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Abstract In this paper, a joint study of the behavior of solutions of the Heavy Ball ODE
and Heavy Ball type algorithms is given. Since the pioneering work of B.T. Polyak [38], it is
well known that such a scheme is very efficient for C? strongly convex functions with Lipschitz
gradient. But much less is known when only growth conditions are considered. Depending
on the geometry of the function to minimize, convergence rates for convex functions, with some
additional regularity such as quasi-strong convexity, or strong convexity, were recently obtained in
[12]. Convergence results with much weaker assumptions are given in the present paper: namely,
linear convergence rates when assuming a growth condition (which amounts to a Lojasiewicz
property in the convex case). This analysis is firstly performed in continuous time for the ODE,
and then transposed for discrete optimization schemes. In particular, a variant of the Heavy Ball
algorithm is proposed, which converges geometrically whatever the parameters choice, and which
has the best state of the art convergence rate for first order methods to minimize composite non
smooth convex functions satisfying a Lojasiewicz property.

Key-words Lyapunov function, rate of convergence, ODEs, optimization, Lojasiewicz prop-
erty, Heavy Ball method.

1 Introduction
Let us consider the following unconstrained minimization problem

min F(z) 1)
where F': R® — R is a convex function having a non-empty set of minimizers X*. Depending on
the assumptions on F', there exist plenty of algorithms to solve this problem. The convergence
of these algorithms and their rate of convergence may highly depend on the properties of F. If
F' is differentiable with a L-Lipschitz continuous gradient, a classical algorithm is the explicit
Gradient Descent (GD) which ensures the convergence to a minimizer z* of F.. The convergence
rate of (GD) i.e. the decay of F(z,)— F(z*), may be quite slow for some convex functions but it
is actually exponential when F' is strongly convex. Most algorithms such as inertial algorithms
(Heavy Ball or Nesterov acceleration schemes), ensure a better convergence rate if F' is known



to be strongly convex. Most of the time the parameter p of strong convexity is a parameter of
the algorithm.

Nevertheless, the strong convexity assumption may not be satisfied in many numerical prob-
lems. Strong convexity is indeed a strong hypothesis. It turns out that many functions are not
strongly convex but still have good properties for optimization. A weaker property ensuring
an exponential convergence of the Gradient Descent is actually the Lojasiewicz property with
an exponent 6 = % . This property is equivalent for convex functions to a quadratic growth
condition around the set of minimizers. Roughly speaking a function F' satisfies the Lojasiewicz
property with parameter 6 € [0, 1) if around its set of minimizers we have:

F@%J”)%ﬂ@Xﬂ? (2)

that is, if 0 = %, F grows at most quadratically around the set of minimizers. In the present
work we focus on the class of convex functions satisfying a Lojasiewicz property with a special
interest to the subclass of functions satisfying a Lojasiewicz property with an exponent %, which
gathers a large set of functions used in image processing and statistics. A well-known example

of such a function is the LASSO function:
1 2
F(z) = 5 Az —y|I” + A2l (3)

If Ker(A) # {0}, the function F is not strongly convex and it may not be quasi-strongly convex
[31, Definition 1] but it belongs to the class of convex functions having the Lojasiewicz property
with an exponent § = 3 [18].

Following Polyak [38] a joint study of the dynamical system (4)

#(t) + ai(t) + VF(x(t) =0 (4)

and of an associated algorithm that is a suitable discretization of the ODE (4), is proposed.
The study of the continuous dynamic to have of a better understanding of algorithms is

actually a cornerstone of many recent works in optimization, see e.g. [42, 6, 11, 2, 3,41, 21, 10, 12].
The analysis of Polyak [38] rests on a C? hypothesis on F' and most following studies by

Nesterov [34], Ghadimi [24], Siegel [41] or by the authors of the present work [12] necessitate a

strong or at least weak strong convexity assumption. These previous results do not apply under a

sole growth condition. Moreover the value of the parameter « in (4) must be chosen accordingly

to strong convexity parameter of F' to ensure the convergence and the rate of the algorithm.
The main contributions of this work can be summarized as follows.

1. Linear convergence rates for the ODE (4) associated to the Heavy ball in the case of a
growth condition and uniqueness of a minimizer (which are the best known rates under
these hypotheses), see Theorems 1 and 2.

2. New convergence rates for an algorithm inspired from ODE (4) in the case of a convex
function with a L-Lipschitz gradient (or in the composite case) in the case when F' satisfies
any Lojasiewicz property, whatever the parameters choice, see Theorems 6 and 8.

3. Linear convergence rates for an algorithm inspired from ODE (4) under the additional
assumption of uniqueness of the minimizer (which are the best known rates under these
hypotheses), see Theorems 7 and 9.

More precisely, we extend the analysis of the first point with a non vanishing perturbation
term and to the associated monotone inclusion. A conclusion of this first study is that the value



of the friction parameter « in (4) ensuring the best decay rate of F(xz(t)) — F(x*) is different
from the one obtained by Polyak [38] for C? strongly convex functions and obtained in [12] for
weak strong convex functions.

The second contribution is algorithmic since we propose an inertial algorithm which is different
from the classical Heavy Ball algorithm of Polyak and which convergence is ensured for a large set
of parameters. No lower bounds on the growth parameters are needed to ensure the convergence
of the iterates or a fast decay rate of F'(x,) — F'(z*) under Lojasiewicz properties. This is a main
difference with most previous works in which the parameter o« must be chosen small enough with
respect to the strong convexity parameter of F. The given decay rate of F(x,) — F(x*) are
polynomials and are the one we expect according to the continuous analysis of Bolte et al. [17]
when the Lojasiewicz parameter 6 is smaller than % and is linear when 6 = %

To understand the third contribution, the reader must be aware of a key point : all exponential
decay rates of various algorithms are not equivalent. We refer the reader to Definitions 5 and 6
in Section 3 for the exact definition of decay rate in the case of exponential convergence. In
many practical problems, the value of the parameter u in the growth condition (2) is very small.
When F is continuously differentiable with a L-Lipschitz gradient, the condition number x = £
may be very small. This number drives the actual rate of many algorithms minimizing F'. For
the gradient descent we can expect that F(z,) — F* = O(¢") with ¢ = 1 — k. This rate is
actually achieved for quadratic functions and we cannot expect a better rate for the gradient
descent in general. If k is really small, this decay may be really slow and not visible on numerical
experiments. It is one of the reasons why the Forward Backward algorithm that can be seen as
a extension of Gradient descent to composite functions F' = f + g, is numerically slow on the
LASSO problem even if the decay is exponential.

The main advantage of inertial methods is that they are able to provide rates such that
1 — ¢ =~ C+/k which is much better when & is close to 0. We will say that the exponential decay
isslow if 1 — ¢~ Ck and is fast if 1 — ¢ = C/k.

In Theorems 7 and 9, we achieve a fast exponential decay for a suitable choice of parameters
depending on the growth parameter u. Hence, these last theorems ensure better decay rates
under stronger assumptions than Theorems 6 and 8 and complete the analysis under growth
conditions.

The paper is structured as follows: in Section 2 , the definitions and the links between all the
classical geometrical hypotheses on functions F' are presented. In Section 3, we present the state
of the art and extensive results for the dynamical system (4). These results are extended to the
associated differential inclusion. Section 4 is dedicated to the discrete scheme, and we propose
here a new scheme that has the best convergence rate for minimizing non smooth convex functions
satisfying a Lojasiewicz property. Section 5 presents some numerical experiments. Most of the
proofs are postponed to Section 6.

2 Preliminaries: local geometry of convex functions

Let us first recall some basic notations and definitions. We assume that R™ is equipped with the
Euclidean scalar product (-, -) and the associated norm || - ||. As usual B(z*,r) denotes the open
Euclidean ball with center * € R™ and radius » > 0. For any real subset X C R"”, the Euclidean
distance d is defined as:
Vo € R", d(z, X) = inf ||z —y|.
yeX



If the function F' : R™ — R is differentiable, its gradient is denoted by VF(z). When F is
assumed only convex, its (convex) subdifferential denoted by OF (z), is defined by:

OF(z) ={s €R" [Vy e R", F(y) 2 F() + (s,y — 2)}.

We remind here that 0F () is a closed convex set at any x € int(dom(F)). If F is additionally
proper lower semicontinuous then for all x € int(dom(F)), its subdifferential OF () is also non-
empty and bounded.

In this paper we consider the general class of convex functions having a Lojasiewicz property
[29, 30], a key tool in the mathematical analysis of continuous and discrete dynamical systems.
Initially introduced to prove the convergence of the trajectories for the gradient flow of analytic
functions, an extension to nonsmooth functions has been proposed by Bolte et al. in [16, 17]:

Definition 1 (The Lojasiewicz property for convex functions). Let F' : R® — R U {400} be a
proper lower semicontinuous convex function with X* = argmin F' # (. The function F has a
Lojasiewicz property if for any minimizer x*, there exist 6 € [0,1), ¢ > 0, € > 0 such that:

Vz € B(a*,), ¢(F(z) — F(z*)? < d(0,0F(z)), (5)

or equivalently if F satisfies a local growth condition i.e. if for any minimizer x* € X*, there
erist r > 1 and p > 0 such that
Je > 0,Vz € B(z*,¢e), F(z) - F(z*) > %d(m,X*)’“. (6)

The equivalence between the Lojasiewicz property (5) and the local growth condition (6) has
been proved in [17, Theorem 5]. More generally, for convex functions, a growth condition on an
arbitrary set  C R™ implies a Lojasiewicz property on €2, but the equivalence is guaranteed
only on JF-invariant sets, see [23, Proposition 3.2] for more details.

In this paper we consider a slightly stronger growth condition, namely a growth condition
defined in the neighborhood of the set of minimizers as follows:

Definition 2 (Growth condition G,). Let F': R" — RU{+00} be a proper lower semicontinuous
convez function such that X* = argmin F' # (). The function F satisfies the growth condition
g, for some exponent v > 1 and some real constant p > 0 if there exists € > 0 such that for all
r € R", we have:

d(z, X*) <e = gd(x,X*)” < F(z) - F*.
The condition Gy, is said to be global if for all x € R", we have: F(z) — F* > §d(x, X*)".

The growth condition G, can be seen as a sharpness assumption on the function F' character-
izing functions behaving at least as [| - || in the neighborhood of their minimizers. Note that G},

implies the growth condition g;’ for all ' > r > 1. If F admits a unique minimizer, the growth
condition G, is nothing more than the local growth condition (6). More generally, when the set
X* of the minimizers is a compact set (which is guaranteed assuming for example F' coercive),
a straightforward extension of [4, Lemma 1] ensures that the local growth condition (6) and the
condition G, are actually equivalent.

More precisely combining [23, Proposition 3.2] and [4, Lemma 1], we have:

Lemma 1. Let F : R* — RU {+o0} be a proper lower semicontinuous and coercive convex
function satisfying a Lojasiewicz property, or equivalently some local growth condition. Then



there exist r > 1 and p > 0 such that F satisfies the growth condition Gy, for some € > 0 and has
the Lojasiewicz property with the exponent § =1 — 1 on the set {x € R" | d(z, X*) < &} i.e.:

Ve e R", d(z,X*) <e = c(F(z)— F(:lc*))(9 < d(0,0F (x))

e

where ¢ = r (2)
“w

Throughout the paper, we have a special interest in the class gﬁ of convex functions satisfying
a quadratic growth condition QZ and the sub-class PL,, of functions satisfying a global version
of gﬁ, or equivalently the Lojasiewicz property with an exponent 6 = %:

Definition 3 (The Polyak-Lojasiewicz property PL,). Let F' : R™ — R U {+o00} be a proper
lower semicontinuous convexr function with X* = argmin F' # (). Let F* = inf F'. The function
F' has the Polyak-Lojasiewicz property PL,, for some > 0 if and only if:

Vo € R™ ,d(0,0F(2))? > 2u (F(z) — F*).

Note that convex functions having a strong minimizer in the sense of [5, Section 3.3], satisfy
the PL,, property.

Let us now recall some state-of-the-art functional classes in the analysis of the Heavy Ball
system: the set Q,, of quadratic functions, the classes Sﬁ:lL for p € {1,2}, of u-strongly convex
functions of class C? having a L-Lipschitz gradient and the class of just p-strongly convex S,,.
We will also refer to the class ¢S, of p-quasi-strongly convex functions introduced by I. Necoara
et al. in [31]:

Definition 4 (Quasi-strong convexity [31, Definition 1]). A continuously differentiable function
F:R™ — R is p-quasi-strongly convez if for any x € R™:

(VE(x),a —a*) > Fa) = F(e*) + Slle = 2|

where x* denotes the projection of x onto the set X* = argmin F' # ().

