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Abstract

Nipah virus (NiV) is a zoonotic pathogen capable of causing outbreaks with high mortality rates, ranging
from 40% to 75%. The virus spreads through direct contact between humans and infected animals, consumption
of contaminated food, and human-to-human transmission. As no vaccine or specific treatment is currently avail-
able, effective control measures must rely on public health policies. In this study, we develop a mathematical
model to examine the transmission dynamics of the Nipah virus. We calculate the basic reproduction number
Ry as an indicator of disease spread, perform a sensitivity analysis of key model parameters, and evaluate the
effectiveness of three control strategies: health campaigns targeting exposed individuals, quarantine of infected
individuals, and treatment to increase the recovery rate. The objective is to minimize both the number of
exposed and infected individuals and the overall cost of implementing these controls. The model used is a
compartmental framework dividing the human population into five subgroups: susceptible (S), exposed (F),
infected (I), recovered (R), and deceased (D). To identify the optimal intervention strategy, we apply the
Pontryagin Maximum Principle (PMP), and the resulting optimality system is solved numerically using the
Forward—-Backward Sweep method. The results show that the effective contact rate, incubation period, and
treatment rate are the most influential parameters in determining disease transmission. Sensitivity analysis
indicates that reducing Ro is most effectively achieved by improving the efficiency of health campaigns
and treatment. Numerical simulations further demonstrate that the optimal combination of all three control
strategies significantly reduces both exposed and infected populations compared with implementing any single
strategy alone. With an optimally designed set of interventions, the resulting policy achieves a balance between
controlling viral spread and ensuring cost efficiency.
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1. INTRODUCTION

Nipah virus (NiV) is a zoonotic pathogen capable of spilling over from animals to humans. Transmission
occurs through direct contact with infected animals, consumption of contaminated food, and human-to-human
transmission via respiratory droplets or close physical interaction [10]. The virus was first identified in 1998
in Sungai Nipah, Negeri Sembilan, Malaysia [8], [11], and subsequently caused outbreaks in Singapore
[24], Bangladesh [13], [18], [21], [25], the Philippines [6], and India [1], [2], [5], [12], [23], [27], with case
fatality rates ranging from 40-75% [31]. The 2018 outbreak in Kerala, India, which reported 23 cases with 21
fatalities [1], provides a crucial validation dataset for mathematical models due to its detailed epidemiological
documentation. Given its high mortality rate and the absence of an effective vaccine or specific antiviral
therapy, the development of evidence-based public health interventions remains essential for mitigating both
health and economic impacts.

Mathematical modelling provides a rigorous framework for understanding the mechanisms governing Nipah
virus transmission and for quantitatively assessing disease control strategies. Dynamic compartmental models
are central tools in mathematical epidemiology, as they allow for the analysis of disease burden, the prediction
of epidemic trajectories, and the estimation of threshold quantities such as the basic reproduction number
Ro, which determines whether an infection can invade or die out in a population [14].

The present study extends the modelling frameworks introduced by Zewdie and Gakkhar [32], Raza et
al. [26], and Khan et al. [15] by incorporating two important features: transmission resulting from contact
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with infected corpses, as emphasized in [32], and an explicit incubation period for exposed individuals, as
highlighted in [26]. These additions motivate the introduction of the E compartment, forming an extended
SEIRD (Susceptible-Exposed-Infected—Recovered—Deceased) model that more accurately captures the ob-
served epidemiological characteristics of Nipah virus.

Sensitivity analysis plays a crucial role in identifying parameters that exert the greatest influence on
disease dynamics and on Ry. By determining which biological processes most strongly affect transmission
such as spillover contact rates, human-to-human transmission efficiency, and the recovery rate, public health
interventions can be designed to target the most impactful components of the system.

Several previous studies have explored a range of control measures, including public awareness campaigns
[15], [17], [22], [30], treatment and clinical management [15], [17], [30], isolation and quarantine protocols
[15], [33], rapid diagnostic testing, safe burial practices [22], lifestyle improvements [17], culling of infected
animals, and environmental or behavioral interventions such as restricting the collection of date palm sap
[33]. While these studies provide valuable insights, most consider only one or two interventions at a time or
focus on local outbreak contexts.

In contrast, the present work evaluates multiple simultaneous control strategies, health campaigns for
exposed individuals, quarantine of infected individuals, and treatment to enhance recovery within a unified
optimal control framework. By integrating epidemiological dynamics with cost considerations, this study
seeks to identify intervention strategies that are not only effective in reducing infection prevalence but also
feasible and sustainable under realistic resource constraints. The optimal control methodology, combined
with numerical simulation, provides actionable guidance for policymakers in designing comprehensive and
cost-efficient outbreak responses.

