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POROSITY AND CONVERGENCE RESULTS FOR SEQUENCES
OF NONEXPANSIVE MAPPINGS ON UNBOUNDED SETS

SIMEON REICH® AND ALEXANDER J. ZASLAVSKI

ABSTRACT. We study sequences of nonexpansive self-mappings of closed and
convex subsets of a complete hyperbolic space which are not necessarily bounded.
Using the notion of porosity, we show that most of these sequences are, in fact,
contractive. We also study the convergence of infinite products generated by
contractive sequences of mappings.

1. INTRODUCTION AND PRELIMINARIES

It is well known that infinite products of operators find applications in many areas
of mathematics (see, for instance, [1-5,11,14] and the references mentioned therein).
This naturally leads to the study of sequences of operators. In the present paper we
consider sequences of nonexpansive (that is, 1-Lipschitz) self-mappings of closed and
convex subsets of a complete hyperbolic space which are not necessarily bounded.
Using the notion of porosity, we show (see Theorem 2.1 below) that most of these
sequences are, as a matter of fact, contractive in the sense of Rakotch [8]. Theorem
2.1 follows from Propositions 3.1 and 4.1 which are stated and proved in Sections
3 and 4, respectively. We also study the convergence of infinite products generated
by contractive sequences of mappings. More precisely, two convergence results for
Rakotch contractive (sub)sequences (namely, Theorems 5.1 and 6.1) are established
in Sections 5 and 6, respectively. Analogous results for sequences of mappings
which are contractive in the sense of Matkowski (Theorems 7.1 and 7.2) are proved
in Section 7. Unrestricted infinite products of Rakotch contractive mappings are
studied in Section 8 (see Theorem 8.1), while Section 9 is devoted to inezact infinite
products (see Theorem 9.1).

Hyperbolic spaces constitute an important class of metric spaces the definition
of which we now recall for the reader’s convenience.

Let (X,p) be a metric space and let R' denote the real line. We say that a
mapping ¢ : R — X is a metric embedding of R' into X if

p(c(s),c(t)) = [s — 1|
for all real s and ¢. The image of R' under a metric embedding is called a metric
line. The image of a real interval

[a,b) = {t € R' :a <t < b}
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under such a mapping is called a metric segment.

Assume that (X, p) contains a family M of metric lines such that for each pair
of distinct points x and y in X, there is a unique metric line in M which passes
through x and y. This metric line determines a unique metric segment joining z
and y. We denote this segment by [z, y]. For each 0 < ¢ < 1, there is a unique point
z in [z, y| such that

p(xv Z) = tp(xa y) and 10(27y) = (1 - t)p(.fC, y)
This point is denoted by (1 —t)x @ ty. We say that X, or more precisely (X, p, M),
is a hyperbolic space if

(1 ® 1 1 ® 1 ) < 1 (v, 2)
P\T P Y 52D 5%) = 5P, 2
for all x,y and z in X. An equivalent requirement is that

(30 3950 ® 32) < 5ol w) + p(y:2)
P52 @ 5y g0 ® 52) < S(p(e,w) + ply, 2

for all z,y, 2 and w in X. This inequality, in its turn, implies that
p((1— e & ty, (1 — w @ t2) < (1 - p(a,w) + tp(y, 2)

for all points z,y, z and w in X, and all numbers 0 <t < 1.

It is clear that all normed linear spaces are hyperbolic in this sense. A discussion
of more examples of hyperbolic spaces and, in particular, of the Hilbert ball with
the hyperbolic metric can be found, for example, in [6,9, 10].

We call a set K C X p-convez if [z,y] C K for all x and y in K.

A property of elements of a complete metric space Z is said to be generic (typical)
in Z if the set of all elements of Z which have this property contains an everywhere
dense G subset of Z. In this case we also say that the property holds for a generic
(typical) element of Z or that a generic (typical) element of Z has this property.

It is known that a typical nonexpansive self-mapping of a bounded, closed and p-
convex subset of a complete hyperbolic metric space has a unique fixed point which
is the uniform limit of all its iterates [12,14]. As a matter of fact, the subset of all
those nonexpansive mappings which lack this property is small not only in the sense
of Baire category, but also in the sense of porosity, a concept which we now recall.

Let Z be a complete metric space. We denote by Bz (y, r) the closed ball of center
y € Z and radius r > 0. A subset F C Z is called porous in Z if there exist numbers
a € (0,1) and 79 > 0 such that for each number r € (0, 7] and each point y € Z,
there exists a point z € Z for which

By(z,ar) C Bz(y,r) \ E.

A subset of the space Z is called o-porous in Z if it is a countable union of porous
subsets of Z.

Note that in the definition of a porous set we can assume that the point y belongs
to F.

