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ABSTRACT

In a Hilbert space setting, for convex optimization, we show the convergence of the
iterates to optimal solutions for a class of accelerated first-order algorithms. They
can be interpreted as discrete temporal versions of an inertial dynamic involving
both viscous damping and Hessian-driven damping. The asymptotically vanishing
viscous damping is linked to the accelerated gradient method of Nesterov while the
Hessian driven damping makes it possible to significantly attenuate the oscillations.
By treating the Hessian-driven damping as the time derivative of the gradient term,
this gives, in discretized form, first-order algorithms. These results complement the
previous work of the authors where it was shown the fast convergence of the values,
and the fast convergence towards zero of the gradients.
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1. Introduction

Unless specified, throughout the paper we make the following assumptions '

‘H is a real Hilbert space;
f:H — Ris a convex function of class C2, S := argminy, f # ();

v, B, b: [to, +0o[— RT are non-negative continuous functions, to > 0.

Our first objective is to study the convergence to optimal solutions, when ¢ — +o0, of
the trajectories of the inertial system with Hessian-driven damping

E(t) +(8)E(t) + BV (w(t)i(t) + b()V f(a(t) = 0. (1)

In (1), () is the viscous damping parameter, 3(t) is the Hessian-driven damping pa-
rameter, and b(t) is a time scale parameter. Then, we will study the convergence of the
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iterates for the first order optimization algorithms obtained by temporal discretiza-
tion of this system. At first glance, the presence of the Hessian may seem to entail
numerical difficulties. However, this is not the case as the Hessian V2 f of f intervenes
in the above ODE in the form V?2f(z(t))2(¢), which is nothing but the derivative with
respect to time of the mapping ¢t — V f(z(t)). As a consequence, finite-difference time
discretization of this dynamic provides first-order algorithms of the form

yr = ok + oz — xp—1) — B (Vf(ar) — Vf(zr—1))
T = T(yr),

where the Nesterov extrapolation scheme ([30,31]) is modified by the introduction of
the difference of the gradients at consecutive iterates. The operator T', to be specified
later, will be directly linked to the gradient of f, or to the proximal operator of f.
While retaining the fast convergence of the function values reminiscent of the Nes-
terov accelerated algorithm, it is shown in [10] that these algorithms enjoy additional
favorable properties among which the most important are:

e fast convergence of the gradient towards zero;
e attenuation of the oscillations;

e extension to the non-smooth setting;

e acceleration via the time scaling factor.

Contributions and relation to prior work In [10], global convergence of the
trajectories (for the continuous dynamic) and of the iterates (for the corresponding
algorithms) to optimal solutions remained an open issue. It is our chief goal in this
paper to fill in this gap by answering these questions. We also establish that under
certain choices of the parameters, the fast convergence rates obtained in [10] can be
improved from O(+) to o(+). By complementing the work of [10], our new results provide
a deep understanding of the behaviour of the system (1) and the corresponding discrete
algorithms.

Due to the remarkable properties induced by the presence of the Hessian-driven
damping, these inertial dynamics and algorithms have been the subject of active re-
cent developments; see the work of [33] on a high resolution perspective, that of [21]
for application to deep learning, the papers of [1,2] for combination with dry friction,
those of [14,15] and [27] for the case of monotone inclusions, of [28] for optimization
algorithms, the work of [7] for handling temporal scaling, the control perspective pro-
moted in [20], the damping as a closed-loop control studied in [%], and [22] where
combination with Tikhonov regularization is studied.

The strategy underlying our proof is built upon Lyapunov analysis with properly
designed Lyapunov functions. For the convergence of values, it suffices to use a carefully
chosen energy-type Lyapunov function. By contrast, to show the convergence of the
iterates and trajectories, the proof is more involved and requires the use of a whole
family of Lyapunov functions. The convergence of these functions when time tends to
infinity then leads to the convergence of their differences. This gives the convergence
of the anchor functions, and this is precisely what makes it possible to conclude. It
is worth noting that this strategy is already present in the proof of the convergence
of the greatest slope for convex functions by Bruck [24], thanks to Opial’s lemma [32]
(see Lemma A.1).



Contents The paper is organized as follows. In section 2, we complete the study
carried out in [10] of the continuous dynamic, obtain additional estimations, and prove
the weak convergence of the trajectories. This will serve as a guide for the study of
the convergence of the associated algorithms for which we obtain parallel results. In
section 3, we establish the convergence of the iterates for the corresponding proximal
algorithms, then in section 4 we consider the gradient algorithms. In section 5 we

illustrate this study with an application to Lasso-type problems.

2. Continuous dynamic: convergence of trajectories

As a preparatory step to the study of the convergence of the associated algorithms,
obtained by temporal discretization, we start by analyzing the convergence properties,
as t — +o00, of the trajectories generated by the dynamic

(DIN-AVD) 55 (t) + Ti(t) + BV F(@())i(t) + OV (x(t)) = 0.

The Hessian-driven damping is related to the Dynamic Inertial Newton method, and
the viscous damping coefficient v(t) = ¢ vanishes as ¢ — +o0o (Asymptotic Vanishing
Damping), hence the terminology. We limit our study to this choice of the viscous
damping coefficient where a > 0, because it is the most interesting case. Indeed, it
is closely related to the accelerated gradient method of Nesterov, and provides an
optimal convergence rate of the values, as we will recall shortly. We consider however
a general coefficient b(t), which allows us to take advantage of the temporal scaling

aspects, and is useful for applications.

2.1. Hzistorical overview

Before delving into the analysis of (DIN-AVD), g , let us review the main convergence
properties known for special cases of it.

Case 3 = 0 When the Hessian-driven damping is dropped and b(t) = 1, the system
specializes to

(AVD)s  @(t) + %a'c(t) + Vf(a(t) = 0.

It was introduced in the context of convex optimization in [31]. For a general convex
differentiable function f, it provides a continuous version of the accelerated gradient
method of Nesterov [30,31]. For av > 3, each trajectory z(-) of (AVD), satisfies the
asymptotic convergence rate of the values f(z(t)) — miny f = O (1/t2). For o > 3,
it was shown in [12] that each trajectory converges weakly to a minimizer of f. For
such values of «, it was also proved in [17] and [29] that the asymptotic convergence
rate of the values is actually o(1/t?). The case a = 3, which corresponds to Nesterov’s
historical algorithm, is critical. In particular, for this critical value, the question of
the convergence of the trajectories remains an open problem (except in one dimension
where convergence holds [13]). The subcritical case & < 3 has been examined in [5]

and [13], with the convergence rate of the objective values O (tfz?a). These rates are

optimal, i.e. they can be reached, or approached arbitrarily close.



Case B > 0 The Hessian driven damping was first introduced in [1], [16] when
combined with a viscous damping term whose coefficient is fixed. In particular, the
inertial system

(DIN-AVD)os  &(t) + Ta(t) + BV (w(t))i(t) + VF(2(t) = 0

was introduced in [18]. It combines the asymptotic vanishing damping (associated with
the Nesterov method) with the Hessian-driven damping. At a first glance, this system
looks more complicated than (AVD),, . In fact, in [18], it is shown that (DIN-AVD),
is equivalent to the first-order system in time and space

#(0) + AV (@(t) = (§ = ) =(t) + Ju() =0
i(t) — (% —o4 ‘;‘—5) z(t) + Sy(t) = 0.

This provides a natural extension to the case where f : H — RU{+4o0} is a proper lower
semicontinuous (Isc) and convex function, just replacing the gradient operator V f by
the subdifferential 0f. While preserving the convergence properties of the Nesterov
accelerated method, (DIN-AVD), s provides fast convergence to zero of the gradients,
and has a taming effect on the oscillations. More precisely, when « > 3, one has

f(z(t)) — n%_i[nf =o0(1/t*) ast— +oo and /t+oo 2|V f(z(t)]?dt < 4o0.

The extension of these results to the case of general parameters ~(t), 5(t) and b(t)
has been obtained in [7] and [10].

2.2. Convergence rates

Let us first bring some complements concerning the rate of convergence of the values
obtained in [10]. They will be very useful in the following section devoted to the
convergence of trajectories. Observe that by assuming ty > 0, we circumvent the
difficulties raised by the singularity of the damping coefficient ¢ at the origin. This
is however by no means restrictive in our setting since we are primarily interested in
asymptotic analysis.

To lighten notation, we introduce the following function w : [tg, +oo[— R which plays
a key role in our analysis:

w(t) = b(t) - B(t) - 22 (2)

Theorem 2.1. Take o« > 1. Let x : [tg,+oo[— H be a solution trajectory of
(DIN-AVD), g4 - Suppose that the following conditions are satisfied: for all t > tg

@) bty > Aoy + 20,

(C2) (a— 3)w(t) — ti(t) > 0.

