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FIRST-ORDER OPTIMIZATION ALGORITHMS VIA INERTIAL SYSTEMS WITH
HESSIAN DRIVEN DAMPING

HEDY ATTOUCH, ZAKI CHBANI, JALAL FADILI, AND HASSAN RIAHI

ABSTRACT. In a Hilbert space setting, for convex optimization, we analyze the convergence rate of a class
of first-order algorithms involving inertial features. They can be interpreted as discrete time versions of
inertial dynamics involving both viscous and Hessian-driven dampings. The geometrical damping driven
by the Hessian intervenes in the dynamics in the form V2 f(z(t))Z(t). By treating this term as the time
derivative of V f(x(t)), this gives, in discretized form, first-order algorithms in time and space. In addition
to the convergence properties attached to Nesterov-type accelerated gradient methods, the algorithms thus
obtained are new and show a rapid convergence towards zero of the gradients. On the basis of a regulariza-
tion technique using the Moreau envelope, we extend these methods to non-smooth convex functions with
extended real values. The introduction of time scale factors makes it possible to further accelerate these
algorithms. We also report numerical results on structured problems to support our theoretical findings.
Key words: Hessian driven damping; inertial optimization algorithms; Nesterov accelerated gradient method;

Ravine method; time rescaling.
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1. INTRODUCTION

Unless specified, throughout the paper we make the following assumptions

‘H is a real Hilbert space;
f:H — R is a convex function of class C2, S = argmin f # (;

v, B, b : [tg, +oo[— RT are non-negative continuous functions, ¢y > 0.

As a guide in our study, we will rely on the asymptotic behavior, when t — 400, of the trajectories of the
inertial system with Hessian-driven damping

B(t) + ()@ (t) + BV f (2(t)(t) + b)Y f(x(t) = 0.

~(t) and B(t) are damping parameters, and b(t) is a time scale parameter.

The time discretization of this system will provide a rich family of first-order methods for minimizing f.
At first glance, the presence of the Hessian may seem to entail numerical difficulties. However, this is not
the case as the Hessian intervenes in the above ODE in the form V2 f(z(t))4(¢), which is nothing but the
derivative wrt time V f(xz(t)). This explains why the time discretization of this dynamic provides first-order
algorithms. Thus, the Nesterov extrapolation scheme [25, 26] is modified by the introduction of the difference
of the gradients at consecutive iterates. This gives algorithms of the form

Yk =z + ag(@r — zp-1) = B (Vf (k) — Vf(zr-1))
Tr1 = T'(yr),
where T, to be specified later, is an operator involving the gradient or the proximal operator of f.

Coming back to the continuous dynamic, we will pay particular attention to the following two cases,
specifically adapted to the properties of f:

e For a general convex function f, taking v(t) = ¢, gives

(DIN-AVD), 56 Z(t) + %a'c(t) + BA)V2f(z(t)a(t) + b(t)V f(2(t)) = 0.



In the case 8 = 0, @ = 3, b(t) = 1, it can be interpreted as a continuous version of the Nesterov
accelerated gradient method [31]. According to this, in this case, we will obtain O (t‘z) convergence
rates for the objective values.

e For a p-strongly convex function f, we will rely on the autonomous inertial system with Hessian
driven damping

(DIN)o s () + 2/ (t) + BV f(x(t))i(t) + V f(2(t)) =0,
and show exponential (linear) convergence rate for both objective values and gradients.

For an appropriate setting of the parameters, the time discretization of these dynamics provides first-order
algorithms with fast convergence properties. Notably, we will show a rapid convergence towards zero of the
gradients.

1.1. A historical perspective. B. Polyak initiated the use of inertial dynamics to accelerate the gradient
method in optimization. In [27, 28], based on the inertial system with a fixed viscous damping coefficient
v >0
(HBF)  &(t) +ya(t) + Vf(z(t) = 0,

he introduced the Heavy Ball with Friction method. For a strongly convex function f, (HBF) provides con-
vergence at exponential rate of f(z(¢)) to ming f. For general convex functions, the asymptotic convergence
rate of (HBF) is O(1) (in the worst case). This is however not better than the steepest descent. A decisive
step to improve (HBF) was taken by Alvarez-Attouch-Bolte-Redont [2] by introducing the Hessian-driven
damping term BV?2f(z(t))i(t), that is (DIN)g 5. The next important step was accomplished by Su-Boyd-
Candes [31] with the introduction of a vanishing viscous damping coefficient v(t) = ¢, that is (AVD), (see
Section 1.1.2). The system (DIN-AVD), g1 (see Section 2) has emerged as a combination of (DIN) 3 and
(AVD),, . Let us review some basic facts concerning these systems.

1.1.1. The (DIN), 3 dynamic. The inertial system
(DIN), 5 B(t) +yi(t) + BV f(2(t)2(t) + Vf(2(t)) =0,

was introduced in [2]. In line with (HBF), it contains a fized positive friction coefficient . The introduction
of the Hessian-driven damping makes it possible to neutralize the transversal oscillations likely to occur with
(HBF), as observed in [2] in the case of the Rosenbrook function. The need to take a geometric damping
adapted to f had already been observed by Alvarez [1] who considered

#(t) +Ta(t) + Vf(x(t)) =0,

where I' : H — H is a linear positive anisotropic operator. But still this damping operator is fixed. For a
general convex function, the Hessian-driven damping in (DIN), g performs a similar operation in a closed-
loop adaptive way. The terminology (DIN) stands shortly for Dynamical Inertial Newton. It refers to the
natural link between this dynamic and the continuous Newton method.

1.1.2. The (AVD),, dynamic. The inertial system

(AVD)o (1) + Ti(t) + Vf(a(t) =0,

was introduced in the context of convex optimization in [31]. For general convex functions it provides a

continuous version of the accelerated gradient method of Nesterov. For a > 3, each trajectory z(-) of
(AVD),, satisfies the asymptotic rate of convergence of the values f(z(t)) —infy f = O (1/t?). As a specific

feature, the viscous damping coefficient ¢ vanishes (tends to zero) as time t goes to infinity, hence the

terminology. The convergence properties of the dynamic (AVD), have been the subject of many recent

studies, see [3, 4, 5, 6, 8,9, 10, 14, 15, 24, 31]. They helped to explain why ¢ is a wise choise of the damping
coefficient.
In [20], the authors showed that a vanishing damping coefficient ~(-) dissipates the energy, and hence

makes the dynamic interesting for optimization, as long as ft—;_oo ~(t)dt = +00. The damping coefficient can

g0 to zero asymptotically but not too fast. The smallest which is admissible is of order . It enforces the

t
inertial effect with respect to the friction effect.



The tuning of the parameter « in front of % comes from the Lyapunov analysis and the optimality of the
convergence rates obtained. The case o = 3, which corresponds to Nesterov’s historical algorithm, is critical.
In the case oo = 3, the question of the convergence of the trajectories remains an open problem (except in one
dimension where convergence holds [9]). As a remarkable property, for o > 3, it has been shown by Attouch-
Chbani-Peypouquet-Redont [8] that each trajectory converges weakly to a minimizer. The corresponding
algorithmic result has been obtained by Chambolle-Dossal [21]. For « > 3, it is shown in [10] and [24]
that the asymptotic convergence rate of the values is actually o(1/t2). The subcritical case o < 3 has been
examined by Apidopoulos-Aujol-Dossal[3] and Attouch-Chbani-Riahi [9], with the convergence rate of the

objective values O (t_%a). These rates are optimal, that is, they can be reached, or approached arbitrarily

close:
e a > 3: the optimal rate O (¢t™?) is achieved by taking f(z) = ||z||" with r — +oo (f become very flat
around its minimum), see [8].

e o < 3: the optimal rate O (t_%a) is achieved by taking f(z) = ||z||, see [3].

The inertial system with a general damping coefficient () was recently studied by Attouch-Cabot in [4, 5],
and Attouch-Cabot-Chbani-Riahi in [6].

1.1.3. The (DIN-AVD), g dynamic. The inertial system
(DIN-AVD), 3 #(t) + %i(t) + BVAf(2(t)(t) + Vf(2(t) =0,

was introduced in [11]. It combines the two types of damping considered above. Its formulation looks at a first
glance more complicated than (AVD),, . In [12], Attouch-Peypouquet-Redont showed that (DIN-AVD), s is
equivalent to the first-order system in time and space

i(t) + BV (@) — (3= %) 2(t) + Sy(t) = 0;
g(t) = (5= 5 +58) o®) + Sy = 0.

This provides a natural extension to f : H — R U {400} proper lower semicontinuous and convex, just
replacing the gradient by the subdifferential.

