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1. INTRODUCTION

In is well known that one of the most important tool in the theory of metric
spaces is the contraction principle known as Banach fixed-point theorem; also known
as Banach-Caccioppoli theorem, the contraction principle or contraction mapping
theorem. This theorem guarantees the existence and uniqueness of a fixed point for
self operators in complete metric spaces. Also it provides a constructive method to
find the mentioned fixed point (Picard’s method of successive approximations). The
theorem, first given in 1922, is named after the great mathematician, Stefan Banach
(1892-1945). Initially the theorem was stated in Banach normed spaces. In 1920
Stefan Banach presented his doctoral dissertation. A year later, he published the
results of his doctorate in Fundamenta Mathematicae.

In 1930 similar results were obtained independently by Renato Caccioppoli (1904-
1959), who rediscovered and generalized Banach’s theorem for complete metric space.
Due to this fact, for many mathematicians, the theorem is known under the name
Banach-Caccioppoli theorem.
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Since then, a lot of papers were dedicated to improve that result. Several extensions
of this result tried to relax the metric structure of the space, the completeness or the
contraction condition itself. Thus, several variants of contraction principle are known
for different types of generalized contractions on metric spaces.

The generalization of the Contraction Principle takes place on two directions: on
one hand the contraction condition was generalized and on the other hand the metric
space was generalized to uniform spaces.

Around the years 1970-1975, there were great mathematicians that reload the
theorem for different type of conditions. Here we can mention some of them: M.
Edelstein, R. Kannan, L.B. Ciric, M. A. Krasnoselskii, B.E. Rhoades, F.E. Browder,
L.F. Guseman, S. Reich, I.A. Rus, S. Bianchini, and others.

On the other hand, many authors discussed the contraction principle in different
generalized metric spaces. For example, Branciari introduced the concept of rectan-
gular metric spaces and proved an analogue of the Banach contraction principle in
the setting of such a space. Also, we can mention here the importance of the work of
Perov, Schroder and Zabrejko [2], [7], [11], [4], [9], [22].

The first variant of contraction principle with the most generous conclusions, that
combines and generalizes all previous is the variant given by I.A. Rus in 2016, see
[14].

In this paper, we use the following version for saturated principles of graphic con-
tractions in complete R’} metric spaces, see [?].

Theorem 1.1. ([?]) (Saturated principle of graphic contractions) Let (X,d) be a
complete generalized metric space and f: X — X be an orbitally continuous S-graphic
contraction. Then we have that:
(i) Fr #0, and f*(x) — a*(z) =: f>®(x) € Fy, Yz € X, i.e. f is a WPO.
(ii) Ff =Fm #0, for alln € N*;
(iii) d(f"(x), f<(x)) < (I — S)~1S"d(z, f(x)), Vx € X and n € N*;
(iv) d(z, f*(x)) < (I-9)"Yd(x, f(z)), forallz € X, i.e., fisa(I—S)"-WPO;

In this paper we extend the graphic contraction principle for self operators to non-
self operators. Data dependence of fixed points results for non-self operators are also
discussed.

The results complement and extend results given in the paper: V. Ilea, A. Novac,
D. Otrocol, Fixed point results for non-self operators on R’'-metric spaces, Fixed
Point Theory, 26(2025), no. 1, 177-188.

2. PRELIMINARIES

We begin with some standard notations.

Let (X, d) be a R’-metric space, Y C X a nonempty subset of X and f:Y — X
an operator. In the sequel we use the following notations:

Fr={z €Y : f(z) =z} - the fixed points set of f.

I(f)y={ZCY: f(Z)CZ Z+# o} - the set of invariant subsets of f.

(MI)s = UI(f)- the maximal invariant subset of f.

P.(X)={Y C X|Y closed}.
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(AB)f(z*) = {x € Y : f(z) is defined for all n € N and f"(x) — «* € Fy}-the
attraction basin of the fixed point x* with respect to f.

