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Abstract. In this paper, we indicate a way to generalize a series of fixed
point results in the framework of b-metric spaces and we exemplify it
by extending Nadler’s contraction principle for set-valued functions (see
Nadler, Pac J Math 30:475-488, 1969) and a fixed point theorem for set-
valued quasi-contraction functions due to Aydi et al. (see Fixed Point
Theory Appl 2012:88, 2012).
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1. Introduction

In the last decades one can observe a remarkable amount of interest for the
development of fixed point theory, since it has a huge number of applications.

Among the generalizations of the Banach—Caccioppoli-Picard
principle—one of the central results of the above-mentioned theory, known
also as the contraction principle—a central role is played by the following
two:

— the one due to Nadler [22] who extended the contraction principle to
set-valued functions and generated in this way many applications in con-
trol theory, convex optimization, etc. (see [17,31-34] and the references
therein);

— the one due to Bakhtin [5] and Czerwik [13,14] who, motivated by the
problem of the convergence of measurable functions with respect to mea-
sure, introduced b-metric spaces (a generalization of metric spaces) and
proved the contraction principle in this framework. In the last period
many mathematicians obtained fixed point results for single-valued or
set-valued functions, in the setting of b-metric spaces (see, for example,
[1,8-10,18,24,25,30,32,35] and the references therein).

In this paper, we indicate a way (see Lemma 2.2) to generalize a series
of fixed point results in the framework of b-metric spaces and we exemplify it
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by extending Nadler’s contraction principle for set-valued functions (see [22])
and a fixed point theorem for set-valued quasi-contraction functions due to
Aydi et al. (see [4]).

2. Preliminary results
In this section, we sum up some basic facts that we are going to use later.

Definition 2.1. Given a non-empty set X and a real number s € [1,00) , a
function d : X x X — [0,00) is called b-metric if it satisfies the following
properties:

(i) d(z,y) =0 if and only if z = y;

(ii) d(z,y) =d(y,x) for all x,y € X;

(i) d(z,y) < s(d(z,z) +d(z,y)) for all z,y,z € X.

The pair (X, d) is called b-metric space of constant s.

Remark 2.1. As when s = 1, a b-metric space is a metric space, we infer that
the family of b-metric spaces is larger than the one of metric spaces. In other
words, every metric space is a b-metric space. Note that Czerwik proved that
the converse need not be true (see also [4,12,19,23,28]), so the family of
b-metric spaces is effectively larger than the one of metric spaces.

Definition 2.2. A sequence (2, )nen of elements from a b-metric space (X, d)
is called:

— convergent if there exists [ € X such that lim, . d(z,,[) = 0;
— Cauchy if limy, p—ood(Tm,x,) = 0, ie. for every ¢ > 0 there exists
ne € N such that d(x,,z,) < € for all m,n € N, m,n > n..

The b-metric space (X, d) is called complete if every Cauchy sequence
of elements from (X, d) is convergent.

Beside the classical spaces I?(R) and LP[0, 1], where p € (0, 1), one can
find examples of b-metric spaces in [4,6,10,13,14].

Remark 2.2. Asin the case of metric spaces, a b-metric space can be endowed
with the topology induced by its convergence and almost all the concepts and
results which are valid for metric spaces can be extended to the framework
of b-metric spaces.

An et al. [3] proved that every b-metric space is a semi-metrizable space
(i.e. there exists a function d : X x X — [0,00) such that: (i) d(z,y) =0 if
and only if x = y; (ii) d(z,y) = d(y, ) for all =,y € X ; (iii) x € A if and only
if d(z,A)=1inf{d(z,y) |y € A} =0 for every z € X and every AC X).
Consequently, many properties of b-metric spaces are obvious. In addition,
they provided a sufficient condition for a b-metric space to be metrizable and
gave an example showing that, in the framework of a b-metric space (X, d),
there exists an open ball (i.e. a set of the form {y € X | d(x,y) < r}, where
r > 0) which is not open.

