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Krasnoselskii iteration process for approximating fixed points

of enriched generalized nonexpansive mappings in Banach
spaces

Simsek E., Yildirim I.

We consider the class of enriched generalized nonexpansive mappings which includes enriched
Kannan mappings, nonexpansive enriched Chatterjea mappings and enriched mappings. We prove
some fixed point theorems for enriched generalized nonexpansive mappings using Krasnoselskii
iteration process in Banach spaces. We also give stability result for such mappings under some
appropriate conditions. The results presented in this paper improve and extend some works in
literature.
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Introduction

There are many generalizations of the Banach Fixed Point Theory [1] in the literature. One
of these generalizations is Hardy-Rogers’ fixed point theorem [11] as follows.
Let (X, ||]|) be a Banach space and T : X — X be a mapping such that

ITx = Ty[| < 0l[x =yl + B lllx = Tyll + [ly = Tx[[} + 7 [llx = Tx|| + |y — Tyl]] 1)

for all x,y € X, where 6, B, ¥ are nonnegative constants such that 6 + 28 + 2y < 1. Then T has
a fixed point in X.

Note that Hardy-Rogers’ fixed point theorem generalize Kannan's fixed point theorem [9],
Chatterjea’s fixed point theorem [7], Reich’s fixed point theorem [12], Ciric’s fixed point theo-
rem [11], Reich-Rus-Ciric’s fixed point theorem [13-16].

Inspired by the above studies, V. Berinde and M. Pacurar [2] introduced the concept of en-
riched contraction mapping as follows. And, they proved strong convergence theorem for the
Krasnoselskii iteration used to approximate the fixed points of enriched Banach contractions.
After, some authors [3-5] introduced the enriched Kannan mappings, enriched Chatterjea
mappings and enriched nonexpansive mappings and they gave convergence results for
Krasnoselskii iteration used to approximate fixed points of such mappings in Banach spaces.
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Definition 1 ([2]). Let (X, ||-||) be a linear normed space. A mapping T : X — X is said to be
an enriched contraction mapping if there exist 0 € [0,k + 1) and k € [0, o) such that

[k (x —y) + Tx = Ty|| <6x—yll, ()

forall x,y € X. We will also call T a (k, 0)-enriched contraction for the constants included in
the inequality (2).

Definition 2 ([4]). Let (X, ||-||) be a linear normed space. A mapping T : X — X is said to be
an enriched Kannan mapping if there existy € [0,1/2) and k € [0, 00) such that

Ik (x —y) + Tx = Ty|| < y[llx — Tx[| + [ly — Tyl[], ©)

forall x,y € X. We will also call it (k, 7y)-enriched Kannan mapping for the constants included
in the inequality (3).

Definition 3 ([3]). Let (X, ||-||) be a linear normed space. A mapping T : X — X is said to be
an enriched Chatterjea mapping if there exist p € [0,1/2) and k € [0, ) such that

Ik (x—y) +Tx =Tyl <B([(k+1) (x —y) +y =Tyl +[(k+1) (y —x) +x = Tx||) (4

forallx,y € X. We will call T a (k, B)-enriched Chatterjea mapping for the constants included
in the inequality (4).

Definition 4 ([5]). Let (X, ||-||) be a linear normed space. A mapping T : X — X is said to be
an enriched nonexpansive mapping if there exists k € [0, c0) such that

[k(x—y)+Tx—Ty|| < (k+1)[|x—yl, (5)

for all x,y € X. We will also call T as a k-enriched nonexpansive mapping for the constant
included in the inequality (5).

Definition 5 ([8]). Let (X, ||-||) be a linear normed space. A mapping T : X — X is said to
be an enriched generalized nonexpansive mapping if there exist the nonegative real numbers
0, B, v satisfying 0 + 2B + 2y < 1 and k € [0, o) such that

lk(x —y) +Tx = Ty[| < (k+1)0[x -y
+B(l(k+1) (y —x) +x = Tx|| + [[(k+1) (x —y) +y = Ty[) (6)
+(lx = Tx| + ly = Tyll),

forallx,y € X. Itis also called T a (k, 0, B, v)-enriched generalized nonexpansive mapping for
the constants included in the inequality (6).

Remark 1. (i) If we take k = 0 in (6), we obtain the Hardy-Rogers mapping (1). That is,
any enriched generalized nonexpansive mapping for constants (0,6, B, y) is a Hardy-Rogers
mapping.

(ii) If we take p = 6 = 0 in (6), we obtain the enriched Kannan mapping (3). Also, taking
v = 6 = 01n (6), it reduces to enriched Chatterjea mapping (4).

(iii) Taking 6 = 1 and B = v = 0 in (6), it reduces to enriched nonexpansive mapping (5).
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1 Main Result

In this section, we will start by first giving an example for enriched generalized nonexpan-
sive mappings.

