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Abstract

This paper studies the convergence properties of an iterative process which involves
sequences of convergent self-mappings in probabilistic Menger spaces which are
used to generate the sequences of interest. The convergent self-mappings under
consideration satisfy conditions of either uniform or point-wise convergence, in a
probabilistic sense, to a self-mapping on the same abstract space of the considered
probabilistic metric space. Furthermore, the self-mappings of the considered
sequence satisfy a probabilistic ¢-contractive condition which is based on the use of
a control ¢-function. Some illustrative examples are also discussed.

1 Introduction

Fixed point theory [1-4] is receiving important research attention in the framework of
probabilistic metric spaces. See, for instance, [2—6] and [7-11]. On the other hand, Menger
probabilistic metric spaces are a special case of the wider class of probabilistic metric
spaces which are endowed with a triangular norm, [2, 3, 5, 7, 9, 12, 13]. In probabilistic
metric spaces, and under an intuition-based point of view, the deterministic notion of
distance is considered to be probabilistic in the sense that, given any two points x and y
of a metric space, a measure of the distance between them is a probabilistic metric F,(t),
rather than the deterministic distance d(x, y), which is interpreted as the probability of the
distance between x and y being less than ¢ (¢ > 0) [3].

Fixed point theorems in complete Menger probabilistic metric spaces for probabilistic
concepts of B and C-contractions can be found in [2] together with a new notion of con-
traction, referred to as (¥, C)-contraction. Such a contraction was proved to be useful for
multivalued mappings while it generalizes the previous concept of C-contraction. On the
other hand, 2-cyclic ¢-contractions on intersecting subsets of complete Menger spaces
were discussed in [5] for contractions based on control ¢-functions. See also [6]. It was
found that fixed points are unique. Also, ¢-contractions in complete probabilistic Menger
spaces have also been studied in [9] through the use of altering distances while probabilis-
tic Banach spaces versus fixed point theory have been discussed in [8]. The concept of
probabilistic complete metric space was adapted to the formalism of Banach spaces en-
dowed with norms being defined by triangular functions and under a suitable ordering in
the considered space. In parallel, mixed monotone operators in such Banach spaces were
discussed while the existence of coupled minimal and maximal fixed points for these op-
erators was analyzed and discussed in detail. Further extensions to contractive mappings
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in complete fuzzy metric spaces by using generalized distribution functions have been
studied in [6, 7] and references therein. The concept of altering distances was exploited
in a very general context to derive fixed point results in [14], and extended later on in [12]
to Menger probabilistic metric spaces. On the other hand, some interesting general fixed
point theorems have been very recently obtained in [13] for two new classes of contrac-
tive mappings in Menger probabilistic metric spaces. The results have been established
for o~y -contractive mappings and for a generalized S-type one as well. It also has to be
pointed out that the parallel background literature related to best proximity points and
fixed points in cyclic mappings in metric and Banach spaces is exhaustive. See, for in-
stance, [15-25] and the references therein. It can be pointed out that, in a general context,
fixed point theory is of special relevance to investigate properties such as the stability of
dynamic continuous-time and discrete-time systems and convergence of trajectories to
local or global equilibrium points. The related analysis is an alternative to Lyapunov or
H-infinity-based stability tools [26-29].

This paper investigates an iterative scheme in a probabilistic metric Menger space in the
following situations: (a) The iterative scheme is of a polytopic-type in the sense that the
considered sequence of self-mappings is built with iteration-dependent weighting scalar
sequences based on a predefined basic self-mapping on a certain normed space and a set
of associate composite self-mappings if a probabilistic ¢-contractive condition is satisfied
by each of the self-mappings of the sequence. The given basic self-mapping used to build
the sequence of self-mappings which generate the iterative scheme is not assumed to be
necessarily contractive. The obtained results are extended to the case when the contrac-
tive constraint is satisfied only for a certain subsequence of the generated solution of the
iterative scheme,

(b) The iterative scheme is run by a sequence of ¢-contractive self-mappings which are
not built based on the basic self-mapping of the above situation. It is assumed that the
sequence converge uniformly or point-wise to a self-mapping on the same abstract set.
In the first case, it is assumed that the limit self-mapping is ¢-contractive, while in the
second one it is assumed that the members of the sequence of self-mappings of the iterative

scheme are ¢-contractive.
1.1 Notation

R,={zeR:z>0}, Ro, ={z€eR:z>0},

Z,={z€eZ:z>0}, Zo,={z€Z:2>0}, n={12,...,n},

{T,}= T* (thatis, limsup,_, . {|| Twx— T*x| : x € Dom T},} = 0; Vx € Dom T) and {T},} — T*
(that is, lim,, o Tyx = T*x; Vx € Dom T},) for T*,T,, : X — X; Vn € Zy, denote, respec-
tively, uniform and point-wise convergence in X of 7, : X — X to T* : X — X provided
that all of them have the same domain.

Fix(T) denotes the set of fixed points of T: X — X and k = {1,...,k}.

The convergence of a sequence to a limit {x,} — «x is understood in a probabilistic sense,
that is, Fy, .(£) — 1 as n — 00, Vt € R,, where F,, denotes a probability density function

taking values in [0,1] for every (x,y) € X x X, where X is some appropriate abstract set.
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2 Preliminaries

Denote by L, the set of distribution functions F : R — [0, 1] which are non-decreasing and
left continuous such that F(0) = 0 and sup,.g F(£) = 1. Let X be a nonempty set and let
F:X x X — L be a mapping from X x X, where X is an abstract set of elements, into the
set of distribution functions L which are symmetric functions of elements F,, for every
(,9) € X x X, referred to as the probabilistic metric (or probability density). Then the
ordered pair (X, F) is a probabilistic metric space (PM) [1-3] if:

1) VYxyeX ((Fuy®)=LVteR,) & (x=y)),
(2) Fuy(®) =Fyx(t), VYx,yeX,VteR, 2.1)

(3) Vx,y,z€ X,V t € R, ((Fx,y(tl) = Fy,z(tz) = 1) = (Fx,z(tl +1) = 1))

Note that an interpretation is that F : X x X — L is a set of distribution functions. A par-
ticular distribution function F, is a probabilistic metric (or distance), which takes values
F,,(t) = H(t) identified with a mapping H : R — [0,1] in the set of all the distribution func-
tions L, is denoted a probabilistic metric which is a mapping from X x X to a probability
density function F: R — [0,1].

A Menger PM space is a triplet (X, F, A), where (X, F) is a PM space which satisfies

Fx,y(tl + t2) = A(Fx,z(tl)’Fz,y(tZ))’ Vx,y €X, th; L e R0+; (2'2)

under A : [0,1] x [0,1] — [0,1] is a £-norm (or triangular norm) belonging to the set T of
t-norms which satisfy the properties:

1) A@l)=a,

(2) A(d, b) = A(b’ ﬂ); ( )
2.3
(B) Ale,d)> Ala,b) ifc>a,d>b,

(4) A(A(a,b),c) = Aa, Ab,0)).

