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ABSTRACT. We consider a metric space of sequences of uniformly continuous
mappings, acting on a bounded, closed and convex subset of a Banach space,
which share a common convex and lower semicontinuous Lyapunov function f.
We show that for a generic sequence taken from this space, the corresponding
infinite product tends to the unique point where f attains its minimum.

1. Introduction. In a series of recent papers [2], [6], [7], [11] we studied
certain minimization methods for convex functions from the point of view
of the theory of dynamical systems, and obtained several results regarding
the convergence of these methods under the assumption that the function
to be minimized is either uniformly continuous [2], [6], [7] or at least con-
tinuous [11]. In the present paper we consider the case where the objective
function is merely lower semicontinuous. In our treatment the convergence
of the minimization algorithms is cast in the language of (random) infinite
products of operators. The convergence of such products is known to be
of interest in many areas of mathematics and its applications [1], [8], [10].
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We also use the generic approach the aim of which is to show that a typical
(in the sense of Baire category) element of an appropriate complete metric
space has the relevant convergence property. For other applications of this
approach to fixed point theory, nonlinear analysis and optimization see, for
example, [8], [9], [10].

Assume that (X, ||-||) is a Banach space, K C X is a nonempty, bounded,
closed and convex subset of X, and that f: K — R! is a convex, bounded
and lower semicontinuous function. Set

inf(f) =inf{f(z): z € K}.
Assume further that there exists z, € K such that

(1.1) f(ws) = inf(f),

and that the following conditions hold:

(i) f is continuous at x.;

(i) if {z;}32, € K and lim; o f(x;) = inf(f), then ||z; — z.|| — 0 as
1 — 00.

Denote by 2 the set of all uniformly continuous mappings A : K — K (for
each € > 0, there exists 0 > 0 such that if z1, 29 € K satisfy ||x1 — 22| < 0,
then ||Az1 — Axa| < €) such that

(1.2) f(Az) < f(z) for all z € K.
For the set 2 we define a metric p: A x %A — R! by
(1.3) p(A,B) =sup{||Ax — Bz||: z € K}, A,Be .

Clearly, the metric space (2, p) is complete. Denote by 91 the set of all
sequences {A;}72; C A. Members {A;}7°,, {B:}i2; and {C}72, of M will
occasionally be denoted by boldface A, B and C, respectively.

For each A € A set A = {A;}5°,, where A, = A, t=1,2,....

For the set 9t we will consider two uniformities and the topologies induced
by them. The first uniformity is determined by the following base:

Eu(N,e) = {({Ai}Z1, {Bi}i21) € Mx M : p(Ay, By) <,

(14) t=1,...,N}

where NNV is a natural number and € > 0. Clearly, the uniform space 9t with
this uniformity is metrizable (by a metric p,, : 9 x MM — R') and complete.
We equip the set 9 with the topology induced by this uniformity. This
topology will be called weak and denoted by 7.

The second uniformity is determined by the following base:

(1'5) ES(G) = {({At}gih {Bt}toil) €M x M : p(At7Bt) Se6tz=> 1}’

where € > 0. The uniform space 91 with this uniformity is also metrizable
(by a metric ps : M x M — R') and complete. We equip the set I with the
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topology induced by this uniformity and denote this topology by 7. Since
Ts 18 obviously stronger than 7, it will be called strong.

From the point of view of the theory of dynamical systems, each element
of M describes a nonstationary dynamical system with a Lyapunov function
f. Also, some optimization procedures in Hilbert and Banach spaces can
be represented by elements of 2 (see [3], [4]).

Denote by 9, the set of all {A;}72, € M which have the following
property:

(iii) For each € > 0, there exists § > 0 such that for each z,y € K
satisfying ||z — y|| < 6 and each integer ¢t > 1,

| A — Ay|| < e.

It is clear that 91, is a closed subset of (9, ps). We consider the metric
space (M, ps) with the topology induced by the metric ps.
A sequence {A;}22, € M is called convergent if

A, -+ Aix — x4 as n — oo, uniformly on K.

A sequence {A;}2, € M is called strictly convergent if for each € > 0,
there exists a natural number n such that for each integer T" > n, each
mapping r: {1,..., 7} — {1,2,...}, and each z € K,

Ay - Ay — 24| < e

A mapping A € A is called convergent if A = {A\t}?il is (strictly) con-
vergent.

Our goal in this paper is to establish the following five results. The
first two are convergence theorems while the last three illustrate the generic
approach.

Theorem 1.1. Let {A:}7°, € M be convergent and let € be a positive num-
ber. Then there exist a natural number n and a neighborhood U of {A}52,
in M with the weak topology such that the following property holds:

For each {B:}7°, € U, each x € K, and each integer T' > n,

HBTBlfL‘—.%'*H S €.

