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Abstract

In this paper we introduce the concept of iterated function system
consisting of generalized convex contractions. More precisely, given
n € N*, an iterated function system consisting of generalized convex con-
tractions on a complete metric space (X, d) is given by a finite family of
continuous functions (f;)icr, fi : X — X, having the property that for
every w € Ap(I) there exists a family of positive numbers (aw,v)vev, (1)
such that:

) max Qo < 1
) UJEAn(I)ve§([) “v ’

B) d(fu(x), fuly)) < 3 awwd(fu(z), fu(y)) for all w € An(I),

veVy (I)
z,y € X. Here Ay, (I) represents the family of words with n letters from
I, Vo(I) designates the family of words having at most n — 1 letters
from I, while, if w = wiws...wp, by f., we mean f,, o fu, 0...0 pr.
Denoting such a system by 8 = ((X, d),n, (fi)icr), one can consider the
function Fs : K(X) — K(X) described by Fs(B) = iLe,lIfi(B), for all

B € X(X), where X(X) means the set of non-empty compact subsets of
X. Our main result states that Fs is a Picard operator for every iterated
function system consisting of generalized convex contractions 8.

1 Introduction

As the contraction condition from Banach-Caccioppoli-Picard principle is very
strong, V. Istratescu introduced and studied the convex contraction condition
(see [9], [10] and [11]) in order to provide contraction-type conditions which do
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not imply the contraction condition but for which the existence and uniqueness
of the fixed point are assured. More precisely we have the following:

Definition 1.1. A continuous function f : X — X, where (X, d) is a complete
metric space, is called convex contraction if there exist a,b € (0,1) such that

a+b < Land d(f2(x), 2 (y)) < ad(f(x)), F(y)) +bd(x.y) for cvery z,y € X.

Istratescu proved that any convex contraction is a Picard operator. In
addition he presented a convex contraction which is not contraction and intro-
duced the following generalization of the concept of convex contraction that
was also studied by S. Andrés (see [2] and [3]):

Definition 1.2. Given a complete metric space (X,d), a continuous function
f: X — X is called a generalized convexr contraction provided that there exist

n—1
n € N* and ag, a1, ..., 1 > 0 such that Y a; < 1 and d(f" (x), f"(y)) <
i=0

n—1

S ard(f¥ (), f(y)) for all z,y € X, where by f*1 we mean the composi-
k=0

tion of f by itself k times.

They proved that each generalized convex contraction is a Picard operator.
For other generalizations of Istratescu’s result see [1], [12], [14], [16], [20] and
[29].

For an iterated function system consisting of a finite family of contractions
(fK)kefr,2,..ny» fr + X — X, where (X,d) is a complete metric space, there
exists a unique non-empty compact subset A (called the attractor of the sys-

tem) of X such that A = kgl fx(A). This procedure gives almost all fractals

and consequently several authors extended the notion of iterated function sys-
tem (see [4], [5], [6], [7], [8], [13], [15], [17], [18], [19], [21], [22], [23], [25], [26],
[27], [28], [30], [31], [32], [33] and [34] and the references therein). Along these
lines of research R. Miculescu and A. Mihail (see [24]) introduced the concept
of iterated function system consisting of convex contractions and proved the
existence and uniqueness of the attractor of such a system obtaining in this
way another generalization of the above mentioned Istratescu’s result.

In this paper, combining these two directions of generalization of Istratescu’s
theorem, we study iterated function systems consisting of generalized convex
contractions.

2 Preliminaries

By fI"l we mean the composition of the function f : X — X by itself n times.
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For a family of functions (f;)icr, where f; : X = X, a1, a9, ....,a, € I and
Y C X, we use the following notations:

- fa1 © fozg 0...0 fan et fozlag..“an

- falagm.an (Y) ’ﬂ:0t Yalaz.“.an~

For a metric space (X, d), by K(X) we mean the set of non-empty compact
subsets of X.

B4 represents the set of functions from A to B.

