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Abstract

In this paper, we analyze a speed restarting scheme for the inertial dynamics with
Hessian-driven damping, introduced by Attouch et al. (J Differ Equ 261(10):5734—
5783, 2016). We establish a linear convergence rate for the function values along the
restarted trajectories. Numerical experiments suggest that the Hessian-driven damping
and the restarting scheme together improve the performance of the dynamics and
corresponding iterative algorithms in practice.
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1 Introduction
In convex optimization, first-order methods are iterative algorithms that use function
values and (generalized) derivatives to build minimizing sequences. Perhaps the oldest

and simplest of them is the gradient method [13], which can be interpreted as a finite-
difference discretization of the differential equation

X(1) + Vo(x(1)) =0, (1)
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describing the steepest descent dynamics. The gradient method is applicable to smooth
functions, but there are more contemporary variations that can deal with nonsmooth
ones, and even exploit the functions’ structure to enhance the algorithm’s per iteration
complexity, or overall performance. A keynote example (see [9] for further insight)
is the proximal-gradient (or forward—backward) method [18, 28], (see also [22, 30]),
which is in close relationship with a nonsmooth version of (1). In any case, the analysis
of related differential equations or inclusions is a valuable source of insight into the
dynamic behavior of these iterative algorithms.

In [25, 29], the authors introduced inertial substeps in the iterations of the gradient
method, in order to accelerate its convergence. This variation improves the worst-case
convergence rate from O(k~!) to O (k—2). In the strongly convex case, the constants
that describe the linear convergence rate are also improved. This method was extended
to the proximal-gradient case in [10], and to fixed point iterations [16, 21] (see, for
example [3, 4, 14, 19, 20], among others). Su et al. [31] showed that Nesterov’s inertial
gradient algorithm—and, analogously, the proximal variant—can be interpreted as a
discretization of the ordinary differential equation with Asymptotically Vanishing
Damping

i) + %)'c(t) + V(@) =0, (AVD)

where o > (. The function values vanish along the trajectories [6], and they do so at a
rate of O(¢~2) for @ > 3 [31], and o(¢ ) for @ > 3 [23], in the worst-case scenario.

Despite its faster convergence rate guarantees, trajectories satisfying (AVD)—as
well as sequences generated by inertial first order methods—exhibit a somewhat
chaotic behavior, especially if the objective function is ill-conditioned. In particular,
the function values tend not to decrease monotonically, but to present an oscillatory
character, instead.

Example 1.1 We consider the quadratic function ¢ : R} — R, defined by
1 2 2 2.2
¢(x1, 202, x3) = S (7 + px3 + p7X3), @)

whose condition number is max{p>, p~2}. Figure 1 shows the behavior of the solution
to (AVD), with x(1) = (1, 1, 1) and (1) = —V¢(x(1)) (the direction of maximum
descent).

In order to avoid this undesirable behavior, and partly inspired by a continuous
version of Newton’s method [2], Attouch et al. [S] proposed a Dynamic Inertial Newton
system with Asymptotically Vanishing Damping, given by

X@ + ?)'c(t) + Vo (x (1) + V2P (x(1)i(1) =0, (DIN-AVD)

where «, B > 0. In principle, this expression only makes sense when ¢ is twice
differentiable, but the authors show that it can be transformed into an equivalent first-
order equation in time and space, which can be extended to a differential inclusion that
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Fig. 1 Depiction of the function values according to Example 1.1, on the interval [1, 35], for o = 3.1, and
p = 10 (left) and p = 100 (right)
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Fig. 2 Depiction of the function values according to Example 1.2, on the interval [1, 35], for « = 3.1,
B =1, and p = 10 (left) and p = 100 (right)

is well posed whenever ¢ is closed and convex. The authors presented (DIN-AVD) as
a continuous-time model for the design of new algorithms, a line of research already
outlined in [5], and continued in [7]. Back to (DIN-AVD), the function values vanish
along the solutions, with the same rates as for (AVD). Nevertheless, in contrast with
the solutions of (AVD), the oscillations are tame.

Example 1.2 In the context of Example 1.1, Fig.2 shows the behavior of the solution
to (AVD) in comparison with that of (DIN-AVD), both with x(1) = (1,1, 1) and
(1) = =Ve(x(D)).

An alternative way to avoid—or at least moderate—the oscillations exemplified in
Fig.1 for the solutions of (AVD) is to stop the evolution and restart it with zero
initial velocity, from time to time. The simplest option is to do so periodically, at
fixed intervals. This idea is used in [26] for the accelerated gradient method, where the
number of iterations between restarts that depends on the parameter of strong convexity
of the function. See also [1, 8, 24], where the problem of estimating the appropriate
restart times is addressed. An adaptive policy for the restarting of Nesterov’s Method
was proposed by O’Donoghue and Candes [27], where the algorithm is restarted at
the first iteration k such that ¢ (xx41) > ¢ (xx), which prevents the function values
to increase locally. This kind of restarting criteria shows a remarkable performance,
although convergence rate guarantees have not been established, although some partial
steps in this direction have been made in [15, 17]. Moreover, the authors of [27] observe

@ Springer



834 Journal of Optimization Theory and Applications (2023) 199:831-855

Fig.3 Values along the 107 — )
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that this heuristic displays an erratic behavior when the difference ¢ (xx) — ¢ (xk+1)
is small, due to the prevalence of cancellation errors. Therefore, this method must be
handled with care if high accuracy is desired. A different restarting scheme, based on
the speed of the trajectories, is proposed for (AVD) in [31], where rates of convergence
are established. The improvement can be remarkable, as shown in Fig. 3.

