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Introduction

The fixed point theory is a very reaching domain of nonlinear analysis, with an
expansive evolution in the last decades. There are many scientific papers in the
literature based on this important researching area.

The basic result from metrical fixed point theory is the Contraction Principle
of Picard-Banach-Caccioppoli [14] and it followed an important research on fixed
point theory and applications of this theory to functional equations, differential
equations, integral equations etc.

The problem of solving a nonlinear equation involves approximating fixed
points of a corresponding contractive type mapping. There exists several methods
for approximating fixed points: Picard iteration which is the most used for strict
contractive type operators, Krasnoselskij, Mann and Ishikawa iterations etc.

In practical applications, it is important to establish if these methods are nu-
merically stable or not. A fixed point iteration is numerically stable if small mod-
ifications due to approximation during computations, will produce small modifi-
cations on the approximate value of the fixed point computed by means of this
method.

The concept of stability is fundamental in various mathematical domains, such
as Differential Equations, Difference Equations, Dynamical Systems, Numerical
Analysis etc. Our interest is for stability theory in Discrete Dynamical Systems.

In this context, one of the concepts of stability that we use in the paper is
the one considered by Harder [60], Harder and Hicks [61], [62], who has been
systematically studied this problem.

Other stability results for several fixed point iteration procedures and for var-
ious classes of nonlinear operators were obtained by Berinde [26], [27], [28], [29],
Imoru and Olatinwo [69], Imoru, Olatinwo and Owojori [70], [104], Olatinwo [99],
Osilike [110], [111], Osilike and Udomene [114], Rhoades [132], [133] and many

others.



4 0. INTRODUCTION

The subject of this paper treats the problem of stability of fixed point, common
fixed point, coincidence point and tripled fixed point iteration procedures, for
certain class of mappings. The study material has been organized on six chapters,

not including an introduction and a list of bibliographic resources, as follows:

The first chapter, Preliminaries, provides the terminology, basic concepts
and notations from fixed point theory used in this paper. Most of the material
in this chapter is taken from the monography named "lterative Approximation of
Fixed Points" of Professor Berinde [27]. In writing of this chapter, I also used the
following bibliographical references [1], [7], [67], [77], [79], [146], [150].

The second chapter, Stability of fixed point, common fixed point and
coincidence point iterative procedures for mappings satisfying an ex-
plicit contractive condition, presents the concept of stability of fixed point
iteration procedures and surveys the most significant contributions to this area.

One of them was made by Berinde [27] who introduced a weaker and more
natural notion of stability, called weak stability, by adopting approximate sequences
instead of arbitrary sequences in the definition of stability. Following this concept,
we continued to study the problem of weak stability of common fixed point iterative
procedures for some classes of contractive type mappings.

The author’s original contributions in this chapter are: Definition [5.19] Theo-
rem Theorem [£.9] Examples Example Example [6.12] Definition
[7.22] and Theorem [7.12]

Most of them were published in [158] (Timis, 1., On the weak stability of fized
point iterative methods, presented at ICAM7, Baia Mare, 1-4 Sept. 2010), [159]
(Timis, 1., On the weak stability of Picard iteration for some contractive type map-
pings, An. Univ. Craiova Ser. Mat. Inform. 37 (2) (2010), 106-114), [160]
(Timis, 1., On the weak stability of Picard iteration for some contractive type map-
pings and coincidence theorems, International Journal of Computer Applications
37 (4) (2012), 9-13) and [169] (Timis, I. and Berinde, V., Weak stability of itera-
tive procedures for some coincidence theorems, Creative Math. Inform. 19 (2010),

85-95).

In the third chapter, Stability of fixed point, common fixed point and

coincidence point iterative procedures for contractive mappings defined
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by implicit relations, we study the stability of Picard iterative procedure and
also of Jungck iterative procedure for common fixed points and coincidence points,
for contractive mappings satisfying various implicit relations, with different num-
ber of parameters.

Several classical fixed point theorems and common fixed point theorems have
been recently unified by considering general contractive conditions expressed by
an implicit relation. This development has been initiated by Popa [119], [120],
[121] and following this approach, a consistent part of the literature on fixed
point, common fixed point and coincidence theorems, both for single valued and
multi-valued mappings, in various ambient spaces have been accomplished.

For these new fixed point theorems did not exist corresponding stability results
and Berinde [19], [30] filled this gap and established corresponding stability results
for fixed point iterative procedures associated to contractive mappings defined by
an implicit relation.

We continue the study of stability and the results obtained in this chapter are
generalizations of fixed point theorems and stability theorems for Picard iteration
existing in literature: see Berinde [20], [24], [26] [27], [29], [31], Chatterjea [45],
Harder and Hicks [61], [62], Hardy and Rogers [63], Imoru and Olatinwo [69],
Jungck [78], Kannan [81], Olatinwo [100], Osilike [111], [110], Ostrowski [115],
Popa [120], Reich [127], Reich and Rus [154], Rhoades [130], [132], [133], Rus
[138], [139], Zamfirescu [173] and most of their references.

The author’s original contributions in this chapter are: Example Theorem
Corollary Corollary [1.2] Theorem [2.15, Examples [3.23}3.25] Examples
Theorem Corollary [3.3] and Corollary [3.4]

Most of them were published in [161] (Timis, 1., Stability of Jungck-type iter-
ative procedure for some contractive type mappings via implicit relations, Miskolc
Math. Notes 13 (2) (2012), 555-567), [163] (Timis, 1., Stability of Jungck-type
iterative procedure for common fized points and contractive mappings via implicit
relations, presented at ICAMS, Baia Mare, 27-30 Oct. 2011) and [164] (Timis,
L., Stability of the Picard iterative procedure for mappings which satisfy implicit
relations, Comm. Appl. Nonlinear Anal. 19 (2012), no. 4, 37-44).



6 0. INTRODUCTION

The idea of the fourth chapter, A new point of view on the stability of
fixed point iterative procedures, is due to Professor I. A. Rus [136], who uni-
fied the notions of stability in difference equations, dynamical systems, differential
equations, operator theory and numerical analysis by new ones.

We consider these new notions in this chapter and study the stability of Picard
iteration for mappings which satisfy certain contractive conditions. We also give
some illustrative examples.

The author’s original contributions in this chapter are: Theorem [1.17, Propo-

sition [L.2], Corollary Corollary [L.6, Corollary Example Corollary [L.8]
Theorem Corollary Example [2.34], Theorem [2.19] Corollary Exam-

ples - Definition [4.26], Definition Proposition Theorem [4.20]
Theorem Theorem |5.22]

Some of them are included in [156] (Timis, 1., New stability results of Picard

iteration for common fixed points and contractive type mappings, presented at
SYNASC 2012, Timigoara, 26-29 Sept. 2012).

In the fifth chapter, Stability of tripled fixed point iteration procedures,
following the results of Berinde and Borcut [32], [38] who introduced the concept of
tripled fixed points, we introduce the notion of stability for tripled fixed point iter-
ative procedures and also establish stability results for mixed monotone mappings
and monotone mappings, satisfying various contractive conditions. An illustrative
example is also given.

The author’s original contributions in this chapter are: Definition The-

orem Corollary [2.11] Theorem Theorem Lemma Definition

Theorem [3.26, Corollary Theorem [3.27, Theorem Example [4.43]
and the contractive conditions (2.35)-(2.40)), (3.46)-(3.51)).

Most of them were published in [166] (Timis, 1., Stability of tripled fixed point

iteration procedures for monotone mappings, Ann. Univ. Ferrara (2012) DOI
10.1007/s11565-012-0171-7).

In the sixth chapter, Conclusions, we surveyed the original contributions
from this thesis and we mentioned the possible research directions by following

our results.
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CHAPTER 1

Preliminaries

The purpose of this chapter is to provide the terminology, basic concepts and
notations from fixed point theory used in this paper.

Most of the material in this chapter is taken from the monography named
"Tterative Approximation of Fixed Points" of Professor Berinde [27].

In writing of this chapter, I also used the following bibliographical references
[, [7], [67], [77], [79], [146], [150].

1. The background of metrical fixed point theory

Let X be a nonempty set and 7' : X — X be a selfmap. We say that x € X is
a fixed point of T if

T(z)==x

and denote by Fr or Fiz(T) the set of all fixed points of T
For any given z € X, we define 7" (x) inductively by

T(x) =2, T"(x) =T (T"(2)),

and we call it the n'* jterate of x under T. In order to simplify the notations, we
will often use Tz instead of T'(z).
For any xy € X, the sequence {In}nzo C X given by

Tp=Tx,_1=T"19, n=12,..

is called the sequence of successive approximations with the initial value xq. It is
also known as the Picard iteration starting at x.

For a given selfmap, the following properties obviously hold:
(1) Fr C Fra, for each n € N*;
(2) Fpn = {x}, for some n € N* = Fr = {x}.
8



1. The background of metrical fixed point theory 9

The fixed point theory is concerned with finding conditions on the structure
that the set X must be endowed as well as on the properties of the operator

T : X — X, in order to obtain results on:

(1) the existence and uniqueness of fixed points;
(2) the data dependence of fixed points;

(3) the construction of fixed points.

The ambient spaces X involved in fixed point theory cover a variety of spaces:
lattice, metric space, normed linear space, generalized metric space, uniform space,
linear topological space etc., while the conditions imposed on the operator T" are

generally metrical or compactness type conditions.

Metric spaces

Definition 1.1. Let X be a nonempty set. A mapping d: X x X — R, is called

a metric or a distance on X provided that

(1) d(xz,y) =0 < x =y ("separation axiom")
(2) d(z,y) = d(y,x), for all z,y € X ("symmetry")
(3) d(x,z) < d(z,y) +d(y, z), for all x,y,z € X ("the triangle inequality").

A set endowed with a metric d is called metric space and is denoted by (X, d).

Example 1.1.

Let X = R. Then d(z,y) = |z — y|, Vz,y € R, where |-| denotes the absolute

value, is a metric (a distance) on R.
Example 1.2.

(1) Let X = R". Then d(z,y) = {Z?Zl (xi—yi)ﬂg, Ve = (v1,29,...,Zn),
y = (y1,Y2, .-, Yn) € R™ is a metric on R", called the euclidean metric.

The next two mappings:
(S(LE"y):Z‘ZC,L—yZ’, xvyERn7
i=1

p(l’,y) = max |xz_yz|a m»QERn,

1<i<n

are also metrics on R";
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(2) Let X = {f:[a,b] = R | fis continuous}. We define d : X x X — R,
by
d(f,9) = max [f(z) —g(x)|, VfgeX.
Then, d is a metric on X, called the Chebyshev metric and the metric
space (X, d) is usually denoted by C|a, b];
(3) Let X ={f :]a,b] = R | f is continuous } and p : X x X — R, be given
by

p(f,9) = max (If(@) = glx)| e}, vf g€ X,

z€[a,b
where 7 > 0 is a constant and zq € [a, b] is fixed.
Then, p is a metric on X, called the Bielecki metric and the metric

space (X, p) is usually denoted by Bla, b].

Definition 1.2. Let {z,},-, be a sequence in a metric space (X,d). We say
that the sequence {x,}, is convergent to a € X if, for any € > 0, there exists
nog = no(€) such that

d(zp,a) <e€, ¥YneN, n>n,.

Definition 1.3. Let {z,} -, be a sequence in a metric space (X,d). We say that
the sequence {x,} — is fundamental or Cauchy sequence if, for any € > 0, there

exists ng = no(€) such that
d(zp, Tpyp) <€, VneN, n>mng, Vpe N

Remark 1.1. In a metric space, any convergent sequence is a Cauchy sequence

too, but the reverse is not generally true.

Definition 1.4. A metric space (X, d) is called complete if any Cauchy sequence

in X is convergent.

Using the metrics given in Example [1.2] the following are complete metric
spaces: (R, |]); (R",d); (R, 0); (R, p); Cla, b]; Bla,b]. On the other hand, (Q,|-])

is not a complete metric space.

Definition 1.5. Let (X, d) be a metric space. A mapping T : X — X is called
(1) Lipschitzian if there exists L > 0 such that

(2) (strict) contraction (or a-contraction) if T is a-Lipschitzian, with a €

[0,1);



1. The background of metrical fixed point theory 11

(8) nonexpansive, if T is 1-Lipschitzian,
(4) contractive, if d(Tx,Ty) < d(z,y), Y,y € X, x #;
(5) isometry, if d(Tx,Ty) = d(z,y), Vzr,y € X.

Example 1.3. (1) T:R =R, T(x) = §+3, x € R, is a strict contraction
and Fr = {6};
(2) The function T : [%,2] — [%,2}, T(z) = %, is 4-Lipschitzian with
Fr={1};

(8) T :[1,00] — [1,00], T(x) =« + =, is contractive and Fp = (.

The following theorem is the classical method of successive approximations
and is of fundamental importance in the metrical fixed point theory. It is called
contraction mapping theorem or Banach’s theorem or theorem of Picard-Banach

or theorem of Picard-Banach-Caccioppoli.

Theorem 1.1. (Contraction mapping principle) Let (X,d) be a complete
metric space and T : X — X be a given contraction. Then T has an unique fized
point p, and

T"(x) = p(as n—o0), VrelX.

There are various generalizations of the contraction mapping principle, roughly

obtained in two ways:

(1) by weakening the contractive properties of the map and, possibly, by
simultaneously giving to the space a sufficiently rich structure, in order
to compensate the relaxation of the contractiveness assumptions;

(2) by extending the structure of the ambient space.

Several fixed point theorems have been also obtained by combining the two

ways previously described or by adding supplementary conditions.

Remark 1.2. The conclusion of Theorem[1.1]is not valid if we consider "T' con-
tractive" instead of "I strict contraction” but if we ask that (X,d) is a compact

metric space, then the conclusion still holds.
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Normed spaces

Definition 1.6. Let E be a real (complex) vector space. A norm on E is a mapping

|l : E x E — R having the following properties:

(1) ||z]] =0 < x =0, the null element of E;
(2) [Az|| = || - ||z]|, for any x € E and any scalar A;
(3) |z +yll < |lz|| + |lyl|, for all z,y € E ("the triangle inequality").

The pair (E, ||-||) is called normed (linear) space.

Remark 1.3. If ||| is a norm on the (linear) vector space E, thend : ExXE — R
given by
d(z,y) =z —yll, z,y<E,

is a distance on E. This shows that any normed space can be always regarded as

a metric space with respect to the distance induced by the norm.

Remark 1.4. A Banach space is a normed space which is complete (as a metric

space).

Therefore, we deduce that all concepts related to the norm in a normed space
could be adapted from the metric space setting, including the contraction mapping

principle and all contractive type conditions.

Multivalued mappings

Let (X, d) be a metric space. We denote
PX)={ACX |A#0}, Pu(X)={ACP(X) | Ais closed and bounded }
and define the functional
D:P(X)x P(X) > R,, D(A,B)=inf{d(a,b)|acAbecB}.
We also consider the following generalized functionals:
p:P(X)x P(X)—=RyU{+00}, p(A,B)=sup{D(a,B)|ac A},
d: P(X)x P(X) >Ry U{+0}, §Y,Z)=sup{d(y,2)|yeY, z€Z},

Hy: P(X) x P(X) = Ry U{+oo}, Hu(A, B) =max{p(A, B), p(B,A)}.
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It is well known that Hy is a metric on P, (X)), commonly called Hausdorff-
Pompeiu metric, and that, if (X, d) is complete, then (P, 4(X), Hy) is a complete

metric space, too.

Definition 1.7. Let T : X — P(X) be a multivalued operator. An element x* € X
is a fized point of T if and only if x* € T(x*).

Denote, as in the single-valued case, by Fr or Fiz(T) the set of all fixed points
of T.

Definition 1.8. Let (X, d) be a metric space and T : X — P(X) be a multivalued
operator. T is said to be a multivalued weakly Picard operator if and only if for
each x € X and any y € T(x), there exists a sequence {x,} _, such that:

(1) vo =z, x1 =Yy;

(2) pi1 € T(xy), for alln =0,1,2,...;

(3) the sequence {x,},- is convergent and its limit is a fived point of T
A sequence {x,} — satisfying (1)-(2) is called sequence of successive approzima-
tions of a multivalued operator defined by the multivalued operator T and starting

values (z,y).

Definition 1.9. A map T : X — P, (X) is called a multivalued contraction if

and only if there exists a positive number ¢ < 1 such that
(1.1) Hy(Tz,Ty) < qd(z,y)
holds for all z,y € X.

Proposition 1.1. For any A, B,C € P, 4(X),
(1) D(xz,B) < d(z,y), for anyy € B,
(2) D(A,B) < Hq(A, B),
(5) Ha(A,C) < Hq(A, B) + Ha(B, C).

Definition 1.10. A map T : X — P, 4(X) is said to be a generalized multivalued
contraction if and only if there exists a positive number q < 1 such that

D(z,Ty) + D(y,Tx) }
2

(12) H(T2,Ty) < qmax {d@:, ), D(a, Tx), D(y.Ty)
holds for all x,y € X.

The following result, usually referred as Nadler’s fixed point theorem, gives a

multi-valued version of the Contraction mapping principle, i.e., Theorem[I.1]
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Theorem 1.2. Let (X,d) be a complete metric space and T : X — Py (X) a

multi-valued a-contraction, i.e., there exists a constant a € (0,1) such that
Hy(Tz,Ty) < ad(z,y), Y,y € X.

Then T has at least one fized point.

Difference inequalities

In order to prove several convergence theorems, we shall use various elementary

results concerning recurrent inequalities, as the following lemmas:

Lemma 1.1. Let {a,},—,, {bn},ey be sequences of nonnegative numbers and a
constant h, 0 < h < 1, so that

An1 S han + bn7 n Z 0.

e /flim, . b, =0, then lim,_, a, = 0.
o If > b, < o0, then Y07y ay, < oo.

Lemma 1.2. Let {¢,},_, be a sequence of nonnegative real numbers. Then,

n—o0

lime, =0 < Jbrgogk e, =0, kel0,1).
Commuting properties

Let X be a nonempty set and S, T : X — X be two operators. By definition,
S and T are commuting, if SoT =T o S.

For this notion, in set-theoretic aspects and in order-theoretic aspects of the
fixed point theory, we mention S. C. Chu and J. B. Diaz [49], J. B. Diaz [56],
Z. Hedrlin [64] (see for example references in I. A. Rus, Teoria punctului fix in
structuri algebrice, Univ. Babes-Bolyai, 1971 [141]), H. Cohen [54], J. P. Huneke
[66], W. M. Boyce [40], J. R. Jachymski (1971), A. A. Markov [90], S. Kakutani
[80] (see other references in I. A. Rus, Fixed point structure theory, Cluj Univ.
Press, 2006 [137])

As a generalization of this notion, Sessa [146] defined S and T to be weakly
commuting if

d(STx,TSz) < d(Sz,Tz), VzeX.
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There are several other concepts that weaken the notion of commuting map-
pings that were used for establishing common fixed point theorems. Here, we need

the following concept, defined by Jungck [79].

Definition 1.11. Let (X, d) be a metric space and S, T : X — X be two mappings.

We say that S and T are compatible, as a generalization of weakly commuting, if

lim d(STz,,TSz,) =0,

n—oo

whenever {x,} -, is a sequence in X such that

lim Sz, = lim Tz, =t, teX.
n—oo

n—oo

Jungck [79] also showed that commuting implies weakly commuting which,
in turn, implies compatibility property but the converse property is not true in

general, as show the following illustrative example.

Example 1.4. Let the functions f(x) = 2° and g(x) = 223, with X = R. They

are compatible, since
@) = g@)| =[2*| =0 & |fg(@) = gf(2)| = 6]2°| =0,

but the pair (f,g) is not weakly commuting.

Definition 1.12. A point x € X is called a coincidence point of a pair of self-
maps S, T, if there exists a point u € X, usually called a point of coincidence in
X, such that u = Sx =Tx.

Moreover, Jungck [77] defined S and T to be weaky compatible if they commute

at their coincidence points, i.e., if
Sz=Tz = STz=TSz, zelX.

Jungck [79] established the inclusions between these notions, respectively that
the commuting property implies weakly commuting property which, in turn, implies
compatibility property that implies weakly compatibility property but the reverse is
not generally true.

Secondly, Aamri and Moutawakil [1] introduced a notion which is independent

of the notion of weakly compatibility.

Definition 1.13. S and T mappings satisfy (E.A) property if there ezists a se-
quence {x,} -, € X such that

lim Sz, = lim Tz, =t, for some te€ X.
n—oo n—oo
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The following example shows that a pair of mappings can satisfy the (E.A)
property without being weakly compatible.

Example 1.5. Let (Ry,|:|) and define S and T by Sz = 2% and Tx = x + 2.
We have that Sx = Tx < x = 2. Let {z,},—, be a sequence in X, given by
T, = 2+ %, n > 1. Then, lim, .o Sz, = lim, ... Tz, = 4, so, S and T satisfy
property (E.A).

As ST(2) = S(4) =16, and T'S(2) =T(4) = 6, (S,T) is not weakly compatible.

In general, a pair satisfying (E.A) property need not follow the pattern of
containment of range of one map into the range of other as it is generally utilized

in proving common fixed point considerations but still it relaxes such requirements.
Example 1.6.

Consider X = [—1, 1] with the usual metric. Define S, T : X — X as follows:

1 _
29 xr = _17
T(x) = %, re(—1,1),
3 _
5 xr = ]_,
and
1
2 €r = _17
Sr) =14z ze(-1,1),
’71, r =1

Let the sequence {z,},_, 00 be given by z,, = % Then,

lim Sz, = lim Tz, =0,
n—0o0 n—o0

so the pair (5, 7T) satisfies (E.A) property.

The mappings T and S are also weakly compatible because T'(0) = S(0) = 0
and ST(0) =TS5(0) =0.

On the other hand, T(X) = {%,%} U (_71,%) and S(X) = [_71,%} Hence,
neither 7'(X) is contained in S(X) nor S(X) is contained in 7'(X).
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2. Fixed point iteration procedures

Let (X,d) be a metric space, D C X a closed subset of X (we often have
D =X)and T : D — D a selfmap possessing at least one fixed point p € Fr. For
a given zy € X we consider the sequence of iterates {x,} -, determined by the

successive iteration method
(2.3) Tp=T(rp1) =T"(x0), n=12,...

As we already mentioned, the sequence defined by is known as the se-
quence of successive approzimations or, simply, Picard iteration.

Picard iteration appears to have been introduced by Liouville [86] and used by
Cauchy. Tt was developed systematically for the first time by Picard [118] in his
classical and well-known proof of the existence and uniqueness of the solution of
initial value problems for ordinary differential equations, dating back in 1890.

When the contractive conditions imposed on the map T are slightly weaker,
then the Picard iteration need not converge to a fixed point of the operator T and

some other iteration procedures must be considered.

All the next fixed point iteration schemes are introduced in a real normed space
(E,[]-]]). Let T : E — E be aselfmap, o € E and A €]0, 1[. The sequence {2, },~,
given by

(2.4) Tpr1 =1 =Nz, +ATx,, n=01,2,..

is called the Krasnoselskij iteration procedure or, simply, Krasnoselskij iteration.
It is easy to see that the Krasnoselskij iteration {z,} -, given by (2.4)) is exactly

the Picard iteration corresponding to the averaged operator
Ty=(1—=XI+ X, I= the identity operator

and that for A = 1 the Krasnoselskij iteration reduces to Picard iteration. More-
over, we have

Fix(T) = Fiz(Ty), YA€ (0,1].
1
29
Krasnoselskij [84] in 1955 and in the general form by Schaefer [145] in 1957.

Krasnoselskij iteration, in the particular case A\ = 5, was first introduced by
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The normal Mann iteration procedure or Mann iteration, starting from zo € F

is the sequence {z,} -, defined by
(2.5) Tpi1 = (1 —ay)x, +a,Tx,, n=0,1,2..

where {a,} -, CJ0, 1] satisfies certain appropriate conditions.

If we consider
T,=1—-ay)I+a,T,
then we have Fix(T) = Fixz(T),), for all a, € (0, 1].

If the sequence a, = X (const), then the Mann iterative process obviously
reduces to the Krasnoselskij iteration.

The original Mann iteration was defined in a matrix formulation by Mann [89]
in 1953.

The Ishikawa iteration scheme or simply, Ishikawa iteration was introduced
by Ishikawa [71] in order to establish the strong convergence to a fixed point for
a Lipschitzian and pseudo-contractive selfmap of a convex compact subset of a
Hilbert space.

It is defined by xy € X and

(2.6) Tpr1 = (1 —ap)xy + a, T [(1 = b))z, + b, T2,), n=0,1,2 ..

where {a,} 7, {b.}.—, C|0, 1] satisfy certain appropriate conditions.
In the last three decades both Mann and Ishikawa schemes have been success-
fully used by various authors to approximate fixed points of different classes of

operators in Banach spaces, see [27].
If we rewrite ([2.6)) in a system form

Tor1 = (1 —ap)xy + ayTy,, n=0,1,2 ..,

then we can regard the Ishikawa iteration as a sort of two-step Mann iteration,
with two different parameter sequences.

Despite this apparent similarity and the fact that, for b, = 0, Ishikawa iter-
ation reduces to the Mann iteration, there is not a general dependence between
convergence results for Mann iteration and Ishikawa iteration, see [27].

Some authors considered the so called modified Mann iteration, respectively

modified Ishikawa iteration, by replacing the operator T' by its n-th iterate 7.
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For example, the modified Ishikawa iteration is defined by

Yn = (1 = by)xy, + b, T,
Tpr1 = (1 —ap)x, +a, Ty, n=0,1,2,...
Recently, the so called Ishikawa and Mann iteration procedures with errors, for
nonlinear mappings were introduced by Liu [87], [88] and by Xu [171], as follows:
(a) Let K be a nonempty subset of a Banach space E and T': K — K be an
operator. The sequence {z,} _, defined by zy € K and

n = (1— bn Ty + bnTnxn + Un,
27) Yn = ( )

Tpr1 = (1 —ap)xy + anT"yp +un, n=0,1,2, ..,
where {a,},—, and {b,} _, are some sequences in ]0,1[ satisfying appropriate

conditions and {u,} -, and {v,} ~, are sequences in K such that

(2.8) 2 lunll <00, 3 flom]l < oo,

is called Ishikawa iteration process with errors.