For a set I, we use the following notations:

B L A(I); hence the elements of A(I) can be written as infinite words
W = WiWw3...Wn... with letters from [

— [{1.2.m3 28 A (1); hence the elements of A, (I) can be written as words
W = wWiws...w, with n letters from I

~ Ao(D) UA (D) U ... U A1 (1) " V. (I), where Ag(I) = {A\} is the set
consisting on the empty word; hence V;,(I) is the set of all words having at

most n — 1 letters from I
- UNAn(I) e (I); hence A*(I) is the set of all finite words with letters
ne

from 1.
For a function f: X — X, by f\ we mean Idx. For a« € A(I)UA,(I) and

. . t
m < n, we use the following notation: ajag....ch, =2 [@]m.

By af we understand the concatenation of the words o € A*(I) and 8 €
AT) UA*(T).

Definition 2.1. For a metric space (X, d), we consider the Hausdorff-Pompeiu
metric h: K(X) x K(X) — [0, +00) described by

h(A, B) = max{sup( inf d(z,y)), sup(inf d(z, y))},
r€A YEB zeB YEA

for every A, B € X(X).

Proposition 2.2. (see Proposition 2.1 from [26]) For a metric space (X, d),
we have

h UHZ‘, UK;) < hHiaKi:
(g i 2 K) < suph(Hi, 1)

for every (H;)ier and (K;)ier finite families of elements from K(X).

Proposition 2.3. (see Theorem 2.1 from [26]) If the metric space (X,d) is
complete, then (K(X),h) is a complete metric space.
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Definition 2.4. For a metric space (X,d), we consider the function § :
K(X) x K(X) — [0,+00) defined by

0(A,B) = sup d(z,y),
r€A,yeB

for all A, B € K(X).

Remark 2.5. For all A, B € X(X) we have
h(A,B) < (A, B).

Definition 2.6. A function f : X — X, where (X,d) is a metric space, is
called Picard operator if there exists a unique x* € X such that f(x*) = a*
and klim f(z) = z* for every x € X.

— 00

3 The main result

Definition 3.1. Given n € N*, an iterated function system consisting of
generalized convex contractions on a complete metric space (X,d) is given by
a finite family of continuous functions (f;)icr, fi : X — X, such that for every
w € Ap(I) there exists a family of positive numbers (aw.,v)vev, (1) such that:

a)
B)

forallw e A, (I), z,y € X.
We denote such a system by

S = ((X7 d)7 n, (fz)lef)
One can consider the function Fs : K(X) — K(X) described by

F5(B) = U fi(B)

for all B € K(X).
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Remark 3.2. If the set I has one element, ((X,d),n,(f;)icr) is nothing else
but the notion of generalized convex contraction. Note also that the notion
of iterated function system consisting of convex contractions from [24] is a
particular case of the one of iterated function system consisting of generalized
convex contractions (just take n = 2).

Theorem 3.3. Fs is a Picard operator, for every iterated function system
consisting of generalized convexr contractions S.

Proof. In the sequel we shall use the following notations:

-8 =((X,d),n, (fi)ier)
- Z aw,v 727: dw

veV, (I)
—  max dwn:Otd<1
wEA, (I)
- yw(,2) = max{zi-n1(YV,2),25—n+2Y,2),...,2x(Y,Z)}, where
(Y. Z) = sup 0(fu(Y), fu(Z)), Y.Z € K(X), k € N, k > n—1 and
wGAk(I)
Y, Z € K(X).

When no confusion is possible, we denote yi(Y, Z) by y and xx (Y, Z) by
Tk-

Claim 3.4. The sequence (Yi+n(Y, Z))ren~ is decreasing for allY,Z € K(X).

