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Abstract. We prove common fixed point theorems for three commuting self-mappings
on complete metric spaces which generalize and unify some previously known results.
Examples and applications to Menger spaces and random operator equations are also
given.

1. Introduction

In [4] we established common fixed point theorems for a pair of commuting self-
mappings on a complete metric space satisfying the g-quasi-contraction and a
metric condition of Fisher-Sessa, or Fisher-Iseki type, where g is a self-function
of R* satisfying the following properties
(91) g is a non-decreasing function;
(92) g is right-continuous;
(93) V>0 g(t) <t
(94) Flim 9t) < 1.
t—oo

Based on the approaches of [4, 8], we extended the results of [4] to the case
of three commuting mappings in [1, 3]. Afterwards following a suggestion by
Prof. Tien, we made an attempt in order to improve the mentioned results by
considering instead of (g4) the following weaker condition

gt
G0 T
t—oo
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In fact it turned out that one can slightly adapt the arguments of [1, 3] for
the purpose above. With condition (g4) involved, the main goal of the present
paper is to show that the results of [1, 3] remain true for a wider class of functions
g. As the reader will see later, the heart of the paper is Lemma 5.2 below, which
shows that any self-function of R, satisfying properties (g1) — (¢3), (g4), can be
majorated by a nice function satisfying (g1) — (¢g4), i.e. the described situation
can be reduced in the obvious manner to the one treated in [1, 3]. However
in order to underline several interesting features of (g4) one feels plausible an
exposition with proofs based generically on exploiting the existence of upper
limit in (g4) that is certainly of independent interest. In a sense the paper
should be considered as an extended version of preprint [3]. As for illustration
purpose we discuss several examples in detail. We give also some applications
to the class of Menger spaces with ¢t-norm T > T,, and the theory of random
operator equations.

2. Preliminaries

Let (X,d) be a complete metric space, f;, i = 0,1,2 three commuting self-
mappings on X such that:

(1) fi(X) C fo(X), i=1,2;

(2) f1 and fs satisfy the following g-quasi-contractive condition

d(frz, fay) < g(mo(frz, fay)), Va,y € X, (2.1)

where mO(flxa ny) ‘= max {d(fofa ny)a d(fol‘, flx)a d(nya f2y)7 d(fo% f2y)7
d(foy, fir)} and g is a function : R* — R satisfying properties (g1)—(g3), (94).

Let us introduce the following new conditions which are generalizations of
metric conditions of Fisher—Sessa type, or Fisher-Iseki type (cf. [9, 10] and also
4)):

There exists a point x € X such that

sup  {d(f My, 1Y), n=0,1,2,...; i=1,2} < . (2.2)
Y,y €0y, ()

There exist a point € X and a constant M such that
d(fi My, f1y') < (n+1)M, Vy,y' € O, (), (23)

forn=0,1,2,... and i =1, 2.

Here Oy, (x) denotes the orbit of  under fy. It should be noted that in some
cases it is worth considering also the following conditions for the function g:
(91')  g(0) = 0;

(g2") g is upper semi-continuous.
Before proceeding further we make some easy remarks: (gl) and (¢3) clearly
imply (g1'); (g1) and (¢2') imply (g2).

The following claim compares (g4) with property (¢g4’) first appeared in [5]
(9#)  lim (t - g(t)) = oo,
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Claim. With property (g3) fulfilled we have implication (g4) = (g4'), while the
converse (g4') = (g4) is not true.

—9(t
Proof. Assume g:= lim & < 1. Taking g, such that § < g, < 1, then by

t—o0o t
definition of the upper limit one sees that there exists ¢y (depending on g,) such

that g(t)/t ¢ [qy, 1] for all ¢ > tg, or equivalently
t
? <To, V>t
Hence
t—g(t) >t(l —gy) — +oo, as t— +oo,
as claimed.

