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Abstract. In this paper a new structure of a generalized D-metric space is
introduced and illustrated with some examples. Some fixed point theorems bfor multi—
valued contraction and contractive mappings in [D-metric spaces are proved which in
turn include the well-known fixed point theorems of Nadler [10] and Smithson [11] in
ordinary metric spaces and D—contraction principle of Dhage [2,4] in D—metric spaces as
the special cases.

1. Introduction. Throughout this paper, let X a non—empty set.
Let (X, d) be an ordinary metric space. Suppose that 2% denotes the class
of non-empty subsets of X and we assume that the members of 2% are
closed and bounded in the topology 7; generated by the ordinary metric
d on X. Then by a generalized metric on 2%, we mean a function H on
2% x 2% satisfying the conditions of a ordinary metric on X. Hausdorff [10]
considered the generalized metric as a set-function H = 2% x 2¥ — R*
defined by

(1.1) H(A,B)=inf{e >0: AC N(B,¢),BC N(A,¢)}
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Where
N(A,e) = LGJAN(a,e) =

= aLEJA{:U € X|d(a,x) < €}

The function H satisfies all the properties of a metric on 2% and hence
a generalized metric called Hausdorff metric on 2%X. Then the class of 2%
of all non—empty, closed and bounded subsets of (X, d) together with the
Hausdorff metric H becomes a generalized metric space or more specific a
Hausdorff metric space and we denote it by (2%, H). It is a natural desire
to have the generalization of a generalized metric space wherein the set
function is a function of more that two variables of 2%. It is the sole aim of
this paper to introduce the notion of higher dimensional generalized metric
spaces called generalized D—metric spaces, wherein the set—function is a
function of morethan two variables of 2%X. We hope that by the introduction
of this new notion of a generalized D—metric space, the question like the
distance between three or more sets, mutually nearest points of three or
more sets etc., could be settled properly. Motivated by these and other like
problems, here we define the new structure of a generalized D—metric space
through the D—metric function D on X, a notion recently developed by the
present author [2] which is as follows.

A function D : X x X x X — IR is called a D—metric on X if it satisfies
the following properties :
(My) D(z,y,z) >0 for all z,y,z € X and the equality holds if and only if

xr =y =z, (nonnegativity)
(My) D(z,y,z) = D(x,z,y) = ..., (symmetry)
(Ms) D(x,y,2) < D(x,y,a) + D(z,a,2) + D(a,y, z) for all z,y,z,a € X.

(tetrahedral inequality)

The non—empty set X together with a D—metric D is called a D—metric
space and it is denoted by (X, D). The details of a D—metric space and its
generalizations are given in Dhage [2,3], and the topological properties of a
D-—metric space are given in Dhage [3]. Below we give two examples of D—
metric spaces which we shalll need in the sequel.

Example 1.1. Let (X,d) be an ordinary metric space and define a
function Dy on X x X x X by

(1.2) Dy (z,y,z) = mazx{d(z,y),d(y, z),d(z,z)}

for x,y,z € X. Then the function D; is a D—metric on X and (X, D) is a
D—metric space.



3 GENERALIZED D-METRIC SPACES 181

Example 1.2. Let (X,d) be an ordinary metric space and define a
function Dy on X x X x X by

(1.3) Dy(z,y,2) =d(z,y) + d(y, z) + d(z, x)

for z,y,z € X. Then D5 is a metric on X and hence (X, D) is a D— metric
space.

Generally we consider a D—metric D on X satisfying the one more
additional condition, namely,

(M4) D(l’,y,y) < D(m,z,z) + D(Zayay)

for x,y,z € X. There do exist D—metrics D satisfying the condition (My).
In fact the D—metrics given in examples 1.1 and 1.2 satisfy this condition.

In the following section we give the definition of a generalized D—metric
space and give some examples to interpret the underlined ideas.

2. Generalized D—metric spaces.

Definition 2.1. Let (X, D) be a D-metric space and let 2% denote
the class of non—empty, closed and bounded subsets of X w.r.t. the topology
Tp generated by the D-metric D on X. Then a function H : 2% x 2% x
2X — IR is called a generalized D—metric on 2% if it satisfies the properties
(My) — (Ms3) of the D-metric on X. The set 2% together with a generalized
D-metric ‘H is called a generalized D—metric space and it is denoted by
(2% H). Below in the following we explicity construct some examples of
generalized D-metric on 2% corresponding to a given D-metric D on X.

Let € > 0 be given and a € X arbitrary. Then the neighbourhood
N(a,€) of the point a of radius € is a set in X defined by

(2.1) N(a,e) ={z € X|D(a,z,z) < e and if y,z € N(a,¢)

are any two points, then D(a,y,z) < €}
and so N(A,e) = U N(a,e).
a€A
For A, B,C € 2%, define a number H(A, B, C) by

(2.2) H(A,B,C)=inf{e >0: AUB C N(C,¢),

BUC C N(A,e) and CUA C N(B,¢)}
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Lemma 2.1. The function H on 2% x 2% x 2% defined by (2.2) is
a generalized D-metric on 2% and hence (2%, H) is a generalized D—metric
space.