To get better insight, let us compare the two dynamics (AVD), and (DIN-AVD), s on a simple qua-
dratic minimization problem, in which case the trajectories can be computed in closed form as explained in
Appendix A.3. Take H = R? and f(z1,22) = (27 + 100023), which is ill-conditioned. We take parameters
a = 3.1, f =1, so as to obey the condition o > 3. Starting with initial conditions: (z1(1),z2(1)) = (1,1),
(£1(1),22(1)) = (0,0), we have the trajectories displayed in Figure 1. This illustrates the typical situation
of an ill-conditioned minimization problem, where the wild oscillations of (AVD), are neutralized by the
Hessian damping in (DIN-AVD), s (see Appendix A.3 for further details).

1.2. Main algorithmic results. Let us describe our main convergence rates for the gradient type algo-
rithms. Corresponding results for the proximal algorithms are also obtained.
General convex function. Let f : H — R be a convex function whose gradient is L-Lipschitz continuous.

Based on the discretization of (DIN-AVD) 5,5 , we consider

{yk =z + (1) (3 — 2x-1) — BV5 (VS (k) = Vi (@r-1) — BEV f(wr)
Thy1 = Yx — sV f(yr)-

Suppose that a > 3, 0 < 8 < 24/s, sL < 1. In Theorem 3.3, we show that
) ) —minf =0 (5) as k= oo
i) f(zx) — min f = ) a8 00;

i) > K[ VF(y)l* < +oo and Y K|V f ()| < +oo.
k k
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FIGURE 1. Evolution of the objective (left) and trajectories (right) for (AVD), (a = 3.1)
and (DIN-AVD), s (o =3.1,3=1) on an ill-conditioned quadratic problem in R?.

Strongly convex function. When f : H — R is p-strongly convex for some g > 0, our analysis relies on the
autonomous dynamic (DIN),, g with 7 = 2,/iz. Based on its time discretization, we obtain linear convergence
results for the values (hence the trajectory) and the gradients terms. Explicit discretization gives the inertial
gradient algorithm

1—/ns Bv's s
1+ /s 1+ /is 1+ s

1
Assuming that V f is L-lipschitz continuous, L sufficiently small and 5 < \7, it is shown in Theorem 5.4
m

Tk41 = Tk + (zk — xp—1) — (Vf(zk) = Vf(zr-1)) — V f(zx).

that, with ¢ = (0<g<1)

1
1+ %‘ /[LS
flag) — H%-ltnf =0(¢") and ||lz—2*||=0 (qk/2) ask — +oo0,
Moreover, the gradients converge exponentially fast to zero.

1.3. Contents. The paper is organized as follows. Sections 2 and 3 deal with the case of general convex
functions, respectively in the continuous case and the algorithmic cases. We improve the Nesterov conver-
gence rates by showing in addition fast convergence of the gradients. Sections 4 and 5 deal with the same
questions in the case of strongly convex functions, in which case, linear convergence results are obtained.
Section 6 is devoted to numerical illustrations. We conclude with some perspectives.

2. INERTIAL DYNAMICS FOR GENERAL CONVEX FUNCTIONS

Our analysis deals with the inertial system with Hessian-driven damping
(DIN-AVD)n 5p  &(t) + %i’(t) + B()V2f(x(t)x(t) + b(t)V f(2(t)) = 0.

2.1. Convergence rates. By specializing the functions 8 and b, the convergence rates obtained in the
following theorem make it possible to find most of the related results existing in the literature. The following
quantities play a central role in our analysis:

(1) w(t) = b(t) — B(t) —

@ and §(t) := t2w(t).

4



Theorem 2.1. Take o > 1. Let x : [to, +o0[— H be a solution trajectory of (DIN-AVD), 54 . Suppose that
the following growth conditions are satisfied:

(G2)  b(t) > B(t) +
(Gs)  ti(t) < (o= 3)w(?).
Then, w(t) is positive and
. . 1
i) f(z(t)) — H%_llnf =0 (M) as t — +00;
o0 5
ii)/t 28 w(t) ||V f(x(t))[I° dt < +oo;

iii) /+OO t((a — 3)w(t) — tu’;(t))(f(:v(t)) — min f)dt < +00
to H .
Proof. Given x* € argmin,, f, define for ¢t > t,

(2) E(t) == 6(t)(f(=(t)) — f(=7)) + % lo()I1*,
where v(t) == (o — 1)(z(t) —a*) + t (&(t) + BE)V f(x(t)) .

The function E(-) will serve as Lyapunov’s function. Differentiating E gives

3) %E( t) = 0()(f(x(1)) — (=) + 8(E)(V F(x(1)), (1)) + (v(t), 0(t)).

Using equation (DIN-AVD), 5, we have
o) = ai(t) + BV () + t[Et) + BOVF((t) + BV f(a(t)a(t)]
ai(t) + BV f(a(t) +t[ — §i(t) + (B(t) — b))V f(z(1))]

= 180+ 2 v sem)

Hence,
pt)

W), 5(1) = (a= (B0 + =2 = b)) (VF(a(®), 2(t) —a*)
Bt

(80 + 20 ) (v (), #0)
cs) (e + 2D ) 19 s
)
)

Let us go back to (3). According to the choice of 6(¢), the terms (V f(z(t)

S = SOE0) - 7))+ TS0 @), 27— ()

EOUONNFICION e

Condition (Gs) gives 6(¢) > 0. Combining this equation with convexity of f,

f(@®) = () = (Vf(2), 2" — (1)),

z(t)) cancel, which gives

we obtain the inequality

(4) O+ 050 195 + [C5280 - 50] () - 16 <o
Then note that

- (a ; 1)6(1&) —5(t) = t((a —3)w(t) — tw(t)>-

Hence, condition (G3) writes equivalently

©) = Vs) - s = o,

t
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d
which, by (4), gives %E(t) < 0. Therefore, E(-) is nonincreasing, and hence E(t) < E(tp). Since all the

terms enter E(-) are nonnegative, we obtain

E(to) .
e (o) - 50 - 22)

fla@®) — f(z") <

Then, by integrating (4) we obtain

+oo
/ BB V£ (2(t))I|* dt < E(to) < +oo,

and
+oo
| (0 =3pule) = i) (e - "))t < B(t) <+

which gives i) and #ii), and completes the proof. O |

2.2. Particular cases.

Case 1. The (DIN-AVD), s system corresponds to 5(t) = 5 and b(¢t) = 1. In this case, w(t) = 1 — g
Conditions (G») and (G3) are satisfied by taking v > 3 and ¢ > 2=23. Hence, as a consequence of Theorem
2.1, we obtain the following result of Attouch-Peypouquet-Redont [12]:

Theorem 2.2 ([12]). Let x : [to, +oo[— H be a trajectory of the dynamical system (DIN-AVD), 5. Suppose
a> 3. Then

fz(t)) — mq_itnf =0 (;2) and /OO 2|V £ (2(t))||*dt < +oo.

to

Case 2. The system(DIN-AVD)_ 5, s, which corresponds to S(t) = 8 and b(t) = 1 + % was considered
P51

in [30]. Compared to (DIN-AVD), s it has the additional coefficient % in front of the gradient term. This
vanishing coefficient will facilitate the computational aspects while keeping the structure of the dynamic.
Observe that in this case, w(t) = 1. Conditions (G2) and (Gs) boil down to oo > 3. Hence, as a consequence
of Theorem 2.1, we obtain

Theorem 2.3. Let x : [ty, +oo[— H be a solution trajectory of the dynamical system (DIN-AVD)
Suppose o > 3. Then

a,B,1+2

F(a(t) ~minf = O (;) and /OO 2|V f(2(t)) |2t < +o0.

to

Case 3. The dynamical system (DIN-AVD), o4 , which corresponds to 5(¢) = 0, was considered by Attouch-
Chbani-Riahi in [7]. It comes also naturally from the time scaling of (AVD), . In this case, we have
w(t) = b(t). Condition (Gs) is equivalent to b(t) > 0. (Gs) becomes

tb(t) < (o = 3)b(t),

which is precisely the condition introduced in [7, Theorem 8.1]. Under this condition, we have the convergence
rate

flz(t) — mﬁnf =0 (thl(t)> as t — +oo.

This makes clear the acceleration effect due to the time scaling. For b(t) = t", we have f(z(t)) — miny f =

1
@) (W)’ under the assumption oo > 3 4 7.
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F1GURE 2. Convergence of the objective values and trajectories associated with the system
(DIN-AVD),, g, for different choices of 8(t) and b(t).

