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Abstract: Dengue disease is caused by four serotypes of the dengue virus: DEN-1, DEN-2, DEN-3,
and DEN-4. The chimeric yellow fever dengue tetravalent dengue vaccine (CYD-TDV) is a vaccine
currently used in Thailand. This research investigates what the optimal control is when only individ-
uals having documented past dengue infection history are vaccinated. This is the present practice in
Thailand and is the latest recommendation of the WHO. The model used is the Susceptible-Infected-
Recovered (SIR) model in series configuration for the human population and the Susceptible-Infected
(SI) model for the vector population. Both dynamical models for the two populations were recast
as optimal control problems with two optimal control parameters. The analysis showed that the
equilibrium states were locally asymptotically stable. The numerical solution of the control systems
and conclusions are presented.

Keywords: dengue disease; optimal control; vaccination

1. Introduction

The dengue epidemic first occurred in the Philippines in 1954. It reached Thailand in
1958. The disease is caused by an infection by any one of the four serotypes of dengue virus,
which are labeled as DEN-1, DEN-2, DEN-3, and DEN-4. The dengue viruses are trans-
mitted by two species of the Aedes mosquitoes, the Aedes aegypti and the Aedes albopictus.
All four serotypes have a common antigen, resulting in cross-reaction and cross-protection
of the four serotypes. The cross protection is not permanent. A person infected by one
of the serotypes will have permanent immunity to that serotype, but only partial immu-
nity to the other three. Some of the immunity will last for a short period, approximately
6-12 months. Those people might be re-infected if they happen to meet a different serotype
of dengue virus. This second infection is different from the initial infection and is labeled
as a secondary dengue infection [1-4] since the symptoms and outcomes of the primary
and secondary dengue infections can be quite different. In some individuals (infants or
young children), infection by the dengue virus may lead to undifferentiated fever (uf).
The individuals are said to have the viral syndrome of dengue fever, which can only be
detected through laboratory tests. In older children and adults, infection by the dengue
viruses leads to what is usually labeled as dengue fever (DF). People with DF exhibit
symptoms such a mild fever, headaches, pain around the eyes, muscular pain, and pain in
the bones. If an individual experiences the clinical symptoms of high fever accompanied
by bleeding, enlarged liver, and severe shock, he is said to have dengue hemorrhagic fever
(DHF). During the fever, there will also be a low platelet count and plasma leakage. If large
amounts of plasma leak out, the patient will have a shock condition called dengue shock
syndrome (DSS) [5-7]. The last two (DHF and DSS) are the symptoms that the individuals
in the secondary dengue infection group experience. These symptoms can be viewed as an
allergic reaction.
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Since millions of people can be infected by the dengue virus, there is an economic
cost to these people becoming sick, and vaccines have been developed. Chimeric yellow
fever dengue tetravalent dengue vaccine (CYD-TDV) is one of these vaccines. It was first
registered as a dengue vaccine in Mexico. It is now registered in 13 countries around the
world, including Thailand, which had a role in its development. This dengue vaccine is the
first and only vaccine in the world at the moment to cover all four strains of the dengue
virus and is called Dengvaxia®, which is developed by Sanofi Pasteur to help protect
against the dengue disease. The vaccine has an overall effectiveness of 56.5%, which is
74% more effective in older children, 12-14 years old, and 75% effective for DEN-3 and
DEN-4 [8,9]. It is reported that the efficacy of the vaccine is higher in children who have
previously been infected with dengue fever. The dengue vaccine reduces the severity of the
disease by 88.5% and hospitalization by 67.2% [10-12]. In December 2017, the WHO [13]
issued a new recommendation that states that the WHO recommends vaccination (with
Dengvaxia) only in individuals with a documented past dengue infection. This should be
taken into consideration in any models used.

Esteva and Vargas [4,14] were among the first to study the transmission of dengue
disease. They developed a mathematical model in which there were compartmental models
for both the human and mosquito populations. The human population was described
by a Susceptible-Infected-Recovered (SIR) model while the mosquito population was
described by an SI (no recovered) model. Pongsumpun et al. [15-17] have also studied
the transmission of dengue virus. Most of Pongsumpun’s work has been centered on
the situation in Thailand since the dengue fever is of major concern to Thailand. She has
included an exposed class (E) to the model, making the Susceptible-Infected-Exposed-
Recovered (SEIR) model, to describe the dynamics of the human population. In Ref. [16],
the author used the SIR model to simulate the possible outcomes of vertical transmission
of the virus among mosquitos. She and her coworkers [17] included vertical transmission
in a SEIR model. Syafruddin and Noorani [18] studied the mathematical model for dengue
transmission and applied it to the situations in Indonesia and Malaysia. Yaacob [19] studied
the mathematical model of the dengue disease in people who have no immunity.

Singh et al. [20] and Tasman et al. [21] considered the effects of vaccination on a
model in which the human population is divided into children and adults. They also
considered that there were two types of infections, primary and secondary dengue infection.
It was assumed that individuals experiencing a secondary infection were at a higher
risk. In these studies, the adults were further divided in two groups, so the human
population consisted to three groups: less than 9 years, between 9 and 45 years, and
between 45 and 65 years [22,23]. Using a similar model to study the transmission of
another disease, melioidosis, Tavaen and Viriyapong [24] studied the local and global
stability analyses and optimal control for this disease. There are many studies about the
effects of the dengue vaccination on the spread of the dengue disease. [25-28]. They have
introduced various models to simulate the dynamic of the programs when there is complete
vaccination, random mass vaccination, imperfect random mass vaccination, and random
mass vaccination with waning immunity levels. They have used optimal control strategies
to simulate the results of the programs.

