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Abstract: In this paper, we introduce a modified form of the G-variational inequality
problem, called the combination of G-variational inequalities problem, within a Hilbert
space structured by graphs. Furthermore, we develop an iterative scheme to find a common
element between the set of fixed points of a G-nonexpansive mapping and the solution set
of the proposed G-variational inequality problem. Under appropriate assumptions, we
establish a strong convergence theorem within the framework of a Hilbert space endowed
with graphs. Additionally, we present the concept of the G-minimization problem, which
diverges from the conventional minimization problem. Applying our main results, we
demonstrate a strong convergence theorem for the G-minimization problem. Finally, we
provide illustrative examples to validate and support our theoretical findings.

Keywords: the combination of G-variational inequality problems; fixed point problem;
G-inverse strongly monotone mapping
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1. Introduction

In this study, we explore the intersection of graph theory and functional analysis by
considering a nonempty closed convex subset C within a real Hilbert space H, with the inner
product (-,-). Let T : C — C be a nonlinear mapping. A point x € C is called a fixed point
of T if Tx = x. The set of fixed points of T is the set F(T) := {x € C : Tx = x}. Throughout
this paper, we define the inverse function A~! from Hto Cby A~y = {x € H:y € Ax}.
We utilize a directed graph G = (V(G), E(G)), where V(G) represents the vertices and
E(G) the edges, under the assumption that G has no parallel edges. The inverse graph G !,
obtained by reversing the direction of each edge, is defined formally as

E(G™Y) ={(xy): (y,x) €E(G)}.

For vertices x and y in G, a path from x to y of length n € NU {0} is a sequence {x;}} , of
n + 1 vertices such that xg = x, x, = y, and (x;_1,%;) € E(G) fori =1,2,...,n. A graph G
is termed connected if a directed path exists between any two vertices.

A set X C V(G) is defined as a dominating set if for every vertex v € V(G) — X, there
exists a vertex x € X such that (x,v) € E(G). In this context, we say that x dominates v,
or equivalently, v is dominated by x.

Fixed point theorems, an essential component of nonlinear analysis, find extensive
applications in mathematics and various applied sciences. Researchers often utilize these
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theorems to approximate solutions to fixed point problems associated with nonlinear map-

pings. Furthermore, these methods extend to other domains, such as variational inequality

problems and equilibrium problems, which are well documented in the literature [1-3].
The classical variational inequality problem (VIP) is to find a point u € C such that

(Au,v—u) >0, Vo € C, (1)

where A is a mapping from C to H. The set of the solutions of VIP, denoted by VI (C, A), has
been extensively studied due to its diverse applications in optimization, control problems,
and economics. Many researchers have investigated this problem, resulting in significant
theoretical advancements and the development of efficient numerical methods. See [4-7].

Jachymski pioneered the integration of graph structures into fixed point theory within
metric spaces. He introduced the concept of G-contraction, providing a generalization
of the Banach contraction principle for single-valued G-contractions, as articulated in
Definition 1.

Definition 1 ([8]). Let (X, d) be a metric space and let G = (V(G), E(G)) be a directed graph
such that V(G) = X and E(G) contain loops, i.e., A = {(x,x) : x € X} C E(G). A mapping
f X — X is termed a G-contraction if it preserves edges of G, i.e.,

Vx,y € X, (x,y) € E(G) = (f(x), f(y)) € E(G)

and there exists « € (0,1) such that for any x,y € X,

(v,y) € E(G) = d(f(x), f(y)) < ad(x,y)

In recent years, the concept of G-contraction has been refined and extended by numer-
ous authors (see [8] and references cited therein). Consider C, a nonempty convex subset
of a Banach space, and G = (V(G), E(G)), a directed graph where V(G) = C. A mapping
T : C — Cis referred to as G-nonexpansive if the following conditions are satisfied. (1) T is
edge-preserving, i.e., for any x,y € C such that (x,y) € E(G), then (Tx, Ty) € E(G); and
(2) [|Tx — Ty|| < ||x —y||, whenever (x,y) € E(G) forall x,y € C.

This concept was introduced by Tiammee et al. [9] in 2015. They also presented
Property G (see more details in the Preliminaries) and proposed the following Halpern
iteration process for approximating the fixed points of G-nonexpansive mappings in Hilbert
spaces endowed with a directed graph structure. Suppose C satisfies Property G. Let {x, }
be a sequence defined by the iteration:

Xpp1 = Buth + (1= Bn)Txy, n2>0, ()

where {,} C [0,1] and T : C — C is a G-nonexpansive mapping. If the sequence {x,} is
dominated by Pr(1)xo and in turn dominates xo, then {x, } converges strongly to Pr(r)xo
under appropriate control conditions.

In 2017, Kangtunyakarn [10] introduced the G-S-mapping and a Halpern iteration
process for solving the fixed point problem of a finite family of G-nonexpansive mappings
in Hilbert spaces with graphs. Let {x, } be generated by xop = u € C and

Xpp1 = Buth+ (1= Bn)Sxn, n >0, 3)

where {B,} C [0,1] and S is a G-S-mapping. The sequence {x, } converges strongly to a
point in F(S) = NY, F(T;) under suitable conditions. During the last few years, there has
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been significant progress in developing iterative methods for solving the fixed point prob-
lem of G-nonexpansive mappings; for further details, see [11-16] and the references therein.
The variational inequality problem seeks a point x* € C such that

((aA+ (1 —a)B)x*,y—x*) >0, VyeC,aec(0,1) 4)

where A,B : C — H are mappings. This problem, introduced by Kangtunyakarn [17],
reduces to the standard variational inequality problem (1) when A = B. This formulation
has significant applications in economics, finance, engineering, optimization, and game
theory [2,18-20].

Recently, Kangtunyakarn [21] introduced the concept of G-variational inequality
problems, which differ from classical variational inequality problems in Hilbert spaces:

Definition 2 ([21]). Let C be a nonempty closed convex subset of a real Hilbert H and let G =
(V(G),E(G)) be a directed graph with C = V(G). The G-variational inequality problems is to
find a point x* € C such that

{y =", Ax") >0, ®)

forally € Cwith (x*,y) € E(G)and A : C — H is a mapping. The set of all the solutions of (5)
is denoted by G — VI(C, A).

Moreover, he introduced a Halpern iteration for solving G-variational inequality
problems and the fixed point problem of a G-nonexpansive mapping in Hilbert spaces with
graphs. Let {x, } be a sequence generated by xo = u € C and defined by

Xpi1 = aptt + BnPc(I — AA)xy + vuSxy, n >0, (6)

where {«,}, {Br}, and {v,} are sequences in [0, 1] such that &y, + B, + 7, = 1 and A lies
within the interval (0,2«). The mapping S : C — C is a G-nonexpansive mapping, and A :
C — H is a G-a-inverse strongly monotone operator with A~1(0) # @. Under appropriate
conditions, the sequence {x,} converges strongly to a solution of the algorithm (5) in
Hilbert spaces endowed with graphs.

Building on Definition 2 and the variational inequality problem, we introduce the
combination of G-variational inequality problem, which seeks a point x* € C such that

(@aA+(1—a)B)x",y—x") >0 (7)

for ally € C with (x*,y) € E(G) and A,B : C — H are mappings. The set of all the
solutions of (7) is denoted by G — VI(C,aA + (1 —a)B). If a = 1, it reduces to the G-
variational inequality problem.

We present the following example to illustrate that the combination of the G-variational
inequality problem is distinct from the standard variational inequality problem:

Example 1. Let A,B : R3 — R3 define by A(x1,x2,x3) = (x1 +1,% +2,x3 + 3) for all

x1,%2,x3 € Rand B(xq,x3,x3) = (0,0,x3) ifx1 32, %3 € Z, respectively.
(2X1,2X2,2X3) ifxl, X2,X3 Q Z,

Let G = (R3,E(G)) and E(G) = {(x,y) : x;,y; € N with y; = x; +2, Vi =1,2,3}, where

x = (x1,%,%3),y = (y1,y2,y3) € R¥and a € (0,1). Then, (1,1,1) € G — VI(C,aA+ (1 —

a)B) but (1,1,1) ¢ VI(C,aA+ (1 —a)B).
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In this paper, motivated by the Definition 2 in [17] and Kangtunyakarn [21], we
introduce a new combination of the G-variational inequality problem (7). We also propose
a modified method, inspired by Kangtunyakarn [21], for solving problem (7) and the
fixed point problem of G-nonexpansive mappings. Furthermore, we establish a strong
convergence theorem to solve the combination of the G-variational inequality problem and
the fixed point problem for G-nonexpansive mappings in a Hilbert space endowed with a
graph structure. Additionally, we apply our main theorem to address the G-minimization
problem, which involves finding a point in the convex set C that minimizes a certain
objective function while respecting the graph structure imposed by G. This application
illustrates the utility of our results in optimization contexts where graph-based constraints
are significant.

