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Abstract

Covid-19 is a disease that attacks the respiratory system caused by
infection with SARSCoV-2. Efforts to prevent the spread of Covid-19 by
vaccination. The spread of disease can be modeled into a mathematical
equation. The model used in this study is the SEIQV Model. The
disease spread model is analyzed by finding the equilibrium point and
the stability of the equilibrium point as well as the basic reproduction
number. In the Covid-19 distribution model, a bifurcation analysis
18 carried out which is needed to determine changes in stability and
changes in the number of equilibrium points. Then perform a numerical
solution using the fourth-order Runge-Kutta method which is simulated
using MATLAB.
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Method.

1. INTRODUCTION

Coronavirus has been known since the 1930s which is known to infect humans to animals.
At the beginning of 2020, the coronavirus (Covid-19) outbreak almost swept the entire country.
The World Health Organization officially announced on February 11, 2020, that the new virus
that causes pneumonia is called Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-
CoV-2) and the disease it causes is called Coronavirus Disease 2019 (Covid-19) [7].

Covid-19 cases are increasing daily, and one of them can be found in Indonesia. The most
effective prevention of disease is the use of vaccines because Covid-19 cases are increasing day
by day and one of them can be found in Indonesia. Vaccines are the most effective prevention of
disease because they contain substances that resemble disease-causing microorganisms, usually
made from weakened or dead microbes. The Covid-19 vaccine is recommended to do two doses,
namely the first dose and the second dose. The first dose of vaccination serves to introduce
the Covid-19 vaccine and stimulate initial immunity in the recipient’s body. The second dose
of vaccination serves as a booster or enhancer of the ability of the vaccine [3].

Covid-19 spreading in a population can be modeled in mathematical modeling. Several
studies have examined the spread of disease, including [6] by examining dengue fever in
Surabaya using the SEIR model. In this study, four subpopulations were divided, namely
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susceptible (S), exposed (FE), infected (I), and recovered (R). This study conducted a
bifurcation analysis aimed at determining changes in stability and changes in the number of
equilibrium points caused by changes in parameter values and conducted simulations using
the fourth-order Runge-Kutta method to analyze the relationship between basic reproduction
numbers and equilibrium point stability. The results obtained in this research occur advanced
bifurcation means that the disease will spread and cannot be handled.

[5] This study used a mathematical model of SIR with vaccination. This study was
divided into three subpopulations, namely susceptible (5), infected (I), and removed (R). The
use of the term removed in this study is because the population consists of individuals who
recover (Recovered) and die (Death). The simulation results obtained that the effectiveness
of the vaccine affects suppressing the growth of infected populations. The number of infected
populations can decrease as the effectiveness of vaccines increases so that healthy populations
are maintained. [8] in his research conducted a mathematical model simulation of Covid-
19 involving quarantine. The model used in this study is the SEAQIR model by separating
individuals with clinical symptoms from individuals with no clinical symptoms. Based on
the simulation results, increasing quarantine interventions can reduce the basic reproduction
number, which means that it can prevent Covid-19 transmission. [2] In his research made
modifications assuming the population grew logistically. The results obtained that the role of
vaccines can reduce the number of infected individuals.

Based on previous research, the author will conduct a behavioral analysis of the spread of
Covid-19 by testing the effectiveness of vaccines and investigating the presence of bifurcations.
The mathematical model used is the SEIQV model which is divided into five subpopulations,
namely healthy populations that are vulnerable to Covid-19 (.5), populations that are infected
but have not spread Covid-19 (F), populations infected with Covid-19 (I), populations that
quarantine (Q), and populations that vaccinate (V') with vaccine variables divided into Vj
and V5. The numerical solution of this model problem will be solved using the fourth-order
Runge-Kutta method.

2. METHODS

The study used data obtained from the Jember Regency Health Office from August 1,
2021 to November 30, 2021. The research steps in the Covid-19 spread model in Jember
Regency are as follows:

a. Construction of the SEIQV model consists of six compartments: susceptible, exposed,
infected, quarantined, vaccinated first, and vaccinated second.

b. Finding the equilibrium point in the SEIQV model is formed in equilibrium with the
population rate of each compartment is zero so that a disease-free equilibrium point
and an endemic equilibrium point and a basic reproduction number are obtained

c. Basic Reproduction Number (Rp) is used to determine the dynamics of disease
transmission. The base reproduction number is determined using the Next
Generation Matrix (NGM) method. The value of the base reproduction number is
obtained from the largest eigenvalue of the Jacobian matrix.

d. Analyze the stability of the equilibrium point by finding the stability of the disease-
free equilibrium point and endemic equilibrium point by entering the value of the
equilibrium point into the Jacobian matrix, so that the characteristic roots of the
Jacobian matrix are obtained to determine the stability of the two points.

e. Analysis of the occurrence of bifurcation by doing many settlements from populations
I and (Ry) that affect bifurcation.

f. Parameter assumptions are used to simulate model results. The value of the parameter
is obtained by making assumptions based on facts.

g. Numerical Solution analyzed the relationship between the basic reproduction number
and equilibrium point stability with the fourth-order Runge-Kutta numerical method
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using MATLAB and determined the effectiveness of the vaccine against infected
populations.

