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ABSTRACT

Dengue is an acute viral illness caused by RNA virus of the family Flaviviridae
and spread by Aedes mosquitoes. It has imposed significant social, economic
and medical burdens which have led to loss of lives in dengue-endemic areas.
In order to understand its mode of transmission, dynamics and assess optimal
strategies for controlling the disease spread, several researchers have proposed
different compartmental deterministic models (single-patch, multi-strain and multi-
patch models). However, these models have the shortcomings of either not covering all
dengue transmission phases or feature the aquatic stage mosquito. Thus, the existing
model is not suitable as model frameworks in assessing different control intervention
strategies to effectively control the disease transmission in a homogeneous environment,
with coexistence of multiple Dengue Virus (DENV) serotypes in a community, and
in a patchy environment. Therefore, the deterministic models that can explain the
mechanisms involved in these aspects of dengue transmission and optimal control
are needed. This research proposes and analysed single-patch deterministic model
featuring all the necessary transmission phases of dengue fever in human, and both the
aquatic and adult mosquitoes. This is to facilitate the understanding of the real nature
of the dengue spread in a homogeneous environment and reliably use optimal personal
protection (up), larvicide (u; ) and adulticide (u4) for its effective control by formulating
different optimal control frameworks. By modifying the proposed single-patch model,
a two-strain model which groups the four DENV serotypes into two (DENV-1 and
DENV-j, j = 2,3,4) is developed to analyse the transmission dynamics and optimal
strategy for the dengue control using Dengvaxia vaccine (uy) combined with the efforts
of controls up and u4. A two-patch model is formulated using the single-patch model
to analyse the effect of human travels on the spatial spread and optimal control of
dengue using up, u; and uu controls in two connected patches. Qualitative analysis
of the basic properties of the three models is performed. Meanwhile, the associated
optimal control problems are analysed using Pontryagin’s Maximum Principle. Data
from the 2012 dengue outbreaks in Johor and Kuala Lumpur, Malaysia is used in
these models. The simulated results of the single-patch model indicate that dengue
outbreak can be controlled using a combination strategy of optimal controls up, u; and
uy in Johor and Kuala Lumpur. The results obtained from numerical simulations of
the two-strain model reveal that the use of combined efforts of optimal controls uy,
up and uy adequately decreases both the primary and secondary human infections in
the population. Numerical results of two-patch model show that the spatial spread
of dengue in Johor and Kuala Lumpur can be minimised by implementing optimal
controls up, u;, and u, simultaneously during an outbreak in the states.
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ABSTRAK

Denggi adalah penyakit virus akut yang disebabkan oleh virus RNA dari famili
Flaviviridae dan disebarkan oleh nyamuk Aedes. Ini telah memberi kesan yang besar
terhadap sosial, ekonomi dan beban perubatan yang menyebabkan kehilangan nyawa
di kawasan endemik denggi. Untuk memahami cara penyebaran, dinamik dan strategi
optimum untuk kawalan penyebaran denggi, beberapa penyelidik telah mencadangkan
model penentuan pembahagian yang berbeza (tampalan tunggal, pelbagai regangan
dan pelbagai tampalan). Walau bagaimanapun, model ini mempunyai kekurangan
sama ada ia tidak merangkumi semua fasa penularan denggi atau tidak mengambil
kira nyamuk di peringkat akuatik. Oleh itu, model sedia ada adalah tidak sesuai
sebagai kerangka model dalam menilai pelbagai strategi intervensi kawalan penularan
denggi secara efektif dalam lingkungan yang homogen, dengan wujudnya serotip
pelbagai Virus Denggi (DENV) dalam sebuah komuniti, dan dalam lingkungan yang
tidak rata. Oleh itu, model deterministik yang mampu menerangkan mekanisme
yang terlibat dalam aspek penularan denggi dan kawalan optimum adalah diperlukan.
Kajian ini mencadangkan dan menganalisis model deterministik tampalan tunggal yang
menampilkan semua fasa penularan demam denggi kepada manusia, dan kedua-dua
nyamuk akuatik dan nyamuk dewasa. Ini bertujuan untuk memudahkan pemahaman
mengenai sifat penyebaran denggi di persekitaran yang homogen dan penggunaan
perlindungan peribadi yang optimum (up), larvisida (u), dan pembunuhan nyamuk
dewasa (u4) sebagai kawalan efektif dengan merumuskan pelbagai kerangka kawalan
optimum. Dengan mengubahsuai model tampalan tunggal yang dicadangkan, model
dua regangan yang mengelompokkan empat serotaip DENV kepada dua (DENV-1
dan DENV-j, j = 2,3,4) telah dibangunkan untuk menganalisis dinamik penyebaran
dan strategi optimal bagi mengawal denggi menggunakan vaksin Dengvaxia (uy) yang
digabungkan dengan usaha kawalan up dan u4. Model dua tampalan dirumuskan
menggunakan model tampalan tunggal bagi menganalisis kesan pergerakan manusia
terhadap penyebaran ruang dan kawalan optimal denggi menggunakan kawalan up, uy
dan u4 dalam dua tampalan yang berhubung. Analisis kualitatif terhadap sifat asas
ketiga-tiga model telah dijalankan. Manakala masalah kawalan optimal yang berkaitan
pula dianalisis menggunakan Prinsip Maksimum Pontryagin. Data wabak denggi pada
tahun 2012 di Johor dan Kuala Lumpur, Malaysia digunakan dalam model-model ini.
Hasil simulasi model tampalan tunggal menunjukkan bahawa wabak denggi dapat
dikawal dengan menggunakan strategi kombinasi kawalan optimum up, u; dan u, di
Johor dan Kuala Lumpur. Hasil yang diperolehi daripada simulasi berangka model dua
regangan pula menunjukkan bahawa penggunaan gabungan usaha kawalan optimum uy,
up dan u, dapat mengurangkan jangkitan manusia primer dan sekunder pada populasi.
Keputusan berangka model dua tampalan menunjukkan bahawa penyebaran denggi di
Johor dan Kuala Lumpur dapat diminimumkan dengan melaksanakan kawalan optimum
up, up dan uy secara serentak semasa wabak di negeri terbabit.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Malaysia has continued to experience annual increase in number of dengue
cases. Dengue Fever (DF) is presently recognised as a noteworthy general health issue
in the country [1, 2]. An increasing trend of number of dengue cases and deaths during
the last decades in Malaysia is alarming. Figure 1.1 presents the record of dengue
in Malaysia for the years 1995-2017. The data showed a noteworthy fluctuation in
annual dengue-induced deaths between 2000 and 2010. In 2000 and 2001, an average
of 48 deaths was reported annually. However, 99 deaths in 2002 and 72 deaths in 2003
showed a remarkable variation in the subsequent two years. The number of deaths
increased from 102 to 107 in 2004 and 2005, respectively. Between 2006 and 2007,
an average of 95 deaths was recorded. Also, 112 deaths was reported in 2008 and an
average of 111 deaths was reported for the period 2009-2010. There was a significant
rise in the number of reported deaths between 2012 and 2015. Observing the trend of
reported deaths in the last two decades, it could be observed that the total number of
deaths reported between 2001 and 2010 was 954 while a total number of 1122 deaths
was reported for the years 2011-2017. This study of dengue trend from 2001-2017
shows that dengue has imposed more burdens to the population as well as claimed more

lives just between 2011-2017 than during the years 2001-2010.

Figures 1.1(a) and 1.1(b) show that there exists a linear relationship between
the reported dengue cases and deaths for the period of 1995-2017 in Malaysia. It
is observed that both Figures 1.1(a) and 1.1(b) exhibit an upward trend. In other
words, as long as high number of dengue cases is reported for Malaysia, high number
of deaths is expected. Consequently, endeavours to decrease the number of dengue
cases is presently a high need of different internal and external agencies in Malaysia,

particularly, Ministry of Health (MOH), Malaysia [4]. Today, it is the obligation of
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Figure 1.1 Record of Dengue in Malaysia for the Years 1995-2017 [3]

every medical practitioners in Malaysia to report each case of DF to the closest local
health office within twenty-four hours from the time of diagnosis [4, 5]. Through the
developed reporting systems, the trend of recorded dengue cases and dengue-induced
deaths has been reported on weekly basis by MOH, Malaysia [3]. However, this
practice is very insensitive because doctors have a low threshold to diagnose dengue
during inter-epidemic periods. In most cases, recognition of dengue outbreaks only
occur when the disease transmission is already at its peak. At this time, implementing
preventive and control measures to alter the transmission dynamics of the disease is
too late [6]. Therefore, there is the need to conduct a study in order to come up with a
better way to minimise dengue-induced burdens through integrated human protection
and vector management for effective prevention and control of dengue epidemics in

Malaysia.

Another concern about dengue outbreaks in Malaysia is the economic burden
it imposes on the Government and individuals in general. Endemicity and hyper-
endemicity (that is, the state of continuous circulation of various dengue virus serotypes
in the same area) of dengue disease transmission in Malaysia have adversely affected the
economy of the country. According to Liang et al. [7], about USD 73.45 million (United
States Dollar) was estimated as the cost incurred on dengue-related vector control by
Malaysian government in 2010. This is about USD 2.63 per capita population of
the country during this year. Pang and Loh [8] also revealed that approximately
USD 56 million is allocated as management fee for dengue on annual basis by the

government. Hence, devising a control strategy that minimises dengue outbreak, and



possibly eliminates the disease spread at low costs of control implementation would be

appealing to the Malaysian government and the general public.

1.2  Background of the Study

Dengue is the most widespread mosquito-borne disease in the world [9, 10, 11,
12]. The disease is a major public health issue throughout tropical and sub-tropical
areas of the globe [13, 14] where the disease is now endemic, including Central and
South America, South Asia, South-East Asia and the Pacific region countries [14].
The spectrum of dengue disease ranges from DF to more severe Dengue Hemorrhagic
Fever (DHF) and Dengue Shock Syndrome (DSS) [15]. During the last decades, dengue
disease has become the major cause of deaths and hospitalisations by DHF and DSS
in most tropical nations [16]. According to the World Health Organisation (WHO)
[17], over 40% of the world’s population is presently at the risk of dengue, and it is
estimated that about 50-100 million dengue infections with over 20,000 deaths related
to DF is likely to occur per annum across the globe. In addition, up to 0.5 million
people develop DHF or DSS [17]. While dengue is a worldwide health concern, with
a relentless increment in the number of nations announcing the disease, presently near
75% of the worldwide population at dengue risk are in Asia Pacific region countries
[18]. Since the 1950s, dengue has become a serious health problem in the South-East
Asia region [19], including Malaysia. Hence, dengue prevention and management has

become a major concern to the world at large.