The quasi-strong convexity is a relaxation of the strong convexity, but it does not imply
the convexity of F' or the uniqueness of the minimizer. However observe that the quasi-strong
convexity of F' implies that F satisfies the Polyak-Lojasiewicz property PL,, [31]:

Lemma 2. Let F': R” — R be a continuously differentiable function with X* = argmin F' # ().
If F is p-strongly quasi-convex then I satisfies the Polyak-Lojasiewicz property PL,,.

All these sets of functions are sub-classes of functions satisfying a quadratic growth condition
g,‘j‘. The relations between them are extensively detailed in [31, Section 3] and can be summarized
as follows: if F' is a differentiable convex function admitting a unique minimizer then:

Q= Sy = 8,1 = 8, => ¢S, = PL, =G, (7)

Note that the quadratic growth condition alone is not equivalent to the quasi-strong convexity.
More information on the geometry of the function F' to minimize, such as a global quadratic
growth condition, is needed. For example we can prove that functions satisfying both a “flatness”
assumption and a global quadratic growth condition G2 (i.e. functions at least as flat as || - ||
with 7 > 1, and as sharp as || - ||?) as in [40], are quasi-strongly convex:



Lemma 3. Let F : R" — R be a convexr continuously differentiable function with X* =
argmin F # () and F* =inf F. If I satisfies a flatness assumption:

Yz e R", F(x) — F* < %(VF(z),xfx*) (8)

for some v > 1 and the Polyak-Lojasiewicz property PL,, for some real constant p > 0 then
necessarily v < 2 and F is (y — 1) u-quasi-strongly convez.

Proof. The proof is straightforward. Observe that combining the flatness assumption (8) with
the quadratic growth condition, we get:

Vr e R", (VF(z),z —x7) F(z) = F*+ (v = 1) (F(z) - F7)

F(z) — F* + (y — 1)gd(x X*)2.

\VARRA\Y

O

Finally we introduce the class QZ 1, of functions satisfying the growth condition g and having
a L-Lipschitz continuous gradient that will considered in the analysis of the dlscrete scheme in
Section 4. Without further assumptions, Qi 5, is not a sub-class of quasi-strongly convex functions
that are extensively considered in [12] for the analysis of the Heavy ball system. However
assuming a little more, namely that F' satisfies a global quadratic growth condition, we have:

Lemma 4. [12, Lemma 2] Let F : R™ — R be a convex continuously differentiable function with
X* = argmin F # (. If F has a L-Lipschitz continuous gmdient for some L > 0 and has the

Polyak-Lojasiewicz property PL,, for some p > 0 then F is “ -quasi-strongly convex.

3 The Heavy Ball dynamical system

In his seminal work [38] B.T. Polyak studies the Heavy Ball dynamical system (4), the properties
of its solutions and the rates of convergence of F'(x(t)) — F™* for functions belonging to the class
SilL of p-strongly convex functions of class C? having a L-Lipschitz gradient. This first analysis is
the key to analyze the convergence of the optimization scheme described in the same paper. More
recently Su et al. [42] show that the Nesterov acceleration scheme can be seen as a discretization
of another ODE: o

Z(t) + ?x(t) + VF(z(t)) =0. (9)

Following this approach a large amount of papers have proposed to study ODEs in different
settings to provide some new properties or convergence rates of the existing algorithms, or even
to provide new algorithms. An important point to keep in mind is that it is easy to find an ODE
ensuring a fast decay of F'(z(t)) — F™* for any set of functions using time scaling for example. The
difficulty in this joint study of ODE and algorithm is to be able to find a discrete and explicit
scheme ensuring the same decay rate that the one reached in the continuous setting. To set some
definitions we would say that:

Definition 5. A dynamical system provides a fast exponential decay on a functional set F,, if
there exists 6 > 0 such that for any F € F,, and any solution x of the associated ODE

F(z(t)) — F* = O(e Vi),



Set Fu References Optimal values | Exponential rate
of « of F(x(t)) — F*
71
e
1 gel [41] 2/i N
¢S,, and uniqueness of minimizer ADRJ[12] 35 Nom
C? and G Bégout et al. [15] — I

Table 1: Rate of convergence for the Heavy Ball ODE

Definition 6. A numerical scheme provides a low exponential decay on a functional set F,, if
there exists 6 > 0 such that for any F € F,, and any solution x of the associated ODE

F(z(t)) — F* = O(e~%").

It turns out that a good discretization of a dynamical system with a fast decay may provide
a fast optimization algorithm. Table 1 summarizes the decays that are achieved for the Heavy
ball system on various sets of functions. We can observe that on the classes Sﬁ’l, S};l and ¢S,
with uniqueness of the minimizer, the given decays are fast exponential decays. In Polyak [38]
and ADR [12] the exponential decays are also given for any « respectively on the classes 83’1
and S}/l and the decays are proved to be optimal: [12] exhibits some functions for which these
rates are reached.

Let us now consider the class of convex functions having a Lojasiewicz property. We first

recall that the exponential decay of solutions of the Gradient Descend flow:
z(t)+ VF(z(t)) =0 (10)

for convex functions in PL, (i.e. having the Polyak-Lojasiewicz property) is straightforward.
Indeed defining £(t) = F(x(t)) — F*, we get £'(t) = — ||[VF(z@))|]> < —2u(F(z(t)) — F)
ensuring that:

F(a(t) = F* < (F(a(to)) — F*) e 2t0)

which is a slow exponential decay rate. These rates are actually exact for quadratic functions.
In Section 4 we will see that the associated discrete algorithms inherit of these fast or low rates
and this difference partially explains the good behavior of inertial algorithms with respect to the
steepest descent in large dimension problems for which p is really small.

For the Nesterov ODE (9), in [11] the authors prove that the decay rate for convex functions
admitting a unique minimizer and satisfying a growth condition gi provides only a polynomial
rate. For the Heavy Ball system, there are few results. For flat geometries i.e. for convex
functions satisfying any local growth condition G;, with r > 2, Bégout et al. in [15] prove the
convergence of the trajectory to a minimizer x* of F' at a polynomial rate provided that F' is of

class C?: )
o) ~ 2% = 0 (1772). (11)

Without further information on the local geometry of F' around its set of minimizers, applying
[11, Lemma 2.2] to v = 1 (which corresponds to the sole convexity assumption), this implies the
same polynomial decay on the values F(x(t)) — F*. If F' behaves like ||z||", with > 2 around
its set of minimizers, the convergence rate provided by [15] is more accurately in O (tiﬁ).
For sharp geometries i.e. for convex functions satisfying some quadratic growth condition
gﬁ, or equivalently having a Lojasiewicz property with an exponent %7 Bégout et al. in [15] and



Polyak et al. [39] respectively prove that the decay is exponential when F is of class C?. In
[39] the exact decay is not given but our computations indicate slow exponential rates in these
two approaches. However note that these two approaches do not assume the uniqueness of the
minimizer of F.

The main contribution of this part is Theorem 1 stating that the Heavy Ball ODE ensures
a fast decay rate on the set of differentiable convex functions satisfying a quadratic growth
condition gﬁ and having a unique minimizer. We also prove that these decays are preserved for
the perturbed Heavy Ball ODE assuming sufficient integrability conditions on the perturbation.
Moreover, it should be noticed that the optimal value of « is still different from the previous
ones. One can observe in the Figure 1 that the optimal value of parameter « in the Heavy Ball

4
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Figure 1: Decay rates that can be achieved depending on the geometrical hypotheses made on
F for pn = 1 the parameter of the growth condition. The stronger the regularity assumption, the
better the rate. The optimal value of o depends on the regularity assumption.

ODE (12) depends on the exact hypothesis made of F. The exponential rate is lower under
growth conditions than under strong convexity or quasi-strong convexity assumptions, which is
not surprising since this hypothesis is weaker than the other ones.

3.1 The differentiable case

Let F: R™ — R be a continuously differentiable convex function having a unique minimizer x*
and F* =inf F. We consider the Heavy Ball dynamical system:

#(t) + ad(t) + VE(z(t) =0 (12)

for any t > tg, where ty > 0. Throughout the paper, we assume that, for any given initial
conditions (zg,vg) € R™ x R™, the Cauchy problem associated with the ODE (12), admits a
unique global solution satisfying (x(0),#(0)) = (zo,vp). This is guaranteed in particular when
the gradient of F' is Lipschitz on bounded subsets of R™ [21].

We can now state the main theorem for the Heavy Ball ODE (12) whose proof is detailed in
Section 6.1. Note that to analyze the asymptotic behavior of F(z(t)) — F*, we only need local
geometric assumptions on F' since the trajectory x converges to some minimizer of F' provided



that F is a convex function of class C! admitting at least one minimizer and that the ODE (12)
has a unique global solution, see [1, Theorem 2.1] for more details:

Theorem 1. Let @ > 0 and tg > 0. Let F': R™ — R be a differentiable convex function such
that: X* = argmin F' # () and F* = inf F. Let x be the solution of the ODE (12) for given
ingtial conditions (x(to),Z(to)) = (zo, vo).

If F satisfies a quadratic growth condition gﬁ for some real constant p > 0 and admits a
unique minimaizer then

F(z(t)) = F* = O (e ")

where 0., is the (unique) real root of the polynomial:
Py ,(8) = 6° — 3a6® + (3p + 20°)5 — 2ua

on the interval [0, 22[. In particular: 6u., < (2—V2)\/I and the best rate 8, = (2 — V/2)\/i is

achieved for a = (2 — @)\/ﬁ

Now assuming that the quadratic growth condition is global, we also get non-asymptotic
convergence rates for this class of functions:

Corollary 1. Under the assumptions of Theorem 1, if F satisfies a global quadratic growth
condition gi and admits a unique minimizer then for any 6 < da,,, we have:

dp+ (20— 6+ 2,/p)?

Moe—0(t—to)
(4 —ad + 02 0¢

Vit > to, Fla(t)) — F* <

where: Mo = F(z0) — F* + L|lvo®. If a = (2 - g)\/ﬁ, the best rate is given by:

F(z(t)) — F* < (% — 2V/2) Mge~ (3~ V2 Vlt—to) (13)

Remark 1. Using the open-source Python library Sympy for symbolic mathematics, we are able
to provide some explicit equivalents of the real root dq.,. For a fized > 0, we have:

20
(5a,ufv?, a— 0T, 504,#”“%, o — +o0.

Moreover studying the variations of the polynomial P, , we deduce a criterion to easily compare
a given exponent § € [0, %"‘[ with the best possible rate 64, :

0 <o,y = P u(0) <0. (14)

Remark 2. Using the Python library Sympy, we actually have an explicit (but barely readable)
expression of 8,,. For a large enough (numerically larger than 0.15u2), we have:

where: d(a, p) = (9au +/34/108a3 — 81a2p? + 36uia — 4,uﬁ) . Otherwise for small values of
«, we have:



To our best knowledge the only other result in the literature providing a fast exponential
decay for the values F(x(t)) — F* can be found in [40]. Indeed, applying [40, Theorem 3.2] with
Ky = 2p and v = 1 (corresponding to the sole convexity assumption), we get an exponential

decay in O (e’z%) provided that o > \/g\/ﬁ, which can be seen as a fast exponential decay

when « is chosen proportional to /g as in Theorem 1. Since P, ,(3=) < 0, we easily show that
this rate is always worse than the one provided by Theorem 1.

Consider now the subclass G, with 7 € (1,2) of differentiable convex functions being sharper
than quadratic in the neighborhood of its minimizers. Since g; is a sub-class of QIQL, Theorem 1
applies and we deduce that the exponent in the exponential decay is at least in d,, . A natural
question is then: can this convergence rate be improved for this class of functions ? In [12], the

2a

authors prove that the exponent =* is optimal on the sub-class S, of strongly convex functions

when a < 3\/g . In fact, we can prove that the exponential decay is at least in %” for any a > 0
on the sub-class G, with r € (1,2), providing thus an upper bound for the convergence rate:

Proposition 1. Let F : R® — R be a continuously differentiable convexr function with X* =
argmin F' # () and F* = inf F. Let « > 0 and tg > 0. Let x be the solution of the ODE (12) for
given initial conditions (x(to), & (to)) = (20, v0).

Let r € (1,2). If F admits a unique minimizer and satisfies a local growth condition g, for

some (1 > 0 then:

VA < %‘3‘ Fla(t)) - F* = 0 (™).

