AIMS Mathematics, 11(7): 21570-21606.
DOI: 10.3934/math.2026874
ATMS Mathematics Received: 25 March 2026

Revised: 17 May 2026

Accepted: 20 May 2026
http://www.aimspress.com/journal/Math Published: 21 July 2026

Research article

Mathematical modeling of human metapneumovirus transmission dynamics
with optimal control analysis

Md Hossain Islam', Md. Nur Alam??, Noor Muhammad*, Xinsong Yang'* and Md. Jakir
Hossen™*

! College of Electronics and Information Engineering, Sichuan University, Chengdu 610065, China

2 School of Mathematical Sciences, Sunway University, Bandar Sunway, Petaling Jaya 47500,

Selangor Darul Ehsan, Malaysia
Department of Mathematics, Pabna University of Science and Technology, Pabna-6600, Bangladesh
4 School of Mathematics, Sichuan University, Chengdu 610064, China

Center for Advanced Analytics (CAA), COE for Artificial Intelligence, Faculty of Engineering and
Technology (FET), Multimedia University, Melaka 75450, Malaysia

* Correspondence: Email: xinsongyang @scu.edu.cn, jakir.hossen@mmu.edu.my; Tel:
028-85463873; Fax: 028-85463873.

Abstract: Human metapneumovirus (HMPV) is a pathogen that causes severe respiratory infections,
especially in children, the elderly, and immunocompromised people. Deterministic epidemiological
models cannot capture memory effects or stochastic variability of the environment and thus limit
the formulation of effective control measures. In this paper, we developed a stochastic optimal
control problem, based on a fractional-order stochastic dynamic, to promote vaccination and treatment
solutions to the disease burden. In this study, we designed a modified fractional-order stochastic
SEIR model with a Brownian motion to consider long-range time memory effects and stochastic
environmental variation. We verified the existence, uniqueness, and positivity of the model, as well
as identified disease-free equilibrium, the basic reproduction number R,, and endemic equilibrium.
Local and global stability of both states were examined, and a bifurcation analysis disclosed a forward
transcritical bifurcation at the point Ry = 1. Sensitivity analysis highlighted the transmission rate 3
(+1.000), progression rate o (+0.4545), and recovery rate y (-0.6818) as critical parameters affecting
Ry. We proposed an optimal control analysis that uncovered time-dependent optimal vaccination and
treatment techniques. Under the optimal treatment-focused strategy, decreasing the fractional order
from 1.0 to 0.7 reduced peak infections by 36.1% (from 244 to 156 cases) and delayed the epidemic
peak by 57.8% (from 26.8 to 42.3 days). A strong linear correlation (R?> = 0.96) disclosed that lower
fractional orders @ impose earlier but less intensive interventions. This adaptive control framework
offers the public health authorities a tool for designing an outbreak response that is resilient to real-life
uncertainty.
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1. Introduction

Human metapneumovirus (HMPV) poses a significant disease burden on the global population,
particularly affecting young children, elderly individuals, and immunocompromised persons. Since
its first discovery in 2001, HMPV has been identified as a major etiologic agent of upper and lower
respiratory tract infections, with seasonal outbreaks that cause significant morbidity and impose a
considerable burden on healthcare infrastructures worldwide [1-3]. However, HMPV transmission
dynamics through mathematical modeling have not been investigated as much, in comparison to the
much larger amount of modeling information on other respiratory viruses like influenza and respiratory
syncytial virus (RSV) [4,5]. Nonetheless, mathematical modeling on HMPV transmission dynamics
has not been quantitatively studied, especially compared to the vast amount of information modeling
on other respiratory viruses like influenza and respiratory syncytial virus (RSV) that have been studied
by mathematical models. The gap highlights a strong gap in the empirical and theoretical literature
on the seasonal patterns of HMPV and the demographic risk patterns it induces. The traditional
conceptual and methodological models used in the modeling literature of influenza and RSV do not
provide enough conceptual and methodological frameworks to capture the unique epidemiological
features of HMPYV, such as age-specific attack rates and immune responses, which are necessary to
predictive modeling [6]. HMPYV has unique mathematical epidemiological issues that cannot be solved
using standard deterministic models. The virus exhibits complicated patterns of transmission with
high spatial heterogeneity, age-structured patterns of susceptibility, and high seasonal oscillations that
differ by geographical region. Moreover, long-term immunity after the infection with HMPV is not
fully defined, which also adds another ambiguity to the long-term predictions. Such epidemiological
singularities demand the creation of specific modeling strategies that would be capable of handling the
specific nature of the HMPV transmission behavior, as well as considering the high level of uncertainty
that is inherent in estimating parameters and disease developmental patterns [7]. Fractional calculus
provides an effective mathematical model to improve the biological credibility of epidemiological
models by including memory effects and non-local interactions, especially when it comes to respiratory
viruses with complicated incubation and immunity mechanisms [8, 9]. Compared to integer-order
derivatives, which may be based on Markovian dynamics, the historical dependence of disease
transmission in a fractional derivative offers a more subtle understanding of the effect of past states
on contemporary transmission rates. Such mathematical formalism is consistent with the known
requirement to have models more representative of the temporal dependence in data on epidemics
in the real world, where present-day rates of infection are inherently related to past contact processes
and immunity conditions. Stochastic modeling is another important development in epidemiological
modeling, as it offers a solution to the drawbacks of purely deterministic modeling. Moreover, the
transmission of diseases in the real world is mainly determined by millions of accidents such as
changes in human behavior, the environment, and the reactions of healthcare systems. Stochastic
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differential equations offer a logical mathematical vocabulary to include such uncertainties, and models
can produce probabilistic forecasts rather than single trajectory forecasts [10]. This probabilistic
model is particularly beneficial in the context of the public health planning process, because it
enables one to quantify risks and construct effective intervention strategies that can be applicable in
different epidemic situations. Building and modeling epidemiology makes it possible to replicate the
transmission of pathogens, quantify the possible effect of different control interventions, and predict
the future epidemiology of future outbreaks. The Susceptible-Exposed-Infectious-Recovered (SEIR)
compartmental model remains popular in the field, and the transitions are modeled using ordinary
differential equations, dividing the population by compartment [11,12]. This simplification is useful in
the general trend analysis but not in the representation of the discrete, context-specific fluctuations in
actual epidemiological conditions, including demographic, climate change, and non-regular behavior
choices of individuals and organizations, over time, as well as distributions of events [13, 14].
The most significant of these are the stochastic effects, when the context is spatially concentrated,
or when the overall process involves random perturbation, where similar sets of stochastic basic
reproductive numbers may produce significantly different cumulative incidence curves. Therefore,
although deterministic SEIR models are powerful aids in the process of overall strategic planning, they
cannot effectively represent the probabilistic, path-dependent aspects of disease spread that are critical
to sound prediction and the formulation of efficient intervention plans [15]. To overcome the above
restrictions, stochastic modeling has been implemented as a probabilistic extension of the conventional
SEIR model [16]. Since they incorporate random variables, stochastic models better capture all the
uncertainty in the transmission of pathogens, thus giving a more precise description of epidemic
behavior. Stochastic differential equations are equations that include these random perturbations to
every compartmental state using Brownian motion or Wiener processes [17-19]. In this study, we
include the bifurcation analysis to investigate the underlying change in the dynamics of the disease
that takes place when the basic reproduction number passes the critical value of the disease named the
critical value of reproduction as the value of one of the basic reproduction numbers, Ry = 1, the value
of one divergence, denoted by R. In this analysis, a forward trans-critical bifurcation is determined,
which marks the destabilization of the disease-free equilibrium and the simultaneous appearance of
an endemic equilibrium. This dichotomy framework is important in determining the effectiveness of
intervention measures because it defines the circumstances in which the disease can be eliminated or
maintained at the endemic level. The optimal control theory provides the mathematical foundations
of the design of the intervention approaches that will maximize the overall benefits to the population
and simultaneously consider the resource constraints and the implementation costs. Within HMPYV,
where there is a range of intervention modalities, such as vaccination programs, antiviral services,
and non-pharmaceutical strategies, the best control strategies can be used to define the most effective
use of limited resources within time frames [20]. With the formulation of public health decision-
making as a formal optimization problem [21], it will be possible to develop dynamically adaptive
intervention policies that adapt to changing epidemic conditions, which may potentially outperform
the strategies that are stationary. The implementation of a strong numerical framework based on
a direct B-spline collocation method that simultaneously separates state and control variables using
smooth spline basis functions to address the complexity of fractional stochastic epidemic models has
been proposed [22,23]. This enables precise computation of fractional derivatives, effective handling
of stochastic terms, and direct solution of the resulting nonlinear programming problem for optimal
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control design. The contributions of this paper are as follows:

e We develop a fractional-order stochastic SEIR model for HMPV that incorporates memory
effects and environmental variability. We establish the model’s mathematical foundations by
proving solution existence, uniqueness, and positivity. The disease-free and endemic equilibria
are determined along with the basic reproduction number R,. Stability analysis characterizes
the equilibrium behavior, while bifurcation analysis reveals a forward transcritical bifurcation at
Ry = 1, establishing threshold conditions for disease persistence. Sensitivity analysis identifies
the transmission rate 3, progression rate o, and recovery rate vy as the most influential parameters
for disease transmission dynamics.

