3.12)

ha e~ (0+ptpi)t h
Sy =2 S — (3.28)
d+p+pl O0+p+p1
B— hip+p1)cy et h paoucy 3 e~ O N hip+ p1)cy e Otptrt
(p+p1) (0 +po +w—0+9) (p+p1)
—(20+potw—b+9¢)t
B h paaco cz e , (3.29)
0+ po+w—>0+¢)
Vi _hpacres e‘?*’”*‘”‘“w L hpaaescy e‘i‘” pote (3.30)
h —(moto+y)t —(0+potw—b+¢)t
= o _hocse , (3.31)
b-wib—9 Gowtb—o
R hweg e~ 0t hipeg et hweg e~ (Ftmotw—btd)t
b w—0 oty b—jig —w— ¢
h —(0+po+) t
bea e (3.32)
Ho +
According to HAM technique, we have
S = lim S(t) =Sy + 51, (333)
p—1
E = lim E(t) = Ey + E, (3.34)
p—1
V=1lmV(t)="Vy+ Vi, (3.35)
p—1
I=1limI(t)=1I,+1, (3.36)
p—1
R = lim R(t) = Ro + R;. (3.37)
p—1

As a result, by substituting the Eqns.(3.23) to (3.32) into Eqns.(3.33) to (3.37), we
have the following approximate analytical solutions.

ha 67(5+P+P1)t ha
S+p+p  S+tptp’
hp+pi)c e 0t h paacy cg e 0t
(p+p1) (04 po+w—>b+09)
hp+p1)cr e CHetr)t  hpoacy ey e (20tmotw—bte)t
(p+p1) (6+po+w—b+0)
h pacucy cg e~ (FtHotw—bto)t
)

S(t) = ¢q e OHetrt 4

(3.38)

Et)=cye =

" , (3.39)

V(t) = cs e~ (O+potw—=btd)t _

h pacrey cg e~ (20tHpotw=bte)t
5 ;
N hes e~ (no+d+y)t B hoes e~ (0+potw—btg)t
Y—w+b—0¢ Y—w+b—0¢ ’
st hwes e 9t hpcy €%t hwes e (Otpotw—bto)t
b—pmo—w—¢  po+¢  b—pg—w—o

(3.40)

(3.41)

I(t) = ¢y e~ (Rotot+¥)t

R(t)=cs e
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hw Cy e_(6+l"0+w) t

g (3.42)

4. Numerical simulation

Numerical simulation of non-linear differential equations demonstrates the efficacy
of our approximate-analytical solution. In MATLAB, the function graphmain 3 is
used for Eqns.(2.1) to (2.6). Figs.2—7 demonstrate the good agreement between our
approximate-analytical solution and the numerical simulation.

5. Results and discussion

This section has covered the graphical representation using the approximate ana-
lytical results listed in Eqns.(3.38) to (3.42). Figures 2 to 29 show a comparison
between the approximate analytical results and numerical simulation. The follow-
ing describes how disease spread behaves under control intervention. p; determines
the frequency of contact between susceptible people and sick people, which aids in
the spread of the disease, o represents additional disease-related mortality in the
infected compartment beyond the natural death rate, a characterizes the influx of
new people into the vulnerable population, such as births or immigration, w shows
the rate at which infected people recover and enter the recovered class, a repre-
sents the efficiency of vaccination in lowering the rate of transmission, ps regulates
the rate at which vulnerable people receive vaccinations and join the immunized
group, b refers to new people who join the vaccinated population directly, whether
through births or other means. When people recover from an infection, 1 stands for
a general recovery parameter, J is the standard mortality rate that applies to every
compartment, ¢ suggests breakthrough infections or partial immunity by simulating
possible transmission among vaccinated individuals and p reflects the migration of
populations.

Fig.2: Depicts the population as a whole over time for the epidemic model
under consideration. The susceptible, exposed, infected, vaccinated, and recovered
classes of population are plotted versus time for a few model-fixed parameters in
this figure.

For Susceptible class: Using Eqn.(3.38), the susceptible class S(¢) is displayed
against time (¢) (days) in Figs.3-6. The values of the Recruitment rate a grow in
parallel with an increase in the corresponding susceptible class S(t), as shown in
Figure 3. The corresponding Susceptible class S(t) decreases as the amount of
deaths from natural causes J, the migration rate from Susceptible to Exposed p,
and the contact rate p; increase, as shown in Figures 4, 5, and 6.

For Exposed class: Figs.7-11 show the exposed class E(t) versus time (¢)
with the use of Eqn.(3.39). Figs.7 and 8 show that an increase in the contact
rate and migration rate from Susceptible to Exposed p causes an equal increase in
the Exposed class. The matched Exposed class E(t) experiences declining rates,
whereas the vaccination rate ps , the pace at which the infection is decreasing as a
result of vaccination «, and the mortality rate from natural causes ¢ all show rising
values. Figures 9—11 provide illustrations of these findings.

