MATEMATICKI VESNIK
MATEMATUYKNM BECHUK
Corrected proof
Available online 23.12.2024

research paper
OPUTHHAJIHU HAYIHU DA

DOI: 10.57016/MV-QP9476IM

SOLVING GENERALIZED EQUILIBRIUM PROBLEMS FOR
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Abstract. In this article, we propose a parallel viscosity iterative method for determin-
ing a common solution of a finite family of generalized equilibrium problems and a fixed
point of a nonexpansive mapping in the setting of Hadamard manifolds. Under some mild
conditions, we prove that the sequence generated by the proposed algorithm converges to
a common solution of a finite family of generalized equilibrium problems and a fixed point
problem for a nonexpansive mapping. We apply our result to solve a convex minimization
problem and present a numerical example to demonstrate the performance of our method.
Our results extend and improve many related results on generalized equilibrium problems
from linear spaces to Hadamard manifolds.

1. Introduction

Let C' be a nonempty closed convex subset of a topological space £, F: C xC — R
and G : C' x C — R are two bifunctions. The Generalized Equilibrium Problem (in
short, GEP) is to find x € C such that

G(z,y) + (Fr,y —x) >0, Vy e C. (1)
The GEP is known as a generalization of several other problems, for instance, varia-
tional inequality problems, minimization problems, fixed point problems, Nash equi-
librium problems in noncooperative games and many others see [2,5,8]. We denote
by ¥ the solution set of (1). If F' = 01in (1), then the GEP reduces to the Equilibrium
Problem (in short, EP), which is to find € C such that G(z,y) >0, Vy € C.

It is known that equilibrium problems had a great impact and influence in the
development of several topics in science and engineering. It has been shown that the
theory of equilibrium problems provides a natural, novel and unified framework for
several problems arising in nonlinear analysis, optimization, economics, finance, game
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2 Generalized equilibrium problem

theory and engineering. In 2008, Yang et al. [28] proposed the following proximal point
method for approximating a solution of an EP as follows:

.’L‘1€C,
G(umy)"' L<y_un7un _xn> >0, Vyed,

T
LTn+1 = anf(un) + (1 - an)Tun’

where G : C x C — R is a bifunction, T' : C — C is a nonexpansive mapping, f

is a contraction mapping with constant v € (0,1) with Fixz(T) () EP(G) nonempty.

They established a strong convergence theorem.

Several iterative methods have been used to approximate solutions of GEP in real
Hilbert spaces. For instance, Takahashi and Takahashi [25] proposed an iterative
scheme for approximating the common element of the set of fixed points of a nonex-
pansive mapping and the set of solutions of a generalized equilibrium problem in a
real Hilbert space. They proved a strong convergence result. Also, Shehu [24] intro-
duced a modified Halpern method for finding a common element of the set of fixed
points of a nonexpansive mapping and the set of solutions of a generalized equilibrium
problem in a real Hilbert space. He also established a strong convergence result. In
the settings of a reflexive Banach space, Kazmi et al. [13] proposed a hybrid iterative
method for finding a common solution of a generalized equilibrium problem and a
fixed point problem for a Bregman relatively nonexpansive mapping. They proved
the following theorem:

THEOREM 1.1. Let C be a nonempty, closed and convex subset of a reflexive Banach
space X with dual space X* such that C C int(domf). Let f : X — (—o0,+0o0] be a
coercive Legendre function which is bounded subsets of X. Let G : C' x C — R and
F:C xC — R be bifunctions. Let T : C'— C be a Bregman relatively nonexpansive
mapping. Assume that Q := GEP(G,F) N Fix(T) is nonempty. Let {x,} and {z,}
be sequences generated iteratively by

X, 20 € C,

up = VI (aVf(zn) + (1 —an)Vf(Tz,)),

Zn4+1 = Ré’puny

0, :={2€C:D— f(z,2n41) < nDs(2,2,) + (1 — an)Dy(z,25)},
Qn={2€C:(Vf(xg) —Vf(xn),z—z,) <0},

Tpt1 = Projgannaro, Vn>0,

where {on} is a sequence in [0,1] such that lim o, = 0. Then, {x,} converges
n—oo

strongly to Projéxo, where Projgzxo is the Bregman projection of C onto Q.

In 2012, Colao et al. [7] introduced the concept of equilibrium problem where
the associated bifunction is monotone and proved the existence of its solution on
Hadamard manifolds. Wang [27] studied the notion of monotone and accretive vector
fields on Riemannian manifolds. Nemeth [18] generalized some basic concepts in
existence and uniqueness theorems in the classical theory of variational inequalities
from Euclidean spaces to Hadamard manifolds. Zhou and Huang [29] studied the
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notion of KKM mapping and proved a generalized KKM theorem on a Hadamard
manifold. Noor et al. [21] introduced an implicit method for solving equilibrium
problem on Hadamard manifolds and Noor et al. [20] proposed an explicit method for
solving the equilibrium problem on Hadamard manifolds.

