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Abstract

We first familiarise with J-Hardy Roger type contraction in the frame work of metric space. Then,
well-posedness, data dependence, existence and uniqueness results of strict fixed point for é-Hardy Roger
type contraction are presented. The obtained results generalize the existing results in the literature.
Applications to an integral inclusion equation and Fractals concludes the paper.

1 Introduction

Banach contraction principle [1] has been generalised in numerous directions and one such generalisation
is due to Nadler [14], who generalised it considering set-valued contraction. There after many results are
established for set-valued mappings (see for instance [3]-[8], [16]-[21]). In this paper, considering the fact that
Hardy-Rogers type operator is a Cirié type operator (however the reverse need not be true), we introduce 6-
Hardy Roger type contraction and establish strict fixed point for it using iterations of a delta distance which
is not even a metric. Also, we present well-posedness and data dependence of strict fixed point problem and
utilise it to solve an integral inclusion equation and in presenting a novel iterated function framework via
0-Hardy-Roger type operator to obtain attractor of multifunction system.
Let (X, d) be a metric space,

PX)={Y CcX:Y #0}, P(X)={Y € P(X):Y is bounded},

Py(X)={Y € P(X) :Y is closed} and P.,(X)={Y € P(X):Y is compact}.

Define a set-valued operator as 7 : X — P(X) and 7(Y) = Ugey 7 (z) for Y € P(X). Also, Fr =
{r € X : 2 € T(x)} is a set of fixed points and (SF)r = {z € X : Ta = {z}} is a set of strict fixed

points of the set-valued operator 7. Chifu and Petrusel [10] introduced the & generalized functional as:
§:P(X)x P(X)— Rt U{oo},

0(A, B) = sup{d(a,b) :a € A,b € B}.

2 Main Results

Firstly, we define 6-Hardy Roger type contraction and establish strict fixed point making use of iterations of
a delta distance which is not even a metric.

Definition 1 If 7 : X — P,(X) is a set-valued operator of a metric space (X,d) satisfying
6(T(2),7(y)) < ard(z,y) + a26(z, T (2)) + asé(y, T (y)) + as6(z, T (y)) + as(y, T (x)),

where als € RT, Zle a; <1, z,y € X, then T is called a 6-Hardy Roger type contraction.
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Theorem 1 If 7 is a §-Hardy Roger type contraction of a complete metric space (X, d), then (SF)r = {u*}.

Proof. Let ug € X. Then there exists u; € 7 (up) and

§(uo, 7 (uo)) < gd(ug,u1),q > 1 is arbitrary.

Now,
6(ur, 7 (u1)) < (7 (uo), T (u1))
< ard(uo, ur) + a26(uo, 7 (uo)) + azd(u1, 7 (u1))
+aad(uog, T'(u1)) + asd(u, 7 (uo))
< ard(uo, u1) + agqd(uo, ur) + azd(uy, 7 (u1))
+ag{d(ug,u1) + 0(u1, T (u1))} + as6(u1, uy)
< (a1 + a2q + as)d(ug, u1) + (a3 + as)o(u, 7 (u1)).

This implies
(1 —az —a4)d(u1, 7 (u1)) < (a1 + azq + as)d(uo, u1),

or

a1 + az2q + ay

6(u1, T (u1)) < [1 — (a3 + aa)

:| d(’u,o, ul).
Also, u1 € T(up), 3 ug € T(u1) and

5(”[1,1, T(Ul)) S qd(ul, ’U,Q).

Therefore,
6(uz, T(u2)) < (7T (w), T (u2))
< ard(ur, u2) + a26(ur, 7 (w1)) + azd(uz, T (u2)) + asd(ur, 7 (uz))
+(15(5(U2, T(ul))
< ard(ug, ug) + asqd(uy, ug) + azd(ua, 7 (uz2)) + ag{d(uy, uz)

+0(uz, T (u2))} + asd(uz, uz)
= (a1 + azq + aq)d(ur, uz) + (az + a4)d(uz, T (u2)).

This implies
(1 — (a3 + as)) 6(uz, 7 (u2)) < (a1 + ag + azq)d(us, uz),

or
d(ug, 7 (ug)) < :m:d(ul,ug)
S e L

Following the similar pattern, we construct a sequence (u,)nen satisfying the following properties:

(1) un € T (tn-1);

1—0.3—0.4

(i) dun, ) < B, T(u)) < [22255020 ) g, ).
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Next, consider

d(tn, un+p) < d(un, Uny1) + d(Ung1, Ung2) + o+ d(“nﬂ?fla uner)

< a1 + a4 + az2q n+ a1 + a4 + azq e
- 1—a3—ay 1—a3—ay

n+p—1
a1 +aq4+a
- (q) ]d<u0,u1).