Moreover, we present examples demonstrating the effectiveness of our approach,
particularly in differentiating between G-variational inequality problems and standard
variational inequality problems. These examples highlight the necessity of considering
the graph structure when dealing with complex systems, where the relationships between
elements (as represented by the graph’s edges) critically influence the problem’s solution.

Our findings extend existing theories in nonlinear analysis and provide new tools
for tackling variational inequality and fixed point problems in settings where the under-
lying structure can be naturally represented by a graph. This work not only broadens
the scope of potential applications in mathematics and applied sciences but also opens
up new avenues for future research in areas such as network theory, optimization, and
computational mathematics.

2. Preliminaries

In this section, we present essential definitions and lemmas that will be utilized in the
subsequent analysis. Additionally, we introduce new lemmas that serve as crucial tools for
proving our main results.

For every point x € H, there exists a unique point xg in C such that

[ = xol| = d(x,C),

where d(x, C) = min,cc||x — y||. The mapping Pc : H — C defined by Pcx = xg is called
metric projection onto C.
The following lemma highlights a fundamental property of the metric projection Pc.

Lemma 1 ([22]). Let x € Hand y € C. Then, Pcx = y if and only if there holds the inequality
(x—y,y—z)>0 VzeC.

The next definitions and lemmas are vital for proving the strong convergence theorem
in a Hilbert space endowed with a directed graph.

Definition 3 ([9]). Let G = (V(G), E(G)) be a directed graph. A graph G is called transitive if
forany x,y,z € V(G) with (x,y) and (y,z) are in E(G), then (x,z) € E(G).

The following property is crucial in proving the main result, as it facilitates the selection
of an appropriate subsequence and ensures conditions related to the connectivity of the
graph G. Consequently, it supports the convergence of the sequence in the proof.

Property G [9] Let C be a nonempty subset of a normed space X and let G =
(V(G),E(G)), where V(G) = C be a directed graph then C is said to have Property G
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if every sequence {a,} in C converging weakly to x € C, there exists a subsequence {ay, }
of {a, } such that (a,,,x) € E(G) forall k € N.

Definition 4 ([21]). Let C be a nonempty closed convex subset of a real Hilbert space H and let
G = (V(G), E(G)) be a directed graph with C = V(G). The mapping A : C — H is said to be
G — a-inverse strongly monotone (shortly, x-GISM) if there exists & > O such that

(Ax — Ay, x —y) > al|Ax — Ay|?,
forall x,y € Cwith (x,y) € E(G).

Lemma 2 ([21]). Let C be a nonempty closed convex subset of a Hilbert space H and let G =
(V(G),E(G)) be a directed graph with V(G) = C. Let E(G) is convex and G is transitive
with E(G) = E(G™') and let A : C — H be a-GISM operator with A=1(0) # @. Then,
G —VI(C,A) = A~Y0) = F(Pc(I — AA)), forall A > 0.

The following lemma is essential for proving the main result. In establishing this
lemma, Kangtunyakarn [21] utilized Property G as a fundamental component of the proof.

Lemma 3 ([21]). Let H be a Hilbert space and C be a nonempty closed convex subset of H with C
having a property G. Let G = (V(G), E(G)) be a directed graph where V(G) = C and E(G) isa
convex set. Let A : C — H be a-GISM mapping with F(Pc(I — AA)) x F(Pc(I — AA)) C E(G)
forall A € (0,2a). Then, F(Pc(I — AA)) is closed and convex.

Lemma 4 ([9]). Let X be a normed space and C be a subset of X having Property G. Let G =
(V(G),E(G)) be a directed graph such that V(G) = C and E(G) is convex. Suppose T : C — C
is a G-nonexpansive mapping and F(T) x F(T) C E(G). Then F(T) is closed and convex.

The following lemma establishes a critical connection between the solution set of the
combination of the G-variational inequalities problem, the zero mapping, and the fixed
point problem in a Hilbert space endowed with a graph.

Lemma 5. Let C be a nonempty closed convex subset of Hilbert space H and let G = (V(G), E(G))
be a directed graph with V(G) = C. Let E(G) is convex and G is transitive with E(G) = E(G™!)
and let A, B : C — H be a-GISM and B-GISM mappings with 1 = min{w, B}, respectively. Let
(aA+ (1 —a)B)~1(0) # @. Then, G — VI(C,aA + (1 —a)B) = (aA+ (1 —a)B)~1(0) =
F(Pc(I—A(aA+ (1 —a)B))), forall A > 0.

Proof. Let xg € (aA + (1 —a)B)~!(0) and y € C with (xo,y) € E(G).
Since (aA + (1 —a)B)xy = 0, we have

(y — x0, (aA+ (1 —a)B)xg) =0,
for all y € C with (xo,y) € E(G).
From the definition of G — VI(C,aA + (1 —a)B), we have xg € G — VI(C,aA + (1 —
a)B). As a consequence, we have

(aA+ (1—a)B)"1(0) C G- VI(C,aA+ (1 —a)B). (8)

Letxg € G — VI(C,aA + (1 —a)B) and x* € (aA+ (1 —a)B)~1(0).
From the definition of G — VI(C,aA + (1 — a)B), we have

(y —x0,(aA+ (1 —a)B)xg) >0 9)
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for all y € C with (xo,y) € E(G).
From (8) and x* € (aA + (1 —a)B)~1(0), we have x* € G — VI(C,aA + (1 —a)B).
It follows that

(y—x*,(aA+ (1—a)B)x*) =0,

forally € C with (x*,y) € E(G).
Since E(G) = E(G™!') and (x*,y) € E(G), we have (y,x*) € E(G).
Since (xo,y), (y,x*) € E(G) and G is transitive, we have (xg, x*) € E(G).
From x* € (aA + (1 —a)B)~1(0), definitions of A, B and (9), we have

— — — —

7ll(aA + (1 — a)B)xol|? 7ll(aA+ (1—a)B)xg — (aA+ (1—a)B)x*|?

7lall Axo — Ax*|2 + (1 - a)||Bxo — Bx*|?]

aal| Axo — Ax*||* + B(1 — a) || Bxo — Bx*|[?

a(Axg — Ax*,xg — x*) + (1 —a)(Bxg — Bx*,xp — x*)
((aAA+(1—a)B)xg— (aA+ (1 —a)B)x*, xp — x*)
((aA+ (1 —a)B)xg,xp — x*) <O0.

IN N IA

So, we have (aA + (1 —a)B)xy = 0. It follows that xy € (aA + (1 —a)B)~1(0).
Therefore,

G—VI(C,aA+ (1—a)B) C (aA+ (1—a)B)~}(0). (10)
From (8) and (10), we have
G- VI(C,aA+(1—a)B) = (aA + (1—a)B)~}(0).

Let xo € (aA+ (1—a)B)~1(0), we have 0 = (aA + (1 —a)B)x.
From x¢ € C and P is a nonexpansive mapping, we have

l[xo = Pc(I=A(aA+ (1 —a)B))xoll < [lxo— (I—A(aA+ (1—a)B))xoll
All(aA+ (1 —a)B)xp|| = 0.

So, we have xg € F(Pc(I — A(aA+ (1 —a)B))).
Therefore, it concludes that

(@A + (1—a)B)~"1(0) C F(Pc(I— AaA + (1 —a)B)). (11)

Letxg € F(Pc(I — A(aA+ (1 —a)B))) and y € C with (xq,y) € E(G).
From Lemma 1, we have

((I=A(aA+(1—a)B))xo — xo,x0 — y) = 0.
It implies that
((@aA+ (1 —a)B)xg,y —xg) >0,

forally € Cand (xg,y) € E(G).

From (7), we have xo € G — VI(C,aA + (1 —a)B).

