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A mathematical model of dengue diseases transmission will be discussed in this paper. Various interventions, such as vaccination
of adults and newborns, the use of insecticides or fumigation, and also the enforcement of mechanical controls, will be considered
when analyzing the best intervention for controlling the spread of dengue. Frommodel analysis, we find three types of equilibrium
points which will be built upon the dengue model. In this paper, these points are the mosquito-free equilibrium, disease-free
equilibrium (with and without vaccinated compartment), and endemic equilibrium. Basic reproduction number as an endemic
indicator has been found analytically. Based on analytical and numerical analysis, insecticide treatment, adult vaccine, and
enforcement of mechanical control are the most significant interventions in reducing the spread of dengue disease infection caused
by mosquitoes rather than larvicide treatment and vaccination of newborns. From short- and long-term simulation, we find that
insecticide treatment is the best strategy to control dengue. We also find that, with periodic intervention, the result is not much
significantly different with constant intervention based on reduced number of the infected human population. Therefore, with
budget limitations, periodic intervention of insecticide strategy is a good alternative to reduce the spread of dengue.

1. Introduction

Dengue is the most rapidly growing disease in the world [1].
The disease is spread by Aedes mosquitoes and is therefore
often referred to as a mosquito-borne viral disease. The
disease has become endemic in more than 100 countries,
including the Caribbean, Africa, the Americas, the Pacific,
and Asia, including Indonesia [1]. As an endemic disease,
dengue occurs regularly in subtropical and tropical regions
of the world, and approximately 40% of people live in regions
of the world where there is a risk of contracting it [2]. Dengue
is a vector-borne disease transmitted from an infected human
to a female Aedes aegypti mosquito by a bite. The mosquito,
which needs regular meals of blood to mature its eggs,
completes the cycle by biting a healthy human, transmitting
the disease in one act [3].

Until now, the primary prevention for dengue has been
control of mosquitoes, in both larval and adult forms. Larval
control is carried out by larvicide treatment using long-
lasting chemicals to kill larvae, which sure preferably have
WHO clearance for use in drinking water [4]. Mechanical

controls are also used to control larvae, with assistance
from campaigns and educational programs carried out by
governments. In Indonesia, such a program is known as 3M
and consists of educating people about the importance of
draining and shutting down and burying all tubs, buckets, or
containers of water that which be used by female mosquitoes
to breed and lay their eggs [5].The larvae ofAedes aegypti can
also grow in used goods that can holdwater, and it is therefore
recommended to make sure the environment around the
house has no space that could allow mosquitoes to breed.

Adult mosquito control is achieved by the use of insecti-
cide. Insecticide fumigation targets the vector Aedes aegypti
mosquito as the main control of dengue epidemics. However,
the long-term use of insecticides and larvicides poses several
risks: one is resistance of the mosquito to the product,
reducing its efficacy, while genetic mutation of the mosquito,
making it less susceptible to the effects of the product, is
another. Such products have also been linked to numerous
adverse health effects including the worsening of asthma and
respiratory problems [3, 6]. In Surabaya, Indonesia, larval
mortality rates of under 80% indicate possible resistance of
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Aedes aegypti to the insecticide temephos [7], and outside
Indonesia, resistance to insecticide has been reported in
multiple countries. In recent years, the frequency of kdr
mutations associatedwith pyrethroid resistance has increased
rapidly [8]. Pyrethroids have become the most frequently
used public health insecticides globally due to their low cost
and low toxicity to mammals [9], and they are of consid-
erable concern when kdr is found in wild populations of
vector mosquitoes [8]. With the many cases of Aedes aegypti
mosquito’s resistance to insecticide, it is therefore necessary
to develop alternative strategies to slow its evolution.

Besides controlling dengue via control of mosquitoes
population, one of the alternative strategies that is being
used is dengue vaccine. In December 2015, the first vaccine
against dengue by Sanofi Pasteur, Dengvaxia (CYD-TDV),
was approved in three highly endemic countries: Mexico,
Philippines, and Brazil [10]. This vaccine is the world’s first
dengue vaccine and is already licensed for individuals aged
9–45 years for the prevention of infectious disease caused
by four dengue virus serotypes (DEN 1, DEN 2, DEN 3,
and DEN 4) [11]. In Indonesia, so far, the government is
still conducting clinical trials to determine its effectiveness.
However, assessments of the public’s acceptance of the dengue
vaccine and its associated factors are widely lacking [12]. A
lack of understanding about the importance of vaccination
against dengue to the public will be able to reduce the
success rate of vaccination interventions in various countries,
especially in a country that is less intensive to educate people
about the importance of dengue fever vaccination [13]. In
2017, Dengvaxia would have been applied if proven effective
and suitable for the dengue serotypes which are pandemic in
Indonesia [14].

