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Abstract

In this paper, we introduce and define a new metric on the space of fuzzy continuous functions
in the fractional calculus. Regarding this metric and using the well-known Banach fixed point
theorem, we provide some conditions that guarantee the existence and uniqueness of solution to
a nonlinear fuzzy fractional differential equation in the proposed metric. Finally, two examples
are given to illustrate the results.
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1 Introduction

Theory of differential equations is an important part of pure and applied mathematics which plays
a prominent role in many disciplines including engineering, physics, economics and biology. One of
the significant branches of theory of differential equations is fractional differential equations that
in recent years, has received considerable attention not only in mathematical research but also in
other applied sciences. In fact, Fractional differential equations are the development of differential
equations to real order. These type of differential equations can be applied to many real-world
field such as polymer physics, viscoelastic materials, viscous damping and seismic analysis see
(3,9, 11, 12, 13, 14, 18].

On the other hand, when one intends to analyze a real world phenomenon, it is also necessary
to deal with uncertain factors. In this situation, the theory of fuzzy sets may be one of the best
non-statistical or non-probabilistic approach, which leads us to investigate theory fuzzy fractional
differential equations.

Recently, the topic of existence and uniqueness for the solutions to linear and nonlinear fuzzy
fractional differential equations has been further investigated and discussed by many researchers in
various aspects. For example, in [2] the existence and uniqueness of solutions of Riemann- Liouville
fuzzy fractional differential equations has been proved by Arshad and in [16] the existence and
uniqueness of solutions as well the approximate solutions to fuzzy fractional differential equations
under the Liouville-Caputo H-differentiability has been studied by Salahshour and et al.. Further-
more, the existence and uniqueness of solutions for fuzzy fractional differential equations under the
Liouville-Caputo generalized Hukuhara differentiability has been investigated by Allahviranloo et
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al. in [1].

In this paper, we intend to propose a new metric on the space of fuzzy continuous functions by using
Mittag-Leffler functions and we study and investigate the existence and uniqueness of solutions to
nonlinear fuzzy fractional differential equations under fractional generalized H-differentiability in
the sense of the Liouville-Caputo differentiability.

This paper organized as follows: A brief review on the well-known fuzzy concepts as well as
fractional calculus are given in Section 2. Afterward in Section 3, a new metric for the space of
fuzzy continuous functions is introduced and the main result of the paper i.e., the existence and
uniqueness of solutions for nonlinear fuzzy fractional differential equations will be proved. Finally,
two examples are given to illustrate the application of the result.

2 A brief review on fuzzy concepts and fractional calculus

2.1 Fuzzy Theory

Definition 2.1. [5] Let X be a nonempty set. A fuzzy set u in X is characterized by its membership
function u : X — [0, 1]. Then, for each z € X we interpret u(z) as the degree of membership of the

element z in the fuzzy set u: u(x) = 0 corresponded to non membership; 0 < u(z) < 1 to partial
membership; and u(z) = 1 to full membership.

Definition 2.2. [5] We denote by Rz the class of fuzzy subsets of the real axis u : R — [0,1]
satisfying the following properties:

(i) w is normal, i.e., there exists xg € R with u(zg) = 1;

)
(ii) u is a convex fuzzy set, i.e., u(Az + (1 — X)y) > min{u(x),u(y)} for all A € [0,1] and =,y € R;
(i) w is upper semicontinuous on R, i.e. for each a € [0,1], {z : u(x) < a} is open in R;

(iv) cl{z € R:u(z) > 0} is compact, where ¢l denotes the closure of a set.
We call Rx the space of fuzzy numbers.

Obviously R C Rr. Here R C Rz is understood as R = {x{,}; @ is usual real number}. For
0 <r <1, denote [u]" = {z € R;u(z) > r} and [u]® = cl{x € R;u(x) > 0}.
By the definition of fuzzy numbers, it follows that for any r € [0,1], [u]” is a bounded closed interval.
The notation [u]” = [u",u"] denotes explicitly the r-level set of u. We refer to u and @ as the lower
and upper branches on u, respectively.

