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Abstract

We study convergence of the trajectories of the Heavy Ball dynamical system, with constant
damping coefficient, in the framework of convex and non-convex smooth optimization. By
using the Polyak-Lojasiewicz condition, we derive new linear convergence rates for the
associated trajectory, in terms of objective function values, without assuming uniqueness of
the minimizer.
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1 Introduction

Let H be a Hilbert space and F: H — R = IR be a differentiable function with L-Lipschitz
continuous gradient, such that the set of minimizers is nonempty. We are interested in the
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convergence properties for ¢ going to infinity of the solution-trajectory of the following
second-order dynamical system

X(@)+ax(@)+VFx(@) =0 )
x(0) = xp, x(0) =0
where o > 0. System (1) is called heavy ball system since it physically describes the motion
of a material point (ball) rolling over the graph of the function F and subject to a friction
proportional to the velocity (see [2, 10, 14]). The constant of proportionality o > 0 is called
damping parameter [3, 14, 39]. In general, systems like (1) play an important role in various
fields such as mechanics and physics, and in optimization (see for example [8, 12, 19, 25,
26, 42] and references therein).
Indeed the dynamical system (1) has been widely studied in the optimization literature,
due to the fact that under suitable assumptions on the function F, the solution-trajectory
satisfies the minimization property:

F(x(r)) — min F 2% .

This approach has been especially fruitful to study convergence properties of discrete accel-
erated first order algorithms [4, 6, 12]. As it is shown in [39], for strongly convex functions,
system (1) leads to some linear rates of convergence for F(x(#)) — min F, which can be
faster, depending on the strong convexity parameter, than those associated to the trajectory
of the first order gradient flow system x(¢t) + VF(x(t)) = 0 (see [38]). The purpose of
this paper is to establish new convergence properties for the solutions of system (1). To
the best of our knowledge, there are no results concerning the explicit convergence rates of
the trajectories generated by the Heavy ball system (1), for objective functions satisfying
the Polyak—L.ojasiewicz condition without convexity or uniqueness of the minimizer. In this
paper we are addressing this issue and establish worst-case linear convergence rates for the
objective function F(x(¢)) — min F. In addition we extend some of these rates in the case
of a convex, but not necessarily differentiable. function F. Polyak—Lojasiewicz condition is
a relaxation of strong convexity, and has proven to be especially useful in obtaining linear
convergence rates for several dynamical systems usually employed in optimization (see for
example [21, 23, 31, 38]), as also for training deep neural networks (see for example [1, 43]).
Systems as (1) are closely linked with optimization algorithms, such as the heavy-ball
algorithm, which are frequently used in various settings in optimization, machine learning
and inverse problems. In many cases, the convergence properties of the continuous systems
are inherited by their associated numerical schemes, i.e. algorithms. The last observation
makes the study of continuous-in-time systems as (1) very popular, since they can provide
powerful insights and tools for the analysis of inertial first order methods [4, 6, 12, 13, 42].

1.1 Previous work

The seminal paper by Polyak [39] shows that, if F'is u stronly convex and twice differentiable,
the generated trajectory converges linearly to the unique minimizer of F as e 2v* . For
w < 1, this convergence rate is faster than the one obtained of the gradient flow, that is e =2,
see e.g. [37-39]. Further studies of system (1) were also made in [2, 10, 14, 30], where
convergence properties of the trajectory of solutions of (1) were established in more general
settings: F' convex [2], non-convex [14] or non-differentiable [10].

Another interesting fact which was motivated and pointed out in [14] is that, in contrast
with the Gradient flow, the heavy-ball (1), is a second order (in time) system which is not a
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descent scheme. This allows the trajectory generated by (1) to escape possible local minima
of non-convex functions, by tuning properly the initial velocity x(0) (see for example the
corresponding discussion in [14]). In general, systems like (1) with other choices of damping
parameter became very popular and constitute an active area of research thanks to their nice
convergence properties (among the rich literature, one can consult [5, 11-13, 15, 26, 42] and
their possible references).

Recently, the research directions for system (1) have focused on studying the case where
the objective function F satisfies weaker geometrical assumptions in order to tackle the
minimization problem of a wider family of functions. In this context in [16, 41], it was
discovered that one can relax the strong convexity property and the Lipschitz character of the
gradient of F and still obtain some linear convergence rates for the associated trajectory of
(1). For quasi-strongly convex functions (see relation (qSC) in Sect. 2), admitting a unique
minimizer, it was shown that the quantity F(x(¢#)) — minF converges as e~ 21t where uis
the quasi-strong convexity parameter and o = 34//2, see Theorem 1 in [16]. This result was
recently extended in [17], where the authors derive some linear convergence rates for convex
functions admitting a unique minimizer and satisfying the Quadratic growth condition (see
(QQ) in Sect. 2), which is equivalent to the Polyak—F.ojasiewicz condition.

As for the non-convex setting (i.e. the minimizing function F is not necessarily convex),
less is known about the convergence properties of system (1). In particular, in [19] (see
also [7, 11, 37]), the authors show that for continuously differentiable functions satisfying
the Kurdyka-tL.ojasiewicz condition (which is a generalization of the Polyak—t.ojasiewicz
condition), the solution of system (1) converges linearly to a minimizer of the corresponding
function. However their analysis does not provide explicit formulas for the exponents of these
linear rates, which is the main subject of the current paper.

1.2 Organization

The paper is organized as follows: In Sect. 2 we recall some basic definitions and tools
concerning the main geometrical assumption on the minimizing function F. In Sect. 3 we
present the main results of the paper concerning the convergence rates of F'(x(¢)) — min F.
In Theorem 1, we treat the non convex case, while some slight improved rates are given in
Theorem 2 where the minimizing function is additionally supposed to be convex. In Sect. 4,
we extend some of the results in the convex non-smooth setting. Some numerical experiments
are reported in Sect. 5. Section 6 contains the related convergence analysis and the proofs of
the two main theorems. Finally, Appendix 1 contains some basic auxiliary results.

2 Preliminaries

In this section we present some basic definitions and results which will be used in the rest of
the paper.

Let H be a Hilbert space endowed with the scalar product (-, -) and the associated norm
II-]l. We consider the following minimization problem:

Fy = min{F(x) : x € H} 2)

where H is a Hilbert space and F : H — IR is a function that satisfies the following
assumptions:

A.1 F is differentiable with L-Lipschitz gradient
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A.2 The set of minimizers X, = argminF is not empty.

More precisely we are interested in the convergence properties of a solution-trajectory
{x(t)};>0 of the dynamical system (1), to a minimizing solution of (2)

Under conditions 4.1 and .A.2, the existence and uniqueness of a strong global solution
x(t) € C2(H) of the initial value problem (1) can be guaranteed by the Cauchy-Lipschitz
theorem, see [14, Theorem 11].

