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ARTICLE INFO ABSTRACT

Keywords: In this study, we present a mathematical model of dengue fever transmission with hospitalization to describe

Dengl{e fever m.odeling the dynamics of the infection. We estimated the basic reproduction number for the infected cases in East Java

;talilgty analysis Province for the year 2018 is R, ~ 1.1138. The parameters of the dengue model are estimated by using the
eal data

confirmed notified cases of East Java province, Indonesia for the year 2018. We formulated the model for dengue
with hospitalization and present its dynamics in details. Initially, we present the basic mathematical results
and then show briefly the stability results for the model. Further, we formulate an optimal control problem
with control functions and obtain the optimal control characterization. The optimal control problem is solved
numerically and the results comprised of controls system for different strategies. The controls such as prevention
and insecticide could use the best role in the disease eradication from the community. Our results suggest that

Parameters estimations
Optimal control

the prevention of humans from the mosquitoes and the insecticide spray on mosquitoes can significantly reduce

the infection of dengue fever and may reduce further spread of infection in the community.

1. Introduction

Dengue fever, which is known as vector-borne disease, is caused
mainly by the dengue virus. It has the serotypes, such as DENV 1 to
DENV4 that belong to Flavivirus. Most of the countries of the world
are not safe from this disease. The most seriously affected areas of
the world due to dengue are Americas, the subtropical regions, Eastern
Mediterranean, Africa, and more especially the Western Pacific region
and South-East Asia [1, 2, 3]. After Malaria, the dengue fever infection
is considered to be the deadliest mosquito-borne or vector-borne dis-
ease with thousands of deaths and more than 390 million infections [1,
2] worldwide. A report published in 2012 indicates that more than 100
countries of the world are in risk due to the infection of dengue fever
[4]. The dengue disease is spread by many kinds of mosquitoes such
as Aedes and especially, the A. Aegypti. The classical dengue fever or
the break bone fever relatively causes both mortality and mild morbid-
ity, and the infected one recovers in a short span of time of one to two
weeks from the fever onset [5]. Some individuals develop dengue shock
syndrome (DSS) or hemorrhagic fever (DHF) [6]. Worldwide annually,
the higher number of dengue hemorrhagic fever (DHF) cases have been
reported by World Health Organization (WHO), see for more details [7].
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The bites of the mosquitoes carrying the dengue virus (female
mosquito) are the main transmission route to the human population [8].
The infection is obtained by taking the blood meal from an infected per-
son and further infected mosquitoes transfer the virus to other healthy
individuals. Moreover, the recovery of a person from one particular
DENV serotype leads immune permanently and partially or temporarily
to the other serotypes [6].

For the dengue virus, until now no such effective treatment is avail-
able except some fluid replacement therapy, which can be initiated at
the early stage while also there exist some traditional types of treat-
ments [9]. Besides the treatment unavailability for infected people with
dengue virus, there is no effective vaccine in market until now to vac-
cinate the susceptible individuals. The WHO suggested some develop-
ments regarding vaccine for the dengue virus, although in the market
there is no such effective vaccination against the dengue virus [10]. For
the dengue vaccine, a published report in 2015 referred to the develop-
ment of the first vaccine in Mexico [10].

Mathematical models that addressed the dengue dynamics are nu-
merous in literature [11, 12, 13, 14] and the references therein. All
these mentioned references are showing the dynamics of the dengue
infections in different perspectives such the dynamical analysis, vacci-

Received 8 June 2020; Received in revised form 17 September 2020; Accepted 13 January 2021

2405-8440/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2021.e06023
http://www.ScienceDirect.com/
http://www.cell.com/heliyon
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2021.e06023&domain=pdf
mailto:fatmawati@fst.unair.ac.id
https://doi.org/10.1016/j.heliyon.2021.e06023
http://creativecommons.org/licenses/by-nc-nd/4.0/

M.A. Khan and Fatmawati

nation, and their optimal control analysis. Some recent research papers
that reported the dengue infection with real data are given in [15]. A
mathematical model of dengue infection is constructed in [16] that ad-
dressed the dengue infection with real data of Pakistan and presented
some useful elimination strategies for mosquitoes infection. The dengue
dynamics with the same serotypes and their reinfection have been ana-
lyzed in [17]. The dengue modeling in both deterministic and stochastic
sense is briefly discussed in [18]. A hybrid methodology for the dengue
forecasting is studied in [19]. The authors in [20] studied the dynamics
of dengue fever and their coinfection with Zika, where the vaccination
effect is shown for the dengue fever. The authors in [21] studied the
dengue dynamics in rural Cambodia. A two-strain Tuberculosis model
and the dengue virus are proposed in [22]. The dengue model and their
optimal control analysis under the effect of Wolbachia Bacterium are
studied in [23]. The dynamics of dengue fever modeling in a heteroge-
neous environment is considered in [24]. The dengue dynamics under
the framework of temperature and mosquitoes control, and human mo-
bility are proposed in [25]. The dengue model with the notified cases
of humans is considered in [26]. The application of the optimal con-
trol technique is also utilized by the researchers in variety of problems,
see the published work [27, 28, 29]. For instant, the authors in [27]
considered stochastic optimal control problems by using the method of
spectral linear filter and presented the results. The dengue dynamics
with asymptomatic carriers together with the applications of optimal
control strategies have been studied in [28]. An SIR epidemic model
with optimal impulse control is considered in [29].

Motivated from the literature above, we wish to consider a new
formulation to the dengue fever modeling mathematically with the as-
sumption of hospitalization class. This new idea of the hospitalization
of infected cases that are reported has been analyzed through a math-
ematical model. The data analysis is performed by using the infected
cases that hospitalized. In order to find the real statistical values of
the parameters for the model, we consider the real data of East Java
Province, Indonesia for the year 2018 [30] and the subsequent results
are obtained and discussed. We present deeply the dynamics of dengue
fever dynamics with control strategies. We provide the recent litera-
ture on dengue fever that was conducted previously by researchers and
also, a most recent work in Section of introduction. Next, we give a
brief overview of the rest of the work of the paper. Brief mathemati-
cal modeling of the dengue virus is shown in section 2. The local and
global stability at the disease-free equilibrium (DFE) are presented in
Section 3. In section 4, we present the endemic equilibria and the back-
ward bifurcation. The parameter estimation of the dengue model and
the sensitivity analysis are given in Section 5. We discussed in Section 6
briefly the formulation of an optimal control problem and the associ-
ated results. We present the numerical solution of the optimal control
problem with control characterization briefly in Section 7. Finally, we
summarized the results in Section 8.

2. Dengue model transmission

In this section, we describe a host-vector model for dengue trans-
mission. The host-vector model is divided into three mosquitoes pop-
ulations, susceptible (.S,), exposed (E,), and infectious (/,), and five
human (host) populations, susceptible (S},), exposed (E,), infectious
(I,), hospitalized and/or notified infectious (P,) and recovered (Rj).
Thus, the total human population denoted by N, is given as N, =
Sy, +E, +1,+ P, + R,. Here, we consider the new class known as hospi-
talized individuals that are notified infected individuals and is shown by
P,. The population in P, class is assumed to be those who are recorded
to the hospital and the people who are identified as confirmed dengue
patients. However, we assume that the population in 7, class can also
recover without having to enter P, class. All the human hosts belonging
to the class P, () are 100% protected so they do not produce infections
in mosquitoes and do not contribute to the disease propagation. With
the discussion above, we present the nonlinear system of differential
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Table 1. Biological meanings of parameters for dengue model (1).

