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ABSTRACT. The COVID-19 pandemic, which first emerged at the end of 2019, has had a significant impact on peo-
ple’s lives around the world. In Indonesia, the outbreak began to develop in February 2020. Although the pandemic
has now passed and people have started to resume their normal activities, some individuals are still being infected
with COVID-19, even though the number of cases is now under control. One of the key factors in controlling COVID-19
is vaccination. The extent to which vaccination affects COVID-19 transmission will be discussed in this study. Fur-

KEYWORDS thermore, a numerical simulation will be conducted on this mathematical model to observe the impact of vaccination
COVID-19 on COVID-19. The mathematical model of COVID-19 with vaccination influence will describe the interaction between
SEVIRD six population classes, namely: the class of susceptible individuals who can be infected (Susceptible — S), the class of
Coronavirus exposed individuals (Exposed — E), the class of vaccinated individuals who have never been infected (Vaccinated — V),
Vaccination the class of infected individuals (Infected — 1), the class of individuals who have recovered (Recovered — R), and the

Mathematical Modeling

class of infected individuals who have died (Death — D). It is important to note that COVID-19 is a disease caused by
infection with the coronavirus. A person who has not yet been infected with the virus has the potential to be exposed.
One way to prevent exposure is through vaccination. In Indonesia, vaccination has been made mandatory three times:
the first dose, the second dose, and the booster. However, because the coronavirus has an incubation period, there is
no guarantee that a vaccinated person has not already been exposed to the virus. Exposed individuals will become in-
fected with COVID-19 once the incubation period ends. Infected individuals may show symptoms or be asymptomatic.
An infected individual has two possible outcomes: recovery or death. The modeling is based on the SEVIRD model,
with its parameters estimated using data. This study produces a mathematical model of COVID-19 with vaccination

influence, showing that vaccination plays a role in controlling the spread of COVID-19.

This article is an open access article distributed under the terms and conditions of the Creative Commons
Attribution-NonComercial 4.0 International License. Editorial of EULER: Department of Mathematics,
BY _NC Universitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction

In 2019, COVID-19 became a serious global issue [1]. This
disease outbreak was caused by an infection of the SARS-CoV-2
virus, which was first detected in Wuhan, China [2]. Currently,
COVID-19 has been brought under control, and people have re-
sumed normal activities, including in Indonesia. One of the ways
to control COVID-19 is through vaccination [3]. Several stud-
ies have been conducted to understand the characteristics and
strategies for managing this disease, so that it can be controlled
effectively. One such study explores optimistic and pessimistic
scenarios using a modeling approach based on the SIR Model,
as written by Kusumo et al. [4]. In addition, Bagal et al. (5]
presented the classical SIR Model to estimate the epidemiolog-
ical parameters of COVID-19 in India during various phases of
government lockdown, and to assess the impact of strict inter-
ventions on the outbreak dynamics. From this study, the classi-
cal SIR Model is shown to be fairly representative for modeling
COVID-19 within the context of lockdown interventions, which
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have proven effective in significantly reducing the transmission
rate. However, to achieve outbreak elimination, a combination
of strategies is needed, such as contact tracing, testing, isolation,
and vaccination. On the other hand, an extension of the classical
SIR Model was presented by Cooper et al. [6], which modifies the
assumption of a constant population. This allows the susceptible
class to increase again during surges, such as due to reopening
regions or the entry of new cases into Indonesia. This modified
SIR Model is more realistic when applied to communities expe-
riencing wave-like outbreaks, where the susceptible population
does not necessarily decrease monotonically. The classical SIR
Model can be robust enough if its parameters and population as-
sumptions are adjusted according to real-time data.

