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On contractions involving an auxiliary mapping and fixed-point results

Bessem Samet?

*Department of Mathematics, College of Science, King Saud University, Riyadh 11451, Saudi Arabia

Abstract. For a given metric space (M, d), we introduce two classes of mappings F : M — M satisfying
contractions involving an auxiliary mapping S : M X M — M. For each class, we study the existence
and uniqueness of fixed points. Iterative algorithms converging to the fixed points, as well as the size of
the convergence errors, are also provided. For particular choices of the auxiliary mapping S, we recover

the Banach and Kannan fixed-point theorems. Some examples illustrating the obtained results and an
application to cyclic contractions are given.

1. Introduction

Let (M, d) be a metric space. A mapping F : M — M is called a contraction on (M, d), if there exists
x € [0, 1) such that d(Fu, Fv) < xd(u,v) for every u,v € M. From Banach’s fixed-point theorem [3], if (M, d)
is complete, then any contraction on (M, d) possesses a unique fixed point, and for all u € M, the Picard
sequence {F"u} converges to this unique fixed point. This theorem is a fundamental result in analysis, and
has several applications in pure and applied mathematics. In particular, it provides a very powerful and
useful tool to the study of existence and uniqueness of solutions for various kinds of equations such as
integral equations, differential equations, partial differential equations, and evolution equations. For some
works related to the applications of Banach’s fixed-point theorem, we refer to [1, 5, 9, 14, 28]. Clearly, being
continuous, is a necessary condition for a mapping F to be a contraction.

In 1968, Kannan [11] introduced the class of mappings F : (M, d) — (M, d) satisfying

d(Fu, Fv) < « [d(u, Fu) + d(v, Fv)] (1)
for all u,v € M, where x € [0,1/2) is a constant. Kannan proved that, if (M, d) is a complete metric space
and F satisfies (1), then F possesses a unique fixed point, and for all u € M, the Picard sequence {F"u}
converges to this unique fixed point. Unlike the class of contractions, a mapping F satisfying (1) is not
necessarily continuous. Throughout this paper, any mapping F : (M,d) — (M, d) satisfying (1) is called a
Kannan-contraction. The class of Kannan-contractions plays an important role in metrical fixed point theory.
Indeed, apart from the fact that a Kannan-contraction is not necessarily continuous, the Kannan contraction
principle provides a characterization of the metric completeness (see Subrahmanyam [27]), while the Banach
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contraction principle does not (see Conell [6]). Due to these facts, the establishment of generalizations and
extensions of Kannan’s fixed-point theorem attracted a lot of interest. Some contributions related to
Kannan’s fixed-point theorem can be found in [2, 4, 7, 13, 15-17, 19, 23, 24].

In 2003, Kirk et al. [12] introduced the class of cyclic contractions. Namely, let {C,-}f:1 be a family of
nonempty and closed subsets of a metric space (M, d). A cyclic contraction is a mapping F : Ule Ci— Ule Ci
satisfying the following conditions:

(i) F(C)) C Ciyy forall 1 <i < p (with Cpey = Cy).

(ii) There exists « € [0, 1) such that
d(Fu, Fv) < xd(u,v)

forall (u,v) e C;xCippand 1 <i <p.

It was shown in [12]that, if (M, d) is a complete metric space and F : Ule C — Ule C;is a cyclic contraction,
then F possesses a unique fixed point in ﬂf’zl Ci. The literature includes numerous generalizations and
extensions of this result. For instance, Pdcurar and Rus [20] studied the class of cyclic g-contractions. In
[18], Pacurar introduced the class of r-cyclic operators with respect to a covering of a metric space and
investigated their behavior under a Banach-type generalized contraction. Other related contributions can
be found in [1, 8, 10, 21, 22, 25, 26].

In this paper, we study the existence and uniqueness of fixed points for two new classes of mappings
F: (M,d) — (M,d) satisfying contractions involving an auxiliary mapping S : M x M — M. The first
family of mappings includes the class of contractions, while the second one includes the class of Kannan-
contractions. Namely, for particular choices of S, we recover the Banach and Kannan fixed-point theorems.
Our obtained results are supported by examples. Next, an application to cyclic contractions involving an
auxiliary mapping is provided.

