N
N

N

HAL

open science

Fast convergence of dynamical ADMM via time scaling
of damped inertial dynamics
Hedy Attouch, Zaki Chbani, Jalal M. Fadili, Hassan Riahi

» To cite this version:

Hedy Attouch, Zaki Chbani, Jalal M. Fadili, Hassan Riahi. Fast convergence of dynamical ADMM
via time scaling of damped inertial dynamics. Journal of Optimization Theory and Applications, In

press, 193 (1-3), pp.704-736. 10.1007/s10957-021-01859-2 . hal-03177752

HAL Id: hal-03177752
https://hal.science/hal-03177752
Submitted on 23 Mar 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03177752
https://hal.archives-ouvertes.fr

JOTA manuscript No.
(will be inserted by the editor)

Fast convergence of dynamical ADMM via time scaling of
damped inertial dynamics

Hedy Attouch - Zaki Chbani - Jalal Fadili -
Hassan Riahi

March 23, 2021

Abstract In this paper, we propose in a Hilbertian setting a second-order time-
continuous dynamic system with fast convergence guarantees to solve structured
convex minimization problems with an affine constraint. The system is associ-
ated with the augmented Lagrangian formulation of the minimization problem.
The corresponding dynamics brings into play three general time-varying param-
eters, each with specific properties, and which are respectively associated with
viscous damping, extrapolation and temporal scaling. By appropriately adjusting
these parameters, we develop a Lyapunov analysis which provides fast convergence
properties of the values and of the feasibility gap. These results will naturally pave
the way for developing corresponding accelerated ADMM algorithms, obtained by
temporal discretization.
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1 Introduction

Our paper is part of the active research stream that studies the relationship be-
tween continuous-time dissipative dynamical systems and optimization algorithms.
From this perspective, damped inertial dynamics offer a natural way to acceler-
ate these systems. An abundant literature has been devoted to the design of the
damping terms, which is the basic ingredient of the optimization properties of
these dynamics. In line with the seminal work of Polyak on the heavy ball method
with friction [415,46], the first studies have focused on the case of a fixed viscous
damping coefficient [1,17,2]. A decisive step was taken in [52] where the authors
considered inertial dynamics with an asymptotic vanishing viscous damping coef-
ficient. In doing so, they made the link with the accelerated gradient method of
Nesterov [42,41,25] for unconstrained convex minimization. This has resulted in a
flurry of research activity; see e.g. [7,8,9,12,11,13,18,20,21,23,3,27,31,39,51,53].

In this paper, we consider the case of affinely constrained convex structured
minimization problems. To bring back the problem to the unconstrained case,
there are two main ways: either penalize the constraint (by external penalization
or an internal barrier method), or use (augmented) Lagrangian multiplier methods.

Accounting for approximation/penalization terms within dynamical systems
has been considered in a series of papers; see [16,29] and the references therein.
It is a flexible approach which can be applied to non-convex problems and/or ill-
posed problems, making it a valuable tool for inverse problems. Its major drawback
is that in general, it requires a subtle tuning of the approximation/penalization
parameter.

Here, we will consider the augmented Lagrangian approach and study the
convergence properties of a second-order inertial dynamic with damping, which
is attached to the augmented Lagrangian formulation of the affinely constrained
convex minimization problem. The proposed dynamical system can be viewed as
an inertial continuous-time counterpart of the ADMM method originally proposed
in the mid-1970s and which has gained considerable interest in the recent years,
in particular for solving large-scale composite optimization problems arising in
data science. Among the novelties of our work, the dynamics we propose involves
three parameters which vary in time. These are associated with viscous damping,
extrapolation, and temporal scaling. By properly adjusting these parameters, we
will provide fast convergence rates both for the values and the feasibility gap.
The balance between the viscosity parameter (which tends towards zero) and the
extrapolation parameter (which tends towards infinity) has already been developed

in [54], [36] and [14], though for different problems. Temporal scaling techniques
were considered in [0] for the case of convex minimization without affine constraint;
see also [10,12,15]. Thus, another key contribution of this paper is to show that

the temporal scaling and extrapolation can be extended to the class of ADMM-
type methods with improved convergence rates. Working with general coefficients
and in general Hilbert spaces allows us to encompass the results obtained in the
above-mentioned papers and to broaden their scope.

It has been known for a long time that the optimality conditions of the (aug-
mented) Lagrangian formulation of convex structured minimization problems with
an affine constraint can be equivalently formulated as a monotone inclusion prob-
lem; see [50,48,49]. In turn, the problem can be converted into finding the zeros of a
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maximally monotone operator, and can therefore be attacked using inertial meth-
ods for solving monotone inclusions. In this regard, let us mention the following
recent works concerning the acceleration of ADMM methods via continuous-time
inertial dynamics:

e In [20], the authors proposed an inertial ADMM by making use of the iner-
tial version of the Douglas-Rachford splitting method for monotone inclusion
problems recently introduced in [28], in the context of concomitantly solving
a convex minimization problem and its Fenchel dual; see also [34,43,44,47] in
the purely discrete setting.

e Attouch [5] uses the maximally monotone operator which is associated with the
augmented Lagrangian formulation of the problem, and specializes to this op-
erator the inertial proximal point algorithm recently developed in [19] to solve
general monotone inclusions. This gives rise to an inertial proximal ADMM
algorithm where an appropriate adjustment of the viscosity and proximal pa-
rameters gives provably fast convergence properties, as well as the convergence
of the iterates to saddle points of the Lagrangian function. This approach is in
line with [22] who considered the case without inertia. But this approach fails
to achieve a fully split inertial ADMM algorithm.

Contents In Section 2, we introduce the inertial second-order dynamical system
with damping (coined (TRIALS)) which is attached to the augmented Lagrangian
formulation. In Section 3, which is the main part of the paper, we develop a Lya-
punov analysis to establish the asymptotic convergence properties of (TRIALS).
This gives rise to a system of inequalities-equalities which must be satisfied by
the parameters of the dynamics. From the energy estimates thus obtained, we
show in Section 4 that the Cauchy problem attached to (TRIALS) is well-posed,
i.e. existence and possibly uniqueness of a global solution. In Section 5, we exam-
ine the case of the uniformly convex objectives. In Section 6, we provide specific
choices of the system parameters that satisfy our assumptions and achieve fast con-
vergence rates. This is then supplemented by preliminary numerical illustrations.
Some conclusions and perspectives are finally outlined in Section 7.

2 Problem statement

Consider the structured convex optimization problem:

in _F(z,y) = bject to Az + By = c, P
cepin (z,y) == f(z) + g(y) subject to Az + By =c (P)

where, throughout the paper, we make the following standing assumptions:

X,Y, Z are real Hilbert spaces;
f:X >R, g: Y — R are convex functions of class C*; (Hp)
P

A: X — Z,B:)Y — Z are linear continuous operators, ¢ € Z;

The solution set of (P) is non-empty.