A study on the SEIRV Model, which has proven to be more
realistic and effective in modeling the dynamics of the COVID-19
pandemic with vaccination interaction, was presented by Saharan
et al. [7]. In that study, the developed model helps assess the
effectiveness of vaccines, showing that vaccination can reduce
cases and significantly alter the trajectory of the pandemic com-
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pared to a scenario without vaccination. Furthermore, the study
discusses how the SEIR Model outperforms Holt’s trend method
for short- and medium-term predictions, while the SEIRV Model
is more suitable for policy analysis related to vaccination. In the
development of the SEIRV Model, a new class P was added to rep-
resent protective behavior (self-protection) [8]. This model devel-
opment incorporates vaccination and optimal control strategies
to minimize both the number of COVID-19 infections and the
cost of interventions. On the other hand, the development of
the SEIRV Model was also discussed by Poonia et al. [9]. This
enhancement extends the SEIRV Model to predict the spread of
COVID-19, particularly by taking into account the effects of vac-
cination and the implementation of social distancing.

In the formulation of the SIR, SEIR, and their variant mod-
els, the Basic Reproduction Number (Rg) must be calculated to
determine the average number of new infections caused by a sin-
gle infected individual in a fully susceptible population. The Next
Generation Matrix (NGM) is constructed and used to calculate a
mathematically valid and structured R [10]. A study on the fun-
damental concepts, model development, and R calculation was
presented by [11].

The Taylor matrix and collocation numerical methods are
used to obtain robust numerical solutions in solving the SIR
Model with time-dependent parameters and recovery rates [12].
Numerical simulations based on daily COVID-19 data in Indone-
sia were studied by Annas et al. [13]. This study discusses the
criteria under which COVID-19 would become endemic without
intervention. The SEIR Model was used in this study with the
aim of evaluating how interventions such as vaccination and iso-
lation affect the spread of COVID-19 in Indonesia. These findings
can serve as a guide for early prevention policies and epidemic
intervention strategies.

Based on the literature review conducted, this study will
discuss a mathematical model of COVID-19 using the SEVIRD
Model. One of the key differences between this study and previ-
ous research lies in the addition of the Death (D) class, with the
assumption that each individual infected with COVID-19 has the
possibility of either recovering or dying from the disease. The
mathematical modeling of COVID-19 in this study begins with
determining the assumptions and parameters to be used. Based
on these assumptions and parameters, a transfer diagram is con-
structed to formulate the mathematical model of COVID-19 with
the influence of vaccination. Once the model is established, the
disease-free equilibria point and the basic reproduction number
Ry will be calculated. In addition, Ry will also be used for analy-
sis in the numerical simulation results. The parameters used for
the numerical simulations are obtained from [14-19]. To deter-
mine the accuracy of the SEVIRD Model, the Root Mean Square
Error (RMSE) method is used. The RMSE calculation is employed
to measure the error difference between the SEVIRD simulation
results and the actual data. This study is expected to show that
the mathematical model of COVID-19, incorporating the influ-
ence of vaccination, can demonstrate the role of vaccination in
controlling the spread of COVID-19.

2. Methods

The research flow was divided into five stages: data collec-
tion method, model formulation, data analysis method, compu-

tational method, and system performance evaluation method.

2.1. Data Collection Method

This study is supported by a literature review by reading
and analyzing literature on mathematical modeling of COVID-19,
with or without interventions as disease control measures, in or-
der to obtain information relevant to the topic. The mathemati-
cal modeling process begins by defining the population classes,
determining the assumptions used, identifying the parameters
that influence the mathematical model, creating a transfer dia-
gram, and formulating the mathematical model. Next, numerical
simulations are conducted to understand the medical interpre-
tation of the mathematical model, allowing for comparison with
actual medical facts. After the literature review is completed,
data is collected for use in the numerical simulation. Data collec-
tion for this simulation is carried out qualitatively from journals
written by [14-19].

2.2. Model Formulation

The transmission process of COVID-19 begins when a sus-
ceptible individual becomes infected with the SARS-CoV-2 virus.
This virus has an incubation period. When the incubation pe-
riod ends, the individual may become infected with the COVID-
19 disease. Prior to infection, vaccination is administered as one
method of controlling the spread of COVID-19. The individuals
who receive the vaccine are those in the susceptible class. How-
ever, it is still possible for individuals who are already infected
with the SARS-CoV-2 virus to receive the vaccine. This is because
symptoms of the disease may not appear during the incubation
period, allowing an individual who is vaccinated to still become
infected with COVID-19. An individual infected with COVID-19
has two possible outcomes: recovery or death due to the dis-
ease.