For u,v € Ry and A € R, the sum of two fuzzy numbers and the multiplication between a real and
a fuzzy number are defined respectively by

[uto)” =[u]" +[]" ={z+y:zec,yc}

and
[Bu]” = Blu]" = {Bz : x € [u]"}

for all r € [0, 1], where [u]” + [v]" is the usual addition of two intervals of R and S[u]" is the usual
product of a number and a subset of R.
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The Hausdorff distance between fuzzy numbers is given by do : Rr x R — RT U {0} as
doo(u,v) = supgc,<; max{|u” — v"|,[a" —v"|}. The metric space (Rr,d) is complete and the
following properties for the metric ds, hold (see [15]):

(i) doo(u+w,v+w) =doo(u,v), VY u,v,weRxr;
(i) doo(u 4w, v+ 2) < doo(u,v) + doo(w,2) Y u,v,w,z € Ry;
(iil) deo(ku,kv) = |kldeo(u,v), Vk e R,u,v € Rr.

Definition 2.3. [17] A mapping f : T X Rr — Rz is called continuous at (to,zo) € T X Rr
provided for any arbitrary e > 0, there exist an §(¢) > 0 such that

dOO(f(tvx))a f(th :Zfo) <g,
whenever |t — tg| < §(¢) and doo(z,20) < d(g) for all t € T,z € Rr.

Definition 2.4. [6] Let =,y € Rr. If there exists z € Rr such that x = y + z, then z is called the
H-difference of x and y and it is denoted by x © y.

Definition 2.5. [7, 19] Given u,v € Rz, the gH -difference is the fuzzy number w, if it exists, such
that
UOGH V=W & ()u=v4+w or (@) v=u+(-1) w (1)

Remark 2.6. If u ©45 v exists, then its r-level set is given by
[uEgm v]" = min{u" —v",@" — 7"}, max {u" — ", 7" —7"}].

Definition 2.7. [1] The generalized Hukuhara derivative of a fuzzy-valued function f : (a,b) = Rx

at x¢ is defined as

Fora(wo) = Jim flao+ h>h@gﬂ £ (o)

If f;H(xo) € Rz, is said that f is gH- differentiable at xg.

Remark 2.8. If f(zo + h) ©gn f(20) exists as (i) in (1) is said that f,;(2o) is [(4) — gH]—
differentiable and If it exists as (ii) in (1) is said that f;;(2o) is [(ii) — gH]— differentiable.

2.2 Fractional calculus

The Rimann-Liouville fractional derivative and integral of order o > 0 of a function ¥, respec-
tively are defined by (see [8])

fal / pt
Day(t) = F([a‘?— a) (jt"a] (A (t — S)(Oé]—l—ay(s)ds) (2)

and
Ioy(t) = ﬁ / (t— )2 y(s)ds, 3)
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besides, for a = 0, we set D° := I, the identity operator.
Also the Liouville-Caputo derivative is defined by

“Dy(t) :== D*(y — Tra1 1 W) (1), (4)

where T741_1[y] is the Maclaurin polynomial of order [a] — 1 of y = y(t), i.e., Tra1-1[y](t) =
m—1 yk(o) tk
k=0

In the fractional calculus, the Mittag-Leffler function plays an important role same as the
exponential function in the classical calculus. The Mittag-Leffler function of order a > 0 is denoted
by E.(z) and it is defined as follows

k

E,(2) :zzm, a>0,z€eC. (5)

Note that, for & = 1 the function E;(z) becomes the classical exponential function exp(z). More-
over, by composing two functions E,(z) and t* we have

(0%

N = (M)
o (AEY) Z()Fak:—i—l te0,a] C R, (6)

where a > 0 and A > 0 is a constant. In fact, the function E, (M%) is the unique solution to the
following initial value problem

CDax(t) =Dz — Troy_1[x])(t) = x(t),
z(0) =1,2'(0) =0, ..., f HaW 1(0) = (7)

for t > 0.
Here, it is necessary to review that for o € N, [a] = «,

“Df = D(f = Tar[f]) = D*f = D*(Ta-r[f]) = D f
since Ty—1[f] is a polynomial of degree o — 1.