In a metric space (X,d), the function d is continuous (i.e.
limy, 0o d(2n, Yn) = d(z,y) for all sequences (2, )nen and (yYp )nen of elements
from X and z,y € X such that lim, oz, =  and lim,_y, = ¥y).
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The fact that this property is not valid for b-metric spaces of constant s (as
Ld(z,y) < lim,_, o d(2y,yn) < lim,—ood(2y,yn) < s%d(z,y) and Ld(z,y) <

—n—00

lim d(n,y) < lim, . ood(rn,y) < sd(z,y), see [21,23,26]) is a motiva-

—n—00

tion of our Definition 3.2.

In the sequel, given a b-metric space (X, d):

— by B(X) we denote the set of non-empty bounded closed subsets of X

— for A, B € B(X), we define the Hausdorff-Pompeiu distance between A
and B by h(A, B) = max{sup,c 4d(a, B),sup,cgd(b, A)}, where d(z, C)
= inf.ccd(x,c) for every x € X and every C € B(X)

—given T : X — B(X), for ¢,d € [0,1] and z,y € X, we shall use the
following notation:

Nea(x,y) = max{d(z,y), cd(z, T(x)), cd(y, T(y)), g(d(% T(y))+d(y,T(x)))}

— for a sequence (z,)nen, of elements from X, sometimes, for the sake of
brevity, we shall use the notation: d,, = d(xy, 2p41), where n € N.

Lemma 2.1. For every sequence (x,)nen of elements from a b-metric space
(X,d) of constant s, the inequality
k-1

d(zo, vx) < S"Zd(%‘, Tit1),
=0

is valid for every n € N and every k € {1,2,3,...,2" — 1,2"}.

Proof. We are going to use the method of mathematical induction. Denoting
by P(n) the statement: d(xq, zy) < S"Zf:_old(mi, Zix1) for every xg, 1, ..., xon
€ X and every k € {1,2,3,...,2" — 1,2"}, as the statements P(0) and P(1)
are obvious, it remains to prove that P(n) = P(n + 1).
Indeed, the above-mentioned implication is true since, on the one hand,

for every k € {1,2,3,...,2" — 1,2"}, using P(n), we have

k—1

d(zo,xk) < S”Zd(:z:i,:ri+1).

i=0
On the other hand, for every k € {2 + 1,27 + 2,...,2" "1 — 1, 27F1} " using
again P(n), we have

d(zo, xk) < s(d(zg, zon) + d(xon, 1))

2" —1 k—1 k—1
<s (Sn > d(wi,wiga) + 5" d(ﬂ%ﬂfiﬂ)) = "N d(wi, i)
1=0 1=2" 1=0

O

Lemma 2.2. FEvery sequence (,)nen of elements from a b-metric space (X, d)
of constant s, having the property that there exists v € [0,1) such that

d(xn+17 xn) < 'Yd(flhu JUn—l)a
for every n € N, is Cauchy.
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Proof. First let us note that
d(l’n_;,_l,ﬂ?n) S ’}/nd(ilfl,l‘o), (1)
for every n € N.
For all m, k € N, with the notation p = [log, k|, we have
A(Tmt1, Tmtk) < 8A(Tmt1, Tmr2) + 8d(Tmt2, Tmtk)
< sd(Timg1, Tmaa) + S A(@my2, Trnso2) + 5°d(Typ02, Tngk)
< Sd(l'm_t,_l, xm-‘rQ) + SQd(xm-‘rQa xm+22) + 83d($m+22, mm+23)
+ Ssd($m+23 s (I)m+k)

P

< and(merQn—l y Tron) + spHd(mep, Tontk)-
n=1

Using Lemma 2.1 and (1), we obtain

A(Trmit1, Tmitk)

m+42""1—1 m+k—27—1
2" Z d(l‘Qn—l+i, x2u—l+i+1) + 32(p+1) ( Z d(x2r4q, $21r+7;+1)>

i=m i=m

IN
M’E

1

3
Il

p+1 m42""1—1 p+1 on—1_1 )
2 2 2n=14g
< 57" Z d(@on-144, Tan-14441) | < d(zo,21) Z s Z R
n=1 i=m n=1 =0
+1 +1
d(3707$1)’vmpz 2n 2t d(fﬂo,m)pz,yzn log,, s+27~1
B 1- v n=1 1- v n=1

Let us note that since lim, o (2nlog, s+ 271 —n) = oo, for a fixed M > 0,

there exists ng € N such that 2nlog,, s +2""1 —n > M, i.e. y*"'°% s+2" 7 <

2nlog, s+2"~ !

