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Abstract In this paper, we study a new operational numerical method for
hybrid fuzzy fractional differential equations by using of the hybrid functions
under generalized Caputo- type fuzzy fractional derivative. Solving two exam-
ples of hybrid fuzzy fractional differential equations illustrate the method.
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1 Introduction

The fractional calculus is a field of science that involves both integrals and
derivatives of any arbitrary order. Dynamical systems can be efficiently char-
acterized by fractional differential equations. In the recent years, fractional
differential equations have attracted a considerable interest due to their nu-
merous appearance in various fields and their more accurate models of systems
by considering fractional derivative. Thus it is very momentous to find efficient
methods for solving fractional differential equations.

The hybrid fuzzy differential equations (HFDESs) is a natural way to model dy-
namic systems with embedded uncertainty. Therefore, they have a wide range
of applications in science and engineering.

This work is devoted to studying the hybrid fuzzy fractional differential equa-
tions. So far, some researcher have used various numerical for solve the hybrid
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fuzzy fractional differential equations [10,12]. However, our method is a oper-
ational method based on hybrid of block-pulse functions and the second kind
Chebyshev polynomials will be presented.

The paper is organized as follows. Behind preliminaries, Section is devoted to
definitions of fuzzy Riemann-Liouville integral and fuzzy Caputo derivative.
After this section, we will study the hybrid fuzzy fractional differential equa-
tions using the concept of fuzzy generalized Caputo differentiability. The next
section, we briefly describe the hybrid functions method. In the last section
we present two numerical examples to illustrate the method.

2 Preliminaries

Definition 1 A fuzzy number u is a fuzzy subset of the real line with a normal,
convex and upper semicontinuous membership function of bounded support.
The family of fuzzy numbers will be denoted by R z. An arbitrary fuzzy number
is represented by an ordered pair of functions (u(r),u(r)), 0 < r < 1 that,
satisfies the following requirements:

- u(r) is a bounded left continuous nondecreasing function over [0, 1], with
respect to any 7.
- u(r) is a bounded left continuous nonincreasing function over [0, 1], with
respect to any 7.
-ulr) <a(r), 0<r < 1.
then, the r-level set [v]" = {s|v(s) > 0} is a closed bounded interval, denoted

[o]" = [v", "],

Definition 2 A triangular fuzzy number is a fuzzy set u in Rz that is char-
acterized by an ordered triple (u;,uc,u,) € R® with u; < u,. < u, such that
[u]® = [us;u,] and [u]! = {u.}.

The r-level set of a triangular fuzzy number u is given by
[u]” = [ue = (1 = r)(ue —w), ue + (1 —r)(ur — uc)
for any r € I = [0, 1]

Definition 3 Let A, B two nonempty bounded subset of R. The Hausdorff
distance between A and B is

dp (A, B) = inf | — b inf |a — b|].
u(A, B) maX[iggblgBIG |’§§§32A|“ 1

The supremum metric D on Rx is as follows:
D(u,v) = sup{dg ([u]", [v]"),r € I}.
With the supremum metric, the space (Rz, D) is a complete metric space.

Definition 4 Let u,v € Rx. If there exists w € Rz such that © = v+ w, then
w is called the H-difference of u and v, and it is denoted by u & v.
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Definition 5 The generalized Hukuhara difference of two fuzzy number u, v €
Rz (gH- difference for short) is w € Rz, that defined as follows

(1) u=v+w,

UegHU:wH{(ii)vzu-i-(—l)w

Definition 6 The generalized Hukuhara derivative of a fuzzy-valued function
f:(a,b) = Rx at xq is defined as

(fgu (o) = }1&&) Flazo+ h)h@gH f(@o)

If (f)ym (7o) € Ry, we say that f is generalized Hukuhara differentiable at o,
Also, we say that f is [(i) — gH]— differentiable at xg if

(1) (Nga(@oir) = [(f) (o), (f) (wos7)], 0<7r<1

and that f is [(i1) — gH]—differentiable at z if

(i) (Hgu(@oir) = [(f) (xoir), (f) (zosr)], 0<r<1

Definition 7 Consider f : [a,b] — R, fractional derivative of f(¢) in the
Caputo sense is defined as

(DS f)(x) = ﬁ /az(a:—t)(mo‘l)f(m)(t)dt m—1l<a<mmeN, z>a
(1)

3 Fuzzy Riemann-Liouville integral and fuzzy Caputo derivative

Definition 8 Let f : [a,b] — Rgz; the fuzzy Riemann-Liouville integral of
fuzzy-valued function f is denoted as follows:

O R =

fora <z, 0<a<1 Fora=1, weset JI = I, the identity operator.