The rest of the paper includes three sections. In Section 2, we introduce the class of SP-contractions,
which includes for a special choice of S, the class of contractions. A fixed-point theorem is established
for the introduced mappings. We also provide an example where our obtained result can be used, while
Banach’s fixed-point theorem is inapplicable. In Section 3, we introduce the class of S¥-contractions, which
includes for a special choice of S, the class of Kannan-contractions. A fixed-point result for SX-contractions
is established. Next, an example supporting our obtained result is given. We also show that in this example,
Kannan’s fixed point theorem is inapplicable. Finally, in Section 4, we apply our results to the study of
fixed points for cyclic contractions involving an auxiliary mapping.

Throughout this paper, the following notations will be used:

e M denotes an arbitrary nonempty set.
e For a given mapping F : M — M and z € M, we set
FPz=z F“z=FF"z), n>0.
We denote by Fix(F), the set of fixed points of F, that is,
Fix(F) ={ze M : Fz = z}.
e For a given mapping S : M x M — M, we denote by Fix(S), the set of fixed points of S, that is,

Fix(S) = {ze M : S(z,z) = z}.

2. The class of SB-contractions

In this section, we are concerned with the study of fixed points for the following class of mappings.
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Definition 2.1. Let (M, d) be a metric space and S : M X M — M be a given mapping. A mapping F : M — M is
called a SB-contraction, if there exists x € [0, 1) such that

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) < x [d(x, S(x, y)) + d(y, S(x, y))] (2)
for every x,y € M.
Remark 2.2. Notice that, if S(u,v) = v for all u,v € M, then (2) reduces to
d(Fx, Fy) < xd(x, y)
for every x, y € M. Then, a contraction is a SB-contraction with S(u,v) = v.

We have the following fixed-point result.

Theorem 2.3. Let (M, d) be a complete metric space and S : M X M — M be a given mapping. Assume that the
following conditions hold:

(i) F: M — M is a SB-contraction for some x € [0, 1).
(ii) For all u,v € M, we have
lim d(F'u,v) =0 = lim d(F(F"u), Fv) = 0.

Then,
(I) Forall xo € M, the sequence {F"xo} converges to a fixed point of F.
(II) F admits a unique fixed point x* € M.
(I1) x* € Fix(S).
(IV) Forall xo € M and n > 0, we have

n

d(anO, X*) < [d(X(), S(xo, FXO)) + d(FXO, S(X(), Fxo))] .

K
1-x
Proof. (I). Let xo € M and {x,} be the sequence defined by

X, = F'xg, n>0.
Using (2) with (x, y) = (xo, x1), we obtain
d(Fxo, S(Fxo, Fx1)) + d(Fx1, S(Fxo, Fx1)) < x [d(xo, S(xo, x1)) + d(x1, S(x0, x1))],
that is,
d(x1, S(x1,x2)) + d(x2, S(x1, x2)) < % [d(x0, S(x0, x1)) + d(x1, S(x0, x1))]. (©)
Similarly, using (2) with (x, ¥) = (x1, x2), we obtain
d(Fx1,S(Fx1,Fx2)) + d(Fxa, S(Fx1, Fx3)) < 1 [d(x1, S(x1, x2)) + d(x2, S(x1, x2))],
that is,
d(xz, 5(x2, x3)) + d(x3, S(x2, x3)) < K [d(x1, S(x1,x2)) + d(x2, S(x1, X2))] - (4)
Then, combining both inequalities (3) and (4), we obtain

d(x2, S(x2, x3)) + d(x3, S(x2, X3)) < & [d(xo0, S(xo, x1)) + d(x1, S(xo, x1))] .
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Continuing in the same way, by induction, we obtain

A(xn, S(Xn, Xp41)) + A(Xn1, S(Xn, Xn41)) < 00k, 120, ®)
where
00 = d(xo, S(x0,x1)) + d(x1, S(x0, x1)). (6)

On the other hand, by the triangle inequality, for all n > 0, we have
A(xn, Xne1) < d(xn, S, Xn41)) + d(Xns1, S, Xn11))- )
Then, it follows from (5) and (7) that
A(xy, Xui1) < x"0g, n =0,

which implies by the triangle inequality that

n

K_K(So, n>0m>1. (8)

A(Xn, Xnm) < 1

Since k € [0,1), we deduce that {x,} is a Cauchy sequence. Then, due to the completeness of (M, d), there
exists x* € M such that

lim d(F"xo, x*) = 0, )

which implies by (ii) that
lim d(F"*xy, Fx*) = lim d(F(F"xo), Fx*) = 0.