Let C' be a nonempty, closed and geodesically convex subset of a Hadamard man-
ifold M. Let G : C' x C — R be a bifunction and let F' : C' — TM be a single-valued
vector field. The GEP is to find x € C such that

G(z,y) + (Fz,exp,'y) >0, Yy € C, (2)
where exp™" is the inverse of the exponential function exp : TM — M with TM the
tangent bundle of M.

Very recently, the existence of solution of the generalized equilibrium problem on
a Hadamard manifold using the KKM lemma was studied [22]. A convergence result
for approximating a solution to the GEP, which is also a fixed point of a nonexpansive
mapping, was established using the following viscosity iterative method:

Yn = expwn(]_ — 577,) exp;nl STy,
Tpy1 = epr(a:,,L)(l — an) exp;(lccn) Rg'::F7

1

where S is an nonexpansive mapping, f : M — M is an a-contraction and RZ:*
(defined in section 2) is the resolvent of GEP(F, ).

Inspired by the results [7,22,24] and other related results in the literature, we
propose a viscosity iterative method for a finite family of generalized equilibrium
problems which is also a fixed point of a nonexpansive mapping on a Hadamard
manifold. Using our proposed iterative method, we prove that the sequence generated
by our iterative algorithm converges to a solution of the finite family of generalized
equilibrium problems and is a fixed point of a nonexpansive mapping. We present
some consequences of our result. In summary, the problems discussed in this article is

N
to find x € C such that Fiz(®)N (| GEP(F;,%;), where Fiz(®) = {zx € C : x = Dz}
j=1

is the fixed point set of a nonlinear mapping ®.

We highlight our contributions in this article, which are the following:
(i) Our result generalizes many related results on EP and GEP from linear spaces to
Hadamard manifolds (see [1,12,19]).

(ii) The proposed algorithm does not require at each step of the iteration process
the computation of subsets of C,,, and Q,, (or Cy,y1) as in the case in [6,24] and
the computation of the projection of the initial point onto their intersection, which
leads to a high computational cost of the iteration processes. The removal of all these
restrictions makes our work applicable to a larger class of real world problems.

2. Preliminaries

Let M be an m-dimensional manifold, let x € M and let T, M be the tangent space
of Ml at & € M. We denote by TM = J, oy T:M the tangent bundle of M. An inner
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product R(:,-) is called a Riemannian metric on M if (-,-), : T,M x T,M — R is an
inner product for all z € M. The corresponding norm induced by the inner product
R (-, ) on T,M is denoted by || - ||.. We will drop the subscript 2 and adopt || - || for
the corresponding norm induced by the inner product. A differentiable manifold M
endowed with a Riemannian metric R(-,-) is called a Riemannian manifold. In what
follows, we denote the Riemannian metric R(,-) by (-,-) when no confusion arises.
Given a piecewise smooth curve « : [a,b] — M joining z to y (that is, v(a) = = and
~v(b) = y), we define the length () of v by I(v) := fab |7/ (t)||dt. The Riemannian
distance d(z,y) is the minimal length over the set of all such curves joining z to y.
The metric topology induced by d coincides with the original topology on M. We
denote by V the Levi-Civita connection associated with the Riemannian metric [23].

Let v be a smooth curve in M. A vector field X along + is said to be parallel if
VX = 0, where 0 is the zero tangent vector. If 4/ itself is parallel along ~y, then
we say that v is a geodesic and ||7/|| is a constant. If ||4/|] = 1, then the geodesic
v is said to be normalized. A geodesic joining = to y in M is called a minimizing
geodesic if its length equals d(z,y). A Riemannian manifold M equipped with a
Riemannian distance d is a metric space (M, d). A Riemannian manifold M is said
to be complete if for all x € M, all geodesics emanating from = are defined for all
t € R. The Hopf-Rinow theorem [23], posits that if M is complete, then any pair
of points in M can be joined by a minimizing geodesic. Moreover, if (M,d) is a
complete metric space, then every bounded and closed subset of M is compact. If M
is a complete Riemannian manifold, then the exponential map exp, : T,M — M at
x € M is defined by exp, v := v,(1,z) Vv € T,M, where ~,(-,z) is the geodesic
starting from x with velocity v (that is, v,(0,z) = « and 7, (0, 2) = v). Then, for any
t, we have exp, tv = v,(t,z) and exp, 0 = 7,(0, ) = x. Note that the mapping exp,
is differentiable on T,M for every x € M. The exponential map exp, has an inverse
exp,' : M — T,M. For any x,y € M, we have d(z,y) = |lexp, ' z|| = [ exp; 'yl
(see [23] for more details). The parallel transport Py ) v(a) : Ty@M — Ty M on
the tangent bundle TM along ~ : [a,b] — R with respect to V is defined by