For the second statement one can take g, (t): = at, if t € [0,1), and g, (t): =
[t]Vt/(Vt+ 1), if t € [1,400), where a € [0,1/2] is a constant and [t] denotes
the greatest integer not exceeding t; another example is ¢(¢):= 0, if ¢ € [0, 3),
and g(t): = [t] — [logyt] — 1, if ¢ € [3,+00).

For our later use we need the following two auxiliary lemmas.

Lemma 2.1. Assume that we are given g satisfying properties (g1'), (92'), (93).
Then
(i) for everyt > 0 fixed one has lim ¢"(t) = 0;

n—oo

(ii) for any sequence {d,} of non-negative real numbers such that d,+1 < g(d,),
n=12,..., we have lim d, = 0.
n—oo

For a proof see, e.g. [4].

Lemma 2.2. Assume that the conditions (g1), (93), (g4) are fulfilled. Then
(i) For any fized integer k > 0

where G: = tlim g(t)/t.
— 00
(ii) There exist a positive integer ko and to: = t(ko) depending on ko such that

t
gk(t)<§, Yt > to, k> k.

Proof.
(i) If g(t) is bounded, as t — oo, (i.e. § = 0), then the first statement is obvious.
Otherwise one may apply the product formula for upper limits to

9"/t =1g")/g" OLls" T (1)/g" (O] - [9° () /9 (D)-lg() /1].

(ii) As above after taking gy: § < g, < 1 one can choose ko satisfying q’g" <1/2
and tg, depending on ko, q, such that in view of (¢3), (i) and by definition
of the upper limit we have for any Vk > ko, t > tg
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k k
9"(t) _ 97°) _ kg _ ko _ 1
< <7 <qy < -,
t = ¢ 1 St S5
hence the conclusion (ii) easily follows. m

Note that examples above show that conclusion (ii) of Lemma 2.2 is false
if g = 1. In fact there are examples satisfying (g1) — (¢3), (94), but tlirn g(t)/t
—00

does not exist. For every positive g9 < 1/2 fixed we construct the sequence {n;}
and function g.,(¢) as follows: ng = 0, ny = 1, nox = nog—1 + 1, Nogt1 =

1/2
[nok] +1, k=1,2,..., where § := ﬁ. We put g, (t): = nar—1(1/2— o)
— €0

for t € [n2g—1,n2k) and g, (t): = ngk(1/2 —i—EO) for t € [nok, nog11). It is easy to
verify that g, (t) satisfies (g1) — (¢3), (g4): tlim g(t)/t =1/2 4 eg. At the same
—00

time ge, (N2k—1)/N2k—1 — 1/2 — €0, gey(N2k)/N2k — 1/2+ €0 as k — oo.
Let 0(A): = sup{d(z,y) : x,y € A} denote the diameter of a subset A of X
and

O(a,00): = { fo 1" f3 - kymyn = 0,1,2,... };
Lemma 2.3. Let commuting mappings fo, f1, f2 satisfy (2.1) — (2.2). Then
I[O(x, x0)] < 0.

Proof. If we denote by O(x,N):= {fkfmfrz : 0 < k,m,n < N}, N
1,2,..., then §[O(z,1)] < §[O(z,2)] < ..., so it is clear that §[O(x,00)]
sup {5[(’)(30,N)] N =1,2,... } Next putting g mn:= f¥f"fyx, in view of
(2.1) one has for 0 < k,m,n,ki,mi,n1 <N, m >0, ng >0

(6{$k+17M—17"7 Lhki+1,m1,n1—1 Lhym,ny Lky,mi,n1 }’)

(3[O(, N)]).

d(xkam7n7xk1,m17n1) <g
<g

Since fo, f1, f2 are commuting and because of property (¢3) of g without loss
of generality we may assume that there are the following possibilities we have
to consider:

1. 8[O(z, N)| = d(ffx, f&x). In view of (2.2) and the triangle inequality we
have