Proof. Let us consider the Lyapunov energy:
£(t) = (F(a(t) — F*) + 5 IAG(t) = 2*) + a0 + 5 lo(t) — | (15)
Differentiating the energy (15) and using the ODE (12), we have:
E(t) = (VF((t)+3(t),4() + (W +&)(a(t) — 2", & (1)) + Ma(t) — 2™, @ (1)) + Aa(t)]”
= —MVF((t),2(t) — ") + (A = a)[&@)]* + (€ + AX = a)(@(t), 2(t) — )

Using the parameters A\ = %‘y and ¢ = —% we have the following equality (the careful reader

will have noticed that the parameters of the Lyapunov function are not the same as the ones
used in Theorem 1):

2 2a3 2
V> to, £1() + FE) = Tllet) — I + S IF(a(t) - F* — (VE((®).(t) ~a*)] (16)
It follows that if F' is convex we get
2 203
Yt > to, E'(t) + ?O‘g(t) < %Hm(t) ~ 2%

Observe that using the growth condition G;, with r € (1,2), there exists t; > to such that:

* 5 * 1 * || 7T Q2 *
Yt >ty E(t) 2 F(a(t) = F* + S la(t) = 27|* 2 Slla(t) — 2™ ||" = - Ja() —271*
Let € € (0,2%). Then:



We can then conclude that there exists to > t; such that for all ¢ > ¢5, we have:

2 2
vee (0.3, €0 + (5 — )€ <0,
hence: VA < 2&, £(t) = O (e=*). To deduce the control on the values F(z(t)) — F* we use the

growth condition Gj:

062
W2t (1) > F(a) - F*+ Sla(t) - 27 = F@(t) - F* — 2o aft) - 2|
a2
> (1= el =) (Fla(0) - F) > 5 (Fla(0) < ) (1)

for ¢ large enough, and we finally obtain the expected convergence rate.
O

Remark 3. Consider the particular case of convex functions behaving like F(x) = lx||" with
r € (1,2) in the neighborhood of their minimizers. Then F naturally satisfies the growth condition
G,., or equivalently a Lojasiewicz property with an exponent 6 = 1 — % By a strategy similar
to the one used in Proposition 1 with the set of parameters of Theorem 1, and replacing the
convezity inequality by the equality: (VF(z),x —a*) = r(F(x)— F*), we can prove that the decay
s even better than %Q, namely:

2ra

VA< ——
< r+2’

F(z(t)) - F* =0 (e™). (18)
Let us conclude this section by a stability study of the Heavy Ball dynamical system. We
consider the perturbed version of the Heavy Ball ODE:

Yt > to, Z(t) + az(t) + VF(x(t)) = g(t) (19)

where ¢ > 0 and g : [tg, +00] is an integrable source term that can be interpreted as an external
perturbation exerted on the system. We assume that the Cauchy problem associated with the
ODE (19), admits a unique global solution satisfying (z(0),£(0)) = (x0,v) for any given initial
conditions (zg,vo) € R™xR™. This is guaranteed in particular when the gradient of F' is Lipschitz
on bounded subsets of R™ [25, 28].

Theorem 2 provides sufficient integrability conditions on the perturbation g in order to guar-
antee that the convergence rate established in Theorem 1 is preserved. Note that as in the
unperturbed case, the trajectory x(t) solution of the perturbed ODE (19) converges (weakly in
a Hilbert space) to a minimizer of F', see [25, Theorem 3.3], so that we only need local geometric
assumptions on F' to analyze the asymptotic behavior of F'(z(t)) — F*:

Theorem 2. Let F' : R® — R be a continuously differentiable conver function with X* =
argmin F' # () and F* =inf F. Let « > 0 and tg > 0. Let x be the solution of the ODE (19) for
given initial conditions (z(to), & (to)) = (20, v0).

Assume that F satisfies a quadratic growth condition Qg for some real constant p > 0 and
admits a unique minimizer. Let 6, be defined as in Theorem 1 and 6 < da,y. If:

“+oo
Jo= [ eMlglo)lde < +oc,

to

then:
Flz(t)) - F* =0 (e—m—to)) .
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Asin the unperturbed case, assuming that F' additionally satisfies a global quadratic condition
G2, we can provide non-asymptotic bounds on the values F(x(t)) — F*:

Corollary 2. Under the hypotheses of Theorem 2, if F' additionally satisfies a global quadratic
condition Qi then for any § < 0q4,,, we have:

. 4 (Eo(é‘) =+ (\/ 2Eo((5> + Io)Joe_&O)

t>ty, Fz(t)) — F* < Mye0(t=to)
v 05 (iC( )) 4—0[5-'—52 o€
where:
My = Flxzo)— F*+ 3wl Io= [;7> llg(s)llds,
2
Eo(8) = Mo+ (V20 + Io)lo + (\/M0 + Lo 4 2028 /0 + (V2R + 10)10) .

3.2 The non-differentiable case

Assume now that F' is a convex but non differentiable function. In that case, the Heavy Ball
ODE (12) has no meaning anymore but we can consider the following differential inclusion:

0 € #(t) + ai(t) + OF(x(1)). (20)

To study some optimization algorithms dedicated to non smooth functions, it may be useful
to understand the behavior of solutions of (20). This is the case for instance for the LASSO
problem (3), for which proximal algorithms such as the Forward Backward (or its accelerated
version FISTA) can be used. It was shown in [3] that the behavior of FISTA is linked with the
behavior of solutions of o

0 € &(t) + ;z(t) + OF (x(t)). (21)

It turns out that FISTA is not the only inertial algorithm that can be used to minimize the
LASSO problem or any non smooth optimization problem. It is shown in [12] that a variant of
the Heavy Ball algorithm can be used in the case when F' is strongly convex or quasi-strongly
convex, and the optimal value of the friction parameter « is given.

If F is less regular, but if it still satisfies a growth condition (i.e. if F'is in 92)7 it may be
interesting to understand how the Heavy Ball algorithm can be used, and how to choose the
parameter «. Actually, we will see in the part dedicated to the optimization scheme that the
previous analysis applies to this case.

3.2.1 Solutions of the differential inclusion

The differential inclusion problem (20) admits a shock solution [37, 3] and it is known [7, 22] that
for any solution x of (20), F'(z(t)) — F* converges to 0 for any o > 0. Most of known convergence
rates of F(z(t)) — F* are consequences of a Lyapunov analysis. An energy & is defined and it is
shown to be a non increasing function of ¢. To prove that £ is non increasing, the simplest way
is to compute the derivative & of £. To study solutions of (20), we use exactly the same energy
defined to study the Heavy Ball ODE:

Exe(t) = Fa(t)) — F* + %IIA(x(t) — ) +E@” + S ) — . (22)

12



This time these Lyapunov energies may not be differentiable. Fortunately, the shock solutions [37,
3] of the differential inclusion (20) are obtained as limit of C? functions, where the subdifferential
OF is replaced by its Moreau Yosida approximation [3].

Let us recall the definition of shock solution for the differential inclusion (20):

Definition 7 (Shock solution [37, 3]). A function x : [tg, +00) — R is an energy-conserving
shock solution of the differential inclusion (20) if:

1. x € COY([to, T); R™) for all T > ty, i.e. x is a Lipschitz continuous function.
2. & € BV ([to, T);R™) for all T > ty.

3. z(t) € dom(F') for all t > tg.
4

. For all ¢ € CL([to, +00),R*) and v € C([ty, +0), dom(F)), it holds:

T
/1@Wﬁ»*F@@DﬂWﬁS@+Q@@*IWMMO

to

5. x satisfies the following energy equation for a.e. t > tg
1. 2 1 2 o 2
Fla(t) ~ F(zo) + 5 [#0I ~ 3 ool + | alli(s)]*ds =0,

to

We then consider the Moreau-Yosida approximations {F,},so of F' defined by:

1
F,(r) =min | F — |z —y|? 23
y(x) mylﬂ( (y)+27||:v y||> (23)
and the following approximating ODE:

Lo (t) + cy () + VEy (z4()) =0

x4 (to) =m0 2 (t0) = vo. (24)

The differential equation (24) falls into the classical theory of differential equations and admits
a unique solution z., of class C? on [tg,+00) for all v > 0. More precisely, using [3, Theorems
3.2 and 3.3], we have the following result:

Theorem 3. Assume F' to be a lower semi continuous convex function. Let {Fy},~o the Moreau-
Yosida approzimations of F. There exists a subsequence {z~}y>0 of solutions of (24) that con-
verges to a shock solution of (20) according to the following scheme:

o Iy u uniformly on [to,T] for all T > to.
o d
o i, — & in LP([to, T); R") , for all p € [1,4+00) and T > ty. (25)
o d
o F,(zy) — F(x) in LP([to,T);R™), for all Vp € [1,+00) and T > t.
y—
From Corollary 3.6 of [3], we also have:

Corollary 3. If dom(F) = R"™, then the differential inclusion (20) admits a shock solution x |
such that:
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7 € W22 (10, T);R") 1€ ([to, +0); R"), for all T > to.

It turns out that all the results shown for the Heavy ball ODE remain valid for the differential
inclusion (20). Indeed, the approximated solutions - of Theorem 3 are solutions of the Heavy
ball ODE and they thus satisfy all the previous properties. By passing to the limit v — 0%, the
shock solutions of (20) also satisfies these properties (see e.g. [3] for more details).

We do not restate all the Theorems of the previous section for the differential inclusion case.
However, we state a result for a particular case of interest, the LASSO problem recalled here:

1 )
min o || Az — b" + B[y (26)

Let F(z) = %||Az — b||* 4+ B|z|l1. As shown in [19, Lemma 10], the function F satisfies
a quadratic growth condition, or equivalently has the Lojasiewicz property with an exponent
9 =1, on some ¢! ball.

Corollary 4. If the LASSO problem (26) admits a unique minimizer, even if Ker(A) # {0},
there is a solution of the differential inclusion (20) such that the conclusions of Theorem 1 hold.

3.2.2 Optimality of the decays
In Proposition 1, we have shown that if F' is at least as sharp as || - ||” for some r € (1,2), then

WA < %‘“‘ Fla(t)) - F* = 0 ().

In Theorem 4 whose proof is detailed in Subsection 6.3, it is proven that a better exponential

decay than %O‘ is unreachable for the solution of (20) under the quadratic growth condition gﬁ,

proving that in some sense this decay is reached for the function F'(z) = |z| for any « > 0.

Theorem 4. If F(z) = |x| then for all a > 0 then all solutions of (20) satisfy:

2

F(a(t)) - F* = 0 (e %)

and this decay is optimal: ,
limsupes ‘(F(z(t)) — F*) > 0.

t>to

4 Optimization scheme

In this section we introduce an inertial scheme to minimize a convex differentiable function F
whose gradient is L-Lipschitz continuous, and satisfying any Lojasiewicz property. In a second
time, this scheme is extended to a sum of two convex functions F' = f 4 h using an inertial
proximal gradient algorithm. Both schemes can be seen as discretizations of the Heavy Ball
ODE and they are variations of the schemes proposed by B.T. Polyak [38], Y. Nesterov [32] and
J.W. Siegel [41].

If F is a convex differentiable function satisfying Qi and whose gradient is L-Lipschitz, then
the steepest descent algorithm defined by

Pt = 20— DVF(x,), with B € (1,2) (27)

ensures an exponential decay:
F(xn) — F(z%) = 0(¢") (28)



Hyp. on F References Values of ¢ Remarks
SZlL Polyak [38] (;g)Q Local convergence and optimal rate
2,1 . 1,1
on SML, may diverge on SML
S}LIL Nesterov [32] 1—+vk+ O(k) Global convergence
S ilL GFJ [24] 1-k Global convergence
Sﬁ}: SFL [44] 1 -2k + O(k) Global convergence,
three points method
Sllt:}: Siegel [41] 1-+Vk Global convergence, can be extended
to non differentiable functions
qSlizlL ADR[12] | 1—4/(2—¢)x+ O(k) | Global convergence, can be extended
Th. 7 to non differentiable functions
G. and uniqueness | Th. 7 and 9 1-(2-V2)k Global convergence, can be extended
of the minimizer +O(VK) to non differentiable functions
[ Th. 6 and 8 1l—k+e+0(k) Global convergence, can be extended
to non differentiable functions

Table 2: Rates of convergence of inertial algorithms depending on the regularity of the function
to minimize

where ¢ = 1 — x and & := % the conditioning number.
If F = f+ h, where f is a convex differentiable function whose gradient is L-Lipschitz, and

h is convex, the Forward-Backward algorithm uses the proximal operator of h

1
prox,(z) = argmin h(z) + — ||z — z||2 (29)
zERM 2s

and it is defined by the following operator T
1
T(x) := prox,(z — ZVf(ac)), Tng1 = Txy. (30)

If F satisfies Qﬁ, the sequence generated by the Forward Backward algorithm ensures an expo-
nential decay with 1 — ¢ = k. If K << 1 this exponential decay may be slow. In [19] Bolte et al.
proved that for the LASSO problem (26) the function F satisfies the PL,, property and thus the
growth condition Qﬁ. It turns out that the decay is so slow that FISTA [14] which only ensures
a O(#) decay, is better in practice for many large scale problems.

