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Abstract. The main aim of this paper is to obtain fixed point theorems
for Kannan and Zamfirescu operators in the presence of cyclical contractive
condition. A method for approximation of the fized points is also provided,
for which both a priori and a posteriori error estimates are given. Our results
generalize, unify and extend several important fixed points theorems in litera-
ture. In order to illustrate the efficiency of our generalizations five significant
examples are also given.
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1. Introduction

One of the most important results used in nonlinear analysis is the well-
known Banach’s contraction principle which basically shows that any contrac-
tion on a complete metric space (X,d), that is any mapping 7' : X — X
satisfying

(1) d(Tz,Ty) < ad(z,y),for all x,y € X,

where 0 < a < 1 is a constant, has a unique fixed point. Notice that any
contraction is continuous on X. It is natural to ask if there exist contractive
conditions which do not imply the continuity of T all over the whole space
X. This was answered in the affirmative way by R. Kannan [4] in 1968, who
proved a fixed point theorem, which extends Banach’s contraction principle to
mappings that don’t need to be continuous, by considering instead of (1) the
next condition: there exists a € [0,0.5) such that

(2) d(Tz,Ty) < ald(z, Tz) + d(y,Ty)], for all z,y € X.

Following the Kannan’s theorem, a lot of papers were devoted to obtaining
fixed point theorems for various classes of contractive type conditions that do
not require the continuity of 7. One of them, actually a sort of dual of Kannan
fixed point theorem, due to Chatterjea [3], is based on a condition similar to
(2): there exist ¢ € [0,0.5) such that

(3) d(Txz,Ty) < c[d(z, Ty) + d(y, Tz)],for all z,y € X.

Rhoades proved in [11], that the contractive conditions (1), (2) and (3),
as well as (1) and (2), respectively, are independent. In 1972, Zamfirescu
obtained a very interesting fixed point theorem, which is a generalization of
Banach’s, Kannan’s and Chatterjea’s fixed point theorems. In [2] Berinde V.
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completed the Kannan’s and Zamfirescu’s fixed point theorem with the error
estimates and the rate of the convergence for the Picard iteration.

On the other hand, in [5] W.A. Kirk, P.S. Srinivasan and P. Veeramani
obtained an extension of Banach’s fixed point theorem by considering a cyclical
contractive condition, as given by the next theorem.

Theorem 1.1. ([5]) Let A and B be two nonempty closed subsets of a
complete metric space, and suppose T : AU B — AU B satisfies the following
conditions:

(4) T(A) C B and T(B) C A;
and
(5) d(Tz,Ty) < ad(x,y), for all x € A,y € B.

where a € (0,1). Then T has a unique fixed point in AN B.

Further in [5], this theorem was extended to the union of p > 2 nonempty
sets, Ay, Ag, ..., Ap, Apr1 = Ay A mapping T : [JF_; A, — U_; A; satisfying

(6) T(AZ) C Ay forallie {1,2, ce ,p},

is called a cyclical operator. Also, inspired by the results in [5], other fixed
point theorems were obtained. In [6, 9, 14] it was defined the notion of cyclical
representation of the space X with respect to the operator T and fixed points
theorems were obtained for mappings defined on these cyclical representation.
Also in [7] other important results from the fundamental metric fixed point
theory were extended for cyclic assumptions, i.e., Chatterjea, Bianchini, Reich,
Hardy-Rogers, Ciric’, and in [8] the same author considered Ciri¢-Reich-Rus
type operators.

Consequently, the main aim of this paper is to obtain the fixed point
theorems for Kannan and Zamfirescu operators using cyclical conditions. For
all fixed point theorems we will also provide error estimates.

It is possible in some of theorems with cyclic contractive conditions, for
part of the proofs to use [10]. For the sake of simplicity we prefer to use the
technique of the classical proof of Stefan Banach’s fixed point Theorem.

2. Fixed point theorem for cyclic Kannan operators
We extend the fixed point theorem of Kannan using cyclical assumptions.

Theorem 2.1. Let {4;}!_; be nonempty closed subsets of a complete
metric space X and suppose T : | JI_; A; — UL, Ai, is a cyclical operator, i.e.
satisfies the condition (6), such that

(7)
d(Tz,Ty) < a[d(x7Tx) + d(y,Ty)],for all z € Aj,y € Ajqq, for 1 <i <p.

where a € [0, %) is a constant. Then

(i) T has a unique fixed point z* in (_; A;.
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(ii) The Picard iteration {z,} given by
(8) Tpt1 = Tap,n >0,

converges to z* for any starting point zo € (J/_; A;;
(iii) The following estimates hold

9) d(xy,z") < %d(mo,xl),n > 0;

(10) d(xpy1,2%) < ﬁd(mn, Tnt1),n > 0;
where A = 2.