In [31], the authors also perform numerical tests using Nesterov’s inertial gradient
method, with this restarting scheme as a heuristic, and observe a faster convergence
to the optimal value.

The aim of this work is to analyze the impact that the speed restarting scheme
has on the solutions of (DIN-AVD), in order to set the theoretical foundations to
further accelerate Hessian-driven inertial algorithms—Iike the ones in [7]—by means
of a restarting policy. This approach combines two oscillation mitigation principles
that result in a monotonic and fast convergence of the function values. We provide
linear convergence rates for functions with quadratic growth and observe a noticeable
improvement in the behavior of the trajectories in terms of stability and convergence
speed, both in comparison with the non-restarted trajectories, and with the restarted
solutions of (AVD). As a byproduct, we generalize and improve some of the results in
[31]. It is worth noticing that the convergence rate result holds for all values of « > 0
and 8 > 0, in contrast with those in [5-7].

The paper is organized as follows: In Sect. 2, we describe the speed restart scheme
and state the convergence rate of the corresponding trajectories, which is the main
theoretical result of this paper. Section3 contains the technical auxiliary results—
especially some estimations on the restarting time—Ileading to the proof of our main
result, which is carried out in Sect.4. Finally, we present a few simple numerical
examples in Sect. 5, in order to illustrate the improvements, in terms of convergence
speed, of the restarted trajectories.

2 Restarted Trajectories for (DIN-AVD)
Throughout this paper, ¢ : R" — R is a twice continuously differentiable con-
vex function, which attains its minimum value ¢*, and whose gradient V¢ is

Lipschitz-continuous with constant L > 0. Consider the ordinary differential equation
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(DIN-AVD), with initial conditions x(0) = xg, x(0) = 0, and parameters & > 0 and
B > 0. A solution is a function in C? ((0, +00); R") N C' ([0, +00); R™), such that
x(0) = xg, x(0) = 0and (DIN-AVD) holds for every r > 0. Existence and uniqueness
of such a solution is not straightforward due to the singularity at + = 0, but can be
established by a limiting procedure. As shown in Appendix 1, we have the following:

Theorem 2.1 For every xo € R", the differential equation (DIN-AVD), with initial
conditions x(0) = xo and x(0) = 0, has a unique solution.

We are concerned with the design and analysis of a restart scheme to accelerate the

convergence of the solutions of (DIN-AVD) to minimizers of ¢, based on the method
proposed in [31].

2.1 A Speed Restarting Scheme and the Main Theoretical Result

Since the damping coefficient «/¢ goes to 0 as + — o0, large values of ¢ result in a
smaller stabilization of the trajectory. The idea is thus to restart the dynamics at the
point where the speed ceases to increase.

Given z € R", let y, be the solution of (DIN-AVD), with initial conditions y, (0) = z
and y,(0) = 0. Set

T(2) =inf{r >0:%||y'z(t)||2 so}. )
Remark 2.1 Take z ¢ argmin(¢), and define y, as above. For f € (0, T(z)), we have
d .
J790(0) = (Vo= (1), 2 (1)
= —(J,(1), 3.(1)) — % 19017 = BV (2 (1)) 3(1), Y2 ().

But (V29 (y,(1))3:(1), y-(1)) > 0 by convexity, and (¥.(¢), y:(t)) > 0 by the
definition of 7' (z). Therefore,

L o) = =L 15012 )
dt¢ Yz = p Yz .

In particular, # ¢(yz(t)) decreases in [0, T (2)].

If z ¢ argmin(¢), then T (z) cannot be 0. In fact, we shall prove (see Corollaries 3.2
and 3.3) that

0 <inf {T(2) : z ¢ argmin(¢)} < sup {T(2) : z ¢ argmin(¢)} < oco. 3)

Definition 2.1 Given xo € R", the restarted trajectory xy, : [0, 00) — R" is defined
inductively:
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1. First, compute y,,, 71 = T(xp) and S; = Ti, and define xy, (1) = yx,(¢) for
t €10, $1].

2. Fori > 1, having defined x,(¢) fort € [0, §;], set x; = xx,(S;), and compute y,;.
Then, set T;+1 = T (x;) and S;+1 = S; 4+ Ti+1, and define x,(t) = yy, (t — S;) for
t € (S, Siy1l

In view of (5), S; is defined for all i > 1, inf;>1(S;+1 — S;) > Oand lim; , S; =
00. Moreover, in view of Remark 2.1, we have

Proposition 2.1 The function t qﬁ()(x(, (t)) is nonincreasing on [0, 00).