The question arising is then: can we provide a fast exponential decay that is F(z,) — F* =
O(q™) with 1 — ¢ &= Cy/k for such functions ? Namely, for a single differentiable function F'
belonging to QEL or a composite function F' = f + h where only f is differentiable 7

If F is p-strongly convex, it has been proved that such rates can be achieved as summarized
in Table 2. But all these results do not apply directly to the set gi since we do not have the
strong convexity assumption. Nevertheless observe that from Lemma 4, if F' € gg is differentiable
with L-Lipschitz gradient, then F' is also %—quasi strongly convex. Hence applying the rates
from the Table 2, we do not reach any fast exponential decay that is with 1 — g = C'\/k where
k = & with p the parameter of growth. Moreover, only Siegel [41] and ADR [12] proposed an
extension to the non differentiable case and both approaches necessitate the strong convexity
of the differentiable part which is a real bottleneck. Indeed the strong convexity hypothesis of
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the differentiable part is a really strong hypothesis, much more than the QEL property and the
uniqueness of the minimizer.

Consider now the LASSO problem (26). The strong convexity of the differentiable part
implies that Ker(A) = {0}. If Ker(A) # {0} the LASSO problem may have an infinite set
of solutions but it is not the generic case. Indeed for a generic linear operator A, the LASSO
problem (26) admits a unique minimizer (see for example Lemma 3 in [43] for the exact definition
of genericity and more detailed results). This means that except for a very specific choice of A,
the LASSO problem (26) admits a unique minimizer.

To summarize, none of the previous analysis applies to the LASSO problem (26) for a generic
matrix A and none of them ensures an exponential decay such that ¢ =1 — C\/% where pu is the
growth parameter for any function F' € QIQL.

In [36], the authors observe that a restarted FISTA algorithm provides a fast exponential
decay if SilL Actually this result is also available for functions satisfying a growth condition,
as remarked in [31]:

Theorem 5. If F is a convex differentiable function whose gradient is L-Lipschitz and if F' € Qﬁ

then the sequence (xn)nen generated by FISTA with a restart each k* = E [%} satisfies

Fa) - =0 (1- \/E)) _ (31)

e

One can notice that FISTA applies to composite functions and that there is no need of
uniqueness of the minimizer of F' to get this fast rate. Restarted FISTA is thus a relevant
algorithm to minimize such functions. One can also notice that even if the inertial parameter
does not depend on p, the starting rule depends on k. If p is overestimated, then the proof of
convergence does not hold any more.

Another natural question with respect to the Table 2 is the behavior of each algorithm when
the growth constant p is not known. Indeed, the rates given in Table 2 are related to the choice
of parameters in the algorithm that depends on p. It is always possible to underestimate p but
at the cost of a loss of speed (the more p is underestimated, the slower the algorithm). With
non adequate parameters, some of the algorithms mentioned in Table 2 may even diverge.

In this section we propose a new algorithm (41) with a better exponential decay based on
the previous analysis of the Heavy Ball ODE (4). Firstly on differentiable functions and in a
second time on composite functions, see Theorems 7 and 9. This last algorithm allows to solve
the LASSO problem with a fast exponential rate for generic matrix A.

It turns out that the algorithm (41) can be seen as a specific case of a more general algorithm
(38) whose parameters do not depend on p. We can show (see Theorems 6 and 8) that in fact
such a scheme converges under very weak assumptions: it suffices that the function F' to minimize
belongs to G, and has a L-Lipschitz gradient. And a (slow) geometrical decay is reached as soon
as F satisfies any Lojasiewicz property.

4.1 The Differentiable case

Several algorithms to minimize strongly convex functions of S}L}: or SzlL are inspired by the

Heavy Ball ODE in the unperturbed continuous case:
Z(t) + ax(t) + VF(x(t)) = 0. (32)

rewritten as the following first order differential system:
z(t) = v(t)
{ o(t) = —av(t) — VF(x(t). (33)
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The first one was proposed by Polyak in [38] for functions in SilL

2
1—+/k
Tppr = mn+( f) (Tp, — Tp—1)

1+ kK (34)
Tyl = Tppl— s®°VF(z,,)
. _ 2 . . . o . . _
with s = iy which can be seen as a discretization of the Heavy Ball ODE for a = 2,/p.

This algorithm is efficient for functions in Su ;, but it may diverge for some functions in Su L
see Ghadimi et al. [24] for example. It is worth mentioning that Ghadimi et al. in [24, Theorem
4] proved the linear convergence of such a scheme for functions F in S ilL changing the step and
the inertia, but the rate in this case is

Flen) = F* = O((1 = r)") (35)

that is the best rate that can be achieved of the gradient descent on S . As we will see further,
this decay is much worse than the ones that can be achieved using other schemes for small k
since for small k, k << /K.

In his book [35], Nesterov proposes a scheme which is quite similar:

Tnpy = Tnt G ¥ ﬁ) (on = on-) (36)

2
Tpt1 = Tpyt —5"VE(@,,1)

with s = \% This scheme can also be seen as a discretization of the Heavy Ball ODE with

a = 2,/p, but the descent step 52 is about four times lower. Nesterov proves the convergence of
the scheme (36) for functions in SilL and he gives a convergence rate:

F(an) = F* = O((1 = V&)"). (37)

Notice that another variant of this algorithm with the same asymptotic decrease rate was
also introduced by Y. Nesterov in [33] with an extension to non differentiable functions (but still
strongly convex). An application of this last scheme to image processing can be found in [9].

4.1.1 Convergence of the scheme

In this paper, we consider the following general scheme:

Tpyl = Ty + SUL
vpp1 = (L+9As) v, — sVF(z,, 1))

2 2 2 (38)
Tp41 = Tpyl =5 VF(anr%)

Unt1 = Upp1t (1+ )\5)71/\52VF($”+%)

. _ 1
w1th7>0and5—ﬁ.

Theorem 6. Let F' be a convex differentiable function having a L-Lipschitz gradient. Let s =
%. If yA? < L then the following assertions hold:

1. The sequences (VF (xy))nen and (vy)nen generated by the scheme (38), converge to 0 when
n — +00.

17



2. If F is coercive then the sequences (F(2y) — F*)nen and (d(2n, X*))nen converge to 0.

3. Assume that F is coercive and has some Lojasiewicz property with an exponent 6 € (0,1).

(a) If 0 = % i.e if F' satisfies some local quadratic growth condition gg, then the values
(F(xn) — F*)nen decay exponentially to 0 and the iterates (T, )nen converge to a
minimizer ©* of F. More precisely for any e € (0,1), if v = (1 — 5)%, there exists
Ae > 0 such that for all A € (0, ;) then:

F(xn)—F*:(’)((l—l—Z—El/_’_/i\/Z) ) (39)

(b) If 6 € (3,1) then

Fzn) — F(z*) = O ( L ) . (40)

1
mn20-1

Moreover, if 0 < %, then the sequence (X, )nen converges to a minimizer x* of F and
the length of the trajectory is finite.

The proof of the Theorem is detailed in Subsection 6.4.

4.1.2 Improved rates of convergence

In this paper, we promote the use of the following particular scheme (where the product yA is
now fixed to be the friction parameter «):

Tyl = Ty + SU,

— -1 _
vn—&-% - (1 + as) (Unz SVF(:CTH-%)) (41)
Tpt1l = In_,’_%*S VF(I'TL_;'_%)

Un41 = vn—i—% + (1 + As)il/\SZVF(‘rn—i-%)

with s = ﬁ Notice that it has the same general form as the one that we introduced in [12].

The difference with respect to the scheme of [12] will be in the choice of the parameters o and
A of the scheme. This comes from the fact that the analysis in the continuous setting has led us
to different parameters in the Lyapunov function, and we now use these values in the discrete
scheme. Since the parameters are different, the proof of of convergence of the new scheme here
is different from the one of [12]. In [12], we used a = % to get a new optimal scheme for
strongly convex functions. In this paper, inspired by the analysis in the continuous case detailed
in Section 3, we use:

a—<2\g§>\/ﬁ, A= andf-(?l)u. (42)

Let =2— ? We will use the following discrete Lyapunov function:

>‘2 *HQ

L(wn,va) = Fla) = F* + 5\ — %) + (4 Ashoall? = (8~ 1) o — (43)

The careful reader can check that the sequence (v, )nen is a discretization of the variable v = &
in (33). Indeed, if using explicit Euler schemes to discretize (33), one gets the two first lines of
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(41). The third line corresponds to a classical contraction step on z, that makes the objective
function F' decrease by a factor 57 ||V F(z,, +1) |? (this is the same argument that is used to prove
the convergence of the explicit gradient descent scheme to minimize a differentiable function with
L-Lipschitz gradient), and the fourth line keeps the middle term of the Lyapunov function (43)
constant.

From (41), we can write v,41 as a function of v,,:

Up+1 — Un o 1 —a\s?
=— n — F 1). 44
s 1+as. (1—|—cus)(1—|—)\s)v (@nt4) (44)

We then see that (41) is indeed a discretization of (33).
The interest of the new scheme (41) is that it allows to provide a better decay rate of F () —
F* that is asymptotically better than the previous ones under similar assumptions:

Theorem 7. Assume that F is convex differentiable function with a L-Lipschitz gradient, ad-
mitting a unique minimizer and satisfying some quadratic growth condition QEL. If we choose
a= (2 - %) VI and X = /i in (41), then there exist t > 0 and K > 0 such that if & € [0,1],
then the sequence (zn)nen provided by (41) with s = % satisfies:

F(z,) - F* < K0(1+(2—\/§) Z—Kj’_j)_

More precisely, remembering that x = \/% , the new scheme (41) allows to get the following
rate:

F(z,)— F* =0 ((1 +(2- V2 — KK;)_") . (45)
Notice that we have
(142 -V2)Wk— Kr)™' =1— (2= V2)Vk + o(vk). (46)

The only other result under similar assumptions (quadratic growth) is the Nesterov restart
algorithm of [31] (see Theorem 5), but we can see that we have a better convergence rate with
Theorem 7 since 2 — /2 > é As far as we know, Theorem 7 gives the best convergence rate in
the literature when the function F' to minimize satisfies Qi, has a L-Lipschitz gradient, and has
a unique minimizer.

4.2 Discrete scheme in the non differentiable case

In many practical problems especially coming from statistics or image processing the function F
to minimize is not differentiable. A classical case is the LASSO problem

1
F(z) = 3[4z = y[” + Al (47)

where A is a linear operator. To study the minimisation of such functions, convex but not dif-
ferentiable, we cannot consider a differential equation involving F'. Nevertheless we can consider
the following monotone inclusion:

0 € #(t) + ai(t) + OF(x(1)). (48)

This inclusion problem admits a shock solution (see [3] and [37]) and F(z(t)) — F* tends to 0.
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When F = f + h, with f differentiable, V f is L-Lipschitz and h is convex proper and lower
semi continuous, Siegel in [41] proposed an extension of the discrete scheme built for differen-
tiable functions. In the same spirit we can prove that our scheme can be directly extended to
such composite functions using the Forward-Backward algorithm, also called Proximal Gradient
Operator.

Let us first recall the definition of the proximal operator for the convex semicontinuous
function h:

. 1
prox p,(z) = argmin ,egn (h(y) + 5”9 - $|2> . (49)
Using the optimality condition, we have the equivalence:
y=prox,(z) < ze€dh(y)+y <y=(Id+0n) " (z). (50)

The proximal operator is widely used in convex and non differentiable optimization. It is a
generalization of the implicit gradient descent to convex and non differentiable function.

Let F' = f+ h, where f is convex differentiable function having a L-Lipschitz gradient and h
is convex proper and lower semi continuous. A classical algorithm to minimize F' is the Forward-
Backward algorithm defined in the following way:

Tny1 = T(z,), where T(z) := prox s, (z — s>V f(z)) (51)

If s> < 1, it can be shown that (F(z,) — F*)nen tends to 0 and (z,,)nen converges (weakly in
an infinite dimension Hilbert space) to a minimizer of F.

The operator T shares many properties with the gradient descent. The algorithm FISTA of
Beck and Teboulle can be seen as a Nesterov acceleration to this operator T'. Following Siegel
[41] we modify the previous scheme (41) so that it can be used with F' = f + h that is a possibly
non smooth convex function: we replace the vector VF(z,,, 1) in (41) by

1
It} =3 (anr% — Prox g2, (4 1 —SQVf(a:nJr%))) (52)

Note that: g, ;1 ¢ OF(z,, 1) as we might expect. The vector g, , 1 as defined by (52) has been
chosen such that the following decrease condition is satisfied:

2
n S

which is the only property of g, 1 we need to establish our convergence results. With that
choice the new scheme can be written in the nonsmooth case as:

$n+% = Ty + SU,

vi=v,1 = (L+9As) N vn — sgn41) (54)
Tyl = Tyl —szgn+%
Unt1 = v+(1+)\s)’1)\s2gn+%

that is exactly the original scheme (41) replacing VF(z, 1) by g, 1. Notice that the same
strategy is used in [41] and [12] to extend the convergence results of the numerical scheme in
the differential case to the composite case. This new scheme shares the same properties as the
previous one:

Theorem 8. Let F = f + h where f is a convex differentiable function having a L-Lipschitz
gradient and h a convexr proper lower semicontinuous function. Let s = %, ¥ >0 and XA > 0.