Note that above properties imply that A(a, 0) = 0. The (probabilistic) diameter of a sub-
set A of X is defined by Df‘o (2) = sup,_, infy yea Fyy(t) and A is probabilistically bounded if
D =sup,g, D (z) =1 [2]. Note that the diameter of a set refers to the real interval length
where the argument of the probabilistic metric is nonzero while the probabilistic diameter
is a measure of boundedness or unboundedness of such a set. The (probabilistic) distance
in-between the subsets A and B of X defines the argument interval length of zero proba-
bility distance in-between points of two subsets A and B of X and it is defined as

D=d(A,B) = inf(z €Rp,: sup Fy(t)=0; Vte [o,z]).
x€A,yeB

Definition 2.1 [5, 6] A function ¢ : R — Ry, is said to be a ®-function if it satisfies the
conditions:

(1) ¢(¢)=0ifand onlyift =0,

(2) ¢:R — Ry, is strictly increasing,

(3) @ :R — Ry, is left continuous in R, and continuous at £ = 0.
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Definition 2.2 [5, 6] Let (X,F, A) be a Menger space. A self-mapping T : X — X is ¢-
contractive for some ®-function ¢ : R — Ry, if for some K(< 1) € R,

Fra1y(9(8)) = Fry(¢(K7't)), Ve €R, for any for any x,y € X and some K € (0,1).

Definition 2.3 [1, 2] A sequence {x,} C X converges to x € X if, for any given real con-
stants €, A € Ry, there is 1y = no(e, 1) € Zy, such that Fy, ,(¢) >1 — A for n > ng.

Definition 2.4 [1, 2] A sequence {x,} is a Cauchy sequence in X if, for any given real
constants ¢, A € Ry, there is ny = no(e, 1) € Zy, such that F, , (¢) >1— A for n,m > ng.

Note that if {x,} C S converges to x € S then lim,_, » Fy, »(¢) = 1, V£ € R, and if {x,} isa
Cauchy sequence in X then limy, ;- o0 Fix, x,, () = 1, V£ € R,. A Menger PM space (X, F, A)
is complete if every Cauchy sequence is convergent in X.

3 Iterative scheme and its properties
Now, consider the following iterative scheme under a sequence of self-mappings 7, : X —
X,Vn € Z,,, on avector space X in a probabilistic Menger space (X, F, A):

Xps1 = Tk, Vn € Zy, (3.1)

for any given xp € X with T: X — X and T}, : X — X; Vn € Z, being defined by x,,; =
Tux = (Zf:o aE”) T?) for any x € X, and the nonnegative real parameterization sequences
being subject to Zf:o aE”) >0;Viek=1{0,1,...,k}, Vi € Zy,. A main result of the paper
which revisits with a probabilistic approach one of the deterministic iterative schemes

discussed in [30] follows in the sequel.

Theorem 3.1 Consider the special iterative scheme (3.1) of the form T,x = (Zf:o af") THx
for any x € X, on a complete Menger space (X, F, Ayr), endowed with the minimum trian-
gular norm Ay, where (X, || ||) is an associated normed vector space, under the following
assumptions:

M Y a"”s0ando<a™ =a" +&";Viek=1{0,1,...,k}, Vn € Zo, with the

nonnegative real sequences {a?”)}; Vi € k being subject to the constraints

~ ~ Xn—X
|a£n)i <a, <m, || n n+1||
1541 1 3 2)
- i .
< pM’ ViekVneZy,;
k+1 %0 — x4l
2)
Fyorinit (@) = Frisn (#(07'2)),  VEER,, VR € Zy,, (3.3)

for some p € (0,1) and some P-function ¢ : R — Ro,.

Then the following properties hold:

(i) There exists the limit lim,_, o Fy, x,,,(£) = 1, Vt € Ry, for any given initial point
x0 € X of the iterative scheme (3.1) and the sequence {x,} is bounded.
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(i) IfT,0=0,Vn € Zy, then x = 0 is the unique equilibrium point of the iterative scheme
Kyl = Ty = (Zﬁo ozl(") Ti)xnfor any xo € X and also a fixed point of T, : X — X,
Vn € Zo., to which any sequence solution {x,} C X, which is furthermore a Cauchy
sequence, converges for any given initial point xy € X.

Ol;nﬂ) _

"iviek={0,1,...,k},
Vn e Zo,.If (X, || ||) is a normed vector space then there is always a metric-induced norm

Proof Define the (k + 1) error sequences {@"} by a@”’

d(x,y) = |lx -y, Vx,y € X. Thus, one finds from the property of a complete Menger space
(X,F,Ay), 2:2), 31), ¥ ja” >0,and 0 < o™V =0 +a"; Vie k= {0,1,...,k}, Vn e
Z()+, that

Fxn+2sxn+1 (¢ (t))

Z{( ole T’x,,,+1+ot( )Tixn+1):Z{'(:o aﬁn) Tix, (¢(t))
> AM( Z{(_ szml Z{( Oa T’ (¢(t)/2),
Z{(OQ )Tlxn+1+o¢( )T;xn+1 Zko"‘ T’ (¢(t)/2))
= AM( Zk n)Tler-l Zk a ixn (¢(t)/2)’

Fyou oy, (9(012)), VEER,Y, € Z.. G4

The last equality in (3.4) arises for any given a,b € X, since (X, | ||) is a normed vector
space, one has trivially ||a + b —a|| = ||b|| and, since 0 € X, it follows that F,,;,(t) = F0(£),
Vt € R,, in the Menger PM space (X, F, Ay). Otherwise, the probability of ||| to be less
than some ¢ € R, would be distinct to the probability of ||a + b — a|| to be less than such a
positive real value ¢, which is impossible. In the same way and, since [|[a+b+c—d—e—f| =
la—(d+e+f—b-c)| for any given a,b,c,d, e,f € X, it follows that

Fribrcdrerf(t) = Fagrerf—b—c(2)
> Api(Faa(t12), Faaress-p-c(t/2))
(Fu,a(£/2), Fpsc,esr(2/2))
(Faa(t/2), ApiFpesp—c(t12))
(Faa(t/2), A(Fpe(t/4)Feerp—c(t/4)))
= Api(Faa(t/2), A (Fpe(t/4)F.4(t/4))), Vt€R,, (3.5)
which becomes forc=d =e=0and f = Zf;o fi and the symmetry of the probability den-

sity function (second property of (2.1)), the associative property of the triangular norms
(fourth property of (2.3)) and the use of the minimum triangular norm:

Fa+f,b(t)
> Api(Fao(£/2), Ap(Fpo(t14), Ero(t14)))

= AM(FZik:O fo(t14), Api(Fao(t/2), Fpo(t/4)))

> A (A (Fpy o(t/8), Fyk 1 o(£18)), A (Fao(t12), Fpo(t/4)))
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v

Ap (AM (Fa,() (t/ (2k+3)), Fpo (t/ (2k+3)))7 JQ}&FM (t/ (2k+3)))

= min (i £, (¢/(24%)) Fva (1/(24)) . i [ Fro 01(2°)])

> min(Fa,o (£1(253)), Fyo (¢/(257%)), Ogligk[Fﬁ,o (t/(zk*?’))]), VteR,, (3.6)

due to the fact that F, o(£/2) > F,o(¢/8), Fy0(t/4) > Fj,0(t/8) since the distribution function
is non-decreasing. Now, define auxiliary sequences.

k
= a(”) = Za?’) Tixrﬁ—l;
i=0

k
b=bn)=) o T'x, (3.7)
k k
f f(n) n) Tlerl’ f =f(l’l) = Z&l(n) Tlx”” = Zfi'
i=0 i=0

Vn € Zy,, so that one gets from (3.6)-(3.7) into (3.4) and since 0 € X:

Fxn+21xn+l (¢)(t))
> AM(AM( Zk i (¢(t/(2k+2)))’FZ;‘:O(){E”)TWWO ((}5(75/(2/@2))))’
orgl?k Fa " Tiy,1,0 (d) (¢ (2k+2)))>
= min(Fy,0(6 (12 ), Foro (9(01(250))),
Eyao(o(k+1)2/(2531 - p))))), VteR,. (3.8)

From (3.2)-(3.3) and |&,| <1 - p, one gets

min F_, (¢(¢/(25%))) = Fy,0(p((k + D2/ (2521 - p)))), VneZo,. (3.9)

0<i<k 0‘ Tlxml,o

The use of the constraints (3.2)-(3.3), and the fact that 7,0 = 0 € X, Vn € Z,,, from (3.1)
and 0 € X, yield

Fxml,o (¢(t)) = FZ{'(:O al(”) Tix,,0 (¢(t))

> Fy0(0(p7't)),Vt€R,, VneZ,, (3.10)
Fxn+2 Z{( oOl Tlx 41 (d)(t)) )Tlx Y 0(¢(t))
>Fyn0 (¢>(t/(2k+3(1 -0)))
> Fya0(¢(07'2),  VEeR,,VneZo., (3.11)

for any sequence {x,} C X generated from (3.1) for any initial condition xy € X since ¢
is strictly increasing and the probability density function is non-decreasing. The use of
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(3.10)-(3.11) in (3.8) yields by using recursive calculations:

Fxml,xn (¢(t))
> min(Fe,o(¢(¢/(2%0))), Fr,10(6 (¢/(20))), Eryo (9 ((k + D2/ (2721 - )

> min(Exyo (#(2/ (2 ")), Eroo (88124 ")),
Fro(o((k+1)t/(2°3@1 - p)*™)))), VteR,, VneZ,. (3.12)

Since p € (0,1), 1 - p) € (0,1) and ¢ : R — Ry, is a ®-function we have lim,_, o, ¢(t/
(2543 p")) = +00 so that one finds from (3.12) that the limit below exists:

nll)rgo Fxo,O (¢ (t/ (2k+3pn+l)))
- lim Faol@(0/(25")

= lim Fyoo(¢((k + 1)t/ (221~ p)"""))) =1, VeeR, (3.13)

since Fyy, : R — [0,1] is non-decreasing and left continuous with F(0) = 0 and
sup,cg F(t) = 1. Then lim,,_, o Fy, ,, »,(¢(¢)) = 1, YVt € R, from (3.12)-(3.13). Also, one sees
for any given ¢ € R,, A € (0,1) N R, that there exists ng = no(g,A) € Zo, such that, for all
n(e Z,) > ny,

Fryo0(8) = Frpoy i, (0(87))
> min(Fy,0(¢(61/(220"™))), Frg0 (¢ (11/ (22 7))),
Froo(((k+1)2/(23@ - p)™™))))
>1_ (3.14)

from (3.12) since lim,_, o Fx,,, 2, (@¢(t)) =1, ¢ : R = Ry, is left continuous and strictly
increasing, continuous at ¢ = 0 and ¢(¢) = 0 if and only if £ = 0, and then there exists
4 = t1(e) € R, such that ¢(#]) = limg s ¢(t) = . Thus, {x,} C X converges to some a € X
(Definition 2.3) and it is bounded as a result. Also, one has from (2.2) that, once hav-
ing fixed any ¢ € R,, A € (0,1) C R and for all integers n,m > ny = no(e, A), there exists
A(< 1) € (0,1) C R such that, since the distribution function is non-decreasing,

Fxn,xm (8) > AM (Fxn,a(g/z)r Fa,xm (8/2))

> Apl=A,l=A)=1-A; >1-A (3.15)

and {x,} C X is a Cauchy sequence (Definition 2.4) and then it is bounded. It is clear
from (3.8) that Fxn,o(¢(t/(2k+3p))) — 1,Vt € R, as n — o0 so that {x,} — 0 from the first
property in (2.1) of the PM space (X, F, A). Since 7,0 = 0, Vu € Zy,, from (3.1), we find that
x = 0 is an equilibrium point of (3.1) and a fixed point of all the members of the sequence
of self-mappings {T},}. It is now proved that such an equilibrium is unique. Assume that
the uniqueness fails and that there is a # 0 which is also an equilibrium point of (3.1). Since
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¢ is strictly increasing and p < 1, choose § € R,, such that ¢(p~'t) — § > ¢(¢), and define
A1 € (0,1) such that A; = A1(£) = 1 - F,(p'¢). Since a # 0 according to the first property of
the PM spaces in (2.1), implies that F,o(p'¢) < 1 from the first property of the probabilistic
metric space (X, F, A) (2.1). Now, fix any ¢ € R, and A(< ;) € (0,1) N R such that if some
solution sequence of (3.1) {x,}(C X) — a then there exists ng = ny(e,A) € Zy, such that

for all n,m(e Z,) > ng, one has

1-2= Fa,O (¢(p_1t)) > Ay (Fa,xn (5))Fxn,xm (¢(:0_1t) - 8))

SAy(l-21-2)=1-A, (3.16)

which contradicts the choice A < A; so that x = 0 is the unique equilibrium point of (3.1)
and trivially a fixed point of T, : X — X. This fixed point is unique. Assume that this is not
the case. Then T,,0 = 0, Vn € Z,,, and assume that for some m € Zy,, T)x = T,,x =x # 0.
Thus, Fyo(e) = Frngrmo(e) > Fro(p(07"t)) for any given ¢ € R, and a unique ¢ = £(¢) € R,
satisfying ¢(¢) = €, which exists since ¢ : Ro, — Ry, is a ®-function. As a result,

liminf(Fx,o(e) —F,p (qb (p‘"t))) =Fyo(e) - tlim Foo(t) = Fyo(e)—1=0. (3.17)
Then F, () = 1 so that x = 0. Properties [(i)-(ii)] have been proved. O

Three direct results follow from Theorem 3.1.

Corollary 3.1 Counsider the special iterative scheme (3.1) of the form T,x = (Zfzo af”) THx
for any x € X, on a complete Menger space (X,F, Ay), endowed with the minimum tri-
angular norm Ay, such that (X,d) is a metric space with 0 € X and d : X x X — Ry,
is a homogeneous and translation-invariant distance under the remaining assumptions of
Theorem 3.1. Then Theorem 3.1 still holds.

Proof Since d : X x X — Ry, is a homogeneous and translation-invariant distance, there
is a metric-induced norm || || such that (X, || |) = (X, d) is a normed space and the proof of
Theorem 3.1 remains valid for a Menger PM space (X, F, A), where (X, F) is a PM space. [J

Corollary 3.2 Counsider the special iterative scheme (3.1) of the form T,x = (Zf:o oef") THx
for any x € X, on a complete Menger space (X, F, Ay), with 0 € X, endowed with the min-
imum triangular norm Ay, such that the probability density function has the additional
property Fyy(t) = Frizyeo(t), V%, 9,z € X, Vt € Ro,. Then Theorem 3.1 still holds under the

remaining given assumptions.

