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In a Hilbert setting, we introduce a new dynamical system and associated algorithms for
solving monotone inclusions by rapid methods. Given a maximal monotone operator A, the
evolution is governed by the time dependent operator I — (I + A(t)A)~!, where the positive
control parameter A(t) tends to infinity as t — 4+00. The tuning of A(+) is done in a closed-loop
way, by resolution of the algebraic equation A||(I+XA) 'z —z|| = 6, where 6 is a positive given
constant. The existence and uniqueness of a strong global solution for the Cauchy problem
follows from Cauchy-Lipschitz theorem. We prove the weak convergence of the trajectories
to equilibria, and superlinear convergence under an error bound condition. When A = 0f
is the subdifferential of a closed convex function f, we show a O(1/t?) convergence property
of f(z(t)) to the infimal value of the problem. Then, we introduce proximal-like algorithms
which can be obtained by time discretization of the continuous dynamic, and which share the
same fast convergence properties. As distinctive features, we allow a relative error tolerance
for the solution of the proximal subproblem similar to the ones proposed in [19, 20], and a
large step condition, as proposed in [12, 13]. For general convex minimization problems, the
complexity is O(1/n?). In the regular case, we show the global quadratic convergence of an
associated proximal-Newton method.
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Introduction

Let H be a real Hilbert space, and A : H = H be a maximal monotone operator.
The space H is endowed with the scalar product (.,.), with ||z]|* = (z,z) for
any x € H. Our goal is to develop new continuous and discrete dynamics, with
properties of fast convergence, designed to solve the equation

find x € H such that 0 € Ax. (1)

We start from the classical method, which consists in formulating (1) as a fixed
point problem:

find z € H such that  — (I + \A) "z =0, (2)

where A > 0 is a positive parameter, and (I + )\A)_l is the resolvent of index
A of A (recall that the resolvents are non expansive mappings from H into J).
Playing on the freedom of choice of the parameter A > 0, we are led to consider
the evolution problem:

@(t) +z(t) — (I + At)A) " a(t) = 0. (3)

When A(+) is locally absolutely continuous, this differential equation falls within
Cauchy-Lipschitz theorem. Then, the strategy is to choose a control variable
t — A(t) which gives good properties of asymptotic convergence of (3). In
standard methods for solving monotone inclusions, the parameter A(t) (A in
the discrete algorithmic case) is prescribed to stay bounded away from zero and
infinity. By contrast, our strategy is to let A\(¢) tend to +00 as t — +o0o. This
will be a crucial ingredient for obtaining fast convergence properties. But the
precise tuning of A(+) in such an open-loop way is a difficult task, and the open-
loop approach raises numerical difficulties. Instead, we consider the following
system (4) with variables (x, \), where the tuning is done in a closed-loop way
via the second equation of (4) (6 is a fixed positive parameter):

2(t) +x(t) — (I + Xt)A)z(t) =0, At) >0,
(LSP) {A<t>||<f+ AOA) () — a(0)]| = 6. @

Note that A(+) is an unknown function, which is obtained by solving this system.
When the system is asymptotically stabilized, i.e., @#(t) — 0, then the second



H. Attouch, M. Marques Alves, B. F. Svaiter / A Dynamic Approach ... 141

equation of (4) forces A(t) = m to tend to 400 as t — +o00. Our main results

can be summarized as follows:

In Theorem 2.4, we show that, for any given zq € H \ A~1(0), and 6 > 0, there
exists a unique strong (locally Lipschitz in time) global solution ¢ +— (z(t), A(t))
of (4) which satisfies the Cauchy data z(0) = .

In Theorem 3.2, we study the asymptotic behaviour of the orbits of (4), as
t — +oo. Assuming A7'(0) # (), we show that for any orbit ¢ — (x(t), A(t))
of (4), A(t) tends increasingly to +oo, and w — lim;_, z(t) = o exists, for
some 7o, € A71(0). We complete these results by showing in Theorem 3.5 the
strong convergence of the trajectories under certain additional properties, and
in Theorem 3.3 superlinear convergence under an error bound assumption.

In Theorem 4.2, we show that (4) has a natural link with the regularized Newton
dynamic, which was introduced in [5]. In fact, A\(¢) tends to 400 as t — +o0 is
equivalent to the convergence to zero of the coefficient of the regularization term
(Levenberg-Marquardt type) in the regularized Newton dynamic. Thus (4) is
likely to share some of the nice convergence properties of the Newton method.

In Theorem 5.6, when A = 0f is the subdifferential of a convex lower semicon-
tinuous proper function f : H — R U {+oo}, we show the O(1/t?) convergence

property
4

(1+ Cyt)?
In Appendix A.2 we consider some situations where an explicit computation of
the continuous orbits can be made, and so confirm the theoretical results.

fla(t) ~inff <

Then, we present new algorithms which can be obtained by time discretization of
(4), and which share similar fast convergence properties. We study the iteration
complexity of a variant of the proximal point method for optimization. Its main
distinctive features are:

i) a relative error tolerance for the solution of the proximal subproblem similar
to the ones proposed in [19, 20], see also [3] in the context of semi-algebraic and
tame optimization;

ii) a large step condition, as proposed in [12, 13]. Let us notice that the usefulness
of letting the parameter \; tends to infinity in the case of the proximal algorithm,
was already noticed by Rockafellar in [18] (in the case of a strongly monotone
operator, he showed a superlinear convergence property).

Cubic-regularized Newton method was first proposed in [9] and, after that,
in [21]. As a main result, in Theorem 6.5 we show that the complexity of
our method is O(1/n?), the same as the one of the cubic-regularized Newton
method [14].

For smooth convex optimization we introduce a corresponding proximal-Newton
method, which has rapid global convergence properties (Theorem 7.6), and has
quadratic convergence in the regular case (Theorem 7.7).
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1. Study of the algebraic relationship linking A\ and =

Let us fix 8 > 0 a positive parameter. We start by analyzing the algebraic
relationship

M+ M) e — || =6, (5)
that links variables A €]0, +oo[ and x € H in the second equation of (4). Define

@ : [0,00[xH — RT,

6
o\, z) = Az — (I + XA)tz|| for A >0, »(0,z) = 0. ©)

We denote by J{' = (I + MA)~! the resolvent of index A > 0 of A, and by
Ay = % (I — J)f‘) its Yosida approximation of index A > 0. To analyze the
dependence of ¢ with respect to A and x, we recall some classical facts concerning
resolvents of maximal monotone operators.

Proposition 1.1. For any A > 0, > 0, and any v € H, the following proper-
ties hold:

7) J& 0 H — H is nonexpansive, and Ay : H — H is %-Lz’pschz’tz

continuous. (7)
i)  J{o =T} (ke + (1-%) Jiz); (8)
i) || S = Jilell < X = pl | Asz); (9)
w)  limy o Ji'z = projppge; (10)
v)  limygoo Ji2 = proj gz, if A7H0) # 0. (11)

As a consequence, for any x € H and any 0 < § < A < +o0, the function
A J{dx is Lipschitz continuous on [0, A]. More precisely, for any X\, u belonging
to [0, A]

[ — Tl < A= ul || As]. (12)

Proof. i) is a classical result, see [7, Proposition 2.2, 2.6].

i1) Equality (8) is known as the resolvent equation, see [7]. Its proof is straight-
forward: By definition of £ = J{!z, we have

&+ NAE S x,
which, after multiplication by £, gives
M M
= AE D —.
)\5 + pAE > 37
By adding £ to the two members of the above equality, we obtain
H H
Ac s By B
which gives the desired equality

= Jit (§a+ (1-5) Ha).
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i1i) For any A > 0, > 0, and any « € H, by using successively the resolvent
equation and the nonexpansive property of the resolvents, we have

T — Jha|| = ( JA (gas + (1 - %) J;‘x> - Jja:H
<|(1-5) -2
< A= pf [[Axz]].

Using that A — ||Axz| is nonincreasing, (see [7, Proposition 2.6]), we obtain
(12).

iv) see [7, Theorem 2.2].
v) It is the viscosity selection property of the Tikhonov approximation, see

2]. O

Let us first consider the mapping = +— (A, z). Noticing that, for A\ > 0,
©(A\, z) = X2||Axz||, the following result is just the reformulation in terms of ¢
of the %—Lipschitz continuity of A,.

Proposition 1.2. For any x1,x5 € H, and A > 0,
(A, 21) — (N, 22)| < Allzg — 24].

The next result was proved in [13, Lemma 4.3] for finite dimensional spaces.
Its proof for arbitrary Hilbert spaces is similar and is provided for the sake of
completeness.

Lemma 1.3. For any x € H, and 0 < Ay < Ao,

)\2 )\2

) < w0 < () elha) (13)

and (A, x) = 0 if and only if 0 € A(x).

Proof. Let y; = Jﬁx and v; = A,z for i = 1,2. In view of the definitions,
v € A(yi), ANvi+yi—xz=0, i=12.

Therefore,

A1 —v2) + 11 —y2 = (Ao — Ap)ve,
va— v+ AT (e — ) = (M =T (i — ).

Since A is monotone, the inner products of both sides of the first equation by
v1 — vy, and of the second equation by ¢, — y;, are non-negative. Since A; < Ag,

<U1 - U27U2> > 07 <y2 — Y1, — .T,'> > 07
ol > (Jvall, Ny — 2l > flyr — 2.



144 H. Attouch, M. Marques Alves, B. F. Svaiter / A Dynamic Approach ...

The two inequalities in (13) follow from the two last inequalities in the above
equation and definition (6). The last part of the proposition follows trivially
from the maximal monotonicity of A and definition (6). O

We can now analyze the properties of the mapping A — ¢(\, z). Without
ambiguity, we write shortly J, for the resolvent of index A > 0 of A.