5[0z, N)| < d(f§x, f1f§x) +d(fLfEx, £ o) < 2L,

where

L:= sup {d(ffy, 1Y), n=0,1,2,...; i=1,2} <oo.
y,y' €0y, (x)

2. 8[O(x, N)| = d(f¥z, 2k, my.n,) with my > 0. Applying (2.1), (2.2) and the
triangle inequality one gets
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0[0(z, N)] < d(fyw, fofyz)+d(fafyz, [ f3" fg'x) < L+g(S[O(x, N))). (2.4)

3. 8[O(x, N)] = d(fy fbx, f2 f¥2) with n > ny. The case n; = 0 reduces to
the inequality (2.4) above. Further again the triangle inequality implies that

00(x, N)| < d(f3 f§, 11 fo) + d(f] f§, f37 f* ).
So we can apply (2.1) to both terms on the right-hand side, e.g. for d(f3 f¥=,
frfhz), say, we have

d(f3 fow, f7 fow) < g(OUfE~ o e SN G , £ fo'w, ST fo'w}).
In view of (g1),(g3) and (2.2), either d(f3 f¥z, frfkz) < g(L) < L, or one can
descend further by applying (2.1)

50, V)] < g" (610w, m)]) + g™ (3[0(a,))) < 24™ (GO, N))).  (25)
Now if we choose ng such that gj° < 1/2, then Lemma 2.2 shows that (2.5)
is impossible as far as ny; > ng and §[O(x, N)] is unbounded for N sufficiently
large. Otherwise we have

One concludes therefore that either §[O(z, N)] is bounded for all N, or there

exists a sequence {N,,} such that N,, — oo asn — oo and VN,: (2.4) (or (2.5))
holds. The second possibility leads us to a contradiction with (g4’). n

3. Main Results

The aim of this section is to prove our main theorems which are generalizations
of the results of [1, 3, 4, 9, 10] (cf. also references therein).

Theorem 3.1. Let (X,d) be a complete metric space; f; i =0,1,2 commuting
self-mappings of X such that
(i) fi, 1 =0,1,2 satisfy conditions (2.1) — (2.2) for a function g with properties
(91) — (93), (94):
(i) f;(X) C fo(X), j=1,2
(iil) fo is continuous.
Then there exists a unique common fixed point in X for fo, f1, fa-

Proof.

1. Let us construct the sequence {x,} as follows: for z( arbitrary in X, let
x1 € X, guaranteed by (ii), be such that fazg = fox1 and denote it by yo.
Having defined z,, € X, let ,41 € X be such that fizorr1 = foxorte with
n =2k + 1, and foxor = foror+1 with n = 2k. Letting yor+1 = fi2aok+1, and
Yok = faor we prove that d(foyn, foyn+1) — 0 as n — oo. Say for n = 2k we
have by (2.2)

(6{ foyzk—1, foyzks foyzks1})-
(d(foygk_l, foygk)), or descending further as

d(foyzk, foyzr+1)

So either d(foyak, foyzk+1)
in the proof of Lemma 2.3 yields

<y
<y
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d(foyar—1, foyars1) < g" 1 ([O(x, 00)]).

Both cases together with Lemma 2.3 imply d(foya, foyart1) < g% (6[O(z, 00)]).
Analogously for n = 2k + 1 d(foyzrt1, foyares2) < ¢ (0]O(x,00)]). Sum-
ming up one concludes in view of Lemmas 2.2 and 2.3 that in either case
Jim_d(foyn, foynt1) = 0.
2. Now we prove that the sequence {foy,} is a Cauchy sequence. We assume
contrariwise that this sequence is not Cauchy’s, that is

(¥) Je>0, for every integer N one can choose n(N) > N such that

d(foyn(ny, foyn) > 2¢.

