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Fixed point theorems for generalized weak integral contractive condition
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ABSTRACT: In the present work, we establish the existence of common fixed points for pairs of subsequential
continuous mappings and variants of sequential continuous mappings as well as variants of R-weakly commut-
ing mappings, non-compatible and faintly compatible mappings satisfying a generalized (v, ¢)-weak integral
contractive condition involving cubic terms of distance functions. We also discuss the existence and uniqueness
of common solutions for a system of functional equations arising in dynamic programming.

Key Words: Generalized (¢, ¢)-weak integral contractive condition, faintly compatible mappings,
R-weakly commuting mappings, subsequential continuous mappings, variants of sequential continuous
mappings, functional equations.

Contents
1 Introduction and preliminaries 1
2 Main results 4
3 Consequences and Example 12
4 Application 14
5 Conclusion 17

1. Introduction and preliminaries

Banach contraction principle [5] ensures the existence and uniqueness of fixed point for every con-
traction mapping defined on a complete metric space. Over a hundred years, researchers have made efforts
to extend, generalize and improve the Banach fixed point theorem in various directions. Jungck [21] was
the first to prove a common fixed point theorem for a pair of commuting mappings. This theorem paved
the path of generalization of the Banach contraction principle for a pair/pairs of mappings satisfying a
set of minimal commutative conditions.

Now, we recall some basic definitions that are useful for this paper.
Let (E,d) be a metric space and (S,T) be a pair of self mappings of E. Let X, denotes a collection of
all sequences {u,} of F such that lim Su, = lim Tu, = z, for some z € E.

n—oo n—00

Definition 1.1 The pair (S,T) is said to be
(i) compatible [22] if and only if lim d(STun,,TSu,) = 0, for any sequence {u,} € X,.
n—oo

(ii) non-compatible [22] if there exists a sequence {u,} € X, such that lim d(STu,,TSu,) is

n— oo
either non zero or does not exist.

(iii) weakly compatible [23] if the pair commutes on the set of coincidence points, i.e., STu = T'Su,
whenever Su = Tu for some u € E.

(iv) occasionally weakly compatible [3], if there exists a coincidence point u € E such that Su = Tu
implies STu = T'Su.
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In 1994, Pant [33] introduced the notion of R—weak commutativity in metric spaces. In 1997, Pathak
et al. [37] gave the generalization of R-weakly commuting in the form of R-weakly commuting of type
(Ag) and type (Ar). Further, Kumar and Garg [28] introduced the notion of R-weakly commuting of
type (P).

Definition 1.2 The pair (S,T) is said to be

(i) R-weakly commuting [33] if there exists R > 0 such that d(STu,TSu) < Rd(Su,Tu),

(ii) R-weakly commuting of type (As) [37] if there exists R > 0 such that d(STu,TTu) < Rd(Su,Tu),
(iii) R-weakly commuting of type (A7) [37] if there exists R > 0 such that d(T'Su, SSu) < Rd(Su,Tu),
(iv) R-weakly commuting of type (P) [28] if there exists R > 0 such that d(SSu,TTu) < Rd(Su,Tu),
for all u € E.

Remark 1.1 Notions of R-weakly commuting and R-weakly commuting of type (Ag) or type (Ar)
are independent to each other,(see, [37]). But at a coincidence point, R-weakly commuting and all
the notions analogous to R-weakly commuting are equivalent and imply commutativity, (see, [1]

). Both compatible and non-compatible mappings can imply R-weakly commuting of type (Ag) or

(Ar),(see, [32,36] ).

In 2010, Pant et. al[31] redefined the concept of occasionally weakly compatible mappings in the form
of conditional commuting mappings. In 2012, Pant and Bisht [35] introduced a concept of conditional
compatible mappings and proved that conditional compatibility is independent of compatibility condition.
They also proved that conditional compatible mappings need not commute at the coincidence points. In
2013, Bisht and Sahhzad [10] introduced the notion of conditionally compatible mappings in a different
setting and coined it as faintly compatible mappings.

Definition 1.3 The pair (S, T) is said to be
(i) conditionally commuting [31] if the pair commutes on a non empty subset of the set of coinci-
dence points whenever the set of coincidences is non empty.

(ii) conditionally compatible [35] if and only if there exists a sequence {v,} € X, such that

lim d(STvy,, TSv,) =0,

n—oo

whenever the set X, # ()

(iii) faintly compatible [10] if and only if the pair (S,T) is conditionally compatible and S and T
commute on a non empty subset of coincidence points whenever the set of coincidences is non
empty.

For a comparative discussion on Definition 1.3 along with Definition 1.1, we present the following
examples.

(a) Conditional compatibility does not imply compatibility, see the example given below

Example 1.1 Let £ = [2,10] and d be a usual metric. Let S,T : E — FE be two mappings

defined as Su = 3, Tu = 6 —u, u € [2,3] and Su = 4, Tu = 10, u € (3,10]. If we consider
the constant sequence {u,}, where u, = 3, for each n, then lim Sw, = 3, lim Tu, = 3 and
n—oo n— oo
hm d(STun,TSun) = 0, but if we consider the sequence {3 — 1}, then hm Sun = lim Tu, =3
n—oo

and lim d(STuy,, TSu,) =1+# 0. Thus S and T are conditionally compatlble but not compatible.
n—oo

(b) Faintly compatibility and non-compatibility are independent of each other, see examples given below

Example 1.2 Let E = [0,10] and d be a usual metric. Let S,T : E — E be two mappings defined
as Su =10, Tu = 0, u E [0,6) and Su =0, Tu = u — 6, u € [6,10]. If we consider the sequence
{un}, where u, = 6 + , for each n, then hm Sun = lim Tu,, = 0 and hm d(STun,TSun) =

n—oo

10 # 0.Thus S and T' are non-compatible but not faintly compatible.
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(c) Weakly compatibility implies faintly compatibility but the converse may not be true.