Conclusions and suggestions are drawn conclusions from the results of the discussion
that have been discussed earlier. Furthermore, suggestions are given for improvement
in the next study who want to continue this research.

3. RESULTS AND DISCUSSION

3.1. Model Construction. The assumptions of the mathematical model of the spread of
Covid-19 as follows:

a.

The population is closed, meaning that no individuals enter or exit the population,
meaning that the total population is assumed to be constant.

b. The population is assumed to be homogeneous.

The birth rate is aimed only at the susceptible individual compartment (.5), and natural
death is aimed at all compartments.

d. The birth rate and death rate are assumed to be the same.

Vaccination is carried out in as many as 2 doses.

Covid-19 virus infection occurs when a susceptible individual (S) comes into contact
with an infected individual ().

Individuals who have had the first vaccination (V;) can be infected, but the symptoms
are not as severe as individuals who did not have the first vaccination.

Individuals infected with Covid-19 (I) must quarantine.

Individuals who have quarantined (Q) after recovery will have the first vaccination.

. Individuals who have had a second vaccination (V3) are assumed to be permanently

immune to Covid-19 disease.

The assumptions above can be described schematically in the process of spreading Covid-
19 which can be presented in the transfer diagram in Figure 1 as follows:

(1 — k)BSI
/A

ul

FI1GURE 1. Transfer diagram of SEIQV model

Based on the compartment Figure 1 obtained a system of nonlinear differential equations
of the SEIQV model:
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The system of equations (1) can be simplified into a non-dimensional form which can be
expressed as follows:

ds .
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de . .
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d

% = azv1 — (1 + p)va.
3.2. Equilibrium Point. The equilibrium point is obtained when the equation system (2)
satisfies % =, % =, % =, % =, and % = 0. So that two equilibrium points are obtained,

namely disease-free equilibrium points and endemic equilibrium points and basic reproduction
numbers.

3.2.1. Disease-free Equilibrium Point. The disease-free equilibrium point is obtained as follows
0 _ - _ kaqm

(E° = (s, €,i,q,v1,v2) = (my(LOvoa WIW7O) .

3.2.2. Basic Reproduction Number. The basic reproduction number is used to see the possibility

of spreading Covid-19. The base reproduction number is obtained from the largest eigenvalue

in the Next Generation Matrix. The Next Generation Matrix of the equation system (2) is as

follows

K=Fv!
with
(1—k)Br(ptas)twkagm
0 Ghar 10 (o) 0 (e+p) 0 0
F= 0 0 o, V=1| - (nf+p 0
0 0 0 0 -nf  (0+p)

Obtained Ry values of the matrix K are as follows
(1 —k)Bre(p + ag) + ewkagm
(ko + p)(p + az)(e + p)(nd + )

Ry =
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3.2.3. Endemic Equilibrium Point. The endemic equilibrium point is obtained as follows
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3.3. Equilibrium Point Stability Analysis. Analysis of the stability of the two equilibrium
points is carried out after obtaining the equilibrium points. The system of equations (2) is a
system of equations that are nonlinear, so linearization is needed using Jacobian matrices,
including the following:

—(kay + p+ (1 — k) Bi) 0 —(1—k)Bs 0 0 0

(1— k) Bi “(u+e) (1—k)Bs 0 wi 0

S 0 c —(nf + ) 0 0 0
= 0 0 né — 6+ p) 0 0
ko 0 Wy 0 —(p+az+wi) 0

0 0 0 0 a9 —

3.3.1. Local Stability Analysis of Disease-Free Equilibrium Point. Analysis of the stability of
the disease-free equilibrium point is performed by substituting E° = (s,0,0, ¢, v1,v2) into the
Jacobian matrix so that the Jacobian matrix of disease-free equilibrium point J (EO) is as
follows,

J(E°) =

oOn oo oe
cocoon a o
S Q@ wa o
ox>ococo
S ~ococoo

cocoococo

n

with a = — (kay +p),b = % c=—(u+te),d= ((}mﬁ%, =gf=—0b+p), g=

nd, h=—0+p), z=ka,j % k=6 1l=—(p+a2), m=ag,andn=—pu.

