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Abstract. The aim of this paper is to present fixed set theorems, collage type and anticollage type
results for single-valued operators 7' : X X X — X in the framework of a complete metric space X .
Based on the coupled fixed point theory, existence of fixed sets, collage type and anticollage type
results for iterated function systems are also presented. The results are closely related to self-similar
sets theory and the mathematics of fractals. Several examples of coupled fractals illustrate our
results.
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1 Introduction

The notion of coupled fixed point appeared for the first time in some papers of Amann [1]
and Opoitsev [13], while a large development of the field started after the works of Guo
and Lakshmikantham [6] and Bhaskar and Lakshmikantham [4]. If (X, d) is a metric
space and T : X x X — X is an operator, then, by definition, a coupled fixed point for T’
is a pair (z,y) € X x X satisfying

r=T(z,y), y="T(y,x). )

There are many applications of the coupled fixed point theorems for solving different
problems related to systems of integral and differential equations, see [2, 4, 6, 9, 22].
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Generalizations of this problem to tripled or /V-upled fixed point results were also given in
the recent literature, see, for example, [3,5,14,17,20,21]. More general contexts (coupled
coincidence problems, coupled fixed point problems in cone metric spaces etc.) were also
considered, see, for example, [18, 19].

The aim of this paper is to present some fixed set and coupled fixed set theorems
for single-valued operators and iterated function systems consisting of a finite number
of self operators in complete metric spaces. Some connections with the mathematics of
self-similar sets are also discussed.

More precisely, if T : X x X — X is a given operator, we are interested under which
conditions there exists a (unique) pair (A4, B) € Pep(X) x Pep(X) such that

A=T(A,B), B=T(B,A), 2)

where T'(A, B) := {T'(a,b) |a € A, b € B}.
A pair (A, B) € P.,(X) x P.p(X) with the above property will be called a coupled
fixed set or a pair of coupled self-similar sets. By this approach new examples of self-

similar constructions are given, and the classical theory of self-similar sets and fractals is
extended to operators working on a Cartesian product of metric spaces.

2 Preliminaries

In this short section, we will present some auxiliary notions. Let (X, d) be a metric space,
and P(X) be the family of all nonempty subsets of X. We also denote by P, (X) the
family of all nonempty compact subsets of X.

If f: X — X, then we denote Fix(f) := {x € X: z = f(x)} the fixed point set
for f. Moreover, the fractal operator generated by a continuous mapping f : X — X is
denoted by f and is defined f : Pop(X) — Pep(X), f(Y) 1= U, ey f(y) = F(Y) for
allY € P, (X).

When X := R", a fixed point of f (i.e., a fixed set for f) is called a self-similar set
for f.

The following functionals are well known in the field of set-valued analysis:

o the gap functional generated by d
Dy(A,B) := inf{d(a,b) | ac€ A be B}, A,B e P(X);
o the Hausdorff-Pompeiu functional generated by d

Hy(A,B) = max{ sup Da(a, B), sup Da(b, A)}, A, B € P(X).

3 Coupled self-similar sets for contractions type operators

We recall first some notions and a fixed point result for contractions type operators in
vector-valued metric spaces.

We denote by M., (R.) the set of all m xm matrices with positive elements, by I the
identity m xm matrix, and by O,,, the null mxm matrix. If z,y € R™, & = (z1,...,2Tm)
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Coupled fractals in complete metric spaces 143

and y = (y1,---,Ym), then, by definition, we write z < y if and only if z; < y; for
i € {1,2,...,m}. Throughout this paper, we will make an identification between row
and column vectors in R™.

Let us recall first some important preliminary concepts and results. Let X be a non-
empty set. A mapping d : X x X — R is called a vector-valued metric on X if all
the axioms of the classical metric are satisfied with respect to the component-wise partial
order. Moreover, a nonempty set X endowed with a vector-valued metric d is called
a generalized metric space in the sense of Perov (in short, a generalized metric space), and
it will be denoted by (X, d). The usual notions of analysis (such as convergent sequence,
Cauchy sequence, completeness, open subset, closed set, open and closed ball, etc.) are
defined in a similar to the case of metric spaces.

