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Abstract

In this work, we explore the asymptotic properties of certain dynamical systems (i.e., continuous-time
methods or schemes) and of certain numerical algorithms (i.e., discrete-time methods or schemes) at-
tached to convex optimization problems and to monotone inclusion problems. More precisely, in the
framework of a real Hilbert space, we study: i) the link which exists between the Heavy Ball dynamics
and the Nesterov accelerated gradient dynamics, both in the optimization setting and in the mono-
tone operator setting; ii) a second-order system attached to an inclusion problem with a maximally
monotone-+cocoercive structure; iii) a second-order primal-dual dynamical system attached to a linearly
constrained convex minimization problem; and iv) two algorithms devised to solve a hierarchical min-
imization problem, that is, minimizing and outer function subject to the set of minimizers of an inner
function, where both inner and outer functions are convex and have a smooth+nonsmooth structure.
In every case, we derive convergence rates for the appropriate objects (e.g., the norm of the governing
operator along the generated trajectories or iterates in the monotone operator setting, and the functional
values along the trajectories or iterates in the optimization setting) and establish weak convergence of
the trajectories or iterates towards solution of the corresponding problem. Weak convergence is often
the best we can expect, in the context of a (possibly) infinite-dimensional Hilbert space.

At the core of our work lies a so-called asymptotically vanishing coefficient which damps the velocity in
our second-order continuous-time schemes. When such schemes are discretized, they result in numerical
algorithms with momentum, that is, where we take into account the direction defined by the current and
the previous iterate to define the new iterate. Ever since the seminal 1983 paper by Y. Nesterov, it has
observed that this vanishing damping has accelerating effects not only in convex optimization, but also
reaching into monotone operator theory. The systems and algorithms which we study add to the already
considerable amount of evidence on the usefulness of considering such a damping.



Zusammenfassung

In dieser Arbeit untersuchen wir die asymptotischen Eigenschaften bestimmter dynamischer Systeme (d.
h. zeitkontinuierlicher Methoden oder Verfahren) und bestimmter numerischer Algorithmen (d. h. zeitdis-
kreter Methoden oder Verfahren) im Zusammenhang mit konvexen Optimierungsproblemen und mono-
tonen Inklusionsproblemen. Genauer gesagt untersuchen wir im Rahmen eines realen Hilbert-Raums: i)
die Verbindung zwischen der Heavy-Ball-Dynamik und der beschleunigten Nesterov-Gradientendynamik
sowohl im Optimierungs- als auch im monotonen Operator-Kontext; ii) ein System zweiter Ordnung im
Zusammenhang mit einem Inklusionsproblem mit maximal monotoner+kokoerzitiver Struktur; iii) ein
primalduales dynamisches System zweiter Ordnung im Zusammenhang mit einem linear beschréankten
konvexen Minimierungsproblem; und iv) zwei Algorithmen zur Loésung eines hierarchischen Minimie-
rungsproblems, d. h. der Minimierung einer dufleren Funktion in Abhéngigkeit von der Menge der Mi-
nimierer einer inneren Funktion, wobei sowohl die innere als auch die duflere Funktion konvex sind und
eine glatte+nichtglatte Struktur aufweisen. In jedem Fall leiten wir Konvergenzraten fiir die entspre-
chenden Objekte ab (z. B. die Norm des mafigeblichen Operators entlang der generierten Trajektorien
oder Iterationen im monotonen Operator-Setting und die Funktionswerte entlang der Trajektorien oder
Tterationen im Optimierungs-Setting) und stellen eine schwache Konvergenz der Trajektorien oder Itera-
tionen in Richtung der Losung des entsprechenden Problems fest. Schwache Konvergenz ist oft das Beste,
was wir im Kontext eines (moglicherweise) unendlichdimensionalen Hilbert-Raums erwarten konnen.

Im Mittelpunkt unserer Arbeit steht ein sogenannter asymptotisch verschwindender Koeffizient, der
die Geschwindigkeit in unseren zeitkontinuierlichen Verfahren zweiter Ordnung ddmpft. Werden solche
Verfahren diskretisiert, resultieren sie in numerischen Algorithmen mit Impuls, d. h., wir beriicksich-
tigen die durch das aktuelle und das vorherige Iterationsmuster definierte Richtung bei der Definition
des neuen Iterationsmusters. Seit der bahnbrechenden Arbeit von Y. Nesterov aus dem Jahr 1983 ist
bekannt, dass diese verschwindende Démpfung nicht nur in der konvexen Optimierung, sondern auch
in der monotonen Operatortheorie beschleunigende Effekte hat. Die von uns untersuchten Systeme und
Algorithmen ergédnzen die bereits vorhandenen Belege fiir die Niitzlichkeit der Beriicksichtigung einer
solchen Dampfung.
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Chapter 1

Introduction

1.1 The story so far

Mathematical optimization is a vast field which encompasses a plethora of subfields, each with its own
history. This thesis touches topics both within optimization and monotone operator theory, two areas of
mathematics which are tightly interlinked and which have seen tremendous interest and progress since
the early 1960s, having found applications in a wide array of disciplines, including mechanics, economics,
partial differential equations, information theory, approximation theory, signal and image processing,
game theory, optimal transport theory, probability and statistics, and machine learning.

Specifically, this work explores continuous- and discrete-time methods (not to be confused with contin-
uous and discrete optimization) suited for two classes of problems: i) convex optimization and ii) finding
the roots or zeros of a maximally monotone operator (also known as a monotone inclusion problem). In
the following, we will give an overview of the results this thesis builds and expands upon.

1.1.1 Unconstrained minimization

A good place to start is the age-old global minimization problem. In a real Hilbert space H, for a convex
and differentiable function f : H — R, consider

min  f(z),
subject to x € H, (L.1)

which we assume to have a solution. Perhaps the most known approach to solve (1.1) is the gradient
descent method, namely, starting from an initial point x¢ € H, we iteratively define, for every k > 0,

Tpr1 = xp — sV f(xg), (1.2)

where s > 0 is some stepsize. It is known that if Vf is L-Lipschitz continuous, with L > 0, then
taking s € (0,2/L) guarantees that f(zy) — min f = o(1/k) and ||V f(xr)|| = o(1/k) as k — +oo.
Furthermore, x; converges weakly to a solution to (1.1) as kK — +oco. It is worth mentioning that there
exist workarounds if the Lipschitz constant is unknown beforehand; namely, where the stepsize is defined
adaptively. For such an algorithm, we refer the reader to the work by Traoré and Pauwels [97].

In a seminal paper in 1983, Nesterov proposed a simple but fundamental change in the algorithm,
with far-reaching consequences. Instead of ditching the iterate x;_1 we keep it and go along the direction
of x; — x,_1 before executing the gradient step: given initial points xg, z1 € H, one version of Nesterov’s
algorithm may be expressed, for every k > 1, as

k-1

Yk :«Tk“"m(a?k_xkfl);

Ty =Yk — sV I(yr).

(1.3)

At no extra computational complexity, choosing s € (0, 1/L] ensures the convergence rate f(xy)—min f =
O(1/k?) as k — +oo. The previous is not the original form of Nesterov’s algorithm, which has a more
involved coefficient accompanying xx — xx_1, but which asymptotically approaches zjré The reason to
have (1.6) is because of the connection with its corresponding continuous-time counterpart, which we

will present shortly.




The gradient descent algorithm (1.2) may be regarded as a discrete-time version of a corresponding
continuous-time dynamical system. Indeed, given some initial time tq, for ¢ > t; consider

@(t) + Vf(z(t) = 0. (1.4)

A straightforward Eulerian discretization of (1.4), i.e., approximating z(t) ~ x;, and i(t) ~ =% will

yield back (1.2). What is remarkable is that the dynamics (1.4) enjoy the same convergence properties
as the gradient descent algorithm; namely, for any trajectory ¢ — x(¢) solution to (1.4) it holds f(x(t)) —
min f = o(1/t) and Ha:(t)“ = ||V f(z(t))|| = o(1/t) as t — 4o00. Furthermore, z:(t) converges weakly to a
solution to (1.1) as t — +oc.

It turns out that a similar statement may be said for Nesterov’s accelerated gradient algorithm. In
2014, Su, Boyd and Candés [94] provided a continuous-time analog to (1.3). By assuming that the
iterates xy, arise from a smooth curve x(t) through the approximation zy ~ x:(kv/s), the authors showed
that a limit process as s — 0 gives rise to the following second-order differential equation: for ¢ > ¢g > 0,

(1) + %»'c(t) +Vf(x(t) = 0. (1.5)

The “magic” constant 3 in the coefficient % comes from the fact that ’g—;; ~1-— % for large enough k.

Again, the properties of the numerical algorithm carry over to the continuous-time setting: any solution
t + x(t) to (1.5) satisfies f(2(t)) — min f = O(1/t?) as t — +oo. In fact, they showed that the same
rate holds for any solution to

#(t) + Tilt) + V(@() =0, (1.6)

where o > 3. The weak convergence of the trajectories towards solutions to (1.1) when « > 3 has been
shown by Attouch, Chbani, Peypouquet and Redont [11] and May [76], together with the improved rate
of convergence f(z(t)) — min f = o(1/t?) and [|@(¢)|| = o(1/t) as t — +oco. Meaningful convergence
rates may also be derived in the subcritical case av < 3, as shown by Attouch, Chbani and Riahi [16]. In
addition to the viscous term ¢ damping the velocity, the following system with Hessian-driven damping
was considered by Attouch, Peypouquet and Redont in [26]

B(t) + %i‘(t) +EV2 f(x(t)i(t) + V f(z(t) =0, (1.7)

where £ > 0. While preserving the fast convergence properties of (1.6), the Hessian-driven damping term
reduces in practice the oscillatory aspect of the trajectories when £ > 0.

In [15, 14], Attouch, Chbani and Riahi analyzed a more general version of (1.6) which reads, for
t>19>0,

(1) + Ta(t) + OV (@ (1) = 0, (18)

where 8 : [tg,+00) — R, is differentiable and nondecreasing. They explain how the presence of 3
can be interpreted as the result of a time reparametrization of (1.6), which can yield faster convergence
rates for the functional values provided [ is correctly chosen. More specifically, if 3 satisfies the growth
condition )
sup@ <a-3, (1.9)
i>t, B(t)
then it enters the convergence rates of the functional values as f(x(t)) —min f = O(1/t?3(t)) as t — +oc.
The convergence rate is actually little-o fast if (1.9) is a strict inequality. It is worth pointing out that,
while 8 can clearly accelerate the convergence rates in the continuous-time setting, the only explicit
discretization of (1.8) we can have is for the case 5(t) = 1. The trade-off for benefiting from the
accelerating effects of a parameter 85 which approaches infinity as k — +oo is having to compute (often
expensive) a proximal evaluation of f at each step, as opposed to directly evaluating V f.
Attouch, Chbani and Riahi [14] addressed the more general so-called inertial gradient system, for
t>ty>0,
B(t) +(t)a(t) + BV f(x(t)) = 0, (1.10)

where convergence rates depending only on () and /3(-) can be ensured for the functional values provided
these parameters satisfy a growth condition akin to (1.9), but which also involves ~.
If we combine the ideas from (1.7) and (1.10) we obtain, for ¢t > ¢y > 0,

i(t) + Ti(t) + €OV ()i () + BOV () = 0, (111)



which was studied by Attouch, Chbani, Fadili and Riahi [19]. Again, meaningful convergence rates can
be ensured under a growth condition which only involves £(-) and 5(-).

The so-called asymptotically vanishing damping term ¢ is at the heart of this thesis. As we will see
later, the presence of such a term has had tremendous success in producing dynamics with fast conver-
gence properties, with far-reaching effects that go beyond the optimization setting and into monotone
operator theory.

Before we move to constrained optimization, we mention another landmark in the chapter of second-

order dynamics attached to (1.1). The Heavy Ball dynamics, which read, for ¢t >ty > 0,
Z(t) + Az(t) + Vf(z(t)) =0, (1.12)

were first introduced by Polyak [86, 85]. The name comes from the mechanical interpretation of this
system: x(t) describes the horizontal position of an object which moves alongside the graph of the
function f in a medium with viscous friction coefficient A > 0. For more details about this derivation,
we refer the reader to [21]. Alvarez [2] first showed in 2000 that any trajectory z(t) generated by the
Heavy Ball dynamics satisfies f(x(t)) — min f and converges weakly to a global minimizer of f as
t — +oo. Later, it was proved that the functional values actually exhibit a rate f(x(t)) —min f = O (1)
as t — +o00. Again, we emphasize the accelerating effect of the vanishing damping ¢ on the rates for
the functional values, as opposed to a constant friction .

1.1.2 Linearly constrained minimization

So far, we have mentioned some fundamental contributions pertaining to the world of unconstrained
optimization, i.e., where the feasible set is the entire Hilbert space H. In the following, we will see how
the accelerating effects of the damping ¢ carry over to the constrained optimization setting. We start
with the large class of problems
subject to Ax = b, (1.13)

where X,) are real Hilbert spaces, f : X — R is convex and continuously differentiable, and A :
X — ) is a continuous linear operator, with b € ). This model formulation underlies many important
applications in various areas, such as image recovery [58], machine learning [44, 73], the energy dispatch
of power grids [99, 100], distributed optimization [74, 103] and network optimization [91, 102]. In
order to approach constrained optimization problems, Augmented Lagrangian Method (ALM) [88] (for
linearly constrained problems) and Alternating Direction Method of Multipliers (ADMM) [57, 44] (for
problems with separable objectives and block variables linearly coupled in the constraints) and some of
their variants have been shown to enjoy substantial success. Continuous-time approaches for structured
convex minimization problems formulated in the spirit of the full splitting paradigm have been recently
addressed in [38] and, closely connected to our approach, in [102, 63, 18, 43]. The temporal discretization
resulting from these dynamics gives rise to the numerical algorithm with fast convergence rates [64, 65]
and with a convergence guarantee for the generated iterate [39], without additional assumptions such as
strong convexity.

We may approach (1.13) by means of the Lagrangian formulation of the problem. Attached to this
problem, the function £ : X x Y — R given by

L(z, ) = f(z)+ (N, Az —b)

is convex on z and concave on A, i.e., L(-,\) is convex for every A € J and L(x, ) is concave for every
x € X. The set of saddle points of £, which we denote by S, consists of the pairs (z*, A\*) € X x Y such
that

L(z*,N) < L™, \7) < Lx, \").

for every (x,\) € X x ). To be able to mention meaningful results, we of course need to assume that
S # (. Notice that

: (1.14)

(m*7A*)€S®{Vx£(x,A) -0 {Vf(z)+A>\ —0

—VAL(z*,A) =0 b— Az* =0

where A* : ) — X denotes the adjoint operator of A. In other words, S is precisely the set of primal-dual
solutions to (1.13), i.e., pairs (z*,\*) where z* is an optimal solution to (1.13) and A* is a solution to



the Lagrange dual problem. If z* is an optimal solution to (1.13) and a suitable constraint qualification
is fulfilled, then there exists a solution A* € ) to the Lagrange dual problem such that (z*,\*) is a
primal-dual solution to (1.13). For details and insights into the topic of constraint qualifications for
convex duality we refer to [28, 32]. We call F := {x € X': Az = b} the set of feasible points of (1.13).
For p1 > 0, we consider also the augmented Lagrangian £,,: X x J) — R associated with (1.13)

L)) = L(@,A) + Sl Az = b|* = f(@) + (A, Az = b) + £} Az —b|*. (1.15)

For every (x,A) € F x Y it holds
f(@) = Lu(2,\) = L(z, \). (1.16)

If (z*,\*) € S, then for every (z,\) € X x )V we have
L(z" X)) =L, (x", ) < L(x*,\*) = L, (x", ) < L(x,\*) < L(x,N).

In addition, from (1.14) we have
Ax* —b =0 Ax* —b =0

Vol (z*, X)) =0,
=
VaL,(a*,\*) =0.

In other words, for any p > 0 the sets of saddle points of £ and £,, are identical.
The previous considerations give rise to the following primal-dual dynamical system attached to
(1.13), which for ¢ > tg > 0 reads

B(t) + 7 (0)2(t) + BV Ly (2(0)A(0) +0(DMD) =0,

(1.17)

A1) + (DA = BOVAL (2(t) + 0®)(1), A1) =0,
We mention now some notable instances of these dynamics which are relevant to our work. The case
with general parameters v(-), 8(-) and 6(-) was addressed by Attouch, Chbani, Fadili, and Riahi [18] and
He, Hu and Fang [63]. The case where v(t) = & and 6(t) = 0t° was studied by He, Hu and Fang [66].
Of particular interest to us are the choices y(t) = ¢,0(t) = 0t and f(t) = 1: this setting was studied
by Zeng, Lei and Chen [102]. It was also addressed by Bot and Nguyen [43], and to the best of our
knowledge, they were the first to produce simultaneous fast convergence rates for the functional values,

the primal-dual gap, and the feasibility measure of the trajectories: as t — +oo, they showed that

Fa0) - £ =0 () LX)~ £ A0) =0 () and s -] =0 ().
as well as the weak convergence of (x(t), \(t)) towards a primal-dual solution to (1.13). These rates
evidence that the viscous damping ¢ is also successful in producing fast convergent dynamics in linearly
constrained optimization. The role of the extrapolation parameter 0(-) is to induce more flexibility in
the dynamical system and in the associated discrete schemes, as it has been recently noticed in [18,
13, 63, 102]. The time scaling function 3(-) has the role to further improve the rates of convergence
of the objective function value along the trajectory, as it was noticed in the context of unconstrained
minimization problems in [19, 15, 14] and of linearly constrained minimization problems in [18, 66].
Again, just like in the unconstrained case, we emphasize that only the choice 5(t) = 1 will yield explicit
meaningful numerical algorithms. Such an explicit algorithm was formulated in [39], where Bot, Csetnek
and Nguyen provided a discretization of the system in [43], with identical O(1/k?) convergence rates
of the functional values, primal-dual gap and feasibility measure along the iterates, as well as weak
convergence of the iterates towards a primal-dual solution to (1.13).

1.1.3 Hierarchical optimization

Another large class of constrained optimization problems stems from having the feasible sets given by the
minimizers of another convex function. This problem often goes by the name of simple bilevel optimiza-
tion (to emphasize the difference with follower-leader bilevel optimization) or hierarchical optimization.



The problem can be formulated as

min  H(z) := h(z) + h(z), R (1.18)
subject to x € argmin,,, F'(2) := f(2) + f(2), '

where f,h : H — R are convex and continuously differentiable, and f,ﬁ : H — R are proper, convex
and lower semicontinuous. Bilevel optimization originated in economic game theory in the 50s [53], and
found enormous application in modern applied mathematics, such as in hyperparameter optimization
[70, 47], meta-learning [87], and reinforcement learning [31], see [53] and the references therein for a
comprehensive account.

A classical approach to tackle (1.18) is by an approximation argument, the so-called viscosity method
[7, 6]. This method consists of replacing (1.18) with the regularized optimization problem

mi%{l F(z)+eH(x), fore >0, (1.19)
zTE

and recovering a solution to (1.18) by considering (weak) cluster points of minimizers of (1.19) as ¢ — 0.
This classical approach appears across a wide range of mathematical disciplines, including the calculus of
variations [55], numerical linear algebra [49], optimal transport [52], control theory and partial differential
equations [50], among others. Its origins trace back to the work of Tikhonov [96] in the context of ill-
posed linear problems, where the regularization term takes the form H := || - ||>. While in the so-called
exact penalization setting [56], solving (1.19) for e small enough actually yields solutions to (1.18), such
a threshold is usually not known a-priori. Thus, successive solutions of (1.19) with ¢ = ¢} and g, — 0
as k — +oo are needed to approach a solution to (1.18). Quite surprisingly, it turns out that we can
replace these successive minimization problems by a single iteration of a minimization algorithm. This
defines the so-called diagonal or Tikhonov methods.

The first breakthrough in this direction was proposed by Cabot in [45], who replaced the minimization
oracle (1.19) with a proximal step on (1.19) and highlighted the role of a slow-vanishing behavior of
(sk)keN Later, Solodov provided the first gradient-type algorithm [92] designed for solving (1.18) with
h = 0 and f = 0p, where D C H is a nonempty, convex and closed set and dp denotes its indicator
function. In the smooth setting, i.e., h = f = 0, these methods can be understood as a discretization of
the dynamical system, which for ¢ 2 to > 0 reads

#(t) + V() + e(t)Vh(z(t) =0, (1.20)

where € : [tg, +00) — Ry is a vanishing regularization function. Observe that indeed (1.20) can be
seen as a gradient flow applied to (1.19) with a vanishing parameter function ¢ — £(¢). The convergence
of (1.20) has been first established by Attouch and Czarnecki in [20], who showed that, under a certain
growth condition on f, x(t) converges weakly to an optimal solution of (1.18) with a convergence rate
for f(xz(t)) — min f expressed in terms of £(t), cf. [20, Theorem 5.1]. More recently, by replacing V f
with a general monotone and Lipschitz continuous operators and setting h := 1| - ||?, (1.20) and some of
its discretizations have gained renewed interest for their ability to yield strong convergence toward the
minimal norm solution, as well as their connection to Halpern-type methods [89, 72, 101], see also [33,
35].

Building on the work of Cabot and Solodov, Peypouquet proposed in [84] an adaptation of the
Attouch—Czarnecki condition [20] for gradient systems, establishing weak convergence of the generated
sequence to a solution of (1.18). In finite-dimensional settings, convergence results can still be ob-
tained under milder assumptions, e.g., coercivity of H, even in the general framework of (1.18). For
example, [77], which complements and extends [68], highlights an inherent trade-off between inner and
outer function performance. Recently, backtracking strategies have been developed for functions with
merely locally Lipschitz continuous gradients [71]. Additional notable extensions (without claiming to
be exhaustive) include bundle methods [93], cutting plane approaches [46], and algorithms tailored for
variational inequality inner problems [68)].

Building on this rationale, Merchav, Sabach, and Teboulle [78] were the first to observe that applying
a single iteration of Nesterov’s fast gradient method, or FISTA in the composite (smooth + non-smooth)
setting, to (1.19) can accelerate convergence, while still generating sequences that converge weakly to
solutions of (1.18). In continuous time, these methods can be interpreted as discretizations of the
dynamical system [94], which for ¢ > ¢, > 0 reads

i(t) + Ti(t) + VI (0(t) + (1) VA () =0, (1.21)



where a > 3. This system is known to provide a theoretical foundation for analyzing corresponding
discrete numerical algorithms, including those involving non-smooth proximal terms.

1.1.4 Finding zeros of maximally monotone operators

So far we have talked about methods designed to tackle problems in convex optimization. It turns out
that many of the techniques that work in optimization directly carry over or at least have a close analog
suited for the world of maximally monotone operators. As we remarked before, an especially important
role is played by the viscous damping coefficient .

A good way to introduce monotone operators is to think about gradients: for any differentiable and
convex function f: H — R, it for every x,y € H it holds

(x—y, V() = Vf(y)) >0.

Any map M : H — H which satisfies the above inequality is called a monotone operator. We also allow
them to be multivalued, i.e., M(z) € 2% for every x € H, in which case the definition just generalizes
to (x —y,u —v) > 0 whenever z,y € H and u € M(z),v € M(y). This extension allows us to fit a
further large class of operators into this definition: namely, if f : % — R is proper, convex and lower
semicontinuous, then its subgradient df : H — 27 is not only monotone, but maximally so, meaning it
cannot be properly extended to a larger monotone operator. For this class of functions, Fermat’s rule
tells us that a point z* is a global minimizer of f if and only if 0 € 9 f(z*).

We have already gathered some evidence as to the importance of addressing monotone inclusion
problems, i.e., finding the zeros of a maximally monotone operator:

0 M(x). (1.22)

However, (1.22) goes beyond the gradient or subgradient setting. Since we already discussed the class
of linearly constrained minimization problems, we seize this opportunity to make the case for monotone
operators which do not arise from a potential. We said that (under a mild constraint qualification)
solving (1.13) was equivalent to finding the saddle points of the associated Lagrangian £. This is in turn
equivalent to finding a pair (z*, A\*) € X x Y such that 0 = V,L(z*, A*) and 0 = =V, L(z*, A*). In other
words, we are interested in finding the zeros of the map M : X x Y — & x ) given by

M(z,\) = (Vzﬁ(a?,)\), —vxc(m)). (1.23)
In general, for a convex-concave function £ : X x ) — R, the saddle point problem

i Lz, A 1.24
min max £(z, A) (1.24)

has a corresponding attached saddle point operator (1.23) which does not come from a potential, i.e., there
is no convex function F': X x ) — R such that VF = M. Thus, formulation (1.22) already encompasses
a wider spectrum of problems than optimization. Indeed, both (1.22) and (1.24) are fundamental models
in various fields such as optimization (as we have just previously remarked), economics, game theory
and partial differential equations. They have recently regained significant attention, in particular in
the machine learning and data science community, due to the fundamental role they play, for instance,
in multi-agent reinforcement learning [81], robust adversarial learning [75] and generative adversarial
networks (GANs) [30, 59].

Given a continuous and monotone operator M : H — H, we may ask ourselves if the gradient flow
dynamics (1.4) also work in the monotone operator world: attached to (1.22), consider

() + M(x(t)) = 0. (1.25)

It turns out that the only way to ensure weak convergence of the trajectories generated by this system
towards solutions to (1.25) is to ask that M fulfills a stronger assumption: namely, we ask M to be
p-cocoercive, i.e., for p > 0 it holds p||M (z) — M (y)||?> < (x —y, M (x) — M (y)) for every z,y € H. For a
proof for this result, we refer the readers to the work by Attouch, Bot and Nguyen [9], where the authors
additionally show that any solution ¢ + x(t) to (1.25) also fulfills || M (z(t))|| = o(1/v/t) as t — +oo. In
the general case when M is not necessarily cocoercive, weak convergence only holds in an ergodic sense,



i.e., it holds for the trajectory Z(t) := + fot x(s)ds. For a simple counterexample, consider the solutions

i
to (1.25) for the case

0 -1

M= [1 : sin(t)] |

] ,  where one solution is given by x(t) = [eos(t)

which evidently does not weakly converge to a zero of M as t — +oo. For more information and
counterexamples related to system (1.25), we refer the reader to [48].
Notably, as shown by Attouch and Svaiter in [27], by adding a correction term which is the time
derivative of the operator along the trajectory, i.e., for t > ¢y > 0,
d
At)z(t) + %M(x(t)) + M(z(t)) =0, (1.26)
where A(+) is a positive function, then even in the case of a monotone operator M which is not necessarily
cocoercive any trajectory ¢ — x(t) generated by this system satisfies || M (x(t))|| — 0 and weakly converges
to a zero of M as s — +oo. For A constant, the previous system can be rewritten equivalently as
being of the form (1.25), but applied to the Moreau-Yosida envelope of M, a new operator given by

M, = %(Id —(Id4+pM )‘1). This operator is always p-cocoercive and its set of zeros is identical to that

of M. We may also obtain convergence rates for | M (z(t))|| by means of a similar system to (1.26):

(1) + (1) S M (a() + ()M (1)) =, (1.27)

where under suitable assumptions for u(-) and y(-) we not only have weak convergence of trajectories
towards zeros of M, but also, as t — 400,

1

Vi (s)(s)ds

There is particular case of the previous mentioned systems which merits being mentioned. If we either
take A(t) =1 in (1.26) or u(t) = v(t) =1 in (1.27), we obtain the dynamics

[M(z(®)]| = o

x(t) + %M(m(t)) + M(z(t)) = 0. (1.28)
Any solution ¢ — (t) to (1.28) satisfies | M (x(t))|| = o(1/+/t) as t — +o0, and z(t) converges weakly to
a zero of M as t — +o0o. System (1.28) can then be considered as the “proper” analog to gradient flow in
the general monotone operator setting, and emphasizes the importance of the presence of the correcting
term %M (z(t)), which will appear many times throughout this work. This system is also significant in
that it admits one particularly relevant discretization: the so-called Extragradient method, which for a
monotone and L-Lipschitz continuous operator M reads, starting at some initial point zo € H,

{yk = a3, — sM(xy),

1.29
Tpr1 = xp — SM(yg). ( )

This algorithm was introduced in 1976 by Korpelevich [69] and Antipin [5]. If 0 < s < 1/L, the
generated sequence (z3)g>1 converges weakly towards a zero of M. The question of a last iterate rate
of convergence was answered only recently by Gorbunov, Loizou and Gidel [60], where they showed that
| M (z1)|| = O(1/VE) as k — +oc.

Let us remark the importance of this convergence rate: as in the monotone operator setting there is
often no function giving rise to M (as we have just previously noted with the saddle point operator) one
of the only measures of the performance of a method is to analyze the asymptotic behavior of || M (x(t))]]
in the continuous-time case, or of | M (zy)|| for the numerical algorithms.

We observed how in the optimization realm moving from first-order to second-order dynamical systems
which feature a viscous term ¢ damping the velocity was successful in producing faster converging
methods. The natural question is to ask ourselves if something similar can be said for monotone operators.
First, we mention some relevant systems which are formulated in the spirit of the Heavy Ball dynamics.
Alvarez and Attouch [3] and Attouch and Maingé [24] studied the dynamics, for t > to > 0,

#(t) + pa(t) + M(x(t)) =0,



where M : H — H is p-cocoercive operator. They were able to prove that the solutions of this sys-
tem weakly converge to elements of zer M provided that the cocoercivity parameter p and the friction
coefficient p satisfy pu? > 1. In the same vein, Bot and Csetnek [37] considered the system

#(t) + p(t)a(t) + () M(z(t) = 0, (1.30)

where M is again p-cocoercive. Under the assumption that p(-) and v(-) are locally absolutely continuous,

A(t) <0 < p(t) for almost every ¢ € [0,+00) and inf;> ‘f((tt)) > %7 the authors were able to prove that
the solutions to this system converge weakly to zeros of M.

Before moving on to accelerating these systems, we mention a few results pertaining to the problem
of an additively structured monotone inclusion. Namely, given A, B : H — 2" maximally monotone,
consider the problem

0 € (A+ B)(x). (1.31)
For p > 0 and a starting point zyp € H, the celebrated Douglas-Rachford algorithm may be compactly
written, for every k > 0, as
Id+R, 4R
Zht1 = <§APB> (2k), (1.32)

where R4 denotes the reflected resolvent of a monotone operator A. It is known that (cf. [28, Theorem
26.11]) if (zx)k>0 is the sequence generated by (1.32), then z; converges weakly to a fixed point of
RyaR,p as k — +oo (say Z), and that J,p(z;) converges weakly to J,5(Z) € zer(A + B) as k — +oo,
where J4 denotes the resolvent of a monotone operator A. In [51] Csetnek, Malitsky and Tam addressed
the problem (1.31), but where B : H — H is monotone and L-Lipschitz continuous. They formulate
a dynamical system which, when discretized one way, will yield back the Douglas-Rachford algorithm
(1.32), but when discretized in a slightly different way, gives rise to a new algorithm which evaluates A
through a backward step, but B through a forward, explicit step. Namely, for p > 0 and starting points
xg,x1 € H, their algorithm reads, for every k > 1,

ehp1 = Jpa(r — pB(ay)) — p(B(xx) — B(zg-1))- (1.33)

The authors show that if p € (0,3/L), then the sequence (zx)r>0 generated by (1.33) converges weakly
to a point T € zer(A + B); moreover, B(xy) converges weakly to B(T) as k — +00.

As far as we know, the first analog to the accelerated gradient flow dynamics (1.6) in the operator
setting were introduced by Attouch and Peypouquet [25]. For a maximally monotone operator M :
H — 2™ (i.e., not necessarily single-valued) they formulated a second-order system with asymptotically
vanishing damping governed by the Moreau-Yosida approximation M) of M. For t > to > 0, it reads

. a

E(t) + ?x(t) + M) (z(t)) =0, (1.34)
where a > 1 and the time-dependent regularizing parameter p(t) behaves like p(t) ~ 2. As well as
ensuring the weak convergence of the trajectories towards elements of zer M, choosing the regulariz-
ing parameter in such a fashion allowed the authors to obtain fast convergence of the velocities and
accelerations towards zero; namely, they show that, as t — 400,

et = 0 (;) Clzw) =0 C) and thus | M, (2(8))]] = O (;) .

If M is single-valued and continuous, we would prefer a scheme that evaluates M (z(t)) directly, rather
than through its Moreau-Yosida envelope, which is often very difficult to compute. Combining the ideas
of having a correction term like in (1.26) together with second-order and asymptotic vanishing terms like
in (1.34) and a time rescaling coeflicient similar to that of (1.8) gives rise to the Fast OGDA dynamics,
which for ¢ > t5 > 0 read

" Q. d 1 a
(1) + S (1) + B0 S M) + 3 (B0 + 2B(0)) M(a() = 0, (1.35)
introduced and studied by Bot, Csetnek and Nguyen [40]. Provided that j3(-) fulfills a growth condition
almost identical to (1.9) (but with a — 2 instead of a — 3), the authors show a rate of o(1/t5(t)) for
|[M(x(t))]| and the weak convergence of x(t) towards a zero of M as t — +oc0. A remarkably special
case of this system is given when we choose 3(-) = 1:

() + %a's(t) + %M(m(t)) + %M(:c(t)) = 0. (1.36)



The authors produce an explicit discretization of (1.36) (i.e., involving only forward evaluations of M)
which for starting points xg, z1,y0 € H and for every k£ > 1 reads

Yk =+ (1 — k‘—i—@) (T — 2p—1) — WM(%A), L)
Tpe1 =Yk — g <1 + ]H_ka) (M (yx) — M(yx-1))-

When M is L-Lipschitz continuous, @ > 2 and 0 < s < 1/2L, the authors show that the sequence
(k)k>2 produced by this algorithm converges weakly to a zero of M as k — +o00. Furthermore, it holds
|[M(zg)|| = o(1/k) as k — 4o00. This was a landmark result, as it was the first explicit algorithm to
achieve the fastest provable convergence rates and convergence of iterates towards zeros of the operator,
within the general class of monotone and Lipschitz continuous operators.

