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Abstract

Since 1998, the Nipah virus disease, a deadly zoonotic disease that affects both humans and nonhuman primates, has
erupted numerous times in various areas. In this study, we develop a Nipah virus (NiV) transmission model to explore how the
Nipah virus spreads through both direct and indirect transmission from bats to humans and among human populations. The
main objective of this study is to assess the impact of hospitalization protocols and control measures on minimizing infection
within the human population. After calculating the equilibrium points and the basic reproduction number, we look at the
local stability of the equilibrium points. We perform sensitivity analysis to scrutinize the impact of the model parameters on
the basic reproduction number. Finally, this study extends to incorporate optimal control theory. Proposed control strategies
encompass the culling of bats, reduction of human-to-human transmission, and augmentation of treatment protocols and testing
infrastructure. Implementing these control measures results in a significant decrease in disease propagation.
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1. Introduction

Nipah virus (NiV) is a zoonotic pathogen transmitted from animals like bats and pigs to humans;
these animals can contaminate food with saliva secretion and metabolic waste substances expelled from
the body of the infected animals. Once bats are infected, they remain diseased for the rest of their lives.
Additionally, humans can also directly transmit this virus to other humans. Figure 1 displays outbreaks
of NiV in Southeast Asian countries such as Malaysia, Singapore, Bangladesh, and India. The first doc-
umented outbreak occurred in Malaysia in 1998, resulting in 283 reported cases and a mortality rate of
39% (109 deaths). The virus subsequently moved to Singapore and Bangladesh, with other outbreaks oc-
curring in India in Siliguri in 2001, Noida in 2007, and Kerala in 2018 and 2023. The case mortality rate in
Bangladesh was 73%, 72% in India, and 37% in Malaysia and Singapore. Overall, the fatality rate for the
Nipah virus is 60%. The designation NiV traces its origins to the village of ‘Kampung Sungai Nipah’ in
Malaysia, where its first identification occurred amid an outbreak. The initial investigation of the Nipah
virus utilized diagnostic tests. Pteropid fruit bats, which consume the sap, may occasionally contaminate
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Figure 1: Illustrates outbreaks of the Nipah virus (source: [10])

the contents of the sap collection pot with urine or feces. Consequently, humans may become infected
with the Nipah virus by consuming contaminated raw date palm sap. Molasses is produced by cooking
sap at a temperature high enough to kill the Nipah virus. The first outbreak in Malaysia mostly impacted
pig farmers, who contracted the virus from sick pigs. To contain the spread, 900,000 pigs were culled. [36]
Most individuals have symptoms of the Nipah virus, such as fever, headache, dizziness, vomiting, and
advancing to a comatose state, which typically manifests within 24 to 48 hours. It can lead to Encephalitis
or respiratory infections for both animals and humans, ultimately resulting in death. Nipah virus cur-
rently has no vaccine or specialized treatment available [40]. The treatment for the Nipah virus involves
supportive care, such as rest, hydration, and addressing symptoms as they arise. It is widely accepted
within scientific discourse that the incubation period typically ranges from 4 to 14 days. However, there
exist documented cases where the incubation period has extended up to 45 days [39].

In [35], authors investigated the effectiveness of two distinct control measures: increased awareness
to reduce NiV transmission and enhanced treatment measures to decrease the number of infected indi-
viduals. In [27], authors suggested that implementing quarantine measures and emphasizing enhanced
personal hygiene practices could potentially mitigate the spread of the NiV. In [32], authors explored
the transmission dynamics of the NiV by utilizing the SEI model and assessed the stability of model
equilibria both locally and globally. To assess the influence of vaccination on both disease prevention
and recovery, the authors of [34] formulated and analyzed the NiV model for both animal and human
populations by incorporating vaccination scenarios as well as non-vaccination scenarios. In [41], the au-
thors formulated an SIRD model based on the hypothesis that deceased individuals might play a role in
disease transmission. Their findings indicate that implementing interventions to minimize unprotected
contact and expedite the removal of deceased bodies from infected individuals could result in a reduc-
tion of the basic reproduction number (R0) below one, thereby facilitating the containment of the Nipah
outbreak. In [28], the authors assessed the impact of treatment class on the spreading of the NiV and
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proposed three control strategies for controlling its spread. The authors of [26] created and examined a
model called SEITR to study how NiV spreads and how to control it. By employing the RK-45 method,
they investigated the effect of disease parameters on the disease dynamics. In [42], authors proposed a
mathematical model by incorporating human, bat, and animal populations to illustrate the transmission
dynamics of the virus. This study involved analyzing four equilibrium points and implementing three
control mechanisms. While protective gear cannot entirely prevent infection, it contributes significantly
to mitigating human disease. In [8] authors proposed a mathematical model that incorporates human,
bat, and pig populations to examine the stability of various equilibrium points. The consumption of food
items contaminated with bodily fluids, saliva, or urine from infected animals, such as fruits contaminated
by an infected bat, represents a notable threat to human health [10]. The study [2] aimed to evaluate the
early diagnosis and treatment of the cholera virus through the implementation of remedial methods, both
with and without pharmacological interventions. In [3] authors examined the transmission of SARS-CoV-
2 (SC-2) and its impact on heart attack occurrences in the UK through a fractional-order mathematical
model. This study investigated stability, bifurcation, and global effects, utilizing simulations to illustrate
their collective impact on patients with heart conditions. In [5], authors examined COVID-19 transmis-
sion by incorporating both symptomatic and asymptomatic cases through a fractional-order mathematical
model. The findings contribute to early detection, comprehension of outbreaks, and the formulation of fu-
ture control strategies. In [1], the authors employed a fractional-order approach to model the transmission
dynamics of the Nipah virus by incorporating the impact of waiting distribution.

Figure 2: Annual count of Bangladesh’s Nipah virus infections and fatalities.

