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CONE ¢-CLASS FUNCTIONS USING (CLRre)-PROPERTY ON
CONE -NORMED SPACES WITH APPLICATION

K. MAHESHWARAN*, ARSLAN HOJAT ANSARI, STOJAN N RADENOVIC,
M.S. KHAN, AND YUMNAM MAHENDRA SINGH

ABSTRACT. In this article, we demonstrate the conditions for the existence of com-
mon fixed points (CFP) theorems for four self-maps satisfying the common limit
range (C'LR)-property on cone b-normed spaces (CONS) via €-class functions. Fur-
thermore, we have a unique common fixed point for two weakly compatible (WC')
pairings. Towards the end, the existence and uniqueness of common solutions for
systems of functional equations arising in dynamic programming are discussed as an
application of our main result.

1. Introduction

In 1989, Bakhtin [6] introduced b-metric space an extension of metric space. He
established the renowned contraction principle in metric spaces extension in b-metric
spaces. Huang and Zhang [11] gave the notion of cone metric space, replacing the
set of real numbers by ordered Banach Space and introduced some fixed point theo-
rems for function satisfying contractive conditions in Banach Spaces. Rezapour and
Hamalbarani [24] were generalized result of [11] by omitting the normality condition,
which is milestone in developing fixed point theory in cone metric space; for more
information see [2,14]. Sintunavarat and Kumam [25] recently proposed a novel idea
of the (CLR)-property (common limit range property) that does not impose such
constraints. The importance of the (C'LR)-property ensures that range subspace
closeness is not required. In 2011, Sintunavarat and Kumam [25] prove some common
fixed point theorems under weakly compatible mappings using new property that is
(CLR)-property. Recently many mathematicians use this property (C'LR)-Property
in different spaces to prove fixed point theorem. In 2013, Jitendra [15] put his efforts
to proved common fixed point theorem in Metric Space by Property (F.A.) as well as
(CLR)-property and given an example and prove common fixed point theorem from
both methods and Pathak [22] prove their main theorem using (C'LR)-property for
two pairs of self-mappings in complex-valued metric space under weak compatibility.
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In 2016, Rao [23] proved common coupled fixed point theorem in partial metric space
by (CLR)-property. Khan et al. [18] used a new technique to prove fixed point the-
orems on metric space by altering distances between the points employing suitably
equipped continuous control functions. Ansari [3] introduced the notion of €-class
function as a major generalization of Banach contraction principle and obtained some
fixed point results.

We provide the sufficient conditions for the existence of (C'FP) theorems for four
self-maps satisfying the (C'LR) property on (CbNS) via €-class functions. We explore
the existence and uniqueness of common solutions for a system of functional equations
that arise in dynamic programming are discussed as an application of our main result.

2. Preliminaries

DEFINITION 2.1. [11] Let (E,|.||) be the real Banach space. A subset P of E is
called a cone if and only if:

(by) P is closed, non empty and P # {0}
(bg) ab + bg € P for all h, g € P and non negative real numbers a, b
(bs) PN (=P) =A{0}.

Given a cone P C E, we define a partial ordering < with respect to P by h < g if
and only if g — h € P. We will write h < g to indicate that h < g but h # g, while
b, g will stand for g — h € intP, where intP denotes the interior of P. The cone P
is called normal if there is a number k£ > 0 such that 0 < b < g implies ||| < k||g||
for all h,g € E. The least positive number satisfying the above is called the normal
constant.

DEFINITION 2.2. [13,27] Let M be a nonempty set and b > 1 be a given real
number. A mapping Dy : M x M — E is said to be cone b-metric if and only if,
for all h, g,v € M, the following conditions are satisfied:

(cby) Dg(h,g) =0 if and only if h = g,
(ch2) Dy(h,9) = Dy(g, b),
(cbs) Di(h,g) < b[D5(b, v) + Dy(v, g)].

If b = 1, then the mapping (Df) is cone metric space (for more details, we refer
to [11]). Then (M, Df) is called a cone b-metric space.

The following example shows that cone b-metric need not be a cone metric.
EXAMPLE 2.3. [12] Let E = R?

P ={(h.g):b,g>0}
M = R and Dj : M x M — E such that

Dy (b, 9) = (|b — g”,alh — g/")
where a > 0 and p > 1 are two real constants. Then (M, Dy) is a cone b-metric space
with the coefficient b = 2P > 1, but not a cone metric space. In fact, we only need to
prove (iii) in Definition (2.2) as follows:
Let h,gove M. Set u=h—v,v=v—g,s0bh—g=pu+ r. From the inequality

(a+ b)) < (2max{a,b})? < 2P(a? 4 P) for alla,b > 0.
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we have
0 — " = [p+v" < (lul + )P < 2°([ul” + [v]P) = 2°(lb — v’ + v — g|")
which implies that D5 (h, g) < b[D;(h,v) + Ds(v, g)] with b =2 > 1. But
h—al’ <[h—gl”+|v—gl
is impossible for all h > v > g. Indeed, taking account of the inequality
(a+ b)? > aP + V* for alla,b > 0,

=gl = lu+vf"=(p+v)P >p" +v"=h —vf +v—gf
for all h > v > g. Thus, Di(h,g) < Dg(h,g) + Di(g,v) is not satisfied, i.e., (M, Dg)
is not a cone metric space.

DEFINITION 2.4. [26] Let M be a vector space over R. Suppose the mapping
Il : M — E satisfies

(¢) ||b]| > 0 for allh € M

(it) || =0 if and only if h =0
(éai) |[b +gll < |[b]] + [lg|| for all b, g € M
(v) [|kbl = [K[|[b] for all k € R

Then ||.|| is called a norm on M, and (M, ||.||) is called a cone normed space. Clearly
each cone normed space is a cone metric space with metric defined by Dj(h,g) =

1 — gl
EXAMPLE 2.5. [27) Let M = R*  E = R? and P = {(h,g9) € E|h,g > 0}, we
define || (b, 8) [[= (6%, ]af?). Then (AL L]} is & (CON'S).

Proof. First, according to the definition 2.4 of || (b, g) ||, we obtain

I (5.9) = (bl ]g*) = 0,
for all u = (h,g) € M. It is obvious that || (h,g) [|=0iff (h,g) = 0. Then, we have
(h+g)" <b”+g’ foral hg>00<p<1,

(h+g)? <2771 (" +g”), for all b,g>0,p > 1.
We check for any (b1, 81), (h2, g92) € M, thus, it follows

| (b1,91) + (b2, 02, (| = (b + b2, g1 +g2) |

(11 + b2, g1 + g2]%)

2(162 > + [b2]?, [g1]? + |g2]?)
2(1b11%, 1h2/?, ) + 2( |g1]? 92]?)
2 (b1,01) | +2 | (h2,92) | -

IHIA

If any = (h,9) € M,k € R, there are
I Epll =1l k(b ) =]l (kb, kg) = |kb* [kgl* = [KI*(Ib?, |g*) = [E* || ]| -
According, by definition (2.4), (M, ||.||) is a (CbNS) with coefficient b=2>1. [

DEFINITION 2.6. [12,27] Let (M, ||.]|]) be a (CbNS), h € M and {h,,} be a sequence
in M. Then

(1) {bn} converges to h whenever, for every ¢ € E with 0 < ¢, there is a natural
number N such that ||(h,, h)|| < ¢ for all n > N. We denote this by 111}_1 b =0
n—-+0oo

or b, = h(n — +00).
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(73) {b,} is a Cauchy sequence whenever, for every ¢ € E with 0 < ¢, there is a
natural number N such that ||(h,, b,)|| < ¢ for all n,m > N

(23i) (M, ]].]]) is a complete cone normed b-metric space if every Cauchy sequence is
convergent. A complete cone normed space is a cone Banach space.