17@37(14

Assume that o = M Then
a3 —agq

p_
nof —1

d(tn, Untp) < "1+ a+ ... + o d(ug,u1) = a . d(ug,uq).

Choose g < W then a < 1. Letting n — oo, we get
d(um unﬂ?) — 0,

i.e., (un)nen is a Cauchy sequence. Since (X,d) is a complete metric space, there exists u* € X such that
u, — u* as n — oo. Now, we shall demonstrate that uv* € (SF)z. Consider,

6(u, T(u")) < du,un)+ 6(un, T (un)) + (7 (un), T (u”))
< du ug) + 6(un, T (un)) + ar1d(tn, u*) + a2d(un, 7 (uy,))
+aszd(u*, T (u*)) + asd(un, T (u*)) + as0(u*, 7T (uy,))
< dut ug) + 0(un, T (un)) + ar1d(un, u*) + a0 (un, 7 (uy,))

+azd(u, T (u)) + ag (d(tn, u™) + 6(u™, T (u")))
+as (d(u*, up) + 6(un, 7 (uy)))

= (14a1+as+as)du u,)+ (14 a2+ as)0(un, 7 (u,))
+(az + aq)0(u*, T (u*)).

This implies
(1 —a3—aq)d(u*,Tu") < (14 a1+ aq + a5)d(w*,u,) + (L + as + a5)0(vn, T (uy)),
or

1+a1+a4+a5
1—a3—a4

1+a2+a5
1—a3—a4

S(u*, Tu) < }d(u*,un) + [ ]5(%,7(%)).

Since 6(un, 7 (uy)) < a™d(ug, u1), we see that §(u*, Tu*) = 0. It implies that T'(u*) = {u*}, i.e., u* € (SF)7.
For uniqueness, assume that there exists two distinct points u*,v* € (SF)z. So
d(u*,v*) = 6(T(u"),T(v"))
< ard(u*,v") 4 a20(u, T (u)) + azd (v, T (")) + agd(u*, T (v*)) + as
§(v*, T (u"))

< ard(u,v") 4+ ad(u, T (u*)) + aso(v*, T (v*)) + as(d(u™,v*) + 6(v*
T(v"))) + as (d(v", u”) + 6(u”, T (u7)))
< (a1 + a4 + as)d(u” *)+a2(5(u Tu") 4+ az0(v*, Tv") + agd(v*, Tv*) +

asd(u”, Tu").
This implies

(I1—a; —ag—as)d(u*,v") < agd(u*, Tu*) + azd(v*, Tv") + ag6(v*, Tv*) + asd(u”, Tu"),
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or
(1 — a1 — a4 — a5)d(U*7U*) < 07

orl—ay—as—a5 <0oraj;+ag+as > 1,a contradiction to the fact that a; + as + az + a4 + a5 < 1. Hence
ut =v*. =

Example 1 Let X = [0, 3] be a complete metric space and the mapping T : X — Py(X) be defined as

[0,1], 0<x <2,
T(z) =

{2}, 2<z<3.
Taking a; = %,ag =0,a3 = %,a4 = i,a5 = 2—70, a1 +as+as+ag+as = % < 1. Now we have following

cases:
Case I: When z,y € [0,2),

19
(T (), T(y)) =1<ay. 2—|—a22+a32—|—a42+a5<2%.
Case II: When x € [0,2) and y € [2,3],
45
(T (), T(y) =2<a1.34+a2.2+as.l+as.2+a5.3 < 20"
Case IIT: When z € [2,3] and y € [0, 2),
43
(T (), T(y) =2<a1.24+az.1+a3.2+as.3+a5.2 < 20"
Case IV: When x,y € [2,3],

19
(T (2), T (y ))—0<a1+a2+a3+a4+a5<%

Subsequently, all the hypotheses of Theorem 1 are verified and z = 2 is the only strict fixed point of a
discontinuous set-valued operator 7.

Next, we try to establish sufficient conditions for the well-posedness of a strict fixed point problem for
the set-valued operator.

Theorem 2 If T is a §-Hardy Roger type contraction of a complete metric space (X, d), then the strict fixed
point is well-posed for T with respect to 4.

Proof. Using Theorem 1, (SF)7 = {u*}. Suppose u,, € X,n € N satisfying
0a(tun, T (un)) — 0 as n — oo.
We next prove that u,, — u* as n — co. Now,
d(tn, u*)

a(un; T (un)) + 0a(T (un), T (u”))

( )
d(un; T(un)) + ald(una ) + a25d(un7 T(un)) + a3§d(U*7 T(u*)) +ay
d( naT(U*)) +a55d( 7T(un))
( )
( 1

IN VARPAN
S S > >
S

a(Un, T (un)) + ard(wn, w*) + a2dq(un, T (un)) + azdg(u®, T (u*)) + a4
(d(un, u") 4+ da(u”, T (u")) + as(d(u”, un) + da(un, T (us)).

