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Abstract

In this article, we propose and analyze a mathematical model of COVID-19 transmission among a closed
population, with social awareness and rapid test intervention as the control variables. For this, we have
constructed the model using a compartmental system of the ordinary differential equations. Dynamical analysis
regarding the existence and local stability of equilibrium points is conducted rigorously. Our analysis shows
that COVID-19 will disappear from the population if the basic reproduction number is less than one, and
persist if the basic reproduction number is greater than one. In addition, we have shown a trans-critical
bifurcation phenomenon based on our proposed model when the basic reproduction number equals one. From
the elasticity analysis, we have observed that rapid testing is more promising in reducing the basic reproduction
number as compared to a media campaign to improve social awareness on COVID-19. Using the Pontryagin
Maximum Principle (PMP), the characterization of our optimal control problem is derived analytically and
solved numerically using the forward-backward iterative algorithm. Our cost-effectiveness analysis shows that
using rapid test and media campaigns partially are the best intervention strategy to reduce the number of
infected humans with the minimum cost of intervention. If the intervention is to be implemented as a single
intervention, then using solely the rapid test is a more promising and low-cost option in reducing the number
of infected individuals vis-a-vis a media campaign to increase social awareness as a single intervention.

Keywords: COVID-19, social awareness, rapid test, basic reproduction number, transcritical bifurcation,
optimal control, cost-effectiveness analysis.
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1. INTRODUCTION

The Coronavirus disease 2019, also known as COVID-19, is an infectious disease caused by a new type
of coronavirus (SARS-CoV-2) known to have originated in December 2019 in the city of Wuhan in China
[1]. COVID-19 is a human-to-human transmitted disease, transmitted through direct contact with infected
individuals or objects that had been contaminated with the virus on the surfaces [2]. The symptoms of COVID-
19 resemble those of ordinary flu but could lead to death as a consequence of the difficulty in breathing for
patients in advanced stages. Till now, there is no medicine to cure infected individuals [3].

Policymakers have been forced to use many types of interventions to control the rapid spread of COVID-
19. These include physical/social distancing, use of face masks, quarantine, hospitalization, rapid testing, and
vaccination [2]. Due to the limited availability of vaccines in the community, the most popular and effective
way to control the spread of COVID-19 is to prevent infection through non-pharmaceutical interventions
such as physical distancing, use of medical masks, quarantine, use of disinfectants, contact tracing, etc. [3].
Among the strategies implemented the most to minimize the risk of infection are social distancing and the
use of medical masks. The implementation of these strategies can be more effective if the level of social
awareness is high in the population concerned [4].
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Since early 2020, many mathematical models have been introduced by many authors from all over the
world to understand the dynamics of COVID-19’s spread among different populations. Many approaches have
been used by these authors such as ordinary differential equations [5], [6], [7], [8], [9], partial differential
equation [11], statistics [12], [13], [14], artificial intelligence and optimal control approaches [15], [16].
Their research has covered several important factors such as the impact of vaccination [10], social distancing
[1], [17], hospitalization [18], contact tracing [18], [19], and social awareness [2], [3], [4], [ 7]. From the
previously mentioned literature, several important results are presented. Firstly, the role of social distancing is
significant in reducing the spread of COVID-19 in various countries, even in some cases better than vaccination
intervention. Secondly, the role of hospitalization in reducing the number of COVID-19 infections is not as
significant as social distancing. Even so, hospitalization is still needed to accelerate the rate of recovery
of cases detected by COVID-19 and to avoid further death rate induced by COVID-19. Another result is
that contact tracing coupled with the isolation of detected cases has a significant effect in reducing the
number of new COVID-19 infections. Finally, the role of media campaigns is important to increase social
awareness. It is needed as a companion to other interventions such as vaccination and social distancing
because the potential target of social awareness is wider than other interventions. Hence, we can conclude
that the massive implementation of mentioned interventions will reduce the spread of COVID-19. However,
this kind of policy will entail costly interventions. Hence, it is important to determine the best strategy to
combat the spread of COVID-19. One option is to use the strategy of optimal control problem. Furthermore,
to determine the best strategy, cost-effectiveness analysis can also be carried out to analyze this problem.

Thus, this article aims to analyze the impact of human awareness and rapid testing as efforts to reduce
the spread of COVID-19. To test the validation of our model, we have used the incidence data from the
city of Jakarta in Indonesia pertaining to the initial phase of the disease. We conducted a mathematical
analysis to understand the qualitative behavior of the model, which is related to the existence and local
stability criteria of the equilibrium points and how these depend on the size of the basic reproduction number.
Moreover, bifurcation analysis of the model was conducted using the center manifold approach. An optimal
control problem is conducted to see how a time-dependent intervention could reduce the number of infected
individuals while keeping the cost of intervention low. A cost-effectiveness analysis is carried out to determine
the best possible scenario to be implemented in the field.

This article is organized as follows. In Section 2, we construct our model using several assumptions. We
analyze our proposed model in Section 4, followed by elasticity and autonomous simulation in Section 5.
The characterization of the optimal control problem is given in Section 6. The numerical experiments of
the optimal control problem and cost-effectiveness analysis are detailed in Section 7. Finally, we present the
conclusions in Section 8.