Example 1.3 Let E = [0, g] and d be a usual metric. Define self mappings S and T as Tu = 4;8“
and Su = % - |% - u|, for allu € E. Consider a constant sequence {u, = %} and a coincidence
point u = % for which the mappings S and 7' are commuting, therefore, the pair (S,7T) is faintly
compatible. But the mappings do not commute at the coincidence point u = %, hence, pair (S,T)

is not weakly compatible.

In 1998, Pant [34] introduced the concept of reciprocal continuity and initiated the study of fixed
points for discontinuous mappings. In 2009, Bouhadjera and Godet-Thobie [11] introduced the concept of
subsequential continuous mappings. In 2012, Gopal et al. [17] gave the concept of variants of sequential
continuous mappings ( type (Ag), type (Ar)). Motivated by Gopal et al. [17], Chauhan et al. [15]
presented the concept of sequential continuous mappings of type (P).

Definition 1.4 The pair (S,T) is said to be

(i) reciprocally continuous [34] if lim STwu, = Sz and lim T'Su, = Tz, for any sequence {u,} €
n—oo n—oo
X,

(ii) subsequential continuous [11], if there exists a sequence {u, } € &,, such that lim STu, = Sz

n—oo
and lim TSu, =T-z.
n—oo

(iii) sequentially continuous of type (Ag) [17] if and only if there exists a sequence {u,} € X, such
that lim STwu, = Sz and lim TTu, =Tz.
n—oo

n—oo
(iv) sequentially continuous of type (A7) [17] if and only if there exists a sequence {u,} € X, such
that lim T'Su, =Tz and lim SSu, = Sz.
n—oQ

n—oo
(v) sequentially continuous of type (P) [15] if and only if there exists a sequence {u,} € &), such
that lim SSu, = Sz and lim TTu, =Tz.

n—roo n—roo

Remark 1.2 If the pair (S,7) is continuous then it is reciprocally continuous and subsequential
continuous also, but the converse is not true in general (see [26, Example 2.2]).

Remark 1.3 Subsequential continuity and reciprocal continuity are independent from each other(see
[26, Examples 2.3- 2.4]). Also, it may be noted that the concept of subsequential continuity and
sequential continuity of type (Ag) and type (Ar) are independent of each other(see, [17, Example
2.1- 2.2]).

Khan et al. [27] gave the idea of altering the distance/control function as follows. An altering distance
is an increasing continuous function ¢ : [0,00) — [0, 00) which vanishes only at zero. Many researchers
generalized the Banach contraction principle using control functions. In this direction, Boyd and Wong
[12] introduced the concept of ¢ contraction mappings as follows. A self mapping 7" defined on a complete
metric space E is said to be ¢ contraction mapping if d(Tu, Tv) < ¢(d(u,v)), for all u,v € E, where
¢ :[0,00) = [0,00) is an upper semi continuous function from right such that 0 < ¢(¢) < ¢ for all ¢ > 0.

Alber and Guerre- Delabriere [2] generalized ¢ contraction to ¢—weak contraction in Hilbert spaces,
and further, Rhoades [39] proved some results of ¢p—weak contraction in the setting of complete metric
spaces.

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

In 2013, Murthy and Prasad [30] introduced a new weak contraction involving cubic terms of distance
functions.

Theorem 1.1 [30] Let T be a self mapping on a complete metric space E satisfying
1
[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) — p(m(u,v)), (1.1)
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where

m(u,v) = max {dz(u, v), d(u, Tu)d(v, Tv), d(u, Tv)d(v, Tu),
1
5[, Tu)d(u, Tv) + d(v, Tu)d(v, Tv)]}, (1.2)
p >0 is a real number and ¢ : [0,00) — [0,00) is a continuous function with ¢p(t) =0 if and only if t =0
and ¢(t) > 0, for each t > 0. Then T has a unique fized point in E.

In 2022, Kavita and Kumar [25] generalized the weak contraction (1.1) by introducing a generalized
(1, )—weak contraction involving cubic terms of distance functions.

In 2002, Branciari [13] introduced an integral version of the Banach contraction principle and obtained
a fixed point theorem for a contractive mapping of integral type in metric spaces as follows.

Theorem 1.2 [13] Let (E,d) be a complete metric space and f : E — E be a mapping such that for
each u,v € E and ¢ € (0,1)

d(fu,fv) d(u,v)
()t < ¢ / C()dt,
0

0

where ¢ : [0,00) — [0,00) is a Lebesgue integrable function, which is summable on each compact subset of
[0, 00) such that for each € > 0, [((t)dt > 0. Then f has a unique fized point z € E and lim f"u = z,
0 n—oo

for eachu € E.

In recent years, researchers have been fascinated with the study of common fixed points for pairs of
mappings satisfying contractive conditions of integral type and proved several fixed point theorems for
more general integral contractive mappings, see, for example, [4,6,15,16,29,40,41].

The present work aims to establish the existence of a common fixed point for pairs of subsequential
continuous mappings and variants of sequential continuous mappings as well as variants of R-weakly
commuting mappings, faintly compatible mappings satisfying a generalized (1, ¢)-weak integral contrac-
tive condition involving cubic terms of distance functions that improve the Theorem 1.1 and the results
of Branciari [13], Jain et al. [18,20], Kang et al. [24] and Murthy and Prasad [30], Kumar et al. [29] and
many more results cited in the literature.

