Mihail Fixed Point Theory and Applications (2015) 2015:75 ® Fixed Point Theory and Applications

DOI 10.1186/513663-015-0322-5

a SpringerOpen Journal

RESEARCH Open Access

@ CrossMark

The canonical projection between the
shift space of an IIFS and its attractor as a

fixed point

Alexandru Mihail"

"Correspondence:
mihail_alex@yahoo.com

Faculty of Mathematics and
Computer Science, University of
Bucharest, Str. Academiei 14,
Bucharest, 010014, Romania

@ Springer

Abstract

An important class of fractal sets is given by the attractors of iterated function systems
which are defined as the fixed points of the associated fractal operators. In the study
of such an attractor, an important place is taken by the canonical projection between
the shift space associated with the system and the attractor. In this paper, by using
different fixed point theorems, we present the canonical projection as the fixed point
of a certain operator defined on the space of continuous functions from the shift
space on the metric space associated with the system.
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1 Introduction
It is well known that some important mathematical objects, such as Cantor set, Sierpin-
sky gasket and carpet, Menger cube and the graph of Weierstrass function, are fractal sets.
Most of them could be obtained as attractors of iterated function systems or of infinite it-
erated function systems (as in the case of Lipscomb’s space, see [1-3]), that is, they can be
seen as fixed points of the fractal operator associated to the corresponding (infinite) iter-
ated function system. For iterated function system we will use the abbreviation IFS and
for infinite iterated function system the abbreviation IIFS. The study of IFSs was initiated
by Moran [4], clarified by Hutchinson [5] and popularized by Barnsley [6], and it has been
extended by a lot of other mathematicians. There are two main directions to extend the
notion of IFS and to study the attractors of such systems. The first one deals with gen-
eral types of IFSs such as IIFSs, graph-directed IFSs, multifunctions iterated systems (see
[7]) and generalized IFSs (see [8-10]). The second one uses different types of fixed point
theorems to define the attractor of an IFS or IIFS (see [11]). As a recent example, see [12].
The fixed point theorems are used not only in the definition of the attractor of an IFS, but
also for the study of its properties. For example, let us mention the case of the connectivity
of the attractor (see [13, 14]) and the very important concept associated with an IFS with
probabilities, namely that of Hutchinson measure. More precisely, Hutchinson [5] proved
that given ¢y, ¢y, ..., ¢, contractions in a complete metric space X, there exists a unique
Borel measure p satisfying the equation 1 = Y 1, pij o ¢; ' := Msu, where p1,pa, ..., pm
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are positive numbers such that Y, p; = 1 and S is the IFS (X, (¢;)ic(1,2,..,,})- Moreover, j is

the fixed point of the operator M in the topology of weak convergence within the space
M of Borel regular probability measures with bounded support.

The shift (or code) space of an IFS and the addresses of the points lying on the attractor
of the IFS are very good tools to get a more precise description of the invariant dynamics
of the IFS and to study the topological properties of the attractor of the IFS. The theory
of fractals tops (see [15]) provides a useful mapping from an IFS attractor into the associ-
ated code space, and it may be applied to assign colors to the IFS attractor via the method
introduced by Barnsley and Hutchinson (which they refer to as color-stealing) and to con-
struct homeomorphisms between attractors (roughly speaking, if the symbolic dynamic
systems associated with the tops of two IFSs are topologically conjugate, then the attrac-
tors of the [FSs are homeomorphic). Moreover, Barnsley [15] proved that if two hyperbolic
IFS attractors are homeomorphic, then they have the same entropy.

In [16] a generalization of the notion of the shift space associated to an IFS is presented.
More precisely, the shift space for IIFSs is presented and the relation between this space
and the attractor of the IIFS is described. A canonical projection (which turns out to be
continuous) from the shift space of an IIFS on its attractor is constructed.

In this paper we provide an alternative characterization of the above mentioned pro-
jection. More precisely, by using different fixed point theorems, we present the canoni-
cal projection between the shift space and the attractor of an IIFS as a fixed point of an
operator on the space of continuous functions from the shift space on the metric space
associated with the system.

The paper is organized in five sections. The second one contains some preliminaries
concerning fixed point theorems and classical results concerning IIFS, the third is dedi-
cated to the main results, the fourth deals with the case of e-chainable metric spaces and

the last one contains some remarks and examples.

2 Preliminaries
For the very beginning we present some basic notations and definitions.

An increasing and right continuous function ¢ : [0, 00) — [0, 00) such that ¢(r) < r for
every r > 0 is called comparison function.

Given a function f : X — X, f") denotes the function f of o - - - o f for n times.

For two metric spaces (X3, d;) and (X3, d,), C(X1, X3) denotes the set of continuous func-
tions from X; into X, and CB(X3,X5) is the set of continuous and bounded functions

from X; into X,. For a function f : X; — X», Lip(f) denotes its Lipschitz constant, that

A b))
is, Lip(f) := SUp, e xns Z(L’;lfxﬁy .

Given a subset A of a metric space (X, d), by d(A) we understand the diameter of A, that
is, d(A) := SUP, yeq d(x,y).

For a metric space (X,d), by K(X) we denote the set of compact nonvoid subsets of X,
by B(X) the set of bounded closed and nonvoid subsets of X and, for a set J, by B;(X) the
set of bounded, closed and nonvoid subsets of X having a dense subset with cardinal less
or equal to the cardinal of J.