Case 4. Let us illustrate our results in the case b(t) = ct®, B(t) = t?. We have w(t) = ct®—(B+1)tA~1 w'(t) =
cbt’=1 — (5% — 1)t#~2. The conditions (Gz), (G3) can be written respectively as:

(7) e > B+ DtP 1 and c(b—a+3)tP < (B+1)(B —a+2)tP L.

When b = 8 — 1, the conditions (7) are equivalent to § < ¢—1 and S < a — 2, which gives the convergence
1

rate f(z(t)) —minyg f = O <tﬂ+1>
Let us apply these choices to the quadratic function f : (z1,22) € R? — (21 + x2)2. f is convex but not
strongly so, and argmin f = {(z1,22) € R? : 15 = —x1}. The closed-form solution of the ODE with this
choice of 3(t) and b(t) is given in Appendix A.3. We choose the valuessa =5,8=3,b=F—-1=2andc=5
in order to satisfy condition (7). The left panel of Figure 2 depicts the convergence profile of the function
value, and its right panel the trajectories associated with the system (DIN-AVD), g for different scenarios
of the parameters. Once again, the damping of oscillations due to the presence of the Hessian is observed.

3. INERTIAL ALGORITHMS FOR GENERAL CONVEX FUNCTIONS

3.1. Proximal algorithms.

3.1.1. Smooth case. Implicit time discretization of (DIN-AVD), g5, with step size h > 0, gives

—9 _ —
Tt };Ezk e %7xk+lh Tk + %(Vf(xk-u) —Vf(zk)) + b Vf(zk+1) = 0.
Equivalently
k(rpse1 — 22, + 2p—1) + (@pp1 — ) + Buhk(V f(zp41) — V(2r))
(8) +bh?kV f(zg 1) = 0.



Set s = h?. We obtain the following algorithm with 8 and b, varying with k:

(IPAHD): Inertial Proximal Algorithm with Hessian Damping.

Stepk : Set uy := H%(ﬁkﬁ*’ sby,).

Yk = Tk + (1 - k%) (zr — Tp—1) + Be/s (1 - kiﬁ) V f(zy)

Th4+1 = PTOXukf(yk)-

(IPAHD) {

Theorem 3.1. Suppose that o > 1. Set
(9) O = h(behk = Bryr — K(Brsa = By) ) (k + 1),

and suppose that the following growth conditions are satisfied:

(G2) brhk — Bry1r — k(Bit1 — Br) > 05

Ok
— 5. < (o — )
(G3) Opt1— 0k < (« 1)k 1

Then, 0y, is positive and, for any sequence (xy), oy generated by (IPAHD)

. (1Y 1
0 ) -mns =0 () O(Mk+n@m—;mﬂ—u%H—m»)
i) > kBt [V f(@rp)[|* < +o0,

k

Proof. Given z* € argmin f, set

B = (7 ) — F@) + 5 Il

where
v 1= (a — 1)(a:k — a?*) + k’(l’k — Tp—1 + Bkhvf(xk))?

and (0r),cy 18 a positive sequence that will be adjusted. Set AE}, := Ey 41 — Ey, i.e.,

AEy, = (0k41 — 0k) (f(xrt1) — f(@7)) + 0 (f (2r11) — flr)) + %(HWHHQ = llvell®)

Let us evaluate the last term of the above expression with the help of the three-point identity 1 ||vg41 12 -

2 2
vkll” = (kg1 — vk, veg1) — 3 e — okl
Using successively the definition of v; and (8), we get

Vg1 — vk = (= 1) (w1 — 2x) + (K + D) (@41 — 5 + o1 AV f(2h41))
—k(rp — zp—1 + BehV f(zr))

= a(Tp41 — k) + k(Tpp1 — 225 + 2p—1) + Bet1 AV f(Tr41)

+hk(Brt1V f(xryr) — BV f(zr))

= [a(@pr1 — og) + k(Tr1 — 22k + 2p-1) + kB (V[ (2141) — V(21))]
+Bk+1hV f(zr11) + kh(Brs1 — Br)V f(zk41)

= —bph®kV f(zis1) + BrrrhV f (g1) + kh(Beg1 — Be) V f (Trt1)

= h(ﬂk—&-l + k(Br+1 — Br) — bkhk) Vf(@rs1).
8



Set shortly Cy = Br+1 + k(Br+1 — Br) — bphk. We have obtained

1 2 1 2 h2 2 2
Sloksall” = Sllvel® = == CilV f (241

(Vf(@r41), (@ = D)(@ps1 — ) + (k + 1) (@k+1 — Tk + L1 AV f(2r41)))
= —hQ(%Cif - Ckﬂk+1> IV f(@xi)lI* = (@ = DACK(V f(zr11), 2° — Thia)
—hCy(k + 1V f(Tr11), Tk — Thy1)-

Let us assume that, for k£ large enough

—C = bihk — Br41 — k(Br+1 — Br) > 0.

Then, in the above expression, the coefficient of |V f(xy41)||? is less or equal than zero, which gives

1 1
slonal® = Sllokl® < =(@ = DACK (Vf(@ri1), 2 — @pia)
—hC(k + 1) (V f(Ths1), T — Thot) -

According to the (convex) subdifferential inequality and Cy < 0, we infer

1 1

§||’Uk+1||2 - §||Ulc||2 < —(a = DhCk(f(z") = f(@k+1)

—hCi(k+ 1) (f(zk) = f(@k+1))-
Take 6, ;== —hCi(k+1) = h(bkhlc — Br+1 — k(Br+1 — /J’k))(k + 1) so that the terms f(z) — f(zr+1) cancel
in Ex41 — Ei. We obtain

Eyri1 —E; < (6k+1 — 0k — (o = 1)h(bphk — Brg1 — k(Bry1 — 5k))) (f(xrg1) = f(2))
Equivalently

Epy1 — Ep < (5k+1 — 0 — (a— 1)k7J’:1)(f($k+1) = f(=")).
Ok

By assumption (Gs), we have 0x11 —d) — (a — 1) 175 < 0. Therefore, the sequence (Ej),cy is non-increasing,
which, by definition of E}, gives, for k > 0
. Eqy
- <=9,
fla) —min f < =
By summing the inequalities

h
Eicir = B+ h(5 (Bt + k(B = Bi) = bihk)? + 61 ) [V F @) | < 0
we finally obtain >, 0k 8k+1 ||V f(zr41)]? < +o0. a O

3.1.2. Non-smooth case. Let f : H — R U {400} be a proper lower semicontinuous and convex function.
We rely on the basic properties of the Moreau-Yosida regularization. Let fy be the Moreau envelope of f of
index A > 0, which is defined by:

. 1 2
fHlx) = gégr{l{f(z) + o |z — || }, for any x € H.

We recall that f, is a convex function, whose gradient is A~!-Lipschitz continuous, such that argmin f\ =
argmin f. The interested reader may refer to [17, 19] for a comprehensive treatment of the Moreau envelope
in a Hilbert setting. Since the set of minimizers is preserved by taking the Moreau envelope, the idea is to
replace f by f» in the previous algorithm, and take advantage of the fact that fy is continuously differentiable.
The Hessian dynamic attached to f) becomes

(1) + S(t) + BV a(@(t)a(t) + OV r(a(1)) = 0.
9



However, we do not really need to work on this system (which requires f to be C?), but with the discretized
form which only requires the function to be continuously differentiable, as is the case of f). Then, algorithm
(IPAHD) now reads

g =wn+ (1 525 ) (o —2i0) + 8Y5 (1= 525) V(o)
Tht1 = PIOX k(8 /5+sbi) fa (Yk)-

By applying Theorem 3.1 we obtain that under the assumption (G2) and (Gs),
Paar) = minge f = O (5 ) s S BRIV Aa(@psn) |2 < +oo.

Thus, we just need to formulate these results in terms of f and its proximal mapping. This is straightforward
thanks to the following formulae from proximal calculus [17]:

o fa(r) = f(prOXAf( T)) + i”x PTOX,\f H

o Vi(z) = by (x—PYOX,\f( ))

® proxyy, (z) = )\iex + )\Jre prox(Aw)f(x).
We obtain the following relaxed inertial proximal algorithm (NS stands for Non-Smooth):

(IPAHD-NS) :

Alk+a)
Set pu, : = X(kFa)+k(Bvs+sbr)

yp = x + (1 — kj%a)(xk — 1)+ 53\/5 (1 - ﬁ) (ack - prox,\f(xk))
a1 = ek + (1= i) Prox s ¢ ().

