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1. Introduction

Numerous applications in engineering and scientific fields can be managed through Fredholm or
Volterra integrals. A substantial amount of initial value and boundary value problems can be
transformed to Fredholm or Volterra integral equations. Applications of which can be found in areas
of mathematical modeling of physics and biology. For instance, one can observe the applications of
these equations in biological sciences such as the heat transfer or heat radiation and biological species
living together, the Volterra population growth model, scattering in quantum mechanics, kinetic
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theory of gases, conformal mapping, hereditary phenomena in biology and physics, propagation of
stocked fish in a new lake, electrostatic, population genetics. In fact, biological sciences are among
many areas that can be portrayed by integral equations and in certain circumstances problems such as
in economics. Similarly, singular integral equations occupy comparable priority in the areas such as
X-ray radiography, microscopy, radio astronomy, atomic scattering, electron emission, optical fiber
evaluation, radar ranging, seismology, and plasma diagnostics.

Various methods are present in the literature to find the solution to Volterra or Fredholm integral,
singular and integro-differential equations (see for example, [2,5,41,42,47]). In several cases a problem
lead to the determination of the exact solution. However, in most cases it is very challenging to find the
exact solution and sometimes even impossible to acquire the solution of a selected problem in physical
sciences and engineering. In some cases researchers try to highlight the quantitative approximation
and nature of solution of a problem. One of the techniques among all the numerous strategies is the
fixed point theory. Fixed point theory can be utilized as an essential tool to discuss the existence and
uniqueness of the solution to several kinds of integral, differential, integro-differential, and fractional
integral or differential equations, for instance, see [1,13,17, 18,21, 29, 31,40, 46, 50] and references
therein.

Fixed point theory has a vital position in mathematics as a powerful tool, and is briefly studied by
mathematicians. Because of the extra-ordinary applications of fixed point theory many researchers
have contributed with their considerable time to the said subject. Along with the innovation of
computers, and growth of modern softwares, for rapid and steady figuring, fixed point theory has
gained significant value. It has became the topic of scientific study, both in stochastic circumstances,
deterministic and fuzzy. Fixed point theory is a versatile subject, applicable to vast dimensions of
mathematics and mathematical sciences like, optimization theory, variational inequalities,
mathematical economics, game theory, integral equations, and differential equations.

The concept of fixed point theory began in the early 18th century by Poincare in [22], in 1806. Then,
Brouwer [28], in 1912, introduced the solution to the equation g({) = {. The fixed point theorem was
also extended for a square, a sphere and their n-dimensional counter parts by him which was in addition,
extended by Ky Fan [24]. Afterwards, the powerful Banach principle [43] appeared. Banach proposed
that a unique fixed point can be obtained with the help of an operator in the sense of complete metric
space and is applicable to numerous mappings such as differentiable or more specifically lipschitz
continuous. Several articles can be found on such mappings for example [15, 25, 30, 36,37, 39]. After
then, the Banach contraction principle was generalized in every direction (see for instance see [4, 6—
12,14,16,19,20,27,33,52]).

Nadler, [44] was the first to analyze the multi-valued operator then Caristi [34] introduced Caristi
fixed point theorem for multi-value operators. Subsequently, Feng and Sanyang [53] generalized the
Banach theorem and Caristi fixed point theorem to the area of multi-valued mapping. Their outcomes
are the generalization of famous Nadler fixed point theorem as well as Caristi fixed point theorem for
multi-valued operators. Reich [48] generalized his famous Reich contraction to multi-valued mapping.

Likewise, metric spaces are generalized by numerous researchers. One of the generalization was
analyzed by Bakhtin [23] and Czerwik [45], who presented the innovated b-metric spaces. The b-
metric spaces is further extended by Kamran et al. [51] to extended b metric spaces. In this direction
more authors have contributed towards the extension of metric spaces such as quasi metric spaces,
dislocated metric spaces, generalized metric spaces and partial metric spaces etc. And the current does
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not just stop here. Still, authors are finding ways to restrict or control the triangle inequalities and
introducing some new metric type spaces. In recent times, Mlaiki et al. [35] introduced the concept of
control metric spaces. Which is in fact, the extension of h-metric spaces and extended b-metric spaces.
Abdeljawad et al. [49] modified the control metric space via two control functions which generalizes
b-metrics, extended b-metrics and control metric spaces.

In this study, inspired theoretically from the above contribution, we establish some multi-valued
fixed point theorems in the setting of double controlled metric spaces and then the established results
are used to analyze the existence of solution to a Volterra integral inclusion and singular Fredholm
integral inclusions of both types. The obtained results can be utilized in many of research problems
seeking existence of solution to various kinds of integral equations. For example one can also use
these results to obtain the of solution to Riemann- Liouville fractional neutral functional stochastic
differential equation with infinite delay of order 1 < g < 2 [54].

2. Preliminaries

Definition 2.1. Let X be a nonempty set. Define a distance function p : X X X — [0, o), such that for
all Z,n,v € X, if p satisfies

(D p¢,m=0s=n
(2) p¢,m) =p(1,?);
(3) p(L,v) < p(L,n) + p(,v).

Then p is a metric on X. The pair (X, p) is called a metric space.