LEMMA 2.7. [27] Let (M,].||) be a (CONS). P be a normal cone with constant
K. Let {u,} be a sequence in M. Then

(i) {pp} b-converges to b if and only if ||u, — p|] = 0 as p — +oc.
(27) {pp} is a b-Cauchy sequence if and only if ||p, — pm|| — 0 as p, m — +o0.
(47) If the {u,} b-converges to p and {g,} b-converges to v then ||, — 1| — ||p—r|.

LeEmMA 2.8. [5] Let (M,||.||) be a (CbNS) with b > 1. Suppose that {h,} and
{g.} are b-convergent to b and g, respectively. Then we have,

1
b —gll = lim infllh, —guf < lim suplb, —gall < b7[b - g].

In particular, if M = L, then we have liril | (b, —@n)|| = 0, moreover for each v € M,
n—-+0o0o

we have
1 . . .
Zllb = vl < lim inf([h, —vl| < lim sup||b, — vl < bl[h —vl|.
b n—-+oo n—-+oo

DEFINITION 2.9. [1] Let X and J be two self maps defined on a (CbNS) (M, ||.]|)
maps N and J are said to be (W) if they commute at coincidence points, that is if
Nbh = Jh for all h € M then RJh = INb.

EXAMPLE 2.10. Define X,J : R — R by X(h) = 2 forall h € R and I(h) =
h2,for all h € R. Here, 0 and }1 are two coincidence points for the maps N and J.
Note that R and J commute at 0,.e.R3(0) = IN(0) = 0, but RI(]) = N(55) = & and
IR(3) =1(£) = 555 so N and J are not (WC) on R.

16 256

LEMMA 2.11. [1] Let X and J be (W (') self-maps of a (CbNS) (M, ||.||). If X and ]
have a unique point of coincidence, that is x = Nh = Jb then z is the unique (C'FP)
of X and J.

LEMMA 2.12. Let (M, ||.||) is a (CbNS). If there exits two sequences {h,} and

{gn} such that hIJP b — gnl| = 0, whenever {h,} is a sequence in M such that
n—-+0oo
lim b, =T for someT € M then lim g, =7T.
n—-+00 n—+00

Proof. By a triangle inequality in (CbN.S), we have [[(g, — T)I| < b(||g. — bnll +
b, — T1|). Now by taking the upper limit when n — 400 in the above inequality we
get

3 — Tl < 1 — ] — 7 = U.
n1_1>I-I-loo Sup ”gn || - b<n1_1>{lf—loo Sup an gnH + n1—1>1-il-loo Sup an H) 0
O

DEFINITION 2.13. [16] Let (M,].||) be a (CbNS). A pair {R,J} is said to be
compatible if liril |%3h,,—ING,|| = 0, for every sequence {h,, } in M with liril Nh,, =
n—+400 n—+0oo

lim Jh, = T for some T € M.

n——+oo
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DEFINITION 2.14. [25] Let (M, ||.]|) be a (CONS) and X,J: M — M, two mapping
N and J are said to satisfy the (C'LR)-property of X if

lim I{h,} = llm N{h,} = X(h) for some h € M

n—r—+oo

EXAMPLE 2.15. Let M = [0, +o0) and define D§(h,g) = ||h — g for all h,ge M
and N, J: M — M, defined by I(h) = h+2 and R(h) = 3h, for all h € M. Consider
the sequence {fh,} = {1+ 2}. Then

lim J{f)n}— hm J{l—l—;}— hm {3—1-711}—3

n—+o0o

lim N{f)n}— hm N{l—i—l}— hm {3—1—3}—3;
n n

n—+oo
Thus,
lim 3{h,} = hm N{bn} =3 =R(1).

n——+0oo

So N and J are satisfy the (CLRN)—property.

DEFINITION 2.16. [4] A mapping § : P? — P is called €-class function if it is
continuous and satisfies following axioms:

1 §(s,t) < sfor all (s,t) € P;
2 §(s,t) = s implies that either s =0 or t = 0.

Let us denote C the family of €-class functions.

REMARK 2.17. [4] Clearly, for some § we have §(0,0) = 0.

EXAMPLE 2.18. [4] The following functions § : P? — P are elements of C, for all
s,t € ]0,400) :

1 3(s,t)=s—1,5(s,t) =s=1t=0;

2 5(s,t) = 30<m<13(3t)—s:>5—0

3 §(s,t) =spB(s),5:[0,400) — [0,1) is continuous, F(s,t) = s = s = 0;

4 F(s,t) = Y(s), where ¥ : P — P, U(0) = 0,¥(s) > 0 forall s € P with

ssuch that 0 and ¥(S) < sfor all s € P.
5 F(s,t) = s —&(s),8(s,t) = s = s =0, here ¢ : [0,400) — [0,+00) is a
continuous function such that ¢(t) =0 <t = 0.

DEFINITION 2.19. [18] A function ¢ : Rf — Rg is called an altering distance
function if the condition hold:

(7) % is continuous and non decreasing.
1 t) = 0 iif and only if £t = 0.
(i2) ¥(1) y

DEFINITION 2.20. [3] An ultra altering distance function is a non decreasing and
continuous mapping ¢ : Bj — R such that ¢(¢) > 0, > 0 and ¢(0) =

LEMMA 2.21. [3] Let ¢ and ¢ are altering and ultra alterng distance functions
respectively, § € C and {q,} a decreasing sequence in P such that

V(Gni1) < F(W(qn), #(gn)) for all n > 1.

Then lim,, , -, g, = 0.
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3. Main Results

Throughout this article, we denote ¥ € W is an altering distance function, ¢ € ¢
is an ultra altering distance function. Now, we prove our main result.

LEMMA 3.1. Let (M, ||.]]) be a complete (CbN S) with the norm D5 (h,0) = ||h|| and
the co-efficient b > 1. Suppose that the mappings X, ],T", and £ are four self~mappings
of a (CbNS) (M, ||.||) satisties the following conditions:

D([[(Rh —Jg)|| < (¥((h,9)),¢(TT(h,9))) (3.1)

for all h,g € M, where

- [Ro—Lbll _[Ag—Lall [Ro—Lall+]['0—dgll [[Rb—Th[|+[Ta—Lg|
j(b? g) = max ||Fb - Sg”? 1+HNh_Fh”7 1_;,_“]9_29”7 20 ) 20 }

Further assume that

1. The pairs (X,I') and (3, £) satisfied the (CLRr) and (CLRg) properties respec-
tively.

2. X(M) C &(M) and I(M) CT'(M).

I'(M) and £(M) are closed in M.

4. {1g,} converges for each sequence {g,} in M whenever {£g,,} converges (respec-
tively {Xb,, } converges for every sequence {h,, } in M whenever {I', } converges).

e

Then the pair (X, I") and (3, £) share the (C'LR)-property of I

Proof. If the pair (R, T") satisfy the (C'LRr), there is sequence {h,} in M such that

lim Rp, = lim Th, =7
n—-+0o00

n—-+o0o

where 7 € T'(M). Now, since X(M) C £(M), every sequence {bh, }, there is a sequence
{gn} in M such that R, = L£g,,. As £(M) is closed, so

So that 7 € £(M) and in all 7 € I'(M) N £(M). Thus, we get Ry, — T,T'h, — T,
£g, — T, as n — +o0.