The Mann iteration with errors is similarly defined and could be obtained by
simply taking b, = 0 in .

We note from [27] that in spite of the fact that the fixed point iteration proce-
dures are designed for numerical proposes and hence the consideration of errors is
of both theoretical and practical importance, however it seems that the iteration
process with errors is not quite satisfactory from a practical point of view.

Indeed, the condition imply, in particular, that the errors tend to zero,
which is not suitable for the randommness of the occurrence of errors in practical
computations.

(b) Let K be a nonempty convex subset of £ and T : K — K be a mapping.
For any given z, € K, the sequence {z,},, defined iteratively by

Tn4+1 = Anln + bnTyn + Cpn,

Yp = alx, + 0, Tx, + v, n=01,2 ..,

where {a,}, "o, {bn}regs {cntoeo, {ab e o {0}, {ch}oo, are sequences in the

interval (0,1) such that
an+b,+c,=1=a,+0,+c,

and {u,}, -, {vn},—, are bounded sequences in K, for all n = 0,1,2, ..., is called

the Ishikawa iteration with errors.
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The Mann iteration with errors could be obtained by taking formally b, =
bl =0, for all integers n > 0.

We also mention in the end other two fixed point iterations methods for which
some stability results have been obtained by Harder and Hicks [61], [62].

The Kirk’s iteration procedure was introduced by Kirk [83] and it is defined by
zo € F and

2
Tpt1 = Ty + Ty, + T 2, + ... + oszkxn,

where k is a fixed integer, k > 1, a; > 0, for i =0,1,....k, ay > 0 and
Oé1+()é2+...+06k:1.

This scheme reduces to Picard iteration, for k£ = 0 and to Krasnoselskij itera-

tion, for k = 1.

The Kirk, Krasnoselskij, Mann and Ishikawa iteration procedures are mainly
used to generate iterative methods for approximating fixed points of various classes
of mappings in normed linear spaces, for which the Picard iteration does not

converge.

Let C be a closed, bounded and convex set. The sequence {z,} _, defined by
ro € C' and
Ty = T[fa:n_l, n=12,..,
where T,x = 25Tx, n > 1, will be called the Figueiredo iteration procedure.
This iteration scheme is attributed to Figueiredo in Istratescu [72].
We note from [27] that the Figueiredo iteration converges strongly to a fixed

point of nonexpansive operators T : C' — C.



CHAPTER 2

Stability of fixed point, common fixed point and
coincidence point iterative procedures for mappings

satisfying an explicit contractive condition

This chapter presents the concept of stability of fixed point iteration procedures
and surveys the most significant contributions in this area.

The concept of stability is fundamental in various mathematical domains, such
as Differential Equations, Difference Equations, Dynamical Systems, Numerical
Analysis etc. Our interest is for stability theory in Discrete Dynamical Systems.

In this context, one of the concepts of stability that we use in the paper is
the one considered by Harder [60], Harder and Hicks [61], [62], who has been
systematically studied this problem.

The stability of Picard iterative procedure for a fixed point equation was first
studied by Ostrowski [115] on metric spaces. This subject was formally developed
by several authors.

One of the extensions was made by Berinde [27] who introduced a weaker and
more natural notion of stability, called weak stability, by adopting approximate
sequences instead of arbitrary sequences in the definition of stability. Following
this concept, we continued to study the problem of weak stability of common fixed
point iterative procedures for some classes of contractive type mappings.

The author’s original contributions in this chapter are: Definition [5.19] Theo-
rem Theorem [£.9] Examples Example Example [6.12] Definition
and Theorem [7.12]

Most of them were published in [158] (Timis, 1., On the weak stability of fized
point iterative methods, presented at ICAM7, Baia Mare, 1-4 Sept. 2010), [159]
(Timis, I., On the weak stability of Picard iteration for some contractive type map-
pings, An. Univ. Craiova Ser. Mat. Inform. 37 (2) (2010), 106-114), [160]
(Timis, 1., On the weak stability of Picard iteration for some contractive type map-
pings and coincidence theorems, International Journal of Computer Applications

21
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37 (4) (2012), 9-13) and [169] (Timis, I. and Berinde, V., Weak stability of itera-
tive procedures for some coincidence theorems, Creative Math. Inform. 19 (2010),
85-95).

1. Stability of fixed point iteration procedures

Intuitively, a fixed point iteration procedure is numerically stable if, "small"
modifications in the initial data or in the data that are involved in the computation
process will produce a "small" influence on the computed value of the fixed point.

Let (X, d) be a metric space and we define a fixed point iteration procedure by

a general relation of the form
Tpi1 = f(T,x,), n=0,1,..,

and considering that f(7,z,) does contain all parameters that define the fixed
point iteration procedure, where 7' : X — X is an operator and zy € X, with
Fr # 0 and {z,} , a sequence generated by a fixed point iteration procedure

that ensure its convergence to a fixed point p of T

o0

o> we usually follow the steps:

In practical applications, when calculating {z,, }

(1) We choose the initial approximation zy € X;

(2) We compute 21 = f (T, ) but, due to various errors that occur during the
computations (rounding errors, numerical approximations of functions,
derivatives or integrals etc.), we do not get the exact value of z, but a
different one, say y,, which is however close enough to 1, i.e., y; ~ x;.

(3) Consequently, when computing x5 = f (T, z1), we will actually compute
xo as o = f(T,y;) and so, instead of the theoretical value xy, we will
obtain in fact another value, say 1, again close enough but generally
different of x,, i.e., yo = x, ..., and so on.

00
n=0’

In this way, instead of the theoretical sequence {x,} defined by the given
iterative method, we will practically obtain 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 (in some sense) to x, at each stage, the approximate
sequence {y, },—, still converges to a fixed point of T

Following basically this idea, the next concept of stability was introduced.
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Definition 1.14. [60] Let (X, d) be a metric space and T : X — X a mapping,

xg € X and let assume that the sequence generated by the iteration procedure
(1.9) Tp1=f(T,x,), n=0,1,2,..,

converges to a fixved point p of T.

Let {y,},—, be an arbitrary sequence in X and set

en =d Y+, [ (T,yn)), n=0,1,2,...
We shall say that the fized point iteration procedure (@) s T'-stable or stable
with respect to T if and only if

g e =0 &l =p.

Remark 1.5. We note from [27] that the Picard iteration is T-stable with respect
to any a-contraction T and also with respect to any Zamfirescu mapping T, both

of these results being established in the framework of a metric space setting.

Remark 1.6. [t has also been shown in [27] that in a normed linear space setting,
certain Mann iterations are T-stable with respect to any Zamfirescu mapping.
In the same setting, a similar result was proved for Kirk’s iteration procedure,

in the class of c-contractions (0 < c < 1).

Remark 1.7. One of the most general contractive definition for which correspond-
ing stability results have been obtained in the case of Kirk, Mann and Ishikawa
iteration procedures in arbitrary Banach spaces appears to be the following class
of mappings: for (X,d) a metric space, T : X — X is supposed to satisfy the

condition
(1.10) d(Tz,Ty) < ad(z,y) + Ld(z, Tx),

for some a € [0,1), L >0 and for all z,y € D C X.

This condition appears in [110] and other related results may be found in [107T],
[132], [133].

We note from [27] that any a-contractive and any Zamfirescu operator satisfy
11.10).

However, if a mapping T satisfies only , it need not have a fived point
in general. But, in the case of Zamfirescu mappings, Kannan mappings or weak
contractions, if T has a fixed point and satisfies , then the fized point is

UNLQUE.
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We shall present in the following some general stability results for mappings
satisfying (1.10]).
Theorem 1.3. [110] Let (X,d) be a metric space and T : X — X a mapping
satisfying . Suppose T has a fixed point x*. Let xqg € X and x4 = Tz,
n > 0.

Then {x,},-, converges strongly to x* and is stable with respect to T

Theorem 1.4. [110] Let E be a normed linear space and T : E — E a mapping
satisfying . Suppose T has a fized point x*. Let xy be arbitrary in E and
define
zn=1—=pn)xn+ 6. Txn, n>0

and

Tor1 = (1 —ap)xy + Tz, n>0,
where {ou, }, -, and {B,},—, are sequences in [0, 1] such that 0 < o < v, for some
a.

Let {y,},—, be a given sequence in E and define

Sp = (1 - 671) Yn +5nTyna n >0
and
€n = ||Yns1 — (1 — ) Y — e T'spl|, n>0.
Then {x,},_,00 converges strongly to x* and is stable with respect to T'.

Similar results can be proved in a normed linear setting for Kirk’s iteration
procedure and for self-operator T satisfying ({1.10]).
On the other hand, there are several examples of fixed point iteration proce-

dures which are not stable with respect to certain operators.

Remark 1.8. Harder and Hicks [62] showed that neither Picard iteration, nor
Mann or Kirk’s iterations are T-stable with respect to a nonexpansive self-operator
of a closed convex bounded set in a Hilbert space, but the next theorem shows that

Figueiredo’s iteration is T-stable with respect to nonexpansive mappings.

Theorem 1.5. [62] Let K be a closed, bounded and convex subset of a Hilbert
space H containing 0. If T : K — K is a nonexpansive mapping, then for any
zg € K, the sequence {x,},_,, defined by

2
n
Ty = Tn Tpo1, n=1,2 ..

and Thx = 5T, is T-stable.
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2. Stability of common fixed point iterative procedures

The concept of stability of common fixed point iterative procedures for a pair of
mappings (S, T') with a coincidence fixed point was introduced by Singh, Bhatnagar
and Mishra [151].

Let X be an arbitrary nonempty set and (X, d) a metric space.

Let S, T : X — X be two mappings, such that T'(X) C S(X). For any xy € X,

consider the common fixed point iteration procedure
Stpi1=Tx,, n=0,1,..,

which is the iterative procedure introduced by Jungck [78].

The common fixed point iteration procedure becomes the Picard iterative pro-
cedure when S = I, the identity map on X.

Jungck [78] showed that the mappings S and T satisfying

(2.11) d(Tz,Ty) < kd(Sz,Sy), 0<k<1, Vz,y€ X,

have a common fixed point in X, provided that S and T" are commuting, T(X) C
S(X) and S is continuous.
The following significantly improved version of this result is generally called

the Jungck contraction principle, obtained by Singh and Prasad [152].

Theorem 2.6. [152] Let (X, d) be a metric space and let S,T : X — X satisfying
(2.11). If T(X) C S(X) and S(X) or T(X) is a complete subspace of X, then S
and T have a coincidence point.

For any xy € X, there exists a sequence {x,} ~, in X such that Sz, = T,
n=0,1,2,.., and assume that {Sz,} ~, converges to Sz for some z in X and
Sz =Tz = u, respectively the point of coincidence of S and T.

If S and T commute just at z, then S and T have an unique common fixed

point.

As concerns the construction of the sequences {Sz,},_, and {z,},, under
the procedure Sz,,y =Tx,, n=0,1,2,..., we may calculate a; = T'zy and then
may proceed to solve the equation Sx; = a;.

If the map S is not an injection, then we have multiple choices for x;, as

[e.9]

z1 € S7tay. So, in practice, instead of getting an exact sequence { Sz, }- .

we get
an approximative sequence {Sy,},-, and this is the main problem that stability

plays a very important role in actual numerical computations.
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Definition 2.15. [152] Let (X, d) be a metric space and let S, T : X — X. Let
z to be a coincidence point of T and S, that is, Sz =Tz = .
For any xo € X, the sequence {Sx,} ~, generated by the general iterative

procedure
(2.12) Stpy1=Tx,, n=12,..,

and suppose that it converges to u € X. Let {Syn}.—, C X be an arbitrary
sequence and set
€n = d(SYns1,Tyn), n=0,1,2,....

Then the iterative procedure is (S, T')-stable or stable with respect to (S, T)
if and only if

lime, =0 — nh_)rgOSyn = u.

n—oo

Some authors name to be the Jungck common fixed point iteration
procedure.

Definition reduces to that of the stability of the fixed point iterative pro-
cedure due to Harder and Hicks [61], [62] when S = I, the identity map on X.

For several examples discussing the practical aspect and theoretical importance
of the stability when S is the identity map on X in the above definition, see Berinde
[27].

3. Several studies about stability

As we mentioned in section 1, the first stability result for fixed point iteration
procedures has been obtained by Ostrowski[115].

Harder [60] introduced the concept of stability for general fixed point itera-
tion procedures and made a systematical study by obtaining stability results that
extend Ostrowski’s theorem to mappings satisfying more general contractive con-
ditions for various fixed point iteration procedures.

Harder and Hicks [62] showed that the function iteration, for mappings T
satisfying various contractive definitions is T-stable, as well as for several iteration
schemes other that function iteration. Rhoades [132] extended some of the results
of Harder and Hicks [62] to an independent contractive definition and also proved

stability theorems for additional iteration procedures.
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Moreover, Rhoades [133] continued the study of stability results by using a
more general contractive definition than the ones studied by Harder and Hicks
[62]: for (E,||-||) a normed linear space, 1" a selfmap of E, there exists a constant
C, 0 < C < 1 such that for each z,y € F,

(3.13) [Tz — Ty|| < CM(z,y),
where

[ =Tl + lly = Tyl
2 )

M(z,y) — max{ux .

le =Tyl My =TI},

and then proved several stability results which are generalizations and extensions
of most of the results of Harder and Hicks [62] and Rhoades [132]. Osilike [111]
continued the study of stability results of iteration procedures for mappings satis-
fying (3.13).

Osilike and Udomene [114] gave short proofs of several stability results for fixed
point iteration procedures established by Harder and Hicks [62], Rhoades [132],
[133], Osilike [111], [110]. This method of proof yielded both the convergence of
the sequence of iterates to the fixed point of the mappings as well as the stability
of the iteration procedure. These stability results have also been applied by Imoru
and Olatinwo [69], Imoru, Olatinwo and Owojori [70], [L04] and some others.

Olatinwo [99] also proved stability results for two newly introduced hybrid
fixed point iterative algorithms of Kirk-Ishikawa and Kirk-Mann type in normed
linear space, using certain contractive condition, in extension and improvement
of the results of Harder and Hicks [62], Rhoades [132], [133], Berinde [26], [27],
[28], [29] and Osilike [110].

Moreover, Olatinwo [100] made generalizations and obtained first stability re-
sults using the concepts of pointwise convergence of sequences of operators and
the fixed point iteration procedure was investigated for the case of two metrics.

The Ishikawa and Mann iteration processes have been studied extensively by
various authors and have been successfully employed to approximate fixed points
of several nonlinear operator equations in Banach spaces. Rhoades [131] compared
the performance of these two iteration schemes and showed that even though they
are similar, they may exhibit different behaviors for different classes of nonlinear
mappings.

In its original form, the Ishikawa procedure does not include the Mann process

as a special case because of the condition 0 < «,, < 5, < 1. In an effort to have
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an Ishikawa type iteration sheme which does include the Mann iteration process
as a special case, some authors (see for example Rhoades [131] and Osilike [111])
have modified the inequality condition to read 0 < «,, 5, < 1.

In his study of stability of iteration procedures for mappings satisfying ,
Rhoades [133] proved that Picard iteration, the Mann iteration and the iteration
method of Kirk are T-stable. Osilike [111] generalized and extended these results
and proved that the Ishikawa process is T-stable for a mapping satisfying .

For a contractive definition which is more general than the contractive defini-
tion , a mapping 7T is said to be quasi-contractive if there exists a k € [0,1)
such that

[Tz — Tyl < kmax {[lz -y, |z — Tz||, ly = Tyll,

(3.14) lz =Tyl , [ly = T},

for all x,y € F. Is is clear that condition implies . Furthermore, it is
shown in Rhoades [130] that the contractive definition is one of the most
general contractive-type definitions for which Picard iteration yields an unique
fixed point.

Osilike [107] proved that certain Mann iteration procedure is T-stable for quasi-
contractive maps in Banach spaces which are either g-uniformly smooth or p-
uniformly convex. These Banach spaces include all Hilbert spaces, L,, or [, spaces,
1 < p < oo, and Sobolev spaces, WP 1 < p < oco. Moreover, Osilike [108]
extended these results to certain Ishikawa iteration method and included all the
results of Osilike [107] as special cases.

Osilike [113] established stability results for the important class of strongly
pseudo-contractive operators. Furthermore, he construct certain T-stable Mann
and Ishikawa iteration methods which converge strongly to the fixed point of 7'
A related result dealt with the construction of stable iteration methods for the
iterative approximation of solutions of nonlinear operator equations of the ac-
cretive and strongly accretive types. These stability and convergence results are
improvements of several results that have appeared for fixed points of Lipschitz
strong pseudo-contractions (see, for example, Chidume [46] and Chidume [47]).
Furthermore, Osilike [112] extended all these results from real g-uniformly smooth
Banach spaces to arbitrary real Banach spaces.

Zhou [172] studied the stability of the Mann and Ishikawa iteration procedures
for strong pseudo-contractions without Lipschitz assumptions in real uniformly Ba-

nach spaces. Then, Fang [58] improved and extended the corresponding results
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of Osilike [113] and Zhou [172] by developing some new Ishikawa iteration proce-
dures with errors for approximating the fixed points of strong pseudo-contractions
and discussed the stability for the strong pseudocontractions without Lipschitz
assumptions in uniformly smooth Banach spaces.

Then, Zhou [174] examined the weak stability of the Ishikawa iteration pro-
cedures for Lipschitzian and ¢-hemicontractive mappings in real Banach spaces,
under a strict condition of the function ¢ defined in ¢-hemicontractive operators,
lim,, @ > 0. This condition is not desirable because a lot of the strictly
increasing functions ¢ cannot satisfy the strict requirement.

Furthermore, Huang [65] proved the weak T-stability of the Mann and Ishikawa
iterative sequences with errors without the strict restriction lim,,_, @ > 0 on
the Lipschitzian ¢-hemicontractive operators in arbitrary Banach spaces.

Jungck [78] generalized the Banach’s contraction principle, by replacing the
identity map with a continuous map, thus obtaining a common fixed point theo-
rem. Following the Jungck’s contraction principle, many authors proved general
common fixed points theorems and coincidence theorems (see Imdad and Ali [67],
Aamri and Moutawakil [1]).

Stability results of common fixed point iterative procedures and coincidence
points were obtained by some authors. Czerwik [55] extended Ostrowski’s classi-
cal theorem for the stability of iterative procedures to the setting of b-metric spaces.
Then, Singh, Bhatnagar and Mishra [151] discussed the stability of Jungck type
iterative procedures for the coincidence equation Sx = T'x, where Y is an arbitrary
nonempty set, S, T are maps on Y with values in a space X and T(Y) C S(Y).
They established some stability results for Jungck and Jungck-Mann iteration pro-
cedures by employing two contractive definitions which generalized those of Osilike
[110] but independent of that of Imoru and Olatinwo [69]. Furthermore, Singh
and Prasad [152] studied the problem of stability for this coincidence equation on
b-metric spaces.

Moreover, Olatinwo [97], [101] obtained some stability results for nonself map-
pings in normed linear spaces which are generalizations and extensions of Berinde
[29], Imoru and Olatinwo [69], Imoru, Olatinwo and Owojori[70]. Olatinwo and
Postolache [106] also studied the stability in convex metric spaces for nonself map-
pings satisfying certain general contractive definitions in the case of Jungck-Mann

and Jungck-Ishikawa iteration procedures.
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4. Stability results for common fixed point iteration procedures using

certain classes of contractive nonself mappings

Let (X, d) be a metric space, Y C X and S,T : Y — X two nonself mappings,
satisfying the following contraction condition: 3¢ € (0, 1) such that

(4.15) d(Txz,Ty) < qd(Sz,Sy), Vx,yeY.

Goebel [59] proved that S and T have a coincidence point in X (see Buica
[41]) and Jungck [77] showed that the maps S and T satisfying (4.15) have an

unique common fixed point in a complete space (X, d), provided that

(1) T(X) € S(X);
(2) S is continuous;
(3) S and T' commute.

The next theorem is an improved version of the Jungck’s contraction principle
[77], which has been obtained by Singh and Prasad [152].

Theorem 4.7. [152] Let (X,d) be a metric space, Y a subset of X and let S,T :
Y — X be two mappings satisfying .
IfTY)CSY) and S(Y) or T(Y) is a complete subspace of X, then S and
T have a coincidence point (that is, there exists z € Y, such that Sz =Tz).
Moreover, for any xy € Y, there exists a sequence {x,},— in'Y, such that
(1) Sxpy1 =Tz, n=0,1,2,..,
(2) {Sxz,},-, converges to Sz for some coincidence point z in'Y.
Further, if Y = X and S and T commute (just) at z, then S and T have an

unique common fized point, that is, Sz =Tz = z.

Starting from the stability results of Singh and Prasad [152], we study the
problem of stability of common fixed point iterative procedures for some classes
of contractive type mappings.

As we have seen previously, the definition of (S, T')-stable iterative procedures

e}

o DBut, as

used in [152] is based on the choice of an arbitrary sequence {Sy,}
shown in the paper [27], it is not natural to consider an arbitrary sequence in
Definition [2.15] because in this way, we do not treat the problem of stability in its

general context.
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Our main result in this respect is given by the next theorem, which completes

Theorem [4.7]by the result regarding the (S, T')-stability of the Jungck type iteration
procedure.

Theorem 4.8. (Timig, [169]) Let (X, d) be a metric space, Y a subset of X and
let S,T:Y — X be two mappings satisfying

(4.16) d(Tz,Ty) < qd(Sz,Sy), Vz,y €Y, q€[0,1).

IfT(Y)CS(Y) and S(Y) is a complete subspace of X, then S and T have an
unique coincidence point (that is, there exists z € Y, such that Sz =Tz = u.).

Moreover, for any xo € Y, there exists a sequence {Sxz,},~, €Y such that

(i) Stpy1 =Tx,, n=0,1,2,..

(it) {Swz,},", converges to u.

°)

Let {Syn}.—o CY be an approzimate sequence of {Sx,}, ., and define
€n = d(Syn-‘rlvan)a n = 07 172a
Then,
(1) d(u, Syni1) < d(u, Stni1) + ¢" 1 d(Sxo, Syo) + 300 ¢ "€
(2) lim, 00 Sy, = u, if and only if lim, €, = 0, that is, the iterative
procedure is (S, T)-stable.

PROOF. Let xy to be an arbitrary point in Y. Since T(Y) C S(Y), we can

o0

choose z; € Y, such that T'zy = Sz4, in order to generate the sequence {Sz,},_,,

defined by (i).

If z := x, and y := x,_; are two successive terms of the sequence {Sxz,}

then, by (4.16]), we have
(4.17) d(Szpy1, Sxy) = d(Txp, Tap—1) < qd(STy, STh_1).

oo
n=0’

Now, by induction, we obtain

d(an+k,S$n+k,1) S qkd(sxnv S'rnfl)v n = 07 17 ceey k= 17 27 .

*)

and then,
d(STpip, STn) < d(STpip, STrip_1) + ... +d(STpi1, Szy) <
< (S0, S0 1) + ...+ (ST, S0 1) =

p—1 l-¢
=q (1 +...+q ) d(SZL'n, an—l) =4q- 1— q ' d(SZEnv S$n—1) <

d(Szq,Sx9), n=0,1,..

n

q q
< ——d(Szy, Stpq) < ... <
1_q(x Tpo1) < ST

*9
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which shows that {Sz,} -, is a Cauchy sequence.
Since S(Y') is a complete subspace of X, there exists u € S(Y) and z € Y,
such that

nh_g)lo Stpi =u= 295z
Now, we shall prove that Sz = Tz. Indeed, from (4.17)), we have
d(Sx,,Tz) = d(Tw,_1,Tz) < qd(S7,_1,52) < ¢"'d(Sx1,S82). (%)
Letting n — oo in (*), we obtain

lim d(Sxz,,Tz) =0,

n—oo
which means that
im Sz =T,

and hence, we get
Sz=1Tz,

that is, 2z is a coincidence point of S and T

Now let us show that T" and S have a unique coincidence point. Assume there
exists 2z’ € Y such that T2 = Sz’. Then, by (4.16)), we get

d(Sz',Sz) =d(TZ,Tz) < qd(S7,Sz),

which shows that Sz’ = Sz = wu, that is, T" and S have a unique point of coinci-
dence, z.

Now, by the triangle inequality, we have

d(uv Syn—l—l) S d<u7 an-‘rl) + qd(S:L‘n, Syn) +€n S
< d(u, Sxpi1) + qd(T2p—1, TYn-1) + A(TYn-1, Syn)] + €n.

After iterating n — 1 times this process, one yields (1).

To prove (2), first suppose that lim,,_,o, Sy, = . Then,
€n = d(synJrla Tyn) S d(SynH, an+1) + d(Txna Tyn) S
S d<Syn+1, Smn-i—l) + qd(S%, Syn) S
< d(Syns1,u) + d(u, Stpi1) + qd(Swp, u) + qd(u, Sy,) — 0, as n — oo,

because {Sx,}, ., converges to u and lim,_, Sy, = w.

Now, suppose that lim,, , €, = 0 and prove that lim,,_.., Sy, = u.
Then,
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< €, + qd(STp, Syn) + d(STpi1,u).

Because lim,, ,, Sz, = u and applying Lemma [1.2] we get the conclusion,
lim,, oo d(u, Syn11) = 0. O

Remark 4.9. One can obtain the last part of the proof directly by inequality (1),
without using Lemma [1.2,

Remark 4.10. Particular cases of Theorem [/.8.

(1) If Y = X, then by Theorem we obtain an improved result of stability
for the Jungck’s contraction principle, see Singh and Prasad [152].

(2) If fY = X and S = I (the identity map on X ), then by Theorem
then we obtain an improved result of stability for Banach’s contraction

mapping principle, see Ostrowski [115] and Harder and Hicks [62].

Theorem 4.9. (Timig, [169]) Let (X,d) be a metric space, Y a subset of X and
let S,T:Y — X be two mappings satisfying

(4.18)  d(Tz,Ty) < qd(Sz,Sy) + Ld(Sz,Tz), Vx,y €Y, ¢ € (0,1), L >0.