2. Main results

Let ¥ be a collection of all non decreasing functions 1 : [0, 00)* — [0, 00) such that 1) is an upper
semi continuous in each coordinate variables and for each ¢ > 0,

A(t) = max{y(t,t,0,0),4(0,0,0,t),4(0,0,t,0),9(t, ¢, t,t)} <t

Let @ be a collection of all continuous functions ¢ : [0,00) — [0, 00) such that ¢(¢) > 0 and ¢(0) = 0.

Let A be a collection of all sequences {u,} of E such that lim fu, = lim Su, = z, for some x € F
n—oo n—oo
and B be a collection of all sequences {v,} of E such that lim gv, = lim Tv, = y, for some y € E,

n—oo n—oo
where f,g,S and T are self mappings of a metric space F.

Now, we establish the existence of a fixed point for pairs of subsequential continuous mappings and
variants of sequential continuous mappings as well as variants of R-weakly commuting mappings.
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Theorem 2.1 Let (E,d) be a metric space and f, g, S and T be self mappings defined on E such that
for all u,v € E, there exists a function ¢ € ®, a function ¢ € ¥ and a real number p > 0 such that

d(fu,gv) d(Su,Tv) ) d(fu,Su) ) d(gv,Tv)
ver [ ocwa]( [ cow) Spw(( [ cwa) - [ cwa
0 0 0 0
d(fu,Su) d(gv,Tv) )
dt - d
[ e ([ cwar) o
d(fu,Su) d(fu,Tv) d(gv,Su) .
[ e [T cwae [T car
d(fu,Tv) d(gv,Su) d(gv,Tv)
/0 C(t)dt - /0 C(t)dt /O C(t)dt)
+m(fu, gv) — d(m(fu, gv)),
where
d(fu,gv) 2 d(fu,Su) d(gv,Tv)
m(fuge) = max{( [ cwar) [T cwa [ coar
d(fu,Tv) d(gv,Su)
[ cwa [ ¢
0 0 (2.2)

1 d(fu,Su) d(fu,Tv)
UL cwa [T e
0 0

d(gv,Su) d(gv,Tv)
[ e [ cwan).

and ¢ : [0,00) — [0,00) is a Lebesgue integrable function which is summable on each compact subset
of [0,00) such that for each € > 0, [((t)dt > 0. Suppose the pairs (f,S) and (g,T) are either of the
0
followings
(i) subsequential continuous as well as R-weakly commuting.

(i1) sequential continuous of type (As) and (Ay) as well as R-weakly commuting of type (As) and (Ay)
respectively.

(#ii) sequential continuous of type (Ag) and (Ar) as well as R-weakly commuting of type (Ag) and (Ar)
respectively.

(iv) sequential continuous of type (P) as well as R-weakly commuting of type (P).

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

Proof: Case (i) Suppose the pair (f,S) is subsequential continuous as well as R—weakly commuting.
Then there exists a sequence {u,} in A such that lim fSu, = fz and lim Sfu, = Sz, for some z € E.
n—oo n—oo

Also, nh—{%o d(fSup, Sfu,) < Rd(fun, Su,) = 0, which implies that d(fz,Sz) = nh_{r;o d(fSun, Sfu,) =0.
Therefore, we have fz = Sz, i.e., z is a coincidence point of the pair (f,5).

As the pair (g, 7T) is subsequential continuous as well as R—weakly commuting, there exists a sequence
{vn} € B such that nh_}ngo gTv, = gw and nh_)ngo Tgv, = Tw, for some w € E. Also, nh_)n;o d(gTv,, Tgvy,) <
Rd(gvy, Tvy,) = 0 implies that nll_{rolo d(gTvn, Tgu,) =0, ie., d(gw, Tw) = 0, i.e., gw = Tw. Thus, w is a

coincidence point of the pair (g, 7).



KaviTa AND S. KUMAR

Now, we claim that z = w. Taking u = u,, and v = v, in (2.1) and (2.2) and letting n — oo, we have

d(z,w) d(z,w) d(z,z) d(w,w)

vep [ cwa]( [ <(t>dt)2§pw<( [ cwa) [ <o

0

o

where

m(z,w) = max { ( /Od(z,w) C(t)dt)z, /Od(272) C(t)dt - /Od(w,w) ¢(t)dt,
/ v / 7 o
0 0
2| /O e /0 s
d(w,z) d(w,w)
| e [ o)

_ (/Od(z’w) g(t)dt)2.

After simplification, we get

[}

which is true only if d(z,w) =0, i.e., z = w.

Next, we claim that Sz = z. Substituting u = z and v = v,, in (2.1) and (2.2) and letting n — co, we
have

d(fz,2) d(52,2) , d(fz,S2) , d(z,2)
ten [ o] ([ o) <pw<( [ cwar) [ cwa,
0 0 0 0

d(fz,5z) d(z,2) 2
[ e ([ coar)”

d(fz,Sz) d(fz,z) d(z,5z)
| ewa [ cwa [T

d(fz,z) d(z,Sz) d(z,z)
[ [ o | <<t>dt>

+m(fz,2) = ¢(m(fz,2)),
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where
m(fz, 2) zmax{< /0 d(fw)g(t)dt)Q, /0 d(fzySZ)Q(t)dt- /0 d(z’z)g(t)dt,
d(fz,z) d(z,5z)
[ cwar [
0 0

1 d(fz,Sz) d(fz,z)
o /O C(t)dt /0 C(t)dt+

d(z,52) d(z,2)
/0 ¢(t)dt - /0 C(yat]}.

