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Abstract . 3

In this paper, an effective numerical algorithm based on the fuzzy transform with cubic B-splines as basic functions
is designed to solve multi-terms fractional differential equations (FDEs, for short) with variable coefficients. An
analytical approximation with desirable regularity is given to the involving initial value problem. The proposed
method provides a non-recursive approximate solution based on an operational matrix and a vector of known
quantities. The convergence analysis of the method is carried out. An estimation error is also provided, which
enables us to report the error for the problems whose exact solutions are not available. The good performance of
our method over the available methods is shown by numerical results.
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1. INTRODUCTION

The fuzzy transform (F-transform for short) that was introduced for the first time by Perfilieva in 2006 [25], converts
every continuous function to a vector of real numbers. Each component of this vector is a minimizer of the weighted
least squares error. The inverse F-transform is defined using direct F-transform. Despite its fuzzy origin, since the
inverse F-transform is an approximation to the primary function, the subject of F-transform can be studied in the
classical approximation theory. Thus, many researchers have made considerable efforts to improve its approximation
properties [1, 4, 20, 30, 36]. The approximation properties of F-transform in both continuous and discrete forms depend
on two items: basic functions as weight functions and basis functions as the basis of the approximation subspace for
the direct F™-transform (the generalization of F-transform) components. By reviewing the associated literature, it
is realized that there are two approaches for developing the F-transform. Some researchers have focused on the basis
functions [1, 36], and some others have made efforts on modifying the basic functions [4, 30]. In the area of modifying
the basic functions, two essential works have been done by Stefanini [30] and Bede et al. [4]. Stefanini [30] improved
the smoothing properties of F-transform by introducing a parametric form of the basic functions and generalizing
the support of basic functions. Bede et al. [4] introduced a new type of F-transform by generalizing the support
of basic functions. They developed new varieties of F-transforms using the B-splines, Shepard kernel, Bernstein
polynomials, and Favard-Szasz-Mirakjan kernel. Furthermore, they proved Korovkin’s theorem for the F-transform
approximation, an important theorem in the classical approximation theory. Besides these researches, valuable works
have been done to generalize F-transform components. In [27], Perfilieva et al. generalized F-transform components
from constants functions to polynomials of degree up to m. To this end, they extended the basis functions from {1} to
{1,2,22,...,2™}. They called this new type of F-transform as F™-transform. Similarly, Alikhani et al. [1] replaced
the polynomial basis functions with trigonometric polynomials of degree up to m. Finally, Zeinali et al. [36] extended
the basis functions to the most general form.
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Besides the significant applications of F-transform in engineering and computer sciences [29, 34], it has been used
in the numerical solution of differential, and integral equations [19, 26, 33, 36, 37]. In [19], a Cauchy problem has been
solved using a continuous F-transform method, where they made a comparison between the F-transform method and
classical methods such as finite difference and Runge — Kutta. Perfilieva et al. [26], applied the F-transform method for
solving two-point boundary value problems with constant coefficients. They conclude that the F-transform method is
more accurate for noisy problems than the classical methods such as finite difference. In [33], the discrete version of the
F-transform was used to introduce a Picard-like numerical method for solving a delay differential equation. Numerical
solutions of the two-point boundary value problems with variable coefficients based on continuous F"*-transform have
been studied in [36]. It seems that the research in this field is still too young, and more studies can be done.

In recent years, fractional calculus has been attracting the attention of many researchers because of its more accurate
description of physical problems such as damping laws, electromagnetic acoustics, viscoelasticity, electroanalytical
chemistry neuron modeling, diffusion processing, and material science(see for example [6]). Also, many efforts have
been made to find solutions for the fractional differential and integral equations in the analytical and numerical forms.
The efforts included in introducing finite difference [35], collocation-shooting [2], operational matrix [28] and many
other methods [3, 17, 22]. Recently, differential equations of multi-term have been the focus of many researches
[13, 14, 16, 18, 23).

There is a long history of research on the Abel integral equation, a special equivalent form of fractional differential
equations. A number of its numerical solution methods such as algorithms based on relevant mesh shift [5, §],
quadrature based methods [11, 24], collocation approximation methods [9, 10, 32] etc. exist in the literature.

The main goal of this paper is to propose a numerical method to solve multi-term differential equation of fractional
order. To do this, at first Abel integral equation of the second kind is solved numerically. Then the proposed algorithm
is generalized to solve single and multi-term fractional differential equations with variable coefficients. The proposed
algorithm is based on a discrete form of F-transform with generalized B-spline basic functions.

The most important advantages of the proposed method may be summarized as follow:

the error bound depends only on the modulus of continuity of approximate solution;
the method is flexible in implementation;

it gives sufficiently smooth piecewise best approximation in a small support;

it doesn’t require any starting point or auxiliary function for starting;

it is as accurate as of the most of existing numerical methods.

