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INEXACT ORBITS OF NONEXPANSIVE MAPPINGS
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Dedicated to Professor Wataru Takahashi on the occasion of his 65th birthday

Abstract. We study the influence of errors on the convergence of orbits of
nonexpansive mappings in Banach and metric spaces.

1. INTRODUCTION

Convergence analysis of iterations of nonexpansive mappings is a central topic in
nonlinear functional analysis. It began with the classical Banach theorem [1] on the
existence of a unique fixed point for a strict contraction. Banach’s celebrated result
also yields convergence of iterates to the unique fixed point. There are several gen-
eralizations of Banach’s theorem which show that the convergence of iterates holds
for larger classes of nonexpansive mappings. For example, Rakotch [7] introduced
the class of contractive mappings and showed that their iterates also converged to
their unique fixed point. Note that this situation is in some sense typical [8, 9, 10].
Earlier, De Blasi and Myjak [4, 5], also using the generic approach, showed that
most (in the sense of Baire category) nonexpansive mappings possessed a unique
fixed point which attracted all their powers.

In view of the above discussion, it is natural to ask if convergence of the iterates
of nonexpansive mappings will be preserved in the presence of computational errors.
In [2] we provide affirmative answers to this question. Related results can be found,
for example, in [3, 6]. More precisely, in [2] we show that if all exact iterates of
a given nonexpansive mapping converge (to fixed points), then this convergence
continues to hold for inexact orbits with summable errors.

In the present paper we continue to study the influence of computational errors
on the convergence of iterates of nonexpansive mappings in Banach and metric
spaces. In Sections 2 and 3 we study the convergence of such iterates to attractor

Received April 23, 2008.

1991 Mathematics Subject Classification: 47TH09, 47H10, 54ES50.

Key words and phrases: Attractor, Banach space, Complete metric space, Fixed point, Inexact orbit,
Iteration, Nonexpansive mapping.

1511



1512 Evgeniy Pustylnik, Simeon Reich and Alexander J. Zaslavski

sets, while Section 4 is devoted to convergence to fixed points. In addition to
providing convergence theorems, we also show that the sufficient conditions we
impose on the computational errors in order to guarantee convergence are, in many
cases, also necessary.

2. CONVERGENCE TO FIXED POINT SETS

Let (X, p) be a metric space. For each z € X and each nonempty and closed
subset A C X, put

p(z, A) =inf{p(z,y): y € A}.
Theorem 2.1. Let T : X — X satisfy
(2.1) p(Tz, Ty) < p(x,y) for all z,y € X.
Suppose that F' is a nonempty and closed subset of X such that for each x € X,

lim p(T'z, F) = 0.

1— 00

Assume that {v,}22 o C (0,00), >0 4 n < 00,
(2.2) {zn}ry € X and p(zpi1, Txy) < p, n=0,1,....

Then
lim p(z,, F) = 0.

n—oo

Proof. Let ¢ > 0. Since the series Y+, converges, there is an integer k& > 1
such that

(23) S <
i=k

Define a sequence {y;}:°, by

yi+1 = Ty; for all integers ¢ > k.
By (2.2) and (2.4),

(2.5) P(Trt1, Yet1) < Vi
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Assume that ¢ > k + 1 is an integer and that for t =k + 1,...,q,
i—1

(2.6) pliy) <>
j=k

(Note that in view of (2.5), inequality (2.6) is valid when ¢ = k + 1.)

By (2.1) and (2.6),

q—1

p(Tyg, Tq) < p(Yg> Tq) < Y i+
i=k

<

When combined with (2.4) and (2.2), this implies that

q—1

q
p(qi1:Ygr1) < (g1, Trg) + p(T2g, Tyg) < g+ D% = D Vi
=% :

so that (2.6) also holds for ¢ = ¢ + 1. Thus we have shown that for all integers
q=>k+1,

q—
(2.7) P(Ygs q) < Z < Zvj <e
j=k
by (2.3). In view of (2.4) and the hypotheses of the theorem we note that
(2.8) lim p(y;, F) = 0,
1—00
Therefore it follows from (2.7) and (2.8) that

limsup p(z;, F) < e.

1—00
Since € is an arbitrary positive number, we conclude that

lim p(x;, F) =0,

Z—)

as asserted.

Theorem 2.2. Let X be a nonempty and closed subset of a reflexive Banach
space (E,||-||) and let T : X — X be such that

(2.9) 1Tz = Ty|| < ||z —yl| for all z,y € X.