M~ for each n € N, n > ng, hence the series Sy is con-

vergent and denoting by S its sum, we come to the conclusion that

d(xg,x1)S
d(Tmy1; Tmrk) < vm(loil),
-7
for all m,k € N. Consequently, as lim, _.y" = 0, we infer that (z,),en is
Cauchy. O

Theorem 2.1. Let (X, d) be a b-metric space of constant s and T : X — B(X)
having the property that there exist ¢,d € [0,1] and « € [0,1) such that:

(i) ads < 1;

(ii) M(T(2),T(y)) < aN¢g(z,y) for all z,y € X.
Then, for every xo € X, there exist v € [0,1) and a sequence (z)nen of
elements from X such that:

(a) zpt1 € T(xy,) for every n € N;

(b) d(zpi1, Tn) < ¥d(Tpn, Tn—1) for every n € N;

(¢) (zn)nen is Cauchy.

Proof. Let us consider § € (a, min(1, i)) ~v = max{0, Qd‘jﬁg} <l,zge X
and x1 € T(zo).
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If 1 = @0, then the sequence (z,,)nen given by x,, = x¢ for every n € N
satisfies (a), (b) and (c).
Since, based on (ii), we have

d(z1,T(x1)) < h(T(x0),T(21)) < aNeq(z0,21) < BN a(z0,21),

there exists xo € T'(z1) such that d(xy, z2) < BN (o, x1).

If xo = 1, then the sequence (x,,)nen given by x,, = z1 for every n € N,
n > 1, satisfies (a), (b) and (c).

By repeating this procedure, we obtain a sequence (2, )nen of elements
from X such that x,41 € T(z,) and 0 < d,, < BN q(zp_1,x,) for every
neNn>1.

Because d(xy—1, T(2p-1)) < dp—1, d(@n, T(zy)) < dp, d(@n-1,T(2,)) <
d(xp—1,Tny1) and d(zy, T(x,—1)) = 0, we have

0< dn < ﬁNc,d(xnfhxn)

d
S ﬂ maX{dn—h Cdna Cdn—la id(xn—h sEn—i—l)}

S ﬂmax {dn—thna Cdn—l; C;S(dn—l+dn)} gﬂmax {dn—la C;S(dn—1+dn)}a

for every n € N, where the justification of the last inequality is the following;:
if, by reduction ad absurdum, max{d,,_1, cd,,, cd,,—1, %(dn,l +dn)} = cdy,
then we get that 0 < d,, < Bed,, < Bd,,, so we obtain the contradiction 1 < .

Consequently, d, < Bd,_1 or d, < %L (d,—1 + dy), i.e. d, < Bdy_1
or d, < %dn_l for every n € N. Thus d, < max{ﬁ,%}dn_l, ie.
A(Xpt1,Tn) < vd(xp, ©n—1) for every n € N.

Hence the sequence (z,),en satisfies (a) and (b). From Lemma 2.2 we
deduce that it also satisfies (c). O

3. Main results

In this section, making use of Theorem 2.1, we present three fixed point
theorems for set-valued functions.

Definition 3.1. A function T': X — B(X) , where (X,d) is a b-metric space,
is called closed if for all sequences (z,,)nen and (yn)nen of elements from X
and z,y € X such that lim, .z, = &, lim, oy, = y and y,, € T(x,) for
every n € N, we have y € T'(x).

Theorem 3.1. A function T : X — B(X), where (X,d) is a complete b-
metric space of constant s, has a fixed point, provided that it satisfies the
following three conditions:
(i) T is closed;
(ii) there exist ¢,d € [0,1] and o € [0,1) such that
MT(2),T(y)) < aNea(z,y) for all z,y € X;
(iii) ads < 1.
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Proof. Taking into account (ii) and (iii), by virtue of Theorem 2.1, there
exists a Cauchy sequence (x,,)nen of elements of X such that

Tnt1 € T(xp), (2)

for every n € N.

As the b-metric space (X, d) is complete, there exists u € X such that
limy, ooy = u (80 lim,—0opt1 = u). We combine (i) with (2) to see that
u € T(u) , i.e. uis a fixed point of T O

Definition 3.2. Given a b-metric space (X, d), the b-metric d is called *- con-
tinuous if for every A € B(X), every € X and every sequence (z,,)nen of ele-
ments from X such that lim, oz, = x, we have lim,, o d(x,, A) = d(z, A).

