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1. Introduction

The sweeping process is a first-order dynamical system involving normal cones to
moving sets. It was introduced and deeply studied in the convex case by Moreau as a
model for an elastoplastic mechanical system (see, e.g., [32, 33, 34, 35]). Since then,
it has been used as a model for several phenomena (see, e.g. [1, 8, 12, 14, 22, 28]).
Moreau’s work was the depart of a series of articles regarding differential inclusions
involving normal cones. Among them, we can mention state-dependent sweeping
processes [19, 43], second-order sweeping processes [3, 4, 18], implicit sweeping pro-
cesses [20, 44, 45, 46], generalized sweeping processes [17, 18], and degenerate sweep-
ing processes [2, 21, 24, 25, 26]. We refer to [9] for a complete review on the subject.

The state-dependent sweeping process corresponds to the case where the moving set
also depends on the state. This differential inclusion has been motivated by quasi-
variational inequalities arising, e.g., in quasistatic evolution problems with friction,
the evolution of sandpiles and micromechanical damage models for iron materials,
among others (see [27] and the references therein). We refer to [19] for a review on
the subject.
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The degenerate sweeping process corresponds to the case where an operator is added
“inside” the normal cone on the sweeping process. This dynamic was proposed by
Kunze and Monteiro-Marques as a model for quasistatic elastoplasticity (see, e.g.,
[24]). Since then, the degenerate sweeping process has been studied by several
authors in the context of convex and prox-regular sets (see, e.g., [2, 21, 24, 25, 26]).

Recently, in [37], we unified the theory of state-dependent sweeping processes and
degenerate sweeping processes by introducing a differential inclusion that generalizes
both processes in the unperturbed case.

This paper aims to continue the work [37] by considering perturbed versions of
degenerate state-dependent sweeping processes. Indeed, we consider single-valued
perturbations of degenerate state-dependent sweeping processes, which complement
the results obtained in [2, 7, 21, 24, 25, 26]. Moreover, we prove the existence of
solutions for convex and nonconvex (prox-regular, subsmooth and positively a-far)
moving sets which vary in a Lipschitz way with respect to the truncated Hausdorff
distance. We prove our result by means of the Moreau-Yosida regularization (see,
e.g., [19, 23, 29, 30, 31, 32, 40, 41]) and by using an appropriate existence result for
differential inclusions (see Theorem 4.1 below). The Moreau-Yosida regularization
technique consists of approaching a given differential inclusion by a penalized one,
depending on a parameter, whose existence is easier to obtain (for example, by
using the classical Cauchy-Lipschitz Theorem), and then to pass to the limit as the
parameter goes to zero. We refer to [36] for a detailed survey on the subject.

The paper is organized as follows. After some preliminaries, in Section 3, we list the
hypotheses used throughout the paper. In Section 4, we establish some technical
results used to prove the main result of the paper. Next, in Section 5, we present
the main result of the paper (Theorem 5.5), namely, the convergence (up to a sub-
sequence) of the Moreau-Yosida regularization for the degenerate state-dependent
sweeping process under the Lipschitzianity of the moving sets with respect to the
truncated Hausdorff distance. Finally, in Section 6, we apply our theoretical results
to the existence of solutions for the online mirror descent method.

2. Preliminaries

In this paper, (#, (-, -)) stands for a separable Hilbert with norm || -||. We denote by
B(z, p) the closed ball centered at = with radius p. The closed unit ball is denoted
by B. We write H,, for the space H endowed with the weak topology and z, — =
stands for the weak convergence in H of a sequence (z,), to .

A vector h € H belongs to the Clarke tangent cone Te:(S; x), when for every sequence
(xn)n in S converging to x and every sequence of positive numbers (t,,),, converging
to 0, there exists some sequence (h,,), in ‘H converging to h such that z,, +t,h, € S
for all n € N. This cone is closed and convex and its negative polar is the Clarke
normal cone to S at x € S, that is,

N (S;z)={veH: (v,h) <O0forall h € Tc(S;x)}.