This paper is organized as follows. In section 2, the basic concepts of fractional calculus and the fuzzy transform
are introduced. Section 3 is divided into two subsections. In subsection 3.1, a numerical method based on the discrete
fuzzy transform is discussed for solving Abel integral equations. The same technique is used in subsection 3.2 to
find numerical solutions to linear single-term fractional differential equations with variable coefficients. Section 4 is
devoted to the generalization of this method for solving multi-term fractional differential equations. The stability of
the method with respect to data perturbation is discussed in section 5. An error estimate is also derived in section 6
for problems whose exact solutions are not available. Illustrative examples are presented in section 7 to confirm the
theoretical results and the effectiveness of the method. Finally, a brief conclusion is given in section 8.

2. PRELIMINARIES
Here, the basic definitions of fractional operators and fuzzy transforms, and their fundamental properties are
presented that will be used throughout the next sections.

2.1. Fractional operators.

Definition 2.1. [21] Let u € R; we say f € C,[a, b] if there exists a real number v > p such that f(z) = (z — a)’ g(z)
for « € [a,b], where g € Cla,b].

Definition 2.2. [21] Let 4 € R and m € NU {0}. We say f € C}}'[a,b], if fm e C,la,b].

(=)=
E)NE
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Definition 2.3. [21] Let « > 0, ¢ > —1 and f € C,[a,b]. Then the operator J¢, defined by

chf( ) {}‘Ea)f (x— t)1 ﬂdt? a>ga x>a (21)
Z), a =y,

for a < x < b, is called the Riemann-Liouville fractional integral operator of order a.

Definition 2.4. 21]Let n —1 < a <n, n € Nand f € C"[a,b]. Then the operator D%, defined by

)
D3 flo) = I3 ) = o [ et 22)

for a < x < b, is called the Caputo fractional differential operator of order a.

Proposition 2.5. [7, 12, 21] Let f € C,[a,b] , p > —1. Then
(1) JeJvf=Jetf  a,v>0.

2 J“(x—a)ﬁ—%(m—a)a'm, a>0, B>-1, z>a.

a o n—1 f(k)(a) k n
JEDgf(x) = f(x) =Yg " —(x—a)¥, n—1<a<n, z>a fecC]la,b].

)
)
) DXJSf(z) = f(x), z>a, n—1<a<n.
)
)

D%c =0, where c is a constant.
0, ge{0,1,...,n—1},

6 Da(a:fa)ﬁ o
%(1‘ - a’)ﬁ ) ﬁ >n,

wheren — 1 < a < n.

(
3
(4
(5
(

2.2. Discrete F- transform.

Definition 2.6. Let [a,0) C R, n > 2 and a = 1 < ... < & = b be partition of [a,b]. Considering xg = x; and
Zpi1 = Tp, the fuzzy sets Ay, ..., A,, identified with their membership functions, form a fuzzy partition of [a, b] if the
following conditions are satisfied for k =1,...,n.

1. (locality) Ag(z) =0 for all z € [a, xx—1] U[Tk+1;b];

2. (continuity) Ag(z) is continuous;

3. (positivity) Ag(xz) > 0 for all € (xx—1,2k+1). The membership functions Ap,..., A, are called basic
functions.
Let the nodes x4, ..., x, are equidistant with step size h, and in addition to the conditions 1-3 we have
4. Ag(x) is strictly increasing on [xg_1, 2], for & = 2,...,n; and it is strictly decreasing on [z, zx1] for all

k=1,...,n—1;
5. Ap(xp —x) = Ag(zp + ) forall k =2,...,n— 1, and all = € [0, h];
6. Ap(z) = Ag—1(xz = h) forall k =2,...,n, and all x € [xx_1,Tp41].

Then Ay,...,An, n > 2, is called an h-uniform fuzzy partition of [a, b].

According to [25], the discrete direct F-transform of f is defined as

M
Zj:l f(tj)Ak(tj)
k= M ) =L...,n
2j=1Ak(t))
where {t1,t2,...,ta} is a sufficiently dense set with respect to the fuzzy partition of [a, b], i.e
VE,3j5, Ar(t;) > 0. (2.3)

The discrete direct F- transform can be represented by the vector
F[f] = [F1ﬂ~~~7Fn]7

where Fj,k =1,...,n are called the components of F- transform.
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The inverse F- transform of f is defined by
fle) =) FeAp().
k=1

2.3. F-transform with cubic B-splines. Bede and Stefanini introduced a generalization of fuzzy partition by
extending the support of A; from (x;_1,2;41) to (Ti—p, xiy,) for r € N [4, 30]. One of the most important examples
is the generalization of basic functions to B-spline functions. The type of fuzzy transform that is introduced here has
very good smoothness properties.

Let Pra=z1 <3< ...<zp=bandzx_,11 <...<zp<aand b<zpy1 <...<xpyr be the auxiliary knots.
Then the kth B-spline of order » — 1 with > 1 is defined by

Bi(t) = r(zryr — x)[@ky - - Trgr] (0 — t)fr_l, kEe{-r+1,...,n},
where (. — t)(z) = (x — t)+ = max{0,z — t} and [zo,...,z,]f stands for the divided difference of order r for the
function f (see [31]). Due to the properties of B-splines, (P, B},) defines a fuzzy r-partition, i.e., ZZ:#H Bl (t) =r.

