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Fixed Point for Family of Mappings with an Application in Dynamic Programming

Kavita * and Sanjay Kumar

ABSTRACT: In this paper, we investigate the existence of a unique common fixed point of families of weakly
compatible mappings along with property(E.A), common limit range property (CLR) and joint common limit
range (JCLR) property satisfying a generalized (v, ¢)-weak contraction condition involving cubic terms of
distance functions which generalize the result of Ciri¢ [6,7], Ciri¢ et al. [8], Chugh and Kumar [9], Jain and
Kumar [11] , Jain et al. [13,15], Jungck [16], Kang et al. [19], Murthy and Prasad [24], Razani and Yazadi
[25], Singh and Jain [28] and Zhang and Song [30]. As an application, we discuss the existence and uniqueness
of a common solution of certain functional equations arising in dynamic programming.
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1. Introduction and preliminaries

Banach contraction principle [3] is the basic result of fixed point theory which states that every
contraction mapping T'(say) defined on a complete metric space E(say) has a unique common fixed point.
For the last ten decades, many researchers have been trying to generalize and extend this basic result in
various directions. In 1976, Jungck [16] used the notion of commuting mappings for the generalization
of the Banach contraction principle. In 1982, Sessa [27] relaxed the commutative condition of mapping
to weak commutative mappings. Further, in 1986, Jungck [17] introduced the notion of compatible
mappings to weaken the notion of commutativity /weak commutativity of mappings as follows:

Definition 1.1 [17] Two self mappings S and T of a metric space (F,d) are said to be compatible if
and only if
lim d(STup,TSuy) =0,

n—oo

whenever {u,} is a sequence in F such that lim Su, = lim Tu, = z, for some z € E.
n—roo n—oo

In 1996, the concept of weakly compatible mappings was introduced by Jungck [18] which may be
considered as the minimal commutativity of mappings.

Definition 1.2 [18] Let S and T be two self mappings of a metric space (E,d). Then S and T are
said to be weakly compatible mappings if the mappings commute at their coincidence points.
In 2002, Aamri and Moutawakil [1] introduced a generalization of noncompatible mappings in the
form of property (E.A).

Definition 1.3 [1] Two self mappings S and T defined on a metric space (E,d) are said to satisfy
property (E.A) if there exists a sequence {u,} in E such that

lim Su, = lim Twu, = z, for some z € F.
n—oo n—oo

In 2005, Liu et al. [23] defined the notions of common property (E.A) as follows.
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Definition 1.4 [23] Two pairs (f,S) and (g,7T) of self mappings defined on a metric space (F,d) are
said to satisfy common property (E.A) if there exist two sequences {u,} and {v,} in E such that

lim fu, = hm Su,, = hm qup = hm Tv, = z, for some z € E.
n— o0

In 2011, Sintunavarat and Kumam [29] presented the idea of common limit range property (CLRr)
as follows.

Definition 1.5 [29] A pair (S,T) of self mappings defined on a metric space (F,d) is said to satisfy
the common limit range property (CLRr) if there exists a sequence {u, } in E such that

lim Su, = lim Tu, = z, for some z € T(E).
n—oo n— oo

Remark 1.1 A pair (S,T) enjoying the property (E.A) along with the closedness of the subspace
T(E) always satisfy the (CLRr) property with respect to mapping 7T'(see Examples 2.16-2.17 of
[29])

In 2012, Imdad et al. [10] extended the notion of the common limit range property to two pairs of
self mappings relaxing the requirements of closedness of subspaces under consideration.

Definition 1.6 [10] Let f,g,S and T be self mappings on a metric space (F,d). Two pairs (f,S)
and (g,T) are said to satisfy the common limit range property with respect to mappings f and g
(CLRy,) if there exist two sequences {u,} and {v,} in E such that

lim fu, = lim Su, = hm 0_gup, = lim Tv, = z, for some z € f(E)Ng(FE).

n—o0 n— oo n—oo

In 1971, Ciri¢ [6] investigated a class of self mappings on a metric space (E, d) satisfying the following
condition.

1
d(fu,gv) < kmax{d(u,v),d(u, fu),d(v, fv), E[d(u,fv) +d(v, fu)]}, (1.1)
where 0 < k < 1. In 1974, Ciri¢ [7] proved the common fixed point theorem for a family of mappings
satisfying the condition (1.1) as follows.

Theorem 1.1 [7] Let (E,d) be a complete metric space and {T;}icp be a family of self mappings defined
on E. If there exists a fized j € A such that for each i € A and all u,v € E

AT, Tyv) < Amax{d(u, ), du, Tou), d(o, Tyv), 2 d(w, Tyo) + d(o, T},

where A = A(i) € (0,1), then all T; have a unique common fized point in E.
In 2005, Singh and Jain [28] proved the following fixed point theorem for commuting self mappings.

Theorem 1.2 [28] Let (E,d) be a complete metric space and let A, B, P,Q,S and T be self mappings

on E such that
Hy) P(E) € ST(E), Q(E) C AB(E);
H,) ST =TS, PB=BP, AB=BA, QT =TQ;

H,

(Hy)

(Hz)

(H3) either AB or P is continuous;

(Hy) the pair (Q, ST) is weakly compatible and the pair (P, AB) is compatible;
(Hs)

Hs) for all u,v € FE and for some k , 0 < k <1,

d(Pu, Qv) < kmax{d(Pu, ABv),d(Qu, STv),d(ABu, STv), %[d(Pu, STv) + d(Qu, ABu)]}.
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Then P,Q,S,T, A and B have a unique common fized point.

In 2008, Ciri¢ et al. [8] proved common fixed point theorems for a family of mappings satisfying gener-
alized non-linear contraction condition of type (1.1) in metric spaces and generalized the result of Singh
and Jain [28].

