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normed spaces, the so-called S-probabilistic normed spaces, is given. In order to
study the fixed point problems, some relevant properties of S-probabilistic normed
spaces are discussed and some basic useful results are obtained; (2) The notion of
probabilistic weak convergence is firstly presented in this paper. Therefore the
probabilistic weak and strong convergence theorems of fixed points for nonexpansive
mappings, asymptotically nonexpansive mappings and strongly pseudocontractive
mappings are also proved by using the new methods and techniques.

Keywords: probabilistic normed spaces; nonexpansive mappings; strongly
pseudocontractive mappings; fixed point; weak convergence; iterative method

1 Introduction and preliminaries
Probabilistic metric spaces were introduced in 1942 by Menger [1]. In such spaces, the no-
tion of distance between two points x and y is replaced by a distribution function F;,(z).
Thus one thinks of the distance between points as being probabilistic with Fy, () repre-
senting the probability that the distance between x and y is less than ¢. Sehgal, in his PhD
thesis [2], extended the notion of a contraction mapping to the setting of Menger proba-
bilistic metric spaces. For example, a mapping 7 is a probabilistic contraction if T is such
that for some constant 0 < k < 1, the probability that the distance between image points
Tx and Ty is less than kt is at least as large as the probability that the distance between x
and y is less than t. Probabilistic normed spaces were introduced by Serstnev in a series
of papers [3—6]. Then a new definition was proposed by Alsina, Schweizer and Sklar [7].
This new definition revived the study of probabilistic normed spaces. The properties of
these spaces were studied by several authors; here we shall mention [8-11], but see also
the survey papers [12, 13].

Next we shall recall some well-known concepts and definitions which will be used later
in this paper. For more details, we refer the reader to [14].
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Definition 1.1 A triangular norm (shorter A-norm) is a binary operation A on [0,1]
which satisfies the following conditions:

(a) A is associative and commutative;

(b) A is continuous;

(¢) Ala,1)=aforallae[0,1];

(d) A(a,b) < Alc,d) whenever a < cand b < d for each a,b,c,d € [0,1].

The following are the three basic A-norms:

Ai(a,b) = max(a + b -1,0);
Ny(a,b) =a - b;

As(a, b) = min(a, b).
It is easy to check that the above three A-norms have the following relations:
Al(a; b) = A2(51) b) = A3((1) b)

for any a,b € [0,1].

Definition 1.2 A function F(¢) : (00, +00) — [0,1] is called a distribution function if it
is nondecreasing, left-continuous and lim;_, _, F(£) = 0. In addition, if F(0) = 0, then F is
called a distance distribution function.

Definition 1.3 A distance distribution function F satisfying lim;_, ;o F(£) = 1 is called a
Menger distance distribution function. The set of all Menger distance distribution func-
tions is denoted by D*. A special Menger distance distribution function is given by

0, t<0,
1, t>0.

H(t) =

Definition 1.4 A probabilistic metric space is a pair (E, F), where E is a nonempty set, F is
a mapping from E x E into D* such that if F,, denotes the value of F at the pair (x,y), the
following conditions hold:

(PM-1) F,,(t) = H(t) ifand only if x = y;

(PM-2) F,,(t) = F)(¢) for all x,y € E and ¢ € (—00, +00);

(PM-3) F,.(t) =1, F,(s) =1 implies Fy, (¢ +s) =1 forall x,y,z € E and —00 < £,5 < +00.

Definition 1.5 A Menger probabilistic metric space is a triple (E,F,A), where E is a
nonempty set, A is a continuous ¢-norm and F is a mapping from E x E into D* such
that, if F,, denotes the value of F at the pair (x,y), the following conditions hold:

(MPM-1) F,,(t) = H(t) if and only if x = y;

(MPM-2) F,,(t) = F,,(t) for allx,y € E and ¢ € (—00, +00);

(MPM-3) Fy,(t +5) = A(Fx(t), F,y(s)) forallx,y,z€ Eand £ > 0,5 > 0.

