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Abstract: This paper aims to explore and examine a fractional differential equation in the fuzzy
conformable derivative sense. To achieve this goal, a novel analytical algorithm is formulated based
on the Laplace-residual power series method to solve the fuzzy conformable fractional differential
equations. The methodology being used to discover the fuzzy solutions depends on converting the
desired equations into two fractional crisp systems expressed in g-cut form. The main objective of
our algorithm is to transform the systems into fuzzy conformable Laplace space. The transformation
simplifies the system by reducing its order and turning it into an easy-to-solve algorithmic equation.
The solutions of three important applications are provided in a fuzzy convergent conformable fractional
series. Both the theoretical and numerical implications of the fuzzy conformable concept are explored
about the consequential outcomes. The convergence analysis and theorems of the developed algorithm
are also studied and analyzed in this regard. Additionally, this article showcases a selection of results
through the use of both two-dimensional and three-dimensional graphs. Ultimately, the findings of this
study underscore the efficacy, speed, and ease of the Laplace-residual power series algorithm in finding
solutions for uncertain models that arise in various physical phenomena.
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1. Introduction

Fuzzy set theory plays a crucial role in exploring and analyzing a wide range of real-world
problems, including quantum mechanics, astronomy, electronic mechanisms, quantum optics, artificial
intelligence, population dynamics models, finance, technology, pattern recognition, economics,
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biology, and medicine [1-5]. Moreover, the application of fuzzy differential equations enables the
modeling and solution of various mathematical problems in these fields, making them indispensable
tools in applied mathematics [6—10].

Fuzzy set theory was initially established by Zadeh [1]. Subsequently, Dubois and Prade [11]
introduced the concepts of fuzzy differential and differential integration for fuzzy valued functions.
Furthermore, various researchers have made significant contributions to the field. Guo et al. [4]
developed fuzzy population models, Agarwal et al. [12] introduced fuzzy fractional differential
equations (FFDEs), and Fard and Salehi [13] along with Soolaki et al. [14] discussed fuzzy
fractional variational problems using Caputo and combined Caputo differentiability, respectively.
Zhang et al. [15] established generalized necessary and sufficient optimality conditions for fuzzy
fractional problems based on the Atangana-Baleanu fractional derivative (FD) and generalized
Hukuhara difference. Das and Roy [16] proposed a novel numerical method employing the Adomian
decomposition method, specifically in the Riemann-Liouville sense, to solve FFDEs. Salahshour et
al. [17] tackled FFDEs through fuzzy Laplace transform. Additionally, Bede and Gal [18] introduced
the concept of strongly generalized differentiability for fuzzy valued functions. Hasan et al. [10]
focused on the analytical and numerical solutions of fractional fuzzy hybrid systems in Hilbert space,
with a specific emphasis on control using the Atangana-Baleanu Caputo FD. Finally, Behzadi et al. [19]
applied the fuzzy Picard method to solve fuzzy quadratic Riccati and fuzzy Painlevé equations.

In 2014, the conformable FD was introduced by Khalil et al. [20]. This innovative definition of FD
relies on the limit concept, similar to the classical derivative. The key advantage of the conformable
FD is its ease of computation compared to previous fractional definitions like Caputo Fabrizio,
Atangana-Baleanu, Riemann-Liouville, and the Caputo definitions [21-25]. Notably, the conformable
FD satisfies all the fundamental concepts of the classical derivative, while other fractional derivative
definitions may fall short in this aspect.

Moreover, the conformable FD offers the ability to compute for non-differentiable functions
and provides efficient solutions for FFDEs and systems. It also brings modifications to significant
transforms such as Laplace, Sumudu, and Nature transforms, making them effective tools for solving
singular FFDEs [26]. Building upon the conformable FD, Abdeljawad [27] further developed the
concept and introduced the conformable Laplace transform as a generalization of the Laplace transform
in 2015.

In 2020, Abu Arqub and Al-Smadi [28] proposed the fuzzy conformable FD and integral. These
concepts were employed to derive solutions for specific FFDEs involving strongly generalized
differentiability. Recently, the fuzzy conformable Laplace (FCL) transform has been investigated as an
analytic method for solving FFDEs by authors such as Harir et al. [29] and Sadabadi et al. [30].

In recent studies by Bataineh et al. [31], and Al-Zhour et al. [32], the residual power series method
was utilized to obtain approximate solutions for FFDEs in the conformable sense. The method was
applied under the assumption of strongly generalized differentiability. These equations have a general
form as following initial value problem (IVP):

PAy(t) = Z(t, (1), a<t<b, Be(0,1], (1.1)

with the fuzzy initial condition (F-IC):
Y(0) =, (1.2)
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where P# represents the fuzzy conformable FD of order 8, Z : [a,b] X Rs — Ry is a continuous
analytical fuzzy valued function, ¢ is an analytical fuzzy valued function, T € R#, where R« is the
set containing all fuzzy numbers.

There are three primary approaches for solving FFDEs in a conformable sense with fuzzy-initial
conditions (F-ICs). The first approach involves dealing with the case where the initial value is a fuzzy
number. In this scenario, the solution becomes a fuzzy function, necessitating the consideration of
fuzzy derivatives. To address this problem, the use of strongly generalized differentiability is required.
The second approach entails transforming the FFDEs into crisp equations, represented as a set of
differential inclusions. However, a major drawback of using differential inclusions is the absence of
a fuzzification of the differential operator. Consequently, the solution is not inherently a fuzzy-valued
function. The last approach revolves around the crisp equation and the initial fuzzy values, which are
in the solution. The weakness lies in the need to rewrite the solution in the fuzzy setting, which makes
the solution techniques less user-friendly and more restricted, requiring numerous computational steps.
To overcome this, we can substitute the crisp equation and the initial fuzzy values with real constants
and arithmetic operations, treating them as operations on fuzzy numbers in the final solution. The latest
approach, which focuses on exploring the fuzzy set of real-valued functions rather than fuzzy-valued
functions, exemplifies the fulfillment of the aforementioned constraints.

In 2020, a new method called the Laplace-residual power series method (L-RPSM) was proposed
and developed by Eriqat et al. [33]. This analytical numerical method aimed to enhance the simplicity
and efficiency of the residual power series method for solving fractional differential equations (FDEs)
in various fields of engineering and science. The L-RPSM demonstrated improved effectiveness in
generating both exact and approximate solutions for different problems, including linear and nonlinear
neutral pantograph FDEs [33], nonlinear bacteria growth model [34], nonlinear water wave FDEs [35],
higher-order FDEs [36], a class of hyperbolic system of fractional FDEs [37], reaction-diffusion
model [38], nonlinear time-dispersive FDEs [39], and nonlinear fisher FDEs [40]. Additionally, L-
RPSM was employed by Oqielat et al. [41,42] for solving fuzzy quadratic Riccati equations and fuzzy
fractional population dynamics model and others [43-51].

The main goal of this paper is to find the exact solutions for FFDEs in the conformable sense
under strongly generalized differentiability, as shown in (1.1) and (1.2). To achieve this objective,
we have developed an efficient analytical algorithm based on the L-RPSM. Our algorithm involves
applying the FCL transform to simplify the targeted equation. Then, we construct a new expansion
using novel perspectives and theories to assume a series solution for the target equation in the FCL
space. Subsequently, we utilize important facts related to the FCL residual functions to determine the
coeflicients of the assumed series solutions. Finally, we apply the inverse FCL transform to the series
solutions in FCL space. This process allows us to obtain the exact solution in the form of a fuzzy
convergent conformable fractional series, which represents the precise solution to the target equation
in the original space.

The remaining sections of the paper are organized as follows: Firstly, we provide a brief retrieval
of primary definitions and theorems related to fuzzy conformable fractional calculus in Section 2.
Following that, in Section 3, we present a new expansion for constructing solutions to FFDEs in the
conformable sense, along with an explanation of the definitions and theories associated with FCL
transform theory. In Section 4, we extend the efficient analytic fractional conformable L-RPSM
algorithm to effectively solve FFDEs in the conformable sense. In Section 5, we present specific
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numerical examples. Finally, in Section 6, we summarize the key findings and offer concluding
remarks.

2. Fuzzy conformable fractional calculus

In this section, we present the basic definitions and initial findings that are necessary for
comprehending the theory of sufficient fuzzy analysis. This understanding will allow us to explore
the solutions for specific categories of FFDEs. Throughout this article, we will utilize the notation R#
to represent the set encompassing all fuzzy numbers.

