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ON THE CONVERGENCE OF INEXACT PROXIMAL POINT ALGORITHM
ON HADAMARD MANIFOLDS

P. Ahmadi and H. Khatibzadeh*

Abstract. In this paper we consider the proximal point algorithm to approximate
a singularity of a multivalued monotone vector field on a Hadamard manifold.
We study the convergence of the sequence generated by an inexact form of the
algorithm. Our results extend the results of [3, 25] to Hadamard manifolds as well
as the main result of [11] with more general assumptions on the control sequence.
We also give some application to optimization.

1. INTRODUCTION

Let H be a real Hilbert space with inner product ( , ) and norm || . ||. A possibly
multivalued mapping A : H — 2¥ is said to be monotone (resp. strongly monotone)
operator provided that

(ya—y1,x2—2x1) = 0 (resp. > a || x1—x2 H2), Vz; € D(A), Yy; € A(x;),i=1,2,

where « is a fixed positive real number and D(A) denotes the domain of A defined
by D(A) := {x € H : A(z) # @}. A is maximal monotone if and only if A is
monotone and R(I + A) = H, where I is the identity mapping of H. Given any
function ¢ : H —] — 0o, +00] (not necessarily convex) with the domain D(¢), its
subdifferential is defined by

dp(x) :={w e H | p(x) —¢y) <(w,xz—y), Vyec H}.

The function ¢ is called proper if and only if there exists an € H such that p(x) <
+oo. It is a well-known result that if ¢ is a proper, convex and lower semicontinuous
function, then dy is a maximal monotone operator. We refer the reader to the book
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by Morosanu [21] in order to understand monotone operators and subdifferential of
convex functions in Hilbert spaces.

One of the most important problems in maximal monotone operator theory is ap-
proximation of a zero of the maximal monotone operator and one of the most popular
algorithms to find a zero of a maximal monotone operator is the proximal point algo-
rithm. This algorithm was first proposed by Martinet [19] for convex functions. The
proximal point algorithm for a maximal monotone operator A : H — 2, which
has been introduced by Rockafellar [25], is the sequence generated by the following
process

(1) Yn = (1 + /\nA>_1<yn—1 + €n> , o n=1,2,..,

where {\,} is a positive real sequence and {e,} is a sequence in Hilbert space H.
The algorithm (1) is also a discretization of nonhomogeneous first order evolution
equation of maximal monotone type. Rockafellar in his seminal paper [25] showed the
weak convergence of the sequence {y,,} generated by (1) to a zero of A, provided that
A= A>0,Vn>1,and > 07 |len|| < +oo. Brézis and Lions [3] proved the weak
convergence of the sequence {y,} with condition >°° ; A2 = +o0 on the parameter
sequence {\,,} and the same condition on the error sequence {e,}. They also proved
some other weak and strong convergence theorems with additional conditions on the
maximal monotone operator A. Djafari Rouhani and Khatibzadeh [13] showed that
the weak and strong convergence results of Brézis and Lions may be obtained without
maximality assumption of the monotone operator A, and when the monotone operator
is maximal, the weak and strong convergence point belongs to A=%(0). In fact they
proved that the weak and strong convergence theorems for the sequence {y,,} are valid
without assuming A=1(0) # @. The second author [17] and Zaslavski [29] studied
the convergence of the sequence {y,} without summability assumption on the error
{en}. Convergence analysis of a modified version of the proximal point algorithm
under more general error sequence studied in [5, 18, 24, 28]. Recently, the monotone
operators have been defined by Németh [23] in single valued case, and by Li, L6pez,
Marquez and Wang [11, 12] as well as by Iwamiya and Okochi [15] in set-valued case
on Hadamard manifolds.

Since we aim to study multivalued monotone vector fields on Hadamard manifolds,
we remind some indispensable backgrounds about Riemannian manifolds from [16]
and [26].

Let M be a complete and connected m-dimensional Riemannian manifold, with a
Riemannian metric (,) and the corresponding norm denoted by ||.||. For p € M the
tangent space at p is denoted by 77, M and the tangent bundle of A by T'A/. Throughout
the paper we assume that M is a complete, simply connected Riemannian manifold of
non-positive sectional curvature of dimension m, which is called a Hadamard manifold
of dimension m.
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Proposition 1.1. ([26, p. 221]). Let p € M. Then exp, : T,M — M is a
diffeomorphism, and for any two points p,q € M there exists a unique normalized
geodesic joining p to ¢, which is, in fact, a minimal geodesic.