In 2014 (18], Su and Zhang gave a new definition of probabilistic metric space, the
so-called S-probabilistic metric space. In this definition, the triangle inequality has been
changed to a new form.
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Definition 1.6 ([18]) An S-probabilistic metric space is a pair (E,F), where E is a
nonempty set, F is a mapping from E x E into D* such that, if F,, denotes the value
of F at the pair (x, ), the following conditions hold:
(SPM-1) F,,(t) = H(¢?) ifand only if x = ;
(SPM-2) Fy,(t) = Fy«(t) for allx,y € E and t € (—00, +00);
(SPM-3) Fi,(t) = Fi.(t) % F,,(t), Vx,y,z € E, where F,,(t) * F,,(t) is the convolution
between F,(¢) and F,,(¢) defined by

Fonlt) % oy (6) = /0 T Et - wdE., ().

Example 1.7 ([18]) Let E be a nonempty set, S be a measurable space which consists of
some metrics on E, (€2, P) be a complete probabilistic measure space and f : Q@ — S be a
measurable mapping. It is easy to think that S is a random metric on E, of course, (E, S) is
a random metric space. The following expression of distribution functions Fj,(t), Fx (%)

and F,,(¢) is reasonable:
Fyy(t) = P{f {d € S;d(x,y) < t}},
and
F,.(t) = P{f‘l{d €S;dx,z) < t}},
and
E.y(t) =P{f{d € S;d(z,y) < t}}
for all x,y,z € E. Since
{f {d € S;d(x,y) < t}} > P{f‘l{d € S;d(x,2) +d(z,y) < t}}
and it follows from probabilistic theory that
P{fd e S;dx,2) + d(z,y) < t}} = Fu.(t) % F,,,(2).
Therefore
Fyy(t) > Fy,(¢) x F,,(t), Vx,9,z€E.
In addition, the conditions (SPM-1), (SPM-2) are obvious.

Definition 1.8 ([7]) A probabilistic normed space is a pair (E, F), where E is a linear space,
F is a mapping from E into D* such that, if F, denotes the value of F at the pair %, the
following conditions hold:

(PN-1) F,(t) = H(¢) ifand only if x = 6;

(PN-2) Fj.(t) =F, (I)»I) forall x € E and ¢ € (—00, +00), A # 0;

(PN-3) Fi(t) =1, F,(s) = 1 implies Fy,, (¢t +s) =1forallx,y € E.
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Definition 1.9 ([8]) A Menger probabilistic normed space is a triple (E, F, A), where E is
a linear space, A is a continuous ¢-norm and F is a mapping from E into D* such that, if
F, denotes the value of F at the point x, the following conditions hold:

(MPN-1) F,(¢) = H(¢) if and only if x = 6;

(MPN-2) Fy.(t) = Fx(ﬁ) forallx € E and t € (—o0, +00), A #0;

(MPN-3) F.,(t +5) > A(Fx(t), Fy(s)) forallx,y e Eand £ > 0, s > 0.

Inspired by reference [18], in this paper, we shall give a new definition of probabilistic
normed space, the so-called S-probabilistic normed space. In this definition, the triangle
inequality has been changed to a new form. We shall also give an example of S-probabilistic
normed space.

Definition 1.10 An S-probabilistic normed space is a pair (E, F), where E is a linear space
and F is a mapping from E into D* such that, if F, denotes the value of F at the point «,
the following conditions hold:

(SPN-1) F,(t) = H(¢) if and only if x = 6;

(SPN-2) Fi,(t) = x(ﬁ) forall x € E and ¢t € (—o0, +00), A #0;

(SPM-3) F,,,(t) > Fi(t) x F,(t), Vx,y € E, where F,(t) * F,(t) is the convolution between
F,(t) and F,(¢) defined by

F(t) * F)(t) = /0~+0<> Fi(t — u)dF,(u).