Theorem 3.2. Let f : H — RU{+o0} be a convez, lower semicontinuous, proper function. Suppose that
the following growth conditions are satisfied

(G2)  bphk — Brg1 — kE(Bet1 — Br) > 0

Ok
— < -1
(G3) Orp1— 0k < (a )k 1

where the sequence (0x) has been defined in (9). Then, for any sequence (xy), oy generated by (IPAHD-NS),
the following holds

f(prox, p(zx)) — mlnf o <l<:2b ) ; Z5k5k+1 | zk+1 *PTOX,\f(Jka)HQ < +o0.
k

3.2. Gradient algorithms. Take f a convex function whose gradient is L-Lipschitz continuous. Our analy-
sis is based on the dynamic (DIN-AVD) B1LE considered in Theorem 2.3 with damping parameters o > 3,
B+ 5

B = 0. Consider the time discretization of (DIN-AVD), 5, s

(Vf(zx) = VI(xp-1))

e

1 «
g(fEkH — 2z +p—1) + —(zk — 2p—1) +

k‘s(
k\[vf(fk 1)+ Vf(ye) =0,

with y, inspired by Nesterov’s accelerated scheme. We obtain the following scheme:

(IGAHD) : Inertial Gradient Algorithm with Hessian Damping.

Step krag, =1 — .

Yk = Tk + oz — 2p—1) — BVs (Vf(xr) — V(zp—1)) — ﬂ}fvf(ﬂ?k—l)
Try1 = Y — sV f(yr),

whence ty = 1 + tp1 0.
10
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Following [5], set ti4+1 =



Given 2* € argmin f, our Lyapunov analysis is based on the sequence (E}), oy
1
(10) By = t3(f(zx) — f(z")) + 2*5\|Uk||2

(11) Vg 1= (Q?k,1 — .7;*) + 1 (l‘}g — Tp—1+ ﬁ\/EVf(xkfl))

Theorem 3.3. Let f:H — R be a conver function whose gradient is L-Lipschitz continuous. Let (T),cy
be a sequence generated by algorithm (IGAHD), where a > 3, 0 < 8 < 2y/s and sL < 1. Then the sequence
(Ex)pen defined by (10)-(11) is non-increasing, and the following convergence rates are satisfied:

. . 1
i) Fla) —min f = O (k) a5 s = 100
ii) Suppose that 3 > 0. Then

S ORIV w)? < +oo and Y K|V f (@) < +oo.
k k

Proof. We rely on the following reinforced version of the gradient descent lemma (Lemma A.1 in Appen-
dix A.1). Since s < %, and V f is L-lipschitz continuous,

= sVI@)) < J(@) + (VF@W).y — ) = SIVFWIP = SIVF@) - VFW)IP

for all x,y € H. Let us write it successively at y = yx and x = xy, then at y = yx, z = 2*. According to
Try1 = Yr — sV f(yx) and Vf(z*) = 0, we get

(12) Faren) < f) +(VFe).us = 2) = S IVI @ = SV @) = VF )l
(13) Fann) < F@) + (VL) ye = a7) = SIVA@I = IV ).
Multiplying (12) by tg+1 — 1 > 0, then adding (13), we derive that

1 (f(@rr1) = f(27)) < (Gepr = D)(f () = f(27))

HV ) (en = Do = ) + v = 2%) = St [V w0

S

(e = DIVF@e) = VA = 51V F )%
Let us multiply (14) by tx41 to make appear Ej,. We obtain
B r(F@rn) = £2) < (B = s — ) () = F@) + B (f (i) = (@)
e (VFR), (e = Do = o) + v = 2) = S84 VA0 P
—S (@1 — ) [VF @) = V@I = St [V F ) |
Since o > 3 we have ti+1 —tgr1 — ti < 0, which gives
Bar(f@rss = f@) S B () ~ f(@%))

+tk+1<vf(yk)a (tot1 — 1)(Z/k — k) + Yk — 37*> 2t2+1\|Vf(yk)||2
s

S E e =tV @r) = V)2 = St | VF () |2

According to the definition of Fj, we infer

* S
Eppn—Ery <t idVF(e), (B — D(yw — ) +yp — %) — itiHIIVf(yk)IlQ

(tigr = o)1V (@) = V() I* = %tk—&-lnvf(yk)Hz

(14)

S

S

2
1 2 1 2
ool = o= ol

Let us compute this last expression with the help of the elementary inequality

1 1 1
vkl = Zllvell® = (Wes1 — vk, vrg1) — 5 llvkgr — vkl
2 2 2

11



By definition of vy, according to (IGAHD) and t; — 1 = ti410%, we have
Vkt1 — Uk = Tk — Th—1 + L1 (T — 2k + BVsV f(xr))
—ti(zp — 2p—1 + BVsV f(2r-1))
=1 (Thpr — k) — (e — D(zp — 28-1) + Bx/g(tkﬂvf(xk) - thf(xk—ﬂ)

=tpt1 ($k+1 — (xp + arlor — $k71)) + 5\/§(tk+1vf($k) - tkvf(xkq))

= tpy1 (Teg1 — Yk) — L1 BVS(Vf(ar) = VI (@p-1)) — tepa BT\/gi(xk—l)
+BVs(tir 1V f(2r) — teV f(wr-1))

=ttt (Trpr — yu) + BVs (tk+1(1 - %) - tk) Vf(wr-1)

= tht1 (Toa1 — Yu) = =St V. (Yk)-

Hence

1 1 S
Sllveal? = o= llonll® = =220V £ ) 1°

—tht1 <Vf(llk), Tp — "+t (xk+1 — T + ﬁ\/gvf(xk)>> .
Collecting the above results, we obtain

Ery1 — By < teg1(VFk), (tesr — D)(ye — 2x) + yi — ) — sti 1 |V £ (ye)|?
—tit1 <Vf(yk), Tl — "+t ($k+1 -z + 5\/§Vf(90k))>

=5y =tV F@n) = V@) = S|V F )

Equivalently

Eri1— Er < ot (Vf(yr), Ak) — sti IV f (o) |I?

—5 @y = DIV F@n) = V@) = StV £l

with
A = (tes1 — D (yr — k) + Y& — Tk — Tt ($k+1 — T+ ﬁ\/gvf(ﬂ?k))

= teg1¥r — 1Tk — b1 (Trg1 — 2x) — tegp1 BVSV f (@)
= 1Yk — Tht1) — te1 BVSV f(zr)
= stp 1 VI(yr) — ter1BV/sV f ()

Consequently

BEry1 — By <t i (Vf(Uk), stea VI (Uk) — ter18VsV f ()
st IVF@l? = 56— ) IV @e) = V@I = St [VF () 2

2
= 1 BVEV ), V(@) = 5 (Ger =t |V () = VS )P

S
*itk-i-lef(yk”F

= —tj4+1Bk,

where

Bi = tir1 BV (), VH@) + 5 (s = DIV o) = V@I + 5 IV H ol

12



When 8 = 0 we have By > 0. Let us analyze the sign of By, in the case § > 0. Set Y = Vf(yx), X = Vf(zp).
We have

S S
B = SIVIP+ Sk = DIY = XIP +taa BV5(Y, X)
S S
= StV + (i (85 = 5) + ) (V, X) + S(tass — DIIX P
S S
> StV = (e (85 = ) + ) IVIIX ] + 2 (b — DX

Elementary algebra gives that the above quadratic form is non-negative when

(b1 (BV5 — 8) +5)° < 82t (tes — 1)

Recall that t;, is of order k. Hence, this inequality is satisfied for k large enough if (8/s — 5)? < s, which
is equivalent to 8 < 24/s. Under this condition Ej;1 — Fy < 0, which gives conclusion ¢). Similar argument
gives that for 0 < € < 2/58 — 32 (such ¢ exists according to assumption 0 < 3 < 2,/5)

1
Ep1 — Ep + §€ti+1\|vf(yk>||2 <0.
After summation of these inequalities, we obtain conclusion 7). O O

Remark 3.4. From Y, k*||V f(xx)|* < +00 we immediately infer that for k > 1

k k
inf IVF@IP )i < 3 P IVF@II < DIV F@a)|* < +oo.

i=1 i=1 ieN
A similar argument holds for y,. Hence
it V72 =0 it V7l =0
in )| = — in |° = — .
i=1,...k ! k3 )’ i=1,....k Yi k3
Remark 3.5. In Theorem 3.3, the convergence property of the values is expressed according to the sequence
(k) pen- It is natural to know if a similar result is true for the sequence (yy),cy- This is an open question
in the case of Nesterov’s accelerated gradient method and the corresponding FISTA algorithm for structured

minimization [26, 18]. In the case of the Hessian-driven damping algorithms, we give a partial answer to
this question. By the classical descent lemma, and the monotonicity of V f we have

FR) S F) + ok~ oxen, VI Gre) + ol — 2l
< flowe) + (n — ke, VI@R) + 5 e — g

According to xxy+1 = yr — sV f(yr) we obtain

2
P —minf < flre) —min £+ 51Vl + SVl

From Theorem 3.3 we deduce that

F) —mins <0 (1) + (s+ 55 ) IV = 0 (1) +o ()

Remark 3.6. When f is a proper lower semicontinuous proper function, but not necessarily smooth, we
follow the same reasoning as in Section 3.1.2. We consider minimizing the Moreau envelope fy of f, whose
gradient is 1/\-Lipschitz continuous, and then apply (IGAHD) to fi. We omit the details for the sake of
brevity. This observation will be very useful to solve even structured composite problems as we will describe
in Section 0.
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4. INERTIAL DYNAMICS FOR STRONGLY CONVEX FUNCTIONS
4.1. Smooth case. Recall the classical definition of strong convexity:

Definition 4.1. A function f : H — R is said to be p-strongly convex for some p > 0 if f — & - ||? is
conver.

