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1. Introduction

The Banach fixed point theorem for contraction mappings has been generalized and extended in many directions, see e.g.,
[1-7,9-19,22,25,26] and references therein. Recently Nieto and Rodriguez-Lopez [21], Ran and Reurings [24], Petrusel and
Rus [23] presented some new results for contractions in partially ordered metric spaces. The main idea in [20,21,24] involve
combining the ideas of iterative technique in the contraction mapping principle with those in the monotone technique.

Recall that if (X, <) is a partially ordered set and F : X — X is such that for x, y € X, x < y implies F(x) < F(y), then
a mapping F is said to be non-decreasing. The main result of Nieto and Rodriguez-Lopez [20,21] and Ran and Reurings [24]
is the following fixed point theorem.

Theorem 1.1. Let (X, <) be a partially ordered set and suppose there is a metric d on X such that (X, d) is a complete metric space.
Suppose F is a non-decreasing mapping with

d(F(x), F(y)) <kd(x, y) (11)

forallx,y € X, x <y, where 0 <k < 1. Also suppose either
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(a) F is continuous or
(b) if {xs} C X is a non-decreasing sequence with x, — x in X, then x, < x for all n hold.

If there exists an xg € X with xo < F(Xg), then F has a fixed point.

The works of Nieto and Rodriguez-Lopez [20,21] and Ran and Reurings [24] have motivated Agarwal et al. [1], Bhaskar
and Lakshmikantham [2] and Lakshmikantham and Ciri¢ [11] to undertake further investigation of fixed points in the area
of ordered metric spaces. Hence, the following question is bound to arise:

Question 1.2. Is it possible to obtain a probabilistic metric space version of Theorem 1.1 and prove fixed point theorems for
mappings satisfying a more general contraction condition than (1.1).

The purpose of this paper is to give an affirmative answer of Question 1.2. We prove the existence and approximation
results for a wide class of contractive mappings in probabilistic metric space. Our results are an extension and improvement
of the results of Nieto and Rodriguez-Lopez [20,21] and Ran and Reurings [24] to a more general class of contractive type
mappings and include several recent developments.

2. Preliminaries

K. Menger introduced the notion of a probabilistic metric space in 1942 and since then the theory of probabilistic metric
spaces has developed in many directions [27]. The idea of K. Menger was to use distribution functions instead of nonnegative
real numbers as values of the metric. The notion of a probabilistic metric space corresponds to situations when we do not
know exactly the distance between two points, but we know probabilities of possible values of this distance. A probabilistic
generalization of metric spaces appears to be interest in the investigation of physical quantities and physiological thresholds.
It is also of fundamental importance in probabilistic functional analysis.

Throughout this paper, the space of all probability distribution functions (briefly, d.f’s) is denoted by AT = (F:
R U {—o00,+00} —> [0,1]: F is left-continuous and non-decreasing on R, F(0) =0 and F(+oc) = 1} and the subset
DT C AT is the set D¥ = {F € A*: I"F(4o00) = 1}. Here I~ f(x) denotes the left limit of the function f at the point x,
I7 f(x) = lim;_,,~ f(t). The space A7 is partially ordered by the usual point-wise ordering of functions, i.e., F < G if and
only if F(t) < G(t) for all ¢t in R. The maximal element for A* in this order is the d.f. given by

0, ift<Oo,

t) =
fo®) {1, ift > 0.

Definition 2.1. ([27]) A mapping T : [0, 1] x [0, 1] — [0, 1] is a continuous t-norm if T satisfies the following conditions:
(a) T is commutative and associative;

(b) T is continuous;

(c) T(a,1)=a for all ae[0,1];

(d) T(a,b) < T(c,d) whenever a<c and c<d, and a, b, c,d € [0, 1].

Two typical examples of continuous t-norm are Tp(a, b) =ab and Ty (a, b) = Min(a, b).
Now t-norms are recursively defined by T! =T and

T"X1, ..o Xng1) = T(T" 1, X0), Xng1)

forn>2and x; €[0,1], forallie{1,2,...,n+1}.
A t-norm T is said to be of HadZi¢ type if the family {T"},cn is equicontinuous at x = 1, that is,

Vee(0,1)I8€(0,1):a>1-6=T"a)>1—¢ (n=1).
Ty is a trivial example of a t-norm of HadZi¢ type, but there exist t-norms of HadZi¢ type weaker than Ty, [8].
Definition 2.2. A Menger probabilistic metric space (briefly, Menger PM-space) is a triple (X, F, T), where X is a nonempty

set, T is a continuous t-norm, and F is a mapping from X x X into D% such that, if Fy , denotes the value of F at the pair
(x, y), the following conditions hold:

(PM1) Fy y(t) =¢&o(t) for all t > 0 if and only if x=y;
(PM2) Fy y(t) =Fy(t) for all x,y € X, t > 0;
(PM3) Fyxz(t45) = T(Fxy(t), Fy,(s)) forall x,y,ze X and t,s > 0.

