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Abstract

This paper deals with the introduction of a fuzzy over-relaxed proximal point iterative scheme
based on H(-,-)-cocoercivity framework for solving a generalized variational inclusion problem
with fuzzy mappings. The resolvent operator technique is used to approximate the solution of
generalized variational inclusion problem with fuzzy mappings and convergence of the iterative
sequences generated by the iterative scheme is discussed. Our results can be treated as refinement
of many previously-known results.
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1. Introduction

The fuzzy set theory which was introduced by Zadeh (1965) has emerged as an interesting and
fascinating branch of pure and applied sciences. The applications of the fuzzy set theory can be
found in many branches of regional, physical, mathematical and engineering sciences. Of course,
fuzzy sets are powerful mathematical tools for modeling and controlling uncertain systems in
industry and nature. They are helpful for approximating reasoning in decision making in the
absence of complete and precise information.

Variational inequality theory provides us a unified frame work for dealing with a wide class
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of problems arising in elasticity, structural analysis, physical and engineering sciences, etc.
(see Ahmad et al. (2000), Aubin et al. (1984), Baiocchi et al. (1984), Giannessi et al. (1995),
Harker et al. (1990), Hassouni et al. (1994), and references therein). Variational inclusions are
an important generalization of classical variational inequalities and thus have wide applications
to many fields including mechanics, optimization and control, engineering sciences, and non-
linear programming (see Ahmad et al. (2005), Hassouni et al. (1994), Huang (2001)). Chang et
al. (1989) first introduced the concept of variational inequalities for fuzzy mappings in abstract
spaces. Since then, several classes of variational inequalities and complementarity problems with
fuzzy mappings were studied by several authors (see Chang et al. (1999), Lan et al. (2008),
Lee et al. (1999), Park et al. (1998)). Variational inequalities and related problems with fuzzy
mappings have been useful in the study of equilibria and optimal control problem (see Chang et
al. (2000)).

Recently, Verma (2009) introduced and studied the over-relaxed A-proximal point algorithm based
on A-maximal monotonicity to approximate the solvability of a general variational inclusion
problem. In 2011, Pan et al. introduced the over-relaxed proximal point algorithm based on
(A, n)-accretive mapping for approximation solvability of a general class of variational inclusion
problems. On the other hand, Li (2012) also studied over-relaxed proximal point algorithms for
approximating solvability of some nonlinear operator equation. Quite reasonable work is done
in this direction to solve some classes of variational inclusion problems. For more details of the
related work, we refer to Deepmala (2014), Deepmala et al. (2013), Husain et al. (2013a), Husain
et al. (2013b), Husain et al. (2013c), Mishra (2007), Pathak et al. (2013) and references therein.

Motivated and inspired by recent research works mentioned above, in this manuscript we introduce
the fuzzy over-relaxed proximal point iterative scheme based on H (-, -)-cocoercive operators (Ah-
mad et al. (2011)), since cocoercive operators are generalized forms of monotone mappings and
accretive mappings. By using this new scheme, we approximate the solvability of a generalized
variational inclusion problem with fuzzy mappings and discuss the convergence of fuzzy over-
relaxed proximal point iterative scheme generated by the suggested iterative algorithms in Hilbert
space.

2. Preliminaries

Let X be a real Hilbert space with a norm || - || and an inner product (-,-). Let F(X) be a
collection of all fuzzy sets over X. A mapping F' : X — F(X) is called a fuzzy mapping.
For each z € X, F(z) (denote it by F, in the sequel) is a fuzzy set on X and F,(y) is the
membership function of y in Fj.

A fuzzy mapping F' : X — F(X) is said to be closed if, for each x € X, the function
y — F,(y) is upper semicontinuous, i.e., for any given net {y,} € X satisfying y, — o € X,
limsup F,(Ya) < Fi(yo). For B € F(X) and X € [0,1], the set (B), = {z € X : B(z) > A} is

callectil a A\-cut set of B.

A closed fuzzy mapping F' : X — F(X) is said to satisfy the condition(x): if there exists a
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mapping a : X — [0, 1] such that for each x € X, then (F}).) = {y € X : Fy(y) > a(x)} is
a nonempty bounded subset of X. Clearly, F' is a closed fuzzy mapping satisfying condition(x),
then for each x € X, the set (F,),,) € CB(X), where CB(X) denotes the family of all
nonempty bounded closed subsets of X. In fact, let {y, }aen € (Fx)a(x) be anetand y, — yo € X.
Then, F,(y,) > a(x), for each o € A. Since F' is closed, we have

F.(y0) > limsup F,(ys) > a(x),
aEA

which implies that yo € (F})q() and hence, (F})qm) € CB(X).
The following definitions and results are needed to prove the main result of this paper.

