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1 Introduction

Banach’s contraction principle is one of the most powerful tool in applied nonlinear analy-
sis. Weak contractions (also called ¢-contractions) are generalizations of Banach contrac-
tion mappings which have been studied by several authors. Let T be a self-map of a metric

space (X,d) and ¢ : [0, +00) — [0, +00) be a function. We say that T is a ¢-contraction if
d(Tx, Ty) < ¢(d(x,y)), Vx,y € X.

In 1968, Browder [1] proved that if ¢ is non-decreasing and right continuous and (X, d) is
complete, then T has a unique fixed point x* and lim,,_, .o 7"x¢ = x* for any given xo € X.
Subsequently, this result was extended in 1969 by Boyd and Wong [2] by weakening the
hypothesis on ¢, in the sense that it is sufficient to assume that ¢ is right upper semi-
continuous (not necessarily monotone). For a comprehensive study of the relations be-
tween several such contraction type conditions, see [3—6].

On the other hand, in 2015, Su and Yao [7] proved the following generalized contraction
mapping principle.
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Theorem SY Let (X, d) be a complete metric space. Let T : X — X be a mapping such that
¥ (d(Tx, Ty)) < ¢(d(x,9)), Vx,y€X, (11)
where ¥, ¢ : [0, +00) — [0, +00) are two functions satisfying the conditions:

1) v@=¢b) = ax<b

I NCAETIC) NN
a, —> &, b,— ¢

Then T has a unique fixed point and, for any given x, € X, the iterative sequence T"x
converges to this fixed point.

In particular, the study of the fixed points for weak contractions and generalized con-
tractions was extended to partially ordered metric spaces in [8—18]. Among them, some
results involve altering distance functions. Such functions were introduced by Khan et al.
in [19], where some fixed point theorems are presented.

The first purpose of this paper is to prove an existence and uniqueness result of the
multivariate fixed point for contraction type mappings in complete metric spaces. The
proofis based on the new idea of introducing a convenient metric space and an appropriate
mapping. This ingenious method leads to the changing of the non-self-mapping setting to
the self-mapping one. Then the main result of the paper will be applied to an initial-value
problem for a class of differential equations of first order. The second aim of this paper
is to prove strong and weak convergence theorems for the multivariate fixed point of N-
variables nonexpansive mappings. The results of this paper improve several important

results recently published in the literature.

2 Contraction principle for multivariate mappings
We will start with some concepts and results which are useful in our approach.

Definition 2.1 A multiply metric function A(ay,4s,...,an) is a continuous N variable
non-negative real function with the domain

{(a1,42,...,an) € RN :a; > 0,i € {1,2,3,...,N}}

which satisfies the following conditions:
(1) Alay,ay,...,an) is non-decreasing for each variable a;, i € {1,2,3,...,N};
(2) Alar +br,a0 + by, ...;an + by) < Alay,as,...,an) + A(b, by, ..., by);
3) Ala,a,...,a)=a;
(4) Alay,as,...,an) > 0 a;— 0,ic€{1,2,3,...,N}, forall a;, b;,a € R,
i€f{1,2,3,...,N}, where R denotes the set of all real numbers.

The following are some basic examples of multiply metric functions.

Example 2.2 (1) Ay(ay, as,...,an) = [%[Zﬁl a;. (2) Ny(ar,an,...,aN) = %Zf\il qia;, where
gi€[0,1),ie{l,....N},and 0 < h:= YN gi<1.
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Example 2.3 Az(ay,az,...,an) =/ & SN a.
Example 2.4 Ay(ay,as,...,ay) = max{ay,ay,...,ay}.
An important concept is now presented.
Definition 2.5 Let (X, d) be a metric space, T : XN > X be a N variable mapping, an
element p € X is called a multivariate fixed point (or a fixed point of order N; see [20]) of
T if
p=Tpp,....p).

In the following, we prove the following theorem, which generalizes the Banach con-
traction principle.