(iv) The rate of convergence of Picard iteration is given by

(11) d(zn, ") < 12 d(n-1,2%),n=1,2,...

Proof. Let zg € |Jl_; Ai. So there exists i € {1,2,...,p} such that zo €
A;, and from (6) we have that z1 = Tz € A;y1. Then by (7) we get
d(x1,22) < 125d(wo,21). Therefore, denoting A := % we have 0 < X < 1,
since a € [0, %), and the inequality d(z1,z2) < Ad(zp,z1). By induction,

we obtain d(zpn,Tnt1) < A"d(xo,21),n = 0,1,2.... Thus, for any numbers
n,m € N,m > 0 we have
(12) (2, Toim) < g d(ag, wpg) < NS d(2, @),

Since A € [0,1) it results that A — 0 which shows us that the sequence
{x,} is a Cauchy sequence in (JI_; A;, a subspace of a complete metric space.
Consequently {z,} converges to some z* € |Ji_; A;. However in view of
(6) the sequence {z,} has an infinite number of terms in each A;, for all
i€{1,2,...,p}. Therefore z* € N_; A;. So (i 4; # 0.

Now, we will prove that z* is a fixed point of T'. Let ¢ € {1,2,...,p} such
that 2* € A; and Tz* € A;+1. Then, by triangle inequality and (7), we get
d(z*, Tx") < d(z*, xpi1)+d(xp1, Ta™) < d(z*, 2pi1)+ald(zn, ppr)+d (2™, Ta™)).
Taking the limit when n — oo, we obtain d(z*, Tz*) = 0, i.e. z* is a fixed point
of T. We still have to prove that z* is the unique fixed point of T. Arguing
by contradiction, suppose there exists y* € (/_; A; such that z* # y* and
Ty* = y*. From (7) we have

d(”,y*) = d(Tz*, Ty") < ald(e”, Tz") + d(y*, Ty")].
It results that d(z*,y*) = 0, a contradiction.

Letting m — oo in (12) we obtain the a priori estimate (9). Taking
x = xp_1 and y := z, in (7) we find: d(zp, xny1) < Ad(Tp—1, ), and hence,
by induction,

AT, Trgg1) < N (21, 20), k > 0,
which yields
d(Tn, Tnym) < Zzl:_ol A(Tpiks Tnykr1) <
<SPS N (1, 2,) < 25 (1= A d(n-1, Th).
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Letting m — oo we obtain the a posteriori estimate (10).
(iv) Let i € {1,2,...,p} and = € A;,y € A;y1. By (7), and the triangle
rule, we obtain:

d(Tz,Ty) < ald(z, Tx)+d(y, Ty)] < af{ld(z,y)+d(y, Ty)+d(Ty, Tx)]+d(y, Ty)},
which yields d(Tz, Ty) < ﬁd(m,y)%—Q—“d(y,Ty), forallz € A,y € Aj11,1 <

1—a
i < p. Now, taking z := z,_; and y := z* (since z* € (}_; 4;), we obtain the

relation (11). O

Notice that the assumption (i) in Theorem 2.1 was proved in [14] using
fixed point structure arguments.

3. Fixed point theorem for cyclic Zamfirescu operators

Zamfirescu’s theorem is a generalization of Banach’s, Kannan’s and Chat-
terjea’s fixed point theorems. About the Zamfirescu’s fixed point theorem we
can assert the following result.

Theorem 3.1. Let Ay, A, ..., Ay, Apy1 = Ay be nonempty closed sub-
sets of a complete metric space X and suppose T : Ule A — Ule A; is
a cyclical operator, and there exist real numbers a € [0,1),b € [0, %) and
celo, %) such that for each pair (z,y) € 4;xA;+1, for 1 < i < p, at least one
of the following is true:

(21) d(Tz,Ty) < ad(z,y);
(22) d(Tz,Ty) < bld(z,Tx) +d(y, Ty)];
(z3) d(Tz,Ty) < c[d(z, Ty) + d(y, Tz)].
Then
(i) T has a unique fixed point z* in (}_; A;.
(ii) The Picard iteration {x,} given by (8) converges to x* for any starting
point zg € UY_; As;
(iii) The following error estimates hold

(13) d(zp,x*) < %d(xo,xl),n > 0;

(14) d(xpy1,2%) < ﬁd(azn, Tnt1),n > 0;