Note that K(X), B;(X) and B(X) can be seen as metric spaces with the Hausdorff-
Pompeiu distance / defined by

hY,Z):= max{sup, (infd(y, z)), sup, (infd(y, z)) }

yey zeZ c7 EY
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Recall that (K(X), ), (B;(X), h) and (B(X), h) are complete metric spaces if (X, d) is such
and compact metric spaces if (X, d) is such.

Definition 2.1 Let (X, d) be a metric space. A family of continuous functions (f;);c;, where

fi : X — X, which is bounded (i.e., if Y C X is bounded, then |, fi(Y) is bounded) is
called an IIFS and it is denoted by S. If the set [ is finite, we have an IFS. The function
Fs : B(X) — B(X) defined by Fs(Y) = [, fi(Y) for every Y € B(X) is called the fractal
operator associated with the ITFS S. If Y € K(X) and [ is finite, then F5(Y) = |, fi(Y).

We remark that Fs(K(X)) C K(X) if I is a finite set and Fs(B;(X)) C B;(X) in general.
Now we recall some contractive conditions that are used in metric fixed point theorems.
These are the main contractive conditions which are inherited by the fractal operator from
the constitutive functions of the IFS or IIFS (as far as we know).
For a function f : X — X, where (X, d) is a metric space, we consider the following con-
tractive conditions:
(i) f is a contraction if there exists a € [0,1) such that d(f(x),f(y)) < ad(x,y) for every
x,y€X.
(ii) f is a ¢-contraction if d(f(x),f(¥)) < ¢(d(x,y)) for every x,y € X, where ¢ is a
comparison function.
(ili) f is Meir-Keeler if for every & > O there exists 1 > O such that for every x,y € X with
the property that d(x,y) < & + n we have d(f(x),f(y)) < €.
(iv) f is called contractive if d(f(x),f () < d(x,y) for everyx,y € X, x # y.
It is known (see [11] for more details) that (i) = (ii) = (iii) = (iv), and we have the
following theorem.

Theorem 2.2 (see [17]) Iff : X — X is Meir-Keeler, where (X, d) is a complete metric space,
then there exists a unique fixed point x, of f and the sequence (f"(x)), is convergent to xo
for every x € X. If (X, d) is compact and f is contractive, then there exists a unique fixed

point xq of f and the sequence (f" (x)), is convergent to x, for every x € X.

Definition 2.3 The family of functions (f;);c;, where f; : X — X and (X, d) is a metric space,
is called uniform Meir-Keeler if for every ¢ > O there exist n > 0 and A > 0 such that for
every x,y € X with the property that d(x,y) < ¢ + n we have d(f(x),f:(y)) < ¢ — A for every
iel

Now we present some notations concerning the shift space of an IIFS.

The set I”" is denoted by A and the set I»>"} by A,,. For an IIFS S = (f;);cs, A is named
the shift or code space of the IIFS S. The elements of A can be written as infinite words
o = ajopas - - - and the elements of A, as finite words & = a3 - - - @,. By A* we denote the
set of all finite words, namely A* = J,,.;+ Au. A canbe seen as a metric space with the dis-
tance d defined by dy (o, o) =0 and fora # B,da(a, B) = ZL” where 7 is the natural number
having the property that oy = B for k < n and «,, # B,,, where a = ¢yay03 - - - 000041 - - - and
B = B1B2Bs - BuPus1---. By af we understand the concatenation of the words o € A*
and 8 € A U A*. 1; denotes the function 7;: A — A defined by 7;(«) = i and R denotes
the function R: A — A defined by R(ejop0t3 - -+) = apvs -+ -. Foro € AU A, and m < n,

[ot] = o102 - - - . By || we denote the number of letters of o.
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We note that on (A, d,) the set of functions (t;);c; forms an IIFS, consisting of injective
functions with disjoint images.

On C(A, X) we consider the generalized metric d, (thatis, dy : C(A,X) X C(A,X) —
[0,00]) defined by duo(f,g) := sup,c, d(f (@), g(c)). Note that (C(A,X),d) is a complete
generalized metric space if (X, d) is a complete metric space and (CB(A, X), dw) is a com-
plete metric space if (X, d) is so.

Let (X, d) be a metric space and S = (f;);e; be an IIFS on X. Then fy,0y--a, :=fu © fay ©
-+ 0 fy, and Yo 090y = foyaga, (Y) foraset Y C X.

Theorem 2.4 (see [11, 16]) Let S = (f;)ics be an IIFS on the complete metric space (X, d).
If the family of functions (f;);cs is uniform Meir-Keeler or (X,d) is a compact metric space,
1 is finite and all the functions f; are contractive, then there exists a unique set A = A(S)
such that Fs(A) = A and h(Fg'](Y),A) — 0 for every Y € B(X). In addition, there exists a
unique continuous function ws : A — X such that tsot; = fions foreveryi e I, ;s(A) = A
and lim,_, « fla), (%) = ws(e) for every x € X and o € A. Moreover, the sequence (Ay),)n>1
is decreasing, {ms(a)} = ﬂnzlm and 1imy,_, oo SUp, 5, d(Ae) = 0. In the particular case
when c := sup;.; Lip(f;) < 1, we have the following estimations of the speed of convergence
h(Fg'](Y),A) < %h(Fg(Y), Y) for every Y € B(X) and d(A,) < c"d(A) for every o € A,,.