The classification in the mathematical model of COVID-19
with the influence of vaccination is divided into six compart-
ments: Susceptible (S), Exposed (E), Vaccinated (V'), Infected
(I), Recovered (R), and Death (D). The Susceptible (S) class is
defined as the vulnerable group—individuals who have not been
infected by the virus and are still at risk of infection. The Exposed
(E) class refers to individuals who have been exposed to the virus
but have not yet shown symptoms of infection—in other words,
individuals in the incubation phase. The Vaccinated (V) class in-
cludes individuals who have been vaccinated but have never been
infected with COVID-19. The Infected (I) class is defined as indi-
viduals who are currently infected with COVID-19. The Recovered
(R) class includes individuals who have recovered from COVID-
19. The Death (D) class refers to individuals who have died as a
result of COVID-19 infection.

Next, let S (t) represent the number of susceptible individ-
uals at time ¢, E (t) the number of individuals exposed to COVID-
19 at time ¢, V' (t) the number of vaccinated individuals at time ¢,
I (t) the number of individuals infected with COVID-19 at time ¢,
R (t) the number of individuals recovered from COVID-19 at time
t,and D (t) the number of individuals who died from COVID-19 at
time ¢. From this point forward, S (¢t), E (t),V (t),I(t), R(t)
and D(t) will be simply denoted as S, E,V, I, R and D, respec-
tively. In this model, the following assumptions are made:

1. The population is closed, meaning there is no immigration
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or emigration.

2. There is interaction between susceptible individuals and in-
fected individuals, as well as between susceptible individu-
als and vaccinated individuals.

3. The probability of infection depends on the number of sus-
ceptible individuals and the number of infectious individu-
als.

4. Individuals who have recovered cannot become susceptible
again.

5. Multiple vaccine doses (second dose or booster) are not con-
sidered; thus, the vaccinated class includes all individuals
who have received any dose, whether only the first, the sec-
ond, or up to the booster.

6. There is a possibility that exposed individuals receive the
vaccine because symptoms do not appear (i.e., they are un-
aware of having been exposed to the SARS-CoV-2 virus),
meaning that vaccinated individuals may still become in-
fected with COVID-19.

The following are the parameters used in the mathematical
model of COVID-19 with the influence of vaccination.

Table 1. Parameters used

Parameter  Definition

A Natural birth rate

B Transmission rate

p Vaccination rate

d Rate at which exposed individuals get vaccinated

o Rate at which exposed individuals become infected with
COVID-19

w Rate at which vaccinated individuals become infected
with COVID-19

a Death rate due to COVID-19

vy Recovery rate

I Natural death rate

Based on the assumptions above, the transfer diagram is
obtained on Figure 1.

uv

A 0 oFE
s E 1 J—. R
BSI
al
: 4@

Figure 1. Transfer diagram of the COVID-19 mathematical

us uE

model with the influence of vaccination

Based on the transfer diagram in Figure 1, the mathemat-
ical model of COVID-19 with the influence of vaccination is for-
mulated as follows:

d
d—f:AfpSVfBSIqu, (1)

E

%:ﬁS[—(SE—aE—uE, ()
%:pSV—&-(SE—wV—/LV, 3)
dl
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dR
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ar = ©
dD

— =al.

= (6)

with initial conditions S (0) = Sy, E(0) = Ep, V (0) = Vj,
I1(0) =TIy, R(0) = Ry, D(0) = Dg,and S >0, E >0,V >0,
I1>0,R>0,D>0.

2.3. Data Analysis Method

Two methods are used for data analysis. First, the disease-
free equilibria point is determined. Second, the Basic Reproduc-
tion Number (Rjp) is calculated and used to analyze the results
of the numerical simulation.