This implies
(1—a; —ag —as)d(up,u*) < (14 az + as)dq(un, T (un)),



Kumar et al. 50

or
1+as+as

17&17(147045

o) <

ie., up, > u*asn —o0o. W

>5d(un,7(un)) — 0 as n— oo,

Now, we establish a data dependence result.

Theorem 3 If Ty is a §-Hardy Roger type contraction of a complete metric space (X, d) and T3 : X — Py(X)
is a set-valued operator such that

() (SF)z, #0;
(ii) 3 n > 0 satisfying 6(T1(x), T2(x)) <7, z € X,

then .
« +az+a
O

—a] — a4 —as

Proof. Let u3 € (SF)z,). So, 6(u3, Z2(u3)) = 0. Now,

dlur,uz) = 0(Tu(uy), T2 (u3))
< 0(Th(w), Ta(uz)) + 6(7a(uz), To(us))
< and(ug, u3) + azd(uy, To(uy)) + asd(uz, Ta(us)) + asd(uy, 7i(uz))
+ as6(uz, Ti(uy)) + 6(Th(u3), T2 (u3))
< ard(ug, up) + azd(uz, Ti(uz)) + aa(d(ur, uz) + 6(uz, Ti(uz)))
+ as(d(uz, up) +0(uy, Tu(u1))) + 6(71(uz), To(us))-

This implies

(1—a1 — a4 —as)d(uy,uy) < agd(uy, Ta(us)) + asd(uy, Ta(uz)) + 6(7i(u3), T2(u3))
< agn+am+n
S (1 +as + a4)77,
or )
+ a3+ ay
d * )
(u,u3) < (1 a1 — s —a5>
By taking supremum, it follows that
1 + as + a4
o(uy, (SF <|—n
(i (8F)m) < (o am e )

3 Applications

3.1 Application to Volterra Integral Inclusion.
Now, we utilise Theorem 1 to solve the following Volterra integral inclusion
o(t)
ot) € a®)+ [ Kt.s)F(s,a(s))ds, 1)

0
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forteJ, o:J — Jk:JxJ — R, q:J — FE are continuous, F' : J x E — C(E), E is a real
Banach space with norm ||.||g, C(E) is the class of all non-empty closed subsets of E and J = [0,1] in R
is a closed and bounded interval. Let C(J, E) is the space of all continuous E-valued functions on J and
|z|| = suptes|x(t)|r. We use the following definitions.

Definition 2 A set-valued function 3 : J x E — 2F is Carathéodory if
(i) t — B(t,x) is measurable, x € E and
(ii) = — B(t,x) is upper semi-continuous a. e. fort € J.

Definition 3 A Caratheodory multifunction F(t, X) is L'-Carathéodory if for every real number r >0 3 a
function h, € L*(J, R) satisfying ||F(t,z)|| < h.t for almost everyt € J and v € E and ||z||g < r. Denote
|F(t,z(t)|| = sup{||lullg : w € F(t,z(t))}, T4 = {v € B(J,E) : v(t) € F(t,z(t)) a.e. t € J}, where B(J,E)
is the space of all E-valued Bochner-integrable functions on J.

Lemma 1 ([13]) If diam(E) < co and F : J x E — 2F is L'~ Carath¢odory, then T} # ¢, v € E.

Lemma 2 ([13]) Let E be a Banach space, L : L*(J,E) — C(J,E) a continuous linear mapping and F
a Caratheodory set-valued mapping such that T2 # ¢. Then LoT} : C(J,E) — 2C(LE) s a closed graph
operator on C(J, E) x C(J, E).

Theorem 4 Suppose that the following set of hypotheses hold.
(i) The function k(t,s) is non-negative on J x J and M = sup, . ;[k(t, s)];
(i) the set-valued function F(t,x) is Caratheodory;
(iii) the set-valued function F(t,x) is nondecreasing in x a.e. fort € J;
(iv) |F(s,z(s)) — F(s,y(s))| < 57(0(z,y)), s € J,x € E, where
O(z,y) = mid(z,y) + a26(z, 7 (z)) + az6(y, 7 (y)) + asd(z, 7 (y)) + a5d(y, T (z)),
als e RY, S0 a4 < 1;
(v) Tp # 6, 2 € C(J, B).
Then the integral inclusion (1) has a solution in J.

