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Abstract. We investigate the asymptotic properties of the trajectories generated by a second-order
dynamical system of proximal-gradient type stated in connection with the minimization of the sum of
a nonsmooth convex and a (possibly nonconvex) smooth function. The convergence of the generated
trajectory to a critical point of the objective is ensured provided a regularization of the objective func-
tion satisfies the Kurdyka-Lojasiewicz property. We also provide convergence rates for the trajectory
formulated in terms of the Lojasiewicz exponent.
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1 Introduction

Let f: R" - RU {400} be a proper, convex and lower semicontinuous function and let g : R" — R
be a (possibly nonconvex) Fréchet differentiable function with 8-Lipschitz continuous gradient, i.e. there
exists 3 > 0 such that [[Vg(z) — Vg(y)[| < Bllz — y|| for all z,y € R". In this paper we investigate the
optimization problem

inf [f(z) +g(z)] (1)

zeR™

by associating to it the following second order dynamical system of implicit-type

{ E(t) + yi(t) + x(t) = proxyy (z(t) — AVg(z(1))) @)
z(0) = up, ¢(0) = vo,

where ug,vg € R™, v, A € (0,+00) and

, 1
prox, s : R" — R™,  prox,(z) = all%gn {f(y) + 5Hy - wHQ} , (3)

denotes the proximal point operator of Af.
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Dynamical systems of proximal-gradient type associated to optimization problems have been inten-
sively treated in the literature. In [16], Bolte studied the convergence of the trajectories of the first order
dynamical system

{ @(t) + 2(t) = projo (z(t) — AVg(x(t))) (4)
z(0) = o,

where g : R" — R is a convex smooth function, C' C R” is a nonempty, closed and convex set, g € R",
and proj~ denotes the projection operator on the set C. The trajectory of (4) has been proved to converge
to a minimizer of the optimization problem

inf
inf g(x), (5)
provided the latter is solvable. We refer also to the work of Antipin [7] for further results related to (4).
The following extension of the dynamical system (4)

{ @(t) + x(t) = prox,; (:U(t) — )\Vg(a:(t))) (6)
z(0) = xo,

where f : R” — R U {+oc0} is a proper, convex and lower semicontinuous function, g : R” — R is a
convex smooth function and xg € R", has been recently considered by Abbas and Attouch [1] in relation
to the optimization problem (1). In case (1) is solvable, the trajectory generated by (6) has been proved
to converge to a global minimizer of it.

In connection with the optimization problem (5), the second order projected-gradient system

{ E(t) + i (t) + x(t) = proje(z(t) — AVg(x(t))) (7)
x(0) = up, £(0) = vy,

with damping parameter v > 0 and step size A > 0, has been considered in [7,8]. The system (7) becomes
in case C' = R" the so-called "heavy ball method with friction”. This nonlinear oscillator with damping
is, in case n = 2, a simplified version of the differential system describing the motion of a heavy ball that
rolls over the graph of g and keeps rolling under its own inertia until friction stops it at a critical point
of g (see [14]).

Implicit dynamical systems related to both optimization problems and monotone inclusions have been
considered in the literature also by Attouch and Svaiter in [15], Attouch, Abbas and Svaiter in [2] and
Attouch, Alvarez and Svaiter in [9]. These investigations have been continued and extended in [21-24].

The aim of this manuscript is to study the asymptotic properties of the trajectory generated by the
second order dynamical system (2) under convexity assumptions for f and by allowing g to be nonconvex.
In the same setting, a first order dynamical system of type (6) attached to (1) has been recently studied
in [25]. An asymptotic analysis for a gradient-like second order dynamical system (which corresponds to
7 when C' = R™) has been made in [29] (see also the recent review [30]) in the analytic setting.

The main results of the current work are Theorem 16, where we prove convergence of the trajectories
to a critical point of the objective function of (1), provided a regularization of it satisfies the Kurdyka-
Lojasiewicz property, and Theorem 20, where convergences rates by means of the Lojasiewicz exponent
are provided for both the trajectory and the velocity. The convergence analysis relies on methods and
techniques of real algebraic geometry introduced by Lojasiewicz [32] and Kurdyka [31] and extended to
the nonsmooth setting by Attouch, Bolte and Svaiter [13] and Bolte, Sabach and Teboulle [17].

The explicit discretization of (2) with respect to the time variable ¢, with step size hy > 0, damping
variable 5 > 0 and initial points zg := ug and x; := vy yields the iterative scheme

Tyl — 2@ + T n %xkﬂ — Tk
h? hy,

+ ) = prox,; (:Ek — )\Vg(mk)) vk > 1.



For hj = 1 this becomes

(g — xp—1) VE > 1,

TR A WP

1 1
Tyl = <1 > TE + Prox, s (xk — )\Vg(:zzk)) + T

which is a relaxed proximal-gradient algorithm for minimizing f+ g with inertial effects. For inertial-type
algorithms we refer the reader to [3-5]. The dynamical system investigated in this paper can be seen as
a continuous counterpart of the inertial-type algorithms presented in [26] and [34].

2 Preliminaries

In this section we introduce some basic notions and present preliminary results that will be used in the
sequel. The finite-dimensional spaces considered in the manuscript are endowed with the Euclidean norm
topology. The domain of the function f : R™ — RU{+o0} is defined by dom f = {x € R" : f(x) < +o0}.
We say that f is proper, if dom f # (). For the following generalized subdifferential notions and their
basic properties we refer to [33,35]. Let f : R® — R U {400} be a proper and lower semicontinuous
function. For x € dom f, the Fréchet (viscosity) subdifferential of f at x is defined as

f (x) = {v € R™ : liminf fy) = @) = vy = @) > O}.

y—e ly — |

For z ¢ dom f, we set Of (z) := 0. The limiting (Mordukhovich) subdifferential is defined at 2 € dom f
by
Of(x) ={v e R" : Iy, — z, f(xx) — f(x) and Ju, € Of (x1), v — v as k — +oo},

while for z ¢ dom f, we set df(z) := (). Notice the inclusion df (z) C df () for each z € R™.

In case f is convex, these notions coincide with the convexr subdifferential, which means that d f(x) =
If(x) ={veR": f(y) > f(z)+ (v,y — x) Vy € R"} for all z € dom f.