Theorem 2.6 Let (X,d) be a complete metric space, T : XN — X be an N variable mapping
that satisfies the following condition:

d(Tx, Ty) < hA(d(xl,yl),d(xz,y2), e ,d(xN,yN)), Vx,y € XN,
where A is a multiply metric function,

x = (%1, %2,...,xn) € XV, ¥ =Ly, yn) € XN,
and h € (0,1) is a constant.

Then T has a unique multivariate fixed point p € X and, for any po € XN, the iterative
sequence {p,} C X" defined by

pl = (TPO; TPO; veey TPO);
p2= (Tplr pr ooy Tpl)x

p3 = (Tpa, Tpa, ..., Tpa),

Pni1 = (Tpm TPus. .., Tpn):

converges, in the multiply metric A\, to (p,p,...,p) € XN and the iterative sequence {Tp,} C
X converges, with respect to d, top € X.

Proof We define a two variable function D on XV by the following relation:
D((xb KX2yees 7xN)l ()’1:)’2, e )yN)) = A(d(xlryl)) d(eryZ)r ceey d(eryN))

for all (x1,%2,...,%x), (Y1, ¥2;...,¥n) € XN. Next we show that D is a metric on XV, The

following two conditions are obvious:
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(i) D((x1,%2,.,%8), 01, Y2, -+, IN)) = 0 & (X1, %2, ..., %) = V1,92, - IN);
(i) D(y1,92,---9N)), (X1, %2, ..., 28) = D((%1, %2, . . ., %N), V1, Y25 - - - YN)), for all
(1, %25+« 2N), V1, Y25 - IN) e XN.
Next we prove the triangular inequality. For all

(xler!”-rxN)r (yl:erm:J’N)» (erZZr'”!ZN) EXN!

from the definition of A, we have

D((%1, %25+, %N), (1, Y25 - - > IN))
= A(d(x, 1), d(2,92), ..., d(xn, yx)
< A(dw,z1) +d(z,n), d(x2,22) + d(22,92), ..., d(xn, 2x) + d(zn, yn)
< A(d(x1,21),d(x%2,22), ..., d(xn, zn)) + A(d(z1,31), d(z2,92), .., (2, n)

:D((xth;u'rxN): (21,22,...,ZN)) +D((Z1,22,--.,ZN),()’1,)’2,...,311\1))~

Next we prove that (XN, D) is a complete metric space. Let {p,} C XV be a Cauchy se-

quence, then we have

lim _ D(py, pm) = n;lginoo A(d(xl,;«nxl,m),d(~x2,;1;952,m), . wd(xN,n,xN,m)) =0,

1,1—> 00
where
Pn = (xl,n; X213 X3y e e+ rxN,n); Pm = (xl,m: KXo mrX3,mr e e+ :xN,m)'
From the definition of A, we have
lim d(xi,m xi,m) = 0,
n,m— 00

forallie{1,2,3,...,N}. Hence each {x;,} (i € {1,2,3,...,N}) is a Cauchy sequence. Since
(X,d) is a complete metric space, there exist x1,%5,%3,..., 4y € X such that lim,_, o d(x;,,
x;)=0forallie{1,2,3,...,N}. Therefore

lim D(p,,x) =0,

n— 00
where

X = (xlxe;xB’---;xN) GXN’

which implies that (XY, D) is a complete metric space.

We define a mapping 7% : XV — XN by the following relation:

T*(xl,xz, .. .,xN) = (T(xl,xz,. .. ,xN), T(xl,xz,. .. ,xN),. ey T(xl,xz, .. .,xN)),
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for all (x1,%,,...,%x) € XN. Next we prove that T* is a contraction mapping from (XV, D)
into itself. Observe that, for any

x= (X1, %2, .., %N), Y = 1,2, 9n) € XY,
we have

D(T*x, T*y) = Ad(Tx, Ty), d(Tx, Ty), ..., d(Tx, Ty))
=d(Tx, Ty)
=< hA(d(xlryl)i d(x2ry2)’ ceey d(eryN))
= hD(x, ).
By the Banach contraction mapping principle, there exists a unique element # € X such
that u = T*u = (Tu, Tu,..., Tu) and, for any uy = (x1,%,...,xy) € XV, the iterative se-
quence u,,; = T*u, converges to u. That is,
uy = (Tug, Tug, ..., Tug),
Uy = (Tul, TMl, ooy Tbtl),