Proof: Obviously the first two properties of the generalized D-metric
follow from the definition of the function H. We only show that the rectangle
inequality holds. Let A, B,C, E € 2%. Then by definition of H we have,

H(A,B,C) =inf{e >0: AUB C N(C,e¢),

BUC C N(A,e) and CUA C N(B,¢)}.
Since

inf {e>0: AUB C N(C,e) }
<inf {e>0: AUE C N(C,e), BUE C N(C,e) },

inf {e>0:BUC C N(A,e) }
<inf {e>0: BUC C N(A,e), CUE C N(A,e¢) }

and inf {e>0:CUAC N(B,e) }
<inf{e>0:CUE C N(B,e), AUE C N(B,e) }

we have

H(A,B,C)<inf {e>0: AUE C N(C,e), BUE C N(C,¢),
CUE C N(B,e), AUE C N(B,e),
BUE CN(Aye), CUE C N(A,¢) }
<inf{e>0: AUB C N(E,e), BUE C N(A,¢)
and EUACN(Be) }
+inf {e>0: AUE C N(C,e), EUC C N(A,¢)
and CUAC N(E,e) }
+inf {e>0: EUB C N(C,e), BUC C N(A,¢)
and CUACN(E,e) }
=H(A,B,E)+H(AE,C)+H(E,B,C).

Thus H is a generalized D-metric on 2% and hence (2%, H) is a gen-
eralized D—metric space and the proof of the lemma is complete.
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Example 2.1. Let (X,d) and (X, D;) denote the metric and D-
metric space respectively, where d and D; are related by (1.2). Define a
function H; on 2% x 2% x 2% by

(2.3) H1(A, B,C) =maz{H(A,B),H(B,C),H(C,A)}

where H is a Hausdorff metric on 2% corresponding to the metric d. Now
a closed and bounded subset of X w.r.t. d implies that it is also bounded
and closed w.r.t. Dy, so the number H; is well defined. We show that H;
satisfies the properties of a generalized D-metric on 2%. Obviously the first
two properties are satisfied. We only prove the rectangle inequality. For, let
A, B,C,E € 2%, then

H1(A,B,C) =max{H(A,B),H(B,C),H(C,A)}
<max{H(A,B),H(B,C),H(C,A),
H(A,E),H(B,E),H(C,FE)}
<maz{H(A,B),H(B,E),H(E,A)}
+max{H(A,F),HE,C),H(C,A)}
+maz{H(E,B),H(B,C),H(C,E)}
=Hi1(A,B,E)+H1(AE,C)+Hi(E, B,C)

Thus H; is a generalized D-metric on 2% and hence (2%,H;) is a
generalized D—metric space.
Remark 2.1. We note that

(2.4) H.(A, B, B) = H(A, B)

for A, B € 2%,

Example 2.2. Let (X, d) be an ordinary metric space and let (X, Dy)
be the associated D-metric space, where Dy is defined by (1.3). Then a
subset of X is closed and bounded w.r.t. Ds. Define a function Hs on
2X x 2% x 2X by

(2.5) Ha(A, B,C) = H(A, B) + H(B,C) + H(C, A)

for A, B,C € 2%, where H is a Hausdorff metric on 2% corresponding to
d. It is easy to see that Ho satisfies first two properties of a generalized
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D-metric on 2%X. To show the rectangle inequality, let A, B,C, E € 2%X,
then we have

)
2(A)BvE) +H2(A7E) C) +H2(E,B,C)

Thus Hs is a generalized D-metric on 2% and hence (2%,Hs) is a
generalized D—metric space.

Remark 2.2. For A, B € 2%, we have

(2.6) Ho(A, B, B) = 2H(A, B).

A generalized D,,—metric space with the generalized D—metric H,, as
a function of m variables may be defined via D,,—metric D,, on X. The
details of a D,,,—metric D,, on X are given in Dhage [2]. Let (X, D,,) be a
D,,,—metric space and let 2% denote the class of closed and bounded subsets
of the D,,—metric space X. Let IV d%]Laote the set of natural numbers, m € IN
and M ={1,2,...,m}. By (QX] = 2% x 2% x ... (m times), which is

the set of all system A = (A;);enr = (A1, ..., Ap) of elements of 2% called
the components of A. Let p denote the permutations on M such that for

A= (Ai)iem € (QX] m, p(A) = (Ap(Ai)] € [QX] " By Aa,—B,

m
we denote an element (2X ] in which " component A; is replaced by B.

