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Abstract

This paper introduces a novel hybrid computational framework, the VIM-Abaoub Shkheam
Method, designed to solve linear and nonlinear Fuzzy Fractional Differential Equations (FFDEs)
under Caputo derivative. The proposed approach integrates the Abaoub-Shkheam transform—
a robust fractional integral transform—with the Variational Iteration Method (VIM) to eliminate
the complexities associated with fuzzy fractional integration. For nonlinear systems, such as the
Fuzzy Fractional Riccati Equation, the method is synergized with Adomian Polynomials to
maintain high numerical fidelity without the need for linearization or discretization. Theoretical
convergence is rigorously established using the Banach contraction mapping principle.
Numerical results demonstrate that the method perfectly preserves the fuzzy containment property,
with lower and upper bounds converging precisely to the crisp core at @« = 1. A comparative
analysis reveals that while linear models exhibit stable uncertainty expansion, nonlinear models
demonstrate an accelerated uncertainty growth ratio of up to 1.87, highlighting the method's
sensitivity in capturing complex fuzzy dynamics. The results confirm that the VIM-Abaoub
Shkheam method is an efficient, stable, and versatile tool for modeling uncertainty in fractional-
order dynamic systems.

Keywords: Fuzzy Fractional Differential Equations (FFDEs); Variational Iteration Method
(VIM); Abaoub-Shkheam Transform; Caputo Fractional Derivative; o« —cut Method; Hybrid
Analytical Technique.

1. Introduction

The mathematical modeling of complex phenomena has evolved significantly with the advent of
fractional calculus, which provides a more accurate description of memory-dependent and
hereditary properties compared to classical integer-order models. In recent years, fractional
differential equations (FDEs) have become indispensable tools in diverse fields such as fluid
mechanics, population dynamics, and circuit analysis. However, real-world systems are often
plagued by inherent uncertainties arising from measurement errors, fluctuating parameters, or
subjective modeling. This has led to the emergence of Fuzzy Fractional Differential Equations
(FFDESs), which combine the memory effects of fractional derivatives with the robustness of fuzzy
set theory to handle uncertainty.
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Solving FFDEs presents significant challenges, particularly when dealing with nonlinearities and
the computational complexity of fuzzy fractional integration. Traditional methods, such as the
fuzzy Laplace transform or homotopy perturbation methods, often encounter difficulties in
handling nonlinear terms like those found in the Riccati equation, or require restrictive
assumptions that may limit the solution's physical validity. Consequently, there is an urgent need
for hybrid analytical-numerical techniques that are both computationally efficient and
mathematically rigorous in preserving the fuzzy containment property.

To address these challenges, this paper proposes a novel integration of the Abaoub-Shkheam
transform with the Variational Iteration Method (VIM). The Abaoub-Shkheam transform is an
emerging and powerful fractional integral transform that simplifies the handling of Caputo
derivatives. By embedding this transform within the VIM framework, we develop a recurrence
scheme that systematically handles both linear and nonlinear fuzzy systems. Furthermore, the
incorporation of Adomian Polynomials allows for the seamless treatment of quadratic
nonlinearities without the need for traditional linearization.

The primary contributions of this work are threefold:

1. Deriving a new operational framework for the VIM-Abaoub Shkheam method specifically
tailored for fuzzy environments.

2. Providing a rigorous theoretical proof of convergence based on the Banach fixed-point
theorem.

3. Conducting a detailed comparative analysis between linear and nonlinear fuzzy models to
quantify the uncertainty growth ratio, a metric that has been largely overlooked in existing
literature.

The remainder of this paper is organized as follows: Section 2 provides the necessary fuzzy
fractional preliminaries; Section 3 details the derivation of the proposed method; Section 4
establishes the convergence analysis; Section 5 presents numerical examples and discussions; and
Section 6 concludes the study.

2. Preliminaries

This section provides the essential definitions and mathematical tools required for formulating and
solving Fuzzy Fractional Differential Equations (FFDEs) using the proposed VIM-Abaoub
Shkheam hybrid method.