In order to simplify the calculation, we will use the normalized form N (t) = %B,’; (t) of B-splines, which can be created
recursively using the following simple recurrence formula

0, otherwise, (2.4)

Np(t) = =2 N7l (1) + Sl NPT, v > 2,

Tr+r—1—Tk Th+r —Tk+1

for k = —r+1,...,n. Then the following identity holds

n

> Ni@) =1, (2.5)

k=—r+4+1

i.e., the normalized B-splines form a fuzzy partition. For r = 4, the recurrence relation implies the formula of
normalized cubic B-splines as follows

(t_xk)gv T <t < Ty,
1 (t — xk)* (@pr2 — ) + (t — 2x) (E= Ths1) (@rrs — 1) + (Trpa — ) (E —zp41)?,  2pp1 <t < hpo,
Ni(t) = ons | (&~ @e)(@nhas — £)? + (@hpa = ) = i) (@rrs — ) + (Trpa — 1) (E = Ths2), Trpo << Thgs,
(Thta — t)3, Try3 <t < Tpya,

0, t<xport> Tria,

for k=-3,-2,—-1,...,n.
The inverse F- transform with respect to the normalized B-splines is modified as

fl@)= 3 FiNj(),

k=—r+1
where
Fr = Zjﬂil}\f’:(t]—)ﬂt]’), k=-r+1,...,n.
2 j=1 Vi (t5)

The components of the discrete F-transform are the minimizer of the following discrete L?—error:

M

S O(ft) =y Nity), k=-r+1,....mn,

j=1

on R. In addition to satisfying with the above best approximation property, the following theorem is met.

(=)=
E)NE
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Theorem 2.7. [/] For any continuous function f : [a,b] — R, we have

f(z) = fr(@) + E(r, f),

where |E(r, f)| < rw(f,d), § = | Jnax |Zkt1 — x| and w(f,0) denotes the modulus of continuity for the function f

on [a, b].

Remark 2.8. Due to the fact that the above mentioned approximation is exact for f(x) = 1,Vx € [a, b], we have

Z ZNk =1

Z] INT )k—fr+1] 1

3. THE METHOD TO SINGLE-TERM FRACTIONAL DIFFERENTIAL EQUATIONS

In this section, we propose a method based on fuzzy transform with cubic B-splines to the FDEs of single-term.
We give the formulation and analysis of the method in detail. To avoid confusion, we first go into detail regarding
linear Abel integral equations, and then we discuss the single-term FDEs with variable coefficients.

3.1. Linear Abel integral equations. We consider an Abel integral equation of the form
xr

y(z) = f(x) —|—,u(a:)/ (x—t)" yt)dt, 0<v<l, x¢c]la,bl, (3.1)

a
where f and p are given continuous functions. Existence and uniqueness of a continuous solution for such equations
are guaranteed by Theorem 7.2.1 in [15].
Let {t1,ta,...,tn} be a sufficiently dense set with respect to the fuzzy partition of [a,b] that satisfies (2.3). We
look for an approximation of the form

n

y(t) 2 yn(t) = Y Frrlyn) N (1), (3.2)
k=—r+1
where Fy, »(yn) = i Z]M:1 N (tj)yn(t;) and s = Zjle Nj (t;). Substituting from (3.2) in (3.1), we obtain
ale) = () + p(a) / (=" 30 B () N ()
a k=—r+1
_ ) S Firlm / (e — 1)~ N (1)t
k——r+1
n 1 M T )
—1@) 4 () 3 S NIt [ (- 0" N (0
k=—r41°F j=1 a
M n 1 T
D3 ) Y SN [ @0 N0
. Sk u
j=1 k=—r+1
Then, by putting x =t; for i = 1,..., M, we derive a linear system of algebraic equations as follows
M
= f(ti) + Z bijyn(ts), (3.3)
j=1
with
n 1 ti
by =n(t) . Niw) [ (=0 N =12,
k=—r+4+1 Sk a
We write the system (3.3) in the compact form
(I-B)y=/, (3.4)

(&)
ENE
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and solve it for the unknown vector y, where

Yn(t1) f(t1) bii ... bim
: L= s B=E o s

Yn(tnr) f(tam) by oo bum

Proposition 3.1. Let B be given as in (3.4). Then

<
I

b—a)”
18] <l L=
14

where v is given as in (3.1).

Proof. We know that
|B|| = max Z\bzﬂ

1<i<M

On the other hand, we have
t; M

S 1
Sl = el [ -0 (Y LY apepagm)a

kffrJrl j 1
fori=1,2,... M. Since ;' ., i Z;\il N (t;)Nj(t) = 1 (see Proposition 2.8), we deduce

()
18] < oo "2,

where ||pt]loo = sup |u(t)|. This completes the proof. O
a<t<b

Theorem 3.2. Let {yn(tj)}jj\il be the solution set of (3.3) and y(x) satisfies Eq. (3.1). If 1 — ||,u||oo(b 4”0, then

v

1glg§4|y( 1) — yn(tj)| < Cw(y, h) (3.5)

for some constant C > 0.