Throughout the paper, We will assume that the function F' satisfies the Polyak—Lojasiewicz
condition.

Definition 1 Let F': H — IR be adifferentiable function with arg minF # (. We say that the
function F satisfies the Polyak—t.ojasiewicz condition, if there exists some constant i > 0,
such that the following inequality holds:

(VxeH) F(x)—Fi=< i IVF )l (PL)

Condition (PL) was introduced in the early works in [34] (see also [38]) and can be
identified as a particular case of the Lojasiewicz (or Kurdyka—t.ojasiewicz) gradient inequal-
ity (see for example [21-23, 32, 34]). The main difference between our definition and the
classical one (see [21, 22, 32]), is the fact that inequality (PL) is usually required to hold
locally, namely for all points in a neighborhood of a given critical point and in a suitable
sublevel set, see [21-23] for a throughout analysis and extensions. In this global form, this
property has been introduced in [38] and is also known under the name Polyak—Lojasiewicz
inequality, see e.g. [38], or [31]. The global requirement, on the one hand restricts the class
of considered functions, but on the other hand allows to obtain global convergence results
with explicit constants. Indeed, either for classical dynamical systems or algorithms, condi-
tion (PL) is intimately connected with the linear convergence rates of the objective function
values both in the convex and non-convex setting, see e.g. [23, 27, 28, 31, 37-39, 44] and
their associated references. In what follows, we will make some remarks about functions
satisfying property (PL).

The Polyak—t.ojasiewicz condition (PL) is a relaxation of the strong convexity property
of a function, i.e.

>0 Yx,y) eH? : F(y) = F(x)+(VF(x),y —x) + % Ilx—yI*> 3

Indeed, from the definition of strong convexity, by considering the minimum with respect
to y € H on both sides, one deduces the the(PL) condition.

Remark 1 1In this remark we collect some basic observations about the Polyak—Ft.ojasiewicz
condition in Definition 1:

— Condition (PL) implies that every critical point of F is a global minimizer.

— Differently from the notion of strong convexity, condition (PL) does not imply uniqueness
of the minimizer, even in the convex case. For instance, in IR, consider the function
Fx) =] Ix| — 112 = (max{|x| — 1,0})".

— Condition (PL) does not imply that the function is convex, see Example 1 and Figure 1.

Example 1 Let f: RY — IR be a differentiable function and consider F: R?*! — R by
setting

Y(x,y) e R Flx,y) = (v — f(x)> 4
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Fig.1 Graph of the function

—sinx)2 .
F(x,y)=%w1tha v
non-convex set of minimizers F(x,y) = (_v—sziux)"
Xy ={(x,y) e R?: y = sinx}

X

Then the set of minimizers of F is the graph f, and this set is not convex unless f is affine,
thus F is not necessarily convex unless f is affine. On the other hand, condition (PL) is
satisfied with = 2. Examples of functions in the class described by relation (4) are relevant
for deep learning applications, see e.g. [33].

Condition (PL) is also closely connected with other geometrical notions, frequently used
in the optimization literature to establish linear convergence rates for approximation methods,
such as the error-bound condition or metric subregularity of the gradient at the origin, i.e.:

In>0 : ndist(x, X,) < [[VF(x)]| Vx e H (€B)
or the quadratic growth condition, i.e.:
0
>0 Sdistx, X)?<F(x)—F, VYxeH (QG)
where dist(x, C) = inf{||x — y|| : y € C} denotes the distance of a point x € H from a

set C C H.

Another notion which has also been used to establish linear convergence of first order
methods is the notion of quasi-strong convexity, which was introduced in [35] as a relaxation
of the strong convexity property of a function. It has also been used to study the asymptotic
properties of the trajectories of system (1) in the recent work [16].

A differentiable function F: H — IR is called B-quasi-strongly convex, if there exists
some constant ;« > 0 such that for all x € H and for all projections x of x on X,, it holds:

F(x) = F(x) +(VF(x),x —x) + g lx — X% (950)

Notice however that a projection x of x on X, may not exist when H is infinitely dimensional,
e.g.if X, is not a Chebyshev set. Unless there are no additional assumptions such as convexity
or weakly closeness of X, or finite dimensionality of the space H, relation (qSC) may have
an empty meaning. In what follows, whenever employing relation (qSC), we will refer to
functions F such that the projection of a point onto X, is nonempty. Note however that,
given x € H, there may be more than one projection of x on X, . Unlike strong convexity
of a function, it is worth mentioning that the quasi-strong convexity does not imply neither
convexity nor uniqueness of a minimizer.

Below we present some known results about the interplay between conditions (PL),
(EB), (QG) and (qSC) in different settings. In the convex setting, conditions (PL), (£8) and
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(QQ) are all equivalent, while quasi-strong convexity is stronger than the Polyak—t.ojasiewicz
condition (PL). In particular, it can be shown that the class of quasi-strongly convex functions
is a subclass of functions satisfying condition (PL).

Proposition 1 Let F: H — R be a continuously differentiable function with arg minF # .
Then the following implications hold true:

(qS0) = (PL) = (Q09) (5)
with = u = B.

1. If F has L-Lipschitz gradient, then:

(EB) = (PL) (©)
2
with = .
2. If F is convex, then:
(Q9) = (€B) = (PL) @)

withr):%andu:%.

3. If F is convex with L-Lipschitz gradient, then:
(PL) = (¢SC) 8)
with p = 1
Proposition 1 collects some already known results.

Proof For the proof of the first implication in (5), we observe that by using the Cauchy—
Schwarz inequality for the scalar product in the quasi-strong convexity condition (qSC) and
then the Young’s inequality for the product, for any x € H and a projection X of x onto X,
and any ¢ > 0, we have:

F@) ~ F@) = (VF@),x— 8 — £ - 312
< IVF@I =2l = £ e - a2 ©)

“;ﬂﬁm—ﬂﬂ

1 2
< 5 IVF@IP +
&

which, by choosing ¢ = 8, is the (PL) condition.

The second implication of (5) can be found on [23, Theorem 27] and [44, Theorem 1].

The implication (6) can be found in [31, Theorem 2], and the ones in (7), in [44, Theorem
1] or in [28, Proposition 3.3] (see also [22, 23, 31]).

Finally the last implication in (8) can be found in [16, Lemma 2] and we give here a brief
proof for sake of completeness.

