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1. INTRODUCTION

Let E be a uniformly convex and uniformly smooth real Banach space with dual
space E*. Let C be a nonempty closed and convex subset of E such that JC' is closed
and convex where J : E — E* is the normalized duality map on E. Let ¢ be a map
from JC to R, f be a bifunction from JC x JC to R and A be a nonlinear map from
C to E*. The generalized mized equilibrium problem is to find an element v € C such
that

f(Jv, Jy) + ¢(Jy) —o(Jv) + (Av,y —v) >0V y € C. (1.1)
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The set of solutions of the generalized mixed equilibrium problem is given by:
GMEP(f,A,0) ={veC: f(Jv,Jy) + ¢(Jy) — o(Jv) + (Av,y —v) 20V y € C}.

It is well known that the class of generalized mixed equilibrium problems contain, as
special cases, numerous important classes of nonlinear problems such as variational
inequality problems, optimization problems, equilibrium problems, and so on (see
e.g., Browder et al. [5], Ezeora [11], Onjai-Uea and Kumam [23] and the references
contained in them).

A map T : C — E is called L-Lipschitz if |Txz — Ty||g < Ll|lx —y||g V z,y in C,
where L > 0. If L = 1, then the map T is called a nonexpansive map. We denote the
fixed point set of T' by F(T). Also, T : C x C' — C is called bivariate nonxpansive
(see e.g., Suanoon et al., [28)]) if

1
1T(z,y) = T(u, o)l < 5 (|le = ull +[ly = vl]), ¥ @,y,u,0 € C.

For several years, many authors have studied the problem of obtaining a common
element in the set of solutions of equilibrium problems and the set of fixed points of
nonexpansive maps from F to F in the setting of real Banach spaces. In 2008, Peng
and Yao [24] studied the problem of obtaining a common element in the set of solutions
of a generalized mixed equilibrium problem and a set of fixed points of a nonexpansive
map in a real Hilbert space, H. To extend this result to classes of nonlinear maps more
general than the class of nonexpansive maps, the concept of generalized nonexpansive
maps and relatively nonexpansive maps have been introduced and studied by several
authors (see e.g., Aoyama et al. [4], Chidume et al. [8], Matsushita et al. ([18]-[19]),
Qin et al. ([26],[25]) and the references contained in them). Recently, Klin-earn et al.
[14] studied a new and interesting monotone hybrid iterative method for generalized
nonexpansive maps in a uniformly convex and uniformly smooth real Banach space.

Let E be a real normed space with dual space E*. A map A from E to E* is called
monotone if (Ax — Ay,xz —y) > 0V x,y € E. Consider, for example, the following:
Let h : E — R be a convex functional. The subdifferential of h, dh : E — 2F" is
given for each x € E by Oh(x) = {z* € E* : (y — z,2*) < h(y) — h(z) YV y € E}.
It is easy to see that Oh is a monotone map on E and that 0 € dh(z) if and only if
r minimizes h. Setting Oh = A, it follows that solving the inclusion 0 € Az, in this
case, is searching for a minimizer of h.

A map A from F to E is called accretive if (Az — Ay, j(x —y)) >0V x,y € F and
for some j(x —y) € J(z —y). Numerous authors have studied extensively the class of
accretive operators. For solving the equation Az = 0, where A : E — FE is an accretive
operator, Browder introduced a map T : E — FE given by T := I — A, where [ is the
identity map on E and called it pseudocontractive. It is clear that solutions of Ax = 0,
in this case, correspond to fixed points of 7. Consequently, approximating zeros of
accretive operators has been done by approximating fixed points of pseudocontractive
maps. This fixed point technique obviously is not applicable in the case where A :
FE — E* is a monotone map.
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Motivated by the need to develop a fixed point technique for the equation Az = 0
when A is monotone, analogous to the fixed point theory for Az = 0 when A is
accretive, a new notion of fixed points for maps from E to E* called J-fized points
has recently been introduced and studied (see e.g., Zegeye [32], Liu [16], Chidume and
Idu [7], Chidume et al. [9] and the references contained in them). This notion turns
out to be very useful and applicable. For example, Chidume and Idu [7] introduced
the concept of J-pseudocontractive maps and proved a strong convergence theorem
for approximating J-fixed points of a J-pseudocontractive map. As an application of
this theorem, they proved the following strong convergence theorem for approximating
a zero of an m-accretive operator.