Since d( foyn, foyn+1) — 0 as n — oo, there exists N(e) such that if n > N(e)
then d(foyn, foun+1) < €. In particular it is easy to see that for any N = 2k >
N(e) one can choose 2m(k) > 2k such that

d( foyzk, foyamr)) > €. (3.1)
(Indeed if n(2k) chosen in (*) is odd, say n(2k) = 2m(k) + 1 one can write

d( foYam k) foYam)+1) + d(foyar, foyamk)) = d(foyar, folvamm+1) > 2¢,

which implies (3.1), since d(foYam(k)» foYom(k)+1) < €). One can also assume
that 2m(k) is chosen minimum among such even integers > 2k so that
d( foyar, foyam(k)—2) < €. Combining this and (3.1) we get

e < d(foyzk, foyamm)) < €+d(fovamk)—2> fovamk)—1) +A(foyamk)—1, foYam)),
or as k tends to oo

klilglo d(foyar, foyamm)) = €. (3.2)

On the other hand we have

d(foyzk, foyomm)) < d(foyar, foyzr+1) + d(foyzrr1, foYam))- (3.3)

One has to estimate the term d(foyar+1, foYam(k)) from the right-hand side of
(3.3). From the above and the condition (2.1) of the theorem it follows that

d(foyar+1s fovamy) < g(max{e + d(foyamm)—2, foyzm)—1)s A foyzk, foyart1),
d(foyamk)—1> fovam(k)): € + d(foYamk)—2> foYamk)—1) + d(fovamk)—15 foyam(r)),
&+ d(foyamx)—25 fo(Wamk)—1)) + 2d(foyamm) -1 foyam)) + d(foyzk, foyzrr1)})-

Since lim d(foYn, foyn+1) = 0 and because of (gl) for g this yields
n—0oo

d(foyar+1, fovam@y) < g(e +9) (3.4)

for 6 > 0 and k sufficiently large. In view of (3.2)—(3.4) and the right-continuity
of g one obtains as k — oo and § — 0+ & < g(e), that contradicts (g3). We
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have proven that the sequence {fo(yn)} is Cauchy’s, hence convergent. Let us
call the limit by wu.

3. Now we show that u is a common fixed point of fy, f1, fo and this common
fixed point is unique. We first claim that v = fou Indeed, if © # fou then from
the condition (2.1) and properties of f; we have

d(foyartt, f3y2rr2) = d(fryor, f2.f1y26)
< g(6{ foyzr fofryar, fryzr, foyerta}) < g(6{u, fou,u, fou})

as k is sufficiently large. Letting k tend to co gives a contradiction with (¢g3). So
that d(u, fou) = 0, in other words w is a fixed point of fy. Using the condition
(2.1) of the theorem and assume that u # fiu we estimate

d( fru, foyae) =d(fru, foyara) < g(6{ fou, foyan—1, foyzr, f1u)}) <g(d(u, fiu))

as k sufficiently large. Letting k tend to oo gives a contradiction with (¢g3). So
that u is a fixed point of fi;. Analogously putting = = y = v in the condition
(2.1) of the theorem one obtains that u is also a fixed point of fo. The uniqueness
is almost evident. [ ]

Corollary 3.2. Let (X,d) be a complete metric space; f; i = 1,2 commuting
self-mappings of X satisfying conditions (2.1) with fy =id and (2.2). Then there
erists a unique common fized point in X for fi, fo.

Theorem 3.3. Let (X, d) be a complete metric space; f;, i=0,1,2 commuting
self-mappings of X such that
(i) fi, i =0,1,2 satisfy conditions (2.1),(2.3) for a function g with properties
(g1) — (g3), (g4);
(i) £,(X) C fo(X), j = 1,2
(iil) fo is continuous.
Then there exists a unique common fized point in X for fo, f1, fa.

Lemma 3.4. Under the hypotheses of Theorem 3.3 there exists a constant L
such that for N =1,2,....

6[O(z, N)] < 2NL.