2. MODEL CONSTRUCTION

In this section, we construct the model for the spread of COVID-19 carefully, using government campaign
interventions to increase awareness and rapid tests as a pair of possible interventions. To start with, based
on their health and their awareness status, the population was categorized as follows: susceptible without
awareness (S5, ), susceptible with awareness (S,), exposed (F£), undetected infected individuals (7,,), detected
infected individuals (1), and recovered individuals (R). For a detailed description of each of these categories;
see Table 1, and Figure | for the transmission process of our model.

The assumptions of our model are as follows.

1) The population is closed, and the migration is neglected.

2) Each individual in the population is homogeneous in the sense of how they respond to this disease.

3) All new-born are assumed to be susceptible and unaware of COVID-19.

4) Both susceptible without awareness (S, ) and susceptible with awareness (S,) can be infected with
COVID-19, with a successful transmission rate of $; and s, respectively. Due to awareness of S,
we assume that 5o < 3.

5) Due to hospitalization/forced self-quarantine, only undetected infected individuals can transmit the
virus, while the individuals whose infection has been detected cannot. In the proposed model, we
assume that hospitalization/quarantine perfectly isolates from the infected individual. With this as-
sumption, we neglect a ”local” infection in the hospital for the hospital worker.

6) Infected compartment (14, I,,) may die due to COVID-19 with the same rate of .
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Figure 1: Transmission diagram for COVID-19 with social awareness and rapid test.

Table 1: Description of model variables given in system (1).

Variable  Description

Su Susceptible without awareness (.S,,) is a population that is not infected and does not care about the presence of COVID-19. Usually, individuals
belonging to this category roam around freely, without observing the precautions such as wearing masks and maintaining social distance.

Sa Susceptible with awareness (S, ) is a population that is not infected and cares about the presence of COVID-19. Individuals falling in this category
usually do not roam freely, without ruling out the possibility of doing so. Even if they roam freely, they adhere to the suggested health protocols.

E Exposed (E) are residents who have contracted COVID-19, but did not transmit the disease to others. This is usually called the latent phase.

I, Infected but not detected (I,,) is the population infected with COVID-19 that can transmit the disease to other individuals. They are individuals who

roam so they are not detected as infected with COVID-19.

Ig Infected and detected (1) is the population infected with COVID-19 that has been detected. However, as their infection was detected, they had to
be self-isolated or taken to the hospital for treatment. Therefore, they cannot infect other people.

R Recovered (R) is the population that has recovered from the COVID-19 disease.

7) Due to a media campaigns to increase social awareness about the dangers of COVID-19, we assume
that there is a transition rate of u; from S, to S,. However, the awareness of individuals is not for
lifetime. Hence, there is a dropout rate from S, to .S,, namely as ~.

8) Rapid test intervention (u2) conducted to detect infected individuals.

Based on the transmission diagram in Figure | and the above assumptions, the COVID-19 model with
social awareness and rapid test can be expressed in the nonlinear system of differential equations stated
below.

% — A B1Suly — 1Sy + 7Sa — 1150,

d;;a = w1 Sy —vSqs — B2Salu — pSa,

% = ASulu+ B2Salu — aE — pE,

% — (1-p)aE — 6L, — €I, —usly — pl,, M
% = paE — 81y — £y +uply — ply

% = 6(I, + 1) — uR,

completed with a non-negative initial condition at ¢ = 0; see Table 2 for the description of each parameter.
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Having used a similar approach in our previous work [1], [2], it is clear that our model always has a positive
solution for all situations ¢ > 0 as long as the initial condition is non-negative, and positively invariant in
the region of

A
0= {(SU,SG,E,IU7Id7R) ERGO<S, +Sa+E+I,+I;+R< u}'

Table 2: Model parameters with their descriptions and estimated values

Parameter Description Value Source
A Human recruitment rate 107 /(70 x 365) [4]
P Proportion of individuals who move from the exposed to the infected and 0.4 [20], [21]
detected compartment
1—p Proportion of individuals who move from the exposed to the infected but not 0.6 [20], [21]
detected group
Uy Rate of government intervention to raise social awareness [0, 1] estimated
U2 Rate of government intervention to conduct rapid tests [0,1] estimated
a Incubation rate 1/5.1 [22], [23], [24], [25]
51 Rate of transmission of unaware susceptible individuals 1.85 x 107 fitted
B2 Rate of transmission of aware susceptible individuals 8.3 x 1078 fitted
v Drop-out rate from aware to unaware susceptible group 0.1 [2]
5 Natural recovery rate 0.1 [2]
m Natural death rate 1/(70 x 365) [26]
3 Death rate due to COVID-19 0.05

3. PARAMETER ESTIMATION

To validate our model, we estimate our infection rate (81, 32) in system (1) using incidence data from
the city of Jakarta, during the early phases of COVID-19 spread in the city (March 3- April 10, 2020). We
intend to minimize the Euclidian distance between I; from incidence data and the simulation results from
system (1), using the best fit parameter of 5; and . This task read as minimizing the following function

m

SE = Z (Iéliata _ Izolulion)Q :
n=1

where 13" present incidence data, and I3"°" present the solution of I, form system (1) using the best fit
parameter of 31 and 2. These parameters were estimated using the “Isqnonlin” built-in function in MATLAB.
The initial guess for initial conditions and estimated parameters were chosen at the first iteration, and will be
updated in each next iteration until convergence criteria achieved (|SE(; 1)tniteration — S E (i) thiteration| < 1072).