(BA)f = LeJF (AB)¢(z*)- the attraction basin of f.
x* f

(PH)y4: P(X) x P(X) — Ry U {4+00}-the Pompeiu-Hausdorff functional
(PH)q(A, B) = max (216181)ig]f3d(a7 b), 2lelgirel£d(a, b)) .
Throughout this paper we consider that Y € Py (X).

Following [3] we have:

Definition 2.1. An operator f:Y — X is said to be a Picard operator (PO) if:

(i) Fy = {z}};

(if) (MI) = (BA);.
Definition 2.2. An operator f : Y — X is said to be a weakly Picard operator
(WPO) if:

(1) Fy # 0;

(i) (MI); = (BA);.
Definition 2.3. For each WPO [ :Y — X we define the operator f° : (BA)f —
(BA), by f=(z) = lim_f"(a).
Remark 2.4. It is clear that f*((BA)s) = Ft, so f is a set retraction of (BA);
to Ff.

Remark 2.5. In terms of weakly Picard self operators the above definitions take the
following form:

f:Y = X isa WPO iff fluun,: (MI)y — (MI)s is a WPO.
For other results on Picard and weakly Picard operators see [1], [2], [12], [13], [18].

3. SATURATED CONTRACTION PRINCIPLE FOR GRAPHIC S-CONTRACTION
Definition 3.1. An operator f : Y — X is an S-contraction if S € R'*™ and the
following take place:

(i) S is a convergent to zero matriz, i.e. S™ — 0 as n — 0o;

(ii) d(f(z), f(y)) < Sd(z,y), for all z,y €Y.

Definition 3.2. An operator f : Y — X is a graphic S-contraction if S € R}™™
and:

(i) S is a convergent to zero matriz, i.e. S™ — 0 as n — 0o;
(i) d(f(z), f2(x)) < Sd(z, f(z)), for allx €Y such that f(x) €Y.
The first result of the paper is the following:

Theorem 3.3. (Saturated principle of graphic contractions) Let (X, d) be a complete
R -metric space, Y C X a nonempty closed subset and f :' Y — X be an orbitally
continuous S-graphic contraction, where S € RT'™*™. Then we have that:
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(i) f is a non-self WPO, i.e. Fy # 0, and f"(z) — z*(z) = f>®(x) € Fy,
Vo e (MI)
(i) Fy = Fpn £ 0, for all n € N*;
(iii) d(f™(x), f>(x)) < (I — S)~1S"d(z, f(x)), for allz € (MI)y;
(iv) d(z, f*(x)) < (I — S) Yd(z, f(z)), Vo € (MI); and n € N*,i.e., f is a
(I-8)"'~WPoO.

Proof. 1) It is well-known that an orbitally continuous graphic contraction on a

complete metric space has at least one fixed point.
On the other hand

S d(f" (), £ () =

n=0
=d(z, f(x)) + d(f(x), () + d(f(2), 2 (@) + ...+ d(f" (@), [T (@) + ...
<d(z, f(x)) + Sd(z, f(x)) + Sd(f(x), f*(x)) + ...+ Sd(f* " (z), " (z)) +
<d(z, f(x)) + Sd(z, f(x)) + S*d(z, f(x)) + ...+ S"d(z, f(z)) +

This implies that (f™(z))nen converges.
Let z*(z) be the limit of f”(x). From the continuity of f it follows that z* € FY,
so Fy # 0 and f"(z) — a*(z) =: f>°(z) € Fy, Vo € (MI)y, i.e. fis a WPO.
ii) Let y € Fyn,n > 1. It follows that f"(y) = y. From i) f*(y) — a*, if K — oo.
Since f*(y) =y, k € N* we get that y = z*.
iii) Let p € N. We have the following estimations:
d(f" (@), f*(2)) <
< d(f" (@), f (@) + d(f (@), f17 ()
< d(f" (@), 1N (@) +d( @), SR @)+ AT @), S ()
<s" ( F(@) + .+ ST (, f(x)
< (5" 5"“’ Yd(, f(x)
= - ) IS"d(x,f(fﬂ))