As usual, N(S;z) = 0 if x ¢ S. Through the Clarke normal cone, we define the
Clarke subdifferential of a function f: H — R U {400} as

0f(x) :==A{v e M: (v,=1) € N (epi f, (z, f(2)))},
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where epi f := {(y,r) € H x R: f(y) < r}is the epigraph of f. When the function f
is finite and locally Lipschitzian around x, the Clarke subdifferential is characterized
(see [11, Proposition 2.1.5]) in the following way

Of(x) ={veH: (v,h) < f°(a;h) for all h € H},
where fo(z;h) := limsup ¢t '[f(y+th) — f(y)],

(ty)—=(0%,z)
is the generalized directional derivative of the locally Lipschitzian function f at z
in the direction h € H. The function f°(z;-) is in fact the support of df(z), that
is, f°(x;h) = sup{(v,h): v € Of(x)}. This characterization easily yields that the
Clarke subdifferential of any locally Lipschitzian function has the important property
of wupper semicontinuity from H into H.,,.

For S C H, the distance function is defined by dg(z) := inf eg ||z — y|| for z € H.
We denote Projg(z) as the set (possibly empty) of points which attain this infimum.
The equality (see [11, Proposition 2.5.4])

N (S;z) =cl¥ (Ry0dg(z)) forz € S,

gives an expression of the Clarke normal cone in terms of the distance function. As
usual, it will be convenient to write dd(x,S) in place of 9d (-, S) (x).

Remark 2.1. In the present paper, we will calculate the Clarke subdifferential of
the distance function to a moving set. By doing so, the subdifferential will al-
ways be calculated with respect to the variable involved in the distance function
by assuming that the set is fixed. More explicitly, Odc(,)(2) means the subdif-
ferential of the function de,y)(-) (here C(t,y) is fixed) is calculated at the point
z, ie., 0 (dewy () (z). In the same way, ddc(.)(r) means the subdifferential of
the function deq) (<) (here C'(t,x) is a fixed set) is calculated at the point z, i.e.,

9 (doi.a () (). O

Let f: H — R U {400} be a proper and lower semicontinuous (lsc, for short)
function and = € dom f. An element ¢ belongs to the prozimal subdifferential (see
[11, Chapter 1]) dpf(z) of f at x if there exist two positive numbers o and 7 such

h
that f) > F@) + Gy —2) —olly —z|* Yy € Blain).

For a closed set S C H, the prozimal normal cone of S at x € S is defined as
NP (S;x) = dpls(z), where Ig is the indicator function of the set S. The indicator
function Ig is defined as Ig(x) = 0 if x € S, and Is(z) = +o00 otherwise.

Now, we recall the definition of the class of positively a-far sets, introduced in [15]
and widely studied in [17].

Definition 2.2. Let a €]0,1] and p €]0,4+00]. Let S be a nonempty closed subset
of H with S # H. We say that the Clarke subdifferential of the distance function
d(+,S) keeps the origin a-far-off on the open p-tube around S, which is defined as
Uy,(S) :={x e H:0<d(z,5) < p}, provided

0<a< inf d(0,0d(,5))) (1)
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Moreover, if E' is a given nonempty set, we say that the family (S(¢)):ep is positively
a-far if every S(t) satisfies (1) with the same « €]0,1] and p > 0. N

Several characterizations of this notion and examples were given in [17]. We refer
to [17] for more details.

The notion of positively a-far sets includes strictly the notion of uniformly sub-
smooth sets (see Proposition 2.5 below) and the notion of uniformly prox-regular
sets (see [17]).

Definition 2.3. ([38]) For a fixed r > 0, the set S is said to be r-uniformly proz-
regular if for any x € S and ¢ € NE(x) with ||| < 1 one has x = projg(z+r¢). O

It is known that S is r-uniformly prox-regular if and only if every nonzero proximal
vector ¢ € NX(x) to S at any point z € S can be realized by an r-ball, that is,
SNB(z+ r”—gH) = (), which is equivalent to

Cy—2) <l — 2 forallyes.