Justification of Claim 3.4. Given u € Agyp,(I) there exist w € A, (I) and
q € Ap(I) such that u = wq and therefore we have

d(fu(y); fu(2)) = d(fuq(y), fuq(2)) <
S Z aw,vd(qu(x)vaq(y)) S aka"_z aw,vxk+1+~~+ Z Gy vTl+n—1 S

veV, vEA(]) vEN,_1(I)

< max{Ti, Ths1y s Thpn—1} (0w + Z Ay + ... + Z Ay w) <
veA1(I) vEA,_1(I)

S Yk+n—1 Z Auv = dwyk+n71 S dykJrnfl;
veV, (1)

for all y € Y and z € Z, so, by passing to supremum over y € Y and z € Z,
we deduce that §(fu(Y), fu(Z)) < dyk4n-1 for all k € N*. By passing to
supremum over u € Apin(I), we get that

Lh+n = Sup 6(fw(y)a fw(Z)) < dYktn—1 < Yktn—1, (*)
WeAk+'rL(I)
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for all £ € N*. As

Tha1y Thg2, ooy Thgn—1 < maX{$k>$k+1, -~-,$k+n—1} = Yk4n—1, (**)

from (%) and (xx), we infer that yg4, = max{Tri1, T2, o, Thont < Yktn-1
for all k € N* and the justification of Claim 3.4 is done.

Claim 3.5. klim (Y, Z) =0 for allY,Z € K(X).
xde el

Justification of Claim 3.5 Based on (x) from the proof of Claim 3.4, we
have

Yk42n—-1 = max{xk+n7$k+1+n; ~~~7xk+2n71} <
S maX{dykJrnfla dyk+na cey dyk+2n72}7

so0, taking into account Claim 3.4, we get that ygion—1 < dyg4n—1 for all k €
N*. Consequently ¥, < d'  n, Ynit: < A yni1 < A7 Yny ooy Ynigno1 <
d' Yo, < d'~ 1y, for all i € N*, hence the series § Yi is convergent. Using
(*) from the proof of Claim 3.4 and the Comparisomkt:eT;t7 we conclude that the
series io: x) is convergent and, consequently, klgr;o x, = 0. The justification

k=n+1
of Claim 3.5 is done.

Claim 3.6. For every Y € K(X), the sequence (Fék] (Y))ken= is convergent.
Justification of Claim 3.6 Since

Proposition 2.2
<

WESO), BN @) =h( U ), U fu(2) s
Remark 2.5
< swp (V) £(2) < an, )

UJEAk(I)

for every Y, Z € K(X), k € N*, we deduce that

lim h(FF (), FF(2)) = 0. (1)

k—o0

Choosing Z = Fs(Y), from (), the convergence of the series ) .z and the
k

comparison test, we infer that the series > h(FS[kH] (Y), Fs[k] (Y)) is conver-
kEN*

gent for all Y € X(X). Therefore (Fs[k] (Y))ken~ is a Cauchy sequence and,
because (K(X),h) is complete (see Proposition 2.3), it is convergent. The
justification of Claim 3.6 is done.
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Claim 3.6 assures us that if Y, Z € K(X), then there exist Ay, Az € X(X)
such that

Jim h(FH(v), Ay) = 0 and Jim WFM(2), A7) = 0. (2)

Since h(Ay, Az) < h(Ay, F{I(V) + m(EH (), B (2)) + h(F (2), Az)
for all k € N*, from (1) and (2) we obtain that Ay = Az “ A for every
Y,Z € K(X). Hence lim h(FM(B), A) = 0 for every B € X(X). The
remaining part of the proof goes as in Theorem 3.2 from [24] and, consequently,

we just mark the main steps:
a) For each w € A(I) there exists a,, € X such that

klim sup h(flw, (B), {aw}) =0,
—weA(I)

for every B € K(X).
b) A={a, |weAl)}.
¢) The implication

lim h(Yk, Y) =0= lim h(Fg(Yk),FS(Y>) =0
k—oo k—o0

is true for every (Yi)ken C K(X) and Y € K(X).
d) A is the unique fixed point of Fs. O

Conclusions. In this paper we consider a special type of iterated function
systems, namely those consisting of generalized contractions. We proved that
such a system has a unique attractor, obtaining in this way a generalization of a
fixed point theorem concerning generalized convex contractions which is due to
V. Istratescu. In a future paper we intend to study iterated function systems
consisting of generalized convex contractions in the more general setting of
b-metric spaces.

Acknowledgement. The author thanks to the referees for their valuable
remarks and comments which lead to the paper’s improvement.
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