Example 1.11 Let E be a linear space, S be a measurable space which consists of some
norms on E, (2, P) be a complete probabilistic measure space and f : 2 — S be a mea-
surable mapping. It is easy to think that S is a random metric on E, of course, (E,S) is a
random normed space. The following expression of distribution functions F,(t) and F,(z)
is reasonable:

E(0) =P HIl- I € Sl < £}},
and
Fy(6) =PI - I € S liyll < 2} }
for all x,y € E. Since
Pl e S llx+yl <e}} =PI I € Sillxll + Iyl < £}),
and it follows from probabilistic theory that
P - I €S llxll + llyll < £}} = Fult) % Fy (8).
Therefore
Foot) > E) Fy(), VxyeE.

In addition, the conditions (SPN-1), (SPN-2) are obvious.
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Definition 1.12 ([8]) Let (E, F) be a probabilistic normed space.

(1) A sequence {x,} in E is said to converge to x € E if for any given ¢ >0 and A > 0,
there must exist a positive integer N = N(g, A) such that Fy,_,(¢) > 1 — A whenever
n>N.

(2) A sequence {x,} in E is called a Cauchy sequence if for any ¢ > 0 and X > 0, there
must exist a positive integer N = N(g, A) such that F,_, (¢) > 1 — A, whenever
n,m>N.

(3) (E,F,A) is said to be complete if each Cauchy sequence in E converges to some
point in E.

The purpose of this paper is to present a new class of probabilistic normed spaces and
to study fixed point problems in this class of probabilistic normed spaces. This paper in-
cludes the following two contents: (1) The definition of a new class of probabilistic normed
spaces, the so-called S-probabilistic normed spaces, is given. In order to study the fixed
point problems, some relevant properties of S-probabilistic normed spaces are discussed
and some basic useful results are obtained; (2) The notion of probabilistic weak conver-
gence is firstly presented in this paper. Therefore the probabilistic weak and strong con-
vergence theorems of fixed points for nonexpansive mappings, asymptotically nonexpan-
sive mappings and strongly pseudocontractive mappings are also proved by using the new
methods and techniques.

2 Basic properties of S-probabilistic normed spaces
Let (E, F) be an S-probabilistic normed space. For any x € E, we define

el = / £dE,(0).
0

Since ¢ is a continuous function and F,(t) is a bounded variation function, so the above
integral is well defined. In fact, the above integral is just the mathematical expectation of
F,(t). Throughout this paper we assume that

+00
lxllr = f tdF,(t) < +00, Vx€E,
0

for all probabilistic normed spaces (E, F) presented in this paper.

Next we give the following basic notations of average convergence. Let (E, F) be an S-
probabilistic normed space:

(1) A sequence {x,} in E is said to converge averagely to x € E if

+00

lim tdF,, (t) = 0.

n—00 0

(2) A sequence {x,} in E is called an average Cauchy sequence if

+00

lim tdE,, ., (t) = 0.

mm—o0 [

(3) (E,F) is said to be average complete if each average Cauchy sequence in E converges
averagely to some point in E.
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We denote by x, — x that {x,} converges to . It is easy to see that x, — x if and only
if limy,—, o0 Fy,-(t) = H(¢) for any given ¢t > 0. We denote by x, = x that {x,} converges

averagely to x.

Theorem 2.1 Let (E,F) be an S-probabilistic normed space. For any x € E, we define
+00
Il F = / tdF,(t), Vx€E.
0

Then || - ||n is a norm on E.
Proof Since F,(t) = H(t) (Vt > 0), if and only if x = 8, and

/ tdH(t) = 0,

0

we know the condition || x|z = 0 < x = y holds. For any real number 4, if » # 0, we have

el = / tdF, ()
0

=/ tdpx<i)

0 [A]
+00 t

[ gn(3)
o Al [A]

= |AllxllEs

if A = 0, the equality ||Ax||r = |\|||x|| is obvious. Next we will prove the triangle inequality.
For any %,y € E, from (SEN-5) we have

Fx+y(t) = /tFx(t - Lt) dFy(u)
0

By using the property of convolution (integer property), we know

/ tdF,.(t) < / tdF(t) + / tdF,(t),
0 0 0

which implies
lx+yle < lxlle + IyllE.