Moreover, the vector-valued Hausdorff-Pompeiu metric on P.,(X) generated by
a vector-valued metric d : X x X — R given by d(z,y) := (d1(z,y), ..., dn(z,y))
will be denoted by H; and represented as Hj(A, B) := (Hg4, (A, B),...,Hy, (A, B)).
We notice that (P, (X), Hj) is a generalized metric space in the sense of Perov, i.e.,
H satisfies all the axioms of the vector-valued metric on P.,(X). We point out that
(Pep(X), Hy) is complete if the vector-valued metric d is complete. We also mention that
the generalized metric space in the sense of Perov is a particular case of the so-called cone
metric spaces (or K -metric space), see [26].

A square matrix A of real positive numbers is said to be convergent to zero if and only
if all the eigenvalues of A are in the open unit disc (see, for example, [16]).

A classical result in matrix analysis is the following theorem (see, for example, [16]).

Theorem 1. Let A € M., (R4). The following assertions are equivalent:

(1) A is convergent towards zero;
(i) A™ = Oy, as n — o0;
(iii) the matrix (I — A) is nonsingular, and

(iv) the matrix (I — A) is nonsingular, and (I — A)~! has nonnegative elements.

We recall now Perov’s fixed point theorem [15].

Theorem 2 [Perov theorem]. Let (X, d) be a complete generalized metric space, and
let f: X — X be a contraction with matrix A, i.e., A € M, (Ry) converges towards
zero, and

d(f (), f(y)) < Ad(w,y) Vo,y € X.
Then:
(i) Fix f = {z"};
(ii) the sequence of successive approximations (Zp)neN, Tn := ["(20) is convergent
in X to x* forall xg € X,
(iii) one has the following estimation:

d(zp,z*) < AM(I — A) " td(zo, z1). 4)
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Remark 1. If, in the above theorem, we take m = 1, then we obtain the well-known
Banach’s contraction principle with A :=a € (0, 1).

The following theorem is our first main result. The proof is based on the application
of Banach’s contraction principle on X x X endowed with a scalar type metric.

Theorem 3. Let (X, d) be a complete metric space. Let T : X x X — X be an operator.
Assume that there exists k1, ko € Ry with k := max{ky, ka2} € (0,1) such that

AT (2, 9), T(w,v)) + d(T(y, ), T(v,w))
< kid(z,u) + kod(y,v) VY(z,y), (u,v) € X x X.

Then the following conclusions hold:

(i) there exists a unique self-similar set U* € P.,(X x X) of the operator
F:XxX—5XxX, (z,y)— (T(z,y),T(y,x)),

and, for any Uy € Pep(X x X), the sequence (U, )nen defined by Uyp41 =
F(U,), n € N, converges in (P.p(X x X),Hj;) to U* as n — oo, where

d((z,y), (u,v)) := d(w,u) + d(y, v);
(i) the following estimation holds:

H;(U,,U") < 1k_"k -Hj;i(Uo,Uy) VYneN;
(iii) (the collage theorem)
H;(U,U") < ﬁ “Hz(U,F(U)) YU € Pep(X x X);
(iv) (the anti-collage theorem)
H;(U,U*) > 1%@ -Hi(U,F(U)) YU € Pep(X x X).

Proof. We introduce on Z := X x X the functional d:ZxZ— R defined by
d((z,y), (u,v)) = d(z,u) + d(y, v).

Notice that d is a complete metric on Z.
We consider now the operator F' : Z — Z given by F(z,y) := (T(x,y),T(y,x)). It
is easy to prove (see [24]) that F' is a contraction in (Z, d) with constant k& € (0, 1), i.e.,

&(F(z),F(w)) < kd(z,w) Vz,we Z.

As a consequence, I’ is continuous from (7, d) to (Z, d).

