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On a Generalization of Tripled Fixed or Best Proximity Points for a
Class of Cyclic Contractive Maps

Boyan Zlatanov?

?Plovdiv University Paisii Hilendarski

Abstract. We enrich the known results about tripled fixed points and tripled best proximity points. We
generalize the notion of ordered pairs of cyclic contraction maps and we obtain sufficient conditions for the
existence and uniqueness of fixed (or best proximity) points. We get a priori and a posteriori error estimates
for the tripled fixed points and for the tripled best proximity points, provided that the underlying Banach
space has modulus of convexity of power type in the case of best proximity points, obtained by sequences
of successive iterations. We illustrate the main result with an example.

1. Introduction and Preliminaries

The Banach contraction principle states that in a complete metric space (X, p) any contraction map
T : X — X has a fixed point, i.e. min{p(x,Tx) : x € X} = 0. A lot of results in modeling real world
processes in applied mathematics lead to the problems, where T depends on two or more variables, e.g.
T : XX XXX — X. The theory of coupled [13], tripled [1, 8, 19], qudripled [18] and n—order (n—tuples)
[19] fixed points. In many kinds of modeling, a crucial point, is the finding of min{p(x, Tx) : x € X}. It
may happen that the above minimum is greater than zero. One approach for solving the above mentioned
problems uses the notion of a best proximity point is introduced in [11], where a sufficient condition for
the existence and the uniqueness of best proximity points in uniformly convex Banach spaces is obtained.
Combining both mentioned cases we got to the idea of tripled fixed (or best proximity points).

Coupled fixed points defined in [13] and coupled best proximity points defined in [14, 20] are widely
investigated recently. Deep results in the theory of coupled fixed points can be found for example in [4-6].
The notion of coupled fixed is as follows: F : X X X — X and we are searching for a couple (¥, y), such that
x = F(x,y) and y = F(y, x) and the notion of coupled best proximity points - (F,G), F: AXA — B,G: BxB —
A, where A, B C X we are searching for a couple (x, y), such that p(x, F(x, y)) = p(y, F(y, x)) = dist(A, B). In
the mentioned above classical definition of coupled fixed (or best proximity) points the solutions reduce
to the point (x, x), provided that the map F or the ordered pair (F, G) be a cyclic contractions [22]. The
same observation is made in [4, 7] for coupled fixed points for maps with the mixed monotone property
in partially ordered metric spaces. The draw back of the classical technique about coupled fixed (or best
proximity) points is that it can be applied only for solving of symmetric linear or nonlinear systems of
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equations. This gap has been filled in [22] by generalizing the defined maps F or the ordered pair of maps
(EG).

There are many problems about fixed points and best proximity points that are not easy to be solved or
can not be solved exactly. One of the advantages of the Banach fixed point theorem is the error estimates
of the successive iterations and the rate of convergence. That is why an estimation of the error, when an
iterative process, is used is of interest, when fixed points or best proximity points are investigated. An
extensive study about approximations of fixed points can be found in [3]. A first result in the approximation
of the sequence of successive iterations, which converges to the best proximity point for cyclic contractions,
is obtained in [21]. This result was expanded for a coupled fixed (or best proximity) points in [16, 22].

The generalization made in [22], was to replace the ordered pair (F,G), F: AXA - B,G: BXB = A
an ordered pair (F, G) of ordered couples of maps F = (F;, Fz) and G = (Gy, G2), such that F; : A; X Ay — By,
Fy : A1 XAy = By, Gy : By X By = A1, Gp : By X B, = Aj is considered. Examples are presented in [22] to
show that it is possible to apply the coupled fixed (or best proximity) points for solving of non-symmetric
systems of equations. If Fo(x, y) = Fi(y,x), Ga(x, y) = Gi(y,x), A1 = Ay, B1 = B, the investigated maps in
[22] reduce to the known examples [4-6, 13, 14, 20].

The same observations can be made and for tripled fixed (or best proximity) points investigated in [1, 19].
We will try to generalize the notion of tripled fixed (or best proximity) points following the technique from
[22]. The notion of tripled fixed points proposed in [8] is a little bit different. Our main result will cover just
some of the cases of the considered maps in [8]. We will discus in the last section a possible generalization
that will cover and the case investigated in [8].

Let (X, p) be a metric space. If (X, || - ||) be a norm space we will consider the metric to be endowed by
the norm, i.e. p(-,-) = || - — - ||. Let every where in the text A;, B; for i = 1,2,3 be subset of X. Let us denote,
just to simplify the notations, A*> = A; X Ay X A3 and B® = By X By X Bs.

Definition 1.1. Let A;, B;, i = 1,2, 3 be six sets. We say that the ordered pair (F, G) of triples of maps F = (F1, F2, F3)
and G = (Gy, Gy, G3) be a cyclic ordered pair of triple of maps if F; : A — B;, B; : B> — A, fori=1,2,3.

Just for the the sake of simplicity we will assume for the rest of the article that the pair of maps (F, G) be
a cyclic ordered pair of triple of maps.
Following [1, 19] we will give the following definition.

Definition 1.2. We say that (£1,&2,&3) € A3 is a tripled fixed point for the ordered pair of triple of maps (F, G) if
there holds &; = Fi(&1, &2, &3), fori=1,2,3.

If Ay = Ay = A3 = By = By = Bsand Fa(x, v, z) = F1(y, z,x), F3(x, y,z) = F1(z,x, y) and G;(x, y, z) = Fi(x, y, x)
fori =1,2,3 we get the definition of tripled fixed points from [1, 19]. If Ay = A, = A3 = B; = B, = B3 and
Fa(x,y,2) = F1(y,x, y), F3(x,y,2) = Fi(z,y,x) and Gi(x,y,z) = Fi(x,y,x) for i = 1,2,3 we get the definition of
tripled fixed points from [8].

