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ABSTRACT. Second-order continuous-time dissipative dynamical systems with
viscous and Hessian driven damping have inspired effective first-order algo-
rithms for solving convex optimization problems. While preserving the fast
convergence properties of the Nesterov-type acceleration, the Hessian driven
damping makes it possible to significantly attenuate the oscillations. To study
the stability of these algorithms with respect to perturbations, we analyze the
behaviour of the corresponding continuous systems when the gradient computa-
tion is subject to exogenous additive errors. We provide a quantitative analysis
of the asymptotic behaviour of two types of systems, those with implicit and
explicit Hessian driven damping. We consider convex, strongly convex, and
non-smooth objective functions defined on a real Hilbert space and show that,
depending on the formulation, different integrability conditions on the pertur-
bations are sufficient to maintain the convergence rates of the systems. We
highlight the differences between the implicit and explicit Hessian damping,
and in particular point out that the assumptions on the objective and per-
turbations needed in the implicit case are more stringent than in the explicit
case.

1. Introduction. The continuous-time dynamic perspective of optimization algo-
rithms, which can be viewed as temporal discretization schemes thereof, offers an
insightful and powerful framework for the study of the behaviour of these algorithms.
In this paper, we study inertial systems involving both viscous and Hessian-driven
damping, where the first-order gradient information is only accessible up to some
exogenous additive error.
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1.1. Problem statement. Throughout the paper, we make the following standing
assumptions:

’ [ is a convex function on a real Hilbert space H, and S := argmin,, f # 0.

We will study perturbed versions of two second-order ordinary differential equations
(ODE). They differ from each other in that the Hessian driven damping appears
explicitly in one and implicitly in the other.

1.1.1. Ezplicit Hessian. The first system we look at, which was proposed in [9] (see
also [19]), takes the form

(1) + 7 (0)i(1) + B(0) 5 (V7 (x(1))) + D)V F (1)) =0, (ISEHD)

where f € CY(H), 7, 3,b : [to, +0oo[— R, are continuous functions, and tq > 0 is the
initial time. The coefficients (v, 3,b) have a physical interpretation corresponding
to natural phenomena:

e 7(t) is the viscous damping coefficient,

o [(t) is the Hessian-driven damping coefficient (which will be made clear),

o b(t) is the time scaling coefficient (see [13]).
We term the above ODE an Inertial System with Ezplicit Hessian Damping (ISEHD
for short), since

d .
5 (Vf(z(t) = V2 f(x(t))i(),
when f is of class C?(H). Throughout the paper, we consider (ISEHD) with the
particular choice of parameters
~y(t) = %, a>0, f(t)=0>0and b(t) = 1.

This choice of the viscous damping parameter () = ¢ is justified by its direct
link with the accelerated gradient method of Nesterov [30, 31], as shown in [7], [11],
[21], [26], [36]. Related systems have been considered in [28] from the closed loop
control perspective and in [35] by means of high-resolution of differential equations.

1.1.2. Implicit Hessian. The second system we consider, inspired by [3] (see also
[29] for a related autonomous system in the case of a strongly convex function f),
is

(1) + %a’;(t) +V f(x(t) + B(t)a':(t)) -0, (ISTHD)

where @ > 3 and S(t) = v+ g, v, B > 0. We coin this ODE an Inertial System
with Implicit Hessian Damping (ISIHD for short). The rationale justifying our use
of the term “implicit” comes from the observation that by a Taylor expansion (as
t — 400 we have &(t) — 0 which justifies using Taylor expansion), one has

Vi (@(t) + B(1)2(t) = VF(2(t) + B)V? f(a(t))i(t),

hence making the Hessian damping appear indirectly in (ISIHD). This ODE was
found to have a smoothing effect on the energy error and oscillations.
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1.1.3. Erzogenous additive error. We are interested in the situation where V f(z(t))
is always evaluated with an exogenous additive error e(t). With the choice of pa-
rameters made above, the perturbed dynamics of (ISEHD) and (ISTHD) are written

(1) + %Jb(t) + 5% (v Fla@) + e(t)) £ Vf(ax(t) +e(t)=0,| (ISEHD-PERT)

() + %i’(t) +V f(x(t) + ﬂ(t);‘z(t)) Fe(t) = 0. (ISIHD-PERT)

For system (ISEHD-PERT), the overall perturbation error affecting the system is
Bé(t) + e(t). Because the Hessian appears explicitly, both the error on the gradient
and its derivative appear. It can then be anticipated that assumptions regarding
both e(t) and é(t), in particular their integrability, will be instrumental in deriving
any convergence guarantees. On the other hand, in the system (ISTHD-PERT)
with implicit Hessian damping, the error perturbation e(t) appears without its time
derivative. Naturally, we will see in this case that convergence results will be derived
without any assumptions on the time derivative of the error. While this may be
seen as an advantage at first glance, this comes at a price. Indeed, as we will also
see, to maintain fast convergence guarantees, the integrability requirements on the
error e(t) will be more stringent for (ISTHD-PERT) than for (ISEHD-PERT), i.e.,
higher-order moments of e(t) will be required to be finite. We anticipate that when
it comes to discrete algorithms, the assumptions on the objective and perturbations
needed in the implicit case are more stringent than in the explicit case. We plan to
study these questions in a future work. Note that similar questions arise when the
perturbation is attached to a Tikhonov regularization term with an asymptotically
vanishing coefficient [23].

One of our motivations for the above additive perturbation model originates from
optimization, where the gradient may be accessed only inaccurately, either because
of physical or computational reasons. The prototype example we think of is

f(@) = E¢[F(,8)],

where E¢[-] is expectation with respect to the random variable £, and F(-,§) €
CY(H) for any £ This is a popular setting in numerous applications (imaging,
statistical learning, etc.), where computing V f(z) (or even f(x)) is either impossible
or computationally very expensive. Rather, one draws m independent samples of
¢, say (&)i<i<m, and compute the average estimate

Vi) = > VF@,&)
i=1

In our notation, the error is then e(t) = V f(x(t)) — ﬂ(x(t)) Under independence
and mild assumptions, one has by the law of iterated logarithm that |le(¢)| =

o (\/ bg(l(’ff’””) almost surely. Thus, to make this error vanish or even integrable,

one has to take m(.) an increasing function of ¢ at least at the rate O(t>(1+9) for
6 > 0. At this stage, some readers may have expected a smallness condition on
the perturbation rather than integrability conditions, i.e., of ||e(t)| = O(r(¢)) for
some r(t) such that tl_lglo r(t) = 0. Of course, integrability is stronger as it obviously

implies that the error function, whenever it converges, will vanish asymptotically.
However, one has to keep in mind that our goal is not only to establish convergence
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(and rate of convergence) of the objective values to a “perturbation dominated
region” around the optimal value, but to show additional convergence guarantees,
in particular the important matter of weak convergence of the trajectory. Deriving
convergence of trajectories is typically much more challenging than the objective
and cannot be proved under a mere smallness condition on the error.

1.2. Contributions. In [9] (resp. [3]), which studied the unperturbed system
(ISEHD) (resp. (ISIHD)), fast convergence rates were obtained for the objective,
velocities and gradients. Our main contribution in this paper is to analyze the ro-
bustness and stability of these systems, by quantifying their convergence properties
in the presence of errors. We do this both in the general convex case and in the
strongly convex case. We also study the case where the function f is non-smooth
convex by proposing a first order formulation in time and space, with existence re-
sults and Lyapunov analysis. The main motivation for our work is to pave the way
for the design and study of provably accelerated optimization algorithms that ap-
propriately discretize the above dynamics while handling inexact evaluations of the
gradient with deterministic and/or stochastic errors. The extension to the discrete
setting of the results here will be the focus of a forthcoming paper.

1.3. Related works. Due to the importance of the subject in optimization and
control, several articles have been devoted to the study of perturbations in dissi-
pative inertial systems and in the corresponding accelerated first order algorithms.
The subject was first considered in the case of a fixed viscous damping, [14, 27].
Then it was studied within the framework of the accelerated gradient method of
Nesterov, and of the corresponding inertial dynamics with vanishing viscous damp-
ing, see [35, 8, 11, 20, 34, 37]. In the presence of the additional Hessian driven
damping, first results have been obtained in [19, 9, 10] in the case of a smooth func-
tion. To the best of our knowledge, our work is the first to consider these questions
in full generality and in presence of perturbations.

1.4. Contents. In Section 2, we prove that the two systems are well-posed both
in the smooth and non-smooth cases. In Section 3, we study the convex case,
and establish convergence rates for both systems under appropriate integrability
assumptions on the error. In Section 4, we consider the strongly convex case.
Section 5 is devoted to studying non-smooth f. In Section 6, we present some
numerical illustrations of the results. In Section 7, we draw key conclusions and
present some perspectives.

1.5. Main notations. # is a real Hilbert space, (-, -) is the scalar product on H
and ||-|| is the corresponding norm. I'g(#) is the class of proper, lower semicontinu-
ous (Isc) and convex functions from H to RU{+o0}. A function g : H — RU{+o0}
is p-strongly convex (p > 0) if g — &|| - ||* is convex. For g € [y(H), its domain is
dom(g) :={z € H: g(z) < +o0}. 9g denotes the (convex) subdifferential operator
of g. When g is differentiable at « € H, then dg(x) = {Vg(x)}. We also denote
dom(8g) :={x € H: dg(x) # 0}.

C*(D) is the class of s-continuously differentiable functions on D, D will be
specified in the context. For T >ty and p > 1, LP(¢y,T;H) is the Lebesgue space
of measurable functions = : ¢t € [to,T] — x(t) € H such that ft: lz(®)]|P dt <
+o0o. Whl(to, T;H) is the Sobolev space of functions z(.) € Ll(tog,T;H) with
distributional derivative 2(-) € L'(to,T;H). We will also invoke the notion of a
strong solution to a differential inclusion, see [24, Definition 3.1], that will be given
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precisely in Section 2.1.2. The reader interested mostly in quantitative convergence
estimates can skip the corresponding section.

We take ty > 0 as the origin of time. This is justified by the singularity of the
viscous damping coefficient ¢ at the origin. This is not restrictive since we are
interested in asymptotic analysis. We denote S to be the set of minimizers of f,
i.e., S := argmin, 4, f(z) which is assumed nonempty, and =* to be an arbitrary
element of S (unique in the case of strongly convex f). We denote f := ;rg{ ().

2. Well-posedness. When 8 > 0, the presence of Hessian driven damping in
the inertial dynamics makes it possible to reformulate the equations as first-order
systems both in time and in space, without explicit evaluation of the Hessian. This
will allow us to extend the existence of trajectories and the convergence results to
the case f € T'o(H), by simply replacing the gradient of f with the subdifferential
Of. This approach was initiated in [4] and used in [19] for the unperturbed case.

2.1. Explicit Hessian damping.

2.1.1. Formulation as a first-order system. Let us start by establishing this equiv-
alence in the case of a smooth function f.

Theorem 2.1. Let f: H — R be a C*(H) function and e : [ty, +oo[— H be C*(H).
Suppose that o > 0, B > 0. Let (xo,%0) € H x H. The following statements are
equivalent:

1. z : [tg,+oo[— H is a solution trajectory of (ISEHD-PERT) with the initial
conditions x(to) = o, ©(tg) = Zo-
2. (z,y) : [to, +oo[— H x H is a solution trajectory of the first-order system

#(t) + BV F(®) +e(®) = (5 = 2) a() + y(t) =0
g(t) = (55 +58) o®) + Sy(0) 0,
with initial conditions x(ty) = xo, y(to) = —B(Zo + BV f(x0)) + (1 — Ba/to)xo —
B2e(to).
Proof. 2. = 1. Differentiating the first equation of (1) gives

B0)-+ 8 (V1 0)el0) +60) - a0 - (5 - ) 40+ 30 =0. )

Replacing (t) by its expression as given by the second equation of (1) gives

(1)

i0) + 5 (VS @O)0) + e(0) - ol — (5 - ) &0

e ((; -~y ‘:5) 2(t) - ;y@)) =0. (3)

Then replace y(t) by its expression as given by the first equation of (1)

1)+ 5 (V1l0)e(0) + ) = al) ~ (5= ) at0)

+3 ((; -2 Ot‘f) 2(t) + (1) + BV F (1)) + (1)) — (; - j‘) x(t)) 0,

After simplification of the above expression, we obtain (ISEHD-PERT).
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1. = 2. Define y(t) by the first equation of (1). Differentiating y(¢) and using
equation (ISEHD-PERT) allows one to eliminate (), which finally gives the second
equation of (1). O

2.1.2. Ezistence and uniqueness of a solution. Capitalizing on the result of Theo-
rem 2.1, the following first order formulation assists in providing a meaning to our
system when f € T'g(#). It is obtained by substituting the subdifferential df for
the gradient V f in the first-order formulation (1).

