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Abstract. A new iterative algorithm for approximating a solution of a split feasibility problem and the
fixed point problem of a quasi-@-nonexpansive mapping is proposed and studied. It is proved that the
sequence generated by the new algorithm converges strongly to a common solution of the split feasibility
problem and the fixed point problem in real Banach spaces, which are more general than Hilbert spaces.
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1. INTRODUCTION

Let C and D be nonempty closed and convex subsets of real Banach spaces E| and E»,
respectively. Let A : E; — E, be a bounded linear map. The split feasibility problem (SFP)
consists of

finding x*€C suchthat Ax" € D. (1.1)

The SFP was first introduced by Censor and Elfving [1] in finite dimensional real Hilbert spaces
for modeling inverse problems, which arise in image reconstructions and phase retrievals. It is
now well known that the SFP and its generalizations have numerous real applications in several
disciplines, such as, medical imaging [2]. Hence, they have attracted the attention and interest of
many researchers; see, e.g., [3, 4, 5, 6, 7] and the references therein.

For approximating a solution of the SFP in finite dimensional real Hilbert spaces, Censor and
Elfving [1] studied, based on projections, an iterative algorithm, which involves the numerical
computation of the inverse of a matrix. To overcome this drawback, Byrne et al. [8] proposed the
so-called C-Q algorithm, which does not involve the computations of the inverse of any matrix
but involves projections onto two subsets C and Q. However, the calculation of projections is not
easy for general sets.

In 2010, Moudafi [9] studied the problem of approximating a solution of the split common
fixed point problem (SCFPP) (see [9]) for quasi-nonepxansive mappings and demi-contractive
mappings in real Hilbert spaces. He proposed an iterative method which does not involve
projections and proved weak convergence theorems in real Hilbert spaces.
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In 2014, Kraikaew and Saejung [10] combined the Moudafi’s method [9] with the Halpern-type
method and proposed a new iterative algorithm, which does not involve the projection operator
for solutions of the split feasibility problem in real Hilbert spaces.

Recently, many authors investigated various iterative algorithms for approximating a solution
of the SFP and its generalizations in real Hilbert spaces; see, e.g, [11, 12, 13, 14, 15] and the
references therein. However, there are few results established in real Banach spaces, which is
more general than Hilbert spaces.

In 2015, Tang et al. [16] introduced an iterative algorithm, which does not involve the
projection operator to approximate a solution of the split common fixed point problem of a
quasi-strict pseudocontractive mapping and an asymptotically nonexpansive mapping in two
Banach spaces and one of the two Banach spaces, E1, is uniformly convex, and 2-uniformly
smooth real Banach space. They proved weak and strong convergence theorems under the
assumption of the semi-compactness of the operators involved. However, it was shown (see [17])
that the Banach space E; studied by Tang et al. [16], which was supposed to be more general
than Hilbert spaces, is necessarily a real Hilbert space.

Recently, in 2018, Ma, Wang and Chang [18] proposed an iterative algorithm to approximate
a common solution of the split feasibility problem and the fixed point problem of quasi-¢-
nonexpansive mappings in the setting of real Banach spaces that are 2-uniformly convex and
2-uniformly smooth. They proved that the sequence generated by their proposed algorithm
converges strongly to a common solution of the split feasibility and the fixed point problem
without the assumption of semi-compactness on the mappings. However, we note that the
2-uniformly convex and 2-uniformly smooth Banach space is indeed a real Hilbert space.

It is our purpose in this paper to propose a new iterative algorithm for approximating a common
solution of the split feasibility problem and the fixed point problem of quasi-¢-nonexpansive
mappings in the setting of two real Banach spaces, which are much more general than real Hilbert
spaces. Under our setting, E; is assumed to be a p-uniformly convex (p > 1) and uniformly
smooth real Banach spaces and E; is an arbitrary smooth real Banach space. Furthermore,
the sequence generated by our algorithm is proved to converge strongly to a common solution
of the split feasibility problem and the fixed point problem without any assumption of semi-
compactness on the mappings. The convergence theorem proved in this paper is applicable to
Ly, I, and the Sobolev spaces W)'(Q), for 1 < p < .

2. PRELIMINARIES

Let E be a strictly convex and smooth real Banach space. For p > 1, letJ, : E — 2E" be
defined by

Ip(x) = {u" € E*: (xu®) = |||l Nl = [P~
J), 1s called the generalized duality mapping on E. If p =2, J, is called the normalized duality

mapping and is denoted by J. In a real Hilbert space H, J is the identity map on H. It is easy to
see from the definition that

Ty = IxlP 2%, and  (r.Jpx) = |x|7, Vx€E.