For Vaccinated class: The Vaccinated class V(t) versus time (¢) is shown in
Figs.12-18 using Eqn.(3.40). In accordance with Figs.12, 13, and 17, the correspond-



348 V. Ananthaswamy, B. Sathyapriya & M. Shruthi

(%]
[g]
L]

Numerical simulation —--||
Analytical solution .........
a=143. 5 =010, 1, =0.19, 5=0.000065,
p>,=0020,0=098, p=043,2=0.0008601
5=0.135, $=0.0001 =0.0001

(]

=]

L]
T

Total Population N(I‘)

G| | —T
150 | — 2l
100 —_—r
50 |
0 e,

Figure 2. Total population versus time for five classes.

ing Vaccinated class V(t) likewise grows when the vaccination rate ps, infection rate
decreasing as a result of vaccination « and recruitment rate to the vaccinated class
b, increases. The corresponding Vaccinated class V (¢) declines, whereas the rates of
infection pg, natural causes of death 4, the rate at which a person recovers w, and
contact rates between the vaccinated and the infected classes ¢ all show growing
values. Figures 14-16 and 18 provide illustrations of these findings.

For Infected class: Figs.19-24 display the infected class I(t) versus time (¢)
using Eqn.(3.41). The corresponding infected class I(t) declines as the pace of
recuperation ), the speed at which someone heals w, the death rate from infection
1o, and the death rate from natural causes ¢ all rise, as illustrated in Figs. 20, 21, 23,
and 24. Infected Class I(t) rises with an increasing rate of communication between
immunized and affected class ¢ and with the recruitment rate to the vaccinated
class b, as seen in Figs. 19 and 22.

For Recovered class: Eqn.(3.42) is used to plot the Recovered class R(t)
against time (¢) in Figures 25-29. As seen in Figs. 28 and 29, the benefits of
infection-related death rate g, rate of interaction between the immunized and the
affected group ¢ all increase, while the corresponding Recovered class R(t) decreases.
The increase in the rate at which a person gets recovered w, the pace of recovery v,
and the enrollment rate for the class of immunized individuals b and the recovered
class R(t) are positively correlated, as shown in Figures 25-27.
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Figure 29. Effect of immunization and sick class contact ¢ in recovered R(t).

6. Conclusion

To help eradicate COVID-19, it is recommended that governments prioritize widesp-
read immunization for vulnerable populations. Additionally, hospitals should be
equipped with advanced healthcare facilities and life-saving technologies to effec-
tively treat infected individuals. To further curb the spread, adherence to public
health measures such as curfews, isolation, and the consistent use of face masks is
strongly advised. Using the HAM, the approximate analytical result of the COVID-
19 models for the susceptible S, exposed E, vaccinated V', infected I and recovered
R was obtained for all parameter values. To demonstrate the efficacy of the ap-
proach, graphical representations of each parameter in the model were shown. Our
approximate analytical results corresponded nicely with the numerical simulation.
To further expand the findings of this study, it would be worthwhile to extend
the current model by incorporating quarantine, hospitalization, and awareness of
COVID-19. Awareness plays a key role in encouraging individuals to get vacci-
nated and seek hospitalization when necessary. Therefore, examining the combined
effects of awareness, quarantine, and hospitalization on controlling the COVID-19
outbreak would be of significant interest. The outcome causes the following:

e According to our research, if we increase the pace of recruitment a, we may quickly
identify susceptible individuals S(¢) and lower the number of exposed individuals
E(t) by increasing the rate at which vaccination reduces infection «.

o Infected class I(t) decreases by raising the recovery rate ¢ at the infected popu-
lation.

e To increase the recovered population R(t), it is recommended that the recruitment
rate into the vaccination class b be enhanced.
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e Guidance on viral control is provided to support the community in overcoming
the pandemic by prioritizing vaccination for individuals with weakened immune
systems.

7. Appendices

MATLAB program to find the numerical simulation of Eqns.
(2.1)-(2.5)

functiongraphmain3

options = odeset('RelTol',1e — 6,/ Stats’,’ on');

Xo = [217.342565, 100, 1.386348, 1.1, 1.271087];

tspan = [0,20]; ss

tic

[t, X] = oded5(QTest Function, tspan, X o, options);

toc

figure

holdon

plot(t, X (:,1

plot(t, X (:,2

plot(t, X (:,3
(:,4

5

/ /

=
)" =)

plot(t, X (:,4),) =)

plot(t, X(:,5)," =)

legend(’S’,’ E VT R/)

ylabel(' Population’)

zlabel('Time’)

return

function[dzgt] = TestFunction( ,x)

a = 1.43;rhol = 0.10;mu0 = 0.19;delta = 0.000065; rho2 = 0.020;o0mega =

0.98; rho = 0.45; alpha = 0.0008601;

b = 0.135; phi = 0.0001; psi = 0.0001;

dzgt(1l) = a — ((delta + rho + rhol) x z(1));

dxqt(2) = ((rho + rhol) x z(1)) — (delta * 2(2)) — ((rho2) * (alpha) * x(2) * (3));
dxqt(3) = ((rho2) * (alpha) * £(2) * £(3)) — ((delta+mu0 + omega — b+ phi) x 2(3));
dxqt(4) = (phi* x(3)) — ((mul + delta + psi) * x(4));

drqt(5) = (omega * x(3)) + (psi * x(4)) — (delta * x(5));

dl’dt = dl’dt’;

return
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