We will use the following closedness criterion concerning the graph of the limiting subdifferential:
if (xx)k>0 and (vg)r>0 are sequences in R™ such that vy € Of(z) for all £ > 0, (xy,vx) — (z,v) and
f(zr) — f(z) as k — +o0, then v € 0f(x).

The Fermat rule reads in this nonsmooth setting as: if x € R™ is a local minimizer of f, then 0 € 9f(x).
Notice that in case f is continuously differentiable around x € R™ we have 0f(z) = {Vf(x)}. We denote
by

crit(f) ={z e R": 0 € 0f(z)}

the set of (limiting)-critical points of f. We also mention the following subdifferential rule: if f : R" —
R U {400} is proper and lower semicontinuous and h : R™ — R is a continuously differentiable function,

then O(f + h)(z) = 0f(x) + Vh(z) for all z € R™.

Definition 1 (see, for instance, [2,15]) A function z : [0,+00) — R™ is said to be locally absolutely
continuous, if is absolutely continuous on every interval [0,7], T > 0, that is, one of the following
equivalent properties holds:

(i) there exists an integrable function y : [0,7] — R™ such that

x(t) = z(0) —i—/o y(s)ds Yt € [0,T];

(ii) « is continuous and its distributional derivative is Lebesgue integrable on [0, T7;
(iii) for every € > 0, there exists nn > 0 such that for any finite family of intervals I, = (ag, bx) C [0, 7]
we have the implication

<Ik NIj=0and Y |b —ax| < 77) — > [l (o) — w(ap)|| <e.

k k



Remark 1 (a) It follows from the definition that an absolutely continuous function is differentiable
almost everywhere, its derivative coincides with its distributional derivative almost everywhere and one
can recover the function from its derivative & = y by the integration formula (i).

(b) If x : [0,T] — R™ (where T" > 0) is absolutely continuous and B : R" — R" is L-Lipschitz
continuous (where L > 0), then the function z = B o x is absolutely continuous, too. This can be
easily seen by using the characterization of absolute continuity in Definition 1(iii). Moreover, z is almost
everywhere differentiable and the inequality ||2(-)|| < L||%(+)|| holds almost everywhere.

Further, we recall the following result of Brézis [27].

Lemma 2 Let f : R" — R U {+o0} be a proper, conver and lower semicontinuous function. Let
x € L2([0,T),R"), T > 0, be absolutely continuous such that & € L?([0,T],R") and z(t) € dom f for
almost every t € [0,T]. Assume that there exists ¢ € L([0,T],R") such that £(t) € Of (z(t)) for almost
every t € [0,T]. Then the function t — f(x(t)) is absolutely continuous and for every t such that
z(t) € domdf we have

%f(x(t)) = (&(t), h), Yh € Of (x(t)).

The following central results will be used when proving the convergence of the trajectories generated
by the dynamical system (2); see, for example, [2, Lemma 5.1] and [2, Lemma 5.2], respectively.

Lemma 3 Suppose that F : [0,+00) — R is locally absolutely continuous and bounded below and that
there exists G € L(]0,+00)) such that for almost every t € [0, 4+00)

%F(t) < G(b).

Then there exists limy_, o F(t) € R.

Lemma4 If 1 <p< oo, 1 <r <oo, F:[0,+00) = [0,400) is locally absolutely continuous, F €
LP([0,+0)), G : [0,+00) = R, G € L"([0,400)) and for almost every t € [0, +00)

SF() < GO),

then lim;_, 4o F'(t) = 0.

3 Existence and uniqueness of the trajectories

Existence and uniqueness of the trajectories of (2) are obtained in the framework of the global version of
the Cauchy-Lipschitz Theorem (see for instance [12, Theorem 17.1.2(b)]), by rewriting (2) as a first order
dynamical system in a suitable product space and by employing the Lipschitz continuity of the proximal
operator and of the gradient.

Theorem 5 For every starting points ug, vg € R", the dynamical system (2) has a unique global solution
z € C?([0, +00), R™).

Proof. By making use of the notation X (t) = (z(t),Z(t)), the system (2) can be rewritten as

X(t) = F(X (1)
{ X(0) = (uo, vo), (®)

where F: R" x R" — R" x R", F(u,v) = (v,prox,; (u — AVg(u)) —yv — u) .

4



We prove the existence and uniqueness of a global solution of (8) by using the Cauchy-Lipschitz
Theorem. To this aim it is enough to show that F' is globally Lipschitz continuous. Let be (u,v), (u,v) €
R™ x R™. We have

|F(u,v) — F(@,v)||=[| (v — 7, proxy; (u — AVg(u)) — proxy; (i — AVg()) + (@ —v) + (@ — u))||

Z\/Hv — )12+ proxy (u — AVg(u)) — proxyy (7 — AVg(@)) +7(7 —v) + (@ — u)|*.

We have
| prox, s (u — AVg(u)) — proxy; (T — AVg(@)) + (T —v) + (u — u)|]? =
) (@ = AVg@)II* +~*[[v —v)|* + 7 — ul*+
27y(prox, s (u — AVg(u)) — proxy; (u — AVg(u)),v — v)+
2(prox, s (u — AVg(u)) — prox,; (u — AVg(u)),u — u)+
2v(0 — v, u — u).

| proxy s (u — AVg(u)) — prox, (@

By the nonexpansiveness of prox,; and the §-Lipschitz property of Vg we have
| prosyy (u— AVg(u)) — proxyy (@ — AVg(@)) | < l(u — 1) — A(Vg(u) — Vg(@)| < (1+A8)[[u—1].
On the other hand,
2y(prox, s (u — AVg(u)) — proxy (u — AVg(u)),v — v)

<
vl proxy s (u — AVg(u)) — proxys (T — AVg(@)) > + 7|7 — v]|* <
Y1+ A8)?Ju—al* + ~[[v — v|%,

2(prox, s (u — AVg(u)) — proxy; (u — AVg(u)),u — u)
I proxas (u — AVg(w)) — proxs, (@ — AVg(@)|? + [ - ull
L+ (L+28)%)[Ju

and
29(5 — v, — u) < A — 0l + Allu— 7%

Consequently,

|| prox, ; (u — AVg(u)) — proxy; (@ — AVg()) +7(0 —v) + (@ —u)|* <
(v +2)((L+ AB)* + Dflu —al” + (v* + 2v) v — | %,

which leads to

1F(u,v) = F@o)|| < v/(y+ 2[5 = v]2 + (v + 2) (L + A8)2 + 1)[lu — @[] < Li|(u,v) — (0]

where Ly := \/max ((v+ 12, (v +2) (1 + AB)2 + 1)),
Consequently, F' is globally Lipschitz continuous, which implies that (8) has a global solution X €
C1([0, +o0),R™ x R™). This shows that x € C?([0, +00), R™). [ |