Throughout, we denote by (-, -) and ||-|| the scalar product and corresponding norm
associated to any of X,), Z, and the underlying space is to be understood from
the context.
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2.1 Augmented Lagrangian formulation

Classically, (P) can be equivalently reformulated as the saddle point problem

ax L S A 1
(l,ylggxylgleg (ny ) ()

where £: X x Y x Z — R is the Lagrangian associated with (1)
L(z,y,A) := F(z,y) + (A, Az + By — c). (2)

Under our standing assumption (Hp), £ is convex with respect to (z,y) € X x ),
and affine (and hence concave) with respect to A € Z. A pair (z*,y”) is optimal
for (P), and A\ is a corresponding Lagrange multiplier if and only if (z*,y*, \*) is
a saddle point of the Lagrangian function L, i.e. for every (z,y,A\) € ¥ X Y X Z,

Lz, y",N) < L(z",y", \") < L(z,y,\"). (3)

We denote by . the set of saddle points of £. The corresponding optimality
conditions read

VzL(z*, 45, A*) =0 Vi(z*) + A*A* =0
(", " A) € S <=V L(z*, 95, ) =0 <= Vgy*)+B*\=0 , (4)
VaL(z*, y*, ) =0 Az*+By* —c=0

where we use the classical notations: V f and Vg are the gradients of f and g, A* is
the adjoint operator of A, and similarly for B. The operator V is the gradient of
the corresponding multivariable function with respect to variable z. Given u > 0,
the augmented Lagrangian £, : X X ¥ x £ — R associated with the problem (P),
is defined by

Lu(a,y, V) = Ly, A) + 5[ Az + By — | * (5)
Valyu(x*,y*,A*) =0,
Observe that one still has (¢*,y*,\*) € ¥ <= ¢ Vy Lu(z*,y*,\*) =0,
VaLlu(z*,y*, \*) =0.
2.2 The inertial system (TRIALS)

We will study the asymptotic behaviour, as t — +o0o, of the inertial system:

(TRIALS): Temporally Rescaled Inertial Augmented Lagrangian System.

(1) + 7O (8) + 6OV Ly (2(8), y(1), A1) + a()AD))
§(0) +(0)5(0) + 6OV L (2(8), y(0), A®) + a(D)AD)) =0
A(0) +1(0A) = 6O VAL (2(0) + a()a(0),y(0) + (30, AD)) =0,

for ¢ € [to, +-0o[ with initial conditions (z(to),y(to), A(to)) and (&(to), §(to), A(to))-
The parameters of (TRIALS) play the following roles:
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e 7(t) is a viscous damping parameter,
e a(t) is an extrapolation parameter,
e b(t) is attached to the temporal scaling of the dynamic.

In the sequel, we make the following standing assumption on these parameters:

v,,b : [to, +00o[— RT are non-negative continuously differentiable functions. (#p)

Plugging the expression of the partial gradients of £, into the above system,
the Cauchy problem associated with (TRIALS) is written as follows, where we
unambiguously remove the dependence of (x,y, \) on t to lighten the formula,

# 4+~ (0)i + b(t) (Vf(m) + A% A+ a(t)A + p(Az + By — c)]) =0

§+ 707+ () (Ve(y) + B A+ a®A+ p(As + By — )] ) =0

X+ (A = b(t) (Alx + a(t)i) + By + a(t)y) — c) —o (TRIALS)
(x(t0),y(t0), Alto)) = (z0, 40, Ao) and

(2(t0),9(to), A(to)) = (uo,vo, vo).

If in addition to (Hp), the gradients of f and g are Lipschitz continuous on
bounded sets, we will show later in Section 4 that the Cauchy problem associated
with (TRIALS) has a unique global solution on [tg, +oo[. Indeed, although the exis-
tence and uniqueness of a local solution follows from the standard non-autonomous
Cauchy-Lipschitz theorem, the global existence necessitates the energy estimates
derived from the Lyapunov analysis in the next section. The centrality of these
estimates is the reason why the proof of well-posedness is deferred to Section 4.
Thus, for the moment we take for granted the existence of classical solutions to
(TRIALS).

2.3 A fast convergence result

Our Lyapunov analysis will allow us to establish convergence results and rates
under very general conditions on the parameters of (TRIALS), see Section 3. In
fact, there are many situations of practical interest where such conditions are easily
verified, and which will be discussed in detail in Section 6. Thus for the sake of
illustration and reader convenience, here we describe an important situation where
convergence occurs with the fast rate O(1/t?).

Theorem 1 Suppose that the coefficients of (TRIALS) satisfy

al(t) = agt with ag > 0, 1(t) = 120 p(¢) = ¢a5 2,

aot
wheren > 1. Suppose that the set of saddle points .7 is non-empty and let (z*,y*,\*) €
. Then, for any solution trajectory (z(-),y(-),A(-)) of (TRIALS), the trajectory
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remains bounded, and we have the following convergence rates:

L(a(t). y(1).3") — La* y" A) = O ( ! ) ,

teo

|A2(t) + By(t) — el = O ( L) |

t o

~ O <R, () - Pty < 2,

t 2aq t g

1GE(1), 5(1), A1) = O (;) .

where C1 and C2 are positive constants.
In particular, for ag = %, i.e. no time scaling b =1, we have

E(:E(t),y(t),)\*) - [’(z*vy*v A*) =0 (t%) 5

J4s) + Bu() - el =0 (3 ).

~O < P(), 1) - PGty < 2.

For the ADMM algorithm (thus in discrete time ¢t = kh, k € N;h > 0), it
has been shown in [32,33] that the convergence rate of (squared) feasibility is
@] (%) and that on |F(xg,yx) — F(z*,y*)| is O (#) These rates were shown to
be essentially tight in [32]. Our results then suggest than for ap = %, a proper
discretization of (TRIALS) would lead to an accelerated ADMM algorithm with
provably faster convergence rates (see [37,38] in this direction on specific problem
instances and algorithms). These discrete algorithmic issues of (TRIALS) will be
investigated in a future work.

Again, for ap = %, the O (t%) rate obtained on the Lagrangian is reminiscent of
the fast convergence obtained with the continuous-time dynamical version of the
Nesterov accelerated gradient method in which the viscous damping coefficient
is of the form ~(¢t) = 2* and the fast rate is obtained for o > 3; see [11,52].
With our notations this corresponds to v = %, and our choice ag = % entails
~v0 = 2n+ 1 > 3. This corresponds to the same critical value as Nesterov’s but the
inequality here is strict. This is not that surprising in our context since one has to
handle the dual multiplier and there is an intricate interplay between v and the

extrapolation coefficient a.

2.4 The role of extrapolation

One of the key and distinctive features of (TRIALS) is that the partial gradients
(with the appropriate sign) of the augmented Lagrangian function are not evalu-
ated at (z(t),y(t), A\(t)) as it would the case in a classical continuous-time system
associated to ADMM-type methods, but rather at extrapolated points. This new
property will be instrumental to allow for faster convergence rates, and it can be
interpreted from different standpoints: optimization, game theory, or control:
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e Optimization standpoint: in this field, this type of extrapolation was recently
studied in [14,36,54]. It will play a key role in the development of our Lyapunov
analysis. Observe that «(t)z(t) and a(t)A(t) point to the direction of future
movement of z(t) and A(¢). Thus, (TRIALS) involves the estimated future
positions z(t) +a(t)i(t) and A(t) +a(t)A(t). Explicit discretization xy, 4 ay, (@, —
xp_1) and A\, + (A — Ag_1) gives an extrapolation similar to the accelerated
method of Nesterov. The implicit discretization reads zj + ai(zk11 — zx) and
M + ar(Agr1 — Ak). For ap = 1, this gives xpy 1 and A\gy 1, which would yield
implicit algorithms with associated stability properties.

e Game theoretic standpoint: let us think about (z,y) and X as two players play-
ing against each other, and shortly speaking, we identify the players with their
actions. We can then see that in (TRIALS), each player anticipates the move-
ment of its opponent. In the coupling term, the player (z,y) takes account of
the anticipated position of the player A, which is A(t) +a(t)A(t), and vice versa.

e Control theoretic standpoint: the structure of (TRIALS) is also related to control
theory and state derivative feedback. By defining w(t) = (z(t),y(t), A(t)) the
equation can be written in an equivalent way

w(t) +(t)w(t) = K(t,w(t),w(t)),

for an operator K appropriately identified from (TRIALS) in terms of the
partial gradients of £, o and b. In this system, the feedback control term K,
which takes the constraint into account, is not only a function of the state w(t)
but also of its derivative. One can consult [40] for a comprehensive treatment of
state derivative feedback. Indeed, we will use a(-) as a control variable, which
will turn to play an important role in our subsequent developments.

