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Abstract: A fractional-order model (FOM) was developed to investigate plant disease transmission
(PDT) through a system of dimensionally consistent fractional differential equations (FDEs) with the
Caputo derivative. The model’s well-posedness was established by proving existence and uniqueness
of solutions via a fixed-point theory and the contraction mapping principle. Positivity, boundedness,
and the equilibrium points (EPs) of the system were then characterized, followed by an analysis of
their local and global stability using the Routh-Hurwitz criteria and LaSalle’s invariance principle.
The control reproduction number (Rc) was derived using the next-generation matrix method, and a
sensitivity analysis highlighted the parameters most influential to disease spread. A fractional optimal
control problem (FOCP) incorporating preventive and curative time-dependent interventions was
formulated, and necessary optimality conditions (NOCs) were obtained through a kind of Pontryagin’s
maximum principle (PMP). The resulting optimality system was solved numerically using a forward-
backward sweep method (FBSM) based on the fractional Euler scheme, enabling the evaluation
of control strategies. Three optimal intervention strategies emerged, each shaping the epidemic
trajectory differently depending on the distinguishing parameter ε in the two-stage transmission
process. Numerical simulations depicted the behavior of Rc across different ε and fractional order
α, while tabulated objective functional values exhibited the efficacy of the proposed controls. Overall,
the framework offered practical insights for mitigating and potentially eliminating plant epidemics
under diverse control strategies.

Keywords: plant-disease dynamics; mathematical models; fractional optimal control problems;
stability analysis; numerical simulation

https://www.aimspress.com/journal/era
https://dx.doi.org/10.3934/era.2026141


3113

1. Introduction

Plant disease epidemiology systematically studies the evolution and determinants of plant diseases
within populations over time. Overall, the epidemiology of plant diseases plays a critical role in
maintaining global food security [1, 2] by providing a scientific basis for developing strategies to
reduce the transmission of such diseases in plants. Plants use natural immunity to defend against
pests, pathogens, and insects [3, 4]. Other strategies used by farmers to prevent crop losses caused by
plant epidemics include pruning and replanting. This approach offers several benefits: it eliminates
diseased plants, reduces the spread of infection, and removes plants that have died or experienced
reduced productivity. Planting healthy specimens, rather than damaged ones, can help compensate for
crop losses.

Several models of PDT have been developed to illustrate how diseases spread and to identify
contributing factors. Sisterson and Stenger [5] performed a sensitivity analysis on two spatial plant
models and evaluated the effect of eliminating disease by reducing host-pathogen interactions.
Nakasuji et al. [6] considered the PDT model as a system of ordinary differential equations (ODEs)
by dividing the total population and vectors into three compartments each (healthy, latent infected,
and infectious). Anggriani et al. [7] investigated the effect of preventive and curative fungicides on
PDT. Their simulation results revealed the benefit of fungicides in reducing infected plants.
Anggriani et al. [8] considered a mathematical model of PDT incorporating both curative and
preventive interventions; they observed that the application of these treatments resulted in a
deceleration of disease spread. In subsequent work, Anggriani et al. [9] developed a two-stage
infection model, wherein both the latent and infectious plant compartments contribute to disease
transmission within the population. This mechanism can accelerate the pace of PDT, as latent plants
act as an additional source of infection alongside infectious plants [10]. In [11] the authors presented
a FOM to describe plant epidemic dynamics, incorporating two control measures aimed at mitigating
infection prevalence.

Fractional calculus was proposed in 1695 by Leibniz and has since developed into one of the very
active topics of mathematics (see, e.g., [12–14]). Various definitions of fractional derivatives exist
such as Grünwald–Letnikov, Riemann–Liouville, Caputo, Caputo–Fabrizio, and Atangana-Baleanu,
which are widely used in applications of FDEs. Other definitions can be found in [15, 16] which
do not generally match. In biological systems, the fractional order captures hereditary properties
and memory effect that is gained from the non-locality of the fractional operator [17, 18], which
offers a bridge between mathematical formalism and biological processes. Consequently, many
researchers have attempted to describe real-world processes using different operators of fractional
derivatives [19–24].

Fractional optimal control problems are another branch of mathematics that seeks to find optimal
control trajectories and state variables that maximize or minimize a performance index (objective
function). This index is typically represented by a fractional integral involving state variables and
control trajectories, subject to constraint paths defined by a system of FDEs that describe the model’s
dynamics. To effectively solve FOCPs, certain NOCs should be satisfied. These conditions are
established by a form of PMP, originally developed by the Russian mathematician Pontryagin [25].
In [26], authors used pathogen interaction factor with a pest invasion in a maize plant in the
formulation of FOM and the influence of three controls on the transmission of this disease. In [27],
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authors used quarantine, prevention, and insecticide chemical control efforts to eliminate the
transmission dynamics of the maize streak virus. The authors in [28] proposed an advanced model of
pine wilt disease and suggested three control efforts to minimize the infected pine trees and prevent
disease transmission. There are many applications of FOCPs in various fields, as detailed in
references (see, e.g., [29–31]) and related citations.

The main objective of the present study is to clarify the behavior of solutions to the plant disease
model by implementing effective strategies for curative and preventive controls, and to bridge some
gaps in the literature. Despite recent advancements in modeling plant disease dynamics using
fractional calculus, critical gaps remain in the literature. First, prior fractional-order plant disease
models, including those incorporating two-stage transmission [32], have overlooked the fundamental
principle of dimensional consistency, where α introduces a time dimension that must be balanced
across all parameters. Second, while the concept of two-stage transmission-where both latent and
infectious plants contribute to disease spread-has been explored in integer-order contexts [9], its
rigorous formulation and optimal control within a fractionally consistent framework have not been
addressed. Third, no existing study has systematically investigated the combined effect of preventive
and curative time-dependent controls within such a model, nor examined how the distinguishing
transmission parameter ϵ influences optimal intervention strategies under varying memory effects. To
bridge these gaps, this work introduces a novel fractional-order plant disease model that integrates
three key contributions: (i) a dimensionally consistent formulation using the Caputo derivative, where
all parameters are scaled by α to ensure physical and biological plausibility; (ii) a mathematical
analysis, including existence, uniqueness, positivity, boundedness, and both local and global stability
of equilibria, with Rc derived and analyzed for sensitivity; and (iii) FOCP that incorporates preventive
and curative measures, solved numerically using FBSM based on a fractional Euler scheme. We
examine the impact of the parameter ϵ ∈ (0, 1)-which distinguishes the infectiousness of latent versus
symptomatic plants-and α on disease dynamics and control efficacy.

The structure of this paper is as follows: The necessary concepts and definitions of fractional
calculus are provided in Section 2. Section 3 describes the proposed FOM and discusses its
qualitative analysis. Existence of solutions and their positivity and boundedness are mentioned in
Subsection 3.1. Moreover, the stability and sensitivity analysis of the FOM are discussed in
Subsections 3.2 and 3.3, respectively. The FOCP of the PDT is formulated based on a kind of PMP in
Section 4. A numerical simulation of the obtained results for FOCP using FBSM is displayed in
Section 5. Finally, the paper concludes in Section 6.

2. Preliminaries

Here, notations and definitions of fractional calculus are presented [33, 34]. Let R+ be a
nonnegative real number set, then the Riemann-Liouville fractional integral (R-LFI) and
Riemann-Liouville fractional derivative (RLFD) can be given as:

Definition 2.1. Let g : R+ −→ R be piecewise continuous on R+, then the R-LFI of order α > 0 with t
is described as

(Left) aIαt g(t) =
1
Γ(α)

∫ t

a
(t − τ)α−1g(τ)dτ,
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(Right) tIαb g(t) =
1
Γ(α)

∫ b

t
(τ − t)α−1g(τ)dτ.

Definition 2.2. The RLFD is given as follows:

(Left) aDα
t g(t) =

dn

dtn

(
aIn−α

t g(t)
)
=

1
Γ(n − α)

(
d
dt

)n ∫ t

a
(t − τ)n−α−1g(τ)dτ,

(Right) tDα
bg(t) = (−

d
dt

)n (
tIn−α

b g(t)
)
=

1
Γ(n − α)

(
−

d
dt

)n∫ b

t
(τ − t)n−α−1g(τ)dτ,

where α ∈ (n − 1, n); n ∈ N.