Proof The property Fy(t) = Fyizy+2(t) = Foy-x(t), Vx,,2 € X, ¥Vt € Ry, since 0 € X and
—x € X since x € X, allows one to follow the steps in the proof of Theorem 3.1 without the

use of a distance or a norm for X. O

Corollary 3.3 Assume that the self-mapping T, from X to X defined by T,x = T.x =
Yo a§") Tix,Vx € X, is independent of n € Zy,, which holds in particular ifozf") =a; Viek,
Vn € Zy.,, are real constants, and T.0 = 0. Assume also that the remaining assumptions of
Theorem 3.1 hold. Then x = 0 is the unique fixed point of T..
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Remark 3.1 The above results remain valid for a Menger space (F,X, A;) defined un-
der the Lukasiewicz triangular norm Aj(a,b) = max(0,a + b — 1) since Ay(a,, by,) =
max(0,a, + b, — 1) — 1 as n — oo, provided that {a,}, {b,} — 1 as n — o0, still yielding
lim,—, o Fy, .1 2, (#()) =1, Vt € Ry, then (3.14)-(3.15) still hold for the Lukasiewicz triangu-
lar norm from (3.12)-(3.13), by replacing 1 — A — 1 — 24 for any real constant A € (0,1)
being chosen for A;;. The results remain valid also for a Menger space (F, X, A1) where
A, is the nilpotent minimum triangular norm defined by A,5((a, b) = min(a, b) ifa+ b > 1
and A,y(a,b) = 0if a+ b < 1since A,y(a,, b,) — 1, Ay(ay, b,) — 1as n — oo in the case
that {a,}, {b,} — 1 as n — oo. It is not difficult to see that the results are also valid for any

triangular norm satisfying A(a,a) > a.

Theorem 3.1 is reformulated under weaker conditions if the contractive condition holds

for consecutive members of the subsequences generated by the iterative scheme.

Theorem 3.2 Let all the assumptions in Theorem 3.1 be kept identical except that the ¢-
contractive condition is weakened to the form

Fipoiinnt (@) = Fa 0 (0(07'2)),  VEER,, V€ Zy, (3.18a)

for some ®-function ¢ : R — Ry, and some real constant p € (0,1), where {x,} C {x,} C X
is defined by xo = xo and %, = XS Vn € Zy., and the sequence of nonnegative integers
{m;} satisfies m;;1 —m; < M < +00, Vi € Zy,.

Then the following properties hold:

(i) There exists the limit lim,_, o Fz, z,.,(t) =1, Vt € Ry, for any given initial point
X0 = x0 € X of the iterative scheme (3.1) and the sequence {x,} is bounded.

(i) Define the composite self-mapping Trn+m+1,n) = Toom- - Tyt T, from X to X,
Vi,m e Zo,. If T,0 = 0,Vn € Zy,, then % = 0 is the unique equilibrium point of the
iterative scheme X1 = T(n+m +1, n)x, for any initial given point xo = xo € X and
it is also a fixed point ofj"(n +m+1,n),Yn,m € Zy,, to which any sequence solution
{x,} C X, which is furthermore a Cauchy sequence, converges for any given initial
point xo = x¢ € X.

(ili) If, in addition to the ¢-contractive condition (3.18a), there is family of a uniformly
bounded positive real constants py(iy, ju) = pu(mo, my, ..., My, iy, ju), which are not
necessarily less than unity, with iy, j, € Z. being any integers satisfying

1<iy <j, <mys, Yn € Zy,, such that

P(t))

xZZZ}) M+jpel ’ngl-(l) Mptipy]
> Fipnin (00, (irjn)t)),  VEER,,Vn € Zy,, (3.18b)
then x = 0 is the unique equilibrium point of the iterative scheme
K1 = Tpx = (Zfzo al@ T, for any xo € X and also a fixed point of T(n + m +1,n),
Vn,m € Zy,, to which any sequence solution {x,} C X, which is furthermore a
Cauchy sequence, converges to the same limit x of its subsequence {x,} for any given
initial point xy € X.
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Proof Since {¥,} C {x,} C X and the ¢-contractive condition (3.18a) holds for such a sub-
sequence, the proof of Theorem 3.1 is valid for any subsequence {x,} of {x,} C X generated
by the iterative scheme. Hence, lim,,_, » Fx

%+l

(¢) =1, {x,} bounded, Cauchy, and conver-
gent, T,,0 = 0,Vn € Zy, = X = 0 being the unique equilibrium point of the iterative scheme
and the unique fixed point of the composite self-mapping T(n+m+1,n1) onX.

To prove (iii), it remains to be proved that the properties of Part (ii) are inherited by
T,:X — X if both (3.18a)-(3.18b) hold. From (3.18b) into (3.18a), since xy = X,

F, t
IS et S it (('b( ))

> F;, 030 (¢(P;1(in»jn)t))

> Fopia (0(0 7" 0, rjn)t)),  VE€R,,Vn€Zy,, (319)
and, since 00 > p;,'(iy,ju) > 0, Vi € Zo,, and p € (0,1),

liminfF,
x X .
n—00 ZZZ(I) Mtn+1 ZZZ(I) Mptinsl

(#(8) = Fupy (¢(00)) =1, VLER,, (3.20)

so that the limit below exists being unity for any given integers satisfying 1 < i,, <j, < 1,41,
Vn e ZQ+2

lim F,_, el (¢(t))

X 1 - .
n—00 Zk;ro Ml Zglo Miktinel

= lim lim F. el () =1, VteR,, (3.21)

X+l - ,
n—>00z—0* ZZIO i1 Y E g Mctins1

and

lim lim F, =0. 22
Jim Hm Fe s, (#) =0 (3.22)

As a result, from the first property of (X, F, A) in (2.1) and since ¢(0) =0, ¢ : R — Ry, is
left continuous and strictly increasing:

nlingo Fx"’x”‘rl (¢(t)) = nlingo zliI& Fx”’x”‘rl (¢(Z)) = nlingo Fx”'x”+1 (O+) =1, VieR,, (323)
and

lim lim F, .
n>002—>0" XS mpctina1” LIS micting

(¢(2)) =0. (3.24)

This implies that {x,} converges, necessarily to the same limit x = x = 0 as that of its
subsequence {x,} irrespective of the initial condition. Since (X, F, Ay) is complete, {x,} is
a Cauchy sequence. d

The next result does not require that 7,0 = 0, Vi € Zy, while it invokes the assumptions
that {T},} = T* and that T* satisfies a ¢-contractive condition like (3.18a).

Theorem 3.3 Assume that {T,}~ T*, codomainT, C domainT* and codomainT* C
domain T}, Vn € Zy,, and that all the remaining conditions of all the properties of The-
orem 3.2 hold. Then Theorem 3.2 still holds with a unique fixed point of the limit self-
mapping T* on X.
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Assume, in addition, that if z, € Fix(T,); Vn € Zy,, and Fix(T*) = x, then F,, ,(0*) — 1
as n— 0o.

Proof The proof that all the solution sequences built from any given initial condition
converge and are Cauchy sequences is the same as that for Theorem 3.2. First note that
{T,}= T* implies {T2}= T*%, {T, T}~ T** and {TT,}= T**. The proof is as follows. Since
{T,}= T* wehave {T,x—T*x} — 0and {T?x—T,T*x} — O and {T* T,.x— T*Zx} — 0, since
codomain T,, € domain 7* and codomain 7* C domain T, Vn € Zj,, so that {TZ}:{TM T}
and {T*T,}={T*’}, Vi € Z, . Via recursion, we get {T2 "' T*}, {T* T2} 2 {T*}, Vn € Zy,.