P%'y(b),'y(a)v = F(’y(b)), VabeR and v e T’y(a)Mv

where ' is the unique vector field such that V., (yv = 0 for all ¢ € [a,b] and
F(vy(a)) = v. If v is a minimizing geodesic joining x to y, then we write P, , instead
of P, , .. Note that for every a,b,r,s € R, we have

-1
Py)vr) © Py ata) = Py ata) and Pl 0y = Pra)vv)-

Also, Pyb)4(a) 18 an isometry from T’ )M to T, ;)M that is, the parallel transport

preserves the inner product

(B (0)7(@) (W) By () 1) (0)r() = (W 0)5(a)s ¥ 10 € Ty ()M
A subset C' C M is said to be convex if for any two points z,y € C, the geodesic
~ joining z to y is contained in C. That is, if v : [a,b] — M is a geodesic such that
z = v(a) and y = ~(b), then v((1 — t)a +tb) € C for all t € [0,1]. A complete
simply connected Riemannian manifold of non-positive sectional curvature is called
an Hadamard manifold.
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DEFINITION 2.1 ([10]). Let C be a nonempty, closed and subset of M and {z,} be a
sequence in M. Then {z,} is said to be Fejér convergent with respect to C' if for all
pe Candn €N, d@,q1,p) < d(xn,p).

DEFINITION 2.2 ([23]). Let f : C' — R be a geodesic convex. Let p € C, then a
vector r € T,M is said to be a subgradient of f at p if and only if f(¢) > f(p) +
(rexp,'q), VqeC.

LEMMA 2.3 ([10]). Let C be a nonempty, closed and closed subset of Ml and {x,} C M
be a sequence such that {x,} be a Fejér convergent with respect to C. Then, the
following hold:

(i) For every p € C, d(x,,p) converges;

(i) {x,} is bounded;
(ii3) Assume that every cluster point of {x,} belongs to C. Then, {z,} converges to
a point in C.
DEFINITION 2.4. A mapping S : C' — C' is said to be
(i) contractive, if there exits a constant &k € (0, 1);

d(Sz,Sy) < kd(z,y),V z,y € C. (3)
If k=1 in (3), then S is said to be nonexpansive;

(ii) quasi-nonexpansive, if Fiz(S) # () and d(Sz,p) < d(z,p), V p € Fiz(S) and
z e C

(iii) firmly nonexpansive [15] if, for all z,y € C, the function H : [0,1] — [0, 0]
defined by H(t) := d(exp, texp, ' Sz,exp, ' Sy), ¥t € [0,1] is nonincreasing.

PROPOSITION 2.5 ([15]). Let S : C' — C be a mapping. Then, the following statements
are equivalent:
(i) S is firmly nonexpansive;

(ii) for any x,y € C and t € [0,1], d(Sz, Sy) < d(exp, texp ! Sx,expytexp;1 Sy);
(iii) for any z,y € C, (expg(lw) S(y), expg(lm) x) + (expg(ly) S(z), expg(ly) y) <0.

LEMMA 2.6 ([6]). Let S: C — C be a firmly nonexpansive mapping and Fiz(S) # 0.
Then, for any x € C and p € Fix(S), the following conclusion holds:

d*(Sz,p) < d*(z,p) — d*(Sz,x).

PROPOSITION 2.7 ([23]). Let x € M. The exponential mapping exp, : T,M — M
is a diffeomorphism. For any two points x,y € M, there exists a unique normalized
geodesic joining x to y, which is given by v(t) = exp, texp; 'y, Vte€]0,1].

For any x € M and C C M, there exists a unique point y € C, such that d(z,y) <
d(z, z) for all z € C. This unique point y is called the nearest point projection of x
onto the closed and convex set C' and is denoted by Pco(z).
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LEMMA 2.8 ([26]). Let C be a nonempty, closed and geodesic convex subset of a
Hadamard manifold M.

(i) For any x € M, there exists a unique nearest point projection y = Po(x). Further-
more, the following inequality holds: (exp;1 x,exp;l 2) <0, VzeC.

(i) Po: M — C s a firmly nonexpansive mapping. Therefore from Lemma 2.6, we
have d*(y,p) < d*(x,p) — d*(y,z), Vx € M and p € C.

LEMMA 2.9 ([14]). Let g € M and {x,} C M be such that x,, — xo. Then, for any

y € M, we have exp;n1 y— exp;o1 y and exp;1 Ty — exp;1 zg.