Proof The existence of the set A(S) with the properties from the theorem was proved
in [11]. The function 75 was defined in [16] and its properties were proved there in the
particular case when ¢ = sup;; Lip(f;) < 1. In the general case, when the family of func-
tions (f;)ies is uniform Meir-Keeler, the proof is similar (quite identical) with the excep-
tion of the fact that lim, . oo sup, ., , @(As) = 0. We are going to prove here only this part.
C A[ql,, it follows that
SUPyen, A(Ae) > SUPyen, ,, d(Aq). Therefore the sequence (sup,c , d(Ag))n=1is convergent

Since for every a € A and every natural number # we have Ay,
toanumber /> 0.1f/ > 0, since the family of functions (f;);; is uniform Meir-Keeler, there
exist n > 0 and X > 0 such that for every x,y € X with the property that d(x,y) <[+ n we
have d(f;(x),fi(y)) < -2 foralli € I. Because lim,,, oo SUp,c o, d(Ao) = [, there exists n,, such
that for every n > n, we have sup,,. ,  d(Ay) < +n. Asaresult, for every n > n, +1, we have
SUP4cp, A(Ag) < I-A. This s in contradiction with the fact that lim,, . o0 Sup,c 5, d(Aa) = 1.
Therefore lim,, . oo SUp, 5, d(As) = 0. O

Definition 2.5 The set A = A(S) from the above theorem is called the attractor of the IIFS
S = (fi)ie; and the function ws : A — A from the above theorem is called the canonical
projection between the shift space of the IIFS and its attractor.

3 The main results
For an IIFS S = (f;);c; on the metric space (X, d), we consider the function Hs : C(A, X) —
C(A, X) defined by

Hs(f)(@) = fiay, of o R(c)

for every f € C(A,X) and @ € A.

We remark that Hs is well defined. Indeed Hs(f)!4, is continuous for every i € I since
fi»f and R are continuous functions. As the sets A;, i € I, are disjoint, open and closed, it
follows that Hs(f) is a continuous function.
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We also note that Hs(CB(A, X)) C CB(A, X). Indeed, for a function f € CB(A, X), f(A)
is bounded and Hs(f)(A) = Hs()(U,c; Ai) = U, fi(f(A)). Taking into account that the
family of functions (f;);c; is bounded, we obtain the desired result.

iel

Proposition 3.1 Let S = (f;);c; be an IIFS on the metric space (X, d). Then:
(i) If the family of functions (f;)ics is equal uniform continuous, then Hg is continuous.

In particular, if I is finite, then Hs is continuous.

(i) We have Lip(Hs) < sup;; Lip(f;). In particular, if sup,.; Lip(f;) < 1, then Hs is a
contraction. If f; are contractions and I is finite, then sup,; Lip(f;) < 1.

(ili) Ifall f; are ¢-contractions, where ¢ is a comparison function, then Hs is a
¢-contraction.

(iv) If the family of functions (f;)ics is uniform Meir-Keeler, then Hg is Meir-Keeler.

(v) IfI is finite and all the functions f; are Meir-Keeler, then Hg is Meir-Keeler.

(vi) If1 is finite and all the functions f; are contractive, then Hg is contractive.

Proof (i) Let & > 0 be fixed. Then there exists §, > 0 such that d(fi(x),f:(y)) < ¢ for every
x,y € X such that d(x,y) < 8. and i € I. We suppose that g, — g in (C(A,X),dw). Con-
sequently, there exists n, such that d(g,,g) < &, for every n > n.. Then d(Hs(g,)(a),

Hs(g)(@)) = d(fia), © 2 © R(a),fia], © & © R()) < €. It follows that do(Hs(g,), Hs(g)) < ¢
for every n > n,.

(ii) We have

doo(Hs (), Hs(g)) = sup d(Hs(f)(@), Hs(g)(«))

= supd(fiay, of o R(@),fia}, ©g 0 R(c0))

aelA

< suE Lip(fia], )4 (f o R(ct), g o R(e))

< sup (sup Lip(ﬂ))d(f o R(a),g o R(@))

acA i€l

= (supLip(f)) (:gg d(f o R@),g o R()

iel

= (supLip(f)) sup d(f(@),g(@) = (supLip())du(f.)
iel aEA iel
(iii) We have

dso (Hs(f), Hs(g)) = supd(Hs(f)(a), Hs(g)(a))

aeA

= Sugd(f[m]1 of o R(at), fiey, ogoR(Oé))
ae

< suR¢(d(foR(0l)»g°R(“)))

< (,{)(SUE d(f oR(e),g o R(a))) = ¢(dso(f>9))-
e

(iv) Let & > 0 be fixed. Then there exist 7 > 0 and A > 0 such that for every x,y € X with

the property that d(x,y) < € + n we have d(fi(x),f:(y)) < € — ». We suppose that ds(f,g) <

e+ 1. Then d(f(x),g(x)) < € + n for every « € A. In particular d(f o R(ar),g o R()) <€ + 1
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for every a € A. Therefore d(fio}, o f o R(@), fia1; 0 g © R()) = d(Hs(f) (@), Hs(g)(@)) <€ = A
for every i € 1. It follows that d(Hs(f), Hs(g)) = sup,cp d(Hs(f)(a), Hs(g)(a)) <e - A<
& — A/2, which gives the desired result.

(v) Let & > 0 be fixed. Then there exists 7 > 0 such that for every x, y € X with the property
that d(x,y) < € + n we have d(fi(x),fi(y)) < ¢ for every i € I. We suppose that d(f,g) < € + 1.
Then d(f (o), g(a)) < € + 1 for every a € A and d(f,,, of o R(a),fy, 0 g o R(@)) < ¢ for every
a € A andiel. Since

doo(Hs(f),Hs(g)) = Supd(ﬁah of o R(a), fia), 0 g © R(Ol)),
aeA
I is finite and A is compact, there exists 8 € A such that

doo(Hs (f), Hs (@) = d(fig, of o R(B).fig ©& o R(B)).