Definition 2.3. The Caputo fractional derivative (CFD) for the function g : R+ −→ R is expressed as

(Left) C
aDα

t g(t) =
1

Γ(n − α)

∫ t

a
(t − τ)n−α−1g(n)(τ)dτ,

(Right) C
t Dα

bg(t) =
(−1)n

Γ(n − α)

∫ b

t
(τ − t)n−α−1g(n)(τ)dτ; α ∈ (n − 1, n); n ∈ N.

Theorem 2.1. The RLFD and CFD are related by the following formulas:

aD
α
t g(t) = C

aDα
t g(t) +

n−1∑
j=0

g( j)(a)
Γ( j − α + 1)

(t − a)( j−α),

tD
α
bg(t) = C

t Dα
bg(t) +

n−1∑
j=0

g( j)(b)
Γ( j − α + 1)

(b − t)( j−α); t > 0, α ∈ (n − 1, n); n ∈ N.

The relation between the left and right of CFD is given by the following lemma.

Lemma 2.1. For t ∈ [a, b] and α ∈ (0, 1], the left and right CFD of fractional order α satisfies
C
t Dα

bg(t) = C
aDα

t g(b − t).

A detailed proof of Lemma 2.1 can be found in [31, 35].

Definition 2.4. If L{g(t), s} = G(s), then the Laplace transform (LT) for CFD of fractional order α is
given as

L{CDαg(t), s} = sαG(s) −
n−1∑
i=0

sα−i−1g(i)(0), (n − 1 < α ≤ n); n ∈ N.

Definition 2.5. ( [36]) Mittag-Leffler functionMl,m(x); x ∈ R, l > 0, m > 0, is defined by

Ml,m(x) =
∞∑

n=0

xn

Γ(ln + m)
,

and the LT of tm−1Ml,m(±λtl) is as follows:

L[tm−1Ml,m(±λtl)] =
sl−m

sl ∓ λ
. (2.1)

Also,

Ml,m(x) =
1
Γ(m)

+ xMl,l+m(x). (2.2)
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Definition 2.6. ( [37]) The constant point x∗i ; i = 1, 2, ..., n, is an equilibrium point of the following
nonlinear system of Caputo FDE:

C
0Dα

t xi(t) = fi(x1, x2, ..., xn, t), 0 < α < 1, (2.3)
xi(0) = ci,

if, and only if, fi(t, x∗i ) = 0.

Lemma 2.2. ( [38]) The positive EPs of the system (2.3) are locally asymptotically stable (LAS) if all
eigenvalues λi of its Jacobian matrix (JM) satisfy the following condition

|arg(λi)| >
απ

2
, i =, 1, 2, ..., n. (2.4)

Lemma 2.3. The following formula is satisfied for the differentiable function y(t) ∈ R+

CDα
t

(
y − y∗ ln

y(t)
y∗
− y∗

)
≤

(
1 −

y∗

y(t)

)
CDα

t y(t), y∗ ∈ R+, for all t ≥ 0 and α ∈ (0, 1).

3. Formulation of the FOM and its qualitative analysis

The formulation of the FOM is presented, followed by a description of the transition dynamics
among its compartments S(t), P(t), L(t), I(t), and R(t). The total plant population is given N(t) =
S(t) + P(t) + L(t) + I(t) + R(t). This formulation establishes the foundation for a comprehensive
qualitative analysis. Subsequently, the EPs are evaluated, Rc is derived, and the theorems governing
the local and global stability of these EPs are established.

Generally, the dynamics of PDT among these five compartments are interpreted based on standard
epidemiological assumptions (see, e.g., [9, 32, 39]) to ensure the reliability of (3.1), as shown in
Figure 1.

Figure 1. Flow chart diagram of the FOM (3.1).
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The description of all parameters and remaining variables for the FOM are mentioned in Tables 1
and 2.

Table 1. Meanings of state variables with their initial values.

Variable Definition Initial value [9, 32, 39]
S(t) Susceptible plants at a time t S(0) = S0 = 100
P(t) Protected plants at a time t P(0) = P0 = 30
L(t) Latent plants at a time t L(0) = L0 = 30
I(t) Infected plants at a time t I(0) = I0 = 60
R(t) Removed plants at a time t R(0) = R0 = 60

Table 2. Interpretation of dynamic transformation and values of the parameters in FOM.

Parameter Description Value Reference
Λα Replanting rate of S(t) (0.013)α [40]
ρα Roguing rate of I(t) (0.087)α [40, 41]
βα Rate of PDT from I(t) to S(t) (0.3)α [7]
ψα Conversion rate from I(t) to R(t) (0.02)α [9, 39]
ζα Natural mortality rate of S(t) (0.0008)α [40]
µα Conversion rate from L(t) to I(t) (0.17)α [8]
γα Effect cumulative death rates for R(t) (0.01)α [9, 39]
dα1 Measure efficacy of preventive treatment u1 (0.5)α Assumed
dα2 Measure efficacy of curative treatment u2 (0.5)α Assumed
δα Damage rate caused of u1 (0.048)α [9, 39]
K Total capacity of plants 1000 [40]
ϵ Distinguishing factor in two-stage transmission; ϵ ∈ (0, 1) Varying Assumed

Following all the above assumptions, the framework of two-stage disease transmission dynamics in
plants is considered as:

C
0Dα

t S(t) = Λα (K − N) −
(
βα
I(t)
K
+ ϵβα

L(t)
K

)
S(t) − (ζα + dα1 u1)S(t) + δαP(t),

C
0Dα

t P(t) = dα1 u1S(t) − (δα + ζα)P(t),

C
0Dα

t L(t) =
(
βα
I(t)
K
+ ϵ βα

L(t)
K

)
S(t) − (ζα + ρα + µα + dα2 u2)L(t),

C
0Dα

t I(t) = µαL(t) − (ζα + ρα + ψα + dα2 u2)I(t),

C
0Dα

t R(t) = (ψα + dα2 u2)I(t) − (ζα + γα)R(t) + dα2 u2L(t),

(3.1)

subject to the initial conditions (ICs) mentioned in Table 1. Now, the model is formulated as a system
of FDEs, which effectively means the dynamics have “memory” as opposed to being driven solely by
the current state as in an ODE formulation. This formalism (usually with α → 1) is used primarily
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because the classical order PDT epidemic (that is, α = 1) does not provide any information regarding
the memory impact and the learning process of the disease that influences its spread [42].

3.1. Solution existence, positivity, and boundedness

Based on the idea of converting the FOM (3.1) with the nonnegative ICs into fractional integral
equations, the fixed point theory is used to prove that a unique solution of the FOM (3.1) exists. As
Lemma 5.2 in [36], the equivalent fractional integral forms of (3.1) are

S(t) = S0 +
1
Γ(α)

∫ t

0
(t − τ)α−1 f1(τ,S(τ))dτ,

P(t) = P0 +
1
Γ(α)

∫ t

0
(t − τ)α−1 f2(τ,P(τ))dτ,

L(t) = L0 +
1
Γ(α)

∫ t

0
(t − τ)α−1 f3(τ,L(τ))dτ,

I(t) = I0 +
1
Γ(α)

∫ t

0
(t − τ)α−1 f4(τ,I(τ))dτ,

R(t) = R0 +
1
Γ(α)

∫ t

0
(t − τ)α−1 f5(τ,R(τ))dτ,

(3.2)

where 

f1(t,S(t)) = Λα (K − N) −
(
βα
I(t)
K
+ ϵβα

L(t)
K

)
S(t) − (ζα + dα1 u1)S(t) + δαP(t),

f2(t,P(t)) = dα1 u1S(t) − (ζα + δα)P(t),

f3(t,L(t)) =
(
βα
I(t)
K
+ ϵ βα

L(t)
K

)
S(t) − (ζα + ρα + µα + dα2 u2)L(t),

f4(t,I(t)) = µαL(t) − (ζα + ρα + ψα + dα2 u2)I(t),
f5(t,R(t)) = (ψα + dα2 u2)I(t) − (ζα + γα)R(t) + dα2 u2L(t),

(3.3)

and f1, f2, f3, f4, and f5 are continuous nonlinear functions. In the following theorem, the kernel f1 is
defined, where all parameters are positive and 0 < α < 1.

