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Abstract In this paper, we study fuzzy differential equations (FDE) in the setting of normed spaces
by introducing new definitions and extending the H-differentiability to normed spaces. This concept
stands on the expansion of the class of differentiable fuzzy mappings and, for this, the lateral Hukuhara
derivatives should be propounded. We will see that both derivatives are different and they lead us to
different solutions from a FDE. Some illustrative examples are also given and some comparisons with

other methods for solving FDE are made.

MSC: 39A10
Keywords: normed space; fuzzy set; H-difference; fuzzy measurable mapping; initial fuzzy value prob-

lem; Banach’s contraction

Submission date: 25.08.2019 / Acceptance date: 19.11.2021

1. INTRODUCTION

Fuzzy set theory is applied for modeling uncertainty data and for processing ambiguous
or subjective information in mathematical models. Their main objective of development
have been diverse and its applications appear in the very varied real problems, for instance,

in the golden mean [1], particle systems [2], quantum optics and gravity [3], synchronize
hyper chaotic systems [4], chaotic system [5—7], medicine [8, 9], and engineering problems
[10]. Particularly, fuzzy differential equation is a very important topic from a theoretical
point of view (see [11-17]) as well as of their applications, for example, in population
models [18, 19], civil engineering [20] and in modeling hydraulic [21]. Initially, the deriv-
ative for fuzzy valued mappings was developed by Puri and Ralescu [10], that generalized
*Corresponding author. Published by The Mathematical Association of Thailand.

Copyright © 2022 by TJM. All rights reserved.



306 Thai J. Math. Vol. 20 (2022) /A. Farajzadeh et al.

and extended the concept of Hukuhara differentiability (H-derivative) for set-valued map-
pings to the class of fuzzy mappings. Subsequently, using the H-derivative, Kaleva [13]
started to develop a theory for FDE. In the last few years, many works have been done
by several authors in theoretical and applied fields (see [11, 13, 15, 17, 21-23]). In some
cases this approach suffers certain disadvantages since the diameter diam(xz(t)) of the
solution is unbounded as time ¢ increases [11, 12]. This problem demonstrates that this
interpretation is not a good generalization of the associated crisp case and we assume that
this problem is due to the fuzzification of the derivative utilized in the formulation of the
FDE. In this direction, Bede and Gal in [24, 25] introduced a more general definition of
derivative for fuzzy mappings enlarging the class of differentiable fuzzy mappings. Fol-
lowing this idea, in this paper we define the fuzzy lateral H-derivative for a fuzzy mapping
G : I = (a,b) » F(X) where X is a normed space. We give some nice properties of it
and we finally, by using Banach’s contraction theorem, provide an existence result to the
initial fuzzy value problem.

2. BAasic CONCEPTS

Let K(X) denote the family of all nonempty compact subsets of a normed space X.
If A, B € K(X), then we define the operations of addition and scalar multiplication as

A+B={a+blacAbe B}, M={la|ac A}

It is easy to verify that K(X) satisfies all axioms of being a vector space except having
additive inverse. Note that A 4+ {0} = A, for each A € K(X) where 6 denotes the zero
vector of X.

If A€ K(X) we define the e—neighborhood of A as the set

N(A,e) = {z € X | d(z, A) < £},

where d(x, A) = inf,eca ||z — a| and ||.|| the norm on X.

Remark 2.1. It is clear that A C N(A,e). If {z,} is also a sequence in N(A,¢) with
Zn — x, then d(z, A) < e. Hence, the closure of N(A,¢) (denoted by N(A4,¢)) is a subset
of {x € X | d(z,A) < e}. It is well known that the mapping x — d(z, A) is continuous
and so the set N (A4, ¢) is an open subset of X while the set {x € X | d(z, A) < €} is closed.
Hence, if A is a nonempty compact subset of X and 6 ¢ A, then since X is connected
(note that each normed space is connected), N(4,¢) & {z € X | d(z, A) < e}. Finally, it
is obvious that, for each ¢ > 0,

x= J NWApe
AEK(X)

and for each A € K(X),

N(A,e) = U N(A,ry,),

where {r, }52; is a dense subset of [0,¢]. Consequently, the family
{N(A,e) | Ae K(X),e >0}

is a base for a topology on X.
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The Hausdorff separation p(A, B) of A, B € K(X) is defined by
p(A,B) =inf{e >0| AC N(e,B)}
and the Hausdorff metric on K(X) is defined by
h(A, B) = max{p(A, B), p(B, A)}.