Proof. We first notice that, by the assumption

b—a)”
1 e &= 5 0,
v
the system (3.3) is solvable and has a unique solution for each M > 2. Put z = ¢; in Eq.(3.1), i.e
t;
o) = £t + ults) [ (60" o (36)
Since
n 1 M
yt)= Y o D NE(E)y(ts) | NL() + E(r,y), (3.7)
k=—rt+1 \ 7F j=1
with |E(r,y)| < rw(y, h), we arrive at
t; n 1 M
o) = Ft) + ) [ =00 (DD S NN + Bl | dt. (38)
a k:7r+1 j 1
On the other hand, from (3.3) we have
M n 1 ti
ynlts) = F(8) +ult) D _walts) D, —Ni(t;) / (t: — )Y N (t)dt. (3.9)
j=1 k=—r+1 @
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Subtracting (3.9) from (3.8) implies

t; M
(ts) = (e = |t [ (6= 0" > o D0 N ((t) — (1)) NE() + ECry) |
@ k——r+1 ] 1
n M

< |p(t)] max |y(t;) — yn(t \/ (ti —1)" 1 Z %ZNg(tj)N,:(t))dt

1<j<M
=I= k=—rt1 P =1

ti
4 / (b — )" | E(r,y)dt

(b—a)” (b—a)”
< — .
(max [y(t5) =yt llulloo === +rely, h)—

(In the last inequality we used the identity > 7 . + o Zj 1 NE()NE() =1).

Since we have this inequality for ¢ = 1,...,m, it yields
(b—a)” (b —a)"
< - ; : :
Jmax Jy(ti) —yn(ts)] < max Jy(t;) = yn(t)lllnllee = + 1wy, h)— (3.10)

(b=a)”

14

> 0, we conclude that

max [y(t;) = ya(ty)] < Culy, ),

__ ra
where € = oSGy - =

Finally, since 1 — || 4] oo

3.2. Fractional differential equations with a single fractional term. Consider a fractional initial value problem
(FIVP) of the from

Dgy(z) + pla)y(z) = f(x), n—-1<a<mn,
{y(’“)(a) =by, k=0,1,...,n—1, (3.11)

where n = [a], p and f are given continuous functions, bys are known real numbers and D¢ denotes a fractional
differential operator in the Caputo sense.
To solve Problem (3.11) by the method of subsection 3.1, we need to write it in the form of Eq. (3.1). To do so,
we set
¢(x) = Dgy(x),
and use Proposition 2.5, poperty 3 to get

n—1
N e T peleindt m— 1 3.12
y(z) k; (@ a)+F(a)/a(x H let)dt, n—1<a<n. (3.12)
Then Problem (3.11) reduces to the equivalent integral equatlon
T o — b
o(x) + I?EZ))/ (z— ) o(t)dt = f(x) —p(x)z k’j (x—a)f, n-l<a<n. (3.13)

It is then straightforward to use the method of subsection 3.1 to Eq. (3.13) to get an approximation ¢, (x) to ¢(x).
We use then ¢, (z) on the right hand side of (3.12) to obtain the approximate solution

n—1

ZEEDY -0t s [ @m0 (3.14)

to the Problem (3 11)
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At this stage we are ready to discuss the convergence of the proposed method for FDEs with single fractional term.
Let y(z) and y,(x) be the exact and approximate solutions of the Problem (3.11) respectively, where y,, () is obtained
by the aforementioned method. Now, we are going to prove that ||y — yn|lcoc — 0 as n — oo.

Theorem 3.3. Let P = max |p(z)] and L=1— PO—a)” 0. Then

z€la,b] al'(a+1)

19 = Ynlloo < Dw(¢, h), (3.15)

_ r(b—a)?® r(b—a)®
where D = crai=pag=a)® T Tl -
Proof. From (3.12) and (3.14), we have

1 ’ a—1
— ()] < —— —t 1) — b (1) dt, 1
ly(z) — yn(2)] < F(a)/a (@ —1)" " |o(t) — dn(t)] (3.16)

where ¢ verifies (3.13) and

Z ZNZ; N (£). (3.17)

k*—T+1 j 1
By Theorem 2.7, we have

M

Z 1 = 3" NE()SEIN (D) + B(r.0), (3.18)

k*77"+1 ] 1

where |E(r, ¢)| < rw(¢, h). Subtracting (3.17) from (3.18) yields

|p(t) — du(t)] < Z ZN;Z —Gn(ty)INg () + [E(r, 8)|
k——r+1 ] 1
<1£m?§\4‘¢( Z ZN]: t) +rw(e,h)
k—77‘+1 ] 1
< max [6(t;) zalty)] + 1w (@, h). (3.19)

and so, by using Theorem 3.2, we obtain

ma 6(6) = 6, (D] < Coo. ), (3:20)
. _ r(b—a)”
Wlth O = W + 7.

Finally, from Egs. (3.16) and (3.20), we deduce

1 * a—1 1 «
() =@ < gy [ 0= 077100 = (Bl < s max 10(8) = 0 (O] — )
CAGIE =) — Dufs. )
which completes the proof. O

Corollary 3.4. By the hypothesis of Theorem 3.3, we have ||y — yn|joo — 0 as n — o0., i.e., the approzimate solution
yn(x) converges to the exact solution y(z).

an

BE
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4. MULTI-TERM FRACTIONAL DIFFERENTIAL EQUATIONS

In this section, we discuss the formulation of F'—transform method for solving a class of multi-term fractional initial
value problems of the form

)+ )DYiy(x) = f(z), m—-1<a<m, x € [a,b],

sz f(@) < [a, 8] (4.1)
y(k)()fbk, k=0,1,...,m—1,

where 0 < ap <ap_1 <...<a; <a,m=[a], p; and f are given continuous functions, D% and D% are fractional

differential operators in the Caputo sense, and bis are given real numbers.

