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1. Introduction

In 1986, Barnsley proposed the concept of a fractal interpolation function (FIF) as an attractor of an
iterated function system (IFS) with certain constraints related to a given data point [1].

An IFS is a family of functions consisting of a finite number of Banach contraction mappings, and
some typical fractals are generated by the attractors of these IFSes.

The properties of the invariant set (i.e., existence, uniqueness, compactness, attractiveness) of
an IFS, a fixed point of the Hutchinson-Barnsley operator constructed by finite Banach contraction
mappings of the IFS, have been studied [2], where the attractor (i.e., fractal) of an IFS is the attractive
invariant set of an IFS, that is, it is the attractive fixed point of the Hutchinson-Barnsley operator.

The Hutchinson-Barnsley operator constructed by a finite number of Banach contraction mappings
is a natural generalization of Banach contraction mapping, and the characterization of a fixed point
(i.e., fractal) of the Hutchinson-Barnsley operator is revealed by the Banach fixed-point theorem.

Many researchers have constructed new IFSes using well-known fixed-point theorems and studied
their analytical properties.
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In [3-5], the authors constructed IFSes using Matkowski’s contraction mappings [6] and
generalizations of the Banach contraction mappings, and they showed that the attractors of these IFSes
can generate fractals with wider coverage.

The Kannan contraction mapping [7], which emerged in 1968, is comparably important as
the Banach contraction mapping, and in 1971, a contraction mapping formde by a simultaneous
generalization of the Banach contraction mapping and the Kannan contraction mapping, was proposed
by Reich [8].

The question of whether an IFS constructed by Kannan contraction mappings (or Reich contraction
mappings) can generate an attractor (fractal) was raised in 2009 [9].

The authors of [10] presented notable counterexamples showing that fractals cannot be generated
by IFSes constructed by Kannan contraction mappings (or Reich contraction mappings) in general.

Until now, a number of fixed-point theorems have been proposed by many authors [11-13], but the
results of [10] show that fixed-point theorems which are applicable to attractor generation of I[FSes are
extremely limited.

Because Banach contraction mappings and Kannan contraction mappings are mutually independent,
the theory of IFSes based on the Banach contraction principle may not hold for Kannan contraction
mappings (or Reich contraction mappings).

The results of [10] show that the problem of finding IFSes which are capable of generating fractals
is one of the main problems in fractal theory.

Therefore, the question naturally arises of whether contractive mappings which are not independent
of the Banach contraction mappings and which are generalizations of the Banach contraction mappings
always generate fractals.

As far as we know, Bryant contraction mappings, although generally discontinuous, have fixed-
point properties that are too similar to Banach contraction mappings, which are of great theoretical and
practical importance [11].

Because Bryant contraction mappings are the simplest and most obvious generalization of Banach
contraction mappings, one might think that an IFS consisting of a finite number of Bryant contraction
mappings would also produce a fractal.

Based on the above discussion, the first question that we set up and solve in this paper is as follows.

Can one always generate attractors (fractals) by IFSes consisting of Bryant contraction mappings,
which are the simplest and most obvious generalization of Banach contraction mappings?

Fractal interpolation theory holds an important place in fractal theory.

Unlike the graphs of traditional interpolation functions, the graph of an FIF is an attractor of some
IFS passing through a given data point.

FIFs are widely used in various applied sciences because they can represent a large number of
geometric objects in nature [14].

Fractal interpolation theory uses IFSes for the generation, modeling, and structural analysis of
highly elegant and complex natural images [15,16].

Because an FIF is generated by the attractor of an IFS, the IFS is a powerful tool for generating
and analyzing the FIF. Fractal interpolation has a stronger advantage than traditional polynomial
interpolation in modeling the self-similarity of natural geometric objects.

Due to the limited range of FIFs studied so far, it is necessary to generate new FIFs and analyze
their complexity in order to vividly describe the various and complex natural geometries.
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As far as we know, the first significant generalization of Banach’s principle was obtained by Rakotch
in 1962 [17].

In 2017, Ri [18] exhibited that by using Rakotch fixed-point theorem, a generalization of Banach
fixed-point theorem, one can generate an FIF with a wider range of coverage than Barnsley’s FIF;
however, only two Rakotch contraction mappings that are not Banach contraction mappings were used
for the generation of FIFs.

Hence, the problem of finding a new family of Rakotch contraction mappings which are capable
of generating fractal interpolation curves (FICs) is one of the most important problems in fractal
interpolation theory [19-22].

This leads to the following problem addressed in this paper: How can Rakotch contraction mappings
be constructed which fail to satisfy the Banach contraction condition?

The first question that we set up in this paper arises in the course of discussing whether or not
generalized Banach contraction mappings can be used for the generation of FIFs with a wide range of
applications in practice, and the second question arises in the process of finding Rakotch contraction
mappings as generalized Banach contraction mappings that can generate new FIFs because in general,
Bryant contraction mappings, the simplest and most obvious generalization of Banach contraction
mappings, do not have attractors.

This paper is organized as follows.

In Section 2, we recall the typical contractive mappings and fractal interpolation principle by using
Rakotch contraction mappings, and on this basis, we present the questions to be solved in fractal
interpolation theory.

In Section 3, we present two counterexamples showing that IFSes consisting of two discontinuous
(or continuous) Bryant contraction mappings, which are the simplest and most obvious generalization
of Banach contraction mappings which have no attractors, that is, we show that, in general, one cannot
generate fractals (in particular, FIFs) even using continuous Bryant contraction mappings as well as
discontinuous Bryant contraction mappings.

Also, based on these two counterexamples, we give a sufficient condition for an IFS consisting of
two Bryant contraction mappings to have a fractal, and we give an illustrative example.

In Section 4, we present a new Rakotch contraction mapping family that does not satisfy the Banach
contraction condition and give one variable FIF (that is, FIC) generated by a new Rakotch contraction
mapping family.

In Section 5, we condense the particular significance of results obtained in our paper.

The new families of Rakotch contraction mappings proposed in this paper will make some
contribution to the development of fractal interpolation theory.

2. Preparatory facts and questions to be solved

In this section, we recall typical contractive mappings and the fractal interpolation principle by
using Rakotch contraction mappings, and on this basis, we present questions to be solved in fractal
interpolation theory.
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2.1. Typical contractive mappings and fixed-point theorems

In this subsection, we recall the well-known typical contractive mappings and fixed-point theorems,
which are the key object of discussion in this paper.

Definition 2.1. (See [12]) Let (X, d) be a complete metric space with distance d, and let f be a mapping
X into itself.
(1) (Banach [23]) There exists a number a, 0 < a < 1 such that, for each x,y € X,

d(f(x), f(y) < ad(x, y).

(2) (Rakotch [17]) There exists a monotone decreasing function « : (0, +00) — [0, 1) such that, for
each x,y € X,

d(f(x), f(y) < ald(x,y))d(x, y).

(3) (Bryant [24]) There exists some positive integer p such that f? is Banach contraction on X, that
is, there exist some p € N and a number « € [0, 1) such that, for each x,y € X,

d(f"(x), fP(y) < ad(x, y).

Note: By the definitions of Banach, Rakotch, and Bryant, it is obvious that (1) = (2) and (1) = (3).
Now, we give well-known fixed-point theorems.

Theorem 2.2. (See [17,23,24]) Let X be a complete metric space.
(I)Let f: X —>X,0<a<1,and

d(f(x), f(y)) < ad(x,y), ¥x,y € X.

Then, f has a unique fixed point in X.
In particular, for any fixed xo € X,

lim fn(X()) = Xy,
n—+0co
where x; is a unique fixed point of a mapping f, and f°(x) := x, f*(x) := f"'(f(x)), n € N. That is, a
mapping f has a globally attracting fixed point.
(2) Let f : X — X, and

d(f(x), f(») < ald(x,y)d(x,y), Vx,y € X,

where a is a monotone decreasing function such that a : (0,+00) — [0, 1). Then, f has a unique fixed
point in X.
In particular, for any fixed x, € X,

lim f"(xp) = xy,
n—+oo X

where x; is a unique fixed point of a mapping f, and f°(x) := x, f"(x) := f*'(f(x)), n € N. That is, a
mapping f has a globally attracting fixed point.
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(3)Let f:X—>X,peN,0<a<l,and

d(f*(x), fP(y) < ad(x,y), ¥x,y € X.