On solving, we conclude that

d(Sz,z)

p( / C(t)dt>3 +¢(</Od(sz’Z) C(t)dt)Q) <0.

0

which holds only for d(Sz,z) =0, i.e., Sz = z.
Next, we prove that gz = z. For this, taking u = v = z in (2.1) and (2.2), we get

d(fz,92) d(5z,Tz)

2 2 :
1 ¢(t)dt ((tydt) < d)( (tdt) - ((t)dt,
(RN T A e (A
d(fz,5z) d(gz,Tz) 2
/O C(t)dt - ( /0 C(t)dt) :
/ N / T . J o

0 0 0

d(fz,Tz) d(gz,5z) d(gz,Tz)
[ wa [T cwar | <<t>dt>

+m(fz,92) — o(m(f2,92)),

where

m(fz,gz) = max{ ( /Od(fzng) C(t)dt>27 /Od(f%SZ) ¢(t)dt - /Od(gZ’TZ) ¢(t)dt,
d(fz,T=) d(gz,52)
[ e [

0 0

1 d(fz,Sz) d(fz,Tz) d(gz,Sz) d(gz,Tz)
5[/0 C(t)dt~/0 ((t)dt—i—/o C(t)dt~/0 C(t)at]}.

Using the facts fz = Sz = 2z, 2 = w and gw = T'w, the above inequality reduces to

d(z,9z)

o[ com) ol [T com)) <o

0

which is true only for d(z,gz) =0, i.e., gz = z. Thus, z is a common fixed point of f,g,S and T
Suppose mappings f, g, S and T have two common fixed points, say z and x.
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Putting u = z and v = z in (2.1) and (2.2), we have

147 /0 o ctya] ( /O e C(t)dt)2 < w(( /O e c(t)dt)2 : /0 7 o,
d(z,z) d(z,x) 2
| cwar ([ cwar)’

d(z,z) d(z,x) d(z,z)
dt - dt - d
| cwar [ cwar [T cwan,

d(z,x) d(z,z) d(z,z)
dt - dt - d
[ cwa [ cwman [ o t)

+m(z,z) — ¢(m(z,x)),

where

Solving the above inequality, we have

p(/od(z’x) c(tyat)” + qb((/o

The hypotheses of p and ¢ gives d(z,z) = 0, i.e., z = . Hence, z is a unique common fixed point of
f,9,5 and T.

Case (i7) Assume that the pair (f,S) is sequential continuous of type (Ay) as well as R—weakly
commuting of type (Ay). Then there exists a sequence {u,} € A such that nl;n;o fSu, = fz and

lim SSu, = Sz, for some z € E. Also, d(fSun, SSun) < Rd(fun, Suy). Letting n tends to oo, we have

n—roo
d(fz,8z) = lim d(fSuy,SSu,) < R-0, which is true only for d(fz,Sz) =0, i.e., fz = Sz. This implies
n—oo
that z is a coincidence point of f and S.
As the pair (g, T) is sequential continuous of type (A4,) as well as R—weakly commuting of type (A4,),

therefore, for some w € E there exists a sequence {v,, } € B such that lim ¢Tv, = gw, lim TTv, = Tw.
n—r oo n—oo

Also, d(gT vy, TTv,) < Rd(gvp, Tvy,). Taking limit as n — oo, we have d(gw, Tw) = lim d(gTv,, TTv,)
n—oo
< R -0, which is possible only if d(gw,Tw) = 0, i.e., gw = Tw, which implies that w is a coincidence
point of g and T'. The rest of the proof follows from case (7).
Case (i77) Suppose the pair (f,S) is sequential continuous of type (Ag) as well as R—weakly com-
muting of type (Ag).Then, for some z € F, there exists a sequence {u,} € A such that 1i_>m Sfu, =S8z
n (oo}

and lim ffu, = fz. Also, d(Sfun, ffun,) < Rd(fun,Su,). As n — oo, we have d(Sz, fz) =
n—oo

li_>m d(S fun, ffu,) < R -0, which holds only if d(Sz, fz) = 0, i.e., fz = Sz. This implies that z is

a coincidence point of f and S.

Similarly, the pair (g,7) is sequential continuous of type (Ar) as well as R—weakly commuting of
type (Ar), so, for some w € E, there exists a sequence {v,} € B satisfying lim Tgv, = Tw and
n—oo

d(z,x)

C(t)dt)Q) <o0.

li_>m 9g9v, = gw. Also, d(Tgv,, ggv,) < Rd(gv,,Tv,). Proceeding with n — oo, we have d(Tw, gw) =
lim d(Tgvn,ggvn) < R -0, which is possible only if d(Tw, gw) = 0, i.e., gw = Tw, which implies that w
n—oo

is a coincidence point of g and T'. The rest of the proof follows on the similar lines of case (7).
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Case (iv) Let the pair (f,S) is sequential continuous of type (P) as well as R—weakly commuting of
type (P), for some z € E, there exists a sequence {u, } € A such that lim ffu, = fz and lim SSu, =
n—oo n—oo

Sz. Also, d(f fun, SSuy) < Rd(fun, Suy,). Letting n — oo, we have d(fz,52) = lim d(f fun, SSu,) <
n—oo
R - 0, which holds for d(fz,Sz) =0, i.e., fz = Sz.Thus, z is a coincidence point of f and S.
Similarly, sequential continuity of type (P) as well as R—weakly commuting of type (P) of the pair

(g, T) implies that for some w € FE, there exists a sequence {v,} € B such that lim ggv, = gw
n—oo
and lim TTv, = Tw. Also, d(ggv,, TTv,) < Rd(gv,,Tvy,). Letting n — oo, we have d(gw,Tw) =
n—oo

lim d(ggvn, TTv,) < R -0, which is possible only for d(gw, Tw) = 0, i.e., gw = T'w, which implies that
n—oo

w is a coincidence point of g and T'. The rest of the proof follows from case (7). O
Now, we present the existence of a unique common fixed point for pairs of faintly compatible mappings.