Other notions of porosity can be found in the literature. We use this rather
strong concept of porosity which has already found applications in, for instance,
approximation theory, the calculus of variations and nonlinear analysis. See, for
example, [14, 18] and the references mentioned therein.
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Since porous sets are nowhere dense, all o-porous sets are of the first Baire
category. If Z is a finite-dimensional Euclidean space, then o-porous sets are also of
Lebesgue measure zero. In fact, the class of o-porous sets in such a space is much
smaller than the class of sets which have Lebesgue measure zero and are of the first
Baire category.

2. A POROSITY RESULT

Suppose that (X, p, M) is a complete hyperbolic space and that K is a nonempty,
closed and p-convex subset of the space X.
Fix a point # € K. Denote by A the set of all operators A : K — K such that

(2.1) p(A(x), A(y)) < p(z,y) for all z,y € K.

Such operators are said to be nonexpansive.
By (2.1), for every pair of mappings A, B € A and every point z € K,

p(A(z), B(z)) < p(A(z), A(0)) + p(A(6), B(0)) + p(B(0), B(x))
< p(,0) + p(A(0), B(0)) + p(z,0)
and
(22) p(A(z), B(z)) < 2p(x,0) + p(A(6), B(0)).
For every pair of mappings A, B € A, set [15]
(2.3) d(A,B) :=1inf{\ > 0: p(A(z),B(z)) < Ap(z,0) + 1) for all z € K}.

In view of (2.2) and (2.3), for every pair of mappings A, B € A, d(A, B) is well
defined,

(2.4) d(A, B) = sup{p(A(x), B(x))(p(z,0) + 1) : @ € K},

d: AxA— [0,00) is a metric on A and the metric space (A,d) is complete. It
is clear that the topology induced by the metric d is stronger than the topology
of uniform convergence on bounded sets, but weaker than the topology of uniform
convergence on all of K. This topology does not depend on the choice of the point
6. More precisely, if we take 67 # 6, then we get Lipschitz-equivalent metrics. In
order to see this, take ; € K\ {#} and for every pair of mappings A, B € A, define

di(A, B) := sup{p(A(z), B(z))(p(z,6,) +1)"': z € K}.
Let A, B € A be given. Then for every point z € K, we have
p(A(@), B(x)) < d(A, B)(p(x,0) + 1) < d(A, B)(p(x,01) + 1 + p(01,0))
< d(A, B)(plx,01) + 1)(p(01,0) + 1),

In view of the relation above,

di(A, B) < d(A, B)(p(6,61) + 1).
For every point x € K and every positive number r, set

B(z,r) ={ye K: p(z,y) <r}.

Denote by M the collection of all sequences of operators {A;};°; C A such that

(2.5) sup{p(6,Ac(6)) : t=1,2,...} < oc.
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Let {A:}22,, {B}i2, € M. It follows from (2.2) and (2.5) that for each x € K
and each integer ¢ > 1,

p(Ar(z), Bi(x)) < 2p(x,0) + p(Ae(6), Bi(0))
26) < 2p(x,0) + p(Ac(6),0) + p(6, Be(9))
< (p(x,0) + 1)(2 + sup{p(4;(0),0): i=1,2,...}
+sup{p(Bi(0),0) : i =1,2,...}).
Define

2.7)  dm({A}Zs, {Bih2)

= sup{p(Ai(z), Bi(z))(p(x,0) + 1) ' : 2 € K, t =1,2,...}.
By (2.6) and (2.7), dpm({Ae}21, {B:}2,) < o0. In view of (2.4) and (2.7),
(2.8) dm({Ae}521,{Bt}i21) = sup{d(As, By) : t =1,2,...}.

It is not difficult to see that dq is a metric on M and that the metric space (M, d)
is complete.

Let {A:}72, € M and let D be a nonempty subset of K. We say that the sequence
{A:}2, is contractive in the sense of Rakotch [8] on D if there exists a decreasing
function ¢ : [0,00) — [0, 1] such that

(2.9) o(t) <1lforallt>0
and
(2.10)  p(Ai(x), A(y)) < d(p(x,y))p(z,y) for all z,y € D and all t =1,2....

It is not difficult to see that {A;}72, is Rakotch contractive on D if and only if for
every 8 > 0,

sup{p(As(z), As(y))p(z,y) "t : t€{1,2,...}, z,y € D and p(z,y) > B} < 1.

One of our goals in this paper is to establish the following result.

