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Abstract. This study introduces a mathematical model designed to shed light on how Nipah virus (NiV) spreads.

The model emphasizes the application of control strategies to contain the virus, considering two primary trans-

mission pathways: direct contact and transmission through animal hosts, especially bats and pigs. The goal is to

deepen our understanding of how the virus spreads and to propose strategies that aim to reduce the number of infec-

tions and increase recoveries during the observation period, all while keeping the costs of these strategies low. The

mathematical framework provided enables the combination of different control strategies to effectively manage the

transmission dynamics of Nipah virus. By utilizing Pontryagin’s maximum principle, we identify effective mea-

sures to curb the disease’s spread. Theoretical findings are then validated through numerical simulations performed

using MATLAB.
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1. INTRODUCTION

Nipah virus (NiV) is a zoonotic virus, meaning that it is transmitted from animals to humans.

The virus is primarily transmitted through contact with infected pigs and bats, particularly the

Pteropus species, which are known as the natural reservoir for the virus. Nipah virus is classified

under the genus Henipavirus and is known for causing severe and deadly outbreaks in humans

[1, 2, 3]. Since its first discovery in 1998 during an outbreak in Peninsular Malaysia, where

individuals involved in pig farming were among the first infected, Nipah virus has become a

significant public health threat. The fatality rate associated with NiV infections is extremely

high, ranging between 40% and 75% depending on the outbreak and the availability of sup-

portive care. This high mortality rate, combined with the lack of licensed vaccines or antiviral

treatments, has led the World Health Organization (WHO) to classify Nipah virus as one of

the top ten priority diseases for research and development according to the WHO Research and

Development Blueprint [4, 5, 6, 7].

Our work seeks to model the Nipah virus using differential equations to address concrete

problems such as the spread of Nipah virus within a biological context. This approach employs

a rigorous mathematical framework and is based on two types of mathematization, as proposed

by Barnes (see figure) [8]:

• Horizontal mathematization, where mathematical tools are employed to structure and

solve a real-world situation (here, the dynamics of Nipah virus) into a mathematical

model.

• Vertical mathematization, which occurs at a purely mathematical level, focusing on

mathematical language and treatment.

The figure below illustrates the two aforementioned phases. Horizontal mathematization in-

volves describing the real-world situation and the inherent information within reality, schema-

tized as “descripting.” On the other hand, vertical mathematization focuses on translating

these aspects into mathematical language and mathematical treatment, indicated respectively

by “Mathematical language” and “Algorithm.”
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FIGURE 1. Horizontal and Vertical Mathematization Phases in Modeling Nipah

Virus Dynamics

The critical importance of this research is highlighted by the ongoing and widespread nature

of Nipah virus outbreaks. Since its initial discovery, the virus has not been confined to Malaysia;

instead, Nipah has caused outbreaks in several other countries, including Bangladesh [9, 10, 11],

India, and Singapore. In Bangladesh and India, Nipah virus outbreaks occur almost annually,

leading to numerous deaths and raising significant concerns about the virus’s potential to cause

a global pandemic. The figure below (Figure 2) illustrates the evolution of reported cases and

fatalities from Nipah virus outbreaks over the years, based on WHO data. This chart emphasizes

the persistence of the virus and its potential for resurgence, particularly in areas where bats and

pigs coexist with human populations.

FIGURE 2. Evolution of Nipah Virus Cases and Fatalities Over the Years

(Source: WHO)
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Extensive research has been conducted to understand Nipah virus, utilizing various math-

ematical models and studies. For example, researchers have proposed a model that includes

the role of deceased individuals who succumbed to Nipah fever, highlighting the importance of

considering the deceased in transmission dynamics. Others have developed a model focusing

on Nipah virus transmission through human-pig interactions, which is crucial for understanding

the virus’s spread in rural farming communities. Additionally, a model [12] based on the SIRD

framework has been introduced, considering the transmission of infection from infected corpses

to living humans, underscoring the need to manage infected corpses properly to prevent further

spread [13, 14, 15, 16, 17, 18, 19, 20, 21].

Given the significant threat posed by Nipah virus, it is essential to develop and implement

effective strategies to control its spread. The second part of this research focuses on exploring

the necessity and effectiveness of various control measures that can be used to reduce the trans-

mission of Nipah virus among human populations. These strategies are necessary not only to

address the immediate risks posed by Nipah but also to prevent future outbreaks, which could

have devastating effects on public health and global security.

Despite these comprehensive efforts, most models [22, 23, 24] have not adequately addressed

the direct transmission of Nipah virus from bats and pigs to humans. Furthermore, these models

often lack a focus on the dynamics and optimal control strategies for virus transmission. To

address these gaps, we propose a more detailed and realistic mathematical model to examine

Nipah virus transmission between pigs and humans, as well as its transmission from person to

person.

