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Abstract In a Hilbert space setting H, we study the fast convergence properties as
t — 400 of the trajectories of the second-order differential equation

£ + %xm +VO(x(1) = g(t),

where V@ is the gradient of a convex continuously differentiable function ® : H —
R, a is a positive parameter, and g : [fg, +-00[— H is a small perturbation term. In
this inertial system, the viscous damping coefficient ¢ vanishes asymptotically, but not

too rapidly. For o« > 3, and ftg'oo t|g(®)|ldt < +o0, just assuming that argmin & #
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A, we show that any trajectory of the above system satisfies the fast convergence
property

C
O(x(t)) —mind < —.
(x(0) = min @ < -5

Moreover, for @ > 3, any trajectory converges weakly to a minimizer of ®. The strong
convergence is established in various practical situations. These results complement
the O(¢~2) rate of convergence for the values obtained by Su, Boyd and Candgs in the
unperturbed case g = 0. Time discretization of this system, and some of its variants,
provides new fast converging algorithms, expanding the field of rapid methods for
structured convex minimization introduced by Nesterov, and further developed by
Beck and Teboulle with FISTA. This study also complements recent advances due to
Chambolle and Dossal.

Keywords Convex optimization - Fast convergent methods - Dynamical systems -
Gradient flows - Inertial dynamics - Vanishing viscosity - Nesterov method

Mathematics Subject Classification 34D05 - 49M25 - 65K05 - 65K10 - 90C25 -
90C30

1 Introduction

Let ‘H be a real Hilbert space endowed with the scalar product (-, -) and norm || - ||,
and let ® : H — R be a convex differentiable function. In this paper, we first study
the solution trajectories of the second-order differential equation

ﬂo+§mn+v¢ua»=a (1)

with & > 0, in terms of their asymptotic behavior as t — +oo. This will serve us as
guideline to the study of corresponding algorithms.

We take for granted the existence and uniqueness of a global solution to the Cauchy
problem associated with (1). Although this is not our main concern, we point out that,
given tp > 0, for any xo € H, vo € H, the existence of a unique global solution on
[0, +ool for the Cauchy problem with initial condition x(f9) = x¢ and x(f9) = vg
can be guaranteed, for instance, if V& is Lipschitz-continuous on bounded sets, and
® is minorized.

Throughout the paper, unless otherwise indicated, we simply assume that

® : 'H — Ris a continuously differentiable convex function.
As we shall see, most of the convergence properties of the trajectories are valid
under this general assumption. This approach paves the way for the extension of

our results to non-smooth convex potential functions (replacing the gradient by the
subdifferential).
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Fast convergence of inertial dynamics and algorithms with... 125

In preparation for a stability study of this system and the associated algorithms, we
will also consider the following perturbed version of (1):

20 + %x(r) +VO(x(t) = g(t), )

where the right-hand side g : [7p, +00[— H is an integrable source term, such that
g(t) is small for large .

The importance of the evolution system (1) is threefold:

1. Mechanical interpretation: It describes the motion of a particle, with mass equal
to one, subject to a potential energy function ®, and an isotropic linear damping with
a viscosity parameter that vanishes asymptotically. This provides a simple model for
a progressive reduction of the friction, possibly due to material fatigue.

2. Fast minimization of function ®: Equation (1) is a particular case of the inertial
gradient-like system

X)) +a@)x@) +Ve(x() =0, 3)

with asymptotic vanishing damping, studied by Cabot et al. [17,18]. As shownin [17,
Corollary 3.1] (under some additional conditions on @), every solution x(-) of (3)
satisfies lim;_, 4 o0 @ (x(¢)) = min ®, provided fooo a(t)dt = 4o0. The specific case
(1) was studied by Su, Boyd and Candes in [35] in terms of the rate of convergence of the
values. More precisely, [35, Theorem 4.1] establishes that ® (x (#)) —min & = 0@,
whenever o > 3. Unfortunately, their analysis does not entail the convergence of the
trajectory itself.

3. Relationship with fast numerical optimization methods: As pointed out in [35,
Section 2], for « = 3, (1) can be seen as a continuous version of the fast convergent
method of Nesterov (see [26-29]), and its widely used successors, such as the Fast
Iterative Shrinkage-Thresholding Algorithm (FISTA), studied in [14]. These methods
have a convergence rate of ® (x;) —min ® = O(k™?), where k is the number of itera-
tions. As for the continuous-time system (1), convergence of the sequences generated
by FISTA and related methods, has not been established so far. This is a central and
long-standing question in the study of numerical optimization methods.

The purpose of this research is to establish the convergence of the trajectories
satisfying (1), as well as the sequences generated by the corresponding numerical
methods with Nesterov-type acceleration. We also complete the study with several
stability properties concerning both the continuous-time system and the algorithms.

The main contributions of this work are the following:

In Sect. 2, we first establish the minimizing property in the general case where
o > 0, and inf @ is not necessarily attained. As a consequence, every weak limit
point of the trajectory must be a minimizer of &, and so, the existence of a bounded
trajectory characterizes the existence of minimizers. Assuming argmin ® #  and
o > 3, we recover the (’)(t’z) convergence rates, and give several examples and
counterexamples concerning the optimality of these results. Next, we show that every
solution of (1) converges weakly to a minimizer of ® provided o« > 3 and argmin & #
{. For the limiting case @ = 3, which corresponds exactly to Nesterov’s method, the
convergence of the trajectories is still a puzzling open question. We finish this section
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126 H. Attouch et al.

by providing an ergodic convergence result for the acceleration of the system in case
V& is Lipschitz-continuous on sublevel sets of .

In Sect. 3, strong convergence is established in various practical situations enjoying
further geometric features, such as strong convexity, symmetry, or nonemptyness of
the interior of the solution set. In the strongly convex case, we obtained a surprising

result: convergence of the values occurs at a O(I_ZT[X) rate.

In Sect. 4, we analyze the asymptotic behavior, as + — 400, of the solutions of
the perturbed differential system (2), and obtain similar convergence results under
integrability assumptions on the perturbation term g.

Section 5 contains the analogous results for the associated Nesterov-type algorithms
(also for o > 3). To avoid repeating similar arguments, we state the results and
develop the proofs directly for the perturbed version. As a guideline, we follow the
proof of the convergence of the continuous dynamic. We provide discrete versions of
the differential inequalities that we used in the Lyapunov convergence analysis. The
convergence results are parallel to those for the continuous case, under summability
conditions on the errors.

As we were preparing the final version of this manuscript, we discovered the preprint
[19] by Chambolle and Dossal, where the weak convergence result of the algorithm
in the unperturbed case is obtained by a similar, but different argument (see [19,
Theorem 3]). This approach has been further developed by Aujol-Dossal [10] in the
perturbed case.

2 Minimizing property, convergence rates and weak convergence of the
trajectories

We begin this section by providing some preliminary estimations concerning the global
energy of the system (1) and the distance to the minimizers of ®. These allow us to
show the minimizing property of the trajectories under minimal assumptions. Next,
we recover the convergence rates for the values originally given in [35], and obtain
further decay estimates that ultimately imply the convergence of the solutions of (1).
We finish the study by proving an ergodic convergence result for the acceleration.
Several examples and counterexamples are given throughout the section.

2.1 Preliminary remarks and estimations

The existence of global solutions to (1) has been examined, for instance, in [17,
Proposition 2.2] in the case of a general asymptotic vanishing damping coefficient. In
our setting, for any fo > 0, @ > 0, and (xg, vg) € H x H, there exists a unique global
solution x : [fg, +0o[— H of (1), satisfying the initial condition x (tp) = xg, X (fp) =
vo, under the sole assumption that V& is Lipschitz-continuous on bounded sets, and
inf ® > —oo. Taking 7y > 0 comes from the singularity of the damping coefficient
a(t) = 7 at zero. Indeed, since we are only concerned about the asymptotic behavior
of the trajectories, we do not really care about the origin of time. If one insists in

starting from fy = 0, then all the results remain valid with a(t) = 1%1
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Fast convergence of inertial dynamics and algorithms with... 127

At different points, we shall use the global energy of the system, given by W :
[t0, +oo[— R

1
W(t) = Enx(r)nz + @ (x(1)). )

Using (1), we immediately obtain
Lemma 2.1 Let W be defined by (4). For each t > ty, we have

. o . 2
W) = —7IIX(I)|| .

Hence, W is nonincreasing,1 and Weo = limy—, 1 oo W(2) exists in RU {—oo}. If D is
bounded from below, W is finite.

Now, given z € H, we define A, : [tg, +oo[— R by

1
ha(t) = S () = Il )
By the Chain Rule, we have
ho(t) = (x(t) —z,%()) and  h (t) = (x(1) — 2, ¥(0)) + [
Using (1), we obtain
. o . . 2 . o,
h(t) + 7hz(t) = [xOI7 + (x@®) — z, X() + 7X(¢)>
= IO + (x(1) — 2, =V (x(1))). (6)
The convexity of ® implies
(x(@) —z, VO(x(2))) = P(x(2)) — D(2),
and we deduce that
ho (1) + %]:lz(t) +O(x(1) — () < F@)* @)

We have the following relationship between &, and W:

Lemma 2.2 Take z € 'H, and let W and h; be defined by (4) and (5), respectively.
There is a constant C such that

"1 1. 3
/ - (W(s) = P(2))ds < C — —h(t) = —W().
0 S t 2a

0

Proof Divide (7) by ¢, and use the definition of W given in (4), to obtain

! In fact, W decreases strictly, as long as the trajectory is not stationary.
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128 H. Attouch et al.

L+ Zho + 2 Wi — @) = 21402
t - 2 t =g )

Integrate this expression from #( to r > f#( (use integration by parts for the first term),
to obtain

1 1. 1.
/ —(W(s) — P(2))ds < —h (o) — —h;(1)
o S o t

0

t t
—(a + 1)/ izﬁz(s)ds—i-/ i||)'c(s)||2ds. (8)
0 S n 28

On the one hand, Lemma 2.1 gives

r3 5 3
/ o [x()I7ds = —— (W (1) — W(1)).
o 28 2a

0

On the other hand, another integration by parts yields

r1. 1 1 ) 1
/ —h:(s)ds = t_2hZ(t) — —h:(to) +/ —h:(s)ds = ——h:(10).
0 S 1 0 S 1@

Combining these inequalities with (8), we get

"1 1. 1. 1
/ —(W(s) = @(2)ds = —h;(10) = —h(t) + (@ + 1) 5 h;(10)
to S t() t to

3 1. 3
+ 5, (W) = W) =C - ;hz(t) B AACS

where C collects the constant terms. 0

2.2 Minimizing property

It turns out that the trajectories of (1) minimize ® in the completely general setting,
where @ > 0, argmin ® is possibly empty, and ® is not necessarily bounded from
below (recall that we assume the existence and uniqueness of a global solution to
the Cauchy problem associated with (1), which is not guaranteed by these general
assumptions). This property was obtained by Alvarez in [2, Theorem 2.1] for the
heavy ball with friction (where the damping is constant). Similar results can be found
in [17].
We have the following:

Theorem 2.3 Let o > 0, and suppose x : [ty, +00[— H is a solution of (1). Then

(i) Woo =1limy_ 400 W(t) = limy, y oo P(x(#)) = inf & € RU {—o00}.
(ii) Ast — 400, every weak limit point of x(t) lies in argmin ®.
(iii) If argmin ® = @, then lim,_, 4o ||x(¢)|| = +o00.
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Fast convergence of inertial dynamics and algorithms with... 129

(iv) If x is bounded, then argmin ® # .