1.2 Structure of the the thesis

This thesis is the culmination of almost five years of work spread across five research papers, and it is
organized as follows:

e Chapter 2: provides the preliminary definitions and results that are used throughout this work;

o Chapter 3: is based on my paper in collaboration with H. Attouch, R. I. Bot and D.-K. Nguyen
[8]. We explore a link between the Heavy Ball and the Nesterov accelerated gradient dynamics,
both in the optimization and monotone operator settings. A section of this chapter is devoted
to mentioning the main results of my work with R. I. Bot and D.-K. Nguyen [42], where we are
concerned with a second-order dynamical with a slow vanishing damping (5, with r € [0, 1])

attached to a monotone equation problem;

o Chapter 4: is based on my first paper, in collaboration with R. I. Bot [41], and it studies the
asymptotic properties of a second-order system with asymptotically vanishing damping attached
to a monotone inclusion problem of the form 0 € (A + B)(z), where A : H — 2% is maximally
monotone and B : H — H is cocoercive;

o Chapter 5: is based on my work in collaboration with D.-K. Nguyen [67], where we formulate
a second-order primal-dual dynamical system with asy vanishing damping and a time rescaling
coefficient, attached to a linearly constrained minimization problem:;

o Chapter 6: is based on my paper written with R. I. Bot, E. Chenchene and E. R. Csetnek [34],
where we analyze a first- and a second-order dynamical system, and two numerical algorithms which
arise from their respective discretizations, attached to a hierarchical or simple bilevel problem, i.e.,
where we minimize a convex outer function H subject to the set of minimizers of an inner convex
function F'. Both outer and inner levels present a composite smooth+nonsmooth structure;

e Chapter 7: contains some conclusive remarks and poses some open questions for future research.
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Chapter 2

Preliminaries

In this chapter we will be laying out the theoretical foundations, i.e., the definitions, results and auxiliary
lemmas we will be using throughout this thesis. We will be working within the framework of a real
Hilbert space, often denoted by #, with its inner product and canonical norm denoted by (-,-) and || - ||,
respectively.

2.1 Sets, functions and topology

The extended real line, which we denote by R, consists of R together with the elements —oo and oo,
with the added arithmetic rules

(—00) + (4+00) = (4+00) + (—00) = +00,
a4+ (—0) =(—0) +a=—-00, a+(+0)=(+0)+a=+0 VaeR,
0(+00) = (+00)0 = +00, 0(—00) = (—0)0 =0,
-0 ifa <0,
a(=00) = (~oo)a = { +oo ifa>0.

400 ifa <0,
—oo ifa>0,

a(+00) = (+o0)a = {

We will denote Ry :={z € R:2 >0} and Ry 4 := {r € R: 2 > 0}.
Throughout this chapter, let f, g, f; : H — R, ¢ € I, be functions. We define the effective domain
and epigraph of f respectively by

dom f:={z e H: f(x) < +oo} and epi f:={(x,r) e HxR: f(x) <r}.

We say that f is proper if dom f # () and f(x) > —oc for every x € H. For the sake of completeness,
we allow functions to take the values +oo, although throughout this work only functions taking values
in RU {+o0} will appear. We say that f is convez if for every x,y € H and all A € [0, 1] it holds

fOz+ (1 =Ny) < Af(@) + (1 =) f(y).

Equivalently, f is convex if and only if its epigraph epi f is a convex set. Regarding operations which
preserve convexity, we have that

e if f and g are convex and A > 0, then f + Ag is convex;

« [28, Proposition 8.16]: if f; is convex for every ¢ € I, then the pointwise supremum x — sup,c; fi(z)
is convex;

o [28, Proposition 12.11]: if f and g are convex, their infimal convolution (f0Og)(x) = inf,en{f(y)+
g(z —y)} is convex.

For a subset C' C H, its indicator and support functions are given respectively by

0 if v € C
oc(x) == 1 ‘ and oc(x) := sup(z,y).
+oo ifxégC yeC
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The support function o¢ is always convex, since it is the pointwise supremum of convex functions of the
form (-,y). If C'is a convex set, then its indicator function d¢ is convex.
[ is lower semicontinuous if for every x € H it holds

liminf f(y) == sup inf f(y) > f(x),
im inf £ (y) ke Jnf [(y) = f (@)

where V() is any basis of neighborhoods of x for the strong (i.e., induced by || - ||) topology on #H. In
particular, we may choose V(z) = {B(x,9) : 6 > 0}, i.e., the set of open balls centered at .

The weak topology on H is the weakest (or coarsest) topology of H which makes the mappings (-, x)
continuous for every z € H. For x € H, a basis of neighborhoods of = for the weak topology is given by
V(@) ={Vay, . ane(@):neNx, € Hiori=1,...,n,e >0}, where each V,, ., -(x)is given by

Varignel@) ={yeH: [(z;,y—x)| <efori=1,...,n}

It follows that a net (x4)qca of elements of H converges weakly to x, which we denote by z, — z, if and
only if ({(y, x4))aca converges to (y,z) for every y € H. Now that we have introduced the weak topology
on H, we mention Opial’s Lemma (cf. [82]), a cornerstone result which allows us to establish the weak
convergence of curves and sequences in H.

Lemma 2.1.1 (Opial’s Lemma). Let S be a nonempty subset of H and let (zx)r>0 be a sequence
in H. Assume that

(i) For every x* € S, limy_, 1o ||xg — || exists;
(ii) Bvery weak sequential cluster point of (x)r>0 belongs to S.

Then, xj, converges weakly to an element of S as k — +o0.
The previous lemma has a continuous-time version as well.

Lemma 2.1.2 (Opial’s Lemma, continuous-time version). Let S be a nonempty subset of H and
let z : [to, +00) — H be a map. Assume that

(i) for every x* € S, limy_, oo ||(t) — ™| exists;
(ii) every weak sequential limit point of t — x(t) belongs to S.

Then, x(t) converges weakly to an element of S as t — +oo.

Going back to functions, we say that f is weakly lower semicontinuous if for every = € H it holds

liminf f(y) := sup inf f(y) > f(x).
y— VeV, (z)¥eV

In terms of nets, f is lower semicontinuous (resp. weakly lower semicontinuous) if and only if for
every x € ‘H and every net (z,)qeca such that z, — = (resp. x, — z) it holds

f(x) <liminf f(z,).

An important result (cf. [28, Theorem 9.1]) tells us that if f is convex, then f is lower semicontinuous if
and only if it is weakly lower semicontinuous. Some operations which preserve lower semicontinuity are
the following:

e if f and g are lower semicontinuous and A > 0, then f + Ag is lower semicontinuous;

o [28, Lemma 1.26]: if f; is lower semicontinuous for every ¢ € I, then the pointwise supremum
sup,cy fi is lower semicontinuous.

If f and g are lower semicontinuous, it need not happen that f [0 g is lower semicontinuous (cf. [28,
Example 12.13]). -
The (Fenchel) conjugate of f is the function f*:H — R given by

f*(x) = sup{(z,y) — f(y)}.

yeH
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Since f* is the pointwise supremum of the convex and continuous functions (-,y) — f(y), we have that
f* is convex and lower semicontinuous. The biconjugate of f is the function f** := (f*)*. For our work,
the most relevant properties of the conjugate function are the following:

 [28, Example 13.3]: for a subset C' C H, it holds ¢}, = o¢;
« [28, Proposition 13.23]: if A > 0, then (Af)*(:) = Af* (5);

o [28, Examples 13.2 and 13.8]: if p € (1,400) and p* T is its dual exponent, then (“‘“p> =
[

p*

o [28, Proposition 13.24]: it holds (f O g)* = f* + ¢*.

We say that f is (Fréchet) differentiable at x € int(dom f) if there exists a vector V f(z) € H such

that
i £+ 9) — @) = (Vf(a)o)
y—0 [yl .

If f:H — R and the previous statement holds for every x € H, we say that f is differentiable. A
fundamental result is the characterization of convexity for differentiable functions. If f : H — R is
differentiable, then the following are equivalent (cf. [28, Proposition 17.7]):

o f is convex;
e (gradient inequality): f(y) > (y — z,Vf(x)) + f(z) for every x,y € H;

o (monotonicity of the gradient): (x —y,Vf(z) — Vf(y)) > 0 for every x,y € H.

When V f is L-Lipschitz continuous, there exists a stronger version of the gradient inequality. In fact, if
f:H — R is convex and differentiable and L > 0, the following are equivalent (cf. [104, Lemma 4]):

o IVf(z) = V()| < Ll|lz — y|| for every z,y € H, i.e., Vf is L-Lipschitz continuous;
Fly) <y =2, V(@) + f(z) + 5z —y|| for every z,y € H;

e (-, V(@)= Vf(y)) < Lz -yl for every ,y € ;

o fy) 2 (y—a, V(@) + f2) + 5 IV (@) = V)| for every z,y € H;

o (x—y, V()= Vfly) > LIVf(x) = V)l for every z,y € H.

An more general definition of differentiability which captures a larger class of functions is that of the
(convex) subdifferential. For f:H — R and x € H such that f(z) € R, the (convex) subdifferential of f
at x is given by

Of (x) :={ueM: fly) = (y—zu)+ f(z) Vy € H}.

Defining 0f(z) := () when f(x) ¢ R gives rise to a (possibly) multivalued operator df : H — 2%.
Fermat’s rule (cf. [28, Theorem 16.3]) states that if f is proper, then

x €argmin f < 0€df(x).

Naturally, when f : H — R is convex and differentiable, then its subgradient is single-valued and coincides
with its gradient, i.e., Of (z) = {V f(x)} for all z € H (cf. [28, Proposition 17.31]). The Fenchel-Young
inequality (cf. [28, Proposition 13.15]) tells us that for a proper convex function f : H — R, for every
x,u € H it holds

f(@) + 1" (u) = (z,u).

Furthermore, equality is achieved if and only if v € 9f(z) (cf. [28, Proposition 16.10]).
The Moreau envelope of index A > 0 of a function f:H — R is given by

1
Po= 10 (g0 7).

If f is proper, convex and lower semicontinuous, f is convex, real-valued, continuous, and exact, meaning
that the infimum is attained. Furthermore, this infimum is attained uniquely (cf. [28, Proposition
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12.15]). This gives rise to another fundamental object in convex analysis: if f is proper, convex and
lower semicontinuous, its proximal point operator is given by

. 1
proxs(a) = argminy ey, { £ + 55 o vl |
Thus, for a proper, convex and lower semicontinuous function f and A > 0, for every = € H it holds

Fal) = F(proxa () + 5l = prosy (2)

Moreover, fy is differentiable and its gradient is given by
1

Vf,\z)\

(Id — prox, ;).

We have the following generalization of the gradient inequality for a convex function which is the sum
of a smooth and a nonsmooth part. For a proof for this result, see e.g. [94].

Lemma 2.1.3. Let ® : H — RU {+o0} be a proper, convex and lower semicontinuous function
and ® : H — R be an L-smooth function. For s >0 andy € H, define

Gly) = [y~ pros 4y — s92(»))]. (2.1)

Set W :=® + &. Then, for every x,y € H it holds

S

U(y —sG(y)) < ¥(z) 2(2—8L)IIG(y)H2+<G(y),y—ﬂﬁ>—iIIV‘I’(JC)—V<I>(y)l\2- (2.2)

2.2 Monotone operators

An operator on H is any map A : H — 2% i.e., it takes values in the power set of H. Any operator A is

characterized by its graph
graA:={(z,u) e H xH: :ycAlx)}.

If C is a subset of H, we denote A(C) := UzecA(z). Consequently, the range of A is A(H). The domain
of A is the set
dom A = {x e 1 : A(z) # 0}.

The inverse of A, denoted by A~ is given via its graph gra A=! = {(u,2) € H x H : (z,u) € gra A}.
Thus, u € A(z) if and only if z € A~ (u). The set of zeros of A is

zerA:={xeH:0ec Ax)}.

If for every x € dom A A(x) is a singleton, we may write A : dom A — H. When we write A : H — H,
we mean that A has full domain (i.e., dom A = H) and that it is single-valued. Let us reserve the letter
T : H — H for a single-valued operator for now. We say T is nonexpansive if it is 1-Lipschitz continuous,
ie, [|[T(x) = T(y)|| < ||z —yl| for every x,y € H. We say that T is firmly nonexpansive if for every
x,y € H it holds

IT(2) - T2 + | (1 -T)(x) — ([ -T)()| < |z — yII°

An important result (cf. [28, Proposition 4.4]) is that the following are equivalent:
o T is firmly nonexpansive;
e Id —T is firmly nonexpansive;
e 21Id —T is nonexpansive.

If p > 0, we say that T' is p-cocoercive if for every x,y € H it holds

pIT(x) = TW)II* < (z —y,T(z) = T(y)).
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In particular, if T is p-cocoercive then it is automatically 1/p-Lipschitz continuous. Another equivalence
we have is that T is nonexpansive if and only if Id =T is (1/2)-cocoercive (cf. [28, Proposition 4.11]). If
a € (0,1), we say that T is a-averaged if there exists a nonexpansive operator R : H — H such that

T=(1-a)ld+aR.
Related to this definition, we have that (cf. [28, Remark 4.34])
o if T is averaged, then it is nonexpansive;
o T is firmly nonexpansive if and only if it is (1/2)-averaged;
o T is p-cocoercive if and only if pT is (1/2)-averaged.

Just as convex functions form a privileged class, we define the corresponding analog for operators.
We say that A : H — 2% is monotone if for every (z,u), (y,v) € gra A it holds

(x —y,u—v) > 0.

We say that A is mazimally monotone if A is monotone and its graph is not properly contained in the
graph of another monotone operator, i.e., every time that B : H — 2" is monotone and gra A C gra B,
it holds A = B. Some facts regarding maximal monotonicity are the following:

o [28, Proposition 20.22]: if A is maximally monotone and X > 0, then A~! and AA are maximally
monotone;

o [28, Corollary 20.28]: if T : H — H is continuous and monotone, it is automatically maximally
monotone. In particular, if 7" is cocoercive then it is maximally monotone;

e [28, Theorem 20.25] (Moreau’s theorem): if f : H — R is proper, convex and lower semicontinuous,
then Jf is maximally monotone.

A fundamental result (cf. [28, Proposition 20.37]) tells us that the graph of a maximally monotone
operator is closed in HWeak x {srong: namely, if A is maximally monotone and (x,up)pep is a net in
gra A such that z, — = and up — u, then (z,u) € gra A.

Given an operator A : H — 2% and A > 0, its resolvent and Moreau-Yosida approximation of index
A are given respectively by

1
Joa = (Id4+XA)"1  and A,\::X(Id—J,\A).

If A is maximally monotone and A > 0, the following hold (cf. [28, Corollary 23.11]):
e Jy4 is single valued, and both Jy4 and Id —J) 4 are firmly nonexpansive and maximally monotone;
o A, is A\-cocoercive, thus it is (1/A)-Lipschitz continuous and maximally monotone.

Let f : H — R be proper, convex and lower semicontinuous and A > 0. Then (cf. [28, Proposition
16.44))
p=prox,(a) & @—perIf(D).

In other words,
1 1 1
prox,; = (Id+AJf)"" = Jray, and thus Vfy= X(Idfprox”) = X(Idewf) = (0f)a.
It follows that the proximal operator prox,; is firmly nonexpansive and maximally monotone.
To close off this section, we mention a crucial result (cf. [28, Proposition 23.38]): if A : H — 2™ is

monotone and A > 0, then the set of fixed points of Jy4 coincides with the set of zeros of A, which in
turn coincides with the set of zeros of A,. Indeed,

0€cAlr) & e+ IA(r) & = (Id+ )" z) & z=Ju(r) & Oz%(I—JAA(I)):A)\(x).
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2.3 Auxiliary results

In this section, we collect some auxiliary results which, while not especially related with convex analysis
or monotone operators, are nonetheless vital and required numerous times throughout this work. Every
time we have a curve z : [tg, +00) — H, its derivative at a point ¢ > ty is defined as

t —x(t
@(t) := lim w7
s5—0 S
whenever said limit exists. The right-sided derivative at ¢y is defined similarly. In some cases, we will
need to consider the integral fttf x(t)dt, which we will always do in the Bochner sense, for which the

expected properties of integration hold (e.g. linearity, triangular inequality).
The following two results can be found as [1, Lemma 5.1 and Lemma 5.2] respectively.

Lemma 2.3.1. Let tg > 0. Suppose that F: [§,+00) — R is locally absolutely continuous,
bounded from below, and there exists G € L' ([to, +00); R) such that for almost every t > to

%F(t) < G(t).

Then, limit lim;—, o, F'(t) € R exists.

Lemma 2.3.2. Lettyg > 0,1 <p < +o0 and 1 < q < +oo. Suppose that F € LP([tg, +o0)) is a
locally absolutely continuous nonnegative function, G € L%([ty, +00)) and for almost every t > to

9rwm <a

Then, lim;_, . F(t) = 0.

The following lemma appears as Lemma A.3 in [42] and generalizes Lemma A.2 from [26].

Lemma 2.3.3. Leta >0, r € [0,1] and ¢: [ty, +00) — R be a continuously differentiable function
such that

. i _
t£+moo <<p(t) + a(p(t)) =LeR

Then, lim;_, o p(t) = L.

The previous lemma has a discrete-time (and slightly more general) version as well. A special case
(i.e., when t;, = k) can be found in the literature, for example, in [40, Lemma A.5]. However, that version
requires the sequence (¢x)r>0 to be bounded, and ours does not.

Lemma 2.3.4. Let (k)r>0 and (tx)k>0 be sequences of real and positive numbers respectively,
and such that Z;r:g] i = +o00. Suppose that

lim (ppr1 + te(orer —@r)) = L €R. (2.3)

k—+oo

Then, limy_, 4 oo @ = L.

Proof. For every k > 0, denote £ := ¢r11 + tx(pr+1 — ¢x) and suppose that ¢, — L as k — +oo.
Consider the positive sequence (uy)r>o defined recursively, for every k > 0, as

1 1+t
po = — and  pupiq = M (2.4)
to tk+1

We denote by Py := uxty for all £ > 0. Then, Py =1 and for all £ > 0

k k k
1 1
Pk > O, E i = Pk_;,_l -1 and Pk;_;’_l = H (tj + 1) 2 1 + E ;j, thus Pk — ‘|‘OO7 (25)
=0 7=0 7=0
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where the first three statements follow from (2.4), and the fourth statement from the summability
assumption on (ty)r>0. Multiplying £ by py yields

PkA1tkt1Pk+1 — PktePr = (Hr+1thg1 — Prti) Prt1 + trti(Qr+1 — ©k)

2.6
= pkPrt+1 + etk (Prr1 — @r) = pal. (26)

Therefore, by summing (2.6) from 0 to k, we obtain for all k> 0

k k
®o 1 ®o dioHili
Prt1 = + pils = + - (2.7)
Peyr Peta ; Por1 ¥ i+t

In light of (2.5), applying the Stolz-Cesaro Theorem leads to ¢ — L as k — +oc. O

The proof of Lemma 2.3.5 is straightforward.

Lemma 2.3.5. Let A, B,C € R be such that A # 0 and B> — AC < 0. The following statements
are true:

(i) if A >0, then for every x,y € H it holds
Allz)|? +2B(z,y) + Cllyl* > 0;
(ii) if A <0, then for every x,y € H it holds

Allz|* +2B(z,y) + Cllyll* < 0.

The proof for Lemma 2.3.6 can be found in [25].

Lemma 2.3.6. Let to > 0, and let u : [ty, +00) — R be a continuously differentiable function
which is bounded from below. Given « > 1, a nonnegative function 6 : [tg,+o0) — R and a
nonnegative function k € L([to, +0)), let us assume that

tii(t) + oiu(t) + 0(t) < k(t)

for almost everyt > to. Then, the positive part [ti]y of 1 belongs to L ([tg, +00)) and lim;_, 4 oo u(t)
exists. Moreover, we have ft—:m 0(t)dt < +o0.

A proof for the following lemma in the finite-dimensional case can be found in [64, Lemma 6]. The
proof for the infinite-dimensional case is short and virtually identical, so we include it here for the sake
of completeness.

Lemma 2.3.7. Assume that to > 0, g : [to,+00) — YV is a continuous differentiable function,
a: [tg, +00) = [0,400) is a continuous function, and C > 0. If for every t > to it holds

o0+ [ atrateras] <. 28)

to

then
sup [lg(?)]| < 2C < +oc.
>t

Proof. Define, for every t > t,

G(t) := efto a(s)ds/ a(s)g(s)ds.

to
Fix t > tg. The time derivative of G reads

&(t) = a(tyelo O / a(s)g(s)ds + el " a(g(t) = a(tyelo 1O [g(t)+ / a<s>g<s>d$],

to to
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so by using (2.8) and the previous equality we arrive at
. K als S d ¢ als S
1G(0)]| < Calt)elo ™™ = oo <efto e ) . (2.9)

Since G(tg) = 0, we have
¢

G(t)=G(t) = G(to) = | G(s)ds,

to
so by employing (2.9) and the previous equality we obtain, for every ¢t > tg,

t t t s
o —l6 < [ eolas<c [ () a
to to ds

< C |:6f”0 a(s)ds _ 1:| < Ce‘/‘t;) a(s)ds'

/ a(s)g(s)ds

t
d
Dividing both sides of the previous inequality by effo alo)ds gives us, for every t > t,

/ " a(s)g(s)ds

to

< C. (2.10)

Now, by putting (2.8) and (2.10) together, for every ¢t > to we finally come to

/ a(s)g(s)ds

which leads to the desired statement. ]

lo@ < ng -/ " a(s)a(s)ds <20,

to

"

The proof for the following result can be found in [43, Lemma A.1].

Lemma 2.3.8. Let 0 < typ < r < 400 and h : [tg,+00) — Ry be a continuous function. For

every a > 1 it holds
s 1 G 1 s
/ = [/ s“_lh(s)] dt < —— [ h(t)dt.
o ¢ to a—1/,

If r = 400, then equality holds.

The following lemma is a slight variation of results already present in the literature. See, for example,
[12, Lemma A.2].

Lemma 2.3.9. Letto >0, a > 1, and let ¢ : [tg, +00) — R be a twice continuously differentiable
function which is bounded from below. Furthermore, assume w : [tg, +00) — R to be a continu-
ously differentiable function such that t — tw(t) belongs to L' ([tg, +00)) and that for every t > to
it holds

to(t) + ad(t) + t2u(t) < 0.

Then, the positive part [p]y of ¢ belongs to L' ([to, +00)) and the limit lim,_, o ¢(t) is a real
number.

Proof. Fix t > tyg. Adding (o + 1)tw(t) to both sides of the previous inequality and then multiplying it
by t*~! yields

d, .. d, . o

%( o(t)) + %(t Tlw(t)) < (o + 1)t“w(t).

Since the previous inequality holds for any t > ¢y, we can integrate it from tg to t > tg to get

th(t) — t§(to) + to w(t) — o w(to) < (a+ 1)/t s%w(s)ds.

After dropping the nonnegative term t**1w(¢) and dividing by t®, for every t > tq we arrive at

~ t
gb(t) < ¢ + atl / s%w(s)ds,
to

R
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where _ )
C = t5|o(to) | + 15 w(to),

which further leads to, for every t > to,

, C 1t
B < o+ 2 / s w(s)ds,

Now, we integrate this inequality from ¢y to r > tg and we apply Lemma 2.3.8 with h : [tg, +o0) = Ry
given by h(s) := sw(s) to obtain

/t:{é(whdt < é/t i+ (a4 1) /t & M Ry sw(s)ds} it

C 1 1 1/
< — - - |+ ot / tw(t)dt.
11—« tg‘ ro— 11—« to

By hypothesis, as 7 — 400, the right hand side of the previous inequality is finite. In other words,

+oo
/ B4 dt < +o0.

to

The previous statement, together with the fact that we assumed that ¢ was bounded from below, allow
us to deduce that the function v : [tg, +00) — R given by

(t) = o(t) — / (5] ds

to

is also bounded from below. An easy computation shows that 1/1 is nonpositive on [tg, +00), thus 1) is
nonincreasing on [tg, +00). These facts imply that lim;, ;o t(t) is a real number. Finally, we conclude
that

+o00o
lim ¢(t) = lim () + / [p(s)]+ds € R.

t——+oo t—+o0 to

The following result follows from simple integral estimates.

Lemma 2.3.10. Let r € R. Then, for every ko > 2 and k > kg, the following are true:

If r <0, then Zif:ko L%,n € [1 - (kl T — (kg — 11T )7 = ((k +1)- ké*’”)];

Ifr=1, then Y, 1 [ln(k +1) — In(ko), In(k) — In(ko — 1)] ;

e Ifr>0andr#1, thenZif:kO%G [ﬁr ( k+1)’ T 1),17;(%,W)}
<

e In particular, if 1 —r > 0, then Zi:ko = % [(k + 1) — (ko — 1)177”]
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Chapter 3

A link between Heavy Ball and
Nesterov’s accelerated gradient in
continuous-time

3.1 Introduction

In this chapter, which is mostly based on our work [8], we explore the link which exists between the Heavy
Ball dynamics and the accelerated gradient dynamics, both in the optimization and in the monotone
operator settings, within a real Hilbert space H.

The first question we address is as follows. Given a convex and differentiable function f : H — R,
attached to the unconstrained minimization problem

min f(z),
subject to x € H, (3.1)

consider the following Heavy Ball dynamical system, for ¢ > ¢, > O:

§(8) + Xg(8) + 00V f(y(#)) = 0, (3.2)

where b : [tg, +00) — R4 acts as a time rescaling parameter. We will show convergence rates for the
functional values along the trajectories which depend on b, as well as weak convergence of the trajectories
towards solutions to (3.1). One of the main points of this chapter is that for a particular choice for b,
system (3.2) is equivalent to the Nesterov accelerated gradient dynamics, which for s > sy > 0 read

#(s) + %a’c(s) +V(z(s)) = 0. (3.3)

To be more precise, for a certain choice for b, (3.2) and (3.3) are time reparametrizations of each other.
The message we want to emphasize is therefore

Nesterov accelerated gradient dynamics can be recovered from the Heavy Ball dynamics through
a time rescaling process.

A similar statement can be said in the context of monotone operators. Let M : H — H be continuous
and monotone. Attached to the monotone equation problem

find « € H such that 0 = M(z), (3.4)

consider the following Heavy Ball-like dynamical system, for ¢ > ¢t > 0:
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§(t) + Ag(t) + u(t)%M(y(t)) + ()M (y(t)) =0, (3.5)

where 1,7 : [tg,+00) — R, are time rescaling parameters. Again, we show convergence rates of the
norm of the operator along the trajectories which depend on u, as well as weak convergence of the
trajectories towards solutions to (3.4). The other main point of this chapter is that for a particular
choice for p and ~, system (3.5) is equivalent to the fast OGDA dynamics, which for s > sg > 0 read

i#(s) + %ds(s) + %M(x(s)) + %M(x(s)) —0. (3.6)

To be more precise, for a certain choice for u and ~, (3.5) and (3.6) are time reparametrizations of each
other. Thus, the second message we wish to emphasize is that

The Fast OGDA dynamics can be recovered from the Heavy Ball dynamics for monotone equations
through a time rescaling process.

This chapter is organized as follows: in Section 3.2, we show the existence and uniqueness of solutions
and the asymptotic properties (convergence rates, weak convergence) of (3.2); in Section 3.3, we recover
(3.3) from (3.2); in Section 3.4, we show the existence and uniqueness of solutions and the asymptotic
properties (convergence rates, weak convergence) of (3.5); in Section 3.5, we recover (3.6) from (3.5); in
Section 3.6, we mention the main results of our paper [42], where also attached to (3.4) we analyze the
following second-order system with slow vanishing damping, for ¢t > ¢5 > 0:

() + e 2(1) + 007 B(0) % M((0) + BOM(=(0) =0,

where the slowness of the damping comes from the fact that we consider r € [0,1]. The form of the
system was inspired by the fast OGDA dynamics [40]. The main difference lies in that the inclusion of
the parameter r allows for a wider array of choices for the time rescaling parameter 3.

3.2 Heavy Ball with friction dynamics from the time scaling
perspective

For A > 0and b : [tg, +o0) — R, a differentiable and nondecreasing function, for ¢ >ty > 0 we consider
the following dynamical system:

§(8) + A9 () + 0V f(y(t) = 0, (HBF)

with Cauchy data y(tp) := yo and y(to) := y1, where yo,y1 € H. It will turn out that the friction
parameter A will play an important role when connecting (HBF)) to other dynamics.

We lay out this section as follows: in Subsection 3.2.1, we show the existence and uniqueness of
solutions to (HBF)), and in Subsection 3.2.2 we discuss their asymptotic properties. We now introduce
the energy function that will help in our analysis, and show an initial bound that will be needed later.
Assume that z* € argmin f, the set of minimizers of f (thus f(z*) = min f), and that ¢ — y(t) solves
(HBF,) for ¢ > tg. For 0 <7 < X we define on [tg, +00)

1 2 1
En(t) == b (F(y(®) = min £) + 5 ||n(y(®) — 2*) + 0)|| + 50— mly(®) - 2"
The time derivative of &, at t >t gives

d

() = b(t)(f(y(t)) — min f) +b()(Vf (y(1)), 9(1))

+ (@) = %) + 90, m9(0) + (0) ) + 08— m)(y(t) — 27, 9(0). (3.7)
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According to the distributive property of the inner product and the equation (HBF)) we have
(ny(®) = ")+ 9(8), my(t) + 5(0) )

(n(y(®) = %) + 50, 5(8) + (1)) + (1= N (ny(t) — =) +50), 5(0) )

= = bO{n(y(®) = o) + 50, VWO ) + 1l = Ny(®) 2", 50) + (0 = V][50

By plugging this expression into (3.7), we deduce that for every ¢ > tg

d

2
@ I

E,(t) = b(t)(f(y(1)) — min £) — nb(t) (y(t) — ™, V() + (7 — N)||5(2)
< (b(t) — nb(1))(f(y(t)) — min f) + (5= N)|[5(8)]°, (3.8)

where the last inequality comes from the convexity of f.

3.2.1 Existence and uniqueness of global solutions

We will rewrite (HBF',) as a first order system in two variables. It is simple to check that

gt) = ult) = Ay(t),
O+ X0 OV ) =0, i =0V,
y(to) =vo. Ylto) =m y(to) = o,
u(to) = Ayo +y1,
where u(t) := Ay(t) + y(t). We can write the system above in a more compact way, namely,
{(mw,u(w) = G(t, (1), (),
(3.9)
(y(to),u(to)) = (yo, A\yo + y1),

where G : [tg,+00) x H x H — H x H is given by

G(t,y,u) := (u — My, —b(t)Vf(y)).

To establish uniqueness and global existence of the solution trajectory, we require the following assump-
tion:

Assumption 3.1. Suppose that A > 0 and b : [tg, +00) — R4 additionally satisfy

ts;tpo ZZ; <A (3.10)

Theorem 3.2.1. Suppose further that V f is Lipschitz continuous on bounded sets, b : [to, +00) —
Ry is continuously differentiable, and that A and b(-) satisfy Assumption 3.1. Then, the dynam-
ical system (HBF)) admits a unique global solution y : [to, +00) — H.

Proof. Since b(-) is continuously differentiable, it is Lipschitz continuous on the bounded subsets of
[to, +00). This, together with our other assumptions ensures that G is Lipschitz continuous on the
bounded subsets of [ty, +00) x H x H. According to [90, Theorems 46.2 and 46.3], the ordinary differential
equation (3.9) admits a unique continuously differentiable solution ¢ — (y(t), u(t)) defined on a maximal
interval [tg, Timax), Where

Tyax = +00 0r {Tax <400 and  lim [(y(t), u(®)]| = +oo}.
— L max

According to Assumption 3.1, there exists 0 < 79 < A such that for every ¢ > ¢, it holds

7§’I70<)\.
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We now define the energy functional &, (-) restricted to the interval [to, Tinax). According to the previous
inequality and (3.8), we have for every ¢ € [to, Timax)

6w (® < (sup 208 = ) 000 (£0) = i 1) + 0 = ) i) <.

This means that &, (-) is nonincreasing on [tg, Tmax). In particular, we obtain that for every ¢ € [to, Tmax)

Slmu(t) — %) + 5O + 3000~ m)ly(6) — 27 < Enn(0) < &y (t0).

This immediately yields that t — ||y(t) — «*|| and thus t — ||y(¢)| are bounded on [tg, Tinax). Since we
also obtain that t — ||no(y(t) — 2*) + y(¢)|| is bounded on [to, Timax), using the triangle inequality, we
obtain that ¢ — ||§(t)|| and thus ¢ — [|u(t)|| are bounded on [ty, Timax). So it must be Tax = +00, which
completes the proof of this theorem. ]

3.2.2 Convergence rates for function values and weak convergence of trajec-
tories

We recall that f : H — R is assumed to be convex and continuously differentiable function, A > 0 and
b: [to, +00) — R4 is a differentiable and nondecreasing function. We will now assume that we have a
global solution y : [tg, +00) — H to (HBF)).

Proposition 3.2.2. Suppose further that X and b(+) satisfy Assumption 3.1. Lety : [tg, +00) — H
be a solution trajectory of (HBF)). Then, the following statements are true:

(i) It holds

+o0 too
/ b(t) (F(y(£)) — min f)dt < +00 and /1t 15(0)[2dt < +oo;

to

(if) The limit limy_, 4 oo &,(t) € R exists for every n satisfying 0 < n < \.

Proof. (i) According to (3.1), there exists 7y > 0 such that

b(t)
f;f; @ <no <A
It follows from (3.8) that for every t > tg
d b
GEm(® < (sup 208 =m0 ) 00 () — i )+ 0 = ) 1300 (3.11)

The statement follows upon integration of this inequality.
(ii) Let 0 <7 < A. From (3.8) we derive that for every ¢t > ¢

d .

ZEn() < (A =mb(2) (f(y(t)) — min f).
The first statement in (i) ensures that the right hand side of this estimate belongs to L!([to, +o0); R).
Hence, the conclusion follows from Lemma 2.3.1. L]

For the purpose of studying the convergence and rate of convergence of (HBF), we introduce the
following function W : [tg, +00) — R defined for every ¢ >ty as

1

W(t) = (f(y(t)) — min f) + |3 (t)

7o 17Ol

The function is nonincreasing, which plays a crucial role in establishing convergence rates (see [36]).

Indeed, for every t >ty we have

2252) lao|” + Wlt)@(t)’y(m = _Wlt) <2bb((tt)) + )\) g2 <0, (3.12)

W (t) = (VF(y(1),5(1)) -
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which holds due to the fact that b(t) > 0 for every t > ty. We are now ready for the main convergence
results for (HBF)).

Theorem 3.2.3. Suppose further that A and b(-) satisfy Assumption 3.1. Let y : [to, +00) — H
be a solution trajectory of (HBF)). Then, the following statements are true:

(i) Ast — +oo, it holds

Wit)=o| 74—
0 f@b(r)dr

2

In particular, as t — 400 we have

5 =0 71 an J =o0
fG@) —minf =o| oo d |l

2

(ii) The solution trajectory y(t) converges weakly to an element of argmin f as t — +00.