Proposition 1.4. For anyz ¢ A71(0), the function X € [0,00[ — p(\,x) € RT
is continuous, strictly increasing, p(0,z) =0, and limy_ 1 @(\, ) = +o0.

Proof. It follows from (6) and the first inequality in (13) with A\ = 1, A = A\; <
1 that
0 <lim sup (A, z) < lim Ap(l,z) =0,
A—07t A—0F

which proves the continuity of A — ¢(\, z) at A = 0. Note that this also results
from Proposition 1.1 iv). Since 0 ¢ A(z), it follows from the last statement in
Lemma 1.3 and the first inequality in (13) that A — @(\, x) is strictly increasing,
and that limy_ . @(\, ) = 4+00. Left-continuity and right-continuity of \ —
©(\, z) follows from the first and the second inequality in (13). O

In view of Proposition 1.4, if 0 ¢ A(z) there exists a unique A > 0 such that
©(\, z) = 6. It remains to analyze how such a A depends on z. Define, for § > 0

Q =3\ AY0),
1 (14)
Ag - Q2 —=]0, 0], Ag(x) = (p(-, ) (0).
Observe that  is open. More precisely,
{zEJ-C’||z—x||<L}CQ Vo € Q (15)
Ag(z) ’ '

To prove this inclusion, suppose that ||z — z|| < 6/Ag(x). By the triangle
inequality and Proposition 1.2 we have

p(Ao(), 2) = p(Ag(2), 2) = |p(Ag(2), 2) — (Ao (), 7)]
>0 — Ng(z)||z — x| > 0.

Hence, z ¢ A71(0).

Function Ay allows us to express (4) as an autonomous ODE:

{m'(t) +a(t) — (I + Ap(x(t)A) " x(t) = 0; (16)

In order to study the properties of the function Ay, it is convenient to define

Ty(z) = min{a > 0| ||z — (I + a P A) 2| < ab}. (17)
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Lemma 1.5. The function Ty : H — R* is Lipschitz continuous with constant
1/0, and

0, otherwise.

Fy(a) = {1/A9(a:), if v € Q

Proof. The first inequality in (13) is equivalent to saying that A\ — ||z — (I +
AA)7'z|| is a non-decreasing function. Therefore, a +— ||z — (I + a7 tA) x|l is
a (continuous) non-increasing function. As a consequence, the set

{a>0]llz— I +a'A) 2| <ab}

is always a nonempty interval, and I'y is a real-valued non-negative function.
The relationship between I'p(z) and Ay(z) is straightforward: by definition, if

x €
- 1 1\
[o(x) = minca>0|—|lz—(I+—-A) z|<0,,
« a

B 1

Cosup{A > 0| Az — (1 +2A) 1| <0}

= 1/Ag(2).
Moreover, if z € S = A71(0), then for any o > 0, z — (I + ™' A)"lz = 0, and

Let us now show that I'y is Lipschitz continuous. Take x,y € H and a > 0.
Suppose that ||z — (I +a ' A)"'z|| < af. We use that z +— ||z — (I +NA) "'z is
nonexpansive (a consequence of the equality ||z — (I + AA)~'z|| = |\ A x| and
Proposition 1.1, item ¢)). Hence

ly— (I +a " A) Y| <l — (T + o A) | + [ly — 2|
< ab + ||y — x|

_ |y — ||
= (a+ 7 0.

Let 3 = a+|ly—x||/0. Since 3 > «, by using again that A — ||z —(I+X"1A) x|
is a non-increasing function,

ly— (I +BA) Y| < lly— (I +a P A) Tyl < 6.

By definition of I'y, we deduce that I'y(y) < = a+ ||y — z|| /6. This being true
for any o > T'y(x), it follows that Iy(y) < T'y(x) + ||y — z||/0. Since the same
inequality holds by interchanging = with y, we conclude that I'y is 1/6-Lipschitz
continuous. ]

Observe that in (4)

At) = Do(2(t),  2(t) = Japapa(t) — 2(1).
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We are led to study the vector field F' governing this ODE,
F:Q— X, F(x) = Jpp@)x — . (18)

Proposition 1.6. The vector field F is locally Lipschitz continuous.

Proof. Take zp € Q and 0 < r < 0/Ap(z0). Set Ag = Ag(xp). By (15) we have
B(xg,r) C €. In view of the choice of r and Lemma 1.5, for any = € B(x,r)

1 r 1
- _ < —Ty(x) <
0<% "85 s

+ - (19)

|3

1
Ao
Take z,y € B(zo,r) and let

A=2Ng(z),  p=2No(y).

By using that  — |l — Jy(x)|| is nonexpansive, and the resolvent equation
(Proposition 1.1, item i7)), we have

1F(z) = Fy)ll = I/se = 2 = (Juy — ) |
< e =2 = (=) | + I = o
Juy —y
< flo = + 1n - g 22 =2

I\ — pl

12

= [l =yl + 0

where the last equality follows from the definition of © and (14). Using Lemma 1.5
we have

A — pl )\‘1 1‘

It poip A
To(y) 1Ty(y)
Tty P~ Dol@)l < G sy = all

In view of (19),
Ly(y) < 0+ Aor
Ty(z) = 60— A1’

Combining the three above results, we conclude that

0+ Aot 20
E —F < |1+ — = —

which is the desired result. O]
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2. Existence and uniqueness of a global solution

Given g € 2 = H \ A71(0), we study the Cauchy problem

o(t) +x(t) — (I + Xt)A)tz(t) =0, A1) >0,
AT + AR A) () — =) = 6, (20)
x(0) = xo.

Note that the assumption zy € Q = H \ A7(0) is not restrictive, since when
zg € A71(0), the problem is already solved. Following the results of the previ-
ous section, (20) can be equivalently formulated as an autonomous ODE, with
respect to the unknown function .

{w) + () = (L + Ag((t)A) " (t) = 0; (21)

Let us first state a local existence result. We set briefly R, , =]0, +-o00].

Proposition 2.1. For any g € Q= H \ A71(0), there exists some € > 0 such
that (20) has a unique solution (x,\) : [0,e] = H x Ry,. Equivalently, (21) has
a unique solution x : [0,&] — H. For this solution, z(-) is €', and \(-) is locally
Lipschitz continuous.

Proof. We use the reformulation of (20) as an autonomous differential equation,
as described in (21). Equivalently

with F(z) as in (18). By Proposition 1.6, the vector field F' is locally Lipschitz
continuous on the open set Q C H. Hence, by Cauchy-Lipschitz theorem (local
version), for any xy € €, there exists a unique local solution x : [0,e] — H of
(16), for some € > 0. Equivalently, there exists a unique local solution (x, \) of
(4). Clearly z is a classical €' orbit, and ¢ — A(t) = Ag(z(t)) = m is Lip-
schitz continuous (by taking e sufficiently small), a consequence of Lemma 1.5,

and z(t) € Q. O

In order to pass from a local to a global solution, we first establish some further
properties of the map ¢t — A(t).

Lemma 2.2. If (z,)\) : [0,¢] — H xR, is a solution of (20), then |\(t)| < A(t)
for almost all t € [0,¢].

Proof. Fix any ¢ € [0,e] where A(+) is differentiable, and take any t' € [0, €],
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t' #t. Then
M) = MO = MM |55~ 577 (22)
= M) [Co(a(t)) — Tola(?)) (23)
< MOMOa(t) = £ o

where the last inequality follows from Lemma 1.5. Therefore

lim
t'—t

M) = AD) | . AOAO2(@) =@ _ | ey _
ﬁ' < jm o — 1] = AO2@)11/6 = At)- (25)

]

Lemma 2.3. If (x,A) : [0,e] — H x Ry; is a solution of (20), then A(-) is
non-decreasing.

Proof. Since A is locally Lipschitz continuous, to prove that it is non-decreasing
it suffices to show that \(¢) > 0 for almost all ¢t € [0,]. Take t € [0, e[ and define

p=A), y=Juxt), v=p(zt)-y).
Observe that v € A(y) and pv + y — 2(t) = 0. Define
zn, = x(t) + hi(t), 0 < h <min{e —¢,1}.
Since #(t) = —pwv, we have (1 — h)pv +y — 2, = 0, Ja_pyu2n = y and so
(1= By, ) = (1= hyully — 2all = (1 — B lly — a(t)] = (1 — h)26.

Therefore, using triangle inequality, the second inequality in Lemma 1.3 and
Proposition 1.2, we obtain

o, x(t +h)) < o, zn) + le(p, 2t + ) — o, 21)|

p((1 = h)p, zn)
(1—h)?

— 0+ pl|x(t + h) — z(t) — hi(t)]].

< +plle(t + h) — 2

To simplify the notation, define

_ pllat £ h) — x(t) — hi(t)]]
Ph 0 :

Observe that p, > 0 (for 0 < h < min{e —¢,1}), and lim;,_¢+ pp/h = 0. Now,
the above inequality can be written as

p(p, w(t + h)) <01+ pn).
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It follows from this inequality, the non-negativity of p;, and Lemma 1.3 that

1
cx(t+h) ) <86.
(p<1+ﬂh ot + )>_

Since (-, x(t + h)) is strictly increasing, and p(A(t + h), z(t + h)) = 6,

p o AQR)

At +h) > = .
( )2 IL+pn  1+pn
Therefore
— 1
lim inf A+ h) = M) > lim — A) —A(t)| = — lim )\(t)M = 0.
h—0+ h—ot h |1+ pp h—0+ 14 pp

]

In view of Proposition 2.1, there exists a solution of (21) defined on a maximal
interval. Next we will prove that this maximal interval is [0, 4o00].

