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Solving split generalized mixed equality equilibrium
problems and split equality fixed point problems for
nonexpansive-type maps

M. O. NNAKWE

ABSTRACT. Let X be a 2-uniformly convex and uniformly smooth real Banach space. In this paper, an
iterative algorithm of Krasnosel'skii-type is constructed and used to approximate a common solution of split ge-
neralized mixed equality equilibrium problems (SGM EEP) and split equality fixed point problems (SEF PP) for
quasi-y-nonexpansive maps. A strong convergence theorem of the sequence generated by this algorithm is proved
without imposing any compactness-type condition on either the operators or the space considered. The theorem
proved improves and complements important recent results in the literature.

1. INTRODUCTION

Let K be a nonempty closed convex subset of real Banach space X with dual space, X*.
Let x be a map from K to R. Let f be a bifunctional from K x K to R and A from K to
X*. The generalized mixed equilibrium problem, is a problem of finding:

(1.1) u € K suchthat f(u,y)+ x(y) — x(u) + (Au,y —u) >0, Vy € K.
The set of solutions of inequality (1.1), denoted by GM EP, is given by
GMEP ={ue K : f(u,y) + x(y) — x(u) + (Au,y —u) > 0, Vy € K}.

It is known that this class of problems contains the class of equilibrium problems, variatio-
nal inequality problems e.t.c., which many problems in physics, optimization, economics
and other applied sciences can be reduced to particular cases of (GM EP). These pro-
blems have been studied extensively by many authors in the setting of Hilbert spaces and
Bancach spaces (see e.g., Blum and Oettli [4], Chang et al [11], Chidume and Monday [12],
and the references contained in them).

Recently, Moudafi [19] studied the split equality fixed point problem (SEFPP) in a Hilbert
space. This problem is a problem of finding:
u € F(Y), ve F(R) suchthat Au = Bv,

where Y : H' — H', R : H* — H? are nonlinear maps with nonempty fixed point
sets, A : Hy — Hs and B : Hy — Hj3 are bounded linear maps. The set of solutions of
(SEFPP)is denoted by

(1.2) SEFPP = {(w,v) e KxM:u€ F(Y),ve F(R) and Au = Bv}.
This problem has recently attracted the attention of numerous researchers due to its di-

ver applications, for example, applications in game theory, intensity-modulated radiation
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therapy, decomposition methods for partial differential equations, application in fully dis-
cretized models of inverse problems which arise from phase retrievals and in medical
image reconstruction (see, e.g., Censor ef al. [8], Attouch et al. [3], Byrne [6, 7] and the
references therein). If H2 = H? and B is the identity map on H?, then, the (SEFPP)
reduces to the split common fixed point problem (SCF PP) introduced by Censor and Segal
[9]. For more results on (SEFPP), see e.g., Zhao [22], Chidume et al. [14], Chang et al.
[10], Giang et al. [15] and the references therein.

Motivated by the result of Moudafi [19], Bnouchachem [5], introduced the following split
equilibrium problem in Hilbert spaces.

Let f: K x K - Rand g : M x M — R be bifunctionals, where K and M are closed
convex subsets of H; and Hs, respectively, and A : H; — H; is a bounded linear map.

The split equilibrium problem (SEQP) is the problem of finding u € K such that
(1.3) f(u,y) >0, Vy € K, such that v = A(u) € M solves g(v,z) >0, Vz € M.

Motivated by the result of Bnouchachem [5], Zhaoli et al. [17], considered the following
split equality equilibrium problem (SEEP), which is a problem of finding (u,v) € K x M
such that

14 flu,y) +x(y) —x(w) 20, Vy € K, g(v,2) + ¢(2) — p(v) > 0and Au = B,

where f : K x K — Rand g : M x M — R are bifunctionals, x : K — R U {oo} and
g: M x M — RU {oo} are proper lower semi-continuous functions, A : K C Hy — Hj
and B: M C Hy — Hj are bounded linear maps. They proved in a real Hilbert space that
the sequence generated by the following algorithm with (x1,y:) € K x M, given by

F iy u) + x(u) = x(un) + 7w = gyt — 20) >0, Vu € K,

g(vn,v) + x(v) = x(vn) + %<U — UnyUn = Yn) 20, Vv € M,

Tt = aptn + (1 — an)T(uy — Yo A* (Au, — Buy)), Vn > 1,

Ynt+1 = ApUp + (1 - an)S(vn - 771,3*(Aun - an))a Vn > 1,

(15)

converges weakly to a solution of F'(T') N F(S) N (SEFPP), where {a,}, {r,} and {v,}
are positive real sequences satisfying certain conditions. The authors obtained strong
convergence by further assuming that 7" and S are semi-compact.