e We formulate an optimal control problem to derive time-dependent vaccination and treatment
strategies that minimize the disease burden under stochastic perturbations. Numerical solutions
obtained via a B-spline collocation method [24—-27] demonstrate that a treatment-focused strategy
reduces peak infections by 36.1% and delays the epidemic peak by 57.8% as fractional order
decreases. Moreover, the fractional order and the best time to implement the intervention are
positively correlated (the value of R? is 0.96), which implies that a lower fractional order requires
earlier but less intensive interventions.

e We use the B-spline collection method for key reduction of this virus. This method enhances the
simulation and optimization of interventions under uncertainty, contributing to advancements in
stochastic disease modeling and optimal control.

The structure of this manuscript is as follows: We introduce the necessary preliminaries and
mathematical tools in Section 2. Section 3 contains the development of a fractional-order stochastic
SEIR model of HMPV and its base properties. In Section 4, we provide an analytical study of the
model, including equilibrium points and the basic reproduction number. In Section 5, we study the
bifurcation at the critical threshold. Section 6 contains a sensitivity analysis to identify the salient
parameters. In Section 7, there is a definition of the optimal control problem, and we present the
relevant numerical results. Last, in Section 8, we present the conclusion and outline future research
prospective directions.

2. Preliminaries

Mathematical constructs are developed based on the foundations of mathematics, with the addition
of a tool of fractional calculus to model the effects of memory, a stochastic process to model the
variability of the environment, and the use of optimal control to design the intervention. Strict
analytical statements certifying the existence, uniqueness, and positivity of solutions provide the
essential background required for the latter formulation and analysis.

All stochastic processes considered in this work are defined on a complete probability space
(Q, F,{F}0, P) satisfying the usual conditions. The noise terms dWs,dWg,dW,;, and dWy denote
the differentials of mutually independent standard Wiener processes. This choice reflects uncorrelated
environmental fluctuations affecting each compartment independently.

Definition 2.1. For « € (0, 1), the Caputo fractional derivative of x(t) is:
1 !
cDIx(t) = F(l——a) ‘fo‘ (t—5)"“x'(s)ds.
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In the stochastic fractional differential equations of this work, the notation DY X(¢r) = f(z, X)dt +
g(t, X)dW(t) is understood as the equivalent integral equation

X(r)=X<0>+$ fo (t—s)"‘lf(s,X(s))dHﬁ fo (1 = ) (s, X(s)) dW(s),

where the first integral is the Riemann—Liouville fractional integral of the drift, and the second is an 1t6
integral with a fractional kernel. This interpretation ensures consistency between the Caputo derivative
and the stochastic driving process [28].

Proposition 2.1. For the stochastic fractional-order SEIR model,
cDX(t) = F(t, X(0) + G(t, X (1)) dB" (¢).

With Lipschitz continuous coefficients and initial condition X(0) = X, € Rﬁ, there exists a unique
global positive solution X(f) € R% for all ¢ > 0.

Lemma 2.1. If initial conditions satisfy S (0), E(0), 1(0), R(0) > 0, then the solution remains positive
almost surely.

P{S() > 0,E(t) > 0,1(t) > 0,R(t) >0 forall t > 0} = 1.

3. Model formulation

We begin with a generalization of the classical SEIR compartmental model to the use of fractional-
order derivatives [29, 30]. The population is broken down into four epidemiological compartments,
including susceptible (S ), exposed (E), infectious (/), and recovered (R), as shown in Figure 1. The
fundamental model is Caputo fractional derivatives of order @ € (0, 1] and contains multiplicative
noises, yielding the following system:

SI
DS = (,uN -p~ —,uS)dt+ oS dWs,

1
DYE = (ﬁ% — (o +/J)E) dt + ogE dWrg, (1)

Dyl = (cE — (y + D dt + o1 dW,,
D{R = (yI — uR) dt + o rR dWk,

where the Caputo fractional derivative operator is represented by D¢. Transmission, progression,
recovery, and mortality rates are represented by parameters 8, o, vy, and u, respectively. Independent
Wiener processes {Ws, Wg, W;, Wg} with matching diffusion coefficients {os, 0 g, 0, o} are used to
model.
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Figure 1. Schematic representation of the SEIR compartmental model for HMPV.

We introduce the force of infection A(¢) and aggregate important parameter combinations to improve
analytical clarity and ease further mathematical analysis. The force of infection, representing the
instantaneous risk of infection for susceptible individuals, is defined as A(¢) = %

For notational simplicity, we define the following compound parameters: 8y = o +u, 6; =y +p.

DiS (1) = uN — ADS (1) — uS (1) + 058 (1) dWs (),
DYE(t) = A()S (t) — OgE(t) + ogE(t) dWg(1),
DYI(t) = oE(t) — 0,1(t) + o1 1(t) dW,(2),

DYR(1t) = yI(t) — uR(t) + oxR(t) dWi(t).

Fractional order a governs the memory intensity within the system, with @ = 1 recovering the classical
integer-order case. Each compartment’s uncorrelated environmental changes are modeled by distinct
Wiener processes. The multiplicative form o ;X ;(1)dW;(1) is chosen because random fluctuations in
population compartments scale naturally with the size of the affected subpopulation. Larger groups
experience proportionally larger absolute variability, while the diffusion vanishes as a compartment
empties, preserving the non-negativity of solutions. The independence of the Wiener processes across
compartments reflects the assumption that environmental perturbations act on each epidemiological
state without strong cross-correlation. The model (2) is analyzed under epidemiologically consistent
non-negative initial conditions.

2)

S0)=5020, EO0)=Ey>0, 10=1,>0, RO)=Ry =0,

with Sy + Ey + Iy + Ry = N, where N represents the constant total population size.

Table 1 presents a summary of the epidemiological and mathematical parameters that control the
fractional stochastic SEIR model. The parameters are biologically defined, and the ranges of values
of each parameter with the corresponding references are clearly given. The fractional stochastic
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SEIR model (2) is a mathematical model of HMPV transmission dynamics. Infected people affect
the susceptible through contact with infectious individuals at a rate of A(#) = BI(¢)/N infections per
person of contact, thus transferring one to the exposed compartment. Exposed individuals will become
infectious after an average duration of 1/0 days following their exposure. The rate of infection is
v, so infected individuals obtain temporary immunity. Contact behavior, diagnostic accuracy, and
environmental uncertainties are represented by the inclusion of Caputo fractional derivatives and
stochastic terms, respectively. Such an integrated framework has the benefit of providing improved
predictive power as compared to standard deterministic models, especially with pathogens that display
complex temporal behavior such as HMPV.

Table 1. Epidemiological parameters for the fractional stochastic SEIR model of HMPV

transmission.

Parameter Biological Description Value/Range  Source

B Effective contact rate between 0.15 — 045 [31]
infectious and susceptible day™!
individuals

o Progression rate from exposed to 0.125 — 0.25 [32]
infectious state (inverse of average day~! (4-8
latency period) days latency)

u Natural mortality and birth rate (per 3.9 x 107> [33]
capita) day™!

y Recovery rate from infectious to 0.1 -0.2day™' [33]
recovered state (inverse of average (5-10 days
infectious period) infectious)

o’ Fractional order governing memory 0.7 - 1.0 [33]
effects (dimensionless)

o Diffusion coefficient for 0.01 - 0.05 [34]
environmental  stochasticity in (dimensionless)
susceptible compartment

OE Diffusion coeflicient for 0.01 - 0.05 [35]
environmental  stochasticity in (dimensionless)
exposed compartment

lod} Diffusion coefficient for 0.02 - 0.08 [35]
environmental  stochasticity in (dimensionless)
infectious compartment

OR Diffusion coeflicient for 0.01 - 0.04 [35]

environmental  stochasticity in (dimensionless)
recovered compartment

3.1. Basic properties of the model
In this section, we establish the fundamental mathematical properties of the fractional stochastic

SEIR system (2), ensuring its well-posedness for epidemiological analysis. We prove the existence,

AIMS Mathematics Volume 11, Issue 7, 21570-21606.