Us = (Tug, letz, ooy Tuz),

Ups1 = (Tunx Tuy,..., Tun)¢

converges to u € XV. By the structure of {u,}, we know that there exists a unique element
p € Xsuchthatu = (p,p,...,p) and hence the iterative sequence {Tu,} converges to p € X.
By

T'u=u=@,p,...,p) Tu=T(p,p,...,p), T u=(Tu, Tu,..., Tu),

we obtain p = T(p,p,...,p), that is, p is the unique multivariate fixed point of T. This
completes the proof. O

Notice that taking N =1, A(a) = a in Theorem 2.6, we obtain Banach’s contraction prin-
ciple.
Some other consequences of the above general result are the following corollaries.

Corollary 2.7 Let (X,d) be a complete metric space, T : XN — X be a N variables mapping
satisfying the following condition:
P
d(Tx,Ty) < ;d(xi,yi), 0<h<l,

where

x = (%1, %2, ...,xn) € XV, y=1y2...,9n8) € XN,
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Then T has a unique multivariate fixed point p € X and, for any py € XN, the iterative
sequence {p,} C X" defined by

V20 (Tpo, TPO; veey TpO)’
p2= (Tplr pr ooy TP1),
p3 =(Ip2, Ips,..., Ips),

Pna1 = (Tpnr Tpn; ey Tpn);

converges, in the multiply metric, to (p,p, ..., p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

Notice that the above corollary is related to the well-known Presi¢’s fixed point theorem
(see [21]).

Presic¢’s theorem Let (X, d) be a complete metric space, N be a given natural number, and
T : XN — X be an operator, such that, for all xy,...,xx,%n+1 € X, we have

d(T(x1, %9, ... 28), T (%o, .. XN, %N41)) < ud(x1,%0) + -+ + gnd(xn, Xn),s

where qi,...,qn € Ry withqy + -+ + gy < 1.
Then there exists a unique multivariate fixed point p € X and p is the limit of the sequence
(%) given by

Kk = T(Xyy ooy Xpyke1), forn>1,
independently of the initial N values.

Choosing A := Ay, h:= Zﬁ\il qi» and x = (%1, %0,...,%N), Y = (X2,%3,...,%n41) € XN, the

contraction condition given in Theorem 2.6 leads to Pres$i¢’s contraction type condition.

Corollary 2.8 Let (X,d) be a complete metric space and T : XN — X be a N variable
mapping which satisfies the following condition:

d(Tx, Ty) < h

N

1

N Zd(xi,yi)z, 0<h<l,
i=1

where

x:(xI’xZ;waN)GXN) y:(yI:yZy-uny)EXN‘

Then T has a unique multivariate fixed point p € X and, for any py € XV, the iterative
sequence {p,} C XN defined by

pl = (TPO; TpO; ceey TPO);



Su et al. Fixed Point Theory and Applications (2016) 2016:9 Page 7 of 19

P2 = (Tpl) Tplx e Tpl),

p3 = (Ipa, Ipa, ..., Tpa),

Pn+1 = (Tpru Tpm ey Tpn);

converges, in the multiply metric, to (p,p,...,p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

Corollary 2.9 Let (X,d) be a complete metric space and T : XN — X be a N variable
mapping which satisfies the following condition:

d(Tx, Ty) < hmax{d(xl,yl),d(xz,yg), . ..,d(xN,yN)}, 0<h<l,
where
x:(xl)xZ;H')xN)eXN; y=()/1;)’2,~-,yN)€XN'

Then T has a unique multivariate fixed point p € X and, for any py € XV, the iterative
sequence {p,} C XN defined by

pP1= (TPO) TPO; ceey TPO),

P2 = (Tpl) Tplr e Tpl),

Pl = (Tpm Tpn’ ) Tpn);

converges, in the multiply metric, to (p,p,...,p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

Notice also here that the above corollary is related to a multivariate fixed point theorem
of Ciri¢ and Presi¢ (see [22]), which reads as follows.