Theorem 3.1. If
(
βα

K
(b4 + ϵb3) + ζα + dα1 u1

)
< 1, and assuming that the state variables of FOM (3.1)

are bounded, then f1 satisfies the Lipschitz condition and contraction.

Proof. Let (S,P,L,I,R) ∈ E be the set of solution, where E = [C(I,R+)]5; I = [0,T ] is a Banach
space together with the norm induced metric ∥.∥E and S,S1 satisfy Eq (3.1) and its initial value, giving

∥ f1(t,S) − f1(t,S1)∥ =
∥∥∥∥∥ − (

βα
I(t)
K
+ ϵβα

L(t)
K

)
(S(t) − S1(t)) − (ζα + dα1 u1)(S(t) − S1(t))

∥∥∥∥∥
≤

∥∥∥∥∥βαI(t)
K
+ ϵβα

L(t)
K

∥∥∥∥∥∥S(t) − S1(t)∥ + (ζα + dα1 u1)∥S(t) − S1(t)∥

≤

(
βα

K
∥I(t)∥ + ϵ

βα

K
∥L(t)∥ + ζα + dα1 u1

)
∥S(t) − S1(t)∥

≤

(
βα

K
b4 + ϵ

βα

K
b3 + ζ

α + dα1 u1

)
∥S(t) − S1(t)∥,
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where ∥I(t)∥ ≤ b4, ∥L(t)∥ ≤ b3 are bounded functions; and let h1 = (β
α

K (b4 + ϵb3) + ζα + dα1 u1), then

∥ f1(t,S) − f1(t,S1)∥ ≤ h1∥S(t) − S1(t)∥. (3.4)

Thus, f1 satisfies Lipschitz, and if 0 ≤ h1 < 1, then f1 is a contraction.

By the same way, fi; i = 2, 3, 4, 5, can be written as
∥ f2(t,P) − f2(t,P1)∥ ≤ h2∥P(t) − P1(t)∥,
∥ f3(t,L) − f3(t,L1)∥ ≤ h3∥L(t) − L1(t)∥,
∥ f4(t,I) − f4(t,I1)∥ ≤ h4∥I(t) − I1(t)∥,
∥ f5(t,R) − f5(t,R1)∥ ≤ h5∥R(t) − R1(t)∥,

(3.5)

where h2 = δα + ζα, h3 = ( ϵβ
α

K b1 + ζ
α + ρα + µα + dα2 u2), h4 = ζα + ρα + ψα + dα2 u2, h5 = ζα + γα

and ∥S(t)∥ ≤ b1 is bounded function. Now, the kernels fi; i = 2, 3, 4, 5 are a contraction, whenever
0 ≤ hi < 1 for all i = 2, 3, 4, 5.

Theorem 3.2. There exists a unique solution to the FOM (3.1), whenever (1− hit
Γ(α) ) > 0; i = 1, 2, 3, 4, 5.

Proof. According to the system (3.2), the following recurrence forms are obtained:

Q1n(t) = Sn(t) − Sn−1(t) =
1
Γ(α)

∫ t

0
(t − τ)α−1( f1(τ,Sn−1) − f1(τ,Sn−2))dτ,

Q2n(t) = Pn(t) − Pn−1(t) =
1
Γ(α)

∫ t

0
(t − τ)α−1( f2(τ,Pn−1) − f2(τ,Pn−2))dτ,

Q3n(t) = Ln(t) − Ln−1(t) =
1
Γ(α)

∫ t

0
(t − τ)α−1( f3(τ,Ln−1) − f3(τ,Ln−2))dτ,

Q4n(t) = In(t) − In−1(t) =
1
Γ(α)

∫ t

0
(t − τ)α−1( f4(τ,Ln−1) − f4(τ,Ln−2))dτ,

Q5n(t) = Rn(t) − Rn−1(t) =
1
Γ(α)

∫ t

0
(t − τ)α−1( f5(τ,Rn−1) − f5(τ,Rn−2))dτ,

(3.6)

with the positive ICs. For the first equation,

∥Q1n(t)∥ = ∥Sn(t) − Sn−1(t)∥

=
1
Γ(α)
∥

∫ t

0
( f1(τ,Sn−1) − f1(τ,Sn−2)) (t − τ)α−1dτ∥

≤
1
Γ(α)

∫ t

0
∥( f1(τ,Sn−1) − f1(τ,Sn−2))∥ (t − τ)α−1dτ.

From Lipschitz condition (3.4), thus

∥Q1n(t)∥ ≤
h1

Γ(α)

∫ t

0
∥Q1(n−1)(τ)∥dτ. (3.7)
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In the same way, it gives 

∥Q2n(t)∥ ≤
h2

Γ(α)

∫ t

0
∥Q2(n−1)(τ)∥dτ,

∥Q3n(t)∥ ≤
h3

Γ(α)

∫ t

0
∥Q3(n−1)(τ)∥dτ,

∥Q4n(t)∥ ≤
h4

Γ(α)

∫ t

0
∥Q4(n−1)(τ)∥dτ,

∥Q5n(t)∥ ≤
h5

Γ(α)

∫ t

0
∥Q5(n−1)(τ)∥dτ.

(3.8)

Terms of the projected solution can be given as

Sn(t) =
n∑

i=0

Q1i(t), Pn(t) =
n∑

i=0

Q2i(t), Ln(t) =
n∑

i=0

Q3i(t), In(t) =
n∑

i=0

Q4i(t), Rn(t) =
n∑

i=0

Q5i(t).

From the iterative technique and Eqs (3.7) and (3.8), it leads to

∥Q1n(t)∥ ≤
( h1t
Γ(α)

)n

∥Sn(0)∥,

∥Q2n(t)∥ ≤
( h2t
Γ(α)

)n

∥Pn(0)∥,

∥Q3n(t)∥ ≤
( h3t
Γ(α)

)n

∥Ln(0)∥,

∥Q4n(t)∥ ≤
( h4t
Γ(α)

)n

∥In(0)∥,

∥Q5n(t)∥ ≤
( h5t
Γ(α)

)n

∥Rn(0)∥.

Now, it is established that the system has a continuous solution. To clarify that the above functions
construct a solution of (3.2), assume that

S(t) − S(0) = Sn(t) − B1n(t),
P(t) − P(0) = Pn(t) − B2n(t),
L(t) − L(0) = Ln(t) − B3n(t),
I(t) − I(0) = In(t) − B4n(t),
R(t) − R(0) = Rn(t) − B5n(t).

Thus,

∥B1n(t)∥ = ∥
1
Γ(α)

∫ t

0
( f1(τ,S) − f1(τ,Sn−1))(t − τ)α−1dτ∥

≤
1
Γ(α)

∫ t

0
∥( f1(τ,S) − f1(τ,Sn−1))(t − τ)α−1∥dτ

≤
h1

Γ(α)
∥S − Sn−1∥t.

Repeating this technique gives (at t = t1)

∥B1n(t)∥ ≤
( t1

Γ(α)

)n+1

hn+1
1 k. (3.9)
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The limit of Eq (3.9) at n → 0 tends to ∥B1n(t)∥ → 0. This yields ∥Bin(t)∥ → 0; i = 2, 3, 4, 5. This
means completing the proof of existence. To show the solution is unique, let
(S1(t),P1(t),L1(t),I1(t),R1(t)) be another solution set of the FOM (3.1), which yields

S(t) − S1(t) =
1
Γ(α)

∫ t

0
( f1(τ,S) − f1(τ,S1))(t − τ)α−1dτ.

The norm of the above equation with Lipschitz condition (3.4) gives

∥S(t) − S1(t)∥ ≤
h1t
Γ(α)
∥S(t) − S1(t)∥.

Thus,

∥S(t) − S1(t)∥
(
1 −

h1t
Γ(α)

)
≤ 0 =⇒ ∥S(t) − S1(t)∥ = 0 =⇒ S(t) = S1(t).

By the same way, get P(t) = P1(t),L(t) = L1(t),I(t) = I1(t), and R(t) = R1(t).

Theorem 3.3. The set of solution (S(t),P(t),L(t),I(t),R(t)) is nonnegative for all t ≥ 0, if the set of
ICs (S(0),P(0),L(0),I(0),R(0)) are positive values.