The following propositions (see [10]) are very useful in our convergence analysis.

ProOPOSITION 2.10. Let M be an Hadamard manifold and d : Ml x M :— R be the dis-
tance function. Then the function d is convex with respect to the product Riemannian
metric. In other words, given any pair of geodesics v1 : [0,1] = M and v : [0,1] = M,
then for all t € 0,1] we have d(y1(t),v2(t)) < (1 —t)d(71(0),v2(0)) +td(y1(1),72(1)).
In particular, for each y € M, the function d(-,y) : M — R is a convex function.

LEMMA 2.11 ([3]). Let G(z1,x2,x3) be a geodesic triangle in M. Then, there exists
a triangle G(Z1,Z2,%3) corresponding to G(x1,xa,x3) such that d(x;, xiy1) = ||T; —
Zi1 1| with the indices taken modulo 3. This triangle is unique up to isometries of R2.

The triangle G(Z1,T2,T3) in Lemma 2.11 is said to be the comparison triangle
for G(x1, z2,23) C M. The points Z1, T and T3 are called comparison points for the
points z1,x and x3 in M.

A function h : M — R is said to be geodesic if, for any geodesic v € M, the
composition h o~ : [u,v] — R is convex, that is,

hoy(Au+ (1 = XNv) < Ahoy(u)+ (1 —=ANhovy(v), u,veR, XAel0,1].

LEMMA 2.1/2 (/[14J). Let G(p,q,r) be a geodesic triangle in a Hadamard manifold M
and let G(p ,q ,7 ) be its comparison triangle.

(i) Let «, B, (resp. 0/,,6’/,7/) be the angles of G(p,q,r) (resp. G(p/,q,,r/)) at the
vertilces p,q,r (resp. p/,q,,rI). Then, the following inequalities hold: a > a, B/ >
B,y =7

(ii) Let z be a point in the geodesic joining p to ¢ and 2 its comparison point in the
interval [p ,q ]. Suppose that d(z,p) = ||z —p || and d(z ,q ) = ||z — q ||. Then, the
following inequality holds: d(z,r) < ||z —r |

ProrosiTiON 2.13. Let M be a Hadamard manifold and x € M. The map ®, =
d*(z,y) satisfies the following:
(i) ®, is convex. Indeed, for any geodesic v : [0,1] — M, the following inequality
holds for all t € [0,1] :

d*(z,7(t)) < (1 = t)d*(z,7(0)) + td* (z, (1)) — t(1 — t)d*(7(0),7(1)).

(it) @ is smooth. Moreover, 89, (y) = —2exp, ' .
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DEFINITION 2.14. Let M be a Hadamard manifold. A mapping S : M — M is said

to be demiclosed at 0, if for any sequence {z,} in M such that lim z, = p and
n—oo

le d(zn, Sx,) = 0, we have that Sp = p.

PROPOSITION 2.15 ([16]). Let S : C — M be a nonexpansive mapping defined on a
closed convex set C' C M. Then, the fized point set Fixz(S) is closed and conver.

Let C be a nonempty, closed and convex subset of a Hadamard manifold M and
H(C) denote the set of all single valued vector fields F' : C — TM such that Fz € T,M
for every x € C. Then, a vector field F' € H(C) is called monotone if (Fx,exp; ! y) +
(Fy,exp, ' z) <0.

We need the following results to solve GEP (2).

LEMMA 2.16 ([22]). Let C be a nonempty, closed and convex subset of a Hadamard
manifold M. Let F : C — TM be a single-valued monotone vector field and let
G :C x C — R be a bifunction such that G(x,x) =0 satisfying the following:

(L1) G is monotone. That is, G(x,y) + G(y,x) <0, for all z,y € C,

(L2) For allx € C, G(z,-) is convex;

(L3) There exists a compact subset K C C containing up € K such that G(x,uo) +
(Y, expy L ug) < 0 whenever x € C'\ K.
Then, the GEP (2) is solvable.

The result stated below describes some properties of the resolvent operator of

GEP (2).

LEMMA 2.17. [22] Let G: C'xC — R be a bifunction satisfying assumptions (L1)-(L3)
let F': C — TM be a mapping. Forr>0, define a set-valued mapping RSF: C — 2¢ by
RTG’F(CIJ)_{ZGC : G(z,y)+(Fz exp; ! y)—%(expgl T,exp; ty) > O}7 vV yeC, zeM.
Then, there hold

(i) RS is single-valued;

(ii) RS- is firmly nonexpansive;

(iii) Fiz(RGF) = GEP(G, F);

(iv) GEP(G,F) is closed and convex;

(v) Let 0 < r < s. Then, for all x € C, d(x, RS ¥z) < 2d(z, RSTz);

(vi) For allz € C and p € Fiz(RST), d?(p, RS T'z) + d*(x, RS T'z) < d*(z,p).