In [16], the authors developed a mathematical model that employs a differential operator with the
Mittag-Leffler function to explore the transmission dynamics of the Nipah virus, aiming to accurately de-
pict the exponential and power laws often observed in natural phenomena. In [31], the authors developed
and examined a mathematical model for Nipah virus regulated by fractional-order differential equations,
encompassing two transmission modes of the disease: food-borne and human-to-human. Subsequently,
they expanded this model to a fractional optimal control model to determine the most cost-effective
control strategy for mitigating the disease’s transmission. The study [7] indicated that exposure to an
infectious deceased corpse could also result in an elevated spread of the Nipah virus. They developed
an SIRD model and conducted a numerical investigation utilizing the Adams-Bashforth-Moulton ap-
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proach. The study [4] develops a fractional-order mathematical model for the transmission of pine wilt
disease, incorporating control and asymptomatic variables. Stability, bifurcation, and sensitivity analy-
ses are performed, with numerical simulations demonstrating disease spread and control effectiveness.
The authors of [14] employed fractional derivatives in the Caputo sense to investigate the nature of the
Nipah virus. In [21], the authors examined the optimal control analysis of Nipah virus infection, using
time-dependent treatment and vaccine strategies based on actual data from Bangladesh. In this research
endeavor, an eight-compartment epidemiological model is being developed for the Nipah virus to ex-
amine various pathways by which individuals may contract infectious diseases. These pathways include
indirect transmission via interactions between bats and humans, and direct transmission from human to
human. Additionally, the model integrates hospitalized compartments and optimal control strategies.

The infected bat population and contaminated food spread the Nipah virus. Fruit bats are primarily
cause Nipah outbreaks by contaminating date palm sap, followed by human-to-human transmission. The
virus may also increase transmission, but most prior studies don’t include the virus compartment. Some
articles include the virus compartment, but they do not address hospitalization or treatment such as
[1, 21, 25, 29, 31]. Hospitalization is important for the Nipah virus because without proper treatment,
severe cases progress to coma within 24 to 48 hours. The need for such a comprehensive framework
motivates this study.

This study introduces a novel mathematical modeling framework that includes compartments for both
exposed and hospitalized individuals within human populations. In addition, a separate compartment
for the virus population is considered, since it can survive for a few days in the environment. The
study presents data fitting for Bangladesh from 2001 to 2015. While our model analyzes stability, fits
data for Bangladesh from 2010 to 2023, and forecasts trends from 2024 to 2027 using the maximum
likelihood estimation, we also compute the 95% confidence intervals for the estimated parameters to
quantify uncertainty and ensure robustness of the predictions. Additionally, the model applies various
optimal control strategies to mitigate the spread of disease.

The subsequent sections of this study are structured as follows. Section 2 pertains to model for-
mulation. Section 3 calculates equilibria, the basic reproduction number (R0), and conducts sensitiv-
ity analysis. Section 4 is dedicated to numerical simulation, demonstrating the effects of parameter
variations-subsequently, Section 5 delves into an extensive discussion of the optimal control problem
and its simulation. The study ultimately concludes in Section 6 with a concise discussion and conclusion.

Figure 2 depicts the annual count of Bangladesh’s Nipah virus infections and fatalities. Typically, the
Nipah virus has demonstrated a pattern of seasonal outbreaks between December and May, correspond-
ing with the harvesting season of date palm sap (DPS).

2. Model formulation

This research study involves developing and analysing an eight-compartment epidemiological model
for the Nipah virus. The NiV is transmitted from bats to humans and can also spread from human
to human. The method entails dividing bat and human populations into eight separate compartments,
namely: Virus (V), Susceptible bat (Sb), Infected bat (Ib), Susceptible human (Sh), Exposed human (Eh),
Infected human (Ih), Hospitalization (H), and Recovered (R).

The schematic flow diagram of our model is depicted in Figure 3, where the solid lines symbolize
an individual transitioning from one compartment to another and dotted lines symbolize the interac-
tion of individuals across compartments. Building upon these assumptions, we develop the following
mathematical model.

1. In this model, the virus-shedding rate of an infected bat is represented by the variable ρ, while the
decay rate is denoted by θ.

2. The constant rate Λh and Λb signifies the recruitment of individuals into the susceptible human
class and susceptible bat class within a specified region, respectively.

3. When susceptible bats come into contact with the virus, they become infected at a rate β1.
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4. When susceptible humans are directly exposed to a virus, they transition to exposed humans at a
rate of β2. Likewise, when a susceptible human interacts with an infected human, they become
exposed humans at a rate of β3.

5. Here η denotes the rate at which exposed human individuals progress to the infected human com-
partment.

6. The rate at which individuals move from the infected compartment to the hospitalized compartment
is given by ϵ which denotes the hospitalization rate. Similarly, the recovery rate is given by α which
corresponds to the movement of individuals from the hospital to the recovered compartment after
recovery.

7. µ and µb are the natural death rates for the human and bat populations, respectively.
8. δ and κ are the disease-related death rates for the infected human population and hospitalized

populations, respectively.

dV

dt
= ρIb − θV ,

dSb
dt

= Λb −β1VSb − µbSb,

dIb
dt

= β1VSb − µbIb,
dSh
dt

= Λh − (β2V +β3Ih)Sh − µSh,

dEh

dt
= (β2V +β3Ih)Sh − (η+ µ)Eh,

dIh
dt

= ηEh − (δ+ µ+ ϵ)Ih,

dH

dt
= ϵIh − (µ+α+ κ)H,

dR

dt
= αH− µR.

(2.1)

Figure 3: Schematic diagram of the proposed model.