Our aim is to capture the initial COVID-19 parameter value in Jakarta where interventions have not yet
been implemented. Hence, we assume that in the early spread of COVID-19, the effort from the government
to conduct rapid tests and media campaigns to develop community awareness were not yet significantly
implemented. Hence, we assume that u; = us = 0 in this period of simulation (March 3 - April 10, 2020).
The result given for the curve fitting can be seen in Figure 2, and the parameters are given in Table 1.

4. MODEL ANALYSIS

This section explores the qualitative behavior of our proposed model in system (1) regarding the existence
and local stability of all possible equilibrium points and how these criteria related to the basic reproduction
number of the model.

4.1. Disease Free-Equilibrium (DF E) and the Basic Reproduction Number

DFFE point is a condition in which the disease outbreak in a population will decrease over time. This
means that for ¢ — oo, there are no more individuals classified as exposed (F), infected and detected (/;), and
infected but undetected (/,,). Taking the right-hand-side of system (1) as equal to zero and £ = I, = I; = 0,
the model’s DF'E point is expressed as follows:
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Figure 2: Curve fitting simulation results.

DFE — (53, 8% B, 10, 1§, 1) = (— 20 w2
p(y+ptu) p(y+p+ )
In many mathematical models, the local stability of DFE is related to a condition of the basic reproduction
number (Rg) less than unity [2], [4], [27]. The basic reproduction number indicates the number of newly
infected individuals caused by the primarily infected individual during the period of transmission to fully
susceptible individuals. We calculate our respected R of system (1) using the Next Generation Matrix
(NGM) method. The idea to obtain the NGM method is by decomposition of the linearize matrix of the
infected compartment at DFE. The obtained decomposition matrix contains a transmission component
(T) and another transition component (3). The transmission component is a component that contains the
transmission parameters on the model. Furthermore, the transition component is a component that contains
parameters that are displaced / change in the infection process. After the decomposition matrix is linearized
using the Jacobian matrix, DF'E is substituted into the matrix, leading to the following:

,0,0,0,0).

0 ui A B2 + (y+)A B

w(ytptu) T op(y+ptun)
T=10 0 0 -
0 0 0
and
—a— [ 0 0
Y=| —apta —pu—&—5—usg 0
ap (0 —n—=E&—0

The basic reproduction number of the system (1) is taken from the spectral radius of respected NGM,
where NGM = —E.TY'E,,
where
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Hence, the value of R indicated by the following expression:

a(1—=p)(vB1+ Py +uif2) A

ROZu(a+u)(5+u+£+uz)(7+u+m)'

@)

With the expression of the basic reproduction number in equation (2), the local stability of DFE is
furnished in the following theorem:

Theorem 4.1. The COVID-19 free equilibrium is locally stable if Ro < 1, and unstable when Ry > 1.

Proof: The Jacobian matrix of system (1) evaluated on DF'E is given by

I (A B 7

—p—u Y 0 EcET=n) 0 0
ui1 A B
ur Y 0 BAGET==m) 0 0
—o — uiAB (y+m)A B
J= 0 0 Y G Sv==rey B craE=TrY 0 0 3)

0 0 —ap+a« —0—p—&—us 0 0
0 0 ap Ug —-6—pu—-& O

0 0 0 5 5 —u |

Matrix J has six eigenvalues, where four of them are explicitly negative, as indicated below:
—ps—ps —(6 + p+€), and — (w1 + v+ p).
The two other eigenvalues are taken from the following quadratic polynomial:
as\® + a1\ + ag = 0.
where

az = p(ur +v+p),
ar=puz+a+0+2p+8) (ur +v+pu),
ap = p o+ p) (ur +y +p) (uz +0+p+&) (1 - Ro).

Based on the above equation, all the roots will have a negative real part if ao,a;, and ag > 0. Therefore,
in this case, it must be Ry < 1. On the other hand, if Ry > 1, then we have one positive eigenvalues.
Therefore, we have that DF'E is unstable when %y > 1. Hence, the proof is completed. [ |

The expression of R on equation (2) is directly proportional to the term of (1—p) and inversely proportional
to rapid test rates ug. Since 1 — p describe a proportion of exposed individuals who progress to be undetected
infected individuals, we can notice that more people can be detected (voluntarily go to the hospital or through
rapid test) can reduce the basic reproduction number. More discussion on the impact of each parameters on
Ro will be discussed in section 5.