For strongly convex functions, a suitable choice of v and § in (DIN), g provides exponential decay of
the value function (hence of the trajectory), and of the gradients. This corresponds to linear convergence in
the algorithmic case. It can be seen as an extension of the Nesterov accelerated method for strongly convex
functions that corresponds to the particular case S = 0. The result in the case 5 = 0 was considered in [29,
Theorem 2.2]. In the case 8 > 0, a related but different result can be found in [32, Theorem 1]. The gradient
estimate is new.

Theorem 4.2. Suppose that f : H — R is p-strongly convex for some p > 0. Let z(-) : [to, +oo[— H be a
solution trajectory of

(15) B(t) + 2y/pi(t) + BV f(x(t)@(t) + V f(x(t)) = 0.
Suppose that 0 < 3 < 5 L_. Then, the following hold:
i) for allt > tg

g

% o (t) — 2*[|* < f(z(t) — min f < Cle—F (t—to)

where C = f(x(tg)) — ming f + pdist(x(t), S)? + ||l@(to) + BV f(z(to))||*.
i1) There exists some constant C1 > 0 such that, for all t > tg

t

e [l (a()) s < Crem
to

:

oo VI
Moreover, fto ezt

@(t)]|2dt < +oo.
When 8 =0, we have f(x(t)) — miny f = O (e’\/ﬁt) as t — +oo.
Proof. i) Let z* be the unique minimizer of f. Define & : [to, +00[— R by
£() = F(a(t)) —min f + LIVae(t) — ) + #(0) + BT S O]
Set v(t) = /p(x(t) — x*) +i(t) + BV f(x(t)). Derivation of £(-) gives
%f(t) = (Vf(2(t)),2(t)) + (v(t), Vu(t) + &(t) + BV f(2(t))i(t)).
Using (15), we get
%f(t) = (Vf(x(t), &(t)) + (v(t), =/pa(t) — V f(z(t))).
After developing and simplification, we obtain
%5@) + VIV (@), 2(t) — a*) + p(x(t) — 2*, 2 () + ul i ()]
HBVI(Y f((2)), 2(1)) + BV f(x(t)|I* = 0.
By strong convexity of f we have
(Vf(z(),z(t) — %) = fx(t) — fl@*) + Slla(t) — 2|,

Thus, combining the last two relations we obtain

%5@) + A <0,

where (the variable ¢ is omitted to lighten the notation)

I * H * |2 * =112 . 6 2
A= fa) = f(@") + Sllz = 2|7 + V(e — 27, 2) + ||| +B<Vf(w)7x>+ﬁ\\vf(x)\l

14



ii)

Let us formulate A with &(t).
A=~ i+ BV ~ Viile — 2,3+ BYF@) + iz - ¥, &) + |l
LBV (@), + \fﬁnwmn?

After developing and simplifying, we obtain

1 =112 6 ﬁ2 2 *
— — - — — <
00+ Vi (£0)+ 51917 + (T2 = 5 ) IV AP = Bvite — o 910 ) <0
Since 0 < 8 < f’ we immediately get —ﬁ — %2 > 5= \B/ﬁ Hence

75(2?) Vi (5( )+ *II%HQ + 7||Vf( )|I* — Byl —JU*,Vf(I)>) <0

Let us use again the strong convexity of f to write

£(1) = SE(1) + 3E(1) > 56() + 5 (F(alt) — f(@*)) >

By combining the two inequalities above, we obtain

d
Do)+ Lew + i)+ vas <o
where B = §la(t) — 2*|” + 372V f(2)|” - ﬁ\/ﬁllx — [V f(@)]-

Set X = ||x z*|l, Y = [|[Vf(x)||. Elementary algebraic computation gives that, under the condition
0<f< 5L

“X2 + By BYEXY > 0.
2\/p -
Hence for 0 < 8 <

3\

d
Do)+ Lew+ e <o
By integrating the differential inequality above we obtain

E(t) < E(to)e 7 (t—t0).,
By definition of £(t), we infer

f@(t) = min f < E(tg)e™F ),

and
WA () —2*) + (1) + BY S (@(1))])* < 26 (tg)e™ 7 =),
Set C'=2¢ (tO)GQtO. Developing the above expression, we obtain

pllz(t) = * 2 + le @)1 + B2V f @) + 28/ (x(t) — 2*, V f(x(t)))

{#(0), 28V (1)) + 2v/Ala(t) ~ ) < Ce .
By convexity of f we have (x(t) — «*,V f(x(t))) > f(x(t)) — f(z*). Moreover,

(&(0), 269 F(2(1)) + 2(a(t) — )
= 4 (@B (0) ~ F@*) + Ville(t) — o)
Combining the above results, we obtain
VBT (a(0) ~ F)) + VAle(t) — 7]+ 82V (1)
@B ()~ 1) + Vla(t) —2*[?) < O F.
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Set Z(t) := 2B8(f(x(t)) — f(z*)) + /pllz(t) — 2*||?]. We have

d

ZZ(t) + VRZ () + BV ()| < Ce T,
By integrating this differential inequality, elementary computation gives
vy

t
eVt [ eV () s < Ce

to

Noticing that the integral of eV¥* over [ty,t] is of order eV, the above estimate reflects the fact, as
t — +00, the gradient terms ||V f(x(t))||? tend to zero at exponential rate (in average, not pointwise).
O

Remark 4.3. Let us justify the choice of v = 2,/u in Theorem 4.2. Indeed, considering
(1) + 2yi(t) + BV f(a(t) + Vf(2(t) = 0,
a similar proof to that described above can be performed on the basis of the Lyapunov function

£(1) 1= F(a(t) —min f + Sl (at) — 2*) + #(0) + GV (2(0))*

Under the conditions v < /i and 8 < 2% we obtain the exponential convergence rate

flz(t) — m}ilnf =0 (e_%t) as t — +o0.

Taking v = \/j gives the best convergence rate, and the result of Theorem 4.2.

4.2. Non-smooth case. Following [2], (DIN), 3 is equivalent to the first-order system

i(t) + BV f(@() + (v = 5 ) o) + Sy(t) = 0;
y(t) + (v - %) 2(t) + y(t) = 0.

This permits to extend (DIN), g to the case of a proper lower semicontinuous convex function f : H —
R U {+o0}. Replacing the gradient of f by its subdifferential, we obtain its Non-Smooth version :

i(t) + B0S (@) + (v = §) at) + Sy(t) 5 0;
y(t) + (7 - %) (1) + y(t) = 0.

Most properties of (DIN)% 5 are still valid for this generalized version. To illustrate it, let us consider the
following extension of Theorem 4.2.

