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ABSTRACT. This paper presents a new COVID-19 model that contains public awareness, quarantine, and
isolation. The model includes eight compartments: susceptible aware (SA), susceptible unaware (SU), ex-
posed (E), asymptomatic infected (A), symptomatic infected (I), recovered (R), quarantined (Q), and isolated
(J). The introduction will be shown in the first section, followed by the model simulation. The equilibrium
points, basic reproduction number, and stability of the equilibrium points are then determined. The model
has two equilibrium points: disease-free equilibrium point and endemic equilibrium point. The next gen-
eration matrix is used to calculate the basic reproduction number Ry. The disease-free equilibrium point
always exists and is locally stable if Rg < 1, whereas the endemic equilibrium point exists when Rg > 1 and
is locally stable if satisfying the Routh-Hurwitz criterion. Stability properties of the equilibrium confirmed
by numerical simulation also show that quarantine rate and isolation rate have an impact in the transmission
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 JJBM: Department of
EVAENG Mathematics, Universitas Negeri Gorontalo, JIn. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554,

Indonesia.

1. Introduction

Corona Virus or we known as COVID-19 was an interna-
tional concern, especially WHO. This disease that attacks the res-
piratory system affects various countries. In some severe cases,
the infection can cause pneumonia, acute respiratory syndrome,
kidney failure, and even death [1]. This disease was caused by
coronavirus 2 (SARS-CoV-2), which originated in a wet market
in Wuhan, China. Since 17 January 2020, the reported cases
have increased significantly. The COVID-19 pandemic has caused
a global crisis with 47,209,305 confirmed cases and 1,209,505
deaths worldwide as of 2 November 2020 [2|. Due to the large
number of cases that have occurred, it is necessary to study the
mechanism of COVID-19 transmission.

COVID-19 can be transmitted through liquid splashes when
an infected individual coughs, sneezes, or talks [3]. COVID-19
poses a serious threat to the health and safety of people around
the world. There are two actions to mitigate the virus. The first is
to forecast daily confirmed cases so that the health system can ef-
ficiently manage the pandemic, such as testing and treating large
numbers of confirmed patients. The next considered step is to
understand the dynamics of disease spread so that public health
professionals can effectively implement control estimates to slow
the rapid growth of infection [4]. A mathematical model can be
applied to find out the dynamics of the spread of the disease.

Mathematical modeling is a tool that can be applied to
study dynamic phenomena [5]. In this case, mathematical model-
ing can help solve the COVID-19 problem. Through mathematical

*Corresponding Author.

Email : risyqaasyafitri@student.ub.ac.id (R. Syafitri)
Homepage : http:/ejurnal.ung.ac.id/index.php/|]JBM/index / E-ISSN : 2723-0317
© 2023 by the Author(s).

modeling, the relationship between COVID-19 transmission and
it is possible to identify a variety of epidemiological parameters
that can aid in effective control [6]. The epidemic model com-
monly used in analyzing the spread of disease is the SIR model
introduced by Kermack and Kedrick (1927), which divides the hu-
man population into several groups of individuals, namely sus-
ceptible individuals, infected individuals, and recovered individ-
uals. Based on several previous studies, Fosu et al. [7] modeled
the SIR implemented in Ghana and demonstrated that in an en-
demic state, it would take a maximum of 120 days for the entire
cohort to transfer to the recovered compartment |7].

Efforts to reduce the rate of transmission of COVID-19 can
be made by maintaining physical distance, using masks, washing
hands, and limiting the entry of newcomers. Even so, the rate
of spread of COVID-19 continues to increase. The current de-
velopment of COVID-19 is the discovery of infected people who
are not diagnosed but can transmit the infection to others [8].
Chen et al. [8] pointed out the need for several interventions to
control the spread of COVID-19. Therefore a strategy is needed
to stop interactions between individuals so that the transmission
rate gets smaller, namely by carrying out quarantine. Memon et
al. [9] demonstrate that the COVID-19 pandemic can be effec-
tively managed through isolation and quarantine [9]. The goal of
quarantine is to keep people who have been exposed to COVID-
19 apart, even if they are still in the incubation period or have
not yet manifested any symptoms. To lessen the risk of transmis-
sion, isolation involves keeping an infected person who needs
COVID-19 treatment or someone who has been diagnosed with
the disease apart from healthy individuals.
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Figure 1. Diagram of COVID-19