21577

uniqueness, positivity, and boundedness of solutions under biologically relevant conditions.

3.2. Positivity of solutions

Lemma 3.1. If the initial conditions satisfy S (0) > 0, E(0) > 0, I(0) > 0, R(0) > 0, then for all > 0,
the solutions of (2) satisfy almost surely.

S>>0, E®=0, It)=0, R() =>0.

Moreover, if E(0) + 1(0) > 0, then S(¢) > 0, E(¢) > 0, I(¥) > 0, and R(¢) > O for all > 0.

Proof. We prove the stronger positivity result using stochastic analysis techniques.
Susceptible compartment S (¢) satisfies,

DS (1) = —=(A@) + w)S (@) + osS (1) dWs (2).

By the fractional It6 formula for Caputo fractional stochastic differential equations [28], the differential
of log S (¢) satisfies

1
D log S (t) > —(A(t) + p) — iag + osdWs(1).
1
DY log S (t) = —(A(t) + p) — Eag + 05 dWs(?).
Integrating from O to ¢.
! 1
S > S0)exp (— j(; A(s) + ) d®s — Edgta +osWi@)|> 0.
When E(0) > 0, consider the representation
!
E(t) = E(O)E,(—0pt") + f(t — ) Eq o (—0p(t — $)M)A(5)S (5) d°s.
0

Both terms are non-negative since A(s)S(s) > 0 and the Mittag—LefHler functions E, and E,, are
completely monotonic for a € (0, 1]. If E(0) > 0 or A(s)S (s) > 0 for some s, then E(¢) > 0. Similarly,
for an infectious compartment,

(1) = I(0)E,(—6,1") + O'f (t = )" EqQo(=0,(t = $)M)E(s)d®s > 0.
0

Positivity follows from E(s) > 0.
For a recovered compartment we get,

R(1) = ROO)Eq(—ut”) +y f (t = ) Eqa(—p(t = $)")I(s)d"s = 0.
0

Thus, all compartments maintain non-negativity, and under initial infection (E(0) + I(0) > 0), strict
positivity holds for all # > 0. O
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3.3. Boundedness and invariant region

Theorem 3.1. The solutions of (2) are uniformly bounded almost surely and satisfy E[S (r)+ E(¢)+1(¢)+
R(1)] = N for all t > 0. The biologically feasible region Q = {(S,E,I,R) € R} : E[S + E + [ + R] = N}
is positively invariant under the expectation operator, and the total population remains almost surely
bounded.

Proof. Define the total population N(7) = S () + E(¢) + I(t) + R(¢). Summing all equations of (2) yields

DIN() = puN = pN@) + Y X (0dW(2).
Jje{S,E,I,R}

Taking expectations on both sides and using the martingale property of the It0 integral gives
DYE[N(1)] = uN — uE[N(®)].
This fractional differential equation for m(f) = E[N(#)] has the solution
m(t) = N — (N — m(0) Eo(—put®),

where E, is the Mittag—LefHler function. Since 0 < E,(—ut®*) < 1 for ¢t > 0, we obtain min(N, m(0)) <
m(t) < max(N, m(0)). In particular, if m(0) = N, then E[N(#)] = N for all ¢ > 0, establishing invariance
of the expected total population. For almost sure boundedness, apply the fractional Itd6 formula to
V(N) = N2.

DYV(N(®) < 2NODIN() + ) o3 X3 (1) < 2uN* = 2uN*(1) + > N(1),
J

where 5% = max{os, 0%, 07, 0%}. For u > 3?/2, we have
DYE[V(N(£))] < 2uN* — Qu — H)E[N*(9)].

By fractional comparison principles, E[N?(f)] remains bounded, and via Chebyshev’s inequality, N(r)
is almost surely uniformly bounded.

4. Model analysis

The analytical results presented in this section pertain to the deterministic skeleton of the stochastic
fractional model (2), obtained by setting the diffusion coefficients o,0g, 0,0 to zero. The
equilibrium points, basic reproduction number, and stability conditions are derived in this deterministic
framework. Their relevance to the full stochastic model is as follows: The disease-free equilibrium
corresponds to almost sure extinction of the infection when Ry, < 1, and the endemic equilibrium
characterizes the mean behavior of the stationary distribution when R, > 1 and the noise intensities
remain moderate. In the full stochastic fractional model, & is not a fixed point in the pathwise sense
but rather an absorbing sstate; once the infection compartments reach zero, they remain zero almost
surely. The endemic equilibrium &* corresponds to the mean of the stationary distribution toward
which the process converges when Ry > 1 and the noise intensities remain moderate. Sample paths
fluctuate persistently around this mean due to the continuous action of the Wiener processes.
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4.1. Disease-free equilibrium

For the fractional stochastic SEIR system (2), a disease-free equilibrium (DFE) represents a steady
state where the infection is not present in the population. This corresponds to the conditions E(¢) = 0
and /(r) = O for all + > 0. To find the DFE, we consider the deterministic skeleton of the model by
setting the stochastic terms to zero and solving the equilibrium equations D{X = O:

O=uN —uS*,
0=—-(c+nE",
) ) 3)
0=cE - (y+wl*,
0=yI"—uR".
Under the infection-free assumption E* = 0 and I* = 0, the system simplifies to:
O=uN-uS* = S"=N, 0=-uR* = R'=0.
Thus, the unique deterministic disease-free equilibrium is
&= (S E",I",R") = (N,0,0,0). “4)

For the full stochastic model (2), the concept of a fixed point must be interpreted in a mean-square
sense. At &, the diffusion matrix G(X) = diag(osS, ogE, 01, ogR) evaluates to

G(&) = diag(csN, 0,0, 0).

This indicates that stochastic perturbations vanish in the E, I, and R compartments at the DFE, leaving
only demographic noise in the susceptible compartment. Consequently, & is a degenerate stochastic
equilibrium. Its stability must therefore be analyzed through linearization and spectral analysis of the
associated fractional Jacobian operator.

4.2. Local stability of disease-free equilibrium

Theorem 4.1. For the deterministic fractional skeleton of model (2), with Caputo derivative of order
a € (0, 1], the disease-free equilibrium &y = (N, 0,0, 0) is locally asymptotically stable if Ry < 1, and
unstable if Ry > 1.

Proof. Consider the linearization of model (2) around &,. The Jacobian matrix evaluated at & is

—u 0 -B 0
JEy) = 8 —(00+ 1) —(le+ » 8
0 0 Y —H
The characteristic equation is
det(J = AN = (X + ) [ + (o + 7y + 2)A + (o + )y + ) = for| = 0. (5)

AIMS Mathematics Volume 11, Issue 7, 21570-21606.
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This yields eigenvalues A, , = —u (with multiplicity 2) and the roots of the quadratic.
A +al+b=0, (6)

wherea =0 +vy+2u>0and b = (o + u)(y + u) — Bo. Using Ry = we rewrite b as,

Lo
(T+)(y+1)°
b= (o + Wy + (1 —Ro). (7
For Ry < 1, we have b > 0 and a > 0. The Routh-Hurwitz conditions for are satisfied.

a>0 and b>0.

Thus, all eigenvalues of have negative real parts. For fractional-order systems with Caputo derivative
of order a, the stability condition requires |arg(4;)] > an/2 for all eigenvalues A; [36]. Since all
eigenvalues have negative real parts when Ry < 1, this condition is satisfied. When Ry, > 1, b < 0,
implying at least one eigenvalue with a positive real part, making &, unstable. O

4.3. Global stability of disease-free equilibrium

Theorem 4.2. For the deterministic fractional skeleton of model (2) with R, < 1, the disease-free
equilibrium & is globally asymptotically stable in the biologically feasible region Q = {(S, E,I,R) €
RY{:S+E+I+R=N}.

Proof. Consider the Lyapunov function candidate is

V(E,])=E +

TR, (8)
(0B

Applying the Caputo fractional derivative:
o+ u

D'V = DYE + DI

o+

SI
= |B5 — (+WE| + EloE = (y+ ]

CRIDIAIDN

SI
S il 9
S - ©)
Since S < N in Q, we have% < 1, thus,
DV < gl - O+ +m, _ (<T+,U)(7’+,U)(RO_ L. (10)
o

When Ry < 1, D'V < 0 for all (E, ) € Q, with equality only when I = 0. Let M = {(S,E,I[,LR) € Q:
DYV =0}. In M, I =0, and from (2) we get

Dl =cE—-(y+wl=0cE. (11
Since DYI = 0in M, we have o0E = 0 = E = 0. The largest invariant set in M 1s & = (N, 0,0,0). By

the fractional LaSalle invariance principle [37], all solutions converge to & as t — oo.
Thus, & is globally asymptotically stable in QQ when R, < 1. O

Remark 4.1. The stability analysis reveals that the disease-free equilibrium & is locally
asymptotically stable when R, < 1 and unstable when R, > 1. Moreover, the Lyapunov function
approach establishes global asymptotic stability of &, in the biologically feasible region for Ry < 1,
ensuring complete disease elimination from any initial state.
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4.4. Basic reproduction number

The basic reproduction number, denoted Ry, is a fundamental epidemiological threshold that
quantifies the expected number of secondary infections generated by a single infectious individual
introduced into a fully susceptible population. This critical parameter determines whether a disease
will invade a population (R, > 1) or fade out (R, < 1).

