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ABSTRACT. This paper focuses on the development of a mathematical model to analyze the transmission dynamics
of COVID-19 in the Philippines, where the pandemic has significantly impacted the population despite several quar-
antine measures, testing, contact tracing, and vaccinations. The model considers the impact of contact tracing and
vaccination campaigns on disease transmission. The model is analyzed qualitatively and numerically, and the results
show that increasing the contact tracing rate and vaccination rate can effectively reduce the reproduction number of
the virus. The disease-free equilibrium is found to be locally asymptotically stable when the basic reproduction num-
ber is less than one, and the disease-endemic equilibrium is locally asymptotically stable when the basic reproduction
number is greater than one. The study suggests that a contact tracing rate greater than 0.08847694 is required to
effectively manage the transmission of COVID-19 in the target population. These findings provide insights for policy-
makers and public health officials in developing effective strategies to mitigate the impact of the pandemic.

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 [JBM: Department of Mathematics, Uni-
BY _NC versitas Negeri Gorontalo, Jin. Prof. Dr. Ing. B. J. Habibie, Bone Bolango 96554, Indonesia.

1. Introduction

Until now, Coronavirus disease 2019 (COVID-19), caused
by a novel coronavirus called Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), has remained a public health threat
to all human beings since its emergence in late 2019. SARS-CoV-
2 is continuously evolving, and to date, different variants of the
virus have been identified and classified, which may pose an ad-
ditional risk to the lives of millions of people. In fact, the World
Health Organization (WHO) [1] reported that as of February 22,
2023, there had been 757,264,511 confirmed cases, including
6,850, 594 deaths globally. Philippines is one of the countries
that has been dramatically affected by COVID-19. To stop the
virus’ spread, the Philippines has been enforced with a number
of quarantine measures, including heightened community quar-
antine. The government has also implemented measures such
as testing and contact tracing, as well as vaccinations. How-
ever, the situation remains challenging, with rising cases nowa-
days. The Department of Health (DOH) reported 4,076, 237 con-
firmed cases and 66, 108 people died due to COVID-19, whereas
166, 485,680 doses of vaccine have been administered up to
February 27, 2023 [2]. Therefore, research on the dynamics of
COVID-19 after the vaccination campaigns is a significant con-
cern in the Philippines.

Mathematical modeling plays a vital role in understanding,
forecasting, and managing infectious disease transmission dy-
namics. Since the beginning of the COVID-19 pandemic, several
models have been developed to study the transmission dynam-
ics of the disease. In the context of the Philippines, there are
several models related to the spread of COVID-19. Torres et al.
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[3] studied COVID-19 infection cases to forecast daily cases us-
ing numerous mathematical models, including the Susceptible-
Exposed-Infected-Recovered (SEIR) model. Arcede et al. [4] also
considered an SEIR-type model of COVID-19, emphasizing that
the infected can be either symptomatic or not. Data on con-
firmed cases and deaths from numerous countries, including the
Philippines, were used to calibrate the model. Results revealed
that testing and isolation are required to stop the disease. An-
other study by Arcede et al. [5] utilized optimal control for the
model proposed in [4]. Results indicate that the more capable
the government is, the more it should undertake transmission
reduction, testing, and improving patients’ medical care without
adding more hospital beds if all controls are implemented. Buhat
et al. [6] developed an extended SEIR compartment model with
two mutually exclusive populations: the general public and front-
liners. They performed simulations and found that front liners
and the general public should be protected against the disease.
To simulate the first wave of the COVID-19 outbreak in the Philip-
pines, Caldwell et al. [7] used an age-structured compartmental
model that included time-varying mobility, testing, and personal
preventive behaviors through a Minimum Health Standards (MHS)
policy. They found that following MHS decreased the likelihood
of transmission per encounter by 13-27%. These researchers, to
our knowledge, did not consider vaccination in their model for-
mulation. However, recently, researchers already included vacci-
nation class in their models. For instance, in [8], they formulated
six compartments differential equation model for the transmis-
sion of COVID-19 and analyzed the global stability of the equi-
librium points. They found out that the disease-free equilibrium
and endemic equilibrium are globally asymptotically stable when
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Rp < 1 and Ry > 1 respectively. In addition, Caga-anan et al.
[9] developed a COVID-19 model with a delay-term for the vacci-
nated compartment. Their simulations provided compelling ev-
idence that vaccination against COVID-19 has a significant and
positive impact on reducing the number of future infections.
Moreover, Campos et al. [10] also studied vaccination strate-
gies considering the different COVID-19 variants. Their results
have highlighted the importance of administering booster shots
to increase vaccine-induced immunity duration against COVID-
19. The studies mentioned did not consider the potential im-
pact of contact tracing and vaccination campaigns on the spread
of COVID-19, particularly regarding the severity of the infected
individuals. To fulfill the gaps, we are inspired to conduct this
research.

