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Approximate Fixed Point Sequences of
Nonlinear Semigroups in Metric Spaces

M. A. Khamsi

Abstract. In this paper, we investigate the common approximate fixed point sequences of nonexpan-
sive semigroups of nonlinear mappings { T; }, >, i.e., a family such that To(x) = x, Tetr = Ts(Ti(x)),
where the domain is a metric space (M, d). In particular, we prove that under suitable conditions the
common approximate fixed point sequences set is the same as the common approximate fixed point
sequences set of two mappings from the family. Then we use the Ishikawa iteration to construct a
common approximate fixed point sequence of nonexpansive semigroups of nonlinear mappings.

1 Introduction

The purpose of this paper is to prove the existence of approximate fixed points for
semigroups of nonlinear mappings acting in metric spaces. Note that from a numer-
ical point of view, approximate fixed points are very useful, since exact fixed points
may be hard to find. We will also give an algorithm of how to build such approximate
fixed points in the case of hyperbolic metric spaces. Let us recall that a family {T; },>
of mappings forms a semigroup if To(x) = x and Ty, = T; o T;. Such a situation is
quite typical in mathematics and applications. For instance, in the theory of dynam-
ical systems, the vector function space would define the state space, and the mapping
(t,x) — T:(x) would represent the evolution function of a dynamical system. The
question about the existence of common fixed points and about the structure of the
set of common fixed points can be interpreted as asking whether there exist points
that are fixed during the state space transformation T; at any given point of time ¢,
and if yes, what does the structure of a set of such points look like. In the setting of
this paper, the state space is a nonlinear metric space.

The existence of common fixed points for families of contractions and nonex-
pansive mappings in Banach spaces has been the subject of intense research since
the early 1960s, as investigated by Belluce and Kirk [1, 2], Browder [3], Bruck [4],
DeMarr [8], and Lim [19]. It is worthwhile mentioning the recent studies on the
special case, when the parameter set for the semigroup is equal to {0,1,2,3,...},
and T, = T", the n-th iterate of an asymptotic pointwise nonexpansive mapping.
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Kirk and Xu [17] proved the existence of fixed points for asymptotic pointwise con-
tractions and asymptotic pointwise nonexpansive mappings in Banach spaces, while
Hussain and Khamsi [12] extended this result to metric spaces.

2 Main Results

Recall the definition of a nonexpansive mapping defined in a metric space.

Definition 2.1 Let (M, d) be a metric space and C C M be a nonempty subset. A
mapping T: C — M is said to be nonexpansive if

d(T(x), T(y)) < d(x,y)

foranyx, y € C. Apointx € Cis called a fixed point of T if T(x) = x. The set of fixed
points of T will be denoted by Fix(T). A sequence {x,} in C is called an approximate
fixed point sequence of T if lim,,_, oo d(T(x,),x,) = 0. The set of approximate point
sequences of T will be denoted by AFPS(T).

Recall that in Banach spaces a nonexpansive mapping defined on a nonempty
closed bounded convex subset has an approximate fixed point sequence and may not
have a fixed point. This definition is now extended to a one parameter family of
mappings.

Definition 2.2 Let (M, d) be a metric space and C C M be a nonempty subset. A

one-parameter family F = {T; ; t > 0} of mappings from C into itself is said to be a

nonexpansive semigroup on C if F satisfies the following conditions:

(i) Ty(x) =xforx e C;

(i) Tis(x) = Ty (Ts(x)) forx € Cand t,s € [0, 00);

(iii) for eacht > 0, T; is a nonexpansive mapping.

Define the set of all common fixed points of F as Fix(F) = ﬂtZO Fix(T;). Similarly,

define the set of approximate point sequences of F, denoted by AFPS(¥), as
AFPS(F) = (| AFPS(T}).

>0

The concept of continuity for semigroups of mappings is important. Next we give
the definitions that will be needed throughout.

Definition 2.3 Let (M, d) be a metric space and C C M be nonempty. A one-
parameter family ¥ = {T; ; t > 0} of mappings from C into M is said to be:

(i)  continuous on C if for any x € C, the mapping t — T;(x) is continuous, i.e., for
any to > 0, we have lim,_,,, d( T (x), Ty, (x)) =0, forany x € C;
(ii)  strongly continuous on C if for any bounded nonempty subset K C C, we have

lim sup (d(Tt(x), Tto(x))) =0.
=1l xeK

Recall the following lemma, which can be found in any introductory course on
real analysis.
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Lemma 2.4 ([23]) Let G be a nonempty additive subgroup of R. Then G is either
dense in R or there exists a > 0 such that G = a - Z = {an ; n € 1}. Therefore, if «
and (3 are two real numbers such that % is irrational, then the set

Gla,B) ={an+Pm;nmel}
is dense in R. In particular, the set G, (c, §) = G(a, 8) N [0, +00) is dense in [0, +00).