2.5 Associated monotone inclusion problem

The optimality system (4) can be written equivalently as

Tﬁ(xvyvz) = 07 (6)

where Ty : X x Y X Z — X x Y x Z is the maximally monotone operator associated
with the convex-concave function £, and which is defined by

Tﬁ(xvyv )‘) = (Vﬂ%y‘cv _v)\‘c) (.’E,y, )‘)
= (Vf(z) + A"\, Vg(y) + B*\, —(Az + By —¢)). (7)

Indeed, it is immediate to verify that T is monotone using (Hp). Since it is
continuous, it is a maximally monotone operator. Another way of seeing it is to
use the standard splitting of T, as T = T1 + T> where

Ti(z,y,A) = (Vf(2), Vg(y),0)
To(x,y,A) = (A"\, B"\, —(Az+ By —¢)).

The operator 71 = 89 is nothing but gradient of the convex function &(z,y,\) =
f(z) + g(y), and therefore is maximally monotone owing to (Hp) (recall that
convexity of a differentiable function implies maximal monotonicity of its gra-
dient [50]). The operator T» is obtained by translating a linear continuous and
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skew-symmetric operator, and therefore it is also maximally monotone. This im-
mediately implies that T, is maximally monotone as the sum of two maximally
monotone operators, one of them being Lipschitz continuous ([30, Lemma 2.4,
page 34]). In turn, . can be interpreted as the set of zeros of the maximally
monotone operator Tz. As such, it is a closed convex subset of X x Y x Z.

The evolution equation associated to T, is written

B(t) + V(1) + A* (A1) =0

y(t) +Vg(y(t)) + B*(A(t)) =0 (8)
A(t) = (A(z(1)) + B(y(t)) —¢) = 0
Following [30], the Cauchy problem (8) is well-posed, and the solution trajectories

of (8), which define a semi-group of contractions generated by T, converge weakly
in an ergodic sense to equilibria, which are the zeros of the operator T;. Moreover,
appropriate implicit discretization of (8) yields the proximal ADMM algorithm.

The situation is more complicated if we consider the corresponding inertial dy-
namics. Indeed, the convergence theory for the heavy ball method can be naturally
extended to the case of maximally monotone cocoercive operators. Unfortunately,
because of the skew-symmetric component T in Ty (when ¢ = 0), the operator
T, is not cocoercive. To overcome this difficulty, recent studies consider inertial
dynamics where the operator T, is replaced by its Yosida approximation, with an
appropriate adjustment of the Yosida parameter; see [19] and [5] in the case of
the Nesterov accelerated method. However, such an approach does not achieve full
splitting algorithms, hence requiring an additional internal loop.

3 Lyapunov analysis

Let (z*,y*) € X x Y be a solution of (P), and denote by F* := F(z*,y”) the
optimal value of (P). For the moment, the variable \* is chosen arbitrarily in Z.
We will then be led to specialize it. Let t — (x(¢),y(t), A(t)) be a solution trajectory
of (TRIALS) defined for ¢ > to. It is supposed to be a classical solution, i.e. of
class C?. We are now in position to introduce the function ¢ € [to, +-00[ — E(t) € R
that will serve as a Lyapunov function,

£(0) = 02 (00(0) (£ (2(0),y(),\") = L™ " A)) + 3 0@ (9)
36,30, M0) — (5 A,
o) = o () ((@(0), 9D A(0) = (5", X)) + 8O @0, 50, A1) (10)

The coefficient o(t) is non-negative and will be adjusted later, while §(¢),£(¢t)
are explicitly defined by the following formulas:

5(t) == o(t)a(t),
£(t) = a(1)* (v(t)a(t) —a(t) - 1) —2a(t)a(t)o(t)
This choice will become clear from our Lyapunov analysis. To guarantee that £ is a

Lyapunov function for the dynamical system (TRIALS), the following conditions
on the coefficients v, a, b, o will naturally arise from our analysis:

(11)
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Lyapunov system of inequalities/equalities on the parameters.

(61) o) (1Bal) = 4(t) ~1) = 2a()5(t) 2 0,

(G2) o(t) (1(Da®) — a(t) ~ 1) — a()5(t) 2 0,

(Gs) — 4 [o(t) (o) (v(Da(t) - a(0) — 2a0)5(1))| 20,
(G1) a(t)o(t)?b(t) — & (aa?b) (t) = 0.

Observe that condition (G;) automatically ensures that £(t) is a non-negative func-
tion. In most practical situations (see Section 6), we will take o as a non-negative
constant, in which case (G1) and (G2) coincide, and thus conditions (Gi)—(G4) re-
duce to a system of three differential inequalities/equalities involving only the
coefficients (v, a,b) of the dynamical system (TRIALS).

3.1 Convergence rate of the values

By relying on a Lyapunov analysis with the function £, we are now ready to state
our first main result.

Theorem 2 Assume that (Hp) and (Hp) hold. Suppose that the growth conditions
(G1)-(G4) on the parameters (y,a,0,b) of (TRIALS) are satisfied for all t > to. Let
t € [to, +oo[— (z(t),y(t), A(t)) be a solution trajectory of (TRIALS). Let £ be the
function defined in (9)-(10). Then the following holds:

(1) € is a non-increasing function, and for all t > to

Fe(t).y(t) — F* =0 (W) |

(2) Suppose moreover that ., the set of saddle points of L in (1) is non-empty, and let
(z*, 9", \*) € Z. Then for allt > tg, the following rates and integrability properties
are satisfied:

(i) 0 < La(t), y(1).X) = £y X) = O (gt )

(i) 1A2(t) + By(t) — el* = O (gysateymseey )
(i) there exists positive constants C1 and Ca such that

C * Co .
_m < F(z(t),y(t) — F* < W’
“+o0
) [ a0 Ax(t) + By(t) - cl*dt < +oc;

to

+oo
(v)/t k)15 (0), 5(8), AB)|2dt < +oo, where

k(t) = (O (t) (o(t) (v(Dalt) = (1) - 1) - a()a(t) ).
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Proof To lighten notation, we drop the dependence on the time variable ¢. Recall
that (z*,y*) is a solution of (P) and X\* is an arbitrary vector in Z. Let us define

wim (0,0, W= @A), Fuw) = Ll ) — Lula,yt ).
With these notations we have (recall (9) and (10))
v=o(w—w")+ 5w,
VFu(w) = (VaLu(z,y, \*), VyLy(x, y, A*),0)
£ = *0Fu(w) + 5 ol + Z€llw — w2

Differentiating & gives

d d

B e = & (520)Fw) + (Y Fulw), )+ (v, )+ gélw— P+ Elw—w, 0). (12)

Using the constitutive equation in (TRIALS), we have

v =2¢(w—w*)+ (64 ) + 6
o(w—w*) + (o + ) — 6 (v + bK 0 (w))
o(w —w*) + (o 4+ 6 — 7)1 — 6Ky, (w),

where the operator K o : X XY x Z = X x ) x Z is defined by

Valy(z,y, A+ a):\)
Ky,a(w) = VyLu(z,y, A+ aX)
~VaLu(z +ad,y + ag, )

Elementary computation gives
A*(A = X +a))
Ku,a(w) = VFu(w) + B*(A =X+ a))
—A(z+az) - Bly+ay)+c

According to the above formulas for v, ¥ and Ky, o, we get

(w, 1) = (6(w — w*) + (o + & — )i — 6K py,0(w), o(w — w*) + 5ib)
= o6llw — w*|? + (66 + o(0 + 8§ — 87)) (, w—w*) + 8 (o + 8§ — 5v) [|w]|®
—6b [o(VFu(w), w — w*) + §(VFu(w), )]
—8b[o(A = X"+ ad, Az — Az™) +5(A — X" + o, Ad)]
—0b [o(A = X" + a), By — By*) + 6(A — X" + a), Bj)]
+0bo{A(z + az) + By + ag) — ¢, A — \¥)
+8%b(A(x + ai) + By + ag) — ¢, A).
Let us insert this expression in (12). We first observe that the term (V.F,(w), w)
appears twice but with opposite signs, and therefore cancels out. Moreover, the

coefficient of (i, w — w*) becomes ¢ + 86 — (78 — § — o). Thanks to the choice of
§ and ¢ devised in (11), the term (w, w — w*) also disappears. We recall that by
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virtue of (G1), £ is non-negative, and thus so is the last term in £. Overall, the
formula (12) simplifies to

d _ i 2 1 . k2 £ c 12
EE— dt(é b) Fu(w) + (25—0—00) |lw —w™| —I—é(o—l—é 67) ||w]| (13)

— 8bo(VFu(w), w —w*) — bW,
where

W= o(A— N +al, Az — Az*) + (A — A" + o), Az)
+o(A =X 4+ ad, By — By*) +6(A — A\ + o, By)
—o{A(z +ai)+ By +ay) —c, A — \*)

—8(A(z + ai) + By + ag) — ¢, \).