Definition 1. ( [20]) The operator WP, which represents the B-th conformable FD of a function ¢ :
[, 00) — R starting from n, is expressed as follows:

(m—1) _ B\ _ ,m—1)
sBﬁgo(t)=1ir%"0 (t+ et Z) )=¢"O e m—tim]. 1>, @.1)

and BPo(n) = LimPPp(r) provided that limPPy(r) exists and ¢(¢) is (m — 1)-differentiable in some
t—nt t—nt
©0,n).

Definition 2. ( [9]) A fuzzy set  is a set that maps from the real numbers (R ) to the range of [0,1],
and is defined as a fuzzy number if

e |/ is normal, i.e., there is at least one point & € R such that y(z) = 1.
e |/ is convex, i.e., foreach &, n € R, and 0 < y < 1, we have Y (y€ + (1 —y)n) = min (Y (&), ¥ (n)).
e |/ is upper semi-continuous, i.e., linfl Y(t) = Y(é),¥é e R.

t—,

o (U)o =1{£€ R :yY(é) > 0} is compact set.
Theorem 1. ( [5]) Assume f,a : [0, 11 = R hold the following conditions:
1) ¢ is a bounded monotonic non-decreasing function.
2) ¢ is a bounded monotonic non-increasing function.
3) (1) < g().

4) Foreachi € (0,1], limy(p) = y(i) and limy(p) = ¥(i).
P — i
5) limy() = ¥(0) and limy(p) = Y(0).

Then, ¢ : [0, 1] — R defined by y(¢) = sup{ golﬂ(go) <t < Y(p)} is a fuzzy number with p-level set:
[ﬂp, Jp]. Furthermore, if ¢ : [0, 1] — R is a fuzzy number with p-level set [ﬁo, JXO], then the functions

Y and J() fulfill the conditions (i)—(v) mentioned above. Therefore, it is possible to represent the
s

arbitrary fuzzy number ¢ as a pair of ordered functions (ﬂo, Jp).
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Definition 3. ( [52]) For © : Rg X Ryg — R* U {0}, assume ¢y = ¥, W) and ¢ = (¢, @) an arbitrary
fuzzy numbers, then the mapping DY, @) can be defined as DY, ¢) = sup Dyf{yly, [¢l,}, where Dy

0<p<1
is the Hausdroff metric:

DYy lelo} = maxfly - ||, — %, |} (2.2)

The Zadeh’s Extension Principle is employed to define addition and scalar multiplication on D,
resulting in a reduction of these operations to interval operations

W+ elp = Wl + @)y, Wy =vWlp, . € Ry, y € R/{0}, 9 € [0, 1]. (2.3)

We consider the differentiability of fuzzy-valued functions in the sense of H-difference, by using
the following difference.

Definition 4. ( [52]) Let , ¢ € Ry and ¢ € [0, 1], if the exists 9 € Ry such that = ¢ + U, then O is
called H-difference of ¥ and ¢, denoted by W © ¢, and defined as follows:
Yyop= [lr//]{) - [‘10]&7- (24)

Definition 5. ( [28]) The fuzzy conformable FD of order 3 > 0 for fuzzy function ¢ : (a,b) — R is
denoted by V¥ and defined as:

eyt -i'F)
= lim ; B e,1]. 2.5)

—

PPN (R G SET40)
Py = lim 7

Definition 6. ( [10,28]) For ty € [a,b], a > 0, and B > 0, we say that ¥ : [a,b] — R is strongly-
generalized Bth-fuzzy conformable differentiable (Bth-FCD) at t, if there exists an element PPy (1) €
R# such that either:

1) The H-differences
Wt + L1y ) © lty), Yto) © Ylto — {1y ) (2.6)

exist for each sufficiently small £ > 0, and

B Wlto + 1y ") © Y1) L Ylt) eyt — 2t,7)
im = lim

— |8
{0 { (=0 l = ¥y).
2) The H-differences
W(to) © ylio + L1y "), wlto = {1y *) © (o), 2.7
exist for each sufficiently small £ > 0, and
eyl +,”)  wl-iy)evw)
}L‘}% 7 = glg(l)g 7 = P Y(to).

It is worth mentioning here that the limits are taken in the metric space (R#, D).
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Remark 1. If  satisfies the conditions of Definition 6-1), being fuzzy differentiable for any point
t € (a,b), then Y can be considered a (1;5)-FCD on the interval |a,b] with its derivative given by
‘Bf (). Similarly, if ¥ satisfies the conditions of Definition 6-2), being fuzzy differentiable for any
point t € (a,b), then ¥ can be regarded as a (2;8)-FCD on the interval |a, b), and its derivative is
Pu0).

Theorem 2. ( [10]) Assume that s : [a,b] — R is a fuzzy function satisfies the following conditions:

1) For each ¢ € [a, b], there exists A > 0 such that the H-differences: y(t + £t') © y(¢) and y(f) ©
Y(t — £t'7P) exists for all £ € [0, A).
2) For each t € [a,b] and h > O there exists a constant / > 0 such that DH(%) < h, and

DH(%) < h, for all £ € [0,]). Then, the set of functions [¥()], is fth-FCD and its

derivative is [BPy(1)], = [‘Bﬂﬂo(z‘), BAY, (1], where [y (1)), = [g@(r),%(r)] for each p € [0, 1].

Theorem 3. ( [10, 28]) Assume that ¢ : [a,b] — Ry is a fuzzy function. Let [y (1)], = [g@(t),ap(t)]
for each ¢ € [0, 1]. Then,

1) If y is (1;3)-FCD, then ﬂ() and i, are Bth-FCD functions on [a, b] and
[Py, = [Py (1), ¥y, (1),

2) If y is (2; B)-FCD, then g@ and Zw are Sth-FCD functions on [a, b] and
(B ()], = [Py, (1), ‘Bﬁﬂp(t)]-

3. Fuzzy conformable Laplace transform

In this section, we review and construct the definitions and theories related to FCL transform that
will be used to construct our approach for solving FFDEs in the conformable sense.

Definition 7. ( [29,30]) Let B € (0, 1] and [y/(1)], be a continuous fuzzy value function for p € [0, 1].

i
If the function e™* 7 [y(1)),#*~" is integrable on [0, c0), then the FCL transform of order 3 starting from
zero of [Y(1)], is defined as:

Llly®],] = fo e_sg[w(t)]gotﬁ_ldt, s> 0.

Moreover, we have

f Tt [ dt = [ f . e_sgl//@(t)lﬁ_]dt, f i e‘S’fagg(t)zﬁ—‘dt].
0 0 — 0
In parametric form, we get

Ll0l,] = [25ly O] L0, 0]].
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where,

Lly (0] = fom e_sgfp(t)zﬂ‘ldt,

Ly, (0] = j; i eﬂg%(t)tﬁ‘ldt.

Theorem 4. ( [29]) Let B € (0,1] and ¢ : [a,b] — R# be a continuous fuzzy function for ¢ € [0, 1]
such that L[ [y (1)],] = [Y(s)],, exists. Then, the following equation holds:

s, = ¢ [w(e0?)] |

[9)
where [[g(0]y] = [}~ e [g(D]ydr.

Lemma 1. Let B € (0,1], ¥ : [a,b] —» Rg and ¢ : [a,b] — Rg be continuous fuzzy functions
for 9 € [0,1] and of exponential order j and ¢ respectively. Suppose Ly[[y(t)],] = [P(s)], and
Llle®)],] = [P(s)], are exist, where s > 0 and 'y and y are constants. Then, the following properties
hold:

D Lyl 0], + ule]y] = y[Y (9], + u[Ps)],,

2) Yyl = 2.

r(1+z
5 gl =g
s B

o 7P
4) Bﬁ[sm (ylg)] = )/2:/_ a2
#
5) Qﬁ[COS (’)/E)] = ’}ﬁ
6) L[ lw0],] = (-B)" j:n [¥()],-

Proof. Part (1)—(5) have been proven in [27,29]. Now, to prove part (6), consider the following identity
d d —
(B ZHG)], =B, Fo(s)]

d d =

:[(—ﬁ)%iw(s), (—ﬁ)%‘l’,@(S)]

d (o6}

=(—,3)d—f eﬂ%[w(t)]gotﬁ‘ldt.

s Jo
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Therefore, we have:

d d (™
(B)H ) =B f e Fy (0F i

=(-p) f w O 'dt
:f e Ftﬁw (O de

0 -
:Qﬂ[zﬁgp(t)],

d— d [~ _ -
(=B) - Fp(s) =(-p) f e‘sg%(t)tﬁ‘ldt
=(=B) f (e ﬂ Y (0 dt

= f e fzﬁ%(t)rﬁ-ldt

0
=[Py, (0)].

