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AsstracT. In this paper, we introduce two new classes of enriched cyclic contractions in the setting of Banach
spaces: enriched P-cyclic contractions and enriched Reich-type cyclic contractions. The enriched P-cyclic
condition employs the absolute difference of the displacement norms, which is a strictly weaker requirement
than the sum used in earlier works. The enriched Reich-type cyclic contraction allows independent
coefficients for ||« — T'z|| and ||y — T'y||, thereby generalizing both the classical Reich contraction and known
enriched cyclic contractions. For each class, we prove the existence and uniqueness of a fixed point in the
intersection of the cyclic subsets. Moreover, we show that the Krasnosel’skii iteration converges to this fixed
point for any initial guess, and we establish a priori and a posteriori error estimates together with the rate
of convergence. As an application, we consider a generalized iterated function system formed by enriched
Reich-type cyclic contractions with 3 = v = 0. We prove that the associated Hutchinson operator on the
hyperspace of compact sets possesses a unique attractor, and that the iteration of this operator converges
to the attractor in the Hausdorff metric. Numerical examples in one and two dimensions illustrate the
theoretical results.
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1. INTRODUCTION

Let (X, d) be a metric space and consider a mapping 7' : X — X. The notion of fixed points, where
there exists z € X such that Tz = z, is central in the study of nonlinear mappings. The set of all fixed
points of T" is denoted by Fix(7"). When Fix(7") reduces to a single point and the Picard sequence
{T™x0} converges to that point for any initial o € X, we call T" a Picard operator.

A landmark result in fixed point theory is the Banach contraction principle [3], which asserts that

every contraction self-mapping on a complete metric space is a Picard operator. Recall that 7" is a
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contraction if there exists o € [0, 1) such that
d(Tz,Ty) < ad(x,y) Vo,y € X.

Over the years, many generalizations of the Banach contraction principle have been obtained, includ-
ing the Kannan [12], Chatterjea [10], Ciri¢-Reich-Rus [11,17,18] and other contractive conditions. In a
different direction, Popescu [ 16] introduced the notion of P-contraction: a self-mapping 7" on a metric

space is called a P-contraction if there exists § € [0, 1) such that
d(Tz,Ty) < Bld(z,y) + |d(z, Tz) — d(y, Ty)l]] ~ Vz,y € X.

Every contraction is a P-contraction, but the converse is false. Popescu showed that P-contractions on
complete metric spaces are Picard operators.

Another recent direction, initiated by Berinde and Pacurar [4], is the study of enriched contractions
in normed spaces. A mapping 7' : C' — C on a convex subset C' of a normed space (X, || - ||) is called

an enriched contraction if there exist b > 0 and 6 € [0,b + 1) such that
1b(z —y) + Tz =Tyl <Ollz =yl Ve,yeC.

Setting b = 0 recovers a classical contraction. However, there exist enriched contractions that are not
contractions (and not even P-contractions), as shown in [4]. For such mappings, the Picard iteration

may not converge, but the Krasnosel’skii iteration
Tpy1 = (1 = Ny + ATxy, M€ (0,1],

does converge to the unique fixed point. Enriched versions of Kannan, Chatterjea, Ciri¢-Reich-Rus and
other contractive inequalities have been studied in [5-8]. The notion of enriched mappings has been
fruitfully extended in multiple directions, encompassing various enriched contractive and nonexpansive-
type operators across Banach spaces, convex metric spaces, and other nonlinear settings [14,15,19,20].

Independently, Kirk et al [ 13] extended the Banach principle to mappings that need not be continuous
by using a cyclic representation of the space. A finite family {B;}*_, of nonempty subsets of X is a cyclic
representation with respect to 7" if X = Ule B;and T'(B;) € Bjy1fori=1,...,k—1,T(B;) C B.
Under a cyclic contractive condition, they proved the existence of a unique fixed point in the intersection
N, B

The purpose of this paper is to merge the above ideas by introducing and studying enriched cyclic
contractions of two new types: enriched P-cyclic contractions and enriched Reich-type cyclic contractions. Our
work is strongly motivated by the recent paper of Abbas et al [1], where the authors initiated a class
of generalized enriched cyclic contractions and applied them to iterated function systems. However,
the contractive condition in [1] involves the sum ||z — Tz| + ||y — T'y|| (see their inequality (2.0.1)).