Theorem 2.1. There exists a set F,, C M such that its complement M \ Fi is
a-porous in (M,dn) and for each sequence {A:};2, € Fi, there exists My > 0
such that for each M > M4, we have

Ay(B(O,M)) C B(O,M), t=1,2,...,
and the sequence {A;};2, is Rakotch contractive on B(0, M).
At this point we note that several results regarding the asymptotic behavior of
contractive sequences can be found in [13,14,16,17].
3. AN AUXILIARY RESULT

Proposition 3.1. There exists a set F C M such that its complement M\ F is
porous in (M,dnm) and each sequence {A}32, € F has the following property:
(P1) there exists a positive number M, such that for every number M > M.,

U{B(Ay(2),1): z€ B(0,M), t € {1,2,...}} C B(6, M).
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Proof. Denote by F the collection of all sequences of mappings {A4;}7°; € M for
which property (P1) holds. We claim that M \ F is porous in (M, dn). To see
this, we first set

(3.1) a=1/8.

Let

(3.2) {A}2, e M\ F and r € (0,1].
Fix a natural number n for which

(3.3) p(0,A:(0)) <n, t=1,2,....
Set

(3.4) y=4"1

and

(3.5) M, = 8(n+2)r L.

For every point € K and every t € {1,2,...}, define
(3.6) AP (@) = (1= 7) A(z) ® 7A,(0).

It follows from (2.1) and (3.6) that for every integer ¢ > 1 and every pair of points
z,y €K,

(AT (2), A7 (1)) = p((1 = ) Asl) © 7 AL(0), (1 = 7)As(y) © 1A (0))
< (1 =7)p(Ai(z), Ac(y)) < (1 —v)p(z,y).
Relations (2.1) and (3.6) imply that
d({ A2 {AN)
(3.8) = sup{p(A" (2), Ay () (p(z,0) + 1) : z € K, t € {1,2,...}}
< sup{yp(As(x), Ae(0))(p(z,0) + 1) : z € K, t € {1,2,...}} <.

Now assume that a sequence of mappings {C;}§°, € M satisfies

(3.7)

(3.9) dm({C2 (A1) < o
By (3.1), (3.4), (3.8) and (3.9), we have
(3.10)

A ({C21, {AE)) < dm({C )2y {AY 1)) + dm(FATF2, {A))
<ar+4+vy<r/2.

Assume that

(3.11) M > M, z€ B(O,M), t € {1,2,...}, u € B(Cy(z),1).
In view of (3.11),

(3.12) p(0,u) < p(0,Ci(2) + p(Ci(2),u) < p(0, Ci(2)) + 1.
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Relations (2.7), (3.9) and (3.11) imply that
pl(0,Cu(2)) < pl0, A7 (2)) + p(A](2), Ci(2))
< (0, A7 (2)) + da({C}i2y, {47120 (p(2,0) +1)
< (0, A7) (2)) + ar(p(2,0) +1)
< p(0, A7 (2)) + ar(M +1).
It follows from (2.1), (3.3) and (3.6) that
p(0, A7) (2)) < p(0, A(0)) + p(Ai(0), A (2))
< n+p(A(0), (1 —7)A(2) ® 7A:(0))
<n+(1—-7)p(A(0), Ai(2))
<n+(1-7)p(b,z).
By (3.1), (3.2), (3.4), (3.5) and (3.11)—(3.14), we have
p0,u) <l+ar(M+1)+n+(1—7v)p0,z)
<l4+ar+n+M1—-~v+ar)
<24n4+M(1—-7/2) <M+2+n—My/2
<M+24+n—(r/8)8n+2)r =M

(3.13)

(3.14)

and

p(0,u) < M.
Thus we have shown that (3.11) implies that p(6,u) < M and

B(Ct(z)a 1) - B(97 M)

for all z € B(#, M) and all t € {1,2,...}. Hence

{Ct};f)il e F.
Since (3.9) implies (3.10), it follows that

{C21 € M dn({C)20 {47} < ar)
CFN{CZy e M dm({Cil2y, {Adi2y) <}
Therefore M \ F is porous in (M, dnq), as claimed. Proposition 3.1 is proved. O
4. PROOF OF THEOREM 2.1

We may assume without loss of generality that the set K is not a singleton. Hence
we can fix a number k € (0,1) for which there exist two points u,v € K such that

(4.1) k < p(u,v).
We also fix a natural number ng which satisfies
(4.2) no > max{p(6,u), p(6,v)}.

For every natural number n > ng, denote by F,, the collection of all sequences of
mappings {A4¢}52; € M such that

sup{p(A¢(x), Ae(y))p(z,y) " :



POROSITY AND CONVERGENCE RESULTS 447
(4.3) z,y € B(0,n) and p(z,y) > kn 1, t=1,2,...} <1.
Theorem 2.1 follows from Proposition 3.1 and our next result.
Proposition 4.1. For each integer n > ny, the set M\ F, is o-porous in (M, dp).

Proof. For every natural number p, define

(4.4) My = {{A}2, e M p(0,A(0)) <p, t=1,2,... }.
Let n > ng be an integer. It is clear that
(4.5) M\ Fn = UpZ i (Mp \ Fo).