Proof. (i) From Proposition 3.2.2, we infer that ft—goo b(t)W (t)dt < +oo. In particular, for ¢ : [tg, +00) —
R, defined as ¢(t) := ftto b(r)W (r)dr, the limit lim; ,;~ () € R exists. Hence, for every ¢ > t; and
r € [fFt t] we have, according to the decreasing property of W (-), that W (t) < W (r) and thus

t

0= W() [HO br)dr < [HO b(r)W (r)dr = (t) — (

2 2

t+1o

)—>0 as t — 400,

which gives the desired small o rate for W ().
(if) Let 0 < < m2 < A and a* € argmin f. We have for every t > tg

En (1) = Eny () = % (112 =) Ally(t) — 2™ 1* + (n2 — m) (y(t) — 2™, §(2))

= (= m) (3te) — 1P + 5 (5l —a"1P) )

Proposition 3.2.2 (ii) guarantees that lim;_, 1o (£, (t) — &, (t)) € Rexists. If we set (t) := 1 ||y(t)—z*|?,
Lemma 2.3.3 ensures that lim;, ;o 5/ly(t) — 2*||? exists and is a real number. This shows that the first
condition of Opial’s Lemma (see Lemma 2.1.2) is verified.

For the second condition, let 7 be a weak sequential cluster point of ¢ — y(t), i.e., there exists a
sequence (t,)nen C [to,+00) such that ¢, — +oo and y(t,) — ¥ as n — +o00. Since we know that
f(y(t)) — min f as ¢ — +oo and thus f(y(¢,)) — min f as n — +oo, and that f is weakly lower
semicontinuous, we obtain that

f(@) <liminf f(y(t,)) = min f,

n—-+4oo

i.e., ¥ € argmin f. We have verified both conditions of Opial’s Lemma and therefore concluded the proof
for this theorem. O

Let us illustrate the preceding results with two specific choices. For k > 0 and p > 0, consider
b(t) :== kexp(pt) and b(t):= kt?,

respectively. Note that in both cases the classical Heavy Ball Method with friction is recovered by setting
(k,p) = (1,0), yielding a convergence rate of o(1/t) for the function value along the solution trajectory
[10]. The O(1/k) convergence rate for the discrete counterpart can be found in [95]. For these choices
of b(-) we respectively have, for t > to sufficiently large,

ﬁ i b(r)dr = g [eXp(pt) — exp (”“‘2”0))] = gexp(pt) [1 — exp ("’%‘“ﬂ > %exp(m,

+1 +1
ot t+to)” N . ttt)” S
2 p+1 2t “4(p+1) ’

2
24

t
K
/+ bt =



respectively. To comply with the growth condition (3.1) for these choices for b(-), we respectively ask
that

A>p>0 and )\>t£20.
0

The previous estimates lead to the following corollaries, respectively:

Corollary 3.2.4. Lety : [tg, +00) — H be a solution trajectory of
(t) + Ay(t) + wexp (pt) V f(y(t)) = 0.
If A > p > 0, then the following statements are true:
(i) Ast — 400, it holds

1

exp(pt)) and  [[5(8)] = O;

() = ming o

(ii) The solution trajectory y(t) converges weakly to an element of argmin f as t — +o0.

Corollary 3.2.5. Let y : [tg, +00) — H be a solution trajectory of
J(t) + Ay(t) + wt’Vf(y(t) =0 fort >ty > 0.
If A > % > 0, then the following statements are true:

(i) Ast — +oo, it holds

Fo) —minf =o () and o] =0 ()

(ii) The solution trajectory y(t) converges weakly to an element of argmin f as t — +o00.

Remark 3.2.6. Previous statements show that one can get faster rates from the Heavy Ball
Method (even linearly, as in Corollary 3.2.4). Nevertheless, we emphasize that these dynamics
are not only interesting in terms of their acceleration phenomenon but also because they have
a connection with other dynamics in the literature, for a nonclassical choice of b(-). This was
one of the main points made in the introduction, which we elaborate upon in the next section.
Naturally, this framework is only truly meaningful in the continuous-time setting, since one cannot
expect gradient-type algorithms with unbounded step sizes—arising as explicit discretizations
of time-rescaled systems—to converge. In contrast, implicit discretizations, which give rise to
proximal-type methods, inherit the convergence properties of the continuous-time systems.

3.3 Connection with the dynamical system with asymptotic
vanishing damping

For o« > 3 and s > sy > 0, we study the convergence behavior of the second order dynamical system

with asymptotic vanishing damping

#(s) + %:is(s) + Vf(z(s)) = 0. (AVD,)

In particular, we will show that (AVD,) can be derived from (HBF)) via a time rescaling argument.
This connection allows us to transfer the convergence results established for (HBF)) to (AVD,).
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3.3.1 Two equivalent dynamical systems through time rescaling
We start with a solution trajectory y : [tg, +00) — H of
§(t) + Ag(t) + bV f(y(t) =0, (3.13)

and define z(s) := y(7(s)), where 7 : [sg, +00) — [tg, +00) is a continuously differentiable function such
that 7(s) > 0 for every s > 5o > 0 and lims_, ;o 7(s) = +00. We have

i(s) = #(5)j(r(s)) and &(s) = #(s)h(r(s)) + (7(5)) (7 (s)).

These expressions lead to

. 1 . 1 , RN 1 . 7(s) .
(7(s)) = == d(s) and §(7(s)) = 5 [E(s) — 7(s)y(7(s))| = 5 [E(s) — —2(s)|.
Y #(s) Y (#(s)) | () (#(s)) [ ()
Now, plugging ¢t = 7(s) in (3.13) for s > so gives
o — ﬁx S Lx S T(s T =
(ﬂm2“) SLi0)] + o) 4 6T () =0
or, equivalently, )
i(s) + [)\7"(5) - :Ejﬂ #(s) + (7(5))*b(7(5))V f ((s)) = 0. (3.14)

Recall that the Su-Boyd-Candés dynamics [94] are given by
i(s) + “i(s) + VS (w(s)) = 0.

Going back to (3.14), to match the asymptotic vanishing viscosity accompanying the velocity we need
the following to hold

. 7(s @
Aﬂ@ig -2
7(s0) =ty
It is straightforward to check that
7(s) := a ; ! In (;) +to
satisfies the previous differential equation, since
a—1 a—1

7(s) = v and 7(s) = BEVR

We need to assume that o > 1. Furthermore, we want the coefficient attached to V f(z(s)) to be 1, i.e.,

0 s) = () blr(s) =1 & b (‘1;1111 (S) +t0> - (Oi‘f)z

S0

b(t) = <a)\i01>QeXp <”S_1’50)> .

Furthermore, we need b(-) to satisfy (3.1). Indeed, we have

_ 22 ) oxp ((RAli=to)
68 - ( eii(zx(gtg))l ) - a2—>\1 <A e azs

a—1

which is fulfilled if we choose

All in all, with these choices, the trajectory z : [sg, +00) — H fulfills

#(s) + %x(s) + Vf(a(s)) = 0.
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Conversely, if for o > 3, © : [sp,+00) — H is a solution to the previous system and we define y(t) =
z(o(t)), where o : [tg, +00) — [0, +00) is a continuously differentiable function such that &(¢) > 0 for
t >to >0 and lim;, 1 0(t) = +00, arguing in a similar fashion as it was done previously we arrive at

. o ()] . RS
t — = 4 4 t)) =0.
30+ [ = 20 i)+ (610) V£ 0(0) =0
We want the coefficient attached to ¢(t) to be A, i.e., we want o(-) to satisfy the differential equation
o(t ot
@ ()_() :)\7 ) ) )\(t—t())
o(t) a(t) which is fulfilled by o () := spexp 1 )
o —
o(to) = 50,

With this choice for o, the resulting system reads, for every ¢ > ¢,

2A(t — to)

a—1

30+ 3300 + st ) Vi) =o
We have thus showed the following statement.

Proposition 3.3.1. Assume that a > 3, A > 0 and that so > 0,ty > 0 are initial times. Consider
the following second-order systems:

) . (At —to) -
310+ 3300 + shexp (21 ) 1 u(0) =0 .
y(to) = yo,  Y(to) = y1,
and N
#(5) + Z(s) + Vf(als) =0, o

x(s0) = xo, x(s0) = 1.
Then, the following statements are true:

(i) If y : [to,+o0) — H is a solution trajectory of (3.15) and the function T : [sg,+00) —

[to, +00) is given by
()= L 1 () ¢
8) = n(—
T 2\ 50 05

then the reparametrized trajectory x : [sg, +00) — H given by x(s) := y(7(s)) is a solution
of (3.16) for initial conditions

a—1
ASQ Y1,

x(so) =yo and z(sg) =

(ii) If = : [so,+00) — H is a solution trajectory to (3.16) and the function o : [tg,+00) —
[s0,+00) is given by
Alt—t
o(t) := spexp <(04—10)) ,

then the reparametrized trajectory y : [to, +00) — H given by y(t) := x(a(t)) is a solution
of (3.15) for initial conditions

. S
y(to) =xo and y(ty) = > 701

ZI1.

3.3.2 Transferring the convergence results to the (AVD,) framework

As a direct corollary of Theorem 3.2.3 and Proposition 3.3.1, we obtain the following theorem.
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Theorem 3.3.2. Let a > 3 and x : [sg, +00) — H be a solution trajectory of
i(s) + Si(s) + Vf(2(5) =0,
x(s0) = xo, @(s0) = 21.

Then, as s — +oo it holds

F(2(s)) — min f = 0 (2) and el = <1> .

S

Furthermore, x(s) converges weakly to an element of argmin f as s — +00.

Proof. Let A > 0 and so > 0. As per Proposition 3.3.1, define y(¢) := z(o(t)). We know that y :
[to, +00) — H is a solution trajectory of (3.15). Taking into account the fact that o o 7 : [sg, +00) —
[s0,400) is the identity function, we have z(s) = y(7(s)), and therefore 2% (s) = 5(7(s)). Thus,

a—1

according to Theorem 3.2.3, we know that for b(t) = s3 exp (%), as § — +o0o we have
1 A
f(z(s)) —min f =0 o and sle(s)H =o0
f‘oJr‘r(S) b(’l")d?“ a-

2

Notice that for every s > s¢ it holds

7(s) 7(s) 2X(r — to)
— g2 0
[ﬁ{m b(r)dr = s§ /tog(s) exp ( p— ) dr

0 [ (o) g (-0 g [ (2]

and b(7(s)) = s?. This gives f(z(s)) — min f = o0 (%) and 2% ||&(s)|| — 0 as s — 400, which verifies

2 a—1
the rates we had claimed in the statement. Since y(t) converges weakly to a global minimizer of f as

t — +00, so does z(s) = y(7(s)) as s — +o0. O

3.4 Heavy Ball dynamics governed by a maximally monotone
and continuous operator

In this section, we explore an analog to the Heavy Ball dynamics (HBF ), ), but tailored to solving equations
governed by maximal monotone operators. For a monotone and continuous operator M : H — H, we

consider the equation
Find y € H such that M(y) = 0. (3.17)

Attached to this equation, for A > 0, p : [tg, +00) = R, 4, a continuously differentiable and nondecreasing
function, and « : [tg,+00) — R44 a continuous function, we study the asymptotic properties of the
solutions to the following dynamics, for ¢t > ¢ty > 0:

0)+ X (0) + (t) 5 M (u(E) + /(M (y(0) =0. (318)

When M is not cocoercive, which is the case for example when it does not arise from a convex potential,
the presence of the “Hessian” term %M (y(t)) is needed to ensure convergence rates for the residual and
weak convergence results for the trajectory solution.

This section is organized as follows: in Subsection 3.4.1, we address the existence and uniqueness of
strong global solutions to our system. In Subsection 3.4.2, we analyze the asymptotic properties of the
global solutions to (3.18).

28



3.4.1 Existence and uniqueness of strong global solutions

We employ similar arguments to those used for the existence and uniqueness result for (HBF ). First of
all, we can rewrite (3.18) as a first order system in two variables. Indeed, it is straightforward to check
that

. g(t)  =wu(t) = Ay(t) — ut)M(y()),
J(E) + Ag(0) + p(6) M (y(8) +yOM(y() =0, i) = () =) M(y(®),
y(to) = yo, §(to) = 41 y(to) = o,
u(to) = Ayo +y1 + u(to) M (yo)
(3.19)
are equivalent, where u(t) := A\y(t) + y(t) + p(t)M(y(t)), or
{(y(t>,a<t)) = G(t, y(t), ult)),
(3.20)
(y(to),u(to)) = (vo, Ayo + y1 + p(to)M(yo)),

where G : [tg,+00) x H x H — H x H is given by

G(t,y,u) = (w =y = p(®M(y), (it) = 4(0) M(y)).

The existence and uniqueness of global solutions to (3.20) require strong assumptions, such as the
Fréchet differentiability of M. It is more fitting to consider the existence and uniqueness of strong global
solutions, which only require that M is Lipschitz continuous.

Definition 3.4.1. We call y : [to, +00) — H a strong global solution of (3.19) (see, for example,
[37, Definition 3]) if the following statements hold:

(i) v, 9 : [to, +00) — H are locally absolutely continuous, that is, absolutely continuous on each
interval [to, t1];

(i) §(t) + Ag(t) + p(t) L M (y(t)) + v(t)M(y(t)) = 0 for almost every ¢ € [to, +0);
(iii) y(to) = yo and Y(to) = y1-

Theorem 3.4.2. Suppose further that M : H — H is L-Lipschitz continuous. Then, for each
(Yo,y1) € H X H, (3.19) has a unique strong global solution y : [tg, +00) — H.

Proof. We use the first order reformulation (3.20), and show the existence of strong global solutions
to this differential equation in the Hilbert space H x H, which we endow with the inner product

(W w), (@,1)) 3¢ = (y,7) + (u, W) and corresponding norm [|(y, u)|l2x3 = v/[lylI* + [|ul]>.
(a) First, we check the Lipschitz continuity of G(t, -, -) for each t € [to, +00). For (y,u), (7,u) € HxH

|Gty u) = G6,7,0) |y,
<[ =) = Ay = 1) - 6O M) = M@)| + || () = 7)) (M ) - M)
< llu =l + My = 7l + Zlu(®)| Iy = 7l + Eli) = 5@ ly - 71
< (1 A+ L] + LYt = O] 1w 0) = @) 350
By hypothesis (we are just using the smoothness of y and the continuity of ), the (dependent on t)

Lipschitz constant attached to G(t,-, ) is locally integrable.
(b) Now, we prove the local integrability of G(-,y,u) for each y,u € H. We have

[ 16 ieesds < [ (0= utsni] + | 6s) - 1) as

ty
to 0

< [ (el Al -+ 1 MW+ ()] + ) 1M1 s,
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and by hypothesis the right-hand side is finite.

With these two conditions verified, we invoke the Cauchy-Lipschitz-Picard theorem (see, for example,
[62, Proposition 6.2.1]) to ensure the existence and uniqueness of a strong global solution to (3.20). The
statement follows from the equivalence between the first- and second-order formulations. O

3.4.2 Convergence rates and weak convergence of the trajectories

In this subsection, we will assume that we have a global solution y : [tg, +00) — H of (3.18).

Before proceeding, we introduce the energy function that will help us in our analysis and show some
estimates that we will need later. Suppose z* is a zero of M, and ¢ — y(t) solves (3.18) for t > ty. For
0 <n <A, on [ty,+00) we define

(1) 1= 3] |2n(u(t) — ) + 23(0) + ()M (1) | CG10)
+ 2\ = ) ly() o (£2(0))
 20p(t) (y(8) — ", My(1) (£3(1))
FpOIM )P (E4(1)

2

We now compute the time derivative of £, at a point ¢ > t:
Lenn) = <277(y(t) @) 2(0) + p(OM(y(1)), 209(t) + 2(2) + (O M (y(8)) + u(t)iM(y(t))>
= (26(0) = )+ 20(0) + W(OM3(0),
20n = Ng(t) + [(t) = 29(0)| M(y(0)) u(t)dtM(y(t))>

= dn(n — N (y(H) — =", 5(0)) + 20 it) - 27(75)] () — =", M(y()

- 200) {30) — ", M) ) + 40 = ]|
+{2]t) = 29(1)] + 20 = V() } (50, M(y(®)) = 201 <y<t>, th<y<t>>>
() A1) = 290 IM @) 2 = 120 <M<y<t>>, dM<y<t>>> :

LE2(1) =t~ m{y(t) — o 5(1)),

dt "
FE0 = 200(00(0) — " M)+ 200 0. M) + 200 (400 — 2", M) ).
FE0 = OO + 20 (M), M0

Putting everything together yields

d . _d d d

= {2n [u( ) -2yt >] + 2t >}<y<t> — &, M(y(6)) + 4 — N g(0)]|

{20 = 20+ 200~ (0 + 2t o) M) ~ 2000 (30, 000
+{u)[at) = 290 + w1 @)
= (1) = 40 w(t) = 2", M(y(6))) + 20(8) [15) = (1) 1M () 2
+atn = N FOI - 200) {360). M 0(0)
+2{ [2n = (&) + Ault) = 2v(0)] + at) f(3(8), Mly(1)))



= 4 [j(6) 4] w0) — 2, M (e) + 2(0)[t) =~ IM ()
+ =N = 2000 (0, M0 ) + RO, (3.21)

where R(t) results from rearranging terms and will be made explicit momentarily. Our goal is to have
%Sn(t) < 0 for ¢ large enough, which will be ensured under the following assumption:

Assumption 3.2. Suppose that A > 0, p : [tg,+00) = Ry and v : [to, +00) — Ry satisfy

further ’ ’ .
lim M::L>0, sup&<1 and 2\ — 3L + 1nfM>0 (3.22)

t—+oo pu(t >t V(1) to p(t)

Indeed, the growth condition on p(-) and ~(:) and the positivity of u(-) ensure fi(t) < ~(t), which
makes the coefficients accompanying (y(t) —z*, M (y(t))) and || M (y(t))|*> nonpositive; the fact that n < A
also makes the term corresponding to ||y(t) ||2 nonpositive. Furthermore, the monotonicity of M yields

(30 MO0 ) = tim s () = (0, M) = M(w(0) > 0

further multiplication by —2u(t) makes this term nonpositive as well.
It only remains to check that R(t) is nonpositive as well, which requires some preliminary computa-
tions. Define, € := A — 1 > 0, so now R(t) reads

N ; . 4 .
R(t) = =32 g(8)|*+2{ [ =22+ Ma(t) = 29| +4l8) }(58), My(8) + 500 [fs(6) —2(0)] 12 (w(0)) 2
(3.23)
To establish that R(t) is nonpositive for large enough ¢, we make use of Lemma 2.3.5 and set X := gy(t),
Y :=M(y(t)) and A4, B, C as

A= =32, Bi= (=2ep(t) + Au(t) = 29(1) + 1), C 1= () [is(t) = (1)].

We have
— AC = [(~22u(t) + Ault) —21(0) + )]+ Sent)[te) — ()

= [~2ep(t) + Mnlt) —~ 2(1)] " — dep0)i(t) +200a(t) — 220 l0) + (1))
+ dep(t)(t) — dep(t)y(t)
2 .
= 422(1) — dep(t) (alt) — 27(1)) + (a(t) — 2v(0)*+ 2(at) — 2v(1)) )
+ (1) — Aep(t)y (1)
. 2
2 2 7(t) 29(t) | Alt)
=p(t) | 4e —4( —)E-l—[)\—-l- . 3.24
“ { u(t) at) " ) (324
Notice that B? — AC is a quadratic expression in . Proposition 3.4.4, which is an intermediate result
before the main theorem of this subsection, will show that there exists a suitable interval I C (0, ) with
nonempty interior such that this parabola eventually becomes negative for every ¢ € I. It also shows

integral statements which will be needed when showing weak convergence of trajectories and little-o
rates.

2

Remark 3.4.3. Assumption 3.2 implies in particular that A > L, a fact that we will need later.
Let us show this claim here. Since

2\ > 3L — inf @, there exists § > 0 such that 2\ — ¢ > 3L — inf @
t=to fu(t) t>to u(t)
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Since lim;_, ¢ o % = L, for every given 0 < € < ¢ there exists t. > ty such that for every ¢t > t.

1 (t t
L—sg—)SL—i—a, and in particular, &S(L—I—a) (
p(t p(t) (1)

where in the last estimate we used the assumption sup; >, % < 1 and the nondecreasing property
of u. Now, for every t > t. we have

=-

v(t

< L+e¢,

—~

9\ —3 > 3L — inf@ESLf&E?)L—LfE:QL—E,
t>to pu(t) 1(t)

from which we deduce
2\ > 2L + 6 — e > 2L and thus A > L.

Proposition 3.4.4. Suppose further that X, u(-) and () satisfy Assumption 3.2. Let x* be a
zero of M and y : [to, +00) = H be a solution trajectory of (3.18). The following statements are
true:

(i) The limit lims—, 1 oo Ex—c (t) € R exists for every e in a given interval I C (0, \);
(if) It holds
+oo +oo 9
[ uowe - o M@ <400, [ |)|de < +oc
to tO

—+o0
and / ()| M (y(t)||*dt < +o0.
to

Proof. (i) Just as we mentioned before the previous remark, we want to find an interval I with nonempty
interior, independent of time, such that I C (0, A) and such that for every ¢ € I the parabola (3.24)
becomes negative for large enough ¢. We do this in two steps: first, we show that the discriminant, which
depends on t, stays away from zero as ¢ — 400, and thus the (also dependent on t) roots are properly
separated as t — +o00. Second, we show that the left and right roots stay respectively below and above
certain thresholds as t — +o00. Combining these facts will yield the desired interval I.

To proceed, we first observe that, according to (3.2), and since A > L following Remark 3.4.3, we can
choose d1, 05 such that

A ﬂ(t)}
max 42— —,sup —= 0 < 91 < dg < 1. 3.25
{ L tztl?) () ' ’ ( )
After some algebraic manipulation, we deduce that for every ¢ > tg
29(t) | p(t) V() 7(t) 7(®)
AN Sl D e N (6 —2) s < A (0 —2) 5 < A — =,
ut) Py ST OBy A D <A
Moreover, we know that there exist dy > d; > 0 satisfying
0 <A+ (61 —2)L <, <0y <A+ (65 —2)L. (3.26)

Using lim;— 4 o % = L > 0, we know that there exist t; > ty such that for every ¢t > t;

~—

() | A @) _ % v(t) v(t)
W)+m<m(6 —2)7§51<62§A+(6272)M—<A——- (3.27)

On the other hand, according to (3.2), we know that

L-A<A-2L+ inf it)
to pu(t)’

Again recalling that A > L, we can construct 54 > 53 > 0 and ty > t; such that for every t > to

fu() and

L—A<—0;<—b63<A—2L+i
4o (D)
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2(t) - 2(t) . lt) 29(t) | jlt)
—L A< - <-03<A— —L+inf —FL < \— —L F —=~. 3.28
w0 A T ORE- 0 MO (3.28)
Combining (3.27) and (3.28) yields, for every ¢ > ¢,
y(t) < < 29(t)  pt) % v(t)
— L A< Iy <03 < AN —L+ L <H <O < N— —£L.
u(t) e p(ty oy =T u(t)

Without loss of generality, since both cases can be handed identically, we may assume that
max {51, 53} = 51.

Therefore, the reduced discriminant of (3.24) satisfies, for every t > to,

_ ERIOR AN (OB IO 2 52
At.4l()\ M(t>> (x H(t)m(t)”zzl(@ 52) > 0, (3.29)

and thus stays away from zero as ¢ — 4+00. Now, choose d3 > 0 such that
: L [ %
03 <min< L, A — L, B 05 — 07 ¢ .
Once again using the fact that lim;_, 4 % = L, there exists t3 > t5 such that, for every t > t3,

v(t)
Y Y NP A W S .
A 53 < A R A—L+ 63 (3.30)

The roots of the quadratic expression (in €) in equation (3.24) are

et:zl()\—w>—1\/& and et:l(A—W))Jrl\/E.

2 p(t)) 4 2 u(t)) 4

Now, using (3.29) and (3.30) we can deduce that for every ¢ > t3

1 /= = ~ ~
b <8B3 = AL+ \B-0<A-L-d

= 5t:;(A—%)—i\/&<;()\—L—i—&g—\/gg—g%) <%()\—L—53).

Similarly, for every ¢ > t3 we obtain
(A= L+63) <&

N =

Thus, we define the interval I as
1= [1()\—L—63),1()\—L+53)] .
2 2
The previous inequalities, together the way we chose d3, ensure that
IC(g,8) C(0,N).

Thus, for every e € I, the term (3.24) is negative for ¢ > ¢3:

B? - AC <0,
and we recall that according to Lemma 2.3.5, this in turn implies R(¢) < 0 for all ¢ > t3, which is what

we wanted. Having shown (3.23), we go back to (3.21) and we drop the nonpositive terms corresponding
to (y(t), =M (y(t))) and R(t). For every n = A —e > 0 with € € I, for every ¢ > t3 it holds

L 4(t) < [t~ (0] wO) ", M) +0-N) 30+ 20 ) 0] IM ) I? < 0. (331
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This means that for every n = XA — ¢, where ¢ € I, &, is nonincreasing on [t3, +00), therefore, for every
t > t3 we have

0 < &y(t) < &lts), (3.32)
thus
tilinoo &y(t) € R exists. (3.33)

In particular, going back to (£)(t))-(€,(t)), we deduce that, for every ¢ > t3,

M) < B a0 - d0) < 22 (3.34)
(ii) From (3.25) and (3.30), for every ¢ > t3 we have
% <6 <1 and L—ds< Zg; SL+8 = (1—6)9(t) < () — alt)
= (1= 8)(L — S5)u(t) < (1—8)(t) < 7(t) — fu(t).
Going back to (3.31), we integrate the inequality from ¢35 to ¢t > t3 and obtain
an(L =51 = 32) [ p(e)as) =" M) + (=) [ [oGs)|as
L= =8) [ M) s
<an [ [306) = i) () = 2" Mu()ds+ =) [ [ato)]"as
+3 [ o) ) = )| IV (o)) s
<&y (ts) = &, (1),
which produces the required integrability results. ]

We are now in a position to state and prove the main theorem of this section.

Theorem 3.4.5. Suppose that \, u(-) and v(-) satisfy Assumption 3.2. Let x* be a zero of M
and y : [to, +00) — H be a solution trajectory of (3.18). Then, the following statements are true:
(i) Ast — +o0, it holds

||M<y<t>>||=o(/jt)), <y<t>—x*,M<y<t>>>=o(u(1t)) and |[§(0)]| = 0; (3.35)

(ii) The solution trajectory y(t) converges weakly to a zero of M as t — +oo.

Proof. (i) Let I C (0, A) be the interval provided by Proposition 3.4.4 (i). Choose €1,e2 € I such that
€1 # 9. Set m; ;=N —¢g;,1=1,2. We have

Eny (1) = Eny (1)

= 2 2m o) — @) + 2500 + wM )| — 5 |20 w0 —2) + 2000 + )M )|
+2 [m(A —2) = m(A = m)} ly(t) — 2|1 + 20m2 — no) u(t) (y(t) — 27, M (y(1)))

=200 = n) ly(t) — "I + 202 — ) (y(t) = 2, 2§(8) + p(®)M(y(2)) )

+ (2202 = m) = 2008 = 1) [ Ilw(®) = @12 + 20 — m)uO)y(t) - ¥, M(y(2)))
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== ) [310) = 2" 2+ ) = 2" 500 + w(OM 60}

Define, for t > tg,
A X * e
p(t) = 2 e) — 2P+ (u(0) — 2, 500) + () M(u(0)).
Because of (3.33), and since 1o — 11 # 0, we deduce that

lim p(t) € R exists.

t—+oo

With this at hand, we can now rewrite &,, (t) for every ¢t >ty as

En(t) = [ 2m O — 2% +200) + MO+ 200 = m)llyte) - 27
F2uu(n)y(e) — MOy (0) + (1) M (1) P
- [4n%||y<t> = @2+ Am (y(t) - 2", 24(0) + pOM (1) + | 2000) + u(t)M(y(t))\ﬂ
2 y0) — o 2 = 202y (r) — 2 I+ 2mp0) (u(t) — o, M) + 32 () [ M ()
= amp(t) + | 200) + pOM@E)| + L2 @I
= amp(t) + [560) + w M) + o]

Define
n(e) = ||a0) + oM )|+ i)
Since both limy_, 4 o0 &, (t) and limy_, o p(t) exist, so does lim;_, ;o h(t). Notice that
t t t
| peds <3 [ ffas +2 [ i ue)as,

and the integrals on the right-hand side remain finite as ¢ — +o00 according to Proposition 3.4.4 (i) (ii),

ie., tjoo h(t)dt < +o0. Combining this with the existence of lim;_, 4 h(t) allows us to deduce
tllgrnoo h(t) = 0.
This implies
Jim[(6)] =0,

combining this with limg_, oo |[9(t) + ()M (y(t))|| = 0 gives that, as t — +o0 it holds

lim (O ME®)] =0, or ||M<y<t>>||=o(1).

t—+o0 u(t)

Using the boundedness of ¢t — ||y(t) — «*||, we obtain that as t = +o0

() — 2, M(y(1)) = o (@) .

(ii) We will make use of Opial’s Lemma. Define, for ¢ > ¢,

alt) = 5u®) ~ 2 + [ n(s) a(s) =" My

to

Recalling the definition of p(-), we have

Aa(t) +4(0) = G ut6) "I+ (ul6) =" 3(0) + uOMO)) + A | ls)pls) - 2" My

to
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=M®+A/A¢MMS—wﬂM@@DM&

to

According to Proposition 3.4.4 (ii), the integral in the previous sum converges as t — +00. Since we
already established that lim; . p(t) exists, we are lead to

lim (Aq(t) +d(t)) € R exists.

t——+oo

Using Lemma 2.3.3, we obtain the existence of lim;_, - ¢(t). Using again that

—+o0
/' u(s){u(s) — 2%, M(y(s)))ds < +oo,

to
we finally deduce that
. o .
tllinooﬂy(t) x*|| exists.

Thus, the first condition of Opial’s Lemma is met.
For the second condition, let 7 be a sequential cluster point of ¢ — y(t), i.e., there exists a sequence
(tn)nen C [to, +00) such that ¢, — +oco and y(t,) — T as n — +oo. Since we already know that

([M(y()| = o (ﬁ) as t — +oo and p(-) is nondecreasing, we have M (y(t,)) — 0 as n — +oo. Since
M is maximally monotone, its graph is closed in H™e2k x Hstrone  thus
M(g) =0,

Now both conditions of Opial’s Lemma (see Lemma 2.1.2) are fulfilled, from which we finally conclude
the proof of this theorem. ]

3.5 Connection with a system with asymptotic vanishing damp-
ing governed by a monotone and continuous operator

Here, as it was done before, we present two systems attached to (3.17): one has a fixed viscosity param-
eter, i.e., the Heavy Ball dynamics (3.18), while the other features an asymptotically vanishing viscosity
coefficient accompanying the velocity; precisely speaking, these are exactly the Fast OGDA dynamics
(see [40]) for the case B(-) = 1. While at first glance they might appear fundamentally different, we will
see that one is a time-rescaled version of the other.

3.5.1 Two equivalent dynamical systems through time rescaling

Similar to what was done in Section 3.3, we start with a trajectory solution y : [to, +00) — H of

M (() + (DM (y(1) = 0, (3.36)

() + XJ(0) + ()

and define z(s) := y(7(s)), where 7 : [sg, +00) — [tg, +00) is a continuously differentiable function such
that 7(s) > 0 for every s > 5o > 0 and lims_, ;o 7(s) = +00. We have

i(s) = 7(8)g(r(s)) and  i(s) = #(s)i(r(s)) + (#(s)) ii(r(s)).

These expressions lead to

J —Lis an §j(T(s
Hre) = gole) and Gl = o

Moreover
(M) or)(6) =+ TMEO)]_ = SMEM)| = L),

t=7(s)

Now, plugging t = 7(s) in (3.36) gives
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or, equivalently,

a
ds

Z(s) + [)\7"(3) — :Eiﬂ z(s) + 7(s)u(7(s))

We briefly recall that the Fast OGDA dynamics [40], for constant 5(-) = 1, are, for s > so > 0,

M(x(s)) + (7(5)) “¥(7(5)) M ((s)) = 0. (3.37)

i#(s) + %@(s) + %M(x(s)) + %M(w(s)) ~0. (3.38)

Going back to (3.37), if we want an asymptotic vanishing viscosity coefficient accompanying the velocity,
we need to ask for

LT _a
At (s) 7(s) s
7(s0) = tp.

Since it was done before in Section 3.3, we don’t repeat the derivation for finding the solution here. We
know that for s > so > 0, the function

a—1

r(s) = C 2 Ins) + (—O‘; L 1n(so) +t0> - O‘T‘lm (5> +to (3.39)

S0

satisfies this differential equation. We have

o=t 5 ()= O

We need, of course, to assume that o > 1. Furthermore, we want the coefficient attached to M(x(s)) to

be 5=, ie.,

GO ) =5 & o <O‘A1 In ('9) +t0> -5 (aA_QS'l)Q

S0

which is fulfilled if we choose

@ A2s At —1t
=5 o1y exP( (a—10))'

Set u(-) = y(-). Notice that for every t > tg

A(t) ~ ult) (ﬂ)QGXp(%) a1

a—1

Thus, Assumption 3.2 is satisfied if and only if

A
<1 and 2\ -3+ —— > 0.
a—1 a—1

After rearranging terms, the two previous inequalities are equivalent to

3(a—1) 3
= A — 1. A
90— 1 2+ﬁ< <o (3.40)
In particular,
3(a—1)

Cy— <a-1 & 2<a.
We now turn our attention to the coefficient attached to %M(a:(s)) in (3.37). Since we want to reach
(3.38), we need

o A 2(a—1)

—_ = T = 1 =

A s =1 e A=A

We must verify that this choice of A satisfies inequality (3.40). Indeed,

2(a—-1)

<a—1 & 2<a and
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3(a—1) - 2(a—1)

& Ja<da—2 & 2<a.
200 — 1 e’

All in all, z : [sg, +00) — H fulfills

o d o
7 —1a —M —M =0.
#(3) + L) + LM () + LM (a(s)
Conversely, if for a > 2, x : [sg,+00) — H is a trajectory solution of the previous system and we
define y(t) := z(o(t)), where o : [tg, +00) — [0, +00) is a continuously differentiable function such that
(t) > 0forallt >ty > 0and limy_, 4 0(t) = +00, arguing in a similar fashion as it was done previously
we arrive at

2
) o(t) ()] . o d a (o))
t — = = t t)—M(y(t — - M(y(t)) =0.
o)+ a2 = 20 i) + o0 G M0) + 5 - O MGy(e) =0
We want the coefficient attached to y(t) to be A = 2=1)  For this end, we need o to satisfy the
differential equation
7 (t 5 (t 2(a—1
LW o) 201 2t — to)
o(t) o) @ which is fulfilled by () := sgexp — )
O'(to) = S0,

With this choice for o(+), the resulting system reads

o)+ 2020+ 220 o () Sartye) + 2 e (210 arue) o,

« o dt o

It is straightforward to check (we have actually done this already when going from the Heavy Ball system
to the Fast OGDA dynamics) that

2(a—1)

>\:

and (1) = (1) = 2 exp (2(”)>

«

satisfy Assumption 3.2, and thus all the results ensured by Theorem 3.4.5 hold.
We have essentially shown the following proposition.

