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1 Introduction

Throughout the paper, H is a real Hilbert space which is endowed with the scalar product (,-),
with ||z||? = (z, ) for z € H. We consider the convex minimization problem

min{f(z): z € H}, (1)

where f : H — R is a convex continuously differentiable function whose solution set S = argmin f is
nonempty. We aim at finding by rapid methods the element of minimum norm of S. Our approach
is in line with the dynamic approach developed by Attouch and Ldszl6 in [19] to solve this question.
It is based on the asymptotic analysis, as t — 400, of the nonautonomous damped inertial dynamic

(TRIGS) Z(t) + 6/ e(t)z(t) + Vf(z(t)) +e(t)z(t) =0,
where the function f and the Tikhonov regularization parameter e satisfy the following hypothesis’:

f:H — R is convex and differentiable, V f is Lipschitz continuous on bounded sets;
(Ho) { S :=argminf # (). We denote by =* the element of minimum norm of S;

e : [to, +oo[— RT is a nonincreasing function, of class C', such that limy oo e(t) =0.

The Cauchy problem for (TRIGS) is well posed. The proof of the existence and uniqueness of a
global solution for the corresponding Cauchy problem is given in the appendix (see also [19]). It
is based on classical arguments combining the Cauchy-Lipschitz theorem with energy estimates.
Our main contribution is to develop a new Lyapunov analysis which gives the strong convergence
of the trajectories of (TRIGS) to the element of minimum norm of S. Precisely, we give sufficient
conditions on e(¢) which ensure that lims—, 4 [|z(¢) — z*|] = 0. This improves the results of [19].

1.1 Attouch-Ldszl6 Lyapunov analysis of (TRIGS)

The main idea developed in [19] consists of starting from the Polyak heavy ball with friction
dynamic for strongly convex functions, then adapting it via Tikhonov approximation to deal with
the case of general convex functions. Recall that a function f : H — R is said to be p-strongly
convex for some p > 0 if f — 5| - |? is convex. In this setting, we have the following exponential
convergence result for the damped autonomous inertial dynamic where the damping coefficient is
twice the square root of the modulus of strong convexity of f:

Theorem 1 Suppose that f : H — R is a function of class C1 which is p-strongly convex for some
p> 0. Let z(-) : [to, +oo[— H be a solution trajectory of

Z2(t) + 2/pz(t) + Vf(z(t)) = 0. (2)
Then, the following property holds:
fz(t) — rr;_ilnf =0 (e_\/ﬁt> as t — +oo.
To adapt this result to the case of a general convex differentiable function f : H — R, a natural idea

is to use Tikhonov’s method of regularization. This leads to consider the non-autonomous dynamic
which at time ¢ is governed by the gradient of the strongly convex function

ot H—-R, o(x):= f(z)+ %t)ﬂasﬂ2

I In section 4, we will extend our study to the case of a convex lower semicontinuous proper function f : H —
R U {4o0}.
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Then, replacing f by ¢+ in (2), and noticing that ¢; is £(¢)-strongly convex, this gives the following
dynamic which was introduced in [19] (§ is a positive parameter)

(TRIGS)  i(t) + 6\/=(t)2(t) + Vf(2(t)) + e(t)z(t) = 0.

(TRIGS) stands shortly for Tikhonov regularization of inertial gradient systems. In order not to
asymptotically modify the equilibria, it is supposed that e(t) — 0 as t — 4o0?. This condition
implies that (TRIGS) falls within the framework of the inertial gradient systems with asymptot-
ically vanishing damping. The importance of this class of inertial dynamics has been highlighted
by several recent studies [3], [6], [9], [L1], [20], [30], [41], which make the link with the accelerated
gradient method of Nesterov [37,38].

The control of the decay of €(t) to zero as t — +oo plays a key role in the Lyapunov analysis of
(TRIGS), and uses the following condition.

Definition 1 Let us give § > 0. We say that ¢ — ¢(t) satisfies the controlled decay property (CD),,
if it is a nonincreasing function which satisfies: there exists ¢; > to such that for all ¢ > ¢4,

d 1 .
o ( 5(t)> < min(2\ — 46,5 — ), (3)

WhereAlsaparametersuchthat <A<dfor0<d<2 and ‘H'“s* <A<dford>2.

By integrating the differential inequality (3), one can easily verify that this condition implies
that (t) is greater than or equal to C/t?. Since the damping coefficient is proportional to /e(t),
this means that it must be greater than or equal to C/t. This is in accordance with the theory of
inertial gradient systems with time-dependent viscosity coefficient, which states that the asymp-
totic optimization property is valid provided that the integral on [to, +oo[ of the viscous damping
coefficient is infinite, see [9], [29]. Let us state the following convergence result obtained in [19].

Theorem 2 (Attouch-Lészl6 [19]) Let x : [to, +oo[— H be a solution trajectory of (TRIGS). Let & be
a positie parameter. Suppose that €(-) satisfies the condition (CD), for some XA > 0. Then, we have the
following rate of convergence of values: for all t > t1

M 1 (" s C
) / (s + . (4)

£(a(t) ~min s <

where

) =exp ([ u(e)as). ) = =0+ G- NVED
and C = (f(z(t1)) = £) + “G |lz(t1) |12 + LIAVEG) (2(tr) — o) + @t

The proof is based on the following Lyapunov function € : [to, +oo[— R4,

£() 1= ((a(®) ~ min ) + S () + L le(t)(t) - %) + (0)”. (5)

where the function ¢ : [to, +oo[— R is chosen appropriately. Based on this Lyapunov analysis,
it is proved in [19] that liminf;— o ||z(¢) — 2*|| = 0. We will improve this result, and show that
limy— 4 oo |x(t) —2*|| = 0. For this, we will develop a new Lyapunov analysis. Let us first recall some
related previous results showing the progression of the understanding of these delicate questions,
where the hierarchical minimization property is reached asymptotically.