Definition 2.3. Let (X, F, T) be a Menger PM-space.
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(1) A sequence {x;}, in X is said to be convergent to x in X if, for every € > 0 and A > 0, there exists positive integer N
such that Fy, x(¢) > 1 — X whenever n > N.

(2) A sequence {x,} in X is called Cauchy sequence if, for every € > 0 and A > 0, there exists positive integer N such that
Fxpxn(€) > 1 —A whenever n,m > N.

(3) A Menger PM-space (X, F, T) is said to be complete if and only if every Cauchy sequence in X is convergent to a point
in X.

Definition 2.4. Let (X, F, T) be a Menger PM space. For each p in X and A > 0, the strong A-neighborhood of p is the set

Ny ={qeX: Fpq()>1—1},
and the strong neighborhood system for X is the union {J,cy NV where N, = {Np(1): 1 > 0}.

The strong neighborhood system for X determines a Hausdorff topology for X.

Theorem 2.5. ([27]) If (X, F, T) is a Menger PM-space and {p,}, and {q,} are sequences such that p, — p and q, — q, then
limy o Fp, g, (t) = Fp q(t) for every continuity point t of Fp 4.

3. Main results
Definition 3.1. Suppose (X, <) is a partially ordered set and A,h: X — X are mappings of X into itself. We say A is a

h-non-decreasing if for x, y € X,
h(x) <h(y) implies A(x) < A(y). (1)

In the proof of our first theorem we use the following two lemmas:

Lemma 3.2. ([8]) Let (X, F, T) be a Menger PM space with T of HadZi¢-type and {x,} be a sequence in X such that, for some k € (0, 1),
Frpsnir (kt) 2 Fx, %, (6) (n>1, t>0).

»Xn+1

Then {x,} is a Cauchy sequence.

Lemma3.3.IfF,G € D" and, for some k € (0, 1),

F(kt) > min{G(t), F(t)}, Vt=>0,
then F(kt) > G(t), Vt > 0.
Proof. Suppose, with the view to obtain a contradiction, that there exists tg > 0 such that G(tp) > F(ktg). Since by as-
sumption F(ktyp) > min{G(tg), F(to)}, it follows that F(kty) > F(tg). As F is non-decreasing and k < 1, one then has that
F(t) = F(tg) for all ktg <t < tg. So in fact G(tg) > F(tg). Let m = sup{t > 0: F(t) = F(tp)}. Since F € DV, it follows that

m < oo and choose t; € (km,m) and t; € (m, t1/k). Then t, > m and kt, < t; and so we have, as F is non-decreasing and
t1 <m,

F(ktz) < F(t1) < F(to) < F(£2)-

This implies F(kty) > G(t2) (as F(kty) > min{G(ty), F(t2)}). Since G(tg) > F(tg), we have
G(to) > F(to) > F(kt2) = G(t2) > G(to),

a contradiction. Thus our assumption G(tg) > F(tg) is wrong. The proof is complete. O

Theorem 3.4. Let (X, <) be a partially ordered set and (X, F, T) be a complete Menger PM-space under a t-norm T of HadZi¢-type.
Let A, h : X — X be two self-mappings of X such that A(X) C h(X), A is a h-non-decreasing mapping and, for some k € (0, 1),

Fa), Aty (k) = Min{ Fro.ny) (), Frxy, a00 ©), Friyy,agn O} (3.2)

forallx, y € X for which h(x) <h(y) and allt > 0.
Also suppose that h(X) is closed and

if {h(xn)} C X is a non-decreasing sequence with h(x,) — h(z) in h(X),
then h(z) < h(h(2)) and h(x,) < h(2) for all n hold. (3.3)

