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ABSTRACT

SARS-CoV-2 is the virus that causes COVID-19. In Indonesia, the highest number of COVID-19
cases is in the Jakarta province. It is necessary to restrict the virus's transmission. This research
purposes to determine optimal control strategies (self-prevention, vaccination, and cure) of the
SEAIQHRD model to reduce disease spread. Optimal control analysis is solved utilising
Pontryagin's Minimum Principle. In this study, numerical simulations were conducted using
COVID-19 outbreak data from Jakarta province from March 1 to August 31, 2022. Based on the
analysis results, the basic reproduction number Ry = 2,1316. Since Ry > 1 at the EE point, the
COVID-19 spread model is asymptotically stable, indicating that the virus persists in the
population. The application of control steps combining all three strategies was shown to reduce the
subpopulations of exposed, infected, hospitalized, and deceased individuals. Simultaneous optimal
control is more effective at controlling the spread than using a control step. The simultaneous
implementation of optimal controls has proven an effective strategy for reducing COVID-19
transmission in Jakarta.
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PRELIMINARY

A contagious illness that strikes the human respiratory system is COVID-19. The
disease is transmitted from person to person and spreads rapidly, reaching countries
worldwide. On March 12, 2020, the World Health Organisation (WHO) formally
designated COVID-19 as a pandemic wherefore its high contagionability (Susilo et al.,
2020). Some individuals infected with COVID-19 reveal various kinds of indication, from
mild to severe. Mathematical models are frequently used across various fields of science,

particularly in the health sector, especially for managing the COVID-19 pandemic.
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As time has progressed, many previous studies have discussed models of COVID-
19 transmission that incorporate control measures. These include the SEIR model (Winarni
et al., 2024), which considers vaccination and treatment as control variables (Mahardika et
al., 2021), and the STQIR model, which considers self-protection, treatment, and
quarantine as control variables (Fitriani et al., 2022). The SEAIQHRD model, which
considers the use of medical masks, hospitalization rates for symptomatic individuals,
rapid testing for asymptomatic individuals, encouraging self-quarantine, and improving the
quality of medical care to accelerate recovery rates, is a control variable (Dipo Aldila et al.,
2020). The SEAIQHR model, which considers vaccination and treatment as control
variables (Ghosh et al., 2020). The SEIAHRD model incorporates prevention and
management strategies for hospitalized individuals and accelerated recovery as control
variables (Olaniyi, 2020). The SEAIQHRD model incorporates antiviral therapy for
symptomatic, hospitalized infected individuals, and isolation measures for hospitalized
individuals (Masud et al., 2021). The SVITRD model was developed by adding
vaccination as a control variable (Chasanah et al., 2025). The SEAIQHRD model was
developed by modifying its control variables. The study (Masud et al., 2021) used antiviral
therapy for clinically infected and hospitalized cases, and isolation for hospitalized
patients. This study uses self-prevention, vaccination, and cure as control variables.
Therefore, several new parameters are included in our proposed model, which is novel in
this study.

This research aims to analyse to the stability of the SEAIQHRD model and
determine the optimal control (self-prevention, vaccination, and cure). The method used to
determine the optimal control measures is the Pontryagin Minimum Principle. This study
uses data from DKI Jakarta province (March 1-August 31, 2022), sourced from the
website corona.jakarta.go.id. The authors hope this research can provide optimal control
strategies for local governments to reduce COVID-19 cases, particularly in high-case areas

such as Jakarta.

METHODS

This study involves the following steps:

1. Conduct a literature review by analyzing articles, journals, and previous studies related
to COVID-19 epidemic models and optimal control measures in order to gain insights
and establish a conceptual framework through these references.

2. The initial model formulation (Masud et al., 2021) is as follows:




Rizki Chika Audita Ariyani, Widowati, Uvi Dwian Kencono, Lucky Cahya Wanditra,

Dhimas Mahardika
A B @0 hn
N — g » F < » 0
al-0 |, /.|
L A "1_].}) L J {1_1_\ L i T
A p H ™ D

Figure 1. Diagram of the Transfer of the Spread of COVID-19 Disease.