ieM

m
Then a generalized D,,,—metric H,, is a function on (2X ] satisfying the
properties of a D,,—metric D,, on X, namely
m

(P1) Hm(A)>0forall Ae (QX ) , and the equality holds if and only

if all components of A are equal, i.e. A1 =Ay=...=A4,,.
(P2) Hm(A)=H(p(A)  (symmetry)
(P3) Hm(A) < Y Hm(Aa,—pB) (polyhedral inequality)

ieM

The set 2% together with a generalized D,,—metric H,, is called a

generalized D,,~metric space and it is denoted by (2%,H,,). Below we
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construct a generalized D,,—metric on 2%X. Let A = (Ay,..., A,,) € (ZX )

be arbitrary. Define a number H,, on (2X ) by

(2.7) Hm(A) =Hm (A1, ..., Ap) =
=inf {e>0: -Q A; C N(Aj,e)}
i#]

Lemma 2.2. The function H,, on [2X] defined by (2.7) is a

generalized D,,metric on 2X and hence (2X,Hm) is a generalized D,,—
metric space.

Proof. The proof is similar to Lemma 2.1. and we omit the details.
The definitions of generalized D—metrics given in (2.2), (2.3), (2.5) and
(2.7) are natural and considered to be standard, however, other definitions

may also be given. For example, define a function H on [2X ] by

H(A,B,C) = {1 %f any two of A,B,C € 2% are distinct,

Similarly, define a function #,, on (ZX ] by

o o 1 if any two of Aq,..., A, € 2X
Hm(A) =Hm(Ar, ..., An) = are distinct,
0 ifA1=A=...=A,,.

It is easy to prove that the functions H and H,, are respectively gen-
eralized D-metric and generalized D,,—metric on 2¥.

In this paper, we do not deal with the generalized D,,—metric spaces,
but restrict our discussion to generalized D—metric spaces, wherein the gen-
eralized D—metric is a function of three variables only.

3. Topology of (2% H)

Let A € 2% be arbitrary and let € > 0 be given. Consider the balls
B*(A,€) and B(A,¢) in a generalized D-metric space (2%, H) defined by
(3.1) B*(A,e) = {B € 2X|H(A, B, B) < €} and

(3.2) B(A,e) ={be B*(A,¢)| if B,C € B(A,¢) are any two elements,
then H(A, B,C) < €}
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It is clear that B(A,e) C B*(A,¢) and for a given ¢ > 0 we can find
a o > 0 such that B*(A,0) C B(A,¢). We assume that the generalized
D—metric H satisfies the property (My),

(3.3) H(A, B, B) < H(A, E, E) + H(E, B, B)

for A, B, E € 2% it is easy to verify that the generalized D-metric H defined
by (2.2), (2.3) and (2.5) satisfy this property. Now it can be shown on the
lines of a D—metric space (see Dhage [3]) that the collections {B*(A,¢) :
A € 2%} and {B(A,¢) : A € 2%} of all bals in 2% form the bases for a
given topology on 2% which we denote by 7* and 7 respectively. It is not
difficult to prove that 7* and 7 are equivalent topologies on 2X. Throughout
the subsequent part of this paper, we assume that 2% is equipped with
the topology 7 and in this case we say 2% is a H-metrizable topological
space. The topological properties of a generalized D-metric space (2%, H)
are similar to that of a D—metric space. Now we will consider some basic
definitions in a generalized D—metric space which we shall use in the sequel.

Definition 3.1. A sequence {A,} of points of a generalized D—
metric space 2% is said to be H—convergent and H-converges to a member
A of 2% if for € > 0 there exists an ng € IN such that H(A,,, A,, A) < € for
all m,n > ng.

Definition 3.2. A sequence {A,} in a generalized D—metric space
2X s said to be H—Cauchy if for ¢ > 0 there exist an ng € IN such that
H(Anm, Ap, Ap) < € for all m > n,p > ny.

Definition 3.3. A complete generalized D—metric spaces (2%, H) is
one in which every H—Cauchy sequence H—converges to a point in 2%,

Remark 3.1. We note that the topology 7 generated by the collection
{B(A,€) : A € 2%} of all balls is same as the topology of the H-metric
convergence, i.e. the convergence of a sequence {A,} in 7 implies the H—
convergence given in the sense of definition 3.1. and vice—versa.

Preposition 3.1. A generalized D—metric H is a continuous func-
tion on 2% x 2% x 2X in the topology of the H-metric convergence.

Proof. The proof is similar to the continuity of a D-metric function
D on X3 and is given in Dhage [3].

Remark 3.2. Let (X, d) be an ordinary metric space and let (X, D)
be a associated D-metric space. Let H be the Hausdorff metric on 2%
corresponding to ordinary metric d. Then the generalized D—metrics H, H;
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and Ho defined respectively by (2.2), (2.3) and (2.5) generate the equivalent
topologies on 2%.