Remark 6 Another Lipschitz constant can be obtained by using the inequalities:

2y(prox, s (u — AVg(u)) — prox,; (u — AVg(u)),v —v) <
24 proas (u — AVg(w) — proxs, (7 — AVg(@) |7 - ]| < 24(1 + AB)Ju — a5 o]



2(prox,; (u — AVg(u)) — prox,; (u — AVg(a)),u — u) <
2l proxs; (1 — AVg(u)) — proxs, (@— AVg(@)| 7 — ull < 2(1+ AB)[a — ul’,
290 — v, — ) < 297 — a5 — o,

and
2| — ul| v — vl < @ —ul® + |[v - v|*.

In this case one obtains the Lipschitz constant

Ly == v/max((v + 1)2 + yA8, (2 + AB)2 + 7(2 + AB)).

Remark 7 Considering again the setting of the proof of Theorem 5, from Remark 1(b) it follows that
X exists almost everywhere on [0, +00) and that for almost every ¢ € [0, +00) one has

IX @I < LollX ()] = \/max (v + 12 (v +2)((L+ 282 + 1) [ X (D).

Hence, \/[|Z()]]2 + [[+®) (1)[|? < \/maX (v + 12 (v + 20X+ A8)2 + 1)/l ()12 + [12(£)]]2, for almost
every t € [0, +00), or, equivalently,

2@ @)I* < max ((y + 1) (v + 2)((L+ A8)* + 1) l(0) >+
(max ((y +1)%, (v +2)((1 + A8)* + 1)) = D). (9)

Similarly, by using Lo, one obtains for almost every t € [0, +00)

12 (@)1* <max((y +1)% + A8, (2 4+ AB8)* + (2 + A8))||2(t)|*+
(max((y + 1)? + A, (2 + A8)% + v(2 + A8)) — Dl&(1)]*. (10)

Remark 8 Obviously, L1 > 2 and Ly > 2. One can easily verify that Lo < Lq, provided v < V3.
Moreover, if v < /3, then

Ly =2+ A2 +7(2+A8).
However, for v > /3, one may have Ly > L; and also Ly < L;. Indeed, for v = 2 and A3 = -, it holds

10°
Lg:m>3:Ll7

while for v =2 and A3 =1 it holds
L2 = \/ﬁ < \/27 = Ll.

4 Asymptotic analysis

In this section we will address the asymptotic behaviour of the trajectory generated by the second order
dynamical system (2). We begin the analysis with some technical results.

Lemma 9 Suppose that f+ g is bounded from bellow and v, A > 0 satisfy the following set of conditions:

1
=—§%+§(L2+272+1)<0
L v B
(p) B=—gmyt 5 +97+1) <0
207 +1
—_ELz_H)g’yz+3ny)\—1<O,
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where L := min(Ly, Ly), and Ly, Ly were defined as

Ly = \/max (v+1)2, (v +2)(1+A18)2+1))

and

Ly = v/max((y + 1) + A8, (2 + A\B)2 +7(2 + AB)).

For ug,vg € R", let x € C?([0,+00),R") be the unique global solution of (2). Then the following
statements are true

(a) @ € L*([0,4+00),R"™) and lim;—, o 3(t) = 0;
(b) i € L*([0,+0c0), R™) and lim;__, | #(t) = 0;
(¢) FTimy s oo (f 4 9)(E(F) + 7 (t) + (1)) € R

Proof. Let T > 0. Since z € C%([0, T],R"), we have z, &, i € L%([0, T],R™). Further, by the 3-Lipschitz
property of Vg we have Vg € L2([0, T], R"). Moreover, (9) ensures that =(® € L?([0,T],R").
According to (2), we have i(t) +vi(t) + z(t) = proxy (z(t) — AVg(z(t))) for all ¢ € [0,+00), hence

— () = }x( ) = Vg(z(t)) € af (E(t) +va(t) + x(t)). (11)

On the other hand, £(t) = —}#(t) — $&(¢) — Vg(z(t)) € L*([0,T],R"), hence by Lemma 2 we have that
t— f(&(t) +ya(t) + x(t )) 1s absolutely continuous and

GO+ 0(0) +5(0) = (#9(0) +980) + (0, 30 - T6(0 - Vala()) (1)

for almost every ¢ € [0, T].
Obviously,

S9E(E) + () + () = (2O + (1) + #(6), Vo(E(0) + 7(0) +2(0)) (13)

for almost every t € [0, T]. By summing up the last two equalities we get

L5+ 9)(@(0) + (1) + (1) =

<x<3> ()-+92(0) + (0), Vo(E0) + 2(0) + o)) ~ Talalt) - 30) ~ J(0)) =

14++%4d Y. Y g ;
O = T Ll - L1 - Lo - T @), )+

(1) + (1) + (1), Vg((t) + (1) + 2(1)) - Vg(a(t)))

for almost every t € [0,T]. It is easy to check that (z(®)(t),(t)) = - %Ha’c(t)H2 — ||2(t)||? for almost
every t € [0,4+00). Let ¢ € (0,1). We have

and



where ab = 72(41)\_20)2, hence by using (9) and (10) one obtains that for almost every ¢ € [0, +00)

—(1- C)%(ﬂc(?’)(t% i(t) < (aL? +0)[a(®)]* + a(L? = Di(t)]*.