Theorem 2.4. For any xy € Q = H \ A7Y(0), there exists a unique global
solution (z,A) : [0,400[— H x Ry of the Cauchy problem (20). Equivalently,
(21) has a unique solution x : [0, +oo[— H. For this solution, z(-) is €', and
A(+) is locally Lipschitz continuous. Moreover,

i) A(+) is non-decreasing;
i)t [ Ipx(t) — x(t)] is non-increasing;
iii)  For any 0 <ty <t

)\(to) S )\(tl) § e(tl_to))\(to),
[ Tao)® (to) — (to)le™ =) < e a(t) — 2(t)]| < [[Iago)@(to) — z(to)]].

Proof. According to a standard argument, we argue by contradiction and as-
sume that the maximum solution z(-) of (21) is defined on an interval [0, T4z |
with Th0. < +00. By Lemmas 2.2 and 2.3, A(-) is non-decreasing, and satisfies
0 < A(t) < A(t) for almost all ¢t € [0, T)nee[. By integration of this inequation,
we obtain, for any ¢ € [0, T}

0 < M0) < A(t) < A(0)e'. (26)

Since t < T4z, we infer that lim; 7, . A(f) := A\, exists and is finite. Moreover,
by (20)
: _ 0

(@) = 17 + M) A) " a(t) — 2(t)]| = O} (27)
Combining (26) and (27), we obtain that ||&(t)|| stays bounded when ¢ € [0, T',0z |-
By a classical argument, this implies that lim, .7, x(t) := xz,, exists.
Moreover, by the second inequality in (26), ||[(I+A(t)A) tz(t)—z(t)|| = % stays
bounded away from zero. Hence, at the limit, we have || (I4+An,A) ' 2 —2 | # 0,
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which means that x,, € 2 = H \ A7(0). Thus, we can apply again the local
existence result, Proposition 2.1, with Cauchy data x,,, and so obtain a solution
defined on an interval strictly larger than [0, T},..[. This is a clear contradiction.
Properties i),1ii),7ii) are direct consequences of Lemmas 2.2 and 2.3. More
precisely, by integration of 0 < A(t) < A(t) between t, and t; > to, we obtain
Ato) < A(ty) < elt=0))\(¢5). As a consequence

Nt = M)

[ Taanz(ty) —z(t)]l = = [[/xw0)x(to) = 2(to)ll;

and

) =201 = 35 = 365 % 32 2 IHoee() = ()=~

Remark 2.5. Property i7i) of Theorem 2.4, with ty = 0, namely ||JyoZo —
zolle" < || Iy (t)—x(t)]|, implies that for all t > 0, we have Jy)z(t)—x(t) # 0.
Equivalently x(t) ¢ A7'(0), i.e., the system cannot be stabilized in a finite time.
Stabilization can be achieved only asymptotically, which is the subject of the
next section. O]

3. Asymptotic behavior
3.1. Weak convergence

To prove the weak convergence of trajectories of system (4), we use the classical
Opial lemma [15], that we recall in its continuous form; see also [8], who initiated
the use of this argument to analyze the asymptotic convergence of nonlinear
contraction semigroups in Hilbert spaces.

Lemma 3.1. Let S be a non empty subset of H, and x : [0, +00[— H a map.
Assume that

(i)  for every z € S, limy_, o ||x(t) — 2|| exists;

(i) every weak sequential cluster point of the map x belongs to S.

Then

w — tlim x(t) = oo exists, for some element xo, € S.
——400

Let us state our main convergence result.

Theorem 3.2. Suppose that A~1(0) # 0. Given zo ¢ A~Y0), let (z,)\) :
[0, +00[— H x R, be the unique global solution of the Cauchy problem (20).
Set dy = d(xg, A~*(0)) the distance from xg to A~Y(0). Then, the following
properties hold:

i) @)l = llz(t) = Dozl < do/v2t; hence limy o0 [|2(t)|] = 0;

i) At) > 0v/2t/dy; hence limy_, oo M(t) = +00;
i) w —limy_ o x(t) = 7o emists, for some x4, € A7H0).
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Moreover, for any z € A7Y(0), ||x(t) — z|| is decreasing.

Proof. Define

v(t) = A1) (@(t) — Jpa(t). (28)
Observe that v(t) € A(Jxpa(t)) and A(t)v(t) + Jypa(t) — (t) = 0. For any
z € A710), and any ¢ > 0 set

ha(t) = Slla(t) — 2. (29)

After derivation of h,, and using the differential relation in (20) we obtain

ha(t) = (w(t) — 2,%(t)) (30)
= — <w (t) — z,x(t) J,\(t)x(t)> (31)
= — [lz(t) = Kz @O — (Iapz(t) — 2, A(t)v(t)). (32)

Since v(t) € A(Jypx(t)), 0 € A(2), and A is (maximal) monotone

ha(t) < —Jla(t) — ha()]*. (33)
Hence, h, is non-increasing. Moreover, by integration of (33), for any ¢ > 0

3l = 2O 2 00) = () = = [ ha(ula

t
= /0 [Tz (w) = z(u)[[Pdu > t|Jxpz(t) — ()]

where the last inequality follows from t — ||Jy)x(t) —x(t)|| being non-increasing
(see Theorem 2.4, ii)). Item 1) follows trivially from the above inequality. Item
i1) follows from item 7) and the algebraic relation between x and X in (20). To
prove item #7i), we use Lemma 3.1 with S = A7'(0). Since z in (29) is a generic
element of A~1(0), it follows from (33) that item (i) of Lemma 3.1 holds. Let us
now prove that item (i7) of Lemma 3.1 also holds. Let z, be a weak sequential
cluster point of the orbit x(-). Since |z(t) — Jxpx(t)|| — 0 as t — oo, we also
have that z is a weak sequential cluster point of Jy.yz(-). Now observe that
in view of items ¢) and i7), for any ¢t > 0

dg
@)l < 57 (34)

Hence, v(t) converges strongly to zero as t tends to infinity. Since v(t) €
A(Jxpx(t)), and the graph of A is demi-closed, we obtain 0 € A(z), ie.,
Too E S O
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3.2. Superlinear convergence under an error bound assumption

In this section, we assume that the solution set S = A7'(0) is non-empty and
that, whenever v € A(z) is “small”, its norm provides a bound for the distance
of  to S. Precisely,

A0) S = A71(0) is non-empty, and there exists &, k > 0 such that

ve Alx), |lv]| <e=d(z,5) <rllv].

Let us notice that AO) can be equivalently formulated as an error bound condi-
tion
d(x, A71(0)) < kd (O, A(z) N B(0, e)) .

In this way, the previous condition of nonvacuity of A~1(0) is encompassed.

Theorem 3.3. Assuming A0), then z(t) converges strongly to some x* € A~1(0),
and for any o € (0, 1) there exist positive reals cg, ¢y, o, c3 such that

d(z(t),S) < cpe™™, A(t) > cre™,

()] < cge™ 2 z(t) — ¥ < eze .
[v@)] : 3

Proof. Let Ps be the projection on the closed convex set S = A~1(0). Set
y(t) = Jawx(t). Define, for ¢t > 0,

a*(t) = Ps(z(t),  y"(t) = Ps(y(t)).
It follows from the assumption A71(0) # @), and from (34) (inside the proof of

)
Theorem 3.2) that lim; .., v(t) = 0. By A0), and v(t) = A(t)""(z(t) — y(t)) €
A(y(t)), we have that, for ¢ large enough, say ¢t > t,

d(y(t), S) = [ly(t) —y" ()| < &llv(@)]. (35)
Hence

(@) — 2" (O] < [le(t) = y" Ol < [l=@) =yl + ly(t) =y @)
< [lz(#) =yl + llo(@)l]

K
= t) —y(t 1+—=1.
Joto) - o)) (1+ 575
Take o € (0,1). Since A(t) — oo as t — oo, for t large enough

l=(t) — 2" ()| < o la(t) — y(B)ll. (36)

Define
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Using successively the classical derivation chain rule, and (4), we obtain

g'(t) = (x(t) — " (t), &(t))
= —(x(t) — a*(t), z(t) — y(t))
= —|lz(t) — y(®)|]> = (y(t) — z*(t), (t) — y(t)) .

Ey the monotonicity of A, and \(t)"'(z(t) — y(t)) € A(y(t)), 0 € A(x*(t)), we
(y(t) — 27 (1), x(t) — y(t)) = 0.

Combining the two above inequalities, we obtain

g(t) < —llz(t) —y@®)I*. (37)

From (36), (37), and the definition of g, we infer

g'(t) < —2a%g(t),

20t which proves the first

and it follows from Gronwall’s lemma that g(t) < ce”
inequality.

To prove the second inequality, we use the inequality

[e(t) =y < d(z(1),5) (38)

which is a direct consequence of the %-Lipschitz continuity of Ay. For z € S,
since Aypz =0

1
[Axpz @) = [[Axpx(t) — Axp 2| < m”lﬂ(t) —2.

Equivalently, ||z(t) — y(t)|| < ||z(t) — z|| for all z € S, which gives (38). Then
use the first inequality, and the equality A(¢)||z(t) —y(t)|| = 0, and so obtain the
second inequality.

The third inequality follows from the second one, and the equality A(¢)?||v()| =
6.

To prove the last inequality, observe that for ¢, < ts,

to

() — (b)) < / it = / () — y(o)lldt < / d(x(t), S)dt

t1 t1 t1

where the last inequality comes from (38), and the strong convergence of x(t),
as well as the last inequality follows. ]

Remark 3.4. In the Appendix, in the case of an isotropic linear monotone
operator, we can perform an explicit computation of x, A, and observe that
their rates of convergence are in accordance with the conclusions of Theorem
3.3.
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3.3. Weak versus strong convergence

A famous counterexample due to Baillon [6] shows that the trajectories of the
steepest descent dynamical system associated to a convex potential can converge
weakly but not strongly. The existence of such a counterexample for (4) is an
interesting open question, whose study goes beyond this work. In the following
theorem, we provide some practically important situations where the strong
convergence holds for system (4). We recall that a function f : H — RU+ {oo}
is said to be boundedly inf-compact, if for any R > 0 and [ € R,

{reXH: f(x) <, and ||z|| < R} is relatively compact in H.