Letting p — oo, we obtain iii), Vo € (MI); and n € N*.
iv) We have:

d(x, f=(z)) < d(z, f(z)) + d(f (), [ (2))

<d
< d(x, f(z)) + Sd(x, > (z)).
It follows that

d(z, f>(z)) < (I - 8) td(z, f(z)), Va € (MI)y. O
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4. DATA DEPENDENCE

In this section, we consider non-self operators in the case of an ordered R'[’-metric
space.

Theorem 4.1. (Gronwall lemma for graphic S-contractions) Let (X,d,<) be an
ordered complete R -metric space, Y C X closed, and f :' Y — X be an operator.
We suppose that:

(i) f is a graphic S-contraction;

(ii) f 4s orbitally continuous.

(i) f is increasing.

Then:

(a) © < f(x) =z < f(x), Yo € (MI)y;

(b) x> f(x) = x> f>®(x), Vo € (MI);.

Proof. From Abstract Gronwall Lemma (see [12]) and Theorem 3.3 the conclusion is
proved. O

Theorem 4.2. (Comparison Theorem for graphic S-contractions) Let (X,d, <) be
an ordered complete R -metric space, Y C X closed, and f,g,h : Y — X be three
operators. We suppose that:

(i) f<g<h;

(ii) the operators f,g,h are graphic S-contractions;
(iii) f,g,h are orbitally continuous;
(iv) the operator g is increasing with respect to <.

Then x <y < z implies that
et <yt <zt o= fRr) <g7(y) <hT(2).
Proof. From Abstract Comparison Theorem (see [12]) and Theorem 3.3, the conclu-
sion is proved. O

An important theorem regarding the good WPO is the following.

Theorem 4.3. Let (X,d) be a complete RT-metric space, Y C X a nonempty closed
subset and f :' Y — X be an orbitally continuous S-graphic contraction, where S €
RP*™. Then f is a good W PO, i.e.

DA (@), [ (@) < (- S)Nd(w, f(x), for allz € (MI);.
neN
Proof. For « € (MI), we have:

> d(f" (@), [T (@) =

neN

= d(, (@) + d(f (@) (@) + AP (@), @) + .+ d(f @) @)
< (z S") (e, f(2))

neN
= (I - 9)d(z, f(z)), Yo € (MI);.
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Since Y d(f"(z), f**1(x)) < oo, by definition, f is a good WPO. O
neN
Another result for special WPO is the following.
Theorem 4.4. Let (X,d) be a complete R -metric space, Y C X a nonempty closed

subset and f :' Y — X be an orbitally continuous S-graphic contraction, where S €
RI™™™. Then f is a special WPO, i.e.

> d(f" (@), f¥(@)) < (I = B) 'd(x, f*(2)), for allw € (MI)y,
neN

where B = [[-S(I—-9)"!~1S(I-9)~!

Proof. We estimate:

> d(z, f(x)) <

neN

< d(a, f(2)) + d(F(@), () + o4 d(FH @), F7 @) + A (), 72 (0)
g(ZSﬂd@Ju»—

neN
= (I - 8)""d(z, f(x)).

Let x := f(z) in the above estimation.

Follows:
d(f(z), f*(2)) < (I = 8)~ d(f(x), f*(x))
< S(I—8)"d(z, f(2))
< S(I = 8)7Hd(=, f>(x)) +d(f*(x), f(2))].
[1 = S(I—8)™1d(f(x), f*(x)) < S - S)~ d(z, f*(x)).

d(f(x), f*(2)) < I=SUI-8) ' SI-8)  d(z, f*(x)), Yz € (MI);.
If we apply the same idea for  := f?~!(z), for all n € N we obtain:
d(f" ), f2(2) < (- A)7rA)" " d(z, f*(2)),
where A := S(I — S)~!. Follows:
> d(f"(x), f=(x)) =

neN

= d(z, f(2)) +d(f(x), f*(2)) + ... +d(f" (), f¥(2)) +
< (I —B) Yd(x, f*(x)), with B:= (I — A)"'A.