Proof. From the susceptible equation:

C
0Dα

t S(t) = (K − N) Λα −
(
I(t)
K
+ ϵ
L(t)

K

)
βαS(t) − (ζα + dα1 u1)S(t) + δαP(t),

≥ −(ζα + dα1 u1)S (t). (3.10)

Applying LT on both sides of Eq (3.10) and from Eq (2.1), we get

S(t) ≥ S0 Mα,1(−(ζα + dα1 u1)tα) > 0, ∀ t > 0.

The inequalities below confirmed that the remaining state variables are positive.

P(t) ≥ P0 Mα,1(−(δα + ζα)tα) ≥ 0,
L(t) ≥ L0 Mα,1(−(ζα + ρα + µα + dα2 u2)tα) ≥ 0, ∀ t > 0.
I(t) ≥ I0 Mα,1(−(ζα + ρα + ψα + dα2 u2)tα) ≥ 0,
R(t) ≥ R0 Mα,1(−(ζα + γα)tα) ≥ 0.

Theorem 3.4. The solution of (3.1) is bounded and remains in Θ = {(S,P,L,I,R) ∈ R5
+; 0 < N ≤

ΛαK
µα+Λα

}.

Proof. Let the set Θ = {(S,P,L,I,R) ∈ R5
+} be any solution of the FOM (3.1) with the initial

population N(0) = S0 + P0 + L0 + I0 + R0 > 0. The FDE of N(t) can be obtained by addition of
Eq (3.1), as follows:
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C
0Dα

t N(t) = ΛαK − (ζα + Λα)N(t) − ρα(I(t) +L(t)) − γαR(t)
≤ ΛαK − (ζα + Λα)N(t). (3.11)

Using LT on both sides of Eq (3.11),

sαN̄(s) − sα−1N(0) ≤
ΛαK

s
− (ζα + Λα)N̄(s)

N̄(s) ≤
ΛαK

s(sα + ζα + Λα)
+

sα−1

sα + ζα + Λα
N(0). (3.12)

Applying inverse LT on Eq (3.12) and from Eqs (2.2) and (2.1), leads to

N(t) ≤ ΛαKtα Eα,α+1(−(ζα + Λα)tα) + Eα,1(−(ζα + Λα)tα) N(0).

From the properties of the Mittag-Leffler function [33], we have limt→∞N(t) ≤ ΛαK
ζα+Λα

. Thus, 0 < N ≤
ΛαK
µα+Λα

, which means that Θ is the largest set in which S(t),P(t),L(t),I(t), and R(t) are bounded.

3.2. Local and global stability

To analyze the stability of FOM (3.1), all possible EPs are identified and Rc is computed as follows:
Disease-free equilibrium (DFE) point Ξ∗ = (S∗eq,P

∗
eq,L

∗
eq,I

∗
eq,R

∗
eq): in this point, no infection was

detected (i.e., I = 0), then substituting in Eq (3.1) leads to

Ξ∗ =

(
ΛαK(ζα + δα)

(ζα + Λα)(ζα + δα + dα1 u1)
,

ΛαKdα1 u1

(ζα + Λα)(ζα + δα + dα1 u1)
, 0, 0, 0

)
. (3.13)

Using the the next-generation matrix approach (see, e.g., [43, 44]), Rc is given by

Rc =

√
Λαβαµα(ζα + δα)

(ζα + ρα + ψα + dα2 u2)
[
(ζα + Λα)(ζα + ρα + µα + dα2 u2)(ζα + δα + dα1 u1) − ϵβαΛα(ζα + δα)

] . (3.14)

Endemic equilibrium point (EEP) Ξ∗∗ = (S∗∗eq,P
∗∗
eq,L

∗∗
eq,I

∗∗
eq,R

∗∗
eq): in the endemic steady state (i.e.,

I , 0), its corresponding equilibrium point can be written as follows:

S∗∗eq =
K(ζα + a)(ζα + b)
βαµα + ϵβα(ζα + b)

,

P∗∗eq =
Kdα1 u1(ζα + a)(ζα + b)

(βαµα + ϵβα(ζα + b))(ζα + δα)
,

L∗∗eq =
Λα(βαµα + ϵβα(ζα + b))(K − N)(ζα + δα) − Kζα(ζα + a)(ζα + b)(ζα + d)

(βαµα + ϵβα(ζα + b))(ζα + δα)(ζα + a)
,

I∗∗eq =
Λαµα(βαµα + ϵβα(ζα + b))(K − N)(ζα + δα) − µαKζα(ζα + a)(ζα + b)(ζα + d)

(βαµα + ϵβα(ζα + b))(ζα + δα)(ζα + a)(µα + b)
,

R∗eq =
µα(ψα + dα2 u2)[Λα(βαµα + ϵβα(ζα + b))(K − N)(ζα + δα) − Kζα(ζα + a)(ζα + b)(ζα + d)]

(βαµα + ϵβα(ζα + b))(ζα + δα)(ζα + a)(µα + b)(ζα + γα)
,

(3.15)
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where, a = ρα + µα + dα2 u2, b = ρα + ψα + dα2 u2, and d = δα + dα1 u1.

Local stability: The investigation of LAS for Ξ∗ (3.13) and Ξ∗∗ (3.15) is stated and proved by the
following theorems:

Theorem 3.5. The DFE Ξ∗ of (3.1) is LAS whenever Rc < 1, otherwise, it is unstable.

Proof. The JM at Ξ∗ is given by

JΞ∗eq =



−(ζα + dα1 u1) δα
−ϵΛαβα(ζα + δα)
(ζα + Λα)(ζα + d)

−Λαβα(ζα + δα)
(ζα + Λα)(ζα + d)

0

dα1 u1 −(ζα + δα) 0 0 0

0 0 −(ζα + a) +
ϵΛαβα(ζα + δα)

(ζα + Λα)(ζα + d)
Λαβα(ζα + δα)

(ζα + Λα)(ζα + d)
0

0 0 µα −(ζα + b) 0
0 0 dα2 u2 ψα + dα2 u2 −(ζα + γα)


.

By calculating the eigenvalues of JΞ∗eq , thus χ1 = −(ζα + γα) < 0, satisfied the condition |arg(χi)| = π >
απ
2 (Lemma 2.2). The following quadratic equations give the remaining eigenvalues:

χ2 + (2ζα + δα + dα1 u1)χ + (ζα + δα)(ζα + dα1 u1) − δαdα1 u1 = 0, (3.16)

and

λ2 +
(
(ζα + b)(ζα + a) −

ϵΛαβα(ζα + δα)
(ζα + Λα)(ζα + d)

)
λ +

(ζα + b)[(ζα + Λα)(ζα + a)(ζα + d) − ϵβαΛα(ζα + δα)]
(ζα + Λα)(ζα + d)

(1 − R2
c) = 0. (3.17)

From Eqs (3.16) and (3.17), observe that

• For LAS, it must be Rc < 1; this means that all coefficients of the quadratic polynomials (3.16)
and (3.17) have the same signal, then the eigenvalues have negative real part [45].

Theorem 3.6. The FOM (3.1) at the EEP Ξ∗∗eq is LAS under some conditions obtained from Routh-
Hurwitz criteria, for a particular set of parameter values (as given in Table 2).