Ciri¢-Presi¢’s theorem Let (X, d) be a complete metric space, N be a given natural num-
ber,and T : XN — X be an operator, such that, for all x1,...,%N,%n+1 € X, we have

d(T(xlery .. ~xN)r T(xZ: oo ,xN’xN+1)) = hmax{d(xler), d(erx?))r ceey d(erxN+1)},

where 0 < h < 1.
Then there exists a multivariate fixed point p € X and p is the limit of the sequence (x,,)
given by

Kk o= T(Xyy ooy Xpiker), forn>1,

independently of the initial N values.
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If in addition, we suppose that on the diagonal Diag C XN we have
d(T(u, v ), T(v,. ..,v)) <d(u,v), forallu,veXwithu+v,

then the multivariate fixed point is unique.

Choosing A := Ay, h € (0,1), and x = (x1,%2,...,%N),¥ = (%2,%3,...,%n41) € XV, the con-
traction condition given in Theorem 2.6 leads to the above Ciri¢-Presi¢’s contraction type
condition.

It is worth to mention that the above results are in connection with a very interesting
multivariate fixed point principle proved by Taskovi¢ in [23]. More precisely, Taskovi¢’s
result is as follows.

Taskovic’s theorem Let (X,d) be a complete metric space, N be a given natural number,
f:RN — R be a continuous, increasing, and semi-homogeneous function (in the sense that
fray,...,han) < Mf(ay,...,an), forany A, ay,...ay € R) andlet T : X* — X be an operator,
such that, for all x = (x1,...,%x),y = W1,...,¥n) € XX, we have

d(Tx), T»)) < [f(md@1,0); ..., and(xn, yx))

’

where ay,...,an € R, with |f(ay,...,an)| < 1.
Then there exists a unique multivariate fixed point p € X and p is the limit of the sequence
(%) given by

Kk = T Ky oo s Xpak-1) fOF n>1,

independently of the initial N values.

Notice here that A(ay,...,a,) :=f(a1,...,a,) satisfies part of the axioms of the multiply
metric. More connections with the above mentioned results will be given in a forthcoming

paper.
The following result is another multivariate fixed point theorem for a class of general-
ized contraction mappings related to the SY theorem. The proof of it can be obtained by

Theorem SY, in the same way as was used in the proof of Theorem 2.6.

Theorem 2.10 Let (X,d) be a complete metric space and T : XN — X be a N variable
mapping which satisfies the following condition:

¥ (d(Tx, T9)) < (A (dxr, 1), d(x2,92), -, dlxn, 9n) ),
where A is a multiply metric function,
x = (%1, %2,...,x7) € XV, y:(yl,yz,...,yN)eXN,
and Y, ¢ : [0, +00) — [0, +00) are two functions satisfying the conditions:

1) v@=e¢b) = ac<b;



Su et al. Fixed Point Theory and Applications (2016) 2016:9 Page 9 of 19

) Y(a,) < ¢(by) -~ e=o0.

a, —> &, b,— ¢

Then T has a unique multivariate fixed point p € X and, for any po € XN, the iterative
sequence {p,} C XV defined by

1= (Tpo, Tpo, ..., Tpo),

p2 = (Tp, Tpy, ..., Tp),

le+1 = (Tpm Tp}’l; LEED] Tpn);

converges, in the multiply metric, to (p,p,...,p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

In 7], Su and Yao also gave some examples of functions v (¢), ¢(¢). Here we recall some

of them.

Example 2.11 ([7]) The following functions satisfy the conditions (1) and (2) of Theo-
rem 2.10.

Yi(t) =t,
h1(t) = at,

where 0 < o < 1 is a constant.