Then, w(t) is positive and there exists a positive constant Cy such that



(i) 0 < f(z(t)) — miny f < tQZCU’(Et) for all t > to;

+oo
(i) / 2B(tw(t) [V £ (t))|? dt < +oo;

(iii) /t:-oo t((a—=3)w(t) —tw(t)) (f(x(t)) — m}i{n f)dt < +o0.
Suppose moreover that o > 1, and that for all t > tg,

(C3) (ax—3)w(t) — tw(t) > eb(t), for some e €]0,a — 1].
Then,

+0o0
(iv) /t 10(1) (2 (1)) — mmin )t < +oc.

(v)/ #|2(8)||2dt < +oo.

to
(vi) sup ||z(t)]| < +oc.
>t

In addition,

“+oo
(vii) if B(-) is non-decreasing, then / tw(t)(V f(x(t)), x(t) — 2*)dt < +o0, where
to
x* € argming, f;

d
(viii) if there exists Cy > 0 such that T (t2b(t)) < C1tb(t) fort large enough, then, as
t — o0,

Fa(®) ~ming =0 (s ) and ol =o (1)

Proof. Take x* € S := argminy, f. Let us define for ¢ > ty

BX(0) = 6()(f(a(0)) ~ F)) + 5 la(@)I + 5 la(t) — ]2, Q
where
oa(t) = Az(t) — 2%) + ¢ (2(t) + BV f(x(1)))

and d(-), A\, ¢ are positive parameters that will be adjusted along the proof. The
function E)(-) will serve as Lyapunov’s function.
Differentiating F) gives

LB = SOFa®) - F@) + 8OV (®), () + wat), inD)

dt
+ c(z(t) — 27, &(t)). (4)

)



Using the constitutive equation (DIN-AVD), g, and definition (2) of w(t), we have

i) = O+ D) + BOV () +t (#0) + SOV (1) + BOVA @(®)(t))
= (\+ Da(t) + BV S ((0) + ¢ (= Falt) + (B(1) = b))V (x(1)) )
=A+1—-a)i(t) — tw(t)Vf(x(t)).

Therefore,

(oa(8), 0A(1)) = (A+ 1= ) (A(x(t) —27) + ¢ (&(t) + L@V f(2(1))) , (1)

— tw(t)(M(x(t) — 2*) + t (&(t) + B(E)V f(x(t))), VI(z(1)))
= AA+ 1 —a)(a(t) — 2%, @(t) + A+ 1 —a)||a(t)]
+ (B + 1 - ) = Cw®] ) (TS (@ (1)), (1))

= Mw(t)(V f(x(1), o(t) — %) = 2BOwB|V f(z ()],
Let us go back to (4). Take §(t) so that the terms (V f(z(t)), #(t)) cancel. This gives
5(t) = t2w(t) — (A +1 - a)tB(t). (5)
Also take ¢ so that the terms (x(t) — z*, #(¢t)) cancel. This gives
c=-AA+1—a). (6)
Since we want ¢ to be non-negative, we take A > 0 such that
A<a-—1. (7)

Combining (7), the fact that w(¢) > 0 by assumption (C;), and the definition (5) of
0(+), we have that d(-) is non-negative. Using this into (4), the latter becomes

%Ex( t) = 0(t)(f(2(t) — f(z*)) = Mw()(Vf(x(1)), x(t) — )

— 28wV f(z@)IP + A+ 1 - a)ll()]. (8)
By convexity of f, we have
f@) = fla(t) = (Vf(z(t), 2" — (1)),
and thus (8) becomes

d

SEA(D) + 280w [V O) + [Mw ) - 50)] () - fa)
t

<tA+1-a)llz@))* (9)

In view of (7), we obtain

©BA(1) + 28(0w) [V 0P + M) - 50)] (F@) - @) <o, (10)

6



To go further, we must take into account the sign of
Atw(t) —6(t) =t (A —2w(t) —tw(t) + (A +1—a)(B(t) +tB(t),  (11)

which depends on the value of the parameter A. Recall that we are free to choose A
under the sole condition that it satisfies (7).

Choice A = a — 1. This corresponds to the largest possible value for A\, which is the
situation considered in [10]. Then

Mw(t) — 6(t) = t<(a ~ 3)w(t) - tu‘;(t)). (12)

According to the hypothesis (Cs), the left hand side in (12) is non-negative. Thus

d
(10) entails that @Ea—l(t) < 0. In turn, E4_1(-) is non-increasing, and therefore
Ey_1(t) < Eq—1(tg) for all t > tg. On the other hand, by (5), we have

which is again non-negative by (C;). So, E,—1(t) writes (note that, with this choice of
A, and by (6) we have c = —A(A+1—a) =0)

1 2
Ea-1(t) i= Cw)(f (@(0)~f @)+ | (0 = D) = o) + 1 (2(6) + BOV )|
Since all the terms that enter E,_;(-) are non-negative, we obtain, for all ¢ > ¢y

Eafl (tO)

Flat) — f) < T

which is claim (i) with Cyp = E4—1(t0). In addition, by integrating (10) we obtain

/t+<>o 2B(t)w(t) |V f ()| dt < Ea-i(to) < +oo,
and
+oo
/t t((@ = Byut) — (1)) (F(2(t)) — ("))t < Eoa(to) < oo,
which gives statements (ii) and (iii).

Choice A = a—1—e , where € > 0 is given by condition (C3), which is now supposed
to be satisfied. Then, condition (7) is obviously satisfied, and the above calculations
are still valid until (9) which now reads

L p\(0) + 280w IV F®)2 + [Mu(t) - 50| (F) — £) +etla®)]? <o.

dt
(13)



This choice of A and (5) yield §(t) = t?w(t) + etB(t). Therefore

Mw(t) —0(t) = Muw(t) — 2tw(t) — t2w(t) — eB(t) — etf(t)
(A — 2)tw(t) — t2i(t) — eB(t) — etB(t)

= (a—3—e)tw(t) — t2w(t) — et <B(t) + 5?) .

Plugging w(t) defined in (2) in the last identity, we get

Mw(t) —6(t) = (a—3—e)tw(t) — t2i(t) — et (b(t) — w(t))
- t((a ~ 3)w(t) — ti(t) — 5b(t)).

Therefore, A\tw(t) — d(t) is non-negative under the condition (Cs3). By integrating (13),
and since € > 0 we obtain

“+oo
/ () |2dt < +o0,
to

hence establishing (v). Since by (6), c =e(a—1—¢) >0 (recall 0 < ¢ < a — 1), we
have that E)(t) is non-negative, and from (13) that it is is a non-increasing function.
In turn, it is bounded from above, and so is ||z(t) — 2*||*. Therefore, the trajectory
x(+) fulfills claim (vi).

Combining item (iii) and condition (C3), we have

+o00 +oo
| et - < [ (la-sw -0 )(e) -1t < +ox

which is statement (iv).

We now turn to showing (vii). For this, let p €]0,1[ a positive parameter to be
adjusted. We embark from (8), and split the term Mw(t)(V f(z(t)), x(t) — x*) into
the sum of two terms with respective weights p, and 1 — p. We then apply the convex
subdifferential inequality to the one with weight 1 — p. Doing so, we obtain

d .

S B0+ (1= p)Mw(t) =5(1) ) (F(2(8) = F(2*)) + pXtw (O F (2(2)). 2(t) —a*) < 0.
(14)

The point is to show that by appropriately choosing A and p, we can make the quantity

A(t) == (1 — p)Atw(t) — (t)

non-negative. Take A\ = o — 1. Hence 6(t) = t?w(t). The same calculation as above
gives



Take p = i 1 €]0, 1], where ¢ is given by condition (C3). Then,
A(t) = t((a =3 = 2u(t) — tt)). (15)
By definition of w, and since 8 has been supposed non-decreasing, we have
. t
b(t) = i) + 40 + 22 > w(e) (16)

Consequently, (C3) entails (o — 3)w(t) — tw(t) > ew(t), and thus the quantity A(¢) in
(15) is non-negative, as desired. Integrating (14), and since A\ = a—1 >0, p > 0, and
E) is bounded from below (in fact non-negative), we obtain claim (vii).

It remains to prove (viii). Taking the inner product of (DIN-AVD),, 5 with t%i(t),
we obtain using the chain rule and the positive semidefiniteness of V2 f(z(t)),

0 = (@), 2(t) + atll2(t)|® + 2BV F (2 (t)a(2), 2(2)) + D)V f(x(1)), (2))

> tQ% (;Hﬁc(t>|yz> +at|la(t)]” —|—t%(t)% (f(x(t)) - minf)

H

2
= 5 (G117 + 200) (£Gote) ~min ) ) + (= )l

- (ot~ min ) 5 (200

Integrating from s to t, we get
2 82
0 = SO + 2000 () - min ) - S 1P - 206) (o) - min f )
ta=1) [ rliPar - [ (stetr) - mpn ) 5 (Po() .