In this paper, we prove some common fixed point theorems for a family of weakly compatible map-
pings along with the property(E.A), the common limit range (CLR) property and the joint common
limit range (JCLR) property satisfying a generalized (¢, ¢)-weak contraction condition involving cubic
terms of metric functions. Further, we apply our result to obtain common solution of system of certain
functional equations arising in dynamic programming.

2. Main results

In 1969, Boyd and Wong [5] introduced ¢ contraction of the form d(Tu, Tv) < ¢(d(u,v)), for all
u,v € FE, where T is a self mapping on a complete metric space F and ¢ : [0,00) — [0,00) is an upper
semi continuous function from right such that 0 < ¢(t) < ¢, for all ¢ > 0. In 1997, Alber and Guerre-
Delabriere [2] generalized ¢ contraction to ¢—weak contraction in Hilbert spaces, which was further
extended and proved by Rhoades [26] in complete metric spaces.

A self mapping T on a complete metric space is said to be a ¢— weak contraction if for each u,v € F,
there exists a continuous non-decreasing function ¢ : [0,00) — [0, 00) satisfying ¢(¢t) > 0, for all ¢ > 0
and ¢(t) = 0 if and only if ¢ = 0 such that

d(Tu, Tv) < d(u,v) — ¢(d(u,v)). (2.1)

The function ¢ in the above inequality (2.1) is known as control function or altering distance function.
The notion of control function was given by Khan et al. [21] : an altering distance is an increasing and
continuous function ¢ : [0, 00) — [0, 00) vanishing only at zero.

In 2009, Zhang and Song [30] gave the notion of generalized ¢— weak contraction by generalizing the
concept of ¢—weak contraction.

Definition 2.1 [30] Two self mappings S and T on a metric space (E,d) are said to be generalized
¢—weak contractions if there exists a mapping ¢ : [0,00) — [0,00) with ¢(¢) > 0 for all ¢ > 0 and
¢(0) = 0 such that

d(Su, Tv) < M(u,v) — ¢(M(u,v)) for all u,v € E,

where M (u,v) = max{d(u,v), d(u, Su),d(v, Tv), W}.
In 2013, Murthy and Prasad [24] introduced a weak contraction that involves cubic terms of distance
functions.

Theorem 2.1 [2/] Let T be a self mapping on a complete metric space E satisfying:

[1 + pd(u,v)]d*(Tu, Tv) < pmax { % [d2 (u, Tu)d(v, Tv) + d(u, Tu)d*(v, Tv)],
d(u, Tu)d(u, Tv)d(v, Tu), d(u, Tv)d(v, Tu)d(v, Tv)}
+m(u,v) — ¢(m(u,v)),
where

m(u,v) = max {dz(u,v), d(u, Tu)d(v, Tv),d(u, Tv)d(v, Tu),

1
3 [d(u, Tu)d(u, Tv) + d(v, Tu)d(v, Tv)]}7

where p > 0 is a real number and ¢ : [0,00) — [0,00) is a continuous function with ¢(t) = 0 if and only
if t =0 and ¢(t) > 0 for each t > 0. Then T has a unique fized point in E.
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Theorem 2.1 was extended and generalized for a variety of commuting self mappings on metric spaces
[12,13,14,15,20,22]. In the present work, we shall discuss the existence and uniqueness of common fixed
point for a family of weakly compatible mappings by using the control function ¢ € ¥ and these results
generalize and extend the results of Ciri¢ [7], Ciri¢ et al. [8], Chugh and Kumar [9], Jain and Kumar [11],
Jain et al. [13,15], Kang et al. [19], Murthy and Prasad [24], Razani and Yazdi [25] and Singh and Jain
[28] and Zhang and Song [30], where ¥ is a collection of all functions 1 : [0, 00)* — [0, c0) satisfying the
following conditions:

(11) 1 is non decreasing and upper semi continuous in each coordinate variables,
(12) A(t) = max{¢(t,t,0,0),4(0,0,0,t),4(0,0,t,0),v(t ¢, t, t)} <t, for each ¢t > 0.
Let ® be a collection of all the functions ¢ : [0,00) — [0, 00) satisfying the following conditions:
(¢1) ¢ is a continuous function,
(p2) ¢(t) > 0 for each t > 0 and ¢(0) = 0.

Throughout this section, we denote A" = AyA,---Ag, and A” = AjAsz--- Ag,_1, where A;, i =
1,2,...,2n are as mentioned in the following theorems.

Theorem 2.2 Let S, T and {A;}77,, be self mappings of a metric space (E,d) satisfying the following
conditions:

(C1) T(E) c A(E) and S(E) c A"(E);

(Cy) Ai(Az--- A1) = (Az--- Agy_1)As,
A1A3(As - Agp—1) = (A5 -~ Agp—1) A1 A3,

A1Az - Agn3(Azn—1) = (A2n—1)A1 Az -+~ Aoy 35
T(Az--- A1) = (A3 Agp1)T,
T(As--- A1) = (A5 Agp—1)T,
TAgp—1 = ATy
Ag(Ay -+ Agy) = (Ag -+ Azy) Ag,
AgAy(Ag - -+ Azy) = (Ag -+ - Azn) Az Ay,
AgAy -+ Agpo(Agp) = (A2n)A2Ay -+ Agpa;
S(Ag---Agy) = (Ag--- Asp)S,
S(Ag -+ Azn) = (Ag - A2,)S,
SAz, = A2nS;
(C3) one of the subspaces S(E) or T(E) or A'(E) or A”(E) is complete;
(Cy) the pairs (T, A”) and (S, A") are weakly compatible;

(Cs) for all u,v € E, there exists functions ¥ € U and ¢ € D, a real number p > 0 such that

[1 + pd(A'u, A"v)|d?*(Su, Tv) < pyp (dQ(A’u, Su)d(A"v, Tv),d(A'u, Su)d*(A"v, Tv),

d(Au, Su)d(A'u, Tv)d(A"v, Su), d(A'w, Tv)d(A"v, Su)d(A"v, T’U))

+ m(A'u, A"v) — p(m(A'u, A"v)),
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where
m(A'u, A”v) = max {d2(A’u, A"v), d(A'u, Su)d(A"v, Tv), d(A'u, Tv)d(A"v, Su),
1

5w, Su)d(A'u, Tv) + d(A"v, Su)d(A"v, Tv)] }

Then S, T, Ay, As,..., Aoy_1 and As, have a unique common fized point in E.