A generalized D—metric space (2%, H) is said to be H— bounded if there
exists a constant M > 0 such that H(A, B,C) < M for all A, B,C € 2X. In
this case M is called a H-bound of 2%,

Example 3.1. Let (2%, HJ) be a generalized D-metric space and

consider a generalized D-metric space (2%, H), where H is defined by

MH(A, B, C)
k+H(A,B,C)

(3.4) H= M >0, k>0,

for A, B,C € 2¥. It can be easily shown that the function H is a generalized

D-metric on 2% and (2%,H) is a generalized D-metric space. Obviuosly,

(2%, ’H) is a H-bounded generalized D—metric space with H-bound M.
A generalized D-metric space (2%, H) inherits some properties of the
associated D—metric space X, D) which are given in the following.

Theorem 3.1. If (X, D) is a bounded D—metric space, then the
associated generalized D—metric space 2%, H) is H-bounded.

Proof. The proof follows from the definition of the generalized D—
metric H on 2%,

Theorem 3.2. If (X, D) is complete, then the associated generalized
D~ metric space (2, H) is complete.

Proof. Let {A,} be a H-Cauchy sequence in 2%. Then for € > 0,
there exists an ng € IN such that

(3.5) H(Am, An, A,) < €

for m > n, p > nyg.
Consider the sequence {z,} in X defined by

(3.6) Tp €An, n=12 ...

Then by (3.5), we get

1
(3.7) D(xp,, Tpyp) < om +a™
for some «, O<a<l.
Letting m — oo in (3.7), one gets D(zy,,p,xp) — 0. This shows
that {z,} is a D—Cauchy sequence in X. Since X is complete, there is a
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point * € X such that lim x = x*. Let A be the set of all such points

n—oo

in X. Clearly A is closed and bounded of the D—metric space X and hence
A € 2% Then by definition of A, for € > 0, there exists o > 0, ¢ < € such
that A, C N(A,o) for all n > ng. Obviously, A C N(A, o) for all n > ny,
since each A, is closed and bounded subset of X. Again as € is arbitrary,

we have lim A, = A. Hence (2X,H) is a complete generalized D-metric
n—oo

space. This completes the proof.

Theorem 3.3. If X, D) is a precompact, i.e. totally bounded D—
metric space, then so is also (2%, H).

Proof. Given ¢ > 0, choose ¢ < € and let S be a finite subset of X
such that the collection {Bp(z,0) : x € S} convers X. Let S be the class
of all non—empty subsets of S. Then obviously, {Bx(A,¢€) : A € S} convers
2%, Hence (2%, H) is a totally bounded generalized D-metric space.

Theorem 3.4. If (X, D) is a compact D-metric space, then (2%, H)
is a compact generalized D—metric space.

Proof. The proof follows from Theorems 3.2. and 3.3. We omit the
details.

4. Multi—valued contraction mappings.

Nadler [10] first proved the fixed point theorems for multi-valued con-
traction mappings in complete ordinary metric spaces and since then sev-
eral authors, see for examples, Ciric [1], Smithson [11] and Yanagi [12] and
the the references given therein, have proved the fixed point theorems for
the multi-valued mappings in complete metric spaces satisfying more gen-
eral contraction type conditions. In this section we prove some fixed point
theorems for multi—valued mappings in D—metric spaces satisfying certain
contraction conditions.

A correspondence F : (X, D) — (2%, H) is called a multi-—valued map-
ping or multi-mapping (in short multi-map) on X. A point * € X is called
a fixed point of the multi-map F if * € Fx*.

Definition 4.1. A multi-map F : (X, D) — (2%,’H) is said to be
Lipschitzian with Lipschitz constant « if

(4.1) H(Fz,Fy,Fz) <a D(z,y, z)

for all x,y,z € X.

Lemma 4.1. Let F: (X, D) — (2X,H) be a multi-map and define

a multi-map F : (2%, H) — (2%, H) by F(A) = LEJAF:U, Ac2X It Fisa
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Lipschitzian with Lipschitz constant «, then so is F with the same Lipschitz
constant, i.e. for any A, B,C € 2%, we have

~

(4.2.) H [F(A),ﬁ(B),ﬁ(C)] < aH(A,B,C)

Proof. The proof follows from the definition of the generalized D—
metric H on 2X.

Definition 4.2. A multi-map F : (X,D) — (2%,H) is called a
multi—valued contraction if it is a Lipschitzian with the Lipschitz constant
a < 1. The constant « is called the contraction constant for F'.

Lemma 4.2. IfF:(X,D)— (2% ,H) is a multi-valued contraction
mapping and if F (2F H) — (2X,H) is a associated multi-map, then
F is also a multi-valued contraction mapping with the same contraction
constant.