Definition 2.1. Let « > 0, 8 > 0 and f € T'o(H). Given (x¢, yo) € dom(f)xH, the
Cauchy problem for the perturbed inertial system with explicit generalized Hessian
driven damping is defined by

i(t) + BOS @) +e(0) = (5= §) 2@ + Jy(t) >0
90 = (3§ + %) o0 + 3u(0) =0 @
z(to) = wo,y(to) = Yo-

Let us formulate (4) in a condensed form as an evolution equation in the product
space H x H. Setting Z(t) = (z(t),y(t)) € H x H, (4) can be equivalently written

Z(t) +9G(Z(1)) + D(t, Z(t)) 3 0, Z(to) = (z0. o), (5)

where G € Tg(H x H) is the function defined by G(Z) = Sf(z), and the time-
dependent operator D : [tg, +0o[xH X H — H x H is given by

D(t, 2) = (ﬁe(t)— (;—j‘>x+;y,—<;—i‘+i‘f)x+;y). (6)

The differential inclusion (5) is governed by the sum of the maximal monotone
operator 9G (a convex subdifferential) and the time-dependent affine continuous
operator D(t,-). The existence and uniqueness of a global solution for the cor-
responding Cauchy problem is a consequence of the general theory of evolution
equations governed by maximally monotone operators. In this setting, we need to
invoke the notion of strong solution that we make precise now.

Definition 2.2. Given g € T'o(H), and an operator D : [tg, +oo[xH — H, we
say that z : [to,T] — H is a strong solution trajectory on [tg, T] of the differential
inclusion
2(t) + 0g(2(t)) + D(t, 2(t)) 2 0, (7)
if the following properties are satisfied:
1. z is continuous on [tg, T] and absolutely continuous on any compact subset of
to, T';
2. ]z(t) E] dom(dg) for almost every t €]tg, T], and (7) is verified for almost every
t E]to, T] .
z @ [to, +oo[— H is a global strong solution of (7), if it is a strong solution on [t, T
for all T > tg.

The existence and uniqueness of a global strong solution of the Cauchy problem
(4) is established in the following theorem.

Theorem 2.2. Let f € To(H), a > 0 and B > 0. Suppose that e € L?(ty, T;H)
for every T > to. Then, for any Cauchy data (xo,yo) € dom(f) x H, there exists a
unique global strong solution (xz,y) : [to, +oo[—= H X H of (4) satisfying the initial
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condition x(ty) = xo, y(to) = yo. Moreover, this solution exhibits the following
properties:

(i) y € C*([to, +oc[), and y(t) — (% - < Ot‘—f) x(t) + %y(t) =0, fort > to;
(ii) x is absolutely continuous on [to, T| and i € L*(to, T;H) for all T > to;
(ili) z(t) € dom(9f) for all t > ty;

(iv) x is Lipschitz continuous on any compact subinterval of |tg, +0ol;
)
)

(v) the function t — f(x(t)) is absolutely continuous on [tg, T] for all T > to;

(vi) there exists a function & : [to, +oo[— H such that

) £(t) € Of (x(t)) for all t > to;
b) @(t) + BE(t) + Be(t) — (% — %) x(t) + %y(t) = 0 for almost every t > to;

(a

(b)

(c) €€ L*(to, Ty H) for all T > to;
) o

(d ( (t)) = (&(¢),z(¢)) for almost every t > to.

Proof. Tt is sufficient to prove that (x, y) is a strong solution of (4) on [ty, T] and that
the properties hold on [tg, T] for all T > to. So let us fix T' > to. As we have already
noticed, (4) can be written in the form (5) which is a Lipschitz perturbation of the
differential inclusion governed by the subdifferential of a proper Isc convex function.
A direct application of [24, Proposition 3.12] gives the existence and uniqueness of
a strong global solution Z = (z,y) : [to,T] — H x H to (5), or equivalently to
(4), with initial condition Z(ty) = (z(to),y(to)) = (z0,yo). Verification of items
(iil) to (vi) follows the same lines as the proof of [19, Theorem 4.4]. Of particular
importance is the generalized derivation chain rule given in (vi)(d), which follows
from [24, Lemma 3.3] after checking that the corresponding assumptions are met
thanks to (ii), (vi)(a) and (vi)(c). O

Under sufficient differentiability properties of the data, we recover a classical
solution, i.e., x(-) is a C?([tg,+oo[) function, all the derivatives involved in the
equation (ISEHD-PERT) are taken in the sense of classical differential calculus, and
the equation (ISEHD-PERT) is satisfied for all ¢ > ¢y. This is made precise in the
following statement.

Corollary 2.1. Assume that f is a convexr C*(H) function and e belongs to C*([to,
+o0[).  Then, for any to > 0, and any Cauchy data (xg,do), the system
(ISEHD-PERT) with o, B > 0 admits a unique classical global solution x : [to, +0o[—

H satisfying (z(to), Z(to)) = (zo, Zo).

Proof. Under the above regularity assumptions, the first equation of the first order
system (4)

. 1 o 1

B(0) + (T alt) + €l0) - (5 = ) a(0)+ ute) =0
implies that @ is a C!([to, +o0[) function, and hence x € C*([tg, +oc[). Then, com-
bining Theorem 2.1 with Theorem 2.2 with y(to) = —S(&o + BV f(x0)) + (1 —

Ba/to)wo — B2e(ty), we obtain the existence and uniqueness of a classical solution
to the Cauchy problem associated with (ISEHD-PERT). O
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2.2. Implicit Hessian damping.

2.2.1. Formulation as a first-order system. Let us now turn to (ISTHD-PERT). We
use the shorthand notation «(t) = «/t. Here and in the rest of the paper, we assume
that 8(-) is C1([to, +oo[,RT) and  inf J3(t) > 0.

t€[to,+ool
Let us introduce the new function
y(t) == 2(t) + B(1)&(D), (8)
whose time derivation gives
y(t) = a(t) + BOE() + B2 (D). (9)
From (ISTHD-PERT) we know that
B(t) = —a(t)i(t) = VF(y(t) —e(t). (10)

By combining (9) and (10) we obtain
§(t) = &) + B(t) (—a(t)i(t) — Vf(y(t) — e(t) + B()E(t)

= (1= a@B) + B(1)) (1) — B(E) (VF(y(t) + (). (11)
From (8) and the fact that te[tin£ [ﬁ(t) > 0 we get (t) = %(y(t) — z(t)). Re-
placing 4(t) in (11) with this e)goression gives
i) = (1-amp) +4w) ﬁ@u) —a(t) = B(L) (VF(y(1)) + e(t))
= 50 (1= a8)+ 50) 2(0) + 5= (1= 80+ 5(0) ()
—B(8) (VF(y(t) +e(t))

The reverse implication is obtained in a similar way. Let us summarize the results.

Theorem 2.3. Let f € C*'(H). Suppose that « > 0 and inf B(t) > 0. The
t€[to,+oo|

following statements are equivalent:
1. x: [tg, +oo[— H is a solution trajectory of (ISTHD-PERT) with initial condi-
tions x(tg) = xg, ©(tg) = do.
2. (z,y) : [to, +oo[—= H X H is a solution trajectory of the first-order system

#(t) + sia(t) — 55y(t) = 0.

§(0) + B(8) (V1 (1) + () + 57 (1= al)BE) + B(1)) (2(t) = y(t) = 0
(12)

with initial conditions x(ty) = xq, y(to) = xo + B(to)Zo-

2.2.2. Ezxistence and uniqueness of a solution. Existence and uniqueness of a global
strong solution for the Cauchy problem associated with the unperturbed problem
(ISTHD) was shown in [3] when Vf is Lipschitz continuous using the Cauchy-
Lipschitz theorem. This result can be easily extended to (ISIHD-PERT). Rather,
we take a different path here and proceed as in Section 2.1.2, so that we can extend
the above formulation to the case where f € I'g(H), by replacing the gradient V f
with the subdifferential 9f.
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Definition 2.3. Let a(t) > 0, 8(t) > 0, f € To(H). Given (z¢,yo) € H x dom(f),
the Cauchy problem associated with the perturbed inertial system with implicit
generalized Hessian driven damping is defined by

i(t) + glga(t) = shyy(H) =0
§(8) + B (OF (1) + e(t) + 7y (1= al®)B(E) + A)) (2(t) = y(1)) 5 0

x(to) = 20,y (to) = Yo
(13)

We reformulate (13) in the product space H x H by setting Z(t) = (x(t),y(t)) €
H x H, and thus (13) can be equivalently written as

Z(t)+ B(t)OG(Z(t)) + D(t, Z(t)) 3 0, (14)

where G € T'g(H xH) is the function defined as G(Z) = f(y), and the time dependent
operator D : [tg, +oo[xH x H — H x H is given by

D(t.2) = (e =) B01elt) + 0 (1 - a800) +50) (o - ). (19)

Constant 3. When £ is independent of ¢, the differential inclusion (14) is governed
by the sum of the convex subdifferential operator S0G and the time-dependent
affine continuous operator D(t,-). The existence and uniqueness of a global strong
solution for the Cauchy problem associated to (13) follows exactly from the same
arguments as those for Theorem 2.2. In turn, if f € C'(H), e € C([to, +0o0[), and
B € CY([to, +00[), then (12) admits a unique C*([to, +oo[) global solution (i,7). It
then follows from the first equation in (12) that @ is a C*([tg, +oo[) function, and
hence x € C%([tg, +oo[). Existence and uniqueness of a classical global solution to
the Cauchy problem associated to (ISTHD-PERT) is then obtained thanks to the
equivalence in Theorem 2.3.

Time-dependent 3. When 8 depends on time, one cannot invoke directly the
results of [24]. Instead, one can appeal to the theory of evolution equations governed
by general time-dependent subdifferentials as proposed in [15] for example. In fact,
for a system in the simpler form (14), one can argue more easily, by making the
change of time variable ¢t = 7(s) with 8(7(s))7(s) = 1. Lemma A.4 then shows that
(14) is equivalent to

W(s) + 0G(W (s)) + F(s,W(s)) 20, (16)

where W(s) = Z(7(s)), and F(s, W(s)) = mD(T(S), W (s)) is affine continuous
in its second argument. Provided that 8 & L'(tg,+o0;R), this defines a proper
change of variable in time. With the formulation (16), we are brought back to the
appropriate form to argue as before and invoke the results of [24]. We leave the

details to the reader for the sake of brevity.

3. Smooth convex case.

3.1. Explicit Hessian damping. Consider first the explicit Hessian system
(ISEHD-PERT), where we assume that f € C2(H), and recall the specific choices of
(t) = ¢, a >0, B(t) = B and b(t) = 1. We will develop a Lyapunov analysis to
study the dynamics of (ISEHD-PERT). Some of our arguments are inspired by the
works of [11] and [9]. Throughout this section we use the shorthand notation

g(t) == e(t) + Beé(t) (17)
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for the overall contribution of the errors terms. We will first establish the mini-
mization property which is valid by simply assuming the integrability of the error
term and its derivative. Then, by reinforcing these hypotheses, we will obtain rapid
convergence results, and the convergence of trajectories.

3.1.1. Minimizing properties. Define u : [ty, +00[— H by
t

u(t) ==x(t)+ 6 | Vf(z(s))ds,

to
which will be instrumental in the proof of the following theorem. Note that, in the
following statement, it is simply assumed that f is bounded from below, the set
= argmin,, f may be empty.

Theorem 3.1. Let f : H — R be a C*(H) function which is bounded from below.
Assume that e : [to, +oo[— H is a CH(H ) function which satisfies the integrability

—+oo

properties / lle@®)|ldt < +o0 and / ()] dt < +o00. Suppose that a, f > 0.
to

Then, for any solution trajectory x : [to, +oo[— H of (ISEHD-PERT), we have

(i) sup [la(@)| < +oo;
t>

>to

+o0 +oo
(ii) /to %||j:(t)|\2dt<+oo,/t IV f(z()])? dt<—|—oo/ ||u (t)||?dt < +o0;
(i) lim fla@)]=0;  lim li ()] = 0; Jim [V f(a ())II—O

() ,lim. f(a(6) = nfr .

Proof. Recall f := infy, f. Since our analysis is asymptotic, there is no restriction
in assuming that ¢ > t; := max(tg,2a8). We will then prove the statements in
terms of ¢; and passing to tg is immediate thanks to the properties of the solution
x(t) in Theorem 2.2.

Claim (i). For T' >t > t, define the function

W) == 5 () + (£ (0)) ~ F) / ) dr.

Observe that Wy is well-defined under our assumptions. Thus, taking the derivative
in time and using (ISEHD-PERT), we get,

Wr(t) = (at), i(t) +g(t)) + (@(t), V.f(x(1)))
= (&(t) + BV [f(x(t), &(t) + BV f(2(t))i(t) + g(t)) + (&(t), Vf(z(t)))

= (&(t)+ BV F(a(t), —i(t) = Vf(x(t)) + (@(t). VS (a(1))
= L)~ BIVI @I - 22 (a0), V)

t
< —m a0l -5 (1- ) IV
< SR - DIV, (19

where we used Young inequality and the fact that ¢ > t; > «f. This implies that
Wr is non-increasing and in turn that Wr(t) < Wrp(ty) for ¢ € [t1,T], i.e.

SIOIF + (5a0) ~ F) ~ [ o), ot ar
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<

la(t)* + (f(z(t) = f) = ) (a(r), g(7)) dr.

N

Therefore,

IO < i@+ (fet) = ) + [ i)l

Applying the Gronwall Lemma A.3, we get

_ +oo —+oo

sup [a(0)] < (Ja(en) | + 20 e(t) ~ )+ [ lellar+5 [ erlar < +oc,
>t t1 t1

hence proving the first claim.