The following result gives conditions for well posed fixed point problem.

Theorem 4.5. Let (X, d) be a complete R'!-metric space, Y C X a nonempty closed
subset and f :' Y — X be an orbitally continuous S-graphic contraction, where S €
R"™. Then the fived point problem for fliapy, =) : (AB)f(z*) — (AB)g(z*) is
well posed, Vx* € F}.
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Proof. Let z,, € (AB)s(x*), we have:

d(@y, ") < d(@n, f(zn)) + d(f(20), ")
< d(wn, f(20)) + d(f(xn), f2(20) + d(f*(25), 27)
< d(@p, (@) +d(f (@), [2(@n) ot A" (@n), [ (@) +d( " (20), 27)
< d(@n, f(20)) + Sd(zy, f(22)) + oo + S (2, f(20)) +d(f"(20), %)

=T +S+S%+...+85" 1+ )d(@n, f(2,)) +d(f"(20), 27)

< (I = 8) (@, f(zn))-
Letting n — oo and since z,, € (AB);(z*), we obtain the conclusion. O
Next we have established the conditions for the limit shadowing property.

Theorem 4.6. Let (X, d) be a complete R'!-metric space, Y C X a nonempty closed
subset and f :' Y — X be an orbitally continuous S-graphic contraction, where S €
R"™. Then, Va* € Fy, the operator f|(ap), (=) : (AB)s(x*) — (AB)s(x*) has the
limit shadowing property.

Proof. Let x,, € (AB)¢(z*).
d@ns1, 12(2)) <A@, f(20) +d(f(20), ().
By applying Theorem 3.3 (iii), follows:
A1, f5(2)) < [T = ST = 8) 77 1S(I = 8) d(wn, (). O
In what follow, we give two results for Pompeiu-Hausdorff functional.

Theorem 4.7. Let (X, d) be a complete R'!-metric space, Y C X a nonempty closed
subset and f :' Y — X be an orbitally continuous S-graphic contraction, where S €
RT*™. Let g : Y — X be such that:

(1) g is (I —S)"-WPO on (MI)¢;

(2) there exists n € RY: d(f(x),g(x)) <n, Ve €Y.

Then Hy(Fy, F,) < (I — S)™'n. Here Hy = (Hg,,...,Hy,,) stands for Pompeiu-
Housdorff functional.

Proof. Let € Fy. From Theorem 3.3(iv) it follows that
d(z, f>(x)) < (I = 8) " d(z, f(2)) = (I = 8) "d(g(z), f(x))
—(1-9)
Similarly, if y € F, then
d(y, 9> (y)) < (I = 8)tdly. g(y)) = (I - ) 'd(f(y),9(»))
=(I-9""
Now the conclusion follows from [11]. O
Theorem 4.8. Let (X,d) be a complete R -metric space, Y C X a nonempty closed

subset and f 'Y — X be an orbitally continuous S-graphic contraction, where S €
RP*™. Let fr : Y — X, n € N*, be such that:
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(1) fn, n €N are (I —S)~'-WPOs on (MI)y;
(2) fa iy f, as n — oo.

Then Hy(Fy,,Fy) — 0, as n — oo.

Proof. Let « € Fy,. From Theorem 3.3(iv) it follows that

d(z, f*(xz)) < (I - §)ld(, f()) = (I = S)"'d(fu(2), f(2)).

Similarly, if y € F, then

dy, f°(y)) < (I = 8)7d(y, fuly)) = (I = )~ d(f(y), fu(y))-

Now the conclusion follows from the condition (2). O
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