Since G — VI(C,aA+ (1 —a)B) = (aA+ (1 —a)B)~1(0), we have xg € (aA + (1 —
a)B)~1(0).
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Therefore, it concludes that
F(Pc(I—AaA+ (1—a)B))) C (aA+ (1—a)B)~(0). (12)
From (11) and (12), we have
(aA+ (1 —a)B)"1(0) = F(Pc(I — AM(aA + (1 —a)B))).
m

The following lemma illustrates that the solution set of the combination of the G-
variational inequalities problem is the intersection of the solution sets of two G-variational
inequalities problems in a Hilbert space endowed with a graph.

Lemma 6. Let C be a nonempty closed convex subset of Hilbert space H and let G = (V(G), E(G))
be a directed graph with V(G) = C. Let A, B : C — H be a-GISM and B-GISM mappings with
7 = min{a, B}, respectively. Let G — VI(C,A) N G — VI(C,B) # @. Then, G — VI(C,aA +
(1—a)B) = G — VI(C,A) NG — VI(C,B), Ya € (0,1).

Proof. Firstly, we show that G — VI(C,A)NG —VI(C,B) C G — VI(C,aA+ (1 —a)B).
Let xo € G — VI(C,A)NG — VI(C, B).
From definition of G — VI(C, A) and G — VI(C, B), we have
(y — x0, Axg) > 0 (13)
and

(y — xo, Bxg) >0, (14)

for all y € C with (xo,y) € E(G).
For every a € (0,1), (13) and (14), we have

(y — x0,aAxp) >0 (15)
and
(y — x0, (1 —a)Bxg) > 0. (16)
Summing up (15) and (16), we have
(y — x0,aAxo + (1 —a)Bxg) >0,
forall y € C with (y,x0) € E(G). So,wegetxg € G— VI(C,aA+ (1 —a)B)
Therefore, it concludes that G — VI(C,A)NG — VI(C,B) C G—VI(C,aA+ (1 —a)B).
Secondly, we show that G — VI(C,aA+ (1 —a)B) C G- VI(C,A)NG — VI(C, B).
Letxg € G — VI(C,aA + (1 — a)B). It follows that

(y — x0,aAxo + (1 —a)Bxg) >0, (17)

for all y € C with (y, x0) € E(G).
Letx* € G—VI(C,A) NG — VI(C,B). It follows that

(y —x*, Ax™) > 0 (18)
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(y —x*,Bx*) >0, (19)
forally € C with (y,x*) € E(G).
For each a € (0,1), we have
(y —x*,aAx*) >0
and
(y—x*,(1—a)Bx*) >0,
forall y € C with (y,x*) € E(G).
Since (y,x*) € E(G) and E(G) = E(G™!), we have (x*,y) € E(G).
Since (x*,y), (¥, x0) € E(G) and G is transitive, we have (x*,xg) € E(G).
From (x*, x0) € E(G), monotonicity of B, (17) and (19), we have
(x* —xo,aAxg) = (x" —xp,aAxo+ (1 —a)Bxg) — (x* — xo, (1 —a)Bxo)
> (1—a){xg— x*, Bxg)
— (1-a)[(xo— ", Bxg — Bx*) + (o — x°, Bx")
> 0. (20)
It implies that
(x* — x9, Axp) > 0. (21)
From A is a-GISM, (x*, xg) € E(G), (18) and (21), we have
0 S <x* — X0, Ax0>
(x* — x9, Axg — Ax™) + (x* — xg, Ax™)
< —al|Ax* — Axgl]? + (x* — xo, Ax*)
< —af|Ax* — Axol% (22)
It implies that
Ax* = Axy. (23)

Lety € C with (y,x9) € E(G). From (18), (21), and (23), we have

(y —x0, Axo) = (y—x*, Axp) + (x* — x0, Axg)
> (y—x", Axo)
= (y—x*, Ax")
> 0

So, we can conclude that

X0 € G — VI(C, A). (24)



Mathematics 2025, 13, 122 9 of 30

From (x*,x9) € E(G) and (17), it implies that

(1—a)(x* —xg,Bxg) > —a{x" —xy, Axg)
= a(xo—x", Axo) (25)

From (25), monotonicity of A, and (18), we have

(1—a)(x" —xo,Bxo) > a{xo—x", Axo)

= al[(xg— x¥, Axg — Ax™) + (xg — x*, Ax™)]
> 0

Froma € (0,1), we have
(x* = xo, Bxp) > 0. (26)
From B is B-GISM, (x*, xg) € E(G), (19), and (26), we have

0 < (x*—xp Bxp)

(x* — xq, Bxg — Bx™*) 4+ (x* — x¢, Bx™*)

< —B||Bxg — Bx*|| + (x* — xp, Bx™)
< —Bl|[Bxo — Bx"|.
It implies that
Bx* = Bxq. (27)

Lety € C with (y,x9) € E(G). From (19), (26), and (27), we have

(y —x9,Bxg) = (y—x%,Bxg)+ (x* — xp, Bxg)
= (y—x", Bxo)
= (y—x", Bx")
> 0

So, we can conclude that
xo € G—VI(C,B). (28)

From (24) and (28), we have xyp € G — VI(C,A) NG — VI(C, B).
Therefore,

G-VI(C,aA+(1—a)B) CG—-VI(C,A)nG —VI(C,B).
Hence,
G-VI(C,aA+(1—a)B)=G—-VI(C,A)nG - VI(C,B).
O

The following example demonstrates the potential application of Lemma 6.

Example 2. Let A, B : R — R define by
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A(x)_{o ifx=20

x —sinmx ifx #0

and

B(x) = {8x+1 ifx ¢ 7

2x —1 ifer

Let G = (R,E(G)) with E(G) = {(x,y) e NxN:y=x+2}anda € (0,1). Then, A, B
are 1-GISM and }-GISM, respectively. It is obvious that 1 € G — VI(C,aA + (1 — a)B), for all
a € (0,1). From Lemma 6, we can conclude that 1 € G — VI(C,A) NG — VI(C, B).

The following lemma is instrumental in demonstrating the convergence of the se-
quence {x,, } in our main theorem.

Lemma 7 ([23]). Let {s,} be a sequence of nonnegative real numbers satisfying
Sp+1 S (1 - “n)sn +5n, Vn 2 O,

where {ay, } is a sequence in (0,1) and {6, } is a sequence such that

o)

(1) ¥ an =09,
n=1
(2) limsup 2 <0or Y |64 < co.
n—oco " n=1

Then, limy, 00 S, = 0.

This lemma provides a critical tool for establishing the convergence of sequences in the
context of our main results. It ensures that under the given conditions, the sequence {s, }
converges to zero, which is fundamental in the analysis of iterative methods in variational
inequality and fixed point problems.

Together, these preliminary results form the foundation for the more advanced theo-
rems and proofs that follow, particularly in the context of G-variational inequality problems
and G-nonexpansive mappings in Hilbert spaces. The combination of these elements
facilitates a deeper understanding of the structure and solutions of such problems, espe-
cially when the underlying set is equipped with a graph structure, which adds a layer of
complexity and richness to the analysis.

3. Main Result

We present the following theorem for solving the G-variational inequalities problem
and the fixed point problem by utilizing a combination of G-variational inequality problem
and Lemma 6.

Theorem 1. Let C be a nonempty closed convex subset of Hilbert space H and let G =
(V(G),E(G)) be a directed graph with V(G) = C has property G and E(G) is convex and G is
transitive with E(G) = E(G™'). Let T : C — C be G-nonexpansive mapping. Let A,B: C — H
be a-GISM and B-GISM mappings with (aA + (1 — a)B)~1(0) # @, respectively. Let f : C — C
be a G-contraction mapping with coefficient v € (0,1). Assume thatT = F(T) NG — VI(C,A) N
G — VI(C,B) # @ with F(T) x F(T) C E(G) and G — VI(C,A) x G — VI(C,B) C E(G),
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and there exists xo € C such that (xo, f(x0)), (x0, Tx0), (xo, Pc(I — A(aA + (1 —a)B))xg) €
E(G). Let the sequence {xy, } be generated by xo € C and

Xpt1 = &nf(xn) + BnPc(I — A(aA+ (1 —a)B))xy + yuTxn (29)
where {{an}, {Bn}, {7n}} C [0,1], with ay + Bu 4+ vn = 1, A € (0,2n) with n = min{a, B}

anda € (0,1).
Suppose the following conditions hold,

[ee]

(i) Y ayp =00, lima, =0,
=0 n—co

. o e

(i) ¥ |appr—an| <oo, ¥ |ﬁn+1 - ,Bn| < 0.
n=0 n=0

Then, {x,} converges strongly to Prf(xq), Prf(xo) is dominated by {x,}, {xn} dominates x,
and {Pc(I — AM(aA + (1 —a)B))xy)} is dominated by x.