(v) If © is bounded from below, then lim,_, { ||x(¢)] = 0.

(vi) If ® is bounded from below and x is bounded, then lim;_, 4~ fzz (t) = 0 for each
z € 'H. Moreover,

/OO %(‘D(X(t)) — min ®)dt < +o00.
0]

Proof To prove (i), firstsetz € Handt >t > ty. By Lemma2.1, W is nonincreasing.
Hence, Lemma 2.2 gives

"ds 3 1.
W) —@@) | —+—W({) =C—-h (1),
P 200 t
which we rewrite as

"d 3 3 1.
(W(r) — (2) (/ =24 —) =C——®(2) — ~h.(),
o S 2 2 t

and then

3 3 1.

W) —@@){In(t) + — —In(tp) ) < C — —P(2) — —h(1).

2a 2a t

Integrate from ¢t = #y to t+ = 7 to obtain

(W(r) — ®(2)) (t In(t) — toIn(tg) + 19 — T + (3% — ln(to)) (t — to))

< (c - ic1>(z)) (t — o) — /T lhz(t)dt.
2 o I

But

/r hZ(t)dl _ h;(T) _ h(to) +/T hz(t)dt < _hz(tO)'
10 0]

t T to 2 - )
Hence,
(W(t) — ®(2))(tIn(zr) + At + B) < Ct + D,

for suitable constants A, B, C and D. This immediately yields Wy, < ®(z), and hence
Woo < inf ®. It suffices to observe that

inf ® < liminf ®(x(¢)) < limsup ®(x(r)) < lim W() = Weo
t——+00 t—>~400 t—>—+00

to obtain (i).
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Next, (ii) follows from (i) by the lower-semicontinuity of ® for the weak topology.
Clearly, (iii) and (iv) are immediate consequences of (ii). We obtain (v) by using (i)
and the definition of W given in (4). For (vi), since fzz(t) = (x(t) — z,x(¢)) and x is
bounded, (v) implies lim;_, 4o /- (f) = 0. Finally, using the definition of W together
with Lemma 2.2 with z € argmin @, we get

1 3
/ —(®(x()) —min®P)dt < C — — min ® < +o00,
n !t 20

which completes the proof. O

Remark 2.4 We shall see in Theorem 2.14 that, for « > 3, the existence of minimizers
implies that every solution of (1) is bounded. This gives a converse to part iv) of
Theorem 2.3.

If @ is not bounded from below, it may be the case that ||x(¢)| does not tend to
zero, as shown in the following example:

Example 2.5 Let'H = Rand « > 0. The function x () = 2 satisfies (1) with ® (x) =
—2(a + D)x. Then lim;_, 4 oo ®(x(t)) = —o0 = inf ®, and lim;_, 4 || X(¢)]|| = 400.

2.3 Two “anchored” energy functions

We begin by introducing two important auxiliary functions, and showing their basic
properties. From now on, we assume argmin ® # . Fix A > 0,&€ > 0, p > 0 and
x* € argmin ®. Let x : [fp, +00[— H be a solution of (1). For t > ry define

3
2
EP(t) = 1P& 0(t) = 1P (t2<<1>(x<t>) — min @) + %nx(x(t) — X%+ zm)nz) ,

1
Erx(t) = (@ (x(1)) — min D) + EIIA(X(I) —x*) O + 2 x @) — x*|1%,

and notice that &, ¢ and £ ){7 are sums of nonnegative terms. These generalize the energy
functions € and & introduced in [35]. More precisely, &€ = £y—1,0 and &= 8(12 «—3)/3"
We need some preparatory calculations prior to differentiating £, ¢ and 5){7 . For

simplicity of notation, we do not make the dependence of x or x on ¢ explicit. Notice
that we use (1) in the second line to dispose of X.

%ﬁ(op(x) — min ®) = 26(P(x) — min @) + £2(x, VI (x))

%%Hk(x — X 41k = =r{x — x5, VO(x)) — Ao — A — D{x —x*, %)
— (@ — 2 — De||)|* = 12(x, VO (x))

——lx = x*|” = (x —x*, x).
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Fast convergence of inertial dynamics and algorithms with... 131

Whence, we deduce

%&,g(r) = 2¢(®(x) — min D) — Ar{x — x*, VO (x))
+(E = —r—D)x —x* ) = (@—r=DeE]> ()
%Ef(t) = (p + 2P (@ (x) — min ®) — AP (x — x*, VO (x))
— i —r—1—p)Plx —x* %)

)\'2
+ Tpﬂ’—l Ix — x*|? — (a —a—1-— g) PHUER (10)

Remark 2.6 Ify € Hand x* € argmin ®, the convexity of ® gives min ® = o (x*) >
D (y) + (VO (y), x* — y). Using this in (9) with y = x(¢), we obtain

S0 =211 (@) ~min®) + ¢ A~k — D)x— 20
—(a — A= 1yt %)%

Ifo >3and2 < A < « — 1 and if one chooses £&* = A(a — A — 1) (which is
nonnegative), then

%&,5*(;) <@ =Mt (Dx) —mind) — (@ —r— )1 |x]>

Hence &, ¢+ is nonincreasing. The extreme cases A = 2 and A = o — 1 are of special
importance, as we shall see shortly.

2.4 Rate of convergence for the values

We now recover convergence rate results for the value of ® along a trajectory, already
established in [35, Theorem 4.1]:

Theorem 2.7 Let x : [ty, +00[— H be a solution of (1), and assume argmin ® # (.
Ifa > 3, then

O (x(1)) — min ® < M
If o > 3, then
+00
/ 1(P(x(1)) — min @) dt < Ea—1,0(10) oo
o p—

Proof Suppose ¢ > 3. Choose A = o —land & =0,sothaté —A(o — A —1) =
a—Ai—1=0and A —2 = o — 3. Remark 2.6 gives

% a—1,0(1) = —(a = 3)1 (P (x) — min ), (1)
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132 H. Attouch et al.

and £y 1,0 is nonincreasing. Since 2(®(x)—min @) < Eu—1,0(t) (recall the definition
of &, ¢), we obtain

Ex—1,0(t0)

P(x(t)) —mind < 2

If o > 3, integrating (11) from #( to ¢ we obtain

! 1 1
/ s(®(x(s)) —min P)ds < ——(Ex—1,0(t0) — Ea—1,0(1)) < ——=Ex—1,0(t0),
P a—3 a—3

0
which allows us to conclude. |

Remark 2.8 It would be interesting to know whether o = 3 is critical for the conver-
gence rate given above.

Remark 2.9 For the (first-order) steepest descent dynamical system, the typical rate of
convergence is O(1/t) (see, for instance, [33, Section 3.1]). For the second-order sys-
tem (1), we have obtained a rate of O(1/ 12). It would be interesting to know whether
higher-order systems give the corresponding rates of convergence. Another challeng-
ing question is the convergence rate of the trajectories defined by differential equations
involving fractional time derivatives, as well as integro-differential equations.

Remark 2.10 The constant in the order of convergence given by Theorem 2.7 is
: 1
K (x0, v0) = Eu—1,0(t0) = 13 (®(x0) — min @) + | (@ = D)(xo —x™) + v,

where xo = x(fp) and v9 = x(tp). This quantity is minimized when x;j € argmin @
and v = %(x* — x3), with min K = 0. If x§ # x*, the trajectory will not
be stationary, but the value ®(x(¢)) will be constantly equal to min ®. Of course,
selecting x; € argmin & is not realistic, and the point x* is unknown. Keeping Xo
fixed, the function vg — K (Xo, vp) is minimized at vy = %(x* — Xo). This
suggests taking the initial velocity as a multiple of an approximation of x* — Xg, such
as the gradient direction 0p = V& (Xp), Newton or Levenberg-Marquardt direction
bo = [el + VZ® (%) 'IVD(X) (¢ = 0), or the proximal point direction dy =
[ +yV®)~(Ro) — %o] (v >> 0).

2.5 Some examples and counterexamples
A convergence rate of O(1/1%) may be attained, even if argmin ® = @ and & < 3.
This is illustrated in the following example:

Example 2.11 Let H = R and take ®(x) = "‘T_le’z" with & > 1. Let us verify that
x(t) = Int is a solution of (1). On the one hand,

a—1
2

. a .,
X(t) + 7x(t) =
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Fast convergence of inertial dynamics and algorithms with... 133

On the other hand, V& (x) = —(a — 1)e~2* which gives

a—1
2

VO(x(1) = —(a — e 2 = —

Thus, x(#) = Int is a solution of (1). Let us examine the minimizing property. We
have inf ® = 0, and

—1 a—1
q) ¢ _ 72 Int — .
(x(0) = —— S
Therefore, one may wonder whether the rapid convergence of the values is true in
general. The following example shows that this is not the case:

Example 2.12 Let H = R and take ®(x) = x%, with > 0, > and ¢ =

22a+0(x—1))
0(2+6)2

(2+9)
. Let us verify that x(¢) = tﬁ is a solution of (1). On the one hand,

(1+6)

Qo+ 0(a — 1))t~ 557"

O T p—
T T avey

On the other hand, V& (x) = —cfx~?~! which gives

(1+0) 2 (14+6)
Vo (x(t)) = —cOt™ 2+9 Z—W(ZO{-FG(O[— I5)Ia 2+9 .

Thus, x(t) = tﬁ is solution of (1). Let us examine the minimizing property. We
have inf ® = 0, and

1
O(x(t) =c—— with —— < 2.
(x(@®)) Z 1510

We conclude that the order of convergence may be strictly slower than O(1/¢%)
when argmin ® = ¢. In the Example 2.12, this occurs no matter how large o is.
The speed of convergence of ®(x(z)) to inf ® depends on the behavior of ®(x) as
lx|| = +oo. The above examples suggest that, when ®(x) decreases rapidly and
attains its infimal value as ||x|| — oo, we can expect fast convergence of @ (x(7)).

Even when argmin & # ), O(1/1?) is the worst possible case for the rate of con-
vergence, attained as a limit in the following example:

Example 2.13 Take H = Rand ®(x) = c¢|x|”, where c and y are positive parameters.
Let us look for nonnegative solutions of (1) of the form x(¢) = ti@ with 6 > 0. This
means that the trajectory is not oscillating, it is a completely damped trajectory. We
begin by determining the values of ¢, y and € that provide such solutions. On the one
hand,

ﬂn+%ﬂw=ew+1—a

) t9+2 :
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134 H. Attouch et al.

On the other hand, V& (x) = cy|x|V_2x, which gives
Vo = !
(x(0) = Y

Thus, x(t) = ,Le is solution of (1) if, and only if,

. C oy . 2
(1) 6 +2 =6(y — 1), which is equivalent to y > 2 and 6 = 72
(ii) ¢y = 6(a — 6 — 1), which is equivalent to & > # and ¢ =

We have min & = 0 and

; and

2 Y
v @~ 752)-

®(x(1) 2 -]
X = o — .
vy =2 vy =275

The speed of convergence of ®(x(z)) to O depends on the parameter y. As y tends
to infinity, the exponent % tends to 2. This limiting situation is obtained by taking a
function @ that becomes very flat around the set of its minimizers. Therefore, without
other geometric assumptions on @, we cannot expect a convergence rate better than
o/ tz). By contrast, in Sect. 3, we will show better rates of convergence under some
geometrical assumptions, like strong convexity of ®.