The initial model formulation of the transmission of COVID-19 consists of 8
subpopulations, namely the susceptible (S) exposed (E), infected without symptoms (A),
clinically ill and infections (I), quarantine (Q), hospitalized (H), recovered (R), and
deceased (D). Based on Figure 1 (Masud et al., 2021), it is known that N is not a variable
but the population size.

Furthermore, the mathematical model formulation of the transmission of COVID-
19 was developed by adding several transmission shifts, adding and removing certain
parameters, and modifying control variables. The following diagram illustrates the

transmission pathways from the model development for COVID-19:
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Figure 2. Modified COVID-19 Transmission Diagram

The following is a modified SEAIQHRD dynamic model of COVID-19 transmission:
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This research represent a mathematical model of COVID-19 transmission involving
eight subpopulations: susceptible (Susceptible (S5)), exposed (Exposed (E)), asymptomatic
infected (Asymptomatic (A)), symptomatic infected (Symptomatic (I)), quarantine
(Quarantine (Q)), hospitalized (Hospitalized (H)), recovered (Recovery (R)), and deceased

subpopulation (Deceased (D)).
3. Model Analysis (Ariyani et al., 2023).

a. Positive and limited solution analysis.

b. Determining the equilibrium point of the COVID-19 spread model. It is the EE and

DFE points.

c. Determining the basic reproduction number utilises the NGM method.

d. Investigating the stability of the equilibrium point using the Routh-Hurwitz criterion

(1)

and Lyapunov method (Ariyani et al., 2023; Sundari et al., 2017; Goh et al., 1977).

4. Formularization of the optimal control problem. In the initial SEAIQHRD model

formulated, optimal control is applied using three control measures: self-prevention

control to minimise the exposed subpopulation, vaccination control to minimise the

asymptomatic and symptomatic infected subpopulations, and cure control to accelerate

recovery. In the formulation stage of the optimal control problem, the initial steps are:

a. Determining the objective function.

Given the objective function of (Masud et al., 2021) model is

1 2 E

2 2 2

T
J(Ug, Up,u) = ma’n[ Wil +W,Q + WaH + —ui + —uj +—uZ,
o

Then, given the objective function in this study is

J(uyuzug) = f

o

TF 1
[Wiﬁ' + Wo A+ WL I +E (gyui + q.u; +qquz)lde

2
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b. Determine the constraint function.
The constraint function of (Masud et al., 2021) model can be seen in (Masud et al.,

2021). Then, the constraint function in this study is

% =A—BSA(1—uy) —BSI(1 —uy) — (p+u,)s

dE

i BSA(1 —u,)+BSI(1—uy)— (a; + a, + ag)E — uE
dd
dt
dl

dr aE+nA — (v, +v2 + (s +ug) )l —pl

=a,E—nAd—(1—n)A—pud

d
=@ E+ - 60~ (1-8)Q —4Q

dH
—=yI1+86Q—TtH—-(1—1+uz)H—pH

dt

dR

== (1-mMA+(y3 +u)l+(1-8)Q+ (1 — 1+ uy)H— uR +u,S

dD .

i

dt (3)

with the initial conditions

5(0) = 0,E(0) = 0,4(0) = 0,1(0) = 0,Q(0) = 0,H(0) > 0,R(0) = 0,D(0) > 0

Determine whether the controls #1-%2:43 are valid.
J(ui,us,uy) = min{J (uy, u,, ug),uy,u,,uy € U}
with = (i v, ug|0 = u (t) < 1,i = 1,2,3,t € (0,T)}
c. Solving optimal control problems utilising Pontryagin’s Maximum Principle
(PMP).

5. Conducting a Case Study. To illustrate the dynamics of COVID-19 transmission based
on a modified model using data from the Jakarta province available on the official
website corona.jakarta.go.id, from March 1, 2022, to August 31, 2022. Parameter fitting
was then performed using the Least Squares Method (Daniya et al., 2020; Nakamura et
al., 2006; Cao et al., 2012). This case study was conducted to obtain a simulation
depicting the dynamics of COVID-19 dispersion. Using MATLAB, graphs of COVID-

19 transmission dynamics were generated, both with and without control measures such

as self-prevention, vaccination, and cure.
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RESULT AND DISCUSSION

In this section, we modify the dynamic model using control measures tailored to the
pandemic conditions in the Jakarta province. A human population consists of eight classes:
susceptible (S), exposed (E), asymptomatic infected (A), symptomatic infected (I),
quarantined (Q), hospitalized (H), recovered (R), and deceased subpopulation (D). Given

the following dynamic model without control as contained in equation (II.1).

