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Abstract In a Hilbert setting, for convex differentiable optimization, we develop a general framework for
adaptive accelerated gradient methods. They are based on damped inertial dynamics where the coefficients
are designed in a closed-loop way. Specifically, the damping is a feedback control of the velocity, or of
the gradient of the objective function. For this, we develop a closed-loop version of the time scaling and
averaging technique introduced by the authors. We thus obtain autonomous inertial dynamics which involve
vanishing viscous damping and implicit Hessian driven damping. By simply using the convergence rates for
the continuous steepest descent and Jensen’s inequality, without the need for further Lyapunov analysis,
we show that the trajectories have several remarkable properties at once: they ensure fast convergence of
values, fast convergence of the gradients towards zero, and they converge to optimal solutions. Our approach
leads to parallel algorithmic results, that we study in the case of proximal algorithms. These are among
the very first general results of this type obtained using autonomous dynamics.

Keywords fast convex optimization; damped inertial dynamic; time scaling; averaging; closed-loop
control; Nesterov and Ravine algorithms; Hessian driven damping; proximal algorithms

AMS subject classification 37N40, 46N10, 49M30, 656B99, 65K05, 65K10, 90B50, 90C25

1 Introduction

In a real Hilbert space H, we develop a dynamic approach to the rapid resolution of convex optimization
problems which relies on inertial dynamics whose damping is designed as a closed-loop control. We consider
the minimization problem

min {f(z) : x € H}, (1
where, throughout the paper, we make the following assumptions on the function f to be minimized
“ {f : " — R is a convex function of class C'; S = argming, f # 0; @)

Vf is Lipschitz continuous on the bounded sets of H.
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Our study is part of the close links between dissipative dynamical systems and optimization algorithms,
the latter being obtained by temporal discretization of the continuous dynamics. Our study comes as a
natural extension of the authors’ previous work [41] where the technique of time scaling and averaging was
used in an open-loop way, giving rise to non-autonomous damped inertial dynamics with fast convergence
properties. In the present paper, we take advantage of the simplicity and flexibility of this technique to
develop it in a closed-loop way. This will give rise to autonomous damped inertial dynamics with fast
convergence properties. Recall that the low-resolution ODE obtained by Su, Boyd, and Candeés [30] of the
accelerated gradient method of Nesterov, together with the corresponding high-resolution ODE [g], [28]
(which involves an additional Hessian driven damping term) are non-autonomous dynamics, the coefficient
of viscous friction being of the form a/¢. Our study therefore opens a new path in the field of first-order
adaptive optimization methods.

1.1 Time scale and averaging: the open-loop approach

Let us first briefly explain the time scaling and averaging method in the open-loop case on a model example
(see [4] for more details). Then we will look at how to develop a corresponding closed-loop approach. As
the basic starting dynamic, we consider the continuous steepest descent

(SD)  2(s) + Vf(2(s)) =0, ®3)

for which we have the classical convergence result
. 1
f(z(s))flgff—o(g> as s — +oo.

Then, we make the change of time variable s = 7(¢) in (SD), where 7(-) is an increasing function from R4
to R4, continuously differentiable, and satisfying lim;—, 4o 7(t) = +00. Setting y(t) := z(7(t)), we get

9(t) +7(OVF(y(t) = 0. (4)

The convergence rate becomes
fly) — i?r_llff =o (%) as t — +oo. (5)

Taking 7(-) which grows faster than the identity, makes the solution trajectories unchanged but travelled
faster. The price to pay is that (4) is a non-autonomous dynamic in which the coefficient in front of the
gradient term tends to infinity as ¢ — +oo. This prevents from using gradient methods to discretize it.
Recall that for gradient methods the step size has to be less than or equal to twice the inverse of the
Lipschitz constant of the gradient. To overcome this difficulty we come with the second step of our method
which is averaging. Let us attach to y(-) the new function z : [to, +0o[— H defined by

L
()

with z(to) = zo given in H. We shall explain further the averaging interpretation. Equivalently

(1) + = (=(t) — (1)) =0, (6)

y(t) = a(t) + 7(1)(t). (7
By temporal derivation of (7) we get

y(t) = &(t) +7(O)(t) + 7()2(1). (8)
Replacing y(¢) and g(t) as given by (7) and (8) in (4), we get

.. 14+7(¢t) . N
(1) + %)()x(t) +V f(:r(t) + T(t)x(t)) =0. (9)
In doing so, we passed from the first-order differential equation (4) to the second-order differential equation
(9), with the advantage that now the coefficient in front of the gradient is fixed. Let us now particularize
the time scale (). Taking
2

() = 5 (Of_ I (10)

gives 11—(’7’1&(;) =

<, and the corresponding dynamic with implicit Hessian driven damping



i@y+%¢uy+Vde iliugzzo. (1)

In this dynamic, the Hessian driven damping appears in an implicit form. This type of dynamic was initiated
in [1], see also [22] for a related autonomous system in the case of a strongly convex function f. The rationale
justifying the use of the term “implicit” comes from the observation that by a Taylor expansion (as t — 400
we have tz(t) — 0 which justifies the use of Taylor expansion), we have

Li(t) & V@) + — V)i,

thus making the Hessian damping appear indirectly in (11). Because of its important role in attenuating
the oscillations, several recent studies have been devoted to inertial dynamics combining the asymptotic
vanishing damping with the geometric Hessian-driven damping (coined sometimes Newton-type inertial
dynamics); see e.g., [2,11,8,9,10,15,16,21,28]. In turn, the corresponding algorithms, among which IGAHD
enjoys several favorable properties, introduce a correction term in the Nesterov accelerated gradient method
(see [24,25]) which reduces the oscillatory aspects.

Note that in (11) the coefficient of the Hessian damping is proportional to the inverse of the viscosity
damping. Thus asymptotically when the viscous damping tends towards zero, and therefore can cause
many small oscillations to appear, the coefficient of the Hessian driven damping tends towards infinity, and
therefore has an effective effect on the attenuation of the oscillations. This is the situation considered by
Attouch-Bot-Nguyen [4], who obtained convergence rates comparable to those associated with the Nesterov
accelerated gradient method. A major advantage of this approach is that there is no need to do a Lyapunov
analysis, we only use the classical convergence rate for the continuous steepest descent. Moreover, the
convergence of the trajectories is a direct consequence of the known results for the steepest descent.

i (

1.2 Closed-loop control

The idea is to exploit the time scaling and averaging method and the fact that (SD) provides several
quantities which are increasing and converge to +o0o as t — 400, so which are eligible for time scaling. This
will enable us to perform time scaling and averaging in a closed-loop way. Indeed, in (SD), the velocity
and the norm of the gradient are monotonically decreasing to zero. So, the idea is to use their inverse for
defining the time scaling. Specifically, in a first result we are going to define the derivative of the time
scaling 7(-) as a function of the inverse of the speed. This means acceleration of the time scaling when the
speed decreases. Following this approach, we will obtain in Theorem 5 the following model result.

Theorem 1 Suppose that f: H — R satisfies (A). Let us choose the positive parameters according to q¢ > 0,
p>1, and vy > 1. Let z: [to, +oo] = H be a solution trajectory of the following system

. (L+)7(0)% = 7(1)7(t) . ()2 17(t) . B
#(t) + T(t)%(t a(t) + 2V s ( O+ 7 (t)) =0

mnff<m+ )7 d ) =0 (12)
1

-

[(H”T@W]‘Vf<()+ W) -1
Then we have the fast convergence of values: as t — +00
et gt s =o (i ). (13)

Moreover, the solution trajectory x(t) converges weakly as t — +oo, and its limit belongs to S = argmin f.