The following technical lemmas will be useful to prove the main result of this
section.

Lemma 2.5 Let (M,d) be a metric space. Let C be a nonempty subset of M. Let
T: C — C be a nonexpansive mapping. Then we have AFPS(T) C AFPS(T™) for any
m > 2.

Proof Without loss of generality we may assume that AFPS(T) is not empty. Let
{x,} € AFPS(T). Then we have lim,,_, o, d(T(x,), x,) = 0. Fix m > 2. Then we have

d(T™ (xn), xn) < i A(T (), T (x0)) < md(T(x,), )
k=1

for any n > 1. Since m is fixed and {x,} € AFPS(T), we get

lim d(T"(x,),x,) =0,

n— 00
ie, {x,} € AFPS(T™). [ ]
Lemma 2.6 Let (M,d) be a metric space and C C M be nonempty. Let

F = {T; ; t > 0} be a one-parameter nonexpansive semigroup of mappings from C into
C. Let a and 3 be two positive real numbers. Then we have

AFPS(T,) NAFPS(T;) C () AFPS(T)).
t€G(a,f)

Proof Without loss of generality we may assume that AFPS(T,) N AFPS(T) is not
empty. Let {x,} € AFPS(T,) N AFPS(T3). Recall that

Gila,B) ={ma+kB>0;mkeZ}.

Lett € G.(«, B). Then we have two cases. First assume that t = ma + k3, where
m,k > 0. Then

d(Tt(x,,),xn) = d(Tma+k;?(xn)7xn) = d<TZ1(T§(x"))’x”) ’
which implies that
d(Ti(xa), %) < d(T(TH)), T () +d( T2 (x)), Xn)
< d(Tgl;(xn)a-xn) + d(T:)?('x”))?x") )

for any n > 1. Using Lemma 2.5 , we get lim, o, d(T;(x,),x,) = 0, ie., {x,} €
AFPS(T;). Next assume that t = ma + k3, where either m or k is negative. Without
loss of generality assume that t = ma — k3, where m, k > 0. We have

d(Tt(xn)axn) = d(Tmafkﬁ(xn);xn) S d(Tmafkﬁ(an Tma(xn)) + d(Tm(y(xn)axn)~
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Since Ty = Tina—ks © Tks, and Ty,q—kp is nonexpansive, we get
A(T, (%), %) < A, Tig (%)) + ATy (), %) = (%, T(x)) + AT (%), %)
for any n > 1. Again using Lemma 2.5, we get lim,_, o d(T;(x,),x,) = 0, ie,
{x,} € AFPS(T;). Hence
{x,} € () AFPS(T,). =
teG(a,fB)

Now we are ready to give the main result of this section.

Theorem 2.7 Let (M, d) be a metric space and C C M be nonempty and bounded.
Let F = {T; ; t > 0} be a one-parameter nonexpansive semigroup of mappings from C
into C. Assume that F is strongly continuous. Let o and [3 be two positive real numbers
such that  is irrational. Then we have

AFPS(T,) N AFPS(Tjs) = AFPS(%).

Proof Since AFPS(F) C AFPS(T,) N AFPS(Tpg), it is enough to prove AFPS(T,) N
AFPS(T3) C AFPS(F). Without loss of generality, assume that AFPS(T,) N
AFPS(T) is not empty. Let {x,} € AFPS(T,) N AFPS(T3). Lemma 2.6 implies
that

{x,} € [\ AFPS(T,).
teG(a,f)

From Lemma 2.4, we know that G, («, 8) = G(«, 8) N [0, +00) is dense in [0, +00).
Lett € [0, +00). Then there exists t,, € G, («, 3), m > 1, such that lim,,,_, t,, = t.
We have

d(xny Tt(xn)) < d(xm Tm(xn)) + d( Ton(xn), Tt(xn))
< d(%n, Tin(xn)) +supd(Ti(x), Ty(x)) .

xeC

Let ¢ > 0. Since J is strongly continuous, there exists my > 1 such that for any
m > my, we have

supd(Tw(x), T;(x)) <e.
xeC

Since {x,} € AFPS(T,,) from Lemma 2.6, there exists ny > 1 such that
d(xy, T, (%)) < €, for any n > ny. Hence

d(xm Tt(xn)) < d(xna ng(xn)) +sup d(ng(x)7 Tt(x)) <2

xeC

for any n > ny. Since ¢ was arbitrarily positive, we conclude that

lim d(T;(x,),x,) =0, ie,{x,} € AFPS(T}). [ ]
n—oo
As a corollary we get the following.