Consequently, for almost every ¢ € [0, +00) we have

C’yd

(1) < —5% - S lFOIF + (@2 +0)|a)? + (aL? + T —a) 5@ (14)

|
|2
8
S
=
N~—
8

Further, for almost every ¢ € [0, +00) we have

<w(3) () + () + (1), Vg(@(t) +va(t) + x(t)) — Vg(z(t) ) <
BIIE () +ya(O)l|l2™ (1) + i (1) + (t)] <
BUIEE) + @2 @) + 1) +vEOlllrvE) + &) <

é(2||fi(1f) + & ()| + 12 O + v (t) + (2))1%)

2+ DN + (292 + DI + = (01 + 6v(E(2), é(2)))

é
2
) d, .
< @+ ) E0* + 2% + Dla))? + 2B @) + 37dtllﬂf(t)\l2> :
and

By using (9) (10) one obtains for almost every ¢ € [0, T

2@ ()] < L[a(8)]|* + (L2 - 1)[l@(t)|1%,
hence

(2D() +7i(t) + (1), Vg(E(t) +7a(t) + () = Vg(w(t) ) <

d
212+ 272 4 D) + 357 DI

2L 44+ )P+

Consequently, for almost every ¢ € [0,7] we have

c 2
L7+ 960 + 950 +2(0) + oo+ LIy O <

D242 4 1)) O + (-] + oz + 0+ §<L2 +22 4+ D) [0

<(c—1);\y+aL2—a—|—

Recall that a,b and ¢ have been arbitrarily chosen such that ¢ € (0,1) and ab = %.

‘We chose
L? v 4b Ly
= ———, 0= ——F5— 75 al = =
L2 41’ 2(L2 + 1)L\ 2(L2 + 1)\

Then, for almost every ¢ € [0,T] we have

9N+ )0 +700) +2(0) + g [EOIP + =Sl + 2 (30), a0 | <

All(®)|* + Bl|z (). (15)



By integration we get

2?2 — c
(f +9)@ET) +~&(T) +2(T)) + %W(T)W + 727)\CH¢(T)HQ + 227;@’@)7 (1)) <
. . Lo V2 =C . o 20y, .
(f +9)(&(0) +~y2(0) + z(0)) + ﬁ”ﬂ?(U)H + TH»”U(O)H + ﬁ(if(o)a»f(o)H

T T
A/ ||:'c(t)H2dt+B/ () [2dt.
0 0
In other words,

(F + 9)(H(T) +7(T) + 2(T) + 5 |#(T) + ey (D> — S DI <

2\
(f + 9)(#(0) + 7&(0) + 2(0)) + %Ilfv’(o) + v (0)]* ~ %Hﬁc(w%
T . ) T .. 2
A [ lawlPa+B [ o) (16)

By using that A < 0, B <0, C <0 and f + g is bounded from below, and by taking into account that
T > 0 has been arbitrary chosen, we obtain that &, & € L?([0,4+00), R™). Moreover, from (9) we obtain
that () € L2([0, +00),R").

Now, by using Lemma 4 and the fact that for almost every ¢ € [0, +00) we have

— @I = 202 (), &) < @ + 120

and

we obtain that lim;_, . () = 0 and limy—, o Z(¢) = 0.
Since T' > 0 has been arbitrary chosen, we get from (15) that for almost every ¢ € [0, 4+00)

2~2 _ .
T C ) + W(t),w] 0

G |G+ 90+ 7500 +20) + O + 2

dt

Now using Lemma 3 we obtain that the limit

m [(F + 9@ + 780 +2(0) + 101 + L= a@ 12 + iie), a0)
o GATL) T yt) T a1t o PN
exists and is finite. Since
. 1o e 2 =C o Y, -
|5l + S5 =Ce? + . a0)] ~o

one obtains that
lim (f + g)(#(t) +ya(t) + =(t)) € R.

t—+o00

Remark 10 The choice yAS < % guarantees that C' < 0. Moreover, in this case B > A. Indeed,



Corollary 11 Suppose that f + g is bounded from bellow and /3 > v > 0, > 0 satisfy the following

condition .
“ETE @ T A a2 A8) 497+ 1) <0

For ug,vg € R", let x € C?([0,+00),R") be the unique global solution of (2). Then the following
statements are true

(a) & € L*([0,+00),R") and lim;—, o &(t) = 0;
(b) it € L2([0,400), R") and im0 (1) = 0;

(¢) 3Nimy s qoo(f + 9)(E(t) + i (t) + (1) € R.

Proof. The condition v < v/3 ensures that L = /(2 + AB8)2 + 7(2 + AB), hence

2B:—(2+/\6)2i7(2+w)1+6((2+/\5)2+7(2+/\6)+v2+1)<0.

Under these auspicies, it can proved that yAS8 < %, hence, according to the previous remark, C' < 0 and
A < 0. The statement follows from Lemma 9. |

Lemma 12 Assume that f + g is bounded from below and v, \ satisfy the set of conditions (p). For
ug,vg € R", let x € C2([0,+00),R™) be the unique global solution of (2). Then the set of limit points of
x, which we denote by w(x), is a subset of the set of critical points of f + g. In other words,

w(z) :={T € R" : It — o0 such that x(tx,) — T, k — 400} C crit(f + g).

Proof. Let T € w(x) and t; — +oo such that z(tx) — 7, k — +o0o. We have to show that
0€d(f+g)(T). From (11) we have for every k > 0

1

i) = 1(t) — Vla(te) € Of (@ () + () + 2(t)

hence,

m

o= =) — Llta) — Vo(alte) + Vo(ite) + i 1) + o(t)
05 (i (tr) +yi(t) + 3(t2)) + V(i (tr) +vi(tr) + 2(t2))

O(f + 9)(E(tk) + vi(te) + z(tk))

(f + g)(u),

where uy, == Z(tx) + & (tx) + z(t).
According to Lemma 9, limy_ o @(t) = 0 and limg_, o Z(tx) = 0. Further, Vg is continuous,
hence limy— 1 oo[—Vg(z(tr)) + Vg(&(tr) + v&(te) + z(tr))] = —Vg(Z) + Vg(z) = 0. Consequently,

li = (z,0).
(i (ug,vx) = (2,0)

We show that limy_, o (f + g)(ux) = (f + ¢g)(T). Since f is lower semicontinuous, one has

liminf f(uy) > £(@).
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Further we have for every k > 0
up = &(te) + v (t) + z(te) = proxy (z(tx) — AVg(z(ty))) =

g [f(.y) by (o) - Wg@c(tk))ﬁ]

al;%félgn [f(y) + %Ily —x(te)|® + (y — x(tr), Vg(z(te))) + ;\IIVg(x(tk))IQ]

asgmin | () + 55y = 2)|F + (= a(6). Vol ()|

Hence, for every k > 0 we have

1 1
Flur) + oy Ml = z(te)l|” + (ur — x(ty), Vg(z(tr)) < £(T) + oz - z(te)|1” + (T — z(tr), Vg(z(te))).
Taking the limit superior as k — 400, we obtain

limsup f(uz) < f(7).