4.2. The Endemic Equilibrium Point

Another equilibrium point is the non-trivial one, called the endemic disease (E'E') equilibrium point. Disease
endemic equilibrium point (E'E) is a condition where a disease in a population becomes an epidemic over
time. The endemic equilibrium point of system (1) is given by

EE=(S;,S:, E*, I I}, R"),

y Lo
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A (B2 +v+p)

Sy = ,
L B1Ba+ v LBy + w4 I By + I Bour 4+ v i+ 2 + ppu
S*— Au1
LB B Ay I A+ p LB+ LBy + I Bous +y 2 4 pur
a(1—p) ’
IZ = f(Iu)a
= L Optpp+pE+us)

((6+p+80A-p))
S (0+pu+E&+u)ly;

(O+p+5A-p))p’

and I is taken from the positive root of the following polynomial :

(L) := AsL,*> + A1, 4+ Ay = 0.

with
AQZﬂlﬂz(a-‘rM)((s-‘v-/i"‘l‘f-l-UQ),
Ar=abifa(p—1) A+ (a+p) (6 +p+E+uz) (v B+ Bup+ Bap + uifa),
Ao = pla+p)(p+vy+ur)(0+ p+ &+ u2)(l —Ro).

It can be seen from the expression of all variables in F'E that these equilibriums will be on Rﬁr if
I > 0. Hence, it is crucial to determine the criteria to guarantee the positivity of I;. It is trivial that since
Ap >0 <= Ry > 1, we have exactly one real positive roots of f(I,) when Ry > 1. Hence, we have one
endemic equilibrium when R > 1. However, since f([,) is a second degree polynomial, it is possible to
that f(I,) have zero or two positive roots.

To analyze this, we can determine a condition of parameters such that ﬁ—g > 0, 7AA1 > 0,and A2—4A45A0 >
0. However, this condition is difficult to show due to its complex expression of XO, Ay, and A,. Hence, we
will use a gradient analysis in a point of Ry = 1,1, = 0. The idea of this analysis is the following: As
mentioned in Theorem 4.1, and analysis on previous paragraph regarding the existence of /E when Ry > 1,
we can see that Ry = 1 has the potential to become a critical value which determines the existence and
local stability of equilibrium points. Hence, it is important to analyze the gradient of f(I,) at Ry = 1. If
the gradient is always positive, hence we never have any equilibrium points when Ry < 1. On the other
hand, if the gradient can be negative (under some conditions), then it is possible to have at least one endemic
equilibrium point where Rg < 1.

To do this, we rewrite each coefficient on f(I,,) as a function depends on R. Therefore, we redefine /31
as a function of R as follows:

5, = Ro (a+p) (uy +y+p) (ug +6 + p+ &) — Bouger (1 —p) A
1= .
a(l—p)(y+pA

Substituting B; into As and A;, then A, and Aj, are functions that contain Ry, as well as Ag. This
indicates that if Ro > 1, system (1) will always have one endemic point. In addition, we investigate the

possibility to have two endemic equilibriums (or none) if Ry < 1.
Taking the partial derivative of I,, with respect to R from the expression of f(I,), we have

9 A, o 9A, ol 9A

P A2 — 4+ —— T+ A —— 4+ — =0.
aRe. MR, TRy T ORe T ORy
Substitute (Rq,I) = (1,0) to the above equation and solve it with respect to 66—7{0 yield:
ol me

ORy Ay’
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Since,

0Ac _ p(-pllatmm+y+p)(uz++p+8 yul=—platp)lm+y+mlustdtntd o

IRy (1 =p)(v+ ) (1 =p)(y+n)

oI o1

and A; > 0, we have that IR > 0. As mentioned before, since TR is always positive, then the gradient
0 0

of f(I,) is always tends to the right on Ry = 1. This means that no positive roots when R < 1. In other

words, there is no endemic point when Ry < 1. We express this result in the following theorem:

Theorem 4.2. System (1) has a unique endemic equilibrium if Ry > 1, and no endemic equilibrium otherwise.

4.3. Bifurcation Analysis

We conduct a bifurcation analysis for system (1) using the Castillo-Song theorem [28]. The idea of this
theorem is to show that there is a zero eigenvalue of system (1), while the other eigenvalues are negative at
the DFE and Ry = 1. The next approach is to analyze it using the center-manifold theory.

To simplify the notation, we rewrite S, = z1,S, = x9,F = 3,1, = x4,13 = x5, R = x4 and
then substitute it to system (1). Therefore, we have % = F(x) with F = (f1, fo, f3, f1, f5, fo) T, X =
(21,2, 23, 24,75, 76)" which are stated as follows :

dx

fi= ditl = A+ vz — fra1xs — urmy — pa,
dx

fo= 7; =U1T1 — ooy — VT2 — (T2,
dx

f3 = 7dt3 = B12174 + P22y — w3 — p3, “
dx

fa:= d—; = (1 — p)axs — ugwy — 64 — pxy — x4,
dl’5

f5:= 7 = pax3 + upxy — 05 — prs — s,
dx

fﬁ = 7; = 61’4 + 6555 — HT6-

Taking (; as the bifurcation parameter with the expression is the same as in the previous section, we
substitute it together with Ry = 1 to the Jacobian matrix of the above system, we have:

i (y+m)A B~ ]
HT W v 0 T p(yFptun) 0 0
uiA B
" Tk 0 BTy 0 0
P uiA B (y+m)A B~
J = 0 0 e Y CEurserey S M crarE=Tey 0 0 Q)
0 0 —ap+a —0—pu—&—usg 0 0
0 0 ap Ug —0—pu—& 0
0 0 0 5 5 ey