Definition 2.4. Let S be a closed subset of H. We say that S is uniformly sub-
smooth, if for every € > 0 there exists ¢ > 0, such that

(x] — x5, w1 — x9) > —€l|z1 — 22| (2)

holds for all z1, x5 € S satisfying ||z1 —x2|| < d and all 27 € N (S;z;)NB for i = 1, 2.
Also, if E is a given nonempty set, we say that the family (S(t)),., is equi-uniformly
subsmooth, if for every € > 0, there exists ¢ > 0 such that (2) holds for each t € E
and all z1,xo € S(t) satisfying ||z1 — 22]| < § and all zf € N (S(t);x;) N B for
i=1,2. 0

Proposition 2.5. ([17]) Assume that S is uniformly subsmooth. Then, for all
e €]0,1] there exists p €]0,4o00[ such that

V1—e < inf d(0,0d(y,S)).

y€U,(S)

Remark 2.6. The class of positively a-far sets contains strictly that of uniformly
subsmooth sets. We refer to [17] for more details. O

Let A be a bounded subset of H. We define the Kuratowski measure of non-
compactness of A, a(A), as

a(A) =inf{d > 0: A admits a finite cover by sets of diameter < d},
and the Hausdorff measure of non-compactness of A, B(A), as
B(A) = inf{r > 0: A can be covered by finitely many balls of radius r}.

The following result gives the main properties of the Kuratowski and Hausdorff
measure of non-compactness (see [13, Proposition 9.1 from Section 9.2]).
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Proposition 2.7. Let H be a Hilbert space and B, By, By be bounded subsets of H.
Let v be the Kuratowski or the Hausdorff measure of non-compactness. Then,

(i) v(B) = 0 if and only if cl(B) is compact.
(ii) v(AB) = [A|y(B) for every A € R.
(i) (B1 + B2) < (B1) +7(B2).
(iv) By C By implies y(B1) < v(Bs).

(v) y(conv B) = v(B).
(vi) 7(cl(B)) = ~(B).

(vii) If A:H — H is a Lipschitz map of constant M > 0, then v(A(B)) < M~(B).
Given an interval I C R, we denote by L'(I;H) the space of H-valued Lebesgue
integrable functions over I. Whenever H = R, we simply write L'(I). Moreover,
we say that x: I — H is absolutely continuous (denoted by z € AC(I;H)) if there
exists f € L'(I;H) and 2y € H and ty € I such that

t
x(t) = o +/ f(s)ds for all t € I.
to

The following result provides a compactness criterion for absolutely continuous func-
tions (see [19, Lemma 2.2]).

Lemma 2.8. Let (x,), be a sequence of absolutely continuous functions from the
interval I :=[0,T] into H with x,(0) = z. Assume that for alln € N

[ ()] < (1) a-et e,

where 1 € L*(I) and that x§ — xo as n — oco. Then, there exists a subsequence
(n, )k of (Tn)n and x € AC (I;H) such that

(i
(i

1l

Tp, (1) = x(t) in H as k — +oo forallt € I.
Ty, = x in L (I;H) as k — +o0.

iy, — @ in L' (I;H) as k — +o0.
|2(t)]| < ¥(t) a.e. t el

e

)
)
i)
(iv)

Truncated Hausdorff distance

Let r €]0,+00] be a given extended real and let A and B be nonempty subsets of
H. We define the r-truncated excess of A over B as the extended real

exp,(A, B) := sup d(z,B).

ze€ANTB

It is clear that under the usual convention rB = H for r = 400, the r-truncated
excess of A over B is the usual excess of A over B, i.e.,

exXCoo (A, B) = supd(z, B) =: exc(A, B).

€A

In this paper, our results are based on the following notions of distance between
sets.
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. haus, (A, B) := max{exc,.(A, B), exc,.(B, A)}
o haus,(A, B) = sup,c,q |d(z, A) — d(z, B)|.

The quantity haus, (A, B) receives the name of r-truncated Hausdorff distance. 1t is
important to emphasize that

haus, (A, B) < IELEST(A, B).