2 This is the key property of the asymptotic version (¢ — +oc0) of the Browder-Tikhonov regularization method.
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1.2 Historical facts and related results

In relation to hierarchical optimization, a rich literature has been devoted to the coupling of dynamic
gradient systems with Tikhonov regularization, and to the study of the corresponding algorithms.

1.2.1 First-order gradient dynamics

For first-order gradient systems and subdifferential inclusions, the asymptotic hierarchical mini-
mization property which results from the introduction of a vanishing viscosity term in the dynamic
(in our context the Tikhonov approximation [42,43]) has been highlighted in a series of papers [2],
[5], [13], [15], [22], [32], [35]. In parallel way, there is a vast literature on convex descent algorithms
involving Tikhonov and more general penalty, regularization terms. The historical evolution can be

traced back to Fiacco and McCormick [33], and the interpretation of interior point methods with
the help of a vanishing logarithmic barrier. Some more specific references for the coupling of Prox
and Tikhonov can be found in Cominetti [31]. The time discretization of the first-order gradient

systems and subdifferential inclusions involving multiscale (in time) features provides a natural link
between the continuous and discrete dynamics. The resulting algorithms combine proximal based
methods (for example forward-backward algorithms), with the viscosity of penalization methods,

See[ ]7[ ]’[ ]v[ ) ]’[ }

1.2.2 Second order gradient dynamics

First studies concerning the coupling of damped inertial dynamics with Tikhonov approximation

concerned the heavy ball with friction system of Polyak [39], where the damping coefficient v > 0
is fixed. In [14] Attouch-Czarnecki considered the system

2(t) + i (t) + Vf(2(t) +e(t)z(t) = 0. (6)
In the slow parametrization case f0+°° e(t)dt = +oo, they proved that any solution z(-) of (6)
converges strongly to the minimum norm element of argmin f, see also [36]. A parallel study has

been developed for PDE’s, see [1] for damped hyperbolic equations with non-isolated equilibria,
and [2] for semilinear PDE’s. The system (6) is a special case of the general dynamic model

£(t) +ya(t) + V() + () Vg(x(t)) =0 (7)

which involves two functions f and g intervening with different time scale. When &(-) tends to
zero moderately slowly, it was shown in [18] that the trajectories of (7) converge asymptotically
to equilibria that are solutions of the following hierarchical problem: they minimize the function
g on the set of minimizers of f. When H = H1 x Hz is a product space, defining for z = (z1, z2),
f(z1,22) == fi(z1) + fa(z2) and g(z1,22) := ||A121 — A2x2|?, where the A;, i € {1,2} are linear
operators, (7) provides (weakly) coupled inertial systems. The continuous and discrete-time versions
of these systems have a natural connection to the best response dynamics for potential games [15],

domain decomposition for PDE’s [8], optimal transport [7], coupled wave equations [34].
In the quest for a faster convergence, the following system
(AVD),.  i(t)+ %:’c(t) + Vf((t)) 4+ e(t)z(t) =0, (8)
has been studied by Attouch-Chbani-Riahi [12]. It is a Tikhonov regularization of the dynamic
(AVD),  #(t) + %a’c(t) +Vf(z(t)) =0, (9)
which was introduced by Su, Boyd and Candés in [41]. When a = 3, (AVD)_ can be viewed as a

continuous version of the accelerated gradient method of Nesterov. It has been the subject of many
recent studies which have given an in-depth understanding of the Nesterov acceleration method,

see [3], [9], [11], [41], [40], [45]-
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1.3 Model results

Let us illustrate our results in the case e(t) = 4. In section 3, we will prove the following result:

Theorem 3 Take e(t) = 1/tP, 0 <p < 2. Let x : [to, +oo[— H be a solution trajectory of
. 5. 1
Z(t) + t—ﬁx(t) + V£ (x(t) + t—px(t) =0.
2

Then, we have the following rates of convergence for the values and the trajectory:

F(a(t)) ~min f = 0 (%p) as t = +o0 (10)

1
lz(t) — ma(t)H2 =0 <t2§> as t — 4oo. (11)
2

According to the strong convergence of x.(yy to the minimum norm solution, the above property implies
that z(t) strongly converges to the minimum norm solution.

With many respect, these results represent an important advance compared to previous works:

i) Let us underline that in our approach the rapid convergence of the values and the strong con-
vergence towards the solution of minimum norm are obtained for the same dynamic, whereas in the
previous works [12], [14], they are obtained for different dynamics corresponding to different settings
of the parameters. Moreover, we obtain the strong convergence of the trajectories to the minimum
norm solution, whereas in [19] and [12] it was only obtained that liminf; , | o ||z(t) — 2*|| = 0. It is
clear that the results extend naturally to obtaining strong convergence towards the solution closest
to a desired state x4. It suffices to replace in Tikhonov’s approximation ||z||? by ||z — z4|/?. This
is important for inverse problems. In addition, we obtain a convergence rate of the values which is
better than the one obtained in[19].

ii) These results show the trade-off between the property of rapid convergence of values, and the
property of strong convergence towards the minimum norm solution. The two rates of convergence
move in opposite directions with p varies. The determination of a good compromise between these
two antagonistic criteria is an interesting subject that we will consider later.

iii) Note that at the limit, when p = 2, which is the most interesting case to obtain a fast
convergence of values comparable to the accelerated gradient method of Nesterov, then our analysis
does not allow us to conclude that the trajectories are converging towards the solution of minimum
norm. This question remains open, the interested reader can consult [19].