Remark that, for each (A,B) € K(X) x K(X), we have p(A,B) € [0,00). Because
otherwise, for all natural number n, there exists =, € A\N(n, B). Hence, d(z,,B) > n
and since B is compact there exists y, € B such that

d(zy, B) = d(zy, yn) > n. (2.1)
Now since A x B is compact there is (z,y) € A x B such that

d(xn, yn) — d(z,y)

which is contradicted by (2.1) (note that it follows from (2.1) that lim sup,, d(zn, yn) >
lim sup,, n = 00).

It is straightforward to see that (K (X),h) is a complete metric space.

A fuzzy set u in an universe set X is a mapping u : X — [0, 1] which u(z) assigns the
degree of membership of element x in the fuzzy set A, for each x € X. If u is a fuzzy set
in X, we define [u]* = {x € X | u(z) > a} the a-level of u, with 0 < o < 1. For a =0
the support of u is defined

]’ = supp(u) = {z € X [u(z) = 0}.

Proposition 2.2. Let u be a fuzzy set in X, then the family {Lo(u) = [u]* | « € [0,1]}
satisfies the following properties:
i) [u]? Cu*C M forall 0<a<p.
i) If o T e, then [u]® = (o, [u]®" (i.e., the level-application is left-continuous).
iii) (Representation). Let M C X and suppose that {B,, | @ € [0,1]} is a family of
subsets of M wverifying (i) and (i) and By = M. Then, there exists a fuzzy set u
in X such that [u]* = By, for all o € [0,1].
Proof. (i) is obvious from the definition of the a-level set. To see (ii), it follows from
a, T aand (i) that
[u] C [u]*", Vn € N(the natural numbers),

and so
[w)* C (" [u]*".

Now let z € (> [u]*", hence
n=1
u(z) > an, YneN
and so
u(z) > an, Yn € N.
Then u(x) > lim,_, &, = « which means that z € [u]®. This completes the proof of
(ii). To verify (iii), it is enough to define the fuzzy set u in X as

| sup{a |z € B,}, if xe M,
“(5”)_{0, if © ¢ M.
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This completes the proof. [ ]

Remark that the result of part (iii) in Proposition 2.2 still valid if we replace the
assumption «, T a by the weaker condition a,«, for all n € N and there exists a
subsequence {ay, } of {a,} with limsup o, = « or liminf «,,, = . The simple example

o - L, if n=2k,
"1 0, if n=2k-1.

and a = % does not satisfy (iii) of Proposition 2.2 while «,, < «, for all n € N and

lim sup(agg—1 = %) = %

We say that a fuzzy set u is compact if [u]* € K(X), for all « € [0,1] and u is called
convex if [u]® is a convex subset of X, for all « € [0, 1].
As an extension of K(X) we define the space F(X) the space of all fuzzy sets wu :
[0,1] x X with the following properties:
i) wis normal, i.e. {z € X |u(z) =1} #0,
ii) w is fuzzy-convex, i.e., for all z,y € X and A € [0, 1] we have

u(Az + (1= A)y) = min{u(z), u(y)},

iii) w is upper semicontinuous,

iv) Lou is compact.
We will denote by F(X) the space of all compact and convex fuzzy sets on X. If we take
X =R, then it is easy to check that the a-level sets of u € F(R) are compact intervals of
the real line, for all « € [0, 1]. The sum and the scalar multiplication operations on F(X)
are defined as (u + v)(z) = sup{inf{u(y),v(z —y))} : y € X} and

u($), ifA#0
Aau)(z) = AL ’
00 = { {37220
where 6§ is the zero vector of X and x(g; is the characteristic function of {#}.