(DIN-NS), 3

Theorem 4.4. Suppose that f : H — R U {400} is lower semicontinuous and u-strongly convex for some
p>0. Let z(-) be a trajectory of (DIN-NS)y 7z 5. Suppose that 0 < § < s2=. Then

2 /"
H (2 : —Ey
= — < — = 2
Cllo(t) = a*|* < f@®) —minf = 0 (e7F*) ast — +oo,
and/ 4| 3(1)||2dt < +o0.
to

Proof. Let us introduce € : [tg, +oo[— RT defined by

. 1 N 1 1
E() = fla0) ~ i + IVAGe(o) ~ 2*) = (217~ 5 ) ) = 0O
that will serve as a Lyapunov function. Then, the proof follows the lines of Theorem 4.2, with the use of the
derivation rule of Brezis [19, Lemme 3.3, p. 73]. O

5. INERTIAL ALGORITHMS FOR STRONGLY CONVEX FUNCTIONS

5.1. Proximal algorithms.
16



5.1.1. Smooth case. Consider the inertial dynamic (15). Its implicit discretization similar to that performed
before gives

1 2/
s~ 2mt me )+ s — )+ DV ) — V) 4V rn) =0,
where h is the positive step size. Set s = h?. We obtain the following inertial proximal algorithm with
hessian damping (SC refers to Strongly Convex):

(IPAHD-SC)

v = on+ (1= 25 ) (o — wne1) + 85 (1 225 ) V()

Tk+1 = ProX g s+s f(yk)
1+2 /15

Theorem 5.1. Take f:H — R p-strongly convex, i > 0, and suppose that

1
0<B< —— and s <.
21

Set ¢ = m, which satisfies 0 < q < 1. Then, the sequence (xk)keN generated by the algorithm
(IPAHD-SC) obeys, for any k > 1

Ellan = oI < f(a) = min f < Big" ™,

where By = f(x1) — f(a*) + 3| /a(z1 — 2*) + ﬁ(ﬂh —x9) + BV f(21)||?>. Moreover, the gradients converge

exponentially fast to zero: setting 6 = which belongs to 0, 1], we have

1
T+/its
k—2 )
08> 077V F()|> =0 (¢") ask — +oc.
p=0

Proof. Take z* € argmin f, and consider the sequence (Ey), oy
* 1 2
By = f(xx) — f(2") + §||”k|| ;

where v = /u(z — 2*) + ﬁ(xk —xp_1) + BV f(xg).
We will use the following equivalent formulation of the algorithm (IPAHD-SC)

(16) (@pg1 — 22 + p—1) + 2v/0(Tpp1 — @) + BV f(@pg1) — V(2r)) + VsV f(aps1) = 0.

1
7
We have

1 2 1 2
Evpi—Er = f(xper) — flaw) + §\|Uk+1|| - §||Uk:|| .

Using successively the definition of vy, and (16), we get

vea1— vk = Ak — k) + %mﬂ 9+ wnt) + BV (wrer) — VF(ax)

VI(EZr1 — ) = 2¢/1(@h41 — o) — VSV f(Th41)
= = —Vi@pr1 — k) = VsV f(2pt1).
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Write shortly By = /i(zr41 — @x) + sV f(2r41). We have

1
§||Ulc+1||2 - §||v1c||2 = (k41 — Uk, Vkg1) — §||’Uk+1 - Uk||2

=— <Bk7 Vi(Tg41 — 27) + %(xk—ﬁ—l —xy) + BVf($k+1)> - %HBk”Q

= s = e =) =Bl — ol - VR (V) o — )
VS (V[ (@p41), g1 — @) — (Vf (@h41), Trgr — 2) — BVSI|Vf (@r41)]]?
—ghllziis — el = oIV F @l VA5 (VF (), meen — )
By virtue of strong convexity of f
o) = Flanen) +(VF@rn), zi = ziep) + 5o — ol

f@T) = flar) + (V(@rg), 27 — 2hga) + g”xlﬁ-l — "%

Combining the above results, and after dividing by /s, we get

(Bsr = Bi) + Vilf (@) = F@%) + Sllonsa = 2]

B

IN

=

m
(Ths1 — Thy Tpo1 — T*) — g||33k+1 — o ||?

0y 9 ) s = 1) Sl =l = IV )

1
*%kaﬂ — a2 = SVEIVH @]’ = VA (Ve — o)

which gives, after developing and simplification

%(Ekﬂ — By) + ViBrs1 — BV f(ws1), mrs1 — o)
<= (L+ L) hown - - (8- 5L+ L) 195l
VIV f(@rt1), Thyr — Tk -

2
Wehaveﬁ—’BT‘/ﬁzﬁ

According to 0 < 8 < -+ » which, with Cauchy-Schwarz inequality, gives

Q\f’
1 % 3
—(Epq1 — Ep) + ViEis + (‘f n ’“‘) lzrrs — zx|? + Zﬁuw@m)u?

Vs 25 /s
—BullVf (@rs ) llenir — 2"l = Vol VE@re) |2k — 2l < 0.

Let us use again the strong convexity of f to write

1 1
Eppr > §Ek+1 + =

" 1 1% .
2 (f(xrr1) = f(2)) > §Ek+1 + ZHmkH —z*|%.

Combining the two inequalities above, we get

1 1 I
Z (B = B+ 3VEBu + VG b = o P+ (1 + L) o - ol

30 N
+ IV @) 1? = BullV f@er)lllznss — 27| = VEIVF (@rsn)llloxen = 2] < 0.
18



Let us rearrange the terms as follows

1 1
(Ery1— Ex) + §¢/jEk+1

7
(VS s = 2+ S19 )P = Gl F o)l o7 ) +
Term 1
]
(A + 22) howsa =l + 19 Sanen)? = VANV S lwss ol ) <0
G
Term 2

Let us examine the sign of the last two terms in the rhs of inequality above.

Term 1 Set X = ||zk+1 —2*|, Y = ||Vf(xk+1)|. Elementary algebra gives that
vitx? 8

holds true under the condition 0 < 8 < 5= f Hence, under this condition

Y? - BuXY >0,

W . B N
Vil — 12+ fIIVf(ka)HQ = BullVf (@ r)llllzr41 — 2| > 0.

Term 2 Set X = ||zp11 — 2k, Y = ||V f(2r+1)||. Elementary algebra gives
(+)X2+ —Y? - /uXY >0

holds true under the condition L + f > % Hence, under this condition

(42 + 22 o = nl? + U9 S @)l = VAT o lllonsn - aul 2 0,

In turn, the condition L + f & is equivalent to /5 < & (1 +.,/1+ ﬁ) .
Clearly, this condition is satisfied 1f Vs < 8.

Let us put the above results together. We have obtained that, under the conditions 0 < 3 < 5= ﬁ and
Vs < B,

1 1
T(Ekﬂ = Ei) + 5vVpEri1 < 0.
Set g = — iy which satisfies 0 < ¢ < 1. From this, we infer Ej, < qFk_1 which gives
2
(17) Ey, < Eyg" 1.

Since Ey > f(xr) — f(z*), we finally obtain
flag) = f(z*) < Erg* ' =0 (d").

Let us now estimate the convergence rate of the gradients to zero. According to the exponential decay of
(Ex)pen» as given in (17), and by definition of Ej, we have, for all £ > 1

1
IVu(er —2*) + ﬁ(zk —ap_1) + BV flazx)|? < 2B < 2B1¢°7
After developing, we get
1
pllar =21+ Sllax = zeal* + B2V f (@) ” + 28V o — 2%, V f(n))

1
75 (o = ke, 269 f (o) + 2V/lay — 7)) < 2B1g"
By convexity of f, we have

(xp — 2,V f(z1)) > f(zr) — f(a¥) and (zp — 21, V(1)) > fzk) — f(Th-1)
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*H2 *||2'

Moreover, (x — Tp—1, Tk — &*) > %ka . — %ka,l —z

Combining the above results, we obtain
VE (28(F@0) = @) + Vit o — 2" |P) + B2V @)l
4= (28U @) = 1) + Ve o)
= (2B ) — F@) + Vi s — ) < 2Bt

Vs
Set Zy, :=28(f(xr) — f(a*)) + /llzk — 2*||>. We have, for all k > 1

1
(18) 7 (Z = Z—1) + V1iZi + B[V f () |* < 2E1q" "
Set § = which belongs to 0, 1[. Equivalently

o
Z + 08> V/s|V f(wp)|I> < 0Zk-1 + 2E10/5¢" .

Tterating this linear recursive inequality gives

k—2 k—2
(19) Z+ 082V Y 0P|V f(zryp)ll* <012y +2E10V/5 > 0P" P
p=0 p=0
Then notice that g = lff\}/g < 1, which gives
k-2 1
ngqk—p—1 g1 Z ( ) ( + >qk—1.
p=0 p=0 v ns
Collecting the above results, we obtain
k—2 AE
(20) 05°\/5 > 0P|V f(anp)? < 05121 + —gh L,
p=0 VH

Using again the inequality 6 < ¢, and after reindexing, we finally obtain

9’“29 IV f@)|? =0 (d").
p=0
O

5.1.2. Non-smooth case. Let f : H — RU{+o0} be a proper, lower semicontinuous and convex function. We
argue as in Section 3.1.2 by replacing f with its Moreau envelope fy. This operation also preserves strong
convexity, thought with a different modulus as shown by the following result.