To solve problem (4.1) by the method of section 3, we try to find an equivalent integral equation to this problem.
Let

¢(z) = Dgy(x). (4.2)
Then by Proposition 2.5 (3), we have

,_.

m—

b
—ﬁx—a +Jio(x), m—1<a<m, (4.3)
k=0
and hence
m—1
: by, —a o
D¢%iy(x) = E m(w —a)fT p JOTYg(x), m—1<a<m. (4.4)

k=[cvi]
for ; > 0. Using (4.2)-(4.4) in (4.1), it is reduced to a fractional integral equation of the form

m—1

Jaa - xia)kiai 4.5
+ZP1 (yb Z_Z[: k:—i—l—a) ) ()

and using definition 2.3, it yields the weakly singular integral equation

)+ Z o —ay) /j (z — ) g(t)dt = g(x), (4.6)

for the function ¢(x), where

k}*(}ti

o) = 1)~ 30 55 p s )

=1 k=[o;]

To find an approximate solution to Eq. (4.6), we formulate the F- transform technique as follows.
Let

n

$(x) = du(w) = Y Fildn)Nj (), (4.8)
k=—r+1
where
YL nt)NE)
Fk(¢n)— Z;\/ilN]:(tJ) s kl__r—i_lavna (49)

defines the discrete F-transform for the function ¢,,. To get the approximation (4.8) to the function ¢,, it is sufficient
to find the set {qﬁn(tj)} 1 for a dense subset of points {t; } 1 in [a,b]. To do so, we replace ¢(x) by the right hand
side of (4.8) under the integral sign in Eq. (4.6) and arrive at
(&)
ENE
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)+ Z Mooy, 2 0 / — )T IN ()t = gla), (4.10)
¢ =—r+1
which can be simplified as
Z Fi(9)Qr(z) = g(z), =€ [CL, b]v (4.11)
k=—r+1
with
_ p’b(x) v _ Oéfaifl T
- ; e / (z — D NT () dt. (4.12)
To find the unknown values {¢(t;)}}L, from Eq. (4.11), we set s = Z N (t;), then
M
= Z ¢(tj)N
Sk 2
Jj=1

Substituting this in Eq. (4.11) and rearranging the summations yield

M
+Z< S LNtess >> olt;) = g(@), @ € a0, (4.13)

k=—r+1 Sk
Now, set x =t; fori =1,..., M and

n

1 .
by= Do QutINE(), =1, M. (4.14)
k=—r+1

M

This leads to determining the unknown values {¢(t;)}52; as the solution of the linear system

M
¢(ti)+zbij¢(tj> =g(t:), i=1,...5M, (4.15)

which can be written in the compact form
I+B)®2=G (4.16)

with @ = [p(t1),...,¢(ta)]" . G = [g(t1),. .., g(tm)]" and B = [bz‘j]%=1~
Combining the relations (4.8) and (4.3), an approximate solution to the original multi-term fractional problem (4.1)
will be obtained from:

n—1 b
y(@) = ya(a) = Y 1@ — ) + I3 (), (4.17)
k=0
where ¢, (x) is computed by (4.8).

Remark 4.1. The integrals included in the system (4.16) may be evaluated numerically.

Algorithm: The steps of our proposed method for solving the general multi-term FIVP (4.1) can be summarized
as follows:
1. Input a,b, r,n, M,a, L, a;, i =1
2: set m = [a].
3: Input the functions f(z), pi(z), i=1,..., L.
an
BE

L.

geeey
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Use a uniform partition for the interval [a, b] to create the points z;, j =—r+1,...,n.
Use the recurrence relation (2.4) to calculate Nj (¢) for k= —r+1,...,n
Input the initial values b, ¢ =0,...,m — 1.

Use the formula (4.7) to calculate g(x).
Calculate Q(z) from (4.12).

Select the points ¢; from [a,b] for j =0,..., M.
Compute b;; from (4.14).

11: Set G = [g(t1),...,g(tar)]” and B = [by] ., .
12: Solve the linear system (4.16) for the vector ®.

13: Compute Fj(¢y) from (4.9) for k=—r+1,...,n

14: Obtain the function ¢, (z) from (4.8).

15: Use the relation (4.17) to find an approximate solution to (4.1).
16: End.

5. EFFECTS OF DATA PERTURBATIONS

In this section, we examine how perturbed data influences the variation of solutions. To do so, we first present
Lemma 6.19, as cited in [14]:

Lemma 5.1. Let v,T,e1,e3 > 0, and § : [0,T] = R be continuous. Assume that for all x € [0,T],

€2 * v—1
< 2 - .
[0(z)] < e1 + ) /0 (x —t)""o(t)| dt
Then, for all x € [0,T],

[0(z)] < &1 EV(EQ.’L'V),
where E,, denotes the Mittag—Leffler function of order v,

) :];)F(yk—i—l)'

The following theorem demonstrates the effect of variations in the initial value and the right-hand side function
on the solution of Problem (4.1). Without loss of generality, we prove the stability concept for the case a = 0. The
general case can be addressed by applying a suitable transformation to reduce it to this specific scenario. Furthermore,
the influence of the variation of coefficient functions on the solution can be investigated using a similar approach.