Let [a, b] be a closed interval in R, + : [a, b] — M a smooth curve. The length of
~ is defined as

b
L) = [ Iito)
and the Riemannian distance d(p, q) is defined by

d(p,q): =inf{L(v)|~:[0,1] — M is a piecewise smooth curve with
(0)=p,y(1) =4},

which induces the original topology on M. Furthermore, d(p, q) = || expgl q|, for any
two points p, g € M (see [26]).

A geodesic joining p to ¢ in M is said to be minimal if its length equals d(p, ¢). By
definition, a geodesic triangle A(p1p2p3) of a Riemannian manifold is a set consisting
of three points p1, p2 and ps, and three minimal geodesics joining these points.

Proposition 1.1 shows that any m-dimensional Hadamard manifold has the same
topology and differential structure as the Euclidean space R™. In fact, Hadamard
manifolds and Euclidean spaces have some similar geometrical properties. One of
them is described in the following proposition.

Proposition 1.2. ([26, p. 223]) (Comparison theorem for triangles). Let A(p1pap3)
be a geodesic triangle. Denote by ~; : [0,[;] — M the geodesic joining p; to p;i1,
and set l; .= L(’yi), o = Z(")/Z(O), —"yi_1<li_1>>, where ¢ = 1,2,3 (mod 3). Then

o)1 +oay+oa3 <7,
(2) 2 2 2
li + li+1 — 2llll+1 COS /41 < li—l .
Since

(exp,} | pisexp, ! piva) = d(pi, pig1)d(pit1, pita) cos @iy

so the inequality (2) may be rewritten as follows

B)  d*(pi,piv1) + d*(pig1, piv2) — 2{(exp,,, pisexp,} | piya) < d*(pita, pi)-

The monotone vector fields were first defined by Németh, [22], and the monotone
point-to-set vector fields were first considered by Cruz Neto, Ferreira and Lucambio
Pérez, [6]. For some important properties of monotone vector fields we refer to [7,
10]. The following definition extends some notions of the monotonicity, from the
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corresponding notions in Hilbert spaces (see [4, 20, 21, 30]), to multivalued vector
fields on Hadamard manifolds. Let X’'(M) denote the set of all multivalued vector
fields A : M — 27M such that A(z) C T,,M for each = € M and the domain D(A)
of A is closed and convex, where D(A) is defined by

D(A) ={z e M: A(z) # o} .

Definition 1.3. ([11]). Let A € X(M). Then A is said to be
(i) monotone if the following condition holds for any x,y € D(A):

4 u,exp, ty) < (v, —exp,lz), Vue A(z) and Vv e Ay);
x Y

(if) strongly monotone if there exists p > 0 such that, for any z,y € D(A), we
have

(5) (u,exp;y) — (v, — exp;1 z) < —pd*(z,y), Yuc A(x) and Vv € A(y);

(iii) maximal monotone if it is monotone and the following implication holds for
any z € D(A) and u € T, M:

(6) (u,exp,ly) < (v, — exp;1 ), YyeD(A) and ve Aly) = uec A(z).

Iwamiya and Okochi have introduced an alternative definition of monotonicity in
terms of the distance function between geodesics (see [15]). It has been proved that
both definitions are equivalent (see [11]).

Definition 1.4. ([11]). Let A € X (M) and o € D(A). Then A is said to be upper
Koratowski semicontinuous at x if, for any sequences {zx} C D(A) and {uy} C TM
with each u;, € A(xy), the relations limy .oz = zo and limg_,coup, = ug imply that
uy € A(xp). A is said to be upper Koratowski semicontinuous on M if it is upper
Koratowski semicontinuous at each point zo € D(A).

In [11, Proposition 3.5] it has been shown that each maximal monotone vector field
is upper Koratowski semicontinuous.

Definition 1.5. Let X be a metric space. Amap T : X — X is called nonexpansive
if d(T(x),T(y)) < d(x,y), forall z,y € X.