Let us denote C7 [a, b] as the space of all continuous fuzzy valued functions
on interval [a,b]. Also, we denote the space of all Lebesque integrable fuzzy-
valued functions on interval [a,b] C R by L7 [a, b].

Definition 9 Let fg(z) € C7[a,b] N L7 [a,b]. The fuzzy gH-fractional Caputo
differentiability of fuzzy valued function f (“F'[gH]—differentiability for short)
is defined as following:

(D f)(e) = T2 (@) = 2o [ o e a2

m—«

where m — 1 <a<m,meN, x> a.
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Theorem 1 Let [/ ;; € CFla,b]N L7 [a,b], and f(x;r) = [f(x;7), f(a;r)] for

0<r<1,z€la,b]. Let f(x;r) and f(z;7) are Caputo differentiable functions

then the function f is ©F'[gH]—differentiable. Furthermore

D)) = (D2 )5 (D3 s (D i) (D )
3

where (D2 f)(z;7) and (D2 f)(x;7) defined in Definition 7.

Definition 10 Let f : [a,b] — Rz be ¢F[gH]—differentiable at ¢ € (a,b).
We say that f is “F'[(i) — gH]—differentiable at g if

(91 D3 f)(wosr) = (DS f) (o3 7), (DL f)(zoi7)], 0<r<1 (4)
and that f is “F[(ii) — gH]—differentiable at z¢ if
(g D2 f)(wos) = (D2 f)(wo,7), (DS f)(zoi7)], 0<r<1 ()
where s ()t
(Do) = ey |, Gt (6)
(DT i) = ey | ©

Theorem 2 Let f : [a,b] = Rx be a fuzzy-valued function on [a,b].

(a) If f is [(i)-gH]-differentiable at xo € [a,b] then f is °F|[(i) — gH|— differentiable

at xg.

(b) If f is is [(ii)-gH]-differentiable at xo € [a,b] then f is F[(ii) — gH|— differentiable

at xg.

4 Hybrid fuzzy fractional differential equation

Consider the hybrid fuzzy differential equation:

{QHDSx(t) = f(t7x<t)’ )‘k(x(tk)))7 te [tkvtk-i‘l] (8)
z(ty) = xk,
where 0 < fp < t; < -+ <t < -+, tp = 00, f € C[R+ x Rr XR]:,R]:],
A € C[Rz,Rz]. be as follows:

gD (t) =

gHDfxo(t) (t xo(t), )\0(1‘0)), {L‘()(to) =x9, tE [to,tl]
gHDf:Il(t) (t xl(t),)\l(xl)), l‘l(tl) =T, te [tl,tg]
gHDfZ‘Q(t) (t x2(t),)\2(l‘2)), l‘g(tg) = T2, te [tg,tg]

9)

D% (t) = F(b ax(t), Me(wn), wx(t) = o, €€ [t tipn]
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With respect to the solution of (8), we determine the following function:

xo(t), te [to,h]
(L’l(t), te [tl,tg]
za(t), € [ta, ts]
a(t,to, z0) = 4 (10)

xp(t), t€ [th,tryi]

We note that the solutions of (8) are piecewise differentiable in each interval
for ¢ € [tx,txy1] for a fixed xp € Rr and k = 0,1,2,.... We may replace (8)
by the following ODEs:

Dex=(t) = f~(t,x, \e(xr)) = fr, (t, a2t 2, A (),

= (ty) =z,

szl(t) = fl(t,$,>\k($k)) = %(t?xiazlﬁx+7)\k}(l‘k))7 (11)
€ (tk) = xllga

Dext(t) = fHt, o Me(xr)) = fiF (G2, 2t 2t A (),
at(ty) =z

That is, for each ¢, the pair [z (¢, ),z (t,7)] is a fuzzy number, where x~ (¢,7), 2t (¢, 7)
are, respectively, the solutions of the parametric form given by:

D¢x=(t;r) = Fy (t,a™ (& 7), 2 (6 r), Me(zk)),

Dext(tyr) = Ef (t,a= (tr),at (¢ 7), Ae(zr)),

't (ty;r) = 2 (r).
for each 0 < r < 1. For a fixed r, to integrate the system (12) in

[thtl]v [tlatQ]v ) [tkvtk+1]7 Tt

5 Hybrid functions

Hybrid functions which consist of block-pulse functions and different polyno-
mials, such as Legendre polynomials, Chebyshev polynomials, bernoulli poly-
nomials and Bernstein polynomial, have a special place in differential equations
and integral equations. Here we apply hybrid functions based upon block-pulse
functions and the second kind Chebyshev polynomials.