IfTY)CSY) and S(Y) is a complete subspace of X, then S and T have an
unique coincidence point (that is, there exists z € Y, such that Tz = Sz = u).

Moreover, for any xo € Y, there exists a sequence {Sxz,},~, € Y such that

(i) Sxpi1 =Tz, n=0,1,2,...,

(it) {Sxz,},~, converges to u.

Let {Syn}.—y CY be an approzimate sequence of {Sx,}. -, and define
€n = d(SYns1,Tyn), n=0,1,2,....
Then,
(1) d(u, Syns1) < d(u, Sxpy1) + ¢"Hd(Szo, Syo) + LY "o ¢ "d(Sx,, Tx,) +
Z?:o q" "€
(2) limy, 0o Sy, = if and only if lim, o€, = 0.

PROOF. Let xy to be an arbitrary point in Y. Since T(Y) C S(Y), we can

[e.9]

choose 1 € Y, such that T'zq = Sy, in order to generate the sequence {Sz,} ~,

defined by (i).

If z := x, and y := x,_1 are two successive terms of the sequence {Sx,}

then, by (4.18)), we have
d(Szpi1,Sxy) = d(Twy, Tay—1) < qd(STy, STp_1) + Ld(STy, Txy) =

oo
n=0’
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= qd(Sxy, Stp_1) + Ld(STy, STpi1),

so, we obtain

(4.19) d(an+1w9x@)§AI£LEd(an,an_Q.

Now, by induction, we obtain

q

k
1—L) d(Sl’n,SfEn_l), n:O,l,..., k= 1,2,...,

A(Stnies Snirr) <
and then,
d(STptp, STn) < d(STpap, SThgp—1) + ... +d(STpyi1, Szy) <

q \? q B
< T d(Szp, Szpq)+ ...+ ——d(Sx,, Sxpq) =

- 1-L
_ 4 ¢\ _
_]:_Ll1+.”4-(1_L) ]ﬂsxm5¢m4)_
L ()
q 1-L
= -1 . — IEL . d(SJZn, Sl’n_l) =

i ()] s <
1-L—gq 1-L 2=

q q g \"!
<—1  (Swn, Swa )< ... < (+L) " disa,Swo),
for n = 0,1, ..., which shows that {Sz,}, -, is a Cauchy sequence.

Since S(Y) is a complete subspace of X, there exists u € S(Y) and z € Y,

such that

nhﬁrglo Stpy1 =u= >S5z
Now, we shall prove that Sz = Tz. Indeed, from (4.19)), we have
d(Sz,, Tz) =d(Tx,_1,T2) < qd(Szp_1,52) + Ld(Sxp_1,Txn 1) =

= qd(Szy,_1,S2) + Ld(Szy,_1, Sz,) <

n—1
gww%quJwaL) d(Sz1, Szo).  (%#)

Letting n — oo in (#x*), we obtain

lim d(Sxz,,Tz) =0,

n—oo
which means that
lim Sz =Tz,
and hence, we get

Sz=Tz,

that is, z is a coincidence point of S and 7.
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Now let us show that T" and S have a unique coincidence point. Assume there
exists 2/ € Y such that T2 = Sz’. Then, by (4.18)), we get

d(S7',S2) =d(T7,Tz) < qd(S7,Sz) + Ld(SZ',T2") = qd(S7, Sz),

which shows that Sz’ = Sz = u, that is, T and S have an unique coincidence
point, z.

For any nonnegative integer n, we have
d(Smn-i-la Syn—i-l) = d(T{lZ, Syn—f—l) S d(Txna Tyn) + d(Tym Syn-i—l) S
< qd(Szp, Sy,) + Ld(Sz,, Tx,) + €, <

< @d(STp_1,SYn_1) + qLd(Sxp_1, Txpn_1) + Ld(STp, T2p) + qen_1 + €n.

After iterating n — 1 times, we obtain

d(STpi1, SYns1) < ¢"THd(Swo, Syo) + LY ¢""d(Sx,, Ty,) + > ¢" e,

r=0 r=0

Therefore,

d(u7 Syn+1) S d(uv S$n+1) + d(Sl'nJ,_l, Syn+1) <

n

< d(u, Snsr) + ¢ d(Swo, Syo) + LY " (S, Tye) + 3 q" ey

r=0 r=0
This provides (1).

In order to prove (2), assume that lim,,_,., Sy, = u. Then,
€n = d(SyTL+17 Tyn) < d(Syn+17 anJrl) + d(Txnu Tyn) <
S d(Syn+17 Smn+1) + qd(an7 Syn) + Ld(Sl’n, Tmn) S

< d(SYns1,u) + d(u, Sxpiq) + qd(Szy, u) + qd(u, Sy,) + Ld(Sxy,, STpit).

For n — oo, we obtain that ¢, — 0, since {Sx,} -, converges to u and
lim,, oo Sy, = u.

Now, suppose that lim,, .o, €, = 0.

Then,

d(SynJrla u) S d(SynJrla Tyn) + d(Tl’n, Tyn) + d(Tajn; u) S

< €, + qd(Szy, Syn) + Ld(Sxy,, Tx,) + d(STpsq, uw).

We have d(Sxz,, Txz,) = d(St,, Sz,_1) and since {Sx, }, -, converges to u, we
get lim,, ., d(Sz,, Tz,) = 0 and hence, applying Lemma we get the conclu-

sion, lim, oo d(u, SYns1) = 0. O
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Remark 4.11. One can obtain the last part of the proof directly by inequality (1),
without using Lemma [1.2,

Remark 4.12. Particular cases of Theorem [4.9.

(1) If Y = X, then by Theorem we obtain an improved result of stability
for the Jungck’s contraction principle, see Singh and Prasad [152].

(2) If Y = X and S = I (the identity map on X ), then by Theorem[{.9, we
obtain an improved result of stability for Banach’s contraction mapping
principle, see Ostrowski [115].

(3) If Y = X and S = I (the identity map on X ), then by Theorem [{.9, we
obtain an improved result of stability for the Kannan’s fixed point theorem
[81], see Harder and Hicks [62].

(4) If Y = X and S = I (the identity map on X ), then by Theorem
we obtain an improved result of stability for the Zamfirescu’s fixed point
theorem, that is, Theorem 2 from Harder and Hicks [62].

(5) If Y = X and S = I (the identity map on X ), then by Theorem
we obtain an improved result of stability for the Chatterjea’s fixed point
theorem [45].

5. Weak stability concept of fixed point iteration procedures and

common fixed point iteration procedures

In this section, we review some existing results on the weak stability of fixed
point iteration procedures and we transpose this concept to a pair of mappings
with a coincidence point.

The concept of (almost) stability is slightly not very precise because of the
sequence {y, }, -, which is arbitrary taken. From a numerical point of view, {y, },—,
must be an approzimate sequence of {x,} ~ .

By adopting a concept of such kind of approximate sequences, Berinde [27]
introduced a weaker and more natural concept of stability, called weak stability.
So, any stable iteration will be also weakly stable but the reverse is not generally

true.

Definition 5.16. [27] Let (X, d) be a metric space and {z,}.., C X be a given

sequence. We shall say that {y,}.-, € X is an approzimate sequence of {x,} —,
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if, for any k € N, there exists n = n(k) such that
d(zn,yn) <, for all n > k.

Remark 5.13. We can have approzimate sequences of both convergent and diver-

gent sequences.
The following result will be useful in the sequel.

Lemma 5.3. [27] The sequence {y,} -, is an approzimate sequence of {x,}
if and only if there exists a decreasing sequence of positive numbers {n,} —, con-

verging to some n > 0 such that
d(Tp,yn) < Nn,  for any n >k (fized) .

Definition 5.17. [27] Let (X, d) be a metric space and T : X — X be a map. Let

{xn}.2, be an iteration procedure defined by xo € X and
Tpy1 = f(T,x,), n>0.

Suppose that {x,}. -, converges to a fized point p of T. If for any approzimate
sequence {yn}oo o C X of {zn}—y

n=0
Im d(yni1, f(T,yn)) =0 dmplies  lim y, = p,

then we shall say that the iteration procedure is weakly T-stable or weakly stable

with respect to T

Remark 5.14. [t is obvious that any stable iteration procedure is also weakly

stable, but the reverse is generally not true.

Definition 5.18. [65] Let {a,} -, be a nonnegative real sequence in [0,1]. Sup-
pose E is a real Banach space and T : E — E a mapping, with Fr # (.

Let xg € E and let {x,},_, be an iteration procedure given by
Tp41 = f (Ta O, In) y = Oa ]-7 27 ceey

that converges strongly to a fized point x* € Fr.
Let {yn},—y be a sequence in E and {e,} -, be a sequence of positive real
numbers given by
€n = |Yn+1 = f (T, o,y -
If 0 €, < oo implies that lim, .y, = x*, then the iteration procedure is
said to be almost T-stable or almost stable with respect to T'.
If €, = o(av,) implies that lim, o Y, = x*, then the iteration procedure is said

to be pseudo T-stable with respect to T or pseudo stable with respect to T
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Remark 5.15. It is obvious that if an iteration {x,} -, is T-stable, then it is
weakly T-stable and if the iteration {x,}, -, is weakly T-stable, then it is both
almost T'-stable and pseudo T'-stable.

Conversely, an iteration {x,} -, which is either almost T-stable and pseudo
T-stable may fail to be weakly T-stable. Accordingly, it is of important theoretical
interest to study the weak stability.

All examples given by various authors that have studied the stability of the
fixed point iteration procedures - examples intended to illustrate non stable fixed
point iteration procedures - do not consider approximate sequences of {x,} .

Berinde [27] presented in detail some of the aforementioned examples, in order
to show how important and natural is to restrict the stability concept to approxi-

mate sequences {y,} -, of {z,} ;.
Example 5.7. [27]

Let T : R — R be given by Tx = %m, where R is endowed with the usual
metric. T is an 3-contraction, Fr = {0}.

By Theorem [1.4] the Ishikawa iteration {x,}, , is T-stable, hence it is almost
T-stable and weakly T-stable, too.

However, Osilike [109] claimed that the Ishikawa iteration is not 7T-stable. To

show this, it was used the sequence {y, } -, given by

n

n>0

yn:1+n7 -

But this is obviously nonsense, because x, — 0, as n — oo, the unique fixed
point of T, while y,, — 1, as n — o0, so, by construction, {y,} ~, would have to
be an approximate sequence of {x,} .

Hence, using arbitrary sequences, the Ishikawa iteration is not T-stable.

In the following, we transpose the concept of (.S, T')-stability used by Singh and
Prasad [152] to (S, T)-weak stability in a metric space.

Definition 5.19. (Timig, [169]) Let (X,d) be a metric space and two mappings
S, T: X — X be such as T(X) C S(X) and let z is a coincidence point of S and
T, that is, a point for which we have Sz =Tz =u € X.
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For any xo € X, let the sequence {Sx,} ~, generated by the general iterative

procedure

(5.20) Stp1=f(T,z,), n=1,2

PIREED)

and assume that it converges to u.

o0

no, Wwe have that

If for any approzimate sequence {Sy,},—, C X of {Sz,}
dim d(Syni1, f(Tyn)) =0 implies  lim Sy, = u,

then we shall say that is weakly (S, T)-stable or weakly stable with respect
to (S,T).

6. Examples of weak stable but not stable iterations

Harder and Hicks [62] presented some examples of mappings which satisfy
various contractive conditions for which the corresponding iteration procedures
are not stable.

In the following, we present some of these examples in order to study their
weak stability.

We also present some examples of mappings with a coincidence point which

satisfy certain contractive conditions in order to study their stability with respect

to (S, 7).
Example 6.8. (Timigs, [159])

Let T': [0,1] — [0,1] be given by

1 1

bX x € 0,5
Tx = 1 )

0 el=,1

7 (2}

where [0, 1] is endowed with the usual metric. T is continuous at each point of
0, 1] except at % and T has an unique fixed point at %, see Harder and Hicks [62].
As shown in [62], T satisfies the condition

d(Tz,Ty) < max{d(z,Tx),d(y, Ty)}, Y,y € X, = #y.

Indeed, first let x € {0 1} and y € (%, 1} )

2
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Then, [Tz — Ty| = | — 0| = & < max {|z — Tz|, |y — Ty|} =

= {15 —ohly =0} = max {(5 - ) v} =
=max | |5 — =, ly =max||5—2),y; =y
Now, letxe{(),%} andyE[O,%},withx;&y.

Then, [Tz — Ty| =0 < max {|z — T'z|, |y — Ty|} =
~max{ly =l Iy =i} =max{(5-2). (5 -)}
=max |5 —zl g —ylp =max (5 —2).(5-y)-
Ifxe(%,l}andye(%,l},withx#y,
|Tx —Ty| =0 <max {|x — Tz|, |y — Ty|} = max {z,y} .

In order to study the T-stability, let zo be any point in [0, 1] and z, 11 = Tz,

forn =0,1,2,--- be the Picard iteration procedure.
Then,
1 1
2 ZTo € 075
T = T.Z'o = 1 )
O, Ty € (2, 1:|
and 29 =Tz, = % for either case.
Furthermore, z, = %, Vn > 2 and hence, lim,,_, x, = % =T (%) .
Now, let {yn}ro = 3,43 + 15 35-35 + 21,35, - Observe that {y,}~ is a

divergent sequence.

If n is a positive even integer, then

1 1 1
B o (R |
4ntl (2+4n)‘

If n is a positive odd integer, then
<1+ 1) T<1>‘—1—|— 1 1
9 Yn+l n )| 9 4ntl 9 gnAlT

1
lim €, = lim —— =0
n=co ' nsoo 4n+l ’

€En =

1 1
gntl ’_

€p =

Thus,

but {y,} -, does not converge to % So, the Picard iteration is not 7T-stable.
In order to study the T-weak stability, we take an approximate sequence
{yn}o2 of {z,} 7, Then, there exists a decreasing sequence of nonnegative num-

bers {n,} converging to some n > 0 for n — oo such that
|Tp — Yn| <My, n>k, k fived.

Then, —n, <z, — y, < n, and it results that 0 <y, < x, +7n,, n>k.
Since x,, = %, for n > 2, we obtain 0 <y, < % + N, 1>k = max{2,k}.
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For every choice of nonnegative n, we have that 0 <y, <1, Vn > k.

For example, take n, = %, then vy, = % + (—1)”% is an approximate sequence
o0
of {xn} 4.
Since Ty, = 0, if n is even, and Ty, = %, if n is odd, it follows that {y,}>2,

does not converge and hence, the Picard iteration is not T-weakly stable.
Example 6.9. (Timigs, [159])

Let T': [0,1] — [0,1] be given by

. 0, € [0,5] |
3, TE (%, 1]
where [0, 1] is endowed with the usual metric. 7 is continuous at every point of
[0,1] except at 3 and 0 is the only fixed point of T, see [62].
For each z,y € [0,1], x # y, T satisfies the condition

d(Tx,Ty) < max{d(x,Ty),d(y, Tx)} .

Indeed, first let = € [0, %}, y € {O, %} and z # y. Then, [Tz —Ty| = 0 <
max {xay} - max{|x - Ty’ ) ’y - TSL’|} :

Ifxe(%,l},ye(%,l} and = # y, then [Tz —Ty| =0 <

1 1

<max{<x—2),<y—2)}:max{|x—Ty|,|y—Tx\}.

Ifx € [0,4] and y € (4,1], then \Tx—Tyy:\O—%\:§<

1
<y:max{(2—x> ,y} =max {|x — Ty|,|ly — Tx|}.

We will show that the Picard iteration is not T-stable but it is T-weakly stable.
In order to prove the first claim, let {y,} —, be given by

n-+ 2
n — 9 Z]-
Y 2n "
Then,
n-+ 3 1
n — |Yn - T;n = |Yn _Tnzi_iu
en = st = SEo)| = b = T = |72

because y, > %, for n > 1.
Therefore, lim,,_ . €, = 0 but lim,_,o vy, = %, so the Picard iteration is not
T-stable.
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In order to show the T-weak stability, we take an approximate sequence {y, } ~,

of {z,} ~,. Then, there exists a decreasing sequence of nonnegative numbers

{?7”}2020 converging to some 1 > 0 for n — oo such that

|Tn — yn| < Mpy n >k

Then, —n, < z, — y, < 1, and it results that 0 <y, <=z, +1n,, n>k.

Since x,, = 0, for n > 2, we obtain 0 < Yp < Mny, 1>k =max{2 k}.
We can choose {#,} such that n, < 5, n > ki and therefore 0 < 3, < 1, Vn >
k1. So, Ty, = 0 and it results that €, = |yns1 — TYn| = |Yns1] = Yns1-

Now, it is obvious that lim, s, €, =0 = lim, .o ¥, = 0, so the iteration

{yn} oy is T-weakly stable.

Example 6.10. (Timig, [159])

14

LetT:R—>{ L %} be defined by

%, x <0
1
—J1
Tx = Z,{L‘E 0,2:| ’
0, a:>%

where R is endowed with the usual metric. T’ is continuous at every point in R

except at 0 and 5. The only fixed point of T is 1, see [62].
For each z,y € R, x # y, T satisfies the Condltlon

d(z,Tx) +d(y,Ty) d(x,Ty)+ d(y,Tz)

d(Tz,Ty) < max {d(x,y), 5 , 5

Indeed, first choose x < 0 and y € [0, %] )

z—Tz T
Then, |Tx — Ty| = f—i—fandw>l’m—%’:i—%>i.
If 2 <0andy >3, then |To —Ty| =[5 — 0| =1 and
\x—Ta:]—l—]y—Ty| lz—3l+ly—-0 _1 y—2 1 1 _ 1
> = > 4>
2 2 _4+ 2 4 4 2

Ifxe [0 1] and y > 1, then [Tz — Ty| = |3 — 0| = ] and

12
_1
o —Ta| +]ly—Tyl _le—ql+y oy 1
2 2 —2 4
Ifz<0,y<0and z#vy, then |[Tx —Ty| =0 < |z —y|.
Ifz>1 y>1andz#y, then [Tz —Ty|=0< |z —yl.

Ifz € [0,%},3/6 [O l} and = # y, then [Tz — Ty| =0 < |x — y|.

72
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|z—=Tax|+ly=Ty| |z—Ty|+|ly—Tz| }
2 2

Thus, [Tz — Ty <n1ax{|x—y|, ,foreach z,y € R
such that x # y.

In order to study the T-stability of Picard iteration procedure associated to

Y

T, let xy be any real number and x,,; = Tx,, for n = 0,1,2,---, be the Picard

iteration procedure starting at x.
Then,

T :TZEOZ

In either case, 9 = Tz, = i and hence, x,, = i, Vn > 2. So, lim,,_,o0 T, = i =

1
T(1)-

To show that the Picard iteration is not T-stable, let {y,} -, be the sequence
of real numbers such that yy = zg, y, = % + %, for each positive odd integer and
Yp = —%, for each positive even integer.

If n is a positive even integer, then

N
R )l 12T nr1 T 2l g1

If n is a positive odd integer, then

" n+1 2 n n+1 n+1
Thus,
lim €, = lim L =0,

but {y,} -, does not converge to %. So, the Picard iteration is not 7T-stable.
Now, in order to study the T-weak stability, we take an approximate sequence
{yntnzo of {zn}nZo-
Then, there exists a decreasing sequence of nonnegative numbers {7, } converg-

ing to some 1 > 0 for n — oo such that
|Tn — Yn| < Mpy n > k.

Then, —n, <z, — vy, < n, and it results that 0 < vy, < x, +n,, n > k.

Since xz,, = %, for n > 2, we obtain 0 < y,, < i + Ny, n >k = max{2 k}.

We can choose {n,} such that n, < i, n > ki and therefore 0 < y, <
%, Vn > k. So, Ty, = i and by lim, o |Yns1 — Tyn| = 0 it results that
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This shows that the Picard iteration is weakly T-stable.
Example 6.11. (Timig, [160])

Let S, T:[0,1] — [0, 1] be given by

0, 0,1
_— z € |0,3]
3, xe(%,l}
and
o iz, xE{O,%} |

T — i, T € (%, 1}
where [0, 1] is endowed with the usual metric. S and T are continuous at every
point of [0, 1] except at % which is their coincidence point, i.e., T’ (%) =9 (%) =
0=wuand T(0,1]) = {0,5} € S([0,1]) = [0, 3] U (},3] = [0,3].
For each z,y € [0,1], x # y, T and S satisfy the condition
d(Tx,Ty) < max{d(Sz,Ty),d(Sy,Tx)}.

Indeed, first let = € {O, %} LY € [O, %] and x # y. Then,

1 1
|T:E—Ty|:O<maX{‘2—x—0,2—y—0}:
1 1
—max{'2—x,2—y‘}7é0,
since y # x.
Ifxé(%,l},yé(%,l}andx;«éy,then
1 1 1 1
To — Ty| = L I
|Tx Y| O<max{:c I 2‘}
3 3
= — = - — 0
max{:c 4,y 4’}7& ,
since y # .
Ifxre [0, %} and y € (%, 1} , then
1 1 1 1 1
|Tx—Ty|:‘0—2‘:2<max{‘2—x—2,y—4—0‘}:

max {]x| |y — i‘} # 0, since we cannot have simultaneously z = 0 and y = 1.
We will show that the Picard iteration is not (S,7)-stable nor (S, T)-weakly

stable.
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In order to prove the first claim, let (Sy,), with Sy, = "—Jf, n>1.

2
Then 5 e
n +
n — S 1 — Tyn| = — T ab
e = |Synir = Thal = I35 "5~ 7 7 3
because Sy, > %, for n > 1.
According to Definition assuming that lim, . €, = 0, we should obtain

that lim,,_,o, Sy, = % but in fact, lim,_, Sy, = %, so the Picard iteration is not
(S, T)-stable.

Studying the (S, T)-weak stability, we take an approximate sequence {Sy,}._,
of Sz,. Then, there exists a decreasing sequence of nonnegative numbers {7, }

converging to some 1 > 0 for n — oo such that
|Szn, — Syn| < mn, n > k.

Then, —n, < Sz, — Sy, <7, and it results that 0 < Sy, < Sz, +n,, n > k.
If 2y € {O, %}, then Sxy = Txg = 0, therefore Sx,, =0, Vn > 1. On the other

hand, if g € (%, 1], then Sx1 = Txy = % and Sxy =Tz, = 0,80 Sz, =0, Vn > 2.

If z, € {O,%}, then Sz, = %—xn‘ So, 0 <z, < % s 0> —x, > —% &
% > % —x, 20 & 0< % —x, = Sz, < % Hence, in this situation, Sz, can
have the value of 0. If z,, € (%,1}, then Sz, = x,, — i. So, % <z, <1 & i <
Ty — i = Sz, < %. In this case, Sz, can not be 0. Therefore, z, € [0, %} and
then, Tz, = 0.

Since Sz, = 0, for n > 2, we obtain that 0 < Sy, < n,, n > k; = max{2,k}.
We can choose {7, } such that n, < %, n > ky and therefore 0 < Sy, < %, Vn > k.

If o € [0, 3], then Sy = 3 =y, 0 0<y <4 & 0>~y > -3 & -1 <

-4, <0 & 0L % —Yp = Sy, < %, situation that can be possible. In this case,

It y, 6’61’3]ﬂ(1 1}:(1 §},then$yn:yn—%,so%<yn§% & i<

for y, € [O l} we have that Ty, = 0.

474 23 274
UYn — i = Sy, < % and this can be possible, too. Hence, for y, € (%, ﬂ, we have

that Ty, = 3.

According to Definition [5.19] if d (Syn+1,Ty,) — 0, as n — oo, implies that
d (Syn,u) — 0, for n — oo, the (S, T')-weak stability should be obtained.

But, if y, € (%, %}, then from d (Syn.1,Ty,) = d (SynH, %) — 0, as n — o0,
we obtain that Sy,.1 —

(S, T)-weakly stable.

so Sy, — 1. Therefore, the Picard iteration is not

1
2’ 2
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Example 6.12. (Timig, [160])

Let S, T:[0,1] — [0, 1] be given by
5w e (0,3

xe(%,l}

Tz

N[

and

xr — i, T € (%, 1}
where [0, 1] is endowed with the usual metric. S and 7" have a two coincidence
points, i.e., T(0) = S(0) = (7) = S( ) = % = wu and T ([0,1]) = {2,;1
{ay =[] e s =lo3]u (s =[o.i].

]
For each z,y € [0,1], x # y, T and S satisfy the condition

U

d(Tx,Ty) < max{d(Sz,Ty),d(Sy,Tx)}.

Indeed, first let =, y € [0, %}, with x # y. Then,
\Tx—Ty|:’S2U+1—y—1 :;|x—y|: {O,H <
1 z 1
;"53]
:max{‘x—i-%‘,‘y—l—%, }zmax{{@,ﬂ+[O,ﬂ,[0,%]+[0,ﬂ}:

—max{[0.3], 0.5} = 0.

If z, ye(%,l} and z # y, then [Tz — Ty| =0 <

1
<max{’—a:—y—

2 2

?

1 1 1 1
<max{‘x—4—2’y_4_2‘}:
3 3 1
= max{le =3 o= 5]} = o-5]-
If:pG[O,l] andyG(%,l},then|Tx—Ty|: %—l—%—%‘ 2|m| [7%}<
max{‘%—x—%,y—i_g_l‘}:max s _ %‘}

2 Y

—wc{[03]. (1]~ ] -1 - - ).

We will show that the Picard iteration is not (S,7)-stable nor (S, T)-weakly
stable.

In order to prove the first claim, let (Sy,), with Sy, = %2, n > 1.

2n ?
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Then
= 180 = Tonl = g7 = 1= 51
because Sy, > %, for n > 1.

According to Definition [2.15] assuming that lim,,_, €, = 0, we should obtain
that lim,, o Sy, = % but in fact, lim, .., Sy, = %, so the Picard iteration is not
(S, T)-stable.

Studying the (.5, T')-weak stability, according to Definition for any xg €
[0, 1], the sequence {Sx,} -, generated by the iterative procedure Sz, 1 = Tz, n >

0, converges to u = l.