Indeed, since F is convex with L-Lipschitz gradient satisfying condition (PL), then by
the Baillon-Haddad Theorem (see (87) in Lemma 6 in Appendix 1) we have:

1
F) = Fyo < (VF().x = %) = 52 IVFOI? £ (VE().x = ) = T (F() = F)
(10)
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_1-[’ —€ € Y
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G(x)

7

Fig.2 Insolid line, the graph of the function F (x) as defined in (12) for some ¢ > 0. In dashed line the function
G(x) = (F'(x),x — X) — F(x). One can observe that there exists some neighborhood (—r, r), outside of
which G(x) < 0. This implies that it cannot exist any x > 0 such that G(x) — %Ix — )E|2 > 0 outside of
(—r, r), which implies that the function is not quasi-strongly convex

Since (PL) implies (QG) with 6=y, by using (QG) in (10), we find:

2
F(X)—F*S(VF(X),x—f)—%le—illz. 1

2
which shows that F is 4--quasi strongly convex. O

Remark 2 Notice that for non-convex functions the inverse implication of (8) in Proposition
(1) does not hold true in general. Motivated by an example given in [31], for any ¢ > 0, one
can consider the following non-convex function:

(x +e)2+3sin’(x +¢&) if x < —¢
Fx)=10 if —e<x<e (12)
(x—e)2+3sin2(x —e) if x>¢

The function F is continuously differentiable with L-Lipschitz gradient with L < 14, satisfies
(PL) with some constant u = 3—12 However this function is not (globally) quasi-strongly
convex (see also Figure 2).

3 Main results

In this section we present the main results about convergence of the trajectories of the dynam-
ical system (1), both in the nonconvex and convex case. In Theorems 1 and 2 we provide
some upper bounds for the decay of the trajectory of (1), in terms of objective function values,
for a specific choice of the damping parameter «. This choice of « is "optimal" in the sense
that it is the one that ensures the fastest decay rate of the trajectory, according to the upper
bounds found in the convergence analysis (see Theorems 4 and 5 in Section 6).

Theorem 1 Let F: H — R be a differentiable function with L-Lipschitz gradient. Assume
that argminF # () and F also satisfies (PL) with i > 0 and denote F, = min F and
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K = ﬁ If(x (t))t>0 is the solution-trajectory of the dynamical system (1), then for all ¢ > 0,
the following bounds hold true:

- IfKS%andcx:%(S—i—«&—SK)—%,then

F(x(1)) — Fy < (F(x(0)) — Fy) (W) e~ (Wan=e) (13)
- Ifk > % and o = (2/k — /x — 1)/, then
F) = F < (FO) — oy T LOVE =TV (st 1)

8k —9
The next Theorem shows that for convex functions, one can obtain slightly better results.
Theorem2 Let F: H — R be a convex differentiable function with L-Lipschitz gradient.
Assume that argminF # () and F also satisfies (PL) with u > 0 and denote F, = min F

and k = ﬁ If (x (t))t>0 is the solution-trajectory of the dynamical system (1), then for all
& > 0, the following bounds hold true:

- Ifk=1¢e>0anda =2,/;t — ¢, then

IVF (@) < 2(Fx(0)) - F*)<1 N ?)e—z( e s
and
FG() - Fy < (F(X(OL)_F)O " §>672(ﬁ78)t o

— Ifk > 1, and 0 = 2/k — ~/x — 1)/, then
IVF@@)I? < 2(F(x(0) - F*)<1 +,/K"j)e*2(ﬁ*m)ﬁf (17)

and

F(x(0)) — F,
Py — F, < FEO) — F) (1 L [\ EEvE )
"w Kk—1
Before presenting the convergence analysis and the corresponding proofs, let us make
some comments related to Theorems 1 and 2.

Remark 3 (Localization on the sub-level sets) While Theorem 1 refers to functions satisfying
the Polyak—Lt.ojasiewicz condition globally (see Definition 1), the results of the aforemen-
tioned theorem still hold true for any function F that satisfies (PL) on the sublevel set
2 ={xeH : F(x) < F(x(0))}, which is invariant with respect to the system (1) (i.e.
x(t) € 2,Vt > 0).

Indeed by considering the total energy of system (1), U(t) = F(x(¢)) + % ||)'c(t)||2, we
find:

Ut) = (VF(x(1) + 5(0), #()) L —a £ (1) (19)

which shows that U (¢) is non-increasing. By using the non-increasing property of U we
deduce that F (x(t)) < F(x(0)), forall# > 0 and therefore the trajectory {x(¢)},>0 generated
by (1) remains in the sublevel set £2, where F satisfies (PL) and the decay rates found in
Theorem 1 remain valid.
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Remark 4 In both Theorems 1 and 2, one can observe that, the associated worst-case linear
convergence rates are affected by the magnitude of the condition number x = £ > 1
(equivalently the magnitude of the difference L — p > 0). In particular, while in the case
k = 1 (i.e. u = L) the rate in (14) is worst-case optimal (see ngxt Remark 5), in the case

k > 1, the exponents in (14) and (18) can become small, if x = n>> 1.

Remark 5 (Optimality of rates in the case u = L for convex functions) As remarked in [29],
if H=Rand F(x) = % lx|? (quadratic function in one-dimensional case), the system (1)
reduces to a linear ODE with constant coefficients whose solution x(¢) has an explicit form.

In that case it can be shown that for all &€ > 0:
—min{0, y/a? — 4
Fx(t)) — Fy < Cot~C@=91  ith s (o) = & min{ Zm}

(20)

and sup{r(a) : a > 0)} = 2,/u. This shows that the estimate (16), in the case u© = L
of Theorem 2, recovers the -worst case- optimal decay rate in the class of convex functions
satisfying condition (PL).

Remark 6 (Comparison with Gradient flow and the works [16, 17]) The first-order in time
Gradient flow system, i.e. X(¢) + VF(x(¢)) = 0, provides linear convergence rates for
the objective function values with a corresponding convergence factor equal to 2u (see
e.g. [37-39]) both in convex and non-convex setting. By comparing the convergence factor
2(/Kk — K — 1)/t found in (14) and (18) of Theorems 1 and 2 (respectively), we have:

max {2(Vk — Vi — 1)/m, 2}

2k =Ve=Dyr if2VL-1=<p<1 1)
B if (w<2VL—1or(u=>1)

describing the regimes for parameters  and L, for which the worst-case decay rate of each
method is faster than the other.

It is also worth mentioning that the Lipschitz character of the gradient is not necessary
to deduce the linear rates for the Gradient flow, in contrast to our setting. Nevertheless,
Theorem 1 is the first result that states explicit rates in the non-convex setting for the Heavy
ball dynamical system.