The remainder of this paper is structured as follows. Section 2 introduces the SEIRD model and
outlines the underlying assumptions. Section 3 presents the equilibrium analysis, the computation of the basic
reproduction number, the sensitivity analysis, and the formulation of the optimal control problem. Section 4
provides the numerical approach and simulation results illustrating the impact of each control strategy with
real outbreak data. Section 5 concludes with a summary of the main findings and discusses their practical
implications for real-world public health planning.

2. MODEL FORMULATION

The transmission dynamics of the Nipah virus are investigated using a deterministic compartmental model
that partitions a homogeneous population into five distinct classes: the susceptible population (.S), the exposed
population (E), who are infected but not yet infectious, the symptomatic and infectious population (7), the
recovered population (R), and the deceased individuals whose bodies remain infectious (D). The model
is constructed based on the following core assumptions. Individuals enter the susceptible compartment at a
constant recruitment rate A, and experience a natural death rate p across all compartments.

The force of infection arises from two primary sources: direct contact with infectious individuals (1)
at a rate (1, and contact with infected corpses (D) at a rate 32, with a scaling factor « representing their
relative infectiousness. Intervention strategies mitigate the effective transmission. Public awareness campaigns
(e.g., promoting hygiene and avoiding reservoir hosts) reduce the risk of infection from both sources by a
factor of (1 — ¢1), while the quarantine of symptomatic individuals reduces transmission from the infectious
compartment [ by a factor of (1 — ¢»).

Following exposure, individuals progress to the infectious class at a rate -y, although a proportion of exposed
individuals recover without developing severe symptoms, transitioning directly to the recovered class at a
rate w. Infectious individuals either recover at a rate 7 or die from the disease at a rate J, reflecting the high
case fatality rate associated with Nipah virus infection. Recovery is assumed to confer temporary immunity,
which wanes at a rate 6, allowing recovered individuals to return to the susceptible class.

Finally, individuals who die in the infectious compartment due to both disease-induced mortality (4) and
natural mortality (u) contribute to the pool of infectious corpses (D), which are subsequently removed
through safe burial practices at a rate «. The transitions among these compartments are governed by the
following system of nonlinear ordinary differential equations:
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with initial conditions, S(0) = Sy > 0, E(0) = Ey > 0,1(0) = Iy > 0, R(0) = Ry > 0,D(0) = Do > 0.
The equation (1) can be expressed in the compartment diagram in Figure 1. The description of parameters
in model (1) could be seen in Table 1.
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Figure 1: Compartment diagram of the SEIRD model for the spread of Nipah disease.

Table 1: Description of SEIRD model parameters.

Description

A
B1
B2

K
¢1
@2

TR I »ER

Recruitment rate to susceptible class

Rate of infection from infected individuals

Rate of infection from dead bodies of infected individuals
Fraction of dead bodies that are handled safely

Rate of individuals awareness of infectious diseases
Quarantine rate of infected individuals

Rate of infection in exposed individuals

Rate of recovery in exposed individuals due to awareness
Rate of disease-induced death

Rate of recovery in infected individuals due to treatment
Rate of loss of immunity

Rate of disposition (burial/cremation) of dead bodies
Natural death rate
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3. MODEL ANALYSIS

3.1. Equilibrium Point
The equlhbrlum point is obtained when % = ‘fﬁ = dI = ‘f;:” = d—D = 0 [3]. The equilibrium points in

the Nipah virus spread model are two, namely the dlsease free equ111br1um point at

A
EUZ(SaE7I7RaD):<‘u70a0a070>7 (2)
The disease-free equilibrium point will exist if the condition I = 0. Endemic equilibrium point
:(S*)E*7I*’R*)D*)7 (3)
such that
o _ alN(p+vy+w)(p+d+n)
Y(afr(l = ¢1)(1 = ¢2) + kBa(1 — ¢1)(n +9))
= PO
v
. _ ayN (A — pS)(p+0)
V(4 0)(aBr(1 = ¢1)(1 = ¢2) + £B2(1 — ¢1) (1 +6))S — afN(w(p + 6 +n) +17)’
ge= Wt ot n) by
Y(p+0)
pro BT
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3.2. Basic Reproduction Number (R)
The basic reproduction number (Rg) is determined by the next generation matrix method [9], [14]. The

infectious class of the SEIRD equation is

E

1
D

For each infection class, the rate of new infection emergence is indicated by F and given by
(B1(1=¢1)(1=¢2)I+£B2(1-¢1)D)S
N

F(X)= 0
0

X =

The other transition rate between infectious classes is denoted by V, which is given by