The concept of coupled best proximity points is introduced in [20]. We will generalize this concept from
[20, 22] for tripled best proximity points.

Define a distance between two subsets A,B C X by dist(A, B) = inf{p(x,y) : x € A,y € B}. Let A;, B,
i =1,2,3 be subsets of a metric space (X, p). Let us denote d; = dist(A;, B;) fori =1, 2,3.

Definition 1.3. Let A;, B;, i = 1,2, 3 be subsets of a metric space (X, p) and let (F, G) be a cyclic ordered pair of triple
of maps. We say that (&1, &2, &3) € A3 a tripled best proximity point of F if p(&;, Fi(&1,&2,&3)) = d;, fori=1,2,3.

If Ay = Ay, By = By, A3 = B3 = 0, F2(x, y) = F1(y, x) we get the definition for a coupled fixed point from
[20].

We will use the classical technique of successive iterations for the investigations of tripled fixed (or best
proximity) points [8, 9].
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Definition 1.4. Let A;, Bi, i = 1,2, 3 be six sets and let (E, G) be a cyclic ordered pair of triple of maps. For any triple
(x(l),x(z),x(3)) € A3 we define the sequences {x'(;)}n=0’ fori=1,2,3by x(()’) =xD fori=1,2,3 and

@& _r (0 .2 0 @ _ (D (2) (3) . _
Xpuiq = Fi (x2n’x2n’x2n)’ X4 = Gi <x2n+1’x2n+1’x2n+l)’ fori=1,2,3

and for all n > 0.

If we consider Ay = A, = A3 = By = By = By and Fy(x,y,2) = Fi(y,z,x), Fs(x,y,2z) = Fi(z,x,y) and
Gi(x,y,z) = Fi(x,y,x) for i = 1,2,3 we get the sequence defined in [1]. If we consider A; = Ay = A3 = By =
By = Bz and Fu(x,y,z) = F1(y,x, y), F3(x,y,2) = F1(z,y,x) and Gi(x, y,z) = Fi(x,y,x) for i = 1,2,3 we get the
sequence defined in [8].

Whenever we consider the sequences {xﬁf)}:_o, for i = 1,2,3 we assume that they are the sequences
defined in Definition 1.4.

The best proximity results need norm-structure of the space X. We will denote the unit sphere and the
unit ball of a Banach space (X, || - |[) by Sx and Bx respectively.

The assumption that the Banach space (X, ||-||) is uniformly convex plays a crucial role in the investigation
of best proximity points.

Definition 1.5. Let (X, || - ||) be a Banach space. For every ¢ € (0, 2] we define the modulus of convexity of || - || by

opi(e) = inf{l _ H%‘

:x,yeBX,Hx—yIIZe}.

The norm is called uniformly convex if 6x(e) > 0 for all € € (0,2]. The space (X, || - ||) is then called a uniformly
convex space.

Indeed, there are results about existence and uniqueness of best proximity points, stated in complete
metric space X, where the ordered pair (4, B) of sets A, B C X satisfies the properties UC and UC" [14, 20],
but these assumptions are just a replacement of the next two lemmas.

Lemma 1.6. ([11]) Let A be a nonempty closed, convex subset, and B be a nonempty closed subset of a uniformly
convex Banach space. Let {x,}’ | and {z,} ", be sequences in A and {y,},_, be a sequence in B satisfying:

1) im0 [l — yull = dist(A, B);

2) limy o0 |20 — yull = dist(A, B);

then lim,, . ||x,, — z,|| = 0.

Lemma 1.7. ([11]) Let A be a nonempty closed, convex subset, and B be a nonempty closed subset of a uniformly
convex Banach space. Let {x,}’ | and {z,} " | be sequences in A and {y,} " | be a sequence in B satisfying:

D limyeo llz — yall = dist(4, B);

2) for every € > 0 there exists Ny € IN, such that for all m > n > Ny, ||x, — yll < dist(A, B) + ¢,

then for every € > 0, there exists N1 € IN, such that for all m > n > Ny, holds ||x,, — z,|| < €.

For obtaining error estimates for the sequence of successive iterations that approximates the best prox-
imity point, which is generated by a cyclic contraction, the modulus of convexity o is used [21]. That is
why we could not replace the uniform convexity of the Banach space with a metric space and the properties
UC and UC".

For any uniformly convex Banach space X there holds the inequality

< (1 —6X(£))R (1)

foranyx,y,z€ X,R>0,r € [0,2R], llx —z|| £ R, |ly — zll < Rand |lx — y|| > r [11].
If (X, ]| - ||) is a uniformly convex Banach space, then 0x(¢) is a strictly increasing function. Therefore if
(X, 11 - II) is a uniformly convex Banach space, then there exists the inverse function 571 of the modulus of

xX+y
2

—Z
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convexity. If there exist constants C > 0 and q > 0, such that the inequality 5y (¢) = Ce? holds for every
€ € (0,2], we say that the modulus of convexity is of power type g. It is well known that for any Banach
space and for any norm there holds the inequality 5(¢) < Ke?. The modulus of convexity with respect to the

canonical norm |[|-[|, in €, or L, is 6y, (¢) = 1— /1 = (%)p forp > 2and for 1 < p < 2 the modulus of convexity
Oy, (€) is the solution of the equation (1 -6+ %)p + |1 -6- §|p = 2. It is well known that the modulus of
convexity with respect to the canonical norm in ¢, or L, is of power type and there hold the inequalities
6\|||p(€) > pZV fOI'p >2and 5” Iy (6) > b= )é fOI‘p S (1 2) [17]

An extensive study of the Geometry of Banach spaces can be found in [2, 10, 12].