Proof. We divide the proof into five steps:

Step 1. We show that the sequence {x, } is bounded.

From Lemmas 2, 3 and 6, we have G — VI(C,aA + (1 — a)B) which is closed and
convex. From Lemma 4, we have F(T) which is closed and convex. Then, I is closed and
convex. Put z* = Prf(xp). Since z* dominates by {x,}, we have (x,,z*) € E(G) for all
n € N. From Lemmas 5 and 6, we have

G-VI(C,A)NG—-VI(C,B) = G-VI(C,aA+ (1—a)B)
= (aA+(1—a)B)"1(0)
= F(Pc(I—AaA + (1—a)B))). (30)

Since z* € T', we have (aA + (1 —a)B)z* = 0and z* = Pc(I — A(aA+ (1 —a)B))z".
It follows that

IPc(I = A(aA+ (1 —a)B))x, — 2|2
I(I = A(aA + (1 = a)B))xy — z"|?
= lxu —2*|® = 2A(xy — 2%, (@A + (1 — a)B))xy)
+A%](aA + (1 - a)B))xa
= |lxu —z*|® - 27Aa(x, — 2%, Ax, — Az*)
—2A(1 —a)(xy — 2, Bxy — Bz*) + A?||(aA + (1 — a)B))x,|?

< lxn —z||* — 2Aan||Ax, — Az*||* — 2A(1 — a) B||Bx, — Bz*||?
+A%](aA + (1 - a)B))xa |

= |lxn — 2*||® = 2Aaa| Ax, — Az*||*> — 2A(1 — a)B||Bx, — Bz*||?
+A2||a(Axy — Az") + (1 — a)(Bx, — Bz")|?

< lxn —z||* — 2Aaa||Ax, — Az*||* = 2A(1 — a) B||Bx, — Bz*|?
+A2a||Ax, — Az*||> + A%(1 — a)||Bx, — Bz*|?

< lxn —z||* — 2Aay||Ax, — Az*||2 — 2A(1 — a)n||Bx, — Bz*||?
+A2a|| Ax, — Az*||> + A%(1 — a)||Bx, — Bz*|?

=t — 22 = Aa(2y — A)]| Axy — A2
—A(1—a)(2 — A)||Bxy — Bz"?

<l — 2|3, (31)

where (x,,z*) € E(G), foralln € N.
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%041 — 27

From the definition of {x, } and (31), we have

anllf(xn) = 2* || + Bul|Pc(I — A(@A + (1 —a)B))xn — 27 || + v || Taxn — 2°|
anllf(xn) = 2% + Bullxn — 2* | + Y llxn — 27|

anllf(xn) = F(Z) + anll f(z7) = 27| + Bullxn — 27| + vallxn — 27|
anyllxn — 2" + anl| f(z") = 2°|| + Bullxn — 2| + vullxn — 27|

anyllxn — 2| +anl f(z") = 27| + (1 — an) lxn — 27|

(T —an(X = 7)) llxn = 2" + anl f(z") = 2|,

IAN AN CIN A

where (x,,z*) € E(G), foralln € N.
From mathematical induction, we can conclude that

ln — 2*]| < max{[lxo — 2*|, ”f() e =2 g en

Therefore, {x, } is bounded and so are {Tx, } and {f(x,)}.

Step 2. We show that (x,, x,,41) € E(G).

Since (xo, f(x0)), (x0, Pc(I — A(aA+ (1 —a)B))xp), (xo, Txg) € E(G) and E(G) is con-
vex, we have (xg,x1) € E(G).

From {Pc(I — A(aA + (1 —a)B))x,} dominates by xg, we have (xg, Pc(I — A(aA +
(1—a)B))x,) € E(G) foralln € N.

From f is G-contraction mapping, T is G-nonexpansive mapping and (xo, x1) € E(G),
we have (f(xp), f(x1)) and (Txp, Tx1) € E(G).

From transitivity of G and (X(],f(XQ)), (f(xo),f(xl)), (XO, TX()) , (TX(), Txl) € E(G),
we have (xg, f(x1)) and (xo, Tx1) € E(G).

Since (x, f(x1)), (x0, Pc(I = A(aA+ (1 —a)B))x1), (x9, Tx1) € E(G) and E(G) is con-
vex, we have (xp, x2) € E(G).

From f is G-contraction mapping, T is G-nonexpansive mapping, we have (f(xp),
f(XQ)), and (TXO, TXZ) S E(G)

From transitivity of G and (xo, f(x0)), (f(x0), f(x2)), (x0, Tx1), (Tx1, Txz) € E(G), we
have (xg, f(x2)) and (xo, Tx2) € E(G).

Suppose that (xo, f(xx)) , (xo, Txx) € E(G) forall k € N.

Since (xg, f(x¢)), (x0, Pc(I — A(aA + (1 —a)B))xg), (xo, Txx) € E(G) and E(G) is con-
vex, we have (xo, x¢11) € E(G).

From f is G-contraction mapping, T is G-nonexpansive mapping, we have (f(xp),
f(x41)) and (Txo, Txg11) € E(G).

By transitivity of G and (xg, f(x0)), (f(x0), f(xk+1)), (x0, Txo) and (Txp, Txx,1) €
E(G), we have (xo, f(xk+1)), (x0, Txk41) € E(G).

By induction, we have (xo, f(x,)) and (xo, Tx,) € E(G) foralln € N.

Since E(G) is convex and (xo, f(xn)), (x0, Txn), (x0, Pc(I — A(aA + (1 —a)B))x,) €
E(G), we have (xp, x,4+1) € E(G), foralln € N.

Since {x, } dominates x(, we have (x,, x9) € E(G) foralln € N.

From (xy,x0), (x0,xy11) € E(G), for all n € N, and G is transitive, we have
(xn,xp41) € E(G) foralln € N.

Step 3. We show that lim, e || Txy, — x| = 0 and limy, e ||Pc(I — A(aA + (1 —
a)B))x, — x| = 0. Use a similar method to (31); it can conclude that

IPe(l=AaA+ (1= a)B)xus1 — Pell—A(aA+(1—a)B))x|
< st — 0 (32)
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where (x,, x,,41) € E(G), foralln € N.
We now show that lim, e ||X;11 — x| = 0.
From the definition of x,, ,(x, x,11) € E(G) and (32), we have
[xnt1 —xaull < anllf(xn) = f(xn—1) | + lan — an—a] [l f (xn—1)|
+Bnl|Pc(I —A(aA+ (1 —a)B))xy — Pc(I — AM(aA+ (1 —a)B))x, |
+1Bn — Bu—1ll|Pc(I = AaA + (1 —a)B))xy—1l| + 1all Txn — Txxy—1||
+|'Yn _'Ynfl|||Txn71||
< anlf(xn) — flxn—1)|| + lan — an—a[|l f (xn—1) |
+Bullxn — xn-1 + [Bn — Bu-1ll[Pc(I — A(aA + (1 — a)B))x,_1]|
Fynllxn — xp—1ll + [vn — Va1l Txp—1 |
= (1= =7))llxn — xp—1ll + |an — an—a [l f(xn-1)ll
+|ABI1 - ,Bn—1|HPC(I - )‘(QA + (1 - a)B))xn—ln + |"}/n - '7n—1|HTxn—l||
< (M =an(1 =) lxn — x51]]
+(|’Xn *“n—1|+ |ﬁn *,Bn—lH'Yn*'Yn—ll)L/ (33)
where L = maxyered L (o) |, | Pe(I = A(aA + (1= a)B) x|, | T2}
Applying Lemma 7, conditions (i) and (ii), we have
Tim (x40 — x| = 0. (34)
From (31) and the definition of x,,, we have
nr1 =217 < anllf(xn) = 2P + Bl Pe(I = A@A + (1 — a)B))xty — 2*[|* + 7| Txn — 2|7
—BuynllPe(I = A(aA + (1 —a)B))xy — Txy|®
<l f () = 257 4 (1 — ) xn — 2|7
—BuynllPe(I = A(aA + (1 —a)B))xy — Txu|>.
It implies that
Buynl|Pc(I — A(@A+ (1—a)B))xn — Txn||2
< wnllf (o) = 2517+ lxn — 2* )17 = llxngr — 2°11°
<l f (o) = 2517+ (e = 25+ 1w = 251D (lxnga — xall)-
From (34) and the condition (i), we have
lim [|Pc(I = A(aA + (1 —a)B))xn — Txu| = 0. (35)
From the definition of x;, we have
1Txn — xull < I Txn — X1 || + [[Xn41 — x|
< an|Txn — f(xn) || + |Pc(I = A(@A + (1 — a)B))xn — Txu || + [[xn1 — xu]-
From the above inequality, condition (i), (34) and (35), we obtain
n—,oo
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From
[Pc(I=AaA+(1—a)B))xy — x| < |[[Pc(I—A(aA+ (1—a)B))xn — Txn| + | Txn — xa,
Equations (35) and (36), we have
Bim [[Pe(I — A(@A + (1~ a)B))xy — x| = 0. 37)