It is easy to prove that [u + v]® = [u]* + [v]* and [A.u]* = Au]?, for all u,v € F(X)
and A € R. We can also extend the Hausdorfl metric A to F(X) by means

Dluyv) = sup h([u]®, [o]7), Yu,v € F(X).
a€l0,1]

One can show that (F(X),h) is a complete metric space but it is not separable (note
that there is an uncountable subset A of X and so if we consider the family {x {4} }aca,
then D(x{a},Xx{p}) = lla —bl|). Also, the measure of u € F(X) is defined by [ul =
D(u,x(9y) = supyepoq) [Laull. It is obvious that A € K(X) then x(,y € F(z) and
Ix{a} |l = D(xa,xq03) = SUPqe0,1] h([xal®, [x{e;]*) = sup{||z| : 2 € A}. It is also clear
that if A € K(X) then x4 € F(x) and || x|l = sup{||z|| : # € A}. Moreover, the mapping
v € X = X{y € F(X) is an isometric embedding. Finally, if u € F(X), then we say that
u € X if u = x(,y, for some z € X.

The support function of u € F(X) is defined as S, : [0,1] x X* — R,

Sula,z*) = sup{z*(z) : x € [u]*}
where X* is the dual of X.
In the next proposition, we give some interesting properties of the support function.
Proposition 2.3. If u,v € F(z), A >0 and (o, z*,y*) € [0,1] x X* x X*, then
(1) Sutv(a,z*) = Su(a, %) + Sy (a, %),
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(ii) Su(a’w* + y*) = Su(a’ ‘T*) + Su(a>y*);

(iil) Sxu(a,x*) = Sy(a, Az*) = ASy (e, %),

(iv) If0 <a < B <1, then Su(B,2*) < Su(o,x*),

(v) The mapping x* — Sy, (o, x*) is lower semicontinuous and oo — Sy (o, x*) is
continuous.

Proof. is a direct result of the definition of the support function and the relation [u+v]* =
[u]*4[v]*. (ii) and (iii) are obvious from the definition of the support function. (iv) follows
from the fact that if 0 < a8 < 1; then [u)? C [u]®. The first part of (v) can be supposed
it as the supremum of a family of continuous functions. In fact,

Sula, ) = sup{Z(z¥) : z € [u]*}

where, T : X* — R is defined by Z(z*) = 2*(z), for all x € X. The second part of (v)
follows from being It is easy the function & — S, («, z*) decreasing and S, (A, z*) =
AS, (o, z*), for all X € [0,1].

3. THE Fuzzy DERIVATIVE

It is well-known that the H-derivative (differentiability in the sense of Hukuhara) for
fuzzy mappings was initially introduced by Puri and Ralescu [16] in the setting of finite
dimensional Euclidean space R™. In this section we are going to extend it to an infinite
dimensional normed space. To do it we need interpret the meaning of the difference of
two fuzzy sets.

Definition 3.1. Let u,v € F(X). If there exists w € F(X) such that v = v + w, then w
is called the H-difference of v and v and it is denoted by u — v.

Remark that v —u = x(3 and u + x¢} = u, for each u € F(X).

Definition 3.2. Let I = (a,b) and consider a fuzzy mapping H : I — F(X). We say
that H is differentiable at to € I if there exists an element H' (to) € F(X) such that the
limits

lim H(to + h) — H(to) H(to) — H(to — h)

h—0+ h h—0+ h

exist and are equal to H (ty). Here the limit is taken in the metric space (F(X), D).