The number of cases and deaths by month and the number of cases and deaths each
year in Thailand from 2003-2020 data from the Bureau of Epidemiology at the Ministry of
Health is shown in Figure 1. It can be seen in the figure that the dengue fever is prevalent
in the rainy season from June to September. The incidence is the highest in July. The
number of cases, which fluctuated month to month, tended to increase yearly from 2003
to 2020. The same is true for the number of deaths. When the number of cases is high,
there will be more deaths. The percentage of deaths is very small. Using the sources
that gave these results, we were interested in the outcome of a vaccination program in
which only individuals with a documented past dengue infection (i.e., an individual who
would have a secondary dengue infection if bitten by a mosquito infected with a different
serotype of the virus) are vaccinated. We used the double Susceptible-Infected-Recovered
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(SIR) model for the human population and the Susceptible-Infected (SI) model for the
vector population. The analysis of the stability of the model was carried out by using
dynamic analysis. The Routh-Hurwitz criteria were applied to analyze the system model
for stability. The reproductive number was calculated. The optimal control theory was
applied in the transmission model in order to minimize the number of infected humans
with primary and secondary infections. Numerical simulation was performed. Results and
conclusion are presented in this paper.
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Figure 1. The number of cases by month and the number of cases and deaths each year from 2003-2020 [29]: (a) the number
of cases by month; (b) the number of cases and deaths by year.

2. Materials and Methods
2.1. Mathematical Model

The basic mathematical model was the SEIR model presented in ref. [15]. The equa-
tions in that model describe the dynamics of the spread of dengue fever when there is
only one serotype of the virus present. In this work, the basic SEIR model of [15] was
extended to include secondary infection of a different serotype, whereby the members of
the recovered population become the susceptible members in the second SIR, effectively
providing a framework for describing a vaccination program in which only people who
have been infected are considered. In Thailand, the medical status of each Thai citizen is
kept at the District Office in each province in the country. It is easy to determine from the
past medical histories anyone who was infected with the dengue virus. Dengue fever is one
of the five diseases that must be reported to the Thai Ministry of Health. The susceptible
human population in the second SIR model used here are the not sick humans who have
been infected by the serotype A virus, since they will be the only ones given the vaccine. A
person who has no prior history of any dengue infection is not considered to be a candidate
for the vaccination. The vector population was divided into two compartments: susceptible
and infected (SI). The infected mosquito was the subset of infected mosquitoes transmitting
virus B. The human population was subdivided into six population groups. It should
be remembered that all of the recovered individuals have the antibodies to a particular
serotype of the dengue virus at the end of primary infection. Susceptible people of this
kind are not born into this group; they emerge after several months of being infected by a
serotype virus. The vector population was classified into two subclasses. The variables are
defined in Table 1.
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Table 1. The definition of the variables used in the differential system of Equations (1)—(10).

Variables Definition
Sup The number of humans susceptible to primary infection
Iyp The number of humans with a primary infection
Ryp The number of humans who have recovered from a primary infection
SHs The number of humans susceptible to secondary infection
Ins The number of humans with a secondary infection
Rys The number of humans who have recovered from a secondary infection
Sy The number of susceptible vectors
Iy The number of infected vectors

The dynamic transmission of dengue disease with the vaccination model is shown in

Figure 2.
bSwe (b+d,)I, bRy,
BNy £ 0, Sy, 7ol MEER
SHP ’ I HP RHP

Human population
Vector population

llk
«
v
=

a5, d,+d I,

Figure 2. Diagram of the transmission model of dengue disease with the vaccination model of human
and vector populations.

The dynamics of human and vector populations and the system of differential equa-
tions are given by: L
dSHp

= INu - wBySuply — bSpp @
e _ wpSraely — voTrar — (0 + do) T @
@ = vplup — (1 $)0Rpp — bRpp ®)
% = (1—)0Rup — aBrSusly — bSus @)
9IS _ oy SirsTy — voTrs — bTirs ©)

dt
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dRys

= vyelys — bR

T Yslus HS (6)

dsy o .
ditv = A —BySy(Inp + Ins) —dvSy ()

i .
= = BvSv (Inp + Ins) — (dv +dy) Iy 8)

with the conditions:

Sup + Inp + Ryp + Sps + Ins + Rys = Ny )
Sy +1Iy =Ny (10)

where the parameters of Equations (1)—(10) are defined in Table 2.

Table 2. The definition of the parameters of the differential system of Equations (1)-(10).

Parameters Definition
o The biting rate of the vector population
P The vaccine efficiency
0 The recurrent infection rate
Ny The total number of humans in the study population
Ny The total number of vectors in the study population
BH The transmission rate of dengue virus from vector to human
Bv The transmission rate of dengue virus from human to vector
b The birth and natural mortality rate of the human population
dy The natural mortality rate of the vector population
dg The mortality rate from infection of the human population
dy The mortality rate from infection of the vector population
rp The recovery rate of those with a primary infection
vs The recovery rate of those with a secondary infection

The rate of change of both the total population of humans and vectors is zero and

given by:
dSpp | dlyp  dRpyp | dSps | dlys | dRys
at " ar T ar Tar Ttar T =0 (1)
dSy dIy
v v 12
a a0 (12)
with conditions, we get:
dglp =0 (13)
dkE-‘r dyNy = A (14)

Normalizing the equations by introducing the following normalized variables:

SHp Igp Rup SHs IHs Rys
S = — I = — R = —-—, S = —, I = —, R = — 15
wp = g Twe = o Rup = = Shs = 40 Tns = 0 Rus = (15)
Sy Iy
Sy =2, Iy =— 16
v Ny v Ny (16)

with the additional condition:
Sgp + Inp + Rup + SHs + Igs + Rpys =1 (17)

Sy+1Iy=1 (18)
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The mathematical model of Equations (1)—(8) is now reduced to the following equation:

dZI:P =b—aBySyplyNy — bSyp (19)

d;% = aBySuplvNy — vplgp — (b +dy)Iup (20)
dIZI;P = yplup — (1 — ¢)0Rup — bRyp (21)
df% — (1— $)6Rpp — aBrSrsIyNy — bSys (22)
di,iljs = aPySyslvNy — vslys — blys (23)

TV = By (L~ Iy)(Iip + Iis)Nes — (dy + ) Iy (24)

2.2. The Equilibrium Points

Definition 1 ([17]). The point X € R" is an equilibrium point for the differential equation
X _ £(¢,X) iff(t, )?) =0 forall t.