Thus, we obtain:

d _
B[], =[ Ll 0] L0, 0] = LW

The general result now follows by induction on n. Hence, if ¢ is (1;8)-FCD, the proof of the fact is
concluded. Similarly, we can employ a similar approach to establish the result when i is (2; 8)-FCD.

Theorem 5. ( [29, 30]) Assume that B € (0, 1] and  : [a,b] — Ry is a fuzzy function. Let [y(1)],
[1// (t) tjlp(t)]for each € [0, 1] and L[y (1)],] = [‘I’(s)] = [V (s), lI",(,(s)] exists. Then,

—

1) If ¥ is (1;8)-FCD, then
LBy, ] = s[F(s)], © [¥(0)],.

In parametric form, we get

IR Y] = [Py O], LB, 0]].

where

535[‘13%3(0] =s¥,(s) - g@(O),
[P, (0] = 5P, (s) — 1,(0).
2) If ¥ is (2; B)-FCD, then

PP OI,] = (W O)],) © (-[¥(s)],)

In parametric form, we get
LI ,] = [LI¥D, 01 LWy O],
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where

LIy 0] = s¥ () -y (0),
[ BPu, (D] = sP,(s) — ¥, 0).

Theorem 6. Let B € (0, 1] and y : [a,b] — R# be a continuous fuzzy function for ¢ € [0, 1] such that
L[y (O],] = [‘I’(s)]&o exists. Then

1) If ¥ is (1;8)-FCD, then
n—1
LB y(0],] = ' [E()], 0 > 7 [BPp(0)],.
j=0
In parametric form, we get

LI u@,] = [LIR7y (0], LIB0,0)]]

where

—_

n—

LIPPy (0] = "F (5) - ) " BPy (0),

j=0
LIBPT, 0] = £ Ty(s) - > 8B (0).
=0
2) If ¥ is (2; B)-FCD, then
n—1
GIB P, = - ) 9 IO, ) o (-51¥ ), )
Jj=0

In parametric form, we get
LI YO,] = [T, 0], LWy 0]].

where

—_

n—

GIBY (0] = S ()= ) 8PPy (0),

J

1§
(=]

n—1
LBy (] = s"Py(s) — > "I PPy (0),
j=0

where " means apply conformable FD, ¥, n-times.
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Proof. Assume that y(r) is (1; B)—FClz for p € [0,1]. In parametric form for n = 2, we get
LIIBPu],] = [G[B%y ()], LB, 0]].
Using Theorem 5, we have:
GIFy (0] =SB Wy (0]
=58Py (O] - ¥y ()
=s|sE,(9) - v (O] - ¥y ©
=s"W (s) = sy (0) = Fy (0),

Lo[B¥ 0, (0] =L [ ¥y, (0)]
=sCs[B7 . (1)] - B°P,,(0)
:s[s@%,(s) - J@(O)] - ‘BBJ,Q(O)
=5"W,(s) — s,,(0) — BFy(0).

Therefore, for n = 1, 2 the formula is true. Using the induction, suppose that the formula is true for
n=mas

3

LB y(0)]p] = S"[P()], 0 ) " [BPy(0)],.
J
To complete the proof, we have prove it true for n = m + 1. In parametric form for m + 1, we get

LHIBTEY(n)],] = [P Py (0], LB, (0]]. Hence,

1l
(=)

Ry (0] =L BBy (0]
=8By (0] - By (0)

—

3

=s[s"E,(5) = ) 5" By (O] - Ry (©0)

T
=

b

=" (5) = ) "Ry (0) - By (0)

J

Il
[«

M=

:SmHEp(S) —
J

SRy (0),

Il
[«
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La[ B Py ()] =La[BPP Py, (1)]
=sL5[ Py, (1)] — By, (0)

—s[ m‘I’p(s)
m+1\PQ(S)

m+ 1N \Pgo(s)

—

3

Y 5" IR L(0)] = B (0)

(=)

~.

3

Y 5" IR, (0) = F7 0)

sm_j‘BjﬁJW (0).

MS EM

T
S

Thus, the formula for m + 1 as below is true

LB Py(0],] =" [¥()], 0 > " [BPY(O)],,.
j=0

The part (2) of the theorem can be proved in the same manner.

Theorem 7. Let B € (0,1] and ¢ : [a,b] — Rs be a continuous fuzzy function for 9 € [0,1]. If
Le[ly®)],] = [V(s)], exists, and s > 0. Then, the initial value theorem for FCL transform is given by

lim s[¥()],, = [W(O)],.

Proof. We know that L4[[BPy(n)],] =

|26[%4 (0], L6[$5,(1)]|. Now, from the definition of FCL
transform, we have,

[%[‘-B”gp(t)], Bﬁ[iBﬂt/_/p(t)]] = f e‘sg[‘Bﬁz//(t)]&,tﬁ‘ldt.

0

According to Theorem 5, we have

W 0] = [ WY 0 = 2,59 - 0,0

oo 3.1
[Py, ()] = f e“‘gﬂEﬁZ&o(r)tﬁ‘ldt = 5%, (s) — ¥, (0).
0
Now, taking limit as s — oo for the expansions in Eq (3.1), we have,
lim[fm e“"g‘Bﬁw (t)tg_ldt] =lim[s¥ _(s) —y¢ (0)]
§—00 0 — §—00 — — ’ (3 2)

tim| [ VT 0 at] timls ¥, 00 - 7,00

S§—00
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After simplify Eq (3.2), we get

0 =lim[s¥ (s) -y (O],

‘ . _ (3.3)
0 :Slgg[s‘l’%,(s) — ¢ ,(0)].
Therefore, we have
lims¥, () =y (0),
e v (3.4)

lim s'¥,(s) =,,(0).

Therefore, the proof of the fact lims['¥(s)], = [¥(0)], is complete in case i is (1; §)-FCD. We can
use the same manner to prove it in case ¥ is (2; 8)-FCD.

Definition 8. ( [53]) We can define a fractional power series around ty as the series that can be
represented by the following expression:

Zﬁm(t—to)’"ﬁ =T+ 31—t +Tt—1)F +---,0<n—-1<B<n, t>t,.
m=0
Theorem 8. ( [31]) For ¢ € [0, 1], let  (t), and @,(t) have the following fractional expantions about
—p {

t=0,

ACEDINIES

=0 (3.5)
Ut = 6™,

m=0

where 8 € (0, 1] and ¢ € [0, R). If B4y (1), and ‘Bﬁago(t) are two continuous on [0, R), then the value of

the unknown coeflicients J,, and ¢,, form = 0, 1,2, .. ., are in the forms
By (0)
m :Ta
prm! (3.6)
;o B, (0)
m ﬁmm! £l

where PP = PFPF - .. PP (repeated m times).

Theorem 9. For ¢ € [0, 1], assume that ¥ 5O(s) = Q’ﬁ[ﬂp(t)] and @y,(s) = Bﬁ[%o(t)] exist and have the
following expansions: ‘
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[e9)

I
EW(S) :Z Sl s >0,

m=0
_ -
P(s) = s> 0.

m+1"
m=0 §

(3.7)

Then the values of unknown coefficients J,, and ¢,, are expressed as J,, = (‘B’"ﬁﬂg)(O) and ¢,, =
(*Iimﬂ@?)(O), where PPy (1), and ‘Bﬁap(t) are two continuous functions defined on the interval [0, R),
—p

where 8 € (0, 1]. The notation B”? = PF . PA ... PA denotes the composition of the conformable FD
PP repeated m times.

Proof. Let us consider that ¥ (s) and @xo(s) can be expressed using the expansions given in Eq (3.7).
It is important to note that if we multiply Eq (3.7) by s and take the limit as s approaches infinity, all
terms in the expansions, except the first term, become negligible. Therefore, according to Theorem 7,
we can deduce that 3, = slgg s¥ @(s) = gW(O) and £y = slgg s@@(s) = %,(O). As a result, the expressions
presented in Eq (3.7) can be simplified as follows:

YO &y
W (5)==m— 4 ) s

. " (3.8)
Y, (s) =%s( ) + Z Si"ll , s> 0.

m=1

Furthermore, considering other aspects, when we multiply Eq (3.8) by s, we obtain the following
expansions for J; and ¢;:

3y =Y (5)
0 (3.9
0 =5"Yo(s) = 5P, (0) = ) =
m=2 §
By taking the limit as s approaches infinity for the expressions in Eq (3.9), we obtain:
3 =lim(s*¥ (s) - sy (0)) = lims(s¥,(s) -y _(0))
=lims(5[¥7y O)]) = ¥y )(0),
: ' | (3.10)

6 =lim (57 (s) = s, (0) = lims(s¥(5) = ¥, (0))
=lim (L[ ¥ Y, (O]) = (F9,)0).