Definition. A mapping g : X — X is said to be

(¢) Lipschitz continuous if there exists a constant A\, > 0 such that

lg(z) —gW)ll < Agllz —yll, Va,y € X;

(72) monotone if
(9(x) = g(y),x —y) 20, Vo,yeX;

(17i) a-expansive if there exists a constant o > 0 such that
lg(@) =gl = allz —yll, Vr,yeX;
If a =1, then it is expansive.

Definition. A multi-valued mapping 7" : X — C'B(X) is said to be D-Lipschitz continuous if
there exists a constant o7 > 0 such that

D(T(x),T(y)) < orllz —yll, Va,ye€X,
where D(-, -) is the Hausdorff metric defined on CB(X).

Definition. A mapping 7" : X — X is said to be cocoercive if there exists a constant o > 0
such that

(T(z) = T(y),x —y) = ol T(x) = T)I*, Va,y€X.

Definition. A multi-valued mapping M : X — 2% is said to be cocoercive if there exists a
constant £ > 0 such that

<U’_U7I_y> ZSHU_UHQa Vx,yEX, UGM(.T), UEM(y)'

Definition. Let H : X x X — X and A, B : X — X be mappings. Then

(i) H(A,-) is said to be cocoercive with respect to A if for a fixed u € X, there exists a
constant o > 0 such that

(H(A(z),u) = H(A(y),u), — y) = ul|Az) = A@W)II*, Yo,y € X;
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(1) H(-, B) is said to be relaxed cocoercive with respect to B if for a fixed u € X there exists
a constant v > 0 such that

(H(u, B(z)) — H(u, B(y)),z —y) > (=) | B(z) = B)|*, Va,y € X;

(1i1) H(A,-) is said to be p-Lipschitz with respect to A if there exists a constant p > 0 such
that
I1H(A(z), ) = H(A(y), )l < pllz —yll, Va,y € X;

(i) H(-, B) is said to be (-Lipschitz with respect to B if there exists a constant ( > 0 such
that
I1H(, B(x)) = H(-, B)ll < Cllez —yll, Ve,y e X.

Definition. A sequence {z;} is said to converge linearly to z* if there exists a constant 0 < ¢ < 1
such that

|71 — || < cllzy — 27,
for all 7 > m for some natural number m > 0.
Definition. (Ahmad et al. (2011)) Let A, B: X — X and H : X x X — X be three single-
valued mappings and M : X — 2% be a multi-valued mapping. The mapping M is said to be

H(-,-)-cocoercive with respect to A and B if H is p-cocoercive with respect to A, ~-relaxed
cocoercive with respect to B, M is cocoercive, and [H (A, B) + AM|(X) = X, for every A > 0.

Theorem 1. (Ahmad et al. (2011))

Let H(-,-) be p-cocoercive with respect to A, v-relaxed cocoercive with respect to B, A be
a-expansive, B be [-Lipschitz continuous, & > v, and « > 3. Let M be an H(-,-)-cocoercive
operator with respect to A and B. Then the resolvent operator R{{ v - X — X, defined by

Ry (u) = [H(A, B) + AM] ' (u), Yu€ X,

is single-valued and -Lipschitz continuous.

1
Let T,F : X — F(X) be closed fuzzy mappings satisfying condition(x). Then, there exists
mappings a,b : X — [0,1] such that for each x € X, we have (1%)a(), (Fi)o@) € CB(X).
Therefore, we can define the multi-valued mappings 7', F' : X — C'B(X) by

T(@) = (T)aw, Fl@) = (Foyw, Vo€ X.

In the sequel, T and F are called multi-valued mappings induced by the fuzzy mappings 7' and
F, respectively.

Let S;H: X x X — X, let A,B,g: X — X be single-valued mappings, and T, F : X —
F(X) be fuzzy mappings. Let the multi-valued mapping M : X — 2% be H(-,-)-cocoercive
with respect to A and B such that g(x) N dom (M) # (). We consider the following generalized
variational inclusion problem with fuzzy mappings:

Find x € X, u € (T)a@) and v € (Fy)p(z) such that
0 € S(u,v) + M(g(x)). (1)
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If T,F : X — CB(X) are the classical multi-valued mappings, we can define the fuzzy
mappings 7', F' by
T = Xr(), T+ Xp@),

where Xr7(,), Xp(z) are the characteristic functions of 7'(x) and F'(x), respectively. Taking a(z) =
b(x) =1, g =1, for all x € X, then Problem (1) is equivalent to the following problem:

Find z € X, u € T'(x) and v € F(x) such that
0 € S(u,v)+ M(z). (2)
Problem (2) was considered by Verma (2008) and many other authors in different settings.