(b) 1»ZIZ(t) = tzy
¢a(t) = In(* + 1),
Y3(t) =t,
(c) £, 0<t<}
¢3(t) = - 2
t— 5 3< < +00,
t, 0<t<],
Yal(t) = L
- 1<t<+00,
(d)
% 0<t<l,
¢u(t) = .
-z 1<t<+00,
t, 0<t<l,
Ys(t) =
at?, 1<t<+o0,
(e)
2, 0<t<l,
¢5(2) =
Bt, 1<t<+oo,

where 0 < B < « are constants.
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For example, if we choose ¥5(t), ¢5(¢) in Theorem 2.10, then we can get the following

result.

Theorem 2.12 Let (X,d) be a complete metric space. Let T : XN — X be a N variables
mapping such that

0 = d(Tx7 TJ/) <1 = d(Tx’ Ty) = (A(d(xlryl)) d(eryZ)r .. «1d(eryN)))2;

AT D) 21 = a(d(Tx 1) < BA(d0y0),d0x2.32),..., Al ),

for any x = (%1,%2,%3,... ,xN),y = ()/1;}’2:)’3; cee ny) e XN,
Then T has a unique multivariate fixed point p € X and, for any py € XN, the iterative
sequence {p,} C XV defined by

p1= (TPO; TPO; ceey TPO),

p2=(Ip1, Tpy, ..., Tp1),

Pni1 = (Tpm Tpm e Tpn)’

converges, in the multiply metric, to (p,p,...,p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

Using the following notions it is easy to prove another consequence of our main results.

Remark 2.13 Let v, ¢ : [0, +00) — [0, +00) be two functions satisfying the conditions:
(i) ¥(0)=9¢(0);
(i) v (¢) > @(t), YVt > 0;
(iii) ¢ is lower semi-continuous and ¢ is upper semi-continuous.
Then v (¢), ¢(t) satisfy the above mentioned conditions (1) and (2).

Corollary 2.14 Let (X,d) be a complete metric space. Let T : XN — X be a N variable

mapping such that, for any x = (x1,%2,%3,...,%x),y = V1, ¥2, 93, .., yn) € XN, we have

w (d(Txr T)’)) < ¢(A(d(xlyyl): d(eryZ)y ey d(eryN)));
where ¥, ¢ : [0, +00) — [0, +00) are two functions with the conditions (i), (ii), and (iii).
Then T has a unique multivariate fixed point p € X and, for any py € XV, the iterative

sequence {p,} C XN defined by

p1 = (Tpo, Tpo, ..., Ipo),

P2 = (Tph pr veey Tpl)x

Pn+l = (Tpn: Tpm ooy Tpn)x
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converges, in the multiply metric, to (p,p,...,p) € XN and the iterative sequence {Tp,} C X
converges, with respect to d, to p € X.

3 An application to an initial-value problem related to a first order differential
equation
We will give now an application of the above results to an initial-value problem related to
a first order differential equation of the following form:
L~ f(t), 5(t),...,%(t), 1), tel:=[to—5,t+ 0],
:x(to) =x% (v €R),

where o, 8 > 0 are given real numbers and f : RN x I — R is a continuous (N +1)-variables

function satisfying the following Lipschitz type condition:
N
lf(x17x2:~u;xN; 1) —fLy2 . IN t)| < k(t) Z loe; — yil,
i=1
with k € LY(,R,).

For this purpose, we will consider first the following integral equation:

x(t) = /tf(x(r),x(r),...,x(r),r) dt +g(t), telto-38,t+38],

where g € C(I) is a given function and f is as before.
Let X := C[ty — 8, + 8], the linear space of continuous real functions defined on the
closed interval I := [ty — 8,9 + 8], where £y,8 > 0 are real numbers. It is well known that

Clto — 8, to + 8] is a complete metric space with respect to the Chebyshev metric

’

d(x,y):= max ’x(t) —y(t)
to—8<t<tp+S
for x,y € X.
We can also introduce on X a Bielecki type metric (which is known to be Lipschitz
(strongly) equivalent to d), by the relation

dg(x,) = max 8|x(t)—y(t)|e’“<(”,

0—0=<t<tp+

where K(¢) := f;} k(s)ds and L is a constant greater than N.
Let T: X xX X -+ xX— XwithXNsx=(x,...,4y) —> Tx be a N variable mapping
defined by