Since (z*,y*) € X x Y is a solution of (P), we obviously have Az* + By* = c. Thus,
W reduces to

W = o(Az + By — ¢, A — X\ + ) + 6(Az + By, A — X\ + o))
—o{Ax + By — ¢, A — \*) — ca({Az + By, A — \*)
—0(Az + By — ¢, A) — da(Ax + By, )
= (ca —5)(<Aac+By —e, A — (Ai + By, A — A*)).
Since it is difficult to control the sign of the above expression, the choice of § in
(11) appears natural, which entails W = 0.

On the other hand, by convexity of L(,-,A\*), strong convexity of £|- — ¢|?,
the fact that Az* + By* = ¢ and F,(w*) =0, it is straightforward to see that

—Fu(w) = 5 1|42(t) + By(t) - of* = (VFu(w), w* — w).

Collecting the above results, (13) becomes

%g + (51)0 - %(a%)) Foulw) (14)

1: . : . obo
< (55 + 0’0’) |lw — w*||2 + 0 (U +6— 57) ||wH2 - TM |Az(t) + By(t) — c\|2.

Since § is non-negative (o and « are), and in view of (G2), the coefficient of the
second term in the right hand side (14) is non-positive. The same conclusion holds
for the coefficient of the first term since its non-positivity is equivalent to (Gs).
Therefore, inequality (14) implies

Le+ <6ba _ %(5%)) Fuw) <0, (15)

The sign of F,(w) is unknown for arbitrary A\*. This is precisely where we invoke
(G4) which is equivalent to

d, o,
Sbo — 2:(8%0) = 0.
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(1) Altogether, we have shown so far that (15) eventually reads, for any t > to,

%5@) <o, (16)

i.e. £ is non-increasing as claimed. Let us now turn to the rates.
£ being non-increasing entails that for all ¢ > ¢

£(t) < E(to). (17)

Dropping the non-negative terms % lv(t)||* and Le(t)|Jw(t) — w*||? entering &,
and according to the definition of £, we obtain that, for all ¢ > tg

8(1)°b(0) (Ln(a(t), y(6), N) = Lu(a*, 5, \)) (18)

= 3(8)b(t) (L(a(2), y(8), ) = £(2*, 5", N) + & 4w () + By(t) - cl|”) < E(to).
Dropping again the quadratic term in (18), we obtain

5(6)°6(8) (F(a(t), y(8) = F* + X, Ax(t) + By(t) - )
< 6%(t0)b(to) (F(l’(tOL y(to)) — F* + (X", Ax(to) + By(to) — ¢)
+ Bl Ax(t0) + By(to) — cl*) + 3 lo(to)]1

+ 500 (2(t0), y(t0), Alto) — &,y NI
< 8% (t0)b(to) [\ || Az(to) + By(to) — el| + Co,

where Cj is the non-negative constant

Co = 8%(to)b(to) (| F(x(t0). u(to)) — F*| + § | Az(to) + By(to) I
S l(t)]? + (o) x(to), y(to), A(to)) — ("5 A% (19)

When Az(t) + By(t) — ¢ = 0, we are done by taking, e.g. \* = 0 and C > Co.
Assume now that Az(t) + By(t) — ¢ # 0. Since A* can be freely chosen in Z, we
take it as the unit-norm vector

yr = Ax(t)+ By(t) — c
[Aa(0) + By() =

(20)
We therefore obtain
5(0)70(0) (F(a(1),y(0) ~ F* + | Aa(t) + By() —el) <0, (21)

where C > 6% (t0)b(to) || Az(to) + By(to) — || + Co. Since the second term in the
left hand side is non-negative, the claimed rate in (1) follows immediately.
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(2) Embarking from (18) and using (3) since (z*,y*,\*) € .%, we have the rates
stated in (i) and (ii).
To show the lower bound in (iii), observe that the upper-bound of (3) entails
that

F(a(t),y(t)) = F(z",y") — (Az(t) + By(t) — ¢, \"). (22)
Applying Cauchy-Schwarz inequality, we infer
F(a(t),y(t) = F(2",y") — [IN[l|Az(t) + By(t) — c|.

We now use the estimate (ii) to conclude. Finally the integral estimates of the
feasibility (iv) and velocity (v) are obtained by integrating (14). O

3.2 Boundedness of the trajectory and rate of the velocity

We will further exploit the Lyapunov analysis developed in the previous section
to assert additional properties on the iterates and velocities.

Theorem 3 Suppose the assumptions of Theorem 2 hold. Assume also that 7, the
set of saddle points of L in (1) is non-empty, and let (z*,y*,\*) € .. Then, each
solution trajectory t € [to, +oo[— (z(t),y(t), A(t)) of (TRIALS) satisfies the following
properties:

(1) There exists a positive constant C such that, for all t > tg
C
o) (+(1)a(t) — (1) 1) ~ 2a()o ()5 (1)

o c a ()
e 050 (1 ¥ ¢ 70 () ~ () ~ 1) 2a(t>d(t>> |

(2) If supy>y, o(t) < +oo and (G1) is strengthened to
(G5 ) infig, o0)(o(2) ((1)alt) — (1) — 1) ~ 2a()o(t)) > 0,

1(z(8), 5(8), A(®)) = (", 5", X)II* <

then
sup [|(z(t), y(£), M) || < +oo and ||(&(t),9(t),A(1))|| = O (#)
t>to R I a(t)o(t)

If moreover,
(Gs) infy>¢, aft) >0,
then

sup || (&(2), (1), A(1))]| < +oo.
t>to

Proof We start from (17) in the proof of Theorem 2, which can be equivalently
written

S OB(1) (Lu(t), p(0) ") — Lula® 5", A7) + 5 (D)

+ 26O, 50, A0) = (5" X < Elto),
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Since (z*,y*,\*) € ., the first term is non-negative by (3), and thus

3 IO + SE@ @), 50, 70) — @ y" AP < Eo).

Choosing a positive constant C' > 1/2€(tp), we immediately deduce that for all

t>to
@z (1), y(), A(t)) = (=", 5", A"

C
)Ilgﬁ

Set z(t) = (z(¢), y(t), A(t)) — (z*,y*, X*). By definition of v(t), we have

o(t) = a(£)2(t) + 6(t)3(2).

From the triangle inequality and the bound (23), we get

. a(t)
o(t)||z —= .
Olz@l < (1 + E(t)>

According to the definition (11) of §(¢) and £(t), we get

and  [o()] < C.

(23)

. . : c o(t)
G050 G0 <1 * \/ 7O a0 —alt) ~ 1)~ 250

which ends the proof.

3.3 The role of o and time scaling

)

The time scaling parameter b enters the conditions on the parameters only via
(G4), which therefore plays a central role in our analysis. Now consider relaxing

(G4) to the inequality
(G5) & (a®0®b) (t) — alt)o(1)*b(t) = 0.