Since the variables R and D in equations % and % do not affect the results of the

analysis of equations % through %, they can be eliminated from the subsequent analysis,
leaving only 5, E, 4,1, @, and H (Musafir et al., 2021; Fitriani et al., 2021). This yields the
following equation:

E=i—ﬁ$(ﬂ+[]—_{t5

== BS(A+1) = (@, + ay + a;)E— pE

§=a15—?;rﬂ—[l—n]ﬁl—_uﬂ

%:ﬂ:E‘H.‘fﬂ—(}’l"‘}’:+}’3)f—.ﬂf

2 =aE+y,1-6Q—(1—8)Q—nQ

dH a1 _

E—}*:I-I-Ei'ﬂ? tH — (1 —1t)H — uH @)

with initial state (S(0) until H(0) > 0).
Basic Reproduction Number
The basic reproduction number is the average number of new cases caused by an
individual capable of transmitting a disease. The Next Generation Matrix (NGM) method
is used to determine the basic reproduction number.
For example,
= F@ -V,
With,
x=[EAIQH|"

dE
E=,{?5(ﬁ1—I-I]—(cxi—l-a:—l-cxa)ﬁ’—_uﬁ'

A dl do

d
Do the same for —,—,
dt “dt dr

dH
E=F:f+5Q—IH—(l—IjH—.HH

Where
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F, 0 A —a, E+(1+p)A
Flx)=1|F|= 0 Vx) =V |=|—aE—nd+ (y, +v: +y3 )0+ ul)
F4 Q V4 —QEE—}’lI+(1+_{IjQ
5 0 Vs —p. I —8Q+(1+ pu)H

Suppose F and V are the Jacobian matrices of F(x) and V(x) respectively at the DFE
point £,(S,, Ey, Ap. Iy, Qo Hy) = G, 0,0,0,0, IZI) (Ariyani et al., 2023). Next, to obtain the

basic reproduction number, the largest eigenvalue of the NGM matrix is sought as follows:

NGM = F(&,).v~L

P2 2N Vip Viz Viz Vig Vis
U Vg Viz Vg Vi Vo
0 0 0 0 0|V '=|vay Vg Vaz Vis Vgs )
F(E)= 0 0 0 0 o0 Vgy Vaz Uiy Vgg Vg
0 0 0 0 0 Vgy Vgz Vg Vgy Vgg
0 0 0 0 0]

Then the basic reproduction number obtained in model (III.1) is as follows:

_ ,G,l[:('.r;—ﬂ: +y +y tyyla + (1+,u)a:)
¢ p(1+ )y +v, +ys (e, +a, +az +u) (5)

Dynamic Model of COVID-19 Transmission with Control Measures

Then, a modified dynamic model with control is given as follows:

% =A—BSA(L —uy) —BSI(1 —uy) — (e +u,)S

E
= BSA(L—u, )+ BS1(1—u,)—(a; + a, + a3 )E — uE

dt

A E—na (1—n)A— pA

prls! n n u

el

i aE+nA —(yy +vo + (ys +ug))l—pul

dq

E=ﬂ35+hf—5q—(1—5]@—ﬂ'@'

dH

E=T:I+6Q—IH—[[1—IJ-I-ua)H—yH

dR

o (1—mMA+(; +udl+(1-8)Q+((1—1) + ug)H —pR + u,S
o _

dt (6)

where u: is the control variable for self-prevention, u. is the control variable for
vaccination, and us is the control variable for cure.
Formulation of the Optimal Control Model

In the initial SEAIQHRD model, optimal control is implemented through three

control variables: self-prevention control by using masks (ui) to minimise the exposed
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subpopulation, vaccination control (u2) to minimise the subpopulation of asymptomatic and

symptomatic infected persons, and cure control (us) to accelerate recovery.
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Figure 3. Schematic of COVID-19 Spread with Control Measures.