COVID-19 also affects a nation’s economy, causing issues
such as a shortage of jobs and difficulty supplying basic needs.
Also, hospitals have trouble getting hold of necessities like test
kits, ventilators, and personal protective equipment [10]. The
model with implementation of the level of awareness for the
Covid-19 disease shows that it can reduce the number of in-
fected populations [11]. Yuan and Li [12] study the COVID-19
model by using susceptible individuals with protection aware-
ness and susceptible individuals without protection awareness.
Their research shows that awareness of human protection and
willingness to take protective measures play an important role
in controlling outbreaks [12]. Therefore, increasing awareness of
self-protection is very important to prevent wider transmission.
Thus, a COVID-19 model using public education, quarantine, and
isolation is constructed in this paper.

We organize this paper as follows. In Section 2, we will
show how to construct the COVID-19 model. Furthermore, the
fixed point and local stability are investigated in Section 3. In
Section 4, we calculate the sensitivity analysis of the basic repro-
duction number. Numerical simulations are carried out in Sec-
tion 5 to validate analytical dynamics, and in the final section, we
reach conclusions about our work.

2. Model Formulation

In this study, a COVID-19 model is constructed with pub-
lic awareness, quarantine, and isolation. This model combines
the research of Yuan and Li (2022) and Memon et al. (2021).
Memon et al. (2021) constructed the COVID-19 model SEIR
(Susceptible-Exposed-Infecter-Recovered) by adding quarantine
compartments (@) and isolation (.J). In this model, the quaran-
tined individuals decrease from the exposed class, transferring
individuals who are asymptomatic. The infected population oc-
curs due to the development of COVID-19 by exposed individ-
uals. The isolation group consists of infected individuals with
symptoms and individuals who are quarantined but are getting
worse. The isolation population is intended for medical treat-
ment [8]. Memon et al. (2021) assume that individuals who have
recovered tend to be vulnerable because there is no immunity
to COVID-19 yet. Yuan and Li (2022) constructed the COVID-
19 model SEI R (Susceptible-Exposed-Infected-Recovered) by di-
viding the infected population into infected with symptoms (I)
and infected without symptoms (asymptomatic) (A).

| Jambura J. Biomath

The susceptible group (S) then divides into susceptible
groups with protection awareness and those without protection
awareness, becoming S4 and Sy . By raising public knowledge
and implementing preventative measures, it is possible to suc-
cessfully minimize contact with the disease’s cause and, in turn,
indirectly control the disease’s occurrence [12].

This research contains the dependent variables S4(%),
Su(t), E(t), I(t), A(t), Q(t), J(t), and R(t) respectively repre-
sent the size of the susceptible group with public awareness, the
susceptible group without public awareness, the exposed group,
the symptomatic infected, the asymptomatic infected, the quar-
antined group, the isolated group, and the recovered group. The
parameters p and ~y are birth rates and death rates. The pa-
rameter p represents the proportion of susceptible groups with
public awareness S4 and 1 — p without awareness. Susceptible
groups with public awareness of S4 and Sy awareness can be
infected with the virus at 57 and (32 rates, symptomatic infected
and asymptomatic infected. Exposed individuals can quarantine
at the rate of 5. An exposed individual becomes an infected indi-
vidual at ¢ for the symptomatic rate and ¢ for the asymptomatic
rate. The isolated group comes from quarantined individuals who
are getting worse and symptomatic infected individuals. In this
model, it is assumed that all individuals who have recovered will
not return to susceptible individuals. The proposed model using
eight compartments is shown in Figure 1.

The proposed model is expressed in a differential equations
system (1).