Definition 1.6. ([12]). Given A > 0 and A € X (M), the resolvent of A of order
A is the set-valused mapping Jy : M — 2M defined by

(7) Inz)={zeM : x€exp, \Az}, VYexe M
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It is a well-known result that if A € X (M), D(A) = M, the vector field A is
maximal monotone if and only if J is single-valued and firmly nonexpansive and
D(Jy) = M (see [12]).

Ferreira and Oliveira in [9] introduced the exact (without error) proximal point
algorithm

(8) 0€ MA(zpt1) — expg[jnl+1 Tn , n=0,1,2, ..,

where {\,} is a positive real sequence and A : M — 27 s a multivalued monotone
vector field. Some properties of the proximal sequence for finding singularities of vector
fields were shown in [8], and recently, some important properties of the algorithm for
optimization problem in Hadamard manifolds were established (see [1, 2, 27]).

Li, Lépez and Marquez have studied the algorithm (8) in [11] as well. The main
result of [11] is the convergence of {z,} to a singularity of the monotone vector field
A when A\, > X > 0. It extends Rockafellar’s result when ¢,, = 0 on Hadamard
manifolds setting. Our aim in this paper is to extend the convergence results of Brézis
and Lions in Hadamard manifolds. We study the convergence of the sequence generated

by
9 0€ AAWYnt1) —exp,  yn+en , n=0,12, ..

to a singularity of the maximal monotone operator A under summability assumption on
{en} and appropriate assumptions on the sequence {)\,,} and the maximal monotone
operator A. Our results extend previous results of [3, 11, 25]. In [11] authors studied
the convergence of the sequence given by (8) to a singularity of A under the assumption
An = A > 0. In this paper our motivation is to study the convergence of the sequence
{yn} given by (9) to a singularity of the monotone vector field A under the more
general assumptions on the control parameter {\,,} and summability assumption on the
error sequence {e,}. Obviously, more freedom in choosing the parameters {\,} and
existence the error sequence in the algorithm given by (9) can be useful from practical
and computational point of views. Note that the existence of the sequence {x,,} in (8)
is guaranteed by the maximal monotonicity of A and Remark 4.4-(ii) of [11].

2. CONVERGENCE RESULTS IN THE PROXIMAL POINT ALGORITHM

We first recall the notion of Fejér convergence and the following related result from
[14].

Definition 2.1. Let X be a complete metric space and X C X be a nonempty set.
A sequence {z,} C X is called Fejér convergent to K if

d(xpi1,y) < d(zp,y), YyeK and n=0,1,2,...
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Lemma 2.2. Let X be a complete metric space and K C X be a nonempty set.
Let {z,} C X be Fejér convergent to K and suppose that any cluster point of {z,,}
belongs to K. If the set of cluster points of {x,} is nonempty, then {z,,} converges
to a point of K.

Theorem 2.3. Let A € X (M) be a maximal monotone vector field such that
A~1(0) # @. Suppose that zq = yo € D(A). Assume that the sequences {x,} and
{yn} are generated by the algorithms (8) and (9), respectively. If {x,} converges to
a singularity of A, then {y,} does.

Proof. Let {y,} converge to a singularity of A, then by (9) we have
(10) exp;k1 -1 — €k € MeA(ye) , k=1,2,....
For every fixed k, consider the sequence {&,(k)} defined by

Sok) =k &k) =D (k) 5oy &n(k) = Ia, (Ena(R)) -

By Theorem 4 of [12], J, is nonexpansive, so

A(Irg i (En-1(K)), Irg ., (En(k — 1))
d(&n—1(k), &n(k — 1))

e < d(&o(k), &i(k — 1))

= d(yk, Jn, (Yr—-1))

By definition of J, (yx—1) we have

d(&n(k), &ny1(k — 1))

NN

(11) exp;;k (yp_1) Jk—1 € M AJy, (Yr—1) -

This together (4) and (10) imply that

ey Uie) < (expy,! o — en, —expy ! I (yr1))

-1 -1
<eXpJAk (yk—l) yk_l’ exp‘]%k(

Hence by (3), we get
Ak, In, (Yr-1)) < llex]l-

Therefore

(12) d<§n<k>7§n+1<k - 1)) < Heku

By the assumption {¢&,,(k)} converges to some £(k), so (12) implies that

d(&(k), €(k = 1)) < lexll-
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Hence {£(k)} is a Cauchy sequence and so {£(k)} converges to some a. On the other
hand

d(Yk, Env1(k—n —1)) <
d(%ka&(k_l)) d(§1(k—1), §a(k=2))+ - +d(§n(k—n), Enp1(k—n—1)) <

S el VE>n

i=k—n
hence
k+n

d<yn+ku§n+1 Z HezH
By the triangular inequality

A(Yrtns @) < d(Yktn, Ent1(k — 1)) + d(Enp1(k — 1), §(k = 1)) +d((k — 1), a).