Since epidemiological models are inherently dynamical systems, the knowledge of the
equilibrium points is vital for determining the behavior of long-term dynamics. Towards
this goal, the most important parameter for determining whether an outbreak will occur or
not is the basic reproductive number Ry. The equilibrium points are obtained by setting
the right-hand side of Equations (19)—(24) to zero. This system model now admits two
equilibrium points, namely the disease-free point and an endemic equilibrium point. The
disease-free equilibrium point Ej is:

E; = (1,0,0,0,0,0) (25)
The endemic equilibrium point E, = (S};p, I;p, Rijp, Siysr Iis, Iy ) is:
«  _ m(b20(p—1)yp)—T)—T7+ T3(T4+T5)+T72
HP — T
- b+ —/ (T +T5)+ T2
HP Te
RY  — b+ T/ (T +T5)+ T2
T6

HP —

_ T H(13—To5+T6)/ TS(T4+T5)+T72+T22

S¥ .=
HS T18T19T20 21

_ (BTt 1) VB (ut )+ -

It =
HS T18T19T20 T21

=V B(G+s)+2 -1

V= Ty7+T28

(26)
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where:

7 = baNgNyBuPy, T = (b+60—09)(b+7s), 15 =b*a*NyNyp3pv,
Ty =40(yp —1)(dv +dy) (b +aNyBy)(b+ds +vp) VP2,
75 = NyBvbt, 16 =2a0(p —1)NyNyBy(b+ aNyBy)Bvyp(b+ds+ vp),
77 =aNyBu(0(y —1)vp) + 1, 8 =2(b+da+7p)2,
T = 2b%a0(yp — 1)(dy + dx)NyBurp,
Tio = 200202 (yp — 1)*(dy + di)NZ B4 vp(da + 1p) s,
Ti1 =0 — 0 +dg+aNvpu +vp+ s,
Ty = 0(¢ — 1) (vp +dg) — aNyBy — s,
73 = (0(¥ —1) —vp — 7s) (aNyBu +1),
Tie = af(p — 1)NyBu(dys+vp), 1is =da(0(¢ —1) —aNyBp),
Ti6 = (2baNy B (8 — 89)yp + (b +6 — 0p) (b +75))?,

Ty = b? (292(1/J —1)%9% —20(¢ — 1)ypTa + T22>,

g = 4b20£29(l[1 — 1)(b +0— GIP)NHN‘%ﬁZPI(b + DCNV‘BH)Z, Ti9 = ‘Bv')/p(b +di+ ’Yp),

0 = (dk(b+dg+vp) —dv(b+da+vp) +1), T1 =bNyPy (0 —09)yp,
T = baNyButs(dy +di) + Nupybty,
Tog = To (V% + V111 — b1z — TaTi5) — Tao + Ti3 + T1T6Ta7,
Tyg = b*(0 — aNy By + vs) + babNy B (p — 1),
o5 = 0(p +1)(2b07s + aNyByyp + bys),
Tos = Ny Bu7s(adp — ba — af) +b*(1+b),
Ty = 202N% B3, (dy + di) T8, Tos = bNuPBy (0 — 09)yp + T

2.3. The Basic Reproductive Number

Definition 2 ([24]). Basic reproductive number (R) is defined as the average number of secondary

infections when a single infective enters an entirely susceptible population.

The basic reproductive number (Rp) is obtained using the next-generation matrix
method [30-32]. We selected Igp, Iy, and Iy to be the classes to construct the F and V
matrices, which are important to this method. For our system, the matrices F and V contain
new infection terms and transition terms. We evaluated the Jacobian matrices F and V at
the disease-free equilibrium point E; = (1,0,0,0,0,0), where F is non-negative and V is

non-singular. The F (gains) and V (losses) matrices are:

3 3 3 2 3 3
aa,%asl) aa%gusl) %}f‘;wl) it (E1) 3 (1) S (E)
F= aﬁ(a) s (V) g (B | V= | (B g (Bn) g (E)
v v v
ot (E1) 5= (E1) g1 (E1) a1 (E1) s (E1) 572 (E1)
where:
f aBuSuaply Ny 01 (yp+b+dg)Iup
f=1]rf|= aBuSuslvNy o= 10 | = (vs + b)Iys
f3 Bv (Iap + Ins)Nu U3 (dy +di)ly
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The required matrices are:

0 0 lX,BHNV Yp + b+ dd 0 0
F= 0 0 0 , V= 0 Ys+b 0
BvNu PvNy 0 0 0 dy + d
1
1 ’)/P+b+dd (1) O
Vﬁ = 0 W (l)
0 0 dy +dy
Since R = FV~!, we have:
aNy B
0 U
R = 0 0 0
NyBv NyBv 0

b+dg+vp  btvs

Ry is the dominant eigenvalue of the matrix R; then, the value of the basic reproductive
number is given by:

R _ DCNHNV’BHﬂV
0 de(b+dg) +dy (b +dy) + vp(dy + di)

(27)
2.4. Local Stability of Equilibrium Points

Definition 3 ([14]). The equilibrium point Eq of the system X = f(X) is locally asymptotically
stable if the matrix | = % (Ep) has all its eigenvalues with negative real parts. The equilibrium
point Ey is not stable if at least one of the eigenvalues of the matrix | has a positive real part.