Theorem 1.1. (Chidume and Idu [7]) Let E be a uniformly smooth real Banach
space with modulus of smoothness pg, and let A : E — 2F be a multi-valued bounded
m-accretive operator with D(A) = E such that the inclusion 0 € Au has a solution.
For arbitrary x1 € E, define a sequence {x,} by:

Tp4+l = Tp — Anlly — )\ngn(mn - xl)a Up € ACL’n, n > ]-7

where {\n} and {0,} are sequences in (0,1) satisfying the following conditions:
(7) lim#@,, =0, {0,} is decreasing,
(i) Z/\nﬂn = 00, ZpE()\an) < oo for some constant My > 1 and

e,

(4i7) lim ; 7
There exists a constant Yo > 0 such that
An M
eudtt) _ g

Then, the sequence {x,} converges strongly to a zero of A.

Motivated by the works of these authors, it is our purpose in this paper to continue the
study of J-fixed points and some of its applications. Here, we study a new iterative
algorithm of Krasnoselskii-type and prove a strong convergence theorem for obtaining
a common element between solutions of a generalized mixed equilibrium problem and
common fixed points of a countable family of generalized-J-nonexpansive maps in a
uniformly smooth and uniformly convex real Banach space. In the special case of a
real Hilbert space, our theorem complements and extends the results of Pen and Yao
[24], Nakajo and Takahashi [21], Martinez-Yanes and Xu [17], Qin and Su [27] and a
host of other recent results.

2. PRELIMINARIES

Let E be a real normed linear space with dual space E*. A map J : E — 277
defined by
J(z) = {z* € E*: (z,2*) = ||=[|* = [|=*|]*}
is called the normalized duality map on E. For some properties of J relevant to this
work (see e.g., Chidume [6], Cioranescu [10] and the references contained in them).
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In the sequel, we shall need the following definition and results. Let E be a smooth
real Banach space with dual space E*. Consider a map ¢ : E x F — R defined by

o(z,y) = ||z]|* = 2(z, Jy) + ||y||* for all 2,y € E,

where J is the normalized duality map from E into 2€" will play a central role in
the sequel. It was introduced by Alber and was first studied by Alber [1], Alber and
Guerre-Delabriere [2], Kamimura and Takahashi [13].

Remark 1. If, in addition, F is strictly convex, then the duality map J is one-to-one.
Hence, we have that

d(r,y) =0 < z=y. (2.1)

If E = H, a real Hilbert space, then we have that ¢(x,y) = ||z —y||? for all z,y € H.
It is obvious from the definition of ¢ that

(lzll = llyIh? < ¢z, ) < (=]l +[lyl)* V 2,y € E.

Definition 2.1. Let C be a nonempty closed and convex subset of a real Banach
space F and T be a map from C to E. A map T is called relatively nonexpansive if the
fixed points set of T' denoted by F(T) # 0, ¢(p, Tz) < ¢(p,z) forallz € C, p € F(T)
and F(T) = F(T) where F(T) is a set of asymptotic fixed points of T. A map R
from E onto C is said to be a retraction if R? = R. A map R is said to be sunny if
R(Rx +t(x — Rx)) = Rz for all x € E and t < 0. A nonempty closed subset C of a
smooth Banach space E is said to be a sunny generalized nonexpansive retract of B
if there exists a sunny generalized nonexpansive retraction R from F onto C.

We now list some lemmas which will be used in the sequel.

Lemma 2.2. (Koshaka and Takahashi, [15]) Let C' be a nonempty closed and convex
subset of a smooth, strictly convex and reflexive Banach space E. Then, the following
are equivalent.

(i) C is a sunny generalized nonexpansive retract of E;

(i) C is a generalized nonexpansive retract of E and

(#ii) JC is closed and conver.

Lemma 2.3. (Ibaraki and Takahashi, [12]) Let C be a nonempty closed and convex
subset of a smooth and strictly convex Banach space E such that there exists a sunny
generalized nonexpansive retraction R from E onto C. Then, the following hold.

(i) z= Rz iff (y — z,Jz — Jx) > 0 for ally € C;

(i1) ¢(x, Rx) + ¢(Rz, z) < ¢(x, z) for all z € C.