Proof: Let up € E be arbitrary, then by condition (C}), there exists uy,us € E such that Sug = A”u; =
vo and Tu; = A'uy = v1. Continuing in this fashion, one can construct sequences {ux} and {v;} in F
such that

vor, = Sugr = A"ugpyr and  vopg1 = Tuspyr = A'uggio, (2.2)
for each £ = 0,1, 2, 3.... For simplicity, let us denote
ﬂk :d(vk,vk+1),k:0,1,2,3,.... (23)

Before proving main result, first we shall show that the sequence {f} is non-increasing and klim Br = 0.
— 00

If k is even, i.e., k = 2m,m =0,1,2,..., taking u = ug, = Uz, and v = U1 = Uzm41 in (C5) and using
equation (2.2) and (2.3), we get

[1 + pﬂQm—l]ﬂgm S pqp(ﬂ%m—lﬂ?ma ﬂ?m—lﬂgma 03 0) + m(”?m—l; UQm) - ¢(m(v2m—la va))> (24)
where m(U2m717 U2m) = max {ﬁ%m—la Bam—1B2m. 0, % [Bszld(vszl, 02n+1) + 0] }
Using triangular inequality, we get
A(V2m—1,V2m+1) < d(V2m—1,V2m) + d(Vam, Vam+1) = Bom—1 + Bom.

Hence,

m('UZm—la v2m) S max {5§m—17 BQm—lﬂva 07 % [62m—1(62m—1 + ﬂQm)] } (25)

Now, we claim that {8k}, i.e., {B2m } is non-increasing. Suppose not, i.e., Bam—1 < Pom, then by using
the inequality (2.5) with the property of ¢ and v, inequality (2.4) becomes

(14 pBom—11B3m < PB2m—1B3m + Bem—1B2m — ¢(B2m—1B2m),

i.e., 33, < B2, ,a contradiction. Therefore, Ba,, < Bom_1-

Similarly, if £ is odd, i.e., k =2m + 1,m = 0,1,2... | then one can obtain 8o, +1 < Bam. It follows that
the sequence {fi} is non-increasing for each k. Next, we claim that klim Br = 0. Suppose not, i.e., for
—00

some t > 0
lim B = ¢. (2.6)
Taking k£ — oo and using inequality (2.5) and equation (2.6), inequality (2.4) reduces to
[+ pt)t? < pt® +1 - o(t),
which implies that ¢(#?) < 0, a contradiction to the definition of ¢. Therefore,

lim f, = 0. (2.7)
k—o0
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Now, we show that the sequence {vy} is a Cauchy sequence. Let us assume that {vy} is not a Cauchy
sequence, so there exists an € > 0, for which, one can find two sequences of positive integers {m(k’)} and
{n(k")} such that n(k") > m(k’) > k" and

d(vm(k/)vvn(k’)) > € and d(vm(k’)a vn(k’)—l) < €, (28)
for all positive integers k’. Now,

€ < d(Vmk)> V) < Ad(Vmir)s Unkr)—1) T AVn(r)=1 Un(k))-
Letting k' — oo, we get

lim d(vm(k’)vvn(k:’)) = €. (29)

k’— 00
Using the triangular inequality, we have,
| d(Un(kys Ve +1) — AOmrys Vnen)| < A(Vm k) V) +1)-

Taking limit as ¥’ — oo and using equations (2.7) and (2.9) in the above inequality, we have

lim d(vn(k/)7vm(k/)+1) = €. (210)

k' —o0

Again using the triangular inequality, we have

|d(vm(k’)7 vn(k’)+1) - d(vm(k/)v Un(k’))| < d(vn(k’)v vn(k’)+1)

Taking limit as k' — oo and using equations (2.7) and (2.9), we have
lim d / / =e. 2.11
k’gnoo (vm(k )s Un(k )+1) € ( )
Similarly, using triangular inequality, we have

(V1) 415 Un(6)+1) = AVmir)s Vne))| < A(Vmerys Um(ery+1) + A(Vn i) Un(rry+1)

Taking limit as k' — oo and using equations(2.7) and (2.9) in the above inequality, we have

k}gnmd(vn(k/)+1, Um(k’)+1) = €. (212)
Taking u = ty,(r7) and v = uy(x) in (Cs) and using equations (2.2),(2.7)-(2.12) and then taking limit as
k — oo, we get

[1 —|—pe]e2 < p1(0,0,0,0) + €2 — ¢(62)7 ie., ped + (;5(62) <0,

which is a contradiction. Hence, the sequence {vy} is a Cauchy sequence in E. Suppose that A’'(F) is
a complete subspace of E, therefore, there exists some w € F such that vory1 = Tusps1 = A'uggrs —
w, as k — oco. Therefore, one can find z € E such that A’z = w. A Cauchy sequence {v; } has a convergent
subsequence {vai+1}, therefore the sequence {vy} converges and hence, we have vay, = Sugr = A ugg+1 —
w, as k — oo.