LEMMA 2.18 ([11]). Let {sn} be a sequence of nonnegative numbers, let {a,} be a

sequence in (0,1) and let {0,,} be a sequence of real numbers satisfying the following
conditions: -
(i) $n+1 < (1 — an)sn + apby; (i) > an =o0, limsupb, <0.
n=0 n—00
Then, lim s, = 0.
n—oo
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LEMMA 2.19 ([17]). Let {sn} be a real sequence which does not decrease at infinity in
the sense that there exists a subsequence {sy, } such that s,, < s,,.,, ¥V k> 0. Define
an integer sequence {o(n)}, where n > ng by o(n) := max{ng < k <n: s, < Sgt+1}-
Then o(n) — 0o asn — oo and for all n > ng, we have max{sq, (), Sn} < So(n)41-

3. Main result

In this section, we introduce a viscosity method for solving a finite family of gener-
alized equilibrium problems and a fixed point problem of nonexpansive mapping in a
Hadamard manifold. We state and prove our convergence result:

THEOREM 3.1. Let C be a nonempty, closed and convex subset of a Hadamard man-
ifold M. For k =1,2,--- ,m, let Fy, : C — TM be a monotone vector field and let
Gr : C x C = R be such that Gi(u,u) = 0 for all u € C be a bifunction satisfy-
ing (L1)-(L3). Let v : C' — C be a contraction mapping with constant ¢ € (0,1) and

let ®: C — C be a nonexpansive mapping such that Y := Fiz(®) N (| Fiz(RE* k)
k=1

is nonempty. For an arbitrary q1 € Z, let {q,} be generated iteratively by
wk = R{* g, k=1,2,...,N;

n

ko _ _ ko).
tn € {wi k=1,2,...,m} such that d(t,,q,) =  ax d(wr, qn); @

vy = exp; (1 —1y) expt_n1 Ot
n+1 = %l;(l —0n), Vn2>1
where 4% : [0,1] — Z is a sequence of geodesics joining 1(q,) to vy, and the sequences
{mn},{6n} € (0,1) and {r,} € (0,00) satisfy the following:
(i) lim 6, =0, > 6, < o;
n—00 n=1
(ii) 0 <a<n, <b<1 for somea,b>0 for alln > 1;
(iii) 0 < A< Ap.
Then the sequence {q,} converges to an element p € T.

Proof. Let p € Y. By Lemma 2.17 we have

d(w},,p) = d(RS*" 4, p) < d(qa.p)- (5)
It is obvious from (4) and (5) that
= kop) <
d(tn,p) = max d(w,,p) < d(gn,p)- (6)

By the property of the exp function, we can re-write ¢, defined in (4) as ¢, =
(1 — 1), where v, : [0,1] — Z is a geodesic sequence joining t, to ®t,. Us-
ing Proposition 2.13, (6) and the nonexpansive property of ®, we obtain

d2(vn,p) = d2(7n(1 - 7ln),p)
< (1 =1n)d*(05(0),p) + nnd? (v (1), p) — 7 (1 = 0 )d?(452(0), (1))
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=(1- nn)dz(tmp) + Undz(@tmp) —nn(l— nn)dz(tnv Pty)

= (1= 1) d*(tn, p) + 00d® (tn, p) = Na(1 = 00)d* (tn, Ptn)

= d2(tmp) — (1l — nn)d2(tm Pty,) (
< d(tn,p). (

In view of (6) and (8), we get d(vp,p) < d(tn,p) < d(gn,p). From this, using g,+1
7% (1 —6,,), we obtain that

d(gnt1,p) = d(v5(1 = 0n), p)
= 0,d(75(0),p) + (1 — 6,)d(+5(1),p)

< 0,d(¥(gn),p) + (1 — 6,)d(vy, p)

< On[d(¥(gn), ¥ (p)) + d(¥(p), p)] + (1 — 0n)d(vn, p)
< O [¢d(qn, ) + d((p),p)] + (1 = 0,)d(gn, p)

o
Lz =

= (1= 0a(1 = ¢))d(n,p) +0n [(1 — 0 yW]
d((p),p)
S...Smax{d(qn,p) =3 }
d(w(p)

By induction, we obtain that d(g,+1,p) < max{d(¢,p), ’p)} Thus, the sequence

{¢qn} is bounded. Consequently, the sequences {¢,}, {vn} {wn} and {®t,} are also
bounded. Using Lemma 2.17 (iv), (5) and (7), we get

dQ('Ump) < dz(tn»p)_nn(l_nn)d2(tnv(I)tn) < dz(wﬁap)_nn(l_nn)dQ(tmétn)