2. Triple fixed (or best proximity) points for cyclic ordered pair of triple of maps

Definition 2.1. Let (X, p) be a metric space. We say that the cyclic ordered pair of triple of maps (F, G) be a generalized
cyclic contraction of type 1 if there holds

3 3 3
3) 1) @ 3 ( ()
Zp 1,220, G (3, y®, y®)) Z“/P j
i=1 j=1 i=1
3 3 3
or some constants a [0,1) for i,j = 1,2,3, such that k = max a(.l), a(,Z), adV < 1 and an
] 1 1 1 y
i=1 i=1 i=1

) @ .6 NG ,
(f), f), ())€A3 (yl ,yf),yf))€B3for1:1,Z,3.

Theorem 2.2. Let A;, B;, i = 1,2,3 be nonempty, closed subsets of a complete metric space (X, p). Let the ordered
pair (E, G) be a generalized cyclic contraction of type 1. Then

(I) There exists a unique triple (£1, &2, &3) in (A1 N By) X (A2 N By) X (As N B3), which is a common triple fixed

point for the maps F and G. Moreover the iteration sequences {x { n )} forl =1, 2,3, defined in Definition 1.4

(0)

converge to &; for i = 1,2, 3 respectively for any initial guess triple (x ( /X5 ,xso)),

(IT) a priori error estimates hold

3

Zp (1) (O) )

i=1

max{p(x"),é) i=1,2, 3 S

(IIT) a posteriori error estimates hold

3

Y o) 0

i=1

‘ ~

max{p(x ,€):i=1,2, 3

—_
»

(IV) The rate of convergence for the sequences of successive iterations is given by

Zs"p (n) Z (” 1 ; ()

i=1 i=1

w

In what follows we will use the notation d = Z?zl dj= Z?zl dist(A;, B)).

Just to fit some of the formulas in the text field we will denote Py, ,,(x, ¥, 2) = X0 — Xl + 1Y = Y|l + 1|21 — 2|
and W, (x, Y, z) = Py u(x, y,Z) —d = |lxy — xull + ||yn ]/m” + |z — zull — d, where {xn}n —0” {yn}f;o and {Zn}:’:o
be three sequences.
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Just to simplify some of the statements let us agree that every where (F, G) be an ordered pair of ordered
triples of maps, such that F = (F1, F5, F3), Fi : A1 X Ay X A3 — Biand G = (G1, G2, Gs), Gi : B1 X By X B3 — A;,
fori=1,2,3, where A;, B; for i = 1,2, 3 be nonempty subsets of the underlying space X, metric or normed
space.

Definition 2.3. We say that the ordered pair (F, G) of ordered triples of maps is a generalized cyclic contraction of
type 2 if there holds

i o (F: (<9,22, 5, G; (4, 4, 4)) < i i ap (7, y) + i[ i a(n]

i=1 j=1 i=1 j=1 i=1

for some constants az(j) €[0,1),4,7 =1,2,3 such that k = max {):13 1 a :j=12, 3} < 1and any( (1), (.2), :3))

A, 0,2,y e B fori=1,2,3.
Theorem 2.4. Let A;, By, for i = 1,2, 3 be nonempty, closed and convex subsets of a uniformly convex Banach space.
Let the ordered pair (F, G) of ordered triples of maps be a generalized cyclic contraction of type 2. Then F has a unique

tripled best proximity point (&1,&,,E3) € A3 and G has a unique tripled best proximity point (v1,v;,v3) € B3 ie.
(1€ = Fi(&1, &2, &) = di, [lvi = Gi(v1, v2,v3)ll = di, i =1,2,3) and

Gi(F1(&1,€2,&3), Fa(&1, &2, E3), F3(&1, &2, &3)) = &4,

Fi(G1(v1,v2,v3), G2(v1, V2, 3), G3(v1, 2, V3)) = V;

)

fori=1,2,3. Moreoverv, =Fi(&1, &2, &3)and & = Gi(vy, va,v3) fori =1,2,3. Forunyarbltmrypomt( (O) (0), (O))

there hold lim,,_,eo x =&, limy_e0 x(Z"H) =vifori=1,2,3and Y1 |I& - vill =
If in addition the modulus of convexzty o is of power type with constants C > 0 and g > 1 then there holds the
error estimates:

(i) a priori error estimates hold

o[ Wo1(x1, x2, x3) ] (\q/k_z)m )

) @m|| . _
maX{||éz x| i=1,2, 3} < Poa(x1,x2,x3) cd T (6)
(i) a posteriori error estimates hold
Wonon-1(x1, X2, Vk
maX{”Si - XEZW)H = 1,2,3} < PZn,an(x1/x2rx3)(/ zan 101, %2, X3). . \/:kzl (7)

where x; = {xE")}Z":O fori=1,2,3 are the sequences defined in Definition 1.4.

3. Auxiliary results

Lemma 3.1. Let (X, p) be a metric space and the ordered pair (F, G) of ordered triples of maps be a generalized cyclic
contraction of type 2. Then there holds lim p( ), "“)) =d; i =1,2,3 for an arbitrary chosen( O O x(30)) € A3,

4
n—o0 2

0)

Proof. Let us choose arbitrary (x ( x(zo), 0)) € A% and let us define the sequences {x { % )}n i=1,2,3.