From the expression of JJ;, we have a simple zero eigenvalue, while the others are negative (We do not
show the expression of all negative eigenvalues due to their long expression). Thus, the center-manifold
theory can be used to analyze the bifurcation of system (4).
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Further, J; has a right eigenvector denoted by w = (w1, wg, w3, wy, ws, we)? given by

wi = Ot ptOBbu(l-pA @G tptHlatu)rtpy)
YT v+ p+ 4w )20+t €+ uo) Sa(y + o+ u) ’
wy = (afour(p — DA) — ((a+ p) (v + p+ur)(0 + p+ § +uz)ur) <0,
w3:W>O’

p(0+p+E(1—p))

00+ pu+ €+ ua) ’

_ HOptpp+Eptus)
T S0+t EFun) ’
’LU(;:l.

and a left eigenvector denoted by v = (v1, v2, v3, V4, v5,v6) " given by v; = vy = v5 = vg = 0,v3 = a(1—p),
and vy = a + p. Since v; = v9 = v5 = vg = 0, it is sufficient to calculate the partial derivatives of f3 and
f1. Using the Castillo-Song theorem, we find the values of A and B as follows:

A= Z V3W; e + Z V4W; 'ﬂ

= Y owiow; " = U B0
0 f3 02,
B = V3Wi o + V4W; .
ZZJ w08 Z 02,08

where:
_y(d—pap(@+p+f(1—p)ph (6 +pt&Bur(p—1)
A=2 (O+p+E+u)d <6< (v+u+u1)2(5+u+£+u2)5>A+A°>’
_ (=plad+p+Ed —p)y+uA
O+p+&+u)d(y+pt+u)

with,
o Grp+E(aytaptyptp’) (I-plap@+p+£0—p)(Beua(p - 1A
Ao =0 +2
Sa(y+utu) 0+ o+ € +u2)s
. ((a+u)(6+u+£+uz)(v+u+ul)u1)52>
(0+p+E&+u2)d '
It is found that A < 0 and B > 0. This indicates that system (6) forms a forward bifurcation at Ry = 1.

Hence, we have the following theorem:

Theorem 4.3. The COVID-19 model in system (1) always exhibits a transcritical bifurcation at Ry = 1.

As a consequence of transcritical bifurcation phenomena that appear when Ry = 1, we can conclude that
the endemic equilibrium is always locally asymptotically stable when %y > 1, but close to one. It means
that COVID-19 will always disappear from the community as long as we can keep the value of Ry at less
than unity. To determine the best strategy to reduce the value of R(, we should understand which parameter
is the most significant in determining the magnitude of Ry. Hence, we proceed to the next section, where
we discuss the sensitivity and elasticity of Rg.

5. NUMERIC SIMULATION
5.1. The Elasticity of the Basic Reproduction Number
As mentioned earlier, it is important to determine which parameter is the most promising and can be
changed to manipulate the size of Ry. Hence, we conduct an elasticity analysis of Rg using the following
formula : o % . P
Ro ™ 9P © Ry’
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where P is any parameter on system (1). If the elasticity is negative, then increasing the parameter will reduce
the magnitude of (. Using this formula, the local elasticity of each parameters in system (1) is expressed
as follows :

Hoo R b (Ewb
Ro 081 Ro  P1+ pbB1 + u1fa
fro— R wmb
o 9Bz Ro vB1 + puB1 + u1fe
o o 6R0 a 12
To 804.Ro_oz—|—,u>0

ORo v I
’Y - _— =
6720 = 8’}/ .RO atn >0

ORo p D
2 == _— = ——
Ro T dp Ro 1—p <0
e = 3720.2 _ (B1 — B2)(y + p)ur “0

o Our Ro (Y61 + pbr + urB2) (v + p + u1)

ORo u2 uo
= = —_— = - = 0
o Ouz Ro StputEtu
1) 8R0 ) )

= —_— = 0

€Rg 96 RO 5+/J+£+’U,2<

ORo & ¢
€ _ 0 N

= = <0

o 9¢ Ro S+p+&+u
A - 6R0 A .
€Ro = 8A~R0—1>0,

while e“RO is always negative, it has too long an expression to be shown in this article. So, by substituting
the parameter values in Table 1, and supposing u; = up = 0.1, we get the following results:

e = 0.691

e = 0.308

€s, = 0.00019
€k, = 0.1504
eh, = —0.6667
e, = —1.0002
e = —0.1909
cw = —0.3414
€, = —0.4877
R, = —0.1707
6%0 = L

Each value of the elasticity above presents a percentage value of Ry, whenever the parameter changed.
For example, when 67'3210 = 0.691, it means that reducing ; for 10% for its current value in Table 1, Ry will
be reduced to 6.91%. On the other hand, since e%lo = —0.1909, increasing the magnitude of u; for 10% will
reduce the value of Rg to 1.909%. To see which parameter is the most elastic to R; see Figure 3. It can
be seen that 4 is the most elastic parameter to Ro. However, as we cannot change the value of i, we may
ignore this result. The reason is similar to the recruitment rate too (A). On the other hand, we can see that /3;
is the most elastic changeable parameter. Hence, it is a very reasonable policy to enforce a "mini lockdown”
in the city of Jakarta to control the spread of COVID-19 in the early period of the outbreak. Interestingly,
we can see that although u; and uy have a negative sign of elasticity, the value of |ez | > [ez! [ This means
that rapid testing is more promising to control the spread of COVID-19 than media campaigns to increase