Then, f has a unique fixed point in X.
In particular, for any fixed xo € X,
lim f"(xo) = xy,
n—+oo
where x; is a unique fixed point of a mapping f, and f°(x) := x, f*(x) := f*'(f(x)), n € N. That is, a
mapping [ has a globally attracting fixed point.

Remark 2.3. (1) If f is a Banach contraction mapping on a complete metric space (X, d) with Banach
contraction constant h, then for any n € N, f" is also a Banach contraction mapping on (X, d) with
Banach contraction constant h", and the unique fixed point of f is also the unique fixed point of any f"
(see [11,24]).

(2) The Bryant fixed-point theorem is of great theoretical and practical importance in the sense that
the Bryant mapping f has the same properties as those of special contractive continuous mappings,
such as the existence and uniqueness of a fixed point, even if f is not continuous (see [11]).

(3) There is another convenient definition for Rakotch contraction mappings (see [17], p. 463,
Corollary; see [12], p. 257; see [3,4, 18]; see [5], p. 100).

Let (X, d) be a complete metric space, and let f : X — X.

Let ¢ : (0, 4+00) — (0, +00) be a function satisfying for all x,y € X,

d(f(x), f(») < e(d(x,y)),

where ¢ is a monotone increasing function, and for every t > 0, ¢(t) < t, and the function ¢(t)/t is
monotone decreasing. Then, f is called Rakotch contraction mapping.

2.2. Mutual relations between typical contractive mappings

The statement (@) = (b) means that any function which satisfies condition (a) also satisfies
condition (b), and the statement (a) = (b) means that any function which satisfies condition (a) does
not satisfy condition () in general.

Obviously, any mapping that satisfies the Banach contraction condition also satisfies the Rakotch
(or Bryant) contraction condition, but any mapping that satisfies the Rakotch (or Bryant) contraction
condition does not satisfy the Banach contraction condition in general.

2.2.1. Rakotch contraction mapping=» Banach contraction mapping

To show that (2) = (1), define @ : (0, +c0) — [0, 1) by a(?) = 1/(t + 1), € (0, +o0) (see the example
on p. 262 of [12]).
Let f(x) =1/(x+1),0<x < 1. Then, f:[0,1] — [0, 1] and has a fixed point at(\/g— 1)/2.

For any fixed 8 € (0, 1), choose y < —1 + (1/8) and y € (0, (V5 — 1)/2). Then,

d(f(0), f(y)) = —— > By = Bd(0. y),
y+1

AIMS Mathematics Volume 11, Issue 5, 13304-13338.
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and it does not satisfy (1).
On the other hand, for0 < x <y < 1,

y— X Y-

X
d(f(x), f() = Gr Do+ D) Sy—x+l

= a(d(x,y))d(x,y),
and f satisfies (2).

2.2.2. Continuous Bryant contraction mapping =» Banach contraction mapping

The Example 2.2 on p. 34 of [11] shows that (3) = (1).
(a) Define f(x) = cosx on R. Then, f is not a Banach contraction mapping on R. Indeed, suppose
there exists 4 € (0, 1) such that

COS X — COS Y
X=y

<h, forall x #y.
Letting y — x, we get |sinx] < h for all x € R, which is false. Note that the iterated function
f2(x) = cos(cos x) satisfies

’d(cos(cos X))
dx

= |sin(cos x) sin x| < |sin(cos x)| < sinl < 1,

and thus, by the mean-value theorem, f2 is a Banach contraction mapping on R.
(b) Define f(x) = e* on R. Then, f is not a Banach contraction mapping on R. Indeed, suppose
there exists 4 € (0, 1) such that
et —e”
X=y
Letting y — x, we get [e™*| < & for all x € R, which is false.
However, f2(x) = e is a Banach contraction mapping on R. Indeed,

<h, forall x #y.

—X

=le 1 <el <1,

and thus, the conclusion follows by the mean-value theorem.

2.2.3. Discontinuous Bryant contraction mapping = Rakotch (or Banach) contraction mapping

Let f: [0, 1] — [0, 1] be defined by

0 if x€[0,1],
J) =

1 1
5 if xe (5,1]

Then, f?(x) = 0 for all x € [0, 1], and so f? is a Banach contraction mapping on [0, 1].
So, f is a Bryant contraction mapping, but f is not continuous, and thus, it is not a Rakotch mapping
(or Banach) (cf. Example 2.2 on p. 34 of [11]).
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2.2.4. Rakotch contraction mapping = Bryant contraction mapping

Let f(x) = x/(x+1),0 < x < 1. Then, f : [0,1] — [0, 1] is a Rakotch contraction mapping, which
does not satisfy Banach contraction condition (see [18]), but it is not a Bryant contraction mapping. In
fact, for every fixed n € N, a function

X
1+ nx

1) = (7)) =

is also a Rakotch contraction mapping, which does not satisfy the Banach contraction condition
(see [18]).

2.3. Contractive mappings that can generate fractals

In this subsection, we introduce contractive mappings that can generate fractals among contractive
mappings that have unique attracting fixed points.

2.3.1. Definition of fractal generated by contractive mappings

Based on the definitions of a Hutchinson-Barnsley operator, IFSes and attractor in [2,9,25,26], we
give the concepts of Hutchinson-Barnsley operator, IFSes and attractor in the case of finite contractive
mappings, where the continuity of finite contractive mappings is not assumed.

Definition 2.4. (See [2], cf. Definition 2.2 on p. 305 of [25]; cf. [5, 9, 10,26-29].)

Let (X, d) be a complete metric space.

Let (H(X), hy) be a fractal space generated by (X,d), where H(X) := {A C X|A is a nonempty
compact subset of X}, and h, expresses the Hausdorff metric on H(X), that is, for all A, B € H(X),

hy(A, B) := max{max mind(x,y), max mind(x,y)}.
xeA yeB yeB xeA

Let f, : X > X,n=1,..,N.
Let for everyn = 1,2,...,N, f, : X — X be a contractive mapping that maps any nonempty
compact subset of (X,d) to a nonempty compact subset of (X,d), where the continuity of f, is not

assumed.
Consider a mapping F : H(X) — H(X) defined by

N
F(A) = i | Jp@l - @ = @), A€ HX).
n=1

Then, F : H(X) — H(X) is called a Hutchinson-Barnsley operator constructed by finite contractive

mappings fi, 2, 5 fn-
Also, {X; fi, f>,..., fn} constructed by a complete metric space (X,d) and finite contractive

mappings fi, f>, ..., fn is called an iterated function system (IFS).

Definition 2.5. (c¢f. Definition 2.2 on p. 305 of [25]; cf. [27].)
Let (X, d) be a complete metric space.
Letf,: X - X,n=1,..,N.
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Let for everyn = 1,2,...,N, f, : X — X be a contractive mapping that maps any nonempty
compact subset of (X,d) to a nonempty compact subset of (X,d), where the continuity of f, is not
assumed.

Let F : H(X) — H(X) be a Hutchinson-Barnsley operator consisting of f, : X — X,n =
1,2, ---,N.

A set A € H(X) is called an attractive fixed point of the given Hutchinson-Barnsley operator, that
is, an attractor of the given IFS {X; fi, f>,- -+, fn}, if it satisfies the following conditions:

(1) (invariance)

N
F(A) = ) fa) =4,
i=1

(2) (attractiveness)
lim F{S)=A
k E +00

forall S € H(X), where klim denotes the limit with respect to the Hausdorf{f distance hy; on H(X).
— 400
hq

In particular, if a compact set A € H(X) is an attracting and invariant set of a complete metric
space (X, d), then we call A € H(X) a fractal generated by the IFS {X; fi, f>, - , fv}-

Remark 2.6. (1) Hutchinson proposed that, in the case when f, : X — X, n = 1,..., N are Banach
contraction mappings, the IFS consisting of them generates a unique fractal (see [26]).

(2) There exists an example of a discontinuous typical contractive mapping that does not preserve
the compactness of the set.

For example, consider a mapping f : [0, 1] — [0, 1], defined by

if x=0,
if x€(0,7),
if x= %,
if xe(4,11.

1
1
X+ 3
Jx) = 3 2
1
1

Let d be the Euclidean distance of R. Then, ([0, 11, d) is a complete metric space.

Also, x = 1 is the unique fixed point of f : [0,1] — [0, 1].

Because f is discontinuous, f is not a Banach contraction mapping.

However, because f*(x) = f(f(x)) = 1 for all x € [0, 1], we can see that f is a Bryant contraction

mapping.