Step 4. We will show that limsup,,_, . (x, — z*, f(z*) —z*) <0, where z* = Prf(z*).

Since the sequence {x, } is bounded and G has Property G, without loss of generality,
we may assume that there is a sequence {x;, } of {x,} such that x,, — wask — oo and
(xn,, w) € E(G).

Assume that Tw # w.

Since a Hilbert space H has an Opial’s property, T is a G-nonexpansive mapping
and (36), we have

li]{gg\f xn, —w| < liggf | %0, — Tw||
< liminf(||x,, — Ta || + || Txn, — Tw)))
k—oo
< liminf ||x,, —w].
k—roc0
This is a contradiction. Then w = Tw. Hence, w € F(T).
Assume that Pc(I — A(aA+ (1 —a)B))w # w.
Use a similar method to (31); it can conclude that

|Pc(I —A(aA+ (1 —a)B))xn, — Pc(I—A(aA+ (1—a)B))w| < |xn, —w], (38)

where (xp,, w) € E(G).
Since a Hilbert space H has an Opial’s property and (38), we have

A

liminf ||x,, — || liminf || x,, — Pc(I — A(aA + (1 —a)B))w||
k—o0 k—o0
h}ginf(”xnk — Pc(I—A(aA+ (1—a)B))xy|
+||[Pc(I = A(aA+ (1 —a)B))xy, — Pc(I —A(aA+ (1 —a)B))w||)

< liminf ||x,, —w]|.
k—o0

This is a contradiction. Then Pc(I — A(aA+ (1 —a)B))w = w.
From (30), we havew € G — VI(C,A) NG — VI(C, B).
Therefore, w € T.

From w € T, we have

limsup(x, —z*, f(z*) —z*) = klim (xn, — 2%, f(2") = 2%)
= (w-=z*f(z")—z") <0, (39)

where z* = Prf(z*).
Step 5. Finally, we show that lim,, . X, = z*, where z* = Prf(z*).
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From the definition of x,; and (31), we have
|np1 =21 = [lanf (xn) + BuPe(I = A(aA + (1= a)B))xy + yu Ty —2*|?

< [IBu(Pc(I=A(@A+ (1 —a)B))xy —z*) + yn(Txn — Z*>||2
205 (X1 — 27, f(xn) — 27)

< BullPc(I—A(aA+ (1—a)B))xn — Z*Hz + Yul Txn — Z*”z
205 (X1 — 27, f(xn) — 27)

< (1_“n)|’xn_Z*||2+20‘n<xn+1_Z*rf(xn)_f(Z*»
20 (X1 — 27, f(27) — 27)

< (1= an) g — 2"+ 2ae 041 — 2| [|xn — 27|
20 (X1 — 27, f(27) — 27)

< (U= an) g — 2" + wna||xp1 — 2% + ana]|xn — 2|2

+20, (xpq — 2%, f(2") — 2%)

It implies that
205 (1 — «
-2l < (- 20ty e
Xn

(= 2P+ 21 — 27, f(2) — 27)
n
Applying Lemma 7 with condition (i) and Equation (39), it can be summarized that sequence
{xn} converges strongly to z* = Prf(z*). This completes the proof. [

The subsequence results can be established based on the main theorem. Hence,
the proofs are not provide.

Corollary 1. Let C be a nonempty closed convex subset of Hilbert space H and let G =
(V(G),E(G)) be a directed graph with V(G) = C has property G and E(G) is convex and
G is transitive with E(G) = E(G™1). Let T : C — C be G-nonexpansive mapping, let
A : C — H be a-GISM mapping with (A)~1(0) # @. Let f : C — C be a G-contraction
mapping with coefficient v € (0,1). Assume that T = F(T)NG — VI(C,A) # @ with
F(T) x F(T) C E(G)and G —VI(C,A) x G—VI(C,A) C E(G), and there exists x) € C
such that xo, f(x0)), (x0, Txg), (x0, Pc(I — AA)xg) € E(G). Let the sequence {xy, } be generated
by xg € Cand

Xn+1 = lx”f(.Xn) + ,BV!PC(I - /\A)Xn + ’)’nT.Xn
where {{an}, {Bn}, {1n}} C[0,1], withay + Bn+vn=1,A € (0,2a) and a € (0,1).
Suppose the following conditions hold

(e )
(l) E Ny = 0O, ].im Ny = O,
n=0 n—oo

[ee] o
(i1) Y |an+1 _“n| < o, Y |;Bn+1 - ,Bn| < ©o0.
n=0 n=0

Then, {xy,} converges strongly to Prf(xo), Prf(xo) is dominated by {x,}, {x,} dominates
xo, and {Pc(I — AA)xy,)} is dominated by x.
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Remark 1. Our results of this paper improve and extend the work of Kangtunyakarn [21] and
Tiammee et al. [9] in the following ways:

1. Under the conditions of Theorem 1, if we select the contraction mapping f as the constant
function f(x,) = uand set A = B in our algorithm (29), we derive

Xpt1 = &nth + BuPc(I — AA)xy + yuTxy. (40)

This is exactly the same as the Halpern iteration (6) described in [21]. Therefore, the result of
Kangtunyakarn [21] is a specific case of Theorem 1.

2. Bysetting B, = 0and f(x,) = u in our algorithm (29), under the conditions of Theorem 1,
we have

Xpi1 = gt + (1 — ay) Txy. (41)

This implies that the above algorithm coincides with the Halpern iteration (2) presented in [9].
Consequently, the result of Tiammee et al. [9] is a special case of Theorem 1.

4. Application

We are the first to study the G-minimization problem and we have also applied our
main theorem to solve such a problem.

Let f : C — (—o0,+0] be a convex, lower semi-continuous function. The G-
minimization problem is to find x* € C such that

f(x*) < fy) (42)

forally € Cand (x*,y) € E(G). A point x* is G-minimizer of f. We denote the set of
solution of (42) by G — minycc f(y). The minimizers of the objective convex functionals
in spaces with nonlinearity play a crucial role in the branch of analysis and geometry.
Numerous applications in computer vision, machine learning, electronic structure compu-
tation, system balancing, and robot manipulation can be considered as solving optimization
problems (see [24-27]).

We provide an example to illustrate the difference between a G-minimizer and a
minimizer of function f.

Example 3. Let f : RZ — R be a function define by f(x1,x) = x5 + sin 7tx for all (x1, x;) € R?
and let G = (V(G),E(G)) be such that V(G) = R?, E(G) = {((x1,x2), (y1,y2)) € R? :
(x1,x2), (y1,¥2) € [0,10] x [0,10]}. Then we can see that (0,0) is a G-minimizer of f, but (0,0)
is not a minimizer of function f.