Theorem 5.2. Let y be a solution of Problem (4.1) on the interval [0,T], where T > 0. Let z be the solution to the
following fractional initial value problem:

a, o
+Zp1 2)Dy*z(z) = g(z), m—-1<a<m, (5.1)
z<k)(0) 7ck, E=0,1,...,m—1,
assuming g is a continuous function and ci are given real numbers. Then, the following inequality holds:
< — — .
omax ly(z) — 2()] < Oy max by — x| + Co max [f(z) —g(w)], (5:2)

for some constants C1,Co > 0.

Proof. Let ¢(x) = Dgy(x) and ¥ (x) = D§z(x). Then, recalling (4.5) for ¢, we have

+Zpl )Jg Z Z m (5.3)
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Subtracting equations (4.5) and (5.3), we obtain the following inequality:

IERERINERTETED ol RSN L

i=1 k=[]

| (x

DIk

HMh

For the first term on the right—hand side of the inequality, we have:

> @)l 5 le) = o)l < MY s [ e =0m o — ooar
L

M, * T — a—a;—1 o F(a_al) T — )
Fama L @0 ¢<t>'<2r(aai>< 0 )

i=1

IN

M :r a—a1—1 -
| / (2 — 0" Ly (8) — (8)]dr.

IMNa—o
Where My, M depend only on T, o, cv; and max( m[a);] |pi(x)]). Here we used the fact that @; < a1 < « by assumptions
4 x€|0,

in Problem (4.1). Combining these inequalities, we can find Ny > 0 such that

m—1

(@) = é(@)] < |f (@) = ga)| + N1 Y lex — byl + F(QLW) / (&= )" () — o(t)|dt
k=0 =y
< max 1£(@) =~ gla)| + N max o~ bl + e | (0= 077 (o) - oto)lat

for some N > 0. At this stage, we can employ Lemma 5.1 to arrive at:
< N b)) Ba oy (M=)
e 1000) — 0(a)| < (me 17(0) — 9(0)] + N ] = 0 B, (0110,

for z € [0,T]. Thus , under the conditions that m[ax |f(z) — g(z)| < e and mkax\ck — bi| < e it follows that
z€[0,T

max [U(@) — o(z)| = O(c) O

6. ERROR ESTIMATION

Let us define the error function e, («) associated to the approximation y,(z) as e,(x) = y,(z) — y(z), where y(z)
denotes the exact solution of the Problem (4.1). Since y,(x) is an approximate solution of (4.1), it then satisfies the
perturbed problem

Dgyn(x +Zp1 VD% y,(z) = f(z) + Ho(z), m—1<a<m,

(6.1)
v (a )_bk, k=0,1,...,m—1,
where the perturbation term H, (x) can be computed from
H,(z) = DSy, (x +sz VDS iy () — f(x), m—1<a<m. (6.2)

Subtracting both sides of (4.1) and (6.1), we conclude the error function e, (z) satisfying the initial value problem
Dge, (x Jerl )DYie,(x) = Hp(z), m—1<a<m, (6.3)
e (a ):0, k=0,1,...,m—1.

(=)=
E)NE
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TABLE 1. Absolute values of the error functions |e,(x)| and |€,(z)| for the Example 7.1.

n=10 n=10 n=20 n=20 n=50 n=50

x len (@) |én(2)] len ()] |€n ()] len (@) |én(2)]

0 0 0 0 0 0 0

0.2 || 3.8667e-04 || 9.6651e-03 || 9.9018e-04 || 9.9977e-05 || 6.2101e-05 || 5.8689e-05

0.4 || 3.0025e-04 || 1.4351e-04 || 6.8009e-04 || 3.4872e-04 || 3.3608e-04 || 1.7338e-04

0.6 || 1.6769e-03 || 1.3184e-03 || 2.8415e-04 || 6.7050e-05 || 3.6042e-04 || 3.5202e-04

0.8 || 6.4026e-04 || 1.8750e-04 || 2.9125e-04 || 2.6894e-04 || 7.0364e-04 || 2.8981e-04

1 2.0579e-03 || 1.2354e-03 || 1.4246e-03 || 3.4434e-04 || 1.3032e-03 || 5.9596e-07

13

This is the same problem as defined in (4.1) only with different right hand side and homogeneous initial conditions.
Therefore, by setting

1[)”(.%) = Dgen(‘r)a (64)
the equivalent integral equation takes the form
L

P (x) + Z F(Zh(iﬂ) /$ (2 — )", (t)dt = Hy(z), m—1<a<m. (6.5)

a— ) Jq
Solving (6.5) by the same way of (3.13), gives an estimation €, (z) to the error function e, (z) according to the relation
(4.17) with b, =0 for k=1,...,m —1, ie.,
~ 1 * a1~
eu(®) = u(x) = s / (= ) Lo (t)dt, (6.6)

where 12;” denotes the approximate solution of Eq. (6.5).