There is no specific treatment for both DF and DHF or DSS presently. Dengue
preventive action and control completely rely upon viable vector control measures
[13]. The use of interventions targeting the vector population has been the only
approach for the prevention and control of dengue virus spread for which integrated
vector management was suggested until a vaccine was introduced [20]. The vaccine
Dengvaxia (CYD-TDV) manufactured by Sanofi Pasteur was recently licensed, and
has been approved in 11 countries [17]. The vaccine protects against three Dengue
Virus (DENV) serotypes DENV-1, DENV-3 and DENV-4 but only confers imperfect
protection against DENV-2 serotype [21]. Therefore, an integrated strategy which



combines Dengvaxia vaccine, human self-protection and vector control measures (such
as larvicide and adulticide) has been suggested for use in dengue-endemic region
countries (which include Malaysia) by WHO [17]. However, cost associated with
the implementation of vector control and prevention mechanisms for dengue is often
expensive and limited financial and health resources are usually available. Thus, it is
necessary to derive an optimal strategy for distributing the available limited resources.
The quest to gain insights into the dynamics of dengue disease transmission and optimal
control strategies by applying Optimal Control Theory (OCT) has attracted the interest

of many researchers to formulate various compartmental dengue models.

In the late 1920s, the pioneering work of Kermack and McKendrick established
the deterministic SIR (Susceptible-Infectious-Recovered) epidemic model as stated
in [22]. Since then, several extensions of this basic model have been proposed to
investigate different aspects of dengue by many researchers [12, 21, 23, 24, 25, 26, 27,
28,29, 30]. Forinstance, Rodrigues et al. [23] developed a single-patch S, 1, R, +A, S, I,
model (where Sy, I;, and Rj, denote the susceptible, infectious and recovered humans,
respectively, and A,, S, and [, are the subpopulations of aquatic, susceptible and
infectious mosquitoes, respectively) to examine the impact of adulticide and ecological
controls on dengue disease transmission and control dynamics in Madeira Island.
However, the model excludes the latent periods in human and mosquito, and covered
limited control measures. Agusto and Khan [24] developed single-patch S, V,Ex I, Ry, +
S, E, I, mathematical model (where V},, Ej, and E, are the vaccinated humans, exposed
or latent humans and mosquitoes, respectively) for dengue. Optimal Control Problem
(OCP) formulation of the model was discussed, and the problem was qualitatively
analysed to derive the optimal strategy for the use of vaccination and adulticide controls
in preventing and controlling dengue disease spread in Pakistan by employing OCT.
A similar investigation on optimal control of dengue using vaccination and adulticide
controls was carried out by formulating single-patch S, E, [, R, + S, E, I, deterministic
model in [25]. However, the use of only vaccination and adulticide controls considered
in [24, 25] impacts the disease prevalence in human and adult mosquito populations, but
not directly affects the size of aquatic stage mosquito which is also necessary to focus
on in dengue control plan. Consequently, all the transmission phases related to DF are
not well described by the models proposed in [23, 24, 25]. In addition, the models are

not suitable to explore several available human prevention and vector control measures,
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and explain the optimal strategy for the disease control using the control intervention

measures.

Further, compartmental models have been used to describe the transmission
dynamics and control of dengue with coexistence of multiple DENV serotypes.
Particularly, Rocha et al. [12] constructed a two-strain model based on S, I, R, + A, S, 1,
framework to forecast the impact of adulticide control on the dynamics of dengue
disease spread when two DENV strains coexist in Madeira Island. However, open
space spraying of adulticide is only applied as a short time control measure when
a dengue outbreak occurs. Morales er al. [21] used a two-strain S,EI,R);, + S, 1,
based deterministic model to describe the transmission dynamics and control of dengue
using different scenarios of Dengvaxia vaccine administered on the susceptible humans.
However, the model does not incorporate Dengvaxia vaccine according to the suggestion
on the use of the vaccine as well as the integrated control strategy recommended by
WHO [17]. Zheng and Nie [26] formulated an OCP for a two-strain S,I;R;, + S, 1,
dengue model capturing susceptible human awareness and adulticide controls. By
employing Pontryagin’s Maximum Principle (PMP), the problem was theoretically
analysed to derive the optimal awareness campaign and adulticide controls needed to
reduce or even eradicate the disease. However, it is necessary to extend this model
structure and integrate the control strategies with Dengvaxia vaccine in order to derive a
more realistic deterministic model framework and better control strategy for preventing
and controlling dengue disease transmission when multiple DENV serotypes coexist

in a population.

The role of host mobility on spatial dissemination of dengue have been studied
using deterministic models. Mishra and Gakkhar [27] used a two-patch S, IRy, + S, 1,
based mathematical model to examine the impacts of human travel on dengue epidemic
dynamics using the states Rio de Jenerio and Ceara of Brazil as case studies. Phaijoo
and Gurung [28] constructed an n-patch dengue model based on S,E,I,R;, + S, E, I,
modelling framework to assess the impacts of human movements and seasonal variation
on dengue disease transmission dynamics in a patchy environment. Also, Bock and
Jayathunga [29] constructed n-patch Sy, I;, R, + S, I, model in order to examine the optimal

strategy for dengue disease control in a patchy environment by applying personal



protection control. In a similar study, Kim et al. [30] used two-patch S, E,I, Ry, + S, E\ I,
deterministic model to derive an optimal strategy for controlling dengue disease spread
using personal protection. However, none of these spatial models includes the aquatic
stage mosquito, which plays important roles in dengue disease spread and management.
In addition, the idea of optimal control introduced to the model formulation in [29, 30]
only considers personal protection which is not sufficient to decrease human infections

of the two connected patches to zero simultaneously.

1.3 Problem Statement

DF or DHF imposes significant social, economic and medical burdens in
Malaysia [31] and other countries in dengue-endemic areas. The disease causes
50-100 million infections worldwide every year [18], and has also caused increased
significant numbers of infections and dengue-related deaths in Malaysia in recent
years [3, 5]. A number of single-patch deterministic models have been proposed for
necessary assessment of the transmission dynamics of DF and impact of various control
interventions on ways to handle the disease outbreak in a homogeneous environment by
many researchers. However, the transmission phases related to DF are not all covered
by these models, and hence, not suitable to represent the reality of dengue disease
transmission and control. In several studies, two-strain or multi-strain compartmental
deterministic models have been developed and analysed for dengue disease transmission
in a population with coexistence of two or multiple DENV serotypes, and various
strategies for effective control of the disease, particularly by using the recently licensed
Dengvaxia vaccine, have also been examined. However, these models do not capture
all the disease transmission phases to appropriately integrate the vaccine with other
control intervention measures in accordance with the guideline on its usage. The effect
of human movement on spatial transmission and control of DF in a patchy environment
has been examined using n-patch deterministic models in other studies. However, these
models do not feature the aquatic stage mosquito, and consequently not suitable as
a compartmental model framework to assess different control intervention strategies
(particularly those that target the aquatic stage mosquito) to effectively control and

prevent the spatial spread of the disease outbreak. Until the complex relationship



between infectiousness, symptom severity as a result of different DENV serotypes co-
circulating, and human mobility are extensively explored and well-understood in a way
to improve on the control strategies in curtailing the spread of dengue, the disease will
continue to be a national health threat in dengue endemic countries such as Malaysia.
Therefore, deterministic models that are capable of explaining the mechanisms involved
in dengue disease transmission and optimal control in a homogeneous environment,

with coexistence of multiple DENV serotypes, and with spatial effect are needed.

Owing to different complex phenomena, such as distinct phases of
infectiousness, coexistence of multiple DENV serotypes and human dispersal, that
influence the severity of dengue infections, emergence and re-emergence of the disease
as well as the existing dengue control intervention measures, this research proposes
single-patch deterministic model based on S, E, IR, + A,S,E, I, structure featuring
all the transmission phases of DF in human, both the aquatic and adult mosquitoes,
and consideration of integrated vector management involving vaccination, personal
protection, treatment based on drug therapy, larvicide, adulticide and ecological control
measures in order to comprehend the real nature of the disease spread in a homogeneous
environment and analyse different control strategies for its effective control in Malaysia.
To facilitate the understanding of mechanisms involved in the dynamics of dengue
disease transmission with coexistence of two DENV serotypes in the interacting human
and mosquito population and control, the single-patch S,E, I, R, + A, S, E, I, dengue
model is modified to two-strain S,E,I,R, + S,E, I, by grouping the four DENV
serotypes into two, namely, DENV-1 and DENV-j (for j = 2,3,4), to analyse the
transmission dynamics of dengue when two virus serotypes coexist in a population.
By constructing a suitable control dynamical system, the optimal strategy for dengue
prevention and control using Dengvaxia vaccine, personal protection and adulticide
controls is examined in line with the guideline on the use of Dengvaxia vaccine in
dengue-endemic country like Malaysia by WHO [17]. This focus on the co-circulation
of two DENYV serotypes is based on the evidence that secondary infection triggers the
risk of developing DHF than any subsequent post-secondary infections [12, 21, 32].
Finally, the single-patch S, E I, R, + A, S, E, I, model proposed in this study is modified
to a two-patch model to describe and analyse the effect of human travels on the spatial
dissemination of dengue disease, and derive an optimal strategy for curtailing the

disease transmission in two interconnected patches.
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Research Questions

Based on the problem statement highlighted in Section 1.3, several research

challenges are raised. Providing answers to the questions highlighted below

consequently addresses these challenges.

1.5

How would a deterministic model capturing all the phases of DF transmission
and stages of Aedes aegypti female mosquito be formulated and analysed for

the disease spread and control in a homogeneous environment?

How would dengue disease transmission with coexistence of two DENV
serotypes in the interacting human and mosquito populations and control be
modelled and analysed mathematically using two-strain S,E,I,R;, + S, E, I,

model based on single-patch S, E, Iy R;, + A, S, E, I, dengue model?

How would single-patch S,En IR, + A,S,E, I, dengue model be used as a
building block in formulating and analysing two-patch S, E I R, + A,S,E\ I,
deterministic model for spatial dissemination and control of DF in two connected

patches?

Research Objectives

The aim of this study is to develop deterministic models to describe and analyse

the dynamics of transmission and control of dengue in homogeneous and patchy

environments. The main objectives are:

To develop and analyse single-patch S,E,Il,R;, + A,S,E,I, deterministic
model describing dengue disease transmission and control in a homogeneous

environment.

To modify the developed single-patch S,E,I R, + A,S,E,I, model for the
formulation and analysis of two-strain S, E, I}, R, + S, E, I, deterministic model

for dengue disease spread with coexistence of two DENV serotypes and control.



3. To modify the developed single-patch S,E,I R, + A,S,E,I, model for the
development and analysis of two-patch S,E,I,R;, + A,S,E, I, deterministic
model describing the dynamics of transmission and control of dengue in a

patchy environment.