Let f : C — (—o0, 00| be a proper convex function. The subdifferential of of f is
defined by

If(x) ={z€C:f(y) = y—x2) +f(x) VyeC}

for all x € C. Let f be a convex, lower semi-continuous function of C into (—oco, +o0].
For each r > 0, the resolvent operator J, of f is defined by J,(x) = (I +rdf)~!(x) for
allx € C.
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x* =]/\Z

[ A A A A

Let A C C x C be a set-valued mapping. Then, A is called accretive if for any
(x1,11), (x2,y2) € A, {(x1 — x2,y1 — y2) > 0. If there exist r > 0 such that R(I +rA) = C,
then A is called m-accretive.

Theorem 2 ([22]). Let C be nonempty closed convex subset of Hilbert space H and let f :
C — (—00,+0] be a convex, lower semi-continuous function. Then, the subdifferential o f
of f is m-accretive.

Lemma 8. Let C be nonempty closed convex subset of Hilbert space H and let f : C — (—o00, 0]
be a convex, lower semi-continuous function. Let G = (V(G), E(G)) be a directed graph with
V(G) = C. Let ], be the resolvent of of for A > 0, i.e., ]y = (I + Adf)~L. Then, forany z € C,

) 1
oz = argminyec {£(3) + o Iy — 2I?) )
forall y € C with (Jz,y) € E(G). Moreover, we have ], is a G-nonexpansive mapping.

Proof. For each z € C, define a function g : C — (—o0, 00| by

— 1 2
8(2) = yrllx—z

forallx € C.
Foreachz € C. Let x* = Jyzand (x*,y) € E(G) forally € C.

zex" +Adf(x¥)

0€AIf(x")+x" —2z

06amﬁ)+%u*—@

0€adf(x*)+ag(x¥)

0€a(f +5)(x")

Oy -2+ (f+9)() < (F+8)ly) Ve C
(F+9)() < (F+9))

F) + gl =22 < Fly) + 5l — 22 vy € C with () € E(G)

* _ . i _ 2
0= G = min{f(y) + 53 lly = =2[7

Consequently, we can conclude that [z = argminyec{f(y) + 5x|ly — z||*} for all
y € Cwith (Jyz,y) € E(G).

Next, we show that |, is a G-nonexpansive mapping.

Let Jyx , Jaz € C. From (43), we have Jyx = argmin,cc{f(y) + A lly — x||2} with
(nx,y) € E(G) and Jxz — argminyec{f(y) + sy — 27} with (z,y) € E(G). Since
E(G) = E(G') and (Jyz,y) € E(G), we have (y,],z) € E(G).

Since (Jxx,vy), (y,Jaz) € E(G) and G is transitive, we have (] x, J1z) € E(G). Thus,
J) is edge-preserving. Since x € (I + Adf)] x, we have %(I —JA)x € of Jyx. So, we get
(Jax, 3 (I = Ja)x) € of.

Similarly, since z € (I + Adf)] z, we have %(I —JA)z € 9f]z. So, we get (], z, %(I —
J1)2) € of.
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Since 1 (I — Ja)x € fJax, 1 (I — JA)z € 9f]rz and 9f is m-accretive, we have

My =T)x= (=12 = (r=2=(ax = Jaz) 5 (1= )x = 5 (1= 12)2)
= (r—z g (1= xS (= )2
=z 2 (1= J)x = 5 (= J)2)
< (r—z (= Jx— 21 - )2 49
Using (44) , we obtian
ax = Iazll> = llx—z—=((I=Ja)x = (I =Ta)2)|

1 1
= |lx—z|>—2A(x — z, X(1 —Ja)x — X(I —Ta)z)
1 1
+A2) 5 (1= J)x = 2 (L= o)zl

1 1
I = 212 = 222015 (T = Ja)x = 5 (T = J)elP

IN

1 1
Jr7\2||X(1 —a)x— X(I —T)z)?

2
< =zl
Hence J) is a G-nonexpansive mapping. [

Lemma9. Let C be a nonempty closed convex subset of Hilbert space H and let G = (V(G), E(G))
be a directed graph with V(G) = C. Let E(G) is convex and G is transitive with E(G) = E(G™!)
and let f : C — (—o0, +00] be a convex, lower semi-continuous function. Let ) be the resolvent
mapping of f such that F(],) # @. Then, for A > 0, we have x* € F(],) if and only if x* is a
G-minimizer of f.

Proof. First, we show thatif x* € F(J,) then x* is a G-minimizer of f.
Let x* € F(J)) and (Jyx*,z) € E(G) forallz € C.
From Lemma 8, we obtain that

* _ * i * k(2
F) = F) 4 gyl -2
1 *12
< |z =
< f@)+ gl xR, 5)
forallz € C and (x*,z) € E(G).
Let y € C with (x*,y) € E(G) and letz = (1 —t)y + tx* for all t € [0,1). Since

(x*,x%), (x*,y) € E(G) and E(G) is convex, we have (x*,z) € E(G).
From (45), (x*,z) € E(G) and the convexity of f, we obtain

) < f@)+ 5l -2

< A=Df(y) +if(") + %(1 — 2 [ly — x|
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It implies that

F) < £+ 55 (1= Dlly = x|,

forall y € C with (x*,y) € E(G).
Taking limit at t — 1, we have

f(x7) < fy)

forall y € C with (x*,y) € E(G).
Therefore, we conclude that x* is a G-minimizer of f.
Next, we show that if x* is a G-minimizer of f, then x* € F(],).
Let x* be a minimizer of f, we have

f(x*) < fy),

forall y € C with (x*,y) € E(G).
From Lemma 8, we obtain that

1 1
FUR) + o ax™ = 2|2 < f(y) + o lly — 2|2 (46)

forall y € C with (Jyx*,y) € E(G).
Letz = (1 —t)x* +t]yx* forall t € [0,1). Since (x*,y) € E(G) and E(G) = E(G™1),
we have (y,x*) € E(G).
Since (Jyx*,y), (y,x*) € E(G) and G is transitive , we have (J,x*, x*) € E(G).
Since (Jyx*,x*), (Jax*, Jax*) € E(G) and E(G) is convex, we have (Jyx*,z) € E(G).
From (46), (Jax*,z) € E(G) and the convexity of f, we obtain that

1 1
il =2 IF < f2)+ gyllz— x| = F(n)
1
< A=) () + 52— 2P = F)
< =Pl -

the last inequality is determined from x* is a G-minimizer of f, i.e., f(x*) < f(Jx(x*)).
It implies that

1 2 * *112
J— — — — <
(1= (=D)L - x| <.

Hence x* € F(J,). O

To apply our main result, we need the following lemma.

Lemma 10 ([21]). Let C be a nonempty closed convex subset of Hilbert space H and let G =
(V(G),E(G)) be a directed graph with V(G) = C dominates z for all z € C. Let E(G) be convex
and G be a transitive with E(G) = E(G™!). Let S : C — C be a G-nonexpansive mapping with
F(S) # @and F(S) x F(S) C E(G). Then

i) I-Sis %—GISM.
(i) G—VI(C,I-S)=EF().
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Theorem 3. Let C be a nonempty closed convex subset of Hilbert space H and let G =
(V(G),E(G)) be a directed graph with V(G) = C has property G and E(G) is convex and
G is transitive with E(G) = E(G™1). Let T : C — C be G-nonexpansive mapping, let
g : C — (—o0,00] be a proper convex lower semi-continuous function, let J, be the resolvent
of dg for A > 0 and let f : C — C be a G-contraction mapping with coefficient v € (0,1).
Assume that T = F(T) N F(J)) # @ with F(T) x F(T) C E(G) and F(J)) x F(Jp) C E(G),
and there exists xo € C such that (xo, f(xo)), (x0, Tx0), (x0, Pc(I = A(I = J1))x0) € E(G). Let
the sequence {xy, } be generated by xo € C and

Xn4+1 = ‘an(xn) +ﬁnPC(I - A(I - ]/\))xn +vnTxn

where {{an}, {Bn}, {vn}} C [0,1], withay + Bn + yn = Land a € (0,1).
Suppose the following conditions hold

[ee]
(i) Y a,=00, lima,=0,
n=0 n—o0

[ee] [ee]
(ii) r |lxn+1 - “n| < 0o, Y |;Bn+1 - ,Bn| < co.
n=0 n=0

Then, {x,} converge strongly to Prf(xo), Prf(xg) is dominated by {x,}, {x,} dominates
xo, and {Pc(I — A(I —Ja))xy)} is dominated by x.