The rest of the paper is organized as follows. Section 2 dis-
cusses the construction of the model and is analyzed in Sections 3
and 4. The model is then subjected to numerical simulation in
Section 5. Finally, Section 6 outlines the conclusion.

2. Methods
2.1. Mathematical Model

In this research work, we formulated a model that is an ex-
tension of the Susceptible-Exposed-Infection-Recovered (SEIR)
COVID-19 model to study the transmission dynamics of the dis-
ease. In this model, we stressed the importance of contact trac-
ing and vaccination campaigns. We considered nine compart-
ments: susceptible individuals (.S), exposed individuals (E), ex-
posed and tested individuals (F;), exposed and contact traced
individuals (E.), critical and severe infected individuals (I.),
moderate and mild infected individuals (7,,,), asymptomatic in-
fected individuals (1,), recovered individuals (R), and vaccinated
individuals (V). For any time ¢, the total population (assumed
constant), N(t) is given by

N(t) = S(t) + E(t) + Ed(t) + Ec(t) + Ic(t) + Im(t)
+ I (t) + R(t) + V(1)

We made the following assumptions:

1. All dead individuals are considered as newborns and re-
placed in the susceptible compartment to keep the popu-
lation size constant.

2. A natural death case is included in all compartments.

3. The critical and severe infected population die at a disease-
induced death rate.

4. The individuals who do not contact traced remained in the
exposed compartment.

5. Having recovered from the disease guaranteed lifelong im-
munity.

6. The susceptible compartment contained healthy individuals
only never infected with the disease.

7. Vaccinated compartment contained at least partially vacci-
nated individuals. However, the vaccination campaign is not
perfect that is vaccinated individuals may be reinfected with
the disease.

Based on the above-mentioned assumptions, we developed the
model, (SE(E4E.)I(1.1,,I,)RV) as follows: The susceptible
population is replenished by a birth rate . The natural death
rate in each compartment is represented by p. The suscepti-
ble individuals contract the virus after coming into contact with
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exposed individuals at the rate «;. The susceptible individuals
move to the vaccination compartment at a vaccination rate v.
The vaccinated individuals may also contract the virus after com-
ing into contact with exposed individuals at the rate . Individu-
als who have been exposed are tracked down and tested if neces-
sary. Some exposed individuals undergo direct testing at a rate
of B4. While some exposed individuals are contact traced at a
rate of .. The contact-traced individuals who exhibit symptoms
will be tested at a rate of . The exposed and tested individuals
are infected by the virus and move to the severe or critical com-
partment, mild or moderate compartment, and asymptomatic
compartment at the incubation rates o, o,,,, and o, respectively.
The moderately and mildly infected individuals develop more se-
rious symptoms and move to severe or critical compartment at
the rate ¢. The induced death rate due to COVID-19 to critically
and severely infected individuals is represented by ¢. Individuals
who are critically and severely infected, moderately and mildly in-
fected, and asymptomatic infected are recovered and moved to
the recovery compartment at the rate p., p.,, and p, respectively.
The descriptions of the parameters are summarized in Table 1.

Table 1. Description of the parameters

Parameter  Description
0 Birth rate
v Vaccination rate of S
Qs Transmission rate from S to E from contact with E/
o Transmission rate from V' to E from contact with E
Ba Testing rate of £/
Be Contact tracing rate of £
¥ Testing rate of E.
oc Incubation rate of E; to I,
Om Incubation rate of E4 to I,
oa Incubation rate of E; to I,
) Transfer rate from I, to I.
Pe Recovery rate of E.
Pm Recovery rate of E;,
Pa Recovery rate of E,
d Induced death rate by COVID-19
o Natural death rate

Adhering to the flow chart in Figure 1, the dynamics of the
model are governed by the following system of ordinary differ-
ential equations:

ds

dE

% = (O[gS + OZUV) E — (5(1 + ﬂc + /1/) E,
dFE,
ditd :ﬂdE“i”YEc*(Uc+o'm+o'a+,u)Ed7
dE,

= (‘Ei EC7

o = PE—(r+p)

dl.

dt :U(:Ed‘i’@ﬁ[m*(pc“i’(s‘i’,u)[c, (1)
dl,,
W - UmEd - (pm + ¢ + /L) Ima

dl,

. = (LE — (Pa Ia»

g~ Oaka (pa + 1)

dR

E - pcIc + mem + paIa - ,uR,

d

d—‘; =vS—(E+u)V,

Volume 4 | Issue 1 | June 2023



— Qualitative analysis of a mathematical model of COVID-19... 48

,4 ul g,
0|

Figure 1. Schematic diagram of the COVID-19 model

with the positive initial conditions:

S(0) = Sy>0, E®0) = Ey>0,

E40) = Eaq >0, E.(0) = FE.=>0,

IC(O) = I >0, Im(o) = Imo 20, (2)
Ia(o) = ICLO Z 07 R(O) = RO Z Oa

V() = V=0

3. Qualitative Analysis
3.1. Well-posedness

In this subsection, we will prove that the system (1) is well-
posed that is, positive and bounded since the system is dealing

with human populations which cannot be negative and grow in-
finitely large.