Example 1. Let X = [0,4] U [5,6] C R and T : X — X be defined by

Ty — —% x € [2,4],
0, x€l56.

Then T is not enriched nonexpansive mapping but it is (5, 3719/ Z) -enriched generalized
nonexpansive mapping.

Proof. Case 1. Let x,y € [5,6]. Then, we get

1 1 1 1
(e =y) + Tx =Ty = |3 =)+ Tr= Ty = | =) < (5+1) 31x -l

=(k+1)0[x—y| < (k+1)0|x—y]
+B(|(k+1)(y—x) +x—Tx|+[(k+1) (x—y) +y—Ty|)
+(lx—=Tx|+ |y —Ty|).

Case 2. For x,y € [2,4] it is obvious.
Case 3. Let x € [2,4] and y € [5,6]. Then we have the following inequalities

4 4
<2, (k+D0lx—yl=glx—yl 25,

(ry) + Tr =Ty = |5 (e=3) = 5

and
v(x=Txl+ly =1 = 5 (jx+ 5|+ 1) 2 3 (245 +5).
From the above inequalities, we obtain
[k (x —y) +Tx = Ty| < (k+1)8[x —y|
FB(k+1) (y —x) +x = Tx[+|(k+1) (x —y) +y = Ty|)
o ([x = Tx| + |y = Tyl).

Therefore T is an enriched generalized nonexpansive mapping. Next, we show that T is
not enriched nonexpansive. Let us take two elements 4 and 5 in X. Then

1 4 1
k(x—y)+Tx—Ty| = 5(4—5) —3|> '(5—1—1) (4—5)' =(k+1)|x—yl.
That is, T is not enriched nonexpansive mapping. ]

Now we give convergence theorem for enriched generalized nonexpansive mapping using
the following Krasnoselskii type iterative scheme under appropriate assumptions

Xpe1 = (1= A)x, +ATx,, n>0, (7)

where A C (0,1) and x is the starting point.
Let Fix(T) denotes the set of fixed points of a mapping T : C — C, i.e.

Fix(T) ={x e C:Tx = x}.
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Theorem 1. Let C be a nonempty closed convex subset of a Banach space X and T : C — C be
a (k, 8, B, v)-enriched generalized nonexpansive mapping. Then
() Fix(T) = {p};
(ii) the Krasnoselskii iteration {x,},_, given by x,.1 = (1 — A)x, + ATx, converges
strongly to the fixed point of T;
(iii) the following estimate holds
1

0 .
Hxn—i-i—l_pH S 1-95 Hxl’l_xnfl”/ n 201172/"-7 1= 112/-"7 (8)

_ 0+B+y
where 6 = ==

Proof. (i) We consider the following mapping S : C — C given by
S(x)=(1—=A)x+ATx )

for A C (0,1). We know that for the mappings S and T the following property Fix(S) = Fix(T)
holds.

If k > 0in (6), then let us put A = kiﬂ Since k € [0,00), we have that 0 < A < 1 for all
n € IN. Then the contractive condition (1) reduces the following inequality

L (x—y)+Tx—Ty Slf?Hx—yH
2 A

+ﬁ<‘l(y—x)+x—"[x +H%(x—y)+y—TyH>
+ ([lx = Tx[| + [ly = Ty[]),

A

which implies that
[Sx — Sy|| <0 lx -yl +B(lly —Sx[| + ||x = Syl|) + ([lx = Sx[| + ly = Sy[|) . (10)

From the above inequality, we say that S is a Hardy-Rogers mapping.
Consider the mapping (9). The iterative process {x,}, _, defined by (7) is Picard iteration
associated to S, that is x,, 11 = Sx,,. If we take x = x,, and y = x,,_1 in (10), we write

1520 = Sxp—1| < 6|20 — Xn—1][ + B (|xn-1 — Sxn| + [|2n — Sxp—1]])
+ 7 (10 = Sxul| + [[xn-1 = Sxn-all),

which implies that

st = 2l < 011 — 3t |+ B (a1 — X | + [0 — 2]
+ v ([Jxn = xppal| 4 [[Xn—1 — xnl[)
< 0 [lxn — xp—1l| + B ([|xn—1 — xnl| + [0 — Xn3a )
+ 7 ([0 = Xppa || + [[Xn—1 — xu]) -
Then
[xn41 = xnll < O |xn—1—2all, (11)

where § = ?fgfg Since 0 + 2B + 2y <1, wegetthat0 < J < 1.
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Applying (11), it easy to see that the following estimates

1—0m
[¥nm = x| < 8" 57— llx1 = xoll, (12)
and 1 gm
Hxn+m—xn|| < 1-5 Hxn_xnle (13)

hold. It follows from (12) that {x,},"_, is a Cauchy sequence. Since C is a Banach space, there
exists p € C such that lgn x;, = p. Now, we will show that p is a fixed point of S. We have
n—oo

1P = Spll < lp = xnsall + lxns2 = Spll = [lp — xppall + [|Sx0 — Spl| - (14)

Using (10), we get
1520 = Spll < 0 xn — pll + B (llxn = Sxaull + [Ip = Spll) + v (120 = Spll + lp — Sxall),

and therefore, from (14) we get
1+B+7y
|
Taking limit as n — oo in the above inequality, we have that ||p — Sp|| = 0, thatis p = Sp.
So, p € Fix(S).