< dQ(anp)_dQ(wZ7 Qn)_nn(l_nn)d2(tna Dty). (9)
For n > 1, let a = ¥(qn),7 = ¥(p) and b = v,. We consider the geodesic tri-
angles with their respective comparisons G(a,r,b) and G(a’,7’,V'), G(b,r,a) and
GW',r,a"),G(b,r,p) and G(V/,r',p"). By applying Lemma 2.11, we have d(a,r) =
la’=r"|l, d(a,b) = [la’=b', d(a, p) = |la'=p'[l, d(b,r) = ||['=r'| and d(r, p) = [|+'—p']|.
Thus, the comparison point of ¢,41 € R? is ¢}, 1 = 0pa’ + (1 — 6,)b'. Let 7 and 7/
denote the angle and comparison angle at p and p’ in the triangles G(r, ¢,+1,p) and
G(w',q,1,p") respectively. Hence 7 < 7/ and cos 7/ < cos 7. By applying Lemma 2.12
and the property of ¢, we obtain

d2(¢]n+1,10) < ||q:1+1—P’||2
= (160 (a'—p")+(1-0,) (' —p")|?
< 6 (a" =) +(1=0,) (0 =) P 420, (a7, 11— 7' D)
< (1=00) |1 =p' [P +0n |0’ 7" ||*+20,l g7, 41 —2'|| |7 =] cos T’
< (1=0,)d*(b, p)+0,d* (a,r)+20,,d(qn i1, p)d(r, p) cos T
= (1-0,)d*(vn, ) +0,d* (¥ (4n) () +20,d(n-+1, p)d(r, p) cos 7. (10)

It is easy to see that d(qni1,p)d(1(p),p)cosT = (exp, ' ¥(p),exp,’ gny1), then on
substituting (9) into (10), we get

d*(gny1,p) < (1=0,)d*(0n, p)+0nd” (¥ (qn), ¥ (p))+20n (exp, ' (D), expy, ' gni1)
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< (1=0,)d%(gn, )~ (1=0,)d? (wy;, gn) =11 (1= ) d° (£, Bt)
+20, (exp, " ¥(p), exp, ' Gn1)+0ndd* (4, D)

X - ex ot n+1
=(1—9n<1—¢>>>d2<qn,p>+an<1—¢>[2< by (o) expy ' ans >}

(1-9)
_(1_9n)d2(w55Qn)_nn(l_nn)dQ(tm(I)tn) (11)
2(exp;! Jexps gy
< (100 (1) g )40 (1) [ 2D L b i)y
Put s, := d*(qn,p) and 2, := 2<exp;1 w(p),exp;1 gn+1). It follows from (11) that
Spt1 < (1—Gn(l—(b))sn—i-ﬁn(l—gb){lz_n(b} (13)

We now establish that s,, — 0 by considering two possible cases.

Case 1: Suppose {s,} is eventually decreasing, that is, there exists Ny > 0 such that
{sn} is decreasing Ny > 0 such that {s,} is decreasing for n > Ny. In this case {s,}
is decreasing for n > Ny. In this case {s,} must be convergent. Thus, we obtain from

(1=0,)d (wy;, gn) 100 (1= ) d* (£, @t ) < (1=0,,(1=)) 50— 41400 (1) [1:3} :

Hence, using conditions (i) and (ii) of (4), we obtain that
hm d(wk, q,) =0= hm d(ty, Pty). (14)

It is obvious from (14) that lim,, o0 d(tn, qn) = 0 We can deduce from this that

Un,Qn) =

hm d n+1,0 ) = 03
=0.

d(

lim d(vy,t,) =
(
( (15)

nh_{rgo d(gn+1,n)

Since {g,} is bounded, there exists a subsequence {qn, } of {¢,} such that ¢,, — p.
We may assume, without any loss of generality, that g,, — z*. We claim that 2* € T.
Indeed, since {g,} C C, we have z* € C. Furthermore, since {v,} and {t,} are
bounded, there exist subsequences {vy,,} of {v,} and {¢,,} of {¢t,} which converge
weakly to z* € T respectively. Using the fact that Ri’jl’F"' is nonexpansive and

demiclosed at 0, we have from (14) and Lemma 2.17 (iii) that =* € Fix(Ri’jl’F’“) =
ﬂ GEP(Gy, Fy). Similarly from (14), we have that «* € Fiz(®). Thus, we conclude
that x* € Y. Next, we claim that limsup z, < 0. Since {gyp, } of {¢,} which converges
weakly to * € T such that A
Jim (exp, ™ h(p), exp,, ' gn,) = lim {exp, ! $(p), exp,, ' qn)
= (exp;1 ¥(p), exp;1 z*) <0. (16)
On substituting (16) into (13) and applying Lemma 2.18, we conclude that {g,}
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converges strongly to p.