Proof. From Lemma 10 and J, is a G-nonexpansive, we have
G—VI(C,I—]y)=F(r) (47)

From Corollary 1 and (47), we can conclude the desired results. [

Next, we give examples to support our main result.

Example 4. Let G = ([0,5], E(G)) be a directed graph, where E(G) = {(x,y) : x,y € [0,1] and
x—yl <1}
Let the mappings A, B, f,S, T : [0,5] — R be defined by

A(x):x—xzs—;—; (48)
B =5 - % 0)
f=2-3 50)
S(x) = %3 - (51)

T(x) = Zsin(mx) + %, (52)

forall x € ]0,5].
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Suppose that the sequence {x,} is generated by xo = 1 and

1 5n+1 1 3 n—1

= — —Po5(I—A(-A+-B —T
51 = T/ ) ¥ g Posl (T AMGA+ gB) g T (39)
forall n > 0. Then, the sequence {x, } converges strongly to Pr(1ynG—vi(c,a)nG-vi(c,s)f(X0) = 3.

Solution: It is obvious that % € (aA+ (1 —a)B)~1(0) and E(G) = E(G™Y).

First, we show that S is a G-nonexpansive mapping.

Let x,y € [0,5] with (x,y) € E(G). Then, it follows that x,y € [0,1] with |x —y| < 1.

3
Since %3, Y. 3 €1[0,1] and [0,1] is a convex set, we have
1

35
_+t3,.9/7°
Sx x° + (8) € [0,1]

and

From (51), we have

x¥* 15 v 15 2y
sx=syl = (G +5) -G+ 2=15 -4

+

1 1
= P+l -yl < 20)x -yl
< Jr-yl<t

Then (Sx,Sy) € E(G). Therefore S is a G-nonexpansive mapping.

Similarly, we can conclude that T is a G-nonexpansive mapping.

Since Ax = (I — S)x, S is a G-nonexpansive mapping and Lemma 10, we have A is %—
GISM. It is obvious that B is 4-GISM and f is a G-contraction with F(T) NG — VI(C,A)NG —
VI(C,B) = {3}.

From convexity of [0, 1], we have

@

1.1 3 7 1,22 2 17

z
(I-3(7A+3B)z = gz+a(T -7 +35) €01
forall z € [0,1].
1t follows that
1,1 3

forall z € [0,1].
Since xy = 1 € [0,1], definitions of f and T, we have

1 4xg 1
- = —_— | — = = | — 7<
10— frol = Jro — (2 — 2) = |52 + 21 <1 (55)
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and
Ixo — Tato| = |0 — (L sin(7xg) + —-)| < 1 (56)
0 ol = Ixo = (g sin(7xo) + 7o)l < 1.
So, we get (xo, fxo), (x0, Txg) € E(G).
From (54), we obtain
1.1 3
— _ (= e <1.
%0 = Pog) (I = 5 (7 A+ 7B))xo <1 (57)
From (54) and (57), we have (xo, Pjo 5 (I — 1(1A+3B))xp) € E(G).
Since xg € [0,1], (54) and (53), we have
e )+ 2 oAt a s B+ LW T )
T @)+ Y T 2y 41 04 S R T S

From the convexity of [0, 1], we have xq € [0, 1]. Continue the method of (86), we have x,, € [0, 1]
foralln € N.

From F(T) NG — VI(C,A) NG — VI(C, B) = {%}, we have PF(T)OG—VI(C,A)OG—VI(C,B)
f(x0) = 3.

From xg, % and x,, € [0,1], we have
|xn — x| <1,
and
1
|x?’l - E| S 1/

foralln € N.

It follows that (x, x0) and (xu, Pr(r)nG—vi(c,a)nG-vi(cs)f (%)) = (¥n,3) € E(G).
From (54) and x,, € [0,1], we have

1,1 3
foralln € N.
From xg,x, € [0,1] and (57), we have

1.1 3
%0 = Pog)(I = 5 (A + 7B))xn| <1,

foralln € N.

It follows that (xo, Pos)(1 — 3(1A+ 3B))xy) € E(G). Then we can conclude that
Pr(r)nG-vi(c,a)nG-vi(c,)f (xo) is dominated by {x, }, {xn } dominates xo, and { Pc(I — A(a A +
(1—a)B))x,)} is dominated by x.

All conditions of Example 4 satisfies Theorem 1, so we can conclude that sequence {x, } con-
verges strongly to Prryng_vi(c,a)nc-vi(c,p)f(Xo) = L. The numerical results for the sequences
{xn} is shown in Figure 1.
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Figure 1. The convergence behaviors of {x,,} with xg =1and N = 15.

Example 5. Let C = {(x1,x2) € R?: —3x; + x2 < 9} be a convex set and let G = (C,E(G))

be a directed graph, where E(G) = {((x1,x2), (y1,¥2)) : (x1,x2), (y1,y2) € [0,1] x [0,1]}. Let
the mappings A, B, f,S, T : C — R? be defined by

Alxp,x2) = (5 — %5 % — 25 (60)

M 12xn 1
B(xl’XZ)i(z 4’ 3 3) (61)
X 1 x 1
frm) = (5 +55 +3) (62)
T, x0) = (5L 4 > x—%+§) (63)
LR)=Ve T2 T8

forall (x1,x;) € C.

Suppose that the sequence {x"} is generated by x° = (x9,x3), where x? = 1, x§ = 1 and
1 1 1
n+l - n - _a(Z
T ((12n+2)2)f(x )+ (= ) el =AA
1 1 1

=B))x" — Tx" 4
H B (g T )T (64)
where x" = (x{,x}) for all n > 0. Then, the sequence {x"} converges strongly to

P 0y = (11
F(T)mc—VI(c,A)mG—VI(C,B)f(x )=(3,2)
Solution: It is obvious that (%,1) € (aA+ (1 —a)B)~1(0),and E(G) = E(G™1).
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From (60)—(63) and the definition of E(G), it is easy to see that T is G-nonexpansive mapping,
A, B are £-GISM, 3-GISM, respectively, and f is G-contraction with F(T) NG — VI(C, A) N
G- VI(CB) = {(5L 1)}

From convexity of [0, 1], we have

1 721 25 9 5z, 2z 35

1.1
(I-3(GA+5B)z = (F-g+o22-2+

8 167128 6 16 3ea) €OUX0 65

forall z = (z1,22) € [0,1] x [0,1].
Since C is half-space, we have

b B (XI+31}E]2727/ 3x1+190xz+9> Zf o 3xl +xy>09, ”
c(x1,%2) = , (66)
(xl,xz) Zf —3x1+2x <09,
forall (x1,x2) € R?.
From (65) and (74), we have
1,1 1

forall z = (z1,z3) € [0,1] x [0,1].

Since x0, fx0, Tx? € [0,1] x [0,1] and (67), we have (x°, fx°), (x, Tx®) and (x°, Pc(I —
L(1A+1B)aY) € E(G).

Since x0 = (x9,x3) = (1,1) € [0,1] x [0,1] and (64), we have

= (x,x3)
_ 1 0 _ i lon0
= (W)f(x)‘*‘(l 12(0)+2)PC(1 A(2A+2B))x
1 1 0
a2~ @ 22
1. 5 1 1 1 10 0
= ;f(xl,x)—kzPC(I— (5 A+ZB))(x1,x2)+4T( 1,%3)
o1 1Ay 1 1,7 ()P 9 5 ()P 35
- 1(€+§’§+5)+ (T_ 16 128 6 16 384)
1,29 5 ()% 3
+1( 1 + 15 ; +§). (68)

Since [0,1] x [0,1] is convex, then we have x' = (x1,x}) € [0,1] x [0,1]. Continue the
method of (68), we have x" = (x{l,xg) € [0,1] x [0,1] foralln € N.

From (67), we have Pc(I — (3 A+ 1B))x" € [0,1] x [0,1]. Since F(T) NG — VI(C, A) N
G = VI(C,B) = {(3,3)}, we have Prryng-vicanc-viesf(x") = Py, f(x0) =
(2/2):

Since x°,x", Pc(I = (3 A + $B))x", Prryng—vi(c,aync-vicef(x°) € [0,1] x [0,1]
and the definition of E(G), we have

(2,2, (2, Pe(I — 2 (34 + 2 B)¥")

and

(x", PerynG-vi(c,anc—vic,sf(x°)) € E(G).
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We can conclude that Pr(ryc—vi(c,aynG-vi(c,p)f (x°) is dominated by {x"}, {x"} domi-
nates x°, and {Pc(I — A(aA + (1 — a)B))x™")} is dominated by x°.