Remark 3.3. As seen in the above, one can consider X as a subset of F(X), in fact
X has been isometrically embedded X into F(X) by the mapping x € x{,}. Hence if
f:I=]a,b[— X is differentiable at t; € I in the usual sense then the limits

lim fto+h) = f(to) and  lim f(to) — f(to — h)

h—0+ h h—0t h

exist and are equal to the element f (o) € X. Equivalently one can verify that the limits
lim X({to+h}) — X{to} and  lim X{to} — X({to—h})
h—0*+ h h—0%+ h
exist and equal to XF (to)- This means that Definition 3.2 is a generalization of the
usual definition of differentiability. Although this definition of the differentiability is
an extension of the usual definition but it is very restrictive; for instance, if we take
H(t) = c.g(t), where ¢ is a fuzzy number and g : [a, b] — [0, 00) is a function with ¢ (t) < 0,
then H is not differentiable. To avoid this difficulty, we define a more general definition
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of derivative for fuzzy mappings enlarging the class of differentiable fuzzy mappings by
considering a lateral type of H—derivatives.
In this paper we consider the following definition in the setting of normed spaces:

Definition 3.4. Let H : I =]a,b[— F(X) and to € I. We say that H is differentiable at
to if: there exists an element H/(to) € F(X) such that, for all h > 0 sufficiently near to
0, there are H(to + h) — H(to), H(tg) — H(to — h) and the limits (in the metric D)

. H(to+h)—H(to) .. H(to) —H(to—h),
W, h = h )= H (to) (8:1)

or
there exists an element H (to) € F(X) such that, for all h < 0 sufficiently near to 0, there
are H(to +h) — H(to), H(to) — H(to — h) and the limits (in the metric D)

lim H(to+h) — H(to) _ lim H(to) — H(to — h)

h—0~ h h—0~ h

Remark 3.5. Note that if H is differentiable in the sense (3.1) and (3.2) simultaneously,
then for h > 0 sufficiently small we have H (tq+h) = H(to) +u1, H(to) = H(to — h) +us,
H(to + h) = H(to) 4+ v1 and H(to) = (to + h) + v2, with uy, Uz, V1,02 € F(X) Thus,
H(to) = H(to) + (uz +v1), i.e., ug +v1 = x{o3, it implies two possibilities: us = v1 = x4}
if H(to) = x{oy; Or U2 = X{a} = —v1, With a € F(X), if H'(to). Therefore, if there exists
H'(t) in the first form (second form) with H' (to) € F(X) then does not exist H' (to) in
the second form (first form, respectively).

— H'(t) (3.2)

The following example shows that the first form and the second form of the differen-
tiability in Definition 3.4 are different.

Example 3.6. Let X = R" and H(t) = c¢- g(t) be a fuzzy mapping where c is a fuzzy
number and g :]a, b[— [0, 00) is a differentiable function on Ja, b[. In this case, if g’ (to) > 0,
then H is differentiable in the first form (3.1) and we have H (to) = c.g (to). But, from
the previous remark H is not differentiable in the second form (3.2). Analogously, if
g (to) <0, then H is differentiable in the second form (3.2) and H (to) = c.g (to), but H
is not differentiable in the first form.

Theorem 3.7. Let X be a normed space and H :]a,b|— F(X) a fuzzy mapping. If H
is a differentiable mapping of the second form in the sense of Definition 3.4 then H is
continuous.

Proof. The result follows directly by the definition of the second form of Definition 3.4
and the rules [u + v]* = [u]* + [v], [A\u]* = Au]®, for all u,v € F(X), A € R. L]

Theorem 3.8. Let X be a normed space and G, H :|a,b[— F(X) two fuzzy mappings.
If G, H are differentiable in the second form (3.2) at the point t €]a,b] and A € R, then
(H+G) (t) = H (t) + G (t) and (\H)'(t) = XH ().