This completes the proof. O

Definition 2.2 A b-normed space is a pair (E, || - ||), where E is a linear space, || - || : E —
R* = [0, +00) is a real function and b > 1 is a constant, the following conditions hold:
(BN-1) [lx| =0 < x=0;
(BN-2) [Ax|l = [A|[lx] for all x € E, A € (—00, +00);
(BN-3) |l +y|l <b|x|| +b|y| for all x,y € E.
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Theorem 2.3 Let (E,B, A1) be a Menger probabilistic normed space. For any x € E, we
define

Il [ edro.
0
Then || - ||g is a b-norm with b =2 on E.

Proof The conditions (BN-1) and (BN-2) are obvious. We only need to prove the general
triangle inequality (BN-3)

¢+ e <2lxllz+2lyls Vxy€E.

In fact,
weyla= [ edEe, 0
0
+00 t t
= / tdmax{l—"x<—) +Fy<—> —1,0)
o 2 2
+00 t t
- [ eal(z) 5 (5))
+00 +00
:/ tde(£>+/ tdl-}(z)
0 2 0 2
+00 t t +00 t t
[t () e[ L (4)
0 2 2 o 2 2

=2|lxllz + 2llyll5-

This completes the proof. d
Definition 2.4 Let (E, F) be an S-probabilistic normed space. Let f be a real linear func-
tional defined on E, if x, — x implies f(x,) — f(x), f is said to be a continuous linear
functional. Let E*1 denote the set of all linear continuous functionals defined on E. E*! is
called the first-type conjugate space of E. If x,, = x implies f(x,) — f(x), f is said to be an
average continuous linear functional. Let E*2 denote the set of all linear average continu-
ous functionals defined on E. E*? is called the second-type conjugate space of E.

Theorem 2.5 E*1 C E*2,

Proof We need only to prove that x,, = x implies x,, — x as n — oc. If not,
+00
lu=sla= [ tdF (0= 0
0

as n — 00, but

lim Fy,_(t) = H(£)

n—00
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is not right. Then there exist numbers £ > 0, 0 < X < 1 and a subsequence {n} of {n} such

that Fxnk—x(to) < Mg for all k > 1. In this case, we have

+00
o =alla = [ tdy, 0
0

to +00
- / tdF,, () + / tdF,, (t)
0

to
+00
= ‘/t tdenk—x(t) = tO(l _Fxnk—x(t))
0
> t()(l - )\0) > 0.
This is a contradiction. This completes the proof. O

Definition 2.6 Let (E, F) be an S-probabilistic normed space. A sequence {x,,} C E is said
to probabilistically converge weakly to an element x if lim,,_, o f (x,,) = f (x) for any f € E*1.

3 Weak and strong convergence theorems for some nonlinear mappings in
S-probabilistic spaces

Theorem 3.1 Let (E,F) be an S-probabilistic normed (Banach) space. Then (E, || - ||f) is
an inner product (Hilbert) space if and only if

f - t* d(2F,(t) + 2F,(t) — Fypy — Fxy(£)) = 0 (3.1)
0

forallx,y € E.

Proof Condition (3.1) can be rewritten to

+00 +00 +00 +oo
2 / 2 dE,(£) + 2 / 2 dE,(t) = / t* Ay (t) + / t* dE, (). (3.2)
0 0 0 0

By using the probabilistic theory, we know that (3.2) is equivalent to

+00 2 +00 2 +00 2 +00 2
z( fo tde(t)> +2( fo tde(t)) =( fo tde+y(t)) +< fo tde_y(t)>.

Therefore condition (3.1) is equivalent to
2020 + 20917 = I+ 17 + llx =y (3.3)

It is well known that (3.3) is called the parallelogram condition for the inner product space,
so that the conclusion of Theorem 3.1 is right. The proof is complete. d

Theorem 3.2 Let (E,F) be an S-probabilistic normed (Banach) space which satisfies con-
dition (3.1). Then

1 +00
(x,y) = 2 /O £ d(Fx+y(t) - Fx—y(t))



Xu et al. Fixed Point Theory and Applications (2015) 2015:155 Page 9 of 17

forall x,y € E is an inner product and
I*llF = v/ (%)
forallx € E.