As a special case, take p = 1, ¢ = 2. Then, the last equation of (12) gives A(t) = 1. According to this, the
second equation of (12) gives 7(t) = %, and we find a case with time scaling in an open-loop form. After
elementary calculation, the first equation of (12) is written as

(

ila'c(t)) —0,



with « = 2y + 1 > 3, and the convergence rate of the values becomes

(o) ~ipf 1 =o (). (14)

We therefore recover the results obtained by the authors in the case of the open loop, giving the optimal
convergence rates for general convex differentiable optimization. This inertial formulation may seem at first
glance complicated. Indeed it is equivalent to the first-order system in time and space

@) +7 @)V (y () =0

a(t) + v :8 (t) - Eg (t) =0

T(t)fl<t0+ ()] d ) —0
AT [l (#)1P~ =1,

whose temporal discretization provides corresponding optimization algorithms, see Theorem 11.

(15)

1.3 Link with the existing literature

Contrary to the rich literature that has been devoted to non-autonomous damped inertial methods and
their links with the fast first-order optimization algorithms for general convex optimization (in particular
the Nesterov accelerated gradient method), only a small number of papers have been devoted to these
questions, based on autonomous methods. Indeed the heavy ball method of Polyak only provides the
asymptotic convergence rate 1/t for general convex functions. The idea is therefore to see if we can mimic
the fast convergence properties of the Su, Boyd, and Candés dynamic model (see [30]) of the Nesterov
accelerated gradient method, using autonomous dynamics. A natural idea is to design the damping term,
on which is based the optimization properties of the system, in a closed-loop way. In this direction, we can
mention the following contributions.

a) Our study has a natural link with works devoted to regularized Newton methods for solving monotone
inclusions (and (1) in particular). Given a general maximally monotone operator A : H =% H, to overcome
the ill-posed character of the continuous Newton method, in line with [13], Attouch, Redont and Svaiter
have studied in [12] the following closed-loop dynamic version of the Levenberg-Marquardt method

v(t) € A(z(t))
[v())7a(t) + Bo(t) + v(t) = 0.
When v > 1, they showed the well-posedness of the above system, and analyzed its convergence properties.
When A = Vf this system writes
IV £(@(@)7#(8) + BV f(2(t)i(t) + V f(2(t)) = 0.

Thus, its inertial version

#(t) + [V (@@)7a(t) + BV f((t)a(t) + VF(2(t) = 0

falls within the framework of our study with the damping equal to a closed-loop control of the norm of
the gradient. The techniques developed in [12] are particularly useful for studying the well-posedness of
dynamics with implicit features.

b) Although significantly different, our approach has several points in common with the article by Lin
and Jordan [19]. In this article, the authors study the closed-loop dynamical system

¥ (t)+7 () V(@ (1) =0
xm+:8(<w—yww+%$ Vi) =0

fz(fo\/WdT-FC) =0
P IVF (@) =9,

(16)



where ¢ > 0 and 0 < 6 < 1. The corresponding second-order in time damped inertial system writes as
follows

2[HOF = T(0F0) 5y, FOP G2 0o sy 3 FOGO +F0)
- t v t t —r 2’V t)) = 0. 17
a0 + HAlv s (i) i) + TG o) a7)
In the above system, the Hessian driven damping comes in an explicit way because of the structure of
the first equation which differs from the structure of the continuous steepest descent. In contrast, in our
approach, the first equation is the rescaled continuous steepest descent, and the Hessian driven damping
comes implicitly. Let us highlight some advantages of our approach.

Z(t) +

e Our system is introduced in a natural way by using the time scaling and averaging method. This
makes unnecessary to perform a Lyapunov analysis for the inertial system. It has already been done for
the continuous steepest descent. This results in a significantly simplified mathematical analysis.

e Our dynamic model contains an additional parameter ¢ which, when ¢ = 2, gives the setting of Lin
and Jordan, and which, when judiciously tuned, gives better convergence rates.

e Our approach provides the weak convergence of the trajectories to optimal solutions.
We shall return later to the precise comparison between the two systems.

c) In [3], Attouch, Bot and Csetnek study the convergence properties of the Autonomous Damped
Inertial Gradient Equation

(ADIGE) () + g(:’c(t), V(z(t)), sz(x(t))) + Vf(z(t) =0,

where the damping term Q(:ic(t),Vf(m(t)),vzf(x(t))) acts as a closed-loop control. They pay particular

attention to the role played by the parameter » > 1 in the asymptotic convergence analysis of the dynamic

B(t) + |2() | 22 () + Vf(2(t) = 0.

They show that the case r = 2 separates the weak damping (r > 2) from the strong damping (r < 2), hence
the importance of this case. These questions have also been considered by Haraux and Jendoubi in [17].

d) In [29], Song, Jiang, and Ma develop an interesting technique for accelerating high-order algorithms
under general Holder continuity assumption. Their continuous-time framework reduces to an inertial system
without Hessian-driven damping in the first-order setting, which has been proven to be an inaccurate
surrogate. Although underlying their approach, the acceleration via time scaling, the averaging technique,
and the closed-loop tuning of the coefficients are not clearly identified.

1.4 Organization of the paper

After a general presentation of the article in the introduction, we provide in Section 2 a general estimate of
the time scaling for the continuous steepest descent when it is defined in a closed-loop way. This is crucial
for the rest of the paper. Then we specialize these results to situations of particular interest, and examine in
details the case of closed-loop systems induced respectively by velocities, and then by gradients. In Section
3, which is the main part of the paper, we develop the next important step in our approach, which is the
averaging operation. This provides accelerated damped inertial dynamics that are autonomous and with
fast convergence properties. Finally, in Section 4 we analyze the fast convergence properties of proximal
algorithms which come naturally from the temporal discretization of the continuous dynamics.

2 Closed-loop time scaling of the steepest descent
2.1 Formulation of the closed-loop time scaling

Given tg > 0, ¢ > 0, and p > 1, the time scale function 7: [tg, +-0o[ = R4+ is defined by

y(t)+7 @) VS(y() =0

t 1 q
() — qiq <t0 n /t ()] dr> —0 (18)
OP G (y )P =1,



where G(-) is a given positive, continuous function that depends on the information of the trajectory y(-).
This general formalism allows us to unify the various situations coming from different choices of the time
scaling as a feedback control of the state of the system. For example G may be a function of y, 7, f (v), VS (v)
and/or any mixture combination of them. Then the function A(-) is continuous and it links the coefficient
of V£, namely 7(-), with the solution trajectory y(-).
As a useful result, note that for every ¢ > tg, it holds

ﬂwzwi(/ﬂmmiw+mf4u@n

to
O OIEE] (19)
Moreover, the relations (18) allow us to cover the open-loop case. In particular, when p = 1 it holds A (¢) =1
for every t > tg. This yields for every ¢ > 0

Q=

Taking further g := 1, then 7 (¢) becomes the regular time in variable ¢, namely 7 (¢t) = ¢ for every ¢ > to.
Let us specify the interpretation of (18) as a steepest descent dynamic which is rescaled in time in a
closed-loop way.

Proposition 1 Suppose that f: H — R satisfies (A). Let to > 0, ¢ > 0, p > 1 and y: [to, oo = H be a
solution trajectory of the system (18). Suppose that

lim 7(s) = +oo.
s—4-00

Then y(-) is a solution trajectory of a time rescaled continuous steepest descent (SD), as described below:
Let s = 7 (to) and z: [so,+oo][ = H be a solution trajectory of the following system
2(s)+Vf(z(s))=0. (20)
Then we have
y(t)=z(7(t)  Vt=to,
and there exists a continuously differentiable function o: [so,+oo[ = R4y such that
z(s) =y (o(s)) Vs > so.