Our main theoretical result establishes that ¢( Xxo (t)) converges linearly to ¢*,
provided there exists ;& > 0 such that

1
né@ = ¢ = S IVe@I* ©)
for all z € R". The Lojasiewicz inequality (6) is equivalent to quadratic growth and
is implied by strong convexity (see [11]). More precisely, we have the following:

Theorem2.2 Let ¢ : R" — R be convex and twice continuously differentiable.
Assume V¢ is Lipschitz-continuous with constant L > 0, there exists i > 0 such
that (6) holds, and that the minimum value ¢* of ¢ is attained. Given a > 0 and
B >0, let xx, be the restarted trajectory defined by (DIN-AVD) from an initial point
xo € R". Then, there exist constants C, K > 0 such that

CL
D (X (1) — ¢* < Ce™ X (p(x0) — ¢*) < Te*’“ dist (xo. argmin(¢))

forallt > 0.

The rather technical proof is split into several parts and presented in the next sub-
sections.

3 Technicalities
Throughout this section, we fix z ¢ argmin(¢) and, in order to simplify the notation, we

denote by x (instead of y,) the solution of (DIN-AVD) with initial condition x(0) = z
and x(0) = 0.

3.1 A Few Useful Artifacts

We begin by defining some useful auxiliary functions and point out the main relation-
ships between them.
To this end, we first rewrite Eq. (DIN-AVD) as

d
E(I“)'C(t)) = —1"V(x(1)) — Br*V2p(x(1))x(1). N
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Integrating (7) over [0, 7], we get

t t
t“x(t) = —/ u*Vve (x(u)) du — /3/ U V2 (x ()% (u) du
0 0

! t
z_[ /0 ua(V¢(x(u))—V¢(Z))du} _ [ﬂ /0 T (u)du}
®)
a+1

pory 1V¢(z). ©)

In order to obtain an upper bound for the speed x, the integrals

t t
I(1) =_/ u® (Vo (x(u)) — Vé(z))du and J(1) =/3/ U V2 (x (u))k () du
0 0 (10)
will be majorized using the function

M,(t) = sup [M] arn)

ue(0,1] u
which is positive, nondecreasing and continuous.

Lemma 3.1 Foreveryt > 0, we have

LM, (t)t*+3 LM, ()2
MO g o) < PEMOCT

(DI = 213 )

Proof For the first estimation, we use the Lipschitz-continuity of V¢ and the fact that
M, in nondecreasing, to obtain

Vo (x(w)) — Vo ()|l < Llix(u) —z|

fui(s) ds
0

<L

“olx)ll "
< L/ s ds < LMZ(M)/ sds,
0 0

N

which results in

Lu®> M, (u)
[V (x(w) — Vo) = — (12)
Then, from the definition of I, (#) we deduce that
t t a+3
IO = [ u 190 ) = Vool du = Z20 [ an = SO

@ Springer



838 Journal of Optimization Theory and Applications (2023) 199:831-855

For the second inequality, we proceed analogously to get

[v2pewnicn] = ngn T H
L / . _ LM(r) /
< lim [[x(s)]| ds < lim sds,
r-ur —u J, r—u r —u u
which yields
|26 i) < Lut.w. (13)
Then,
t t
FAGIIEY: / u® | V2 (x(u))i )| du < B f u* T LM (u) du
0 0
_ BLM ()1
- oa+2
as claimed. O

The dependence of M, on the initial condition z may be greatly simplified. To this
end, set

LBt Lt?

Hi)=1- - .
(@+2) 2a+3)

(14)

The function H is concave, quadratic, does not depend on z, and has exactly one
positive zero, given by

3 3\? 2 3
e () () e o

In particular, H decreases strictly from 1 to 0 on [0, 71].

Lemma 3.2 Foreveryt € (0, 11),

IV @)l
M _— 16
(1) < @ T DHO) (16)
Proof If 0 < u < ¢, using (8) and (10), along with Lemma 3.1, we obtain
. 2
llx (@) |l - I1:(w) + )l | IV ()] < Lu n LBu M)
u uot! a+1 2+3) a+2
Vo)l

e 1

+ o) (17)
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Since the right-hand side is nondecreasing in ¢, we take the supremum for u € [0, 7]
to deduce that

M(t)<|: Li? —i—Lﬂt:IM(l‘)-i-
ST 2@ +3) a+2]°

Ve ()|l
a+1

Rearranging the terms, and using the definition of H, given in (14), we see that

Vo)l
H(OM (1) = ———— PR

We conclude by observing that H is positive on (0, 71). O
By combining Lemmas 3.1 and 3.2, and inequalities (12) and (13), we obtain:

Corollary 3.1 Foreveryt € (0, T1), we have

L) + ()] < ¢+ [1 - H(t)] IV ()l

H (1) (@+1)°
Vo)l

2 - -
[(Vo @) = V@) + V20 )in)| < [ +pL La TOHO

We highlight the fact that the bound above depends on z only via the factor || V¢ (2) ||

3.2 Estimates for the Restarting Time

We begin by finding a lower bound for the restarting time, depending on the parameters
o, B and L, but not on the initial condition z.

