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Abstract: This talk (paper) gives a survey of recent results in the theory of Boyd-Wong-type
contractions and its aim is to present a simple and unified treatment to this theory. In final part
of paper, we present one recent fixed point result for Boyd-Wong-type contractions defined on
symmetric spaces.
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1 Introduction

Let X be a nonempty set and f : X — X arbitrary mapping. x € X is a fixed point for f if
x = f(x). If xo € X, we say that a sequence (x,) defined by x,, = f"(xp) is a sequence of
Picard iterates of f at point xo or that (x,) is the orbit of f at point xo.

The contraction mapping principle, formulated and proved in Ph. D. dissertation of
S. Banach in 1920 which was published in 1922 is one of the most important theorems in
classical functional analysis because it give:

1. the existence and uniqueness of fixed point,

2. method to obtain approximative fixed points,

3. error estimates for approximative fixed point obtained by 2.

There are many generalizations and partial generalizations (which consider only state-
ments 1. and 2.) of the Banach principle. One of the most important is fixed point theorem
of Boyd and Wong [3] (Nonlinear contraction principle). In this talk (paper) we applied
Rus’s [8] lemma to nonlinear contractions and so obtained one extension of Boyd - Wong’s
result.

There have been a number of generalizations of metric space. One of them is the notion
of symmetric spaces introduced by M. Fréchet, K. Menger, E. W. Chittenden and W. A. Wil-
son. M. Cicchese introduced the notion of a contraction mapping in symmetric spaces and
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proved the first fixed point theorem for this class of spaces. Further fixed point results
for this class of spaces was obtained by J. Jachymski, J. Matkowski and T. Swiatkowski;
T. L. Hicks and B. E. Rhoades; M. Aamri and D. El Moutawakil; M. Aamri, A. Bassou
and D. El Moutawakil; J. Zhu, Y. J. Cho and S. M. Kang; D. Mihet; M. Imdad, J. Ali and
L. Khan; A. Aliouche,... For additional informations and references see [1].

In final part of paper, we present one recent fixed point result for Boyd-Wong-type
contractions defined on symmetric spaces.

2 Comparison functions

Let (X,d) be a metric space, ¢ : [0,00) — [0,0) and ¢(0) = 0. Define:
1) ¢ € @ if and only if @(r) < r for each r > 0;
2) ¢ € @, if and only if ’}ggo ¢"(r) =0 for each r > 0;
3) ¢ € ®, if and only if ¢ is monotone nondecreasing;
4) @ € @5 if and only if @ is continuous from the right on (0, 4-c0);
5) ¢ € @4 if and only ifﬁ(p(t) < rzasvako r > 0;

6) ¢ € ds if and only iftliim(t — (1)) = oo;
—>00

7) ¢ € Pg if and only if Z @"(t) < oo for each r > 0;

8) ¢ € ¥, if and only ifl;p 16 DyNPy;

9) ¢ € &, if and only if ¢ € D1 NDy;

11) ¢ € @, if and only if ¢ € & NDyg;

12) ¢ € @, if and only if ¢ € PyN D, NP3 N Ps;
13) ¢ € @, if and only if ¢ € Oy N Dy;

where ¢" = @o---00.

3 Nonlinear contractions

Let (X,d) be a metric space, x € X and r > 0. By B(x,r) we denote
{zeX:d(z,x) <r}.
Now we need the following lemma.

Lemma 3.1 (1. Rus [8]) Let (X,d) be a complete metric space and f : X — X. Suppose
that for each € > 0 there exists 3(€) such that, for each x € X

d(x,f(x)) < o(e) implies f(B(x,r)) C B(x,r).

The for each xo € X such that imd (f"(xo), " (x0)) = 0, (f"(x0)) is a Cauchy sequences
and its limit is fixed point of f.

In this section our main result is the following theorem.
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Theorem 3.1 Let (X,d) be a complete metric space, ¢ € ®, and f: X — X. If

d(f(x),f(y)) < @(d(x,y)) foreach x,y€X;

then f has unique fixed point z € X and all sequences of Picard iterates defined by f con-
verges 1o Z.

Proof: Let x,y € X. Then from
d(f"(x), f*(y)) <d(f"(x), S @) A 00 1) +d (), S (3),

we get that

A0 (). ")) < 9" (. F) + 0" (@) + 9 (A F).
So we obtain that
limd(f" (x), f"(y)) = 0,
for any x,y € X, which implies that all sequences of Picard iterates defined by f are equicon-
vergent. Hence, for arbitrary x € X and y = f(x) we obtain that sequences (f"(xp)) and
(f"*1(xo)) are equiconvergent, which implies that limd (" (x), /™ (x)) = 0.
Let x € X € > 0 be arbitrary. Define §(g) = € — ¢(¢). For any y € B(x,r) we get that

d(f(y),x) <d(f(y), f(x)) +d(x,f(x)) < @(e) +d(x, f(x)).

Hence

d(x,f(x)) <o(e) implies f(B(x,r)) C B(x,r).

By Lemma 3.1 we obtained that sequences of Picard iterates defined by f converges to some
fixed point of f. Such fixed point must be unique because sequences of Picard iterates are
equiconvergent. {»

Theorem 3.1 generalize earlier results obtained by F. Browder [4] (it has assumption
¢ € ®,), R. M. Bianchini and M. Grandolfi [2] ¢ € &), D. W. Boyd, and J. S. W. Wong
[3] (it has assumption ¢ € ®,) and A. Zitarosa [9] (it has assumption @ € Py).