3. The mathematical analysis of the system

3.1. Positivity and boundedness of the solution

From the model system (2.1), we have

dV

dt

∣∣∣
V=0

= ρIb ⩾ 0,
dSb
dt

∣∣∣
Sb=0

= Λb > 0,
dIb
dt

∣∣∣
Ib=0

= β1VSb ⩾ 0,
dSh
dt

∣∣∣
Sh=0

= Λh > 0,

dEh

dt

∣∣∣
EH=0

= (β2V +β3Ih)Sh ⩾ 0,
dIh
dt

∣∣∣
Ih=0

= ηEh ⩾ 0,
dH

dt

∣∣∣
H=0

= ϵIh ⩾ 0,
dR

dt

∣∣∣
R=0

= αH ⩾ 0.
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Here, all the rates are non-negative on the bounding planes. So, if we start in the interior of the non-
negative bounded cone R8

+, we will remain in this cone. The vector field direction is inward on all the
bounding planes. Therefore, the solution to equation (2.1) will always be non-negative. Furthermore,
from the model (2.1), we conclude that the total population of humans and bats, Nb and Nh, satisfy

dNb

dt
= Λb − µbSb − µbIb = Λb − µbNb,

and
dNh

dt
= Λh − µSh − µEh − µIh − µH− µR− δIh − κH,

⩽ Λh − µSh − µEh − µIh − µH− µR = Λh − µNh.

This gives limt→∞ supNb ⩽ Λb

µb
and limt→∞ supNh ⩽ Λh

µ . Therefore, every solution Sb and Ib is
bounded by Λb

µb
and every solution Sh, Eh, Ih, H, and R is bounded by Λh

µ . This gives us the biologically
feasible region of the system (2.1) by the below positively invariant set

Ω =

{
(Sb, Ib,Sh,Eh,H,R) : Sb + Ib ⩽

Λb

µb
,Sh + Eh + Ih +H+ R ⩽

Λh

µ

}
.

3.2. The basic reproduction number

The disease-free equilibrium is given by

E0 = (V0,S0
b, I0

b,S0
h,E0

h, I0
h,H0,R0) = (0,

Λb

µb
, 0,

Λh

µ
, 0, 0, 0, 0).

The Basic Reproduction Number (R0), evaluates the average number of new NiV cases produced by one
typical infectious individual amidst a susceptible population. We applying the Next Generation Matrix
Method, elucidated in a study by [13, 19, 37]. To determine the basic reproduction number R0, we calculate
the matrices F and V for our model in the following manner

F =


0

β1VSb
(β2V +β3IH)Sh

0

 and V =


−ρIb + θV

(µbIb)
(η+ µ)Eh

−ηEh + (δ+ µ+ ϵ)Ih

 ,

F = Jacobian of F at E0 =


0 0 0 0

β1Λb

µb
0 0 0

β2Λh

µ 0 0 β3Λh

µ

0 0 0 0

 ,

and

V = Jacobian of V at E0 =


θ −ρ 0 0
0 µb 0 0
0 0 η+ µ 0
0 0 −η δ+ µ+ ϵ

 .

The spectral radius of the matrix FV−1 gives the basic reproduction number R0 and is given by

R0 = max
{
β1Λbρ

µ2
bθ

,
β3Λhη

µ(η+ µ)(δ+ ϵ+ µ)

}
.
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3.3. Equilibria

3.3.1. Disease-free equlibrium
Theorem 3.1. The disease-free equilibrium (DFE) is given by

E0 = (V0,S0
b, I0

b,S0
h,E0

h, I0
h,H0,R0) =

(
0,

Λb

µb
, 0,

Λh

µ
, 0, 0, 0, 0

)
and is locally asymptotically stable if A3 > 0, A4 > 0, A1A2A3 > A2

3 +A2
1A4, and is unstable otherwise. Here, the

expressions A1, A2, A3, and A4 are given in the proof of the theorem.

Proof. The Jacobian matrix of the model system (2.1) evaluated at the disease-free equilibrium point E0 is
given by

J =



−θ 0 ρ 0 0 0 0 0
−β1S

0
b −(β1V

0 + µb) 0 0 0 0 0 0
β1S

0
b β1V

0 −µb 0 0 0 0 0
−β2S

0
h 0 0 −(A+ µ) 0 −β3S

0
h 0 0

β2S
0
h 0 0 A −(η+ µ) β3S

0
h 0 0

0 0 0 0 η −B 0 0
0 0 0 0 0 ϵ −C 0
0 0 0 0 0 0 α −µ


,

where A = (β2V
0 +β3I

0
h), B = (δ+ µ+ ϵ), and C = (α+ µ+ κ). The characteristic equation of J is

(λ+ µ)2(λ+ µb)(λ+C)(λ4 +A1λ
3 +A2λ

2 +A3λ+A4) = 0, (3.1)

where

A1 = (a+ b+ µb + θ),

A2 =
abµ− ηβ3Λh + (a+ b)µbµ+ (a+ b+ µb)θµ

µ
−

ρβ1Λb

µb
,

A3 =
abµµb − ηβ3Λhµb + abθµ− ηθβ3Λh + (a+ b)θµbµ

µ
−

ρβ1Λb

µb
(a+ b),

A4 =
abθµµb − ηβ3θΛhµb

µ
−

ρβ1Λ

µb

(
abµ− ηβ3Λh

µ

)
,

with a = (η+ µ), b = (δ+ µ+ ϵ). Clearly, -µ, -µ, -µb, and -C are negative real roots of (3.1). By using
Routh-Hurwitz Criteria, the remaining roots of the above equation (3.1) will have negative real parts if

A1 > 0, A3 > 0, A4 > 0, A1A2A3 > A2
3 +A2

1A4.

Here, A1 > 0, so E0 is locally asymptotically stable if the other three inequalities mentioned above are
satisfied.

3.3.2. Endemic equilibrium
Theorem 3.2. The endemic equilibrium given by E1 = (V∗,S∗b, I∗b,S∗h,E∗

h, I∗h,H∗,R∗) for the model described by
the system of equation (2.1) exists only when R0 > 1.