If there exists an xg € X with h(xg) < A(Xg), then A and h have a coincidence. Further, if A and h commute at their coincidence points,
then A and h have a common fixed point.
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Proof. Let xo € X be such that h(xg) < A(Xp). Since A(X) C h(X), we can choose x1 € X such that h(x;) = A(xp). Again from
A(X) C h(X) we can choose x; € X such that h(x;) = A(xq). Continuing this process we can choose a sequence {x,} in X
such that

h(xp+1) = A(xp) foralln > 0. (3.4)
Since h(xp) < A(xp) and h(xq) = A(xp), we have h(xg) < h(x1). Then from (3.1),

A(xo) < A(x1),
that is, by (3.4), h(x1) < h(x2). Again from (3.1),

A(x1) < Ax2),
that is, h(xz) < h(x3). Continuing we obtain

Ax0) < AR < AX2) S AX3) < -+ < An) S ACng1) < -+ (35)

Since from (3.4) and (3.5) we have h(x,—1) < h(x,), from (3.2) with x =%, and y = x;+1,

F ), AGs) KO = Min{ Fhoo) hxas ) ©s Fhoa), 4 ) Fhxen), Aeen © -
So by (3.4),

FA(a) A1) (KE) = Min{ Fax, 1), 406 (©) FAy 1), 4000 ()5 FAG), A1) (0]
hence

F ), AGs) (KO = Min{F a, 1), a0 0+ FAG), Ay ()} (M€N, t>0).
By Lemma 3.3, it follows that

Fa(xn), AGast) kD) 2 Fa@y_1), A ®) (€N, £ >0).

Now, by Lemma 3.2, {A(x,)} is a Cauchy sequence.
Since h(X) is closed and as A(xp) = h(x,+1), there is some z € X such that

nlLrgo h(xp) =h(2). (3.6)

Now we show that z is a coincidence of A and h. Since from (3.3) and (3.6) we have h(x,) < h(z) for all n, then from
(3.2) we have

F ), A2 (k) = Min{ Frix) nz) (), Frx), Ao ©), Fazy,a (O} (£ > 0).

Letting n — oo we get

Fr(z), a2 (kt) = Min{ Fp() 1z (). Friz)hz (0, Frz),am ©) (3.7)
for all t > 0. Therefore,

t
Frz),a@®) 2 Frez), A (E) (t>0).

From here we get

t
Frez),a)(t) 2 Fr(z),Az) (k_”
concluding that Fy(;) ¢ (t) =1 for all t > 0. Then, by (PM1), A(z) = h(z). Thus we proved that A and h have a coincidence.
Suppose now that A and h commute at z. Set w = h(z) = A(z). Then
A(w) = A(h(2)) =h(A2) =h(w).

Since from (3.3) we have h(z) < h(h(z)) =h(w) and as h(z) = A(z) and h(w) = A(w), from (3.2) we get

)—)l asn— oo, forallt>0,

Fu, aow) (kt) = Fa@), aew) (kt) = Min{ Fp(z) now) (0. Friz), 4@ (), Frow), aw) (O}, (3.8)
that is,

Fa@), aw)kt) = Fae), aw) (),
hence, similarly as above, A(w) = A(z). Since A(z) =h(z) = w, we have

A(w)=h(w)=w.

Thus we proved that A and h have a common fixed point. O
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Remark 3.5. Note A is h-non-decreasing can be replaced by A is h-non-increasing in Theorem 3.4 provided h(xg) < A(Xp) is
replaced by A(xg) > h(xp) in Theorem 3.4.

Corollary 3.6. Let (X, <) be a partially ordered set and (X, F, T) be a complete Menger PM-space under a t-norm T of HadZi¢-type.
Let A : X — X be a non-decreasing self-mapping of X for which there exists k € (0, 1) such that

Faw,a)kt) > Min{Fx,y(f), Fx.a)(®), Fy ay) (t)}
forallx, y € X with x < y and all t > 0. Also suppose either

(i) if {xy} C X is a non-decreasing sequence with x, — z in X, then x,, < z for all n hold or
(ii) A is continuous.