Let us show that Jg, — T as n — +o00. On the contrary suppose that 1g, — [(# T)
as n — +oo. Putting h = b,, and g = g, in (3.1), we get

(IR — gnll) < T (L (B, 8n)), ¢(1(bn, ) (3.2)
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||an — th“ ”Jgn — Sgn”
Stotmat e = 20l 7 g, T, T+ 39, — <o,
[Rb, — £gull + [IThn — 3gull INbn — Thall + |39, — Lgall 1)
2b ’ 2b ’
”Nhn — thH ngn — EgnH
plmailon = Senll 1= g, o, 1 T+ 39, — a1
||Nhn B S‘gn” + ||an B Jgn” ||Nhn B an” + ||jgn B Sgn” }))
2b ’ 2b
||an — Phn” ngn — Nhﬂ”
= S (max{|[Th, — Rbu[l, 7 IRb. — o T+ [Tg. — R,
||an — Nhﬂ” + ||th — Jgn” ||Nhn — th” + ngn — NhnH })
2b ’ 2b ’
||an B th” ngn — NhnH
Pma{iln = 0ell 1= g o, T T+ 2g, — Rl
[Rb, — Rl + 1T, — Jgall [R0s — Tholl + [[3gn — Rby|| 5
2b ’ 2b
< S(iﬂ(maX{HF[’Jn - Nhn”a ”Nhn - thH> ngn - NhnH,
||an — Jgn” ||Nhn — Phn” + ”Jgn — anH })
2b ’ 20 ’
¢(maX{Hth - anHa HNhn - thHa ngn - Nhn||,
1Ty — Jgnll [INDn — T[] + [|Ign — R, | )
2b ’ 2b
< S (max{[|[Thn — Rby |, [Rbn = Thnl], [dgn — R,
OlI[Tn — Rl + [INbn —Ign[l] [[Rbn —Tbyll + [ g0 — NhnH}
2b ’ 2b
(b(maX{Hth - Nbﬂ”? ”Nhn - thHa ngn - NhnH7

)7

2b ’ 2b
= 3(¢(max{||rhn - Nf)nH, HNhn - th”? ||:|gn - Nhﬂ”?
1T — Rby || + [[Rbn — gl [[Rbn — Thnl| + [I9gn — Rby||
2 ’ 2b b
¢(max{[|T'h, — Rby,|[, [N, — Tby |, g, — Rby|l,
1Ty — bl + [[Rby — dgn| [Rby — T + [[Agn — Rby |
. , = )
Nh, — g, Nh, — Jg,
= 5 (wmax(7 - 1, 720, gmaxy7 - g B2y )
implies that
VAT =) < ST =S, T = J11) (3.3)

Taking n — +00, we get

UT = JID) = S@( lim 7= 1), o tim [T = 1)
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So either, ¥ (lim, 400 |7 — [|]) = 0 or ¢p(limy,—s 1o |7 — []|) = 0. Thus lim,, 400 |7 —
[l = 0 implies that 7 = [, a contradiction. Hence, [ — 7T which shows that the
pairs (N,T') and (3, £) share the(C'LR)-property of I'£ which completes the proof.
Using the above lemma, in the following theorem, we show the existence of unique
(CFP). O

THEOREM 3.2. Let (M, |.||) be a complete (CONS) with the norm Dj(h,0) = ||b]|
and the co-efficient b > 1. suppose that the mappings N,],I" and £ are four self-
mappings of a cone normed b-metric space (M, ||.||) satistying (3.1). If the pairs (R, T")
and (J,£) have a point of coincidence. Moreover if (R,T") and (3, £) are (WC) the
N, J, T and £ have a unique (CFP) .

Proof. Since the pairs (X,I") and (J, £) satisfying the (C'LR)-property of I'£, so
there exists sequence {h,} and {g,} in M such that
SN0 = B Ton = Din_d0n = D L= T

where T € T'(M) N £(M) since I'(M) C £(M) so a point [ € M such that I'[ =T
we show that N[ =T'[. Putting h = [, g = g, in (3.1), we get

(RS = dgnll) < SO 80)), 2S5 80))) (3-4)

=T/ e — Sal
— P _2 nlly ) 9
S maxt TS = Loull: T RFT AT T+ 38, — San
7 = Saull + S = Tgal] IR = O+ 30~ S0l
2b ’ 2b ’
T e Cal
F —S nl|ls ) )
olmax{llL] = Lol TR T T g — 2ol
2b ’ 2b
B ) BT e - Sal
~ SlmaedlT= S0 TR T s — gl
87 = Saull 17~ Jaull 1% =T + 1300~ £9.1
2b ’ 2b ’
) =TI e - Sal
max{lIT = Lol TR T 38 = Lol
%7 = 29,0+ 17 =gl 1%/ =T+ 130, - Sl
2b ’ 2b
S max{| T — Laull, IR = T, [Tgn — Lgall
2b ’ 2b ’
o(max{|T — gall INS — Tl 380 — Saull
7 = 2,0+ 17 =gl IR/ =T+ 130, - Sl
2b ’ 2b

IN

Making n — +o00, we get
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BN =3l < 5 (00 m T.g). o0 im0,

N =TI+ IT-T
S Wma{| T =TI IR/ = T, |7 — 7y, =T+ T =T

2b
IR/ =TI+ T =TI 1
2b ’

o(max{[|T — T IRf = T |7 = 71,

I8/ =TI+ T = 7]
= h)

= (vt = 71, P2 g -, BT

R =TI+ 17 =T
2b ’

implies that

RS =T < S@ARS =TI, o(IR] = T1)))

thus either ¢ (||[X) —T|) =0 or ¢(||X) —T]|) = 0. Hence X/ =T =TI'[. Therefore, [
is the point of confidence of the pair (N, T"). As T € £(M), there exist a point v € M
such that £y = 7. We assert that Jy = £v. Putting h = [ and g = 7 in equation
(3.1) we get
YIRS =yl < F@CUS,)), ¢TS5 7))) (3.5)
R/ —TJ] 13y — &9
= rf-£ ’ ) )
Sttt I = £ R o T 75 — 291
RS = L[| + [T = Iy[ RS =TS+ [Ty = SVH})
2b ’ 2b ’
RS =T/ 137 — &9
rf-g ; ) )
el = S T T — el
IR/ = L[+ TS = Iy RS =TTl + [y — L]l 1)
2b ' 2b
_ N T
R/ =TI+ TS =T IR =TS+ |3y =T )
2b ’ 2b ’
3 RS —T[]] 13y =Tl
plmax{|[Lf =T, = TSk
7 = 7+ 00 =l [ = 7+ 1y =T
2b ’ 2b
S (max{ [T — T, INJ — O], |3y — T,
RS =T+ =] NS =TS+ 3y — 7'||})
2b ’ 2b ’
G(max{[|[I'[ =TI, [R] = T[], |3y =TI,
RS =TI+ ITS =Tl NS =TS+ [ 3y — T||}))
2b ’ 2b

IN
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T—T|+|T -1
= §@max{|T T 7 7] |37 - 7, T =TT =
I7 = Tl + I3y = 71,
2b ’
T—T|+|T -1
olmax{|[T — T, |7 = T, |3y — 7, =TI I = 3l

2b
|7 = T+ 3 = 7]
> h)

= F((max{||Iy - T, W})7 d(max{|| Iy — T, |7 ;b:l”YH 1)

which implies that

([ Ay =TI < § @3y =TI, ¢y = TI) -

Thus either ¢(||3y —T1|) =0 or ¢(||3y —T||) = 0. Hence, Iy =T ie. Iy=T = £.
Hence ~ is a point of coincidence of pair (J, £).