Let F' be a nonempty and closed subset of X such that for each x € X, the
sequence {T"x}0° | is bounded and all its weak limit points belong to F.
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Assume that {;}7°, C (0,00), > 7207 < 00, {x;}5°, C X and
(2.10) ||zig1 — Tzi|| < i for all integers i > 0.

Then the sequence {x;}°, C X is bounded and all its weak limit points also
belong to F.

Proof. Let € > 0. There is an integer £ > 1 such that
xD
(2.11) > vi<e
i=k

Define a sequence {y;}:°, by
(2.12) Yk = Tk, Yir1 = Ly; for all integers i > k.

Arguing as in the proof of Theorem 2.1, we can show that for all integers ¢ > k+1,

q—1

(2.13) llyg — zqll <D 5 <e.
j=k

Obviously, (2.13) implies that the sequence {x}7°, is bounded.

Assume now that z is a weak limit point of the sequence {x};°,. There exists
a subsequence {z;, »—1 Which weakly converges to z. We may assume without loss
of generality that {y;,},2, weakly converges to Z € F. By (2.13) and the weak
lower semicontinuity of the norm,

||Z2—z|| <e.
Since € is an arbitrary positive number, we conclude that
z € F.

Theorem 2.2 is proved.
Note that Theorem 2.1 is an extension of the following result established in [2].

Theorem 2.3. Let (X, p) be a complete metric space and let T : X — X be
such that
p(Tz, Ty) < p(x,y) for all z,y € X,

and for each x € X, the sequence {T"x}>° | converges in (X, p).

Assume that {y,}52 C (0,00) satisfies Y .~ yn < 00, and that a sequence
{zn}o2y C X satisfies p(xpi1,Txn) < Yn, n=0,1,2,.... Then the sequence
{2 }5° converges to a fixed point of T in (X, p).
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3. NONCONVERGENCE TO FIXED POINT SETS

In this section we show that both Theorems 2.1 and 2.3 cannot, in general, be
improved. We begin with Theorem 2.3 [2].

Proposition 3.1. For any normed space X, there exists a mapping T : X —
X such that |[Tx — Tyl < ||z —y| for all x,y € X, the sequence {T™x}>
converges for each x € X and, for any sequence of positive numbers {7},
there exists a sequence {x, o C X with ||xp11 —Txy| < vn for all nonnegative
integers n, which converges if and only if the sequence {~y,}°° is summable, i.e.,

Yot Yn < 0.

Proof. This is a simple fact because we may take 7' to be the identity mapping:
Tx = x, Vz. Then we may take zy to be an arbitrary element of X with ||zo|| = 1,
and define by induction

Tyt = Txy + Yno, n=0,1,2,....

Evidently, ||zp11 —T2y| = v» and z,11 = 2o(14+> ", i) for all integers n > 0,
so that the convergence of {z,, }°° , is equivalent to the summability of the sequence
{7 }nzo-

Counterexamples to possible improvements of Theorem 2.1 are more difficult to
construct because this theorem deals with convergence to attractors. For simplicity,
we assume that the non-summable sequence {7, o2, decreases to 0 and that y; < 1.

Proposition 3.2. Let X be an arbitrary (but not one-dimensional) normed
space and let a non-summable sequence of positive numbers {~y ,}5, decrease to
0. Then there exist a closed subspace F' C X and a nonexpansive (with respect
to an equivalent norm on X) mapping T : X — X such that p(T"u, F) — 0
as n — oo for any w € X and there exists a sequence {u,}5° , C X such that
|tnt1 — Tuyl|| < n for all integers n > 0, but the sequence {p(un, F')} does not
tend to 0 as n — oo.

Proof. We take any 2-dimensional subspace of X, identify it with R? (with
coordinates (x,y)), and restrict all constructions and arguments to this subspace,
taking as F the one-dimensional space L := {(x,y) € R?: y = 0}. The same
counterexample may be then applied to the whole space X if we take F' to be a
complement of the one-dimensional space {(z,y) € R? : x = 0} which includes
L.

