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Abstract

In the paper we present the fixed point theorem for set-valued contraction mappings in generalized b-metric spaces, which gener-
alizes the famous Nadler’s fixed point theorem for such mappings in metric spaces. Also some local fixed point theorems for such
multi-valued mappings are presented.
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1. Introduction

In the paper we present some results on the existence of fixed points of a set-valued contraction mappings in a
generalized b-metric (ball metric) spaces. A b-metric space were introduced by the author first for s = 2 in [9] and
then for an arbitrary s in [10]. The results stated in this paper, generalize the famous Nadler’s theorems [14] (theorem
5), [15] (theorem 1) and [3] (theorem 1). Note that Nadler’s results were the first one for multi-valued mappings
generalizing the well known contraction principle of Banach [1]. In the paper [3] there are also results generalizing
the method of Diaz and Margolis [11] (see also [4]-[7]).

In this part we present some necessary ideas and definitions which we shall use in the paper.

Definition 1.1 (¢f. [2]). A b-metric on a set X (nonempty) is a function d : X X X — [0, o0), satisfying the following
conditions:

(i) d(x,y) =0iff x =y,
(ii) d(x,y) = d(y, x),
(i) d(x,y) < sld(x,z) +d(z, )],

for all x,y,z € X, and for some fixed s > 1. The pair (X, d) is called a b-metric space. If d is such thatd : X X X —
[0, oo] then d is called a generalized b-metric (see [13], abbreviated gbms).
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Definition 1.2. A set U C (X, d), where d is a generalized b-metric in X, is said to be closed, iff for every sequence of
points x, € U,n € N, x,, = x € X (with respect to d) implies x € U.
By CLX we denote the family of all nonempty closed subsets of X (see [3]).

Definition 1.3. Let

max { sup D(a, B), sup D(b, A)}, if the max exists,
H(A,B) := { aEE beg } (1.1)
oo, otherwise,

forA,Be CLX.
Then H is called the generalized Hausdorff distance induced by d (see also e.g. [3]).

One has
Lemma 1.4. Ifa € X and B € CL(X, d), (X, d)-gbms, then

D(@a,B)=0=>a€B.

Proof. 1f D(a, B) = 0, that is ifng d(a, &) = 0, then for €, > 0, there exists &, € B such that d(a,&,) < ¢,. Leteg, — 0,
€

so d(a,&,) — 0. Clearly {f,,}is a Cauchy sequence. Indeed, d(¢,, &pm) < sld(én, a) + d(a, &prm)] — s[0 + 0]. So
&, = £ € B, since B e CL(X, d).
But

d(a,§) < sld(a, &) + d(€,,§)] — 5[0 +0].

Therefore,
[d(a,§) >0l =>a=£€B,

which means that a € B.
Clearly,a € B= D(a,B) = 0. O

Lemma 1.5. If (X,d) is a generalized b-metric space (gbms), then H is a generalized b-metric (gbm) for A,B €
CL(X,d) :

H(A,B)=0 & A =B, (1.2)
H(A,B) = H(B,A), (1.3)
H(A, B) < s[H(A, U) + H(U, B)], (1.4)

forall A, B,U € CL(X, d). Except that H may have "infinite values” (see [3]).
Proof. Letfor A,B € CL(X,d)

a) H(A, B) < oo, H(A, B) = sup D(a, B).
acA
Then one has

H(A, B) = sup D(A, B) < sup{inf d(a, b))
beB

acA acA

< sup inf {sld(a,&) + d(£,b)}, (£ € U € CL(X, d))

< ssup {d(a,f) +d(&, b)}

acA

< ssup{d(a,) + DU, b)| < ssup{D(a, U) + D(U, b))
acA acA

< s[sup D(a,U) + D(U,b)] < s[H(A,U) + H(U, B)],

acA
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i.e.
H(A,B) < s[HA,U)+ H(U,B)], A,B,U € CL(X,d).

If

b) H(A, B) = sup D(b, A),
beB
the proof is the same.