Hence, by the uniqueness of the limit, we obtain that x* € Fix(F). This proves part ().

(II). From (I), we know that Fix(F) # 0. We now show that F has a unique fixed point. Indeed, suppose that
x,y € Fix(F). Then, by (2), we have

d(x, S(x, y)) + d(y, S, y)) < x [d(x, SCx, y)) +d(y, S, )],
which implies (since « € [0, 1)) that
d(x, S(x, y)) +d(y, S(x, y)) = 0.
Consequently, we obtain
x=50y) =y (10)
which proves that F admits a unique fixed point. This proves part (II).

(IIT). From (I) and (II), we deduce that Fix(F) = {x*}, where x" is given by (9). Notice that due to the
uniqueness of the fixed point, x* is independent of the choice of xj. Taking x = ¥ = x* in (10), we obtain

X' =5(x",x%),
which shows that x* € Fix(S). This proves part (III).

(IV). Passing to the limit as m — oo in (8), using (6) and (9), we obtain (IV).
The proof of Theorem 2.3 is then completed. [

Remark 2.4. Notice that, if F : (M, d) — (M, d) is continuous, then F satisfies condition (ii) of Theorem 2.3.
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Remark 2.5. From Remark 2.2, taking S(u,v) = v in Theorem 2.3, we obtain the Banach fixed-point theorem.
An example illustrating Theorem 2.3 is given below.

Example 2.6. Let M = {x1,xp,x3} and S : M X M — M be the mapping defined by
S(xi,xi) =X, S(xi,x]-) = S(xj,xi), i,j €{1,2,3}

and
S(x1,%2) = x1, S(x1,%3) = x2, S(x2,x3) = X71.

Let d be the metric on M defined by

d(xi,xj):{é ; ii; (11)

We consider the mapping F : M — M defined by
Fx1 = X1, FXZ = X1, FX3 = Xp.

We claim that forall i, j € {1,2,3},

d(in, S(in, Fx])) + d(Fx]-, S(PJCj, Fx])) < [d(xi, S(xi, x])) + d(x]-, S(xi, x]))] . (12)

N =

Notice that for all i € {1, 2,3}, we have

d(Fx,-, S(Fx,-, in)) + d(Fx,-, S(Fx,-, in)) = d(in, Fx,-) + d(in, in)
=0,

which shows that (12) holds for all i = j € {1,2,3}. On the other hand, due to the symmetry of S, we have just to
show that (12) holds for (i, j) € {(1,2),(1,3),(2,3)}.
Case 1: (i, j) = (1,2). In this case, we have

d(Fxl-, S(Fxl-, ij)) + d(FX]', S(in, Fx]-)) = d(le, S(Fxl, FX2)) + d(FXQ, S(Fxl, FXQ))
= d(xl/ S(xlf xl)) + d(xl/ S(xll xl))
= d(x1,x1) + d(x1, x1)
=0,

which shows that (12) holds.
Case 2: (i, j) = (1,3). In this case, we have

d(Fxi, S(Fxi, Fx;)) + d(Fxj, S(Fxi, Fxj))  d(Fxy, S(Fx1, Fx3)) + d(Fx3, S(Fxy, Fx3))
d(xi, S(xi, %)) +d(xj, S(xi, %)) d(x1, S(x1,X3)) + d(x3, S(x1, x3))
_ d(x1,5(x1,X2)) + d(x2, S(x1, X2))
d(x1, S(x1, x3)) + d(x3, S(x1, x3))