In contrast, our enriched P-cyclic contraction uses the absolute difference |||z — Tz| — ||y — Ty|/|,
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which is a strictly weaker condition (see [2] for more details). Moreover, we introduce an enriched
Reich-type cyclic contraction where the coefficients on ||z — T'z|| and ||y — T'y|| are independent, thereby
generalizing both the classical Reich contraction and the enriched cyclic contractions studied in the
literature.
More precisely, let {B;}¥_; be nonempty closed convex subsets of a Banach space X and let T :
U%_, Bi = X be a mapping. We define:
e T'is an enriched P-cyclic contraction if there exist b > 0 and 6 € [0,b + 1) such that for all
x € B;,y € Biy,

0

Ib(z —y) + Tz — Tyl < Ollz —yll + 3

|z = Tl — [ly — Tyll]-

e T is an enriched Reich-type cyclic contraction if there exist b > 0 and constants «, 5,7 > 0

with T T8+ <1 such that forall x € B;, y € Bj+1,
[b(z —y) + Tz — Ty|| < allz -yl + Bllz — Tz + [y — Tyl

For both classes we prove:

(1) Existence and uniqueness of a fixed point u € ﬂle B;;
(2) Convergence of the Krasnosel’skii iteration to « for any initial point;
(3) A priori and a posteriori error estimates;

(4) Rate of convergence estimates.

These results unify and extend several known theorems: the classical cyclic contraction theorem of
Kirk et al. [ 13], the enriched contraction theorem of Berinde and Pacurar [4], the P-contraction theorem
of Popescu [16], and the Reich-type cyclic contraction results of Rus [18]. We also provide illustrative
examples, including a two-dimensional example where the enriched Reich-type cyclic contraction is
verified and the Krasnosel’skii iterates are computed numerically. Furthermore, as an application, we
study a generalized iterated function system built from enriched Reich-type cyclic contractions with
B = = 0, and we prove the existence of a unique fractal attractor in the hyperspace of compact sets.

The paper is organized as follows. In Section 2 we introduce the enriched P-cyclic contraction, prove
the main fixed point theorem, and discuss the convergence of the Krasnosel’skii iteration. Section 3 is
devoted to enriched Reich-type cyclic contractions; we show that this class is distinct from the P-type
class and establish analogous fixed point results. Finally, Section 4 presents applications to iterated

function systems and provides numerical illustrations.
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2. ENRICHED P-CYCLIC CONTRACTIONS

Definition 2.1. [18] Let X be a nonempty set, k a positive integer, and 7" a self mapping on X. A finite
collection {B; C X :i=1,2,3,--- ,k} is called its cyclic representation of X with respect to 7" if
1.X=U", B;
2. T(Bl) - BQ, o -T(Bk_l) - Bk, and T(Bk) - Bl.

Definition 2.2. A mapping T : U¥_, B; — X is called an enriched P-cyclic contraction if it satisfies the
following conditions:

(i) {Bi:i=1,2,3,---,p}is cyclic representation of U}_, B; with respect to T},

(2) thereexists b € [0,00) and 0 € [0,b+ 1) such thatforallz € B;and y € B, for1 <i <k,

0
bz —y) + Tz = Tyl| < Ollw =yl + =7 e = Tzl = lly = Tulll (2.1)

Recall that, a mapping 7 : C — C given by Ty (z) = (1 — A\)z + AT’z is called an averaged mapping,
where \ € (0, 1] and T is a self mapping defined on a convex subset C of a linear space X. Note that

Fiz(Ty) = Fia(T).

Theorem 2.3. Let T : U¥_| B; — X be an enriched P-cyclic contraction. Then
1. Fix (T)={u} for some u € N¥_, B;;

2. There exists X € (0, 1] such that an iterative method {x,},2, given by
Tnt1 = (1 = Nzxy + ATy, n >0, (2.2)

converges to u for any xo € UF_, B;
3. The following priori and posteriori estimate hold;

En

= ull < £ llag = 2, .2 0

— €

€
s —ull <

<~ rn — @nsall, n > 0.

4. Moreover, the inequality

Hxn - UH < GHxn—l - UH, n=12,---

20\
14+0N

determine the rate of convergence of the Krasnosel'skii iteration where € =

Proof. We will consider two cases:

1
Letb > 0and let A = R Obviously, 0 < A < 1 and the enriched P-cyclic contraction condition

(2.1) becomes

1
15 (& =) + To = Tyl| < Ollz = yll + Allz = Tl = [ly — Ty]l|
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for all z € B; and y € B;11. The above condition can be written in an equivalent form as
[Thz — Tyl < 6lllz —yll + [llz — Thl = |ly — Toylll] (2.3)

where § = 6. We note that 6 € [0,1) since § € [0,b + 1). This implies that T) is a P-enriched
mapping. Assume that ||z,11 — x| > 0 for all n € N. Otherwise, x,, will be a fixed point of T}
and hence of 7. Consider an arbitrary point zy € U¥_; B; and define the sequence of Krasnosel’skii
iterates x,,+1 = (1 — A)zy, + AT'zy,, n > 0 which is equivalent to the Picard iterates z,,1 = T\, for all
n =0,1,2,--- . Notice that, there exists i € {1,2,---k} such that zy € B;. As {B;;i = 1,2,---k} isa

cyclic representation of Uf;lBi with T, we have x1 = Thxy € B;+1. Therefore,

lze — 1] = |Thz1 — Thzoll
< dJer = 2ol + Iz — Taza ]l — |lwo — Thwol|[]
= [z — ol + [[z1 — 22 = [|zo — z1]|]]. (24)