Definition 2.2. [45] Let X be a nonempty set. Define a distance function p : X X X — [0, c0) and
S > 1 be a constant such that for all £, 7, v € X, if p satisfies

(D) pg,m=0e=n;
(2) p(¢,m) =p1,9);
(3) p(¢,v) < S[p,n) + p(n,v)].

Then p is a b-metric on X. The pair (X, p) is called a b-metric space.

Example 2.3. Consider X = {a, b, c}, let p : X — X such that

pla,a) = p(b,b) =p(c,c) =0,
pla,b) = p(b,a) =g,
pla,c) = p(c,a) =

pb,c,) = plc,b) =

Nl= ROl

Now for S = 4 we have 2 = p(a, ¢) < 4[p(a,b) + p(b,c)] = 4[3 + 1] = 1.46. Thus (X, p) is a b-metric
space. However, it is not a usual metric.

Remark 2.4. From the above example it can be concluded that in general a b-metric is not continuous.
It is obvious that for § = 1, every b-metric is a standard metric.
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Definition 2.5. Let (X, p) be a b-metric space, such that for all £, € X.

(1) A sequence {{,}.en € X, is convergent to £, written, lim £, = £, if and only if lim p(,, () = 0;
(2) A sequence {{,},en € X, 1s known as Cauchy if and only if lim p({,, {,,) = 0, where n > m > N;
(3) (X, p) is called complete if and only if every Cauchy sequence is convergent in X.

Definition 2.6. [51] Let X be a nonempty set. Define a distance function p : X X X — [0, o). Let
¥ : X? — [1, ), be a function such that for all £, 5, v € X, if p satisfies

(D p¢,m=0s=n;
(2) p(¢,m) =p([,9);
(3) p,v) <Y, V)&, n) + p(n,v)].

Then p is an extended b-metric on X. The pair (X, p) is called an extended b-metric space.

Example 2.7. [32]Let X ={1,2,3,---}. Define ¢y : X X X : [1,0)and p : X X X — R*, as

1 ¢-nP, if¢#n,

lﬂ((»ﬂ):{l, lf{:T]

And
pm) = —n)'.

Note that the first two axioms in Definition (2.6) hold, trivially.
For the real numbers x,y, with x = 0or| x|[> 1andy = 0, or | y |> 1 we establish the following
relation.
x+yt<lx+yP ¥ +)%. (2.1)
Case 1: inequality (2.1) is trivially satisfied if x = 0 or y = 0.
Case2: For | x|>1or|y|>1, we get
@yt = S e
(x* +y*4) ’
(x +y)*
| x+yl
= Jx+y P+

IA

ot +yh,

Finally, setting x = {—nandy =n—v, where {/,n,ve€ X. Thenx =0or|x|>1landy=0or|y|> 1.
Thus the inequality (2.1) implies

=" <IE=vP I =m"+ @ =»)'].
Thus (X, p) is an extended b-metric.
Recently, Mlaiki et al. [35] generalized the notion of h-metric space to control metric space.

Definition 2.8. [35] Let X be a nonempty set. Define a distance function p : X X X — [0, o). Let
@ : X* — [1, ), be a function such that for all £, 7, v € X, if p satisfies
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(D pd,m=0e=n
(2) p&,n) = p(n,);
(3) p(¢,v) < a(d,npl,n) + a(n, v)p(n, v).

Then p is a control metric on X. The pair (X, p) is called a control metric space.

Example 2.9. Let X = {0, 1,2}. We define the distance function p : X X X — [0, c0), by

P& |01 ]2
0 |0|1]3
1 [1]0]:
2 |3]%]0

And define the function @ : X*> — [1, ), by

adm | 0] 12
0 [1]5|!

5

IR

2 121

Thus the above metric is a control metric. However, it is not an extended b-metric as

1= p(0,1) > a(0, D[p(0,2), p(2, 1)] = 0.99.
Thabet et al. [49] introduced double controlled metric type space.

Definition 2.10. [49] Let X be a nonempty set. Define a distance function p : X X X — [0, 00). Let
@, : X*> — [1, ), be two functions such that for all £, n,v € X, if p satisfies

(D (eDpl,m=0e=mn;
(2) (2) p(&,m) = pa(, {);
(3) (p3) P, V) < a(d,mpa({,n) + B, vIpa(n, v).

Then p is a double controlled metric on X. The pair (X, p) is called a double controlled metric space.

Remark 2.11. A controlled metric type is in fact, a double controlled metric. However, the converse is
not true as is verified by the examples given below.

Example 2.12. [49] Let X = {0, 1, 2}. We define the distance function p : X X X — [0, 00), by

pm |01 ]2
0 [0]1]3
1 [1]0]32
2 |3]51]0

And define the functions a, 8 : X> — [1, ), by

AIMS Mathematics Volume 6, Issue 1, 477-499.



482

al,m | 0|12
0 151
1 S 1|3
2 1201
and
Bn | 0|12
EE
1 =131
2 321

It is simple to show that the above metric is a double controlled metric. However, we can deduce that
p is not an extended b metric as

1 =p(0,1) > a0, D[p(0,2), p(2,1)] = 0.99.

Example 2.13. [49] Let X = [0, o). We define the distance function p : X X X — [0, ), by

0, & { =1,

1 ifz>1landn€[0,1),
pEm =14

T ifn > land{ € [0, 1),

1, If not.

