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Abstract. In this paper, we discuss the existence and uniqueness of points of coincidence and
common fixed points for a pair of self-mappings satisfying some generalized contractive type
conditions in b-metric spaces endowed with graphs and altering distance functions. Finally,
some examples are provided to justify the validity of our results.
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1. Introduction

It is well known that Banach contraction principle [6] in metric spaces is one of the
pivotal result in fixed point theory and nonlinear analysis. It remains a source of inspira-
tion for researchers of this domain. Because of its simplicity and usefulness, it becomes
an important tool in various research activities. In 1989, Bakhtin [8] introduced the con-
cept of b-metric spaces as a generalization of metric spaces and generalized the famous
Banach contraction principle in metric spaces to b-metric spaces. Recently, the study of
fixed point theory with a graph takes a prominent place in many aspects. Many impor-
tant results of [2—4, 10-12, 16, 17, 20, 25] have become the source of motivation for many
researchers that do research in fixed point theory. Motivated by the work in [5, 14, 24],
we will prove some common fixed point results for a pair of self-mappings satisfying some
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new contractive conditions in the setting of b-metric spaces. More precisely, we discuss the
existence and uniqueness of points of coincidence and common fixed points for mappings
satisfying a generalized contractive condition in b-metric spaces endowed with a graph
and altering distance functions. Our results extend and unify several existing results in
the literature. Finally, we give some examples to justify the validity of our results.

2. Some Basic Concepts

In 1984, Khan et. al. [21] introduced the concept of altering distance functions as
follows.

Definition 2.1 The function ¢ : [0,+00) — [0,400) is called an altering distance
function if the following properties hold:

(i) ¢ is continuous and non-decreasing.
(ii) ¢(t) = 0 if and only if ¢t = 0.

Now, let us recall some basic notations and definitions in b-metric spaces.

Definition 2.2 [13] Let X be a nonempty set and s > 1 be a given real number. A
function d : X x X — R7 is said to be a b-metric on X if the following conditions hold:

(i) d(x,y) =0 if and only if z = y;
(ii) d(z,y) =d(y,x) for all z,y € X
(iii) d(z,y) < s(d(z,z) +d(z,y)) for all z,y,z € X.

The pair (X, d) is called a b-metric space.

It is worth mentioning that the class of b-metric spaces is effectively larger than that
of the ordinary metric spaces.

Exzample 2.3 [24] Let (X, d) be a metric space and p(z,y) = (d(z,y))?, where p > 1 is
a real number. Then p is a b-metric with s = 2P~1.

Ezample 2.4 [23] Let X = {—1,0,1}. Define d : X x X — R™ by d(z,y) = d(y,z) for
all z,y € X, d(z,z) =0,z € X and d(—1,0) = 3, d(—1,1) = d(0,1) = 1. Then (X, d)
is a b-metric space, but not a metric space since the triangle inequality is not satisfied.
Indeed, we have that d(—1,1) +d(1,0) =1+ 1 =2 < 3 =d(—1,0). It is easy to verify

_ 3
thats—ﬁ.

Definition 2.5 [9] Let (X,d) be a b-metric space, z € X and (z,) be a sequence in X.
Then

(i) (@) converges to x if and only if lim d(x,,z) = 0. We denote this by lim z, ==z
Or Ty, — T as n — 0. neree oo
(ii) (zp) is Cauchy if and only if lim d(xy,,zm) =0.

n,m—00
(iii) (X,d) is complete if and only if every Cauchy sequence in X is convergent.

Remark 1 [9] In a b-metric space (X,d), the following assertions hold:

(i) A convergent sequence has a unique limit.
(i) Each convergent sequence is Cauchy.
(iii) In general, a b-metric is not continuous.

Lemma 2.6 [3] Let (X,d) be a b-metric space with s > 1 and suppose that (z,) and
(yn) converge to x,y € X, respectively. Then, we have
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Ld(z,y) <liminf d(zn, yp) < limsup d(zn, yn) < s2d(z,y).

n—o0 n—o00

In particular, if z = y, then lim d(z,,y,) = 0. Moreover, we have
n—oo

Ld(z, 2) < liminf d(x,, 2) < limsup d(x,, 2) < sd(z, 2)

5 n—o0 n—00
for each z € X.

Definition 2.7 [1] Let T and S be self mappings of a set X. If y = Tx = Sz for some z
in X, then x is called a coincidence point of T" and S and y is called a point of coincidence
of T and S.

Definition 2.8 [19] The mappings 7, S : X — X are weakly compatible, if for every
x € X, T(Sz) = S(Tz) whenever Sz = Tzx.

Proposition 2.9 [1] Let S and T be weakly compatible selfmaps of a nonempty set
X. If S and T have a unique point of coincidence y = Sx = Tz, then y is the unique
common fixed point of S and T.

Lemma 2.10 [22] Every sequence (z,,) of elements from a b-metric space (X, d), having
the property that there exists v € [0, 1) such that d(xp4+1,2n) < yd(xp,2,—1) for every
n € N, is Cauchy.