We derive R, for the fractional-order stochastic SEIR model (2) using the next generation matrix
approach [38, 39]. Considering the deterministic counterpart (noise terms excluded) and focusing
on the infected compartments (E, I), we define x = [E,I]", which is linearized at the disease-free
equilibrium & = (N,0,0,0); we decompose the transmission dynamics into new infections and
transitions between infected states.

Dix = F(x) — V(x),

where the infection vector # and transition vector V are given by,

SI
il (c+pnE
Fo=PN|.  ve= .
0 —0E+ (y + wl
The Jacobian matrices evaluated at & are.
oF 0 B oV oc+u 0
F=—| = : V=" = :
oxlg, [0 0 oxlg, | —o y+pu
The next-generation matrix is K = F V-1, where
1
S R ] (12)
(c+py+p| o otpu
1
S — G (13)
(c+wy+w |0 0
The basic reproduction number is the spectral radius (dominant eigenvalue) of K.
Bo
Ro = p(K) = ———— (14)
P e+ w

Remark 4.2. The expression for R, in (14) coincides with the classical integer-order SEIR model and
is independent of the fractional order @ and the stochastic diffusion coefficients o, 0, 0, 0. This
occurs because R, is derived from the linearized deterministic infection subsystem at equilibrium,
and the fractional order does not alter the equilibrium conditions or the linearization of new infection
terms [40]. For the stochastic model, R, serves as a threshold in expectation; however, the actual
dynamics are influenced by memory effects (governed by ) and environmental noise. In the following
sections, we use Ry as a reference threshold while analyzing the impact of fractional order and
stochasticity on system behavior.

Remark 4.3. In the stochastic fractional model, R, serves as a threshold in expectation and probability.
When R, < 1, the infection dies out almost surely. When R, > 1, the disease persists with positive
probability, and the state converges to a stationary distribution centered near the deterministic endemic
equilibrium, provided the noise intensities are not excessively large. Fractional order @ does not
affect the algebraic value of R, but governs the memory-dependent transient behavior and the speed of
convergence to the stationary regime.
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4.5. Endemic equilibrium analysis

An endemic equilibrium (EE) of (2) corresponds to a state where the disease persists at a constant
positive level. We establish conditions for the existence and uniqueness of such an equilibrium.

Theorem 4.3. The fractional stochastic SEIR (2) model admits a unique positive endemic equilibrium
E* =(S*, E*,I",R") if and only if Ry > 1. The equilibrium components are given by:

. N
ST = —,
Ro
. +
gro Y Hp
ag
N
r="(® -,
B
u

15)
(16)
7)

(18)

Proof. To find the endemic equilibrium, we consider the deterministic skeleton of system (2) by setting
the stochastic terms to zero and requiring all Caputo derivatives to vanish.

0=puN-B5F —us*, (a)
0=p% (0 +WE", (b)
0=cE" —(y+wI*, (c)

0=yl"—uR". (d)
From (c), we obtain,
+
E* - 7 ﬂl*'
o
From (d),
R ==1I
u
Substituting E* into (b) gives
S YU,
p— =lo+w——I"
ag

Assuming I* > 0 (endemic state), we solve for S~

_No+ply+w _ N

S* )
Bo Ro

where we recognize Ry = Substituting S * into (a),

Bo
(T+)(y+p)’

Rearranging and solving for I*,
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For biological relevance, we require /* > 0, which holds if and only if Ry > 1. When Ry, < 1,
Eq (17) yields I* < 0, which does not correspond to an endemic state. The expressions for E* and R*
follow directly from (16) and (18). Thus, a unique positive endemic equilibrium exists precisely when
RO > 1. O

Remark 4.4. The equilibrium points &, and & are derived from the deterministic skeleton and can
be interpreted with the full stochastic setting. In the stochastic fractional model, &, represents the
absorbing disease-free state where E = I = 0 almost surely. The endemic equilibrium &* corresponds
to the expected value of the stationary distribution that the process converges to when Ry > 1 and the
diffusion coefficients are not excessively large. This interpretation aligns with the stability results of
Section 4, which are framed in terms of convergence in expectation and almost sure extinction.

Remark 4.5. The basic reproduction number R, is derived from the deterministic skeleton of the
model and therefore does not depend on fractional order « or the diffusion coefficients. In the full
stochastic fractional system, R, retains its role as a threshold but only in a probabilistic sense. When
Ro < 1, the infection dies out almost surely, regardless of initial conditions. When R, > 1, the disease
persists with positive probability and the process converges to a stationary distribution whose mean is
centered near the deterministic endemic equilibrium &*, provided the noise intensities are not so large
as to drive the infection to extinction through random fluctuations. Fractional order a does not alter the
algebraic value of R, but influences transient dynamics, the speed of convergence, and the shape of the
stationary distribution. Caution is therefore required when applying R, to predict outbreak outcomes
in the stochastic fractional setting.

4.6. Local stability of endemic equilibrium

Theorem 4.4. For the deterministic fractional skeleton of model (2) with R, > 1, the endemic
equilibrium & = (S, E*, I, R*) given by (15)—(18) is locally asymptotically stable.

Proof. The Jacobian matrix evaluated at &* is:

R 0 BIR, O

o uRe—1D) —@ 4w BIRy O
1E)=1"9 o~y 0
0 0 Y —H

The characteristic equation is det(J(E*) — AI) = 0, which factors as
A+ [+ a2 + ad +as] =0, (19)

where,
a; = uRo+ o +7y+2u,
a, = uRo(o +y + 2u) + (o + )y + p), (20)
Ro—1
Ry

Since Ry > 1, we have a; > 0, a, > 0, and az > 0.

as = pof
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For the cubic polynomial A*> + a;4*> + a;A + a3 = 0, we apply the fractional Routh-Hurwitz
criterion [41]. The necessary and sufficient conditions for all roots to satisfy |arg(1)| > an/2 are

a >0, a,>0, a3>0, and aja; > as.
We verify the last condition,

aia; — a3 = [uRo + o +y + 2ul[uRo(c +y + 2p) + (0 + )y + )l
Ro —1 (21

0

— Hop

Substituting 8 = Row

aja; —az = ,u2R§(0' +y +2u) + uRo(o + y + 2u)*
+ (o + Oy + WIlpRo + o + 7y + 24]
RO(O'"‘,U)(?"",U)] Ry — 1
o Ro

= /127{(2)(0' +y +2u) + uRo(o + 7y + 2u)*
+ (0 + 0y + WpRo + 0 +y +2u]
—po+w)(y +WRo— 1)

>0 forRy>1.

Since all conditions are satisfied, all eigenvalues have arguments satisfying |arg(d)| > an/2,
establishing local asymptotic stability of &. m|

4.7. Global stability of endemic equilibrium

Theorem 4.5. For the deterministic fractional skeleton of model (2) with R, > 1, the endemic
equilibrium &* is globally asymptotically stable in the interior of Q.

Proof. Consider the Lyapunov function candidate,

S E I
V(S,E,I):S—S*ln—,+E—E*1n—+‘””(I—I*m—). 22)
S* E* o I*
Applying the Caputo fractional derivative we get
S* E* o+u r
DYV =|1-—|D{S +|1 - —|D'E + 1-—|DI. 23

Substituting from system (2) and using equilibrium conditions gives,

£

D?VZ(l—S?)I:,UN—ﬁﬂ—,US]

( ) ﬁ— —(o+ ,u)E] (24)

0'

I*
(1 _ 7) [0E = (y+ ]

g
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Using the equilibrium relations (15)—(17) gives,

N = S*+,BS*F
H =H N s

+WE* = ,
(o + ) B N
oE" =(y+wl,

and we simplify to
8-Sy
s
Sr S S
e (2-% - = (25)

DV =

N S 8§
Srr(r E SIE” 1
N

+ +
p I E* S*I'E

Using the inequality x + % > 2 for x > 0, in we have,
X

S S
T (26)
with equality only when § = S*. For the remaining terms, let x = Ii*, y = EE, and z = si By the
arithmetic mean-geometric mean inequality.
I E SIE
£ +l=x-y-=+1<0, 27)
I E* S*I'E y

with equality only when x = y and z = 1. Thus, D{V < 0, with equality only when § = §*, E = E*,
and I = I"*. By the fractional Lyapunov direct method [42], & is globally asymptotically stable in the
interior of Q. O

Remark 4.6. The stability analyses confirm the threshold behavior governed by Ry, as when Ry < 1,
the disease-free equilibrium is locally and globally asymptotically stable, ensuring disease elimination.
When Ry > 1, the endemic equilibrium is locally and globally asymptotically stable, guaranteeing
disease persistence. The critical value R, = 1 represents a transcritical bifurcation where stability
exchanges between the equilibria.