(iv) The rate of convergence of Picard iteration is given by

(15) d(xp,x*) < Md(xp-1,2"),n=1,2,...
where A = max {a, %, ﬁ}

Proof. Let i € {1,2,...,p} and two points x € A;,y € A; 1. Using the metric
axiom’s it is easy to prove that each one of the three relations (z1), (z2), (z3)
can be written in the following equivalent manner (see [1]):

(16) d(Tz,Ty) < Xd(z,y) + 2Xd(z, Tx),
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and
(17) d(Tz, Ty) < Ad(z,y) + 2Md(z, Ty),

where A := max {a, %, = (-

(i) Let zo € UY_; 4; and let z, = T"xg,n = 1,2,..., be the Picard se-
quence. It follows that there exist ¢ € {1,2,...,p} such that zp € 4; and x1 =
Txzo € Ajy1, due to (6). In addition, from (17) we get d(z1,z2) < Ad(zo, 1),
which can be generalized by induction to d(x,,zn+1) < A*d(zg,z1),n > 0.
Thus, for any numbers n,m € N,m > 0 we have

(18) (2, Tnem) < P d(xy, w1) < 20 d (a0, o).

Now, in a similar manner to that in the proof of Theorem 2.1 we deduce
that {z,,} is a Cauchy sequence for each zo € |J_; 4; and hence a convergent
sequence, too. Let z* be it’s limit. In view of (6) an infinite number of terms of
this sequence lie in each A4;, for alli = 1,2,...,p. Therefore z* € (}_; A; # 0.
To prove that z* is a fixed point of 7" we will use (16):

d(z*,Tz*) = lim d(zp,Tz") < lim [Ad(xp—1,2%) + 2Ad(xp—1,25)] = 0.

n—oo n—oo

Therefore d(x*, Tz*) = 0. Now, suppose that 7" has another fixed point y* €
NP_, A;, * # y*. Again, by using (16), we obtain

d(z*,y*) = d(Tx*, Ty*) < Md(z*,y") + 2Ad(z*, Tx™),

which implies d(z*,y*) = 0, since A < 1, i.e., 2* is the unique fixed point of T’
in mle Az

(iii) Letting m — oo in (18) we obtain the a priori estimate (13). Taking
x:=x, and y := x,—1 in (17) we find:

(19) d(Xp, Tpt1) < Ad(Tp—1,Tn),
and hence, by induction:
A(Zniis Tpgrr1) < Nz, 1, 2,), k>0,
which yields
d(Tn, Tnym) < Z}Zl‘ol A(Tpiks Tnykr1) <
< SN (1, ) < 282 d (@, 1),

Letting m — oo in the last inequality we obtain the a posteriori estimate (14).

(iv) Let « € [JY_; A;. Then for any n > 0 there exists i, € {1,2,...,p}
such that z,, € A4;, . Since z* € ﬂle A; we can consider z* € A; 11. Then by
(16), with z := z* and y := z,,, we get the desired inequality. O
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4. Remarks and Examples

In a similar manner, it is easy to prove the following fixed point result
which extends Banach’s fixed point theorem, when the map T is defined on
the union of p > 1 nonempty sets. This result completes Theorem 1.1 with
error estimates and the rate of the convergence.

Corollary 4.1. Let {Ai}?zl be nonempty closed subsets of a complete
metric space, and suppose T : [ J!_; A; — |J!_; 4; is a cyclical mapping, i.e.
T(AZ) C Ay foralli e {1, 2,... ,p},
where A,11 = Ay, and
d(Tz,Ty) < ad(z,y)

forall z € A;, y € Ajy1, 1 <i <p, where a € [0,1) is a constant. Then

(i) T has a unique fixed point z* in (}_; A;;

(ii) The Picard iteration {z,} defined by (8) converges to z*, for any z¢ €

f:l Ajs
(iii) The following a priori and a posteriori error estimates

(20) d(xn,z") < %d(xo,xl),n > 0;

(21) d(xp, ") < 1

hold;
(iv) The rate of convergence of Picard iteration is given by

(22) d(xp, ") < ad(xp—1,2%),n=1,2,...

7= d(n_1,7y),n > 0;

We will illustrate the obtained results by some examples.
Example 4.1: Consider the space Cfg 1} endowed with the metric

d(f,9) = e |f(z) — g(2)|.

Define the subsets A = {3 _joxa®*, oy, > 0,5} ;o <1,n € N} and B =
{3y Bra®* = 3, > 0,50 B < 1,n € N} of Cjg1): By definition the sets A and
B are closed and bounded subsets in C| 1). Define the map 7" : Cjg,1) — Clo,1] by
Tf=1/2 fo t)dt. We will show that the map T satisfies the conditions of Theorem
1.1. Let f € A We need the show that T'f is in B.