Lemma 2.4. (Xu, [31]) Let E be a uniformly convex real Banach space. Let r > 0.
Then, there exists a strictly increasing continuous and convex function g : [0,00) —
[0,00) such that g(0)=0 and the following inequality holds:

Az + (1= Nyll* < Al + (1 = N)]Jyl* = A1 = N)g(llz = yll) for all z,y € B,(0),

where B.(0) :={v € E :||v|]| <7} and X € [0,1].
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Lemma 2.5. (Kamimura and Takahashi, [13]) Let E be a uniformly conver and
uniformly smooth real Banach space and {x,}, {yn} be sequences in E such that
either {xn} or {yn} is bounded. If lim ¢(xy,,y,) =0, then, li_>m [|zrn — ynl| = 0.

n— oo n o0

Lemma 2.6. (Ibaraki and Takahashi, [12]) Let C be a nonempty closed sunny gener-
alized nonexpansive retract of a smooth and strictly conver Banach space E. Then the
sunny generalized nonexpansive retraction from E onto C' is uniquely determined.

Remark 2. Let C be a nonempty closed subset of a smooth, strictly convex and
reflexive real Banach space E with dual space E* such that JC' is closed and convex.
Let ¢ be a lower semicontinuous and convex function from JC to R. Let A, a non-
linear map from C' to E* be continuous and monotone. For solving the generalized
equilibrium problems, we assume that the bifunctional f : JC x JC — R satisfies the
following conditions:

(A7) f(z*,2*) =0 for all z* € JC,

(As) fis monotone, i.e. f(z*,y*) + f(y*,2*) <0 for all z*,y* € JC,

(A3) limsupf(z* + t(z* — z*),y*) < f(z*,y*) for all x*,y*,z* € JC,

t10

(Ay) for all z* € JC, f(x*,-) is convex and lower semi continuous.

NST-Condition. (Klin-eam et al. [14]) Let {T},} and T" be two families of generalized
nonexpansive maps from C into E such that ﬂ F(T,) = F(T') # 0, where F(T),) is

n=1

the set of fixed points of T}, and F(T") is the set of fixed points of I'. A sequence {T},}
from C' to E is said to satisty the NST-condition with T if for each bounded sequence
{zp,} C C, lim ||z, — Thzy|| =0 = lim ||z, —Tx,|| =0V T €T,

n—r oo n—oo
Remark 3. In particular, if T'= {T'}, i.e., T consists of one mapping 7', then {7}, } is
said to satisfy the NST-condition with T. Tt is obvious that {T},} with T,, = T for all
n € N satisfies NST-condition with I' = {T'}. For more examples of sequences with
NTS-condition, see e.g., Klin-eam et al. [14].

3. MAIN RESULTS

Let C be a nonempty closed and convex subset of a uniformly smooth and uniformly
convex real Banach space E with dual space E*. Let J be the normalized duality
map on E and J~! be the normalized duality map on E*. Obviously, J~! = J, exists
under this setting.

Definition 3.1. (Chidume and Idu [7]) Let T : C — E* be a map. A point z* € C
is called a J-fized point of T if and only if T'z* = Jx*. The set of J-fixed points of T
will be denoted by F;(T).

Definition 3.2. A map T : C — E* will be called generalized J-nonexpansive if
F;(T) #0 and ¢((J~toT)x,p) < ¢(z,p) for all x € C, for all p € F;(T).

NST-Condition. Let {T,,} and I" be two families of generalized-J-nonexpansive
maps from C into E* such that N2, F(T,,) = F(I') # 0, where F(T},,) is the set

n=1

of fixed points of T,, and (I') is the set of fixed points of I'. A sequence {7},} from
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C to E* is said to satisfy the NST-condition with I' if for each bounded sequence
{zn} CC, lim ||Jx,, — Thayn|| =0 = lim ||Jx, —Tx,|| =0,V T €.

n—oo n—oo
We now prove the following new lemmas which will be needed in the sequel.

Lemma 3.3. Let C be a nonempty closed and convex subset of a uniformly smooth
and uniformly convez real Banach space E, with dual space E*, such that JC' is closed
and convex. Let ¢ : JC — R be a lower semi-continuous and convex function. Let
A : C — E* be continuous and monotone, and f : JC x JC — R be a bifunction. Let
r >0 and x € E be any point. Define a map T, : E — C by

T.(z) = {uel: f(Ju,Jz)+¢(Jz) —o(Ju) + (Au, z — u)
1
+;<u—x,Jz—Ju) >0, VzeC}.
Then, the following conclusions hold:
(a) T, is single-valued,
(b) T is a firmly nonexpansive-type map, i.e.,
Vax,y €FE, <Trx - Ty, JTx — JTTy> < <x -y, JTx — JTry>,