Concerning the convex setting, similar results are obtained in [17], where the authors
study the system (1) for convex differentiable functions, with a unique minimizer, satisfying
the Quadratic growth condition (QG) with & > 0 (recall here that in the convex setting the
Quadratic growth condition (QG) is equivalent to the Polyak—t.ojasiewicz condition (PL)
with the same constant (¢« = u), see (5) in Proposition 1 of Section 2). In particular, for
the aforementioned class of functions, they provide linear decay rates for the objective error
F(x(t)) — min F, with a worst-case optimal convergence factor of (2 — V2) /1, achieved

fora = 2 — %)\/ﬁ (see Theorem and Corollary 1 in [17]). Comparing these rates with
those found in Theorem 2, one has the following:

max {2(v& — vk — DIz, 2 — v2) /1t

2K — V= DJE if K <k = 12402 (22)
Q-2 i if i > i, = 124642
From equation (22) one can see thatif k < «, the rate in Theorem 2 is faster, while in the case

k > ks, the rate obtained in [17] is better and is proven by exploiting a different Lyapunov
function, relying though on the uniqueness of the minimizer of the function.
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In the same spirit, in [16] the authors prove similar linear convergence rates, in terms
of objective function values, for convex and -quasi-strongly convex functions admitting a
unique minimizer. Theorem 1 in [16] states that the best rate for the objective value function
is exp (—+/2pt). Since condition (PL) with > 0 for convex functions with L-Lipschitz

2
gradient implies quasi-strong convexity with parameter 8 = — (see (8) in Proposition 1),

we have /28 = 27” As done before, a straightforward comparison of the two factors

2 .
2(yik = ¥k = 1)/w and |/ =&, shows that:

max {2(vk — vk — DJR, 27“}
UK == DJE i ke <= 152 (23)

S if k> i, = 152

Theorem 2 in [16]) states improved rated when F has Lipschitz gradient. They are given via

the formula exp (—2( 1+ QM)t) for o < 3,/%. However, the optimal rate with
3 39L43pu—2a27" " - 2 ’
respect to « in the last formula cannot be explicitly computed. A straightforward comparison

with our results is therefore difficult to establish.

4 Non-smooth setting

In this section we extend some of the previous results to the case of a convex, proper and
lower semi-continuous function F : H — R = R U {400}, with X, = argminF # #. In
this context, we make use of the Moreau envelope and the proximal operator of F defined
(respectively) for any A > 0, as follows (see e.g. [18, Definitions 12.20 and 12.23]):

1
Vx eH) Fi(x)= ryrég {F(y) + o5 Iy - x||2} 24)
1
prox, (x) = argmin {F(y) +—ly- x||2} (25)
yeH 2\

One of the major advantage of the Moreau envelope F) is that is a convex, continuously
differentiable function with %-Lipschitz gradient (see e.g. [18, Proposition 12.29]). Thus
considering he Heavy ball system (1) for F) is still possible even if F is not smooth or
differentiable.

Formally, we state all the useful properties regarding F; and prox, r, that are used in this
work in Lemma 1. For further details and proofs about the Moreau envelope and the proximal
operator we address the interested reader to [40] and [18].

Lemmal Let F : H — R be a convex, proper and lower semi-continuous function with
argminF # (. Let . > 0 and F,_ and prox; g the Moreau envelope and proximal operator
of F (respectively). The following assertions hold true for all x € 'H.
1. minF(x) = minF, (x) and argmin F(x) = arg min F (x).

xeH xeH xeH xeH

2

2. Fy(x) = F(prox, p(x)) + o |x — prox, p(x) |~ < F(x).
3. % (x —prox)\F(x)) € dF (x).
4. F, is differentiable with %—Lipschitz gradient and V F (x) = % (x — prox/\F(x)).
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Notice that in this setting the (PL) condition on F' can be generalized as follows (see e.g.
[23, Paragraph 2.3]):

F(x)— F, < zi dist(0, 9 F (x))? (ns-PL)
"

where 0 F is the subdifferential of F and dist(x, C) = inf{||x — y|| : y € C} denotes the
distance of a point x € H from a set C C H.. It is also worth mentioning that condition
(ns-PL) and the growth condition (QG) are still equivalent in this setting (F convex) with
same relations between the two parameters as the ones described in (5) and (7) of Proposition
1 (see e.g. [23, Theorem 27] and [44, Theorem 1]).

Proposition2 Let A > 0, F : H — R be a convex, proper and lower semi-continuous
function and F)_its Moreau envelope. Then the following assertions hold true:

1. If F satisfies (ns-PL) with parameter u, then F)_satisfies (PL) with parameter M +1
2. If Fy, satisfies (PL) with parameter |, then F satisfies (ns-PL) with parameter . 4

Proof 1. By using properties 1. and 2. in Lemma 1), we have:

1
F) (x) —min F) = F(prox, p(x)) + ” !x — prox“,-(x) H2 — F,
(26)
< idlst(o 3 F (prox; z(x)))? + 55 Hx — prox; 7 (x)|°

where in the last inequality we used the fact that F satisfies condition (ns-PL).
Since 7(x — prox,; y(x)) € 9F(prox, r(x)) by property 3. in Lemma 1, from (26), we
obtain:

F)(x) —min F; < —dlst(O 3 F (prox, p(x)))? + ! Hx prox; r(x) H2

2
+ — ||x — proxlF(x)H

w H T (x — prox; z(x))

1 A 1
= <ﬂ + E) H)\ (x — prox)\F(x))

_ 1+
-

, @7

IV E ()12

which allows to conclude that F; satisfies (PL) with parameter T +1
2. From (5) of Proposition 1 F;_ satisfies (QG) with parameter u, thus, by using properties
1. and 2. in Lemma 1 we obtain:

% dist(x, arg rninF,\)2 < F(x) —min F) = F(x) —min F 28)
< F(x) —min F

From (28), it follows that F satisfies (QG), with parameter u, therefore F satisfies (ns-PL)
with parameter % (see e.g. [44, Theorem 1]). m]

Theorem 3 Let F: H — R be a convex, proper and lower semi-continuous function with
arg minF # () satisfying (PL) with i > 0. Let also . > 0 and F_and prox; g be the Moreau
envelope and the proximal operator of F (respectively) and x, (t) the trajectory generated by
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. . _ 2utl4/Aptl
the Heavy ball system (1) with F), witha = TrOrt i)’ Then the following bounds

hold true:
1 ok,
F(prox, p(x; (1)) — Fyx < (F)\(x(())) — F*) (k + —) <1 + VA + l)e (S EN =]
m

(29)
If in addition F is M-Lipschitz, then:

F(x;(1)) — Fy < 2max {\/EM)L,

uvh
:0(6 ;LAH%/W)

/N N
C()»,IU IR eV }C(A we Mﬂ'wm
"

(30)

where C (1, 1) = /(ka(o» — F) (1 + A+ 1)

Proof of Theorem 3 On the one hand, from property 2. in Lemma 1 we have F (prox; » (x,.(7)))
—Fy, < F(x3(t)) —min F;\ On the other hand, from Proposition 2, it follows that F), satisfies
(PL) with parameter 5 T +1 and since it is convex with f-Llpschltz gradient, we can directly
apply Theorem 2 and deduce (29) from (18).