Claim (ii). Now define for all ¢ > ¢;

+oo
WO = 31O + () =P~ [ {idr). o) o

This is again a well-defined function thanks to the first claim, and the integrability
of g. Moreover, W(-) is bounded from below,

w0 > = [sw o] [ [ letar+ s [ ] > . o)

Observe that W (t) = Wr(t). This together with (18) yields
. a . B
W)+ 60 + 5 IV A <o (20)

Integrating and using that W is bounded from below, we obtain the first two
claims. From wu(t) = i(t) + BV f(x(t)), we deduce that |lu(t)||? < 2(||l&(t)]]* +
B2V f(z(t))]|?). After integration, we get the last claim

| a2 ([ fawras [ v seoira)

t1

+oo 5 T

Claim (iii) and (iv). Define h : t € [t1,+00[— 1 ||u(t) — z||? for arbitrary z € H. We
then have

R(t) + Sh(t)

= [[a(®)I* + (u(t) = = it) + T(t))

— a0+ (ult) = 2 50+ BV a0)al0) + Fi0) + L1 (al0))
—a)1? = (utt) = 290+ (1= 5 ) VGete))
—a)1? - (1= %) ta(0) - 2 VAGale)) - {ult) = 2 9(0)

5 (1= 22) ([ Vstatonas. vstate))
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2

where I(t) := % ‘ /t t Vf(2(s))ds| . From the convexity of f and Cauchy-Schwarz
inequality we get
e+ Lo+ (1 9 ) (a0 = £)+8 (1 %2 ) i) < 1O F+1u) - =1 90
Inserting W (¢) into this expression, we get,

h(t) + %h(t) + (1 - O‘f> (W(t)+ f— £(2)) + B (1 - O‘f) i(t)

< (3- L)t + ot~ =Atatol - (1-22) [ . atwyar. 21

According to (20) and (19) W (-) is nonincreasing and bounded from below. There-
fore, it converges to some W, € R as t — +oo. Since % is bounded, and g is
integrable, we have that 7 — (4(7), g(7)) is integrable on [tg, +oo[. Therefore
+oo
lim (u(7), g(7))dr =0.

t——+oo ¢

By definition of W(t), this implies that, as t — +o00

IO + (F(0) — F) = W,

If W, = 0, since the two terms that enter the above expression (potential energy
and kinetic energy) are nonnegative, we obtain that each of them tends to zero as
t — 4o00. This gives the claims (iii) and (iv). To prove that W, = 0, we argue
by contradiction, and show that assuming W, > 0 leads to a contradiction. Since
W (-) is nonincreasing, we then have W(t) > Wy > 0. Take z € H such that
f(2) < [+ 3Ws. Then

W)+ f— f(z) > We — %WOO = %Wm.

Returning to (21) we deduce that, for ¢ > t;
h(t) + %h(t) 41 (1 — 0‘5) We + 8 (1 — af) i)

2 t
3 ap af oo

< (5 - 57 ) 10+ 1) = =gl - (1= 22) [ tate). gt ar. (22

Since t > 2a3, we have 1 — aTﬁ > % Therefore, after rearranging the terms in (22),
we obtain

“+oo
1V < SO+ 1) = =1 oo+ (sup 1) [ laolas - 5

-2
y (1 - ?) i).
Multiplying both sides by %, and integrating between t; and 7 > ¢4,

inlog (T> < S/Tillu(t)thJr/tT lg@®)Mlluct) = 21l ;,

t) =2/, . t

+ (s taon) [ (3] tonas) ae- [ i

(t*h(t))
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/1 aB)
— —— — | I(t)dt. (23
o[ (G-5) ioa
Throughout the rest of the proof, we will use the inequality

lu(t) — 2| < flu(ts) — 2| +/t li(s)l ds < flu(tr) = 2Il +  sup [a(s)]l-

Let us examine successively the different terms which enter the second member of
(23). The first term is bounded according to claim (ii). The second term is also
bounded since

T u(t) — z u(t1) —z . e :
[ AsOMO =2l gy < (B2 sup o) [ o) + s1ecol an < +x.

. t

The third term can be handled by integration by parts,

T 1 oo oo “+oo T
J (G [ nalas) e =toer [Tl —toxns [ latolast [ atolos ar
t1 t pe ty ty

1 d, .
For the fourth term, set K(7) = —/ s a( “h(t))dt and integrate by parts
t1

twice to get,

17

K(r) = - %fi(t) —(a+1) / t%h(t)dt - {lh(t>}7 -+ L)

2 2
1y t t t T ty

S [

<= (700 -+ hm) < 210, ul) = 2+ L), u() =)
n (1 ;a) h(t)
<C+ sup [la(t)]| (W + sup Hu(t)l\) < Ho0.

For the last term, we infer from Lemma A.2 that
T 1 .
sup —f3 ( - af) I(t)dt < +o0.
T>t t1 t t

Overall, we have shown that there exists a constant C' > 0 such that (23) reads

1 T ) [e%e) T
~Woo log () <C+ (sup IU(t)II) <log7/ llg(s)llds +/ Ig(t)lllogtdt> ~
4 t1 t>t T t

Observe that lim,, o [ [lg(s)|/ds = 0 since g is integrable. Then, divide the last
inequality by log (%) and let 7 — oco. According to Lemma A.5, we get that W, <
0. Thus W4, = 0, hence the contradiction. The last statement, tgglm lz(t)|| = 0,
is obtained by following an argument similar to the one above, which now uses the

perturbed version of the classical energy function, namely

+oo
Wolt) = 5 1)1 + (Fe®) =N = [ (). g(r)ar

We do not detail this proof for the sake of brevity. Then, according to V f(z(t))

% (u(t) — z(t)), we obtain the convergence of V f(x(t)) to zero.

O
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Remark 3.1. The result in [11, Lemma 4.1] is a particular case of Theorem 3.1
when 8 = 0. Theorem 3.1 is also a generalization of [19, Theorem 1.3 and Propo-
sition 1.5] to the perturbed case. Performing this generalization necessitates a
different Lyapunov function together with particular novel estimates in the course
of derivation.

3.1.2. Fast convergence rates. We now move on to showing fast convergence of the
objective. For this, we will need to strengthen the integrability assumption on the
errors. We will denote in this section the two functions

w(t) :=1- g and 6(t) := t*w(t). (24)

Theorem 3.2. Let f € C?>(H), e € C'([to, +oo[,H). Suppose that the damp-
“+o0
ing parameters satisfy a > 3, f > 0. Suppose that / tlle(t)||dt < +o0 and

to

+o0o
/ t||e(t)||dt < +oo. Then, for any solution trajectory x of (ISEHD-PERT) the
¢

fo(l)lowing holds:

. . 1
(i) f(z(t) — 1%ff =0 <1€2> as t — +o0.
+oo
(ii) / 2|V f(z@)|2dt < 4o0.

to

(ii) /tmt (f(a:(t)) — min f) dt < +o0.
+oo

(iv) for any x* € S, tH{Vf(z(t)), z(t) —2*) dt < +oo.

+o0 o
(v) /t tl|&(t)|dt < +oc.
(vi) &) =0 (t™") ast — +oc.

Proof. Following an argument similar to that of Theorem 3.1, since our analysis
is asymptotic, there is no restriction in assuming that t, > % This gives
w(t) > =5 > 0 for all t > to. Define,

v(t) = (= 1)(z(t) —2*) + t(&(t) + BV f(z(1))).
Take T > tg, and define for all tg <t < T
* 1 r
£(0) = 5@t = F@) + 511 = [ 7 (wlr). o) ar
This is a well-defined differentiable function. Taking its derivative in time yields

E(t) = o) (f(x(t)) = f(a) +8(t) (Vf(a(t)), #(2)) + (v(t), b(t) + tg(t)) -
From (ISEHD-PERT), we have,

8(t) = ai(t) + BV F(@(t) + 1 (i(t) + BV (w()i(t))
= ai(t) + BV f(a(t) +t (~i(t) = Vf((t) —g(t))

- (1 - 5) V(b)) — tg(t).

t
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Let us inject this expression into the scalar product (v(t), v(t) + tg(t)). After de-
veloping and rearranging, and taking into account the definition of w and ¢ (see
(24)), we obtain

E(t) = 6()(f(x(t) — f(2*) = (a=D)tw(t) (V f(x(t)), z(t) — z*) 55(t)||Vf(I(t)()2||;)-
Convexity of f then yields

E(t) + BSWIVF ()] + ((a = Diw(t) - 5(15)) (f(z(t)) = f(z7)) <0.  (26)

By assumption on the parameters, we have for any ¢ > ty > ’82?‘7_732),
(o — D)tw(t) — 6(t) =t ((a -3)— g(a - 2)) > ct (27)
with ¢ = (e —3) — %(a —2) > 0. Thefore, (26) implies that £ is non-increasing. In

turn, by definition of £
50 1) ~ fa) + GO 0= [ o gtryar @)
with C = 6(to)(f(wo) — f(z*)) + &|lv(to)[|>. The above argument is valid for all

to <t < T and arbitrary T, therefore for all ¢ > t3. Neglecting the nonnegative
term 6(¢) (f(z(t)) — f(z*)), we infer from (28)

RO <0+ [ e o

Lemma A.3 (Gronwall lemma) then gives

lv(®)] < (20)* +/t T (le(m)Il + Blle()l) dr, (29)
and thus
tsgtp lv(@®)|| < +oo. (30)

By reinjecting this inequality into (28) we obtain

() — ) < 80 (F(a() — £6))

t
< C+sup IIU(t)II/ (rlle(m)ll + Brlle(n)]) dr < 400
t>to to
(31)
hence proving
Fl() ~inf f = O (;) as £ — +oc.

We will see a little later how to refine this estimate and go from a capital O to a
small o to prove the statement (i). Then, integrating (26), and using the fact that
E(t) is bounded from below by (30) and the assumptions on the errors, we get

5 [ Eu@ Vi) < C,
to

and

cf W) - fadt < /

to to

+oo

(o = Dtw(t) +8(1)) (F(x(t) — fla"))dt < C,
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for some constant C' > 0. This shows the integral estimates (ii) and (iii).
Let us turn to statement (iv). We embark from (25) to write, for some p €]0,1]
to be chosen shortly,

E(t) = 5()(f(@(t) — F@@") = (1 = p) (@ = Vtw(®) (VF((t)), 2(t) — ")
— pla = Dtw(t) (Vf(2(t)), a(t) — 2*) = BV (2(t)]]
— (1= p)a = Dtw(t) = 1)) (Fa(®) - f(a*))
= pla = Dtw(t) (Vf(2(1)), a(t) = 2*) = BV @(®)]]*
To conclude, it remains to check that ((1 —p)(a — Dtw(t) — 5(t)) is non-negative.

Since tg > ( ) , we deduce by a continuity argument the existence of some € > 0
such that to > M. Then, take p = ¢/(a—1) €]0,1[. In view of the assumption

a—3—¢
on the parameters, we have

(1= p)(a — Dtw(t) — 6(t) = (o — 1 — e)tw(t) — §(t) = t((ov — 3 — &)w(t) — ti(t))
:t<(a_3_5)_(04_2t_5)5) > to ((a_g_g)_(a—2—5)5> > 0.

to

For claim (v), we multiply (ISEHD-PERT) by t%i(t) to get
£ (@(t), #(1) + at |£(1)]]* + 2B (&(t), V2 f(@()2(8)) + * (Vf(@(1), &(1)) + 1 (g(t), #(t)) = 0.
With the chain rule, Cauchy-Schwarz inequality and convexity of f, we obtain

SO + ot [0 + 25 (F ) ~ ) < gDl (32)

Integrating by parts on [tg, t] we get,

t2 . t . t _ t .
S lE®1 + (o — 1)/ slli(s)[*ds < Co + 2/ s(f(x(s)) = f)ds +/ l[sg(s)Illls(s)llds
t t t
0 0 0 (33)
for some non-negative constant Cj, where we have used claim (i) of Theorem 3.2.
Now by claim (iii) of Theorem 3.2 and ignoring the non-negative terms since o > 1,
we obtain

1. . ¢ .
B [ta(t)]]* < C +/t llsg(s)lll[s2(s)llds,

for another non-negative constant Cy. Applying Lemma A.3 again then gives

sup t]|z ()| < +oo. (34)
>t
Using this in (33), we also get that
+oo
/ | () [2dt < +o0. (35)
to

We finally turn to statement (vi). We embark from (32), use (34), and integrate on
[s,1] to see that

# (31O + (F@0) - D) - (5 1 + (7e) - )
+a=1) [ rlamlPar -2 [ r(#@m) - Har-c [ frgolar <o,

where C' = sup;>,, t||(¢)||. This means that the function
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()= (5 101 + (7ete) - 1)) + (= 1) [ sltolPar

to

~2 [ 7((alr)) - frar - © / Irg(r)lldr

to

is non-increasing on [tg, +0o[. Since it is bounded from below by assumption on the
errors and claim (iii), lim;— 4o G(t) exists. This together with assertions (iii) and
(v) shows that the limit

0< L= tim ¢ (G101 + (Fa() - )

exists. Suppose that L > 0. Then, there exists s > ¢y such that

/t:m (; ()1 + ¢(f ((t)) - f)) dt > /:00 £2 (; & @)]* + (f(z(t) - f)) Lt

+oo L
> —dt = 400,
s 2t

leading to a contradiction with claims (iii) and (v). This proves (vi) and completes
the proof of (i) with small o instead of capital O. O

Remark 3.2. The first three claims (resp. fourth claim) of Theorem 3.2 are a non-
trivial generalization of [9, Theorem 3] (resp. [10, Theorem 2.1]) to the perturbed
case. The presence of perturbations necessitates a careful analysis of several bounds
and new estimates to handle the presence of errors and eventually preserve the
convergence rates.