This is a weaker assumption in which case the corresponding term in (15) does
not vanish. However, such an inequality can still be integrated to yield meaningful

convergence rates. This is what we are about to prove.

Theorem 4 Suppose the assumptions of Theorem 2(2) hold, where condition (G4) is
replaced with (G} ). Let (z*,y*,\*) € . # 0. Assume also that inf F(z,y) > —oo.

Then, for all t > tg

L(2(t),y(1), ) — £(z*, 5%, A*) = O <exp (- /tt ﬁds

|Az(t) + By(t) —c|* = O <exp (— /t: ﬁds

) oo
).

¢y exp <7 /tt %(S)ds) < F(a(t),y(t) — F* < Coexp (7 /tt a(ls) ds) . (26)

where C1 and C2 are positive constants.
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Proof We embark from (15) in the proof of Theorem 2. In view of (G,") and (11),
(15) becomes

d (.2 2 2
P b) — b
0> ig - <i (a202b) - aaQb) Fu(w) = %5 - G 02 ) oo

—dt dt a202b €. (27)

Since (z*,y*,\*) € ., F, is non-negative and so is the Lyapunov function &.
Integrating (27), we obtain the existence of a positive constant C' such that, for
all t > to

0 < £(t) < Calt)2o(t)?b(t) exp (- /tt ﬁdé;) ,

which entails, after dropping the positive terms in &,

Fulw(t)) < Cexp (f /t t ﬁds) : (28)

(24) and (25) follow immediately from (28) and the definition of F,.
Let us now turn to (26). Arguing as in the proof of Theorem 2(2), we have

F(x(t),y(t)) — F* > —[IX"[[[| Az (t) + By(t) — cll.

Plugging (25) in this inequality yields the lower-bound of (26).

For the upper-bound, we will argue as in the proof of Theorem 2(1) by con-
sidering \* as a free variable in Z. By assumption, we have F is bounded from
below. This together with (25) implies that £ is also bounded from below, and we
denote & this lower-bound. Define £(t) = £(t) — £ if £ is negative and £(t) = £(¢)
otherwise. Thus, from (27), it is easy to see that € verifies

d (.2 2 2
igg %(a o b)—aa bg
dt a?02b

(29)

Integrating (29) and arguing with the sign of £, we get the existence of a positive
constant C such that, for all ¢t > tg

t
£(t) < £(t) < Ca(t)*o(8)’b(t) exp (- /t ﬁds) .

Dropping the quadratic terms in &, this yields

t
F(z(t),y(t)) — F* + (\*, Az(t) + By(t) — ¢) < Cexp (—/t ! ds) .

o als)

When Az(t) + By(t) — ¢ = 0, we are done by taking, e.g. \* = 0. Assume now that
Az(t) + By(t) — ¢ # 0 and choose

»  Axz(t)+ By(t) —c
 [[Az(t) + By(t) — el

We arrive at
x x b
F(x(t),y(t)) — F* < F(2(t),y(t)) — F* + [[Az(t) + By(t) — c]| < C'exp (*/t POk

which completes the proof. ad

).



16 H. Attouch, Z. Chbani, J. Fadili, H. Riahi

Remark 1 Though the rates in Theorem 2 and Theorem 4 look apparently different,
it turns out that as expected, those of Theorem 2 are actually a specialisation of
those in Theorem 4 when (G,7) holds as an equality, i.e. (G4) is verified. To see
this, it is sufficient to realize that, with the notation a(t) := a(t)?c(t)b(t), (Gs) is
equivalent to a(t) = ﬁa(t). Upon integration, we obtain a(t) = exp f:ﬂ ﬁds ,

or equivalently

D~ (‘/3)‘1)

4 Well-posedness of (TRIALS)

In this section, we will show existence and uniqueness of a strong global solution
to the Cauchy problem associated with (TRIALS). The main idea is to formulate
(TRIALS) in the phase space as a non-autonomous first-order system. In the
smooth case, we will invoke the non-autonomous Cauchy-Lipschitz theorem [35,
Proposition 6.2.1]. In the non-smooth case, we will use a standard Moreau-Yosida
smoothing argument.

4.1 Case of globally Lipschitz continuous gradients

We consider first the case where the gradients of f and g are globally Lipschitz
continuous over X and Y. Let us start by recalling the notion of strong solution.

Definition 1 Denote H := X x Y x Z equipped with the corresponding product
space structure, and w : ¢ € [to, +oo[— (z(t),y(t), A(t)) € H. The function w is a
strong global solution of the dynamical system (TRIALS) if it satisfies the following
properties:

e wis in C1([0, +-o0[; H);

e w and w are absolutely continuous on every compact subset of the interior of
[to, 400 (hence almost everywhere differentiable);

e for almost all ¢ € [tg,+oo[, (TRIALS) holds with w(to) = (z0,%0,A0) and

w(to) = (uo,v0,0)).

Theorem 5 Suppose that (Hp) holds' and, moreover, that Vf and Vg are Lipschitz
continuous, respectively over X and ). Assume that v, a, b : [to, +oo[— R are non-
negative continuous functions. Then, for any given initial condition (x(to),Z(to)) =
(zo,20) € X x X, (y(to),y(to)) = (y0,50) € Y x Y, (Alto), A(to)) = (Ao, Ao) € Z% Z,
the evolution system (TRIALS) has a unique strong global solution.

Proof Recall the notations of Definition 1. Let I = [to,+oo[ and let Z : ¢t € I —

(w(t),w(t)) € H?. (TRIALS) can be equivalently written as the Cauchy problem
on H?

Z(t t,Z(t)) =0 fortel

{(>+G<, (1) =0 forterl, (30)

Z(to) = Zo,

1 Actually, convexity is not needed here.
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where Zo = (z0, 30, Mo, u0,v0,v0), and G : I x H?> — H? is the operator

G, (z,y,A), (u,0,v)) = | yOu+b@) (Vf(z) + A* A+ a(t)v + u(Az + By — ¢))
y)v+0b)(Vgly) + B* (A + a(t)v + p(Az + By — ¢))

~()v — b(t) (A(ac + a(t)w)) + By + a(t)v) — c)
(31)
To invoke [35, Proposition 6.2.1], it is sufficient to check that for a.e. t € I, G(t,-)
is B(t)-Lipschitz continuous with 3(-) € Lj,.(I), and for a.e. t € I, G(t,Z) =
OP)(1+12]), VZ € H?, with P(-) € L},.(I). Since Vf, Vg are globally Lipschitz
continuous, and A and B are bounded linear, elementary computation shows that
there exists a constant C' > 0 such that

IG(t,2) = G(t, )| < CBWNZ = Z|l,  B(t) =1+ ~(t) +b(t)(1 + a(t)).

Owing to the continuity of the parameters v(-), a(-), b(-), B(-) is integrable on
[to, T] for all tg < T < 4o0o. Similar calculation shows that

GGt (2,9 2), (w0, 0) | < OB (| (VF (), Tg@) + @, Ao, 0)]]),

and we conclude similarly. It then follows from [35, Proposition 6.2.1] that there
exists a unique global solution Z(-) € Wllo’cl(I;H2) of (30) satisfying the initial
condition Z(t9) = Zo, and thus, by [30, Corollary A.2] that Z(-) is a strong global
solution to (30). This in turn leads to the existence and uniqueness of a strong

solution (z(-),y(-),A(:)) of (TRIALS). |

Remark 2 One sees from the proof that for the above result to hold, it is only
sufficient to assume that the parameters v, «, b are locally integrable instead of
continuous. In addition, in the above results, we even have existence and unique-
ness of a classical solution.

4.2 Case of locally Lipschitz continuous gradients

Under local Lipschitz continuity assumptions on the gradients V f and Vg, the op-
erator Z — G(t,Z) defined in (31) is only Lipschitz continuous over the bounded
subsets of H2. As a consequence, the Cauchy-Lipschitz theorem provides the exis-
tence and uniqueness of a local solution. To pass from a local solution to a global
solution, we will rely on the estimates established in Theorem 3.