Let us consider on P, (Z) the fractal operator U — F'(U) generated by F'. Notice that,
by the continuity of F, the fractal operator is well defined, i.e., F' : Pep(Z) — Pep(Z).
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Moreover, since F' is a k-contraction on (Z, J), we immediately get (see [12]) that Fis
a k-contraction on (P, (Z), H ;). Hence, by Banach’s contraction principle F'has a unique
fixed point in Pep(Z), i.e., there exists U* € P.,(Z) such that U* = F(U*). Moreover,
by the contraction principle we also have that

k’ﬂ
- ) <
Hy(Un, U") < 7

where Uy € P.p(X) is arbitrary and U, := F(Up).
The conclusion (iii) follows by (ii), while for (iv), we notice that H;(U, F(U)) <
H;(U,U*)+ H;(U*,F(U)) < (14 k)Hz(U,U"). O

- H;(Uo, Uy), )

Remark 2. Using the same approach, a similar result can be obtained working on X x X
with the metric d((z,y), (u,v)) := max{d(x,u),d(y,v)}. For related coupled fixed
point theorems in this framework, see [23].

In the next part of this section, we will illustrate the vector-valued metric approach in
coupled fixed point theory. For the proof of our next result, we need the following lemma,
which is itself a result with a good potential, see Remark 3.

Lemma 1. Let (X, d) be a generalized metric space in the sense of Perov with d :
XxX— Rf_ given by
di(z,y)
d(x,y) = ’ .

Let f : X — X be a contraction with a matrix A convergent to zero of the following form:

_ (k1 ke
ae (b )
Then the fractal operator f generated by f is a (ki + ko)-contraction on (Pep(X), H i
where d(z,y) := di(z,y) + da(z,y).

Proof. Since f is a contraction with matrix A, we have, for all z,y € X, that

di(f(2), f(y)) < krdi(z,y) + kada(z,y),

da(f (), f(y)) < kadi (2, ) + krda(z, y).
Thus,

d(f(z), f()) < (k1 + ko)d(z,y) Va,y € X.

Since the matrix A converges to zero, we get that k1 + ko < 1. Thus, fis a (k1 + ka2)-

contraction on (X, d). By the classical result of Nadler [12] we obtain that the fractal
operator f generated by f is a (k; + k2)-contraction on (Pep(X), Hj). O

Remark 3. Let (X, d) be a generalized metric space in the sense of Perov. It is an open
question to establish when a contraction condition with a matrix A (convergent to zero,
for example) on a single-valued operator f : X — X implies that the fractal operator
fr P.,(X) — P,,(X) generated by f is a contraction with matrix A on (P, (X), Hy).
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The proof of our second result involves Lemma 1 and the vector-valued metric ap-
proach.

Theorem 4. Let (X, d) be a complete metric space. Let T : X x X — X be an operator.
Assume that there exists ki, ko € Ry with k1 + ko < 1 such that

d(T(z,y),T(u,v)) < krd(z,u) + kod(y,v) Y(z,y), (u,v) € X x X.
Then the following conclusions hold:
(i) there exists a unique self-similar set U* € P.,(X x X) of the operator
F:XxX—>XxX, (z,y)— (T(z,y),T(y,x)),

and, for any Uy € Pop(X x X), the sequence (U, )nen defined by Upyq1 =
F(U,), n € N, converges in (Pep(X x X),Hjz) to U* as n — oo, where d :
(X x X) x (X x X) = Ry is given by

d((z,y), (u,v)) = d(z,u) + d(y, v);

(i) the following estimation holds:

k,n
1-k

H;(Up,U") < -H;(Uo,Uy), meN,

where H ; is the Hausdorff—-Pompeiu generalized metric induced by dand k :=
ki + ko;
(iii) (the collage theorem)

1

H&(U,U*)gm-HJ(uF(U)) VU € Pop(X x X);
(iv) (the anti-collage theorem)
Hd(U,U*)Zm-HJ(MF(U)) YU € Pp(X x X).

Proof. We introduce on Z := X x X the functionald : Z x Z — Ri defined by

i) = ().

Notice that d is a complete generalized metric (in the sense of Perov) on Z.
We will prove now that the operator F' : Z — Z given by F(z,y) := (T(x,y),

T'(y,x)) is a contraction in (Z, d) with a convergent to zero matrix

ki ks
A= (1@ k1>’

ie.,d(F(z), F(w)) < Ad(z,w) forall z,w € Z.
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Indeed, by the contraction condition on 7" we also get that
d(T(y, x), T(v,u)) < kad(z,u) + krd(y,v) V(y,z), (v,u) € X x X.
Thus, for all z = (z,y), w = (u,v) € Z, we have

() ) = (g 2] T ) < Ad(Ge.). (o).