Case 2: Suppose that {s,} is not a monotone sequence. Then, using Lemma 2.19,
we define an integer sequence {o(n)} for all n > ng (for some ngy large enough) by
o(n) == max{k < n : s < sg+1}. Note that ¢ is an increasing sequence such that
o(n) — oo as n — 00 and S,(n) < Sg(n+1) for all n > ng. From (13), it follows that
0 < So(n)+1 = So(n) < 2Cs(n) (exp;1 ¢(p),exp;1 Qo(n)+1)- Since Cyy — 0 and {gy}
is bounded, we get

lim <Sa(n)+1 - Sa(n)) =0. (17)

n—oo
Following a similar approach as in Case 1, we obtain

lim  d(wF |, ¢r ) =0, k=1,2,...,m.
Also, $r(ny+1 < (1= (1= 0)Con))Sr(n) + Co(n)(1 — @) [Z{_(’:b) |, where limsup z(,,) < 0.
n—oo

Since s-(ny41 > Srn) and Coryy > 0, we have (1 — ¢)s;(,) < 2r(n). Also, since

lim sup 2z,(,,y < 0, we see that lim s,y = 0. Combining this with (17), this implies

n— 0o n—00

that lim s;(,)41 = 0. Since 0 < s;(,) < max{s;(n),sn} < Srm)41 — 0, we obtain
n—oo

that s, — 0, thus the sequence {¢,} converges strongly to p € T. O

We now state some of the consequences of our result.

COROLLARY 3.2. Let C' be a nonempty, closed and convex subset of a Hadamard
manifold M. Fork=1,2,...,m, let F}, : C — TM be a monotone vector field and let
Gi : CxC — R be such that Gi(u,u) = 0 for allu € C be a bifunction satisfying (L1)-
(L8). Let ¢ : C — C be a contraction mapping with constant ¢ € (0,1) and let

®: C — C be a nonexpansive mapping such that ¥ := (| Fiz(RE%¥*) is nonempty.
k=1
For an arbitrary q1 € Z, let {q,} be generated iteratively by
wk = Ri’f’Fkak =1,2,...,N;
tn € {wk k=1,2,...,m} such that d(t,,q,) =  Bax, d(wk, q,); (19)
n+1 = '72(1 —0n), V> 1
where 72 : [0,1] — M is a sequence of geodesic joining V(q,) to t, and the sequences
{6,} € (0,1) and {rn} € (0,00) satisfy the following:
o0
(i) Lim 0, =0; S 6,<oo, (i) 0<X< .
n—oo n=1

Then, the sequence {qn} converges to an element p € T.

COROLLARY 3.3. Let C' be a nonempty, closed and convex subset of a Hadamard
manifold M. For k = 1,2,...;m, let G : C x C — R such that Gi(u,u) = 0 for
all w € C be a bifunction satisfying (L1) — (L3). Let ¢ : C — C be a contraction
mapping with constant ¢ € (0,1) and let ® : C — C be a nonexpansive mapping such
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that Y := Fix(®) N ﬁ Fixz(RE*) is nonempty. For an arbitrary q € Z, let {g,} be
generated itemtivelykb:yl

wh = R{*qn k=1,2,...,N;

tn € {wk k=1,2,...,m} such that d(t,,q,) = 1ISI}Ca§XN d(wk, q,);

vy = exp; (1 —ny) expt_n1 Oty
dn+1 = 72(1 - en)v Vin>1;

where A2 : [0,1] — Z is a sequence of geodesic joining 1(qy) to v, and the sequences
{mn},{6n} € (0,1) and {r,} € (0,00) satisfy the following:

(i) li_>m 0, =0 3 60, <oo;

n=1
(i) 0 <a<mn, <b<1 for somea,b>0 for alln > 1;

(iii) 0 < A< Ap.
Then, the sequence {qn} converges to an element p € Y.

Proof. If F = 0, the result follows from the proof of (19). O

4. Application

In this section, we apply our main result to determining the common solution of fixed
point and convex minimization problems. We consider the following convex minimiza-
tion of the sum of convex functions ming ey h1(x) + ho(z), where M is a Hadamard
manifold, hy : M = RU{+00} is a proper, convex and lower semicontinuous function,
hy : M — R is a convex and differentiable function. It is worth-mentioning that the
problem of finding 2 € M such that (Fx,exp,ty) > 0 for all y € M is the optimal-
ity condition of the convex minimization problem when G = Vhy. In addition, the
Moreau-Yosida regulariazation J[}l : M — R of a function h; is defined by

Ji (&) = argmin (hl(y) + 21Md2(w,y));
it is the resolvent of the bifunction G : M x M — R defined by G(z,y) = h1(y)—h1(z).
It is known (see [9]) that there exists a ¢, = J!* (z) for any x € M and p > 0 with
the property iexpt_M !z € Ohy(z). The mapping J,i“ is consistent, and the fixed point
of J[jl (x) is a solution of the minimization problem min,cy hy ().

