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1 Introduction and preliminaries

Throughout this paper, we assume that R* = [0, +00), opt stands for sup or inf, Z and Y
are Banach spaces, S C Z is the state space, D C Y is the decision space, B(S) denotes the
Banach space of all bounded real-valued functions on S with norm

lw] = sup{ |w(x)| (x € S} for any w € B(S),

andu,v:SxD—>R;a;:SxD— S;H;:SxD xR — R. Also,
P = {(p :¢:R" — R" is Lebesgue integrable with finite integral such that
/ o(t)dt > 0, for each ¢ > 0}
0

and

v = {w ;¢ : R — R" is upper semi-continuous on R* \ {0}, ¥(0) =0
and ¥ () < ¢, for each ¢ > O}.
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Fixed point theory is one of the most fruitful and applicable topics of nonlinear analysis,
which is widely used not only in other mathematical theories, but also in many practical
problems of natural sciences and engineering. The Banach contraction mapping princi-
ple [1] is indeed the most popular result of metric fixed point theory. This principle has
many application in several domains, such as differential equations, functional equations,
integral equations, economics, wild life, and several others.

Branciari [2] gave an integral version of the Banach contraction principles and proved
fixed point theorem for a single-valued contractive mapping of integral type in metric
space. Afterwards many researchers [3—18] extended the result of Branciari and obtained
fixed point and common fixed point theorems for various contractive conditions of in-
tegral type on different spaces. In particular, Liu et al. [9] studied fixed point theorems
satisfying a contractive condition of integral type and applied their results for the exis-
tence and uniqueness of a solution to the following functional equation:

fx)= optyGD{u(x,y) +H; (x,y, 1(a1(x,y)))} VxeZ. (1.1)

Further, Liu et al. [10] established common fixed point theorems satisfying contractive
condition of integral type and applied their results for the existence and uniqueness of
common solution to the following system of functional equations:

fx)= optyeD{u(x,y) + H; (x,y,ﬁ (al(x,y)))} Vx €S,

gx) = opt, p{v(x,y) + Ha(x,9,o(a2(x,9)))} VxeS,

(1.2)

where x and y signify the state and decision vectors, respectively, 4; and a, represent the
transformations of the process, fi(x) and f;(x) denote the optimal return functions with
the initial state x.

The aim of this contribution is to study the existence and uniqueness of common so-
lution for the system of functional equations arising in dynamic programming with the
help of common fixed point results satisfying the contractive conditions of integral type
in metric space.

Now, we recollect some known definitions and results from the literature which are
helpful in the proof of our main results.

Definition 1.1 A coincidence point of a pair of self-mapping K,L : X — X is a pointx € X
for which Kx = Lx.

A common fixed point of a pair of self-mapping K, L : X — X is a point x € X for which
Kx=Lx=x.

Jungck [19] initiated the concept of weakly compatible maps to study common fixed
point theorems.

Definition 1.2 [19] A pair of self-mapping K, L : X — X is weakly compatible if they com-
mute at their coincidence points, that is, if there exists a point x € X such that KLx = LKx
whenever Kx = Lx.

In the study of common fixed points of weakly compatible mappings, we often require
the assumption of completeness of the space or subspace or continuity of mappings in-
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volved besides some contractive condition. Aamri and El Moutawakil [20] introduced the
notion of (E.A) property, which requires only the closedness of the subspace and Liu et al.
[21] extended the (E.A) property to common the (E.A) property as follows.

Definition 1.3 Let (X, d) be a metric space and K, L, M,N : X — X be four self-maps. The
pairs (K, M) and (L, N) satisfy the common (E.A) property if there exist two sequences
{x,} and {y,} in X such that

lim Kx, = lim Mx, = lim Ly, = lim Ny, =t e X.
n— 00 n— 00

n—00 n—00

Sintunavarat and Kumam [22] introduced the notion of the (CLR) property, which never
requires any condition on closedness of the space or subspace and Imdad et al. [23] intro-
duced the common (CLR) property which is an extension of the (CLR) property.