_ d(xy,x1) +d(x2,x1)

d(x1,x0) + d(x3,x2)
1
51
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which shows that (12) holds.
Case 3: (i, j) = (2,3). In this case, we have

d(Fx;, S(Fxi, Fx;)) + d(Fxj, S(Fxi, Fxj))  d(Fxy, S(Fxp, Fx3)) + d(Fx3, S(Fx,, Fx3))
d(xi, S(xi, %)) +d(xj, S, xj))  d(xz, S(x2, X3)) + d(x3, S(x2, x3))

_ d(x1, S(x1, x2)) + d(x2, S(x1, X2))

 d(x2, S(x2, x3)) + d(x3, S(x2, X3))
_d(xy,x1) + d(x, x1)

 d(xz,x1) +d(x3,x1)

1
=3

which shows that (12) holds.
Consequently (12) is satisfied for all i, j € {1,2,3}, which shows that F is a SB_contraction with x = 1/2. On the
other hand, we have
Fix(F) = {x1}, S(x1,x1) = x1,

which confirms Theorem 2.3.
We point out that Banach’s fixed-point theorem is not applicable in this case. Indeed, we have
d(Fx1, Fx3) _ d(x1,%2)
d(x1/x3) d(xlr x3)
=1,

which shows that F is not a contraction.

3. The class of SX-contractions
In this section, we introduce the class of S¥-contractions, which includes Kannan-contractions.

Definition 3.1. Let (M, d) be a metric space and S : M X M — M be a given mapping. A mapping F : M — M is
called a S¥-contraction, if there exists 0 < k < % such that

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) < « [d(x, S(x, Fx)) + d(Fx, S(x, Fx)) + d(y, S(y, Fy)) + d(Fy, S(y, Fy))] (13)
for every x,y € M.

Remark 3.2. Notice that, if S(u,v) = u for all u,v € M, then (13) reduces to (1). Then, a Kannan-contraction is a
SK-contraction with S(u,v) = u.

We have the following fixed-point result.

Theorem 3.3. Let (M, d) be a complete metric space and S : M X M — M be a given mapping. Assume that the
following conditions hold:

(i) F: M — M is a S¥-contraction for some 0 < « < 3.
(ii) S(x,x) = x for all x € M.
(iii) For all u,v € M, we have
lim d(F'u,v) =0 = lim d(F(F"u), Fv) = 0.
n—00 n—oo
Then

(I) Forall xg € M, the sequence {F"x,} converges to a fixed point of F.
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(II) F admits a unique fixed point x* € M.
(II) For all xo € M and n > 0, we have

n
A(Fx0,x') < 1o 0, S(xo, Fxa) + d(Fxo, S(xo, Fro)],

1—
where A = 7.
Proof. (I). For xg € M, let {x,} € M be the Picard sequence defined by
X, = F'xg, n>0.
Using (13) with (x, ¥) = (xo, x1), we obtain

d(Fxo, S(Fxo, Fx1)) + d(Fx1, S(Fxo, Fx1))
< « [d(xo, S(xo, Fxo)) + d(Fxo, S(xo, Fxo)) + d(x1, S(x1, Fx1)) + d(Fx1, S(x1, Fx1))],

that is,

1271

d(x1, S(x1,x2)) + d(x2, S(x1, x2)) < % [d(x0, S(x0, x1)) + d(x1, S(x0, x1)) + d(x1, S(x1, x2)) + d(x2, S(x1, x2))],

which yields
d(x1, S(x1,%2)) + d(x2, S(x1,x2)) < A [d(x0, S(x0,x1)) + d(x1, S(x0, x1))] -
Similarly, taking (x, y) = (x1,x2) in (13), we obtain

d(Fx1, S(Fx1, Fx2)) + d(Fxa, S(Fx1, Fx2))
< x [d(x1, S(x1, Fx1)) + d(Fxq, S(x1, Fx1)) + d(x2, S(x2, Fx2)) + d(Fx2, S(x2, Fx2))],

that is,

(14)

d(x2, S(x2,x3)) + d(x3, S(x2, x3)) < % [d(x1, S(x1, x2)) + d(x2, S(x1, x2)) + d(x2, S(x2, X3)) + d(x3, S(x2, X3))],

which implies that

d(x2, S(x2, X3)) + d(x3, S(x2, x3)) < A[d(x1, S(x1, Xx2)) + d(x2, S(x1, x2))] -
Then, it follows from (14) and (15) that

d(x2, S(x2, x3)) + d(x3, S(x2, x3)) < A [d(x0, S(x0, x1)) + d(x1, S(x0, x1))] -

Continuing in the same way, by induction, we obtain

A(xn, S(xXn, Xn41)) + d(Xni1, S(Xn, Xn41)) < A"00, 120,
where 0y is given by (6). On the other hand, by the triangle inequality, we have

d(xn, Xn41) < d(xn, SO, Xn11)) + d(Xn11, SOn, Xn11)), 12 0.
Hence, in view of (16) and (17), it holds that