It is well-known that if E is smooth, then J is single-valued and if E is strictly convex, J is
one-to-one, and J is surjective if E is reflexive.
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Definition 2.1. [19] Let E be a real normed space with dimension E > 2. The modulus of
convexity of E is the function g : (0,2] — [0, 1] defined by

u+v
de(e)i={1=|[“32 | <1l = b1l = e = i1}

Let p > 1 be a real number and J : (0,2] — [0, 1] be the modulus of convexity of E. Then,
a normed space E is said to be p-uniformly convex if there exists a constant ¢ > 0 such that
Ogp(€) > ceP.

It is well known that L,, [,, and the Sobolev spaces WI’J”(Q), for 1 < p < oo, are p-uniformly
convex and that the following estimates hold (see, e.g., [19] and [20]):

Ple? 4o(e?) > Lile?, 1<p<2;

1

> p
== >5(5) pz2
Definition 2.2. [21] Let E be a smooth, strictly convex and reflexive real Banach space and let C
be a nonempty closed and convex subset of E. The map II¢ : E — C defined by X = I¢(x) € C
such that ¢ (¥,x) = infycc ¢ (y,x) is called the generalized projection of E onto C. Clearly, in a

real Hilbert space H, the generalized projection Il coincides with the metric projection Pc from
H onto C.

8;,(€) = 0p,(€) = dypq)(€) =

Definition 2.3. [21] Let E; and E; be two reflexive, strictly convex and smooth real Banach
spaces. The collection of mappings A : E; — E; that are linear and continuous is a normed linear
space with norm defined by ||A[| = sup,<; [|Ax||. The dual operator A* : E; — EY defined by
(A*y*,x) = (y*,Ax), Vx € E1, y* € EJ is called the adjoint operator of A. The adjoint operator
A* has the property ||A*[| = ||A]|-

Definition 2.4. [22] Let C be a nonempty closed and convex subset of a real Banach space E
and let T : C — C be a mapping. Then, T is said to be quasi-@-nonexpansive if F(T) :={x € C:
Tx=x}# 0and

¢(x,Ty) < ¢(x,y) Vxe F(T), yeC.

Let E be a reflexive, strictly convex and smooth real Banach space with dual space E*. For
p > 1, Chidume [23] defined the following functionals: ¢, : E x E — R™ by

Op(x,y) = |l = plx, Jpy) + py |7, Vx,y € E;
V,EXE*—R" by
Vp(x,x") = [|x]|” — p(x,x™) + ||x*||P, Vx€E, x* €E”.
It is clear from these definitions that
Vo(x,x*) = 9p(x,J, 'x"), Vx€E, x* € E*. 2.1)
Remark 2.1. If p =2, we denote ¢ (x,y) simply as ¢ (x,y) and
9(x,y) = [lxI* =20, J () + [y]°, ¥x,y €E.
In the sequel, we need the following lemmas recently established by Chidume in [23].

Lemma 2.1. Let E be a reflexive, strictly convex and smooth real Banach space. Then, for p > 1,

Vp(u,u*)+p(];1u*—u,v*> <V,(u,u*+v*), Vvu€e E, u*,v' € E". (2.2)
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Lemma 2.2. For p > 1, let E be a p-uniformly convex and smooth real Banach space. Let D
be a nonempty closed and convex subset of E. Let x| € E be arbitrary and Pp : E — D be the
metric projection of E onto D. Then

x*=Ppx; & (X" —z,Jp(x;1 —x")) >0, VzeD.

Lemma 2.3. [24] Let E be a p-uniformly convex and smooth real Banach space. Then, there
exists a constant ¢y > 0 such that, for every x,y € E,

=y Jpx = Jpy) = callx = yl|”.

Lemma 2.4. [23] Let E be a p-uniformly convex and smooth real Banach space with dual space
E*. For p > 1, let J, : E — E™ be the generalized duality map. Then,

1
17, =Tyl < i llx—y[| 7T, Vx,y €E, 2.3)

1

1\r 1 . . ..
where K, = (5) with ¢y being the constant appearing in Lemma 2.3

Lemma 2.5. [23] Let E be a reflexive, strictly convex and smooth real Banach space. Then, for
p>1

¢p(x,J;1(lqu+ (1=2A)Jpv)) < A@p(x,u)+(1—2)Pp(x,v), Vx,u,v€E. (2.4)
We also need the following well known lemmas.