Moreover, for any extended real 7’ > 2r+max{d4(0), dg(0)}, the following inequality
holds (see, e.g., [39, Proposition 4.37])

haus, (4, B) < haus, (A4, B).

As a consequence of the last two inequalities, we obtain the following result.

Proposition 2.9. Let C: I = H be a set-valued map with nonempty and closed
sets. Then, the following assertions are equivalent.

(a) for all ™ >0, there exists k, > 0 such that

haus, (C(t),C(s)) < k|t — s| for all s,t € I.
(b) for all v >0, there exists k. > 0 such that

haus, (C(t),C(s)) < k|t — s| for all s,t € 1.

Therefore, we use (a) and (b) indistinctly.

Definition 2.10. We say that a set-valued map C: [ = H is
(i) Lipschitz with respect to the Hausdorff distance if there exists x > 0 such that

haus(C(t),C(s)) :=sup|d(z,C(t)) — d(z,C(s))| < k|t — s| for all s,¢ € I.
z€H
(ii) Lipschitz with respect to the truncated Hausdorff distance if for all r > 0, there
exists k, > 0 such that
haus, (C(t), C(s)) < k|t — s| for all s,t € 1. u

It is clear that (i) implies (ii), but the reverse implication is not true. Moreover,
as discussed in [36, 42|, the Hausdorff distance can be too restrictive for practical
applications. We refer to [37] for more details.

3. Main hypotheses
In this section, we list the main hypotheses used throughout the paper.
Hypotheses on the map A: H — H:
A is a (possibly) nonlinear operator satisfying the following conditions:
(HY) There exists m > 0 such that

(A(z) — A(y),x —y) > m|lz — y||* for all z,y € H.
(H%) There exists M > 0 such that

[A(z) — Al < M|z — yl| for all z,y € H.
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Hypotheses on C': [ x H = H:

C is a set-valued map with closed and nonempty values. Moreover, the following
conditions will be used in the paper.

(H7) For all » > 0, there exist x, > 0 such that for s,t € [ and z,y € H
sup ’d(2,0<t,l’)) - d(Z, C(Say»’ < Hr‘t o Sl + LH.CL’ - yH?

zerB

where L € [0,m[ is independent of 7 and m is the constant given by (HY).
(H%) There exist constants a €]0, 1] and p €]0, +o0] such that for every y € H

0<a< inf  d(0,0d(-,C(t, x a.e. t €1,
< it d(0.0d(.C(t.) (@)

where U, (C(t,y)) ={r € H: 0 <d(z,C(t,y)) < p}.
(H%) The family {C(t,v): (t,v) € I x H} is equi-uniformly subsmooth.

(H%) There exists k € L'(I) such that for every t € I, every 7 > 0 and every
bounded set B C H,

7(C(t, B) NrB) < k(t)y(A(B)),
where 7 = a or v = [ is either the Kuratowski or the Hausdorff measure of

non-compactness (see Proposition 2.7), k(t) < 1 fora.e. t € Jand A: H — H
is an operator satisfying (H!) and (H?).

Remark 3.1. (i) Let L € [0,m[. Under (#H3) for every a E]\/%, 1] there exists

p > 0 such that (#3) holds. This follows from Proposition 2.5.
(ii) The condition L € [0,m[ in (H?) is sharp, as it is shown in [25]. O

Hypotheses on C': [ = H:

C' is a set-valued map with closed and nonempty values. Moreover, the following
condition will be used in the paper.

(H1) For all » > 0, there exists k, > 0 such that for all s,t € T
sup [d(z, C(t)) — d(z,C(s))| < k|t — s].

zerB
(H2) There exist two constants « €]0, 1] and p €]0, +o0] such that

0 < inf  d(0,0d(z,C(t e tel
<a_xel}§(lc(t)) (0,0d(z,C(t))) ae. tel,

where U, (C(t)) ={z € H: 0 < d(z,C(t)) < p}.

(H3) For a.e. t € I the set C(t) is ball-compact, that is, for every r > 0 the set
C(t) NrB is compact in H.