We next review some basic notions in graph theory. Let (X, d) be a b-metric space.
We consider a directed graph G such that the set V(G) of its vertices coincides with X
and the set F(QG) of its edges contains all the loops, i.e., A C E(G) where A = {(z,x) :
x € X}. We also assume that G has no parallel edges. So we can identify G with the pair
(V(G), E(G)). By G=! we denote the conversion of a graph G i.e., the graph obtained
from G by reversing the direction of edges ie., E(G™!) = {(z,y) € X x X : (y,2) €
E(G)}. Let G denote the undirected graph obtained from G by ignoring the direction of
edges. Actually, it will be more convenient for us to treat GG as a digraph for which the
set of its edges is symmetric. Under this convention, F(G) = E(G) U E(G™1).

Our graph theory notations and terminology are standard and can be found in all
graph theory books, like [7, 15, 18]. If z, y are vertices of the digraph G, then a path
in G from z to y of length n (n € N) is a sequence (x;)j_, of n + 1 vertices such that
ro =z, ¥, =y and (z;_1,7;) € E(G) fori = 1,2, --- ,n. A graph G is connected if
there is a path between any two vertices of G. GG is weakly connected if G is connected.

3. Main results

Suppose that (X, d) is a b-metric space with the coefficient s > 1 and G is a reflexive
digraph such that V(G) = X and G has no parallel edges. Let f, g : X — X be such
that f(X) C g(X). Let zp € X be arbitrary. Since f(X) C g(X), there exists an element
x1 € X such that fxg = gr;. Continuing in this way, we can construct a sequence (gxy,)
such that gz, = fx,_1, n=1,2,3, ---.

Definition 3.1 [23] Let (X, d) be a b-metric space endowed with a graph G and f, g :
X — X be such that f(X) C g(X). We define Cys the set of all elements x¢ of X such

that (gxn,gxm) € E(G) for m,n = 0,1,2, --- and for every sequence (gx,) such that
gTn = fan-1.

Taking g = I, the identity map on X, Cyy becomes Cy which is the collection of all

elements x of X such that (f"x, f"x) € E(G) for m, n=10,1,2, ---.
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Theorem 3.2 Let (X,d) be a b-metric space endowed with a graph G and let f, g :
X — X be mappings. Suppose that there exist two altering distance functions v and ¢
such that

Y(sd(fz, fy)) < p(Ms(gz, gy)) — o(Ms(gz, gy)) (1)

for all 2,y € X with (gz, gy) € F(G), where

M;(gz, gy) = maz{d(gz, gy), d(gy, fy), d(‘qz;f‘y)}-

Suppose f(X) C g(X) and g(X) is a complete subspace of X with the following property:

(*) If (gzn) is a sequence in X such that gz, — x and (gz,,grny1) € E(G) for all
n > 1, then there exists a subsequence (gz,,) of (gz,) such that (gz,,,z) € E(G) for all
12 1.
Then f and g have a point of coincidence in X if Cy¢ # (). Moreover, f and g have a
unique point of coincidence in X if the graph G has the following property:

(%) If z, y are points of coincidence of f and g in X, then (z,y) € E(G).
Furthermore, if f and g are weakly compatible, then f and g have a unique common

fixed point in X.

Proof. Suppose that Cyy # (. We choose an zyp € Cy¢ and keep it fixed. Since
J(X) C g(X), there exists a sequence (gx,) such that gz, = fr,_1, n =1,2,3,---
and (gxn, gxm) € E(G) for m,n=0,1,2, ---.

We assume that gz, # gx,_1 for every n € N. If gx,, = gx,,_1 for some n € N, then
gy, = fxn_1 = gr,_1 and hence gz, is a point of coincidence of f and g. We now show
d(gwnleégfcnﬂ) < d(gwmhgmn);d(gxmgxnﬂ)

that li_>m d(gzn, grn+1) = 0. Since , it follows

that
d(gwnfly f$n) }
2s

d(grn—1, 9Tns1) )
2s

M(gn-1,97n) = maz{d(gzn—1,9n), d(gn, f1n),

= maz{d(9zn—1,9Tn), d(9Zn, 9Tnt1),
= maz{d(9zn—1, 9Tn), d(9Zn, gTni1) }-

For any natural number n, we have by using (1) that

P(d(gTn, gTn1)) < Y(sd(g2n, gTn1))

= (sd(frn-1, fzn))
P(Ms(gn-1,92n)) — ¢(Ms(g2n-1,92n))
Y(maz{d(gzn-1,92n), d(gTn, gTni1)})

— p(maz{d(gzn—1, gn), d(gTn, 9Tni1)})

< Yp(max{d(grn—1,92n),d(gTn, gTnt+1)}). (2)

If max{d(gzn-1,92n),d(gxn, gn+1)} = d(gTn, gTnt1), then it follows from (2) that

Y(d(g7n, gTnt1)) < Y(d(gTn, gTni1)) — (d(9Tn, 9Tny1)) < Y(d(9Tn, gTn+1)),
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which is a contradiction. Therefore, max{d(gxn—1, gzn), d(9Tn, §Tn+1)} = d(gxn—1, gy).
Thus, (2) reduces to