Theorem 3.5. Assuming S = A~%(0) is non-empty, then x(t) converges strongly
to some ¥ € A7Y(0), in the following situations:

i) A is strongly monotone;

it) A= 0f, where f : H — RU+{oo} is a proper closed convez function,
which 1s boundedly inf-compact;

i) S = A"Y0) has a nonempty interior.

Proof. i) If A~! is Lipschitz continuous at 0, then assumption A0) holds, and,
by Theorem 3.3, each trajectory x(t) of (4) converges strongly to some z* €
A71(0). In particular, if A is strongly monotone, i.e., there exists a positive
constant « such that for any y; € Az;, i = 1,2

(Yo — y1, 79 — 1) > alze — 21|%,

then A~! is Lipschitz continuous. In that case, A71(0) is reduced to a single
element z, and each trajectory x(t) of (4) converges strongly to z, with the rate
of convergence given by Theorem 3.3.

it) A = 0f, where f : H — R U +{oo} is a proper closed convex function,
which is supposed to be boundedly inf-compact. By Corollary 5.3, ¢ +— f(x(t))
is non-increasing, and x(-) is contained in a sublevel set of f. Thus, the orbit
x(+) is relatively compact, and converges weakly. Hence, it converges strongly.

ii1) Suppose now that S = A7'(0) has a nonempty interior. Then there exists
r > 0 and p € A(0) such that the ball B(p,r) of radius r centered at p is
contained in S. For any given A > 0, we have A~1(0) = A;'(0). Hence, for any

A > 0, we have B(p,r) C A;'(0). By the monotonicity property of Ay, for any
e H, A>0,and h € H with ||| <1,

(Ax(€), € = (p+7h)) > 0.

Hence
rl[AN©] =7 sup (Ax(£), h) < (A(E), € — D). (39)

[[RlI<1
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The ODE (4) can be written as ©(t) + A(t) Axpx(t) = 0. Taking A = A(t), and
€ =z(t) in (39), we obtain

@] = A Axe (z@)]] < @ (A (z(t)), 2(t) —p) .

Using again (4) we obtain

l#0)] < — (@), 7(t) ~ p)). (10)

The end of the proof follows standard arguments, see for example [16, Proposi-
tion 60]. Inequality (40) implies, for any 0 < s <t

() — 2(s)]| < / i (7) dr
<! / (), 2(7) — p) dr

< - (le(9) = 8l = llo(t) — 9l

By Theorem 3.2 iii), ||z(t) — p|| is convergent. As a consequence, the trajec-
tory z(-) has the Cauchy property in the Hilbert space H, and hence converges
strongly. ]

4. A link with the regularized Newton system

In this section, we show how the dynamical system (4) is linked with the regular-
ized Newton system proposed and analyzed in [1], [4], [5]. Given zy ¢ A71(0),
let (z,A) : [0,+00[— H x R,, be the unique global solution of the Cauchy
problem (20). For any ¢ > 0 define

1

J0) = THXDA 20, o) = 00 —y0). @)

We are going to show that y(-) is solution of a regularized Newton system. For
proving this result, we first establish some further properties satisfied by y(-).

Proposition 4.1. For y(-) and v(-) as defined in (41) it holds that

i) w(t) € Ay(t), At)v(t) +y(t) —x(t) = 0, and &(t) = y(t) — z(t) for all
t>0;

it)  v(:) and y(-) are locally Lipschitz continuous;

i) () + MO o(t) + (At) + A)v(t) = 0 for almost all t > 0;

i) (g(t),o(t)) >0 and (y(t),v(t)) <0 for almost all t > 0;

v)  |lv()|| is non-increasing.
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Proof. Item i) follows trivially from (41) and (4). Item 4i) follows from the local
Lipschitz continuity of A, and the properties of the resolvent, see Proposition
1.1. Hence z,y, \,v are differentiable almost everywhere. By differentiating
A +y—x =0, and using & = y — x, we obtain item iii). To prove item iv),
assume that y and v are differentiable at ¢ > 0. It follows from the monotonicity
of A and the first relation in item iv) that if ¢’ # ¢ and ¢’ > 0

W) = u(®). o) —v(®) _
(=17 -

Passing to the limit as ¢ — ¢ in the above inequality, we conclude that the first
inequality in item 7v) holds. To prove the last inequality, assume that A(-) is
also differentiable at ¢. Using item 7i7), after scalar multiplication by y(t), we
obtain

@I + M@ (), 0(2)) + (AE) + AD) G (D), v(1)) = 0.

To end the proof of item iv), note that A(t) > 0 (by Theorem 2.4, ii), A() is
non-decreasing), and use the first inequality of item iv). In view of (41) and (4),
A2()|lv(t)|| = 6 for all t > 0. This result, together with Lemma 2.3 proves item
v). O

Hence (almost everywhere) y(-) and v(-), as defined in (41), satisfy the differen-

tial inclusion
{v(t) € Ay(t); | )
Y(t) + MO)D(t) + (A1) + A#))v(t) = 0.

Recall that A(+) is locally absolutely continuous, and satisfies almost everywhere
0 < A(t) < At).

Let us consider the time rescaling defined by

() = /0 Wdu:t—i—ln()\(t)/)\@)). (43)

Since 1 < W < 2, we have t < 7(t) < 2t. Hence t — 7(t) is a monotone
function which increases from 0 to +o00 as ¢t grows from 0 to +co0. The link with

the regularized Newton system is made precise in the following statement.

Theorem 4.2. For y(-) and v(-) as defined in (41), let us set y(t) = y(7(t)),

v(t) = 0(7(t)), where the time rescaling is given by T(t) = Ot ’\(”/i(ts(“) du. Then,

(7,0) is solution of the reqularized Newton system

v € Ay;
a4 (44)
FEQ+EU+U:0.
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That’s the regularized Newton system which has been studied in [5]. The
(Levenberg-Marquardt) regularization parameter is equal to === . Since A(t)
tends to infinity, the regularization parameter converges to zero as 7 tends to
infinity. This makes our system asymptotically close to the Newton method.
We may expect fast convergence properties. That’s precisely the subject of the
next section. Let us complete this section with the following relation allowing
to recover = from y.

Lemma 4.3. For anyty > t; >0,

u

-1

e

_ [ —At —At
z(tz) = /0 (1= e 2yt + u) + e a(ty)] oy du.

where At = t9 — 7.

Proof. It suffices to prove the equality for ¢, = 0 and t, = ¢t = At. Since
T =1y — x, trivially £ + x = y. So

elr(t) —xg = /Ot e'y(u) du.

Whence
t
x(t) = e tzy + e_t/ e"y(u) du
0
! t 1
=e /o e [(e" = Dy(u) + o] T du
t . . el
= /0 [(1— e ")y(u) + e "ao) pra— du
which is the desired equality. [

5. The subdifferential case

From now on, in this section, we assume that A = 9f, where f : H — RU+ {o0}
is a proper closed convex function. Let us recall the generalized derivation chain
rule from Brézis [7] that will be useful:

Lemma 5.1 ([7, Lemme 4, p. 73]). Let ® : H{ — R U {+oo} be a closed
convex proper function. Let u € L*(0,T;H) be such that w € L*(0,T;H),
and u(t) € dom(9®) for a.e. t. Assume that there exists £ € L*(0,T;H) such
that £(t) € 0P(u(t)) for a.e. t. Then the function t — ®(u(t)) is absolutely

continuous, and for every t such that v and ®(u) are differentiable at t, and
u(t) € dom(0®), we have

Vh € 9d(u(t)), %@(u(t)} — (a(t), h).
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5.1. Minimizing property
We keep notations in (41). Since v(t) € df(y(t)), A(t)v(t) = x(t) — y(t), and
A(t)?[Jv(t)|| = 6, by the convex subdifferential inequality
F@(®) = fly(®) + (@) —y(),v(t) > fy(1) + A o))
= fy®) + Voll@)*2. (45)
Lemma 5.2. The function t — f(y(t)) is locally Lipschitz continuous, non-
increasing and for any to > t; > 0,

u

At e
fla) < [ 10 =3t +0) + S )] g du (46)

< (1= e fy(t)) + e 2 f(a(t) (47)

where At = t9 — 7.

Proof. Suppose that to,t; > 0, t; # t5 and let

m=ylt), wvi=ovlt),  y2=yl),  v2=0(ta)
Since v; € 0f (y;) for i = 1,2

f(y2) > (1) + (y2 — y1,v1), f(y1) = f(y2) + (y1 — ya2, v2).