Proof. The JM of (3.1) evaluated at the EEP Ξ∗∗eq is given by:

JΞ∗∗eq =



−K1 δα −
ϵβαS∗∗eq

K
−
βαS∗∗eq

K
0

dα1 u1 −(ζα + δα) 0 0 0

K2 0 −(ζα + a) +
ϵβαS∗∗eq

K

βαS∗∗eq

K
0

0 0 µα −(ζα + b) 0
0 0 dα2 u2 ψα + dα2 u2 −(ζα + γα)


,

where K1 = ζα + dα1 u1 +
βαI∗∗eq

K
+
ϵβαL∗∗eq

K
, K2 =

βαI∗∗eq

K
+
ϵβαL∗∗eq

K
. One eigenvalue of JΞ∗∗eq is Λ1 =

−(ζα + γα) < 0, which satisfies the condition | arg(Λ1)| = π > απ
2 (Lemma 2.2). The remaining four

eigenvalues are the roots of the following characteristic polynomial:

Λ4 +A1Λ
3 +A2Λ

2 +A3Λ +A4 = 0, (3.18)
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where the coefficientsAi (i = 1, 2, 3, 4) are:

A1 = K1 + 3ζα + δα + a + b −
ϵβαS∗∗eq

K
,

A2 = K1

(
3ζα + δα + a + b −

ϵβαS∗∗eq

K

)
+ (ζα + b)

(
2ζα + δα + a −

ϵβαS∗∗eq

K

)
−
βαS∗∗eq

K

(
µα + ϵ(ζα + δα − K2)

)
+ (ζα + δα)(ζα + a) − δαdα1 u1,

A3 = K1

[
(ζα + b)

(
2ζα + δα + a −

ϵβαS∗∗eq

K

)
−
βαS∗∗eq

K
(µα + ϵ(ζα + δα)) + (ζα + δα)(ζα + a)

]
+ (ζα + b)

[
(ζα + δα)(ζα + a) − δαdα1 u1 +

ϵβαS∗∗eq

K
(K2 − (ζα + δα))

]
+
βαS∗∗eq

K

[
µα(K2 − (ζα + δα)) + ϵ

(
(ζα + δα)K2 + δ

αdα1 u1
)]
− δαdα1 u1(ζα + a),

A4 = K1

[
(ζα + δα)(ζα + a)(ζα + b) −

βαS∗∗eq

K
(ζα + δα)

(
µα + ϵ(ζα + b)

)]
+
βαS∗∗eq

K
(
K2(ζα + δα) + δαdα1 u1

)(
µα + ϵ(ζα + b)

)
− δαdα1 u1(ζα + a)(ζα + b).

(3.19)

For the parameter values specified in Table 2, we compute the coefficients A1,A2,A3,A4 given in
Eq (3.19) (see Appendix A). All coefficients are found to be positive, and the inequality A1A2A3 >

A2
3 + A

2
1A4 whenever Rc > 1 is satisfied. Consequently, according to the Routh-Hurwitz stability

criteria [45], the characteristic polynomial (3.18) has roots with negative real parts, implying that the
EEP Ξ∗∗eq is LAS when Rc > 1 for this parameter configuration. It should be noted that this verification
is performed for the specific parameter set used in our numerical simulations.

Global stability: The global stability of Ξ∗eq (3.13) and Ξ∗∗ (3.15) for the FOM (3.1) discusses
as follows:

Theorem 3.7. The DFE Ξ∗eq of (3.1) is global asymptotically stable (GAS).

Proof. Consider the following positive Lyapunov function on Θ

L1(S,P,L,I,R) =
(
S − S∗eq − S

∗
eq ln

S

S∗eq

)
+

(
P − P∗eq − P

∗
eq ln

P

P∗eq

)
.

and from Eq (3.1) and Lemma (2.3), we get

C
0Dα

t L1(S,P,L,I,R) ≤

(S − S∗eq

S

)
C
0Dα

t S +

(P − P∗eq

P

)
C
0Dα

t P

=

(S − S∗eq

S

)[
Λα (K − N) −

(
βα
I

K
+ ϵβα

L

K

)
S − (ζα + dα1 u1)S + δαP

]
+

(P − P∗eq

P

)[
dα1 u1S − (δα + ζα)P

]
.

At Ξ∗eq, thus,
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C
0Dα

t L1(S,P,L,I,R) ≤ (S − S∗eq)
(
Λα (K−N)
S

+ δαP
S
− (ζα + dα1 u1)

)
+ (P − P∗eq)

(
dα1 u1S

P
− (δα + ζα)

)
= (S − S∗eq)

(
Λα (K−N)

S + δαP
S
−
Λα (K−N)
S∗eq

− δαP
S∗eq

)
+ (P − P∗eq)

(
dα1 u1S

P
−

dα1 u1S

P∗eq

)
= (S − S∗eq)

(
−
Λα (K−N)
S S∗eq

(S − S∗eq) − δαP
S S∗eq

(S − S∗eq)
)
+ (P − P∗eq)

(
−

dα1 u1S

P P∗eq
(P − P∗eq)

)
.

Thus,

C
0Dα

t L1(S,P,L,I,R) ≤ −
Λα (K − N)
S S∗eq

(S − S∗eq)2 −
δαP

S S∗eq
(S − S∗eq)2 −

dα1 u1S

P P∗eq
(P − P∗eq)2.

For each solution (S,P,L,I,R) ∈ Θ, conclude that C
0Dα

t L1 < 0. Furthermore, C
0Dα

t L1 = 0 implies that
S = S∗eq, P = P

∗
eq, L = L

∗
eq, I = I

∗
eq, and R = R∗eq. Hence, Ξ∗eq is the only invariant subset of Θ

such that C
0Dα

t L1 = 0 and from fractional LaSalle’s invariance principle [46, 47], the EEP Ξ∗eq is GAS
on Θ.

Theorem 3.8. The unique positive EEP Ξ∗∗eq of (3.1) is GAS.

Proof. The Lyapunov function can be considered as:

L2(S,P,L,I,R) =

(
S − S∗∗eq − S

∗∗
eq ln

S

S∗∗eq

)
+

(
P − P∗∗eq − P

∗∗
eq ln

P

P∗∗eq

)
+

(
L − L∗∗eq − L

∗∗
eq ln

L

L∗∗eq

)
+

(
I − I∗∗eq − I

∗∗
eq ln

I

I∗∗eq

)
+

(
R − R∗eq − R

∗∗
eq ln

R

R∗∗eq

)
.

From Lemma (2.3) and Eq (3.1), one obtains

C
0Dα

t L2(S,P,L,I,R) ≤

(
S−S∗∗eq

S

)[
Λα (K − N) −

(
βα
I

K
+ ϵβα

L

K

)
S − (ζα + dα1 u1)S + δαP] +

(
P−P∗∗eq

P

)
×

[
dα1 u1S − (δα + ζα)P

]
+

(
L−L∗∗eq

L

)[(
βα
I

K
+ ϵβα

L

K

)
S − (ζα + ρα + µα + dα2 u2)L

]
+

(I − I∗∗eq

I

)[
µαL − (ζα + ρα + ψα + dα2 u2)I

]
+

(R − R∗∗eq

R

)
×

[
(ψα + dα2 u2)I − (ζα + γα)R + dα2 u2L

]
. (3.20)

Eq (3.20) can be written as

C
0Dα

t L2(S,P,L,I,R) ≤ (S − S∗∗eq)
(
Λα (K−N)
S

+ δαP
S
− (ζα + dα1 u1)

)
+ (P − P∗∗eq)

(
dα1 u1S

P
− (δα + ζα)

)
+ (L − L∗∗eq)

(
βαSI

LK
− (ζα + ρα + µα + dα2 u2)

)
+ (I − I∗∗eq)

(
µαL

I
− (ζα + ρα + ψα + dα2 u2)

)
+ (R − R∗∗eq)

(
ψαI

R
+

dα2 u2I

R
+

dα2 u2L

R
− (ζα + γα)

)
. (3.21)

Rearranging Eq (3.21) and performing simple calculations yields:
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C
0Dα

t L2(S,P,L,I,R) ≤ −
Λα (K−N)
SS∗∗eq

(S − S∗∗eq)2 − δαP
SS∗∗eq

(S − S∗∗eq)2 −
dα1 u1S

PP∗∗eq
(P − P∗∗eq)2 −

βαSI

LL∗∗eqK
(L − L∗∗eq)2

−
µαL

II∗∗eq
(I − I∗∗eq)2 −

( (ψα + dα2 u2)I
RR∗∗eq

+
dα2 u2L

RR∗∗eq

)
(R − R∗∗eq)2.

Thus, C
0Dα

t L2 < 0, for all (S,I,P,L,I,R) ∈ Θ. Furthermore, C
0Dα

t L2 = 0 means that S = S∗∗eq, P =

P∗∗eq, I = I
∗∗
eq, L = L

∗∗
eq, I = I

∗∗
eq, and R = R∗∗eq. As a result, utilizing fractional LaSalle’s invariance

principle, then Ξ∗∗eq is GAS on Θ.