k— 400

This shows that limg_,. o f(ux) = f(Z) and, since g is continuous, we obtain

Jim (f +9)(ur) = (f +9)(T).

oo

By the closedness criterion of the graph of the limiting subdifferential it follows that

0€d(f+9)(T).
|

Lemma 13 Assume that f + g is bounded from below and v, X satisfy the set of conditions (p), and let
the constants L, A, B and C be defined as in Lemma 9. For ug,vg € R", let x € C?([0,400),R™) be the
unique global solution of (2). Consider the function

1 C
H:R"xR"xR" — RU {400}, H(u,v,w) = (f + g)(u) + ﬁHu —v)? - ﬁHsz

Then the following statements are true
(Hy) for almost every t € [0,+00) it holds

% (H(&(t) +ya(t) + (), 7(1 = c)a(t) + (t), #(t))) <0
and the limit

lim H(E(t) +~v&(t) + z(t),v(1 — e)x(t) + =(t), z(t))

t—+o00

. . . o L2 i
exists and is finite, where ¢ = yEERE

(Hz) for almost every t € [0,4+00) and for every a > 0 we have
. . 1 . 1. . C .
wlt) = (~Volalt) + Ta@(0) +9(0) + 0(t) - Far(0). 5 () + (1~ ai(t), - {o(0)) €
OH (Z(t) + ~va(t) + z(t), yax(t) + x(t), &(t))
and

lwol < (5+ 5 ) Wl + 2 CEDI=C g

(Hs) for T € w(zx) and ty, — 400 such that z(ty) — T as k — 400, and for every a > 0 we have

H(&(tg) + v (ty) + x(tg), ayva(t) + z(ty), ©(tx)) — H(T,Z,0) as k — +oo.
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Proof. (Hi). From (15) we have that for almost every t € [0, 400)

G |+ 9O+ 3500 +2(0) + 5110 + a0 = 1] < Al + Bl

dt
Taking into account that A < 0, B < 0, we obtain that for almost every t € [0, +00)
d . . . .
7 HER) +72() +2(t),7(1 = )2(t) +2(2),2(t))) =
LN+ Q@) + () + 2(0) + o |(0) + erd O] — = la(®)]?] <0
dt g 7 2\ 7 27 ="

By Lemma 3 it follows that the limit
lim  H(Z(t) + v (t) + z(t),y(1 — o)z(t) + x(t),2(t)) € R
t—>+o0

exists.
(H3). From (11) we have that for every t € [0, +00) it holds
1. . . .
(1) — Lalt) — Vg((t)) € D) + (1) + (1)),
hence

—%’i(t) - %ﬂb(t) — Vg(a(t)) + Vg(i(t) +va(t) + 2(t) € O(f + g)(E(t) + i (t) + x(t)).

Since for every (u,v,w) € R™ x R™ x R"

OH (u,v,w) = <a(f+g)(u) + i(u—v)) X {—A(u—v)} X {—)\w},

we get
OH (£(t) +va(t) + z(t), yai(t) + z(t), #(t)) =

(907 + )0 +33(0) + 2(0) + 1G(0) + (1= @) ) x { =560 + (- anae) | x {0 |
consequently,
wlt) = (=Tg(a(0) + Vali ) + 26(0) + o(0)) ~ Jr(0). 5 () + (1 - ani(0). S0 ) €

OH (Z(t) + va(t) + x(t), yaz(t) + z(t), 2(t))
for every t € [0, 4+00).
From the S—Lipschitz continuity of Vg we get for every ¢ € [0, +00)

ol < (5+ 5 ) 10 + 220l + 25 1600l - S 1o(0)] <

(+3) teol+ 2IEEEDI=C sy,

(Hs). Let a > 0, T € w(x) and ¢, — +oo such that z(ty) — T as k — +o0. According to the
proof of Lemma 12 it holds (f + ¢)(&(tx) + v&(tx) + z(tx)) — (f + 9)(T) as k — +oo. Further, from
Lemma 9 we have (t;) — 0 and @(t;) — 0 as k — +o0. Hence,

H(&(tg) + vz (tr) + x(tg), ave(te) + x(tg), ©(tg)) = (f + 9)(@(tx) + v (tr) + z(tr))+

Sl + (1= apy)]? — Sl (E) | — (F +6)(7) = H(E,T,0) as k — +ov.
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Lemma 14 Assume that f + g is bounded from below and v, \ satisfy the set of conditions (p), and let
the constants L, A, B and C be defined as in Lemma 9. For ug,vo € R", let x € C?([0,4+00),R™) be the
unique global solution of (2). Consider the function

1 C
H R xR x R" — RU {+oo}, Hu, v,1) = (f +9)(w) + 5= llu—vl]* = ]|,

Suppose that x is bounded and let a > 0. Then the following statements are true
(a) w(i+ vyt + x,avz + z, &) C crit(H) = {(u,u,0) € R" x R x R™ : u € crit(f + g)};

(b) . limoo dist((Z(t) + y&(t) + x(t), ayi(t) + z(t), &(t)),w(Z + v& + z,ay2 + z, z)) = 0;

—+

(¢) H is finite and constant on w(% + v& + x, a7yt + x, 1);

(d) w(i+~vy& + x,ayx + z, &) is nonempty, compact and connected.
Proof. (a) By definition,

w(Z +yT +z,av8 + x, %) =
{(@,7,2) € R")? : 3ty — +oos. t. (E(t) + v (te) +a(tr), avi(ty) +2(ty), é(tr)) = (T.9,%), k — +oo}.
According to Lemma 9, #(t) — 0, &(tx) — 0 as t, — 400, hence
w(@+ vt 4z, a0yt +2,%) =w(z,x,0) =

{(Z,7,0) € R" x R" x R" : 3t;; — +oo such that z(ty) — T, k — +o0} =
{(Z,7,0) e R" x R" xR" : T € w(z)}.