(a) Now we claim that Sz = w. For this, putting v = z and v = ugr41 in (Cs) and proceeding with
k — oo, we have

[1+ pd(w, w)]d*(Sz,w) < py(0,0,0,0) + m(w, w) — ¢(m(w, w)),
where

m(w,w) = max {cl2(1u7 w), d(w, Sz)d(w, w), d(w, w)d(w, Sz),

1
Sldw, $2)d(w, w) + dw, $2)d(w, w)]} =0,
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Simplifying the above inequality, we get d?(Sz,w) < 0, which is true for Sz = w. Hence, Sz = w =
A’z =, i.e., w is a coincidence point of S and A’.
(b) Since S(E) C A”(E), there exists a point x € E such that A”x = Sz = w. Now, we claim that
Tz = w, for this, substituting u = usg and v = x and taking limit & — oo in (C5), we get

[1 + pd(w, w))d*(w, Tx) < p(0,0,0,0) + m(w, w) — ¢(m(w, w)),
where

m(w,w) = max {d2(w, w), d(w, w)d(w, Tz), d(w, Tz)d(w, w),

%[d(w, w)d(w, Tz) + d(w, w)d(w, Tx)]} =0.

After simplification, we get d?(w,Tx) = 0, which implies that Tx = w. Hence, Tx = w = A"z, i.e., ©
is a coincidence point of T and A”.
(c) Since the pairs (T, A”) and (S, A’) are weakly compatible, therefore, we have A'w = A'Sz = SA'z =
Swand A"w=A"Te =TA"x = Tw.
(d)Next, we show that A’w = w.Substituting u = w and v = vag41 in (Cs) and proceeding k — oo, we
get

[1+ pd(A'w, w)]d*(Sw,w) < p(0,0,0,0) +m(Aw,w) — ¢(m(Aw,w)),
where
m(A'w,w) = max {dQ(A’w, Sw), d(A'w, Sw)d(w, w), d(A'w, w)d(w, Sw),

%[d(A’w, Sw)d(A'w, w) + d(w, Sw)d(w, w)]} = &(A'w,w).

Solving the above inequality, we get A’w = w. Hence, Sw = A'w = w.
(e) Now, we show that A”w = w, For this, taking v = v = w in (Cs), we get

[1 -+ pd(w, A"w)|d? (w, Tw) < pi(0,0,0,0) + m(w, A"w) — d(m(w, A"w)),
where

m(w, A”w) = max {d2(w7 A"w),0,d(w, Tw)d(A"w,w), 0} = d*(w, A"w).

After simplification, we conclude that A”w = w, hence, A”"w = Tw = w.
(f) Now, taking u = A4 -+ Agpw and v = w in (C5) and applying condition (Cs), we have

[+ pd(Ag - Agnw, w)]d2(As - - - Agpw, w) < pi(0,0,0,0) + m(Ayg - - Agnw, w)
- ¢(m(A4 o A2nw7 ’LU)),

where
m(Ay - Agpw,w) = max{d2(A4 o Agpw, w), 0, dZ(A4 oo Agpw,w), 0} = d2(A4 <o Agpw, w).

Solving, we get pd3(Ay--- Agpw, w) + ¢(d?(Ay - - Agpw,w)) < 0, which is possible only when
Ay Agpw = w. Therefore, w = A'w = AgAy--- Asypyw = Asw. Continuing in this manner, we get
Sw = Asw = Asqw = ... = Ay = w.
(g) Now taking u =w and v = Az -+ Ag,—1w in (C5) and applying condition (C3), we have

[1 + pd(w, A3 R AAQn,l’w)]dz(’w7 Ag e Agnfl’w) S
p(0,0,0,0) 4 d?(w, As - - - Agp_1w) — d(d*(w, Az - - - Agyy_1w)).
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After simplifying the above inequality, we get pd®(w, Asz--- As,_qw) < 0, which is possible only if
d(w, Az -+ Agp_1w) = 0. This implies that Asg--- Ag,—qw = w. Hence, Tw = Ajw = Asw = ... =
As, 1w = w. Hence, Sw = Tw = Ajw = Asw = Azw... = Agp_qw = A, w = w. Similarly, the result
holds if the subspace S(E) or T(E) or A”(FE) is assumed to be complete.

For the uniqueness, let y # w be two common fixed points of the above mentioned mappings. Taking
u=wand v=yin (Cs) , we get

[1+ pd(w, y)]d*(w, y) < pip(0,0,0,0) + d*(w,y) — ¢(d*(w,y)).
Simplifying it, we get pd®(w,y) + ¢(d?(w,y)) < 0, which is a contradiction, hence, y = w.
Thus, w is a unique common fixed point of S, T, Ay,As,..., As,—1 and Asg,. O
Now, we prove a fixed point theorem for weakly compatible mappings relaxing the condition of complete-

ness of the subspaces.

Theorem 2.3 Let A;(i = 1,2,...,2n), S and T be self mappings of a complete metric space (E,d)
satisfying the conditions (C1), (C2), (C4), (Cs) and

(Cs) one of the subspaces S(E) or T(E) or A/(E) or A”(E) is closed;
Then S, T, Ay, Aso,..., Aap_1 and As, have a unique common fixed point in E.

Proof: It is well known that the subspaces of a complete metric space is complete if and only if it is
closed. Hence, the conclusion follows easily from Theorem 2.2. O

Next, we establish the existence of a unique common fixed point for even number of weakly compatible
mappings satisfying the common property (E.A).

Theorem 2.4 Let S,T, A;(i = 1,2,...,2n) be self mappings of a metric space (E,d) satisfying the
conditions (C1), (C2), (Cy), (Cs) and (Cs). If the pairs (T, A”) and (S, A’) satisfy the common property
(E.A), then mappings Ay,As,..., Aspn_1, Aopn, S and T have a unique common fixed point in E.