And define the functions @, : X X X — [1, o) as

L, ifgn>1,
a(l,n) =
©m {1, If not.
And
ifl,n <1,

1,
AEm = {max{{ ,n}, 1If not.

It is obvious that p; and p, in Definition (2.10) hold. We claim that (p3) is satisfied in Definition (2.10).

(1) When v = £ or v = n, (p3) holds;

(2) Otherwise (p3) is verified in the case that { = . Suppose the condition that { # n, thus we get
that { # n # v. In the subcase (( > 1 andn € [0,1)) and (7 > 1 and ¢ € [0, 1)), it is simple to
analyze that (o3) holds.

Subcase 1: {,n > 1.
If v > 1 axiom (p3) holds. But, if v € [0, 1) we have,

1 1
1<—-+n-,

i.e., (p3) is satisfied.
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Subcase 2: {,n < 1.
If v € [0, 1) (p3) holds. However, if v > 1 we have,

1 1
1<—+v—,
% v

1.e., (03) 1s verified. We conclude that p is double controlled metric.
On the opposite side, we have

1 1 1 1
p0.2) = 1>a(0,3)p(0.3) + a3, 2)p(. 5) = 5

So, the above double controlled metric is not a control metric.

Now, we are going to explore the topological concepts of the double controlled type metric space.
Consider the definitions follows immediately.

Definition 2.14. [49] Let (X, p) be a double controlled type metric space either by one or two functions

(1) The sequence {{,}.cn 1S convergent to some ¢ € X, if and only if for each € > 0, 9 an integer N,
such that p({,, {) < € for each n > N.. It can be written mathematically, as 11_>r£1o o4, ) =0;

(2) The sequence {{,},cv 1s Cauchy sequence if and only if for each positive nlrllmber €, p(Lny &) < €.
¥ m > n > N, where N, is a positive integer;

(3) (X, p) is said to be a complete double controlled type metric if and only if every Cauchy sequence
is convergent in X.

Definition 2.15. [49] Let (X, p) be a double controlled type metric space either by one or two functions.
For { € X and ¢ > 0.

(1) The open set O(Z, ¢) is defined as

O, c) ={neX,p({,n) < c};
(2) The self operator 7 is continuous at € X if V ¢ > 0, 4 ¢ > 0 such that 7(O(Z, ¢)) € O(1¢, 9).

It can be concluded that when 7 is continuous at { in (X, p). Then ¢, — ¢ implies that 7, — 7, as
n — oo,

The quest for the existence of fixed points for multi-valued mapping for complete metric spaces was
originated by, Nadler, in 1979. He initiated the study of multi-valued version of Banach contraction
mapping exercising the idea of Hausdorff metric.

Consider, some of the fundamental concepts from multi-valued fixed point theory that will help us
analyzing the present study.

Definition 2.16. [44] Let (X, p) be a metric space, then

(1) CB(X) ={ C | C is a closed, non-empty, and bounded subset of X };
(2) 2X¥ ={ C | C is a non-empty compact subset of X };
(3) B(e,C)={l e X |p(,c) < eforsomec e C }if e >0and C € CB(X).
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Definition 2.17. The Hausdorff metric H on CB(X) is defined as follow

H(R,T) = max { sup (¢, T), sup p(1, R)}, V R, T € CBX),
{eR neT

where p({,R) = inllgp({, n). In metric space (CB(X), H), lim R, = R means that lim(R,,R) = 0.
ne n—oo n—oo
Consider, R, R, € CB(X). Then for each £ € R, and 6 > 0, there is 7 € R;, such that

p(l,n) < HR,Ry) + 6.

The mapping H is a metric for CB(X) and is called the Hausdorff metric. It can be deduce that the
metric H in fact depends on the metric of X and the two equivalent matrices for X can not generate
equivalent Haudorff matrices for CB(X).

Example 2.18. (1) Let X =R, A =[2,3], B=[4,5], where p : X X X — [0, o) is a metric on which
H depends. Then,

supp({,B)=2,  supp(,A)=2, and H(A,B)=2,

feA neB
(2) Consider A = B,({), B = By(n), forall {,n € (X,p),0 <r <s. Then, HA,B) =p({,n)+s—r.

Definition 2.19. Let A, B € C(X) where C(X) is the accumulation of all non-empty closed subsets of
X. Consider,

H(A, B) = max { sup p(£, A), sup p(1, B)},

(eB neB
where p({,A) = in}j p(¢,n). The pair (C(H), X) is known as generalized Hausdorff distance induced by
ne
d.

Definition 2.20. [44] Let (X, p;) and (X, p,) be metric spaces. A mapping F : X — CB(Y) is said to
be a multi-valued Lipschitz mapping of X into Y iff V £, € X we have,

H(F({), F()) < cpi(Z,m). (2.2)

The constant ¢ in (2.2) is called a Lipschitz constant.

Definition 2.21. If the Lipschitz constant ¢ becomes less than 1 i.e., ¢ < 1 in the case of (2.2) than F
is called multi-valued contraction mapping.