(H4) For a.e. t € I the set C(t) is r-uniformly prox-regular for some r > 0.

Hypotheses on F': [ x H = H:

F' is a set-valued map with nonempty closed and convex values satisfying
(HI) For every x € H, F(-,r) is measurable.
(HLY) For a.e. t €I, F(t,-) is upper semicontinuous from H into H,,.



66 D. Narvdez, E. Vilches / Perturbed Degenerate State-Dependent ...

(HY) There exist ¢,d € L'(I) such that
40, F(t,0)) = inf{[lu]): w € F(t,v)} < o(t) o] + d(t),
for all v € H and a.e. t € [0,T].

(HY) For ae. t € I and A C H bounded, v(F(t,A)) < k(t)y(A), for some
k € LY(I) with k(t) < +oo for all t € I, where v = « or v = f3 is either the
Kuratowski or the Hausdorff measure of non-compactness.

Hypotheses on ¢g: I x H — H:

g is a function satisfying

(HY) For every x € H, the map ¢ — g(¢, z) is measurable.

(H3) For all r > 0, there exists p, > 0 such that the map x +— g(t, x) is Lipschitz
of constant u, on rB for a.e. t € I.

(H§) There are constants ¢,d > 0 such that for a.e. t € I, ||g(t, z)|| < c||z||+d for
z € H.

(HY) TFor a.e. t € I, the map x — ¢(t,x) is continuous.

4. Preparatory lemmas

In this section, we give some preliminary results that will be used in the following
sections. They are related to set-valued maps and properties of the distance function.

The following result is used to prove the existence of the Moreau-Yosida regulariza-
tion scheme.

Theorem 4.1. Let H be a separable Hilbert space and I = [0,T] for some T > 0.
Assume that (HE)~(HY) and (HY)-(H3) hold. Then, the differential inclusion
{j:(t) € F(t,z(t)) + g(t,x(t)) ae tel,

JZ(O) =9 € H, (3)

has at least one solution absolutely continuous solution. Moreover, if H is finite-
dimensional, then assumption (H3) can be weakened to (H3).

Proof. Set r(t) = (||x0|| +/Ot J(s)ds> exp (/Ot E(s)ds),

where &(t) := &(t) + ¢ and d(t) := d(t) + d (see (HE) and (#2)). Let us consider the
problem:

{j:(t) € F(t,x) +g(t.a(t)) ae tel, (4)

J](O) =9 € H,

where F(t,z) := F(t,z) N (&(t)||z]| + d(t))B, §(t, ) = g(t, Prs(z)) and

{x if ||z]| < r(t)

r(t)%:  elsewhere

is the retraction onto the ball r(¢)B.
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It is clear that P, is 2-Lipschitz and, thus, by virtue of (#3), for a.e. t € [0,T7,
the map = — §(t, ) is Lipschitz continuous on #H. Indeed, let x,y € H, then

19t ) = gt ) < prery |1 Priy () = Prioy W) < 2110yl = 9],
where fi,(7) is the Lipschitz constant given by (#J). Therefore we conclude that the

map G(t,z) = F(t,z) + §(t, z) satisfies the assumption of [6, Theorem 4]. Hence,
the differential inclusion (4) admits at least one absolutely continuous solution
x:[0,7] — H. Finally, by virtue of Gronwall’s inequality, we can prove that

x(t) € r(t)B, which proves that z: [0,7] — H is a solution of (3). O

5. Perturbed degenerate state-dependent sweeping processes

This section aims to extend the results from [19, 37, 43] to perturbed degenerate
state-dependent sweeping processes. For T" > 0, let us consider the problem:

{C(J(t) € —Nc 1)) (A(x(t))) + g(t,x(t)) ae tel:=[0,T],

(SP) -
(0) = 20 € A™H(C(0, 20)).

We use the Moreau-Yosida regularization technique from [19, 37, 43] to deal with
(SP).