In determining the disease-free equilibria point, the condi-
tion for finding the equilibrium point of the system of eq. (1) —
eq.(6)is %2 = 0,4 = 0,4Y = 0,4 =0, 28 = 0,and 42 = 0,
resulting in

A—pSV — ST —puS =0, (7)
BSI —6FE —ocE — uE =0, (8)
pSV +0FE —wV — uV =0, 9)
oE+wV —~yI —al —ul =0, (10)
vl — uR =0, (11)

al =0. (12)

The solution to the eq. (7) — eq. (8) represents the equilib-
rium point of the system of eq. (1) — eq. (6). The equilibrium point
is divided into two types: the disease-free equilibria and the en-
demic equilibrium. This study focuses only on determining the
disease-free equilibria, which is denoted by T'Ey. The disease-
free equilibria refers to the equilibrium point of the system of
eq. (1) — eq. (6) where no individuals are exposed to or infected
with COVID-19. In other words, £ = 0, I = 0, and D = 0. The
disease-free equilibria is obtained by substituting £ = 0, I = 0,
and D = 0 into eq. (7) — eq. (12). After T'E is obtained, its ex-
istence will be tested and interpreted based on the results of the
existence test. On the other hand, the COVID-19 endemic equi-
librium point is the equilibrium point of the System of eq. (1) —
eq. (6) where there are individuals who are exposed to and in-
fected with COVID-19. In other words, £ # 0 and I # 0. To
find the COVID-19 endemic equilibrium point, one can solve the
System of eq. (7) — eq. (8). Furthermore, the discussion regard-
ing the existence and interpretation of this endemic equilibrium
point will be addressed in future research, accompanied by a sta-
bility analysis of all equilibrium points—both the COVID-19-free
equilibria and the COVID-19 endemic equilibrium.

The next method used after calculating T E is to compute
the Basic Reproduction Number (Ry) , which represents the av-
erage number of new infections caused by a single infected in-
dividual in a fully susceptible population. The Next Generation
Matrix (NGM) is used to calculate Ry. To calculate Ry using the
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NGM, the first step is to ensure that there is a dynamic system in
the form of an ordinary differential equation model. The second
step is to divide this dynamic system into two components:
1. the rate of appearance of new cases (new infections), repre-
sented by the matrix F' (x), and
2. the rate of transitions between health states (recovery,
death, moving to other classes), represented by the matrix
V (x).
The next step is to evaluate the Jacobian matrices of F' (z)
and V (x) at the disease-free equilibria. Then, the Next Genera-
tion Matrix K is determined using the following equation:

K =F(z).V (). (13)

The largest eigenvalue (in norm) of K is Ry.

2.4. Computational Method

This section explains the computational method used in
the study. The computation was carried out using Python soft-
ware. The computational method begins by utilizing the NumPy,
SciPy, and Matplotlib libraries. The NumPy library is a Python li-
brary for mathematical and array operations, such as vectors and
matrices. In this program, NumPy is used to generate a sequence
of numbers from 0 to 120 with 121 points (representing a simu-
lation period of 120 days). The selection of a 120-day simulation
period is based on the minimum duration of COVID-19, which
ranges from 120 to 180 days. With NumPy, the program can per-
form efficient numerical computations. The odeint function, part
of the SciPy library, is used to numerically solve ordinary differ-
ential equations. In this program, odeint is used to solve the
SEVIRD equations over time. The function works by inputting
the SEVIRD model function, initial conditions (yo), and the time
range (t). Odeint then returns an array of solution values for each
compartment at each time step. The Matplotlib library is used to
generate plots and visualizations of the simulation results.

The parameters used in the numerical simulation are taken
from [14-19], as shown in Table 2.

Table 2. Parameter values used

Parameter  Value Unit
A 20 people
B8 0.3 per day
p 0.75  per day
1) 0.01  perday

1
o 53 per day
w 0.005 per day
«@ 0.01  perday
¥ 0.1 per day
W 0.01  perday

The initial conditions used in the numerical simulation are:
So = 999000, £y = 500, V, = 0, Iy = 500, Ry = 0, and
Dy = 0.