If |1 — z2|| > ||zo — 21]|, then, by (2.4), we obtain ||zy — 21| < §||x2 — 21]|, which is a contradiction.
Therefore,

1 — wall < [lzo — 21 ]]. (2.5)

Then, from (2.4), we have
22 — 21| < 6[l|z1 — @oll + [[wo — 21l — w1 — 22]],

which implies,

24
laz = a1l < 15 lla1 — o]l

, 26 25
Since ¢ € [0, 1), we have s < 1. Lete= T thene € [0,1).

By induction, we obtain

|Zn+1 — 2ol < €"f|x1 — 20]|- (2.6)

Now, for any numbers n, m € N, with m > n, we have

IN

| Zn+m — T |Zn+m = Trrm—1ll + |[Tatm—1 = Tnym—2|l + - + [|Tn41 — 20|

IN

(en-i-m—l + 6n+m—2 4t 6”)”%1 _ xOH
= MMM )| — @

1—-€m
= En(l)”l'l - fL'OH (2.7)
— €

Taking the limit in (2.7) as n — oo, we get ||2y+m — zy|| — 0, which shows that the sequence {z,} isa
Cauchy sequence in U¥_, B;. Since U¥_, B, is a complete subspace, {x,,} converges to a point in U*_, B;.
Let us denote

u= lim x,. (2.8)

n—o0
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Moreover, since {B; : i = 1,2,--- , k} forms a cyclic representation of UleBi with respect to T}, the
sequence {7, } has infinitely many terms in each B; foralli € {1,2,--- ,k}. Consequently, u € N¥_, B;.

We need to prove that v is the fixed point of 7. From (2.3), it follows that

[Zpt1 — Thull = || Tozn — Thull
< S[llen — ull + [z — Toazn|| — [Ju — Thull]
= d[lzn —ull + lzn — Tpga || — llu — Thull]. (2.9)

By letting n — oo in (2.9), we obtain
|lu — Thul| < dllu — Thull.
Hence we get ||u — Thu|| = 0. ie; u € Fiz(Ty). To prove the uniqueness of u, let p € N¥_, B; such that
Thp = p-
0 <[lu=pll = [Tau—"Txpl
< Offlu = pll + llu = Taull = [lp = Txpll]
= Ollu—pl,

a contradiction. Therefore, Fiiz(Ty) = u = Fiz(T") and hence (i) holds. Condition (ii) follows from
(2.8).
On taking the limit as m — oo in (2.7), we obtain a priori estimate given by

n

[ —ull < [0 = @1l 7 > 0.

1—c¢

To obtain the posteriori estimate, we consider z = =, and y = z,, in (2.3), then
[z — Zpta || < O[|zn—1 — znll + [len—1 — 2nll — |20 — g |[[]- (2.10)

Using the same arguement as in (2.5), we obtain ||z, — Zp41]| < ||£n—1 — 2y ||. It then follows from

(2.10), that

[#n = Tns1 ]| < €ffan—1 — zn]l.
By induction we therefore have
|Zntm = Enpmir | < €T zno1 — x|

which implies that

IN

|Zn+m — T |Zntm = Tnpm—t1] + | Tasm—1 = Tnym—2|| + - + |Tnp1 — 20|

< (€4 )Tt — B

e(em_l +em 244 D|zn—1 — zn||
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1—em
1—c¢

[Zn—1 — 2| (2.11)

= €

Letting m — oo, we obtain the posteriori estimate

st = ull € —— [l — 2arill, > 0.

1—¢

Consider z € B;and y € B;y1 fori € {1,2,--- ,k}. From (2.3), we have

1Txz =Tyl < llle —yll + [l = yll + [ly = Tayll + [ Tay — Dozl = [ly = Taylll]

S[llz = yll + [z = yll + [[Txy — Taz|l[]-

This implies that

[The — Thy| < ellz —y].
By taking x = x,,—1 and y = u, we obtain the rate of convergence of the Krasnosel’skii iteration. If b = 0,

then A = 1 and ¢ = 0. In this case, the Krasnosel’skii iteration reduces to the Picard iteration associated

3. ENRICHED REICH-TYPE CYCLIC CONTRACTIONS

The enriched P-cyclic contraction (Definition 2.2) employs a single parameter 6. In this section, we
introduce a complementary class of enriched cyclic contractions based on the classical Reich contraction
[17], where the coefficients on ||t —T'z || and ||y—T"y|| are independent and decoupled from the coefficient
on ||z — y||. This yields a genuinely distinct class of mappings: the enriched P-cyclic contraction class
and the enriched Reich-type cyclic contraction class are distinct. In this section, we enrich the Reich-type

contractions introduced by Bojor [9] and obtain existence and convergence results for such mappings.