The earliest mathematical models for dengue disease
transmission are developed in [15, 16] which are closely
related to the models for the transmission of malaria dis-
cussed in [17, 18]. The authors in [16] create the model for
two types of viruses by allowing temporary cross immunity
and increased susceptibility to the second infection due to
the first infection.The intervention has not yet been used into
themathematicalmodel [16]. In [19], themathematicalmodel
with only insecticide campaign intervention is discussed. It
has been shown that, with a steady insecticide campaign, it
is possible to reduce the number of infected humans and
mosquitoes and prevent an outbreak that could transform
an epidemiological episode to an endemic disease [19]. A
year after the research discussed in [19], it was updated
[20], and the mathematical model for dengue was updated
continuouslywith all controls included, that is, (1)proportion
of larvicide, (2) proportion of adulticide, and (3) proportion
of mechanical control. The results have shown that, even
with a low, although continuous, index of control adulticide
over time, the results are surprisingly positive [20]. However,
it has been stated that to rely only on adulticide is a risky
decision [20]. The research in [6, 7, 21] supports this claim,
citing the problem of Aedes aegypti mosquito’s resistance
to insecticide. Under the new achievement in the field of
vaccination technology with the discovery of the first vaccine
against dengue by Sanofi Pasteur, the work in [22] devised
two models, one assuming that unintentional vaccination

increases the infectious period and another assuming that
unintentional vaccination leads to the development of symp-
toms. This argument is also supported by [3], in which
the mathematical model is created with the vaccine as the
new compartment, arguing that the vaccine must divide the
human population into classes, that is, the perfect pediatric
vaccine for newborns and perfect adult vaccine (conferring
100% protection throughout life), and also classes of human
with imperfect vaccine effect [3]. Othermathematical models
with different interventionwere also introduced in [23]which
discuss the use of mosquito repellent to reduce probability of
success of infection in human population and in [4] which
discuss the use of sterile mosquito strategy.

According to above explanation, it is important to find the
best strategy for controlling dengue spreads for both short-
term and long-term interventions. Therefore, a mathemat-
ical model of dengue disease transmission by using adult
and newborn vaccines with waning immunity, the use of
insecticides and larvicides, and mechanical control will be
developed in the next section. Equilibrium points will be
found, which ensure the existence of local stability. Basic
reproduction numbers will be obtained as the main factor in
whether the disease will become epidemic in a population
or not. Numerical analysis for comparing the dynamic of
infected humans and mosquitoes will be used to support the
model interpretation.

2. Mathematical Model Construction

To construct our model, firstly we divide the human popula-
tion into four compartments, that is,𝑆ℎ(𝑡): susceptible (individuals who can be infected

with dengue);𝑉ℎ(𝑡): vaccinated (individuals who have had the vac-
cine injected into their bodies, making them resistant
to infectious disease. However, the use of the vaccine
does not provide perfect immunity. There will be a
time when the vaccine does not work properly in the
body or when the effect of the vaccine has begun to
subside [3]);
Inℎ(𝑡): infected (individuals who are infected with
dengue. In this case, the infected human is incapable
of transmitting the disease to other humans);𝑅ℎ(𝑡): recovered (individuals who have recovered
from dengue and have acquired temporal immunity
to respective DEN virus).

On the other hand, we divide the mosquito population
into three compartments, that is,𝐴V(𝑡): aquatic phase (the phase that includes the egg,

larvae, and pupa stages, which live in water);𝑆V(𝑡): susceptible (mosquitoes that are able to infect
with dengue);
InV(𝑡): infected (mosquitoes that have been infected
with dengue by an infected human and are capable of
transmitting dengue to humans).
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Figure 1:Mathematicalmodel using vaccination of adults and newborns, fumigation and larvicide treatment, and enforcement ofmechanical
control.

Secondly, we have made some assumptions that we will
use to describe a dynamic process in our model that we
will construct: (1) There is no migration in either human
or mosquito population. (2) Humans and mosquitoes are
assumed to be born susceptible, there is nonatural protection,
and dengue is not passed onto the next generation (no
vertical transmission) [19]. (3) The transmission process in
susceptible and vaccinated humans is simply by the bite of
an infected mosquito. Infected humans cannot transmit the
virus to other susceptible or vaccinated humans [19]. (4)
The death rate is considered to be a natural death rate in
both populations. (5) Vaccinated human status is considered
temporary because of the ability of the vaccine to subside over
time [3]. (6) There is no recovered phase in mosquitoes due
to their short lifespan [20]. (7)There is no resistant (immune)
effect in mosquitoes to the use of synthetic fumigation, such
as insecticides and larvicides [6, 7]; in this article, we assume
that there is no resistant (immunity) effect to mosquitoes
due to use of synthetic fumigation, such as insecticide and
larvicide.

With the assumptions, variables, and transmission dia-
gram given in Figure 1, the model is represented as a seven-
dimensional system of differential equations which are given
by

𝑑𝑆ℎ𝑑𝑡 = (1 − 𝑢2) 𝐴ℎ − 𝑏𝛽ℎ𝑆ℎInV𝑁ℎ − 𝑢1𝑆ℎ − 𝜇ℎ𝑆ℎ + 𝛿ℎ𝑅ℎ+ 𝜃ℎ𝑉ℎ,𝑑𝑉ℎ𝑑𝑡 = 𝑢2𝐴ℎ + 𝑢1𝑆ℎ − 𝑏𝜉𝛽ℎ𝑉ℎInV𝑁ℎ − 𝜇ℎ𝑉ℎ − 𝜃ℎ𝑉ℎ,𝑑Inℎ𝑑𝑡 = 𝑏𝛽ℎInV (𝑆ℎ + 𝜉𝑉ℎ)𝑁ℎ − 𝛾ℎInℎ − 𝜇ℎInℎ,𝑑𝑅ℎ𝑑𝑡 = 𝛾ℎInℎ − 𝜇ℎ𝑅ℎ − 𝛿ℎ𝑅ℎ,