Lemma 2.6. [21] Let D be a nonempty closed and convex subset of a reflexive, strictly convex
and smooth real Banach space E. Then,

¢(M7HDy)+¢(HDny)§¢(u’y)7 VMGD,yEE, (25)
where Ilp is the generalized projection of E onto D.

Lemma 2.7. [25] Let E be a uniformly convex and smooth real Banach space and let {x,}
and {yn} be two sequences of E. If ¢(x,,y,) — 0 and either {x,} or {y,} is bounded, then
| — yul| = 0, as n — oo.

Lemma 2.8. [24] For p > 1, let E be a p-uniformly convex real Banach space. Then, there exists
a constant ¢, > 0 such that, for all x,y € E,

o+ (1 —a)y[|” < eflx]|” + (1= )|y |7 — cpwp(a) x = y]”, (2.6)
where wy(ot) = (1 —a)’o+ (1 — o), o € (0,1)

2.1. Analytical representations of generalized duality mapsin L, [,, and Wk, spaces with
1 < p < oo. Using the analytic representation of the normalized duality mappings in L, [, and
Wih, 1 < p < oo (see, e.g., Lindenstrauss and Tzafriri [20]) and the relation J,(x) = |[x||P~2J (x),
we obtain the analytical representations of generalized duality mappings in these spaces as
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follows:
Jz = yely, y={lal’ |l 2, -} 2={a,2,.},
J 2 = yel, y={ul" %2 2,.}, 2={z21,22,--},
Jz = |zl7 la(s)IP"*2(s) € Ly(G), s€G,
J 'z = |z2(s)|7%2(s) € Ly(G), s € G, and
Jz = Y (=1)D¥(|D%(s)[""2D%(s)) € WI,,(G),m > 0,5 € G,
loe|<m

3. MAIN RESULT

Before prove our main convergence theorem, we list the following assumptions:

1. Ey is a p-uniformly convex and uniformly smooth real Banach space, and E; is an
arbitrary smooth real Banach space;

T : Ey — E; is a closed quasi-¢-nonepxansive mapping;

A : E| — E; is a bounded linear mapping with adjoint A*;

o € (0,1) and y are constants such that 0 < y < W;
Kp

Q is a nonempty closed and convex subset of E,, and F(T) :={w € E; : Tw =w}.
Py denotes the metric projection of E; onto Q, and Il¢, x| denotes the generalized
projection of x; onto G,y 1, Vn > 1;

6. Ji, i = 1,2 denotes the generalized duality mapping on E;, i = 1,2, respectively; and
Jl.’l, i = 1,2 denotes the generalized duality mapping on E;, i = 1,2, respectively; where

E, i=1,2, represents the dual space for each i.

Sk WD

Algorithm 3.1.
(x1 €Ey, C\ =E} ey =J2(Pp—DAx,, n>1,

Zn = J7 (1 + YA€),

yn =7 (1= @)1z + a1 Tz),

Cot1 ={vE€Cu: 9p(mzn) < Pp(mxn); Pp(v,yn) < Pp(vixn)},
[ Xnt+1 =T, X1

We now in a position to prove our main convergence theorem.

Theorem 3.1. IfT":={w e F(T) : Aw € Q} # 0, then the sequence {x, } generated by Algorithm
3.1 converges strongly to some x* € T" with x* = Ilrx;.

Proof. We divide the proof into 5 steps.
Step 1. Show that C,, is closed and convex for each n > 1.

Clearly, C| = E| is closed and convex. Assume that C, is closed and convex for some n > 1.
For any v € C,;, we have

Op(v:20) < Gp(vixa) < p(vJ1(xn) = J1(2n)) < N1 ()P = (1 (20) 17,

Op(viyn) < Op(v,xn) < (v, J1 (xn) = J1 (vn)) < (11 Gen) |7 = (11 () (|-
From these conditions, we conclude that C, is closed and convex.
Step 2. Show that I' C C,,, for each n > 1.
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Let w* € I'. Using Lemma 2.1, we compute as follows