Theorem 4.1. Let X be a complete and bounded D—metric space
and let F : (2%, H) — (2X,H) be a multi-valued contraction mapping.
Then F has a unique fixed point, i.e. there is a member A* € 2% such that

~

F(A*) = A*,

Proof. Since X is complete and bounded D-metric space, by Theo-
rems 3.1. and 3.2., (2X,H) is a complete and bounded generalized D-metric
space. Now the conclusion of the theorem follows by an application of The-
orem 2.1. of Dhage [2].

Corollary 4.1 (Nadler [10]). Let (X,d) be a complete and bounded
metric spaces, and let F : (2%, H) — (2%, H) be a multi-mapping satisfying

~

(4.3) H(F(A),F(B)) < a H(A, B)

for all A,B € 2% and 0 < o < 1. Then F has a unique fixed point.

Proof. Define a generalized D-metric H on 2% by (2.3). Since
(2%, H) is complete and bounded, (2%,H) is also complete and bounded.
Let A, B,C € 2% be arbitrary. Then by (4.3), we have,

H(F(A),F(B)) < aH(A, B)
(4.4) H(F(B),F(C)) < aH(B,C) and
H(F(C),F(A)) < aH(C, A).
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The inequalities in (4.4) imply that

HEW),EB),FC)= -
— max{H(F(A), F(B)), H(F(B), F(C)), H(F(C), F(A))}
<a max{H(A,B),H(B,C),H(C,A)}
=aH(A,B,C).

This shows that F is a multi-valued contraction in (2%, ’H). Hence by

an application of Theorem 4.1. yields that F has a unique fixed point.
Remark 4.1. The example given in Nadler [10] shows that the fixed

points of multi—valued contraction mapping F' need not be same as the fixed
point set of F'.

We need the following important lemma, the proof of which directly
follows from the definition of generalized D-metric H on 2%.

Lemma 4.3. Let A,B,C € 2% and a € A. then for each positive
integer n > 0, there exist points b € B and c € C' such that

(4.5) D(a,b,c,) <H(A,B,C)+n

Remark 4.2. For a given a € A, there may not exist the points b € B
and ¢ € C such that
D(a,b,c) <H(A,B,C).

Theorem 4.1. Let (X, D) be a complete and bounded D-metric
space and let F : (X, D) — (2% H) be a multi-valued contraction mapping.
Then F has a fixed point.

Proof. Let z € X be arbitrary and consider the seuence {z,} in X
defined by

4.6 To =2, Tpi1 € Fx,, n=0,1,2,...
( 3 + ) s Ly &y

Let @ < 1 be the multi-valued contraction constant for F', (we may
assume a > 0). Choose n > 0, then there are points x; € Fzy and 2,11 €
Fzx, such that

D(x1,z0xp41) < H(Fxo, Fxy1, Fx,) +1
(4.7) < aD(wo,%1,%p) + 1
<aM+n
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where M is the D-bound of X. Similarly for n* > 0, there are points
x3 € Floy and )9 € Fxpyq such that

D(w9,73,7p10) < H(Fx1, Fae, Fryi1) +1°
(4.8) < aD(xy, 2, Tp11) + 17
< alaM +1) +7°
= oM + an +n?.

Proceeding in this way, by induction, we obtain
(4.9) D(Zpy Tpg1, Tnap) < a"M +a" I+ 4+ a4 "
Similarly
(4.10) D(Tp, T 1, Tpypri) < Q"M +a" Ip+ . +an" "t 4"
Letting n = « in (4.9) and (4.10), we get

(4.11) D(xy, Tpi1, Tntp) < &M +na™ and

(4.12) D(xy, Tpi1, Tngptri) < oM +na'.

Therefore, for p,t € IN, we have
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(4.13) D(2n, Tnp, Tnipti) <
< D(%ny ot 1, Tngpti) + D(Tn, Tngts Togp)+
—+ D(xn—i-l? Tn+2, mn-i—p—&-i) =+ D(xn-i-la Tn+2, xn-l—p)"’
+ ...
< (a"M + na") + ("M + na™)+
+ ("M + (n+ D™ ™) + ("M + (n + 1))+
+

n+p+i
=2M(a" + o™ . o™ P 2 Y el =
n+p+i n+p+i
:2M(Za’+2ia’) — 0 as n— oo.

This shows that {x,,} is a D-Cauchy sequence in X. Since X is a com-
plete D—metric space, there is a point * € X such that lim,, . x, = x*.
Now every Lipschitzian multi-mapping is continuous, so the sequence {F'z,, }
converges to Fx*. But z,41 € Fz, for all n,n = 0,1,2,..., therefore, it
follows that x* € Fz*. This completes the proof. m

As a consequence of Theorem 4.2., we obtain the following fixed point
theorem proved by Nadler [10] as a corollary.