One of the most critical control measures, denoted as v, involves minimizing contact with in-

fected individuals, pigs, and bats. This strategy is of utmost importance as it directly addresses

the primary modes of Nipah virus transmission. Pigs have been identified as a significant am-

plifying host for the virus, particularly during the initial outbreak in Malaysia, where the virus

rapidly spread among pig populations and then to humans. To reduce the risk of transmission,

it is essential to implement strict biosecurity measures in pig farming practices, such as isolat-

ing sick animals, enforcing quarantine protocols, and controlling the movement of livestock.

Additionally, efforts to reduce bat-to-human transmission must focus on preventing bats from
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contaminating food sources, such as date palm sap, which is commonly consumed in many

endemic regions. Communities in these areas should be educated on the importance of boiling

date palm sap before consumption and avoiding fruits that show signs of bat bites.

The second control measure, denoted as w, focuses on the importance of public awareness

campaigns and potential vaccination strategies. Although no vaccine currently exists for Nipah,

raising public awareness about the risks associated with the virus and educating communities

on preventive measures can significantly reduce the likelihood of transmission. Public health

campaigns should focus on educating individuals about the symptoms of Nipah, the importance

of seeking early medical attention, and the measures they can take to protect themselves and

their families. Furthermore, research into vaccine development for Nipah is ongoing, and it is

crucial to prepare for the potential deployment of a vaccine in the future. Vaccination, when

available, will be a critical tool in controlling Nipah outbreaks and preventing the spread of the

virus to new regions.

This research is motivated by the need to fill gaps in our understanding of Nipah virus trans-

mission dynamics and to develop effective public health interventions that can mitigate the

impact of the virus. By integrating the control strategies u and v into a comprehensive math-

ematical model, this study aims to provide a robust framework for predicting and controlling

Nipah outbreaks. This model will not only help public health officials respond more effectively

to current and future outbreaks but will also contribute to global efforts to prevent a potential

pandemic. The ultimate goal of this research is to reduce the burden of Nipah virus on affected

populations, protect vulnerable communities, and enhance global health security. In conclusion,

as the threat of Nipah virus continues to emerge in various regions of the world, particularly in

South and Southeast Asia, it is crucial that we invest in research that advances our understand-

ing of the virus and its transmission. The development and implementation of effective control

strategies, supported by rigorous scientific research, will be key to mitigating the impact of this

deadly virus and preventing future outbreaks. Through this research, we hope to contribute to

global efforts to combat Nipah virus and safeguard public health.

In the first section of the document, we introduce some basic characteristics and definitions

of the disease. Following this, the second section provides a mathematical model to understand
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the dynamics of the virus transmission. The third section reviews the mathematical models used

to delve deeper into these transmission dynamics. The fourth section is dedicated to discussing

control strategies and preventive measures aimed at limiting the transmission of the Nipah virus.

Finally, the fifth section concludes the discussion by emphasizing the global importance of

ongoing research and development related to the Nipah virus and its significant impact on global

public health.

2. MODEL FORMULATION

To study the evolution of Nipah virus transmission dynamics, we will divide the pigs popu-

lation into two epidemiological categories: susceptible animals Sa and infected animals Ia. The

total number of pigs is denoted by Na, which satisfies the equation Na = Sa + Ia. Similarly, the

total number of people Nh is divided into the following categories: susceptible S, exposed E,

infected I, vaccinated V and recovered R, which satisfies the equation Nh = S+E + I +V +R.

Figure (3) provides a visual illustration of the model being proposed.

FIGURE 3. Model of human and animal population compartments.

The different compartments of our model are listed in table (1) below, detailing their respec-

tive descriptions. This table provides a comprehensive overview of each compartment’s role

within the model.
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Compartment Description

S The number of individuals susceptible to the virus.
E The number of infected individuals without symptoms.
I The number of symptomatic infected individuals.
V The number of individuals who are hospitalized.
R The number of recovered individuals.
Sa The number of pigs susceptible to the virus.
Ia The number of infected pigs.

TABLE 1. A description of the various compartments within our model.

Therefore, we present a mathematical model that is governed by the following system of

differential equations.

(1)



dS(t)
dt

= Λ−β1
S(t)I(t)

Nh
−β2

S(t)Ia(t)
Nh

− (λ +µh)S(t),

dE(t)
dt

= β1
S(t)I(t)

Nh
+β2

S(t)Ia(t)
Nh
− (α +θ +µh)E(t),

dI(t)
dt

= αE(t)− (γ +µh +σ)I(t),
dV (t)

dt
= γI(t)+λS(t)+θE(t)− (n+µh)V (t),

dR(t)
dt

= nV (t)−µhR(t),
dSa(t)

dt
= Λ1−β3

Sa(t)Ia(t)
Na

−µaSa(t),

dIa(t)
dt

= β3
Sa(t)Ia(t)

Na
−µaIa(t).

where S(0),E(0), I(0),V (0),R(0),Sa(0) and Ia(0) ∈ R∗+ represent the specified initial state.