𝑑𝐴V𝑑𝑡 = 𝜙(1 − 𝐴V𝑢5𝑘𝑁ℎ) (𝑆V + InV) − 𝑢3𝐴V − 𝜂V𝐴V− 𝜇𝐴𝐴V,𝑑𝑆V𝑑𝑡 = 𝜂V𝐴V − 𝑏𝛽V𝑆VInℎ𝑁ℎ − 𝜇V𝑆V − 𝑢4𝑆V,𝑑InV𝑑𝑡 = 𝑏𝛽V𝑆VInℎ𝑁ℎ − 𝜇VInV − 𝑢4InV,
(1)

with parameters description being the following:𝑁ℎ: total of human population𝐴ℎ: human per capita birth rate𝑏: average number of bites of humans by mosquitoes𝛽ℎ: average of successful transmission in human𝛽V: average of successful transmission in mosquitoes𝜇ℎ: human death rate𝜇V: mosquito death rate𝜇𝐴: larval death rate𝛿ℎ: the rate of change from 𝑅ℎ to 𝑆ℎ because of the
disappearance of the temporal natural immunity𝜃ℎ: the rate of change from 𝑉ℎ to 𝑆ℎ because of the
disappearance of the temporal vaccine effect𝜉: reduction of 𝛽ℎ because of vaccine𝛾ℎ: human recovery rate𝜙: average number of eggs at each deposit𝑘: ratio for number of larvae per human𝜂V: transition rate from 𝐴V to 𝑆V𝑢1: adult vaccination rate𝑢2: newborn vaccine
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𝑢3: larvicide rate𝑢4: fumigation rate𝑢5: enforcement of mechanical control proportion to
reduce 𝑘

In the next section, mathematical model analysis to find
equilibrium points and their local stability criteria will be
given.

3. Equilibrium Points and Local Stability

From the system of equation (1), we find three types of
equilibrium points.

3.1. Mosquito-Free Equilibrium (MFE) Point. It is the equilib-
rium where the mosquito virus does not exist in the living
environment, so any infectious disease never occurs at the
MFE point (sterile conditions). This equilibrium is given by

𝑆1ℎ = −𝐴ℎ (𝜇ℎ + 𝜃ℎ) (𝑅2 − 1)𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) ,
𝑉1ℎ = 𝐴ℎ (𝜇ℎ𝑢2 + 𝑢1)𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) ,
In1ℎ = 0,𝑅1ℎ = 0,𝐴1V = 0,𝑆1V = 0,
In1V = 0.

(2)

At the MFE point, it can be seen that 𝑆1ℎ can have either a
positive or a negative value. However, from an epidemiologi-
cal point of view, a population has biological meaning only if
it has a nonnegative value. Therefore, to ensure that the MFE
point exists, the positiveness for 𝑆1ℎ should be made; that is,𝑅2 = 𝜇ℎ𝑢2𝜇ℎ + 𝜃ℎ < 1. (3)

To guarantee local stability of equilibrium, it is necessary to
ensure that all eigenvalues of system (1) in its Jacobian matrix
evaluated in the MFE have negative values. The condition is𝜂V𝜙(𝜇V + 𝑢4) (𝑢3 + 𝜂V + 𝜇𝐴) = 𝑅1 < 1. (4)

Please note that 𝑅1 is known as the basic offspring number,
which will guarantee the existence of mosquitoes in the
population. The mosquito population will exist if, and only
if, 𝑅1 ≥ 1 as will be discussed in the next equilibrium point.

3.2. Disease-Free Equilibrium (DFE) Point. DFE is an equi-
librium where mosquito and human populations exist in the
living environment, but the virus does not occur.

We have two types of DFE equilibrium point, which
are DFE-1 and DFE-2. DFE-1 describes a condition where
infected, recovered human groups and infected, recovered
mosquito groups do not exist, while DFE-2 describes a
condition where infected, recovered human groups, infected,
recovered mosquito groups, and human vaccinated groups
do not exist (special case without intervention of vaccines
(𝑢1 = 𝑢2 = 0)).
3.2.1. Disease-Free Equilibrium I (DFE-1) Point. This equilib-
rium is given by𝑆2ℎ = −𝐴ℎ (𝜇ℎ + 𝜃ℎ) (𝑅2 − 1)𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) ,

𝑉2ℎ = 𝐴ℎ (𝜇ℎ𝑢2 + 𝑢1)𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) ,
In2ℎ = 0,𝑅2ℎ = 0,𝐴2V = 𝑢5𝑘𝑁ℎ (𝑅1 − 1) ,
𝑆2V = 𝑢5𝑘𝑁ℎ𝜂V (𝑅1 − 1)𝜇V + 𝑢4 ,
In2V = 0,

(5)

which will exist if and only if𝑅1 = 𝜂V𝜙(𝜇V + 𝑢4) (𝑢3 + 𝜂V + 𝜇𝐴) > 1,
𝑅2 = 𝜇ℎ𝑢2𝜇ℎ + 𝜃ℎ < 1. (6)

DFE-1 will be locally asymptotically stable if and only if𝜂V𝜙(𝜇V + 𝑢4) (𝑢3 + 𝜂V + 𝜇𝐴) = 𝑅1 > 1, (7)

𝑏2𝛽V𝑢5𝑘𝛽ℎ𝐴ℎ (𝑢1𝜉 + 𝜇ℎ + 𝜃ℎ + (𝜇ℎ + 𝜃ℎ) (𝜉 − 1) 𝑅2) (𝑅1 − 1)𝜙 (𝜇V + 𝑢4)2 (𝛾ℎ + 𝜇ℎ)𝑁ℎ𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ)= R0 < 1. (8)

Based on (8), it is known that
1. if 𝑅1 < 1, thenR0 < 0 will be obtained;
2. if 𝑅1 > 1, then R0 ∈ (0, 1) or R0 ∈ (1,∞) will be
obtained.