If now we assume that F is M-Lipschitz, by the characterization of F; and prox; r (see
properties 1, 2 and 4 in Lemma 1), we have:

F6.(0) = Fa= (F(xi.(0) = F2)
= FC ) — F(prox, p (.00 — 5 |60 — prox (s 1)
< M [x(0) = prox; p (6 ()| = o= ||xm> —prox, r)[* (31

A
= MA|IVF (@)l = 5 ||VFA(xA<r)>||2

< MAVE(o.) - Tl (F.(xn (1) — Fo)

where in the second inequality we used the M -Lipschitz character of F and in the last one

that F) satisfies (ns-PL) with parameter
Thus from (31), it follows that

M,LJrl

Fxn(®) = Fe = MAIVE o O)l + 57— (F.n.(0) — Fo). (32)

Inequality (30), follows from the bounds (17) and (18) of Theorem 2 for ||V F) (x,(¢))| and
F, (x) (1)) — F, respectively. ]
5 Numerical experiments

In this section we present two synthetic examples to illustrate the results discussed in The-
orems 1 and 2, regarding the Heavy ball system (1). In particular we test the performance

of the trajectory generated by (1), in terms of objective function values F(x(t)) — F, with
different values for « and the first-order in time Gradient flow system. All the experiments
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Fig. 3 Comparison of the Heavy Ball scheme (1) with different values of o and the gradient flow scheme
in terms of objective function values, for minimizing the quadratic function F(x) = (Ax, x), x € RY. The
blue line corresponds to the gradient flow system, while the others to the HB system (1) with o« = oy =
Q2K — VK — 1) /i (magenta), @ = ax — 0.1 (red), @ = a4 + 0.1 (green) and o = 2,/ (light blue). In
each image a new matrix is chosen randomly with different conditional number x = ﬁ, starting from « = 10
(well-conditioned) to k = 200 (ill-conditioned).

were performed in the Matlab programming language, by using the ODE solver “ode45”
with absolute tolerance ~ 10~13.

Example 1 (Convex, u-(PL)) In the first example we consider a quadratic function of the
form F(x) = (Ax, x), whereA € R¥*? x € R? and d = 100. A is a random symmetric
matrix, with its smallest eigenvalue equal to 0 and some given smallest (and larger) positive
eigenvalue p (and L respectively). With these choices, F is a convex but not strongly convex
function with L-Lipschitz gradient and satisfies the (PL) condition with parameter p. We
fix L = 1 and make 3 different choices for u, corresponding to x = L —10,« =100
and k = 200. In this example we compare the performance of the Gradient flow and the
Heavy ball scheme (1) with 4 different choices for the damping parameter «. One is set equal
0 o = 24/k — Kk — 1)/ as Theorem 2 indicates, two are slight variations of o, i.e.
at = a4 ¢, with ¢ = 0.1 and the last on is chosen equal to 2,/u (see e.g. [30, 37, 39]).
The results are reported in Fig. 3. While the choice @ = 2,/ has better performance in
the well-conditioned case (x = 10), it takes more iterations to reach a smaller error than
the one for the choices ay (or o % €) in the ill conditioned cases (k = 100 or k = 200).
In addition, we observe that the case o = (2/k — vk — 1) /1 leads to less oscillatory
behavior for F(x(t)) — F, hinging a corresponding trajectory which overshoots less the set
of minimizers X,.

Example 2 (non-convex, u-(PL)) In the second example we consider the function F' : R? -
R, suchthat F(x, y) = % As discussed in the introduction (see Fig. 1), the function
F is not convex, but satisfies the (PL) condition with yu = }T. Its set of minimizers is the
whole curve X, = {(x,y) € R? : y = sin(x)}. It is also worth mentioning, that while
VF is not globally Lipschitz, it is L-Lipshitz on sub-level sets. Therefore the results stated
in Theorem 1 are applicable (see also Remark 3). In this case, in Fig. 4, we can observe that

the performance of Heavy ball in terms of the objective function values is similar both for
a =2 /mand a = 2y/k — v/k — 1)/it and better than the one of Gradient flow.

6 Convergence analysis

Throughout this section, we consider a function F : H — R satisfying assumptions 4.1
and A.2 and the Polyak—t.ojasiewicz condition (PL) and we denote F, = min F.
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log(F(xa) — F(x"))

SRRR

%

Qme R R
B0

L 1 1 | 1 1 1 | 1
500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Iterations

Fig.4 In the first row we illustrate the convergence of trajectories of Gradient flow and the Heavy ball scheme
with different starting points on the objective function landscape (left) and the 0-level-set (right). The solid blue,
solid magenta and dashed light blue represent the Gradient flow, Heavy ball with o = (2/k — v/k — 1) /it
and a = 2,/u respectively, with starting point set to (4.5, 4.5). The red and green line correspond to the
Heavy ball with o = (2{/k — +/k — 1)/t and starting points (— 1.75, 4.5) and (— 1, 4.5) respectively. All
the initial velocities are set to 0. In the last row the corresponding objective function values are illustrated for
each scheme

As mentioned before, the analysis that we follow in this Section in order to prove the main
results in Theorems 1 and 2, relies on Lyapunov techniques. The Lyapunov function V that
we will introduce shortly was also used in previous works to study linear convergence of the
trajectories of (1) or other similar systems, see for example [19, 24, 37].

Let x(¢) be a solution of (1) and for sake of simplicity, we use the following notation for
the objective error-function:

W) = F(x(1)) — Fs (33)
For some parameters a, § € IR we define the following Lyapunov function for any # > 0:
. 3.
Ve) =aW () + (VF(x), x(1) + 5 1 0)11*

5 (34)
—aW(t) + W) + 5 Il (1)1

which will play a central role in our analysis.
For systems like (1), it is possible to choose other standard energy-functionals (see for
example [5, 9, 16, 42]) which can be used to deduce interesting convergence properties for
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x (1), which however usually require uniqueness of the minimizer. Regarding this issue, it is
important to stress that the choice of V does not depend explicitly on any minimizer of the
objective function F. On the other hand, from the forthcoming analysis it transpires that the
Lipschitz character of the gradient cannot be avoided with this choice of energy-function.

In order to improve readability of the forthcoming analysis, we briefly sketch the salient
steps, which are divided in three paragraphs. In paragraph 6.1 we provide some basic estimates
for the energy V, as also for W. First, in Lemma 2 we show that under simple conditions on
the parameters @ and § and the damping parameter «, the Lyapunov function V decreases
linearly thanks to the hypothesis (PL). In Theorem 4 in paragraph 6.2 (see also Lemma 4)
we proceed by showing that the linear convergence of V implies the linear convergence of
the objective function W.

In the last part of paragraph 6.2 we give the full proof of Theorem 1, by finding the optimal
choices for the parameters a, § and the damping coefficient «, in order to have the fastest
decay rate according to the Lyapunov analysis.