56 Balya et al.

social awareness. However, we can not ignore the importance of social awareness in the case of COVID-19’s
transmission mechanism, as higher awareness in the community will reduce the possibility of people being
infected by COVID-19. Thus, it is important to adopt the best combination strategy of these two types of
control, which we shall discuss in the next section.
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Figure 3: Tornado Diagram: Elasticity of Rg

5.2. Autonomous Simulations

From the previous section, we can see the importance of choosing a proper value of u; and us to determine
the size of Rg. Therefore, in this section, we conduct an autonomous simulation to see the impact of u; and
uo on the dynamics of all infected individuals. We use the same value as stated in Table | and substitute
it into the system (1). Before we show the autonomous simulation on the effect of u; and uy, we should
understand the impact of u; and uy on the size of Ry. A dependency of Ry with respect to u; and wug is
shown in Figure 4. It can be seen that when the parameters u; and uo are zero, the value of Ry is very high,
i.e., it has high endemic potential. On the other hand, if w; and w, are large at the same time, then R will
get smaller.

Figure 4: Sensitivity of w1 and u2 on Ro
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Next, we solve our set of ordinary differential equations using a Runge-Kutta numerical method, with the
same set of parameters as in the previous figure. The results are shown in Figure 5.
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Figure 5: The trajectories of E.[,, and Iy for the different values u; and uz when u; = us = 0.05,0.1,0.2, and 0.8
for blue, red, purple, and green, respectively

In Figure 5, it can be seen that increasing the value of the u; and uo parameters will reduce the total
number and the outbreak level of infected populations. Furthermore, the large intensity of u; and wug also
delays the appearance of the outbreak. In other words, government intervention, by increasing social awareness
through media campaigns (u;) and carrying out rapid tests (uz), succeeds in controlling the epidemic level
of COVID-19. A higher intensity of both the controls will give a better result for eliminating COVID-19
from the population. However, we should notice that the high intensity of these interventions comes with
higher cost of intervention. Hence, we should find a policy to combine these interventions. Using simple
logic, these interventions should consider the number of infected individuals at each time. When the number
of infected individuals starts increasing, the intensity of these interventions should be increased. On the other
hand, when the number of infected individuals starts to decrease (or is a low number), then the intensity of
the interventions should be low for the sake of budget economies.

6. OPTIMAL CONTROL CHARACTERIZATION

Based on the level of need in disease control efforts, various efforts were made by various parties concerned
to provide cost-effective interventions to optimize control outcomes. In implementing this intervention, various
costs must also be minimized: not only the costs of intervention but also indirect costs associated with the
field implementation process with due regard to the number of people infected in the field. One option is to
choose a time-dependent intervention for our model. Hence, we change a constant u; and us in system (1)
as a time-dependent variable, namely w1 (¢) and wus(t), respectively. Hence, system (1) now reads as follows:

% = A+7S, — B1Suly — u1(t)Sy — Sy,

dj;“ = ui(t)Sy — B2Salu —vSa — pSa,

% = B1Sulu + p2Saly — oF — pFE, (6)
e (1 paB —w(t)l 01, — pl — L,

% = paE +us(t)], — 01q — ply — 1y,

dR

C o SI, 461, — uR.
dt +ola—pk
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The aim of the optimal control problem in this article is to minimize the total number of infected individuals
(E, I, 14) at as low a cost of intervention as possible (u1 (), u2(t). Hence, we aim to minimize the following
cost function:

T
J = / (cpluf + @ng + w3E + waly + wsly)dt. @)
0

To solve this, we first set the following Hamiltonian function:

H :golu% + gogug + w3E + wyly +wsly+ A (A+v4Sq — B1Suly — w1 Sy — pSy) + Aa(u1 Sy —
BQSaIu - 7511 - ,U/Sa) + )\S(Blsu-[u + B2Salu —ak — /J'Et) + A4(04E - PaE - UZIu_
0L, — ply — EL,) + As(paE +ugly — 61q — plg — E1g) + N6 (81, + 614 — uR).

where \; for i = 1,2,3,4,5,6 is the adjoint variables.

Theorem 6.1. Given optimal control pairs (uf,u3) and solutions Sy, (t), Sa (t), E(t), L, (t), I4(t) and
R(1) of the state system (7), there exist adjoint variables \; for i = 1,2,3,4,5,6 which satisfy the following
adjoint systems:

A= MBily 4 Aug + A — Aguy — Asfil,
Ao = =My + Aafaly + Ao + dopr — AsBaly
X3 = —ws + Aza + Azp + Aapa — Aa — Aspa (®)
At = —wi+ MBSy + A2B280 — A3B1Su — A3B2Sa + Aauz + Aad + Aapt + A€ — Asuz — Agd
X5 = —ws + A5 4+ Asit + AsE — Agd
X6 = et
with the terminal condition given by \; (T') = 0 for ¢ = 1,2,3,4,5,6. Further, the optimal control pair is

given by
v1 () = min (Uinax, max (urf‘in, W)) ,
w1
* . max min Iu ()\4 — /\5) (9)
ujy (t) = min | uy'™ max | uj ) )
2