It follows that do, (Hs(f), Hs(g)) < &.

(vi) We have do(Hs(f), Hs(g)) = sup,cp d(fia1, of © R(at), fia], © g 0 R(ex)). Since I is finite
and A is compact, there exists 8 € A such that d.(Hs(f), Hs(g)) = d(fig), of o R(B), fip, ©
goR(B)). Then

doo(HS(f)’HS(g)) = d(f[ﬁh ofOR(ﬂ)’ﬁﬂ]l OgOR(ﬁ))
<d(f o R(B).g o R(B)) < dne(fg). 0

Note that if all the functions f; are ¢-contractions for a comparison function ¢, then the
family of functions (f;);; is uniform Meir-Keeler. We also remark that if sup,.; Lip(f}) < 1,
then there exists a comparison function ¢ such that all f; are ¢-contractions, namely ¢(r) =

rsup;e; Lip(fi).

Theorem 3.2 Let S = (fi)ic; be an IIFS on the complete metric space (X, d). Then there ex-
ists a unique fixed point o of Hs and d, (Hg'} (f), mo) = 0 for every f € CB(A, X) provided
that one of the following two conditions is fulfilled:
(i) the family of functions (f:)icr is uniform Meir-Keeler;
(i) (X,d) is a compact metric space, I is finite and all f; are contractive.
Moreover, g o T; = f; o g for every i € I; and consequently oy = ws. In the particular case
when ¢ := sup,.; Lip(fi) < 1, we have the following estimations of the speed of convergence:

C}’l

dm(Hgl](f)’ 7[0) = 1 dOO(HS(f)’f)

-c
Proof In the first case (the family of functions (f;);c; is uniform Meir-Keeler) the existence
of 7y results from Theorem 2.2, Proposition 3.1 and the fact that the space (CB(A, X), dwo)
is complete. For the second case ((X,d) is a compact metric space, [ is finite and all f;
are contractive), we remark that f; are ¢-contractions for the comparison function ¢(r) =
sup{d(fi(x),f;(y)) : i € I and d(x,y) < r}, and so this case results from the previous one.
From the fact that Hs (o) = o we infer that 7y o 7;(ar) = wo(ix) = Hs o o (iex) = fi(mwo ()
foreveryow € Aandiel, ie,mpot =f;om foreveryiecl.
For a, 8 € A, we have [a],8 — « in (A, d,); and consequently 7o ([a],8) — mo(e). But
o([a]nB) = 7o © T(a),, (B) = fia), © To(B) and, from Theorem 2.4, we infer that f{,], o mo(8) —
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7s(o). Therefore g = s. The estimation of the speed of convergence comes from the
Banach contraction principle. g

Remarks 3.3 (i) We suppose that (X, d) is a complete metric space and S = (f});s is an IFS
(I is a finite set). Then we have

Hs(f)(A) = Hs (f(U m)) = JHs(F(80) = JA(F(n))

iel iel iel

for every f € C(A, X).
Since [ is finite, it follows that A and f(A) are compact, and so

Hs()(A) = JA(F@) = UAFW) = UA(F(A) = Es(F(n)).

iel iel iel

By induction one can prove that

HE'(F)(A) = F (F(A))

for every n € N.

(ii) If in addition f; are Meir-Keeler, then doo(ng](f),no) — 0, which implies that
h(Hg]V)(A),nO(A)) — 0. From the first part of the remark we obtain h(Fg'](f(A)),
mo(A)) — 0. Since Hs(mg) = 7y, we have

Fs(mo(A)) = mo(A).

(iii) Let M € K(X). We suppose that I has at least two elements. In this case A is home-
omorphic with the Cantor set. It is known that there exists a continuous function fj;
from A onto M. We have proved that Fs(mo(A)) = mo(A) and that h(Fg'] (M), mo(A)) =
h(Fg’} (fm(A)), mo(A)) — O for every M € K(X). If Fs(M) = M for a set M € K(X), then
h(M, o(A)) = H(F2\(M), m0(A)) = 0. It follows that M = 7rg(A).

In this way, the first part of Theorem 3.2 implies the first part of Theorem 2.4.

(iv) A similar result could be obtained when I is an infinite set with the differences that
}m = Fs(f(A)), Hg'] (HA) = Fg'] (f(A)), the attractor is 77o(A) instead of o(A) and
the convergence is obtained for sets from B;(X).

4 The case of e-chainable spaces
In this section we intend to obtain similar results as those from Theorem 3.2 when we
know that the contractive conditions are satisfied only for closed enough points. Since
the Meir-Keeler is the most general contractive condition (from the list from Section 1)
which assures the existence of the fixed point on an arbitrary complete metric space, we
will study only two cases, namely:

(i) e-Meir-Keeler functions on arbitrary complete metric spaces, and

(ii) e-contractive functions on compact metric spaces (see Definition 4.8).

The corresponding fixed point result of Theorem 2.2 (Theorem 4.9) requires for the ba-
sic space to satisfy certain conditions of e-chainability (see Definition 4.1), so we need to
have a similar property. In fact we need this property for the space CB(A, X). It is a natural
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question if CB(A, X) inherits this property from X. This happens if  is finite but does not
always happen if [ is infinite (see Examples 4.3, 4.4 and 4.5). A similar fact happens for
K(X) and B(X). K(X) is always e-chainable when X is so, but B(X) is not (see [11]). There-
fore we will use the notations of e¢-chainable and uniform e-chainable metric spaces. In
Proposition 4.2 it is proved that CB(A, X) is e-chainable if / is finite and in Proposition 4.7
the same conclusion is obtained for I infinite. The case when I is a finite set is straightfor-
ward, but the case when [ is infinite, although it has a similar idea, requires a preparatory
result, namely Lemma 4.6.