Proof By using Theorem 3.1, we know if condition (3.1) holds, then (E, | - || ) satisfies the
parallelogram condition (3.3). In this case, we know that

1
(,9) = 7 (e + 51 = = y117) (3.4)

for all %,y € E is an inner product. On the other hand, (3.4) can be rewritten to

+00 2 +00 2
<x,y>=i<( /0 tde+y(t)) —< /0 thx_y(t)) )

for all x,y € E. By using the probabilistic theory, we know that

+00 2 +00 2 +00 +00
_ _ 2 _ 2
( /0 tde+y(t)> ( /0 tde_y(t)> /0 £ dF,., (1) /0 £ dF,., ().

This implies that

+00 2 +00 2 +00
( /0 tdFHy(t)) —( /o tdey(t)> = /0 £* d(Fyiy(t) = Fey(0)).

Therefore

1 +00
(x,y) = 2 /0 £ d(Fx+y(t) - Fx—y(t))

for all x,y € E is an inner product. From (3.4), the second conclusion is obvious. The proof
is complete. O

Definition 3.3 Let (E, F) be a probabilistic normed space. A mapping T : E — E is said to
be Lipschitz if there exists a constant L > 1 such that

t
Fro_13(t) > Fx—y(Z); Vt € (—00, +00)

forall x,y € E, if L = 1, the mapping T is said to be nonexpansive.
Theorem 3.4 Let (E,F) be a probabilistic Banach space with condition (3.1), T : E — E

be a nonexpansive mapping with nonempty fixed point set F(T). For any guess xy € E, the
Mann iterative sequence {x,} is defined by

Xn+l = (1 - Oln)xn +ay Txm
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where {a,} is a real number sequence which was assumed to satisfy the condition

o0
Z o,(1-a,) = oco.
n=0

Then {x,} probabilistically converges weakly to a fixed point of T

Proof From Definition 3.3, we have

+00

ITx = Tyl = / tdF ()

—00

5/ tdF, ,(t) = lx-yllr, Vx,y€EL,

o0

so that 7T is also a nonexpansive mapping in the framework of Banach space (E, || - ||£).
Therefore, by using Mann’s result [15], we know that {x,,} converges weakly to a fixed point
x* of T. That is, for any f € (E, || - |r)*, we have

Jim ) ().

By using Theorem 2.5, we know that (E,F)* C (E, || - ||r)*, so for any f € (E,F)*, we have
also that

lim f(x,) = £ (x%).

That is, the Mann iterative sequence {x,} probabilistically converges weakly to x*. The

proof is complete. O

In 2004, Xu proved the following strong convergence theorem for nonexpansive map-

pings in a uniformly smooth Banach space.

Theorem 3.5 ([16]) Let (E, F) be a uniformly smooth Banach space, C be a closed convex
subset of E and T : C — C be a nonexpansive mapping with nonempty fixed point set and
f:C— C be a contraction. Assume that the sequence {«,} C [0,1] satisfies the following
conditions:

1) lim,_ s 0ty = 0;

(2) D02 ay = +00;

(3) either lim,— 0o 221 =1 0r Y o2 |ots1 — oty = +00.

Apn

For any guess xy € E, the iterative sequence {x,} generated by

K1 = +otuf () + (1 — o) Ty,

converges strongly to a fixed point of T .

By using Theorem 3.5 and an ingenious method, we can prove the following convergence
theorem for nonexpansive mappings in the framework of probabilistic Banach space.
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Theorem 3.6 Let (E, F) be a probabilistic Banach space with condition (3.1), T : E — E be
a nonexpansive mapping with nonempty fixed point set F(T) and f : C — C be a contrac-
tion. Assume that the sequence {o,} C [0,1] satisfies the following conditions:

1) lim,_ o 0ty = 0;
(2) 252 on = +00;

( ) Xp+l

2
3 il =1 or > |1 — o] = +00.
For any guess xy € E, the iterative sequence {x,} generated by

either lim,,_,

KXntl = +ar(f(xn) +(1-a,)Txy,
probabilistically converges to a fixed point of T.

