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Abstract. In this paper, we propose a new hybrid subgradient algorithm for finding a common point
in the set of solutions of pseudomonotone equilibrium problem and the set of fixed points of relatively
nonexpansive mapping in a real uniformly convex and uniformly smooth Banach spaces. Weak and strong

convergence of the iterative scheme are established. Our results generalizes and improves several recent
results in the literature.

1. Introduction

Let E be a real Banach space and E* be the dual of E. Let K be a nonempty closed and convex subset of E.
A bifunction f : KX K — R ia said to be an equilibrium bifunction if it satisfies f(x,x) = 0. The equilibrium
problem with respect to f and K in the sense of Blum and Oettli [4] is a problem of finding z € K such that

f(zy) =20 Yyek 1
We denote by EP(f, K) to be the set of solutions of equilibrium problem (1), i.e.

EP(f,K)={zeK: f(z,y) 20 ¥V yeK}.
Many problems in economics, physics, transportation, engineering etc (see for example [4, 9, 28, 30] and
the refrences contained therein) can be reformulated as equilibrium problems. the existence of a solutions
of equillibrium problem and its characterization can be found in [13].
Let T : K — Kbe amap. T is called L-Lipchitzian if ||[Tx — Ty|| < Lllx —yll V x,y € K for some L > 0. A
point x € K is said to be a fixed point of T if x = Tx. The set of fixed points of T is denoted by F(T), i.e
F(T)={xeK:x=Tx}.

The problem of finding a common elements of the set of equilibrium and the set of fixed points of nonlinear
mappings have recently and continue to be an attractive subject of researches, and various techniques have
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been developed and investigated for solving this problem. (see for example [1, 3,7, 16,17, 21, 22, 24, 27, 31]
and the references contained therein). However, most of the algorithms for this type of problem are based
on the proximal point method which combine Mann iterative procedure for the fixed point of nonexpansive
mappings in which the convergence analysis has been considered if the bifunction f is monotone. This is
because the proximal point method is not valid if the underlying bifunction f in question is pseudomonone
see Wen, [25].

Tran et al, [23] introduced the so called extragradient method for pseudomonotone equilibrium problems
in which the computation is expensive because it involved two projection maps defined on the constrained
set. Santos and Scheimberg [18] proposed an inexact subgradient algorithm for solving a wide class of
equilibrium problems which involved one projection map instead of the two projection maps introduced
by Tran et al[23].

Recently, Wen [25] proposed a hybrid subgradient method for pseudomonotone equilibrium problems and
multivalued nonexpansive mappings in Hilbert spaces. He studied the following iterative sequence:

X0 €K

wy € ag”f(xn/ ')xn 2

Uy = Pr(xy = yuwy) = e N
n K\Xn = YnWn), Vn = o Tl

Xn+1 = QpXy + (1 - Oén)Zn,

where T, = Tygnoany, zn € Tuuty and {a,}, {Bn), {€n), {on} are nonnegative sequences. He proved weak and
strong convergence of the scheme (2) under some mild condtions on the pseudomonotone bifunction f.

In this paper, motivated by the above results, we extend the subgradient method for pseudomonotone
equilibrium problems from real Hilbert spaces to the framework of more general Banach spaces than Hilbert
spaces. In fact, we propose an algoritm for finding a common point point in the set of psedomonotone
equilibrium problem and the set of fixed points of relatively nonexpansive mapping in real uniformly
convex Banach spaces and uniformly smooth Banach spaces.

2. Preliminaries

Let E be a real Banach space and E* be the dual of E. Let K be a nonempty closed and convex subset of
E. We denote by | : E — 2F the normalized duality mapping defined by

Joo = {f € E": (x, f) = Il = If°IP),

where (.,.) denotes the duality pairing between the element of E and that of E*. It is well known that J(x) is
nonempty for each x € E, see [22]. We denote weak and strong convergence by — and — respectively.