2.1. Model basic properties.

2.1.1. Positivity of solutions.

Theorem 1.

If S(0) ≥ 0, E(0) ≥ 0, I(0) ≥ 0, V (0) ≥ 0, R(0) ≥ 0, Sa(0) ≥ 0, and Ia(0) ≥ 0 are specified,

then the solutions of system (1) remain non-negative for all t ≥ 0.

Proof.

Upon examining the initial equation in system (1), it becomes clear that.
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(2)
dS(t)

dt
= Λ+

(
−β1

I(t)
Nh
−β2

Ia(t)
Nh
−λ −µh

)
S(t) ≥ −

(
β1

I(t)
Nh

+β2
Ia(t)
Nh

+λ +µh

)
S(t),

(3)
dS(t)

dt
+

(
β1

I(t)
Nh

+β2
Ia(t)
Nh

+λ +µh

)
S(t) ≥ 0.

Where

L(t) = β1
I(t)
Nh

+β2
Ia(t)
Nh

+λ +µh1,

(4)
dS(t)

dt
+L(t)S(t) ≥ 0.

By multiplying both sides of the inequality by exp
(∫ t

0 L(s)ds
)
, we obtain

(5) exp
(∫ t

0
L(s)ds

)
dS(t)

dt
+L(t)exp

(∫ t

0
L(s)ds

)
S(t) ≥ 0,

(6)
d
dt

(
S(t)exp

(∫ t

0
L(s)ds

))
≥ 0.

Calculating the integral of this inequality from 0 to t results in:

(7)
∫ t

0

(
d
ds

(
S(s)exp

(∫ t

0
L(s)ds

)))
ds≥ 0,

then

S(t)≥ S(0)exp
(∫ t

0
L(s)ds

)
,

(8) S(t)≥ 0.

The second equation of system (1) implies that:

(9)

dE(t)
dt

= β1
S(t)I(t)

Nh
+β2

S(t)Ia(t)
Nh

− (α +θ +µh)E(t)

≥−(α +θ +µh)E(t).

Then

(10)
dE(t)

dt
+(α +θ +µh)E(t)≥ 0.
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The last inequality is multiplied by exp((α +θ +µh)t) on both sides, we obtain

(11)
dE(t)

dt
exp((α +θ +µh)t)+(α +θ +µh)exp((α +θ +µh)t)E(t)≥ 0,

(12)
d
dt

(exp((α +θ +µh)t)E(t))≥ 0.

By integrating this inequality over the interval from 0 to t, we obtain:

(13)
t∫

0

d
ds

(exp((α +θ +µh)s)E(s))ds≥ 0.

then

(14) E(t)≥ E(0)exp(−(α +θ +µh)t) ,

(15) E(t)≥ 0.

The third equation in system (1) indicates that

(16)
dI(t)

dt
= αE(t)− (γ +µh +σ)I(t)

≥−(γ +µh +σ)I(t).

Then

(17)
dI(t)

dt
+(γ +µh +σ)I(t)≥ 0.

Multiplying both sides of the last inequality by exp((γ +µh +σ)t) gives us

(18)
dI(t)

dt
exp((γ +µh +σ)t)+(γ +µh +σ)exp((γ +µh +σ)t) I(t)≥ 0,

(19)
d
dt

(I(t)exp((γ +µh +σ)t))≥ 0.

When this inequality is integrated over the interval from 0 to t, it results in:

(20)
t∫

0

d
ds

(I(s)exp((γ +µh +σ)s))ds≥ 0.

Then

(21) I(t)≥ I(0)exp(−(γ +µh +σ)t) ,
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(22) I(t)≥ 0.

Correspondingly, we demonstrate V (t)≥ 0 , R(t)≥ 0 , Ia(t)≥ 0 and R(t)≥ 0 �

2.1.2. Boundedness of the solutions.

Theorem 2.

The collection

(23)


Ωh =

{
(S,E, I,V,R) ∈ R5

+ : 0≤ S+E + I +H +R≤ Λ

µh

}
,

Ωa =

{
(Sa, Ia) ∈ R2

+ : 0≤ Sa + Ia ≤
Λ1

µa

}
.

Maintains positive invariance within system (1) given the specified initial conditions

S(0)≥ 0 , E(0)≥ 0 , A(0)≥ 0 , I(0)≥ 0 , H(0)≥ 0 , Ia(0)≥ 0 , Sa(0)≥ 0 and R(0)≥ 0

Proof.

As defined

(24) Nh = E +S+V +R+ I.