Definition 1.4 Let (X, d) be a metric space and K, L, M, N : X — X be four self maps. The
pairs (K, M) and (L, N) satisfy the common limit range property with respect to mappings
M and N, denoted by (CLRyy) if there exist two sequences {x,} and {y,} in X such that

lim Kx, = HILIEOM’C” = nli)rgoLy,, = nlirI;ONy,, =te M(X) NN(X).

n—00

Finally, we will need the following results.

Lemma 1.1 [9] Let ¢ € ® and {r,},en be a non-negative sequence with lim,_, 1, = a.
Then

'n

lim o(t)dt = /ﬂ o(t) dt.
0

n—00 0

Lemma 1.2 [24] Let E be a set and p,q : E — R be mappings. If opt . p(y) and opt,. q(y)
are bounded, then

|OptyeEp(y> - OptyeE q()/)| = Sug |19(7) - 6]()/) | .
ye

2 Common fixed point theorems
In this section, we study common fixed point theorems for weakly compatible mappings

using the common (CLR) and common (E.A.) properties.
Theorem 2.1 Let (X,d) be a metric space and K,L,N,M : X — X be four self-mappings
satisfying the following conditions:

(1) the pairs (K,N) and (L, M) share (CLRnyr) property;
()

d(Kx,Ly) A1 (xy)
/ qo(t)dtsw< / w(t)dt>, Va,y € X,
0 0

where (p, V) € ® X W and
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1
A (x,9) = max{d(Nx, My), d(Nx, Kx),d(My, Ly), 5 [d(Kx, My) + d(Ly, Nx)],
d(Kx, Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+dNx,My) ~  1+d(Nx,My)
1+ d(Nx, Ly) + d(My, Kx)
1+ d(Nx,Kx) + d(My,Ly) |

d(Nx, Kx)

Ifthe pairs (K, N) and (L, M) are weakly compatible, then K, L, M, and N have a unique
common fixed point in X.

Proof Assume that the pairs (K,N) and (L, M) share the (CLRyy;) property, then there
exist two sequences {x,} and {y,} in X such that

lim Kx, = nlLIEOan = nli)rgoLy,, = nlirgloMyn =z forsomez e M(X) N N(X). (2.1)

n—00

Since z € N(X), there exists a point u € X such that Nu = z. Thus (2.1) becomes

lim Kx, = lim Nx, = lim Ly, = lim My, =z = Nu. (2.2)
n— 00

n—00 n—00 n—00

Now, we claim that Ku = Nu. To prove the claim, let Ku # Nu. Then on putting x = # and
y =y, in condition (2) of Theorem 2.1, we have

d(Ku,Lyy) A1 (wyn)
/ wmdtsw</‘ wndQ, 23)
0 0

where

ISIUAAE max{d(NM,Myn): d(Nu, Ku), d(Myy, Ly,),

d(Ku, Nu)d(Ly,, My,)
1+ d(Nu, My,,)
d(Ku, My,,)d(Ly,, Nu) 1+ d(Nu, Ly,) + d(My,, Ku)
,d(Nu, Ku) .
1+ d(Nu, My,) 1+ d(Nu, Ku) + d(My,, Ly,,)

’

1
3 [d(Ku, My,) + d(Ly,, Nu)],

(2.4)

Taking the upper limit as # — oo in equations (2.4) and (2.3), respectively, we have

1
lim Ay(u,y,) = max{(), d(z,Ku),0, 2 [d(Ku,2)],0,0,d(z, Ku)} =d(Ku,z)
Hn—0Q

and

d(Ku,z) d(Ku,Lyy)
f o(t)dt = lim sup/ o(t)dt
0 0

n—00

INTCUA7Y A (syn)
<limsup ¢ (/ o(t) dt> <y (lim sup/ o(t) dt)
0 0

n—00 n—00

d(Ku,z)
=w(£ w@d&

d(Ku,z)
</ o(0)d,
0
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which is a contradiction, thus Ku = Nu and hence
Ku=Nu =z (2.5)
Similarly, since z € M(X), so there exists a point v € X such that Mv = z. Thus (2.1) becomes
lim Kx, = lim Nx, = lim Ly, = lim My, =z = Mv. (2.6)
n=>00 >0 n>00 100

Now, we claim that Lv = Mv. To support the claim, let Lv # Mv. Then on putting x = x,, and

y =vin condition (2) of Theorem 2.1, one can get

Lv=Mv=z. (2.7)
Therefore, from (2.5) and (2.7), one can write

Ku=Nu=Lv=My=z. (2.8)