Corollary 4.1 (Nadler [10]). Let (X,d) be a complete and bounded
ordinary metric space and let F : (X,d) — (2%, H) be a multi-mapping
satisfying

(4.14) H(Fz,Fy) < ad(z,y)

for all x,y € X,0 < a < 1. Then F has a fixed point.

Proof. Define a associated D—metric D and generalized D—metric
H by (1.2) and (2.3) respectively. Since (X,d) is complete and bounded,
(X, D) is a complete and bounded D-metric space (see Dhage [3]). Now
the condition (4.14) implies that F : (X, D) — (2%,H) is a multi-valued
contraction mapping. Thus all conditions of Theorem 4.2 are satisfied and
an application of it yields the desired result.
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Corollary 4.2 (Dhage [2]). Let X be a complete and bounded
D-metric space and let f : X — X be a mapping satisfying

(4.15) D(fx, fy, fz) < aD(x,y, 2)
for all x,y,z € X and 0 < a < 1. Then f has a unique fixed point.

Proof. Letting Foz = {fz} = a single-valued mapping, in Theorem
4.2, it follows that f has a fixed point. The uniqueness of fixed point follows
from condition (4.15).

Next we define two functions p and D on 2% x 2% x 2X by

p(A, B,C) = sup{D(a,b,c)|la € A,b € B,ce C}
and
D(A,B,C) = inf{D(a,b,c)la € A,b € B,ce C}
Theorem 4.3. Let (X, D) be a complete and bounded D—metric
space and let F : X — 2% be a multi-map satisfying
(4.16) p(Fz,Fy, Fz) < aD(z,y, 2)

for all x,y,z € X and 0 < a < 1. Then F has a unique fixed point, i.e.
there is a point x* € X such that Fa* = {x*}.

Proof. Let x € X be arbitrary and consider the sequence {z,} in
X defined by (4.6). We show that {z,} is a D—Cauchy sequence. Let
x =g,y = x1 and z = x, then by (4.15), we get

D(x1,x2,23) < p(Fxo, Fx1, Fas)
< aD(zg,z1,x2).

Proceeding in this way, by induction, we obtain
(4.17)
D($na Tn+41, xm) S « -D(:Cn—lvxna xm—l) S an D(SU(), T, mWL—n) S an K

forallm, n=1,2,... and m > n.
Now by a Lemma 2.1. of Dhage [5], {z,} is a D—Cauchy sequence in
X. Since X is complete, there is a point z* € X such that lim z, = z*.

n—oo

We show that x* is a fixed point of F. For, we have
D(z*, Fz™, Fz*) = lim D(x},, Fxg, Fx™)
< lim p(Fx,, Fz*, Fz*)

n—oo

< a lim D(z,,z*, z%)

n—oo

=0.
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This proves that Fa* = {z”}. To prove the uniqueness, let y*(# z*)
be another fixed point of F', then

D(z*,y*,y") < p(Fx*, Fy*, Fy")
< aD(z",y",y")

which is not possible since o < 1. Hence x* = y* and the proof is complete.

Corollary 4.3. Let (X,d) be a complete and bounded D-metric
space and let F : X — 2% be a multi-map satisfying

(4.18) pa(Fz, Fy) < a d(z,y)

for all z,y € X,0 < a < 1 and where py is a function on 2% x 2% defined
by fia(A, B) = sup{d(a,b) : a € A,b € B}. Then F has a unique fixed point
x* with Fa* = {z*}.

Proof. Define a D-metric D on X by (1.2). Since X is complete and
bounded w.r.t. d, so is w.r.t. D. Now for x,y,z € X, we have

p(Fx,Fy, Fz)
= sup{D(a,b,c)|la € Fx,b € Fy,c € Fz}
= sup [max{d(a, b),d(b,c),d(c,a)}|a € Fx,b € Fy,
ce Fz}
= max [sup{d(a,b)|a € Fx,b € Fy},
sup{d(b,c)|b € F'y,c € Fz},
sup{d(c,a)|lc € Fz,a € Fx}]|
max{pq(Fz, Fy), pa(Fy, Fz),ps(Fz, Fx)}
a max{d(x,y),d(y,z),d(z,x)}
=a D(z,y,2)(a < 1).

IN

This shows that F' satisfies the condition (4.16) of Theorem 4.3. Also
the boundedness and completness of (X,d) implies the boundedness and
completness of (X, D). Now the desired result follows by an application of
Theorem (4.3). m
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5. Contractive multi—-mappings.

In this section we prove some fixed point theorems for the contractive
multi— maps, a class of multi-mappings larger than the class of multi—valued
contraction mappings and under the weaker conditions of the bopundedness
and the completness of the D—metric space under consideration. As a conse-
quence of our main results, we obtain the fixed point theorems of Smithson
[11], and the present author [4] as the special cases.

Definition 5.1. A multi-map F : (2%, H) — (2%, H) is said to be
contractive if
(5.1) H(F(A), F(B), F(C)) < H(A, B,C)
for all A, B,C € 2%, H(A,B,C) # 0.