A(xy, Xui1) < A"09, n=0.

Notice that, since 0 < k < 3, then 0 < A < 1. Making use of the triangle inequality, we obtain

n

< -
d(xn/ xn+m) = 1 _ A

60, 7’120,77121,

(15)

(16)

(17)

(18)
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which implies that {x,} is a Cauchy sequence in the complete metric space (M, d). Consequently, there exists
x* € M such that

lim d(F"xp,x") =0, (19)
which implies by (iii) that x* € Fix(F). This proves part (I).

(II). From (I), we know that Fix(F) # 0. Let us suppose that x, y € Fix(F). Then, making use of (13) and (ii),

we obtain
A(x, S(x, ) +d(y, SCx, ) < 26 [dx, SCx, ) + d(y, Sy, )]
= 2k [d(x,x) + d(y, y)]
= 0,
which implies that

d(x,S(x, y) = d(y, S(x, y) = 0.

Consequently, we have x = y, which proves that F admits a unique fixed point. This proves part (II).

(IIT). From (I) and (II), we deduce that Fix(F) = {x"}, where x" is given by (19). Passing to the limit as m — oo
in (18) and using (19), we obtain (III).
The proof of Theorem 3.3 is then completed. [

Remark 3.4. Taking S(u,v) = u for all u,v € M (see Remark 3.2), (13) reduces to
d(Fx,Fy) <« [d(x, Fx) + d(y, Fy)]

for every x,y € M. Clearly, the mapping S satisfies condition (ii) of Theorem 3.3. Furthermore, for all u,v € M, we
have

d(F"*'u, Fo) = d(F(F"u), Fo) < « [d(F"u, F"*'u) + (v, Fo)|, > 0. (20)

So, if
lim d(F"u,v) =0,

n—oo

then passing to the limit as n — oo in (20), we obtain

d(v, Fv) < xd(v, Fv) < @,

which yields

d(v, Fv) = 0.

Consequently, we obtain

lim d(F(F"u), Fv) = lim d(F"*'u, Fv) = lim d(F""'u,v) = 0,

n—oo

which shows that condition (iii) of Theorem 3.3 is satisfied. Then, Theorem 3.3 includes Kannan’s fixed-point theorem
[11].

An example illustrating Theorem 3.3 is provided below.
Example 3.5. Let M = [0, 1] and d be the standard metric on M, i.e.,

dx,y)=lx-yl, xyeM
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We consider the mapping F : M — M defined by

pe=

Notice that F is not a Kannan-contraction. Indeed, for (x, y) = (%, 1), we have

if 0<x<1,
if x=1.

N= O

dExFy) -3 1
d(x, Fx) + d(y,Fy) L_ol+1-1 T

So, there is no x € [O, %) such that
d(Fx,Fy) <« [d(x, Fx) + d(y, Fy)]

for every x,y € M.
We now introduce the mapping S : M X M — M defined by
X if x=y,

S 7 = T(x .
2 {1_sm[%] i oxty.