It is clear that for suitable choices of operators involved in the formulation of Problem (1), one
can obtain many variational inclusions studied in recent past.

In support of Problem (1), we provide the following example.
Example 1.
Let X = [0, 1], and suppose that

(1) the closed fuzzy mappings 7, F' : X — F(X) are defined by

L) = aiu ,if 2 €[0,1),uel0,1];
(1—x)u  if :ce[é,l],ue 1],
and
22 ,if 2 €0,3),v € 0,1];
Fm(”):{ 1 v £ 1 i 0.1
(—$)+§ , 1 xe[ﬁ? ]7U€[7]

(77) the mappings a,b: X — [0, 1] are defined by

and

Clearly, T,.(u) > a(x) and F,(v) > b(z), for all x,u,v € X. Also,
(7i7) the mappings S : X x X — X and g : X — X are defined by

u—v , if u>wv;
S(u,v) =<v—u , if u<uv;
0 , 1f u =,

and

g(z) = ° , Vx el0,1].
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(1v) the mappings A, B: X — X are defined by
x
5
Suppose that H(A, B) : X x X — X is defined by

Ax) = B(z) = —z, Yz €][0,1].

H(A(x), B(y)) = A(z) + B(y), Vx,y € [0,1].

Now,
(H(A(z),u) — H(A(y), u),z —y) = (A(z) - Aly),z—y)
_ /Ty
- (25
_ (z—y)p?
2
Also,
IA(z) = A = (A(z) - Aly), Alz) — Ay))
B r—Yy T —
B 2 72 >
_ (z—y)p
1

which implies that
(H(A(z),u) — H(A(y), u),z — y) = 2| A(z) — A(y)|I,

i.e., H(A, B) is 2-cocoercive with respect to A.

Further,
(H(u, B(z)) — H(u, B(y)),x —y) = (B(z)— B(y),r—y)
= (—(r—y)z—y)
= —(z—y)*
Moreover,

1B(z) = BW)I* = (B(z) - B(y), B(x) — B(y))
(= —y),—(z—y))

= (z—y)

which implies that

(H(u, B(x)) — H(u, B(y)),x —y) = (=1)[|B(z) — B)|*,

i.e., H(A, B) is 1-relaxed cocoercive with respect to B.

Let M : X — 2% be defined by M (g(z)) = {g(x)}, for all x € [0, 1] such that

https://digitalcommons.pvamu.edu/aam/vol10/iss2/11
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g(x) Ndom(M) # 0. Then, M is cocoercive and for any A > 0, one can easily check that
[H(A, B) + AM](X) = X. Therefore, M is H(-,-)-cocoercive with respect to A and B. In view
of assumptions (i) — (iv), it is easy to perceive that all the conditions of Problem (1) are satisfied.

3. The Fuzzy Over-Relaxed Proximal Point Scheme and Existence Results

First of all, we show that the generalized variational inclusion problem (1) is equivalent to the
following fixed point equation.

Lemma 1.

The triplet (z,u,v), where € X, u € (T,)q(z) and v € (F})p(), is the solution of generalized
variational inclusion problem (1) if and only if it satisfies the equation

g(x) = Ry [H(A(g(2)), B(g(x))) — AS(u,v)], 3)
where RY{ ) (x) = [H(A, B) + AM|~'(z) and A > 0 is a constant.
Proof:

The proof is a direct consequence of the application of definition of the resolvent operator Rﬁ{ ()
O

The fuzzy over-relaxed scheme 1: Step 1. Choose the arbitrary initial points xy € X, uy €
(Txo)a(mo) and vy € (Fxo)b(azo)'

Step 2. Compute the sequences {x,}, {u,} and {v,} by the following iterative scheme:

9(Tni1) = (1 — an)g(zn) + anyn, n >0, “4)

and y,, satisfies

[y — R\ [H (A(g(20)), Bg(n))) — AS (tn, vu)]ll < 0llyn — g(an) I, S)
where z, € X, u, € (1y,)a(z,) and v, € (Fr, )b(@,), and {a,} C [0,00) is a sequence of
over-relaxed factors, {0, } is a scalar sequence, n > 0, A\ > 0, > o, < oo, 0, — 0 and

n=0

a = lim supa, < 1.
n—o0

Step 3. Obtain the estimates

||un - U” S D ((T:sn)a(xn)u (Tm>a(x)) y
||Un - U” S D ((an)b(mn)a (Fm)b(a:)> P
where u, € (T3, )a(z,)s ¥ € (Tr)a(@)> Vn € (F, )o@, and v € (Fy)p(a).-

(6)

Step 4. If {z,.}, {yn}, {u,} and {v,} satisfy (4), (5) and (6), respectively, to an amount of
accuracy, stop. Otherwise, set n = n + 1 and repeat Steps 2 and 3.

Remark 1: For suitable choices of operators involved in scheme 1, one can obtain over-relaxed
proximal point algorithm studied by Verma (2009).
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Theorem 2.

Let X be a real Hilbert space. Let A,B,g : X — X and S,H : X x X — X be single-
valued mappings such that H (A, B) is p-cocoercive with respect to A and ~y-relaxed cocoercive
with respect to B, A is a-expansive, B is [-Lipschitz continuous, iz > 7, and a > . Also,
let H be ri-Lipschitz continuous with respect to A, ro-Lipschitz continuous with respect to
B, and g be \,-Lipschitz continuous and &-strongly monotone mapping. Let the multi-valued
mapping M : X — 2% be H(,-)-cocoercive. Let T, F : X —s F(X) be closed fuzzy
mappings satisfying condition(x) and T, F : X — C'B(X) be multi-valued mappings induced
by the fuzzy mappings 7" and F', respectively. Suppose that T and F are D-Lipschitz continuous
mappings with constants dr and dp, respectively. If for some A > 0, the following condition

holds:
(1 —a)rg + abAg(r1 +12) + abB M As,0p + Ag 67} < 1,
1
for 6 = PR {an} C [0,00) is a sequence of over-relaxed factors, {0, } is a scalar
sequence such that » o, < oo, 0, — 0, and @ = lim supa, < 1. Then, the generalized

n=0 n—oo
variational inclusion problem (1) is solvable and (z*,u*,v*), where 2* € X, u* € (Ty+)q(ar),
v* € (Fy+)p(z), 18 the solution of Problem (1), and the sequences {z,}, {u,} and {v,} defined
in fuzzy over-relaxed scheme (1) converge linearly to =, u and v, respectively.

Proof:

Let 2* be a solution of generalized variational inclusion problem (1). Then by Lemma , it follows
that

g(z") = (1 = an)g(a”) + an Ry [H(A(g(z")), B(g(a"))) — AS(u, v")], @)
where z* € X, u* € (Tp+)q(a)> V" € (Fy+)p(z+), and A > 0 is a constant.
Let
9(zn+1) = (1 = an)g(@n) + an R\ [H(A(g(2n)), B(g(xn))) = AS(un, va)], (8)

forall n >0, z, € X, up, € (T,,)a(e,) and v, € (Fy, )b(z,)-

Using Cauchy-Schwartz inequality and £-strongly monotonicity of g, we have

19(zn+1) = 9@)zns1 — 27| = (9(zn11) — 9(27), 2p41 — 27)
> Ellzppr — 2. )
It follows from (9) that
* 1 *
|21 — 27| < g||g(zn+1) —g(@")]]. (10)

Using the Lipschitz continuity of the resolvent operator Rf\{ a» Lipschitz continuity of H in
both the arguments with respect to A and B, respectively, Lipschitz continuity of .S in both the
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arguments, D-Lipschitz continuity of T and F, Lipschitz continuity and strongly monotonicity
of g, we obtain

19(zni1) = g(")l
= || = au)g(@n) — g(") + 0 Ry [H(A(g(x0)), B(g(za))) = AS (thn, vn)]
—an Ry [H(A(g(2")), Bg(x"))) — AS(u”, v"))|

|

< (1= an)llg(@n) = g(@*)[| + anbA[|S (un, va) = S(u”, v7)||
sl (Alg()), Blo(r))) — H(Al(x), Blg(a))]

= (1= an)llg(@a) = g(@")]| + andA[[S(tn, vn) — S(un, v*) + S(un, v7)
=S, )| + b H(A(g(zn)), B(g(zn))) — H(A(g(2a)), B(g(z7)))
FH(A(g(r), Blo(r*)) — H(A(g(x")), Blg(a*))]