Proof We already interpreted how to go from a solution trajectory z(-) of (SD) to the closed-loop system
above via the time scaling function 7(-). Let us now show the reverse direction. Let y: [to,+oo[ — H
be a solution trajectory of (18). We have that A is continuous and positive on [tg, +oo[, therefore 7 is a

q
monotonically increasing function, hence injective. On the other hand, we have to = 7 (to) = (%0) . Since

by assumption lim;—s 4o 7 (t) = 400, this means 7 is a continuous function whose image contains [so, 00|,
hence surjective. Combining these premises, we have shown that 7 is a bijection, which means it is invertible.
Set o = 7! and make the change of time variable ¢ := o (s) in (18). Let us define

20 =y (&) =y (7 ().

i(s) =1y (fl (s)) ﬁ =7(o(s)) ﬁ

2(s)+Vf(z(s) =0.

In other words, z: [so,+oo[ — H is a solution trajectory of (SD). o

Then by the chain rule, we have

This leads to

The above assertion allows us to transfer the convergence results of (SD) to some closed-loop systems.
In particular, given a time scaling function 7(-) as described above, by making the change of time variable
s := 7(t), we obtain the following results from Theorem 12 in the appendix applied to the unperturbed
continuous steepest descent system.

) e
| EHp < v, (21)
—+o00
‘l ()7 (8) IV £ (y ()12 db < +oo, (22)
Fu(@) —inf f = o (%) as t — oo, (23)
IVF ()] = o (%) as t — +oo. (24)



2.2 Lower bound estimate of the time scaling ()

As key ingredient of our approach, the next step is to establish a lower bound for 7(¢) in terms of ¢. This
will reflect the acceleration of our dynamic via time scaling and allow us to achieve fast convergence rates.
For this, we will need the following technical lemma, which can be seen as a nonlinear Gronwall result.

Lemma 1 Suppose that there exists Co > 0 and b > a > 0 such that
t
/ ()] A ()]~ dr < Co < 400t > to. (25)
to

Then there exists C1 > 0 such that
b41
T(t)>C1(t—to) e vt > to. (26)

Proof Let t > to be fixed. By applying the Holder inequality, we get

/ fr ()] dr < (/ [T<r>w<r>r”dr>"b1“ (/ [A(r)]édr)q&

1 t . qgiil b ﬁ b

< gt (to + / A ()] dr) = (Coa™) ™" [r () (27)
to

If @ = 0 then (26) follows immediately. From now on suppose that a > 0, so that the inequality (27) can be

rewritten as

/ t [r ()] 7 dr < (coqu) T ([T (t)]#)g (28)

to

The arguments are now adapted from [19], which is inspired by the proof of Bihari-LaSalle inequality. Let
1 t
Cyp 1= <C’oqu) TS0 and A1) ::/ [r (M]T T dr V> to,
to

so that (28) becomes
A
A(t) < Cyp[At)]* Vt=>to

or, equivalently,

Col <A@ PAW Vit

Integrating from t¢ to ¢, we obtain

Cop (t—to) < (1 - %)
1

where the last inequality comes from (27). Since b > a, the conclusion follows. O

Let us now particularize our results to some model situations.

2.3 Closed-loop control of (SD) via the velocity

Theorem 2 Suppose that f: H — R satisfies (A). Let ¢ > 0, p > 1 and y: [to, +oo[ = H be a solution trajectory
of the following system

y(@O) +7 (O V(v () =0

t | q
T(t) - qiq (to + /to [\ (r)]s dr) =0 (29)
O llg (6P~ = 1.

Then the following statements are satisfied:
(i) (convergence of values) f(y(t)) —infy f =0 (t_(H'q_%)) as t — +oo.

(ii) (convergence of gradients towards zero) ||V f (y (¢))|| =o (t7(1+q7%)) as t — +o0.



(73i) (integral estimate of the velocities) / (5 —5q) ly (¢ )||2+ e dt < +oo0.

(iv) The solution trajectory y(t) converges weakly as t — 400, and its limit belongs to S = argmin f.

q
Proof When p = 1, we recover the open loop case with the time scaling function 7(¢t) = fl . The result is

a direct consequence of Theorem 12. Therefore, from now on we only consider the case p > 1. Recall that
from (21) we have

+oo
L' ;%ywam%ﬂ<+m. (30)

By using successively the definition of A, and relation (19), we obtain

T (t) 1 2p

2_7(1) —55T = @ —i v
ook 5 () _T,—t)[/\(t)} =t =[r ()] [ ()] vt > to.

According to the two above results we get

+oo 1 1 2p
/ b ()]% ()] 5 7 dr < oo

to

We are now in position to apply Lemma 1 with p > 1, a:= % and b:= % + ;Tpl. We have

q
2
qb+1_2+z%_p—1+pq_1 1
b—a ) = » = +CI*57
p—1

and therefore there exists some constant C7 > 0 such that
T(t)>C1(t—t0) TITE Wt >t (31)

This leads to lim¢— 4o 7 (t) = +00. Therefore, according to Proposition 1, we can extract the results from
Theorem 12 and the corresponding formulas (21), (22), (23). Specifically, we obtain

(i) for the values
fy(@) —inff = "(T(t)) 0(#%)

)= ()

(#44) for the velocities: we start from (30), i.e. t+00 Eg 5 ()| dt < 400, that we evaluate as follows:
7

(74) for the gradients

197 o1 =o(

() . N .
;@ﬂwamz———fpr——wquQ

Q| Q=
<.
e
[
~—

N

Il
3
—~
~
~
Q=
<.
—
~
=
T
+
)
<
<
~
\
~+
(=)

According to (31) we deduce that

400 N
/ {0+ 3=50) |1 ()12 57 dt < +oo.

to

(iv) Let us finally examine the convergence of the solution trajectories. We know that the solution
trajectory of the continuous steepest descent converges weakly when t — 400, and its limit belong to
S = argming, f # 0; see Theorem 12 in appendix. With our notation we therefore have that z(s) converges
weakly when s — +oo. Since 7(t) — 400 as t — 400, we immediately deduce that y(t) = z(7(t) converges
weakly as t — 400, and its limit belong to S = argminy, f # 0. This completes the proof. ad



2.4 Closed-loop control of (SD) via the norm of gradient

We develop an analysis parallel to that of the previous section, replacing speed control with gradient control.

Theorem 3 Suppose that f: H — R satisfies (A). Let ¢ > %, p > 1 and y: [to,+oo[ — H be a solution
trajectory of the following system

y(t)+7 () VI(y(t)) =0

t | q
() - qiq (to + /t QE dr) _0 (32)
XOPIVE(y @)P —1.

Then the following statements are satisfied:
(i) (convergence of values)  f(y(t)) —infy f =0 (t7P7) ast— +oo.

(i3) (convergence of gradients towards zero) HVf @)l =o (t_pq) as t — +o0.

(#9i) (integral estimate of the gradients) / tpq(Q_f) IVf(y (15))||2Jr b dt < ~+o0.

(iv) The solution trajectory y(t) converges weakly as t — +o0o, and its limit belongs to S = argmin f.