If there exists an xg € X with xo < A(xg), then A has a fixed point.
Proof. Taking h = I (I = the identity mapping) in Theorem 3.4, then (3.3) reduces to the hypothesis (i).
Suppose now that A is continuous. Since x,+1 = A(xy), for all n > 0, and x,;,; — z, then
A(z) = A(lim x;) = lim A(xp) =z. O
n—oo n—-oo
Theorem 3.7. Let (X, <) be a partially ordered set and (X, F, Tp) be a complete Menger PM-space. Let A, h : X — X be two self-
mappings of X such that A(X) C h(X), A is a h-non-decreasing mapping and, for some k € (0, 1),

Fa, A k) = Min{ Frgo.ny) (0. Fr, 400 ©), Friyy, ai) ©), Fro,ac) (14 @0, Frgyy, a0 (1 — @0} (3.9)

forallx, y € X for which h(x) <h(y) andallt > 0,q € (0, 1).
Also suppose that

if {h(xn)} C X is a non-decreasing sequence with h(x,) — h(z) in h(X),

then h(z) < h(h(2)) and h(x,) < h(z) for all n hold. (3.10)
and that h(X) is closed. If there exists an xg € X with h(xgp) < A(xp), then A and h have a coincidence. Further, if A and h commute at
their coincidence points, then A and h have a common fixed point.
Proof. As in the proof of the preceding theorem, starting with xo € X be such that h(xp) < A(xg), we can choose a sequence

Axo) < A(x1) < A(X2) S A(X3) <+ < AXn) < AXnp1) < - - (3.11)

Since h(x,_1) < h(xp), it follows that

F Ao, A1) (KE) = Min{ Fiix,) hxn ) ) Fhien). ace) € Fhxnsr). A (),
Fhoen, () (1 4+ D), Frixeen, ac (1= t) ],

and thus

FAGn). AGons1) (KE) = Min{ F age, 1), ace) ()5 FAGu_ 1), A () FAG). A1) (0 FA®_1). Ay (1 D), 1}
Since by (PM3),
FAGn_1). A1) (1 @) = Min{F o, 1) A ©), Fage). A1) @0},

we have

F At A1) (KE) = Min{ Fac, 1) Ax) ©) FAGn). AG11 O FAGKR), A1) (@0 }-
Letting ¢ — 1 we get
F A, Ay 1) (KE) = Min{Fac, 1) A ©), FAGn), AG 1) (O}

Now, as in the proof of the preceding theorem, it follows that {A(x;)} is a Cauchy sequence.
Since h(X) is closed and as A(xp) = h(x;+1), there is some z € X such that

lim_ h(xn) = h(2). (3.12)

Now we show that z is a coincidence of A and h. As h(x,) < h(z) for all n,
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F ), A2 (k) = Min{ Frx) n(2)(©), Frx), Ac) @) Friz), a@ ) Frxy, a@) (1 + @), Fry,amn (T—@t)}.  (313)

Letting n — co we get

Fh@zy, a2 (k) = Min{Fuz) hz ), Faz)n O, Frz),a@) ©), Fre),acm (14 @), Frz e ((1T— )] (3.14)

for all t > 0. Therefore,

Frzy,a) () 2 Fr(z), ) (é) (t>0).
Hence we get A(z) = h(z), proving that A and h have a coincidence.
Suppose now that A and h commute at z. Set w = h(z) = A(z). Then
A(w) =A(h(2)) =h(A@2)) = h(w).
Since h(z) < h(h(z)) =h(w) and as h(z) = A(z) and h(w) = A(w), we get
Fuw, acw)(kt) = Facz), acw) (kt)
= Min{ Frz) nw) (®), Frz),F @) (®)s Faow), Faw) ®)s Faawy, ai) (14 Dt), Frizy, aow) (1 —@)t)}
= Fa@),am ((1 = q). (3.15)
Letting g — 0 we get
Fa@),aw)kt) = Faz), aow) (),
hence A(w) = A(z). Since A(z) =h(z) = w, we conclude that
Aw)=h(w)=w,

that is, A and h have a common fixed point. O

Corollary 3.8. Let (X, <) be a partially ordered set and (X, F, Ty;) be a complete Menger PM-space. Let A : X — X be a non-
decreasing self-mapping of X such that, for some k € (0, 1),

Fa,ay) (kt) = Min{Fx y(t), Fx a00(®), Fy, a0 ©), Fx. a0 (1 + @t), Fy a0 (1 = )t) } (3.16)
forallx,y € X forwhichx < y and allt > 0, q € (0, 1). Also suppose either

(i) if {xn} C X is a non-decreasing sequence with x, — z in X then x, < z for all n hold or
(ii) A is continuous.

If there exists an xy € X with xo < A(xp), then A has a fixed point.

Proof. Taking h = I (I = the identity mapping) in Theorem 3.7, then (3.10) reduces to the hypothesis (i).
Suppose now that A is continuous. Since x,+1 = A(xy), for all n > 0, and x,;, — z, then

A(z) = A(lim x;) = lim A(xp) =z. O
n—-oo n—oo
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