We remark that in order to obtain strong convergence of the sequence generated by algo-
rithm (1.5), compactness-type condition was imposed.

Motivated by the results above, we study the following split generalized mixed equality
equilibrium problem in real Banach spaces. Let X', X2 and X3 be real Banach spaces and
K, M be nonempty closed and convex subsets of X' and X?, respectively. Let f : Kx K —
Rand g : M x M — R be bifunctionals, x : K - RU {0} and ¢ : M — R U {oc} be
proper lower semi-continuous and convex functions. Let A : K — X*'and B: M — X*?
be continuous and monotone maps, and U : X! — X3,V : X? — X3 be bounded linear
maps.

The split generalized mixed equality equilibrium problem is a problem of finding (u,v) € K x
M such that

fu,y) +(y) —d(u) + (Au,y —u) 2 0, forall y € K,
g(v,2) + p(z) — (V) + (Bv,z —v) >0, forall z € M,
and Uu=Vw.
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The set of solutions of split generalized mixed equality equilibrium problem shall be de-
noted by:

SGMEEP = {(u,v) € KxM: f(u,y) + x(y) — x(u) + (Au,y —u) >0, Vy € K,
(1.6) 9(v,2) + p(2) —p(v) + (Bv,z —v) > 0,Vz €M and Au= Bv}.
We study the following Krasnosel skii-type algorithm given by
(xlyh) e X x X2 K = X1, M! = X2 e € Jxs(Uu" — Vo),
W= Quat, v = Quy, 0" = T (T — pUen),
57 = T (xev" 4 pVren), 2 = TG (BIxam + (1— B)Jx: 6y),
w = Jx2 (BT x2yn + (L= B)Jx2R8,), K™ ={pe K" :9(p,z") <(p,a")},
M ={g e M™ : ¢(p,w") < P(g,y")},

J,‘”+1 — HKn+1$1, yn—i-l — H]MnJrlyl, n Z 1’

(1.7)

where X! and X? are 2-uniformly convex and uniformly smooth real Banach spaces, X3
is a real Banach space, ) and R are closed quasi-¢-nonexpansive maps, U and V' are boun-
ded linear maps, 3 € (0,1) and x are some positive constants satisfying appropriate mild
conditions. Then, the sequence generated by Algorithm (1.7) converges strongly to some
point in the solution set. The theorem proved, in particular, improves and complements
the results of Chidume et al. [13] and Zhaoli et al. [18, 17], which themselves are impor-
tant generalization of some recent results in the literature (see e.g., Chidume et al. [13] and
Zhaoli et al. [18, 17]).

2. PRELIMINARIES

Let X be a real normed space with with dual space X*. Consideramap 4 : X x X - R
defined by ¥(u,y) = ||ul|*> — 2(u, Jv) + ||v||?, forall u,v € X. This map which was
introduced by Alber [1] will play a central role in the sequel.

The following lemmas will be needed in the sequel.

Lemma 2.1. (Alber and Ryazantseva [2]) Let X be a reflexive strictly convex and smooth Ba-
nach space with X* as its dual. Then,

Y(u, J ) = M(u,u*) < M(u,u* +0*) —2(J ' —u,v*), Yue X, u*,v* € X*.
Lemma 2.2. (Alber, [1]) Let K be a nonempty closed and convex subset of a smooth and strictly
convex Banach space X. Then,

P(u, v) + (I, v) < P(u,v), Vu € K, v € X.
Lemma 2.3. (Kamimura and Takahashi, [16]) Let X be a uniformly convex and uniformly

smooth real Banach space and {z™}, {y"} be sequences in X such that either {z™} or {y"} is
bounded. If lim (z™,y™) = 0, then, lim ||2” — y™|| = 0.
n—oo n—oo

Lemma 2.4. Let X be a 2-uniformly convex and smooth real Banach space and J—' : X* — X
be the normalized duality map. Then, there exists a positive constant a such that

1
[T — T | < =|lu—v||, Vu,v e X*
a

Lemma 2.5. (Xu, [20]) Let X be a uniformly convex real Banach space. Let r > 0. Then, there
exists a strictly increasing continuous and convex function g : [0, 00) — [0, 0o) such that g(0)=0
and for all u,v € B, (0) :={v € E:||v|]| <r}and X € |0,1], we have that:

[+ (1= 2ol [* < Alfull* + (1 = Mol = A2 = A))g(||u = v]]).
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Definition 2.1. Let K be a nonempty, closed and convex subset of a real Banach space, X
and YV : K — K be a map.