Objective Function

The optimal control problem goals to minimise the number of subpopulations

exposed to and infected with asymptomatic and symptomatic COVID-19, accelerate

recovery, and keep the costs of implementing control measures as low as possible. The

time variable (t) in uy (8),15(8),u3(1) s omitted to simplify the notation, resulting in

Uy, Uq,

form:

U3, The objective function of this optimal control can be written in the following

Iy ug) = min [7[WE +Wod + WaT + W,H + 2 (08 + aud+azud)ldt (1IL4)

with
Wi= The relative weight of the exposed

subpopulation.

Wos  The weight  of
asymptomatic infected subpopulation.
W;

relative the

= The relative weight of the symptomatic
infected subpopulation.

W;= The relative weight of the hospitalized

subpopulation.

q1= relative weight associated with self-
prevention costs.

WIE = (ost function associated with the
exposed subpopulation.

W24 = cost function associated with the
asymptomatic infected subpopulation.

W3l — (ost function associated with the
symptomatic infected subpopulation.

WiH — (ost function associated with the
hospitalized subpopulation.

@11 = cost function for self-prevention.
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2= relative weight associated with @>u35 = cost function for vaccination.
vaccination costs.

93 = relative weight associated with cure &aUa = cost function for cure.
costs.

T
f
The first component of dr s fu [WE + WoA + Wal + W H]dt

, representing the costs
associated with the size of the subpopulation in the field. These costs are not related to

control variables, but rather to economic costs. The second component is

IR F (gud + qf.u?.—kqsug)] dt . . o .
o |2 - s representing the costs associated with implementing steps

to restrain the dispersion of COVID-19.

Constraint Function

Build upon Figure 3, the constraint function of the COVID-19 spread model with control
measures is as follows :

Given equation (III.3) and the initial conditions :

5(0)=0,E(0) =0,4(0) = 0,1(0) = 0,3(0) = 0,H(0) = 0,R(0) = 0, D(0) = 0.

Suppose the optimal control functions in equations (I11.3) and (ITL.4) are %1:%2:43 then the
following holds :
Jlul,us,ui) = min{f (uy,u,,ug),uy,u,,uy € U} 7)
with U = {upuyus]0 < uy(t) £ 1,i =1,2,3,t € (0,T)}
By reformulating equation (III.3) as an optimal control problem with a constraint function,
we obtain:
Minimize J(x,u) = _I"DT L[x(t], u[t])dt,

constraint,

()4 #(8) = F(x(0) + g(x(®))ult), vt € [0,T],
u(t) e U(t), vt €[0,T],

x(0) = x,, (8)
where

rS(t) r A—BS(A+1I)—uS
E(t) BS(A+ 1) —(a, +a, + a)E —uE
A(t) a,E—nAd—(1—mA—pd

i) = O srien) = aE+nA— (v + v, +ya)l —pl

® Q1) ’f[ (t)) a35'+y1f—5Q—(1—5]Q—_uQ

H(t) Vol +8Q —tH — (1 —1)H — uH
R(t) (1-mMA+yI+(1-8)Q+ (1—1)H—pR
LD(t) L H L
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[ BS(B)A(t) + BS()I(t) —S(t) 0
—Bs(t)A(t) — gs(e)I(e) 0 0
0 0 0 iy
g(x(®) = g g _ID(t) Lult) = [ugl,
0 0 —H(t) “
] S(t) I(t) + H(t)
0 0 0

and the integral of the objective function may be drawed up in the subsequent form:

Lix,u) = W, E + Woad + Wol + W,H + é (g ui + g-ui+quil.

Optimal Control Solution )

Before determining optimal control, the Hamiltonian function is first derived using
PMP. The application of PMP aims to select the optimal levels of self-prevention through
mask-wearing, vaccination, and cure. For example, if x = (5,E,A,1,Q,H,R,D) is a state
variable and u = (uy,1,,u3) is a control variable, then the following Hamiltonian
function is obtained:
H(x,u,A) = L{x,u) + Ag(x,u)
Where
L(x,u) + WE+W, A+ Wyl +W,H+ %(qlui + g u3+q u3)
A = (Ay, Ay, Agy Ay, Ag, Ag, A7, Ag)