Taking limsup when n — +oo from both sides of this inequality, we get that

limsupn— oo d(Yn, a Z &3] + d(§(k — 1), a).

Now the theorem is proved by letting & — +oo0. [ |

Theorem 2.4. Let A € X(M) be maximal monotone such that A=1(0) # @. Let
{A\n} be a sequence of positive real numbers with

“+o0
(13) S A2 = toc
n=1

If yo € D(A), then the sequence {y,,} generated by (9) converges to a singularity of
A.

Proof. By Theorem 2.3 it is enough to show the convergence of the sequence {z,,},
defined by (8), to a singularity of A. For this purpose, we show that the sequence {x,, }
is Fejér convergent to A=1(0) and any cluster point of {x,,} belongs to A~1(0), then
one gets the result by Lemma 2.2. Let z € A~1(0). By (8), we get

(14) /\n+1 expﬁt o1 Tn € A(Tnyr) , n=0,1,2,....

Hence the monotonicity of A4, for u = A}, exp;nl_H Zp € A(Tpy1) and v =0 € A(x),
implies that

(15) <exp;n1+1 T, exp;nl+1 ) <0.
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Consider the geodesic triangle A(z,z,+12). By inequality (3) of the comparison
theorem for triangles, one obtains

d*(zpi1,2) + d*(2pq1, 2n) — 2<exp;n1+1 T, exp;nl+1 z) < d(zp, z) .
It follows from (15) that
d2<$n+1, $> < d2<xn7 $>

which shows that {z,,} is Fejér convergent to A=1(0).
Now, we show that any cluster point of {x,,} belongsto A=1(0). Let 2’ be a cluster
point of {x,,}. Then there exists a subsequence {n;} of {n} such that z,, — z’. Let

— )1 -1 —
Up = A, €XPy Tp-1 , n=12 ...

Hence u,, € A(x,) for each n > 1 by (8). We claim that u,, — 0. The monotonicity
of A implies that

-1 -1
(Unt1,€xpy | Tn) < (Up, — XDy Tpt1) , n=1,2,....

Hence

Antt[uns1 | < flunllll expz,) @nll
= |lunlll expyz,),, znl
= [lunlAntlluntall;

which shows that the sequence {||u,||} is nonincreasing. The inequality (3), in the
geodesic triangle A(z,x,+12), and the inequality (15) show that

d2<$n+1, xn) < d2<$nu [E) - d2<[E, mn—l—l) :
Hence
/\i+1Hun+1H2 g d2<$n,$> - d2<$,$n+1>.

Summing up from n = 0 to n = k, and by the fact that {||u,||} is a nonincreasing
sequence, we get that

k
(16) lursD A2 < d*(x0, ) < o0 .
n=0

By taking limit from the both sides of the inequality (16), when & — 400, and using
(13) one gets that u,, — 0.

Thus the subsequence {u,, } of {u,} converges to 0 as well. Since z,, — 2’ and
A is upper Kuratowski semicontinuous at =’ by Proposition 3.5 of [11], 0 € A(z'),
that is, 2/ € A=1(0). Now the theorem is proved by Lemma 2.2. ]
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Theorem 2.5. Let A € X(M) be such that A='(0) # @. Suppose that A is
maximal monotone and strongly monotone. Let {\,} be a sequence of positive real
numbers such that

(17) i A = +00 .
n=0

Let yo € D(A), then the sequence {y,,} generated by (9) converges to a singularity of
A.