Theorem 5.1. Let F : (2%,H) — (2%, H) be a contractive multi-

map. If the sequence {A,} in 2% defined by A, .1 = F(A,) has a subse-
quence converging to a number A* of 2%, then A* is a unique fixed point of
F.

Proof. The proof follows by a direct application of Theorem 2.1. of
Dhage [4].

Corollary 5.1. Let X be a compact D—metric space, by Theorem
3.4, (2%, H) is also compact. As every sequence in a compact generalized
D- -metric space has a H—convergent subsequence, the conclusion of the
theorem follows by an application of Theorem 5.1.

Corollary 5.2. Let F : (2%, H) — (2%, H) be a multi- map satis-
fying
(5.2) H(F(A), F(B)) < H(A, B)
for all A,B € 2X H(A,B) # 0. If the sequence {A,} in 2% defined by
Ap41 = F(A,) has a subsequence converging to a point A*, then A* is a
unique fixed point of F'.

Proof. Define a generalized D-metric H on 2% by (2.3). It can be
shown as in the proof of Corollary 4.1 that the condition (5.2) implies the

multi-map F is contractive on 2¥X. Also the convergence w.r.t. H implies
the convergence w.r.t. H. So the desired conclusion follows by an application
of Theorem 5.1.

Smithson [11] extended the Edelstein’s [8] fixed point theorem of con-
tractive multi-maps in ordinary metric spaces. Here now we extend the fixed
point theorem of Dhage [4] for contractive mappings in D—metric spaces to
multi—valued case. For, we need the following definition in the sequel.
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Definition 5.2. A multi-map F : (X, D) — (2%,’H) is said to be
contractive if
(5.3) H(Fx,Fy,Fz) < D(z,y, z)
for all x,y,z € X with D(z,y,z) # 0.

Let z = xg € X be any point. Then an orbit o(x) of a multi-map
F:(X,d) — (2%, H) at a point x = x is a set in X defined by
(5.4) o(z) ={xnt+1: Tpy1 € Fa,, n=0,1,2,...}

The orbit o(x) of a multi-map F : (X,d) — (2%, H) at some point
x € X is said to be regular if and only if
(5.5) d(Tp+1,Tpt2) < d(xp,Tp+1) and

d(Tpt1,Tnt2) < H(Fxy, Frpgq)

for all n,n =0,1,2,...

Similarly the orbit o(x) of the multi-map F : (X, D) — (2%, H) at a
point & € X, is said to be regular if and only if

(5 6) D (-Tn+1’ $n+27xn+3) <D ($n’$n+1axn+2) and
. D (xn+17$n+27$n+3) <H (FxnnynJrlnynJrQ)

for allm,n =0,1,2,... We note that for a given point z € X, the multi-map
F : X — 2% may have several orbits, some of which may or may not be
regular.

Remark 5.1. If F : (X, D) — (2%,H) is a contractive multi-map,
then from the definition of H, it follows that if y; € F(z1), then there are
elements yo € F(x2) and y3 € F(z3) such that

(5.7) D(y1,y2,y3) < D(x1,72,23)

Remark 5.2. Let F : (X, D) — (2%,’H) be a compact multi— map,
i.e. F(x) is compact for each z € X, which is also contractive. Define the
orbit o(z) be choosing z,, € F(x,—1), Tnt1 € F(zy) and 19 € F(zp41)
such that

D(zp—1,Tn, Tny1) = D(xp—1, F(xn_1), F(x,))
=inf{D(zp-1,y,2)|ly € Fxy_1,z € Fx,}
Since F' is contractive and that
D(Fxp_o,Fry_1,Fz,) < H(Fxy_o,Fx,_1,Fx,).

the orbit o(x) is regular.
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Theorem 5.2. Let F: (X,D) — (2%, H) be a contractive multi-
map. If there is a regular orbit o(z) of F' which contains a subsequence {x,, }
converging to yo such that x,, 1 — y1 and xn, 12 — Y2, then yo = y1 = Yo,
i.e. F has a fixed point.

Proof. Suppose that the orbit o(x) given by (5.4) is regular, then we
have

(5 8) D(xnaxn+17$n+2) é D(xn—17xn>$n+1)
. D($n7$n+laxn+2) < H(Fxn—lnynnyn—l-l)

for all n € IN. The contractivity of the multi-map F' implies that

(59) D(xnaQUnJrl)anrl) < D(xnflaxnal’nJrl)

for all n € IN. This shows that the sequence {c,}, ¢, = D(zn,Tni1,
ZTpto) is strictly decreasing sequence of positive real numbers which is
bounded below. Hence {c,} is convergent and converges to a point, say
¢, ie. lim,_ o ¢, = c. Further every subsequence of {¢, } is strictly decreas-
ing and converges to the same limit point. This we have