Y(d(92n, 9Tn+1)) < P(d(gTn—1,97n)) — @(d(gTn—1,97n)) < Y(d(gTn—1,97n)).  (3)

Since 1) is non-decreasing, (d(gn, 9Tn+1))nenu {0} is a non-increasing sequence of positive
numbers. Hence, there exists r > 0 such that lim d(gzy,grn+1) = r. Taking limit as
n—oo

n — oo in (3), we have ¢ (r) < ¢(r) — ¢(r) < ¢(r), which implies that ¢(r) = 0 and so,
r = 0. Therefore,

lim d(gzpn,gzn+1) = 0. (4)

n—o0

We now show that (gz,) is Cauchy in ¢g(X). If possible, suppose (gz,) is not a Cauchy
sequence. Then there exists € > 0 for which we can find two subsequences (gx,,,) and
(gzp,) of (gx,) such that n; is the smallest positive integer satisfying

d(gxm,, gxn,) = € for n; > m; > i. (5)
So, it must be the case that
A(gxm,;, gTn,—1) < €. (6)
By using conditions (5) and (6), we obtain

d(gzm,, 9n,)
Sd(gwﬂ’h ) gl’mi*l) + Sd(gl’mi,h gxni)

€

N IN

N

$d(gTm,, gTm,—1) + s2d(gxmi_1, 9Tn,—1) + SQd(gxm_l,ga:m).

Taking the upper limit as i — oo and using (4), we get 5 < limsup d(gzm,—1,9%n,—1)-
1—00

Again,
d(9Tm;—1,9%n,—1) < $A(9Tm;—1, 9Tm,) + SA(9Tm,, GTn,—1)-

Taking the upper limit as i — oo and using (4) and (6), then limsup d(gxm,—1, gTn,—1) <
1—+00
es. Therefore, we obtain

€ .
87 < lim sup d(-qui_l)gxni_l) < es. (7)

1—00
From condition (5), we have

d(gl‘mi,g:ﬂm)
Sd(gxmmgxmi—l) + Sd(gxm,;—la gxm)

€

NN

N

Sd(gxmi,gxmi—l) + Szd(gl'mi—la gl‘ni—l) + 52d(gl‘ni—lv gl‘m)
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Taking the upper limit as i« — oo and using condition (7), it follows that

< limsup d(92m,—1, 9n,) < es’. (8)

1—00

® | ™

By using (1), we get

w(Sd(gxm,agan)) = ¢(3d(f37m7-,—17 fxm—l)>
< ¢(Ms(gxmi_17gxni_1)) - (p(MS(gxmi—lagxni—l))7 (9)

where

d(g‘rmi—l) gwni—1)7 d(gxni—h fxn¢—1)7
Ms(gxm,—1, gTn,—1) = max
d(gTm;—1,fTn;—1)
2s
d(gxmi*hgl'ni)}
2s )

- mam{d(gxmi—b gxni—1)7 d(gxni—la gxn1)7
Taking the upper limit as i — oo and using conditions (4), (7) and (8), we have

lim sup d(g%m,—1, gTn,—1), 0,

1—00
lim sup Ms(gxmifhgxmfl) = max .
i—00 lim sup d(9zm, -1, gn,)
1—00
2s

2

€s

< mazx{es, 2—} = e€s. (10)

s

From conditions (7) and (10), it follows that

€ i .
— < limsup d(gzm, -1, 9Tn,—1 < limsup Ms(gm, -1, gTn,—1) < €s.

S 17— 00 1—>00

Therefore,
€ .
) < hmsup Ms(gxmi*].’g‘,rni*].) < €s. (11)
S 1—00

Similarly,
% < liminf Ms(gzm,—1, gTn,—1) < €. (12)
S 1—»00

Taking the upper limit as i — oo in (9) and using conditions (5), (11), it follows that
P(es) < Y(slimsup d(gam,, gn,))
1—00

< Y(limsup Ms(92m, 1, 9Tn, 1)) — h}ginfﬁp(MS(gajmﬁlagxnﬁl))

1—00 oo

< (es) — p(liminf My(g2m, -1, 9Tn,—1)),
1—00
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which gives that go(lin:}inf Ms(9%m,—1,9%n,—1)) =0, i.e., lin_l}inf Ms(gxm;—1,9Tn,—1) = 0.
1— 00 1— 00
This contradicts the condition (12). Thus, (gx,) is a Cauchy sequence in g(X). As g(X)
is complete, there exists an u € g(X) such that gz, — u = gv for some v € X. As
xo € Cyy, it follows that (gzn, grni1) € E(G) for all n > 0 and so by property (%), there
exists a subsequence (gz,.) of (gz,) such that (gz,,,gv) € E(G) for all i > 1.
Again, using condition (1), we have

w(Sd(f,U7 fxnl)) < w(MS(gvv gxnl)) - @(Ms(gvmgxnz))v (13)
where
d(gv, fan,
Ms(gv7 g$n1) = ma:v{d(gv, gl‘m), d(gl‘nl, fxni)a (.g2£>}
_ d(gv, gTn, +1) .
- mal'{d(g’u,g:zjni), d(gﬂjniagmnrkl)a 2—8} — 0 as 1 — 0.