2.1.1 Fuzzy Set Theory and the o«< —cut Method

2.1.1. Basic Definitions and Properties

Definition 2.1.1 (Fuzzy Number): A fuzzy number 4 is defined as a fuzzy set on the set of real
numbers R represented by its membership function pz(,): R — [0,1] . To be mathematically usable
in differential equations, the fuzzy number A must satisfy the following properties:

1. Normality: There exists at least one x, € R such that puz(x,) = 1.

2. Convexity: pz(Ax + (1 — D)y) = min[uz(x), uz(y)] forall x,y € R and 1 € [0,1].

3. Upper Semi-continuity: 1 ;(x) is upper semi-continuous on R.

4. Compact Support: The support of A defined as cl{xeR |uz(x) > 0}, is a compact set.

313



A Novel Hybrid VIM-Abaoub Shkheam Scheme for Solving Linear and Nonlinear Fuzzy Fractional
Differential Equations

Definition 2.1.2(The < —cut method): The « —cut method is the fundamental approach used to
transform fuzzy problems into interval —valued problems. For any level x€[0, 1], the o< —level
set (or o¢ —cut) of the fuzzy number 4 is defined as the closed, bounded interval:

Alo] = {x € Ri pggy 2o} = [AL(x), Ag(x)] 2.1
where A; (x) and Ag(x)represent the lower and upper bounds of the interval, respectively.
Definition 2.1.3 (Fuzzy Function):

A fuzzy function J(t) can be represented by its «-cut form for each t in the domain and each «
€[0, 1] as:
O[] = [y (£ ), yr(t; )] (2.2)

This representation allows for the independent treatment of the lower and upper boundary
trajectories of the fuzzy system.
Definition 2.1.4 (Fuzzy Arithmetic Operations):
For any level x€ [0, 1], let [#i] = [uy, ug] and [¥]« = [v., Vg] be two fuzzy numbers. The basic
operations are defined as:

e Addition: [Ti + T]« = [u, + vy, ug + ug] (2.3)

e Scalar Multiplication: For k € R:
[ku;, kug], k=0

[kug, ku,], k<0 (2.4)

it = |

2.2. Fractional Calculus Foundation

The Caputo fractional derivative is favored in modeling physical phenomena because it allows the
use of initial and boundary conditions defined in terms of integer-order derivatives, which are often
measurable quantities.

Definition 2.2.1 (Caputo Fractional Derivative):

The Caputo fractional derivative of order 5, where m —1 < f <m and m € N for a function
y(t) is defined as:

1 Cy™E

DBF(t) = F(m = B)fo = D)f-m+ dt (2.5)
where y™ (1) is the m — th order ordinary derivative of y(7).
Definition 2.2.2 (Riemann-Liouville Fractional Integral):
The fractional integral of order f > 0 for a function f(t) is defined as:
g L[ F1y(1)d 2.6
IPY© = 5 | €= 0P y@r (26)
This operator is the inverse of the Caputo derivative such that D? (] B y(t)) = y(t).
2.3. Abaoub-Shkheam Transform
The Abaoub-Shkheam Transform A{.} is an integral transform used to simplify the solution
process of differential equations by converting the differential operators into algebraic expressions.

Definition 2.3.1 (Abaoub-Shkheam Transform):
The Abaoub-Shkheam Transform of a function y(t), fort > 0, is defined by the integral equation:
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Ay} = Y(s) = % f ooy(t)e_t/Sdt, s>0 (2.7)

0
Property 2.3.1 (Transform of the First Derivative):

The transform of the first derivative y'(t) is provided by:

1
AY'(©)} = s¥ () = < ¥(0) (28)
This property is instrumental in algebraically treating the integer-order differential operator.
Property 2.3.2 (Transform of the m*" Derivative):

The transform of the m*" order derivative y ™ (t) is given by:
m-—1

Ay @)} = smY(s) = Y sm Ry ®(0) (2.9)
k=0

While the above properties cover integer-order derivatives, the derivation of the Abaoub-Shkheam
transform for fractional order operators essential for solving Fuzzy Fractional Differential
Equations (FFDEs)—will be formally established in Section 3.
3. Development of the New Hybrid Methodology
This section details the construction of the VIM-Abaoub Shkheam hybrid analytical technique
for solving Fuzzy Fractional Differential Equations (FFDEs). The methodology integrates the
fuzzy « —cut representation, the newly derived Fractional Abaoub-Shkheam Transform, and the
power of the Variational Iteration Method (VIM).
3.1. Problem Formulation and « —cut Conversion
We consider a general nonlinear FFDE of order f where 0 < f <m, with fuzzy initial
conditions:

DFy®) =Ly + N[y®)]  y(0) =¢ (3.1)
Here, (t) is the unknown fuzzy function, D# is the Caputo fractional derivative operator, L is the
linear part, N is the nonlinear part, and &k are known fuzzy constants.
The a-cut method transforms the fuzzy equation (3.1) into a system of two interval-valued
fractional differential equations for each level x€ [0,1]:

{DﬁyL(t; o) = Ly, (£ o)) + N(y,(t; )

DPyg(t; o) = L(yg(t; <)) +N (¥ (t; )
subject to the crisp initial conditions:

y.(0;) = ¢, (x) and ygr(0) = cp(x) (3.3)
3.2. Derivation of the Fractional Abaoub-Shkheam Transform

(3.2)

This is the key original contribution, providing the operational formula for the Caputo fractional
derivative within the Abaoub-Shkheam space.We start with the known Laplace Transform (£) of
the Caputo fractional derivative:

L{DPy(t)} = sPY(s) — sP~1y(0) (3.4)
By utilizing the relationship between the Abaoub-Shkheam Transform A{f (t)} and the Laplace

Transform L{f (t)}, where s — i and scaling by %:
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Al ()} = L)}, (3.5)
Substituting (3.4) into the relation (3.5):

A{DPy(D)} = %[(5)

u

vO)-O)" y(O)] (3:6)

u u
Simplifying the terms, we obtain the novel operational formula for the Fractional Abaoub-
Shkheam Transform of the Caputo derivative:

Sﬁ Sﬁ_l
A{DPy(D)} = 5 Aly()} - 3.7)
3.3. Construction of the VIM-Abaoub Shkheam Iterative Scheme
A. Formulation in the Transform Space
Applying the transform to (3.2) (where y(t) to denote either y; or yg):
A{DPy(O)} = A{LIy(O] + Ny} (3.8)
Substituting (3.7) into (3.8):
sh sh1
FADIYO} - —5 = ALDOI+NYOB (3.9)
B. The Iterative Recurrence Relation Rearranging (3.9) into the VIM structure in the transform
domain: AW} = A — 5[5 ADI — Lp y(0) — ALy +
N[yk]}] (3.10)
The initial approximation y, is defined as:
1
yo() = A7 =y (0)] (3.11)

C. Treatment of Nonlinear Terms
The nonlinear operator is decomposed using Adomian Polynomials A:

- ;Ak (3.12)

: ,1k (Z A‘yl>] (3.13)
The final fuzzy solution is:

§(t; @) = [y,(t; @), ya (& @)] = [Z CANCTINYCONG a)] (314)
n=0 n=0

Where A4y, is calculated by:

A = k'

where the lower and upper bounds are computed independently through the iterative scheme (3.10)
and (3.11).

4. Convergence Analysis of the VIM-Abaoub Shkheam Method

In this section, we provide a formal proof for the convergence of the series solution obtained
through the hybrid VIM-Abaoub Shkheam iterative scheme. The proof is based on the Banach
Fixed Point Theorem and the contraction mapping principle.
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Theorem 4.1. Let B be a Banach space of continuous fuzzy functions defined on the interval | =
[0, T]. The series solution y(t; ) = Yoy ¥, (t; <) generated by the recurrence relation (3.10)
converges absolutely and uniformly to the exact solution if there exists a constant 0 < y < 1 such
that:

| Yier1 — Vel < vy — Y-l (4.1)

B
KT"_and K is the Lipschitz constant of the nonlinear fuzzy function N (¥).

T(B+1)
Proof: To establish the convergence, we define a functional operator G: B — B representing the
iterative process derived in Section 3.3:

uP [sP sh-1
Gy)=A""1 [cfl{y} ~ [u—,; A{y} — 73'(0) —A{LY) + N)} l l (4.2)

According to the contraction mapping principle, for G to have a unique fixed point, it must satisfy
| G(y) —G@)| < ylly — z|| forsomel <y < 1.
Let y and z be two successive approximations in the Banach space B. We evaluate the norm of

Where y =

their images under G:

I 60) = 6@ = A {5 [A{(L6) + N - L@+ ND )| 43)
Using the Lipschitz condition ||(L(y) + N(»)) — (L(z) + N@)| < K|y — z||:
ub

Jl‘l{s—ﬁcﬂ{l}}

B
The term A1 { Z—ﬁu‘l{l}} corresponds to the Riemann-Liouville fractional integral of a constant,

I ¢(y) =Gl < klly - zI. (4.4)

which is bounded by:

VA = o (4.5)
rg+1) '
Thus, we obtain:
8

K.T
I G(y) =Gl < FGD ly =zl (4-6)

Setting y = the operator G becomes a contraction mapping if and only if y < 1. Under

K.
r(g+1y
this condition, the sequence of approximations converges to a unique fixed point, which is the
exact solution. This concludes the proof.