Proof Again, we only consider the case p > 1. We know from (22) that

+o0 9
[ @RIV )P de < 4o
to
By using successively the definition of A, and the relation (19) we obtain

T O IV @) =7@®F ODE] 7T = @OF T A@ T > o,

Therefore
+OO 1 1 2p
/ (O] N (@0)]F 75 dt < oo,
to

1

LetusapplyLemrna1witha:=2—5andb:%—é.Wehaveb>a,a20forq2%,and

2
gb+1 it _
Therefore
T(t) > Cr(t—to)P? YVt > to. (33)

This gives limy— 1o 7 (t) = +00. According to Proposition 1, we can extract the results from Theorem 12
and the corresponding formulas (21), (22), (23). Specifically, we obtain

rwo) -itr=o(5) =0 ()3

195 G0l =0 (+5) =o ()

(7i7) for the integral estimate of the gradients: we start from (30)

“+o0
A‘ (0 F () IV F (y ()] dt < +oo,

() for the values

(#) for the gradients

that we evaluate as follows:
T (W)WY I =70 [0 M) IV @)
= 7(t)’7 A7 |VF (v ()]
= (O IV Ve o
According to (33) we deduce that

+oo 1
[ DI @I < .
to

(iv) The convergence of the solution trajectory follows from an argument similar to that of the previous
section. This completes the proof. O



Remark 1 a) We thus achieved our first goal which was to accelerate the convergence properties of the
continuous steepest descent using closed-loop time scaling. For example, concerning the convergence rate
of the values, we passed from the convergence rate 1/¢ for the steepest descent to 1 /t(H'q_%) when the
closed-loop control acts on the velocity, and 1/tP? in the case of the gradient. Clearly, by playing with
the parameters p and ¢ we can get arbitrary fast convergence results. The same observation holds for the
convergence of the gradients towards zero.

b) By introducing a time scale function 7(-) which grows faster than the identity (i.e. 7(t) > ¢) either
in open-loop or closed-loop, we have thus accelerated the continuous steepest descent dynamic. The price
to pay is that we no longer have an autonomous dynamic in (4), with as major drawback the fact that
the coefficient in front of the gradient term tends towards infinity as ¢ — +o00. This prevents from using
gradient methods to discretize it. Recall that for gradient methods, the step size has to be less than or
equal to twice the inverse of the Lipschitz constant of the gradient. To overcome this, we come with the
second step of our method which is averaging.

3 Accelerated gradient systems with closed-loop control of the damping
3.1 General results concerning time scale and averaging

We will prove the following general result which puts forward a damped inertial dynamics which comes by
time scale and averaging of the continuous steepest descent. Then we will specialize it and consider time
scale obtained in a closed-loop way, and thus cover the two model situations.

Theorem 4 Suppose that f: H — R satisfies (A). Let v > 1, and let 7 : [to, +oo[— Ry4 be an increasing func-
tion, continuously differentiable, such that lim¢—s oo 7(t) = +00. Let x: [to, +oo] — H be a solution trajectory
of the following second-order differential equation

. 2 ()7 F 2 T
#(t) + (1 +’Y)77'—(('?)7._(t) (t) (t)x(t) T T((tt)) ( )+ 1 1 Eg (t)) (34)

Then we have the convergence rate of the values: as t — 400

f(@(t)) ~inf f = o ( (t)) (35)

and z(t) converges weakly as t — +o0, and its limit belongs to S = argmin f.

Proof a) We first interpret x as coming from the time scale and averaging of the continuous steepest descent.
We start from y(-) solution of

y () +7 () VS (y (1) =0. (36)

According to the time scale analysis developed in (5) we have

fly@) — 1nff = o< (t)) as t = +oo.
This means there exists a positive function e which satisfies limy—, y oo € (t) = 0 and

F ))—mff—% vt > to. (37)

Let us define the time averaging process as the transformation from y to x according to the formula
(1) 7(t)
(1) +y o ma(t) =y 2y(t), (38)
7(t) 7(t)

where v > 1. Equivalently
t) =x(t) + — 39
y(t) = =(t) (ﬂ() (39)
By derivating y(-) we get

1 T(t)

1+ — 7 (F(0),
o (1) (40)

RO
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Replacing y (t) by this expression in the constitutive rescaled steepest descent equation (36), we get

x(t)—l—lT() ()+1M:ﬁ(t)+r‘() ((t)—i—lT(t ()):0.

v 7(t) gl 7(t)? (t)
Equivalently
17(t) (L +9)7(1)* - ()7 (t) : L7(t) . ) _
’}/T(t)m( )+ RETnP z(t)+7 () VS (m(t) + ;mm(t)) =0.
After multiplication by ’YT% we get
. (1+9)7()% = 7()7(t) . %(zt)2 17(t) .
Z(t) + nEO z(t) + ) ( )+ = ) x(t) ) (41)

b) Let us now come to the corresponding estimate of the convergence rates with z(t) instead of y(¢). The
idea is to express x as an average of y, and then conclude thanks to Jensen’s inequality. Set

b(t) = m;; (42)
B(t) = lo b(u)du - /to %du =In (:((tl;))) . (43)

Therefore
o _ ) (44)

7(to)
In order to express z in terms of y, we need to integrate the first-order linear differential equation (38)
which is written equivalently as follows

@(t) +b(t)x(t) = vb(t)y(t).
After multiplying by ¢?2(®) | we get equivalently

BD (1) + b(8)e B Da(t) = Ab(t)? By (1),
that is,

G (€PDa)) =P Oy(o).

After integration we get

t
B g(t) = 7B (o) + ’y/ b(u)eY By (u)du
to
According to e7B(0) = 0 =1 we get

t
a(t) = e "PWa(to) + 'ye*VB(t)/ b(w)e" By (u))du
to

t
_6773(t)y(t0)+76*73(t)/ b(u)e’yB(u)y(u)dU, (45)
to

where the last equality follows from the choice of the Cauchy data y(to) = z(to). Then, observe that z(t)
can be simply written as follows

t
#(t) = / y(u) dpe(u), (46)

where p; is the positive Radon measure on [to, t] defined by
= e—"/B(t)(stO + 'yb(u)e’Y(B(u)_B(t))du. (47)

Precisely, in (47), 6, is the Dirac measure at to, and b(u)e?(™~B®dy is the measure with density
b(u)ePW~=BM) with respect to the Lebesgue measure on [to, t]. According to

t
e VB / bu)e B gy = 1 — ¢~ 7BO),
to

we have that p; is a positive Radon measure on [to,¢] whose total mass is equal to 1. It is therefore a
probability measure, and z(t) is obtained by averaging the trajectory y(-) on [to,t] with respect to ps.

11



From there, let us show how to deduce fast convergence properties for the so defined trajectory z(-).
According to the convexity of f, and Jensen’s inequality, we deduce that

([ st i s = =g ([ )
< [ (st g ) e
:/t:igzgd’“(“)’

where the last inequality above comes from (37). According to the definition of u; (see (47)) and the
formulation of z(t) (see (46)), we deduce that

. e(to) —~B(t) B [fe(w) B(u)
f(z®) 1%ff < T(to)e TEW e /tu 7_(u)b(u)eﬂf du.

Equivalently,

1—vy t
_ (f(x(t))fi%f f) Ss(to)<:((;))) + 7 (£) eV B® /t i“;b(u)ew(“)du. (48)

, T (u

Since v > 1 and lim¢—, 4 o0 7(t) = 400, it holds

¢
lim sup 7 (¢) (f (z(t)) — i7r_1lf f> < ~ylimsupr (t) e 7B® / Mb(u)eﬂyB(u)dw
3 to

t—+ t—4o00 T (u)
It is therefore enough to show that

¢
lim sup (’YT (t) eiﬂ’B(t)/ Mb(ia)ewg(’L)c1ltL) <0.
¢

t—+o00 o T ()
In order to prepare for integration by parts, note that

w _ d “ T(u) d 1 1
g = (o) and 0 = (e )

Given an arbitrary n > 0 we consider T; > to such that e (u) < 5 for every u > Tj,. Therefore, for every
t > Ty, by integration by parts and by taking into consideration the relations (42)-(44), we get

7 (¢) e VB®) /tt %b(u)e”ﬂg(u)du

=7 (t)e —vB®) (/T77 c Eu; b(u)e'yB(u)du + /t 6Eu;b(u)e’yB(u)du>
7 (u 7, T(u

t
< (1) e—1BO e(w), N yBu) 1 B (u)
< () b(u)e du + ny T b(u)e du
t

EAGESY:10 e(u) N B gy 4 B _ T AB(T,) / (W) B
= — + ——e — e )+ du

( ()" 20 (1) i ()P

t .