Proposition 5.2. Suppose that f : H — R U {+oo} is a proper, lower semicontinuous convex function.
Then, for any A >0 and p > 0

[ is p-strongly conver = fyis strongly convex with modulus

+ A
Proof. If f is strongly convex with constant g > 0, we have f = g + £ - |2 for some convex function g.
Elementary calculus (see e.g., [17, Exercise 12.6]) gives, with § = 1+>\#’
1 M 2
T) = T |+ x||”.
R = () + gl
Since x +— gy (ﬁ x) is convex, the above formula shows that f is strongly convex with constant 1/ )\# O
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According to the expressions V fx(z) = 1 (x — prox,;(z)), and proxy;, (z) = %wx + AL;G ProxXy4¢) (),

_ o v =
(IPAHD-SC) becomes with 6 = EE iy o and a = Ty

(IPAHD-NS-SC)

yr =z + (1 —a)(zp — xp—1) + Bj\/g(l — a) (z) — prox, s (z))
Tpt1 = %Jrgyk + ,\LH, ProX x4y (Yr)

It is a relaxed inertial proximal algorithm whose coefficients are constant. As a result, its computational
burden is equivalent to (actually twice) that of the classical proximal algorithm. A direct application of the
conclusions of Theorem 5.1 to f) gives the following statement.

Theorem 5.3. Suppose that [ : H — RU {400} is a proper, lower semicontinuous and convez function
which is p-strongly convex for some p > 0. Take A > 0. Suppose that

0<5<7,/>\+l and /s < B.

Set ¢ = ———=———=, which satisfies 0 < q < 1. Then, for any sequence (v),cy generated by algorithm
1 + % \/ 1J!L)\;Ls
(IPAHD-NS-SC)

|z —2*|| = O (qk/2) and  f(prox,¢(zx)) — H%_ilnf =0 (qk) as k — 400,

and
2, — proxyp(z)]|> = O (¢") ask — +oo.

5.2. Inertial gradient algorithms. Let us embark from the continuous dynamic (15) whose linear con-
vergence rate was established in Theorem 4.2. Its explicit time discretization with centered finite differences
for speed and acceleration gives

é(xkﬂ — 2z, + xp—1) + \\/ff(kaﬂ Tp_1) + /3\[(Vf(l‘k) Vf(xe—1)) + Vf(xx) = 0.

Equivalently,

(21) (Thar = 22, + 2p—1) + /5 (Th1 — 2r1) + BVs(Vf(ar) = V(zr-1)) + sV f(2x) = 0,
which gives the inertial gradient algorithm with Hessian damping (SC stands for Strongly Convex):

(IGAHD-SC)

T = Tk + T (= k1) — 725 (VF(ar) = Vf (24-1))

1+\/Evf($k)

Let us analyze the linear convergence rate of (IGAHD-SC).
Theorem 5.4. Let f : H — R be a function p-strongly convex for some pu > 0, and whose gradient V f is
L-Lipschitz continuous. Suppose that

N/

_|_
BgiandLgmin @—f\f
VH 83’ 26p+ = + %

1
Set ¢ = ————, which satisfies 0 < q < 1. Then, for any sequence (x enerated by algorithm
1= T Im fi q for any seq (k) pen 9 y alg

(IGAHD-SC), we have
|z —z*|| = O (qk/2) and  f(xp) — n%_ilnf =0(qd") ask — +oo.
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Moreover, the gradients converge exponentially fast to zero: setting 6 = +ﬁ which belongs to 10,1[, we
have

6’“26 V)2 =0(d") ask — +cc.

p=0

Proof. The proof is based on Lyapunov analysis, and the decrease property at linear rate of the sequence
(E%)yen defined by

1
By = f(zr) — f(2") + §||Uk||27
where z* is the unique minimizer of f, and

vk = /(TR-1 — %) + %(:vk —xp-1) + BV f(zp-1).

We have Eyy1 — Ey, = f(zi11) — f(2k) + 3 [|ok41]|? — &[Jvg]|*. Using successively the definition of vy and
(21), we obtain

st = 0k = V(o = i) + @ = 20+ i) + (VS w) = VI )

- %(m“ = 2up + g + VISR~ w-1) + BVE(V S () = Vf (ar-1)) )

= %( — SV (k) — Vi@ — vxo1) + VA - o)
= —V(Tp1 — xx) — VSV f(xk).

Since gllvg41[* = 3llokll* = (k41 — vk, VE41) = 5llvrs1 — vgl|?, we have
§Hvk+1||2 - §Hvk||2 = —§H\/ﬁ($k+1 —ap) + VsV f(xp)|?
— (Viass = ) + VOV o) Vion = o) + o = ) + 6V 1))
=~ {Thy1 — T, Tp — ") — \/EQCIHI — k| = BV (V[ (r), g1 — T
— Vs (Vf (), xp — ) = (Vf(2r), 2hyr — 1) — BVs|V f (@) P

1 1
—§u||wk+1 ] §S||Vf(93k||2 — Vs (Vf(xr), 1 — xn) -

By strong convexity of f and L-lipschitz continuity of V f we have

f@*) > flzr) +(Vf(r), 2" —ag) + %Hmk —a*||?
f@e) = f@rs1) + (Vf(@kt1), 20 — Tp1) + g||33k+1 — zp|?
> f(xrr) + (VF(@k), 2k — Tp1) + (ﬁ — D)||lzpsr — z*

2
Combining the results above, and after dividing by /s, we get

(Ert1 — Ek)+\/ﬁ[f($k+1)—f(x*)JrHka—if*H |+ Volf(ze) = f(@r41))

-
< \i[ (Thyr — Tp, 2 — %) — \fllxkﬂ ] 5\[ (V@) 2ry1 — zk)
4 (L= Bl = ol = llonss — o

(54 5V5) IV F@nlP = VR (Vo). ne = ).

22



Let us make appear Fj

1 L
7(Ek+1 = Bi) + ViBrr1 < VIV (@n), 2 — o) + Vg ke — x|

P T ons = ) + 8V )P+ (1~ 2, el — ) + AT 0n))
\Lf (Thy1 — g, 2 — 27) — £||xlc+1 — | - ﬁ\/7 Vf(wg), Tp1 — k)
(L= Dl =l = Sl — o

B <B + ixf) IVF@rll? = Vi (V). arsn = o).

After developing and simplification, we get

%(Em — Ei) + pEpy1 < — (‘2/; + % —L (\[ f)) |Zhtr — zx||?

—(5 PV f) IV )2 + BV £ (@) ox — )

Let us majorize this last term by using the Lipschitz continuity of V f
(Vf(zn), zp — 2") (Vf(zr) = Vf(@*),zp — 2*) < Loy — 2*|?

< 2Lflzes — 22+ 2Llmier — 2
Therefore
%(Ek-i-l Ey) + VB + (\2/5 + % —L (%u + % + ?)) [ETr N[
+ (- 52+ ) ISl - 28ubllon - | <o
According to 0 < 8 < \% we have 5 — & f > £, which gives
2Bl = Bu) + VB + (\2/’7 +d-i <2Bu + *f)) lker — 22
P

\|Vf(fﬂk+1)||2 —2BpLlwpsr —a*|* <0

Let us use again the strong convexity of f to write

5 (F@rsn) = @) 2 3 Bopr + Sl — 2|2

Combining the two above relations we get

<Ek+l Be)+ 5B + (Vi —26uL) e — o7 +

1
By > §Ek+1 +

1 [ s
( = n (24 72+ 50 Yllowes - sl + 519wl <0
Let us examine the sign of the above quantities: Under the condition L < ‘8/; we have /4 —26uL > 0.
\/‘T+L

s f o 14 Ve
Under the condition L < e we have + f L (Qﬂ,u + \/g + 5 ) > 0. Therefore, under the
above conditions ) ) 5

ﬁ(EkH = Bi) + 5 VB + §|\Vf($k+1)||2 <0.

Set ¢ = —* which satisfies 0 < ¢ < 1. By a similar argument as in Theorem 5.1

IS’
Ey < Ey¢" 7t
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According to the definition of Ey, > f(z) — f(2*), we finally obtain
flar) = f@*)=0(d"),

and the linear convergence of xj to z* and that of the gradients to zero. ]

6. NUMERICAL RESULTS

Here, we illustrate our results on the composite problem on H = R",

(RLS) win {2) 1= 3 Iy~ A + o) |

rER™

where A is a linear operator from R™ to R™, m < n, g : R® — R U {400} is a proper lsc convex function
which acts as a regularizer. Problem (RLS) is extremely popular in a variety of fields ranging from inverse
problems in signal/image processing, to machine learning and statistics. Typical examples of g include the
¢, norm (Lasso), the £; — ¢2 norm (group Lasso), the total variation, or the nuclear norm (the ¢; norm of the
singular values of x € RV*¥ identified with a vector in R with n = N?2). To avoid trivialities, we assume
that the set of minimizers of (RLS) is non-empty.