Lemma 3.3 Let z ¢ argmin(¢), and let x be the solution of (DIN-AVD) with initial
conditions x(0) = z and x(0) = 0. For every t € (0, t1), we have

2 2
G, £(0) > LIV @)l <1 _ Qa+3)BLt (¢ +2)Lt )

T (@ + D2H(0)? (@ +2) (a+3)

Proof From (8) and (10), we know that

i) = —tia(lz(t) + 1) - O%st(z). (18)
On the other hand,
o [ 0+ 1.0) | = = 2 (10 + 020) + (0(x00) - V(2)
+ BV P (x(1)x(1).
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Then,

i) = (1 (1) + J.(1) — (Vo (x (1)) — V() — BV (x(1))x(t)
- mv¢(Z)
= A(t) — B(1),
where
1
A(r) = (1 )+ J.(1)) — FV¢(Z)
and

B(1) = (Vo (x(1)) — V§(2)) + BV (x (1) (1).
With this notation, we have
(x(1), ¥(1)) = (x(1), A1) — (x(1), B(1)) = (1), A()) — x| |B@®)]l.

For the first term, we do as follows:

1
(X(@0), At)) = — < (I(t)—i—J(t))—I—TVcﬁ(z) a+1(1(r)+J(t))

1
_a—_HV¢>(z)>

t 5 o .
> G V@I — a0 + L0

(¢ —1)

T @ Ve@HIL® + L0l

) 1—H(t)j|2 Vo2

" @ +1)2”V¢(Z)” @ +1)2|: i | V@l
_le-Di[1-H® R

(a+1)2[ H(@D) }”V"S(Z)”
1Y@ (1 [1_H(,)T [I_H(’)D
_HVe@IE (| [L=HOT

e+ 17 H(t) H()

HIVe@|

= TR (HO? ~a(l = HO) ~ @~ VHO( - HO))
1V @)
B m«wr DH (1) — a),
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where we have used the Cauchy—Schwarz inequality and Corollary 3.1. For the second
term, we first use (18) and observe that

! \Y%
”X(t)” = t_a”Iz(t) + Jz(l)” =+ ||V¢(Z)|| < (t ” ¢(Z)”

t
(@+1) a+ DH()

and

Lt? Vo)l
B() < |:T +,3Lfi| @ DHD'

by Corollary 3.1. We conclude that

(x(@),%(@)) > M ((a +DH(@) — o — L—tz - ,3Lt>
’ T (a4 D2H(1)? 2

_ _tIVe@I? ( _ Qa+3)pLt (@ + 2)Lt2>
@+ DZH(@)? (@ +2) @+3) )’

as stated. O

The function G, defined by

Qa+3)BLt  (a +2)Lt? Lt?
Git)=1- — =(+1)H() — o — — — BLt,
(1) @2 @13 ( VH (1) > P
19)
does not depend on the initial condition z. Its unique positive zero is
_ (@+3)Qa+ S)ﬂ (@+3)2Qa+3)? , (@+3) 20)
B 2(a +2)2 4(a +2)4 (@ +2)L°

In view of the definition of the restarting time, an immediate consequence of Lemma
33is

Corollary 3.2 Let T, = inf {T(z) v argmin(¢)}. Then, 13 < Ty.

Remark 3.1 If 8 = 0, then
(a+3)
3= |—.
(¢ +2)L

The case « = 3 and B = 0 was studied in [31], and the authors provided %Z as a
lower bound for the restart. The arguments presented here yield a higher bound, since

6 1 4
T3 = _—> = > —.
PTVSLT UL sVL
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Recall that the function H given in (14) decreases from 1 to 0 on [0, 71]. Therefore,
H(t) > % for all ¢ € [0, 7p), where

(1Y (a+3 a+3)\? a+3
n=A (5)__<a+2)ﬂ+\/(a+2> pe L~ 1)

Evaluating the right-hand side of (19), we see that

(1 —a)— L3 —2BL7,

G(n) = 2

<0,

whence
71 >17 > 13 > 0. (22)

These facts will be useful to provide an upper bound for the restarting time.

Proposition 3.1 Ler z ¢ argmin(¢), and let x be the solution of (DIN-AVD) with
initial conditions x(0) = z and x(0) = 0. Let ¢ satisfy (6) with u > 0. For each
T € (0, 10) N, T(2)], we have

(a +1)2 17
T(Z) < Texp [m} , where W(T) = [2 — %} .