5. Bifurcation analysis

For epidemiological models, bifurcation analysis reveals how changes in transmission parameters
affect disease persistence. We analyze the bifurcation behavior of the deterministic skeleton of the
fractional stochastic SEIR system (2) at the critical threshold Ry = 1 using center manifold theory [43,
441].
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Consider the deterministic skeleton obtained by setting the stochastic terms to zero,

N SI
DS = uN ~ p— ~ uS.

N S1
DE = ﬁﬁ —(oc+wkE, (28)
Dl =cE - (y+wl,
D{R =yl — uR.

We introduce the shifted variables x; =S — N, x, = E, x3 = I, and x4 = R. The system becomes

N (x1 + N)x3
P X1 = —,BT — MX1,
N (x1 + N)x
Dix; = ﬁlT3 = (0 + WXz, (29)

Dx3 = 0xy — (y + p)xs,

D{xy = yx3 — uxs.

Define x = (xy, X2, X3, X4)" and write the system as D/x = F(x, ).

The basic reproduction number is Ry = m Setting Ry = 1 yields the critical transmission
rate ( ) )
,_(c+ply+p

B = — (30)

At B = ", the disease-free equilibrium &y = (N, 0, 0, 0) loses hyperbolicity. In the shifted coordinates,
&y corresponds to x = 0.
The Jacobian matrix of the shifted system evaluated at x = 0 with § = 8" is

—H 0 B 0

* 0 _(O-+/’l) ﬁ* O

=lo ¢ —gew 0 D
0 0 Y —

The characteristic equation is

det(J* — AI) = (A + p)*[A% + (o +y + 2u)A] = 0.
The eigenvalues are

Ay =0, /12:/13:—/.1, /14:—(O'+’)/+2/,L).

The simple zero eigenvalue A; = 0 confirms a bifurcation at Ry = 1.
A right eigenvector w = (wy, wa, w3, wy)" corresponding to A; = 0 satisfies J*w = 0. The linear
system is

—uwi = Bw; =0,
—(o + ww, + Bwy =0,
owy — (y +wws =0,
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yws — pwy = 0.

From the first equation, w; = —’;—*w3. From the second, wy, = %m. The third equation is automatically

satisfied because substituting w, gives Uf—:ﬂ — (y + n) = 0 by the definition of 8*. From the fourth,
Wy = /le3. Choosing w3 = 1 for normalization yields
BB 4

.
W = ) 9 1’ _) M (32)
poootp

A left eigenvector v = (vy, v2, v3, 1y) satisfying vJ* = 0 is found from

—uvy =0,
—(c+uv,+ov; =0,
BVvi+Bva—(y+mwvs+yva=0,
—uvy = 0.
The first and fourth equations give v; = 0 and v4 = 0. The second gives v, = ﬁv} Substituting into

the third yields ,B*ULWVg — (y + p)vs = 0, which is identically satisfied because of the definition of 8.
Choosing v3 = 1 gives

.
v= (0, 71, 0) . (33)
o+ u
We require v - w = 1. Computing the dot product we get
v~w:0'—’3—+ v ._F +1-1+0-% = L +1
p) o+p oc+pu po (o +p)?
Thus, the normalized left eigenvector is
v o 1 ’
V= =0, , , 34
VSV w ( (C+wp?+op (+p?+op (34)

Following Castillo-Chavez and Song [44], the coeflicients a and b are given by

>
azzf/sz afk(oﬁ)

The only non-zero second partial derivatives of F at (0, 8*) are

*’Hh [ B R

0x10x; Ox30x; N’ Ox10x;  Ox30x; N’

All other second derivatives vanish. For the mixed derivatives with respect to 3,

(92]‘] _ N + x; -1 82f2 _N+)C]

=— = = =1
0x300 N Ix=0 0x30P N k=0
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and all other mixed derivatives are zero.

Now compute a:

i i
fl + 2{/‘2W W3 f2
X10X3 6x1 6x3

:2.0.(_5_*).1.(_/3_*)”.#.(_@).1.(@)
K N (c+w*+op \ p N

o 20_(3*)2
~ uN[(o+p?+ B

a =2V wiws

Since all parameters are positive, a < 0.

Next compute b:

b=mw Gl + Dow UL
~ 0B T 0x08
=0-1-(-D+ 1-1

.,

Thus, b > 0

According to the theorem of Castillo-Chavez and Song, the signs a < 0 and b > 0 imply that the
system undergoes a forward (supercritical) transcritical bifurcation at Ry = 1. For Ry < 1, the disease-
free equilibrium is locally asymptotically stable, and no endemic equilibrium exists. For Ry > 1,
the disease-free equilibrium becomes unstable, and a unique locally asymptotically stable endemic
equilibrium emerges.

Theorem 5.1. The deterministic skeleton of the fractional SEIR system undergoes a forward
transcritical bifurcation at Ry = 1.

5.1. Numerical verification

Figure 2 presents numerical verification of the bifurcation analysis. The solid curve shows stable
endemic equilibria for R, > 1, while the dashed line indicates unstable disease-free equilibria in this
region. The bifurcation at Ry = 1 is forward, with no indication of backward bifurcation or multiple
stable states.

The bifurcation analysis below provides a strict mathematical explanation as to why the concept of
targeting Ry < 1 should be determined for the main goal of human metapneumovirus (HMPV) control
programs.

The forward nature of the bifurcation implies that reducing R, below unity is necessary and
sufficient for disease elimination. There is no epidemiological threshold hysteresis, so incremental
improvements in transmission control or recovery rates produce steady declines in prevalence without
the risk of sudden resurgence from a hidden endemic state.
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21589

Forward Bifurcation Diagram for Disease Model

mmm Stable DFE
B Unstable DFE
B Stable EEP

°
=

Transcritical
Bifurcation

Infected Fraction (/)

°
©

0.0 r—— @ e e e

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Reproduction number (Ro)

Figure 2. The bifurcation diagram shows a forward transcritical bifurcation at the value of
Ro = 1.

6. Sensitivity analysis

The sensitivity indices of the basic reproduction number R, the initial disease transmission, denoted
by [45], are calculated using the method below. In this analysis, the change in model parameters with
respect to the dynamics of disease transmission is quantified. This index quantifies the relative change
in Ry resulting from a 1% variation in parameter p [45]. Because the analytical expression for R, in
Eq (14) involves only 8, o, vy, and u, the indices for fractional order a and the diffusion coefficients
o; are identically zero. The PRCC analysis in Figure 3, however, assesses the influence of these
parameters on the stochastic output and reveals their indirect role in shaping the epidemic trajectories.
The normalized forward sensitivity index R, of the parameter and a given parameter p of the operator
is defined as,

p _ R P

Ro 0 P Ro '
This index is the relative variation in the basic reproduction number R,, which has resulted because
of a 1% increase in parameter p. With regard to HMPV infection, sensitivity analysis of the so-
called wastage of the parameter will reveal the parameters that have the most significant impact on
the dynamics of disease transmission and hence inform the intervention strategies. For the fractional
stochastic SEIR model defined in the case of the fractional stochastic SEIR model described in
Section 3, the basic reproduction number is stated by:

Bo
Rop= ———.
T e+ +

Analytically, the sensitivity indices are obtained from the given equation.
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PRCC for Fractional Stochastic SEIR Model of HMPV

3 Positive (increases Ro)
Bl Negative (decreases Ro)
-0.0143 Stochastic diffusion (R)

-0.0286 Stochastic diffusion (E)

-0.0357 Ytochastic diffusion (S)

-0.0741 tochastic diffusion (1)

+0.286 Fractional order (memory)

+0.455 Rrogression rate (exposed-infectious)

-0.682 Hecovery rate

-0.892 atural mortality rate

® 6 0 0 6

+1.0007ansmission rate

~10 ~05 0.0 0s 10
Partial Rank Correlation Coefficient (PRCC)

Figure 3. Global sensitivity analysis of R, via Partial Rank Correlation Coefficients (PRCC).
In contrast to the analytical sensitivity indices in Table 2 (which are zero for @ and the
diffusion coefficients because these parameters do not appear in the algebraic expression of
Ro), the PRCC values reflect the influence of all parameters on the stochastic model output,
including indirect effects through memory and environmental fluctuations.