Using the cyclic contraction condltlon we get that for all n € IN there holds

ip (@n+1) (2n+2)) _ ip gzml (22n)’ ézn)),Gi (x(12n+1), x(22n+1)’ x(32n+1)))

i=1 i=

3 3 3 (7)
Z Z a(])p (Zn) (2n+1) + Z[ Z (J)J ;
=5

! ]

IN
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Thus we get
: (2 1) (2 2) Shy ) (2 ) (2 1)
n+ n+ d) < J 1 n+ d;
¥ o 28%) ) ;;a )-4)

IA
=
et
—
'D
’6
5
’S
S
+
=
SN—
Q..
=
SN—

j=1
2 (®)
< K2 Z 2n 1) (2n)) d])
i=
2n+1 O M
< P Y (o) -0)
j=1
After taking limit in (8), when 1 — co we get
3
. (2n+1) (2n+2 Y
fim | 2 (o )=d)|=0
i=1
and thus from p( @n+l) l(.2”+2)) >d; fori=1,2,3 we obtain hm p( (2n+1) x1(2"+2)) =d;fori=1,2,3. ]
It is easy to see that inequality (8) holds also for 1ndexes m > n, such that n + m is an odd number
3 3
Y (o) =) <k ) (p (")~ ). ©)

i=1 i=1

Lemma 3.2. Let (X, p) be a metric space and the ordered pair (F, G) of ordered triples of maps be a generalized cyclic
contraction of type 2. For any arbitrary chosen (x(lo),x(zo) (O)) € A3 the sequences {x(zn)}nzo, {fo”H }n =123
are bounded.

Proof. Let ( (10), (20),x(30)) € A3 be arbitrary chosen and fixed. From Lemma 3.1 we have that there hold

lim, e P( (@n+1) (‘2n+2))

{ (.2"+1)}” L i=1,2,3 are bounded.

1

=d;, for i = 1,2,3 and thus it will be enough to prove that only the sequences

/

Let as choose

d+ 1+ bR L p(x, F (), 25, 1))
g -1 :

{ (2n+1)}

Let us suppose that at least one of the sequences {x ,1=1,2,3 is not bounded. Then there exists

no € IN, such that there hold

n=0"

3

3
(2) (2n 1) 2) (2n 22) _@mp=2) _(2ng=2)
sz " Zpi'F a0 ) <M
i=1

i=1

and

3 3
2 2np+1 2 2 (2 2.
Z p(x 5 ), 5 1o ) Z p(x f ),F ( Ho), no)/ (37!0))) > M. (10)
i=1

i=1
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From inequality (10) after using (9) with n = 2 and m = 2ny + 1 we get

M—d _ y3 p( @ (2n0+1)) d ) v2 p( ( M gl),xgl)),Fi (x(12n0)' (22n0), éZno))) _4
k2 k2 k2
< (x(O) F; ( (2"0—2) (2110—2) (2no—2 )) d
< i
< (x(O) (2)) d+21 P( (2) F; ( (2n0-2) x(22”0 2) (32Wo 2)))
< DX - , X
BBl e
< Ylp (x(.o),x(.l)) + k( 1P (x(.o),xl(. )) - d) +M

= A+ XL p(d0 ) —kd+M <A +0 L, p (0, x7) + M
which inequality can hold true only if the inequality

d+(1 +RI L, p (0, V)
1-R2 ’

holds, which contradicts with the choice of M. O

Lemma 3.3. Let (X, || - ||) be a uniformly convex Banach space and the ordered pair (F, G) be a generalized cyclic
contraction of type 2. Then for every € > 0 there is ny € IN so that the inequality

3
Z ||xf.m) - xl(.”“)H <d+e¢
im1

holds for any m > n > nyg and m + n + 1 be an odd number.

Proof. From Lemma 3.1 we get

(n) _ (n+1)“ = lim ||x(n+2) (.n+1)|| — di
i

n—oo

lim Hx
n—oo
fori=1,2,3.
By Lemma 1.6 after using the uniform convexity of (X, || - ||) it follows that lim,_ ||x(") ,”+2)|| = 0 for
i=1,23.
Let us suppose that there exists ¢ > 0 such that for every j € N there are m; > n; +1 > j so that
|| (m;) (nj+1)
. —X.
1 1

| > d + ¢. Let us choose m; to be the smallest integer so that the above inequality is
satisfied, i.e.

3
Z ”ximf_z) - xin’“) | <d+e.
i=1

Thus we get

d+e < Z?=1 ngmj) _ xfnf+1) | < 21‘3:1 (||x§mf) _ xgmf—2)|| + ||x§mf—2) _ xgn/+1) |)
3 (mj) _ (m;=2) (11)
< Yl -x +d+e.
Letting j — oo in (11) we get lim; . Y ||x§mf) _xg'”ffz)” = d + ¢. Using the boundedness of the se-

quences {xﬁ")}:’:o for i = 1,2,3 it follows that there exists M > d = Y. d; such that the inequality
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M> 21'3=1 ||x§0) —x! (nj—mj+1)

| holds for every j € IN. The inequality

3 3
Z ||x§n7j) _ xl('nj+1)|| —d<km (Z ”x(O) xjnj—mj+1)” —d| < k"M - d)
i=1

i=1

holds. For any ¢ > 0 there exists jo € IN, such that kK/(M — d) < ¢ for every j > jo. Therefore for any

m;>n;+12 jo there holds Y7 ”x:m;‘) - xEnjH)

‘ < d + ¢, which is a contradiction. O

Lemma 3.4. Let (X, || - ||) be a uniformly convex Banach space and the ordered pair (F,G) be a genemlized cyclic
contraction of type 2. For an arbitrary chosen ( o x(ZO), (0)) € A3 the sequences { (2")}n:0, {fo"H)} forz =123
are Cauchy sequences.