3.2.2. Disease-Free Equilibrium II (DFE-2) Point. This equi-
librium is given by𝑆3ℎ = 𝐴ℎ𝜇ℎ ,𝑉3ℎ = 0,

In3ℎ = 0,𝑅3ℎ = 0,
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𝐴3V = 𝑢5𝑘𝑁ℎ (𝑅1 − 1) ,
𝑆3V = 𝑢5𝑘𝑁ℎ𝜂V (𝑅1 − 1)𝜇V + 𝑢4 ,
In3V = 0,

(9)

which only exist if and only if

𝑅1 = 𝜂V𝜙(𝜇V + 𝑢4) (𝑢3 + 𝜂V + 𝜇𝐴) > 1. (10)

To guarantee the local stability of equilibrium, it is necessary
to ensure that all eigenvalues of system (1), evaluated in the
Jacobi matrix on DFE-2 point, are negative. The condition is

𝐴ℎ𝛽ℎ𝛽V𝑏2𝑘𝑢5𝜙𝜂V(𝜇ℎ𝑁ℎ (𝜇V + 𝑢4) (𝜇ℎ + 𝛾ℎ) 𝜙 + 𝑏2𝑢5𝛽ℎ𝛽V𝑘𝐴ℎ (𝑢3 + 𝜇𝐴 + 𝜂V)) (𝜇V + 𝑢4) = 𝑅6 < 1,
𝜂V𝜙(𝜇V + 𝑢4) (𝑢3 + 𝜂V + 𝜇𝐴) = 𝑅1 > 1. (11)

3.3. Endemic Equilibrium (EE). Endemic equilibrium
describes a condition where all compartments, both
human and mosquitoes, achieve coexistence. The endemic
equilibrium point of system (1) is not in simple way to

be written in explicit form. However, the existence of this
equilibrium point might be written as equilibrium points
that depend on values of InV and Inℎ which are given by

𝑆∗ℎ = (In∗ℎ In∗V 𝑏𝛽ℎ𝜉 + 𝜇ℎIn∗ℎ𝑁ℎ (𝜃ℎ + 𝜇ℎ)) (𝜇ℎ + 𝛾ℎ) − 𝑁ℎ (𝑏𝛽ℎ𝐴ℎ𝑢2𝜉In∗V )(𝑁ℎ𝜉𝑢1 + 𝑏𝛽ℎIn∗V 𝜉 + 𝑁ℎ𝜇ℎ + 𝑁ℎ𝜃ℎ) 𝑏𝛽ℎIn∗V ,
𝑉∗ℎ = 𝑁ℎ (𝑢2𝐴ℎ𝑏𝛽ℎIn∗V + 𝑢1𝑁ℎ𝛾ℎIn∗ℎ + 𝑢1𝑁ℎ𝜇ℎIn∗ℎ)(𝑁ℎ𝜉𝑢1 + 𝑏𝛽ℎIn∗V 𝜉 + 𝑁ℎ𝜇ℎ + 𝑁ℎ𝜃ℎ) 𝑏𝛽ℎIn∗V ,
𝑅∗ℎ = 𝛾ℎIn∗ℎ𝜇ℎ + 𝛿ℎ ,𝐴∗V = In∗V (𝜇V + 𝑢4) (𝑁ℎ𝑢4 + 𝑁ℎ𝜇V + 𝑏𝛽VIn

∗
ℎ)𝜂V𝑏𝛽VIn∗ℎ

,
𝑆∗V = In∗V𝑁ℎ (𝜇ℎ + 𝑢4)𝑏𝛽VIn∗ℎ

,

(12)

while In∗V and In∗ℎ are taken from positive solution of𝐹1 = (𝑏𝛽VIn
∗
ℎ + 𝜇V𝑁ℎ + 𝑢4𝑁ℎ) (𝑏𝛽VIn

∗
ℎ𝜙𝑢5𝑘𝑁ℎ𝜂V− (𝑚𝑢V + 𝑢4)) (𝑏𝑘In∗ℎ𝑁ℎ𝛽V𝜂V𝑢5 + 𝑏𝑘In∗ℎ𝑁ℎ𝛽V𝜇𝐴𝑢5+ 𝑏𝑘In∗ℎ𝑁ℎ𝛽V𝑢3𝑢5 + 𝑏𝜙In∗ℎ In∗V𝛽V+ 𝜙In∗V𝑁ℎ (𝜇V + 𝑢4)) = 0,𝐹2 = (𝐴In2V + 𝐵Inℎ + 𝐶) Inℎ + 𝐷In2V + 𝐸InV,