According to Lemma 12,
{Z,7,0) e R" xR" xR": T cw(z)} C{(7,7,0) e R" x R" x R" : T € crit(f + g)} = crit(H).
(b) Obviously

0< lim dist((Z(t) + y&(t) + (), ayi(t) + z(t), £(t)), w(& + v& + z,ayE + z,3)) <

t—>+o00

lim  dist((2(tg) + 2 (t) + x(tr), ave(ty) + z(tg), ©(tg)), w(& + v + x,ayz + x, %)) = 0.

tk—>+00

(¢) According to Lemma 9,

lim (f + g)(@(t) +yi(t) +z(t) =1 € R.

t—>+o00
Let (z,7,0) € w(Z + v& + x,ay% + x,%). Then there exists ty — 400 such that (Z(tx) + v&(tx) +
x(t), ayi(ty) + x(tx), ¢(tx)) — (7, 7,0) as k —> +o00. From Lemma 13(H3) one has
H(z,z,0) = lim H(&(tg) +v&(ty) + x(tr), ayi(ty) + x(ty), ©(ty)) =

t—>+0o0

. .. . 1 . . 2 c .. 2
i [+ )(E(0) + 7 (0) + (0)) + 510 + (1= apr) P = o [(00) 2] =1
Hence, H takes on w(& + & + z, ayi + x, &) the constant value [.

Finally, (d) is a classical result from [28]. We also refer the reader to the proof of Theorem 4.1 in [6],
where it is shown that the properties of w(x) of being nonempty, compact and connected are generic for
bounded trajectories fulfilling lim;_, 1o () = 0 (see also [17] for a discrete version of this result). [ |
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The convergence of the trajectory generated by the dynamical system (2) will be shown in the frame-
work of functions satisfying the Kurdyka-Lojasiewicz property. For n € (0,+00], we denote by O, the
class of concave and continuous functions ¢ : [0,7) — [0,+00) such that ¢(0) = 0, ¢ is continuously
differentiable on (0,7), continuous at 0 and ¢'(s) > 0 for all s € (0,7). In the following definition
(see [11,17]) we use the distance function to a set, defined for A C R™ as dist(x, A) = infyea ||z — y|| for
all x € R™.

Definition 2 (Kurdyka-Lojasiewicz property) Let f : R™ — R U {+o0} be a proper and lower semicon-
tinuous function. We say that f satisfies the Kurdyka-Lojasiewicz (KL) property at T € domdf = {z €
R™ : Of (x) # 0} if there exist n € (0,400], a neighborhood U of Z and a function ¢ € ©,, such that for
all z in the intersection

Un{zcR": f(z) < f(z) < f(@) +n}

the following inequality holds
¢'(f(x) — f(7)) dist(0,0f (x)) > 1.
If f satisfies the KL property at each point in dom df, then f is called a KL function.

The origins of this notion go back to the pioneering work of Lojasiewicz [32], where it is proved
that for a real-analytic function f : R” — R and a critical point Z € R" (that is Vf(Z) = 0), there
exists § € [1/2,1) such that the function |f — f(Z)|?|Vf||~" is bounded around Z. This corresponds
to the situation when ¢(s) = C(1 — 0)7's'=?. The result of Lojasiewicz allows the interpretation of
the KL property as a re-parametrization of the function values in order to avoid flatness around the
critical points. Kurdyka [31] extended this property to differentiable functions definable in an o-minimal
structure. Further extensions to the nonsmooth setting can be found in [11,18-20].

One of the remarkable properties of the KL functions is their ubiquity in applications, according
to [17]. To the class of KL functions belong semi-algebraic, real sub-analytic, semiconvex, uniformly
convex and convex functions satisfying a growth condition. We refer the reader to [10, 11,13, 17-20]
and the references therein for more details regarding all the classes mentioned above and illustrating
examples.

An important role in our convergence analysis will be played by the following uniformized KL property
given in [17, Lemma 6].

Lemma 15 Let Q C R"™ be a compact set and let f: R™ — RU{+o0} be a proper and lower semicontin-
uous function. Assume that f is constant on Q and f satisfies the KL property at each point of Q. Then
there exist €, > 0 and ¢ € ©, such that for all T € ) and for all x in the intersection

{z e R" : dist(z,Q) < e}nN{z e R": f(T) < f(x) < f(T) +n} (17)

the following inequality holds
' (f(z) = f(x)) dist(0,0f (x)) > 1. (18)

We state the first main result of the paper.

Theorem 16 Assume that f+ g is bounded from below and v, \ satisfy the set of conditions (p), and let
the constants L, A, B and C be defined as in Lemma 9. For ug,vy € R", let x € C?([0,400),R™) be the
unique global solution of (2). Consider the function

C
.

1
H:R"xR"xR" — RU{+0}, H(u,v,w):(f—i—g)(u)—|-5”u—vu2_ﬁ

Suppose that x is bounded and H is a KL function. Then the following statements are true

14



(a) i € L'([0,+00), R™);
(b) i € L]0, +o0), R™);

(c) there exists T € crit(f + g) such that lim;_ o x(t) = 7.

Proof. Let bec: Consider an arbitrary (z,7,0) € w(i+y& +x, (1 —c¢)y& +x, ). Then one has

L2+1

lim (H(Z(t) +ya(t) + z(t),y(1 — o)z(t) + x(t),2(t))) = H(Z,T,0).

t—4o00

Case I. There exists £ > 0 such that

H(&(t) +ya(t) + 2(t),7(1 — c)i(

We have for almost every t € [0, +00) that

\:H
+
2
S
I
x
0
&l
(=)
N~—

d

T HGE) + 72 () + 2(8),7(1 = )i (t) + (1), 2(1))] < All(1)|* + Bll#(0)]* <0,

Hence, for every ¢ > t it holds
H(2(t) +yi(t) +2(t),7(1 — 0)i(t) + x(t),4(t)) < H(Z,T,0).
On the other hand

H(E(t) +ya(t) +x(t), (1 — o)a(t) + z(t), 2(t) =
lim (H(3(t) +ya(t) + 2(t), (1 — e)a(t) + 2(t), 2(t))) = H(T, 7, 0),

t—>+o00
hence
H(&(t) +yi(t) + x(t),y(1 — o)a(t) + (1), 2(t)) = H(Z, 7,0)

for every t > t.
Consequently,

g @) +72(t) +2(t),7(1 = )i (t) +2(¢), 2(t)] = 0
for every ¢t > t, which means that
0 < Allz(t)|]* + Bllz(t)|* < 0

for every t > t.