In order to complete the proof of the proposition, it is sufficient to show that for
any natural number p, the set M,, \ F,, is porous in (M, dp).
To this end, let p > 1 be an integer. Define

(4.6) o = (64n2p) k.

Assume that

(4.7) {A}72, e My \ F, and r € (0,1].
Let

(4.8) v =(4p)~'r.

For every point x € K and every integer t > 1, set

(4.9) AP (@) = (1= ) A(z) D40,

In view of (2.1) and (4.9), for all points x,y € K and all natural numbers ¢t > 1, we
have

p(A7 (), A7 () = p((1 = 7) A(w) D70, (1 = 7) A(y) @ 0)
< (1 =7)p(Ae(z), Ar(y)) < (1 =7)p(,y).
Relations (2.1), (4.4) and (4.9) imply that for all points z € K and all natural
numbers ¢, we have
p(Ai(), A7 (@) = p(1 ~7)
< w(At(a?),
(4.11) V(p(,0) ( +(0),9))
< 7( (x,0) +p)
< py(p(z,0) +1).
It follows from (2.7), (4.8) and (4.11) that

(4.12) (A AR <y = /4.
Assume that the sequence {B;}7°, € M satisfies

(4.13) dm({B, (A2 < or

(4.10)

Az ) 70, Ay(x))
0) < v(p(Ae(z), Ac(0)) + p(Ae(9),0))

+
+
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By (4.6), (4.12) and (4.13), we have

dpn({B 1 A7) < dm({ B2 {A7)i2)
(414) +dp (A7} {4
<ar+r/d<r.
Assume that
(4.15) z, y € B(0,n), p(x,y) >wn~t t€{1,2,...}.
In view of (4.10), (4.13) and (4.15),
p(Bu(2), Bi(y)) < p(Bu(), A" (@) + p(A] (2), A () + p(A (1), Be(y))
< ar(p(z,0) +1) + (1 = y)p(z,y) + ar(p(z,0) +1)
<2ar(n+1)+ (1 —7)p(x,y).
When combined with (4.6), (4.8) and (4.15), the above inequality implies that
e p(Bu(x), B(y)p(z,5) ™ <1 -+ 20r(n + s~
<1—(4p)~tr4+r(8p)~t.

Thus (4.15) implies (4.16). Therefore
sup{p(Bi(), Bi(y))p(z,y) "' 1, y € B(6,n) and p(z,y) > sn~", t € {1,2,...}}
<1-(8p)~'r
and
{Bi}2, € F.
Together with (4.14) this implies that
{Bi}i21 € Mt dm({BYZy (A7 }2) < ar)
CFN{{Bi}Z) € M d({Bi}i2), {Ai2)) <}
Thus M), \ F, is indeed porous in (M, day). This completes the proof of Proposition
4.1. O
5. FIRST CONVERGENCE RESULT

Using the notations, definitions and assumptions introduced in Section 2, we
prove in this section the following result.

Theorem 5.1. Assume that {A;}52, € M, there exists a positive number My such
that for each M > My,

(5.1) A(B(6,M)) C B(O, M), t=1,2,...,

and that the sequence of mappings {A:};2, is Rakotch contractive on B(0, M).
Let M,e > 0. Then there exists a natural number ne such that for each mapping

r:{1,2,...} = {1,2,...},
each pair of points x,y € B(0, M) and each integer n > n,
p(Ar(n) T Ar(l) (‘T)7 Ar(n) T Ar(l) (y)) Se
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Proof. We may assume without loss of generality that M > M 4. Since the sequence
of mappings {A4;}7°, is Rakotch contractive on B(#, M), there exists a decreasing
function ¢ : [0,00) — [0, 1] such that

(5.2) o(t) <1lforallt>0
and
(5.3) p(Ae(2), Ar(y)) < d(p(z, y))p(z,y) for all z,y € B(6, M)

and all integers t > 1.
Denote by Ag the identity operator [ : K — K: I(x) =z for all x € K.
Choose a natural number

(5.4) ne > 2M (e(1 — ¢(e)) .
Assume that

ro{1,2,...} = {1,2,...}
and that
(5.5) z,y € B(0, M).