Therefore

(25)
dNh

dt
= Λ−µhNh−σ I(t),

(26)
dNh

dt
= Λ−µhNh−σ I(t)≤−µhNh +Λ,

(27)
dNh

dt
≤−µhNh +Λ,

(28) Nh(t)≤
Λ

µh

(
1− e−µht)+Nh(0)e−µht .

Taking the limit as t→ ∞, we obtain lim
t→∞

supNh(t) =
Λ

µh
.

Consequently, the region Ωh is confirmed to be a positively invariant set for the system (1).

(29) Nh(t)≤
Λ

µh
.
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Following this, it can be demonstrated that

(30) Na(t)≤
Λ1

µa
.

�

2.2. Existence and uniqueness of solutions.

Theorem 3.

The system (1), given the initial conditions (S(0),E(0), I(0),V (0),R(0), Ia(0),Sa(0)), possesses

a unique solution. This ensures that for any set of initial values within the specified range, the

behavior of the system can be precisely determined.

Proof.

Thus, system (1) can be reformulated as follows: Φ(X(t)) = AX +B(X(t))

where

(31) X =



S

E

I

V

R

Sa

Ia


, Φ(B(X)) =



dS
dt
dE
dt
dI
dt
dV
dt
dR
dt
dSa

dt
dIa

dt


and

A =



−µ1−λ 0 0 0 0 0 0

0 B1 0 0 0 0 0

0 α B2 0 0 0 0

λ θ γ B3 0 0 0

0 0 0 n −µ5 0 0

0 0 0 0 0 −µ6 0

0 0 0 0 0 0 −µ7


.
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Where B1 =−(α +θ +µ2) , B2 =−(γ +σ +µ3) and B3 =−(χ4 +µ4).

As well as

B(X(t)) =



Λ−β1
I(t)S(t)

Nh
−β2

Ia(t)S(t)
Nh

β1
I(t)S(t)

Nh
+β2

Ia(t)S(t)
Nh

0

0

0

0

Λ1−β3
Sa(t)Ia(t)

Na

β3
Sa(t)Ia(t)

Na



.

Given that X1 and X2 are solutions of (1), we have

|B(X1)−B(X2)| ≤ 2
∣∣∣∣β1

S1I1

Nh
+β2

S1Ia1

Nh
−β1

S2I2

Nh
−β2

S2Ia2

Nh

∣∣∣∣+2
∣∣∣∣β3

Sa1Ia1

Na
−β3

Sa2Ia2

Na

∣∣∣∣,
= 2

∣∣∣∣β1S1

Nh
(I1− I2)+

β1I2

Nh
(S1−S2)+

β2S1

Nh
(Ia1− Ia2)+

β2Ia2

Nh
(S1−S2)

∣∣∣∣+2
∣∣∣∣β3Sa1

Na
(Ia1− Ia2)+

β3Ia2

Na
(Sa1−Sa2)

∣∣∣∣ ,
≤ 2

(
β1S1

Nh
|I1− I2|+

β1I2

Nh
|S1−S2|+

β2S1

Nh
|Ia1− Ia2|+

β2Ia2

Nh
|S1−S2|

)
+2
(

β3Sa1

Na
|Ia1− Ia2|+

β3Ia2

Na
|Sa1−Sa2|

)
.

Where

(32) |S1| ≤
Λ

Nh
, |I2| ≤

Λ

Nh
, |Sa1| ≤

Λ1

Na
and |Ia2| ≤

Λ1

Na
,

|B(X1)−B(X2)| ≤
2Λ

Nh
(β1 |I1− I2|+β1 |S1−S2|+β2 |Ia1− Ia2|+β2 |S1−S2|)(33)

+
2Λ1

Na
(β3 |Ia1− Ia2|+β3 |Sa1−Sa2|) .

By extracting the common factor, we derive:

||Φ(X1)−Φ(X2)| | ≤
2Λ

Nh
(β1 +β2) |S1−S2|+

2β1Λ

Nh
|I1− I2|(34)

+

(
2β2Λ

Nh
+

2β3Λ1

Na

)
|Ia1− Ia2|+

2β3Λ1

Na
|Sa1−Sa2| ,

≤ N ‖X1−X2‖ .

where

(35) N = max
(

2Λ

Nh
(β1 +β2) ,

2β1Λ

Nh
,
2β2Λ

Nh
+

2β3Λ1

Na
,
2β3Λ1

Na
,‖A‖

)
.
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Therefore, it follows that the function B is uniformly Lipschitz continuous. Moreover, with

the constraints S(t)≥ 0, E(t)≥ 0, I(t)≥ 0, V (t)≥ 0, R(t)≥ 0, Sa(t)≥ 0, and Ia(t)≥ 0 in R7
+,

we conclude that a solution to the system exists. This ensures that the non-negativity conditions

for the variables are maintained, thereby validating the existence of a solution under the given

initial conditions and system constraints [25]. �

3. THE CONTROLLED MATHEMATICAL MODEL

Our control strategies aim to elevate public awareness and caution regarding the disease. This

is achieved through educational and outreach campaigns designed to enhance public knowledge.