Proof: Since the pairs (S, A’) and (T, A”) satisfy the common property (E.A), there exist two sequences
{ux} and {v;} in E such that

lim A'uy, = lim Suy = lim A”v, = lim Tv, = w, for some w € E.
k—oo k—o0 n—o00 n—oo

Assume that A”(F) is a closed subset of E, then there exists z € E such that w = A”z. Now, we prove
that Tz = w, for this taking u = u and v = z in (C5) and taking limit k — oo, we get

[1 + pd(w, w)]d?*(w,Tz) < py(0,0,0,0) + m(w,w) — ¢p(m(w,w)),
where

m(w,w) = max {dQ(w, w), d(w, w)d(w, Tz),d(w, Tz)d(w,w),

1
§[d(w,w)d(w,Tz) + d(w, w)d(w,Tz)]} =0.

After simplification, we get d?(w,Tz) = 0, which implies that Tz = w. Since T(E) C A'(E), there
exists € E such that w = Tz = A’z. Now, we claim that Sz = w. Substituting v = z and v = z in
(C5), we get

[1+ pd(w, w)]d*(Sz,w) < pip(0,0,0,0) + m(w, w) — $(m(w,w)),
where
m(w,w) = max {dz(w, w), d(w, Sz)d(w, w), d(w, w)d(w, Sx),
1

Sld(w, Sz)d(w,w) + d(w, S2)d(w,w)]} =0.
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Simplifying the above inequality, we get d?(Sx,w) = 0, which implies that Sz = w.Therefore, we
have Sz = A’z = Tz = A"z = w. Since the pairs (S, A’) and (T, A”) are weakly compatible mappings
and z and z are coincidences points of each respectively, therefore, A'w = A'Sx = SA'x = Sw and
A'w=A"Tz=TA"z = Tw. Taking u = z and v = w in (Cs), we get

[1+ pd(w, A"w)]d2(w, Tw) < piy(0,0,0,0) + m(w, A"w) — d(m(w, A"w)),
where

m(w, A"w) = max {dQ(w, A"w), 0, d(w, Tw)d(A" w,w), 0} = d*(w, Tw).

After simplification, we have pd®(w,Tw) + ¢(d?(w,Tw)) < 0, which is true only for Tw = w, hence,
A"w = Tw = w. Further, taking u = v = w in (C5), we get

[1 + pd(A'w, w)]d*(Sw,w) < p(0,0,0,0) +m(Aw,w) — ¢(m(A'w,w)),

where
m(A'w, w) = max {d2(A’w, Sw), d(A'w, Sw)d(w, w), d(A'w,w)d(w, Sw),
g«ymswaAwwo+amsmaw#m}:ﬁpﬁmm.
Solving the above inequality, we get A'w = w. Hence, Sw = A'w = w. From the steps (f) and
(g9) of Theorem 2.2, it is clear that Sw = Ayw = Aqw = ... = Ag,w = w and Tw = Ajw = Azw =

= Ag,_1w = w. Thus, w is a common fixed point of mappings S, T and {A;}?",. Similarly, one can

complete the proof by considering A'(E) or T(E) or S(E) a closed subspace of E Uniqueness follows
easily. This completes the proof. O

Now, we prove theorems for a family of mappings employing the common limit range property. Before

proving the theorem, first, we prove the following lemma :

Lemma 2.1 Let (E,d) be a metric space. Let S, T and A;(i = 1...2n) be self mappings defined on E
satisfying the conditions (Cy), (Cs) and

(C7) the pairs (S, A”) and (T, A") satisfy the property (CLR /) and the property (CLR ) respectively,
(Cs) one of the subspaces A'(E) or A”(E) is closed subset of E,

(Cy) {Sux} and {Tvi} converge for every sequences {uy} and {vi} in E whenever {A'ur} and {A" vy}
converge,

Then the pairs (S, A’) and (T, A”) share the property (CLR ).

Proof: Suppose that the pair (A4’,S) satisfies the property (CLR4/), so there exists a sequence {uy}

in E such that klim Alug, = klim Sup, = z,z € A/(E). Since S(E) C A”(F), therefore, for each {u}
—00 —00

there corresponds a sequence {v;} € E such that Sup = A”vj. Since A”(E) is a closed subset, therefore
khm Ay, = hm Su;c =z,z € A”(E). Hence, z € A/(F) N A”(E). Thus, we have A'up, — z, Sup — z

and A"v, — 2 as k — oo. By (Cy), {Tvi} converges. We claim that klim Twv, = z. Suppose not, i.e.,
— 00

khm Tui, = t(# z). Taking u = ug, v = vy in (Cs) and letting k — oo, we get
— 00

(14 pd(z, 2] (2,8) < p(0,0,0,0) + m(z, 2) — B(m(= 2),
where

m(z,z) = max {dz(z, 2),d(z,2)d(z,t),d(z,t)d(z, z),

1
aﬂaaﬂ@ﬂ+ﬂmdﬂAM}=0
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Solving, we get pd®(z,t) < 0. Since z # t, therefore, pd®(z,t) < 0, but this is a contradiction, hence,
z =1, ie., klim T, = z, which shows that the pairs (A’,S) and (A", T) share the property (CLRasar).
— 00

Hence the proof. O

Remark 2.1 Converse of the above Lemma 2.1 is not true in general,(see Example 3.5, [10]).

Theorem 2.5 Let (E,d) be a metric space. Let A;(i =1...2n), S and T be self mappings of E satis-
fying the conditions (C3) and (Cs) of Theorem 2.2. If the pairs (S, A’) and (T, A”) enjoy the property
(CLR 4 an), then the pairs (S, A’) and (T, A”) have a coincidence point each. Moreover, the aformen-
tioned mappings have a unique common fixed point in E, if the pairs (S, A") and (T,A”) are weakly
compatible.