From the Jacobian matrix .J (EO) obtained the characteristic equation is
(=) A=XN[(h=A)(a=A){(c=A)(f—=A) —de} =0,
by suppose p = (h— A) (a — A) {(c — N\) (f — \) — de} then it can simplified to
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(n=A)1=A)p=0,
(= =A)(—p—az=A)p=0,
obtained A\; = —u, A2 = —p — g, because ay and p are positive, the real value part of both

eigenvalues is A\; < 0 dan Ay < 0 or negative real values. Next, find the other eigenvalues by
looking at the equation

p=(h =X (a=N{(c=A)(f—A)—de} =0,
p=M 4 N (—a—c— f—h) XN+ (ac+af +ah +cf +ch+ fh— ed) \2 (3)
+ (—acf —ach —afh — cfh + ead + edh) A + acfh — eadh = 0.

Equation (3) can be written as follows:

M+ a XN+ a2 +as\+aq = 0,
with each aq,as, az is
ag=—-—a—c— f—h,
as=ac+af+ah+cf+ch+ fh—ed,
az = —acf —ach —afh — cfh + ead + edh,
a4 = acfh — eadh,
because the eigenvalue of equation (3) is difficult to determine, it uses the Routh-Hurwitz

criterion to find out the roots of the equation. The Routh-Hurwitz formula can be written in
Table 1 below:

TABLE 1. Routh-Hurwitz criteria disease-free equilibrium points

Variable Coefficient
A ag as ay
)\3 ay as as = 0
)\2 b1 b2 = 0
)\1 C1
)\0 dl = Q4

with coefficients — coefficients:

aj1a — apas

ag =1, by = ——,
ai
ay,=—-a—c—f—h, b2:7a1a4— a0(0>=a47
ai
biaz — 0
as =ac+af+ah+cf+ch+ fh—ed, (:1:1&31)76“():@37
1
by —(0)b
a3 = —acf —ach — afh — cfh + ead + edh, d12612 0) 1_a4,

a4 = acfh — eadh.

The Routh-Hurwitz criterion of a system is said to be asymptotic stable if the variables
in the primary column are positive, which means that the disease-free equilibrium point for
the SEIQV model proves to be asymptotic stable if it meets a; > 0, ajas > agpasz, ¢1 > 0, and
d1 > 0.
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3.3.2. Local Stability Analysis of Endemic Equilibrium Points. Analysis of the stability of the
endemic equilibrium point is carried out by entering E! = (s*, e*,4*, ¢*, v}, v3) into the Jacobian

matrix then obtaining the Jacobian matrix J (E'):
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Thus obtained the similarity of its characteristics, namely:

>> —(n+e)

(@=N=XN{F=Nt=2NGT-NG=A)(E=A=0.

So that equation (4) obtained the eigenvalue of its characteristic root as follows:

AN =a=—(kar +p+(1—k)pi*),
then it is clear the value A\ = a < 0.
)\2:0:7(11,4»5),

then it is clear the value Ay = ¢ < 0.
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A4:h:_<6+ﬂ)’
then it is clear the value \y = h < 0.

koqw
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then it is clear the value A\s = 5 < 0.

Ao =k = —H,

then it is clear the value \¢ = k < 0.

Since it is proved that all eigenvalues are negative reals, the endemic equilibrium point is
asymptotic stable.

5=

3.4. Bifurcation Analysis. This subchapter will discuss the existence of bifurcations using
endemic equilibrium points in order to obtain the function of infected populations or f (i*). As
for the calculation to search f (i*) as follows:

F(i*) = (ai*2 +bi* + c) =0,
with
a=004p)(p+e)nb+p)(1—Fk)pw—(1—k)Pewinb,
b=(kar +p) (0 +p) (p+e) (b +p)w+ (u+e) (nd + p) (u+o2) (6 +p) (1 - k) B
—((1 — k) Brew (6 + p) + wednd (kay + 1)),
Cc = (1 - Ro) k‘l,
with k1 = (kay + p) (04 ) (10 +€) (n0 + p) (e + a2).
It will then be simulated to produce a bifurcation curve (Rg, ). Figure 2 is the result of

a bifurcation curve with several parameters, namely = = p = 0.0098, § = 0.071,5 =04, ¢ =
0.01, k£ =0.0848, a; = 0.0653, az = 0.0033, 6 = 0.0624, n = 0.40, w = 0.20
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FIGURE 2. Bifurcation curve