1.6 Research Scope

Deterministic models will be developed to examine the dynamics of
transmission and control of dengue disease in homogeneous and patchy environments.
Single-patch S, En IR, + A, S, E, I, dengue model which accommodates the necessary
transmission phases of DENV between the interacting human and mosquito populations
will be developed, solved and analysed. The model will be modified to assess the impact
of seasonal variations as well as the efficacy of several control measures (that are
personal protection, vaccination, treatment of infectious humans, ecological control,
larvicide and adulticide) on dengue disease spread and derive optimal strategy for
the disease control. Also, two-strain S,E,IyR), + S, E, I, dengue model capturing the
coexistence of two DENV serotypes will be formulated, solved and analysed, and used to
investigate the influence of seasonal variation, impacts of control measures (Dengvaxia
vaccine, human self-protection and adulticide) on the dynamics of dengue disease
transmission in the presence of two DENV strains co-circulating and derive optimal
strategy for controlling the disease spread. Moreover, the role of human movement
(without the consideration of mosquito dispersal) on dengue disease transmission
between only two interconnected patches, efficacy of different control measures
(personal protection, larvicide and adulticide) and optimal control strategies will be
examined by constructing, solving and analysing two-patch S, E, I, R, + A, S, E, I, based
model. In each case, PMP will be applied to OCP in order to prove the existence and

characterise optimal controls.

Furthermore, the study will consider Malaysia, a country in South-East Asia
region, with focus on only two of the most affected states Johor and the Federal Territory
Kuala Lumpur/Putrajaya, particularly during the 2012 dengue outbreaks in the country.

The weekly reported dengue cases data documented by the MOH, Malaysia [33] will



be used in parameterising and estimating the initial state variable values of the models

proposed in this research.

1.7 Significance of the Research

In many previous studies, Sy Iy Ry, + S, 1,,, Syl Ry + A, S, I, and SLEp Iy Ry + S, EL T,
mathematical model structures were used to describe the vector-host interactions for
dengue disease transmission dynamics and control in a homogeneous landscape. This
study proposes a single-patch model based on S, E, I, R, + A,S,E, I, framework. The
new framework allows for investigating the efficacy of several control measures on
the dynamics of dengue disease spread. Also, SyIyR); + S,1, and Sy, R, + A, S, 1,
based deterministic models have been used to examine dengue disease transmission
dynamics and control when multiple DENV serotypes co-circulate. This study will
formulate two-strain deterministic model based on S,E,I,R;, + S, E, I, structure to
forecast the impacts of integrated control strategy through the use of Dengvaxia vaccine,
personal protection and adulticide. Furthermore, several mathematical models based
on Syl Ry + S, 1, and S, ERIL Ry, + S, E, I, frameworks have been proposed by previous
researchers to investigate the role of human travel on the epidemics of dengue. However,
these models did not capture the aquatic stage of mosquitoes which is important to
be considered in any dengue control plan. Hence, this study will develop a two-patch
ShERL Ry + A, S, E, I, based deterministic model to describe the transmission dynamics

and control of dengue in a patchy environment.

Various aspects of dengue disease (such as transmission dynamics and control)
are comprehended through the use of the proposed models. The models are used to
forecast the transmission dynamics and control of the disease. WHO, South-East Asia
countries, particularly Malaysia, and other dengue affected regions worldwide will

benefit from these findings.

The findings of this research form part of essential dengue database for MOH

Malaysia. The Malaysian government as well as the public health practitioners will

10



make reference to the information provided in the research findings in taking decisions

concerning the prevention and control of the future dengue outbreak whenever it occurs.

The models can be adapted by nations at dengue risk regions worldwide,
especially South-East Asian countries to understand the dynamics of dengue disease

transmission, control of new epidemic and prevention of future outbreak of the disease.

The findings of this research would be of benefit to higher institutions of
learning. The suggested directions for future work provided in this research will

be a foundation for further study.

1.8  Thesis Organisation

The organisation of the remainder of this thesis is as follows:

Chapter 2 presents the review of literature related to the research topic. The
review captures the general overview on vector-borne diseases. Brief history of dengue
in global and Malaysia perspectives is described. How dengue virus transmits, the
symptoms and measures to prevent and control it are discussed. A brief description
of Malaysia in terms of geographical location, distribution, population and climate is
given. Further, a review of related works on compartmental modelling of vector-borne
diseases and optimal control is considered. The chapter also provides a detail review

of recent works on compartmental modelling of different aspects of dengue.

In Chapter 3, the methodology adopted in this research is provided. The
chapter presents the research design and procedure, operational framework in
addition to the theoretical framework. The chapter discusses the theoretical analysis
of the general approach adopted as well as the specific tools employed for the

numerical implementations of the proposed compartmental deterministic models and

the formulated OCPs.
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The single-patch deterministic dengue models developed in this study are
discussed in Chapter 4. The formulation of single-patch S,E,I R, + A,S,E,I,
deterministic dengue model and the theoretical analysis of its basic properties are
conducted. The model serves as basis for the other single-patch models with seasonal
variation and control interventions presented in this chapter. In addition, OCP is
formulated based on the non-autonomous version of the model using five different
strategies, and PMP is used for its qualitative analysis. The model developed in the first
part is parametrised using data from the state of Johor and Kuala Lumpur/Putrajaya
dengue outbreaks in 2012. Graphical method is used to validate the model. Numerical

simulations of all the proposed models and OCP are also considered in the chapter.

Chapter 5 covers the construction and analysis of two-strain S, E, I, R, + S, E, I,
based deterministic models proposed in this research. The development of two-strain
model for dengue disease transmission dynamics with coexistence of two DENV
serotypes is discussed. Qualitative analysis of the basic properties of the model is
carried out. The model is parametrised using information from the 2012 DF and
DHF outbreaks in Johor and Kuala Lumpur/Putrajaya. Furthermore, modification
of the model to two two-strain dengue models, one incorporating seasonal forcing
mosquito birthrate and the other involving three control parameters (that account for
Dengvaxia vaccine, personal protection and adulticide controls) is considered. OCP
of the two-strain model capturing three time-dependent control functions is formulated
by employing OCT. Lastly, the proposed two-strain compartmental models and the

optimality system obtained from OCP analysis are numerically solved.

In Chapter 6, the two-patch S,EIl,R;, + A,S,E,I, deterministic models
formulated in this study are discussed. Two-patch S,E, I, R;, + A, S, E, I, mathematical
model describing the effect of host mobility on dengue disease spread between two
interconnected patches is formulated and analysed. The model is first modified to
examine the impact of personal protection, larvicide and adulticide control measures
on dengue disease transmission dynamics in two connected patches via human
unidirectional and bidirectional movements. Later, the model is modified to include

three patch-specific time-dependent control functions accounting for human self-

12



protection, larvicide and adulticide controls for OCP formulation. The models as

well as the optimality system derived from OCP analysis are numerically simulated.

Finally, the summary of the research and the conclusion of the whole study
based on the results obtained in Chapters 4, 5 and 6 are discussed in Chapter 7. The
chapter also provides the contributions to knowledge, limitation of the research, and

directions for future work.

13



REFERENCES

Aziz, S., Ngui, R., Lim, Y., Sholehah, I., Nur Farhana, J., Azizan, A. and
Wan Yusoff, W. Spatial Pattern of 2009 Dengue Distribution in Kuala Lumpur
using GIS Application. Tropical Biomedicine, 2012. 29(1): 113-120.

Chew, M., Rahman, M., Jelip, J., Hassan, M. and Isahak, 1. All Serotypes of
Dengue Viruses Circulating in Kuala Lumpur, Malaysia. Current Research

Journal of Biological Sciences, 2012. 4(2): 229-234.

Ministry of Health Malaysia. Annual Report Ministry of Health Malaysia
2017. Ministry of Health Malaysia. 2017.

Che Him, N. Potential for using Climate Forecasts in Spatio-temporal
Prediction of Dengue Fever Incidence in Malaysia. Ph.D. Thesis. University

of Exeter. 2015.

Packierisamy, P. R., Ng, C.-W., Dahlui, M., Venugopalan, B., Halasa, Y. A.
and Shepard, D. S. The Cost of Dengue Vector Control Activities in Malaysia
by Different Service Providers. Asia Pacific Journal of Public Health, 2015.
27(8_suppl): 73S-78S.

Ahmad, A. M. and Koay, C. The Epidemiology of Dengue Fever with Special
Reference to Malaysia—Emphasizing Prevention and Control. [International

Journal of Tropical Disease and Health, 2018. 34(3): 1-15.

Liang, Y., Mohiddin, A., Bahauddin, R., Hidayatul, F., Nazni, W., Lee, H. and
Greenhalgh, D. Modelling the Effect of a Novel Auto-Dissemination Trap

on the Spread of Dengue in Shah Alam and Malaysia. Computational and
Mathematical Methods in Medicine, 2019. 2019: 1-15.

Pang, E. L. and Loh, H.-S. Current Perspectives on Dengue Episode in
Malaysia. Asian Pacific Journal of Tropical Medicine, 2016. 9(4): 395-401.

WHO. Dengue: Guidelines for Diagnosis, Treatment, Prevention and

Control. New ed. World Health Organization. 2009.

301



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

WHO. Vector-Borne Diseases: Dengue. Fact Sheet No. 387, March
2014. URL https://www.who.int/news-room/fact-sheets/detail/

vector-borne-diseases, Accessed 19 December, 2017.

Abdelrazec, A., Bélair, J., Shan, C. and Zhu, H. Modeling the Spread and
Control of Dengue with Limited Public Health Resources. Mathematical
Biosciences, 2016. 271: 136-145.

Rocha, F. P., Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M.
Coexistence of Two Dengue Virus Serotypes and Forecasting for Madeira

Island. Operations Research for Health Care, 2015.7: 122-131.

WHO. Dengue and Severe Dengue. Technical report. World Health

Organization. Regional Office for the Eastern Mediterranean. 2014.

WHO. Report of the Meeting of the WHO/VMI Workshop on Dengue
Modeling: 25-26 August 2010, Geneva, Switzerland. Technical report.
Geneva: World Health Organization. 2011.

Mishra, A. and Gakkhar, S. The Effects of Awareness and Vector Control
on Two Strains Dengue Dynamics. Applied Mathematics and Computation,

2014. 246: 159-167.

Mello, R. F. L. and Castilho, C. A Stuctured Discrete Model for Dengue Fever
Infections and the Determination of Ry from Age-Stratified Serological Data.

Bulletin of Mathematical Biology, 2014. 76(6): 1288—-1305.

WHO. Dengue and Severe Dengue, 2018. URL http://www.who.int/

mediacentre/factsheets/fsl117/en/, Accessed 9 January, 2019.

WHO. Global Strategy for Dengue Prevention and Control 2012—-2020. World

Health Organization. Geneva. Switzerland. 2012.

Suppiah, J., Ching, S.-M., Amin-Nordin, S., Mat-Nor, L.-A., Ahmad-
Najimudin, N.-A., Low, G. K.-K., Abdul-Wahid, M.-Z., Thayan, R. and Chee,
H.-Y. Clinical Manifestations of Dengue in Relation to Dengue Serotype and
Genotype in Malaysia: A Retrospective Observational Study. PLoS Neglected
Tropical Diseases, 2018. 12(9): e0006817.

WHO. Dengue Vaccine: WHO Position Paper-July 2016.  Weekly
Epidemiological Record, 2016. 91(30): 349-364.