Proof: Since the pairs (S, A") and (T, A”) enjoy the property (CLR 44~ ), there exists sequences {uy,}
and {vi} in E such that hm Aluy, = hm Su;C = lim A"v, = hm Tvk =z z€ A(E)NnA'(E). Also

— 00 n—r00

z € A'(F) implies the ex1stence of a pomt w € E such that A’w = z. We claim that Sw = A’w. Putting
u=w, v =g in (C5) and taking limit as k — oo, we get

[1+ pd(z, 2)]d*(Sw, z) < pp(0,0,0,0) + m(z, z) — ¢(m(z, 2)),
where

m(z,z) = max {(12(27 z),d(z, Sw)d(z, z),d(z, z)d(z, Sw),

%[d(z, Sw)d(z,2) + d(z, Sw)d(z, )]} = 0.

Solving the above inequality, we have, d?(Sw, z) = 0, implies that Sw = 2. Therefore, w is a coincidence
point of A" and S. As z € A”(E), so there exists a point © € E such that A"z = z. We claim that
A"x = Tz, for this, replacing u = w, v =z in (C5), we get

[1+ pd(z, 2)]d*(z,Tx) < p¢(0, 0,0, O) +m(z, z) — ¢(m(z, 2)),
where
m(z,z) = max {dQ(z, 2),d(z,2)d(z,Tx),d(z,Tz)d(z, z),

%[d(z, 2)d(z, Tx) + d(z,z)d(z, Ta:)]} =0.

Simplifying the above inequality, we have, pd®(z, Tz) < 0, which holds only if Tz = z. So, A"z = Tx =
z, i.e.,x is a coincidence point of A” and T. Since the pairs (A’,S) and (A”,T) are weakly compatible
and w and x are coincidences point of each respectively, therefore, we have A’z = A’Sw = SA'w = Sz
and A"z = A"Tx = TA"x = Tz. Now, we claim that A’z = 2. Taking u = z and v = x in (C5), we have

[1+ pd(A’z, 2)]d*(Sz,2) < py(0,0,0,0) + m(A'z, 2) — p(m(A'z, 2)),
where

m(A'z, z) = max {d2(A'z, 2),d(A'z,82)d(z,2),d(A'z, z)d(z, Sz),
1

SlA(A'=, S2)d(A'z, 2) + d(z, S2)d z)]} = 2(A'2, 7).

After simplification, we conclude that d(A’z, z) = 0, which implies that A’z = z. Hence, Sz = A’z = 2.
Next, we claim that A”z = z. For this, substituting u = w,v = z in (C5), we have

[+ pd(z, A"2)|d*(2,T2) < pip(0,0,0,0) +m(z, A”z) — ¢p(m(z, A"2)),
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where
m(z, A”z) = max {afz(z7 A"2),d(z,2)d(A"2,Tz),d(z,Tz)d(A" z, 2),

%[d(z, 2)d(z,Tz) + d(A"z, 2)d(A"z, Tz)]} = (2, A"2).

After simplification, we get pd®(z, A”z) + ¢(d?(z, A”z)) < 0, which holds only for A”z = z and hence,
z = A"z = Tz. Now, taking u = Ay...As,z, v = z in (C5), applying condition (C2) and following
the step (f) of Theorem 2.2, we get Sz = Asz = Ayz = ... = Ay,z = z. Next, taking u = z and
v = A3--+Ay,_1z in (C5) and applying condition (C3) and following the step (g) of Theorem 2.2, we

have, Tz = A1z = A3z = ... = Ag,_12 = z. Uniqueness follows easily. Thus, w is a unique common fixed
point of S, T,Al,AQ,..., Ag,_1 and Ag,. O

Theorem 2.6 Let S, T and A;(i = 1...2n) be self mappings of a metric space (E,d) satisfying the
conditions (C1), (C2) and (C5) of Theorem 2.2 and conditions (C7) — (Cy) of Lemma 2.1. If the pairs
(S,A") and (T, A") are weakly compatible, then the above-stated mappings have a unique common fized
point in F.

Proof: It follows from Lemma 2.1 that the pairs (S, A") and (T, A”) satisfy the property (CLRasa),
hence all the conditions of the Theorem 2.5 are satisfied and both the pairs (S, A’) and (T, A”) are weakly
compatible, therefore, S, T,A1,As,..., Aa,_1 and As, have a unique common fixed point in E. O

Now, we present slight generalized form of the above stated Theorems.

Theorem 2.7 Let (E,d) be a metric space and let {Sx}rea and A;(j =1...2n) be two families of self
mappings of E. Suppose there exists a fivred o € A such that:

(Cro) Sa(E) C A" (E) for some o € A and Sx(E) C A/(E) for each A € A, X # «;

(C11) A1(Az---Agpq) = (Ag -+~ Agp—1) Ay,
A1A3(As - Agpo1) = (A5 -+ - Agp1) A1 As,

A1Ag - Aop_3(Agp_1) = (Aop—1)A1Ag - - Aop_3;
Sx(Az---Agp_1) = (A3--- Az_1)Sn,

Sa(As - Aop1) = (A5 - - Aop—1) S,

SrAon—1 = A2pn_15x;

Ax(Ay---Agp) = (A Agpn)Aa,

A Ay(Ag -+ Aop) = (Ag - -~ Aop) A2 Ay,

AsAy -+ Agp_o(Aop) = (Agn)AsAs -+ Agys;
Sa(A4 te AQn) - (A4 e AQ’I’L)SOU

Sa(AG e A2n) = (AG e A2n)So¢;

SaAQn = AZnSa;
(Ch2) one of the subspaces So(E) or Sx(E) or A/(E) or A”(E) is complete;

(C13) the pairs (Sx, A”) and (S, A') are weakly compatible;
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(Cr4) foryp € U, ¢ € O, real number p > 0 and for all u,v € E,

[1+ pd(A'u, A"v)]|d*(Sau, Sxv) <pi <d2 (A'u, Squ)d(A"v, Sxv), d(A'u, Sou)d*(A v, Syv),
d(A'u, Squ)d(A'u, S\v)d(A"v, Squ),
A(A'u, Sy0)d(A"v, Suu)d(A", Sw)>
+m(A'u, A"v) — p(m(A'u, A"v)),
where
m(A'u, A”v) = max {dQ(A’u, A", d(A'u, Squ)d(A"v, Syv), d(A'u, S\v)d(A”v, Squ),

%[d(A’u, Saw)d(A'u, Syv) + d(A"v, Sau)d(A"v, Syv)] }

Then all Sy and A; have a unique common fized point in E.