Proposition 3.5.1. Assume that o > 2 and that so > 0,tg > 0 are initial times. Consider the
following second-order systems:

30+ 22 Di0) + 22 exp (X00) sy + 22 enp (221 artyt0) =
y(to) = yo, Y(to) = v,
(3.41)

and
ﬂ@+%ﬂ@+%M@@»+%M@@»:Q

x(s0) = xo, @(s0) = 27.

(3.42)

Then, the following statements are true:

(i) If y : [to,+o0) — H is a solution trajectory to (3.41) and the function T : [sg,+00) —

[to, +00) is given by
()= ol (2) +¢
7(8):= =In [ —
9 50 0,

then the reparametrized trajectory x : [sg, +00) — H given by x(s) := y(7(s)) is a solution
to (3.42) for initial conditions

. o
x(s0) =yo and x(sg) = 2—50341.
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(ii) If x : [so,+o0) — H is a solution trajectory to (3.42) and the function o : [tg, +00) —
[s0, +00) is given by
2(t —t
o(t) := spexp ((0)) ,
a

then the reparametrized trajectory y : [to, +00) — H given by y(t) := x(o(t)) is a solution
to (3.41) for initial conditions

. 2s
y(to) =x0 and y(ty) = ?Oxl.

3.5.2 Transferring the rates to Fast OGDA

A direct consequence of Theorem 3.4.5 and Proposition 3.5.1 yields the following theorem.
Theorem 3.5.2. Let o > 2, s > 0, and x : [sg, +00) — H be a solution trajectory of

. a, d e! B

#(5) + Si(s) + - M(a(5)) + o M(a(s)) =0,
x(s0) = xo, x(s0) = 1.

and let x* be a zero of M. Then, it holds

Dl =o(3 ). (@) -a" M@ =o(3), l6l=o(5) ws—to.

S

Furthermore, x(s) converges weakly to a zero of M as s — +o0.

Proof. The proof is near identical to the one in the optimization setting. As per Proposition 3.5.1,
define y(t) := x(o(t)). We know that y : [tg, +00) — H is a solution to (3.41). Again, the function
00T : [s9,4+00) — [sg,+00) is the identity, which gives z(s) = y(7(s)) and 25i(s) = y(7(s)) for every

s > 89. According to Theorem 3.4.5, if we set u(t) = v(t) = % exp (@) for all t > ¢y, then it holds,
as s — +o00o,

b
(7 (s))

We just need to compute p(7(s)). We readily see

n(r(s)) = (‘;m () +to> — 2P exp (i Gl <>> -2

which immediately shows the rates claimed in the statement. Since y(t) converges weakly to a zero of
M as t — 400, so does z(s) = y(7(s)) as s = +0o0. O

1

)o o) = brtao) =o (s

(el =o )t Zfa) o

3.6 A second-order system with slow vanishing damping

In this section we mention the main results shown in our paper [42], which bear a connection with the
ideas discussed in this chapter. More details and the proof may be found therein.

In the context of linearly constrained convex minimization, for a primal-dual system like the one
studied by Zeng, Lei and Chen [102], Attouch, Chbani, Fadili and Riahi [18] considered a vanishing

damping term of the form % + %, while He, Hu and Fang [66] measured the effects of a term %. In both

cases, the choice r < 1 allowed the authors to derive exponential rates of convergence for the primal-
dual gap. We wanted to see if this influence carries over to a more general setting of a continuous and
monotone operator M : H — H. For t >ty > 0, we study the asymptotic properties of the solutions to
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5(t) + %2(1&) + 07 B() LM (2(8)) + BEOM(=(t)) = 0. (3.43)

dt
The following are the assumptions on the parameters involved in the system.

Assumption 3.3. r € [0,1], and a, 0 > 0 are taken as follows:
o Ifr €[0,1), then 2 < 6;
. Ifrzl,then(%‘_l§9<%.

B : [to, +00) — (0,+00) is a continuously differentiable and nondecreasing function which satisfies
the following growth condition:

s v (28 - 2[) < %' (3.44)

Theorem 3.6.1. Suppose that a,0 > 0, r € [0,1] and that 8 : [tg,+00) — (0,+00) satisfy
Assumption 3.3. Let t — z(t) be a solution to (3.43) and let z* be a zero of V. Consider the
following convergence rates as t — +oco:

IMGON =0 (G )+ O == MEON =0 (g )« 20l =o(55) - @45
The following statements are true:

(i) If r € (0,1), the above rates hold for p € (0,7). Furthermore, if t — z(t) is bounded, then
these rates hold for p = r.

(ii) If r = 0 or r = 1, then t — z(t) is bounded; moreover, the above rates hold for p = 0 (if
r=0) and forp=1 (ifr =1).

(i) Ifr=0 orr=1 or (7“ € (0,1) and t — z(t) is bounded ), then z(t) converges weakly to a
zero of V ast — +oo.

Remark 3.6.2. Notice that when r = 0, the growth condition given by Assumption 3.3 reads

BB _1
SO

which is very similar to the growth condition of Assumption 3.1 in the optimization case.

Remark 3.6.3. When r < 1, the growth condition in Assumption 3.3 holds if for some 0 < 6 < %
the following differential equation is fulfilled by 3:

LB 2\ 1

A solution to this equation is

1 1 1
5(”752,“'6)(13((95) 1t_r>7

thus convergence rates of 0<exp (— (5—9) tlt;)) are attained for ||V (z(¢))|| and (z(¢) —
zs, V(2(t))) as t — +o0.
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A discretization of (3.43) yields an implicit algorithm, which has analogous convergence properties
to its continuous counterpart. We will only consider r € (0, 1].

Algorithm 3.1:

Input: 29,21 € H, r € (0,1], @, 0 > 0, (Bx)r>0 a sequence of positive numbers;
for k=1,2,...do

k" (Z — % ) . ekZTﬂk—l
a—rk 4 (k+ 1) Y Ty T e (ke 1)

9{ [(k 1) — k?r] - 2rk2’”*1} kT
B a—rkT=1+ (k+1)r

Zp+1 =2k + M(zgps1) — M(zk)]

BeM (2k+1)-

The following are the assumptions for the parameters in the numerical algorithm. They differ from the
continuous-time counterpart in that the interval is now smaller for the case r € (0,1).
Assumption 3.4. r € (0,1], «, 0 > 0 are taken as follows:
« Ifr €(0,1), then 2 < 6;
— 2 1
o Ifr=1,then ;57 <0< 3.

The sequence (B)r>0 is positive, nondecreasing, and it satisfies

Br — Br—1 2T> 1
EFl———————+ — | < — 3.46
kS;]ICJO ( Br k 20 (3.46)

for some positive integer k.

Theorem 3.6.4. Suppose that o, 0 > 0, r € (0,1] and that (Bi)k>0 satisfy Assumption 3.4.
Let (z)k>0 be the sequence generated by Algorithm 5.1 and let z* be a zero of V.. Consider the
following convergence rates as k — +00:

I3 =0 (g )« =" M) =0 () and o= sl =0 (55 ).

The following statements are true:

(i) If r € (0,1), the above rates hold for p € (0,7). Furthermore, if (2*)r>0 is bounded, then
these rates hold for p =r. Moreover, if r = 1, then (zx)k>0 s bounded and the above rates
hold for p=1r =1;

(ii) Ifr € (0,1) and (zx)k>0 or if r =1, then 2z, converges weakly to a zero of V' as k — +o0.

Remark 3.6.5. Similar to the continuous case, when r € (0, 1), it is easy to show that for some
0<do< i the sequence

6]6 = % . e(ﬁf‘s) k11::

fulfills the discrete growth condition in Assumption 3.4. Hence, a linear convergence rate of
1 BT

o (e_(ﬁ_‘s)ﬁ) is exhibited by ||M(z*)|| and (z* — 2., M (2*)) as k — +o0.
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Chapter 4

A second-order system attached to
an additively structured monotone
inclusion

4.1 Introduction

In this chapter, which is essentially our work [41], we study the asymptotic properties of a dynamical
system attached to a maximally monotone+cocoercive inclusion problem. Namely, in real a Hilbert
space, given a maximally monotone operator A : H — 2" and a B-cocoercive operator B : H — H, we
address the monotone inclusion problem

find 2 € H such that 0 € (A + B)(x), (4.1)

which we naturally assume to have at least one solution. The dynamical system in question reads, for
t >ty >0,

0) + 55(0) +€ ( D00 @) ) + Trwa(a(®) =0 (42)

where, for A,y > 0, the operator T , : H — H is given by

Ty, = % [1d-J,a(1d—yB)].

The motivation for studying dynamics governed by this particular operator T} , comes from two facts:
first, it evaluates A and B in a splitting fashion, i.e., though a backward step for A and a forward step
for B; second, for A,y > 0 the operators A + B and T} , have the same set of zeros. Indeed,

1
0="Try(z) =<

\ x—J.YA(x—'yB(x))} & v=Jya(le —vyB(z)) & ©—vB(z) € x +vA(x)

& 0€(A+B)(a).

We will show that, as t — +oc, it holds

i@l =o ().

as well as the weak convergence of the trajectories towards solutions to (4.1).

This chapter is organized as follows: in Section 4.2, we show the existence and uniqueness of solu-
tions to (4.2), as well as some properties of the operator T} ~; in Section 4.3 we show the asymptotic
properties (convergence rates, weak convergence) of (4.2); in Section 4.4, we particularize our system to
the respective special cases A =0 and B = 0, the latter being of particular interesting since it produces
(arbitrarily) fast polynomial convergence rates for the norm of the governing operator along the trajec-
tories (only depending on v(-)); in Section 4.5, we particularize our system to the convex optimization
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case, i.e., where A = 0f and B = Vg; in Section 4.6, we mention an implicit numerical algorithm that
can be obtained from a discretization of (4.2).

Remark 4.1.1. It is sometimes useful to write T} - as
T\, = 2|A,(1d—B)+ B
Ay — )\ Y Y ?
where we recall that the Moreau-Yosida envelope of index v of A is given by

1
Ay = ~(1d=Jya).

4.2 Existence and uniqueness of trajectories

In this section, we show the existence and uniqueness of strong global solutions to (4.2). For the sake of
clarity, first we recall the definition of a strong global solution, which was also given in Chapter 3.

Definition 4.2.1. We call x : [tg, +00) — H a strong global solution of (4.2) if the following
statements hold

(i) @, & : [to, +00) — H are locally absolutely continuous, that is, absolutely continuous on each
interval [to, t1];

(i) &(t) + 2d 4+ £ (LT 0 (@) + Tagey (e (z(t)) = 0 for almost every t € [to, +00);
(iii) 2(tg) = xo and z(tp) = wo.

A classic solution is just a strong global solution which is C?. Sometimes we will mention the
terms strong global solution or classic global solution without explicit mention of the Cauchy data.

The following lemma will be used to prove the existence of strong global solutions of our system, and we
will need it in the proof of the main theorem as well.

Lemma 4.2.2. Let A : H — 2™ be a mazimally monotone operator and B : H — H a -
cocoercive operator for some B > 0. Then, the following statements hold:

(i) For A > 0 and v € (0,25), Tx~ is a )\4/1;7—000067"62'116 operator. In particular, this also

implies that T’ ,, is %—cocoercive;

(ii) Choose A1, Aa >0, y1,72 € (0,20), z,y € H and z* € zer(A + B). Then, it holds

48| — 72|
AT 70 (%) = A2 Ty 17, (W) < 4|7 =yl + THB

2‘71 _72| *
@)+ ——llz — =7,
7

1 71— el 171 — 72 -
T30 2) = Toa a0 < 5 [l =l + 48222 o 4 222l — o
1 M M
A2 — A .
27 _ .
+ )\1>\2 ||y T ||’

(i) If z is a classic global solution to (4.2) and x* € zer(A+ B), then, for every t > ty, we have

d . ) SO
|5 00T @) | < e+ 45 ED B+ 25D e - o4,

Proof. (i) From [28, Proposition 26.1] we know that the operator .J,4(Id —yB) is a = 22—-averaged.

4p—
From [28, Proposition 4.39], we obtain that Id —J,4(Id —yB) is i—cocoercive, namely, it is 4&;*—
cocoercive. Since v € (0,253), we have 4ﬁg"’ > % = %, which implies that Id —J,4(Id —yB) is %—
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cocoercive and thus

43 —
TA,’Y is A 5

Y . A .
-cocoercive and T, is E—cocoercwe.

(ii) We have
(M T 3 (@) = ATy 0, W < lz = yll + | Ty, a(x — 11 B(2)) — Jypaly —72B(y))|l
<z =yl + [y alz = 1 B(z)) = Jy,a(z — 1 B(z))|
+ | Jypa(z = B(z)) = Jyaly —72B))ll
< 2)lz =yl + I — 2l Ay, (2 = B@))|| + M B(z) — 72By)]
<2llz =yl + Im = 2llAy, (2 =71 B(2))|
+ [ B(z) — v2B@)[| + [|72B(x) — vB(y)||
=2[lz — y[l + |71 — 22lllAy, (z — 1 B(z))||
+ | =2l B(@)[| + 72l B(x) — B(y)|.-

Now, notice that

1 1
Ay (x =mB(z)) = %(Id—J%A)(x —mnB(z)) = —B(x) + %(1? — Jyalz = B(z)))
= —B(z) + Ty, » (z),
so using (i) and the fact that T, -, (z*) = 0, we obtain
1Ay, (x = B@) || = | = B(z) + T, 10 (@) | < [|B@) 4 [T, 52 (2) = Ty 1y (27) |
2 X (4.3)
< [|B@)] + —[lz—=7|.

ga!

Altogether, plugging (4.3) into our initial inequality yields
2|1 — 72l .

AT, 72 () = A2Txg 0 (W) < 20l = yll + 2|31 — 72l B(2) ]| + Tllw —z*|| + 72 B(z) — B(y)|

4Bl — el 2|71 — 72 . 1
<2z -yl + 1B(x)]l + [z —a*[+28{ =) llz -yl
M M B
To show the second inequality, we use the previous one. We have

1
1120 (@) = Thaa W = 5 AT 0 (@) = AoTho 0 () + (A2 = M) Do 2, (W)

1 I — e I — el \ — A1
[t =+ 4822 el ey P2 ]
1 7 4! A1

IN

HT>\2W2 (y)”

IN

1 171 — 72| 71 — 72| . |>\2 At o
™ [4||$y||+45||3$||+2||x=’f I +2———lly -z,
1 et §a!

where the last line is a consequence of T}, , being %—cocoercive7 and hence %—Lipschitz continuous

(see (i)).

(iii) For ¢, s > to set
r=x(t), y==x(s), A\t = At), 11 =7(t), da=A(s), 72 ="(s)

and use (ii) to obtain, for every ¢ > ¢,
A Do) ) (2(E) = A(8) Tas) () (2(3)) |

¢ — o]
o) = =(s)] | 48 r(t) = < I i W =)
Hence, by taking the limit as s — t we get, for any ¢ > tg,
&Yy >>H < a0 + 482 B |+ 20D o) - 0
e 0 0 |

O

The next theorem concerns the existence and uniqueness of strong global solutions to (4.2), which
only requires mild assumptions on A(-) and ~(-).
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Theorem 4.2.3. Assume that A\, : [tg,+00) — Ry are Lebesgue measurable functions and
that inf;>., A(t) > 0. Then, for any (xo,u) € H X H there exists a unique strong global solution
x : [to, +00) = H of the system (4.2) that satisfies x(to) = xo and & (to) = ug.

Proof. We will rely on [62, Proposition 6.2.1] and distinguish between the cases £ > 0 and £ = 0. For
each case, we will check that the conditions of the aforementioned proposition are fulfilled. We will be
working in the real Hilbert space H x H endowed with the norm ||(z,y)|| = ||=||+|/y|. Let z* € zer(A+ B)
be fixed.

The case £ > 0. First, it can be easily checked (see also [4, 22, 26]) that for all ¢ > ¢ the following
dynamical systems are equivalent:

o E(t) + %50(15) +¢ ((ZT)\(t);y(t) (x(t))> + Ty ) (2(1)) = 05

#(t) + €Ty 200 (2(1) — (2= ¢ ) () + y(t) = 0,
i)~ (£ 5+ %) 20+ fy(t) = 0.

In other words, (4.2) with Cauchy data (zg,uo) = (z(to), ©(t9)) is equivalent to the first order system

{z’(t) = F(t,2(1)),

z(to) = (z0,%0),

e

where z(t) = (z(t),y(t)), F is given, for every t > tg, by

1 1 /1 1
F(t (2,y) = {_gT/\(t)n(t) () + (5 - ?) = (5 - % + O;f) v — gy}

and the Cauchy data is g = x(tg), yo = —¢ (uo + €T\ (o) (ko) (T0) — (% - %) xo).
(i) Let t € [to, +00) be fixed. We need to verify the Lipschitz continuity of F' on the z variable. Set
z = (x,y), w= (u,v). We have

IF(.2) = )l = |-€ (oo (@) - Tuow@+ (- 5) -0 - g0
G-+ %) e-w-gw-v).

Set A := inf;>4 A(t) > 0. According to Lemma 4.2.2(i), the term involving the operator Ty ) (¢) satisfies

2 2
T3040 (@) = T a ()| < 35 lle = ull < Sl —ull

)
) 6 )

It follows that, if for ¢ > ty; we take

K(t) ::maX{Qf—F %—%

then we have K € L ([to, +00)) and, for all ¢ > t,

1 a o
Tlemi e

1F(t,2) = F(t,w)|| < K(t)[]z — wl|.

(ii) Now, we claim that F fulfills a boundedness condition. For ¢t > tg and z = (z,y) € H x H we
have

1 1 1 1
e A ) e (G A R |

By Lemma 4.2.2(i), we have, for every t > t,

9
[T m 0 (@) = | Ty 20 (@) = Tay i ()| < oL
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Hence, if for t > to we take

2& 1 «
P(t):max{)\(t)—i— g—?

then we have P € LL ([to, +00)) and

2 2}
7)\(t)7 g 9

IS G
&t 2

IE @, 2)| < P+ |2])-

We have checked that the conditions of [62, Proposition 6.2.1] hold. Therefore, there exists a unique
locally absolutely continuous solution t — x(t) of (4.2) that satisfies (tg) = xo and &(to) = uo.
The case £ = 0. Now, (4.2) is easily seen to be equivalent to

2(t) = F(t, 2(t)),
Z(to) = (:L‘U,’LLO),

where z(t) = (z(t),y(t)) and F' is given, for every t > to, by

F(t,(2,9)) = |1 =59 = Do @) -

Showing that F' fulfills the required properties is straightforward. O

4.3 The convergence properties of the trajectories

In this section, we will study the asymptotic behavior of our system (4.2). We will show convergence rates
for the norm of the operator along the trajectories, weak convergence of the trajectories towards elements
of zer(A + B), as well as the fast convergence of the velocities and accelerations to zero. Additionally,
we will provide convergence rates for [T (x(t))|| and ||%T>\(t),7(t) (z(t))|| as t = +oo. To avoid
repetition of the statement “for almost every ¢”, in the following theorem we will assume we are working
with a classic global solution of our system. In order to show the convergence statements, we need a
slighter stronger assumption on A(+) and ~(-).

Assumption 4.1. Suppose that a > 1, £ > 0, and that v : [tg, +oo) — (0,20) is a differentiable
function. Moreover, assume that as t — +oc it holds

= 2 whnere L an M— 1
A(t) = A%, wh >\>(a_1)2, d W)O()

Theorem 4.3.1. Suppose that the parameters «, &, A(+) and v(-) satisfy Assumption 4.1. Then,
for a solution x : [ty, +00) = H to (4.2), the following are true.

(i) The following convergence rates hold, as t — +o00:
. 1 . 1 1
s@l =0 (%), 160 =0 (%) md Mpawaol=o(%);

(i) If 0 < infy>g, v(2) < supysy, v(t) < 28, then x(t) converges weakly to an element of zer(A +
B) ast — +o0.

Proof. Integral estimates and rates. To develop the analysis, we will fix * € zer(A + B) and make
of use of the Lyapunov function & : [tg, +00) — R, given by

a—1

« . 2 (a—1)2
5 (@) =2") + (&) + E T Hn (@(®))|| +—F5—

+ llz(t) — z* || (4.4)

Differentiation of £ with respect to time yields, for every t > t,

00 = (S5 ) = ) 4 (20 + € Tuao o(0)

- ;_ 1¢(t) + & Dy () (2(1) + 1 (f(t) + f% (T)\(t),'y(t)(m(t)))>> + T@(t) —a*, &(t)).
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After reduction and employing (4.2), we get, for every t > ¢,

5(t) — (Oé — 1)(§ — t) < (1 — Oé)t

= i)

+ (—t2 + W) (Txt) () (@ (1)), &(8)) + (€ = Ot | Taey () (x(t))Hz :

'/E(t) - .1'*, T)\(t)p/(t) (l‘(t))> +

Now, by Lemma 4.2.2(i), we know that Tx(t),~v(t) 18 )‘(Qt)—cocoercive for every t > ty. Using this on the

first summand of the right hand side of the previous inequality yields, for ¢ > ¢; = max{¢, ¢y},

e < L5101 + (= + SC5) (1300 (0. 200)

(D=0

(4.5)
2
4 +8(€ - ﬂt) [YORBICION b

Now, since A > ﬁ, we can choose € > 0 such that
2
O<e<a—1- X<oz—1. (4.6)

Et) + St + FAD [ Taoa0 @®)]
(152 +5) e + (= + L) (o 0. a60) (@)
+ (((Uf_t) + ;t) % + f(§ — t)t) HT)\(t)ﬁ(t)(m(t))HZ .

By (4.6) and the definition of A(t), we know that 5% + £ < 0, and that as ¢ — 400

((((1—1)2(5—@ + ;t) % +E(€ - t)t) = (1;0‘ + ;) %t?’ +0(t),

<0

From (4.5) we get, for every t > t1,

IN

so we can find to > t1 such that for every ¢t > t5 the previous expression becomes nonpositive. According
to Lemma 2.3.5, the right hand side of (4.7) is nonpositive whenever

R(t) == <—t2+5(3;“)t>2—4<120‘ +;)t<<(a1)2(£t)+;t> A(;) +£(£—t)t) <0.

Rewriting, we have that as ¢ — +o0

R(t) = (1+4<1;a+;> (a;l_;) ;\)t4+(’)(t3).

we have % >

Sincee < — 1 — Hence,

2 1
X (a—1—o)Z"

l—a ¢ a—1 €\ A 9 A

This means we can find ¢35 > t5 such that for every ¢ > t3 we have R(t) < 0, that is, for every ¢ > t3 we
have

E(t) + SO + T [ Tay0 @®)]* < 0. (4.8)

Now, integrating (4.8) from ¢3 to ¢ we obtain

aﬂ+i[ﬂumnw+ A/s\mmww DIP ds < £(ts). (4.9)
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From (4.8) and the form of £ we immediately obtain

t— ||z(t) — 2*| is bounded, (4.10)
+oo
/ Hli(8)]|2dt < +o0, (4.11)
to
+
/ 3 HT/\(t) ’Y(t) H dt < 400, (412)
to
a—1 " .
ts;1t1;> ( 5 ) (z(t) — %) + t (&(t) + & Ty e (2(2))) H < +o00. (4.13)

From Lemma 4.2.2(i), we know that for every ¢ > ¢y the operator Ty() (1) is %—Lipschitz continuous,
which gives, for every t > ty,

2
| Txc) .0 @) = [ Tay e (@) = Tay Ay (@9)]] < m\\x(t) — .

Thus, from (4.10) and recalling that A(t) = At? we deduce that, as t — +o0,

[ Ta) 0 (@) = O (é) : (4.14)

By combining (4.10), (4.13) and (4.14) we obtain sup,, t[(t)|| < +oo and therefore, as t — +o0,

el =0 (7). (1.15)

From Lemma 4.2.2, (4.10), (4.15) and the fact that B is é—Lipschitz continuous we deduce that, as
t — 400,

()]
(1)

[9(¢)

oy oot — o 1
s+ 225 e a0 (1), @9

H;lt/\(t)TA(w,v(t)(ﬂt))H < 4l|a(t)| + 4

On the other hand, for every ¢t > t; we have

| AT 00| = [ SO0 00 + 20 F o000 00 (117)
so by combining (4.14), (4.16), (4.17) and the fact that A(t) = 2\t we arrive at
HW)jtTMt),w(t)(x(t))H Hjﬁ( )Tae) 0 (x(t ))H B || Taw 0 (@(0))]] = ()
o(}) 0(72)
as t — +00, which yields
H;tTA(twt) (I(t))H = ﬁo (1) =0 <t13> : (4.18)
as t — 400. Let us now improve (4.14) and show that, as t — +o0,
[ Ta0) 0 (@) = o (;) : (4.19)
According to (4.14) and (4.16) there exists a constant K > 0 such that for every ¢t > ¢, it holds
d d
2 PO @) ‘4 INOTa 0 0 @) < ) x ) (0) (@ (1)), A Ta0) 10 (2(E ))>’
< 4{AO a0 @) MO Tr@ a0 @) H (D)) (2t ))H
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< 2 MO0 @O
By (4.12), the right hand side belongs to L!([tg, +00)), so we get
d 4
= PO 50 (@) € L ([to, +00)),
hence the limit (cf. Lemma 2.3.1)

lim[|A()Ta o) o (2(2)]|*

t——+o0

exists. Obviously, this implies the existence of L := limy— oo [A(6)Txt) ) (2(2))[|?. By using (4.12)
again we come to

+oo g +oo
| MO aw@@)P it =3 [ [T @)t < 4o
t() t(]

and so we must have L = 0, which gives, as t — +o0,

[Tty ) (2(2))]| = o (;2) (4.20)

By combining (4.2), (4.14), (4.15) and (4.18) we obtain, as t — 400,

20l = |- $(0) = €5 T (0) = Tagy 0 w10)
< 2 O] P00 @0)| + [BosoEo)l] =0 (7).

o(%)

e o(%)
t
Moreover, by using the well-known inequality ||a + b+ ¢||?> < 3||al|? + 3||b]|* + 3]|c||* for every a,b,c € H,

for every t > tg it holds

2
i) < ¢

—%ﬂb(t) 5;5 A0 (2(8)) = Tty () (2 ()

2

d 2
< 3at||#(t)|* + 367t 2 Do) (2(1) + 3% | Ty )0y (2 (1) ||

From (4.11), (4.18) and (4.12) it follows
+oo
/ 3|t ||Pdt < +oo. (4.21)
to
To see that [|#(t)| = o (1) as t — 400, we write, for every ¢ > t,
= Ela®17) = 2t (0)[* + 2% (@ (1), &) < 3t[&@)]” + L[|z (@)

From (4.11) and (4.21) we deduce that the left hand side belongs to L*([tg, +00), R), from which we infer
that limit limg_, 4 o t2||d(¢)]|? exists. Using (4.11) again, we get

+oo +oo
| @e@p a= [ P <+,

to

from which we finally deduce lim;_,  « t?||2(¢)||* = 0, therefore

iu»|o(1). (4.22)

as t — +o00. The fact that ||i(t)]| = O () as t — +oo comes from (4.2), (4.22), (4.18) and (4.19).
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Weak convergence of the trajectories. We will work with the energy function h : [tg, +00) — R
given by

h(t) = 5 lot) — a°|?
For every t > ty, we have
h(t) = (@(t) —2*, (1)), h(t) = ((t) — 2", &) + |2(2)]*. (4.23)

Combining (4.2) and (4.23) gives us, for every ¢ > to,
. o i} . d X
h(0) + SH0) + (T (200 = ) = O + (€5 T @), a() — ).

By using the ( ) -cocoercivity of T4 4(¢) on the left hand side, Cauchy-Schwarz on the right hand side
and multlplymg both sides by t, the previous inequality entails, for every t > tg,

£ (8) + ah(®) + 12 Ty 0 ()| < i )”QWH ST (@ <>>\ () — oI

Now, putting (4.10), (4.11) and (4.18) together results in

k(1) = t]a(t >||2+§tH Taymto (& <>>] la(t) — 2*| € L' ([to, +00)).

Now apply Lemma 2.3.6 with 6(¢) := t@ | Tty () (2(2))]] for every ¢ > to to deduce that the limit

1
t—>15-noo h(t)
exists, which fulfills the first condition of Opial’s Lemma 2.1.2.

Let us now move on to the second condition. Suppose T is a weak sequential cluster point of ¢t — x(t),
that is, there exists a sequence (t, )nen C [to, +00) such that ¢, — 400 and z,, := z(t,,) converges weakly

to T as n — +00. Define
Uy :=1d—-J,a(Id —yB).

According to (4.20), we have U, ) (2(t)) = At) T 1) (2(t)) — 0 ast — +o00. Now, since y(t) € [0,23—
d] for all ¢ > t( for some § > 0, we can extract a subsequence (y(tn, ))ren such that v(t,,) = 7 € (0,25)
as k — +00. We may assume without loss of generality then that v, := v(¢,) — 7 as n — +00. We now
have for every n € N

1Uy,, (zn) = Us(@n)|| = (|5, a(2n — 1 B(an)) — ’YA(xn ¥B(zn))
= [[Jy,a(@n = mB(@n)) — Jy, alzn —¥B(@))||
+ |5, a0 — 'YB(xn)) - JWA(xn —¥B(z,))||

)I-

Now, since every weakly convergent sequence is bounded and the operators B and As are Lipschitz-
continuous we deduce that the right-hand side of the previous inequality approaches zero as n — +o0,
therefore getting

|
< = wlllB@a)l + 7 = valll Ay(2n —7B(xn)

UV(LL) =U,, (zn) =+ (UV(Z'H) -U,, (In)) —0

as n — +00. Now, from the proof of part (i) of Lemma 4.2.2, we know that Us is 4igﬁ—cocoercive, thus

monotone and Lipschitz continuous and therefore maximally monotone. Summarizing, we have

(a) Us is maximally monotone and thus its graph is closed in HYeak x H5trone (see [28, Proposition
20.38(ii)));

(b) x,, converges weakly to T and Us(z,) — 0 as n — +o0,

which allows us to conclude that U5 (Z) = 0, and gives finally T € zer(A+ B). Now we just invoke Opial’s
Lemma to conclude that z(¢) converges weakly to an element of zer(A + B) as t — +o0. O
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4.4 Particularizing to the respective special cases A = 0 and
B =0

In the following subsections, we explore the particular cases B = 0 and A = 0, and we will show
improvements with respect to previous results from the literature addressing continuous time approaches
to monotone inclusions.

4.4.1 The case B=0

If we let B =0 in (4.2), then, attached to the monotone inclusion problem
find x € H such that 0 € A(x),

we obtain the dynamics

E(t) + %i(t) + 5% (At (1)) + Axy vy (z(8)) = 0, (4.24)

where 1
Ay (z) = X(Id —Jy4).

We can weaken Assumption 4.1 in this case. Namely, v(-) need not be upper bounded.

Assumption 4.2. Suppose that o > 1, £ > 0, and that v : [tp, +o0) — Ry, is a differentiable
function. Moreover, assume that as t — +o0 it holds

= 2were ; an M: 1
A(t) = At%, wh )\>(a71)2, d o) (’)()

Theorem 4.4.1. Suppose that the parameters o, &, \(-) and v(-) satisfy Assumption 4.2. Then,
for a solution x : [tg, +00) — H to (4.24), the following are true.

(i) The following convergence rates hold, as t — +o0:

ol =o (7). leOI=0(z) amt laoEol=o(5);

(if) If 0 < infy>y, v(t), then z(t) converges weakly to an element of zer A as t — +o0.

Proof. We now have T} , = %(Id—JWA) = Ay . Since Jyy is firmly nonexpansive, by [28, Proposition
4.4] so is Id —Jxa. In other words, Id —J, 4 is 1-cocoercive, therefore Ay , = %(Id —Jy4) is A-cocoercive,
so now the condition on A becomes \ > ﬁ Intuitively, the operator B = 0 is $-cocoercive for every

B > 0, so no matter how large 7(t) is, the operator Ty ) = Ax)~) Will always be )\(t)ﬁlﬂ%g(t)_

cocoercive (cf. Lemma 4.2.2) for 8 arbitrarily large, which means it is actually A(t)-cocoercive. For
deriving the convergence rates, we proceed exactly as in the proof for Theorem 4.3.1, using the fact that
Axt)~(t) 18 A(t)-cocoercive, and the fact that

HW)AW)(Q;(LL))H _ Hl - Igg (#(t) = T alz ) H = 1T o (@) = o <t12>

A(D) 0
(5w)

as t — 400 implies that

[ Ay (@)l

as t — +4o0.
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The proof also changes when we verify the second part of the Opial’s Lemma, to get weak convergence
of the trajectories t — x(t). This is in order to allow for v(-) not to be necessarily bounded. We do need,

however, the assumption 0 < inf;>;, y(t). Indeed, from ||Ay ) (z(t)]| = 0 (&) as t — +oo, we obtain

y(t) = a(t) — Jypyaz(t) = AMt) Ax) (o) (@) = 0

as t — +o00. Using the definition of the resolvent, we come to

Jypa(t) = x(t) —y(t) < y(t) e v(O)A() —y(t) < —y(t) € Ala(t) - y(1)).

v(t)

for all t > to. If (t)nen C [to, +00) is such that ¢, — 400 and x(t,) converges weakly to T as n — +o0,
then the previous inclusion, together with the assumption on vy gives

1
x(tn) — y(tn) converges weakly to T and Wy(t) -0
v
as n — 400, and because of the closedness of the graph of A in HWe*k x H5one  we deduce that
T € zer A. O

Remark 4.4.2. If v(-) is a polynomial of degree n for some n € N, the conditions of Assumption
4.2 are fulfilled. Indeed, assume (t) = a,t"™ + Ap_1t" "t 4 - +ag for all t > tg, for some a; € R
for i € {0,...,n} and a,, > 0. Then, we have

" y(t) _ . napt™ 1t +(n— Dap_1t" 1+ +ay
V(t) antn + an_ltnfl + -+ ag
na,
an
as t — +00, s0 % = O (4) as t = +oo. Since we also have y(t) — 400 as t — —+00, the

condition inf;>, y(¢) > 0 is fulfilled for large enough ¢.

In particular, we can choose y(t) = A(t) = At?, which fulfills y(¢) > M3 > 0 for any ¢ > to and
any to. Since Ay x = Ay for A > 0, this choice of « allows us to recover the (DIN-AVD) system
studied by Attouch and Ldszl6 in [22].