302


https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
http://www.who.int/mediacentre/factsheets/fs117/en/
http://www.who.int/mediacentre/factsheets/fs117/en/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Morales, N. L. G., Nufiez-Lopez, M., Ramos-Castafieda, J. and Velasco-
Hernandez, J. X. Transmission Dynamics of Two Dengue Serotypes with

Vaccination Scenarios. Mathematical Biosciences, 2017. 287: 54-71.

Goufo, E. F. D., Maritz, R. and Munganga, J. Some Properties of the Kermack-
Mckendrick Epidemic Model with Fractional Derivative and Nonlinear

Incidence. Advances in Difference Equations, 2014. 2014(1): 278.

Rodrigues, H. S., Monteiro, M. T. T., Torres, D. F. M., Silva, A. C., Sousa, C.
and Conceigdo, C. Dengue in Madeira Island. In: Bourguignon, J.-P., Jeltsch,
R., Pinto, A. A. and Viana, M., eds. Dynamics, Games and Science. Springer.

593-605. 2015.

Agusto, F. B. and Khan, M. A. Optimal Control Strategies for Dengue

Transmission in Pakistan. Mathematical Biosciences, 2018. 305: 102-121.

Pongsumpun, P., Tang, I.-M. and Wongvanich, N. Optimal Control of the
Dengue Dynamical Transmission with Vertical Transmission. Advances in

Difference Equations, 2019. 2019(1): 176.

Zheng, T.-T. and Nie, L.-F. Modelling the Transmission Dynamics of Two-
Strain Dengue in the Presence Awareness and Vector Control. Journal of

Theoretical Biology, 2018. 443: 82-91.

Mishra, A. and Gakkhar, S. Non-linear Dynamics of Two-Patch Model
Incorporating Secondary Dengue Infection. International Journal of Applied

and Computational Mathematics, 2018. 4(1): 19.

Phaijoo, G. R. and Gurung, D. B. Modeling Impact of Temperature and
Human Movement on the Persistence of Dengue Disease. Computational and

Mathematical Methods in Medicine, 2017. 2017: 1-9.

Bock, W. and Jayathunga, Y. Optimal Control and Basic Reproduction
Numbers for a Compartmental Spatial Multipatch Dengue Model.
Mathematical Methods in the Applied Sciences, 2018. 41(9): 3231-3245.

Kim, J. E., Lee, H., Lee, C. H. and Lee, S. Assessment of Optimal Strategies

in a Two-Patch Dengue Transmission Model with Seasonality. PloS One,

2017. 12(3): e0173673.

303



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Suhaili, M. R., Hosein, E., Mokhtar, Z., Ali, N., Palmer, K. and Md Isa,
M. Applying Communication-for-Behavioural-Impact (COMBI) in the

Prevention and Control of Dengue in Johor Bahru, Johore, Malaysia. Dengue

Bulletin, 2004. 28: 39-43.

Wei, K. and Li, Y. Global Evolutionary History and Spatio-Temporal
Dynamics of Dengue Virus Type 2. Scientific Reports, 2017. 7: 45505.

Ministry of Health Malaysia. MOH Denggue Mortality 2010-2015. URL
http://www.data.gov.my, Accessed 12 January, 2018.

WHO. Vector-Borne Diseases, October 2017. URL https://www.who.
int/news-room/fact-sheets/detail /vector-borne-diseases, Ac-

cessed 12 January, 2018.

Kar, T. and Jana, S. Application of Three Controls Optimally in a Vector-
Borne Disease—A Mathematical Study. Communications in Nonlinear Science

and Numerical Simulation, 2013. 18(10): 2868-2884.

Champagne, C., Paul, R., Ly, S., Duong, V., Leang, R. and Cazelles,
B. Dengue Modeling in Rural Cambodia: Statistical Performance Versus

Epidemiological Relevance. Epidemics, 2019. 26: 43-57.

Gubler, D. J. Epidemic Dengue/Dengue Hemorrhagic Fever as a Public
Health, Social and Economic Problem in the 21st Century. Trends in

Microbiology, 2002. 10(2): 100-103.

Mia, M. S., Begum, R. A., Er, A. C., Abidin, R. D. Z. R. Z. and Pereira, J. J.
Trends of Dengue Infections in Malaysia, 2000-2010. Asian Pacific Journal
of Tropical Medicine, 2013. 6(6): 462—466.

Mishra, A. and Gakkhar, S. Modeling of Dengue with Impact of
Asymptomatic Infection and ADE Factor. Differential Equations and
Dynamical Systems, 2018. 2018: 1-17.

James, A. Coexistence of Two Serotypes of Dengue Virus with and without

Seasonal Variation. Technical report. McMaster University, Canada. 2013.

WHO. Dengue Haemorrhagic Fever Diagnosis, Treatment, Prevention and

Control. 2nd ed. World Health Organization. Geneva. Switzerland. 1997.

304


http://www.data.gov.my
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases
https://www.who.int/news-room/fact-sheets/detail/vector-borne-diseases

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Knerer, G., Currie, C. S. and Brailsford, S. C. Impact of Combined Vector-
Control and Vaccination Strategies on Transmission Dynamics of Dengue
Fever: A Model-Based Analysis. Health Care Management Science, 2015.
18(2): 205-217.

Masud, M., Kim, B. N. and Kim, Y. Optimal Control Problems of Mosquito-
Borne Disease Subject to Changes in Feeding Behavior of Aedes Mosquitoes.

BioSystems, 2017. 156: 23-39.

CDC. Dengue, 2018. URL http://www.cdc.gov/dengue/fagFacts/
fact.html, Accessed 10 February, 2019.

Rodrigues, H. S. Optimal Control and Numerical Optimization Applied to
Epidemiological Models. Ph.D. Thesis. Universidade de Aveiro. 2012.

WHO Regional Office for South-East Asia. Comprehensive Guidelines for
Prevention and Control of Dengue and Dengue Haemorrhagic Fever. Revised
and Expanded Edition ed. World Health Organization Regional Office for
South-East Asia. 2011.

Australian Government.  Vaccine Preventable Diseases, 2010. URL
https://wwwl.health.gov.au/internet/main/publishing.nsf/
Content/health-pubhlth-strateg-communic-vpd.htm, Accessed 11
February, 2019.

Rodrigues, H. S., Monteiro, M. T. T., Torres, D. F. M. and Zinober, A. Dengue
Disease, Basic Reproduction Number and Control. International Journal of

Computer Mathematics, 2012. 89(3): 334-346.

WHO. Dengue Control, 2016. URL https://www.who.int/

denguecontrol/controlstrategies/en/, Accessed 2 February, 2017.

Song, Q. Dengue Vector Control in Malaysia: A Review for Current and

Alternative Strategies. Sains Malaysiana, 2016. 45(5): 777-785.

Healthcare and Pharma. Sanofi’s Dengue Vaccine
Approved  in 11 Countries, 2016. URL  https:

//www.reuters.com/article/us-sanofi-vacccine/

sanofis-dengue-vaccine-approved-in-11-countries-idUSKCN1240C5,

Accessed 11 May, 2018.

305


http://www.cdc.gov/dengue/faqFacts/fact.html
http://www.cdc.gov/dengue/faqFacts/fact.html
https://www1.health.gov.au/internet/main/publishing.nsf/Content/health-pubhlth-strateg-communic-vpd.htm
https://www1.health.gov.au/internet/main/publishing.nsf/Content/health-pubhlth-strateg-communic-vpd.htm
https://www.who.int/denguecontrol/controlstrategies/en/
https://www.who.int/denguecontrol/controlstrategies/en/
https://www.reuters.com/article/us-sanofi-vacccine/sanofis-dengue-vaccine-approved-in-11-countries-idUSKCN1240C5
https://www.reuters.com/article/us-sanofi-vacccine/sanofis-dengue-vaccine-approved-in-11-countries-idUSKCN1240C5
https://www.reuters.com/article/us-sanofi-vacccine/sanofis-dengue-vaccine-approved-in-11-countries-idUSKCN1240C5

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hamdan, N. I. and Kilicman, A. Analysis of the Fractional Order Dengue
Transmission Model: A Case Study in Malaysia. Advances in Difference

Equations, 2019. 2019(1): 31.

Dhanoa, A., Hassan, S. S., Ngim, C. F, Lau, C. F,, Chan, T. S., Adnan, N.
A. A., Eng, W. W. H., Gan, H. M. and Rajasekaram, G. Impact of Dengue
Virus (DENV) Co-Infection on Clinical Manifestations, Disease Severity and

Laboratory Parameters. BMC Infectious Diseases, 2016. 16(1): 406.

Gintarong, T. J., Emran, A., Sherin, A., Thein, T. T. and Aung, T. S.
Circulation of All Dengue Virus Serotypes During Dengue Outbreak in
Sandakan, Sabah, Malaysia (2016). Journal of Vector Borne Diseases, 2018.
55(2): 168-171.

Mohd-Zaki, A. H., Brett, J., Ismail, E. and I’Azou, M. Epidemiology of
Dengue Disease in Malaysia (2000-2012): A Systematic Literature Review.
PLoS Neglected Tropical Diseases, 2014. 8(11): e3159.

Ministry of Natural Resources and Environment Malaysia. Second National
Communication to the UNFCCC. Ministry of Natural Resources and

Environment Malaysia. 2011.

Go2travelmalaysia.com. Malaysia. URL http://go2travelmalaysia.

com/tour_malaysia/malaysia.htm, Accessed 11 January, 2019.

Ministry of Science, Technology and the Environment Malaysia. Malaysia
Initial National Communication Submitted to the United Nations Framework
Convention on Climate Change. Ministry of Science, Technology and the

Environment Malaysia. 2000.

Alhoot, M. A., Tong, W. T., Low, W. Y. and Sekaran, S. D. Climate Change
and Health: The Malaysia Scenario. In: Climate Change and Human Health
Scenario in South and Southeast Asia. Springer. 243-268. 2016.

Department of Statistics Malaysia. Population by States and Sex, Malaysia,
2019. URL http://pqi.stats.gov.my/searchBI.php?kodData=2,
Accessed 30 June, 2020.

Adnan, R. A., Ramli, M. F., Othman, H. F., Asha’ri, Z. H., Ismail, S. N. S.

and Samsudin, S. Environmental and Sociology Factors Associated with

306


http://go2travelmalaysia.com/tour_malaysia/malaysia.htm
http://go2travelmalaysia.com/tour_malaysia/malaysia.htm
http://pqi.stats.gov.my/searchBI.php?kodData=2

62.

63.

64.

65.

66.

67.

68.

69.

Dengue Cases in Kuala Lumpur, Malaysia. Preprints, 2018. 2018: 1-—
22. doi:10.20944/preprints201810.0212.vl. URL http://dx.doi.org/
10.20944/preprints201810.0212.v1.

Cheong, Y. L., Burkart, K., Leitdao, P. J. and Lakes, T. Assessing
Weather Effects on Dengue Disease in Malaysia. International Journal of

Environmental Research and Public Health, 2013. 10(12): 6319-6334.

Dickin, S. K., Schuster-Wallace, C. J. and Elliott, S. J. Mosquitoes &
Vulnerable Spaces: Mapping Local Knowledge of Sites for Dengue Control
in Seremban and Putrajaya Malaysia. Applied Geography, 2014. 46: 71-79.