() e~V B®) e(u) N B gy 4 1 B _ T AB(T,) n / 7 (u
= — + e - —1 e n) 4 du

< 7 (u) (w) 7 (t) 7(Ty) [7 (to)]” Jr, [T u)]z_'Y
_ 1) e (W) o \BW) gy 1 M B N BT, , Nl (t)] 1 1
= N + LB T, + -

(7 (" oM =L \F@ 7 @

e, 7B —vB(1)
< b(u du | 7 (t)e + +
( / e 0 .
1—v
< CIr(t)] +'yfl'
Since lim¢—s 400 7(t) = +00, and v > 1, we obtain
t
. —vB(t) € (u) yB(u) < Yy
lif_is_g})) (77’ (t)e /to EYo) b(u)e du) o (49)
This being true for every n > 0, we infer
(1

12



c) For trajectories convergence, we take advantage of the fact that the solution trajectory z(-) of the
continuous steepest descent converges weakly towards a solution zx« € S. Since lims—; 4o 7(¢) = 400, this
immediately implies that y(t) = z(7(¢t)) converges weakly to z« as s — +oo. In other words, for each v € H

(y (t),v) = (@«,v) ast — +oo.

To pass from the convergence of y to that of x, we use the interpretation of x as an average of y. The
convergence then results from the general property which says that convergence entails ergodic convergence.
Let us make this precise. Using again that lim;— oo 7(¢) = 400, we have

2(t) ~ 7~ BO / )Py du = / ) )y

After elementary calculus, we just need to prove that if a(-) is a positive real-valued function which verifies
limy— 400 a(u) = 0, then lims—, | o A(t) = 0, where

At) = W /t U #(u) [r(w)] ™" a(u)du.

Given an arbitrary n > 0, let us take T3, such that ¢o < T3 and a(u) < n for u > Ty,. For t > T),, we have

Ty t
At) = / F () [r ()]~ (o) du + / F () [r ()]~ () du

gl
[T(tﬂ [r®]" Jz,

< o7 / () [ (] alu)du + nr(to).

Letting ¢ converge to +o0o0 we get

limsup A(t) < n7(to).

t——+oo
This being true for any n > 0, we infer that lim;—, 1o A(t) = 0, which completes the proof. O
Remark 2 By taking v := 5% and 7 (t) := 2(;721), equation (41) becomes (see [4])

i(t) + Silt)+ Vf L) =o.

We have v > 1 <= a > 3, which is in accordance with the convergence results attached to Nesterov method.

3.2 Damped inertial system via closed-loop control of the velocity

Let us now examine the model situation where the time scaling is defined in a closed-loop way as a feedback
control of the velocity. Completing this construction with the averaging process, as described as above, we
get that (z,y): [to, +oo[ = H x H is a solution trajectory of the following algebraic-differential system

y(t)+7()Vf(y(t) =0
i(t) +’y%x(t) 78 ® =0

) ‘ ) q (51)
T(t)—q—q t0+/t [)\(T)]Edr> =0

O [1g @)IP— =1L

By specializing Theorem 4 to this situation we get the following result.

Theorem 5 Suppose that f: H — R satisfies (A). Let ¢ >0, p>1, v > 1 and x: [to, +oo][ = H be a solution
trajectory of the following system

ﬂ'é(t)+(1+7)i((i))+&)7(t)%(t):b(t)+ﬂ(<tt);vf(() L) =0

() — — <t0 + [ [A()]= dr> =0 (52)
1

Vf( 0+ 1704 <>)

-1

A@OF 7 @F =1

13



Then we have the fast convergence of values: as t — +oo

. 1
et —igf s =o (). (53)
Moreover, the solution trajectory x(t) converges weakly as t — +oo, and its limit belongs to S = argmin f.

Proof We showed in the proof of Theorem 4 how to pass from (51) to (52). Conversely, let z(-) be a solution
trajectory of the damped inertial dynamic (52). Let us show that by setting

v =25 B5 0+,

then (z,y): [to, +oo[ = H X H is a solution trajectory of

@) +7 )V (y () =0
X ﬂ:ﬂ T(t) =
)+ ) — v v®) 0
1 t ) q (54)
T(t)—qq<to+/t0 [A(r)]adr> =0
YO0 . =1

Indeed, by taking the time derivative of y(-), as given by the second equation of (54), we get

90 = T HpE @+ ( [(T)u)](t)) ()
1) (L L) FOR - r05)
—w(t)(“t)* BEr0 @)

— )V (w<>+1% (t)) = V).

p—1

This gives the first equation in (54) and
17(2
Vf<()+fﬂ (t)) =1

DOF I O =D oF For 0

This shows the equivalence of the two systems. According to Theorem 2, and formula (31), there exists a
constant C1 > 0 such that

T(t) > O (t—to)F9Th (55)
Therefore lim;—s o0 7(t) = +00. According to Theorem 4 we deduce
. 1
e gt r=o(nr ). (56)
and the convergence of the trajectory. O

3.3 Damped inertial system via closed-loop control of the gradient

We proceed in parallel to the previous section to obtain the following result.

Theorem 6 Suppose that f: H — R satisfies (A). Let ¢ >0, p>1, v > 1, and z: [to, 0o = H be a solution
trajectory of the following system

#(t) +

(Hw)i((tt)w—t)f(t)%(t) () +7+T<(tt>;vf (m(tH %a’c(t)) =0

t N q
7 (t) - qiq (to + [ e dr) =0 (57)

r(e0+ 350 <t>) h

2=

=1.

ROl
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Then we have the fast convergence of values: as t — +oo

Fa(®) ~ipf f = o (t%q) .

Moreover, the solution trajectory x(t) converges weakly as t — +oo, and its limit belongs to S = argmin f.

(58)

Proof Let x(-) be a solution trajectory of the damped inertial dynamic (57). Let us show show that by

setting ®
17(t).
y(t) = ;%x(t) +z (1),

then (x,y): [to, +oo] = H x H is a solution trajectory of

y(@)+7 @) VI(y(t) =0
. #(t) #(t) B
m(t) + ’y%x(t) WT(t) (t) =0
t . q
T(t)—f<to+/t [A(r)]adr> =0
NP IVE @) ~1L

Indeed, by the same argument as for the velocity case, we get

y()=—7(O)VI(y®).

e+ 357 0)

This gives the first equation in (59) and

AP IV @O = A0

p—1

=1.

(59)

This shows the equivalence of the two systems. According to Theorem 3, and formula (33), there exists a

constant C7 > 0 such that

7(t) > C1 (t — to)P? (60)
Therefore from Theorem 4 we deduce, as t — +oo
1
) gt r=o (7). (61)
and the convergence of the trajectory. ad
3.4 Comparison with the Lin-Jordan approach
In [19], the authors study the second-order closed-loop dynamical system
.. 27 (¢) T(@))\ . [# () <o . 7 () [T () + 7 ()] _
uw+(7@) c0) e+ L eaaw + TOEDETOlor @y —o
T(t) - (fo‘”‘(t dr+c) =0 (62)
NP IV (@ @)P~ =90,
whose first-order reformulation reads
g (@) +7 () Vf(z (1)) =0
B0+ 5 @0 v 0) + EGFVF @) =0
(1) (1) (63)
1/t
(t)—Z(fos/)\(t)dr—f—c) =0
NOP VS (@)l =6,
where ¢ > 0 and 0 < § < 1 are given parameters. See also [20] for some extensions to monotone inclusions.
a) In [19], the authors obtained the following convergence rate of function values

15



(2 ()~ inf f = o( 1+) as ¢ = +o0.

Note that the last two equations in (63) are nothing else than those in (32) with ¢ := 2.
For comparison, in our approach the convergence rate of the values obtained in Theorem 6 when g = 2 is

P -infr=o( )

which is better for every p > 1.
b) Let us now compare the convergence estimates of the gradients. In [19], the authors obtain the

integral estimate
“+o0
[
to

_3p
tolgr}fStHVf(x(a))H:O(t ) as t — +oo.

pt1
@)l 7 dt < o0,

which leads to

In our approach, the right variable to consider is y(t), instead of z(t). According to (22) we have

+oo
|0 0197 @) bt < oo

to
Since ¢ = 2, according to (19) we have

() = [r (£)]2 A ()] .