Definition 2.22. A multi-value operator 7 : X — N(X) is called upper semi-continuous, at ¢, € X if

for every € > 0 3 a neighbourhood U of ¢, such that 7({) < 7({y) + € V { € U, when 7({p) > —o0, and

7({) = —o0 as { — {y when 7({y) = —co. Mathematically it can be expressed as (111’1(1 sup 7({) < 7(&H)-
{60

Definition 2.23. A multi-value operator 7 : X — N(X) is called lower semi-continuous, at {, € X if

for every € > 0 9 a neighbourhood U of ¢, such that 7({) > 7({y) — € V { € U, when 17({;) < +0o0, and

7({) = 400 as { — ¢, when 7({y) = +c0. Mathematically it can be expressed as }1r? inf 7(&) > 1(p).
—40

Definition 2.24. An element ¢ € X is known to be a fixed point of multi-valued operator 7 : X — N(X)
if £ € 7(£). Mathematically, represented by Fix(t) = { € X : { € 1({)}.
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3. Multi-value fixed point results

In this section some fixed point results is proved in the setting of double controlled metric spaces.
Our first result is Nadler fixed point theorem.

Theorem 3.1. Consider a complete double controlled metric space (X, p) controlled by the functions
a,B : X XX — [1,0). Furthermore, suppose that T : X — CB(X) is a continuous multi-valued
contraction mapping. If there exists a 6 € (0, 1), such that

H@l, ) <opd,m), Y {nekX, (3.1)
with the assumption
i+1>6i i+1s6m 1
sup lim @(Liv1, §i42)B(Liv15 En) <2, 3.2)
mx1 i (i + Giv1) o
Moreover, for each { € X, suppose that,
lim a({,,) and lim B({,, {) exists and are finite. (3.3)

Then, T has a fixed point.

Proof. The result can be proved via iteration. Consider, 6 < 1 be a lipschitz constant for 7, (we may
presume ¢ > 0) and consider ¢ € X.

Now, choose {; € 7({p). Since 7({y), 7({1) € CB(X) and {; € 7({p) there is a point {, € 7({;) and
using Definition (2.17), we have

(&1, &) < H(t(4o), (1) + 6,
now since, 7({1), 7({) € CB(X) and & € 7({;). Then, there is a point {3 € 7({>), such that
p(82,83) < HT (), T(0)) + 6.

Proceeding similarly a sequence {,} -, of points of X is produced. Such that, £,,; € 7(&,) and
0Ly Gn1) < HT(Li-1), T(8)) + 0" for all n > 1, we note that

p(gn’ §n+1) < H(T(gn—l)’ T(Z:n)) +0" < 5/0(4;1—1’ gn) + 6’1,
< S[HT(L2)s T(uer) + 6" + 67,
< %042y Guot) + 267,

P& Gns1) < 6"p(do,{)+né" Y nx1.

We further proceed to check if the given sequence is a Cauchy sequence. Let n,m € N be integers such
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that n < m, we have

P(Lns Gn) <G, $ns1)P s Enst) + B(Lns1s Er)P (st Sm),
<@(&n> $n11)P(Gns Enit) + B(Lns1> §)W(Gns1> $ns2)P(Lns1s L) +
B(Lus1: E)B(Lnr2s En)o(Lni2s G
<a(&ns En+1)PGns Gur1) + Bt S (Gt Env2) (Gt s Snv2) +
B&ns15 G)B(nr2s Gn)(Ens2s $nr3)P(Cnv2s Snr3)+
B&as1: Gu)B(Lnr25 $n)B(Gne3, S (Gns3s S,

<
m-2

<a(&ns Enr1)P(Gns Guv) + Z ( 1_[ ﬁ(fj,gm))a(fi,§i+1)/0(§i’§i+1)+

i=n+1 \ j=n+1

m—1
[T 8@ 2wpu-s. &),

k=n+1

m—2

< L) O"po 1) + 18" + Y ( [ ] 8¢ gm))a@i + L) (G (Lo, 1) + i6T)+

i=n+1  j=n+l

m—1
[ 1B 406" o, &) + (m = 1)8"™ ),

i=n+1

m—1 i
=0 £u)(O"P(Go, £1) + 18" + ( | ] 5 gm))a(a, Li)(Op(Lo, 1) + i6),

i=n+1 \ j=n+1

m—1

<0 L)' PL0, ) + 18" + ( [ 5@ gm>)a(§i, L) (Epo, 1) +i6),

i=n+1 \ j=0

m—1 i
=({n, $n41)0" (Lo, $1) + (&, $re1 )" + Z (nﬁ@j, fm))a(fi, Lis1)0'p(Lo, {1+

i=n+1 ‘ j=0
m—1 i
Z ( H'B(gj’ évm))a'(gi, §i+1)i6i’

i=n+1 \ j=0

we used a(,n) > 1. Let us define

S,,:Z

P
i=0

1
( 1—['8(4" {m))“(gi’ 1)

J=0

Hence, we have

m—1
P(&ns &) < p(Lo, EDa(&ys £n41)(0" + 18") + (St = S+ (S1 = S0) Z L.

i=n+1

(3.4)
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The ratio test together with (3.2) imply that the limit of real number sequence {S,} exists and so, {S,}
is a Cauchy sequence. In fact, the ratio test is applied to the term x; = ( ]_[3:0 B;, {m))a(g’ s Giv1). As
0 € (0, 1), by letting m,n — oo in (3.4), that is

lim p(Cm &) =0 Y i,j>1,

which follows that the sequence {{,};7, is a Cauchy sequence. Since (X,p) is a complete double

controlled metric space. So, the sequence {{,}> , converges to some point {, € X. Consequently, by

continuity of 7, {T(.{i)} __converges to 7({o) and since, £, € 7({,-1) for all n. Therefore, it follows that