On the other hand, an easy calculation shows that the eigenvalues of the matrix A are in
the unit open disc. Hence, F is a contraction on (Z, d) with matrix A.

Let us now consider the fractal operator F' : Pop,(Z) — Pop(Z), U +— F(U) gener-
ated by F. By the continuity of F' (with respect to d) the fractal operator is well defined.
Moreover, since F' is a contraction with matrix A on (Z, J), we get (see Lemma 1) that
Fis a (ky + ko)-contraction on (Pep(Z), H 7)- Hence, by Banach’s contraction principle
F has a unique fixed point in Pe,(Z), i.e., there exists U*€ Pep,(Z) such that U*= F/(U*).

Additionally, by the same theorem we also have that

kn
1-k

H;(U,,U*) < - H;(Uy, Uy), (6)
where Uy € Pep(X) is arbitrary, and Uy := F(Up).
Notice that conclusions (iii) and (iv) follow in a similar manner as above. O]

Remark 4. It is worth to mention that Theorem 4 also follows directly by Theorem 3.
Indeed, by the hypothesis we have, for all (z,y), (u,v) € X x X, that

d(T(ac,yLT(u, v)) + d(T(y,x),T(v,u)) < (k1 + k) [d(az, u) + d(y,v)].

We will discuss now the case of coupled self-similar sets. We need first another aux-
iliary result.

Lemma 2. Let (X, d) be a metric space, and T : X x X — X be an operator. Assume
that there exists k > 0 such that

k

d(T(z,y), T(u,v)) < 5 [d(z,u) +d(y,v)] Y(z,y),(u,v) € X x X.

Then the following conclusions hold:

D) d(T(y,x), T(v,u)) < (k/2)[d(z,u) + d(y,v)] for all (z,y), (u,v) € X x X;
Gi) Ha(T(A, B),T(U,V)) < (k/2)[Ha(A,U) + Hy(B, V)] for all A, B,U,V €
Pep(X);
Gii) Ha(T(B,A),T(V,U)) < (k/2)[Ha(A,U) + Hy(B,V)| for all A, B,U,V €
PCp(X)§
(iv) Hd(T(Aa B)v T(U7 V)) + Hd(T(B7 A)? T(‘/v U)) <k- [Hd(A7 U) + Hd(B’ V)}
forall A,B,U,V € P, (X).
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Proof. (i), (iii), and (iv) follow immediately. Let us show (ii). For this purpose, it is
enough to prove that, for all ¢ € T'(A, B), there exists w € T(U, V') such that

k
d(C, UJ) < 5 [Hd(Aa U) + Hd(Bv V)} ;
and that, for all s € T'(U, V), there exists f € T(A, B) such that

d(s, f) < g[Hd(A, U) + Ha(B,V)].

Let ¢ € T(A, B). Then there exists a € A and b € B such that ¢ = T'(a,b). For a € A,
there exists v € U such that d(a,u) < Hy(A,U). In a similar way, for b € B, there
exists v € V such that d(b,v) < Hq(B,V). Define w := T (u,v). Thus,

d(c,w) = d(T(a,b),T(u, 11)) < g[d(a,u) + d(b, v)]
B7

)],

proving the first relation from above. In a similar way, we can prove the second relation,
and the conclusion follows. O

k
<3 [Ha(A,U) + Hq(

Our third main result is the following coupled self-similar set theorem.
Theorem 5. Ler (X, d) be a complete metric space, and T : X x X — X be an operator.
Assume that there exists k € (0, 1) such that

d(T(z,y),T(u, 1})) < g[d(z,u) + d(y, v)] Y(x,y), (u,v) € X x X.