For the equation (1.2): by Lemma 1.4 and Definition 1.3,
HA,B)=0=supD(a,B)=0= D(a,B)=0=acB=ACB.

acA

Similarly, BC A,i.e. A = B.
Conversely, if A = B = H(A, B) = 0 by the definition. The equation (1.3) is obvious. O

Let’s note the following remark (see also [3]). Generalized b-metric can be reduce to b-metric by taking the
minimum of the generalized b-metric and the real number 1. Such new b-metric preserves the topology but changes
the Lipschitz structure of the of the generalized b-metric. Because we work with contraction mappings, we can not
do such operation.

Let’s also make the following Lemma.

Lemma 1.6. Let (X, d) be a generalized b-metric on X.
Let

. 9 bl b 1’
(iv) £(x,y) = minld(x, ), 11 = { PPy

The function (iv) is a b-metric on X.

Proof. First of all, we present the proof in the case

Case ) d(x,y) > 1.
For d(x,y) > 1, one has &(x,y) = 1. Also

d(x,y) < sld(x,2) +d(z, y)], xy,z€X, s=>1
Assume that d(x,z) < 1,d(z,y) < 1, then &(x, 2) = d(x, 2), £(z,y) = d(z,y) and one has
&(ny) =1 <d(xy) < sld(x,z) +d(z,y)]
< slé(x, 2) + €z, )]
Ifd(x,z) > 1, then &(x,z) = 1, and

Ex,y) <1< s <[+ &(z,0)] < sléx, 2) + €z, )]

Case II) d(x,y) < 1.
Then &(x,y) = d(x,y). One has
E(x,y) = d(x,y) < sld(x,z) +d(z, y)].
Moreover, if d(z,y) < 1, then &(z,y) = d(z,y), and
&(x,y) < sld(x, 2) + d(z,y)] < s5[6(x,2) + &z, )]
If d(z,y) > 1, then &(z,y) = d(z,y) = 1 and hence

E(x,y) < sld(x,2) + d(z,y)] < s[€(x,2) + €z, p)],

so the inequality
&(x,y) < s[é(x, 2) + &z, )],
holds true.
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Lemma 1.7. For everya € A, A € CL(X,d) and every € > 0, there exists b € B; B € CL(X, d) such that

d(a,b) < H(A,B) + €. (1.5)
Proof. Let
H(A, B) < 00, H(A, B) = sup D(a, B).
acA
Then

sup D(a,B) < H(A,B) < H(A,B) + €.
acA
Therefore there exists b € B such that
d(a,b) < H(A,B) + €.

If not, so for every b € B, d(a,b) > H(A, B) + €, e-fixed, and hence

inf d(a,b) = D(a, B) > H(A. B) + €.
€.

Hence
sup D(a, B) > H(A, B) + €,
acA
and consequently,
H(A,B) =supD(a,b) > H(A,B) + ¢,

acA

what is impossible. O

Definition 1.8 (cf. [3]). A function T : X — CL(X) is said to be a multi-valued contraction mapping (mvcm) iff there
exists a real number 0 < A < 1 such that

H[T(x), T] < 4d(x,y), x,y€X,d(x,y)< co.

Similarly, a mapping 7 : X — CL(X) is said to be an (4, €)-uniformly locally contractive multi-valued mapping,
where e > 0and 0 < A < 1, iff

H[T(x), T(y)] < Ad(x,y),x,y € X,d(x,y) < €.
Definition 1.9 (¢f. [3]). For a generalized b-metric space (X,d), xo € X, and T : X — CL(X) a sequence {x,},” ,
x, € X, n € N, is said to be an iterative sequence of T at xo, iff x,+; € T(x,) for n € Ny. A point x € X is called a fixed
point of T iff x € T'(x).

Definition 1.10 (cf. [3, 8]). A generalized b-metric space (X, d) is said to be e-chainable, € > 0, iff for every x,y € X,
d(x,y) < oo, there exists an e-chain from x to y, i.e. a finite set of points xy = x, x;..., x, = ¥ such that d(x;_1, xz) < €
fork=1,2,....,n.

The following interesting results have been proved by Covitz and Nadler, Jr.