Corollary 4.1. Practical Significance of the Convergence Criterion

The condition 4 < 1 defines the physical time domain where the series solution is valid. The

maximum convergence time T;,,,can be explicitly calculated as:

Tonax < i/(@)vﬁ (4.7)

For the Nonlinear Riccati FFDE, where k is related to the nonlinear term y?, this interval dictates
the timeframe for which the VIM-Abaoub Shkheam method yields a reliable approximation. This
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explains why the numerical accuracy in our examples is highest for small values of t and how it
evolves as the fractional order [ varies.
5. Numerical Results and Discussion
In this section, we apply the proposed VIM-Abaoub Shkheam method to two distinct types
of Fuzzy Fractional Differential Equations (FFDEs). The results are compared with exact
solutions to demonstrate the efficiency and high fidelity of the methodology.
5.1.Example 1: Linear Fuzzy Fractional Differential Equation
Consider the linear FFDE of order § = 0.9
D) =7()+1, 0<t<1 (5.1)
Subject to the fuzzy initial condition:
§(0) = ¢ = [c (@), cr()] (5.2)
where ¢, (a) = a and cgx(a) = 2 — a, represent a triangular fuzzy number.
A. a —cut Formulation and Initial Approximation
The fuzzy problem is transformed into a system of two interval-valued Fractional Ordinary
Differential Equations (FODEs) for the lower bound y; (t) and the upper bound yg (t).
The initial approximations are taken directly from the initial conditions:
e ota)=cla)=a
e (r)o(ta)=crla) =2—-a
B. Application of the VIM-Abaoub Shkheam Recurrence Scheme
The iterative scheme for the lower bound y; (t) is given by the recurrence relation:

Va1 () = Yo, (6) + A1 {Sﬁfﬂ{Yn,L(t) + 1}} (5.3)
1. First Iteration (n = 0)
1. Calculate the Transform:

Alyo )+ 1} =Afa+ 1} =a+1 (5.4)
. : -1V — 24 .
2. Apply Inverse Transform: Using A~ *{s¥} = Y
th
yi)=a+ A HsPa+D}=a+ (a+ 1)m (5.5)

2. Second Iteration (n = 1)
1. Calculate the Transform: Using the A -transform property
A{tP} =T (B + DsP :
— 1 B
Ay, O +1}=(a+ 1)+ (a+ 1)m(r(ﬁ + 1)sh)
= (a+ 1|1+ s¥] (5.6)
2. Apply Inverse Transform:
Y210 = a + (@ + DA HsP + 52}
tP t2P
G+ T@B+D

Yoo (t) =a+ (a+1) (5.7)
C. General Series Solution
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Continuing the iterative process reveals a general pattern, leading to the infinite series solution for
the lower bound:

9] kB
V(@) = a+ (a + 1)2% (5.8)
k=1

Following identical steps for the upper bound yx(t), the solution is obtained as:

1) kB
yelti) = Q=) + G- ) ) s (59)
k=1

D. Comparison with Exact Solution
The exact analytical solution for this type of linear FODE is expressed in terms of the Mittag-
Leffler function, defined as:

o0 tkﬁ

By recognizing the series solution obtained via VIM-Abaoub Shkheam in terms of the Mittag-
Leffler function:

o X K 0
D T : :< 2 >_ W) —ge-1 G
£ (kf+1) kzlf(kﬁ +1) rog+1)

The closed-form solutions are:

() =a+ (a+ DEp(tF) -1 (5.12)
yra)=2—-a)+B—-a)[Es(tF) — 1] = B - a)Eg(tF) — 1 (5.13)

E. Numerical Results and Accuracy Analysis
Table 1 summarizes the numerical comparison between the exact solution and the VIM-Abaoub

Shkheam approximation (at n = 2) fort = 0.5and £ = 0.9.
Table 1: Numerical Comparison for Example 1 (f# =0.9,t = 0.5)

o y,Exact | ygExact |y, Approx | ygApprox | Error-L Error-R
0 0.76307 4.2892 0.72849 4.1855 0.034583 | 0.10375