3.3. Sensitivity indicator

To determine which of the parameters listed in Eq (3.14) impact R0 (in the absence of control) and
consequently influence disease transmission, a sensitivity analysis is conducted. This is achieved using
the following sensitivity index [48, 49]:

ER0
ϖ =

∂R0

∂ϖ
×
ϖ

R0
,

where ϖ are the parameters in R0. For example, sensitivity index for parameters Λ and ρ is given by

ER0
Λ
=

αζα (ζα + µα + ρα)
2
(
Λα (−ϵβα + µα + ρα) + ζ2α + ζα (Λα + µα + ρα)

) > 0,

ER0
ρ = −

αρα
(
Λα (−ϵβα + µα + 2ρα + ψα) + 2ζ2α + ζα (2Λα + µα + 2ρα + ψα)

)
2 (ζα + ρα + ψα)

(
Λα (−ϵβα + µα + ρα) + ζ2α + ζα (Λα + µα + ρα)

) < 0,

it is straightforward to calculate the rest of the remaining parameters similarly. Note that, the positive
(negative) value for the sensitivity index has an expulsive (reverse) effect on R0, which means that a
positive (negative) index reveals that any change in these parameter values leads to an increase
(decrease) of R0. Consequently, the propagation of the disease in plants increases (decreases). The
values of ER0

ϖ for the model parameters are displayed in Figure 2(a). From the presented results, the
most directly sensitive parameter is β, followed by ϵ, then Λ, and the most inversely sensitive
parameter is ρ, followed by µ, then ψ and ζ. This indicates that, for example, if both β, ϵ and Λ were
to increase or (decrease) by 10%, then the value of R0 would increase or (decrease) by 11.0648%,
6.06479%, and 0.641437%, respectively. In contrast, if both ρ, µ, ψ, and ζ were to increase or
(decrease) by 10%, then the value of R0 would decrease or (increase) by 7.7693%, 2.29641%,
0.927644%, and 0.712879%, respectively.

Figure 2(c),(d) shows the influence of Λ and ρ on R0, any decrease in Λ and increase in ρ, followed
by a decrease in the value of R0. Moreover, the effect of changing Λ and ρ on I(t) is presented in
Figure 2(b) with different values of α. It becomes clear that as the value of Λ and α decreases and the
value of ρ increases, the infected plants are reduced. From the explanations provided, it is necessary to
use control strategies and suggest optimal control elements that can effectively reduce the possibility
of disease transmission and its spread in plants.
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Figure 2. (a) Sensitivity analysis of R0. (b)–(d) Influence of Λ, ρ, and α in sensitivity
indicator.

Electronic Research Archive Volume 34, Issue 5, 3112–3144.



3128

4. Control problem formulation

Minimize J(u1, u2) = 0IαTΨ(S,P,L,I,R, u1, u2, t), (4.1)

where

Ψ(S,P,L,I,R, u1, u2, t) = A1I(t) + A2L(t) +
2∑

k=1

Ck

2
u2

k(t),

0IαT is the R-LFI of order 0 < α ≤ 1, A1 and A2 are the weight factors for I(t) and L(t), respectively,
and Ck; k = 1, 2 are weights for uk(t), which can be adjusted based on sensitivity results to prioritize
control efforts on the most influential compartments (I(t) andL(t)). Subject to the dynamic constraints

C
0Dα

t Ξ(t) = Y(S,P,L,I,R, u1, u2, t), (4.2)

where

Ξ =


S

P

I

L

R


and Y =


Y1

Y2

Y3

Y4

Y5


;

Y1 = Λ
α (K − N) −

(
βα
I(t)
K
+ ϵβα

L(t)
K

)
S(t) − (ζα + dα1 u1)S(t) + δαP(t),

Y2 = dα1 u1S(t) − (δα + ζα)P(t),

Y3 =

(
βα
I(t)
K
+ ϵβα

L(t)
K

)
S(t) − (ζα + ρα + µα + dα2 u2)L(t),

Y4 = µαL(t) − (ζα + ρα + ψα + dα2 u2)I(t),
Y5 = (ψα + dα2 u2)I(t) − (γα + ζα)R(t) + dα2 u2L(t),

subject to nonnegative ICs in Table 1. The set of admissible controls is specified by:

U = {ui(t); i = 1, 2 and u1, u2 are Lebesgue measurable with 0 ≤ ui(t) ≤ 1, t ∈ I}.

Depending on the kind of PMP for FOCPs [25, 50], the Hamiltonian H can be formulated as:

H(S,P,L,I,R, u1, u2, P, t) = Ψ(S,P,L,I,R, u1, u2, t) + P(t)Y(S,P,L,I,R, u1, u2, t), (4.3)

where P(t) is the adjoint vector defined by

P(t) = (p1(t), p2(t), p3(t), p4(t), p5(t)). (4.4)

The required NOCs of this FOCP are offered in the next theorem.
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Theorem 4.1. For given optimal controls (u∗1, u
∗
2) and optimal solutions (S∗,P∗,L∗,I∗,R∗) of the state

dynamical system (4.2). Consequently, there exists P(t) (4.4), which satisfies:

C
0Dα

t p1(t∗) =
(
p3(t∗) − p1(t∗)

)(
βα
I(t∗)

K
+ ϵβα

L(t∗)
K

)
+ dα1 u1(t∗)

(
p2(t∗) − p1(t∗)

)
− ζαp1(t∗),

C
0Dα

t p2(t∗) = δα
(
p1(t∗) − p2(t∗)

)
− ζαp2(t∗), (4.5)

C
0Dα

t p3(t∗) = A2 + ϵβ
αS(t∗)

K

(
p3(t∗) − p1(t∗)

)
+ µα

(
p4(t∗) − p3(t∗)

)
+ dα2 u2(t∗)

(
p5(t∗) − p3(t∗)

)
−(ζα + ρα)p3(t∗),

C
0Dα

t p4(t∗) = A1 + β
αS(t∗)

K

(
p3(t∗) − p1(t∗)

)
+ (ψα + dα2 u2(t∗))

(
p5(t∗) − p4(t∗)

)
− (ζα + ρα)p4(t∗),

C
0Dα

t p5(t∗) = −(ζα + γα)p5(t∗),

where t∗ = T − t, with the transversality conditions

P(T ) = 0. (4.6)

Furthermore, for u∗i ; i = 1, 2 minimizing proposed FOCP overU, thus

H(S∗,P∗,L∗,I∗,R∗, u∗1, u
∗
2, P, t) = min

0≤u1,u2≤1
H(S∗,P∗,L∗,I∗,R∗, u1, u2, P, t),

such that

u∗1(t) = min{max{0,
(p1(t) − p2(t))dα1S

∗(t)
C1

}, 1},

(4.7)

u∗2(t) = min{max{0,
(p3(t) − p5(t))dα2L

∗(t) + (p4(t) − p5(t))dα2I
∗(t)

C2
}, 1}.

Proof. According to Eq (4.3), the Hamiltonian with optimal variables can be written as:

H(S∗,P∗,L∗,I∗,R∗, u∗1, u
∗
2, P, t) = A1I(t) + A2L(t) +

2∑
k=1

Ck

2
u2

k(t) + p1(t)Y1(S∗,P∗,L∗,I∗,R∗, u∗1, u
∗
2, t)

+p2(t)Y2(S∗,P∗,L∗,I∗,R∗, u∗1, u
∗
2, t) + p3(t)Y3(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, t)

+p4(t)Y4(S∗,P∗,L∗,I∗,R∗, u∗1, u
∗
2, t) + p5(t)Y5(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, t).

Based on the kind of PMP [25], if u∗1, u
∗
2 ∈ U, then it is optimal for the FOCP (4.1) and (4.2) with ICs.