Therefore
(Yo =y, v1) < fy2) — f(y1) < (v2 — Y1, v2)
and
[f (1) = f(w2)l < llyy — gl max{{Jog|, f[va][} < llyr — w2ll[[o(0)]]

where in the last inequality, we use that ||v(+)]| is non-increasing, (see Proposition
4.1, item v)). Since t — y(t) is locally Lipschitz continuous, we deduce that
t — f(y(t)) is also locally Lipschitz continuous on [0, co[. Moreover, t — f(y(t))
is differentiable almost everywhere. Since y is locally Lipschitz continuous, and
v(+) is bounded, by Lemma 5.1, the derivation chain rule holds true (indeed, it
provides another proof of the absolute continuity of ¢ — f(y(¢))). Hence

() = (5(2),v(1)) <.

where in the last inequality, we use Proposition 4.1, item iv). Hence t — f(y(t))
is locally Lipschitz continuous, and non-increasing. Let us now prove inequality
(46). Without any restriction we can take t; = 0 and t; = t = At. By Lemma
4.3

u

¢ : du. (48)

et —

z(t) = /0 (1= e y(u) + e "zo)

The conclusion follows from the convexity of f, Jensen’s inequality, and t —
f(y(t)) non-increasing. O
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Corollary 5.3. If f(z(0)) < +oo, then for any t > 0, we have

i) f(z(t) < 400, (49)
ii)  tw— f(x(t)) is non-increasing, (50)
i) limsupy, o FEEREEO < f(y (1) — f(2(t) < —VOlo@)P2 (51)

Proof. Take ¢ > 0 and h > 0. Direct use of Lemma 5.2 with ¢; = ¢ and
to =t + h yields

fla(t+h) = f=t) _1—e"
h - h

and the conclusion follows by taking the lim sup as h — 07 on both sides of this
inequality, and by using (45). O
5.2. Rate of convergence

In this subsection, we assume that f has minimizers. Let
z € argmin f, do = inf{||xo — z|| : z minimizes [} = ||lzo — Z||.
Since v(t) € 0f(y(t)), for any t > 0

Fly(0) = f(2) < {y(t) = 2z, 0(0)) < ly(t) = =|[[[o(@)]
< l(#) = 2l o] < dollv(®)]]

where we have used y(t) = J;‘(t)(x(t)), z = J;‘(t)(ZL Jf‘(t) nonexpansive, and
t — ||z(t) — Z|| non-increasing (see (33)). Combining the above inequality with
(45), we conclude that for any ¢t > 0

Fla() = fly0) + (fly(t) — f(2))*2/6/d3. (49)
Now we will use the following auxiliary result, a direct consequence of the con-
3/2

vexity property of r — r
Lemma 5.4. Ifa,b,c> 0 and a > b+ cb®? then
3/2

b<a-— ca
- 14 (3¢/2)al/?

Proof. The non-trivial case is a,c > 0, which will be analyzed. Define
¢ :]0,00) = R, o(t) =t 4 3>

Observe that ¢ is convex, and a > ¢(b). Let us write the convex differential
inequality at a
a > ¢(b) > p(a) + ¢'(a)(b - a).

After simplification, we obtain the desired result. ]
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Proposition 5.5. For anyt > 0,

_ K@) = f(2)*2
L+ (3r/2)(f(2) = FN

where x = x(t), y = y(t) and Kk = \/0/d}.

Proof. Subtracting f(Z) on both sides of (49) we conclude that

fly) < flz) (50)

Fx(t) = f(2) = fy(1) = f(2) + (fy(t) = [(2))*?/0/d3.

To end the proof, use Lemma 5.4 with a = f(x(t)) — f(2), b = f(y(t)) — f(Z)
and ¢ = \/0/d3. O

Theorem 5.6. Let us assume that f(x(0)) < +oo. Set k = +/0/d3. Then, for
any t >0

f(l’o) - f(f)

L te/T@) = 1) ]
2+ 34/ f(zo) — f(2)

Proof. Set (t) := f(z(t)) — f(2). Consider first the case where §(-) is locally
Lipschitz continuous. Combining Proposition 5.5 with Corollary 5.3, and taking
into account that f(z(-)) is non-increasing, we conclude that, almost everywhere

fa@) = f(z) <

/iﬁS/Q - 563/2

TTE BB 1T (3e/2)0

d
Eﬁ <
where By = 5(0) = f(zo) — f(Z). Defining

K
u=1 , K=
VP 1+ (3k/2)5*

and substituting 8 = 1/u? in the above inequality, we conclude that

Ku~3

o34
2u u < ek
dt 1+ (3x/2)3,

Therefore, for any t > 0,

tk 1/2
u(t) > ———— + 1/6Y2.
2—1—3/4;63/2 ’

To end the proof, substitute u = 1/4/3 in the above inequality. In the general
case, without assuming (3 locally Lipschitz, we can write the differential equation
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in terms of differential measures (3 is non-increasing, hence it has a bounded
variation, and its distributional derivative is a Radon measure):

g + 3% <.

K
1+ (3k/2)8)

Let us regularize this equation by convolution, with the help of a smooth kernel
pe (note that we use convolution in R, whatever the dimension of H, possibly
infinite). By convexity of r + 73/2, and Jensen inequality, we obtain that 3 * p,
is a smooth function that still satisfies the differential inequality. Thus we are
reduced to the preceding situation, with bounds which are independent of ¢,

whence the result by passing to the limit as e — 0. O

Let us complete the convergence analysis by the following integral estimate.

Proposition 5.7. Suppose S = argmin f # (. Then

400
A Amquyqﬂnﬁg%mw@m$.

Proof. Let us return to the proof of Theorem 3.2, with A = Jf. Setting
h.(t) :== $||lz(t) — z||?, with 2 € argmin f, by (30) we have

ha(t) + (y(t) — 2, A(t)o(t)) < 0. (51)
By the convex subdifferential inequality, and v(t) € df(y(t)), we have

f(2) 2 fly() + (= = y(1),v(1)).

Combining the two above inequalities, we obtain

ha(t) + A()(f (y(t)) —inf f) < 0. (52)

By integrating this inequality, we obtain the announced result. ]

6. A large-step proximal point method for convex optimization with
relative error tolerance

In this section, we study the iteration complexity of a variant of the proximal
point (PP) method for convex optimization (CO). It can be viewed as a discrete
version of the continuous dynamical system studied in the previous sections.
The main distinctive features of this variant are: a relative error tolerance for
the solution of the proximal subproblems similar to the ones proposed in [19, 20];
a large-step condition, as proposed in [12, 13].

The PP method [11, 18, 17] is a classical method for finding zeroes of maxi-
mal monotone operators and, in particular, for solving CO problems. It has
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been used as a framework for the analysis and design of many practical algo-
rithms (e.g., the augmented Lagrangian, the proximal-gradient, or the alternat-
ing proximal minimization algorithms). The fact that its classical convergence
analysis [18] requires the errors to be summable, motivates the introduction
in [19, 20] of the Hybrid Proximal Extragradient (HPE) method, an inexact PP
type method which allows relative error tolerance in the solution of the prox-
imal subproblems. The relative error tolerance of the HPE was also used for
minimization of semi-algebraic, or tame functions in [3].

Consider the convex optimization problem:
minimize f(z) s.t.z € H, (53)

where f: H — R U {+o0} is a (convex) proper and closed function. An exact
proximal point iteration at x € H with stepsize A > 0 consists in computing

y = (I +\0f) (z).

Equivalently, for a given pair (A, z) € Ry, x H, we have to compute y € H such
that

0eXNf(y)+y—x.
Decoupling the latter inclusion, we are led to the following prozimal inclusion-

equation system:
vedfly), v+y—x=0. (54)

We next show how errors in both the inclusion and the equation in (54) can be
handled with an appropriate error criterion (0. f stands for the classical notion
of Legendre-Fenchel e-subdifferential).

Proposition 6.1. Let x € H, A > 0 and o € [0,1]. Ify,v € H and e > 0
satisfy the conditions

vEQf(y), lM+y—al* +2xe < o’lly — |, (55)

then, the following statements hold:

(a) fa') 2 f(y) + (v, = y) — & Va' € I

(0)  fl@) = fly) +3lvl® + 55y — 2l = fy);
(¢) (+o)lly—zl = ] =1 —=o)ly -l
(d)

0.2
d) e <simlvlllly —=l; and

A

1—02
§HUH2+ ly — ||

2A\
3/2 l—0o 2
> max < [[o]|*2\/Ally — z[|(1 — o), Iy ="

(56)

Proof. (a) This statement follows trivially from the inclusion in (55), and the
definition of e-subdifferentials.
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(b) First note that the inequality in (55) is equivalent to
Aol + [y — =l = 2A [(v, 2 — y) — €] < o?|ly — z|*.

Dividing both sides of the latter inequality by 2\, and using some trivial alge-
braic manipulations, we obtain

1 — o2
=l — 2l

A
(.0 = y) == 25l +

which, in turn, combined with (a) evaluated at 2’ = z, yields the first inequality
in (b). To complete the proof of (b), note that the second inequality follows
trivially from the assumptions that A > 0 and 0 < o < 1.

(c) Direct use of the triangle inequality yields

ly — 2l + A +y —zl| = [[Mo]l = [ly — 2] = [[Adv +y — ]|
Since o > 0, A > 0, and € > 0, it follows from (55) that ||A\v+y—z| < olly —z||,
which in turn combined with the latter displayed equation proves (c).

(d) In view of the inequality in (55), the second inequality in (c), and the as-
sumption that o < 1, we have

2
(2
2Xe < 0’|y — z* < T4 IAllly ==,

which trivially gives the statement in (d).

To complete the proof of the proposition, it remains to prove (56). To this end,
first note that, due to (c¢), we have y — x = 0 if and only if v = 0, in which
case (56) holds trivially. Assume now that y — x and v are nonzero vectors.
Defining the positive scalars 6 = A||y — z||, u = A||v]|/||ly — z|| and using (¢) we
conclude that

l-o<pu<l+o. (57)

Moreover, it follows directly from the definitions of § and p that
Ay 4o 1—0? 5 AL 2 1— o2
Z _ - Z 1
S+ 5l =l = Sl (14—

~ ol (14 20,
2

12

Since t + 1/t > 2 for every t > 0, it follows that

ﬂ<1+1_”2): 1_"2( a +”1_02)
p? B \V1—o? It

>2v/1 -0,

1—o?

I

> 2
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where the second inequality follows from the upper bound for x in (57). Com-
bining the last two displayed equations, and using the definition of 6, we obtain

1-o° 2 3/2
o 1y —zl” = o] VAlly = z[|(1 - o).