Let A > 0 and consider the following differential inclusion: Find z): I — H with
x(0) = 2 and such that for a.e. t € [

(Py) A1) € =550 4y ) (Alaa(£)) + g(t 22(0)),

where A(zq) € C(0,z0). It follows from Theorem 4.1 and [37, Proposition 4.1] that
the following existence result for the approached problem (P,) holds.

Proposition 5.1. Assume, in addition to (H%), (HY), (H3) and (HY), that the
conditions (H{)—(H3) hold. Then, for every XA > 0 there exists at least one absolutely
continuous solution zy of (Py).

Let us define px(t) 1= dogz, @) (A(za(t))) for t € 1.

Remark 5.2. Recall that under condition (H%), according to Proposition 2.5, for
every o 6]\/% , 1] there exists p > 0 such that (#%) holds. O

The following proposition establishes that trajectories of (P,) stay uniformly close
(with respect to \) to the moving sets in a small interval of I = [0, 7. The proof is
based on ideas from [37].

Proposition 5.3. Assume that, in addition to the hypotheses of Proposition 5.1,
(HY) holds. Then, for every R > 0 there exists Tr €]0,T] (independent of \) such

that if (ma® L)

fir+ (L4 M)(c(R+ ||2o]) + d)

A<A02: P,

777,0[2

then  pa(f) < Rt (L M)(e(B+ o) +d) = " Lo () ae. tef0, 78], (5)
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where o 6}\/%, 1] and p > 0 are given by Remark 5.2, kr := K|A@o)|+MmR S the
constant given by (H7) and c¢,d > 0 are the constants given by (H3). Moreover,

Fr+ (L+ M)(c(R+ ||zo|) + d)
ma?2 — L

oa(t) < A forallt €0, 7g]. (6)

Proof. Fix R > 0 and define the set
Qy:={t el |xx(t) — x| > R}.
On the one hand, if Q) = 0, then
zx(t) € B(xo, R) for all t € 1.
On the other hand, if €2, # (), then we can define
7y = inf{t € I: ||xx(t) — zo|| > R} > 0.

Therefore, in what follows, we can assume that

z\(t) € B(zg, R) for all t € [0, 7], (7)
where we set 7y := T if Q) = (. Thus, by virtue of (7) and (H7), it follows that
| A(zA(t))]] < || A(zo)]| + MR for all t € [0, 73] (8)

Moreover, according to Proposition 5.1, ) is absolutely continuous and, due to (8)
and (M%), for every s,t € [0,7)],

[oa(8) = pals)] < (L + M)A (t) — 2x(s)[| + Frlt — s,

where Rr 1= K| A()|+Mmr IS the constant given by (H{). Hence, ¢, is absolutely
continuous.

Let A < Ag. Then, by using similar arguments to the given in [37, Proposition 5.2],
it follows that

L —ma?

A

PAt) < Fp + pA(t) + (L + M)llg(t, zx@)]  ae t€0,m],

which implies (6) in the interval [0,7,]. It remains to prove that there exists some
Tr €]0,T] such that 7 < 7 for all A < A¢. Indeed, for a.e. t € [0, 7]

lex(@)] < %w(t) + lg(t, zx(®)]]

Fir + (L + M)(c(R + [[zo]]) +d)

<
- mao? — L

+ (e(R+ ||zol|) + d).

Hence, by the continuity of x), and the definition of 7y,

T
R < Jlaa(ra) — o < / léa(s)]lds
0

<

(rm + (L 4 M)(c(R + ||zo|) + d)
ma?2 — L

+ (B + llzol)) +d)) 7,

which implies the existence of 7z €]0,T] such that 7z < 7, for all A < A\g. So we
have finally proved that (5) and (6) hold for the interval [0, 7g], which completes the
proof. [
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As a consequence of the last proposition, we obtain that x, is Lipschitz continuous
on [0, 7] for A > 0 small enough.

Corollary 5.4. For A\ < A\ the function x) is Lipschitz continuous of constant

fr+ (L + M)(c(R+ [|lzo]]) + d)
mao? — L

Cr:= + (¢(R+ ||zo|]) +d)  on [0,7g].