The primary objective is to safeguard individuals by promoting awareness, encouraging the in-

fected to seek medical care in hospitals, advocating for vaccination, and avoiding direct contact

with infected individuals or animals. These efforts concentrate on increasing vigilance through

advocacy campaigns and calls for alertness to prevent the disease while minimizing the costs

associated with implementing the control strategy.

The model system (1) is refined by introducing two control variables, u(t) and v(t), within the

time interval t ∈ [0, t f ].

(36)



dS(t)
dt

= Λ−β1
S(t)I(t)

N
(1−u(t))−β2

S(t)Ia(t)
N

(1− v(t))− (λ +µh)S(t),
dE(t)

dt
= β1

S(t)I(t)
N

(1−u(t))+β2
S(t)Ia(t)

N
(1− v(t))− (α +θ +µh)E(t),

dI(t)
dt

= αE(t)− (γ +µh +σ)I(t),
dV (t)

dt
= γI(t)+λS(t)+θE(t)− (n+µh)V (t),

dR(t)
dt

= nV (t)−µhR(t),
dSa(t)

dt
= Λ1−β3

Sa(t)Ia(t)
N

−µaSa(t),
dIa(t)

dt
= β3

Sa(t)Ia(t)
N

−µaIa(t).

where (S(0),E(0), I(0),V (0),R(0),Sa(0), Ia(0)) ∈ R7
+ represent the specified initial state.

The control variable v represents the vaccination administered to individuals infected with the

disease. The control variable w signifies efforts to reduce the gatherings of non-infected indi-

viduals with those infected or with disease-carrying animals through awareness campaigns and

the implementation of vector control measures.
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4. THE OPTIMAL CONTROL PROBLEM

The challenge lies in minimizing the objective functional, aiming to achieve an optimal bal-

ance between the control measures and their associated costs.

(37)

J(u,v) = I(T )+ Ia(T )+E(T )−R(T )+
t∫

0

(
I(t)+ Ia(t)+E(t)−R(t)+

a1

2
u2(t)+

a2

2
v2(t)

)
dt.

The coefficients a1 ≥ 0 and a2 ≥ 0 represent the cost factors, chosen to balance the relative

importance of u(t) and v(t) at time t, and t f = T represents the concluding time.

In essence, we aim to find the optimal controls u∗ and v∗ such that

(38) J (u∗,v∗) = min
(u,v)∈Vad

J (u,v) .

where V denotes the set of permissible controls, which is defined by the following constraints:

(39)

Vad =
{
(u,v)/ 0≤ umin ≤ u(t)≤ umax ≤ 1 and 0≤ vmin ≤ v(t)≤ vmax ≤ 1 f or t ∈ [0, t f ]

}
.

4.1. The presence of an optimal control.

Theorem 4.

Consider the task of regulating system (36). There exists an optimal control (u∗(t),v∗(t)) ∈Vad

such that

(40) J(u∗(t),v∗(t)) = min
(u,v)∈Vad

J(u(t),v(t)).

provided that the following conditions are met:

1. The set of control actions Vad and the corresponding state variables are nonempty.

2.The right-hand side of the system is bounded by a linear function of the state and control

variables.

3.The control set Vad is convex and closed.

4.The integral N(S,E, I,V,R,Sa, Ia,u,v) in the objective function is convex over the set of ad-

missible controls Vad .

Proof.

Condition 1.
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To demonstrate that the set of control actions and the associated state variables is non-empty,

we utilize a simplified existence result from Boyce and DiPrima in [26].

Consider the system described by Ẏi = YKi(t,Y1,Y2,Y3,Y4,Y5,Y6,Y7) for i ∈ {1, . . . ,7}, where

(Y1,Y2,Y3,Y4,Y5,Y6,Y7) = (S,E, I,V,R,Sa, Ia).The functions YS,YE ,YI,YV ,YR,YSa,YIa and ZR rep-

resent the right-hand side of equation (4). Let the control functions be defined as u(t) =

c1 and v(t) = c2 for some constants c1,c2. Given that all parameters are constants and

K1,K2,K3,K4,K5,K6 and K7 are continuous functions, it follows that YS,YE ,YI,YV ,YR,YSa and

YIa are also continuous. Additionally, the partial derivatives
∂YKi
∂Ki

for i ∈ {1, . . . ,7} are continu-

ous.

Therefore, there exists a unique solution (S,E, I,V,R,Sa, Ia) satisfying the initial conditions.