THEOREM 4.1. Let C be a nonempty, closed and convex subset of a Hadamard mani-
fold M. Let hy : Ml — RU {+o0} be proper, convex and lower semicontinuous and let
ho : M — R be a convex and differentiable function with h = hy + ho. Let ¢ : C' — C
be a contraction mapping with constant ¢ € (0,1) and let ® : C — C be a nonexpan-
sive mapping such that Y : Fiz(®)(arg ;réiﬁh is nonempty. For an arbitrary q1 € Z,
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let {qn} be generated iteratively by

Wy, = J;}fn (an),
v = expy, (1= 1) exp;, Dwy, (20)
gn+1 = 72(1 - 9n)7 vn Z 1a

where % : [0,1] — Z is a sequence of geodesics joining 1 (gn) to v, and the sequences
{m}, {0} € (0,1) and {r,,} € (0,00) satisfy the following:

o0
(i) lim 6, =0, > 0, < oo,
n—o0 n=1

(i) 0 <a<n, <b<1 for somea,b>0 for alln > 1;

(#5) 0 < po < pn,.
Then, the sequence {qn} converges to an element p € T.

Proof. Since Rf\;"tF and J [}n have the same properties, then the proof of Theorem 4.1
follows from the proof of Theorem 3.1. O

5. Numerical example

In this section, we present a numerical example in the setting of a Hadamard manifold
to show the performance of Algorithm 4.

Let M =R*" = {z € R:z > 0} and let (M, (,-)) be a Riemannian manifold
with (-, ) the Riemannian metric defined by (u,v) = z%uv, for all u,v € T, M, where
T,M is the tangent space at © € M. For x € M, the tangent space T, M at = equals
R, i.e. T,M = R. The Riemannian distance (see [4]) d : M x Ml — R* is defined by
d(z,y) = [In 2|, V 2,y € M. Then (M, (., .)) is a Hadamard manifold and the unique

geodesic v : R — M starting from v(0) = z with ¢ = 7 (0) € T,M is defined by
~y(t) = mequ?t. Thus exp, gt = mexp%. The inverse exponential map is defined by
expyly=7(0)=xlnZ

ExXAMPLE 5.1. Let C' = [1,4+00) be a geodesically convex subset of RTt and let
G : C x C = R be a bifunction defined for all z,y € C' by Gy = —Hiklng and let
F : C — R be a single valued vector field defined by Firz = kzlnz for all z € C.
Then, it is easy to see that assumptions (L1)-(L3) are satisfied. Using Lemma 2.17

for z € C, we have
1
0 < Fi(2,) + (Arz, exp; ' y) — —(exp; ! @)

k Y Y 1 Y x
1+k 2 (kzlnz, 2 z> r<z PR z>

k 1 1/1
= 1+7klng +k(22)zlnz X zlng — r(zg>zlny X zlng
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1
= i lny—i—klnzlng—flnglnf7
1+k =z z r z =z

which implies that

11 y1 T k
~—InZln-=
roz oz 1+ k&

Dinx —
mY 4 ks — FEDmz—kr
z z k+1

(k+1)Inz — kr
(k+1)(kr+1)°

Let ¢ : M — M be defined by ¢(z) = %. Choose p, = %,0, = %4-1 and 3, = ﬁ

Using E,, = d*(xp,Tny1) < € with e = 10~ as stopping criterion, we perform this

experiment for varying values of ¢;.

=(kr+1)lnz.

Thus, Z = exp

— % — %
——v, ="

0.1

. . . . . . .
30 40 50 60 70 80 90
Number of iterations

. . . . . . . . .
0 10 20 30 40 50 60 70 80 90
Number of iterations

06 I I I I I I I I , 05 I I I I I I I I ,
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Number of iterations Number of iterations

Figure 1: Example 5.1 . Top left: m = 30, top right: m = 40, bottom left: m = 50, bottom
right: m = 70.

6. Conclusion

We propose an iterative method for determining a common solution of a finite family
of generalized equilibrium problems and a fixed point problem for a nonexpansive
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mapping on Hadamard manifolds. Using a viscosity iterative algorithm, we proved
that the sequence generated by our algorithm converges to a solution of the finite
family of generalized equilibrium problems and a fixed point problem for a nonexpan-
sive mapping. Lastly, we presented an application to a convex minimization problem
and a numerical example to demonstrate the performance of our algorithm.
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