When we multiply the expressions in Eq (3.8) by s and take the limit as s approaches infinity, we
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obtain:

3, =lim(s*¥, (s) = 5"y (0) = s(P"y, )(0)
=lims(s*®, (s) = sy (0) — ¥’y )(0)
=lims(&[$*y (1)]) = (B )(0),

b2 =lim(s Py (s) = 5%, (0) = s(B,)(0)
=lim s(s*¥(s) — 517, (0) — (¥4, )(0))
=lim s(¢5[B¥y,(]) = ($¥,)(0).

(3.11)

By observing the patterns and continuing to multiply the expressions in Eq (3.8) by s™*!, and
computing the limit of the expansions of J,, and ¢,, as s tends to infinity, we can derive the general
formulas as follows: J,, = (‘B’”ﬁgp)(O) and ¢, = (‘BmBZXO)(O), where m = 0, 1,2, .... This establishes

the proof of Theorem 9.

Remark 2. The form of the inverse FCL transform for the expansions stated in Eq (3.7) as presented
in Theorem 9 is given by:

0 SBmﬂﬂp (0)

Y (O :; o 8,
- X ‘13"1‘%(0) 5
%o(t)—mzo Wt’",

which is corresponding to the fractional power series in Eq (3.5) stated in Theorem 8.

Theorem 10. Let us assume that ¥ W(s) = Qﬁ[ggo(t)] and @&,(s) = Qﬁ[ﬁp(t)] exist for 9 € [0,1]. If
we have |s8ﬁ[‘13(’”+1)ﬁﬂp(t)]| < M and |sﬂﬁ[‘li(m+1)ﬂ%,(t)]| < N, where s, M, and N are positive

numbers, then the remaining terms R, (s) and R,(s) of the expansions in Eq (3.7) respectively satisfy
the following inequalities:

(3.12)

Proof. Let’s begin by assuming that ‘Bfﬁﬂp(t) and §BJB@,(t) are definedas s > O for j =0,1,2,--- ,m+
1. Additionally, given the conditions, let’s assume that:

[sea[B Py ]| <M,

sL[BEG (1)]| <N. G
B 9
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The expressions for the remainders %,,(s) and ‘.R_m(s) of the expansions in Eq (3.7) are given by:

m PPy (0)
R(s) =2 () = )~
Jj=0

n PG (0)

Sj+l

2

(3.14)

Ru(s) =W (s) —
Jj=0

By considering the definition of the remainders, we can derive the following:

m

Sm+2&(5') :SHHZEQ(S) _ Z Sm+1—jSBJB£XO(O)

j=0
=s(s" () = D "By (0)
Jj=0

:SQB[gB(nHl)ﬁl// (f)],
- (3.15)

Sm+2iR_m(s) :sm+2@p(s) _ Z Sm+1_j$jﬁ${p(0)

j=0
=s(s"" Wy (s) - zm] SR (0))
j=0

=sLa[ PPy (1)].

From Eqs (3.13) and (3.15), we can observe that |s’"+2&(s)| < M and |s"**R,,(s)| < N. Therefore,
we have:

~M <5 R (5) < M,

— (3.16)

—N <5"2R,.(s) < N.

By rearranging Eq (3.16), we can deduce the following inequalities: |R,(s)| < ‘m% and |R,,(s)| <
S,%. These inequalities provide the necessary bounds and conclude the proof.

4. The L-RPSM: construction and analysis

In this section, we utilize the L-RPSM to generate analytical fuzzy numerical solutions for the IVPs
(1.1) and (1.2), where g belongs to the interval [0, 1]. Our approach involves transforming the IVPs
(1.1) and (1.2) into crisp systems of FFDEs. The nature of the crisp systems depends on the type of
differentiability, characterized by ¥ (¢) as either (1;8)-FCD or (2; 8)-FCD.

To ensure clarity and without sacrificing generality, we focus solely on constructing the L-RPSM
solution for (1;5)-FCD. However, using the same methodology, we can also construct the L-RPSM
solution for (2; 8)-FCD.
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Now, let’s assume that () represents (1;3)-FCD for ¢ € [0, 1]. Accordingly, the IVPs (1.1) and
(1.2) can be reformulated as the following FFDEs:

Py 0 =Z (v 0.0,0).

- _ 4.1)
P =Z,(y 0.9,0).
with the F-ICs:
0) =w,,,
%}() w, (4.2)
l/’p(o) :ap,

where ¢ € [0,b] and B8 € (O, 1].
Utilize the L-RPSM, we first employ the FCL transform for the expansions in Eq (4.1) as follows:

LGPy 0] =8| Z (v 0.9,0)].

v < v 4.3)
L[ BFy, (1] :Qﬂ[zw(ﬂ,(t)’ ‘p&?(t))]'

Based on Theorem 5, we can express the expansions presented in Eq (4.3) in the following manner:

sE,(5) =¥ (0) =8| Z (€' 12, ()], &' [Fols)])].

_ _ _ 4.4
SP(5) = 1,(0) =2 Zo(5' [¥, ()] &' [P (s)]) |- )
where ¥, (s) = €|y ()] and ¥y (s) = 5[, (0)]-

The main idea of L-RPSM is to construct the solution for the target equation in FCL space as in
Eq (4.4), and then employ inverse FCL transform for this solution to obtain the solution for the target
equation in the original space. To achieve our goal, we assume that the solution for the expansions in
Eq (4.4) has the following expression:

[ee)

\P (S :Z smtl’

m=0
o]

Cn
K’(S) Z F, s> 0.

m=0

Furthermore, we can utilize the initial value theorem for the FCL transform, as stated in Theorem
7, to establish that J, = Sh_)rgsf p(s) w 0 = w, and £, = hms‘I’ o(8) = z,//W(O) w,. Consequently,
we can express the L-RPSM solutions for the expansions in Eq (4 4) as follows:

[ee)

T()—‘—MZW,

Fy(s) =22 4 Z b

Sm+1
m=1

4.5)
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In order to utilize the L-RPSM and determine the values of the unknown coefficients in the series
presented in Eq (4.5), we define the Laplace residual function of the expansions in Eq (4.4) in the
following manner:

LRes (5) =, () = 5w, — 5G| Z (4" [¥,(9)]. &' [Fo(9)]),

Th,. w -1— -1q [~ (q-1 -1y (4.6)
LRes,(s) =Po(s) = s~ @, — 57 2| Z,(25' 2, ()], &' [P (s)]) .
Below are a few key facts regarding the FCL residual functions:
1) LRes@(s) = 0 and LRes,(s) = 0.
2) Since ;xo and z&, are analytic functions, Eq (4.6) take the following expressions:
i Sm hai §Z(SO7817~"asm$€09€1,"'7€m)
@W(S) = Z Sm+1 - Z sm+2
m=1 m=0
i Sm _Sr:z—l(sl,gl)
=y — ,1€40,1,2,...,m—1}, s> 0,
sm+1
- 30001 Bl iy ) @7
_— = fm = 0 Pl e e s Imy 05Uy o5t
LReSKD(S) = Z gm+1 - Z gm+2
m=1 m=0
—m-—1
- fm - 3 (517 ft)
=> P e {0,1,2,...,m~ 1}, s> 0,
Sm

3
N

—-m

where ‘EZ and 3, m =1,2,... are fuzzy operators.

9

1) Since LRes (s) = 0and LResy(s) = 0, s > 0, we have Sm—gg’_l(ﬁ,,&) = 0and fm—gg_l(ﬁl,f,) =
0,form=1,2,...,and1€{0,1,2,...,m—1}. ‘

2) After a few straightforward collocation steps, we obtain the values of the coefficients J,, and ¢,
form =1,2,... in the following form:

5;m :\E;n_l(ﬁla gl)’

—m-—1

fm :389 (Sza f,),

wherem=1,2,...,and1€{0,1,2,...,m—1}.