Since the pair (X, T") is weakly compatible and X7 = I'T. Therefore, RT = RI['[ =
I'Nf =T'T. Now we show that 7 is a (CFP) of the pair (X,I"). Putting h = 7,9 =1~
in (3.1), we get

YAIRT = Inll) < ST, 7)), 6T, 7)) (3.6)

_ B INT -T7T] 3y =2
INT = SAl + ITT = Iyl IRT =TT + [[dy = £ )
2b ’ 2b ’
INT =TT7] |3y =&
T —
IRT = EA[[+ 0T =]yl IRT =TT + [y = £ 1)
2b ’ 2b
INT XTI |3y =&
— NT —
IRT = Eq[[+ [IRT =]y [IRT = RT| + [y = 71| )
2b ’ 2b ’
_ IRT =RT] 3y = £
omas{INT = £, T (e Ty T
INT = LAl + IRT = Iyl [IRT = RT )+ |3y = T
2b ’ 2b 1)
S (max{[INT — L[|, [RT = RT[, [| Iy — £,
IRT = Eq[[ + [RT =]y IRT = RT| + [y = &9 )
2b ’ 2b ’
G(max{[|RT" — LA/, [NT = NT[, [Ty — €91,
IRT = E9[[+ IRT =] IRT = RT| + [y = &9
55 , 5 )

IN
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| INT =TI+ [RT =T
) 2b Y

= S (max{[|RT = T, [RT = XTI, [T - T|

IRT = RT| + [T - 7|
20 2

G(max{|[RT = T1|, [NT = XTI, [|T = T]

| IRT =TI+ IRT =T

2b ’
INT — N’Tgb—l— T —T] )
= Stwmax{ T - 71 BTy ey -7 T =Ty,

Implies that,

DIRT =T <F@UART = T, oIIRT = T1))).

Thus either, ¥(||XT — T1|) = 0 or ¢(||RT — T||) = 0, which gives that, X7 =
T,i.e,XT =T =I'T. Which show that 7 is a (CFP) of the pair (X,I').

Similarly, Putting h = [,g =T in (3.1), we get

(RS =ITN) < @S, 7)), 6N T))) (3.7)

_ 3 R/ T/ 137 - £7]|
= Swmaxry - o7, T EE ST
IR = LT+ ([0 = 3T N/ —T/f[| + [ 37 — £7]|

2b ’ 2b b
N R/ =T/ 137 — £7|
p(max{|[Lf — LT, . /=T T+ 37— 27"
RS = ET| + [T = 3IT| RS =[]+ [ A7 - £T||
50 : 5 )
_ B R/ =T/ |1£T — £7]]
RS = £T| + [T = LT [N/ = T[] + [|[£T — £7]]
2b ’ 2b b
R/ — T[] |£T — £T]|
RS = ET| + [|T) = LTI [N = T[]+ [|[£T — £7]]
55 , 5 )
S (max{||T[ — LT, X[ = T[], €T — £T1,
RS = ET| + U] = LTI [N/ = T[]+ [|[£T — £7]]
2b ’ 2b b
p(max{[|l'] = T, [IN] = L[|, [|[£T — £T],
[R) = ET][ + [I) = LT [®/ T[] + [[£T - ST||}
2b ’ 2b

IN

)
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= S (max{[|T = £TI, |T = T, [[£T - £Tl,
HT—SWHWT—STHWT—TWHWT—STH)
20 ’ 2b '
¢max{||T — LTI, IT =TI, |1€T - £T1I,
[T = LTI+ NT = £T1 [T =TI+ [[£T = £T]|
5% ) 5 )

- £
= Stemax(|T - o7 7= maxqr - o7

T—-£T
T2y,
Implies that,

V(|7 = £T1) < S@UT = LTI, o(IT = £T1))).-
Thus either, (|7 — £T|) = 0 or ¢(||T — £T||) = 0, which gives that, T = £T,
i.e, 3T = £T =T. Hence T isa (CFP) of X,J, T and £.
To prove that T is the unique (C'FP), let J be another (CFP) of X, 1, T" and £. Using
(31)7 h= Tag =7, we get

G(IRT = 33])) < F((NT 7)), 6(T, 7)) (3.8)

L NT-TT) e
e e
INT = 23 + [T = 33|l [NT = O + 133 — 23

2b ’ 2b )
~  IRT =TT 135 — £7]
emax{liIT = CIN. T ) T [ = 23]
INT = 23 + [T = 33| [XT — O + 35 — 23
2b ’ 2b })
|7 =TI |3 -7
T+ [T =T T+ 3 =3]
HT—ﬂHWT—WJW—TWHU—ﬂ|

= S (max{[|T" =T,

2b 2% I3k
oy T =T [
T =3+ T =3 IT =TI +53-T] D)
2b ’ 2
. SRR L o T/
< Fmax{|T -3, |7 - 7117 - 3], H%H I
HT—TWHD—TH)
2b ’
. o IT= T =3
o(max{ |7~ 31l |7 — 71l 13 - 2, ! ”%H I
[T =TI+ 3=T]
% 1)
- o T=3 =T
= §(max{|T = 31T - T, 17 - 3], . b I 1 - Iy,

|HT—ﬂHU—TW}
b2

¢(max{ |7 = 3|, |7 =T, |7 = 7 ))-
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Which implies that

(1T =31 < S@AT =31, oUIT = 31))-

Thus either (|7 —3J|) = 0 or ¢(||7 —7J||) = 0. which gives that |7 = J|| i.e, T = 7.
Hence, T is the unique (CFP) of X, 1T and £. ]

COROLLARY 3.3. Let (M, ||.||)) be a complete CNbM S with the norm D§(h,0) =
Ib]| and the co-efficient b > 1. Suppose that the mappings X, £ be self-mapping of a
(CbNS) (M, |].]]) satisfying:

U(IRh —Rgl|) < F(((b, ), 2(7(h, 9)))

Nb—Lg||+Lh—R
for all b, g, where (b, g) = max{||€h — Lal|, R — Lhl, |Rg — Lg|, F==oF==ey It
the pairs (R, £) satisfies (C'LR)-property of £ then, X and £ have a common point of
coincidence in M. Moreover if X and £ are (WC'), then the pair (X, £) has a unique
(CFP).

Proof. By putting X = Jand £ =T in Theorem (3.2), the result can be proved. [

COROLLARY 3.4. Let (M, ||.||) be a complete (CbN S) with the norm Dj(h,0) = ||b]|
and the co-efficient b > 1. Suppose that the mappings X, 1, T, and £ be a self mapping
of a (CbNS) (M, ||.||) satistying

P(|INh —Jg]) < F((T(b, 9)), 2(T1(H, 9))),
for all b, g, where (b, g) = max{||Ty — Lq]|, R — Tp||, |Ig — Lq, F—=olFI0==00y,
If the pairs (N, T') and (3, £) satisfy the (C LR)-property of T'£, then (X,T") and (3, £)

have a point of coincidence. Moreover, if (X,T") and (1, £) are compatible, then ¥, 1, T
and £ have a unique (CFP).

Proof. By taking ¢ (t) =t in Theorem (3.2), we complete the proof. O

EXAMPLE 3.5. Let M = (0,1], E = R? and P = {(h,g) € E : h,g > 0} and
D MxM— EasDi(h,g)=|bh—g]|’ forall hge Mand R, I,T,£: M — M.
Then (M, || . ||) is a complete (CNbM S) with co-efficient b = 2.

1 ifhe(0,3]

R(b) P et 1)
R REEANE
1ifhe(0,d] 1 ifhe(0,1]
I'(h) = , £(h) =
Lifpe (31 s ifbhe(31]

First we verify condition (1) of Lemma (3.1)

Let {h,} = {1+12n }n21 and {g,} = {3j1n}n21 be two sequence in M. Then

n—+o0 n——+o00 1+2n

lim XN(h,) = lim N( ! ):%
1
2

lim T(p,) = lim r( ! ):

1+ 2n

n—-+o00 n—-+o0o
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n—+o0 n—+o0o 3+ 1n 2

lim I(g,) = lim J( ! ):l

1 1
lim £(g,) = lim 2( ) = —

n—-+oo n—-+o0 3+ 1n 2

Thus lim N(b,) = lim T(h,) = lim (g,) = lim 2(gn):%€F(M)ﬂ£(M).

n—-+00 n——+o0o n——+oo n——+o0

That is, (N,I') and (3, £) satisfies the common (C'LRrg¢)-property.