Case I) Let f(z) =Y p_, axx®, ax >0, > )_; ax < 1. Then

Tf= 1/2/ ft)dt = 1/2/ Shorat®™ =300 syt € B,
0 0

because Y, _, e < L
Case II) There exists a sequence f,(z) = Y 1~ 1a,(€n)x2k, ak >0, > ozkn <1,
which is umformly convergent to f By the uniform convergence of {f,}>2, we have
that lim,, o = 3 fo fu(t)dt = 5 fo

By Case I) we have & [ fn =y, 6(n)x2k+1 = g, € B, where 5,(6”) =

o™

2(2k+1)

By the uniform convergence of the sequence {f,}52; we have that for every



10-12 December 2010, Plovdiv, Bulgaria 193

e > 0 there exists N € N, such that for every n,m > N holds

Then it is easy to see that
max,e (o, [9n (%) — g (2)] < § maxgeqo ) |00, ofPa?* — S afMa k‘
= 1 max,ep,1] | fn(®) — fm(2)| < &, which ensures that {g,}52 is a Cauchy sequence

in B. Therefore there exists g € B, such that lim, .., g, = g and thus 1 5 fo t)dt =
geB.

The proof that T(B) C A is similar. It is well known that T is a contraction.
The constant zero is a fixed point of the map T and 0 € AN B.

Let us mention that the sets A and B consists not only of polynomial functions.

For example ie"”z € A. Indeed iewz = lim, oo ( + >y T k,) Thus the function
N e’ dz is in B.

Example 4.2: Consider the function f(z) = —%L@ sin(1/x)| if z # 0 and
f(0) = 0. Obviously f : [0,7] — [-m,0] and f : [-7,0] — [0,7]. It is easy to see
that for z € [0, 7] and y € [—,0] holds | f(z) — f(y)| < %(|f(a:) —z|+|f(y) —y|) and
for y € [0, 7] and & € [—,0] holds |£(z) — £(y)| < (1 /() — o] + |f(5) — yl). So
satisfies all the conditions of Theorem 2.1 and thus it has a fixed point which is the
intersection of the sets [0, 7] and [—, 0].

It is interesting in this example that there is no a constant a > 0 such that
|f(z) = f(y)| < alz — y|. Indeed if we take x,, = 5—— and y, = 7-— then we have

2nm+ o

lim,, o ‘zn ol I — = lim,,_, 3/ = +00 and therefore there is no a > 0 so

that [f(zn) — f(yn)| < alzn — nl

Example 4.3: Consider the map T'({zx}) = {f(zr)}22,, where f is the function
defined in Example 4.2, T : {5 — /5.

Consider the sets A1 = {{zp}r=1 : > pey 22 < Loay > 0} and Ay = {{zg}r=1 :
21;“11 xi <1,z <0}. Obviously T : A} — Ay and T : Ay — A1 It is easy to show,

that for v = {2 }72, and y = {yr }72, € Az holds ||Tz—Ty|| < 3(HT$ x|+ Ty—yl])-

So T satisfies all the conditions of Theorem 2.1 and thus it has a fixed point which is
the intersection of the sets A; and As.
Example 4.4: Consider the sets: A; = {0} U {1 }n LYUi{m } L and Ay =

{0} U {—1}n . {2n 1}OO: . Define the map

T
e cA
x+4 v !

X
R

Tx =
.I‘EAQ

It is easily to be checked that T'(A;) C Ay and T(As) C A;.

For any x € A; and any y € Ay we have the chain of inequalities |Tz — Ty| =
m%;—%‘ < s(lz) +yh) < é( == x‘+|——y|) LTz — 2| + |Ty — y)).
T satisfies all the conditions of Theorem 2.1 and thus it has a fixed point z* =0 €
A N As. Tt is interesting in this example that the intersection of A; and As is with
empty interior.
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Example 4.5: Consider the sets: A =[0,1]U (Us"; [z521, 325])

n=1

B = [-1,00U (Us2; [5%%, 53==])- Define the map Tz = =*. Then T satisfies the

conditions of Theorem 1.1.

It is easy to see that T (Up"; [g5mir. 555 ]) € (Uney [537, 595=7] ) and
T (U [55 50==]) € (U2, [555r. 5=]) and 0 is the fixed point of 7. The inte-
rior of the intersection A N B is not an empty set, but the fixed point of T' is not in
the interior of AN B.

For any xg € ANB, &, =Tx,_1 € ANB and for any v € ANB, x,, =Tx,_1 &
AN B.
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