Taking the upper limit as i — oo in (13), it follows that

¢(slimsup d(fov, fzn,)) < $(0) — ¢(0) = 0,

1—00

which implies that ¢ (slimsup d(fv, gzy,+1)) = 0. Using Lemma 2.6, we obtain that

1—>00

Yo, 90) = (s _d(fo, gv)) < V(s lmsupd(fo, gn, 1)) = .

1—00

This gives that d(fv,gv) = 0 and hence fv = gv = u. Therefore, u is a point of coinci-
dence of f and g.

For uniqueness, assume that there is another point of coincidence u* in X such that
fxr = gx = u* for some x € X. By property (xx), we have (u,u*) € E(G). Then,

M (u,u™) = My(gv, gz)

d(gv, fr)
2s

d(u, u*)
2s

}

= maz{d(gv, gz),d(gz, fz),

= maz{d(u,u"),d(u*,u"), }

=d(u,u").
By using condition (1), we get

P(d(u, u”)) < P(sd(u,u’)) = ¢ (sd(fv, fz))

<Y

< Y(Ms(gv, 92)) — p(Ms(gv, gz)) = ¥(d(u, u")) — @(d(u, u®)),

which gives that ¢(d(u,u*)) = 0 i.e., d(u,u*) = 0 and hence, u = u*. Therefore, f and
g have a unique point of coincidence in X. If f and g are weakly compatible, then by
Proposition 2.9, f and g have a unique common fixed point in X. [ |
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Corollary 3.3 Let (X,d) be a b-metric space endowed with a graph G and let f, g :
X — X be mappings. Suppose that there exists k € [0,1) such that

d(gz, fy)
2s

}

d(fz, fy) < gmax{d(gx, 9y),d(gy, fy),

for all z,y € X with (gz,gy) € E(G). Suppose f(X) C ¢g(X) and g(X) is a complete
subspace of X with the property (x). Then f and g have a point of coincidence in X if
Cyf # 0. Moreover, f and g have a unique point of coincidence in X if the graph G has
the property (xx). Furthermore, if f and g are weakly compatible, then f and g have a
unique common fixed point in X.

Proof. The proof follows from Theorem 3.2 by taking ¢ (t) =t and ¢(t) = (1 — k)t for
all t € [0,400). [ |

Corollary 3.4 Let (X,d) be a complete b-metric space endowed with a graph G and
let f: X — X be a mapping. Suppose that there exist two altering distance functions
and ¢ such that

Y(sd(fz, fy)) < (Ms(x,y)) — o(Ms(z,y))

for all z,y € X with (z,y) € E(G), where M,(z,y) = maz{d(z,y),d(y, fy), %}
Suppose the triple (X, d, G) has the following property:

’ ~

(%) If (zy,) is a sequence in X such that z, — = and (zp,zny1) € E(G) for alln > 1,
then there exists a subsequence (z,,) of (z,) such that (z,,,z) € E(G) for all i > 1.
Then f has a fixed point in X if Cy # (). Moreover, f has a unique fixed point in X if
the graph G has the following property:

(% *) If , y are fixed points of f in X, then (z,y) € B(G).

Proof. The proof can be obtained from Theorem 3.2 by considering g = I, the identity
map on X. |

Corollary 3.5 Let (X,d) be a b-metric space and let f, g : X — X be mappings.

Suppose that there exist two altering distance functions ¢ and ¢ such that

Y(sd(fz, fy)) < v(Ms(gz, gy)) — o(Ms(gz, gy))

for all x,y € X. If f(X) C ¢g(X) and ¢g(X) is a complete subspace of X, then f and g
have a unique point of coincidence in X. Moreover, if f and ¢ are weakly compatible,
then f and g have a unique common fixed point in X.

Proof. The proof follows from Theorem 3.2 by taking G = Gy, where Gy is the complete
graph (X, X x X). [ |

Corollary 3.6 Let (X, d) be a complete b-metric space and let f : X — X be a mapping.
Suppose that there exist two altering distance functions ¢ and ¢ such that

P(sd(fzx, fy)) < (Ms(z,y)) — o(Ms(z,y))

for all ,y € X. Then f has a unique fixed point in X.
Proof. It follows from Theorem 3.2 by putting G = Gg and g = I. [ |
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Corollary 3.7 Let (X, d) be a complete b-metric space endowed with a partial ordering
< and let f : X — X be a mapping. Suppose that there exist two altering distance
functions 4 and ¢ such that

Y(sd(fx, fy)) < p(My(x,y)) — p(M(z,y))

for all z,y € X with x < y or, y < x. Suppose the triple (X, d, <) has the following
property:

(t) If (x,) is a sequence in X such that x,, — = and z,,, x,+1 are comparable for all
n > 1, then there exists a subsequence (z,) of (x,) such that x,,, x are comparable for
all 7 > 1.
If there exists x¢p € X such that f"xzq, f™x¢ are comparable for m, n =0,1,2, - - -, then
f has a fixed point in X. Moreover, f has a unique fixed point in X if the following
property holds:

(t1) If x, y are fixed points of f in X, then z,y are comparable.