1 3
Indeed, if zy € {0, 5}, then Sz; = Txg = x(’;l € [0722]“ = [1’22] = [%, %} . Now,
if x1 € [0 } then Sz; = = — 24 6 = [0, %} = [0, %} . Only for x; = 0, we have
that Sx, = 5 € B, 4] Hence Sry =Tx, = %, so Sz, =Tz, = %, Vn > 2. On

the other hand, if z; € (%, }, then Sz, = x —i € (%,1} —i = (4,4} Only
for x; € (%,1], we have that Sx; € (%,ﬂ € B,%} Hence, Szo = Tz, = 1, s0
Sz, =Tz, = %, Vn > 2.

If g € (l } then SxI:Txozl sonn:Txn:% Vn > 1.

We take an approximate sequence {Sy,} -, of Sz,. Then, there exists a
decreasing sequence of nonnegative numbers {n,} converging to some n > 0 for
n — oo such that

Then, —n, < Sx, — Sy, < n, and it results that 0 < Sy, < Sx, +n,, n > k.
Since Sz, = £, for n > 2, we obtain that 0 < Sy, < 5+, n>k = max{?,k}.
We can choose {1, } such that 7, < 7, n > k; and therefore 0 < Sy,, < , Vn > k.

According to Definition [5.19] if d (Syn+1,Tys) — 0, as n — oo, 1mplies that
d (Syn,u) — 0, for n — oo, the (S, T)-weak stability should be obtained.

Ify, € [O, %} then Sy, = l — Yp = %— [0,%} = [0, %} € {0, 4} and Ty, =
% €3 [1 5} = [2, 4} Therefore d (SYns1, Tyn) = HO l} — [l 5” = [1 1} and

)9 ’ 2 274 47 2
then lim,, oo d (SYni1, Tyn) can not be 0. So, in this situation, the Picard iteration

is not (S, T)-weak stable.
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7. Stability and weak stability of fixed point iterative procedures for

multivalued mappings

By extending the contraction mapping principle form single-valued mappings
to multivalued mappings, Nadler [94] proved that a multivalued contraction on
a complete metric space has a fixed point. Ciric [52] extended this result for
generalized multivalued contractions on metric spaces.

The concept of weak contraction from the case of single-valued mappings was
extended to multi-valued mappings and then corresponding convergence theorems
for the Picard iteration associated to a multi-valued weak contraction are obtained.
M. Berinde and V. Berinde [15] extended, improved and unified a multitude of
classical results in the fixed point theory of single and multi-valued contractive
mappings.

On the other hand, Singh and Chadha [153] extended Ostrowski’s stability
theorem (Theorem in this paper) to multivalued contractions using Nadler’s
theorem and introduced the following definition of stability of iterative procedures

for multivalued maps.

Definition 7.20. [153] Let X be a metric space andT : X — Py 4(X). Let g € X
and x,+1 € Tx, denote the Picard iterative procedure for T.

Let {x,},~, be convergent to a fized point w of T and {y,} -, be an arbitrary
sequence.

Set €, = H (Yns1,Tyn), n=0,1,2, ...

The iterative procedure Tx,, is said to be T-stable provided that

lim e, =0 implies lim = .

The first result on the stability of Picard iterative procedure for multivalued

mappings is due to Singh and Chadha [153] and it is stated as follows.

Theorem 7.10. [153] Let X be a complete metric space and T : X — P, 4(X).

Suppose there exists a positive number ¢ < 1 such that T satisfies the condition
Hd(Tx’Ty> Sqd(l’,y), vxuyeX

Let ¢ be an arbitrary point in X and assume that {x,} ~, is a sequence which
converges to a fixed point u of T
Let {yn},—, be a sequence in X and set €, = Hy(Yn+1,Tyn), n=10,1,2,....

If Tu is singleton then lim,,_, . y, = u if and only if lim, . €, = 0.
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Afterwards, Czerwik, Dlutek and Singh [55] studied the stability of Picard it-
erative procedures for multivalued maps in b-metric spaces. Furthermore, Singh,
Bhatnagar and Mishra [150] obtained a fixed point theorem for generalized mul-
tivalued contractions in b-metric spaces and further studied the stability of Picard

iterative procedures for such maps.

Definition 7.21. [143] Let X be a nonempty set. If T : X — P(X) is a multi-
valued operator, then an element x € X is called a fixed point for T, if and only if
x €T (z).

On the other hand, a strict fived point for T is an element x € X with the
property {x} =T (x). The set of all strict fized points of T is denoted by SFix(T).

Theorem 7.11. [140] Let (X,d) be a complete metric space and T : X — P,(X)
be a multivalued operator. We suppose that

i)reTx, Ve e X;

it) there exists a comparison function ¢ : Ry — Ry and a Picard sequence

Tnt1 € Tx,, n € N, such that
0(Txns1) < 0(6(Txn)), n€N.

Then, x, — z*, as n — oo and z* € SFix(T).

In the following, we give a stability result for multivalued mappings satisfying

an almost contraction condition.

Theorem 7.12. (Timig, [168]) Let (X,d) be a complete metric space and T :
X = Py o(X) a mapping with SFix(T) # ¢, satisfying

forall z,y € X, ¢ €[0,1) and L > 0.

Let {z,},_, an iterative procedure defined by xo € X and xn41 € Ty, for all
n > 0 and assume that the sequence {x,} —, converges to x*, the unique strict
fized point of T.

Then, the Picard iteration is T-stable.

ProOOF. Consider {y,} ., to be an arbitrary sequence. Then, according to
Definition , if limy, 00 Hi(Yn+1, Tyn) = 0 implies that lim, .. y, = x*, then
the Picard iteration is T-stable.

In order to prove this, we suppose that lim, . Hq(yn+1,Tyn) = 0. Therefore,
Ve > 0, dng = n(e) such that Hy (ypi1, Tyn) < €, ¥Yn > ng.
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So,
d(Yn+1,2") = Ha({yns1},{27}) <
< Hy({yns1}, Tyn) + Ha (Tyn, Ty) + Hq (Tg, {z7}) <
< Ha (Yni1, Tyn) + q - d(@n, yn) + L - D(n, Twn) + Hy (Tn, 27) <
< HgWns1,Tyn) + q-d(yn,z*) +q-d(z*,z,) + L - D(x,, Txy) + Hy (Tzp, %) .
From the hypothesis, by x,, — x*, as n — oo, we have that H, (z*,Tz,) — 0
and Hy(yns1, Tyn) — 0, as n — o0.
Also,
D (x,, Tz,) < d(xp,Tpy1) — 0, n— oo.
Then applying Lemma [L.1] for

€n = Hy (yn+1> Tyn) +q- d('r*’ xn) +L- d(xna wnJrl) + Hy (Tmm 33*) )

where lim,,_,, €, = 0 and by taking to the limit, we obtain that Hy (yn+1,2*) — 0,
as n — oo, and this shows that the Picard iteration is stable with respect to 7". [

Remark 7.16. Theorem [7.12 extends Theorem [7.10 of Singh and Chadha [153].
If we take L = 0 in Theorem[7.12, we get the stability result from Theorem [7.10.

As argued in Section 2 of this Chapter, from a numerical point of view, the
concept of weak stability is more natural than the one of usual stability considered
in [55], [150], [153] etc., because of the arbitrary sequence taken. So, any stable
iteration will be also weakly stable but the reverse is not generally true.

In the sequel, we give the transposition to multivalued mapping of Definition
of the weak stability with respect to T'.

Definition 7.22. (Timig, [168]) Let (X,d) be a metric space and T : X —
Poa(X) be a multivalued mapping. Let {x,},_, be an iteration procedure defined
by xo € X and
Tp1 = f(T,z,), n>0.

Suppose that {x,} , converges to a strict fived point p of T. If for any

approzimate sequence {y,},— o C X of {zn}, .
nh—>nolo Hd(yn+17 f(T7 yn)) =0 Zmplles nh—>nolo Yn = D,

then we shall say that the iteration procedure {x,} -~ is weakly T-stable or weakly

stable with respect to T'.



CHAPTER 3

Stability of fixed point, common fixed point and
coincidence point iterative procedures for contractive

mappings defined by implicit relations

Several classical fixed point theorems and common fixed point theorems have
been recently unified by considering general contractive conditions expressed by
an implicit relation. This development has been initiated by Popa [119], [120],
[121] and following this approach, a consistent part of the literature on fixed
point, common fixed point and coincidence theorems, both for single valued and
multi-valued mappings, in various ambient spaces have been accomplished.

Bouhadjera and Djoudi [39] proved a common fixed point theorem for four
weakly compatible mappings satisfying an implicit relation without need of conti-
nuity. This theorem generalizes some results on compatible continuous mappings
of Popa [121].

Aliouche [7] proved common fixed point theorems for weakly compatible map-
pings in metric spaces satisfying an implicit relation using (E.A) property and a
common (E.A) property, which generalizes the results of Aamri and Moutawakil
[1].

Aliouche [8] also proved common fixed point theorems for weakly compatible
mappings satisfying implicit relations without the condition that the map to be
decreasing in any variable. These theorems improve results of Ali and Imdad [5],
Jeong and Rhoades [75] and Popa [122].

On the other hand, Pathak and Verma [117] proved some coincidence and com-
mon fixed point results by using an implicit relation for four weakly compatible
mappings which satisfy (E.A) property in symmetric spaces. These are general-
izations of related results of symmetric spaces and they also improve the results
of Imdad, Ali and Khan [68].

For these new fixed point theorems did not exist corresponding stability results
and Berinde [19], [30] filled this gap and established corresponding stability results
for fixed point iterative procedures associated to contractive mappings defined by

an implicit relation.

51
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We continue to study the stability of Picard iterative procedure and also of
Jungck iterative procedure for common fixed points and coincidence points, for
contractive mappings satisfying various implicit relations, with different number
of parameters.

Since a metrical common fixed point theorem generally involves conditions of
commutativity, a lot of researches in this domain are aimed at weakening these
conditions. The evolution of weak commutativity of Sessa [146] and compatibility
of Jungck [79] developed weak conditions in order to improve common fixed points
theorems. We also give a general stability result for the common fixed point
iteration procedure of Jungck-type in the class of weakly compatible mappings
defined by means of an implicit contraction condition.

The results obtained in this chapter are generalizations of fixed point theorems
and stability theorems for Picard iteration existing in literature: see Berinde [20],
[24], [27], [29], [31], Chatterjea [45], Harder and Hicks [61], [62], Hardy and
Rogers [63], Imoru and Olatinwo [69], Jungck [78], Kannan [81], Olatinwo [100],
Osilike [111], [110], Ostrowski [115], Popa [120], Reich [127], Reich and Rus
[154], Rhoades [130], [132], [133], Rus [138], [139], Zamfirescu [173] and most
of their references.

The author’s original contributions in this chapter are: Example Theorem
Corollary Corollary [1.2] Theorem [2.15, Examples [3.23}3.25] Examples

Theorem Corollary and Corollary [3.4]
Most of them were published in [161] (Timis, 1., Stability of Jungck-type iter-

ative procedure for some contractive type mappings via implicit relations, Miskolc
Math. Notes 13 (2) (2012), 555-567), [163] (Timis, 1., Stability of Jungck-type
iterative procedure for common fized points and contractive mappings via implicit
relations, presented at ICAMS, Baia Mare, 27-30 Oct. 2011) and [164] (Timis,
L., Stability of the Picard iterative procedure for mappings which satisfy implicit
relations, Comm. Appl. Nonlinear Anal. 19 (2012), no. 4, 37-44).
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1. Stability of fixed point iterative procedure for contractive mappings

satisfying implicit relations

Berinde [30] gave a general stability result of the Picard iteration for mappings
satisfying an implicit relation with six parameters, using the set of all continuous
real functions F' : RS — R, introduced by Popa [120], [121], with the following
conditions:

(F1,) F is non-increasing in the fifth variable and F'(u, v, v, u,u + v,0) < 0 for
u,v > 0= 3h € [0,1) such that u > hv;

(F1p) F is non-increasing in the fourth variable and F(u,v,0,u + v,u,v) < 0
for u,v > 0 = 3h € [0, 1) such that u > hv;

(F1.) F is non-increasing in the third variable and F'(u,v,u+v,0,v,u) < 0 for
u,v > 0= 3h € [0,1) such that u > hv;

(Fy) F(u,u,0,0,u,u) > 0, for all u > 0.

Theorem 1.13. [30] Let (X,d) be a complete metric space, T : X — X a self
mapping for which there exists F € F such that for all x,y € X

F(d(Tx,Ty),d(x,y),d(z, Tx),d(y, Ty),d(z, Ty),d(y, Tx)) <O0.

If F satisfies (F1q) and (Fy), then T has an unique fized point.
If, additionally, F satisfies (Fyp), then Picard iteration is: a) T-stable; b)

summable almost T-stable.

In the following, we study the stability of the Picard iterative procedure for
mappings satisfying an implicit relation but we reduce the number of parameters
to five.

Popa [119] introduced F to be the set of all continuous real functions F': RS —
R with the following conditions:

(1) F is continuous in each coordinate variable,
(2) there exists h € [0,1) such that, for all u,v,w > 0 satisfying
e (2a) F(u,v,u,v,w) <0 or
e (2b) F(u,v,v,u,w) <0,
we have that v < hmax {v, w} .
In the following, there are some examples of functions that satisfy some of the

above conditions:

Example 1.13. [119] Define F(t1,t2,t3,t4,t5) : R%. — R as
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(1) F(tl,...,tg)) = tl — CmaX{tQ,tg,t4,t5}, cE [0, 1),

(2) F(ty,...,t5) = t3 — cmax {taot3, taly, tats, t2}, c€[0,1);

(3) F(ty,....,t5) = t2 — (atity + btyts + ctity + di2), where a,b,c,d >0 and
0<a+b+c+d<1.

Example 1.14. [27] Define F(t1,to, t3,t4,t5) : R2. — R as

(3) F(t17"‘7t5 = amax t17t27t37t47t4—5t5}7 a € [071)7

= max {aty, b(ta +t4),c(ts + t5)}, where

Example 1.15. (Timig, [164]) Define F(t1,to,t3,t4,t5) : RS — R as
1
2

We establish the following general stability theorem for the Picard iteration

F(tl, ...,t5) =11 —cly — 15, c€E [0,

procedure:

Theorem 1.14. (Timig, [164]) Let (X, d) be a complete metric space, T : X —
X a map with Fix(X) # 0 for which there exists F' € F such that for all x,y € X,

T T
(121) F (d(Tx,Tw, d(x.9).d(x. Ty).d(y. Tx), 2T A ”) <0,
If F satisfyes (2a) then
(1) the fized point p is unique in X ;

(2) the Picard iteration is T-stable.

PROOF. (1) Suppose that there exists py,p2 € Fy, such that p; # py. Then,
by taking x := p; and y := ps in and by denoting 6 := d(p1,p2) > 0 we get
F(6,0,6,6,0) <O0.

By (2a), there exists h € [0,1) such that 6 < hmax{6,0} < § < hd and this
is a contradiction, as long as h € [0,1). So, we have an unique fixed point p.

(2) Let {z,}.-, be the associated Picard iteration of 7" with the general form

Tni1 = T'x,, converging to the fixed point p of T', which exists and it is unique by

(1).
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Let {y,} -, be an arbitrary sequence in X and define {¢,} - by
€n = A(Yns1, Tyn), n=0,1,2, ...
In order to prove that the Picard iteration is T-stable, we need to prove that
e =0 = iy =p
Assume that lim,,_,. €, = 0. We have

d(WYn+1,0) < dYns1, TYn) + d(Tyn, p) = én + d(Tyn, p).

By taking = := p and y := y,, in (1.21)) and denoting

u:=d(Tyn,p), v:=d(yn,p), w:= d(yn,QTyn)7
we obtain that
F(u,v,u,v,w) <0.
Now, since F satisfies (2a), there exists h € [0,1) such that v < hmax {v, w},
respectively d(Ty,,p) < hmax {d(yn, D), W} . We discuss two cases.

In the first case, when max = d(y,, p), it yields that d(T'y,,p) < hd(y,,p), and
then

d(yn+1,p> < €n + hd(ynvp)

and applying Lemma 1.1 we get the conclusion.

For the second case, if max = w, we have that

h h h
d(Tyn,p) < §d(Tyn, Yn) < §d(Tyn,p) + =d(p, Yn)-

2
Then,
h h
S0,
h
d(Tyn,p) < 775 d(yn, ).
2

o]

We denote ¢ := 2% € [0,1), because h € [0,1) and then we get
2

d(Tyn,p) < qd(yn, ),

S0,

d(Yn+1,p) < qd(Yn, p) + €n-
Consequently, the conclusion follow by applying Lemma [1.1} O
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Corollary 1.1. (Timig, [164]) Let (X, d) be a complete metric space, T : X — X
a map with Fix(X) # 0 for which there exists F € F such that for all z,y € X,

d(xz,Tz) + d(y, Ty)
)

F (d(Tx, Ty), d(z,y), d(x, Ty), d(y, Tx),

If F satisfies (2a) then
(1) the fized point p is unique in X ;
(2) the Picard iteration corresponding to the fixed point theorem obtained by
Reich [128] and Rus [139] (see Taskovic [154]) is T-stable.

PROOF. We use Theorem for F' given by Example (5). O

Corollary 1.2. (Timig, [164]) Let (X, d) be a complete metric space, T : X — X
a map with Fix(X) # 0 for which there exists F € F such that for all z,y € X,

d(xz,Tz) + d(y, Ty)
)

F (d(Tx, Ty), d(z,y), d(x, Ty), d(y, T),

If F satisfies (2a) then
(1) the fized point p is unique in X;
(2) the Picard iteration corresponding to the fixed point theorem obtained by
Bianchini [34] and Dugundij (1976) (see Rus [139]) is T-stable.

PROOF. We use Theorem for F' given by Example (6). d

Remark 1.17. Some other important particular cases:

(1) If F is given by Ezxample (1), then we obtain a stability result for
Banach’s contraction mapping principle, see Ostrowski [115].

(2) If F is given by Example[1.1]] (2), then we obtain a stability result for the
Ciric’s fized point theorem [50], see Harder and Hicks [62].

(3) If F is given by Example[1.1]] (4), then we obtain a stability result for the
Kannan’s fized point theorem [81], see Harder and Hicks [62].

(4) If F is given by Erample (8), then we obtain a stability result for
Zamfirescu’s fized point theorem, that is, Theorem 2 from Harder and
Hicks [62].

(5) If F is given by Example then we obtain a stability result for Reich’s
fized point theorem, that is, for Theorem & from Reich [129].

Remark 1.18. The contractive conditions obtained from with F' as in Ez-
amples 1-2 imply the contraction condition used by Rhoades in [130], [132], [133]
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and furthermore, they involve stability results for other well-known fixed point the-

orems.

2. Stability of fixed point iterative procedure for common fixed points
and coincidence points and contractive mappings satisfying implicit

relations with six parameters

Popa [120], [121] also introduced F to be the set of all continuous real functions
F : RS — R, with the following conditions:

(1) (a) F is non-increasing in the fifth variable and F'(u,v,v,u,u+v,0) <0
for u,v > 0= 3h € [0, 1) such that u > hv;
(b) F'is non-increasing in the fourth variable and F'(u, v, 0, u+v,u,v) <0
for u,v > 0 = 3h € [0, 1) such that u > hv;
(¢) F is non-increasing in the third variable and F'(u,v,u+wv,0,v,u) <0
for u,v > 0 = 3h € [0, 1) such that u > hv;
(2) F(u,u,0,0,u,u) > 0, for all u > 0.

The following examples of such functions appearing in Popa [121] correspond

to well-known fixed point theorems and satisfy the above conditions.
Example 2.16. [121] Define F(t1,to,t3,ta, t5,t) : RS — Ry as
F(tr, oty bt to) = 1 — kmax{ta, fy, b0, (15 +10)}, k€ (0,1).

Example 2.17. [121] Define F(t1,ta,t3,ta, t5,t) : RS — Ry as
F(ty,to,t3,ta, ts5,t6) =1 —b(ts+ts), bE {O, ;) .

Example 2.18. [121] Define F(t1,to, t3,t4,t5,t6) : RS — Ry as
F(ty,to,t3,ts,ts5,t6) =t1 —c(ts +ts), c€ [0, ;) .

Example 2.19. [121] Define F(ty,to,t3, ta, t5,t) : RS — Ry as

F(ty, ta, t3, ty, ts, te) = t1 — cy max{ty, t3, 15} — comax{tsts, tats} — cststs,

where ¢y >0, cg,c3 >0, c1 +2c5 <1 and c; +c3 < 1.
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Example 2.20. [121] Define F(ty,to,t3, ta, t5,t) : RS — Ry as
F(ty,ta, ty, ta, ts, ) = t2 — t1 (ats + bty + cty) — dtste,
where a >0, b,c,d>0,a+b+c<1landa+d<1.
Example 2.21. [121] Define F(t1,to,t3,t4,t5,t6) : RS — Ry as
F(t1,ta,ts,ty, ts,t6) = 3 — atty — bt tsty — ctitg — dists,
where a >0, b,c,d>0,a+c+d<1anda+b<1.

Imdad and Ali [67] proved a general common fixed point theorem for a pair of
mappings using implicit functions due to Popa [120], [121].
In the following, using the results obtained in [67], we give a stability result

for the common fixed point iterative procedure.

Theorem 2.15. (Timig, [162]) Let (X,d) be a complete metric space and S, T :
X — X two mappings such that

e T and S satisfy (E.A) property;
o Vu,y e X, there exists ' € T,

(2.22) F(d(Tz,Ty),d(Sz,Sy),d(Sz,Tx),d(Sy, Ty),d(Sx,Ty),d(Sy, Tx)) <0,

e S(X) is a complete subspace of X.

Then

(i) the pair (T,S) has a point of coincidence;

(i) the pair (T, S) has a unique common fixed point, as long as the pair (T, S)
is also weakly compatible;

(7i) if, additionally, F satisfies , then the associated iterative procedure is
(S,T)-stable.

PROOF. Since T and S satisfy (E.A) property, then there exists a sequence
{x,},2, in X such that

lim Tx, = lim Sz, =t, teX.

n—oo n—oo

As long as S(X) is a complete subspace of X, every convergent sequence of
points of S(X) has a limit in S(X). Therefore,

lim Sz, =t=Sa= lim Tz, =t, a€X
n—00 n—00
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which in turn yields that t = Sa € S(X). Now assert that Sa = Ta. If it is not,
then d(T'a,Sa) > 0. Using (2.22)), we have that

F(d(Ta,Tx,),d(Sa, Sz,),d(Sa, Ta),d(Sz,, Tz,),d(Sa, Tx,),d(Sz,, Ta)) < 0
which on letting n — oo reduces to
F (d(Ta,t),d(Sa,t),d(Sa, Ta),d(t,t),d(Sa,t),d(t,Ta)) <0
or
F(d(Ta,Sa),0,d(Sa,Ta),0,0,d(Sa,Ta)) <0
and according to (1b), d(Ta, Sa) < 0.

Hence, T'a = Sa, which shows that a is a coincidence point of 7" and S.

Since S and T" are weakly compatible, we have
St=5STa=TSa="Tt.
Now assert that Tt = t. If not, then d(Tt,t) > 0. Again, using (2.22)), we get
F(d(Tt,Ta),d(Sa, St),d(St,Tt),d(Sa, Ta),d(St, Ta),d(Sa, Tt)) < 0
or
F(d(Tt,t),d(Tt,1),0,0,d(Tt,t),d(t, Tt)) < 0,
which contradicts .

Hence, T't =t which shows that t is a common fixed point of 7" and S.

Now, we shall prove the uniqueness of ¢t. Assume the contrary, respectively,
there exists t' € Fixz(T'), such that t # t'. Then, by taking x := ¢ and y := ¢’ in
(2.22)) and by denoting § := d(t,t') > 0, we get

F(6,6,0,0,6,0) <0,

which contradicts (2)), and this proves that the pair (S,7") has a unique common
fixed point.

In order to prove the (S, T')-stability, we take the sequence {Sz,} -, generated
by the general iterative procedure Sz,,1 = Tx,, n = 1,2,..., for any zo € X,
which converges to a € X, the coincidence point of the iterative procedure.

Let {Sy,},—, C X be an arbitrary sequence and set
€n = d(SYns1, Tyn), n=0,1,2,....

Then, in order to show that the iterative procedure is (S, T)-stable or stable

with respect to (S,7), we have to prove the implication:

e =0 = lim S =
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Assume that lim,,_,., €, = 0. Then
(2.23) d(SYn+1,a) < d(SYns1, Tyn) + d(Tyn, a) = €, + d(Tyn, a).

If we take z := a and y := y, in (2.22), then we obtain F(u,v,0,w,u,v) < 0,
where u := d(Ty,, a), v := d(Syn, a), w := d(Syn, Ty,). By the triangle inequality,
d(SYn, Tyn) < d(Typ,a) + d(Syn,a), that is, w < u + v.

Now, according to , since F' is non-increasing in the fourth variable, we
have that

F(u,v,0,u+v,u,v) < F(u,v,0,w,u,v) <0.

Then, by the same assumption , there exists h € [0,1) such that u < hv,

that is, d(T'yn, a) < hd(Sy,,a), which, by yields d(Syn+1,a) < hd(Syn,a) +

€, and applying Lemma [1.1} we get the conclusion. U

Remark 2.19. Particular cases:

(1) In the case of F given in Ezample from Theorem we obtain a
stability result for the Ciric’s fized point theorem [51].

(2) In the case of F given in Example from Theorem we obtain a
stability result for the Kannan’s fized point theorem [81].

(8) In the case of F given in Ezample from Theorem we obtain a
stability result for the Chatterjea’s fized point theorem [45].

Remark 2.20. Theorem gives a stability result for the common fized point

iteration procedure corresponding to Theorem 3.1 in [67].