Tx(t) := / f(xl(r),xz(r),...,xN(t),r) dr +g(t),

for all w1, x5,...,%x € X, where g € X and f(x1,%5,...xx, t) is a continuous (N + 1) variable

function satisfying the following condition:
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N
V(xlixZP-wa: t) _f(ylﬁyZ:-“rer t)| < k(t) Z |xi —J’i|»
i=1
with k € LY(,R,).
For any x = (x,%2,...,%N),¥ = (71, %2, -..,¥n) € XV, and £ € I we have
’Tx (t) — Ty(z) )‘d‘[
/ S k()as(e) - ()] de
o o
/ Zk O)|xi(z) = yi(r)]| e KD g
o -1
Zmax |x,(t) ¥i t)|e ~LK(x ]k(t)eLK
t 1 N
" (ﬁ Xl:dB(xi»yi))k(T)eLK(r) dr
t
= N A (ds1,30) . disens ) ] k(D) dr
to
N LK(t
= T 1(d3(x1,y1),...,dB(xN,yN))e
Thus,

N
A1 (d(xup); ..., dp(xn,yn)),  forallt el

| Tx(t) — Ty(t) |e’LK =7

Hence we get

N
dp(Tx, Ty) < T’ Al(dg(xl,yl),...,dB(xN;yN))7 forallx,y € X.

<1, we conclude, by using Theorem 2.6, that the N variable mapping T has

Since & := %
a unique multivariate fixed point x* € X = C[ty — 8, £y + 8], i.e., such that

t
= / S ()2 (1), ...,.x (1), ) dT + g(t), tel,
£
and, for any x € X, the iterative sequence {x,(¢)} defined by
t
x(t) = / Fo(0)50() o 20(2), 7) d + 20,
to

xg(t)zff(xl(r),xl(r),...,xl(r),r)dt + X0,

X1 () = / S (®n(2),%4(1), ..., 0(7), T) dT + %0,
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converges to x* € X = C[ty — 8, £ + 8]. The function x* = x*(¢) is the unique solution of the
integral equation

x(t) = /tf(x(r),x(T),...,x(r),t) dr +g(t), telto—35,to+36].

In particular, if g(¢) := x° (where x° € R) is a constant function, it is well known that the
above integral equation is equivalent to the initial-value problem associated to a first order
differential equation of the form

dx(t)
dt

:f(x(t),x(t), ..x(t), t), x(tp) = xo.

Thus, by our approach an existence and uniqueness result for the initial-value problem
follows.

4 N variable nonexpansive mappings in normed spaces
We will introduce first the concept of N variable nonexpansive mapping.

Definition 4.1 Let (X, || - ||) be a normed space. Then a N variable mapping T : XN — X

is said to be nonexpansive, if

1Tx = Tyl < A(llx =2l Iz = y2l, . len = ywll)s

for all x = (x1,%2,%3,...,%n),% = (J1,92,¥3, - - -, ¥n) € XN, where A is a multiply metric func-
tion.

Some useful results are the following.

Lemma4.2 Let X be a Hilbert space with the inner product (-, -). We consider on the Carte-
sian product space XN = X x X x --- x X the following functional:

N
Z(’Q:yi); Vx = (xl;er'--va)’y = (yl’yz""ny) GXN'

i=1

(x,9)" = .
=5

Then (XN, (-,-)*) is a Hilbert space.