We will show the uniqueness of the fixed point of the mapping S. Suppose on the contrary
that g is another fixed point of S. Then from (10)

lp—qll =1Sp—Sqll <0llp—ql +Blqg—Spll+Ip—Sqll) +(lp—Spll + llg — Sql)
=0lp—qll+BUlqg—rpl+Ilp—9gl)+vUpr—rl+Ilqg—4l)
<(0+28)p—all-

This is a contradiction because of 6 + 2 # 0. This shows the uniqueness of the fixed point of
the mapping S. Since Fix(T) = Fix(S), claim (i) is proven.
(ii) Let {x,},_, be the Krasnoselskii iteration (7). Then

lp—Spl < lp = xpg1ll + 0 [lxn — pll -

11— pll = (1 = A)ata + AT = pl| = %2 — pI|. (15)
Taking x := p and y := x, in (10), we have that
15w = pll < 0lxn = pll + B (llp = Sxull + [lxn = Spll) + v ([[xn — Sxul[ + l[p = Spl)
< 0 lxn —pll +Bllp = Sxall + lxn = plD) +7 (lxn =l +[lp = Sxall)

which implies that
(=B =) ISxn—pll < @+ B +7)[lxn —pll-

From above inequality, we get

0+ B+
I = | < T = pll = = . (16
Combining (15) and (16), we obtain

%01 = pll = IS0 = Pl < 0 lxn = pll-
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Inductively we obtain ||x,41 — p|| < 6" ||[xo — p||- Since 6 < 1, we have that
Jim {211 = p[| = 0.

This shows that {x, }, _, converges strongly to p.
(iii) If we take limit as m — oo in (12) and (13), we obtain

5?1
o = pll < 7 Il = %ol )
and 5
It =PIl < 37— [l%n = 21l (18)
Combining (17) and (18), we can obtain the error estimate (8). O

If we take y = 6 = 0 in Theorem 1, we obtain the following result.

Corollary 1 ([3]). Let C be a nonempty closed convex subset of a Banach space X and T : C — C
be a (k, B)-enriched Chatterjea mapping. Then
(i) Fix(T) = {p};
(ii) the Kransnoselskii iteration {x,}, , given by x,41 = (1 — A)x, + ATx, converges
strongly to the fixed point of T;
(iii) the following estimate holds
1

) .
|xpric1 —pll < 1_(Sﬂxn—xn,lﬂ, n=012..., i=12,...,

where § = %
If we take B = 6 = 0 in Theorem 1, we obtain the following result.

Corollary 2 ([4]). Let C be a nonempty closed convex subset of a Banach space X and T : C — C
be a (k, v)-enriched Kannan mapping. Then
() Fix(T) = {p}
(ii) the Kransnoselskii iteration {x,},_, given by x,11 = (1 — A)x, + ATx, converges
strongly to the fixed point of T,
(iii) the following estimate holds
1

1-9

|xpricn —pll < |xn — xp-1l|, n=0,1,2,..., i=1,2,...,

where § = —L.

1=y
Next, we will consider the problem for the T-stability of Krasnoselskii iteration process for
the enriched generalized nonexpansive mappings in Banach spaces. Let us recall the following
definitions deal with stability.
Let (X, ||-||) be a normed linear space, T a self map of X with Fr = {x € X : Tx = x} # 0.
Consider a fixed point iteration procedure, i.e. a sequence {x, }7°_, defined by xg € X and

Xpy1 = f(T,xn), n=0,12,..., (19)

where f is some function.
Examples of such iterations are: Picard iteration, obtained for f(T,x,) = Tx, and
Krasnoselskii iteration, obtained for (T, x,) = (1 — A)x, + ATx,, A € [0,1].
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Suppose {x, }5>, converges strongly to some p € Fr. In concrete applications, when com-
puting {x, }>_, we usually follow the next two steps.

1. Choose the initial guess (approximation) xg € X.

2. Compute x1 = f(T, xp). But due to various errors that occur during calculations (round-
ing errors, numerical approximations of functions, derivatives, integrals etc.), we do not ob-
tain the exact value of x1, but a different one, say y1, which is however close enough to x1, i.e.
Y1 = X1.