Proof. The endemic equilibrium point has the following components:

S∗b =
Λb

β1V∗ + µb
, V∗ =

ρI∗b
θ

, I∗b =
Λbβ1ρ− θµ2

b

β1ρµb
,
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S∗h =
Λh

β2V∗ +β3I
∗
h + µ

, I∗h =
ηE∗

h

δ+ ϵ+ µ
, H∗ =

ϵI∗h
α+ µ+ κ

, R∗ =
αH∗

µ
,

E∗
h =

(
β2ρI

∗
b

θ +
β3ηE

∗
h

δ+ϵ+µ

)(
Λh

β2ρI
∗
b

θ +
β3ηE

∗
h

δ+ϵ+µ+µ

)
η+ µ

, A1E
2
h +A2Eh −A3 = 0,

where

A1 = β3ηθη+ µ,

A2 = (η+ µ
Λbβ1ρ− θµ2

b

β1ρµb
(δ+ ϵ+ µ)β2ρ+ η+ µ(δ+ ϵ+ µ)µθ(1 − R0)),

A3 = β2ρΛh
Λbβ1ρ− θµ2

b

β1ρµb
(δ+ ϵ+ µ).

The roots of the quadratic equation are −A2+
√

A2
2+4A1A3

2A1
and −A2−

√
A2

2+4A1A3
2A1

. Here A1 > 0 and A2
2 +

4A1A3 > 0 so there exists a unique positive root as E∗ = −A2+
√

A2
2+4A1A3

2A1
.

Theorem 3.3. The endemic equilibrium is locally asymptotically stable if B3 > 0, B1B2 > B3, and B6 > 0,
B4B5 > B6, and otherwise unstable. Here, the expressions B1, B2, B3, B4, B5, and B6 are given in the proof of the
theorem.

Proof.

J =



−θ 0 ρ 0 0 0 0 0
−β1S

∗
b −(β1V

∗ + µb) 0 0 0 0 0 0
β1S

∗
b β1V

∗ −µb 0 0 0 0 0
−β2S

∗
h 0 0 −(A+ µ) 0 −β3S

∗
h 0 0

β2S
∗
h 0 0 A −(η+ µ) β3S

∗
h 0 0

0 0 0 0 η −B 0 0
0 0 0 0 0 ϵ −C 0
0 0 0 0 0 0 α −µ


,

where A = (β2V
∗ +β3I

∗
h), B = (δ+ µ+ ϵ), and C = (α+ µ+ κ). The above characteristic polynomial is

(λ+ µ)(λ+C)(λ3 +B1λ
2 +B2λ+B3)(λ

3 +B4λ
2 +B5λ+B6) = 0, (3.2)

with

B1 = −(a11 + a22 + a33), B2 = a11a22 + a11a33 + a22a33 − a13a31,
B3 = −(a11a22a33 + a13a21a32 − a13a31a22), B4 = −(a44 + a55 + a66),
B5 = a44a55 + a44a66 + a55a66, B6 = −(a44a55a66 + a46a54 − a65a56).

Here, a11 = −θ, a13 = ρ, a21 = −β1S
∗
b, a22 = −(β1V

∗ + µb), a31 = β1S
∗
b, a32 = β1V

∗, a33 = −µb,
a44 = −((β2V

∗ + β3I
∗
h) + µ), a46 = −β3S

∗
h, a54 = (β2V

∗ + β3I
∗
h), a55 = −(η+ µ), a56 = β3S

∗
h, a65 = η,

a66 = −(δ+ µ+ ϵ). Clearly, −µ and −C are negative real roots of (3.2). By using Routh-Hurwitz criteria,
the remaining roots of the equation (3.2) will have negative real parts provided B1 > 0, B3 > 0, B1B2 > B3,
and B4 > 0, B6 > 0, B4B5 > B6. Clearly, B1 > 0 and B4 > 0, so the equilibrium point E1 is locally
asymptotically stable if other four conditions mentioned above are satisfied.

4. Numerical simulation

In this section, Nipah virus data from Bangladesh have been fitted, and the impact of key parameters
on Nipah virus prevalence has been analyzed.
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Table 1: Fitted parameter values.
Parameters Values 95% confidence interval References

ρ 0.02306 0.02093 - 0.02519 Fitted
θ 0.87177 0.80769 - 0.93586 Fitted
β1 0.00511 0.00149 - 0.00971 Fitted
β2 0.06701 0.06434 - 0.06968 Fitted
β3 0.40381 0.37706 - 0.43056 Fitted
η 0.98682 0.96823 - 1.00542 Fitted
ϵ 0.74494 0.70647 - 0.78342 Fitted
α 0.50358 0.42587 - 0.58128 Fitted

Table 2: Parameter values.
Parameters Values References

Λh 1816348 Calculated
Λb 300 [34]
δ 0.7096 Calculated
κ 0.71 Assumed
µ 1/74 = 0.0135 Calculated
µb 0.04 Calculated

4.1. Data fitting

The proposed model demonstrates that parameter estimation using the Nipah Virus Disease data of
Bangladesh by maximum likelihood estimation (MLE) is a robust method for the proposed model. The
model parameters that best suit the observed data can be determined by optimizing a function that in-
dicates how well the model fits the data. Here, the unit of all parameters is in year−1. We estimated
ten model parameters using Python programming to capture the complexities of Nipah virus dynamics.
These parameters include transmission, recovery, progression, hospitalization, virus shedding, and decay
rates. We fitted our model to the cumulative number of infected cases using data from Bangladesh cover-
ing the period from 2010 to 2023, [40]. The estimated parameters, along with the remaining parameters,
are detailed in Tables 1 and 2, respectively. The parameter δ represents the disease-related death rate
for the infected human compartment, calculated as Total Death Cases / Total Confirmed Cases = 242

341
= 0.7096 [6]. Additionally, the parameter Λh denotes the recruitment rate for the human population of
Bangladesh in 2010, which can be computed using the total population multiplied by the natural death
rate: 134544296 * 0.0135 = 1816348 [6]. The data fitting for the proposed model is illustrated in Figure 4.