Next, we show that z is a common fixed point of K, L, M, and N. To this aim, since the
pairs (K,N) and (L, M) are weakly compatible, then using (2.8) we have

Ku=Nu = NKu=KNu = Kz=Nz (2.9)
and
Lv=Myv = MLv=LMv = Lz=Mz (2.10)

We will show next that Kz = z. Otherwise, if Kz # z, using condition (2) of Theorem 2.1
with x =z and y = v, we have

d(Kz,Lv) A1(zv)
/ o) dt < w( / o(t) dt>,
0 0

where

Ai(z,v) = max{d(Nz, Mv),d(Nz,Kz),d(Mv, Lv),

%[d(Kz,Mv) +d(Lv,Nz)], d(Kz, Nz)d(Lv, Mv)

1+ d(Nz, Mv)
d(Kz, Mv)d(Lv, Nz) ANz, K )1 + d(Nz, Lv) + d(Mv, Kz)
1+dNaoMy) T d(Ne Kz) + dMv, L) |

In the light of (2.8) and (2.9), we get

1 d(Kz,2)d(z, K
Az v) = max{d(Kz, 20,0, 5 [d(Kz,2) + d(z,Kz)],0, M, }

1+d(Kz,z)
=d(Kz,z)
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and

d(Kz,z) d(Kz,z) d(Kz,z)
/ o()dt < w( / o(0) dt) < f o(6)dt,
0 0 0

which is a contradiction. Thus Kz = z and from (2.9), we can write
Kz=Nz=z. (2.11)

Similarly, setting x = u, y = z in condition (2) of Theorem 2.1 and using (2.8), (2.10), one
can get

Lz=Mz=z. (2.12)
Therefore from (2.11) and (2.12), it follows that
Kz=Lz=Mz=Nz=z, (2.13)
that is, z is a common fixed point of K, L, M, and N.
Finally, we prove the uniqueness of the common fixed point of K, L, M, and N. Assume

that z; and z; are two distinct common fixed points of K, L, M, and N. Then replacing x
by z; and y by z; in condition (2) of Theorem 2.1, we have

d(z1,22) d(Kzy,Lzp) A1(z1,22)
/ o(0)dt = / o(0)dt < w( / o0 dr>,
0 0 0

where
Ai(z1,22) = max{d(NZhMZz),d(NZbKZﬂrd(MZz,LZz),
1 d(KZl,Nzl)d(LZQ,M22)
—|d(Kz, M. d(Lzy,Nz1) |, s
[z, Mz +d(la, Nay) |, === S
d([(Zl, MZz)d(LZZ, NZl) 1+ d(NZl, LZ2) + d(MZz, [(Zl)
,d(Nz1, Kz1)
1+ d(Nz1, Mz,) 1+ d(Nz1,Kz) + d(Mz,, Lz)
1 d(z1,z2)d(z2,
= max{d(zlr 22)’ 01 0: E [d(zb ZZ) + d(z21 Zl)]’ 01 % }
= d(ZI’ 22);
so that

d(z1,22) d(z1,22) d(z1,22)
/ o(O)dt <y < / o(0) dt) < / o dt,
0 0 0

which is a contradiction and thus, z; = zp. Hence K, L, M, and N have a unique common
fixed point in X. d

From Theorem 2.1, we easily deduce the following corollaries.
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Corollary 2.1 Let (X,d) be a metric space and K,N,M : X — X be three self-mappings
satisfying the following conditions:

(1) the pairs (K,N) and (K, M) share (CKRnyp) property;

2)

d(Kx,Ky) Aq(xy)
/ p(t)dt < w(f w(t)dt>, Vx,y € X,
0 0

where (p, V) € ® x WV and

1
Aq(x,y) = max{d(Nx, My), d(Nx, Kx), d(My, Ky), 5 [d(Kx, My) + d(Ky,Nx)],
d(Kx, Nx)d(Ky, My) d(Kx, My)d(Ky, Nx)
1+d(Nx,My) ~°  1+d(Nx,My)
1 + d(Nx, Ky) + d(My, Kx)
1+ d(Nx, Kx) + d(My,Ky) |

d(Nx, Kx)

If the pairs (K,N) and (K, M) are weakly compatible, then K, M, and N have a unique
common fixed point in X.