A
ol +

Likewise, using the second inequality (¢) we obtain

A o 1—0? s, (1—0)? , 1—0? 5
- _ > 2" 7 gy — I | PR
ol + Tl — 2l 2 Sy -l + — Tl — sl
1—-0o 9
—y— |
To end the proof, combine the two above inequalities. O

Note that (55) allows errors in both the inclusion and the equation in (54).
Indeed, since Of(y) C 0-f(y) it is easy to see that every triple (A, y,v) satisfy-
ing (54) also satisfies (55) with ¢ = 0. Moreover, if ¢ = 0 in (55) then we have
that (A, y,v) satisfies (54).

Motivated by the above results, we will now state our method which uses ap-
proximate solutions of (53), in the sense of Proposition 6.1.

Algorithm 6.2 (A Large-step PP method for convex optimization).

(0) Let xy € dom(f), o € [0,1], > 0 be given, and set k = 1;
(1) choose A\ > 0, and find zy, vy, € H, g > 0 such that

vy € Oc f (), (58)
| Mevr + 5k — Tp_1]|® + 2 eer < 02 ||mp — 2|7, (59)
Mellxg — xp—1]] > 0 or vy = 0; (60)
(2) if vy = 0 then STOP and output zy; otherwise let £ «— k + 1 and go to
step 1.
end

We now make some comments about Algorithm 6.2. First, the error tolerance
(58)—(59) is a particular case of the relative error tolerance for the HPE /Projec-
tion method introduced in [19, 20], but here we are not performing an extragra-
dient step, while the inequality in (60) was used/introduced by Monteiro and
Svaiter in [12, 13]. Second, as in the recent literature on the HPE method, we as-
sume that the vectors and scalars in step (1) are given by a black-box. Concrete
instances of such a black-box would depend on the particular implementation
of the method. We refer the reader to the next section, where it is shown that
(in the smooth case) a single Newton step for the proximal subproblem provides
scalars and vectors satisfying all the conditions of step (1).

From now on in this section, {zx}, {vr}, {ex} and {\;} are sequences generated
by Algorithm 6.2. These sequences may be finite or infinite. The provision for
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v = 0isin (60) because, in this case, xj_; is already a minimizer of f, as proved
in the sequel.

Proposition 6.3. For xq € H, assume that iteration k > 1 of Algorithm 6.2 is

reached (so that \i, xy, vp and g are generated). Then, the following statements
hold:

(a)  f(2') > f(zg) + (g, 2 — xp) — e V' € H;

(b)  flana) > flan) + 3ol + 5 len — o |* > fan);
(c) (A4 o)lzr — el 2 IAevll = (1 = o)z — 2o 5
0.2
(d) er < sy llvell llow — ze—1l; and
>\k 1-— O'2
5 el + L oy

(61)

l—0o
> max{||vk||3/2\/0(1—a), " ||5L"k;—93k:—1||2}-

(e) Suppose inf f > —oo. Then ZA_iS < +00; as a consequence, if the se-

quences { ¢}, {zx} ete. are infinite, then Ay — +00 as k — oo.

Proof. Items (a), (b), (¢), and (d) follow directly from Proposition 6.1 and
Algorithm 6.2’s definition. To prove (e), first notice that (b) implies, for any
J=1

1—o?

2,

Summing this inequality from 7 = 1 to k, we obtain

2 — @jal*.

f(xi1) > flz) +

—2 & o |2
Flao) > flo) + 257 > oy = 2301

J

Note that, in order Algorithm 6.2 to be defined, we need to take zy € dom f,
ie., f(zg) < +oo. Since, by assumption, inf f > —oo, and 0 < 1, we deduce
that

_ 2
Z—Hx’“ f’”” < +00. (62)
& k

On the other hand, by definition of Algorithm 6.2, (60), we have A\ ||z —xk_1] >
6. Equivalently, |lzy — zp_1]||* > %. Combining this inequality with (62), and
0 > 0, we obtain

> Lo (63)

k A’
O

Suppose now that Algorithm 6.2 generates infinite sequences. Any convergence
result valid under this assumption is valid in the general case, with the provision
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“or a solution is reached in a finite number of iterations”. We are ready to ana-
lyze the (global) rate of convergence and the iteration complexity of Algorithm
6.2. To this end, let Dy be the diameter of the level set [f < f(z0)], that is,

Dy = sup{[lz — y| | max{f(z), f(y)} < f(z0)}- (64)

Theorem 6.4. Assume that Dy < 0o, let T be a solution of (53) and define

f):@o{uma—ja)], K= %. (65)

Then, the following statements hold for every k > 1:

(a) el D > flaw) = f(2);

K(f(Tp—-1)—f(Z 3/2
(b) f(xk) < f(xkfl) - 2_?_38;;(,;]“_)1)10;();))1/2 ;
c ) — F(T) < f(zo)—f (%) . =0(1 k2).
( ) f( k) f( )— [H-k /T (@0)—F (@) } ( / )

2434/ f(20)— f(2)
Moreover, for each k > 2 even, there exists j € {k/2+1,...,k} such that

- 42/3
4 /(o) ~ f(x) :
lesll < - | =00/k)  (66)
o1 =) k:[2+k: w/f (o) = J(7) ]
2+ 3ky/ f(x0) — f(Z)
and
N fxo) — f() oL
g; < o) O(1/k). (67)

24+ k

2
K/ f (o) — f(Z)
24 3k+/ f(xo) — f(Z)

Proof. (a) In view of Proposition 6.3(b) and the fact that z is a solution of (53)

we have max{f(xy), f(Z)} < f(xo) for all £ > 0. As a consequence of the latter
inequality and (64) we find

max{||Z — zx_1]|, ||xx — zx_1]|} < Do VEk > 1. (68)

Using Proposition 6.3(a) with ' = Z, Proposition 6.3(d) and the Cauchy-
Schwarz inequality we conclude that

flze) — f(Z) < (vp, 16 — T) + &5

g
= vl |z — zal] VE > 1,
o)

< ol ] + 77—

which in turn combined with (68) and the definition of D in (65) proves (a).
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(b) By Proposition 6.3(b), (61), the above item (a), and the definition of x in (65)
we have for all £ > 1:

flaea) = (@) 2 flan) = £(2) + o201 — o)
> flon) = f(2) + 5(f (@e) = F(@))7*. (69)
Using the latter inequality and Lemma 5.4 (for each k > 1) with b = f(x)—f(Z),

a = f(xg_1) — f(Z) and ¢ = k we obtain

() — (@)
)T G (o) - faye e (1)

flzr) = f(Z) < flop—1) — f(Z

which in turn proves (b).

(¢) Defining ay = f(zx) — f

(7), k/(2 + 3K\/ag), and using the second
inequality in Proposition 6.3(b)

T =2
and (70), we conclude that
ap < ag—1 — Taz/,zl Vk > 1,

which leads to (c¢), by direct application of Lemma A.1 (see Appendix).

To prove the last statement of the theorem, assume that k > 2 is even. Using
the first inequality in Proposition 6.3(b), we obtain

k
f(xk/z) — flxzr) = Z f(@im1) — f(:)
i=k/2+1
LY 1—o?
i 2 2
2 | > 3”“1’” +2—/\i“$i—l‘z‘—1|| :
i=k/2+1

(71)

Taking j € {k/2+1,..., k} which minimizes the general term in the second sum
of the latter inequality, and using the fact that Z is a solution of (53), we have

kTN
Fone) = 1) 2 5 |2

1—o?
ol + 255 b = -
J

which, in turn, combined with (61) and (59) gives

f(aey2) — f(2) > maX{HUjHS/Q\/m, 1_—0H95j - leHQ}
k/2 Aj

2(1—o
> max {2/ = 27, 220 L

Combining the latter inequality with (¢), and using some trivial algebraic manip-
ulations, we obtain (66) and (67), which finishes the proof of the theorem. [

We now prove that if €, = 0 in Algorithm 6.2, then better complexity bounds
can be obtained.
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Theorem 6.5. Assume that Dy < oo, and e = 0 for all k > 1. Let x be a
solution of (53) and define

i 0(1—o)

D
Then, the following statements hold for all k > 1:

(a)  [loxlDo = flax) — f(T);

2K zp_1)—f(%))3/?
(0)  flzp) < flrp—1) — 2+3(;(0]E§f(];k_)1)f§f()ac)))1/2 ,
(¢) flan) — (@) < [BJE) = 0(1/k?).
[Hk ror/f(@0)—f (Z) }

2+3k04/ [ (z0)—f (Z)
Moreover, for each k > 2 even, there exists j € {k/2+1,...,k} such that

- ~2/3

4 f(zo) — f(7)
V-0 wov/T () — 1(@) ]

2+ 3rov/ (o) — f(7)

[[o;]] < =0(1/k%). (72)

k|24 E

Proof. By the same reasoning as in the proof of Theorem 6.4(a) we obtain (68)
and
f@r) = f(2) < oellllze — 2] < | Do VR =1,

which in turn proves (a). Using (a), the definition of kg, and the same reasoning
as in the proof of Theorem 6.4(b) we deduce that (69) holds with kg in the place
of k. The rest of the proof is analogous to that of Theorem 6.4. [

In the next corollary, we prove that Algorithm 6.2 is able to find approximate
solutions of the problem (53) in at most O(1/4/¢) iterations.

Corollary 6.6. Assume that all the assumptions of Theorem 6.5 hold, and let
e > 0 be a given tolerance. Define

24 30y/TTa0) T
KJO\/E ’

2 (24 3ro\/ [ () — f(7))*/?

(01 —a))/s Kyl 2\/E '

Then, the following statements hold:

(@) foranyk > K, flz)— f(z) <
(b)  there exists j < 2[J] such that |v;]| < e.