Then the following conclusions hold:

(i) there exists a unique pair of coupled self-similar sets (A*, B*) € Pop (X )xPep(X),
and, for any starting point (Ao, By) € Pep(X) X Pep(X), the sequences (Ap)nen,
(Bn)nen defined, for n € N, by

An+1 = T(An7 Bn)a Bn+1 = T(an An) (7)

converge (with respect to Hy) to A* and respectively to B* as n — oo;
(i) for eachn € N, the following estimation holds:
Hd(An, A*) + I{,JZ(BTL7 B*)
kn
<
1—k
(ili) (the collage theorem) for all A, B € P.,(X), we have

- [Ha(Ao, T(Ao, Bo)) + Ha(Bo,T(Bo, Ao)) ]

Hy(A,A*) + Hq(B,B*) < ﬁ [Ha(A,T(A,B)) + Hq(B,T(B, 4))];
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(iv) (the anti-collage theorem) for all A, B € P.,(X), we have

Hy(A,A*)+ Hy(B,B") > Hik . [Hd(A7T(A,B)) + Hd(B,T(B,A))}.

Proof. LetT : Pcp(X) x Pop(X) — Pcp(X) be defined by (A, B) — T(A, B). Since
T is continuous, 7" is well defined, i.e., T(A,B) € P.p(X) for all A,B € P.,(X).

By (iv) in Lemma 2 we get that T satisfies all the assumptions of Theorem 3.7 in [24].
Hence, there exists a unique pair (A*, B*) € P.,(X)x P.p,(X) such that A* = T((A* B*)
and B* = T'(B*, A*). These relations show that (A*, B*) defines a pair of coupled self-
similar sets for 7. The second conclusion also follows by [24, Thm. 3.7]. Conclusion (iii)
follows by (ii), while (iv) is a consequence of the following estimations:

H4(A,T(A,B)) + Ha(B,T(B, A))
< Ha(A,A*)+ Hy(A*, T(A,B)) + Ha(B, B*) + Hy(B*,T(B, A))
< (1+k)[Hq(A, A*) + Hq(B, BY)]. O

A similar approach can be considered by working with the following contraction
condition on the operator 7"

d(T(2,y), T(u,v)) < kmax{d(z,u),d(y,v)} V(z,y),(u,0) € X x X,
where k € (0, 1). For example, we have the following results.

Lemma 3. Ler (X, d) be a metric space, andlet T : X x X — X be an operator. Assume
that there exists k > 0 such that

d(T(a:,y),T(u,v)) < kmax{d(w,u),d(y,v)} V(z,y), (u,v) € X x X.

Then the following conclusions hold:

() d(T(y,x), T(v,u)) < kmax{d(z,u),d(y,v)} forall (z,y), (u,v) € X x X;
(@ii) forall A,B,U,V € P,,(X), we have

Hy(T(A,B), T(U,V)) < kmax{Hq(A,U),Hq(B,V)};
(iii) forall A, B,U,V € Pep(X), we have
Hy(T(B, A), T(V,U)) < kmax{H4(A,U), Hy(B,V) };
(iv) forall A, B,U,V € P.,(X), we have
max{Hq(T(A, B),T(U,V)),Ha(T(B, A), T(V,U)) }

< k-max{Hy(A,U), Hy(B,V)}.

Nonlinear Anal. Model. Control, 23(2):141-158
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Proof. We will prove conclusion (ii). For this purpose, it is enough to prove that, for all
c € T(A, B), there exists w € T(U, V) such that

d(c,w) < kmax{H4(A,U), Hy(B,V)}
and that, for all s € T'(U, V), there exists f € T(A, B) such that
d(s, ) < kmax{H4(A,U), Hy(B,V)}.

Let ¢ € T'(A, B). Then there exists a € A and b € B such that ¢ = T'(a,b). For a € A,
there exists u € U such that d(a,u) < Hg(A,U). In a similar way, for b € B, there exists
v € V such that d(b,v) < Hq(B, V). Define w := T'(u,v). Thus,

d(c,w) = d(T(a,b), T(u,v)) < kmax{d(a,u),d(b,v)}
< kmaX{Hd(Aa U)> Hd(B> V)}a

proving the first relation from above. In a similar way, we can prove the above second
relation and the conclusion follows. O

For our next theorems, we need the following result, which was essentially proved
in [23], see Theorem 5.

Theorem 6. Let (X, d) be a complete metric space. Let T : X x X — X be an operator.
Assume that there exists k € (0, 1) such that, for all (x,y), (u,v) € X x X, we have

max{d(T(amy),T(u,v))d(T(y,x),T(v, u))} < k:max{d(x,u),d(y,v)}.