Corollary 2.2 Let (X,d) be a metric space and K,M : X — X be two self-mappings satis-
fying the following conditions:

(1) the pair (K, M) satisfies the (CLRy1) property;

2)

d(Kx,Ky) A (xy)
/ (p(t)dtflﬂ(/ (p(t)dt), Vx,y € X,
0 0

where (¢, V) € ® x WV and

1
"2
d(Kx, Mx)d(Ky, My) d(Kx, My)d(Ky, Mx)
1+dMx,My) ° 1+dMx,My)

1+ d(Mx, Ky) + d(My, Kx)
1+ d(Mx, Kx) + d(My,Ky) |

Aq(x,y) = max{d(Mx, My), d(Mx, Kx), d(My, Ky) [d([(x, My) + d(Ky, Mx)],

d(Mx, Kx)

Ifthe pair (K, M) is weakly compatible, then K and M have a unique common fixed point
inX.

In a similar way to Theorem 2.1 the following result can be concluded and proved.

Theorem 2.2 Let (X,d) be a metric space and K,L,N,M : X — X be four self-mappings
satisfying the following conditions:

(1) the pairs (K,N) and (L, M) share (CLRxy) property;

()

d(Kx,Ly) Ap(xy)
/ qo(t)dtsw< / w(t)dt>, VayeX,
0 0
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where (p, V) € ® x WV and

1
Ay(x,y) = max { d(Nx, My), d(Nx, Kx), d(My, Ly), 2 [d(Kx,My) + d(Ly,Nx)|,

d(Kx, Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+d(Kx,Ly) ~  1+d(Kx,Ly)
1+ d(Nx, Ly) + d(My, Kx)
1+ d(Nx, Kx) + d(My,Ly) |

’

d(Nx, Kx)

Ifthe pairs (K, N) and (L, M) are weakly compatible, then K, L, M, and N have a unique

common fixed point in X.

Obviously, the (CLRysy) property implies the common property (E.A) but the converse
is not true in general. So replacing the (CLR,zy) property by the common property (E.A) in
Theorem 2.1 and Theorem 2.2, we get the following results, the proofs of which can easily
be done by following the lines of the proof of Theorem 2.1, because the (E.A) property
together with the closedness property of a suitable subspace gives rise to the closed range

property.

Corollary 2.3 Let (X,d) be a metric space and K,L,N,M : X — X be four self-mappings
satisfying the following conditions:
(1) the pairs (K,N) and (L, M) share common (E.A) property such that M(X) (or N(X))
is closed subspace of X;;
(2)

d(Kx,Ly) INTES)]
/ <p(t)dt§1p</ gz)(t)dt), Vx,y € X,
0 0

where (9, V) € ® x V¥ and

1
Nq(x,y) = max{d(Nx, My), d(Nx, Kx), d(My, Ly), 2 [d(l(x, My) +d(Ly, Nx)],
d(Kx, Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+dNx,My) ~  1+d(Nx,My)
1+ d(Nx, Ly) + d(My, Kx)
1+ d(Nx,Kx) + d(My,Ly) |

d(Nx, Kx)

If the pairs (K,N) and (L, M) are weakly compatible, then K, L, M, and N have a unique

common fixed point in X.

Corollary 2.4 Let (X,d) be a metric space and K,L,N,M : X — X be four self-mappings
satisfying the following conditions:
(1) the pairs (K,N) and (L, M) share common (E.A) property such that M(X) (or N(X))
is closed subspace of X;
2)

d(Kx,Ly) Ap(xy)
/ qo(t)dtsw< / w(t)dt>, VayeX,
0 0
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where (p, V) € ® x WV and

1
DNo(x,y) = max{d (Nx, My), d(Nx, Kx), d(My, Ly), 5 [d(l(x, My) + d(Ly, Nx)],

d(Kx, Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+d(Kx,Ly) ~  1+d(Kx,Ly)
1+ d(Nx, Ly) + d(My, Kx)
1+ d(Nx,Kx) + d(My, Ly) |

d(Nx, Kx)

If the pairs (K,N) and (L, M) are weakly compatible, then K,L, M, and N have a unique
common fixed point in X.