Let S(E) be a unit sphere centered at the origin. A Banach space is said to be strictly convex if IIJ%yII <1,
whenever x, y € S(E) and x # y. The modulus of convexity of E is defined by

. 1
0e(t) = inf {1 = Sl + yil: Il =1 = lyl, lbe = yil > e}, ¥ t € [0,2]

E is called uniformly convex if 6g(t) > 0 ¥ t € [0,2] and p-uniformly convex if there exists a constant ¢, > 0
such that 6g(t) > cpt? ¥ t € [0,2]. Note that every p-uniformly convex Banach space is uniformly convex and
every uniformly convex is strictly convex and reflexive. The modulus of smoothness pg(7) : [0, 00) — [0, o0)
is defined by

i + Tyl + [lx = Ty
pe(r) = sup (T — 1 il = gl = 1.

E is said to be uniformly smooth if @ — 0as t — 0 and E is g—uniformly smooth if there exists d; > 0

such that pg(7) < d,77. It is well known that if E is g—uniformly smooth, then g < 2 and E uniformly smooth.
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We know that (See for example [8], if E is smooth, strictly convex and reflexive, then ] is single-valued, one-
to-one and onto respectively and ™! is also single-valued, one-to-one, onto and it is the duality mapping
from E* into E. In addition if E is uniformly smooth, then the norm on E is fréchet differentiable and ] is
uniformly norm-to-norm continuous on bounded subsets of E and E is uniformly smooth if and only if E* is
uniformly convex. Furthermore if E has a uniformly Giteaux differentiable norm, then | is norm-to-weak”
uniformly continuous on bounded subsets of E.

Let E be a smooth Banach space and K be a closed convex subset of E. The function ¢ : E X E — R defined
by

o(x,y) = I = 2¢x, Jy) + llyl?, V¥ x,y €E, (©)

is called Lyapunov bifunction introduced by Alber [2], where ] is the normalized duality mapping. Observe
from the definition of ¢ in (3) above, we have that,

o, y) =Pz, y) — Pz, x) +2{x—z,Jx = Jy), Vx, y, z€E, and 4)

2 2
(Il = 1Iyll) < @, y) < (Il + lIyll), ¥, y € E 5)
Follwing Alber [2], the generalized projection Ilk : E — Kis a mapping defined by

Ik(x) = arg ming(y, x) Yx € E.
yek
Remark 2.1. (1) IfE is a Hilbert space, then ¢(y, x) = |ly — x||*, and the generalized projection reduces to metric
projection P of E onto K.
(2) If E is smooth and strictly convex, then ¢(x, y) = 0 if and only if x = y Vx,y € E, see for example[22]
Following Alber [2], the function G : E X E* — [0, +00) is defined by
G(x,x*) = |Ix|*> = 2(x, x*) + ||Ix’||* Vx € Eand x* € E*.

Then G(x,x*) = ¢(x, ] 'x*) Vx € E and x* € E*. It is well known that if E is reflexive, strictly convex and
smooth Banach space with its dual E*, then

G, x") +2(J ' —x, ") < G(x,x* + ), Vx € E and x*, y* € E. (6)
Following Takahashi and Zembayashi [22], A fixed point z € Kis called an asymptotic fixed point of T if there

exists a sequence {x,}in Ksuch thatx, — zand lim||x,—Tx,|| = 0. The set of all asymptotic fixed points of T is
n—oo

denoted by F(T). T is relatively nonexpansive if F(T) # 0, F(T) = F(T) and ¢(z, Tx) < ¢(z,x) Vx € K, z € F(T).
It is well known that (see for example [14] ) if K is nonempty, closed and convex subset of a smooth, strictly
convex and reflexive Banach space E and T : K — Kis relatively nonexpansive mapping, then F(T) is closed
and convex.

Definition 2.2. A map T : K — K is said to be semi-compact if for any bounded sequence {x,} C K, with
lim [|x,, — Tx|| = O, there exists a subsequence {x;} of {x,} such that {x, } converges in K
n—oo

Definition 2.3. (see[6,11]) Let ¢ : K — IRRU{oo} be a proper convex function. For a given € > 0, the e-subdifferential
of Y at xo € D(y) is given by

de(xp) = {x € K: Y(y) — Y(x0) = (x, y — x0) —€ Yy € K.