Lau, S.-M., Vythilingam, 1., Doss, J. 1., Sekaran, S. D., Chua, T. H.,
Wan Sulaiman, W. Y., Chinna, K., Lim, Y. A.-L. and Venugopalan, B.
Surveillance of Adult Aedes Mosquitoes in Selangor, Malaysia. Tropical

Medicine and International Health, 2015. 20(10): 1271-1280.

Arham, A. F., Razman, M. R., Amin, L. and Mahadi, Z. Dengue Review:
Issues, Challenges and Public Attitudes. International Journal of Academic

Research in Business and Social Sciences, 2018. 8(4): 980-997.

Loke, S. R., Wei Ann, A. T., Ahmad, N. W. and Azirun, M. S. Insecticide
Susceptibility Status of Field-collected Aedes (Stegomyia) aegypti (L.) From
a Dengue Endemic Site in Shah Alam, Selangor, Malaysia. Southeast Asian

Journal of Tropical Medicine and Public Health, 2012. 43(1): 34-47.

Meer Ahmad, A. M., Kumarasamy, V., Ngau, Y. Y., Leong, C. L. and Koay,
C. A. A Review of Dengue Fever with Special Reference to Malaysia. Asian

Journal of Research in Infectious Diseases, 2018. 1(2): 1-19.

Shafie, A. A., Yeo, H. Y., Coudeville, L., Steinberg, L., Gill, B. S.,
Jahis, R. and Amar-Singh, H. The Potential Cost Effectiveness of
Different Dengue Vaccination Programmes in Malaysia: A Value-Based
Pricing Assessment using Dynamic Transmission Mathematical Modelling.

PharmacoEconomics, 2017. 35(5): 575-589.

Bichara, D. and Castillo-Chavez, C. Vector-Borne Diseases Models with

Residence Times—A Lagrangian Perspective. Mathematical Biosciences,

2016. 281: 128-138.

307


http://dx.doi.org/10.20944/preprints201810.0212.v1
http://dx.doi.org/10.20944/preprints201810.0212.v1

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

Olaniyi, S., Okosun, K. O., Adesanya, S. O. and Areo, E. A. Global Stability
and Optimal Control Analysis of Malaria Dynamics in the Presence of Human

Travelers. The Open Infectious Diseases Journal, 2018. 10(1): 166—186.

Mishra, S., Fisman, D. N. and Boily, M.-C. The ABC of Terms used in
Mathematical Models of Infectious Diseases. Journal of Epidemiology and

Community Health, 2011. 65(1): 87-94.

Rahman, S. Study of Infectious Diseases by Mathematical Models:
Predictions and Controls. Ph.D. Thesis. Th University of Western Ontario.
2016.

Esteva, L. and Vargas, C. Analysis of a Dengue Disease Transmission Model.

Mathematical Biosciences, 1998. 150(2): 131-151.

d’Onofrio, A. and Manfredi, P. The Interplay Between Voluntary Vaccination
and Reduction of Risky Behavior: A General Behavior-Implicit SIR Model
for Vaccine Preventable Infections. In: Current Trends in Dynamical Systems

in Biology and Natural Sciences. Springer. 185-203. 2020.

Hopkins, S. R., Fleming-Davies, A. E., Belden, L. K. and Wojdak, J. M.
Systematic Review of Modelling Assumptions and Empirical Evidence: Does
Parasite Transmission Increase Nonlinearly with Host Density? Methods in

Ecology and Evolution, 2020. 11(4): 476—486.

Hethcote, H. W. and Van Den Driessche, P. Some Epidemiological Models
with Nonlinear Incidence. Journal of Mathematical Biology, 1991. 29(3):
271-287.

Jiang, S., Wang, K., Li, C., Hong, G., Zhang, X., Shan, M., Li, H. and
Wang, J. Mathematical Models for Devising the Optimal Ebola Virus Disease
Eradication. ournal of Translational Medicine, 2017. 15(1): 1-12.

Olaniyi, S. Dynamics of Zika Virus Model with Nonlinear Incidence and
Optimal Control Strategies. Applied Mathematics and Information Sciences,

2018. 12(5): 969-982.

Lloyd, A. Introduction to Epidemiological Modeling: Basic Models and Their
Properties, 2017. URL http://alun.math.ncsu.edu/wp-content/

308


http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf
http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf
http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf

80.

81.

82.

83.

84.

85.

86.

uploads/sites/2/2017/01/epidemic_notes.pdf, Accessed 25 May,
2017.

Miguel, E., Grosbois, V., Caron, A., Pople, D., Roche, B. and Donnelly, C. A.
A Systemic Approach to Assess the Potential and Risks of Wildlife Culling

for Infectious Disease Control. Communications Biology, 2020. 3(1): 1-14.

Castillo-Chavez, C., Feng, Z. and Huang, W. On the Computation of
Ro and Its Role on Global Stability. In: Castillo-Chavez, C., Blower,
S., van den Driessche, P., Kirschner, D. and Yakubu, A.-A., eds.
Mathematical Approaches for Emerging and Reemerging Infectious Diseases:

An Introduction. Springer. 229-250. 2002.

van den Driessche, P. and Watmough, J. Reproduction Numbers and
Sub-Threshold Endemic Equilibria for Compartmental Models of Disease
Transmission. Mathematical Biosciences, 2002. 180(1): 29-48.

Rodrigues, H. S. Application of SIR Epidemiological Model: New Trends.
International Journal of Applied Mathematics and Informatics, 2016. 10:
92-97.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Dengue in Cape
Verde: Vector Control and Vaccination. Mathematical Population Studies,

2013. 20(4): 208-223.

Raza, A., Arif, M. S. and Rafig, M. A Reliable Numerical Analysis
for Stochastic Dengue Epidemic Model with Incubation Period of Virus.

Advances in Difference Equations, 2019. 2019(1): 32.

Reiner I, R. C., Perkins, T. A., Barker, C. M., Niu, T., Chaves, L. F., Ellis,
A. M., George, D. B., Le Menach, A., Pulliam, J. R., Bisanzio, D., Buckee,
C., Chiyaka, C., Cummings, D. A. T., Garcia, A. J., Gatton, M. L., Getthing,
P. W., Hartley, D. M., Johnston, G., Klein, E. Y., Michael, E., Lindsay, S. W.,
Lloyd, A. L., Pigott, D. M., Reisen, W. K., Ruktanonchai, N., Singh, B. K.,
Tatem, A. J., Kitron, U., Hay, S. L., Scott, T. W. and Smith, D. L. A Systematic
Review of Mathematical Models of Mosquito-Borne Pathogen Transmission:

1970-2010. Journal of The Royal Society Interface, 2013. 10(81): 20120921.

309


http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf
http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf
http://alun.math.ncsu.edu/wp-content/uploads/sites/2/2017/01/epidemic_notes.pdf

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Avila-Vales, E. and Buonomo, B. Analysis of a Mosquito-Borne Disease
Transmission Model with Vector Stages and Nonlinear Forces of Infection.

Ricerche di Matematica, 2015. 64(2): 377-390.

Buonomo, B. and Vargas-De-Ledn, C. Stability and Bifurcation Analysis of
a Vector-Bias Model of Malaria Transmission. Mathematical Biosciences,

2013. 242(1): 59-67.

Chitnis, N., Hyman, J. M. and Manore, C. A. Modelling Vertical Transmission
in Vector-Borne Diseases with Applications to Rift Valley Fever. Journal of

Biological Dynamics, 2013. 7(1): 11-40.

Imran, M., Usman, M., Dur-e Ahmad, M. and Khan, A. Transmission
Dynamics of Zika Fever: A SEIR Based Model. Differential Equations
and Dynamical Systems, 2017. 2017: 1-24.

Agusto, F. B., Bewick, S. and Fagan, W. Mathematical Model of Zika Virus
with Vertical Transmission. Infectious Disease Modelling, 2017. 2(2): 244—
267.

Zhao, H., Wang, L., Oliva, S. M. and Zhu, H. Modeling and Dynamics
Analysis of Zika Transmission with Limited Medical Resources. Bulletin of

Mathematical Biology, 2020. 82(8): 1-50.

Abboubakar, H., Kamgang, J. C., Nkamba, N. L., Tieudjo, D. and Emini, L.
Modeling the Dynamics of Arboviral Diseases with Vaccination Perspective.

Biomath, 2015. 4(1): 1507241.

Abboubakar, H., Kamgang, J. C. and Tieudjo, D. Backward Bifurcation
and Control in Transmission Dynamics of Arboviral Diseases. Mathematical

Biosciences, 2016. 278: 100-129.

Lutambi, A. M. Mathematical Modelling of Mosquito Dispersal for Malaria
Vector Control. Ph.D. Thesis. University of Basel. 2013.

Cosner, C. Models for the Effects of Host Movement in Vector-Borne Disease

Systems. Mathematical Biosciences, 2015. 270: 192-197.

Bichara, D., Holechek, S. A., Velazquez-Castro, J., Murillo, A. L. and
Castillo-Chavez, C. On the Dynamics of Dengue Virus Type 2 with Residence

310



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Times and Vertical Transmission. Letters in Biomathematics, 2016. 3(1):

140-160.

Falcon-Lezama, J. A., Martinez-Vega, R. A., Kuri-Morales, P. A., Ramos-
Castafieda, J. and Adams, B. Day-to-Day Population Movement and the
Management of Dengue Epidemics. Bulletin of Mathematical Biology, 2016.
78(10): 2011-2033.

Cosner, C., Beier, J., Cantrell, R., Impoinvil, D., Kapitanski, L., Potts, M.,
Troyo, A. and Ruan, S. The Effects of Human Movement on the Persistence
of Vector-Borne Diseases. Journal of Theoretical Biology, 2009. 258(4):
550-560.

Arino, J. Spatio-Temporal Spread of Infectious Pathogens of Humans.

Infectious Disease Modelling, 2017. 2(2): 218-228.

Gao, D. and Ruan, S. A Multipatch Malaria Model with Logistic Growth
Populations. SIAM Journal on Applied Mathematics, 2012. 72(3): 819-841.

Manyombe, M. M., Tsanou, B., Mbang, J. and Bowong, S. A Metapopulation
Model for the Population Dynamics of Anopheles Mosquito. Applied
Mathematics and Computation, 2017. 307: 71-91.

Arino, J., Ducrot, A. and Zongo, P. A Metapopulation Model for Malaria with
Transmission-Blocking Partial Immunity in Hosts. Journal of Mathematical

Biology, 2012. 64(3): 423-448.

Agusto, F. B. Malaria Drug Resistance: The Impact of Human Movement
and Spatial Heterogeneity. Bulletin of Mathematical Biology, 2014. 76(7):
1607-1641.

Baca-Carrasco, D. and Velasco-Herndndez, J. X. Sex, Mosquitoes and
Epidemics: An Evaluation of Zika Disease Dynamics.  Bulletin of

Mathematical Biology, 2016. 78(11): 2228-2242.