Consequently, the set of control actions and their corresponding state variables is non-empty,

thereby satisfying the first condition.

Condition 2.

By definition, the set of admissible controls Vad is closed. Consider any controls (u,v) ∈ Vad

and τ ∈ [0,1]. We need to show that 0 ≤ τu+(1− τ)v ≤ 1. Indeed, we observe that τu ≤ τ

and (1−τ)v≤ (1−τ), which implies that τu+(1−τ)v≤ τ +(1−τ) = 1. Therefore, we have

0≤ τv+(1−τ)v≤ 1 for all (u,v)∈Vad and τ ∈ [0,1]. This demonstrates that Vad is both closed

and convex, thereby satisfying the second condition.

Condition 3.

The right-hand sides of the equations in system (36) are continuous and are limited by the com-

bination of the bounded state variables and control inputs. Moreover, they can be described as

a linear function of u and v, with coefficients that vary with both the state variables and time.

Condition 4.

The integral within the objective function I(t)+ Ia(t)+E(t)−R(t)+
a1

2
u2(t)+

a2

2
v2(t) is in-

herently convex over the set Vad . Indeed, there exist constants Φ1 and Φ2, with β > 1, such that

the integral in the objective functional satisfies:

(41) N(S,E, I,V,R,Sa, Ia,u,v)≥Φ1 +Φ2(|u|2 + |v|2)
κ

2 ,

where

(42) I(t)+ Ia(t)+E(t)−R(t)+
a1

2
u2(t)+

a2

2
v2(t)≥Φ1 +Φ2(|u|2 + |v|2)

κ

2 .
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Given that the state variables are bounded, let:

(43) Φ1 = 4 inf
t∈[0,T ]

(I(t)+ Ia(t))+E(t)−R(t)), Φ2 = inf
(a1

2
,
a2

2

)
, and κ = 2.

Therefore, based on the results presented by Fleming and Richel in [27] and see [28], we can

assert the existence of an optimal control. �

4.2. Defining optimal control characterization.

In this section, we apply Pontryagin’s maximum principle [29, 30, 31, 32, 33]. The core idea

is to introduce the adjoint function, which establishes a link between the differential equation

system and the objective functional. This linkage results in the creation of a function known as

the Hamiltonian.

Pontryagin’s principle shifts the challenge of finding an optimal control for the objective func-

tional, given initial conditions, to the problem of finding a control that optimizes the Hamilton-

ian at each point in time.

We now define the Hamiltonian H at time t as follows:

(44) H = I(t)+ Ia(t)+E(t)−R(t)+
a1

2
u2(t)+

a2

2
v2(t)+

7

∑
i=1

χi(t).qi

In this context, qi represents the right-hand side of the differential equations system (36) for the

i-th state variable, and χi are the corresponding adjoint functions. These adjoint functions are

associated with the state variables and are utilized to reflect the influence of state changes on

the cost functional.

Theorem 5.

Assume that (u∗,v∗) ∈ Vad represents the optimal control variables, and let S∗, E∗, I∗, H∗, V ∗,

S∗a and I∗a be the corresponding optimal trajectories for the state variables. There are adjoint

functions χ1, χ2, χ3, χ4, χ5, χ6 and χ7 that satisfy the following conditions:

(45)

χ1
′ =−∂H

∂S
= β1

I
N
(1−u(t))(χ1−χ2)+β2

Ia

N
(1− v(t))(χ1 +χ7−χ2)−χ4λ +χ1(λ +µh),

χ2
′ =−∂H

∂E
=−1+θ(χ2 +χ4)+α(χ2−χ3)−ξ2µh,

χ3
′ =−∂H

∂ I
=−1+β1

S
N
(1−u(t))(χ1−χ2)+ γ(χ3−χ4)+χ3(σ +µh),

χ4
′ =−∂H

∂V
= n(χ4−χ5)−χ4µh,
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χ5
′ =−∂H

∂R
= 1+χ5µh,

χ6
′ =− ∂H

∂Sa
= β3

Ia

N
(χ6−χ7)+χ6µa,

χ7
′ =−∂H

∂ Ia
=−1+β3

Sa

N
(χ6−χ7)+χ7µa.

Under the transversality conditions

χ1(t f ) = 0 , χ2(t f ) = 1 , χ3(t f ) = 1 , χ4(t f ) = 0,

χ5(t f ) =−1 , χ6(t f ) = 0 , χ7(t f ) = 1.

The solution to the optimal control problem is provided by the control variables u∗ and v∗. The

optimal control values are determined as follows:

(46)
u∗ = min

(
1,max

(
0,
(χ2(t)−χ1(t))

a1
β1

S(t)I(t)
Nh

))
,

v∗ = min
(

1,max
(

0,
(χ2(t)−χ1(t))

a2
β2

S(t)Ia(t)
Nh

))
.