S(t) =pu— (B1I + B2A)Sa —vSa,

Sy(t) = (1 —p)p — (I + f24)Sy —vSu,

E'(t) = (B1I + f2A)Sa + (611 + p2A) Sy
—(y+02+0+Y)E,

I'(t)y=cE — (y+ 61 +a)l, (1
A'(t) =yE — (v +0)A,

Q'(t) =60:E — (v +9)Q,

J'(#) =9Q + 011 — (v + N\)J,

R'(t)=al +0A+ \J — YR,

with initial conditions S4(0) > 0, Sy(0) > 0, E(0) > 0, I(0) >
0, A(0) > 0,Q(0) >0, J(0) > 0, and R(0) > 0 are positive. To
simplify the model (1), we use new symbols as e; = y+6s+0+),
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es = v+01+a,es =v+9,e4 = y+9,danes = y+ . Since the
first seven equations do not depend on R(t), we can reduce the
eight-equations model (1) to the seven-equation model as follows

S(t) =pp— (B1I + B2A)Sa — S,

Sy(t) = (1 —=p)p — (Br] + f24) Sy —vSu,
E'(t) = (A1 + B2A)Sa + (B + p2A)Sy — e E,
I'(t) = oF — esl, (2)
A(t) =y E — e34,
Q'(t) = 02F — e4Q,

Jl(t) =09Q + 011 — e5J,

with initial conditions S4(0) > 0, Sy(0) > 0, E(0) > 0,
I1(0) > 0, A(0) > 0, Q(0) > 0, and J(0) > 0 are positive.
Furthermore, we investigate the dynamics of model COVID-19,
such as the existence of equilibrium points, basic reproduction
number, local stability of equilibrium points, and numerical sim-

ulations.

3. Equilibrium Point and Basic Reproduction Number

In this section, we determine the equilibrium point and ba-
sic reproduction number. The equilibrium point is obtained by
making the right-hand side of the equation in the model (2) equal
to zero. Then the third equation of model (2) can be written as

E/(t) = (/81 éE + ﬁQ%E) Sa+ (51 gZE-i-,BziE) Sy—el E.
It is either £ = 0 or
(Big+B2)Sa+ (B2 +mE)Su=c.

Then it has two equilibrium points, a disease-free equilibrium
point and an endemic equilibrium point. The disease-free equi-
librium point is as follows
0 @0 120 70 40 ~H0 70\ _ (pp (I1—p)u
XO(SAastEaI7A7Q7J)*(.Ya ~ a070707070>'

The basic reproduction number (Rg) can be determined by
using the next generation matrix technique. First, define
E(t),I(t), A(t), Q(t), J(t) as infected compartement. The next
generation matrix denoted as F'(Xo)H ~1(Xg) where F(Xj) is
the Jacobian matrix of infected compartment and H (X)) respec-
tively

pup1 n (1—-pup1  pupb2 n (1 —p)uB2

0 0 0
0 K 0 K K 0 K 0 0
F(Xo) = 0 0 0 0o ol
0 0 0 0 0
0 0 0 0 0
and
e1 0 0 0 0
—¢ e 0 0 0
HXo)=|-¢v 0 e 0 0
—6; 0 0 e O
0 -6 0 0 es5

Then the next generation matrix is

w(Broes + Bavpea)  pb1 pB2
ez ves

0 O
TR 0 0 0 0

-1
F(Xo)H™ " (Xo) = 0 0 0 0 0
0 0 0 0 0
0 0 0 0 O
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The spectral radius of F'(Xo)H ~!(X) is the basic repro-
duction number (Rg)

Ro — w(proes + 5211162).

Ye1€2€3

The second equilibrium point

X" = (54,50, E%, I, A%, Q7 J7),

where
S* — pbpezes
A — )
(Broes + Parbes) E* + veges
gr _ (1 — p)uezes
U™ (Broes + Batpes) E* + veses’
-1
= MR g
e1Ro €2
0
A = E‘E*7 Q* _ lE*,
€3 €4
J* _ 0'9164 + 021962 E*,
€9€4€5
where E* = plbroes + favpes) — 7616263. Then endemic

o . Proeies + Batperes
equilibrium point X* exist when Ry > 1.