Parameter  Description

A, Recruitment rate of mosquito

i} Average biting rate per mosquito per person

a, Transmission probability from infected human to susceptible mosquito
Hy Natural death rate of mosquito

Yy Extrinsic incubation of mosquito

Ay Recruitment rate of human

a, Transmission probability from infected mosquito to susceptible human
Y Extrinsic incubation of human

n Rate of hospitalization and/or notification of infected human

a Natural recovery rate of infected human

@ Recovery rate of hospitalized and/or notified infected human

8 Disease related death rate of human

My, Natural death rate of human

equations describing the dynamics of host-vector dengue fever, which
is given by:

ds, I,
7 =A, = fa, SL'N_h = HpSps
dE, I,
P pa, Svm = (1o + H)E,,
dl,
ar =1,E, — uply,
ds, S,
= =M b, N, HpSh
dE, S,
e payl, N_h —(vp+ upEy,
i,
ar =vpEp—(+q, + pply,
dP,
e nly, — (6 +qy + pp) Py,
ARy _ 1 P R €h)
o 4 nt @by — 1Ry,

with the initial conditions

S5,(0)= Sv() 20,E,(0)= E,y2 0,1,(00)= I,y 0,
8,(0)=S8,(>0,E,(0)=E;;,>0,1,00)=1,,>0,
Py(0)= P,y >0,R;,(0) =Ry, 2 0. (@3]

In the above model, the recruitment rates of vector and host are
respectively given by A, and A,. The parameter f is the biting rate of
the mosquitoes. The transmission probability among infected humans
and susceptible mosquitoes is shown by «,. The natural mortality rate
for humans is given by y, while for mosquitoes are u,. The parameter
v, represents the incubation period of mosquitoes populations while
for the humans we consider y,. The transmission probability among
susceptible humans and infected mosquitoes is given by a,. The notified
or hospitalized confirmed dengue infected cases are shown by 7. The
natural recovery of infected individuals given by ¢, while those are
notified confirmed dengue cases recovered at a rate of g,. The death
due infection of dengue fever is shown by 6. The detailed definition of
the parameters involved in model (1) is shown briefly in Table 1. In the
following section, we explore some of the important properties of the
model (1). Next, we show the invariant regions for the given dengue
model (1). Consider the feasible region ® =0, x 0,, C Ri X Ri, with

3. AU
0,= {(Sv(z), E,®,I,())€R] : N,(H) < — }

Hy
and
5 An
0, = {(Sh(ﬂ Ey (@), 1,(t), Pp(1), Rpy()) € R 2 Nyp(n) < 14_ }
h
We have the following results for this feasible region.

Lemma 1. The region given by ® = 0,x0©, C Ri X [Rfr is positively invariant
for the dengue model (1) with the non-negative initial conditions in (2).
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Proof. The summation of the mosquitoes and human populations of
the dengue model (1) leads to

dn,

dt = Av - ”UNU
and
dN,
27 =M Ny = 6Py SNy = Ny
Hence, "¢ <0, if N, W02 2 A and 210 <, if N, (0) > % So, N, (1) <
h

N, (0)eHe! 4 Lo (1 —eHw ) and Ny < Nh(O)e’”h’ + (1 —e”""). Thus,
h

the reglon given by O is positively invariant. Also, if N,(0) > ﬂ and

N,(0) > L

tends to Ay and N, (1) tends to Aa

, then either the solutions enter ® in finite time, or N, (f)
4 asymptotically. So, the regions given
by © attract all the solutions in Rg O

3. Stability analysis disease free case

This section explores the stability results for the dengue model given
by at the disease free equilibrium (DFE) E,. We set the right hand side
of the dengue model (1) equals to zero and obtain the following expres-
sions
Ah

Ey=(59.0,0,50,0,0,0,0) = (— 0,0, =%

o 0000)

We compute the basic reproduction number R, by using the next gener-
ation matrix approach for the dengue model (1). Consider the infected
compartments in dengue model (1) are E,, I, E,, I,, P, and follow
the instruction given in [31] and also its applications in [32, 33], the
matrices F and V are obtained as follows:

Bayuphy

0 0 0 = 0 Kk 0 0 0 0
hHy
0 0 0 0 0 “Yo H, 0 0 0
F=l0 pa, 0 0 ol.and V=] 0 0 kK 0 0],
0 0 0 0 0 0 0 -7, k3 O
0 0 0 0 0 0 0 0 -n k

where k| = (y,+u,), ko = (rp+up), k3 = (+q; +pp,) and ky, = (5+q, + up,).
The required basic reproduction to the given model is obtained through
the spectral radius of the matrix R, = p(FV 1), which is given by the
following equation

R2 _ ﬂzah}/hﬂhauyuAu
0 kykoks Ay p2

The basic reproduction number R, expresses an average number of
secondary human infections produced by one infective human individ-
ual during his/her infectious period. It expresses an average number of
secondary infections in mosquitoes and human hosts produced by one
infective individual (either mosquito or human) during their infectious
period. It determines that an emerging infectious disease spread in a
community or population and determines that what proportion of the
population should be immunized by vaccination for the disease erad-
ication. In biological models if R > 1, the infection will be spread in
the population otherwise no when R, < 1. In general, when the value of
R, is large then it is harder to control the epidemic. Next, we demon-
strate the local stability of the disease free equilibrium (DFE) at E, in
the following:

Theorem 1. The DFE E, is a locally asymptotically stable equilibrium of
the system (1) whenever R < 1.

Proof. In order to prove the given theorem, we need to obtain the
Jacobian matrix by evaluated the model (1) at the DFE E;, and we
have
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_ Bay Ay

-4, 0 0 0 0 o 0 0

0 -k 0 0 o i g
hHy

0 v, -u, O 0 0 0 0

J(Eg) = 0 0 —pa, -pu, O 0 0 0
0 0 fa 0 -k 0 0 0
0 0 0 0 |y, —k; 0 0
0o 0 0 0 0 n —k, 0
o 0 0 0 0 a @~

It can be seen from the above matrix J(E,), the eigenvalues —u,, —uy,
—uy, and —k, are obviously negative while the remaining four eigen-
values with negative reals parts can be obtained through the following
equations:

P @ B+ w2+ w4+, =0,

where

wy =k +ky+ky+ p,,

wy =kap, +ky (ks +p,) +ky (ky+ks+u,),
@y = ks, + Ky (Kt + Ky (k3 + 11,) ).
w4:klk2k3uv(l—R(2)).