On the other hand, because

11 3 5
: _’ ~ - _’ 1 b
5l U

the mapping f : [0,1] — [0, 1] does not always map a compact set of the complete metric space
([0, 1],d) to a compact set of the complete metric space ([0, 1], d).

That is, in general, the Bryant contraction mapping, a typical contractive mapping, does not always
preserve the compactness of the set.

Based on the above example of a discontinuous Bryant contraction that does not preserve the
compactness of a set, we give an essential and indispensable prerequisite that, in Definition 2.4 and
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Definition 2.5, contractive mappings should map any compact set of a given complete metric space to
a compact set of that complete metric space.

(3) Because even if mappings f, : X — X,n = 1,...,N are discontinuous, the mappings f, : X —
X,n = 1,...,N are contractive mappings with globally attracting fixed points in a complete metric
space (X, d) as Banach contraction mappings, we can easily see that, if an attractor of the given IFS
{X; f1, fo, -+, fw} exists, then it is unique.

2.3.2. Contractive mappings that can generate fractals

In this subsubsection, we recall F-contraction mappings, Matkowski contraction mappings, and
Meir-Keeler-type mappings that can always generate fractals.

Definition 2.7. (See [3,6,28]) Let (X,d) be a metric space, and let f : X — X.
(1) (F-contraction mapping)
Let F : (0, +00) — R be a mapping such that

(a) forall t,, t, € (0, +0) (t; < 1), F(t1) < F(tp),

(b)

lim F(f) = —oo,
t—+0

(c) for some A € (0, 1),
lim 'F(¢) = 0,

t—+0

(d) for some u > 0 and for all x,y € X such that f(x) # f(y),

p+ F(d(f(x), f(v) < F(d(x,y)).

Then, f : X — X is called an F-contraction mapping (see [28]).
(2) (Matkowski contraction mapping)
Let @ : (0, 4+00) — (0, 4+00) be a function satisfying for all x,y € X,

d(f(x), f(») < ald(x,y)),

where « is an increasing function, and for fixed every t > 0,

lim o"(¢) = 0.

n—+o0o0
Then, f is called a Matkowski contraction mapping (see [6]).
(3) (Meir-Keeler-type mapping)
If for any € > O, there is 6 > 0 satisfying

x,y€X, e<dx,y)<e+i=d(f(x),f(y) <e
then f is called a Meir-Keeler-type mapping (see [3]).

Remark 2.8. (/) All Banach contraction mappings are F-contraction mappings (or
Rakotch contraction mappings, or Matkowski contraction mappings, or Meir-Keeler-type mappings)
(see [3,28]), but any mapping which satisfies the F-contraction (or Rakotch contraction, or Matkowski
contraction, or Meir-Keeler contraction) condition does not always satisfy the Banach contraction
condition in general.

(2) F-contraction mappings (or Rakotch contraction mappings, or Matkowski contraction
mappings, or Meir-Keeler-type mappings) are continuous (see [3, 6, 28]).
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Theorem 2.9. (Existence and uniqueness of fractals; see Theorem 2 on p. 218 of [2], [3,28].)

Let (X, d) be a complete metric space, and foralli = 1,2,...,n, fi : X —> X.

Let {X; fi, fo, ..., fn} be an IFS consisting of Banach contraction mappings (or F-contraction
mappings, or Rakotch contraction mappings, or Matkowski contraction mappings, or Meir-Keeler-

type mappings).
Then, there exists a unique fractal generated by this IFS.
2.4. Contractive mappings that cannot generate fractals in general

In this subsection, we closely investigate Example 2.4 on p. 2274 and Example 2.7 on p. 2277
in [10] and give a particular remark.

2.4.1. Kannan (or Reich) contraction mappings

Definition 2.10. (See [12].)
Let (X, d) be a complete metric space with distance d, and let f be a mapping X into itself.
(1) (Kannan [7, 30]) There exists a number 3, 0 < 8 < 1/2 such that for each x,y € X,

d(f(x), f(y)) < Bld(x, f(x)) + d(y, f(M)].

(2) (Reich [8]) There exist non-negative numbers «, 3,y satisfying a + 3 +vy < 1 such that, for each
x,y€X,
d(f(x), f() < ad(x, f(x) +Bd(y, f() + vd(x, y).

Now, we give the well-known fixed-point theorems.

Theorem 2.11. (See [8, 17,23, 24, 30].)
Let X be a complete metric space.
(I)Let f:X — X,0<B<1/2, and let

d(f(x), f() < Bld(x, f(x) +d(y, ()], Yx,y € X.

Then, f has a unique fixed point in X.
In particular, for any fixed x, € X,

lim f"(xp) = xy,
n—+oo ’

where x; is a unique fixed point of a mapping f, and f°(x) := x, f"(x) := f*'(f(x)), n € N. That is, a
mapping f has a globally attracting fixed point.
(2)Letf: X—->X,0<a+p+y<1, and

d(f(x), () < ad(x, f(x)) +Bd(y, f() + yd(x,y), Vx,y € X.

Then, f has a unique fixed point in X.
In particular, for any fixed x, € X,

lim f"(xp) = xy,
n—+oo ’

where x; is a unique fixed point of a mapping f, and f°(x) := x, f"(x) := f*'(f(x)), n € N. That is, a
mapping f has a globally attracting fixed point.
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In 1976, the author of [31] gave a simple relationship between Banach contraction mapping and
Kannan contraction mapping.

Proposition 2.12. (See Lemma 2.2 on p. 173 of [31].)

Let (X,d) be a metric space, and let f : X — X be a Banach contraction mapping with Banach
contraction factor @, where 0 < a < 1/3. Then, f is a Kannan contraction mapping with respect to
metric d.

Remark 2.13. (/) There is a Banach contraction (or Rakotch contraction, or Bryant contraction)
mapping that is not a Kannan contraction mapping.

For example, f(x) = x/3 (see the example on p. 263 of [12]).

(2) There is a Kannan contraction mapping that is not a Banach contraction (or Rakotch
contraction, or Bryant contraction) mapping.

For example,

=

if xe[0,1),

fx) =
if x=1

INTS

(see the example on p. 262 of [12]).
(3) There is a Reich contraction mapping that is not a Kannan contraction mapping.
For example,

if xe[0,1),

W=

fx) =
if x=1

o L

(see the example on p. 122 of [8]).

2.4.2. Counterexamples for Kannan (or Reich) contraction mappings

The properties of a Kannan contraction mapping f are not hereditary to a mapping F in general,
where F(A) :={f(x) : x € A} for all A € H(X).

Counterexample 2.14. (See Example 2.4 on p. 2274 in [10].)

There are a complete metric space (X, d) and a Kannan (or Reich) contraction mapping satisfying
the following conditions:

(1) For any a € [2/5,1)2), f : X — X is a Kannan contraction mapping on a complete metric space
(X, d) with Kannan contraction factor «;

(2) Forall A € H(X),

F(A) = | f(x) € HO;
x€A

(3) The map F : H(X) — H(X) is not a Kannan map on a complete metric space (H(X), hy) for any

Kannan contraction factor a € (0, 1/2).

The properties of two Kannan contraction mappings, f; and f,, are not hereditary to a mapping F,
where for all A € H(X),

F(A):= A | A,

AIMS Mathematics Volume 11, Issue 5, 13304-13338.
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Counterexample 2.15. (See Example 2.7 on p. 2277 in [10].)
There are a complete metric space (X, d) and Kannan (or Reich) contraction mappings satisfying
the following conditions:
(1) For any a € [1/3,1/2), fi, > : X — X are Kannan contraction mappings on a complete metric
space (X, d) with Kannan contraction factor a;,
(2) For all A € H(X),
F(A) := Fi(A)|_] Fa(4) € H(X);

(3) The map F : H(X) — H(X) is not a Kannan map on a complete metric space (H(X), hy) for any
Kannan contraction factor a € (0, 1/2);
(4) F(A) # A forall A € H(X).

2.5. Contractive mappings that can generate continuous FIFs

In this subsection, we introduce the contractive mappings that can generate continuous FIFs (FICs)
among mappings that can generate fractals.

Let {(x;,y;) € R*:i€{0,1,2,---,N}} be adataset, where N > 2, —00 < xg < X} < Xp < --+ < xy <
+00, and y; € R.