Figure 2 shows that backward bifurcation has occurred in the SEIQV Model characterized
by the emergence of an endemic equilibrium point when the value of the base reproduction
number is less than one.
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3.5. Numerical and Simulation Solutions. The numerical settlement used in this case is
the fourth-order Runge-Kutta method. The parameter values are as follows

3.5.1. Disease-Free Equilibrium Point.

TABLE 2. Disease-free equilibrium point parameter values

No. Parameters Parameters Value Unit Reference
1 N 2536729 individu [1]
2 ™ 0.0098 e [1]
3 " 0.0098 s 1]
4 5 0.071 s 2]
Y R
€ ) .
7 k 0.0848 :(i: Assumption
8 o 0.00219 1% Assumption
9 o 0.033 ’g”‘ 3]
10 0 0.11624 e [9]
11 n 0.90 Assumption
12 w 0.011 — [3]

TABLE 3. The initial value of each population on the spread of Covid-19

No. Population when ¢ =0 Initial value

1 s(0) 0.862
2 e(0) 0.0017
3 i(0) 0.0046
4 q(0) 0.00081
5 01(0) 0.084
6 02(0) 0.0451

The simulation results of the population stability diagram using the parameter values in
Table 2 and the initial values in Table 3 are expected to produce in accordance with the value
of Ry = 0.122 can be seen in Figure 3 as follows:

Figure 3 Population graph of Jember Regency at Ry < 1 when 0 < ¢t < 500 Figure 3
shows the compartment S, E, I, Q, V1, and V5 at the time 0 < ¢ < 500 The graph of the growth
rate of each compartment will be explained as follows:

a. Population growth rate S
The growth rate of compartment S decreases every time. The decline in the population
of susceptible individuals is influenced by the large number of individuals who have the
first vaccination, the movement to the latent population due to contact with infected
individuals and the presence of natural death. From Figure 3(A) it can be seen that this
population will continue to decline to 0.1504 and stabilize on the 145th day (December
24, 2022).

b. Population growth rate E
The growth rate of compartment E initially increased until day 7 (August 8, 2021)
and will decrease because the rate of movement to the infected compartment is greater
than the increase. From Figure 3(B) it can be seen that this population will continue
to decline until the 210th day (February 27, 2021) and stabilize.

c. Population growth rate I
The growth rate of compartment I will decrease. This decrease in rate is due to the
large number of individuals quarantined due to Covid-19 infection and natural death.
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FI1GURE 3. Population graph of Jember Regency at Ry < 1 when 0 < ¢ < 500

From Figure 3(C) it can be seen that this population will experience a decline until the
284th day (May 12, 2022) and stabilize.

. Population growth rate @

The growth rate of compartment @ initially rose until the 14th day (August 15,
2021), this increase in population was due to the large number of individuals
quarantined. After that, the rate of population growth decreased due to the large
number of individuals who had the first vaccination, and the presence of natural
deaths. From Figure 3(D) it can be seen that this population continued to decline
until the 289th day (May 17, 2022) and stabilized.

. Population growth rate V

The growth rate of compartment V; initially increased until the 23rd day (August 24,
2021), this population increase was due to the large number of vulnerable displacements
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to carry out the first vaccination. After that, it decreases because the rate of increase
is smaller than the rate of movement to compartment E due to loss of immunity from
the vaccine and the move to compartment V5 due to the second vaccine. From Figure
3(E) it can be seen that this population continued to decline until it reached 0.1945
and stabilized on the 295th day (May 23, 2022).
f. Population growth rate V5
The growth rate of compartment V5 continues to increase due to the population taking
the second vaccine immune to the Corona-19 virus, this population increases to 0.6551
and stabilizes on the 303rd day (May 31, 2022).

Furthermore, numerical simulations will be carried out to determine the effectiveness of
the use of vaccination in suppressing the rate of spread of Covid-19 by varying the parameters
k, a1,andw shown in Table 4 as follows:

TABLE 4. Parameter value variations

Variations k ay w Ry The disease disappears day to day-
1 0.044 0.253 0.5 0.8113 665
2 0.064 0.453 0.1 0.3130 390
3 0.0848 0.653 0.011 0.1221 284
4 0.1 0.853 0.006 0.0806 136

Furthermore, the simulation results obtained on the effectiveness of vaccine use against
Covid-19 infection are as follows:

Efektivitas Vaksin Terhadap populasi terinfelks
0004

0003

populasi yvang terinfeksi
0noz
ooo1
0
a 200 400 00 &00 1000
day
= Variasi pertama == Variasi kedua
Variasi ketiga = Variasi keempat