Proof. Indeed as one has seen in the proof of Lemma 2.3, the only step we have
to replace (2.2) with (2.3) is step 2. We have either

§[O(z, N)] < 2nM < 2N M,

where M is the constant from (2.3), or by descending argument 6[O(z, N)| are
bounded. Thus the conclusion of the lemma follows.

Before proving Theorem 3.3 one notes that properties (g1) and (g4) imply
the following property
(g5) klirgo g*(ka) = 0 for a > 0 fixed.
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Indeed recall that g: = tlim g(t)/t < 1in view of (g4), for a chosen g < g, <

1, there exists ¢y as above so that

o)
t

< 405 Vi Z th

in particular for any t > to: g( ) < th Clearly by (g1) and induction applied
to this inequality one gets: g¢*(t) < qot Furthermore putting ¢t = ka we have
for k sufficiently large: ¢*(ka) < @kka. Thus as k tends to oo one obtains the
desired (g5).

We continue the proof of Theorem 3.3. Let {z,, } be the sequence constructed
in proving Theorem 3.1. Taking into account Lemma 3.4 we have

d(foyz+1, foyars2) < g"1 (8[O(x, 2k + 2)]) < ¢" T (4(k +1)L),
d(foyzr foyari1) < g% (0[0(x, 2k +1)]) < " ((4k +2)L).

So property (g5) yields klim d(foyn, foyn+1) = 0. The rest of the proof is iden-
—00
tical to steps 2 and 3 in the proof of Theorem 3.1. ]

Corollary 3.5. Let (X,d) be a complete metric space; let f; i = 1,2, be
commuting self-mappings of X satisfying condition (2.1) with fo =id and (2.3).
Then there exists a unique common fized point in X for f1, fo.

Note that the main results of [4] (and in particular of [5, 7, 9, 10]) are
immediate consequences of Corollaries 3.2, 3.5.

4. Examples

4.1. We can give various examples satisfying the conditions of Theorems 3.1
— 3.3 above. Let X = [0, +00) with usual metric. Consider the following self-
mappings fo(z) = qox, fi(x) = qrz with go > ¢1 > 0, and fa(z) = 0. One
checks easily that fy, f1, fo satisfy the conditions of Theorems 3.1, 3.3 above
with function g(t) = ¢t, ¢ := q1/qgo. Hence they have a unique common fixed
point in X.

4.2. Let N be the set of positive integers. Consider the following self-mappings of
N: fo=id, fi(n):=n+1, fa(n):=n+2. Clearly fy, f1 and f are commuting.
Note that any metric d on N should satisfy d(n,n) = 0. One may try to choose a
metric d such that d(m,n) | to > 0 as min{m # n} — oo. Certainly a plenty of
such metrics exists, for instance, one can define for m > n : d(m,n) = d(n,m): =
a + 1/n® with non-negative a, o; or d(m,n) = d(n,m):= a + 1/¢,(1) with non-
negative a; or d(m,n) = d(n,m): = a + 1/(,(2) with a > —6/72, where for two
last families we use the notation (,(s):=1+1/2°+---+1/n® - the “truncated”
Riemann zeta-function. With these circumstances and if tg > 0 N is a complete
metric space. In fact fo, f1 and fo would satisfy the conditions (2.1)-(2.2) for a
chosen function g with properties (g1) — (¢3), (g4’). But one could not have a
choice for g to satisfy property (g4): such a function fails to satisfy (¢3) at t = to.
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These examples show that the conditions (¢2), (¢3) and (g4) are essential. The
only way to get rid of this “difficulty” at ¢ = tq is as follows: one has to choose the
metric d such that ¢ty = 0, e.g. as a = 0,a > 0; a =0; a = —6/72 respectively
in the above families of metrics. But in this case N is not complete. Clearly one
obtains a completion by adding the point co to N with natural ordering n < oo,
for all n € N and f1, f2 are extended well to the whole N U {oo} in the obvious
manner. So that oo is the unique fixed point of fy, fi, f2 in accordance with
Theorem 3.1.