Definition 3.1. A mapping T : Ule B; — X is called an enriched Reich-type cyclic contraction if the

following conditions are satisfied:

(1) {B;:i=1,2,...,k} is a cyclic representation of U§=1 B; with respect to T);

(2) There exist b € [0, 00) and constants «, 5,y > 0 with
«
P <1
pr1 TP
such thatforallz € B;and y € By, 1 <i <k,

lb(z —y) +Tx —Ty|| < allz—yl| + Bllz — Txz|| + |y — Tyl (3.1)

Remark 3.2. Setting b = 0 in (3.1) reduces to the classical Reich-type cyclic contraction: |7z — Ty|| <
allz =yl + Bllz = T[] +~lly = Tyl witha + 5+ < 1.
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Remark 3.3. The enriched P-cyclic contraction class (Definition 2.2) and the enriched Reich-type cyclic
contraction class are distinct. Indeed, since |||z — Tz| — ||y — Ty||| < ||z — Tz|| + |ly — Ty||, every
mapping satisfying (3.1) with 8 = v = b_%l and o = 0 also satisfies the enriched P-cyclic condition
(2.1) with the same 6. However, the converse does not hold: the P-contraction condition, through the
use of |||z — Tz|| — ||y — Ty|||, is strictly weaker than the sum ||z — T'z|| + ||y — T'y||. On the other hand,
the Reich-type condition permits 5 # v and allows the three coefficients to be independent, which the

P-cyclic condition (with its single parameter #) does not. Thus, neither class contains the other.

Theorem 3.4. Let (X, || - ||) be a Banach space and let By, Ba, . .., By, be nonempty closed convex subsets of X.
Let T : Ule B; — X be an enriched Reich-type cyclic contraction. Then:

(1) Fix(T) = {u} for some u € ﬂi?:l B;;

(2) There exists A € (0, 1] such that the Krasnosel'skii iteration {x,, }°°, given by

Tny1 = (1= Nxy + A\Txy, n >0,

converges to u for any xo € JI_, By;
(3) The following a priori estimate holds:

n

Hxn_uH < 1_€||.TU0—.CC1H, n =0,
a+p . «Q
wheree = ——, witha= ——,p= 6, and g = ~;
g Vitha =g p=pandg=xy
(4) The following a posteriori estimate holds:
ln = ull € =1 —zall, n21.

Proof. Case 1: b > 0. Let A = b%l Then 0 < A < 1. Weseta = b%,p = 3, ¢ = =, and note that
a+ p + g < 1 by hypothesis.
Since Thz = (1 — A)z + ATz, we have Tz = 1 (Th\x — (1 — \)z), and consequently

1
&= Tal = 5|z — Th]

forallz € Ule B;. Moreover, ||b(z — y) + Tz — Ty|| = 1| Tha — Thy|l.
Substituting into (3.1) and multiplying both sides by ), the enriched condition reduces to

|Thx — Thyl| < allz —yl| + pllz — Taz|| + qlly — Thy|| (3.2)

forallz € B;,y € Bjy1,1 <i<k.
Let xg € Ule B, be arbitrary, and define z,, 11 = Ty, for all n > 0. We assume ||zy4+1 — z,|| > 0 for

all n; otherwise z,, is a fixed point of T and hence of T'.



Asia Pac. J. Math. 2026 13:112 9 of 20

Since { B;} is a cyclic representation with respect to T}, there exists i € {1,2,...,k} such that zg € B;,

x1 € Bit1, 2 € Biyo, and so on. Applying (3.2) with = 2,1 € Bj and y = z,, € Bj 1, we obtain
[2n = 2na|l = I Tazn—1 — Tazn||
<allzn—1 — zn|l + pllrn—1 — Trazn-1| + gllzn — Trzn|
= allzn-1 = znl +pllzn-1 — 20l + qllzn — 2ngall.
This implies that
(1= @llznt1 — znll < (a+p)lzn — zpll.

Since g < 1 (asa+p+ q < 1), we have

a—+
1 = anll < ellan — ol wheree = $70 <1 (33)
By induction, (3.3) yields
[#n41 — nl| <"l —@oll, n=>0. (34)
For m > n, using (3.3):
m—1
[m — x|l < 241 — ;]|
j=n
m—1 .
< &’ ||z1 — ol
j=n
1—egmn

Since e € [0, 1), [|[zm — x| = 0asn — oco. So {z,} is Cauchy in the complete subspace Ule B;. Hence

{z,,} converges to some u = nlgrolo T

Since {x,} has infinitely many terms in each B; (by the cyclic structure) and each B; is closed,
u € ﬂ?:l B;.