Proof.

The Hamiltonian H at a given time t can be expressed as follows:

(47)

H = I(T )+ Ia(T )+E(T )−R(T )+ a1
2 u2(t)+ a2

2 v2(t)

+χ1

{
Λ−β1

S(t)I(t)
N (1−u(t))−β2

S(t)Ia(t)
N (1− v(t))− (λ +µh)S(t)

}
+χ2

{
β1

S(t)I(t)
N (1−u(t))+β2

S(t)Ia(t)
N (1− v(t))− (α +θ +µh)E(t)

}
+χ3 {αE(t)− (γ +µh +σ)I(t)}

+χ4 {γI(t)+nS(t)+θE(t)− (n+µh)V (t)}+χ5 {χV (t)−µhR(t)}

+χ6

{
Λ1−β3

Sa(t)Ia(t)
N −µaSa(t)

}
+χ7

{
β3

Sa(t)Ia(t)
N −µaIa(t)

}
.

Utilizing Pontryagin’s maximum principle [23], we derived the adjoint equations and the

transversality conditions, which are represented as follows:

χ1
′ =−∂H

∂Yi
and χi(t f ) = 0 for i ∈ {1,4,6},

where (Y1,Y2,Y3,Y4,Y5,Y6,Y7) = (S,E, I,V,R,Sa, Ia)

The transversality conditions imply that at the terminal time, the adjoint variables must be per-

pendicular to the feasible set of the terminal state. This condition ensures the proper formulation
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of the optimal control problem, thereby providing a stable solution. The optimality conditions

will be applied to derive the optimal controls u∗(t) and v∗(t) for t ∈ [0, t f ].

(48)
∂H
∂u

= 0 and
∂H
∂v

= 0

subsequently,

(49)

∂H
∂u

= a1u+χ1

(
β1

S(t)I(t)
Nh

)
−χ2

(
β1

S(t)I(t)
Nh

)
= 0,

∂H
∂v

= a2v+χ1

(
β2

S(t)Ia(t)
Nh

)
−χ2

(
β2

S(t)Ia(t)
Nh

)
= 0.

Therefore,

(50)
u∗ =

(χ2(t)−χ1(t))
a1

β1
S(t)I(t)

Nh
,

v∗ =
(χ2(t)−χ1(t))

a2
β2

S(t)Ia(t)
Nh

.

As a result of the constraints within Vad for the control variables, we can efficiently determine

the optimal controls u∗(t) and v∗(t) as expressed in equations (46). �

5. SIMULATION

In this section, we analyze the outcomes from the numerical solution of the optimality system.

In the formulated control problem, initial conditions are applied to the state variables, while

terminal conditions are imposed on the adjoint variables. The optimality system forms a two-

point boundary value problem with specific boundary conditions at t = 0 and t = T . This system

is solved iteratively, starting with a forward computation of the state equations, followed by

a backward computation of the adjoint equations. An initial guess for the control variables is

provided in the first iteration. Before each subsequent iteration, the control variables are updated

according to their defined characteristics. This iterative process continues until convergence

between successive iterations is reached. The code for solving the optimality system was written

and executed in MATLAB.

Figure (4) shows the development of individuals exposed to viral infection. We notice a gradual

increase in the number of individuals exposed to the virus, and over time this rapid increase

indicates that the symptoms of infection begin to appear more clearly, leading to the emergence

of a group in which the infection is evident Figure (5). The number of virus carriers remains
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high over time, which significantly contributes to the spread of the virus among people. This

transformation occurs due to interactions between susceptible individuals and bats or pigs that

carry the virus.

In this article, we utilized the parameter values presented in Table (2). These values were chosen

based on hypothetical scenarios due to the unavailability of real-world data. This decision was

made to ensure that our model could still be constructed and analyzed effectively in the absence

of empirical data. By relying on hypothetical data, we aimed to explore a wide range of possible

outcomes and dynamics within the model. This approach also allows for a comprehensive

analysis of the model’s behavior under various conditions, which can later be validated against

real-world data once it becomes available. Additionally, using hypothetical scenarios helps

identify potential limitations and areas for further research, ensuring that our model remains

robust and adaptable to different contexts.

FIGURE 4. The evolution of

Exposed (E) without control.

FIGURE 5. The evolution of

Infected (I) without control.

The parameter values for the model were determined using hypothetical scenarios, as real-

world data was unavailable. This approach was necessary due to the lack of actual data to

inform our selections. The corresponding data can be found in Table (2).
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Parameter Description value in d−1

Λ The rate of new births among the human population. 350

Λ1 The rate of new births among the animals population. 0.5

β1 The rate at which the virus is transmitted between an infected individual and

a susceptible person. 0.22

β2 The transmission rate of the virus between an infected animal and

a susceptible human. 0.18

β3 The rate at which the virus is transmitted from an infected animal to

a susceptible animal. 0.25

α Percentage of asymptomatic infected individuals. 0.35

γ Percentage of infected individuals. 0.002

n The rate at which individuals recover. 0.35

σ Mortality rate due to viral infection. 0.002

µ Intrinsic mortality rate. 0.0002

λ Percentage of susceptible person. 0.3

TABLE 2. Description of the parameters of the nipah model.