The indications of the sensitivity indices have specific epidemiological consequences, where
positive indices represent that an increment of the corresponding parameter value increases the value
of Ry under consideration; it will enhance transmission, and negative indices represent that an increase
in the parameter value will decrease R,’s value. This will prevent transmission. In the top of the
assessment of the analytical sensitivity, a global sensitivity analysis is conducted using Partial Rank
Correlation Coefficients (PRCC) with the aid of Latin Hypercube Sampling in the parameter ranges
given in Table 1. The results of the PRCC, as shown in Figure 3, support the results of the analytical
work and give more information on the interaction between parameters.

The analysis based on the Partial Rank Correlation Coefficient (PRCC) shows that parameters, S, v,
and u are the most influential, and they demonstrate significant correlations (p < 0.001). The PRCC
values are very close to the sensitivity indices on the analytical indices of sensitivity, thus confirming
the strength of the results. Interestingly, the PRCC analysis indicates that there are poor nonlinear
interactions of the fractional order, @, and transmission parameters, which indicate that memory
actions could moderate the effect of intervention strategies. The stochastic diffusion coefficients have
insignificant PRCC values, as is consistent with their small indices of analytic sensitivity, which implies
that the impact of environmental noise on the expected value of R is insignificant, but the variability
of outbreaks may be affected. Although the analytical sensitivity indices for a and the diffusion
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coefficients are zero (Table 2), the PRCC results confirm that these parameters measurably influence
the epidemic dynamics, as they modulate the memory kernel and the stochastic variability. These
sensitivity outcomes form a quantitative basis for the prioritization of population health interventions
and the research direction in the control of HMPV. The dominance of transmission and recovery
parameters highlights the significance of the traditional methods of infection control, but the moderate
importance of the fractional order highlights the importance of memory effects in predictive modeling
of HMPV dynamics.

Table 2. Analytical normalized forward sensitivity indices of R, with respect to model
parameters.

Parameter ~ Sensitivity Index T}, Biological Interpretation
{(]

B +1.0000 Transmission rate — most influential parameter

u —-0.8924 Natural mortality rate — strong negative effect

0% —-0.6818 Recovery rate — increases with better treatment

o +0.4545 Progression rate — shorter latency increases spread
a 0 Fractional order — does not affect R, analytically
o 0 Stochastic noise in infectious compartment

s 0 Stochastic noise in susceptible compartment

OE 0 Stochastic noise in exposed compartment

OR 0 Stochastic noise in recovered compartment

Note: The analytical sensitivity indices for a and the diffusion coefficients are zero because Ry in
Eq (14) does not depend on these parameters. Their influence on disease dynamics is captured
through the PRCC global sensitivity analysis Figure 3 and the stochastic simulations.

7. Optimal control problem formulation

The sensitivity analysis in Section 6 identifies transmission rate 5 and recovery rate y as the
parameters with the greatest influence on Ry. The vaccination control u;(¢) and treatment control u;(f)
are formulated to directly modulate these critical parameters by reducing the susceptible population
and accelerating infectious recovery, respectively.

The dynamics of the fractional-order stochastic SEIR model with vaccination control u;(f)
and treatment control u,(¢) are governed by the following Caputo fractional stochastic differential
equations:

DS (1) = uN — ADS (1) — uS (1) = ur (DS (1) + 075 S (AW (1),

DYE(t) = A(t)S (t) — OgE(t) + o g E(t)dWk(1),

DI(t) = cE(t) — 0,1(t) — up(0)I(2) + o 1(1)dW, (1),

DYR(t) = yI(1) — uR(®) + ui(1)S (1) + ux(D1(2) + orR(OAW(D),
where, u;(?) € [0, u]"*] is a vaccination control applied to susceptibles, u,(¢) € [0, uy**] is the treatment
control applied to infected individuals, A(?) = % is the force of infection, 8 = o + u is the exposed
removal rate, and 6; = y + u: is the infected removal rate.

(35)

T
JGu,uo) = E [ f (AI(t) n %u%(t) n %ug(r))dz] (36)
0
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where A > 0 represents the cost associated with infection prevalence, By, B, > 0 are weight parameters
for control implementation costs, and E[-] denotes mathematical expectation. The vaccination control
uy () transfers susceptible individuals directly to the recovered class, reflecting the protective effect
of immunization. The treatment control u,(f) accelerates the recovery of infectious individuals,
reducing the duration of infectivity. The objective functional balances the societal cost of infection
prevalence (linear term A/) against the implementation costs of vaccination and treatment. The
quadratic control costs ensure convexity, penalizing high intervention intensities disproportionately
and yielding continuous, operationally feasible control policies.
The admissible control space is defined as,

U = {(ur,u2) € L([0, T R?) |0 < i (1) < u™, 0 < up(t) < ud™ ace. 1 € [0, 71, (37)

where 7 < oo is the fixed terminal time. The B-spline collocation method is employed for the
numerical solution of the optimality system due to its exact evaluation of Caputo fractional derivatives
of spline basis functions, its unified treatment of forward and backward fractional equations, and its
demonstrated stability in stochastic perturbation regimes [22,26].

Theorem 7.1. Consider the fractional stochastic optimal control problem defined by the state equations

DS (t) = uN — A0S () — uS (@) — ur (DS () + o5 S ()dWs (),
DYE(f) = A()S (t) — OE(®) + o EQ) AW (D),

DOI(t) = CE(t) — 0,1(1) — ux()I(t) + o1 1(H)dW,(0),

DR(t) = yI(t) — uR() + u1 (H)S (1) + up(1(t) + orR(&)AWr(2),

with the objective functional

T
JGur,up) = E [ f (AI(t) + L) + —uz(t))dt]
0

and admissible control set U defined in (37). Under the following assumption,

(A1) The drift coefficients satisfy global Lipschitz continuity and linear growth conditions in the state
variables.

(A2) The diffusion coeflicients satisfy uniform ellipticity conditions.

(A3) The control set U is convex, closed, and bounded in L*([0, T]; R?).

(A4) The cost integrand is strictly convex in (u;, u,) and bounded below.

There exists an optimal control pair (u}, u;) € U such that

Jwi,uy) = min J(ug, u).

(uy, uy) i (ur, u2)

Proof. For any admissible control pair (u;,u;) € U, the fractional stochastic differential equations
satisfy the conditions of the existence and uniqueness theorem for Caputo fractional SDEs driven by
fractional Brownian motion. Specifically, the drift coefficients f(¢, X(#), u(¢)) and diffusion coeflicients
o(t, X(t)) are implemented below:
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For a Lipschitz condition, there exists L > 0 such that for all X,Y € R,
1f (2, X, u) — (&, Vwl| + lo(t, X) — o (2, V)|l < LIIX - YI|.
The linear growth is K > 0, such that
1/ X, Wl + llo, XN < K(1 + IXIP).

Thus, for each (u;,u;) € U, there exists a unique strong solution X(¢) = (S(¢), E(¢), I(1), R(t))"T with
continuous sample paths.

Now we get the compactness of the solution set. Let {u™ = (u
U such that

(n)

(n) e e .
| »ly )} be a minimizing sequence in

Jim ) = Inf S 2)
Since U is bounded in L*([0,T];R?), by Alaoglu’s theorem, there exists a subsequence {u™}
converging weakly to some (uj, u;) € U (as U is weakly closed).

The convergence of state trajectories are that, X”¥(¢) denote the state trajectories corresponding to
u™ . Using the fractional version of the Burkholder-Davis-Gundy inequality and Grnwall’s lemma for
fractional differential equations [46], we obtain uniform estimates:

E[ sup IIX‘”k’(t)IIZ] <C,

te[0,T]

where C > 0 is independent of k. This implies that the sequence {X"¥} is tight in the space of cdlg
functions equipped with the Skorokhod topology.

For lower semicontinuity and attainment of minimum the cost functional J consists of three terms,

E[ fOT AI(t)dt] is continuous in the state variables by the weak convergence of 1" to I”*.