Since u € ﬂle B;, for any x,_1 € B; we have u € Bj;1. Applying (3.2) withz = z,,_; and y = w:
[n — Toul| = [[Thzn-1 — Thull
< allen—1 — ull + pllanr — wall + qllu - Trul.
Letting n — oo:
lu = Thul| < qllu — Thul.
Since ¢ < 1, it follows that ||u — Thu|| = 0, i.e., Thu = u. Since Fix(T)) = Fix(T"), we conclude Tu = u.

Suppose v € ﬂle B; with Ty\v = vand v # u. Taking x = u € Bjand y = v € B in (3.2):

lw — vl = [Tohu — Thol| < alju — vl + pllu — Thull + gllv — Tav[| = allu — o]
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Since a < 1, this gives ||u — v|| = 0, a contradiction. Thus Fix(7") = {u}, establishing (1).

Condition (2) follows from liﬁm Ty = U.

A priori estimate.
Letting m — oo in the Cauchy estimate (3.5):

n

l2n = ull < [0 = @1, n >0, (3.6)

1—e¢

establishing (3).

A posteriori estimate.

From (3.4), by induction: ||z, j4+1 — Znj| < &Y |xp—1 — 25| for all j > 0. Therefore, for m > n:

m—n—1 m—n—1 '
[2m — znl| < Z [Zntj+1 — Tnsl| < Z 5]+1Hxn—1 — zn|
=0 j=0
1—egm=n
=& ?Hivn_l — l'n”
Letting m — oo:
€
Jon = ull £ T llan1 —zall, 21,

establishing (4).
Case 2: b = 0. Then A = 1 and a = «, so the Krasnosel’skii iteration reduces to the Picard iteration

Zn41 = Txy, and (3.2) becomes the classical Reich-type cyclic contraction condition. O

If we consider b = 0 and 3 = v = 0 in Theorem 3.4, we obtain Theorem 1.3 of [13] in the setting of a

Banach space.

Corollary 3.5. [13] Let (X, ||.||) be a Banach space and T : UE_,B; — U_| B; satisfying the following

conditions (where Bi11 = By) :

(1) T(Bi) € Bina
(2) 3a €(0,1) such that || Tz — Ty|| < aflx —y|| forallz € Biandy € By for 1 <i < k.

Then T has a unique fixed point.

Remark 3.6. Theorem 3.4 unifies several known results:

(1) Enriched Banach-type cyclic contraction: Setting 5 = v = 0 yields ||b(z — y) + Tz — Ty|| <

allz — yl|, and the contraction factor becomes ¢ = ;%5.

(2) Enriched Kannan-type cyclic contraction: Setting o = 0 and 5 = v = J yields ||b(z —y) + Tz —
Tyl < (||lx — Tx| + |ly — Tyl||) with 2§ < 1, and e = 155'
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Example 3.7. Let X = R? with the Euclidean norm, B; = {(2,0): 0 <z < 1},and By = {(0,9) : 0 <
y < 1}. Define T : By U By — R? by

(o % (Y
T(x70) - (Ov 4> ’ T(O7y) <370> .
Then T'(B1) € By and T'(B2) C By, so the cyclic condition holds. We verify (3.1) with b = 1 (so
A=1/2),a=1/2,8=1/6v=1/3.
e tB+y=3+gt+tz=5 <L

The contraction factor is ¢ = 92 — 1/4+1/6 _ 5/12 19 ~0.476.

¢ 1-1/8 — 7/8 — 21
The unique fixed point is u = (0,0) € By N Ba.

1

1
With b = 1, the parameter is A = br1 - 2 The Krasnosel’skii iterates are defined by

Tni1 = Thxn = (1 = Ny + A\, = %xn + %Ta:n.

The mapping 7" can be defined on B U B; as follows:

T(z,y) = (% %) (z,y) € R%.

Indeed, T'(z,0) = (0, %) and 7'(0,y) = (%, 0), as required. With this extension the Krasnosel’skii
operator becomes

1 Yy T
_(*r_ ¥ Q)
_<2+6’ 8+2

Numerical illustration.

Take xg = (1,0) € Bi. Then

Then

The a priori estimate (3.6) becomes

21 17 10\"
—ull <= = [—=] ~1.2 A76)™.
llx, — ul| < 1 s (21> 36 x (0.476)

The norm ||x,, — u|| converges to v = (0, 0).
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4. APPLICATIONS INVOLVING ITERATED FUNCTION SYSTEMS

As an application of the results presented in Section 3, we study an iterated function system (IFS)
consisting of a finite family of enriched Reich-type cyclic contractions with 3 = + = 0. First, we

introduce some notations that will be used throughout this section.

e Let (X, d) be a complete metric space. Denote by P(X) the family of all nonempty subsets of X and
by C(X) the family of all nonempty compact subsets of X. For A, B € C(X) define the gap between
A and B by

D(A, B) = supd(a, B) = sup inf d(a,b),
a€A acAbEB

and the Hausdorff distance by
H(A,B) =max{D(A, B), D(B,A)}.