Corollary 2.8 Let (M, d) be a metric space and C C M be nonempty and bounded.
LetF = {T, ; t > 0} be a one-parameter nonexpansive semigroup of mappings from C
into C. Assume that J is strongly continuous. Then we have

AFPS(Ty) N AFPS(T,) = AFPS(T,) N AFPS(T, 5) = AFPS(T).
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In the next section, we give an algorithm of how to construct an approximate fixed
point sequence of two maps in a metric space.

3 Common Approximate Fixed Point Sequence of Two
Nonexpansive Mappings

In this section we will discuss a construction of a common approximate fixed point
sequence of two nonexpansive mappings defined on a hyperbolic metric space as
defined by Reich and Shafrir [21] (see also [10]). This class of metric spaces includes
all normed linear spaces that are hyperbolic spaces. As nonlinear examples, one can
consider the Hadamard manifolds [5], the Hilbert open unit ball equipped with the
hyperbolic metric [10], and the CAT(0) spaces [14-16,18].

Let (M, d) be a metric space. Suppose that there exists a family 8 of metric seg-
ments such that any two points x, y in M are endpoints of a unique metric segment
[x, y] € 8 ([x, y] is an isometric image of the real line interval [0, d(x, y)]). We shall
denote by (1 — B)x & By the unique point z of [x, y] that satisfies

d(x,z) = Pd(x,y), and d(z,y) = (1—p)d(x,y).

Such metric spaces are usually called convex metric spaces [20]. Moreover, if we have

d(Bpe (1—B)x,Bp& (1= B)y) < (1—pHdlx,y)
forall p,x, yin M, and 3 € [0, 1], then M is said to be a hyperbolic metric space (see
[21]).
Definition 3.1 Let (M, d) be a hyperbolic metric space. We say that M is uniformly
convex (UC) if for any a € M, for every r > 0, and for each ¢ > 0
1 .71 1
_ i teat . < < > )
o(r,e) 1nf{1 rd(zx@ 2y,a) s d(x,a) < rnd(y,a) <rndxy) > rz—:} >0

The definition of uniform convexity finds its origin in Banach spaces [6]. To the
best of our knowledge, the first attempt to generalize this concept to metric spaces
was made in [11]. The reader may also consult [10,13,21].

From now on we assume that M is a hyperbolic metric space, and if (M, d) is
uniformly convex, then for every s > 0, ¢ > 0, there exists 7(s, €) > 0 depending on
s and e such that

o(r,e) > n(s,e) > 0 foranyr > s.

The following technical lemmas will be useful throughout.

Lemma 3.2 ([9,22]) Let X be a uniformly convex hyperbolic space. Then for arbitrary
positive numberse > 0 and r > 0, and a € [0, 1], we have

d(a,ax@ 1- a)y) < r(l —6(r,2min{a, 1 — a}e)) ,

foralla,x,y € X, such that d(z,x) < r,d(z,y) < r,and d(x,y) > re.

Using the above lemma we obtain the following result.
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Lemma 3.3 ([9,13]) Let (M, d) be a uniformly convex hyperbolic metric space. As-
sume that there exists R € [0, +00) such that

limsup,_,  d(x,,a) <R,
limsup,_, . d(y,,a) <R,
lim, oo d(a, o,x, & (1 — Un)yn) =R,

where o, € [, B], with0 < a < 8 < 1. Thenlim,_, o d(x,, y,) = 0.

Let (M, d) be a hyperbolic metric space and C C M be a nonempty convex subset.
Let T,S: C — C be two mappings. Fixx; € C. Das and Debata [7] studied the strong
convergence of Ishikawa iterates {x,} defined by

(31) Xp+1 = anS(BnT(xn) S2) (1 - Bn)xn) 5> (1 - an)xn

where «,, 3, € [0,1]. Under suitable assumptions, we will show that {x,} is an
approximate fixed point sequence of both T and S. Assume that T and S are nonex-
pansive and have a common fixed point p € C. Then we have

d(xpe1, p) = d(nS(yn) ® (1 — an)xu, p)
< ud(S(yn), p) + (1 — c)d(xs, p)
< ayd(yn, p) + (1 — ap)d(xy, p)
= apd(BuT(xn) © (1 = B)xn, p) + (1 — a)d(xy, p)
< ap[ Bud(T(x), p) + (1 = Br)d(xy, p)] + (1 — ay)d(xy, p)
< d(xy, p),

where y, = 3, T(x,) ® (1 — 3,)x,. This proves that {d(x,, p)} is decreasing, which
implies that lim,,_,c d(x,, p) exists. Using the above inequalities, we get

lim d(x,, p) = lim d( Sy, & (1= )y, p)
= lim [aud(Syu, p) + (1 — a)d(xs, p)]
= lim [aud(yn, p) + (1 — an)d(xs, p)]
= lim | aud(B,T(x) © (1= B)xo, p) + (1~ €,)d(x,, p)|
= lim [ (Bd(T(,), p) + (1= B, p)) + (1= a)d, p)] .
The following result is the main theorem of this section.