< (1= a)llg(@n) = g(@)[| + anbA[|S (wn, va) = S(tn, v*) || + nbA[|S (up, v*)
=S, )| + b H(A(g(zn)), B(g(xn))) — H(A(g(xn)), B(g(z")))]l
el H(Alg()), Blo(x"))) — H(A(g(a)), Blg(e D)

< (1= an)llg(@n) = g(@)[| + anbAs, [|vn — v7[| + anbAXs, [Jun — u||
+ontra||g(zn) — g(27)|| + nbr|g(zn) — g(2")]]

< (1= an)Ngllzn — %] + b, D ((Fr, )b(n)s (For o))
+0n0ANs, D (T )agn)s (Lo )ager)) + (1 + 12) Ayl — 27|

< (1= an)Agllzn — 27| + anbANs, 0r |2y — || + nbANs, 07|20 — 27|

+0,,0(r1 + 12) Ag|| 20 — 27| (11)

It follows from (11) that

19(2nt1) — g(@)|| < P(0n) |20 — 27, (12)
where
P(0,) = [(1 — an)A; + anf(r1 + r2) Ay + @A As, 01 + As, 0}, (13)
andézm,forp>7anda25.
Using (12), (10) becomes
1
[2n41 — 2| < EP(Qn)Hxn -7, (14)

where P(0,,) is defined by (13).

From (4), we have g(z,41) = (1 — ay,)g(x,) + any,, which implies that

9(Tny1) — 9(xn) = n(yn — g(x0)). (15)

Using the same arguments as for (10), we obtain

1
Hanrl - Zn+1H < _Hg(xn+1) - g(zn+l)H' (16)
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By applying (5), it follows that

19(xni1) = 9(zar) | = [|(1 = an)g(@n) + anyn — {(1 = an)g(an)
+on Ry [H(A(g(x0)), B(g(20))) = AS(tn, )] }]
= Jen{yn — RYM[H(A(g(x0)), B(g(xn))) — AS (un, va)] }|
< O‘nan”yn - g(xn)H (17)

Making use of (15), (17) and Lipschitz continuity of g, (16) becomes

v = 2l < Zauln = g(o)]
- éonnan(yn—gmnu
- §0n||g<xn+1>—g<xn>u
< éanAngnH—an. (18)

Using the above-discussed arguments, we estimate

|Zns1 — 2% = [|Zng1 — Zng1 + Zpgr — 27|
< Nnsr = zogall + ||2ngn — 27|
1 1 .
< —onAgl|Tngr — @l + 2 P(O0) |7, — 27|
§ 3
1 1 L1 .
< Eaﬂ)‘g”xwrl — 2| + gUnAgH%’n -z + EP(G,L)H% -z,

which implies that
oA + P(6,)

5 - an)\g

Inequality (19) implies that the sequence {xz,} converges linearly to z*, for

[ 41 — 27| < [ — 7] (19)

P(@n) = [(1 — Ozn))\g + ozné’(rl + 7“2))\9 + Oéng)\{/\sl(sT + )\5251:}] s
1
and 0 = ——— for y > vy and o > f.
po? — 3?2
It follows from (6) and the D-Lipschitz continuity for (7} )a.) and (F})s) that the sequences
{u,} and {v,} converge linearly to u and v, respectively, as {z,,} converges to z* linearly. Thus,

we have
nAg + P(0, .
lim sup Ity & P6n) lim sup P(6,,)
n 5 - Un)\g n

= limsup [(1 — an)A; + a,0(r1 + r2) Ay + @M s, 017 + As,0r }
= (I—a)Aj+ab(r1 +ra)Ag + abOX{ s, 01 + afAXg,0r},

oo
where Y 0, < oo and a = lim sup «,. This completes the proof. (]
n=0 n—oo
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4. Conclusion

Fuzzy sets and fuzzy logic are powerful mathematical tools for modeling and controlling uncertain
systems in industry, humanity, and nature; they are expeditious for approximating reasoning in
decision making in the absence of complete and precise information. Their role is significant
when applied to complex phenomena, not easily described by traditional mathematics. On the
other hand, it is well recognized that variational inclusions provide us fundamental tools to solve
many problems in applied sciences.

In this paper, we generalized the concept of over-relaxed proximal point scheme with fuzzy
mappings and apply it to solve a generalized variational inclusion problem with fuzzy mappings
by using the concept of H(-,-)-cocoercive mappings which are more general than monotone
mappings. We also discuss the convergence of the sequences generated by over-relaxed proximal
point scheme with fuzzy mappings by using the concept of linear convergence.
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