Therefore

T FOIVEGON = 7O D@ VGO =7 @2 IVF @)= .

Since 7(t) > Ct??, we deduce that

+oo .
[ v o) bt < oc,

to
which leads to

inf |Vf(y(o) =0 (t—%) as t — +oo.

to<o<t
Again, our approach gives a better convergence rate than [19]. Let us also specify that our analysis provides
the convergence of the trajectories, which is an open question for [19]. Moreover, since our approach is

consistent with the steepest continuous descent, it can naturally be extended to the non-smooth case, and
to the case of cocoercive operators, as it was done in the open-loop case in [1].

3.5 The limiting case v =1

Our previous results are valid under the assumption v > 1. It is a natural question to examine the limiting
case v = 1. Close examination of the proof of the theorem reveals a slight change in the integration procedure
and a logarithm factor appears. The corresponding result obtained is written as follows.

Theorem 7 Suppose that f: H — R satisfies (A). Let x: [to, +oo[ — H be a solution trajectory of the following
second-order differential equation

. 2[F(1)])* — T()F (1) . GG )]2 ( () .
Z(t) + () + = )] =0 (64
T e YT e ZOM :
where T : [to, +00[ — Ry is an increasing function, continuously differentiable, and satisfying lim;—, 4 o0 7(t) =
+o00. Then we have the convergence rate of the values: as t — +o0o

et gt £ =o (G, (65)
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and the solution trajectory x(t) converges weakly as t — 400, and its limits belongs to S = argmin f.

Suppose moreover that there exists some 0 > 0 and C1 > 0 such that for t sufficiently large
(.A)asymp T(t) 2 Cl (t - tO)G . (66)

Then we have the fast convergence of values: as t — +oo

f(z(t)) — i?r_llff =0 (mt#) . (67)

When specialized to the closed-loop control of the velocity, we obtain

et gt 1 =o (1), (68)

JAta—3

and in the case of the closed-loop control of the gradient

£ (o) ~ it f =0 (T}fﬁ) . (69)

So, the convergence rates are a little less good because of the logarithm term.

4 Associated proximal algorithms
4.1 A proximal-explicit discretization

In the following, we present a numerical approach based on a prozimal-explicit temporal discretization of
the closed-loop systems investigated in this paper. By proximal-explicit we mean that the function f is
evaluated using a proximal step while the step size sequence (A;),~, and the time scaling sequence (74);.~
are computed explicitly. This makes our numerical scheme much easier implementable than the numerical
algorithm proposed in [19] as well as the large-step A HPE approach by Monteiro and Svaiter [23] which
are in fact approximations of a prozimal-implicit discrete time method. We restrict ourselves to the case
g = 1, which gives 7 (¢t) = A (t). In this case, the continuous time closed-loop dynamical system is written
as follows

JO+AO S (1) =0
NO0I0) St

Let us describe the general structure of the algorithm which is obtained by a proximal-explicit discretization
of the continuous system (70).
Given yi,yr_1 in H, we first define )\ by
MRl (9 (e )P = 1.
and consider then an implicit finite difference scheme for the first equation of (70)
Yet+1 — Yk + AV (Yky1) = 0. (71)
This gives the following algorithm, called PEAS for Proximal Explicit Algorithm with Adaptive Step Size.

(70)

Algorithm 1: Proximal-explicit algorithm with adaptive step size (PEAS)

Input: yo #y—1 € H
1 for k=0,1,--- do
_p=1
2 A =[9(kye-1)] P
3 Yk+1 = PTOX ), ¢ ()
4 end

Note that (Ag);~, is computed explicitly in terms of (yj);~,. In other words, the definition of the sequence
(Ak)g>o is decoupled from the computation of (yj).~o- This is different from the method in [19], which
ultimately leads to the large-step A HPE approach by Monteiro and Svaiter in [23].
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Let us now specify the link between )\, and 7. We start from the relation (recall that we take ¢ = 1)

7)) =X (t). (72)

Then, for every k > 0 we discretize (72) as follows

Tk+1_Tk:Ak<:>Tk+1:>\k+7—k (73)

with the convention Ao := tp and 79 := 0, which then yields 7, = Zi:o i
Drawing inspiration from continuous analysis, we will first show that the function value f (yi) — infy f

attains the o (

as a crucial result, we will derive a lower bound of 74, in terms of k.
The following result emphasizes that the rate of convergence and summability results holds for (yj), .~ for
arbitrary step sizes Ay that satisfy >, Ay = +oo. The proof is an adaptation of [4, Theorem 4.1]. B

k—1 A

Tklﬂ) rate of convergence, and the sequence (yy);~, converges weakly to a solution. Then,

Theorem 8 Let yo € M, (Mp)i>o be a given positive sequence satisfying Z)\k =400, 10 = 0 and 17, =
- E>0
Zf;ol A; for every k > 1. Then for any sequence (yk)k>0 generated by the proximal algorithm

Y1 :=proxy, ¢ (y) Vk =0, (74)

the following properties are satisfied:

(1) (summability of function values) Z by <f (Yk41) — i%f f) < +o0;

k>0
(i3) (summability of gradients) Z Tk |V f (yk+1)\|2 < +o0;

k>0
(7i3) (summability of velocities) Z ;—k lyrs1 — yrll® < +oo;

k>0
(iv) (convergence of function values) f(ygy1) —inf f=o ( ) as k — +o0;

H Tk+1
1

(v) (convergence of gradient) ||V f (yxr1)l =0 as k — 4oo;

VoA

(vi) the sequence of iterates (Yi)p>o converges weakly as k — 400, and its limit belongs to S = argming, f.
Proof Let k > 0 be fixed. Take z4 € S = argmin f. According to (71) and the convexity of f, we deduce that
1 1 1
5 lyr+1 = z)? = 5l — 2”4 (We1 — 200 Ykt — Yk) — 5 Y1 = vil?

1 1
= D) lyr — Z*||2 — Ak <yk+1 — 26, Vf (yk+1)> - iki IV f (yk+1)||2

IN

=2 = () =gt ) = PRIVT (o) (75)

Statement (i) follows from [14, Lemma 5.31]. In addition, the limit limy_, | ||yx — 2«|| € R exists, which
means that the first condition of the discrete Opial’s lemma is fulfilled.
On the other hand, the sequence (f (y) — infy f),~ is nonincreasing. Precisely, we have for every k > 0

(700~ ig0) = (£ ) =i 1) 2 (97 () = ) = A 197 )P 2 0. (76)

According to [0, Lemma 22] we get

. 1
f(ykJrl) - 117_1[ff =o0 (m) )

which proves (iv).
Let k > 1. Multiplying both sides of (76) by 7, = Zi:ol Ai > 0, then adding the result into (75), we get

. 1 . 1
Th+1 (f (Y1) — 1%ff> +3 k1 — 2+l < 7, (f (yr) — I%ff) +t35 iy — 2|

1
- 5/\i IV (?Jk+1)||2 — T IV Sf (ykJrl)H2 .
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This implies

SNV es)I? <400 and Y 7w IVF (yrg)lI” < 400,
k>0 k>1

which yields (ii). From (71), we infer (iii). To deduce (v), it suffices to show that the sequence (||[V f (yx) ) ;>0

is nonincreasing. Indeed, it follows from (74) and the cocoercivity of V f that

S 195 e )IP = S 195 @I + (9 () 95 () = 95 (0) = 5 195 () = V5 )l

= IV @I = 5 e = VS ) = 9F ) = 5 195 () = T ()l

1
<5 IV @l

Taking into account also (ii), we obtain (v).