In order to complete the proof of the theorem, we should show that for all integers
n = ne,

p(Ar(n) T Ar(l) (‘T)? Ar(n) T Ar(l) (y)) S e

Since all the mappings A;, t = 1,2,..., are nonexpansive, it is sufficient to show
that there exists an integer m € [1,n.] such that

p(Ar(m) T Ar(l) (‘T)7 Ar(m) T Ar(l) (y)) S e

Suppose to the contrary that this is not true. Then

(5.6) P(Arimy * Ar(1)(®), Ay - Ar() (Y)) > €
for all m = 1,...,n.. Since all the mappings A;, t = 1,2,..., are nonexpansive, we
have
(5.7) p(z,y) > €.
Set
r(0) =0

Assume that an integer

By (5.1), (5.3) and (5.5),
P(Art1y - Ap) (), Arerr)y - Ar0)(y) < d(p(Arey -+ Ar) (), Ay -+ Aoy (1))

XP(Ar(e) -+ Ar(o) () Arr) - Aro) (9))-
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Since the function ¢ is decreasing, it follows from (5.6), (5.7) and the above relation
that

P(Ary -+ Ar0) (), Aty -+ Ar(0)(Y)
— p(4, (t+1) < Ar0) (@) Argerr) - Ar0)(Y)

(5.8) > p(Ary - Ar) (@) Arry -+ Aro) (1))
x (1 - ¢( (Ar(t) “Av0) (@), Ary - Aoy (1))
> e(1— ¢(e)).

By (5.5) and (5.8),

2M > P(x» y) = p(Ar(O) (l’), AT(O) (y))
> p(Ar0)(®), Ar0)(Y) — p(Arne) - - Ar0)(T)s Argney -+ Ar0) (Y))

Ne—1

= Z r(t r(0) (1“)7 Ar(t) T AT(O) (y))

- P(Ar(t+1) Aoy (@), Arerny - Aro) (1))
> nee(l — ¢(e))
and
ne < 2M (e(1 — ().

This, however, contradicts (5.4). The contradiction we have reached completes the
proof of Theorem 5.1. O

Proposition 5.2. Let {A;}°, € M, My > 0 and let
(5.9) Ay(B(O,My)) C B(O,My), t=1,2,....
Then for each M > M4,

A(BO,M)) Cc BO,M), t=1,2,....

Proof. Let

(5.10) M > My, z € B(6,M).

In view of (5.10) and the properties of hyperbolic spaces, there exists
(5.11) z € [z, 0]

such that

(5.12) p(0,2) = My

and

(5.13) plz,x) =M — M.

By (2.1), (5.9), (5.12) and (5.13), for any natural number ¢,

p(0, Ai(x)) < p(0, Ar(2)) + p(As(2), Ai(2))
< Ma+p(z,2) < M.

Proposition 5.2 is proved. O
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6. SECOND CONVERGENCE RESULT

We again use the notations, definitions and assumptions introduced in Section 2.
This section is devoted to the proof of the following result.

Theorem 6.1. Assume that {A:}7°, € M, M4 > 0,
(6.1) Ay(B(0, M) C B0, My), t=1,2,...,

and that a subsequence of mappings {Ay, }72, is Rakotch contractive on B(6, M)
for every M > Ma4.

Let M,e > 0. Then there exists a natural number ne such that for each pair of
points x,y € B(0, M) and each integer n > n.,

p(An--- Ar(z), Ay - As(y)) < e

Proof. We may assume without loss of generality that M > M,. Proposition 5.2
and (6.1) imply that

(6.2) A(B(O,M)) Cc B(O,M), t=1,2,...,

and there exists a decreasing function ¢ : [0,00) — [0, 1] such that
(6.3) ¢(t) <1lforallt>0

and

(6.4) p(Ag, (%), Ar, (y) < d(p(x,y))p(x,y) for all z,y € B(0, M)

and all integers k£ > 1.
Denote by Ay the identity operator [ : K — K: I(x) =z for all x € K.
Choose a natural number

(6.5) ke > 2M (e(1 — o))t +1,
set
(6.6) Ne = tg,
and
to = 0.

Assume that
(6.7) z,y € B(0,M).

In order to complete the proof of the theorem, we need to show that for all integers
n 2 ne,
p(An -+ Ar(2), An -+ A1(y)) < e

Since all the mappings A;, t = 1,2,..., are nonexpansive, it is sufficient to show
that there exists an integer m € [1,n.] such that

P(Am -+ Ar(z), A -~ A1 (y)) < e
Suppose to the contrary that this does not hold. Then
(6.8) p(Am - Ar(x), Am - Ar(y)) > €
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forallm =1,...,n.. Since all mappings A, t = 1,2,..., are nonexpansive, in view
of (6.8), we have
(6.9) p(z,y) > .

Assume that an integer
ke [0, ke —1].