Proof 1t is easy to prove that the X” is a linear space with the following linear operations:

(xl)xan;xN) + ()’1»)’2,~~,yN) = (xl +Y1,%2 +Y2,.. XN +J’N),

)"(xlier v 1xN) = ()"xly )"xZ’ e )"xN):

for all x = (x1,%2,...,%8),% = (Y1, ¥2,...,¥n) € XN, and A € (—o0, +00). Next we prove that
(XN, {-,-)*) is an inner product space. It is easy to see that the following relations hold:

(1) (xx)* = & 3% (i x:) > 0 and (x,4)* = 0 & &= 0, Vax = (x1,%,...., %) € XV

(2) (x9)* = (y,2)*, Va,y € XN;

(3) (A" = & 3N (e i) = A3 N (i) = A )%, Ve y € XY
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(4) (x+y,2)* = (x,2)* + (1,2)*, Vx,9,z € XN,
Hence (XN, (-,-)*) is an inner product space.

The inner product (x,y)* generates the following norm:

llll* = v/ (%,

N

1

ﬁ § ”xl'”Z! Vx = (xl)xZ)“')xN) EXN;
i=1

where ||x;|| = v/ (%, %), Vx; € X, i =1,2,3,...,N. Since X is complete, we know that (XN
| - II*) is also complete. So (XN, || - ||*) is a Hilbert space. O

Lemma 4.3 Let X be a Hilbert space with the inner product -, ) and let
1 X
(xry>* = ﬁ Z(xh_yi)’ Vo = (xlixZ’c . :xN)ry = ()/1;)/2» .. 'ryN) eX

i=1

be the inner product on the Cartesian product space XN. Then the following conclusions
hold:

1) XNy =X*x X* x -+ x X%

(2) f e (XN)* ifand only if there exist f; € X*,i € {1,2,3,...,N} such that

N

fx) = % Y filw), Va=(x,x,.,m0) € XV,

i=1
(Here (XN)* and X* denote the conjugate spaces of XN and X, respectively.)

Proof By Lemma 4.2, we obtain the conclusion (1). Next we prove the conclusion (2).
Assume that f € (XV)*. By Riesz’s theorem and by Lemma 4.2, there exists an element
y=01nY2...,yn8) € XN such that

fx) =(xy)" = % Z(x,-,y,-), Vx = (%1, %, ..., xn) € XY,
Therefore there exist f; € X*, i € {1,2,3,...,N} such that
Zf(xl Vx = (X1,%2,...,%N) e XN,
Assume there exist f; € X*,i € {1,2,3,...,N} such that
Zf(xl Vx = (1, %2, ..., xn) € XV,

It is easy to see that f € (XV)*. This completes the proof. O
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Theorem 4.4 Let X be a Hilbert space with the inner product (-,-) and the norm | - ||.

Consider on XN the norm

N

1

N Z lill2 Vo= (x1,%0,...,%7) € XV,
i1

Let T : XN — X be a N-variables nonexpansive mapping such that the multivariate fixed

point set F(T) is nonempty. Then, for any given xo = (x,x3,...,x%) € XV, the iterative se-

quences

= o+ (1 - an)T(xl,x2, ,x}ﬁz), i=1,2,3,...,N, (4.1)
converge strongly to a multivariate fixed point p of T, where u = (uy, uy, ..., u,) € XN isa
fixed element and the sequence {«,,} C [0,1] satisfies the conditions (Cy), (Cy), and (Cs3) as
follows:

(Cl) lim,,_, o o, = 0;
(Ca) D002y o = +00;
(Cs) Z:il lotye1 — @ty| < +00.

Proof We define a mapping 7% : XN — XN, x > T*(x) by the following relation:
T*(x1,%2, ..., 08) := (T, %05, 208), T, %250, 855 T 1, %0, ., %0)),

for all (xy,%5,...,%4y5) € XN. Next we prove that T* is a nonexpansive mapping from XN,

[l - II*) into itself. Observe that, for any

X = (xbxzf---,xN):y= ()’1:}’2,~~;)/N) EXN;

we have

Z

N N
| T*x - Ty = —ZnTx—wa Z(Z e = %")
\ i=1

i=1

2

N
= —an yI) = e = yl*.
\ i=1

Hence T* is a nonexpansive mapping from (X%, | - [|*) into itself. For any p € F(T) = {x €