(1) Y is called quasi-ip-nonexpansive if F(Y) # 0, v(p,Yu) < ¢¥(p,u), Vp € F(Y), u € K.

(2) Y is said to be closed if for any sequence {z"} C K with 2" — z* and Yz™ — y, then,
y = Yz*.

Basic Assumptions. Let K be a nonempty closed convex subset of a real Banach space
X with dual space, X*. Let x : K — R be a lower semi-continuous and convex functio-
nal. Let A: K — X* be continuous and monotone. For solving the generalized mixed
equilibrium problems, (1.1), we assume that the bifunctional f : K x K — R satisfies the
following conditions:

(A1) f(u,u) =0, forallu € K,

(A2) fis monotone, i.e. f(u,v) + f(v,u) <0, forallu,v e K,

(A3) hmsup flu+t(z —u),v) < (u,v), forallu,v,z € K,
(A1)

Ay) f ( -) is convex and lower semi-continuous, for all v € K.

3. MAIN RESULT

Theorem 3.1. Let X', X? be 2-uniformly convex and uniformly smooth real Banach spaces,
X3 be a real Banach space. Let K and M be nonempty closed convex subsets of X' and X?,
respectively. Let f : K x K — Rand g : M x M — R be bifunctionals satisfying conditions
(A1) - (Ag). Let x : K — RU{oc}and ¢ : M — R U {oo} be proper lower semi-continuous
and convex functions. Let A : K — X*'and B : M — X*? be continuous and monotone
maps. Let U : X' — X3 and V : X? — X3 be bounded linear maps with adjoints U* and V*,
respectively. Let Y : X' — X' and R : X? — X? be closed quasi-y)-nonexpansive maps such
that F(Y) # 0 and F(R) # 0. Let {(z™,y"™)} be a sequence in X x X? generated iteratively
by algorithm (1.7). Assume F := SGMEEP N SEFPP # (), 5 € (0,1) and p is such that
0 < pu < a/(||Al|? + || B||?), where a is the constant in Lemma 2.4. Then, {(z",y™)} converges
strongly to some point (z*,y*) € F.

Proof. We divide the proof into three steps.

Step 1. We show that the sequences {z"}, {y"} are well defined; F C K™ x M™, ¥n > 1.
First, we show that K™ and M", are closed and convex. Clearly, K! = X' and M! = X2
are closed and convex. Assume that K™ and M™ are closed and convex for some n > 1.
Applying the definition of K", we have that: K"™! = {p € K" : 2(p, Ja" — Jz") <
[[z"]|> — ||2"||?}. Thus, K11 is closed and convex. Similarly, M"*! is closed and convex.
These imply that K™ and M™ are closed and convex. Hence, {z"}, {y"} are well defined.

Claim. 7 C K™ x M™, ¥V n > 1. Clearly, F C K' x M'. Assume that F C K" x M", for
somen > 1. Let (p, ¢) € F. Then, by Lemma 2.5 and definition of ), we have that:

P(p,2") = Y(p, i (BIx1a" + (1 - B)Jx1V6,))
< B(p,a”) + (1= B)p(p, YO") = B(1 = B)G (|| Txra, — Jx1 VO"]|)
(37) S Bw(pv n) ( )1/’(1),9”) 6(1_ )G(HJXlxn_JleenH)
L

Again, using equation (1.7), Lemma 2.1 and a result of Zhang [21], we have that:

Y(p,0")

M(p, Jx1u™ — uU*e™)
< M(p, Jxiu"™) = 2u{J i (Jxru™ — pU*e™) — p, U*e™)
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(3.9) < Y(p,a") = 2uU(0" —p),e”).

From inequalities (3.7) and (3.9), we get that:

(3:10) ¥ (p,2") < ¥(p,a") = 2u(1 = HYU(E" — p), ") = B(1 = B)G([|Jxr2" — Jx21 V6" ).

Similarly, we obtain that

(3.11) (g, w") < ¥(g,y") +2u(1 = B)V (6" — q), ") — B(1 = B)G(||Ix2y" — Jx2R8"]).