Proof By the same reasoning as in Theorem 3.4, we know that the mapping T : E — E is
also a nonexpansive mapping in the framework of Banach space (E, || - ||). Condition (3.1)
implies that (£, || - | ) is a Hilbert space, so the conditions of Theorem 3.5 were satisfied. By
using Theorem 3.5, we know that the iterative sequence {x,} converges in norm || - | to a
fixed point x* of T'. That is, x, = x*, which implies x, — x* (see the proof of Theorem 2.5).
The proof is complete. O

Definition 3.7 Let (E, F) be a probabilistic normed space. A mapping T : E — E is said to
be probabilistic asymptotically nonexpansive if

t
FT”x—T"y(t) = Fx—y(k_>) Vit e (—OO, +OO)

n

for all x,y € E and all positive integers n, where k, € [1, +00) and lim,_, o k, = 1.

In 2000, Osilike and Aniagbosor proved the following weak convergence theorem for
asymptotically nonexpansive mappings in the framework of uniformly convex Banach
space with Opial’s condition.

Theorem 3.8 ([17]) Let E be a uniformly convex Banach space satisfying Opial’s condition,
and let K be a nonempty closed convex subset of E. Let T : K — K be an asymptotically
nonexpansive mapping with F(T) # W) and a sequence {k,} C [1,+00) such that limk, =1
and Y .2, (k, — 1) < +oc. Let {u,} and {v,} be bounded sequences in K, and let {a,}, {b,)},
{cu}, {an}, {Bu), {yu} be real sequences in [0, 1) satisfying the conditions:

1) ap+b,+cp=ay+Bu+y,=1,Vn>1;

(2) O<a<pB,<b<1,Vn=>1;

(3) limy— 0 By = 0;

(4) D02 Cn <400, Y 02 Y < +00.

Then the sequence generated from an arbitrary x; € K by

Y = Ay + by T %y + Cythy,

n
X+l = OpXy + ,BnT Yn + CyVn,

converges weakly to some fixed point of T .
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By using Theorem 3.8 and an ingenious method as in Theorem 3.6, we can prove the fol-
lowing probabilistic weak convergence theorem for nonexpansive mappings in the frame-
work of probabilistic Banach space.

Theorem 3.9 Let (E, F) be a probabilistic Banach space with condition (3.1). Let T : E — E
be an asymptotically nonexpansive mapping with F(T) # ) and a sequence {k,} C [1, +00)
such that limk, =1and ", (k, — 1) < +00. Let {u,} and {v,} be bounded sequences in K,
and let {a,}, {b,}, {cu}, {on}, {Bu}> {vn} be real sequences in [0,1) satisfying the conditions:

D) ap+b,+cp=ay+Bu+y,=1,Vn>1;

(2) O<a<pB,<b<1,Vun=>1;

(3) limy— o0 Br = 0;

(4) D o1 Cn <400, Y 021 Y < +00.

Then the sequence generated from an arbitrary x; € K by

Y = Ay + by T %y + Cythy,

Xl = OpXy + ﬁn T"J’n + CyVny
probabilistically converges weakly to some fixed point of T .

Proof Condition (3.1) implies that (E, || - ||r) is a Hilbert space. Since T : E — E is proba-
bilistic asymptotically nonexpansive, from Definition 3.7 we have