So, consider a plane with orthogonal axes z,y and the norm |ju|| = ||(z,y)|| =
max(|z|, |y|) (recall that in a finite dimensional space all norms are equivalent). At
the first stage we only consider the case where v,,+1/7, > 1/2 for all n and we
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define a decreasing function y = ~(z) which equals v, at z = 2n,n = 1,2,..,
and is linear on the intermediate segments. Finally, we define the mapping T as
the superposition T' = T, T5T»T} of the following four mappings: (a) 71 : (z,y) —
(2], [y]); (®) T2 : (2,y) = (z,min(1,y)); () T3 : (z,9) = (z +2,y); ()
Ty (z,y) = (2, [1 = y(2)]y).

The principal point of the proof is to show that the mapping 7" is nonexpansive.

Since this is obviously true for the first three mappings 77, 75 and T3, we need
only consider the fourth mapping 7. For simplicity, we may assume from the very
beginning that 7" = T}.

For arbitrary 1 < w9, let u; = (z1,y1) and ue = (22,y2). Then Tu; =
(x1,[1 — y(x1)]y1) and Tug = (z2,[1 — vy(22)]y2). Our aim is to show that
|ITuy — Tug|| < ||ug — usl|, where ||u; — ug|| = max(xy — 21, |y2 — y1|) and
|ITuy — Tuz|| = max(zy — x1,|[1 — v(x2)]y2 — [1 — v(21)]y1]). Since after the
application of the first two mappings 77 and 75, the second coordinate y already
belongs to [0, 1], the case where xo —x1 > 1 is trivial because then ||Tu; —Tus|| =
|lup —ug|| = xo — x1. Hence we may assume in what follows that xo —z; < 1 and
thus we need only consider one of the two following possibilities: either both z;
and x2 belong to the same interval [2n, 2(n + 1)] or they belong to two adjoining
intervals [2n,2(n + 1)] and [2(n + 1),2(n + 2)] for some n = 1,2,.... We claim
that in both cases,

(3.1) y(w1) — y(22) < (22 — 21)7(21)-

If 2n < 21 < 29 < 2(n + 1), then the points u; and wus lie on the straight
line connecting the points (2n,1 — ~,) and (2(n + 1), 1 — ~,41), so that the ratio
(v(z1) — y(x2)) /(w2 — 21) coincides with the slope &y, of this line:

kp = (Vn - 7n+1)/2 < 7n/2 < Ynt1 < ’Y(@'l)-
In the second case the same ratio is less or equal to max(ky,, k,+1), where
kpt1 = (Yn+1 — Yn+42)/2 < o1 < y(21),

and therefore inequality (3.1) is proved in both cases.
Note that in order to compare the distances between u; and ug, and between
Twu; and T'us, it is enough to show that

(3.2) [y2[1 — y(22)] — y1[1 — y(71)]| < max(x2 — 21, [y2 — y1])-
If 41 > o, then

yi[l = v(@1)] = y2ll = y(z2)] = (Y1 —y2) — [y (@1) — v2y(x2)] < y1 — v2
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because y(x1) > y(z2). On the other hand,
[l —v(@1)] = y2[l = y(z2)] = (y1 — y2)[1 — v(22)] + yi[v(22) — v(21)]

> —(z2 — 21)y(21)11

by (3.1). Now inequality (3.2) follows because ~(x1)y; < 1.

If y» — y1 > 0, then also ya[1 — v(x2)] — y1[1 — v(x1)] > 0 and it suffices to
estimate this difference only from above. Bearing in mind that all y < 1, we obtain
by (3.1) that

Yol — v(22)] — ya[1 — y(z1)] = (y2 — y1)[1 — v(21)] + w2 [y (z1) — v(22)]
< (y2 —y1)[1 = y(z1)] +v(21) (22 — 71) < max(z2 — 21,92 — Y1),

as needed.

Let u be an arbitrary point in R?. Then T5Tju belongs to the set {(z,y) €
R%: x> 0, 0 <y < 1} and thereafter the mappings 77 and 7% coincide with the
identity mapping. Defining the integer k by 2k < z < 2(k + 1), we see that

n k+n
p(T"u, F) =y [l -2z +20)] <y J[ A=) — 0
=1 i=k+1

as n — oo because the series D, v; is divergent.

To finish the proof for the case where 7,1/, > 1/2 for all natural numbers 7,
we define u, = (2(n—1),1) forn =1,2,... Then Tu, = TyT3u, = (2n,1—"y,)
and ||up+1 — Tuy|| = yn. At the same time, p(u,, F') = 1 for all n and so the
sequence {p(uy,, F')} does not tend to 0.