The local stability of each equilibrium point states of this model is determined from
the Jacobian matrix at that equilibrium point of the system of Equations (19)-(24). The
Jacobian matrix is:

*DtﬁHlvNV —-b 0 0 0 0 *OC‘BHSHPNV
(XﬁHlvNV —Yp _dd —b 0 0 0 (XﬁHSHpNV
_ 0 P —(1-9)o—b 0 0 0
]E’ - 0 0 (1 — IIJ)9 —aﬁylvNV —-b 0 —tXﬁHSHsNH (28)
0 0 0 IXIBHI‘/N —Ys — b aﬁHSHsNH
0 BvNu(1—1Iy) 0 0 ByNu(1—1v) —ByNu(Iup + Ius) — (dv +dy)

Theorem 1. At the equilibrium point Eq, the disease-free state is locally asymptotically stable when
Ro < 1.

Proof. See the proof of Theorem Al in Appendix A. J
Theorem 2. The equilibrium point E, is locally asymptotically stable when Ry > 1.

Proof. See the proof of Theorem A2 in Appendix A. []

3. Numerical Simulation

In this section, the numerical analysis of the transmission of dengue disease with the
vaccination will only consider individuals who have a documented history of past dengue
infection or have died from the infection. The parameter values within this model are
listed in Table 3. Note that though most of the parameters are taken from the literature,
some of the values need to be assumed for the purpose of this investigation. The use of Ny
and Ny values of 10,000 for both cases reflects a small rural town, for example, one like
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Mae Hong Son, with a lower socio-economic status, which is very useful for investigating
the efficiency of the vaccination program. Note that we also assume a constant vector
population, which is appropriate for this case since the town is small, and far away from
larger cities such as Bangkok. The value of d; will be assumed to be 1/180 for both the
disease-free and endemic equilibrium cases. This value is close to the reported values
of 500 deaths per population of 100,000 [33]. The value of dj is assumed to be the same
as the reported natural mortality rate. The model is then simulated with the use of the
Runge-Kutta differential equation solver in MATLAB. The numerical results are shown in
Figures 3-6.

Table 3. The parameters used in the numerical simulation.

Parameters Disease-Free Endemic References
o 1/7 1/7 [1,9], [15-17], [29,33]
P 1/2 1/2 [1,9], [15-17], [29,33]
0 1/(30 x 6) 1/(30 x 6) [1-4]
Ny 10.000 10.000 assumed
Ny 10.000 10.000 assumed
BH 0.0000080 0.0050 assumed
Bv 0.0000065 0.0030 assumed
b 1/(365 x 70) 1/(365 x 70) [1,9], [15-17], [29,33]
dy 1/14 1/14 [1,9], [15-17], [29,33]
dy 1/180 1/180 assumed
di 1/14 1/14 assumed
Yp 1/10 1/10 [1,9], [15-17], [29,33]
vs 1/14 1/14 [1,9], [15-17], [29,33]

For the case of larger cities such as Chiang Mai or Khon Kaen, etc., we assume that:

Case 1: the number humans Ny = 500,000 and the number of vectors Ny = 100, 000,
while for

Case 2: the number of humans Ny = 500, 000 and the number of vectors Ny = 100, 000e(—1/14)t
to investigate their implications.

Note that Case 2 simulates the situation where the size of the vector population is not
constant but is rather a function of time. The exponential power of —1/14 is also used to
reflect the natural death rate of the vector population. It can be seen from Figures 7 and 8
that there is a small change in trajectory from Case 1 to Case 2, which is to be expected
since the total vector population slowly decays.
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Figure 3. The trajectory of Syp, Igp, Rgp, Sys, Ins and Iy toward the disease-free equilibrium point for Ry < 1 with
parameter values according to Table 1. (a) Susceptibles of primary infection (b) Infected population with primary infection
(c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary infection

(f) Infected vector.
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Figure 4. The trajectory of Syp, Igp, Ryp, Sys, Ins and Iy toward the endemic equilibrium point, for Ry > 1 with
parameter values according to Table 3. (a) Susceptibles of primary infection (b) Infected population with primary infection
(c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary infection
(f) Infected vector.
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Figure 5. The trajectory of Syp, Igp, Ryp, Sgs, Iys and Iy toward the endemic equilibrium point for Ry > 1 with a

comparison of the transmission rate of the dengue virus from vector to human, Sy = 0.0020, 0.0040, 0.0060, 0.0080, 0.0100,

and parameter values according to Table 3. (a) Susceptibles of primary infection (b) Infected population with primary

infection (c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary

infection (f) Infected vector.
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Figure 6. The trajectory of Syp, Igp, Ryp, Sgs, Iys and Iy toward the endemic equilibrium point for Ry > 1 with a
comparison of the transmission rate of the dengue virus from human to vector, 8y = 0.0010, 0.0030, 0.0050, 0.0070, 0.0090,
and parameter values according to Table 3. (a) Susceptibles of primary infection (b) Infected population with primary
infection (c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary
infection (f) Infected vector.
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Figure 7. The trajectory of Syp, Ixp,

Ryp, Sys, Igs and Iy toward the endemic equilibrium point for Ry > 1 with

parameter values according to Table 3; changes Ny = 500,000, and Ny = 100,000 . (a) Susceptibles of primary infection