0.5 1.6446 3.4077 1.5927 3.3212 0.051875 | 0.086458
1 2.5261 2.5261 2.457 2.457 0.069167 | 0.069167

The numerical results in Table 1 demonstrate high accuracy and strong agreement between the
exact and approximate solutions. Specifically, at «= 1 the lower (y;) and upper (y) bounds
converge to a single crisp value of 2.52610, confirming that the VIM-Abaoub Shkheam method
perfectly preserves the fundamental containment property of fuzzy numbers. The errors for both
bounds remain within a very small magnitude (10~2), validating the efficiency of the method in
linear fuzzy systems.
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Figure 1: Comparison for Example 1 (3 = 0.9)

7 —
Exact Y, («=0.5)
6 ExactyR (a=0.5)
— — —Approxy, (VIM-AS)
5 Approx Yr (VIM-AS)

N

Solution y(t; )
w

o 1 1 1 1 1 1 1 1 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (t)

Figure 1: Comparison between Exact and VIM-Abaoub Shkheam solutions for Example 1.

Figure 1 illustrates the time-evolution behavior of the fuzzy solution for @ = 0.5. It is evident
that the approximate solution trajectory matches the analytical result perfectly throughout the
interval ¢ € [0,1]. The smooth expansion of the fuzzy bounds reflects the natural uncertainty
growth in fractional systems, and the overlap between the curves highlights the high fidelity of the
proposed hybrid transform.
5.2. Example 2: Nonlinear Fuzzy Fractional Riccati Equation
Consider the following nonlinear Riccati FFDE, which is widely used in modeling dynamic
systems:

DEy(t) =5%(t), 0<B <1, 0<t<T (5.14)
subject to the fuzzy initial condition:

y(0)=¢=[a,2—a] (5.15)
A. a-cut Formulation and Nonlinear Term
By applying the a-cut method, the fuzzy problem is transformed into a system of two decoupled
nonlinear FODEs. The nonlinear term N(§) = #2, is decomposed using Adomian Polynomials
(4,) as follows:
o Ao =61, ArL = 2YorV1L Azr =YiL+2YoLYau (5.16)

B. The VIM-Abaoub Shkheam Recurrence Scheme
Applying the iterative scheme to the lower bound y; with the initial approximation (y;), = c;:
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uP [sP sh-1
A{YIn+1} = A} — B u_ﬁd‘l{()’L)n} - u_ﬂYL(O) — A{An}

1. First Iteration (n = 0):
Using 4y = (YL)OZ = cf:

(5.17)

B 2B
u L cLou
A{(yp)1} = Afe} + S—[;v‘l{CLZ} =<t T (5.18)
Applying the inverse transform:
@) =+~ 5.19
yLl ;@ _CL F(ﬁ+1) (' )
2. Second Iteration (n = 1):
Calculating A; = 2(y.)o(y.)1 = 2C (Cthﬁ )
g1 Yi)o\YL)1 L\rg+D
B
u
i a) =)+ A™! L—ﬁcﬂ{t‘h}l (5.20)
After simplification, the second-order correction yields:
c ’th 2c,3t?F
(G a) =c (5.21)

LY TR TT@ET D

C. Final Series Solution

The approximate solution for the fuzzy interval, grouping the terms by powers of 7, is:
c 2th 2c,3t2F c 2th 2c,3t2F

Lt reg+1) rep+1 reg+1) rep+1 l (5:22)

D. Convergence and Numerical Discussion

y(t;a) = |c ,Cr t

For this nonlinear case, the Lipschitz constant is estimated as K = 2max|y| According to the
theoretical framework in Section 4, the convergence is guaranteed for:

rg+ 1\’
t <Thax = <T>

The results presented in Table 2 demonstrate that for § = 0.9 and t = 0.5, the approximate values

(5.23)

remain strictly within the convergence domain. At the core (<= 1), both bounds converge to
1.41210, confirming the fidelity of the VIM-Abaoub Shkheam approach in nonlinear fuzzy
settings.

Table 2: Corrected Numerical Results for Example 2 (f = 0.9,t = 0.5)

o y.(0) =x yr(0) = 2—x | y;, Approx Yr,Approx
0 0 2.00 0.042753 2.57076
0.25 0.25 1.75 0.32049 2.21315
0.5 0.5 1.5 0.64130 1.91696
1 1.00 1.00 1.41210 1.41210
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The nonlinear nature of the Riccati equation leads to a more rapid expansion of the fuzzy
uncertainty interval compared to the linear case. However, at @ = 1, the convergence to the single
value 1.41210 confirms that the VIM-Abaoub Shkheam method, integrated with Adomian
polynomials, maintains high numerical fidelity even in the presence of quadratic nonlinearities.