Definition 4.1 Let ¢ > 0. A metric space (X, d) is called e-chainable if for every x,y € X
there exists a chainxg = x,%1,...,%, = y such that d(xx, x¢,1) < € forevery k € {0,1,...,n-1},
and it is called uniform e-chainable if for every M > 0 there exists a natural number 7,
such that for every x,y € X with the property that d(x,y) < M there exists a chain % =
X,%1,...,%, =y such that d(xy,xx,1) < € for every k € {0,1,...,n — 1} and n < ny. A chain
X0,%1, ..., %, such that d(xy, xx,1) < € for every k € {0,1,...,n -1} is called an e-chain.

Proposition 4.2 If the metric space (X,d) is e-chainable and I is finite, then the metric
space C(A,X) = CB(A, X) is e-chainable.

Proof Let f,g € C(A,X). Since A is a compact set, it follows that f and g are uniform
continuous functions. Hence there is a natural number m such that for every a € A, and
B,y € A we have d(f(aB),f(ay)) < ¢ and d(g(aB),g(ay)) < e. Let fi and g be defined by
fila, =f(apB) for every o € A,, and g1, = g(epB) for every o € A, where B is a fixed
element of A. We have do(f,f1) < € and doo(g, &1) < €. Since (X, d) is e-chainable, for every
o € A, there existsan e-chainx§ = f(aB) =fi(ap), x5, ..., %0 = g(aB) = gi(aB). Because I is
finite, we can suppose that n* = u for every o € A,,. We consider the functions f; € C(A, X)
defined by fi|a, = x¢ for every @ € A, and remark that f, = g; and f,£,f2,...,f,,g is an
e-chain between f and g. O

We give some examples which show that CB(A, X) could not be an ¢-chainable met-
ric space for every ¢ > 0, although X is e-chainable for every ¢ > 0. As usual, /; denotes
the Hilbert space of sequences of real numbers x = (x,),>1 such that ) -, x2 < 0o en-

dowed with the norm %[> = /> -, #2. We denote by e, the element (87,),,>1, where

sr =1, iﬁZ;Z and by d, the distance associated with the norm || o ||;. For &,y € I3, [, 7]

is the set {tx + (L—t)y:t € [0,1]}. Let X = - [en, €41] C Lo

Example 4.3 With the above notations the metric space (X,d,) is an ¢-chainable metric
space for every ¢ > 0, but CB(A, X) is not an e-chainable metric space for every ¢ € (0, %).

Indeed, since (X, d) is an arcwise connected space it is also an e-chainable metric space.
Let us consider the functions f,g € CB(A, X) defined by f(«) = ¢; and g(na) = e, for ev-
ery @ € A and n € Z*, where A = A(Z") and Z* denotes the set of strict positive natural
numbers. If there exists an e-chain in CB(A, X), fo =f,fi,....f. =g foran ¢ € (0, %), then
for every m € Z*, fo(ma) = f(ma) = ey, fi(ma), ..., fu(ma) = g(ma) = e, is an e-chain with
n + 1 terms between e; and e, for every « € A and m € Z*. Since for every [,k € Z* such
that [ + 1 < m we have

(6,9) > %

8(les el [exs exnl) = relerey 1i]f}€[ek o 1]d
eralyelecer,
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it follows that an ¢-chain with ¢ € (0, %) between e; and e,, should have at least m — 1

elements for every natural number 7 and this leads to a contradiction.

Example 4.4 We consider on the set of real numbers the distance d,,, defined by d,,,(x, y) =
min{|x — y|,m}, where m > 0. In a similar way as above, it can be seen that (R,d,,) is an
e-chainable metric space for every ¢ > 0, but CB(A(Z"), (R, d,,)) is not an e-chainable met-

ric space for every ¢ € (0, m).

Moreover, one can find an ¢-chainable metric space for every ¢ > 0, (X,d), such that
CB(A(Z"), (X, d)) is not an e-chainable metric space for every ¢ > 0 as we can see from the

following example.

Example 4.5 With the notations from Example 4.3 we consider the set ¥ = Re; U
(Um.nzl [m?e,, m?e,,1]) C l,. The metric space (Y,d,) is an e-chainable metric space for
every ¢ > 0, but CB(A,Y) is not an e-chainable metric space for every ¢ > 0, where
A = A(ZY).

For the proof of the fact that CB(A, X) is an e-chainable metric space when (X, d) is

uniform e-chainable, we need the following result.

Lemma 4.6 Let I be a set and f,g € C(A,X). Then there exists a set ' C A* such that for
everya,B e, a # B, we have:
1) AaNAg=0;
(i) Uger Ao =4
(iii) max{supﬁ,yewer d(f(apB).f(ay)), SUPg e A el d(g(ap),glay))} <e.

Proof We define by induction, for n > 1, the sets I',, in the following way:

= {Ai:iel,max{ sup d(f(iﬁ),f(iy)), sup d(g(iﬂ),g(iy))} < 8}.

ByveA BiyeA
We suppose that we have defined I' for k € {1,2,...,n}. Then

n
= {Aa t € Ay, Ay N Ag =0 forevery B € UFi and

i=1

max{ sup d(f(@p).f(@y)), sup d(g(ep).gl@y))] <s}.