2.5. System Performance Evaluation Method

The forecast accuracy matrix is used to compare the fore-
casting performance of each method employed [20]. Based on
[7, 20-22], the forecasting evaluation is conducted on the test

data to identify the model with the best forecasting perfor-
mance using Mean Absolute Error (MAE), Root Mean Square Error
(RMSE), and Mean Absolute Percentage Error (MAPE). The equa-
tions used to calculate these metrics are:

1 N
MAE = — 5 Uy —
Nle‘yt yt|7

1

RMSE = , | — 0 — 1)
N (yt yt) )

M=

t

Lo~ [ = vl
MAPE = — ) 2t
Ntzz:l Yt

1

(16)

Based on eq. (14) — eq. (16), y; is the actual number of cases at
time-t, g, is the predicted number of cases at time-t, and N is
the number of test data points.

3. Results and Discussion

This section discusses the COVID-19 Disease-Free Equilib-
ria Point (T'E), the Basic Reproduction Number (Ry), numerical
simulations of the effect of vaccination on COVID-19, and the per-
formance testing of the SEVIRD Model. The following provides
explanations regarding these four topics.

3.1. COVID-19 Disease-Free Equilibria Point (T'E)

The disease-free equilibria point is given in the following
theorem.

Theorem 1. The equilibria point T Eq = (%, 0,0,0,0, O) is the
COVID-19 disease-free equilibria point for the system of eq. (1) —
eq. (6).
Proof. By substituting £ = 0 and I = 0 to eq. (10), we obtain
c(0)+wV —v(0) —a(0) —u(0) =0=wV =0.

Since w # 0, it follows that V' = 0.
Next, substitute / = 0 to eq. (11) to obtain

~(0)—uR=0=—uR=0.

Since o # 0, then R = 0.
Then, substitute / = 0 and V' = 0 to eq. (7) to obtain

A—pS(0)—pBS(0)—puS=0=A—puS=0

=upS=A
:>S:é.
"

As a result, the COVID-19 disease-free equilibria point of the sys-
tem of eq. (1) —eq. (6) is TEy = (%,0,070,0,0). O

The COVID-19 disease-free equilibria point TE;, =
(%, 0,0,0,0, O) always exists. This has a medical interpretation
that, under steady-state conditions, the number of susceptible in-

A
dividuals is — people, while the number of exposed individuals,
I
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vaccinated individuals, infected individuals, recovered individu-
als, and individuals who have died due to COVID-19 are all zero
(none). This equilibria point indicates a state where COVID-19
does not occur. The natural birth rate and the natural death rate
of susceptible individuals are factors that influence this condi-
tion.

3.2. Basic Reproduction Number (Ry)

The Basic Reproduction Number (Ry) is given in the follow-
ing theorem.

BoA

plo+p) (v+a+p)
sic Reproduction Number for the system of eq. (1) — eq. (6).

Theorem 2. The value Ry = is the Ba-

Proof. To calculate Ry, the focus is only on the classes that are
directly infectious or that generate infectious individuals, namely
the Exposed (F) class and the Infected (I) class. If we define
x=(E, T, then F(z) represents the new infections, expressed

as follows: S
Flz) = (50 ).

If V() represents the transfer between compartments,
then V(x) can be expressed as follows:

V(z) = (—O’E S-U(—;—/i)f—&- M)I) '

The matrix F is the Jacobian of F'(x) which is expressed as

follows: OF (2)
_ x) (0 BS
F&@J)@ 0)' (7
Next, substitute T, = (A/p,0,0,0,0,0) to eq. (17) to
obtain
0 pA
F=|" n (18)
0 0

The matrix V' is the Jacobian of V' (x) which is expressed as
follows:

V() [(o+u 0
8(E7[)_ -0 ’Y+Oé+/,(, '
Then, the determinant of matrix V is calculated as

det(V) = (0 + p) (v + a+ p),

V:

Therefore, the inverse of matrix V' is

vl 1 ('y+a+u 0 )
(c+my+a+p) 4 o+ p
1
— 0
_ o+ m 1 . (19)
(c+mwy+atp) v+a+p

From eq. (18) and eq. (19), the Generation Matrix K is ob-
tained as follows

1
O@ o+ 0
KZOI(; O‘M 1

(c+m(y+atp) v+a+p

BoA BA
= u@+uﬂg+a+u) M7+€+u) (20)