Consequently, by setting

2

B@) = IO + 20 (5el) - nin ) + @~ 1) [ 7lis(r)Par
- [ (#atr) - i £) & 206 ar

we deduce that the function B(-) is non-increasing on [tg, +0o[. To ensure its conver-
gence, we need to justify that B(t) is bounded from below. First, the first three terms
entering B(t) are non-negative. We now use the condition 4 (¢2b(t)) < Citb(t) for ¢
large enough to deduce the existence of t; > ty such that for all £ > t;

B(t)> 0y /: rb(r) (f(a:m) ~ min f) dr > oo,

where we used statement (iv). Therefore, we have that B(t) converges as t — +oo.
Using again assertions (iv) and (v) and the hypothesis on b, we deduce the existence



of

o= i [ S0 +2000) (1(0(0) ~mn) 1] 2 0

t—-+o00

Suppose £ > 0, then there exists to > t1 such that for every ¢t > to

S101? + 00) (SGa(0) ~min 1) = (17)

By integrating (17), this leads to a contradiction with (iv) and (v). We conclude that

i [ 15017+ 20) ) ~min )] <o

t—o00

which gives, as t — +o00

a(®) - ming =0 (s ) and a0l =o 7).

This completes the proof. ]

2.3. Convergence of the trajectories

Based on the previous Lyapunov analysis, and using Opial’s lemma [32] (which is
a continuous time version of Lemma A.1), we now prove the following convergence
result. Recall w(-) defined in (2).

Theorem 2.2. Take o > 1. Let 5(-) be a non-decreasing function. Assume that (C1)—
(C2)—(Cs) in Theorem 2.1 hold. Suppose moreover that

(C4) hmt_>+oo m == 0, and

(C5) limy 4 oo m =0
Let x : [to, +oo[— H be a solution trajectory of (DIN-AVD), g . Then,

(1) for all z* € S, the limit of ||x(t) — z*|| exists, as t — +oo.
(ii) =(t) converges weakly to a point in S, as t — +o0.

Proof. The proof extends the Lyapunov analysis of Theorem 2.1 by studying the
convergence of the anchor functions ¢ — [|z(t) — 2*||* for any z* € S. Recall the
Lyapunov function E\(-) in (3). We have seen that, by choosing §(t) = t?w(t) — (A +
1 —a)tf(t) and ¢ = Ma — 1 — X), the limit of E\(t) exists for both A = o — 1 and
A=a—1—¢,ast — +oo. In turn, the limit of the difference Eo_1(t) — Ea—_1-c(t)
also exists. Let us compute it. Straightforward calculation gives

Encroe(t) ~ Baa(t) = etBO( (1) ~ ) + O o) —
~c{(o = 1)(alt) ~ 2*) + £ (@) + AOVAED) . 2(0) — ).

10



After simplification, we obtain that the limit of

Encroet) ~ Baa(t) = etBO(F(0) - ) ~ 7 o) 2

—et((&(t) + BV f(x(t))), =(t) — *),

exists. According to Theorem 2.1(i), we have

1B(0)(F (1) — £(a")) < 18(0) g = Coer

In view of hypothesis (C4), the limit of the above expression is equal to zero. Therefore,
the limit as ¢ goes to infinity of

p(t) = ; : lz(t) = 2*|* + ¢ (@ (2), x(t) — 2*) + t8(t) (VF(2(t)), x(t) — )

exists. From this, we want to show that the limit of ||z(t) — 2*||* exists. Set

5 Sa(t) - 22 4+ (@ — 1) t B(s)(Vf(x(s)), x(s) — a™)ds.

We have

t

p(t) = q(t) + —=4(t) = (@ = 1) t B(s) (Vf(x(s)), x(s) — 27) ds.

+o0

By Theorem 2.1(vii), we know that / sw(s)(V f(x(s)), x(s) — x*)ds < +00. As

to
B(s) = O(sw(s)) by (C4), and since the integrand of this integral is non-negative by
convexity, we deduce that the following limit exists:

t£+moo/ B(s) (Vf(z(s)), z(s) — x¥) ds. (18)
Therefore
Jim (a0 + a0

exists. Combining this with [18, Lemma 7.2], since a > 1, we deduce that the limit of
q(t) exists. Returning to the definition of ¢(¢) (which converges), and using again (18)
and a > 1, we finally obtain that, for any z* € S

lim |x(t) — 2| exists.
t—+o0

On the other hand, by Theorem 2.1(i) and assumption (Cs), we have

lim_f(x(t)) = min f.

t—4o00

11



Since f is convex continuous, it is sequentially weakly lower semicontinuous. This
implies that for any sequence x(t,) which converges weakly to some Z as t, — +o0,
we have

£(@) < Timin f(o(t,)) = min £,

and hence Z € S. So all conditions of Opial’s lemma [32] are satisfied, which gives the
weak convergence of the trajectories. O

Remark 1. Convergence of the trajectories has been proved for the weak topology
of H. It is a natural question to ask whether one can obtain strong convergence. A
counterexample due to Baillon [19] shows that the trajectories of the continuous steep-
est descent may converge weakly but not strongly. This example has been adapted by
Attouch and Baillon in [6] to show that similar phenomenon occurs for the regularized
Newton method. This suggests that convexity alone is not sufficient for the trajecto-
ries of (DIN-AVD), g, to strongly converge. However, adapting the arguments of [12]
to the system (DIN-AVD), g5, we can reasonably expect this to be the case under
certain geometrical or topological conditions on f. We do not elaborate more on this
for the sake of brevity.

2.4. Particular cases

Let us revisit the different cases considered in [10] in view of the convergence results
obtained in Theorems 2.1 and 2.2. They correspond to different choices for the param-
eters ((-) and b(-). For the reader’s convenience, these choices and their implications
are summarized in Table 1.

Case a B(t) b(t) Convergence| Weak con-
rate of the | vergence of
values the
trajectory
Case 1 >3 B3>0 1 o(t7?) v
Case 2 >3 5>0 1—1—% o(t_2) v
Case 3 >3+, 0 t 0 (t*(2+7")) v
r>0
Case 4 > 1 tr ct" 1, o (¢t~ D) ?
r<c—1,
r<oa-—2
>r+2 . rc et b e o (=) v
[—L,a=2[ | J[r—1,a-3],

Table 1. Summary of the particular cases.

Case 1 The system (DIN-AVD), g corresponds to the values of the parameters 3(t) =
S and b(t) = 1. In this case, w(t) =1 — % Conditions (C), (C2) and (C3) are satisfied
by taking a > 3 and t > 2=23. Conditions (C4) and (C5) are also obviously satisfied
too. Therefore, as a corollary of Theorems 2.1 and 2.2, we obtain the following result
appeared in [18].

12



Corollary 2.3 ([18]). Let x : [tg, +oo[— H be a trajectory of the dynamical system
(DIN-AVD),, 5 . Suppose o > 3. Then

() Fe(0) - mimef =0 ()
00 +oo
(ii) /t 2|V f(z(t)||2dt < 400, and/t t)|&(t)||?dt < +oo;

(iii) x(t) converges weakly to a point in S, ast — +o0.

Case 2 The system (DIN—AVD)QHB’H% corresponds to B(t) = f and b(t) = 1+ g It

was considered in [33]. Compared to (DIN-AVD), g, it has the additional coefficient g
in front of the gradient term. This vanishing coefficient will facilitate the computational
aspects while keeping the structure of the dynamic. Observe that in this case, w(t) = 1.
Conditions (C1), (C2) and (C3) boil down to o > 3, while (C4) and (Cs) are clearly
satisfied. In this setting, Theorems 2.1 and 2.2 specialize to

Corollary 2.4. Let x : [to, +00[— H be a solution trajectory of the dynamical system
(DIN-AVD),, 51,2 - Suppose a > 3. Then

() S0~ mimef =0 ()
00 +oo
(ii) / 2|V f(z(t)||2dt < 400, and/t t)|&(t)||?dt < +oo;

to
(iii) x(t) converges weakly to a point in S, ast — +o0.

Case 3 The dynamical system (DIN-AVD),, 5, which corresponds to §(t) = 0, i.e. no
Hessian driven damping, was considered in [11]. It comes naturally from the temporal
scaling of (AVD), . In this case, we have w(t) = b(t). (C1) is equivalent to b(t) > 0
while (C2) becomes

tb(t) < (o = 3)b(t), (19)

which is precisely the condition introduced in [11, Theorem 8.1]. Under this condition,
we have the convergence rate

. 1
f(z(t) — n}lthnf =0 <t?b(t)) as t — +o00.

Note that the condition (19) can be written as % (t%b(t)) < (o — 1)tb(t), which is

exactly the condition ensuring (see Theorems 2.1(viii))

f(a:(t))—n%nfzo( ) as t — +o00.

1
£2b(¢)

Of course, the interesting case corresponds to lim = 0, which is nothing but

1
2b(t)
condition (C5). This makes clear the acceleration effect due to the time scaling. For

1
b(t) = t", we have f(z(t)) — miny f = o (W)’ under the assumption a > 3 + r,
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i.e. (19) holds. According to Theorem 2.2, under the stronger assumption
(or — 3)b(t) — th(t) > eb(t),

we obtain the weak convergence of the trajectories to optimal solutions.