1.4 Contents

The paper is organized as follows. In section 2, for a general Tikhonov regularization parameter
e(t), we study the asymptotic convergence properties of the solution trajectories of (TRIGS). Based
on Lyapunov analysis, we show their strong convergence to the element of minimum norm of S,
and we provide convergence rate of the values. In section 3, we apply these results to the particular
case ¢(t) = tip Section 4 considers the extension of these results to the nonsmooth case. Section 5
contains numerical illustrations. We conclude in section 6 with some perspective and open questions.
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2 Convergence analysis for general (t)

We are going to analyze via Lyapunov analysis the convergence properties as t — +oo of the
solution trajectories of the inertial dynamic (TRIGS) that we recall below

)+ 61/2(0)E(t) + Vf(z(t)) + (t)a(t) = 0. (12)

Throughout the paper, we assume that to is the origin of time, ¢ is a positive parameter. For each
t > tp, let us introduce the function ¢; : H — R defined by

e(t 2

oil@) = &) + D) (13)

and set
Te(p) 1= argming e,

which is the unique minimizer of the strongly convex function ¢;. The first order optimality con-
dition gives

V(@) +e(t)rey = 0. (14)
The following properties are immediate consequences of the classical properties of the Tikhonov
regularization

VE>to |lzell < Mzl (15)

tiigloo ety — 2"l =0 where 2" = proj, gmin £0- (16)

2.1 Preparatory results for Lyapunov analysis

Let us introduce the real-valued function function ¢ € [tg, +oo[— E(t) € RT that plays a key role
in our Lyapunov analysis. It is defined by

1
E(t) = (r(z(1) — @r(zeqr)) + 5@, (17)
where ¢; has been defined in (13), and

o(t) = 7(t) (z(t) — zo(r)) + 2(2). (18)

The time dependent parameter 7(-) will be adjusted during the proof. We will show that under
judicious choice of the parameters, then t — E(t) is a decreasing function. Moreover, we will
estimate the rate of convergence of F(t) towards zero. This will provide the rates of convergence of
values and trajectories, as the following lemma shows.

Lemma 1 Let z(-) : [to, +oo[— H be a solution trajectory of the damped inertial dynamic (TRIGS),
and t € [to, +oo[— E(t) € RY be the energy function defined in (17). Then, the following inequalites
are satisfied: for any t > to,

. e(t %
£ ~min g < 2(0) + D a2 (19)
2 _ 2E(t)
||£E’(t) - xs(t)” < E(t) . (20)
Therefore, x(t) converges strongly to =* as soon as lim— 4 oo E(t) =0.

e(t)
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Proof i) According to the definition of ¢, we have

f(@(t)) —mingg f = @i (2(t) — @r(27) + ? (1% = ll=()11*)

= [pe((t)) — or(wew)] + [ et(zey) —e(@™) | + ? (llz*]1* = l=())1?)

<0

e(t)

t
< eu(a(®) - erlon) + S o 2.
By definition of E(t) we have
pt(2(t)) — pr(ze(r)) < E(t)
which, combined with the above inequality, gives (19).

ii) By the strong convexity of ¢, and z.(;) := argming, ¢¢, we have

ela®) ~ pulreny 2 “Dalt) - v

By combining the inequality above with (21), we get

2(0) > W a(t) — a7

which gives (20).

(21)

By the assumption Ho), we have lim;— o £(t) = 0. According to (16), we deduce that x.(;) converges

strongly to z*. The conclusion is a direct consequence of inequality (20).

To estimate E(t), we will show that it satisfies a first order differential inequality of the form

E(t) + u(t)E(t) < p(t)[«*|?

(22)

where p(t) and u(t) are positive functions that will be made precise in the proof. So the first step

of the proof is to compute %E(t) The computation of %E(t) involves the two terms% (et(zer)))

and % (xe(t)) . They are evaluated in the lemma below.

Lemma 2 For each t > tg, we have

N d .
7’) dt ((pt(xa(t))) = %E(t)“xs(t)HQ;

% (m(t))HQ < —% <% (ze(r)) 7“6<t)>'

i)

Therefore,

d £(1)
& @) < =i

Proof i) We have ¢i(z.()) = infye g {f(y) + Ly — 0>} = f_._(0).

e(t)

Since — f(z) = —3||Vfr(2) |, (see [1, Lemma 3.27], [5, Corollary 6.2]), we have:

d
i
d A
4 @ = =219 @)1

Therefore,
d d 1 (1) 2
0@w) = g (7,0) = 5 5 197, O

(23)
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On the other hand, we have

(0).

v‘ﬁt((‘za(t)) =0+ vf(xs(t)) + 6(t)‘r€(t) =0+ Te(t) = Jflf)

Since Vfﬁ (0) =e(t) (0 -J7 (O)) , we get Vfﬁ (0) = —&(t)x<(4)- This combined with (23) gives

=(t)

d 1
pTid ot(Te(r)) = ()Hl?a(t)l\

i1) We have
—e(t)xery = V(zery) and  —e(t +h)zegin) = VI (Tein))-
According to the monotonicity of V f, we have

(e(V)we(ry — e(t + R)Te(tpn)s Te(t4n) — Te(t)) =0

which implies

—e(t)l[te(etn) — terlI® + (£(t) = e(t+ h)) (Ue(rtn)s Ue(erh) — Ue(r)) > 0

‘ 2

After division by h%, we obtain

e(t)—e(t+h x h) — T
(e(t) h( ) <%(t+h>, e(t4 )h e<t>> > c(1)

Te(t+h) — Te(t)
h

By letting h — 0, we get
2

’

. d
—E(t) <ﬂfa(t), E%(t)> >

PR

which completes the proof.