4.4.2 The case A =0

Now let A =0 in (4.2), and for every t > to take v(t) = v € (0,28) and n(t) = nt* with = A\/7. Then,
associated to the problem
find & € H such that B(z) =0,

we obtain the system

() + %a's(t) + 5% (nle(t)> + ——Ba(t) = 0. (4.25)

The assumptions on the parameters now read
Assumption 4.3. Suppose that a > 1, £ > 0 and

1
42
T](t) = 77t 5 where n > m

Theorem 4.4.3. Suppose that the parameters o, & and n(-) satisfy Assumption 4.3. Then, for a
solution x : [to, +00) — H to (4.25), the following are true.
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(i) The following statements hold, as t — +00:

|£®)]| = 0 (1) .z =0 (1) and | B()] = 0;

t 2

(ii) x(t) converges weakly to an element of zer B as t — +oo.

Proof. Since n > m, we can find € € (0,/) such that n > m7 equivalently, 2(5 — €)n >

ﬁ. Since (4.25) is just (4.2) with A = 0 and parameters A = 2(5—¢€)n > ﬁ and y(t) = 2(8—¢) €
(0,28), the conclusion follows from Theorem 4.3.1, and the fact that, as t — +oo,

2 S NBG)] = IT00 @O =05 ) and thus [B(0)] -0

Remark 4.4.4. (a) As we mentioned in the introduction, the dynamical system (4.25) provides
a way of finding the zeros of a cocoercive operator directly through forward evaluations, instead
of having to resort to its Moreau envelope when following the approach in [22].
(b) The dynamics (4.25) bear some resemblance to the system addressed by Bot and Csetnek
(1.30) (cf. [37])

E(t) + p(t)a(t) + v(t)B(x(t)) = 0,

with pu(t) = ¢ and v(t) = ﬁ, with an additional Hessian-driven damping term. In our case,

since n > 5(7171)27 the parameters satisfy

2 2, 12
e w(t)  ant % 1
)= —— <0, - =a’n> —.
A)=-p=<0 Ty = o —91>3
for every t > ty. However, we have
. 2
(t) = —35 <0

for every t > tg, so one of the hypotheses which is needed for (1.30) is not fulfilled, which shows
that one cannot address the dynamical system (4.25) as a particular case of it; indeed, in [37] a
vanishing damping is not allowed. With our system, we obtain convergence rates for Hm(t)H and
||(t)|| as t — +oc0, which are not obtained in [37].

4.5 Structured convex minimization

We can particularize the previous results to the case of convex minimization, and show additionally the
convergence of functional values along the generated trajectories to the optimal objective value. Let
f :H — R be a proper, convex and lower semicontinuous function, and let g : H — R be a convex
and differentiable function with L,-Lipschitz continuous gradient. Consider the convex minimization
problem
min  f(x) + g(z),

subject to x € H, (4.26)
which we assume to have at least one solution. Fermat’s rule tells us that x is a global minimum of f+g¢
if and only if

0€d(f+g)(x)=0f(x)+ Vg(x),

where the subgradient can be distributed over the sum since g is continuous everywhere, in particular
on any point in dom f # (. Therefore, solving (4.26) is equivalent to solving the monotone inclusion
0 € (A+ B)(x) addressed previously, with A = df and B = Vg. Moreover, recall that if Vg is L,-
Lipschitz then it is (1/Lg)-cocoercive (Baillon-Haddad’s Theorem, see [28, Corollary 18.17], also [104,
Lemma 4]). Therefore, recalling the equivalent formula for T) , given in Remark 4.1.1, as well as the
formula

(af)'y =V i,
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attached to the problem (4.26) we have the dynamics

7(?)

E(t) + %x(t) + f% (}:Eg (Vf,y(t)(u(t)) + Vg(x(t)))) + m

where we have denoted u(t) := z(t) — v(t)Vg(x(t)) for all t > ¢y for convenience.

(Vfyy ((t) + Vg(z(t)) = 0,
(4.27)

To produce a meaningful statement regarding the convergence of the functional values along the

trajectories, we restrict ourselves to the case y(t) =~ € (O, Ll)
9

Theorem 4.5.1. Suppose that the parameters a, &, \(+) satisfy Assumption 4.1, and that (t) =
v E (0, Ll) Then, for a solution x : [tg, +00) — H to (4.27), as t — +oo it holds
g

”a’c(t)”zo(i), Hz(t)”:o(tlz) and Hprox,yf(u(t))—x(t)H 0,

where u(t) = x(t) — v(t)Vg(z(t)). In particular, this implies that, as t — 400,

f (prox, ¢ (u(t))) + g (prox., ;(u(t))) — min(f + g) — 0.

Moreover, z(t) converges weakly to an element of argmin(f + g) as t — +o0.

Proof. The statements are a direct application of Theorem (4.3.1). We just need to clarify some facts.
Recalling that J,5y = prox., f, we get
1 1
Ty =0 = 365 [1d T (14— Vg) ] (@(t)) = el [2(t) = prox.  (u(t))]. (4.28)

According to Theorem 4.3.1, we have || Ty || = o(1/t?) as t — 400, so formula (4.28) entails

as t — +oo. Now, let z* € argming, (f + ¢g). According to Lemma 2.1.3, and using the Cauchy-Schwarz
inequality and (4.29), we obtain

prox. - (u(t)) — ;v(t)H 0 (4.29)

e oo, ute) — ato)|

£ (prox,  (u(t))) +g (prox, s (u(t))) — (f(x%) + g(a*)) +
< —az*, x(t) — prox,yf(u(t))>

< ;qu) ~ prox. p(u(t))|llz(t) — &) = 0

as t — 400, since ¢+ z(t) is bounded (recall (4.10)). This concludes the proof. O
4.5.1 The case ¢ =0

It is also worth mentioning the system we obtain in the case where g = 0, since we also obtain improved
rates for the objective functional values when we compare, for example (4.2) to (DIN-AVD) [22]. In this
case, we have the system

()
A(t)

vm)(x(t») L 209s o) =0 (4.30)

. a d
x(t)+t+§dt< )\(t)

attached to the convex optimization problem

min  f(x),
subject to x € H.

We can state the following theorem.
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Theorem 4.5.2. Suppose that the parameters a, &, \(+) and v(-) satisfy Assumption 4.2. Then,
for a solution x : [tg, +00) — H to (4.30), the following are true.

(i) The following convergence rates hold, as t — +o00:

sl =o (7). le@l=0(5) end 1906l =o(=5)-

In particular, this implies that, as t — 400,

e mni =0 (@) and ~ f (prox, ) (2(1))) ~min f = o (%) .

(if) If 0 < infy>y, v(t), then x(t) converges weakly to an element of argmin f as t — +o0.

Proof. This is a direct application of Theorem 4.4.3; just a few comments are in order. Let * € H be a
minimizer of f. We apply the gradient inequality to f, ), from which we obtain

Frywy (@(t)) —ming f = fr0(2(t) = f(27) < fro)(@(t) = fae (27)
< (Vi @), 2(t) —2%) <[V fr0 (@) a(t) — 27|

=(5@)

as t — 400, since t — x(t) is bounded (see (4.10)) and Theorem 4.4.3 ensures that ||V f, ) (x(2))|| =
0 (ﬁ) as t — 4o00. Recalling the definition of the Moreau envelope of f, this finally gives, as t — +o0,

9105, 0 0(0) — 2(0)| " = mine £ = f 0 @(0) < minec f o ( ).

1
7 (pros, s (@(®) ) + 5 T

v(t) ’

O

Remark 4.5.3. As pointed out in Remark 4.4.2, we can choose v(t) = A\t? for every t > t
and recover the (DIN-AVD) system for nonsmooth convex minimization problems studied in [22].
Moreover, we can also set y(t) = " for a natural number n > 3 and all ¢ > t;. Now, not only
are the convergence rates for V f. ) (z(t)) and £V f. ) (z(t)) as t — +oo improved with respect
to the system in [22], but (4.30) also provides a better rate for the convergence of f,)(z(t)) to
min f as t — 4oc0.

4.6 A numerical algorithm

In the following we will derive via time discretization of (4.2) a numerical algorithm for solving the
monotone inclusion problem (4.1). We perform an implicit discretization of (4.2) as follows:
Q. e

x(t) R Tpt1 — 20k + Th—1, fa;‘(t) ~ —

, k(xk — Tp-1),

d
prEORT) () = T i (1) = Ty s (T—1), Trt) v ) (@) = Ty g (Thg1)s

so we get, for every k > 1,

[0
E(x’“ — k1) + & (Do (1) = Ty (25-1)) + Ty iy (Thg1) = 0. (4.31)

After rearranging the terms of (4.31), for every k > 1 we obtain

Tyl — 20 — Tp—1 +

«
Th+1 + T>\k+1,7k+1 (mk+1) =Ty + (1 - E) (‘rk - xk71> - 5 (T)\ka')’k (‘rk) - TAk—ly’Yk—l('rkfl)) . (432>

In other words, after setting ax = 1— ¢ and denoting the right hand side of (4.32) by y, for every k > 1,
we obtain
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Algorithm 4.1:

Input: 29,21 € H, @ >0, & >0, (Ax)k>0, (V&)k>0 Sequences of positive numbers;
for k=1,2,... do

ak:zl—f,

Y = Tk + Ckk(xk - xk*l) =& (TAkﬁk (xk) - TAk—lﬁkﬂ(xk*l)) )
—1
Tk+1 = (Id +T)\k+1,7k+1) (yk)

Observe that the third step of Algorithm 4.1 is always well-defined. Indeed, for A,y > 0, T, is %—
cocoercive, hence monotone (see Lemma 4.2.2(i)). This also implies that T} , is -Lipschitz continuous,
and a monotone and continuous operator is maximally monotone, according to [28, Corollary 20.28].
Hence, by Minty’s Theorem (see [28, Theorem 21.1]), we know that Id+T -, : H — H is surjective. The
assumptions for the discrete-time versions of the parameters reads as follows.

Assumption 4.4. Suppose that o > 1, £ > 0, and that (Ag)k>0 and (vk)k>0 C (0,253) are
sequences which satisfy, as k — +o0,

A = )\k27 where \ > (;lf_Jrjm and hlk’y:k_” -0 (]1) )

Theorem 4.6.1. Suppose that a,& and the sequences (Ag)r>0, (Vi )k>0 Satisfy Assumption 4.4.
Let (zr)r>0 be the sequence generated by Algorithm 4.1. Then, the following are true.

(i) The following convergence rates hold, as k — +o00:

1 1
|Zk+1 — 2kl = O <k;) and || Tx, v, (ze)| = 0 <k2) ;

(ii) If 0 < infr>0 vk < supg>o Yk < 28, then xy converges weakly to an element of zer(A + B)
as k — +o00. Furthermore, as k — 400 it holds

1
o~ = 0 (7).

The proof can be done by transposing the techniques used in the continuous time case to the discrete
time case. Algorithm (4.1) can be seen as a splitting version of the (PRINAM) algorithm studied by
Attouch and Laszl6 in [23].

The third step of Algorithm 4.1 can be quite complicated to compute. However, if B = 0, we can
resort to the fact that (Ax,)x, = Ax, 4+, for A1, A2 > 0. We now have, for A,y > 0,

1 Y
Ty =3 [1d-4] = A,
which gives
- gl gl
(4T, 3) 7" = Jza, = =7 (A +1d=Td =1 A5, 3.

It is now possible to write Algorithm 4.1 in terms of the resolvents of A. We have, for every k > 1,

1 1
T)\k,’m (l'k) - T)\k—h')/k—l(mk'*l) =3 [mk - J'Yk,A(‘rk):| - [:Uk,1 - J’kalA(xkfl)}
N Ak—1
1 1 n 1 ( )
= _—— — | — (X — T—
PYREED VIR A D VP L
1 1
- TkJ'ykA(xk) - ﬁ‘]’ykflA(xk—l) )
Vet Vet 1
~ P[5 SRS S
Aip1 MRS () =9 Ak1 ’\k&l*"”“ﬂ o (/\k+1+:Zi>A(yk)
k+1
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/\i+1 Vi
= Yr + J Yk)-
/\i+1 + Vet1 )\i+1 + Ve+1 ()\kﬂ_,'_%Jrl)A( )

Ak+1

So now Algorithm 4.1 becomes

Algorithm 4.2:

Input: 29,21 € H, o >0, £ > 0, (Ag)r>0, (7k) k>0 sequences of positive numbers;
for k=1,2,...do
@

E7
e (1 6 </\1k a Akl—l)) e (ak - A,f_1> (s = 20)

1 1
+€ (J%A(xk) - Jw-,_lA(xkl)> )
Ak Ak—1

)‘%+1 Vi

2 Yk 2 J Ye+1
)\k+1 + Vk+1 )\k+1 + Ve+1 ()\k+1+)‘k+1

ap =1 —

Tk41 =

)A(yk)'

The corresponding discrete-time analog of Assumption 4.2 now reads

Assumption 4.5. Suppose that oo > 1, £ > 0, and that (Ag)r>0, (V%) k>0 be sequences of positive
numbers which satisfy, as k — +o0,

46+ 2 — Vi 1
A\ = Ak?, where A > (cf—+1)2’ and W =0 (k)

Theorem 4.6.2. Suppose that o, & and the sequences (Ak)k>0, (Vk)k>0 satisfy Assumption 4.5.
Let (zx)r>0 be the sequence generated by Algorithm 4.2. Then, the following are true.

(i) The following convergence rates hold, as k — +00:

1 1
lehr =2kl = O ) and [[Ay (2l =0 | —|;
k Yk
(if) IfO0 < infg>o vk, then xy converges weakly to an element of zer A as k — +o00. Furthermore,

as k — —+oo it holds
1
o~ = 0 (7).

Remark 4.6.3. Notice that the condition required for (vx)x>0 is fulfilled in particular for v, = k"
for every kK > 1 and a natural number n > 1. Thus, by choosing large n, we obtain a fast
convergence rate for ||A,, (x| as k — +oo.
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Chapter 5

A second-order primal-dual system
attached to a linearly constrained
minimization problem

5.1 Introduction

In this chapter, which relies on our paper [67], we will consider the linearly constrained optimization
problem
min  f(x),
subject to Az = b, (5.1)

where

X, ) are real Hilbert spaces;
f X — Ris a continuously differentiable convex function; (5.2)
A: X — ) is a continuous linear operator and b € ); '

the set S of primal-dual optimal solutions of (5.1) is assumed to be nonempty.

Additionally, we will take the following inner product and norm on X x ):

((@,N), (2, 1)) = (2, 2) + (A ) and (@, A == V[2]2 + [[A]12-

In the introductory chapter, we mentioned that under a mild constraint qualification, solving (5.1) is
equivalent to finding the saddle points of either £ or Lg, where the Lagrangian £ and the augmented
Lagrangian Lg are given respectively by

L(xz,N) = f(z)+ (\, Az —b),
Lol N) o= £ 3) + 2| Az — bl = (@) + (A Ax — 1) + Dl dz — b2,

where 5 > 0. We recall that the saddle point sets of these functions coincide, and we denote it by S. We
will denote the feasible set of (5.1) by F, i.e.,, F:={z € X : Az = b}.
Attached to (5.1), we will analyze the asymptotic properties of

#(t) + Sa(t) + () VaLp (2(), A®) + OA®)) =0,
" : (5.3)

A(®) + TA®) = (VL (x(t) + 0t (t), A(t)) =0,

where t > tp >0, « > 0,0 > 0and 0 : [tg, +00) = R4y is a time rescaling parameter. We will show fast
rates of the functional values along the trajectories, as well as the fast convergence of the feasibility gap
to zero. The function §(-) will enter these rates, thus having faster convergence rates for the appropriate
choice for 6(-); namely, as t — 400 we will have

et = 1] =0 (5 ) and st =l =0 (5 )
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where z* is an optimal solution to (5.1). Additionally, we will show the weak convergence of trajectories
towards primal-dual solutions to (5.1).

This chapter is organized as follows: in Section 5.2, we will introduce the energy function which
we will then use to show the convergence rates of our system; in Section 5.3, we will show the weak
convergence of trajectories; in Section 5.4, we will illustrate our theoretical findings with some numerical
experiments.

5.2 Faster convergence rates via time rescaling

Replacing the expressions of the partial gradients of L3 into the system leads to the following formulation
for (5.3):

#(t) + %j:(t) + OV F(2(t)) + 6(£)A* (A(E) + OLA(t)) + 6(t)BA* (Az(t) —b) =0,
At) + %A(t) — 5 (A(:c(t) +0ti(t)) — b) —0.

In this section we will derive fast convergence rates for the primal-dual gap, the feasibility measure, and
the objective function value along the trajectories generated by the dynamical system (5.3). We will
make the following assumptions on the parameters «, 6, 8 and the function ¢ throughout this section.

Assumption 5.1. Suppose that § : [tp, +00) — R, is continuously differentiable and nonde-
creasing. Moreover, suppose that the parameters «, 5, # and the function § satisfy

1 y 1-2
and supM < i

a3, > 0,
- B a—1 t>tg (5(t) 0

>6>

. (5.4)

N | =

Besides the first three conditions that are known previously in [43], it is worth pointing out that we
can deduce from the last one the following inequality for every t > tq:

to(t) _1-20 1
50 7 7§,2§a,3' (5.5)

IN

This gives a connection to the condition which appears in [15]. A few more comments regarding the
function § will come later, after the convergence rates statements.

5.2.1 The energy function

Let (z,A) : [to, +o0) — X x Y be a solution of (5.3). Let (z*,\*) € S be fixed, we define the energy
function £ : [tg, +00) — R by

E(t) == 075(t) (Lp(a(t), A") — La(z™, A(2))) + %Ilv(t)ll2 + g\l(x(t), A(t)) = (%, )|, (5.6)
where
o(t) == (z(t), M) — (=", X\*) + 0t (i(¢), )\(t)), (5.7)
Ei=af—0—1>0. (5.8)
Notice that for every t > to we have
L), \") = Lp(x®, A1) = L(2(t), A7) — L(z", A(t)) + gllAI(t) —b|f? (5.9)

= L) 2) — f) + O dn(r) — b2
= f2(t)) = f(&7) + (A", Az(t) = b) + gllAw(t) —b*>0. (5.10)
In addition, due to (5.10), for every t > to we have

E(t) > 0. (5.11)
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The construction of € is inspired by [43]. However, one can notice that we only consider £ defined with
respect to a fixed primal-dual solution (z*, A*) € S rather than a family of energy functions, each defined
with respect to a point (z,u) € F x V. This gives simpler proofs for some results when compared to
those in [43].

Assumption 5.1 implies the nonnegativity of the following quantity, which will appear many times in

our analysis:

o [to,+00) = Ry, o(t) = 1_7205(25) —t4(t). (5.12)

The following lemma gives us the decreasing property of the energy function. As a consequence of
this lemma, we obtain some integrability results which will be needed later.

Lemma 5.2.1. Let (z,\) : [tg, +o0) = X X YV be a solution of (5.3) and (x*,\*) € S. Then, for
every t >ty it holds

Le) < 6ta(t) (Lp(x(t), A7) = Lp(2", AH))) — %B9t5(t)llz4m(t) —b||?

— e0t]| (2(2), ) ||*

Proof. Let t >ty be fixed. Since z* € F, we have

Vo (Lp(x(t), A7) = L2, A1) = VaLlp(x(t), A7) = Vf(2(t)) + A*A" + FA” (Ax(t) — b)
Va (Lp(a(t), A7) = Lp(a™, A1) = =VaLp(a™, A(t)) = 0

Under these expressions, the system (5.3) can be equivalently written as

dt

(&0, A1) = = T (@), AW) = 5()(ToLa((8), 1), 0)
—8(t) (A* (M) = \* + 0tA(1)) , — (A (z(t) + Oti(t)) — b)) :

which leads to

0(t) = (1+0)(2(1), (1)) + 0t (£(t), A(¢))
= —&(@(1), A1) = 013(t) (1) (VaLs(a(t), \"),0)

—0to(t) (A* (A(£) = A\* + OEA () , — (A (z(t) + Oti(t)) — b)) .
We get from the distributive property of the inner product

(v(t),9(t))
= — & ((x(0), A1) — (2, A7), (&(8), A1) ) — €9t||( ( ), A)) I
— 0ts(t )<(V Lg(x(t), A ) ) (x(t), A1) = (2", A7)
—02t25(t) (Vo Ls(x(t) 0), (&(t), A(t ))
—0t8(t) (\(t) — A" + w( ), Ax(t) — Az — 0275 (t) (M(t) — \* + 0tA(1), Ai(t))
+ 0t5(t) (A (x(t) + 0ti(t)) — b A() — N*) + 02%5(t) (A (2(t) + 0ta(t)) — b, A(t)) .
Since z* € T, the last four terms in the above identity vanish. Indeed,
— (A(t) = X"+ OtA(t), Ax(t) — Az™) — 0t (A(t) — X" + OtA(t), Ai(t))
(A (z(t) + 0t () — by A(t) — X*) + 0t (A (x(t) + 0ti(t)) — b, A(t))
= — (A(t) = X"+ 0tA(t), Ax(t) — b) — 0t (A(t) — X" + OtA(t), Ai(t))
+{Az(t) — by \(t) — \*) + 0t (Ad(t), A\(t) — \)
+ 0t (Azx(t) — b, A(t)) + 0% (Ai(t), A(t))
= 0.

Therefore, differentiating £ with respect to t gives
d < * *
S E(1) =071 (20(1) + 15(0)) (La(e(t), X°) — L(a”, A1)
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+W2a>« La(x(t). X"),0). ( A®))
+ (v(t) +&((=(t), A(t)) — ), (&(t), A1)
= 0%t (25( )+t6( )) (Ll (t), A*) ( () — €0t ((2), A) |1
= 0t3(t) ((VaLp(x(1), A7), 0), (2(t), ()) CHPIE (5.13)

Furthermore, the convexity of f and the fact that x* € F guarantee
- <(V1"Cﬁ(x(t)= )‘*)7 0) ) (‘T(t)v )‘(t)) - (.%'*7 /\*)>
= (Vf(z(t),2" —z(@)) + (A"X", 2" —z(t)) + B (A" (Az(t) — b) , 2" — =(1))
= (f(z(t)) = (")) — (X", Az(t) — b) — B|| Ax(t) — b]]* (5.14)

— (La(a(t), A7) = L™, A1) — gIIAx(t) = b|P%,

By multiplying this inequality by 6¢6(t) and combining it with (5.13), the coefficient attached to the
primal-dual gap becomes

IN

1—20

0%t (20(t) +to(t)) — Oto(t) = —0°t ( 5(t) — tS(t)) = —0%to(t),

which finally gives the desired statement. O

Remark 5.2.2. It is straightforward to show the existence of local solutions to (5.3), under the
additional assumption that V f is Lipschitz continuous on every bounded subset of X. First, notice
that (5.3) can be rewritten as a first-order dynamical system. Indeed, (z, ) : [tg, +00) = X X Y
is a solution to (5.3) with initial conditions (z(to), A(to)) = (20, Xo) and (i (to), }\(to)) = (o, }\0)
if and only if (z, \,y,v) : [tg, +00) = X x Y x X x ) is a solution to

{(i(t)a A), 5(t), (1)) = F(t,z(t), A(t),y(t), v(t))
(x(t0), Alto), y(to), ¥(to)) = (w0, Ao, %0, Xo),

where F : [tg,+00) X X x Y X X x Y = X x Y x X x Y is given by

F(t7z7u7w777)
— (w,n,—%w —6(t) [Vf(z) + A" (u + 0tn) + BA*(Az — b)] ,—%774—6(15) [A(z + Otw) — b]) :

Here F is evidently continuous in ¢, and F(t,-) is Lipschitz continuous on every bounded subset,
provided that the same property holds for Vf. We can then employ a theorem such as that by
Cauchy-Lipschitz to obtain the existence of a unique solution to the previous system, and thus
a unique solution to (5.3), defined on a maximal interval [tg, Tinax). To go further and show the
existence and uniqueness of a global solution (that is, Tiax = +00) we use the estimate given by
the previous lemma, in a very similar way to [19, 43], so we omit the details here.

Theorem 5.2.3. Under Assumption 5.1, let (x,\) : [to, +00) = X X Y be a solution of (5.3) and
(z*,\*) € S. Then, the following statements are true:

(i) It holds

/:oow(t) (L), %) — £(a*, Me)]dt < E(to) < +oo, (5.15)

ﬁ/m ()| Az(t) — b||2dt < Qgét‘)) < 400, (5.16)

s/%mu sl < £ <o, (5.17

(ii) If, in addition, @ > 3 and 3 > 0 > —L then the trajectory (z,\) : [to, +00) = X x V) is
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bounded and the convergence rate of its velocity is, as t — 400,
. g 1
@@, M) =0~ )

Proof. (i) Recall that Assumption 5.1 implies o(t) > 0 for all ¢ > ¢y and £ > 0. Moreover, (z*,\*) € S
yields z* € F. Therefore, we can apply (5.10) and Lemma 5.2.1 to obtain, for every ¢ > ¢,

De(t) < —010(1) (L5 (a(0), X) — Ls(a", A1)

- %ﬂW(t)llAﬂU(t) = bl[* — €0t (:(t), A())|I* < 0. (5.18)

This means that £ is nonincreasing on [tg, +00). For every ¢ > ¢y, by integrating (5.18) from ¢, to ¢, we
obtain

W[%dﬂ@ld@@ﬂ—ﬁ@ﬂM@»@
+ % /t s8(s)||Az(s) — b||>ds + €6 /ts

to to

< E(to) — E(t) < E(to),

. 2
(#(5).A(9) | ds

where the last inequality follows from (5.11). Since all quantities inside the integrals are nonnegative,
we obtain (5.15)-(5.17) by letting ¢ — +o0.
(ii) Let t > o be fixed. Inequality (5.18) tells us that & is nonincreasing on [tg, +00).

0025(0) (La(a(0), X) — Laa* AD)) + o0 + § (@0, 70) — @ AP < ). (5:19)

Assuming a > 3 and % >0> ﬁ, we immediately see £ > 0. From (5.19) we obtain

(@), A(0) — @A) < 25?(”, (5.20)
and .
lo@ll = [[ (), A0) = (@, X+ 0t(5(0), A1) | < V2ETo). (5.21)

The estimate (5.20) leads to the boundedness of the trajectory. Moreover, applying the triangle inequality
and (5.20)-(5.21), we obtain

GO A < 5 (110 20) — @ 2]+ o))

1 2&(to) 1/1
<= 2E(t =—|—=+1 2E(t 22
<9 ( ¢ +V/2E(to) 9 \/E+ E(to), (5.22)
which gives the desired convergence rate. O

5.2.2 Fast convergence rates for the primal-dual gap, the feasibility measure
and the objective function value

The following are the main convergence rates results of the paper.

Theorem 5.2.4. Under Assumption 5.1, let (x,A) : [to, +00) — X X Y be a solution of (5.3) and
(x*,\*) € S. Then, the following statements are true:

(i) For every t > to it holds

0 < L(2(t),\) — L(z*, A1) < = (5.23)
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(ii) For every t > to it holds

43(t) = bl < s, (5.2

where

Cy = ?;ltI)t||}\(t)|| + (e —1) sup [[A(2) — A% + 36 (to) || Az(to) — bl + to[| Ato)[|;

(iii) For everyt >ty it holds

) - 1) < (G2 + 20001 g (529

Proof. (i) We have already established that £ is nonincreasing on [tg, +00). Therefore, from the expres-
sion for £ and relation (5.9), for every t > to we deduce

0225 (1) [L(x(t), A*) — L(z*, A(1))] < E(to), (5.26)

and the first claim follows.
(ii) From the second line of (5.3), for every ¢ > t, we have

EX(E) + ak(t) = () (A(x(t) + 0ti(t)) — b) = t5(t) (Ax(t) — b) + 0126 (t) Air(1). (5.27)

Fix t > tg. On the one hand, integration by parts yields

/t (s)\(s) + oz)\(s))ds = tA(t) — toA(to) — /t A(s)ds + oz/t A(s)ds

(5.28)
= tA(t) — toA(to) + (a — 1)(A(t) — A(to)).
On the other hand, again integrating by parts leads to
/ s25(s) Ai(s)ds = t26(t)(Ax(t) — b) — 126 (to) (Ax(ty) — b)
fo (5.29)

- / (256(s) + 826(8))(Ax(s) —b)ds.

to

Now, integrating (5.27) from ¢ to t and using (5.28) and (5.29) gives us

tA(t) — toA(to) + (@ — 1)(A(t) — A(to))

. / s0(s)(Az(s) — b)ds + 0 /t $20(s) Ai (s)ds

to
t

=125(t)(Ax(t) — b) — t36(to) (Az(to) — b) + [ s[(1—20)5(s) — 0sd(s)](Az(s) — b)ds

=

b (1—20)d(s) — 0s0(s)

= t25(t)(Az(t) — b) — t50(to) (Ax(to) — ) + sg(s)

526(s)(Ax(s) — b)ds. (5.30)

—

It follows that, for every ¢t > ty, we have

126(t)(Az(t) — b) + /t - 29);5((5‘2)_ 085(8)525(5)(Ax(5) —b)ds|| < ¢, (5.31)

where

C1 = sup tHAD + (o 1) sup [[A(£) = A (to) || + 160 (to) | A(t0) — b +tol|A (fo) || < +oc,
t_to t_tO

and this quantity is finite in light of (5.22) and (5.20). Now, for t > ¢, we set

(1—20)5(t) — 0to(t)

g(t) = 25()|[Ax(t) —b],  a(t) = (1)
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and we apply Lemma 2.3.7 to deduce that, for every t > ¢,
t26(t)|| Az (t) — b|| < 2C1. (5.32)
(iii) For every t >ty we have
L(x(t),\") = L7, A1) = f(x(t)) — f(2") + (A7, Ax(t) — b).
Therefore, from using (5.32) and (5.26) we obtain, for every ¢t > tg,
[f(@(t)) = f(@")] < L(2(t),\") = L(27, (X)) + [A*[[[| A (t) — ]|

E(to) . 1
< -
< < 02 +2C||A > 725(0)’

which leads to the last statement. O]

Some comments regarding the previous proof and results are in order.

Remark 5.2.5. The proof we provided here is significantly shorter than the one derived in [43]
thanks to Lemma 2.3.7. This Lemma is the one used in [64] for showing the fast convergence to
zero of the feasibility measure, although the authors study a different dynamical system. On the
other hand, when §(¢) = 1, the result in [43] is more robust than the one we obtain here, as it

gives the O (t%) rates for the sum of primal-dual gap and feasibility measure, rather than each

one individually. It also allows us to focus only on the energy function defined with respect to a
primal-dual optimal solution (z*, \*) € S, rather than on an arbitrary feasible point (z,u) € Fx Y
as in [43].

Remark 5.2.6. Here are some remarks comparing our rates of convergence to those in [18, 66].

o Primal-dual gap: According to (5.23), the primal-dual gap exhibits the convergence rate

L((t),\*) — L(z*, () = O (%)

as t — 400, which coincides with the findings of [18, 66].
o Feasibility measure: According to (5.24), we have

42 = 8 = O ( 505

as t — +o0, which improves the rate O ( L ) reported in [18, 66].

t1/8(t)

o Functional values: Relation (5.25) tells us that

w(®) = £ =0 505

as t — +oo. In [18], only the upper bound presents this order of convergence. The lower

. . 1
bound obtained is of order O o® as t — +o0o. In [66], there are no comments on the

rate attained by the functional values in the case of a general time rescaling parameter.

o Further comparisons with [66]: in [66, Theorem 2.16], unlike the preceding result [66,
Theorem 2.15], the authors produce a rate of O (17) as t — +oo for ||Az(t) — b|| and

|f(x(t)) — f(z*)|, provided the time rescaling parameter is chosen to be (t) = dot# 2, for
some dg > 0. This choice comes from the solution to the differential equation

5(t) _1-2

t
5(t) o




and thus is covered by our results when the growth condition (5.4) holds with equality. The

rates are consequently
1 1
°(eaa=) =0 ()
t2 - 5ta 2 to

as t — +oo. In this setting, if we wish to obtain fast convergence rates, we need to choose
a small 0. In light of Assumption 5.1, where we have % >0 > ﬁ, this can be achieved
by taking « large enough. Such behavior can also be seen in [18] and in the unconstrained

case [15, 19].

5.3 Weak convergence of the trajectory to a primal-dual solu-
tion

In this section we will show that the solutions to (5.3) weakly converge to an element of S. The fact
that d(¢) enters the convergence rate statement suggests that one can benefit from this time rescaling
function when it is at least nondecreasing on [to, +00). We are, in fact, going to need this condition
when showing trajectory convergence.

Assumption 5.2. In (5.3), assume that V f is L-Lipschitz continuous for some L > 0 and that
d : [to, +00) = Ry is continuously differentiable and nondecreasing. Moreover, suppose that the
parameters «, 3, # and the function § satisfy

q 1 to(t) 1—20
> = — D S8
a>3, B>0, 2>0>a—1 and tb;tpoa(t)< 0

Assumption 5.2 entails the existence of Cy > 0 such that, for every ¢t > tg,

t(t) 1-20
— < . .
5(0) +Cy < 7 (5.33)
and therefore it follows further from the nondecreasing property of ¢ that for every ¢ > tg
0 < Caod(tg) < Cad(t) < (1 —20)5(t) — 0to(t). (5.34)
Moreover, from (5.33), for every t > to, we have
1—-20  t5(t) o(t)
0<Cy < - ===
SRS T TS T S0y
which for every t > ty gives
o(t)
o(t) < (5.35)

The additional Lipschitz continuity condition of V f and the fact that § is nondecreasing give rise to the
following two essential integrability statements.

Proposition 5.3.1. Under Assumption 5.2, let (z,\) : [to, +00) = X x Y be a solution of (5.3)
and (z*,\*) € S. Then, it holds

+oo
/t t5(t) |V f(x(t)) — Vf(2*)|* dt < +oo (5.36)
and o
/ to(t)||Az(t) — b||?dt < +oo. (5.37)
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Proof. Thanks to Vf being L-Lipschitz continuous, we can use the improved gradient inequality (see
the preliminaries chapter, also [104, Lemma 4]) to refine relation (5.14) in the proof of Lemma 5.2.1

= ((VaLp(x(t), A7), 0), (2(t), A1) — (=7, A"))
(VF(x(t), 2" —2(t >+(A*/\* a —x(t)) + B (A" (Az(t) = b), 2" — 2(1))

= (fz(t) = f(=%)) = ﬁ IV f () = VF@)I* = (A, Az(t) = b) = Bl Aw(t) — b]|?
= = (La(a(), A7) = La(z", A1) — % IV f(2(t) = V()] - glle(t) —b||*.