Proof. We will prove that { (2")}n:O is a Cauchy sequence. The proofs for the other five cases are similar. By
Lemma 3.3 we have that for every ¢ > 0 there is 119 € IN, so that for all 2m > 2n + 1 > ng holds the inequality

3
Z Hxﬁz'") - xl(.z"“)” <d+e.

From the inequalities d; < ”x(zm) 2””“ fori=1,2,3 it follows that the inequality “x(zm (2”+1 || <di+e¢

holds for all 2m > 2n + 1 > ny. From Lemma 3.1 it follows that lim,,_« ”x 2n) _ (2”+1)H = dl. According to
Lemma 1.7 it follows that for every ¢ > 0 there is Ny € IN, so that for all m > n > Ny holds the inequality

[[¢2" = 22" < & and consequently { (2”)}n= is a Cauchy sequence. m

Lemma 3.5. Let (X, || - ||) be a uniformly convex Banach space and the ordered pair (F,G) be a generalized cyclic
contraction of type 2. Then for any 1 <1 < 2n there hold the inequalities

2D = 22| < K Woyra1g 20 l( i’ x(zk)'xék)) +di

fori=1,2,3.
Proof. By Lemma 3.1 we have the inequality

K (K O (k) (K
Want1,2n (x(1 ), 2, ) < kWap2n-1 ( ©, 2 >,x(3)).
and therefore Wy;,11 2, (x(k) ® x(k)) < KWoni1-10n- l(x k) (Zk),x(k)).

Xy X3 3
Consequently using the inequalities d; < H xian) _

||x§2n+1)_x§2n)|| < kW2n+1 Lo 1( (k) (k) +d; +Z( ||x§2n+1)_x§2n))

)

IA

k k
kW2n+1 1,2n— l( () ()/ g)) dl-

[m]

Lemma 3.6. Let (X, || - ||) be a uniformly convex Banach space and the ordered pair (F, G) be a generalized cyclic
contraction of type 2. Then there holds the inequalities

‘|x§zn+z) _ x(;n)“ sz,,+1 J2n— z( ))
<
A KWz (2040 0) ) i KW aa D)

O

fori=1,2,3.
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Proof. From Lemma 3.5 we have the inequalities

R = 22| < dy 4 K Waaogza (<, 20, 20),

|22 — 2| < d + K W1 20 l( ©,2P, (k)) < di + K W00 l( 0,20,

and
(@2 — 22| < e - x2n + 1)|| + [P - 227 < 2 (d + K Wans1-10n1 ( ®,

fori=1,2,3.

After substituting in (1) with x = x(zn) y = x?z’”z) z= x(2"+1) R = d; + K'Waui1 100 l(x(k) x

e “ 5211+2) _ 5271)” and using the convexity of the set A; we get the chain of inequalities
(zy,) 2r1+2)
2n+1
di < T xl(' "y
| @n+2)_ (Zn) k) (k) (k)
: (1 - 5“” (d +K Wag1- 1,2n— 1( (k) (k) x(k)))) (d - k W2n+1 l2n=l ( x2 ’x3 ))

for every i = 1,2, 3. Thereafter we obtain the inequality

“x§2n+2) - (.211)“ leZrH—l 1,2n— l(x y)

RIRCING EINCING
di+k’W2n+1—l,2n—l< (), >,x§)) di + K Wap1-120- l(x() 2, 3))

oyl
fori=1,2,3.

4. Proof of the Main Results

Proof of Theorem 2.2. It is easy to observe that for any n € IN there hold the inequalities

ip @n+1) (2n)) _ ip(P( ) (@) o Qn)),@( Q-1 on n on 1))
i=1 i=1
3 3 3
< (1) (2n) 2n 1) (Zn) (211 1)
L) g o ()
Consequently
3 3

p(x('2n+1) (Zn) <K Z (2n+1 l) (2n l)).
; <

i=1

[y

i=

()
Yy X3

2 I

)

X

(k)
3

3023

) and

(12)

(13)

(I) Let ( O X, (0)) € A®bearbitrary chosen. Let =x§”) ::;0 fori = 1,2,3be the sequences defined in Definition
14. Then from (13), because one of n + 1 or n is even and the other is an odd number, applied for I = n we

have
max o (4, 1) 11 21,2,3) <k Y p s
Thus -
P( 5"), f”+m)) < nJrzmjlp( (]) (J+1) nilk]ip (0) (1)
= ==

3

1 ke Zp (0) (1)

i=1

IA

(14)
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Since k € (0, 1) it follows that the sequences {x { . )}n o i = 1,2,3 are Cauchy sequences in A; U B;, respectively.
Consequently any of the sequences {x { f )}:Ozo, i =1,2,3 converges to some &; € A; N B;. However any of the

sequences {x?”)}:’_o has an infinite number of terms in A; and in B; for i = 1,2, 3, respectively and therefore
& €eANB;,i=1,2,3.50A,NB; #0fori=1,2,3.

Now, we will prove that the pair (&, &2, &3) is a tripled fixed point of F. Let & € A; N B; fori =1,2,3.
WLOG we can assume that (&1, &, &3) € A3. It follows that (Fi&1, &y, &3), Fa(&1, &2, &3), F3(&1, &, &3)) € BS.
Then by the triangle inequality we get the chain of inequalities

3 3
Y P& FiEn &, &) < ) (p (&0 + p (xP, Fi&r, &, 89)))
i=1 i=1
3 3
< Zp £ x (2n) +ZP(GZ (2n 1) (2n 1) (2;1 1)) F(£1,€2,53))
i=1 i=1
3 3 3
< Y p(&) +ZZO¢JP g,

Taking the limit when n — oo, we obtain Z?zl p(&i, Fi(&1,E2,E3)) =0, 1.e p(&;, Fi(&1,E2,E3)) =0fori =1,2,3.
Thus the triple (&1, &2, £3) is a tripled fixed point of F = (Fq, Fy, F3).

The proof that the pair (&3, &2, &3) is a tripled fixed point of G = (Gy, Gz, G3) can be done in a similar
fashion by assuming that (&1, &2, &3) € B3.