From eq. (20), the eigenvalues of matrix K are obtained as

A
)\1 = ﬁa- and )\2 =0.
plo + ) (y +a+ p)
Since A1 > )Ag, then
A
Ry =\ = ba .
o+ p)(y +a+p)

If vaccination is implemented in the population, the number of
susceptible individuals at steady state will be lower. In other
words, this condition can reduce the value of Ry, which aligns
with medical expectations. O

The

BoA
plo + p)(v + o+ p)
susceptible individuals who will be directly infected by a single
individual with COVID-19 in a completely susceptible population
(i.e., no one has been vaccinated). Thus, Ry is a measure of the
disease’s transmission potential. If oA > (o + p) (v +a+ ),
COVID-19 spreads rapidly and tends to become widespread. If
BoA < (o + u)(y + o+ w), individuals recover or die quickly.
In other words, the infectious period of COVID-19 is short. If
BoA = ploc + p)(y + a + p), the disease reaches a critical
point (the number of cases remains stable). If vaccination is
implemented in the population, the value of A/u will decrease,
thereby reducing the value of Ry, as desired.

Number Ry =

represents the average number of

Basic  Reproduction

3.3.  Numerical Simulation of the Effect of Vaccination on COVID-19

The parameter values are provided in Table 2. In the numer-
ical simulation, two cases will be considered: a numerical simu-
lation of System of eq. (1) — eq. (6) without vaccination and with
vaccination. For the numerical simulation of System of eq. (1) —
eq. (6) without vaccination, the simulation plot is presented as
follows.

In Figure 2, the number of susceptible individuals without
vaccination tends to decrease over time. This reduction is caused
by susceptible individuals becoming exposed individuals. On the
other hand, the number of exposed individuals increases until
it reaches its peak before the fifth day. After the fifth day, the
number of susceptible individuals continues to decline until ap-
proximately the thirtieth day. Meanwhile, the number of exposed
individuals remains significantly present without decreasing. The
decrease in exposed individuals is due to the end of the incuba-
tion period. In other words, many exposed individuals transition
into COVID-19 infected individuals, and the mortality rate due to
COVID-19 increases daily. However, the number of individuals re-
covering from COVID-19 is much lower than those who die from
the disease. In other words, without vaccination, a large number
of individuals will die from COVID-19. Next, the numerical simu-
lation of System of eq. (1) — eq. (6) with the effect of vaccination
will be conducted.

For the numerical simulation of System of eq. (1) — eq. (6)
with the effect of vaccination, the simulation plot is presented as
follows.
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Number of Individuals

Number of Individuals

Table 3. Performance evaluation for the SEVIRD Model

No. Case Type RMSE MAE MAPE
1. Daily COVID-19 infected cases (I) 3877.49 3229.64 17.61%
2. Daily recovery cases (R) 17768.13  14363.76  16.19%
3. Daily COVID-19 death cases (D) 1574.57 1202.80 9.80%
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Figure 2. Simulation based on SEVIRD model without vacci-
nation
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Figure 3. Simulation based on SEVIRD model with vaccina-
tion

In Figure 3, the number of susceptible individuals decreases
to nearly zero because almost all susceptible individuals have
been vaccinated, resulting in an increase in vaccinated individu-
als. Vaccinated individuals can still become infected, but in small
numbers. One reason is that some vaccinated individuals were
already exposed but asymptomatic, so they got vaccinated with-
out knowing they were already exposed; as a result, after vacci-
nation, these individuals become infected with COVID-19. There
are almost no exposed individuals who are unvaccinated because
many susceptible individuals were vaccinated before being ex-
posed to COVID-19. Additionally, exposed individuals complete
their incubation period and then become infected with COVID-
19. Although there are infected individuals, many more recover
compared to those who die from COVID-19. In other words, vac-
cination helps control the spread of COVID-19.