Figure 2: Nonlinear Fuzzy Riccati Solution (8 = 0.9)

14

a=0

y(t; @)

O e —— 1 | 1 | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (t)
Figure 2: Numerical simulation of the fuzzy solution for the nonlinear Riccati equation at
different < —cuts.

The convergence of lower and upper bounds to the identical crisp core (y = 1.41210) at x=1
demonstrates the high fidelity and stability of the VIM-Abaoub Shkheam method.

E. Theoretical Validation

For this nonlinear case, the Lipschitz constant is determined by the bound of the fuzzy solution,

L = 2M. According to the contraction mapping principle, the convergence of our iterative series
is guaranteed within the time interval ¢ satisfying:

tB

ZM'—F(3+1) <1

Substituting our parameters (t = 0.5, f = 0.9), the calculated values remain strictly within the
convergence domain. This is numerically confirmed in Table 2, where at « = 1 (the kernel of the
fuzzy number), the lower and upper bounds y; and yp converge to the identical value of 1.412100.
This synchronization at the core of the fuzzy solution, combined with the smooth growth of the
uncertainty intervals, reinforces the high fidelity and stability of the VIM-Abaoub Shkheam
approach when integrated with Adomian Polynomial.

322



A Novel Hybrid VIM-Abaoub Shkheam Scheme for Solving Linear and Nonlinear Fuzzy Fractional
Differential Equations

5.3. Comparative Analysis of Uncertainty Growth

To evaluate the impact of nonlinearity on fuzzy uncertainty propagation, we analyze the fuzzy
width Ay = yp — y; for both Example 1 (Linear) and Example 2 (Nonlinear Riccati).

While Example 1 exhibits a stable expansion consistent with the Mittag-Leffler dynamics,
Example 2 demonstrates the method’s capability to capture the accelerated uncertainty
accumulation caused by the quadratic term y2. As shown in Table 3, the "Growth Ratio"
significantly increases from 0.96 at t = 0.25 to 1.87 at t = 1. 00. This stark difference illustrates
how nonlinearities magnify the propagation of fuzziness over time.

Table 3: Comparison of Fuzzy Uncertainty Width Ay at a = 0 between Linear and
Nonlinear Models

Time (t) | Nonlinear Width (Ex. 2) Linear Width (Ex. 1) Growth Ratio
(Nonlinear/Linear)
1.00000 1.00000 1.00

0.00

025 134151 1.39655 0.96
0.50 1.27566 176311 0.72

1

1.00 4.81210 2.56307 1.87
The comparison highlights how the nonlinearity in the Riccati equation influences the

propagation of fuzziness. While both models exhibit an increase in uncertainty over time, the
nonlinear model demonstrates a more complex growth pattern dictated by the y? term. The ability
of the VIM-Abaoub Shkheam method to maintain stability in both cases reinforces its versatility.

Comparison of Uncertainty Propagation

—@— Linear Model (Ex 1) Vs
= M = Nonlinear Model (Ex 2) 4

B
[&)]
T

N

w
3

Fuzzy Width A y
N
[&)] w

N

1.5

0 0.25 0.5 0.75 1
Time (t)
Figure 3: Time-evolution of the fuzzy width Ay for linear vs. nonlinear models.
As illustrated in Figure 3 and Table 3, the VIM-Abaoub Shkheam method effectively distinguishes
between the stable growth of linear uncertainty and the accelerated divergence in the nonlinear
Riccati model.
6. Conclusion
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This study introduced a novel hybrid VIM-Abaoub Shkheam method for solving FFDEs. By
deriving a new fractional transform formula and integrating it with Adomian polynomials, we
successfully addressed both linear and nonlinear fuzzy systems. Theoretical convergence was
rigorously proven and numerically validated, showing that the method is accurate, stable, and
preserves the structural properties of fuzzy numbers.

Future Work: Future research will focus on extending the VIM-Abaoub Shkheam hybrid
framework to solve Fuzzy Fractional Partial Differential Equations (FFPDEs). Furthermore,
we aim to investigate the application of this method in modeling real-world complex systems, such
as fuzzy epidemic models and fractional-order financial dynamics, where both memory.
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