4. Stability Analysis

The system (2) is a nonlinear autonomous system. Local
stability from disease-free and endemic equilibrium points can

be analyzed by linearization.
Results linearization of model (2), the Jacobian matrix at
disease-free equilibrium point is given by

J(Xo) =
-y 0 0 —B1Sa —B254 0 0
0O — O —p1Su —B2Sy 0 0
0 0 —e1 Bi1(Sa+Su) B2054 + Sv) 0 0
0 0 o —eo 0 0 01, B
0 0 P 0 —es3 0 0
0 0 02 0 0 —eq 0
0 0 0 01 0 %, —es
The eigenvalues of the Jacobian matrix J(Xj) are A; 2 = —7,
A3 = —eyq, Ay = —es, snf A5, Ag, A7 are characteristic equation
that can be written as
)\3 +61A2 +CQ>\+63, (4)

withcy = e; +ex+e3,c0 = ege3+ 6162(1 — R]) + 6163(1 — RA),
c3 = ejeges(1l — Ry). Based on Routh-Hurwitz criteria, the real
part of the root of the characteristic eq. (4) is negative if and
only if all three conditions are met, yield ¢; > 0,c3 > 0 and
cico —cz > 0.

1. ¢1 > 0 because ey, eo, e3 is positive.

2. Since Rg < 1, so that ejeze3(1 — Rg) > 0.

3. Since Rg < 1, we get R; < 1 and Ry < 1. The result c;co —
C3 = (61 + e9 + 63)(6263 + 6162(1 — R[) + 6163(1 — RA)) —
616263(1 - R()) > 0.

If Ry < 1, then each X of the characteristic equation (4) has a
negative real part which causes a locally asymptotically stable
disease-free equilibrium point.

Volume 4 | Issue 1 | June 2023
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The second equilibrium using linearization of model (2) at
the endemic equilibrium point is as follows.

a1 0 0 —01 SZ —[2 SZ 0 0
0 a2 0 —BiS; —BS5 0 0
as1 az2 —e€1 ass as4 0 0
JXH=l0 0 o —es 0 o 0|,
0o 0 0 —e3 0 0
0 0 02 0 0 —ey 0
0 0 0 01 0 9 —es

where ail = 751]* — /BQA* — 7, @22 = 7ﬂ1]* — BQA* -
az1 = BiI* + B A%, asa = f1l* + B2 A*, ass = B1(Sh + S5)s
and agq = [2(S% + S§;). Then, the eigenvalues of the Jacobian
matrix J(X*) are obtained, which are \y = —ey, Ao = —es5, and
A3, Aq, A5, Ag, A7 are the eigenvalues in the characteristic equa-
tion of J(X*) can be written as

P cl)\4 + 02)\3 + 63)\2 + cy A + s, (5)
with

c1 = 27Ro + €1 + e2 + €3,
co = 27Ro(e1 + e2 + e3) + d + eges + erea(l1 — Ry)
+ erez(1 — Ra),
cs = 29Ro(e1e2 + eze3 + e1e3) + d(eg + ez + e3)
+ ere2e3(1 — Ro — YRo) — ye1Ro(e2Ry + e3Ra),
¢y = 27Rgereses + d(erea + eres + eaes)
— (ve1 +~v?e1Ro)(e2Ry + e3Ra) — vereesR3,
s =7 erezesRo(Ro — 1),

with
d— 7?R; _ p(Broes + Barpes)?
1 efedes '

According to the Routh-Hurwitz criterion, real values for each
characteristic (5) are negative or only for ¢; > 0, ¢c5 > 0, c1co —
cs > 0,,¢3(c1ea—c3)+c1(es —creqa) > 0,and (c1e0 —c3)(c3cs —
cacs) — (c5—c1c4)? > 0.1fRg > 1 and v, eq, eo, e3 positive, then
c1 > 0 also c5 > 0. Then when the criteria are met, the endemic
equilibrium point is locally asymptotically stable.

5. Sensitivity Analysis

Sensitivity analysis was carried out to determine the pa-
rameters that influence the epidemic model [13]. This analysis is
focused on the parameters of the basic reproduction number Ry.
This aims to determine the effect of changes in parameter values
on the basic reproduction number Rq [14]. The normalized sensi-
tivity index is obtained by the normalized sensitivity index of Ry,
differentiable on the parameter ¢, defined as follows.
™= gi" x L. (6)

¢ Ro

If the parameter value is positive, the Ry value will increase.
Conversely, if the parameter value is negative, the Ry value will
decrease. Analysis for each parameter is as follows.