2.6 Weak convergence of the trajectories

In this subsection, we show the convergence of the solutions of (1), provided « > 3.
We begin by establishing some preliminary estimations that cannot be derived from
the analysis carried out in [35]. The first statement improves part (v) of Theorem 2.3,
while the second one is the key to proving the convergence of the trajectories of (1):
Theorem 2.14 Let x : [ty, +0o[— H be a solution of (1) with argmin ® £ ().

(i) If @ > 3 and x is bounded, then || x(t)|| = O(1/t). More precisely,
. 1 .
XN < = | vV2Ea—1.0(10) + (e — 1) sup [lx(t) — x™[| ) . (12)
t t>19
(ii) If o« > 3, then x is bounded and

+oo 5 _ t
/ i@ P dr < 220 o (13)
0 oa—3

Proof To prove (i), assume > 3 and x is bounded. From the definition of &, ¢, we
have %Hk(x — x*) + tx]|> < Ee(t), and so ||t < /2, (1) + Allx — x*||. By
Remark 2.6, £&,_1 ¢ is nonincreasing, and we immediately obtain (12).

In order to show (ii), suppose now that @ > 3. Choose A = 2 and §* = 2(« — 3).
By Remark 2.6, we have

d .
E&ﬁ@S—W—QHMK (14)
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Fast convergence of inertial dynamics and algorithms with... 135

and &, ¢+ is nonincreasing. From the definition of £, ¢, we deduce that ||x (1) —x* % <
%c‘fx,g(t), which gives

2 o -3 (1) _ & 2(a-3)(t0)

t_*
lx(t) — x| e s e

) (15)

and establishes the boundedness of x. Integrating (14) from #; to ¢, and recalling that
&g+ is nonnegative, we obtain

t 5 - .
[ steoipas = B2y,
I

o oa—3
as required. O

Remark 2.15 In view of (12) and (15), when @ > 3, we obtain the following explicit
bound for ||x||, namely

@I < %(\/M+(a _ 1)\/@)_

Since lim;_, 400 [|%(7)|| = 0 by Theorem 2.3, we also have lim;_, ;.o ¢ [|%(1)]|*> = 0.

We are now in a position to prove the weak convergence of the trajectories of (1),
which is the main result of this section. The proof relies on a Lyapunov analysis, which
was first used by Alvarez [2] in the context of the heavy ball with friction.

Theorem 2.16 Let & : H — R be a continuously differentiable convex function such
that argmin ® # (), and let x : [ty, +oo[— H be a solution of (1) with @ > 3. Then
x(t) converges weakly, as t — +00, to a point in argmin P.

Proof We shall use Opial’s Lemma 5.7. To this end, let x* € argmin ¢ and recall
from (7) that

e (6) 4 =i (1) + O (x(0) = min @ < (1),
where A, is given by (5). This yields
ths (1) + aher (1) < 1RO,
In view of Theorem 2.14, part (ii), the right-hand side is integrable on [fg, +00[.

Lemma 5.9 then implies lim;_, 1~ hi,+(¢) exists. This gives the first hypothesis in
Opial’s Lemma. The second one was established in part (ii) of Theorem 2.3. O

Remark 2.17 A puzzling question concerns the convergence of the trajectories for
a = 3, a question which is directly related to the convergence of the sequences
generated by Nesterov’s method [26] (see [35, Section 3]).
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2.7 Further stabilization results

Let us complement the study of Eq. (1) by examining the asymptotic behavior of the
acceleration X. To this end, we shall use an additional regularity assumption on the
gradient of ®.

Proposition 2.18 Letr o > 3 and let x : [tg, +0oo[— H be a solution of (1) with
argmin ® # (. Assume V@ Lipschitz-continuous on bounded sets. Then X is bounded,
globally Lipschitz continuous on [to, +00[, and satisfies

1 t
lim —/ s¥1E(s)|1>ds = 0.
tol 1o

t——+00

Proof First recall that x and x are bounded, by virtue of Theorems 2.14 and 2.3,
respectively. By (1), we have

i) = —%)’C(l) — VO (x(0)). (16)

Since V@ is Lipschitz-continuous on bounded sets, it follows from (16), and the
boundedness of x and x, that X is bounded on [y, +00[. As a consequence, X is
Lipschitz-continuous on [#g, +oco[. Returning to (16), we deduce that X is Lipschitz-
continuous on [fy, +00[.

Pick x* € argmin @, set 1 = h,+ (to simplify the notation) and use (6) to obtain

h(t) + %h(r) + {(x (1) — x*, VO (x (1)) = (D) (17)

Let L be a Lipschitz constant for V& on some ball containing the minimizer x* and
the trajectory x. By virtue of the Baillon-Haddad Theorem (see, for instance, [12],
[32, Theorem 3.13] or [27, Theorem 2.1.5]), V® is %—cocoercive on that ball, which
means that

1
(x(@) —x*, VO (x (1)) — VO(x™)) > T IVe&@) - Vo).
Substituting this inequality in (17), and using the fact that V& (x*) = 0, we obtain
. o . 1 2 . 5
h(t) + 7h(f) + ZIIV¢(X(I))|I < [Ix@N*.
In view of (16), this gives
. o . 1 .. o, 2 . 2
0+ 2 + 7 |#0 + 220 < o)

Developing the square on the left-hand side, and neglecting the nonnegative term
(e[l 3(1)]/1)*/ L. we obtain
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. o - 1 o d

h(t) + —h(t) + =X O> + —— x> < x>

0+ ; O+ L IO + LtdIHX( = = lx@ll
We multiply this inequality by % to obtain

d . 1 o d
— (t%h(t —2X O + =P k)12 < k@))%
dt( ())+L 1€ ()] +L dt”x()” <t%x@®)|l

Integration from # to ¢ yields

. . 1 !
I — i) + / S5 (s)|%ds

0]

+7 (RO = 0 I — @ = 1)

t t
/ )12 2ds) < / s 1%(s) | %ds.
0 1

0

Neglecting the nonnegative term at*~!||x(¢)||>/L, we obtain

. 1 t t
“h(t) + Z/ sY)E($)]Pds < C + (o — 1)/ 15 (s)|1%s%2ds
to

fo

t
+ / S5 ()P, (18)
1

0

where C = 1§ h(to) + oty |5 (o) 1>/ L.
If tp < 1, we have

1 /! 1 1 1 /!
» / S IPds = - / S Pds + /1 S (s) s

for all # > 1. Since the first term on the right-hand side tends to 0 as t — +o00, we
may assume, without loss of generality, that #y > 1.

Observe now that s*~2 < 5%, whenever s > 1. Whence, inequality (18) simplifies
to

. 1 t t

“h(t) + —/ sYEs)]Pds < C +a/ sY)1x ()17 ds.
L 1o 1o

Dividing by * and integrating again, we obtain

1 ! —a ‘ g 2 c —o+1 —a
h(t)—h(to)—i-z/ T (/to SUES) ds)dtfa_l(to +_y +1)

fo

t T
+a/ T (/ s°‘||)'c(s)||2ds) dr.
o 1o

@ Springer



138 H. Attouch et al.

Setting C" = h(tp) + Ct,, atl /(o — 1), and neglecting the nonnegative term /A (¢) of
the left-hand side and the nonpositive term —Ct~%*! /(o — 1) of the right-hand side,
we get

1 t T t T
—/ 7Y (/ s“||5e(s)||2ds) dr < c’+a/ T (/ s“||x(s)||2ds) dr.
L Io to t 10

T
Setg(t) =17“ (/ SYNX () ||2ds) and use Fubini’s Theorem on the second integral
1
to get ’

1 t t
- / g0t = €'+ —— / SR (57 =174 ds
L J a—1J4
t
/ (o4 . 2
<C +—/ sllx(s)||“ds.
a—1J4,
By part (ii) of Theorem 2.14, the integral on the right-hand side is finite. We have
+o00
/ g(r)dt < 4o0. (19)
fo
The derivative of g is

§(0) = —ar! / SES) 1Pds + 1E)IP
to

Let C” be an upper bound for ||%[|>. We have

T
80| < C” (1+otr_°‘_l/ s"‘ds) el (1+ ! (e _,a+1))
I0) o+ 1

o
<C"|1 . 20
(e ) o

From (19) and (20) we deduce that lim,;_, 1 g(t) = 0 by virtue of Lemma 5.6. O

Remark 2.19 Since fz:) s%ds = alﬁ (t"‘*l — tg+1), Proposition 2.18 expresses a fast

ergodic convergence of || X (s) || to O with respect to the weight s% as  — 400, namely

t

Ji 1% () |12 ds (1)

ft; s%ds -
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3 Strong convergence results

A counterexample due to Baillon [11] shows that the trajectories of the steepest descent
dynamical system may converge weakly but not strongly. Nevertheless, under some
additional geometrical or topological assumptions on &, the steepest descent trajec-
tories do converge strongly. This has been proved in the case where the function ® is
either even or strongly convex (see [16]), or when int (argmin ®) # @ (see [15, theo-
rem 3.13]). Some of these results have been extended to inertial dynamics, see [2] for
the heavy ball with friction, and [4] for an inertial version of Newton’s method. This
suggests that convexity alone may not be sufficient for the trajectories of (1) to con-
verge strongly, but one can reasonably expect it to be the case under some additional
conditions. The purpose of this section is to establish this fact. The different types of
hypotheses will be studied in independent subsections since different techniques are
required.

3.1 Set of minimizers with nonempty interior
Let us begin by studying the case where int (argmin ®) # @.

Theorem 3.1 Let ® : H — R be a continuously differentiable convex function. Let
int(argmin @) # @, and let x : [tg, +00[— H be a solution of (1) with o > 3. Then
x(t) converges strongly, as t — +00, to a point in argmin ®. Moreover,

/ tIVD(x(1))|ldt < 400.
fo

Proof Since int(argmin ®) # @, there exist x* € argmin ® and some p > 0 such that
V& (z) = 0forall z € H such that ||z — x*|| < p. By the monotonicity of V@, for all
y € 'H, we have

(Vo(y),y —2) = 0.
Hence,
(VO(y),y —x*) 2 (VD(y), z — x¥).
Taking the supremum with respect to z € H such that ||z — x*|| < p, we infer that
(VO(y), y —x*) = pllVO )|
for all y € H. In particular,
(VO (x (1), x(1) = x™) = p[[VO(x(®))].
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By using this inequality in (9) with A = o — 1 and & = 0, we obtain

d
77 €100 + (@ = Dot VO M)l = 21(®(x(t)) — min ),

whence we derive, by integrating from #q to ¢
t

Ea—1,0(t) = Eu—1,0(10) + (a — 1)0/ sIVP(x(s))llds

0]
t
< 2/ s(®(x(s)) — min ) ds.
fo
Since £y—1,0(t) is nonnegative, part (ii) of Theorem 2.7 gives

/oot||Vd>(x(t))||dt < +oo0.
10

Finally, rewrite (1) as
tX(t) +ax(@) = —tVO(x(1)).