Proof In view of (8) and (10), we can use Corollary 3.1 to obtain

1 | v
= SO +I@l <7 [ 1} IVg @)

. T
O+ Ve Ho | @+

From the (reverse) triangle inequality and the definition of H, it ensues that

(O =

a+1

s

TV (D)l . 1 1 IVé @Il _ o L [ IVe@l

a+1 H(7) (x+1) H(t)
whichis positive, because T € (0, 12). Now, taket € [, T'(z)]. Since || (1) |1 increases
in [0, T(z)], Remark 2.1 gives

1

j—t¢(x(t)) < —% %01 < —% % (0))* < - [

at?¥ (z) [V (2)II?
(a +1)2

Integrating over [z, T'(z)], we get

2 2
a0 (1) [V (2] }n[T@] (24)
(a4 1)2 t

P(x(T () —p(x(1)) < — |:
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It follows that

2y (1) |V 2 T
[af @ V)| }n[ (z)} < (x(0) — ST D)) < B(0) — 6°

(a+1)2 T
2
_ V@i
= 2
in view of (6). It suffices to rearrange the terms to conclude. O

Corollary 3.3 Let ¢ satisfy (6) with u > 0, and let T, € (0, t2) N (0, Ty]. Then,

(@ + 1)? ]

sup {T'(2) : z ¢ argmin($)} < 7 exp [m

4 Function Value Decrease and Proof of Theorem 2.2

The next result provides the ratio at which the function values have been reduced by
the time the trajectory is restarted.

Proposition 4.1 Let z ¢ argmin(¢), and let x be the solution of (DIN-AVD) with
initial conditions x(0) = z and x(0) = 0. Let ¢ satisfy (6) with u > 0. For each
T € (0, ) N0, T(2)], we have

oe;uzlll(r)

P(x() — ¢ 5[1 @17

] (¢(x) — 97)

foreveryt € [1, T (2)]

Proof Take s € (0, 7). By combining Remark 2.1 with (23), we obtain

2 2 2
s [V [2 1 } L _wIVQIP,

i¢(x(s)) <2 lEeIP < _
ds Tos CEE H(s) @+ 12

because H decreases in (0, t1), which contains (0, 7). Integrating on (0, ) and using
(6), we obtain

etV (@) IVe @I
2(a + 1)2

} (¢(2) — ¢%).

P(x(0) —¢" < ¢(2) — "

- |:1 3 aputW (1)
- (o +1)2

To conclude, it suffices to observe that ¢ (x()) < ¢(x (7)) in view of Remark 2.1. O
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Remark 4.1 Since ¥ is decreasing in [0, 12), we have ¥ (1) > ¥ (t,) > 0, whenever
0 <t < 1, < 1p. Moreover, in view of (22) and Corollary 3.2, we can take 7, = 73
to obtain a lower bound. If 8 = 0, we obtain

2
1 77 1 20+ 477
W) >W(r3) =|2— =2-—F| =|2-
2042 2
2043

which is independent of L. As a consequence, the inequality in Proposition 4.1
becomes

4o +3)

o) =o' < (1= et

) (¢ (x0) — ¢%).

For o = 3, this gives

8
P(x(0) —¢" < (1 - E%) (¢ (x0) — ¢").

For this particular case, a similar result is obtained in [31] for strongly convex functions,
namely

p(x(1) —¢* < 1—3<6—7)2ﬁ ($(x0) — &%)
= »5\71) L 0 :

Our constant is approximately 66.37% larger than the one from [31], which implies
a greater reduction in the function values each time the trajectory is restarted. On
the other hand, if § > 0, we can still obtain a slightly smaller lower bound, namely

200 4 1
'4
(13) > <2a+2

2
) , independent from 8 and L. The proof is technical and will be

omitted.

Proof of Theorem 2.2 Adopt the notation in Definition 2.1, take any 7, € (0, ) N
(0, Ty], and set

. (@ + 1) 3 17
7 = 1. eXp [W} , Wwhere V¥ (ty) = |:2 — H(r*)] .

In view of Corollaries 3.2 and 3.3, we have
T <T(x) <t"

for all i > 0 (we assume x; ¢ argmin(¢) since the result is trivial otherwise). Given
t > 0, let m be the largest positive integer such that mt* < z. By time ¢, the trajectory
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will have been restarted at least m times. By Proposition 2.1, we know that

¢(Xx0 (t)) = ¢(Xx0 (m‘t*)) = ¢(Xx0 (mf*))

We may now apply Proposition 4.1 repeatedly to deduce that

B a,urflll(r*)] 1

$(10(0) = 9" < 0" (0(a0) — 9") where 0 = |1~ HEEC

By definition, (m + 1)7* > t, which entails m > r[—* — 1. Since Q € (0, 1), we have
‘ 1 1
o"<ov = —exr)( n(*Q) t> :
T

and the result is established, with C = Q" !and K = — Tl—* In(Q). The proofis finished
due to the fact that ¢ (u) < ¢™ + %Hu — u*||? for every u* € argmin(¢). O

The convergence rate given in Theorem 2.2 holds for C and K of the form

oc/nfllf(r*)]_l

C=C(n) = [1 PRSI

and

2 2
K:K(t*)z—riexp[ @+ ]m[pM]

. C2aputl¥(ty) (a + 1)2
aput ¥ (t) [ (@+1)>
@+ D2 TP T 2apt2w(n,) |’

for any 7, € (0, 72) N (0, 7%]. In view of (22) and Corollary 3.2, 7, = 13 is a valid
choice. On the other hand, the function K (-) vanishes at T € {0, 72} and is positive on
(0, 7). By continuity, it attains its maximum at some T4 € (0, ©o) N (0, Ty]. Therefore,
K (74) yields the fastest convergence rate prediction in this framework.