7. NUMERICAL EXPERIMENTS

In this section, we consider the following examples in order to illustrate the accuracy of the proposed method,
confirm the presented theoretical results, and compare our results with those in the literature.

Example 7.1. Consider the multi-term FIVP

o _ P(A+1 —a
{Do y(x) +y(z) = 2* + F()\(—oz+)1)x>\ , OfasAs<l (7.1)

y(0) =0,
A

with the exact solution y(x) = a*.

For this problem we have L =1, py(z) =1, ag = 0. We choose a = i and \ = %, then m = [a] =1 and the right

hand side is f(x) = /T + F(20\/2?5)x0.25' Hence, the integral equation in (4.6) takes the form

(S () 20T
v (0.25) /0 (x — )" dt =+ r(0.25)”50 *) (7.2)

where ¢(z) = Doéy(m).

Now, we implement our method on the Eq. (7.2), and we report the results of the error functions |e,, ()| and |€,(x)]
for n = 10,20, 50 in Table 1. The related plots for the function |e,(x)| are shown in Figure 1. These results show a
good accuracy of our method. The approximate solution for the Problem (7.1) is computed by (4.17), where ¢, () is
the approximate solution of Eq. (7.2). Table 1 shows the corresponding results after perturbing the right-hand side
of Eq. (7.1) with e = 1073.

(&)
ENE
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TABLE 2. Absolute values of the error functions |e,(z)| and |€,(z)| for the Example 7.1 with pertur-
bation € = 1073.

S. SHAHMORAD, F. BAHRAMI, AND M. ZEINALI

n=10 n=10 n=20 n=20 n=50 n=>50
x len ()] |én ()] len ()] |€n ()] len ()] |én ()]
0 0 0 0 0 0 0
0.2 || 4.6107e-05 || 9.6590e-03 || 1.4232e-03 || 1.0031e-04 || 4.9568e-04 || 5.8613e-05
0.4 || 7.7774e-04 || 1.4268e-04 || 1.1576e-03 || 3.4853e-04 || 1.4185e-04 || 1.7321e-04
0.6 || 2.1802e-03 || 1.3176e-03 || 2.1977e-04 || 6.6943e-05 || 1.4366e-04 || 3.5178e-04
0.8 || 1.1773e-04 || 1.8748e-04 || 2.3122e-04 || 2.6871e-04 || 1.8089e-04 || 2.8959e-04
1 1.5207e-03 || 1.2351e-03 || 8.8747e-04 || 3.4443e-04 || 7.6594e-04 || 4.4773e-07
|—'11=ID—11=3EI'°"11=5EI
4.00e-02
3.50e-02
3.00e-02
= 2.50e-02
= 2.00e-02
21 50e-02
1.00e-02
5.00e-03
0.00=+00

FIGURE 1. The plots of the absolute error for Example 7.1 (a =

Example 7.2. Consider the multi-term FIVP

Dy(a) + sin(w) Dj y(a) + wy(x) = f(a)
y(0) = ¢'(0) =0, (7.3)
flx) = 2% — 2% 4 562° — 4225 + sin(z) (%x% — %49895§) ,

with exact solution y(z) = 2% — 27 Let ¢(z) = D?y(x). Then
y(@) = J3o(a) = [ (o — Do(t)dt, (7.4
Diy(w) = J¢ ¢x) = g5 Jy (@ — 1) F o(t)dt, '

and so the integral equation equivalent to the Problem (7.3) is obtained in the form
+ [ ol = o)
0

where k(z,t) = (ZSL\/E(“’)(:U - t)_% + z:) (x —1).
Absolute values of the error functions |e,, (z)| and |é,(z)| are presented in Table 3 for n = 10, 20,50. Figure 2 shows
the related plots for the function |e, ().

Example 7.3. Consider the multi-term FIVP
{Dy(x) + 2 D§Py(x) + 2y(x) = %\/5+ %x“’ e
0)=0

(=)=
E)NE
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TABLE 3. Absolute values of the error functions |e,(x)| and |é,(z)| for Example 7.2.

n=10 n=10 n=20 n=20 n=>50 n=>50
T len(2)] len ()] len ()] len (2)] len(2)] len ()]
0 0 0 0 0 0 0
0.2 || 4.9784e-05 || 6.7091e-05 || 9.4213e-06 || 9.9242e-06 || 1.3499e-06 || 1.1824e-06
0.4 || 7.0575e-04 || 6.0500e-04 || 1.7267¢-04 || 1.4481e-04 || 2.9483e-05 || 2.1644e-05
0.6 || 2.0289¢-03 || 1.0157e-03 || 6.2222e-04 || 3.7960e-04 || 1.7987e-04 || 4.3261e-05
0.8 || 3.5611e-03 || 9.4190e-03 || 4.7652e-05 || 1.2039e-03 || 7.7764e-04 || 3.4689e-04
1 5.6656e-02 || 8.0877e-02 || 1.0886e-02 || 1.3305e-02 || 1.4235e-03 || 2.0112e-03
—_— () — =20 == n=50|
6.00e-027
5.00e-024 /
_ 4.00e-024 /
=
"5‘ 3.00e-02+ /
Ty
2.00e-02+ //
1.00e-02+ /
0.00e+00 . . e s
0 0.2 0.4 0.6 0.8 1

TABLE 4. Absolute values of the error functions |e,(x)| and |é,(z)| for Example 7.3.