Proposition 1.11 (cf. [3]). Let (X, d) be a generalized complete metric space, and let xo € X. If F : X —» CL(X) is an
(4, €)-uniformly locally contrative multi-valued mapping, then the following alternative holds: either

(A) for each iterative sequence {x;}2, of F at xo, d(x;-1, x;) 2> € foreachi€ N, or

(B) there exists an iterative sequence {x;};°, of F at xo such that {x;};2| converges to a fixed point of F.

Proposition 1.12 (cf. [14]). Let (X, d) be a complete metric space and let xo € X. If F : X — CL(X) is a mvcm, then
there exists an iterative sequence {x;}:2, of F at xo such that {x;};, converges to a fixed point of F.

As usual, by N, Ny we denote the set of all natural numbers or the set of all natural numbers with zero, respectively.
By ” ~” we denote an equivalence relation in X.
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2. Main results

Now we prove the following

Theorem 2.1. Let (X, d) be a generalized complete b-metric space and let xo € X. If T : X —» CL(X,d) is a (4, €)-
uniformly locally contractive multi-valued mapping, i.e.
H[T(x), T(»)] < Ad(x,y),x,y € X,d(x,y) <€, (2.1

and
0<a<l, 2.2)

then the following alterative holds: either
(D for each iterative sequence {x,}" | of T at xo, d(x,-1,X,) 2 € forn € N, or
(IT) there exists an iterative sequence {x,},> | of T at xo such that x, — u € X, and u € T(u).

Proof. Assume that (I) does not hold. Then there exists x,, € T (X;-1), Xm—1, Xm € X, and d(x,,—1, X)) < € for some
m € N. Hence
HIT (xp-1), T(x)] < Ad(Xpp-1, Xim) < A€ < €.

Since x,, € T(x,-1), there exists an x,,+; € €T(x,,) such that, by Lemma 1.7,
(s Xir1) < HIT (xX-1), T(x)] + A€,

where € > 0. Let € < min[e — Ae, 1].
Therefore
d(Xp, Xipe1) < A€+ A€ < A(e + 1).

We show that there exists a sequence (for T) such that:

(H

Xm+k+1 € T(-xm+k)s
2

AXiks Ximskr1) < €, (2.3)
3)

k k—1—=
Ad(Xpiir Xmarr1) < A"+ kATTE,

for k € N. Assume that the equation (2.3) is true for k € N. By induction, for k + 1 one has: there exists an
Xmaks2 € T(Xpmire1) such that (see Lemma 1.6)

HIT i) T Xima)] + A€
Ad(Xpiier Ximeer1) + A€

AL + kATE) + Ake
A4k + ek,

AXmrk+15 Xmak+2)

VAV ANR/AN/AN

AXpsks 15 Xmeke2) < Ay (k + I)E/lk,

that is the equation (2.3) for k + 1. Clearly,
AXmrir1> Xmek+2) < A€+ € < €.

This means that (1), (2), (3) are true for all k € N.
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Now we verify that {x,} is a Cauchy sequence in (X, d). From Paluszynski, Stempak [16], for x,y € X, d(x,y) < oo,
let

ndp i-1,Xi) + X = s Xy e Xp = Y5
dr,y) = inf] & it ) 3= X0 X X = Y 2.4)
oo, ifd(x,y) = oo,
where 0 < p < 1, is such that
2s)? = 2.

Evidently, d. is symmetric, satisfies the triangle inequality and d. < d”. They also proved that d, is a metric and
d. ~ dP. Note that p is such that (2s5)” = 2. For n,r € N, by the equation (2.4) one has

ds(xm xn+r) < de(xna xn+r) +...+ ds(xn(r—l)xn+r)
< dp(xm -xn+1) +..+ dp(xn(r—l), -xn+r)

< DA xi)
i=n
< DA eriv 1y,

i=n

Put A =¢<1,s0

deonxs) < Y & i)

i=n

< (A=o7lemh Y i+ g

< (-9 m+Hem

Therefore, {x,} is a Cauchy sequence in (X, d¢) so {x,} is a Cauchy sequence in (X, d) since d. ~ d” (for details see
Jung [12] and [2]). Consequently, x, — u as n — oo in (X, d), but (X, d) is complete, so u € X.
Finally we prove that u € T(a). Indeed, for n sufficiently large, we have

DWIW) = inf dw.£)<d(w.£)

sld(u, Xn41) + d(xp11, )]

sld(u, Xn41) + D(xnr1, T ()]

sld(u, xn41) + H(T (x,), T(u))]

sld(u, x,41) + Ad(x,, u)] = s[0+0] =0,n — oo.