Theorem 6 Suppose that (Hp) holds® and, moreover, that Vf and Vg are Lipschitz
continuous over the bounded subsets of respectively X and Y. Assume that v, a, b :
[to, +oo[— RT are non-negative continuous functions such that the conditions (gf),
(G2), (G3), (G1) and (Gs5) are satisfied, and that sup;s, o(t) < +oo. Then, for any
initial condition (z(to), z(to)) = (w0, 20) € X X X, (y(t0),y(to)) = (yo,90) € Y x Y,
(M(t0), A(t0)) = (Ao, Ao) € Z x Z, the evolution system (TRIALS) has a unique strong
global solution.

2 Again, convexity is superfluous here.
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Proof We use the same notation as in the proof of Theorem 5. Let us consider the
maximal solution of the Cauchy problem (30), say Z : [to, T[— H>. We have to
prove that T = +oco. Following a classical argument, we argue by contradiction,
and suppose that T' < 4oco. It is then sufficient to prove that the limit of Z(t) exists
ast — T, so that it will be possible to extend Z locally to the right of T thus getting
a contradiction. According to the Cauchy criterion, and the constitutive equation
Z(t) = G(t,Z(t)), it is sufficient to prove that Z(t) is bounded over [to,T[. At
this point, we use the estimates provided by Theorem 3, which gives precisely this
result under the conditions imposed on the parameters. ad

4.3 The non-smooth case

For a large number of applications (e.g. data processing, machine learning, statis-
tics), non-smooth functions are ubiquitous. To cover these practical situations, we
need to consider the case where the functions f and g are non-smooth. In order to
adapt the dynamic (TRIALS) to this non-smooth situation, we will consider the
corresponding differential inclusion

&+ y(t)E + b(t) (8f(x) + A* AN+ a(t)A + p(Ax + By — c)}) 50

i+ 703 + () (9g(y) + B* [\ + a0+ Az + By - )] ) 50

S+ (0A = b(t) (Alw + a()d) + Bly + alt)y) — ) —o (32
(z(t0), y(to), Ato)) = (20,0, Ao) and

(¢(to), y(to), A(to)) = (uo,vo, v0),

where 0f and 9g are the subdifferentials of f and g, respectively. Beyond global ex-
istence issues that we will address shortly, one may wonder whether our Lyapunov
analysis in the previous sections is still valid in this case. The answer is affirmative
provided one takes some care in two main steps that are central in our analysis.
First, when taking the time-derivative of the Lyapunov, one has to invoke now the
(generalized) chain rule for derivatives over curves (see [30]). The second ingredient
is the validity of the subdifferential inequality for convex functions. In turn all our
results and estimates presented in the previous sections can be transposed to this
more general non-smooth context. Indeed, our approximation scheme that we will
present shortly turns out to be monotonically increasing. This gives a variational
convergence (epi-convergence) which allows to simply pass to the limit over the
estimates established in the smooth case.

Let us now turn to the existence of a global solution to (32). We will again
consider strong solutions to this problem, i.e. solutions that are C*([to, +oo[; H),
locally absolutely continuous, and (32) holds almost everywhere on [tg, +oo[. A
natural idea is to use the Moreau-Yosida regularization in order to bring the prob-
lem to the smooth case before passing to an appropriate limit. Recall that, for any
0 > 0, the Moreau envelopes fy and gy of f and g are defined respectively by

jotw) = min{ 10+ gplle €1} ) = min {ato) + 5~ ni?}.

fex ney

As a classical result, fy and gy are continuously differentiable and their gradi-
ents are é—LipschitZ continuous. We are then led to consider, for each 6 > 0, the
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dynamical system

itg +(t)ig +b(8) (Vo) + A” [N+ a()h + u(Azg + Byg )] ) =0
i+ 700 +b() (V90 (90) + B* [N + () g + ulAzg + Byg )] ) =0

S +7(1Ag = b(t) (Awg + a(t)ig) + Blyo + (Vi) — ) =o.
(33)
The system (33) comes under our previous study, and for which we have existence
and uniqueness of a strong global solution. In doing so, we generate a filtered se-
quence (zg,yg, Ag)g of trajectories.

The challenging question is now to pass to the limit in the system above as
6 — 0T. This is a non-trivial problem, and to answer it, we have to assume that the
spaces X, Y and Z are finite dimensional, and that f and g are convex real-valued
(i.e. dom(f) = X and dom(g) = Y in which case f and g are continuous). Recall
that OF (z,y) = 8f(z) x dg(y), and denote [dF (x,y)]° the minimal norm selection
of OF(z,y).

Theorem 7 Suppose that X, Y, Z are finite dimensional Hilbert spaces, and that the
functions f : X - R and g : Y — R are convex. Assume that

(i) F is coercive on the affine feasibility set;

y 0
(i) Br = SUP(z,y)ex <Y I[OF (z,y)]" || < +o0o;
(111) the linear operator L = [A B] is surjective.

Suppose also that 7, o, b : [to, +oo[— R* are non-negative continuous functions such
that the conditions (G ), (G2), (G3) (Ga) and (G5 ) are satisfied, and that Sup; sy, o(t) <
~+o00. Then, for any initial condition (z(to), *(t0)) = (z0,%0) € X x X, (y(t0),y(to)) =
(y0,70) € Y x ¥, (A(to), AM(t0)) = (Ao, \o) € Z x Z, the evolution system (32) admits
a strong global solution .

Condition (i) is natural and ensures for instance that the solution set of (P)
is non-empty. Condition (iii) is also very mild. A simple case where (ii) holds is
when f and g are Lipschitz continuous.

Proof The key property is that the estimates obtained in Theorem 2 and 3, when
applied to (33), have a favorable dependence on 6. Indeed, a careful examination
of the estimates shows that 6 enters them through the Lyapunov function at g
only via [Fy(zo,y0) — Fy(zj,y5)| and ||[(zj, y5, Aj)l, where Fy(z,y) = fo(z) + go(v),
(z3,yp) € argming,  p,_.Fa(z,y) and Aj is an associated dual multiplier; see
(19). With standard properties of the Moreau envelope, see [4, Chapter 3] and [24,
Chapter 12], one can show that for all (z,y) € X x Y

F(e,y) — 3 I0F @) |2 < Fyle,v) < Fla,y)

This, together with the fact that (zj,y5) € argmin, | g,—. Fp(z,y) and (z*,y*) €
argmin 4, g, F(z,y) yields

Fy(zp,y5) < Fy(a*,y") < F(2*,y") < F(25,5)-
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Thus
0
F(z0,y0) — F(z",y") — §H[3F($o7yo)]oll2 < Fp(wo,y0) — Fo(x5,95)
0 0
< F('T07y0) - F('T*7y*) + 5” [aF(‘rgﬂl/g)} H2

This entails, owing to (ii), that

B0
| Fo(z0,90) — Fo(a5,95)| < |F(0,y0) — F(z*,y")| + %
and thus, since we are interested in the limit as § — 07T,
* * * * 51270—
sup | Fy(zo,y0) — Fo(zg,yp)| < |F(wo,y0) — F(a*,y")| + 5 < oo

0€[0,0]

On the other hand,

B0

* * x B%‘e * x /6%79 * x
F(meaye)SFe(I97y9)+T < Fp(z™,y") + —5- < F(a™,y )+T'

2
Thus, in view of (i), 3a > 0 and b € R such that

* * * * ﬂl%‘é
al|(zg, yg)ll + b < F(z™,y") + 5
which shows that
sup_||(z5.95)|l < +oo.
0€[0,]

Let us turn to Aj. When A} is chosen as in (20), then we are done. When )} is
the optimal dual multiplier satisfying (4), then it is a solution to the Fenchel-
Rockafellar dual problem

in Fy (—L*\ A
Rnelg 9( )+<Cv >7

where Fj is the Legendre-Fenchel conjugate of Fy. Without loss of generality, we
assume ¢ = 0. Classical conjugacy results give

* * 0
Fj () = F*(u) + 5 llul*.