3. Stability of fixed point iterative procedure for common fixed points
and coincidence points for contractive mappings satisfying implicit

relations with five parameters

From the class of implicit functions due to Popa [119], [120], [121], now let
FF be the set of all continuous real functions F' : RS — R, satisfying the following

conditions:

(1) F is continuous in each coordinate variable,

(2) there exists h € [0,1) such that, Vu,v,w > 0 satisfying
e (2a) F(u,v,u,v,w) <0 or
e (2b) F(u,v,v,u,w) <0



3. Stability of fixed point iterative procedure for common fixed points and coincidence points for contractive
mappings satisfying implicit relations with five parameters 61

then we have that u < hmax {v, w}.
(3) F(u,u,u,u,0) >0, for all u > 0.
In the sequel, we present some examples of functions depending on five param-

eters, satisfying some of the conditions above.
Example 3.22. [119] The function F(t1,ts,t3,t4,t5) : RS — R given by
F(tl, ...,t5) = tl — &tQ,

where a € [0,1), satisfies (1),(2a),(2b) and (3), with h = a.
Example 3.23. (Timig, [161]) The function F(t1,ts,t3,t4,t5) : RS — R given
by one of the following:

(1) F(tb "'7t5) - tl - at?;

(2) F(t1,....t5) = t1 — bt

(3) F(t1,....t5) = t1 — c(ts + ta),

where a,b € [0,1), ¢ € [0, %), satisfies (1),(2a),(2b) and (3), with h = a, b,

respectively 1%1; < 1.
Example 3.24. (Timig, [161]) The function F(t1,t2,t3,t4,t5) : RS — R given

by
F(tl, ...,t5) = tl - l{?t5,

where k € (0, 1), satisfies (1),(2a),(2b) and (3), with h = k.
Example 3.25. (Timig, [161]) The function F(t1,t2,t3,t4,t5) : RS — R given

by
F(tl, ...,t5) =11 —aty — bt5,

where a,b € (0,1), with a + 2b < 1, satisfies (1), (2a), (2b) and (3), with h = a,
if max {v,w} =wv and h = b, if max {v,w} = w.
Example 3.26. [119] The function F(t1,ts,t3,t4,t5) : RS — R given by

F(ty, ... ts) =t — a(ts + t),
where a € (O, %), satisfies (1), (2a), (2b) and (3), with h = - € (0,1).
Example 3.27. (Timig, [161]) The function F(t1,ts,t3,t4,t5) : RS — R given

by
F(tlv "‘7t5) = tl — hmax {t37t4}7

where h € [0, 1), satisfies (1), (2a), (2b) and (3).
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Example 3.28. (Timig, [161]) The function F(t1,ts,t3,ts,t5) : RS — R given
by

F(tl, ...,t5) = tl — (Ztg — bt3 — Ct4,
where a,b,c € [0,1), with a + b+ ¢ < 1, satisfies (1), (2a) with h = %% € [0,1),
(2b) with h = “ € [0,1), and (3).

l1—c

Example 3.29. (Timig, [161]) The function F(t1,ts,t3,t4,t5) : RS — R given
by

F(ty,...,t5) = t1 — aty — btz — cty — dts,
where a,b,c,d € [0,1), with a +b+ ¢+ 2d < 1, satisfies (1), (2a) with h = £ €
[0,1), (2b) with h = %2 € [0, 1), and (3), where h = 9£¢ € [0,1), if max {v,w} = v
and h = %2 €10,1), if max {v,w} = w.

Example 3.30. [117] The function F(t1,ts,t3,t4,t5) : RS — R given by

t3+1
F(tl, ...,t5) =11 — amax {tg, 3t 4,t5},

2
where a € [0,1), satisfies (1), (2a), (2b) and (3), respectively when max = ty or
max = t5, then h = a, when max = ¥4 then h = 1_%2.

Example 3.31. [119] The function F(t1,ts,t3,t4,t5) : RS — R given by
F(ty,...,t5) = t1 — cmax {ty, t3, 4,5},

where h = ¢ € [0,1), satisfies (1), (3), when max = ty, max = t4 or max = t5 is
satisfied (2a) and when max = t3 is satisfied (2b).

Example 3.32. [119] The function F(t1,ts,t3,t4,t5) : RS — R given by
F(tl, ey t5) = t% — cmax {tth, t2t4, t3t4, t?} s
where ¢ € [0,1), satisfies (1), (2a) and (3), with h = c.

Using the common fixed point theorem of Imdad and Ali [67], we give the
following general stability result for the common fixed point iteration procedure
of Jungck-type using weakly compatible mappings satisfying (E.A) property and

defined by an implicit contraction condition.

Theorem 3.16. (Timig, [161]) Let (X, d) be a complete metric space and S, T :
X — X be two mappings, such that T and S satisfy (E.A) property and S(X) is

a complete subspace of X .
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Assume there exists F' € F such that
(3.24)

F (d(T:z:, Ty),d(Sz, Sy),d(Sz, Ty),d(Sy, Tx),

<0

— Y

d(Sz,Tz) + d(Sy, Ty)
)

for all z,y € X. Then
(1) if F satisfies (2b), then the pair (T, S) has a point of coincidence;
(2) if F satisfies (3), the pair (T, S) has a unique common fixed point as long
as the pair (T,5) is also weakly compatible;
(3) if, additionally, F' satisfies (2a), then the associated iterative procedure is
(S,T)-stable.

PROOF. Since T and S satisfy (E.A) property, there exists a sequence {x,}. -,
in X such that

lim Tz, = lim Sz, =t, te€X.

n—oo n—oo
Since S(X) is a complete subspace of X, every convergent sequence of points
of S(X) has a limit in S(X). Therefore,
lim Sa;n:t:Sz:nli_}rgoTxn:t, ze X

n—oo

which in turn yields that t = Sz € S(X).
Assert that Sz = T'z. If not, then d(T'z,Sz) > 0 and using ([3.24)), we have

d(Sz,Tz) —i-2d(S:vn, Txn)> <0

F (d(Tz,Txn),d(Sz,Sa:n),d(Sz,Txn),d(an,Tz),
which by letting n — oo reduces to

<0

F (d(Tz, t),d(Sz,t),d(Szt),d(t,Tz), d(Sz,Tz) +d(t, t))

or to

<0. (%)

T
F (d(Tz, S2),0,0,d(Sz,Tz), W)

By (*) and according to (2b), there exists h € [0, 1) such that

d(Sz,Tz)} _ hd(S’z,Tz) _

5 5 d(Sz,Tz),

d(Tz,Sz) < hmax {0,

a contradiction.
Hence Tz = Sz, so z is a coincidence point of T" and S.

Since S and T are weakly compatible, then

St=8Tz=TSz="1Tt.



3. STABILITY OF FIXED POINT, COMMON FIXED POINT AND COINCIDENCE POINT ITERATIVE
64 PROCEDURES FOR CONTRACTIVE MAPPINGS DEFINED BY IMPLICIT RELATIONS

Now, assert that Tt = t. If not, then d(7't,t) > 0. Again, using (3.24),

d(St,Tt) zd(SZ, Tz)) <0

F <d(Tt, Tz),d(Sz,St),d(St,Tz),d(SzTt),

or
F(d(Tt,t),d(Tt,t),d(Tt,t),d(Tt,t),0) <0
which contradicts property . Hence, Tt = t which shows that t is a common
fixed point of T" and S.
Now, we shall prove the uniqueness of ¢t. Assume the contrary, respectively,
there exists t' € Fixz(T'), such that ¢t # ¢'. Then, by taking x := t and y := ¢’ in
(3.24) and by denoting § := d(t,t') > 0, we get

F(6,0,6,0,0) <0,

which contradicts (2), and this proves that the pair (S,7) has a unique common
fixed point.

In order to prove the (S, T)-stability of Jungck type iteration procedure, we
take the sequence {Swz,} -, generated by Sz,+1 = Tx,, n = 1,2,.., for any
xo € X, which converges to t, the common fixed point of the iterative procedure,
as long as the pair (S,7") has an unique common fixed point.

Let {Sy,}.—, C X be an arbitrary sequence and set
€n = d(SYn+1, Tyn), n=0,1,2,....
By definition, the iterative procedure is (S, T')-stable if and only if
lime,=0 = lim Sy, =t.
n—oo n—oo
Assume that lim,,_,o €, = 0. Then
(3.25) d(SYnt1,t) < d(SYnt1, Tyn) + d(Tyn, t) = €, + d(Tyn, t).

If we take z := t and y := y, in (3.24), then we obtain F(u,v,u,v,w) < 0,
where u := d(Tyy,,t), v := d(Sy,,t), w := 2d(Syn, Ty,). Now, since F satisfies
(2a), there exists h € [0,1) such that u < hmax {v,w}, respectively d(Ty,,t) <
h max {d(Syn, t), W} . We discuss two cases.

Case 1. We take max {d(Syn,t),W} = d(Syn,t) and it yields that
d(Ty,,t) < hd(Sy,,t), and then

d(SYni1,t) < hd(Syn,t) + €,

and applying Lemma we get the conclusion, i.e., lim, oo SYpi1 = t.
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Case 2. If max {d(Syn, t), d(sy"z’Ty”)} = d(sy”Q’Ty"), we have

h h h
d(Tyn,t) < 5d(Tyn, Syn) < Sd(Tyn,t) + (L, Syn).
Then,
h h
(1-— §)d(Tyn,t) < §d<t’ SYn), S0,
h
d(Tyn,t) < 775 d(Syn, p)-
2
We denote ¢q := 1—%ﬁ € [0,1), because h € [0,1) and then we get
2
A(Tyn,t) < qd(SYn, ).
So,
d(Syn+17 t) S qd(SyTU t) + €n,
and again, the conclusion follows by applying Lemma (1.1 U

Remark 3.21. Theorem [3.16] completes Theorem 5.1 in Imdad and Ali [67] with
the information about the stability of the Jungck-type iterative procedure with re-
spect to the mappings S and T, provided that the function F satisfies an additional

condition.

Corollary 3.3. (Timig, [161]) Let (X, d) be a complete metric space and S, T :
X — X be two mappings, such that T and S satisfy (E.A) property and S(X) is
a complete subspace of X .
Suppose there exists F' € F such that S and T satisfy , forall x,y € X.
Then, the Jungck-type iterative procedure is (S, T)-stable.

Proor. We apply Theorem with F' given by Example|3.22{which satisfies
all conditions (1)-(3) and then we obtain a stability result for Jungck’s contraction

principle given in [78§]. O

Corollary 3.4. (Timig, [161]) Let (X, d) be a complete metric space and S, T :
X — X be two mappings, such that T and S satisfy (E.A) property and S(X) is
a complete subspace of X .
Suppose there exists F' € F such that S and T satisfy , forall x,y € X.
Then, in the case of the contraction conditions of Zamfirescu’s type, the asso-

ciated common fixed point iterative procedure is (S, T)-stable.
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PROOF. We apply Theorem for S = I, the identity map on X, and with
F given by Example|3.23|and then we obtain a stability result for the Zamfirescu’s
fixed point theorem, see [173], corresponding to a pair of mappings with a common
fixed point. O

Remark 3.22. Other particular cases.

(1) If F is given by Example and S = I, the identity map on X, then
we obtain a stability result for the Kannan’s fized point theorem, see [81],
corresponding to a pair of mappings with a common fixed point;

(2) If F is given by Example and S = 1, the identity map on X, then we
obtain a stability result for a fized point theorem obtained by Reich (1971)
and Rus (1971), see [154], corresponding to a pair of mappings with a
common fized point;

(3) If F is given by Example and S = I, the identity map on X, then we
obtain a stability result for the Chatterjea’s fixed point theorem, see [45],
corresponding to a pair of mappings with a common fixed point;

(4) If F is given by Emample and S = I, the identity map on X, then we
obtain a stability result for the Hardy and Rogers’s fized point theorem,
see [63], corresponding to a pair of mappings with a common fized point;

(5) If F is given by E:Eample and S = 1, the identity map on X, then we
obtain a stability result for the Pathak and Verma’s fized point theorem,
see [117], corresponding to a pair of mappings with a common fized point
mn symmetric spaces;

(6) If F is given by Examples and S = I, the identity map on
X, then we obtain stability results for the Popa’s fixed point theorem, see

[119], corresponding to two pairs of mappings on two metric spaces.

Remark 3.23. The contractive conditions obtained from with F' as in above
examples also imply contractive conditions used by Rhoades in [130], [132], [133],
[134].
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Conclusions:

Because of the inclusions between the commutativity definitions, the weakly
compatible pair of mappings is the most general type from the mentioned notions
and it includes the others. The above theorem use this kind of weakly compatible
mappings and it follows that it holds also for compatible, commuting and weakly
commuting pair of mappings.

In order to extend and generalize all the mentioned common fixed point theo-
rems, it can be established corresponding stability results for fixed point iteration
procedures associated to contractive mappings defined by a suitable implicit rela-

tion.



CHAPTER 4

A new point of view on the stability of fixed point

iterative procedures

By taking account of the notions of stability in difference equations, dynamical
systems, differential equations, operator theory and numerical analysis, Rus [136]
unified these notions by new ones.

We consider these new notions in this chapter and study the stability of Picard
iteration for mappings which satisfy certain contractive conditions. We also give
some illustrative examples.

The author’s original contributions in this chapter are: Theorem [1.17] Propo-
sition[1.2] Corollary Corollary [I.6], Corollary Example Corollary [L.8|
Theorem Corollary Example [2.34] Theorem [2.19] Corollary Exam-
ples - Definition [4.26] Definition [4.27] Proposition Theorem [4.20]

Theorem Theorem [5.22]
Some of them are included in [156] (Timis, 1., New stability results of Picard

iteration for common fixed points and contractive type mappings, presented at
SYNASC 2012, Timigoara, 26-29 Sept. 2012).

1. New stability concept for Picard iterative procedures

Eirola, Nevanlinna and Pilyugin [57] introduced the notion of limit shadowing
property and Rus [136] adopted it, in order to introduce a new concept of stability
for fixed point iteration procedures which appears to be more general than the
notion of stability introduced by Harder [60].

Definition 1.23. (Rus,[136]) On the metric space (X, d), the operatorT : X — X
has stable Picard iterates at xo € X, if for every € > 0, there exists 6(€) > 0, such
that

re X, dlx,xg) <d(e) = d(T"z,T"z¢) <€, VYn €N,
The operator T'Y C X, if it has stable Picard iterates at all xqg € Y.

68
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Definition 1.24. [57] The operator T' has the limit shadowing property with re-

spect to Picard iteration, if
yn € X, ne€N, dyns1,Tyn) -0 as n— oo
imply that there exists xg € X, such that

d(Yn, T"x9) = 0 as n — oo.

Definition 1.25. [136] Picard iteration is stable with respect to an operator T
if it is convergent with respect to T and the operator T has the limit shadowing

property with respect to this iterative procedure.

Theorem 1.17. (Timig, [157]) Let (X,d) be a metric space and T : X — X be

an a-contraction, i.e., T satisfies
d(Tz,Ty) < ad(z,y), Vr,y€ X,

with a € [0,1) fized.
Then, T has stable Picard iterates on X.

ProoF. When a = 0, the operator T' is constant and we have nothing to prove.
When a € (0,1), for zg € X and € > 0 arbitrarily chosen, we are looking for an
d(e) > 0, such that

(1.26) d(xz,x0) < d(e) = d(T"x,T"z) <€, VneN.

Since T is an a-contraction, d (T"z, T"x¢) < a"d(x,x¢) < ad(x,zo), Vn > 1.
It suffices to impose the condition ad < €. So, holds, as soon as d(e) is an
arbitrary number in the interval (0, %)

According to Definition [1.23] 7" has stable Picard iterates at zy € X, and

because xy was arbitrary taken, then 7" has stable Picard iterates on X. U

In the following, we study the relationship between the two stability definitions,
the one of Harder [60] and the other one due to Rus [136].

Proposition 1.2. (Timig, [157])

Let (X,d) be a metric space and T : X — X be a mapping. Let z9 € X
and let use assume that the Picard iteration procedure x,,1 =Tz,, n=0,1,2, ...,
converges to a fixed point p of T'.

Suppose that Picard iteration is stable in the sense of Harder. Then, it is also

stable in the sense of Rus. (Deﬁm'tion
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PROOF. Let (X, d) be a metric space and 7': X — X a mapping, xo € X and
let us assume that the iteration procedure z,.; = Tz,, n=0,1,2,..., converges
to a fixed point p of T

Let {y, } -, be an arbitrary sequence in X, such that €, = d (yn+1, Tyn) — 0, as
n — 00. As the Picard iteration is T-stable in the sense of Harder, lim,, .. y, = p.

Then, xy = p satisfies the condition from Definition because,

Ad(Yn, T"x0) = d(Yn, xn) < d(Yn, p) + d(p, z,) — 0,

so the Picard iteration is also T-stable in the sense of Rus. O

Corollary 1.5. (Timig, [157]) Let (X,d) be a metric space and T : X — X be
a mapping satisfying the contraction condition of Zamfirescu, i.e., there exists real

L such that, for each z,y € X,

numbers a, 3,7, satisfying 0 < a <1, 0 < 3,7 < 3,

at least one of the following is true:
(1) d(Tz,Ty) < ad(z,y);
(2) d(Tz,Ty) < Bld(z,Tz) + d(y, Ty)];
(3) d(Tx,Ty) < ~vl[d(z,Ty) + d(y, Tz)] .
Let xg € X and let use assume that the Picard iteration procedure x, 1 = Tx,,
n=20,1,2,..., converges to a fized point p of T.
Suppose that Picard iteration is stable in the sense of Harder. Then, it is also
stable in the sense of Rus (Definition .

Remark 1.24. Corollary gives a stability result corresponding to the fixed
point theorem of Zamfirescu [173].

Corollary 1.6. (Timig, [157]) Let (X,d) be a metric space and T : X — X be
a mapping satisfying Kannan’s contraction condition, i.e., there exists a € [0,1)
such that for all x,y € X,

d(Tz,Ty) < ald(x,Tz) + d(y, Ty)].

Let vy € X and let use assume that the Picard iteration procedure x, 1 = Tx,,
n=20,1,2,..., converges to a fixed point p of T'.

Suppose that Picard iteration is stable in the sense of Harder. Then, it is also
stable in the sense of Rus (Definition .

Remark 1.25. Corollary gives a stability result corresponding to the fized

point theorem of Kannan [81].
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Corollary 1.7. (Timig, [157]) Let (X,d) be a metric space and T : X — X be a
mapping satisfying Chatterjea’s contraction condition, i.e., there exists a € {0, %)
such that for all x,y € X,

d(Tz,Ty) <ald(x,Ty) + d(y,Tz)].

Let vy € X and let use assume that the Picard iteration procedure x,,1 = Tx,,
n=0,1,2,..., converges to a fixed point p of T

Suppose that Picard iteration is stable in the sense of Harder. Then, it is also
stable in the sense of Rus (Definition .

Remark 1.26. Corollary gives a stability result corresponding to the fized
point theorem of Chatterjea [45].

Remark 1.27. The converse of Proposition is not generally true, as shown by

the following example.
Example 1.33. (Timisg, [157])

Let T : [0,1] — [0,1] be identity mapping on [0, 1], that is, 7o = x, for each
x € [0,1], where [0, 1] is endowed with the usual metric. Every point in [0, 1] is a
fixed point of 7" and T is nonexpansive, but not a contraction.

Harder [62] showed in this case that Picard iteration is not T-stable. Let now
study the stability in sense of Rus. For any y, € X, with n € N, we have to
prove that lim,, o d(yns1,Ty,) = 0 implies that there exists zo € X, such that
limy, 00 d(Yn, T" o) = 0.

Indeed, for any y, € [0, 1], we get T'y,, = ¥y, and suppose that

i d(yn i1, Tyn) = Hmd(yni1,yn) = 0.
Now, there exists xg € X, where x¢ = [ := lim,, ., ¥, such that

lim d(y,, T"z) = nh_)nolo d(Yn, o) = 0.

n—oo

Hence, Picard iteration is stable in the sense of Rus.

Corollary 1.8. (Timis, [157])

Let (X, d) be a metric space and T : X — X a mapping, vo € X and let us
assume that the sequence {x,} -, converges to a fized point p of T.

If Picard iteration procedure is stable in the sense of Harder, then the fixed

point is unique.
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PROOF. Suppose that Fiz(T) = {p, q}, with p # q.

For the sequence {y,}.—,, Yn = ¢, with Ty, = ¢, we have that
limy, 00 d (Yns1, Tyn) = 0, but lim,, 0 ¥, = ¢ # p.

So, Picard iteration procedure is stable in the sense of Harder if and only if

Fiz(T) = {p}. O

Remark 1.28. Corolla'ry has been suggested by Professor 1. A. Rus (private

communication).

2. Stability results of Picard iteration for mappings satisfying certain

contractive conditions

According to above stability definitions of Rus [136], in the following we study
the stability of Picard iterative procedure as well as the stability of Picard iterates
at ro € X, with respect to T

A generalized contraction condition introduced by Berinde [20], named almost
contraction condition has some surprising properties: it ensures the convergence
of Picard iteration to a fixed point and under adequate conditions, an unique fixed
point, but it does not require the sum of the coefficients on the right side of the
contractive condition to be less than 1.

In a metric space (X,d), a self mapping 7" : X — X is called an almost

contraction if there exists two constants § € [0,1) and L > 0 such that
d(Tz,Ty) < 0d(z,y) + Ld(y, Tz),

for any x,y € X. Here, § 4+ L is not restricted to be less than 1.

Almost contractions have a very similar behavior to that of Banach contrac-
tions, which explains their name, except for the fact that the fixed point is generally
not unique.

In order to ensure this uniqueness, Berinde [20] considered another condition,

similar to the above one, namely
(2.27) d(Tz,Ty) < 6,d(z,y) + L,d(xz,Tx),

for any x,y € X, where §, € [0,1) and L, > 0 are constants.
Note that (2.27) has been used by Osilike [108], [110], Osilike and Udomene
[114] in order to establish several stability results.
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Berinde [21] also proved the existence of coincidence points and common fixed
points for a large class of almost contractions in cone metric spaces.

Moreover, Berinde [18] proved the existence of coincidence points and common
fixed points of noncommuting almost contractions in metric spaces and a method
for approximating the coincidence points or the common fixed points is also con-
structed, for which both a priori and a posteriori error estimates are obtained.

Using this condition, we obtain the following stability result:

Theorem 2.18. (Timig, [157]) Let (X,d) be a metric space and T : X — X be
a self mapping satisfying the contraction condition , i.e., for some 6, € [0, 1)
and L, > 0. For all x,y € X, we have

d(Tz, Ty) < d,d(z,y) + L,d(x,Tx).
Then, the associated Picard iteration is T-stable in the sense of Definition|1.25.

PROOF. Osilike [110] established the stability in the sense of Harder for Picard

iteration and using a mapping satisfying (2.27)).
Further, by Proposition [1.2] stability in the sense of Harder involve stability in

the sense of Rus, so, we get the conclusion. O

Remark 2.29. For a metric space (X,d) and a self mapping T satisfying the
almost contraction condition , the associated Picard iteration is T-stable in

the sense of Rus, provided it is T-stable in the sense of Harder.

Corollary 2.9. (Timig, [157]) Let (X,d) be a metric space and a mapping T :
X — X, satisfying Banach’s contraction condition, i.e., there exists a € [0,1) and

for all x,y € X, we have that T satisfy the contraction condition
d(Tz,Ty) < ad(z,y).
Then, the associated Picard iteration is T-stable in the sense of Definition[1.25.

PrOOF. Applying Theorem for L = 0, we obtain a stability result for

Banach’s contraction principle [14]. O

Example 2.34. (Timig, [157])

15992
T(%) =g n=1,23 .

Babu, Sandhya and Kameswari [13] proved that T satisfies the almost contrac-
tion condition , withd =3, L=1,and 6+ L =3 > 1.

Let X = {O L4 } with the usual metric. Define T': X — X by T(0) = 3,
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Because T' has no fixed points, Picard iteration is not stable in the sense of
Harder. Now, we study the stability in the sense of Rus.

For an arbitrary sequence {y,} -, € X, with lim,_,c d(yn11,Ty,) = 0, where
lim,, oo ¥ := [, there obviously exists zo € X, with lim, _,. x, = [, such that
limy, 00 (Y, ,,) = 0.

Because Picard iteration is also convergent with respect to T, then it is stable
in the sense of Rus.

Babu, Sandhya and Kameswari [13] found a different contractive condition
that ensures the uniqueness of fixed points of almost contractions: if there exists
5 € (0,1) and L > 0, such that for all z,y € X,

(2.28)  d(Tx,Ty) <dd(z,y) + Lmin{d(z,Tx),d(y,Ty),d(x,Ty),d(y, Tz)} .
Using this condition, we obtain the following stability result:

Theorem 2.19. (Timig, [157]) Let (X, d) be a metric space and a self mapping
T : X — X, satisfying the almost contraction condition , i.e., there exists
5 €(0,1) and L > 0, such that

d(Tz,Ty) <dd(z,y) + Lmin{d(z,Tx),d(y, Ty),d(x,Ty),d(y, Tz)},

for all x,y € X.

Then, the associated Picard iteration is T-stable in the sense of Harder.

PROOF. Let the Picard iteration with the initial value zo € X, {x,} -, which
converges to a fixed point p of T, see [13].

Let {y,},-, be an arbitrary sequence in X, satisfying condition
nh_{{.lo d(Yn+1, Tyn) = 0.
The fixed point iteration is T-stable in the sense of Harder, if this implies
lim d(y,,p) = 0.
We have
A(Yn+1,0) < d(Yni1, Tyn) + d(Tyn, Ty) + d(Tp, p) < d(Yns1, TYn)+

+0d(2n, Yn) + Lmin {d(xn, T2y ), d(Yn, TYn), (20, Tyn), d(Yn, Txy) } + d(Txy, p).

We discuss four cases.
Case 1.

min {d(2n, Tzn), d(Yn, TYn), d(@n, TYn), d(Yn, Txp) } = d(n, Txy).
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Then, d(Yn+1,p) < €, + 0d(xp, yn), where €, := d(Yni1, Tyn) + Ld(x,, Tx,) +
d(Tx,,p) — 0, as n — oo, and applying Lemma for 6 € (0,1), we get the
conclusion.

Case 2.

min {d(xy,, Txn), d(Yn, TYn), A2, Tyn), d(Yn, Txy) } := d(Yn, T'yn).