Let for (x,y) € [xo, xy] X R,

X ux+v;
w; = .
y Fi(-x’y)
where
X Xl
ui L b
XN — Xo
L Xi — Xi-1
Vi = X1 — X0,
XN — Xo

F; is a continuous function such that F; : [xp,xy] X R — R, and every w; satisfies the following

conditions:
[ )=(0)
Wi = >
Yo Yi-1

()5

The following theorem gives the generative principle of one variable FIFs by using Banach
contraction (or Rakotch contraction) mappings.

Theorem 2.16. (See [1,2, 18, 32].)

Let N be a positive integer greater than 1. Let {R?*; w;,i = 1,2,--- , N} denote the IFS defined above,
associated with the data set {(x;,y;) € R*>:i=1,2,--- ,N}.

If for every i € {1,2,---,N}, a mapping Fi(-,y) satisfies the Banach contraction (or Rakotch
contraction) condition, and F(x,-) satisfies the Lipschitz condition [18] (or Holder condition [32]),
then there is a continuous function that passes through the given data, and the graph of this continuous
function is an attractor of the IFS defined above.
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Remark 2.17. (1) Although we can generate fractals by using F-contraction mappings (or Matkowski
contraction mappings, or Meir-Keeler-type mappings), so far, there are no studies that can generate
FIFs by using F-contraction mappings (or Matkowski contraction mappings, or Meir-Keeler-type
mappings).

(2) Moreover, there is no theoretical guarantee that the mappings which can generate fractals can
necessarily generate FIFss.

Remark 2.18. (1) In [18], the author only used Rakotch contraction mappings f(x) = 1/(1 + x) and
g(x) = x/(1 + x) (x = 0), which do not satisfy the Banach contraction condition.

By using these Rakotch contraction mappings, which do not satisfy Banach contraction condition,
the author of [18] gave a novel idea and an original way for new FIF generation.

(2) By using the Rakotch contraction mappings of [18], we can obtain the Rakotch contraction

mapping family

{an) := e,

which does not satisfy the Banach contraction condition.
This Rakotch contraction family, which does not satisfy the Banach contraction condition, has an
essential and important significance for the solution of new FIC generation problem. In fact, because

1+ nx

X X X X X
> > > > 2 >,
1+x 1+2x  1+3x 1+4x 1+ nx

and for all n € N and for 6(t) :=t/(1 +1) (t > 0),

185 (x) — gn(X)| < 6(]x — yI),

we can obtain a new Rakotch contraction family which does not satisfy the Banach contraction
condition such that for all m,n € N,

o if xe [0, 2],

1+mx
8ma(X) =

1y if x> 0L,
n m

(3) In [32], in order to present new FIFs, the authors used a function sin x (x > 0) that is a Rakotch
contraction mapping which does not satisfy Banach contraction condition.

Indeed, sin x is not a Banach contraction mapping on (0, +00). In fact, if there is 0 < ¢ < 1 such
that for all x #y (x,y € (0, +00)),

sinx — siny
- S C,
X=Yy
then for all x € (0, +00),
. sinx —siny
lim— | =|cosx| < c.
yox o X—y

It is false, and so a function sin x is not a Banach contraction mapping on (0, +00).
On the other hand, for all x,y € (0, +00),

. . X
COS N NI

y’sz

y . Ix—)’|'
< 2|sin —=|.
’ 2

|sin x — siny| = 2
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Let for all t € (0, +00),
2sinf if ¢ € [0,n],
a(t) :=
2 if t> .
Then, for all t € (0,+00), a(t) < t and a : [0,+00) — [0, +00) are increasing functions, and a
mapping t — ¢(t)/t is a decreasing function, and for all x,y € (0, +c0),

| sin x — siny| < a(|x — yl).

So, a function sin x is a Rakotch contraction mapping that does not satisfy the Banach contraction
condition.

Difficulty 2.19. Obviously, a Rakotch contraction is a generalized Banach contraction, but it is no easy
matter to find a new Rakotch contraction mapping family that does not satisfy the Banach contraction
condition because it is difficult to make a mapping f(x) and a function ¢(t) such that for all x,y € X,

d(f(x), f(») < e(d(x,y)),

where ¢ : (0,4+00) — (0,+00) is a function satisfying for all t > 0, ¢(t) < t, a function ¢(t) is a
monotone increasing function, and a function ¢(t)/t is a monotone decreasing function.

Even if it is difficult to make a mapping f(x) and a function ¢(t), if one finds a new Rakotch
contraction mapping family that does not satisfy the Banach contraction condition, then by Ri’s
nonlinear fractal interpolation principle, by using Rakotch contraction mappings [18], one can always
generate a new FIF by using it.

2.6. Questions to be solved

The results of [10, 18] show that the problem of finding IFSes which are capable of generating
fractals, especially, the problem of finding contractive mappings which are capable of generating FIFs,
is one of the main problems in fractal theory.

Although there exists a result of [18] that by using Rakotch contraction mappings which do not
satisfy Banach contraction conditions, one can generate more generalized FIFs than Barnsley’s FIFs,
it is not easy to find such Rakotch contraction mappings which do not satisfy the Banach contraction
condition.

Based on the above discussion, we are reminded of the questions that we set up and solve in this
paper as follows.

Question 2.20. Can one always generate FIFs by IFSes consisting of Bryant contraction mappings,
which are the simplest and most obvious generalization of the Banach contraction mappings?

Question 2.21. How do we construct new Rakotch contraction mappings that do not satisfy the Banach
contraction condition?

3. Bryant contraction mappings that cannot generate fractals in general

Bryant contraction mappings are not necessarily continuous mappings (see 2.2.3 of Section 2); in
particular, they are not necessarily Banach contraction mappings (see 2.2.2 of Section 2).
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Therefore, Bryant contraction mappings do not preserve the compactness of sets in general, as
shown in the example of 2) in Remark 2.6.

In particular, the notion of the Hutchinson-Barnsley operator in [2,26], which was defined for a finite
number of Banach contraction mappings, cannot be applied to a finite number of Bryant contraction
mappings in general.

In Definitions 2.4 and 2.5, we gave the new, exact, and valid notions of the Hutchinson-Barnsley
operator and an attractor for a finite number of discontinuous (or continuous) contractive mappings.

However, even in the case of Bryant contraction mappings, preserving the compactness of sets, the
IFS theory based on the Banach fixed-point theorem may not entirely hold for these Bryant contraction
mappings in general.

In particular, in general, the contractive property of Bryant contraction mappings may not be
inherited to the Hutchinson-Barnsley operator (that is, the induced set-valued mapping) consisting
of these Bryant contraction mappings.

In this section, we first show that the property of the unique existence of a fixed point of a Bryant
contraction mapping preserving the compactness of sets on a complete metric space (X, d) is inherited
to the Hutchinson-Barnsley operator consisting of this Bryant contraction mapping in a fractal space
(H(X), ha).

Next, we give two discontinuous Bryant contraction mappings and two continuous Bryant
contraction mappings which, despite preserving the compactness of sets, cannot generate fractals.

That is, we present the inevitable counterexamples in fractal theory.

These two counterexamples show that IFSes consisting of two discontinuous (or even continuous)
Bryant contraction mappings, the simplest and most obvious generalization of Banach contraction
mappings, cannot always generate fractals in general.

Also, based on these two counterexamples, we give a sufficient condition for an IFS consisting of
two Bryant contraction mappings to have a fractal, and we give an illustrative example.

3.1. Existence of a set fixed point by one Bryant contraction mapping

We present the following theorem based on the well-known theorem of the existence and uniqueness
of a fixed point of a Bryant contraction mapping in a complete metric space (Theorem 2.4 in [11]) and
the well-known theorem in fractal theory (Lemma 7.3 of [2]).

Theorem 3.1. Let (X, d) be a complete metric space and f : X — X be a Bryant contraction mapping
that maps any compact subset of X to a compact subset of X, where the continuity of f is not assumed.

Then, a mapping F : A — f(A), A € H(X) has a globally attracting unique fixed point in a complete
metric space (H(X), hy).