(b) Infected population with primary infection (c) Recovered human of primary infection (d) Susceptibles of secondary

infection (e) Infected human of secondary infection (f) Infected vector.
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Figure 8. The trajectory of Syp, Iyp, Ryp, Sys, Igs and Iy toward the endemic equilibrium point for Rg > 1 with
parameter values according to Table 3; changes Ny = 500,000, and Ny = 100,000e(~1/14)t. (a) Susceptibles of primary
infection (b) Infected population with primary infection (c) Recovered human of primary infection (d) Susceptibles of
secondary infection (e) Infected human of secondary infection (f) Infected vector.
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Sensitivity Analysis of Parameters

The index tells us which parameters have a high impact on the basic reproductive
number, Ry, and should be targeted by intervention strategies. In addition, the sensitivity
index allows us to measure relative changes in variables as parameters change. The
normalized forward sensitivity index of a variable related to a parameter is the ratio of the
relative change in the variable to the relative change in the parameter [34].

Definition 4 (Chitnis, Hyman, and Cushing [34]). The normalized forward sensitivity index of
Ro, which depends differentiably on a parameter p, is defined by:

Ry _ Ry P 29
p a p X RO ( )
Given an expression for Ry in Equation (27), the sensitivity index of Equation (29)
can now be used to evaluate the index of each parameter. Note that the sensitivity index
could be a function of some parameters, or a number, signifying its independence of any
parameter. Table 4 shows the sensitivity index of Ry to all the parameters of Table 3.

Table 4. Sensitivity indices 50 evaluated at the baseline parameter values of Table 1.

Parameters Sensitivity
o 0.5
Ny 0.5
Ny 0.5
BH 0.5
By 0.5
b —0.0001141
dy —0.1666667
dg —0.20825858
dy —0.3333333
v —0.2916001

Figure 9 plots a comparison of the Ry values against the changes in d; and yp. It can
be seen that as the d; and yp values change, the increment of Ry in d; is more pronounced
than that of yp. This is reflected in the 50 index, where 5; is significantly larger than 52
Note that a similar definition to Equation (29) with regards to the sensitivity of Ij; with
respect to the parameters could also be given. However, due to the algebraic complexities
of I}, in Equation (26), a numerical plot is instead given. It is apparent in Figure 10 that as
By changes, the endemic equilibrium Ij; also changes somewhat linearly.
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4. The Optimal Control Problem

In this section, the solution of the optimal control problem is discussed. The Pontryagin
Minimum Principle (PMP) theory is used to solve this problem. Equations (19)—(24) will
be recast as a control problem. The purpose of this is to recast the problem as one of
minimizing the number of infected humans to achieve an optimal outcome. Since, the
system consists of two dynamics, one for the humans and the other for the vectors, two
control parameters will be needed, u; for the human population and u; for the vector
population. u; is the vaccination rate and up is the rate at which the breeding of the
Aegypti mosquitoes is annihilated. This model can be written as the system of the equation
as follows:

d'iiI;IP =b— D(‘BHSHPI\/NV — bSHp (30)
dl
% = aBaSuplyNy — yplgp — (b +dg)Iup (31)
dR
HP — oy plyp — (1= 9)0Ryp — bRyp (32)

dt
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5 = (L= 9)0Rup — apuSuslyNy — bShs — u1(t) s (33)
dlys
i = %BuSuslvNv — vslus — blus (34)
dR
THS = Yslps — bRys (35)
ds A
TtV Ny BvSv(Iup + Ins)Ny — dySy — ua(t)Sy (36)
dI
= PvSv(Inp + Ins)Ni — (dy +di) Iy — wa(D)pvSv(Iup + Ins)Ni - (37)
In terms of the normalized compartments, the differential equations become:
ds
dI;P =b—aBuSuplyNy — bSpp (38)
dlyp
= aBySuplyNy — vplgp — (b +dg)Iup (39)
dR
dI:P =vplup — (1 — $)0Rup — bRpup (40)
- (1—9)0Ryp — aPuSusly Ny — bSys — u1(t)Iys (41)
= *BuSuslyNv — vslys — blns (42)
dl
i = BrSv(lup + Ins)Nu — (dv +di) Iy — u2())pySv(Iup + Ins)Nu - (43)

All parameters retain same definitions as before. The optimal control problems of
Equations (38)—(43), require a definition of the objective function given as:

J(u1,u2) = min / [Xlal + Xplys + %(Xau%(f) + Xw%(t))} dt (44)
0

with initial condition Sgp >0, Igp >0, Ryp >0, Syg >0, Igs >0, Rys >0,Sy >0,
and Iy > 0. The constants X;, X», X3, and X4 are weight constants and the terms X3 u%(t)
and X4u3(t) represent the costs associated with the control variables 17 and u, respectively.
We can assign an optimal solution of this model optimal control problem by using the
Lagrangian and the Hamiltonian of the problems. The Lagrangian of the optimal control
problem is given by:

1
L(I, Iy, w1, 42) = XaIap + Xalpis + 5 (Xg,u%(t) 4 X4u§(t)) (45)

Theorem 3. We consider the objective function | given by Equation (44) with (uj,uz) € U
subjecting to the control system of Equations (38)—(43) with initial condition. There exists u*(t) =
{ui (1), ub ()} € U such that J(uf, uy) = min{](uq, uz)|(uq, uz) € U}.