Figure 4: Graph illustrating the fitted model showcasing Nipah virus yearly cumulative cases in Bangladesh from 2010 to 2026.
The red curve illustrates the model solution, the dotted green line shows the prediction, and the blue dots depict the real data.
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4.2. Sensitivity analysis

Here we perform sensitivity analysis to study the effect of the model parameters on the basic reproduc-
tion number R0 = max

{
β1Λbρ

µ2
bθ

, β3Λhη
µ(η+µ)(δ+ϵ+µ)

}
. According to the parameter values presented in Table 1,

it has been observed that β1Λbρ

µ2
bθ

< β3Λhη
µ(η+µ)(δ+ϵ+µ) . Consequently, we can infer that R0 = β3Λhη

µ(η+µ)(δ+ϵ+µ) .
This analysis reveals that changes in the parameter directly affect R0 it can be an increase or decrease
in R0. The normalized forward sensitivity index for a parameter compares how the parameter’s relative
change corresponds to the relative change in the R0 [11]. If the variable is a differentiable function of
the parameter, an alternative definition for the sensitivity index can be established using partial deriva-
tives. The normalized forward sensitivity index of R0, contingent upon the differentiability concerning a
parameter denoted as ‘q’, is defined as

rR0
q =

∂R0

∂q
× q

R0
.

By utilizing this formula, we have determined the sensitivity indices R0 and depicted them in Figure 5.
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Figure 5: The normalized forward sensitivity index of the basic reproduction number (R0).

From this figure we observed that Λh, η, and β3 have a positive impact on R0, whereas δ, ϵ, and µ have a
negative impact. This indicates that the number of secondary infections increases as the recruitment rate
of humans (Λh), progression rate of infection state (η), and disease transmission rate (β3) increase, while
it decreases when the disease-related death rate (δ), hospitalization rate (ϵ), and natural death rate (µ)
increase.

Analyzing the simultaneous comparison of two parameters and their impact on the basic reproduc-
tion number R0 is a fundamental aspect of sensitivity analysis and modeling in epidemiology and various
scientific fields. Here Figure 6a depicts the variations of the basic reproduction number R0. As the trans-
mission rate β3 increases, so does the value of R0, indicating a greater spread of the disease. Conversely,
when the hospitalization rate ϵ increases, the transmission rate decreases, resulting in a reduction in
disease spread, and this result is shown in 3-D Figure 6b.

Figure 7a illustrates that an increase in the infection rate β3 leads to a rise in the value of the basic
reproduction number R0 as well as the migration parameter from the exposed class to the infected class,
denoted as η. Figure 7a implies that controlling or increasing this component can aid in decreasing the
spread of illness. Similarly to the preceding part, a 3-D figure is displayed in Figure 7b. This method
enables researchers to comprehend the interplay and impact of several factors on the transmission of
diseases.
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Figure 6: Sensitivity of the basic reproduction number (R0) with respect to the parameter β3, ϵ.
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Figure 7: Sensitivity of the basic reproduction number (R0) with respect to the parameter β3, η.

4.3. Impact of parameters on transmission of Nipah virus

Here, we investigate the model (2.1) time-series dynamics. It concerns Virus V and recovered R
concerning the model’s parameters. Studying the system’s behavior by changing parameter values one
at a time and observing the effect on the system is a helpful technique for understanding how the model
system works and how to control its dynamics.

Figure 8a illustrates the impact of ρ in a virus population. The virus compartment has a more signif-
icant infection with an increase in the shedding rate ρ. Figure 8b illustrates the rise in the recovered rate
α, resulting in a more number of recoveries.

Figure 9 demonstrates that an increase in the hospitalization rate (ϵ) leads to a decrease in the number
of infected individuals (Ih), while simultaneously increasing the number of hospitalized individuals (H)
and those who have recovered (R). This trend is depicted in Figures 9a, 9b, and 9c. The observed changes
can be attributed to more effective treatment, reducing the spread of the disease. Overall, the dynamics
suggest that as more infected individuals are hospitalized, the healthcare system is better equipped to treat
them, leading to higher recovery rates and reduced disease transmission. This supports the importance
of early detection and proper medical care in managing infectious diseases [18].
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Figure 8: Time series of model (2.1) illustrating variations in (a) virus population over time for different values of the parameter
ρ and (b) recovered individuals over time for different values of the parameter α.
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Figure 9: Time series of model (2.1) depict the variation in (a) infected individuals, (b) hospitalized individuals, and (c) recovered
individuals over time for various values of the ϵ parameters.

5. Optimal control

Optimal control is an invaluable mathematical tool that may be employed to control the propagation
of infection within a population. The primary objective of this research is to identify the most effective
control strategies that can be implemented with minimal cost. In numerous epidemiological problems,
optimal control has been demonstrated to be a successful approach. In this section, we expand the
mathematical model outlined in Eqs. (5.1) by introducing control parameters to formulate an optimal
control problem with three control parameters, denoted as u1 u2 and u3 associated with the culling rate
of the bat population, reduce the transmission and enhance treatment, respectively.

The culling of bat population as a control measure was incorporated in the mathematical model
discussed in [21]. Similarly, the culling of the pig population is implemented in controlling the outbreak
of this disease in Malaysia, where more than 1 million pigs were culled, which led to a reduction in the
total infected cases [23]. This type of control was incorporated in the mathematical model investigated in
[42]. Here, the control variable u1 indicates the culling rate of the bat population, which aims to minimize
the spread of the virus by decreasing the number of infected individuals.

The control parameter u2 plays a crucial that directly reduces the transmission rate. It can be concep-
tualized as a proactive measure akin to enforcing the mandatory washing of fruits before eating [9, 20, 33].
These measures collectively minimize the spread of infections and enhance public health safety.

The control parameter u3, which concentrates on hospitalization and testing centers, can be highly
beneficial in identifying and controlling the spread of disease [17]. Adopting a comprehensive approach
to disease control necessitates incorporating all three measures u1, u2, and u3. While u1 emphasizes
controlling the bat population through culling, u2 aims to curb transmission from human to human, and
u3 focuses on preventing and treating infections in affected individuals. Collectively, these three control
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parameters play a vital role in controlling and managing the spread of the disease.

dV

dt
= ρIb − θV ,

dSb
dt

= Λb +β1VSb − (µb + u1(t))Sb,

dIb
dt

= β1VSb − (µb + u1(t))Ib,

dSh
dt

= Λh − (1 − u2(t))(β2V +β3Ih)Sh − µSh,

dEh

dt
= (1 − u2(t))(β2V +β3Ih)Sh − (η+ µ)Eh,

dIh
dt

= ηEh − (δ+ µ+ u3(t) + ϵ)Ih,

dH

dt
= (ϵ+ u3(t))Ih − (µ+ κ+α)H,

dR

dt
= αH− µR.