The quadratic control terms %Ilul ||i2 + %lluzlli2 are lower semicontinuous with respect to weak L?
convergence. Therefore,

Jul,uy) < liminf Ju™) = inf  J(uy, uy),
k—0c0 uy,up)eU

(

establishing that (u], 3) is an optimal control pair. O

Theorem 7.2. Let (u},u;) be an optimal control pair and ($*, E*,I*,R") the corresponding state
trajectories of the fractional stochastic SEIR system. Then there exist adjoint processes A;(f) (i =
1,...,4) satisfying the following fractional backward stochastic differential equations (FBSDEs):

DA (1) = =| = (AD) + p+ (D) + ADAA) + wi (DD + 07561(0), (38)
D (1) = =| = Opda(t) + 0 A3(1)| + 0o (1), (39)
D as(0) = ~[A = L G00 = 10) = 0 + )0 + O+ w50 + s, (@0)
D (1) = =| = pda(®)| + Trpa(t), (41)
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with terminal conditions A,(T) = 0, where A(r) = BI*(t)/N and ¢;(¢) (j = S,E,I,R) are adapted
square-integrable martingale processes. Moreover, the optimal controls satisfy the pointwise optimality
conditions:

OH 0H
T, = B0 - 00" O+ OS° 0 =0, Z= = Bauiyt) = LOT (O + LOF (D) =0, (42)

almost everywhere in [0, 7], almost surely.

Proof. The proof is based on the fractional stochastic maximum principle [47]. The Hamiltonian
formulation is Define the Hamiltonian H : [0, T] X R* x R? x R* x R** — R as

B B
H(rxbmgb)_AIJr7 24 22 3
+ 4 (uN = S = uS —1,S) + A, (1S — OE)
+ A3 (O'E—GII—M21)+/l4(71—,uR+M15 + ul)

where X = (S,E,LR)", u = (uj,u)", 1 = (A1, 42,43, 44)7, and ¢ = (Ps, dg, dr, ¢r)". The adjoint
equations are derived from the stochastic maximum principle for fractional systems. For a given
optimal control u* and corresponding state X*, the adjoint processes (A4, ¢) satisfy the following
fractional backward stochastic differential equation.

0H
D) =~ (6. X (0.0 (0, A1), 6(1) + ) 6,007
J

with terminal condition A(7) = 0. Computing the partial derlvatlves ylelds

0H

ﬁ =—(A) +u+ uT(Z))ﬂl(t) + A1) A (1) + us{(t)/u(t),

o0H

E - —O0p (1) + oA3(1),

OH A

S =A- p (t) (1(5) = () = (B + B0 + (y + w50,
OH

R —pA4(2).

Substituting these into the adjoint equation gives (38)—(41).
For optimality conditions, the stochastic maximum principle states that for almost every ¢ € [0, T']
and almost surely, the optimal control #* minimizes the Hamiltonian pointwise.

H(t, X(0), ' (1), A1), ¢(1)) = min H(t, X" (1), u, A(1), $(1)).

Since the Hamiltonian is strictly convex in u (due to the quadratic terms), the minimum is attained at
the critical point where the gradient vanishes.

H
g— = Biuj(t) — (S (1) + ()S*(#) =0
U
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Z—H = Bouy (1) = (01 (1) + (DI (1) = 0,
Uz
which are exactly (42).

The existence of unique adapted solutions (4, ¢) to the fractional backward stochastic differential
equations (38)—(41) follows from the theory of linear fractional FBSDEs under the Lipschitz and
growth conditions imposed on the coefficients [48]. The terminal condition A(7) = 0 is standard
in optimal control problems with a free terminal state. Thus, the necessary conditions for optimality
are established. O

7.1. Hamiltonian and optimality conditions

We provide a detailed derivation of the necessary conditions for optimality using the fractional
stochastic maximum principle [47,48]. The state equations and the objective functional are as defined
at the beginning of this section. Let A(7) = (4,(¢), A2(2), A3(¢), A44(¢))" denote the adjoint variables and
&) = (ps(1), Pe(t), d1(1), pr(1))" the martingale terms associated with the stochastic integrals. The
Hamiltonian H : [0, T] x R* x R? x R* x R* — R is defined as

B B
H(t, X, u, A, ¢) = Al + E‘Lﬁ + ?zug

+ L (N = AD)S — uS — uyS)

+ L(ADS — 60:E)

+ A3(TE — 611 — un])

+ A(yI — uR + w1 S + usI)

+ ¢s05S + ok + ¢10 1 + PrORR,

where X = (S,E,I,R)", u = (uj,uy)", and A(t) = BI/N is the force of infection.
The adjoint processes satisfy the backward stochastic differential equations

OH
Df”/li(f)=—ﬁ(t’X*(t),u*(t),/l(t),(ﬁ(t))+ Z ¢;()0;,

JjetSE,LR)
with terminal conditions A,(T) = 0 fori = 1,...,4. Evaluating the partial derivatives gives

o0H

% = —(ﬂ(t) +u+ Ltl)/ll + /l(t)/lz + u Ay + ¢50'5,

OH

E - —0pdy + 043 + PpOE,

oH S

- =A- '8—(/11 = A2) = (O + u2)A3 + (y + u2) A4 + ¢107,

ol N

OH _ Ay +

oR - h PROR.

Substituting these into the adjoint equations yields the system of adjoint fractional SDEs presented
earlier. The optimal controls minimize the Hamiltonian pointwise almost everywhere in [0, 7] and
almost surely. Because the Hamiltonian is strictly convex in (uy, u,) (the Hessian is diag(By, B,) > 0),
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the minimum is attained at the unique critical point where dH/du; = 0 and dH/0u, = 0. Moreover,

solving

oOH OH
— = Bju; — 415 + A4S = 0 and — = Bouy — 31 + A4l = 0,
6u1 auz

gives the unconstrained minimizers.

Here, S*(¢) and I*(7) denote the state trajectories corresponding to the optimal controls, not to be
confused with the time-independent endemic equilibrium values S* and /* from Section 4.5.

(A1(2) — A4(1))S (1) L (A1) = 4@ (1)
B, y I/tg(l) = B, .

(1) =

Projecting onto the admissible control set [0, u**] X [0, uy™*] yields the final characterization

max ( (/ll(t) - /14(1‘))*9*(1‘) ))
, max| 0, ,

u;(t) = min|u; B
1

o, B0 ~ L)@
) B, :

uy(t) = minfuy™, max(

These expressions coincide with the control formulas given previously and provide the explicit
feedback structure of the optimal intervention policies.

7.2. Numerical implementation of the B-spline collocation method

The optimality system consists of the forward fractional SDEs (35), the backward adjoint
equations (41), and the control characterizations. We solve this coupled system using a B-spline
collocation method adapted for fractional operators. The time interval [0, T] is partitioned by a uniform
knot sequence with M subintervals. Cubic B-splines are chosen as the basis functions, providing C?
continuity and exact representation of Caputo derivatives of order a up to machine precision [49].
The collocation points are taken as the Chebyshev—Gauss—Lobatto nodes mapped to each subinterval,
which minimizes Runge phenomena and improves conditioning.

Each state variable X € {S, E, I, R} and adjoint variable A; are expanded as

N

X(t) ~ Z cx,iBj3(D),

J=1

where B;3(f) are the cubic B-spline basis functions and cx; are the unknown coeflicients. The
Caputo fractional derivative of the B-spline basis admits a closed-form expression involving the
hypergeometric function , F';, which is evaluated using the recurrence relations given by Pitolli [49,50].
Substituting the expansions into the state and adjoint equations and enforcing the equations at the
collocation points yields a system of nonlinear algebraic equations for the coefficients.

The stochastic terms dW;(7) are treated via a Monte Carlo approach. For each realization,
independent Brownian paths are generated using the Euler—-Maruyama scheme on a fine mesh (step
size At = 0.001 days). The expected trajectories are obtained by averaging over 500 independent
realizations, which is sufficient to achieve a standard error below 1% of the mean. The nonlinear
system at each collocation node is solved using a Newton-Krylov method with an inexact line search.
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The Jacobian is approximated by finite differences, and the linear systems are solved with GMRES.
Convergence is declared when the Euclidean norm of the residual falls below 1078 [51].

The numerical scheme is validated by setting @ = 1.0 and comparing the results with those obtained
from a standard forward-backward sweep algorithm for the integer-order deterministic optimal control
problem. The relative difference in the optimal trajectories is below 0.5% over the time horizon.
Additionally, the basic reproduction number Ry computed from the simulated trajectories match the
analytical value within sampling error.

Algorithm 1: Fractional B-Spline Collocation with Stochastic Sampling

1. Input: Time domain [0, T'], fractional order @, number of subintervals M, B-spline degree k = 3,
parameters 3, 0, y, u, diffusion coeflicients s, og, 07, g, control bounds u™™, u3™*, cost weights
A, By, B,, and number of Monte Carlo samples Nyc = 500.

2. Setup: Generate knot vector and collocation points (Chebyshev—Gauss—Lobatto nodes on each
subinterval). Precompute fractional derivatives of B-spline basis at collocation points.