Finally, according to the assumption >, A = 400, and (iv), we have that limj_, ;. f (yx) = infy f.
Since f is convex and lower semicontinuous, the second condition of Opial’s lemma is also fulfilled. This
gives the weak convergence of the sequence (yi);~, to an element in S = argmin f. O

Then, we give a statement which can be seen as a discrete counterpart of Lemma 1. The result is more
complex not only because we are in the discrete setting, but also because it allows an explicit choice of the
stepsize, as we will see later.

Lemma 2 Let (\,),~, be a positive sequence and (Ty)~, such that o = 0 and 7, = Zf;ol A for all k > 1.
Suppose that there exist C2 > 0 and a,b,c > 0 such that b+ ¢ > a and

S AN S Co < Fo0
k>0
Then there exists C's > 0 such that for every k > 1 it holds

btct1
Tk+1 Z C3kb+“"a . (77)

Proof By applying the Holder inequality twice we get for all £ > 0

. ‘

k . k s bTeTT / k TFert
bfetl —by—

e (o) (D) ()

=0 1=0 =0

i=0
1 k+1 E%?iT 1 btc
< Oyttt (Z /\i> =yttt T]:I;“ . (78)
i=0
If a = 0 then (77) follows immediately. From now on we suppose that a > 0. Inequality (78) becomes
k a 1 a bte
ST <ol (nT) T vk =0 (79)
i=0
Following the continuous counterpart, let us define
1 k a
Cype =0y 1 >0 and D vk >0
1=0
so that (79) becomes
b+c
Ap < Cpye(Apyo — Apyr) @ VE20.
From here,
cbjr? <AL (Apge — Agp1) VE> 1L (80)

For convenience, we define the following function ¢: R4+ — R44 as ¢ (r) := r e, Tt is clear that

_b+c

1%7 b‘+'C T14
dr \b+c—a

bic>=¢(7«) and Y (r)=-——r el <0

Since (Ag)j 1 increasing, this means ¢ (Ay1o) < 1 (r) < Y(Ay) for every Ay <r < Apio.

Let k > 1 fixed. We consider two separate cases.
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Case 1: ¢ (Ay) < 2¢ (Agy2). Then (80) leads to

Cyp i <AL (Apga — Ag) = ¥ (Ap) (Agya — Ax)

Apy2
< 20 (Apsa) (Apro — Ap) = 20 (Apys) /A 1dr

Ak+2 b+C 1—-a 1— @
_ b+c b+c
SQ/Ak wlndr =2 (A7 -4 ).

Case 2: ¢ (Ay) > 2¢ (Agy2). This is equivalent to Ay 4o > 2%14,6. Since b+ ¢ > a, we can deduce further

1— 9 btc 1— 9
b+c a —1 b+c
ka2 > 2 Ay .

A

Consequently,

-5 l-gde _ (b g =58 (obte g 1-53;
AL St — AT > (2 —1)4, "> (2 —1) AP,

recall that the last inequality follows from the increasing property of (Ag);~;-

In conclusion, for every k > 0 we have

1— 79 1—-:2 . 1 — = bte 1—7% 1—.%
AT A b+czc4z:mm{§(1—7bic)cb+bgc,(21 To1) A, T A b*c}>0.

Telescoping sum arguments combined with (79) imply for every k > 1

Al gt o 4l o pueTe et
Cak < Ay, — 4o < Ay, <G Tok+2 -
This gives for every k > 1
~  btet1

Tok+3 = Togto > Cakbte—a,

where 53 > 0. We therefore deduce that there exists C3 > 0 such that
btedl

Tk+1 Z C3k7b+cfa Vk Z ].7

which gives (77). |

Following a plan identical to the continuous case, we successively consider the case where the control
by feedback is formulated in terms of speed, then of gradient.

4.2 Adaptive stepsize rules resulting from the discretization of the velocity based system

In this subsection we specialize the algorithm PEAS to the case where G(yx, vx—1) = llyx — yr_1l-

Algorithm 2: Proximal algorithm with adaptive step size defined via velocity

Input: yo #y—1 € H
1 for k=0,1,--- do

2 if Vf (yr) =0 then
3 stop
4 else
p—1
5 Me = llyk — yp—all” 7
6 Ykt1 = proxy, 5 (yx)
7 end
8 end

Theorem 9 Let (yy),~o be the sequence generated by Algorithm 2. Then it holds

f(yk)—i%ff:C’(le_l) as k — o0,

and the sequence of iterates (yg)p~o converges weakly as k — —+o0o, and its limit belongs to S = argming, f.
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Proof By the choice of the step size, we have from Theorem 8 (m) that

Z ||yk+1 —uell® =D At kfl T < oo,
k>0 k>0

where 70 = 0 and 7 := Zf:_ol A; for every k > 1. We are in position to apply Lemma 2 with (a,b,c) :=
(1,17]3 1) We get
Tepr > Csk®™r Wk > 1. (81)

Therefore ;<o A, = limy_, | oo 7, = +00, and we can apply Theorem 8 to obtain the conclusion. a

4.3 Adaptive stepsize resulting from the discretization of the gradient based system

Now let us specialize the algorithm PEAS to the case where G(yx,yx—1) = |V f(yz)|l-

Algorithm 3: Proximal algorithm with adaptive step size defined via gradient
Input: yo € H
1 for k=0,1,--- do

2 if Vf (yx) =0 then

3 stop

4 else

5 A=V yp)l™ 7
6 Yk41 = Proxy, ¢ (k)
7 end

8 end

Theorem 10 Let (yk)k>0 be the sequence generated by Algorithm 3. Then it holds

f(yk+1)*inff=0( 11) as k — 400
H K2

P

and the sequence of iterates (yy);, converges weakly as k — oo, and its limit belongs to S = argming, f.

Proof In this case we have from Theorem 8 (i)
2 _2p_

DA VE )P =D meded Py < oo, (82)

k>0 k>0
where 79 = 0 and 7, := Zf;ol \; for every k > 1.
Let us establish an inequality of the type

IVF ()l < Ce IV S vk

for some sequence Cj, > 0 which is to be precised. We have for all k¥ > 0

IV f (?Jk)”2 =[Vf (yk+1)”2 —2(Vf Wrt1) Vf Wkr1) = Vf We)) +IIVS (ygt1) =V f (yk)HQ
= IS )P + = e = s () = VS 00) + 19F () = V7 ()P

<17 o)l + (g 4 LZ) s — el = (14 LA 19 ()

< (U4 L) IV (w2 (83)
where L > 0 denotes the Lipschitz constant of V f on a bounded set containing the sequence (yx) ;-
Combining (82) and (83), we get -

2p

A3 IV TR A, T < +oo. (84)
;;3 (14 LAgg1)? kzzo (1+ L)‘k+1)
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Let us now show that limg_, . Ay = +o00. According to the decreasing property of the sequence
(f (yr) —infy f)r>o, by summing inequalities (76) we get

S ANV (wrrn) 1 < +o0. (85)
k>0

From the closed-loop rule we deduce that

_2p
> A < oo (86)
k>0

Therefore

2p

lm A\, 771 =0.
k— 400 k2 k41

Since (A)g>0 is increasing, let us denote by I > 0 its limit. If [ is finite then, by passing to the limit on the
2
above inequality we get [ =501 = 0, a clear contradiction with [ > 0. Therefore

lim A\, = 4o0.
k—+o00

In this case ~ (L/\k+1)_2, which gives

1
(1+LAky1)?

1,271’ _9
Z’Tk)\k_ p—1 >\k+1 < +OO (87)
k>0
We are in position to apply Lemma 2 with (a,b,c) := (17 % -1, 2). We get

i

Ty > C3k®"7  Vk> 1.

We have >, <o A, = limy_, | o 7, = 400, and we can apply Theorem 8 to obtain, as k — 400

. 1
f(Yrs1) — 1%ff =0 <k2_11’> .
This completes the proof. O

Remark 8 Note that the closed-loop control of the velocity and the closed-loop control of the gradient give
the same convergence rate of the values. Clearly, we have obtained a faster convergence result.