This leads to

tDα
t f

p1(t) =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂S ∗

= (p3(t) − p1(t))
(
βα
I∗(t)

K
+ ϵβα

L∗(t)
K

)
+ dα1 u∗1(t)(p2(t) − p1(t)) − ζαp1(t),
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tDα
t f

p2(t) =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂P∗
= δα(p1(t) − p2(t)) − ζαp2(t), (4.8)

tDα
t f

p3(t) =
∂H(S ∗, P∗, L∗, I∗,R∗, u∗1, u

∗
2,P, t)

∂L∗

= A2 + ϵβ
αS
∗(t)
K

(p3(t) − p1(t)) + µα(p4(t) − p3(t)) + dα2 u∗2(t)(p5(t) − p3(t)) − (ζα + ρα)p3(t),

tDα
t f

p4(t) =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂I∗

= A1 + β
αS
∗(t)
K

(p3(t) − p1(t)) + (ψα + dα2 u∗2(t))(p5(t) − p4(t)) − (ζα + ρα)p4(t),

tDα
t f

p5(t) =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂R∗
= −(ζα + γα)p5(t),

with the transversality conditions

p1(T ) = 0, p2(T ) = 0, p3(T ) = 0, p4(T ) = 0, p5(T ) = 0,

where tDα
t f

is right RLFD. Employing Theorem 2.1 gives Eq (4.8) in the right CFD of fractional order
α, and after applying Lemma 2.1 the adjoint equations (4.5) are satisfied.

For optimality conditions,

0 =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂u∗1
= (p1(t) − p2(t))dα1S

∗(t) −C1u∗1(t),

0 =
∂H(S∗,P∗,L∗,I∗,R∗, u∗1, u

∗
2, P, t)

∂u∗2
= (p3(t) − p5(t))dα2L

∗(t) + (p4(t) − p5(t))dα2I
∗(t) −C2u∗2(t).

Applying the upper and lower bounds for the controls u1 and u2, the optimal value of the objective
functional J(u1, u2) is acquired. This completes the proof of NOCs.

5. Simulation results of two-stage infection

The impact of u1 and u2 controls, by solving FOCP numerically, is investigated. In fact, there are
two fundamental approaches to solving FOCPs: direct and indirect approaches. In direct methods, the
FOCP is discretized and transformed into a nonlinear programming problem as illustrated in
references [51, 52], but indirect methods are based on PMP so they are considered more
suitable [53, 54]. In order to implement the indirect approach, it is necessary to derive the co-state,
optimum controls, and all transversality constraints (such as those described in Theorem 4.1).
Subsequently, a numerical scheme known as FBSM is constructed. The FBSM has many applications
in the treatment of FOCPs, as evidenced by the literature [26, 27, 30, 55]. Herein, a brief outline of the
procedures for implementing this method through the following algorithm:

Step 0 Begin the process by inputting ICs, parameter values, and an initial value of uk; k = 1, 2 for
I = [0,T ].

Step 1 Partition I into N subintervals, where the step-size h = T
N , t j = jh, j = 0, 1, ...,N.

Step 2 Utilize current values of uk with the given ICs

u1(t j) = min
{

max
{
0,

(p1(t j) − p2(t j))dα1S(t j)
C1

}
, 1

}
, j = 0, 1, ...,N,
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u2(t j) = min
{

max
{
0,

(p3(t j) − p5(t j))dα2L(t j) + (p4(t j) − p5(t j))dα2I(t j)
C2

}
, 1

}
,

in order to solve Eq (3.1) as a forward approach.

S(tk) = S0 +
hα
Γ(α+1)

∑k−1
j=0 Θ j,k

[
Λα (K − N) −

(
βα
I(t j)

K
+ ϵβα

L(t j)
K

)
S(t j) − (ζα + dα1 u1(t j))S(t j) + δαP(t j)

]
,

P(tk) = P0 +
hα

Γ(α + 1)

k−1∑
j=0

Θ j,k

[
dα1 u1(t j)S(t j) − (δα + ζα)P(t j)

]
,

L(tk) = L0 +
hα

Γ(α + 1)

k−1∑
j=0

Θ j,k

[(
βα
I(t j)

K
+ ϵβα

L(t j)
K

)
S(t j) − (ζα + ρα + µα + dα2 u2(t j))L(t j)

]
,

I(tk) = I0 +
hα

Γ(α + 1)

k−1∑
j=0

Θ j,k

[
µαL(t j) − (ζα + ρα + ψα + dα2 u2(t j))I(t j)

]
,

R(tk) = R0 +
hα

Γ(α + 1)

k−1∑
j=0

Θ j,k

[
(ψα + dα2 u2(t j))I(t j) − (ζα + γα)R(t j) + dα2 u2(t j)L(t j)

]
,

for k = 1, 2, ...,N, where

Θ j,k = (k − j)α − (k − j − 1)α. (5.1)

Step 3 Employ the values of uk, terminal condition (4.6), and S,P,L,I, and R to get the solution of
adjoint system (4.5) as a backward approach. For ϑ = t∗N− j, leading to

p1(t∗N−k−1) =
hα

Γ(α + 1)

k∑
j=0

Θ j,k+1

[(
p3(ϑ) − p1(ϑ)

)(
βα
I(ϑ)

K
+ ϵβα

L(ϑ)
K

)
+ dα1 u1(ϑ)

×

(
p2(ϑ) − p1(ϑ)

)
− ζαp1(ϑ)

]
,

p2(t∗N−k−1) =
hα

Γ(α + 1)

k∑
j=0

Θ j,k+1

[
δα

(
p1(ϑ) − p2(ϑ)

)
− ζαp2(ϑ)

]
,

p3(t∗N−k−1) =
hα

Γ(α + 1)

k∑
j=0

Θ j,k+1

[
A2 + ϵβ

αS(ϑ)
K

(
p3(ϑ) − p1(ϑ)

)
+ µα

(
p4(ϑ) − p3(ϑ)

)
+ dα2 u2(ϑ)

(
p5(ϑ) − p3(ϑ)

)
− (ζα + ρα)p3(ϑ)

]
,

p4(t∗N−k−1) =
hα

Γ(α + 1)

k∑
j=0

Θ j,k+1

[
A1 + β

αS(ϑ)
K

(
p3(ϑ) − p1(ϑ)

)
+ (ψα + dα2 u2(ϑ))

×

(
p5(ϑ) − p4(ϑ)

)
− (ζα + ρα)p4(ϑ)

]
,

p5(t∗N−k−1) =
hα

Γ(α + 1)

k∑
j=0

Θ j,k+1

[
− (ζα + γα)p5(ϑ)

]
,
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Step 4 Update the controls values uk by incorporating the obtained values of S,P,L,I,R (Step 2) and
p1, p2, p3, p4, p5 (Step 3) in Eq (4.7).

Step 5 Evaluate convergence: if the differences between values of state and adjoint variables at the
current and previous iteration are very small amounts, it means that the required results have
been given and stopped the iteration. Otherwise, go back to Step 2 to continue the process.

Figure 3. Dynamical behavior of S(t) without and with control strategies (in Strategy A:
C1 = 1, 5, 10, in Strategy B: C2 = 1, 200, 500, and in Strategy C: C1 = 1,C2 = 1, 5, 10)
where sub-figures (a)–(c) at ϵ = 0.5 and sub-figures (d)–(f) at ϵ = 0.9 with α = 1, 0.98, 0.95.
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Therefore, numerical simulations are presented in the following figures to display the influence
of curative (u1) and preventive (u2) control measures on the behavior of the FOM (3.1). Moreover,
the effect of the transmission factor ϵ on this two-stage plant disease model is examined, along with
the influence of α on the proposed model. To proceed, the convenient parameter values provided in
Table 2 and ICs in Table 1 are employed, with weight values A1 = A2 = 1. The control weight values
are presented in the figures, where variations in C1 and C2 influence the optimal solution of this FOM.
The findings are summarized in the following strategies.
Strategy A (Blue lines): Using only preventive treatment control (i.e., u1 , 0 and u2 = 0).
Strategy B (Red lines): Using only a curative treatment control (i.e., u2 , 0 and u1 = 0).
Strategy C (Black lines): Using the incorporation of preventive and curative controls (i.e., u1, u2 , 0).
The next figures compare the effects of the proposed control strategies with uncontrolled cases on
the FOCP results (4.1). In addition, the impact of ϵ and α on the behavior of solutions for plant
compartments is explained.
Figure 3(a),(d) shows the behavior of the three suggested strategies on S(t) when α = 1 with various
values of weight factors at ϵ = 0.5 and ϵ = 0.9. In the rest of the sub-figures in Figure 3, the impact of
α with the presence of controls and in their absence at the two values of ϵ and various weight factors
is presented. Note that S(t) is generally sensitive to changes in the parameter ϵ in the case without
control, but when the controls are active the effect of ϵ on it is very weak because the controls suppress
the disease.