Proof. By Theorem 2.3 we only need to prove the convergence of the sequence
{x,}, defined by (8), to a singularity of A. Let z € A=%(0), so 0 € A(x) and
/\;}Ll exp;nl_H Zn € A(xn41) by (8). The strong monotonicity of A and (8) imply that

(18) (At expyt a1, exp, ! ) < —pd* (2, 7) n=12...

Consider the geodesic triangle A(z,_1z,z). By inequality (3) of the comparision
theorem for triangles, we have that

A*(Tn—1,Tn) + d*(Tn, T) — 2(exp, Tp_1, exp, ) < d* (2, 2n1) -
It follows from (18) that

20 d? (2, ) < d*(2, 20 1) — d* (20, 2) n=1,2..

and
(19) d*(zp,2) < d*(xp_1,2) n=1,2,...
Hence
k k
20> M (wn,2) < (d (@, 30m1) — d* (7, 7)) -

n=1 n=1

Combining this with (19), we obtain
k
2pd? (xy,, x) Zx\n < d*(z, x0) k=1,2,...
n=1

This together (17) implies that limy_.ood?(xs, ©) = 0, that is z,, — x, as n — +oo. m

Definition 2.6. A map A : M — 27M is called demipositive if there exists z, €
A~1(0) such that Q(z,) C A~1(0), where Q(z,) is the set of all p € M for which
there are sequences {p,} € M and {w,} C TM such that w, € A(p,) , Pn — P,
{wn, —expy,t o) — 0 and {||wy||} is a bounded sequence.
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Theorem 2.7. Let A € X(M) be a maximal monotone and demipositive multi-
valued vector field. Suppose that {)\,,} is a sequence of positive real numbers such
that

(20) i Ap = F00 .
n=1

Let yo € D(A), then the sequence {y,,} generated by (9) converges to a singularity of
A.

Proof. By Theorem 2.3, we only need to prove that the sequence {z,,}, defined by
(8), is convergent to a singularity of A. Let

)1 -1 —
Up = A, €XPy Tp-1 , n=12 ...

Hence u,, € A(x,) for each n > 1 by (8). Since A is monotone, the same proof of
that of Theorem 2.4 shows that {x,} is Fejér convergent to A=1(0), and {|ju,||} is
a bounded sequence. By Lemma 2.2, we need only to show that any cluster point of
{x,,} belongs to A=1(0). Since A is demipositive, there exists x, € A~1(0) such that
Q(w,) € A7L(0). First we verify the following assertion. For any ¢ > 0 there exists
N € N such that

Vn>N,3ImeN, N<m<n; d@n,om) <c and (Up, —exp,’ To) < € .

By (8), we obtain

Ae(ur, exp, ! wo) = (exp, ! wp_1,expyl o),  k=1,2,...,
and so
1 1
Ak (U, —exp;k1 Zo) < §d2(mk_1,xo) — §d2(ack,xo) k=1,2,....

Hence

+oo
(21) Z A (Ugey — exp;k1 Zo) < 00 .

k=1
Let

P. ={k e N: (ug, —exp;k1 To) Z €} .
Since Y cp. Ak < 0o by (21), so

Y darze-1) = Y lexpylwpoall = Y Aflur]l < oo

keP: keP: keP:
Thus there exists N; € N such that
(22) Z d(mk, xk_1> <eg,

k>=N1, keP:



On the Convergence of Inexact Proximal Point Algorithm on Hadamard Manifolds 429

and so there exists N > Ny, by (21), such that
(un, — exp;\lf To) < €.

Hence for any n > N, if n ¢ P. then assume that m = n, and if n € P. then let
m be the largest integer number & < n such that & ¢ P.. Therefore m > N and
{m+1,...,n} C P, and so by (22) we obtain that

d<xnuxm> < Z d(wk,fﬂk_l) <e€
k=m-+1

and the assertion is proved.

Let 2’ be a cluster point of A~1(0). So there exists a subsequence {n;} of {n}
such that ,,, — . By the assertion just proved, there exists a subsequence {z,,, } of
{zn} such that z,,, — =’ and (u,,, —exp;nlj z,) — 0. By demipositivity of A, one

gets that 2/ € A=1(0) and the proof is complete by Lemma 2.2. [ ]

3. APPLICATION TO OPTIMIZATION

Recall that M is a Hadamard manifold. Let f : M — ] —o0,+00| be a proper,
lower semicontinuous and geodesically convex function. The domain of f, D(f) =
{r € M | f(z) < oo}, is a closed convex subset of M. Consider the following
minimization problem.