(5.1)

The objective function for the fixed time tf is given by

J =

∫tf
0
(C1V +C2Ib +C3Ih +C4H+

1
2
C5u

2
1 +

1
2
C6u

2
2 +

1
2
C7u

2
3)dt,

where C1,C2,C3,C4,C5,C6,C7 ⩾ 0 are seven weight constants. The objective is to ascertain the control
parameters u∗

1 ,u∗
2 ,u∗

3 , such that J(u∗
1 ,u∗

2 ,u∗
3) = min J(u1,u2,u3). Here, Ω1 is the defined control set.

Ω1 = {u1,u2,u3: measurable and 0 ⩽ u1,u2,u3 < 1} and t belongs to [0, tf]. The Lagrangian of this
problem is:

L(V , Ib, Ih,H,u1,u2,u3) = C1V +C2Ib +C3Ih +C4H+
1
2
C5u

2
1 +

1
2
C6u

2
2 +

1
2
C7u

2
3.

The Hamiltonian H formulated for our problem is

H = L(V , Ib, Ih,H,u1,u2,u3) + λ1
dV

dt
+ λ2

dSb
dt

+ λ3
dIb
dt

+ λ4
dSh
dt

+ λ5
dIh
dt

+ λ6
dEh

dt
+ λ7

dH

dt
+ λ8

dR

dt
,

where λi’s represents the adjoint variables for i = 1, . . . , 8. The results from Fleming and Rishel [15] assure
that an optimal control problem exists. The adjoint variables are represented in the form of differential
equations as follows:

dλ1

dt
= −

∂H

∂V
= λ1ϕ+β1Sb(λ2 − λ3) +β2Sh(λ4 − λ5)(1 − u2(t)) −C1,

dλ2

dt
= −

∂H

∂Sb
= β1V(λ2 − λ3) + (µb + u1(t))λ2,

dλ3

dt
= −

∂H

∂Ib
= (µb + u1(t))λ3 − ρλ3 −C2,

dλ4

dt
= −

∂H

∂Sh
= (1 − u2(t))(β2V +β3Ih)(λ4 − λ5) + µλ4,

dλ5

dt
= −

∂H

∂Eh
= η(λ5 − λ6) + µλ5,

dλ6

dt
= −

∂H

∂Ih
= (ϵ+ u3(t))(λ6 − λ7) + (µ+ δ)λ6 + (1 − u2(t))β3Sh(λ4 − λ5) −C3,

dλ7

dt
= −

∂H

∂H
= α(λ7 − λ8) + (µ+ κ)λ7 −C4,
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dλ8

dt
= −

∂H

∂R
= µλ8.

Let Ṽ , S̃b, Ĩb, S̃h, Ĩh, Ẽh, H̃ and R̃ be the optimal values of V , Sb, Ib, Sh, Eh, Ih, H and R, respectively. Let
λ̃1, λ̃2, λ̃3, λ̃4, λ̃5, λ̃6, λ̃7, and λ̃8 be solutions of (5.1), we present and demonstrate the following theorem.

Theorem 5.1. Optimal controls u∗
1 ,u∗

2 ,u∗
3 belonging to set Ω1 exist, such that J(u∗

1 ,u∗
2 ,u∗

3) = min J(u1,u2,u3)
subject to the extended system of equations (5.1).

Proof. We utilize [30] to establish this theorem. In this scenario, it is evident that the controls are non-
negative. The necessary convexity of the objective function in (u1, u2, u3) is satisfied for the minimization
problem. A set of control variables such as u1, u2, and u3 within Ω1 is both convex and closed by
definition. The state variables are bounded, and the integral is functional C1V + C2Ib + C3Ih + C4H+
1
2C5u

2
1 +

1
2C6u

2
2 +

1
2C7u

2
3 and is convex on Ω1.

As optimal controls exist for minimizing the functional subject to systems (2.1) and (5.1), we employ
Pontryagin’s maximum principle to derive the necessary conditions for finding the optimal solutions in
the following manner. Suppose (z, u) is an optimal solution of an optimal control problem, then, this
implies the existence of a non-trivial vector function λ = λ1, λ2, . . . , λn satisfying the following:

dz

dt
=

∂H(t, z,u, λ)
∂λ

, 0 =
∂H(t, z,u, λ)

∂u
,

dλ

dt
=

∂H(t, z,u, λ)
∂z

.

Theorem 5.2. The optimal controls u∗
1 ,u∗

2 ,u∗
3 that minimize J over the region Ω1 are expressed as:

u∗
1 = min

{
1, max(0, ũ1)

}
, u∗

2 = min
{

1, max(0, ũ2)

}
, u∗

3 = min
{

1, max(0, ũ3)

}
,

where,

ũ1 =
λ2Sb + λ3Ib

C5
, ũ2 =

(β2V +β3Ih)(λ5 − λ4)Sh
C6

, ũ3 =
(λ6 − λ7)Ih

C7
.

Proof. We establish this theorem by utilizing [30] and Theorem 5.1. Applying the optimality condition:
∂H
∂u1

= 0, ∂H
∂u2

= 0, ∂H
∂u3

= 0, we get

∂H

∂u1
= C5u1 − λ2Sb − λ3Ib = 0 =⇒ u1 =

λ2Sb + λ3Ib
C5

= ũ1,

∂H

∂u2
= C6u2 + (β2V +β3Ih)(λ4 − λ5)Sh = 0 =⇒ u2 =

(β2V +β3Ih)(λ5 − λ4)Sh
C6

= ũ2,

∂H

∂u3
= C7u3 + (λ7 − λ6)Ih = 0 =⇒ u3 =

(λ6 − λ7)Ih
C7

= ũ3.