2.2 Main result

Given a general parameter £(-), let’s proceed with the Lyapunov analysis.

Theorem 4 Suppose that f : H — R is a convex function of class C'. Let x(-) : [to, +oo[— H be a
solution tragectory of the system (TRIGS) with 6 > 0

t) +0v/e(t)a(t) + Vf(x(t) +e(t)z(t) = 0.

Let us assume that there exists a,c > 1 and t1 > to such that for all t > t1,

d 1 . a+1
H — <min (2\—§, § — A,
(H1) dt( r(t)) < ( . )
where X is such that

1 1 1 1 / 1 a 1
— - < - — — — )2 - I

Then, the following property holds:

¢ 2(s) . ) }
A+ a)d——= —£(s) | v(s)| ds
[l 1 /tl K e2(s) ' 4 () E(t)
2 (1) 7(t)

t .
where v(t) = exp (/t ,u(s)ds> , and p(t) = — 286(8) + (8= A)/e(t).

E(t) < (24)
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Proof According to the classical derivation chain rule and Lemma 2 i), the differentiation of the
function FE(-) gives

E(t) = (Ver(x(1), (1)) + 3 ]le(0)]* = 5e@)llzewI* + (9(2), v(2)). (25)

Using the constitutive equation (12), we have

8(1) = #(0) (2(0) — 7o) + T(E0) = 7(0) Ty + 51,
= T(t) (:L‘(t) — xs(t)) + T(t)i?(t) — T t dtCL'E(t) 5\/ T t) V(pt ( )
= 7(1) (2(t) — weqw) + (7(0) = 5/=(0)) (1) - T(t)axs(t) ~ Vir(a(t)).

Therefore,

(), 0(0) = (#(2) (2(t) = 22() + (7)) = 8V/EWD)) #(0), 7O (@(t) = 22)) + (1))
+ (=70 Gt = Torlele) 700~ 20) + 600
= HOTOo(t) - 20> + (+H0) + 72< ) = 87()V/EWD)) at) = 2oy, (1)

( —5\/7) & (t)1> — 72 ()¢ dt%(t) 2 (t) = xop)) T(t)(%l’e(t)@(t))
—7(t)(Vpr(2(t)), 2(t) — zo(r))) —(Vepr (2(t)), (1)), (26)

=Ap

Since ¢ is strongly convex, we have

()

et(zey) — er(x(t) > (Ve (z(t), oy — z(t)) + 5 lz(t) = R o

Using the above inequality, we get

t € t
Ao = —1()(Ver(z(t), 2(t) — wewy)) < —7(8) (e(2(t)) = @t(wewy)) — ) © ae) - zeqoll®. (27)
Moreover, we have for any a > 1,
d . (). 2 ar(t) ] d 2
) { e () ) < SO + T2 | Loy
and for any b > 0
20/ d br(t) || d RS0 )
—7°(t) <a%‘s(t)7l’(t) - l‘s(t)> S 5 |gtem || Ty 2(t) =z )™
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By combining the two above inequalities with (25), (26) and (27), and after reduction we obtain

B(t) < ~1(0) (2u(a(0) — ei(@=n)) + 32D — 520llaeco
+ 1070 - 0] o) - e
+ (H0) + 70 = 57O VED) (2(t) — 2o, @(0) + (r(8) = 6v/=0) (1)
=0 Gy a(0) ) = 70 ( G 0))

2

< —7(t) (er(=(t) — pr(wer)) + % [(b+a)r(?)]

e
DO~ Lo P+ (14 50700 - 3VED)) 101
+ et - 200 4 T o) - 1
+(#(t) + (1) —5T(t)\F () (@(t) = ooy i (28)
(

On the other hand, for a positive function u(t), we have

BE®) = 1) (1 @(0) ~ pelran)) + A fo(o)
0 ) — ) + 7D O o) - el + X e 2
Fu()T(#)(x(t) — ze(ry, (1))
By adding (28) and (29), we get
B(8) + () E() < (u(t) ~ 7(0)) (pe(e(t) — eu(rew) + 5 [0+ a)r(0] | e 2
-3l + “L1O1 + (1 3)0) - 5vED + 42 ) o)
3 2
+ [0t - TGO T OO oy P
+ (#(0) + 72(0) = 6r(O0VEQD) + pB)7 (1)) ((0) — 2eey, (1) (30)

As we do not know a priori the sign of (z(t) — z.(4),Z(t)), we take the coefficient in front of this
term equal to zero, which gives

(1) +72(t) = 67(t)V/e(t) + ()7 (t) = 0. (31)

Let us make the following choice of the time dependent parameter 7(t) introduced in (18) (indeed,
it is a key ingredient of our Lyapunov analysis)

(1) = AVe(D),

where X is a positive parameter to be fixed. Then, the relation (31) can be equivalently written

(0) =~ 37+ (5= NVED.
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According to this choice for u(t) and 7(t), and neglecting the term @ |z(t)||*> which is less than or

equal to zero, the inequality (30) becomes

B(0) + w(OB() < 555 (~4(0)+20 - 2A>sz<>) (pe(a(®)) - pelee))

(
% (b+ a)xy/=(t) H Tet)
2+ )A—é)ez(t)—a(t)} i (6)1?