But A < 0 and B < 0, hence 2(t) = 0 and &(t) = 0 on [£, +00). This leads to z,% € L([0, +00), R"?)
and to the fact hat x(t) = T is constant on [t, +00).

Case II. For every t > 0

H(E(t) + v (t) + 2(t),y(1 — e)2(t) + 2(t), &(t)) > H(Z,T,0).

Let Q = w(Z 4+ vz +x, (1 — ¢)y& 4+ x, ). According to Lemma 14, H is constant and finite on £ and Q is
nonempty, compact and connected. Since H is a KL function, by Lemma 15, there exist €, > 0 and a
concave function ¢ € ©,, such that for every (z,z,0) € Q and every

(x,y,2) € {(u,v,w) € R" x R" x R™ : dist((u, v, w),Q) < e}N
{(u,v,w) e R" x R" x R" : H(Z,%,0) < H(u,v,w) < H(Z,T,0) + n} (19)
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the following inequality holds
¢'(H(z,y,2) — H(Z,7,0))dist((0,0,0),0H (2,y, 2)) > 1. (20)
Since

lm (H (&) + yi(t) + 2(t),7(1 = )i (t) + 2(t),2(t))) = H (T, T,0)

t—+4o00

and
H(&(t) +ya(t) + 2(t),y(1 — o)a(t) + (t), 2()) > H(Z,7,0),
there exists t1 > 0 such that
H(Z(t) +~va(t) + z(t),y(1 — o)z(t) + x(t),2(t)) < H(Z,Z,0) +nVt > 1.

Since limy— 4o dist((Z(¢) + v&(t) + x(t),y(1 — )& (t) + x(t), 2(t)), ) = 0, there exists to > 0 such
that
dist ((£(t) + v (t) + (), (1 = e)a(t) + 2(1), &(t)), Q) <€, Vt = ta.

Hence, for every t > T' = max(t1,t2) we have

@ (H(&(t) + vi(t) +x(t), (1 — c)i(t) + x(t), 2(t)) — H(T,
dist((0,0,0), OH (i (t) + vi(t) + 2(t), 7 (1 — )i (t) + 2(t), &

On the other hand, for every t € [T, +00),
dist((0,0,0), 0H (& (t) + v (t) + z(t), (1 — ¢)&(t) + (t), £(t))) < [lw(t)]],

where
wlt) = (~Vo(alt) + Tad(0) +33(0) + 0(0) = (1= (A, (0 + cxilt), - {o(0))

since, according to Lemma 13 (Hs),

w(t) € OH (E(t) + v (t) + (1), y(1 — ) (t) + x(t), #(1)).

ol < (5+ 3 )] + ZIEEZ2N=C e

Further,

which leads to

' (H(E(t) + y(t) + x(t), 7 (1 = 0)a(t) + z(t), (t)) — H(®,7,0)) (s| @) + pll(£)]]) = 1 V¢ € [T, +00),

Whereszzﬁ+%>0andp::w>0.
We have
%w(ﬂ(ﬂ?(t) + i (t) + x(t), y(1 — c)&(t) + =(t), 4(t)) — H(T,7,0)) =
¢ (H(E(t) +vya(t) + 2(t),7(1 = )a(t) + z(t),2(t)) — H(Z,7,0))-
%H(i(t) + i (t) + x(t), y(1 = c)a(t) + z(t), 2(t))
and since

%H( (t) + 72 (t) + (), y(1 = )i(t) + x(t), &(2)) < A& (@) + Blz(t)|* < 0
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and
1

sl + pllE ()|l

¢ (H(E(t) +ya(t) +2(t),y(1 = 0)2(t) + 2(t),%(t)) — H(7,7,0)) >
we get for every ¢ € [T, +00)

Allz(t)||* + BIZ(#)]1*
sl + pllE(t)]l

(H(E() +7i(t) + 2(t), 7 (1 = )i(t) + 2(t), #(t)) — H(,7,0)) < <0. (21)

&@

Since ¢ is bounded from below, similarly as in the proof of Lemma 9, we obtain that

I ()12 &(-)]2 :
STECT -+ IO SO+ g0 © & (0 ek )

By using the arithmetical-geometrical mean inequality we have

FOP BOE _ EOWEOL
¢ﬂwmu+mmcw TEON+ eI~ sTeOl + e < & (0 Foo) B

Hence,

VPR 20 & o lEeP o BEONEOL
Ol + WO = p e + s D+ (s ) € L}([0, +00), ).

This shows that i,% € L'([0, +00), R"), hence, according to Lemma 3, there exists lim; o 2(t) = T.
|

Remark 17 Similar regularizations of the objective function as the one considered in this section have
been used in [25] for studying first order dynamical systems, but also in [26,34], in the investigation of
non-relaxed forward-backward methods involving inertial and memory effects in the nonconvex setting.

Remark 18 Since the class of semi-algebraic functions is closed under addition (see for example [17])
and (u,v) = allu —v||? and w — o/||w||? are semi-algebraic for a, o’ > 0, the conclusion of the previous
theorem holds if the condition H is a KL function is replaced by the assumption that f + ¢ is semi-
algebraic.

Remark 19 Assume that v, A > 0 fulfill the set of conditions (p) and that f + g is coercive, that is

lim  (f +g)(u) = +oo.

llull—=-+oc

For ug,vg € R, let z € C%(]0, +00), R™) be the unique global solution of (2). Then z is bounded.

Indeed, notice that f + g is bounded from below, being a proper, lower semicontinuous and coercive
function (see for example [35]). From (16) it follows that &(T") + v&(T") + =(T") is contained for every
T > 0 in a lower level set of f + g, which is a bounded set due to the coercivity assumption. Combining
this fact with Lemma 9 one can easily derive that x is bounded.

5 Convergence rates

In the context of optimization problems involving KL functions, it is known (see [10,18,32]) that conver-
gence rates of the trajectory can be formulated in terms of the so-called Lojasiewicz exponent.
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Definition 3 Let f : R" — R U {+o0} be a proper and lower semicontinuous function. The function f
is said to fulfill the Lojasiewicz property, if for every T € crit f there exist K,e > 0 and 6 € (0,1) such
that

\f(x) — f(@)]° < K||z*|| for every z fulfilling ||z — Z| < € and every z* € df ().

The number 0 is called the Lojasiewicz exponent of f at the critical point T.