Let (A\,), be a sequence converging to 0. The next result shows the existence of
a subsequence (), ), of (A,), such that (z )‘”k->k: converges (in the sense of Lemma
2.8) to a solution of (SP) over all the interval /. We perform the analysis in the
interval [0, 7g] for some R > 0 and then we extend iteratively the solution to all the
interval.

The next theorem extends all known results on Perturbed State-Dependent Sweeping
Processes and Degenerate Sweeping Processes.

Theorem 5.5. Assume, in addition to (HY), (H?), (H}), (H3) and (HT), that
(HY), (HS) and (HE) hold. Then, the problem (SP) admits at least one absolutely
continuous solution. Moreover, if H is finite-dimensional, then assumption (H3)
can be weakened to (HY).

Proof. Fix R > 0 and 7 from Proposition 5.3. Then, by virtue of Proposition 5.3,
the sequences (xy, ), and (A(z,,)), satisfy the hypotheses of Lemma 2.8 over the
interval [0, 5] with

Fr+ (L+ M) (c(R+ ||xo|) + d)
ma? — L

P(t) = + (c(R+ ||woll) + d) and (t) := Mu(t),

respectively. Therefore, there exist subsequences (z, )x and (A(zy,, )k of (2, )n
and (A(xy,))n, respectively, and maps z: [0,7g] — H and Az: [0, 7] — H satis-
fying the hypotheses (i)—(iv) of Lemma 2.8. For simplicity, we write z; and A(xy)
instead of xy, and A(z,, ), respectively.

Claim 1. (A(xy(t))), and (xx(t)), are relatively compact in H Vt € [0, 7g].

Proof. We observe that, according to (H7), for any ¢ € I and u € H, the set C(t, u)
is ball compact. Indeed, fix t € I and consider B = {u} in (#}). Then, for all r > 0,

VOt u) NrB) < k() y({A(u)}) =0,

which implies that C(¢,w) is ball compact. Therefore, for all t € [ and u,v € H,
the projection Proje; ., (v) # 0.

Let t € [0, 7r]. Consider yi(t) € Projo(s 1)) (A(xx(t))). Then, [[A(zx(t)) —yr(?)]| =
Aoy () (Alzi(t))). Thus,

[y < doqawy (Alzi(t))) + [ Alz(D)]

[ +(L+ M)(c(R+ ||zol]) +d)
ma? — L

IN

[ Ao+ Mllzat) = woll + 1 AGao) |

| /\

(t) o [HR+ (L+]T\{Llfz(i%2_ [ zol]) + d)

| A+ MCrt + Ao
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Also, since (A(zx(t)) — y(t)) converges to 0,
v {A(zi(?): k € N}) =~ ({yn(t): k € N}).
Therefore, if A := {A(z4(t)): k € N},
v(A) =v({ye(®): k € N}) < (C (¢, {ai(t): k € N}) N#(t)B) < k(t)y (A),

where we have used (H}). Finally, since k(t) < 1, we obtain that v (A) = 0, which
shows that (A(x(t)))x is relatively compact in H. Finally, (zx(t))x is relatively
compact in H by virtue of (H%).

Claim 2. A(z(t)) € C(t,z(t)) for all t € [0, Tg].

Proof. As aresult of Claim 1 and the weak convergence x(t) — z(t) for all t € [0, 7g]
(due to (i) of Lemma 2.8), we obtain the strong convergence of (zx(t))x to x(t) for
all t € [0, 7g]. Therefore, due to (H?),

deeaw) (A(z(t)) < Uminf (deg,a,w) (Alze(t)) + (M + L) ||z (t) — 2(t)]))

k—o0
< liminf <[/~£R+ (L+J\7741§§(f2_ [[zoll) +d)] Ay + (M + L)||ag(t) — :v(t)l!)
=0,

which proves the claim.