Finally, in paragraph 6.3, a similar sequence of proofs is carried out under the additional
hypothesis of convexity of the objective function F.

6.1 Lyapunov estimates
We start by proving that the Lyapunov function V converges linearly to zero whenever
t — +00.

Lemma2 Let F : H — Rsatisfying A.1, A.2 and condition (PL). Let also V be the function
defined in (34) and let:

R:i=a—a+$. (35)

Then, for any a, § € Ry satisfying
R>0 (HR)
aR <2u (H1)

8

L—a8+§R§O (H2)

we have the following upper bound
V() < a(F(xo) = Fe ™ (36)

Proof By a direct computation of the derivative of V (1) we get
. . d
V(t) =aW() + <EVF(X(t)), X(t)> + (VE (1)), X(1)) 4 8(x (1), X(1)) (37)

Since VF is L-Lipschitz continuous and x(-) is continuous, it follows that VF(x(¢)) is
absolutely continuous (see Remark 1 in [24]) and for almost every ¢ > 0, it holds:

d
<EVF(x(t)), fc(t)> < L|x@®|? (3%)

Thus, from (37), we obtain:

V() <aW(t) + LIx@))1> + (VF(x@)), X)) + 8(x(1), ¥(t)) forae.t>0 (39)
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Next, by using the basic equation (1) for the solution x(7) and expressing X (t) = —ax (1) —
VF(x(t)) in (39), we find:

V(1) <aW () — (¢ +8)(VF(x(1), £(1)) — [VFx)I* + (L — a8) £ @)
forae.t >0
Since W () = (VF(x(1)), x(t)), we have:
V(t) < (a—a—8)WE) — [VE&)II* + (L — ad) Ii@)|* forae.t>0 (41)
and therefore, letting R = o« 4+ § — a as in Equation (35), we obtain
V(t) < —RW () — [VF(x()* + (L — ) [ (0)|*>  forae.t>0 (42)
By definition of V () (34), we have
WO = V@)~ aW) - 3 11 @3)

hence by injecting (43) into (42), we find:
. 8
V() < —RV(@t)4+aRW() — ||VF(x(z))||2 + <L —ad + 5R> ||)e(t)||2 forae.r >0
(44)
Since F satisfies condition (PL) (i.e. 2uW(t) < ||VF((t))||2), we obtain
. 8
V(i) < —RV(@)+ (@R —2n) W(t) + (L —ad+ §R> x> forae.r>0 (45)
Conditions (H1) and (H2) yield:
V(t) < —RV(t) forae.t>0 (46)
By direct integration we get
V() < V(0)e X forae.t>0 (47)

and since V is continuous, (47) holds true for all # > 0. Finally, the initial conditions
x(0) = xg and x(0) = 0 in (1) imply V (0) = a(F(x9) — Fy). o

The next Lemma provides some sufficient conditions that ensure the validity of assump-
tions of Lemma 2 (i.e. conditions (HR), (H1) and (H2)).

Lemma 3 Let § > 0 and consider the following conditions:

L 2L
ae|—,a_|U|ay, 6+ — (48)
1) 1)
where
_ ! 8+3Lj: 5+L ’ 4 (49
D) 5 5 H
and
2L
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Then the conditions (HR), (H1) and (H2) of Lemma 2 are satisfied, with

R=2 L 51
_ <a_§> 51)

Proof Leté > Oanda =48 + ZTL — « in the definition of V (34).

Since o < § + ZTL we have @ > 0. By definition of R in (35) anda = § + QTL — o, we
have R=a+8—a=2(x— %) and since o > %, it follows that R > 0 and condition
(HR) is satisfied. In addition since R = 2 (a — %) condition (H2) holds true as equality.

Finally since a = § + % —aand R =2 (a - %) condition (H1) is equivalent to:

5 3L L?
o —(8+T>a+28—2+L+,u20 (52)
The associated second order equation admits two real valued roots as defined in Eq. (49) for
every 8 > 0, therefore the inequality (52) holds true if and only if & € [0, «_] U [, +00).
Since the feasible set for o defined in Eq. (48) is contained in « € [0, ®_] U [or, +00), it
follows that condition (H1) is satisfied and concludes the proof of Lemma 3. O

The next Lemma shows how we can take advantage of the linear rates for V, stated in
Lemma 2, to deduce linear rates for the objective function values F(x(¢)) — F.

Lemma4 Let F : H — R satisfying A.1, A.2 and condition (PL) and V as defined in
Eq. (34). Assume that conditions (HR), (H1) and (H2) of Lemma 2 hold true. Then, for all
t > 0, we have:

F(x(t)) — F, < C(t)e™™ (53)

where m = min{a, R} and

a .
o < |(FEO) —F) (14 gtg) ra#R s
(F(x(0)) — Fy) (1 4+ar) ifa=R
Proof By Lemma 2 and Eq. (34) we immediately get
i RS0
W) < —aW() +aW(0)e ™ — 3 llx (@) (55
Neglecting the non-negative term % [|x () ||2, we obtain:
W(t) < —aW(t) +aW(0)e & (56)
Hence, by applying Lemma 5 (with s = 0), we have:
t
W(t) < W(0)e ™ + aW (0)e / @R g (57)
0

By computing the integral in the last inequality (57) and neglecting the non-positive terms
in the case a # R, we find:

W) < W) (e_‘” + e_R’) < W(0) (1 + >e_m’ (58)

la — R| la — R|
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with m = min{a, R}. On the other hand, if a = R, by computing the integral in (57), we
have:

W) < WO)(1 +at)e™™ (59)

which concludes the proof of Lemma 4. O

6.2 The non-convex setting

In the following Theorem we give a more explicit expression of the convergence rate of the
objective function F(x(t)) — F, depending on the damping parameter « and the auxiliary
variable 4.

Theorem 4 Let F : H — R satisfying A.1, A.2 and condition (PL) with i > 0 and denote
k=L Let§ > 0and (x(t)) (>0 be the solution-trajectory associated to the dynamical
system (1). Then for all t > 0 the following bound holds

F@() — Fy < (F@(0) - )<1+76+27 —“ ) —mt (60)
X — 'y < X e
|8 +4% — 30|

with m = min{8+2% —a,2(a — %)}, o € (%,a_] U [a+,8+ ZTL) where a4 = %(8-}—

%im)

In particular we have the following cases:

-m=2 (a - 7) in the following cases:
e (L 1(6+%) ifk<gandse(5-.84)
a] (61)

G
if (k<3ands e (0,5_)U(8+,+oo)) OR <;< > 2and§ > 0)

e \m\[\

-m=4+ 2% — o in the following cases:
e (3(E+0) a|Ufag.8+2) if k <3 ands e (5_,584)

a€fay, 8+ 2 ) (62)

if (K <gand$ e (0,8_)U(8+,+oo)> or (K > 2 and§ > 0)

where 8+ = 2‘% (31 £ /9 —8L).