We now proceed to the general case where the given sequence {~,}22, does
not necessarily satisfy the condition ~,, 41/, > 1/2 for all n > 0. We then define
by induction a new sequence:

N=7 Yoy =max{yui, m/2h n=12...,

so that 7, ; /v, > 1/2. Using the new sequence {7,,}7",, we construct the map-

ping 7" as before, replacing each ~,, by v,,. The sequence {u,}° , will be defined
by induction. Let u; = (0, 1). If the point u,, = (x,, y,) has already been defined,
then to obtain the next point uy,+1 = (Tpnt1, Ynt1), We set Tp1 = Tn+2, Ynt1 = Yn
if v, = Y, and Y1 = ya[l = 5] if 75, > . Since Tup = (2nt1, Yn[l — 1))
for each n, we find that ||u,+1 — T'u,|| < 7y, for all n, as needed.

It is easy to see that
n

yns1 = [ (1 = owvh),
k=1
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where 0, = 1 when ~,, > 7, and o, = 0 otherwise. But the series >, | o7},
converges, since the ratio of any two consecutive nonzero terms of this series is not
greater than 1/2. Therefore

o
’U,n, H 1 - O_kfﬂ)lk‘ > 0.

That is, the sequence {p(uy, F))} again does not tend to 0, as claimed.

4. CONVERGENCE AND NONCONVERGENCE TO FIXED POINTS

In Section 3 we have shown that Theorems 2.1 and 2.3 cannot be, in general,
improved. However, in Proposition 3.1 every point of the space is a fixed point
of the mapping 7' and the inexact orbits tend to infinity. In Proposition 3.2 the
attractor F' is unbounded and the mapping 7" depends on the sequence of errors. In
this section we construct a mapping 7' on a complete metric space X such that all of
its orbits converge to its unique fixed point, and for any nonsummable sequence of
errors and any initial point, there exists a divergent inexact orbit with a convergent
subsequence. On the other hand, we emphasize that while the example of the
present section is for a particular subset of an infinite-dimensional Banach space,
the examples in Section 3 apply to general normed spaces, even finite-dimensional
ones.

Let X be the set of all sequences x = {z;}3°, of nonnegative numbers such
that 7%, #; < 1. For @ = {x;}3°,, y = {vi}3°, € X, set

(4.1) p{zi}Za {yi}i2h) Z\wz yil-

Clearly, (X, p) is a complete metric space.
Define a mapping 7' : X — X as follows:

(4.2) T({zi}i2y) = (xe, 23, ...y x4, .. .), {Ti}io; € X.

In other words, for any {z;}°, € X,

(4.3) T({xi}2y) = {vi}2,, where y; = ;11 for all integers i > 1.
Set T2z = « for all z € X. Clearly,

(4.4) p(Tz, Ty) < p(x,y) forall z,y € X

and

(4.5) T"x converges to (0,0,...,...) asn — oo
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forall x € X.

Theorem 4.1. Let {r;}°, C [0, 00),

(4.6) im = 00,
i=0

and x = {x;}°, € X. Then there exists a sequence {y)}>°, C X such that
v =z, p(Ty?,y V) <y i=0,1,..,
the sequence {y(W}2 does not converge in (X, p), but (0,0,...) is a limit point
of {y M},
In the proof of this theorem we may assume without loss of generality that

(4.7) r; < 167" for all integers i > 0.

We precede the proof of Theorem 4.1 with the following lemma.

Lemma 4.1. Let 2(0) = {zz(o) o, € X and let k > 0 be an integer. Then
there exist an integer n > 4 and a sequence {z(’)}?zo C X such that

p(z(”l),Tz(i)) <Tpyi, i=0,...,m—1,

and
p(z(”), (0,0,...)) > 471

Proof. There is a natural number m > 4 such that

(4.8) S0 <167
Set
(4.9) A =10 j=0,... ,m—1.
Clearly,

m 0 0 0
(4.10) 2(m) :(zinll,zinl%...,zz( ),...).