BveA ByeA

We remark that A, N Ag = for every o, f € Ay, a0 # B.

Let " =J,., [, Itis clear that for every o, 8 € T, a # 8, we have

n>1
A NAg=0

and

max{ sup d(f(aﬁ),f(ot)/)), sup d(g(aﬁ),g(ay))}@

ByeA,acll ByeA,ael
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Ay # A. Then there exists x € A \

Uaer Aq- Since f and g are continuous functions, there exists oo with a minimal number

for every o € I". We suppose by absurdum that [ J

ael’

of letters such that x € Ay, and

max] sup d(f(eof),f(a0r)), supAd(g(aoﬂ),gmoy))} <e

B.yeA

Let ny be the number of letters from oy. We will prove that oy € I, If not, there exists
a; € I'g such that k < ng and Ay, N Ay, # 9. Itresults in [ag])e,| = @1, which contradicts the

fact that o is a word with a minimal number of letters such that

maX{ sup d(f(ctoB).f(c0y)), sup d(g(aoﬁ),g(aoy))} <e. 0
ByeA ByeA
Proposition 4.7 If (X, d) is uniform e-chainable, then CB(A, X) is &’'-chainable for every
g >e.

Proof Let f,g € CB(A,X). Then there exists a set I' C A* such that for every o, € T,
o # B, wehave Ay N Ag =0, « =A and

aeF

max[ sup d(f(ozﬁ)f ay)) sup d(g(aﬁ) g(ay))} <&/2.

ByeA,ael eAael
v By

Let fi and g be defined by fi|s, = f(aB) for every @ € I" and gi|a, = g(ap) for every
a € T', where B is a fixed element of A. We have doo(f,fi) < €/2 < e and dwo(g,81) < e/2 <.
We remark that f,g; € CB(A, X). Since (X,d) is e-chainable for every o € T, there ex-
ists an e-chain x§ = f(aB) = fi(aB),«],..., 5% = g(ap) = @1 (af). Because (X,d) is uniform
e-chainable, we can suppose that there exists # such that n* = n for every o € I'. We con-
sider the functions f; € C(A,X) defined by fi|a, = x{ for every a € T'. It can be seen that
fo =@ fi € CB(A, X) and d(fi, fir1) < €. Then f,f1,f3,...,fu g is an &’-chain between f and
gforeverye >e. O

As in Section 2 we consider some g-contractive conditions which we will use in the

sequel.

Definition 4.8 Let (X, d) be a metric space, a function f: X — X and ¢ > 0.

(i) f is an (e, ¢)-contraction if d(f (x),f(y)) < ¢(d(x,y)) for every x,y € X such that
d(x,y) < &, where ¢ is a comparison function.

(ii) We say that f is an e-Meir-Keeler function if for every ¢’ € (0, ¢) there exists > 0
such that for every x,y € X with the property that d(x,y) < &’ + n we have
d(f(x),f(y)) < &'. A family of functions (f;);c;, where f; : X — X, is called uniform
e-Meir-Keeler if for every &’ € (0, ¢) there exist > 0 and A > 0 such that for every
x,y € X with the property that d(x, y) < ¢’ + n we have d(fi(x),f;(y)) < ¢’ — A for every
iel

(iii) f is called e-contractive if d(f (x),f(¥)) < d(x,y) for every x,y € X such that
d(x,y) <eand x #y.

Theorem 2.2 has the following version for e-Meir-Keeler functions.



Mihail Fixed Point Theory and Applications (2015) 2015:75 Page 11 of 15

Theorem 4.9 (see [11]) Let (X, d) be a complete metric space, a function f : X — X and
€ > 0. Iff is e-Meir-Keeler and X is e-chainable for some ¢, then there exists a unique fixed
point xo of f and the sequence (f"(x,)), is convergent to x, for every x € X. If (X,d) is
compact and e-chainable and f is e-contractive, then there exists a unique fixed point x
of f and the sequence (f" (x)), is convergent to x, for every x € X.

We present now the version of Theorem 2.4 concerning the existence of the attractor
and the canonical projection for an IIFS for the case of e-chainable metric spaces.

Theorem 4.10 (see [11, 16]) Let S = (f;)ic; be an IIFS on the complete metric space
(X,d) and 0 < &' < ¢. Then there exists a unique set A = A(S) such that Fs(A) = A and
h(Fg’}(Y),A) — 0 for every Y € B(X) provided that one of the following two conditions is
Sfulfilled:
(i) the family of functions (f;)ics is e-uniform Meir-Keeler and (X, d) is uniform
&'-chainable;

(i) (X,d) is a compact &'-chainable metric space, I is finite and all the functions f; are

g-contractive.

In addition, there exists a unique continuous function ws : A — X such that ns o
T, = f; o s for every i € I, 7s(A) = A and limy,, o fla), (%) = ws(a) for every x € X
and o € A. Moreover, the sequence (Aly),)n>1 is decreasing, {rws(a)} = ﬂnzlm and
lim,,, oo SUP, 5, d(An) = 0.