Theorem 2.2 Let (E,d) be a metric space. Let f,g,S and T be continuous self mappings of E such that
S(E)Cg(E), T(E) C f(E). If (f,S) and (g9, T) are pairs of non-compatible as well as faintly compatible
mappings satisfying (2.1) and (2.2), then the mappings f,g,S and T have a unique common fized point
n E.

Proof: Since the pair (f,S) is non-compatible, therefore, there exists some sequences {u,} € A such
that lim d(fSun,Sfu,) is either non zero or does not exist. Also, the pair (f,S) is faintly compatible
n—oo

and A # 0, therefore, there exists a sequence {z,} € A such that lim fz, = lim Sz, = z, for some
n—oo n—oo
z € E and
le d(fSxn,Sfx,) =0. (2.3)

Suppose S is continuous, then

lim SSz, = lim Sfx, = Sz, for some z € FE. (2.4)
n—oo n—oo
Using equations (2.3) and (2.4), we have lim fSz, = lim Sfz, = Sz, for some z € E. Since
n—oo n—oo
S(E) C g(E), therefore, there exists some w € E such that Sz = gw and hence, lim SSx,, = lim Sfx, =
S n—oo n—oo
z = gw.

Similarly, non-compatibility of the pair (g,T') implies that there exists a sequence {v,} € B such that
lim d(gTvn,Tgvy) is either non zero or does not exist. Also, the pair (g,T) is faintly compatible and
n—oo

B # (), therefore, there exists a sequence {y,} in B such that lim Ty, = lim gy, =y, for some y € F
n—oo

n— o0
and

Jim_d(gTyn, Tgyn) = 0. (2.5)
Next, suppose that T is continuous, then

lim TTy, = lim Tgy, = Ty, for some y € F. (2.6)
n—oo

n—0o0

Using equations ( 2.5 ) and ( 2.6), we have 1i_>m 9Ty, = li_>m Tgy, = Ty.
Since T(E) C f(FE) implies that there exists z € F such that Ty = fa and lim TTy, = lim Tgy, =
n—oo

n—oo
lim ¢Ty, = fz.
n—oo
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We claim that z = y. Taking u = z,, v =y, in (2.1) and (2.2) and letting n — oo, we get

[1+p4ﬂm”qwm]Q[WWQaM02<pw<(AMLﬂ«wﬁf~Aﬂwﬂaww,

d(z,2) d(y,y) 2
| cwa ([ cwar)”
d(z,z) d(z,y) d(y,z)
/O C(tydt - / C(tydt- / C(tt,

d(z,y) d(y,z) d(y,y)
dt - dt - d
/O C(t)dt / C(t)dt / ¢() t)

+m(z,y) — d(m(z,y)),

where

ey =mac{( [ coar)’, [ com- [ o
d(z,y) d(y,z)
[ e [ ¢
0 0

Solving the above inequality, we have

o[ o) v o( [

The hypothesis of p and ¢ yields d(z,y) = 0, i.e., z = y. Therefore, lim Sz, = lim fz, = lim Ty, =
n—oo n—oo n—oo

d(z,y)

g(t)dt)2) <o0.

lim gy, = z.
n—oo
Further, continuity of the mappings f and g along with equations (2.3) and (2.5) imply that
lim Sfx, = lim ffx, = lim fSz, = fz
n—oo n—oo n—oo
lim Tgy, = lim ggy, = lim ¢Ty, = gz.
n—00 n—00 n—r00

Next, we claim that fz = gz. Substituting u = fz,, v = gy, in (2.1) and (2.2) and letting n — oo,

we get

[1 o /Od(fz,ga C(t)dt] ( /Od(fzng)g(t)dt)2 <o ( ( /Od<fz,fz>c(t)dt>2 - /Od(mZ) o

/d(fz’fZ) Ctyt </d(gz’gz) g(t)dt) 27

0 0

d(fz,fz) d(fz,9z) d(gz,fz)
/ C(tydt - / C(tydt - / C(tydt,
0 0 0

d(fz,92) d(gz,fz) d(gz,92)
/0 C(tydt - / C(tydt - / <<t>dt>
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where

m(fz.g2) = e { | M o, / M / o,
d(fz,9z) d(gz,fz)
[ e [ cwa
0 0

L pdlase) a(f297)
s cwa [

d(g2,f2) d(g2,92) d(fz,92) 2
[ e [ cwany = ([ coar)”

Simplifying the above inequality, we have

o | M o) o(( /

Using the hypothesis of p and ¢, we have d(fz,gz) =0, i.e., fz = gz. Next, we claim that gz = Sz. For
this putting v = z, v = gy, in (2.1) and (2.2) and letting n — oo, we get

1+ [ M o ( / T ) < o (( / M ) / o
/d(fz,Sz) C(t)dt . </d(9z,QZ) C(t)dt)2,

0 0

d(fz,Sz) d(fz,92) d(gz,Sz)
[ e [ cwar [ ca
0 0 0

d(fz,9z) d(gz,52) d(gz,9%)
[ wa [ e | <<t>dt>

+m(fz,92) — p(m(fz, 92)),

d(fz,92)

C(t)dt)2> <o0.

where

d(fz,92) P d(fz,5z) d(gz,9z)
m(fz.92) = max { ( / () / C(t)dt - / C(tyd,
d(fz,92) d(gz,Sz)
/ C(t)dt - / C(t)dt,
0 0
1 d(fz,5z) d(fz,92)
sl e [ s

d(gz,5z) d(gz,92)
/0 C(t)dt /0 Cyde)} =o.