5.1 hybrid functions based upon block-pulse functions and the second kind
Chebyshev polynomials

Definition 11 The second kind Chebyshev Polynomials are defined on inter-
val [—1,1] by

sin(m + 1)6

Un(t) = sin 6

, t=cos, m=0,1,2,...
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These polynomial functions are orthogonal with respect to the weighted func-
tion w(t) = v/1 — 2, on the interval [—1, 1] and satisfy the following recursive
formulas

Uo(t) = ]., Ul(t) = 2t, Um+1(t> = 2tUm(t) - Um_l(t), m = ].,2,

Definition 12 The hybrid functions Ay, n=1,2,..., N, m=0,1,.... M —1,
on the interval [0,¢5) are defined as, hy,, are defined as,

n—1n

0, o0.w.,

where n and m are the order of the block-pulse functions and the second kind
Chebyshev polynomials, respectively. Since A, (t) consists of the block-pulse
functions and the chebyshev polynomials, which are both complete and orthog-
onal, so a set of the hybrid functions based on them is complete orthogonal
set.

5.2 Approximations and operations

In this section, we apply the Hybrid functions to approximate an arbitrary
function. A function f(t) € L2[0,¢s], may be expanded as the following:

oo 0o N M-1
FO=Y"" camhnm®) =YY" comhnm(t) = CTH,(t).  (13)
n=1m=0 n=1 m=0

where p(t) = NM,

T
C= [0107---acl(M—1)70207---702(]M—1)7'-~7CN0; ---,CN(M—1)] )

and
Hu(t) = [h10, oo hi(ri—1), 205 oy Ba(hr—1) s s ANOs ooy v ar—1)] -
Let yp = NM, The integration of the vector H,(t), is given by
/Hu(t) ~ PuxuHu(t),

where P, is the X u operational matrix for integration, and can be obtained

as follows Py, ~ 2—47#X #F‘D‘Lpf1 In above relation, square matrix ¥,,, , by

X
2i—1

using collocation points ¢; = 22 ;0 =1,2,..., 4, and F* matrix are defined

I
with ) 5 5 )

=
4 =[H,(-)H,(=—) --- H
e = ) () - HT )
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leyeg-r eyt

0161“'6”,2

Fa:i 1 00 1"'€H—3
u® I'a+2) . S
000 0 1

with e, = (k + 1)°+! — 2k 4 (K — 1)L for k=1,2,...,u— 1.

Theorem 3 Assume that f(t) € CTMI0,1] is a fuzzy-valued function with
bounded M derivative, i.e. D(f)),0) < L. If the function f can be ex-
panded as a fuzzy finite sum of hybrid functions

{h107"' 7h1(1\/f—1)7h207"' 7h2(M—1)7"' 7hN0a"' 7hN(]\/[—1)}7

then by using hybrid basis functions, the mean error bound is presented as fol-
2L

low: Dy, (f(t), CTH,(t)) < NI where D, fo ), v(t))w(t)dt)

and w=+/1—t?

Proof. The function f is a fuzzy function thus it can be written as f" =
" 71, for all r € [0,1], for which /" and 7" are real functions. In addition,

the assumptions follow that |(f")*| < L and (FIM| < L

DL (f0).C7H,0) = [ (10).CT ) it)a (14)
(/ ( sup max{|f" — " H,(#)],[f — C”THu(t)})w(t)dt> (15)
0 re€fo,1)
sup max — 7 w —e7T w
s e { [ e par) ([ 17 - ioar) )
(16)
2L
< N (17)
the last inequality is according to Theorem 1 in [8]. O

In Theorem 3 we get a upper bounded that shows for M, N are sufficiently
large, we have CTH,,(t) — f(1).