(H+y+wE
—E+ (p+6+n)1
—(u+ I+ aD

At disease free equilibrium point the matrice DF and DV will give us

V(X) =

[0 Br(1—¢1)(1 — ¢2) "Eﬂ2(1¢1)1
DF =10 0 0 .
0 0 0

Dy = -y w+d+n 0

wt+v+tw 0 0]
0 —(p+9) «
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Next, the inverse of the matrix DV is obtained in the form

1
u+x+w (1) 0
(DY) = | Gy e 9
y(p+9) pto 1
a(pt+y+w)(p+o+n)  a(pt+o+n) o
The next-generation matrix is defined as
K = (DF)(DV)™*
1
0 Bi(1—¢1)(1—¢2) KPa(l— 1) i o 0
=10 0 0 (+y4w)(u+o+n) p+o+n 0
0 0 0 v (p+3) ptd 1
B a(pty+w)(pto+n)  a(pto+n) «
[y(aBr1(1=¢1)(1=¢2)+rB2(1=¢1)(p+d)) aBi(l1—=¢1)(1—-¢2)+rB2(1=¢1)(u+d) KB2(1—¢1)
a(p+y+w)(pt+o+n) a(p+o+n) a
0 0 0
i 0 0 0

The basic reproduction number is then calculated as the maximum eigenvalue of the matrix K [4], i.e.

B (@Bl = ¢1)(1 = ¢2) + KB2(1 — ¢1) (1 + 9))
Ro = oK) = o+ + ) (ut 6+ 7)

: “

The endemic equilibrium point in (3) can be expressed in R as follows

N
5=
Ro’
B u+6+77[*’
gl
. ARy —1)
= ) w(pt8+m)+ ’
Bil = dn)(1 = g) + hBa(1 = gr) (££0) — g (Lleroinin ) -y — g
R*:w(u+5+n)+m[*,
V(e +0)
pr =0

«

The endemic equilibrium point will be exists if Ry > 1.

3.3. Stability Analysis of Equilibrium Point

The stability of the equilibrium point is determined by using linearization of the system of differential
equations [28]. The Jacobian matrix of the system (1) is given

Jin Jio Ji3 J1a Jis
Jor Jaa Jo3 Jo4 Jos
J=10 v —(utd+n) 0 01, 5)
0 w n —(up+0) 0
0 0 pt s 0 -a

where
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iy = —B10 = 91)(A = d2)] + KB2(1 = $YDIN + (Br(1 = $1)(1 = ¢2)] + wa(l — $1)D)S

N2 — M
T — (B1(1 = ¢1)(1 — ¢p2)I + kP2(1 — ¢1)D)S
12 — N2 )
Jie —B1(1 = ¢1)(1 = $2)SN + (Bi(1 — ¢1)(1 — ¢2)I + kB2(1 — ¢1)D)S
13 — N2 9
Jus = (B1(1 —p1)(1 — ¢2j)\{2+ KB2(1 — ¢1)D)S 4o,
Jis = —552(;{— 9171)57
ot = (Bi(1 = ¢1)(1 — p2)I + KBa(1 — ¢1)D)N — (B1(1 — ¢1)(1 — ¢2)I + KBa(1 — ¢1)D)S
N2 ’
Ty = —(B:(1 —91)(1 — ¢J2\;£+Hﬁ2(1 - ¢)D)S (47 +w),
Ty — Bl = ¢1)(1 = ¢2)SN — (B1(1 — ¢1)(1 — ¢2)I + KB2(1 — ¢1)D)S
N2 ’
Ton — —(B1(1 = ¢1)(1 — ¢2)I + KBa(1 — ¢2)D)S
24 — N2 )
Jos = Hﬁ2(1 - ¢1)S
5= N

The eigenvalues of the Jacobian matrix J (5) can be used to determine the stability of the equilibrium
point.

Theorem 3.1. Disease-free equilibrium point is locally asymptotically stable under the condition R < 1.

Proof: The Jacobian matrix of the disease-free equilibrium point is obtained by substituting the disease-
free equilibrium point (2) into the Jacobian matrix (5), is given as the following matrix

- 0 C1 0 Co
0 Ccs3 —C1 0 —Co
JE)=|0 v e 0 0|, (6)
0 w m ¢ O
0 0 Cg 0 —«
where
c1=—F1(1—¢1)(1 — ¢2),
ca = —kP2(1 — ¢1),
ez =—(p+7+w),
ca=—(n+0+mn),
C5 = 7(:“’ + 9)3
ce = —(pn+9)
We get eigenvalue from Jacobian matrix (6) are A\; = —pu, Ao = — (v + 6) and the remaining eigenvalues are

the solution of the characteristic polynomial

aoX® + a1 A2 + as\ + ag = 0,

where
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ag = 17

a; =« —C4 — C3,

a2 = —QCq — QC3 — C3C4 + 7yC1,
as = QC3Cy + aycy + yCaCe.