(13)

with 𝐴 = −𝑏2𝜉𝛽ℎ2𝜇ℎ (𝛿ℎ + 𝛾ℎ + 𝜇ℎ) ,𝐵 = −𝑏𝑁ℎ𝛽ℎ𝜇ℎ (𝜉𝛿ℎ𝛾ℎ + 𝜉𝛿ℎ𝜇ℎ + 𝜉𝛿ℎ𝑢1 + 𝜉𝛾ℎ𝜇ℎ+ 𝜉𝛾ℎ𝑢1 + 𝜉𝜇ℎ2 + 𝜉𝜇ℎ𝑢1 + 𝛿ℎ𝜇ℎ + 𝛿ℎ𝜃ℎ + 𝛾ℎ𝜇ℎ+ 𝛾ℎ𝜃ℎ + 𝜇ℎ2 + 𝜇ℎ𝜃ℎ) ,

𝐶 = −𝑁ℎ2𝜇ℎ (𝜇ℎ + 𝜃ℎ + 𝑢1) (𝜇ℎ + 𝛾ℎ) (𝛿ℎ + 𝜇ℎ) ,𝐷 = 𝑏2𝜉𝐴ℎ𝛽ℎ2 (𝛿ℎ + 𝜇ℎ) ,𝐸 = 𝑏𝐴ℎ𝑁ℎ𝛽ℎ (𝜉𝜇ℎ𝑢2 + 𝜉𝑢1 − 𝜇ℎ𝑢2 + 𝜇ℎ + 𝜃ℎ) (𝛿ℎ+ 𝜇ℎ) .
(14)

Substituting all parameters values from Table 1 into above
couple of equations will give us existence of InV and Inℎ
numerically as shown in Figure 2. It can be seen that, as long
as the intersection between 𝐹1 and 𝐹2 is in the first quadrant,
we will have a positive endemic equilibrium.

For simple case when no intervention is given into system
(1) (𝑢1 = 𝑢2 = 𝑢3 = 𝑢4 = 0 and 𝑢5 = 1), endemic equilibrium
point is given by(𝑆+ℎ , 𝑉+ℎ , In+ℎ , 𝑅+ℎ , 𝐴+V , 𝑆+V , In+V ) , (15)
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Table 1: Parameters values.

Parameters Value Description𝑁ℎ 1000 Total of human population is assumed to be 1000 people.𝜇ℎ 1/(65 × 365) Since human life expectation is approximately 65 years, we have 𝜇ℎ = 1/(65 × 365) [23].𝐴ℎ 1000/(65 ×365) Since in our model the total of the human population is constant, we have 𝐴ℎ = 𝑁ℎ𝜇ℎ = 1000/(65 × 365).𝜙 300 We assume that each female Aedes aegypti produces 300 eggs at each spawning.𝛽ℎ, 𝛽V 0, 1 It is assumed that it needs 10 successful contacts to infect a human/mosquito with dengue [23].𝜃ℎ 1/60 We assume that the effect of vaccination will have disappeared in 60 days.𝛾ℎ 1/14 The natural recovery rate for the human population from dengue is 14 days [4].𝜉 0.1 With vaccination, the infection rate from mosquito to human population will be reduced by 90%.𝜇V 1/30 Life expectation of the mosquito population is 30 days [4].𝜇𝐴 0.75/21 We assume that there is only a 25% chance that larvae might grow and become adult mosquitoes, with
time to transition being 21 days.𝜂V 0.25/21 Transition from aquatic phase to adult mosquito [4].𝛿ℎ 1/30 Short-term immunity of humans to dengue after recovery is 30 days [23].𝑏 1 Mosquitoes only bite once a day [23].𝑘 2 We assume that the ratio between human and adult mosquitoes is 2; that is, each human related to 2 adult
mosquitoes.
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Figure 2: Existence of endemic equilibrium for InV and Inℎ depending on couple of polynomial characteristics.

where

𝑆+ℎ = − 𝜇V (𝜇ℎ + 𝛾ℎ) (𝑁ℎ𝜇ℎ2𝜇V + (𝑁ℎ𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝛽V𝐴ℎ) 𝜇ℎ + 𝑏𝛽V𝐴ℎ𝛿ℎ)(𝑅4 − 1) (𝜇ℎ2𝜇V + (𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝑘𝜂V𝛽ℎ) 𝜇ℎ + 𝜇V𝛿ℎ𝛾ℎ + 𝑏𝑘𝜂V𝛽ℎ (𝛿ℎ + 𝛾ℎ)) 𝜇ℎ𝛽V𝑏 ,𝑉ℎ+ = 0,
In+ℎ = 𝑏𝑘𝐴ℎ𝜂V𝛽ℎ (𝑅3 − 1) (𝜇ℎ + 𝛿ℎ)(𝑅4 − 1) 𝜇ℎ (𝜇ℎ2𝜇V + (𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝑘𝜂V𝛽ℎ) 𝜇ℎ + 𝜇V𝛿ℎ𝛾ℎ + 𝑏𝑘𝜂V𝛽ℎ (𝛿ℎ + 𝛾ℎ)) ,
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𝑅+ℎ = 𝑏𝑘𝐴ℎ𝜂V𝛽ℎ𝛾ℎ (𝑅3 − 1)(𝑅4 − 1) 𝜇ℎ (𝜇ℎ2𝜇V + (𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝑘𝜂V𝛽ℎ) 𝜇ℎ + 𝜇V𝛿ℎ𝛾ℎ + 𝑏𝑘𝜂V𝛽ℎ (𝛿ℎ + 𝛾ℎ)) ,𝐴+V = −𝑁ℎ𝑘 (𝑅5 − 1) ,
𝑆+V = −(𝑅4 − 1) (𝜇ℎ2𝜇V + (𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝑘𝜂V𝛽ℎ) 𝜇ℎ + 𝜇V𝛿ℎ𝛾ℎ + 𝑏𝑘𝜂V𝛽ℎ (𝛿ℎ + 𝛾ℎ)) 𝜇ℎ𝑁ℎ2𝛽ℎ (𝑁ℎ𝜇ℎ2𝜇V + (𝑁ℎ𝜇V (𝛿ℎ + 𝛾ℎ) + 𝑏𝛽V𝐴ℎ) 𝜇ℎ + 𝑏𝛽V𝐴ℎ𝛿ℎ) 𝑏 ,
In+V = − 𝐴ℎ𝑁ℎ𝑏𝛽V𝜂V𝑘 (𝑅3 − 1) (𝜇ℎ + 𝛿ℎ)𝜇V (𝑁ℎ𝜇ℎ (𝛿ℎ + 𝛾ℎ + 𝜇ℎ) 𝜇V + 𝑏𝛽V𝐴ℎ (𝜇ℎ + 𝛿ℎ)) .