We still have to prove that (&1, &2, &3) is the unique tripled fixed point of F. Arguing by contradiction,
suppose there exists (é;,é;, 53) € (A1 U B) X (A2 U By) X (A3 U B3) such that (5],5;, 53) # (&1,&2,&3) and
& =F (5’;, &, E;) fori=1,2,3. If we suppose that &; € A then by the definition of a tripled fixed point it
follows that &7 € A; for i = 2,3 and therefore & = F; (E’i, &, 53) € B;fori=1,2,3. A similar argument holds
if we assume that &} € B;. Thus we can assume that if the pair (5;, &, 5;) is a tripled fixed point of F then

(E’i, 5;, 5;) € (A1 N B1) X (A2 N By) X (A3 N B3). Using the observation that (&1, &2, £3) and (E], 5;, 5;) are tripled
fixed points and for G, we have the inequalities

3 3 3 3 3
Yoo(ga)=Y o(Fi(5.6,8) Gien e &)< Y. Y ap(g,6) < Y p(e6).
i=1 i=1 i=1

i=1 i=1

It results that p (5;, éi) for i = 1,2,3, which is a contradiction and therefore (&1, &, &3) is the unique tripled
fixed point of F.

The proof that the pair (&1, &2, £3) is the unique tripled fixed point of G can be done in a similar way.
(IT) Letting m — oo in (14) we obtain the a priori estimate

0 ¢ K§
P(- WZP

i=1

Therefore s
max{p (x & ) <
=1
(II) From the inequality (13) applied for [ = k + 1 we get
m—1 m—1 3
() (n+m) (n+) ("+J+1) 1 (n 1) (")
p(l,l )SZp(i X ZkJ+Zp
j=0 j=0 i=1

IA
‘»
»
p—l
»
E
T
—
D’Jw
b
’:‘
C
€
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Letting m — co we obtain the a posteriori estimate

and thus 3
max {p( (n) é,) 1i= 1,2,3} < 1_fk Z P(XE"‘”,xE”)).

(IV) Considering that the triple (&1, &, &3) is a tripled fixed point for F we have the inequalities

3 3 3 3
Z p(x (2n) - Z P (2n 1)[ (22n 1), g2n 1)) Fi(él,éz, 53)) < Z Z ] p(x(2n 1), é])
i=1 l=1 j=1 i=1
< kY ().
=1

By similar arguments we get

Lp(® ) = f’lp( (2, ¥, 280), G (&1, &2, 80) < Ty T 2 (27, &)
kzz 1P (xfz‘ﬂ )

IN

Consequently Y2 | p( (n ),E) <kY?, p( =) 5,) o

Proof of Theorem 2.4. For any initial guess (x ( (10), x(20), xéo)) € A3 it follows from Lemma 3.4 that the sequences

{ 52")} {x(2"+1)}m for i = 1,2,3 are Cauchy sequences. From the assumptions that (X, || - ||) is a Banach
n=0" 1 n=0

space and A;, B; fori = 1,2, 3 are closed it follows that there are (&1, &, &3) € A3, so that lim,,_,e x(Z” & €eA;
fori=1,2,3.
From the inequalities by using the continuity of the norm function || - — - || and Lemma 3.1 we get

lim 1|x<2"> Fi(&1,&,&)|| -

3
Yl = Filgr, &, &)l - d

i=1 i= 1
_ 31_{?0 HG o) o) (D) _pe g 53)H _
< IEI;,ZZ P (e =&l - i) = 0

i=1 j=1
Thus ||§;—Fi(&1, &2, &3)ll = difori = 1,2,3. It can be proven in a similar fashion that Z?Zl [lvi—=Gi(v1, v, v3)| £ d

and consequently |[v; — Gi(v1, v, v3)|| =d; fori=1,2,3.
It has remained to prove that there holds (5). Indeed from the inequalities

S5

3
Z IGi(F1(&1, &2, E3), Fa(&1, &2, £3), F3(&1, &2, E3)) — Fi(&1, &2, &3)I

3 3 3
o) - F(51,52,53)||+Z[ zay>Jd,-=d
=1 =1

IA

i=1 j

it follows that
IGi(F1(&1, &2, &3), F2(&1, &2, &3), Fa(&1, &2, €3)) — Fi(&1, &2, &3)I| = di
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for i = 1,2,3. From the assumption that (&1, &2, &3) is a tripled best proximity point for F ie. |[|& —
Fy(&1,&2,&3)ll = d; for i = 1,2,3 and the uniform convexity of (X, || - ||) it follows that

Gi(F1(&1,&2,&3), Fa(&1, 62, E3), F3(&1,82,&3)) = &; for i=1,2,3.
By similar arguments it can be proven that
Fi(G1(v1, v2,v3), Ga(v1, V2, 3), G3(v1, V2, V3)) = V;

fori=1,2,3.

We will prove the uniqueness of the tripled best proximity points. Let us suppose that the tripled best
proximity point (&1, &2, &3) of F is not unique, i.e. there exists (£, &5, &), such that [|€7 — Fu(&3, &5, &) = d
fori=1,2,3. By similar arguments it can be proven that

Gi(F1(&1, &2, E3), Fa(&1, €2, E3), F3(&1, &2, 83)) = &

and
Gi(F1(&1, &5, &3), Fa(&7, &5, &3), F3(&3, &5, &3)) = &
fori =1,2,3. Thus we get the inequalities

Z |ei-Fi(5.)