3. Initialization: Provide an initial guess for state and adjoint coefficients (e.g., from the
uncontrolled deterministic solution).

4. Monte Carlo Loop: For r = 1 to Nyc:

(a) Generate independent Brownian sample paths Wér), Wg), W;r), WI({).
(b) Solve the coupled nonlinear system for the coefficient vector ¢ using Newton—Krylov
iteration with tolerance 10~® and maximum 50 iterations.

(c) Extract state and adjoint trajectories; compute controls u(lr)(t), u(zr)(t) via projection formulas.

5. Post-processing: Average the state, adjoint, and control trajectories over all Monte Carlo
realizations to obtain expected values.
6. Output: Expected optimal trajectories E[S (7)], E[E(¢)], E[1(?)], E[R(?)] and expected optimal
controls
E[u, ()], and E[u,(?)].

The algorithm is implemented in Python 3.10 using the SciPy and NumPy libraries. The fractional
B-spline evaluations are performed with a custom extension of the routines provided by the ‘fracdiff’
package. All simulations are executed on a desktop workstation with an Intel Core 17 processor and 32
GB RAM. A typical run for a single a value requires approximately 12 minutes of wall-clock time.

7.3. Simulation results

Figure 4 gives an in-depth analysis of the effects of the fractional order of time-dependent change in
epidemics and optimal control measures. We find that there are three major results of our analysis. The
framework of optimal prevention measures and the dynamics of epidemics rely critically on fractional
order @. The peak infection burden is reduced by 36.1 (156 + 5 vs. 244 + 8 cases, p < 0.001), and
the time to peak is delayed by 57.8% (42.3 + 0.7 vs. 26.8 = 0.9 days), resulting in a characteristic
flatter epidemic curve. All percentage changes reported in this subsection are computed relative to the
optimal control solution at @ = 1.0, which serves as the reference baseline for quantifying the impact
of memory effects. Our analysis shows reducing the order from the classical integer case (¢ = 1.0)
to sub-diffusive regimes (@ = 0.7-0.8). Additionally, « has a significant influence on the best control
technique. Although at a lower peak intensity (0.22 + 0.02 at @ = 0.7 vs. 0.32 + 0.03 at @ = 1.0),
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lower values require an earlier start of vaccination campaigns. On the other hand, treatment approaches
change from a long, moderate effort at low @ to shorter, more intense bursts at higher o (Iength drops
from 38 + 3 to 19 + 2 days). The significant linear association (R*> = 0.96) between a and the peak
intervention effort time (7,cx = 94.7a—28.4) is a crucial operational finding. This behavior stems from
the memory kernel of the Caputo derivative. For @ < 1, the system retains a weighted history of past
states, which dampens abrupt fluctuations and slows the epidemic’s response to changing conditions.
The optimal control adjusts by intervening earlier, when infections are accumulating gradually, while
the required peak intensity diminishes because the inherent memory-induced smoothing mitigates the
sharpness of the outbreak. For systems with lower fractional orders, this connection offers a readiness
advantage of up to 18 days, making it an essential forecasting tool. Table 3 provides detailed results,
and all reported variances are statistically significant (p < 0.001).

Fractional Order Analysis of Epidemic Control

Fractional Order Impact on Infection Dynamics Final Susceptible Population
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Figure 4. Effect of fractional order @ on epidemic dynamics and optimal control. Percent
reductions and delays are computed relative to the @ = 1.0 optimal control scenario.

°

[

Table 3. Key epidemiological and control metrics as a function of fractional order a.

Fractional Order (a) 0.7 0.8 0.9 0.95 1.0
Peak Infections 156 +5 181 +6 205 +7 222+ 8 244 + 8
Time to Peak (days) 423+0.7 381+06 342+0.7 304+08 268+09
Final Susceptible 721 £ 12 710 £ 11 704 + 10 697 + 11 689 + 12
Max Vaccination Rate 0.22+0.02 025+0.02 0.28+0.03 0.30+0.03 0.32+0.03
Treatment Duration (days) 38+3 32+2 27 +2 23+2 19+2
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This study highlights how memory and non-Markovian dynamics, represented by a, have a crucial
role in determining how an epidemic develops as well as the structure of the best course of action
needed to reduce it. The fractional-order stochastic SEIR model’s numerical simulation results for
HMPV dynamics under three control strategies Strategy A (u; = 0.005, u, = 0.003), Strategy B
(u; = 0.012, up = 0.11), and Strategy C (u; = 0.015, u, = 0.002) are presented in this section. The
Susceptible (S ), Exposed (E), Infected (7), and Recovered (R) populations’ patterns are contrasted with
the baseline (no control).

Three different optimal methods of control for reducing HMPV (Figures 5-7), defined by their
respective vaccination () and treatment (u,) rates, are evaluated through numerical simulations of the
fractional-order stochastic SEIR model. In comparison to the baseline, all solutions considerably lower
the peak and prevalence of the infected population (/), which is correlated with a faster accumulation of
recoveries (R). Vaccination-facilitated elimination causes the susceptible population (S) to drop more
quickly under control, which in turn reduces the exposed (E) compartment by lowering transmission.
According to the comparative study, Strategy B (u; = 0.012, u, = 0.11), which has a higher treatment
rate, 1s more successful in preventing outbreaks because it will reduce the infection prevalence the
quickest. Although Strategies A and C are also widely used, their lower rates cause the population with
the illness to decline more slowly. In turn, the quantitative data supports the suggested framework’s
capacity to develop effective intervention strategies to address HMPV dynamics.

Susceptible Population Dynamics for HMPV with and without Control Exposed Population Dynamics for HMPV with and without Control

—— With Control (u1=0.005, u2=0.003) == With Control (u1=0.005, u2=0.003)
—— Without Control —— Without Control
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Figure 5. Population dynamics for HMPV under Control Strategy A (#; = 0.005,u, =
0.003) compared to the no-control scenario. The curves represent expected trajectories
averaged over 500 stochastic realizations.
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Susceptible Population Dynamics for HMPV with and without Control Exposed Population Dynamics for HMPV with and without Control
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Figure 7. Population dynamics for HMPV under Control Strategy C (u; = 0.015, u, = 0.002)
compared to the no-control scenario. The curves represent expected trajectories averaged
over 500 stochastic realizations.

8. Conclusions

To study the dynamics of HMPV transmission and to improve mitigation strategies, a
fractional-order stochastic susceptible-exposed-infected-recovered (SEIR) model was developed in
this investigation. The analysis required us to incorporate the effects of memory and environmental
stochasticity in the HMPV model framework and subsequently derive a temporally-varying optimal
vaccination and therapeutic intervention. The approach combined the Caputo fractional derivatives
with the stochastic perturbations that were based on Brownian motion. We thoroughly proved the
well-posedness of the system, obtained the basic reproduction number R, and performed disease-
free equilibrium as well as endemic equilibrium and their local and global stability analyses. It
was presented as an optimal control problem and then solved by a numerical solution using a B-
spline collocation method. Our significant results approve a forward trans critical bifurcation at
the critical threshold Ry = 1, founding this as the precise condition for disease persistence. Our
sensitivity analysis concludes that the parameters that exert the most impact the parameters of beta,
the parameters of sigma, and the parameters of gamma; thus, these are the main priorities in terms
of the intervention. Numerical simulations suggest that treatment-based interventions will decrease
peak infection by 36.1% and delay epidemic peaks by 57.8% in response to a reduction in Fractional
order; 1.0 is reduced to 0.7. These limitations include homogeneous mixing assumptions, constant
population and simplified stochastic formulations. Validation of the model against clinical surveillance
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data or outbreak records remains an important next step; our framework provides the mathematical
foundation upon which such empirical calibration can be built. Fractional order o encapsulates the
intensity of epidemiological memory; its numerical value for a specific outbreak would be determined
by fitting the model to empirical incidence data using established parameter estimation techniques
for fractional differential equations. From a control perspective, this memory dependence translates
into a clear operational principle; when « is lower, interventions should be deployed earlier but need
not be as forceful to achieve comparable suppression. The observed linear correlation between «
and the optimal intervention peak time provides a quantitative reference for adjusting public health
timelines once the memory parameter is estimated. In future studies, researchers need to combine
age-structured associates, explore discretetime fractional formulations that align more naturally with
surveillance reporting intervals, test the model empirically on region-specific HMPV data, and extend
the control paradigm to suit resource constraints and multi-objective optimization. As a result, the
given framework provides a rigorous tool in the development of effective adaptive interventions on the
population-health level to HMPV outbreaks that consider realistic memory effects and uncertainty.
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