One can obtain further consequences from Theorem 2.2 and Corollaries 2.3 and 2.4 in
a similar way to Theorem 2.1.
Remark 2.1 Theorem 2.1 and Corollary 2.3 are still valid, if we replace A;(x,y) by

1
As(x,y) = max{d(Nx, My), d(Nx, Kx), d(My, Ly), 3 [d(Kx, My) +d(Ly, Nx)],

’

. [ d(Kx,Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+d(Nx,My) ~ 1+ d(Nx,My)
1+ d(Nx, Ly) + d(My, Kx)
1+ d(Nx,Kx) + d(My,Ly) ) |

d(Nx, Kx)

Similarly, Theorem 2.2 and Corollary 2.4 are still valid, if we replace A;(x,y) by

1
Ag(x,y) = max{d(Nx, My), d(Nx, Kx), d(My, Ly), 5 [d([(x, My) +d(Ly, Nx)],

’

. (d(Kx,Nx)d(Ly, My) d(Kx, My)d(Ly, Nx)
1+d(Kx,Ly) ~  1+d(Kx,Ly)
1+ d(Nx, Ly) + d(My, Kx)) }

d(Nx, K:
(N, Kx) 1+ d(Nx, Kx) + d(My, Ly)

Finally, by choosing K = L and N and M as identity mappings, we conclude some fixed
point theorems for integral type contraction from our main Theorem 2.1, which can be
listed as follows.

Corollary 2.5 Let (X,d) be a metric space and K : X — X be a self-mapping satisfying the
condition

d(Kx,Ky) Aq(xy)
/ pt)dt < W(/ w(t)dt>, Vx,y € X,
0 0

where (¢, V) € ® x V and

Aq(x,y) = max{d(x,y), d(x, Kx), d(y, Ky), %[d([(x,y) +d(Ky, x)],

d(Kx,x)d(Ky,y) d(Kx,y)d(Ky,x) A K )1 +d(x, Ky) + d(y, Kx)
1+dxy) ° 1+dmy) 11 de Ko +do Ky) |

forallx,y € X. Then K has a unique fixed point in X.
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Corollary 2.6 Let (X,d) be a metric space and K : X — X be a self-mapping satisfying the
condition

d(Kx,Ky) Ag(x,9)
/ w(t)dth(/ (p(t)dt), Vx,y € X,
0 0

where (¢, ) € ® x V and

As(x,y) = max{d(x,y),d(x,[(x),d(y,](y), %[d([(x,y) + d(I(y,x)],

d(Kx,x)d(Ky,y) d(Kx,y)d(Ky,x)
1+d(Kx,y) ~ 1+d(Kx,y)

1+d(x,Ky) +d(y, K
,d(x, Kx) +d[9) + dly, Kx) ,
1+d(x,Kx) + d(y,Ky)

forall x,y € X. Then K has a unique fixed point in X.

Remark 2.2 Notice that several fixed point theorems such as the celebrated Banach fixed

point theorem, fixed point theorems for Kannan, Chatterjee, and Reich type mappings
and others can be deduced as particular cases of Corollary 2.5.

To illustrate Theorem 2.1, we construct the following example.

Example 2.1 Let X = (0,2) be a metric space with metric d(x,y) = |x — y|, where x,y € X
and K, L, M, N be self-maps of X, defined by

1 ifxe(0,1], 1 ifxe(0,1],
Kx=1, . ; Lx=1, .

3 ifxe(1,2) s ifx e(1,2),

1 if 17, 1 if 1],
Mx =1, %xe(O ] and Nx= 1 %xe(O ]

3 ifxe(1,2), ; ifxe(1,2).