(c) F(T;) = GMEP(f, ¢, A),
(d) GMEP(f,p,A) is closed and J(GMEP(f, @, A)) is closed and convez,
(e) ¢($,Trl’) + ¢(T’I‘xaQ) S ¢(x7q),v q € F(TT)a T € E

Proof. (a) Let x € E and r > 0. Let uy,uz € T,-(z). Then, we have that
1
f(Juy, Jug) + o(Juz) — o(Juy) + (Aug, ug —uy) + ;(ul —x, Jus — Juy) >0,

1
f(Jug, Jur) + o(Juy) — o(Juz) + (Aug, ug — u2) + ;(uz —x, Ju; — Jug) > 0.

From the above inequalities and condition (As) and the monotonicity of A, we have
that

1
;<U1—UQ,J’LL2—J’U,1> 20 (31)

From monotonicity of J and strict convexity of E, we have that u; = wus, which
implies that T;. is single-valued.

(b) For any z,y € C, we have that
fUTx, JToy) + e(JTry) — o(JTrx) + (ATvx, Ty — Trx)
+%<Trx —z,JTy — JTx) >0,
fUTy, JTox) + o(JTrx) — o(JTry) + (ATvy, Trx — Try)
+%<Try —y, JTrx — JTy) > 0.

From the above inequalities, condition (A3) and the monotonicity of A, we conclude
that

<TTJJ - Ty, JTx — JTTy> < <x -y, JTx — JTTy>.
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(¢) Claim. F(T,) = GMEP(f,p,A). Let u € F(T,).

— u=Twu

1

==  f(Ju,Jz)+e(Jz) — o(Ju) + (Au, z — u) + ;(u —u,Jz—Ju) >0,z C

—  f(Ju,Jz)+o(Jz) —o(Ju) + (Au,z —u) >0, Vz € C

< ueGMEP(f, ¢, A).
(d) Claim. GMEP(f,p,A) is closed, and J(GMEP(f,p,A)) is closed and con-
vex. Clearly, GMEP(f,p, A) is closed. Let {u}} C J(GMEP(©,x, B)) such that
uy — u*, for some u* € E*. Since JC is closed, we have that u* € JC'. Hence, there
exist u € C and {u,} C (GMEP(f, ¢, A)) such that u* = Ju and v}, = Ju,, Vn € N.

Utilizing the definitions of f, A, ¢ and the fact that J~! is uniformly continuous on
bounded subset of E*, we have:

lim inf [f(uf“ Jy) + p(Jy) + <AJ71uZ,y - Jﬁlu:ﬂ
lim sup [f(ufl, Jy) + o(Jy) + (AT tul,y — Jflu:;ﬂ
fu*, Jy) + o(Jy) + (AT u* y — T ™).

Hence, J(GMEP(f,p,A)) is closed.

p(u") < liminf p(u),)

ININ A

Let ui,uy € J(GMEP(f,0,A)). Then, uf = Juy, uj = Jug, for some uy, ug € C.
For A, t € (0,1}, let u} = Auj+(1-N)uj € JC. Forany y € C, set z; = tJy+(1—t)u3.
By conditions (A7) to (A4), we have that
0 = flef,20) + (=) = @(z) + (AT %)y = T hep) = (AT ep) y = T Hey)

< fETY) +e(Ty) = e(z) + (AT )y = T 71e)

= S +t(Jy —ud), Jy) + ¢(Jy) — p(u} + H(Jy — )

+ (AT U} + 8Ty —u})),y — Il + 1Ty — u))))-

Applying condition (As) we conclude that

Fux, Jy) + @(Jy) = p(u}) + (A7 u}),y = T~ uy) > 0.
Hence, u} € J(GMEP(f,p, A)). Therefore, J(GMEP(O, x, B)) is convex.

(e) Claim. ¢(z,Trx) + ¢(Trx,q) < ¢(x,q), ¥V q € F(T,), z € E. Let z,y € C. Then,
we have:

o(Trx, Try) + (Try, Trx) = 2(Trx — Ty, JTrx — JTy) (3.2)
(;5(%, Try) + (b(yv TT'T) - ¢($7 Tr‘r) - ¢(y, Try) = 2<$ - Y JTx — JTry>(33)
Applying Lemma 3.3 (b), equations (3.2) and (3.3), we have that

o(Tx, Try) + o(Try, Trw) < oz, Try) + oy, Trw) — o(a, Trx) — ¢y, Try), ¥V x,y € C.
(3.4)
For y = u € F(T,), we have that

d(Trx,u) + ¢(u, Trx) < ¢(z,u) + d(u, Trx) — ¢(x, Trx) — p(u,u), Vo e C. (3.5)
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Hence, we conclude that

oz, Trx) + ¢(Trx,u) < ¢(z,u), Va,eC, ue F(T,). (3.6)
This proof is complete. O
Lemma 3.4. Let E be a uniformly convex and uniformly smooth real Banach space
with dual space E*. Let C be a closed subset of E such that JC is closed and convez.