Our notion of *-continuity of d is stronger than the continuity of d in
the first variable.

Theorem 3.2. A function T : X — B(X) , where (X,d) is a complete b-
metric space of constant s, has a fixed point, provided that it satisfies the
following three conditions:

(i) d is *-continuous;

(i) there exist c,d € [0,1] and a € [0,1) such that

WT(x),T(y)) < aNea(x,y) for all z,y € X;

(iii) ads < 1.
Proof. Based on (ii) and (iii), according to Theorem 2.1, there exists a Cauchy
sequence (2, )nen of elements of X such that

Tniy1 € T(Q?n), (3)

for every n € N.

As the b-metric space (X, d) is complete, there exists u € X such that
lim,, ooy = u.

Then, using (ii) and (3), with the notation d(z,,u) = J,, we have

d(@nt1,T(u)) < (T (zn), T(v) < aNe g(zn, u)

= amax {6n, cd(zn, T(xn)), cd(u, T(u)), g(d(:cn, T(u)) + d(u, T(Jzn)))}

< amax {5717 cdp, cd(u, T'(u)), g(s(én +d(u, T(u))) + 6n+1)} , (4)
for every n € N.

Since lim, o000, = limpood, = 0 and lim,ood(zpt1,T(w))
= d(u,T(u)) (as d is *-continuous and lim, ,.oTp41 = u), upon passing
to limit, as n — oo, in (4), we get

d
d(u, T(u)) < max {ac, 0‘23} d(u, T(w)). (5)
As max{ac, 22} < 1 (see (iii)), from (5), we conclude that d(u,T(u)) = 0,
i.e. u € T(u). Hence T has a fixed point. O

Theorem 3.3. A function T : X — B(X) , where (X,d) is a complete b-
melric space of constant s, has a fixed point, provided that it satisfies the
following two conditions:
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(i) there exist c,d € [0,1] and a € [0,1) such that
WT (2),T(y)) < aNea(z,y) for all z,y € X;
(ii) max{acs, ads} < 1.

Proof. Making use of (i) and (ii), according to Theorem 2.1, there exists a
Cauchy sequence (z,,)nen of elements from X such that x,411 € T(x,), for
every n € N. As the b-metric space (X,d) is complete, there exists u € X
such that lim,, .oz, = u.

First let us note that, as we have seen in (4), we have

d(xn+17 T(u))

< amax {5n, cd(xp, T(xy)), cd(u, T(u)), = (d(xy, T(u)) + d(u,T(mn)))}

N N

< amax {5n, cd(p, T(xy)), cd(u, T(u)), = (d(xy, T(u)) + 5n+1)}

< amax {5n, cdp,, ed(u, T'(u)), g(s(én +d(u, T(u))) + 5n+1))} , (6)

for every n € N.
We divide the discussion into two cases:
A d(u, T(u)) <limy—ood(zp, T(u));
and
B. d(u,T(u)) > limy,—cod(p, T(u)).

In case A, there exists a subsequence (z,, )ren Of (Zn)nen having the
property that limg_,cod(2p, +1,T(u)) > d(u,T(u)), so for every € > 0 there
exists k. € N such that d(u,T(u)) — e < d(xn, +1,T(w)), for every k € N |
k > k.. Hence, taking into account (6), we get

d(u, T(u)) — e
< amax {5nk,cdnk,cd(u7T(u)), g(s(énk +d(u, T(u))) + énk“))} ,

for every k € N, k > k.. By passing to limit as £ — oo in the above inequality,
we get that

d(u,T(u)) — e < amax {cd(u7 T(u)), %dd(u, T(u))}

d
= d(u,T'(u)) max {ac, a;} ,
for every € > 0, so

d(u, T(u)) < d(u, T(u)) max {ac, “;d} .