(16)

It is seen that 𝑆+ℎ , 𝑉+ℎ , In+ℎ , 𝑅+ℎ , 𝐴+V , 𝑆+V , and In+V points can have
either a positive or a negative value. But as in the MFE and
DFE case, an equilibrium point has biological meaning only
if it has positive values.Therefore, to ensure that the EE point
exists, the condition for 𝑆+ℎ , 𝑉+ℎ , In+ℎ , 𝑅+ℎ , 𝐴+V , 𝑆+V , and In+V which
has positive value needs to be made; that is,

𝑅3
= (𝜙𝑁ℎ𝜇ℎ (𝜇ℎ + 𝛾ℎ) 𝜇V + 𝑏2𝛽ℎ𝛽V𝑘𝐴ℎ (𝜇𝐴 + 𝜂V)) 𝜇V𝐴ℎ𝑏2𝛽ℎ𝛽V𝜂V𝑘𝜙< 1,𝑅4
= 𝑏𝛽ℎ𝑘𝜇V (𝜇𝐴 + 𝜂V) (𝛿ℎ + 𝛾ℎ + 𝜇ℎ)(𝑏𝛽ℎ𝑘 (𝛿ℎ + 𝛾ℎ + 𝜇ℎ) 𝜂V + 𝜇V (𝜇ℎ + 𝛿ℎ) (𝜇ℎ + 𝛾ℎ)) 𝜙< 1,

𝑅5 = 𝜇V (𝜇𝐴 + 𝜂V)𝜙𝜂V < 1.
(17)

Numerical simulation, using data parameters in Table 1, is
performed to show an example of the stability of endemic
equilibrium points. The numerical simulation result of the
equilibrium point stability can be seen in Table 2.

4. Basic Reproduction Number

4.1. Construction of Basic Reproduction Number. Basic repro-
duction number (R0) is defined as the expected number of
secondary cases from one primary case in a virgin population
during the infection period [24]. R0 can be taken from the
spectral radius of the next-generation matrix. Please see [25]
for further explanation about the construction of the next-
generation matrix of the compartmental model in various
disease models.

According to our model in system (1) and evaluating it
at disease-free equilibrium (DFE) in (5), our next-generation
matrix is given by

K = ( 0 − 𝑏𝛽ℎ𝑁ℎ (−𝜇V − 𝑢4) (𝐴ℎ (𝜇ℎ𝑢2 + 𝑢1) 𝜉𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) − 𝐴ℎ (𝜇ℎ𝑢2 − 𝜇ℎ − 𝜃ℎ)𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) )𝑏𝛽V𝑢5𝑘 ((𝜇V + 𝑢4) (𝑢3 + 𝜇𝐴 + 𝜂V) − 𝜂V𝜙)𝜙 (𝜇V + 𝑢4) (−𝛾ℎ − 𝜇ℎ) 0 ) . (18)

The element of the next-generation matrix K can be inter-
preted as follows: the number of new infections in 𝑗th column
is caused by one infection from 𝑖th row ofK. Please note that𝑖 and 𝑗 for 1 and 2 represent Inℎ and InV group.Therefore, for
example,K2,1 represent the case that one infected mosquito
will produce 𝑏𝛽V𝑢5𝑘((𝜇V + 𝑢4)(𝑢3 + 𝜇𝐴 + 𝜂V) − 𝜂V𝜙)/𝜙(𝜇V +𝑢4)(−𝛾ℎ − 𝜇ℎ) number of new infected people. On the other
hand, K1,2 represent the case that one infected human will
produce −(𝑏𝛽ℎ/𝑁ℎ(−𝜇V − 𝑢4))(𝐴ℎ(𝜇ℎ𝑢2 + 𝑢1)𝜉/𝜇ℎ(𝜇ℎ + 𝑢1 +𝜃ℎ) − 𝐴ℎ(𝜇ℎ𝑢2 − 𝜇ℎ − 𝜃ℎ)/𝜇ℎ(𝜇ℎ + 𝑢1 + 𝜃ℎ)) number of new
infected mosquitos. Supported by dengue facts that the new
infection in human and mosquito population cannot occur
from contact between human and human or mosquito and
mosquito, we have thatK1,1 andK2,2 are equal to 0.