By (6.2) and (6.7),

Ay - Ag(x) € B(6, M)
and
(6.10) Ay - Ao(y) € B(O, M).
By (6.7)-(6.9),
(6.11) p(Ag, -+ Ao(x), Ay, - -+ Ao(y)) > €.
It follows from (6.4) that

P(Atyyy - Ao(@), Aty - Ao(y)) < G(p(Ayy - - Ao(2), Ay, -+ Ao(y)))

(6.12) X p(Ag, -+ Ao(x), Ay, -+ Ao(y)).-

By (6.11) and (6.12),

p(Ag, -+ Ao(x), Ay, -+ Ao(y)) — (At - Ao(z), Aty -+ Ao(y))
> p(Aty, -+ Ao(x), Agy - Ao(y))

X (1= ¢(p(Ag, -+ Ao(2), Ay, - -+ Ao(y))))
> e(1—¢(e))

P(Atypy - Ao(@), Agy - Ao(y) < (A -+ Ao(2), Ay, - - Ao(y)) — e(1 = (e)).

2M > p(z,y) > p(x,y) — p(An, -+ Ao(x), Ap, -+ Ao(y))
ne—1

= 3 o). A )

- p(Atk-H : Ato( )7 Atk+1 e 'Ato (y))]
> kee(1 — ¢(€))
and
ke < 2M(e(1— ¢(e)) L.

This contradicts (6.5). The contradiction we have reached completes the proof of
Theorem 6.1. Il
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7. MATKOWSKI CONTRACTIONS

We continue to use the notations, definitions and assumptions introduced in
Section 2.

Let {A4:}2, € M and let D be a nonempty subset of K. We say that the
sequence {A;}7°, is contractive in the sense of Matkowski [7,14] on D if there exists
an increasing function 1 : [0,00) — [0, 00) such that

(7.1) li_>m P"(s) =0 forall s >0

and
p(A(x), At(y)) < Y(p(z,y)) for all z,y € D and all t =1,2....

In this section we prove the following two theorems (Theorems 7.1 and 7.2).
Theorem 7.1. Assume that {A;}72, € M, Ma >0, for each M > My,
(7.1) Ay(B(O,M)) C B(O,M), t=1,2,...,
and that the sequence of mappings {A};2, is Matkowski contractive on B(6,M).
Let M,e > 0. Then there exists a natural number ne such that for each mapping
r:{1,2,...} = {1,2,...},
each pair of points x,y € B(0, M) and each integer n > n,
P(Army - Ar)(@)s Ay - Ary () < e

Proof. We may assume without loss of generality that M > M 4. Since the sequence
of mappings { A;}7°, is Matkowski contractive on B(6, M), there exists an increasing
function 1 : [0,00) — [0, 00) such that

(7.3) nh_g)lo P"(s) =0forall s >0

and

(7.4)  p(Au(x), A(y)) < Y(p(x,y)) for all z,y € B(A, M) and all t =1,2....
Denote by Ag the identity operator I : K — K: I(x) = z for all x € K. By (7.3),

there exists a natural number n. such that
(7.5) " (2M) < e.
Assume that

r:{1,2,...} = {1,2,...}
and that
(7.6) xz,y € B(6,M).
Set

r(0) = 0.

In order to complete the proof of the theorem, we should show that for all integers
n > Ne,

p(Ar(n) T Ar(l) (1’), Ar‘(n) o 'Ar(l) (y)) <€
Since all the mappings A;, t = 1,2, ..., are nonexpansive, it suffices to show that

p(Ar(nE) T Ar(l)(w)a Ar(ne) T Ar(l) (y)) Se
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It follows from (7.6) that for all integers n > 1,
By (7.2) and (7.4), for all integers n € [0, ne — 1],
p(Ar(n+1) T AT(O) (x)’ Ar(n+1) T AT(O) (y))

Together with (7.5) and (7.6) this implies that

p(Ar(ne) T Ar(O) (LE), Ar(ne) T Ar(O) (y))
< " (p(z,y)) <P (2M) <e.

This completes the proof of Theorem 7.1. O
Theorem 7.2. Assume that {A:}7°, € M, M4 > 0, that for every M > M,
(7.7) A(BO,M)) Cc BO,M), t=1,2,...,

and that a subsequence of mappings { A, }52, is Matkowski contractive on B(6, M)
for every M > M 4.

Let M,e > 0. Then there exists a natural number n. such that for each pair of
points x,y € B(0, M) and each integer n > n.,

p(An - Ar(z), Ay - As(y)) < e

Proof. We may assume without loss of generality that M > M 4. There exists an
increasing function 1) : [0,00) — [0, 00) such that

(7.8) nh_{rolo P"(s) =0forall s >0

and

(7.9)  p(Ag (2), A, (y) < Y(p(x,y)) for all z,y € B(6, M) and all k =1,2....
By (7.8), there exists a natural number k. such that

(7.10) Y*(2M) < € for all integers k > k.
Set

Ne = Tk,
and

to =0.