Remark 2.4. It is known that if the function 1 is proper, lower semicontinuous and convex, then for each x € D(1))
the e-subdifferential d.(xy) is a nonempty closed convex set.
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Definition 2.5. (Browder, [5]) The duality mapping | is said to be weakly sequentially continuous if for any sequence
{x4} in E such that x, — x, implies [(x,) N J(x), where = means weak® convergence.

Definition 2.6. A bifunction f : K x K — R is said to be;
1. y-strongly monotone on K if there exists y > 0 such that
feop+ fyx) < —ylx-yl? ¥V x,y €K

2. Monotone on K if
fe,y)+ fy,x) <0 ¥ x,y €K,

3. Pseudomonotone on K with respect to x € K if
fx,y) =20 = f(y,x)<0 Y yek

4. Pseudomonotone on K with respect to B C K, if it is pseudomonotone on K with respect to every x € B (See

[18]).

From Definition 2.6, we obviously have (1) = (2) = (3). But in the following example, it is shown that
(3) = (2), i.e., the class of monotone bifunctions is a proper subclass of pseudomonotone bifunctions.

Example 2.7. Let E=R, K = [1,1]. Define f : Kx K — R by
fy=x(x-y) Yx,yeK

To show that f is pseudomonotone, we proceed as follows: let f(x,y) > 0. Since x > 3, it follows that

(x—y) 2 0. Asy > 1 we have f(y,x) = y(y — x) < 0, showing that f is pseudomonotone. But f is not

monotone since for x # y, f(x,y) + f(y,x) = (x — y)*> > 0.

To study equilibrium problem (1), we make the following assumptions on the bifunction f:
(A1) f(x,x) =0forevery x € Kand f(x,.) is convex and lower semicontinuous on K,

(A2) f(.,y)is weakly upper semicontinuous for every y € K,

(A3) fis pseudomonotone on K with respect to EP(f, K) and satisfies the strict paramonotonicity property
i.e f(y,x) =0for x € EP(f,K) and y € K implies y € EP(f, K),

(A4) If {x,} € Kis bounded and ¢, — 0 as n — oo, then the sequence {w,} , w, € de, f(x,, .)x, is bounded.
In the sequel we will need the following lemmas:

Lemma 2.8. [2] Let E be a strictly convex, smooth and reflexive Banach space and let K be a nonempty closed and
convex subset of E. Let x € E, then

P(y, Tgx) + p(Ikx, x) < Pp(y,x) Yy € K.

Lemma 2.9. [29] Let E be a uniformly convex Banach space and r > 0, then there exists a strictly increasing,
continuous and convex function g : [0,2r] — [0, +00) such that g(0) = 0 and

N > N
|3 | < Y albeill? - asasglis - 1),
i=1 i=1

where a; € (0,1), Zf\il a; = 1and x; € B,(0), Vi€ {1,2,...,N},

Lemma 2.10. [12] Let E be a smooth and uniformly convex Banach space and let {x,} and {y,} be two sequences in
E. If either {x,} or {y,} is bounded and ¢(x,, y,) = 0asn — oo, then x, — y, = 0asn — oo,
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Lemma 2.11. [20] Let E be a Banach space with a fréchet differentiable norm. For x € E, let p*(t) be defined for
0<t<ooby

llx + tyll? = llxll?
t

B (t) = SUP{ =2y, jo| Iyl = 1}. 7)

Then %irrOyB*(t) = 0and
llxc + hI* < lxl* + 2¢h, jx) + ||BIB(IRI) ¥ 1 € E — {0}.

Remark 2.12. In Hilbert space H and Ly, for 2 < p < oo, B* in (7) is estimated by p*(t) = t and p*(t) = (p — 1)t for
t > 0 respectively, see for example Shehu [19] for details. In our more general setting, in this paper we will assume
B(t) <ctfort>0andc>1.

Lemma 2.13. [26] Let {a,} and {b,} be two sequences of nonnegative real numbers such that

Aps1 <y + by, 12 0.If Y 02 by < co. Then the lima, exists.

n—oo

Lemma 2.14. Let E be a smooth and strictly convex Banach space such that the duality mapping | on E is weakly
sequentially continuous and let {x,} be a sequence in E such that x,, — x. Then

lim sup(x, x,,) < limsupp(y, x,) Vx # y.

n—oo n—o0

Proof. Let x # y, then from (4) we have

qb(x, Xn) = (P(]// Xn) = —<P(% x) +2(x — Y, Jx = Jxp).