= 0p(W",xn) — pY(AW" — Axyy, €,) — pY(Axy — Az, €5). (3.1)
It follows from Lemma 2.2 that
(AW™ — Axy, en) = (AW" — Axyy, Jo(Pp — I)Axy)
= (AwW" — PgAxy,Jo(PoAxy — Axp)) + || (Po — I)Ax,|?
> [|(Po — DA (3.2)
Using Lemma 2.4 yields that
—(Axy — Azy, en) < [|A]]]|zn _an-”JZ(PQ — D Ax,||
< HAH.HJ{1 (Jlxn +YA* L (P —I)Axn) —Jfljlan.sz(PQ —1)Ax,||
e
< [|A]J#p || YA* T2 (P — 1) Axa | P71 J2(Pp — I) Ay |
1 1 _p_
< [|All&pyP=T|A[[7=T{|J2(Po — I)Axa| 7~
1 . .
= KpYP T [|A||[ 77T || J2(Pp — I)Axal| 77T (3.3)
Substituting (3.2) and (3.3) in (3.1), we obtain
0p (0" 20) < Gp(0° x) — Yl (P — DA + py7 iy [ Al 7T [ (P — 1)Ax, |
* 1 P
= 0" xa) = Py (1= Y7 T i JA |77 ) || (P — DA (3.4)

Using the condition that 0 < v < inequality (3.4), we arrive at

1
Kb AP’
(Pp(W*»Zn) < ‘Pp(W*vxn)- (3.5)

Furthermore, using Lemma 2.5 and inequality (3.5), we obtain that
‘Pp(W*vyn) = ‘Pp(W*anl [(1 —a)Jizn+ OUITZn])
<(1- a)(pp(W*aZn) + a¢p(W*a Tzn)
< Gp(W's2n) < Gp(W",xn).- (3.6)

From inequalities (3.5) and (3.6), we obtain that w* € C,,1 1, which further implies that I" C C,,,
for all n > 1. Hence, {x,} is well defined.
Step 3. Show that {x,} is a Cauchy sequence.

We observe that since E; is p-uniformly convex, which means that it is reflexive and strictly
convex. So, Lemmas 2.6 and 2.7 are applicable. Hence, we can use the functional ¢ in these
lemmas instead of the generalized functional ¢,. Using these lemmas, the proof that {x,} is a
Cauchy sequence is standard. However, for the completeness, we sketch the short proof here.
Let w € I be arbitrary. We have x,, = Il¢, x1, Van > 1. It follows from Lemma 2.6 that

¢ (xn,x1) < P(w,x1), Vn>1, we T
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This implies that {¢ (x,,x;)} is bounded. Consequently, {x, } is bounded. Also, since x,, = I1¢, x|

and x, 11 = I¢,, ,x1 € Cy11 C Gy, it follows from Lemma 2.6 and the definition of C, that

O (xp,x1) < @ (xps1,x1), so that {@(x,,x1)} is non-decreasing and bounded. Hence, lim ¢ (x,,x)
n—oo

exists. For any positive integers m,n, without loss of generality, let n > m. Then, from x, =
Ilc,x1 € C, C Cy, and Lemma 2.6, we have

O (X, Xn) = (P(xmaHCnxl) < O (X, x1) — (])(chxl,xl)
= O (X, X1) — O (xp,x1) = 0, as m,n — co.
By using Lemma 2.7, we obtain that n}ggw || X, — xm|| = 0. Hence, {x,} is a Cauchy sequence.
Step 4. Show that (i) lim ||(Pp —D)Ax | =0 and (ii) lim [z, — Tz =0.
Since x,,11 =Il¢,,,x1 € Cy, it follows from the definition of Cy, 1 that
O (Xnt1,20) < O(Xnr1,%)  and @ (Xur1,Vn) < O (Xnt1,%n)-

From these inequalities, we obtain that lim, e ¢ (X,+1,2,) = 0 and lim,—e @ (X,41,yn) = 0.
From Lemma 2.7, we conclude that

lim ||xp41 — 24|/ =0, lim ||x,41 —yn||=0 andthus, lim |y, —z,| =0. (3.7)
n—oo n—oo n—so0

Since {x,} is a Cauchy sequence in E|, we find that there exists x* € E| such that x,, — x* € E as
n — oo, It then follows from equations (3.7) that z, — x* and y,, — x* as n — oo. Using inequality
(3.4), we obtain,
1 e
pY| 1=y i AT | |(P — DAX [P < ¢p(W™,xn) — 9p(w",20) =0, as n— oo,
Since 1
1 P
pY[l =y T [|A[[P7T] > 0,
it follows that lim,,_, ||(Pg —I)Ax,|| = 0, which complete the proof of (i).
For (ii), we compute as follows:

9p(w.3n) = Gp (w1 [(1 = @) 120 + 011 T2y])
= [wll” = p{w,(1 = &)J1zn) — p{w, @11 Tzn) + (1 — @) [|J1 2"
+ a||iTz,||P — cpwp(a)|[J1zn — J1 T 24P
= oPp(w,Tzn) + (1 — 0)Pp(w,20) — cpwp(@)[|J120 — i Tzn ||
This implies
cpwp(@) V120 =1 Tz < a@p(w,Tzn) + (1 — ) 9p(W,2n) — Gp (s yn)
< afp(w,zn) + (1 — )P (W, 2n) — Gp (W, yn)
= 0p(W,2,) — Op(W,yn) = 0 as n— oo,
Since cpwp(0r) > 0, we obtain that
lim |12, — /1 Tz = 0. (3.8)
Since E} is uniformly smooth, we obtain that J;~ s uniformly continuous on bounded sets.

Hence, equation (3.8) yields that lim,,_,c ||z, — Tzx|| = 0, establishing (ii).
Step 5. Show that 7x* = x* and x* = Irx;.
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Since z, — x* and lim ||z, — T'z,|| = 0, it follows from the fact that 7 is closed that Tx* = x*.
n—o0

Furthermore, from step 4, we proved that ||(Pp —I)Ax,|| — 0 and x, — x*, as n — co. Since
(Pp —I)A is continuous, it follows that || (Pg —I)Ax*|| = 0, so Ax* € Q. Hence, x* € I'. Let
y* :=IIrx; € I'. From x, =Il¢,x; and y* € I' C G,, we have

(P(erl?HCnxl) +¢(chx17x1) < (P(y*?xl)?

which implies that ¢ (x,,,x1) < ¢ (y*,x;). This implies that
O (x",x1) = lim @ (xy,x1) < O(y",x1) = ¢(Trxy, x1) < @ (x",x1).

This implies that ¢ (x*,x;) = ¢ (y*,x1), so that y* = x*. Hence, {x, } converges strongly to x* € T,
where x* = Ilrx;. The proof is complete. 0

Remark 3.1. Theorem 3.1 holds if the constant & € (0, 1) is replaced with a sequence {0, } in
(0,1) such that 0 < 0 < o, < 1, Vn > 1 and some 6 > 0. The proof follows directly as in the
proof of Theorem 3.1.

Remark 3.2. Theorem 3.1 holds if Ey = L, [, or the Sobolev spaces, W;"(Q), for 1 < p < .
These spaces are p-uniformly convex and uniformly smooth (see, e.g., Linderstraus and Tzaferri
[20], see also Chidume [19], page 44).

Remark 3.3. The condition on ¥ in the proof of theorem 3.1 depends on the norm, ||A||, of A.
This is not a drawback on implementing the algorithm because, one does not need to compute
this norm to use the algorithm. For computational purposes, this norm can be replaced with a
constant associated with the mapping A and this is easy to compute as follows. To assert that a
linear mapping A is bounded, one has to show that the following inequality holds:

|Ax|| < K||x|]|, VYx€E, (3.9)

for some constant K > 0. This constant K > 0 is an upper bound for ||A|| and is generally easy
to obtain (since it is not unique) for any bounded linear mapping.
It is easy to see from the proof of Theorem 3.1 that the condition

p—1
0<'}/< [—p:| ,
KpllA[[7-T

can then be replaced with the condition

where K is easily obtained from inequality (3.9).

We note that in the special case with 1 < p <2, the spaces Ly, [, and WI’,"(Q) are 2-uniformly
convex spaces. In this case, Algorithm 3.1 is reduced to the following algorithm.



A NEW ITERATIVE ALGORITHM 209
Algorithm 3.2.
(x € E\,Ci =E| e, =J(Pp—1)Ax,, n>1,
20 = I (J1x, + yA%ey),
yn =J7 (1= o)1z + a1 Tzp)

Cn-H = {v € Cn . ¢<V7Zn) S ¢<V,Xn); ¢(V7yn> S ¢(V,Xn)}
\xn-ﬁ-l = HC,H_lxl'

where J; is the usual normalized duality mapping on E; and ¢ is the Lyapunov functional of
Alber [21].
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