Denote by Ap the identity operator [ : K — K: I(x) =z for all x € K.
Assume that

(7.11) x,y € B(6,M).
Since all the mappings A, t = 1,2,..., are nonexpansive, for all integers n > 1, we
have

oA+ (@), Ay Ar(y) < 2,
By (7.7) and (7.9), for all integers k > 0,
IO(Atk+1 e 'Ato (m)v Atk+1 e 'Ato (y)) < w(P(AtkH*l T Ato (m)v Atk+1*1 T Ato (y)))
< TZJ(P(Atk T Ato (I‘), Atk T Ato (y)))
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When combined with (7.10) and (7.11), this implies that for all integers k > ke,

P(Apy - Arg (), gy - Arg () <98 (p(,y)) <9 (2M) < e
This completes the proof of Theorem 7.2. 0

8. UNRESTRICTED INFINITE PRODUCTS

We again use the notation, definitions and assumptions introduced in Section 2.

Let F C A and let D be a nonempty subset of K. We say that the set E is
contractive in the sense of Rakotch [8] on D if there exists a decreasing function
¢ :]0,00) — [0, 1] such that

(8.1) o(t) < 1forallt>0
and
(8.2) p(A(z), Aly)) < ¢(p(x,y))p(z,y) for all z,y € D and all A € E.

In this section we prove the following result.
Theorem 8.1. Assume that {A:}7°, € M,

Ec{A:t=12...}

is nonempty and there exists a positive number M4 such that for each M > My,
(8.3) Ay(B(O,M)) Cc BO,M), t=1,2,...,

and that the set E is Rakotch contractive on B(0, M).
Let M,e > 0 and p be a natural number. Then there exists a natural number n,
such that for each mapping

r:{1,2,...} = {1,2,...}
which satisfies
(8.4) {Ary: i=kp+1,...,(k+1)p}NE#0, k=0,1,...,
each pair of points x,y € B(68, M) and for each integer n > n.,
P(Ar(n) - Ar)(T), Ay -+ Ar ) (¥)) S €

Proof. We may assume without any loss of generality that M > M,. Since the set
FE is Rakotch contractive on B(6, M), there exists a decreasing function ¢ : [0, c0) —
[0, 1] such that

(8.5) o(t) < 1forallt>0

and

(8.6) p(A(z), A(y)) < ¢(p(z,y))p(z,y) for all z,y € B(0, M)
and all A € FE.

Denote by Ay the identity operator [ : K — K: I(z) = x for all z € K.
Choose a natural number

(8.7) ke > 2M(e(1 — ¢(e)) !
and set
(8.8) ny = kep + 1.



456 S. REICH AND A. J. ZASLAVSKI
Assume that the mapping

r:{1,2,...} = {1,2,...}
satisfies (8.4) and that
(8.9) x,y € B(6,M).

In order to complete the proof of the theorem, we need to show that for all integers
n Z Tl/*,

p(Ar(n) t Ar(l) (CL’), Ar(n) T Ar(l) (y)) Se
Since all the mappings A;, t = 1,2, ..., are nonexpansive, it suffices to show that
p<Ar(n*) e Ar(l) (1’), Ar(n*) e Ar(l) (y)) S €

Suppose to the contrary that this inequality does not hold. Then

(81()) p<Ar(n*) e Ar(l) (HZ), Ar(n*) T Ar(l) (y)) > €.
Since all the mappings A;, t = 1,2,..., are nonexpansive, it follows from (8.10)
that
(8.11) plz,y) > €
and
(812) p(A'I‘(k‘) T Ar(l) (.’L‘), Ar(k) t Ar(l) (y)) > €
forall k =1,...,n,.

Set

r(0) =0

Assume that an integer
(8.13) t €[0,n, —1].
It is clear that

P(Artt1) - Ar0) (@), Argegn) - Ar0)(¥) < p(Arry -+ Ar0) (@) Arry - -+ Ar0) (y))
and if
Arir1) €EE,

then in view of (8.6) and (8.11)—(8.13),
p(Ar(tJrl) T AT(O) (:1:)7 Ar(t+1) T AT(O) (y))
< Qs(p(Ar(t) T AT(O) ($)7 Ar(t) T AT(O) (y)))

X p(Ar(t) T AT‘(O) (SIZ), Ar(t) T AT(O) (y))
< ¢(6)p(Ar(t) T AT(O) (.T), Ar(t) to Ar(O) (y))

(8.14)
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By (8.9) and (8.11)—(8.14),
2M = p(z,y)
= p(Ar(O) (:C)v AT‘(O) (y))
> p(Ar(O) (:C)v AT‘(O) (y)) - p(A'r(n*) T AT’(O) (33), A'r(n*) T AT(O) (y))

nyx—1
= [p(Ar(z) T AT(O) (‘T)7 Ar(z) T AT(O) (y))
=0
- p(Ar(erl) (QJ) r(i+1) A’I“(O) (y))]
> {p(A, o) (), A A0y ()
- p(Ar(H-l (‘/L‘) r(i+1) Ar(O) (y)) :
7/6{07, *_1}7A7‘z+1)€E}

> Z{(l — 9(€)p(Ariiy - Ap) (), Ariy - A0y (y))
i €{0,...,nx— 1}, Apiq) € E}
> €(1 — ¢(e))Card{i € {0,...,n. — 1} : Ayy1) € B}
By the above relation, (8.4) and (8.8),
2M > (e(1 — é(€))ks.