Proof. Using the Pontryagin Maximum Principle [31], the adjoint system (8) is taken from the partial
derivatives of the Hamiltonian H with respect to each state variable, as follows:

OH oH OH oH OH - OH
— =, 3=, M=, s =——, X = ——.
2T as, P e Tt al, a1, "~ OR
with the transversality condition \; (T') = 0 for ¢ = 1,2, 3,4,5,6. Taking the derivative of the Hamiltonian
H with respect to u; equal to zero, and solving it with respect to u; yields

+ Su (A1 — A2)

u =
2&)1

Similarly, for us we have

v Lu(Aa—Xs)
Uy = ———.
2(4}2
Taking the upper and lower bound of each control variable, we have

i Su(A—A
u} (t) = min (uﬁ“ax, max <u‘1m“, Su A1 = Az) 2))) ;

2w1

N SO VD)
uj (t) = min (ug“”‘, max <ul2m“, e = Xs) 5))>

2&)2
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7. OPTIMAL CONTROL SIMULATION

To solve our optimal control problem, which consists of state system, in (6), adjoint system in (8), pair of
optimal value of control variables in (9), initial condition for each state system at ¢ = 0, and transversality
condition A;(¢ = T') = 0 numerically, we use an iterative forward-backward Runge-Kutta method; see our
recently published works ([2], [4], [27], [29]). Using an initial guest for u; (t) = w10, ua(t) = ugg, we solve
state system (6) forward in time to find the solution for all state variables at all times ¢ € [0, 7. Using this
result and the transversality condition, we solve our adjoint system (8) backward in time. With this set of
values, we update our control variables using the formula in (9), and back to the first step until convergence
criteria are achieved.

7.1. Numerical Experiments

To find the best possible combination of strategy, we conduct our numerical experiments based on the
following type of scenario:
1) Using media campaign and rapid testing together (uy(t) > 0,us(t) > 0)
2) Using media campaign as a single intervention (u;(t) > 0
U

Scenario 1: In Figure 6, we plot the dynamics of all human compartments and the trajectories of respected
control variables. It can be seen by the red curve that the exposed, undetected and detected infected individuals
achieve a high outbreak in the early period of simulation. On the other hand, we can see that the control
variables succeed in minimizing the number of infected individuals significantly. A high intensity media
campaign to increase social awareness should be launched from the start of the period of simulation, to
avoid the re-emergence of COVID-19 in the field. On the other hand, rapid tests to track undetected infected
individuals should be carried out with high intensity at the beginning, but should be scaled down when the
number of infected individuals starts decreasing. The total cost of intervention, along with other numerical
values to analyze the cost effectiveness of this scenario, is given in Table 3
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Figure 6: Trajectories of the state variables (6) and control variables for Scenario 1

Scenario 2: In some circumstances, the interventions cannot be carried out simultaneously among several
available interventions. One reason is the limited intervention costs, or difficulty in implementation in the
field. Therefore, Scenario 2 in this section describes the possibility of a media campaign intervention to
increase social awareness being carried out as the sole intervention. The results can be seen in Figure 7.
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Table 3: Numerical results of Scenario 1

Cost Function with- Cost Function with Number of Infec- Number of Humans Total Cost of Inter-
out Intervention Intervention tions Averted Recovered vention
416.477 48.685 951.002 340.996 28.281

We can see that the dynamic of infected individuals when we rely solely on media campaign till succeeding
in reducing the number of infected individuals. However, the result is not as good as in Scenario 1. It can
be observed that the number of E, I, and I; still increases in the early period of simulation, due to two
factors. First, we assume that media campaign interventions in our model are more about increasing social
awareness of the dangers of COVID-19. In the equation (6), the role of social awareness reduces the chances
of successful infection in the compartment of .S,. Therefore, the infection can still occur. The second reason
is that when ¢ = 0, the number of people in the exposed phase is already quite high. Without treatment and
detection efforts by the government, people in the exposed stage will transform into infected individuals, who
are ready to infect other people without any limitation. The numerical result due to the cost of intervention,
number of infections averted and others due to Scenario 2 are presented in Table 4.
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Figure 7: Trajectories of the state variables (6) and control variables for Scenario 2

Table 4: Numerical results of Scenario 2

Cost Function with- ~ Cost Function with ~ Number of Infec-  Number of Humans  Total Cost Produced
out Intervention Intervention tions Averted Recovered by Intervention
416.477 397.593 65.623 4.345.195 7.948

Scenario 3: In this last simulation, we perform a numerical simulation for Scenario 3, relying only on rapid
test as a single intervention. The result can be seen in Figure 8. As already stated in our model construction,
rapid test intervention is administered to detect the infected individuals and isolate them, so that they do
not infect other susceptible individuals. Due to its purpose, we can see from Figure 8 that the number of
undetected individuals decreases significantly, and is lower compared to Scenario 2. Consequently, the number
of infected individuals is much higher than in Scenario 2. To achieve this result, the intensity of rapid test
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intervention should be high almost at all times of the simulation, and start decreasing when it approaches
the final stage of simulation. The cost of intervention is given in Table 5.
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Figure 8: Trajectories of the state variables (6) and control variables for Scenario 3