By (4.6), there is a natural number n > m such that

k+n

(4.11) doorpza2h

j=k+m
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By (4.11) and (4.7), n > m + 7 and we may assume without loss of generality that

k+n—1
(4.12) > or<iy2
j=k+m
In view of (4.1) and (4.7),
k+n—1 k+n
(4.13) Z rj= Z i = Thn > 270 — 1671
j=k+m j=k+m
Fori=m+1,...,n, define 29 = {zj(»z)}?‘;l as follows:

AV =0 je{t2 3\ nt+1-i),

(4.14) keti—1

(@) E :
zn—l—l —i 1 + Ty
j=k+m

Clearly, for i = m +1,...,n, 29 is well-defined and by (4.14), (4.8) and (4.12),

00 00 k+i—1 k+n—1
RIS ST DTS ELI SRR
Jj=1 Jj=i+l j=k+m j=k+m
Thus 2D € X, i=m+1,...,n
Leti € {m,...,n — 1}. In order to estimate p(z("+1), T2()), we first set
(4.15) {7152, = T2,

In view of (4.15), (4.2) and (4.3), z; = z( 9 , for all integers j > 1. When combined
with (4.14), this implies that

(4.16) Z =20, forall j € {1,2...3\ {n— 1}
and
(i) '
~ ]
An—i = Zpt1—q = n+1 + Z Ty
j=k+m

By (4.16), ; = /""" forall j € {1,2,...}\ {n —i}. Together with (4.15), (4.1),
(4.16) and (4.14), this equality implies that

p(z(”'l),Tz(i)) ( (i+1) {Zj}j, ) ‘ (i+1) _ gn_i‘ = Tt

TL 7
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It follows from this relation, which holds for all ¢ € {m,...,n—1}, and from (4.9)
that A A
p(z0) T2y < i i=0,...,n—1.

By (4.1), (4.14) and (4.13),

k+n—1

/)(z(”),((),(),...))Zz1 —zn+1—|— Z rp>271— 1671
j=k+m

This completes the proof of Lemma 4.1.
Proof of Theorem 4.1. In order to prove the theorem we construct by induction,

using Lemma 4.1, sequences of nonnegative integers {#;}7°, and {s;}72, and a
sequence {y()}2° C X such that

(4.17) y© =z,

(4.18) p(y) Ty®) < r; for all integers i > 0,

4.19 to =59 =0, tr < sp+1 < try1 for all integers k > 0,
+ +

and for all integers k > 1,

(4.20) p(y*¥) (0,0,...)) < 1/k and p(y*¥), (0,0,...)) > 1/4.

In the sequel we use the notation (") = {yj 21, 0=0,1,....
Set
(4.21) vy = 2 and tg, so = 0.

Assume that ¢ > 0 is an integer and that we have already defined sequences of
nonnegative numbers {3 }{_, and {si}{_,, and a sequence {y(i)}fio C X such
that (4.18) holds for all integers 7 satisfying 0 < i < ¢4, (4.21) holds,

tr < Sg+1 < tr41 for all integers k satisfying 0 < k < gq,

and (4.20) holds for all integers £ satisfying 0 < k& < q. (Note that for ¢ = 0 this
assumption indeed holds.)

Now we show that this assumption also holds for ¢ + 1.

Indeed, there is a natural number s;11 > ¢, + 1 such that

o0

(4.22) SNy <@+

J=sq+1—1-tq
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Set
(4.23) YD =1y i =t s — 1

By (4.23), (4.1), (4.2), (4.3) and (4.22),

(424)  pyle), (0,0, = Doy = 3 g < (g7
Jj=1 J=8q+1—tq+1

Applying Lemma 4.1 with

(4.25) 20 = y(sar1) and k = 5,441,

we obtain that there exist an integer n > 4 and a sequence {y(i) ff;:f C X such
that

(4.26) p(y(i‘H)), Ty(i)) <Py 8= Sg4ly -5 Sq+1 + 10— 1,

and

(4.27) p(yBar1t™ (0,0,0...,)) > 1/4.

Put

tq+1 = Sq¢+1 + n.

In this way we have constructed a sequence {y(i)}f‘f@l C X, and sequences of
nonnegative integers {tk}iié and {sk}%ié such that (4.21) holds, (4.18) holds for
all integers ¢ satisfying 0 < ¢ < t,41 (see (4.23) and (4.26)), tx < sgp41 < tg41 for
all integers k satisfying 0 < k < ¢+ 1, and (4.20) holds for all integers & satisfying
0<k<qg+1(see (4.24), (4.26) and (4.27)).

In other words, the assumption made concerning ¢ also holds for ¢ + 1. This
means that we have indeed constructed sequences of nonnegative integers {t;}7°
and {s;}7°,, and a sequence {y(i)};‘io C X which satisfy (4.17)-(4.20). This
completes the proof of Theorem 4.1.
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