5. Applications

We now proceed to the case of probabilistic (random) metric spaces. First let us

mention some definitions [11 - 13]. Let dy denote the set of all distribution func-

tions F' with F'(0) = 0 (F' is nondecreasing, left-continuous and sup F'(t) = 1).
teR

A probabilistic metric space (a PM-space) is an ordered pair (X, F) consisting

of a nonempty set X and a symmetric mapping F: X x X — & (F(z,y) is

denoted by F , for (z,y) € X) which satisfies the following conditions:

(1) F, 4(t) =1 for all ¢ > 0 if and only if z = y.

(2) If F;,(t) =1 and F, 4(s) =1, then F, ,(t+s) =1 for all z,y,2z € X and

t,s > 0.

A Menger space is a triplet (X, F,T), where (X, F) is a PM-space, T is a
triangular norm (t-norm) and the Menger triangular inequality F, ,(t + s) >
T(mez(t), Fzy(s)) holds for all z,y,z € X and ¢,s > 0. Recall that a t-norm T
is a commutative, associative and nondecreasing mapping 7': [0, 1] x [0, 1] — [0, 1]
such that 7(0,0) = 0, T'(a,1) = a. There are two important t-norms: T'(a,b): =
min (a,b) and T}, (a,b): = max (a+b—1,0) which will be used frequently in the
sequel. The case (X, F, min) was studied extensively (see, e.g. [6, 14] and cited
references therein). In this case for each A € (0,1) one can define a pseudo-metric
dx by putting dx(z,y) = sup {t: Fy 4(t) <1 — A} so that

F,,(t) >1—X ifand only if ¢ > dy(x,y). (5.1)
The following lemma is a key point in applications below.

Lemma 5.1. Let g:RT — RT be a function satisfying (g1) — (g3), (g4). Then
there exists a continuous and strictly increasing function f:RT — Rt satisfying
(g4) such that g(t) < f(t) <t for all t > 0.

Proof. Firstly one constructs a continuous and strictly increasing function fy on
[0,1] such that g(t) < fo(t) <t for t > 0, as in [6, Proposition 1]

ao:=min(t — g(t)), an:= min t—g(t)) for neN,
0 [172]( g(1)) [1/(%1)71/71]( g(1))
b1:= min {ag,a1}, b,:= min {ao, sy an; 1/nn+ 1)}, for n>2,

f0(0):=0, fo(l/n):=1/n—>b,, andfor te[0,1/n(n+1)]
Jo@/(n+ 1) +¢t):=[1—n(n+ 1)t]f(1/(n+1)) +n(n+ )tf(1/n).
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Next as in the proof of Claim and Lemma 2.2, for a chosen g < g, < 1, in view of
(g4), there is Ng = N(g,) such that for all t > Ny, ¢(t)/t < Gy. By (g1) — (93)
k

one can take a partition [1, No] = |J I; of [1, Ny] by closed subintervals I; such
i=1
that g(¢)/t is continuous on I; for i = 1,..., k, and putting

qi- = mfaxg(t)/t, gy = Ofgfgik {fO(l)v Qi} <1, to:=sup {t € [Oa 1] : fO(t) - qlt}a
one obtains the required function f(t):= fo(t), if t € [0,%0], and f(t): = gy, if
t e [to, +OO) |

Remark. There are examples showing the necessity of involving the construction
of fo(t) on [0,1]; for instance, one can take g(t):= 1 — et if t € [0,1), and
g(t):=2t/3,if t € [1,400). At this point we may see another interesting feature
of the condition (g4).