In the following theorem we obtain convergence rates for both the trajectory generated (2) and its
velocity (see, also, [10,18]).

Theorem 20 Assume that f + g is bounded from below and v, A satisfy the set of conditions (p), and let
the constants L, A, B and C be defined as in Lemma 9. For ug,vo € R", let x € C?([0,4+00),R™) be the
unique global solution of (2). Consider the function

1 C
H:R"xR"xR" — RU{+o0}, H(u,v,w) = (f+g)(u) + —|lu— U”2 — ﬁHwH2

Suppose that x is bounded and let T € crit(f + g) be such that lim; . x(t) = T and H fulfills the
Lojasiewicz property at (Z,T,0) € crit H with Lojasiewicz exponent 6.

Then, there exist a1, a2, as,as > 0 and ty > 0 such that for everyt € [ty,+00) the following statements
are true

(a) if 6 € (0, %), then = converges in finite time;

(b) if 0 = %, then ||z(t) — || < are=2 and ||&(t)]| < are~2t ;

(c) if 0 € (5,1), then |[2(t) — Z|| < (ast +as) %1 and |i(t)]| < (ast+ as) 2 1.

Proof. Letbes::ﬁ+%>0andp::w

7’2
g :10,+00) — R, g(r) = H(fip%

Hence, for m := max (£, g(r)) < 0, it holds

> 0, as defined in Lemma 13. The function

(sA—pB)—+/(sA—pB)?+(s+p)2AB
(s+p)B

attains at rg = > 0 its maximum.

Alle®)1? + Bla@)|* < m(s|@@)| + plle NI + @@

for every t € [0, 400).
We define for every ¢ € [0, +00)

+oo
o(t) = / ()l + 1#(0))ds.
Let ¢ € [0, +00) be fixed. For T' > ¢ we have
lo(t) — 7 =

T T
o)~z ~ [ atds| < o) =7 + [ i)lds

By taking the limit as T' — +o00 we obtain

+o00
() -7 < / lé(s)llds < o). (22)

Further, for T' > t we have

T T
le@l = (1) - / i(s)ds|| < |#(T)]| + / i (s)lds.
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By taking the limit as T' — +o00 we obtain

“+oo
[2(t)]] < /t |2 (s)[lds < o(t). (23)
We have seen in the proof of Theorem 16 that, if there exists ¢ > 0 such that
H(E(t) +~y&(t) +z(t),v(1 — o)2(t) + z(¢), 2(¢)) = H(Z,T,0),

then z is constant on [£, +00), hence the conclusion follows automatically.
On the other hand, if for every ¢t > 0 one has

H(&(t) +ya(t) + 2(t),7(1 = e)a(t) + (1), £(t)) > H(T, T,0),
then, according to the proof of Theorem 16 and (21), there exists to > 0 such that for every ¢ € [to, +00)

qa
dt

Alla(®))1 + Bl ()]

K STEON T Pl

(H(E(t) +i(t) + z(t),7(1 = )i (t) +2(t),2(t) — H(Z,7,0))' " <

)

and
[(@(t) + v (t) +2(t), (1 — c)yi(t) + (1), 4(t) — (7,7,0)|| <e

Hence, for every t € [tg, +00)
M([[z@) + [[Z@)) + %(H(i(t) + i (t) + 2(t), (1 — )2 (t) + (t), &(1) — H(Z,7,0))' 7 <0, (24)

and
[(&(t) +y&(t) + 2(t), (1 — c)ya(t) + z(t), 2(t) — (T,Z,0)|| <,

where M := —%2 > 0. If we integrate (24) on the interval [t, T, where T' >t > o, we obtain

M /tT(Ha'?(S)H + |[E(s)1)ds + (H(&(T) +vi(T) +2(T),7(1 = )i(T) +z(T),&(T)) - H(T,T,0))' " <
(H((t) + 7 (t) + 2(t),7(1 = e)i(t) + z(1), &(t)) — H(Z,7,0))" ",
hence
Mo(t) < (H(E(t) +v3(t) + z(t),7(1 — )@ (t) + z(t), &(t)) — H(T, 7,00 ¥t > t.
Since 6 is the Lojasiewicz exponent of H at the point (Z,Z,0) € crit H, we have
[H (i(t) + () +2(t),7(1 = )i(t) +z(t), &(t) — H(z,T,0)|" < K|l2*]],

for every t € [tg, +00) and every

x* € OH(&(t) +v&(t) + z(t),v(1 — o)&(t) + x(t), ©(t)).

According to Lemma 13(Hz), there exists some z* € 0H (Z(t) + v&(t) + =(t),v(1 — )& (t) + x(t), z(¢))
such that for almost every t € [to, +00)

2@ < sllE@)] + plla@)] < N(E@ + @),

where N = max(s,p). Hence,
Mo(t) < (KN(JE®)] + [l&@)]) 7
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for almost every t € [tg, +00). But &(t) = —||&(¢t)|| — ||£(¢)]|, consequently, there exists o > 0 such that
for almost every t € [tg, +00)

5(t) < —a(o(t)) 0. (25)

If @ = 1, then 6(t) < —a(o(t)) for almost every ¢ € [to, +00). By multiplying with e® and integrating
on [to,t], we get that there exist aj,az > 0 such that

o(t) < are” 2Vt € [ty, +00),
hence, by (22) and (23), we get
llz(t) — | < are™" and ||&(t)|| < are™ 2" Vt € [tg, +00),

which proves (b).
Assume now that 0 < 6 < 1. By using (25) we obtain

d 1-20 1 —260 —0 1—260
_ 1-6 — 1-0 5 < —
= (o) g (0T 6(t) < —at—p

for almost every t € [tg, +00).
By integration we get
(0(t)) T < —at + BVt € [to, +00),
where @ > 0. Hence, there exists T' > 0 such that o(7') < 0Vt € [T, +00), which implies that x is constant
on [T, +00).
Assume now that 2 < @ < 1. By using (25) we obtain

20 — 1
1-6

d 1-20 1 —26
1-6 —

S o) = )T o) 2 a

for almost every t € [tg, +00).
By integration we get
1-6
o(t) < (ast + aq)” 26-1 Vt € [tg, +00),

where as, aq > 0.
From (22) and (23) we have

|2(t) — 7| < (ast + as) 21 and [@(t)]| < (ast + as) 7T V¢ € [to, +00),

which proves (c). [
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