Now, assume that a sequence solution {x,} — x # T*x so that F, +,(0*) < 1. Then, for
any given ¢ € R* and A € (0,1),

Forx(9(e))
> Api(Fr, (6(6)/2), Fr, 722 (6()/2))
> At (Fe, (9(2)/2), Mat (Fry s ($()/4), Fro 1,0, (9(2)/4)))
> At (Fue, (9()/2), Ast (Fr 1 (9(6)/4),
A (F,,1,($(€)/8), Fros, 7, (#(2)/8)) )
>Ap(1=2 An(l-2,Au(A-21-1))) =1-%, Vn>n, (3.25)

)
)=
for some nonnegative integers ng; = no;(¢(e)/4,1), i =1,2,3, and ny > max(no1, 1oz, Mo3)
which exist such that min(F, (¢ (£)/8), Ey,, x,,,(#(€)/8), Fr,,,, 1,5 (P (€)/8), Frss, 1,5 (9 (€)/8)) >
1-A,Vn > ny since {x,} - xand {T},}Z T*, so that {T),x — T,x} — 0 and {T,,x — T*x} — 0.
Since x # T*x, ¢(0) = 0, ¢ : R — Ry, is left continuous and strictly increasing and since
A € (0,1) isarbitrary, the limits below exist from the first property of the PM space (X, F, A)
in (2.1):

hm Fyrey (¢(‘9)) F 7y (0+) =1 slir{)lin,T*x(q&(E)) F 14 (0 ) =0 (3.26)

so thatif {T},} T* and {T,x,} — x then x = T*x, that is, the limiting point is a fixed point
of the limit self-mapping. Thus, the limit of any solution sequence is a fixed point of the
limit self-mapping. It is now proved by contradiction that the fixed point is unique. As-
sume that for an initial condition xy, the solution sequence {x,} — x and for some ini-
tial condition yo # %o, the solution sequence {y,} — y = T*y # x and that x # y. Then,
from the ¢-contractive condition (3.18a) and since ¢ : R — Ry, is left continuous and
strictly increasing and since the probability distribution function is left continuous and
non-decreasing for any given ¢ € R, and A € (0,1) and &; = &;(¢) = min(r e R, : & = ¢(&)):

Froa1oy(€) = Apt(Froa 1,5, (6/2), Apt(F12, 75, (814), F1,5,,7+(€14)))
> At (Fros, 1,5, (614), At (F,,3,, 7,5, (0 (67) /4), Fr,5,, 7y (€14)) )
> Apt(Fron 1,0, (€14), Ayt (Fy (d (07" 03 €7 ) 14), F1,p3,, 7y (€14) ) ) (3.27)

for subsequences {x,} C {xx} C X and {y,} C {yx} C X built with the initial conditions
X0 =x0 =x = T*x, since x € Fix(T™*), and yo = yo = y = T*y, since y € Fix(T™), respectively.

Page 11 of 22
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Also,

Frog,3,(e/4) > AM(FT*x,T,,x(S/S)rFTna‘cn,Tnx(S/S)) >1-4, (328)
FT*y,Tnjfn (8/4) > AM(FT*y,Tny(S/S);FTnjfn,Tny(S/g)) >1-— )\,

for n > g1 = max(noo; € Zo, : i € 4) with each of the integers r¢; being large enough to
satisfy the requirement that the corresponding one of the four terms being arguments of
Aum(-,-) exceeds 1 — . Such four integers exist since {T*x — Ty,x} — 0, {T,%, — Tyx} — 0,
{T*y - T,y} — 0 and {T,,y, — Ty} — 0O (since {T,,} = T*, {Tx,} = x = T*x and {T,,y,,} —
y = T"y), we have Frsy1,.(t) — 1 as n — 00, Fr,z,1,2(t) = 1 as n — 00, Fry,7,,(£) — 1
as n — oo and Fr,5,1,,(6/8) — 1 as n — oo for all £ € R, from the first property of the
Menger PM space (X, F, A) in (2.1). There is also nog5 € Zo. such that Fy (¢ (0" p, e7)/4) >
1 - A for 1 > ngos, since there exists lim,,_, o0 Fy,, (¢(0™" ;€7 )/4) = Fy,y(00) =1 from the ¢-
contractive condition. Now, from (3.28) into (3.27), and taking #n > 7o, = max(#g, ngos5) in
the last right-hand side term, one gets that Frsy 7x(£) = Frss,1+,(0%) = 1, V¢ € R, since for
any given arbitrary ¢ € R, and A € (0,1), Frs;,7+y(¢) >1 - A. Thus, x = T*x = T*y = y from
the first property of the Menger PM space (X, F, A) in (2.1). Then Fix(T*) = {x}.

Finally, it is proved that if {T},} = T*, z,, € Fix(T,), Vn € Zy, and Fix(T*) = {x}; Vn € Zy,,
then F, ,(0*) — 1 as n — oco. Assume that F, ,(0*) — 1 as n — oo is untrue. Since
{T,}= T* and the ¢-contractive condition (3.18a), together with (3.18b), hold, one gets
that if z, € Fix(T,), then z, = Tz, = T}z, and x = T*x = T*"x for each given ¢ € R,,
Vun,m € Zy,, and there is A; = A;(g) € (0,1) such that

1- A = Fyn(8) = Api(Frz 1x(6/2), Fropn, 7x(€12))

>min(Fr,z, 1,x(€/2),1-1);  ¥n >Ny

for any given ¢ € R, and X € (0,1) and some Ny = Ny(&, 1) € Zy, since {T,x — T*x} — 0.
The proofis splitinto three cases: a) If Fr,;, 1,x(€/2) > 1-X,Vn > Ny, then A; < A. Since A €
(0,1) is arbitrary, it suffices to take A € (0, 1;] to get a contradiction so that F,, ,(0") — 1 as
n — 00.b) Assume that there is a set of nonnegative integers {7} fulfilling 714 (€ Zo,) > Np
such that FTﬁkzﬁ,T,;kx(S/z) <min(l — A,1 — A;). If the set is finite, it suffices to use the above
arguments for the case a by replacing Ny — Ny = {maxz € Zy, : z € {i}} to get the same
conclusion as above. c) Assume that {71}, satisfying 71x(€ Zo,) > Ny, is a strictly increasing
sequence.

Set 7g, = max(z(€ Zo,) < ng +1 : Xy, € (%} C {xn}), the closest, but not larger, integer
to 7x +1 such that xp,, belongs to the subsequence {x,, } C {x,} whose elements satisty the
¢-contractive condition. Then one gets for £; = min(r € R, : & = 2¢(¢])) some sequence of
real constants {Kj, } C R,, with 0 < Kj;, < K < 00, Vk € Zy,, and some strictly increasing

sequence of integers {£,, } C Zy,:

min(1 - A,1-A;)

> Fr, ,T;,kx(8/2) >Fr, .. ,T;,kx(¢(81+))

"Mk

(¢(Keer)) = Fr,

Zﬁk

>
- FT’:’k* Ziifeye?