Remark 3.3. The choice of the viscous damping parameter « is important for
optimality of the convergence rates obtained. For the subcritical case a < 3, 3 =0
and e = 0, it has been shown by [5] and [12] that the convergence rate of the

objective values is O (t_%a), and these rates are optimal, that is, they can be
attained, or approached arbitrarily closely. For o > 3, the optimal rate O (t_z) is
achieved for the function f(x) = ||z||” with r — +oo [11], and for o < 3, the optimal
rate O (t_%a> is achieved by taking f(x) = ||=|| [5]. Theorem 3.2 is consistent with
these optimality results. The condition « > 3 is important to get the asymptotic
rate o(1/t?).

3.1.3. Convergence of the trajectories. We complete our analysis by showing weak
convergence of the trajectories.

+oo
Theorem 3.3. Assume that e € C*([tg, +oo[; H) with / tlle(t)||dt < +o0 and
to

+oo
/ t|e()||dt < +oo. Let x(t) be a solution trajectory to (ISEHD-PERT) for a > 3

to
and > 0. Then x(t) converges weakly to a minimizer of f.

Proof. Keeping in mind that the goal is to apply Opial’s Lemma (see Lemma A.1),
we will now show that lim;_, o ||(t) —2*|| exists. Following an argument similar to
that of Theorem 3.1 and 3.2, since our analysis is asymptotic, there is no restriction

in assuming that ¢o > 13277_—32) Hence the existence of € > 0 such that ty > %
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for some ¢ €]0, a—3]. Recall the Lyapunov function £ from the proof of Theorem 3.2,
and define its generalized version

1

£-(1) == (3(0) + B (F(a(0) — £") + L o) + =2

7 o) 2 P
T
- / 7 (ve(r), g(r)) dr, (36)

where
ve(t) = (@ =1 —e)(x(t) — %) + t(&(t) + BV f(2(1))).

One can check, arguing as for £, that for tc <t <T

E-(t) = (5(6) +£8) (F(a(t) — (")) ~ (o= 1~ )rw(t) (T (a(0)), (1) — *)

— BSW IV f ()] — et ()] -
Convexity of f then entails
E(t) + ((a —1—e)tw(t) - 5(15)) (f(2(®) = f(=") + BSDIV (@)1 + et |2(£)]* < 0.
The assumption on the parameters gives
to

(a—1—e)tw(t) —6(t) = t((a— 3 —e)w(t) — t(t)) > to <(a —-3—¢)— M) > 0.

Thus, ignoring the non-negative terms in this inequality entails that £.(-) is a de-
creasing function on [to,T[. According to the boundedness of &.(-), an argument
similar to that developed in Theorem 5 gives that

sup ||ve(t)]] < 400, (37)
t>to

with a bound which is independent of £ and T. Comparing with (30) gives
sup [l (t)[| < +o0, (38)
t>to

where we use that the previous argument is valid for arbitrary ¢ < 7', hence for
all t > t9. As a consequence, the energy functions £(-) and &.(-) with T' = 400
are well-defined on [tg, +o0[, and are then Lyapunov functions for the dynamical
system (ISEHD-PERT). Both £(¢) and &.(¢) thus have limits as ¢ — +oo, and so
does their difference

E-(t) — E(t) = BH(f(x(t) — f(2)) — () — 2*|? — et (), 2(t) — =)
“+o0
et (VF(x(t), 2(t) — 27 + / —a*, g(r))dr.

By Theorem 3.2(i), the first term converges to 0 as ¢ — 400. By the integrability
assumptions on the errors and boundedness of z(t) (see (38)), the last term also
converges to 0 as t — +00. We have then shown that the limit as ¢ goes to infinity
of

( -1

plt) = S ) = ¥ + £ (i), w(0) — 2°) + £ (VI (), 2() — o)
exists. Set
alt) == 5 o) = I+ (0= 1) [ (VH(as). als) o) ds



PERTURBATIONS OF INERTIAL SYSTEMS WITH HESSIAN DRIVEN DAMPING 19

We obviously have

() = a(t) + i) = (0= 1) [ (VS(a(). a(s) =) ds.
By Theorem 3.2(iv), and since (V f(z(s)), z(s) — 2*) is non-negative, we have that
 dim t (Vf(x(s)), x(s) — ") ds (39)

exists. Overall, we have shown that

t

li t —q(t
i (a0 + )
exists. Since a > 1, it follows from [19, Lemma 7.2] that lim; 4 g(t) exists.
Using again (39), we deduce that lim;_, 1 o ||2(t) — 2*]| exists for any 2* € S. From
claim (i) of Theorem 3.2 (see also Lemma 3.1(iv)), it follows that for any sequence
(2(tn)), ey Which converges weakly to, say, T, we have
— < . . — . — r

f(@) < liminf f(2(t,)) = lim f(z(t)) = f,
i.e., T € S. Consequently, all the conditions of Lemma A.1 are satisfied, hence the
weak convergence of the trajectories. O

Remark 3.4. In [10, Theorem 2.2], the authors proved weak convergence of the
trajectory for the perturbation-free system (ISEHD). Theorem 3.3 shows that weak
convergence is preserved under perturbations provided that they verify reasonable
integrability results. Again, the proof necessitates new estimates and bounds to
cope with the presence of errors.

Remark 3.5. The condition o > 3 is known to play an important role to show
that each trajectory converges weakly to a minimizer. The case a = 3, which
corresponds to Nesterov’s historical algorithm when § = 0 and e = 0, is critical.
In fact, even for those inertial systems with « = 3, convergence of the trajectories
remains an open problem (except in one dimension where it holds as shown in [12]).

3.2. Implicit Hessian damping. We now turn to the second-order ODE
(ISIHD-PERT) where f € C*(H), e € C([to,+oo]) and B(t) = v + % ~v,8 > 0.
Let us denote for brevity f :=infy f. Given z* € S, we consider the function

E(t) = a(t) (f (=(t) + B)E(t) — f) + %Ilb(t)(m(t) —a") + ()] + @Ilfc(t) — |

+oo
- /t c(r) (b(r)(2(r) — &7) + c(7)@(7), e(T)) dr
“+oo
—/t a(r)B(T) (V[ (x(7) + B(7)&(7)) , e(7)) dr  (40)
parametrized by some functions a(t), b(t), c¢(t) and d(t) to be specified later.

3.2.1. Lyapunov function. We first show that for proper choices of (a(t),b(t), c(t),
d(t)) as a function of the problem parameters («,7,3), £ can serve as a Lyapunov

function for (ISTHD-PERT). We will denote for short a(t) = <.
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Lemma 3.1. Assume that f € CY(H), e € C([to, +00]), and

a(t) — b(t)c(t) <0,
—a(t)B(t) <0,
—a(t)a(t)B(t) + a(t)B(t) + a(t) — c(t)* + b(t)c(t)B(t) =0, (41)
b(t)b(t) + @ <0,
b(t)e(t) + b(t)(b(t) + é(t) — c(t)a(t)) + d(t) =0,
c(t)(b(t) + ¢(t) — c(t)a(t)) <0
Then
E() < (a(t) = b(t)e(®)(f(a(t) + BH)E(E) — f) — at)BE)IV f((t) + Bt)E())]|>
+ (5(t)b(t) + d?) 2(t) — &*[|* + () (b(t) + é(t) — c(t)a(t)) | (t)]?
<0. (42)

Proof. Recall that since f € C'(H) and e € C([to,+o0[), (ISIHD-PERT) has a
unique classical global solution x; see paragraph after (15). We now proceed as
in the proof of Theorems 3.1 and 3.2, and first consider the function & where
the integrals involving the error terms are calculated on [t,T], T < —+oo. This
shows that £ is well-posed under our assumptions. We can then compute the time
derivative of £ and use the chain rule to get

E(t) = alt) (f (x(t) + BO#(1) - f)
+a(t) (Vf @(t) + BOR(D), @(t) + BW(t) + BOFD))
+{(blt) + ) (t) + eV () + DO (@(t) — 2, b(E) (@ (t) — 27) + e(t)i(t) )

+ 2000y - a2+ dt) a0t o) - o)

+e(t) () (2(t) — 27) + c()i(t), e(t)) + a(t)B(1) (Vf (x(t) + B(E)E(t)) , e(t))

Using (ISIHD-PERT) in the second term of (43), we get

a(t) (T (@(t) + BO(1)) , () + BB)a(t) + BO(E) )
= a() (V£ ((t) + B1)a(1) , (1+8() = a()B®)) #(t) — BOVS (@(t) + BE)E(D) — BE)e(t) )
= —a()B®) VS (@(t) + @I + (14 B — a®B®)) alt) (V£ (@(t) + BO(E)) , (1))
— B(t)a(t) (VS (2(t) + BO)E1)) , (1)) . (44)
We expand the third term in (43) as
<(b(t) + ()i (1) + c()i(t) + b(t) (w(t) — a¥), b(t)(x(t) — =) +6(t)i’(t)>
= ((b(t) + ¢(t) — ( Ja(t)(t) — c()Vf (z(t) + B)E(E)) , b(t)(x(t) — 27) + c(t)&(t))
+ (—e(e(t) + b(t) (w(t) = &), b(t) (w(t) - &) + e(t)i(t))
<(t)< f((t) + B)E(E)), b(t)(2(t) — ™) + c(t)E(t))
(

+ (0O (@(t) = 27), b(t)(w(t) — 27) + c(t)a(t )>
+e(8)(b(t) + é(t) — e(Wa(t)) lE @)1 — c(t) (e(t), bE)(@(t) —2) +c(t)i (1)) . (45)
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Plugging (44) and (45) into (43), we get,
E) = a(t) (f (@(t) + B@)&(0) — F) — a()BE) IV F (x(t) + B ()]
+ c()(b(t) + é(t) — NN + (b >|$ t) —a*|?

(B2 + ()EAE) + blE)e(t) — bb)elt)a(t) + d(b)) (@ (1), o(t) — o)
+ (~a®a®B(e) + aVB(E) + a(t) = e(t)?) (V] (w(t) + BW(D), &(t))
— b(B)e(t) (Vf (a(t) + B)(E)) , w(t) — 7). (16)

Since,

(Vf(2(t) + B(0)21)), x(t) — 27) = (V[f(2(t) + B(t)2(1)), x(t) + B(t)E
— (Vf(z@) + B(0)2(1)), B(1)i(t))

and using the convex (sub)differential inequality on f, we can write

—~
~
~
|
8
~

= b(t)e(t) (V f(x(t) + B@)2(t), x(t) — 27)
< —b(t)e(t)(f(2(t) + B(B)2 (1)) — f) + b(t)e(t)B(t) (Vf(2(t) + B(t)2(t)), &(t))

and we arrive at

E(t) < (a(t) = b(t)e(®) (f () + BB)E(1) = f) = a()BO)IVF(x(t) + Bt)a(t))]|?
+(—a(t)a(t)B(t) +a(t)B(1) +alt) —c(t)® +b()e()B(t) (Vf(z(t) + B(1)i(t)), @(1))

n (b(t)b(t) + d(;)> () — a*|?

+ (b(t)? + b(t)é(t) + b(t)e(t) — b(t)e(t)a(t) + d(t)) (@(t), =(t) — z*)
+e(t)(b(t) + é(t) — e(t)a(®) |#(@)]I°.

Thus, conditions (41) guarantee that £(t) < 0, in particular they imply (42). [

Following the discussion of [3, Remark 11], in the rest of the section, we take

By =7+2, 820,
b(t) =b€l0,a— 1], > 1, c(t)=1t and d(t) = b(a —1—-10).

(47)

Such a choice is reminescent of that in (36). The choices of d(t) and b(t) comply
with the fourth, fifth and sixth conditions of (41). To satisfy the third condition,
one has to take

(ab)'ytﬁ(oHrlb))' (48)

aft) =t* (1+ t2 —ayt — Bla+1)

Clearly, for ¢ large enough, one has a(t) > t? and ((t) > /2. Thus, the second
condition is in force. One can also verify that the first inequality is satisfied for ¢
large enough provided that b > 2 (and thus a > 3) when v > 0, and b = 2 (with
a = 3) when v = 0.