90510 = (g, (x,0), g5 1), 95 (x,10), 4 (5,1, 9 (x, 1), 9 (2, 10), g, (x, ), g (x,10))
With

gi(x,u)=A1—BSA(1—uy) —BSI(L —uy) — (u+u,)S

Do the same for g5, 93: 9 G5+ s G- until

gg = TH

The Langrangian and Hamiltonian functions are useful for finding optimal solutions to the

optimal control problems (III.3) and (III.4). The Langrangian function in the optimal

control problem can be written as:

15,8 .
L=WE+W, A+ W,I+W,H +EZ qr Uy
=1
In obtaining the minimum value of the Lagrange function, the Hamiltonian function in the

system can be defined as follows:

8
1 b ]
H(S,E,AI,QHR,Du,¢) =W, +Eqk“i + Z A f:
i=1
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Then the Hamiltonian equation is obtained as follows:
1 ¥ e ) >
H=WE+W,A+W, ]+ W,H +£ (q,uj + qus+q;uz)

+A,(A —BSA(1 —u ) — BSI(1 —u,y)— uS — u,5)
+A,(B5A(1 —uy )+ BSI(1 —uy) — (e, + a, + ay)E — uE)
+A;(a,E—nA — (1 —n)A — pA)

+A4(a,E +0A — (1, + 1 + va ) —ugl —ul)

+A5(azE +y, 1 —6Q — (1-8)Q —uQ)

+A(y, I +8Q—1H — (1 —1)H —uzH — pH)

+A,((1—mA+y I +ul+(1-8)Q+ (1 — 1)H +uH + u,5 — uR)

+A5(tH) 9)
with 4i-{ € {1,2,3,4.5,6,7,8} j5 ap adjoint variable (state variable). The system is obtained
by taking the partial derivatives of the Hamiltonian equation (III.7) with respect to each
state variable.
Theorem 3.3

5, EAILQHRD

There exist optimal controls %*1:%2:%3 and solutions of the system of

equations (II1.3) and (II1.4) that minimize / (4,00, 13) gyer U Thus, there also exist

adjoint variables (costate) A1 until As that satisfy the following :

dd; _ O

TS (10)
with { = 12345678,k =5,E,A L, Q.H,R.D \here the condition of transversality

A,(T;) = A5(T; ) = 45(T;) = A4(T;) = 25(T;) = A6(T;) = 4,(T;) = 4(T) =0 (111.9)

and the optimal control variables i, Uz, U satisfy the following optimality conditions:

uj = max [ﬂ, min (Lqi (BSA(A; — Ay) + BSI(A, — "11]))1
1

1
us = max [ﬂ,miﬂ (11_[5(*’11 - ‘4?]))
2

uy = max {ﬂ,?ﬂiﬂ (J.,:;i [I(flq. — A7)+ H(Ag — d?j))}

Proof :

(11)

The Hamiltonian function is useful for obtaining adjoint (costate) variables, so the adjoint

(costate) equation can be written as:

d . dH
d_tl: —E = Al(ﬁ’}l[l—ul:] +_||9”:1 — H-l) + £ + IL:)
- ﬂ:[ﬁﬂ(l —uy) +BI(1 - ”1))_ A7 (uy).
dA, dH
dt_ =35 W, + Ay (ay +ay + ag + p) — Az(ay) — Ayla,) — Ag(aj).

Do the same thing until
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ddg _  8H _
= a2 0 (12)

Where the transversality condition Ai[Tf} = 0with i =1,2,3,4,56,7,8. The optimality
condition is given by :
dH

du,
1

qiuy + BSA(A —A) +BSI(A —A) =0 o uy = q_[ﬁSﬂ (A, —Ay) + BSI(A; — "'11))'
1

BLH‘_G
ﬂu:_ '

1

sty — S(Ay — A7) =0 & uy = —(5(4, = 4,)).
qﬂ

9H

— =0,
di 4
1
gattz — [(Ay—A;) —H(A, —A;) =0 & uy =q—[f[.fl4 — A7) + H(Ag — "1?])'
[l

Then the optimal control ut3,15,13 is obtained as follows:
0,if u, =0,

ut ={u,if 0<u,; <1, ul =max {u, min(l,f_ (BSA(A, — A) + BSI(A, — Alj))}.
Lifu, =1, -

0,if u, =0,
ub =4 uq,if 0 < u, <1, ul = max {D, min (1ri[5(‘d1 - fl?j))}
1,if u, = 1, o
0,if u; =0,
uf ={us,if 0< uy <1, & uf = max {n, min (1,i (1(Ay — A;) + H(A — A?)))]_ (13).H
1,if uy = 1, T