T;‘k*x Z’:‘O*'TﬁO*x(d)(’O_Zﬁk* I(_lgf))’ (3'29)
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which leads to the following contradiction:

min(1-A,1—-A;)

> lim sup P (¢ (p_g;’k I(‘lef))

k— o0
. -5 _
- kll{lgo FTﬁO*ZﬁO*’TﬁO*x((p (p *K 18;—)) = FT;’O*Z;’O*’TﬁO*x(OO) =1 (330)
and F,, ,(0*) - 1las n — oo. O

The following result reformulates some results of Theorem 3.1 without requiring that
the iterative scheme is x,,,1 = ZL af") T*xo, %0 € X, that T,,0 = 0, Vi € Zy,, that X is a
vector space, and that the self-mappings of the sequence {T),} satisfy a probabilistic ¢-
contractive condition. Instead, it is required that we have uniform convergence of {7} to
a ¢-contractive limit self-mapping.

Theorem 3.4 Consider a complete Menger space (X, F, Ayr), endowed with the minimum
triangular norm App and the iterative scheme (3.1).

Assume also that the self-mappings T, : X — X, Vn € Zy, have fixed points Fr, = {x}},
Vn € Zy,, that {T,} = T* with T* : X — X having a fixed point Fr« = {x*} and being a ¢-

contraction which satisfies

Frog 1 (#() = Fzpo20 (#(07'8)),  VEER,, VR € Zy, (3.31)

for some ®-function ¢ : R — Ro, and some real constant p € (0,1). Then the following
properties hold:
(i) There exist the limits lim,_,oc Fy, ., (t) =1 and lim,_, o F,, , ,(t) =1, Vt € R, for
any given initial points zy,x9 € X of the iterative schemes x,,1 = Tyx, and
zZys1 = Tz, generated from (3.1), and {z,} is a Cauchy sequence for any given zy € X,
and bounded, and convergent to zx. Furthermore, {x}} — x* and {T*"x} — x* for
any x € X.
(i) {T)x,) = x* {Thx, — x5} — 0, {Thx,} = x*, and {x,} is a Cauchy sequence, and

bounded, for any given initial point xy € X.

Proof One gets from (3.31)

FZn,Zn—l (¢(t)) z Fz,,,l,z,,,g (¢ ('oilt)) z anf2iznf3 (d) ('Oizt))
> > Fy oo (¢(0™")), VneZo,,VteR,. (3.32)

Since there exists limy_ oo Fregyz0(@(07"18) = Fregyz(limyo p(p™"t)) =
Fyy1440(00) =1, Vt € R, 1imy, o0 Frpenst 5 gy (¢(2)) =1, Vt € R,. Since ¢ : Ry, — Ry, is
a d-function, limy—, oo Frunsi ) qenyy ($(0%)) = limy,— 00 Frenii, ren, (0%) = 1and

nll)n;o FT*VH»IZO’T*VIZO (t) = nlinc}o FT*n+1Zo,T*nZO (t )

=F,, 14 (00) =1 for any given 2z € X.
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It then turns out that, since (X, F, Ayy) isa Menger PM space, for any given ¢ € R, and A €
(0,1), there is ng = ngy(g, A) such that Frani g eng, () =1 - A for any n > ng so that {T*"z,}
is a Cauchy sequence, which is bounded, and since (X, F, A) is complete, it converges to
some z € X. Assume that z # x* so that F,+ ,(0%) < 1. Since F,, 7+,+(0*) = 1, since Fr+ = {x*},
one gets

1> Fyr;(07) = Frangs £ (07) = Apg(Frongs onzy (07/2), F; ponzy (07/2)), (3.33)

and, since {T*"zp} — 2, limy,—, o0 F, %14, (07/2) = lim,,_, oo F, 1#1,,(07/2) = 1, so that one has
for a sufficiently large integer n¢; and all integers n > ng;

1> Fyr, (¢(t)) = Frongr (¢(t)) > Ay (FT*"x*,T*”zo (¢(t)/2),Fz,T*”z0 (¢(t)/2))
> Frongs pongy ($()/2) = Fye oo (07"9(1)),  VE€R,, (3.34)

where #; € R, is such that ¢(f1) = limy—.¢ ¢(x) = ¢(2)/2 = (1/2) lim,—.,- ¢(x) for any given
t e R, withty <tfort € R,,since ¢ : Ro, — Ry, isa ®-function, it is strictly increasing and
left continuous except at ¢ = 0 where it is zero and continuous. Taking limits as n — oo,
one gets the contradiction 1 > 1im,,_, oo Fyr 7, (¢(07"81)) = Frzy(00) = 1.

Then F,+,(¢) =1, Vt € R,, and from the first property of the Menger PM space (X, F, A),
x* = z irrespective of the initial point zy € X of the iteration z,,; = T*z,, Vn € Zy,. It has
been proved that {z,} — x* irrespective of the initial condition zy. It is now proved that
{x:} — x*. Proceed by contradiction by assuming that this convergence fails. Then there
exists some 1o € (0,1) "R such that, for any n € Z,,, one gets for an existing t; = £;(¢) € R,
for any given ¢t € R,, defined by ¢(t1) = ¢(£)/2, the following inequalities:

1= 1o > Fras, ronas (#(2)) = At (Frps o (9(6)12), Frons onas ((2)/2) )
= AM(FTy,xf,,T*”x;‘, (¢(t)/2)1Fx;’;,x* (¢ (pintl)))’ (3.35)
since ¢ : Ro, — Ry, is a ®-function and lim,,_, oo Frsnys, ponye (@(07"1)) = 1, Y € R, since

T* is a ¢-contraction on X. Then there exists n; = n1(t1(£), 1) € Zo, for any given £ € R,
and X € (0,1) such that Fx .« (¢(0™""t1)) > 1 - A for all integers # > ;. Then, from (3.35),

1= 2o > Ap(Frps ronas (9(8)/12), Fas e (0 (07"11)))

> Ay (Frs,ronss (6(8)/2),1 = 1) (3.36)

for all integers n > n; and, since T*"x* = T*x* = x* and, again, since T* is a ¢-contraction
on X and lim,,  Fyz,»¢(07"t1) = 1, there exists ny = ny(t,A)(> n1) € Zo, such that
Fy o @(p™"t1) > 1 - A, for all integers n > n,. Thus, for all integers # > max(n, 1), the fol-
lowing contradiction arises from (3.36) for the choice A(> A¢) € (0,1) for the given A € R;:

1- 20 > Apt(Ap(Fp e (07"101), Frowe 1 (6(2)/2)),1 = 1) > 1 - A. (3.37)

It has been proved that {x}} — x*. It is now proved that {T*"x} — x* for any x € X. As
in the preceding recursions with the ¢-contractive condition, one easily gets

FT*”x,T*”x* (¢(t)) = Fx,x* (¢(p7nt)); Vn € Zg.. (338)
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Then

n]er;o Freny,ponge (¢(0)) = Fyzi(00) = 1, Frsny prnye(8) > 1= A (3.39)
for any given ¢ € R,, some ¢ € R, satisfying uniquely ¢(¢) = ¢ (from the properties of the
®-functions) and all integers #n > n* and some n* = n*(¢, 1) € Zy,. Property (i) has been
proved.