4.8)

Hence, by substituting the calculated coefficients back into Eq (4.5), we can express the exact
solutions for Eq (4.4) in the FCL space as an infinite series in the following manner:

w 3w, wy) = 3"(3,.6)
p =9 p —9 9 =0
Y ="t + )

m=2 (4 9)
—0 _ —m—-1 :

589 3;‘0(&«)’ w{)) > 3@ (Slafl)
+ —+ Z T
m=2
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The final stage of the L-RPSM involves transforming the solution presented in Eq (4.9) back to the
original space by applying the inverse FCL transform to the expressions in Eq (4.9). Consequently,
the exact solution for the IVPs (4.1) and (4.2) can be represented as an infinite series in the following
manner:

3w, @) & 30T 0)
4.10)

To provide further clarity, we have outlined the following algorithm:

Algorithm 1. The procedure for obtaining the L-RPSM solutions for the IVPs (4.1) and (4.2) is as
follows:

Step A. Apply the FCL transform to Eq (4.1), resulting in:

0,

()= 57w, = 57| Z (412,04 [Wo(s)])]
Po(s) = 7@y, — 571G Zo(25' 2, ()], &' [P(9)])] =0

where ¥ (5) = Qﬁ[g@(z)] and ,,(s) = L5|0,(1)|-

Step B. Express the solutions ¥ o(s) and @Kg(s) of the expressions in Step A as follows:

m=0
— 00
— w, 4
14 m
Yo(s) =— + E
m+1
S S
m=0

Step C. Define the FCL residual functions as follows:

LRes (s) =¥ (s) = s”'w, = s7' | Z (' [¥, (9], &' [Fo(9)])];
LResy(s) =o(s) — 5~'@y — 57 €[ Z(5' T, (9], &5 [Fo(9)]) -

Step D. Substitute the series solution in Step B into the FCL residual functions in Step C as:

m=1 m=0 m=0

) -1 -1 o I -1 N
LResX,(s) = g+l - S Qﬁ[z(’(ﬁﬁ [Z gm+1 ]’ £ [Z sm+1:|

m=1 m=0 m=0
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Step E. Rearrange the terms of the expansions for the equations in Step D and collect it to the same
power of s, resulting in:

s S’m - \3::_1(31, gl)

LResgo(s):Z il ,1€1{0,1,2,...,m—1}, s >0,
m=1
—m—1
- gm - 3 (81751)
LResy(s) = ) S 1€10.1.2. . m— 1), 5 >0,
m=1

where Q’; and E’;’, m=1,2,... are fuzzy operators.

Step F. Utilize the facts LRes ip(s) = 0 and LRes,(s) = 0 to derive the expressions for the coefficient
values as follows: ‘

I :g;"—l(s,,fl),
=30 (3,0,
wherem=1,2,...,and1€{0,1,2,...,m—1}.
Step G. Substitute the coefficients J,, and ¢,,, m = 1,2, ... into the series solutions in Step B.

Step H. Employ the inverse FCL transform on the E@(s) and @p(s) to obtain the L-RPSM solutions
ﬂp(t) and :Z%,(t) of the IVPs (4.1) and (4.2). Then, stop.

Similarly, using the same methodology, we can construct series solutions for the crisp system of
FFDEs when y/(¢) represents (2; 5)-FCD.

5. Applications

In this section, we address three important and interesting applications. We discuss and analyze
the numerical simulations of these applications and present graphical results for various parameters.
Our computational and presentation processes involve the utilization of both MATHEMATICA 11 and
MAPLE 2018.

Application 1. ( [31]) Consider the following fuzzy conformable fractional IVPs

Pyt)=[p+1,3-pl+y), 0<t<1, B (0,1], (5.1)
subject to the following F-IC:
¥(0) =0, (5.2)
where p € [0, 1].

We will now examine two specific cases for dealing with the solutions for the applications, which
are as follows:
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Case 1: If ¥(?) is (1;8)-FCD, then the crisp system of the fuzzy conformable fractional IVPs (5.1) and
(5.2) can be written in the following form:

Wy (0 =(p+ 1) +y (0,

_ _ (5.3)
By (1) =3 — 9) + 1, (1),
subject to the following F-ICs:

Y (0) =0,
¥ (5.4)

¥,(0) =0.

Utilizing the L-RPSM, the FCL transform of the crisp system in Eq (5.3) takes the form:
P ()= s (p+ 1) = s~ (s) =0,

g y (5.5)

Y (s) — 523 — p) — s, (s) =0,

where ¥, (s) = Qﬁ[gp(t)] and P, (s) = L[y, (1)|-
In this orientation as well, the fuzzy series solutions of the expansions in Eq (5.5) can be written as:

m=1 (5.6)

and the FCL residual functions of the crisp system in Eq (5.5) is represented as:
LRes (5) =¥ (5) = s (p + 1) = s7"¥_(5),
LRes,(s) =¥, (s) — s 2(3 — p) — s~ "W, (s).

Substitute the expansions of series solution in Eq (5.6) into the FCL residual functions in Eq (5.7),
respectively, as:

(5.7)

o In @t < T,
@%(S) :Z Sm+l - S2 - Z Sm+2
m=1

m=1

:81_(p+1)+25m_5m—1 S>O,

52 gm+1 ’

- . ; -, (5.8)
T m -9 m
LRes,(s) :Z gl @2 Z G2
m=1 m=1
f] - (3 - 80) - gm - fm—l
:T + mzzz T, s > 0.

Since LResp(s) = 0 and LRes,(s) = 0, the recurrence relation which determines the values of the
coefficients J,, and £,,, m = 1,2, ... given by:
51:(80+1)’ Sm:Sm—l’m:2’3""’

(5.9)
6H=0CB-9), tu=0Cp1, m=2,3,....
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Compute and substitute the values of the coefficients J,, and ¢,,, m = 1,2, ... back into Eq (5.6) to
have the solutions of Eq (5.5) in FCL space as following series form:

> (0 + 1
w = LD
R)
e G0 (5.10)
Pols) = ) o

m=1

Employ the inverse FCL transform into the expansions in Eq (5.10) to have the exact solutions of
IVPs (5.3) and (5.4) in the original space as follows:

o+ 1D s
Y ()= Ny " = (p+1D)(er - 1),
. 3_0) (5.11)
Uy (0) = Z( D=3~ go)(eﬁ - 1).
For the standard case 8 = 1, Eq (5.11) have the following form:
Y (0 =(p+1) Z =@+ D =),
(5.12)

U0 =3 - mz =3 -p)e' - 1),

m=1

which are equivalent to the exact solutions [(?)], = [¢ + 1,3 — ¢l(e’ — 1) of the IVPs (5.3) and (5.4)
in ordinary derivative.

Case 2: If y() is (2; 8)-FCD, then the crisp system of the fuzzy conformable fractional IVPs (5.1) and
(5.2) can be written in the following form:

Py (0 =G = 9) + (0,

— (5.13)
B0 =(p+ ) +y (),
subject to the following F-ICs:
¥ (0) =0,
— (5.14)
0,(0) =0.

The form of the crisp system in Eq (5.13) in FCL space is obtained by utilizing the FCL transform,
and it can be written as:

¥ (5) =573 - p) — s Wy(s) =0,

— 5.15
Wo(s) = s2p + 1) = s (s) =0, &1

where W _(s) = [w (t)] and ¥ (s) = L5, (0)].
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Similarly, in this particular orientation, the expansions in Eq (5.15) can be expressed as fuzzy series
solutions in the following manner:

m=l (5.16)

The representation of the FCL residual functions for the crisp system in Eq (5.15) can be given as:

LRes () =¥ (5) = 523 — ) — 57" ¥,(s),

— — (5.17)
LResg(s) =¥o(s) = s (9 + 1) = s'¥_(5).

By substituting the series solution expansions from Eq (5.16) into the FCL residual functions stated
in Eq (5.17), we obtain the following expression:

(o)

= i‘;m (3 - W) fm
@w(s) :Z gntl @2 Z n+2

m=1 m=1
31—(3—30) = i:‘m_ m—1
:T + Z T, s > O,
. ’"i - (5.18)
LResy(s) :Z gl @2 Z gm+2
m=1 m=1

bLi-(p+1) ifm—i‘m-1
= 4+ _—

52 sm+l » 5> 0.

m=2

The recurrence relation that governs the values of the coefficients J,, and ¢, is established based on
the facts LRes Xo(s) = 0 and LRes,(s) = 0. It can be expressed as follows:

J3,=6-¢), Ju=Cp1, m=2,3,...,
1 =( 9) 1 (5.19)
O=@+1), 6,=0,1, m=2,3,....
To obtain the solutions of Eq (5.15) in FCL space, we compute and substitute the values of the
coefficients J,, and ¢,,, where m = 1,2, ..., back into Eq (5.16). This results in the solutions taking the
following series form:

powr powr SZm+l
ST S+ oG-
Fols) = Z §2m + Z 2mil
m=1 m=1
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By applying the inverse FCL transform to the expansions presented in Eq (5.20), we can obtain the
exact solutions of IVPs (5.13) and (5.14) in the original space. The solutions are given as follows:

G-9) oy, NV O+ o,
lﬂ (r) = Zﬁ(zm ])(2m — 1)'1‘(2 bp + Zﬂzm(zm)yl‘z B

=2 —1)+ (1 =p)1 -7,

- 0+ 1) ) (5.21)
- N P+ Lom=Dp - ¢ 2B
4ol = Z (oD 2m - DY Z | o m)

= 2eF — 1)+ (p-D(1-e77).
In the case where 8 = 1, Eq (5.21) takes on the following form:
*® t2m . »
v (=G~ WZ(Z <p+1>2(2m)!:2(e—1)+<1—p>(1—e ) 5

m= ( 22)

Uy (80+1)Z(2 TR p)z(z ),_2(e—1)+(go—1)(1—ef),

which are equivalent to the exact solutions [y(7)], = 2(¢' = 1) + [1 — 9,9 — 1](1 — e7") of the target
problems in ordinary derivative.