Case 4 Take b(t) = ct®, B(t) = t". We have w(t) = ct® — (r + D)t""! and w(t) =
ebtb=1 — (r2 — 1)¢"~2. Conditions (C;)—(Co) amount respectively to assuming:

>+t tand c(b—a+3)t" < (r+1)(r—a+2)t" L. (20)

When b = r — 1, the conditions (20) are equivalent to r < ¢ — 1 and r < a — 2,
which gives the convergence rate f(z(t)) — miny f = o (t_(”l)). However, we cannot
conclude to weak convergence of the trajectories using Theorem 2.2 since (C4)—(Cs)
are not verified with this choice of parameters.

Let us now examine the case —1 < r < @ —2 and b €]r — 1,a — 3[. Then the
conditions (20) are satisfied, since

4oo= lim "' >rtland —co=clb—a+3) lim " < (r4+1)(r—a+2).
t—+o00 t—+o00

Therefore, f(z(t)) —miny f =o (t*(T“))). Moreover,

B(t) 1

e tw(t) to0 et — (r+1) ’

li L li L 0

im —— = lim =
t—+o0 t2w(t) t—+oo ¢+ (ctb—r+l — (r 4 1)) ’

that is, (C4)—(C5) hold. We then deduce from Theorem 2.2 weak convergence of x(t)
to a minimizer of f.

3. Convergence of proximal algorithms

Let us analyze the convergence properties of the proximal algorithms obtained by
implicit temporal discretization of the continuous dynamic (DIN-AVD), g5 . We will
show the convergence of the iterates generated by these algorithms, which complements
the convergence rates of the values obtained in [10]. We take a fixed step size h > 0,
and denote by x an approximation of x(kh). To keep close to the continuous dynamic,
we consider the following implicit scheme: k£ > 1,

% (@41 = 20k + @p-1) + % <}1l(1'k+1 - xk))
+ % (vf(xkﬂ) - Vf(xk)) + 0,V f(xper) =0. (21)

Indeed, there are several other possibilities for the temporal discretization of &(t), Z(t),
and V2f(z(t))i(t) = % (Vf(x(t))). The study of these other discretization schemes
are beyond the scope of this paper and deserves further work.

14



By rearranging the terms of (21), the latter equivalently reads

hk(By + hbg)
k+«

hk By,
k+ «

Tt + V(@ke1) =z + (2 — Tp—1) + Vf(zk).

k+«

We obtain the following iterative scheme:

(IPAHD): Inertial Proximal Algorithm with Hessian Damping.
Parameters: «, 5, and by,
Initialization: xg,z1 € H;
for k=1,...do

hk(By + hby) k
A == —-——— p—
k kta M kta
Yk = Tk + (T — Tp-1) + ha BV f () ;5
Tl = PI“OX,\kf(Z/k)-
end

9

Note that a step of (IPAHD) involves both the calculation of a proximal term and
of a gradient term relative to f. Thus, (IPAHD) could be considered as a proximal-
gradient algorithm as well. Since the proximal-gradient terminology is mainly used for
composite problems involving smooth and non-smooth data, and here there is only one
function f, (IPAHD) is called proximal. In addition, we will see that we can extend
the algorithm to the case of a non-smooth function f, in which case there are only
proximal steps in the algorithm. For mathematical developments, it is convenient to
use the following equivalent form of (IPAHD) (a direct consequence of (21))

a

tipr = 2 vy = = (3 @as = 2) + (B W)V () = WAV (2) - (22)

3.1. Convergence rates

Let us first study the convergence of values for iterates generated by the algorithm
(IPAHD). As in the continuous case, the Lyapunov analysis developed in the following
theorem involves a positive parameter A, which was taken equal to o — 1 in [10,
Theorem 4]. The role of A will be central when it comes to the convergence proof of
the iterates as we will see in the next section.

Theorem 3.1. Suppose that a > 1. Take X €]0,a— 1], set v := a— A —1 > 0. Define

By, i= k(hbp+Br—PBrs1)—Prp1  and & == h((k £ 147)By +(k + 1),3k+1), (23)

and suppose that the following growth conditions are satisfied:

(G1) Br > 0;
(G2) Ok41 — O — hABy < 0.

Then, &y is positive and, for any sequence (xy,), oy generated by (IPAHD), the following
properties hold:

(i) OSf(xk)—mian:(’)<;> as k — 400,
k

(i) S pen (5k — O + h)\Bk> (f(zps1) — ming f) < +00;
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(i) Senh2 (3B + (b + 1)) Bi [V f ()| < +o0;
(iv) Ypen kllzrsr — zill? < +oo.

Before proceeding with the proof, the following observations are in order.

Remark 2. Condition (G;) is an explicit finite-difference discretization of the contin-
uous time analogue (C;). Moreover, for A = o — 1, it is not difficult to check that (G2)
is also an explicit discretization of (Cs).

Remark 3. Provided that infy By/k > ¢ > 0, we have 0, > chk? ad thus the
convergence rate on the objective values in Theorem 3.1(i) is O (1/k?) . Moreover,
there are many choices of 8y and by for which infy By /k > ¢ > 0 and conditions (G;)—
(G2) hold true. One case of interest is where Sy = § > 0 and by = 1, which is the
discrete analogue of the continuous case 1 studied in Section 2.4. Then, By = kh — j3,
and for A > 2, which is always possible if a > 3 since A €]0, @ — 1], one can verify that
infy, B /k > 0 and (G1)—(G2) are in force for k large enough. Another interesting choice
is B, = > 0 and by = 1+ (/(hk), for which By, = kh, and thus infy, By /k = h > 0.
This choice is the discrete counterpart of case 2 discussed in Section 2.4. Again, for k
large enough and A > 2, easy computation shows that (G;)—(G2) hold.

Proof. Given z* € S, let us define

E6) = Glf(r) — F@) + 5 ol + Sl — 2, (24)
v = )\(l'k - :L'*) + k:(a:k — Tp—1 + ﬁthf(:L‘k)), (25)

where ¢ is a non-negative parameter that will be adjusted in the course of the proof.
For each A €]0, a0 — 1], £k(\) is non-negative and we will show that £;(\) can serve as
a Lyapunov function, i.e. we shall prove that (£;()));cy is a non-increasing sequence.
We first have

Err1(A) = Ee(N) = (Or41 — k) (f(rg1) — f(27)) 4 6p (f (Try1) — f(21))

1 1
+3 (loksal® = lloxl?) + 5 (clzpsr — 2*|)* = cllzp — 2*|%) . (26)

Let us first evaluate the third term in the right-hand side of (26). Using successively
the definition of vy and (22), we first get

Vkt1 — V% = Mgy —2x) + (K + 1) (0p41 — 23 + Ber1 AV f(2341))
—k(z — 2p-1 + BhV f(zy))
= A+ D(@p+1 — zp) + k(@r41 — 22k + Tp—1) + Ber1hV f(Tr41)
+hk (Br 1V f(wp1) — BV f(xr))
= k(zpt1 — 22p + 2-1) + kB (Vf(241) — V f(21))
A+ (@1 — k) + B AV f(2p41) + kh(Bes1 — Be)Vf (@k41)
= —beh?kV f(2r1) — a(@rpr — 2x) + A+ D) (@rp1 — 1)
+Bk+1hV f(@h41) + kR(Be+1 — Be)V f (Tk41)

= A+ 1-a)(zp41 —xx) + hk (liﬁkJrl + Brt1 — B — hbk) V f(@p41).
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Recalling the definition of v and By, in (23), we have

Vg1 — Ok = —Y(Tpg1 — ) — hBLV f(2p41). (27)
1
Set Ay = 5 (llve41]1? = [|vell?). Then with the simple identity
1 1 1
Slveall® = Slorll® = (Orrn = vk, vkg1) = S lowgs — orll?,
2 2 2
we obtain,
A = =M (Tpy1 — 25, Tpy1 — k) — (k +1+ %) |zhs1 — 2]

~h (30 + D)8 + (k + 1+9) B ) (Y (@he), T — )

N B
SHAB(Y ki), anis — ) = 1 (5 (o D) B IV
Using the three-point identity

1
(s =@, o = an) = 5 (e = 2 = law = 22 + Jawsn - al?)
we infer

Err1(A) = E(N) = (01 — 0k) (f(Trg1) — f(27)) 4 6p (f (Try1) — f(21))
A
2

(llzer =22 = llzw = 2* 2+ lanes = 2el?) =7 (k + 142 ) lznes — 2l
— (306 + D)Bess + (k14 7) B ) (VF (@), x40 — )

~ BB i), s = ") = 12 (3Bt 6+ D ) B |9 o)

1
+ 5 (ellwnss — I = ella — ")

Taking ¢ = Ay > 0 and using the (convex) subdifferential inequality (V f(xg41), k1 —
zg) > f(zre1) — f(zr), we arrive at

Err1(A) = E(A) < (Ok+1 = 0k) (f(h41) — f(@")) = PABR(V [ (@k41), Thor — 27)
+ (8= h(y(k + DBrs + (b +1+9)Be) ) (Y @er1), 2osr — )

bo[-2

1
@kt 1) s = aul? 1 (3B (64 Do ) Bl )l (25)

Using the definition of d; in (23), we have d; > 0 under (G;), and the second scalar
product term in (28) is canceled. In view of (G;), we use once again the convex subd-
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ifferential inequality (V f(zr11), 11 — 2*) > f(ap4+1) — f(a*), to obtain

Erp1(A) = Ex(N) < (Op41 — O — RABy) (f(zp41) — f(27))

1
— h? <2Bk + (k+ 1)/8k+1> By |V f(zrs)|” — % (2k + a4+ 1) ||z — 2] (29)

Since v > 0 and under (G;)—(G2), all terms in the bound (29) are non-positive, whence
we deduce that the sequence (Ex (X)), ¢y is non-negative and non-increasing. This yields
that for all k> 0,

)~ mjn 1 < 2,

hence proving claim (i). Assertions (ii)—(iii)—(iv) follow by summing the inequality
(29). O

3.2. Convergence of the iterates

To prove convergence of the iterates, we will use the Lyapunov function £ () in (24)
by appropriately choosing A.