5 Inertial proximal algorithms obtained by closed-loop damping

Let us now consider the convergence properties of the sequences (xj)r>0 which are obtained by applying
the averaging process to the sequences generated by Algorithm 2. Indeed, we limit our investigation to the
closed loop control of the velocity, the case of the closed loop control of the gradient is very similar. Let us
discretize the continuous averaging relation

1)+ T (a(t) ~ y(0) =0
as follows (recall that, because of the choice ¢ = 1, we have 7(t) = A(t))
Ak
Tk+1

Tpy1 — Tf + (K — Yr41) = 0.

Equivalently

Ak Ak
Tpp1 = (1 - ) T + Yk41-
Tk+1 Tk+1

This gives the following proximal inertial algorithm:

Theorem 11 Let (a:k)k>0 be the sequence generated by Algorithm 4. Then it holds

p

f(ﬂﬂk)—i?r_l[ffz(ﬁ(kil) as k — +oo

and the sequence of iterates (xy),~o converges weakly as k — +oo, and its limit belongs to S = argming, f.
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Algorithm 4: Proximal inertial algorithm with adaptive step size defined via velocity

Input: 70 := 0 and zo,y0 #y—1 € H
1 for k=0,1,--- do

2 if Vf (yx) =0 then
3 stop
4 else
_p—1
5 Me = lyk —yp—1ll ?
6 Yk41 = Proxy, ¢ (yx)
7 Tht1 = Tk + Ak
A A
8 I‘kJrl = <1 — k >Z’k; + k yk+1.
Tk+1 Tk+1
9 end
10 end

Proof Let k > 0. By definition of z;; we have
Tht1Th41 = (Thg1 — M) Th + A1
Ai)
Tkt 1Tht1 — ThTk = (Th1 — M) Tk + MeYhg1 — TkTh = (Thp1 — Tk — M) Tk + MeUht1 = MeUhg1-
Therefore, by telescoping arguments we obtain

k
S\
Tpy1 = Zz=%+llyl+l vk > 0. (88)

which gives (recall that 7, = Zf:o

By convexity of f we infer

o Aivi
f(@psr) —inf f = (f —igff) (Tpy1) = <f_i71}lff) <M>

Tk+1
1 & 1 <
< )\,L — inf i e — )\Z i — inf 5
S ; <f I f) (Yi41) — ; (f (Yit1) I f)

1

By Theorem 8 (i), we have Y, < A; (f (Yg+1) — infy f) < 400, and by (81) we have 75,1 > k>~ %, which
gives the claim. The weak convergence of (), to an element in S = argminy, f follows from the weak
convergence of (yi),, and the Stolz-Ceséro Theorem. O

5.1 Geometric interpretation of PEAS

First note that (PEAS) can be equivalently written as follows

)‘k )\k Tk
=|1- _ s — Th—1 | -
ke ( Tk:+1) et Tk+1 PrO%a g <xk o Ak—1 (mk Tkt (89)

Since /\Z’: - > 1, the algorithm first involves an extrapolation step (this is the inertial aspect), then a
proximal step, and finally a relaxation step which balances the inertia effect and dampens the oscillations.
This is shown in the figure below. We set 6, = =+ €]0,1].

Tk+1

Despite some analogies, (PEAS) is different from the relaxed inertial proximal algorithm (RIPA) con-
sidered by Attouch and Cabot in [7], and which writes

{yk =z + ap(z) — 1)

(90)
tpr1 = (1= pr)yr + pr Proxy, r(yx)

As main difference, in (PEAS) relaxation is taken between x;, and proxy, ¢(yx), while in (RIPA) it is
taken between y;, and proxy, ;(yx). Consequently (PEAS) involves a Hessian damping effect which is not
present in (RIPA). Note in (PEAS) the balance between the extrapolation (inertial, acceleration) effect and
the relaxation effect. Moreover, our construction provides coefficients which are generated automatically
in closed loop way, whereas in (RIPA) they require subtle adjustment. The importance of the relaxation
technique when combined with inertia has been put to the fore in [18]. According to (88), zpy1 can be

23



xR = (1 —06)

Fig.1 A geometrical illustration of algorithm PEAS

interpreted as an average of the {y, : 0 < n < k + 1}, which makes our approach somewhat analogous to
the nonlinear averaging technique developed in [27], where it is assumed that there is a unique minimizer.
Averaging techniques have also been used in [20] in the context of hybrid systems. Indeed, adjusting the
damping in a closed-loop ad hoc manner bears some analogy to restarting methods.

6 Conclusion, perspective

Our study proposes new fast adaptive optimization methods for convex optimization. We have shown
that the time scaling and averaging technique, previously developed by the authors in the context of
non-autonomous systems, can be developed by taking closed-loop time parameterization, giving rise to au-
tonomous dynamics. The method turns out to be flexible, because it is based on elementary mathematical
tools, namely the dynamics of the steepest descent, and the operations of temporal parameterization and
averaging. It is therefore not necessary to redo a Lyapunov analysis, one relies on the classic results for the
steepest descent. The results obtained for the continuous dynamics pass quite naturally to the correspond-
ing proximal algorithms, where the iterates are expressed in a direct way according to the proximal terms.
This study is one of the very first to develop an algorithmic framework based on autonomous dynamics and
which, when specialized, provides the convergence rates of the dynamical surrogate of the Nesterov acceler-
ation gradient method. Another important aspect of our analysis is that it exhibits Hessian-driven damping,
which plays a key role in damping oscillations. Our work opens up many perspectives, our method natu-
rally extending to gradient algorithms, proximal-gradient algorithms for composite optimization, cocercive
monotone operators, and the study of the stochastic version, to name only a few.

7 Appendix
7.1 Classical facts concerning the continuous steepest descent

Consider the classical continuous steepest descent

(SD) £(t) + V£(2(t)) = 0. (91)

Under the standing assumption (A) on f, we know that, for any 20 € H there exists a unique classical
global solution z € C!([to, +oo[: H) of (SD) satisfying z(to) = z0, see [5, Theorem 17.1.1]. We fix to as the
origin of time. Recall classical facts concerning the continuous steepest descent.

Theorem 12 Suppose that f: H — R satisfies (A). Let z: [to, +oo] = H be a solution trajectory of

)+ VI=@) = g(t) (92)
where g: [to, +oo[ — H is such that
+oo “+o0
/ llg (t)|| dt < +o0 and / tlg ()| dt < +oo. (93)
to to

Then the following statements are satisfied:
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1) (convergence of gradients towards zero Viiz(t)| =o i as t — +oo0.
(i) (

Vi

—+oo
(73) (integral estimate of the velocities) )2 )| dt < +oo.
to,
(#3i) (integral estimate of the gradients) LIV S (z (@) dt < 4oc.
to

(tv) (convergence of values) f (z (t)) —infy f=o (%) ast — +oo.

(v) (improved convergence rates of gradients) if g(t) =0, then [|[Vf (2 (t))|| =0 (%) as t — +oo.

(vi) The solution trajectory z(t) converges weakly as t — +oo, and its limit belongs to S = argmin f.

If g(¢t) = 0 we have that t — ||V f (2 (¢))|| is nonincreasing since in this case

GIVT GO =291 W) 491 G0)) = -2(:0), VGO ) <0 w0,

Therefore, from the integral estimate of the gradients we deduce that ||V £ (z (t))[| = o (%).

7.2 Auxiliary result

Opial’s Lemma is a basic ingredient of the convergence analysis.

Lemma 3 (Opial) Let S be a nonempty subset of H and let (x1),~, be a sequence in H. Assume that

(i) for every z € S, limy_, y o ||lzg — 2|| exists;
(73) every weak sequential limit point of (:Ek)k>0, as k — 400, belongs to S.

Then (xk)k>0 converges weakly as k — 400, and its limit belongs to S.
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