Let T be a generalized J-nonexpansive map from C to E* with F;(T) # (. Then,
Fj(T) is closed and JF5(T) is closed and convex.

Proof. First, we prove that JF;(T) is convex. Let u*,v* € JF;(T) and «, 8 € (0,1)
with a + 8 = 1. Then, using the definition of ¢, we compute as follows:
d((J LoT) T Hau® + Bu*), J Hau* + fv*))
= [|[(J7 D) T (au* + Bv*)||* — 2((J " oT)J H(au* + Bv*), au* + Bv*)
Hlaw™ + 8% |2 + af [ul* + Bl [v||* — (af[ul* + Bl[v]]*)
= a(||[(J7 o) au® + Bv)||* — 2((J 'oT) I~  au* + Bv*), Ju) + [[u]|?)
+5(||( J o ) 71(Oéu*+5v*)||2+||0m + 8|2 = (allul® + Bllvll*)
=2((J~ (ou® + Bu*), Jv) + o] )
= ap((J™ )J You* + Bv*),u) + Bo((J " oT) T au* + Bv*),v)
+low® + 511*||2 — (a[ull® + Blv]*)
ad((J 7 (au™ + Bv*),u) + Bo((J ' (au® + Bv*),v) + ||au* + Bv*||?
—allul[* + Bl[v]?)
= allow” + Bv7||* = 2((J 7 (au" + Bv*), Ju) + ||ul[*) + B(|ew” + Bv7||?
=2((J 7 aw” + o), Jv) + o) + [law” + Bo*||* = (allul* + Bllv][*)
= 2[|au* + Bv*||* — 2((J " (au* + Bv*), au* + fv*) =
By Remark 1, we get that (J~1oT)J~ (au + Bv*) = J Y (au* + Bv*). This implies
that J~1(au* + pv*) € Fy(T). Thus, au* + Bv* € JF;(T). Hence, JF;(T) is convex.

Next, we prove that F;(T) and JF;(T) are closed. Obviously F;(T) is closed. Let
{vi} € JF;(T) such that v} — v* for some v* € E*. Since JC is closed, we have
that v* € JC. Hence, there exist v € C and {v,} C F;(T) such that v* = Jv and
vy = Jv, ¥ n € N. Utilizing the definition of T', we have that

o((JroT)v,v) = lgn d((J 7 oT)v,v,) < ILm (1v]1? = 2(v, Jvn) + [[va|?)
= Jim (|Jol® = 2(v,07) + [[3]1%) = (v, 0) = 0.

By Remark 1, we have that v* = Jv € JF;(T). Hence, JF;(T) is closed. O

IN

Using Lemmas 2.2 and 2.3, we obtain the following lemma.

Lemma 3.5. Let E be a smooth, strictly convex and reflexive real Banach with dual
space E*. Let C be a closed subset of E such that JC is closed and convex. Let T be
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a generalized-J-nonexpansive map from C to E* such that F;(T) # (0. Then, F;(T)
is a sunny generalized-J-nonexpansive retract of E.

Remark 4. From Lemmas 3.3 and 3.4, we have that JF;(T) and JGM EP are closed
and convex. Since F is strictly convex, we have that

J(Fy(T) N GMEP(f, A, p)) = JF;(T) N JGMEP(f, A, ).
By Lemma 2.2, we obtain that F;(T) N GMEP(f, A, ) is a sunny generalized-.J-
nonexpansive retract of F.

We now prove the following theorem.