IN

Consequently, combining this inequality with (5.13) yields, for every ¢ > ¢

D () < — 02t0(1) (£ (a(0). 1) — La(a" A1) — €01] (#(2). A1) |
00 19 ety - ) - P00 () - o
< ‘%‘5“||Vf< (1) — V()]

Integration of this inequality produces (5.36).
The finiteness of the second integral is only entailed by (5.16) when 5 > 0. For the general case
B >0, we use (5.24) and the fact that ¢ is nondecreasing on [ty, +00) to obtain

/+Oot6(t)||Ax(t)—b||2dt<4C2/+oo L < i /+OO ldt<+oo
-t 35(t) ~ d(to) Sy, 3

to tO

and the proof is complete. ]

Now, for a given primal-dual solution (z*, \*) € S, we define the following mappings on [tg, +00):

W(t) = 6(t) [La(x(t), A") — La(a™, A(1)] + %Il(ﬂ'ﬁ(t),k(t))ll2 >0, (5.38)

o(t) = % (). 75) — @, x%)|* > 0. (5.39)

The following are three technical lemmas that we will need in this section. Lemma 5.3.3 guarantees
that the first condition of Opial’s Lemma is met.

Lemma 5.3.2. Under Assumption 5.2, let (x,\) : [to, +00) — X X Y a solution of (5.3) and
(z*,\*) € S. Then, the following inequality holds for every t > ty:

o) + Lot) + 07 (1) + J29f(a(t) - Vi) + 2D ax) b2 <0, (5.40)

Proof. Let t >ty be fixed. Differentiating W with respect to time yields
W (1) =60 L), A7) — Lo, A®))]
+0(0) [(VaLa(@(t), 1), #(0)) = (VaLa(a®, A1), AD)] + (i(0), (1)) + (A1), A@®))-
Recall the formulas for the gradients of £

VaoLp(z(t),\*) = Vf(z(t)) + A"\ + A" (Ax(t) — b),
VaLs(x*, A(t)) = Az" —b =0,

since x* € F. Plugging this into the expression for W(t) gives us

W(t) = ()| £a(a(t), A*) = Lo(2", A(1))]
) (VaLa(z(t), MNt) + OLA()), 2(t)) + (E(t), & (t))
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= 6() (VaLa(w(t) + 01(0), (1)), A1) ) + (A1), A®))

—8(t) (A(t) — X + 0tA(t), Az (1))
)
) At)) -

+ 0(t) (Az(t) — b+ Ot Ai(t

By regrouping and using (5.3), we arrive at

W(t) = 8(8) [ La(x(t), 1) = Lo M| = TIOI = ZIADIP?
— 5(t) (A(t) — N, Ad(t)) + 8(t){ Ax(t) — b, A(t)).
On the other hand, by the chain rule, we have
(P(t) = <:L‘(t) - ‘T*vi(t» + <)‘(t) - )‘*’ )‘(t)>7
B(t) = (@(t) — ", 3(0) + [+ + (A®) = X 3@) + Ao

By combining these relations, (5.3) and the fact that * € F, we get

(5.41)

B(0) + Tot) = (a(t) — 2™, i(t) + Ti) + <<> XA + TAD) + O] + [AD)]?
= —(2(t) — 2", 6(t) Vo L((t), \(t) + 0tA(1)))
+ (ME) = N0 VAL((t) + 0AD), M) + @] + [1A@)]
=~ alt) B2 Lo (0(0)17) — (Aa(t) b3 (N0 - X +06AD)
+ (A1) = 6(t>( () = b+ 0tAE(1))) + l2()|1* + MBI
= —§(t)(x t)—x* Ls(x(t), \*)) — 0t(t) (Ax(t) — b, A(t))
+OB(O(M) = A A(0) + &0 + [AOIP (5.42)

The Lipschitz continuity of V f entails

— {@(t) =", Vo Ly (x(t), A7)
= —(a(t) — 2", Vf(z(t)) — (x(t) — 2", A*N\") - Bl Ax(t) - b|]?

< ~(F@lt) ~ @) — 5 IV F@() = VA (0, Axt) ~b) — Bl Ax(t) b
= —(La(al). A7) — L5(a" A1) — 57 IV (D) = VF@? — 2l An(t) — b,
This, together with (5.42), implies
B(8) + To(t) < =6 (Ls(a(t), A7) = La(a™, A1) ) — 0t8(2) (Ax(t) — b, A®))
T+ OR((AE) = A", Ad(D) + ()2 + IAD2
=09t - v - Y ) o2 (5.49)
Multiplying (5.41) by 6t > 0 and then adding the result to (5.43) yields

BE) + Sp(t) + 0077 () = — (6(2) — 015(1)) (La(a(t), ) — La(", ()
_ &

t) |2 ﬁ5)
DIV ) - V)P -

+ (1= 00)] (a0, A(®) |
a(t) 2
< - SRIValt) - Vi) -

where the last inequality follows from Assumption 5.2:

| A(t) — b||*

B0 xe) ~ v,

1—0a<—-0<0,
—0(t) + 05 (L) < (20 — 1)8(t) + 0to(t) < 0

The desired result then follows after some rearranging. ]
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Lemma 5.3.3. Under Assumption 5.2, let (z,\) : [to, +00) — X X Y be a solution to (5.3) and
(x*,X\*) € S. Then, the positive part [p]. of ¢ belongs to L ([to, +00)) and limy_, 1 p(t) exists.

Proof. For any t > ty, we multiply (5.40) by ¢ and drop the last two norm squared terms to obtain
t3(t) 4+ ap(t) + 0t2W(t) < 0.

Recall from (5.38) that for every ¢ > t; we have

(1) = 16(0) [£5((0), X°) — Ls(a® NE)] + 1 (00), A(0) (5.44)

On the one hand, according to (5.17), the second summand of the previous expression belongs to
L![tg, +00). On the other hand, using (5.35) and (5.15), we assert that

+o0 1 +o0
/t 15(1) [La(@(t), A*) — La(a®, A(8)] dt < 52/ to(t) [La((t), A7) — Lala", A(E)] dt < +oo.

Hence, the first summand of (5.44) also belongs to L!([tg, +0)), which implies that the mapping ¢
tW (t) belongs to L[ty +00) as well. For achieving the desired conclusion, we make use of Lemma 2.3.9
with ¢ := ¢ and w := 6W. O

Lemma 5.3.4. Under Assumption 5.2, let (z, \) : [to, +00) — X X Y be a solution to (5.3) and
(z*,\*) € S. Then, the following inequality holds for every t > ty:

(07

55 1 EOMO)P +2 (50 + Fa(0), 40 = )

- 0% (té(t) [A*(A(t) — )\*)||2> + ((1 = 0)8(t) — 0td(1)) ||A*(A(t) — )2

Proof. Let t > to be fixed. From (5.3) and the fact that A*\* = —V f(z*), we have
20|V £ (2(t)) = V(") + BA* (Ax(t) - b)||”
= |Jete) + Sty + 5014 (A1) — X + 1A (1) Hz
|e@ + Lt H + 82 (0)]| A(A®) = X"+ 0A®) |* + 26() () + Tae), 47 (AB) = 1))
+ 2065 (t) (i (), A A1) + 2a9t6(t)<j3(t),A*)\(t)>. (5.45)

Again using (5.3) yields
02(1)]1 Az (1) = bl1* = ||A(t) + TA@) - 9t5(t)A3‘3(t)H2
- Hw + %A (t H2 +92t262(t)\|A:'c(t)H2
—20t5(£) (A (1), AZ(t)) — 2000 (t)(A(t), Ai(t)). (5.46)
Adding (5.45) and (5.46) together produces
2(0)|[V (@ (8)) — Vf(2*) + BA(Aw(t) — b)||> + 62(8) || Ax(t) — b|]2
= [ 30) + S @ 7o) |+ 2@ 0@ - 2+ o8P+ 2250 A1)
+20t5() (i (t), A*A()) — 20t5(£) (A(t), Air(t)) + 20(t) <:’t'(t)+%x’(t),A*()\(t)—/\*)>. (5.47)
On the one hand, we have

02267 (t)|| Az (t)||* + 20t5(¢)(&(t) (1)) — 20t5(t)(A(t), Az (t))
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= 0%t26%(t) H(A A(t), —Aid )H2 0*425% (1)[| A*A () ||* + 20t5(2)( (i(2), A1), (A*A(t), — A& (t)))
— I(z(@), X )H +|\( L)) + 0t (t) AT (A*A(t), —Ad(t ))H 92t252(t)HA*A(t)|\2
s GORONE 9%252 @l A @] (5.48)

Y

On the other hand, it holds

|G, 5w) + < o 50| - 160, Aw)?

= DA + 220, AW). (60, 50)) > &5 0. Ao | (5.49)
Moreover,
S(1)[| A" (AE) = A+ 0tA@®) ||” — 02¢%6(t) | A*At) |
=4(t) HA (A(t) H + 20t5(t )< “(A(t) — /\*),)\(t)>
= (1= 0)a(t) — or3(0) | A" (A >H +05(0) [ A (A0) = 2
+0t3(1)[[ A (A(t) — A7) ||2 + 9 A7) — A*)IIZ
— (1= 0)5(t) — 0£5(6)) [ A" (A1) — X°) |* + 9— ACOIERCOEPSI] (5.50)
Now, using (5.48), (5.49) and (5.50) in (5.47) yields
S(t)(&)||V f(x(t) = V f(z") + BA"(Ax(t) — b) || +8%(t)]| Az ((¢)) - bl
> H(fc'(t),;\(t)) + %(:’c( H +82(8)|| AT (A(E) — A" + 0tA()) ||
— | G@), A@) |7 - 02257 @)|| A*A@)||” + 26( )<"(t) + %a'c(t),A*()\(t) —)\*)>
> %%H (1), A1) ||” + 26(¢) <jj(t) + —g-c(t), A*(\(t) — )\*)>
+6(0) [ (1= 03500 - )[4 (60) - A + 0. (w(0l4° o)~ X))
Finally, since
IV £(2(t)) = VF(2*) + BA*(Ax(t) = b)||* + [ Az (1)) — b
< 2|V f(z(t) = VF()* + @BIAIP + D)l Ax(t) — bl
the conclusion follows after dividing the inequality by 5(t). O

Lemma 5.3.5. Under Assumption 5.2, let (x, \) : [to, +00) = X X YV be a solution to (5.3) and
(z*,\*) € S. Then, for every t > to it holds

Ot (8)[| A% (A() =A%) |
< —ta¢(t)+/t s”‘V(s)ds+/t s”‘[(@(a+l) . 1)5(t)+035(s)}\|A*(A(s) —A)|2ds
—2t*(&(t), A*(A(t) — X)) + Cs, (5.51)

where, fort > ty,

V(t):—o(a+1)W(t)+(a£§;()) I41) |0 30)
+ Cod(0)IV S (@(2)) — V()| + Cad(@) | Aa(®) — bIP,

for certain nonnegative constants Cs, Cy and Cs.

69



Proof. For every t > ty, by summing up the two inequalities produced by Lemmas 5.3.2 and 5.3.4 we
deduce that

PUE) + T (1) + 007 (1) + s 150, M) |
+ e% (80| A8 = M) +2 () + T (6), A" (A(®) = A1)
< = (= 008(0) — o) 4" 0 = W+ (2 5 ) SOIVS(0) - V1)
+ (2821417 + 1= § ) o0 40(0) ~ 2
< — (1= 0)3() — 050 [ A*(A®) = A)|” + Csd®) |V F((t) = V()]
+ C46(t)|| Az (t) — b))%, (5.52)
where .
Cs = [2 - QLL >0 and Cj:= [262||A||2 +1-— gL > 0.

Multiplying (5.52) by ¢t* and integrating from to to ¢, we obtain

L (t) + 01s(t) + ad3(t) + 014(t) + 215(t)
< /tt 5 (1= 0)5(s) — 055(s)) || A" (A(s) = A)[|"ds + Cs /t: s70(s)|[V f(x(s)) — V.f(2")|Pds
+Cy /tt 5%0(s)||Az(s) — b||*ds, (5.53)
where 0
L(t) = /t:(sasﬁ(s) +as1p(s))ds,

t
I(t) ::/ sV (s)ds,
to

We will furnish five different inequalities from computing each of these integrals separately. Let t > tg
be fixed.
e The integral I1(t). By the chain rule, for s > ¢; it holds

$6(5) + s pls) = - (5°0(s)),
which leads to
0= I1(t) — t*p(t) + tgp(to) < L1(t) — t*p(t) + [t P (to)]- (5.54)

e The integrals I5(t) and I4(t). Integration by parts gives
¢
L(t) + I(t) = t“ W (t) —tgT W (to) — (a + 1)/ YW (s)ds 4+t T (1) | A* (A(t) — %) |12
to
t
— 151 8(t) | A" (A(to) = A — a/ s73(s)[[ A" (A(s) — X")|*ds,
to

and from here

(1A (AE) = A) 2 < W () + 128 (1)]| AT (AE) = A1) |12
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t
= I(t) + Li(t) + 57 W (ko) + 18716 (t0) | A" (A(to) = N)||* + (@ + 1) [ s*W(s)ds

to

+ a/t 50(s)||A*(A(s) — A*)|Pds. (5.55)
e The integral I3(t). Again by integrating by parts, we get
—1
ok CLCCRIO) P < o)
El (o —1)s*25(s ) ‘ 2
_/tg F Ds <(>) M 1 s), i) s

For s > tg, according to Assumption 5.2 we have 5(5) > 0, hence ¢ is monotonically increasing and
therefore
(a—1)s*

t50(to)

(a0 —1)s%726(s) — s*716(s)
62(s)

(a—1)s*726(s)
62(s)

< <

It follows that

a—1 . t a— Sa—258 — g~ 15
= 150+ s et S |+ [ |G = o, ) s

< I3(t) + 5 )]|(:'r(t0)7>'\(t0))||2 + %/t | (#(s), A(s))||"ds. (5.56)

t
o The integral I5(t). Integration by parts entails

(0 = [ (G (039).4°06) -3 ) s
= 19 (1), ATA(E) — A)) — 85 (i(Fo), A* (A(to) — A%)) —/t 5 (& (s), A"A(s))ds.

By the Cauchy-Schwarz inequality, we deduce that

[ st 4536 ds<||A||/ selli(s) IA@lds < 1AL ”/ (2] + 7)) ds

and thus
0 < I5(t) — t*(@(t), A" (A(t) — A*)) + |tg (@ (to), A*(A(to) — ” ”/ 57| (& H ds. (5.57)

Now, summing up the inequalities (5.54), (5.55), (5.56), and (5.57), then we proceed to employ (5.53)
and obtain

o a (1)1 AT (M) — A7) |17
< Il(lf) + 9[2(15) + OéIg(lf) + 9[4(t) + 2[5 —t¢ (t)

b [ o oo+ 0w+ (S ) e, Ao s

+ Ha/t $76(s) | A*(A(s) — A")||2ds — 2t ((t), A*(A(t) — A")) + Cs

< —ta<p(t)+/t SO‘V(s)ds—i-/t s [(0(a+1) = 1)5(8) + 053(s) || 4" (A(s) — )| *ds
— 2@ (t), A*(A(t) — X)) + Cs,

where recall that V' was given by

Vo) =0+ W) + (“pp 1) [0, A6o)
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+C30(s)[V f((s)) = Vf(2")||* + Cad(s)[| Ax(s) — b,

and the constant C5 is given by

Oé

Cs =t (to)| + 0t5 T W (k) + ‘g Gl o) |

+0t5T1 (ko) || A" (A(to) — X“)H +2t§](&(to), A*(A(to) — A*))| > 0.
We come then to the desired result. O]

The following proposition provides us with the main integrability result that will be used for verifying
the second condition of Opial’s Lemma.

Proposition 5.3.6. Under Assumption 5.2, let (x,\) : [to, +00) = X X Y be a solution to (5.3)
and (x*,\*) € S. Then, it holds

/+°° E(8) | A% (A(t) — A%) [|2dt < +oo. (5.58)

to

Proof. We divide (5.51) by t, thus obtaining
1 t
Oto(t) | A" (A(t) = )| < — o(t) + */ s*V (s)ds

+— / —1)8(s) + 05 (5) || 4" (A(s) = A*)|ds

—2(i(t), A () — \*)) + Cf’.

Now, we integrate this inequality from ¢y to r. We get

0 [ tso]la* (o) - 3 Pt

to

< otto)—otr) + [ ([ sovias) a

N /t 1 (/tt 50 [(o(a +1) = 1)d(s) + 955(3)} |A*(A(s) — )\*)||2ds> dt

0 ta
— 2/ (Ag(t), A(t) — A*)dt + 05/ tdt. (5.59)
to to
We now recall some important facts. First of all, we have
"1 1
—dt < ————. (5.60)
~/t0 t (a - 1>t8 !

In addition, according to Lemma 2.3.8, it holds

r t r
/ 1 ( / saV(s)ds) i< 1 / (1)t (5.61)
to U to a—1 to

/t tia </tt s (0t + 1) = 1)3(s) + 0s8(5) || 4" (A(s) - A*)||2ds> di

1
a—1

and

<

[ [(9(a 1) = 1)) + 9755(15)} |A*(A(E) — N2, (5.62)

respectively. Finally, integrating by parts leads to

- /T<A:1':(t), A(t) — A*)dt

to
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= — (Ax(r) = b,A(r) — A*) + (Ax(to) — b, A(to) — A*) —&—/T(Ax(t) — b, A(t))dt

IN

42(7) = BIAG) = X + | 4o(to) = B (e0) - X7+ [ "(Ax(t) — b A(r))dt

< sup{l1A2(t) ~ BIIAG) ~ N[} + 42(10) — BlIAs — )|
#5 [ (las) = P + 3o (5:63)

The supremum term is finite due to the boundedness of the trajectory. Now, by using the nonnegativity
of ¢ and the facts (5.60), (5.61), (5.62) and (5.63) on (5.59), we come to

o f 1 /t to ()| A*(A(t) — \)|dt

_ /’" [eé(t) (Bla+1) —1)8(t) + 6t (1)

a—1

tll AT (A) — ") [1dt

<! 1/TtV(t)dt+/Tt<||Ax(t)—b||2+||}\(t)|}2) dt + Cs, (5.64)

o — to tO
where

Cs

Cs == ¢(to) + 2 sup {[|Az(t) — b[[[|A(t) — A"|[} + 2[|Az(to) — bI[[[A(to — A")[| + e
t>t0 @ 0

According to (5.16) and (5.17) in Theorem 5.2.3, as well as Lemma 5.3.3, we know that the mappings

t— tV(t) and t — ¢ ([|Az(t) —b||* + H)\(t)H) belong to L![tg, +00). Therefore, by taking the limit as
r — 400 in (5.64) we obtain

+oo
/ to(t)||A* (\(t) — \*)||2dt < +oo.

to

Again, from (5.35) we conclude that
+00 1 [t
/ 15(1) ]| A (M) — A |2de < 7/ o (£)]|A* (A() — A*)|%dt < +oo,
to 02 to

which completes the proof. 0

Theorem 5.3.7. Under Assumption 5.2, let (z, ) : [to, +00) = X x Y be a solution to (5.3) and
(z*,\*) € S. Then, as t — +o0 it holds

IVf(2(t) = V()] = o < ) and  [|A*(A() = A7)l = o < (5.65)

1 1
a0 ﬁ%) |

Consequently, ast — 400

V2 £(x(t), M) = V7)) + A ND)]| =0 (W) |

while, as seen earlier,

IVAL(x(), ()] = [|Az(t) — b]| = O <t261(t)) '

Proof. We first show the gradient rate. For t > tg, it holds

to(t)

2,/0(t)

& (/DI (1)) - T 7)) = < 50) + ) 19 ((2)) = V5 ()]
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+2t\/5(t) <Vf(x(t)) — V"), jtw(x(t))> . (5.66)

On the one hand, by Assumption 5.2, we can write

(5 )-8 88) 252 -y

Since 4 is nondecreasing, for ¢ > ty we have \/d(t) > /d(to) > 0. Set t; := max {to, ﬁ} Therefore,
for ¢ > t1 it holds

< =t <t

and thus
o(t) < to(t). (5.68)

On the other hand, for every ¢ > t; we deduce

20/ (V1 a(0) = V5a"), 91l ) =20 (VA (VS (0) = V1), GV Sa(0))
2
<30I alt)) ~ VI + | SV )

<OV F(x(t) = V(@) + L2t]|2(t)

’ (569

where the last inequality is a consequence of the L-Lipschitz continuity of Vf. By combining (5.67),
(5.68) and (5.69), from (5.66) we assert that for every t > t;

& (DI F(0) - V)7 < (1 + 219) ()Y () — V)2 + L2t]|2(0)||

The right hand side of the previous inequality belongs to L!([t;, +00)), according to (5.17) and (5.36).
Since ¢ is nondecreasing, for every ¢t > t; we have

V@) = /300 - 5(t)§ 5@))

and thus

+oo
/t VoV (2(t) — Vf(a")||*dt <

OV f(z(t)) = VF(x*)|?dt < 400.  (5.70)

This means that the function being differentiated also belongs to ! ([t, +00)). Therefore, Lemma 2.3.2

gives us, as t — +00,
tVo(OIVF(x(t) = Vf(z")|I* = 0.

Proceeding in the exact same way, for every ¢ > t; we have

& (/s A ) - A*)\F)

— (FJFQF) [A*(A(£) = N)||* + 26/3()(AA* (A(E) — A%), A(t))
s( +||A||2)t6 JA* (@) — X2 + lAG)IP.

According to (5.17) and (5.58), the right hand side of the previous inequality belongs to L!([t1, +00)).
Arguing as in (5.70), we deduce that the function being differentiated also belongs to L![t;, +0c0). Again
applying Lemma 2.3.2, we come to

/()| A (M) — A)|° =0
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as t — +o00. Finally, recalling that A*A\* = —V f(2*), we deduce from the triangle inequality that

IVaL(2(t), A®) | = IV £ (x(t)) + AA(@)]|
< IV @(t) = V)] +[[A" () = A7)

1
=0 ——=
(ﬁ%ﬂﬂ)
as t — 400, and the third claim follows. O
Remark 5.3.8. The previous theorem also has its own interest. It tells us that the time rescaling
parameter also plays a role in accelerating the rates of convergence for ||V f(z(t)) — Vf(z*)| and

[[A*(A(t) — A*)|| as ¢ — +oo. Moreover, we deduce from (5.65) that the mapping (x,\) —
(Vf(x), A*)) is constant along S, as reported in [43, Proposition A.4].

We now come to the final step and show weak convergence of the trajectories of (5.3) to elements of

Theorem 5.3.9. Under Assumption 5.2, let (z, ) : [to, +00) = X x Y be a solution to (5.3) and
(x*,X*) € S. Then, (z(t), A(t)) converges weakly to a primal-dual solution to (5.1) as t — +oo.

Proof. For proving this theorem, we make use of Opial’s Lemma (see Lemma 2.1.2). Lemma 5.3.3 tells us
that lim;, oo || (2(2), A(t)) — (a*, \*)|| exists for every (z*, \*) € S, which proves condition (i) of Opial’s
Lemma. Now let (Z,A) be any weak sequential cluster point of (z(t), A(t)) as t — 400, which means
there exists a strictly increasing sequence (&, )nen C [to, +00) such that

(2(ta). A(t2)) = (7. 3)

as n — +oo. We want to show the remaining condition of Opial’s Lemma, which asks us to check that
(E, )\) € S. In other words, we must show that, for every (y,v) € X x Y it holds

L(z,v) < L(T,N) < L(y, ). (5.71)
Let (y,v) € X x Y and (z*,\*) € S be fixed. Notice that the functions
fO)+ (NA() —Ay) and (-,b— Ay)

are convex and continuous, therefore they are lower semicontinuous. According to a known result (see,
for example, [28, Theorem 9.1]), they are also weakly lower semicontinuous. Therefore, we can derive
that

(@) = £(y, ) = f(2) + (N AT = Ay) = f(y) < liminf | f(2(ta)) + (X, Ala(tn) = Ay)] = £(3)
= f(@") + (Ab—Ay) = f(y) < f(@7) = f(y) + lm inf(A"A(t,), 27 — y)
= f() = (Fl) + (', Ay = b)) = L™, 3) = £(3,\") <0,
where in the second and third equalities we used the fact that, as n — 400, we have f(z(t,)) — f(z*)

and Az(t,) — b (Theorem 5.2.4), and A*\(t,) — A*A* (Theorem 5.3.7) as n — +oo. Similarly, the
weak lower semicontinuity of the function (v — X, A(-) — b) yields

LZ(T, 1/) — L(T,X) = <1/ -\, AT — b> < liminf<u — X\, Az(t,) — b> =0,

n—-+oo

We have thus showed (5.71) and the proof is concluded. O
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5.4 Numerical experiments

We will illustate the theoretical results by two numerical examples, with X = R* and ) = R%2. We will
address two minimization problems with linear constraints; one with a strongly convex objective function
and another with a convex objective function which is not strongly convex. In both cases, the linear
constraints are dictated by

1 -1 -1 0

0
A—O 1 0 -1 and b_[O}

Example 5.4.1. Consider the minimization problem

min  f(z1,%2,73,24) := (21 — 1)2 + (22 — 1)2 + 23 + 23
subject to x; — a9 —x3 =0
o — Ty = 0.

The optimality conditions can be calculated and lead to the following primal-dual solution pair

0.8
._ |06 . fo4
7 = 0.2 and A= [1.2].
0.6

Example 5.4.2. Consider the minimization problem

min  f(z1, 72, 23,74) := log (1 + e7217%2) + 72 + 22
subject to z; — a9 —x3 =0
Lo — Tyg = 0.

This problem is similar to the regularized logistic regression frequently used in machine learning.
We cannot explicitly calculate the optimality conditions as in the previous case; instead, we use
the last solution in the numerical experiment as the approximate solution.

To comply with Assumption 5.2, we choose tg > 0, « =8, § =10, 6 = %, and we test four different
choices for the rescaling parameter: §(t) = 1 (i.e., the (PD-AVD) dynamics in [102, 43]), 6(t) = ¢,
§(t) = t? and §(t) = t3. In both examples, the initial conditions are

0.5 0.5
0.5 0.2 . 0.5 ; 0.5
0.5 0.5

For each choice of § we plot, using a logarithmic scale, the primal-dual gap L£(x(t), A\*) — L(x*, A(t)), the
feasibility measure ||Az(t) — b|| and the functional values |f(x(t)) — f(«*)|, to highlight the theoretical
result in Theorem 5.2.4. We also illustrate the findings from Theorem 5.3.7, namely, we plot the quantities
[V f(x(t)) = Vf(z*)| and ||A*(A(t) — A*)]|, as well as the velocity ||(d(t), )\(t))H

Next we use Example 5.4.2 to compare the convergence behavior of our system (5.3) with the one
where the asymptotically vanishing damping term is chosen to be &, for r € [0,1]. Notice that r = 1
gives our system (5.3). When r = 0, in the setting of [66, Theorem 2.2], we know that the primal-dual gap

exhibits a convergence rate of O (ﬁ) as t — +oo. This is illustrated in Figure 5.3, were we plotted the

combinations (§(t) = t;7 = 0), (8(t) =t;r =1), (6(t) =t*r =0), and (6(t) = t*;7 = 1). In particular,
observe that the rate predicted by [66, Theorem 2.2] for the primal-dual gap for the case (6 (t) =t%r = O)
reads O (137 ), while the rate predicted by our Theorem 5.2.4 for the case (6(t) = t;r = 1) reads O (325).
It is no surprise then to see the combinations (6(t) = t*r =0) and (§(t) = t;r = 1) exhibiting similar
convergence behavior in Figure 5.3.

For better understanding, we run Example 5.4.2 once more to show the plots which result from fixing
the time rescaling parameter §(t) =t and varying r € {0,0.25,0.5,0.75,1}. Notice how the convergence
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Figure 5.1: The function §(-) influences the convergence behavior in Example 5.4.1
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Figure 5.2: The function §(¢) influences convergence behavior in Example 5.4.2

improves as r approaches 1. As t — 400, [66, Theorem 2.7] predicts convergence rates of O <m> for

the primal-dual gap and of O (#) for the velocities, which is reflected in our plots.
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Figure 5.3: The function 6(t), as well as the parameter r, influence convergence behavior in Example
5.4.2
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Figure 5.4: The parameter r influences convergence behavior in Example 5.4.2
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Chapter 6

Algorithms with and without
acceleration for hierarchical
optimization

6.1 Introduction

In this chapter, which consists of our work [34], we explore the hierarchical (also called simple bilevel)
optimization problem
min H(x) := h(z) + h(x),
(z) := h(z) + h(z) ) (6.1)
f(z) + f(2),

subject to « € argmin_.,, F(2):

where

‘H is a real Hilbert space;
fyh: H — R are convex, differentiable, V f and Vg are Ly- and Lj-Lipschitz continuous, respectively;
f , h:H — R are proper, convex and lower semicontinuous;

H is assumed to be lower bounded over H.
(6.2)
We assume (6.1) to have at least one solution. To address (6.1), we instead turn our attention to the
formulation

min V. (z) := F(z) + cH (), (6.3)

TEH
where € > 0. Under mild conditions (cf. [56]), there exists a small enough € > 0 such that for 0 < e <,
the solution sets of (6.1) and (6.3) coincide. However, this fact serves only as a motivation: we see ¥,
as our objective function, but at each step of the (two) algorithms we will analyze, we will also update
e. In other words, we will be minimizing a dynamically updated objective function ¥, , where (ej)r>0
will be a decreasing sequence of positive numbers which approach zero as k — 400, but not too fast.
For simplicity, we will restrict ourselves to regularization parameters of the form

e = m (6.4)

where 8,¢,6 > 0 and k > 0. Attached to (6.1), we will explore the asymptotic properties of two numerical
algorithms:

Algorithm 6.1: Bilevel Proximal-Gradient method
Input: 2 € H,0< 60 < Llf > ¢, as in (6.4)
for k=1,2,...do
L Tht1 = Proxg iy iy (21 — 0(V f(2x) + e Vh(zy)))
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which at each step, it applies a proximal gradient step to the objective function ¥.,; and the second
algorithm

Algorithm 6.2: Bilevel Fast Proximal-Gradient method

Input: 2,21 € H,a>3,7v>0,0<s5< L% > € as in (6.4)
for k=1,2,...do
1 Q
ap =1 — ———
» E+y+1

Yk =T + ap(Tr — Tp—1)
Tpr1 = Proxg iy (k= s(VF(yk) + e Vh(yr)))

which can be seen as a version with Nesterov momentum of Algorithm 6.1. As we will discuss later,
Algorithms 6.1 and 6.2 are tightly linked to the continuous-time systems

#(t) + VI(2(t) + e(t)Vh(z(t)) =0 for t > to, (6.5)
B(t) + Sa(t) + VF(z(t) + (@) VR(z(t) =0 for t > t,. (6.6)

Our main contribution is that, under a so-called Hoélderian error bound assumption for the inner
function F', we achieve fast, simultaneous and last-iterate convergence rates for F(zj) — min F' and
|H (z1) — minargmin » H|. Namely, we will have, as k — 400,

. 1 ) 1 .

F(zy) —minF =0 <k) . |H(xk) — minggmin r H| =0 (W) (Algorithm 6.1, § < 1),
. 1 . 1 .

F(zp) —minF =o w2 |H (2) — MiNargmin 7 H| = 0 5 (Algorithm 6.2, § < 2).

Additionally, we will show weak convergence of the sequences generated by Algorithms 6.1 and 6.2
towards solutions to (6.1). The little-o rates and the weak convergence in the framework of general real
Hilbert spaces marks a first in the literature for this class of problems and under a Holderian error bound
assumption, to the best of our knowledge.

This chapter is organized as follows: in Section 6.2, we will lay out the main assumptions and the
tools for our analysis of the two algorithms, which can be treated in a unified way to some extent; in
Section 6.3 and Section 6.4 we study the asymptotic properties (i.e., convergence rates, weak convergence
of iterates) of Algorithms 6.1 and 6.2 respectively; in Section 6.5, we discuss some facts regarding which
statements can be said in the absence of a Holderian error bound; in Section 6.6, we illustrate our
theoretical findings with some numerical experiments; in Section 6.7, we mention the continuous-time
analogs (6.5) and (6.6) of Algorithms 6.1 and 6.2 respectively, whose convergence analysis actually served
as a guide for the convergence analysis of the numerical algorithms.

It is worth pointing out that, since many of our results are formulated in a general setting, we will
be expressing many of our results in terms of a parameter 7, where

1 = 1 will refer to Algorithm 6.1, and 7 = 2 will refer to Algorithm 6.2.

Accompanied with Section 6.5, our comprehensive analysis complements and improves the recent
works [77, 71, 78]. First, all results are formulated in a infinite dimensional Hilbert space setting, in
line with [84, 20], where the case n = 1 and h = f = 0 is analyzed with a general regularization
sequence/parameter. However, only weak convergence to an optimal solution of (6.1) is provided (in
both continuous and discrete time), along with a convergence rate for the inner function (in continuous
time only).

6.2 Principal assumptions and tools for the analysis

In our geometric setting, we assume a Holderian error bound for the inner function, and a weaker
summability condition due to Attouch and Czarnecki in [20]. We will now present both assumptions.
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Assumption 6.1 (Holderian growth condition). A proper, convex and lower semicontinuous
function F' : H — R with argmin F' # () is said to satisfy a Holderian growth condition with
exponent p € (1,2] if for some 7 > 0 we have, for every x € H,

7p~* dist(z, argmin F)? < F(x) — min F. (6.7)

Assumption 6.2 (Attouch and Czarnecki, [20]). A proper, convex and lower semicontinuous
function F : H — R with argmin F' # () is said to satisfy the Attouch-Czarnecki condition with
respect to 7 € {1, 2} if for any solution z* to the bilevel problem (6.1), for all p € Nargmin ("),
and (ex)x>0 defined as in (6.4) we have that

+oo
Z k1 [(F — min F)* (exp) — Cargmin F (€xD) | < +00. (6.8)
k=0

The Attouch-Czarnecki condition is known to be weaker than the Holderian growth condition, since,
whenever F satisfies Assumption 6.1, for every z € H it holds
. . o« 1 x
0 < (F—minF)*(2) — Cargmin 7 (2) < 7777 p—*||z||" , (6.9)
where the first inequality is a consequence of the Young-Fenchel inequality, and the second can be derived
as in [84, Section 3.2]. Here, the dual conjugate exponent p* is given by

4+ =1. 6.10
pl (6.10)

Therefore, as e, ~ k~%, Assumption 6.1 implies Assumption 6.2 when pl* < 0. A further mild technical
assumption we will require is a qualification condition.