Though (RLS) is a composite non-smooth problem, it fits perfectly well into our framework. Indeed, the
key idea is to appropriately choose the metric. For a symmetric positive definite matrix S € R™*™  denote
the scalar product in the metric S as (S-, -) and the corresponding norm as ||-||g. When S = I, then we
simply use the shorthand notation for the Euclidean scalar product (-, -) and norm ||-||. For a proper convex
Isc function h, we denote hg and proxf its Moreau envelope and proximal mapping in the metric S, i.e.

1 1
hs(e) = min 5 12 — 2l + h(2),  proxs (@) = argmin, o 5 |12 — 2l + h2).
Similarly, when S = I, we drop S in the above notation.
Let M = s~ 'I — A*A. With the proviso that 0 < s |[A[|* < 1, M is a symmetric positive definite matrix.
It can be easily shown (we provide a proof in Appendix A.2 for completeness; see also the discussion in [22,

Section 4.6]), that the proximal mapping of f as defined in (RLS) in the metric M is
(22) prox?/](x) = prox, (v + sA*(y — Azx)),
which is nothing but the forward-backward fixed-point operator for the objective in (RLS). Moreover, fy; is
a continuously differentiable convex function whose gradient (again in the metric M) is given by the standard
identity

Viu(z)=z- prox?’(yc)7
and ||V fu(z) — V()| < lle— 2|5, i-e. Vfar is Lipschitz continuous in the metric M. In addition, a
standard argument shows that

argmin(f) = Fix(proxy) = argmin(fas)-

We are then in position to solve (RLS) by simply applying (IGAHD) (see Section 3.2) to fys. We infer from
Theorem 3.3 and properties of fj; that

f(proxj‘w(xk)) - Iﬁilnf = 0(k™?).

(IGAHD) and FISTA (i.e. (IGAHD) with § = 0) were applied to fas with four instances of g: ¢; norm, ¢; — ¢
norm, the total variation, and the nuclear norm. The results are depicted in Figure 3. One can clearly
see that the convergence profiles observed for both algorithms agree with the predicted rate. Moreover,
(IGAHD) exhibits, as expected, less oscillations than FISTA, and eventually converges faster.

7. CONCLUSION, PERSPECTIVES

As a guideline to our study, the inertial dynamics with Hessian driven damping give rise to a new class of
first-order algorithms for convex optimization. While retaining the fast convergence of the function values
reminiscent of the Nesterov accelerated algorithm, they benefit from additional favorable properties among
which the most important are:

e fast convergence of gradients towards zero;
e global convergence of the iterates to optimal solutions;
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e extension to the non-smooth setting;
e acceleration via time scaling factors.

This article contains the core of our study with a particular focus on the gradient and proximal methods.
The results thus obtained pave the way to new research avenues. For instance:

e as initiated in Section 6, apply these results to structured composite optimization problems beyond
(RLS) and develop corresponding splitting algorithms;

e with the additional gradient estimates, we can expect the restart method to work better with the
presence of the Hessian damping term;

e deepen the link between our study and the Newton and Levenberg-Marquardt dynamics and algo-
rithms (e.g., [13]), and with the Ravine method [23].

e the inertial dynamic with Hessian driven damping goes well with tame analysis and Kurdyka-
Lojasiewicz property [2], suggesting that the corresponding algorithms be developed in a non-convex
(or even non-smooth) setting.

APPENDIX A. AUXILIARY RESULTS
A.1. Extended descent lemma.

Lemma A.1. Let f : H — R be a convex function whose gradient is L-Lipschitz continuous. Let s €]0,1/L].
Then for all (z,y) € H?, we have

(23) Py = VW) < @)+ (VF).y —2) = SIVFWIP - IV @) - V)|

Proof. Denote y* =y — sV f(y). By the standard descent lemma applied to y™ and y, and since sL < 1 we
have

(24) FGh) < F) =5 @ = L) IVFWIP < £) = SIV @I

We now argue by duality between strong convexity and Lipschitz continuity of the gradient of a convex
function. Indeed, using Fenchel identity, we have

) = (VW) v) = 1 (Vf(y)

L-Lipschitz continuity of the gradient of f is equivalent to 1/L-strong convexity of its conjugate f*. This
together with the fact that (V)= = df* gives for all (x,y) € H?,

FrVfWw) = 1 (V@) + (2, VIy) - Viz) + i IVf(z) =V I)*.
Inserting this inequality into the Fenchel identity above yields
F() < (V@) + (V). 9) ~ (o, V() - V(@) — 57 IVF @) - V)

= —f"(Vf(@) + (@, V(@) +(Vf(y), y — ) - i IVf (@) = Vi)

= &)+ (VI ),y — ) = 5= VT @) = V)P

< J(@) + (V). y— o) = S IV (@) - Vi),
Inserting the last bound into (24) completes the proof. O
A.2. Proof of (22).

Proof. We have

. 1 2
proxf:”(x) = argmin,cg- 5 llz — |3 + f(2)

. 1 2 1 2 1 2
= argmin,epn 5 |2 = 2l” = 5 |A(z = 2)I" + 5 [ly = Az[" + 9(2).

26



By the Pythagoras relation, we then get
. 1 1
proxjc”(x) = argmin, egn o Iz — 9c||2 + 3 ly — Aac||2 —(A(z — 2), Az — y) + g(2)
. 1 N
= argmin, cgn 5 Iz — gc||2 —(z—z, A" (y — Ax)) + g(2)

. 1 «
= argmin, cgn o ||z = (2 = sA" (Az = y))|* +9(2)
= prox,, (z — sA™ (Az —y)).
O

A.3. Closed-form solutions of (DIN-AVD), g; for quadratic functions. We here provide the closed
form solutions to (DIN-AVD), g, for the quadratic objective f : R® — (Az, ), where A is a symmetric
positive definite matrix. The case of a semidefinite positive matrix A can be treated similarly by restricting
the analysis to ker(A) . Projecting (DIN-AVD),, 5, on the eigenspace of A, one has to solve n independent
one-dimensional ODEs of the form

F4(1) + (% BN #i(6) + Nb(HriH) =0, i=1,....n.

where \; > 0 is an eigenvalue of A. In the following, we drop the subscript i.
Case 3(t) = 3,b(t) =b+~/t,3 > 0,b > 0, > 0: The ODE reads

(25) F(t) + (% +82) () + A (b+ %) (t) = 0.

o If 822 #£ 4bA: set

= VPN —don, k= A 1202 0y

3
Using the relationship between the Whitaker functions and the Kummer’s confluent hypergeometric
functions M and U, see [16], the solution to (25) can be shown to take the form

z(t) = fo‘/267(ﬁ)‘+§)t/2 [c1M (/2 — K, a, &) + U (/2 — Kk, a, EL)]

where ¢; and ¢y are constants given by the initial conditions.
o If B2)\2 = 4b): set ¢ = 2\/A (v — a3/2). The solution to (25) takes the form

a(t) =t~ (/2= AM/2 {clJ(afl)/Q(C\/i) + 025/((171)/2(0/{)} ,

where J, and Y, are the Bessel functions of the first and second kind.

When 8 > 0, one can clearly see the exponential decrease forced by the Hessian. From the asymptotic
expansions of M, U, J, and Y, for large ¢, straightforward computations provide the behaviour of |x(t)| for
large ¢ as follows:

o If 3202 > 4b\, we have

lz(t)] = O (t*%ﬂn\e, Bx;st) —0 (6—%t—(%—|n|)log(t)) '

o If 822 < 4b)\, whence £ € iR} and k € iR, we have

a B

« B2
z(t) = O (t_2e : t) :
o If 32)\2 = 4b), we have

2(t)] = 0 (£ e 5.
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Case B(t) = tP,b(t) = ct®~1,3 > 0,c > 0: The ODE reads now

F(t) + (% + tﬂA) @(t) + eMtPLz(t) = 0.

Let us make the change of variable ¢ := TP, Let y(r) ==z (Tﬁ). By the standard derivation chain rule,
it is straightforward to show that y obeys the ODE
. a+ A . cA
T)+ + T)+ ——5—y(7) =0.
50+ (= 1) 10+ ey

It is clear that this is a special case of (25). Since 5 and A > 0, set

¢ A . a+pf—c a+p 1
= —, = — , 0 = — =
1+ 83 1+ 7 21+p8) 2
It follows from the first case above that
_ AT +5 OZ—Fﬂ
t) = €255 e M (0 —k+1/2, 272 Ulo—wt1/2, 208 .
xz(t) =¢ e c1 o I€+/,1+B,£T +cU o /@+/,1+B &t

Asymptotic estimates can also be derived similarly to above. We omit the details for the sake of brevity.
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