Then the following conclusions hold:

(i) there exists a unique solution (x*,y*) € X x X of the coupled fixed point
problem (1), and, for any initial point (xg,yo) € X X X, the sequences (x,,)nen,
(Yn)nen defined, for n € N, by

Tn4+1 = T(xna yn)ﬂ Yn+1 = T(yna xn) €]

converge to x* and respectively to y* as n — o0;
(i) for alln € N*, the following estimation holds:

max{d(T"(mo, y()), il'*) B d(Tn(y()v xo)v y*)}

< 116—7/{ . max{d(ajo,T(xo,yo)),d(yo, T(yo,ﬂﬁo))}.

Based on Lemma 3 and Theorem 6, we can prove the following coupled self-similar
set theorem.

Theorem 7. Let (X, d) be a complete metric space and T : X x X — X be an operator.
Assume that there exists k € (0, 1) such that

d(T(z,y), T(u,v)) < kmax{d(z,u),d(y,v)} V(z,y),(u,v)€ X x X.

Then the following conclusions hold:
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(i) there exists a unique coupled self-similar pair (A*, B*) € Pep(X) x Pep(X),
and, for any starting point (Ag, By) € Pep (X)X Pep(X), the sequences (Ap,)nen,
(Bn)nen defined, forn € N, by

An+1 - T(A’ru Bn); B7L+1 - T(Bn7 An) (9)

converge (with respect to Hy) to A* and respectively to B* as n — o0;
(ii) the following estimation holds:

maX{Hd(An, A*), Hq(B, B*)}
kn
<
1—k
(iii) (the collage theorem)

max{Hy(A, A*), Hy(B, B*)}

. max{Hd (Ao, T(Ao, Bo)), Hd (Bo, T(BQ, Ao))} Vn € N*,

< max{ Hu(A,T(A, B)), Ha(B,T(B, A))} YA, B € Pop(X);

(iv) (the anti-collage theorem)

max{Hq(A, A*), Hy(B, B*)}

> 1%@ -max{ Hy(A, T(A, B)), Hy(B,T(B,A))} VA, B € Pup(X).
Proof. As in the proof of Theorem 5, the operator 7' : Pop(X) x Pep(X) — Pep(X)
defined by (A, B) — T(A, B) is well defined. By (iv) in Lemma 3 we get that T satisfies
all the assumptions of Theorem 6. Hence, there exists a unique pair (A*, B*) € Pep(X) x
P.,(X) such that A* = T'(A*, B*) and B* = T(B*, A*). These relations show that
(A*, B*) defines a pair of coupled self-similar sets for T'. The rest of the conclusions also
follows, in a similar way to the proof of Theorem 5, by Theorem 6. Notice that (iv) is
a consequence of the following estimations:

max{H,(A,T(A,B)),Hs(B,T(B, A))}
< max{Hd A A*) + Hd(A* T(A, )), Hq(B,B*)+ Hq(B*,T(B, A)) }

4 Iterated function systems and coupled self-similar pairs

The purpose of this section is to discuss coupled fixed point properties for iterated function
system of operators f; : X x X — X, where: € {1,2,...,m}.

Let (X, d) be a metric space, and f; : X x X — X (wherei € {1,2,...,m}) be
continuous operators. We denote by F' : Pep(X) X Pop(X) — Pep(X) given by

m

F(AvB) = U fi(A7B)a

i=1

Nonlinear Anal. Model. Control, 23(2):141-158
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where f;(A, B) := {fi(a,b) |a € A,be B} fori € {1,2,...,m}. We will call F' the
fractal operator generated by the iterated function system (f1, ..., fmm).

By the continuity of f; the operator F' is well defined. Then we have the following
result.

Theorem 8. Let (X, d) be a complete metric space, and f; : X x X — X be operators
such that, for each i € {1,2,...,m}, there exists k; € (0,1) satisfying

d(fi(z,y), fi(u,v)) < k; max{d(z,u) v)} Y(z,y),(u,v) € X x X.