(23) Min,, f(x)

If f is defined on a finite dimensional Hilbert space H, then M can be the constraint
set of minimization f on H. Then the problem (23) can be a constraint minimization
problem. The subdifferential of f at = is defined by

Of(@) ={ueTuM : (u,exp;'y) < f(y) - f(z), Vy € M}.

If D(0f) # @, the subdifferential 0 f(.) is a monotone and upper Kuratowski semicon-
tinuous multivalued vector field, and if D(f) = M, then 0f is a maximal monotone
vector field (see Theorem 5.1 of [11]).

We recall the following Lemma from [17] which is necessary to prove the following
theorem.

Lemma 3.1. Suppose that {a,} and {b,} be two positive real sequences such
that {a,} is nonincreasing and converges to zero, and >t a,b, < +oc. Then
(> -p—q br)a, — 0 asn — +oo.
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Theorem 3.2. Let f be a proper, lower semicontinuous, and convex function on
M and A = 0f. Let {\,} be a sequence of positive real numbers such that

(24) i An = +00 .
n=0

Let yo € D(A), then the sequence {y,} generated by (9) converges to a singularity
of A, which is a minimum point of f (by definition of f). In addition, if e,, = 0 then
fyn) — f(2) = o((X21 X)), where z is @ minimum point of f.

Proof. By Theorem 2.3, we need only to verify that the sequence {z, }, defined
by (8), is convergent to a singularity of A. For this purpose, we first prove that {z,,}
is Fejér convergent to A=1(0). Let 2 € A=1(0) and n > 0. Then 0 € A(z) and
/\;}Ll exp;nl_H Zn € A(xny41) by (8). So the monotonicity of A implies that

(25) </\;-|1—1 exp;nlﬂ Ly eXpﬂ_fnl-H $> < <07 - exp;l xn+1> =0.

Consider the geodesic triangle A(z,z,+12). By inequality (3) of the comparision
theorem for triangles, we have that

d*(xpy1,x) + d*(py1, ) — 2<exp;n1+1 T, exp;nl+1 z) < d(zn, 2) -
It follows from (25) that
d*(zpi1,2) < d*(zy, ) n=0,1,2,....

Thus {z,} is Fejér convergent to A=1(0). To complete the proof, we need only to
prove that A=1(0) contains each cluster point of {x,,} by Lemma 2.2. For this purpose,
we first show that {f(z,)} is a nonincreasing sequence, and f(x,) — f(z). Since
/\;}Ll exp;nl_H xn € A(xny1) , SO by definition of the subdifferential, we have

A1 expz), oy expy, Zn) < f(@n) = f(Znr1) n=0,1,2,....

Hence f(z,) — f(xn41) = 0 for each n > 0, and so {f(z,)} is a nonincreasing
sequence.

By definition of the subdifferential and the inequality (3) in the geodesic triangle
A(zp—12,x), We obtain that

flan) = f@) < =(A; " expy,) @nn, exp;,) @)
1
= 5/\;1(d2(a£,mn_1) — d*(zp_1, xy) — d*(xp, ).
Hence

(26) 2(f(2n) = f(2)) < (2, 201) — d* (2, ),
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and so i
2(f(z) = f(2) Y An < d*(zoy) k=12,
n=0

Taking limit in the previous inequality when k& — +oco and using (24), we obtain that

fxp) — f(x).
Now, let y, be a cluster point of {x,,}, so there exists a subsequence {n;} of {n},
such that =, — y., hence by the lower semicontinuity of f, we have

(27) F(Yo) < limin fioo f(z0,) = () .
On the other hand 0 € A(x) implies that = € S¢, where

Sp={zeM: f(z)<fly), VyeMj.
Thus by (27), we obtain that

fyo) < fly) , VyeM.

This means that 0 € A(y,), that is, y, € A~%(0).

For the rate of convergence, summing up in the both sides of inequality (26) from
n =110 +oo; we get St N, (f(zn) — f(z)) < co. Now the result is obtained by
Lemma 3.1 and the assumptions. ]

Other applications in variational inequalities and saddle point problems can be
found in [11].
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