First we verify condition (1) of Theorem 2.1. To this aim, let {x,} = {;’5},>1 and {y,,} =
{ﬁ}nzl be two sequences in X. Then

lim K, = lim 1<( " > -1
n—>00 n—>00 n+1

. . 1

lim Ly, = lim L(—) =1
n—00 n—00 n+1

1
lim My, = lim M<—1) =1
n+

n—00 n—00

lim Nx, = lim N(L> -1
n—00 n— 00 n+1
Thus

lim Kx, = lim Nx, = lim Ly, = lim My, =1 M(X) N N(X).
n—00 n— 00 H—>0Q n— 00

That is, (K, N) and (K, M) satisfies the common (CLRyzy) property.
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Next, to verify condition (2) of Theorem 2.1 let us define ¢ : R* — R* by ¢(¢) = 2¢ and
Y:RY—> R by y(t) = £
Ifx,y € (0,1]. Then Kx = Ly = My = Nx =1 and

d(Kx,Ly) A1(xy)
/ pt)dt=0= 1/;(/ @(2) dt),
0 0

where A;(x,y) = 0.
Ifx,y € (1,2). Then Kx = % Ly = %,My: %,Nx:

d(Kx,Ly) o
/ w(t)dt:/ 2tdt =8
0 0

Also,

o 576

(%, y) =max{ _______ } %

Thus we obtain

A1(xy) 3 2 9 d(Kx,Ly)
w(/o w(t)dt):w</0 mzt) W) =g [ w0

Hence from the above two cases it follows that

d(Kx,Ly) INIES))
/ <p(t)dt§1ﬁ(/ w(t)dt), Vx,y € X.
0 0

Therefore from Theorem 2.1, K, L, M, and N have a unique common fixed point, which

isx=1.

3 Applications to existence theorems for functional equations arising in
dynamic programming

In this section, an attempt is made to find the existence and uniqueness of a common

solution for a system of functional equations arising in dynamic programming through

the help of Theorem 2.1. Consider the system

fi®) = optyeplulx,y) + Hi(x,3.fi(a(x,9)))} VxeS,

{

S2(x) = opt, D{ux,y)+H2(x,y,f2(zz2(x,y)))} VxeS, 51
{rix (
{rix

Lep{V(®9) + Ha(x, 7,5 (as(x,9)))}  Vx €S,

Plepiv(x ) + Ha(%,9,fa(as x,y)))} Vx €S,

where x and y signify the state and decision vectors, respectively, a;, a,, as, and a4 rep-
resent the transformations of the process, fi(x), f2(x), f3(x), and fi(x) denote the optimal

return functions with the initial state x.



Sarwar et al. Fixed Point Theory and Applications (2015) 2015:217 Page 12 of 15

Let K,L, M, N : B(S) — B(S) be the mappings defined by

Kh(x) = opt,p{ulx,y) + Hi(%,y, h(a1(x,)))},

)
Lh(x) = op yeD{u(x,y) + Hy (%, 3, h(az(x,9))) }, 52)

Mh(x) = opt,p{v(x,y) + Hs(x,y, h(az(x,))) },
Nh(x) = opt,p{v(x,y) + Ha(x, 7, h(as(x,9)))},

where (x, /) € S x B(S).

Theorem 3.1 Let K,L, M, N : B(S) — B(S) given by (3.2) be mappings for which the follow-
ing conditions hold.:
(1) u, v, and H; are bounded fori=1,2,3,4;
(2) the pairs (K,N) and (L, M) share (CLRxy) property;
(3) for some h € B(S), KNh = NKh, whenever Kh = Nh and LMh = MLh, whenever
Lh = Mh;
4) for all (x,y,h,w) € S x D x B(S) x B(S),

[Hy (x,,h(a1 (x,))—Ha (x,y,w(az (%,9)))| AT (hw)
| o0t < w( | w(t)dt>,
0

0

where

Al(h,w) = max{ INkh — Mw|, ||[Nh — Kh||, ||Mw — Lw||,

IKh — N[ | Lw — Mw||
1+ [N - Mw|

1
3 [lll(h —Mw| + |l Lw - Nh||],

’

|Kh — Mw||||Lw — Nh||
1+ ||Nh—Mw|

1+ ||Nh—Lw| + ||Mw - Kh||

1+ |[Nh - Kh| + | Mw — Lw|| }

)

|INK - Kh|

Then the system of functional equations (3.1) has a unique common solution in B(S).