Theorem 3.2. Let us make the same hypotheses as in Theorem 3.1, and replace
(G1)—(Ga) respectively by: there exist € > 0 and B > 0 such that for all k > 0,

(G1) By >B>0;
(g;) 5k+1 - 5k - h)\Bk < —€th.

In addition, suppose that
Br+1
By,
Then, the sequence (xy),cy generated by the algorithm (IPAHD) converges weakly in

H, and its limit belongs to S = argmingy, f.

Remark 4. One may have noticed that (Gs) is the discrete form of (C4). In addition,
under the choices of the parameters (a, B, bi) discussed in Remark 3, conditions (G, )—
(G,) are fulfilled.

Proof. The proof relies on Opial’s Lemma A.1. First, by Theorem 3.1(i), for every
A €]0,  — 1], we have

f@w—%pf20<i>-

Take A = o — 1. Then v = 0 and &, = h(k + 1)By. By assumption (G, ), we de-
duce that 0y > h(k + 1)B. Therefore, as k — 400, we have d; — o0, and hence
f(zr) — mingy f. Since f is convex and continuous, it is sequentially weakly lower
semicontinuous. Therefore, for every sequential weak cluster point Z of (xx);cy, say
x), — T, we have

(7)< liminf f(ay,) = T f(zg) = min f.
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So, every sequential weak cluster point of (zy); belongs to S.

Now fix z* € S, and we show that the sequence of the anchor functions
(llzx = 2*|) ey converges. According to the proof of Theorem 3.1, we have that for
every ¢ € [0,a — 1], the sequence (Ey(a — 1 —¢€)),cy converges. In turn, so does the
sequence (Ex(a —1 —¢) — Ep(a — 1)),y Recalling that in the proof of Theorem 3.1,
v=a—A—1and ¢ = Ay are the values of the parameters which give the decreasing
property of the sequence & (), we have

™

kla—1—¢)=h((k+1+e)Bx+e(k+1)Bky1) (f(xx) — f(z¥))
+% (@ —1—¢e)(wg — &%) + k(g — vp—1 + BrhV flax))|]” + 93(04—21—5)
Er(a —1) = h(k + 1)By(f (1) — f(z¥))

43 0= D)k — %)+ kg — mioy + BV F ().

s, — 2|

Taking the difference, we obtain

Ep(a—1—e) = &la—1) = he (B + (k + 1)Bry1) (f (zx) — f(27))

2 1=
(55 o

—e((a—1) (2 — %) + k(zg — zp—1 + BehV f(xr)), xp — z*).

Equivalently

Enla—1—¢) = E(a—1) = he (B + (k + 1)Brsr) (f(@r) — f(z*))

2 — 1=
+ <€2 + 8(0428) —E(Oé— 1)) ka —.’IJ*H2

—ek(xy — xp—1 + BrhV f (), o — ).

After reduction

Ela —1—¢€) = Ela—1) = he (B + (k 4+ 1)Br41) (f(xx) — f(27))
€ * 112
+5 (1= a)llzy — 27|
— ek(zy — xp—1, ) — 2%) — ekBph(V f(xk), 2 — 27).

Using the three-point identity

2ap — 2*, ap — 2p-1) = llzg — 2|7 = llwp-1 — 2P + o — zp-a ],

and after dividing by e, we deduce the convergence of the sequence (Ay), oy Whose
general term is given by

1

A = h(By + (k +1)Br41) (f(xx) = f(27)) + 5 (1 =) [lzy — z*||?

k
— kB f(@n), x = ) = 5 (llw = 21 = ot — 2| + llog = 2x-a]2). - (30)
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To estimate the first term of Ay, we use the upper-bound obtained in Theorem 3.1(i)
by taking A = o — 1, namely

) 1
fzg) — D%nf < Wik + 1)Br
to obtain
k
0 < h(Br+ (k4 DBt ) (f () — f(27) < = Tk&i)gfm Tk i 1t Bg:'

According to assumption (G3), the right hand side of this inequality goes to zero as k —
400, and thus so does the first term in (30). In addition, we have limgk|zy—z5_1]|* = 0,
which follows from Theorem 3.1(iv). We have therefore obtained that the limit as
k — 400 of the sequence of real numbers (py),cy exists, where pj, is defined by

pr = (a—1)||lxg — x*H2 + 2kBxh (V f(zk), 2 — ™) + k(ka — a;*HQ — |lwp—1 — w*H2>.

Let us set ug == ||z — 2*||*, wy := hBR(Vf(z1), zp — z*) (the latter is non-negative
by convexity of f). We have

pr = (o — Dug + k(ug — uk—1) + 2kw.
S — k A
et g = (a—1) <uk +237 wz>. We have

k
k
Dk ZQkﬂLﬁ(ka—Qk—l) —2(a— 1)2“&‘- (31)
1=
Let us now prove the convergence of the series of non-negative real numbers

D owp =Y hB(Vf(r), @ — ).
K I

Under conditions of Theorem 3.1, we get from (28)

Err1(A) = E(A) < (Ok+1 = 0k) (f(@h41) — f(@7)) = PABR(V f (@k41), Thog1 — 7).

Using the (convex) differential inequality, we obtain, for each 1 > p > 0,

(1= PNLBL + 6 = G ) (f (k1) = F(@7)) + PARBK(V f (@h41), Thsr — o)
S gk()\) - gk+1()\).
Recall the notations in the proof of Theorem 3.1. Choosing A = @ — 1 > 0 and

p = =5 €]0,1[, then v = 0 and &, = (k+1)hBy. In view of condition (G5 ), we deduce
that

(1 - p))\th + 0y, — 5k+1 > (Oz —1- €)th + ehByj, — \h By,
= (a—1—=A)hB=0.
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Therefore,
PARB(Y f(Tg41), Thy1 — 77) < Epla — 1) = Eppa(a —1).
By summing this inequality, we obtain

Z hB(V f(zg41), Tpt1 — 27) < (o= l)ig(a —1) < +00.
K

Returning to (31), we have shown that the sequence

(% T (qr — Qk—1)>

a—1 keN

converges to some limit. According to Lemma A.2 , we conclude that (g ),y converges
to the same limit. By definition of ¢, and using that the series ), v;, converges, we
conclude that the sequence (uy),cy converges. All conditions of Opial’s Lemma A.1
are satisfied, which gives the weak convergence of the sequence (), <y to some point
in S. ]

3.3. Non-smooth case

Now suppose that f: H — RU {400} is a proper, lower semicontinuous and convex
function. To reduce to the smooth case, we follow the approach initiated in [10]. It
makes use of the Moreau envelope of f, which is defined for any 8 > 0 by:

folo) = mip { )+ g

|z — :1;||2} , for any x € H.

The interested reader may refer to [20,23] for a comprehensive treatment of the Moreau
envelope and its properties in a Hilbert setting. For instance, we recall that fy is a
continuously differentiable convex function, whose gradient is §~!-Lipschitz continu-
ous, and the set of minimizers is preserved by taking the Moreau envelope, that is
argmin fy = S = argmin f. Owing to this property, the idea is now to replace f by fy
in algorithm (IPAHD), and to take advantage of the continuous differentiability of fy.
The Hessian dynamic attached to fy would formally read

2(t) + %S'C(t) + BV fo((t)2(t) + b(£)V fo(a(t)) = 0.

However, we do not really need to work on this system (which requires fy to be C?),
but with the discretized form which only requires the function to be continuously
differentiable, as is the case of fy. Then, algorithm (IPAHD) now reads

hk By,

k
= — Tp— \Y%
Yk xk+k+a($k Ty 1)+k+a fo(xk)
T+l = pFOXAkfg(yk)7
where we recall that A\ = W. Thus, we just need to formulate these results in

terms of f and its proximal mapping. This is straightforward thanks to the following

21



formulae from proximal calculus [20]:

o Jolw) = (proxs(n)) + 55 [ = prox ()]
o Vfs(x) = g (z — proxgs(z)),
e prox,y, (z) = /\L;ex + )\%re Prox(y1g)f(z)-
We thus obtain the following algorithm (NS stands for Non-Smooth):

(IPAHD-NS): Inertial Proximal Algorithm with Hessian Damping for Non-
Smooth functions.