Proof. The result follows by the definition of the second form of Definition 3.4, the rela-
tions [u+v]* = [u]® + [v]%, [A.u]® = Au]?, for all u,v € F(X), A € R, and the uniqueness
of the limit. -

Theorem 3.9. Let H : I — F(X) be a fuzzy mapping and let xy,y; € [H(t)]*, and
a €[0,1]. Then
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(i) If H is differentiable in the first form (3.1), then x; and y; are differentiable
functions and [z, y,] C [H ()]
(ii) If H is differentiable in the second form (3.2), then x; and y; are differentiable
functions and [y;, z;] C [H (t)]°.
Proof. (i) If h > 0 and « € [0, 1], then we have
[Tern — e, Yen — ye] C [H(E+ h) — H(1)]"

and, multiplying by % we have

1 Tigh — T — H(t+h)—H(t)*
E[xt+h = Tpy Yerh — Y] = [ t+hh L yH_hh yt] C [H( )h ®)
Passing to the limit we have
[z, y,] C [H (8))7
The proof of (ii) is similar to the proof of (i). L]

It is worth noting when X is an infinite dimensional normed space then the interior
of a compact and convex subset of X is empty. Hence, for each a € [0, 1] the interior of
[H(t)]* is empty.

Definition 3.10. Let X be a normed space and (X, 2, i), where w is the smallest o—
algebra contains all the open subsets of X and p is a measure on it, is a measure space.
We say that the fuzzy mapping H : I =]a,b[— F(X) is measurable,if for each a € [0, 1]
the set valued mapping H,, : I — F(X) defined by H,(t) = [H(t)]* is a measurable set
as a subset of X. We define the integral of the fuzzy mapping H : I — F(X), denoted

Jier H(t), as
[/ H(t)} = { f@)dt: f: I — X is a measurable selection for Ha} ,
tel tel

for all a € [0, 1].
A measurable fuzzy mapping H : I — X is said to be integrable over I if [ Ht)dt € X.

Definition 3.11. A fuzzy mapping H : I — F(X) is called integrable bounded, if there
exists an integrable mapping h : I — [0, 00) such that

D(H(t),X{g}) < h(t), Vvtel.

Remark that the previous definition is an extension of the usual definition of integrable
bounded for single real valued mappings. Also, if H : I — F(X) is a continuous fuzzy
mapping then H is a measurable mapping.

By using the definitions of the integrability and differentiability, we deduce the follow-
ing two theorems which are useful in the sequel and omit their proofs.

Theorem 3.12. Let H be continuous in I = [a,b]. Then the mapping G(t) = fatH is
differentiable in the second form and G (t) = H(t),Vt € I.

Theorem 3.13. Let H be differentiable in I = [a,b] with respect to the second form and
assume that the derivative H is integrable over I. Then for each s € I, we have

H(s) = H(a) +/: .
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Now we are ready to study the following fuzzy initial value problem in the setting of
normed spaces.

@ (t) = H(t,z(t), 2(0) = o,

where H : [0,a] x F(X) — F(X) is a fuzzy mapping and z is a fuzzy number.

If we take X = R then the initial value problem collapses to the problem studied by
Kaleva [13].

The following theorem provides an existence result to the initial fuzzy value problem.

Theorem 3.14. Let H : [0,a] — F(X) be continuous fuzzy mapping and assume that
there exists a 0 < k < 1 such that
D(H(t,u), H(t,v)) < D(u,v), V(u,v) € F(X)xF(X),Vtel
Then the initial value problem
(1) = H(t,z(t), 2(0)= o,
has two unique solutions on [0, al.
Proof. Set M= {f: f:]0,a] = F(X)}. It is straightforward to see that the set M is a

complete metric space with the metric d(f,g) = sup,cjg o D(f(t),9(t)). Now we define
G:M— Mby

G(f)(s) =z + /OS H(t,z(t))dt, Y(f,s) € M x|0,al.

It follows from our assumptions and the Banach’s contraction theorem that G has a fixed
point such as x € M so that

2(s) = G(a)(s) = w0 + / H(t, 2(t))dt, V€ [0,a].
0
Hence, by using Theorem 3.12 and by applying the two forms of Definition 3.4 we get
2’ (s) = H(s,z(s)), Vse€[0,a.
Further x(0) = z¢ + foo H(t,x(t))dt = 9. This completes the proof. L]
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