Proof Since u, v, and H; are bounded for i =1, 2, 3,4, there exists M > 0 such that

[ vi, »0)|:@xy,t)eSxDx R} <M (3.3)

sup{ H u(x,

Thus by (3.2), (3.3), and Lemma 1.2, K, L, M, N are self-mappings in B(S).
Let (x, 1, w) € S x B(S) x B(S). Suppose that Optyep = infyep. Then using (3.2) we can find
¥,z € D such that

Kh(x) > u(x,y) + Hy (x,5, h(a1(x,9))) - & (3.4)
Lw(x) > u(x,2) + Hy (%, 2, w(as(x,2))) — &; (3.5)
Kh(x) < u(x,2) + Hi (%, 2, h(a1(x,2))); (3.6)
Lw(x) < u(x,y) + Hy (x,5, w(az(x,9))); 3.7)

where (x, /1) € S x B(S).
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Next, with the help of (3.4) and (3.7), we have
Kh(x) — Lw(x) > Hy (%, h(a1(x,))) — Ha (%, 7, w(a(x, 7)) - 8

> —max{|Hi (%, 5, h(a1(x,))) — Ha (%, 5, w(as(x,)))
}Hl (x, z, h(al(x, z))) - Hz(x, z, w(az(x, z))) ‘ } -4.

’

Analogously, with the help of (3.5) and (3.6), we have

Kh(x) - Lw(x) < Hy (%, 2, h(a1(x,2))) — Ha (%, 2, w(a2(x,2))) + 8
< max{|Hi (%5, h(a1(x,))) — Ha (%, 5, w(as(x,)))
|\H (%2, (a1 (%, 2)) ) — Ha (%, 2, w(a2(%,2))) |} + 6.

’

So we can write
| Kh(x) — Lw()| < max{|Hy (x,y, h(a1(x,9))) = Ho (x,7, w(a2(x,9))) |,
|H (x,2, h(a1(x,2))) — Hy (%, 2, w(a2(%,2))) |} + 8
= max{|Hi (%, y, h(a (x,9))) — Ha (x,3, w(a2(x, )| + 8,
|Hy (%, 2, (@ (3, 2)) ) - Ha (3,2 w(aa(x,2))) | + 6},
|Kh(x) - Lw(x)| < max{|A - B| +§,|C - D| + 8}, (3.8)
where A = Hi(x,y, h(ay(x,))), B = Hy(x,y, w(as(x,))), C = Hy(x,2 h(a1(x,2))), and D =

H2 (xi z, W(aZ (xr Z)))
Similarly, one can obtain (3.8), if opt,c, = sup,p. Now, using (3.8), we have

| Kh(x)-Lw(x)| max{|A-B|+§,|C-D|+8}
| o= olt)dt
0 0

|A-B|+5 |C-D|+8
= max{/o (p(t)dt,/o (p(t)dt}

|A-B| |A-B|+8
= max{/ (p(t)dt+/ o(t) dt,
0

|A-B]

|C-D |C-D|+5
/ <p(t)dt+/ <p(t)dt}
0 |C-D]
|A-B| |C-D|
= max{/(; (p(t)dt,/o (p(t)dt}

|A-B|+5 |C-D|+8
+max{/ (p(t)dt,/ o(t) dt},
|A-B| |C-D]

and by condition (4) of Theorem 3.1, we get

| Kh-Lw]| AF (hw) |A-B|+5 |C-D|+8
/ o) de < 1//(/ o(t) dt) + max{/ o(t) dt,/ o(t) dt},
0 0 |A-B| |C-D|

(3.9)

where (x, 1, w) € S x B(S) x B(S).
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In the light of (3.3), Theorem 12.34 in [25] and ¢ € ®, for each ¢ > 0, we can find § €
(0, M) satisfying

/ p(t)dt <e, VYC C[0,3M] with m(C) <4, (3.10)
c

where m(C) denotes the Lebesgue measure of C. Thus (3.9) becomes

| Kh—Lw|| AT (hw)
/ pt)dt <y (f o(t) dt) +¢&, Vh,weB(S).
0 0

Taking the limit as ¢ — 0%, we get

| Kh—Lw]| A% (hw)
/ p)dt <y (/ o(t) dt), Vh,w € B(S).
0 0

Thus all the conditions of Theorem 2.1 are satisfied. Hence the mappings K, L, M, N have
a unique common fixed point in B(S), that is, the system of functional equations (3.1) has
a unique common solution. d
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