Theorem 3.4 Let C be a nonempty, closed and convex subset of a complete uniformly
convex hyperbolic space (M,d). Let S,T: C — C be nonexpansive mappings such
that Fix(T) N Fix(S) # @. Fix x; € C and generate {x,} by (3.1). Assume that
Qpu, By € [, B], with0 < a < 8 < 1, then

lim d(xn,S(xn)) =0, and lim d(x,, T(x,)) =0.
n—o0 n—00
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Proof Let p € Fix(T) N Fix(S). Then the sequence {d(x,, p)} is decreasing. Set
¢ = lim,_, d(x,, p). If ¢ = 0, then all the conclusions are trivial. Therefore we will
assume that ¢ > 0. Note that we have

(3.2)  d(xus1, p) < and(S(yn), p) + (1 — an)d(xy, p)
and
(3.3) d(S(yn), p) < d(yn, p) < Bud(T (x4, p)) + (1 — B)d(xn, p) < d(xn, p),
for any n > 1. From inequalities (3.2) and (3.3), we get
d(xnet, p) = d(anS(yn) ® (1 — ap)xu, p) < and(S(yw), p) + (1 — cv)d(xy, p)
< d(xy, p),

which implies lim,,, o, d(S(y,,), p) = c. Indeed, let U be a nontrivial ultrafilter over
N. Then we have limy o, = oo € [, f] and limy d(x,, p) = limy d(xp41, p) = c.
Hence

c < oo lilrlnd(Syﬂ,p) + (1 — as)e <c.

Since aoo # 0, we get limy d(Sy,, p) = c. Since U was arbitrary, we get
nll>r§o d(S(yn),p) =c¢
as claimed. Therefore, we have
lim d(x,, p) = lim d(Sy(,),p) = lim d(auS(ys) ® (1 = an)xu, p) = c.

Using Lemma 3.3, we get lim,_, o d(S(yx), x,) = 0. Next from (3.2) and (3.3), we
get

d(xn+la P) S and(ym P) + (1 - an)d(xm P) S d(xna P)
which implies lim,,—, o [y d(y4, p) + (1 — y)d(x, p)] = c. Since liminf, ,~ o, >
a > 0, we conclude that lim,_ oo d(y,, p) = c¢. Since 5, > « > 0, we get
lim,—, oo d(T(x,), p) = cin a similar fashion. Therefore we have

li)m d(x,, p) = E}m d(T(xn)ap) = lim d(ﬂnT(xn) ® (11— ﬂn)xmp) =C.

Using Lemma 3.3, we get lim,,—, o, d(T(x,), x,) = 0. Finally, since
d(xn, S(x4)) < d( %, S(yn)) +d(S(yn), S(x))
< d( %, S(yn)) +d(yu, xa)
= d(xn,S(yn)) + Bud(T(x4), %u)
< d(xu,S(yn)) +d(T(xn), %),
we conclude that lim,,_, o, d(x,, S(x,)) = 0. [ |

Remark 3.5 The existence of a common fixed point of T and S is crucial. If one
assumes that T'and S commute, i.e.,, So T = T o S, then a common fixed point exists
under the assumptions of Theorem 3.4 if we assume that C is bounded. Indeed, fix
xo € C and define

T, (x) = %xo @ (1 - %) T(x),
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forx € C,andn > 1. Then

d(T,(x), Tu(y)) = d(%xo o (1 . %) T(x), %xo @ (1 . %) T(y))

<(1- %) A1), 7(7) < (1- %) d(x,y),

for any x,y € C. Thatis, T, is a contraction. The Banach Contraction Principle
implies that T}, has a unique fixed point u, in C. Since C is bounded and

1 1 1
(1, T(u,)) = d(—x0 @ (1= ) Tw), Tw) ) < ~d(x0, T(w),
we get d(u,, T(u,)) — 0. Define the function

7(x) = lim sup d(uy,, x).
n—r 00

Since M is uniformly convex, 7 has a unique minimum point p € C, i.e,,
7(p) = inf{7(x) ; x € C},

and 7(p) < 7(x), for any x # p. Since {u,} is an approximate fixed point sequence
of T, we have

lim sup d(un, T(p)) = lim sup d(T(un), T(p)) < lim sup d(uy, p).

n—r 00 n— 00 n—r 00
Hence 7(T(p)) < 7(p), which implies p = T(p). Since M is strictly convex, Fix(T)
is a nonempty convex subset of M. Since T and S commute, we have S(Fix(T)) C
Fix(T). The above proof shows that S has a fixed point in Fix(T); i.e., T and S have a
common fixed point.
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