X:x=T(x,x,...,x)}, we have

T*p.p,--0) = (T@.ps- - 0), T@,p, - P)s -, TP, D)) = B 15 -, ),

hence p* = (p,p,...,p) € XV is a fixed point of T*. Therefore, the mapping T* : X — XN

is a nonexpansive mapping with a nonempty fixed point set

E(T*)={@p,....p) e X" :pe F(T)}.
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By using the result of Wittmann [24], we know that, for any given x, € X, Halpern’s

iterative sequence

X1 =+ (1—a,) T x, (4.2)

II*

converges in the norm || - ||* to a fixed point p* = (p,p,...,p) of T*, where u = (u1,uy, ...,

uy) € XN. Let
xp = (¥, x5,..,x%), n=0,1,23,....

Then the iterative scheme (4.2) can be rewritten as (4.1). From x,, — p* (in the norm || - ||*),

we have x — pinnorm | - || forall i =1,2,3,...,N. This completes the proof. a

If the condition (C3) can be replaced by the condition (C4) [25] or the condition (Cs)
[26], then Theorem 4.4 still holds.

The construction of fixed points of nonexpansive mappings via Mann’s algorithm has ex-
tensively been investigated recently in the literature (see, e.g., [27] and references therein).
Related work can also be found in [28—45]. Mann’s algorithm generates, initializing an

arbitrary xy € C, a sequence according to the following recursive procedure:
Xni1 = Xy + (=) Txy, n2>0, (4.3)

where {«,} is a real control sequence in the interval (0,1).

If T is a nonexpansive mapping with at least one fixed point and if the control sequence
{a,} is chosen so that Yoo @, (1 — @,,) = +00, then the sequence {x,} generated by Mann’s
algorithm (4.3) converges weakly, in a uniformly convex Banach space with a Fréchet dif-
ferentiable norm (see [27]), to a fixed point of T

Next we prove a weak convergence theorem for a N-variables nonexpansive mapping in

Hilbert spaces.

Theorem 4.5 Let X be a Hilbert space with the inner product (-,-) and the norm | - ||.

Counsider on the Cartesian product space XN the norm

N
1
N
el = | D Iill2, V= G, an) € XY
i=1

Let T : XN — X be a N-variables nonexpansive mapping such that the multivariate fixed
point set F(T) is nonempty. Consider, for any given xo = (3,49, ...,x%) € XN, the following

iterative sequences:

* = ol + (L - o) T (8], %5, 4%), i=1,2,3,...,N, (4.4)

where the sequence {a,} C [0,1] satisfies the condition y -, ay(l — o) = +00.

Then the sequence {x]} converges weakly to a multivariate fixed point p of T.
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Proof We define a mapping 7% : XN — XV by the following relation:
T* (1, %2, ...,%N) = (T(xl,xg, XN, T(X1, %0500y XN )y - - T(xl,xz,...,xN)).

By Theorem 4.5 we know that 7% : XN — X is a nonexpansive mapping with a nonempty
fixed point set

F(T*)={@p,....p) e X" :pe F(T)}.
By Reich’s result [27], we obtain, for any given x, € X, Mann’s iterative sequence
Xnsl = OpXy + (1 - an)T*xm n>0, (4‘5)

converging weakly to a fixed point p* = (p,p, ..., p) € F(T*), where p € F(T). Since X" is a
Hilbert space, for any y = (y1,%,...,yn) € X, we have

LN
Z(x?—p,yi>—> 0, as#n— oo.

(%0 —p*,y) = N2
i=1

Therefore, for any i € {1,2,3,...,N}, let us chose y = (0,...,0,9;,0,...,0) and we get
(&= p,yi) >0 asn— oo

Hence (x},y:) = (p,y:) as n — oo, for any i € {1,2,3,...,N}. This shows that the iterative
sequences {x!}, i € {1,2,3,...,N}, defined by (4.4) converge weakly to a multivariate fixed
point p of T. This completes the proof. g

Remark The above presented method can successfully be applied for several other itera-
tive schemes in order to prove weak and strong convergence theorems for the multivariate
fixed points of N-variables nonexpansive type mappings.
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