X

FIGURE 2. Plots of the error function |e,(z)| for the Example 7.2.

n=10 n=10 n=20 n=20 n=50 n=>50
T len(2)] len(2)] len ()] len (2)] len(2)] len ()]
0 0 0 0 0 0 0
0.2 || 7.9893e-03 || 9.3433e-04 || 3.4016e-03 || 9.4745e-04 || 9.7265e-04 || 4.4882¢e-04
0.4 || 8.4089¢-03 || 5.1484e-03 || 3.2530e-03 || 3.6658e-03 || 8.9399¢-04 || 1.6315e-03
0.6 || 6.5945e-03 || 1.5873e-02 || 2.5306e-03 || 1.0170e-02 || 6.9271e-04 || 4.3873e-03
0.8 || 2.4917e-03 || 3.2213e-02 || 1.0825e-03 || 2.0652e-02 || 3.1742e-04 || 8.9018e-03
1 7.3497e-04 || 5.4186e-02 || 3.8342e-04 || 3.5276e-02 || 1.2178e-04 || 1.5246e-02

with the exact solution y(z) = x'5. Here, we have a = 1, m = [a] = 1, L = 2, pi(z) = 22, po(x) = z,01 =
0.5,a2 =0 and f(z) = 3z + %xl's + 225, Hence, letting ¢(z) = Dy(x), the integral equation in (4.6) reduces to

o(z) + /O“” (z,t)p(t)dt = §\/§+ %xlﬁ 425,

2
where k(z,t) =2 + | /50

For this example the absolute values of the error functions |e,(x)| and |€,(x)| for n = 10, 20,50 are reported in
Table 4. Figure 3 shows the related plots for the function |e, ().

(7.6)
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|[=— =20 == = n=10 " * = * n=50]

1.00e-021
8.00¢-03; T TS
6 00¢- 03- / ~N
N
N 2 4.006-03- / N
2.00e-031 [
0.00e+00 : : . P .
0 0.2 0.4 0.6 0.8 ]

FIGURE 3. Plots of the function |e,(z)| for Example 7.3.

Example 7.4. Consider the multi-term FIVP
Dy*y(@) + 2Dy() + 3Dy y(@) + (1 - 2)y(a) = f(2),

0, =5,7,9, 77
y(0) =0, YO =b=1" " 1)
1, m=3,

where f(z) is determined such that y(x) = 2™/3 cos(2™/3) to be exact solution of the problem for m = 3,5,7,9.

Let ¢(z) = D3/2y(x). Then
y(e) = ba + J5 o(x) = br+ % [ (x — )2 o(t)dt;
Dy(x) = b+ Jg d(x) = b+ % [ (x — 1) *p(b)dt, (7.8)

1 x
Diy(a) = 25 + Jid(a) = 2L + 2 [ @(b)dt.

Substituting from above for the terms DS/ y(x), Dy(zx), Dl/2 y(x),y(z) in Eq. (7.7), the equivalent integral equation
for the function ¢ is written in the form

r 6bx
+/0 a0t = f(r)= 2= TZ ~ba(1 —2), 0=z <1
where 5
k(z,t) = WerEn) +3vx + \f( )z —t.

For n = 10,20,50 and m = 3,5,7,9, the absolute values of exact and estimate errors have been reported in Tables
5-8 for x = 0,0.2,...,1. Figure 4 shows the plots of absolute errors for n = 10, 20, 50.

TABLE 5. Absolute values of the error functions |e,(x)| and |€,(z)| for Example 7.4(m=3).

n=10 n=10 n=20 n=10 n=50 n=10
T len ()] len ()] len ()] len ()] len ()] len ()|
0 0 0 0 0 0 0
0.2 || 6.4771e-04 || 4.4610e-04 || 1.8598e-04 || 8.9730e-05 || 3.4101e-05 || 3.1511e-05
0.4 || 1.0969¢e-03 || 2.9068e-04 || 3.0333e-04 || 5.1742¢-04 || 5.2531e-05 || 6.1540e-04
0.6 || 1.2792e-03 || 3.8638e-03 || 3.4688e-04 || 2.7896e-03 || 5.7150e-05 || 2.5571e-03
0.8 || 1.2355e-03 || 1.1883e-02 || 3.3029e-04 || 7.7064e-03 || 5.9399¢e-05 || 6.6860e-03
1 1.5571e-03 || 2.5428e-02 || 3.8931e-04 || 1.5959¢e-02 || 6.8577e-05 || 1.3621e-02
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8. CONCLUSION

In this paper, a new simple and effective numerical algorithm is designed for solving a class of multi-term fractional
differential equations with variable coefficients. The new algorithm uses fuzzy transforms with cubic B-splines, which
possess the following important advantages:

The error bound is dependent only on the modulus of continuity of the approximate solution.
The method is flexible in implementation.

A sufficiently smooth piecewise best approximation is given in a small support.

No starting point or auxiliary function is required for starting.

Accuracy comparable to that of most existing numerical methods is achieved.
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