Theorem 3.6. Let E be a uniformly conver and uniformly smooth real Banach space
with dual space E*. Let C' be a nonempty closed and convex subset of E such that JC
is closed and convex. Let ¢ : JC — R be a lower semicontinuous and convez function.
Let A : C — E* be a continuous and monotone map. Let f : JC x JC — R be a
bifunction satisfying conditions (A1) — (A4). Let T, : C' — E* be a countable family
of generalized-J-nonexpansive maps and I' be a family of closed and generalized-J-
nonezxpansive maps from C to E* such that

() Fs(T,) N\GMEP(f, A, ) = F;(T) N\GMEP(f, A, ) # 0,
n=1

a € (0,1) and {r,} C [a,00) for some a > 0. Let {x,} be a sequence generated by:

r1=xz€C, Cy =C,

Yn = axy + (1 — a)J Lol xn, v, = K, Yn,
Cn-{—l = {U € On : qi)(vn,v) < gf)(ll?n,’U)},
Tn1 = ch+1xa n 2 1.

(3.7)

Assume that {T,,} satisfies the NST-condition with T, then {x,} converges strongly

to Rp,(rynGMEP(f,A,p)T, Where Rp mynaMEP(f,A0) 5 the sunny generalized-J-
nonezxpansive retraction of E onto Fy(I)NGMEP(f, A, ).

Proof. Step 1. The sequence {z,} is well defined and F;(T') NGMEP(f, A, ¢) C Cp.
First, we show that JC, is closed and convex. Clearly JC; = JC'is closed and convex.
Assume that JC, is closed and convex for some n > 1, utilizing the definition of C,4 1,
it is easy to see that

Crir = {v € O 2 2(zp — vn, Jv) < lza* = [[val[*}.

Thus, JC, 41 is closed and convex, for each n > 1. Hence JC,, is closed and convex.
By Lemma 2.2, C,, is a sunny generalized-J-nonexpansive retract of E. Hence, {z,}
is well defined.

Next, we prove that

Fy(T)NGMEP(f,A, ) C Cp,¥ 0> 1.
Clearly F;(T)NGMEP(f, A, p) is a subset of C;. Assume that
Fy(T)NGMEP(f, A, p) € Cy,
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for some n > 1. Let p € F;(I') NGMEP(f, A, ¢). By a Lemma 3.3 (e) and definition
of T,,, We have that

¢(vn,p) = O(Kr,Yn,p) < ¢(Yn,D)
llax, + (1 — cu)JfloTnan2 — 2<axn +(1- a)JﬁloTnxn, Jp> + ||p||2

< allleall* = 2(@n, Jp) + [IpI?) + (1 = @) (|77 oTnnl |
—2(J 0T, 2y, Jp) + [[p||?) — a(l — a)g(||z — T~ oThzy]])
< ¢an,p) — a(l = a)g(|len — T 0Thzal]) < é(zn,p). (3-8)

Which implies that p € Cy,11. Hence, F;(T)NGMEP(f,A,po) C C,, V n> 1.

Step 2. lim ||z, —v,|| = lim ||z, — yn]| = lm [Jv, —yn]| = 0.

n—oo n—oo n— oo
First, we prove that {z,} is bounded. From the definition of {z,} and Lemma 2.3,
we have that

d)(x)xn) = ¢($, RC”'T) S ¢(xap> - (b(RC,,anp) S ¢(xap>7

Vpe F;(T)NGMEP(f,A,¢) C Cp. This implies that {¢(z, z,)} is bounded.
It follows from the definition of ¢ that {x,} is bounded. Since

Tpt1 = RCTL+1$ S Cn+1 c Cp

and x, = Rc, x, we have that ¢(z,x,) < ¢(x,x,11) and this implies that {¢(x, z,)}
is nondecreasing. Hence lim ¢(zx,z,,) exists. Also, from Lemma 3.3 and z,, = R¢, x,
n—oo

we have that
¢(xnaxm) = QS(RC"‘T,RCMZ') < QS(‘T?Rme) - ¢(IB,RC".’E)
= oz, zm) — Pz, z,) = 0 as n — 0.
So lim ¢(xy,zm) = 0. It follows from Lemma 2.5 that lim ||a, —2,,|| = 0. Hence
n—o0o m,n— oo

{z,} is Cauchy. Thus, there exists 2* € C such that lim z, = 2*. From inequality
n—oo