Finding the spectral radius of (18), our basic reproduction
number associated with system (1) is given by

R0

= 𝑏2𝛽V𝑢5𝑘𝛽ℎ𝐴ℎ (𝑢1𝜉 + 𝜇ℎ + 𝜃ℎ + (𝜇ℎ + 𝜃ℎ) (𝜉 − 1) 𝑅2) (𝑅1 − 1)𝜙 (𝜇V + 𝑢4)2 (𝛾ℎ + 𝜇ℎ)𝑁ℎ𝜇ℎ (𝜇ℎ + 𝑢1 + 𝜃ℎ) , (19)
with 𝑅1 and 𝑅2 already defined in the previous section.

Please note that, according to the previous section, this
R0 becomes a threshold number to guarantee the existence
and local stability of the disease-free equilibrium point (see
(5)) and endemic equilibrium point.We find that the disease-
free equilibrium point will be locally asymptotically stable
whenR0 < 1.This situationwill tend the system to possibility
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Table 2: Numerical example to show existence and stability of equilibrium points for various values of parameters in Table 1 and 𝑢1 = 0, 𝑢3 =0, 𝑢5 = 1.
𝜙 𝑢4 𝑢2 R0 𝑅1 Stable

equilibrium Point

3 1 0,1 −0.0012 0.7258 MFE
(𝑆ℎ = 999.7477; 𝑉ℎ = 0.25226;

Inℎ = 0; 𝑅ℎ = 0; 𝐴V = 0;𝑆V = 0; InV = 0)
300 1 0,1 0.0031 72.5807 DFE-1

(𝑆ℎ = 999.7477; 𝑉ℎ = 0.2522598;
Inℎ = 0; 𝑅ℎ = 0; 𝐴V = 1972.4444;𝑆V = 22.7240; InV = 0)

300 1 0 0,0031 72.5807 DFE-2
(𝑆ℎ = 1000; 𝑉ℎ = 0; Inℎ = 0;𝑅ℎ = 0; 𝐴V = 1972.444;𝑆V = 22.7240; InV = 0)

300 0 0,1 2,9962 2250,00 EE

(𝑆ℎ = 494.6757; 𝑉ℎ = 0; 2215;
Inℎ = 160; 8530; 𝑅ℎ = 344; 2498;𝐴V = 1999; 1111; 𝑆V = 481; 5783;

InV = 232; 3899)
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Figure 3: Sensitivity analysis ofR0 with respect to dengue intervention in mosquito population.

equilibrium, that is, stable inMFE ifR1 < 1 and stable inDFE
ifR1 > 1. On the other hand, ifR0 > 1, the DFE orMFEwill
be unstable and the system will tend to endemic equilibrium
point.

4.2. Sensitivity Analysis of Basic ReproductionNumber. In this
subsection, a sensitivity analysis of the basic reproduction
number will be performed to find and compare the most
sensitive parameters (𝑢𝑖) to determine the value of R0. In
the first subsection, we will compare the sensitivity analysis
of intervention in the mosquito population (𝑢𝑖 for 𝑖 = 3, 4, 5)
and in the next subsection we will compare the sensitivity of
intervention in the human population (𝑢𝑖 for 𝑖 = 1, 2).
4.2.1. Sensitivity Analysis in Mosquito Population. As already
stated in the previous section, we include larvicide, fumi-
gation, and mechanical control in our model as 𝑢3, 𝑢4,
and 𝑢5, respectively. To find the sensitivity curve of basic
reproduction number as shown in Figure 3 for 𝑢𝑖 and 𝑢𝑗, we

input all parameters into R0 except 𝑢𝑖 and 𝑢𝑗 and then plot
its implicit equation.

In Figure 3(a), a comparison of the efficacy of larvicide
and insecticide is performed and we find that insecticide
is much more efficacious in reducing R0 than larvicide.
In the next figure, Figure 3(b), we find that intervention
using mechanical control is more efficacious in reducingR0.
Finally, we compare the efficacy of insecticide andmechanical
control, and we find that insecticide is muchmore efficacious
in reducing R0. Therefore, from these three figures, we
conclude that insecticide is the best way of controlling
dengue spread, followed bymechanical control and larvicide,
respectively.

4.2.2. Sensitivity Analysis in Human Population. In this sub-
section, the same procedure is applied to find the sensitivity of
R0 in Figure 4. It can be seen that the larger the intervention
of vaccination we give, the smaller R0 will be, and reducing
R0 with intervention of adult vaccination (𝑢1) is faster than
with vaccination of newborns (𝑢2).
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Figure 4: Sensitivity analysis ofR0 with respect to dengue intervention in human population.

To back up the result given in the two previous figures
in Figures 3 and 4, we will determine the value of each
intervention in a single-intervention scenario. This means
that if we only use vaccination intervention in the model, we
will set the other parameters to 0 for 𝑢2, 𝑢3, 𝑢4 and 1 for 𝑢5.
With this scenario, we need 𝑢1 = 0.04765, 𝑢2 = 293.04, 𝑢3 =71.363, 𝑢4 = 0.02436, and 𝑢5 = 0.33364 to reduceR0 to 0.99.
It can be seen that 𝑢4 is the smallest value of intervention to
reduceR0 with respect to controlling the spread of dengue.