3 The main result

We start this section with the following definition of Liouville-Caputo’s derivative under generalized
Hukuhara derivative presented in [1].

Definition 3.1. Let fg(?}) € Cla,b] N L]a,b]. The gH- fractional Liouville-Caputo differentiability
of fuzzy valued function f is defined as follows:

G0 f(@) = " (f1e V) @) = m /Ox(x — p(fal=a=1) g(faD) () gy (8)

where z > 0 and [a] = m.

Theorem 3.2. [1] Let [ : [a,b] — Rx be a fuzzy-valued function on [a, b].
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(i) If f is [(i) — gH]-differentiable at 2 € [a,b] then f is ¢[(i) — gH]- differentiable at x.
(i) If f is [(#) — gH]-differentiable at x¢ € [a,b] then f is ©[(ii) — gH]-differentiable at x.
Lemma 3.3. [1] The Fuzzy Fractional Initial Value Problem (FFIVP)
oD (x(1) = f(t.x(t), x(0) ==, te€]0,d], 9)

for which 0 < o < 1, is equivalent to one of the following integral equations

£(t) = 2(0) + ﬁ / (s — £)° f (s, 2(s))ds, (10)
z(t) = z(0) © (—1)% /0 (s —t)f(s,x(s))ds. (11)

Here, we introduce and define a new metric on space Rz

o e l(t),0(2)
o) = e e

a>0, A>0, u,veRg. (12)
Lemma 3.4. Assume do,(u,v) is Hausdorfl metric on Rg.

(i) d2, is a metric on space of C([0,a], RF).

(ii) The metric d, is equivalent to the metric d5, = mawe(o,q)doo (z(t), y(t)).

(iii) The metric space ((C[0,a],Rx),d2,) is complete.

Proof. (i) If A > 0 is constant, then we have E,(At*) > 0 for all ¢t € [0,a] and E,, is continuous
on [0, a]. Therefore, three properties of a metric can be easily verified.

(ii) Since E, is continuous and strictly increasing on [0, a], we have

1 < ! <1

EoOas) = Bagwe) = & for all te€]0,q], (13)

hence, it ensures that two metrics d), and d’_ are equivalent.

(iii) The completeness of (C[0, a],d2,) follows from the completeness of (C[0, a],d%,) (see [10]) and
(ii). If {x,} is a Cauchy sequence in C([0,a],d% ), thus (ii) follows that {z,} is a Cauchy
sequence in C([0,al,d,) and

lim d° (zn,2,) =0, implies lim  d (2, 2m) = 0.
n,m— oo n,m—oo
Q.E.D.
Lemma 3.5. [20]For every constant A > 0, we have
1 ¢ E,(\t®) —1
@/o (t— s)a_lEa()\s“)ds = % for all £t > 0. (14)
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Theorem 3.6. Let Ry = [0,a] X Rz and f : Ry — Rz be continuous such that the following
Lipschitz condition holds: There exist a constant L > 0 such that

doo (f(t, 7), f(t,y)) < Ldoo(2,y), (¢ ), (t,y) € Ro. (15)
Then the FFIVP
gt D (t) = f(t,x),  a(to) = o
has two unique solutions on [0, a].

Proof. Since f is a continuous function on Ry , so the integral equations (10) and (11) are well
defined. Let L > 0 be the constant defined in (15), and set A := Ly where v > 1 is an arbitrary
constant. Consider the complete metric space (C[0, al, d).), and let operators F; and F; are defined
by

(Fyz)(t) :== z(0) + F(la)/o (t—s)*" 1 f(s,z(s))ds, te]0,d (16)
and . .
(Frx)(t) :=z(0) & (—1)@ /0 (t—5)*"1f(s,z(s))ds t€[0,al. (17)

According to Lemma 3.3, the proof of the theorem is equivalent to show that each of two operators
Fy; and F, have a fixed point, i.e. there exist unique points x; and x5 such that Fy(z1) = z; and
F2 (.’Ez) = T2.
So, we will prove that Fy, F» : C([0,a],Rx) — C([0,a],Rx) are contractive maps with contraction
constant o = 1/ < 1, with respect to the metric dg‘o.