Proof The existence of the set A(S) with the properties from the theorem was proved
in [11]. As in the case of Theorem 2.4, the proof is almost as the proof of Theorem 4.1
from [16] with the exception of the fact that lim,,, » Sup,c 5, @(A) = 0. As in the proof of
Theorem 2.4, the sequence (sup,¢,, d(Ax))n>1 is decreasing; and therefore it is convergent
to a number / > 0. We want to prove that / = 0. Let us suppose that / > 0. Since the metric
space (X, d) is uniform ¢&’-chainable, there exists a natural number N such that for every
%,y € A there exists a chain xg = x,%1,...,x, = y with the properties that n + 1 < N and
d(x;,x:41) < &' foreveryi € {0,1,...,n—1}. To a set B C A we associate the number

n-1
d(B) = sup inf Zd(xk,xk+1) 1% = X,X1,...,X, =yisan &’ -chainand n+1 <N {.
x,y€A k=0

Itis clear that d(A) < N¢', d(B) > d(B) and d(B) > gi(f,-(B)) foreverysetBC Aandiel.lt
follows that the sequence (sup,,, Zi(Aa)),,zl is decreasing and it is convergent to a number

Zzl>0.Letusn0tethat£§%<5/,

Since the family of functions (f;);c; is e-uniform Meir-Keeler for every ¢” € (0, ¢), there
exist n > 0 and A > 0 such that for every i € I and every x,y € X with the property that
d(x,y) <¢&” + n we have d(fi(x),f(y)) < ¢” — A. As a result, for every &¢” € (0, ¢), there exist
8 >0and A’ > 0 such that d(f;(x),f;(y)) < d(x,y)— 1’ forevery i € I and every x,y € X with the
property that d(x, y) € (¢” — §,¢"” + §). To see this, we can take § = min(A/2,7n) and 1" = 1/2.

Indeed, if d(x,y) € (¢” — §,&” + §), then d(x,y) < &” + n and therefore
d(fi(x),fiy)) <&” —=r=&" =112 = 1/2 < d(x,y) - A/2.

It follows that for every &;,e, € (0,¢) with & < &5 there exists a number A > 0 such
that d(f;(x),fi(y)) < d(x,y) — A for every x,y € X with the property that d(x,y) € [e1, &2]
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and every i € I. In particular, there exists a number A > 0 such that d(fi(x),f;(y)) <
d(x,y) — A for every x,y € X with the property that d(x,y) € [%,8/] and every i € I.
Since limy o0 SUPyey, d(Ay) = I, there exists np such that for every n > ny we have
SUP,ca,, d(Ag) <1+ A/2.

Letus fix@ € Ay, i € I and x,y € Aj,. Then there exist X,y € A such that fi,(¥) = x and
fia(¥) = y. Since f, (%), /o (¥) € Ay and d(Ay) <1+ 1/2, there exists an &'-chain in X, namely
X0,%1,...,%y, such that n + 1 < N, £, (%) = %o, f,(J) = x,, and ZZ;(I) A, xke1) < L+ A/2. We
have two cases as follows:

(i) Yohoo dlwe xen) <1 - m
(i) Yo d@ie ) > 1 — 1.

In the first case, we have

i
L

n-1 5
~ l
;d(ﬁ(xk),ﬁ(xm)) < 0 g, p) <1-

>~
i

In the second case, we note that there exists ky € {0,1,..., 7 —1} such that d(xy,, xxy1) >
%(l N+1) = ﬁ Since d(xky, Xky+1) € [N+1’£ ], it follows that d(f;(xx, ), fi(xky+1)) < d(xk,>

Xko+1) — A and

n-1
Y d(fii), i) = d(filoi ) filagan)) + Z d(fi (i), fii1))
k=0

k=0;k+tko
n-1
< d(rg i) = A+ Y A xra)
k=0;kstko
n-1
= <kt Y de X)) < A+ 1+ 0/2=1-2/2.
k=0

Therefore d(A;,) < [—max(1/2
contradiction:

, N+1) foreverya € Ay, i € I, whichleads to the following

. 5 N I
I dAy) <I- A2, —— ).
< sup d(Ay) < max( / N+1>

O‘EAMOH

This ends the proof in the first case. The second case can be reduced to the first one in

a similar manner as we have done in the proof of Theorem 3.2. d
The main result of this section is contained in the following.

Theorem 4.11 Let S = (f;)ic; be an IIFS on the complete metric space (X, d) and ¢ > ¢’ > 0.
Then there exists a unique fixed point wy of Hs and doo(Hg'] (f), o) — O for every f €
CB(A,X) provided that one of the following two conditions is fulfilled:
(i) the family of functions (f;)ics is uniform e-Meir-Keeler and X is uniform ¢&’-chainable;
(i) (X,d) is a compact &'-chainable metric space, I is a finite set and all the functions f;
are g-contractive.

Moreover, my o T; = f; o o for every i € I; and consequently o = 7.
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Proof We start with the first case (the family of functions (f;);c; is uniform e-Meir-Keeler
and X is uniform &’-chainable). Let us consider ¢” € (0, ). Then there exist >0 and A > 0
such that for every x, y € X with the property that d(x, y) < ¢ + n we have d(f;(x),f,(y)) < e — A.
If f,g € CB(A, X) have the property that d(f,2) < ¢ + n, then with the same argument as
in Proposition 3.1 point (iv) one can prove that do(Hs(f), Hs(g)) < € — A/2. This implies
that Hg is e-Meir-Keeler. (CB(A, X), d) is a complete metric space since (X, d) is so and
it is &’-chainable from Proposition 4.7. Therefore we can apply Theorem 4.9 to obtain the
desired result.

From the fact that Hs (o) = o we infer that 7y o 7;(r) = o (ix) = Hs o o (icx) = fi(mwo ()
foreveryw € A andi€l, ie., mpot; =f;om foreveryiel.

For a, 8 € A, we have [¢],8 — « in (A, d,); and consequently 7o ([a],8) — mo(w). But
wo([a]nB) = 70 0 T, (B) =fla), © o (B), and from Theorem 4.10 we infer that fi,), o mo(8) —
7ws(a). Therefore my = s.