Figures 4 and 5 display the influence of the strategies A, B and C on I(t) and L(t).
Sub-figures 4(a),(d) and 5(a),(d) present the influence of varying ϵ and weight factors when α = 1. In
the remaining sub-figures, the effect of α on the behavior of the solution is demonstrated. Observe
that all strategies are effective in reducing infected plants, but Strategy C is the best in terms of
controlling disease. Also note that increasing the value of ϵ does not have a significant effect in the
case of the presence of controls, because the PDT is controlled.

In Figure 6, the control behavior of each strategy is shown (where C1 = C2 = 1), taking into account
the effect of α. It is observed that the maximum efforts of u1 and u2 controls decrease when α → 1
(e.g., α = 0.98, 0.95). Moreover, as evident in Figure 6(d)–(f), all strategies when ϵ = 0.9 require that
the efforts of u1 and u2 must kept at the maximum for longer in the control period time when compared
to the case ϵ = 0.5 as in Figure 6(a)–(c). This observation confirms the critical impact of ϵ on the
dynamics of control measures u1 and u2 for the proposed strategies.

From Figure 7, depicting Rc yields confirmation that the distinguishing factor ϵ belongs to the
interval (0, 1) for several reasons. Notably, if ϵ = 1, this means that L(t) transmits the disease at
the same rate of infection as I(t), resulting in Rc, and (3.14) in this case is imaginary value. This
characteristic is the main reason for choosing ϵ ∈ (0, 1). Further insights can be drawn from Figure 7,
specifically at ϵ = 0.9, where a noticeable and rapid decrease in Rc is observed when α takes values
of 0.98 and 0.95, compared to the case when α = 1.
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Figure 4. Dynamical behavior of I(t) without and with control strategies (in Strategy A:
C1 = 1, 25, 100, in Strategy B: C2 = 1, 25, 100, and in Strategy C: C1 = 1,C2 = 1, 25, 100)
where sub-figures (a)–(c) at ϵ = 0.5 and sub-figures (d)–(f) at ϵ = 0.9 with α = 1, 0.98, 0.95.
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Figure 5. Dynamical behavior of L(t) without and with control strategies (in Strategy A:
C1 = 1, 10, 50, in Strategy B: C2 = 1, 50, 100, and in Strategy C: C1 = 1,C2 = 1, 50, 100)
where sub-figures (a)–(c) at ϵ = 0.5 and sub-figures (d)–(f) at ϵ = 0.9 with α = 1, 0.98, 0.95.
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Figure 6. Controls profile in all strategies: (a) behavior of u1 with C1 = 1 (Strategy A), (b)
behavior of u2 with C2 = 1 (Strategy B), (c) behavior of u1, u2 with C1 = C2 = 1 (Strategy
C) for ϵ = 0.5 and (d) behavior of u1 with C1 = 1 (Strategy A), (e) behavior of u2 with
C2 = 1 (Strategy B), (f) behavior of u1, u2 with C1 = C2 = 1 (Strategy C) for ϵ = 0.9 with
α = 1, 0.98, 0.95.
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Figure 7. Behavior of R0 (without control), Rc in all strategies where (a) α = 1, (b) α = 0.98,
(c) α = 0.95 for ϵ = 0.5, (d) α = 1, (e) α = 0.98, and (f) α = 0.95 for ϵ = 0.9.
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Figure 8. Objective function versus α = 0.85, 0.9, 0.95, 0.98, 1, where (a) J(u∗1, u
∗
2) in

Strategies A, B, and C with C1 = C2 = 1, A1 = A2 = 1, and ϵ = 0.5, (b) J(u∗1, u
∗
2) in

Strategies A, B, and C with C1 = C2 = 1, A1 = A2 = 1, and ϵ = 0.9.

Figure 8 illustrates the influence of α on J(u1, u2) for all control strategies. Significantly, J(u1, u2)
shows a steady decrease when α is less than 1. The findings in Table 3 include the values of J(u1, u2)
and I(T ) + L(T ) at the final time, for varying values of α in each strategy, also encompassing the
uncontrolled case. Furthermore, in Strategy C, the values of J(u1, u2) and I(T ) + L(T ) are lower
compared to Strategies A and B for the different values of α. Additionally, in all strategies, the values
of J(u1, u2) and I(T ) + L(T ) consistently decrease when α values are less than one, highlighting the
distinguishable effect of fractional order.

Table 3. Comparison of J(u∗1, u
∗
2) and I(T ) +L(T ) for all presented control strategies.

α

Strategy A Strategy B Strategy C Uncontrolled case
J I +L J I +L J I +L J I +L

ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9 ϵ = 0.5 ϵ = 0.9
1 359.435 363.813 29.953 30.318 4.089 4.226 0.341 0.352 3.641 3.685 0.303 0.308 503.194 527.487 41.933 43.957
0.98 270.816 274.517 23.521 23.843 2.319 2.414 0.201 0.211 2.042 2.074 0.177 0.180 421.903 448.042 36.644 38.914
0.95 161.406 164.102 14.924 15.173 1.047 1.113 0.097 0.103 0.899 0.925 0.083 0.086 317.340 347.779 29.341 32.155
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6. Conclusions

This article developed and analyzed a FOM to understand and control PDT within a two-stage
infection mathematical framework. The well-posedness of the model by proving the existence,
uniqueness, nonnegativity, and boundedness of solutions was established. The Rc was derived and
shown to determine the local and global stability of both the DFE point and EEP. Sensitivity analysis
identified the parameters with the most significant direct and inverse influence on Rc, as presented in
Figure 2, highlighting key targets for intervention. Moreover, a FOCP was constructed to minimize
disease prevalence by applying two control measures: preventive treatment and curative treatment.
Using a kind of PMP, the fractional necessary optimality conditions were derived in order to solve this
FOCP numerically, provide appropriate explanations for the proposed strategies, compare them, and
identify the most effective one in reducing the disease. Numerical simulations, solved via an FBSM
based on the fractional Euler method, demonstrated the substantial efficacy of these controls in
reducing the infected plant population, as shown in Figures 3–7. The simulations also revealed the
significant impact of the ϵ in addition to α, which incorporates memory effects, offering a novel
perspective on how past epidemiological states influence future disease dynamics. Also, the
elimination of the plant infection can be established through the suggested strategies, a crucial insight
for plant epidemiology. While the model provides valuable theoretical insights, its applicability is
subject to several limitations.

A fundamental limitation is the lack of direct comparison of the numerical results with real-world
epidemiological field data. This is primarily due to the practical difficulty in obtaining comprehensive,
accurate longitudinal datasets for plant disease transmission that precisely measure the model’s state
variables (e.g., latent and infected plants) and parameters (e.g., transmission, progression, and mortality
rates) over time. This constraint limits the direct empirical validation of the model.

Future work may extend the model with delays, stochasticity, alternative fractional operators, or
incorporate additional variables, besides proposing new effective control measures. Also, future work
must urgently focus on bridging the gap between theoretical results and real-world data by seeking out
the datasets necessary for this.
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Appendix

Verify the positivity of coefficients A1,A2,A3,A4 given in Eq (3.19) and holding the inequality
A1A2A3 > A

2
3 +A

2
1A4.
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Table A1. Numerical verification of stability conditions for the EEP Ξ∗∗eq, when Rc > 1.

α ϵ Rc A1 A2 A3 A4 A1A2A3 A2
3 +A

2
1A4

1 0.9 11.3622 0.3368 0.0199 7.0933e-04 2.0766e-05 4.7480e-06 2.8593e-06
1 0.5 1.9559 0.3643 0.0197 5.2276e-04 1.5184e-05 3.7586e-06 2.2889e-06
0.98 0.9 5.5925 0.3692 0.0246 9.8534e-04 3.2251e-05 8.9458e-06 5.3659e-06
0.98 0.5 1.8389 0.3992 0.0244 7.2470e-04 2.3500e-05 7.0595e-06 4.2700e-06
0.95 0.9 3.6721 0.4227 0.0336 0.0016 6.1390e-05 2.2663e-05 1.3508e-05
0.95 0.5 1.6811 0.4569 0.0333 0.0012 4.4467e-05 1.7797e-05 1.0647e-05
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