+00 +00 ¢
f tdAFpny_my(£) < / tdF,., (—)
0 0 kn

for all x,y € E and all positive integers n, where k, € [1, +00) and lim,,_, o, k;, = 1. This im-
plies that

|T"% = T ; < kullx = yll£

for all x,y € E and all positive integers n, where k, € [1,+00) and lim,,_, k, =1. Then T
is an asymptotically nonexpansive mapping from a Hilbert space (E, || - ||r) into itself. By
using Theorem 3.8, we know that the iterative sequence {x,} converges weakly to some
fixed point x* of T. That is, for any f € (E, || - ||)*, we have lim,,_, . f (x,,) = f(x*). By using
Theorem 2.5, we know that (E,F)* C (E, || - ||r)*; therefore, for any f € (E,F)*, we have
lim,_, o0 f (%) = f(x*). Then {x,} probabilistically converges weakly to some fixed point
of T. The proof is complete. d

Let E be a real Banach space and let J denote the normalized duality mapping from E
into E* given by

J@) = {f €E - f) = IfI* = IxI*}, x€E.

Recall that a mapping 7 with domain D(T) and range R(T) in a Banach space is said to
be pseudocontractive if there exists j(x — y) € J(x — y) such that

(Tx - Ty, j(x —9)) < llx = y1%, Vx5 € D(T).
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Recall that a mapping with domain D(T') and range R(T) in a Banach space is said to be
strongly pseudocontractive (k-strongly pseudocontractive) if there exists j(x —y) € J(x — )
such that

(Tx = Ty, j(x ~y)) < kllx = yI%,  Vx,y € D(T),
where k € (0,1) is a constant. In a Hilbert space, the above inequality can be written as
(Tx— Ty, x—y) <kllx—yl*>, Vx,y€D(T).
In 1974, Deimling [19] proved the following fixed point theorem.

Theorem 3.10 Let E be a real Banach space, K be a nonempty closed convex subset of E,
and T : K — K be a continuous strongly pseudocontractive mapping. Then T has a unique
fixed point in K.

Lemma 3.11 Let E be a real Hilbert space, K be a nonempty closed convex subset of E,
and T : K — K be an L-Lipschitz k-strongly pseudocontractive mapping with Lipschitz
constant L > 1. Then T has a unique fixed point x* in K and for any given xo € K, the

iterative sequence
X+l = (1 - I'Ln)xn + Ty (35)

converges strongly to x*, where {u,} C (0,1) is a sequence of real numbers which satisfies
the following condition:

2 -2k

e S 36
ri-2k = (36)

O<up<u<
for some constant .

Proof From condition (3.6), we have
2 -2k

L2 +1-2k

& p(l+L*-2k)<2-2k

O<u<

w(L+ L% —2k) + 2k <2

p(l+L%) +2k-2uk <2
pw(l+L%) +2k-2uk—-2<0

Wt pul?+2k-2uk-2<0

w? + 2L + 2uk -2k =21 < 0

1+ p2+ p2L? + 2uk —2u2k —2p <1

U I O

=)+ p?l? +2u(l- wk<1. (3.7)



Xu et al. Fixed Point Theory and Applications (2015) 2015:155 Page 14 of 17

Let T), = (1 — w)I + uT, where I is the identity operator. For Vx,y € K, we have

1T~ Tyl
==+ uTx— -y - u1y)
=((L-pwx+puTe— Q- p)y—pnTy Q- pwx+puTe— (1 - p)y - nTy)
=((1- W& —y) + uw(Tx - Ty), A - ) (x — y) + w(Tx - T9))
= (1= ) llx =y + w2 | T = Tyll* + 201 = ) (Tx — Ty, - p)
< (L= w)llx = yl* + WL [lx = yI1* + 21 = wkllx - yII>

= (1= p)* + 1L + 20 (1 = pK) lx ~ |2, (3.8)
From (3.7) we know
0<@—p)?+pL?+2u— pwk<1.

From (3.8) we know that T, is a contractive mapping from K into itself. By using the
Banach contraction mapping principle, we know that T, has a unique fixed point x*. That

is,
x =T =1 - + nTx",

which is equivalent to x* = Tx™.
From condition (3.6), we have

pn(1+ L% = 2k) < u(1+L* - 2k),
pn(L+L?) + 2k = 2k =2 < ju(1+ L?) + 2k — 21k - 2,
W + nl? + 2k = 2,k =2 < o+ puL? + 2k — 2uk - 2,
Mfl + uﬁLz + 2,k — 2uflk — 2y < u+ L+ 2uk = 2uk -2 < 0, )
1+M3, +,LL3,L2 +2pc,,k—2,uf,k—2u,, <1+ p?+p2L? +2uk — 2%k —2u <1,
(A= pn)? + poL? + 20,1 — )k < (1= )* + 2L + 2(1 - pk < L.