Theorem 1. Under the initial conditions (2), the solution
(S(t)v E(t>7 Ed(t), EC(t>7 Ic(t), I, (t)7 I, (t)’ R(t)v V(t)) Of
the system (1) remains nonnegative for t > 0.

Proof. Assume that S(0) > 0, E(0) > 0,
1.(0) > 0, I,,(0) >0, I,(0) > 0, R(0) >
the first equation of model (1).

0) 2 07
onsider

o
- IS8
==
S
IV o
s

%ﬁt):ﬁNf(asEJrquu)Sé%f)JrTSzé)N,

where 7 = agF+v+ pu. Using Leibniz’ formula [11], the solution
to this linear first-order equation in S is given by

S(t) = exp (— /Ot T(u)du) (é)N /Ot exp (/()Tr(u)du) dr + 5(0))
t
= 5(0) exp <7/0 ‘r(u)du)
+ (6N) exp (— /Ot T(u)du) /Ot (exp (/OT T(v)dv)) dr.

By assumption, S(0) > 0. Further, all of the integrals in the
equation are positive since the integrands are positive. Hence,
S(t) > 0.

From the second equation of model (1), we get

dE(t)

dt

(asS+ avV)E - (Bd +Bc +M)E
(asS + avv - (ﬂd + Bc + /1’)) E.

| Jambura J. Biomath

Solving the above equation, we have

E(t) = E(0) exp (/Ot (asS +ayV = (Ba + Be + 1)) du) :

By assumption, E(0) > 0. Further, the integral in the equation
is positive since the integrand is positive. Hence, E(t) > 0.
From the last equation of model (1), we have

v ()

p =vS—(E+pn)V

> — (apE 4 p) V (since S > 0).

Solving the equation, we get the following solution

V(t) > V(0)exp <— /Ot (wE + 1) du) >0,

which shows that V' (¢) is nonnegative for all ¢. Similar reasoning
is used regarding the nonnegativity of the remaining variables.
We have

Ea(t) > Ba(0) exp (— /Ot (00 + O + Ta + 1) du> >0,
502 B0 e (- [ G+man) >0

12 10w (- [ (o tatii) >0
1n®)2 1O e5p (= [ (pu-+0-4 ) ) =0
162 1O e (= [ Gut i) >0

R(t) > Ry exp (_ / t udu) - 0.

O

The boundedness of the system’s solutions is guaranteed
by the following theorem.

Theorem 2. Under the initial conditions (2), the solution
(S(t), E(t), Ea(t), Ec(t), 1c(t), Im(t), La(t), R(t),V(t) of

Volume 4 | Issue 1 | June 2023
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the system (1) remains bounded for t > 0.

Proof. Assume that S(0) > 0, E(0) > 0, E4(0) > 0,E.(0) >
0,1.(0) > 0,1,,,(0) > 0,1,(0) > 0, R(0) > 0,V (0) > 0. Adding
all the equations of the model (1), we have

v

dN 7dS dE dE, dE. dl,
at at T a T a T e T
dl,, dl, dR dV
T TR
=6ON — uN — 61,

dN . .
= v 0 since 6N = uN + 61, by the first assumption.

Integrating both sides of the equation, we get
N(t) = Constant

which means the constant size of the population. Therefore, the
solution (S(), E(t), Ea(t), E.(t), Lo(t), Ln(t), 1(), R(¢), V(£)
of the system (1) remains bounded for ¢ > 0. O

Combining Theorem 1 and Theorem 2 together with the
trivial existence and uniqueness of a local solution for the sys-
tem (1) which can be shown using the basic theory of dynamical
systems as indicated in [12], and [13], the biologically feasible
region for the system (1) is given by

0= {(S,E,Ed,EC,ICJm,ImR, V) GR?#:
S+E+Ed+Ec+Ic+Im+Ia+R+V:N}.

3.2. Disease-Free Equilibrium Point

The disease-free equilibrium point of the system (1) is a
point where the disease is not present in the population. It is
obtained by setting the derivatives to zero and putting the dis-
ease compartments to zero.