As d(yn, Ty,) < d(xy,, Txy), then, d(yni1, Tni1) < d(Ynit, Tyn) + 0d(zn, yn) +
Ld(yn, Tyn) + d(Txp,p) < d(Yns1, TYn) + 6d(xn, yn) + Ld(zp, Txy) + d(Txp,p) <
e +0d(xp, yn), where €, := d(yn41, Tyn)+Ld(xp, Tx,) +d(Tx,, p) — 0, a8 1 — 00,
and applying again Lemma for 6 € (0,1), we get the conclusion.

Case 3.

min {d(‘rna T:L’n), d(yn7 Tyn)a d({L‘n, Tyn)7 d<yna Txn)} = d(l’n, Tyn)

As d(z,, Ty,) < d(x,, Tx,), we follow the same steps as in above case in order
to get the conclusion.
Case 4.

min {d(@,, Txn), d(Yn, TYn), d(20, Tyn), d(Yn, T2n) } := d(yn, Txy).

As d(yn, Tx,) < d(x,, Tx,), we follow the same steps as in above case in order
to get the conclusion.

In a similar way, we treat the last two cases.

Therefore, the fixed point iteration procedure is stable with respect to 7', in
the sense of Harder. O

Corollary 2.10. (Timig, [157]) Let (X, d) be a metric space and a self mapping
T : X — X, satisfying the almost contraction condition , i.e., there exists
d€(0,1) and L > 0, such that

d(Tx,Ty) < dd(z,y) + Lmin {d(x,Tz),d(y, Ty),d(x,Ty),d(y, Tz)},

forall z,y € X.
Then, the associated Picard iteration is T-stable in the sense of Rus, provided

it is T'-stable in the sense of Harder.
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Conclusions:

1. A fixed point iteration procedure which is stable in the sense of Harder
is also stable in the sense of Rus. But the reverse is not generally true, because
Harder stability implies the uniqueness of fixed point, while the new one of Rus
does not.

2. The stability of a fixed point iteration procedure in the sense of Rus may im-
ply stability in the sense of Harder, if and only if the iterative procedure converges
to the fixed point.

3. On the other hand, there are many examples of mappings that satisfy certain
contractive conditions and for which the associated Picard iteration is not stable
in the sense of Harder but it is actually stable in the sense of Rus.

In the following examples, we will present some nonexpansive mappings and
almost contractions for which the associated Picard iteration is stable in the sense

of Rus but it is not stable in the sense of Harder.

Open problem: Study the stability in the sense of Rus for general nonex-
pansive mappings as well as for general almost contractions (that do not satisfy a

certain uniqueness condition).
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3. Examples

In the following, we give some examples of mappings satisfying certain con-
tractive conditions for which the associated Picard iteration is not stable in the

sense of Harder but it is actually stable in the sense of Rus.
Example 3.35. (Timig, [157])

Let T : [0,2] — [0,2] be given by

5, ©z€l0,1)
Ty =
2, z€ll,2],

where [0, 2] is endowed with the usual metric. 7" has two fixed points, Fiz(T) =
{0,2}.

Pacurar [116] showed that 7" is an almost contraction, i.e., there exists the
constants 6 = 1 € [0,1) and L = 3 > 0, such that, for any z,y € [0,2], we have
that

d(Tz, Ty) < 0d(x,y) + Ld(y, Tz).

Note that 5+L:%> 1.
In the following, we show that Picard iteration is not T-stable in sense of

Harder but it is T-stable in sense of Rus.

o0

Let xp € X and assume that Picard iteration procedure {z,} _,,

given by
Tne1 = Tx,, n=0,1,2, ..., converges to a fixed point p of T'.
According to Definition of Harder, the fixed point iteration procedure is

T-stable if and only if for every sequence {y,}, -, in X,
dim d (ypi1, Tyn) =0 < lim y, =p.

Let o € [0,1), so @, = 579, With lim, o x, = 0 = p. Then, Tz, = 5.
Let us consider the sequence {y,}.-, in X, defined by yo = 1 and y,, = an_l,
forn > 1.

Then, Ty, = 2 and

2n+1
lim d(Ypi1, Tyn) = lim d 2) =0.
i d s, Ton) = Jim 0 (52
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On the other hand, lim,,_,, d (2”7;1,0) = 2 # 0, so the Picard iteration is not
T-stable in sense of Harder.

Now, according to Definition of Rus, Picard iteration is Rus-stable if
yn € X, n €N, d(Ynt1,Tyn) — 0 as n — oo implies that there exists g € X,
such that d(yn, T"z¢) = 0 as n — co. We discuss two cases.

Case 1. If y,, € [0,1), then y,, = Q%yo, with Ty, = Qn%yo.

So, lim,, o0 d(Yni1, Tyn) = lim, o d (Qn%yo, zn%yo) = 0 and therefore, there
exists x¢p € X such that

1 1
lim d(y,,z,) = lim d( ) = lim d (Yo, o) = 0.

oL oo @\ gnr1 Y0 Gnyr o Wit ntl
Case 2. If y, € [1,2], then y,, = 2 = Ty,.
S0, d(Yn+1, TYn) = d(Yn+1,2) and from lim,, o d(yp+1, Ty,) = 0 we obtain that
{yn} —, converges to 2. Now, just take zy € [1,2] arbitrary, to get z, =2, n >0,
and hence, lim,, o d(yn, x,) = 0. as required.

Therefore, the Picard iteration is T-stable in sense of Rus.
Example 3.36. (Timig, [157])

Let T': [0,1] — [0,1] be given by

W

1
_— T, TE [O, 2)
%x—i—%, S {%,1},
where [0, 1] is endowed with the usual metric.

T has two fixed points, Fiz(T) = {0, 1}.

Pacurar [116] showed that 7' is an almost contraction, i.e., there exists the
constants § = 2 € [0,1) and L = 6 > 0, such that, for any z,y € [0,1], we have
that

d(Txz,Ty) < dd(z,y) + Ld(y, Tz).

Note that 5+L:6+§ > 1.
In the following, we show that Picard iteration is not T-stable in sense of

Harder but it is T-stable in sense of Rus.

o0

Let p € X and assume that Picard iteration procedure {z,},_,

given by
Tni1 = Tx,, n=0,1,2, ..., converges to a fixed point p of T'.

Let zg € {0, %), SO T, = (%)nxo, with lim,,_,. z, =0 = p.

Let us consider the sequence {y,},-, in X, defined by y, = == € [3,1], for

n > 1, and lim,_,. y, = 1.
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Then, Ty, = 2y, + 5 and

n 2 1 n 2 n-—1 1
lim d (Y1, Tyn) = lim d (——, Zy, + =) = lim d = N _o.
Sy domes Ton) = Ji ¢ (5 g+ 3) = i d (575 + 5)

On the other hand, lim,, ., d ("T’l, 0) =1 # 0, so the Picard iteration is not
T-stable in sense of Harder.

Now, according to Definition of Rus, if y, € X, n € N, d(yny1,Tyn) —
0 as n — oo implies that there exists xy € X, such that d(y,, T"x¢) = 0 as n —
o0o. We discuss two cases.

Case 1. If y, € [0, %), then Ty, = %yn and by

lim d(yni1,Ty,) = lim d (ynH, Qyn> =0,
n—oo n—o0 3
we obtain that lim,, . y, = 0.

Indeed, by ’ynH — %yn’ — 0, as n — oo, we have y,,1 — %yn = a,, with
a, — 0,asn — oo. Then, y,,1 = %yn + Qpy SO Ypt1 < %yn + oy, and applying
Lemma (1.1} we get lim,, .o ¥, = 0.

There exists xg € [O, %), such that

S ) = Ji o ((3) - (5) ) = fm, ()

Case 2. If y,, € [%, 1}, then Ty, = %yn + %
So, from lim, oo d(Yns1, TYn) = lim, oo d(Yni1, %yn + %) = 0 it results that

S

(y(h $0) =0.

lim,, .o ¥» = 1 and therefore, there exists xy € [%, 1}, with lim,, .o, x, = 1, such

that lim, e d(Yn, Tn) =
i d((5) wr1-(5) - (5) w+1-(5) ) =0
= lim — — (= - x — (= =
L 3 Yo 3) '\3 0 3 )
so, the Picard iteration is T-stable in sense of Rus.

Example 3.37. (Timig, [157])

Let T': [0,1] — [0,1] be given by

22, x € [0, i)
Tx =
0, z € [i, 1} ,
where [0, 1] is endowed with the usual metric. T" has a fixed point at 0.
Pacurar [116] showed that 7' is an almost contraction, i.e., there exists the

constants 6 = 1 € [0,1) and L = 3 > 0, such that, for any z,y € [0, 1], we have
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that
d(Txz,Ty) < dd(z,y) + Ld(y, Tz).
Note that in this case d + L = % < 11.

In the following, we show that Picard iteration is T-stable in sense of Harder

and it is also T-stable in sense of Rus.

o0

Let xp € X and assume that Picard iteration procedure {z,} _,,

given by
Tpe1 = Tx,, n=0,1,2, ..., converges to a fixed point p of T'.
Let zo € {0, i), SO T, = (IO)Q", with lim,, . x, = 0 = p.

oo
n=0’

Case 1. If y, € H, 1}, then Ty, = 0 and from lim, o d (yp11,Tyn) = 0, it

Now, for an arbitary {y,} we discuss two cases.

results that lim,, ., v, = 0 and this is a contradiction, as long as y, € [i, 1}.

Case 2. If y, € {0, i), then Ty, = y2 and from lim, oo d (Yps1, Tyn) =
= lim, 00 d (Yns1,y2) = 0, we obtain that lim, ., y, = 0.

Indeed, from |y, 1 — y%| — 0, as n — oo, we have that

Ynt+1 = yi + Qp, (*)

with «,, — 0, as n — 0o. Denote lim,,_, ¥, := [ and by taking to the limit in (),

we get [ =12, 500l =0,0rl=1.
1
14
Then, lim, ;o d(y,,p) = 0, so the Picard iteration is T-stable in sense of
Harder.
According to Proposition if Picard iteration is T-stable in the sense of

Harder, it is also stable in the sense of Rus.

Because y,, € [0 ), we have [ = 0, so lim,,_, v, = 0.

Example 3.38. (Timig, [157])

Let T : [0,1] — [0, 1] be given by

2, zel0,1)
Ty =
0, =1,
where [0, 1] is endowed with the usual metric.
T has one fixed point at 2, Fiz(T) = {%}
Pacurar [116] showed that 7' is an almost contraction, i.e., there exists the
constants d = 2 € [0,1) and L > ¢ > 0, such that, for any z,y € [0,1], we have
that

d(Tz,Ty) < éd(z,y) + Ld(y, T'z).
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Note that in this case § + L > % > 1.

In the following, we show that Picard iteration is T-stable in sense of Harder
and hence it is also T-stable in sense of Rus.

Let zp € X and assume that Picard iteration procedure {z,} -, given by
Tni1 = Tx,, n=0,1,2, ..., converges to a fixed point p of T

For any xq € [0,1], z, = %, 5o lim,, o0 Ty = % =p.

Now, for an arbitary {y,} -, we discuss two cases.

n=0

Case 1. If y, = 1, then T'y,, = 0 and then lim,, o d(yn+1,Ty,) =1 # 0 and it
is a contradiction.

Case 2. If y, € [0,1), then Ty, = % and from lim,, o0 d (Y1, Tyn) = 0, it
results that lim, . y, = g

Then, lim, ;o d(y,,p) = 0, so the Picard iteration is T-stable in sense of
Harder.

According to Proposition if Picard iteration is T-stable in the sense of

Harder, it is also stable in the sense of Rus.
Example 3.39. (Timis, [157])

Let T": [0,1] — [0, 1] be given by

0, z€[0,3]
Ty =
S (%, 1] ,
where [0, 1] is endowed with the usual metric.
T has one fixed point at 3, Fiz(T) = {%}
Pacurar [116] showed that T is an almost contraction, i.e., there exists two
constants 6, = 3 € [0,1) and L, = 1 > 0, such that, for any z,y € [0,1], we have
that

d(Tz, Ty) < 0,d(x,y) + Lyd(z, Tx).

Note that in this case 6 + L = % > 1.

In the following, we show that Picard iteration is T-stable in sense of Harder
and it is also T-stable in sense of Rus.

Let o € X and assume that Picard iteration procedure {x,} -, given by
Tpy1 =Tx,, n=20,1,2, ..., converges to a fixed point p of T'.

For any z( € [0, 1], we have that lim,, ., z, =0 = p.

Now, for an arbitary {y,} -, we discuss two cases.

n=0’
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Case 1. If y, € (%,1], then Ty, = % and by lim, e d (Ynt1, Tyn) = 0, it

results that lim, .., v, = 0 and it is a contradiction, as long as y,, € (%, 1}.

Case 2. If y, € {O, %}, then Ty, = 0 and by lim, . d(Yni1, Ty,) = 0, we
obtain that lim, ,. y, = 0.

Hence, lim,, o d(yn,p) = 0, so the Picard iteration is T-stable in sense of
Harder.

According to Proposition if Picard iteration is T-stable in the sense of

Harder, it is also stable in the sense of Rus.
Example 3.40. (Timig, [157])

Let T': [0,1] — [0,1] be given by

1
%, €T € 072}
Tr = 1 ,
0 —. 1
, x€<2, }

where [0, 1] is endowed with the usual metric. T is continuous at each point of
[0,1] except at 3.
T has an unique fixed point at %, Fix(T) = {%}

We already showed in Example that for each z,y € [0,1], with x # y, T

satisfies the condition
d(Tz,Ty) < max{d(z,Tz),d(y,Ty)},

and also we showed that the associated Picard iteration is not T-stable in the sense
of Harder, by using a divergent sequence {y,}oo o =2, 1,3+ 5, 5.5+ 21,55, " -
In the following, we prove that it is stable in the sense of Rus.
By Deﬁnitionof Rus, for any y,, € [0, 1], we have that lim,, o d(yni1, Tyn) =
0 and it implies that there exists o € X, such that lim, . d(yn, T"x¢) = 0.
From lim,, oo d(yni1, Tyn) = 0, it results that y, € [0, %} and hence, Ty, =
3
Now, for any zo € [0, 1], we have z,, = %, n > 2, and so lim,_,o T, =

1
2
and lim,, o yp =
1
5-
Hence,

lim d(y,.. T"00) = lim d(y,.,,) =0,

n—oo

so, Picard iteration is T-stable in the sense of Rus.
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Example 3.41. (Timig, [157])

Let T': [0,1] — [0,1] be given by

0, z€ (0,3
Tr = )
%, T € (%, 1}
where [0, 1] is endowed with the usual metric. 7 is continuous at every point of
[0,1] except at 1.
T has an unique fixed point at 0, Fiz(T) = {0}.
We already showed in Example that for each z,y € [0,1], with  # y, T

satisfies the condition
d(Tz,Ty) < max{d (v, Ty),d(y,T)},

and also showed that the associated Picard iteration is not T-stable in the sense
of Harder, using {y, }o o, with y, = %2, n > 1.

In the following, we prove that it is stable in the sense of Rus.

According to Definition of Rus, for any y, € [0, 1], we have to prove that

lim,, oo d(Yns1, Tyn) = 0 implies that there exists o € X, such that

lim d(y,, T"x¢) = 0.

00

We discuss two cases.

Case 1. If y,, € [O, %}, then T'y,, = 0, and hence from lim,, o d(yn+1,TYn) = 0,
it results that lim,, .o, , = 0.

Case 2. If y,, € (%, 1}, then Ty, = %, and hence from lim,, , d(yn i1, Tyn) = 0,
it results that lim,, .o ¥y, = %

Now, definitely, there exists xy € [0, 1], such that
dim d(yn, T"xo) = lim d(y,, z,) = 0,
so, Picard iteration is T-stable in the sense of Rus.
Example 3.42. (Timig, [157])

Let T: R — {0,1, 3} be defined by

1452
%, z <0
Tz ={1 L
Tr = Z,ZCG 0,5 )
0, x>%
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where R is endowed with the usual metric. 7T is continuous at every point in R
except at 0 and %

The only fixed point of T is 1, Fiz(T).

We already showed in Example that for each z,y € R, with x # y, T
satisfies the condition

2 ’ 2

and also showed that the associated Picard iteration is not 7T-stable in the sense

d(Te, Ty) < max {d@,, ). 4. T5) + d(y. Ty) da,Ty) + dly. T } |

of Harder by using the sequence {y,} , of real numbers y, = % + %, for each
positive odd integer and y,, = —%, for each positive even integer.

In the following, we prove that it is stable in the sense of Rus.

According to Definition of Rus, for any vy, € R, we have that
limy, 00 A(Yni+1,Tyn) = 0 and it implies that there exists o € R, such that
limy, 00 d(yn, T™x) = 0. We discuss three cases.

Case 1. If y, < 0, then Ty, = %, so, from d(ynt1,Tyn) = d(Yns1.3) — O,
as n — 00, it results that lim,, . y, = %, and this is a contradiction, as long as
Yn < 0.

Case 2. If y,, > %, then Ty, = 0, so, from d(y,41,TYn) = d(Yn+1,0) — 0, as
n — 00, it results that lim,,_,. v, = 0, and this is another contradiction, as long

as Y, > %

1
Case 3. If y,, € [0, 2], then Ty, = §, so, from d(yni1, Tyn) = d(Yni1,5) = 0,
1

as n — 00, it results that lim, .y, = 7.

Now, definitely, there exists xqo € R, such that lim, ,z, = i and
lim,, oo d(Yn, T"x0) = lim, 00 d(yn, x,) = 0, so, Picard iteration is T-stable in

the sense of Rus.
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4. New stability concepts of fixed point iteration for common fixed

points and contractive type mappings

By adapting Definition of limit shadowing property of Eirola, Nevanlinna

and Pilyugin [57] to common fixed points, we introduce the following;:

Definition 4.26. (Timis, [156]) Let (X, d) be a metric space and S, T : X — X
be two mappings such that T(X) C S(X). Let u be a common fized point of S and
T, that is, Tu = Su = u.

For any zy € X, let the sequence {Sx,}.., be generated by the Jungck type

iterative procedure

(4.29) Stpyy=Tx,, n=0,1,2, ...

Y

and assume that it converges to u.
Then, we say that the mappings T and S have the limit shadowing property

with respect to Jungck type iteration procedure, if
Sy, € X, neN, d(Syp+1,Tyn,) =0 as n— oo
imply that there exists xq € X, such that
d(Syn, T"xo) - 0 as n — oo.

Remark 4.30. If S = I, the identity map on X, then, by Definition|4.26, we get
Definition of the limit shadowing property introduced by Eirola, Nevanlinna
and Pilyugin [57].

The notion of stability introduced by Rus [136] in Definition will be trans-

posed to common fixed points, as follows:

Definition 4.27. (Timis, [156]) Let (X, d) be a metric space and S, T : X — X
be two mappings such that T(X) C S(X). Let u be a common fized point of S and
T, that is, Tu = Su = u.
For any zy € X, let the sequence {Sx,}.., be generated by the Jungck type
iterative procedure Sx, 1 = Tx,, n =0,1,2, ..., and assume that it converges to u.
Then, the Jungck type iteration procedure is stable with respect to the mappings
T and S if it is convergent with respect to T and S and the mappings T and S

have the limit shadowing property with respect to this iterative procedure.
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In the following, we study the relationship between the stability concept intro-
duced by Singh and Prasad [152] in Definition which is given for a pair of
mappings (S, 7") with a coincidence point and our new stability concept introduced
by Definition [4.27]

Proposition 4.3. (Timis, [156])

Let (X,d) be a metric space and let S, T : X — X, where T(X) C S(X) and
the mappings S and T have a common fixed point, that is, Su = Tu = u.

For any zy € X, let the sequence {Sx,} ~, be defined by and assume
that it converges to u € X.

Suppose that the Jungck type iteration procedure is stable in the sense of Singh
and Prasad [152], by Definition [2.15],

Then, the Jungck type iteration procedure is also stable in the sense of Defini-
tion [{.27..
PROOF. Let {Sy,} -, be an arbitrary sequence in X and set

lim €, = Jgrgod(Syn+1,Tyn) =0.

n—s00
According to Definition fixed point iteration procedure is (S, T')-stable if
and only if
=0 &l Syn =
Now, according to Definition we take Sy, € X, with d(Syn+1,Tyn) — 0,
as n — 00.
So, there exists rg = u € X, such that T"xy = T"u = wu, and hence,

limy, 00 d (SYn, T"x0) = lim, 00 d (Syn,u) = 0, and we get the conclusion. O

Remark 4.31. If If S = I, the identity map on X, Proposition [{.5 reduces to
Proposition [1.2,

In the following, we give some stability results for the iteration procedure
defined by (4.29)), with respect to two mappings which satisfy various contractive

conditions.

Theorem 4.20. (Timig, [156]) Let (X, d) be a complete metric space and S, T :
X — X be two mappings, satisfying
(4.30) d(Tz,Ty) < ad(Sx, Sy),

for each x,y € X and some constant a € [0, 1).

S and T have an unique common fized point u, with Tu = Su = u, if
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) T(X) C S(X);

i) S is continuous;

1) S and T'" commute.

For any xy € X, let the sequence {Sx,} —, be generated by which is
assumed to converge to u.

Then, the Jungck type iteration procedure is stable with respect to the mappings
T and S, in the sense of Definition [{.27;

PRrROOF. By Definition m, iteration procedure defined by iteration is
stable with respect to S and T if it is convergent with respect to S and 7', and
mappings S and T have the limit shadowing property with respect to this iterative
procedure.

Let {Sy,},—, an arbitrary sequence in X and if
Sy, € X, neN, d(Synt1,Tyn) =0 as n — o0,
imply that there exists (o € X, such that
d(SYn, T"xo) — 0 as n — .

Assume that lim,, o d(SYpt1, Tyn) = 0.
Therefore, there exists xg = u € X, such that T"zq = T"u = u. Then,

d(SYni1,u) < d(SYns1, Tyn) + d(Tyn, Txy,) + d(Txy, u).
From the contraction condition,
d(Ty,, Tx,) < ad(Syn,, Sz,), a€0,1),
so it yields that
d(SYni1,u) < ad(Sy,,u) + €,
where
€n = d(SYns1, Tyn) + d(Txp,u) — 0,

so, applying Lemma we obtain that lim, . d(Sy,,u) = 0.
Therefore, S and T have the limit shadowing property with respect to iteration
procedure defined by (4.29) and because it is convergent with respect to S and T,

we get the conclusion. Il

Remark 4.32. If S = I, the identity map on X, the stability result in the case of
Jungck type iteration procedure in the sense of Rus, i.e., Theorem[.20, reduces to
the stability result of Picard iteration procedure, i.e., Theorem[2.18.



88 4. ANEW POINT OF VIEW ON THE STABILITY OF FIXED POINT ITERATIVE PROCEDURES

Theorem 4.21. (Timisg, [156]) Let (X,d) be a metric space and S,T : X — X
be two mappings. Suppose there exists h € [0,1) such that, for every x,y € X,

(4.31) d(Tz,Ty) < hmax{d(Sz,Ty),d(Sy,Tz)} .
S and T have an unique common fixed point u, with Tu = Su = u, if
i) T(X) € S(X);
it) S is continuous;
iii) S and T commute.

For any xo € X, let the sequence {Sx,} ~, be generated by which is

assumed to converge to u.
Then, iteration procedure defined by is stable with respect to the mappings
T and S, in the sense of Definition [{.27

PROOF. By Definition iteration procedure defined by (4.29) is stable with
respect to S and T if it is convergent with respect to S and 7', and mappings S
and 7" have the limit shadowing property with respect to this iterative procedure.

Let {Sy,}.—, to be an arbitrary sequence in X and if
Sy, € X, neN, d(Syns1,Ty,) = 0 as n — oo,
imply that there exists o € X, such that
d(Syn, T"xo) = 0 as n — 0.

Therefore, suppose that 9y = v € X and then, T"z¢ = T"u = u.
Assume that lim,, e d(SYn+1,Tyn) = 0. Then

d(Syns1,u) < d(SYns1, Tyn) + d(Tyn, u).
From the contraction condition,
d(Tyn, Tu) < hmax {d(Syn,u), d(Tyn,uw)}, he€[0,1),
so it yields that
d(Syni1,u) < hmax {d(Syn, u), d(Ty,,u)} + €,

where
€n = d(SYns1, Tyn) — 0.
We discuss two cases. First, let max {d(Syn,,u), d(Ty,, u)} = d(Syn,u).
We obtain
d(SYps1,u) < hd(Syn, u) + €,
and applying Lemma [1.1] we get lim,,_,o d(Syn, u) = 0.



5. New stability of Picard iteration for mappings defined by implicit relations 89

In the second case, let max {d(Sy,,u), d(Ty,,u)} = d(Ty,,u). Then, we have
A(SYn+1,u) < d(Tyn, u) + €, < hd(Typ, u) + €n,

which is a contradiction, since h € [0,1).
Therefore, S and T have the limit shadowing property with respect to iteration
procedure defined by (4.29|and because it is convergent with respect to S and T,

we get the conclusion. U

5. New stability of Picard iteration for mappings defined by implicit

relations

We recommence the set of all continuous real functions [, introduced by Popa
[120], [121] and used in Chapter 3, Section 2, i.e., F' : RS — R, for which we
consider the following conditions:

(1) (a) F is non-increasing in the fifth variable and F'(u,v,v,u,u+v,0) <0
for u,v > 0= 3h € [0, 1) such that u > hv;
(b) F'is non-increasing in the fourth variable and F'(u, v, 0, u+v,u,v) <0
for u,v > 0 == 3h € [0, 1) such that u > hv;
(c) F is non-increasing in the third variable and F(u,v,u+v,0,v,u) <0
for u,v > 0 == 3h € [0, 1) such that u > hv;
(2) F(u,u,0,0,u,u) > 0, for all u > 0.

For the complete metric space (X, d) and T': X — X a self mapping for which

there exists I’ € F such that for all x,y € X,

(5.32) F(d(Tz,Ty),d(x,y),d(x, Tx),d(y, Ty),d(x, Ty),d(y, Tx)) <0,

Berinde [30] proved that if F' satisfies and (2), then
e 7" has an unique fixed point z* in X;
e The Picard iteration {z,},_, defined by z,4+1 = T'z,, n = 0,1,2, ... con-
verges to x*, for any o € X.