Since x, — x and ] is weakly sequentially continuous, we obtain

Tim ((x, ) = Py, X)) = —p(y, ).

Thus,
limsup(x, x,) = hrnllsogp(wx,xn)—my,xn)+¢<y,xn>)
< limsup(p(x, x,) — P(y, X)) + lim supo(y, x,.)
= —;b?;x)+lir§jogp¢(y,xn)- o

Since E is strictly convex, we have

lim sup@(x, x,,) < lim sup@(y, x,,).

n—-oo n—o00

This completes the proof.
|

3. Main Results

Theorem 3.1. Let K be a nonempty closed convex subset of a real uniformly convex and uniformly smooth Banach
space E with dual E*. Let f : KX K — R be a bifunction satisfying (A1) — (A4)andlet T; : K - K, i=1,2,3,...,N
be a finite family of relatively nonexpansive mappings such that T = (X, F(T;) N EP(f,K) # 0. Let {xul, be
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iteratively defined by

x1 €K
Wy € ae,,f(xn/ Xn

uy = g7 (Jxn = Ynwy),

_ N
Xpe1 = Ig]J 1(0571,0]”71 + Zi:1 an,i]Tiun)/

)= L w, #0 (8)
" 0, Otherwise

where ay; € (n,1—1), VYn > 1 for some n € (0,1) and Zﬁo an; = 1 and {B,), {e,} are nonnegative sequences
satisfying Yooy Bn = 00, Yooy f2 < 00 and Yoy Pu€n < 00. If T;, i =1,2,...,N is Li—Lipschitzian and the duality
mapping ] is weakly sequentially continuous, then

1. The sequence generated by (8) converges weakly to some x € I';

2. In addition if at least one of T;, i = 1,2,3, ..., N is semi-compact, then the sequence converges strongly to some
xeT.

Proof. Let x* € I'. Then by Lemma 2.8, we obtain

o', HK]_l (Jxn = ynwn))

ﬂb(x*/ ]_1 (]xn - ann))

1P = 2€x7, Jotw = yuton) + 2 = yuwul

1P = 20", Jxn) + 20", yuwn) + 10 = yuwall*.

P, 1)

I IA

Since E is uniformly convex, E* is uniformly smooth and taking p*(t) < ct, ¢ > 1 in Lemma 2.11, we have

PO ) < 1P = 20, Jx) + 20, yuton ) + [|xall?
- 2<xn1 ynwn> + ”ynwn”ﬁ*(HYHWn”)
<P = 240, Jae) + 20, vuwn) + [lxl

20, Yutn) + cyallwn|?
= (;Z)(X*/ xn) + 27/71(35G = Xp, Wy) + C)/%l“wnllz

Since w, € de, (x4, .)x,, we have

DO, xn) + 270 f (X, X°) = 270 f (X, X0) + 2V n€n + Y20l
O, X0) + 270 f (X, X°) + 2 n€n + Y2l )

P, 1)

IA

On the other hand, from (8) and Lemma 2.8, we have

N
OO 1) = OO, TTif ™ (@nofhy + Y ctnif Tit))

i=1

IA

N
qb(x*’ ]_1(0571,0]”71 + Z Ufn,i]Tiun))
i=1

N
B2 = 26, o + Y ctnif Tt
i=1

N
+ lletnofutn + ) atnif Titty
i=1
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IN

N
12 = 20,0(x", Jutw) + Z i X", JTittn)
i=1

N
+ anolligl? =2 Y il Tiany |
i=1

N
= an,OCP(X*/ un) + Z an,iqb(x*/ Tiun)'
i=1

Since T; is relatively nonexpansive for eachi =1,2,3,..., N we obtain

qb(x*/ xn+1)

IA

N
W 0P (X", Uy) + Z i (X, )
i=1
Q(x, up). (10)

Putting (9) in (10) and using our assumption on y,, we have

OO, Xur1) < PO, X)) + 270 f (X, X°) + 200 + YAl
< O, xn) + 20 f (X, X7) + 2V0€, + cﬁfl. (11)