Theorem 3. The model (1) admits a disease-free equilibrium (DFE)

given by £° = (S°,0,0,0,0,0,0,0, V) where S° =
vON

(n+v)p

w+v
and VO =

Proof. Let £° = (S°, E°, ES, E2, 12,19, 12, R°, V°) be an equi-

crtertmrtar

librium point of the model (1), that is

ON — (QSEO—FV—F,LL) SY =0,
(asSO + avvo) EO - (Bd + ﬂc + ,U/) EO = 07
BdEO + 'YES —(0c+ 0m + 04 + 1) ES
BB — (v +p) B =0,
o By + oIy, — (pe+ 6+ p) I = 0,
omEy = (pm + ¢+ p) 1D, =0,
UaEg = (pa + 1) Ig =y
0 0 0 0_
pCIc + pTYLIm + pa]a - ,LLR — Y,
vS? — (a E° + p) VO =

| Jambura J. Biomath

Suppose that the disease compartments are zero which means
that the environment is COVID-19-free. f E = E;=E. =1, =
I,, = 1, = 0, we obtain

s0= N go_gyo- YN
ptv (n+v)p
This completes the proof. O

3.3.  Basic Reproduction Number

Next, we will calculate the basic reproduction number of
the model (1) using the next generation matrix method [14, 15].
The basic reproduction number denoted by Ry is defined as the
average number of secondary infections that occurs when one
infective is introduced into a completely susceptible population
[14, 15]. The disease compartments are Exposed F, Exposed and
tested Fy4, Exposed and contact traced E., Critical and severe
infected I., Moderate and mild infected I,,,, and Asymptomatic
infected I, compartments.

Then, the rate of appearance of new infections F and the
rate of transfer of individuals by all other means V are given by
the following matrices:

[(asS + V) E

and

OO O OO

(Ba+Be+u)E
(0c+0m+ 04+ p) Eqa — BaE — vE.
(Y4+u) Ee = BE
(pc+6+/4’/)lc 7JcEd 7¢I'm
(om + ¢+ p) Im — omEq
(pa +/J) I, —0.Eq

The Jacobian of F and V at E° are F and V, respectively.

ON (pas +vaw) o g o g
(m+v)p
0 0 0 0 0 O
F = 0 0 0 0 0 Of and
0 0 0 0 0 O
0 0 0 00 O
i 0 0 0 0 0 O]
_’U1,1 O 0 0 O O
75(1 ’U272 - 0 0 0
V _ —ﬂc 0 V3,3 0 0 0
0 —0c 0 vee —¢ 0|’
0 —Om 0 0 V5,5 0
| O —0a 0 0 0

where V1,1 = ﬂd+50+ﬂvv272 =0ct0m+0qt+ U, V3,3 = v+,
Va4 =pc+0—+p,v55=pm+ ¢+ and vg g = p, + p. Then
we get

ON (pas + vay) |

p(p+v) (Ba+ Be + 1) 00000

0 0000 0

Fv—1= 0 000 00
0 00 00O

0 00 00O

I 0 0000 0
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The basic reproduction number is the dominant eigenvalue of
FV~=!whichis Ro = p (FV~1). Thus,

ON (pos + vay,)
p(p+v)(Ba+Be+mn)

Ro =

3.4. Disease-Endemic Equilibrium Point

The disease-endemic equilibrium point of the system (1)
is a point where the disease is present in the population. It is
obtained by making the system (1) equal to zero and then solving
the values of the variables.

Theorem 4. The model (1) admits a disease-endemic equilibrium
(DEE) given by £ = (S*, E*, E3, EZ, 1%, I, I7, R*, V™)

; 6(cst]) 12(aston
with Ry > 1and N > max{ (‘Xa:g ), ((Z:éa )’%}_

Proof. Let & = (S*,E*,E}, EX I}, I I*, R*,V*) be an en-

crrecrmrTar

demic equilibrium point of the model (1), that is

ON — (asE* +v+pu)S* =0,
(asS" + V") E* = (Ba + Be + 1) E
BaE* +YEY — (0c + 0m + 04 + ) Ef =0,
BeE™ = (v +p) EZ =0,
0By + oLy, — (pe + 6+ p) IF =0, (3)
omEq — (pm + ¢+ p) I, =0,
0aBy — (pa +p) 1; =0,
peli + pmly + paly — pR* =0,
vS* — (apEB* + p) V' =0.
Suppose that & = (S*, E* E} EX I I' I}, R*,V*) are
nonzero which means that the environment is not COVID-19-free.
We express each compartment in terms of £*. We solve for S*
from the first equation in (3).

ON — (asE* +v+pu)S* =0

. ON
asE*+v+p
We solve for £} from the fourth equation.
BCE* - (’7+N)E: =0
E”
E; = 2 .
Yt w

We substitute E¥ to the third equation and solve for E7.

BaE™ +vE; — (0c + 0m + 00 + 1) EG =0

« , VBE" «
BaE™* + —(oc+om+o,+pu)E; =0
e )Ej
. E*
B = (Bey + Bay + Bap)

(y+ 1) (oc+om + 00+ 1)
We substitute £ to the sixth equation and solve for I};,.

omBy — (pm+d+p) I, =0

om (Bey+Bay+Bap) E” *
(rrm) (oetomtootm — (Pm @+ p) I =0

| Jambura J. Biomath

Om (507+5d7+5d”)E*
Y+u)(octomtoatp)(pm+o+p)

=1 = 1
We substitute 7} to the seventh equation and solve for I;;.