Proof: Let Sy, € {Sx}area be fixed. By taking S = S,, T = S, and applying Theorem 2.2, it follows
that there exists some z € E such that Spz = Sy,2 = A1z = Aoz =2= A3z = ... = Agpz = 2.
Let A € A be arbitrary. Then, by taking u = v = z in (C14), we get

[1+ pd(z,2)]d*(z, Sxz) < p1(0,0,0,0) + 0 — ¢(0).

Simplifying it, we get Syz = z. Since A was arbitrary, therefore Syz = z, for each A € A. Uniqueness
follows easily. Thus, all S\ and A; have a unique common fixed point in E. O

Replacing the completeness of the above-mentioned subspaces in Theorem 2.7, the following results are
obtained.

Theorem 2.8 Let {Sx}aca and A;(j = 1...2n) be two families of self mappings of a complete metric
space (E,d) and oo € A be fized such that conditions (Cho),(Ci1), (Ci3) and (Cia) of Theorem 2.7 are
satisfied. If one of the subspaces So(E) or S\(E) or A'(E) or A”(E) is closed, then all Sy and A; have
a unique common fixed point.

Theorem 2.9 Let {Sx}aen and Aj(j = 1...2n) be two families of self mappings of a metric space
(E,d). Let a € A be fized such that conditions (C11),(C13) and (C14) of Theorem 2.7 are satisfied. If the
pairs (Sx, A"”) and (Sa, A’) enjoy the property (CLRas ), then all Sy and A; have a unique common
fized point.

Remark 2.2 Theorems 2.7 - 2.9 generalize the result of Ciri¢ et al. [7,8] and Razani and Yazadi [25]
for family of mappings.

Remark 2.3 Taking n = 2, Theorems 2.2- 2.6 present a generalized version of Theorem 1.2 for six
mappings.

Remark 2.4 Taking n =1 in Theorems 2.2- 2.6, we get following extended and generalized versions
of the results of Ciri¢ [6], Chugh and Kumar [9], Jain and Kumar [11] , Jain et al. [13,15], Jungck
[16], Kang et al. [19], Murthy and Prasad [24] and Zhang and Song [30].

Theorem 2.10 Let (E,d) be a complete metric space and S, T, A1 and Ay be four self mappings of E
satisfying the following conditions

(Crx) S(E) C Au(E), T(E) C A3(E);
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(Cox) TAy = AT, SAs = AsS;

(C5%) one of the subspace S(E) or T(E) or A1(E) or As(E) is complete;
(Cax)

(Cs%)

pairs (S, As) and (T, A1) are weakly compatible;

for all u,v € E, there exist functions ¢ € ® and ¥ € ¥ with a positive real number p such that
[1 + pd(Agu, Ayv)]d*(Su, Tv) < pip <d2 (Agu, Su)d(Ayv, Tv), d(Agu, Su)d*(Ayv, Tv),

d(Asu, Su)d(Aqu, Tv)d(Arv, Su), d(Asu, Tv)d(Arv, Su)d(Ayv, Tv)) +

m(Azu, A1) — ¢(m(Azu, A1v)),
where
m(Agu, A1v) = max {d2(A2u, A1), d(Azu, Su)d(A1v, Tv), d(Agu, Tv)d(Ayv, Su),
1

5 [A(Azu, Su)d(Azu, Tv) + d(Arv, Su)d(Aro, To) }

Then S, T, Ay and Ay have a unique common fized point in E.

Theorem 2.11 Let S,T, A1 and Az be four self mappings of a complete metric space (E,d) satisfying
the conditions (Ch%), (Cax), (Cyx), (Cs%) and
(Cex) one of the subspace S(E) or T(E) or A1(E) or Ay(E) is closed.

Then S, T, A1 and As have a unique common fized point in E.

Theorem 2.12 Let S, T, A; and As be four self mappings of a metric space (E,d) satisfying the condi-
tions (C1%), (Cox), (Cyx), (Cs%) and (Cex). If the pairs (S, A2) and (T, A1) satisfy the common property
(E.A), then S,T, A1 and As have a unique common fized point in E.

3. Application

Throughout this section, we assume that U and V are Banach spaces, S C U and D C V are state
and decision spaces respectively. Let R denote the field of real numbers and B(S) denotes the set of all
bounded real valued functions on S.

Bellman and Lee [4] presented the basic form of functional equation of dynamic programming as follows:
h(u) = opt, G(u, v, h(T(u,v))),

where u and v are the state and decision vectors respectively, 7 is the transformation of the process and
h(u) is the optimal return with initial state u and opt denotes max or min.