Since x* € I, it implies f(x*,x,) = 0 Vn € IN. By pseudomonotone property of f we get f(x,, x*) <0Vn € N.
Hence

(X", xp1) < O(X7, x,) + 2Y0n€n + cﬁ,zl. (12)
From (12), taking b, = 2y,€, + cf2 and using Lemma 2.13, we have lim ¢(x*, x,,) exists.
We note that from the scheme (8), Lemma 2.8, and Lemma 2.11
P, T (JXn = Yut0n))
(P(xnr]_l(]xn — YnWn))

“xn”2 = 20Xy, Jxn — Vnwn> + IJx, = YHwnHZ
”anZ = 20Xp, JXn) + 2(xn, Vnwn> +I]x, — VnwnHz

P(xn, ty)

IN

IA

“xn||2 = 20Xy, Jxu) + 2Vn<xn/ wy) + “xn”2
- 27/n<xn/ wn> + CVﬁHwnHz

2 2 2
cyllwall® = By,

By our assumption Y, B2 < o, it follows that

lim ¢(xy, 1) = 0. (13)
Using Lemma 2.10, we obtain

lim [, = 1] = 0. (14)

Since {¢p(x*, x,)} converges, it is bounded. Therefore, it follows that {x,} is bounded. Also from (14) and the
factthatT;, i =1,2,3,...,N is relatively nonexpansive, we have {u,}, {Tiu,} and {T;x,} are all bounded.
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Let ¥ = maxsup{|lu,ll, |Tiunll}. Since E is uniformly smooth Banach space, then E* is uniformly convex

=1

<N yp>1

Banach space, therefore from (8), Lemma 2.8 and Lemma 2.9, we have

D", xp11)

IN

IN

<

<

N
S, Tl ™ etnottn + Y i Tih)
i=1

IA

N
Qb(X*/ ]_1(04;1,0]“11 + Z an,i]Tiun))
i=1
N
= IR = 206, ot + Y ctnif Tt
i=1

N
2
+ ”0571,0]”;1 + Z an,i]TiunH
i=1

N
IR = 200,008, Jut) + Y i, Tt
i=1

N
2 2
+ ngllinl? =2 Y cnllTittall? = cnocnsg(Iitn = Titta))
i=1

N
0 p(x", ) + Z i PO, Titky) = 00t ig([I]etn = JTitty]l)

i=1

Ao, 1) + Y i 1) = o ig([1itn = JTitenll)

1

O, 1) = ot ig (1Tt — TTienll)

N
=1

G, %) + 2y + Y2l = ctn0tnig (1Tt — JTittall)
GO, ) + 2nen + B2 = twonig (I — TTounll): (15)

From (15) and assumption that a0, a; € (1,1 — 1), for some 1 € (0,1), we obtain

Pg(Iin = JTatall) < G, x0) = PO, Xn41) + 2 + 2.

Hence

0< Z g(ll]un - ]Tiunll) < P(x", x1) + ZZ Vn€n + CZ ﬁﬁ. (16)
n=1 n=1 n=1

From (16), it follows that lim g(ll Ju, — ]Tiunll) = 0 for each i = 1,2,3,...N. And using the property of g

we have lim||Ju, — JT;u,|| = 0 for each i = 1,2,3,...N Since J~! is norm-to-norm uniformly continuous on
n—oo

bounded subsets of E*, we obtain

lim ||u;,, — T;u,|| = 0, for eachi=1,2,3,...N. 17)
n—oo
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From (14) and (17), we obtain

lim ||x, — Tiu,|| = 0, for eachi=1,2,3,...N. (18)
n—oo
Observe
I, — Tixull < Iy — Tiutall + | T, — Tixall
< ”xn - Tiun“ + Li“”n - xn“-

Using (13) and (17), we have
lim||x,, — Tix,|| =0, for eachi=1,2,3,...N. (19)

Next we show limsup f(x,, x*) = 0

n—o0

Since Y71 Bu€n < 0 and Y, Bn = 0, we get lime, = 0. This together with boundedness of {x,} and (A4),
n—00
we have {w,} is bounded. Therefore there exists M > 0 such that ||w,|| < M V n € IN. From (11), we have