One can have an easy application of the result above to Menger spaces with
T = min. Recall that the (e, A)-topology in a Menger space (X,F,T) can be
defined by the family {U, (e, \);z € X,e > 0, A € (0,1)} of (¢, A)-neighborhoods,
where

Us(e, \)i={y e X; Fpule)>1—A}

If sup T(a,a)=1then (X,F,T) is a Hausdorff topological space in the (g, A)-
a€(0,1)

topology. It is easy to see that dy(z,y) = inf {&¢ > 0: y € Uy(g,\)} in the case

T = min. The family {d)} generates the same topology in (X, F,min). In

particular it satisfies the following property: dx(z,y) = 0, VA € (0,1) if and

only if x = y. We now formulate a probabilistic version of conditions (2.2), (2.3):

There exist a point € X and a constant L such that for all y,y’ € Oy, (2)

Fnoiy (D) =1, n=0,1,2,...5 i=1,2 (5.2)

There exist a point z € X and a bounded function ¢: (0,1) — RT such that

inf Fintt, pn, Dey), i=1,2>1-X VAe(0,1), (5.3
yvy/el%fo(ﬂ?) { fi +1y7fi Y ((TL + )@A) v } ( ) ( )

where py: = p(N).
As an immediate consequence of Theorems 3.1 and 3.3 one obtains

Corollary 5.2. Let (X,F,min) be a complete Menger space, fo, f1, f2 three
commuting self-mappings with fo continuous and f;(X) C fo(X) fori = 1,2.
Assume that there exists a function g:RT — R satisfying (g1) — (¢3), (g4) such
that for all x,y in X and t >0

Ffllnf2y(g(t)) > min {Ffo%foy(t)a Ff[)xuflx(t)7 Ffoy,f2y(t)7 Ffo$,f2y(t)7 Ffo%flic((t)}'
5.4
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If, in addition, either (5.2), or (5.3) holds for some x € X, then there exists a
unique common fixed point in X for fo, f1, fo.

Let (X,F,T) be a Menger space. It is well known that if t-norm T satisfies
sup T'(a, a) = 1, then in the (e, A\)-topology X is a metrizable topological
a€(0,1)
space. A t-norm 77 is stronger than a t-norm 75 (written as 77 > T») if T1(a, b) >
T5(a,b), VYa,b € [0,1]. Moreover if there is a pair (a,b) with strict inequality,
then we say 1) strictly stronger than 75. We now extend the method here to
the class of Menger spaces with t-norm T' > Ty, and since by [13] every E-space
is a Menger space w.r.t. t-norm 7,,, we can apply the results of this type to
the theory of random operator equations. In the case T' > T}, one can use the
following metric with nice properties (cf. [2])

B(x,y): = inf{u: Fy,(u") >1—u}.

Theorem 5.3. Let (X, F,T) be a complete Menger space with T > Ty, fo, f1, f2
commuting mappings of X into itself with fo continuous and f;(X) C fo(X) for
i = 1,2. Assume that there exists a function g:RT — RT satisfying (g1) —
(g3), (g4) such that for all z,y in X andt >0

1- Fflﬂﬂyfzy(g(t)) < 9(1 — min {Ffow,foy(t)v Ffow,flw(t)v
Ffoy,f2y(t)7 Ffo$,f2y(t)7 Ffoy,flx(t)})'

Then fo, f1, fo have a unique common fized point in X.

(5.5)

Proof. By Lemma 5.1 there exists a continuous and strictly increasing (hence
invertible) self-function of RT satisfying (g4) such that g(¢) < f(t) <t, V¢ > 0.
Since § is bounded we now show that the condition (2.1) of Theorems 3.1, 3.3
holds w.r.t. the metric 3. Assume the contrary that there exist z,y in X such
that

B(f1z, f2y) > [(mo(fim, fay)), ie. t:=f~1(B(f1z, f2y)) > mo(fiz, foy),

here mo(f1z, f2y) is defined as in (2.1) w.r.t. the metric 3. So in view of the
properties of the metric 8, and by using the monotonicity of f and distribution
functions we have