Assumption 6.3 (Qualification condition). The functions H and F in (6.1) are such that

O(H + dargmin 7)(2") = OH(2") + Nargmin r(¢*) for any solution z* to (6.1). (6.11)

The qualification condition is known to be fulfilled if either there exists ' € dom H N argmin F' such
that H is continuous at 2’ or if 0 € int(dom H — argmin F'). This assumption proves to be crucial for
controlling the (sign-less) residual of (6.3) with € > 0 in terms of its value at an optimal solution to
(6.1). Indeed, picking p* € Nargmin 7(2*) such that —p* € 0H (2*) given by Assumption 6.3, we get that
for every x € H

IN

| P@) - Fla*) + e(H(z) - H(x*))} —(F(z) — min F) + e(p*, z — «*)
= {(5])*,30) —(F—min F)(x)| — (ep®, x") (6.12)
< (F — min F)"(ep”) — Gargmin (€7,

where we used (ep*, £*) = Cargmin 7 (ep*). Although the Attouch-Czarnecki condition in Assumption 6.2

might appear abstract, (6.12) shows that it comes naturally in the analysis of Tikhonov-type methods.

6.2.1 The link between first and second-order energy estimates

The analysis of the continuous-time systems (6.5) and (6.6) presented in Appendix 6.7 serves as a
foundational guide for conducting the discrete-time Lyapunov analysis of the corresponding numerical
schemes—Algorithm 6.1 and Algorithm 6.2. Inspired by [17], we introduce a discrete Lyapunov energy
sequence (Ej)r>1, defined in (6.35) and (6.53), of the form

Ey = tZ (\I/k_l(xk) — \I/k_l(l’*)) + Vi (613)
for k > 1, where Uy (z) := F(x)+ e, H (z) is the regularized function (6.3) with regularization parameter

e defined as in (6.4), Vi > 0 is specified in each case, x* is a solution to (6.1), t; := 0(k + ~) for
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60 >0and vy >0, and n = 1 for Algorithm 6.1, and n = 2 for Algorithm 6.2. As in the continuous-time
Lyapunov analysis, we arrive at the following dissipativity estimate

Ejy1 — By + Cos(H(xy) — H(2")) + gi < —Cok" 1 (F(ax) — F(2*)) (6.14)

for k sufficiently large, where g5 > 0 and (x5 ~ k~°77~1. The precise form of g; and (s is not important
at this stage. As shown in Lemma 6.2.3, this Lyapunov inequality underpins much of our analysis,
enabling the derivation of key convergence results, including little-o rates and weak convergence of the
iterates.

6.2.2 The principal tools for the analysis

Here we include the auxiliary lemmas which are used to show the convergence rates for Algorithms 6.1
and 6.2. We feel these results were to specific to this particular paper to include them in the Preliminaries
chapter.

The following straightforward result encodes an important inequality that is contained, e.g., in [77],
and is used repeatedly in our paper.

Lemma 6.2.1. Suppose Assumptions 6.1 and 6.3 hold. Then, for any solution x* € H to (6.1)
and p* € Nargmin p(2*) such that —p* € OH(z*), for every x € H it holds

H(z") — H() < 7" (F@;F(“) g (6.15)

Proof. Using the definitions of the convex subdifferential and of the normal cone, for all x € H it holds

H(z*)— H(z) < —(p*,2* — ) < —(p*, Pargmin r(z) — )

IN

* * . . * F(z) —
1" 1| Pargmin () — z|| = [[p*|| dist(z, argmin F) < [|p*| (
which yields the claim. O]

Lemma 6.2.2. Assume that t, := 0(k+~), with 0 > 0 and v > 0, and that (Fi)r>0 is a sequence
of monnegative numbers such that as k — 400,

1
Fp < Cpt."+ Corpt °F and Fj, = O(k™°), (6.17)

where p € (1,2], n € {1,2}, § € (pl*,n) (where p* is set as in (6.10)), and Cg and Cy r are
positive constants. Then, as k — 400 it holds

F,=0(k™") ask — +oo. (6.18)

Proof. Since Fj, = O(k~%) as k — +o0, there is a positive constant C; r such that for all k large enough
it holds

_ —5-1s 1 _ —5—1s
Fi. < CEtkn + C()yptk s (tsz)fl’ < CEtkn + Cl,Ftk oo (619)
If 61 := 0+ % > n, we stop. Otherwise, the rate has improved to Fj = O(k_‘sl) as k — 4oo. We

may repeat this first step again, but this time plugging til instead of ti, possibly improving the rate to

F, = O(k™%), where d; = 6; + % =§(1+ p~ ! + p~2). We may repeat this argument n times, as long

as Opt1 :=0p + % < 7, in order to obtain a positive constant C;, r such that for k large enough

Fy < Cpt;" 4 Cp pty°, where 6, :=d0(1+p L4+ 4p7"). (6.20)

Since d,, = dp* > n as n — 400, we will stop at some ng such that d,,—1 < n and d,, > n, which yields
the claim. O
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Lemma 6.2.3. Let 6 > 0, n € {1,2}, and set § := nd. Consider a sequence (Ey)i>1 defined as
Ep =1t} <Fk + Eklelc) + Vi,

with ty, = 0(k + ), (ek)k>0 defined as in (6.4), and F, > 0, H, > —H,, where H, > 0, and
Vi > 0 for every k > 1. Suppose that for k large enough

Eyi1— B + s Hi, + g, < —Cok" ' Fy, (6.21)

where (gr)k>1 is a nonnegative sequence, Co > 0, and (Cr,5)k>1 satisfies, for Ci ¢ >0, Ca ¢ >0
and k large enough

Clygkn716k_1 < Ck,& < Cg7gkn718k. (6.22)

Consider the following conditions, which will only be assumed if we explicitly say so. For k large
enough:

1
(C1) —Hy <C3F), for some constant C3 > 0 and 1 < p < 2. Set p* as in (6.10),
(C2) For eachr >0, — k" " (Fy + repHy) < I, where I, > 0 and (I})r>1 € ¢*(N).

Then, following statements are true:
« Case d > 1: It holds Fj, = O(k™") as k — +o0;
e Case d = 1: If Assumption (C2) holds and Cy > 0 in (6.21), then
1. The limit limy,_, ;o Ey exists;

2. F, =0(k™") as k — +o0;

3. The sequences (k"1 Fg)k>1, (k"_lak,lHk)k>1 and (gr)k>1 are summable;

o Case p% < & < 1: If Assumptions (C1) and (C2) hold and Cy > 0 in (6.21), then

1. Fi, =0O(k™") as k — +o0;
2. It holds —Cyk™°T7 < t%ey_1 Hy, for some Cpr > 0 and all k > ko;
3. The limit limy_, + oo E), exists;

4. The sequences (K"~ 1Fy)g>1, (k:”flsk,lHk)

ko1 and (gr)k>1 are summable.

Proof. Let ky be a generic positive integer such that every instance of “for k sufficiently large” can be
read as “for every k > kq”. First, in general, using —H, < Hj, summing (6.21) from k¢ to k > ko and
dropping the nonnegative terms Vj and gi, we get

k
t] 1 P — (t’,gHek +> gw> H, < Ej,. (6.23)
l=ko

Note that according to (6.22) and Lemma 2.3.10, we have, for some C3 ¢, Cs ¢ > 0 large enough, for all
k> ko

k k k ! Cyc if6>mn, ie,d>1,
D s <Coc Y e < Cse Yy st <4 Cacln(k) if5=n, ie,d=1, (6.24)
t=Fko t=ko t=ko Cuck"° ifs<n, ie,o<l
Case 6 > 1: Since thi1Eh = O(k~©®=7)) vanishes and Z?:ko o5 is bounded, (6.23) yields Fj, =
O(k~") as k — 400, which proves the convergence rate in this case.
Before proceeding with the two remaining cases, let us collect a few facts. First, notice that when

0 <4 <1, we have tZ+1Ek = O(k"=%), thus from (6.23) and (6.24) we get, as k — 400,

F,=0(n(k)k™"), ifd=n, and F,=0(k™ %) ifd<n. (6.25)
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Furthermore, we need three inequalities which are a consequence of (6.21) when Cy > 0. After dropping
the nonnegative term g when required, we come for all k > kg to

Cokn=1 C k" ! 2
Eyw1 —Ep < Epp — B + Fo+ge < ——2 (Fk + C’;ck"é T ) , (6.26)
Eji1 — B + @Hk < ok (B4 =0 g, (6.27)
- QOan 1
n—1 2Ck s
Ey1 — Ey — GosHi < —Cak Hy, (6.28)
Furthermore, since Fj, > 0, for all » > 0 and all k > k¢ we have, using (6.22)

0 if H, >0
—k" Y (Fi + rlrsk' " Hy) < . 1 o
—kn (Fk‘-‘r’I’CQ’CEka) if H, <0.
Therefore, when (C2) holds, for all r > 0 there exists (I;Cz'g)keN € (1(N) nonnegative such that, for
every k > ko,
— K"V (B + 1G5k TTHY) < IO (6.29)

First, we establish that limj_, . E) exists, and then come to the summability statements.

Case 6 = 1: Suppose (C2) holds. On the one hand, when 6 =1, we have Ej, > —cH, for k large
enough. On the other hand, according to (6.26) and (6.29), (Ex+1 — Ex)k>1 is upper bounded by a
summable sequence. Combining these facts yields the existence of the limit limy_, o, Fy, i.e., Point 1.
In particular, this also yields Fj, = O(k~") as k — 400, i.e., Point 2.

Case p% < § < 1: Suppose (C1) and (C2) hold. Using (6.26) and (6.29) we get that (Ej11 — Ej)g>1
is upper bounded by a summable sequence. Therefore, Fy < Cg for some constant C'p and all k > k.
In particular, using also (C'1), this implies the existence of a constant Cy g such that for every k > ko

1
tsz <Cg— tza‘klek <Cg+ CO7FtZ_5ka.

Since (6.25) holds, we can apply Lemma 6.2.2, which yields F, = O(k™") as k — 400, that is, Point 1.
With this result, using (C'1), for some constant C'y > 0 it holds for every k > ko

1 n
—tlep_1Hy < tle,_1CsFF < CHkni(;ii = CHki((SiPi*). 6.30
k k k

This yields Point 2. Since § = 775 > p%, the right-hand side of the previous inequality vanishes as
k — +o0, which, since Fy, Vi, > 0, implies that (Ej)r>1 is lower bounded. As (Ex11 — Ek)ken is upper
bounded by a summable sequence, we obtain the existence of limy_, o Ej, and Point 3.

Let us now conclude with the summability statements. In both cases, we have shown that the limit
limy s oo E) exists. In particular, (Ey)r>1 is bounded. Plugging this statement back into (6.26) and
taking into account that Fj, gx > 0 for every k > ko, gives

+o0 +oo
Zk”_le < 400 and ng < 4o00. (6.31)
k=1 k=1

Furthermore, relying once again on (6.29), from (6.27) and (6.28) we may write, for summable, nonneg-
ative sequences (CfH)kzh (C;];,H)kzl and constants Co g, Cq, i > 0, and for every k > ko,

Cr,sHy < CfH — Cou(Eyp1 — Ex) < C’fH + Cs g |Ery1 — By,

k k (632)
~CroHy < C3 g — Cog(Errr — Bx) < C3 g + Cy By — il

Summing up these two inequalities and denoting by Cs g := C2 g + C4, g > 0, we obtain for all k£ > kg

k
> |Cta +Ch i — (Co + Cum)(Beya — Er)
l=ko
k k
-y (cfH Oy Con(Fupn — E@) -y (cf,H T cﬁ,H) — Cont(Bepr — i),
l=ko l=ko

84



Since the right-hand side has a limit as k — 400, and (C} j)x>1, and (C§ y)r>1 are summable and
Cs i > 0, we obtain that (|Exy1 — Eg|)g>1 is summable as well. Therefore, from (6.32) and (6.22) we
get

—+oo —+o0
> CrolHi < 400, thus > k7 'ep_1|Hy| < +oo.
k=1 k=1

This, together with (6.31), concludes the summability statements, i.e., Point 3 of the case 6 =1 and
Point 4 of the case p% < < 1 and hence finishes the proof. O

6.3 Bilevel Proximal-Gradient method

Consider the first-order continuous-time dynamics in (6.5). To handle the non-smoothness inherent in
(6.1), we adopt a standard semi-implicit discretization of the monotone inclusion form of (6.5), treating
the non-smooth components implicitly and the smooth ones explicitly: for every k& > 0,

w 4 Of (i) + V() + er0h(pi1) + e Vh(zy) 3 0. (6.33)

Rearranging suitably and recalling that prox,; = (I + 70 f)~1, we obtain Algorithm 6.1. To study
Algorithm 6.1, we will closely follow the analysis of (6.5), which is significantly simpler. Let us introduce
the following notation, for k£ > 0:

®p(x) == fz) +erh(x), ®p(x) = f(z) +exh(x), Vp(x):=Op(x) + bp(x). (6.34)

Observe that Algorithm 6.1 can be understood as a standard proximal-gradient algorithm for minimizing
the sum of the non-smooth function ®; and the smooth function ®y. Therefore, the reader can expect
that the step size 6 will be picked to satisty 6 € (0,2/Ly), where Ly := Ly + €, Ly,. Since ¢, — 0, any
choice 6 € (0,2/Ly) will suffice to show the convergence of the algorithm.

For analyzing the asymptotic behavior of Algorithm 6.1, we make use of the following discrete Lya-
punov energy function, defined every k > 1:

* A *
Ep o= te (Vg1 (k) — Vg1 (™)) + §||$k —z*|?, (6.35)

where ¢t := 0(k + ), with v > 0, represents the discrete time, z* is a solution to (6.1), and A > 1. We
thus obtain the following statement.

Lemma 6.3.1. Let (z1)r>0 be the sequence generated by Algorithm 6.1 and (E})k>1 be defined
as in (6.35). Then, there exists kg > 1 such that for all k > ko

Eippr — B + G (H(zx) — H(z*)) < —0(X = 1)(F(a) — F(z¥), (6.36)
where (Ck.5)k>1 s a sequence defined by

Ck,é = 9()\ = 1)5k = tk(ek = €k—1)-

Proof. Let k > 1. We have

Epiy — B =t (Up(@pg1) — Ui(a®)) — te(U(an) — Wi(2*)) (6.37)
+ e (Wr(z) — Vi(2")) — t(Vp—1(z) — Yr—1(z7)) (6.38)
+ %me —a*|? - %ka —z*|? (6.39)

We work with each line separately. For line (6.37), we use Lemma 2.1.3. The proximal step in Algorithm
6.1 can be written as

1
Tp41 = xp — 0G(xg), where Gi(y) = 7 [y — proxgg, (y — HV(P;C(y))] (6.40)
Since @y, is Li-smooth, according to Lemma 2.1.3, for every x,y € H it holds
0
Uiy = 0Gk(y)) < Wi(2) = 52 = OLIGKWI + (Gr(y),y — o).
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We use this inequality twice. First, set y = x := ;. We obtain
0
Vi(@rr1) < Urlzn) = 5(2 - OLy)||G ()] (6.41)

Now, set y := z; and z := x*. This yields

0

- 5(279Lk)HGk(xk)||2+ (Gr(zp), 2K — ). (6.42)

Up(zpe1) < Up(x™)

For ko large enough and k > kg, we multiply (6.41) by tx41 — A0 > 0 and (6.42) by A0 > 0, add the
resulting inequalities, sum —t11 Uy (2*) to both sides and use that t511 =ty + 0 to obtain

ther1 (Ve (zrp1) — Wi(2)) <t (Wi(or) — Yi(z™)) — 0N — 1) (Vg (z) — Wi(a"))

- 0“;“ (2~ 0L [1Gr(wn) > + M0(Crlar),z — a*).  (6.43)
According to (6.40), we have
N(Gr(an), zp — %) = =Mapia — 2, 2hpr — @) + M|z — 2],
Gz = s llonss — il o
Now, for line (6.38), we write
te(Wr(we) = Vi) — ti(Vi—1 (k) — Vg1 (z7))
=t {\I/k(l'k) = U1 (zg) — (Pr(a™) — Vg1 (27)) | = tu(er — ep—1)(H(xx) — H(z")), (6.45)
and for line (6.39) we have
Mk =217 = Jlla — ' = Marwar — 221 —2) = Sllas —zel® (6.46)

Putting (6.43), (6.44), (6.45) and (6.46) together yields for all k > kg

E)\ E}\ < 0 * 0tk+1 ka—‘rl - Ik”Z
i1~ B < = 00 = D)(Wk(ar) = Wn(z)) - — =2 = 0Lp) ————

— Mahs1 — T, Thg1 — &%) + A|zpgr — z]?
¥ tiler — exo)(H k) — H@') + Magon — 221 — %) — 2 [oxpn — 2l
— — O\ — 1)(F(zx) — F(z*)) + [tk(sk er1) — OO\ — 1)64 (H(zx) — H(z"))

2— 0Ly
- Ttk—O—l - 2} [ET R a [

The fact that L, — Ly as k — +oo ensures that the term with |lzy+1 — 2 ||? is eventually negative, so
we drop it to obtain (6.36), after possibly increasing k. O

Remark 6.3.2. The proof of Lemma 6.3.1 is largely inspired by the continuous-time analysis of
(6.5), which centers around the Lyapunov energy function

EA(t) := t(Te(x(t)) — We(a™)) + g\lx(t) —a”|? (6.47)

defined for t > to, where Wi(z) := f(x) + e(t)h(x) is the regularized function (6.3) with € = &(¢).
A similar inequality to (6.36) can easily be obtained for (6.47), see Section 6.7.

Theorem 6.3.3. Let (z1)r>0 be the sequence generated by Algorithm 6.1. Then, the following
statements are true:
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o Case d > 1: It holds F(xy) —min F = O(k™1) as k — +o0;
Suppose Assumption 6.3 holds.
e Case § = 1: If I satisfies Assumption 6.2 with n =1, as k — +oo it holds

F(zp) —minF = o(k™") and H(zy) — Milargmin 7 H.

Furthermore, xy, converges weakly towards a solution to the bilevel problem (6.1) as k —
+00;

o Case p% <6 < 1: If F satisfies Assumption 6.1 with exponent p, as k — 400 it holds
F(xk) o F(ZL’*) = O(kil) and |H(xk) - minargminF H| = 0(k71+6).

Furthermore, xj converges weakly to a solution to the bilevel problem (6.1) as k — +o00.

Proof. Let z* be a solution to the bilevel problem (6.1) and A > 1. The first part of the proof is a
consequence of Lemma 6.2.3 with 6 := 0, n:=1, H, := H(z*) —inf,ey H(z), Co :=0(A — 1) > 0, and

* * A *
Fy = F(xy) — F(2*), Hyp:=H(xp)— H(z"), gr:=0, Vi 1=§||$k—1‘ [

for all k > ko, where kg > 1 is given by Lemma 6.3.1. As ¢, is picked as in (6.4), (x5 = O(A — 1)eg, —
tr(ex — €k—1) can be shown to satisfy (6.22). Let k > 1. Indeed, according to the mean value theorem,
we have, for some &, € (k+ 58 — 1,k + ), that

c B c o
(k+B-1)0° (k+p)e° &t

Ek—1 — €k =

which gives, recalling that ¢, = 0(k + ),

0(k + ) 0(k +7)
e S B

Hence, by possibly increasing ko, the positive constants C1 ¢, Ca ¢ required by (6.22) can be easily shown
to exist.

The case 6 > 1 follows directly from Lemma 6.2.3. We treat the other two cases simultaneously. We
first show that Assumption 6.2 implies condition (C2), and that Assumption 6.1 implies conditions (C1)
+ (C2) in Lemma 6.2.3. Using (6.12), we observe that Assumption 6.2 implies that condition (C2) is
satisfied for

I == (F —min F)*(regp”) — Cargmin r(rexp™),
for k > 0, where p* € —0H(z*) and p* € Nargmin (") is given by Assumption 6.3. For all » > 0,
rp* € Nargmin #(2*), and the sequence (I})r>o is indeed summable. Using Lemma 6.2.1, Assumption
6.1 implies condition (C1) for C5 := ||p*||(7p’1)_%, and, using (6.9), also condition (C2). Lemma 6.2.3
ensures that, in both cases, the limit limg_ ;oo E,;\ exists. Choosing 1 < \; < Ao, for every k > 1 we

have
Ao — M\

2|
Since x* was an arbitrary solution to the bilevel problem (6.1), we have verified the first condition of
Opial’s Lemma (see Lemma 2.1.1). It follows, by definition of E}, that

E» - By = rp —2*]|?,  thus kli)rfoo |zp — 2*||*  exists. (6.48)

lim g :=tp(F(xr) — F(z")) + trep—1 (H(zxg) — H(xz™)) exists.

k— o0

At the same time, both for the cases § = 1 and p% < § < 1, according to the summability statements
given by Lemma 6.2.3 we have

+o0o +o0 +oo
> % <D (Fax) = F(a*) + ek |H(ax) — H(x")| < +oo. (6.49)
k=1 k=1 k=1
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Since limy 1o |qx| exists as well, it must be the case that limy 1~ g = 0.

We now establish the weak convergence of (z4)r>0, followed by the derivation of the little-o rates.
From (6.48) we get that (xy)r>0 is bounded. Let 2° be a weak sequential cluster point of this sequence
and xy, — x° as j — +00. From the convergence rate F(x) — F(2*) = O(k™!) as k — 400 given by
Lemma 6.2.3, and the weak lower semicontinuity of F', we deduce that x® € argmin F. On the other
hand, for every j > 0 we have

tkjgkjfl(H(xkj) - H(.’E*)) S tkj (F((Ek]) - F(ZL'*)) + tkjskjfl(H(l'kj) — H({E*)) = qk].. (650)

Thus, passing to the liminf, using that ({xex—_1)k>1 is bounded away from zero, and the weak lower
semicontinuity of H, we deduce that H(x°) < H(z*). As 2° € argmin F' and x* is an arbitrary solution
to (6.1), z° is also a solution to (6.1). Opial’s Lemma (see Lemma 2.1.1) yields that the whole sequence
(zk)r>0 converges weakly to a solution to the bilevel problem (6.1). Let us denote this solution by x*.

To derive the little-o rates, we distinguish between the two cases. If § = 1, we use the subgradient
inequality applied to H with —p* € 0H (¢*). If p% < ¢ < 1, we use the lower bound for txep_1(H (zx) —
H(z*)) provided by Lemma 6.2.3. For all k > 1, we have, respectively,

te(F(zr) — F(2%)) — ther—1(p", 2x — %) < tp(F(2r) — F(27)) + teer—1 (H (zx) — H(z")) = g, (6.51)
tk(F<$k) — F(a?*)) — CHkiaJrﬁ%* < tk(F(ack) — F(z")) + tkEkfl(H(.'L‘k) — H(l‘*)) = Q. (6.52)

When 6 = 1, we have tpep_1 = O(1) as k — +oo. Passing to the limit and using xx — x* or g0t 0,
and g — 0 as k — 400, we get limg_, 4 oo tx(F(zr) — F(2*)) = 0. Consequently, since ¢ — 0, also the
limit of tgep—1(H (xr) — H(z*)) exists and must be zero in both cases. O

Remark 6.3.4. In Algorithm 6.1 (which coincides with the proximal-gradient method introduced
in [71]) we provide a convergence analysis by choosing the regularization sequence (gx)ken as in
(6.4) and making the geometric assumptions on the inner function, but allowing larger step sizes.
As discussed in Section 6.5, our analysis can be extended to accommodate milder assumptions
(such as the coercivity of F' or H) and more general parameter choices. However, without stronger
assumptions, convergence rates are typically only available in the ergodic or best-iterate sense, and
convergence to solutions to (6.1) can generally only be characterized by the vanishing distance
to the solution set of (6.1), and stated in finite-dimensional settings; see Section 6.5 for further
details. We obtain best-iterate results similar to [77, Theorem 3], but assuming coercivity on
either function F' or H instead of H, and for the method in Algorithm 6.1, instead of the iterative
scheme in [77]. Furthermore, our analysis can be extended to accommodate general parameter
sequences (see Section 6.5). However, we find little motivation to do so, and numerical results (e.g.
those reported in [33]) seem to indicate that polynomial choices tend to give the best performance
in Tikhonov methods.

6.4 Bilevel Fast Proximal-Gradient method

In this section, we study the asymptotic behavior of a semi-implicit discretization of the monotone
inclusion form of (6.6). Following the same rationale of (6.33), for every k > 1 we consider

Thyl — 2T + T R

P ; —— + 0f (whs1) + VI (yr) + exdh(wrin) +exVhlyr) 30,
k+1

where we momentarily leave some freedom to define the variable y;. After multiplication by s := 62, we
obtain, for every k > 1,

LTpt1 + 8(3f($k+1) + Ekaﬁ($k+1)) >z + (1 - tfi) (zr — 2h—1) — s(VF(yr) + e Vh(yr)),
which, setting t; := 0(k + v), denoting o = 1 — %, and picking yy := g + ap(xr — xx—1) leads
us to Algorithm 6.2. Employing the same notation as in the first-order setting (6.34), we can interpret
Algorithm 6.2 as the Fast Prozimal-Gradient algorithm (also known as FISTA), proposed by Beck and
Teboulle in [29] and built upon ideas of Nesterov [80] and Giiler [61], applied to (6.3) with € — 0. As
the latter requires that s € (0, Lik] and g — 0, here we will pick s € (0, %f)
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For analyzing its asymptotic behavior, we make use of the following energy function:

LTk — Tk—1

: 2+)\(a—1—)\)

5 llzp—1—2z*||, (6.53)

1
E,i‘ = ti(\pk—l(xk)_q/k—l(x*))‘Fi H/\(l‘k_l — JZ*) + 1

for k > 1, where z* is a solution to (6.1), § := /s, and A € (2, — 1), which is nonempty since
a > 3. Following closely the Lyapunov analysis of its continuous-time counterpart (6.6), we arrive at the
following estimate.

Lemma 6.4.1. Let (z))r>0 be the sequence generated by Algorithm 6.2 and (E})k>1 be defined
as in (6.53). Then, there exists kg > 1 such that for every k > kg
LTk — Tk—1 °
A A — — *
Ek+1 —Ep + (Oz —1- >\)9tk+1ak B — + (k,g(H(Ik) — H(I )) (6.54)
< = 02(X = 2)k(F(zx) — F(a")),
where (Ck,5)k>1 15 a sequence defined by
G o= 9(()\ — 2)tk + 9()\ — 1))Ek — ti(&k — €k—1)~
Proof. Let k > 1. First, let us denote for brevity vy, := A(zp_1 — *) + t ===, We have
Epp1 — B = B (Ve(eri1) — Wi (2")) — G (Wk(ar) — Wi(a)) (6.55)
R (Wk(ar) = Up(@®)) = 7 (Pp—r(zx) — Upoi(2)) (6.56)
1 1
+ §\|Uk+1||2 - §||Uk||2 (6.57)
AMa—1—-X N AMa—1—-X "
+ %Hmk —2*|? - %kaq — |2 (6.58)

We will work with each line separately. For line (6.55), we use Lemma 2.1.3. The proximal step in
Algorithm 6.2 can be written as

1
Tp+1 = Yk — SGr(yr), where Gi(y):= B [y —prox g (y — sV@k(y))]. (6.59)
Since @y, is Li-smooth, according to Lemma 2.1.3, for all =,y € H it holds

S

Uiy — sGr(y)) < Ui(2) = 52 = sLi) |Gk W) I” + (Gi(y),y — 7).
We apply the inequality twice. First, set y := y; and = := x;. We obtain

U (rpt1) < Wilze) — %(2 = sLi)|Gryw)lI” + (Gr(yr), ye — k). (6.60)
Now, we set y := y and x := x*. This yields

Wi (@) € W) = 52 = sLi)l| Grlwn)|* + (G v — 7). (6.61)

From now on, we will use that s = 2. For kg large enough and k > kg, we multiply (6.60) by tx.1—\0 > 0,
and (6.61) by A\ > 0, add the resulting inequalities and sum —t;11 Py (z*) to both sides to obtain

trerr (U (r1) — Ur(2")) < (Erpn — AO)(Wr(an) — Wi (7))

+(Gul) (s = 20— 22) + 70— ) — 5L (2~ 021, G -

We multiply both sides of the previous inequality by #41, and add and subtract 3 (U (zy) — Ui (z*)),
which yields

Bar (Vi (@rs1) = Wr(@) < [y = Mhiss — ] (Vilor) = Wa(@®)) + 8 (Tn (@) — Ue(a")
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242

0°t
ot (Gl (i = M) (i — ) + Mg — 27) ) = —2(2 = 62L)|| G|

Continuing with line (6.56), we have

te (W) — Up(z")) — i (Chor(wp) — T (27))
| Wa(an) = Wi (@) = (a(a®) = Ui (2)
= (e —ep—1)(H(zx) — H(z")).

For line (6.57), from (6.59) first we notice that

=1

t t
Vg1 — U = NMag — ™) + %(ka’,l —x) — Mzp—1 — ") — gk(xk —Tp_1)

t t

= %(%H —xy) — (; - >\> (x) — Tp—1)
t t

= %(W — ) — {’“*910"“ ta-1- )\)} (25 — Tx_1)
t

= % [x;H_l - (:Ck + gz — xk_l))] —(a—=1=XN)(ap — Tx—1)
t

= = (e = ) = (0= 1= V) (g — )

= —9tk+1Gk(yk) — (a —-1- )\)(Ik — l‘kfl).

Therefore,

(Vkt1 — Uk, V1) = <—9tk+1Gk(yk) —(a=1=AN)(xp —xp—1), Mar — %) + tpt 7

x — T
=~ Btk {Gul). Ao = ) o

— (OL -1 )\) <l’k 71‘]6_1,)\(1’]6 71’*) +tk+1xk+19xk> .

From Algorithm 6.2 and (6.59), we know that

Tk41 — Tk

Tk — Tk—1
9 I e—

= —0Gk(yx) + ax 7

Using this equality, we can write line (6.65) as
—(a—1-=2) <xk — g1, Mz — 2") —|—tk+1wk+19_xk>
=—Ma—1=N{(xg —zp-1,2 — ") + (. — 1 = N)Otpq1(xr — zp—1, Gr(yr))

2
Tk — Tk—1

— (Oé —1- )\)th+1ak )

We have

[ves1 — vell® = H—9tk+1Gk(yk) —(a=1=XN)(z - J?k—l)H2

= 0 1 G (yn) P + 20tks1(a = 1= N){Grlyn), 21 — 2a-1) + (@ = 1 = X)?[|lag, — zx1 .

Putting everything together gives

1 1 1
§Hvk+1||2 - 5||’Uk||2 = (Vk41 — Uk, Vk41) — §||’Uk+1 — vl?

0
—Ma—1= Nz —xp—1, 26 — ") + (@ — 1 = N0t 11(Gr(yr), Tk — T—1)

" x -
= — Otps <Gk(yk),x(xk — ")+ tk+1’“+1’€>

90

Tk41 — Tk

(6.62)

(6.63)

(6.64)

(6.65)



2 242
T — Tp-1 | 0 1798

—(a—=1=N)0tri04 0 B) Gk ()|
a—1-—))?2
~Bticen(o—1 = NGl mx — rucr) — T 2 (6.66)
For line (6.58), it holds
AMa—1-A N AMa—1—2A .
MO gy —ap - AL e
Ma—1-=2X)

=Ma—1=N(zy — xp_1,2 — ") — llzr — 2p_1|* (6.67)

2
We now combine (6.62), (6.64), (6.66) and (6.67). We cancel out the corresponding terms, drop some
nonpositive terms, again take into account that yp — 541 = 602G (yx) as per (6.59), and observe that,
since A > 2, simple algebraic computations yield, foe every k > 1,

2. — Ntpy — 12 = 9[(2 Nt +0(1 - )\)] <0. (6.68)
This leads us for all k > kg to
Ep - B}
< [0 = Mt — ] (a(on) = (@) + tira (Grlun), (b = 20) (i — o) + A0y — ) )
0%t 4

(2 = L) |Grlyn)II* + i (er — ex—1) (H (wr) — H(z"))

T — X
- 0tk+1 <Gk(yk)a )\(.Tk - ’JJ*) + tk+1k+19k> - )\(Oé —1- )\)<£L‘k — Tp—-1,Tf — $*>

2
Tk — Tl—
+ (Oé -1 )\)thH(Gk(yk), T — $k71> — (a -1 )\)th+1ak Tk T TRl

0
- %HGk(ykﬂF = Otppa(a =1 = A)(Gr(yr), or — Tp-1) — MH% — zpa|?
FMa—1— Nz — 2p_1, 25 — 7) — WHM — 212
<0](2 = Nt + 001 = 0| (a(wr) = Wa(a) + tipa (Cul), troa (v — w001 )
Pl s )G P + (e — ) (B ) — )

2
Tp — Th—1

0

—(a—=1—= N0t

6%t2 a1
< — 60 = 2t (Flog) = F@) = =5 (1= L) Cilo) I — (o= 1= Mtra | ===

+ 9[((2 — Mt +0(1 = N)ex + ti%} (H(xx) — H(z")).

By dropping the term with —(1 — 62L;,), which is eventually nonpositive, since 2 < L—lf and Ly — Ly as
k — +oo, and by taking into account that ¢, = 6(k+-y) > 0k, this yields (6.54), after possibly increasing
ko. O

Remark 6.4.2. Even in this setting, the proof of Lemma 6.4.1 is largely inspired from that of the
continuous-time system (6.6), which can be studied with the Lyapunov energy function, defined
for t > ty,

Ma—1-=2X)
2
where we recall that U.(z) = f(x) + e(t)h(x) is the regularized function introduced in (6.3).
Observe the striking similarity with its discrete-time counterpart (6.53). A similar result to

Lemma 6.4.1 can be established for (6.69), see Section 6.7.

EMt) := t2(Wy(x(t)) — Uy (z*)) + %H)\(x(t) —2*) +ti(t))* + llz(t) — z*||?, (6.69)
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Theorem 6.4.3. Let (z1)r>0 be the sequence generated by Algorithm 6.2. Then, the following
statements are true:

o Case d > 2: It holds F(xy) —min F = O(k=2) as k — +00;
Suppose Assumption 6.3 holds.
e Case § =2: If I satisfies Assumption 6.2 with n =2, as k — +oo it holds
F(zyp) —minF = o(k™2) and H(zy) — Milyrgmin 7 H.

Furthermore, xy, converges weakly towards a solution to the bilevel problem (6.1) as k —
—+00;

o Cuase p% < < 2: If F satisfies Assumption 6.1 with exponent p, as k — +oo it holds
F(zy) —min F = o(k™2) and |H(xg) — Mingrgmin p H| = o(k~219).

Furthermore, xy, converges weakly towards a solution to the bilevel problem (6.1) as k —
+o00.