Next, to verify inequality (3.1). Let us define the function ¢, ¢ : Rf — R by
b (t) = 2% and 6 (1) = &

Case (i): Let h,g € ( 3] Then R(h) = T'(h) = I(g) = £(g) = % and from the
inequality (3.1)

LHS =o(| R —Jg ) = (|| 5 — L ) = ¢(0) =2(0) = 0

RHS= g (T(h,9),¢ (b, 9))
2 2
_ b g (P, INO=T0F l3a—2a|®
R —Lg >+ [ITh—Ig|* IXh—Th[°+]| Jg— £ .
2b ’ 2b ’
2 2
o eq 2 RO =T | |19 — Lg ||
IR —Lg >+ (| Th—Ig||* |INh—Th[°+] Ig— £g |

2b ’ , 2b b))
_ S F ] N E a1
= 3(¢(maX{||§ 2”7 |2|1i_|‘2’1+||___||2’
IR R T PR ST EE
¢mmdn§—§n{lﬂﬁjég]pllﬁ_j?n
2 2
ER TSR T ST

R.H.S = 4(0) — ¢(0) = 2(0) — $ = 0. Therefore, L.H.S = R.H.S
Case (ii): Let b,g € (3,1]
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LHS =w( Ny =T ) = o (Il = 4 7)) = v(5k) = (55) = 0.03555

R.H.S =

F (b, g)), ¢ ((h,9)))
2
Ih—og 2, INO-TOI2 [ Ja—gg|*
| R — g [I*+ | Th —Ig ||* HM—F5W+Hh—£MFR
2b ’ 2b ’
2
Py og (e, N0 -T0I2 do- 2ol
Pt T =28 1 Ry —Ty 7 1+ Ja - 2o 1P
IRh—Lg |+ Th—Jg > [ Rh—Th|*+|Ig— Ly

=1 L=
§| ¢ | max ”7_7” 1 1.2
L+ z—= 1+Hf*fll
2 2 2 2
I3+ i=317 E=-21F+15-31
4 ’ 4 ’
2
112 i-1 Yk
¢<maX{H7_9|a 5171 91
1"‘”5—*” 1+H3 9H

2 2
L=+ i-30" i H+Hf—fH
4 )
2
2 n%—%n |® )
§( | max u—f——fu :
FlE -S4 -1
9 9
= %n+nf—fn nf—fn+n%%|
4 4 ’
2
2 nf—fn I3 -3
max Hi_iH PR 3 PR
T N Y
2 2 2
u%—%u+u%—%u [ T
4 ’ 4

2 2 2 2 2 2
2 2 KA H%HJFH%H = 1"+13|
Fl ¥ | max ||—H 2 7 , ,
T i

I35

I A |%7W+HAH2HEWF+H%F

¢<max {H ” 35 ; 45 I 21 , 35 }))
T+ 2171+ 2

g<¢(nmx{< 4 ) (58) @% (mm5) + (38) (o) + (3D })

3969) 7 1+ (1) 1+ (&) 4
¢<me{< 4 )} f%g | (%17(%%)+(ﬁ0’(ﬁ% % }))

3969 1+ (ﬁ) 1+ (g) 4

4 (ﬁ) (%) (853335) + (83923400205) (93335 + 949920205

'3’ 7!) ma‘X 3969 ) @ 9 & ) 4 b
(B2)' (&)
4 (12425) (E%) (8&7)%)835) + (83923%0205) (93335) ;9920205
oLma (3060 ) (1220) () 1 ’
(1225) ( 1)
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- <<max{(3969> (1225>X<£3>’<;1>X<$>’
(s ) < (5)- (o) < (3) )
(e (s5) - (i) = (i) - (51) * (55)
(sas) < (5)- (o)~ (3) 1))

= 30 (o { () (m) () (s5m) (soom) }):

(o () () (5) - (570) - (sooo) 1))

= F((max{(0.001),(0.003),(0.047), (0.011), (0.013)}),

¢(max{(0.001), (0.003) , (0.047) , (0.011), (0.013)}))

= S(((0.047)), 9((0.047)))

R.H.S = ¢ (0.047) — ¢ (0.047) = (0.094) — (0.01175) = (0.08225)
Therefore, the inequality (3.1) holds. (0.03555) < (0.08225). L.H.S < R.H.S

(IR —Jg [)) <5 (¥ (b, 9)), ¢ (b, 9)))

Therefore from Theorem (3.2) the mappings R, ], T" and £ have a unique common
fixed point h = %

EXAMPLE 3.6. Let (M, || . ||) be a (CNbMS) with co-efficient b = 2 and £ =
R* P ={(h,g) € E|h,g >0} C R*, M = [0,+0), D : M x M — E, such that
Dih,g)=(|b—gl*allb—gl?, forall hge M, where a > 0 is a constant and
N, J,T,&: M — M. Let us define the function ¢, ¢ : Rf — Ry by v (t) = t and
¢ (t) = kt for some k > 0.

{l ifhelo1] | {h ifhelo1

S if b€ (1, +00)
First we verify that condition (1) of Lemma (3.1)

Let {h,} = {%}@1 and {g,} = {n%l}@l be two sequence in M. Then we have

b5 f he (1,+o0)
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limy, oo R{bn} =lim, oo R {1} =lim, o {L-} =0

iy o0 T{B0} = 1Moo T {5} = limy o0 {5, =0
lim, s yoo Hgnt =lim, o] {%H} = lim, 1 {12(5+1)} =0

0

iy oo {80} = iMoo £ {537 } = 1y yec {6<n_1+1> }

Since h(0) = £(0) = 0 we have 0 € I'(M) N £(M). Therefore there exists sequence
{h,} and {g,} in M such that

lim R{h,} = lim T{h,} = lim I{g.} = lim_£{g,}

n—-4o0o

That is, (NX,T') and (J, £) satisfies the common (CLRrg)-property. Next, to verify
inequality (3.1).

(IR =Jg [)) <5 (b, 9)), ¢ (b, 9)))

— [Ro=Tbl| ~_[dg—Lal [Rb—Lg|+[Tb—dg| [[R6-Tb||+|Jg—Lg]
j(bag) = max {” Fb - ,Qg H7 1+[IRp=Tp]] > 1+]Tg—Lal|’ 2b ) 2 }

Case (i): When b, g € [0,1]

15 -%0% el &-51°)
G-l dalb-al?)

= (g me)v(lb—glP?)

—~
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RHS= F(((h,9),s(7(h,9)))

_ b g b g
= §@max{(l 3 -2 1% allg -3 I,
I8-3kols-81) (-8 als-31)
L =8 1% ol =81 1+ (I -2 all 5-212)
(- 812 al s —81°)+(1E— 512 all g -5 12))
4 b
(=212 al =8 12)+ (U &-81% all&-81P7)
4 b,
b g2 b g2
¢(max{(||6—6||704\|8—gﬂ ),
(%8 olg-21) (B30 “”%—%W)
I+ (I S—212 all S-212) 1+(\|f—7||2 ol & g||2)’
(=812 als—8R)+(1E-&1% ali-%12))
4 b
(=81 all 5 =81) + (I &-§1% el &-§1)
y 1)
- swmmﬂmﬁgﬂu%an ),

iy
(N2 12, o ) 238 n) m” 12, o) 530 n)

1+ (I Q%HQaHG 12) 14 (15202 o) 2 12)

(Geals “”%%”ﬂ+(H%¥H%an%¥nﬂ)
(s P e )« (1 P el e 1R))

dlmax{( 222 2, o) 22 R),

m9%u2 | o5 n) QM |r2aub 12)
mg 12, ol 52 2) 1+

(1212, o) o520 12) + (H%?\%an%?|)’

(G n)4@9 IR, ol 552 2)