22 HEDY ATTOUCH, JALAL FADILI AND VYACHESLAV KUNGURTSEV

3.2.2. Fast convergence rates. We start with the following boundedness properties.

Lemma 3.2. Let

B(t) = a(t) (£ (1) + BO:(®) — F) + It —a*) + a0 + L2 ay a2
Choose the parameters according to (47)-(48) with o > 3, v > 0. Define, fort > to,
m(t) := max (¢, L|a(t)3(t)], L|a(t)|B(t)?) . (49)

Assume that Vf s L-Lipschitz continuous, e €  C([tg,+o0[) and
m(-)e(-) € L' (tg, +o00; H). Then, we have

Sup;>¢, E(t) < +00, sup;sq, t]|2(1)|| < +00 and sup;s,, [|2(t) — z*| < +oc.
Proof. Consider the function £(t) in (40) with the choices (47)-(48) for ¢(t), d(t),
b(t) and a(t), with b €]2,a — 1[. For such a choice, there exists t; > ¢y such that
for all ¢ > t1, a(t) > 0, B(¢t) > 0 (and in turn, m(¢) > 0), and all conditions of
(41) are satisfied. Thus, £(¢) is monotonically decreasing on [t1, +0o[ according to

Lemma 3.1. Since the solution x(t) is continuous, it is bounded on [tg,t1] and so
without loss of generality we can assume that ¢; =ty and proceed to show,

E() < E(to) + /tt (7 (b(a(r) = &%) + 7i(7)) + a(D)B(D)Vf (2(7) + B(1)i(7)) , e(r)) dr
vto
= Blto) + [ (r (b(x(r) = a*) + ra(r)) + a(r)B(r) (V1 (2(r) + B)E(r) = V(")) . e(r)) dr
t
0
< B(to) + /: (7 b (r) = &%) + ra ()| + a(r)B) [V f (2(7) + B((r) = V)| le(mlidr (50
0
< EB(to) + /: (7 b((r) = %) + ré ()| + a(MBML ||2(r) — 2* + B(r)E®)|) le(r)]| dr
0
t * . * 2.
< E(to) +/t (rllo(z(r) = 2*) + 7 (r)]| + La(m)B(7) [|2(r) = «*[| + La(r)B()? 15()1]) lle(r) | dr.
0

Denote d = b(aw — 1 — b). We have d > 0. Moreover, a(t) > 0 for ¢ > ty. One can
then drop the first term in E(t), and (50) becomes, for any t > to,

L " oz, 9 .2

5” (z(t) — =) +tz(@®)II” + EHz(t) -7

La(T) B(T

e(r) = 2|+

La(n)B(r)? .
S ) el dr

< B(to) + ‘/t’ (T [b(z(r) — 2*) + ra(n)|| + Vd
§E<t0>+/ (lb(e(r) = =) +ra‘c(r>||+ﬁ||z<f>—z*u+r|\a’c<r)u)max(l,d‘“%gl)m(f) lle(r)ll dr
< E(t0)+/ (2]b@(r) = a*) + ra()| + b+ VD) [|la(r) = 2* [[) max (1,472, 5" ) m(r) lle(r)]| dr

< Bl(to) +/ (Il (r) = 2*) + 7| + Va||2(r) = 2*||) Cm(r) ()]l dr,

for some constant C' > max (1,d_1/2,t51) max (2, 1+ afiib). Now, Jensen’s

inequality yields
= (I0(t) — @) + ta )] + Vala(t) — o)
< 2 lb(alt) —a*) + a7 + 5 at) - 2* P
< 8t + | (Ioetr)~ 2*)+ 7o)+ Valatr) = ') Clmo) ()

Using the Gronwall Lemma A.3, we conclude that, for all ¢ > ¢

+oo
bz (t)—a*) -t (t) || +Vd|l(t) —2*|| < 2v/]E(to) +20/ Tllle()lldr < +oo,
(51)
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whence we get boundedness of ||z(t) —z*|| and ||b(z(t) —x*)+t2(t)||. The triangle in-
equality then shows that ¢ ||()]| is also bounded. Using this into (50) together with

Cauchy-Schwarz inequality and our integrability assumption, we deduce bounded-
ness of E(t). O

Remark 3.6. Recall our discussion on the parameters in (47)-(48). Notice that
we have t? < a(t) < t2 + k1 and /2 < B(t) < By for t large enough, where
Bo = v+ |B]/to and k is a non-negative constant. In turn, for ¢ large enough, we
have

max (1,7/2) Ly/2t* < m(t) < max (1, By) LBo(t + k1)>.
Clearly the condition m(-)e(-) € L!(to, +00; H) is equivalent to t?e(t) € L (¢, +o0;
H).

From Lemma 3.2, we obtain the following convergence rates and integral esti-
mates.

Theorem 3.4. Under the assumptions of Lemma 3.2, the following holds:
1
(i) f(x(t)+B(@®)x(t)) — H%_i[nf =0 (tQ) as t — 4o0;

(ii) ||z(t)]| = O as t — 400;

N
S
N———

—+oo
(iii)/ t(f(z(t))—n%_ilnf) dt < +o0;
“+oo
() [ 2 IVF )+ B0 dt < +oo;

+oo

(v) / )& @) dt < +oo.
to

Proof. Claim (ii) follows from Lemma 3.2. Discarding the non-negative terms in

E(t), Lemma 3.2 together with the fact that a(t) > t? for ¢ large enough, also gives

 (&(6) + B)E(0)) — min f = O (;) .

To show the remaining integral estimates, consider the function £(-) in (40) with
the choices (47)-(48) of ¢(t), d(t), b(t) and a(t), where b €]2,« — 1[. We first argue
similarly to [3] to show that for ¢ large enough, we have a(t) — bt < f@,
since a > 3 and b > 2. In addition, for (a possibly different) ¢ large enough, it is
straightforward to see that a(t) (y + 3/t) > t?y/2. With these bounds, (42) reads,
for ¢ large enough,

(a—3)t
2

E(t) < — (f(@(O)+B0)E(0) =) —t>y/2 |V f (2(t) + BB)E(E)]|* —t(a=1-b) [|2(¢)]* . (52)

Integrating (52), and using that £ is bounded thanks to Lemma 3.2, we get state-

ments (iv)-(v) and

+oo
/ ¢ (Falt) + B(0)(1) — min £ ) di < +oc. (53)

to
Let By = v+ |B8] /to. By the gradient descent lemma,

f(@(®)) = f(2(t) + B1)2(1) < =B) (V[ (2(t) + BH)2(1)), ©(t)) + %B(t)Q I (2)11*
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. . L .
< Bo V£ (x() + BB 1) + 5 55 ()]
By Cauchy-Schwarz inequality, we have
“+o0

/ o (£lw() —min f) dt < / t(f@®) + B(1)a(1) — min £) di

to to

([ IV A + B P dt)m ( /t:w o) it

to
L 2 +oo
+ﬁ/ tl|E(t)| dt.
to

1/2

2

In view of (53) and claims (iv)-(v), statement (iii) follows. O

3.2.3. Convergence of the trajectories. We now turn to showing weak convergence
of the trajectories to a minimizer.

Theorem 3.5. Suppose that the assumptions of Lemma 3.2 hold. Then x(t) con-
verges weakly to a minimizer of f.

Proof. As in the explicit case, we invoke Opial’s Lemma A.1. Recall that the
trajectory z(-) is bounded by Lemma 3.2. Therefore, for any sequence (2(tn)),,cy
which converges weakly to, say, Z, as ¢, — +00, Theorem 3.4(i)-(ii) entails that

F(@) < liminf f((ta) + B(t)i(t)) = lim_f (2(t) + BO)#() = /.

i.e., each weak cluster point of z(t,) belongs to S. To get weak convergence of the
trajectory, it remains to show that lim;, 4 ||z(t) — 2*| exists.

Let h : t € [to, +0o[ — 3|lz(t) — z*||?. Under the assumptions on f and e, x is
the unique classical global solution to (ISIHD-PERT), i.e., z € C?([tg, +0o[). Thus
so is h and

h(t) = (#(t), 2(t) — ) and h(t) = (#(t), 2(t) —2*) + [|&(@)]]”.
From (ISTHD-PERT), we obtain

Rt + Thit) = (i(t) + Ta(t), o) — 2" ) + #(8)]”
= —(Vf(a(t) + B(B)i(t) + elt), 2(t) —a*) + [|&(2)||”
= — (VF(a(t) + BO)E()), x(t) + BOE(E) — ) — (e(t), x(t) — «*) + [|&(0)]
+ B (V[ (x(t) + B()a(1)), &(t)) -
Convexity of f implies,
—(Vf(@(t) + BB)&(1)), =(t) + B)a(t) — 2*) < f — f(=(t) + B(H)2(t) <0,
and thus,

h(t) + %h(t) < () = 2| lle@) | + & @)1 + Bo [V f (@) + BEZD))]| | #(2)]]
< Clle@)ll + &N + Bo IVf (x(t) + BOEE)I |E(2)]

where C' = sup,;~, [|z(t) — 2*|| < 400 thanks to Lemma 3.2, and we denoted By =
1+ |B]/to. Multiplying both sides by ¢, we arrive at
) . . 3 . .
th(t) + ah(t) < Ctle()]| +t |l2()]” + T%(t IV £(x(t) + 8O N VE @)1
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The right-hand side of this inequality belongs to L'(tg, +00;R) by assumption on
the error, and using the Cauchy-Schwarz inequality and Theorem 3.4(iv)-(v) for
the last two terms. Since h € C%([to, +oc[), it then follows from Lemma A.6 that
limy s 4 oo ||2(t) — 2*|| exists. We have now shown that all conditions of Lemma A.1
are satisfied, hence the weak convergence of the trajectories. O

Remark 3.7. For the unperturbed case, similar rates to ours in Theorem 3.4
and weak convergence of the trajectory were proved in [3]. Again, handling errors
necessitates new estimates and bounds, for instance those established in Lemma 3.2.

3.3. Discussion. We now discuss the main differences between the two systems
in terms of their stability to perturbations and the corresponding assumptions.
Recall from Remark 3.6, the integrability assumption m(-)e(:) € L(tg,+oo;H)
required to ensure stability for system (ISTHD-PERT) is equivalent to ensuring that
the second-order moment of the error e(-) is finite. One may wonder whether this
is more stringent than the integrability assumptions for the explicit Hessian system
(ISEHD-PERT) involving the control of the first-order moments of the error and
its derivative (see Section 3.1). The answer is clearly affirmative in the scalar case
with a simple integration by parts argument. Indeed, supposing without loss of
generality that e(-) is a non-increasing and non-negative function, one has

+o0 +o0 +oo 400
/ te(t)|dt = —/ té(t)dtgtoe(to)—i—/ e(t)dt §toe(to)+t0_2/ #]e(t)]dt.
to to to to

Another intuitive way to understand this is to look at what happens if the system
is discretized with finite differences. In this case, the integrability assumptions on
the errors for system (ISEHD-PERT) boil down to controlling only the first-order
moment of the (discretized) error.  Indeed, temporal discretization with fixed
step size of t|z(¢)|| gives k||xx+1 — k|| whose summability is clearly implied by
the summability of k||zg|l. We conclude this discussion by noting that Lipschitz
continuity of the gradient is not needed for the estimates and convergence analysis
of (ISEHD-PERT) while it is used extensively to analyze (ISTHD-PERT). This is
a distinctive avantage of (ISEHD-PERT) compared to (ISTHD-PERT). This will be
even more notable when extending to the non-smooth case; see Section 5.

4. Smooth strongly convex case. We will successively examine the Explicit
Hessian Damping, then the Implicit Hessian Damping.

4.1. Explicit Hessian damping. In this section we consider the explicit Hessian
system under the assumption of strong convexity of f. Following Polyak’s heavy
ball system [33], consider the second-order perturbed system

(1) + 2y/pi(t) + BV2 f(x(t)a(t) + Be(t) + Vf(a(t)) +e(t) =0,  (55)

which has a fixed positive damping coefficient that is adjusted to the modulus p of
strong convexity of f. To study (55), we define the function & : [tg, +oo[— Ry

te E(1) = fa(0) ~min f + S ()] (56)
where
v(t) = /(z(t) — ) + &(t) + BV f(z(t)). (57)

Theorem 4.1. Suppose that f : H — R is p-strongly convex for some p > 0, let
x* be the unique minimizer of f. Let x(-) : [to, +oo[— H be a solution trajectory of
(55). Suppose that



26 HEDY ATTOUCH, JALAL FADILI AND VYACHESLAV KUNGURTSEV

1
<A< —.
osss
—+oo
b) le(t)||dt < +o0 and/ (t)]|dt < +o0.
to

Then the following properties are satisfied:
(i) Minimizing properties: for all t > tg

t
E(t) < E(to)e™ 7 710) 4 Me— 7t / e le(r) + Bé(r)dr,

to
+oo
where M := /2E(to) —|—/ lle(T) + Bé(r)||dr. As a consequence,
to

lim £(1)=0; lim f(e(t) = min f

t—+o0o
x| 71: 1 . _
Jimlo(t) = 2% = T [[VS(@(®)] = Tim_[#(0)] = 0.
(11) CO’IZUGTQ@TLCE rates: suppose  Mmoreover that fOT some p > 0,

lle(t) + Bét)]| = O <tlp>, as t — +oo. Then E(t) = O (%), ie., E) in-

herits the decay rate of the error terms. As a consequence, ast — 400

fla(®) =i s =0 ()

Jot)— 12 =0 (3 )5 Il =0 ().

In addition, when 3 > 0

i [ ssia =0 (5.

to

Proof. Recall f :=miny f = f(z*). Define g(t) := e(t) + B3¢é(t), so that the consti-
tutive equation is written in the compact form

(1) + 2/ (t) + BV f(x(t))i(t) + Vf(x(t) + g(t) = 0. (58)
Derivation of £(+) gives
E(t) = (VSf((t), &) + (v(t), 0(t)
= (Vf(x(t), 2(t)) + (v(t), VaE(t) +(t) + BV f(z(t))i(?)) -

)
Using the definition of v(t) and (58), we get
E(t) = (Vf(@(t), &(t)+(Va(z(t) — z*) + (1) + BV f(2(t), —Vmi(t) — Vf(z(t)—(v(t), g(¢)) .
After developing and simplifying, we obtain
E(t) + (V[ (@(t), 2(t) — a*) + p(x(t) —a*, &(t)) + ValE)|>
BV f (1)), 2(t)) + BIVF(@@)]? = = (v(t), 9(t)) -
According to strong convexity of f, we have
(Vf((t), 2(t) —2") > f(z(t)) = [ + %llx(t) -

Thus, by combining the last two relations, and by the Cauchy-Schwarz inequality,
we obtain

E(t) + VrA() < v lllg@)ll,
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where

A(t) = f(z(t)) — f+ guwu) =2 |)? + VE(x@) —2¥, 2(0) + [E@))17 + B (VF (), #() + %vam)u?