{o € (). Which Coml[_)letes the proof. O
Example 3.2. Let X = {0, 1,2} we define distances by
p&n |01 ]2
T2
e
TE—
2 351510
Lets define the functions @, : X — [1, o) by
ald,n) |0 1]2
9
URRREE
SRR
2 3|1
B&,m 0|12
315
S RE
i
2 51515

As it seems the metric is not a controlled metric. For instance,

= 1 2.1 1.2 -
23= 3 =p0,2) > a(0,Dp0,1) +a(1,2)p(1,2) = G +F)3F) = 1.972,
= 1 3.1 5.2 -
23=3=p0.2) > B0.DpO. ) +51.2)p(1.2) = 9)F) + (7)(3) = 1.583.

It can be verified that (X, p) is a complete doubled controlled metric space.
Now we define a multi-value mapping 7 : X — CB(X) by

() = {0, 1}V € X.

For ¢ = % it is clear that the condition (3.1) is satisfied V ¢ € X. In addition, (3.2) holds for each
o € X. All the conditions of Theorem (3.1) are satisfied . For instance, Let {; = {0, 1} and 6 = %,

we have sup,,,, lim 28ballade) — < L = 9 Tn addition lim a(¢,¢,) = max(£, 1) < oo and

lim a({,,{) = max({, 1) < co. Hence the fixed points are {0, 1}.
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Our second result is extending Banach multi-valued fixed point theorem to double controlled type
metric space. Before proceeding to another result consider the following definition, which will later be
used in the following result.

Definition 3.3. [53] Consider a multi-valued mapping 7 : X — C(X). Let f : X — R be a function
defined as f({) = p({, 7({)), for all £ € X.
For a positive constant u € (0, 1), define the set Hi C X as,

H = {n € 7(DlupZ, 1) < p(d, ()}

Theorem 3.4. Consider (X, p) be a complete a double controlled type metric space by two controlled
functions a, : X X X — [1,00). Let 1 : X — C(X) be a multi-valued mapping. If 1 a constant
k € (0, 1) such that for any ¢ € X there is n € HS, satisfying

pm,t(m) <kp(l,m) VY LneX (3.5)
Further assume that Gt lonn) {
. @Gu+1,6i2
fng) r}l—{g (i i) B(ix1, Em) < A (3.6)

Moreover, consider that for each { € X that lim a({, {,) and lim a({,, {) exist and are finite. Then, T

has a fixed point provided that k < u and f is lower semi-continuous.

Proof. Since 7({) € C(X) for any { € X, and Hi is a non-empty set for any constant u € (0, 1). For any
initial point {, € X, there exists {; € Hf:o, such that

P15 T(80) < kp(Lo, £1)-

For any ¢; € X there exists £, € HS!, satisfying

002, 7(8)) < kp(1,00).

Continuing the current process an iterative sequence {(,}.,, where {,,; € H;f can be obtained,
satisfying

p(§n+l’ T(§n+1)) < kp({na {n+1)- for n= 0, 1’ 29 e (37)
On the other hand, for ¢,,; € Hf:", we have
M,D(gn, §n+l) < P(fn» T(gn))’ for n= 09 1» 2a (38)

Comparing inequalities (3.7) and (3.8), we get

k
p(§n+1a {n+2) < ;p({m T({n)) fOI" n-— O’ 1’ 2’

Now it is quite simple to get the following result

k
PG Guet) < L'p(G0,61) where  L=— for n=0,1,2,..

(o0

Now what is left of the theorem is that we prove that {{,,} , is a Cauchy sequence.
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Let m, n be integers such that n < m then from Theorem (3.1) we get to the following.

m—2 i
P&y &) <y $ni 1)L Gurt) + Z ( 1_[ ﬁ(fj’fm))a(fi,§i+1)P({i,{i+1)+

i=n+1 \ j=n+1

m—1
[ 1 B &pEuners G,

i=n+1

m=2 i
<&y, $na)L"p(L0, $1) + Z ( rl ,B(fj,fm))af((i,§i+1)LiP(§0,§1)+

i=n+1  j=n+1

m—1
7 B L)L pldo, &),

i=n+1

m—1 i
=(&n, G L' (Lo, $1) + Z ( n ﬁ({j’{m))a(gi’§i+l)Lip(§Oa{1)a

i=n+1 \ j=n+1

m—1

<a(&ns G 1)L (40, $1) + Z ( ,3(51,{m))a(&,{i+1)Lip(§o,(1)Lip(§o,{1)-
=0

i=n+1
LetS,=X", ( Hﬂzoﬁ(é’ i» é’m))a({i, Ziv1)L'. Hence, we have

p(gn» {m) < p({Oa {1)[Lna'(§n’ évn+1) + (Sm—l - Sn)] (39)

The ratio test together with (3.6) implies that the limit of real number sequence {S,} exists and so,
{S .} is a Cauchy sequence. In fact, the ratio test is applied to the term x; = ( ]_[3-:0 B, g“m))a(g i ivt)-