If YA < L then the following assertions hold:
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1. The sequences (d(0,0F (xy))nen and (Vn)nen converge to 0 when n — +00.
2. If F is coercive then the sequences (F(2y) — F*)nen and (d(2n, X*))ne converge to 0.

3. Assume that F is coercive and satisfies a Lojasiewicz property with an exponent 6 € (0,1).

(a) If 0 = % i.e if F' satisfies some local quadratic growth condition gg, then the values
(F(xn) — F*)nen decay exponentially to 0 and the iterates (Tn)nen converge to a
minimizer ©* of F. More precisely for any ¢ € (0,1), if v = (1 — 5)%, there exists
Ae > 0 such that for all A € (0, ;) then:

F(xn)—F*:C)((l—i—Z—sl/_’_/i\E) ) (55)

(b) If6 € (3,1) then

. 1

F(a:n)—F(x):(’)( 1). (56)
mn20-1

Moreover, if 0 < %, then the sequence (X, )nen converges to a minimizer x* of F and

the length of the trajectory is finite.

As in the differentiable case these rates of convergence can be improved assuming that o = yA
and that the objective function has a unique minimizer.

Theorem 9. Let F = f + h where f is a convex differentiable function having a L-Lipschitz
gradient and h a convex proper lower semicontinuous function. Assume that F satisfies the
growth condition Qg with parameter p and has a unique minimizer. If vy = $, a = (2 — %) Vi
and X = (/i in (54), then there exist t > 0 and K > 0 such that if £ € [0,t], then the sequence

(Zn)nen provided by (54) with s = ﬁ satisfies:

F(z,) - F* < Ko <1+ (2—\@) \/E—ng)_

This Theorem applies then to the LASSO problem (26) when it admits a unique solution: it
ensures that in this setting we can expect an exponential decay O ((1 +14/(2 - \/5)%;) > for

k sufficiently small. As far as we know, this is the best rate that can be found in the literature.

5 Numerical experiments

In the previous sections several convergence properties of the Heavy ball discrete scheme are
proved, they are illustrated here.

More precisely the exponential convergence is ensured for most parameters A and «. The key
to get a fast exponential decay is the knowledge of the best parameter p defining the growth
condition of F. In many practical problems, p is not known. In many theoretical results, see
e.g. [38], [32] or [41], it is crucial to have a lower bound of u to get a value of o ensuring an
exponential decay. The actual decay of the algorithm depends on this lower bound estimation.
The tuning of the parameter « is a problem of most Heavy Ball methods. An advantage of the
proposed scheme is that even if u is overestimated, an exponential decay is ensured: however,
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this decay can be quite slow. The optimal choice of « is an open and tough problem. Indeed,
the estimation of the optimal « on a given problem is an ill-posed problem that may depend on
the starting point of the algorithm. The relevant growth parameter is actually the one available
between z and z* € X* for any = on the trajectory of the algorithm. In many practical problems
with sparsity constraints, the points (z,,),ecn are nearly sparse on the trajectory of the algorithm:
thus the relevant growth parameter fi, that is the highest parameter such that for all n € N

gﬂ%WngF@@—F@ﬂ

may highly depend on zg.

Notice that choosing o and A in our algorithm depending on the real global 1 parameter may
be irrelevant in some situations since the real ¢ may be much lower than f.

Liang et al [27] proved that, on a large family of optimisation problems with sparsity con-
straints, the trajectory of the Forward-Backward algorithm after a finite number of iterations
belongs to a subspace of small dimension G depending on the set X™* of solutions. Moreover, the
asymptotic exponential decay of the Forward-Backward algorithm depends on the geometrical
properties of the function F' to minimize on this subspace GG, and not on the whole space. Even
if the convergence of the trajectory of Heavy Ball schemes on such a subspace is unclear due to
the inertia, numerical experiments show that the iterates are really close to sparse vectors. In
the inpainting experiment, most iterates have a small number of non zero wavelet coefficients.

For all these reasons, it is today an open problem to choose the parameter of these inertial
algorithms. Moreover, a choice of parameter providing a fast asymptotically decay may not
be the best for a given precision and numerical experiments will show that depending on the
precision, the best set of parameters may not be the same, see Figure 3.

To test these new schemes we consider two classical image processing problems. The first one
is the inpainting problem and the second one is the Total Variation (TV) denoising.

5.1 Inpainting

Let g be a numerical image and M a masking operator setting randomly half of the pixel to 0.
We want to estimate x from yy = Mxg. Using the assumption that natural images are sparse in
a suitable wavelet basis we estimate x solving the following optimization problem.

min F(z) := = | Mz — y|* + | Tz, (57)
TeR™ 2
where T is the orthogonal Daubechies (db2) wavelet transform. A numerical example of image
inpainting with this model is shown in Figure 2.

Figure 3 compares the decay of log(F(x,) — F'(2*)) for various choices of parameters. We
can observe that these new schemes can be compared to FISTA [14] for various precisions on
this specific problem.

5.2 TV denoising

Let x¢ be a numerical image and n a realisation of a white Gaussian noise. We consider y = x+n
a noisy image and we want to estimate x from y. Using the assumption that the Total Variation
of x, that is the £; norm of the discrete gradient of x is small, we can estimate x by solving

. 1 2
min F(z):= §Hx_y|‘ + A [Vl (58)
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Figure 2: Example of image inpainting with model (57)

— HB lam=0.177

— HB3 lam=0.062
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Figure 3: Comparison of several inertial algorithms for the inpainting problem (57)
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Actually this problem cannot be solved directly with the Forward-Backward algorithm or its
inertial versions since the proximity operator of « — ||[Vz||; is not explicit. A classical way to
face this problem is to consider the following dual problem

. 1. 2
min G(p) = 5 [[div(p) +yllI” + s 00 (). (59)
where 15 (») denotes the indicator function of the £, ball of radius A. It can be shown that if
p* is a solution of the second problem, x* = y + div(p*) is a solution of the first one.

This second problem (59) can be easily solved using any composite inertial algorithm. An
example of image denoising with this approach is shown in Figure 4.

Figure 4: Example of TV Denoising with model (58)

~— HB lam=0.177

~— HB2 lam=0.088
HB3 lam=0.062

—— FISTA

— FB

Figure 5: Comparison of several inertial algorithms for the TV denoising (59)

Figure 5 compares the decay of log(F(x,) — F(z*)) for various choices of parameters. We
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can observe that these new schemes can be compared to FISTA [14] for various precisions on
this specific problem.

6 Proofs

6.1 Proofs of Theorem 1 and Corollary 1

The proof of Theorem 1 and Corollary 1 relies on the following Lyapunov energy:
E(t) = F(a(t)) = F* + S [Mx(t) = 27) + @) + S l=(t) — 27| (60)

and is build in two steps: the first step consists in choosing the parameters A and £ such that
the energy & satisfies some differential equation:

E't)+0E() <0

for some suitable parameter § > 0, which implies that: £(t) = O(e*). The second step will
be to get the control on the values F(z(t)) — F* from the energy £(t). In the third step we will
prove the Corollary 1: assuming that the quadratic growth condition is global, we provide an
uniform bound on the energy £ and thus non-asymptotic decay rates for the values F'(z(t)) — F™*.

Step 1. Differentiating the energy £ and using the ODE (12), we have:
E't) = —MVF(@(®),2(t)—2") + (A —a) [&(0)]” + (€ + A — @) (x(t) — 2", &(t)
< MF @) = F) + (A = a) [#@)]* + (€ + A — @) {a(t) — =¥, (1)
using the convexity of F. Let us set § < A:
E(0)+06() < (6= N(E) — F) + 26+ N) [o(t) — 2P + (A =+ ) a0
H(E+ AN —a) + 0N (z(t) — a*, @(t))

We now choose £ := —A(A —a) — A = AMa — A — §) so that the inner product term disappears.
] 0
E'(t) +0£(t) < (6 = N(F(a(t) = F7) + gAa = ) [lx(t) = 2*|" + (A = a+ ) 20" (61)

Using the quadratic growth assumption gﬁ on F' and assuming that § < A, there exists t; > tg
such that:

Vi > by, E'(t) +0E(t) < (gk(a —0)+ (6~ A)g) l(t) = 2*||* + (A —a + g) lE@®)I*. (62)

Note that we can choose t; = tg if the quadratic growth condition is assumed to be global. Let
us fix g > 0. Since we want £'(t) + 6€(t) < 0, we need to choose A and § such that:

1) 1)
SMa=8)+(E-NE <0, A—a+s<0, s<A (63)
Let us choose A := o — g. We then have two constraints left:
36 p 3u 62
2 JE— JR— — PR JR—
o' <2+6>a+2+2 < 0 (64)
2«
b < 5 (65)
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The constraint (64) can be seen as a polynomial of degree 3 in § or as a polynomial of degree 2
en «. Let us first consider (64) as a polynomial inequality of degree 3 in §. Let @ > 0 and:

P, (0) = 6* — 30 + (3p + 2025 — 2ua.

Noticing that: PJ(8) = 6(6 —a) < 0 for all § < 22, we easily check that P, is non-increasing on
the interval [0, 22].

First case: o < 3,/5. In that case, a straightforward computation shows that: P, (2%) > 0.
We thus deduce that P, is non-decreasing on the interval [0, %"‘[

Second case: o > 3,/5 . In that case, a straightforward computation shows that: P (%) < 0.
We thus deduce that P, is first non-decreasing and then non-increasing on [0, %‘X[

Observe now that:
20 a?

?) 27

This implies that in any case there exists a unique dq,, € [0, %‘1[ such that P,(dq,,) = 0 and:

Pa(O)Z—QCW<07 Pa(

Y6 < Gaps Pa(6) <0 (66)

Let us now consider the polynomial inequality (64) as a polynomial of degree 2 in « to obtain
more information on the admissible values for d,,,. If ¢ is fixed then the polynomial inequality
(64) admits a solution in « if and only if its discriminant is positive i.e. if:

30 ,u2 3u 2
A=(Z48) g (2218 5y,
(T+5) ~+(5+3)>0

or equivalently if: §* — 1262y + 4p? > 0, i.e. if and only if:
§<(2-V2)yp or §>(2+V2)yp (67)

Coming back to the definition (66) of d,,, remember that the constraint P, (d) < 0 has to be
satisfied by any & € [0, 8,,,,] which excludes (2+v/2)\/zi (or any larger value) from the admissible
values of 0, ,. We can thus conclude that for a given oo > 0:

Jau < (2= V21

Finally, observe that for the critical value (2 — \/i)\/ﬁ, the discriminant A is equal to 0 so that
the polynomial P, ((2 — v/2),/z) admits a double root in « given by:

o= <2 - ?) VI (68)

For this particular value of o, we have:

Sap=2-V2)/i, A=y@, andf= (‘f - 1) 1. (69)

In any case, we have proved that with our choice of parameters, for all 6 < q4,,, we have:
Vt > ty, E'(t) +0E(t) <0, hence for 6 < b4,

Vi >ty E(t) < E(ty)e 000, (70)
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Step 2. The point now is to get the control on the values F(z(t)) — F* from the inequality
(70). To do this, remember the definition of the energy with & = —%‘ = —%(204 —9) <0:

£t) = Fz@®)—F" + %HA(JJ(t) —a*) + ()| - 3(20 = 8)[la(t) — 2™?
z Fa(t) - F" - 3(20 = 0)llx(t) — =*?
Using the quadratic growth condition satisfied by F', we then get the control:
Yt >ty E(t) > i (6% — 206 + 4p) (F(z(t)) — F™*). (71)
Moreover we can easily check that:
V8 < Sapu, 02 — 208 +4p > 0. (72)

Indeed, observe that if a < 2,/u then the discriminant of the polynomial Q () = 6% —2a8 +4p is
non positive so that the inequality (72) is satisfied for any 0 < dq,,,. If @ > 2,/71, the polynomial

Q. has two real roots given by 0+ = a + v/a? — 4. Noticing that P, (o — /a2 —4p) = pla +
va? —4p) > 0, the variations of the polynomial P, imply that necessarily: 0, , < a—y/a? — 4p.
Combining the control (70) with the inequality (71), we get:

4

Fla(t) - F* € ———
(@ () 52 — 206 1 451

E(ty)e0—h)

which concludes the proof of Theorem 1.

Step 3. Assume now that the quadratic growth condition is global. In that case, we have:
tl = to and:

4
> F —F* K —é(t—to).
Vit > to, Fa(1)) a5 Tt t0)e

Let My = F(xz9) — F* + $|lvo||?. Applying [12, Lemma 3] with our choice of parameters (for
which £ < 0), we have an uniform bound on the energy £ for the class of differentiable convex
functions satisfying a quadratic growth condition for some constant p > 0, given by:

A 2 Ap+ (20— 6 +20)°

vt P tO?

which concludes the proof of Corollary 1.