Simplifying the above inequality, we have

( /0 e <(t)dt)2 <0,

which is possible only if d(Sz, gz) = 0,i.e., Sz = gz. Therefore, we have fz = gz = Sz. Next, we prove
that Sz = Tz. Taking u =v = z in (2.1) and (2.2), we get

e [ cwar ([ o) < p000.0,0,0) +mi2,02) — om0



12 KaviTa AND S. KUMAR

where

m(fz,gz) = max { ( /Od(f&gf:) C(t)dt)Q, /Od(fZ)SZ) ¢(t)dt - /Od(gZ)TZ) ¢(t)dt,
d(fz,Tz) d(gz,Sz)
[ cwar [ <
0 0

1 d(fz,Sz) d(fz,Tz)
2 [/ C(t)dt - / ¢(t)dt+
2 0 0

d(gz,Sz) d(gz,Tz)
/0 C(t)dt ./0 g(t)dt]} = 0.

After simplification, we get

</Od(SZ,Tz) g(t)dt>2 o

which holds only for d(Sz,Tz) = 0,i.e., Sz = Tz. Therefore, z is a coincidence point of f, g, S, and T. Tt
remains to prove that z is a common fixed point. For this, putting u = z, v = y,, in (2.1) and (2.2) and
letting n — oo, we get

d(fz,z) d(Sz,z)
[en [ coa] ([ ) < p00.0.0.0) 4 mirz.2) - dlm(12.2)
where

m(fz,z) = max { ( /Od(ngZ) C(t)dt>2, /Od(fz’SZ) ¢(t)dt - /Od(ZJ) ¢(t)dt,
d(fz,z) d(z,fz)
[ cwa [
0

0

1 [ifz52) d(fz,z)
- dt - d
sU e [

d(z,5%) d(z,z) d(fz,z) 2
| cwae [T cwany = ([T o)

After simplifying the above inequality,

o | M o) o(( /

The hypothesis of p and ¢ yields d(fz,z) = 0, which implies that fz = z. Hence, z is a common fixed
point of f,g,S, and T. The uniqueness follows easily. a

e C(t)dt)2> <0.

3. Consequences and Example
Setting ((t) = 1 in Theorems 2.1 and 2.2, we have following results.

Corollary 3.1 Let (E,d) be a metric space and f, g, S and T be self mappings defined on E such that
for all u,v € E, there exists a function ¢ € ®, a function ¥ € ¥ and a real number p > 0 such that

[1+ pd(fu, gv)ld*(Su, Tv) < p (dz(fu, Su)d(gv, Tv), d(fu, Su)d*(gv, Tv),
d(fu, Su)d(fu, Tv)d(gv, Su),
d(fu, Tv)d(gv, Su)d(gv, Tv))

+ m(fuv g’l)) - ¢(m(fu7 gv))a
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where

m(fu,gv) = max {dz(fu, gv), d(fu, Su)d(gv, Tv),d( fu, Tv)d(gv, Su),

1

(3.2)
§[d(fu, Su)d(fu, Tv) + d(gv, Su)d(gv, Tv)]}.

If the pairs (f,S) and (g,T) are either of the followings
(i) subsequential continuous as well as R-weakly commuting.

(i1) sequential continuous of type (As) and (Ay) as well as R-weakly commuting of type (As) and (Ay)
respectively.

(ii3) sequential continuous of type (As) and (Ar) as well as R-weakly commuting of type (As) and (Ar)
respectively.

(iv) sequential continuous of type (P) as well as R-weakly commuting of type (P).

Then f,q,S, and T have a unique common fixed point in E.

Corollary 3.2 Let (E,d) be a metric space and Let f,g9,S and T be continuous self mappings of E
such that S(E) C g(E), T(E) C f(E). If pairs (f,S) and (g,T) are non-compatible as well as faintly
compatible satisfying (3.1) and (3.2), then the mappings f,g,S and T have a unique common fized point
m E.

By taking f = g and S = T in Theorems 2.1 and 2.2, one can deduce the following results for two

self mappings.

Corollary 3.3 Let (E,d) be a metric space and f and S be self mappings defined on E such that for all
u,v € E, there exists a function ¢ € ®, a function v € ¥ and a real number p > 0 such that

d(fu,fv) d(Su,Sv) 2 d(fu,Su) d(fv,Sv)
1 +p / ¢(¢) dt / C(t)dt < py < / ¢(t) dt . / ¢(t)dt,
0 0

d(fu,Su) d(fv,Sv) 2
[ e ([ cwar)
d(fu,Su) d(fu,Sv) d(fv,5u)
/0 C(tydt - / C(tydt - / C(tydt,

d(fu,Sv) d(fv,Su) d(fv,Sv)
dt - dt - d
/0 C(t)dt / C(t)dt / () t)

m(fu, fv) — o(m(fu, fv)),

(3.3)

where

m(fu. fo) = max { /O R C(t)dt)z, /0 M /O v,

d(fu,Sv) d(fv,Su) 1 d(fu,Su) d(fu,Sv)
d - dt, = dt - d 3.4
[ cwan [ cwangt [ cwa [ w3

and ¢ : [0,00) — [0,00) is a Lebesgue integrable function which is summable on each compact subset of
€

[0,00) such that for each e >0, [{(t)dt > 0. If f and S are either of the followings
0



14 KAviTA AND S. KUMAR

(i) subsequential continuous as well as R-weakly commuting.