Theorem 1.2. Let {A:}°, € M, be strictly convergent and let € be a
positive number. Then there exist a natural number n and a neighborhood U
of {A}2, in M, with the strong topology such that the following property
holds:

For each {B:}2, € U, each x € K, each integer T'> n, and each mapping
ro{l,....,T} —{1,2,...},

By - Brayr — x| < e

Theorem 1.3. There exists a set F C 9N which is a countable intersection
of open (in the weak topology) everywhere dense (in the strong topology)
subsets of M such that each element of F is convergent.
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Theorem 1.4. There exists a set F,, which is a countable intersection of
open everywhere dense subsets of (M., ps) such that each element of Fy, is
strictly convergent.

Theorem 1.5. There exists a set F' C A which is a countable intersec-
tion of open everywhere dense subsets of U such that each element of F' is
convergent.

Our paper is organized as follows: the next section contains two lem-
mata on (random) infinite products. The first two theorems are established
in Section 3. The last section is devoted to the proofs of our last three
theorems.

2. Auxiliary results.

Lemma 2.1. Let {A:}7°, €M, n be a natural number and € >0. Then there
exists § > 0 such that for each {B}2, € M satisfying ({Be}i2q, {A+}52,)
€ Ey(n,0), the following inequality holds for all x € K :

| By, -+ - Bix — Ay, - - - A1z|| <e.

Proof. We prove this lemma by induction on n. It is clear that for n =1,
the assertion of the lemma holds for any € > 0.

Assume that k is a natural number and that the assertion of the lemma
holds for any € > 0 with n = k. We intend to show that the assertion of the
lemma holds with n = k+ 1 for any € > 0. Indeed, given € > 0, there exists

€
2.1 e (0,5)
(2.1) €0 5
such that
(2.2) [Ag+12 — Agyryll <

ool o

for all z,y € K satisfying ||z — y|| < €o.
Using the inductive assumption with n = k£ and € = ¢y, we see that there
exists

(2.3) 6 € (0, €0)

such that the following property holds:
(iv) For each {B:}7°, € M satisfying ({B:};2,, {A:}i2,) € Ew(k,0),

|By - Bix — Ay --- Arx|| < ¢ for all z € K.
Assume now that {B;};—1 € M,
(2.4) ({B:}i21, {A}i21) € Bw(k +1,9),

and that z € K.
By (2.4) and property (iv),

(25) ||Bk tee Bl$ - Ak cee A1$H S €0-
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It follows from (2.5) and the choice of €y (see (2.1) and (2.2)) that

€
(26) ||Ak+1Bk"'le_Ak+1Ak"'A1$|| < g
Relations (2.3), (2.4), (2.1) and (1.4) imply that
€
HBk+1<Bk s le) — Ak+1(Bk s BlfL')H <d<e < g
When combined with (2.6), this inequality implies that
||Bk+1Bk s Bll’ - Ak+1Ak ce AlfL‘H
<||Bg41By - Bix — A1 By - Biz||
+ [ Ags1Bg - - Bix — Ap 1 Ak - - - Ar|
=gtg<e
Thus the assertion of the lemma holds with n = k + 1 for any € > 0. This
completes the proof of the Lemma 2.1. O]

Lemma 2.2. Let {A:}7°, €My, n be a natural number and e >0. Then there
exists 6 >0 such that for each {B:}2, € M, satisfying ({B}i2q, {A+}52,)
€ Es(6) and each r: {1,...,n} — {1,2,...}, the following inequality holds
forallx € K:

|Br(ny - Bry — Ap(ny - - Ay < €

Proof. Once again we use induction on n. It is clear that for n = 1, the
assertion of the lemma holds for any € > 0.

Assume now that k is a natural number and that the lemma holds for
any € > 0 when n = k. We intend to show that the assertion of the lemma
holds with n = k 4 1 for any € > 0. Since {A4:}7°, € M, there exists

€
(2.7) € € (0, g)
such that
(2.8) |4 — Al < ¢

for each natural number i and all z,y € K satisfying ||z — y|| < €.
Using the inductive assumption with n = k and € = ¢p, we see that there
exists

(2.9) 6 € (0, €0)

such that the following property holds:
(v) For each {B;}2, € 9 satisfying

(2.10) ({ B}, {A}i21) € Eg(9),
eachr:{1l,...,k} - {1,2,...},and all z € K,
(2.11) 1By - Bryr — Apiey - - - Aryzl| < €0
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Assume that {B;}=1 € M satisfies (2.10), z € K, and r : {1,...,k+ 1} —
{1,2,...}. Inclusion (2.10) and property (v) imply (2.11).
Therefore the definition of €y (see (2.7) and (2.8)) implies that

(2.12) [ Ar1)Briy - Bry® — Ay Arr) - Aryzl| < g
Relations (2.10), (1.5), (2.9) and (2.7) yield

| Brk+1)Brix) - Br1)® — A1) (Brry - Br))zll £ 6 < eo < é
When combined with (2.12), this inequality implies that

I By (k1) Br(k) - - - Br()T — Ap(ir1) Ar() « - - Ar(n) 2|
<|IByre41)Briky - - - Bry® — Apo1) Briy - - - Byl
+ ||A7"(k+1)B7‘(k) T Br(l):v - Ar(k—l—l)A’r(k) T Ar(l)mH

< < + < < €.