YL [GilFi(&r, €2, €3), Falen, &0,89), Fo(&r, &2, €9) — Fi(£, &5, )

3 3
22 allE; — Fi(&r, &, &) ||+Z( 204”]@- (15)

=1 i=1

IA

3

< Y NE — Filgr, &, &)l
i=1

By similar calculations we obtain

ZS‘||5§—F1'(£1,52,53)||< 1|5,— (& 8.8)| (16)
i=1

Consequently there holds

3
Z||é;—a(él,czz,£3)||— Hé,— (&,8,.8)| (17)
i=1

3

&2, 53)” =d. Let us assume the contrary, i.e. Z ||§j — Fi(&1, &, 53)” >d.
i=1 i=1

Then there holds at least on of the inequalities &, 53)” > d; for some i = 1,2,3. Then from the

chain of inequalities

-

IGi(F1(&1, &2, E3), Fa(&1, &2, &3), F3(&1, &2, E3&1, &2, E3)) — Fil&7, &5, )

ia])llé —Fi(&, &, &)l + Z[l - i“jj)]df

i=1 i=1

3
Y g - Fi(&, &, )l
i=1

1

IA

rg-eba-

A

lE; = Fi(&1, &2, E)II-

1l
—_
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we get a contradiction with (17). Therefore Z?:l l€: = Fi(&1,&2,&3)ll = d. From the above equalities, the
uniform convexity of (X, ||-I[) and ||I; — Fi(&1, &2, &) = d; for i = 1,2, 3 it follows that (&7, &5, &) = (&1, €2, &3)-
The proof that (v1,v2,v3) € By X B, X Bs is a unique triples best proximity point of G can be done in a
similar fashion.
(i) From the uniform convexity of X is follows that 6y is strictly increasing and therefore there exists its
inverse function 6” |+ which is strictly increasing too. From Lemma 3.6 we get

(k) (k) (k)

(2n) ® B O s-1 [ KNz 5 x5)
” ; - xi(2n + 2)” < (d +K Wans1-1,2n- 1( 71Xy s Xy )) (5”.” (dz+kIW21y+1l,2n (PP x(")) (18)

fori=1,2,3. By the inequality 6 (f) > Ct7 it follows that 6, ||(t) ( ) . From (18) and the inequalities

di < di + K Was100 I(X(k) W, (k)) < Poy_ons1- l(x(k) X(k)fx(k)), i=1,23

Xy %3 2773
we obtain
o = )
PO NN
< (d + K W10 I(x(k) x(zk)'xgk))) {/C(d +k’2Wzlni112-1 ;Ei( f})' jz;)')(sk))) (19)
< Pocpnena (), 2, x0)4 S I(xm) G
fori=1,2,3.

We have proven that there exists a unique pair (&1, &2, &3) € A3, such that ||&; — F(&1, &, &)l = d; and &;
is a limit of the sequence { (2”)}n for any (x ( O 20, xéo)) € AS.
After a substitution with [ = 2n in (19) we get the inequality

Sl < 3o Bl
n=1 =1 —

i o _ <1>H\/ 1||x(0) mH—d' Vi2
= 1- 2

( (2n) _ x§2n+2))

IA

and consequently the series ),
there holds

fori =1,2,3 are absolutely convergent. Thus for any m € IN

& = xlgzm) _ Z (x§2n) _ x§2n+2))

n=m

and therefore we get the inequality

o 3 D | B /T
TR ¥ TR B y R R SR

(ii) After a substitution with / = 1 + 2j in (19) we obtain

@n+2j) _(2n+2(j+1)) ® O O Wz”‘m”( gk)’x(Zk)’ (Bk)) g\ 172
Hxi - X H < Poy—12n (x1 /Xy, Xy ) ca (\/%) . (20)
1
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From (20) we get that there holds the inequality

m—
(2n) (2(n+m)) (2n+2]) (2n+2(]+1))
R Z” H
j=0
~ B @ N 7] Warnan(x 2 10
< T Ponyon (X, 10, 0) Mol )
(21)
B ® 1
q W2n—1,2n (xg /xz 7 3 )m -
= P10 (x ), )\/ Vii+2i
C; i=0
_ 0 0 0 [ Wamanle’23') 1 e g
- Pzn—l,2n (xl /xz 7 3 ) Cd 1—W \/l;
and after letting m — oo in (21) we obtain the inequality
CINGING
@n) CENCENCIN Wanznt (2177, ) R
||X» - 51” S PZH,2H71 ( / /x3 )
! Cd,i 1 - k2
fori=1,2,3. ]

5. Applications

Let us consider some particular cases.
The next theorem is a variant of results from [1, 19].

Theorem 5.1. Let A and B be a closed subsets of a complete metric space (X,p), F : AXAXA — B and
G : BX Bx B — B be such that the inequality

p(F(xr Y, Z)r G(M, o, ZU)) < alp('xr u) + aZp(y/ Z)) + 0439(2/ ZU)

holds for any (x,y,z) € AXAXA, (u,v,w) € BxBXB and for some a; € [0,1) for i = 1,2, 3 satisfying the inequality
Z?:l a; < 1. Then there exist & € AN B, such that (&, &, &) is a unique tripled fixed point of F.

If we put A, = A, =A,=A B.=B,=B, =B, Fi(x,y,2z) = F(x,y,2), Fa(x,y,2) = F(y,z,x), F3(z,x,y) =
F(x,y,2), Gi(x, y,2) = G(x,y,2), Ga(x, y,2) = G(y, z,x), G3(z, x, y) = G(x, y,z) in Theorem 2.2 we get

3 3
1) .2 .6 1 3
Z P(F (x( )/ ( ) ( )) G (u( )/ ( ) Z Z p(x(]) (]))
=1 i=1
Thus the map satisfies Theorem 2.2 with agl) = a(22) = aéS) =, a(zl) = a(lz) = ag = a3, a(l) = ;2) (3) =y

for j =1,2,3 because Z?zl a; €10,1).
By Theorem 2.2 there are x, y,z € A N B, which are the unique tripled (x, y, z) fixed point for the map F
and the unique tripled fixed point for the map G too. Then

p(x,y) + p(y,z) + p(z, x) p3(F(x, ¥,2),G(y,z,x) + p(F(y, z,x), G(z,x, y) + p(F(z, x, v), G(x, y, 2)

IA

Y aipx,y) + p(y,2) + plz, %) < plx,y) + p(y,2) + p(z, x).

i=1

Because of Z?:l a; € [0,1) it follows that p(x, y) + p(y,z) + p(z,x) =0,ie. x =y =z
The next result is a variant of [8].
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Theorem 5.2. Let A be a closed subset of a complete metric space and F : AX A X A — A be such that the inequality

p(F(x,y,2), F(u,v,w)) < ap(x,u) + Bp(y,v) + yp(z, w)

holds for any (x,y,z), (u, v, w) € AXAXAand for some a, B,y € [0, 1) satisfying the inequality 2a+p+y < 1. Then
there exist a unique tripled fixed point (x,y,z) € AX A XA, such that x = F(x,y,z), y = F(y, x, y) and z = F(z, y, x).