21

Since the right-hand side is integrable, we conclude by applying Lemma 5.12 and

Theorem 2.16.

3.2 Even functions

]

Let us recall that ® : H — R is even if ®(—x) = ®(x) for every x € H. In this case

the set argmin ® is nonempty, and contains the origin.

Theorem 3.2 Let ® : H — R be a continuously differentiable convex even function,
and let x : [ty, +oo[— H be a solution of (1) with « > 3. Then x(t) converges

strongly, as t — +00, to a point in argmin ®.

Proof Forty <t <, set

1
g(v) = |x(@* = x)I* - Slx@ - x(9)]I°.

We have

G(r) = (i(1), x(0) +x(s))  and  §(r) = |7 + (¥(2), x(x) + x(5)).

Combining these two equalities and using (1), we obtain

§(t) + gq'(r) = &) + F(D) + %fe(z),x(r) +x(5))
= [£(D)]? = (VO (2)). x(T) + x(5)).
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Recall that the energy W(t) = %H)’C(T)H2 + ®(x(7)) is nonincreasing. Therefore,

1., 1.
EIIX(I)II + @ (x(1)) = EIIX(S)II + P (x(s))

|
=5||x(s)|| + O(—x(s))

1
EIIJ'C(S)II2 + @ (x(1)) — (VO (x(7)), x(7) + x(5)),

v

by convexity. After simplification, we obtain

1
Ell)i(f)ll2 > —(VO(x(1)), x(7) + x(s)). (23)

Combining (22) and (23), we obtain

.. . 3 e
7q(t) + aq () = STl

As in the proof of Lemma 5.9, we have

T

C
§(t) < k(z) := u® 1% w)l|*du,

_+_
@ 2% Jy

where C = 2||x(fo)|| ||x|lco- The function k does not depend on s. Moreover, using
Fubini’s Theorem, we deduce that

+00 C
/ k(t)dr < —
10 tO (01 — 1)

3 +oo )
+ / ul|x(u)||“du < +o0,
2 —=1) Jy
by part ii) of Theorem 2.14. Integrating ¢ (t) < k(t) from ¢ to s, we obtain

1 2 2 2 '
SI@ = xS = @I = llx)] +/ k(z)dt.

¢
Since @ is even, we have 0 € argmin ®. Hence lim;_, oo || X (¢) ||2 exists (see the proof

of Theorem 2.16). As a consequence, x(¢) has the Cauchy property as t — +00, and
hence converges. O

3.3 Uniformly convex functions
Following [13], a function ® : H — R is uniformly convex on bounded sets if, for
each r > 0, there is an increasing function w, : [0, +oo[— [0, +o0o[ vanishing only

at 0, and such that

Q(y) = ®(x) + (VO (x),y —x) + o (Ix =yl (24)
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for all x, y € H such that ||x|| < r and ||y|| < r. Uniformly convex functions are
strictly convex, so the set of their minimum points is at most a singleton.

Theorem 3.3 Let © be uniformly convex on bounded sets with argmin & # ), and
let x : [ty, +0o[— H be a solution of (1) with o > 3. Then x(t) converges strongly,
ast — 400, to the unique x* € argmin ®.

Proof Recall that the trajectory x(-) is bounded, by part (ii) in Theorem 2.14. Let
r > 0 be such that x is contained in the ball of radius r centered at the origin. This
ball also contains x*, which is the weak limit of the trajectory in view of the weak
lower-semicontinuity of the norm and Theorem 2.16. Writing y = x(¢) and x = x*
in (24), we obtain

wr([x(@) —x*) < ®(x(#)) — min .

The right-hand side tends to 0 as + — +oo by virtue of Theorem 2.3. It follows that
x(t) converges strongly to x* as t — 4-o0. O

Let us recall that a function ® : H — R is strongly convex if there exists a positive
constant p such that

n
P(y) = P(0) + (VO@), y = x) + 2 llx = yI°
forall x, y € H. Clearly, strongly convex functions are uniformly convex on bounded

sets. However, interestingly, convergence rates increase indefinitely with larger values
of « for these functions.

Theorem 3.4 Let ® : H — R be strongly convex, and let x : [ty, +00[— H be a
solution of (1) with @ > 3. Then x(t) converges strongly, as t — 400, to the unique
element x* € argmin ®. Moreover

d(x(t) —mind = O (t—%“) k@) —x"P =0 (z—%“) . and
liwI? =0 (173). (25)

Proof Strong convergence follows from Theorem 3.3 because strongly convex func-
tions are uniformly convex on bounded sets. From (10) and the strong convexity of
&, we deduce that

d
Eé'f(t) <(p+2-0tPN (D) —min®) —A(l@ — A — 1 — p)tP (x — x*, %)
A
= S = M = = (0 = A= 1= ) )

forany A > Oand any p > 0. Now fix p = %(05—3) and A = %a,sothatp—i—Z—A =
oad—r—1—p/2=0anda — X — 1 — p = —p/2. The above inequality becomes

d A A
TEL(@) = TP —x" 6 — S’ = put? =P
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Define t; = max {to, \/ ’%}, so that
Ap

d %
Zé’f(t) = 5= )

for all + > ¢;. Integrate this inequality from #; to ¢ (use integration by parts on the
right-hand side) to get

A
£ = &) + 2 (17 1x (0 =517 = ] x(e) = x°?

t
—p/ P Ix(s) — x*||2ds) .
4]

Hence,
E0) < L)+ 17 x(0) = P = &)+ 520 (@(x(0) — min @), (26)
in view of the strong convexity of ®. By the definition of £”, we have
PP (@(x (1)) — min @) < (1) < €] (1) + ;_th(q)(x(t)) — min @).

Dividing by 7*? and using the definition of 71, along with the fact that r > 7, we
obtain

A
O (x(1) —min® < X (1) P72 + z—pt_z(cb(x(t)) — min ®)
n
<¢&? p2y M i
=& @t + ﬂtl (P(x(2)) — min @)
1
< PP + S (@ () = min ).
Recalling that p = %(oz —3)and A = %a, we deduce that
. Py —p—2 S@=3) ~24
O(x(1)) —min ® < 28 (1)t V= = Zé‘za (t) | t73%. 27)
3
The strong convexity of @ then gives
*12 2 : 4 P —p—2
x(@®) —x*7 < —(P(x(@) —min®) < | =& (1) |t
0 0
4 2g-
= [—5;“” 3)(t1)]t—§“. (28)
L
Inequalities (27) and (28) settle the first two points in (25).
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Now, using (26) and (27), we derive
A A
Pty < €M) + z—pt”(cb(x(t)) —min®) < (1) + L& (1)1
n I
p AP op -2 p
<& )+ m & ()t~ <28 (1).
The definition of £ then gives
P A * . 2 < gp < 2517
I (0 =x7) + 12O = E7 (1) = 267 (1)
Hence

A (x(t) — x*) + i @)1* < 47 PEL (1),

and

tE@ < 2072\ JEL (1) + Alx () — x*]I.

But using (28), we deduce that

x 20
M) =27l < PRLIE (1y).

The last two inequalities together give

-1
@l < 27 €] () (1 + Mﬁ) <2 PP el ) (1 n @)

Taking squares, and rearranging the terms, we obtain

2 2
I @)1* < [4 (1 +./ = fgia_b(n)} 13,

a—3

which shows the last point in (25) and completes the proof. O

The preceding theorem extends [35, Theorem 4.2], which states that if « > 9/2,
then @ (x (1)) —min ® = O(1/13).

4 Asymptotic behavior of the trajectory under perturbations

In this section, we analyze the asymptotic behavior, as t — +o00, of the solutions of
the differential equation

i) + %)'c(t) FVOG(() = (). (29)
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From the Cauchy—Lipschitz—Picard Theorem (see, for instance, [7, Theorem 17.1.
2b)]), for any initial condition x(zp) = x9 € H, x(t9) = vy € H, we deduce the exis-
tence and uniqueness of a maximal local solution x to (29), with X locally absolutely
continuous, if V® is Lipschitz-continuous on bounded sets and g is locally integrable.
If ® is minorized, the global existence follows from the energy estimate proved in
Lemma 4.1, in the next subsection.

This being said, our main concern here is to obtain sufficient conditions on the
perturbation g in order to guarantee that the convergence properties established in
the preceding sections are preserved. The analysis follows very closely the arguments
given in Sects. 2 and 3. It is developed in the same general setting, just assuming that
® : 'H — R is a continuously differentiable convex function. Therefore, we shall
state the main results and sketch the proofs, underlining the parts where additional
techniques are required.

4.1 Energy estimates and minimization property

The following result is obtained by considering the global energy of the system, and
showing that it is a strict Lyapunov function:

Lemma 4.1 Let ® be bounded from below, and let x : [ty, +oo[— H be a solution
of 29) with « > 0 and ftooo gl dt < +o0. Then, sup,.,, [X()| < +oo and

S $1x(0)|17dT < +o00. Moreover; 1im;—, 0o ®(x(1)) = infy; ®.

Proof SetT > ty. Forty <t < T, define the energy function

1 T
Wr(t) == Ellff(t)ll2 + (CD(x(t)) - i%f ®) +/ (x(7), g())dr. (30)
t

Since X is continuous and g is integrable, the function Wr is well defined. Derivating
Wr with respect to time, and using (29), we obtain

Wr () = (50, £(0) + VO (1) = g(0) = (£(). —=(0) = == |£0)]> < 0.

Hence Wr (-) is a decreasing function. In particular, Wr (t) < Wr(t), that is

1 T

=k + (<1>(x(t)) —inf <1>) +/ (x(1), g(v))dt

2 H t

T
< %II)’C(IO)II2 + (CD(XO) — inf <I>) +/ (x(7), g(1))dr.
H 1

As a consequence,

oo 1o . / .
SO < J ko) +(<1>(xo) 1;1{f<1>)+ | EOllg@ldr.
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Applying Lemma 5.13, we obtain

3 '
x@I < (llff(to)||2 +2 (4>(xo) —i%f <I>)) +/ lg()ldz.
fo

It follows that

1

sup [[x (1) < (II)'C(to)II2 +2 (q)(xo) — inf CD)) +/ lg(@)lldz < +oo.
1>1 H 10
(3D

As a consequence, we may define a function W : ]y, +oo[— R by

W) :

l||fC(t)||2 + (<I>(x(t)) — inf q>) +/ (x(7), g(1))dT
2 H t

—[Sup II)'C(I)II}/ lg(m)lldz,
1>1 10

by (31). From the definition of W7 and W, we have

v

W(r) = Wr(r) = —%nx(r)nz. (32)

Integrating from 1y to ¢, and using (31), we obtain
“a . 2 L . 2 .
—lx(@I7dt = W(to) — W) < S llx ()~ + | @(x(0)) — inf ®
to T 2 H

+ [sup ||fc(t>||] / lg(x)ldT < 400,
0]

1>1

which gives a bound for the second improper integral.
For the minimization property, consider the function 4 : ]tg, +oo[— R, defined by
h(t) = %Hx(t) — 7||%, where 7 is an arbitrary element of 7{. We can easily verify that

h(t) + %k(t) = [lx(O)II* — (VO (x (1)), x(1) — 2)
+(g(1), x(1) — 2).