4 Convergence of Picard iterations

Hicks and Rhoades [5] proved that many known generalizations of the Banach principle
were included in the following result (see also [7]).

Theorem 4.1 (Hicks and Rhoades [5]) Let (X,d) be a metric space and f: X — X. If
there exists real number a € (0,1) such that

d(f(x), f*(x)) < ad(x, f(x)) (1)

for every x € X, then each sequence of Picard iterates defined by f is a Cauchy sequence.
Furthermore, if X is complete and if a mapping G(x) = d(x, f(x)) is lower semi-continuous
at a limit point of { f"(x)}, say x*, then x* is a fixed point of f.
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Proof of this Theorem can be easily selected from the proof of Banach’s theorem.
In following Propositions we shall prove that in the statement of Theorem 1 condition
4.1 can not be replaced with

d(f(x),£*(x)) < o(d(x, f(x)) 2
where comparison function ¢ € ®yNP; NP, NP3 NPy N Ds.

Proposition 4.1 There exists complete metric space (X,d), f : X — X and comparison
Sunction ¢ € ®yND; N Dy NP3 N Dy NP5, which satisfies condition (4.2), such that all
sequences of Picard iterates defined by f are divergent.

Proof: Let X = [0,0) with usually metrics, f(x) = In(1 + exp(x)) and

o(t) =In(2 —exp(—t)).
Then: g(x) =d(x, f(x)) = In(1 +exp(—x)),

h(x) = d(f(x), f*(x)) = In(1+ (1 +exp(x)) "), (1) = h(g~' (1))

and d(f(x), f2(x)) = h(x) = (g~ (g(x))) = @(d(x, f(x)). We can see that f has no
fixed point and its sequences of Picard iterates are divergent. {»

Proposition 4.2 There exists bounded complete metric space (X,d), f : X — X and com-
parison function @ € ®yN P} ND, NP3 NPy NDs, which satisfies condition (4.2), such
that all sequences of Picard iterates defined by f are divergent.

Proof: Let (x,) be arbitrary sequence, X = {x, } and
d : X? — [0, +o0) mapping defined by
L
n+k’
ne{l,2,3,...},ke{0,1,2,...}. Now define f : X — X by f(x,) = xn+1, and @ : [0,00) —
0,09) by (1) = .
(X,d) is complete bounded metric space, because each ball which radius is less then

1 contains only a finite number elements of X. Inequality (4.2) are also satisfied, but all
sequences of Picard iterates defined by f are divergent.

d(xn > xn+k) =

5 Nonlinear contractions on symmetric spaces

Let X be a non-empty set and d : X> — [0,00). (X,d) is symmetric space (also called E-
space, in terminology of M. Fréchet) if and only if it satisfies:

(W1) d(x,y) = 0if and only if x = y;

(W2) d(x,y) = d(y,x) for any x,y € X.

Symmetric spaces differ from more convenient metric spaces in the absence of triangle
inequality. Nevertheless, many notions can be defined similar to those in metric spaces. For
instance, in symmetric space (X,d) limit point of a sequence (x,) is defined by

limd(x,,x) =0 < limx, = x.
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Also, a sequence {x,} C X is said to be a Cauchy sequence, if for every given € > 0, there
exists a positive integer ng such that d(x,,,x,) < € for all m,n > ng. A symmetric space
(X,d) is said to be complete if and only if each its Cauchy sequence converges to some
xeX.

Diameter of A C X is defined by

diam (A) = sup d(x,y),
X,yEA

whereas the open ball with center x € X and radius r > 0 is defined by
B(x,r)={yeX: d(x,y) <r}.

In the literature there are many conditions which can be used as a partial replacement
for triangle inequality. Now we present some of them.

Definition 5.1 Let (X,d) be a symmetric space. We define the following properties:
(W3) limd(x,,x) = 0Alimd(x,,y) =0=x=y;
(IMS) limd (x,,y,) = O Alimd(y,,z,) = 0 = limd (x,,,2,) # oo.

Next statement gives the characterization of symmetric space which satisfies the prop-
erty (JMS).

Proposition 5.1 (J. Jachymski, J. Matkowski and T. Swiatkowski [6]) Let (X ,d) be a sym-
metric space. Then the following conditions are equivalent.

(i) (X,d) satisfies property (JMS);

(ii) There exists 6,1 > 0 such that for any x,y,z € X,

d(x,z)+d(z,y) < 0 implies that d(x,y) < 7.
(iii) There exists r > 0 such that
sup {diam (B(x,r)) : x € X} < co.

Now, we present one recent fixed point result for Boyd-Wong-type contractions defined
on symmetric spaces. This Theorem generalize earlier result obtained by J. Jachymski,
J. Matkowski and T. Swiatkowski [6] for class of semi-metric spaces.

Theorem 5.1 Let (X,d) be a complete symmetric space which satisfies the properties (W3)
and (JMS), f: X — X and ¢ € Dy, If

d(f(x),f(y)) < ¢(d(x,y))

for any x,y € X, then f has a unique fixed point y € X and for each x € X the sequence of
Picard iterates defined by f at x converges to y.

The following problem is still open.
Problem 5.1 Does Theorem (5.1) hold if ¢ € ®y, is replaced with ¢ € ®,?
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