Charles, W. M., George, L. O. and Malinzi, J. A Spatiotemporal Model on
the Transmission Dynamics of Zika Virus Disease. Asian Research Journal

of Mathematics, 2018. 10(4): 1-15.

Fischer, D. B. and Halstead, S. Observations Related to Pathogenesis of

Dengue Hemorrhagic Fever. V. Examination of Age Specific Sequential

311



108.

109.

110.

111.

112.

113.

114.

115.

116.

Infection Rates using a Mathematical Model. The Yale Journal of Biology
and Medicine, 1970. 42(5): 329.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Sensitivity Analysis
in a Dengue Epidemiological Model. Conference Papers in Science. Hindawi

Publishing Corporation. 2013, vol. 2013. 1-7.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Seasonality Effects
on Dengue: Basic Reproduction Number, Sensitivity Analysis and Optimal
Control. Mathematical Methods in the Applied Sciences,2016.39(16): 4671—
4679.

Sungchasit, R. and Pongsumpun, P. Numerical Analysis of the Transmission
Model of Dengue on SEIR Model. International Journal of Bioscience,

Biochemistry and Bioinformatics, 2017. 7(2): 93—101.

Chanprasopchai, P., Pongsumpun, P. and Tang, I. M. Effect of Rainfall
for the Dynamical Transmission Model of the Dengue Disease in Thailand.

Computational and Mathematical Methods in Medicine, 2017. 2017: 1-17.

Gotz, T., Altmeier, N., Bock, W., Rockenfeller, R. and Wijaya, K. P. Modeling
Dengue Data from Semarang, Indonesia. Ecological Complexity, 2017. 30:
57-62.

Taghikhani, R. and Gumel, A. B. Mathematics of Dengue Transmission
Dynamics: Roles of Vector Vertical Transmission and Temperature

Fluctuations. Infectious Disease Modelling, 2018. 3: 266-292.

Song, H., Tian, D. and Shan, C. Modeling the Effect of Temperature on
Dengue Virus Transmission with Periodic Ddelay Differential Equations.

Mathematical Biosciences and Engineering, 2020. 17(4): 4147-4164.

Lizarralde-Bejarano, D. P., Arboleda-Sanchez, S. and Puerta-Yepes, M. E.
Understanding Epidemics from Mathematical Models: Details of the 2010
Dengue Epidemic in Bello (Antioquia, Colombia). Applied Mathematical
Modelling, 2017. 43: 566-578.

Ali, T. M., Abd Karim, M. F. and Kamil, A. A. Mathematical Model of
Dengue Fever and Its Sensitivity Analysis. Pakistan Journal of Statistics,

2015. 31(6): 717-731.

312



117.

118.

119.

120.

121.

122.

123.

124.

125.

Yang, H. M. The Transovarial Transmission in the Dynamics of Dengue
Infection: Epidemiological Implications and Thresholds. Mathematical

Biosciences, 2017. 286: 1-15.

Nyerere, N., Matofali, A. X., Mpeshe, S. C. and Edward, S. Modeling the
Impact of Vertical Transmission in Vectors on the Dynamics of Dengue Fever.

World Journal of Modelling and Simulation, 2017. 13(3): 219-227.

de los Reyes, A. A. and Escaner, J. M. L. Dengue in the Philippines: Model
and Analysis of Parameters Affecting Transmission. Journal of Biological

Dynamics, 2018. 12(1): 894-912.

Aniba, M. L., Eliecer, A. B., Carlos, A. and Abello, M. Numerical Analysis of
a Model for Dengue Incidence with Spreading Factors in an Endemic Region.

Applied Mathematical Sciences, 2018. 12(30): 1453-1463.

Kong, L., Wang, J., Li, Z., Lai, S., Liu, Q., Wu, H. and Yang, W. Modeling
the Heterogeneity of Dengue Transmission in a City. International Journal

of Environmental Research and Public Health, 2018. 15(6): 1128.

Wu, C. and Wong, P. J. Dengue Transmission: Mathematical Model with
Discrete Time Delays and Estimation of the Reproduction Number. Journal

of Biological Dynamics, 2019. 13(1): 1-25.

Winderto, Khan, M. A. and Fatmawati. Parameter Estimation and Fractional
Derivatives of Dengue Transmission Model. Mathematics, 2020. 5(3): 2758—
2779.

Fakhruddin, M., Nuraini, N. and Indratno, S. W. Mathematical Model of
Dengue Transmission Based on Daily Data in Bandung. American Institute of
Physics Conference Proceedings. American Institute of Physics Publishing.

2019, vol. 2084. 020013.

Fauzi, 1. S., Fakhruddin, M., Nuraini, N. and Wijaya, K. P. Comparison
of Dengue Transmission in Lowland and Highland Area: Case Study in

Semarang and Malang, Indonesia. Communication in Biomathematical

Sciences, 2019. 2(1): 23-37.

313



126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Ali, T. M., Kamil, A. A. and Karim, M. F. A. Deterministic Mathematical
Model of Dengue Disease Spread. Far East Journal of Mathematical Sciences,

2015. 96(4): 419-436.

Phaijoo, G. and Gurung, D. Mathematical Model of Dengue Disease
Transmission Dynamics with Control Measures. Journal of Advances in

Mathematics and Computer Science, 2017. 3(23): 1-12.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Vaccination Models
and Optimal Control Strategies to Dengue. Mathematical Biosciences, 2014.
247: 1-12.

Nie, L.-F. and Xue, Y.-N. The Roles of Maturation Delay and Vaccination
on the Spread of Dengue Virus and Optimal Control. Advances in Difference

Equations, 2017. 2017(1): 278.

Christofferson, R. C. and Mores, C. N. A Role for Vector Control in Dengue
Vaccine Programs. Vaccine, 2015. 33(50): 7069-7074.

Tang, B., Xiao, Y., Tang, S. and Wu, J. Modelling Weekly Vector Control
Against Dengue in the Guangdong Province of China. Journal of Theoretical

Biology, 2016. 410: 65-76.

Chévez, J. P, Gotz, T., Siegmund, S. and Wijaya, K. P. An SIR-
Dengue Transmission Model with Seasonal Effects and Impulsive Control.

Mathematical Biosciences, 2017. 289: 29-39.

Chanprasopchai, P., Tang, I. M. and Pongsumpun, P. SIR Model for Dengue
Disease with Effect of Dengue Vaccination. Computational and Mathematical

Methods in Medicine, 2018. 2018: 1-14.

Nugraha, E. S., Naiborhu, J. and Nuraini, N. Design of Vaccination and
Fumigation on Host-Vector Model by Input-Output Linearization Method.
American Institute of Physics Conference Proceedings. American Institute of

Physics Publishing. 2017, vol. 1825. 020015.

Jajarmi, A., Arshad, S. and Baleanu, D. A New Fractional Modelling and
Control Strategy for the Outbreak of Dengue Fever. Physica A: Statistical
Mechanics and its Applications, 2019. 535: 122524.

314



136.

137.

138.

139.

140.

141.

142.

143.

144.

Srivastav, A. K. and Ghosh, M. Assessing the Impact of Treatment on the
Dynamics of Dengue Fever: A Case Study of India. Applied Mathematics
and Computation, 2019. 362: 124533.

Yang, C.-X. and Nie, L.-F. The Effect of Vector Control Strategy Against
Dengue Transmission Between Mosquitoes and Human. Electronic Journal

of Qualitative Theory of Differential Equations, 2017. 2017(17): 1-27.

Hu, K., Thoens, C., Bianco, S., Edlund, S., Davis, M., Douglas, J.
and Kaufman, J. The Effect of Antibody-Dependent Enhancement, Cross
Immunity, and Vector Population on the Dynamics of Dengue Fever. Journal

of Theoretical Biology, 2013. 319: 62-74.

Cerén, M. G. and Yang, H. M. A Simple Mathematical Model to Describe
Antibody-Dependent Enhancement in Heterologous Secondary Infection in
Dengue. Mathematical Medicine and Biology: A Journal of the IMA, 2019.
36(4): 411-438.

Garba, S. M. and Gumel, A. B. Effect of Cross-Immunity on the Transmission
Dynamics of Two Strains of Dengue. International Journal of Computer

Mathematics, 2010. 87(10): 2361-2384.

Kooi, B. W., Aguiar, M. and Stollenwerk, N. Analysis of an Asymmetric
Two-Strain Dengue Model. Mathematical Biosciences, 2014. 248: 128-1309.

Murillo, D., Holechek, S. A., Murillo, A. L., Sanchez, F. and Castillo-Chavez,
C. Vertical Transmission in a Two-Strain Model of Dengue Fever. Letters in

Biomathematics, 2014. 1(2): 249-271.

Janreung, S. and Chinviriyasit, W. Dengue Fever with Two Strains in Thailand.
International Journal of Applied Physics and Mathematics, 2014. 4(1): 55—
61.

Anggriani, N., Tasman, H., Ndii, M. Z., Supriatna, A. K., Soewono, E. and
Siregar, E. The Effect of Reinfection with the same Serotype on Dengue
Transmission Dynamics. Applied Mathematics and Computation, 2019. 349:
62-80.

315



145.

146.

147.

148.

149.

150.

151.

152.

153.

Champagne, C. and Cazelles, B. Comparison of Stochastic and Deterministic
Frameworks in Dengue Modelling. Mathematical Biosciences, 2019. 310:

1-12.

Mishra, A. and Gakkhar, S. Stage-Structured Transmission Model

Incorporating Secondary Dengue Infection. Differential Equations and

Dynamical Systems, 2017. 2017: 1-16.

Aguiar, M., Ballesteros, S., Kooi, B. W. and Stollenwerk, N. The Role
of Seasonality and Import in a Minimalistic Multi-Strain Dengue Model
Capturing Differences Between Primary and Secondary Infections: Complex

Dynamics and Its Implications for Data Analysis. Journal of Theoretical

Biology, 2011. 289: 181-196.

Supriatna, A., Nuraini, N. and Soewono, E. Mathematical Models of Dengue
Transmission and Control: A Survey. In: Dengue Virus: Detection, Diagnosis

and Control. Nova Publishers. 187-208. 2010.

Coudeville, L. and Garnett, G. P. Transmission Dynamics of the Four Dengue
Serotypes in Southern Vietnam and the Potential Impact of Vaccination. PloS

One, 2012. 7(12): e51244.

Chao, D. L., Halstead, S. B., Halloran, M. E. and Longini Jr, I. M. Controlling
Dengue with Vaccines in Thailand. PLoS Neglected Tropical Diseases, 2012.
6(10): el876.

Maier, S. B., Huang, X., Massad, E., Amaku, M., Burattini, M. N. and
Greenhalgh, D. Analysis of the Optimal Vaccination Age for Dengue in

Brazil with a Tetravalent Dengue Vaccine. Mathematical Biosciences, 2017.

294: 15-32.

Iboi, E. A. and Gumel, A. B. Mathematical Assessment of the Role of
Dengvaxia Vaccine on the Transmission Dynamics of Dengue Serotypes.