0aly — (pa+p) 15 =0

oa(Bey+Bav+Ban) E* .
(’7+/”‘)(UC'~'do'm+((j7a+H) - (pa + l’(’) Ia - O

= I* — U?n(Bc'Y"’Bd'Y"FBdM)E*
a (v+p)(octomtoati)(patm)”

We substitute £ and I, to the fifth equation and solve for I}
0By + oIy, — (pe+0+p)I7 = 0.

After the substitution and quick algebraic manipulation, we get

1+ = Bertbarv+Bap)(poct¢oetdomtpmoc) B
c (v+u)(octomtaatp)(pm+o+u)(petd+p)

We substitute I, I, and I to the eighth equation and solve
for R*.

pele + pmly, + paly — pR* = 0.
After the substitution and quick algebraic manipulation, we get

R* = (Bev+Bav+Bap)(e+f+g+h)E”
p(y+p)(oetom+oa+p)(patp) (Pm+od+u)(pet+0+p)’

where

€= pa0a (Pm + ¢+ p) (n+0),

f = pape (Ua +0oc+ Um) (¢ + Pm) )

g = ppe (poe + ¢oc + oo + pada + pade + pmoe)
h= pmom (0p+ 0pa + 14 + p1pa + pipe) -

We substitute S* to the ninth equation and solve for V*.

vS* — (apE*+p) V' =0

7@95*6-&-&-“ —(pE* 4+ ) V=0
* vON
= V= (Exas+ptv)(E*ay+p)

We substitute S* and V* to the equation and solve for E*.
(ass* + QUV*) B — (Bd + ﬂc + :u) E*=0
After the substitution and lengthy algebraic manipulation, we get

;L(,u—i-l/)(ONozSa,,—ab+\/20No¢Sa,,ac+a2d2)(Ro—l)

E* =
- 2as00 (ON (pas+ray)—p(p+r)a) ’

where

a = Bq+ B+,
b= pos + poy + vay,
C = Qs — Oy — VQy + 201,

d = g — [0y — VQy,.

Note that E* exists when the basic reproduction number Ry >

land N > max{ 6(‘25;1), 12(‘25'5%)75}. This completes the
s s m

proof. O

4. Stability Analysis

In this section, we will show the local stability of the equi-
librium points. Stability analysis sheds light on a system’s long-
term behavior when it is close to equilibrium.

Volume 4 | Issue 1 | June 2023
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Theorem 5.The disease-free  equilibrium, — £° =
(59,0,0,0,0,0,0,0,V°) is locally asymptotically stable
if Ry < 1 and unstable if Ry > 1.

Proof. The Jacobian of the system (1) is given by

fa1,1 —asS 0 0 0 0 0 0 0 7
Eas  az 0 0 0 0 0 0 aE
0 Ba  azz v 0 0 0 0 0
0 Be 0 asqa O 0 0 0 0
J=1|0 0 oe 0 ass ¢ 0 0 o |,
0 0 Om 0 0 a6,6 0 0 0
0 0 0o O 0 azz 0 0
0 0 0 0 Pe Pm Pa  —U 0
L v —Vay 0 0 0 0 0 0 ag,9 |
(4)
where a1 = —Fa,—p—v,a22 = a8 +Vay, — Bc— Ba — 1t
33 = —0c—Om — Oq — 4, Qg4 = —7Y — [l, G55 = —Pc — 6 — [L,
a6,6 = —Pm — @ — M, a7,7 = —pa — ft, and ag g = —a, B — p.

The Jacobian matrix (4) evaluated at the disease-free equi-
librium is of the form

J(EY) =
rai,; —asS° 0 0 0 0 0 0 07
0 as,2 0 0 0 0 0 0 0
0 B4 azz v 0 0 0 0 0
0 Be 0 agqa O 0 0 0 0
0 0 oc 0 as5 ¢ 0 0 01,
0 0 om 0 0 ags O 0 0
0 0 oa 0 0 0 a7z 0 0
0 0 0 0 Pc Pm Pa —H 0
Ly —a,V? 0 0 0 0 0 0 —pl
where a1 = —p — v, azp = aSY + a, VO — B, — Ba —
a33 = —0c— Om — 0q — [y, Q44 = —7Y — [, G55 = —Pc — 0 — [4,
ag6 = —Pm — ¢ — ﬂ,andaw——pa—u

To show that all the eigenvalues of J(£°) are negative, we
can first note that the eighth and ninth columns of J(€°) contain
only the diagonal element —, indicating that —y is a negative
eigenvalue. The remaining eigenvalues can be determined from
the sub-matrix .J; (£°), which can be obtained by eliminating the
eighth and ninth rows, and eight and ninth columns of J(£°).
This gives us the following matrix:

a1n —asS° 0 0 0 0 0
0 a2 0 0 0 0 0
0 Ba asz3 0 0 0
J1 (50) =10 Be 0 asa4 0 0 0|,

0 0 oc 0 as5 ¢ 0

0 0 Om 0 0 ae,6 0

0 0 Oq 0 0 0 ar,7
where a1 1 — 1 — v, a2 = a;S° + a, VO — B — Ba — p1, a3 3 =
—O0¢c —Om — O0q — W, Q44 = —7Y — WU, Q55 = —Pc — 0 — Hy
a6 = —Pm — ¢ — p, and ar 7 = —pg — fi.