Remark 4.2 1t is possible to implement a fixed restart scheme. To this end, we modify
Definition 2.1 by setting 7; = t, with any t € (0, 72) N (0, T4], such as 7, or 3, for
example. In theory, 7, gives the same convergence rate as the original restart scheme
presented throughout this work. From a practical perspective, though, restarting the
dynamics too soon may result in a poorer performance. Therefore, finding larger values
of 7, and 73 is crucial to implement a fixed restart (see Remarks 3.1 and 4.1).

5 Numerical lllustration

In this section, we provide a very simple numerical example to illustrate how the
convergence is improved by the restarting scheme. A more thorough numerical anal-

@ Springer



846 Journal of Optimization Theory and Applications (2023) 199:831-855

Fig.4 Values along the 107 e
trajectory, with (red) and I
without (blue) restarting, for 07
(DIN-AVD)

(x(t)

10-10

10712

1071

ysis will be carried out in a forthcoming paper, where implementable optimization
algorithms will be analyzed.

5.1 Example 1.2 Revisited

We consider the quadratic function ¢ : R?> — R, defined in Example 1.1 by (2), with
p = 10. We set « = 3.1 and f = 0.25 and compute the solutions of (AVD) and
(DIN-AVD), starting from x(1) = x; = (1, 1, 1) and zero initial velocity, with and
withoutrestarting, using the Pythontool odeint from the scipy package. Figure 4
shows a comparison of the values along the trajectory with and without restarting, first
for (AVD), and then, for (DIN-AVD). We observe the monotonic behavior established
in Proposition 2.1, as well as a faster linear convergence rate. We shall provide more
quantitative insight in a moment.

However, one can do better. As mentioned earlier, restarting schemes based on
function values are effective from a practical perspective, but show an erratic behavior
as the trajectory approaches a minimizer. It seems natural as a heuristic to use the first
(or n-th) function-value restart point as a warm start, and then apply speed restarts,
for which we have obtained convergence rate guarantees. Although the velocity must
be set to zero after each restart, there are no constraints on the initial velocity used to
compute the warm starting point. The results are shown in Fig. 5, with initial velocities
X(1) =0and x(1) = — BV (x1), respectively.

A linear regression after the first restart provides estimations for the linear conver-
gence rate of the function values along the corresponding trajectories, when modeled
as ¢(x (1)) ~ Ae™B", with A, B > 0. The results are displayed in Table 1. The abso-
lute value of the exponent B in the linear convergence rate is increased by 34.67% in
the case x(1) = 0, and by 39.86% in the case x (1) = —BV ¢ (x1). Also, the minimum
values for the methods presented in Fig. 5 can be analyzed. The last and best function
values on [1, 25] are displayed in Table 2. In all cases, the best value without restart is
approximately 10* times larger than the one obtained with our policy. We also observe
similar final values for the restarted trajectories despite the different initial velocities.
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— B=0-Restart 102

—— B=025-Restart
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0 5 10
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Fig. 5 Top: Values along the trajectory, with warm start, for (AVD) (blue) and (DIN-AVD) (red), with
X(1) = 0(eftyand x (1) = —BV¢p(x1) (right). Bottom: Includes trajectories without restarting, for reference

Table 1 Coefficients in the

S (1) =0 x(1) = —BVe(x1)
linear regression, when B= B=025 B=0 B =025
approximating i i
—B
P(x (1) ~ Ae™?! A 3.7545 8.16e—6 3.2051 1.65¢—05
B 0.8837 1.1901 0.859 1.2014

Table 2 Values reached for ¢ at t = 25

() =0 x(1) = —BVe(x1)

B=0 B =0.25 B=0 B =025
Last value without restart 0.0009 3.4793e—07 0.0079 2.8094e—07
Best value without restart 4.0697e—06 2.8024e—14 3.2770e—05 3.2760e—14
Last/best value with restart and warm start  9.8118e—10  2.0103e—18  1.3940e—09  1.9452e—18

5.2 A First Exploration of the Algorithmic Consequences

Different discretizations of (DIN-AVD) can be used to design implementable algo-
rithms and generate minimizing sequences for ¢, which hopefully will share the stable
behavior we observe in the solutions of (DIN-AVD). Three such algorithms were first
proposed in [7], for which we implemented a speed restart scheme, analogue to the one
we have used for the solutions of (DIN-AVD). Since we obtained very similar results
and the numerical analysis of algorithms is not the focus of this paper, we describe
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— IGAHD
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—— IGAHD-Restart-values
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Fig.6 Function values along iterations of Algorithm 1 without (left) and with (right) warm start

only the simplest one in detail and present the numerical results for that one. As in
[31], a parameter kpj, is introduced, to avoid two consecutive restarts to be too close.