The controls u1,u2,u3 have a lower bound of 0 and an upper bound of 1. This suggests that u1 = u2 =
u3 = 0 if ũ1 < 0, ũ2 < 0, and ũ3 < 0, also u1 = u2 = u3 = 1 if ũ1 > 1, ũ2 > 1, and ũ3 > 1, other wise
u1 = ũ1, u2 = ũ2, u3 = ũ3. Hence, for these controls u∗

1 ,u∗
2 ,u∗

3 , we obtain optimal values for J.

5.1. Simulation of optimal control problem
The optimal control problem is simulated using MATLAB for 150 days. The weight constants are

C1 = 1,C2 = 1,C3 = 1,C4 = 1,C5 = 15,C6 = 40, and C7 = 55. The extended system of equations
(5.1) is iteratively solved using forward and backward difference approximations [24]. Figure 10 shows
the control profiles of u1, u2, and u3 for apply all three control. These figures indicate that the control
profile u2 should be sustained at 1 for an extended period compared to the other control. This control
is associated with reducing disease transmission through mandatory washing of fruits before eating.
Adherence to these measures by the entire population can significantly diminish the spread of the disease.
In the following subsections, we are focusing on the impact of different control strategies.
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Figure 10: Control profile of (a) u1; (b) u2; and (c) u3.

5.1.1. Strategy A: culling of bats (u1) only
The analysis specifically focuses on the control parameter u1, which pertains to the culling of the

bat population. In contrast, other control variables, such as measures to reduce transmission rate and
hospitalization (u2 and u3), are set to zero. Figure 11 illustrates the impact of control measures on the
infected human population.
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Figure 11: Variations of infected human (Ih) with and with-
out control for u1 only.
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Figure 12: Variations of infected human (Ih) with and with-
out control for u2 only.

5.1.2. Strategy B: reducing the transmission (u2) only
Strategy B involves implementing measures to reduce the transmission rates, such as practicing good

hygiene, ensuring food safety, and increasing usage of sanitizers. In contrast, the culling of bat-related
and hospitalization-related controls (u1 and u3) are all set to zero. Figure 12 shows the impact of control
measures u2 on the infected population, specifically focusing on the implementation of only one control
measure (u2).

5.1.3. Strategy C: increasing hospitalization (u3) only
Strategy C consists of providing enhanced treatment and care, which may involve prompt medical

intervention and effective isolation protocols. Only control u3 is implemented, other two controls are set
to zero. Figure 13 illustrate the impact of these control measures on the infected population.

5.1.4. Strategy D: culling bats and reducing transmission u1 and u2

Strategy D shows the effect of implementing two control measures u1 and u2 simultaneously, namely
culling the animal population and reducing the human transmission rate in the infected population. Here,
hospitalization control u3 is set to zero in this strategy. Figure 14 shows the impact of both u1 and u2
control measures on the infected population.
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Figure 13: Variations of infected human (Ih) with and with-
out control for u3 only.
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Figure 14: Variations of infected human (Ih) with and with-
out control for u1 and u2.

5.1.5. Strategy E: reducing transmission and hospitalization u2 and u3

Strategy E presents the cumulative effect of implementing two concurrent control measures, denoted
as u2 and u3, which involve reducing human transmission and hospitalizations, respectively, in the in-
fected population, as depicted in Figure 15. By concurrently employing both control strategies, it is
possible to effectively curb disease transmission within the population.
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Figure 15: Variations of infected human (Ih) with and with-
out control for u2 and u3.
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Figure 16: Variations of infected human (Ih) with and with-
out control for u1 and u3.

5.1.6. Strategy F: culling bats and hospitalization u1 and u3

Strategy F includes both the culling rate of an animal population u1 and hospitalization u3 control for
the infected population, this can be illustrated in the Figure 16.

5.1.7. Strategy G: culling bats, reducing transmission, and hospitalization u1, u2, and u3

Strategy G represents the integration of all control measures implemented collectively. We’ve included
here the simulation results of strategy G compared to the absence of control measures. Figure 17 indicates
that strategy G is highly effective in controlling the number of Nipah-infected individuals and recovered
individuals. The simulation result reveals a significant decline in the number of infected individuals
across all population categories when all three control measures are implemented simultaneously. This
observation highlights the efficacy of the optimal control strategy in reducing infection rates within the
specified time frame. Moreover, a substantial reduction in the total counts of infected individual is evident
upon the simultaneous execution of all three control measures, as depicted in Figure 17.
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Figure 17: Variations of infected human (Ih) with and without control for u1, u2, and u2.

5.2. Cost-effectiveness analysis
In this section, we analyze and evaluate the economic viability and epidemiological impact of the

proposed intervention strategies. A cost-effectiveness analysis was performed using the outcomes of the
optimal control model for Nipah virus transmission. Within this framework, various control strategies-
such as bat culling (u1), reduction of human-to-human transmission (u2), and enhanced hospitalization
or treatment (u3)-were implemented both individually and in combination. The effectiveness of each
strategy was assessed by calculating the total cost of the intervention and the total number of infections
averted over the simulation period. These metrics were then used to determine the Incremental Cost-
Effectiveness Ratio (ICER), allowing for comparisons of the strategies against a no-control baseline and
against one another. This approach provides a quantitative basis for identifying the most economically
efficient control policy aimed at minimizing the spread of the Nipah virus. Average cost-effectiveness
ratio (ACER) is usually expressed by

ACER =
Total cost associated with implementing a specific intervention strategy

Total number of infections prevented by the intervention strategy
.