The coefficients given by w; for i = 1,2...,4 are positive for obviously for
w;,for,i=1,2,3 while w, can be positive or negative based on the value
of the R,. For the DFE case, the value of the basic reproduction number
should be less than 1, so the last coefficient is positive when R, < 1. So,
all coefficients w; for i = 1,2...,4 positive, then they should satisfy the
Rough-Hurtwiz criteria, which can be easily satisfied, for the conditions
supplied @, m,w; > w3 + wiw,, where w,; >0 for all i = 1,2,...4. This
conditions say ® = w, w, w3 — w2 - w? @, > 0 is satisfied and is given
by,

@ =2 Iy + ey + 1) [k2 (2k3(1+ ROy + K2+ 12) + 12 (s + 1)
+hspy (ks +l4u)]
+3 [kz (K32 + ROty + K2+ 12) + K2 (k3 + 1) + Ky (K3 + 1) ]
+ky (3 (k3 + RO, + K5+ pi2) + ksky 2+ RO, (ks + 1) 2
g (ks + 1)) + ki (ks + 1) (ks QRG + 3y + K5 + 41y
thyks (ky+k3) u, (ky + p,) (k3 +p,) > 0.
Thus, the condition of Rough-Hurtwiz criteria ensures the local asymp-

totical stability of the dengue model given by (1) at the DFE E;,. [J

4. Endemic equilibria

This section presents the endemic equilibria of the dengue model (1)
denoted by E} and is given
E, —(Sx E* I* S* E* I* P R*)
where

A A, L TEA,

* __ 4 *®__

S“_'13+Mu’ Uk (Arm) Y ko (A w,)
LA, L My . A4
St M g () kaks (2 4wy
_ nARYRAY, Ahyhl (kaay +n42) 3)
kpksky (X5 +my) " kokskapu (X +my)
where
Pty o Ploon. 4

NN,
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Fig. 1. Backward bifurcation plot for the dengue model (1).

Inserting the expression in (3) into (4), we get the following,

2 .
g A"y, + 84, +83=0,

where

&= klAh”u(k4 [in (vn+k3) +aura] +nvn (un +42) ) x

(Ka (Patrmmn + s (an (v + 3) + @17a)) + ny (s + 2) ).
&= k2k3k4yh(k4 [2k1AhM§ (ip (v +Fe3) + 17

+Panynin (ki Aphy = ﬂauruAu)]] )

+2kykykyupnky Anvmg (Ha +d2) s
8 = ki A i p2 (1-RE).

Here, g, > 0, g; depends on the sign of R, and is positive when R < 1
and is negative for the case when R, > 1. We establish the following
result:

Theorem 2. The dengue model given by (1) has:

() if g3 <0< R > 1, then there exists a unique endemic equilibrium,
(i) if g, <0 and g3 =0 — R =1, then we have a unique endemic equi-
librium,
(iii) if g3 >0— R, <1, g, <0 and their discriminant is positive, then two
endemic equilibria exist
(iv) no possibilities of equilibria otherwise

Remark 1. It can be seen from the first point (i) of Theorem (2) that
for the case of R, > 1, we have clearly a unique positive endemic equi-
librium. The third item of the above Theorem (2) shows the possible
existence of the backward bifurcation when R < 1. In order to deter-
mine this possibility of backward bifurcation for the dengue model (1),
we set gg —4g,83 =0, and then solving for the critical values of R de-
scribed by R, which is given through the following expression

8

-
4g ik K2GK2ApE 2

R.=

c

Thus, the backward bifurcation can occur for the values of R, such
that R. < R, < 1. Using the values given in Table 2, except 6 =0.01932,
n=0.0272, we give the backward bifurcation diagram in Fig. 1.
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Table 2. Fitted and estimated values for the parame-
ters of the model (1).

Parameter Units Baselines value References
A, day™!  3839.9 Fitted

B day~! 1.1971 Fitted

a, - 0.8541 Fitted

Hy day™!  0.0244 Fitted

Yo day~'  0.7186 Fitted

A, day~!  1525.1426 Estimated
a, - 0.6794 Fitted

Yn day™!  0.5550 Fitted

n day~! 0.0904 Fitted

a day! 0.0154 Fitted

a0 day”!  0.0840 Fitted

5 day”'  0.0969 Fitted

Hy day™! 1/70.97 x 365 Estimated

5. Parameter estimation and global sensitivity analysis of dengue
model

5.1. Parameter estimation

In this subsection, we estimate the parameters of the model (1) to
the cases of dengue fever in East Java, Indonesia. Based on data ob-
tained from the East Java Provincial Health Office, it was reported that
the incidence rate of Dengue Hemorrhagic Fever (DHF) in East Java
in 2016 was 64.8 per 100,000 population, an increase compared to
2015 which was 54.18 per 100,000 population, while the incidence
rate of DHF in 2017 was 20 per 100,000 population [34]. Although
in 2017, cases of DHF have decreased compared to the previous year,
but awareness of the surge in cases in the next year needs to be im-
proved. However, in 2017 the total number of DHF in East Java reached
7,854 people, while in 2018 it reached 9,452 people [30]. From this, it
appears that there is an increase in the number of DHF in 2018 com-
pared to 2017. Hence, the cumulative monthly reported of DHF cases
from January to December 2018 are used to parameterize the model
.

In order to get a good fit to the real data, we estimate the pa-
rameters using the least square curve fitting technique except for the
recruitment rate of human A, and the natural death rate of human
uy,. The parameter 4, is calculated as the inverse of the average lifes-
pan of the population in East Java so that u, = 1/70.97 per year,
where 70.97 years is the average lifespan the population of East Java
Province [35]. The parameter A, is computed as follows. Since the to-
tal population of East Java province was 39,507,370, in 2018, we have
Ay, /[y =39,507,370 is the maximum human population without the dis-
ease, therefore A, =556,677.0466 per year. The other parameters are
obtained using least-square curve fitting method. The fitted and esti-
mated parameter values of the model (1) are set out in Table 2. The
result of fitting model (1) to the actual data of dengue incidence is
displayed in Fig. 2. The red-circle shows the monthly dengue cases re-
ported in East Java Indonesia while the solid line denotes the model fit.
These infected cases are the hospitalized reported cases that have been
hospitalized in East Java Indonesia for the year 2018. Using the parame-
ter values stated in Table 2, the basic reproduction number in East Java
is Ry ~ 1.1138. The application and uses of the least square curve fitting
technique has been used by many researchers for epidemiological mod-
els, see for example [32, 36]. Our computed reproduction number has a
closed value to those published work in [36] (see R(z) =1.1104) and [32]
(see R(z) =1.014). Some of the parameter such y,, y, are related closely
to [32] but in other parameters obtained in this paper have a little up
and down but considered to be close to [32]. Our estimated parame-
ters such as y,, a, are related closely to the work published in [16] but
for the other values there is not a big difference except for the case of
bitting rate f.
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Fig. 2. Data fitting of cumulative hospitalized humans using model (1).

Table 3. Partial rank correlation coef-
ficient (PRRC) values of R, with corre-
sponding p-values.

Parameter =~ PRCC values  p values
B 0.7386 0.0000
ay 0.4565 0.0000
Yn 0.3013 0.0000
wy 0.1782 0.0002
a, 0.4494 0.0000
7 0.3217 0.0000
A, 0.5208 0.0000
My -0.7876 0.0000
Ay -0.4826 0.0010
n -0.1352 0.1963
q, -0.1746 0.0003

5.2. Global sensitivity analysis

We performed the global sensitivity analysis using Partial rank cor-
relation coefficient (PRRC) in order to determine the most important
value that affect the basic reproduction number R,. Using the parame-
ters values given in Table 2, the sensitivity analysis is performed and the
values are obtained and have been given in Table 3 while the PRCC plot
is shown in Fig. 3. It can be seen from Table 3 that the most sensitive
parameter is u, while the other sensitive parameters are g, A,, Ay, a,
etc. Increasing the death rate of the mosquitoes can reduce the dengue
infection. Further, the bite of mosquitoes can be reduced by closing the
doors when entering the room and use air conditioner to cool the room.
The practical and the recommended environmental management strat-
egy is to eliminate unnecessary container habitats that collect water
(such as plastic jars, bottles, cans, tires, and buckets) in which Aedes ae-
gypti can lay their eggs. The bite of the mosquito can be reduced when
using the bet net and other necessary measure.