Algorithm 1: Inertial Gradient Algorithm with Hessian Damping (IGAHD) -
Speed Restart version

Choose xq, x] € R", N, kpin and & > 0. Set j = 1.
fork=1...N do
Compute yg = xg + (1 = ) (g — x¢—1) = BR(Vp(xp) — Ve (xk—1))
and then x; 4 = y; — h2V¢(yk).
if" }‘)C'k+11_ X ” < ”xk — Xp—1 ” and j > kpi, then
i=1

else
| j=Jj+1

end
return xy .

Example 5.1 We begin by applying Algorithm 1, as well as the variation with the
warm start, to the function ¢ : R®> - R in Examples 1.1 and 1.2, with the parameters
kmin =10, 8=h =1/ VLanda = 3.1. Figure 6 shows the evolution of the function
values along the iterations. The coefficients in the approximation ¢ (x;) ~ Ae™ 5,
with A, B > 0, obtained for each algorithm, are detailed in Table 3. As one would
expect, the value of B is similar and that of A is significantly lower. Also, Table 4
shows the values obtained along 1000 iterations. The best value without restart is 10°
times larger than the one obtained with our policy.

Example 5.2 Given a positive definite symmetric matrix A of size n x n, and a vector
b € R", define ¢ : R" — R by

1
¢(x) = ExTAx +bTx.

For the experiment, n = 500, A is randomly generated with eigenvalues in (0, 1),
and b is also chosen at random. We first compute L, and set kpyin = 10, h = 1/ VL,
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Table 3 Coefficients in the

. . Algorithm 1 Algorithm 1 with warm start
linear regression

¢ (xg) ~ Ae” B! for Example A 0.3722 1.0749¢—4

5.1

B 0.0571 0.057

Table 4 Functions values for Example 5.1

Last iteration without restart 1.2927e—20

Best iteration without restart 2.2907e—24
Last/best iteration with restart and warm start 2.0206e—29

— IGAHD 10 — 1GAHD
—— IGAHD-Restart —— IGAHD-Restart-values

10! 100

0 250 500 750 1000 1250 1500 1750 [ 250 500 750 1000 1250 1500 1750
Iteration k Iteration k

Fig.7 Function values along iterations of Algorithm 1 without (left) and with (right) warm start

Table 5 Coefficients in the

. . Algorithm 1 Algorithm 1 with warm start
linear regression
Pl ~ Ae Bl for Example 4 3813.01 1.6142

’ B 0.0117 0.0121

a = 3.1 and B = h. The initial points xo = x; are generated randomly as well.
Figure 7 shows the comparison for Algorithm 1 and a variation of it giving a warm
start as the one described in the continuous setting. That is, to restart the first time
when the function increases instead of decrease, and then, performing the speed restart
detailed on Algorithm 1. It can be seen that the restart scheme stabilizes and accelerates
the convergence in both cases. The coefficients obtained for each algorithm in the
approximation ¢ (x;) ~ Ae B8’ with A, B > 0, are presented in Table 5. Also,
Table 6 shows the value gaps obtained along 1800 iterations. The best value without
restart is more than 10* times larger than the one obtained with restart.

6 Conclusions
We have proposed and analyzed a speed restarting scheme for the inertial dynamics

with Hessian-driven damping (DIN-AVD), introduced in [5]. We have established a
linear convergence rate for the function values, which decrease monotonically to the
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Table 6 Function values for Example 5.2

Last iteration without restart 0.0139
Best iteration without restart 9.4293e—06
Last/best iteration with restart and warm start 5.8481e—10

minimum along the restarted trajectories, when the function ¢ has quadratic growth,
for every value of « > 0 and B > 0. As a byproduct, we improve and extend the
results of Su, Boyd and Candes [31], obtained in the strongly convex case for o = 3
and 8 = 0.

Our numerical experiments suggest that the Hessian-driven damping and the restart-
ing scheme produce a better improvement in the performance of the dynamics and
related iterative algorithms—for the purpose of approximating the minimum of ¢—
when used together, compared to using either technique separately.
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Appendix A: Proof of Theorem 2.1
Consider the differential equation
(@) + y(0x@) + F(x(@)x(@) + G(x(1)) = 0. (25)

We assume that y is continuous and positive, with lim;_,o y (f) = 400, and that F
and G are (continuous and) sufficiently regular so that, for each § > 0, the differential
equation (25)—with initial conditions x(§) and x(§) given—has a unique solution
defined on [8, T), for some T, € (0, oo]. Let

M@, 1) = SESP] {r ) I1%5(s) = voll }- (26)
selo,t

We have the following:
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Theorem A.1 Assume there is T > 0 such that

sup M(8,1) < +oo. Q7)
0<é<t<T

Then, the differential equation (25), with initial condition x(0) = x¢ and x(0) = vy,
has a solution.