In the next section, we present some numerical exper-
iments to show the long- and short-term behavior of our
model in (1) with respect to the value of various interventions.

5. Numerical Experiment

Toperform anumerical experiment in this section, we use the
parameters values given in Table 1 and the initial condition
given by 𝑆ℎ (0) = 980;𝑉ℎ (0) = 0;

Inℎ (0) = 20;𝑅ℎ (0) = 0;𝐴V (0) = 2000;𝑆V (0) = 980;
InV (0) = 20.

(20)

As it can be seen from (20), total numbers of human (𝑆ℎ +𝑉V + Inℎ + 𝑅ℎ) and adult mosquito (𝑆V + InV) are 1000 in𝑡 = 0. The number of infected humans and mosquitoes is
small to describe the situation when the infection of dengue

has just started. Using a value of 𝑢𝑖 in the previous section
to reduce R0 to 0.99, it can be seen that 𝑢2 and 𝑢3 will
not satisfy the condition that 𝑢𝑖 should be between 0 and 1.
For the next simulation, therefore, we will only perform the
dynamic behavior of infected groups (Inℎ, InV) with respect
to intervention of 𝑢1, 𝑢4, and 𝑢5 as shown in Figures 5 and 6
for Inℎ and InV, respectively.

Figures 5 and 6 show the dynamic of infected humans and
mosquitoes in the short term (𝑡 ∈ [0, 100]) and long term
(𝑡 ∈ [300, 500]). It can be seen that, without intervention,
the number of infected humans and infected mosquitoes
will tend to endemic equilibrium, since R0 = 2.99 >1. After intervention is given until R0 = 0.99 < 1
(we take 𝑢1 = 0.04765 or 𝑢4 = 0.02436 and/or 𝑢5 =0.33364 to represent each simulation), the number of infected
humans and mosquitoes will be decreased and pushed to
the disease-free equilibrium point. It can also be seen in
Figure 5 that intervention of adult vaccination in short-
term simulations is the best way to reduce the number
of infected humans to the lowest level, rather than other
interventions, following this with fumigation andmechanical
control interventions, respectively. Unfortunately, for long-
term simulations, intervention by fumigation is the best way
to reduce the number of infected humans, rather than an
adult vaccination strategy. On the other hand, in both short-
and long-term simulations, intervention by fumigation is the
best way to reduce the number of infected mosquitoes, as
shown in Figure 6.

The next simulation is performed to show the efficacy
of 𝑢4 as the best strategy for long-term intervention in both
human and mosquito populations, as shown in Figure 7. It
can be seen that an intervention of 𝑢4 gradually from 0 to0.1 will reduce R0 from 2.99 to 0.18. As a consequence, a
smallerR0 will reduce the infected population and delay the
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Figure 5: Dynamic of infected humans for short-term (a) and long-term (b) intervention.
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Figure 6: Dynamic of infected mosquitoes for short-term (a) and long-term (b) intervention.
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Figure 7: Sensitivity of 𝑢4 with respect to the number of infected mosquitoes (a) and infected humans (b).
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Figure 8: Biweekly fumigation strategy.

outbreak for some time. It can also be seen that it needs a
proper value of 𝑢4 in order that the dynamic of the infected
population will never reach outbreak level.

The last simulation is performed to show the effect of
periodic as opposed to constant fumigation intervention.
For this purpose, the fumigation is implemented biweekly
as a constant (0.02436), and the effect of fumigation will

disappear linearly after two weeks, as illustrated in Figure 8.
As a result, although constant intervention is much better at
significantly reducing the number of infected and susceptible
mosquitoes in themosquito population, as shown in Figure 9,
biweekly intervention is only slightly different from constant
intervention in reducing the number of infected humans and
increasing the number of susceptible humans, as shown in
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Figure 10: Susceptible (a) and infected (b) human dynamics with constant (solid curve) and biweekly (dash curve) strategy.

Figure 10.This result indicates that, rather than implementing
fumigation constantly, which is more expensive, it would be
better to implement a fumigation strategy periodically, since
it involves a lower cost.

6. Conclusions

In this article, we have proposed a mathematical model of
dengue spread, with various interventions, such as vaccina-
tion of adults and newborns in the human population, and

larvicide, insecticide, andmechanical control of themosquito
population. Basic reproduction number and basic offspring
as the endemic threshold for disease existence and mosquito
existence, respectively, have been shown analytically. We find
that disease-free equilibrium will be locally asymptotically
stable if, and only if, basic reproduction number is smaller
than one and will be unstable otherwise.

From sensitivity analysis and backed up with some
numerical simulations, we find that fumigation is the best
strategy for long-term intervention to reduce the infected
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populations of both mosquitoes and humans. But for short-
term intervention, vaccination of the adult population is the
best way to reduce the number of infected people. From
numerical simulation, intervention using fumigation, apart
from reducing the outbreak, can also delay an outbreak for
some period of time.

We also find that although periodic intervention strategy
of fumigation cannot reduce the number of infected humans
and mosquitoes as efficiently as constant intervention, it is
only slightly different. Therefore, if the government has a
limited budget, then periodic intervention could be a good
option to implement.

For future research, reconstructing the model in this
article as an optimal control problem will be considered to
show the effectiveness of interventions, not only based on a
reduction of the number of infected humans and mosquitoes
but also with the lowest cost for intervention purposes.
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