(1t) sequential continuous of type (Ay) as well as R-weakly commuting of type (Ay).
(iii) sequential continuous of type (Ag) as well as R-weakly commuting of type (Ag).
(iv) sequential continuous of type (P) as well as R-weakly commuting of type (P).

Then f and S have a unique common fized point in E.

Corollary 3.4 Let (E,d) be a metric space. Let f and S be two continuous self mappings of E such that
S(E) C f(E). If S and [ are non-compatible as well as faintly compatible mappings satisfying (3.3) and
(5.4), then both mappings f and S have a unique common fized point in E.

The following example shows the validity of Corollary 3.2

Example 3.1 Let F = [0,20] and d be a usual metric. Let f,g,S,T : E — E be four mappings defined
by fu = 10, Su = %JFGO, gu = w, for u € [0,10], fu = gu = Su = 20 — u, for u € (10,20] and
Tu = 20 — u, for u € [0,20]. Let p be a positive real number and ¢ : [0,00) — [0,00) be a function
defined by ¢(t) = %t, for t > 0 and ¢ : [0,00)* — [0,00) be a function defined by (w1, wa, w3, wy) =
max {wy, wy, w3, wy},w; > 0,4 =1,2,3 4.

Consider a constant sequence {uy,}, where u,, = 10, for each n. For this, fS(10) = Sf(10), therefore,
the pairs (f,S) and (g,T) are faintly compatible mappings on E. Also, the pairs (f,S) and (g,7T') are

non-compatible mappings, for this consider a sequence {u,, = 20 — %} in E such that lim u, = 20, then
n—oo

lim fu, = lim Su, = lim gu, = lim Tu, =0
n—oo n—oo n—oo n—oo

and
lim d(fSun, Sfu,) # 0, li_>m d(gTun, Tgu,) # 0
n— oo n o0

It is easy to verify that the mappings f,g,S and T are satisfying all the conditions of the Corollary 3.2
and u = 10 is the only common fixed point of f,g,.S and T'.

4. Application

Let U,V denote Banach spaces, Scu , D C V are state spaces and decision spaces respectively.
Let R denotes the set of all real numbers and C(S) = {h : § — R,k is continuous }. Let d(h,k) =
sup{|h(u) — k(u)| : u € S}, for any h,k € C(S). Obviously, (C(S),d) is a complete metric space.
Bellman and Lee [9] gave the basic form of functional equation as follows.

g(u) = opt G(u, v, g(r(u,v))),

where u € S, v € D, 7 is the transformation process, g(u) is the optimal return with initial state u and
the opt denotes max or min.

Now, we discuss the existence of a common solution for the following functional equations that are
arising in dynamic programming (see [7,8,9]):

filu) = Sgg Fi(u,v, fi(t(u,v))),u €8 (4.1)
gi(u) = Slelg Gi(u,v, gi(T(u,v))),u € S, (4.2)

where 7: S x D — Sand F;,G; : Sx D xR —R,i=1,2.



FIXED POINT THEOREMS FOR GENERALIZED. . . 15

Theorem 4.1 Let F;, G; : SxDxR—R,i=1,2. be bounded. Define the mappings P;, Q; : C(S’) —
C(S), as follows

P;h(u) = sup F;(u,v,h(r(u,v))),
vep (4.3)
Qik(u) = sup G;(u,v, k(7(u,v))),

veD

forallue S, h,k € C’(S), i=1,2. Let W denotes the collection of all sequences {hy} of C’(S) such that
lim Ph, = lim Q;h,,i =1,2. Suppose that the following conditions hold:

n— oo n— oo

(a) for all u,t € S,veD, hke C’(S),
|Fi 0, h(1)) = Fau, v, k(0)[* < M7 (p 0 (@(Quh, PrR)A(Qsk, Pak),

d(Q1h, PLh)d*(Q2k, Psk),
d(Q1h, Prh)d(Q1h, P2k)d(Q2k, Pih),
d(Q1h, Pak)d(Q2k, Prh)d(Q2k, Pok))+

m(Qih, Q2k) = (m(Quh, Qh)) ).
where

m(Q1h, Q2k) = max {dz(Qﬂ% Q2k), d(Q1h, P1h)d(Q2k, Pok), d(Q1h, P2k)d(Q2k, Pih)
%[d(th, P1h)d(Q1h, Pok) + d(Q2k, PLh)d(Q2k, PQk)]}a

M =1+ pd(Q1h,Q:2k), ¢ € D, € U, p is a positive real number,
(b) for any h € C(S), there exists ki, ks € C(S) such that Pyh(u) = Qak1(u), Poh(u) = Q1ka(u),u € S,
(c)) forie€ {1,2}, (P;,Q;) is non-compatible and faintly compatible mappings.
Then the system of functional equations (4.1) and (4.2) has a unique common solution in C’(S')