6.2 Proofs of Theorem 2 and Corollary 2

The proof of Theorem 2 is quite standard, see [8, 13, 10, 40, 12] and the references therein.
Let T'> 0. We consider the same Lyapunov energy as in the unperturbed case:

S
2
To deal with the perturbation term, the idea is to add an integral term to the energy & by
considering the energy:

Et) = F(I(t))*FW%IIA(ﬂf(t)*x*)+fb(f)\|2+ () — ™|,

gt) =&(t) + /t (Ma(s) —z7) +i(s)), g(s))ds (73)



in order to cancel all the terms depending on the perturbation g after derivation. Indeed differ-
entiating the energy G and using the convexity of F' as in Theorem 1, we get:

g'(t) = &)= (Na(t) —a") +a(t),9(t))
= —MVF(2(t),2(t) — %) + (A = a) [|5(0)|* + (£ + A\ = a))(@(t) — 2", &(t))
< MF@(0) = F) + (A = a) [#(@)]* + (£ + A — @) {a(t) — 2%, (1)
Choosing now the same parameters A\, £ and ¢ as in the unperturbed case, we obtain:
Vt > tg, G'(t) + 6E(t) < 0. (74)

Moreover observe that even if the energy £ is not a sum of non-negative terms, according to (71)
and (72), we have the following control:

Et) = Fle(t) - F" + % IMa(t) = 2%) + &))" + gllx(t) —a*||? (75)
> %H/\(l’(t) —a") + ()] (76)

so that: Vt > to, G'(t) < —AE(t) < 0. The energy G is so non-increasing, and: Vt > to, G(t) <
g(to), ie.:

Vit > to, E(t) < E(to) Jr/ (9(s),Z(s) + Ma(s) — z*))ds

to
< E(to) + /t: lg(IIIL+ B)a(s) + Ax(s) — 27)||ds
Combining the last inequality with (76), we get:
3t I - ) O < )+ [ T - o) + a0l
Applying the Gronwall-Bellman Lemma [20, Lemma A.5], we obtain:
Vt = to, [[Mx(t) —27) +2@)] < V2E(to) + /tt llg(s)l|ds.
0
Assuming ftjoo llg(s)]|ds < 400, we can conclude that:

+o00
sup [[A(z(t) — 2%) + & (1) < v 2E(to) +/ lg(s)llds < +oo.

t>to to

We set: A = +/2E(to) + Ip where Iy = tjoo llg(s)|lds. The differential inequality V¢ > to, G'(t) <
—d&(t) < 0 can be rewritten as:

vt > to, E£'(t) —0E(t) + (A(@(t) — 27) + (1 + B)a(t), 9(t))-
—0&(t) + Allg(®)]-

Integrating between to and t, we finally obtain:

<
<

t
VS by, () <emam+A/emem,

to

+oo
< e5t05(t0)+A/ e¥||g(s)||ds < -+oc.

to
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Hence:

vt > o, £() < [E(to) + (v/2E(to) + Io)Joe 0] e300,

Let us define:

My = F(zo)—F*+ 3llvoll%  Io= [;7> llg(s)llds, )
Eo(\) = Mo+ (V2My + Io)To + (\/M0 + A 2 /My + (VIR + IO)IO) .

Applying [12, Lemma 4] with our choice of parameters (for which £ < 0), we have again an uni-
form bound on the energy & for the class of differentiable convex functions satisfying a quadratic
growth condition for some constant p > 0, given by:

Iy, 2a-96 2
Yt > to, E(t) < Mo+ (vV/2Mo + Ip)Ip + (\/Mo + % + ;\/ﬁ\/MO + (v2My + IO)IO)

which concludes the proof.

6.3 Proof of Theorem 4

Using the definition of the Lyapunov function £ and the convexity of F', a standard computation
(as in the beginning of step 1 of the proof of Theorem 1) leads to

10+ A£0) < 56+ X)) o P+ (33— a ) RO + (€4 A2A - )it ot0) — ).

Observe that if F'(x) = |z|, this inequality is actually an equality:

£(0+8(0) = 56+ )0 ~a" P+ (5

57~ a) ()7 + (§+ AM2A = a)){@(t), () —=7) (77)

since for this function, we actually have for all u € OF (z), (u,x —a*) = F(x) — F*. If we choose

Az%“andiz—%weget

E't)+NE(t) = %3|w(t)|2. (78)

Hence for any 6 > 0:
E'(t) + 6E(t) = >\£\;z:(7f)|2 + (6 = NE®). (79)
Since x(t) — 0 when t — o0, it follows that for § = 2 < X, it exists t; > to such that

E(xz(t1)) > 0 and such that for any ¢ > ¢1, £'(t) + %E(t) < 0. We deduce that for any ¢ > ¢y,

22 (t—t1)
- 3

E(t) < E(t)e
with £(t1) > 0. It follows that it exists A; > 0 such that

A2 2:t
2] - Sl < £@) < Are

and thus it exists 3 and Ay such that for all ¢ > t3

2Xt

|x(t)| < Age™ 5. (80)
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Moreover from (78) and (80) we deduce that it exists ¢35 and Az such that for any ¢ > t3,

E'(t) + 6E(t) < Age™ 5"

w‘f:

and thus if we define: ;(t) := e 5" £(t) we get for all t > t5, H}(t) < Age™ 5. It follows that it

exists B such that for all ¢ > ¢y, H(t) < B and thus

2 2at
fe(t)] — S-la(0)? < (1) < Be~

which implies that it exists By > 0 such that: |z(t)] < Bie™ 5.

To prove the second point of the Theorem, we observe that (78) implies that H; is a non
decreasing function. If H(tg) > 0, it follows that for all ¢ > to, H(t) = H(to). Hence, Vi > tg

J?<am+iuuo+aw>>ﬂmﬂ>o

2at

Defining y(t) = e”s z(t) we have for all ¢t > ¢

2at

1. _2at
[y + Sl3E)[Pe™5" > H(to) > 0.
Hence, if it exists ¢4 such that for all ¢ > t4, |y(t)| < $H(to), then V¢ > t4, |§(t)]* > H(to)es".
Since y € C! (thanks to Corollary 3), y is a continuous function of time. It follows that the sign
of y(t) is constant on [t4, +ool. If y(t4) > 0 then:

t
Ve > tay(t) > ur, + / VA du
ty

which is impossible. If §(t4) < 0 then for all ¢ > ¢4, y(t) < yr, — fti VH(to)es du, which is also
impossible. Tt follows that y(t) cannot tend to 0 when ¢ — oo which concludes the proof.

6.4 Proofs of Theorems 6 and 8

In this section we propose a detailed proof of the convergence of the iterates generated by the
discrete scheme (38) in the differentiable case, and by the scheme (54) in the nonsmooth case.
These two proofs being very similar we will present each results of the two theorems, detailing
all the calculations in the differentiable case and then explaining how to adapt them in the
non-differentiable case.

Let us remind here the general scheme in the differentiable case: let v > 0.

AT, 1 = Az, +tuy,
o 2 1y,
ATpi1 = )\xn+% —t?g
Upr1 = v+ (1+t)" 3.
using the reduced notations:
1
t=2Xs, v=0,11 andg:XVF(xn_,_%). (82)
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The scheme in the nonsmooth case is obtained from (81) by replacing g by the vector § defined
by:

_ A t2

7= 35 (e = 010% 2,0y = GV i) (53)

Keep in mind that to adapt the proof from the differentiable to the non-differentiable case, a
key element will be to be able to compute a subgradient of F' at some iterate. More precisely,
exploiting the definition of g, we easily prove that:

A+ Vf(en1) = VI(@,41) € OF (2nt1) (84)

Moreover using the L-Lipschitz continuity and the co-coercivity of V f, observe that:

N
|
o
<
~
=
3
s

)‘<§7 vf(anrl) - vf(anr%» ) - vf(anr%)?anrl - xn+%>

A2 2
— 1 V@) = V()]

< IV @nn) = V@)l

N

since: t = A\s and s = % It follows that:

IAG+ Vf(@ns1) = V(e DI? = NP+ V(@) = V(@,41)
+2>\<§7 Vf($n+1) - vf(anr%»
< NP = IVF(@nr1) = V(@ )l

Hence:
1AG + V f(@nt1) = V (@, )l < Algll- (85)

6.4.1 Proof of Point 1. Global convergence of the discrete scheme
Following the line of Alvarez in [1], we introduce the following Lyapunov energy:
_ * p 2
Ln = F(zn) = F(z7) + 5 [|va (86)

where p > 0 will be defined later.

The differentiable case. Remembering that v,,41 = v + 1%9’ note that:

(1+~t)t

T

(IT+~vt)v+tg=(1+~vt)vpyr + (1 —

Un

(L+yt)vnt1 +tAg

where:

(14 ~t)t
1+t

Observe that the quantity A always satisfies A < 1 for any ¢ > 0 and that A > 0 if and only if:

A=1- (87)

2 < 1.
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Let us now prove that for a suitable choice of p, the sequence L, is non increasing. A key
element to prove this result is the following decrease inequality:

F@1) = F(a,)  tlg.v) < =5 gl &

whose proof is detailed at (134). This inequality is a combination of the convexity and the
Lipschitz continuity of F'. We thus have:

Lowi =Ly = Flann) = F@a) + & (loanl’ = 10+ 8o +t4g])
20 P 2 2
S —3 lgll” + t{g, (1 +yt)vpt1 + tAg) + 3 [vns1l™ = (1 + vt vni1 + tAg|
< 1 A2 (a2 P 2 2
< (g AT+t +9)g, vna) + 5 (onrall” = (L +72)vn41 + tAg]|

Let us focus on the last part of the right member of the above inequality:
2 2 2 2
[vnalI” = 1L+ ) onts +tAg]" = (=29t = 9*?) [[nga||” = 2(1 + 1) At{vat1, g) — 2A% g

It follows that

2

1 pA p
Loii=Lo < (=5 + 4= 25 ) @Il 490 = o1+ 3040 0,10}~ § @21149%8) o

Choosing p = A~1 where 4 is given by (87), the scalar product term vanishes and we get

2 (14t
Ln _Lng_*
. (2

2 P 2
)bl = Szt + ) o (59)

If follows that (Ly,)nen is non increasing, and thus it converges in RT. Let us now rewrite
inequality (89) as:
Lyy1 = Ly < —a|gl* = b[vnsa ] (90)

where a and b are two positive constants. Hence:
N N
VN 21, a) llgI*+0> llonsal® < Lo = Lyt < Lo
n=0 n=0

Since L, is a positive sequence, we deduce that 3 [g|* and 3 [|vni1]|” are converging sums.
Hence both sequences (||g]|*)nen and (||[vps1]|*)nen tend to 0. Using the L-Lipschitz continuity
of the gradient, we also deduce the convergence of the sequence (VF(z,))nen to 0.

The non differentiable case Consider now the non differentiable case. The calculations of
this first step are unchanged replacing the vector g = %VF (z,, +%) by g since we only need the
decrease condition:

. .
F(wn1) = Flan) MG wupy — o) = 51917 (91)
which is actually satisfied by ¢ applying Lemma 8 to = x,,4+1 and y = z,,. We thus have:

2 (14t
Ln *Lngff
" > (2

~2 P 2
VIl = S2rt 4472 o (92)
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and it follows that the sequence (L, )nen is still non increasing, and converges in R*. Hence
Sl and 3 luns1 ]l are converging sums, and (||g]|*)nen and (||vns1 ]| nen tend to 0.
To prove the global convergence of our discrete scheme (i.e. that d(0,0F(z,)) converges to
0), remember that:
AJ+ Vf(@ni1) = V(zn1) € OF (2ng1). (93)

Thus using (85) we have:
d(0,0F (zn41)) < [IAG + Vf(@ni1) = VI (@,p 1) < Al

Since ||g|| converges to 0, d(0,0F (x,+1)) also converges to 0.

6.4.2 Proof of Point 2. Convergence of F(z,) — F* and d(z,, X*) to 0.
Observe first that in the differentiable and non-differentiable cases we have:

VneN, Flan) — F* =L, — g||vn||2.

We prove in Step 1 that the sequence (L, )nen converges in Ry and that (v,)nen converges to
0, hence (F(x,) — F*)nen also converges in R, and is thus bounded.

Assume now that F' is additionally coercive. Using the coercivity assumption combined with
the boundedness of (F(z,) — F*),en, we deduce that the sequence (z,,),en is bounded (as well
as the sequence (z,,, 1 Jnen). Thus there exists a compact set C' containing X* and such that:

{xn;neN}U{mn+%;n€N}CC. (94)

Convergence of F(x,)—F* to 0 in the differentiable case. Since the sequence (VF(2;,))nen
converges to 0 as shown in Step 1, we deduce that any accumulation point of the sequence (z,,)nen
of iterates is a critical point, and thus a minimizer of F'. By continuity of F' and remembering
that (F(x,) — F*)nen converges, necessarily (F'(z,) — F*)nen converges to 0.