Proof. See the proof of Theorem A3 in Appendix A. [

Theorem 4. There exists the adjoint variables A1, Ay, Az, Ay, As, and Ag under the control that
satisfies the following:
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W — Ay (8)(aBrly Ny + b) — Aa(£) (aBrlyNy),

==X+ M) (rp+da+b) = As(t)yp — As(t) (BvNu(1 — Iy —u5(t) + Iyus(t))),

Ba = A3 (H)(1— )6 +b) — Aa (1) (1 — 9)8),
Da — A4(t) (@BrlvNy +b) — As(1) (aBrlvNy), (46)

= —Xp 4+ Ag(t) (w5 (£)) + As(t) (vs + b) — A6(t) (ByNu (1 — Iy — u3(t) + Iyuj(t))),
@6 = A1 (1) (@BrSupNy) — Ao (t) (aBuSupNy) + As(t) (ePuSusNy)
—As(t)(aBuSusNy) + Ae(t) (BvNu (1 — u5(t)) (Inp + Ins) + (dv +di)).

with the boundary conditions:
A(t) = Aa(t) = A3(t) = Ag(t) = As(t) = Ae(t) =0 (47)

In addition, the optimal control variables are given by:
Ay}
uj (t) = max <min( ;HS , urf‘ax> , O) (48)
3

Ag(1— I I¥ I)N
u3(t) = max <min< o V)'BV;( izp *+ Tiss) H,urzr‘a)‘),O) (49)
4

Proof. See the proof of Theorem A4 in Appendix A. [J

The simulation results for the optimal states are presented in Figures 11-15 and the
optimal controls are shown in Figure 14 using parameter values according to Table 1.

Figures 11-15 show the simulation results of the system of Equations (38)—(43) with
and without controls of Syp, Iyp, Rup, Sus, Ins, and Iy. The plot of Figure 11 is obtained
by setting the weight X; to be equal to X;. Figure 12 presents the case in which the weight
Xj less than Xj. Figure 13 presents the case where Xj is at least 10 times greater than Xj.
Figure 14 presents the case in which the weight X is greater than Xj,. Figure 15 presents
the case where Xj is at least 10 times greater than X;. Note that the main goal of the control
is to minimize the number of infected humans with primary infection Ip, as well as the
secondary infection Iys. The main emphasis, however, is on the secondary infectious
individuals. For each of these scenarios, a comparison is also made with the case where
no control is applied. If X; = X, the convergence time to equilibrium is significantly
faster than if X; is less than X5, X; is much less than X,, Xj is greater than X, and X;
much greater than X,. Moreover, as the weight of X; increases, the steady state of infected
individuals of the secondary population I;;¢ gradually decreases to zero. The trajectory
of the infected vectors gradually deviates from the no-control case. No significant change
seems to occur to the trajectories as the weight X, is increased, except for the infected
vectors, which appear to approach zero for a large weight of 100. With no control measures,
it will take longer for equilibrium to be reached.
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Figure 11. Simulation results of system of Equations (38)—(43) with and without controls of Sgp, Igp, Ryp, Sus, Iys
and Iy for X; = 100, X, = 100. (a) Susceptibles of primary infection (b) Infected population with primary infection
(c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary infection
(f) Infected vector.
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Figure 14. Simulation results of system of Equations (38)—(43) with and without controls of Sgp, Igp, Ryp, Sus, Iys
and Iy when X; = 100, X, = 50. (a) Susceptibles of primary infection (b) Infected population with primary infection
(c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary infection

(f) Infected vector.
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Figure 15. Simulation results of system of Equations (38)-(43) with and without controls of Sgp, Iyp, Rgp, Sgs, Iys and

Iy when X; = 100, X, = 0.00001. (a) Susceptibles of primary infection (b) Infected population with primary infection
(c) Recovered human of primary infection (d) Susceptibles of secondary infection (e) Infected human of secondary infection
(f) Infected vector.

Figure 16a shows that to maintain the optimal control of the infected population,
u1(t) would have to be at 50%, 70%, and 90% for the first 25 days, after which the control
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(&)

required will show an exponential decline to zero. Figure 16b shows the values required
to maintain optimal control when u(t) is used as the controlling factor. The application
of 50%, 70%, and 90% of u(t) for achieving optimal control should be maintained for the
first 47 days, after which the amount of control steadily decreases to zero.
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Figure 16. Simulation results of the control: (a) The vaccination rate u1 () and (b) the Aegypti breeding destroying rate u;(f)

when X; = 100, X, = 100.

Figures 17 and 18 plot the cases of Ny = 500,000 and Ny = 100,000, and of Ny = 500,000
and Ny = 100,000e(~1/14)¢, respectively. The later values were chosen to investigate the
case where the total vector population is not constant. Both figures show a significant
decay of both the primary and secondary infective populations to zero in the controlled
population compared to the uncontrolled population, which peaks at around 0.25 before
decaying to about zero. Note that there is again a small change across the trajectories from

Figure 17 to Figure 18, which is to be expected since the total number of vectors is slowly
decayed as a function of time.
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secondary infection (f) Infected vector.
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5. Discussion and Conclusions