Proof: Since F;,G;, are continuous, for i = 1,2, so, the mappings defined by (4.3) are continuous. By
conditions (b) and (c), P(C(S)) € Qo(C(S)) and Pr(C(S)) € Q1(C(S)) and the pairs (P, Q;) and
(P2,Q3) are non-compatible and faintly compatible. For 7 > 0, u € S and ki, ky € C(S), there exists
v1,v2 € D such that

Pik;(u) < Fi(u,v;, ki(u;)) + 1, (4.4)

where u; = 7(u,v;),7 = 1,2. Also, we have
Plkl(u) = Fl(u 'U27k1( )), (45)
PQkQ(U) FQ(U Ul,k‘g( )) (46)

From (4.4),(4.6) and condition (a), we have
(Pﬂﬁ(u) — PQI{:Q(U))Q <(F1(u, U1, kl(ul)) — Fg(u, U1, kz(ul)) + 77)2
= (Fi(u,v1, k1 (u1)) = Fa(u,v1, ko (u1)))? + €,
< M (pu(d(@Qukr, Pikn)d(Qakz, Poiz),

d(Q1k1, Prk1)d*(Q2ka, Paks), (4.7)
d(Q1k1, Prk1)d(Q1k1, Poka)d(Q2ks, Piky),
d(Q1k1, Poka)d(Q2ka, Pik1)d(Qzks, Poks))+

m(Q1k1, Qaka) — ¢(m(Q1k1, Q2k2))) +¢,
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where £ = n? 4 2n(F; — F2).
From (4.4), (4.5) and condition (a), we have

(Prky(u) — Poko(u))? >(Fy(u, v, k1 (uz)) — Fa(u, v, ka(uz)) — n)?
= (Fi(u,v1, k1 (u1)) — Fa(u, v1, ka2 (u1)))* + &1,
> =M (p (B (Qukr, Piky)d(Qzks, Poka),
d(Q1ky, Prky)d*(Qoka, Paks),
d(Q1k1, Prk1)d(Q1kr, Pok2)d(Qokz, Prky),
d(Q1k1, Pok2)d(Qzka, Prk1)d(Qoks, Pak2))+
m(Q1k1, Q2ka) — ¢(m(Q1k17Q2/€2))) -
where & = n? — 2n(Fy, — F2) < €.

From (4.7) and (4.8), we obtain

|Prky(u) — Poko(u)|® <M~ (P¢(d2( 1k1, Prky)d(Qoke, Poks),
d(Q1k1, Pik1)d* (Qaka, Paks),
d(Q1k1, Prk1)d(Q1k1, Poka)d(Qok2, Pik1), (4.9)
d(Q1ky1, Poka)d(Qaks, Prk1)d(Qoka, Poks))+

m(Q1k1, Qaka) — d(m(Q1k1, szz))) +&,
As 1) > 0 is arbitrary, so € is negligible and (4.9) is true for all u € S, taking supremum, we get

[1+ pd(Q1k1, Qaka)]d*(Piky, Paka) <pt(d*(Quky, Pik1)d(Qaka, Poks), d(Quky, Pik1)d* (Qoka, Paks),
d(Q1k1, Prk1)d(Q1ky, Pok2)d(Qzka, Pik1),
d(Q1k1, Poka)d(Q2ka, Prk1)d(Qzks, Paks))
+m(Q1k1, Qaka) — d(m(Q1k1, Qa2k2)).

All the hypotheses of Corollary 3.2 are satisfied. So, P, P2, 1 and Q2 have a unique common fixed point
k* € C(S), i.e., k*(u) is a unique common solution of the system of functional equations (4.1) and (4.2).
O

Remark 4.1 Corollary 3.1 is also applicable, if the conditions (b) and (c¢) in the above Theorem 4.1
are replaced with either of the following conditions.

(d) There exists numbers R, R’ > 0 such that d(Q1Pih, P1Q1h) < Rd(Q1h, Pih) and d(Q2P2h, P2Q2h) <
R'd(Q2h, P2h), for all h € C(S5).

(e) There exist numbers R, R’ > 0 such that d(Q1Pih, PLPih) < Rd(Q1h, Pih) and d(Q2P2h, PoPah) <
R'd(Qzh, Psh), for all h € C(S).

(f) There exist numbers R, R’ > 0 such that d(Q1Q1h, P1Q1h) < Rd(Q1h, Pih) and d(Q2Q2h, P>Q2h) <
R'd(Q2h, P2h), for all h € C(9).

(g) There exist numbers R, R’ > p such that d(Q1Q1h, PLP1h) < Rd(Q1h, Pih) and d(Q2Q2h, P2P>h) <
R'd(Q2h, Ph), for all h € C(S).

Taking the rest of the conditions as it is in the Theorem 4.1.
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5. Conclusion

Theorem 2.1 and Corollary 3.1 are improved versions of the result of Jain et al. [19, Theorem 2]
with the use of control function, generalized weak integral contraction condition and in the manner that
containment, continuity of the mappings are relaxed. Theorems 2.1 and 2.2 and Corollaries 3.1 and 3.2
generalize the results of Jain et al. [18,20], Kang et al. [24], Murthy and Prasad [30] and Kumar et
al. [29] in various aspects. Theorem 2.2 and Corollary 3.2 generalize the results of Bisht and Shahzad
[10], Chandra et al. [14], Rani et al. [38] for pairs of faintly compatible mappings. Theorem 4.1 and
Remark 4.1 show the applicability of obtained results in finding the common solution of certain systems
of functional equations arising in dynamic programming.
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