The ICER is defined as the quotient of the difference in costs in strategies i and j, by the difference in
infected averted in strategies i and j (i, j ∈ {1− 7}) [12, 22, 38]. Given two competing strategies, (1) and (2),
where strategy (2) demonstrates higher effectiveness than strategy (1) (TA(2) > TA(1)), the ICER values
are calculated as follows:

ICER(1) =
TC(1)
TA(1)

, ICER(2) =
TC(2) − TC(1)
TA(2) − TA(1)

,

where the total cost (TC) and total cases averted (TA) are defined as

TC =
1
2

∫tf
0

3∑
i=1

Ciu
2
idt.

The total contagions averted (TA) is calculated by taking the difference between the number of Nipah virus
contagions that occur with the strategy and the number of contagions that occur without the strategy.

To determine the final ICER values, a stepwise comparison is conducted across all strategies. Any
strategy that incurs a higher cost while providing fewer or equal benefits is considered dominated and
excluded from further analysis. The remaining strategies are then compared sequentially in order of
increasing effectiveness. The ICER values derived from this process help identify the most cost-effective
strategy, serving as a rational basis for optimal resource allocation in public health interventions.

Figure 18 and Table 3 show that Strategy 7 has the highest ACER values, while Strategy 1 has the
lowest. A lower ACER indicates better cost-effectiveness, meaning fewer costs are incurred per infection
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averted. Furthermore, the analysis was extended to calculate the Incremental Cost-Effectiveness Ratio
(ICER) values for all seven strategies. In Table 3, Strategy 7 demonstrates the lowest cost-effectiveness
compared to the other strategies, leading to its elimination from further consideration. Subsequently, we
continue the process by removing additional less cost-effective strategies. Finally, in Table 7, we present
Strategy 1 as the most cost-effective option. Therefore, Strategy 1 is identified as the most cost-effective
among the seven strategies evaluated in this study.

Table 3: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted Total cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 3 65.1096 339.9134 5.2206 7.667
Strategy 5 79.8812 442.0473 5.5338 6.9142
Strategy 2 110.6762 296.8457 2.6821 -4.7151
Strategy 4 110.6798 341.0844 3.0817 12288.52
Strategy 6 121.0785 294.4500 2.4318 -4.4846
Strategy 7 121.0934 774.9262 6.3994 32246.72

Table 4: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted Total cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 3 65.1096 339.9134 5.2206 7.667
Strategy 5 79.8812 442.0473 5.5338 6.9142
Strategy 2 110.6762 296.8457 2.6821 -4.7151
Strategy 4 110.6798 341.0844 3.0817 12288.52
Strategy 6 121.0785 294.4500 2.4318 -4.4846

Table 5: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 3 65.1096 339.9134 5.2206 7.667
Strategy 5 79.8812 442.0473 5.5338 6.9142
Strategy 2 110.6762 296.8457 2.6821 -4.7151
Strategy 6 121.0785 294.4500 2.4318 -0.2298

Table 6: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted Total cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 5 79.8812 442.0473 5.5338 7.4561
Strategy 2 110.6762 296.8457 2.6821 -4.7151
Strategy 6 121.0785 294.4500 2.4318 -0.2298

Table 7: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted Total cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 2 110.6762 296.8457 2.6821 2.9698
Strategy 6 121.0785 294.4500 2.4318 -0.2303



A. Karthik, M. Ghosh, J. Math. Computer Sci., 42 (2026), 43–63 61

Table 8: ICER (incremental cost-effectiveness ratio).
Strategy Infection averted Total cost ACER ICER

Strategy 1 27.1314 48.7343 1.7962 1.7962
Strategy 6 121.0785 294.4500 2.4318 2.6154

Infections Averted Distribution Among Strategies
S1: u

1

S2: u
2

S3: u
3

S4: u
1
+u

2

S5: u
1
+u

3

S6: u
2
+u

3

S7: u
1
+u

2
+u

3

(a)

Average Cost-Effectiveness Ratio (ACER)

S1: u 1
S2: u 2

S3: u 3

S4: u 1
+u 2

S5: u 1
+u 3

S6: u 2
+u 3

S7: u 1
+u 2

+u 3

0

50

100

150

200

250

300

350

400

A
C

E
R

 (
C

o
s
t 
p
e
r 

in
fe

c
ti
o
n
 a

v
e
rt

e
d
)

(b)
Figure 18: (a) Pie chart showing the proportion of total infections averted by each of the seven control strategies. Strategy 7
(u1,u2,u3) exhibits the largest share, indicating its strong effectiveness. (b) Bar diagram of Average Cost-Effectiveness Ratio
(ACER), where a lower ACER implies a more cost-effective strategy. Strategy 1 (u1) offers the lowest ACER value, highlighting
their efficiency in resource utilization.

6. Conclusion

The present paper proposed a mathematical framework for analyzing the transmission dynamics of
the Nipah virus. We developed an eight-compartment model to describe the interactions between virus,
bats and humans. At the time of the study, no vaccine was available to prevent Nipah virus infection, and
the only available treatment was supportive care. We investigated the impact of increases hospitalization
rates in reducing the transmission of the Nipah virus and performed numerical simulations to validate
our model. Our fundamental analysis focused on the model’s reproduction number, equilibria, and sta-
bility. We also examined a normalized sensitivity analysis to identify the most sensitive parameter and
determine the effective optimal control. The optimal control strategies identified involve culling the bat
population (u1), reducing transmission between the human population (u2), and increasing hospitaliza-
tion and testing centers (u3). Among these, only one control strategy, strategy B reducing the transmission
control measure, was found to be more effective in decreasing the number of infections than the other
two control strategies, namely strategy A and strategy C. Our simulations showed that implementing all
of these controls led to reduction in the peak infection rate.

A cost-effectiveness analysis using both ACER and ICER metrics was also carried out to evaluate
the economic feasibility of each strategy. While Strategy 7 (all controls combined) achieved the highest
reduction in infections, it was not the most cost-efficient. Strategy 1, involving only bat population control,
demonstrated the lowest cost per infection averted and was ultimately identified as the most cost-effective
approach. These findings suggest that a focused, resource-conscious control strategy can yield substantial
epidemiological impact.

In future work, we plan to study the mobility and age factors, which are essential in the transmission
of infectious diseases.
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