3

NE(E) 42 (6A — A2 — 1) &3 () + 2303 ( t)} 2(t) = meo|I2.

— ez l?

(32)

4e(t
A
4

1[
(
pa

2
+
+—
+
According to item 4i) of Lemma 2, and inequality (15)

S 28” cwl? < : ggl\x*HQ.

d
atte®
Using again inequality (15), and the fact that —(t) > 0, we have
—gé)llzwll® < —5e(®)llz*|%.

By inserting the two inequalities above in (32), we obtain

B(0) + w(H)B() < 5o (00 + 206 = 202 0) (9u(a(0) — e1(eeqw)

£2(t) } o
b+ a)\— x
I( +a) 20 [l (33)
(

= 2+ A =0)E0) 0] 1:O)?
A() +2 (BA= A2 = 1) 3 (t) + 2%25%(15)] 2(t) = 2|12

By taking b = cA, with ¢ > 1, we get

B(0) + u(0B() < 575 (=40 + 26 =208 0) (2u(e(0) - g1(a2(0)

-2
e+ an= (’3 —<(t )] a1

+€L {2 ((1 n %))\ - 5) e3(t) - é(t)} EOIE (34)

42 {Aa( )42 ((5 + %))\ P 1> a%(t)} () = =)l

=C

We are looking for sufficient conditions on the parameters A and e(¢) which make A, B, and C
less than or equal to zero. It is here that the hypothesis (H1) formulated in the statement of the
Theorem 4 intervenes. It is recalled below for the convenience of the reader

(H1) There exists a,c > 1 and 1 > to such that for all ¢ > ¢4,

d 1 . a+1
el < _ —
7 (\/E(t)) < min <2)\ 6,90 . )\>,
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where)\issuchthatg<)\<ai+16for0<6§2—%and%(é—}—%—l— (5+%)2—4><>\<a116

f0r§>27%.

Clearly, condition (H1) is equivalent to

d 1 d 1 a+1
@(\[57(15)) <2X\—0 and %(m) Sé—T)\.

Under condition (#1) we immediately obtain that A and B are less than or equal to zero:

o A= —i(t)+2(5—2\)e? (t) =22 (¢) [;t ( i(t)> +46— 2% <0;

e B=2((1+1)n—0)ei(t)—e(t) =2e3(¢) [i( El(t)>+“zlA—5}<o.

e Let us now examine C.

C=X)+2(6+ A= A2 —1)e3(1)

= 2e3(t) —Ai(\/i(T))Jr((Hi),\—ﬁ—n .
~—_——

>0

When 6§ <2— 1 wehave (+2)A - A2 —1<2Xx -2 -1<0.

When § > 2 — L, we have (6 + 1)A —A? -1 <0, because/\zé(5—1—%—‘—,/(64—%)274).

This implies that C' < 0.

According to (34), under condition (#1) we conclude that

-2
(et apn @ —éaﬂ|uﬂﬁ (35)
0

B+ n(0B0) < 5

£2

t
By multiplying the inequality above with ~(¢) = exp < / u(s)ds) , we obtain

ty

-2
(e + a)A;((?) - é(t)} +(#) (36)

By integrating (36) on [t1,t], we get

¢ SO
(Ae+a)h—— — 5(5)) (s)} ds
[Es /fl [( e2(s) ! 4 Y(t)E(t)
2 7(t) QONE

This completes the proof of the Lyapunov analysis.

E(t) <
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Remark 1 Given § > 0, the condition (H1) gives the admissible values of the parametersa > 1, ¢ > 1
and A > 0 which enter into the convergence rates obtained in Theorem 4. Let us verify that the
inequalities that define the values of these parameters are consistent. We consider successively the
two cases § < 2, then 6 > 2.

_a
a+1

8] is nonempty. Therefore, in this case the conditions are consistent.

a) When § < 2, we have § < 2 — % for ¢ sufficiently large. Because a > 1, we have % < and

hence the interval [30, P
b) Suppose now that § > 2. Then § > 2 — % for all ¢ > 0, and we can argue with ¢ arbitrarily
large. Let us verify that we can find a and ¢ such that

S+1+\/(6+21)2-4
<25 (37)

2 a+1"’

and hence a value of § belonging to the corresponding interval. By letting ¢ —+ +o0o0 and a — +oco

in the above inequality we obtain
§+1+/62 -4 <26,

which is equivalent to V62 —4 < 4, and hence is satisfied. By a continuity argument, we obtain
that the inequality (37) is satisfied by taking a and c sufficiently large.

Note that, since we are interested in asymptotic results the important point is to get the existence
of parameters for which the Lyapunov analysis is valid. If we are interested in complexity results
then the precise value of these parameters is important.

Remark 2 The above argument shows that the controlled decay property (CD), used in [19] corre-
sponds to the limiting case ¢ — +o0 and a — 400 in our condition (H1).

Remark 8 As in [19], our Lyapunov analysis is valid for an arbitrary choice of the parameter 4. It
would be interesting to know what is the best choice for 4.

3 Particular cases

Let’s study the case e(t) = w and discuss, according to the value of the parameter 0 < p < 2,

the convergence rate of values, and the convergence rate to zero of [lx(t) — x¢[l. The following
results were stated in Theorem 3, in the introduction, as model results. We reproduce them here
for the convenience of the reader. The point is simply to apply the general Theorem 4 to this
particular situation, and to show that the different quantities involved in the convergence results
can be computed explicitly.