-8 8
Thus the assertion of the lemma indeed holds with n = k + 1 for any € > 0.
This completes the proof of Lemma 2.2. O

3. Proofs of Theorems 1.1 and 1.2.

Proof of Theorem 1.1. By property (ii) there is

(3.1) €0 € (0,€)

such that

(3.2) if z € K and f(z) <inf(f) + €p, then ||z — x| <e.

By property (i) there is

(3.3) €1 € (0,¢€p)

such that

(3.4) if z€ K and ||z — .|| < €1, then |f(z) — f(z)] < €.

Since {A;}72, is convergent, there is a natural number n > 4 such that
(3.5) |Ap - Aje — x| < % for all x € K.

By Lemma 2.1, there exists a neighborhood U of {A4;}7°, in 9 with the
weak topology such that for each {B;}{2; € U,

(3.6) | By, ---Bix — Ay - - Ajz|| < % for all z € K.

(3.7) (B2, €U,
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Then (3.6) holds. Inequalities (3.5) and (3.6) imply that for all x € K,

|By, -+ Bix — x| < ||Bp -+ Bix — Ap -+ - Arzx|| + ||An -+ - A1z — x|
(3.8) €, €
< =+ — .
=7 + 1 < €1

Let z € K and let ' > n be an integer. Relations (3.8) and (3.4) imply
that

f(Byn -+ Bix) <inf(f) + €.

This inequality implies, in its turn, that

f(BT s Bll’) < f(Bn R le) < inf(f) + €o.-
When combined with (3.2), this last inequality implies that

HBTle —ZL‘*H S €.

This completes the proof of Theorem 1.1. O
Proof of Theorem 1.2. By property (ii), there is ¢y € (0,€) such that
(3.2) holds. By property (i), there is €; € (0,€p) such that (3.4) holds.
Since {A;}72, is strictly convergent, there is a natural number n > 4 such

that the following property holds:
(vi) For each mapping r : {1,...,n} — {1,2,...} and each z € K,

Ay Ary — ]l <

By Lemma 2.2, there exists a neighborhood U of {A;}72; in 2 with the
strong topology such that for each {B:}°, € U, each r : {1,...,n} —
{1,2,...}, and each z € K,
€1
(3.9) 1Brny -+~ Brayz = Avgny -+~ Azl < -
Now assume that
{Bi}2, €U, z € K, T >nis an integer, and r : {1,...,T} —

{1,2,...}.
Then (3.9) holds. By property (vi),

(3.10)

€1
1Ar () - Ay — ]| <

When combined with (3.9), this inequality implies that
HBr(n) T B’/‘(l)m - :L'*H

IN

||B7“(n) T Br(l)x - Ar(n) t Ar(l):UH + HAr(n) e Ar(l)x - l’*H

€1 €1
< — — < €.
_4—1-4 €1

When combined with (3.4), this last inequality implies that
f(Brny -+ Bryz) < inf(f) + €0
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and

fBrry - Bryx) < f(Brny -+ - Brpyz) < inf(f) + eo.
Together with (3.2) this implies that

| Brry - Brayr — x| < e,

as asserted. The proof of Theorem 1.2 is complete. O
4. Proofs of Theorems 1.3-1.5. Let A € 2 and v € (0,1). Define
A, K — K by
(4.1) Ay =(1—7v)Az + vz, v € K.

Clearly, A, € 2.
Let A = {A;}2, € M and v € (0,1). Define A, = {As}{2,, where for

each natural number ¢,
(4.2) Az = (1 —v) A + vz, v € K.

It is clear that A, € M, and if A € M, then A, € M,,.
We precede the proofs of Theorems 1.3—-1.5 with another lemma.

Lemma 4.1. Let A = {A;}72, € M and v € (0,1). Then A, = {A,}72,
is strictly convergent.

Proof. Let € > 0. Choose M > 0 such that
(4.3) |f(z)] < M for all z € K.

It follows from (4.2) and the convexity of f that for each natural number ¢
and each z € K,

f(Apyz) = f((1 =) A + )
(4.4) < (1 =) f(Awx) + v f(ze) < (T=7)f(x) +y(24)
= (1 =) f(z) +vinf(f).