In this paper, we analyzed the effects of different vaccination strategies to prevent
secondary dengue infection in order to reduce the severity of the disease. The dynamic
of the dengue fever transmission model assumes that the human and vector population
are constant. The analysis was based on the use of the Routh-Hurwitz criteria to establish
local asymptotic stability. The equilibrium points that we found were disease-free conver-
gence to E; = (1,0,0,0,0,0) and the endemic equilibrium point. The basic reproductive
number was defined as Ry. If Ry is less than one, then the disease-free state exits and is
locally asymptotically stable; it is unstable when Ry is greater than one. We simulated the
numerical solution of the parameters with different values, as shown in Figure 5. We can
see that if the transmission rate of dengue virus from vector to human S is large, then the
convergence to an equilibrium point becomes slower for susceptible humans to primary
and secondary infection. The number of humans recovered from primary infection, the
number of humans with primary or secondary infection, and the number of infected vectors
will converge to an equilibrium point more rapidly. Likewise, in Figure 6, we see that if
the transmission rate of the dengue virus from human to vector By is large, then there is a
slower convergence to an equilibrium point of the susceptible humans. Similarly, humans
who recovered from a primary infection, humans infected with a primary or secondary
infection, and infected humans will converge to an equilibrium point more quickly, i.e.,
E>(Spp = 0.00003, Izp = 0.00022, Rpp = 0.00810, Sys = 0.00002, I;s = 0.00031). However,
the infected vector will converge to a different equilibrium point. In addition, this will also
make the basic reproductive number Rg greater than one. Changing By to a different value
affects the convergence time for reaching the equilibrium point, as shown in Figure 8. To
investigate whether there is a limitation on the model when there is a non-constant total
vector population Ny, two further cases were also considered. The first case had the largest
total human population Ny at 500,000, and a large Ny of 100,000. The second case kept Ny
the same, whilst the Ny was treated as an exponential function of time. Results showed
that although having a non-constant Ny does have some effect on the trajectories, such a
change is quite small compared to that of the constant vector population case.

We adopted an optimal control approach using the vaccination rate and a rate for
destroying the breeding of the Aegypti mosquito in order to minimize the number of humans
with primary or secondary infections. To do this, we used the Pontryagin Minimum
Principle (PMP) method to solve the optimal control problem with conditions X; equal
Xy, Xjlessthan X;, Xj much less than X;, Xj greater than X;, and X; much greater
than X5. We can see that, if there are no controls, the number of humans with primary or
secondary infections increases. This will cause the solution to converge to the equilibrium
point over a longer time. With the controls in place, the number of mosquitoes in the
infected vector population and the number of people who need to be vaccinated will
decrease over time, as shown in Figures 11-18.
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Appendix A

Theorem Al. At the equilibrium point Eq, the disease-free state is locally asymptotically stable
when Ry < 1.

Proof. The eigenvalues of the Jacobian at the equilibrium point of the disease-free state are
obtained by first evaluating the matrix equation at the disease-free state E; = (1,0,0,0,0,0).

det(Jg, —AI) =0 (A1)

where [ is a 6 x 6 identity matrix. Solving this equation, we obtain the characteristic equa-
tion, a six-order polynomial equation. The eigenvalues are the solutions of the equations:

M=A=-bA3=—(b+0(1+9)), Ay =—(b+7s),
)\52 —<%£1+\/s%—4£2—83),and/\6: —(%El—g/s%—4£2—£3).

wheree; = (b +dy+dp+dy + ’)’p), &) = b(dk + dv) +dd(dk + dv),and£3 = IXNHNV,BH,BV
+vp(dx +dy). As we see, all the eigenvalues have a negative real part and the disease-free
equilibrium point (E;) is locally asymptotically stable. [

Theorem A2. The equilibrium point E; is locally asymptotically stable when Ry > 1.

Proof. The Jacobian for this case is obtained when the endemic state E; defined by Equation
(26) is substituted in the Jacobian matrix of Equation (28) Jg, = (Si;p, Ij1p, Riyp, Stiss Iiis Iiy)
where Si;p, Ifp, Rip, Stiss If;s, and I are defined by the equation of the endemic equilib-
rium point (E;), we set:

det(Jg, —AI) =0 (A2)

For the first eigenvalue we have Ay = —(b+7v5) < 0and Ay = —(b+d; +vs) < 0.
The characteristic equation is:

MEmA +aA? +asA+a, =0 (A3)
where:
a; =3b+0(1 — ) +di +dy + 2aNyByly + Nu(Ifp — Ijjs +aNy(Sip — Sis) (Iy — 1)Bu)Bv,
ay =(b+aNyBuly) (3b —20(p — 1) + aNyByl}) + dx (3b + 6 — 0y + 2aNy fy 1)
+Npu («Ny (Sjp — Sirs) (I — 1) (80 + 60 — 0p + 2aNy By Iy ) (Bu + Ifp — Ifys) ) By
+dy (3b+ 6 — 0y + 2aNyByly),
az = b*(b+0 — 0p) +20aNyByle* (b + 0 — 0y) + a®> N2 B2, 152 (b + 0 — 0y)
+(b+ aNyBul}y) (30 + 20 — 204 + aNy Byl (di + dv)
213, — 2b — 2001}, + 2aNy By — aNy Byl + aNy I,
+a0Ny + 2aNy Byl + a®Ny Byl + 20y Ny Byl )
3b + 2b0 — 2byp — 3b* — 2bI% + 2byI;; 4+ 2aNy Byl
—apNy I, — 3aNy Byl + apNy Byl )
+baNyNy BBy Tip (613 + 29 + aNyBuliy) + baNyNy BBy It (6 +2¢ — aNyBr),
ag = (b+0—09) (b+aNyByul) (dx +dy) + NuBy (b +60 — 09) (b+aNyBuly)* (I — Is)
+baNy (I, = 1) Br (b + 0 — 09) (Sip — Shys) (b + aNvBuly) + ab(p — 1)NyS;p Iy Bre).

where S;p, If;p, Siyg If;s, and Ij; are defined in Section 2.2 (The Equilibrium Point) and
all parameter values are defined in Table 3. Using Routh-Hurwitz criteria [35,36] for

+b0‘NHNV,BHﬁV51*L[p <

+b“NHNV,BH,BVS}k_IS <
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a

n = 4, the endemic equilibrium point is stable if conditions (i) — (iv) below are satisfied.
Since symbolic computation may be difficult, to illustrate whether conditions (i) — (iv)
are indeed satisfied due to the algebraic numerical complexities, numerical simulations of
conditions (i) — (iv) are instead given. It is seen from Figure 1A that conditions (i) — (iv)
are indeed satisfied. This means that the polynomial of Equation (A3) is Hurwitz.