As an application of Theorem 2.11, we investigate the existence and uniqueness of a common solution
of the following functional equations arising in dynamic programming.

hi(u) = sup Gi(u, v, hi((u,v))),u € S, (3.1)
ki (u) = iggm(u,v, ki (m(u,v))),u € S, (3.2)

where 7: S x D — Sand G, F; : Sx DxR = R,i=1,2.
Define P; and @Q; as follows

Pif(u) = sugFi(u,v,f(T(u,v))),u €S,
Ve R (3.3)

Qig(u) = supG;(u, v, g(7(u,v))),u € S,
veD

forallu e S; f,g € B(S),i=1,2.
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Theorem 3.1 Suppose that the following conditions hold:
(D1) G; and F; are bounded fori=1,2.
(Dy) For sequences {fn}, {gn} C B(S) and f,g € B(S) with
lim sup|f(u) ~ f()] =0 and lim_suplg(u) — g(u)| =0,

N0 e d ues

there exists f;,g; € B(S) such that g = Paf; and f = Pyg;, fori=1 or 2.

(D3) For any f € B(S), there exists g1, g2 € B(S) such that Q1 f(u) = Paga(u) and Qaf (u) = Pigi(u),
ues.

(Dy4) For any f,g € B(S), Pof = Q1f implies that Q1P1f = PiQ1f and Pyg = Qo9 implies that
PrQ29 = Q2Pag.

(Ds) For all (u,v) € S x D, f,g € B(S),t € S such that
G100, 7(0) = Galu g < 217 (00 (oS, Qe Prs. Qro)
d(Pof,Q2f)d*(Prg, Q19), d(Paf, Q2 f)d(Py f, Q19)d(P1g, Q2 f),

d(P2f,Q19)d(Prg, Q2f)d(P1g, ng)) +m(Pof, Prg) — ¢p(m(Paf, Plg))>,

where
m(Pyf, Prg) = max {d*(Pof, Prg),d(P2 f, Q2 f)d(P1g, Q19), d(P2 f, Q19)d(P1rg, Q2 f),

1
§[d(P2f» Q2/)d(P2f, Q19)] + d(Prg, Q2f)d(P1g, Q19)},
M = [1 + p sup | Py f(u) — Plg(u)\] , 0 €D, €V, pis a positive real number and the mappings

uesS
Py, Py, Q1 and Qo are defined as in (3.3).

Then the system of functional equations given by (3.1) and (3.2) have a unique common solution in B(S).

Proof: Let d(h, k) = sup |h(u) — k(u)|, for any h,k € B(S). Obviously, (B(S),d) is a complete metric
ues

space. From conditions (D1) — (Da), Pi, Q; are self mappings of B(S), for i = 1,2, Q1(B(95)) C P2(B(5))

and Q2(B(5)) C Pi(B(S)), Pi(B(S)) or Pa(B(S)) is closed subspace and the pairs (P;, Q;) are weakly

compatible for i = 1,2. For n > 0, u € S and g1, g2 € B(S), there exists vy, v € D such that

Qigi(u) < Gi(u, vy, gi(u;)) +n, (3.4)

where u; = 7(u,v;),7 =1,2. Also, we have
Q191(u) > Gy1(u, vz, g1(uz)), (3.5)
Q292(u) > Go(u,v1, g2(u1)). (3.6)

From (3.4),(3.6) and (Ds), we have
(Q1g1(u) — Qag2(u))? <(G1(u,v1,91(u1)) — Go(u, v1,g2(u1))) +1)?
=(G1(u,v1,91(u1)) — Ga(u,v1,92(u1)))* + £

<M (p¢<d2(P2917 Q291)d(Prg, Q192), d(Pagy, Q2g1)d* (Prg2, Q192),

d(P2g1, Q291)d(Pag1, Q192)d(Prg2, Q291), (37)

)
d(P2g1, Q192)d(P1g2, Q291)d(P1 g2, ngz)) +

m(Pagi, Prg2) — ¢(m(Pagi, P192))> + ¢,
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where £ = 1? + 2n(G; — G2). From (3.4), (3.5) and (D), we have

(Q91 () — Qag2(u)? >(G1(u, vz, g1 (u2)) — Ga(u, v2, g2(uz)) —n)*
= (G1(u, v2, g1 (u2)) — G2(u, v2, g2(u2))*&

> M1 (P¢(d2(P2917 Q291)d(P1g, Q192), d(Pag1, Q291)d* (Pi g2, Q192),

d(P2g1,Q291)d(Pag1, Q192)d(P1 g2, Q291), (3.8)
d(P2g1,Q192)d(P1g2, Q291)d(P1 g2, Q192)>+

m(Pag1, Prg2) — ¢(m(Pagi, P192))) -¢,

& =n? —2n(Gy — G2) < & From (3.7) and (3.8), we obtain

|Q191(u) — Q2g2(uw)|* < M ™! (pw(dQ(Pwh Q291)d(P1g, Q192), d(Pag1, Q291)d* (P1g2, Q192),
d(P291,Q291)d(P291,ngz)d(P1g2,Q291)7d(P2917ngz)d(P1g27Q291)d(P1g2,ngz))+ (3.9)

m(Peg1, Prg2) — ¢(m(Pagi, P192))) +&,
As 1) > 0 is arbitrary and (3.9) is true for all u € S, taking supremum, we get

[1 + pd(P1g1,P292)]d*(Q101, Q292) < p¢<d2(P291, Q291)d(P1g, Q192), d(P2g1, Q291)d* (P1 g, Q192),

d(P2g1, Q291)d(Pagr, Q192)d(P1g2, Q291), d(P2g1, Q192)d(P1g2, Q291)d(P1 g2, Q192)> +

(3.10)
m(Pag1, Prg2) — ¢(m(Pagi, P192))>-

Therefore, Theorem 2.11 applies, where Pi, 5, Q1, Q2 correspond to the mappings Ay, As, S, T respec-
tively. So, Pi, Py, @1 and @2 have a unique common fixed point g* € B(.5), i.e., ¢*(u) is a unique common
solution of the system of functional equations (3.1) and (3.2). O
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