3.4. Performance Testing of the SEVIRD Model

In the SEVIRD Model, the model’s performance can be as-
sessed using the values of Root Mean Squared Error (RMSE),
Mean Absolute Error (MAE), and Mean Absolute Percentage Er-
ror (MAPE), as shown in Table 3.

From Table 3, for the daily COVID-19 infected cases, the
RMSE value is 3877.49. This indicates that, on average, the
model’s predictions deviate by approximately +3878 individuals
from the actual data. The MAE value of 3229.64 means that, on
average, the model’s predictions deviate by about 43230 individ-
uals, without amplifying the effect of outliers. The MAPE value of
17.61% indicates that the model’s predictions are proportionally
very close to the actual data, with a percentage error of 17.61%.
In other words, for the infected individuals category, the model
has an accuracy of 82.39%.

For the daily recovery cases, the RMSE value is 17768.13.
This indicates that, on average, the model’s predictions deviate
by approximately 17769 individuals from the actual data. The
MAE value of 14363.76 means that, on average, the model’s pre-
dictions deviate by about +14364 individuals, without amplify-
ing the effect of outliers. The MAPE value of 16.19% indicates
that the model’s predictions are proportionally close to the ac-
tual data, with a percentage error of 16.19%. In other words, for
the category of individuals recovering from COVID-19, the model
has an accuracy of 83.81%.

For the daily COVID-19 death cases, the RMSE value is
1574.57. This indicates that, on average, the model’s predictions
deviate by approximately #1575 individuals from the actual data.
The MAE value of 1202.80 means that, on average, the model’s
predictions deviate by about +1203 individuals, without ampli-
fying the effect of outliers. The MAPE value of 9.80% indicates
that the model’s predictions are proportionally close to the ac-
tual data, with a percentage error of 9.80%. In other words, for
the category of individuals who died from COVID-19, the model
has an accuracy of 90.20%.
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3.5.  Comparison with Standard SEIRV Models

The SEVIRD model is an extension of the basic SEIRV model
by adding a new compartment, namely the Death (D) class,
which represents the number of individuals who have died due
to COVID-19. In the SEIRV model, it is assumed that all infected
individuals will eventually recover and gain immunity. However,
in the SEVIRD model, a portion of the individuals in the Infected
(1) class can transition to the Death (D) class at a disease-induced
death rate.

The addition of this compartment makes the SEVIRD model
more realistic in representing the spread of COVID-19, particu-
larly considering its significant fatality rate. Simulation results
show that the SEVIRD model predicts a faster decline in the num-
ber of infected individuals compared to the SEIRV model, as some
individuals move to the Death (D) class. Moreover, the number of
recovered individuals (R) in the SEVIRD model tends to be lower
than in the SEIRV model because some individuals do not recover
from the infection.

Overall, the SEVIRD model provides a more comprehensive
depiction of disease dynamics by accounting for both possible
outcomes of infection: recovery or death. However, the SEIRV
model remains relevant when the death rate is relatively low or
when the primary focus of the study is on vaccine effectiveness
and population immunity development, rather than on disease
fatality.

During the pandemic, COVID-19 had a very high disease-
induced death rate. By adding the Death (D) compartment, the
SEVIRD mathematical model offers a more realistic interpretation
of real-world conditions, with higher accuracy compared to the
SEIRV model.

4. Conclusion

The results of the COVID-19 mathematical model incorpo-
rating the effect of vaccination show that vaccination plays a sig-
nificant role in controlling the spread of COVID-19. Without vac-
cination, the number of individuals who die from COVID-19 is
higher than the number of those who recover. With vaccina-
tion, although some individuals still become infected, the num-
ber of recoveries exceeds the number of deaths due to COVID-
19. In other words, the SEVIRD model is suitable for analyzing
vaccination-related policies and has a strong impact on COVID-19
disease control strategies. At steady state, the disease-free equi-
libria point is influenced by the natural birth rate and the natural
death rate of susceptible individuals. If vaccination is present in
the population, the number of susceptible individuals at steady
state will be lower. The SEVIRD model achieves an average accu-
racy of 85.47%.
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