Next we prove that the iterative sequence defined by (3.5) converges strongly to x*. Ob-

serve

1 — )
= @ = ) (0 = 67) + (T — %) |
= (1= ) (0 = &%) + (Do = %), (1= ) (00 = &) + pn (T — %))
= (1= )0 = || + 02| T = T* | + 20,1 = ) (T, — T, — )
< (U [ =2 |* 4 1222 60— 2% |* + 2021~ )]s — 2

= (1= pn)? + 12L% + 200, (1 = p,)K) |20 — * 2. (3.10)
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From (3.9) and (3.10) we have
2 2
||x,,+1 —-x* || < ((1 )Pl s 2u(1- ,u,)k) ||x,, —x* || —0
as n — 00, so that x, — x* as n — oco. This completes the proof. O

Next, we give the definition of probabilistic strongly pseudocontractive mappings in a

probabilistic normed space.

Definition 3.12 Let (E, F) be a probabilistic normed space. A mapping T : E — E is said
to be probabilistic strongly pseudocontractive (k-strongly pseudocontractive) if

FTx—Ty+x—y(\/z) = 4kFx—y(t2) + FTx—Ty—(x—y)(\/z) (311)
forallx,y € E, t € [0,+00), where k € (0,1) is a constant.

Theorem 3.13 Let (E,F) be a probabilistic Banach space with condition (3.1), K be a
nonempty closed convex subset of E, and T : K — K be an L-Lipschitz k-strongly pseu-
docontractive mapping with Lipschitz constant L > 1. Then T has a unique fixed point x*
in K, and for any given xq € K, the iterative sequence

X1 = (L= )% + pn Txy, (3.12)

probabilistically converges to x*, where {i,,} C (0,1) is a sequence of real numbers which

satisfies the following condition:

0 27K s
< <UL ———7 n=z1
s BS ok

for some constant .

Proof Noting that
FroTyrny(W1), 4KEy_y (£) + Froe1y-(s—y)(V/2)
are nondecreasing and
Fro 1yay(V0) =0, 4kF, (0°) + Fry_1y-v5)(+/0) = 0.

Therefore, from (3.11) we have, for all x,y € E, that

+00 +00
f tdFTx—TyHc—y(\/z) = f td(4'kFx—y (tz) + FTx—Ty—(x—y)(\/E));
0 0

which implies that

1 +00 +00
Z / tz d(FTx—Terx—y(t) - FTx—Ty+y—x(t)) = k/ \/Zde—y(t)
0 0



Xu et al. Fixed Point Theory and Applications (2015) 2015:155 Page 16 of 17

for all v,y € E. From Theorem 3.2 and Definition 3.3, we have

(Tx— Ty, x—y) <kllx-yll}, VxyeE,

ITx - Tylr < Lllx - yllr, Vx,y€E.

This shows that T is an L-Lipschitz k-strongly pseudocontractive mapping with Lipschitz
constant L > 1 in a Hilbert space (E, | - ||r). By using Lemma 3.11, we know that 7 has
a unique fixed point x* in K, and for any given xy € K, the iterative sequence defined by
(3.12) converges in norm | - | to x*. Noting that the convergence in norm || - || implies the
probabilistic convergence, so that the iterative sequence defined by (3.12) probabilistically
converges to x*. This completes the proof. 0

Remark The research into probabilistic normed spaces and relevant fixed point theory is
an important topic. Many relevant results have been given by some authors [14, 20—34].
However, the profound relationship with the probabilistic theory has not received close
attention. The S-probabilistic normed spaces and relevant probabilistic methods will play
an important role in the theory and applications.
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