Let us make appear £(t) in A(t),

A(t) = £(t) - %Ilfb(t) +BVS (@) = Vi (et) — 2™, () + BV F(2(t) + Vi e(t) — 2™, @(t)

@2 + BV I (2(1)), &(1)) + %Ilvf(fr(t))ll2~

After developing and simplifying, we obtain

€0 +vi (£0 + eI+ (2 -

Vi
<lle@Illg@Il-

Since 0 < 3 < 7, it holds that f % > 5

E(t) +va (5( )+ *Hm(t)IIQ + 7Wf( z(®))|? — By {a(t) — 27, Vf(w(t)») < lle@lHlg@]-

Let us use again the strong convexity of f to write

£(1) = 5E(1) + 560 > 2E() + 5 (Fa0) ~ ) = 5€0) + X(r) — o7

By combining the two inequalities above, we obtain

2
o) ISP = 5V (alt) = o7, Vi (a()

. Hence

&=

£+ ey + 1)1 + VB < vOll g0

where B(t) = §la(t) — *||* + 57 IV f(@())|* = By/Ala(t) = 2*[|V f(@(t)]. Set
=z —2*, Y =|Vf ( )||. Elementary algebraic computation gives that, under
the condition 0 < 3 < 57—

b
p B
ZX2 + m)ﬂ - By/pXY > 0.
Hence for 0 < g < \F
£+ e + ()1 < o0l o0l (59)

(i) From (59), we first deduce that

E(t) < Jo@lg@ll,

which by integration gives
¢
E(t) < 5(to)+/t [o(D)lllg(T)lldr.
0
By definition of £(t), we have £(t) > 1||v(¢)||?, which gives

SO < £+ [ o)l

According to Lemma A.3, we obtain

lo(t)]| < /2E (ko) + / lg(7)ldr.
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—+oo
Set M := \/25(t0)+ftjoo lg(7)||dT. By assumption, /t llg(T)||dr < 400, and
0
thus sup,~,, [|v(t)]| < M < +o00. Returning to (59) we deduce that

£+ e + )1 < Mgl (60)
Therefore
£t) + LE(t) < Mlg(r). (61)

By integrating the differential inequality above, we obtain

t
E(t) < E(ty)e™F (t=t0) +Me*4t/ || g ()| dr. (62)
to
We now use Lemma A.5, which is the continuous version of Kronecker’s The-

orem for series, with f(t) = ||g(¢)|| and ¢(t) = et

J;-:OO llg(T)]ldT < +00. We deduce that

h][l —
-
e 2 t

By assumption we have

t
ME
/ Z7lg(r)ldr = 0.
to

Therefore, from (62) we obtain

By definition of £(t) this implies
A f(a(t)) —min f =0 (63)
lim || /p(e(t) —27) + () + BV f(2(1))]] = 0. (64)

t——+oo
Acoording to (63) and the strong convexity of f we deduce that
Jim_a(t) —a*] =0
By continuity of Vf, and since V f(z*) = 0, we deduce that
lim [[Vf(x(t))] = 0.

t—+o00
Combining the above results with (64), we deduce that
im[[&(6)] = 0.

(ii) Let us make precise the argument developed above, and assume that, as t — 400

o0l =0(5).

where p > 0. Then, from (62) we get

4 % 4 t
&0 < et O e reF( [TeFrlgmlar+ [ eFrlgmar)
t

to

IA

t TP
Iy

Ciet + —ez )

IA

tn

—~
~
[=)

~
9]

|

4

(
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1
- O () ’
tp
By definition of £(t) and strong convexity of f, we infer

oy *2 . - o 1 o x ) 2 1
2 lla(o) = 212 < o) — min 520 = 0 () and IVRG(®) - ") +a(0) + 5V @) =0 ().

Developing the left-hand side of the last expression, we obtain
plla(t) — 2|12 + @) + B2V f(@@)IP + 28y (2(t) —a*, Vf(a(t)))

+ (@(t), 28V f(x(t)) + 2y/n(x(t) — 2™)) <
By convexity of f, we have (z(t) — z*, Vf(x(t))) > f(z(t)) — f. Moreover,

(@), 26V f(2(t) + 2¢/p(z(t) — 27)) = % (2B8(f () = ) + Vala(t) — ") .

Combining the above results, we obtain

¢

P

+

C

tp

VE (26(£ () = ) + Valla(t) — *11%) + B2V @) + % (28(f@(®) = /) + VA=) — ")) <

Set Z(t) = 2B8(f(x(t)) — F) + /illx(t) — 2*||2. We have

%Z(t) +VRZ(t) + B2V f(2()]? < tgp

By integrating this differential inequality, elementary computation gives

t
e [V (s <

to

This completes the proof.
O
4.2. Implicit Hessian damping. We now turn to the implicit Hessian system,

and take in the Polyak heavy ball system a fixed positive damping coefficient which
is adjusted to the modulus of strong convexity of f. This gives the system

Z(t) + 2y/pa(t) + Vf (z(t) + Bi(t)) + e(t) = 0. (65)
To analyze (65), we define the function & : [tg, +oo[— R4
t E(t) = f(2(t) + Ba(t))) — min f + %H\/ﬁ(ﬂﬂ(t) —a*)+a)*  (66)

Theorem 4.2. Suppose that f : H — R is p-strongly convex for some p > 0, and
let x* be the unique minimizer of f. Let x(-) : [to, +0o[— H be a solution trajectory
of (65). Suppose that

1
a) 0< < —.
) N
+oo
b) lle()|dt < +oo.
to

Then the following properties are satisfied:

(i) Minimizing properties: there exists a positive constant M such that for all
t>t

t
E(t) < E(tg)e—F(t=10) +Me*4t/ 7 e(r) dr-

to
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More precisely,

_ JE€t) 1 /+OO . ~ min{p, 1}
M = T + 276 " ||€(T)||d7‘ U)'Lth C = W

and L is the Lipschitz constant of Vf. Consequently,
lim £(t)=0; lim f(z(t))=minf

t—4o00
. IR _ g . _
Jim[la(t) — 2| = lim_[VFG(O)] = lm_[#(0)] =0,
1
(ii) Convergence rates: suppose moreover that for some p > 0, |le(t)|| = O (ﬂ)),

ast — 4+o0o. Then E(t) = O (tip) , i.e., E(t) inherits the decay rate of the error

terms. In turn, as t — 400
) 1
Flatt) —mnf =0 ()

Jott) ~ 1 =0 () eI =0 (5 ) 19 s)IP =0 ().

Proof. Let us define

v(t) = u(x(t) — x%) 4 &(t) (67)
and thus, £ equivalently reads
£(1) = f (e(t) + B(1) —min [ + 5 (D) (63)

Taking the derivative in time of £(-) gives

E(t) = (Vf (x(t) + Bi(t), (t) + Bi(t)) + (v(t), 0(¢))
= (Vf (x(t) + Bi(t), #(t) + PE(D)) + (Vilw(t) — %) + @(1), pi(t) + E(1)) -

Using the constitutive equation (58), we get

E(t) = (Vf (z(t) + pz(t), (1 =28yn)i(t) — BV (2(t) + B(t) — Pe(t))
+ (Vilz(t) — %) + (), —/pa(t) = Vf (@) + B(t) — e(t)) .
After developing and simplifying, we obtain
E(t) + 28y (Vf (a(t) + Bi(1)) , &(1)) + /i (V f (x(t) + Bi(t)), x(t) —a*)
+BIV S (2(t) + Ba(t) P + Val i@ + p (x(t) — 2*, @(t))
= — (Vi(z(t) — ) + &(t) + BV S (2(t) + Bi(t)), e(t)).
In view of strong convexity of f, we have
(Vf (@(t) + Ba(t), x(t) — z7)
= (Vf (@@t) + Bx(t), x(t) + i(t) —a*) — (Vf (x(t) + Bi(t)), Bu(t))
> f(x(t) + BE(t) — f+ gllx(t) —a* + BE(t)|]P — (Vf (2(t) + Bi(t)), Bi(t)).
Thus, by combining the last two relations, we obtain
E(t) + BV (Vf (x(t) + Bi1)) , (t))
VB (f @)+ 850) = o+ Sllete) - o + 820
+BIV S (z(t) + Ba(t) |I* + vala @) + p(z(t) — 2*, &(t)) < [lw®)lle@)], (69)
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where we have used Cauchy-Schwarz inequality, and we set
w(t) := /u(x(t) —x%) + &(t) + BV [ (x(t) 4+ Bi(t)).
Let us make £(t) appear on the left-hand side of (69). We get
E(t) + VHE(t) + B(t) < [lw(t)|[e(t)]]
where
B(t) := IV f (x(t) + pa(t)) |I* + %(5% + 1))
+ BV V[ (@(t) + Bi(t), £(t) + Buy/p (x(t) — a7, (1)) .

Let us use again the strong convexity of f to write

E(t) = JEW+38(0) > JEW + 3 (Fa(t) + 5i0) — ) > JE@) + X llalt) — " + B

By combining the inequalities above, we obtain

E(t) + gf(t) +C(t) < Jlw@)lle®)]l;

where

C(t) = BV S WO P+BVE (TS 1), HO)+ YL Gt D#(0) P+ B/ (a(1) — o (1)
+ o) o 4 i)

and we set y(t) := x(t) + Bi(t). Let us show that, for an adequate choice of
the parameters, C(t) is non-negative. Let us reformulate C(t) as follows: Young’s
inequality gives the following minorization for the two first terms of C(t)

BIVF W) + BV f(y (1), 2(t)) = —fﬁullw( )IIZ.

By using this inequality in C(t), and after simplification, we arrive at

0@ > (L4 1) = 2ou) 1501 + Buvi (a(6) — ", 40) + L la(e) - o + pa(o))

= B (o) — " 4 Ba(® + (6% + 1) = 1B — B2V ) 18012 + B (a(0) — & + Ba(0), 5(1))
= B att) — " + pa0))* + Vi (—B—“ —LBVE ) IEWON? + Buv/E (a(t) = ¥ + Bi(t), #(1) .
Elementary algebra gives that _T - 4ﬂf + > 0 if and only if 8,/p < ‘ﬁ L

According to the classical rule for the sign of a quadratlc function of a real varlable
we get that C(t) > 0 under the condition

wmmf<f(5“—mr+>

Setting Z = 8,/11, the latter inequality is equivalent to ensuring

1, 1
Sri iz <o

which is satisfied for 0 < Z < 1 5, implying 8 < f Since % < ‘/q’l, we get as a

final condition

‘ -

/3§2

E
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Thus under this condition we get
: [
&)+ (1) < Jw (o)
From (70), we first deduce that
E(t) < Jw(®)]lle(®),
which, after integration, gives
t
E(t) < E(to) +/ l[w(r)Hle(T)l|dr.
to
By definition of w we have

[w@® < lv@)] + BIV S (2(t) + Bi(t) — VI (=)l
< lv@®l + BL||2(¢) — =™ + Ba(D)]],

(70)

where L is the Lipschitz constant of V f. On the other hand, strong convexity of f

entails
£(0) > Blla(t) —* + a0 + (o)
Hence, there exists a positive constant ¢ such that!
E(t) = cllw(®)]|*.

This in turn gives
¢
cluwlt)|P < Eto) + / ) le(r)dr
According to Lemma A.3, and f )||dT < 400, we deduce that

+oo
sup |lw(t)|| < M := \/ 2 / T)||dr < +00.
t>t0 c

Returning to (70) we deduce that

£t) + L £(t) < M)

By integrating the differential inequality above, we obtain

t
E(t) < Eto)e 7 (t=t0) +Me—4t/ & 7||e(r) | dr.
to

(71)

(72)

(i) We first deduce from (72) that £(t) tends to zero as t — +o0o. This implies that

Jimf(o(t) + i (1)) = min /.
. - . _
Jim [V (t) =) + i) = 0
From (73) and strong convexity of f we deduce that

lim |[(z(t) —a*) + pi(t)]| = 0.

t—+oo

From (74) and (75), and 8 # ﬁ (a consequence of the assumption 8 <

elementary algebra gives

Al = . .
Jimla(t) =27 = lim [2(@)] = 0.
10ne can take ¢ = ——2indw1}

4max{B2L21}"

(73)
(74)

(75)

1)
2R/
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In turn, continuity of f and V f imply
lim [[V/(@(0)]] =0 and Jim_f(x(t)) = min J

t——+o0
Let us now assume that, as ¢t — 400, we have |e(t)|| = O (), where p >
0. Based on (72), a similar argument as in the explicit case (see the proof of
Theorem 4.1) gives £(t) = O (&) . By definition of £(t), we infer that

Fa(t) + Bi(t) —min f = O (tl) (76)
and
V() o) + 40P =0 (). )
From (76) and strong convexity of f we deduce that
I(alt) ~ =)+ 830 = 0 (5 ). (78)

Combining (77) and (78), and recalling that 3,/n # 1 we immediately obtain

Jofo) ~ "1 < 5 and a0l =0 (). (79
According to the Lipschitz continuity of V f, and V f(2*) = 0 we deduce that

IV < 2ete) -1 =0 ().
Now, combining the descent lemma with (76), (78) and (79) shows that
F(x(t)) — min f

< fla(t) + Bi(t) — min f — B{V f(x(t) + Bi(t), &(t)) + —- ()11
2
< flz(t) + Ba(t)) —inf f + LB |la(t) — 2™ + Be (@)} |2 ()] + LT ()]

of2)

which completes the proof.
O

Remark 4.1. The results of Theorem 4.2 appear new. Even for the unperturbed
case of system (65), where e = 0, we are not aware of any guarantees for these
dynamics in the literature.