It is well known that (C(X), H) is a complete metric space whenever (X, d) is complete.
e For a real number o we write «A = {aa : a € A} and, more generally, for two sets A, B C X the

Minkowski sumis A+ B={a+b:a€c A, be B}.

The class of mappings we employ is a special case of the enriched Reich-type cyclic contraction

introduced above, where we set 3 = v = 0. Explicitly, a mapping T : Ule B; — X satisfies condition
Ib(z —y) + Tz =Tyl < alle =yl (Vo € Bi, ¥y € Bip1, 1 <i < k),

with b € [0,00), @ > 0and ;37 < 1.

Remark 4.1. If we take b = 0 in the above condition, then & < 1 and each 7" reduces to a classical cyclic
Banach contraction. In that case the Hutchinson operator that we will associate with our IFS becomes

the classical Hutchinson-Barnsley operator.
We need the following elementary lemmas whose proofs are standard.

Lemma 4.2. Let {C;}ica and {D;}ica be two finite families of sets in (C(X), H), where A = {1,2,...,N}.
Then
H(U a | DZ-) < max H(C;, Dy).
(1SN (1SN
Lemma 4.3. Let (X, d) be a complete metric space. If A is a closed subset of X, then C(A) is a closed subset of
the complete metric space (C(X), H).

Before constructing the IFS operator, we prove a theorem that describes the behaviour of the induced

mapping on the hyperspace C(X).
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Theorem 4.4. Let T : U?Zl Aj — X be an enriched Reich-type cyclic contraction with 3 = v = 0, i.e. there
exist b € [0,00) and o > 0 with ;%7 < 1such that forallx € Aj, y € Aj1 (1 <j < k),

oz —y) + Tz —Ty| < afz —y|.

Define the induced map T* : U§:1 C(A;) = C(X) by T*(A) = {Tx : x € A}. Then the following hold:
(i) Foreveryj e {1,...,k}, every A e C(A;)and B € C(Aj11),

H(bA+T*(A), b B4+ T*(B)) < aH(A,B).

(ii) The family {C(A;) : j = 1,..., k} is a cyclic representation of U;‘?:l C(A;) with respect to the mapping
Ty, where A\ = bJ%l and T (A) = (1 — A\)A 4+ XT*(A), provided that T) (the pointwise analogue) is

continuous.
Proof. Set A\ = ;37 and define the mapping Ty : X — X by
The = (1= Nz + Tz
A direct computation shows that
bz —y)+ Tz —Ty = (b+1)(Tha — Thy).

Therefore, the contraction condition of the hypothesis rewrites as

«
[Tha — Thyll <

Sprpllr-vl=are—yl (Vo €4; Vy € djn). (4.1)

Since a\ = bj‘_—l < 1, T) is a cyclic contraction.

Proof of (ii): By hypothesis {A4; };?:1 is a cyclic representation of U;?:l A; with respect to T), i.e.
T\(Aj) € Ajp1 (with Apq = Ay). As Ty, is continuous and maps compact sets to compact sets, for any
A € C(A;) wehave T)\(A) € C(Aj41). Because T} (A) = T)\(A), this yields

T3(C(4y)) € C(A540),
which is precisely the required cyclic property.

Proof of (i): Let A € C(4;) and B € C(A;+1). Observe the relation

bA+T*(A):{ba+Ta;aeA}:(b+1){(1— )a+ ! Ta;aeA}z(bH)T;(A).

1
b+1 b+1

Using the Hausdorff distance, we obtain
H(bA+T*(A), bB+T*(B)) = (b+1) H(TX(A), Tx(B)).
Now, for any compact sets A, B we have

D(TX(A),Tx(B)) = sup inf |Thxz — Thy|
r€AYEB
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< aAsup inf ||z —y||
zcAYEB

=a)\D(A, B).
Symmetrically, D(T}(B),T5(A)) < aA D(B, A). Consequently,
H(Tx(A),Tx(B)) < aXH(A, B).
Multiplying by b + 1 = 1 we finally obtain
H(bA+T*(A), bB+T*(B)) < aH(A, B),
which completes the proof. O
Corollary 4.5. Forn =1,2,..., N, let T") U§:1 Aj — X be a finite family of mappings. Assume that:

(1) each T™ is an enriched Reich-type cyclic contraction with § = v = 0; i.e. there exist b, € [0, 00) and
oy, > 0 with 3%7 < 1 such that for every x € Aj, y € Aj1 (1 <j < k),
lon(z —y) +T™a =Ty < ayllz —y|;
(2) {A;:j=1,... k}isacyclic representation of Ule A with respect to each averaged mapping T(Z), where
A = g and T e = (1 - Ag)a + ATz

Define the operator I : U?:l C(A4;) = C(X) by
N
F(A) = J 10" (4),
n=1

where T)(\:)*(A) = {T/&:) x : x € A}. Then the following hold:
(i) {C(A;):j=1,...,k}isacyclic representation 0fU§:1 C(A;) with respect to F;
(ii) forall1 < j <k, A e C(Aj)and B € C(Aj+1),
H(F(A), F(B)) < 0 H(A,B),

Qnp

)

where § = max , provided that all the averaged mappings T/{: are continuous.