Proof. The proof can be obtained from Theorem 3.2 by taking g = I and G = Ga,
where the graph G is defined by E(G2) = {(z,y) e X x X :z <y or y < z}. [ |

Before presenting our second main theorem, we need the following definition.

Definition 3.8 Let (X,d) be a b-metric space endowed with a graph G and f, T :
X — X be two mappings. We define Cy7 the set of all elements zg of X such that

(Tn,xm) € E(G) form, n =0,1,2, --- and for every sequence (z,,) such that x,, = fz,_1
if n is odd and z,, = Tx,_1 if n is even.

Taking T' = f, Cyy7 reduces to Cy which is the collection of all elements = of X such

that (f"z, fMz) € E(G) for m, n=0,1,2, ---.

Theorem 3.9 Let (X, d) be a complete b-metric space endowed with a graph G and let
f, T : X — X be mappings. Suppose that there exist two altering distance functions v
and ¢ such that

P(s*d(fa, Ty)) < Y(Ns(z,y)) — o(Ns(z,9)) (14)

for all z,y € X with (z,y) € E(G), where
Ny(z,y) = max {d(x, y),min{d(z, fz),d(y, Ty)}, %Smin{d(a;, Ty),d(y, fx)}} .

’

Suppose the triple (X, d, G) has the property (x). Then f and T have a common fixed
point in X if Cpyr # 0. Moreover, f and T have a unique common fixed point in X if
the graph G has the following property:

(1) If z, y are common fixed points of f and T in X, then (z,y) € E(G).

Proof. We first prove that u is a fixed point of T if and only if u is a fixed point of
f. Suppose that u is a fixed point of T i.e., Tu = w. Then, by using condition (14), we
obtain

Y(std(fu,w) = y(std(fu, Tu)) < (Ns(u, u)) — o(Ns(u, u))

where

Ng(u,u) = max {d(u, w), min{d(u, fu),d(u, Tu)}, %Smin{d(u,Tu),d(u, fu)}} =0.
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Therefore, ¥(std(fu,u)) < 1(0) —(0) = 0, which implies that d(fu,u) = 0 i.e., fu = u.
By an argument similar to that used above, we can show that if u is a fixed point of f,
then u is also a fixed point of T.

Suppose that Cpy7 # (). We choose an xg € Cpyr and keep it fixed. We can construct
a sequence (z,) in X such that x, = fx,—1 if n is odd and z,, = T'z,,_1 if n is even, and
(Tn,2m) € E(G) for m, n=0,1,2, ---.

We assume that x,, # x,_1 for every n € N. If z9,, = x9,+1 for some n € NU{0}, then
Ton = fXon. S0, To, is a fixed point of f. By our previous discussion, it follows that za,
is also a fixed point of T'. If xo,4+1 = wan42 for some n € NU {0}, then xo,+1 = Twon11
which gives that, xo,11 is a fixed point of T. Therefore, it follows from our previous

observation that zo,41 is a fixed point of f. We now show that lim d(z,,z,+1) = 0. As
n—oQ

(z2n, ant1) € E(G), by using condition (14), we obtain

Y(d(@2m41, Tonte)) < Y(s*d(zoni1, Tany2))
= (s*d(fron, Trani1))
< Y(Ns(on, Tont1)) — ©(No(x2n, Tant1)),

where

d(z2n, Tan+1), min{d(zan, fron), d(z2n+1, TTon+1)},

Ny(x2n, Tont1) = max

gmin{d(xon, Txont1), d(Tons1, fron)}

d(zan, Tont1), min{d(xan, Tant1), d(T2n41, Tant2) },

= max
1

2smin{d(zon, T2n+2), d(T2n+1, T2n+1)}
= d(w2n, T2n+1)-

Therefore,

Y(d(r2ny1, Tany2)) < U(d(T2n, T2nt1)) — @(d(T2n, T2ny1))
< P(d(zon, Ton+1))- (15)

Similarly, since Ng(x2p, 2n—1) = d(z2n, Tan—1), we have

N

(s d(wan, Tant1))

P(s'd(fron, Twn-1))

< Y(Ns(@2n, T2n-1)) — P(Ns(@2n, T2n-1))
U(
U

(
(

¢(d(9€2n, 352n+1)) X

Zon, Ton—1)) — @(d(z2n, T2n—1))

Ton—1,T2n))- (16)

Combining conditions (15) and (16), we get ¥ (d(xn, pt1)) < Y(d(xp—1,zy)) for all

n € N. Since 1 is non-decreasing, (d(zy, Tn+1))nen is a non-increasing sequence of positive

numbers. Hence there exists r > 0 such that lim d(x,,x,+1) = r. Taking limit as n — oo
n—oo

in (15), we have ¢(r) < ¥(r) — ¢(r) < ¢ (r), which implies that ¢(r) = 0 and so, r = 0.
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Therefore,

lim d(zy,zn+1) = 0.
n—0o0
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(17)