Letting m,n — oo in (3.9), that is
lim o({n, ) =0 VYV i,j>1,

where L = ’;‘ now we know that k < u so we have L" — 0 as n — oo.
From which is deduced that the sequence {/,}7, is a Cauchy sequence. Since (X, p) is a complete
double controlled metric space. So, the sequence {{,}, converges to some point {; € X. We claim
that £ is a fixed point of T

As a matter of fact, from the given proof it is deduced that {,}’> , converges to . While, on the
other hand, { f({,,)}:o_O = {p({n, T({n))}:() is a decreasing sequence and hence, converges to 0. Since, f
is lower semi-continuous, we get

0< Q) < lim f(Z,) = 0.
Therefore, f({) = 0. Consequently, the closeness of 7({) implies ¢ € 7({). O

Remark 3.5. Theorem (3.4) is in fact the extension of Nadler multi-valued fixed point theorem. If
7 fulfills the conditions of Theorem (3.1), then 7 be upper semi continuous as f being a lower semi
continuous VY £, n € X.
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Example 3.6. Let X = {a, b, c} and consider the distances

p¢,n) a|b|c
a 0 g %

b 1310 5

c % 17—1 0

And the functions @, : X — [1, o0)

all,n) | a | b|c
EEEE A
o

c 3131
B, a|b|c
a 1121 4

b S i 15_5

7 4

c ‘5—‘ 14—5 1

The above double controlled metric is not a control metric, as can be seen.

7 115 9.7 —
35 = Ep(a, c) > a0,1)p(0,1)+ a(1,2)p(1,2) = (?)(5) + (3)(ﬁ) =2.6732,

7 5.5 15 7
35= Ep(a, c) > a0,1)p0,1) +a(1,2)p(1,2) = (5)(5) + (Z)(ﬁ) ~2.79

It can be analyzed that (X, p) is a complete double controlled metric. Consider, the multi-value
operator

{a}, if{=a;
() = {b}, if{=0b;
{c}, ifl=c.

Now it is simple to deduce that f({) = p({, 7({)) = 0.
We see that f({) is continuous. In addition, there exists n € Hy, such that the condition (3.5) is

satisfied. Moreover, for every ¢, € X the condition (3.6) is satisﬁegd. Thus all the hypothesis of the
Theorem (3.4) are fulfilled. Hence {a, b, ¢} are the fixed points of the 7 for k = %
However, 7 is not a contractive mapping in Nadler. For instance,

5 2.5
5 = H@(©.x) = p&m) = ()3,

which shows that Theorem (3.1) is the generalization of Nadler multi-valued fixed point theorem.

Now proceeding the work to extending Branciari integral fixed point theorem to double controlled
type metric space. The theorem is proved in three steps.

Theorem 3.7. Consider (X, p) be a complete double controlled type metric space and v : X — C(X) be
a multi-value mapping. Suppose, there exists a constant k € (0, 1) such that for any { € X and n € 7(0),

there is u € 1(n), satisfying
0(T({),7(m) 0(.17)
f pdt <k f (t)dt, (3.10)
0 0
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where ¢ : [0,00) — [0,00) is a lebesgue integrable mapping which is summable (that is, with finite
integral) on each compact subset of [0, o) and such that for each € > 0, we have fOE etdt > 0.
Moreover, assume that

. a’(§n+1 > {i+2) 1
sup lim = i G < 7. (3.11)

Further, consider that for each { € X that lim (¢, {,) and lim «({,, {) exist and are finite. Then, T has

a fixed point provided that f is lower semi-continuous.

Proof. For any initial point {, € X and {; € 7({)) a sequence {{,,}.7, can be constructed, where {,,, €
7({,) and

0({n+1,En+2) 0(n:dn+1)
f e(t)dt < kf etydt, for n=0,1,2,..
0 0

Step 1. Consider f(¢,) — 0 as n — oo, it is simple to verify that {p({n, {,H])} is a decreasing sequence
and

O(nsLne1) 0(£0,41)
f p(t)dt < k”f etdt, for n=0,1,2,..
0 0

Consider A, = p({y, {u41), we assert that A, — 0 as n — oo. Indeed, {A,}; is a convergent sequence,
because {A,} , is a non-negative and decreasing sequence. Assume A, — € as n — oo, then

f (p(t)dtzfgo(t)dt, for n=0,1,2,..
0 0

Thus, we have

A, €
lim f e(t)dt > f e(t)dt > 0.
n—=e Jo 0

Thus contradiction, as

Ap

0(40,41)
e(t)dt = lim k" f p(t)dt.
n—o00 0

lim
n—oo 0

It can be noted that 0 < f(£,) < p(&y, {uv1), SO we have f(£,) = 0asn — oo.

AIMS Mathematics Volume 6, Issue 1, 477-499.