Consequently, when computing x, = f(T, x1) we will actually obtain x; as xp = f(T,y1).
So, again, instead of the theoretical value of x, we expect, another value y, will be obtained, v,
being close enough to x3, i.e. ¥ ~ x3, and so on. In this way, instead of the theoretical sequence
{x};>, defined by the iteration (19), we obtain practically an approximate sequence {y,}> .
We shall consider the given fixed point iteration method to be numerically stable if and only
if for y, close enough to x, at each stage, the approximate sequence {y, }:_, still converges to
the fixed point p of T. The next definition, due to Harder and Hicks [10], expresses basically
the previous idea.

Definition 6 ([10]). Let X be a linear normed space, T be a self map of X, and {x,},,_, C X be
a sequence defined by (19), where xo € X is the initial approximation and f is some function.
Suppose that the sequence {x,},,_, converges to a fixed point p of T. Let {y,},_, C X be an
arbitary sequence and set

en = ynt1 = f(Tyn)ll, n=01,....
Then iteration procedure (19) is said to be T-stable or stable with respect to T if and only if
limy s €r =0 = limy—0 ¥y = p.
Lemma 1 ([6]). If ¢ is a real number such that 0 < 6 < 1, and {e,}, _, is a sequence of
positive numbers such thatlim,_.« €, = 0, then for any sequence of positive numbers {u,},_,
satisfying

Uy <ouy,+e€,, n=01,...,

we have

Iim u, = 0.
n—00

Theorem 2. Let C be a nonempty closed convex subset of a Banach space X and T : C — C
be a (k,0, B, v)-enriched generalized nonexpansive mapping. Let xo € C and suppose that
X1 = f(T,xy) = (1= A)x, + ATx,, n > 0, where A is a real number in [0,1]. If 1—‘2”5 <A,
then the Krasnoselskii iteration is T-stable.

Proof. From Theorem 1, we know that T has a unique fixed point. Called p € X, i.e. Tp = p.
Let {y,},_o C C and define
€n = [[Yns1 — (L =A)yn — ATynl|, n=>0.
Assume that lim;,, e €, = 0. Then
[Yne1 =Pl < llyne1 — (L= A) yu = ATy || + [|(1 = A) yu + ATyn — p||

=€+ (1 =A) yn + ATyn — (1 = A) +an)p||

=en+[|[(T=A) (yn — p) + MTyn — p)|

<eént (1=A) lyn = pll + A1 Tyn — pl| -

(20)
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We again consider the following mapping S : C — C given by
S(x)=(1—-A)x+ATx
for A C (0,1). From Theorem 1, we know that S is a Hardy-Rogers mapping. Then

1Syn — pll = |(1 = M)yn + ATyn — pll = A Tyn — pll — (L= A) [lyn — pll,

which implies that
M Tyn = pll < [ISyn = pll + (1= A) lyn — Pl - (21)
Combining (20) and (21), we obtain that

[Ynt1 =PIl < en+ (1 =A) lyn — pll + A Tyn — p|
<eént (1=A) lyn —pll +[ISyn — pll + (1 =A) lyn — pll
<en+2(1=A)lyn—pll +6lyn —pll
= (2(1=A) +9) [lyn — pll +€n.

Since 1—‘2”5 < A, we have that 2 (1 — A) + ¢ < 1. From Lemma 1, we obtain
Jim {|y, — p[| = 0,

which implies that
lim y, = p.

n—oo
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Mu posrasiaaeMo Kaac 36arayeHMx y3araAbHEHMX HepPO3IIMPIOIOUNMX BiAOOpakeHb, SIKMX BKAIO-
Jae 36araveni BiaobpaxenHs: KanHaHa, Heposmmpioodi 36aradeHi Bipobpaxenss Yarrepaxi Ta
36aradeHi Bino6paxkeHHs. My AOBOAMMO AesIKi TeopeMM IPO HEPYXOMY TOUKY AASI 36aradeHmx
y3araAbHEHMX HepO3IIMPIOIOUNX Biao6pakeHb BUKOPMCTOBYIOUN iTepaniliamii mporiec Kpacrocean-
CBKOTO y 6aHax0BMX IpocTopax. TakoX My AOBOAMMO pe3yAbTaT IIPO CTabiABHICTD AAST TaKMX BiA-
obpakeHb 3a AeSKMX BIiAITOBIAHVIX YMOB. Pe3yAbTaTy CTaTTi MOKPAIIYIOTh Ta PO3LIMPIOIOTH A€sIKi
poboTu B AiTepaTypi.

Kontouosi cnoea i ¢ppasu: 36aradeHe BiproOpakeHHsI, iTepanivamit npomec KpacHoceAbChKOTO, He-
pyXoMa TouKa, CTabiAbHICTb.