Proof Let§ > 0, € (%, a_]U[oy, 8+ 25) and seta = § + 25 — « in the definition of

V (34), so that Lemmas 2, and 3 hold true with R = 2 (oc — %)

By using Lemma 4 it follows that for all # > 0, it holds:

F(x(1) — Fy < C(ne ™ (63)
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with m = min {a, R}, witha = 8§ + ZTL —oaand R = 2(a — %) In addition if we exclude
47L
the casea = R (i.e. ¢ = 8+33 ), Lemma 4, implies:

C(t) =1
Q) +|a—R|

By substituting @ = § +2% —a and R = 2 (« — £), we obtain

§+2k — o
|8 +4% — 30|

To make more explicit the rates of the convergence of the objective function we need to
study the value of m, as a function of « and §.
Recalling that o € (%, oc_] U [oc+, S+ %) where

LS s L+52 4
or == | — = -
SR B 5 H

we consider the following two cases:

“m=2-h)
This case is equivalent to the condition

6+2L 2 L
——a>2|a——
) )

1 8+4L
o< = —
3 8

First we note that we always have % (6 + %) < a. Indeed, by a direct computation

Do 2By < L(3E 5y L+52 4
3 5 )27 5 "
A L+52 4

35 =y s H

which is true for every L, u and §.

Therefore we have o € (%, min{o_, % (8 + %)}). We start ordering the values in the
minimum by studying the case % (8 + %) < o_ (note that we exclude the equality since
we assumed that o cannot take the value % (8 + 4TL)) which is equivalent to

Do 2B o138 4 L+32 4
1 ALy _1y3L o (L _
3 5 2\ s 5 H

L(ELs L+52 4
(L - _
35 5 "

which can be rewritten as
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By taking the square we obtain
L 29
—+48) <=zun (64)

or equivalently

3

which is satisfied if k¥ = 5 < gand§ € (5_,8,), where

8y = 2[(3fi,/9u—8 )

Analogously, we find that % (8 + %L) > a_ can be reduced to

3
52—ﬁﬁa+L>o

which holds true if k = £ < § and § € (0,8-) U (8, +00) orifx > g and § > 0.

-m=04+ 2% -«
This case can be studied analogously to the previous one by noticing that this value of m

is achieved whenever
542 L 2 L
— —a > o— —
) )

1 54 4L
o> = —
3 8
together with o € (L o_

5 ] U [y, 8 + %). The statement follows from the relation
between % (8 + %) and o+ as already studied in the previous point.

which is equivalent to

We are now ready to give the proof of Theorem 1.

Proof of Theorem 1 To prove the statement of Theorem we optimize (maximize) the rate
m = min {8 + 2% —a, 2(05 - %)} over the feasible values for « and 8, defined in Theorem 4.
In particular, by (61) and (62), we consider two cases:

- m=2(—4)
In this case by maximizing m, over « and §, if ¢ > 0, we have:

(o)
=2supla— —
o, s

sUpsers_ 5,15 (5 +9) —¢ if k
SUPsc(0,5_Juss o0y 2 (= — Ly—e ifx
sups-o2 (- — %) if i

4L
and o = 5+3T -5 (65)

and 0« = a_ —

IAIA

[\Slic)

and o = o_

00| \O 00|\O 00| \O

@ Springer



Journal of Global Optimization (2022) 84:563-589 583

1 3L L\2
where a_ = 5 <8+T — (S—i— 3) —4u>.
For the first case, note that the supremum of % + 8§ at [6—, §4] is attained at § = 54 and
isequal to m™ = /2 — ¢.
. L L LN\2 . .
For the second case, since 2 (a, — 3) —e=48+%5— (8 + X) — 4 — &, its maximum

value for § € (0, §_]U[84, +00) is achieved for § = 5+ and is equal to m™ = /21 — ¢.
Finally, in the third case the maximum for 2 (e — %) for8 > 0, is achieved for § = /L

and equals to m* = 2(WL — JL = p).
Concluding, without loss of generality, we have the following possible rates:
m* J2n —¢ if k¥ <
2(Vek =Nk =1) ym if k>

-m=4+ 2% —o
Analogously, in this case the best possible convergence rate is given by

" ( 2L >
sup(§+ — —«
a,d 8

_ (5+£4/9=8k) e
and o = N NIE 66)

and o = 2k — vk —1) /0

oo|\O o0\ ©

3
I

4L
SUPse(5_,5.) % [% + 4] if €« < % and o = H% —_e (67)
2L . 9
SUPsc (0,5 1Ulss ooy (8 + 5 —ay) if kK < g and & =ay
SUPSEJR(‘S‘FZTL—“H if k> % and @ = a4

wherea+=% (S—i—%l‘—l— (54—%)2—4/1,) and ¢ > 0.

In the first case of (67) we have the same expression we studied in the previ-
ous section which gives m* = /2u — ¢. For the second, since § + %L — oy =

3 (5 +LoJ+L) - 4#) its maximum value in VL ¢ (0,8-] U [84, +00) is

attained for § = 64+ and is m* = ,/%, while in the third case, the maximal value is

achieved for § = +/L and equalstom™ = VL —JL = /. Overall, in this case, we have

.. V2u —¢ if k<3 68)
(Vi =k =1) ym if K>%
Comparing (66) and (68), the best value for m™ is:
mt = |V TE if k< § and o = S50E0 /- 5 (69)
2(Vk =k =1)ym if k>3 and @ = 2k — vk — 1) /i

Finally by computing the associated constant of relation (60) in Theorem 4, for each case,
if &€ > 0, then it holds:

2(2e+/250) <
- 3 =3

C=(F&O) = F) {45 0 (70)
e —— k>3

which concludes the proof of Theorem 1. O
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6.3 Convex setting

In this section we prove Theorem 2 dealing with the convex setting. In particular we will get
some slightly improved rates with respect to the ones found in the previous Theorem 4. This
improvement is reflected in the following Theorem.

Theorem 5 Let F be a convex function with L-Lipschitz gradient, satisfying condition PL
with © > 0 and ((x (t)) 0 the solution-trajectory associated to the dynamical system (1).

2
Let§ > 0and a_ = %(8 + % - (8 + %) - 4/L> We consider the following cases:

—Ifu=Landé < VL, then (71) holds true for all a € (%,a_)
—Ifu<Landé >0orifu=_Landé > V'L, then (71) holds true for all o € (%,a_]

IVF(x(t)1* < Cs o F(x(0)) — F*)e‘z(“‘%)’

2Cs.0 (71

and  F(x() = Fo < 222 (P(x(0) — F.)e 28"

. _ L
with Cs.q = 2<1 + 5(“%_&)).