Clearly, the mapping S satisfies condition (ii) of Theorem 3.3. We claim that

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) < % [d(x, S(x, Fx)) + d(Fx, S(x, Fx)) + d(y, S(y, Fy)) + d(Fy, S(y, Fy))] (21)

for every x, y € M. Notice that, if x = y, then

d(Fx, S(Fx,Fy)) + d(Fy, S(Fx, Fy)) = d(Fx, S(Fx, Fx)) + d(Fx, S(Fx, Fx))
= 2d(Fx, Fx)
=0,

which shows that (21) holds. So, taking into consideration the symmetry of S, we just have to check that (21) is
satisfied for0 <x <y <land0<x<1,y=1.
Case 1: 0 < x < y < 1. In this case, we have

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) = d(0, 5(0,0)) + d(0, 5(0, 0))
= 24(0,0)
=0,

which shows that (21) holds.
Case 2: 0 < x <1,y = 1. In this case, we have

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) = d (o, 5 (0, %)) d (% S (o, %))

1 1 1
=5(0.3)+[3-5(0:3)

(T 1 (T
=1 —sm(g)+ ‘E -1 +sm(g)‘
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d
" d(y, S(y, Fy)) + d(Fy, Sy, Fy)) = d (1, 5 (1, %)) +d (% 5 (1, %))

1 1 1
—‘1‘5(1'5)‘+‘§‘5(1f§)‘

Consequently, it holds that
d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy))
= 2 [d(y, Sy, Fy) + d(Fy, S(y, Fy)]
< % [d(x, S(x, Fx)) + d(Fx, S(x, Fx)) + d(y, S(y, Fy)) + d(Fy, S(y, Fy))],

which shows that (21) holds.
Then, condition (i) of Theorem 3.3 is satisfied with k = %
On the other hand, by the definition of F, for all u € M, we have

Flu=0, n>2.

So, if for some v € M, we have
lim |[F"u — o] =0,

n—oo

then v = 0 and
lim |[F(F*u) — Fv| = [FO — FO| = 0.
n—oo

This shows that condition (iii) of Theorem 3.3 is also satisfied.
Consequently, Theorem 3.3 applies. Moreover, 0 is the unique fixed point of F, which confirms Theorem 3.3.

4. Cyclic contractions with an auxiliary mapping

In this section, making use of Theorem 2.3, we establish the existence and uniqueness of fixed points for
the following class of mappings.

Definition 4.1. Let {C,~}f=1 be a family of nonempty and closed subsets of a metric space (M, d). Let

14 14
s;gcix _1c,-—> C;

P
i =1

1 1

be a given mapping. A mapping

F:OC,-—>

i=1 i

p
Ci
-1

is called a cyclic SB-contraction, if the following conditions hold:
(a) F(C;) C Ciyq forall 1 <i < p (with Cpy1 = C1).

(b) There exists k € [0,1) such that for all (x,y) € C; X Ciy1 and 1 < i < p, we have

d(Fx, S(Fx, Fy)) + d(Fy, S(Fx, Fy)) < x [d(x, S(x, y)) + d(y, S(x, y))] .
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We have the following result.

Theorem 4.2. Let {C,-}f=1 be a family of nonempty and closed subsets of a complete metric space (M,d). Let
S: UL, Cix U, C = U, Ci bea given mapping. Assume that

(i) F: U, Ci— U, Ciis acyclic SB-contraction for some x € [0,1).
Then, ﬂle Ci # 0. Moreover, if
(ii) forallu,v e ﬂle Ci, we have

lim d(F'u,v) =0 = lim d(F(F"u), Fv) = 0,
Nn—00 Nn—00

then
(I) F admits a unique fixed point x* € (}_, C;.
(ID x* € Fix(S).

(II) For all xo € U!_, C; and n > 0, we have

Ki’l

d(F"x0, x7) < 7 [d(x0, S(xo, Fx0)) + d(Fxo, S(xo, Fx0))] (22)

- K

and

d(F"xo, x") < x" [d(xo, S(x0, X)) + d(x", S(x0, x"))] . (23)
Proof. Letug € UY_, C;and
u, = F'ug, n>=0.

By (a), for every n > 0, there exists 1 < i, < p such that (u,, u,4+1) € C;, X C;,+1. Then, making use of (b) with
(x, ) = (up, u1), we obtain

d(Fuo, S(Fuo, Fuy)) + d(Fuq, S(Fug, Fuy)) < x [d(uo, S(uo, u1)) + d(uq, S(uo, u1))],

that is,

d(uy, S(uy, uz) + d(uz, S(u1, uz)) < xyo, (24)
where

Yo = d(uo, S(uo, 1)) + d(u1, S(uo, uz). (25)

Similarly, making use of (b) with (x, y) = (11, u), we obtain
d(uz, S(uz, uz)) + d(us, S(uz, us)) < x [d(ur, S(ur, u2)) + d(uz, S(ur, u2))]1,

which implies by (24) that
d(uz, S(uz, uz)) + d(uz, S(uz, u3)) < K*y0.