Proof. A continuous function x : J — E is a solution of the integral inclusion (1), if
o(t)
z(t) = q(t) + / k(t, s)v(s)ds,
0
where v € B(J, E) such that v(t) € F(t,z(t)). Define the set-valued mapping 7 : [0,1] — 2% as

o(t)
T(x) = q(t) —|—/O k(t, s)v(s)ds,

where v € T2 (z) for every t € [0,1]. Clearly 7 is well-defined, since, from (v), 72 # ¢. For all t € [0,1] by
(ii) and (iv), we get

T (z) - T(y) = 01,0 € Th(x).

E

/oa(t) (k(t, s)vy(s) — k(t, S)U2(8)>ds

Taking supremum on both sides
6(7(x),T(y)) < M[F(s,2(s)) = F(s,y(s))| < O(z,y),

i.e., the operator 7 verify the hypotheses of the Theorem 1 on [0,1] and consequently, the given integral
inclusion has a unique solution. m
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3.2 Application to Fractals.

Fixed point theory performs a significant role in fractals that are the self-similar sets. Iterated function
systems define fractals as attractors in discrete dynamical frameworks and can be applied to wavelet analy-
sis, quantum physics, computer graphics and different applied sciences. This concept was first introduced
by Hutchinson [11] and popularized by Barnsley [2] as a natural generalization of the celebrated Banach
contraction principle. Now, we present novel iterated function framework utilizing the 0-Hardy Rogers type
operators which covers a large range of operators. The operator

T : Pyp(X) — Poy(X), T(Y) = U™, T;(Y),Y € P(X)

is the multifractal operator generated by 7 = (71,...,75), such that 7; : X — P, (X). A fixed point
V* € P.,(X) of T is an attractor of the iterated multifunction system 7. Next, we establish existence of an
attractor.

Theorem 5 Let 7; : X — P.,(X), i € {1,...,m} be a finite family of set-valued operator of a complete
metric space (X, d) such that

6(7i(x), Ti(y)) < Avd(z,y) + A2d(x, Ti(x)) + As6(y, Zi(y)) + Aad(z, Ti(y))
+A55(y77;('7;))7
Als € RT, 2?21 A; <1, z,y € X. Then the operator T : Pop(X) — Pep(X) defined by T(B) = U2, Ti(B)
for all B € P.,(X) satisfies:
(T (B), T(C)) < Ad(B,C)+ A0(B,T(B))+ A36(C,T(C)) + Asd(B,T(C))
+A56(C, T (B)),

where B,C'" € P.,(X) and has attractor A in (P.p(X),0(d)) such that A = T(A) = U, T;(A), A =
lim,, oo 7°"(B) and B € P.y(X).

Proof. Let F € P.,(X), then F is a non-empty and compact in X. Clearly 7 (F) is non-empty. Now
we establish that 7 (F) is compact in X. If {y,} C 7(F), then there is a sequence {u,} C F' satisfying
Yn = Tup(n = 1,2,...). Compactness of F' implies that there is a subsequence {z,,} C {u,} such that
{Zn,} — x € F. Since T is continuous, {yn,} = Txn, — Tz € T(F). Hence, T(F) is compact in X.
Definition of d-Hardy Roger type contraction shows that 7 satisfies

S(T(B),T(C) < Aynd(B,C)+ Ap,8(B,T(B))+ A3, 6(C.T(C)) + As,8(B,T(C))
+A45,6(C,T(B)), ¥V B,C € P.,(X).

Now, we shall use the principle of mathematical induction. The statement is clearly true for m = 1. Now,
for m = 2,

§(7(B), T(C))

5 (T:(B) UT:(B), Ti(C) UT(C))

max{Aj, }6(B,C) + max{As, }6(B, T1(B))
+max{As, }6(C, T, (C)) + max{ A4, }6(B, T, (C))
+ max{A4s,}6(C, T1(B)).

IN

Hence by induction inequality is true for all ¢ € 1,...,m, i.e.,

ST(B)T(C) < Ad(B,C)+ Asd(B.T,(B)) + As3(C,T,(C)) + Aid(B, T.(C))
+456(C, To(B)),
where A; = max{Ai;}, A = max{Ay;},..., A5 = max{As;}, i.e., the operator T satisfy all the hypotheses

of Theorem 1 and consequently T has a attractor A = T(A) = U™ T;(A) and A =1lim 7" (B), B € P.,(X).
[
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4 Remarks

Remark 1 Choosing suitably the values of constants in Theorems 1, 2 and 3, similar results can be estab-
lished for Kannan [12], Chatterjee [9], Reich [15] and Banach [1] type set-valued contractions.

Remark 2 In Theorem 5, we established the attractors of 6-Hardy Roger type set-valued iterated function
systems, which generalizes the celebrated Hutchinson iterated function systems.

Acknowledgment. The authors are thankful to the learned referees for the very careful reading of the
manuscript and valuable suggestions.
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