Mathematical Biosciences, 2018. 304: 25-47.

Lee, S. and Castillo-Chavez, C. The Role of Residence Times in Two-
Patch Dengue Transmission Dynamics and Optimal Strategies. Journal of

Theoretical Biology, 2015. 374: 152—-164.

316



154.

155.

156.

157.

158.

159.

160.

161.

162.

Phaijoo, G. R. and Gurung, D. B. Mathematical Study of Dengue Disease
Transmission in Multi-Patch Environment. Applied Mathematics,2016.7(14):
1521-1533.

Nevai, A. L. and Soewono, E. A Model for the Spatial Transmission of
Dengue with Daily Movement Between Villages and a City. Mathematical
Medicine and Biology, 2014. 31(2): 150-178.

de Lima, T. F. M., Lana, R. M., de Senna Carneiro, T. G., Codeco, C. T.,
Machado, G. S., Ferreira, L. S., de Castro Medeiros, L. C. and Davis Junior,
C. A. DengueME: A Tool for the Modeling and Simulation of Dengue

Spatiotemporal Dynamics. International Journal of Environmental Research

and Public Health, 2016. 13(9): 920.

Wang, W. and Zhao, X.-Q. A Nonlocal and Time-Delayed Reaction-Diffusion
Model of Dengue Transmission. SIAM Journal on Applied Mathematics,
2011. 71(1): 147-168.

Enduri, M. K. and Jolad, S. Dynamics of Dengue Disease with Human
and Vector Mobility. Spatial and Spatio-Temporal Epidemiology, 2018. 25:
57-66.

Zhu, M. and Xu, Y. A Time-Periodic Dengue Fever Model in a Heterogeneous
Environment. Mathematics and Computers in Simulation, 2019. 155: 115-

129.

Stoddard, S. T., Forshey, B. M., Morrison, A. C., Paz-Soldan, V. A., Vazquez-
Prokopec, G. M., Astete, H., Reiner, R. C., Vilcarromero, S., Elder, J. P.,
Halsey, E. S. H., Kochel, T. J., Kitron, U. and Scott, T. W. House-to-House
Human Movement Drives Dengue Virus Transmission. Proceedings of the

National Academy of Sciences, 2013. 110(3): 994-999.

Hsieh, Y.-H., van den Driessche, P. and Wang, L. Impact of Travel Between
Patches for Spatial Spread of Disease. Bulletin of Mathematical Biology,
2007. 69(4): 1355-1375.

Bock, W. and Jayathunga, Y. Compartmental Spatial Multi-Patch
Deterministic and Stochastic Models for Dengue, 2018. Preprint Retrieved at
https://arxiv.org/abs/1810.01412, Accessed 15 June, 2019.

317


https://arxiv.org/abs/1810.01412

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

Barrios, E., Lee, S. and Vasilieva, O. Assessing the Effects of Daily
Commuting in Two-patch Dengue Dynamics: A Case Study of Cali,
Colombia. Journal of Theoretical Biology, 2018. 453: 14-39.

Reagan, K., Yokley, K. A. and Arangala, C. Simulations on a Mathematical
Model of Dengue Fever with a Focus on Mobility. The North Carolina Journal
of Mathematics and Statistics, 2019. 5: 1-16.

de Araujo, A. L., Boldrini, J. L. and Calsavara, B. M. An Analysis of a
Mathematical Model Describing the Geographic Spread of Dengue Disease.
Journal of Mathematical Analysis and Applications, 2016. 444(1): 298-325.

Senapati, A., Sardar, T., Ganguly, K. S., Ganguly, K. S., Chattopadhyay,
A. K. and Chattopadhyay, J. Impact of Adult Mosquito Control on Dengue
Prevalence in a Multi-Patch Setting: A Case Study in Kolkata (2014-2015).
Journal of Theoretical Biology, 2019. 478: 139-152.

Friesz, T. L. Dynamic Optimization and Differential Games. vol. 135. Springer
Science & Business Media. 2010.

Chachuat, B. Nonlinear and Dynamic Optimization: From Theory to Practice.

Technical report. 2007.

Lenhart, S. and Workman, J. T. Optimal Control Applied to Biological Models.
CRC Press. 2007.

Oke, S. I. Mathematical Modeling for Optimal Control of Breast Cancer.
Ph.D. Thesis. University of Zululand. 2019.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Optimal Control
and Numerical Software: An Overview. In: Systems Theory. Nova Science

Publishers, Inc. 93-110. 2014.

Andreani, R., Birgin, E., Martinez, J. and Schuverdt, M. On Augmented
Lagrangian Methods with General Lower-Level Constraints. SIAM Journal
on Optimization, 2007. 18(4): 1286-1309.

Conway, B. A Survey of Methods Available for the Numerical Optimization
of Continuous Dynamic Systems. Journal of Optimization Theory and

Applications, 2012. 152(2): 271-306.

318



174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Pontryagin, L., Boltyanskii, V., Gamkrelidze, R. and Mishchenko, E. The

Mathematical Theory of Optimal Processes. Interscience, New York. 1962.

Hocking, L. M. Optimal Control: An Introduction to the Theory with
Applications. Oxford University Press. 1991.

Todorov, E. Optimal Control Theory. In: Doya, K., ed. Bayesian
Brain: Probabilistic Approaches to Neural Coding. MIT Press Cambridge
(Massachusetts). 269-298. 2006.

Moulay, D., Aziz-Alaoui, M. and Kwon, H.-D. Optimal Control of
Chikungunya Disease: Larvae Reduction, Treatment and Prevention.

Mathematical Biosciences and Engineering, 2012. 9(2): 369-392.

Agusto, F. B. Optimal Control and Cost-Effectiveness Analysis of a Three
Age-Structured Transmission Dynamics of Chikungunya Virus. Discrete and

Continuous Dynamical Systems-B, 2017. 22(3): 687-715.

Ozair, M., Lashari, A. A., Jung, 1. H. and Okosun, K. O. Stability Analysis
and Optimal Control of a Vector-Borne Disease with Nonlinear Incidence.

Discrete Dynamics in Nature and Society, 2012. 2012: 1-21.

Abboubakar, H., Kamgang, J. C., Nkamba, L. N. and Tieudjo, D. Bifurcation
Thresholds and Optimal Control in Transmission Dynamics of Arboviral

Diseases. Journal of Mathematical Biology, 2018. 76(1-2): 379-427.

Zorom, M., Zongo, P., Barbier, B. and Some, B. Optimal Control of a Spatio-
Temporal Model for Malaria: Synergy Treatment and Prevention. Journal of

Applied Mathematics, 2012. 2012: 1-20.

Olaniyi, S., Okosun, K. O., Adesanya, S. O. and Lebelo, R. S. Modelling
Malaria Dynamics with Partial Immunity and Protected Travellers: Optimal

Control and Cost-Effectiveness Analysis. Journal of Biological Dynamics,

2020. 14(1): 90-115.

Wang, X., Shen, M., Xiao, Y. and Rong, L. Optimal Control and Cost-
Effectiveness Analysis of a Zika Virus Infection Model with Comprehensive

Interventions. Applied Mathematics and Computation, 2019. 359: 165-185.

Bonyah, E. and Okosun, K. O. Mathematical Modeling of Zika Virus. Asian
Pacific Journal of Tropical Disease, 2016. 6(9): 673-679.

319



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Bonyah, E., Khan, M., Okosun, K. and Gémez-Aguilar, J. On the Co-infection
of Dengue Fever and Zika Virus. Optimal Control Applications and Methods,
2019. 40(3): 394-421.

Kumar, N., Parveen, S. and Dohare, R. Comparative Transmission Dynamics
and Optimal Controls for Chikungunya, Dengue and Zika Virus Infections.

Letters in Biomathematics, 2019. 6(2): 1-14.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Optimization
of Dengue Epidemics: A Test Case with Different Discretization Schemes.
American Institute of Physics Conference Proceedings. American Institute of

Physics. 2009, vol. 1168. 1385-1388.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Dynamics
of Dengue Epidemics when Using Optimal Control. Mathematical and
Computer Modelling, 2010. 52(9): 1667-1673.

Rodrigues, H. S., Monteiro, M. T. T. and Torres, D. F. M. Bioeconomic
Perspectives to an Optimal Control Dengue Model. International Journal of

Computer Mathematics, 2013. 90(10): 2126-2136.

Buonomo, B. and Della Marca, R. Optimal Bed Net Use for a Dengue Disease
Model with Mosquito Seasonal Pattern. Mathematical Methods in the Applied
Sciences, 2018. 41(2): 573-592.

Schreppel, C. and Chudej, K. Numerical Optimal Control Applied to an
Epidemiological Model. IFAC-PapersOnLine, 2018. 51(2): 1-6.

Jan, R. and Xiao, Y. Effect of Partial Immunity on Transmission Dynamics of
Dengue Disease with Optimal Control. Mathematical Methods in the Applied
Sciences, 2019. 42(6): 1967-1983.

Onyejekwe, O. O., Tigabie, A., Ambachew, B. and Alemu, A. Application of
Optimal Control to the Epidemiology of Dengue Fever Transmission. Journal

of Applied Mathematics and Physics, 2019. 7: 148-165.

Jan, R., Khan, M. A. and Gémez-Aguilar, J. Asymptomatic Carriers in
Transmission Dynamics of Dengue with Control Interventions. Optimal

Control Applications and Methods, 2020. 41(2): 430-447.

320



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Ministry of Health Malaysia. Health Facts 2014. URL http://www.moh.
gov.my, Accessed 15 March, 2018.

Department of Statistics Malaysia. Population Quick Info. URL pqi.stats.
gov.my, Accessed 20 May, 2018.

Department of Statistics Malaysia. Mid-Year Population Estimates by Age
Group, Sex and State, Malaysia, 2012. URL http://www.data.gov.my,
Accessed 20 May, 2018.

Martcheva, M. An Introduction to Mathematical Epidemiology. vol. 61.
Springer, New York. 2015.

Fleming, W. H. and Rishel, R. W. Deterministic and Stochastic Optimal
Control. Springer-Verlag, New York. 1975.

Barnes, B. and Fulford, G. R. Mathematical Modelling with Case Studies:
Using Maple and Matlab. Chapman and Hall, CRC Press. 2014.

CDC. Dengue, 2019. URL https://wwwnc.cdc.gov/travel/
yellowbook/2020/travel-related-infectious-diseases/dengue,

Accessed 28 July, 2020.

Elaiw, A. M., Alade, T. O. and Alsulami, S. M. Global Stability of Within-
Host Virus Dynamics Models with Multitarget Cells. Mathematics, 2018.
6(7): 118.

Samsuzzoha, M., Singh, M. and Lucy, D. Parameter Estimation of Influenza
Epidemic Model. Applied Mathematics and Computation, 2013. 220: 616—
629.

Berhe, H. W., Makinde, O. D. and Theuri, D. M. Parameter Estimation
and Sensitivity Analysis of Dysentery Diarrhea Epidemic Model. Journal of
Applied Mathematics, 2019. 2019: 1-13.