Initialization: xg, 1 € H given;

Ok + o) ‘
0(k + ) + hk(By + hby)’
for k=1,...do

Set pp =

« Bh o
Yk = Tk + (1 - k+a> (T — 2p—1) + 7 <1 T hr a) (z1 — proxgs(z)) ;
i1 = i+ (1= i) prox.o ;(y).
end

Capitalizing on the results of Theorem 3.1 and Theorem 3.2 and the properties
of the Moreau envelope recapped above, we can now state the following convergence
result:

Theorem 3.3. Let f : H — RU{+o0} be a proper, lower semicontinuous and convex
function. Suppose that o > 1, take > 0 and A €]0,a — 1], set v :=a—A—1 >0,
and By and 0 as in (23). Suppose that growth conditions (G1) and (G2) of Theo-
rem 3.1 are satisfied. Then, 0y, is positive and, for any sequence (xy),cy generated by
(IPAHD-NS) we have:

(i) f(proxgs(zy)) — ming f = O <51k) as k — 400;
(i) Spen (5k S AP h)\Bk> (F(proxg(zxs1)) — F(2¥)) < +00;

By, ,
(ifl) Dpen P (2 + (k + 1),8k+1> By |21 — proxgp(zp1) || < +oo;
(iv) ZkeNk |1 — 56k||2 < +o00.

Assume moreover that conditions (G,), (G)) and (Gs3) of Theorem 3.2 are verified.
Then any sequence (xy),cy generated by algorithm (IPAHD-NS) converges weakly in
H, and its limit belongs to S.

4. Convergence of gradient algorithms
Throughout this section, f : H — R is a convex differentiable function whose gradient
is L-Lipschitz continuous. In line with [10,12,25], our analysis is based on the inertial

dynamic (DIN-AVD) a,p1+2 Wwith damping parameters a > 3, 8 > 0, that we recall
for convenience:

(1) + %x‘(t) + ,6%Vf(;c(t)) + <1 + f) Vi (z(t) = 0.
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Consider the following time discretization of (DIN-AVD), 5, s with fixed temporal

step size h > 0, and where we set s = h?:

Lo — 2w S ) + é(W(a:k) V(i)
L8

ky/s

Taking y, inspired by the Nesterov accelerated gradient method, we obtain the fol-
lowing algorithm:

(IGAHD) : Inertial Gradient Algorithm with Hessian Damping.
Initialization: xg,x1 € H given;
Set oy :=1— 75
for k=1,...do
vk = o+ an(ar — ap-1) = Bv5 (V@) = V(i) = BV (i) ;

Tre1 = Yk — sV f(yr).
end

Vf(xr-1) + Vf(yr) = 0.

4.1. Convergence rates

Following [9], set tg11 = %, whence tp = 1+ tg 1. Given z* € S = argmin f, our
Lyapunov analysis is based on the sequence (E});cy

By = (/@) — f@) + o el (32)
Vg = (xk,1 — x*) + Tk (Z‘k — Tp—1 + ,3\/§Vf(xk,1)) . (33)

Theorem 4.1. Let f : H — R be a convex function whose gradient is L-Lipschitz
continuous. Let (x),cy be a sequence generated by algorithm (IGAHD) , where oo > 3,
0 < B <2ys and sL < 1. Then the sequence (Ey),cy defined by (32)-(33) is non-
increasing, and the following convergence rate is satisfied:

(i) f(zg) —ming f = O (]{712> as k — +oo0.

(ii) Suppose moreover that o > 3. Then Y,k (f(2x) — miny f) < +oo.
(iii) Suppose also that 5 > 0. Then

SRV R)® < oo and K|V ()] < +oo.

keN keN
Proof. The proof is an adaptation of [10]. We rely on the following reinforced version
of the descent lemma, see [10, Lemma 1], and which is specific to the convex case.

Since s < %, and f is convex and V f is L-Lipschitz continuous,

Py = sV ) < 1@) + (V) y—2) = SIVF@)IP - 21V F@) - VIO (34)

for all x,y € H. Let us write it successively at y = yr and x = x, then at y = yy,
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x = z*. Since x4+1 = yr — sV f(yr) and V f(z*) = 0, we get

Frn) < ) + (V) o= ) = SIVF@I” = SIVF @) = Vol (35)
F(@im) < F@) + (VL) g — o) = SIVI @I = 51Vl (36)

Multiplying (35) by tx4+1 — 1 (which is non-negative for k large enough), then adding
(36), we derive that

b1 (f(wpr1) = f(@7) < (thar — 1) (f () — f(27))

+ (Vf(yr), (k1 — V)(ye — 1) +yp — ) — %tk+1va(yk)H2
S

St = DIV (@) = VE@) 2 = SV (37)

Let us multiply (37) by tx11 to make appear Fj. We obtain

B () = F@) < (40—t = 1) (Flan) = F@) + () = £(@))
bt (Vs (e = Do — 20+ 90— @) = SV ()
= S = o)V @) = VI = St IVl (38)

We first assume that o > 3. So we have t%_H —tg1 — ti < 0, which gives

tera(f(arsn — £(2*) < G (f(zn) = f(2")

+ tet 1 (Vf(yr)s (b1 — 1) (g — k) +yp — %) — %t%+1llvf(yk)ll2

= S (1 — o) IV @) = VE@I? = St IV F )l

According to the definition of Ej, we infer

S
Eppi—Ep < i1 (Vf(uk)s (b — D) (ye — @n) +yp — %) — iti+1||vf(yk)\|2
S S
—5(75%“ — tir )|V £ (i) — VI (yw) I — §tk+1||vf(yk)”2
1 1
+?S||Uk+1’|2 - 2*$HUI€H2-

Let us compute the last term in the last expression with the help of the elementary
identity

1 1 1
§Hvk+1||2 - §Hvk|!2 = (Vkt1 — Uk Vkg1) — §||vk+1 — ug||%.
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By definition of v in (33), and according to (IGAHD) and t;, — 1 = x4, we have

Vg1 — Vg = T — Tp—1 + tpy1 (T — Tk + BVsV [ (2)) — ti(zr — 2p—1 + BVsV f(2r-1))
=tpr1(pr1 —xk) — (te — 1) (2 — 2p—1) + 5\/§(tk+1vf($k) - tkvf(xk—ﬂ)
= tpt1 <$k+1 — (o + ag(rr — wkq)) + 5\/§<tk+1vf($k) - tkvf(xk71)>

= thr1 Tk — yk) — L1 BVS(V f () = Vi (2r—1)) =t ﬂ;/gi(xk_l)

+ 5\/§<tk+1vf($k) - tkvf(iﬂk—l))
= tey1(Ther — ur) + BV's <tk+1 (1 - ;) - tk) Vf(zg-1)

=trpr1 (Thg1 — k) = —ster1 Vi (Ur)-

Hence

1 1 S
?5||Uk+1||2 - 2*S||Uk||2 = —jiﬂllvf(yk)HQ

— tr 1 (VF(yr), xr — 2% + trgr (Tegr — 2k + VsV f (1))

Collecting the above results, we obtain

Epi1— B <ttt (VF(uk), (bkar — D (yk — 1) + yp — 2%) — st 1[IV f ()|
—te 1 (Vf (Uk), @ — @ 4 tog1 (Tp1 — 2+ BVSV f (1))

— (B — eIV @) = VF@) 2 = St |V F () I

Equivalently

Ep1 — Ep < i1 (VF (), Ar) — sta 1 |V £ (i) ||

— 5 (61 = o) IV @) = VEI? = St IV F )l

with
Ap = (tk1 — )y — k) + Yk — Tk — o1 (Trs1 — 2k + BVSV f(z))
= trr1(ye — k) — thr1 (Trr1 — k) — ter1BVSV f(xg)

= tey1(Uk — Tht1) — trp1 BVSV [ (2)
= step1V I (Uk) — ter18VsV f ().
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Consequently

Ep1 — B, < t1(V f(yr), ster1VF(yr) — te+18VsV f(zr))
= s [V @O = 51—t IV @r) = VI = StV ()

=~ BV L), V) = 5 = o) [V F ) = V)
— 2 |V ()2

2
= —tg41DBy,

where
By =t BVE(V S (), VI @0) + 5 (tkar = DIV (r) = VI + S IV F ol

When 8 = 0 we have By, > 0. Let us analyze the sign of By in the case 8 > 0. Denote
for short X = Vf(z) and Y = V f(y). We have

S S
By = §||Y||2 + 5t = DIY -~ X[+ tr1BVs(Y, X)
S S
= ilkarlHYH2 + (ter1(BVs = 5) +5) (Y, X) + o (1 = DX

S S
§tk+1llYll2 = (trt1(Bvs = 5) + ) IV X ] + 5 (trar — I

v

Elementary algebra gives that the above quadratic form is non-negative when

(tk-i-l(ﬁ\/g — S) + 5)2 < 52t1§+1(tk+1 — ].)