FIGURE 4. The effectiveness of the vaccine against infected populations

Based on Figure 4, it is found that the infected population in the first variation obtained
a value Ry = 0,8113, graph of compartments I(¢) initially fell to day 17 (August 18, 2021),
then rose to day 75 (October 24, 2021) and down to day 665 indicated by a curve in red. The
infected population on the second variation obtained values Ry = 0.3130 and the disease will
decrease until the 390th day (August 26, 2022) and stabilize at that point indicated by a black
curve. The third variation was obtained values Ry = 0.1221 and the disease will slowly descend
until the 284th day (May 12, 2022) indicated by a green curve. The fourth variety was obtained
values Ry = 0.0806 and the disease will slowly descend until the 136th day (December 15, 2021)
indicated by a blue curve. It can be concluded that increasing the value of k, a1, and reducing
the value of w can reduce the rate of spread of Covid-19 in Jember Regency. This can be seen
from the blue curve in compartment I(¢) indicating that the spread of Covid-19 will disappear
faster.
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3.5.2. Endemic Equilibrium Point.

TABLE 5. Endemic equilibrium point parameter values

No. Parameters Parameters Value Unit Reference
1 N 2536729 individu [1]

2 ™ 0.0098 v [1]

3 " 0.0098 ’g”' 1]

4 0 0.071 . [7]

hart

5 153 0.4 h%m. Assumption
6 € 0.01 h%m. Assumption
7 k 0.00848 h% . Assumption
8 o1 0.00219 h%”. Assumption
9 a 0.0033 ' Assumption
10 0 0.0624 hj: Assumption
11 n 0.40 Assumption
12 w 0.2 ﬁ Assumption

Next, simulate the endemic equilibrium point by entering the parameter values of Table
5 and the initial values of Table 3 which are expected to produce values Ry > 1 can be seen in
Figure 5 as follows:

Figure 5 shows the compartments S, E,I,Q,V, and V5 to the time 0 < ¢ < 500 The
graph of the growth rate of each compartment will be explained as follows:

a.

Population growth rate S

The growth rate of compartment S has decreased. The decrease in the number of
susceptible individuals is due to the large number of infected individuals so that they
move to the latent population and move to the first vaccine to vaccinate and natural
death. From Figure 5(A) it can be seen that the population of this compartment will
continue to decline until it reaches 0.1338 and stabilizes at that point.

Population growth rate E

The growth rate of compartment F has increased. This factor in population increase is
due to the displacement of vulnerable populations and the first vaccine individuals to
lose immunity due to Covid-19. From Figure 5(B) it can be seen that this population
will continue to increase to the point of 0.5380 and stabilize.

Population growth rate I

The growth rate of compartment I will increase. This factor in population increase is
due to the movement of latent populations to infected populations due to confirmed
exposure to Covid-19. From Figure 5(C) it can be seen that this population will
continue to increase to 0.1547 and stabilize.

Population growth rate @

The growth rate of compartment @ is constantly increasing. This increasing population
factor is due to the movement of individuals infected with Covid-19 must quarantine so
as not to infect other individuals. From Figure 5(D) it can be seen that this population
will continue to increase to 0.0478 and stabilize.

Population growth rate V;

The growth rate of the V3 compartment initially increased until the 81st day, this
population increase was due to the large number of individuals who had the first
vaccination, but over time the number of this population decreased to 0.0938 and
stabilized at that point. The growth rate of the V; compartment initially increased
until the 81st day, this population increase was due to the large number of individuals
who had the first vaccination, but over time the number of this population decreased
to 0.0938 and stabilized at that point.
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f. Population growth rate V5
The growth rate of compartment V5 initially increased until the 133rd day, the increase
in this compartment was due to the move from the first vaccine and over time decreased
to 0.0316.

4. CONCLUSION

Based on the results of the analysis and discussion in writing this final project, it can
be concluded that by comparing the results of the program simulation with Covid-19 data
obtained from the Jember Regency Health Office, it can be stated that there are similarities
to the pattern of Covid-19 spread in Jember Regency which is predicted that the infected
population will decrease and disappear until May 2022. The equilibrium point obtained, which
is an asymptotic stable disease-free equilibrium point with a reproduction number of less than
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one and an asymptotic stable endemic equilibrium point with more than one reproduction
number. The model formed shows backward bifurcation characterized by the appearance of
two endemic equilibrium points when the value of the reproduction number is less than one.
The effectiveness of the vaccine is influenced by several parameters, namely: k, a1, and w. The
results of the simulation of vaccine effectiveness in reducing the spread of Covid-19 show that
the greater the value of k, a;, and the smaller the value of w, the smaller the value of the
reproduction number. This shows that the vaccine is considered effective in efforts to prevent
the spread of Covid-19 in Jember Regency.
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