(5.10) lim ¢,, =c= lim ¢y, 41

k—o0 k—oo
Now suppose that lim z,, = yo, lim x,,41 = y1, lim 2,42 = y2
k—o0 k—o0 k—o0

and klim T, +3 = ys. Then from (5.10), it follows that

lim D (mnk7l'nk+laxnk+2) = leI&D (xnk+17l'nk+27xnk+3)

k— oo

(5.11) — D(yo,y1,92) = D(y1,92,Y3)
If D(yo,y1,y2) # 0, then from (5.8), we obtain
D(y1)y27y3) S H(Fxnkannk+lannk+2)

< lim D(xnkﬂxnk+17$nk+2)

k—o00
- D(y07 Y1, y2)
which is a contradiction to (5.9). Hence D(yo,y1,y2) =0, i.e. yo = y1 = ya.
But yo =y = klim ZTny+1 € Fap,, and F' is continuous in view of condition
—00
(5.3), so we obtain yy € F {klim xnk] = Fyg. Thus F has a fixed point

and the proof of the theorem is complete.
As a consequence of theorem 5.2, we obtain the following corollaries.
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Corollary 5.3. Let X be a compact D—metric space and let F' :
(X, D) — (2%,H) be a contractive multi-map. Then F has a fixed point.

Proof. Since a closed and bounded subset of a compact set is compact
and F(x) is closed and bounded for each € X, the desired result follows
by an application of theorem 5.2.

Corollary 5.4 (Dhage [4]). Let f:(X,D) — (X, D) be a mapping
satisfying

(5.12) D(f=, fy, fz) < D(z,y,2)
for all z,y,z € X,D(x,y,z) # 0. If a sequence {x,} defined by x, 1 =
frn,n=0,1,2,..., for some xy = x € X, has a subsequence converging to

a point u € X, then u is a unique fixed point of f.

Corollary 5.5 (Smithson [11]). Let f : (X,d) — (2%, H) be a
multi-map satisfying

(5.13) H(Fz,Fy) < d(z,y)

for all x,y € X,x # y. If there is a regular orbit o(x) which contains a
subsequence {x,, } converging to yo and x,,+1 — Y1, then yo = y1, is F' has
a fixed point.

Proof. Define a D—metric D and a generalized D-metric H by (1.2)
and (2.3) respectively. Then convergence w.r.t. D and the regularity of
an orbit o(z) w.r.t. H implies the regularity w.r.t. H. Also the condition
(5.13) implies the condition (5.4.). Now the desired conclusion follows by
an application of theorem 5.2. The proof is complete.

Theorem 5.3. Let F': (X, D) — (2%,’H) be a multi-map satisfying
(5.14) p(Fz,Fy, Fz) < D(z,y,2)

for all z,y,2z € X with D(z,y, 2) # 0. If the orbit o(x) of F, for some
r € X, has a cluster point * € X, then it is a unique fixed point of F', such
that Fz* = {z*}.

Proof. We assume that x,, # x,41 for all n € IN, otherwise the result
follows very easily then for z = z,_1,y = z,, and z = x,,41, from (5.14), we
obtain

D(xnaxn+17$n+2) < p(anflnyn7Fxn+1)
(5.15)
< D(xnflaxn’anrl)
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for every n,n =1,2,...

Letting ¢, + D(2p, 41, Tnt2), we find that {c,} is a strictly decreas-
ing sequence of positive real numbers. The rest of the proof is similar to
theorems 4.3 and 5.2 in view of

H(Fz,Fy,Fz) < p(Fz,Fy, Fz)

for all z,y, z € X. This completes the proof.

Corollary 5.6. Let X be a compact D—metric space and F :
(X,D) — (2%,H) be a multi-map satisfying the condition (5.14). Then
F' has a unique fixed point z* € X such that {z*} = Fx*.

6. Discussion.

From the foregoing discussion it is clear that the generalized D-metric
space is a natural generalization of the notion of generalized metric space
or Hausdorff metric space, and the results of this paper are the interesting
extensions of some basic results in Hausdorff metric spaces. This is a pre-
liminary work regarding the higher dimensional generalized metric spaces,
and so several interesting results concerning (2%,H) or (2X,H,,) may be
obtained in the analogous way to a Hausdorff metric space (2%, H). These
problems constitute the open problems and the further scope for the research
work in the field of higher dimensional generalized metric spaces. Again The-
orems 4.1 and 5.1 are fundamental in the theory of fixed point theorems for
multi-valued contraction mappings in generalized D-metric spaces. These
results may be extended and generalized in several ways for different classes
of multi—valued contraction mappings, which is again a new area for research
work. Some of the results in this direction will be reported elsewhere. Also
the results prooved in this paper may have wide range of applications to
other areas of mathematics such as approximation and optimization theory
etc. which are yet to be investigated.
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