By convexity of ®, we obtain
h(t) + %hm + @ (x() — (2) < [IKOI* + (g(t), x(£) — 2). (33)

Recall that the function W defined above is nonincreasing and bounded from below.
Hence, W (¢) converges, ast — 400, to some W5, € R. Moreover, using the definition
of W in (33), we deduce that
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) + %h(r) + W) +inf ® — ®(2)

3 o0
=< zlli(t)||2+ (8(0), x(r) — 2) +/ (x(s), g(s))ds. (34)
t

Setting Boo = Woo + inf @ — P (z), we may write

3
BSEMmWHmwwm—ﬂ

+ (SUP II)'C(I)II) /tOO lg(s)lids — tia%(t“ﬁ(t))-

t=>1o

Multiplying this last equation by %, and integrating between fg and 6 > f(, we get

0 0 _
Boo In (ﬁ) < E/ l||fc(t)||2d;+/ lls@lllx@ =21l
10 2 ), t

0 4] !

6 1 o0
+ (Sup II)'C(I)II)/ (—/ IIg(S)IIdS) dt
=) o \IJ:

1 d .
—/ tO‘+1E(tah(t))dt'
1

0

Let us estimate the integrals in the second member of the last inequality:

(1) The first term is finite, in view of Lemma 4.1.

(2) The second term is also finite, since the relation ||x(t) — z|| < ||x(tp) — z|| +
Ji () s implies

0 =1

0 _ - +oo
/”ﬁWW@ ﬂmg(WOZWHWMmQ/‘Hng<+w
p t Iy 1o

(3) For the third term, integration by parts gives

0 1 oo o0 00
/ (—/ IIg(S)IIdS) dt = 1119/ llg(s)lids —lnto/ lg(s)llds
to tJ; 0 fo

6
+/ lg(®)] Int dt.
0]
(4) For the fourth term, set I = ftz 1 d

o ar (t"‘/z(t))dt, and integrate by parts twice to
obtain

@ Springer



148 H. Attouch et al.

1. 71° 01,
I = [—h(t)} + (o + 1)/ —h(t)dt
t 10 1 t

N PR
= Co+ Zh(6) + —7—h(6)

o1 1.
+2(1 —I—a)/ —3h(t)dt > Co+ -h(0),
n ! 0
for some constant Cy, because 4 > 0. Finally, notice that
1h(©)] = [(£(0), x(0) — z)| < sup ||x ()] (IIX(O) —z|+ 60 sup ||5C(t)||) .
=1y =1y

Collecting the above results, we deduce that

0 00 0
BsoIn (—) <C +ln9/ lig(s)llds + (sup ||fc<r)||)/ gl Int dt,
o 0 =1 fo

for some other constant Cy. Dividing by ln(%), and letting & — 400, we conclude that
Bs < 0,byusing Lemma5.11 with(¢#) = In¢. This implies that Wy, < ®(z)—inf @
for every z € H, which leads to Wy, < 0.

On the other hand, it is easy to see that

+00
W(t) = ®(x(7)) —inf & — (Sup ||5C(t)||)/ g(s)ds.
t

=10
Passing to the limit, as t — +o00, we deduce that
0> Wy > limsup @ (x(¢)) — inf .
Since we always have inf ® < lim inf & (x(¢)), we conclude that lim;_, 4 oo ®(x(¢)) =

inf ®. O

4.2 Fast convergence of the values

We are now in position to prove the following:
Theorem 4.2 Let argmin @ # {4, and let x : [tg, +00[— H be a solution of (29)
witha = 3 and [ 11|g(0)]| dt < +o00. Then (x (1)) — ming & = O (}2)

Proof The proof follows the arguments used for Theorem 2.7. Take x* € § =
argmin ®. For 7y <t < T, define the energy function

Ea,g, (1) = (D (x(1) — i%f ) + (@ — Dllx(r) —x*

a—1
T

+ ! x(7), g(1))dr.
a—1 a—1

T
(O + 2/ T(x(t) — x* +
t
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Let us show that

agT(t)+2 t(CD(x(t))—meJ) <0.

Derivation of £y ¢ 7 gives

TH@X() i (VO (x (1)), £(1))

ga,g,T(t) = o —

—2t<x(t)—x + x(f) g(f)>

x(t) x(1) +

+2(a — 1)<x(t) —x* + x(t)+ x(t)>

4 . 2 2 )
= —H(@((0) ~ inf @) + _lr (VO(x(0)), £(1))

2 — 1)<x(t) — a0, L(tx(z)ﬁe(t) —g(t))>

1

4
= 1D (x (1) — i (VO (x (1)), 1(1))
a—1 H

—2 <x(t) —x* i SR, V@(x(t))>

= 4 t (dD(x(t)) —inf @) —2t{x(t) — x*, VO (x(1))).
a—1 H

Using the subdifferential inequality for @, and rearranging the terms, we obtain

agT(t)+2 t(CD(X(t))—lnfCD) <0. (35)

As a consequence, for o > 3, the function & ¢ 7 is nonincreasing. In particular,
Ea,g.1(t) < Eq,g,1(t0), which gives

i ltz(CD(x(t)) - i%f @) + (@ — D|x(t) — x*

t

1fc(t)||25c+2/ T(x(7) — x* + -

fo

(). 8(0))dT (36)

t
+
o —
with

O ko)l

2
_1t02(c1>(x0) inf ®) + (o = Dilxo =" + ——
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From (36), we infer that

—IIX(t)—x L X(Z)II /IIX(T)—X

_2(

+ x(Ollrg(r)lldz.
a—1

Applying Lemma 5.13, we obtain

lx(t) — x* +

c\: 1 [
x(t)|| < ( ) + / tllg(v)ldr, (37)
oa—1 a—1J

and so

sup [|lx(t) — x* + x(t)|| < 400. (38)

t=1y

Using (37) in (36), we conclude that

1

2 (@ (x (1)) —inf ®) < C +2 ( < )2+ ! /wrllg(r)lldr
—1 H - a—1 a—1J,

o0
/ Tllg(o)lld,
to

and the result follows. O

Remark 4.3 As a consequence, the energy function

Ea o) == t 2(@(x(r)) — 1nf D) + (¢ — Dlx(2) — x* + x(l)ll2

+00
+2/ T(x(t) — x* + X(r) g(r))dt
t

is well defined on [#, +oo[, and is a Lyapunov function for the dynamical system
(29).

4.3 Convergence of the trajectories

In the case & > 3, provided that the second member g(¢) is sufficiently small for large
t, we are going to show the convergence of the trajectories of (29), as it occurs for the
unperturbed system studied in the previous sections

Theorem 4.4 Let argmin & # (), and let x : [ty, +oo[— H be a solution of (29)
with o > 3 and flgot llg(®)||dt < +o0. Then, x(t) converges weakly, ast — +00, to
a point in argmin &.
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Proof Step 1 Recall, from the proof of Theorem 4.2, that the energy function & ¢
defined in Remark 4.3 satisfies

oa—3

lt (Cb(x(t)) — i%f d>) <0.

Eug(t) +2

o —

Integrating this inequality, we obtain

a—3 (! .
Eao(t) + ZF/IO T (CD(x(t)) — 1%1_[f CD) dt < &g 4(10).

By the definition of &, 4, and neglecting its nonnegative terms, we infer that

+00 T
2/ T(x(t) —x* + x(1), g(1))dr
. a—1

. t
422 3/ z (dD(x(r)) —inf <1>) dt < E,.4(10),
1y H

o —

and so

2“_3/tr(<1>( (r))—infcb)dr
(X_] to . H

+00
=< got,g(tO) + 2/

fo

x(t) —x*+ ‘

X(D)| lrg(@hdz

+oo
/ lzg(@lhdz.
to

a—1

t

< Ea,g(to) + 2sup |[x(1) — x* +
t

=10

x(1)

oa—1

by (38). Since o > 3, we deduce that
+o0
/ T(®(x(1)) — inf P)dt < +00. 39)
i) H
Step 2 Let us show that
o0
/ tx(0)||>dt < +oo.
fo

By taking the scalar product of (29) by %% (t), we get
PEW), 2 (0) + at[F O + 2V (@), £(0) = 1(8(1). (1))

Using the Chain Rule and the Cauchy—Schwarz inequality, we obtain

ltzinfc(t)n2 +at|E (O] + zzicb(xm < llzglllzx )]
2 dt dt - ’
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Integration by parts yields

r ) 1o 2 ! 2 ! 2
Ellfc(l)ll —?llfc(fo)ﬂ —/ slx(s) |l dS+Of/ sllx(s)lI“ds
1

fo 0

+ 12D (x (1) — i;l_[f ) — 12 (CID(x(to)) - i%f CI>)

t t
— 2/ s <<I>(x(s)) — inf <I>) ds < / lsg(s)|IIsx(s)|ds.
to H fo

As a consequence,

= o
SO + (@ - 1)/ sl IPds < Co
0]

t t
+2/ s(®P(x(s)) — inf D)ds +/ lsg(s)|lIsx(s)|lds
1o H fo

(40)

for some constant Cp depending only on the Cauchy data. Since ftzo s(D(x(s)) —

infyy ®)ds < +o0 by (39), and @ > 1, we deduce that

I ! )
SeE WP < €1+ / Isg(s)lls5(s) s
0]

(41)

for some other constant C1, which we may assume to be nonnegative. Applying Lemma

5.13, we obtain

t
lzx () < V2Cy +/ sg(s)llds,
fo

and so

sup [[tx ()] < +o0.
t>1

Returning to (40), we deduce that

t o0
(a — 1)/ s||5c(s)||2ds <C+ 2/ s(®P(x(s)) — inf D)ds
fo to H
o
+sup [[£x (@) | llsg(s)lds,
=10 )

which gives
o0
/ 1% (@) |1>dt < +oo.
1o
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Moreover, combining (38) and (42), we deduce that

sup [[x(r)[| < +oo, (44)

t>1
and the trajectory x is bounded.

Step 3 As before, we prove the weak convergence by means of Opial’s Lemma 5.7.
Take x* € argmin ®, and define & : [0, +00[— R™ by

1
h() = ZIx(0) = o
By the Chain Rule,

h(t) = (x(t) — x*, k1)),
h(t) = (x(t) — x*, (@) + 1E @)1

Combining these two equations, and using (29), we obtain
. o . . 2 koo o,
h(t) + ?h(t) = [IX@I7 + (x (@) —x7, %) + 7X(t)>,
= [EO1? + (x (1) —x*, =VO(x (1) + g(1)).
By the monotonicity of V® and the fact that V& (x*) = 0, we have
(x(t) = x*, =V@(x(1))) <0, (45)
and we infer that
. o - .
h(t) + 7h(t) < O + Ix@) — x*[1g@II.
Equivalently
. o .
h(r) + ?h(t) < k(0), (46)
with
k() = £ + [lx(@®) = x*[ gD < 15O + C2llg@)]

because the trajectory x is bounded, by (44). Recall that ft:w tlg(®)|ldt < 400 by
assumption, and flooot||)'c(t)||2dt < oo by (13). Hence, the function t +— tk(t)

belongs to L! (to, +00). Applying Lemma 5.9, with w(t) = h(t), we deduce that
fz+(t) € L(zp, +00), which implies that the limit of A (¢) exists, as ¢ — +o00. This
proves item (i) of Opial’s Lemma 5.7. For item (i7), observe that every weak limit
point of x(¢) as t — +o0o must minimize &, since lim;_, ;o ®(x (7)) = inf . O
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Remark 4.5 Throughout the proof of Theorem 4.4, we proved that
o oo
/ t (Cb(x(t)) — min c1>) dt < +o0o, and / %@ |>dt < +oo.
10 H 1o
We also proved that sup,, 7 [|X(7)|| < +00, and hence lim;, o [|X(7)] = 0.