Figure 1 presents the surface graphs of the solutions of Application 1 for both cases at different
values of 5. Figure 2 provide the 2D graphs of the solutions of Application 1 at 8 = 1 for different
values of . Numerical simulation of the solutions is performed of Application 1 for both cases at
different values of p and B with some selected grid points on the interval [0, 1] as shown in Table 1.
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(© (d)
Figure 1. The surface graphs of the solutions for Application 1: (a) [y(#)], at 5 = 0.5, case
1, (b) [y (1)), at 5 = 0.5, case 2, (¢) [y(?)], at B = 1, case 1, (d) [y(?)], at B = 1, case 2.

[wt)lp| - =0
5 L

4

(b)
Figure 2. The 2D graphs of the solutions for Application 1 at 8 = 1: (a) [¢/(1)],, case 1, (b)
[(D)],, case 2.
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Table 1. Numerical results of [ (7), EW(I)] for Application 1.
—

t

[ﬂ,(f)’%(t)]; W(1) is (1; 8)-CFD

[ﬂ,(f)’%(t)]; W(t) is (2; B)-CFD

B =075

p=1

B =075

g=1

0.25

0.2
0.4
0.6
0.8
1.0

[0.61247,1.34743]
[1.19434,2.62755]
[1.85222,4.07489]
[2.61131,5.74488]
[3.49208,7.68259]

[0.27675,0.60886]
[0.61478,1.35252]
[1.02765,2.26083]
[1.53193,3.37024]
[2.14785,4.72528]

[1.22659,0.73332]
[2.27740, 1.54448]
[3.41135,2.51576]
[4.68530,3.67089]
[6.13964,5.03503]

[0.57876,0.30685]
[1.23091,0.73639]
[1.98263,1.30585]
[2.86409,2.03808]
[3.91065,2.96247]

0.75

0.2
0.4
0.6
0.8
1.0

[0.85746, 1.10244]
[1.67207,2.14981]
[2.59311, 3.33400]
[3.65583, 4.70036]
[4.88892, 6.28575]

[0.38746,0.49816]
[0.86069, 1.10661]
[1.43871,1.84977]
[2.14470,2.75747]
[3.00699, 3.86613]

[1.06216,0.89774]
[2.03310, 1.78879]
[3.11282,2.81429]
[4.34716,4.00903]
[5.77144,5.40324]

[0.48812,0.39749]
[1.06607,0.90123]
[1.75703,1.53144]
[2.58875,2.31341]
[3.59459,3.27853]

Application 2. ( [32]) Consider an electrical RL circuit with an AC source

PAy(r) = —%w(r) +Q(1), 0<t<1, Be(0,1], (5.23)
subject to the following F-IC:
¥(0) = w, (5.24)
25k — 24, 096 <k<1;
Suppose that R = 1 Ohm, £ = 1 Henry, Q(t) = sin(#), and w(x) = {101 — 100k, 1<« <1.01;
0, otherwise.

Then,
Case 1: When y(¢) is (1;3)-FCD, the crisp system of the fuzzy conformable IVPs (5.23) and (5.24)
can be expressed in the following form:

Py () == ,(0) + sin (#),

_ ) (5.25)
By (1) = - Y (1) +sin (#),
subject to the following F-ICs:
1
fp(o) =55 T 359
— 101 1 (5.26)
49O =100 * 00"

By applying the L-RPSM, we can express the FCL transform of the crisp system described in Eq
(5.25) as follows:

24 1 \1 (s g
2o (Fr w0t e 597,
¥ —(ﬂ AL S " |
o(5) 100J’10050)SJr s sBrs)

AIMS Mathematics Volume 9, Issue 4, 9641-9681.



9666

where ¥ (s) = ﬁﬁ[&(t)] and W,,(s) = L[y, (1)
In this particular arrangement, the expansions given in Eq (5.27) can also be represented by the
fuzzy series solutions as:

v o2 )t 5 2

25 .
101 1 1m_ > f (528)
Fo(s) (100 1009)E * ; sl

And thus, the representation of the FCL residual functions for the crisp system in Eq (5.27) takes
the form of fuzzy expressions as:

2 2 2 2 2 2 @)
LRes (s) ) :s )_Q( ) - (— 2550)% :ZS ), B Ssz) o) _ %
(5.29)
Thes (9 B+ )g 101 1 \(B+s) B+ g
LResy(s) ==———¥p(s) - (100 10050) 2 32 7

Let us substitute the series solution expansions from Eq (5.28) into the FCL residual functions
presented in Eq (5.29), yielding the following representation:

) S o 5 ﬁ
e 0 m 2 2 m _ =
LRes (s) =(5 +S);W+(ﬁ +S)mzzosm+3

2

4 £ — = € 29, 200
:51+ o+52+21 'B+Zsm+ml+ﬂs 2+ S0,
S Ky — s
5 (5.30)
LResp(s) =5’ +s2)Z +(,3 +s2)Z i
m=0
_ 2 2
:fl+50 +52+521 ,3+me+3m—1+ﬁ’fm—2+,3 Sm—3’ >0
S s Ry

As LResW(s) = 0 and LRes,(s) = 0, the values of the coefficients J,, and £,,, m = 0,1,2,... are
determined by the following recurrence relation:

24 1
50 =(55 * 559)
J1=—to, (5.31)
S :—€1+ﬁ
I == by + BT + Bl 3), m=3,4,5,.

and

101 1
I

100 © 100
6 ==3y, (5.32)
[2 = - 31 +ﬁ,

bn == Tt + B na +B*8,3), m=3,4,5,....
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To obtain the solutions of Eq (5.27) in FCL space, calculate and substitute the values of the
coefficients J,, and ¢,,, m = 1,2,... back into Eq (5.28). The resulting solutions can be expressed
in the following series form:

Jo 4 5o+ﬁ f0+,3 Jo+B-5 b+ B- ,33

p so0_ %
—w(s) B Sz 3 o & 6 ’ (5.33)
G o Jo LB Ty +,3 b+B-B To+p- ,33 .
Fo(9) =7 - ? 53 st §3 50

By applying the inverse FCL transform to the expansions provided in Eq (5.33), and rearranging
the resulting terms, we can obtain the exact solutions of IVPs (5.25) and (5.26) in the original space as
follows:

%+

o _tog To+Bos bo+ B 3 Jo+B-p
v, 0 =305+ ﬁ2(2)‘t ol T E@)

D S

m=0

- {2m+1B )

Z ( C + Z (_1)kﬁ2k+1)m

m=0 k=0

£

NN cosh(g) — £ sinh(f (Sll’l (1’8) — B cos (lﬁ)) +

51
- _p _ >0 bh+B 28 _ S0"',8 B lo+p— :8 A8
(1) =ty 5 tﬁ ,82(2)‘ 53 + 5, +-

omp
. 0(€O+Z( D) gz
bl t(2m+1),3 )

Z ( 50 + Z( 1) ﬁ2k+1)m

m=0

b+ ’82’ (5.34)

={, cosh (g) — 9, sinh (g) :82

When considering the standard case where 8 = 1, Eq (5.34) can be expressed in the following form:

(sm(tﬁ) ,Bcos(t'B))+1

W (1) =8¢ cosh (1) — £y sinh (¢) + l( sin (7) — cos (1)) + le‘t,
= : : (5.35)
Eso(t) =€y cosh (1) — I sinh (1) + 5( sin (7) — cos (1)) + Ee_t.