We shall show that (z,) is a Cauchy sequence in X. It is sufficient to show that (z2,) is
a Cauchy sequence. If possible, suppose that (x2,) is not a Cauchy sequence. Then there
exists € > 0 for which we can find two subsequences (xa,,,) and (z2,,) of (z2,) such that

n; is the smallest positive integer for which
d(xom,, Ton,) = € for ng >m; > i.
This implies that
d(T2m,, Ton,—2) < €.
By repeated use of the triangular inequality and by condition (19), we have

d(on,+1, Tam,) < sd(Tan,+1, Ton,) + $d(Ton,, Tam,)
< 5d(Ton, 11, Ton,) + 52d(Ton, , Ton, 1)
+ $3d(@on, —1, Ton,—2) + $3d(Ton, —2, Tom,)
< 8d(Ton, 11, Ton,) + 82d(T2n,, Ton, 1)

+ 83d(xon, -1, Ton,—2) + €5°.

(18)

Taking the upper limit as i — oo, then limsup d(x2,, 41, Tam,) < €s°. From (18), we get

1—00
€ < d(xam,, Ton,) < sd(Tom,, Ton,+1) + sd(T2n,+1, Ton,)-

Taking the upper limit as i — oo, we get € < limsup d(z2m,, T2n,+1). Therefore,

£
s .
1—00

< < lim sup d(zom, , Ton,+1) < €s>.
S 1—00
Again,
d(T2n, s Tam,—1) < 8d(T2n,, Tan,—1) + 8d(T2p,—1, T2m,—1)
< sd(Ton,, Ton,—1) + $2d(Tan,—1, Ton,—2)

+ s3d(zon, -2, Tam,) + 5°d(T2m,, Tam,—1)-

Taking the upper limit as i — oo, we obtain lim sup d(x2y,, Tam,—1) < €s°. Also,
n—oo

€ < d(Ton,, Tam,) < sd(T2n,, Tam,—1) + 5A(T2m,—1, T2m,)-
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Taking the upper limit as 7 — oo, we get ¢ < limsup d(z2n,, T2m,—1). Thus,
1—>00
€
- < limsup d(wan,, Tom,—1) < €s°. (21)
S i—00
Similarly, we can obtain
e < limsup d(xay,, Tom,) < €s (22)
1—+00
and
€ .
— < limsup d(22n,+1, T2m,—1) < est. (23)
S 1—>00

As (zop,, am,—1) € E(G), by using condition (14), we obtain

(s d(@an, +1, Tam,)) = Y(s*d(fran,, TTom,~1))
< ¢(N8(x2nia$2mﬁl)) - ‘P(NS(x2nmx2mrl))a (24)

where

d(xon,, Tam,—1), min{d(zan,, fTon,), d(X2m,—1, TTom,~1)},
Ns(2on,, Tom,—1) = mazx
imln{d(xQnL yTTom,—1), d(x2m,—1, fron,)}
d(xon,, am,—1), min{d(xan,, Ton,+1), A Tam,—1, Tam,) },
= mazx
imzn{d(l?m ) x2mi)7 d(mei_l, $2ni+1)}
(25)

Taking the upper limit as ¢ — oo in (25) and using conditions (17), (21)-(23), we get

€ . € € € .
5.3 mln[iu PR 772] < lim sup NS(xQW'i’xzmi_l)
2s 5 2s 2ss i—00

( 1
llm Sup d(xQHL 9 $2m1—1)a 07
1—+00

1 . .
— max %mm{hm sup d(zap,, Tom, ),
71— 00

lim sup d(Tom,—1, Ton,+1)}
71— 00

1
< maxfes®, 2—654} = es°,
s

Therefore,

2783 < hni}sup Ns(l‘2nmx2mi71) < es?. (26)
i—00
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Similarly, we can obtain

€ ..
- < liminf Ny(22n,, 2m,—1) < es>. (27)
S 1—r00

Taking the upper limit as ¢ — oo in (24) and using conditions (20), (26), (27), we get

bles®) = (s*2) < (s limsup d(@zn 41, 22m,))
1—+00
< ¢(1im sSup Ns(x2n7¢ s x2mi—1)) — lim inf (P(Ns(me > $2mi—1))

i—00 =00

< (es®) — p(lim inf Ny(zon,, 22m, 1)),
1—00

which implies that @(liminf Ng(zoy,,z2m,—1)) = 0. Consequently, it follows that

71— 00
lim inf Ny (zap,, am,—1) = 0, a contradiction to (27). Therefore, (z,,) is a Cauchy sequence
71— 00

in X. Since (X,d) is complete, there exists an v € X such that z, — u as n — 0. As

~ ’

(Tn, Tny1) € E(G) for all n > 0, so by property (), there exists a subsequence (z,,) of

(xy,) such that (z,,,u) € E(G) for all i > 1. If n; is even, then x,,+1 = fx,,. So, by using
condition (14), we obtain