The first, fifth, and seventh columns of the matrix .J; (£°)
only contain diagonal elements that form the negative eigenval-
ues —(u+v), —(pe+3d+p), and —(p, + i) respectively. To find
the remaining eigenvalues, we can create a reduced sub-matrix,
J2(£°), by removing the first, fifth, and seventh rows and corre-
sponding columns from J; (£°).

by O 0 0
b 0
RE)= |55, o

0 Om 0 b4)4

| Jambura J. Biomath

where bl,l = OéSSO + OZUVO — ﬂc — 6d — Uy b272 = —0¢c —Om —
— b3z =—y—p,and by g = —ppm — ¢ — pu.

In a similar manner, the fourth column of the matrix J2(£°)
contains only the diagonal element —(p,,, + ¢+ p), which means
that —(p,, +¢+p) is a negative eigenvalue. The remaining eigen-
values can be determined using the sub-matrix .J3(€°) which can
be obtained by removing the fourth row and fourth column of

the matrix J(£°).

C1,1 0 0
J3(E = | Ba a2 ¥ )
5c 0 YT H

where ¢; 1 = @,S° + a, V0 — 8, —
Om — Og — |4

Looking at .J3(E°), we can see that the second column con-
tains only the diagonal element that forms the negative eigen-
value — (0. + 0y, + 04 + ). We can form J4(E°) by removing
the second row and second column of the matrix J5(£°) to find
the remaining eigenvalues.

Ba—pand cyo = —0. —

SO+, VO — B, — Bqg— 0
J 80 _ Qs v c
a(&) Be —Y—H

In a similar way, the second column of .J;(€°) contains only the
diagonal element which form the negative eigenvalue —(y + p).
The remaining eigenvalue is os.S° + a, VO — 8. — B4. We need
to show that this is a negative eigenvalue. Now,

asSO + avvo - 5C - Bd -

_ asON a, VON
B + (nt+v —Be—

00 m 5(1 -

B aspta,v)

= (Be+Ba+n) (M(;H-V)ﬁ—-‘rﬂd-i-lt) 1)

= (Be + Ba+ 1)(Ro — 1) < 0 for any values of Ry < 1.

Hence, the disease-free equilibrium £° is locally asymptotically
stable if Ry < 1 and unstable if Ry > 1. O

Theorem 6. The disease-endemic equilibrium, &* =
(S*,E*,E}, B I, ¥ I*, R*,V*) is locally asymptoti-

cally stable 1f Ry > 1.

Proof. At the disease-endemic equilibrium, the Jacobian matrix
(4) of the system (1) can be expressed as

J(E¥) =
fa11 —oasS* 0 0 0 0 0 0 0
0 az,2 0 0 0 0 0 0 0
0 Ba a3,z 0 0 0 0 0
0 Be 0 a4,4 0 0 0 0 0
0 0 Oc 0 as. s o) 0 0 0
0 0 Om 0 0 ae,6 0 0 0
0 0 Oq 0 0 0 ar,7 0 0
0 0 0 0 Pc Pm Pa —H 0
L v —a, V* 0 0 0 0 0 0 —pu]
wherea; 1 = —(u+v),a22 = asS*+a,V*—B.—fa—p1, a3 =
*(Uc +om+0q+ N)v aq.4 = 7(7 + /14), as.6 = 7(pm + ¢ + ,LL),
ar7 = —(pa+p)and as5 = —(pec + 0+ p).
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To demonstrate that all the eigenvalues of J(£*) are neg-
ative, we can see that the eighth and ninth columns of J(£*)
only include the diagonal element —pu, proving that —y is a neg-
ative eigenvalue. The sub-matrix J;(€x), which can be created
by removing the eighth and ninth rows, as well as the eighth and
ninth columns of J(£*), can be used to calculate the remaining
eigenvalues. This results in the following matrix

a1l —osS* 0 0 0 0 0
0 a2 0 0 0 0 0
0 Ba ass 7y 0 0 0
Ji(EF)=] 0 Be 0 asa O 0 o1,
0 0 Oe 0 as5 ¢ 0
0 0 Om 0 0 a6,6 0
0 0 Oq 0 0 0 ar.7
whereay; = —pu—v,a22 = asS* + o, V* — B — Bag—ph, 3,3 =
—Oe—Om —0q — 4,044 = —7 — [4, G55 = —Pc — 0 — [L, G5 6 =