Manore, C. A., Hickmann, K. S., Xu, S., Wearing, H. J. and Hyman, J. M.
Comparing Dengue and Chikungunya Emergence and Endemic Transmission

in A. aegypti and A. albopictus. Journal of Theoretical Biology, 2014. 356:
174-191.

321


http://www.moh.gov.my
http://www.moh.gov.my
pqi.stats.gov.my
pqi.stats.gov.my
http://www.data.gov.my
https://wwwnc.cdc.gov/travel/yellowbook/2020/travel-related-infectious-diseases/dengue
https://wwwnc.cdc.gov/travel/yellowbook/2020/travel-related-infectious-diseases/dengue

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Bekiros, S. and Kouloumpou, D. SBDiEM: A New Mathematical Model
of Infectious Disease Dynamics. Chaos, Solitons and Fractals, 2020. 136:
109828.

Nishiura, H. Mathematical and Statistical Analyses of the Spread of Dengue.
In: Dengue Bulletin. World Health Organization, New Delhi, vol. 30. 51-67.
2006.

Costa, E. A. P. d. A., Santos, E. M. d. M., Correia, J. C. and Albuquerque,
C. M. R. d. A. Impact of Small Variations in Temperature and Humidity on
the Reproductive Activity and Survival of Aedes aegypti (Diptera, Culicidae).
Revista Brasileira de Entomologia, 2010. 54(3): 488—493.

Janreung, S., Chinviriyasit, W. and Chinviriyasit, S. Mathematical Evaluation
of the Role of Cross Immunity and Nonlinear Incidence Rate on the
Transmission Dynamics of Two Dengue Serotypes. Advances in Difference

Equations, 2020. 2020(1): 1-32.

Smith, H. L. and Waltman, P. The Theory of the Chemostat: Dynamics of
Microbial Competition. vol. 13. Cambridge University Press. 1995.

Cheng, Q., Lu, X., Wu, J. T., Liu, Z. and Huang, J. Analysis of Heterogeneous
Dengue Transmission in Guangdong in 2014 with Multivariate Time Series

Model. Scientific Reports, 2016. 6: 33755.

Lachiany, M. and Stone, L. A Vaccination Model for a Multi-City System.
Bulletin of Mathematical Biology, 2012. 74(10): 2474-2487.

Khan, M. A., Islam, S., Valverde, J. C. and Khan, S. A. Control Strategies
of Hepatitis B with Three Control Variables. Journal of Biological Systems,
2018. 26(01): 1-21.

LaSalle, J. P. The Stability of Dynamical Systems. vol. 25. SIAM. 1976.

Gantmacher, F. Applications of the Theory of Matrices. ER. BRENNER, JL

(trans.) Gantmacher, Dover Publication. 1959.

322



LIST OF PUBLICATIONS

Journal with Impact Factor

1. Abidemi, A., Abd Aziz, M. 1. and Ahmad, R. Vaccination and Vector Control
Effect on Dengue Virus Transmission Dynamics: Modelling and Simulation.

Chaos, Solitons and Fractals, 2020. 133: 109648.

2. Abidemi, A. and Aziz, N. A. B. Optimal Control Strategies for Dengue Fever
Spread in Johor, Malaysia. Computer Methods and Programs in Biomedicine,

2020. 196: 105585

3. Abidemi, A., Ahmad, R. and Aziz, N. A. B. Controlling the Spread of Dengue
Disease in Two Interconnected Patches: Modelling and Simulation. Applied

Mathematics and Computation, (Submitted).

4. Abidemi, A. and Aziz, N. A. B. Mathematical Modelling and Simulation of
Dengue Disease Transmission, Prevention and Control: A Case Study of Johor,

Malaysia. Ecological Complexity, (Submitted).

5. Abidemi, A. and Aziz, N. A. B. Dynamics of Dengue Disease Transmission,
Prevention and Control in Kuala Lumpur, Malaysia: Modelling and Simulation.

Applied Mathematical Modelling, (Submitted).

6. Abidemi, A. and Aziz, N. A. B. Deterministic Modelling of Optimal Control
Strategies for Dengue Fever Transmission in Two Interconnected Patches.

Mathematics and Computers in Simulation, (Submitted)

Indexed Journal (SCOPUS)

1. Abidemi, A., Abd Aziz, M. I. and Ahmad, R. The Impact of Vaccination,
Individual Protection, Treatment and Vector Controls on Dengue. Engineering

Letters, 2019. 27(3): 613-622.

2. Abidemi, A., Abd Aziz, M. 1. and Ahmad, R. Mathematical Modelling of
Coexistence of Two Dengue Virus Serotypes with Seasonality Effect. Journal

of Computational and Theoretical Nanoscience, 2020. 17(2-3): 783-794.

323



	COVER PAGE
	PSZ FORM
	SUPERVISOR(S) DECLARATION
	COOPERATION DECLARATION
	TITLE PAGE
	 DECLARATION
	 DEDICATION
	 ACKNOWLEDGEMENT
	 ABSTRACT
	 ABSTRAK
	 TABLE OF CONTENTS
	 LIST OF TABLES
	 LIST OF FIGURES
	 LIST OF ABBREVIATIONS
	 LIST OF SYMBOLS
	 LIST OF APPENDICES
	Introduction
	Motivation
	Background of the Study
	Problem Statement
	Research Questions
	Research Objectives
	Research Scope
	Significance of the Research
	Thesis Organisation

	Literature Review
	Vector-Borne Diseases
	Dengue Worldwide
	Dengue Prevention and Control

	Dengue in Malaysia
	Co-circulation of Dengue Virus Serotypes in Malaysia
	Malaysia Climate
	Dengue Control in Malaysia

	Mathematical Modelling of Vector-Borne Diseases
	Basic Terminologies and Definitions in Mathematical Modelling
	Single-Patch Vector-Borne Disease Models
	Spatial Vector-Borne Disease Models

	Mathematical Modelling of Dengue Disease Transmission and Control
	Single-Patch Deterministic Dengue Models without Interventions
	Single-Patch Deterministic Dengue Models with Interventions
	Multi-Strain Deterministic Dengue Models without Intervention
	Multi-Strain Deterministic Dengue Models with Interventions
	Spatial Modelling of Dengue Disease

	Optimal Control Theory
	Optimal Control Problem Formulation
	Solution Techniques for Optimal Control Problems
	Formulation of Vector-Borne Disease Models as Optimal Control Problems
	Formulation of Non-Spatial Deterministic Dengue Models as Optimal Control Problems
	Formulation of Spatial Deterministic Dengue Models as Optimal Control Problems

	Research Gap
	Summary

	Research Methodology
	Research Framework
	Development and Analysis of Single-Patch ShEhIhRh+AvSvEvIv Deterministic Dengue Model
	Development and Analysis of Two-Strain ShEhIhRh+SvEvIv Deterministic Dengue Model
	Development and Analysis of Two-Patch ShEhIhRh+AvSvEvIv Deterministic Dengue Model

	Operational Framework
	Theoretical Framework
	Research Design and Procedure
	Summary

	Single-Patch Deterministic Dengue Model and Optimal Control
	Dengue Fever Transmission
	Single-Patch Deterministic Dengue Model without Interventions
	Model Analysis
	Well-Posedness
	Invariant Regions
	Equilibrium Points and Basic Reproduction Number
	Local Asymptotic Stability of the Disease-Free Equilibrium
	Global Asymptotic Stability of the Disease-Free Equilibrium
	Estimation of the Model Parameters and Initial Conditions Values
	Model Validation
	Discussion on the Derived Basic Reproduction Number
	Sensitivity Analysis

	Single-Patch Deterministic Dengue Model with Seasonal Variation
	Numerical Simulations and Results

	Single-Patch Deterministic Dengue Model with Interventions
	Numerical Simulations and Results

	Formulation of Optimal Control Problem
	Non-Autonomous Version of the Single-Patch Deterministic Dengue Model with Interventions
	The Cost Functional
	Existence of Optimal Controls
	Characterisation of Optimal Controls
	Numerical Simulations and Results

	Discussion
	Summary

	Two-Strain Deterministic Dengue Model and Optimal Control
	Transmission of Dengue Hemorrhagic Fever
	Two-Strain Deterministic Dengue Model without Interventions
	Model Analysis
	Region of Positive Invariance
	Equilibrium Points and Basic Reproduction Number
	Stability Analysis of the Equilibria
	Estimation of the Model Parameters and Initial Conditions Values
	Discussion on the Derived Basic Reproduction Number
	Sensitivity Analysis

	Two-Strain Deterministic Dengue Model with Seasonal Variation
	Numerical Simulations and Results

	Two-Strain Deterministic Dengue Model with Interventions
	Numerical Simulations and Results

	Formulation of Optimal Control Problem
	Non-Autonomous Version of the Two-Strain Deterministic Dengue Model with Interventions
	The Cost Functional
	Existence of Optimal Controls
	Characterisation of Optimal Controls
	Numerical Simulations and Results

	Discussion
	Summary

	Two-Patch Deterministic Dengue Model and Optimal Control
	Spatial Dissemination of Dengue Fever
	Two-Patch Deterministic Dengue Model without Interventions
	Analysis of Two-Patch Deterministic Dengue Model without Interventions
	Region of Positive Invariant
	Basic Reproduction Number, Equilibrium Points and Stability Properties of the Disease-Free Equilibrium
	Global Asymptotic Stability of the Disease-Free Equilibrium
	Discussion on the Derived Basic Reproduction Number
	Numerical Simulations and Results

	Two-Patch Deterministic Dengue Model with Interventions
	Numerical Simulations and Results

	Formulation of Optimal Control Problem
	Non-Autonomous Version of Two-Patch Deterministic Dengue Model with Interventions
	The Cost Functional
	Existence of Patch-Specific Optimal Controls
	Characterisation of Patch-Specific Optimal Controls
	Numerical Simulations and Results

	Discussion
	Summary

	Conclusion and Future Works
	Achievement of the Research Objectives
	Research Contributions
	Limitations
	Future Work

	REFERENCES
	LIST OF PUBLICATIONS
	Proof of Lemma 4.1
	Proof of Lemma 4.2
	Proof of Theorem 4.1
	Proof of Theorem 4.2
	Proof of Theorem 4.3
	Proof of Theorem 4.5
	Analytical Sensitivity Indices
	Proof of Existence Theorem 4.6
	Proof of Theorem 4.7
	Proof of Theorem 5.2
	Proof of Theorem 5.4
	Proof of Theorem 5.5
	Proof of Theorem 5.6
	Proof of Theorem 5.7
	Dynamics of the Subpopulation of Primary Infectious Human by DENV-1 with Increased Values of Parameters hv1, vh1, v1, h1, h1 by 10%
	Time Series of the Simulation of Two-Strain ShEhIhRh+SvEvIv Deterministic Dengue Model with Seasonal Variation in Scenario 2 of the 2012 Dengue Outbreaks in Johor and Kuala Lumpur
	Proof of Theorem 6.1
	Proof of Theorem 6.2
	Proof of Theorem 6.3