(3.8) it follows that ¢(vn, zm) < ¢(Xn, Tm) — 0 as n — co. By lemma 2.5, we have

lim ||v, — 2m|| = 0. Hence, lim ||v, — z,|| = 0. (3.9)
m,n— oo n—oo

From inequality (3.8), Lemma 3.3 (e) and inequality (3.9), we get that

O (Yn>vn) = O(Yn, kr, Yn) < ¢(Yn,p) — ¢(vn, D)
< 6(@n,p) = ¢, ) < [[vn = zall(||2nll + [lvall) + 2[[vn — zallllpl] = 0.
By Lemma 2.5, it follows that

lim ||v, — yn|| = 0.
n—oo
Using this and equation (3.9), we conclude that

lim ||z, — v,|| = lim ||Jv, — yn|| = lim ||z, — yn|| = 0.
n— 00 n— 00 n— oo
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Step 3. lim ||Jx, —Tz,|| =0V T €T.
n—oo
From inequality (3.2), and setting u = a(1 — «), we obtain that
(|0 — I oTnanl]) < ¢, p) = G(vn,p) < |20 —val|M +2[|2y — v, [lIp]]. (3.10)

First, we observe that {(J~'0T},)z,} is bounded in E. Using step 2 and property of
¢ in inequality (3.10), we obtain that

lim ||z, — J 'oT,x,|| = 0.
n—o0

By uniform continuity of J on bounded subset of F, we get that
lim ||Jx, — Thx,|| = 0.
n—oo
Since {T,,} satisfies the NST-condition with I', we conclude that
lim ||Jz, — Tz,|| = 0.
n— oo

Step 4. z* € F;(T)NGMEP(f, A, ).
From step 3, we have that lim ||Jz, — Txz,|| = 0V T € I'. We also proved that
n— oo

Zn — x* € C. Since T is closed, we conclude that z* € F;(T'). Furthermore, from
step 2, we get that

lim ||Jy, — Ju,|| = 0.

n— o0
Since {r,,} C [a,00) by assumption, we obtain that

W Joll

n—00 Tn

0.
Since v, = K, yn in equation (3.7) and by Lemma 3.3, we have that

1
F(Jvn,Jy)+<y—vn,Jvn—Jyn> >0Vyed. (3.11)

Tn

By As of Remark 2, we have that
1

<y — U, JUp — Jyn> > F(Jy, Juy,).

Tn

Since y — F(Ju, Jy) is convex and lower semicontinuous, we obtain from the above
inequality that 0 > F'(Jy, Jz*) V y € C.

For t € (0,1] and y € C, letting y; = tJy + (1 — ¢t)Jz*, then y; € JC since JC is
closed and convex. Hence, 0 > F(y;, Jo*) V y € C. By A; of Remark 2, we have that

0=F(y/,y;) <tF(y;, Jy) + (1 =) F(y;, Jo*) < F(Jz* +t(Jy — Jz7), Jy).
Letting ¢ | 0, by A3 of Remark 2, we obtain that F(Jz*, Jy) > 0. Hence,
x* € GMEP(f, A, ).
Using this and the fact that z* € F;(T), we conclude z* € F;(I') N GMEP(f, A, p).

Step 5. v, = Rp,(r)nGMEP(f,A,0)T- From Lemma 2.3, we obtain that

(z, Rp,(rynamEP(f,A,0)) < ¢(2,27). (3.12)
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Also, for z* € F;(I') NGMEP(f,A,¢) C Cpy1, Tny1 = Re, ., v, and by Lemma 2.3,
we have that ¢(x, 1) < ¢(2, Rp,(r)naMEP(f,A,)T). Since x, — x* as n — 0o, we
get that ¢(z,2*) < é(x, Rp, (rnaMEP(f,4,4)T)-

Using this and inequality (3.12) we get that ¢(z,2%) = ¢(z, Rp,(r)naMEP(f,A,0)T)-
By uniqueness of RE,(rynaMEP(f,A,0)T, We conclude that z* = Rp,(rynamEP(f,A,0)T-
This proof is complete.

4. AN EXAMPLE

Let BE=1,, 1<p<oo, 1+ ;=1,C=B,(0,1)={uecl,:|ull, <1}

1
Consider the following maps: '
¢ : JC — R defined by p(u*) = ||u*||, V u* € JC;

f:JC x JC — R defined by f(u*,v*) = (J~tu*,v* —u*), Vo* € JC;

A:C — 1, defined by Au = J(uy,ug,us,---), ¥V u= (u1,us,us, ) € C;

T:C — 1, defined by Tu = J(0,u1, ug, uz, -+ ), Vu=(ur,us,us, ) €C

T, : K — 1, defined by Th,u = J(Bpu+ (1 — Bp)J toTu), Vn>1, ueC, a= %,
Bn C (0,1), {rn} C[l,00), Vn>1land ' =T.