Proof. Because f : X — X is a Bryant contraction mapping on (X, d), there exist p € N such that f7 is
a Banach contraction mapping.
Because f” is a Banach contraction mapping on X, f? is continuous on X.
Thus, f” maps every compact subset of X to a compact subset of X.
That is, fP(A) € HX) for all A € H(X).
Consider a mapping
F:A— f(A), Ae HX).
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From the assumption of the theorem, because a mapping f : X — X maps any compact subset of a
complete metric space (X, d) to a compact subset of a complete metric space (X, d), we have

F:A > f(A) e HX), A € HX),

thatis, F' : H(X) —» H(X).
Now, let FP(A) := F(FP~'(A)) for all A € H(X).
Because fP(A) € H(X) for all A € H(X), and

FP(A) = F(FP'(A)) = -+ = F'"(F(A)) = FP(f(A) = -+ = F(f"(A) = --- = fP(A),

we see that F” maps H(X) to itself.

Because f7 is a Banach contraction mapping in a complete metric space (X, d), and F? : H(X) —
H(X), by Lemma 7.3 on p. 79 of [2], we obtain that F” is a Banach contraction mapping in a complete
metric space (H(X), hy).

So, we can see that F : H(X) — H(X) is a Bryant contraction mapping in a complete metric space
(H(X), ha).

Hence, by the Bryant fixed-point theorem [24], a mapping F : H(X) — H(X) has a unique globally
attracting fixed point in a complete metric space (H(X), hy). O

Remark 3.2. (1) As shown in Example (2) in Remark 2.6, a discontinuous Bryant contraction mapping
f : X — X does not map a compact subset of a complete metric space (X,d) to a compact subset
of a complete metric space (X,d) in general, and so we cannot guarantee the compactness of a set
F(A) = f(A) C X in general.

That is, the Hutchinson-Barnsley operator consisting of one Bryant contraction generally does not
map a given fractal space (H(X), hy) to itself.

To discuss the unique existence of a fixed point of the Hutchinson-Barnsley operator F(A) := f(A) C
X, A € H(X) defined in the complete metric space (H(X), hy), basically, this Hutchinson-Barnsley
operator must map a complete metric space (H(X), hy) to a complete metric space (H(X), hy).

Hence, the assumption of Theorem 3.1 that a Bryant contraction mapping f : X — X must map
any compact subset of a complete metric space (X, d) to a compact subset of a complete metric space
(X, d) is an essential prerequisite.

(2) Theorem 3.1 shows that the property of the unique existence of a fixed point of a Bryant
contraction mapping [ preserving the compactness of set in a complete metric space (X, d) is inherited
to the Hutchinson-Barnsley operator F(A) := f(A), A € H(X) consisting of this Bryant contraction
mapping f in a complete metric space (H(X).hy).

Especially in Theorem 3.1, we can see that the Hutchinson-Barnsley operator consisting of one
Bryant contraction mapping preserving the compactness of set in a complete metric space (X,d) is a
Bryant contraction mapping in a fractal space (H(X).hy) that has a unique globally attracting fixed
point.

However, in the case of Kannan contraction (or Reich contraction) mapping, even if this
Kannan contraction (or Reich contraction) mapping is continuous, the Hutchinson-Barnsley operator
consisting of this Kannan contraction (or Reich contraction) mapping is not always a Kannan
contraction (or Reich contraction) mapping on a fractal space in general (see Example 2.4 on p. 2274
and Example 2.7 on p. 2277 of [10]).
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(3) Theorem 3.1 naturally raises the question of whether the property of the unique existence of fixed
points of two Bryant contraction mappings, fi and f>, preserving compactness of sets on a complete
metric space (X, d) is inherited by the Hutchinson-Barnsley operator defined by F(A) := fi(A) U f2(A),
A € X consisting of these Bryant contraction mappings, where the continuity of mappings fi and f, is
not assumed.

This problem is discussed in Subsections 3.2 and 3.3.

Below, we give an example of a discontinuous Bryant contraction mapping which satisfies the
sufficient condition of Theorem 3.1.
This example shows that the assumption of Theorem 3.1 above is not an impossible assumption.

Example 3.3. (A simple example)
Consider a function f : [0,1] — [0, 1] defined by

)

if x€l0,3],
fx) =
if xe(,1].

=

Clearly, ([0, 1], d)isacomplete metric space, and f maps any compact subset of a complete metric
space ([0, 1],d) to a compact subset of a complete metric space ([0, 1],d), where d is the Euclidean
metric in R.

Then, f is not a Banach contraction mapping because f is not continuous.

However, f? is a Banach contraction mapping because f*(x) = 0 for all x € [0, 1].

So, f is a discontinuous Bryant contraction mapping but is not a Banach contraction, satisfying the
sufficient condition of Theorem 3.1.

3.2. Necessary condition for generating fractals by finite contractive mappings

In this subsection, we give a necessary condition for the Hutchinson-Barnsley operator consisting
of finite contractive mappings to have an attractive fixed point. That is, we give a necessary condition
for an IFS consisting of a finite number of contractive mappings to generate a fractal, where continuity
of contractive mappings are not assumed.

Theorem 3.4. Let (X, d) be a complete metric space.

Let f, : X > X,n=1,...,N.

Let for every n = 1,2,...,N, f, : X — X be a contractive mapping that maps any nonempty
compact subset of (X,d) to a nonempty compact subset of (X,d), where the continuity of f, is not
assumed.

If the Hutchinson-Barnsley operator F : H(X) — H(X) defined by

N
F4) = i p@| - @ =@, aeHX)
n=1

has an attractive fixed point, that is, if an attractor of the given IFS {X : fi, f>, ..., fn} exists, then for
every infinite word w € Q, the limit of f,, © fu, 00 fu, (x) exists and is independent of x € X, where

Q:={1,2, -, N ={w=wwrw, 1w, €{l, 2, ---, N},neN}.
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Proof. Even if mappings f, : X — X,n = 1,...,N are discontinuous, from the assumption of the
theorem, the mappings f, : X — X,n = 1, ..., N preserve the compactness of the set as continuous
mappings, especially as Banach contraction mappings.

Also, the mappings f, : X — X,n = 1, ..., N are contractive mappings with globally attracting fixed
points in a complete metric space (X, d) as Banach contraction mappings.

Therefore, the proof of Theorem 3.1 is similar to that of “(4) Proof of Uniqueness” in “3. invariant
sets” of [26]. We therefore omit this proof here. O

3.3. Bryant contraction mappings that cannot generate fractals

In this subsection, we give the motivation to discuss the counterexamples of Bryant contraction
mappings that cannot generate fractals.

Motivation 3.5. Let (X,d) be a complete metric space and f; : X — X and f, : X — X be Bryant
contraction mappings that map any compact subset of X to a compact subset of X, where the continuity
of fi and f, are not assumed.

Then, in general, one cannot always guarantee the fact that a mapping F : A — fi(A) U f>(A),
A € H(X) has a unique globally attracting fixed point in a complete metric space (H(X), hy).

In fact, because f; : X — X and f, : X — X are the Bryant contraction mappings on (X, d), there
exist py, p» € N such that f"" and f;* are Banach contraction mappings.

Without loss of generality, let p := p; = p».

Because f{ and f7 are Banach contraction mappings on X, f and f7 are continuous on X.

Thus, f and f; map every compact subset of X to a compact subset of X.

That is, f(A) U /5 (A) € H(X) for all A € H(X).

In the case of p = 2, the consider the mappings

F:A> fi(A) Ufz(A), A€ H(X)

and
T:A—> fAA) U f2(A), A € HX).
Because mappings f; : X — X and f; : X — X map any compact subset of a complete metric space
(X, d) to a compact subset of a complete metric space (X, d), we have

F:A— fi(A) U £(A) € HX), A € HX),

thatis, F : H(X) —» H(X).

Also, because f7 and f7 are Banach contraction mappings, by [2], a mapping T has a unique
attracting fixed point in a complete metric space (H(X), hy).

On the other hand, in general, for all A € H(X),

T(A) = fHA) U fF(A) # fHA) U AU fi((A)) U L(fi(A)
= filh(A) U fL(A) U /,(fi(A) U f2(A) = F(fi(A) U f2(A))
= F(F(A)) = F*(A).

Because T(A) # F*(A) for all A € H(X) in general, as in Theorem 3.1, one cannot always guarantee
that the unique attracting fixed point of a mapping 7" in a complete metric space (H(X), h,) is the unique
attracting fixed point of a mapping F in general.
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3.3.1. Discontinuous Bryant contraction mappings that cannot generate fractals

Below, we give a counterexample that for two discontinuous Bryant contraction mappings, the well-
known IFS theory (in particular, the theorem of existence and uniqueness of fractals) based on Banach
contraction mappings doesn’t hold.