In the following, using the above assumptions, we study the stability of Picard

iteration in the sense of Definition [1.25]

Theorem 5.22. (Timig, [155]) Let (X,d) be a complete metric space and T :
X — X a self mapping for which there exists F € F such that for all x,y € X, F
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satisfies , i.e.
F(d(Tz,Ty),d(z,y),d(z, Tz),d(y, Ty), d(z, Ty),d(y, Tz)) < 0.

If F satisfies (@, @) and @, then the Picard iteration is T-stable in the
sense of Definition|1.25.

PROOF. By Definition [1.25] Picard iteration is stable with respect to 7" if it is
convergent with respect to T" and T has the limit shadowing property with respect
to this iterative procedure.

Let {z,} -, be the Picard iteration associated to T and defined by =, 11 = Tz,
n = 0,1,2,..., converging to the fixed point z* of T, which exists and is unique,
according to Theorem 3.3 of Berinde [30], since F' satisfies and (2).

In order to prove that 7' has the limit shadowing property with respect to
Picard iteration, by Definition let {y,},—, be an arbitrary sequence in X and
if

A(Yns1, Tyn) — 0, as n — oo,

we have that there exists x¢ € X, such that
d(Yn, T"xg) — 0, as n — oo.

Therefore, suppose that dry € X and from the definition of Picard iterative
procedure,

v =Tz, x9=Tzv,=T20, ..., T, =T"00.
Assume that lim,, 0 d(Yn+1, TYn) = 0. Then
(5.33) A(WYnt1, Tn) < d(Yns1, Tyn) + d(TYn, 2n).

If we take x := z, and y := y,, in (5.32), then we obtain F(u,v,0,w,u,v) <
0, where u = d(Tyn,zn), v = d(yn,Tx,), w = d(yn, Ty,). By the triangle
inequality, d(y,, Tyn) < d(yn, Tx,)+d(x,, Ty, ), that is, w < u+v. Now, according
to , since F' is non-increasing in the fourth variable, we have that

F(u,v,0,u+v,u,v) < F(u,v,0,w,u,v) <0

and by the same assumption , there exists h € [0,1) such that u < hv, that
is, d(xn, TYn) < hd(yn, T,), which, by (5.33) yields

d(yn—i-la xn) S hd(ym xn) + d(yn—I—h Tyn)

and applying Lemma 1.1 we get the conclusion. U



CHAPTER 5

Stability of tripled fixed point iteration procedures

In this chapter we introduce the concept of stability for tripled fixed point
iterative procedures and also establish some stability results for mixed monotone
mappings and monotone mappings, satisfying various contractive conditions. An
illustrative example is also given.

The author’s original contributions in this chapter are: Definition [2.30] The-

orem Corollary [2.11] Theorem Theorem Lemma Definition

Theorem [3.26, Corollary Theorem [3.27, Theorem [3.28] Example [4.43
and the contractive conditions (2.35])-(2.40)), (3.46)-(3.51).

Most of them were published in [166] (Timis, 1., Stability of tripled fixed point

iteration procedures for monotone mappings, Ann. Univ. Ferrara (2012) DOI
10.1007/s11565-012-0171-7).

1. Tripled fixed point iterative procedures

Banach-Caccioppoli-Picard Principle has been generalized by enriching the
metric space structure with a partial order. The first result of this kind for mono-
tone mappings in ordered metric spaces was obtained by Ran and Reurings [126].

Following the same approach, Bhaskar and Laksmikantham [33] obtained some
coupled fixed point results for mixed-monotone operators of Picard type, obtaining
results involving the existence, the existence and the uniqueness of the coincidence
points for mixed-monotone operators 7' : X? — X in the presence of a contraction
type condition, in a partially ordered metric space.

This concept of coupled fixed points in partially ordered metric spaces and cone
metric spaces have been studied by several authors, including Abbas, Ali Khan
and Radenovic [2], Berinde [22], [23], [25], Choudhury and Kundu [48], Ciric and
Lakshmikantham [53], Karapinar [82], Lakshmikantham and Ciric [85], Olatinwo
[96], Sabetghadam, Masiha and Sanatpour [144].

91
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Recently, Berinde and Borcut [32], [38] obtained extensions to the concept of
tripled fixed points and tripled coincidence fixed points and also obtained tripled
fixed points theorems and tripled coincidence fixed points theorems for contractive
type mappings in partially ordered metric spaces.

The research on tripled fixed point was continued by Abbas, Aydi and Karap-
inar [3], Aydi and Karapinar [10], Aydi, Karapinar and Vetro [11], Amini-Harandi
[9], Borcut [35], [36], [37], Charoensawan [44], Rao and Kishore [126].

By adapting the concept of stability from fixed point iterative procedures,
Olatinwo [102] studied the stability of the coupled fixed point iterative procedures
using some contractive conditions for which the existence of a unique coupled fixed
point has been established by Sabetghadam, Masiha and Sanatpour [144].

In the following, we introduce the concept of stability for tripled fixed point
iterative procedures and establish stability results for mixed monotone mappings
and monotone mappings, satisfying various contractive conditions by extension
from coupled fixed points to tripled fixed points of contractive conditions employed
by Olatinwo [102].

2. Stability of tripled fixed point iteration procedures for monotone

mappings

Let (X, <) be a partially ordered set and d be a metric on X such that (X, d)
is a complete metric space. Borcut [37] endowed the product space X3 with the

following partial order:
(z,9,2), (u,v,w) € X3 (u,v,w) < (v,y,2) S r>u y<v, 2>w.

Definition 2.28. [37] Let (X, <) be a partially ordered set and T : X3 — X
a mapping. We say that T has the monotone property if T(x,y, z) is monotone

nondecreasing in x, y and z, that is, for any x,y,z € X,
T1,T2 € X7 I S Ty = T(xluyaz> S T(x27y7 Z)?
Y1, Y2 € X7 U1 < Yo = T(:C7y17 72) < T(%,yz,Z),
2,2€X, 21 <zm=T(x,y,2) <T(x,y,22).

Definition 2.29. [37] An element (v,y,z) € X3 is called tripled fived point of
T:X3— X, if T(x,y,2) =2, T(y,z,2) =y, T(z,y,z) =2z
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A mapping T : X* — X is said to be a (k, u, p)-contraction, if and only
if there exists the constants £ > 0, u > 0, p > 0, 4+ p + p < 1, such that
Ve, y,z,u,v,w € X,

(234)  d(T(z,y,2), T(w,v,w)) < kd(w,u) + pd(y, v) + pd(z, w)

In relation to , we introduce some new contractive conditions.

Let (X,d) be a metric space. For a mapping T : X? — X, suppose there
exists ay, ag,as, by, by,b3 > 0, with a1 + as + a3z < 1, by + by + b3 < 1, such that
Vr,y, z,u,v,w € X,

(2.35) (i) d(T(x,y,2), T(u,v,w)) < ard (T(x,y, 2), 2) + bid (T (u, v, w), u) ;
(2.36)  d(T(y,x,2), T(v,u,w)) < asd (T(y, z, 2),y) + bad (T(v, u, w),v) ;
(2.37)  d(T(w,y,2),T(z,0,u)) < asd(T(z,y, ), 2) + bsd (T(w, v, u), w) ;
(2.38)  (ii) d(T(z,y,2), T(u,v,w)) < ard (T(x,y, 2),u) 4+ byd (T(u, v, w), x);
(2.39)  d(T(y,x,2),T(v,u,w)) < agd (T(y, z, 2),v) + bad (T(v, u, w),y) ;

(2.40) d(T(w,y,z), T(z,v,u)) < asd (T(z,y,x),w) + bsd (T'(w,v,u), z).

Let (X, d) be a metric space and T': X — X a mapping. For (xg, o, 20) € X?,
the sequence {(zn, Yn, 2n) }rey C X? defined by
(241) Tp41 = T('ITH Yn, Zn)a Yn4+1 = T(ynv i Zn)v Zn+1 = T(Znu Yn,s xn);

with n =0,1,2, ..., is said to be a tripled fized point iterative procedure.
We give the following definition of stability with respect tho 7', in metric spaces,

relative to tripled fixed points iterative procedures:
Definition 2.30. (Timis, [166]) Let (X,d) be a complete metric space and a
maping T : X3 — X, with
Fix (T) = {(x*,y*,z*) c X? | T(z*,y*, 2*) = 2%, T(y*, 2", %) =y,

T(z*,y*, x*) = z* }, the set of tripled fized points of T.

Let {(2n, Yn, 2n) borg C X3 be the sequence generated by the iterative procedure
defined by , where (g, Yo, 20) € X? is the initial value, which converges to a
tripled fized point (x*,y*,z*) of T.

Let {(tn, vy, wp) Yooy € X? an arbitrary sequence and set

€n = d (un+17T (un7vna wn)) 5 571 = d<vn+17T (Un7un7wn)) )



94 5. STABILITY OF TRIPLED FIXED POINT ITERATION PROCEDURES

Yo = d(Wpi1, T (Wy, Vp,uy)), n=0,1,2 ...
Then, the tripled fixed point iterative procedure defined by is T-stable or
stable with respect to T, if and only if

nli_)ngo(en, On, Yn) = Ogs implies that nli_)ngo(un,vn,wn) = (z",y", 2").

Theorem 2.23. (Timig, [166]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the monotone property on X

and satisfying )

If there exists xg, Yo, 20 € X such that
zo < T(20,Y0,20), Yo < T'(Yo,T0,20) and 2y < T(z0, Yo, 7o),
then there exists x*,y*, z* € X such that
=Ty 2", v" =T, 2" z") and z*=T(z",y", x%).

Assume that for every (z,y,2), (x1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21).
For (xo,v0, 20) € X?, let {(Xn, Yn, 2n) }owy € X be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T'-stable.

PROOF. From the suppositions of the hypothesis, Borcut [37] proved the ex-
istence and uniqueness of the tripled fixed point and now, using these results, we

can study the stability of the tripled fixed point iterative procedures.
Let {zn}lo, {Untnio: {2ndaso € X% €0 = d(Uns1, T (un, Un, wn)), 60 =
d (Vna1, T (Un, Up, wy)) and v, = d (Wpa1, T (Wp, Vs, uy)). Assume also that lim, o €, =
lim,, o 0, = lim,, .o ¥, = 0 in order to establish that lim,, o, u, = z*, lim, o, v, =
y* and lim,, . w, = z*.

Therefore, using , we obtain
d(tps1, ") < d(tpg1, T (Un, Vn, wy)) + d(T (Up, O, wy) , %) =
= d(T (un, vp, wy) , T(x*,y", 2%)) + €, <
(2.42) < kd(up, x*) + pd(v,, y*) + pd(wy, 2°) + €,.
A1, Y") < d(Vng1, T (Vn, Uy wy)) + d(T (v, U, wy) ,Y*) =

= d(T (vn, up, wn) , T(y", 2", 2%)) + 6, <

(2.43) < kd(vn, y*) + pd(un, ) + pd(w,, 2*) + 0p.



2. Stability of tripled fixed point iteration procedures for monotone mappings 95

d(wn+1> Z*) é d(wn—i—la T (wna Un, un)) + d(T (wn; Un, un) ) Z*) =

= d(T (wn, vy, upn), T(2", y", 27)) + 7 <

(2.44) < kd(wp, 2%) + pd(vn, y*) + pd(tn, %) + Yn.
From ([2.42), (2.43)) and (2.44)), we obtain

d(tnt1, ) + d(Vnt1,¥7) + d(wpy1,27) <

< (k+p+p) (dup, %) + d(v,, y*) + d(wp, 2%)) + (€, + 6 + Vn) -

Hence, applying Lemma [1.1] for a, := d(upt1,2*) + d(Vnt1, y*) + d(wnt1, 27)
and h:=k+ pu+ p € [0,1), we get the conclusion. O

Remark 2.33. Theorem completes the existence theorem of tripled fized
points of Borcut [37] with the stability result for the tripled fized point iterative

procedures, using monotone operators.

Corollary 2.11. (Témig, [166]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the monotone property on
X.

Assume that there exists k € [0,1), such that for each x,y,z,u,v,w € X, T

satisfies the following contraction condition:
d(T(z,y, z), T(u,v,w)) < g {d(z,u) +d(y,v) + d(z,w)} .
If there exists xg, Yo, 20 € X such that
zo < T(20,Y0,20), Yo > T'(Yo,To,y0) and 20 < T'(20, Yo, To),
then there exists x*,y*, 2" € X such that
=Ty 2", v" =T, 2" z") and z* =T(z",y", x%).

Assume that for every (z,y,z2), (x1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21)-
For (0,0, 20) € X?, let {(2n, Yn, 2n) by C X3 be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T-stable.

Proor. We apply Theorem for k=p=p:=3. O
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Remark 2.34. Corollary completes the existence theorem of tripled fized
points of Borcut [37] with the stability result for the tripled fized point iterative

procedures, using monotone operators.

Theorem 2.24. (Timig, [166]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the monotone property on X

and satisfying , and .
If there exists xq, yo, 20 € X such that
zo < T'(20, Y0, 20), Yo = T(Yo, %o, %0) and 2y < T'(20,Y0, To),
then there exists x*,y*, z* € X such that
=Ty 2", yv" =T, 2" z") and z*=T(z",y", x%).

Assume that for every (z,y,2), (v1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21)-
For (20, Y0, 20) € X°, let {(2n, Yn, 2n) by C X3 be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T'-stable.

PROOF. Let {z,}" 0, {Untoro, {#n}ree C X3, €0 = d(tns1, T (tn, v, wy)),
Opn = d(Vpy1, T (Vp, U, wy)) and v, = d(Wpe1, T (Wh, Un, uy)). Assume also that
lim,, o €, = lim,,_,o0 0, = lim,, oo 7, = 0 in order to establish that lim,,_,. u, =
x*, lim, 0o v, = ¥* and lim,, o, w, = 2*.

Therefore, using the contraction condition , we obtain

d(tps1, ") < d(tpg1, T (Un, Vpy wy)) + d(T (Up, O, wy) , %) =
= d(T (un, Vn,wy), T(x*,y*, 2%)) + €, <
< ad(T(x*,y", 2"), ") + b1d (T (up, v, wy), Uy) + €, <
< apd(z*, %) 4+ bid (T (U, Vny Wy) s Ups1) + 01d(Upgr, 7)) + bid(z”,uy,) + €, =
= ard(z”, ") + bid(upy1, ) + bid(z*, u,) + (by + 1)€,.
Hence, (1—b1)d(up41, %) < bid(x*, uy,)+€,, where €, := (by+1)e,+a1d(z*, z*).

Passing it to the limit and applying Lemma for 131171 € [0,1), we obtain that

. ok
lim,, o u,, = x*.

Now, using the contraction condition ([2.36)), we obtain

d(vns1,y") < d(Vnr1, T (vns tny wn)) + d(T (Un, U, wi) , y°) =
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= d(T (v, Un, wy) , T(y*, x*, 2%)) + 0, <
< agd (T(y*, 2%, 2%),y") + bad (T'(vn, U, W), Vy) + 0y <
< asd(y*, y") + bad (T (U, U, Wy,), Un1) + bad(Vng1, y*) + bod(y™, vy) + 0y, =
= axd(y", y") + bad(vnyi1, ") + bad(y", vn) + (b + 1)65.

So, (1 = be)d(vpi1,y*) < bod(y*,vy,) + 6L, where 8, := (by + 1), + a2d(y*, y*).

Passing it to the limit and applying Lemma for 1321)2 € [0,1), we obtain that

: %
hmn—>oo Up =Y .

Similarly, using the contraction condition , we obtain
d(wpy1,2") < d(Wpa1, T (Zny Uny n)) + d(T (20, Un, uy) , 2°) =
— AT (s vy ) T2 7, 0) + 7 <
<azd (T'(2",y",2%),2") + bad (T (wn, Vn, Up), W) + Yo <
< agd(z", 2%) + b3d (T'(wWy, Un, Up), Wnt1) + bsd(wWny1, 2%) + bsd(2*, w,,) + 7n =

= azd(z", 2%) 4 bsd(wy1, 2%) + b3d(2", wy,) + (bs + 1)Yn.

Therefore, (1 — bs)d(wn41,2%) < bsd(z*,w,) + ), where v/ = (bs + 1)y, +
azd(z*, z*). Passing it to the limit and applying Lemma u for 1331)3 € [0,1), we
obtain that lim,,_.., w, = z* and then, we get the conclusion. Ol

Theorem 2.25. (Timig, [166]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the monotone property on X

and satisfying (2.38), and )

If there exists xq, yo, 20 € X such that

zo < T(20,Y0,20); Yo = T(Yo,To,%0) and zy < T(20, Yo, o),
then there exists x*,y*, 2* € X such that
=Ty 2", v" =T, 2" z") and z*=T(z",y", x%).

Assume that for every (z,y,2), (v1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y,z) and (x1,y1, 21).
For (20, Y0, 20) € X?, let {(2n, Yn, 2n) by C X3 be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T'-stable.
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PROOF. Let {x,},—g, {Untneo: {2ntneo C© X2 €0 = d(Ung1, T (tn, Vny wh)),
Op = d(Uny1, T (Vp, U, wy)) and v, = d(Wna1, T (Wy, Un, uy)). Assume also that

lim,, o €, = lim,,_, 0, = lim, o, 7, = 0 in order to establish that lim, .., u, =
x*, lim, o v, = ¥* and lim,,_,, w, = 2*.

Therefore, using the contraction condition (2.38)), we obtain

d(un+1> .1'*) S d<un+17 T (una /Una wn)) + d(T (una vna wn) ,.CE*)

=d(T (up, vp, wy), T(x*,y",2")) + €, <
< ard (T(x*,y", 2%), up) + brd (T (U, Vny wy), ) + €, <
< ard(tp, %) 4+ bid (T (Up, Uy, wy), Uy) + b1d(Up, x¥) + €, =
= (a1 + b1)d(up, %) + €, + br€,_1.
Hence, passing it to the limit and applying Lemma for h :==a; +b, €0,1)

and for €, := €, + bie,_1 — 0, as n — 0o, we obtain that lim,,_,., u, = z*.
Now, using the contraction condition ([2.39)), we obtain

d(vn—i-la y*) é d(vn—i-la T (Un7 Up, wn)) + d(T (Um Up, wn) J y*)

=d(T (vp, U, wy) , T(y",x*,2%)) + 5, <
< apd (T(y*, 2", 2%), v) + bod (T (Vn, Uy wy), y*) + 0 <
< asd(vVn, Y*) + bad (T (U, Un, wy), V) + bad(vy, y*) + 0 =
= (ag + by)d(vn, y*) + 6y + bady_1.
So, passing it to the limit and applying Lemma[L.1for h := as+b, € [0,1) and
for 8! := 9, + b26,—1 — 0, as n — oo, we get lim,,_,o, v, = y*.

Similarly, using the contraction condition (2.40)), we obtain

d(wn—I—ly Z*) S d(wn-i-la T (Zna Un, un)) + d(T (Zn, Un, un) ) Z*)

= d(T (wn7 Un,, un) 7T<Z*7 y*) [L’*)) + Tn <
< azd (T<Z*7 Y, $*), wn) + bsd (T(wm Unps un)> Z*) +7m <
S a3d(wn7 Z*) + b3d (T(wn7 Un, un); w?’b) + b3d(wna Z*) + Yn =

= agd(wn, 2*) + byd(wy, 2°) + b3d(T (W, Un, Un), W) + Y =
= (CL3 + b3)d(wn7 Z*) + Y + b37n—1-

Hence, passing it to the limit and applying Lemma [1.1] for h := a3 + b3 € [0,1)

and for 7/, := 7, + b3y,—1 — 0, as n — oo, we obtain that lim,,_,., w, = z* and
O

then, we get the conclusion.
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3. Stability of tripled fixed point iteration procedures for mixed

monotone mappings

Let (X, <) be a partially ordered set and d be a metric on X such that (X, d)
is a complete metric space. Berinde and Borcut [32] endowed the product space

X? with the following partial order:
(z,y,2), (u,v,w) € X? (u,v,w) < (2,9,2) S r>u y<v, z>w.

Definition 3.31. [32] Let (X, <) be a partially ordered set and T : X* — X a
mapping. We say that T has the mized monotone property if T'(x,y, z) is monotone
nondecreasing in x, monotone nonincreasing in y and monotone nondecreasing in

z, that is, for any x,y,z € X,
T1,To € X) T S Ty = T(J]l,y,2’> S T(I%yv Z)7
Y1, Y2 S X? Y1 S Y2 = T(%?h, 72) 2 T($7y27 Z)a
21,20 € X, 21 < z0=T(x,y,21) < T(2,9, 22).
Definition 3.32. [32] An element (v,y,z) € X3 is called tripled fived point of
T: X3 = X, if
T(x,y,2) =z, T(y,z,y)=y, T(zyz) =2
Remark 3.35. The concept of tripled fized point from this context is different from

the concept used in above section.

A mapping T : X® — X is said to be a (k, i, p)-contraction, if and only if
there exists three constants £ > 0, u > 0, p > 0, k+ pu+ p < 1, such that
Ve, y,z,u,v,w € X,

(3.45)  d(T(z,y,2), T(w,v,w)) < kd(z,u) + pd(y, v) + pd(z, w)

In relation to (3.45)), we introduce some new contractive conditions:

Let (X,d) be a metric space. For a mapping T : X3 — X, there exists
ai, as,as, by, by,05 > 0, with a3 +as + a3 < 1, by + by + b3 < 1, such that
Vo, y,z,u,v,w € X, we introduce the following definitions of contractive con-

ditions:

(3.46) (i) d(T(x,y,2), T(u,v,w)) < ard(T(z,y,2),2) + bid (T (u,v,w),u);

(3.47) d(T(y,z,y), T(v,u,v)) < asd(T(y,x,y),y) + bod (T'(v,u,v),v);
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(3.48) d(T(w,y,x), T(z,v,u)) < asd(T(z,y,x), z) + bsd (T'(w, v, u),w);
(3.49) (i) d(T(z,y,2), T (u,v,w)) < a1d (T (z,y, z),u) + bid (T (u,v,w),z);
(3.50) d(T(y,z,y), T(v,u,v)) < axd (T(y,z,y),v) + bad (T(v,u,v),y);

(3.51) d(T(w,y,x), T(z,v,u)) < asd (T(z,y,x),w) + bsd (T'(w,v,u), z).

In the case of two matrices A, B € M, »)(R), we say that A < B, if a;; < by,
foralli=1,m, j=1,n.

In order to prove our main stability result, we give the next result which ex-
tends Lemma to vector sequences, where inequalities between vectors means

inequality on its elements:

Lemma 3.4. (Timig, [165]) Let {u,}— o, {vn}reo: {wn}, o be sequences of non-
negative real numbers and consider a matriz A € M;3(R) with nonnegative ele-

ments, so that

Unp+1 Unp, €n
(3.52) Upp1 | <A | v, [+] 0 |, n>0,
Wn+1 W, In

with
(i) lim,, o, A" = Os;
(77) S50 € < 00, Dopo g0k < 00 and Y5l Yk < 00.

U, 0
Then, lim,, oo | v, =10
Wy, 0

PROOF. For A =0 € M33), the conclusion is obvious.
We rewrite (3.52)) with n := k:

Uk+1 Ug €k
Vg1 | <A v |+ 0 |, k>0,
Wk+1 Wy Yk

and sum the inequalities obtained for k = 0,1,2, ..., n.

After doing all cancellations, we obtain

Un+41 Uo n En—k
(3.53) Uppr | KA wg | DD AR bk
k=0

Wn+1 Wo Yn—k



3. Stability of tripled fixed point iteration procedures for mixed monotone mappings 101

By (ii), it follows that the sequences of partial sums {E,} -, {A,}~, and
{T,}2,, given respectively by E, =€y + €1 + ... + €5, A, = 69 + 01 + ... + 0, and
Iy =9%+7%+...+ 79, for n > 0, converge respectively to some £ > 0, A > 0 and
I’ > 0 and hence, they are bounded.

E, 1
Let M >0besuchthat | A, | <M-| 1 |, Vn>0.
r, 1

By (i), we have that Ve > 0, there exists N = N(e) such that

A< S L V>N, M>0.

- 2M
€n—k €0 €n—N
We can write Y7 o A* | 6,_ = A" | 6 | + ... + AN | 5,.N |+
Tn—k Yo Tn—N
€n—N+1 €n
+AN SN |+ | b
Yn—N+1 Tn
€0 €En_N €0 €n_N
But A" | 6 | +..+AY| 6n | <555 -L|| 6% [+ +| un || =
Yo Yn—-N 70 Yn—N
E, N 1 1
s 3| Apeny | S5y Iza-M-| 1 [=5-]1],foralln>N.
| 1 1

On the other hand, if we denote A’ = max {[3, A, ..., AN_l}, we obtain

€En—N+1 €n €En—N+1 €n
AN S v | L 6 | SA | Sv [+t ]| O =

Tn—N+1 Tn Tn—N+1 Tn
En - En—N
= Al An - An—N
Fn - anN

As N is fixed, then

lim E, = nh—>Holo E, n=FE, lim A, = nh_)rlgo A,_n=A,

n—oo n—oo
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and lim, .. 'y, = lim, ,, I',_ny = I', which shows that there exists a positive

integer k£ such that

E,—E, n |
Al A=A, <§ 1|, vn>k
T, —T n |

Now, for m = max {k, N}, we get

€0 €n 1
A" 6o |+ F+ 13| 0, | <e| 1 |, Vn>m,

Yo Tn 1
€n—k
and therefore, lim,, o S7_o A* | 8, | =0.
Tn—k
Now, by letting the limit in (3.53)), as lim,,_,,, A" = 0, we get
U, 0
lim | v, =01,
n—oo
W, 0
as required. O

Let (X, d) be a metric space and T : X? — X a mapping. For (zo, yo, 20) € X?,
the sequence {(zn, Yn, 2n) }rey C X? defined by

(3-54) Tpt1 = T(:Un, Yn, Zn>7 Yn+1 = T(Z/na T, yn)a Zn4+1 = T(Zna Yn, xn)a

with n =0,1,2, ..., is said to be a tripled fized point iterative procedure.
We give the following definition of stability with respect tho 7', in metric spaces,

relative to tripled fixed points iterative procedures:

Definition 3.33. (Timis, [165]) Let (X,d) be a complete metric space and a
mapping T : X3 — X, with
Fia (T) = {(2",y",2") € X* | T(a",y",2") =", T(y",a",y") = o,
T(z*,y*, a*) = z*}, the set of tripled fized points of T
Let {(Tn, Yn, 2n) by C X? be the sequence generated by the iterative procedure
defined by , where (xq, Yo, 20) € X? is the initial value, which is supposed to
converge to a tripled fized point (x*,y*, z*) of T.