5.

The non-smooth case.

5.1. Explicit Hessian damping. In the sequel, we will show that most properties
obtained in the smooth case still hold for the global strong solution of (4) (and in
particular, all properties that do not require z(t) to be twice differentiable).
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5.1.1. Minimizing properties. From now on, we assume that, for all T' > tg, e(:) €
0

Whi(to, T;H). Let (x,y) : [to, +oo[— H x H be the global strong solution to (4)
with Cauchy data (z(to), y(to)) = (z0,%0) € dom(f) x H. For t > ¢y define
! 1 o 1
u(t) = —Bes—i—(—)xs— s)ds. 80
0= [ (<etr+ (5-2) o) = uto (50)
Thus u is continuously differentiable, with derivative satisfying
. 1 o 1
i) = ~e(t) + (5 - § ) ol - ut0). e 1o (s1)
= &(t) + BE(t), for almost all ¢ > ¢, (82)

where £(t) € Of(x(t)), and the last equality follows from Theorem 2.2(vi)-(b).
Therefore, u can be also written equivalently as

u(t) =2(t) —zo+ 5| &(s)ds

With parts (i) and (ii) of Theorem 2.2, equality (81) shows that @ is absolutely
continuous on any compact subinterval of [tg, +0o[, hence differentiable almost ev-
erywhere on [tg, +00[. Therefore,

. . « 1 o). 1

i) = ~62(0) + (0 + (5 - 5 ) ) - 5000
The equality above, combined with (t) = % Da(t) + @(t) + B(E(t) + e(t)) (which is
obtained by taking the difference of the two equations in (4)), yields

(07

a(t) = —a(t) — &(t) — (e(t) + pe(t)), (83)
for almost all ¢ > ¢y. Using (82), we obtain
it) = (== ) i) — Law) - (e é
i) = (5 - ) 400 - i) - (0 + pect) (54)

for almost all ¢ > t;. We will need the following energy function of the system,
defined for all T >t > ¢ (recall (81) for the definition of u(t)):

1 T
Wr(t) = )| + f(=(1)) —/t (a(r), e(T) + peé(r))dr, (85)

and when the following expression is well-defined (we will prove it later)

Lo toe .
W(t):= S lla@)l" + f(z(t)) —/t ((r), e(7) + Be(r))dr. (86)
Theorem 5.1. Let a > 0. Suppose that infy f > —occ. Suppose that e(-) €

+oo
WU(to, T;H) for all T > to, with / le()|| < 400 and / lle()|| < +oo.
t ¢
Then for any global strong solution of (Z), (z,y) : [to, +oo[— H  H
(i) W is well-defined and non-increasing on [t1,+oo| for some t1 > tg.
[e’e] 1 +o0 1
(ii / f||i:(t)\|2dt < 400, / ¥||£(t)||2dt < +o00.
¢

)
0
(iii) hmtﬁﬂ,o W(t) = limys 400 f(x(t)) = infy f, limy o ||2(E) + BER)| = 0.
(iv) Ast — 400, every sequential weak cluster point of x(t) belongs to S.
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+oo
(v) If, moreover, the solution set S # 0 and / logt |le(t)|| < 400 and
+oo fo
/ logt ||é(t)|| < +oo, then
to

(a) f(x(t)) —inty f = O (1) and [[u(t)] = O (@) as t = +oo.

logt

“+o0 1

(b) /t () — inf Pt < oo,
0

Proof. Since we are interested in asymptotic analysis, we can assume t > t; =

max (o, 2a0).

Claim (i). According to Theorem 2.2, Wy is absolutely continuous. Taking the

derivative and using the chain rule we get

W (t) = (a(t), a(t)) + (€(1), &(t)) + (a(t), e(t) + Be(t)),

for almost every T >t > to. Now use (82) and (84) to obtain

() = (a0, (5 = 2) 0 = Fa(0) — (e))+ Be(0) ) + (€(0). &) + (a(0). () + Be(e)
1 o). 1.
= (a0 (5= 5 ) a0 - 5a0) + (€0, 40)
— 5ol + (s, (5= %) i+ )
— Lawiz+ Geo, (2 =) + Law -+
=~ 5ol + (300, (5= %) a0+ 50 - ) )
— _l " 2 & 3 _e w(t) — la:
=~ Sl + (a0, (5= %) aw - a0 )
__1 a(D? = 1 i (t)]1? 2 _«a i U
— =S - e+ (5 - 5) o, e
< — 5 le@®I? = )],

for almost every ¢ > ¢1. So Wr is non-increasing on [t1, +00[, because it is absolutely
continuous and its derivative is non-positive therein. Therefore Wr(t) < Wy (ty)
for all t € [t1,T]. Equivalently

T
IO + () = [ talr).elr)+ pe(r))ar
<SP + fta(t)) = [ Gi(r)e(r) + Bl
After simplification, and setting C' = $||(t1)[|? + f(x(t1)) — inf f(H), we obtain

1. L .
§IIU(15)||2 <C */ (a(r),e(r) + Bé(r))dr.
t1
By Cauchy-Schwarz inequality we get
1. b .
§\|U(t)|\2 <C +/t [a(7)|[lle(r) + Beé(r) | dr.
0
According to Gronwall’s Lemma A.3

t “+ oo
la(t)]] < V20 + / le(r) + Bé(r)|ldr < M := V20 + / le(r) + Bé(n)lldr.  (87)
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So, ||%(t)] is bounded on [tg, +00], which allows us to define

1. teo :
W) = sla@)* + (=) - / (i(r), e(r) + Bé(r)) dr. (88)
t
Noticing that W and W have the same derivative we conclude that
. . 9 (672 2
— il <
W(t) + S0 + e <0, (59)

and thus W is non-increasing on [tq, o0l
Claim (ii). Integrating (89), and using that f, and hence W, is bounded from below,
we obtain,

+o0 1 400 1
/ SEO]dt < +oo, and / Sl < +oo. (90)
to to

Using Jensen’s inequality, we get the integrability claim on £().

Claim (iii). Given z € H, let us define h : [tg, +oo[— Ry by h(t) = L|ju(t) — 2|2

2
The function A is continuously differentiable with

h(t) = (u(t) - z, alt),
and A is absolutely continuous on compact subintervals of [to, +0o| (since @ is) and
satisfies )
h(t) = (u(t) — z, a(t)) + [la(?)]?
for almost every t > to. Using (82) and (83) we get

i)+ i) =~ (1- %) 0 - (et + peCo),

Therefore, for almost every t > tg

o)+ ) = a0l = (w0 = (1= %) )}~ ) = 5 €l0) + 5ete)

=01 = (1= 22) (st~ =0+ [ s €0)) = utt) =2, (0 + 50
< a0l = (1= %) @) =z, et — (1= %) (=8 [ eleha €0))

+lle(t) + Be)|[[lu(t) — 2|
To interpret <—ac0 + 5 ftto &(s)ds, §(t)> as a temporal derivative, let us introduce

I(t) = 35 H—xo —i—Bf:o §(s)dsH2.

t

Then I(-) is locally absolutely continuous and I(t) = <—x0 + [ &(s)ds, §(t)> al-
to

most everywhere, because £ € L%(to, T;H) C L(to,T;H) for all T > to; see part

(vi)-(c) of Theorem 2.2. So,

i)+ $h00) < a1 = (1= %2 ) = 2 60) = (1= %) 70 + et + B ut) = =]

for almost every ¢ > tp. On the other hand, by convexity of f and £(¢) € df(x(t))
(x(t) — 2, &) = f(2(t) — f(2).

Therefore

0+ S0+ (1= 22) () - 1) + (1 22) 1) < I + e + geColu(o) - =1
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Using the definition (88) of W, we get

i+ Shw+ (1- 22 ) v - s+ (1- %) iw < (5 - 5 ) lol?

t

! Foo
+waw+&mwww—ﬂ—(r—ﬁ)[ (7). e(r) + Bé(r) dr.

t
According to (89), we have [[u(t)||? < — 2T (t). Therefore,

i+ S+ (1- 22 ) v - s+ (1- 2 ) i < - (2 - 5) v

! oo
+waw+wwwww—ﬂ—(r—ﬁ)[ (7). e(r) + Bé(r) dr.

t
Dividing by ¢ and rearranging the terms, we have with g(t) := e(t) + B8é(t)

t 2

After integration, and using Lemma A.2, we get

%Ii(t) +/tt (% - %f) (W(s) — f(2)) ds < —/tt (% - g) W(s)ds + C + Ky (t) + Kalt),
where oy

i) = [ HlaliuGs) — s and o) = [ (5= %)

2
1 S S

[l aras.

S

Let us majorize K1(t) and Ko(t). The relation
[u(s) = 2| < fJu(tr) — =] +/ [a(7)| d,
ty
and u(-) bounded (see (87)) give

t w _ .
mwé[ig@wm%w@so”ﬂ“

+oo
+wNWﬂn/’|mmmsc<+w
t>t 131

For K(t), we use again u(-) bounded (see (87)) and integration by parts to obtain

w0 [ (3 [Tlolar)as <c (st [T lamliar+ [ latliogr ar 1)

Let us examine the integral terms that enter (91). Since W (-) is non-increasing

/tf G - %f) (W(s) = f(z)ds > (W(t)— f(z))/: G _ %f) d
= (W) - f(2) (logt —logt + aT,B _ %8) (92)

In turn, integration by parts gives

—/tt (g—g) W (s)ds
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—(2-2)wen-ren - (2-2) o -sen+s [ I
<(Z-2)wen -1 - (2-5) o - s+ peven - 56) (5 7).
< 2w - 1) - (2 F) v - 1) (99)

since t — W (t) — f(#) is non-increasing and t > ¢; > af. Combining (91) with (92)
and (93), we obtain

. [e o] t
$0)+ @)~ 1) (g4 0+ 7 ) < (10wt [ laar+ [ lollog dr 1)

for appropriate constants C, D, E € R. Now, take to > ¢ such that log 8+D—|—€ >0
for all s > to. Integrate from ¢ to ¢t and use again that W is non-increasing to obtain

h(t) _ h(tz) +/tt h(j)ds—i-(W(t)—f(z))/t <logs+D+§> ds

t to , S to

t fe’e] s
< C’/ (logs/ llg(T)| dr —|—/ lg(T)||log T dr + 1) ds.
to s t1

Since h is non-negative, this implies

(W(t) = f(2)) (tlogt + (D — 1)t + Elogt + F)
< (t + tlogt/DO lg(T)lldr+ [ |lg(7)|| TlogT dr +t/ llg(T)|] 10gTdT> +G,
t to t1 (94)

for some appropriate constants D, E, F,G € R. Divide by tlogt, let t — +00, and
use Lemma A.5, to obtain lim;—, 1o W(t) < f(2). The integrability of g and ()

+oo
bounded (see (87)) yield tl}gl / (u(r), g(7))dr = 0. As a consequence,
*Jt

t——+o0

. 1.
i (Ga(0) + 3100) + BEOI ) < 102
for each z € H. Thus

inf £ < liminf f(a(t)) < limsup f(2(t)) < lim <f(w(t)) + %Ila’:(t) + ﬂ&(t)ﬂ"’) <inf f,
whence we get lim;_, o f(2(t)) = infy f, and thus lim;_, o ||2(¢) + BE(t)]| = 0.
Claim (iv). This follows from claim (iii) and lower semicontinuity of f.

Claim (v)-(a). Let * € S. We start from (94) with z = z* and divide by ¢. To
conclude, we note that

log ¢ / lg(r)l dr < / log 7 lg(r) | dr < +o0,
t t

t t
lg(T)]] %logT dr < / llg(T)]|log T dT < 400 and
t2 t2

+o0 +oo
log / (i), g(r))dr < C / log 7 [lg(r)| dr,

where C' = sup;s,, [[U(t)]| < +oo (see (87)).
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Claim (v)-(b). Putting together (91) and (93) with z = z* € S, and using non-
negativity of h, we infer that for some positive constant C'

(1 - if) /tt Lw(s) = f(2)ds < C + Ks(b).

s
1

Arguing similarly as for proving part (v)-(a), we can show that Ks(-) is bounded.

Thus

t 1 . t 1 1 t .
[ 5 () = £G4 1a@P) ds < [ 2 0v(s) = f@)ds + o [ o) o)l ds < oo

S t1

which completes the proof. O

5.1.2. Fast convergence rates. When a > 3, under a reinforced integrability as-
sumption on the perturbation term, we will show fast convergence results. The
following theorem is the non-smooth counterpart of Theorem 3.2.