The effect of some sensitive parameters such as g, «;, and y,, that can
decrease the number of infected and hospitalized individuals in the long
run are plotted in Figs. 4, 5 and 6. Decreasing the value of the rate of
mosquitoes by making use of bed nets and some other preventive mea-
sure the population of infected and hospitalized people are decreased,
see Fig. 4. Similarly the parameter «;, which denotes the probability of
transmission among susceptible and infected humans, and the parame-
ter u, the death rate of mosquitoes also reduces rapidly the infection in
the infected and hospitalized population, see Figs. 5 and 6.

6. Optimal control problem
The optimal control formulation for the epidemic models is to use

proper control measure to identify the possible elimination of the dis-
ease from the society. In mathematical biology, the epidemic models
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PRCC

Fig. 3. Global sensitivity analysis and PRCC results for R,,.

and their controls have been documented with considering different
diseases, see for example [37, 38, 39, 40]. In order to have an opti-
mal control problem for our considered model (1), we, in this section,
describe an extension for dengue model (1) with control variables. We
incorporate two intervention strategies, namely, prevention (#,) and in-
secticide (u,) efforts as control variables in the model. The use of the
control for dengue infection as a prevention only has been considered
in the work [33, 41]. The control u, insecticide spraying only has been
considered in dengue control model given in [42]. The use of both the
control for dengue control in the population is considered in [36, 43].
The prevention efforts include the use of mosquito nets, mosquito re-
pellent like DEET, and treat clothes with repellent, while insecticide
includes spraying and fogging against mosquitoes. The system of differ-
ential equations describing the controlled model is written as,

45, =A,—(1—uy)pa,S i—ﬂ S, —bu, S,
dt v 1 v th vPv 290>
dE, =(1—u))pa, S, l—h—(y +u,)E, — bu, E
dt v UNh v v/ 250
dl,

dt =v,E, —up1, —buy I,
d—Sh=/\h—(1—u1)[3ahl ﬂ—[l S

dt UNh h*2h>
@=(l—ul)ﬁahl ﬁ—(y +pp)E

dt UNh h h’*=h>

dl,

= En— 1+ aq +uply,

dP,

7=77[h—(5+42+14h)Ph7

dRy, _

7—411h+quh_”th’ ®)

where the parameter b represents the death rate of mosquito due to
insecticide.

This case study seeks to minimize the number of dengue-infected
hosts and vector while keeping the costs of implementing the controls
and u, as low as possible. This goal can be represented by the following
objective function as

i
J(u],uz)z/(EU+IU+Eh+Ih+%uf+%u§)dz, 6)
0
where ¢, is the final time and ¢, and ¢, are positive weights. We do
not include the hospitalized and/or notified infectious individuals (P,)
explicitly in the objective function due to it has assumed that the P,
population is not going to infect the others. However, the P, population
will decrease if the I;, population decreases.
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In the present work, we implement a quadratic objective functional
in order to measure the control cost, since the costs of the intervention
are nonlinear. This assumption is based on the fact that there are no
linear relationship among the effects of intervention and the cost of in-
tervention of the infective populations, such quadratic costs have been
widely used by the authors, see for more details [44, 45]. Some more
related work where the authors considered the quadratic objective func-
tional, see [46, 47, 48] and the references therein. The term cluf and
62”% describe the cost of control efforts on minimizing the prevention
and insecticide respectively.

Our aim is to find an optimal control pair «} and u} such that

JWi,uy) = min J(uy,uy), ()]
——
r

where ' = {(u1 Jup) |0 <uy < u‘lm", 0<u, < ug"‘"‘}. In this region, when the
value of a control is zero, then no investment in control has been made.
Moreover, when the values of the controls are U i =1,2, then the
control effort have been carried out maximally.

The conditions are necessary for determining the optimal controls u}
and u; that satisfy condition (7) with constraint model (5) will be found
via Pontryagin’s Maximum Principle [49]. This principle converts equa-
tions (5), (6), and (7) into a problem of minimizing the Hamiltonian
function H, pointwise with respect to (u;,u,), i.e.,

H=EU+IU+Eh+Ih+?u +—u2+2p,g,,
where g; denotes the right-hand side of model (5). The adjoint variables
p; for i=1,2,...,8 satisfy the following co-state system.

6.1. The existence of the optimal control

The existence of the optimal control problem (5) can be analysed
by using the result established in [50]. It is clear that the system (5)
is bounded above. Hence, we can use the result in [50] for the control
system (5) if the following conditions are satisfied.

N,: The state variables and the corresponding set of the controls are
non-empty.

N,: The control set I is closed and convex.

N;3: The right side of the control system (5) is linear with respect to
control variables.

N,: There exist nonnegative constants /;, and /, and n > 1 such that the
integrand L(x,u,,u,) of (6) is convex and satisfies

LX,uy,up) 2 1 + 1 (g | + up |22, ®

with L, uy,up) = Ey+ 1+ Ej + 1y + Fuj + 203,

In order to prove the existence of system (5), we refer to the Theorem
9.2.1 from Lukes [51]. The condition N, is satisfied with the compli-
ance of the state and the controls variables which is non-empty and
bounded. The condition N, can be fulfilled by definition of the control
set I'. The condition N; is valid due to the linear dependence of the
state system on controls «; and u,. Finally, the integrand L is clearly
convex with respect to the controls «; and u,. To prove the bound on L,
let [, =min(E,+I,+ E, +1,) and /| = min(c¢;, ¢,) and n = 2, then we have
L(x,uy,uy) = E,+1, +Eh+1h+7u +7u2212+ll(|u1|2+|u2| ), (9)
where ¢,¢,,1,1, >0 and n > 1. Therefore, we obtain the following re-
sult.

Theorem 3. There exists an optimal control pair u’f(t) and u’;(t) such that

JWi,uy)= min J(u,uy),
1
r
subject to the control system (5) with the initial conditions (2).
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6.2. Characterization of the optimal control

In this present section, we apply the Pontryagin’s Maximum Princi-
ple to solve the optimal control problem [49]. The consequence of the
maximum principle is stated by the following theorem.