It is now proved that {T}jx, — x};} — 0 and {7)x,} — z*. Assume, on the contrary,
that {T}}x, — x};} does not converge to zero, so that limsup, , ., Frny, . (£) <1, Vt € R,.
Then there exists a positive real subsequence {Ao(r)} C (0,1] that is defined by A¢(n) =
1- FT;k g (t1), where {ny} C Zy, is a strictly increasing subsequence of the set of non-
negative integers, such that for an existing unique # = ¢(t) € R,, for any given ¢ € R,,
which follows as in the repeated arguments used in the proof of Property (i):

1>1—ro(ny)
= Tﬁkxnk,xﬁk (tl) > Ay (Fx;k,x* (tl/z); Fx*,TZ'kxnk (tl/z)) = mln(l - Fx*,T{}kxnk (t1/2))
= x*,TZ,’(‘xnk(tl/z) > AM(Fx*,T*"xnk (t1/4),FT*"x,,k,T,’}kxnk (t1/4))

> min(1 - Ao Fpons, 71 0, (t1/4)) =1-2 (3.40)

for all n(e Zy,) > ny = ny(t1, 1), some n, = ny(t1, 1) € Zo, and some {Aq(n)} C (0,1] such
that

1- )‘O(nk) > min(Fx’,;k,z* (tl/z)v Fz*,T*"xnk (t1/4)rFT*"xnk,T,’}kxnk (t1/4))r (34'1)

which holds since (%} C (x5} (= x%), T*"x,, (— x*) for any fixed x,, C X, being any ar-
bitrary element of the solution sequence {x,} generated by (3.1) for any given x, € X.
Thus, Fx;k’x* (t/2) = 1, Fx*,T*”kxnk(tl/4')7 and FT*"xnk,T}}kxnk (t1/4) — 1 as n,k — oo (and
then {n;} — oo) from Property (i) and the fact that {7},}7 T*. Now, the choice X €
(0,liminf Ao (1) x—o0) contradicts (3.40). As a result, {T)/x,, — x;;} — O since all its subse-
quences have this property of convergence to zero. Finally, the convergence {T}/x,} — x*
follows under very close arguments from the fact that {x}} — x*, from Property (i),
{T}x,—x}} — 0 already proved as a part of Property (ii), and the inequality Frn,, .«(¢(£)) >
Api(Frg, o ((£)/2), Fiz o< (¢(2)/2)) with both inequality sides having as limit unity as
n — oo. To prove that {x,} is a Cauchy sequence, first define the composite self-mapping
Tn+1,)) = T,T(n,)) = T,Tpr - TjaTj, Vjon(e Zo,) < n + 1 from X to X, subject to
T(n,n) =1,Vn € Zy,, and note that

Xpe1 = T + 1,))x = T(n+1,0)x0;
X1 () = Ty = T 72,77, 0)to; (3.42)

—i n—j .
Zn+l = T*" ]Z/' =T* 20, V],I’I(E Z0+) <n+1,Vx9,29 € X.

It has been proved in Property (i) that {z,,} — x* = T*x* for any given zo € X. As a result,

{*4()) = Zwaa} — 0 and {x,(j)} — x* for any j € Z,, irrespective of x; and z, being equal
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or distinct and Fz,, (j.+(¢) > 1 — A for any given A € (0,1) and ¢, ¢ € R,, with & = ¢(2),
V(e Zo,) > nos = nos(e, 1), where nos € Zo, exists from the convergence property. Now,
since {T,,}= T* then {T'(n + 1,j)} = T*"7 for all n (> j) as j — oo, and

Fxn+1vx*( ) = AM (Fxm-l n+1(7) (8/2) X1 ()x* (8/2))

> Apm(Fy (e/2),1-1), (3.43)

n+1,j)x;, T /x

and there is jos = jos (¢, A) such that for all # > j > jos, F, Tne1, g, T15 (e/2) =1 - A. Then

Fyowe(€) > A=A, 1-2)=1-2, (3.44)
Fxmg,xml (8) > AM (Fxmz,x* (5)7 Fxml,x* (8)) =1- )‘-7 (345)
Vu(e Zo,) > max(nos, jos + 1). Thus, {x,} — »* and it is a Cauchy sequence. O

The subsequent result gives close results to those obtained in the above one in the case

when {T,,} — T* (i.e. under point-wise convergence of the self-mappings).

Theorem 3.5 Let (X,F, Ap) be a complete Menger space endowed with the minimum
triangular norm Ay and consider the iterative scheme (3.1). Assume also that the self-
mappings T, : X — X, Vn € Zy, have unique fixed points Fr, = {x}}, Vn € Zy,, that
{T,} — T* for some T* : X — X, and that the following ¢-contractive condition is satis-

fied:
Fryzyioen (00) = Fupy o (#(0, 7)), VEER,, VR EZy, (3.46)

for some ®-function ¢ : R — Ry, and some real sequence {p,}, with p, € (0,1), Vi € Zy,.
The following properties are proved:
(i) the sequence {x} is convergent to a limit point x* € X which is the unique fixed point
of T* : X — X which is also ¢-contractive;
(ii) the sequences {T)'x} and {T*"x} are convergent Cauchy sequences in X for any

x € X,Vn € ZLy,, as m tends to infinity.

Proof Since p, < p<1,YneZy,, ¢ :R— Ry, is a ®-function and the probability density
function is non-decreasing and left continuous, Fy(#(p,'t)) > Fy,(¢(p7'2)), Vt €R,,Vn €
Zy., Vx,y € X. On the other hand,

Frpeg, 7y ()
> An(Froa 1,x(£12), Froy, 1,5(£12))
> Apt(Fros, e (612), Apg (Frn 7y (614), Frsy i, (£14)))
> An(Fros,rn (£14), Apg(Fromg rmy (814),

Freyrmy(£/4))),  VE€R,,Vn € Zy,, (3.47)
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Vx,y € X.Define t; € R, as t; = t1(¢) = {r € R, : ¢(#;) = ¢/4}, which is unique since ¢ : R —
Ry is strictly increasing and left continuous. Since

Fr Ty (#(t1))
> Foy(0(0,'t1)) = Fey(¢(p7't1)), t1 €R,,Vne Zo,,¥x,y€X, (3.48)
Frmyrmy(¢(t1)) = Fey(¢(p™"11)), & €R,,Vn,m e Zy,,¥x,y € X. (3.49)

Thus, there exists the limit limy,;_, oo Frmy, rmy,(¢(£1)) = Fyy(00) = 1, then, for any given
e €R,, L €(0,1) and t = t1o(e) = {r € R, : ¢p(t10) = €/4}, there is my = my (e, 1) € Zo,
such that Fpm, rm,(e/4) >1 -4, Ym(e Zy,) > mqy, so that one gets from (3.47) and (3.49):

FT*mx,T*my(g)

> Apt(Fromgm(#(t0)), Ay (1 = &, Fpsm pmyp(t10))), - Vx,y € X. (3.50)

Since {T,,} — T*, max(Fpemy pmy(p(t10)), Frem pmy(@(t10))) — 1 as m — oo, Vn € Zy,,
Vx,y € X, and there exists mgy = mp(P(t),A) € Zo, such that max(Frem, pm,(¢(to)),
Frpam pmy(@(t0))) > 1 — X, Vn € Zo,, Ym(€ Zo,) > mp, we have Framygpem,(¢(tyo)) >
1 - X, Vm(e Zo,) > mp = max(mog,mgy), and the following limit exists:
limy,, oo Freny 7+ny(@(f10)) = 1, ¥,y € X, so that {(T*"x - Ty} — 0. By choosing y = T*x,
this leads to lim,, , o Frsns1, pen,(¢(t10)) = 1 and (T%' % - T*Mx} — 0,Vx € X, since ¢ — 0%
implies that ¢(t,) — 0%, since ¢ : R — Ry, is a ®-function. Then {T*"x} is a Cauchy
sequence. Since (X,F,Ay) is complete we have {T*"'x} — x*(€ X) in the sense that
Frong,x(€) > 1 — A, Vu(€ Zo,) > ny = no(e, A). It is now proved that such a point x* is a
fixed point of T* : X — X. Assume that this is not the case so that (T*"x} — x* # Tx*.
Then, by using a similar reasoning to previous ones, since Fy«n,,(£/2) — 1 as n — 0o we
have Frsny,(e/2) >1— X, Vn > ng(€ Zoy,) = no(e, A) for any given ¢ € R, and A € (0,1). Thus
there is some A = Ag(¢) € (0,1) and a strictly increasing subsequence {n} C Zy, such that