Building an Optimal System

The optimal system is obtained by substituting the feasible control results (Sadiq et
al., 2013), namely equation (III.12) into equation (III.3) so that the optimal system is
obtained as follows:

% =A1—BSA(1 —wy) — BSI(L — wy) — (u + uy)s,

= A — BSA + ujBSA — BSI + w;BSI — puS — u3S,

) BSA

=1—pS4+ (mm {u,mm,mﬂx (D,qi(ﬁSAlfflz — A+ BSIA, — :‘]L]})
1
_Bsi

1
+ (rm’n {um.u. max (0,‘__“—(,85.-1(.?1: —Ay)
1

+ BSI(A, — AL]))D,ﬁsr — S

- (mt’n {u:mu,max (n,%(sml - d;}})DS.

dE d4 dI dQ dH 4R

Do the same for—,—,—,—,—,— until
dr " dr"de dr " dr " dr
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dD
dt
with the following boundary conditions

5(0) = 5, until D(0) = D,

TH

The adjoint equation formed is

% =A,(PA(l —w,) + BI(1 —uy) + p+uy)

— 2(BAQL —wy) + BI(1 — wy)) — A7 (up),
=N (BA —uifA+ Bl —uifl + u +u3)
— M (BA = wA+ Bl — w1 — Ao (u3),

=M, (#ﬂ - (Jm’n ]z.:, v, X (oqi (BSA(A; — A + BSI(A; — A, }}) D BA+ B!

_ {m,-nlu,_,h_,,mux (u,qi[ﬁs,t[,ﬁ_. — Ay} + BSHA; — .-1._1})1) Bl +p

. (m.-n]u_-.....u”““ (u.qi_.(sm'- B "”_]D)

— Ay (,.fm — (JJ:In iu T (G,GL(BS.-‘IEA_. — A+ BSI(A; — Ay }-])

oa

+ 8- (JJ:EJ:[umm,Jmu‘ (D,L{lﬁ‘s.dt.-'l_. — A} + ESi{A, — ,-1,}])]);?1]
Ty J

— A (H‘ll'?i]u_-..,,t.mttx (u,i{sm._ - _-1-]])”.

dld, did; dA, d4 dl. daA- .
Do the same ford—r‘,—“,—",—s‘,—f,d—rr until

dig
dt
with the following boundary conditions:

A,(T;) = 0 until A4(T,) =0,
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This means that the final state is free, based on the Hamiltonian function g(x(t)) # 0,

resulting in A4,(T,) = 0,i = 1,2,3,45,6,7,8, where A, A5, A3, Ay, Ag, Ag, Ay, Ag are

df dE dA dI d@ dH dR dD

adjoint/costate variables for each equation —,—,—,—,—,—,—

de ' de ' deTde " de Tde " de " de

Numerical Simulation

A numerical simulation was conducted to model the transmission of COVID-19
within a resident by comparing the system before and after the enforcement of control
steps. The COVID-19 disease spread simulation was conducted in MATLAB. The data
were obtained through https://corona.jakarta.go.id/id/data-pemantauan from March 1 to
August 31, 2022, with a total population in DKI Jakarta of 11,476,978 and a vulnerable
population (ages 15-59) of 7,191,233 (https://jakarta.bps.go.id/), as well as from

international journals.
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The model parameter values were derived from COVID-19 data in Jakarta province
using the Least Squares Method (Daniya et al., 2020; Nakamura et al., 2006; Cao et al.,
2012). Based on the distribution of COVID-19 cases in the province, the initial variable
values for the SEAIQHRD model were obtained, as presented in Table 1 below :