INCINCIN N

Hence D(u, T (1)) = 0, but since T'(u) is closed, so u € T (u). O
Next result is the following

Theorem 2.2. Let (X,d) be a complete e-chainable generalized b-metric space and let xo € X. If T : X — CL(X,d)
is a (A, €)-uniformly locally contractive multi-valued mapping, then the following alternative holds: either

(IID) for each iterative sequence {x,},. , of T at xo, d(x,-1, x,) = oo forn € N;

or

(IV) there exists an iterative sequence {x,},> | of T at xo such that x, —> xasn — o, x € X and x € T(x).

Proof. Suppose (IIT) does not hold. By Paluszyriski and Stempak [16], define for x,y € X,

n
inf 3, dP(xi-1, %), X0 = X, X1, ..., X0 =Y,

L i=1
de(x.) =9 ge x) < efori=1,....n,

oo, if d(x,y) = oo,
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where (25)? = 2.

Then (X, d,) is a generalized complete metric space, de ~ d”, 0 < p < 1 ( one can repeat the proof presented by
Paluszyniski and Stempak for e-chainable b-metric space). Let H, be the generalized Hausdorff metric on CL(X, d.)
induced by d.

We can verify that CL(X,d) = CL(X, d,). Indeed, if U € CL(X, d), then by the Definition 1.2, one has [x, € U and
Xn i xeX]=>xeU,soaswell [x, € U,x, i x] = x € U and consequently CL(X, d) c CL(X,d,). Conversely is
the same, since d, ~ d”.

Now we want to prove that
H.A,B) < HY(A,B), A,Be CL(X).

Let H.(A, B) = sup D¢(a, B). Then one has for H(A, B) < oo,

acA
H (A, B) = sup D.(a, b) < sup{inf dc(a, b)}
aeA acA beB
< supinf d”(a, b) < sup{inf d(a, b)}’
acA beB acA beB
< sup D’ (a, B) < [sup D(a, B)Y” < H?(A, B),
acA acA
ie.
H.(A,B) < H’(A,B), A,BeCL(X,d) = CL(X,d,).
O
Now let x,z € X and d(x,z) < oo. If xy = x, x1,..., X, = 2, then
HJ[T(x),T(2)] < ZHE[T(XH), T(xpl < ) HP[T(xi-1), T(x;)]
i=1 i=1
< DA, )1 < AP dP (v, x0),
i=1 i=1
Since the inequality between the first and last terms of the above inequalities holds for all e-chains x = xg, x1,...,x, =
z, n € N, connecting x and z, it follows
H[T(x), T(2)] < A7d(x,2) (2.5)

forall x,z € X, d(x,7) < oo, where 0 < 4”7 < 1.

Clearly T is a (47, €)-uniformly locally contractive multi-valued mapping with d., H, and € > O such that d(x,_;, x,) <
€, which follows by the assumption that (III) does not hold. Therefore the sequence {x,} starting from x,_;, does not
satisfy the condition (I) (see the proof of Theorem 2.1). So our statement (IV) follows directly from (II) of Theorem
2.1.

Remark 2.3. In the proofs of Theorem 2.1 and Theorem 2.2 we utilize some ideas contained in [3].

Remark 2.4. 1f (X, d) is a metric space, then from Theorem 2.1 we get the famous Nadler’s fixed point theorem for
multi-valued contraction mappings (see [2, 3, 8]).

Remark 2.5. If (X, d) is an e-chainable metric space, we get from Theorem 2.2 Corollary 2 of [3].
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