For any z,y € C([0,a], Rx), consider

doo (F12(t), F1y(t))
A (Fyz, Fly) : = ’
doo( 17, ly) tren[g,)é] Ea()\ta)

1 I o1
s (EW) = [e-9 doo<f<s,x<s>>,f(ay(s)))ds)

1 L ' — S a-1 xr(s S S
< o (g [ (0 90 L) (505

g (Emyme | -0 B SR )

1 1 ¢
< Ld\ - — [ t—-9)*"TE,(\s*)d
< (o) s (gt g [ (0 90" Eals®)as)

IN

te[0,a] )T («)
1 EL(M) —1
_ A «
= Ldoo(w,0) o, (Eauta)( X )>
_ di(zy)

1
1 ——
v tren[fi><§1< Ea(At“)>

=B (1 )

< dx(@y)
T
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Thus, we see that the condition v > 1 ensures that Fiz is a contractive map. Similarly we can
prove that Fhx is a contractive map, so fuzzy fractional differential equation (9) has two unique
solutions.

Q.E.D.

Remark 3.7. In Theorem 3.6, we use the metric (12) that involves the Mittag-Leffler function.
This particular metric is optimal in the sense that it compels the operator to be contractive on
the whole of C([0,a],Rx), i.e., the space of fuzzy continuous functions on [0, a], rather than on a
smaller set in the previous research.

For example, according to Theorem 4.3 in [1] it has been proved that a fuzzy fractional differential
equation has two unique solutions on [0,7] , such that 0 < r < a. In addition, the conditions of
Theorem 4.3 [1] are somewhat robust whereas in this study, we only use the Lipschitz condition.
In other words, the metric (12) not only help us to find two solutions on whole of C([0,a],Rx)
but also it allows us to have an easier proof, that is we only need to provide the condition which
satisfies the well-known Banach fixed-point theorem.

Example 3.8. suppose that f(¢,y(t)) =ny(t), so

dOO(f(tvyl(t))v f(t’y2(t))) < |77|d00(y1(t)7y2(t))

and L = |n|, since A := Ly and v > 1, the fuzzy fractional differential equation ;' Dz (t) =
ft,z(t)), x(0) = xg, where zy € Rz, has two unique solutions on the space C([0,a], Rr) with
the metric d), for all A > |n|. The exact solution of the fuzzy fractional differential equation for
n > 0 in the case of ¢[(i) — gH]J-differentiable is = xqE,(nz®) and for n < 0 in the case of
C[(ii) — gH]-differentiable is = x¢E,(nz®).

Example 3.9. Assume that f(¢,y(t)) := ﬁy(t) + (0,1, 2)¢t, thus

doo (F (10 (1)), f(t,12(1))) < %dm@lw,yg(m

and L = ﬁ, since A := Ly and v > 1, the fuzzy fractional differential equation D%z (t) =
f(t,x(t)), x(0) = [-0.1262r, —0.2523 + 0.1262r], ¢ € [0, T], has two unique solutions on the space
C([0, 2],Rx) with the metric d), for all A > ﬁ For example, when o = 1, the exact solution in
the case of ©[(i) — gH]-differentiable is,

— 631
z=—72r—em (EOOS 7T2’l") rt,

=63, , 2523 , ,

= - on? — 2220 ony —9 t
7= (5o00 Topop) T S

and in the case of “[(ii) — gH|-differentiable is
; 63lr |, 2523
- 2523 -
po (e - 28 5000 20000 . 12, _ 97% _ e

t

em
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