From inequalities (3.10), (3.11) and the fact that Up = V¢, we get that:

U(p,2") + (g w™) < ¥(p,a") +¢(q,y") —2u(l = B)(UO" — V", e™)

(3.12) —B(1 = B)[G(||Tx12"™ = Jx2 Y0"|| + G(||Tx2y" — Jx2R™|[)]

Furthermore, from equation (1.7), Lemma (2.4) and inequality (3.12), we have that:

—2pu(1 = B)(UO™ = Vo™, e") —2u(1 = B)||Uu" = Vor||? +2u(1 = B)(U (u" — "), ")
+2u(1 = B)(V (5" — "), ")

< —2p(1 - BllUu” Vo
21_
+ 222D e vipowe - ver?
(3.13) = —2( - A= LI+ VIR v - v

From inequalities (3.12), (3.13) and w := 2u(1 — 8)[1 — &(||U||* + [|V]|?)] > 0, we have
that:

U(p,2") + (g w") < W(p,a™) + (g, y") —wl[Uu” = Vor|]?

(3.14) -8 = B)[G([[Ix12" = Ix1 V0"||) + G([[Tx2y" — Jx2R"|])]
(3.15) b(p, ") + (g, y").

This implies that (p,q) € K" x M™*!. Hence, F C K" x M", foralln > 1.

IN

Step 2. We prove that the sequences {z"} and {y"} are convergent.

First, we prove that {z"} and {y"} are bounded. From the definition of {z"} and Lemma
2.2, we have that ¢ (2", z') < ¢(p, ') — ¢ (p,2™) < ¥(p,z'),V (p,q) € F C K™ x M™. This
implies that {4(2™,2')} is bounded. Hence, {z"} is bounded. Since "' = Hgn12! €
K"t ¢ K" and 2™ = [ gn2t, we have that (2", z') < ¢ (2"!, z!) and this implies that
{¢(z™, ')} is nondecreasing. Hence, nli_}n;() ¢(x™, z1) exists. Furthermore, for m > n, we
have that:

p(x™, z") = p(Mgmat Mgnzy) < ¢(Mlgmat,zt) — ¢(Mgnat, zt)
= g™, xt) — ¢z, x') = 0 (asn — o).

It follows from Lemma 2.3 that || — 2™|| — 0 as m,n — oco. Hence, {z"} is Cauchy.

Thus, there exists z* € X! such that lim 2" = z*. Following the same argument, we also
n—oo

obtain that {y"} is Cauchy. Hence, there exists y* € X? such that lim y" = y*.

n—oo
Step 3. We show that lim |[u™ — 2"|| =0 and lim [[v™ — y"|| = 0.
n—oo n—o0
From equation (1.7), and for m > n, (z™,y™) € K™ x M™ C K" x M". Therefore,

Y™, z") < P(x™,z™) — 0as myn — oo and Y(y™, w™) < P(y™,y") — 0as m,n — 0.
Hence, by Lemma 2.3, we have that 2™ — z* as n — oo and w™ — y* as n — oo.
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From inequality (3.14), set n, = (¢¥(p, ™) — ¥ (p, 2") + ¥ (¢, y™) — ¥ (g, w™)). Then, we have:
[Uu™ = Vo™||> <w 'n, and
G(|[Ixra™ = Ix1 Y0"|[) + G(|| Ix2y" — Jx2R8™||) < (B(1 = B)) ™ 1
It follows that:
lim |[Uu™ —Vo"|| =0; lim G(||Jx12™ — Jx:Y0"||) = 0;
n—oo n—oo

(3.16) nli_)rréoG(HJXzy” — Jx2R46"||) = 0.

Applying the property of G and Lemma 2.4, we obtain that:

(3.17) nler;O||JX1x” —Jx:Y0"| =0 and nl;rr;o||m" —Y6"|| =0,
(3.18) lim [|Jx2y" — Jx2R6"|| =0 and lim []y" — R&"|| = 0.