We claim that for each natural number m, the following property holds:
(vii) For each r: {1,...,m} — {1,2,...} and each z € K,

We prove this claim by using induction on m. Clearly, for m = 1 property
(vii) does hold. Let k be a natural number and assume that property (vii)
holds for m = k. We will show that property (vii) holds with m =k + 1.

To this end, assume that v € K and r: {1,...,k+1} — {1,2,...}. Since
property (vii) holds with m = k, we have
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By (4.2), the convexity of f, (1.2) and (4.6),

f(Ar(kJrl)'yAr(k)'y o Ar(l)'yx)
= f((l - ) r(k+1)Ar(k)'y s Ar(l)yx + ’ya:*)

< (1 =Mf(Arg) Ar(k)’y c Apyy) v f ()

< (1= f(Arryy - Ar1)y®) +yinf(f)

<@ =N[A=NFf@) + 1 =1 =7F)inf(f)] + yinf(f)
= (L= f(@) +[(1 =) = (1 =) +4]inf(f)

= (1= (@) + [L = (1 =) inf(f).

This means that property (vii) holds for m = k 4+ 1. Thus we have shown
that property (vii) holds for all natural numbers m. By property (ii), there
is €9 € (0, ¢€) such that

(4.7) if z € K and f(z) <inf(f) + €, then ||z — x| <e.
Choose an integer n > 4 such that
(4.8) (1=9)"M +[1 = (1 —~)"]inf(f) < inf(f) + .
Assume that 7' > n is an integer, r : {1,..., T} — {1,2,...}, and = € K.
By property (vii), (4.8), (1.2) and (4.3),
f(Ar(T)'y o 'Ar(l)'yx) < f(Ar(n)v T Ar(l)'yx)

<1 =7)"f(z) +[1 = (1—7)"]inf(f)

< (1= 7)"M + 1= (1= )" inf(f) < inf(f) + 0.
When combined with (4.7), this inequality implies that

||A7"(T)'y T Ar(l)wx - ZL‘*H <e
Lemma 4.1 is proved. O
Proof of Theorem 1.3. It is easy to see that for each A € M, A, — A
as v — 07 in the strong topology. Thus the set

{A,: AeM, ve(0,1)}

is an everywhere dense subset of 9t with the strong topology.

Let A = {A:}5°, € M, v € (0,1), and let i > 1 be a natural number. By
Lemma 4.1, A, = {4, }72, is strictly convergent. By Theorem 1.1, there
exist a natural number n(A,~,i) and an open neighborhood U(A,~,i) of
A, in 9 with the weak topology such that the following property holds:

(viii) For each {B;}°, € U(A,~,i), each x € K, and each integer T' >
n(A,7,1),

HBT"'BLT_«T*H S

@\p—t
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Define .
F= ﬂ U{U(A,%i) cAeM, ye(0,1)}.
=1

Clearly, F is a countable intersection of open (in the weak topology) every-
where dense (in the strong topology) subsets of 9.

Assume that C = {C;};2; € F. We claim that C is convergent. To prove
this claim, we take an arbitrary € > 0 and then choose a natural number
i>1]e.

There exist A € 9 and v € (0,1) such that

CclU(A,n,1i).
By property (viii), for each x € K and each integer T' > n(A,~,1),
|Cp - Crx — x| < % < e.
Thus C is indeed convergent and Theorem 1.3 is proved. g
Proof of Theorem 1.4. It is clear that the set
{A,: AeMy,, v (0,1)}

is an everywhere dense subset of 91, in the strong topology.

Let A = {A:}°, € My, v € (0,1), and let ¢ > 1 be a natural number.
Then A, € M,. By Lemma 4.1, A, = {As,}$2, is strictly convergent. By
Theorem 1.2, there exist a natural number n(A,~,7) and an open neighbor-
hood U(A,~,i) of A, in (M, ps) such that the following property holds:

(ix) For each {B:;}{°, € U(A,~,i), each x € K, each integer T' >
n(A,~,1), and each mapping r: {1,..., T} — {1,2,...},

1
1Brery -+~ Braya — 2]l < -
Define

Fu=[VWJUA, 7)) : Acy, ve(0,1)}
i=1

Clearly, F, is a countable intersection of open (in the weak topology) eve-
rywhere dense (in the strong topology) subsets of (M, ps).

Assume that C = {C;}2, € F,. To show that C is strictly convergent,
let € > 0 and choose a natural number 7 > 1/e.

There exist A € M, and v € (0,1) such that

CcU(A,~,i).

By property (ix), for each « € K, each integer T' > n(A,~,7), and each
mapping r: {1,..., T} — {1,2,... },

1
1Crry - Cryz — 2l < - <.

Thus C is strictly convergent and Theorem 1.4 is proved. ([
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The proof of Theorem 1.5 is analogous to that of Theorem 1.4.
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