By applying Routh-Hurwirtz criteria for 3rd order [17], ag > 0,a1 > 0,b; = #142-90%2 > ( and a3 > 0.

az > 0,
1> @181 = d)(1 = ¢2) + 7KB2(1 = d1)(p +9)
a(p+vy+w)(p+d+n) '
1> Ro.
Hence, disease-free equilibrium point is locally asymptotically stable if Ro < 1. |

Theorem 3.2. The endemic equilibrium point (E1) is locally asymptotically stable if Ro > 1.

Proof: The Jacobian matrix of the endemic equilibrium point is obtained by substituting the endemic
equilibrium point (3) into the Jacobian matrix (5), resulting in the following matrix:

di deo ds dy ds
de¢ dy dg dy dy0
JE)=|0 v e 0 0|, @)
0 w n ¢ 0
0 0 Cg 0 —Q

where
d = —(B1(L = 1) = ¢p2)I* + £B2(1 — ¢1)D*)N + (B1(1 — ¢1)(1 — ¢2)I* + kBa(1 — ¢1)D*)S* y
N2 ’
dy — (Bi(L — ¢1)(1 = g2)I* + kPa(1 — ¢1)D*)S™
2 — N2 )
ds — —B1(1 = ¢1)(1 — ¢2)S*N + (B1(1 — ¢1)(1 — o) I* + KB2(1 — ¢1)D*)S*
N2 ’
Ay = (B1(1—1)(1 — ¢2)I]:72+ KB2(1 — ¢1)D*)S* 40,
de — —kf2(1 — ¢1)S*
s=—— Nn
ds = (Bi(L = ¢1)(1 — p2)I* + KP2(1 — ¢1)D*)N — (B1(1 — ¢1)(1 — ¢2) " + KPBa(1 — ¢1)D*)S*
N2 ’
dr = —(B1(1 —¢1)(1 - ¢2)]{;+ KP2(1— ¢1)D")S" (47 +w),
B = ¢1)(1 = ¢2)S*N — (B1(1 — ¢1)(1 — ¢p2)I* + KPBao(1 — ¢1)D*)S*
d8 - N2 )
de — —(B1(1 = ¢1)(1 = o) I* + KB2(1 — o) D*)S*
9 — N2 )
doe — Kfa(1 — ¢1)S*
0= —""75"—.

N

The characteristic polynomial of matrix (7) is given by

aoX® + e AN 4 ao\® + asA? + au\ + a5 = 0,
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where

ap =1,
a; =a—dy —c5 —d7 — ¢y,
as = c5dy + did7 + cqdy + cs5dy + cqcs + cqdr — ady — acs — ady — acy — wdy — ydg — dodg,
a3 = acsdy + adidr + acady + acsdr + acycs + acydr + wdidg + vdidg + weqdg + yesds
+ csdadg + cadads — aydg — yegdig — awdy — adads — csdidy — cacsdy — cadrdr — nrydy
— cycsdy — wdads — ydsds,
ay = yescedig + Yegdidip + awdidyg + aydids + awceqdy + ayesds + acsdadg + acydadg
+ nydidg + cacsdidy + weqdyds + yesdsdg — yegdsdg — acsdidy — acyesd; — acydydy
— anydy — acycsdr — awdydg — aydsdg — weqdidg — yesdids — nydadg — cqcsdads,
as = ycscedsdg + anydidyg + acycsdidy + awegdyds + ayesdsds — awcegdydg — aryesdyds
— anydsdg — acycsdadg — yescgdidyg.

Since the eigenvalues are difficult to determine, we use the Routh-Hurwirtz criteria to determine the stability
of the endemic equilibrium point [20].

Table 2: Routh-Hurwirtz criteria for Sth-order.

o

s ag as aq 0 0
st ai as as 0 0
S3 b1 ba 0 0 0
s? el es 0 0 0
st A fo 0 0 0
O g1 0 0 0 0

Itneedstobeshownthatao>Oa1>Ob1:%>0b2:%>061=W>

0,e0 = a5 > 0,f1 = M > 0 and g1 = f1 > 0. Since it is difficult to verify analytically the
stablhty COIIdlthIl of the endemic equilibrium point which requires the condition Ry > 1, it will be verified
numerically. ]

3.4. Sensitivity Analysis

Sensitivity analysis is conducted to identify the parameters that exert the greatest influence on the trans-
mission dynamics of the Nipah virus and can therefore serve as a basis for designing effective control
strategies. The influence of each parameter is quantified through its sensitivity index with respect to the
basic reproduction number (Rg). A positive sensitivity index indicates that an increase in the corresponding
parameter leads to an increase in R, with larger positive values reflecting a stronger direct effect on the
output. Conversely, a negative sensitivity index indicates that an increase in the parameter results in a decrease
in R, and larger negative values imply a stronger inverse effect. A sensitivity index equal to, or close to,
zero suggests that variations in the parameter have little to no impact on Rg. The sensitivity index is defined
as