Recall that tj is of order k. Hence, this inequality is satisfied for k large enough if
(Bv/s — 5)? < s, which is equivalent to 8 < 2+/s. Under this condition, we deduce
that Ej is non-increasing which entails claim (i). Similar argument gives that for
0 < e < 2y/38 — 2 (such ¢ exists according to assumption 0 < 3 < 2y/s)

1
Eyi1 — B + §€ti+1”vf(yk)H2 <0.

Summing these inequalities, we obtain assertion (iii) on yi. The summability claim
on xy is consequence of that on ;. Indeed, Lipschitz continuity of the gradient and
(IGAHD) yield

IVF(@r)ll < (14 Ls) [V f ()l -
Suppose now « > 3. Returning to (38), by a similar argument as above we obtain
Ery1 — By + (6] — 64y + tern) (f (2g) — f(2%)) <0. (39)

From t541 = —£— we get 7 — ti_H + g1 > ﬁk, and it follows from (39) that

a—1

C= 2k (Faw) - 1) <0 (10)

Epp1 — B+ —35
k41 k+(a_1)
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By summing the inequalities (40) with respect to k, and since a > 3, we obtain
assertion (ii). O

4.2. Convergence of the velocities

Here, we provide some key estimates on fast convergence of the velocities, which will
also prove useful when it will come to guaranteeing convergence of the sequence of
iterates.

Theorem 4.2. Let f : H — R be a convex function whose gradient is L-Lipschitz
continuous. Let (x),cn be a sequence generated by (IGAHD) , where o >3, 0 < <
2y/s and sL < 1. Then the following convergence rates on the velocities are satisfied:

(i) supy k||zr — 2p—1]] < 4005
(i) >op kllzk — 2k | < +oc.

Proof. From the reinforced descent lemma, see (34), we have

Fly=sVIw) +5-lly =2 = sVIWIP < f@) + oyl (@)

Evaluating (41) at y = y and x = z, we obtain

1 1
f(wrg1) + %kaﬂ — i |* < flay) + 2*5||yi<: — z1||%. (42)

Let us estimate this last term. According to the definition of y, and using the mono-
tonicity of V f, and Cauchy-Schwarz inequality, we obtain

I3~ 22l = (s — zicr) — BVA (VF(ax) — ¥ F(anr)) — 200 flag )|

2
< ollar — wia | + B%IIV flan) = Vo) P+ S5 1V F (@)
25\[ 252

ek = 2 [V f(zr-2)] +

IVf(xr) = V(- Vf(@r-1)]-
To lighten notation, set g := ||V f(zg)| + ||V f(zk—1)||. We get for k£ > 1

25\[ 23%s

i = on-rlgw + g2

,82
9 gk+

lye — zil|* < ajllze — 21 ||* + B2sgr + .

2

< afllok — wp_1|* + |z — z_1 |9k + 48%sg}.

Plugging this into (42), we obtain

1 2
J(wpg1) + £||37k+1 —ap||* < flan) + %ka — zp_1|* + \[Hﬂ?k — 1|9k + 28°g;-

Write for short 0y, := f(z)) — f(2*) and dy := 5= ||z — z_1]|*. Recalling oy, = kaa,
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we get

— a)z
2

k
Op1 + dpy1 < O + ( k

B 2 2
d, + k\/§||$k: = @19k + 2879k
After multiplication by k% we obtain

Edpy — (k—a)?dy < k2 (0, — Oppr) + %k”xk — a1 |lg + 282k g3

NG
Let us write the above expression in a recursive form
K1 — (k—1)2%dg 4+ (a — 1)(2k —a— 1)dy, < (k—1)260), — K> 01 + (2k — 1)6;,
+ jgkuxk — z1llgs + 28%K22. (43)
Thus, for k > ko = (a+1)/2 > 2, we have

Kodpr — (k= 1)%dy, < (k—1)%0 — k*0p 41 + 2k0, + ﬁgk‘ﬂfﬁk — zp1llgk + 267K g3

Summing from k = ky to K > kg, we obtain

K K
K2dgr < (ko — 1)%dg, + (ko — 1)%0k, +2 > kO, +28% > k’g}
k’:ko k:k’o
/3 K
+— kllzg — xp—1]|gk-

Thanks to the estimates obtained in items (ii) and (iii) of Theorem 4.1, we have
respectively

Zk&k < 400 and Zk%qi < +o0. (44)
k k

In turn, there exists a constant C' > 0 such that

K
(Kllexcs1 = oxl)? < €+ €Y ge(klloy = 2i-1)ll)-
k=1

Observe that

zgk < +o00. (45)
k

This follows from Cauchy-Schwarz inequality, square-summability of the sequence

(%)k N and the summability claim Theorem 4.1(ii). Thus, applying the Gronwall’s
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lemma, we obtain

sup k||lzp — zx_1]] < +o0.
k

as claimed in (i). To see that assertion (ii) also holds, return to (43), but this time
without discarding the term (o — 1)(2k — o — 1)dj which is non-negative for k > ko
since & > 1. Summing (43), using the telescopic form, the summability properties (44)
and that of (gx),cy as well as claim (i), we conclude. O

4.3. Convergence of the iterates

We are now ready to prove convergence of the iterates of algorithm (IGAHD).

Theorem 4.3. Let f : H — R be a convex function whose gradient is L-Lipschitz
continuous. Let (zy),cn be a sequence generated by (IGAHD) , where o > 3, 0 < 3 <
2y/s and sL < 1. Then (z),ey converges weakly, and its limit belongs to S.

Proof. Observe first that the sequence ()¢ is bounded in #H. This is a direct
consequence of Theorem 4.1 and Theorem 4.2. Indeed, the convergence of the sequence
(Ek)pey from Theorem 4.1 implies that the sequence (vy), oy in (33) is bounded in H.
From Theorem 4.1(iii), we know that ¢,V f(zr) — 0 as k — co. On the other hand,
we infer from Theorem 4.2(i) that (¢ (23 — 2x—1))sey is bounded in H. It then follows
from the definition of vy that the sequence (zy),cy is bounded.

The rest of the proof now relies on Opial’s Lemma A.1 with S = argmin f. By
Theorem 4.1(i), we have f(xp) — miny f. The weak lower semicontinuity of f then
gives item (i) of Opial’s Lemma. Thus, the only point to verify is that limy_, ||z —2*||
exists for any 2* € S. Denote for short the anchor sequence hy, := 5|z, —2*||?. Inspired
by the continuous case, the idea of the proof consists in establishing a discrete second-
order differential inequality satisfied by (hy);cy. We use the three-point identity

1
glla=bl* + Slla—cl* = Sllb—cl* + (a = b, a =),

which holds for any a, b, c € ‘H. Applying this identity at b = 2*, a = x11, ¢ = Tk, We
obtain

1
hi — b1 = =@ — 2el)® + (Trg1 — &%, Tk — Tpar) - (46)
2

By definition of y;, we have

T — Tp1 = Yk — Th1 — ag(zp — 2p—1) + BVs (Vf(zr) — Vf(xp-1)) + B]\fvf(xkl)-

Therefore,

1
hi — hiy1 = §H$k+1 — a|® + (Tpp1 — 25, Yk — Tp1) — g (Tpp1 — 5, Tp — Tp_1)

; <xk+1 e, B (V) — V(o) + ﬁfo<xk_1>> .
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Since Vf(2*) = 0 and yx — 1 = sV f(yr), we deduce that

1
hiy1 — hg + §H$k+1 — x)?
+5(Vfyr) = VI(@"), zp1 — 2%) — ap(Tp1 — 2%, 2 — Tp-1)
s
+ (o =% VB (V) = V) + Y2V ) ) o0, )
On the other hand, the cocoercivity of V f and the hypothesis sL < 1 give

(Vf(yr) = Vf(@"), o1 — 2%)
= (Vf(yr) = V@), yp — %) + (Vf(yr) = VF(@"), ki1 — k)

> %HW(yk) — V@) + (V) = V(@) 2er1 — yr)
> sV f(ye)lI? = sV f(yw) I = 0. (48)

Injecting (48) into (47), we get that
1
hit1 — hi + §”$k+1 — zp||? — arlzpi — 7, T — THo1)

+ (o =% BB (VS ) = V) + Y2V ) <0, )

By replacing k by k — 1 in (46), we obtain
1
hk—l - hk = §Hl‘k — xk_1H2 — <£Ck — ac*, T — xk_1>. (50)

By combining (49) with (50), we deduce that

1
his1 — by — o (hgy — hi—q) < _§H$k+1 — a2

1 2
+ ag, §H«’Ek — g1 ||* 4+ (2K — Th—1, Thp1 — Tp)

B

- <xk+1 ot VA (V la) — V() + fo<xk_1>> - (51)

To simplify the exposition, let us use the generic terminology ey for the positive real
terms which are negligible with respect to the convergence property, and C for the
constants (independent of k). According to [12], these are the terms that satisfy the
summability property

Z kep < +o0.