6 Numerical examples

To give a clear overview of our study and to illustrate the above discussed
technique, we consider the following examples.
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Example 1 Consider the following hybrid fuzzy IVP,

guDYx(t) = x(t) + mt)Ae(z(te)), t € [tr,tr +1],
th="k k=012, (18)
z(0) = [0.75,1,1.125],

(1) = { 2(t(modl)), if  t(modl) < 0.5
)= 2(1 — t(modl)), if  t(modl) > 0.5,
i) = {2 ifk ek{_102 Y (19)

For the which 0 € Rx define as 0(z) = 1 if z = 0 and 0(z) = 0 if = # 0.
The hybrid fuzzy initial value problem (18) is equivalent to the following sys-
tem of fuzzy initial value problems (for (i)-differentiability):

() =27 () + m@)z; (L),
D) = zi () +m(t)z] (L),
* ;r)(t) = x;r(t) + m(t)wi(ti), t € [t tit1],
xl(tz) infl(ti), 1 =1,2,3,...
In (18), x(t) + m(t) Ak (xk(t)) is a continuous function of ¢,z and A, (x(tx))
and the fuzzy IVP

{gHfo:c(t) =z(t) + mO) e (z(t)), tE [tr,tos1],te =k,
z(ty) = x,,

(20)

has the exact solution as ¢r[(i) — gH] [1]:
For [0, 1], the exact solution of (18) satisfies

x(t) = [0.7T5E,(t%), Eo(t*), 1.125E, (t")].
For [1,1.5], the exact solution of (18) satisfies
a(t) = z(1) Ea[(t = 1)°] + /t(t = 2)*7 Ba,a At — 2)7]2(z — 1)da.
For [1.5,2], the exact solution of (18) satisfies
z(t) = z(1)Ey[(t — 1) + /t(t —2)* B, o[At — 2)¥]2(2 — x)da.
But solve integrals arise in solution is not easy, So we don’t have exact explicit

solution, Hence approximate solutions will be very useful. To numerically solve
the hybrid fuzzy IVP (18) we will apply the hybrid functions method with
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the exact and approximate solutionsfor a=1

10+

4l / * approximatesolutions
1

I I L L L L L L L L
05 10 15 20

Fig. 1 y",7"and y' with o = 1 for example 1 on [0,2]

the exact and approximate solutionsfor @=0.5

* approximatesolutions

L L L L L L L L L L L L L L L L L
0.2 04 06 08 10

Fig. 2 y",y"and y! with a = 0.5 for example 1 on [0,1]

M = 3 and N = 2 for the following hybrid fuzzy differential equations systems.
The comparison between the exact and numerical solutions on [0, 2] or [0, 1] is
shown in Figures 1,2,3,4.

Example 2 Consider the following hybrid fuzzy IVP,

g DEa(t) = —x(t) + m(t) A\ (wk)), t € [tk trsa],
te =k k=0,1,2,..., (21)
2(0) = [0.75,1,1.125],
where
m(t) = sin(nt), k=0,1,2,..., (22)
[0, ifk=0
A’“(“){u, ifke{0,1,2,..} (23)
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now, by (ii)-differential The hybrid fuzzy initial value problem (21) is equiva-
lent to the following system:

Diag (t) = —xg (1),
Dg.’té(t) = —(Eé(t),

D¢y (t) = —xg (t), te[0,1],

x(0) = [0.75,1,1.125],

D¢a; (t) = —z; (t) + m(t)z; (t),

D¢xi(t) = —xi(t) + m(t)z}(t:),

Deat(t) = —zf (t) + m(t)z (t), € [titisa], (24)
Jii(tl) = Jii_1(ti), if 4 is odd

D2 (t) = —zy (t) + m(t)z] (t;),

D2al't) = —zl(t) + m(t)x} (t:),

Dot 'ty = —af () + m(t)a; (8),  t € [t tia),

l‘z(tl) = xi—l(ti)7 if 7 is even

For [0,1], the exact solution of Eq. (21) satisfies

z(t) = [0.75E(—t%), Eo(—t%), 1.125E, (—t%)]

For [1,2], the exact solution of Eq. (21) satisfies,

x(t) = x(1)Ey[—t*] + /0 (t —2)* LB, o[~ (t — 2)*]sin(nz)dz

the exact and approximate solutionsfor @=1

* approximatesolutions

I L L L L I L R ! ! I L L N T
05 10 15 20

Fig. 3 y",7"and y! with a = 1 for example 2 on [0,2
g Y,y Y
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the exact and approximate solutionsfor a=0.5

10

08

* approximatesolutions
06

| L L L L
\ 02 04 06 08 —————10

Fig. 4 y",7"and y' with o = 0.5 for example 2 on [0,1]
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