492

Step 2. we now show that {£,,}>°  is a Cauchy sequence. From Theorem (3.1) we have

m-2 i
P &) S0 G PG L) + ( | ] 5 §m>)a(4~, Gi))P(G i)+

i=n+1 \ j=n+1

m—1

[ 8@ 2wp@ss &),

k=n+1

0($0,41) J 0(£0.41)
<0Gl | gldi+ Z ( ]—[ﬁ(g,gm>)a(4,4+l)k’ f e(tydr+
i=n+1 \ j=n+l

m-l 0(4041)

[ s@am [ s

k=n+1 0

0(£0,41) 0(£0,41)
oGt [ etondr+ 5 ( [ 662 )a(g,,g,mk’ [ e
i=n+1 \ j=n+1

0(£0,41) 0(£0,41)
<aGn Gk | 0t + Z (]‘[ﬂ(4,§m))a(4,,4,+l)k’ f (o).
i=n+1
LetS, (HJ Oﬁ(gj,g“m))a(fl,g“,ﬂ)k’ Hence, we have
0(£0,41)
PG Em) Sf @O dilk" (&, Gp1) + (St — S (3.12)
0

Step 3. The ratio test together with (3.11) implies that the limit of real number sequence {S,} exists
and so, {S,} is a Cauchy sequence. In fact, the ratio test is applied to the term

X; = (Hj-zo B, gm))a(gj, Liv1). Letting m, n — oo in (3.12), that is

mlir_l}oop(gm’ gn) =0

Finally, the sequence is a Cauchy sequence and since (X, p) is a complete double controlled metric
space. Additionally, from the assertion of semi-continuity of f and convergence of {{,}, and
closeness of 7 implies ¢ € 7({). Which completes the proof. O

Example 3.8. Consider the doubled controlled metric and a multi-valued operator defined in Example

(3.2). Consider,
(1)
o(t) = f tdt.

For k = % we see that all the hypothesis of the Theorem (3.7) are fulfilled. Thus {0, 1} are fixed points
of 7.

Our next result is extending Reich multi-value contraction mapping theorem to doubled controlled
type metric space. Before, proceeding to the result consider the following definition.
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Definition 3.9. Consider the multi-value mapping 7 : X — C(X). The mapping is said to be multi-
value Reich contraction mapping if there exists constants i, j,k € R, such thati + j + k < 1 and for any
{ € X there exists 7({) such that £ € 7({), satisfying

p((0), () < ip(,n) + jol, (D) + ko(n, (), Y ¢,neX (3.13)

Theorem 3.10. Let (X, p) be a complete doubled controlled type metric space, which is controlled by
the functions a,f : X — [1,00). Consider the multi-value Reich contraction T : X — C(X). Further

assume that
a(§n+1 ) §i+2)

sup lim i1, Cm) < h. 3.14
mzll)”—>Oo (g, Liv1) Pt L) )

Moreover, consider that for each { € X, the
lim a({,,) and lim B(4,, () exists and are finite. (3.15)

Then, T has a fixed point.

Proof. We begin our proof by constructing a sequence {{,},.; such 1 € 7(4y), put { = ¢, and n = -
in (3.13), we have

p(T(gn)’ T({n—l)) < lp({n’ gn—l) + ]p(gn’ T({n)) + kp(gn—l’ T({n—l)),
P(§n+1» gn) - jp(§n+1’ én) < (l + k)P(fn, én—l)’
|+ k
Pl &) < Tpln o),
-J
From iteration of the sequence it follows that
PGns1,8n) < H'p(15 4o)s (3.16)

where h = ii_'; Note that 4 < 1. Proceeding the theorem, it is verified that the sequence is a Cauchy.
For any m > n € N, from Theorem (3.1), we get to the following

m=2 i
PGr En) S LI Gar) + Y| ( [Ts< @))a(;-, LGP i)+

i=n+1  j=n+l

m—1
[ 1 8@ 2np@u1.n,

i=n+1

m-2 i
<@ W' ) + ) ( [ 5 §m>)a(4, G p(o. 1)+

i=n+1 " j=n+1

m—1
D B & (Lo, ),

i=n+1

m—1 i
=0 L)W', ) + ( [ 15 §m>)a(4-,4-+1)h"p<§o, &),

i=n+1 \ j=n+1

m—1 i
<o L W0 )+ Y| ( [s¢ gm))a(a, GnHp(o. ).

i=n+1 \ j=0
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Let Sp = f:o ( Hj‘:oﬁ@j, fm))a’(fi, §i+1)hi. Hence, we have

p(gn’ gm) < p(§0a {1)[Lna'(§m {n+1) + (Sm—l - Sn)] (317)

The ratio test together with (3.17) implies that the limit of real number sequence {S,} exists and so,
{S .} is a Cauchy sequence. Applying the ratio test to the term x; = ( Hi-:o B, §m))a({ i {is1)- Letting

m,n — oo in (3.17), that is
lim p(l,, ) =0 VYV i,j>1,

where h = i%k/ now we know that 4 < 1 so we have h"* — 0 asn — oo.
o0

From which is deduced that the sequence {Zu}7, 1s a Cauchy sequence. Since (X, p) is a complete
double controlled metric space. So, the sequence {{,} | converges to some point {, € X. We claim that

{ is a fixed point of 7. Certainly, from the given proof it is assured that {{,} , converges to {. Finally,
the closeness of 7({) implies that £ € 7({). O

Remark 3.11. As noticed from (3.13) in Theorem (3.10) if j = k = 0 then we get the Banach
contraction. Similarly, if i = 0 and j = k we get Kannan type contraction in multi-valued version.

Example 3.12. Consider, the double controlled metric space defined in Example (3.6). Define a multi-
valued operator 7 : X — CB(X), as

7)) ={a,b,c}V € X.