Then the following conclusions hold:

(i) the fractal operator F generated by the iterated function system (f1,..., fm)
satisfies the following condition:

max{Hy(F(4,B),F(U,V)), Ha(F(B, A), F(V,U))}
< max k; - max{Hd (A, U),Hq(B,V } VA, B, U,V € Pyp(X);

1<i<m
(ii) there exists a unique pair (A*, B*) € P, (X) x P.p(X) such that
A* = F(A*,B*),  B*=F(B",A"); (10)

(ili) for any pair (Ao, By) € Pep(X) X Pep(X), the sequence ((An, Bp))nen C
P.,(X) x P.,(X) given by

An+1 = F(A’ruBn)) Bn+1 = F(BnaAn) (11)
converges to (A*, B*) € Pyp(X) x Pop(X) asn — oo.

Proof. Notice first that, by the contraction condition, each operator f; is continuous for
eachi € {1,2,...,m}.
(i) Forall A, B,U,V € P.,(X), using Lemma 3, we successively can write

Hq(F(A,B),F(U,V)) < max. Hq(f:(A,B), f;(U,V))

< max k;-max{Hq(A,U), Hy(B,V)}.

1<i<m
Thus, we also have

< maxk; - max{Hy(A,U), Hy(B,V)}.

Hence,
max { Hy(F(A, B),F(U,V)), Hq(F(B,A), F(V,U)) }
< 1I<nla\>§nk; max{Hq(A,U), Hq(B,V)}.
(i1)—(iii) The conclusions follow by Theorem 6. O]

A similar result takes place for the case of the additive metric.
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Theorem 9. Let (X, d) be a complete metric space, and f; : X x X — X be operators

for which there exists k; € (0,1) such that, for eachi € {1,2,...,m}, we have

d(fi(x»y)afi(uav)) < %(d(x,u) +d(y,1})) V(w,y), (U,U) € X xX.

Then the following conclusions hold:
(i) the fractal operator F generated by the iterated function system (f1,...

satisfies, for all A, B,U,V € P.,(X), the following condition:
Hy(F(A. B), F(U,V)) + Ha(F(B, A), F(V,U))
<maxk; - (Hy(A,U)+ Ha(B,V));

(ii) there exists a unique pair (A*, B*) € Pop(X) X Pep(X) such that relations (10)
hold;

(ili) for any pair (Ao, By) € Pep(X) X Pep(X), the sequence ((An, Bp))nen C

P.p(X) X Pep(X) given by relations (11) converges to (A*, B*) € Pep(X) x
P.,(X) asn — oo.

Remark 5.
1. We also refer to [11] for an extension of this study to a discussion on some quali-

tative properties (such as well-posedness or Ulam—Hyers stability) of a fixed point
problem.

. The above approach can be generalized to the case of n-tuples self-similar sets
using the methods presented in [5, 14, 17,20] and [21]. For the tripled fixed point
problem, see [3]. It could be also of interest to consider the above study for some
extensions of the coupled fixed point problem, see, for example, [18, 19].

. A unified treatment of the coupled fixed point problem (and its consequences such
as coupled fixed sets) can be given by considering, instead of the £!-type metric d
or the />°-type metric d, the ¢p -type metric on the Cartesian product X x X. It is
known that this general ¢P-product metric was often employed in the fixed point
theory, see [8, 10,25]. Another research direction on this topic could involve the
symmetric product of the sets, see [7].

S Examples
Example 1. Let f1, fo : [0,1] x [0,1] — [0, 1] given by
T+y r+vy
H@y) =——,  folz,y)=1- :
6 6
Then f;, i € {1,2}, satisfy, for all (z,y), (u,v) € [0,1]2, the following relations:

i) — Filuv)| < &

|fila,y) = filu,v)] <

(lz = ul + |y — v]),

max{|z — ul, |y — v|}.

W] = |

Nonlinear Anal. Model. Control, 23(2):141-158
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Consider the iterated function system f = (f1, f2) and the fractal operator F' generated
by f,ie., F': Pop([0,1]) X Pep([0,1]) = Pep([0, 1]) given by

F(A,B):= fi(A,B)U f2(A, B).
If we take, for example, Ag = By = [0, 1], then the sequences (A,,) and (B,,) given by
An+1 = F(Ana Bn)a Bn+1 = F(Bna An) (12)

both take, for n > 1, the values A,, = B,, = [0,1/3] U [2/3,1] = A* = B*. In this case,
even the iterated function system f is of Cantor type, the sets A*, B* have not a self-
similar structure.