Ro _

Iﬂ =1,
IRO — Bio(y+9)

B1 YB1o+7B2v+B160+PB2019+P2pa’
IRO _ B2ty (v+a+61)

B2 T ABro+yB2Y+B1do+B2019+ P2’

| Jambura J. Biomath

I;;" =0,
]RO — _ 03101 (v+9)
61— (y+a+61)(vBro+yB2p+L1do+F201Y+Bapa)?
IRO — _ 02
02 Y+o++62°
I =0,
Y2B1 + ¥B1Y + ¥B162 + ¥B18 — B2t
R _ +B190 + B1020 — B2619 — Barpar
o 7 (vtotdp+02)(vBro+yBep+B1do+P2019+P2a)’
¥2B2 — yB10 + ¥B201 + VB202 + YB20 + yB20 "
R _ —PB160 + B20102 + B2610 + B202a + Baao
P (Y+o+9+02) (vBro+yB2v+B1d0+PB201 9+ P29 ) ’
I¥ =0,
R gB1a(v+9)
a (y+a+61)(vBro+yB2p+L1do+F201Y+Bapa)?
TR — _ pBada(y+a+6:)
s (V+0)(vBro+vB2p+P1oo+B201)+B29pa) ©

To show the sensitivity index of Ry, substitute the parameter
value in Table 1. The results of the sensitivity index can be seen
in Table 2. It can be seen that #; and 65 can decrease the value
of Rg. Because 6; and 6> are negative, the larger the value, the
smaller Rg. The results show that the parameter 6, and 6, have
an effect on reducing Ry and have an impact on the stability of
the equilibrium point.

Table 1. The parameter of COVID-19 model

Parameter  Definition Value Source
m Recruitment rate 1.943 [12]
¥ Natural death rate 0.3933 [12]
51 Transmission rate S(¢) from symp- 0.976 [12]

tomatic infection
B2 Transmission rate S(t) from asymp- 1.638 [12]
tomatic infection
p Public awareness rate 0.4 [12]
1—p Rate of carelessness in public aware- 1 —0.4 [12]
ness
01 Isolation rate of I(t) 1.0715 9]
02 Quarantine rate of E(t) 1.1973 9]
9 Transmission rate from Q(t) to J(t) 0.68 18]
o Symptomatic proportion 0.86834 18]
P Asymptomatic proportion 0.132 18]
A Recovery rate of J(¢) 1.7039 9]
«a Recovery rate of I(t) 0.13029 18]
6 Recovery rate of A(t) 0.1 18]

Table 2. The value of sensitivity index of Ry

Parameter Value of Sensitivity Index

o 1
b1 0.6028
B2 0.3971
p 0

01 —0.4049
(2 —0.4621
9 0

o 0.2676
P 0.3462
A 0

e —0.0492
) —0.0805

6. Numerical Simulation

In this section, we will illustrate the spread of the COVID-19
model with public awareness, quarantine, and isolation through

Volume 4 | Issue 1 | June 2023
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numerical simulations. We use Matlab as the application and
use fourth-order Runge-Kutta to solve the model with step size
h = 0.1. The parameter values of the model are given by Table 1.
The first simulation is carried out using parameter values in Ta-
ble 1. Then, simulate with parameter values in Table 1, except
parameter value 8; = 0.476. This simulation aims to determine
the effect of infected individuals in the model of the spread of
COVID-19. Then a simulation was carried out with an interven-
tion strategy, with the aim of knowing its effect on the spread of
COVID-19.

6.1. Endemic Equilibrium Simulation

Using the parameter values in Table 1, we get Ry =
1.3386 > 1.The basic reproduction number shows that the
spread of the COVID-19 virus always exists.

Then implementing the parameter values in the model
(2) obtained, the disease-free equilibrium point X, =
(1.9760,2.9641, 0,0,0,0,0) and the endemic equilibrium point
X* = (1.4762, 2.2143,0.1896, 0.1032, 0.0507,0.2116, 0.1275).
To show the stability of the equilibrium point, this simulation pro-
duces successive Routh-Hurwitz criterion values c3(c1c2 — ¢3) +
81(05 — 8164) = 20.9675 > 0 and (6162 — 63)(6364 — 6265) —
(c5 — c1c4)? = 6250.4588 > 0. Therefore, the endemic equi-
librium points are asymptotically locally stable. The simulation
results are represented by Figure 2.

w

Subpopulasi
N
(]

N
L

0 20 40 60 80 100
Waktu

Figure 2. Solution model (2) of COVID-19 using parameter in
Table 1.