Fori = i, Jj= % and k = % it can be analyzed that overall hypothesis of Theorem (3.10) are fulfilled.
The fixed points are {a, b, c}.

4. Applications to integral inclusions

In the current section existence theorems for Volterra type integral inclusion and singular Fredholm
integral inclusions are obtained via multi-valued fixed point results.
The Volterra type integral inclusion can be expressed as

o(a) € Na) +6 f ) I'(a, 1, ¢(1))dT, “4.1)

where ¥(a) is a continuous function on the given interval, I'(@, 7) is the family of non-empty compact
and convex sets on the interval, ¢ is the unknown solution belonging to the given inclusion, and a <
x < b.

Moreover, consider a multi-valued operator L : X — CB(X), defined by

Lo@)={jeX: jeda)+5 f Ta.r, $(r))dr}. (4.2)

a

Then clearly the operator (4.2) is non-empty and closed.
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Theorem 4.1. Consider the space of continuous functions X = C([a,b],R) on the interval |a,b].
Furthermore, consider the double controlled metric p : X X X — [0, 00) defined by p(a,B) = |a — |
and the controlled functions u,v : X X X — [1,00) defined by u = a + 98+ 7 and v = 6a + 23 + 4.
Additionally, (4.2) be the operator from X — CB(X). The the integral (4.1) will have some solution
provided that the following holds.

)
Il (@, 7, (7)) = I'i (@, 7, p(D)] £ ———— (@) —yY(B)].
el™(a - x)
Proof. As obvious the given double controlled metric space is a complete space. Consider @,8 € X
such that j € L¢ and k € Ly then we have a, 1 € [a, b] such that k(o) = Ha) + 6 fa * I'(a, 1, ¢(1))dT.
Thus,

i@ = k@B = [8(@+5 f [i(@, 7, ¢()dr - [9(@) + 6 f M, 7 p(@)dr |

X 5 “
< [ =@ - v
, @-ve
1)

e1+x

f)d((lalg)-

Finally, interchanging the role of j € La and k € L, the following is obtained

0
pa(a,p).

el+x

H(La,Lp) <

Accordingly, all the hypothesis of Theorem (3.1) are fulfilled. Consequently, the integral (4.1)
possesses some solution. O

In general there arises two cases of singularity cases in Fredholm and Volterra integral equations
[3,26,38] to be precise those cases are:

(1) Dealing with the limita — —oco and b — oo.
(2) Dealing with the Kernel I'(a, 7) = +c0 at some point on the interval [a, b].

The general form of both the types are given below.

00

da) € Ha) +(‘5f I'(a, 1, ¢(1))drT, 4.3)

1

(@ -1y

b
dla) € Ha)+0o f o(1)dT, 4.4)
where #(a) is a function continuous on [a, b], I'(e, 7) is the family of non-empty compact and convex
sets on the interval, ¢ is the unknown solution belonging to the given inclusion, and a < x < b in each
case.

As can be observed in the second case that when 7 — « the integrand— oco. Both the given forms
are singular Fredholm integral inclusions. Whenever one of the limit is unknown then (4.3) — (4.4)
represents singular Volterra integral inclusions.

The theorems below guarantee the solution of the integrals (4.3) — (4.4).
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Theorem 4.2. Consider the space of continuous functions X = C([a,b],R) on the interval |a,b].
Furthermore, consider the double controlled metric p : X X X — [0, 00) defined by p(a,B) = |a — |
and the controlled functions u,v : X X X — [1,00) defined by u = a + 98+ 7 and v = 6a + 23 + 4.
The singular Fredholm integral inclusion of type 1 is given by (4.3). Moreover, consider a multi-valued
operator L : X — CB(X) defined by

00

Lo(a)={jeX:jed@) +o f (.7, ¢(1))dr}. (4.5)

—00

Then, (4.3) will have some solution in the given space provided that the following holds.

Ty (@, 7, 9(7)) — I'i (@, 7, 9p(7))] <

~(a-x)

O(a.p),

where O(a, B) = ap (L, B) + bpu(a, L(a)) + cp.(B, L(B)) witha + b + ¢ < 1.

Proof. Since the given double controlled metric space is a complete space. The theorem can be proved
easily by following the same steps from Theorem (4.1). Then, by Theorem (3.10) the integral (4.3)
possesses a solution. ]

Theorem 4.3. Consider the space of continuous functions X = C([a,b],R) on the interval |a,b].
Furthermore, consider the double controlled metric p : X X X — [0, o) defined by p(a,fB) = |a — S
and the controlled functions 1, v : X X X — [1,00) defined by u = a +98+7 and v = 6a + 2 + 4. The
singular Fredholm integral inclusion of type Il is given by (4.4). Moreover, consider a multi-valued
operator L : X — CB(X) defined by

1
(@ —T1)"

b
Loa)={jeX:jed(@)+o f $(r)dr}. (4.6)

Then, (4.4) will have some solution in the given space provided that the following holds.
| 1 B 1

@=0" G-

where ®(a, B) = apy(,B) + bpu(a, L(a@)) + cp (B, L(B)) witha + b + ¢ < 1.

(. B).

0
<
(a—x)

Proof. Since the given double controlled metric space is a complete space. Then, the theorem can be
proved easily by following the same steps from Theorem (4.1). Then, by Theorem (3.10) the integral
(4.4) possesses a solution. O
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