Theorem 4. Assumed that S, , Sy, Ej, Iy, Py and R} be the
optimal solution with controls ”i* for i= 1 2 for the control system (5). Then
there exists adjoint variables p; for i =1,2,...8 that satisfying

(U —u)pa,, py(1 —u))pa, I,
P1="P1 —Nh —Nh >
Pr==1+py (buy+7,+ ) + P37

pa(1 —uy)pay, Sy, _

+/4h+bu2> -

1—up)pay,sS
Py =1+ palbuy + ) + psCZuPnS

Ny, Ny
) (1 =up)pa,S, 1, (I =u)payl,
Pa=(pp—p)—————— +(ps—ps)
4 2~ P N’% 4= Ps N,
(1 —up)pa,I,S
+(ﬂ5—l’4)# + 1y 04
N,
. (1 =u)pa,S,I (1 =up)pa,l,sS,
P5=—1+(Pz—ﬂl)#+(ﬂ5—ﬂ4)#
N N
+(p5 — Pe)Yn + Hp P5» (10)
. (1 —u)pa,sS (1 —u)pa,S, I
P6:—1+(Pl—ﬂz)%+(h_ 1)#
h h
(1 —up)pa,I,S
+(ps = pg) ——— — oo — pgay + P+ ay + Hp)s
N,
. (l_ul)ﬂausvlh (l_ul)ﬁahlush
pr=r—p)————— +s—p)———>——
N N
+P7(5+42+Mh) [2X08
. uy)pa,S,1 (1 —up)pa,I,S
pg=(py— pl)%+(p5—p4)#+psﬂh, an
N N,

where the transversality conditions

pilt ) =0, (12)

where i = 1,2, ...,8, and the optimal control variables,

= max 4 0, min (™, (py —p)Bay S,y + (ps — py)Bay Sy
! ¢ Ny,

1

b(p;S,+prE, + p31
u; = max {0 min <u?a" (P15, l’cz v h3 U)> } . (13)
2

Proof. We follow the result in [50] to prove the existence, convex-
ity, Lipschitz and boundedness of the optimal control solution. The
co-state equations (10) are determined by taking the time derivative

. . . . F) )

of the Hamiltonian function H to the state variables: % = %, % =

_OH Op3 _ _0H Ops _ _OH Jps _ _OH 0ps _ _OH i1 _0H dny
dE,” ot~ dI,> ot ~  aS,> ot OE,’ ot oI, ot 9P, o
;R , with p;(r,)=0, i=1,...,8. To obtain the optimal control charac-

terization that given in (13), we apply ‘;TH =0,fori=1,2.

7. Numerical results of the control problem

This section sets out to explore the numerical results of the model
without control (1) and with optimal control (5). The optimal solu-
tion of the model (5) is simulated using the forward-backward sweep
method [52]. The optimal control problem is solved numerically by the
fourth-order Runge-Kutta method.

We consider the initial values of the simulation based on the number
of population in East Java province in 2018. The initial value of the
total population as given in the data is N(0) =39,507,370. We assume
that the initial populations of exposed human and infectious human
are E,(0)= 10,000 and I,(0) = 100, respectively. The initial value of the
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Fig. 7. Numerical results of the model using prevention only.

hospitalized and/or notified infectious population as stated in the data
is P, =1106. The initial of the recovered human population is taken as
R,(0) = 1095 [30]. Hence, the initial susceptible human population is
given as S,,(0) = N, (0) — E;,(0) — I,,(0) — P, (0) — R, (0) = 39,495,069. We
assume the initial population for the mosquitoes are given as .S,(0) =
10%, E,(0) = 100 and 1,(0) = 1000. We also employed parameter value
b=0.5 as the maximum of the death rate in mosquito due to insecticide.
The weight factors in the objective function are ¢; =1 and ¢, =0.1. The
upper bound of u; and u, are assumed equal to ¥ =0.7 and uy™* =

1
0.8, respectively, as stated in [33, 36]. For the simulations, we adopt

the estimated parameter values that are given in Table 2. Using this
parameter values, the basic reproduction number is R ~ 1.1138, which
indicates that the disease will be epidemic in the province.

We examine the model (5) with prevention () and insecticide (u,)
as control variables to investigate the effects of the transmission of
dengue disease in the population. We consider three control scenarios,
which are explained as follows.

Scenario 1. In this scenario, we set u; # 0 and u, =0 to optimize
the objective function J. The numerical results are given in Fig. 7.
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Fig. 8. Numerical results of the model using insecticide only.

From Fig. 7(a)-7(c), the number of the exposed, infectious, and hos-
pitalized and/or notified infectious humans decrease significantly using
this scenario control compared to the case without control. Also, in
Fig. 7(d)-7(e), the number of the exposed and infectious mosquitoes de-
creases more compared to without the control. The profile control for
this scenario is depicted in Fig. 7(f). In Fig. 7(f), we can see that the pre-
vention is kept at full effort for 100 days and then drastically reduces at
the end of the intervention. The previous studies showed that optimal
preventive efforts should be implemented with the maximum level [33,

36, 41]. Results of our study show similar effort of the prevention on
dengue control in East Java, Indonesia. In other words, the human pop-
ulation must maintain a strong level of awareness about the presence of
dengue fever and continue to take all available measures for personal
protection from mosquito bites.

Scenario 2. In this scenario, we set u, # 0 and u; =0 to optimize the
objective function J. The numerical results are displayed in Fig. 8. From
Fig. 8(a)-8(e), there is a difference in the number of the population
between the controlled case and the case without control. Using this sce-
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Fig. 9. Numerical results of the model using prevention and insecticide.

nario, the number of exposed, infectious, hospitalized and/or notified
infectious humans, exposed mosquitoes, and also infectious mosquitoes
is less than the first scenario in the end of intervention. The profile con-
trol for this scenario is given in Fig. 8(f). In Fig. 8(f), it can be seen
that the insecticide is maintained at full effort for 72 days before dras-
tically reduces for the rest of the intervention. These results seem to be
consistent with previous research [36, 42] which found that the insec-
ticide spraying alone had the effect of rapidly reducing the number of
infectious humans, almost enabling eradication of disease.
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Scenario 3. In this scenario, we set u; # 0 and u, # 0 to optimize
the objective function J. The numerical results are depicted in Fig. 9.
As depicted in Fig. 9(a)-9(c), it can be observed that the implemen-
tation of both controls at the same time, the number of the exposed,
infectious, and hospitalized and/or notified infectious humans more de-
creases compared to the scenario 1 and 2. While the number of the
exposed and infectious mosquitoes remain the same with the scenario
2. The profile controls for this scenario is depicted in Fig. 9(f). As de-
picted in Fig. 9(f), the prevention is kept at full effort for approximately
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37 days and then reduces gradually till the end of the intervention,
while the insecticide is maintained at maximal effort during 69 days
and then reduces rapidly for the rest of the intervention. These re-
sults are in accord with earlier studies [36, 43] which showed when
the two controls were combined, the impact of insecticide spraying
appeared to be dominant over preventive measures alone. Moreover,
the prevalence timing was similar to that of insecticide-only interven-
tions.

Next, we perform the comparison for the total of infective human
(I, + P,) using the all scenario of the strategy controls. We vary the
initial values of the exposed human population by E,(0) = 100, E,(0) =
1000, E,(0) = 5000 and E,(0) = 10*. The total of the infective human
for different initial conditions of the exposed human population us-
ing three control scenarios is displayed in Fig. 10. It is apparent from
the Fig. 10 that the number of the infective human population more
decrease by applying the third scenario compared to the other sce-
nario.

From the scenario 1 to 3, we conclude that the scenario 3 is the best
strategy to minimize the number of dengue-infected hosts and vector in
the community.