K

(73)
J=

Proof. The proof of (a) and (b) follows trivially from Theorem 6.5(c) and (72),
respectively, and from (73). O



H. Attouch, M. Marques Alves, B. F. Svaiter / A Dynamic Approach ... 169

7. An O(1/y/¢) proximal-Newton method for smooth convex opti-
mization

In this section, we consider a proximal-Newton method for solving the convex
optimization problem
minimize f(z) s.t.z € K, (74)

where f : H — R, and the following assumptions are made:

AS1) f is convex and twice continuously differentiable;
AS2) the Hessian of f is L-Lipschitz continuous, that is, there exists L > 0
such that

IV2f(z) = V2 f()ll < Ll =yl Yo,y e X

where, at the left hand-side, the operator norm is induced by the Hilbert
norm of J;
AS3) there exists a solution of (74).

Remark. It follows from Assumptions AS1 and AS2 that V?f(z) exists and is
positive semidefinite (psd) for all x € H, while it follows from Assumption AS2
that

IVfy) = V() = V() ly — ) < glly —a® Veyed.  (75)

Using assumption AS1, we have that an exact proximal point iteration at x € JH,
with stepsize A > 0, consists in finding y € H such that

AVf(y)+y—x=0 (cf. (54)). (76)

The basic idea of our method is to perform a single Newton iteration for the
above equation from the current iterate x, i.e., in computing the (unique) solu-
tion y of the linear system

MV f(@)+ Vif(a)(y =) +y—2z =0,

and defining the new iterate as such y. We will show that, due to (75), it
is possible to choose A so that: a) condition (55) is satisfied with ¢ = 0 and
v =V f(y); b) a large-step type condition (see (60)) is satisfied for A, z and y.
First we show that Newton step is well defined and find bounds for its norm.

Lemma 7.1. For any x € H, if A > 0 then \V?f(x) + I is nonsingular and

AV @) 2 ) 4 1)
ST < IOV @) + DAV @I M@ ()

Proof. Non-singularity of AV?f(x) + I, as well as the inequalities in (77), are
due to the facts that A > 0, VZf(z) is psd (see the remark after the Assumption
AS3), and the definition of operator’s norm. O
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The next result provides a priori bounds for the (relative) residual in (76) after
a Newton iteration from x for this equation.
Lemma 7.2. For any x € H, if A\ >0, 0 >0, and

y=z—(AVf(z)+1)"A\Vf(),

MAV2f(2) + DIV f(2)] < %" (78)

then AV f(y) +y —z|| < olly — ||

Proof. It follows from (78) that

20
AV +y—2=AV[(y) =AVf(@2) + V@) y—2)], Ay -zl <—
Therefore
IAVF(y) +y =2l = MVF(y) = V(@) = Vi (@)(y — )|
AL 5
< 5 lly =2l < ally =2l
where the first inequality follows from (75). O

Lemma 7.3. For any x € H, and 0 < 0y < 0, < +00, if Vf(x) # 0 then the
set of all scalars \ €]0, +oo[ satisfying

2 AV ) + 1) AV ()] < 22 (79)
is a (nonempty) closed interval [Ag, \,] C]0, +00],
QUg/L
—— < A
IV G ="
IV @)l \/ (||V2f(:r)||0u>2 vs@ize,  ®
v < L L L
"o IV ()
and Ay /e > \/0u/0y.

Proof. Assume that V f(x) is nonzero. Define the operator A : H — H by
A(y) = Vf(z)+V2f(x)(y —x). Since V2 f(z) is positive semidefinite, it follows
that the affine linear operator A is maximal monotone. It can be easily checked
that, in this setting,

Ji (@) =2 = AWV f(2) + )TV f(2),

) . (81)
p(Ax) = A[(AV S (@) + 1) AV ()],
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(see (6) and the paragraph below (6) to recall the notation). Hence, using
Proposition 1.4 we conclude that there exists 0 < Ay < A\, < oo such that

20,
L )

20’@

PN, ) = T (82)

90()‘11737) =

and the set of all scalars satisfying (79) is the closed interval [Ag, A,] CJ0O, +o0.

It follows from the second inequality in (13) and the above (implicit) definitions
of Ay and \, that

20, A A\ 20
= < _— ==

which trivially implies that A\,/A; > \/o./0s. To prove the two inequali-
ties in (80), first observe that, in view of the expression (81) for ¢(A, z), and
Lemma 7.1, we have

NIV f (@)l
MIV2f (@)l +

T <e(h o) < NV

Then, evaluate these inequalities for A = \;, A = \,, and use the above implicit
expression (82) for A\, and \,. O

Motivated by the above results, we propose the following algorithm for solv-
ing (74). This algorithm is the main object of study in this section. We will
prove that, for a given tolerance € > 0, it is able to find approximate solutions
of (74) in at most O(1/4/2) iterations, i.e., it has the same complexity as the
cubic regularization of the Newton method proposed and studied in [14].

Algorithm 7.4 (A proximal-Newton method for convex optimization).
(0) Let zg € H,0< 0y < 0, <1 be given, and set k = 1;
(1) if Vf(zk—1) = 0 then stop. Otherwise, compute A > 0 such that

20
L )

? <Nl (T 4 M V2 f ) T MV f ()| < (83)

(2) set T = Tp—1 — ([ + )\kV2f(xk_1))_1)\ka(xk_1);
(3) set k«— k+ 1 and go to step 1.

end

Remark. We note that, for a given A\, > 0, iterate zj, defined in step (2) of
Algorithm 7.4, is the solution of the quadratic problem

min f(xp—1) + (Vf(2p-1), 7 — 23-1)

zeH

1
(x — 21, VA f(@p-1) (@ — 2p1)) + ol — @ ||
21

(NN

_|_
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Hence, our method is based on classical quadratic regularizations of quadratic
local models for f, combined with a large-step type condition.

At iteration k, we must find A\ € [As, A, where

A= AQUZ/L(%A)? Ay = A2UU/L(«TI<71)'

Lemma 7.3 provides a lower and an upper bound for A\, and A, respectively,
and guarantees that the length of the interval [log Ay, log A, | is no smaller than
log(oy/0y)/2. A binary search in log A may be used for finding \;. The com-
plexity of such a procedure was analysed in [12, 13], in the context of the HPE
method. The possible improvement of this procedure is a subject of future
research.

Proposition 7.5. For g € H and 0 < oy < 0, < 1, consider the sequences
{Ar} and {zv} generated by Algorithm 7.4 and define

0 =0y, 0 =20,/L, v = Vf(zg), e, =0 Vk>1. (84)

Then, the following statements hold for every k > 1:

(a) vk € O f (i),  [IAkvr + ai — 2 || < ollze =zl
(0)  Aellwr =zl = 6;

(C) )\k: Z \/Ug/(l + Uu)O'uAk_l;

(d) vy is nonzero whenever vy is nonzero.

As a consequence, Algorithm 7.4 is a special instance of Algorithm 6.2, with o,
0 and the sequences {vy} and {e} given by (84).

Proof. (a) First note that the inclusion in (a) follows trivially from the defini-
tion of v, and e in (84). Moreover, using the definitions of o and vy in (84),
the second inequality in (83), the definition of xy in step 2 of Algorithm 7.4, and
Lemma 7.2 with A = \;, ¥y = z, and © = x;_, we obtain

| Akvk + 2 — 21 || = [NV f(2k) + 28 — 2321 ]| < 0|2k — 221 ]]s

which concludes the proof of (a).

(b) The statement in (b) follows easily from the definition of x; and 6 in step 2
of Algorithm 7.4 and (84), respectively, and the first inequality in (83).

(c¢) Using Algorithm 7.4’s definition, item (a), and Lemma 7.1 with A = A,
T = x,_1 we have, for all £k > 1
MV F(zo)ll < (14 0) [V (@r-1) + 1) 7 AV f (21) |

(85)
< (14 o)AV f(zr-1)]]-

Set s, = —(AeV2f(zr_1) + 1) AV f(2x_1). Note now that (83) and the defi-
nition of s; imply that 20¢/L < |[A;s;|| < 20,/L for all j =1,--- , k. Direct use
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of the latter inequalities for j = k — 1 and j = k, and the multiplication of the
second inequality in the latter displayed equation by A2 |\ yield
Nie1(200) /L < NNV (@) | = N [ Vf () |
< (14 0u) A A e-158 ]
<(1+ 0u>)‘i(20u)/La

and, hence, the inequality in (c).

(d) To prove this statement observe that if V f(xy_1) # 0 then x; # x4, and
use item (a), the second inequality in item (c) of Proposition 6.1, and induction
in k. ]

Now we make an additional assumption in order to derive complexity estimates
for the sequence generated by Algorithm 7.4.

AS4) The level set {x € H | f(x) < f(xo)} is bounded, and Dy is its diameter,
that is,

Do = sup{ly — [ | max{f(x), f(y)} < f(z0)} < o0.

Theorem 7.6. Assume that assumptions AS1, AS2, AS3, AS4 hold, and con-
sider the sequence {xy} generated by Algorithm 7.4. Let T be a solution of (74)
and, for any given tolerance € > 0 define

200(1 — 0,) = 2+ 3k0/ f(0) — f(Z)
LD} Kov/€ ’
2/3
211/ (2 + 810 /[ (w0) — (@) )
[206(1 = o))/ g VB
Then, the following statements hold for every k > 1:

(a) forany k> K, f(z) — f(Z) <¢;
(b)  there exists j < 2[J] such that ||V f(z;)| < e.

Rog =

J:

Proof. The proof follows from the last statement of Proposition 7.5 and Corol-
lary 6.6. [

In practical implementations of Algorithm 7.4, as in other Newton methods, the
main iteration is divided into two steps: the computation of a Newton step s,

sp=—(MV2f(ap_y) + D)7 NV f(zr1),

and the update x;, = x;_1 + S,. As in other Newton methods, step s is not to
be computed using the inverse of \yV?f(x;_1) + I. Instead, the linear system

(V2 f(zpr) + pD)sk = =V f(xi-1), =1/
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is solved via a Hessenberg factorization (followed by a Cholesky factorization),
a Cholesky factorization, or a conjugate gradient method. Some reasons for
choosing a Hessenberg factorization are discussed in [12]. For large and dense
linear systems, conjugate gradient is the method of choice, and it is used as an
iterative procedure. In these cases, the linear system is not solved (exactly).
Even for Hessenberg and Cholesky factorization, ill-conditioned linear systems
are inexactly solved with a non-negligible error.