Counterexample 3.6. Let X := [0, 2] and d be the Euclidean metric. Then, (X, d) is a complete metric

space.
Let
0 if xe[0,1],
fi(x) 1={
1 if xe(1,2],
and
1 if xe[0,1),
H(x) :={
2 if xe[1,2].

Because fi(A) € {{0},{1},{0, 1}} and f>(A) € {{1},{2},{1,2}} for all A € H([O0,2)), fi and f, map any
nonempty compact set of a complete metric space ([0,2],d) to a nonempty compact set of a complete
metric space ([0, 2], d).

Obviously,

0 if xe[0,1),

(fio fo)x) = {
1 if xe[l1,2],

and

1 if xe[0,1],

(oo f)x) = {
2 if xe(1,2].

Also, fi and f, are not Banach contraction mappings, but fi and f, are Bryant contraction mappings
because for all x € [0, 2], flz(x) = 0 (see Example 2.2 of [11]) and f22(x) = 2. Then, x; = 0 is a unique
fixed point of fi : [0,2] — [0,2], and x, = 2 is a unique fixed point of f> : [0,2] — [0, 2].

On the other hand,

1 if x€[0,1),
(f20 fio f)x) =
2 if xe[l,2],
and
0 if xe[0,1),
(fio fao fiofo)x) =
1 if xe[1,2].
Hence,

fiofa=fiofro fiofo
Thus, by induction, for allm € N,
fiofo=(fio )"
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Also,
0 if xe|[O0,1],
(fio fao f)(x) =
1 if xe(1,2],
and
1 if x€[0,1],
(faofiofoo fi)(x) =
2 if xe(1,2].
Hence,

fofi=fiofiefaofi
Thus, by induction, for allm € N,
fro fi=(fho )"

Finally, for any m € N,
0 if xe[0,1),

(fi o f2)"(x) = {
1 if xe[l,2],

and
0 if xe[0,1],

(fio(fao fi)")) = {
1 if xe(1,2].

If xo € [0, 1), then

filxo) =0, fi(fa(x0)) =0, fi(f2(fi(x0))) =0, fi(/2(f1(f2(x0)))) =0,

and if xo € (1,2], then

filxo) = 1, filKa(x0) = 1, filf2(fi(x0) = 1, fi(f2(f1(f2(x0))) = 1,

In particular, if xy = 1, then

Silxo) =0, (fio f2)(x0) =1, (fio fao fi)(xo) =0, (fiofaofiofo)xg)=1,---.

Hence, for some special symbol
(wl’w2’7w3’w4’ o .) :: (]‘72’ ]"27. : .) e {1’2}N’

the limit
nl—i}}-loofwl °© fwz °© fw3 o fw4 0 fwn(xO)’

that does not depend on x, € [0, 2] does not exist.

Therefore, for all symbols

(0-150-2550-350-4" . ') e {]"2}N,
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the limits

lim f,, o foy © foy © firy - -+ © for, (%)

n—+oo

that do not depend on x € [0, 2] do not exist.
Therefore, by Theorem 3.1, there is not A € H([0, 2]) which satisfies

A= | A,

that is,

A A4 # 4,

forall A € H([0,2]), where A refers to an attracting invariant subset.

Note that because
S1({0,1,2}) U /0,1,2}) ={0, 1,2},

a compact set {0, 1,2} € H([0, 2]) is an invariant set but not an attracting invariant set.

3.3.2. Continuous Bryant contraction mappings that cannot generate fractals

Below, we give a counterexample showing that even for two continuous Bryant contraction
mappings, the well-known IFS theory based on Banach contraction mappings does not hold.

Counterexample 3.7. Let X := [0, 1] and d be the Euclidean metric. Then, (X, d) is a complete metric

space.
Let
x+3 if x€[0,3),
filx) =
1 if xe[3,1],
and

0 if xe[0,1),
fHx) =

x—% if xe[%,l].

Because fi and f, are continuous, fi and f, map any nonempty compact set of a complete metric
space ([0,2],d) to a nonempty compact set of a complete metric space ([0, 2], d).
Obviously,

=

if xe[0,1),

(fio f)(x) = {

x if xe [%, 1],
and

x if x €0, %),

(fao fi)(x) =

1 if xe[3,1],

and so fio fa # fro fi.
Also, fi and f, are not Banach contraction mappings, but f, and f, are continuous Bryant

contraction mappings because for all x € [0,1], f2(x) = 1 and f}(x) = 0, x; = 1 is a unique fixed point
of fi 1 10,1] — [0, 1], and x, = 0 is a unique fixed point of f, : [0, 1] — [0, 1].
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On the other hand,
0 if x € [0, %),
(fao fio f))x) =
x—1 if xe[3,1],
and
% if x € [0, %),
(fiofro fiofo)x) =
x if xe€ [%, 1].
Hence,

fiofa=fiofrofiofo
Thus, by induction, for all m € N,
fiofo=(fio )"

Also,
x+1 if xe[0,9),
(fio fro f)x) =
1 if xel[i,1],
and
x if x €0, %),
(fao fiofao fi)(x)=
3 if xe[3,1].
Hence,

frofi=faofiofro fi.
Thus, by induction, for allm € N,
frofi=(fHo )"
Finally, any m € N,
1 if x€[0,),
(fi o f2)"(x) =

x if xe[4,1],

and
x+% if x € [0,

)

1 if xe[3,1].

D=

(fio(fao )N = {
Now, for a fixed xy € [0, 1], consider an infinite sequence

{ai1(x0) := fi(x0), az(xo) := (fi 0 f2)(x0), az(xo) := (fi 0 fa0 fi)(x0), as(xo) := (fio fa0 fio fa)(x0),- -}

If xg € [0, 1/2), then

1 1 1
ai(xo) = fi(xo) = xo + 5 a(xo) = fi(fa(xp)) = > az(xo) = fi(f2(f1(x0))) = xo + o

1
a4(xo)=fl(f2(f1(f2(x0))))=5,
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and if xo € [1/2, 1], then

ai(xo) = fi(xo) = 1, ax(xp) = fi(f2(x0)) = X0, az(x0) = fi(fo(fi(x0))) = 1,
as(xo) = fi(f2(f1(f2(x0)))) = X0, -

Hence, for every fixed x, € (0, 1) and for some special symbol
(1,2,1,2,...) e {1,2}",

an infinite sequence {a,(xo)} 2] is not convergent in [0, 1], and only in two points, xo = 0 and xo = 1,

lim a,(0) =

n—+o0o

and
lim a,(1) = 1.

n—+0oo

So, for all symbols
(0-1’ 0-2’ b 0-3’ 0-4’ .. ) e {1’ 2}N’

the limits

nl—i>IPoofa'1 ofo'z Of0'3 ° f0'4 T Ofo-n(X)

that do not depend on x € [0, 1] do not exist.
Therefore, by Theorem 3.1, there is not A € H([0, 1]) which satisfies

A= | Jp),
that is,
AW A4 = A

forall A € H([0, 1]), where A refers to an attracting invariant subset.

Note that because
1 1
JAd0.5. 1) =10.5.1,

a compact set {0, ; 1} € H([0, 1]) is an invariant set but not an attracting invariant set.

Remark 3.8. The above two counterexamples require finding sufficient conditions for the IFS
consisting of a finite number (especially two) of Bryant contraction mappings to generate a fractal.

3.4. A sufficient condition for two Bryant contraction mappings to generate fractals

In this subsection, based on the two counterexamples above, we give a sufficient condition for
the Hutchinson-Barnsley operator consisting of two Bryant contraction mappings to have a unique
attracting fixed point in a fractal space, and we give an illustrative example.
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Theorem 3.9. Let (X,d) be a complete metric space and fi,f, : X — X be Bryant contraction
mappings that map any compact subset of X to a compact subset of X, where the continuity of
f1, o : X = X is not assumed.

Without loss of generality, let fl2 : X — X and f22 : X = X be Banach contraction mappings.

Let fiof, : X = Xand f, o fi : X = X be Banach contraction mappings.

Then, for any A € H(X), the mapping F : H(X) — H(X) defined by

F(A) = {/i(x)lx € A} U{fz(X)Ix €A} = fi(4) U f2(A)
has a unique globally attracting fixed point in a complete metric space (H(X), hy).