Table 1. Initial Value Data for Variables from the SEAIQHRD Model

Variable Description Initial value Unit

N Total population 11.476.978  Individual

S(0) Initial values of susceptible individuals 7.191.233  Individual

E(0)  Initial values of exposed individuals 1.928.799  Individual

4(0) 1nit‘ia‘1 values of asymptomatic infected 1.091.179  Individual
individuals

1(0) 1nit.ia'1 values of symptomatic infected 27294 Individual
individuals

Q(0)  Initial value of the quarantined individuals 32.698 Individual

H(0) Initial values of hospitalized individuals 5.077 Individual

R(0) Initial value of recovered individuals 1.126.008  Individual

D(0)  Initial value of deceased individuals 14.690 Individual

Table 2. Parameter Values from the SEAIQHRD Model

Parameter Description Unit Value Reference
A recruitment rate of susceptible ~ People £49.19679 Estimated
subpopulations per day
T natural mortality rate Perday 3,91389 x 10™°  Estimated
B rate of effective interaction Per
person 1,80142x 1077  Estimated
per day
ay rate at which the exposed
subpopulation becomes the Per day 0,20441 Estimated
asymptomatic infected resident
o, rate at which an exposed
resident becomes a Per day 1,07550 Estimated
symptomatic infected resident
sy rate at which exposed
transitions to the quarantined Perday  0,00920715 Estimated
resident
n rate at which asymptomatic
infected people become Per day 0,32160 Estimated
symptomatic infected people
1—7n rate at which the asymptomatic
infected transitions to the Per day 0,6784 Estimated
recovered subpopulation
Y1 rate at which the symptomatic
infected transitions to the Perday 0,000637620  FEstimated
quarantined resident
¥a rate at which symptomatic

. . e - 0,00177894 j
infected individuals progress to Per day Estimated
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requiring hospitalization

¥3 recovery rate of the
symptomatic infected Per day 1,01218 Estimated
subpopulation

) transmission rate from the
quarantine to the hospitalized Per day 0,00371323 Estimated
subpopulation

1—4 The rate of transmission from
the quarantined to the Per day 0,99628677 Estimated
recovered subpopulation

T mortality rate of the
hospitalized subpopulation

1—1 transmission rate from the
hospitalized to the recovered Per day 0,64745 Estimated
subpopulation

Per day 0,35255 Estimated

Based on Table 2, the parameter values A until 1-t were obtained from COVID-19 data in
Jakarta province with the MATLAB software using the Least Squares Method. Next, by
substituting the parameter values inside the basic reproduction number in equation (II1.2),

we obtain o = 21316 This means that each infected individual can transmit the virus to
two susceptible individuals. This indicates lest the model owns an EE point. By the
theorem the EE point (Sundari et al., 2017; Marquez et al., 2003; Sastry et al., 1999; Goh

et al., 1977) is globally asymptotically stable because Ro = 21316 > L. g suggests that
infected subpopulations-whether asymptomatic or symptomatic-are capable of transmitting
the virus to susceptible subpopulations, thereby allowing COVID-19 to persist within a
population over an extended period of time. Table 3 below shows the differences in the
number of people for each variable appeal to the initial condition, without control, and with
control on day 7, as follows:

Table 3. Differences in the Number of Individuals for Each Variable Compared to the
Initial Condition, Without Control, and With Control on Day 7.

451

e W i i
(x 10%) f—0 f—7 f— 7 Individual (%)

Susceptible (5) 7191233 10330000 5071000 5259000 L5091
Exposed (E) 1928799 25370 239 125131 199,06
Asymptomatic Infection (4) 1091179 2749 2077 1672 1 24,45
Infected with Symptoms (1) 87294 9201 1354 L7847 185,28
Quarantine(¥) 32,698 2147 84 12063 196,09
Hospitalized () 5077 74 3 170 19563
Recovered () 1126008 4260000 9528000 15268000 T 123,66
Deceased (P) 14690 17840 15950 11890 L1060

Note: Units per individual.

Table 3 shows that administering the control reduced the number of individuals in

the susceptible, exposed, asymptomatic, symptomatic, quarantined, hospitalized, and
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deceased categories, while increasing the number in the recovered category. The variables
susceptible, exposed, asymptomatic, and symptomatic infected, quarantined, hospitalized,
recovered, and deceased each decreased on the 7th day after the administration of the
control, with the differences in the alleviation in the amount of people shown in the table.
The following graph depicts the effectiveness of control steps in the form of self-
prevention through mask-wearing (u1), vaccination (uz), and cure (us) among the exposed,

asymptomatic, and symptomatic infected, hospitalized, and recovered population, as

shown in the figure below:

‘Comparison of Control Effectiveness ‘Comparison of Control Effectiveness

—ul=u2=u3=05
u1=0.5 & u2=u3=0

—ul1=u3=0 & u2=0,5
ul=u2=0 & ud=0.5|

ui=u3=0 & u2=0.5
ul=uz=0 & u3=0.5]

Population of Expased Individuals (x107)

Papulation of Asymptamatic infected Indniduals (0}

(a) Time(dzy) ’ ' (b} Time (day)

Comparison of Control Effectiveness Comparison of Control Effectiveness

Population of Symptomatic Infectad Individuals 107}
Papulation of Hospitalized Individuals (x107)

(e} Time[dzy} ) ) (d) Time (dzy)

Comparison of Control Effectiveness

——ul=y2=y3205
u1=0,5 & u2=u3=0
u1eu3s0 & u2+0,5

ul=u2s0 & u3=0,5/

Population of Recovered Individuals (x10°)

(€) Time(day)

Figure 3. Comparison of Control Effectiveness in the (a) Exposed,
(b) Asymptomatic Infected, (¢) Symptomatic Infected,
(d) Hospitalized, and (e) Recovered Population.
The graph above shows that implementing a combination of all three control
measures is more effective than relying on just one of the self-prevention measures,

vaccination, or cure. The implementation of self-prevention measures, specifically the use

of masks (ui), vaccination (uz), and cure (us), effectively maximizes the reduction in the




Rizki Chika Audita Ariyani, Widowati, Uvi Dwian Kencono, Lucky Cahya Wanditra, | 453
Dhimas Mahardika
number of exposed, asymptomatic, and symptomatic subpopulations, while also
accelerating recovery.
The following graph illustrates the optimal control measures for self-prevention,
including mask use (u1) when applied to susceptible and exposed populations, vaccination
(u2) when administered to susceptible populations, and cure (us) when provided to

symptomatic and hospitalized infected individuals, as shown in the figure below:

self-prevention control [ui]
waccination contral {u)

(a) Time iday) ’ {b) Time (day) (€) Time (day)

Figure 4. Rate of (a) Effectiveness of Self-Prevention Control (u:), (b) Vaccination

Control Effectiveness (uz), and (¢) Cure Control Effectiveness (us).

The graph above shows that self-prevention measures-such as mask-wearing,
vaccination, and cure-are gradually declining over time. Even when these measures are not
fully implemented, they still help reduce the number of people exposed to the virus, as well
as those with asymptomatic and symptomatic infections; mitigate the effects of COVID-19
exposure; and accelerate recovery from COVID-19 infection. Based on all the outcomes
achieved, in general, the implementation of control measures, such as self-prevention
through mask-wearing, vaccination, and cure, can reduce the transmission of COVID-19 in

accordance with their respective roles.

CONCLUSION

The model used to control the transmission of COVID-19 is SEAIQHRD. The
SEAIQHRD model was developed by modifying its control variables, the study (Masud et
al., 2021) used antiviral therapy for clinically infected and hospitalized cases, and isolation
for hospitalized patients, meanwhile this study uses self-prevention, vaccination, and cure
as control variables. Analytically, the transmission of disease depends on the basic
reproduction number at the equilibrium point, which determines the model's stability. The
calculation found that Ro = 2.1316, indicating that the stability analysis at the EE point
indicates global asymptotic stability. This implies that COVID-19 transmission 1is
occurring within the population.

Based on numerical simulations, comparisons were made between the sizes of each

subpopulation with and without control measures. Implementing self-prevention measures,




454 | Optimal Control of The Spread of COVID-19 in Jakarta

vaccination, and cure can reduce the sizes of the susceptible, exposed, asymptomatic,
symptomatic, quarantined, hospitalized, and deceased subpopulations, and increase the size
of the recovered subpopulation. An optimal combination of control measures (self-
prevention, vaccination, and cure) is the most effective and efficient tactic for reducing the
transmission of COVID-19 in Jakarta province. The main contribution of this research is to
provide specific optimal control solutions, offering policymakers a clear roadmap for
formulating integrated, sustainable disease control strategies.

Build upon the outcome of this research, the constructed model may be refined by
adding or removing parameters or variables and by modifying its control variables to suit
the specific needs and conditions of the region. This is useful for optimising the model

within the system and improving the accuracy of COVID-19 predictions.
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