The proof of z is a solution of (SP) over the interval [0, 7g] can be done in a similar
way to [37, Theorem 5.1]. Finally, to extend the solution over all the interval I, we
can proceed as in [17, Lemma 5.7]. O

5.1. Perturbed degenerate sweeping processes

In this subsection, we provide existence results for the perturbed degenerate sweep-
ing process:

{:é:(t) € —Ncw (A(z(t)) + g(t,z(t)) ae tel:=[0,T), o)

z(0) = 2o € A7HC(0)).

The latter differential inclusion can be seen as a particular case of (SP) for state-
independent moving sets.

The following theorem extends the result from [37, Theorem 5.2]. Moreover, it is
well-known that (H,) implies (H2) with o = 1. Thus, the following result includes
the existence of solutions for regular (convex/prox-regular) sets.

Theorem 5.6. Assume, in addition to (HY), (H%), (H1), (H2) and (Hs), that
(HY), (HS) and (HE) hold. Then, the problem (9) admits at least one absolutely
continuous solution. Moreover, if H is finite-dimensional, then assumption (H3)
can be weakened to (HY).

Proof. According to the proof of Theorem 5.5, we note that (H3) was used to
obtain (H%) and the upper semicontinuity of dd¢ . (-) from H into H,, for all ¢t € 1.
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Since in the state-independent case these two properties hold under (Hs) (see [37,
Proposition 4.2]), it is sufficient to repeat the proof of Theorem 5.5 to get the
result. [

6. An application to online optimization

Let ¢: H — R be a convex smooth function. We say that ¢ is -strongly convex if
& — (B/2)] - ||I* is convex (see, e.g., [5, Chapter 10]). It is well-known (see, e.g., [5,
Exercise 17.5]) that ¢ is S-strongly convex if and only if

(Vo(x) = Voly),z —y) = Bllw — y|* for all z,y € H.

We denote by ¢* its convex conjugate. It is well-known that for strongly convex
functions ¢: H — R the operator (V) ': H — H is well-defined and the following
formula holds:

(Vo) Hz) = Vo*(z) for all z € H.

Moreover, ¢* is 1/(-strongly convex if and only if V¢ is S-Lipschitz continuous (see,
e.g., [5, Theorem 18.15]).

Assume that ¢ is twice differentiable over H and consider the problem: Find
x:[0,T] — H such that z(0) = xy and

V2(x(t))i(t) € —Nie(z(t)) + g(t, z(t)) ace. t € [0,T], (10)

where L C H is a nonempty and closed set. The latter dynamic, called online
mirror descent, was considered in [10] for convex and compact sets K to obtain a
O((log k)?)-competitive randomized algorithm for the k-server problem on hierar-
chically separated trees (see [10, Theorem 2.2]). The system (10) also includes the
so-called oblique projected dynamical systems considered in [16] as a way of preserv-
ing monotonicity in projected dynamical systems.

We observe that (10) is formally equivalent to the following perturbed degenerate
sweeping process:

(t) € —Nie(Vo* (2(1))) + glt, Vo™ (2(1))) ae. t € [0,T). (11)

Indeed, x: [0,7] — H is a solution of (10) if and only if z(t) = Ve¢(z(t)) is a
solution of (11). Hence, by using the above observation and Theorem 5.5, we obtain
the following result that generalizes [10, Theorem 2.2].

Theorem 6.1. Let K be a closed, ball-compact and positively a-far set (see Defi-
nition 2.2). Let ¢: H — R be a strongly convex function with Lipschitz continuous
gradient. Assume that g: [0,T] x H — H satisfies (HY), (H3) and (H3). Then, for
any xo € H, the problem (10) admits at least one absolutely continuous solution.
Moreover, if H is finite-dimensional, then assumption (H3) can be weakened to (HY).

The latter result offers a significant improvement to [10, Theorem 2.2] because we
relax the compactness and the geometry of the set IC (we recall that any convex or
uniformly prox-regular set is positively a-far with a = 1). Moreover, the problem
(11) offers an equivalent formulation to (10), where no second differentiability of ¢
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is involved. Finally, by means of Theorem 5.5, it is straightforward to consider the
system (10) with moving sets, which can be useful for studying the k-server problem
with time-dependent servers.
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