RO aRO p

Yp == TpRio, (8)

where p is the parameter being analysed for its effect [7]. Sensitivity index of each parameter in the model
(1) will calculated by using Equation (8), we get
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" afi(l—¢1)(1 — ¢p2) + £B2(1 — ¢1) (1 + )’
vBo _ KB2(1 — ¢1)(p+0)

P2 api(1—¢1)(1 — ¢2) + KB2(1 — ¢1) (1 +6)’
o _ P (20B1(n+ 4+ 2+ 5+ )1 — ¢2) + kB2 (u® + 261+ 6% + 16 — n(w +7)))

" (147 +w)(p+ 38 +n)(api(l — ¢2) + Kpfa(u+6)) ’
yBo _ _ d(api(l — ¢2) — KfPan)

° (40 +n)(afr(l — ¢2) + KP2(p +6))’
Yo — v

“ pAy+w

Ro _ n
Vi =

The sensitivity analysis, conducted through a Partial Rank Correlation Coefficient (PRCC) assessment, reveals
crucial insights into the parameters governing the transmission dynamics of the Nipah virus. The parameter
values used in the model are shown in Table 3.

Table 3: Value of parameters.

Parameter ~ Value Source

A 6295.16  [19]

B 1 [19]

B2 0.651 [32]

K 0.35 [29]

b1 0.15 Assumed
b2 0.15 Assumed
vy 1 [19]

w 0.09 Fitted

é 0.771 [33]

n 0.091 [32]

6 0.851 [32]

« 0.5 [32]

I 0.16 [19]

The sensitivity analysis as shown in Figure 2. The analysis demonstrates that the transmission rate from
infectious individuals (5), the corpse transmission scaling factor (x), and the transmission rate from deceased
individuals (2) exhibit the strongest positive correlation with the basic reproduction number (Rg), identifying
them as the primary drivers of outbreak propagation. Conversely, parameters representing control interventions
particularly public awareness (¢1) and quarantine measures (¢2) show significant negative correlations with
R, highlighting their importance in outbreak containment. The recovery rate of symptomatic individuals ()
also demonstrates a substantial negative correlation, emphasizing the dual benefit of effective treatment in
both reducing mortality and limiting transmission.



SENSITIVITY ANALYSIS AND OPTIMAL CONTROL FOR NIPAH VIRUS OUTBREAK 77

0.8

Sensitivity Index

06 I | i I I i
" © . i Il
By & & x .#2 1 1] w n

Parameter

Figure 2: Local sensitivity analysis diagram of Ro.

For policymakers, these findings provide a clear strategic framework for intervention prioritization. The
strong positive sensitivity of x, 51, and 32 indicates that the most effective control measures will be those
targeting direct transmission pathways. This includes implementing strict safe-burial protocols to reduce
corpse-mediated transmission, combined with rapid case isolation and quarantine measures to limit contact
with infectious individuals. At the same time, the significant negative sensitivity of ¢; and ¢5 underscores
the critical importance of sustained public health campaigns that promote personal protective behaviors and
early care-seeking, alongside robust contact-tracing systems.

Furthermore, the pronounced effect of the recovery rate (1) justifies strategic investments in healthcare
capacity, particularly in supportive care for severe cases, which simultaneously improves clinical outcomes
and reduces transmission risk. Overall, this analytical approach provides an evidence-based foundation for
resource allocation, emphasizing that an integrated strategy addressing multiple high-sensitivity parameters
simultaneously will yield the greatest impact on outbreak control.

3.5. Optimal Control

Based on the results of the sensitivity analysis that has been carried out, it is found that those that affect the
spread of the Nipah virus are (1, k, and B5. This can be used as a reason to control the spread of the virus.
The possible controls are reducing close contact of susceptible individuals with infected individuals through
health campaigns w;(t), reducing contact with unprotected infected dead bodies through quarantine us(t),
and treatment control u3(t), so that the model using control can be expressed in the form of the following
differential equation system (9).

% — A ﬁl(l_ul)(l_u2J¥+K62(1_u1)DS—MS+9R,
E 1= uy)(1 — u)T 1—uy)D
dE _ fi(1—w)(1 —ua)l + £fo(1 — wa) S—(p+y+w)kE,
dt N
1
W b~ (ut ot~ s, ©)
dR
E:wE+(TH—Ug,)I—(;H—@)R,
dD

= NI — aD.
7 (n+0) -«
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The purpose of this study is to minimize the number of infected individuals as well as reduce the cost required
to create awareness and treatment at predetermined time intervals with the objective function is given by

T
1
J(u1,uz,u3) = / <A1E(t) + Al (t) + 3 (Biuf + Byuj + Bsug)) dt, (10)
0

where A; and A, are the weights of the exposed and infected subpopulations, respectively, B, Bo, and Bs
are the weights of the control costs.