Hence, these expressions above correspond to the exact solutions of the IVPs (5.25) and (5.26) in
ordinary derivative:

[ (1)), = %( sin (1) — cos (1)) + %e" + cosh (H[w], — sinh (D[w],,

24 101

where [w], = [25 2580’ 100 100@]
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Case 2: If y/(7) is an (2; 8)-FCD function, we can represent the crisp system of fuzzy conformable I[VPs
(5.23) and (5.24) using the following form:

Py () ==y (0 +sin (),

_ _ _ (5.36)
PPy (1) = — (1) + sin (),
subject to the following F-ICs:
v, =35+ 359
101 ) (5.37)
¥,(0) Too T 100%

By employing the L-RPSM, the FCL transform of the crisp system described in Eq (5.36) can be
expressed as:

¥ (s) - (% - is@)l + LB =0

= 25 257 /s s s(B2+s2) (5.38)
P, (s) — (ﬂ + L50)1 so® B

v 100 100" /s s s(B2 +s2)

where ¥ (s) = [;// (t)| and W (s) = 25|, (0)].

In a similar vein, we can depict the fuzzy series solutions of the expansions presented in Eq (5.38)
in the following manner:

25 " 25 s ]
el (5.39)
7.5 (101 1 )1 3
S - ’
=100 T 100" )5 T L

and the FCL residual functions of the crisp system in Eq (5.38) is represented as:

2 2 0 2 0 2 Wy
LReso(s) :M ( )_( )(,8 ';S ) B +S2)_%,(S) _éz’
—— s 25 s s E (5.40)
TRes,(5) =2 () - (10 (B +5) (B +Fs) B
LResp(s) =————Tp(s) - (100 IOOW) SR > -5

By performing the substitution of the series solution expansions from Eq (5.39) into the FCL
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residual functions described in Eq (5.40), we obtain the following representation:

9. B
m+3

s 52

(o) 8 (o)

L2 m 2, 2
LRes (s) =(8 +S)Zw+(ﬂ +S)Z
m=1 m=0

:51 + 3o 4 $+9,-p + i I+ B +ﬁ25m—2 +ﬁ25m—3’
s SZ — s
"= (5.41)

) fm & gm
LRes,(s) :(,82 + 52) Z 2 + (:32 + 52) Z mi3 b
m=1 m=0

S

52

(o)

:{)1 + 4 N O+0 =P N Z b + Ly + B2 +182€m—3'

s 52 s

m=3

Given that LRes fp(s) = 0 and LRes,(s) = 0, the recurrence relation that determines the values of the
coefficients J,, and ¢,,, m =0, 1,2, ... can be expressed as:

{2
0=\25 " 25¥)

J1== 3o, (5.42)
32 =— 51 +ﬁ,
8m = - (Sm—l +ﬁ28m—2 +ﬁ25m—3)9 m = 3, 4, 5a cees
and
/ _(101 N 1 )
*=\100 " 100*/)
b =—"to, (5.43)
52 = — f] +ﬁ,
b == byt + Pl + B2ln3), m=3,4,5,....
Compute the values of the coefficients J,, and £,,, m = 1,2,..., and then substitute them back into

Eq (5.39). This process results in the solutions of Eq (5.38) in FCL space, expressed in the following
series form:

Jo TJo To+B To+B TJo+B-B Jo+p-p
Py =2m Qe E SR SR SR

S S S S S S (544)
- b b L+B G+B L+B-B lLo+B-P
Yol)=—-3+—F -~~~ + 5 B 6 T

s s s s s s

Upon applying the inverse FCL transform to the expansions provided in Eq (5.44), and subsequently
rearranging the terms, we can present the exact solutions of [IVPs (5.36) and (5.37) in the original space
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as follows:

% 80‘|‘ﬁ2,r5 S;0+ﬁ3,3 Jo+B-p4 48
5 /32(2>'t po T pay

- s
Z( 30+Z( 1)%“)%)

m=0

ﬁp(f) =3y -

- {2m+1)B )

Z ( SO + kZ:(; (_1)kB2k+l)m

m=0

m\“‘m

=Fe

(sm (#*) = Bcos () + —— ] +,82’

folﬁ fo +,8t2ﬁ bo +ﬁt3,3 +8 - ﬁ
B ﬁ2(2)' B3)! ,34(4)‘

w g
Z( o + Z( 1) ﬁZk”)ﬂZm(zm),)

m=0

(5.45)

U, (1) =ty —

= @m+1)p
Z:o( Co + Z( 1) ﬂZk”)lm)

B
B

1+,B2

A
=loe F + ( sin () — Bcos () + ——
In the case of 8 = 1, Eq (5.45) can be expressed in the following form:

U (1) =8pe™" + 1( sin (¢) — cos (1)) + 1e",
=9 2 2

_ i : (5.46)
(1) =toe™ + 5( sin () — cos (1)) + Ee_t,

which are equivalent to the exact solutions of the IVPs (5.36) and (5.37) in ordinary derivative:

1. 1 —t —t
()], = E(sm (t) — cos (1)) + F¢ te [w]p,
where [w], = [% + 2]—530, % + mga]. Figure 3 presents the surface graphs of the solutions of Application
2 for both cases at different values of 5. Numerical simulation of the solutions is performed of
Application 2 for both cases at different values of ¢ and 8 with some selected grid points on the
interval [0, 1] as shown in Table 2.
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Figure 3. The surface graphs of the solutions for Application 2: (a) [y(?)], at 8 = 0.5, case
1, (b) [¥()], at B = 0.5, case 2, (¢) [y(?)], at B =1, case 1, (d) [y(1)], at B = 1, case 2.

(©

(d)

Table 2. Numerical results of [fp(t)’ Ep(t)] for Application 2.

Y (®). Y, (@) is (1;8)-CFD

[fp(t),%(t)]; (1) is (2;8)-CFD

B=075

B=1

B=075

B=1

0.25

0.1
0.3
0.5
0.7
0.9

[0.77453,0.82840]
[0.63176,0.70472]
[0.57979,0.67370]
[0.56856,0.68646]
[0.57780,0.72350]

[0.87827,0.92524]
[0.74615,0.80352]
[0.67038,0.74045]
[0.63743,0.72301]
[0.63489,0.73942]

[0.78470,0.81823]
[0.65586,0.68062]
[0.61713,0.63636]
[0.61985,0.63517]
[0.64445,0.65685]

[0.88253,0.92098]
[0.75910,0.79058]
[0.69252,0.71830]
[0.66967,0.69077]
[0.67852,0.69580]

0.75

0.1
0.3
0.5
0.7
0.9

[0.79390, 0.82875]
[0.65191,0.69913]
[0.60202,0.66279]
[0.59387,0.67016]
[0.60716,0.70143]

[0.89787,0.92826]
[0.76554,0.80266]
[0.69032,0.73566]
[0.65874,0.71412]
[0.65842,0.72606]

[0.80048,0.82217]
[0.66751,0.68353]
[0.62618,0.63863]
[0.62706,0.63697]
[0.65028,0.65831]

[0.90062,0.92551]
[0.77391,0.79428]
[0.70465,0.72133]
[0.67960,0.69326]
[0.68665,0.69783]
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Application 3. ( [31,32]) Consider the following fuzzy conformable fractional IVPs

PPyt) = 2P0 t) +[p— 1,1 -], 0<t <1, (0, 1], (5.47)
subject to the following F-IC:
yO)=[p-11-9] (5.48)
where g € [0, 1].

Case 1: If ¥(t) is (1; B)-FCD, then the crisp system of the fuzzy conformable fractional IVPs (5.47)
and (5.48) can be written in the following form:

Wy () =2y (0 +(p - VP,

_ — (5.49)
Py, (1) =20 ,(0) + (1 = )P,
subject to the following F-ICs:
Y (0)=(p - 1),
—7 (5.50)
¥,(0) =(1 - ).

According to Algorithm 1, the initial step involves applying the FCL transform to the crisp system
described in Eq (5.49). The resulting transformed form can be represented as:

— 28 d -1
w5 - T2 Bl - P
4l zsﬁil K 1208 (5.51)
() - 2 + LW (5) - 7 =0,

where ¥ (s) = ﬂﬁ[gp(r)] and P, (s) = L[y, (1)|-
In this orientation as well, the fuzzy series solutions of the expansions in Eq (5.51) can be written
as:

m=1 (5.52)

and the FCL residual functions of the crisp system in Eq (5.51) is represented as:

LRes () =¥ () - P2 4 By (o 0D
o dZy) 2de (g (5-53)
LRes,(s) =¥, (s) — . —d—‘I’p( s) — P
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Substitute the expansions of series solution in Eq (5.52) into the FCL residual functions in Eq (5.53),
respectively, as:

[Se]

N o (m+ 13, (p-1B
LRes (=) i =28 ), -

Sm+3 S3

m=1

BRIt IO | B o i il 1 E Y

S2 S3 Sm+l > O’
S o ( f; (1-9p)p 9
— m m+ 1)t s %
LRes,(s) = Z il 28 ont3 3
m=1 m=0
6 6-380-9) < ln—28(m— 1),
:§+T+Z T , s> 0.

m=3
Since LResp(s) = 0 and LRes,(s) = 0, the recurrence relation which determines the values of the
coefficients J,, and ¢,,, m =0, 1,2,... given by:
Jo=(p -1,
3 =0,
S2 :3ﬁ(80 - 1)’
I, =2Bm—-1)3,,,, m=3,4,5,...,

(5.55)

and
by =(1 —p),
¢, =0,
6 =3p(1 — p),
Cn =2B(m — 1), », m=3,4,5,....