Theorem 5.2. Suppose that o > 3. Let f € To(H) such that S # 0. Suppose that
e(-) € Wht(to, T;H) for all T > tq, with /+oot|e(t) + Bé(t)||dt < +oo. Then, for
any global strong solution (x,y) of (4) v

(i) f(x(t)) —miny f = O (t72).

(ii) /t:oo t(f(2(t)) — min f)dt < +oo, /t:m lle)|dt < +oo, /t:oot||j:(t)|2dt < +oo.
(ii)) |&(t) + BE(@)]| = O™1).

Proof. Let (z,y) : [to, +oo[— H x H be a global strong solution of (4). Take oo > 3
and z* € S. Recall f := miny f and g(t) = e(t) + Bé(t). Our analysis relies
on the non-smooth version of the Lyapunov function in (36), which is defined for
PYS [2,04 — ].}, as (‘:)\’T : [to,T] — R by

Exr(t) =t(t — B +2 = a))(f(z(t) — F) + %Ilw(t)ll2 +AMa—A- 1)%”33(0 — |

- / 7 (0a(r), g(r)) dr, (95)

where vy (t) := M (1) — 2*) + 74(t), and u is defined on [tg, +o00[ by (80) and u is
given by (81).

Ex () is the sum of four terms, each of which is absolutely continuous on [tg, 7]
for all T' > ty. Hence &, r is differentiable almost everywhere. We first differentiate
each term of &y r:

@t~ B+ 2 - a)(F((0) ~ )
= (2t — B+ 2 - @) (1)) ~ )+ 1t~ BO+2 — o) (€(), (1)
Using (83), we have

L1017 = (NGt — ) + (), A6(0)+ o) + 1)

= (Ma(t) —27) +tat), (A +1 - a)i(t) — (= B)E() —tg(t))
=AM+ 1 =) (a(t) —2*, @(t) — tla = A= Da@)|* - st(t - Bl
— At = B) (2(t) — a7, £(t)) — t(t = B(A+2 = a)) (€(1), &(t)) —t (vA(t), g(t)),

d 1 *12 __ *x s
E)\(a—/\—l)j\m(t)—x II“ = XMa—X—1)(z(t) —z*, (t)), and
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T
% <_/t T <fu)\(7'), g(T)> dT) =1 <U)\(t)a g(t» .

By collecting these results, the perturbation terms cancel each other out. We get
d
Zort) = 2t =pA+2=a)(f@(t) = f) = At = B) (x(t) — 27, £(1))
—tla = A =1)[lz®)|* - pt(t - B)llE@®)], (96)
for almost all ¢t > to. Since £(t) € Of (x(t)) for all t > to, we have (£(t), x(t) — z*) >
f(z(t) — f(z*), and we deduce from (96), that

d

o (1) £ =((A=2)t=B(a=2))(f(z(t)) = f) —tla=A=D)[&(®)[* = Bt(t=B)[€ (DI,

(97)
for almost all ¢t > t; = max (¢g, ). It follows that £, 1 is non-increasing on [t1, 7.
In particular, Exr(t) < Exr(t1) for 1 < t < T. This gives the existence of a
constant C such that

1 t
§HUA(?5)||2 < C+/t lox(@)[llmg(7)l|dr. (98)
0
Applying Lemma A.3 to (98), and using the integrability of ¢ — tg(t), it follows

that
sup [ (1) < VEC + / Irg(r)lldr < +oo. (99)

>to

As a consequence, we can define the energy function
Ex(t) = t(t = BN +2 = a))(f(z(t) — f)
1 1 o
+ IO + A= A= Dlla) =" = [ 7 (ale), r))ar,
t

which has the same derivative as €y r. Hence Ex(t) < Ex(to). Combined with (99),
this gives

tt = B+ 2~ )(F(0) = ) < €+ sup s [ (s < +oc,

whence statement (i). Claim (iii) is obtained by letting A = 0 in (99). Integration
of (97) gives the integral estimates of (ii), which completes the proof. O

5.1.3. Convergence of the trajectories and faster asymptotic rates. Similar argument
as in the smooth case (see Theorem 3.3), but now using the Lyapunov function (95),
gives weak convergence of the trajectories of (4). Moreover, in the same vein as
Theorem 3.2, o(-) rates can also be obtained. We leave the details to the readers
for the sake of brevity.

Theorem 5.3. Let o > 3. Let f € To(H) and assume that S = argmin f # 0. Sup-
+oo
pose that e(:) € Wht(to, T;H) for all T > to, with / tle(t) + Be(t)||dt < 4o0.
t
Then, for any global strong solution (z,y) of (4) ’

(i) x(t) converges weakly, ast — 400 to a point in S;
(ii) f(z(t)) —miny f =0 (t72) and ||&(t) + BER)| =0 (t7") as t — +o0.
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Remark 5.1. In the special case where e = 0 in (4), i.e., unperturbed case, The-
orem 4.2, Theorem 5.2 and Theorem 5.3 recover the result of [19, Section 4]. In a
nutshell, our result demonstrates that the properties of the unperturbed system are
preserved under reasonable integrability conditions on the errors.

5.2. Implicit Hessian damping. As we have already discussed in the smooth
case (see Section 3.3), the analysis of the convergence properties of the system
with implicit Hessian driven damping heavily relies on Lipschitz continuity of the
gradient. As shown above, such a property was not needed to analyze system (4).
Therefore, the study of the convergence properties for the non-smooth system (13)
(even without perturbations) is an open challenging topic.

6. Numerical experiments. To support our theoretical claims, we consider nu-
merical examples in H = R? with two real-valued functions:

e The first one is given by f(z1,22)) = (r1 — 1)* + (z2 — 5)2. This function is
obviously convex (but not strongly so) and smooth, and has a unique mini-
mizer at (1,5). For this function, we consider the continuous time dynamical
system (ISEHD-PERT) with parameters («, 3) = (3.1,1), and (ISTHD-PERT)
with parameters («,7,8) = (3.1,1,1).

e The second example we consider is with the convex non-smooth function
f(z1,29) = (z1 — D)* + (22 — 5)% + 0.1(|x1| + |22]). For this function, we use
the continuous time non-smooth system (4) with parameters (o, 5) = (3.1,1).
Although we have no theoretical guarantee for system (13), we do report the
corresponding numerical results with parameters (o, 7, 8) = (3.1,1,1).

For both examples, we take as an exogenous perturbation

ot
e(t) = %f) with & € {0.1,1.1,3.1}.

All systems are solved numerically with a Runge-Kutta adaptive method in MAT-
LAB on the time interval [1,50] with initial data (xo,%¢) = (—10,20,5, —5). The
results are displayed in Figure 1 and Figure 2.

Let us first comment on the results for the smooth function (Figure 1). For
d = 3.1, all required moment assumptions on the errors are fulfilled (for the explicit
Hessian, the term ¢ is dominated by e and can then be discarded). Hence the fast
rates predicted by Theorem 3.2(i) and Theorem 3.4(i) as well as convergence of
the trajectories (see Theorem 3.3 and Theorem 3.5) hold true. For the value 6 =
0.1, since the error is not even integrable, neither the convergence of the objective
value nor that of the trajectories is ensured, with large oscillations appearing. The
implicit Hessian damping seems also less stable as anticipated from our discussion
in Section 3.3. For § = 1.1, though there is no convergence guarantee for the
trajectory, the objective value for (ISEHD-PERT) decreases but at a rate which is
dominated by the error decrease. This can be explained in light of the proof of
Theorem 3.2(i), where a close inspection of (29) and (31) shows that the bound on
the objective error decomposes as

c /t7'||e(7')||d7'>2
0 (1> + ( & :

t2
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(b) Implicit Hessian damping: smooth function

FIGURE 1. Example on a smooth function: Evolution of the ob-
jective error and distance to the minimizer as a function of ¢ for
different error decay exponents.

For § €]1, 2], the second term indeed dominates the first one and decreases at the
slower rate t—2(0=1)_ This confirms the known rule that there is a trade-off between
fast convergence of the methods and their robustness to perturbations.

Similar observations remain true for the non-smooth function (Figure 2) with
system (4) where we now invoke Theorem 5.2 and Theorem 5.3. As for system (13),
it seems that it has a behaviour similar to what we observed in the smooth case for
system (ISIHD-PERT). As we argued in Section 5.2, supplementing the numerical
observations for system (13) with theoretical guarantees is an open problem that
we leave to a future work.

7. Conclusion and perspectives. The introduction of the correction term at-
tached to the damping driven by the Hessian in first-order accelerated optimization
algorithms makes it possible to considerably dampen the oscillations in the tra-
jectory. The study of the robustness of these algorithms with respect to error
perturbations is crucial for their further development in a stochastic framework.
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(a) Explicit Hessian damping: non-smooth function
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(b) Implicit Hessian damping: non-smooth function

FIGURE 2. Example on a non-smooth function: Evolution of the
objective error and distance to the minimizer as a function of ¢ for
different error decay exponents.

Our systematic study of these questions for the dynamics underlying these algo-
rithms is a fundamental first step in this direction. We paid particular attention to
the explicit and the implicit forms of the Hessian driven damping, showing several
advantages of the explicit form. Our study concerns the dynamics with damping
driven by the Hessian within the framework of the Nesterov acceleration gradient
method. It shows that the convergence of the values still holds when the error terms
satisfy an appropriate integrability condition, and fast convergence is satisfied when
the (first or second-order) moment of the error is finite. Indeed, as a general rule,
there is a balance between the rate of convergence of the methods and their robust-
ness with respect to error disturbances. An interesting technique studied in [1, 2] is
the introduction of a dry friction term. This makes it possible to have errors which
do not necessarily go to zero, they must not exceed a certain threshold, but on
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the other hand we only obtain an approximate solution. Finding the right balance
between the convergence rate and robustness is an important issue that should be
the subject of further study. Another important aspect of our study is the fact
that several results are valid in the case of a non-smooth function. This opens the
door to the study of similar topics with respect to structured composite optimiza-
tion problems involving a non-smooth term. These are some of the many facets of
these flexible dynamics and algorithms which, in the unperturbed case, have been
applied in various fields including PDE’s and mechanical shocks [18], deep learning
[25], non-convex optimization [6], monotone inclusions [16, 17] to mention a few
important applications.

Appendix A. Auxiliary results. Let us first recall the continuous form of the
Opial’s Lemma [32], a key ingredient to establish convergence of the trajectories.

Lemma A.1. Let S be a nonempty subset of H and let x : [to, +oo[— H. Assume
that

(i) for every z € S, limy_,o ||z(t) — 2| ewxists;

(ii) every weak sequential cluster point of x(t), as t — oo, belongs to S.
Then x(t) converges weakly as t — oo to a point in S.

Lemma A.2 ([19, Lemma 7.3]). Let 7,p > 0 and let ¢ :]7, +00[— R be C%(], +o0[)
and bounded from below. Then,

s . .
inf/ ¥d8>—oo and glf/ ¥d8—$>—

t>7 -

Lemma A.3 ([24, Lemma A.5]). Let m : [to;T] — [0, +oo] be integrable. Suppose
w: [to, T] = R is continuous and

1 1
—w(t)? < =+ | m(s)w(s)ds,
2 2 "
for some ¢ > 0 and for allt € [ty,T]. Then
\<c+/m t € fto, T

Lemma A.4. Let 3 be a positive function on [tg, +oo| such that 8 ¢ L*(to, +oo; R.).
Then, the differential inclusion

2(t) + B(t)0P(2(t)) + F(t, 2(t)) 3 0, (100)
is equivalent to
w(s) + 0P (w(s)) + G(s,w(s)) 30, (101)
with
G(s,w(s)) = L F(1(s),w(s)), t=7(s), and B(7(s))7(s) = 1.

B(r(s))

Proof. Make the change of time variable ¢t = 7(s) and z(t) = z o 7(s) = w(s). We
then have
1 1

B ) 0P+ 5y
Choose 7(+) such that

F(r(s),w(s)) 30,

Br(s)7(s) = 1. (102)
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Introduce a primitive of g, p(t) = f:o B(r)dr Therefore, (102) can be equivalently
written

Lp(r(s) =1 < p(r(s)) = tz(s) B(rydr =s+C,

for any constant C'. Thus, 7 defines a change of variable if and only if ft;roo B(r)dr =
400, hence our assumption on . O

Lemma A.5. Take to > 0, and let f € L(tg, +o0;R) be continuous. Consider
a nondecreasing function ¢ : [tg, +oo[— Ry such that tligrn o(t) = 4oo0. Then,
—+00

limy 4 o0 ﬁt) ftto o(s)f(s)ds = 0.
Proof. Given € > 0, fix t. so that [ [f(s)|ds < e. Then, for ¢ > t, split the

¢
integral / ©(s) f(s)ds into two parts to obtain
¢

0

\lfwmw

o(t) ZFK%WWHI[WWW

o(t) Ji, o(t) J.

§&MWWWMZMW

Let t — 400 to deduce that 0 < limsup,_, ., ’ﬁ ftf) cp(s)f(s)ds’ <e.
Since this is true for any € > 0, the result follows. O

Lemma A.6 ([11, Lemma 5.9]). Let to > 0, and let w : [to, +oo[— R be a twice
differentiable % function which is bounded from below. Assume that

ti(t) + anbr(t) < g(t),

for some o > 1, almost everyt > tq, and some non-negative function g € L' (ty, +00;
R). Then, the positive part W]y of W belongs to L' (tg, +00;R) and lim;_, o w(t)
exists.
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