DISCUSSION

In this section, we focus on the numerical evaluation of various optimal control strategies

for managing the Nipah virus, a highly infectious disease with significant mortality rates. Our

strategies include awareness initiatives through media and educational programs highlighting

the severity of the Nipah virus, safety campaigns to avoid direct contact with infected individ-

uals, and promoting the uptake of necessary vaccinations and medical care. Numerical simula-

tions are crucial for assessing the effectiveness of these strategies.

By implementing these control measures in our mathematical model, we can observe their im-

pact on disease dynamics. For instance, awareness campaigns can significantly reduce infection

rates by increasing public knowledge and encouraging preventive behaviors, as shown in similar

studies on infectious diseases like measles and Ebola. Avoiding direct contact through safety

campaigns and promoting vaccinations and medical care can further mitigate the spread of the

Nipah virus and improve public health outcomes.

The numerical solutions for the Nipah virus control strategies were computed using MATLAB,
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leveraging specific parameter values and initial state variable values. This approach allows for

a thorough examination of different strategies and their potential to control the disease effec-

tively. Recent research on the optimal control of infectious diseases emphasizes the importance

of integrating multiple strategies to achieve the best outcomes. For example, studies on the

control of the Ebola virus demonstrated that combining quarantine measures, public awareness,

and vaccination efforts can significantly reduce the spread of the disease.

5.1. Strategy 1: Protect susceptible people from contact with infected people using con-

trol u.

We only used the optimal control u(t). This strategy aims to reduce the number of infected

people and increase the number of those protected against the virus. By applying various strate-

gies, such as educating people about the dangers of infection with this virus through awareness

programs and direct and indirect awareness-raising meetings using social media platforms, it

became clear that this strategy led to positive results Figures (6,7).

FIGURE 6. The compartment

E with control u.

FIGURE 7. The compartment I

with control u.

5.2. Strategy 2: Vaccinate infected and uninfected people and adopt quarantine in af-

fected areas using control v.

A quarantine strategy was adopted for infected and vaccinated individuals, in addition to re-

stricting entry and exit from neighborhoods and areas known for spreading the virus. This

measure led to a decrease in the number of exposed (8) and infected (9) individuals with the

Nipah virus, and an increase in the number of recovered individuals (10).
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FIGURE 8. The compartment

E with control v.

FIGURE 9. The compartment I

with control v.

FIGURE 10. The compartment R with control v.

5.3. Strategy 3: Encourage exposed people to join quarantine centers and avoid contact

with infected people and infected animals using u and v.

In this strategy, a set of preventive measures were adopted, such as raising awareness and con-

ducting a series of awareness campaigns among all citizens to inform them of the dangers of

the virus through the media. All preventive measures were taken to avoid infection. These mea-

sures include wearing masks, washing hands regularly, and avoiding contact with infected bats

or pigs. If some side effects appear, one should go to the hospital immediately and as quickly

as possible, which will help limit the spread of the virus as shown in the figures (11) and (12).
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FIGURE 11. The compartment

E with control u and v.

FIGURE 12. The compartment

I with control u and v.

6. CONCLUSION

In this study, we introduce a novel model aimed at achieving a more accurate and detailed un-

derstanding of the dynamics of Nipah virus (NiV) transmission among individuals. Our model

transcends theoretical boundaries, becoming a practical tool capable of transforming infectious

disease management. By incorporating robust control strategies, the model aims to reduce the

number of infections. We compare scenarios with and without the application of control mea-

sures, demonstrating that implementing control significantly reduces infection rates. To provide

a comprehensive view of NiV transmission, we include detailed graphs showing the numbers

of infected and exposed individuals under both controlled and uncontrolled conditions.

Our findings confirm the effectiveness of control measures in curbing the spread of NiV and en-

hancing recovery rates. Integrating this model into public health strategies represents significant

progress in the global fight against infectious diseases. Promoting vaccine use, encouraging in-

fected individuals to seek medical treatment through awareness campaigns, and emphasizing

the importance of avoiding close contact with bats, pigs, and infected persons are key strategies

to reduce disease transmission.

Looking ahead, we aim to explore the use of fractional derivatives within a spatiotemporal

framework to deepen our understanding of NiV transmission dynamics. This approach promises

to capture complex spatial and temporal patterns, thereby enhancing the accuracy of disease

forecasts and control strategies.
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