Compute and substitute the values of the coefficients 3, and ¢,,, m = 1,2,... back into Eq (5.52)
to have the solutions of Eq (5.51) in FCL space as following series form:

(5.56)

_ _ 20 3.
w (@D, Be-D oD BRe-D
| 1 i 3 1S 18 2Sl 180, 3Sl 57
T m9) B9 185 -p) 18080 =)
A N s N

Employ the inverse FCL transform into the expansions in Eq (5.57) to have the exact solutions of
IVPs (5.49) and (5.50) in original space as follows:

3p-1 o 1880 —1) 45 180B(p — 1)
gl | T T p@ T T e

*© t2mﬁ

1 1 2
:§(3mzz()ﬂm(m)' - 1)(80 — 1) = 5(80 — 1)(36 B — 1),

3(1-9) o5 18801 —9) 45 18081 —9) ¢
gl | T @y T T e T

Y (o B PP PRRRVAOR: S
—5( mzom— )( —W)—E( - 9)(3Ber —1).

v () =(p—1)+

(5.58)

Y, () =(1-9)+
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For the standard case g = 1, Eq (5.58) have the following form:

0=l !

1 2
1)(50 - =5(p-DGBe - 1),
(5.59)

1 2
Y1) = ( 1)(1 -9 =70- P)(3e" - 1),

o
i

which are equivalent to the exact solutions [¥(7)], = %[30 -1,1- go](3e’2 — 1) of the IVPs (5.49) and
(5.50) in ordinary derivative.

Case 2: If 4(t) is (2; 8)-FCD, then the crisp system of the fuzzy conformable fractional IVPs (5.47)
and (5.48) can be written in the following form:

Py 0 =200,(0 + (1 - )¢,

_ (5.60)
W) =20 (0 +(p - VP,
subject to the following F-ICs:
Y (0)=(p - 1),
— (5.61)
Y, (0) =(1 — p).
The FCL transform of the crisp system in Eq (5.60) takes the form:
-1) 2B8d 1-
v (- @D g_%( ) L=9B
sty .y  wlup (562
Wy (s) - W (s5) - 22 =0,
s s ds— s

where ¥, (s) = ﬂﬁ[gw(z)] and ,,(s) = L[y, (1)|-
Let us represent the fuzzy series solutions of the expansions in Eq (5.62) in the following
arrangement:

smtl’
(o) e , (5.63)
N7 -9 m
and the FCL residual functions of the crisp system in Eq (5.62) is represented as:

0 — 2B d 1-
LRes (5) =, () - 0D 4 Bl () UZPF
E— 9 S sds ¥ s3 (5.64)
T @ 1-9) d (p—1) '
LResy(s) =¥y(s) = — —ﬁd—igo( ) - P
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Substitute the expansions of series solution in Eq (5.63) into the FCL residual functions in Eq (5.64),
respectively, as:

1), 1 -
LRes (5) = Zm+l_ﬁz(m+) _(d-9p)B

P Sm+3 S3
_51 3, =31 - p) m = 2B(m = 1)C,, 2
_? S3 Z Sm+l > O’
( ﬁﬁ (p- 1B (50
PR m + m —
LReSXO(S) _Z m+1 - ’BZ Sm+3 - P S3
m=1
& 6 -3B(p—1) b —2B(m - 1)3,,_ 2
:p + —s3 Z ] > 0.

m=3
Considering that LRes W(s) = 0 and LRes,(s) = 0, the coefficients J,, and £,,, m = 0,1,2,... can be
determined through the following recurrence relation:
Jo=(p - 1),
3, =0,
Jp =3p(1 - ),
I =2B(m - 1),», m=3,4,5,...,

(5.66)

and
by =(1-9),
{; =0,
6 =3B(p — 1),
C, =2B(m—-1)3,,, m=3,4,5,....

By computing and substituting the values of the coefficients J,, and ¢,,, m = 1,2, ... back into Eq
(5.63), we can express the solutions of Eq (5.62) in FCL space as the following series form:

(5.67)

-1 36(1 — 186%(p — 1 18083(1 -
‘P()_(SO ) /3(350) ﬁ(f ), ,8(7 9,
S S 2S 3S (568)
_ad- 80) 3Bp-1) 18371 - 80) 1808°(p — 1)

Employ the inverse FCL transform into the expansions in Eq (5.68) to have the exact solutions of
IVPs (5.60) and (5.61) in original space as follows:

-1 1880 -1 45 18080 -1) g

V0= =D BA(4)! B(6)!
()"
( Z T ) —1>——(ga—1>(3e 7o),
(5.69)
_ 31 -9) 5 188(1-9) . 180B(1 - p)
l//g{)(t) :(1 - KJ) - ﬁ(Z)‘ tzﬁ + ﬁ2(4)’ l4ﬁ - Wlbﬁ +
( sy U 1)<1— )= 21— )3 — 1)
L4 gr(m))! R '
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For the standard case g = 1, Eq (5.69) have the following form:

t_l(3i(_tz)m—l -1 _1 —DBe™ -1
v, =5 24 ! (@ -D=5(-D3Ce ),

(5.70)

— 1o =) 1 2
wg,(t)—z(.%; )] —1)(1—@))—5(1—50)(363 - 1),

which are equivalent to the exact solutions [y(?)], = %[g} —1,1-9l(3¢™" = 1) of the IVPs (5.60) and
(5.61) in ordinary derivative.

Figure 4 presents the surface graphs of the solutions of Application 3 for both cases at § = 1.
Figure 5 provides the 2D graphs of the solutions of Application 3 at 8 = 1 for different values of g.
The 2D graphs of the solutions at ¢ = 0.5 and different values of S is performed of Application 3 as
shown in Figure 6.

@ (b)
Figure 4. The surface graphs of the solutions for Application 3 at 8 = 1: (a) [¢/(?)],, case 1,
(b) [¥(1)],, case 2.

[w(t)lp| — =0 [w(t)lp
) 1.0

0.5

-0.5

-1.0

(@) (b)
Figure 5. The 2D graphs of the solutions for Application 3 at 8 = 1: (a) [¢/(1)],, case 1, (b)
[(D)],, case 2.
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[w(t)los|-- B=055 [w(t)]os
4+ JRad ress=e=s ==ss=oooo_
§itos 04 TTSSISSTITTEESEInaao
-- B=085 /,,/’ Tl SIIsSIIIseal
20 |-~ p=095 ___,_—"" ___==:;:::: 020 Tsel TeellTTeiIn-
o ‘ | | -t ‘ ‘ | ‘ JRoe-a:
~-=es=@zzmzefdo... 06 08 1.0 01 02 03 04 __05-"706
2 -\""\\\ ~\=::::::: -0.2 __,,——"' oI
\s\\\\ S04, ”’,—” ———::::::::: ——————
4 N LesSmss= g======""
(a) (b)
Figure 6. The 2D graphs of the solutions for Application 3: (a) [¢/(f)]os, case 1, (b) [¥()]oss,
case 2.

6. Conclusions

In this paper, we focused on using the fuzzy conformable derivative in fractional fuzzy equations
instead of other conventional FDs, such as the Caputo derivative. The solutions obtained through
this approach exhibited smoothness and closely resembled ordinary derivatives. Moreover, the
mathematical calculations involved in finding these solutions were relatively simpler compared to
equations employing other types of FDs. This is because the fuzzy conformable FD offers several
advantages.

Furthermore, we used a new algorithm to find a series of solutions to initial problems on FFDEs
in the sense of strongly generalized differentiability. We chose the L-RPSM method, which was
successful in finding an exact solution in general. The results show that the power series analysis
method is a powerful and easy-to-use analytic tool to solve IVPs on FFDEs in the conformable sense.
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