1-2p> FT*”kx*,x* (8) > AM(FT*nkx*'T*”kx(g/z)!FT*"kx,x* (8/2)) > FT*"kx,x* (8/2) (351)

But the limit of the right-hand side convergent subsequence equals unity as that of the
whole sequence, that is,

khm FT*”kx,x* (8/2) = lim FT*"x,x* (8/2) =1, (352)
— 00 n— 00

which leads to the contradiction Ao < 0 and there is no subsequence {n;} C Zo, such that
{T*"x} — x* # T"x* so that x* € Fix(T*). Since it has already been proved that (T x -
T*'y} — 0, the fixed point is unique so that x* € Fix(T*) = {x*}. From the existence of the
limit limy,;,_, oo Frmy, 7my,(¢(t1)) = Fx,y(00) = 1 previously proved as a consequence of (3.49),
it follows that {Tx— Ty} — 0 as m — 00, Vn € Zy,, Yx,y € X; it follows in the same way
that if {T)"x} is a Cauchy sequence Vx € X, then it is convergent to a limit point x7, since
(X, F, An) is complete and the limit point for any initial condition in X is the unique fixed
pointof T, : X — X, Vn € Z,.

It is now proved that 7* : X — X is ¢-contractive. Assume that 7% : X — X is not ¢-
contractive. Then there is a sequence {x;} C X generated as x,1 = T x; with {ni} C Zo,
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and T*"0x, # xo # x* such that one gets for some real constant p € (0,1)

FT*”kxk,T*”k+1xk (¢(t))
=F *Zl ont *Zl Onlx (¢(t))

SE s, prxkon,, (90) < Frovs s (@) =1-p <1, VteR,. (353)

Since there exists the limit limg_, o F . oy s 0ing (t) = Fo +(0%) = 1, V£ € R, we
can take limits as k — oo in (3.53) to get the contradlctlon 1=Fu,+(0*)<1-p<l.Asa
result, T* : X — X is ¢-contractive. On the other hand, since Fix(T*) = {x*}, there exists
the limit 1im,,_, oo Frngs ponyx (9(£)) = 1 = Fye e (0%), V£ € R, so that {x} —x*} — 0. O

4 Simulation examples

This section contains some numerical examples regarding the theoretical results intro-
duced in the previous Section 3. The first example of [30] will be used to illustrate how
the results in the deterministic case move accordingly to the probabilistic set-up. Thus,

consider the iterative scheme defined by (3.1) with T'(x) = on [0, +00) and

l+x
- ) W2, ) @)
Sna1 = Tun = (03" T? + 0" T + o T" + g I) %,

Vn € Zy,. The above description can be useful, in particular, for modeling a discrete-
time probabilistic system reflecting the given structure and, in that case, the nth run-
ning subscript index denotes successive samples. The probabilistic metric is given by

Foy(t) = & d ) where d(x, y) is a metric, selected in this example as d(x, y) = ||x — y|| where
Il - || stands for the Euclidean norm. Clearly, ([0, +oo),Fx,y(t), Ap) is a Menger PM space.
Consider, firstly, the sequence of constant weights o " = 0. 2 0.3 0.8 0.9] for all # > 0.
We are now in a position to apply Theorem 3.1 since Zl 0 a =22>0, a(") =m, =0 for
all 7 > 0 and (3.2) holds trivially. Furthermore, since T is a strict contraction satisfying
the condition d(T'(x), T(y)) < pd(x,y) with p = 1/2, we have

() - () _ p (1)
¢(t) + d(xn+2¢xn+l) - d’(t) + pd(xn+1:xn) p71¢(t) + d(xn+1’xn)’

Fxn+2v~xn+1 (¢(t)) =

so that for ¢(¢) = ¢,

p~'p() _ ¢(p7'?)

Fanaen (P0) 2 o ey = 3010 + dCormn)

= Fxn+l:xn (¢ (p_l t))’

and (3.3) also holds. Accordingly, the sequence of iterates {x,} is bounded for all n > 0
and converges to the unique fixed point of T, x = 0, regardless of the initial condition xy.
These claims are verified through a numerical simulation in Figure 1.

Figure 1 shows how the iterates converge to zero, the unique fixed point of 7', for differ-
ent initial conditions. Furthermore, Figure 2 shows the behavior of the probability metric
as # increases. It can be noticed that, as Theorem 3.1 claims, Fy , ,(¢) tends to unity

asymptotically.
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6
time(samples)

Figure 1 Evolution of the sequence of iterates for different initial conditions.

n increases

0.2 T

. . . .
0 5 10 15 20 25 30 35 40
Parameter t

Figure 2 Evolution of the probability metric Fxp41.n () @s nincreases.

Now, we may consider the time-varying weights given by

(1) (n+1)
Ao, o >0.1,
Ol;wrl) _ i i (41)
0.1, otherwise

forall > 0and 0 <i <3 with &@ =[0.2 0.3 0.8 0.9], 49 = 0.95, A; = 0.9, A, = 0.85
and A3 = 0.8. The 0.1 lower-bound has been included in (4.1) so as to satisfy the condition
Zf‘(:o af") > 0. The evolution of the weights is depicted in Figure 3:

As it can be noted in Figure 3, the weights are decreasing with time until they reach the

constant lower bound of 0.1 where they stop decreasing and become time-invariant. In
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Figure 3 Evolution of the time-varying weights ot(()"), o(%"), ot(z") and océ") through (4.1).
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Figure 4 Iterates for different initial conditions and weights defined by (4.1).

fact, Figure 3 shows that this happens for # > 14, approximately. Moreover, notice that
~(1) 2) @ 1) 1)
57| = Jag” — 3’| = [Ase5” — 5|
1- 0.5
—1hs -1’ =0.2:09=018> —£ = =2 _0.125
k+1 4
so that (3.2) of Theorem 3.1 no longer holds. However, since the weights converge to a
finite limit, the operator sequence T, converges to a constant one 7™ and we are in a
position to apply Theorem 3.3. Therefore, as Figure 4 displays, the sequence of iterates is
bounded and converges to the unique fixed point of 7%, which is x = 0.
One of the main advantages of the results established in Theorem 3.3 is that it is not nec-
essary to satisfy the conditions of Theorem 3.1 for all samples since a potentially arbitrary
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Figure 5 Evolution of the probability metric as n increases.

variation in the weights is admitted on certain subsets of the natural numbers by relaxing
the contractive constraint on the operator. Therefore, the family of admissible time varia-
tions for which the stability of the iteration scheme is guaranteed is enlarged with respect
to other approaches. Finally, Figure 5 shows the time evolution of the probability metric.
As can be seen in Figure 5, the probability metric tends asymptotically to unity again as
Theorem 3.3 holds.
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