This contradicts (8.7). The contradiction we have reached completes the proof of
Theorem 8.1. Il

9. INEXACT INFINITE PRODUCTS

We continue to use the notations, definitions and assumptions introduced in
Section 2.
In this section we prove the following result.

Theorem 9.1. Assume that {A:}°, € M, there exists a positive number My such
that for each M > My,

(9.1) A(B(6,M)) C B(O, M), t=1,2,...,

and that the sequence of mappings {A.};2, is Rakotch contractive on B(6, M).
Let M,e >0, {€;}2, C [0,00) satisfy

o0

(9.2) D e < oo

i=0
Then there exists a natural number n, such that for each mapping
r:{1,2,...} = {1,2,...}
and each pair of sequences {x;}°,, {yi}i2, C K satisfying
(9.3) xo, Yo € B0, M)

and

(9-4) p(Tit1, Argirn) (@), p(Yir1, Arir) (i) < €
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for each integer i > 0, the inequality

P(Tnsyn) < €
holds for all integers n > n.

Proof. We may assume without any loss of generality that M > My4. Set

i=0

Let a sequence {z;}5°, C K satisfy for each integer i > 0,
(9.6) P(ziv1, Ar(iyn) (2i)) < €
Let £ > 0 be an integer. Define
(9.7) z,(ck) = 2
and
(9.8) zﬁ)l = A,,(Hl)(zi(k)) for all integers i > k.
We claim that for all integers ¢ > k + 1,

i—1
(9.9) p(zi,2) < > e

j=k

By (9.6), (9.7) and (9.8),

P(Zk41, 2;5;]21) = p(Zk41, Ar(kJrl)(Z](gk))) = p(2k115 A1) (28)) < €k
Thus (9.9) holds for i = k + 1.

Assume now that i > k 4 1 is an integer and that (9.9) holds. In view of (9.6),
(9.8) and (9.9),

N

k k
pzie1, 201) < p(ier, Arian) (2)) + p(Arginy (20): Argi (21))
<eitplzi ) <N e
j:
Thus we have shown by induction that (9.9) indeed holds for all integers ¢ > k + 1.
By (9.1), (9.7) and (9.8),

(9.10) 20 e BO,M),i=01,....
Relations (9.5), (9.9) and (9.10) imply that
(9.11) 5% €BO,M+A),i=0,1,....
It follows from (9.1), (9.7), (9.8) and (9.11) that
(9.12) 2P eBOM+N), ke{0,1,...}, ie{kk+1,.. .}

By Theorem 5.1, there exists a natural number 7 such that the following property
holds:
(P2) for each mapping

ro{L,2,. ) = {1,2,... ),
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each pair of points x,y € B(6, M + A) and for each integer n > 7,
p(AT(n) T AT(l) (IE), A?"(n) tee Ar(l)(y)) < E/2'

In view of (9.2), there exists a natural number ng such that

[e.e]

(9.13) D e <e/d
i=ng

Set

(9.14) N« =N+ ng.

Assume that the mapping
r:{1,2,...} = {1,2,...},

and that sequences {z;}7°, {yi}7°, C K satisfy

(915) o, Yo € B(ev M)
and
(9.16) P(@it1s Ar(iv1)(@i)), p(Yit1s Arirr)(Wi) < €

for each integer 7 > 0.

For each integer & > 0 and each integer ¢ > k, define xgk), ygk) as in (9.7) and
(9.8). As it was shown in (9.9), (9.11) and (9.12),

(9.17) zi, yi € B(O,M + M), i € {0,1,...},

(9.18) 2Py ® e BO,M+A), ke{0,1,...}, ie{kk+1,...}

and for each integer £ > 0 and each integer ¢ > k,

i—1

(9.19) p(zi ™), plysny™) < Zq-
=k

Property (P2), (9.7), (9.8) and (9.17) imply that
P

(9.20) (xE"“,yﬁ”“) < €/2 for all integers i > 7 + ny.

By (9.13) and (9.19), for all integers i > 7 + no,

[e.e]

P(xi,xz(m))a p(yi,y§"0)) < Z €j < €/4.

Jj=no
When combined with (9.20), this implies that for each integer i > n, = 1 + ng,
p(ziyi) < e

The proof of Theorem 9.1 is complete. O
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