Proof For § € (0, T), define x5 : [0, T] — R" as follows: for ¢t € [0, §], xs(¢) =
xo—+1tvg; and for¢ > &, x5 is the solution of (25) with initial condition x (§) = xo+dvg
and x(8) = vg. Notice that x; is a continuous function such that matches a solution of
(25) on [8, T']. From the hypotheses, there exist ¢, K > 0 and such that y (#) > ¢ and
M(@S,t) < K forall0O <8 <t < T. Therefore,

cllxs(s) — voll = y(s)llxs(s) —voll = M(8,1) < K, (28)

whenever 0 < § <s <t < T, so that

. K
lxs(s) —voll < -

for all s € [0, T']. As a consequence,
S KT
llxs(s) —xoll = | lxs(@)lldt < [lvolld + e

0

on [0, T7. It follows that (x;) is bounded in H'(0, T; R").

By weak sequential compactness and the Rellich—-Kondrachov Theorem (see, for
instance [12, Theorem 9.16]), there is a sequence (§,) converging to zero, such that
xs, converges uniformly to a continuous function x*, while X5, converges weakly in
L%(0, T; R™) to some y*. Clearly, x*(0) = xo. In turn, for ¢ € (0, T'], we have

() — ) —
x*(t) — xo ~ lim xs, (1) X0 (29)
t V—>00 t
Now, write ¢, (t) = x5, (t) — tvp. By the Mean Value Theorem, there is ¢, € (0, ¢) (we
may assume that 7, € (6,, t), actually), such that

tK

llxs, (1) — xo — tvoll = 160 () — £O)|| < tl|Ey (8| = tllks, () — vol| < ———,
srer;(l)nt] v(s)

in view of (28). Dividing by ¢ and using (29), we obtain

* —
x*(1) xo_UH< K

t ~ min y(s)

s€(0,1]
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The right-hand side tends to zero as t — 0. It remains to prove that x* satisfies (25).
To this end, take any ty € (0, T') and observe that §, < t for all sufficiently large v.
Therefore, x5, satisfies (25) on [tg, T') for all such v. Multiplying by

13
I(t) :=exp (/ y(s)ds) ,
0]

we deduce that

t t
F(t)szv(t)—F(to)szv(to)+/ F(S)f(x(sl,(S)))%av(S)dS+/ I(s)G(xs,(s))ds = 0.

to to

By taking yet another subsequence if necessary, we may assume that x5, (f9) converges
to some v*. From the uniform convergence of x5, to x* on [0, T'], and the weak
convergence of x5, to y* in L%(0, T; R™), it ensues that

t t
)y @) — I'(t)v* + / I'(s) f(x*(s))y*(s) ds + / I (s) Q(x*(s)) ds =0
) 0]

for all t € (tp, T). As a consequence, x* is continuously differentiable, x* = y, and
x* satisfies (25). O

Corollary A.1 Equation (DIN-AVD) has at least one solution.

Proof According to Theorem A.1, for the existence, it suffices to show that the expres-
sion M (8, t), defined in (26), is bounded for 0 < § <t < T, for some 7T > O.
Mimicking the proof of Lemma 3.2, we show that

IV (x0) BLt Lt?
a+1

H@HMEG, 1) < » with Hm:l_a+2_2(a+3)'

The only positive zero of H is 71, given by (15), and H is decreasing on (0, 71). Hence,
if T < 11, then

\Y%
sup M(8,1) < M < 400,
0<6<t<T (@ + DH(T)

as claimed. O

Proposition A.1 Equation (DIN-AVD), with initial condition x (0) = xo and x(0) = 0,
has at most one solution in a neighborhood of't = 0.

Proof Letx and y satisfy (DIN-AVD) with the same initial state and null initial velocity.
We define

M(t) = sup {||lx(u) — y@ll},
uel0,r)
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and proceed as in the proof of Lemma 3.1, to obtain
IV (x(1)) = Ve (y ()l < LtM (). (30)
As x and y satisfy (DIN-AVD), we integrate by parts to obtain
t
14 (x () = y() = —/ u” (Vo (x(@)) — Ve (y(u))) du
-8 / (V20 ()i = V2 (r@) i) du
- - /O W (V4 (x () = Vo (3)) du
rood
- ﬂ/ M“d— (Vo (x(u)) = Vo (yu))) du
0 u

t
__ /O u® (Vo (x(u)) — Vep(y(u))) du
— B (Vo (x(1)) — Vo (y(1)))
t
+ap fo W (Vo (x () — Ve (y(w))) du.

Using (30), and the fact that M () is increasing, we get
t ~ ~ t ~
%) — y@)| < / Lu®t"M(u) du + BL*T' M (1) +a,3/ Lu®M () du
0
1 20
< —LM@)“t? + LM%,
o+2 @) o+ 1 'B ®

Then,

[x(@) —y@I < : LM(T)T* + 2 ﬂLM(T)T
o+2 o+

whenever 0 < ¢ < T. Taking supremum, we conclude that

2 1
o+ BLi —

Lt?,
oa—+1 o+2

OQWM(T) <0 with Q(t)=1—

forall T > 0. Since Q(T) > 0 in a neighborhood of 0, it follows that M must vanish
there, whence x and y must coincide. O
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