4.4 Strong convergence results
For strong convergence, we have the following:

Theorem 4.6 Let ® : H — R be a continuously differentiable convex function, and
let x : [tg, +oo[— H be a solution of (29) with « > 3 and j;sot llg(®)| dt < +o0.
Then x(t) converges strongly, as t — +00, in any of the following cases:

(i) The set argmin ® has nonempty interior;
(ii) The function ® is even, or
(iii) The function ® is uniformly convex.

In order to prove this result, it suffices to adapt the arguments given in Sect. 3 for
the unperturbed case. Since it is relatively straightforward, we leave it as an exercise
to the reader.

5 Convergence of the associated algorithms

In this section, we analyze the fast convergence properties of the associated Nesterov-
type algorithms. To avoid repeating similar arguments, we state the results and develop
the proofs directly for the perturbed version.

5.1 A dynamical introduction of the algorithm

Time discretization of dissipative gradient-based dynamical systems leads naturally
to algorithms, which, under appropriate assumptions, have similar convergence prop-
erties. This approach has been followed successfully in a variety of situations. For
a general abstract discussion see [5,6]. For dynamics with inertial features, see [2—
4,9]. To cover practical situations involving constraints or non-smooth data, we need
to broaden our scope. This leads us to consider the non-smooth structured convex
minimization problem

min {W(x) + &(x): x € H} 47

where ¥ : 'H — R U {+o00} is a proper lower semicontinuous convex function;
and ® : H — R is a continuously differentiable convex function, whose gradient is
Lipschitz continuous.
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The optimal solutions of (47) satisfy
oV(x)+Vd(x) >0,

where oW is the subdifferential of W, in the sense of convex analysis. In order to
adapt our dynamic to this non-smooth situation, we will consider the corresponding
differential inclusion

20 + %xm FOW(x (D) + VO (x(1) 5 g(1). (48)

This dynamical system is within the following framework
X(1) +a()x(r) +00(x(1) 2 g@), (49)

where ® : H — R U {+o0} is a proper lower semicontinuous convex function, and
a(-) is a positive damping parameter.

It is interesting to establish the asymptotic properties, as t — 400, of the solutions
of the differential inclusion (48). Beyond global existence issues, one must check
that the Lyapunov analysis is still valid. In view of the validity of the subdifferential
inequality for convex functions, the (generalized) chain rule for derivatives over curves
(see [15]), most results presented in the previous sections can be transposed to this
more general context, except for the stabilization of the acceleration, which relies on
the Lipschitz character of the gradient. However, a detailed study of this differential
inclusion goes far beyond the scope of the present article. See [8] for some results in
the case of a fixed positive damping parameter, i.e., a(t) = y > 0 fixed, and g = 0.
Thus, setting ®(x) = W (x) + ®(x), we can reasonably assume that, for « > 3, and
ft:w tllg(®)|ldt < o0, for each trajectory of (48), there is rapid convergence of the
values

) C
O(()) —min® < ok
and weak convergence of the trajectory to an optimal solution.

We shall use these ideas as a guideline, in order to introduce corresponding fast
converging algorithms, making the link with Nesterov [26-29] and Beck-Teboulle
[14]; and so, extending the recent works of Chambolle-Dossal [19] and Su-Boyd-
Candes [35] to the perturbed case.

In order to preserve the fast convergence properties of the dynamical system (48),
we are going to discretize it implicitely with respect to the nonsmooth function W, and
explicitely with respect to the smooth function ®.

Taking a fixed time step size & > 0, and setting txy = kh,x; = x(#) the
implicit/explicit finite difference scheme for (48) gives

1 o
h—z(xk+1 — 2xp + xp—1) + m(xk — Xp—1) + OV (xgr1) + VO (i) > gk, (50)
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where yi is a linear combination of x; and x;_1, that will be made precise later on.
After developing (50), we obtain

o
St + 120 i) 3+ (1= ) (=3 = VOO + Wgr (5

A natural choice for y; leading to a simple formulation of the algorithm (other choices
are possible, offering new directions of research for the future) is

w= i+ (1= 2) (o= 3o, (52)

Using the classical proximal operator (equivalently, the resolvent of the maximal
monotone operator d\W)

. 1 _
ProX,y (x) = argmin [ VE) + 58— x||2] = +yow)~ (), (53)
and setting s = A2, the algorithm can be written as

[ yi =xk + (1= %) O — xx—1) 54

Xk+1 = proxXgy (yx — (VO () — gk)) -

For practical purposes, and in order to fit with the existing literature on the subject, it
is convenient to work with the following equivalent formulation

[ Yk = Xk + ki;‘_l (ke — Xk—1) 55)
Xk+1 = proXgy (ye —s(VO () — gr)) -
Indeed, we have kfa;l_l =1- ,(Jrg—_l When « is an integer, we obtain the same

sequences (xx) and (yx), up to the reindexation k — k + o — 1. For general « > 0, we
can easily verify that the algorithm (55) is still associated with the dynamical system
(48).

This algorithm is within the scope of the proximal-based inertial algorithms [3,24,
25], and forward-backward methods. In the unperturbed case, g = 0, it has been
recently considered by Chambolle—Dossal [19] and Su-Boyd—Candes [35]. It enjoys
fast convergence properties which are very similar to that of the continuous dynamic.

For « = 3 and g = 0, we recover the classical FISTA algorithm developed by
Beck-Teboulle [14], based on the acceleration method introduced by Nesterov [26]
in the smooth case and by Giiler [21] in the proximal setting:

k=1
k= Xk + 155 Gk — Xk—1)
{y 2 (56)

Xk+1 = proxXgy (yk —sVO(yx)) .

An important question regarding the (FISTA) method, as described in (56), is the
convergence of sequences (xx) and (yg), which is still an open question. A major
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interest to consider the broader context of algorithms (55) is that, for « > 3, these
sequences converge, even when inexactly computed, provided the errors or perturba-
tions are sufficiently small.

5.2 Fast convergence of the values

We will see that the fast convergence properties of algorithm (54) can be obtained in
a parallel way with the convergence analysis in the continuous case in Theorem 4.2.

Theorem 5.1 Let ¥ : ' H — R U {+00} be proper; lower-semicontinuous and convex,
and let ® : H — R be convex and continuously differentiable with L-Lipschitz
continuous gradient. Suppose that S = argmin(V+®) # 0, and let (xi) be a sequence
generated by algorithm (55)witha > 3,0 < s < % and "oy kllgkll < +oo. Then,

Cla—1)

(¥ + @) (xx) — min(¥Y + @) < m,

(57)
where
2s
C == (@=2(O0) = 0" + (@ = Dllyo — x|

— . £(0) 25—
+25 | D2 Gra—Dlgil| |7+ =7 2 G+a=Dlgl
j=0 j=0

Proof To simplify notations, we set ® = W + &, and take x* € argmin ©. As in the
continuous case, we shall prove that the energy sequence (€(k)) given by

2
E) = ——— (k+a =2 (O(r) = OG™) + (@ = Dllzx — x|
+D 25 (e —1) (g0 —x), (58)
j=k
with

k+oa—1 k
2k = Yk — Xk, (59)
a—1 oa—1

is non-increasing (we shall justify further that it is well defined). Note that & (k)
equals the Lyapunov function considered by Su-Boyd—Candes in [35, Theorem 4.3],
plus a perturbation term. For each y € H, we set & (y) := ®(y) — (gk, ), and
Or(y) = V() + Ok (y). Since Vi (y) = VO(y) — gk, we deduce that VP is still
L-Lipschitz continuous. By introducing the operator G i : H — 'H, defined by

1
Gok () = < (y — proxgy (y — sVOk(y)))
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for each y € H, we can write

proxXgy (¥ —sVO(y)) = y — sGsk(y),

and rewrite algorithm (55) as

k—1
Vi = Xk + o (X% — Xk—1);
[ k+a—1 (60)

X1 = Yk — $Gy i (Vi)-
The variable z, defined in (59), will play an important role. It comes naturally into

play as a discrete version of the term Oﬁx (t)+x(t) —x* which enters &, , (7). Simple
algebraic manipulations give

k+o—1 k
Zhtl = —————Xjy1 — Xk
—1 o —
k+a—1
=1 (Xk+1 — Xk) + Xgs (61)
and also
k4+oa—1 k
Ukl = (v —5Gsk()) — s
s
=Zk— a_1 (k+a—1) G r(yr). (62)
The operator G i satisfies
s
Ok(y — G5k (M) < Or(x) + (G k (¥), y — x) — EHGs,k(y)”Z (63)

forallx, y € H (see[14,19,31,35]), since s < %, and V& is L-lipschitz continuous.
Let us write successively this formula at y = y; and x = xi, then at y = y; and
x = x*. We obtain

S
Ok (k — 5Gy k() < Ok(xr) + (G k ), Yk — xk) — EnGs,k(yk)nz, and

S
Ok (yk — Gk (VK) < Ok (x™) + (Gyk (), vk — x*) — §||Gs,k(yk)||2,

respectively. Multiplying the first inequality by k+<])(z_71’ and the second one by
ki;ll , then adding the two resulting inequalities, and using the fact that x;4; =

Yk — sGy k(yk), we obtain

a—1 oS 5
—_1®k(x ) — §||Gs,k()’k)||

k
® <—0
k(Xk+1) < p— k(xk)+k+a

{Garo0). e (3 = 0 + o (e — )
s,kykvk _1)?k Xk k+a_1yk X .

+ o
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We rewrite the scalar product above as

Gk (k) £ ( ) + o1 ( *)
y T —X P ErE— —X
sk Lk k+oz—1yk k k+a—1yk

AL e S S SR
- — X — X
e =1\ Gk O o7 Ok — 30 + 3%
a—1 k+oa—1 k
= — G , _ 4k
k+a_]< 5.k (Vi) w1 kT X>
el (s i), 2k — x¥)
k+a—1"7 ’ ’
We obtain
Ok (xg+1) < L ®( )+ @(*)
kOer) = o Okt + K(x
+—“_1 (Gox (), 2k = x*) = SIG OGOIP. (64)
k+a—1"7" ’ o s :

We shall obtain a recursion from (64). To this end, observe that (62) gives
s
Tl — X =g —x" — p—] (k+a—1)Gsx(yr)-
After developing

N
laker = x"17 = llzk = 217 = 20— (ko = D e = %, Gk ()

2

s 5 5
@ ke = DGO,

2
and multiplying the above expression by %((l::—al)—l)z’ we obtain

(@ —1)?
m (||Zk —X*H2 — llzk+1 — X*||2)

= Tl G0 2k — 2 = IGO0
koa—1" 000 27" '

Replacing this expression in (64), we obtain

k
® < —@ —@ *
k(Xkt1) < P k(xk) + T a k(x™)

(a— 1)? ( 2 *2)
—_— Ik — X — ||Z — X .
s llzk 12 = llzkt1 I
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Equivalently,

Ok (Xp+1) — Op(x™) < P (Or(xp) — Or(x)

(@ —1)?