All conditions of Example 5 satisfies Theorem 1, so we can conclude that sequence {x"}
converges strongly to PF(T)mG—VI(C,A)mG—VI(C,B)f(xO) = (%, %) The numerical results for the

sequences {x"} is shown in Figure 2.

Figure 2. The convergence behaviors of {x"} with xX’ = (1,1) and N = 20.

Example 6. Let C = [0, 1], and consider the directed graph G = (C, E(G)), where the edge set is
defined as E(G) = {(x,y) : x,y € [0,1], |x —y| < 0.75}. Define the mappings f,T,],g: C —

R by
x
flx) = 5 (69)
2
x
T(x) = T (70)
2
x
gx) = 5 (71)
x
]/\(x) = E/ (72)
forall x € C. Assume the sequence {x, } is generated by xo = 0.5 and
1
Xp+1 mf(xn) +05(1 — M)P[O,l](l_/\(l_]/\))x”
1 1
i -os(i- 1)) -

forall n > 0. We shall now demonstrate the computation xq, xp, and x3.
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Solution: We first show that T is a G-nonexpansive mapping. Let x,y € [0, 1] with (x,y) €
E(G). Then, x,y € [0, 1] with |x — y| < 0.75. From definition of T, it follows that

2
x
Tx = 7€ [0,1]
and
2
-
Ty = 1 € [0,1]
From Equation (70), we obtain
22
[Tx —Ty| = Z vy

IX+y||x—y| ()\x—yl
< |x— | <0.75.

Thus, (Tx, Ty) € E(G), proving that T is a G-nonexpansive mapping. It is easy to verify that f is
a G-contraction.
Next, we choose A = 1. By the definition of ], we have

(I=M=J)z=5 1]
forall z € [0,1]. Consequently,
P (I = (1)(I=Ja))z € [0,1], (74)

forall z € [0,1].
Given that xo = } € [0,1] and using the definitions of f and T, we have

1 1 1
0= S0 = |3 - 5| = <075 @
and
X0 — T(xo)| = |2 — 1| <075 (76)
X0 Xo)| = 5 16| =7
Thus, (xo, f(x0)), (x0, T(x0)) € E(G).
From Equation (74), we obtain
|x0 = Po1(I = (1)(I = Ja))xo| < 0.75. (77)

Combining Equations (74) and (77), we conclude (xo, Pjo 1) (I — (1)(I — Ja))x0) € E(G).
Since xg € [0,1], using Equation (73), we compute

u = ilf<xo>+05(1 T ) P = (00 = 1)

()

(1) +0.5(1—1)Pyg (I — (1)(I—h))%+ (1—-1-05(1 —1))T<;>

(78)

= s
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X3

Similarly, we compute x, and x3 as follows: since x; = % € [0,1], definitions of f and T, we have
Iy — fry| = = 9 =X =L <o (79)
1o fal=lagl=lg =g =0

and

1
> <075, (80)

— Tl = -
lx1 — Txq| = |xg — | o1 =

So, we get (x1, fx1), (x1, Tx1) € E(G).
From (74), we obtain

31 = By (I = (DI = J))x| = v = T < 075. (81)

From (74) and (81), we have (x1, Pi11(I — (1)(I — Jx))x1) € E(G).
Since x1 € [0,1] and (73), we have

1 1
Xy = mf(xl) +0.5(1 — m)P[OJ](I — (I =Ja))x
1 1
1.1 1 1 1 1 1
= Ef(i) +0.5(1 — E)P[O,l}(l - (M- ]A))(Z) +(1- 5~ 0.5(1 — 5)”(1)
25
Finally, for x3: since x, = 4 € [0, 1], definitions of f and T, we have
25
Ixszxz\zlxz—— \ =51, <075 (83)
and
2
X2 — Txa| = |2 — % — 0.0952721 < 0.75 (84)
So, we get (xa, fx2), (x2, Tx2) € E(G).
From (74), we obtain
32 = Py (I = () = )2l = |22 = 22| <075 (85)
From (74) and (85), we have (x2, Pjo 1)(I — (1)(I — J)))x2) € E(G).
Since x, € [0,1] and (73), we have
1 1
2+1f(x2)+05( m)P[O,l](I_(l)(I_L\»xZ
1
1., 25 25 1 1 25
gf(ﬁH—O.S(l )P[01( (1 )(I—]A))(256)—|—(1—5—0.5(1—5))7"(%)
0.0333468. (86)

We have presented a summary of the numerical calculations as shown in Tables 1 and 2.
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Table 1. Explanation of x1, x2, x3.

Step &y Bn Yn Expression for x, Value of x,,
X 1 0 0 aof(x0) + BoPp,1) (I — (1)(I—Ja))x0 + 70T (x0) 0.25
X2 0.5 0.25 0.25 a1 f(x1) + 1Py (I — (1) (I = Ja))x1 + 11T (x1) 0.0976563
X3 0.333 0.333 0.333 aof(x2) + BaPp1) (I — (1)(I = Ja))x2 + 12T (x2) 0.0333468

Table 2. Explanation of Members in E(G).

Condition Members (x,y) Source Equation Condition Satisfied (|x — y| < 0.75)
(xo, f(x0)) (0.5,0.25) flxo) =% =025 |0.5 - 0.25| = 0.25 < 0.75
(x0, T(x0)) (0.5,0.125) T(xo) = % = 0.0625 |0.5 — 0.0625| = 0.4375 < 0.75
(%0, Pc(I = A(I = Jx))x0) (0.5,0.25) Pe(I—AMI—Ja))xo = Py (%) =025 |0.5 —0.25| = 0.25 < 0.75
(x1, f(x1)) (0.25,0.125) flx) = %8 =0.125 |0.25 — 0.125| = 0.125 < 0.75
(x1,T(x1)) (0.25,0.015625) T(x) = 922 — 0015625 |0.25 — 0.015625| = 0.234375 < 0.75
(31, Po(I = A(I—Ja))x1) (0.25,0.125) Pe(I—MI—Ja))xo = Py (%) = 0.125 [0.25 — 0.125| = 0.125 < 0.75
(x2, f(x2)) (0.0976563, 0.04882815) flxp) = Q7563 — (04882815 |0.0976563 — 0.04882815| = 0.04882815 < 0.75
(x2, T(x2)) (0.0976563, 0.002384188) T(xy) = w — 0.002384188 |0.0976563 — 0.002384188| = 0.095272112 < 0.75
(%2, Pc(I = A(I=Ja))x2) (0.0976563, 0.04882815) Pe(I = MI = Jp))xz = Py (225568 ) — 0.04882815 |0.0976563 — 0.04882815| = 0.04882815 < 0.75

5. Conclusions

This research explores the integration of G-variational inequality problems and fixed
point theory within a Hilbert space endowed with a graph structure. The main contri-
butions include the development of a new iterative method and a strong convergence
theorem, which demonstrate the convergence of sequences to solutions that are part of the
intersection of the solution sets for G-variational inequalities and fixed point problems.
The study provides new lemmas that are essential for understanding G-nonexpansive
mappings and G-inverse strongly monotone operators.

The research extends existing theories in nonlinear analysis and functional analysis,
particularly those involving graph structures in metric spaces. By doing so, it broadens
the scope of applications to optimization problems where constraints can be naturally
represented by graphs, thus making the theory applicable to network theory, computational
mathematics, and various applied sciences.

The paper also differentiates the combination of the G-variational inequality problems
from the combination of the classical variational inequality problems, highlighting the neces-
sity of incorporating graph structures when dealing with complex systems. The provided
examples effectively demonstrate how G-variational inequality problems can be distin-
guished from standard variational inequality problems. Additionally, the assumptions of
transitivity and convexity of E(G) are crucial for ensuring the validity of the convergence
results. Transitivity maintains consistent connections between points on the graph, sup-
porting the effectiveness of the iterative methods, while convexity preserves the geometric
properties of the solution sets, which is essential for proving the convergence theorems.

Overall, this work lays a solid foundation for future research and applications in areas
that require advanced mathematical tools and frameworks, particularly those involving
graph-based constraints.
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