If pUtAx = Ay = AZ = BX = By = BZ = A/ Fl(x/]//z) = F(x/]/zz)/ Fz(x/]/,Z) = F(}//x/]/)/ F3(x/]//z) = F(Z, ]//x)
in Theorem 2.2 we get

3
s = Y p(F(x"x®,2?),Gi (", v, )
< 0+ B0 o, ) 0 (7)) + e 2, 9)
o (xf), yf)) i p (2, ) 4 yp (< :)
= ap(x) )+ po (33 15") +yp (a7, o)
+I3 (p (x(f) )+ p (x5, ¥5)) + (@ +)p (x5, yéz))WP( u) +ap (x5, 457)
Thus the map satisfies Theorem 2.2 with a(ll) = af) =a, M = (2) =4, a(l) (3) =y, (2) =a+yand

©)]
a,’ =0.
Following [15] we may assume that (R, |- |) is a uniformly convex and 6 (¢) = 5. In this case the
inverse function 63! exists ant is equal to 2¢. Thus we get the following corollary of Theorem 2.2:

Corollary 5.3. Let A;, B, i = 1,2,3 be nonempty, closed subsets of a complete metric space (R, |- |). Let the ordered
pair (E, G) be a generalized cyclic contraction of type 1. Then

(I) There exists a unique triple (&1, &2, &3), such that & € (A; N By) fori =1,2,3, which is a common triple fixed

point for the maps F and G. Moreover the iteration sequences {x 1( Yoo for i =1,2,3, defined in Definition 1.4
converge to &;, respectively;

(I) a priori error estimates hold

3
(n) i k" O _ 0.
max{|xl. - .5,-| ti= 1,2,3} < 1-% ; |xi =X (22)
(L) a posteriori error estimates hold
P
(n) -1 _ ],
max{|xl. —51| 1—123 S_k; P (23)

(IV) The rate of convergence for the sequences of successive iterations is given by

3

3
Z |x§”) - Ei| < kz |xl(.”71) - 51-| ) (24)
i=1 i=1

We will illustrate Corollary 5.3 by solving the next system:

Example 5.4. Let us consider the system of nonlinear equations:

-9x + el + Barctg(z-2) = 0
—24x+3x> + UV 4+ Barctg((z-2)?) = -36 (25)
—36x+3x> + UV 4+ Barctg((z-2)7% = -90.
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Solution. Let us consider the functions

ey‘l arctg(z — 2) x2 WD arctg((z - 2)?)
—+—2° ZF ==+ +

+ 1.5,

%IR

Fi(x,y,2) =
¥ e D' arctg((z - 2)%)
Bty z) =5+ 35+ 12

It is easy to check that F; : [0,1] X [1,2] X [2,3] — [0,1], F» : [0,1] x [1,2] X [2,3] — [1,2], F3 : [0,1] X [1,2] X
[2,3] = [2,3] (F1(0,1,2) > 0, F1(1,2,3) < 1,F>(0,1,2) > 1, F»(1,2,3) < 2, F5(0,1,2) > 2, F3(1,2,3) < 3) and the
system

+2.5.

x=Fi(x,y,2)
y = PZ(x/ y/ Z) (26)
y=Fs(x,y,2)

is equivalent to (25).

Letus put B; = Ay = [0,1], By = A,2 = [1,2], By = A3 = [2,3], G; = F, for i = 1,2,3.

Using the inequalities |eV" — e@V"| < nely — o] for y,v € [1,2]; [arctan((z — 2)") — arctan((w — 2)")| <
n|lz — w| for z,t € [2, +00); [x" — u"| < nlx — ul for x, y € [0, 1] it is easy to obtain that

x—ul ely—ol |z—-wl
T

}Fi(x, v,z) — Gi(u,v, w)} <

fori=1,2,3. Thus we get

1 3 3 1 3
Y [F )6 ) £ § LB - 55 D =P )
i=1 i=1 i=1

and thus the pair of maps (F, G) satisfies Corollary 5.3 with agl) = a(zl) = a(;) =1/4, a(lz) = a(Zz) = a(;) =e/12,
a§3) = a(23) = aés) = 1/4. Thus k = max{ziil ay) tj= 1,2,3} = max{3/4,e/4} = 3/4. Therefore the ordered
triple F = (F,1, F,, F3) has a unique tripled fixed points in [0, 1]x[1, 2] X[2, 3] and thus the system of equations
(25) has a unique solution in [0, 1] x [1,2] x [2, 3]. O

Table 1: Number m of iterations needed by the a priori estimate starting from the initial guess (0, 1,2)
€ 0.1 0.01 0.001 0.0001 0.00001 0.000001
m 14 22 30 38 56 54

Table 2: Number m of iterations needed by the a posteriori estimate (0, 1,2)
€ 0.1 0.01 0.001 0.0001 0.00001 0.000001
m 5 7 10 12 14 16

We get an approximation of the solution (0.3741116328, 1.615504553, 2.553428358).
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