(i) ay > 0(ii) a3 > 0(iii) ag > 0(iv) ayaraz — a3 —atay >0

Hence, the endemic equilibrium point will be locally asymptotically stable. [J

as
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Figure A1. All parameter spaces of endemic equilibrium are satisfied with the Routh-Hurwitz criteria.

Theorem A3. We consider the objective function | given by Equation (44) with (u1,up) € U
subjecting to the control system of Equations (38)—(43) with initial condition. There exists u*(t) =
{ui (), u3(t)} € U such that ] (uf,u3) = min{](uq, up)|(u1,u2) € U }.

Proof. We apply the existence of an optimal control problem from [37,38].

The control set U is closed and convex by its definition above and the integrand of the
function Equation (38) is also convex in U. It is obvious that these states and the control
variable are nonnegative. Since the solution to the systems given by Equations (38)—(43) are
bounded, the control function will be convex in U. Let g; and g, be two positive constants
and ¢ > 1. If we now set g = min(Igp(t), Igs(t)), g1 = min(X3,Xy), and { = 2, the
Lagrangian function L can be rewritten as:

L(Inp, Iys, u1, u2) = XqIup + Xolys + 5 (Xau2 (t) + Xaud(t))
2qz(IHPJrIHs)‘Hh(\“l\zJF|“2|2> (A4)
= g2+ a1 (i + |uzl”)

The optimal control of this model is obtained by applying Pontryagin’s Minimum
Principle [38].
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Theorem A4. There exists the adjoint variables A1, Ay, A3, A4, As and Ag under the control that
satisfies the following:

49— Ay () (Buly Ny +b) — A2 (H) (afrlyNy),
B2 = — Xy + a(t) (vp +dg +b) — As(H)vp — Ae(£) (ByNu (1 — Iy — u3(t) + Iyuj(t))),
U2 = 2a()((1— )0 +b) — As(H)(1 - 9)6),
@ = A4(t)(aBulyNy +b) — As(t)(aBulyNy), (A5)
G = —Xa + My(t )( 1(8) +As(8) (s +b) = As(t) (ByNu (1 = Iy — uj (t) + Iyus(t))),
D6 = A (1) («BrSupNy) — A2(t) (aBrSupNy) + As(t) (2BrSHsNy)
—As5(t)(@BuSusNv) + As(t) (BvNu(1 —u3 (1)) (Inp + Ins) + (dv +d)).

with the boundary conditions:

A(t) = Aa(t) = A3(t) = A4(t) = As(t) = Ag(t) =0 (A6)

In addition, the optimal control variables are given by:

A IF
uj () = max <min( ;Hs,uﬂnax)ﬂ) (A7)
3
Ag(1— I3 I¥ I )N
U (t) :max(min( o V)'BV;( fre =+ Tss) H,urznax>,0> (A8)
4

Proof. The Hamiltonian for the optimal control of this model is defined as given by:

dSyp dIgp dRyp dSys dlys dly
it + Ay T, + As T, + Ay T, + As T, +)LW (A9)

H = XqIup + Xalys + % (Xauj (t) + Xauj(t))
+A1[b — aBySuply Ny — bSyp]
+A2[@BrSuply Ny — vplap — (b +dg) Inp]
+Aslvplap — (1 — ¢)0Rpyp — bRpp] (A10)
+A4[(1 = ¥)0Ryp — aBfpuSusly Ny — bSys — u1(t)Iys]
+AslaBuSuslvNy — vslus — blys]
+A6[(1 —up(t))Bv (1 — Iy)(Igp + Igs) Ny — (dv + di)Iy]

The adjoint associated system is obtained as follows:

D = Ay (1) (aBrlyNy +b) — A2 (t) (aBrlyNy),
B2 = — X1+ Aa(t) (vp + da +b) = A3 (E)yp — Ae(t) (ByNu (1 — Iy — uj(t) + Iyuj(t))),
G = Aa()((1 =)0 +b) = Aa(1)((1 - 9)6),
D = A4(t)(aBrlyNy +b) — As(t) (aBrlyNy), (A11)
B = —Xa + My(t )( 1(1) +As(t) (vs +b) — Ae(H) (ByNu (1 — Iy — uz(t) + Iyus(t))),
@6 = M (1) («PuSupNy) — Ao() («BuSupNy) + Ay (t) (BrSusNy)
—As( )(@BrSHsNy) + Ae(t) (BN (1 —u5(t)) (Inp + Ins) + (dv + d)).

Using the optimal conditions, we find that:

H = L(IHPI IHS/ M],Mz) + )\1

9H oH . .
El Oatuy = uj(t) and up = u;(t) (A12)
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Therefore: ,
% = Xsu1 — Aglgs =0 s
* t — )‘4IHS ( )
ul( ) X3

Ag(1—1 Igp+Iys)N,
i (t) = 6( V)ﬂV}(QHP Hs)NH

Using the property of the control set, we can say that:

s Mgl
0if Mghis <0,
wi(t) = o Aghsif MgHs < gmax (A15)

e Mgl
max 41HS max
upeif St 2 upt

0 if )\6(1*[V)13V}((iHP+IHS)NH <0,
v _ ) A(1=I)By (Inp+Ins)Ny - ¢ Ag(1—Iy)By (Ip+Ips)N.
uy = 6 v ,BVX4HP 1s)NH ;¢ A6 v .BVX4HP Hs)Nu - % (A16)
< Ag(1=1 Igp+Iys)N,
ugzax Zf 6( V)/SV)(QHP HS) H 2 ugmx

The simulation results for the optimal states are presented in Figures 11-15 and the
optimal controls are shown in Figure 16. [
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