8. Conclusion

In this paper, we have proposed a new mathematical model of
dengue fever with hospitalization. The model parameters are estimated
using the monthly real data of East Java province, Indonesia for the
year 2018. The fundamental properties of the model are analyzed as
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well as the basic reproduction number (R,) of the model. The disease-
free equilibrium (DFE) is locally asymptotically stable when R, < 1.
The model has a unique endemic equilibrium whenever R, > 1. Using
the value of the estimated parameters, the basic reproduction num-
ber in East Java Province is R, ~ 1.1138. This finding confirms that
the dengue fever is still endemic in the province. We have further in-
vestigated the global sensitivity analysis using Partial rank correlation
coefficient in order to identify the most influence parameters on the
dengue disease transmission. The sensitivity analysis shows that the
death rate of the mosquitoes (x,) and the biting rate of the mosquitoes
(B) are the most sensitive parameters. The increasing of the death rate
of the mosquitoes can reduce rapidly the dengue infection. However,
the bite of mosquitoes can be reduced by using the bet net, mosquito
repellent and other necessary measure. Hence, we applied the optimal
control strategies to investigate the impact of prevention and insec-
ticide to reduce the dengue transmission in East Java Province. The
existence and the optimal control characterization were derived and
analyzed. The numerical simulation was performed with different con-
trol strategies. The numerical results indicate that the integration of the
prevention and insecticide is the best strategy to minimize the number
of dengue-infected hosts and vector in the population. In addition, the
implementation of the insecticide only is also an effective way in re-
ducing the dengue transmission in the population. These results are in
keeping with the sensitivity analysis which shows that the death rate
of the mosquitoes are the significant parameters. This study will help
the government to design a program in the future to control the disease
further spread.



M.A. Khan and Fatmawati

Declarations
Author contribution statement

M. A. Khan, Fatmawati: Conceived and designed the experiments;
Performed the experiments; Analyzed and interpreted the data; Con-
tributed reagents, materials, analysis tools or data; Wrote the paper.

Funding statement

This work was supported by Universitas Airlangga through Riset Ko-
laborasi Mitra LN (Contract number 417/UN3.14/PT/2020).

Data availability statement

The data that has been used is confidential.
Declaration of interests statement

The authors declare no conflict of interest.
Additional information

No additional information is available for this paper.
Acknowledgements

The authors are thankful to the handling editor and the anonymous
reviewers for their careful checking of the manuscript and their valu-
able suggestions make the work improved.

References

[1] Samir Bhatt, Peter W. Gething, Oliver J. Brady, Jane P. Messina, Andrew W. Farlow,
Catherine L. Moyes, John M. Drake, John S. Brownstein, Anne G. Hoen, Osman
Sankoh, et al., The global distribution and burden of dengue, Nature 496 (7446)
(2013) 504-507.
Chandra Shekhar, Deadly dengue: new vaccines promise to tackle this escalating
global menace, Chem. Biol. 14 (8) (2007) 871-872.
World Health Organization, Epidemiology, http://www.who.int/denguecontrol/
epidemiology/en/, 2018.
Oliver J. Brady, Peter W. Gething, Samir Bhatt, Jane P. Messina, John S. Brownstein,
Anne G. Hoen, Catherine L. Moyes, Andrew W. Farlow, Thomas W. Scott, Simon 1.
Hay, Refining the global spatial limits of dengue virus transmission by evidence-
based consensus, PLoS Negl. Trop. Dis. 6 (8) (2012) e1760.
Duane J. Gubler, Dengue and dengue hemorrhagic fever, Clin. Microbiol. Rev. 11 (3)
(1998) 480-496.
S.B. Halstead, S. Nimmannitya, S.N. Cohen, Observations related to pathogenesis of
dengue hemorrhagic fever. IV. Relation of disease severity to antibody response and
virus recovered, The Yale journal of biology and medicine 42 (5) (1970) 311.
[7] World Health Organization, Dengue and severe dengue, https://www.who.int/
news-room/fact-sheets/detail/dengue-and-severe-dengue, 2019.
[8] Dengue Virus Net, Dengue virus transmission, https://www.denguevirusnet.com/
transmission.html, 2019.
[9] Dengue Virus Net, Treatment of dengue, http://www.denguevirusnet.com/
treatment.html, 2018.
[10] World Health Organization, Dengue vaccine research, immunization, vac-
cines and biologicals, https://www.who.int/immunization/research/development/
dengue_vaccines/en/, 2017.
Mohammed Derouich, Abdesslam Boutayeb, Dengue fever: mathematical modelling
and computer simulation, Appl. Math. Comput. 177 (2) (2006) 528-544.
Lourdes Esteva, Cristobal Vargas, Influence of vertical and mechanical transmission
on the dynamics of dengue disease, Math. Biosci. 167 (1) (2000) 51-64.
Helena Sofia Rodrigues, M. Teresa T. Monteiro, Delfim F.M. Torres, Vaccination
models and optimal control strategies to dengue, Math. Biosci. 247 (2014) 1-12.
Tridip Sardar, Sourav Rana, Joydev Chattopadhyay, A mathematical model of
dengue transmission with memory, Commun. Nonlinear Sci. Numer. Simul. 22 (1-3)
(2015) 511-525.
Sania Qureshi, Abdon Atangana, Mathematical analysis of dengue fever outbreak
by novel fractional operators with field data, Phys. A, Stat. Mech. Appl. 526 (2019)
121127.
F.B. Agusto, M.A. Khan, Optimal control strategies for dengue transmission in Pak-
istan, Math. Biosci. 305 (2018) 102-121.

[2

[}

[3

—

[4

=

[5

fad}

[6]

[11]

[12]

[13]

[14]

[15]

[16]

12

Heliyon 7 (2021) e06023

[17] N. Anggriani, Hengki Tasman, Meksianis Z. Ndii, Asep K. Supriatna, Edy Soewono,
E. Siregar, The effect of reinfection with the same serotype on dengue transmission
dynamics, Appl. Math. Comput. 349 (2019) 62-80.

[18] Clara Champagne, Bernard Cazelles, Comparison of stochastic and deterministic
frameworks in dengue modelling, Math. Biosci. 310 (2019) 1-12.

[19] Tanujit Chakraborty, Swarup Chattopadhyay, Indrajit Ghosh, Forecasting dengue
epidemics using a hybrid methodology, Phys. A, Stat. Mech. Appl. 527 (2019)
121266.

[20] Liping Wang, Hongyong Zhao, Dynamics analysis of a Zika-dengue co-infection
model with dengue vaccine and antibody-dependent enhancement, Phys. A, Stat.
Mech. Appl. 522 (2019) 248-273.

[21] Clara Champagne, Richard Paul, Sowath Ly, Veasna Duong, Rithea Leang, Bernard
Cazelles, Dengue modeling in rural Cambodia: statistical performance versus epi-
demiological relevance, Epidemics 26 (2019) 43-57.

[22] Jaume Llibre, Regilene D.S. Oliveira, Claudia Valls, Final evolutions for simplified
multistrain/two-stream model for tuberculosis and dengue fever, Chaos Solitons
Fractals 118 (2019) 181-186.

[23] Wolfgang Bock, Yashika Jayathunga, Optimal control of a multi-patch dengue model
under the influence of Wolbachia bacterium, Math. Biosci. 315 (2019) 108219.

[24] Min Zhu, Yong Xu, A time-periodic dengue fever model in a heterogeneous environ-
ment, Math. Comput. Simul. 155 (2019) 115-129.

[25] Guanghu Zhu, Tao Liu, Jianpeng Xiao, Bing Zhang, Tie Song, Yonghui Zhang, Lifeng
Lin, Zhiqiang Peng, Aiping Deng, Wenjun Ma, et al., Effects of human mobility,
temperature and mosquito control on the spatiotemporal transmission of dengue,
Sci. Total Environ. 651 (2019) 969-978.