Proof. From the assumption of the theorem, flz(A), fzz(A), fio f2(A), fr0fi(A) € H(X) forall A € H(X).
Now, let F?(A) := F(F(A)) for all A € H(X).
Because f12 X - X, f22 X —> X, fiofp: X - X,and f; o fi : X — X are Banach contraction
mappings and because for all A € H(X),

FA) = fW | AW fio s fo i) e HX),

by Theorem 7.1 on p. 81 of [2], we can see that F? : H(X) — H(X) is a Banach contraction mapping
in a complete metric space (H(X), hy), and so F : H(X) — H(X) is a Bryant contraction mapping in a
complete metric space (H(X), hy).

So, by the Bryant fixed-point theorem [24], a mapping F : H(X) — H(X) has a unique globally
attracting fixed point in a complete metric space (H(X), hy). O

Below we give an illustrative example of two discontinuous Bryant contraction mappings satisfying
a sufficient condition of the above theorem.

Example 3.10. (A simple example)
Let X := [0, 1] and d be the Euclidean metric. Then, (X, d) is a complete metric space.
Let

0 if x€[0,3],
fi(x) =
1 if xe G, 1],
and
0 if x€[0,1],
fo(x) =
Lif xed,10.

Because f, and f, are not continuous, they are not Banach contraction mappings.

However, because f}(x) = 0, and f}(x) = 0 for all x € [0, 1], f7 and f; are Banach contraction
mappings in the interval [0, 1].

Thus, fi and f> are Bryant contraction mappings that are not Banach contraction mappings.

On the other hand, because

(fio f)(x) = (fao fi)(x) =0
for all x € [0,11, fi and f, are discontinuous Bryant contraction mappings which satisfy the

assumptions of the above theorem.
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Because obviously, x| = 0 is a unique fixed point of f : [0,1] — [0, 1], and x, = 0 is a unique fixed
point of f> : [0,1] — [0, 1] and because

£i0h U £({0}) = {0},
we can see that a set {0} is an attracting invariant set of the given IFS.

Remark 3.11. The following problems arise naturally to be solved in the future.

Let the IF'S consisting of N(> 2) discontinuous Bryant contraction mappings satisfy the sufficient
condition of the above theorem.

(1) Does the result of the above theorem hold?

(2) If the result of the above theorem does not hold, what is the sufficient condition for the result of
the above theorem to hold?

4. FICs generated by two new Rakotch contraction mapping families

In this section, we present two new Rakotch contraction mapping families that do not satisfy the
Banach contraction condition and give one-variable FIFs (that is, FICs) generated by two new Rakotch
contraction mapping families.

4.1. Two new Rakotch contraction mapping families

In this subsection, in order to obtain novelty fractal interpolation curves with wide, essential, and
deep meaning, we give two new Rakotch contraction mapping families that do not satisfy the Banach
contraction condition.

4.1.1. An irrational-type Rakotch contraction mapping family

Letforall7 > 0, a(?) := t/ V1 + 2. Then, for all n € N and for all t > 0, o"(¢) = t/\/l + nt? . So, for
allr > 0, lim,_,, @"(t) = 0. Also, if r > 0, then a(?) = t/ V1 + 2 < tbecauseif > 0, then V1 + 2 > 1.

Moreover, « is an increasing function because for all # > 0, da(t)/dt = 1 / [(1 +2)V1 + t2] > 0. Hence,
forall t > 0, a(t) < t, and for all > 0, lim,,_, ,, @"(x) = 0, and a function «(¢) is an increasing function,
and a function a(?)/t = 1 / V1 + #2 is a decreasing function.

Let for all x > 0, f(x) := x/ V1 + x2. Then, for all x,y > 0,

f) = fO) = | - — 2| = IV + 327 — B2+
View ey Vleey ey
_ [x* =2
= \/1+x2‘/1+y2(x\/1+y2+ym)
= Al < lx =yl
CVTEETE PGy VIER ey
ol e,

V1+]x—yP
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So, for all x > 0, f(x) is a new Rakotch contraction mapping.
Then, obviously, f(x) does not satisfy the Banach contraction condition. In fact, a mapping f(x) =
x/ V1 + x% (x > 0) has a unique fixed point xo = 0.
[V q P

Fix a real number c¢ € (0, 1). Then, for all x € (0, ,/(l/cz) -1),

d(f(0), f(x)) = a

=cx = cd(0, x).

X
>
V1 + x?
* \/ T+ (yJL—17
So, a mapping f(x) = x/ V1 + x2 (x > 0) does not satisfy the Banach contraction condition.

Now, we give another Rakotch contraction mapping.
Let for all # > 0, 5(¢) := t/V1 + . Then, for all n € N and for all t > 0, 8"(t) = ¢/ V1 + nf> . So, for

. n _ . _ 3 3 . 3 3
= ) n—+00 - . b ) - ” *
allr > 0, lim B'(t) = 0. Also, if t > 0, then 5(7) t/\/1+t < tbecause if t > 0, then V1 + £ > 1

4
Moreover, 8 is an increasing function because for all # > 0, dB(¢)/dt = 1 (1 + t3)3 > (. Hence, for

all t > 0, B(t) < t, and for all # > 0, lim,,,, 8"(x) = 0, and a function S(¢) is an increasing function,
and a function B(1)/t = 1 / Vi+Aisa decreasing function.

Let for all x > 0, g(x) := x/ V1 + x3. Then, obviously, for all x € R,

fx) = AR S S g(x).
Moreover, for all x,y > 0,
Ly RE
lﬂw_gwﬂ_lﬂr+ﬁ__31+ﬁ|_ e iy

¥ =y
VI + B3 Y1+ 333 + 83y3)F + [(3 + 13303 + ¥y3)]5 + (03 + 13y3)3)
[ = Y1 + xy +5°)
VI+ 241 + 321+ y3)3 + [(1 + )1 + x)]5 +y2(1 + x3)3}
lx =yl |x =yl
< < = B(lx = yD.

\3/1+x3\3/1+y3 V1+x-yP

So, for all x > 0, g(x) is a new Rakotch contraction mapping that does not satisfy the Banach
contraction condition.

By using the inductive method, we can see that for every n € N, a mapping x/ V1 + x" is a Rakotch

contraction mapping that does not satisfy the Banach contraction condition, and
x X X x X

< 5 < < < < ——x
T+x = V1+2 Ja+28) Jad+x4 VA + xm)
In the case when n = 1, our function is equal to the function in [17] (or [18]).

In this manner, finally, we present a new Rakotch contraction mapping family that does not satisfy
the Banach contraction condition such that

{f,,(x) = nlx In GN}.

+ x"
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4.1.2. A rational-type Rakotch contraction mapping family

We give another new Rakotch family,

{hn(x) = In € N}

nx+n+1

which does not satisfy the Banach contraction condition, where x € [0, +00).
Obviously, for all n € N, every h,(x) is not the Banach contraction mapping.
However, for all n € N, every h,(x) is a Rakotch contraction mapping because for all x € [0, +00),

dh,(x)  n*+n

= 0,
dx (nx+n+1)>2 g

h,(x) is an increasing mapping on x € [0, +o0), and for all x,y € [0, +o0), if x > y, then

nx ny
nx+n+l ny+n+ 1|
i+ D(x—y)
C(x+n+ Dny+n+1)
nn+1)(x—-y)
~ (x+n)[(n+ D5y + D]

n(x) = ha (V)] = |

X-y
S DAY+ 1)
X—Yy _ _

and if y > x, then

- X
| (x) = By (V)| £ ——— P =a(y -
where for all # > 0, a(¢) := t/(1 + 1), and so, for all x,y € [O, +00),

lx =yl
I+ x—yl

Also, obviously, for every fixed n € N, a function 4, (x)/x is decreasing.

Hence, for all n € N, every h,(x) is a Rakotch contraction mapping which does not satisfy the
Banach contraction condition.

Also, obviously, for all n € N and for all x € [0, +c0),

7 (x) = ha (V)] < = a(lx = yl).

h(x) < By (%),

and for all x € [0, +00),

lim h,(x) =

n—+oo -|- X

Remark 4.1. In [18], Ri exhibited that by using Rakotch contraction mappings, one can always
generate FIFs.

However, in [18], the author only proposed Rakotch contraction mappings f(x) = 1/(1 + x) and
g(x) = x/(1 + x) that do not satisfy the Banach contraction condition. Also, in [32], the authors only
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presented the Rakotch contraction mapping h(x) = sin x, which does not satisfy the Banach contraction
condition.