In the second case, namely (X, d) is a compact ¢’-chainable metric space, I is a finite set
and all the functions f; are e-contractive, we consider the function ¢ : [0, &) — R defined by
o(r) = sup{d(fi(x),f:()) : i € I and d(x,y) < r}. ¢ is increasing, right continuous and ¢(r) < r
for every r € (0,¢). If ¢” € (0, '), there exists n > 0 such that ¢” + n < ¢ and ¢(r) < w
for every r € [¢”,&" + n). It follows that ¢(d(fi(x),fi(y))) < &" - % <g"’ - % for
every r € [0,&” + n). In this way the second case can be reduced to the first one. O

5 Remarks and examples
It is known that every bounded set of a metric space is the attractor of an IIFS containing
constant functions. We will compute the function Hs for such an IIFS.

Example 5.1 Let (X, d) be a complete metric space and A € B(X). For a € X, f, will denote
the constant function with value g, that is, f, : X — X and f;(x) = a for every x € X. Then A
isthe attractor of the IIFS S = (X, (f;)zca)- Also A is the attractor of the ITFS Sg = (X, (f;) 2cB)
for any dense set B in A. If A is separable and B is a countable dense set in A, then A is the
attractor of the CIFS (countable IFS) Sp = (X, (f,)scp)- This happens, in particular, for any
compact set A. We have

Hy(f) () = Hs (f)(@) = fia), ©f o R() = [a]1.
We try now to compute the iterations of Hs in a general case.

Remark 5.2 Let S = (f;)ic; be an IIFS on the complete metric space (X,d) and « =
a0y -+ € AL Then

H2(f)(@) = Hs(Hs())(@) = fia1, 0 Hs (f) o R(@)
= fiah © Hs () (R(@)) = fiay, © firw), of o R (@)
= foy © fo o f 0 RPN Q) = fiap 0 f 0 R (a0).

By induction it can be proved that Hg’] ()Ne) = fiag, of © R ().
In particular if the function f is constant, namely f(«) = b for b € X, Hg'] ()N @) = flay, (D).

We consider now the case when (X, || - ||) is a Banach space and S = (X, (f});cs) is an IIFS
formed by affine transformations. That is, f; = A; + b;, where A; are linear and continuous
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operators A; : X — X with ||A;|| < ¢ <1 and b; € X for every i € I are such that the set
{b; :i € I} is bounded. By induction one can see that

n
ﬁliZ"'in (x) :ﬁl OJip O - Oﬁn (x) :AilAiZ .. -Ainx + ZAilAiz .. 'Ai,'_lbi-

i=1
Therefore
HE () (@) = fia), of o R™(ar) = Ay Ay, -+ Ay f oR™ (@) + Y Ay Ay - Ay bi.
i=1

In particular, if the function f is constant, namely f(«) = b for b € X,

n
Hg’](f)(a) :AilAiz .. 'Ainb + ZAilAiz A
i=1

b;.

ii-1

From Theorem 2.4 it follows that 7 s(« Zl>1 ---Aj, b, where 75 is the canon-
ical projection. Then

doo (HY (), 7s) = sup|| HE (F) (@) - 7s(@) |

aeA

= sup
aeA

AyAy Ay foR™M(@) = Y AyAy, - A,,lb“

i>n+1
" b
< - )
sup( If ()] + 1—cs,.2?” lll)
(supr || + — sup 1b; ||>

Example 5.3 Let]beanonvoidset,j ¢ I, (X, || - ||) be a Banach space and S = (X, (f))ic1uy;)
be an IIFS formed by affine transformations such that f; are constant functions for i € 1
(fi(x) = b;) and f; is affine functions of the form f;(x) = ax + b, where a € (-1,1) and b € X.

Then for an infinite word « = i;i, - H["](f (Ot) isbyifiy #j, a lo,,ﬁ1 + Z; La b if
h=ip=-=ig=jk<n- landlkﬂ#janda”foR[”] Z la’ Yifiy=ip=---=i,=j.
Also ms(e) is by if it #j, a¥by,,, + Zf:'ll abifiy =iy = =ir=jand i, #jand & if
ip=iy=-+-=iy=---=j. Then

|HZ () (@) - s (@)

0 if there exists k < n such that i #J,
=1 a"f o R"(a) - a*b;,, - Zf:nu atb ifi=--- =iy =j,k>nand i #J,
a'f o R"M(a) =Y, a"'h ifij=ip=---=ip=---=j.

If f is a constant function with value d, then

k

i-n-1 k-n
-b Z a —a b, |-

i=n+1

|HE () - s || = sup lal”
k>n
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Example 5.4 (The Cantor set) Let (X, | - ||) be a Banach space, b € X \ {Ox} and an IFS
S =X, (fi)ie(-11}), where f_1 (x) = "‘;h and fi(x) = x+32b. The attractor of S is homeomorphic
with the Cantor set. Then, forv an infinite word o = ijiy iy -+, Hg’] ()Nx) = fia), of ©
R (g) = B%foR[”] (@)+>°1, iz Iff is a constant function with value ¢, then Hgﬂ () =

3[
1 no (=1)k2t
3iC+ D iy o b

It is an open problem to find contractive conditions which are inherited by some of the
operators Fs, Hs and Mg from the constitutive functions of the IIFS S or contractive
conditions which assure us that some of the operators Fs, Hs and Ms have a unique fixed
point. It is also an open problem to extend the above results to different generalizations of
IFSs (such as GIFSs).
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