Since f and g are convex and real-valued, the domain of F is full. This is equivalent
to coercivity of F*. This together with injectivity of L* (see (iii)), imply that there
exists a > 0 and b € R (potentially different from those above) such that

al|[MNjll+b < F*(=L*N\p) < Fy (—=L*\p) < Fy (~L*\*) < F*(—L*)\*)—i—g |}L*A*\|2 < +o0.

Altogether this shows that
sup [N < +o.
0€0,d)
Combining the above with Theorem 3, we conclude that for all T > tg, the tra-
jectories (zg(.),y0(.), Ag(:)) and the velocities (i(.),59(.), Ao(-)) are bounded in
L%(to, T; X x V) uniformly in 0. Since X and Y are finite dimensional spaces, we
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deduce by the Ascoli-Arzela theorem, that the trajectories are relatively compact
for the uniform convergence over the bounded time intervals. By properties of the
Moreau envelope, we also have, for all (z,y) € X x ),

IV Fp (z, )l A I[0F (z,)]°] as 6\, 0,

and thus
IVEy(z,9)|| < Br-

Using this and the boundedness assertions of the trajectories and velocities proved
above in the constitutive equations (33), the acceleration remains also bounded
on the bounded time intervals. Passing to the limit as § — 07 in (33) is therefore
relevant by a classical maximal monotonicity argument. Indeed, we work with
the canonical extension of the maximally monotone operators VFy and 9F to
LQ(to, T,X x V), and, in this functional setting, we use that VF, graph converges
to OF in the strong-weak topology. ad

We conclude this section by noting that at this stage, uniqueness of the solution
to (32) is a difficult open problem. In fact, even existence in infinite dimension
and/or with any proper lower semicontinuous convex functions f and g is not
clear. This goes far beyond the scope of the present paper and we leave it to a
future work.

5 The uniformly convex case

We now turn to examine the convergence properties of the trajectories generated
by (TRIALS), when the objective F' in (P) is uniformly convex on bounded sets.
Recall, see e.g. [24], that F : X x Y — R is uniformly convex on bounded sets if, for
each r > 0, there is an increasing function v : [0, +oo[— [0, 4o0[ vanishing only
at the origin, such that

F(v) 2 F(w) + (VF(w), v = w) + ¢r(lv —w]) (34)

for all (v, w) € (X x ¥)? such that ||v|| <7 and ||w|| < 7. The strongly convex case
corresponds to ¥y (t) = th2/2 for some cg > 0. In finite dimension, strict convexity
of F entails uniform convexity on any non-empty bounded closed convex subset of
X x Y, see [24, Corollary 10.18].

Theorem 8 Suppose that F is uniformly convex on bounded sets, and let (z*,y*) be
the unique solution of the minimization problem (P). Assume also that ., the set of
saddle points of L in (1) is non-empty. Suppose that the conditions (gff)f(gy on the
coefficients of (TRIALS) are satisfied for all t > to. Then, each solution trajectory
t € [to, +oo[— (z(t),y(t), A\(t)) of (TRIALS) satisfies, ¥t > to,

wmwwwmwwfwﬁmzo<ﬂﬁﬁﬁﬂ5>

As a consequence, assuming that lim;_ oo a(t)?0()?b(t) = 400, we have that the
trajectory t — (x(t),y(t)) converges strongly to (z*,y*) as t — +oo.
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Proof Uniformly convex functions are strictly convex and coercive, and thus (z*, y*)
is unique. From Theorem 3(2), there exists 71 > 0 such that

sup | (z(t), y(t)) — («*,y")|| < r1.
t>to

Taking r > r1 + ||(z*, y*)||, we have that the trajectory (z(-),y(:)) and (z*,y*) are
both contained in the ball of radius r centered at the origin. Let A* be a Lagrange
multiplier of problem (P), i.e. (z*,y*,\*) € . On the one hand, applying the
uniform convexity inequality (34) at v = (z(¢),y(¢)) and w = (z*,y*), we have

F(a(t),y(t) = F(2",y") + (VF (2", y"), (x(t),y(t)) — (=",y7))
+ wT (H(:C(t),y(t)) - (:L’*,y*)”) .
On the other hand, the optimality conditions (4) tells us that
(VE@",y"), (2(8),y(8) — (2", y")) = —(X", Az(t) + By(t)) — ¢)

and obviously
F(m*a y*) = ;C(.’L'*, y*a )‘*)

Thus,
o (I(2(t),5(1) = (2%, ")) < L(x(t),y(t), A7) = L™, y", X7).
Invoking the estimate in Theorem 2(2)(i) yields the claim. |

Remark 3 The assumption lim;—, 4 oo a(t)?0(t)?b(t) = 400 made in the above theo-
rem is very mild. It holds in particular in all the situations discussed in Section 6.

In particular, for a(t) =t", 0 < r < 1, ¢ constant, and b(t) = tz%exp( L tl_r),

1-—r
one has a(t)4/b(t) = exp (ﬁtlfr). Thus, if F is strongly convex, the trajectory

t — (z(t),y(t)) converges exponentially fast to the unique minimizer (z*,y*).

6 Parameters choice for fast convergence rates

In this section, we suppose that the solution set .# of the saddle value problem (4)
is non-empty, so as to invoke Theorem 2(2), Theorem 3 and Theorem 4. The set
of conditions (G,"), (G2), (G3), (Ga) and (G5) imposes sufficient assumptions on the
coefficients v, a, b of the dynamical system (TRIALS), and on the coefficients o, §, £
of the function £ defined in (9), which guarantee that £ is a Lyapunov function
for the dynamical system (TRIALS).

Let us show that this system admits many solutions of practical interest which
in turn will entail fast convergence rates. For this, we will organize our discussion
around the coefficient o as dictated by Theorem 4. Indeed, the latter shows that the

t
convergence rate of the Lagrangian values and feasibility is O (exp (7 / %ds) ) .
t, (s

Therefore, to obtain a meaningful convergence result, we need to assume that

+oo 1
/ ——ds = 4o0.
to 04(5)
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This means that the critical growth is a(t) = at for a > 0. If a(t) grows faster,
our analysis do not provide an instructive convergence rate. So, it is an essential
ingredient of our approach to assume that a(t) remains positive, but not too large
as t — +oo. In fact, the set of conditions (G;"), (G2), (G3), (G4) and (Gs) simplifies
considerably by taking o a positive constant, and ya — & a constant strictly greater
than one. This is made precise in the following statement whose proof is immediate.

Corollary 1 Suppose that o = og is a positive constant, and yao — & =n > 1. Then
the set of conditions (G,"), (G2), (G3), (Ga) and (Gs) reduces to

b(1+ 21 — 2ya) —ab =0 and tiiltf a(t) > 0. (35)
Zto

Following the above discussion, we are led to consider the following three cases.

6.1 Constant parameter «

Consider the simple situation where ¢ = g9 > 0 and 1 > 1 in which case (G;")
reads ya — & — 1 =n —1 > 0. Taking o = ag, a positive constant, yields v = o%
and (35) amounts to solving

b— aob=0,
that is, b(t) = exp (aio) Capitalizing on Corollary 1, and specializing the results of
Theorem 2(2) (or equivalently Theorem 4 according to Remark 1) and Theorem 3
to the current choice of parameters yields the following statement.

Proposition 1 Suppose that o = o9 > 0, n > 1, and that the coefficients of (TRIALS)
satisfy: the functions o,y are constant with

a5a0>0,fyza£, b(t):exp(t).
0

@

Suppose that .7 is non-empty. Then, for any solution trajectory (z(-),y(:),A(:)) of
(TRIALS), the trajectory and its velocity remain bounded, and we have

L(e(6),4(6),3%) — £a*, 4", X7) = O (exp (—ai)) ,
1Aa(t) + By(t) — el = © (exp (fi)) ,

@o

_Cyexp <_ 220) < F(z(t),y(t)) — F* < Chexp (—i) ,

(& (), 5(), AC)I € L2 ([to, +o0)),

where C1 and C2 are positive constants.