1/}(84d(.%'m+1, Tu)) - ¢(84d(fxanu)) < ¢(N5(xm,u)) - QO(NS(l'm,U)), (28)
where

d(xp,,u), min{d(zy,, fry,), d(u, Tu)},
Ng(xp,,u) = mazx

Smin{d(a,, Tu), (v, 12,,)

d(xn“ u)a d(x’m ) xni-f—l)v
< mazx — 0 as 1 — 0.
2175d(u71:ni+1)

Therefore, taking the upper limit as i — 0o in (28), we have

Y(stlimsup d(z,, 1, Tu)) < Y(limsup Ny(z,,, 1)) — @(iminf Ny(z,,,u))

i—$00 i—00 1—00

which gives that 1 (s*limsup d(z,, 11, Tu)) = 0. By using Lemma 2.6, we have

1—00

P, Tu)) = ¥(s* du, Tu)) < (s* lim sup d(za, 41, Tu)) =0,

1—00

which gives that d(u,Tu) = 0 i.e., Tu = u and hence by our previous observation, u is
also a fixed point of f. If n; is odd, then proceeding as above, we can show that fu = u.
Therefore, u is a common fixed point of f and T

For uniqueness, let v be another common fixed point of f and 7" in X. By property
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(1), we have (u,v) € E(G). Then

N, (u, ) d(u,v),min{d(u, fu),d(v,Tv)}.
S a=min{d(u, Tv),d(v, fu)}

= maz{d(u,v),0, 2—18d(u, v)}

= d(u,v).

As (u,v) € E(G), we have

which implies that ¢(d(u,v)) = 0 and hence d(u,v) = 0 i.e., u = v. Therefore, f and T
have a unique common fixed point in X. [ |

Corollary 3.10 Let (X,d) be a complete b-metric space endowed with a graph G and
let f, T : X — X be mappings. Suppose that there exists k& € [0,1) such that

A(fr,Ty) < %5 mar{d(e,y), min{d(z, f),dy, Ty)}, 5-min{d(z, Ty), d(y, 2)})

for all z,y € X with (z,y) € E(G). Suppose the triple (X,d,G) has the property (*)
Then f and T have a common fixed point in X if Cpyr # 0. Moreover, f and T have a
unique common fixed point in X if the graph G has the property (1).

Proof. The proof follows from Theorem 3.9 by considering altering distance functions
P(t) =t and ¢(t) = (1 — k)t for all t € [0, +00). [ |

Corollary 3.11 Let (X,d) be a complete b-metric space endowed with a graph G and
let f: X — X be a mapping. Suppose that there exists k € [0,1) such that

(S fy) < 3 mar{d(z,y), min{d(z, f2), d(y, fy)}, 5-minld(z, fy).d(y, f2)})

for all z,y € X with (z,y) € E(G). Suppose the triple (X, d,G) has the property (*)
Then f has a fixed point in X if Cy # (). Moreover, f has a unique fixed point in X if
the graph G has the following property:

’ ~

(1) If z, y are fixed points of f in X, then (z,y) € E(G).

Proof. The proof follows from Theorem 3.9 by considering T' = f and altering distance
functions ¥(t) =t and p(t) = (1 — k)t for all t € [0, 4+00). [ |

Corollary 3.12 Let (X,d) be a complete b-metric space and let f, T : X — X be
mappings. Suppose that there exist two altering distance functions ¢ and ¢ such that

Y(std(fz, Ty)) < Y(Ns(z,)) — o(Ns(z, y))

for all z,y € X. Then f and T have a unique common fixed point in X.

Proof. The proof can be obtained from Theorem 3.9 by putting G = Gy. [ |
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Corollary 3.13 Let (X, d) be a complete b-metric space endowed with a partial ordering
< and let f : X — X be a mapping. Suppose that there exist two altering distance
functions 4 and ¢ such that

Y(std(f, fy)) < O(N(2,9)) — o(N,(,y))

for all x,y € X with z <y or, y =< z, where

/ . 1 .

Ny(z,y) = max{d(z,y), min{d(z, fx),d(y, fy)}, 5-min{d(z, fy),d(y, f2)}}.
Suppose the triple (X,d, <) has the property (f). If there exists g € X such that
fmxo, fMxo are comparable for m, n = 0,1,2, ---, then f has a fixed point in X. More-
over, f has a unique fixed point in X if the property (1) holds.

Proof. The proof can be obtained from Theorem 3.9 by taking G =G and T'=f. R

Remark 2 If we take ¢(t) =t and p(t) = (1 — k)t for all t € [0,400), where k € [0,1)
is a constant, then conditions (1) and (14) reduce to

k k
d(fz, fy) < 3 Ms(gz,gy) andd(fx,Ty) < = Ny(z,y)

respectively. Corollaries 3.3 and 3.10 give a unique common fized point of a pair of
mappings satisfying above mentioned contractive type conditions. However, it is valuable
to note that without altering distance functions, one can finds a unique common fized
point of a pair of mappings satisfying above types of contractive conditions by using
Lemma 2.10.

We furnish some examples in favour of our results.