—pm — @ — p, and a7 7 = —p, — p. Likewise, the first, fifth, and
seventh columns of the matrix .J; (£*) comprise only the diagonal
terms —(p + v), —(pc + & + ), and —(p, + 1), respectively,
which make up the negative eigenvalues. By deleting the first,
fifth, and seventh rows and associated columns from J; (£*), we
may create a smaller sub-matrix, J2(€*), in order to locate the
remaining eigenvalues.

b1,1 0 0 0
x\ _ | Ba b2z v 0
JQ(S ) | Be 0 - MK 0 ’
0 om 0 bsgs
where by = aS" + aV* — e — Ba — p. b2 = —0c —
Om — 0q — W4, and b3 3 = —py,, — ¢ — p. Similar to this, only

the diagonal element —(p,, + ¢ + p) is present in the fourth
column of the matrix J2(£*), indicating that —(p,, + ¢ + p) is
a negative eigenvalue. The sub-matrix J5(£*), which is created
by eliminating the fourth row and fourth column of the matrix
J2(E*), can be used to calculate the remaining eigenvalues.

c1,1 0 0
Jg(g*) =|Ba ca22 Yy )
Be 0 - — K
where ¢ 1 = 8" + o,V* — . — Bg—pand ca 0 = —0, —

Om — 0q — 1. As we can see from J5(E*), the second column
only contains the diagonal element that makes up the negative
eigenvalue — (o, + 0, + 04 + ). By eliminating the second row
and second column of the matrix J3(€*), we may create J4(£*)
and identify the remaining eigenvalues.

* asS*+aUV*_ﬁc_ﬁd_M 0
Jy(EF) = .
4(&7) Be —y—n
In a similar way, the 2"¢ column of J4(€*) contains only the di-
agonal element which form the negative eigenvalue — (v + p).
The remaining eigenvalue is a;.S™ + a, V* — 8. — B4 — . Now,
asS*+avV* _ﬁc_ﬁd_ﬂz%gii%

4 ay,vON
(as E*+ptv)(ay E*+p)

— Be — Ba — p.
When 6 = 2.93 x 107°, v = 9.97 x 1074, oy = 2.02 x 1079,

ap = 4.05 x 10719, 8, = 4.78 x 1074, B. = 4.32 x 1072,
=156 x10"% E* =7 x 107 and N = 110.5 x 10%, we get

asS* + a,V* — B, — Ba — p = —0.0436910971278318

Hence, the disease-endemic equilibrium £* is locally asymptoti-
cally stable if Ry > 1. O

| Jambura J. Biomath

5. Numerical Simulations

In this section, we performed numerical simulations on the
COVID-19 model (1) using the parameter values in Table 1 using
Python 3.9 to determine the behavior of the infected population
over time and evaluate the effects of various control measures
that we took into account when developing the model. Particu-
larly to assess the impact of the vaccination rate v and contact
tracing rate (3. to the basic reproduction number Ry.

Table 2. Parameter values for the model simulation

Parameter Value Source
§ 1.80 x 103 [16]
Qs 2.02 x 1079 [4]
ay 4.05 x 10710 Estimated
Pe 1.23 x 10~1 [4]
Pm 1.23 x 1071 [4]

Pa 1.23 x 1071 [4]

0 2.93 x 1075 (17]

m 1.56 x 107° (17]

v 9.97 x 10~%  Estimated
) 5.00 x 1072 Assumed
Oc 1.60 x 103 Estimated
Om 1.29 x 101 Estimated
Oa 4.33 x 1073 Estimated
¥ 2.00 x 10~1 Assumed
Ba 4.78 x 10™%  Assumed
Be 4.32 x 1072 Assumed

5.1.  Behavior of Infected Population

Figure 2 provides a visual representation of the temporal
behavior of the infected population, categorizing individuals into
three distinct groups based on the severity of their symptoms
- Critical and severe infected individuals /., Moderate and mild
infected individuals I,,, and Asymptomatic infected individuals
1,. The figure showcases how the number of individuals in each
group changes over time. After approximately 800 days, the in-
fected population will converge to a certain value. Plugging in
the values in Table 1 into the basic reproduction number, we have
Ry = 2.03 > 1 which means the disease will spread in the pop-
ulation even after the vaccination.

100000

80000

60000

40000

20000

0

400 600 800 1000

time (day)

0 200

Figure 2. Behavior of Infected Population over Time

5.2. Impact of v to Ry

Figure 3 illustrates the impact of the vaccination rate v on
the basic reproduction number Ry. According to Figure 3, as
the vaccination rate v increases, the basic reproduction number
Ry decreases. Therefore, the government should aim to increase
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Figure 3. Impact of vaccination rate on Ry

the vaccination rate to control the spread of the pandemic to the
community. This result is supported by the following theorems.

ON (pos + vay)

Theorem 7. The function Ro(v) =
y o) p(p+v) (Ba+ Be + 1)

is decreasing for all v € [0, 1].