Let {(tn, vy, wp) }ory € X2 an arbitrary sequence and set

€n = d(un-i-la T (una Un, wn)) y 5n =d (Un+17T (Una U, Un)) y
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Yo = d(Wpi1, T (Wy, Vp,uy)), n=0,1,2 ...

Then, the tripled fixed point iterative procedure defined by is T-stable or
stable with respect to T, if and only if

nli_)ngo(en, Ons Yn) = Ogrs implies that n11_>r1010(un, Up, Wy) = (2%, y", 2%).

Theorem 3.26. (Timig, [165]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X, d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the mized monotone property

on X and satisfying .

If there exists xo, Yo, 20 € X such that

zo < T(w0,Y0,20), Yo = T'(Yo, 7o, %0) and 2y < T'(20,Y0, o),
then there exists x*,y*, z* € X such that
e =T(z",y",2%), yv" =Ty 2" y") and z*=T(z" y", z).

Assume that for every (z,y,2), (x1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21).
For (xo,y0, 20) € X?, let {(xn, Yn, 2n) }oey C X? be the tripled fived point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T-stable or stable with respect

to T

PROOF. From the suppositions of the hypothesis, Berinde and Borcut[32]
proved the existence and uniqueness of the tripled fixed point and now, using these

results, we can study the stability of the tripled fixed point iterative procedures.
Let {@, )00 o {Untoeos {20}y C X?, and set

€n = d(un-‘rl;T(unv’Umwn)) 9 5n = d(’l)n+1,T(Un,Un,Un)) )

Yo = d (Wpi1, T (W, U, Uy)) -

(
Assume also that lim,, ,. €, = lim,,_,o 0, = lim,, .o ¥, = 0 in order to establish
that lim,, o u, = 2%, lim,_,o v, = y* and lim,,_,, w, = z*.

Therefore, using the (k, i1, p)-contraction condition (3.45]), we obtain
d(un+17 ZL'*) S d(un—i-la T (um Un, wn)) + d(T (um U, wn) ) {L‘*) =

= d(T (un, vp, wy) , T(x*,y", 2%)) + €, <

(3.55) < kd(up, %) + pd(vn, y*) + pd(wy, 2%) + €,.
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A(Vns1, ") < d(Vpr1, T (Vn, Un, v)) + (T (V) U,y Ur) , Y")

= d(T (vn, Uy ) T (Y, 2%, y7)) + 05 <

(3.56) < kd(vn, y*) + pd(un, %) + pd(vn, y*) + 0.
d(wn+1: Z*) S d<wn+17 T (wna Un, un)) + d(T (wna Un, un) 9 Z*) =
= d(T (wn7 U, un) 7T<Z*7 y*’ [L’*)) + <
(3.57)

< kd(wy, ") + pd(vn, y*) + pd(n, ) + Y-
From (3.55)), (3.56) and (3.57)), we obtain

d(tps1, ") Eu p d(ty, ") €n
dns1,y") [ S| pw k+p O || dopy") |+ ] dn
d(wpy1,2%) p uk d(wy, z%) Tn
kop p
We denote A:=| u k+p 0 |, where0<k+p+p<1,asin (3.45).
p ko k
In order to apply Lemma [3.4] we need that A — 0, as n — oo.
aq b1 C1
Simplifying the writing, A:= | d; e; fi |, where
g1 b

ai+b+a=d+e+fi=gt+th+hi=k+p+p<l

kowoop kopoop
Then, A>=| p k+p 0 w k+p 0O
pw ok ppn kK
k? + p? + p? 2k + 2up 2kp as by 0o
= | 2kp+pp K+ pP 4 p? o+ 2kp pp | =1 d2 ex fo |,
2kp + 2k + 2pp k* + p? g by hy

where
ag+bytey=dytestfo=go+by+hy=(k+ut+p’<k+ptp<l.

Now, we prove by induction that
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where

(3.58) ap+by+cpn=dpten+fo=gntbnt+h,=(k+pu+p)" <k+p+p<l.
If we assume that (3.58)) is true for n, then since

a, b, ¢, k 1 p
At = d, ey, fn ’ 12 k + P 0 =
9n bn Dy p ok

ka, + pb, + pc,  pan + kb, + pb, + pc,  pay, + ke,
= | kdn+pen+pfa pdy+ ke, + pen +pfn pdn + kfn

kgn + pby, + phy,  pgn, + kb, + pby, + phy,  pgn + khy,
We have

An+1 +bn+1 +Cn+1 = kan+ﬂbn+pcn+ﬂan+kbn+pbn+Mcn+pan+kcn =
=(k+p+pa,+E+p+p)by+ (k+p+pcy =+ p+p)(an+ by +cn) =
=k+pu+p)k+pt+p)=Ck+p+p)" P <k+pu+p<l.

Similarly, we obtain
Qo1 + €1+ foy1 = gt + byt H iy = (K +p+p)" <k +p+p<1.

Therefore, lim,, ,,, A" = O3 and now, having satisfied the conditions of the

hypothesis of Lemma [3.4] we can apply it and we get

Up, T
lim ) = *
n=>c0 n Y ’
W, z*

so the tripled fixed point iteration procedure defined by (3.54) is T-stable. O

Remark 3.36. Theorem completes the existence theorem of tripled fized
points of Berinde and Borcut [32] with the stability result for the tripled fized

point iterative procedures, using mired-monotone operators.

Corollary 3.12. (Timig, [165]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X, d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the mized monotone property
on X.

There exists k € [0,1), such that for each z,y,z,u,v,w € X, T satisfies the
following contraction condition:

(3.59) d(T(z,y, z), T(u,v,w)) < g{d(x, u) +d(y,v) +d(z,w)}.
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If there exists xg, Yo, 20 € X such that

Xy S T('rOJ Yo, ZO)? Yo Z T(y07 X, yO) a’nd 20 S T(ZOJ Yo, .730),
then there exists x*,y*, 2* € X such that
e =T(z",y"2%), yv" =Ty 2" y") and z*=T(z" y", z").

Assume that for every (z,y,2), (v1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21).
For (20, Y0, 20) € X°, let {(@n, Yn, 2n) }og C X3 be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T-stable or stable with respect

toT.
ProoF. We apply Theorem for k=p=p:=%. O

Remark 3.37. Corollary completes the existence theorem of tripled fixed
points of Berinde and Borcut [32] with the stability result for the tripled fized point

iterative procedures, using mired-monotone operators.

Theorem 3.27. (Timisg, [165]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the mized monotone property

on X and satisfying , and .

If there exists xg, Yo, 20 € X such that

X S T(IOJ Yo, 20)7 Yo Z T(yo; Zo, yO) a’nd 20 S T(ZOJ Yo, ]f()),

then there exists x*,y*, 2" € X such that
=Tz, y"2%), v =Ty 2" y") and z* =T(z" y", z").

Assume that for every (z,y,2), (v1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21).

For (20, Y0, 20) € X°, let {(Zn, Yn, 2n) by C X3 be the tripled fized point itera-
tive procedure defined by .

Then, the tripled fized point iterative procedure is T-stable or stable with respect
toT.

PROOF. Let {z,}oe o, {Untoeo, {2ntoeo C X3, €0 = d(tns1, T (Un, vy, wy)),
On = d(vps1, T (Vn, un,vy)) and v, = d(wpe1, T (W, Vp, uy,)). Assume also that
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lim,, o €, = lim,_, 0, = lim, o, ¥, = 0 in order to establish that lim, .., u, =
x*, lim, o v, = ¥* and lim,,_,, w, = 2*.

Therefore, using the contraction condition , we obtain
d(tps1, ") < d(tng1, T (Un, Vny wy)) + (T (Up, Oy wy) , %) =
=d(T (up, vp, wy), T(x*,y",2)) + €, <
< ad(T(x*,y", 2"), %) + bid (T (Up, v, wy), Uy) + €, <
< ard(z”, x2%) 4+ bid (T (U, Vny Wy)y Upg1) + 01d(Upyr, %) + bid(z”,uy,) + €, =
= ard(z”, x%) + bid(ups1, ©°) + brd(x™, uy) + (by + 1)e,.
Hence, (1—b1)d(upy1, 2*) < bid(z*, u,)+€,, where €/ := (by+1)e, +ard(z*, x*).

Passing it to the limit and applying Lemma for 1311)1 € [0,1), we obtain that

. %
lim,, oo u,, = x*.

Now, using the contraction condition , we obtain
A(Vns1, ") < d(Vpr1, T (Un, Un, v)) + d(T (U U, v,) ,Y*) =
= d(T (Un, U, vp) , T(y*, 2%, y")) + 6, <
< aod (T(y*, 2", y"), y") + bad (T (v, U, Vy), Vp) + 6y <
< agd(y*, y") + bod (T (v, Un, Vy), Vny1) + b2d(Vpy1, y*) + bod(y™, v,) + 6, =
= axd(y",y") + bad(vng1, y) + bad(y”, vn) + (b2 + 1)0.
So, (1 = be)d(vps1,y*) < bod(y*,vy,) + 0., where 8, := (by + 1), + a2d(y*, y*).

Passing it to the limit and applying Lemma for 13—2172 € [0,1), we obtain that

: %
hmn—>oo Un =Y .

Similarly, using the contraction condition , we obtain
d(wny1, 2") < d(wns1, T (2o, Vny un)) + d(T (20, Vny uy) , 25) =
= d(T (Wy, Un, up) , T(z",y", %)) + Y <
< asd(T(z*,y*, %), 2") + bsd (T (Wp, U, Up ), Wy) + Yo <
< azd(2", 2%) + b3d (T (Wn, Vp, Un ), Wnyr) + bad(wpgr, 27) + bad(2", wy,) + 7 =
= azd(z", 2%) + bsd(wy 41, 2%) + bsd(2*, wy,) + (b3 + 1)y,.
Therefore, (1 — b3)d(wyi1,2*) < b3d(z*,wy,) + 7., where 7/, := (bs + 1)y, +

azd(z*, z*). Passing it to the limit and applying Lemma for 1ﬁ3b3 € [0,1), we

obtain that lim,,_., w, = z* and then, we get the conclusion. |
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Theorem 3.28. (Timig, [165]) Let (X, <) be a partially ordered set and suppose
there is a metric d on X such that (X,d) is a complete metric space.

Let T : X3 — X be a continuous mapping having the mized monotone property

on X and satisfying (3.49), and :

If there exists xq, yo, 20 € X such that
zo < T(20, Y0, 20);, Yo = T(Yo, To,%0) and zy < T'(20, Yo, o),
then there exists x*,y*, z* € X such that
=T y", 2%, yv"=TW,z"y") and 2z =T(z",y*, z").

Assume that for every (z,y,2), (x1,y1,21) € X3, there exists (u,v,w) € X3
which is comparable to (x,y, z) and (x1,y1, 21).
For (xo,y0, 20) € X?, let {(Xn, Yn, 2n) }owy C X? be the tripled fized point itera-

tive procedure defined by :
Then, the tripled fized point iterative procedure is T-stable or stable with respect

to 1.

PROOF. Let {zn}" 0, {Untoros {2n}ree C X3, €0 = d(ung1, T (tn, v, wy)),
Op = d(Vpi1, T (Un, Up,vy,)) and 7, = d(wpy1, T (Wy, Un, uy)). Assume also that
lim,, o €, = lim,_, 0, = lim, o 7, = 0 in order to establish that lim, .., u, =
x*, lim,, o v, = ¥* and lim,,_,, w, = 2*.

Therefore, using the contraction condition , we obtain

A(tUpy1, ) < d(Upgr, T (Up, Vo, wy)) + d(T (U, Vg, wy) , ) =
= d(T (tp, Vp,wy) , T(x*, 9", 2%)) + €, <
< ad(T(x*,y", 2), upn) + b1d (T (U, U, wy), %) + €, <
< a1 d(tp, %) 4+ bid (T (Up, Uy, wy), Uy) + b1d(Up, x¥) + €, =
= (a1 + by)d(up, x*) + €, + bi€p_1.
Hence, passing it to the limit and applying Lemma for h :==a; +b, €0,1)

and for €, := €, + bie,—1 — 0, as n — 0o, we obtain that lim,,_,., u, = z*.
Now, using the contraction condition ([3.50]), we obtain

d(vnt1,y") < d(Ongr, T (U, tn, 0n)) + d(T (Vn, Uy vn) ,y7) =
= d(T (Vp, Un,vyn) , T(y*, 2%, y")) + 0, <
< aod (T(y*, 2", y"), vn) + bad (T (Vp, Up, V), y*) + 6 <
< aod(Vn, ) + bad (T (Vg Up, V), V) + bod(Vp, y*) + 6, =
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= (CL2 + bQ)d(Un, y*) + 0y 4+ b20y—1.
So, passing it to the limit and applying Lemma for h :=ay+by € [0,1) and
for 8! := 9, + b26,—1 — 0, as n — oo, we get lim,,_,o, v, = y*.
Similarly, using the contraction condition (3.51)), we obtain

d(wpy1,2") < d(Wpa1, T (Zny Uny ) + d(T (2, Un, uy) , 2°) =
= d(T (Wy, Un, up) , T(z",y", %)) + 7 <
< azd (T(2", y", %), wn) + bsd (T (wn, vn, i), 2°) + Y0 <
< azd(wy, 2*) + bsd (T (wWy, Vny Uy ), wy) + bad(wp, 2°) + v =
= azd(wy, 2*) + byd(wy, %) + b3d(T (W, Vn, Up), W) + Yo =
= (a3 + b3)d(wp, 2*) + Yn + bsyn_1.
Hence, passing it to the limit and applying Lemma for h :=az+0bs € [0,1)

and for v/, := v, + bsy,—1 — 0, as n — oo, we obtain that lim,,_,., w, = 2* and

then, we get the conclusion. O

4. Illustrative example

Example 4.43. (Timig, [165])

Let (X,d) be a complete metric space, where X = R, d(x,y) = |z —y| and

a continuous and mixed monotone mapping 7 : R®* — R, with T'(z,y,2) =

2z—2y+2z+1
12 ’

Berinde and Borcut [32] proved the existence and the uniqueness of the tripled

fixed point of T, respectively (z*, y*, 2*) = (%, %, %), using (xo, Yo, 20) = (%, %, 2—10)

For k = %, T satisfies the contraction condition ‘D ie.,
K
AT (. 2), T, v,0)) < 5 [, 0) + dly,0) + d(z,w)]

for each x,y, z,u,v,w € X, with x > u, y <wv and z > w.

We apply Corollary in order to prove the stability of the tripled fixed point
iteration procedure.

Let {(Zn, Yn, 2n) }org C R? be the sequence generated by the iterative procedure
defined by (2.41), where (x¢,vo,20) = (2—10, %, %) € R? is the initial value, which
converges to a tripled fixed point (z*,y*,z*) = (35, 15, 15) of T
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Let {(tn, vn, wy)}or, C R? an arbitrary sequence and set
€n = d (un-‘rb T (una Un, wn)) ) 5n =d (Un+17 T (Una U, Un)) ;

Yo = d(Wpi1, T (Wy, Vp,uy)), n=0,1,2,....
Assume that lim,, (€, 0, Vn) = Ors. Then,

€En = d(un+1,T(Un,Un,wn)) = [Unt+1 - vl;_ o ‘ ’
671 = d(vn+17T(Unaun7vn)) = |Un+1— - ul; e 7
2w, — 2v, + 2u, + 1

Tn = d<wn+1aT(wnvvn7un)) = |Wnt1 — 12 ’

and passing to the limit for n — oo, we obtain that
1 1 1
li nyUn, Wn) =\ 7574771 )
A28, (tn, U, Wn) (10 10 10)
which is the unique tripled fixed point of T'.
Hence, the tripled fixed point iterative procedure defined by ([2.41)) is T-stable.



CHAPTER 6

Conclusions

Fixed point theory has an important role in the nonlinear analysis domain,
with an expansive evolution in the last decades and with many concrete results.

Following the basic result from the metrical fixed point theory, respectively the
Contraction Principle of Picard-Banach-Caccioppoli [14], an important part of the
scientific literature appeared, with applications to functional equations, differential
equations, integral equations etc.

In order to solve a nonlinear equation, we appeal to approximating fixed points
of a corresponding contractive type mappings. From the existing methods for
approximating fixed points, we studied the Picard iteration and the Jungck type
iteration procedure.

Establishing the stability of these methods is very important in practical ap-
plications, because a fixed point iteration which is numerically stable will produce
small modifications on the approximate value of the fixed point during the com-
putational process.

The concept of stability of a fixed point iteration procedure has been system-
atically studied by Harder [60], Harder and Hicks [61], [62], and since then, many
other stability results for several fixed point iteration procedures and for various

classes of nonlinear operators were obtained.

In this paper, we treat the problem of stability of fixed point, common fixed
point, coincidence point and tripled fixed point iteration procedures, for certain

class of mappings.

111
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In the chapter named Stability of fixed point, common fixed point and
coincidence point iterative procedures for mappings satisfying an ex-
plicit contractive condition, we present the concept of stability of fixed point
iteration procedures and we survey the most significant contributions to this area.

Berinde [27] introduced a natural concept of stability, called weak stability, and
we transposed this notion to the case of two mappings S and 7" with a coincidence
point, named (S, T)-weak stability.

We established weak stability results for common fixed points iteration proce-
dures, on the metric space (X, d), with Y € X and S,T : Y — X two nonself

mappings with a coincidence point, satisfying the following contraction condition:

(i) d(Tx,Ty) < qd(Sz, Sy), for all z,y € Y and ¢ € (0, 1);
(i) d(Tx, Ty) < qd(Sz, Sy)+Ld(Sz,Tz), forall z,y € Y, g € (0,1) and L > 0.

Because some fixed point iteration procedures are not weakly stable and be-
cause the stability can be obtained in the meaning of a new concept, we developed
a weaker notion, named w?-stability.

Therefore, we gave some stability results on a complete metric space (X, d)

and using a mapping T : X — X satisfying the following contractive conditions:

(1) d(Tx,Ty) < max {d(z,Tx),d(y, Ty)};

(2) d(Tx,Ty) < max{d(z,Tx),d(y, Ty),d(x,y)};

(3) d(Tx,Ty) < max {d(x,Tx),d(y, Ty),d(x,y),d(x, Ty),d(y, Tx)};
(4) d(Tx,Ty) < max {d(x, Tx),d(y, Ty),d(z,y), W};

for all x,y € X and = # y.

Moreover, we gave stability results on a complete metric space (X,d), using
two mappings S,T : X — X with a coincidence point and satisfying the following

contractive conditions:

(1) d(Tx,Ty) < max {d(Sz,Tz),d(Sy,Ty)};

(2) d(Tx,Ty) < max {d(Sx,Ty),d(Sy, Tz)};

(3) d(Tx,Ty) < max {d(Sx,Tz),d(Sy, Ty),d(Sx,Sy)};

(4) d(Tx,Ty) < max {d(Sx,Tx),d(Sy, Ty),d(Sz, Sy),d(Sz, Ty),d(Sy, Tx)};
(5) d(Tx,Ty) < max{ (Sz,Tx),d(Sy,Ty),d(Sz, Sy), d(Sx’Ty);d(Sy’Tx)};

for all x,y € X and = # y.
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We also presented some examples of weak stable, w2-stable but nor stable it-

erations with respect to 7" and with respect to (S, 7).

Our research can be extended by using other iterative methods, e.g. Ishikawa,

Mann, or another contractive conditions.

Following the development initiated by Popa [119], [120], [121], several clas-
sical fixed point theorems and common fixed point theorems have been recently
unified by considering general contractive conditions expressed by an implicit re-
lation.

On the chapter entitled Stability of fixed point, common fixed point and
coincidence point iterative procedures for contractive mappings defined
by implicit relations, we continued to study the stability of Picard iterative
procedure and also of Jungck iterative procedure for common fixed points and
coincidence points, for contractive mappings satisfying various implicit relations,

with different number of parameters.

Using the set of all continuous real functions F introduced by Popa [119],
F : R — R, with the following conditions:

(1) F is continuous in each coordinate variable,
(2) there exists h € [0,1) such that, for all u,v,w > 0 satisfying
o F(u,v,u,v,w) <0 or
o F(u,v,v,u,w) <0,
we have that v < hmax {v,w},
we established a general stability result for the Picard iteration procedure, on the
complete metric space (X,d), for a mapping 7' : X — X, with Fiz(X) # 0, for
which there exists F' € [F, such that for all x,y € X,

d(z, Tz) + d(y, Ty))
2

F <d(Tw, Ty),d(x,y),d(x, Ty),d(y, Tx), <0.

We also gave a stability result for the common fixed point iteration procedure
of Jungck-type using weakly compatible mappings satisfying (E.A) property and
defined by an implicit contraction condition on the complete metric space (X, d),
S, T : X — X, for which there exists F' € F, such that for all x,y € X,

d(Sz, Tx) + d(Sy,Ty)) <0
5 <0.

F (d(Tx,Tm,d(Sx,Sy>7d<5x,Ty>,d<Sy,Ta:>,



114 6. CONCLUSIONS

On the other hand, using the set of all continuous real functions F introduced
by Popa [120], [121], F : RS — R, with the following conditions:

(1) (a) F is non-increasing in the fifth variable and F(u, v, v, u,u+v,0) <0
for u,v > 0= 3h € [0, 1) such that u > hv;
(b) F'is non-increasing in the fourth variable and F'(u, v, 0, u+v,u,v) <0
for u,v > 0= 3h € [0, 1) such that u > hv;
(¢) F'is non-increasing in the third variable and F'(u,v,u+wv,0,v,u) <0
for u,v > 0 = 3h € [0, 1) such that u > hv;
(2) F(u,u,0,0,u,u) >0, for all u > 0,

we also established a stability result for common fixed point iterative procedures,
on the complete metric space (X,d), for two mappings S,7 : X — X, with
Fix(X) # 0, for which there exists F' € F, such that for all z,y € X,

F(d(Tx,Ty),d(Sz,Sy),d(Sx, Tx),d(Sy, Ty),d(Sz,Ty),d(Sy, Tx)) < 0.

Our research can be extended by using another iterative methods, e.g. Ishikawa,
Mann, another contractive conditions, or by modifying the number of the param-

eters.

The idea of the chapter A new point of view on the stability of fixed
point iterative procedures was due to Professor I. A. Rus [136], who unified
the notions of stability in difference equations, dynamical systems, differential
equations, operator theory and numerical analysis by new ones.

By considering these new notions, we gave some stability result for Picard
iteration procedure for mappings which satisfy certain contractive conditions.

We studied the relationship between the two stability definitions, the one of
Harder [60] and the other one due to Rus [136].

We gave stability results on the metric space (X, d), for self mappings 7' : X —

X satisfying the following contraction conditions:

(2) d(Tz,Ty) < dd(z,y) + Lmin{d(z,Tz),d(y, Ty), d(z,Ty),d(y,Tx)}, 6 €
(0,1), L > 0;

for all z,y € X.
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We also presented some examples of mappings satisfying certain contractive
conditions for which the associated Picard iteration was not stable in the sense of

Harder but it was actually stable in the sense of Rus.

On the other hand, we transposed the notion of stability introduced by Rus
[136] to common fixed points and we studied the relationship between the stability
concept introduced by Singh and Prasad [152] given for a pair of mappings (S, T)
with a coincidence point and our new stability concept.

We gave some stability results for the Jungck-type iteration procedure, with
respect to two mappings which satisfy the following contractive conditions:

(1) d(Tz,Ty) < ad(Sz, Sy), a € [0,1);
(2) d(Tx,Ty) < hmax {d(Sz,Ty),d(Sy,Tx)}, h € [0,1);
for each z,y € X.

Our research can be extended by using another iterative methods, e.g. Ishikawa,
Mann, or another contractive conditions.

An open problem is the study of the stability in the sense of Rus for general
nonexpansive mappings as well as for general almost contractions, that do not

satisfy a certain uniqueness condition.

In the chapter Stability of tripled fixed point iteration procedures,
we introduced the concept of stability for tripled fixed point iterative procedures
and also established stability results for mixed monotone mappings and monotone
mappings, satisfying various contractive conditions by extension from coupled fixed
points to tripled fixed points of contractive conditions employed by Olatinwo [102].

We established stability results for the tripled fixed point iteration procedure,
on the metric space (X, d), for mappings T': X — X, in the case of the monotone
property and also in the case of the mixed monotone property of T, satisfying the
following contraction conditions:

(D) for k>0, u>0,p>0,k+p+p<1,

d(T(x,y,2),T(u,v,w)) < kd(x,u) + pd(y, v) + pd(z, w);
(2) fOI' ai, as, as, b17b27b3 Z 07 ai + a + as < 17 bl + b2 + b3 < ]-7
d(T(z,y,2), T (u,v,w)) < ard(T(z,y,z),x) + bid (T (u,v,w),u);

d(T(y,z,2), T(v,u,w)) < asd(T(y,x,2),y) + bod (T (v, u, w),v);
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d (T(w7 Y, x)? T(Z7 v, U)) < azd (T(Zv Y, .Z'), ’Z) + bsd (T('LU, v, U), w) )

(3) for ai,as,as, bl,b27b3 > 0, a1 + as + az < 17 b1 + bg + bg < 1,
d(T(x,y,2), T(u,v,w)) < ard(T(x,y,2),u) + b1d (T (u,v,w),z);
d(T(y,z,2), T(v,u,w)) < axd (T'(y, x,2),0) + bad (T'(v, u, w),y) ;
d(T(w,y,x), T(z,v,u)) < azd (T(z,y,x),w) + bsd (T'(w,v,u), 2);

Ve, y,z,u,v,w e X.
Moreover, we have illustrated these results with an example.
Our research can be extended by using some other contractive conditions, for

mappings satisfying various properties.
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