Because the irrational-type Rakotch contraction mapping family and the rational type Rakotch
contraction mapping family presented above differ qualitatively or quantitatively from previously
known examples of [18, 32], these two new Rakotch contraction mapping families can be used to
generate new FIFs.

In the next subsection, we give new FIFs in comparison with previous examples of [2, 18, 32].

4.2. FICs generated by two new Rakotch contraction mapping families
By using two new Rakotch contraction mappings, we give the new one-variable FIFs (that is, FICs).
Example 4.2. Let xo =0,0< x; <1, x, = 1.

Let (xo’y())’ (xl’)’1); and (x2’y2) be a data set, where Yo, Y1,Y2 € R.
Let

a1 (y) == ay,

where 0 < a < 1. Then, a(y) is a Banach contraction (see [2]).

Let ay(y) := y/ V1 -+~

Then, a,(y) is a new Rakotch contraction which does not satisfy the Banach contraction condition
(see Subsection 4.1).
Let for all x € [0,1], y € R and fori € {1, 2},

W.()C)_(I/t,')C'l‘V,')._( ux +v; )
Ny )] \Fiuy )7\ aiy) +gix) )’
(25
l Yo Vie1 )’
)= (3)

ANy ) \wi)

and g{(x) is a Lipschitz continuous (or Holder continuous) function.

Let forallt > 0,
t
B(t) := max {a/t, } .
V1 +¢£2

where we assume that

Then, for all y',y” € R and fori € {1, 2},
i (") — @i (") < BAY" = "D

So, by Theorem 2.2, there exists one-variable FIF which passes through the data points (x,yo),
(x1,y1), and (x2, y2).

Below, we give the figures of a Barnsley affine FIF [2], a nonlinear FIF of [18], and a new nonlinear
FIF with respect to a Banach contraction, a new irrational and a rational Rakotch contraction and two
Lipschitz continuous functions. Then, we present the figures of a Barnsley affine FIF [2], a nonlinear

AIMS Mathematics Volume 11, Issue 5, 13304-13338.



13332

FIF of [32], and a new nonlinear FIF with respect to a Banach contraction, a new irrational and a
rational Rakotch contraction, and two Holder continuous functions that are not Lipschitz continuous.
Let (X(), )’0) = (09 025)’ (xl’)ﬁ) = (05’ 1) and (x2’ )’2) = (1’ 05)
Let

ai(y) :=0.5y.

(1) A Barnsley affine FIF [2]

Let a,(y) := 0.75y, and fori = 1,2, g;(x) := ¢;x + d;.

Figure 1 shows a figure of a Barnsley affine FIC generated by two Banach contraction mappings
and by two Lipschitz continuous functions.

16

i ‘ /W /m/w “mm

0.8

0.6

0.4r,

0.2 L L L L
0 0.2 0.4 0.6 0.8 1

Figure 1. A Barnsley affine FIC.

(2) A nonlinear FIF of [18]

Let ax(y) := y/(1 +y), and fori = 1,2, gi(x) := ¢;x + d;.

Figure 2 shows a figure of a nonlinear FIC generated by one Banach contraction mapping, by one
Rakotch contraction mapping of [18] which does not satisfy the Banach contraction condition and by
two Lipschitz continuous functions.

0.2 0.4 0.6 0.8 1

Figure 2. A nonlinear FIC of [18].
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(3) A new nonlinear FIF generated by a Banach contraction mapping, an irrational-type Rakotch
contraction mapping, and Lipschitz continuous functions

Let as(y) := y/ V1 +y% and fori = 1,2, gi(x) := c;x + d,.

Figure 3 shows a figure of a new nonlinear FIC generated by one Banach contraction mapping, a
new irrational-type Rakotch contraction mapping that is not a Rakotch contraction mapping of [18],
and by two Lipschitz continuous functions.

16

14F

. . . .
0.2 0.4 0.6 0.8 1

Figure 3. A new nonlinear FIC generated by an irrational-type Rakotch contraction mapping
and the Lipschitz continuous functions.

(4) A new nonlinear FIF generated by a rational-type Rakotch contraction mapping and Lipschitz
continuous functions

Let ay(y) := 2y/(2y + 3), and for i = 1,2, g{(x) := ¢c;x + d.

Figure 4 shows a figure of a new nonlinear FIC generated by one Banach contraction mapping, a
new rational-type Rakotch contraction mapping that is not a Rakotch contraction mapping, and two
Lipschitz continuous functions.

1.2

11r

1+

091

0.8

0.7F

0.6

05F

04r

0.3

0.2

. . . .
0 0.2 0.4 0.6 0.8 1

Figure 4. A new nonlinear FIC generated by a rational-type Rakotch contraction mapping
and Lipschitz continuous functions.

(5) A Barnsley affine FIF of [2] with respect to Holder continuous functions
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Let a(y) := 0.75y, and for i = 1,2, gi(x) := ¢; Vx + d;.
Figure 5 shows a figure of a Barnsley affine FIC generated by two Banach contraction mappings
and by two Holder continuous functions that are not Lipschitz continuous.

15

&

0.5

[9)

. . . .
0 0.2 0.4 0.6 0.8 1

Figure 5. A Barnsley affine FIC with respect to Holder continuous functions.

(6) A nonlinear FIF of [32] with respect to Holder continuous functions

Let as(y) := y/(1 +y), and fori = 1,2, gi(x) := ¢; Vx + d,.

Figure 6 shows a figure of a nonlinear FIC generated by one Banach contraction mapping, one
Rakotch contraction mapping of [32] (or [18]) which does not satisfy the Banach contraction condition,
and two Holder continuous functions that are not Lipschitz continuous.

12

0.3F

02
0

L L L L
0.2 0.4 0.6 0.8 1

Figure 6. A nonlinear FIC with respect to Holder continuous functions.

(7) A new nonlinear FIF generated by an irrational-type Rakotch contraction mapping and Holder
continuous functions

Let ax(y) 1= y[+/1+)?, and fori = 1,2, g(x) := ¢; VX + d.

Figure 7 shows a figure of a new nonlinear FIC generated by a Banach contraction mapping, a new
irrational Rakotch contraction mapping that is not a Rakotch contraction mapping of [18] (or [32]),
and two Holder continuous functions that are not Lipschitz continuous.
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1.4

12r

1t

0.8

0.6

0.4

0.2

0 . . . .
0 0.2 0.4 0.6 0.8 1

Figure 7. A new nonlinear FIC generated by an irrational-type Rakotch contraction mapping
and Holder continuous functions.

(8) A new nonlinear FIF generated by a rational-type Rakotch contraction mapping and Holder
continuous functions that are not Lipschitz continuous

Let a,(y) := 2y/(2y + 3), and for i = 1,2, gi(x) := ¢; Vx + d..

Figure 8 shows a figure of a new nonlinear FIC generated by a Banach contraction mapping, a new
rational-type Rakotch contraction mapping that is not a Rakotch contraction mapping of [18] (or [32]),
and two Holder continuous functions that are not Lipschitz continuous.

1.2

0.3F

2 02 04 06 08 1
Figure 8. A new nonlinear FIC generated by a rational-type Rakotch contraction mapping
and Holder continuous functions.

5. Conclusions

One of the most important problems to be solved in fractal interpolation theory is to find a new
contractive mapping family that can generate fractals (in particular, FIFs).

We presented Counterexample 3.6 and Counterexample 3.7 showing that IFSes consisting of two
discontinuous (or continuous) Bryant contraction mappings, which are the simplest and most obvious
generalization of the Banach contraction mappings, have no attractors. Although these IFSes have
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invariant sets, by using these IFSes, one cannot generate fractals because these invariant sets are not
attractors (see Counterexample 3.6 and Counterexample 3.7), and so, in particular, one cannot generate
FIFs by using Bryant contraction mappings in general.

Our Counterexample 3.6 and Counterexample 3.7 show that there exist only a few generalized
Banach contraction mappings that can generate fractals, such as F-contraction mappings, Rakotch
contraction mappings, Matkowski contraction mappings, and Meir-Keeler-type mappings.

That is, it is of particular significance in this paper that we show through two counterexamples
using discontinuous (or continuous) Bryant contraction mappings, the simplest and most obvious
generalization of Banach contraction mappings, that there exist generalized Banach contraction
mappings which cannot generate fractals (in particular, FIFs).

Also, the new families of Rakotch contraction mappings proposed in this paper will make some
contribution to the development of fractal interpolation theory.
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