Example 2 (Cantor-type coupled fixed points). Let f1, fo : [-1,1] x [-1,1] — [-1,1]
given by
1

3 max(|z/, [y]) if 2 =0,
fl(xay) - 3. 1 .
sign x5 max(|zl, [y[) ifx #0,

3 + g max(|z], [y]) ifz =0,

f2(x7y) = {

signz(2 + 1 max(|z],|y])) ifz #0.

Consider the iterated function system f = (f1, f2) and the fractal operator F' generated
by f,ie., F:P([—1,1])x Pep([—1,1]) = Pep([—1,1]) given by F(A, B) := f1(A, B)U
f2(A, B). Consider Ay = By = [—1,1] and, for n > 1, the sequences (A,) and (B,,)
given by]

A1 =F(A,, By), B,11 = F(B,,A,). (13)

Then A*, B* € P.,([—1,1]) have a Cantor-type self-similar structure, see the approxi-
mations of it in Fig. 1.

A B
1 1
08 naf
06 il
04 0.4t
02 D2t
Ips == e sme == - == e == e cme == o= o=
02 02t
04 04f
0B 061
0na 08k
g 05 0 05 1 o o5 0 05 1

Figure 1. Az and B3 from Example 2.
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Example 3 (Sierpinski gasket-type coupled fixed points). Let us consider fq,..., fs :
[—1,1]% x [-1,1]* — [-1, 1]* as follows:

ol (o) = (s (5 + 5 max(la, o) ). sgn g ma((o. o))

Fal (o). () = (s (3 + 5 max(la, o) ). sgn g (o o))
ol (u,0) = (signr (5 + Loa(al ) ) sy (5 + Gl o)) ).
folC () = (s34 max(lal. ) ) sy (3 + Fmax(ll. o) ) )
ol () = (s (5 -+ 5 max(lal. ) ) sy (5 + g max(ll. o) ) )
ol ) = (s (g max(el ) ) sy (5 + o o) ) )

ol () = (signen (g max(il o) ). sy (5 + 5 max(lh o)) )-

Consider the iterated function system f = (f1, ..., fs) and the fractal operator F' gener-
ated by f,ie., F : Pp([—1,1]%) x Pop([—1,1]%) — Pop([—1,1]?) given by F(A, B) :=
fi(A,B)U---U fs(A, B). Consider Ag = By = [—1,1]? and, for n > 1, the sequences
(A,,) and (B,,) given by

An+1 - F(An, Bn), Bn+1 = F(Bn,An) (14)

Then the coupled self-similar sets A*, B* € P.,([—1,1]?) of the iterated function system
f=1(f1,..., fs) are approximated in Fig. 2.

Example 4. If, in the same context as before, working with the same initial sets Ay, By,
we choose the following iterated function system:

f1(($, Y), (uvv)) = <Sign$;|$|7 Signy;|y|>7

fol(o ) ) = (sign (5 + glol ) sisnglo)

(o)) = (s (5 + gl ). siny o)

3
fil(@ ), (u,v)) = (g@ .

, 11
x| |, signy §+§\y| ,

Wl N

W =

Nonlinear Anal. Model. Control, 23(2):141-158
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1
0.8
0.6
0.4
0.2

0

-0.2

-04

-0.6

-0.8

-1
-0.5 0 0.5 1 -1 0.5 0 0.5 1

Figure 2. A3 and B3 from Example 3.

A4
0&r
06r
0.4
0.2
oF +
02k
04F
06|

081

05 i 05 1 E 05 0 05 1

Figure 3. A3 and B3 from Example 4.

fol(w0) w0) = (sign (3 + 3lol ) s (5 + bl ) )
fol(en)su0)) = (s (5 + gl ) sy (3 + 301 ) )
fo((en)e () = (s (e ). siens (5 + 1))
fol(o9) ) = (signa(3lel ) sisny (5 + 30l ) )

then the fixed point will be the pair (Sierpinski carpet x{(0,0)}), see Fig. 3.
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