Since max{ac, agd} < 1, from the above inequality, we conclude that

d(u,T(u)) =0, i.e. uw € T(u), so T has a fixed point.
In case B, there exists ng € N such that

d(zn, T(u)) < d(u, T (u)), (7)
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for every n € N, n > ng. Since d(u,T(u)) < $(0nt1 + d(zpy1, T(n))), ie.
M — Opt1 < d(zpy1,T(u)), using (6) and (7), we get that
d(u, T (u))

s - 6n+1 S d(anrh T(u))

< amax{d,, cdy,, cd(u, T(u)), g(d(mn, T(u)) + 0pt1))}

< amax{d,, cdy,, cd(u, T(u)), g(d(u7 T(uw) + dnt1))}s

for every n € N, n > ng. By passing to limit as n — oo in the above inequality,
we obtain that

d(u, T(u)) < avs max {cd(u, T(w)), gd(u, T(u))} = asmax {c, ;l} d(u, T(w)).

As asmax{c, 2} < 1 (see (ii)), we infer that d(u,T(u)) =0, so u € T(u),
i.e. T has a fixed point. ]

4. Remarks and comments
L Let us recall the following result (see Lemma 3.1 from [29]):
Lemma 4.1. Every sequence (x,)nen of elements from a b-metric space (X, d)

of constant s is Cauchy provided that:
(1) there exists v € [0,1) such that
d(anrh xn) S ’yd(flin7 xn71)7
for every n € N;
(ii) sy < 1.
Obviously our Lemma 2.2 is a generalization of the above Lemma which
is the corner stone of the results from [16,19,20,23,29].

II. The following definition is inspired by the definition of a multi-valued
weakly Picard operator in the setting of a metric space from [7].

Definition 4.1. A function 7 : X — B(X), where (X,d) is a b-metric space,
is called a multi-valued weakly Picard operator if for each x € X and each
y € T'(x) there exists a sequence (&, )nen such that:

(i) zo =z and 1 = y;

(ii) zpy1 € T(xy,) for every n € N;

(iii) the sequence (z,)nen is convergent and its limit is a fixed point of T'.

Let us mention that Theorems 3.1, 3.2 and 3.3 provide sufficient condi-

tions for a function 7" to be multi-valued weakly Picard operator.

III. For c =d =0 and s = 1 in Theorem 3.3 we obtain Theorem 5 from [22],
i.e. Nadler’s contraction principle for set-valued functions.

IV. Let us recall the following result (see Theorem 2.2 from [4]) which is
a generalization of Theorem 1.2 from [2] which improves Theorem 3.3 from
[15], Corollary 3.3. from [27], Corollary 4.3 from [29] and Theorem 1 from
[11].
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Theorem 4.1. A function T : X — B(X), where (X, d) is a complete b-metric
space of constant s, has a fized point, provided that it satisfies the following
two conditions:

(1) there exists a € [0,1) such that

MT (), T(y)) < amax{d(z,y), d(x, T(x)),d(y, T(y)),d(z,T(y)),d(y, T(x))},

forall x,y € X;
(i) a < .

Our Theorem 3.3 is a generalization of Theorem 4.1.

Indeed, we shall prove that if (i) and (ii) from Theorem 4.1 are satisfied,
then (i) and (ii) from Theorem 3.3 (for & = 2a and ¢ = d = 1) are satisfied.
First let us note that, according to (ii) from Theorem 4.1, we have 0 < a <
stz < %, so as < 1. Consequently, « € [0, %) C [0,1) and (ii) from Theorem
3.3 is satisfied. Moreover, (i) from Theorem 4.1 implies that

h(T(x), T(y))

<amax{d(x’y) d(z,T(x)) d(y,T(y)) d(z,T(y)) d(y,T(x))}
< 5 5 7 . ’ > , :

< e {dla, ). dle 7o) . T, 0o T0) + . 7))
- OéNl,l(:Ev y)a

for all z,y € X, i.e. (i) from Theorem 3.3 is satisfied.

Now let us present a situation when Theorem 3.3 is applicable, but
Theorem 4.1 is not.

We consider the b-metric space (R,d), where d(z,y) = (z — y)? for
all z,y € R, for which s = 2 and the function f : R — B(R) given by
f(x) = {5z} for every € R. On the one hand, Theorem 3.3. is applicable
taking ¢ = d = 0 and a = %. On the other hand, Theorem 4.1 is not

9

applicable since (i) implies -5 < o and (ii) implies o < 2.
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