L= Fpa oy (9(1) = 1 = Frya 5y (F (1) = B(fr2, f2y) > f(mo(frz, f2y))
> f(max{1 = Ffyz oy (B(fox, for)*), 1 = Ffow, pra(B(fox, frx)h),
1= Froy, 12y (B(foy, f29) )1 = Frow, 12y (B fo, f2y)™),
1= Ffoy.p2(B(foy, fr) ) })
> f(max {1 = Fpoa,soy(t), 1 = Froa, 12 (), 1 = Froy, oy (), 1 = Froa, gy (t),
1- Ffo%fll'(t)})
= f(1 = min {Fyoz oy (1), Froz, fr2()s Froy, 2y () Froz, 12y (), Foy,pi2(0)})
> g(1—min { Frou, oy (8) Froz, fre () Froy,fay(t)s Fpow, 2y )y Froy, fra(t) }),
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a contradiction to (5.5). ]

We can apply the results above in showing the existence of a unique solution
of a system of random operator equations.

Let (Q, A, 1) be a complete probability measure space; and let (X,]|-|) be
a normed linear space. By B we mean o-algebra of Borel subsets of X, so
that (X, B) is a measurable space. A mapping z: ) — X is called an X-valued
random variable (or generalized random variable), if x=1(B) € A for all B € B.
A mapping A:Q x X — X is said to be a random operator if for any z € X
A(.,z) is a random variable. A random operator A is continuous if for each
w € Q, A(w,.) is continuous in the topology induced by the norm |-|. The ordered
pair (E,F) is an E-space over (X, |-|) if the elements of F are equivalence classes
of measurable functions from (92, A, 1) into X such that for every z,y € E and
t € R the set {w € QO |z(w) — y(w)| < t} belongs to A, and F is given via
Foy(t): = pf{w e @ |z(w) —y(w)| < t}. By [13] it is known that (E,F,T,,) is a
Menger space. In the following we shall assume that (X, |- |) is a Banach space,
then (E,F,Ty,,) is complete. A random variable z(w) € F is said to be a random
fixed point of the random operator A(w,.) if z(w) = A(w,z(w)), Vw e Q. If A
is continuous, then A(w,z(w)) € E, whenever z(w) € E. Consider the following
system of random operator equations

zo(w) = Ao(w, zo(w)) + ao(w)
r1(w) = A1 (w, 21(w)) + a1 (w) (5.6)
22() = Aa(w,25(w)) + ()
where a; € E, i = 0,1,2. Let f:22 x X — X be defined by fi(w,.):=
Aij(w,.) + a;(w), i = 0,1,2. The corresponding self-mappings of E are de-

fined in a natural way; we shall denote them by the same letters: (f;x)(w):=
Aij(w, z(w)) + a;(w), i =0,1,2.

Theorem 5.4. Let (Q, A, n), (X,|-|),(E,F,Tn), Ai,a;, fi, © = 0,1,2 be as
above. Assume
a) f1(E) C fo(E), f2(E)C fo(E),

) fo, f1, f2 are commuting,
¢) fo is continuous,

) there exists a function g: R — RY satisfying (g1) — (g3), (g4) such that for

allz,y in E andt >0
il € 0 (1)) — (fa0) @) = 9(0)
< g(max{p{w € Q: [(for)(w) —

) =
(
) =
) =
) =

ple €9 (o)) — (h)(@)] 2 1}, 1)
pfw € Q: [(foy)(w) — (fay) (W) =},
pfw € Q: |(fox)(w) — (f2y)(w)] = t},
{w € Q: [(foy)(w) — (fra)(w)] = t}}).
Then there exists a unique solution of the system (5.6).

Proof. Obviously (5.7) is equivalent to
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1= Fpofy(9(1))
< g(l — min {Ffo%foy(t)a Ff[)xufll'(t)7 Ffoy,f2y(t)7 Ffo$,f2y(t)7 Ffo%flic(t)})a

so Theorem 5.3 applies: there exists a unique common fixed point in X for
fo, f1, f2, which is a unique solution for (5.6). ™
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