1<n<N b, +1

Proof. Let C' € C(A4;) for some j. By Theorem 4.4(ii), each mapping TA(:)* maps C(4;) into C(4;41);
therefore the finite union F(C) = [J_, Ti:)* (C) is again a compact subset of A;,; and hence belongs
to C(Aj4+1). Consequently,
F(C(4)) cC(Aj1)  (1<j<k),
which proves the cyclic property (i).
For the contractive estimate (ii), take A € C(4;) and B € C(A,41). From the proof of Theorem 4.4(i)

we have, for each n,
Qp

b, +1

H(T{ (A), TV (B)) < H(A, B). (3.0.35)

9 )\n
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Using Lemma 4.2 and the estimate above,

n

N N
(). @) = (|J 1" @). J 10" (3)
n=1 n=1
< 1£%XNH(T§:)*(A)7 TA(Z)*(B))

< max
1<n<N b, +1

=60H(A,B),

H(A, B)

(679

where 0 = max
1<n<N b, +1

. This completes the proof. O
Theorem 4.6. Let (X, || - ||) be a Banach space, let { A; };?:1 be a finite family of nonempty closed subsets of X,
and let T U§:1 Aj = X, ne{l,2,...,N}, be a family of mappings. Assume that:

e cach T'™ is an enriched Reich-type cyclic contraction with 8 = = 0; i.e. there exist by, € [0,00) and a, > 0

with 327 < 1such that forallz € Aj, y € Aj11 (1 < j <k),

bz — y) + Tz — TMy|| < aylz — yl);

o {A; :j=1,2,...,k} is a cyclic representation of U;?:l A with respect to Ti:) foreveryn =1,...,N,

_ 1 (n),. _ (n) ..

where A, = BT and T, &= (1 =)z + AT e,
(079

e = max

1<n<N b, + 1

Then the map F defined in Corollary 4.5 possesses a unique attractor A; i.e. there exists a unique A & U;?:l C(4))
such that F(A) = A. Moreover,
A= lim F™(B)

m—r0o0

for every B € U?Zl C(A;), provided the averaged mappings T/&:) are continuous for all n.

Proof. Since (X, | - ||) is a Banach space, the hyperspace (C(X), H) is a complete metric space. By
Lemma 4.3 each C(4;) is a nonempty closed subset of C(X). Corollary 4.5 shows that the map F

satisfies all the requirements of the cyclic contraction IFS theorem (Theorem 4.4 with the parameters

k

B =~ = 0). More precisely, I is a cyclic §-contraction with respect to the cyclic family {C(A;)}7_;.

Hence, by Theorem 4.4, F' has a unique attractor A, and for any starting set B in the same union the

sequence of iterates converges to A in the Hausdorff metric. O

Example 4.7. Let X = R be equipped with the usual norm. Define the two closed sets
A =10,2], Ay =[1,3].
Set b = 1; hence A = ;17 = 3. Consider the mappings 7)), T®: A; U A, — R given by

TWg = —0.82 + 3.2,

Ty — —0.82 + 2.6.
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The corresponding averaged maps are

Ty =1 - Nz + ATz =012+ 1.6,

@

12T = 0.1x+1.3.

Cyclic representation. We verify that {A;, Az} is a cyclic representation of A; U Ay with respect to

both averaged maps:

TN (A1) = [1.6, 1.8] € Ap,  T{)(Ag) = [1.7, 1.9) C Ay,
Tf?%(fh) = [1.3, 1.5] C Ay, Tff%(Ag) =[1.4,1.6) C A;.

Enriched contraction condition. For every z € A;, y € Ay and n = 1,2 we have
‘ bx —y)+ Ty — T(")y ‘ = ‘ (x —y)+ (—0.8)(z —y) ‘
=0.2|z —y|.

Thus each 7™ is an enriched Reich-type cyclic contraction with parameters b = 1, a;,, = 0.2 (and

B =~ =0). Since
a1 0.2 a9
=—=01<1
b+1 2 0.1<1, b+1

the condition 6 = max,, lfjr—“l = 0.1 < 1 holds.

=0.1<1,

IFS operator and attractor. Define the operator F': C(A; U A3) — C(A; U Az) by

FB)=T%1B) uT?