Convergence of F(z,) — F* to 0 in the non-differentiable case. Since F is assumed
convex and lower semicontinuous, its sub-differential is a non empty compact convex set and:

Yn €N, s, € OF (x,), d(0,0F(x,)) = ||sull- (95)

Since d(0,0F (x,,)) converges to 0 according to Step 1, the sequence (s, )nen also converges to 0.
Let us now introduce the set:

C={(x,s) eER"xR%zeC, scdF(zx)} CCxIF(C) (96)

where C' is the compact set defined by (94). Since F' is a proper lower semicontinuous convex
function, C' is a compact subset of R™ x R", see [26, Propositions 6.2.1 and 6.2.2]. Observe
now that by construction, (z,,s,) € C for all n € N. There so exist a non-decreasing function
¢:N—= Nand (z,5) € C such that the sub-sequence (Ty(n), Sp(n)) converges to (T,5) when n
tends to +00. Remember now that (s,)nen converges to 0 and (Z,3) € C, hence necessarily:
5 =0 and:

0 € OF (7). (97)

We so proved that the sub-sequence (2,(n))nen converges to a minimizer of F'. By local Lipschitz
continuity of F' on the relative interior of its domain, we then deduce that (F(z,(n)))nen converges
to F'(z) = F*. Since the sequence (F(z,) — F*)nen converges, we deduce that (F'(z,) — F*)pen
converges to 0 when n — 0.
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Convergence of d(z,, X*) to 0 in the differentiable and non-differentiable cases. As-
sume on the contrary that the sequence d(z,, X*) does not converge to 0: there thus exist £ > 0
and a non-increasing function ¢ : N — N such that the sub-sequence (z,(n))nen satisfies:

Vn €N, d(pm),X*) > e (98)

Let K. = CN{z € R";d(z,X*) > e}. By construction, K. is a compact subset of R"™ and
K. N X* = (. Moreover for all n € N, we have: Tym) € Ke so that there exists a convergent
subsequence (Tyop(n))nen Whose limit denoted by & belongs to K., and thus: = ¢ X*.

To conclude, note that in the differentiable case as in the non-differentiable case, we can
deduce that F(zyop(n)) — F* then converges to F'(Z) — F*. Since the whole sequence (F(z,) —
F*)pnen converges to 0 when n — 0, necessarily: F(Z)— F* = 0 which is impossible since Z ¢ X*.

6.4.3 Proof of Point 3. Convergence of the iterates to a minimizer of F.

Assume now that F' is coercive and additionally satisfies any Lojasiewicz property with an
exponent 6 € [0,1). Under these assumptions, the set X* of the minimizers is compact and
according to Lemma 1 there exists p > 0 and € > 0 such that:

d(z, X*) < e = 2u(F(z) — F*)? <d(0,0F (z)). (99)

Proof of Point 3(a). Assume that § = % i.e. that F' satisfies the PL,, property. We now prove
that the values F(z,) — F* converge exponentially to 0.

Consider first the differentiable case. Observe that: x,41 =2, 1 — % g and:

1

3
A9+ VE(@ni1) = VF(x, 1) = VF(n41).

Following exactly the same steps as those which led to inequality (85), we can prove that:

IVF (@) < Mgl = IVF(@ns1) = VF (2,1 2)[* < X9

Since d(xn+%,X*) tends to 0 when n — 400, we now write the PL,, property satisfied by F' at
Tp41 1.e. there exists ng € N such that:

¥n 2 no, 2 (F(2ns1) — F(2*) < [VF(@ar)]|* < X9l (100)

that is: 5
~llgll* < =55 (Flansr) - F(a). (101)

Combined with (89), this inequality ensures that

L+t u P 2
3 * 2,2
Luii=In < =0 (T500) fa (Flnn) - F@) = S21t497) o

—t {(111?) % (F(znt1) — F(z7)) + g(Q’Y +9°t) [[vnga |

Let us define:
p(1+t)
L(1+1)

We can remark that we have K > 0 for any ¢ > 0 so that:

K = min < (2 4+ 7t)> (102)

Lng1 — Ly < —tK L. (103)
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This ensures that for any n > ng
Lot < (1+tK)™'L,. (104)

Note that in the non differentiable case, the very last inequality on the energy L,, is unchanged:
the proof is exactly the same by replacing g by § and VF(2,,41) by Ag+ Vf(2p41) — Vf(xn+%).

In both cases, the inequality (104) ensures that (L, )nen and thus (F(x,) — F(2*))nen and
(n)nen decay exponentially. It follows in particular that the series ) v, converges. Moreover,
combining the second and the fourth lines of (81) in the differentiable case, we get:

t2—1
t<’yl+t )g = (14+9t)vpt1 — vn-

Since Y v, converges, the series Y g also converges. Noticing that A(z,+1 — x,) = tv, — t?g,

we finally deduce the convergence of the sequence (z,)nen. Since X* is a closed convex set and

since d(z,, X*) tends to 0 when n — +o00, necessarily (z,)ncn converges to a minimizer of F.
In the non-differentiable case, the conclusions are the same since we similarly have:

’)/t2 7]. - 2~
t el K (1 + vt)vps1 — n, MTpi1 — xy) = tv, — 7§

and thus the convergence of the series Y g, and the convergence of (2, )nen to a minimizer of F.

Optimizing the constant tK. We now focus on optimizing the constant tK, where K is given
by (102). We can see that the two functions inside the minimum of the definition of K are
increasing functions of v. Hence the larger «, then the larger K.

Remembering the constraint v#2 < 1, i.e.: y < t%, the best choice is v = 1;,6 (with € — 07).
For this choice of v, we have:

thm@ <1lit>,(1e) (ng» (105)

Since t > (1 —€) (42 — €) is a decreasing function on R*. and goes to +oo when ¢ — 07, we
see that the best possible constant tK is thus £ (1 - ﬁ_t) Thus for a given € > 0, there exists
te > 0 such that:
€
tK:JI'j<1_ 1+t)'
Proof of Point 3(b). Assume now that F' satisfies a Lojasiewicz property with an exponent
0 € (3,1) i.e. that there exists 4 > 0 and € > 0 such that:

d(z, X*) < e = 2u(F(z) — F*)? <d(0,0F (z)). (106)

*

We eventually prove that the decay of the values F(x,) — F* is now polynomial both in the

differentiable and non-differentiable cases.

The differentiable case. To lighten the notations, let us rewrite the inequality (89) as:

Lott = Lo < = A1 g1 = A28 llonsa |- (107)
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where A; and A; are two positive constants. Using the Lojasiewicz property applied at z,, , 1
with g = %VF(LE”_,’_%)S

P F ()~ ) < gl
and the decrease inequality (88) that implies: F(zn11) — F* < F(z,,1) — F*, we get:

2

Lust = Lo < =Ai 5 (F(@ns1) = F@)? = Ao8 [Jogsa |77 (108)

In the first step of the proof we prove that ||v,11]| tends to 0. It follows that ||v,41|| is bounded.
Since 2 — 460 < 0 we can then find A3 > 0 such that for any n € N,

1 * 1 P 20 0
Lusr = L <~ (5(F i) = P + 5 (5) lownl ™). (109
Using the convexity of the function 2 +— x2% observe that:
1 o 1p S . 1 /p\20 0
(30F @i = ) + 5 (5) lownal?) < @)= P45 () lonial (110)

It follows that

Lpj1—Ln < ——5 (111)
We now apply Lemma 5 to the sequence (L, )nen to deduce that there exists K > 0 such that
for all n € N, F(z,) — F(2*) < L, < —£—. Moreover we have

n20-1

lval? < ———. (112)
pn29—1

If oA > 2, ie. if < 2, it follows that the sequence > n>1 vl is finite. Using the fact that

Tpy1 — Tp = to, —t2g (113)
and )
T4+t)t\\

g= (t <1 - (1+t))> (Un — (1 +t)vng1) (114)

we deduce that the sequence > -, [|#n11 — @y is finite and thus that the sequence (zn)nen
converges to a minimizer z* of F.

The non-differentiable case. In the non-differentiable case, the proof remains unchanged by
replacing one more time g by g. The only difference is the way to obtain the inequality (108).
Let us prove that the inequality (108) is still valid by replacing g by ¢ in the nonsmooth case.

First we apply the Lojasiewicz property at x,4+1 choosing Ag + V f(zp4+1) — Vf(xn+%) as a
subgradient of F' at x,41: for n large enough, we have:

2u(F(xni1) = F*)° < NG+ Vi (@ni1) = V(@,00)]-
Using now the inequality (85): [[Ag + V f(#n+1) = Vf(2,, 1 1)[] < Allgll, we then obtain:

21

L (F(zni) - F@")’ <3l

as expected.

36



6.4.4 Technical result

To derive the polynomial rates stated in the point 3(b) of Theorems 6 and 8, we have used the
following technical result:

Lemma 5. Let (un)nen be a non negative sequence. Assume that there exist 6 > % and a >0
such that:

Vn €N, uni1 + aul ) < up,. (115)
Then it exists K > 0 such that
K
Vn>1, u, < —. (116)
n29—1
Proof. Let us define w,, := . — 1 ) (n+ 1)2‘%1. This sequence converges to ﬁ
n20—1 (n41)20-1

and it is thus bounded i.e. it exists A > 0 such that for all n € N, w,, < A and we can observe
that

1 A 1
<

wp, K A= —— < 5+ ——.
n20-1 (n+1)m (n_|_1)29—1

(117)

Let us define f(x) = 2 + ax?®. This function is non decreasing on (0, +oc0). Moreover for any

K > 0 we have:
Py (S D (R S i (118)
(n+ 1)1 (m+1)7 71 (n+1)%1 )

It turns out that for K > (2) " we get using (117):

20—1
‘K; <K : Tt 4 20 S K ! — + oK 20 =f #
n2e-1 (n+1)ﬁ (n+1)m (n_|_ 1)m (n+ 1)2971 (n+ 1)2971

(119)
It follows that if u, < —5— we get using (115):
n20-1
K K
flupt1) Sup < —— < f ( ; ) . (120)
n26-1 (n + 1)ﬁ
since f is non increasing it follows that w,+; < —&——.
(n+1) 20—1
a1

Choosing K = max (ul, (g) 20—t ), we conclude by induction on n. O

6.5 Proof of Theorem 7

The proof of Theorem 7 is based on a Lyapunov analysis inspired by the one proposed for the
ODE. To study the ODE we used to following Lyapunov energy:

E(t) = F(z(t)) = F* + %II)\(w(t) — ") +a(t)* + gllw(t) —a*||? (121)

with
A=, a=8yp=pX, {=(1-Pp=(1-pB)N\ (122)

where =2 — ? Moreover, we have

6= (2-V2)yu=26-1\ (123)
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Let us recall the discrete scheme we consider:

anr% = Ty + SU,
Vpii = (1+as)_1(vn—sVF(xn+%)) 194
Tpt1 = T, 1 —8*VF(x,,1) (124)
ntl nt3 n+s3
Ung1 = Vpp1+(1+ As)*l)\SQVF(anF%)
To simplify the writing of the proof, we introduce the following reduced notations:
. 1
t=2Xs, u=Azp,1—2"), v=v,,1 andg:XVF(xn+%). (125)
With these reduced notations, the scheme may be rewritten as:
)\xn+% = Az, + tu,
ATpt1 = )\xn+% —t?g
Unp1 = v+ (1+t)" 3.
Remember that the value of v, is actually chosen such that
M@ —2*) + (L4 van|* = [lu+ (1 +t)o]*. (127)

To study the properties of the scheme (124), we define the sequence L,:
* 1 * 2 )‘2 * (|2
Ly i= Lln vn) i= Flan) = F* + 3|A(n = 27) + (L4 A)on2 = (8 = 1) lam — 27

which can be seen as particular discretization of the energy £. Let us first compute L, 1 and
L,, using the reduced notations:

| 6—1
LnJr% = L(xn+%,vn+%) = F(mn+%) —F" + §||’LL+ (1 +t)v||2 — THUH2 (128)
and L,, can be written in the following way as:
_ ey L _ 2_f—1 _ 2
Ly = Flzn) = F" + gllut Man = 2 1) + (L4 )oa| 5w+ Aan =2 1)l
1 -1
= Flaw) = P4 g b vl = 25— P
Now, noticing that:
—(B-1)N° R —(B—1)A? .
S =2 = T s — gy 7y — 2P
B-1 (8- 1t
= Pl = E 2l + (8 - D, g)

the energy L,y can be expressed as a variation of L, 1

4
Loi = Loy + F(ons) = F@apy) = (8= D5 Igl? + (8- DF(wg).  (129)
To prove Theorem 1 we demonstrated that the Lyapunov Energy defined by (121) satisfies
E't)+6E(t) < 0. (130)

To prove Theorem 7 we will use the following Lemma whose proof is left to Subsection 6.5.1:
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Lemma 6. There exist t; > 0 and K3 > 0 such that for any t € [0,t;], it holds:
g 2
VTLGN, 1+Xt7t Kg Ln+1 7Ln g() (131)
Moreover, we then have for any t € [0,t1],
0 5\
vYneN, L, < 1+Xt_K3t L. (132)

To get the control on the values F(z,) — F™* from the control on the energy L,, provided by
Lemma 6, note that:

1 A2
Ly = Flzn) = F* + glIA(@n —2%) + (1 + As)on||* = (B — D5 llzn = z*|?

> Flea) = F* = (5= )5 |le, — | (133)

since A = /. Observe now that assuming the uniqueness of the minimizer z* of I, Theorem 6
ensures that the sequence of iterates (x,)nen converges to z*. Thus using the quadratic growth
condition Qﬁ satisfied by F, there exists N € N such that:

Vn > N, guxn — "2 < Flan) — F™.