Based on the objective function (10) and the constraint system of equations (9), the first step in solving the
optimal control problem is to form the Hamiltonian function, from which the optimality system is derived,
as follows:

5
1 1 1
H = A1E(t) + A1 (t) + 5 Buuf + 5 Bouj + 5 Bsui + > Tufi, (1n

i=1

with T;,7 = 1, ..., 5 representing the costate variable and f; being the right-hand side of the system of equations (9).
The Hamiltonian function (11) can be expressed as follows

1
H = A1E t) —+ AQ.I( ) + = B1u1 —+ 2Bzu2 + - B3u3

(A 1—U1)(1—U2]1[I+5ﬂ2(1_u1) S—MS+9R)
T (ﬁl (1—u)( 1—U2])VI+K52(1_ul)DS—(M+7+w)E> (2

+ Y3 (vE — (n+ 0 +n+us)l)
+ Yy (wWE+ (m+us)l — (n+0)R)
+ Y5 ((u+8)I —aD).

Pontryagin’s principle transforms the optimal control problem that minimizes the objective function (10) with the
constraint of the differential equation system (9) into a problem of minimizing the Hamiltonian function. After the
Hamiltonian function is constructed, the state equations, costate equations, and stationary conditions are determined.
Based on Pontryagin’s principle, the Hamiltonian function reaches an optimal solution if the state equations, costate
equations, and stationary conditions are satisfied [16].

1) State Equation: The state equations are obtained by differentiating the Hamilton function (12) with respect to
each costate variable as follows.

% - % =A- 51(1_“1)(1_“2]1,[+“52(1_“1)D5—u5+91%,

%3 _ 383:2 _ 51(1—“1)(1_“2]1[”"‘52(1_ul)DS—(u+v+w)E7
%:%z’yE—(u—&—é—i—n—i—ug)I, (13)
W B+ 0+ )l = (u+OR

% :%:(u—i—é)]—aD.

with initial conditions S(0) = So, E(0) = Eo, I(0) = I, R(0) = Ro, D(0) = Dy.
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2) Costate Equation: The costate equations are the negative values of the derivatives of the Hamiltonian function
(12) with respect to each state variable as follows.

dY: oM
At aS
_ T1 (ﬂ1(1 —ul)(l —UQJ)V]—FK,BQ(l —ul)D +M> _ TQ (ﬁl(l —U1)(1 —UQ]i[I-‘rHﬂg(l —ul)D> ,
dY; M
At OE

4y (B —w)(A —ua)l + KBa(1 —ui)D
- ) )

Ty </31(1 —u1)(1 —u2)I + KB2(1 — u1)D

+(u+7+w)> — T3y — Taw,

N
dYs _87—[
dat ol
Soeth (ﬂl(l —u)(L = u2)SN = (i1 ;];Ll)(l —u2)l + kf2(1 — ’LLI)D)S) (14)
gy (B0 SN = 10 )0 40D
= Ta(n+us) = Ts(u+0),
dT4 N _6’}.[
dt ~  OR
=-" (51(1 —u1)(1— UQ]L'I + kB2(1 —u1)D n 9) T, Bi(1—wu1)(1— UQ]z[I + KB2(1 — u)D
+ Ta(p+9),
d¥s _ _OH
dt — 9D
= Tl 5/32(1]; UI)S _ ,r2 ”/‘362(1]\—[ ’U,1)S + T5a‘

with transversal conditions Y1 (T) = To(T) = T3(T) = T4(T) = T5(T) = 0.
3) The stationary condition: The stationary condition for the optimal control problem (10) is obtained by the partial
derivative of the Hamiltonian function (12) with respect to the control variables w1, u2, and us, resulting in

oH

2 9
8u1 ’
o T1(ﬁ1(1 — 'LLQ)IS -+ KJ/BQDS) Tg(ﬁl(l — uz)]S +4 KﬁzDS)
0= Bju; + N — N s
P (51(1 — UQ)I*S* + KjﬁzD*S*)(Tg — Tl)
T BIN ’
OH
ouz
T 1-— s 7T 1-— 18
0 = Baug + 221 Nul) _ Loh ~ w)ls,
o Bl —u) S (1 = Ty)
T BsN ’
OH
ous
0= Bsus — Y3l + Y4l,
(Y5-I
flg = ————— 2~