From equations (1.7), (3.16) and Lemma 2.4, we have that:
(319) fju" = 6" < Z{UNIUu" = Ve[| = 0; [[o" = 8"[| < Z|[V][||TU" — Vo™|] = 0.
Also, from equations (1.7), (3.17), (3.18) and Lemma 2.4, we have:
< W20
a

1—
(3.20) [|z" = 2™ < ( B)HJXQ)H”—JXWC”H—>Oasn—>oo.
a

[Jw [|Jx2RO™ — Jx2y™|| = 0asn — oo

Now, we show that li_)rn P(u™, ") = 0 and li_>m (", y") = 0.
Since (p, q) € F, up = Qrx, and v, = Q,yy, by a result of Zhang [21], we have that:

(3.21) Y(p,u") <Pp,a”) —p(u™,2") and P(g,v") <p(g,y") — (0", y").
From inequalities (3.7), (3.8) and (3.21), we have that:

Y(p,z") < BY(p,a”™) + (1= B)[¢(p,u”) — 2u(UO" —p),e™)]
(3.22) < Y(p,a") = (1= B)p(u",z") —2u(1 = B)U 0" —p),e").

Similarly, we obtain that:

(3.23) (g, w") < Y(q,y") — (1= B0, y") +2u(1 — B){V(6" — q),e").
Utilizing inequalities (3.22), (3.23), (3.12), (3.13) and Step 2, we obtain that:

Pu”, a™) + ", y") < U(pa™) =(p, 2") +(q,y") — (g, w")) — 0as n — oco.

1
=9
By Lemma 2.3, we obtain that:
(3.24) lim ||z, — un|| =0 and lim [ly, — vn[| = 0.

n—oo

Step 4. We show that (z*,y*) € F and Uz* = Vy*. From equations (3.16) and (3.24), we
obtain that:

(3.25) Ux* =Vy*.
Using equations (3.19), (3.24) and (3.17), we have that:
(3.26) [0 — Yor|| < [|0" —u"|| + ||u" — z"|| + ||z — VO™|| = 0 as n — co.

Similarly, using equations (3.19), (3.24) and (3.18), we have that:
(3.27) [[6" = Ro™|| < |[6™ —v™|| + ||[v" — y"|| + ||y" — Rd"|| = 0 as n — oo.
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*

Since, ), R are closed and the fact that lim 6" = z*, lim 6" = y*, we conclude that

n—oo n—oo
(z*,y*) € F(Y)xF(R). This together with equation (3.25) implies that (z*,y*) € SEFPP.
Furthermore, from equation (1.7), u, = @z, and v, = Q,y,. By a result of Zhang [21],
we have that:

1
(3.28) F(u",w) + —(w—u", Ju" = Ja") > 0, Vw & XY

where F(u™, w) = f(u™, w) + x(w) — x(u™) + (Au™, w — u™). By condition (A3), we have
that L(w — u™, Ju™ — Ja") > F(w,u"). Since w — F(u,w) is convex and lower semi-
continuous, applying equation (3.24), we obtain from the above inequality that

0> F(w,z*), Yw € X' For A € (0,1], w € X!, letw* = dw + (1 — \)z* € X1

Hence, 0 > F(w*,z*), Y w € X!. By condition (4;), we have that

0 = Fwdw) <AF(w w)+ (1 - NF@, z*) < Fa* + Mw —2%),w)
Letting A | 0, by condition (A3), we obtain that:
(3.29) F(w,2*) >0, Vw € Hy.

This implies that «* € GM EP(f, A, x). Similarly, we also have that y* € GMEP(g, 5, ¢).
These together with equation (3.25) imply that (z*,y*) € SGM EEP. Hence, we conclude
that (z*,y*) € F. This completes the proof. O

3.1. Conclusion. In Theorem 3.1, it is proved that the sequence of Algorithm (1.7) con-
verges strongly to a solution of (SEFPP) N (SGM EEP) in 2-uniformly convex and uni-
formly smooth real Banach spaces. Moreover, no compactness-type condition is imposed
on any of the operators involved. The theorem proved is an improvement on the result of
Chidume et al. [13] in the sense that (SGM EE P) was not studied. The result of Zhaoli et
al. [17] is a special case of Theorem 3.1 in which X is a real Hilbert space. Furthermore,
the compactness-type condition imposed on the operators and the fact that {r,,} C [0, c0)
is such that lim |r,,+1 — 7| = 0 in the theorem of Zhaoli ef al. [18] were dispensed with
in Theorem 3.1. The class of (SM EEP) studied in the theorem of Zhaoli et al. [18] is
contained in the class of (SGM EEP) considered in Theorem 3.1. Finally, Algorithm (1.7)
studied is slightly different from the algorithm considered by Zhaoli et al. [18].
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