Table 5: Numerical results of Scenario 3

Cost Function with- ~ Cost Function with ~ Number of Infec-  Number of Humans  Total Cost Produced
out Intervention Intervention tions Averted Recovered by Intervention
416.477 279.826 182.765 3.760.011 10.891

7.2. Cost-Effectiveness Analysis

Next, we perform a cost-effectiveness analysis of the optimal control strategy. We consider three methods
to determine the best strategy, namely the Infection Averted Ratio (I AR), Average Cost-Effectiveness Ratio
(ACER), and Incremental Cost-Effectiveness Ratio (ICER). The formula of the TAR is given by

TAR — number of infection averted

number of recovered

From the description of the formula, TAR describes the level of success of the intervention based on the
number of new infections avoided due to intervention, and number of those recovered due to the intervention;
hence, the higher the value of I AR, the better the strategy. On the other hand, the formula of the ACER is
given by

total cost produced by intervention
number of infection averted

ACER =

with the smallest /AR ratio is the best strategy. We can see that ACER describes an average of cost of
intervention for each new infection that is successfully avoided due to the chosen intervention. Unlike the
previous scenario, analysis of JC'E'R is given by the following algorithm:

1) Rank the strategies by the number of infections averted from the smallest to the largest
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2) For the first strategy,

ICER = total cost produced by intervention

total number of infections averted

3) Next strategy,

the difference between the total costs to n and n-1
the difference between the number of infections averted to n and n-1"

ICER =
4) Remove strategy with the largest JC'ER. Then, repeat step 2, 3 and 4 until two strategies remain

5) Choose the smallest /C'E'R for the best strategy
The best strategy is the one with the smallest /C E'R ratio.

Table 6: IAR and AC ER value of all Scenario

Scenario  Number of Infec-  Number of Humans  Total Cost Produced IAR ACER

tions Averted Recovered by Intervention
1 951.002 340.996 28.281 2,79 0,03
2 65.623 4.345.195 7.948 0,02 0,12
3 182.765 3.760.011 10.891 0,05 0, 06

Using the results in Table 3,4 and 5, the value of TAR and ACER are given in Table 6. It can be seen
that the best strategy for I AR is Strategy 1 when all interventions are administered, followed by Scenarios 3
and 2. This result means that to reduce the number of infected individuals significantly, all strategies should
be implemented partially together. However, if a single intervention is to be administered, than choosing the
rapid test to detect and isolate infected individuals is a more reasonable option than using media campaign
to develop social awareness. A similar result is given for AC' E'R value, where Scenario 3 is the best strategy
to be implemented, followed by Scenario 3 and 2. These results tell us that although the cost of intervention
for Scenario 1 is the highest compared to other scenarios, the average cost of each averted infected individual
is the lowest. The reason is that each of these interventions has a different purpose. A high media campaign
will reduce the number of new infected individuals due to social awareness, while rapid test is done to isolate
infected individuals so that they cannot transmit COVID-19 to other people.

Table 7: ICER value for first elimination

Scenario Number of Infec- Number of Humans Total Cost Produced ICER

tions Averted Recovered by Intervention
2 65.623 4.345.195 7.948 0,12
3 182.765 3.760.011 10.891 0,03
1 951.002 340.996 28.281 0,02

Table 8: IC ER value for second elimination

Scenario Number of Infec- Number of Humans Total Cost Produced ICER

tions Averted Recovered by Intervention
3 182.765 3.760.011 10.891 0,06
1 951.002 340.996 28.281 0,02

Based on the results of ICER as shown in Table 7 and 8, the best strategy is the combination of media
campaign and rapid test to combat the spread of COVID-19. Hence, we can conclude that the implementation
of media campaigns and rapid tests together is the best strategy to deal with the COVID-19 pandemic.
However, when we have to choose one to be implemented as a single intervention, then rapid test is a more
reasonable strategy.
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8. CONCLUSIONS AND FUTURE WORK

This research introduces a mathematical model for COVID-19 transmission. The model considers several
important factors such as the exposed phase of infection, detected and undetected cases, the intervention
of media campaigns to increase social awareness, and a rapid test to detect and quarantine the infected
individuals. Here are some summarized results

1y

2)
3)

4)

Mathematical analysis establishes a possible condition in the field, whether COVID-19 disappears
(when the basic reproduction number is less than unity) or persists (when the basic reproduction
number is larger than unity).

From the elasticity index, we found that the infection rate of COVID-19 is the most sensitive control-
lable parameter in our model.

Furthermore, we have identified that intervention by way of the rapid test is more sensitive in
controlling the basic reproduction number, than media campaign.

From the optimal control simulation and cost-effectiveness analysis, it can be seen that conducting
both interventions is significantly successful in avoiding a high level of the outbreak of disease, at a
very low cost of intervention.

Although some important results are mentioned above, our model has several limitations that need to be
addressed in future works.

1y

2)
3)
4)

It does not consider the vaccination strategy that has now been introduced in many countries. The
question is, how big is the impact of the vaccine in controlling COVID-19?

Can we rely on the vaccination strategy alone to avoid a higher outbreak of COVID-19?

What percentage of the population must be vaccinated for herd immunity to be achieved?

Another limitation of our model is that we ignore a different type of virus that caused COVID-19. As
mentioned by many other sources [20], several new strains of the virus are more deadly and spread
with ease among humans.
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