[26] Indrajit Ghosh, Pankaj Kumar Tiwari, Joydev Chattopadhyay, Effect of active case
finding on dengue control: implications from a mathematical model, J. Theor. Biol.
464 (2019) 50-62.

[27] Ali Poursherafatan, Ali Delavarkhalafi, The spectral linear filter method for a
stochastic optimal control problem of partially observable systems, Optim. Control
Appl. Methods 41 (2) (2020) 417-429.

[28] Rashid Jan, Muhammad Altaf Khan, J.F. Gémez-Aguilar, Asymptomatic carriers in
transmission dynamics of dengue with control interventions, Optim. Control Appl.
Methods 41 (2) (2020) 430-447.

[29] Alexey Piunovskiy, Alexander Plakhov, Mikhail Tumanov, Optimal impulse control
of a sir epidemic, Optim. Control Appl. Methods 41 (2) (2020) 448-468.

[30] Health office (Dinas Kesehatan) of East Java province, Indonesia, 2019.

[31] Pauline Van den Driessche, James Watmough, Reproduction numbers and sub-
threshold endemic equilibria for compartmental models of disease transmission,
Math. Biosci. 180 (1-2) (2002) 29-48.

[32] Edwin Barrios, Sunmi Lee, Olga Vasilieva, Assessing the effects of daily commuting
in two-patch dengue dynamics: a case study of Cali, Colombia, J. Theor. Biol. 453
(2018) 14-39.

[33] Daniel Lasluisa, Edwin Barrios, Olga Vasilieva, Optimal strategies for dengue pre-
vention and control during daily commuting between two residential areas, Pro-
cesses 7 (4) (2019) 197.

[34] East Java Province Health Profile 2017 (Profil Kesehatan Provinsi Jawa Timur
Tahun 2017), Indonesia, 2017.

[35] Central Bureau of Statistics East Java Province, Indonesia,
jatim.bps.go.id/dynamictable/2018/04/16/394/angka-harapan-hidup-ahh-
penduduk-jawa-timur-menurut-kabupaten-kota-ipm-metode-baru-2010-2017.html,
2018.

[36] Lilian S. Sepulveda, Olga Vasilieva, Optimal control approach to dengue reduc-
tion and prevention in Cali, Colombia, Math. Methods Appl. Sci. 39 (18) (2016)
5475-5496.

[37] Ahmadin Fatmawati, Mathematical modeling of drug resistance in tuberculo-
sis transmission and optimal control treatment, Appl. Math. Sci. 8 (92) (2014)
4547-4559.

[38] Ebenezer Bonyah, Muhammad Altaf Khan, Kazeem Oare Okosun, J.F. Gémez-
Aguilar, On the co-infection of dengue fever and Zika virus, Optim. Control Appl.
Methods 40 (3) (2019) 394-421.

[39] M.A. Khan, Syed Wasim Shah, Saif Ullah, J.F. Gomez-Aguilar, A dynamical model
of asymptomatic carrier Zika virus with optimal control strategies, Nonlinear Anal.,
Real World Appl. 50 (2019) 144-170.

[40] Muhammad Altaf Khan, L. Ahmed, Prashanta Kumar Mandal, Robert Smith, Mainul
Haque, Modelling the dynamics of pine wilt disease with asymptomatic carriers and
optimal control, Sci. Rep. 10 (1) (2020) 1-15.

[41] Sunmi Lee, Carlos Castillo-Chavez, The role of residence times in two-patch dengue
transmission dynamics and optimal strategies, J. Theor. Biol. 374 (2015) 152-164.

[42] Lilian Sofia Sepulveda-Salcedo, Olga Vasilieva, Mikhail Svinin, Optimal control of
dengue epidemic outbreaks under limited resources, Stud. Appl. Math. 144 (2)
(2020) 185-212.

[43] Bruno Buonomo, Rossella Della Marca, Optimal bed net use for a dengue disease
model with mosquito seasonal pattern, Math. Methods Appl. Sci. 41 (2) (2018)
573-592.

[44] E.B. Agusto, Optimal isolation control strategies and cost-effectiveness analysis of a
two-strain avian influenza model, Biosystems 113 (3) (2013) 155-164.

[45] Agusto Folashade, Suzanne Lenhart, Optimal control of the spread of malaria super-
infectivity, J. Biol. Syst. 21 (04) (2013) 1340002.

[46] Fatmawati, Hengki Tasman, An optimal control strategy to reduce the spread of
malaria resistance, Math. Biosci. 262 (2015) 73-79.