Continuing in the same way, we obtain
d(un, S(tn, Un41)) + d(tns1, Sy, tns1)) < &"yo, 120,
which implies by the triangle inequality that

A(uy, uys1) < x"yo, n=0. (26)
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Consequently, {u,} is a Cauchy sequence in (Ule G, d). On the other hand, since Ule C; is a closed subset

of the complete metric space (M, d), then ( le C;, d) is a complete metric space. Therefore, there exists
u e Ule C; such that

lim d(u,, u*) = 0. (27)

Furthermore, by (a), for all 1 < i < p, there exists a subsequence {uy, )} of {u,} such that {uy,m} C C;. Then,
in view of (27), we obtain

lim d(ugp,m),u") =0

n—oo

forall 1 <i < p. Since C; is closed for all 1 <7 < p, we deduce that

which shows that ﬂle Ci # 0. Moreover, by (a), we have
P P
F [ﬂ Ci] C C;.
i=1 i=1

(I)-(II). Assume now that (ii) holds. Let us consider the mapping

4 P
Flﬂf’zlci : ﬂCi 4 ﬂCi.
i=1 i=1
Clearly, the mapping Fly ¢, satisfies the assumptions of Theorem 2.3. Consequently, Flry ¢ admits a

unique fixed point x* € ﬂle C; and x* € Fix(S), which proves parts (I) and (II).

(IIT). We now take an arbitrary element xo € !_, Ci. Since x* € (), C;, there exists some 1 < j < p such that
(x0,x*) € Cj X Cjy1. Then, using (b) with (x, y) = (xo, x*), we obtain

d(Fxo, S(Fxg, Fx*)) + d(Fx", S(Fxo, Fx*)) < x [d(xo, S(xg, x7)) + d(x", S(xg, x*))],
that is (since x* € Fix(F)),
d(Fxo, S(Fxo, x*)) + d(x, S(Fxo, x*)) < x [d(x0, S(xo, ")) + d(x", S(x0, x"))] . (28)

Similarly, there exists some 1 < k < p such that (Fxo, x*) € Ci X Cyy1. Then, using (b) with (x,y) = (Fxo, x"),
we obtain

d(F(Fxo), S(F(Fxo), Fx")) + d(Fx", S(F(Fxy), Fx")) < x [d(Fxo, S(Fxo, x")) + d(x*, S(Fxo, x*))],

that is,
d(F>xo, S(F*xq,x")) + d(x", S(F*xq, x")) < x [d(Fxo, S(Fxo, x")) + d(x", S(Fxo,x"))],

which implies by (28) that
d(sz()/ S(szO/ x*)) + d(x*/ S(sz()/ X*)) < KZ [d(xOI S(XQ, x*)) + d(x*/ S(XO, x*))] .
Continuing this process, we obtain by induction that

d(F"xg, S(F"x0, x7)) + d(x", S(F"xg, x*)) < «" [d(xo, S(x0, x7)) + d(x", S(xo, x*))], n=0,
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which implies by the triangle inequality that

d(F"xo, x") < x" [d(xo, S(xo, x7)) + d(x", S(x0,x))], 1 >0,

which proves (23) and that

lim d(F"x, x*) = 0. (29)

On the other hand, using (26) with ug = x, we get thanks to the triangle inequality that

Kn

d(F"xo, F"™"xp) < 1 [d(xo, S(xo, Fx0)) + d(Fxo, S(xo, Fxo))], n>0,m2>1,

K

which implies by passing to the limit as m — co and using (29) that

A(F"x0, ') < T— [d(xo, S(xo, Fx0)) +d(Fxo, S(xo, Fxo))], 11> 0.

This proves (22). Thus, part (III) is proved.

The proof of Theorem 4.2 is then completed. [

Remark 4.3. Taking S(u,v) = v in Theorem 4.2, we obtain the fixed-point result due to Kirk et al. [12].
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