Proof. The function Ry (v) is a rational function which is not de-
fined when v = —p < 0. It follows that this function is continu-
ous and differentiable for all v € [0, 1].

ONu (v, — ) .
Observe that R{(v) = ————=% < 0 since a; < .
0() M(ﬂd"‘ﬁc“rﬂ) s v
Hence, Ro(v) is decreasing for all v € [0, 1]. O

Theorem 8. The disease will eventually die out as long as the
ONpas = 1* Bat Be+ 1) _ o o

e (Ba+ fe +p) —ONay
erwise, the spread of the disease will persist.

vaccination rate v >

HN,U/Oés - /142 (Bd + ﬂc + /1«)

U(/Bd"'ﬁc"',u)_gNav
By Theorem 7, Ry(v) is decreasing for all v € [0, 1]. It follows

that

> 0.

Proof. Let v > vy where 1y =

Ro(v) < Ro(10)

2
ON (uas+ <0Nuas—u (BatBeti) ) aﬂ)

u(Ba+PBetu)—ONoay,
N ONpovs—p 2
o (”* ( u(%j+ﬁf+(uﬂ)d—+£\fzf : >) (Ba+Betn)

=1

The disease will eventually die out as long as the vaccination rate
ON povs — 112 (Ba + Be + 1)
w(Ba+ Be+p) —ONay,
ON povs — i (Ba + Be + p)
p(Ba+Be+p) —ONow

. The spread of the disease will

O

persist if v <

The disease is likely to persist in the population based on
the given parameter values. However, if the parameter v is in-
creased, which reflects the effectiveness of measures that reduce
disease transmission, the value of Ry is expected to decrease.

| Jambura J. Biomath

5.3. Impact of B. to Ry

Figure 4 shows the impact of the contact tracing rate (3. to
the basic reproduction number Rj.

le2

15

1.0

Ro

0.5

00 02 04 06 08 1.0
B

Figure 4. Impact of contact tracing rate on Ry

0.0

Based on Figure 4, as the contact tracing rate 3. increases,
the basic reproduction number R decreases. Therefore, the gov-
ernment should aim to increase the contact tracing rate to con-
trol the spread of the pandemic to the community. This result is
supported by the following theorems.

ON (pas + vay)

Theorem 9. The function Ro(3.) =
f o(Be) pp+v)(Ba+ Be+p)

[0, 1].

is decreasing for all 3. €

Proof. The function Ry(f.) is a rational function which is not de-
fined when v = — (84 + 1) < 0. It follows that this function is
continuous and differentiable for all 3. € [0, 1].

Observe that R} (3.) = — ON (pas + vay)

p(p+v) (Ba+ Be+ )
Ry(B.) is decreasing for all 3. € [0, 1]. O

< 0. Hence,

Theorem 10. The disease will eventually die out as long as the
ON (pas + va
ON (pas +vay) (B + ) > 0.

+v)

Otherwise, the spread of the disease will persist.

contact tracing rate B, >

ON (pos + vay,)

p(p+v)
By Theorem 9, Ry(f.) is decreasing for all 5. €
that

Proof. Let 3. > BY where 80 = = (Ba+p)-

[0, 1]. It follows

Ro(Bc) < Ro(B2)

ON (pas+vay,)
ON (pas+vas,)
u(ptv)

u(ptv) (ﬂd+< —(Bd+;t)>+u>

=1.

This means that the disease will eventually die out as long as
8, > ON (pos + vay)

o+ v)
ON (pas + vay,)

p(p+v)

— (B4 + 1). The spread of the disease

will persist if 8, < — (Ba + p)- O
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If the contact tracing rate f3. is greater than 0.08847694,
the disease outbreak is likely to be controlled and eventually
eliminated. On the other hand, if 3. is less than this threshold
value, the disease outbreak is likely to persist and continue to
spread.

6. Conclusion

We have developed a model to better understand the trans-
mission dynamics of COVID-19. We focused on the importance
of contact tracing and vaccination campaigns in controlling the
spread of the disease. The qualitative analysis showed that the
solutions are positive and bounded, with the disease-free equi-
librium being locally asymptotically stable when the basic repro-
duction number is less than one, and the disease-endemic equi-
librium being locally asymptotically stable when the basic repro-
duction number is greater than one. From the numerical re-
sult, we get the value of the basic reproduction number which
is Rg = 2.31. The numerical simulations also demonstrated that
the reproduction number decreases with an increase in both the
vaccination rate and contact tracing rate. It is worthy to note that
when the contact tracing rate 5. > 0.08847694, Ry < 1. Hence,
to stop and manage COVID-19 transmission in the target pop-
ulation, public health authorities should focus on increasing the
value of the contact tracing rate to more than 0.08847694. These
findings highlight the effectiveness of contact tracing and vacci-
nation in reducing the spread of COVID-19. Overall, this study
provides useful insights for policymakers and public health offi-
cials in developing strategies to mitigate the impact of the pan-
demic.
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