Combining this last inequality with (133), we finally get: (2 — 8) (F(z,) — F*) < L, for any
n > N, and thus the expected control on F(z,) — F*.

6.5.1 Proof of Lemma 6

Sketch of proof: The proof of Lemma 6 is technical. This is the reason why we first give a
structure of it:

1. A key descent inequality (134) used previously by Siegel is proven.
2. We give an upper bound of Ln+% — L,.
3. From this bound and (134) we give an upper bound of L, 1 — L.

4. We deduce a bound on (1+t5/\) L, 11 — Ly, as a polynomial in ¢ whose coefficients depend
on u and v.

5. We conclude by bounding this polynomial by L, 1.

Proof of Lemma 6: Step 1. We first prove the inequality (134)

t2
F($n+1) - F(y) S )‘<gvxn+% - y> - 5”9”2 (134)

which is a key inequality used by Siegel in [41]. Since VF is L = S%— Lipschitz and g :=
§VF(xn+%) = t%(Z'ﬁrFl - $n+%) we get

t2
F(eni1) = Fz,,1) < —§||9||2. (135)
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Since F' is convex, for any y € R™ we have

Inequality (134) holds summing the two previous inequalities.
Step 2.

1 1 s pB-—1 2
Loy = In = Flanyy) = Fwn) + 3llut (14 00l = 5 llutvall® = Z= (Jul® = u - toa )
We use the identity (with the condition A — B = a + b):
1 1 1 1
SIAIZ = SIBIP = (0, B) + (6, 4) + 5 lal* — 3 bl (137)

with A=u+ (1+t)v, B=u+uv,, a=—tg, b=—(8 — 1)tv. We thus get with this identity:

2
~t{g,u-+on) = (8= De(o,ut (1+ )0} + gl
B (6 _ 1)2t2

2
~t{g, 00) — g, ) + o lgl1> = (8 = 1)e(o,u)

(6 -1t
2

1 1
Sl (40l = 5t o

ol

2+ (B +1)1)]v]?

Moreover observe that:

—1 —1 2
ol + 2 ol = (8 = Dt + - DS el (139)

Hence:

Logy Lo = Flongy) = Flan) = {tg,00) — tlg,0) + gl = (6 = i,
(51t 1

2 2

2+ B+ DB)lv]* = (8 = 1){vn, u) +

t]|vn 2.
Using the expression of v, = (1 4 St)v + tg , we get:

2
Lopy Lo = Flray) = Floa) = {tg,o0) + = lgl> — #g,u) — (8~ 1)(w,0)

(6 -1t
2

2
HB= DTN+ By + bl

2+ B+ Dt)[ol* = (8 — 1){(L + Bt)v + tg, u)

2 -1
= F(y) ~ Flan) — Gtg,o) + Sl = £+ (5 = 16) g, ) + 752682

—t(B —1) (24 Bt) (v,u) — Et (24 (B+ 1)t — (1 + Bt)?) ||lv])?

2
+(8 = 1)(1 + Bt)t*(v, g).
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Step 3. Using (129), we get:
Ln+1 - Ln = Ln+1 - LnJr% + LnJ’,% - Ln

2
= F(eat1) — Flan) — tg,on) + S gl — tg,u)
B—1

—t(8 = 1) (2+ ) (v,u) = ==t (2+ (B + Dt — (1 + 51)°) ||o?
+(B = 1)1+ Bt)t* (v, g) (139)
Then, we apply (134) with y =z, and tv, = Az, 1 — @) to get:
2
Flns2) — Flan) — tg,v) < — [l (140)
and (134) with y = * to get:
2
(9,4) > Flansn) = F* + gl (141)

Combining (139), (140) and (141) we deduce:
Lyr = Ln < —t(F(zp1) = F) = (8 = 1) (2+ Bt) (v, u) + (B = 1)(1 + Bt)t* (v, g)

e Bl 2 2
ol = 2R @ (8 1t 11+ 80?) o]
Step 4. Using the following expression of F(z,41) — F*:
§ 1 . — 1)\ §
F@p) = F" = Lot = 5lAM@n —a") + (1 + v | + < 2 ) 01 — 2|
1 B—1
= Lnp— 5”“ + (1 +t)o|* + T”u — %l
- L 1 1 2 B=1 4 2 2 _ o2
= L1 = Sllu+ @+ 00l + == (llgl® + lul® — 2% (u, 9))
2-8 (1+1)? (8-1)t*
= Lonp— 5l - ol + === llgll* = (1 + t){u, v) = (8 = 1)t*(u,g)
we eventually get, remembering that % = 2(8 —1) and thus 1 — % = 3 — 20, so that t =

206 -1t+ (3-20)t:

1)
1+ —~t|Ly,r1— L,
( +>\> +1

3
(3= 20)(F (1) — F*) = S lgll* = ¢(8 — 1) (2 + B) {v, )

IN

‘%t 2+ B+ 1)t —t(1+56)%) lv]|* + (8 = 1)1 + Bt)t* (v, g)
=Bty o (L+8)> 5
—2(5—1>t(— 5 lul® = =1l

gl - (04 00 = (3= 1))

3
~(3 = 20)0(F (1) = F*) = S lgll> = 4(8 = 1) (2 + B) {v, )
—%t (2+ B+ 1)t =1+ %) [lol* + (8 = (1 + B0)t*(v. )
(B = 122 = A)tllulP + (8 = D1+ 12l — (6 = 1

—2(8 — D)t(1 + t){u,v) +2(8 — 1)*t*(u, g)

IN
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So that:

(1+50) nr = Lo £ == 28)(F@nsr) = )+ (5 - D2 - B)tll?
HE =)@ A2 )+ L (4 B 208+ Dt 52) Jof?

3
+(B = 1)1+ )t (v, g) + 2(8 — 1)*t*(u, g) — %(1 +2(8 - 1)%)g]*.

Using the growth condition and remembering that \? = yu:

Flenr) = F@) 2 Slleas - all? = 55 llu = 2] = 2 Ju - | (142)
we get:
(14 50) Loer =20 = =252 gl 4 (5= D2 Bylul?
+(B = 1)(2 = B)t* (v, u) + %ﬁ (4= B+2(8+ 1)t + 5%2) |v]?
(8- 1)+ B v, 0) + 28— 1) — (1 +2(8 - 1) gl
< 2Pt gl + (5 )2~ Bt~ g

+(B = 1)(2 = B)E (v, u) + %ﬁ (4= B+2(8+ 1)t + 57 o]
3

+(B = 1)1+ Bt)t (v, g) + 2(8 — 1)t*(u, g) t2 (1+2(8 - 1)£*)llgl*.

We thus have:

(1 + it) Luoi— Lo < (B=1@-APwu)+ 212 (4= 8428+ 1)t + 52 [o]{143)

+(B = (1 + Bt)t* (v, 9) + 2(8 — 1)t*(u, g)

t?)
-5 1+2(8 - 1)) gl

We now use the inequality: ,
[(tg,v)| < % Hg\l2+%llvll2 (144)
so that: 3|(v, g)| < 3t |lg|* + L2 ||v||* and:
(1 + it) Loy1—L, < (B=1)(2-B3)t(v,u) + %F (5 B+ (38 +2)t + 5°2) ||v]?

3
2(8 ~ 1) u,g) — 5 (1= (5= 1)t — (235 + 67 gl

From the previous inequality, we therefore know that there exists two positive real numbers
K7 and K5 and two polynomials P; and P, such that

5
(1 + /\t) Lust = Lo < £ (Ki(u,0) + Po() [o]* + Kzt (u,g) + tPo(1) g (145)
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More precisely, we have:

Ki=B-1)2-8), Ka=2(8-1), Pi(t) = % (5— B+ (38+2)t+ B*?) (146)
and 1
Py(t) = —5(1— (B—1t—(2-38+p)t%). (147)

Step 5. This last step relies on the following technical lemma whose proof is straightforward:

Lemma 7. If A > i, we have:

Allz]® + (@,y) < 24(lz +ylI” + Iy)1*).

Applying Lemma 8 or 11 with x = /1 +tv and y = —2= and using the fact that for all

T+t
Py (¢ 1
t>0, Klél(Jzt) > 7 we deduce

2K Py (t
lu+ (1+t)]* + 2S00} llul?. (148)

Ki{u,v) + Py(t) [|Jv]|” < (1+1)

Defining Ps(t) := 21&5;“% we get for all ¢ > 0:

é
(14 50) Zusr = L < 2 (B0 ot (4001 4 Polo) [l + Katlu,g) + 2200 Lal”) (149)

Moreover

Py(t) Jull® + Kat(u,g) + tPa(t) lg|* = Pa(t) |ju—t2g||” + (2Ps(t) + K2) (u — 29, tg)
+ (tPy(t) — t*P3(t) + Kat?) |lg])®

1
(P3<t> + 512 P5(1) +K2) = ]”

N

t2
+ (tPg(t) — t4P3(t) + K2t2 + 5|2tP3(t) + K2|> ||g||2
where we have used the inequality (a,b) < 1|la|/* + 1|/

We can remark now that P»(0) < 0 which implies that it exists ¢; > 0 such that for any
te [07 tl]a

1 2
PAO) [l + Kt + 0o0) lo1* < (Pao) + 5120200 + Kol ) u— 29l (150)
We deduce that for all ¢ € [0, #],

) 1
(1 + /\t) Lps1— Ly, <t? <P3(t) Ju+ (1+ty|* + <P3(t) + 5 126Ps(t) + K2|> [|u— t29H2>
(151)
Using the growth condition we get

2
2-p

—1
lu— 2| < (F(an)F* _At y|ut2g||2). (152)

2
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We deduce that for all ¢ € [0, ¢],
)
(1 +5 ) mt1 — Ly <PK3L,44 (153)

with K3 = meX max (2P3( ), iﬁ (Ps(t) + 3[2tP5(t) + Kg\)) We can conclude that for any
te|0,t1

t €10,t1] and any n > 0,
5 —n
L, < <1 +t K3t2) L. (154)

6.6 Proof of Theorem 9

The proof is essentially similar to the one of Theorem 7. The careful reader may have remarked
that the only property of g that is used in the proof of Theorem 7 is the inequality (134) we
recall here

n t?
vy ER ) F($n+1) - F(y) < )‘<gaxn+% - y> - 5“9“2

It is used twice, once with y = x,, and once with y = z*. Actually, any vector g satisfying this
descent property will ensure the decay described in both theorems. It turns out that the vector
g defined in (52) satisfies this inequality under the hypothesis of the Theorem 9, see also [41,
Lemma 4.2]:

Lemma 8. If F = f + h is convex, if f is convex differentiable with L-Lipschitz gradient, if h
is convezx, proper and lower semicontinuous and s = % then for all (z,y) € R™ x R":

1 1
F(T2) = F(y) < —{o — Ta,2 — ) — 5| Tx — a]* (155)

Proof. Since Tz = prox sy, (x — s2°V f(z)), we have x — s>V f(z) — Tz € s?0h(Tx) that is for
any y € R™

z—Tz
W(Tz) — hly) < (5 = VI (@), Tz — ) (156)
Since Vf is ——L1pbch1tz
1
F(T2) = f(@) V(). T =) + 55| Tw — a] (157)
Since f is convex, for all y € R"”
1@) = 1) <V (@), — ). (158)
Adding the three last inequalities we get:
1 1
F(Tz) - F(y) < S—2<I—Tx,Tx—y>+@\|Tx—zH2. (159)
Using Te —y=Tx —x+x —y we get
1 2
F(T2) = F(y) < o = Ta,z —y) — 5 5|1 Te — 2. (160)
O
Applying this Lemma to x = Tyl we have Tx = x,41 and using g : %(m — Tx) we get
exactly the inequality needed to complete the proof of Theorem 9:
~ -
¥y €R", F(an1) = F(y) < Mg 2y — ) — 5119017 (161)
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