4

\_/

W

W
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Slwtmax{( = [ —gl% = alb-g]
ax 36 gl 36 g )

(o201t olle—200%)  (za lH—20 17 gz o llh—20 %)
L+ (p le—20 0% ello—20112) 1+ (7 15— 20 1% ggza [ b — 26 [|2)
((zr 10 =20 1% g 16 =20 1*) + (g 120 -9 [P g« 26 — g %))

4 )
(g 10 =20 11* gz 16— 20 [°) + (g5 19 — 20 |I°, gz [ 9 — 29 IIQ))D
4 )
1 1
$max{( o= b —gl® = allb—gl?),
36 36

(o201t olle—200%)  (zalb—=20 17 gz o llh—20 %)
L+ (m le—20 1% ellg—20112) 1+ (7 15— 30 1% ggza | b — 30 [|2)
((zm 10 =20 1% g 16 =20 1*) + (g 120 —g P mg a 26 — g %))

4 )
((z 10 =20 11 gz 16— 20 [°) + (g5 19 — 20 |I*, gz [ 9 — 20 ||2))}>)
4

RHS - sw(max{((glﬁ, 5 2) Ih-al?),

(tio i @) o —2g 1) (tomz @) (1 =20 %)
U+ (gt @) o =20 112) "1+ (750 ) 15— 20 [2)°
(g %1 )16 —2g1*) + (>t @) 126 — g [1%)

1 :
(g i) 15 =20 1?) + (2> 1) 19— 29 [1%) 1
1 ;

omaxt( (5535 2) 100 1F).

(L dra)la-201”) (35 s )(Hb—% %)
1+((144’144 a) Hg_Qg HQ) +((1411 ’144 ) Hh_Qh H )
((144’ 144 ) H - 29 H2) + ((ﬁ L4 a) ” Qh g H )

4 b
(&> 13@) 16 =20 %) + (1> 72 g — 29 [1) )
i ,

= 5(o (g o) 10-91) 0 (g5 55.0) 10 -01?))
= (g 2) 19-91) 0 ((55552) 10-91?)

1 1

_ (3636a>(¢(llbg\l2)¢(Hbgll2))
(1) ¢ (0 -919) = (5555 0) -5 1) -0 (10 -5 1)

Therefore, L.H.S < R.H.S. Clearly inequality (3.1) is satisfied for each b, g € [0, 1]
and o > 0.
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Case (ii): When h € [0,1] and g € (1, +00)

LHS =w (X —Tg % a | Ro-Tg 2 ) = (I 5 - S5 12 ol & - &5 ?)
71)(14114 ”h (g+11) H27 144 OLH[)*(Q#’]J) ”2)

= () ¢ (16— (g+11) |?)

RHS= g (b, 9)),¢ (b, 9)))
5 )
— smax((I 3 - S5 P all g - SR,
b b b

(-8 all5—812) (et ats 2 o etll _ ats )

? +11 +5 +11 +5 ’

L+ (I -8 all -2 p) 1+ (5 = 52 I all St = 5 )
(1 =222 al =22 02) + (1 - S22 ) & - o2 )12))

4 Y

(O =512 all 4 = 8 12) + (I S52 - 552117, o)) S5 — 252 2))

4 })’
h g+5 g+5
stmax{ (1 3 - 22 1P, 0l § - EE2 ).

(-8 all f-817) (e —wo 2, o it —mo )
L+ (15— 212 al =2 12) 1+ (15 =5 12 ol o™ = 22 [2)
(O =2 o -2 )+ (1 - =R 12 el § - =5 1))

4 )
(g =812 all 4 = 8 12) + (I 852 - 552117, o)) S5 — 252 2))
; h)
b—(g+5) b—(g+5)
swmw(6man(3w,
h—2h 2 b (g+11)—2(g+5) |2 (g+11)—2(g+5) |2
|2 2, o) o )2 | HDE2AD) 2 ) (eHIN2Aet0)
(” h—2h 2h 12, a || bh—2h 2h ||2>’ 1+ (H (g+11)1;2(9+5) 12, o (g+11);22(5+5) ||2)’
2 5 2 5 — —
(1282 2, o n“””n)+mﬂ%#ﬂmanﬂ%ﬂﬁﬂ)
4 )
(1232 12, 2532 12) + (| SHDGHED |2, o | Lt 2esd) |2))
4 })7
b—(g+5) hb—(g+5)
¢@w(n(3n%an6w,

(102 uzawzw) (I 2 2 o | (eHIDo2et8) )12)
1+(||h 12, o || B2 ||)71+(HM”27Q”M”2)’
((” w 12, o h— 2(g+5) 2 ) (H 2h— (g+11) 12, a ” g+11) I ))

4 )
(1522, ol o5 12) + () DL |2, o | (el 22es) 12) )

- h)
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{((36 5 0) 10 @+5) ).

<#% ' —2p %) ((i% o) || (g+11) —2(g +5) ?)
L+ (g @) 10 =20 12) 1+ (g 113 @) [ 0+ 11) = 2(g +5) [12)
(. 250) 5 —2(g +5) [I?) + ((%l% a) |25 — (g +11) ||?)

)

((ﬁ % ) [ b—20 ) ((1447 142 ) I (g+11) —2(g+5) Hz)

j D,
omax{( (5535 @) 10 - @+ ||2),
(o @) b —20?) (o)l @+11) —2(g+5) |I?)

lJr((1447144 )” h—2p |2 ) ((% f O‘) | (g+11) —2(g +5) ||2)
(g7 T@) 1h —2(s +5) [I°) + (( 1 @) 126 — (g +11) |?)

)

((ziz T) 1h =20 [I°) + ((1447 7a) || (g+11) —2(g +5) [|?) )

4
= 5 (v((55550) 10-@+9) 12005535 2) 10~ @+5) 1))

(
= (35 0) 19- @5 12) o (5535 2) 10— @+5) 1)
1

RES = (gog50) @00-6+5) 1) - o(Ih-+5)?)

—_

Therefore, L.H.S < R.H.S. Calculating the same as in case (i), we conclude that
inequality (3.1) is satisfied for each h € [0,1] and g € (1,4+00) and « > 0.

Case (iii): When h € (1,+00) and g € [0, 1]

(IRp—=dg [ a || ¥y —dg[?)
(|52 — L2, o 22 -2 2)
(I o+11)—g % & ol (h+11)—g]?)

= (g )Y (| (h+11) —g [?)
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RHS= §((h,g)),o(7(h,g9))
_ 3(¢(max{(ll LRI FERPNTE R B ||2) ,

6 6 6 6

() B — 22 12 o || 1AL 045 12) IIEL-201% all Z-217
1+ (|| & "*“ — B2 o || M "“1 )1+ (| S22 a || L —22)
(| 22 -2, o 22 % 12) + (| 22 - & H?, a! || B _ L 12))

4 )
() H2 -2 12 o || -2 12y (| & — 82, || & -8 ||2))})
4 )
h+5 2 b+5 g .9
otmax{ (I 257 - 2P, ) 152 -2 p).