Theorem 5 Take c(t) = tlp’ 0<p<2. Let x: [to, +oo[— H be a solution trajectory of

B(1) + (1) + Vf (@(1)) + alt) = 0.
12

Then, we have convergence of the values, and strong convergence to the minimum norm solution with
the following rates:

Flz(t) — mq_itnf =0 (tip) as t — +o0; (38)

1
Hir(t)—xs(t)HQ :O<tﬂ> as t — 4o0. (39)
3
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Proof a) Convergence rate of the values: With the notations of Theorem 4, we have

u(t) = _25';8) +E- VD =L+ 5;;.

So

~(t) = exp (/: u(s)ds) - (%) : exp [2(2%7;) (t%Tp - tf%pﬂ

= 1t exp [72(5 — A)trz—Tp} (40)
2—-p

-1
2 2-p
where C; = <tf exp {2(26:1))‘)751 2 }) . Let us choose the parameters a,c > 1, A > 0 such that

g<)\<ai+16for0<6§2—%and%<%(6+%+ (5+%)2—4)<A<a%6for6>2—%.

Notice that, in these two cases, we have 35 < A < a%:lé. Therefore, min (2>\ —5,0— “T'H)\) > 0.

On the other hand, since p < 2, we have lim¢—, 4+~ 2" = 0. So we have, for ¢t > ¢; large enough,

AL ) 222 o in(oa—s, 5— 1)
dt €(t) 2 a

As a consequence, the condition (H1) is satisfied.

According to (24), we have E(t) < E1(t)|z*||> + F2(t) where

Bi(t) = ﬁ /t | K(AH a))\fg((z)) - é(s)) 7(8)] ds (41)
and
Ea(t) = % (42)

According to (40) we have

Es(t) < ct exp {772(25 — A)tz%p} .
-p

Since 0 < p < 2 and § > A, we have that E2(t) tends to zero at an exponential rate, as t — +oo.

Thus, we only have to focus on the asymptotic behavior of Ei(t). Let us simplify the formula by
26=%)
2 _

setting Ao := (Ac+a)A, do := in (24). Replacing (¢) and «(t) by their values in (41) gives

p t Aop 1 2-p
El(t) = Y 7. o\ 5 =+ iz exp (505 2 ) ds.
2t2 exp (501&7) tp \ S sz

To compute the above integral, we notice that

i(iexp(éosz%)): —%+760(2;f) exp(éosz_Tp).
ds \ ps pS 2ps"z
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Then, note that, when we set p > 0 such that p < min (1 , %4-15)7 we obtain

d—A
A 1 1, 62— Mop+ 5 (50(2— 1 -1
02p+p+2§7 2+0( p+f)ﬁ QPS ol p)fl s = L
S s 2 ps 2ps 2 B 2p s 2 s 2
1
/\OIZj_Egé_/\—l.
p
s 2 P

Let us verify that the last above inequality is satisfied for s large enough. First, since 0 < p < 2,

we have ? > 0, and hence lims— o0 —— = 0. On the other hand, according to (H1) we have

S 2
A < =2-4. This property combined with the choice of p implies

a+1
Fop>io =T g5
P a+1"  a+1 '
d—A
Therefore — 1> 0. So, for t; large enough
t
2 —
Ei(t) < P 7 / _% o p+2p) exp (50522 )ds
2t exp (60tTp t \ P8 2ps™z
t —
= o o) o (oo () )
275% exp (50tTp) t1 ds \ p

P P 1 =r P
= — — dot, 2 < .
20" 15 exp <5ot2%p) 20t P ( o ) T 2ptE

Since F(t) has an exponential decay to zero, we deduce that there exists a positive constant C

such that for ¢ large enough
C

pt2

t 2

E(t) <

According to Lemma 1, we get

. 1 1
o) -~ ming <0 (5 + ).
Since 0 < p < 2, we have p < #. We conclude that

F(a(t)) = min f = 0 <tlp> as t — +oo.

b) Convergence rate to zero of ||z(t) — z*||. According to Lemma 1, we have

> _ 2E(t)
Hm(t) - xs(t)“ < W7 (43)
and since, for t large enough, E(t) < t; , we obtain

1
Jol0) = e = 0 (255 ).

which completes the proof.
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1 . . .
Remark 4 The convergence rate of the values O (t—p) obtained in Theorem 5 notably improves the

. . 1
result obtained in [19], where the convergence rate was of order O <W) Indeed, for p < 2 we
t™ 2

have p > 3p2_2. In addition, we have obtained that for any 0 < p < 2, for any trajectory of (TRIGS),
we have strong convergence of the trajectory to the minimum norm solution, as time ¢ tends toward
+oo. In [19] it was only obtained liminf;  ||z(t) — z*|| = 0.

Remark 5 A close look at the proof of Theorem 5 shows that the convergence rate of the values is
still valid in the case p = 2. Precisely, by taking ¢(t) = ;5 with c sufficiently small, we have that
the condition (#1) is satisfied, and hence

F(a(®) ~ min f = O GZ) as ¢ — 4oo.

Remark 6 As a key ingredient of our proof of the strong convergence of the trajectories of (TRIGS)
to the element of minimum norm of S, we use the function h(t) := %||=(t) — :c,s(,5)||27 and show
that lim¢— 400 h(t) = 0. This strategy which consists in showing that the trajectory is not too far
from the viscosity curve ¢ — z. was already present in the approach developed by Attouch and
Cominetti in [13] for the study of similar questions in the case of the steepest descent method.

3.1 Trade-off between the convergence rate of values and trajectories

The following elementary diagram shows the respective evolution as p varies of the convergence
rate of the values, and the convergence rate of ||z(t) — xs(t)Hz.