Based on Figure 2, the numerical solution converges to
the endemic equilibrium point. One of the causes is an infec-
tion that can cause disease again in the future. A simulation is
performed with parameter values Table 1, except 1 = 0.476,
to verify this condition. Obtained basic reproduction numbers
Ry = 0.8196 < 1. The basic reproduction number shows that
the endemic equilibrium point does not exist. The simulation re-
sults are shown in Figure 3. When the infection does not exist,
the disease will not appear in the future. Therefore, the infection
has a role in the dynamics of the COVID-19 spread model at Ry
and the stability of the equilibrium point.

| Jambura J. Biomath

45 ol
: —s,0
EQ ||
4 It
— AW ||
3.5 Q)
g ®
2
o 25 B
Q.
o
>
w2
15 B
. |
0.5 il
0
0 20 40 60 80 100

Waktu

Figure 3. Solution model (2) of COVID-19 using parameter in
Table 1, except 81 = 0.476.

6.2. The Impact of Quarantine

This numerical simulation was carried out to determine the
effect of quarantine on the spread of COVID-19. The value of the
quarantine rate parameter acts to lower the previous baseline re-
production number (Ry = 1.33). Quarantine rate value in Table 1,
doubled from the previous value to #; = 2.2. This simulation
obtained Ry = 0.95 < 1 with a disease-free equilibrium point
Xo = (1.9760,2.9641,0,0,0,0,0). The simulation results are
shown in Figure 4. Increased quarantine rates can avoid endemic
conditions.

45 SA(t)
. —s0
£ ||
“IN i)
— A0 ||
3.5 Q)
s <)
©
=3
S 25 g
Q
Qo
=3
no2
1.5 1
1 4
0.5 1
(4
0
0 20 40 60 80 100

Waktu

Figure 4. Solution model (2) of COVID-19 using parameter in
Table 1, except 2 = 2.2.

6.3. The Impact of Isolation

This numerical simulation was carried out to determine the
effect of isolation on the spread of COVID-19. The value of the
isolation rate parameter serves to lower the previous baseline
reproduction number (Ry = 1.33). Parameters related to the
effect of isolation in the COVID-19 model are ¥ and 6;, which
are quarantined individuals that get worse and the isolation rate
from symptomatic infection. This simulation uses ¥ = 1.2 and
#, = 2 as new parameter values to show the effect of isola-
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tion. The result from the simulation is a basic reproduction num-
ber of Ry = 0.96 < 1 and a disease-free equilibrium point of
Xo = (1.9760,2.9641, 0, 0,0, 0,0). From Ry, it can be concluded
that isolation affects the spread of COVID-19. Simulation results
are shown in Figure 5.
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Figure 5. Solution model (2) of COVID-19 using parameter in
Table 1, except ¥ = 1.2 and 61 = 2.

7. Conclusions

We introduce the new model of COVID-19 with quarantine,
isolation, and public awareness. The quarantine for exposed in-
dividuals so that they be apart of other individuals and isolation
purpose to keep infected symptomatic individuals for treatment
and aside from individuals. Susceptible is divided into two com-
partments, namely susceptible with public awareness and with-
out public awareness. In this model, we found two equilibrium
points, the disease-free equilibrium point and the endemic equi-
librium point. After we find the equilibrium point using the spec-
tral radius of the next generation matrix, we can determine for
basic reproduction number, Ry. The disease-free equilibrium
point (Xy) always exists, and the equilibrium point (X™*) exist
when Ry > 1. Linearization and Jacobian matrix to approximate
local stability of equilibrium points. If Ry < 1, the disease-free
equilibrium point is locally stable. Based on the Routh-Hurwitz
criteria, the endemic equilibrium point will be locally asymptot-
ically stable if Ry > 1 and satisfy the Routh-Hurwitz criterion.
Sensitivity analysis shows that the parameter 6, and 65 have an
effect on reducing Ry and have an impact on the stability of the
equilibrium point. Numerical simulations confirm both equilib-
rium points using fourth-order Runge-Kutta and Matlab as simu-
lations. The simulation also shows that #; and 65, which isolation
rate and quarantine rate have an impact on the transmission of
COVID-19.
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