() B — 2212 o || 1L — 045 12) (II&—¢ HQ, all £ -217)
1+ (]| & ”“ — 212 "“1 — 52271+ (H 5—81% « H L1172
() =2 —% 12, o || B2 —% 1)+ (| 22 -2 2, a || S _ 2 12))

4 )
(| H2 -2 12 o || B -2 ) (| £ — 82, || & -8 ||2))}))
4
(h+5) —g (h+5) —g
= S(¢(max{<|| — 1%, o — 17,
(h+11 2(h+5) (h+11)—2(h+5)
(II 1%, a| =5 ||2) (| a2 ||2 a2 || )
_ 2
1+ (H (b+11) 2(h+5) 2, a| (h+11)122(h+5) ||2) (H || « H || )
(1 =2 2, o | Cp=2e ) 4 () 208 |12, o | 202 ||2))
4 M
<<|| +11) 2(h+5) 2, o w ||2> (|| =2 ”2 | &2 ” ))
4 M
(h+5) —g (h+5)—g
ofmac( ([ TP 0 DED 0 ),
(b+11)—2(h+5) (h+11)—2(h4-5)
(I G208 2 g | OEDZ20) 2 gag B ol
_ Q 2 Q
1+ (H (b+11) 2(h+5) 2, o (h+11)122(h+5) ||2) (H || o H || )
(( h+11) 2g 12, | (h+11)—2g I ) <|| 2(h+5 2, o 2(h+5)—g ”2>>
12 12

4 )

(( h+11) 2(h+5) 12, o (b+11)1—22(h+5) ||2> (|| ||2 | o2 || ))
7 1)
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_ s<¢<max{((;6, 5 0) 1645 - 7).
(g @) I 0 +10) —200+5) 1P) (7 )Hg—2g\|)

L+ (ﬁ 7o) 1 (0 +11) =20 +5) [2) 1+ ((f> iz @) |9 —29112)°
(( % )| (f]+11)—29”) ((1447144 O‘) I ( )—g||)

4 M
((t32> @) | (0 +15) —2(5+5) II?) + ((t57> 15z@) | 9 — 29 || )}>

4 )

¢<max{(<316,;6 a) It6+5) - 7).

((14114’ iz @) |l (h+11) —2(h +5) [|?) ((14 411 a)lle—2g )

14‘((1447144 ) I (o+11) =20 +5) 112) "1+ (137, iz @) 19— 29 [?)°
((14114’ 144¢ ) | (b+11) —2g || ) ((1447@ O‘) I ( )—g I )

1 )
((14114’ T2 ) | (h+15) —2(h+5) | ) ((ﬁ’ﬁa) |l g—2g ||2) )

4

N

= 5 (05555 9) 1045100l (55055 ) 1645 -0 1))
— (g ) 10+9-51) =6 ((55559) 10+5 -0 1?)
1

RAS= (5555 0) @UO+5 a1 =0l 0+5-a )

Therefore, L.H.S < R.H.S. Inequality (3.1) is satisfied for each h € (1,4+00) and
g €[0,1] and a > 0.

Case (iv): When b, g € (1, +0o0)

L.HS | X —Ig ||, o || Rh—Ig ||?)

= (
w( @ _ @ 12, o h+11 g+11 12 )
v (1

oz (0 +11) = (g+11) I, gz a || (h+11) — (g +11) ||?)

(g, ) ¥ (|| (h+11) — (g + 11) ||?)
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RHS = 3 ((b,9).¢((h,9)))

5 5 5 5
_ sw(max{(n LR R R R ek ||2) 7

6 6 6 6
<|| DL b 2 g || b b Hz) (| L — 55 2 o || eH1L _ ad5 2
L (It R R e ) (5 ETES R af i )
(O — 212 ) 22— o2 1) + (1 22 - S 1P o) 22— 23t |17) )
4 )
(0552 = 5217, o)) St = B2 2) + () 8 - 22 2, o | 852 - 22 |1))
4 })7
b+5 g+5 f)+5 g+5
<max{(|| T2 -T2 e 2 -2 R,
(” h+11 h-é—S ”2 || M _ M || ) (H g+11 . w H2 H g+11 _ g+5 HQ)
? +11 +5 +11 +5 ’
1 (1) St - B3 2, o) B - 28 2) 1 (I o ”T 12, o o 202)
(02— 217, o] St — o2 2) + (1 50 - o 2, o) 22 - o2 12))
4 )
| B B2, o g - 2] (| S - SR, ) S - 52 )
6 6 6 6 }))
4
(h+5)—(g+5) (h+5)—(g+5)
= (tmax( (| PED SO 2 DEDZEED) 2,
(h+11)f2(h+5) 2 (b+11)—2(b+5) |2 (g+11)—=2(g+5) |2 (g+11)—=2(g+5) |12
|| 2, a || GHDZ2058) | (HD2AED) |2 g || (SHD2Aet0)

11 2 5) 11)—2(h+5 ’ 11)—2(g+5 11)—2(g+5 ’
(H (b+ ) (b+5) 12, a || (b+ )12 (b+5) Hz) 14+ (H (g+ )12 (g+5) 12, e || (g+ )12 (g+5) ||2)

+11)—2(g+5 +11)—2(g+5 2(h+5)—(g+11 2(h+5)—(g+11
((H (5 )12 (g+5) ||27 o || (b )12 (g+5) H2> + (H (b )12(9 ) HQ’ a H (h )12(9 ) ||2)>

4 b)
11)—2(h+5 11)—2(h+5 11)—2(g+5 11)—2(g+5
((H (b+ )12 (h+5) ||27 a H (b+ )12 (h+5) H2> + (H (g+ )12 (g+5) ||2 o || (g+ )12 (g+5) ||2)>
4 })7

(b+5) —(g+5) (b+5)—(g+5)

ofama () OEIEED o OEDZLEED) )

(” (b+11)—2(h+5) ”2 I (h+11) 2(h+5) I ) (H (g+11)—2(g+5) H2 o (g+11)—2(g+5) ”2)

12 & 12 ) 12

-2 2 ’ -2 -2 ’
14+ (H (b+11)12 (h+5) 12, a | b+11) (h+5) 2 ) 1+ <|| (9+11)12 (9+5) 12, a || (9+11)12 (g+5) ||2>

11)—2(g+5 11)—2(g+5 2(h+5)—(g+11 2(h+5)—(g+11
((H (b+ )12 (g+5) ||27 o (b+ )12 (g+5) H2> + (H (b+ )12(9-"- ) HZ’ o (h+ )12(94- ) ||2>>

4 b)
+11)—2(h+5 +11)—2(h+5 +11)—2(g+5 +11)—2(g+5
((H (H )12 (6+5) ||2’ o (b )12 (b+5) HQ) + (H (9 )12 (g+5) ||2, a (g )12 (g+5) ”2))

y h)
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(mas ((36 o) 16+9)-(+5) ||2),

((1 @) LO+1)-200+5) 1) ((gz ma @) [ @+11) —2(g +5) [|*)
1+((% % JIm+11)—=2(6+5) 12)" 1+ (1 iz @) | (8+11) —2(g+5) [|2)’
(i 1az) | (0 +11) = 2(g +5) 1) + ((gz: 713 @) 1 2(b +5) — (g +11) [|*)

1 :
((14114’ T ) | (b+15) —2(h+5) | )"‘ (( 40‘) | (g +11) —2(g+5) ||2) })

2 :

omaxt( (5535 @) 11(0+3) = (@+5) |2) ,

(&5, 5 @) || (h+11) —2(h +5) ||?) (5. 5 o) | (g+11) —2(g+5) [|)
14 (g2 13 @) 1 (0+11) =200 +5) [12) " 1+ (170 133 @) || (8+11) = 2(g+5) [?)
(g 751@) I (0 +11) — 2(g+5) |1?) + (47> 7z @) 1126+ 5) — (g +11) |1?)

4 b
I((144’ a) I (g+11) —2(g +5) |12 )}))

= 5(v((gra ) 10+9- @3 1).0( (5555 2) 16+3) - @+ 1))
= (3352) @HO+9-@+5) 1) =601 6+5) - +5) )

Therefore, L.H.S < R.H.S. Inequality (3.1) is satisfied for each b, g € (1,+00) and
a > 0. Thus all the conditions of Theorem (3.2) are satisfied and 0 remains the unique
common fixed point of the mappings N, J,T" and £.

((14114’ T4z ) Il (h+15)—2(h+5) || )

4. Application

We have find the existence and uniqueness of common solutions for a system of
functional equations arising in dynamic programming, it was formed by Bellman and
Lee [7] with the help of our main Theorem (3.2).