Ezample 3.14 Let X = R and define d : X x X — RT by d(z,y) =|  — y |? for all
x,y € X. Then (X, d) is a b-metric space with the coefficient s = 2. Let G be a digraph
such that V(G) = X and E(G) = AU{(z,y) : x < y with z,y € [0,00)}.

Let f, g: X — X be defined by fx = § if x € 2Z and otherwise, fx = 0, and gz = 3x
if z € [0, 00) and otherwise, gz = [z] if x € (—00,0). Obviously, f(X) C ¢g(X) and g(X) is
a complete subspace of X. Also, define altering distance functions 1, ¢ : [0, 00) — [0, 00)
by 1(t) =t, ¢(t) = (1 — k)t where k = . We now verify that condition (1) holds for all

x,y € X with (g, gy) € E(G). Let z,y € X with (gz,gy) € E(G).
Case-I: If z,y € X \ 27Z, then

Y(sd(fz, fy)) = 0 <Y (M(gz, gy)) — o(Ms(gz, gy))-

Case-11I: If x,y € 2Z, then
visd(fz fy) = v (24(5.5)) =2 (5 - %)2

1
=5z - y)? < g(m —y)?

= kd(gz, gy) < kM(9z, gy)
= ¥(M;(gz, 9y)) — p(Ms(gz, 9y)).
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Thus,

Y(sd(fx, fy)) < (Mg, gy)) — p(Ms(g9z, gy))

for all z,y € X with (gz,9y) € E(G).

We can verify that 0 € Cyy. In fact, gz, = fr,—1, n =1, 2,3, --- gives that gz =
f0=0=x; =0andso gze = fxr; = 0 = x5 = 0. Proceeding in this way, we get gz, = 0
for n =0, 1,2, --- and hence (g2, 9z,n) = (0,0) € E(G) for m, n =0, 1, 2, ---. Also,
it is easy to verify that property () holds. Furthermore, f and g are weakly compatible.
Thus, we have all the conditions of Theorem 3.2 and 0 is the unique common fixed point

of f and g in X.
The following example supports our Theorem 3.9.

Exzample 3.15 Let X = [0,00) and define d : X x X — RT by d(z,y) =| x — y |? for
all z, y € X. Then (X,d) is a complete b-metric space with the coefficient s = 2. Let G
be a digraph such that V(G) = X and E(G) = AU{(z,y) : 2z <y and z,y € NU{0}}.
Let f,T : X — X be defined by fz =In(l + %) if x € NU {0} and otherwise, fz = 2,

8
and Tz = In(1 + §) if z € NU {0} and otherwise, Tz = 2. Also, define altering distance

functions v, ¢ : [0,00) —= [0,00) by ¥(t) = kt, ¢(t) = (k — 1)t, where 1 < k < 22.

We now verify that condition (14) holds for all z,y € X with (z,y) € E(G). Let

z,y € X with (z,y) € E(G) and y < z.
Case-I: (z,y) € (Nx N)U{(0,0)}. If & < g, then

1+
1+

1+
1+

o0l8
olR

1< <

ol
ol

and so

142 142
0<1n< +§> gm( +g).
1+ § 1+ 5
By using the mean value theorem for the function In(1 4 t), for ¢ € [%, §], we have

W(s'd(fz, Ty)) = 16kd(fz, Ty) = 16k (m (1 n g) I (1 . %))2

L+ 2\\° 1+2\\?
=16k ( In s < 16k ( In Rl
1+4 1+%

— 16k <ln (1 n %) —In (1 + %))2 < 16k (% . %)2

< o (z—y)® <d(z,y)

< Ns(z,y) = ¥(Ns(2,9)) — ¢(Ns(z,9))-

If2<¥ thn0<¥-2<¥= (4- %)2 < %. By using the mean value theorem for
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the function In(1 4 t), for ¢ € [, ¥], we have

U(s*d(fa, Ty) = 16kd(7r, Ty) = 16k (1n (14 5) —in (14 1))’

2
< 16k (f — f) < 16,2

6 8 36
2
B (%
367 6
Y 2
< ( In(1+ 6)) d(y, Ty)
Again,
2 2
4 < y_2z r_ 7T
b(s*d(fz, Ty)) < 16k (6 8) < 16k (6 8)
x?2 25
ko S op®
49 , T\ \2
ikl < _ ol
=d(z, fz)
Thus,

P(s*d(fz, Ty)) < min{d(z, fz),d(y, Ty)}

<m
< Ni(z,y)
= »(Ns(z,9)) = ¢(Ns(2,9)).
Case-1I: z =y and ¢ NU {0}. Then
Y(s'd(fa, Ty)) < o(s'd(2,2))
=0
< No(z,y)
= »(Ns(z,9)) = o(Ns(2,9)).

The case (z,y) € E(G) with 2 < y may be treated similarly.

217

Thus, condition (14) is satisfied. It is easy to verify that property (*) holds and 0 €
Cyyrie., Cpyr # (). Thus, we have all the conditions of Theorem 3.9 and 0 is the unique

common fixed point of f and T in X.
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