Proof. Let x* be a solution to the bilevel problem (6.1) and A € (2, — 1]). The first part of the
proof is a consequence of Lemma 6.2.3 with ¢ := % n=2,0:= /s, H := H(z*) — infoey H(x),
Cy :=0%(\ —2) >0, and

2
LT — Tk—1

Fy:=F(xg) — F(z*), Hyp:=H(xg)— H(z"), gr:=(a—1—N)0tgriop 7

— 1=
Mka_l_l«*W

for k > ko, where kg is given by Lemma 6.4.1. Arguing similarly as in the proof for Theorem 6.3.3, we
can produce positive constants Cq ¢, Co ¢ such that (6.22) holds.

The case 6 > 2 follows directly from Lemma 6.2.3. As in the proof of Theorem 6.3.3, we treat the
other two cases simultaneously. Similar arguments show that Assumption 6.2 implies condition (C2),
and that Assumption 6.1 implies conditions (C'1) + (C2), even with 7 = 2. Lemma 6.2.3 ensures that,
in both cases, the limit limg_, 4 E,;\ exists. Choosing 2 < A1 < Ao < a— 1, we have

2
1 N Tk — Th— A(a—1-=A N
EQZ—E21:2‘A2(xk1—x)+tk Y 2 5 2y — a2
2
1 — T A —1-A
L R e e e R}
A2 — T 12 e
—_ ?2”58]6_1 *:L‘*H2 +/\2tk <Ik_1 71‘*’ -Tkexkl> —+ 5]‘7 w
A -1 A2 A2 — T
+ |:2(a2) _ 22:| ||xk—1 735*”2 o ?1”‘%]6_1 7$*”2 ~ Mty <xk—1 x*’xkexkl>
2 ||z — 21 2 AMla—1) A2 ‘o
R R e
2 0 2 2
-1 — Tp_
=(A2— A1) [a lxk—1 —x*Hz + 1 <xk1 — ", 9%0961@1» for all &£ > 1.

=:pk

Since Ay — A1 # 0, and E,?l,E,iQ admit a limit, also limy_, o pr exists. We now rewrite E,?l as

* )‘2 * x Lhk—1— T
EN =3 (Wp_y(2) — Up 1 (7)) + ?1||xk_1 — %2 + Aity, <a:k_1 —z “9’“>
th

2

2
T—1 — Ty,
0

AM(a—1 A2 N
{1(2) _ 21] [Em— ”2
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2 X 2 || zp — zp—1 2
=1 ( W1 (wr) = Wror(27) + 5 || =5 || + M
2 2 t2 T — Th—1 2
=ty (F(xg) — F(2)) + tyep—1(H(zp) — H(z")) + 5’“ — +Aipp forall k> 1.

=gk

Since both limy_, 1 E,i‘l and limy_, ;o0 pr exist, so does limy_, o qr. Both for the cases § = 2 and
p% < 0 < 2, according to the summability statements given by Lemma 6.2.3 together with the fact that

ther—1 = O(k'7%) as k — 400, we have

o o] < - 1S, o — o |
* * —
> 5 5 > te(Flax) = F(a*) + > trer—[H(zy) — H(z*)| + 3 >t = | <+
k=1 k=1 k=1 k=1
Since limy_, o0 |qi| exists as well, it must be the case that limy_, 1 ¢x = 0. Observe that, as
(tkH%Hﬁ is summable, its limit exists and is zero. If we set ¢y := 1|zx—1 — 2*||?, we have
k>1
that for all £k > 1
tr —O0(a—1 123
(@ =141 + 7(9 )(@kﬂ — ) = (a=Dgr + 5 (Pre1 — ¢k)
-1 t 1
=2 s o4 3 (o= mnsn = a%) = o = ]
-1 t 1 t
=l =P + [<xk — gy, wpo — 27) + gk — xk_1||2] = pi+ ek — zx |

Therefore, according to Lemma 2.3.4, it must be the case that limy_, o ¢ exists as well. As z* is an
arbitrary solution to (6.1), we have verified the first condition of Opial’s Lemma (see Lemma 2.1.1).
We proceed to show weak convergence of (zy)r>0 and then little-o rates. As limy_, 4o ¢r € R, we
get that (zx)g>o0 is bounded. Let 2° be a weak sequential cluster point and x3, — 2° as j — +oc.
From the convergence rate F(z) — F(z*) = O(k™2) as k — +oo given by Lemma 6.2.3, and the
weak lower semicontinuity of F', we deduce that z° € argmin F. On the other hand, denoting by

At 2
Gk = 5gz||Tk — x_1]|°, We have

th er—1 (H(wx,) + H (")) <87 (F(an,) = F(2*) + 17, ex, -1 (H (xn,) + H(2)) + Gk, = qr;  for all % > 0).
6.70
Thus, passing to the liminf, using that (t7ex_1)k>1 is bounded away from zero, and the weak lower
semicontinuity of H, we deduce that H(z°) < H(z*). As 2° € argmin F and x* is an arbitrary solution
to (6.1), z° is also a solution to (6.1). Opial’s Lemma (see Lemma 2.1.1) yields that the whole sequence
(xk)r>0 converges weakly to a solution to the bilevel problem (6.1). Let us denote this solution by x*
and consider the above estimates with respect to this specific solution.
To derive little-o rates, we proceed in a similar way as in the proof for Algorithm 6.1. If § = 2, we
use the subgradient inequality applied to H with —p* € 0H («*). If p% < < 2, we use the lower bound

for t3ey_1(H (zy) — H(z*)) provided by Lemma 6.2.3. For all k > 1, we have, respectively,

th(F(xe) — F(2*) + gk < e + ther—1 (0, 2 — 2%, (6.71)
12(F(a) — F(z*) + g < ax + Ok~ "o, (6.72)

When § = 2, we have tisk,1 = O(1) as k — 4o0. Passing to the limit and using x;, — x* or k‘fﬂr’% — 0,
and q; — 0 as k — +o0, we get limg_, oo t3(F(z5) — F(z*)) = 0. Consequently, since g — 0, also the
limit of t¥e,_1(H () — H(x*)) exists and must be zero in both cases. O

Remark 6.4.4. For Algorithm 6.2, the only method available for a fair comparison is that of [78].
Our results substantially extend those in [78] in several directions. First, we introduce a more
general algorithmic framework. Second, we allow for p-Hoélderian growth with any p € (1,2],
rather than restricting to the quadratic case p = 2. Third, our analysis is carried out in an
infinite-dimensional Hilbert space setting. Fourth, for § € (p%, 2), we refine the convergence rates
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established in [78], improving the simultaneous bounds from O(k~2) and O(k°~2) to o(k~2) and
o(k°~2) as k — +o00, respectively, by building on techniques from [17]. In addition, we complement
the results of [78] by treating the case § = 2 under the Attouch—Czarnecki assumption, which
is weaker than the Holderian growth condition, and by establishing weak convergence of the
sequence(zy)pen in this setting. Finally, our analysis departs fundamentally from prior work
in that all results are derived from the dissipation of a single energy functional: the so-called
Lyapunov function.

6.5 Discussion

In Sections 6.3 and 6.4, we analyzed the asymptotic behavior of Algorithms 6.1 and 6.2 under certain
geometric assumptions on F. In what follows, we present some additional results that arise from our
analysis. Although these were not included in the main theorems, they are nonetheless noteworthy. For
the sake of brevity, we focus each time on either Algorithm 6.2 or Algorithm 6.1, as similar arguments
apply to both cases.

Ergodic convergence rates. Let us first drop all geometric assumptions and consider Algorithm 6.2.
When 0 < § < 2, starting from the dissipativity estimate in Lemma 6.4.1 and arguing as in (6.25), as
k — 400 we obtain
. -5 . . —240
F(zp) —min F =O(k™°) and kognél%%H{H(w) — Milargminr H} = O(k +9), (6.73)
which was reported in [78]. Alternatively, if 6 € (0,2) and 6 # 1, we can obtain simultaneous (i.e.,
computed on the same sequence) ergodic convergence rates expressed in terms of

k k
. _ _ 1
az',ze“ := argmin {H(xk+1)7H(xk7<)}, where T ¢ = 7 E Cose, Zis = E Cos- (6.74)
Y A=kg l=ko

Specifically, since F(xy) — min F' = O(k~%), summing up from ko to k inequality (6.54), using Jensen’s
inequality, the convexity of F', and the growth Zj s = O(k~2*%) as k — 400, as k — 400 we obtain'

F(zPY) —min F = O(k™°) and  H(2}p*") — minagmin r H < O(k~219). (6.75)

Furthermore, if 6 = 1—which is the case considered in [78, Theorem 3]—the convergence rate for the
inner function is weaker by a logarithmic factor than in (6.75), F(zp*!) — F(2*) = O(k~!In(k)) as
k — +oo, and ({r,s)k>1 is bounded and bounded away from zero, so Ty ¢ is actually closer to the usual
ergodic sequence. It follows from (6.75), that if (z£°%);>1 is bounded (e.g., if F or H are coercive?,
once again from (6.75)), weak cluster points of (z2°!);>; lie in the solution set of (6.1). Under this
assumption, if (6.1) admits a unique solution, the whole sequence (x2®');~; converges weakly to it.
Alternatively, without assuming uniqueness of solutions but dim H < +o00, we immediately obtain that
the distance from (2%);>¢ to the solutions set of the bilevel problem (6.1) converges to zero as k — 400,
which is in line with [77, 78, 71]. However, in infinite dimensions, no iterates convergence can be derived

with this approach.

Weakening the Holderian growth condition. When F is coercive, we can assume the Holderian
growth condition, i.e., Assumption 6.1, to hold only locally. Indeed, suppose that, for some R > 0,

7p~*dist(x, argmin F)? < F(z) —min ' for all z € Cg := argmin F + Bg(0). (6.76)

Using (6.73), it is easy to see that (zx)r>0 eventually lies in the bounded set C'r. Therefore, up to
replacing the non-smooth part of F' by setting fR = f + tcy, which does not change the algorithm,
the same analysis assuming Assumption 6.1 globally on fR yields Point 3 in Theorem 6.4.3. A similar
remark can be done for Algorithm 6.1.

INote that, strictly speaking, the bound on H(z*) — Mingrgmin 7 H is not a convergence rate, but only a one-sided
estimate. Here, we use a terminology from [78]. We can provide a two-sided estimate, i.e., a convergence rate, only in the
setting of Theorem 6.4.3.

2In [77], the coercivity of H is assumed to ensure the boundedness of (:):ECS“),C>1. Here, we show that, alternatively, it
suffices to assume coercivity of F' instead. B
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General regularization sequence (gj)ren. In Lemma 6.3.1 and Lemma 6.4.1 we have intentionally
made explicit the dependence on the regularization sequence (ex)r>0 and indeed the proof does not
depend on the specific definition of ¢ in (6.4). Following the same arguments of Theorem 6.3.3 and
Theorem 6.4.3 we can thus extend our analysis to more general parameter sequences, provided that
Ck,s > 0 for all k > 1. Let us illustrate one of such extensions for Algorithm 6.1.

Consider (6.36) and denote by (i the term (s to emphasize that the term depends on (ex)g>0,
which is not necessarily of polynomial decrease, but, rather, the discrete counterpart to (A—1)e(t) —t£(t),
see ((t) in Appendix 6.7.1. Then, for all £ > ko, applying the same argument as in (6.12), we obtain,

[
s(A—1)>

setting (.. 1=

Eper — Bp < =s(A = 1)[Cre(H(zx) = H(z")) = (Fay) = F(a"))]
<s(A—1) [(F —min F)*(¢rep™) — UC(Ck,sp*)]-
In this context, the Attouch—Czarnecki condition, i.e., Assumption 6.2, would now require the summa-

bility of the right-hand side of (6.77). This yields, after suitably bounding E7 from below, that the limit
limg 400 E,i‘ exists, and in particular, for some constant C' > 0,

(6.77)

ti(F(z1) — min F) < C + tgep, Mingrgmin p H, ie., F(zp) —min F = Ok~ + &) (6.78)

as k — +oo. Plugging ¢, as in (6.4), (6.78) is in line with Point 2 of Theorem 6.3.3. The little-o rate
necessitates a more careful analysis, which we believe can be performed using the same techniques of
Theorem 6.3.3.

6.6 Numerical Experiments

In this section, we present our numerical experiments, which are performed in Python on a 12thGen. In-

tel(R) Core(TM) i7-1255U, 1.70-4.70 GHz laptop with 16 Gb of RAM and are available for reproducibil-
ity at https://github.com/echnen/fast-bilevel-methods.

6.6.1 Considered algorithms

To begin, we briefly present the numerical algorithms utilized for comparison to test the performance of
Algorithms 6.1 and 6.2. To the best of our knowledge, these are the only approaches that can cope with
the generality of (6.1), so we refrain from discussing other variants requiring, e.g., strong convexity of
the outer function.

Fast Bi-level Proximal Gradient. The Fast Bi-level Prozimal Gradient method (FBi-PG) was re-
cently introduced by Merchav, Sabach and Teboulle in [78]. It can be understood a special case of
Algorithm 6.2 with vy =« — 1, ¢ = 1, and 8 = . Specifically, although the method is introduced in [78,
(2.4)—(2.6)] with ¢ picked as in the original Nesterov’s method, the convergence results are only stated
with ¢ = % for some a > 2. This choice yields a momentum parameter «y := t;l(tk_l — 1) that
can be obtained from our general choice in Algorithm 6.2 by setting v =« — 1 and a := o — 1. Being a

special case of Algorithm 6.2, its convergence properties are specified in Theorem 6.4.3.

Static Bilevel Method. The Static Bilevel Method (staBiM) was introduced by Latafat, Themelis,
Villa and Patrinos in [71]. While the method is designed for an arbitrary slowly vanishing, i.e., not
summable, regularization sequence (£x)ken, in these experiments we always consider ¢ as in (6.4) with
§ € (0,1). For a fixed 6 € (0,1) and 79 > 0, the method iterates for all k > 0

Tht1 i= PIOXy  (fio i) (2 — Op1 (Vf (1) + exVh(zy))), (6.79)
4
Nk+1Ln+Ly"
in [%nk,nk] for all k& > 0. Observe the similarity with Algorithm 6.1: While allowing for general

regularization sequences (ex)r>0, and originally designed in the more general context of locally Lipschitz
gradients, it requires a non-stationary step size ), that, picking nx41 = %nk for all k € N, asymptotically

where (0;)r>1 is the sequence defined by 041 = where 7,1 can be picked arbitrarily

behaves like ), ~ Lif with § € (0,1). In contrast, our analysis suggests that indeed, we can choose 1)

stationary and ii) twice larger step sizes as 6 = Lif and 6 € (0,2) for every k > 1.
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Figure 6.1: Result of the experiment in Subsection 6.6.2: Comparing inner and outer function residuals
as well as distance to solution for the methods listed in Subsection 6.6.1.

Bi-Sub-Gradient method. The Bi-Sub-Gradient method in its two different variants was introduced
by Merchav and Sabach in [77]. In this paper, we focus on the so-called Variant II, (Bi-SG-II), which,
for ey, := m, o€ (%7 1], ¢ < min{%h, 1}, and 6 < L%n iterates for all £ > 0

{ym = proxy j(zr — OV f(zx)), (6.80)

Tyt = proxoskh(ykﬂ — 0, Vh(yg+1)).
The method alternates a proximal-gradient step in the inner problem (with step size #) and in the
outer problem (with step size fej). The benefit of this formulation lies in the fact that it does not

require computing the proximity operator of ¢ f + Bey, fz, which for staBiM and Algorithm 6.1 requires a
product-space trick as suggested in [54].

6.6.2 Linear inverse problem with simulated data

To test the dependency of the proposed method on the algorithm’s parameter, we consider the following
bilevel problem
min ||z — Z[|; subject to x € argmin,cpa f(2), (6.81)
z€R4 .

where f: R4 — R is the quadratic function defined, for 1 < J < d, by

N | =

1 J
F@) = 5o =12+ 5 3 (w51 — 2 (6:2)

J

for every x € R%, and 2 := (50, ...,50). The inner function (6.82) is a standard benchmark to test first-
order methods, usually revealing their sublinear rates of convergence [79]. In particular, it is not strongly
convex, but satisfies Assumption 6.1 with p = 2. Since J < d, the set of minimizers of f is argmin f =
{reR? : 2y =---=x; =1} and thus the unique solution to (6.81) is #* := (1,...,1,50,...,50).

In our first experiment, we compare the performance of Algorithms 6.1 and 6.2 with g = 10, v = 20,
¢ = 10, and a = 4 against the methods described in Subsection 6.6.1. For fair comparison, for each of
them we set 95% of the largest possible step size, and consider the same initial point 2° := 0 € R%. Then,
we let the algorithms run for 10* iterations with 20 different choices of § € (1,2), sampled randomly—for
Algorithm 6.1, staBiM and Bi-SG-II we use §/2 instead of § to ensure convergence. We measure inner
and outer residual values and show the results in Figure 6.1.

Although the objective of this paper is not to compete with existing algorithms, we can observe that
the improved flexibility of Algorithm 6.2 plays a crucial role in performance, yielding results that clearly
surpass those of FBi-PG. In this example, specifically from Figure 6.1a, we can also observe that the
first-order methods Algorithm 6.1, staBiM and Bi-SG-II may indeed only achieve the rate o(k~!) on
the inner objective function decrease. On the other hand, the two second-order methods employed, i.e.,
Algorithm 6.2 and FBi-PG, show a much faster convergence behavior. Further, Figure 6.2 confirms the
inherent trade-off between inner and outer function performance as ¢ varies, cf. Section 6.5.
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Figure 6.2: Results of experiment in Section 6.6.2: Comparing residual decrease for Algorithm 6.2 as a
function of the iteration number emphasizing the choice of ¢ € (1, 2).

6.6.3 Logistic regression

In this experiment, we consider a copy of the UCI ML Breast Cancer Wisconsin (Diagnostic) dataset [98]
freely available online [83]. It contains n = 455 instances with 30 features and a label y; (i = 1,...,455)
denoting weather the lesion is benign y; = 1 or malign y; = 0. We aim training a quadratic classifier,
which for each sample a € R3? yields 1 if s(a”z) >  and 0 else, where @ € R? is the lifted feature
vector of a that now belongs to a d = 5456 dimensional space, and s(t) := (1 + exp(—t))~! is the
standard sigmoid function. Due to overparametrization, among the optimal classifiers, we seek the one

that minimizes the ¢! norm by solving the following bilevel problem

n

1
min ||z|; subject to x € argmin,cpa — Z (yi log(s(al 2)) + (1 — y;)log(1 — 5(&?2’))). (6.83)
z€R? n —

To train the model, we run the three numerical algorithms presented in Subsection 6.6.1 and Algo-
rithms 6.1 and 6.2 for 5 - 10* iterations with the § = 1.9 for the second-order methods, and §/2 = 0.95

for the first-order ones. Specifically, for Algorithm 6.2 we set v = 3 =1, a = 4, ¢ = 10%, s = %.

For FBi-PG, o = 4, and s = %. For Algorithm 6.1 we set ¢ = 102, s = % and 8 =~ = 1, while
for staBiM v = 1, ¢ = 10? and for Bi-SG-II, s = L%” and ¢ = 10%2. Along the iterations, we measure
the inner and outer objective values and the norm of the difference of consecutive iterates and show
the results in Figure 6.3. Since the optimal solution cannot be reached within a reasonable time, for
the outer function we only show its function values, while for the inner we show the residual with the
minimum value attained.

From Figure 6.3a, we observe that in this example, the convergence rate perfectly matches the one
predicted by the theory, see Section 6.5. The fast schemes (i.e., Algorithm 6.2 and FBi-PG) exhibit
a convergence rate of o(k~?), outperforming the non-accelerated ones (i.e., Algorithm 6.1, staBiM and
Bi-SG-II) that only exhibit a convergence rate of o(k~%/2). Meanwhile, Figure 6.3b indicates that at
least one of the considered methods may still be away from the optimal solution, and Figure 6.3c shows
that the distance between consecutive iterates decreases similarly across all four algorithms.

6.7 Continuous-time analysis

Our convergence analysis of Algorithm 6.1 and Algorithm 6.2 is closely guided by the analysis of the
continuous-time systems (6.5) and (6.6), even if h = f = 0. This analysis not only emerges as a foun-
dational result with intrinsic theoretical interest, but also as an excellent assistant to derive convergence

results for the corresponding numerical algorithms. In this section, we briefly illustrate and state the
main results that can be obtained for (6.5) and (6.6), with e : [tg, +o0) — R, defined by

e(t) == — (6.84)

where ¢,§ > 0. Observe first that Assumption 6.2 with n € {1, 2}, originally introduced by Attouch and
Czarnecki in [20] in the context of continuous-time systems such as (6.5), now reads as: For any solution
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Figure 6.3: Results of experiment in Subsection 6.6.3. The dotted lines in Figure 6.3a represent the rates
O(k=%/?) and O(k~%), with § = 1.9.

x* to the bilevel problem (6.1) and all p € Navgmin s(2*) it holds

/too =1 ((f —min f)*(e(t)p) — Uargminf(e(t)p)) dt < +o0. (6.85)

Furthermore, all auxiliary results including Lemma 2.3.10, Lemma 2.3.4, Lemma 2.1.1, Lemma 6.2.2,
and Lemma 6.2.3 admit continuous-time counterparts. Specifically, Lemma 2.3.10 can be stated with
integrals instead of sums. The continuous-time counterpart of Lemma 2.3.4 can be found, e.g., in [40,
Lemma A.4]. The continuous-time version of Opial’s Lemma (Lemma 2.1.1) is well known, see, e.g.,
[40, Lemma A.2]. Lemma 6.2.2 can now be stated as follows: For a function F : [tg,+00) — Ry, if
F(t) = O(t™°) as t — +o0 and

F(t) < Cpt™ "+ Copt OF(t)7 (6.86)

for every t > to, then F(t) = O(t™") as t — +oo. This fact can be shown using the same argument of
Lemma 6.2.2. Eventually, a unifying result similar to Lemma 6.2.3 can be established in continuous time
by replacing differences of consecutive terms in a sequence by derivatives and sums by integrals. More
precisely, we have:

Lemma 6.7.1. Let 6 > 0, ) € {1,2}, and set & := né. Consider a function E : [ty,+00) — R
defined as

E(t) = " (F(t) + E(t)H(t)) +V(),

with t — e(t) as in (6.84) and F(t) > 0, H(t) > —H,, where H, > 0, and V(t) > 0 for every
t > tg. Suppose that, for everyt > tq,

E(t) + C()H(t) + g(t) < —Cot" " F(t), (6.87)
where g : [to, +00) = Ry, Co >0, and ¢ : [to, +00) — R can be written as
C(t) = Cet"e(t) (6.88)

for some C¢ > 0. Consider the following conditions, which will only be assumed if we explicitly
say so. For everyt > ty:

(Cl) —H(t) < CgF(t)%, for some constant C3 >0 and 1 < p < 2. Set p* as in (6.10),
(C2) For eachr >0, —t" ' (F(t) +re(t)H(t)) < I"(t), where I" >0 and I" € L*([to, +00)).

Then, following statements are true:
e Case d > 1: It holds F(t) = O(t™") as t — +o00;
e Case d = 1: If Assumption (C2) holds and Cy > 0 in (6.87), then

1. The limit limy_, o F(t) exists;
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2. F(t)=0(t™") as t — +oo;
3. The functions t — t""LE(t), t — t"Le(t)H(t) and t — g(t) are integrable;
o Case p% < § < 1: If Assumptions (C1) and (C2) hold and Cy > 0 in (6.87), then
1. F(t)=0({t™") as t = +00;
2. It holds —C’HF‘HPL* < t"e(t)H(t) for some Cy > 0 and all t > ty;

3. The limit lim;_, ;  E(t) exists;
4. The functions — t""1F(t), t = t""Le(t)H(t) and t — g(t) are integrable.

6.7.1 First-order system
Let us start with the first-order system (6.5) with starting point z(tg) = xo € H. As anticipated in
Remark 6.3.2, we consider the following Lyapunov energy, defined for ¢ > ty:

EA(t) = t(We(a(t) — We(27)) + gllfv(t) -z

where Wy (x) := f(x) + e(t)h(z) is the regularized function (6.3), 2* is a solution to the bilevel problem
(6.1), and A > 1. The analogous statement of Lemma 6.3.1 can be easily obtained by taking the time
derivative of E). We get for all ¢t > ¢t

Ex(t) = We(2(t)) — Pe(2™) + Tb‘(é(t)(h(w(t)) — h(z*)) + (&(t), V f(x(t)) + E(t)Vh(fE(t))>)
+ Xz(t) — 2%, i(t))
S We(a(t)) — We(2™) — tlli’ﬂ(t)Hz + t£(t) (h(x(t)) — h(x")) = A(We(z(t)) — We(z7))
= — (A= D(f@®) — F) =tz @) + (L) — (A = De®) (h(z() — hz")).

Rearranging the terms and dropping nonnegative ones, for all ¢t > ¢y we arrive at

)
)

Ex(t) + () (h(x(t) — h(z")) < =(A = 1)(f(2(t)) = f(z¥)), where ((t) := (A = 1)e(t) — t(t).  (6.89)
Applying Lemma 6.7.1 we obtain the following: for case i) § > 1, that f(z(¢)) — min f = O(t™!) as
t — 4o0; for both cases ii) 6 = 1 with (6.85) and n =1, or iii) ¢ € (p%, 1) with Assumption 6.1, that for
all A > 1,

1. The limit lim;_, , o, E*() exists;
2. f(z(t)) —min f = O(t™!) as t — +o0;

3. In case iii), the following lower bound holds te(t)(h(xz(t) — h(z*)) > —Cpt= %) for some Cy, > 0
and all t > tg;

4. The following integrability statements hold

/Oo(f(x(t)) — f(2*))dt < +o0, and /Oot_5|h(x(t)) — h(z*)|dt < +o0.  (6.90)

to tO

By taking 1 < A; < A2 and considering the difference Ej, (t) — E}, (t), we deduce that ¢(t) := | z(t) —
2*[|? admits a limit as t — +oo for all solutions z* to the bilevel problem (6.1), and that

tiiglooq(t) =t(f(x(t)) — f(z¥)) +te(t)(h(x(t)) — h(z™)) exists. (6.91)
From (6.91) and (6.90) we deduce, arguing as in (6.49), that lim;, ;~ ¢(t) = 0. Proceeding as in (6.50)
we deduce that h(x(t))—h(z*) vanishes as t — +o00, and, therefore, that all weak sequential cluster points
of t — x(t) as t — +o0 lie in the solution set of the bilevel problem (6.1). Opial’s Lemma in continuous
time yields weak convergence of the full trajectory to some solution to the bilevel problem (6.1). To
conclude, using a similar argument as in (6.51) and (6.52) yields the little-o rates. To summarize, we
can show the following convergence result for trajectories generated by (6.5).
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Theorem 6.7.2. Let x : [tg,+00) — H be a solution trajectory to (6.5). Then, the following
statements are true:

o Case d > 1: It holds f(z(t)) —min f = O(t™1) as t — +o0;
Suppose Assumption 6.3 holds.
o Case § =1: If [ satisfies (6.85) withn =1, as t — +oo it holds
f(z(t)) —minf =o(t™") and h(x(t)) — Minagmin f h-

Furthermore, x(t) converges weakly towards a solution to the bilevel problem (6.1) as t —
—+00;

* Case p% <6 < 1: If f satisfies Assumption 6.1 with exponent p, as t — +oo it holds
f(@(t)) —minf =o(t™") and [h(x(t)) — milargmin s h| = o(t™*F).

Furthermore, x(t) converges weakly towards a solution to the bilevel problem (6.1) as t —
~+o00.

6.7.2 Second-order system

We now consider the second-order system (6.6) with starting position xz(ty) = xzo € H and starting
velocity @(tg) = v. As anticipated in Remark 6.4.2, the continuous-time counterpart of the Lyapunov
energy (6.53) is defined for a > 3, A € (2, — 1), and t >ty as

B\(1) 1= (0 (a(0) ~ () + LM o) + 02+ 20T N e ot o)

where, once again, U,(z) := f(x) + ¢(t)h(z) and z* is a solution to the bilevel problem (6.1). To derive
the analogous result to Lemma 6.4.1, we denote by vy (t) := A(z(t) — 2*) + t&(t) and take the time
derivative of E* to get for every t > tg

Ex(t) = 2t(¥e((t) — Wi(a)) +t2( (t)(h(x(t)) = h(x™)) + (2 (1), VI (2(t)) +€(t)Vh(x(t))>)

+ (oA(t), oA (1)) + Ala — 1 = A)(z(t) — 2™, &(t))

=26(Wy(x(t)) — Wy (a7)) +t2( (t)(R(z(t)) — h(z™)) + (&(t), Vf(x(t) + 6(t)Vh($(t))>>

= Mo =1 =X)(z(t) — ", 3(t)) — M(z(t) — 27, Vf(2(t) + () VA(x(t)))

— (=1 = N\)t[Ja(t) ||2 —t2<x(t),Vf(:1:(t)) e(®)Vh(z(t))) + Ma —1 = N){z(t) — 2*, &(t))
t)) = h(z*)) — (o — 1 — A)t|d( t)||

= 2t(Wy(x(t)) — Uy(z*)) + 126 (t) (h(a(
= At(a(t) — 2", Vf(2(t) + £(t) Vh(z(t)))
< =t = 2) (@ (t) — Wi(2") + L) (h((®)) — h(z") + (A + 1= a)t|a(t)]|”,

Rearranging suitably and using the definition of ¥;, we obtain:

Ex(t) + () (h(z()) = h(x)) + (@ = 1 = Mtl|a(@)[|* < —t(A = 2)(F(@(1)) - ("), (6.93)

where ((t) := t(A — 2)e(t) — t?&(t) for all t > t3. We have obtained in (6.93) the continuous-time
counterpart to the statement of Lemma 6.4.1. Using once again the continuous-time counterpart of
Lemma 6.2.3 (i.e., Lemma 6.7.1) we obtain the following: for casei) § > 2, that f(z(¢)) —min f = O(t~2)
as t — 4oo; for both cases ii) § = 2 with (6.85) and n = 2, and iii) § € ( =, 2), with Assumption 6.1,

that for all A € (2,a — 1),
1. The limit lim;_,, o, E*(t) exists;

2. f(z(t)) —min f = O(t~2) as t — +oo0;
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3. In case iii), the following lower bound holds t2c(t)(h(x(t) — h(x*)) > —Cpt~ =) for some Cj, > 0
and all t > tg;

4. The following integrability statements hold

/Oct(f(x(t)) — f(a"))dt < 00, and /oo 10 B(a(t)) — h(z*)|dt < +o0. (6.94)

t() t()

Arguing similarly as in the proof of Theorem 6.4.3 we obtain the following convergence result.

Theorem 6.7.3. Let x : [tg,+00) — H be a solution trajectory to (6.6). Then, the following
statements are true:
e Case § > 2: It holds f(x(t)) — min f = O(t2) ast — +oo;
Suppose Assumption 6.3 holds.
o Case 6 =2: If f satisfies (6.85) with n =2, ast — +o0 it holds
f(z(t)) —min f = o(t™?) and h(x(t)) — Minagmin 1 h-

Furthermore, x(t) converges weakly towards a solution to the bilevel problem (6.1) as t —
—+00.

o Case p% <0 < 2: If f satisfies Assumption 6.1 with exponent p, as t — +oo it holds
f(@®)) —min f =o0(t™2) and |h(x(t)) — Mihargmin f k| = o(t72T).

Furthermore, x(t) converges weakly towards a solution to the bilevel problem (6.1) as t —
—+00.
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Chapter 7

Conclusions

In this thesis, we explored continuous- and discrete-time schemes attached to convex optimization and
monotone inclusion problems. A fundamental role was played by the coefficient ¢ damping the velocity in
our second-order systems, which had the effect of producing dynamics with fast convergence properties,
both in the convex optimization and monotone operator settings. Thus, we have contributed to the
already considerable existing literature on second-order systems with asymptotic vanishing damping. As
it was the case in our work, the analyses for the continuous-time systems, which are in and of themselves
interesting, can also serve as guides for the analyses of the numerical algorithms which result from their
discretizations.

In Chapter 3, we explored the equivalence which exists between the Heavy Ball dynamics and the
Nesterov accelerated gradient dynamics, both in the optimization setting, and also in the monotone
operator setting. By analyzing a Heavy Ball system with a time rescaling parameter b(-), we showed
that for a particular choice for b(-), the Heavy Ball and the Nesterov systems are time reparametrizations
of each other, and every statement about the Nesterov system can be recovered from a corresponding
statement for the Heavy Ball dynamics. This was done in the optimization setting, i.e., where the
governing operator is the gradient of a convex and smooth function, and we also produced analog systems
and statements suited for the monotone operator setting.

In Chapter 4, we studied the asymptotic properties of a second-order dynamical system with asymp-
totically vanishing damping attached to a monotone+cocoercive inclusion problem. We derived fast
convergence of the velocities and accelerations to zero, as well as a o(1/t?) convergence rate for the
norm of the governing operator along the trajectories generated by the system. We also showed weak
convergence of the trajectories towards solutions to the monotone inclusion problem.

In Chapter 5, we studied the asymptotic properties of a second-order primal-dual dynamical system
attached to a linearly constrained convex optimization problem. The system features an asymptotically
vanishing damping coefficient and a time rescaling parameter which has the effect of accelerating the
convergence rates for the functional values along the trajectories and the feasibility gap, which measures
how far the trajectory is to the feasible set of the problem. Indeed, for these quantities we obtained rates
O(1/tb(t)). Additionally, we showed weak convergence of the trajectories towards primal-dual solutions
to the problem.

In Chapter 6, we studied two numerical algorithms designed to solve a hierarchical optimization
problem, that is, where we minimize an outer function subject to the set of minimizers of an inner
function. Under a geometric assumption for the inner function, for the first algorithm we showed o(1/t)
and o(1/t'7°%) rates for the inner and outer functional values along the iterates respectively; and for the
second algorithm we showed o(1/t?) and o(1/t>7%) rates for the inner and outer functional values along
the iterates respectively. We also showed weak convergence of the iterates generated by both algorithms
to solutions to the problem. The little-o rates, together with the weak convergence of trajectories in the
framework of a (possibly) infinite-dimensional Hilbert space marked a first in the literature for this class
of problems.

One of the principal open questions we have, which is a future project, concerns our work presented
in chapter 6. Namely, we are curious to see if our methods can be adapted when the inner level is a
structured monotone inclusion; particularly, we are interested to see if we can formulate a numerical
algorithm for such a problem. We suspect that, just as we had to assume a Holderian error bound
assumption for the inner function, we will have to assume an analogous sharpness condition for the inner
operator.
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