Since A\ — 00, pr — 0 and, in spite of the regularizing term I, ill-conditioned
systems may occur. For these reasons, it may be interesting to consider a vari-
ant of Algorithm 7.4 where an “inexact” Newton step is used, see [13] for the
development of this method in the context of the HPE method.

7.1. Quadratic convergence in the regular case
In this section, we will analyze Algorithm 7.4 under the assumption:

AS3r) there exists a unique z* solution of (74), and V2 f(z*) is non-singular.

Theorem 7.7. Let us make assumptions AS1, AS2, and AS3r. Then, the se-
quence {xy} generated by Algorithm 7.4 converges quadratically to x*, the unique
solution of (74).

Proof. Let M := ||V2f(z*)7!||. For any M’ > M there exists ro > 0 such that
x € B(z*,r9) = V?f(z) is non-singular, |V*f(z)" || < M.

Since {f(zx)} converges to f(z*), it follows from assumptions AS1 and AS3r
that x;, — x* as k — o0; therefore, there exists kg such that

|z* — x| < ro for k> k.
Define, for k > kg, sy, s¥, and s} as

sp=—(IT + MV f(ap_1)) "NV f(zr1),

sp ==V f(xp-1) "'V (1), Sp =& — Tp-1.

Observe that s, is the step of Algorithm 7.4 at x;,_;, and sY is Newton’s step
for (74) at x,_1. Define also

wp = V2 f(xp-1)(s3) + Vf(2p1) = V2 f(ap) (@ = 2p1) + VF(wr).
Since V f(z*) = 0, it follows from assumption AS2 that ||w|| < L||s}||?/2. Hence
* - M'L *
i — X1 = 9 fmimr) | < 22 sl (86)

Let us now observe that
skl < lIsi |-
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This is a direct consequence of the definition of s, s¥, and the monotonicity
property of V2f(x;_1). By the two above relations, and the triangle inequality
we deduce that

s < st + 5 = st < lsth {1+ 2 sl )

The first inequality in (83) is, in the above notation, 20,/L < Ag||sk||. Therefore,
L

A< — . 87

< ol 87)
It follows from the above definitions that

V2f($k,1)8k -+ )\;18]6 + Vf(ﬂ?k,l) = 0, VQf(‘%k,l)Sl,j + Vf(l‘k_l) = 0.
Hence V2f(zp_1)(sy — sx) = A, sk, which gives, by (87)

_ M'L
sk = sell < MMM lsell < =
Oy

sl (88)

Combining (86) with (88), we finally obtain
lo* — il = llsx — sill < sk = skl + sk — sl

ML, .., 1
< 25 |1kl + s

M'L 1 ML . N\, . )
= I+ — 1+ [skll') |z —zeall”. O

2 oy 2

8. Concluding remarks

The proximal point method is a basic block of several algorithms and splitting
methods in optimization, such as proximal-gradient methods, Gauss-Seidel alter-
nating proximal minimization, augmented Lagrangian methods. Among others,
it has been successfully applied to sparse optimization in signal /image, machine
learning, inverse problems in physics, domain decomposition for PDE’S... In
these situations, we are faced with problems of high dimension, and this is a
crucial issue to develop fast methods. In this paper, we have laid the theoretical
foundations for a new fast proximal method. It is based on a large step con-
dition. For convex minimization problems, its complexity is (‘)(H—IQ), and global
quadratic convergence holds in the regular case for the associated proximal-
Newton method. It can be considered as a discrete version of a regularized
Newton continuous dynamical system. Many interesting theoretical points still
remain to be investigated, such as obtaining fast convergence results for maxi-
mal monotone operators which are not subdifferentials, the combination of the
method with classical proximal based algorithms, and duality methods, as men-
tioned above. The implementation of the method on concrete examples is a
subject for further research.



176 H. Attouch, M. Marques Alves, B. F. Svaiter / A Dynamic Approach ...

A. Appendix
A.1. A discrete differential inequality

Lemma A.1. Let{a;} be a sequence of non-negative real numbers and let 7 > 0
be such that 7/ag < 1. If ar, < ap_1 — T@Z/j for all k > 1, then

Qo
ar S R
[1+ k7\/ag/2]
Proof. Since {a;} is non-increasing, it follows that a; = 0 implies ax,; =
arso = --- = 0 and, consequently, the desired inequality holds for all k' > k.

Assume now that a; > 0 for some k& > 1. Using the assumptions on {a;} we
find the following inequality:

1 1

— > ——35 > 0 Vj<k.
aj aj—1 —Ta -1
Taking the square root on both sides of latter inequality and using the convexity
of the scalar function ¢ — 1/v/t we conclude that

1 1 1 1 3/2 1 T .
> > + —pTe = +3 Vj<k
Vaj a1 —7a% V& 205 @j—1

Adding the above inequality for j = 1,2,..., k we obtain

1 1
— > —+k7/2,

Qg Qo

which in turn gives the desired result. [

A.2. Some examples

Consider some simple examples where we can explicitly compute the solution
(x,\) of the algebraic-differential system (4), and verify that this is effectively
a well-posed system.

Isotropic linear monotone operator. Let us start with the following simple
situation. Given a > 0 a positive constant, take A = al, i.e., for every x € H
Az = ax. One obtains

1

1+ A\
pYe!

1+ M\

M+ 'z = x (89)

z—(MN+1)lz= . (90)
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Given xy # 0, the algebraic-differential system (4) can be written as follows

. a(t)
——x(t) = At 1
(1) + g =0 Al) >0 o1)
aA(t)?
o el =2, (92)
z(0) = xo. (93)
Let us integrate the linear differential equation (91). Set
boa(r)
At) = | ————dr. 94
) /01+aA(T)T 54
We have
z(t) = e AW, (95)
Equation (92) becomes
AN 0
e = _ 96
@ Tl o

First, check this equation at time ¢ = 0. Equivalently
aX(0)? 0

= . 97
T+0A0)  aal 0
This equation defines uniquely A(0) > 0, because the function £ — ff; is

strictly increasing from [0, 4+o00[ onto [0, +o0c[. Thus, the only thing we have to
prove is the existence of a positive function ¢ — A(t) such that

h(t) = O‘)‘@)Q —A(t)

=15 04)\(15)6 is constant on [0, +oo. (98)

Writing that the derivative b is identically zero on [0, +oc[, we obtain that A(-)
must satisfy

N () (a(t) +2) — aX(t)* = 0. (99)
After integration of this first-order differential equation, with Cauchy data A(0),
we obtain

aln \(t) — % = at 4+ aln\(0) — % (100)

Let us introduce the function g : 0, +00[— R

2
g(&) = aln — E (101)
One can easily verify that, as t increases from 0 to +00, g(t) is strictly increasing
from —oo to +o00 . Thus, for each ¢t > 0, (100) has a unique solution A(t) > 0.
Moreover, the mapping ¢ — A(t) is increasing, continuously differentiable, and
limy o A(t) = +00. Returning to (100), we obtain that A(t) & e’ as t — +o0.
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Antisymmetric linear monotone operator. Take H = R? and A equal
to the rotation centered at the origin and angle 7. The operator A satisfies

A* = —A (anti self-adjoint). This is a model example of a linear maximal
monotone operator which is not self-adjoint. Set z = (£,71) € R2. We have
A n) = (=1, ).
AN+ lz = ﬁ(@rknm— AE) (102)
z—(M+1)lz= 1+AA2 (A —n,An+€). (103)

The condition A||[(AA + I)7'z — z|| = 6 can be reexpressed as

/\2
Equivalently
2
V1+ A2 VE i =6
Given xy # 0, the algebraic-differential system (4) can be written as follows
: A(t) B B
SO+ T O (ABE) =n(t)) =0, At) >0, (104)
: Al) _
0+ OO0 +60) =0, 30) >0, (105)
A et =0, (106)
14+ A(t)
x(0) = zp. (107)

Set u(t) = £(t)* + n(t)%. After multiplying (104) by £(¢), and multiplying (105)
by n(t), then adding the results, we obtain

: 2A\(t) _
u (t) + Twu(t) =0
Set
A(t) = / L) (108)
' o 1+ )\(7’)2 ‘
We have
u(t) = e~ 2®y(0). (109)

Equation (106) becomes

= . (110)
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First, check this equation at time ¢ = 0. Equivalently

N 1)

12 Nl

: . : ) 2,
This equation defines uniquely A(0) > 0, because the function p — —Lm is

strictly increasing from [0, 400 onto [0, +o0o[. Thus, the only thing we have to
prove is the existence of a positive function ¢ — () such that

h(t) == — 2 %" s constant on [0, +00. (112)

Writing that the derivative A’ is identically zero on [0, +oco[, we obtain that A(-)
must satisfy

N()(2A(t) + A1) = A(t)* = 0. (113)
After integration of this first-order differential equation, with Cauchy data A(0),

we obtain

At — % — 1 A0) — % (114)

Let us introduce the function g : |0, +00[— R

2
g(p) =p— 3 (115)

As t increases from 0 to +00, g(t) is strictly increasing from —oo to 400 . Thus,
for each ¢t > 0, (114) has a unique solution A(t) > 0. Moreover, the mapping
t — A(t) is increasing, continuously differentiable, and lim; .., A(f) = +oo.
Returning to (114), we obtain that A(t) ~ t as t — +o0.
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