2Yn [_f(x"’x*)] <P, xn) — O(XT, Xp41) + 2y €0 + Cﬁ%l

Using the assumption on y,,, we have

0<—Z‘Bn x,,,x) < o(x7, X1)+22Vnen+cz;8n<oo

By pseudomonotone property of f, —f(x,,x*) > 0. Since by our assumption ), B, = oo, we obtain
limsup f(x,, x*) = 0. (20)

n—oo

Let {x,,} be a subsequence of {x,} such that limsupf(x,,x*) = lim f(x,, x*). Without loss of generality,
k q P om k g Y

assume x,, — g for some g € E. The fact that K is closed and convex we have g € K. Also by the assumption
that f(., x") is weakly upper semicontinuous, for x* € I, together with (20), we obtain
f(g,x) = limsupf(x,, x")
k—o0
= I}imf(xnk, x")
= limsupf(x,,x) =0
n—oo

That is
flg,x)=0 Vx'eT.

By pseudomonotonicity of f, we have f(g,x*) < 0. Hence f(g,x") = 0. Using (A3) it follows that g € EP(f, K).

On the other hand since T is relatively nonexpansive mapping, x,, — qand }}imllxnk —Tixy |l =0, for eachi =

1,2,3,...N, we have g € Y, F(T)).
Therefore, from the above discussions we obtain g € (Y, F(T;) N EP(f, K).

Finally, we show x, — g. Let w be another weak limit of {x,} and q # w. Then we can choose a subsequence
{xs;} of {x,} such that Xp; — W as j — oo. Since lim ¢(x*, x,,) exists for x* € I', we obtain from Lemma 2.14 that
n—oo

lim¢(g,x,) = limsup(g,x,,) < limsupp(w, x,,)
n—eo k—o0 k—o0
= lim¢(w, x,) = lim sup(w, x,,)
n—00 j—00
< limsup¢(q, xn;) = im¢(q, xu)
n—oo

jooeo
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which is a contradiction, thus g = w. This completes the proof of conclusion 1.

To prove conclusion 2, assume T}, is semi-compact for some & € {1,2,3,...,N}. Since {x,} is bounded and
llx, — Tpxnll = 0, then there exists a subsequence {x,,} of {x,} such that x,, — u € K. Since x, — q we have
q = u. On the other hand, as x,; — g and ] is norm-to-weak" uniformly continuous on bounded subsets of
E, we get ]h_)rgqb(q, xy;) = 0. Since the limit of ¢(g, x,) exists, it follows that ;}1_1)1010 ¢(g, x») = 0 and consequently

by Lemma 2.10 we obtain lim||x, — gl| = 0. This completes the proof.
O

Definition 3.2. A mapping T : K — K is said to be demiclosed at O if for any sequence {x,} C K such that x, — x
and Tx, — 0, implies Tx = 0.

Remark 3.3. It is well known if T is nonexpasive on H, then I — T is demiclosed at 0 (see [10]).

We know (see for example [15] ) that every Hilbert space H satisfies Opial condition. If E is a real Hilbert
space H together with Remark 3.3, Theorem 3.1 reduces to the following:

Corollary 3.4. Let K be a nonempty closed convex subset of a real Hilbert space H. Let f : KX K — R be a bifunction
satisfying (A1) — (A4)and let T; : K = K, i =1,2,3,...,N be a finite family of nonexpansive mappings such that
I = NY, F(T;) NEP(f,K) # 0. Let {xu}, be iteratively defined by

x1 €K
wy € ae,,f(xnr -)xn

P
Uy = PK(xn - ynwn)/ Vn = { llall wy # 0 (21)

0, Otherwise
N
Xn+1 = QpoUp + 21‘:1 an,iTiun/

where a,; € (n,1—1n), Yn 2 1 for some n € (0,1) and Zfio ani = 1 and {B,}, {e,} are nonnegative sequences
satisfying Yoy Bu = 00, Yooy B2 < 00 and Y., | fu€n < 00, then

1. The sequence generated by (21) converges weakly to some x € I’

2. In addition if at least one of T;, i = 1,2,3, ..., N is semi-compact, then the sequence converges strongly to some
xel.
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