B3

(B1(1—u2)IS+KB2DS) (Y2
B1 N

substitution 41 = —11) o U2, so that it is obtained
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B 51(1 _ ((51(1—1L2)15-EN%D5)(T2—T1)))[S(T2 _ T1)

BaN ’
ﬁ, o (BlB]_N — (B%(l — 'U,2)IS + KﬂlﬁzDS)(Tg — Tl))[S(TQ — Tl)
B1B>N?2 ’
_ (B1BIN — (BII*S* + kB1B2D*S*)(T2 — Y1))I[*S* (Y2 — Tl)
B BiBaN2? — B21%25+2(Ty — T1)

Substitution 4o to 1, so that it is obtained

BLBIN—(B2I*S* KBy B2 D*S*)(Ta—T1))I*S* (T2 —T1) - « qn
(/31 <1— GRaUSG BlB2N21_/32%1*2522('12-2_;1)) = >> I*S* 4+ KkB2D*S* (T2 — Y1)
e B1N
_ w
o BlN (BlBQNz — ﬂ%[*25*2('r2 _ Tl))7
where

W = B1B1BoN? — Bi1°28 (T3 — T1) — (B BiN — (B31°S* + k1 2D S™) (T2 — T1)) I*S™(T2 — T1)I*S*

+ K,,BQD*S*(TQ — T1)

Control variables in the Nipah virus spread model with health campaigns, quarantine, and treatment are defined as

0<u; €£1,0<u2 <1, and 0 < u3 < 1, thus obtaining a solution

0, ifa <0,
Wy =qa1, 0<d<l,
1, ifdar > 1.
0, ifds <0,
ﬁ; = ﬂz, 0< s < 1,
1, ifas > 1,
and
0, us<0,
u§ =<qU3, 0<dz <1,
17 ﬂ3 2 17

So, the optimal controls @7 (¢), 45 (t), and u3(¢) can be expressed as

W
nx _ 0’ 1
a maX{ mm(BlN(B1BzN2—52I*QS*2(T2 1))’ >}

- { . <(5131N (BIT*S* + kB1B2D*S*) (Y2 — ) )J*S* (T2 — Y1)
s = max ¢ 0, min 1

B1ByN? — 52[*25*2(1(2 - M) '
u3 = max {O,min (M, 1> } .
B3

)}

s)

16)

an

The optimal system is obtained by substituting 4 (¢), 45 (¢), and u3(t) into the state equations (13) and costate equations

(14), resulting in the optimal system (18).
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as* Bi(l —a3)(1 — @) " + kBa(1 — a})D*
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dt N N
(18)

with initial conditions S(0) = So, E(0) = Eo, I(0) = Iy, R(0) = Ro, D(0) = Dy, and transversal conditions Y1 (T") =
To(T) =Ys(T) =Yu(T) =T5(T) =0.

The optimal control analysis provides a mathematically rigorous justification for a central principle in infectious disease
management: coordinated, multi-component interventions outperform isolated control measures. Although the optimization
framework involves nonlinear dynamical systems and control-theoretic arguments, the resulting policy implications can
be communicated in a concise and actionable form. The analysis indicates that the simultaneous application of three
principal controls public health campaigns, case isolation, and enhanced treatment generates a synergistic effect, with the
combined intervention achieving a substantially greater reduction in transmission than any individual component.

For public health decision-making, these results suggest a structured prioritization of resources prevention through
awareness, containment through isolation, and mitigation through treatment. The analysis further demonstrates that both
the timing and magnitude of controls critically influence their efficacy. Early, high-intensity implementation of combined
interventions yields the greatest reduction in epidemic size and duration. This underscores the value of preparedness
planning, rapid response infrastructure, and integrated health systems. In practical terms, the mathematical results indicate
that allocating resources exclusively to a single intervention class is suboptimal, instead balanced investments across
prevention, isolation, and treatment produce the most cost-effective and epidemiologically robust outcomes.

Overall, the optimal control results reinforce a foundational insight in mathematical epidemiology durable and effective
outbreak containment requires simultaneous action along multiple transmission pathways, coordinated through well-
designed, adequately resourced public health policies.

4. SIMULATION

In this section, we examine the controlled system described by Equation (9). Numerical simulations of the optimal
control trajectories, using the parameter set listed in Table 3. Three alternative intervention strategies are evaluated to
assess their effectiveness in mitigating the spread of Nipah virus disease. Numerical simulation results of the control
problem using the forward-backward sweep method [16] with the help of the Matlab program. The combination of
optimal control using two controls and three controls at once. Strategy 1 uses combination controls in the form of health
campaigns on susceptible individuals and quarantine on infected individuals. Strategy 2 uses combination controls in the
form of health campaigns on susceptible individuals and treatment on infected individuals. Strategy 3 uses combination
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control in the form of quarantine and treatment of infected individuals. Strategy 4 uses combination controls in the form
of health campaigns on susceptible individuals, quarantine and treatment on infected individuals. Comparison simulation
of solutions with and without optimal control can be seen in Figures 3-7.