- Z—X*2—Z _x*2).
e (R B Sy

Recalling that ®(y) = Ox(y) + (g, v), we obtain

k
Oxe1) = O™ = = (O(x) — O(:")

(a_1)2 ( *12 *2)
NG Ik — X — IZ — X
e (=P o =

k
T ok
+ (gk, X1 — x7) k+a_1(gk,Xk x¥)

k
= (O - O@*
k+a—1( () — O()
(@ = 1)? 12 12
———— (lzx = x*II* = lzks1 — x
e (SR B LR
+ Xk41 — X +L(x —x¥)
8k Xkl = Xk + 3 O :
Multiplying by (% (k + a — 1)%, we obtain
2s 2 .
S kta-1D (©0xkt1) — OCM)
2s .
= —qkk+a- D) (©(x) — O(x™)
+ @ =1 (I = x*12 = llzesr — 2*1P)
2s a—1
+m(k+a_1)2<gk’xk+l_xk+k+a——1(xk_x*)>’

which implies

2
e a— 1) (0(rs) — )

oa—3

+2s k (©(xk) — ©(x*)) < % (k +a—2)? (0(x) — O (™)

a—1

(@ = 1) (llze = 612 = llzger — x*1%)

2s oa—1
+m(k+a—1)2<8k,xk+1 —xk+—_1(xk—X*)>, (65)

k+a
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in view of
ktk+a—1)=(k+a—2)—k(a—3)— (a—2)*
< (k+o—2)>—k(a—3).
Setting
2
G(l) = ——— (k+a =2 (O(x) — 0% + (@ = Dllzx = "|1%,

we can reformulate (65) as

a—3

Gk+1)+2s

k(00 —0uM)

< G(k) + 2 k + 1)? + -2
e o — , X — X —_—
= a—1 b e T e =

(X — x *)> :
Equivalently,

Gk+1)+2s

-3

=k (0) - 0G™)
k+oa-—1 N

Sg(k)+25(k+0l—1)<gk»T(xk+l —Xp) +xp —x >

Using (61), we deduce that

a—3

Gk +1)+2s k(®(xp) — O(x)

a—1
< G(k) + 25 (k+a — 1) (gr, 241 — x7). (66)

Fix an integer K, and set

K
Ex (k) =Gk)+ D 25 (j+a — D (gj. zj41 —x¥),
j=k
so that (66) is equivalent to
a—3 "
Ex(k+1)+ 25—k (O() — O(™) < Ex (k).

and we deduce that the sequence (€ (k))x is nonincreasing. In particular, Ex (k) <
€k (0), which gives
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K
Gy + D25 ( +a = D(gj.zjs1 —x7)

j=k

K
<GO) + D 25 +a—1)gjzj+1 —x*).
j=0
As a consequence,
k—1
G(k) <GO)+ > 25 (j+o— D gj. 2541 — x*). (67)

j=0

By the definition of G(k), neglecting some positive terms, and using the Cauchy—
Schwarz inequality, we infer that

k
1 2s .
ok =21 = ——GO) + —— > (i +a =) llgj-1lllz; — "]
j=1

Applying Lemma 5.14 with a; = ||zx — x*||, we deduce that

0 2
lo =t < Moo= [ 2O 28
a—1 a—1

D G+a—1lgl (68)
j=0

Note that M is finite, because >, .y kllgkll < +o00. Returning to (67) we obtain

Gh) <C=GO)+2s | D (j+a—1 gl

j=0

0 PR —
GO | 2 S Gra—1) gl
j=0

a—1 a-—1

By the definition of G(k), we finally obtain

2s 2 *
—1(k+oc—2) Or) — %) <C.

which gives (57) and completes the proof. O

Remark 5.2 In[22], Kim—Fessler introduce an extra inertial term in the FISTA method
that allows them to reduce the constant by a factor of 2 in the complexity estimation.
It would be interesting to know whether this variant can be obtained by another dis-
cretization in time of our inertial dynamic, or a different one.
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5.3 Convergence of the sequence (xy)
Let us now study the convergence of the sequence (xg).

Theorem 5.3 Let ¥ : H — R U {+00} be proper; lower-semicontinuous and convex,
and let ® : H — R be convex and continuously differentiable with L-Lipschitz
continuous gradient. Suppose that S = argmin(V+®) # 0, and let (xi) be a sequence
generated by algorithm (55) witha > 3,0 < s < % and ) oy kligkll < 400. Then,

(i) Zkk((\p + ®)(xp) — inf(W + q>)) < +oo;

(ii) X kllxks1 — xxl|* < +o0; and
(iii) xx converges weakly, as k — +00, to some x* € argmin(¥V + ®).

Proof We follow the same steps as those of Theorem 4.4:
Step 1 Recall from (66) that

Gk +1)+2s

-3
=k (O0) ~ OM) = Gh) +2s (k+a = D {ge zeer —x7).

By (68), the sequence (zx) is bounded. Summing the above inequalities, and using

o > 3, we obtain item 7).
Step 2 Rewrite inequality (63) as

1 1
Ok(y = sGsk) + 5o lly = Gk () = x| < O (x) + oricle yI2.

Take y = yi, and x = xi. Since xg+1 = yk — G5k (i), and yx — xx = k_]ﬁa;l_l(Xk -
Xk—1), We obtain

(k—1)°

1
&) — —xl*<0® — e = xa P
k() + Sl — Xl < O (ve) + 5 R llxk — xi—1]]
By the definition of ®g, this is
1 2
O(xk+1) + xlleH — Xk lI” = ©(xk)
1 (k—1)° )
—_—— — Xk— , — . 69
5 kta—1)? e — xi—1117 + (8k> Xk+1 — Xi) (69)

Set Oy = O(xp) — O(X™*), dy = %ka — Xk—1 ||2, a = «a — 1. By the Cauchy—Schwarz
inequality, (69) gives

(4 k=D, < (O — Ocr) + Nkl I
B k+1 (k+a)2 k)] = k k+1 8kl 1 Xk+1 Xkl
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Multiply by (k + a)? to get

1
= (ke + @iy = (k= 1) = k+0) 0 = i)

+ (k4 a)* gl lxes1 — xell.

Summing fork =1, ..., K, we obtain
K K
> (k@i = k= 1%d) <5 Dk +a)* Gk — k1)
k=1 k=1
K
+5 Dk + @)l gilllxes — xell-
k=1

Performing a similar computation as in Chambolle-Dossal [19, Corollary 2], we can
write

K
(K +a)*di 1+ D a@k+a—2)dy
k=2

<s ((a + )20, — (K +a)*0k 41

K K
+ D@k +2a— 10+ D (k+a)llgkllllxes —xkn). (70)

k=2 k=1

By item (i), we have >"; (2k 4+ 2a — 1) 6; < +o0. Hence there exists some constant
C such that

K
(K +a)*llxg1 — xk > < C+2s D (k+a)Igelllxesr —xell (71
k=1

forall K € N. We now proceed as in the proof of Theorem 4.4. To this end, write (71)
as

k
a; <C+2s > (j+a)lgjla;.
j=1

where a; := (j + a)llxj+1 — x| Recalling that >, k|lgk|l < 400, apply Lemma
5.14 with B; = (j +a)llg; |l to deduce that

sup k||xi 1 — x|l < +oc. (72)
k
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Injecting this information in (70), we obtain

D a@k+a—-2d <C+ Y (2%k+2a—1)6
k k

+ SI;P((k + @)Xk — xi ) Z(k +a)lgll-
k

Since a = o — 1 > 2, item (i) and the definition of di, together give
D kllxesr — xill* < +oo,
which is i7).

Step 3 We finish by applying Opial’s Lemma 5.8 with S = argmin(V + &). By
Theorem 5.1, we have (W 4 @) (x;) — min(¥ + ®). The weak lower-semicontinuity
of ¥ + & gives item (ii) of Opial’s Lemma. Thus, the only point to verify is that
lim ||x; — x*|| exists for each x* € argmin(W¥ + ®). Take any such x*. We shall show
that limy_, o Ay exists, where hy := %ka —x* ||2.

The beginning of the proof is similar to [3] or [19], and consists in establishing a
discrete version of the second-order differential inequality (46). We use the identity

La = bI2 + 2 lla —cl? = 21b — I + (a — b )
—|la — —lla—clF==|b—c a—b,a—c),
2 2 2
which holds for any a, b, ¢ € H. Taking b = x*, a = xj41, ¢ = x;, we obtain

1 *112 1 2 1 112 *

§||xk+l —x "+ E”xk—H —xill” = Ellxk — X7 (o — X X — ),
which is equivalent to

1 2 *
hx — hgt1 = §||xk+1 — xill” A+ (e — X*, X — Xpg1) - (73)

By the definition of yj, we have

k—1
1(Xk - Xk—1).

Xk — Xk+1 = Yk — Xk+1 — k—i—T

Therefore,

1
hi — i1 = > it = Xell® + (Vg — X%, vk — X
k—1

_lc—l—()z——l(xk+l —X*»xk—xk—l)- (74)
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We now use the monotonicity of dW. Since —sV® (x*) € saW (x*), and yp — xx4+1 —
sV®(yr) + sgk € s0W (xgs1), we have

(e — 241 = sVO() + sgk + sVP (™), xpp1 — x¥) = 0.
Equivalently,
(V& = X1, Xkg1 —x*) + 5 (VO ™) — VO (i) + gk, X1 —x*) = 0.