Proof. Then, (a) E, C, JC, ¢, f and A satisfy all the conditions of Theorem 3.6.
In particular, f satisfies conditions (A;) to (A4) as follows: conditions (A;) and
(A4) follow easily from direct computation; (As) follows from the monotonicity of the

normalized duality map J~!, and condition (A43) follows from the continuity of J~1.
Furthermore, 0 € GMEP(f, A, ¢).

(b) T, is a generalized-J-nonexpansive map and satisfies the NST-condition with T'.
F;(T)=F;(T,) = F;(T') = {0}, Vn > 1. Moreover, F;(T)NGMEP(f, A, ) ={0}.

Hence, by Theorem 3.6, the sequence {z,} generated by equation (3.7) converges
strongly to an element of F(T') NGMEP(f, A, ). This completes the example. O

Remark 5. Theorem 3.6 is applicable in L, [, or W;”(Q) spaces, 1 < p < oo, where
W;"(Q) denote the usual Sobolev space, since these spaces are uniformly convex and
uniformly smooth. The analytical representations of the duality map in these spaces
where p~! + ¢~ = 1 (see e.g., Theorem 3.5, Alber and Ryazantseva [3]; page 36).

5. APPLICATION IN HILBERT SPACES

Theorem 5.1. Let E = H be a real Hilbert space. Let C' be a nonempty closed and
convex subset of H. Let p : C'— R be a lower semicontinuous and convex function.
Let A : C — H be a continuous and monotone map. Let f : C x C — R be a
bifunction satisfying conditions (A1) — (A4). Let T,, : C — H be a countable family
of nonexpansive maps and I' be a family of closed and generalized nonexpansive maps
from C to H such that

() F(T.) nGMEP(f,A,¢) = F(T) N\GMEP(f, A, o) # 0,

n=1
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a € (0,1) and {r,} C [a,00) for some a > 0. Let {x,} generated by:

rnw=x€e€C, C;=C,

Yn = oy + (1 — a)Thxy, vy, = Ky yn,
Cry1 = {v € Chp v — || < ||an —UH},
Tny1 = Po,,, v, n > 1.

(5.1)

Assume that {T,,} satisfies the NST-condition with T, then, {x,} converges strongly
to PprynaMEP(f,4,0)%

Proof. In Hilbert space, J is the identity map and ¢(z,y) = ||z —y||* V 2,y € H.
The result follows from Theorem 3.6. O

Remark 6. Theorem 3.6 is a complementary analogue of the theorem of Klin-eam
et al. [14] in the sense that, in the theorem of Klin-eam et al. [14], T}, maps a subset
C C E to the space E while in Theorem 3.6, T}, maps a subset C C E to the dual
space E*. Also, in Theorem 3.6, generalized mixed equilibrium problem is studied
which is not the case in the theorem of Klin-ea et al. [14]. Finally, the condition that
lim(1 — a,) > 0 in the theorem of Klin-eam [14] is dispensed with in Theorem 3.6.

Remark 7. Theorem 5.1 improves significantly the result of Pen and Yao [24], Nakajo
and Takahashi [21], Martinez-Yanes and Xu [17], Qin and Su [27] in the following
sense:

(1) In theorem 5.1, the set of generalized mixed equilibrium problem is studied
which is not considered in Nakajo and Takahashi [21], Martinez-Yanes and
Xu [17], Qin and Su [27].

(2) Theorem 5.1 extends the result in Pen and Yao [24], Nakajo and Takahashi
[21], Martinez-Yanes and Xu [17], Qin and Su [27] from a nonexpansive self-
map to a countable family of generalized nonexpansive non self-maps.

(3) The iteration process of Theorem 5.1 is more efficient than that considered in
Pen and Yao [24], Martinez-Yanes and Xu [17] which requires more arithmetic
at each stage to implement because of the extra y, and z, terms involved in
the iteration process, respectively.

(4) The control parameter in the algorithm considered in Theorem 5.1 is one
arbitrarily fixed constant a € (0, 1), which is to be computed once and then
used at each step of the iteration process, whereas the parameters in the
algorithm studied in Pen and Yao [24], Nakajo and Takahashi [21], Martinez-
Yanes and Xu [17], Qin and Su [27] are o, € (0,1) and 3,, € (0,1) which have
to be computed at each step of the iteration process.

(5) Finally, the sequence of Krasnoselskii-type algorithm is known to converge
as fast as a geometric progression whereas that of a Mann-type algorithm is
known to converge like %
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