«10% Susceptible (S) Exposed (E)
4 160
s \Without Control
140 — Stralegy 1
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Strategy 3
120 —— Stralagy 4
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Figure 3: Susceptible individuals. Figure 4: Exposed individuals.
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Figure 5: Infected individuals. Figure 6: Recovered individuals.
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Figure 7: Deceased individuals.
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The simulation results of the SFEIRD model, presented in Figures (3, 4, 5, 6, 7), illustrate substantial variation in the
effectiveness of different control strategies against a Nipah virus outbreak. The scenario without any control results in a
high and sustained number of infections and deaths, underscoring the critical need for proactive intervention. Strategy 1
which integrates health campaigns and quarantine, Strategy 2 which integrates health campaigns and treatment, Strategy 3
which integrates quarantine and treatment, achieves a markedly stronger impact by substantially lowering the exposed
and infectious populations. However, the most effective and comprehensive outcome is obtained under Strategy 4, which
combines health campaigns, quarantine, and treatment. This integrated approach drives infections and deaths close to zero
in the shortest time while maintaining a large proportion of healthy individuals, demonstrating a synergistic interaction
in which combined interventions outperform the sum of their individual effects.

From a policy perspective, these mathematical findings translate into clear and actionable guidance. Effective outbreak
control depends on strategically modifying the model’s most sensitive parameters through real-world interventions.

Reducing the transmission rate (3). The success of awareness campaigns in the model corresponds to public health
initiatives aimed at lowering transmission probabilities. These include community education on avoiding contact with
bats and sick animals, promoting hygiene practices such as regular handwashing, ensuring safe fruit consumption, and
providing personal protective equipment (PPE) for healthcare workers and caregivers to minimize exposure risks.

Increasing the recovery rate (1) and reducing mortality (0). Enhancing the treatment parameter in the model requires
strengthening healthcare system capacity. This encompasses improving the training of healthcare personnel for rapid
case detection, ensuring adequate supplies of supportive care equipment, and establishing dedicated treatment facilities
to improve clinical outcomes and survival rates.

Isolating infectious individuals (¢2). The quarantine parameter is operationalized through measures that facilitate
rapid identification and isolation of suspected cases. This includes implementing clear operational protocols, maintaining
specialized isolation wards, and conducting rigorous contact tracing to disrupt community transmission pathways.

In summary, no single intervention is sufficient to control a Nipah virus outbreak. Relying solely on public advisories
or focusing exclusively on treatment will not achieve effective containment. The optimal strategy validated by the model
is a coordinated, multi-component approach. Policymakers must simultaneously promote preventive behavior, isolate
infectious individuals to halt transmission, and strengthen treatment capacity to reduce morbidity and mortality. This
integrated policy framework, consistent with Strategy 4, offers the most efficient and reliable pathway for mitigating the
health and societal consequences of a Nipah virus epidemic.

5. CONCLUSION

This study has established the stability dynamics of the Nipah virus transmission model, confirming that the disease-
free equilibrium is asymptotically stable if Ro < 1, indicating that the disease can be eradicated, while the endemic
equilibrium is stable if Ro > 1, signifying the disease will persist in the population. The sensitivity analysis identified
that the parameters x, 51, and (2 representing contact with infected individuals and corpses without protection—are the
most influential on the spread of the virus. Consequently, the study demonstrates that a combination of control strategies
(health campaigns, quarantine, and treatment), designed based on this sensitivity analysis, is not only effective in reducing
infection rates but can also be optimized to minimize implementation costs. The optimal control formulation thus provides
a strong basis for intervention prioritization by considering both epidemiological and economic impacts.

However, the transition of these model-based strategies from theory to practice requires a cautious acknowledgment of
their limitations and the very real challenges of implementation. The model’s assumptions of a homogeneous population
and idealized control conditions often contrast with the complex social structures, cultural practices, and mobility patterns
found in affected communities. In reality, enforcing strict quarantine may face public resistance and incur significant
socioeconomic costs. The efficacy of health campaigns can be hampered by misinformation and logistical barriers in
remote areas, while scaling up treatment is constrained by limited healthcare infrastructure. Therefore, while the model
offers a crucial and optimal blueprint for action, its true utility lies in guiding the development of adaptable, context-
specific, and resilient response plans. Ultimately, successfully controlling Nipah virus outbreaks depends not only on our
mathematical understanding but also on our ability to address these practical challenges through robust public health
systems, sustained community engagement, and strategic resource allocation.
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