https://


http://refhub.elsevier.com/S2405-8440(21)00128-6/bib36974268B68EA4ACAAC2C000E5BC4A6Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib36974268B68EA4ACAAC2C000E5BC4A6Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib36974268B68EA4ACAAC2C000E5BC4A6Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib36974268B68EA4ACAAC2C000E5BC4A6Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE2CB5DC9F8BD2667509E30B408E8BC67s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE2CB5DC9F8BD2667509E30B408E8BC67s1
http://www.who.int/denguecontrol/epidemiology/en/
http://www.who.int/denguecontrol/epidemiology/en/
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD85FEE73F8EAC72C9C0E50CE6393A270s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD85FEE73F8EAC72C9C0E50CE6393A270s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD85FEE73F8EAC72C9C0E50CE6393A270s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD85FEE73F8EAC72C9C0E50CE6393A270s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib667DACA06388B81358B7B4D35DA3DC5Cs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib667DACA06388B81358B7B4D35DA3DC5Cs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib15BCD24B857A36FA2874957B446B3704s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib15BCD24B857A36FA2874957B446B3704s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib15BCD24B857A36FA2874957B446B3704s1
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.denguevirusnet.com/transmission.html
https://www.denguevirusnet.com/transmission.html
http://www.denguevirusnet.com/treatment.html
http://www.denguevirusnet.com/treatment.html
https://www.who.int/immunization/research/development/dengue_vaccines/en/
https://www.who.int/immunization/research/development/dengue_vaccines/en/
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2281CB34B77A7A404648732AFFABADD1s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2281CB34B77A7A404648732AFFABADD1s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib61DBB05C1AA0DB733A0873595A177009s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib61DBB05C1AA0DB733A0873595A177009s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD2DBA0BD26A5B5C7C83D624A1C934EF3s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibD2DBA0BD26A5B5C7C83D624A1C934EF3s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib461103D59DBDD4535FD8C158C9C7C99Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib461103D59DBDD4535FD8C158C9C7C99Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib461103D59DBDD4535FD8C158C9C7C99Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib485106CA6B601FEDC40CB0DE8DBEC6AFs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib485106CA6B601FEDC40CB0DE8DBEC6AFs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib485106CA6B601FEDC40CB0DE8DBEC6AFs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib0F63291E9314EAD3271924F778B5B692s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib0F63291E9314EAD3271924F778B5B692s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib04E703267C658D6186B1FC9A2A86A63Bs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib04E703267C658D6186B1FC9A2A86A63Bs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib04E703267C658D6186B1FC9A2A86A63Bs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib847A120F8DF4C255014E2D397F0A16D7s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib847A120F8DF4C255014E2D397F0A16D7s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib6A72DA37F09FD0E46872D82F38091FAAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib6A72DA37F09FD0E46872D82F38091FAAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib6A72DA37F09FD0E46872D82F38091FAAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibF6822B0DDBF99269E95CEB9008C8B069s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibF6822B0DDBF99269E95CEB9008C8B069s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibF6822B0DDBF99269E95CEB9008C8B069s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib997B2FEEF8E51BB3CF0F2E485615857Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib997B2FEEF8E51BB3CF0F2E485615857Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib997B2FEEF8E51BB3CF0F2E485615857Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib3E6B9C2F5F1364D988617AA8D2AD753Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib3E6B9C2F5F1364D988617AA8D2AD753Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib3E6B9C2F5F1364D988617AA8D2AD753Ds1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE679B4D029E94B9FB27D2C3CFA98A58As1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE679B4D029E94B9FB27D2C3CFA98A58As1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib9E7492582517DB645AA4B637263471A0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib9E7492582517DB645AA4B637263471A0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibFF36745218F716BC3614FA2CB05F63B0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibFF36745218F716BC3614FA2CB05F63B0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibFF36745218F716BC3614FA2CB05F63B0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibFF36745218F716BC3614FA2CB05F63B0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib90D6A122373134B09FFAEDFA56BFC908s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib90D6A122373134B09FFAEDFA56BFC908s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib90D6A122373134B09FFAEDFA56BFC908s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8B231C86CDFE7463077434B4C8E36395s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8B231C86CDFE7463077434B4C8E36395s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8B231C86CDFE7463077434B4C8E36395s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibC7FC3C3CABC7631A2BEB4B47C3063575s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibC7FC3C3CABC7631A2BEB4B47C3063575s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibC7FC3C3CABC7631A2BEB4B47C3063575s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib7DDCB625EA0E352A382285BF98334575s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib7DDCB625EA0E352A382285BF98334575s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE7CC64644BBA084E53EE5F106D00E689s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE7CC64644BBA084E53EE5F106D00E689s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibE7CC64644BBA084E53EE5F106D00E689s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2E8143665C4B99E08467FA9B094AF988s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2E8143665C4B99E08467FA9B094AF988s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2E8143665C4B99E08467FA9B094AF988s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibAF8F860E7FE4B7C525735A1F0C87E1F1s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibAF8F860E7FE4B7C525735A1F0C87E1F1s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibAF8F860E7FE4B7C525735A1F0C87E1F1s1
https://jatim.bps.go.id/dynamictable/2018/04/16/394/angka-harapan-hidup-ahh-penduduk-jawa-timur-menurut-kabupaten-kota-ipm-metode-baru-2010-2017.html
https://jatim.bps.go.id/dynamictable/2018/04/16/394/angka-harapan-hidup-ahh-penduduk-jawa-timur-menurut-kabupaten-kota-ipm-metode-baru-2010-2017.html
https://jatim.bps.go.id/dynamictable/2018/04/16/394/angka-harapan-hidup-ahh-penduduk-jawa-timur-menurut-kabupaten-kota-ipm-metode-baru-2010-2017.html
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib0410C1D76B84ECB20FDD967035098CB9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib0410C1D76B84ECB20FDD967035098CB9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib0410C1D76B84ECB20FDD967035098CB9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8198CB0579AE24565257DB292DA6E9EBs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8198CB0579AE24565257DB292DA6E9EBs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib8198CB0579AE24565257DB292DA6E9EBs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib5D2CB19D29D9E06174D49BBEBD8D07A3s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib5D2CB19D29D9E06174D49BBEBD8D07A3s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib5D2CB19D29D9E06174D49BBEBD8D07A3s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2F392112611344694707E8242F495FCAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2F392112611344694707E8242F495FCAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2F392112611344694707E8242F495FCAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib052E34880C249CEF326E58DB263F1CA5s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib052E34880C249CEF326E58DB263F1CA5s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib052E34880C249CEF326E58DB263F1CA5s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib5D6FDE4D191E5737935C6A548C8475C0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib5D6FDE4D191E5737935C6A548C8475C0s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2D1CDCA4641E2A740CE48CF973B534ACs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2D1CDCA4641E2A740CE48CF973B534ACs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2D1CDCA4641E2A740CE48CF973B534ACs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibEB6930D5BE9BB10031DE91AD552CB46Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibEB6930D5BE9BB10031DE91AD552CB46Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bibEB6930D5BE9BB10031DE91AD552CB46Fs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib74677392196199CECB678C38DF6822FEs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib74677392196199CECB678C38DF6822FEs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib538C5FFACF1886DBCE5EB01CF97608C9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib538C5FFACF1886DBCE5EB01CF97608C9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib6D57A973492611A411CDA8A60573D78Es1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib6D57A973492611A411CDA8A60573D78Es1

M.A. Khan and Fatmawati

[47] Saif Ullah, Muhammad Altaf Khan, J.F. G6mez-Aguilar, Mathematical formulation
of hepatitis b virus with optimal control analysis, Optim. Control Appl. Methods
40 (3) (2019) 529-544.

[48] Fatmawati, Utami Dyah Purwati, Firman Riyudha, Hengki Tasman, Optimal con-
trol of a discrete age-structured model for tuberculosis transmission, Heliyon 6 (1)
(2020) €03030.

[49] L.S. Pontiyagin, V.G. Boltyanskii, R.V. Gamkrelidze, E.F. Mishcenko, The Mathemat-
ical Theory of Optimal Processes, 1962.

13

Heliyon 7 (2021) e06023

[50] Wendell H. Fleming, Raymond W. Rishel, Deterministic and Stochastic Optimal Con-
trol, vol. 1, Springer Science & Business Media, 2012.

[51] D.L. Lukes, Differential Equations Electronics Resource: Classical to Controlled, vol.
1, Academic Press, New York, 1982.

[52] Suzanne Lenhart, John T. Workman, Optimal Control Applied to Biological Models,
CRC Press, 2007.


http://refhub.elsevier.com/S2405-8440(21)00128-6/bib351115F23A33C81D1E210CEDE07E63CAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib351115F23A33C81D1E210CEDE07E63CAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib351115F23A33C81D1E210CEDE07E63CAs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib48C99FB8695C5B93F46739C1DF8BFFECs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib48C99FB8695C5B93F46739C1DF8BFFECs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib48C99FB8695C5B93F46739C1DF8BFFECs1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib9CB5D97F50F3AF223D5F7D4355A07DC4s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib9CB5D97F50F3AF223D5F7D4355A07DC4s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib46464D81AB8424E392D49E9FD277F3B9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib46464D81AB8424E392D49E9FD277F3B9s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2B828D44921E050CFE30F479E627C875s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib2B828D44921E050CFE30F479E627C875s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib4997F46276CFC4CD46F3C9629047F634s1
http://refhub.elsevier.com/S2405-8440(21)00128-6/bib4997F46276CFC4CD46F3C9629047F634s1

	Dengue infection modeling and its optimal control analysis in East Java, Indonesia
	1 Introduction
	2 Dengue model transmission
	3 Stability analysis disease free case
	4 Endemic equilibria
	5 Parameter estimation and global sensitivity analysis of dengue model
	5.1 Parameter estimation
	5.2 Global sensitivity analysis

	6 Optimal control problem
	6.1 The existence of the optimal control
	6.2 Characterization of the optimal control

	7 Numerical results of the control problem
	8 Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	Acknowledgements
	References