This is the case of the term [(xp41 — 27, %ﬁVf(:vk_l)H, since (z),cy is bounded
as argued above, and k||1V f(zx—1)|| = 7 (k| V f(zk-1)||), which is summable as the
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product of the two square summable sequences (%) and (EV f(2r—1)),ey (the latter
follows from Theorem 4.1(iii)). Consequently, (51) becomes

1
his1 — by — o (hgy — hi—1) < —§”$k+1 — a2

+ oy, (;H% — zp1|)® + @k — Tho1, Thp1 — $k>>
- ﬁﬁ(karl - a:*, Vf(:nk) - Vf(xk,1)> + Cey. (52)

By contrast, the term V f(xx) —V f(xx_1) is not negligible. Therefore, it will be treated
as the difference of two consecutive terms, and will then handled easily. To see this,
let us write

(w1 — 2%, V(@) = V(@p-1)) = (@p1 — 2, V(@) — (@1 — 27, Vf(zp-1))
= (wx — 2", Vf(ax)) — (wp1 — 2", V(zp-1))
+ (@h1 — 2y VF(@r)) = (@hg1 — 2r-1, VI (Th-1))
= (z, — 2, Vf(xg)) — (wp—1 — 2%, Vf(z_1)) + €.
We have used that >, ykllzisr — x|V f(xr)|| < +oo, a consequence of
Cauchy-Schwarz inequality and Y, ykllze+1 — zxl|? < +oo (Theorem 4.2(ii))

and Y oy k| Vf(zk)|? < +oo (Theorem 4.1(iii)). The same reasoning holds for
Y oken kllzrsr — zp—1 |||V f(zr—1)|| < 400. Therefore

Bis1 — b — ag (hi — hi—1) + By/s(x — a*, V f(xg)) — Bvs(xp—1 — 2%, V f(2r-1))

1 1
< —i\lwkﬂ — z]|? + o <2”33k — 1 ||® + (T — Tp1, Thp1 — xk)) + Cey.

Using again the estimation on the velocities (Theorem 4.2(ii)), the second term in the
right hand side of the last inequality is again negligible, which gives

Ppgy1—hi—ou (hi — hye—1)+B's (x, — «*, V f(2r))—BVs (xp—1 — «*, Vf(zp-1)) < Cey.
(53)
Set Oy := hy — hi—1 + Bv/s (xk—1 — 2*, Vf(xk_1)) . From (53) we infer that

Ors1 — by < %5\@(%4 — %, Vf(xr_1)) + Cey
By the same argument as above we deduce that
Or1 — oy < Cey.
The proof now follows the line of [12]. Taking the positive part we arrive at
Ok1] . < ar [0k], + Ce.

Applying Lemma A.3 with a; = [0;], , we obtain
Y ken [Pk — hi—1 + By/s{xp—1 — 2%, Vf(zr-_1))], < +oo.
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Since (||Vf(zx-1)|)pey is summable (see (45)), we deduce that ), [Ar — hp_1], <
+00, which implies that the limit of the sequence (hy), oy exists. Condition (ii) of
Lemma A.1 is then verified which concludes the proof. O

4.-4. From O (#) to o (%) rates

We will now establish an even faster asymptotic rate of convergence of the values and
velocities.

Theorem 4.4. Let f : H — R be a convex function whose gradient is L-Lipschitz
continuous. Let (x),cn be a sequence generated by (IGAHD) , where o >3, 0 < 8 <
2y/s and sL < 1. Then

2
.. 1
(ii) ||lzx — k-1l =0 <> as k — +oo.

(i) f(zg) —minyg f=o0 <1> as k — +00;

k2

Proof. Let us embark from (43) and recall the notations there. Let us define Wy, :=
(k —1)2dy, + (k — 1)%6;,. We then have for k > (o +1)/2,

Wit1 < Wi, + g, where e, = 2k0), + %k |2k — 21l g + 2687k gj.-

7

Thanks to (44), (45) and Theorem 4.2(i), we have ), .\ ep < +00.
It follows that the limit of Wy exists as k — +oc0. This limit ¢ is necessarily equal

to zero, otherwise, for k sufficiently large, Wj, > %, which gives

l
— — >
(k—1)di + (k—1)0) > 57

This gives a clear contradiction with the summability of the left hand side of the above
inequality, as given by Theorems 4.1(ii) and 4.2(ii). This concludes the proof. O

5. Application

To illustrate our results, let us consider the regularized least-squares problem (RLS)

min {f(a:) - % Ib— Az +g(az)} , (RLS)

rER™

on H = R™, where A is a linear operator from R" to R™, g : R" — R U {+oc0} is a
proper lower semicontinuous and convex function which acts as a regularizer. (RLS)
occurs in a variety of fields ranging from inverse problems in signal/image processing
(where the problem is ill-posed when m < n), to machine learning and statistics.
Typical examples for g include the ¢; norm (Lasso), the ¢; — ¢ norm (group Lasso),
the total variation, or the nuclear norm. We assume that the set of minimizers of (RLS)
is non-empty.

Following [10], the key idea is to work with an appropriate metric. For a symmetric
positive definite matrix M € R™*", denote by ||-||;, the norm which is associated with
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the scalar product (M-, -). For a proper convex lsc function h, denote hj; and proth
its Moreau envelope and proximal mapping in the metric M,

1 ) 1
() = min ||z — w3y + h(z),  prox} (z) = argmincgo 3 |12 — 2ll3 + h(z).

Let M = AT — A*A which is symmetric positive definite matrix as soon as 0 <
A||A]|? < 1. It can then be easily shown, see [12, Appendix], that

proxﬁ\/[(x) = prox,, (7 + AA*(b — 1)),

and that fjs is a continuously differentiable convex function whose gradient in the
metric M is given by the formula

Viu(z)=x— proxy(w) = x — prox,,(z + AA*(b — Az)).

Moreover, ||V far(z) — Vv (2)|ly < llo— 2|y, i.e. Vfar is Lipschitz continuous in
the metric M. In addition, a standard argument shows that argmin(f) = argmin(far).
We are then in position to solve (RLS) by simply applying (IGAHD) to fi;. We obtain
the following algorithm:

(IGAHD — RLS):
Initialization: xg, z; € R™ given;
for k=1,...do
2k = x) — Prox, (v + AA*(b — Axy)) ;
Yk = 2+ (1= §) (o — 2p-1) — Bv/s(zr — 2p-1) —

Tr1 = (1 — 8)yr + sproxy, (yex + AA* (b — Ayy)).
end

Rk

pV's
k

We infer from Theorems 4.1, 4.2, and 4.4 the following convergence certificate of
algorithm (IGAHD — RLS).

Theorem 5.1. Consider algorithm (IGAHD-RLS) applied with o > 3, 0 < || A|? <
1,0< B <2ys and s < 1. Then for any sequence (xy),cy generated by the algorithm
(IGAHD-RLS), the following properties hold:

(1) f(prox}! (zx)) — ming f = o(k™2) and ey K|V f () ]|* < +o0.
(ii) The sequence (xy),ey converges to a solution of (RLS).

(IGAHD) and FISTA (i.e. (IGAHD) with 8 = 0) were applied to fy; with two in-
stances of ¢g: £1 norm (for sparse vector recovery) and the nuclear norm (for low-rank
matrix recovery). In all experiments, we set n = 100, m = 80, and A was generated
from the standard Gaussian ensemble. The original sparse vector had sparsity level
m/10, and the original low rank matrix was rank one (generated randomly). The re-
sults are depicted in Figure 1. We display both the evolution of the objective values
and the distance to the set of minimizers, for different values of the damping param-
eter o > 3. (IGAHD) exhibits less oscillations than FISTA, and eventually converges
faster both on the values and iterates.
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Figure 1. Evolution of f(prox]f” (z)) —mingn f and the distance of xx to argmingn f, where xy, is the iterate
of either (IGAHD) or FISTA, when solving (RLS) with different regularizers g.
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Appendix A. Auxiliary Lemmas

Lemma A.1 ([32, Opial’s Lemmal). Let S be a nonempty subset of H, and (Tr)ey
a sequence of elements of H. Assume that

(i) every sequential weak cluster point of (x), as k — +oo, belongs to S;
(i) for every z € S, limg_ 1o ||xr — 2|| exists.

Then (xp),en converges weakly as k — +oo to a point in S.

Lemma A.2. Let (qi),cy be a sequence in H. Assume a—1 > 0 and that the sequence
(ak)pen defined by

k
= — (g — q—1) - Al
ag Qk+a_1(Qk Q1) (A1)

strongly converges to some limit. Then (qi),cy Strongly converges to the same limit as
k — +oo0.

Lemma A.3. Given o > 3, let (ap),en, (Wk)pey be two sequences of non-negative
numbers such that

«
apq1 < (1 - E) aj + wg

Jorall k > 1. If 3 )y kwi < +00, then Yy ax < 400.
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