= t172 1/2(3)'

By Corollary 4.5, F'is a cyclic f-contraction and possesses a unique attractor A C A; N As. The attractor
is a Cantor-type set generated by two affine maps with contraction ratio 0.1; after the first iteration the
entire set lies in [1.3, 1.9], and successive iterations produce an infinite collection of disjoint intervals

whose lengths tend to zero.
Example 4.8. Let X = R? with the norm ||(u, v)||1 = |u| + |v|. Let
Al =[-1,1] xR,  Ay= [-%, 1} x R.

Define three mappings T(1), 7(?) 7). A} U Ay — R? by

T (u,v) = (0, 5+ 0.11}),

T (u,v) = <%, —du vy 1),

TG (u,v) = <0, T+ %)
Take by = by =b3 =1,50 \,, = % for all n. Then

Til)(u,v) = (%, 1t 0.551)),

2
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(1),

Cyclic representation. For T if (u,v) € A; then the first component % € [—3, 1] C Ay; if (u,v) € Ay

then % € [—1,3] C A;. For T( ): (u,v) € A gives first component 4 + 1 € [—1,3] C Ay; (u,v) € Ay
gives % + 1 €[0,3] C A;. For Ti ): the first component is §, which behaves exactly as for TS). Hence
2 2

{A1, Ay} is a cyclic representation of A; U Ay with respect to each Ti").
2

Enriched contraction condition. For (u,v) € A; and (4,v) € Ay we have

2 2

b (1, v) — (i1, ) + T (u, v) — T (@, 5) = 2(T§"> (u,0) — T (@, @)).

Compute the || - ||;—contraction factors:
For Til):
2

HTél)(u,v) _ Té”(ﬁ,@)“l

= |“F4] + [“52 + 0.55(v — D)

IN

Tu—a| + Yu —a| +0.55/v — 9|

3|lu — 4| 4 0.55|v — 7|

<3 (Ju—al + v —2]) = § (u,v) = (@),
henceoz1:2><%:%.
ForTf):
2
|78 (. 0) = 78 @9
{u u‘_i_‘ u ) v— v‘
< Slu—al + 3ju—al + 2o — 9]
= Lu—a|+ v — 7|
< E(lu—al + v —2]) = g [I(u,v) = (@,9)]1,
SO g = 2 X % = %.
ForTf)’):
2
78 0) - T 9
= 25 + 257 + 22

< glu—al + glu—al + 3o — 9|
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— §fu— i + 3o
=2 (lu—al + v —12]) = § l(w,v) = (@,9)|1,
hence a3 = 2 x g = %.

The global contraction constant of the Hutchinson operator F' is

n 2 4 4
0: ax a :maX{S/ l 5/}:max{3 7 5}:7<1

27 27 2 488 8

Hutchinson operator and attractor. The Hutchinson operator F' : C(A;) UC(A2) — C(A1) UC(Az)
defined by

-

is a cyclic £—contraction on the hyperspace (C(A1) UC(Az), H). By the cyclic attractor theorem, F has a

unique attractor A, and for any B € C(A;) UC(A),

A = lim F™(B), H(F™B), A) < (71/2m H(B,F(B)) — 0.

The attractor A is a self-similar fractal contained in [—1, 1] x R, generated by the three affine contractions

T S), Tf), ng). Unlike the one-dimensional Cantor-set attractor, this attractor lives genuinely in the

2 2 2
plane and exhibits a richer self-similar geometry determined by the three maps.

5. ConcLusioN

In this paper, we introduced and analysed two new classes of enriched cyclic contractions: enriched
P-cyclic contractions and enriched Reich-type cyclic contractions. For both classes, we established the
existence and uniqueness of a fixed point in the intersection of the cyclic subsets, and we proved that
the Krasnosel’skii iteration converges to that fixed point for any initial guess. Moreover, we derived a
priori and a posteriori error estimates as well as the rate of convergence.

The enriched P-cyclic condition uses the absolute difference of the displacement norms, which
is a strictly weaker requirement than the sum used in earlier works. The enriched Reich-type cyclic
contraction allows independent coefficients for ||z — Tz|| and ||y — Ty||, thereby generalising both
the classical Reich contraction and the enriched cyclic contractions studied in the literature. These
results unify and extend several fundamental theorems, including the cyclic contraction theorem of
Kirk, Srinivasan and Veeramani, the enriched contraction theorem of Berinde and Pacurar, and the
P-contraction theorem of Popescu.

As an application, we considered a generalized iterated function system consisting of enriched
Reich-type cyclic contractions with 5 = v = 0. We proved that the associated Hutchinson operator on

the hyperspace of compact sets possesses a unique attractor (a self-similar fractal set) and that the
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iteration of the operator converges to this attractor in the Hausdorff metric. Numerical examples in one

and two dimensions were provided to illustrate the theoretical findings.
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