24 H. Attouch, Z. Chbani, J. Fadili, H. Riahi

6.2 Linearly increasing parameter «

We now take o = o9 >0, > 1 and a(t) = apt with ag > 0. Then (G;") is satisfied

and we have ~(t) = ";FUO;O. Condition (35) then becomes

b(t)(1 — 2a0) — aotb(t) = 0,

which admits b(t) = t%0 2 as a solution. We then have b = 1 for ap = 1/2, while
one can distinguish two regimes for its limiting behaviour with

1
. < 3,
lim b(t) = oo ag 2
t—+o00 0 ap > bR

In view of Theorem 2(2) and Theorem 3, we obtain the following result.

Proposition 2 Suppose that o = o9 > 0, n > 1, and that the coefficients of (TRIALS)
satisfy

e U Y G
aot

a(t) = agt with ag > 0, v(¢)
Suppose that . 1is non-empty. Then, for any solution trajectory (x(-),y(:),A(:)) of
(TRIALS), the trajectory remains bounded, and we have the following convergence
rates:

L(a(t), y(t).X7) — £(a" y" AT = O ( ! ) ,

\|Ax(t>+By(t>—c||2=0( ! )

too
S <Py - P < G
G (), 3(8), A = O (%) .

where C1 and C2 are positive constants.

6.3 Power-type parameter «

Let us now take o = g9 > 0, n > 1 and consider the intermediate case between the
two previous situations, where a(t) =", 0 < r < 1. Thus (G,") is satisfied and we
have ~(t) = 7+ + %. Condition (35) is then equivalent to

b(t) (1 —2rt" 1) — £"b(t) = 0,

which, after integration, shows that b(t) = tz%exp (1irt1*’”) is a solution. Ap-

pealing again to Theorem 2(2) and Theorem 3, we obtain the following claim.
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Proposition 3 Take o = 0o > 0 andn > 1. Suppose that the coefficients of (TRIALS)
satisfy

alt) =t" with0 <r < 1, y(t) = tﬂr+ % b(t) = - exp <1irt1‘f’).

Suppose that % is mnon-empty. Then, for any solution trajectory (z(-),y(-),A()) of
(TRIALS), the trajectory remains bounded, and we have the convergence rates:

L(2(t),y(6), N*) — L(z*, 5" A") = O (exp <— — TH”“)) :

|Az(t) + By(t) — c||> = O (exp <—%t1—r>> ,

—Cy exp (—ﬁ#”) < F(a(t), y(t)) — F* < Cs exp (- - = TtH) ,

0.0 3001 =0 ().

where C1 and C2 are positive constants.

6.4 Numerical experiments

To support our theoretical claims, we consider in this section two numerical ex-
amples with X = Y = Z = R?, one with a strongly convex objective F and one
where F' is convex but not strongly so.

Example 1 We consider the quadratic programming problem

min  F(z,y) = [lz — (L, 1)T|*+[ly|*  subject to y =z + (—2,0)",
(z,y)ERY

whose objective is strongly convex and verifies all required assumptions.
Example 2 We consider the minimization problem

(Ir;l)igk4 F(z,y) = log (1 + exp (,((1’ T, x)))—i—HyHQ subject to y = z+(—x2,0)"

The objective is convex (but not strongly so) and smooth as required. This

problem is reminiscent of (regularized) logistic regression very popular in ma-

chine learning.

In all our numerical experiments, we consider the continuous time dynami-
cal system (TRIALS), solved numerically with a Runge-Kutta adaptive method
(ode45 in MATLAB) on the time interval [1, 20].

For the solely convex (resp. strongly convex) objective, Figure 1 (resp. Fig-
ure 2) displays the objective error |F(z(t),y(t)) — F*| on the left, the feasibility
gap ||Az(t) + By(t) — ¢/ in the middle, and the velocity ||((t),9(t), A(t))|| on the
right. In each figure, the first row shows the results for a(t) = g with ag € {1, 2,4},
the second row corresponds to «(t) = aot with ag € {0.25,0.5,1} and the third
row to at) = t" with r € {0.01,0.1,0.5}. In all our experiments, we set u = 10
(recall that p is the parameter associated with the augmented Lagrangian for-
mulation). All these choices of the parameters comply with the requirements of
Propositions 1, 2 and 3. The numerical results are in excellent agreement with
our theoretical results, where the values, the velocities and the feasibility gap all
converge at the predicted rates.



26 H. Attouch, Z. Chbani, J. Fadili, H. Riahi

—Ubserved ag = 1 — Unbserved ag = 2 —Ubserved ag = 4
- - Theoretical rate ag = 1 - - Theoretical rate ag = 2 - - Theoretical rate ag = 4
0 0
10755 100
—_ 10
N Zio
S =
N 10°
108 10 10
5 10 15 5 10 15 o
t t
(a) at) = a0
— Upservea ag = u.zo —Upservea ag = v.o — Upservea ag = 1
- - Theoretical rate ag = 0.25 - - Theoretical rate o = 0.5 - — Theoretical rate ag = 1

= < T
\?:i/ |
= )
L ]
= +
5 . =
& q0 o

10° 10’ 10° 10’ 10° 10’

t t t
(b) a(t) = aot
— Ubservea 1 = u.uL —Z Upservea r = u.1 — Ubservea r = .o
= = Theoretical rate r = 0.01 - - Theoretical rate r = 0.1 = = Theoretical rate r = 0.5
0 0
100K 10 Fss==rrot
S 10°

B < N
L 10? - 1102 .
| ~ > N -
—~ a0 S
S O + .
PP N = N
=10 N 510 NNw
) N = SN
& ‘\\ X SO\

6 B N

10 106 10
5 10 15 5 10 15 100 10!
t t ¢
(c) a(t) ="

Fig. 1: Experiment on the solely convex objective. Observed (solid) and predicted
(dashed) rates on the objective error |F(z(t),y(t)) — F*| on the left, the feasibility
gap ||Az(t) + By(t) — || in the middle, and the velocity |[(z(¢),y(t), A(¥))|| on the
right.

7 Conclusion, perspectives

In this paper, we adopted a dynamical system perspective and we have proposed
a second-order inertial system enjoying provably fast convergence rates to solve
structured convex optimization problems with an affine constraint. One of the
most original aspects of our study is the introduction of a damped inertial dy-
namic involving several time-dependent parameters with specific properties. They
allow to consider a variable viscosity coefficient (possibly vanishing so making the
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Fig. 2: Experiment on the strongly convex objective. Observed (solid) and pre-
dicted (dashed) rates on the objective error |F(z(t),y(t)) — F*| on the left, the fea-
sibility gap ||Az(t) + By(t) — ¢/ in the middle, and the velocity ||(&(t), %(t), A())]
on the right.

link with the Nesterov accelerated gradient method), as well as variable extrapo-
lation parameters (possibly large) and time scaling. The analysis of the subtle and
intricate interplay between these objects together has been made possible through
Lyapunov’s analysis. It would have been quite difficult to undertake such an anal-
ysis directly on the algorithmic discrete form. On the other hand, as we have now
gained a deeper understanding with such a powerful continuous-time framework,
we believe this will serve us as a guide to design and analyze a class of inertial
ADMM algorithms which can be naturally obtained by appropriate discretization
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of the dynamics (TRIALS). Their full study would go beyond the scope of this
paper and will be the subject of future work. Besides, several other open ques-
tions remain to be studied, among which, the introduction of geometric damping
controlled by the Hessian, and the convergence of the trajectories in the general
convex constrained case.
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