Replacing in (74), we obtain

1
hgt1 — hi + §||xk+1 —xill?+s (VO () — VO (™) — gk, xiq1 — x7¥)
k—1

_k—i-oz——l (Xk+1 —x*, X — Xk—l) <0. (75)

On the other hand, the co-coercivity of V& gives

(VO () = VO (™), xpq1 — x*) = (VO (y) — VO™, xiq1 — i)
+ (VO () — VO ™), yi — x¥)

= 1000~ VoI
(VOO — VoK™, 31 — 1)
> L1900~ VOuHI — V()
— Vo)l — el

L 2
> —E”xkﬂ — Ykl (76)
(vertex of the parabola). Combining (75) and (76), we deduce that

1 5 SL
Riy1 — hy + §||xk+1 —xill” — 7||xk+1

=l = slglllxesr — x*|
k—1

_k~|—(x——1<xk+l —x", X — xk—l) <0. )

Replace k by k — 1 in (73) to obtain
1
hi—1 = hic = 511Xk = X I — (e — x*, xk — x%—1) - (78)
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Combine (77) with (78) to deduce that

k—1
hig1 — hy — ———— (hg — hy—
k+1 — By k+a_1(k k—1)

1 2, sL 2 *
= —Ellxk+1 —xl” + 7||xk+l = Yill” + sligllllxe+1 — x™l
k—1

1
+ PR (EHXk — Xt I (o — Xp—1, a1 — Xk)) . (79)

By the definition of y; = x; + k_’“_a;]_l(xk — Xk—1), we have Xp4+1 — Yk = Xk41 — Xk —

k—1
k-ﬁ—(x——l('xk — Xk_l). HCHCC,

k—1 \?
st = vell® = llver — 2l + (m—_l) ek — w1117

k—1
_zk-l—ot——l (Xp41 — Xy Xk — Xg—1)

Substituting this in (79), we obtain
sL 5
hit1 — hie — v (hg — hg—1) < — (1 — - IXk+1 — yell” + sl gk lHlxk+1
=+ (7 + ) e — w12

where y; = k4k-a;l—1 Since 0 < s < % we have (1 — %) > (. On the other hand,
since y; < 1, we have yx + ¥ < 2yx. Therefore,

i1 — hi — i (e — hi—1) < slgelllxeer — x* I+ 2picllxe — xe—1 2. (80)

By (68), we know that the sequence (zx) is bounded. By (72), we know that

supg kllxk+1 — xkll < 4o00. Since xx = zx — k'g"_‘fl (Xx+1 — xx), we deduce that

the sequence (xi) is bounded. Returning to (80), we have

hiy1 — hi — yi (b — hi—1) < Cllgell + 2y llxk — xe—111

for some constant C. Now, item (ii), combined with the assumption >, k|| gk |l < +o0,
together give

hig1 — he — yvi (hi — h—1) < o,

for some nonnegative sequence (wy) such that >, . kwy < +o00. Taking the positive
parts and applying Lemma 5.10 with ay = (hy — hx_1)™, to obtain

Z(hk — )T < Fo0.
k
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Since (hy) is nonnegative, one easily sees that it must converge. This completes the
proof. O

Remark 5.4 One reasonable conjecture is that strong convergence results can be
obtained for algorithm (54), by transposing the results of Sect. 3 from the contin-
uous to the discrete case. This direction will not be explored here, though.

Remark 5.5 The analysis carried out in this section for inertial forward-backward
algorithm (55) is a reinterpretation of the proof of the corresponding results in the
continuous case. In other words, we built a complete proof having the continuous
setting as a guideline. It would be interesting to know whether the results in [5,6] can
be applied in order to deduce the asymptotic properties without repeating the proofs.

5.4 Final comments

In the particular case o« = 3, for a perturbed version of the classical FISTA algorithm,
Schmidt—Le Roux—Bach proved in [34] a result which is similar to Theorem 5.1, con-
cerning the fast convergence of the values. In [36], Villa—Salzo—-Baldassarres—Verri use
the notion of e-subdifferential in order to compute inexact proximal points in the algo-
rithm. In arecent article [10], Aujol-Dossal extend this study by introducing additional
perturbation terms to analyze the stability of the FISTA method, and prove conver-
gence of the sequences generated by the algorithm (in the spirit of Chambolle—Dossal
[19]). Although the results obtained in the previous papers have some similarities
to those of Theorems 5.1 and 5.3, our dynamic approach is original and opens the
door to new developments. One example is the following: In the dynamical system
studied here, second-order information with respect to time ultimately induces fast
convergence properties. On the other hand, in Newton-type methods, second-order
information with respect to space has a similar consequence. In a forthcoming paper,
and based on previous works [4] and [9], we study the solutions of the second-order
(both in time and space) evolution equation

i) + %)'c(t) +BVED(x(1)) 5 (1) + VO (x(1)) = 0,

where @ is a smooth convex function, and «, B are positive parameters. This inertial
system combines an isotropic viscous damping which vanishes asymptotically, and a
geometrical Hessian-driven damping, which makes it naturally related to Newton and
Levenberg-Marquardt methods.

The rich literature on the optimal damping of oscillating systems offers interesting
insight (see, for example, the recent paper by Ghisi—-Gobbino—Haraux [20], which
deals with periodic damping).

Appendix: Some auxiliary results

In this section, we present some auxiliary lemmas to be used later on. The following
result can be found in [1]:
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Lemma 5.6 Letd > 0,1 < p <ooand1 <r < oo. Suppose F € LP([§,00[) is a
locally absolutely continuous nonnegative function, G € L" ([8, oo[) and

dFl < G(t
SF0) =GO

for almost every t > §. Then lim;_, oo F(t) = 0.

To establish the weak convergence of the solutions of (1), we will use Opial’s
Lemma [30], that we recall in its continuous form. This argument was first used in
[16] to establish the convergence of nonlinear contraction semigroups.

Lemma 5.7 Let S be a nonempty subset of H and let x : [0, +00) — H. Assume that

(i) forevery z € S,lim;_  ||x(t) — z|| exists;
(ii) every weak sequential limit point of x(t), as t — 00, belongs to S.

Then x(t) converges weakly as t — oo to a point in S.
Its discrete version is

Lemma 5.8 Let S be a non empty subset of 'H, and (x) a sequence of elements of 'H.
Assume that

(i) forevery z € S, limy_s 400 || Xk — z|| exists;
(ii) every weak sequential limit point of (xi), as k — oo, belongs to S.

Then xi converges weakly as k — oo to a point in S.

The following allows us to establish the existence of a limit for a real-valued func-
tion, as t — +00:

Lemma 5.9 Let § > 0, and let w : [§, +00[— R be a continuously differentiable
function which is bounded from below. Assume

10(t) + aw(r) < g(1), (81)

for some a > 1, almost every t > 8, and some nonnegative function g € L' (8, +00).
Then, the positive part [w],. of W belongs to L' (ty, +00) and lim,_, o0 w(t) exists.

Proof Multiply (81) by 1! to obtain

d
E(l‘“u'}(t)) <% lg().

By integration, we obtain

o3 t
w(r) < ol + l/ 5% g (s)ds.
b

r* ¢
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Hence,

. @l 1t

(w4 (1) < Y + t_“/ 5% g (s)ds,

s
and so,
§*w(d)| /°°1 /’ —1
Ndtr < — ¢ ds ) dt.
/ [w]+ (1) ST @\ * g(s)ds

Applying Fubini’s Theorem, we deduce that

ool ta—l dd_oo oold ol d
5l_“5s g(s)ds t—(3 St_“ts g(s)ds

] o0
= / g(s)ds.
o — 1 §

Asa consequence,

>, 8% w(d)| 1 ©
/5 [w].(t)dt < (@ DaeT + P /5 g(s)ds < +o0.

Finally, the function 6 : [§, +00) — R, defined by

t
8(t) = wi(t) — /8 L], () dr,

is nonincreasing and bounded from below. It follows that

+o00
Iim w() = lim 6() +/ [w]4(7)dt
t——+o0 —+o0 Ky

exists. O

In the study of the corresponding algorithms, we use the following result, which is
a discrete version of Lemma 5.9:

Lemma 5.10 Let o« > 3, and let (ar) and (wi) be two sequences of nonnegative
numbers such that

k—1 N
k41 = T lak Wk

forallk = 1. If > kwgen < +00, then D) .y ax < +00.
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Proof Since @ > 3 we have ¢ — 1 > 2, and hence

k—1 n
ak + wi.
2k k

Ap+1 =

Multiplying this expression by (k 4 1)?, we obtain

(k — 1)k +1)2

P ax + (k + D% < Kag + (k + 1)*wx.

(k + 1)’ap41 <

Summing this inequality for j = 1, 2, ..., k, we obtain

k—1
Fag <ar+ Y (j + 1’0
j=1

Dividing by k2, and summing for k = 2, ..., K, we obtain

K K 1 K 1 k—1
Daksar) > 5>+ D ;)
k=2 k=2 k=2 j=1

Applying Fub1n1 s Theorem to this last sum, and observing that > o it lz

ffo Ldr =1, we obtain

1
dazad s+ | 2 5|0+
k=2 k=2 j=1 \k=j+1
K K-1 2
1 G+
cay ey U,
k=2 j=1 J
oo 1 o0
SQIZﬁ—F“-ZJwJ < +o0,
k=2 j=1
and the result follows. O

The following is a continuous version of Kronecker’s Theorem for series (see, for
example, [23, page 129]):

Lemma 5.11 Take § > 0, and let f € L1(6 , +00) be nonnegative and continuous.
Consider a nondecreasing function r : (8, +00) — (0, +00) such that ligl Y(t) =
—+00

+o00. Then,

t—>+oo v (t) / Y (s) f(s)ds =0.
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Proof Given € > 0, fix t. sufficiently large so that
o0
/ f(s)ds <e.
te
Then, for t > ¢, split the integral f; ¥ (s) f(s)ds into two parts to obtain

/ V(s)f(s)ds = / v(s) f(s)ds + — / Y (s)f(s)ds

v () W(t) v (1)

< W /5 W (s) f(s)ds + / F(s)ds.

Now let t — +00 to deduce that

/5 Y(s) f(s)ds < e.

0 < limsup

1
T iotoo V()

Since this is true for any € > 0, the result follows.

m}

Using the previous result, we also obtain the following vector-valued version of

Lemma 5.9:

Lemma 5.12 Take § > 0, and let F € L1(8, +00; 'H) be continuous. Let x :

[6, +00[— H be a solution of
tXx(t) +ax(t) = F(t)

with o > 1. Then, x(t) converges strongly in H as t — +00.

(82)

Proof As in the proof of Lemma 5.9, multiply (82) by 7*~! and integrate to obtain

o t
w0 =1 :(5) + ta/ s“7VF (s)ds.
8

Integrate again to deduce that

t t S
x(r)=x(8)+8“fc<8>/ ids+/ i(/ r“‘_lF(r)dr)ds
s ¢ s S \Js

Fubini’s Theorem applied to the last integral gives

w0 =x0)+ 0 (- o)

1 8(1—1 ta—l

1 ! 1 !
+ . (/ F(t)dt — — / Ta_lF(T)dT) .
—1 A S
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Finally, apply Lemma 5.11 to the last integral with ¥ (s) = s®Land f)=1F)|
to conclude that all the terms in the right-hand side of (83) have a limit as t — +o0.
O

Finally, in the analysis of the solutions for the perturbed system, we shall use the
following Gronwall-Bellman Lemma (see [15, Lemme A.5]):

Lemma 5.13 Let m : [§,T] — [0, +oo[ be integrable, and let ¢ > 0. Suppose

w : [6, T] — R is continuous and

12(r><12+/t (Dw(n)d
W < 5¢ Smrwrr

¢
forallt € [8, T]. Then, lw(t)| <c +/ m(t)dz forallt € [§, T].
)

We shall also make use of the following discrete version of the preceding result:
Lemma 5.14 Let (ay) be a sequence of nonnegative numbers such that

k
2 2
ai <+ Bja

j=1

forallk € N, where (B;) is a summable sequence of nonnegative numbers, and ¢ > 0.
o
Then, a; < c + Zj:l Bj forallk € N.

Proof Fork € N, set Ay := maxXi<m<k dm- Then, for 1 <m < k, we have
m o0
a,zn <c? +Z/3j6lj < cz—i-AkZ,Bj.
=1 j=1
Taking the maximum over 1 < m < k, we obtain
oo
AF <+ A B
Jj=1
Bounding by the roots of the corresponding quadratic equation, we obtain the result.
O
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