Let (P,].]|) and (@, ]|.]|) are nored liner spaces, M C P and D C . Taking M
and D signify the state and decision spaces, respectively. Let B(M) denotes the set
of all real-valued functions on M. It is easy to verify that B(M) is a linear space over

R under usual definitions of addition and scalar multiplication, and with the norm
||.]| for an arbitrary h € B(M), define

1]l = sup{lb(v)| : v € M}.
Let ||h—gl|| = sup |h(y)—g(n)| for all h,g € B(M). Then (B(M),||.||) is a normed liner

space. As proposed in Bellman and Lee [7], the fundamental form of the functional
equation in dynamic programming is

N(n) = opt;epH(n,3,R(3(n,3))), for all ne M,

where 1 and 3 denote the state and decision vectors, respectively. I denotes the
transformation of the process, N(y) denotes the optimal return function with the
initial state t and opt represents sup or inf. For the existence and uniqueness of a
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solution to the following functional equation arising in dynamic programming, Liu et
al. [19] proved fixed point theorems providing a contractive condition of integral type.

R(n) = opt ,ep {I(9,3) + 91 (9,5, N (3(n,3)))}, for all v e M,

Further, Liu and colleagues [20] developed common fixed point theorems that meet
contractive conditions of the integral type, and they used these findings to verify the
existence and uniqueness of common solutions to the following system of functional
equations occurring in dynamic programming.

PBi(n) =opt,ep {I(0,3) + 9 (9,3, % (3(n,3)))} . for all ye M,i=1,2;
(4.1)
Ti(n) =optycp {I(9,3) + Ti (9,5, % (3(n,3)))} for all ye M,i=1,2
where J: M xD —-R,2:MxD — M and $H;,%;,: M x DxR —R.

THEOREM 4.1. Let $;,%; : M x D x R — R fori = 1,2 be four bounded functions
and let 6;,9Q, : B(M) — B(M) be four operators defined by

&ih() = optyep {I(0,3) +9: (9,3,5(3(v,3)))}, for all (n,h) € M x B(M),i = 1,2
2

(4.
Qig(n) = optyep {3(9,3) + Ti (v,3,0 (3(9,3)))}, for all (v, 9) € M x B(M),i = 1( 2

Assume that the following conditions hold:

1. there exists &; = {S1, Sy }such that for all sequence {b,},>1 C B(M),

lim & {b.} = lim S.{b,} =b"€ B(M)

n——+00
and
lim sup [|6:6{h,} — &26:{b,}| =0

n—-+o0o yeM

2. there exists Q; = {Q1, Qo }such that for all sequence {g,},>1 C B(M),

lim 9{g.} = lim Qo{g.} =g" € B(M)

n—-+o00

and

lim sup [|Q:1Q2{gn} — Q2Q:{g,}|| =0
n—-+00 yeM

3. 61(B(M)) C Qz(B(M)) and S5(B(M)) € T1(B(M))

ayl o) <5 (v [ ewi) o [ et ) ).
0 0 0
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where

| &1 — Qb || | 29 — Qog ||

b.0) = maxt [ =28 |l g T =g 0 T 60— an |

| S1b —Qog || + | Qb —Gag || [[S1b— Qb [| + || S29 — Qog | )
2b ’ 2b
where h,g € B(M),n € M,3 € D, € V,¢ € ® and ¢ : R, — R, is a non-negative
summable Lebesgue integrable function such that

/ (1) dt > 0,
0

for each € > 0. Then the system of functional equations (4.1) has a unique bounded
solution.

Proof. Then the system of functional equations (4.1) have a unique bounded solu-
tion if and only if the operator (4.2) and (4.3) have a common fixed point. Now, since
$; and T; are bounded for ¢ = 1,2, there exists a positive number 2 > 0 such that

sup {| [9:(9,3.0)],|Fi(9,3,2)] - (9,3,6) € M x D x R,i =1,2} <Q,

from (4.2) and (4.3) we obtain &(h) and Q(g) are bounded for each h,g € B(M),
which yields that & and 9 are self mappings in B(M). By using a property from the
integration theory [10] and the properties of ¢, we conclude that for each positive num-
ber w, there exists a positive number 5(w). it follows from ¢ : Ry — R, for all € >
0 3 w > 0 such that

/ p(t)dt < ¢, for all T C RFwith m(Y) < f(w),
T

where m(Y) denotes the Lebesgue measure of Y. Let y € M, b1, by € B(M). Suppose
that opt t;cp = sup,cp. Then using (4.2) and (4.3) we can find 3y, 32 € D such that

&ih(n)  <JI(,31) + 911,351,061 (3 (9, 51)) + Bw), (4.5)
Qig(y)  <I(0,32) + T1(9,52,8(3(9,32)) + Bw), (4.6)
Sib(n) > J(0,32) +H1 (9,32, (3(9,32))) , (4.7)
Qig(y)  =I,3) +T1(0,51,03(9,31)))- (4.8)

From (4.5) and (4.8), we get
S1h(y) — Qi9(v) < H1 (931,53 (9.31)) — F1 (9,31, (3 (9,31))) + Bw)
<191 (9,31,0(3(,31)) — T (v,51,8(3(9,51)))] + B(w).

Hence we get

S1b(y) — Qug(h) <91 (9,31,5 (3 (9,51)) — F1 (951,08 (3 (0,31))) [+ Bw)  (4.9)
From (4.6) and (4.7), we get

Qig(h) — &1h(n) < T (9,32, 9(3(9,32))) — H1 (1,32, 5 (3 (9,32))) + B(w)

< %1 (932,83 (9,32))) — H1(9,52,6 (3 (9,52)))] + Blw).
From (4.9) and (4.10), we get
[S16(h) — Qug(h)| < max{Ly, Lo} + B(w),

(4.10)
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where

L1 =91 (9:31,0(3(1,31))) — T1 (9,31,8 (3 (9,31)))],
Lo = %1 (9,32,0 (3 (1,32))) — H1 (0,32, 5 (3 (9,32)))] -

It follows from (4.4) and (4.11)

(4.11)

o (OO gyar) < (T Gar)
= max {o ([ evyat) v (7 p(t)ar) |
= max {v ()7 e(t)dt + [ p(t)dt)
v (J e+ [ o(t)dt ) |
< max {v (3" p(t)t) +v (Jo " p(t)dt)
o (i ettyt) + v ([ pyat) }
< max {v ([ p(at) v (J;* plt)t) }
max {0 ([ ot o (for P () |

< (v (K ewt) o () e(b)dr) ) + (o)

Taking € — 0%in the above inequality and using ¢ € ¥, we get

lsh—<g| (0.0) (0.0)
(8 (/0 <p(t)dt> <3 (w (/0 c,o(t)dt) NG (/0 gp(t)dt)) .

where

|| S1h— b || || Gag — Qog ||

(h,0) = maxt b = Sa0 |l T G T8 1 T 60— an |

| &1 —Qog || + | Qb — Gaog || || S1h — Qb || + || Gag — Qog ||
2b ’ 2b }

IRN=6, 1=6,, I'=%, and £ = T,, it is easy to observe that all the hypotheses
of Theorem (3.2) are satisfied. Hence the mappings &; and ; have a unique common
fixed point in B(M), and hence the system of functional equations (4.1) has a unique
bounded common solution.

]
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5. Conclusion

This article illustrates the work establishing the (C'LR)- properties for four self-
maps via ultra-altering and altering distance mapping within the framework of com-
mon fixed points theorems for cone b-normed spaces. We use this application to
discover the existence and uniqueness of a common solution for a set of functional
equations that arise in dynamic programming. An example is given in support of our
main result. Our findings provide up new possibilities for the researchers working in
the area.
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