Proof By using Cauchy—Schwarz inequality and then Young’s inequality, for the scalar prod-
uct (VF(x(t)), x(¢)), forall n > 0 and r > 0, we have:

. 171 .
(VF(x(1)), x(1)) = —§<5 IVF @I +n IIX(t)IIZ) (72)
By injecting the previous inequality (72) into the definition of the energy V (34), we find:
1/1 2 . 2 5 . 2
a(F(x(1) — F) — 2\ IVFx@OI® +nllxOI° ) + 3 XN = V() (73)

From convexity and the L-Lipschitz character of VF (see Proposition 6 in Appendix) and
(73), it follows that for all n > 0 and ¢ > 0, it holds:

V() > 1(3 _ 1) IVFG)IP + 1(3 - n) ROk (74)
2\L n 2
Let us choose n = §, so that (74) becomes:
V() > 1(3 - 1) IVFG@)I? (75)
2\ L )

Therefore, from (75), if a > % and the conditions of Lemma 2 are satisfied, then it is
immediate that for all r > 0, it holds:

2 2V(0) g
L€

IVFa@)I> < —V () < (76)
a—=3

8

withR=2(a— L.
Next we show that the conditions of Lemma 2 are satisfied. In fact by Lemma 3, we

recall that for all § > O, if we set o € (%, a_]U [ay,d + %L), with a4 = %(8 + %L +
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2
(8 + %) —4,u> anda =6 + % — «, then Lemma 2 holds true with R = 2(05 — %)

By imposing additionally that a = 6 + % —o > %, a straightforward computation shows

that the damping parameter « should also satisfy o < § + % Thus the overall conditions for
o, 8 and a, so that (76) holds true, are (here notice that § + % <oy):

§>0
a=8+%—a

2
ae(%mmﬂ&+%aJ>,a,:%<&k%— (5+g>_4#)

Note that o < § + %, holds always true and is saturated (holds as an equality), if and
onlyif L=pand0 < 8 5@.
Inthecase u = L,if 0 < § < L, we have § + % = «a_, thus from (77), the rate is

R= 2<a - %),foralla e(%.5+%).

(77)

Ifinstead 8 > v/L,thena— < §+ %, thus from (77), R = 2(0{— %) foralla € (%, a_).

In the case © < L, since a— < § + % for all § > 0, hence as before we have R =
2((1 - %) >0, forallo € (%, a-).

Finally, for both cases from (76), witha = § + % —aand R = 2<¢x — %), we have:

2(8+ 2L — ofa—L

2045 29 (pieoy) — p)e 2ot (78)
) + s o

and by using condition (PL) in (78), we obtain:

IVE@()? <

S+2L o Y
Fx(t) — Fr < ——2——(F(x(0)) - Fu)e (o t)r (79)
u@+ 5 —a
which allows to conclude the proof of Theorem 5. O

Remark 7 In relation (71) of Theorem 5, the rate for |VF (x(1))||> and F(x(t)) — F is
expressed as a function of both the damping term « and the auxiliary parameter §, which
also determines the choice of «. The presence of §, is due to the Lyapunov analysis that we
follow, where § > 0 plays the role of a Lyapunov parameter (which is classically set free for
tuning). Note that given any «, there exists a §, such that the conditions of Theorem 5 are
always satisfied.

Indeed, from (71) of Theorem 5, « can be chosen as follows:

SV P N (80)
*TA==5 5 5 ’

Since § — «/(8) is continuous and strictly decreasing, one could solve (80) for §, that is

83 — (> + L+ pu)s?+3Las —2L2 =0
st: (@=+3L) &€ (0,0 — Va2 —3L)U (¢ — Va2 —3L,+00))  (81)
or  ((@<+L)&s>0)
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Unfortunately the (positive) root of the third-order polynomial in (81) cannot be given via an
algebraic formulation, which is why the auxiliary variable § > 0 is included in the statement
of the Theorem.

We are now ready to give the proof of Theorem 2.

Proof of Theorem 2 From Theorem 5 and in particular relation (71), we have R = 2| o — %),

hence it is of best interest to choose « as large as possible (with respect to §).
Without loss of generality, let us consider the two complementary cases according to the
Theorem 5:

—Letpy =Land o € (% a_), for all § > 0. According to the first observation and
taking the maximal value for «, for any ¢ € (0, a— — %), we can choose o = — ¢ =

2
%(84—%— <8 — %) )—8 = %<6+%—’8—%‘)—8.Itfollowsthattheconvergence

factor R is equal to

L L L
R:R(S):Z(a_—8—8>:8+8—’8—5’—28 Vé >0 (82)

Therefore by studying the expression of R in (82) as a function of § > 0, one can deduce
that the optimal value for § that maximizes R, is §* = VL and gives R* = R(§*) =
2VL-VL=p)—e=2/m—ecanda =2V L — /L =i — e =2./ji — &, for any
ee 0,0 — %), which concludes the first point of Theorem 2.

— If w < L and § > 0, then from the conditions of Theorem 5 the maximal value that we

2
can choose for o, is ¢ = a— = %(8 + %L — (8 + %) — 4u>. It follows that the

convergence factor R is equal to :

L L L\’
R=R@®) =2(a-—<)=s+<—/(6+5) —4n >0 (83

Finally, in the same way as in the previous case, one can deduce that the optimal value
for § that maximizes R in (83), is §* = +/L and gives R* = R(6*) = 2(VL — VL — i)
and & = 24/L — /L — i which concludes the second point of Theorem 2.

m}
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Appendix A: General lemmas

In this appendix we give some general auxiliary lemmas used in the main core of this work.

Lemma5 (Gronwall’s Lemma) Let I C R4 = [0, +00) be an interval andu,g,h: I — R,
withh € LY (), g € C(I), and u € C'(I), such that for all t € I:

loc
u(t) < gu(t) + h() (84)
Then forall s <t € 1, it holds:

t
u(t) < u(s)e®® + / OGO gy (85)

N

where G(t) = f; g(rydr.

Proof By multiplying both sides of relation (5) by e=¢®) > 0, we obtain :
(e CDum) < e “Oh(r)

Hence by integrating on [s, ¢], we find (notice that G(s) = 0) :

t
e SO < uls) —I—/ e SOnrdr

N

which by multiplying on both sides by e=¢® > 0, gives (85) and allows to conclude the
proof of the Lemma. o

As a consequence of Lipschitz continuity of the gradient, one can obtain the following
inequality (see for example [20] or [36]):

Lemma 6 Let F : H — R a function with L-Lipschitz gradient. Then

L
F(x) = F(y) < <VF(y),X—y)+§||x—y||2 (86)

If in addition F is convex, then :

1
Ve, yeH F() = F) 2 (VFG),y —x) + - IVF(y) - VF@)|? (87)
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