Wl

p

f(z(®) —miny f =0 <tlp> (red color), |l=(t) — ms(t)HQ =0 ( 21;p ) (blue color)

t 2

‘We observe that p = % is a good compromise between these two antagonist properties. Let us

state the corresponding result below.

1
Corollary 1 Take e(t) = —, 6 > 0. Let x : [to, +oo[— H be a solution trajectory of

ts3

#(t) + t%g'c(t) +VF () + tigx(t) —0.
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Then, we have convergence of the values, and strong convergence to the minimum norm solution with
the following rates:

fz(t) — Ir%_ilnf =0 <tig> and ||z(t) — ma(t)HQ =0 <ti2) as t — +oo.

b) Another interesting case is to take p < 2, with p close to 2. In this case, we have a convergence
rate of the values which is arbitrarily close to the convergence rate of the accelerated gradient
method of Nesterov, with a guarantee of strong convergence towards the minimum norm solution.
The case p = 2 has been studied extensively in [19]. The strong convergence of the trajectories to
the minimum norm solution is an open question in the case p = 2.

¢) Estimating the convergence rate of z(t) to ™ relies on getting informations about the viscosity
trajectory € — z¢, and how fast x. converges to z* as ¢ — 0. This is a difficult problem because
the viscosity trajectory can have an infinite length, as Torralba showed in [44]. His counterexample
involves the construction of a convex function from its sub-level sets, and relates to a convex
function whose sub-level sets vary greatly. Our analysis focuses on general f, i.e. the worst case.
This suggests that, under good geometric properties of f, such as the Kurdyka-Lojasiewicz property,
one should be able to obtain better results; see also [13] where it is shown the importance of this
kind of question for the coupling of the steepest descent with Tikhonov approximation.

4 Non-smooth case

Let us extend the previous results to the case of a proper lower semicontinuous and convex function
f:+H — RU{4+o0}. We rely on the basic properties of the Moreau envelope. Recall that, for any
0 >0, fo:H — R is defined by

fole) = iy {f(é) + ol - sn2} . forany z € . (44)

Then fp is a convex differentiable function, whose gradient is #~!-Lipschitz continuous, and such
that mingy, f = miny fy, argming fy = argminy, f. Denoting by prong(x) the unique point where
the minimum value is achieved in (44), let us recall the following classical formulae:

L. fo(x) = f(proxgs(x)) + g5z — proxg(z)|*.
2. Vfy(x) = § (z — proxgs(x)).

The interested reader may refer to [23,26] for a comprehensive treatment of the Moreau envelope
in a Hilbert setting. Since the set of minimizers is preserved by taking the Moreau envelope, the
idea is to replace f by fy in the inertial dynamic (TRIGS). Then, (TRIGS) applied to fy now reads

(TRIGS), &(t) + 8+/e(t)i(t) + V fo(z(t)) + e(t)z(t) = 0.

Clearly, since fy is continuously differentiable, the hypothesis (Ho) are satisfied by the above dy-
namic. By applying Theorem 5 to (TRIGS),, we get the following result, which provides convergence
rate of the values and strong convergence to the minimum norm solution.

Theorem 6 Let f : H — RU {400} be a convex, lower semicontinuous, proper function. Take £(t) =
1/tP, 0<p<2, and 0 > 0. Let x : [to, +oo[— H be a solution trajectory of (TRIGS),, i.e.

B(t) + (1) + V fo (2(1)) + a(t) = 0.

t2
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Then, we have the following convergence rates: as t — 400
Flproxy s (z(8)) —minf =0 [ L ); (45)
proxgs = w )7

o) - prosop e ONIF = 0 5 ) (16)

T B G
la(t) — zeqo | O(#¥>. (47)

Proof By applying Theorem 5 to the function fy, and since inf fy = inf f, we get

fo(x(t)) ~ min f = O (}p) as ¢ — +oo (48)

() — zo)]> = O (%) as t — 4oo. (49)
t
According to fg(z) — miny f = (f(prong (z)) — miny f) + 59l — proxg ()], we get
. . 1
Foroxa (o(1) ~ mjn / < fole(o) ~min s = ().
which gives the claims.

Remark 7 The above result suggests that, in the case of a nonsmooth convex function f : H —
R U {+0o0}, the corresponding proximal algorithms will inherit the convergence properties of the
continuous dynamic (TRIALS). When considering convex minimization problems with additive
structure min{f + g} with f smooth and g nonsmooth, it is in general difficult to compute the
proximal mapping of f+g¢. A common device then consists of using a splitting method, and writing
the minimization problem as the fixed point problem Tx = x where, given 6 > 0

Tz = proxy, (z — OV f(x)).

Under appropriate conditions, T is an averaged nonexpansive operator [23], so the associated it-
erative method (proximal gradient method) converges to a fixed point of T', and therefore of the
initial minimization problem. In our context, this naturally leads to studying the inertial system

() + 0v/e()z(t) + (I —T)(z(t)) +e(t)x(t) = 0.
Many properties of the Tikhonov approximation are still valid for maximally monotone operators,
which allows to expect good convergence properties for the above system. This is a subject for
further research.

5 Numerical illustration

Let us illustrate our results in the following elementary situation. Take H = R2° equipped with the
classical Euclidean structure, and f : R?° — R¥ is given by

10
1
f(xL. .. ’xgo) = 5 E . (mzi_l + x9; — 1)2 .
1=

The function f is convex, but not strongly convex. In this case, the solution set S is the entire affine
subspace {z € R0 : g9, 1 +29i—1=0, foralli=1,---, 10}, and the projection of the origin onto
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10

1 1
" = (5 R §> is the orthogonal projection of the origine onto the solution set of m;“n flz) = 52(1‘2, 1+ T — 1)2
K i—1
102 \
N 1 f
= | 7
T 107 1 Y
=
T10?
=
1077....|....|....|....|....|....|....|....|....|....
0 5 10 15 20 25 30 35 40 45 50
time : t
x(t) solution of (TRIGS) : &(t) + ¢ *@(t) + Vf(2(t)) +t Pz(t) = 0 with z(0) = (5, - - -,5),&(0) = (0, - - -, 0)
10 \/\
= VWA A
T 10 p=1
= I|—— p=45
2| p=23/5
p=2/5
. p=1/5
10 L e L e e e e o e e e e e e L e e o e e e B L e E e e B
0 5 10 15 20 25 30 35 40 45 50
time : t
. e(t 5
Te(y) = argminggy(x) = fz) + %Hz”é
= 100
: -6
= 10 7
=
1072 4= T T T T T T T T T

time : t

Fig. 1 (TRIGS) with f(z) := %2321 (w2i_1 + T2; — 1)%. Convergence rates of values f(z(t)) — f(z*) (top), of
() — 2* l2 (middle), of [[2(8) — Z-(sll2 (below)

S is given by #* = (3,---, 3). The numerical experiments described in Figure 1 are in agreement
with our theoretical findings. They show the trade-off between the convergence rate of values
f(x(t))— f(a*) and trajectories ||z(t) — zo(1)) |2, and that taken around p = 2 is a good compromise.
We limit our illustration to the case 0 < p < 1. It is the most interesting case for obtaining good
convergence rate of the trajectories towards the minimum norm solution. We also notice that the
regularization Tikhonov’s term ti,,x(t) in the system (TRIGS) reduces the oscillations. This suggests
introducing the Hessian driven damping into these dynamics to further dampen oscillations, see
[10], [21], [25] and references therein. This is related to the notion of strong damping for PDE’s.

6 Conclusion, perspective

In the general framework of convex optimization in Hilbert spaces, we have introduced a damped
inertial dynamic which generates trajectories rapidly converging towards the minimum norm so-
lution. We obtained these results by removing restrictive assumptions concerning the convergence
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of trajectories, made in previous works. This seems to be the first time that these two properties
have been obtained for the same inertial dynamic. We have developed an in-depth mathematical
Lyapunov analysis of the dynamic which is a valuable tool for the development of corresponding
results for algorithms obtained by temporal discretization. Precisely, the corresponding algorithmic
study must be the subject of a subsequent study. Many interesting questions such as the intro-
duction of Hessian-driven damping to attenuate oscillations, and the study of the impact of error
disturbances, merit further study. These results also adapt well to inverse problems for which strong
convergence of trajectories, and obtaining a solution close to a desired state are key properties. It
is likely that a parallel approach can be developed for constrained optimization, in multiobjective
optimization for the dynamical approach to Pareto optima, and within the framework of poten-
tial games. The Lyapunov analysis developed in this paper could also be very useful to study the
asymptotic stabilization of several classes of PDE’s, for example nonlinear damped wave equations.

A Auxiliary results

A.1 Existence and uniqueness for the Cauchy problem, energy estimates

Let us first show that the Cauchy problem for (TRIGS) is well posed. The proof relies on classical arguments
combining the Cauchy-Lipschitz theorem with energy estimates. The following proof has been given in [19]. We
reproduce it for the convenience of the reader, and give supplementary energy estimates.

Theorem 7 Let us make the assumptions (Ho) on f and e. Then, given (xo,vo) € H X H, there exists a unique
global classical solution x : [to, +oo[— H of the Cauchy problem

{ t) 4+ 86y/e(W)a(t) + Vf (2(t) + e(t)z(t) = 0 (50)
x(to) = 0, I(t()) = 0.
In addition, the global energy function t — W (t) is decreasing where
1. 1
W(t) == in(t)ll2 + flz(t) + 56(t)H$(t)ll2,
and we have the energy estimate
400
/ Ve(t)||&(t)]?dt < +oo. (51)
to
Proof Consider the Hamiltonian formulation of (50), which gives the first order system
'(t) —y(t)=0
t) +6y/e(®)y(t) + V£ (x(t)) + e(t)x(t) =0 (52)

J»‘(to) = w0, y(to) = vo-

According to the hypothesis (Ho), and by applying the Cauchy-Lipschitz theorem in the locally Lipschitz case,
we obtain the existence and uniqueness of a local solution of the Cauchy problem (52). Then, in order to pass
from a local solution to a global solution, we use energy estimates. By taking the scalar product of (TRIGS) with
z(t), we obtain

d /1, . 1

4 (SO + 7)) + 5@ =@P)) + V@I - La@ll=0)]? =o. (58)
According to (Hz), the function e( ) is non-increasing. Therefore, the energy function ¢t — W (t) is decreasing where
W(t) := %Hm(t)”2 + fz(¢)) + ( )||z(t)||?. The end of the proof follows a standard argument. Take a maximal

solution defined on an 1nterval [to,T[. If T is infinite, the proof is over. Otherwise, if T is finite, according to
the above energy estimate, we have that ||Z(t)|| remains bounded, just like ||z(¢)|| and ||Z(¢)|| (use (TRIGS)).
Therefore, the limit of z(t) and #(¢) exists when t — T. Applying the local existence result at T" with the initial
conditions thus obtained gives a contradiction to the maximality of the solution.

Let us complete the proof with the energy estimates. Returning to (53), we get

4 (SO + 7)) + =@ + VD] <o (54)

After integration of (54), we get (51).
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